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Deutsche Zusammenfassung

In der vorliegenden Arbeit wurden die magnetischen und otlalen Eigenschaften
von CaRu,07, Mn haltigem SrRu,O; und RuSLGdCu,Og mit Hilfe resonanter
und hochenergetischen Rentgenbeugung untersucht.

CagRu,0-, ein paramagnetisches Metall bei hohen Temperaturen, oreihantifer-
romagnetisch unterhalb vonTy =56 K, und zeigt einen Metall-Isolator ahnlichen
Phasensbergang bet\,, =48K. Dieser wird von abrupten strukturellen Anderungen
und einer Reorientierung des magnetischen Moments begiit Zudem gibt es Hin-
weise auf die Existenz orbitaler Ordnung unterhalb voity,, . Zur Klarung der mag-
netischen Struktur von CgRu,0; wurden resonante Rentgenbeugungsexperimente
an den RuL-Absorptionskanten durchgefshrt. Die dabei beobachtete magnetis-
chen Re exe (001) und (110) sind konsistent mit einer A-Typ atiferromagnetischen
Struktur bestehend aus ferromagnetischen Doppelschichtedie antiferromagnetisch
entlang derc-Achse gekoppelt sind. Anhand der azimuthalen Abhangigkeder mag-
netischen Signale an beiden Re exen lie sich zudem die Rtdmg des magnetische
Moments bestimmen. Dieses liegt entlang dérAchse unterhalb vonTy;, und ent-
lang dera-Achse zwischerly, und Ty. Die Reorientierung des magnetischen Mo-
mentes beiTy, ist vermutlich auf die starke Spin-Bahn-Kopplung zunrsckafahren,
aufgrund derer ein ungequenschtes orbitales Moment erwartwird. Dieses kennte
dann zusatzliche Terme im Hamilton-Operator induzierendie wiederum fur die Re-
orientierung des magnetischen Momentes verantwortlichral. Letztere kennte zu-
dem mit der Ausbildung orbitaler Ordnung unterhalb vonTy, zusammenhangen,
fur die unterschiedliche experimentelle Methoden zahlrehe indirekte Hinweise ge-
liefert haben. Mit Hilfe resonanter Rentgenbeugung wurde dennoch keine Anze-
ichen far orbitale Ordnung innerhalb der experimentellenEmp ndlichkeit gefun-
den. Dabher ist davon auszugehen, dass die orbitale Ordnung CazRu,0O-, sofern
wberhaupt vorhanden, wesentlich schwacher ist als im eiagigen CaRuQ,. Dies ist
vermutlich auf restliche Ladungs- und orbitale Fluktuatioven zunackzufuhren.
RuSr,GdCu,0Og hat aufgrund der Koexistenz von Supraleitung und langreieteit-
iger magnetischer Ordnung in den letzten Jahren gro es wissschaftliches Inter-
esse geweckt. Da die beiden Phanomene in einem breiten Tesrgturbereich koex-
istieren, eignet sich RuS4GdCu,0Og besonders gut, um eine megliche Kopplung der
entsprechenden Ordnungsparameter zu untersuchetiber die magnetische Struktur
des Materials gibt es jedoch nur wenige Informationen, dadfierige Neutronenmes-
sungen wegen der geringen Masse der verfagbaren Einkrlstanur an Pulverproben
durchgefuhrt wurden. In dieser Situation ist resonante Bntgenbeugung besonders

5



gut geeignet, da sie sensitiv auf Magnetismus ist, aber im Gensatz zur Neutro-
nenstreuung nicht auf gro e Kristallmassen angewiesen jsto dass auch sehr kleine
Einkristalle untersucht werden kennen. Die Beobachtung e magnetischen Re exe
T2 1) und (3 1 2) ist konsistent mit einer G-Typ antiferromagnetischen Staktur,
die sich durch eine Verdopplung der Einheitszelle entlangler drei Kristallrich-
tungen auszeichnet. Aus der azimuthalen Abhangigkeit desmagnetischen Signals
konnte zudem das magnetische Moment bestimmt werden. Egjieentlang der Rich-
tung (102) des reziproken Gitters und hat somit einen wesdithen Beitrag parallel
zu den RuG Ebenen wie auch senkrecht zu diesen. Sowohl die magnetis&teik-
tur als auch die Richtung des magnetischen Moments stehen iwollen Einklang
mit den Ergebnissen bisheriger Neutronenexperimente und agnetisierungsmes-
sungen. Auerdem hat eine Symmetrieanalyse ergeben, dase @xperimentell
beobachtete G-Typ antiferromagnetische Struktur von einezusatzlichen ferromag-
netischen Komponente in den Ru@Ebenen begeleitet werden muss, die zwischen
den Schichten alterniert. Diese ferromagnetische Kompamte in den RuG,-Ebenen
entspricht jedoch exakt der in NMR und FMR beobachteten ModeSomit haben die
resonanten Rentgenbeugungsmessungen die scheinbar wsgeschlichen Ergebnisse
aus Neutronenmessungen einerseits und NMR/FMR anderersegekiart und damit
eine gro e Kontroverse in der experimentellen Literatur gest.
SrsRu,0O; wird seit der Entdeckung von quantenkristischem Verhalterdas mit dem
Auftreten eines metamagnetischer’bergangs zwischen zwei metallischen Phasen
verbunden ist, intensiv untersucht. In seinem Grundzustath ist das Material ein
paramagnetisches Metall, das sich unterhalb von ungefaltOK wie eine Fermi-
Flassigkeit verhalt. Ersetzt man in SrsRu,O; Ru teilweise durch Mn, so wird ein
isolierender, antiferromagnetischer Zustand induziergessenbergangstemperatur
mit zunehmender Mn-Konzentration steigt. Mit Hilfe resonater Rentgenbeugung
an den RuL-Ab-sorptionskanten wurde die antiferromagetische Strualr von 10%
Mn haltigem SrRu,Osuntersucht. Dabei ergaben die Messungen an den magnetis-
chen Reexen ¢ % 0) und (3 2 0), dass die magnetische Struktur nahezu zweidi-
mensional ist und das magnetische Momente entlang detAchse liegt. Des Weit-
eren sind unsere Ergebnisse mit einer magnetischen Struktkonsistent, die aus
ferromagnetischen Streifen entlang der Diagonalen desragonalen Gitters besteht.
Aus dem Vergleich unserer Daten mit den Ergebnissen bistgegr Neutronenmes-
sungen an 5% Mn haltigem SRu,O; ergibt sich, dass diese antiferromagnetische
Spin-Anordnung unabhangig vom Dotierungsniveau ist. Soinscheint eine antifer-
romagetische Instabiliat bereits im undotierten Materal vorhanden zu sein. Daher
lassen sich Spekulationen anstellen, ob die beobachtetdif@nromagnetische Struk-
tur nicht nur durch Dotierung, sondern auch auf eine andere ¥ise induziert werden
kann, zum Beispiel durch das Anlegen einesau eren Magnetfls. Interessanterweise
lasst sich das anisotrope Verhalten des elektrischen Widgands, das in der nematis-
chen Phase von SRu,0; bei hohen Magnetfeldern beobachtet wurde, sehr gut auf
Basis der beschriebenen antiferromagnetischen Strukturk@ren. Ob die nematis-
che Phase allerdings tatsachlich die gleiche antiferrorgaetische Ordnung aufweist
wie Mn haltiges SgRu,0O, ist jedoch noch wllig o en, und muss mit Hilfe von de-



taillierten Neutronenmessungen an Einkristallen mit genger Strukturverfeinerung
geklart werden.






Introduction

Transition metal oxides have been intensively studied in # last years due to their
interesting physical phenomena resulting from the complarterplay between spin,
charge, lattice and orbital degrees of freedom. However glstrong coupling between
the various degrees of freedom makes an understanding of thederlying physics
di cult. Ruthenium oxides, commonly named ruthenates, andruthenocuprates are
good examples of this class of materials.

The Ruddlesden-Popper ruthenates (Ca,Sy); Ru,Osn+1 have attracted a lot of in-
terest since the discovery of the p-wave superconductingagt in S,,RuO,4. Besides
the superconductivity, these materials show a wide varietyf magnetic and transport
properties. Bilayered CgRu,0-, an antiferromagnetic insulator in the ground state,
shows colossal magnetoresistance e ects similar to thoseserved in several man-
ganates. In addition, the material is extremely sensitivea small perturbation such
as uniaxial and hydrostatic pressure, doping and applied rgaetic elds, giving rise
to a complex phase diagram. Orbital order in combination wit strong spin-orbit
and magnetoelastic coupling are presumably responsible fbe rich phase behavior.
The Sr based counterpart §Ru,0-, which is a paramagnetic Fermi liquid at low
temperatures, exhibits quantum critical behavior, that isrelated to metamagnetism.
Many aspects of the metamagnetic transition are not yet undstood, including the
the role of magnetic uctuations and the splitting of the meamagnetic transition,
which is accompanied by the formation of an electronic ligdicrystal phase.
Ruthenocuprates have simulated a lot of scienti ¢ researatiue to the broad coexis-
tence range of superconductivity and long range magneticdar. In RuSrLGdCu,Og,
magnetic order is established in the Ru@layers at 100-150 K and superconductivity
occurs in the CuQ planes below 15-50 K. Investigations reported thus far haveot
indicated any coupling between the corresponding order pameters, however, this
cannot be excluded since the nature of the magnetic state tdlsinder debate. While
nuclear and ferromagnetic resonance experiments indicaderromagnetic coupling
of the Ru moments in the RuQ layers, neutron powder di raction studies suggest
an antiferromagnetic ordering along all three crystallogiphic directions. Weak fer-
romagnetism could then be induced by a small canting of neigbring Ru moments
due to the Dzyaloshinski-Moriya interaction. Since high qality single crystals are
meanwhile available, the magnetic state of Rug6dCu,Og can be investigated in
more detail and under better experimental conditions.

X-ray di raction has been widely used in the last decades fathe investigation of
transition metal oxides. Besides the traditional use for sticture determination, the

9



10

high ux of the x-ray beam provided at synchrotron facilities allows the investiga-
tion of weak phenomena, such as charge order. By tuning theezgy of the x-ray
beam close to an absorption edge of the transition metal ionsiagnetic and orbital
phenomena can also be studied due to the resonant enhancetmanthe magnetic
scattering cross section. In contrast to neutron diractim, which is usually used
for magnetic structure determination, resonant x-ray di raction allows the investi-
gation of small samples with a scattering volume of less thatD 2mm?3. This is
the major advantage of resonant x-ray scattering comparea tother complementary
experimental techniques.

The thesis is organized as follows:

Chapter 1 gives an overview about the mechanisms responsilibr the physics
of ruthenium oxides and ruthenocuprates. Their electronistructure is de-
scribed within crystal eld theory and band theory. Furthermore, the relevant
exchange interactions including the single band Hubbard rdel are treated
and the role of orbital degeneracy and spin-orbit couplingsidiscussed. Fi-
nally, conventional and unconventional superconductorsra brie y reviewed.

The principles of x-ray diraction are described in Chapter2. Based on the
Hamiltonian of electrons in a quantized electromagnetic ld, the scattering
amplitude of a magnetic ion is deduced. Thomson scatteringhd nonreso-
nant x-ray scattering are brie y discussed, followed by a dailed description
of resonant x-ray di raction including the derivation of the polarization and
azimuthal dependence of the resonant electric dipole scating amplitude.

Chapter 3 describes the laboratory x-ray di raction setup,used for the pre-
alignment of the crystals, and the synchrotron beamlinestavhich the x-ray
di raction studies were carried out.

The results of resonant x-ray diraction studies of CgRu,0O; are presented
in Chapter 4, including information about the magnetic streture, the ori-
entation of the magnetic moment and the existence of orbitadrder in this
compound. These studies are supplemented by high energyax-di raction
investigations which focused on the structural changes imapplied magnetic
eld and con rm the strong spin-charge-lattice coupling inthis material.

Chapter 5 contains the resonant x-ray di raction data of Ru$,GdCu,Og. The

experimental results concerning the magnetic structure anthe direction of

the magnetic moment are complemented by a symmetry analysiad discussed
with respect to previous experimental ndings.

Resonant x-ray scattering studies of 10% Mn substituted §Ru,O-, performed
at the Ru L-absorption edges, are presented in Chapter 6. These contai
information about the magnetic structure and the orientaton of the magnetic
moment. The results are discussed with respect to the eleaiic liquid crystal
phase observed in the parent compound $Ru,O-.
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The main results and conclusions of this work are summarizad the last
chapter.






Chapter 1

Ruthenium Oxides and
Ruthenocuprates

Ruthenium oxides and ruthenocuprates have attracted a greaeal of interest in
the last years due to the wide variety of their fascinating pysical phenomena. Al-
though a complete understanding of the underlying physics still missing, it is quite
clear, that the intimate coupling between spin, charge, léite and orbital degrees
of freedom plays a crucial role. Some of the mechanisms resgible for this strong
interplay are discussed in this chapter.

1.1 Crystal structure

The crystal structure of ruthenium oxides and ruthenocupries can be derived from
the ideal perovsikte structure AMQ;, which is shown in Figure 1.1. In this three-
dimensional structure, each transition metal ion (M) is suwiounded by six oxygen
ions (O), which form an octahedron. The lattice is stabilizé by the large metallic
cations (A). However, the simple cubic structure is rare andhost perovskites crys-
tallize in a distorted structure like the orthorhombic CaTiOs.

The perovskite lattice can be regarded as consisting of altatingly stacked MO,
and AO layers. The di erent ruthenium oxides and ruthenocupates can be deduced
by stacking these layers in a di erent sequence and shiftinthem with respect to
each other. Due to the modi ed stacking sequence the matelsabecome essentially
two-dimensional, which is re ected in almost all physical ppperties. The bilayered
Ruddlesden-Popper ruthenates (G&rn, «)3Ru,0O; are a good example of this. They
consist of RuQ bilayers which are separated by insulating SrO/CaO planesThe
crystal symmetry is further lowered by distortions of the R®g octahedra, which
strongly depend on the size of the metallic cation. As the Soms are gradually sub-
stituted by the smaller Ca ions, the crystal structure changs from almost tetragonal
to orthorhombic.
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14 Chapter 1. Ruthenium Oxides and Ruthenocuprates

Figure 1.1: Crystal structures of the ideal cubic perovskie AMO3;. The green spheres
denote the transition metal ions (M), the blue sphere repregents the di- or trivalent cation
(A) and the small red spheres are the oxygen-ions (O).

1.2 Electronic Structure

There are basically two approaches to describe the electiorstructure of solids [1].
lonic models focus on the properties of individual ions, asming that each ion has
an integral charge which is given by its oxidation state. Soende ciencies of this view
can be taken into account by cluster models where the electiic interactions with
the neighboring atoms are considered explicitly. Nevertless, theses approaches
imply a localized electron picture and are hence most suitddr the description of
insulating solids. In contrast, band models calculate exteled electron states based
on the wave function of an electron in a periodic potential. ferefore, they are
usually applied to metallic solids.

Although ionic models provide a quite naive picture of the ekttronic structure, they
can give qualitative information about the energy levels dhe ground and the excited
states of a solid, especially of insulators. For this reasotie electronic structure of
ruthenates and ruthenocuprates are rst discussed usingéhionic approach, starting
with the crystal eld e ect. Later, the electronic structur e of some ruthenates is
described brie y within band theory.

1.2.1 Crystal Field E ect

In the free ruthenium ion, the 4 states are characterized by the orbital angular
momentum quantum numberl = 2 and the magnetic quantum number 2 m 2
resulting in a ve fold degeneracy. However, this is not thease in ruthenates and
ruthenocuprates, where each ruthenium ion is surrounded tgyx oxygen ions which
form an octahedron. Hence, thedielectrons of a ruthenium ion are exposed to the
Coulomb repulsion of the negatively charged oxygen ions,dlso called crystal eld
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which is described by [2]

Xz
Ve (r) = Ii, (11)
; IRy
wherer is the position of the 4l electron andR; and Z;e denote the position and
charge of the j-th surrounding ion, respectively. In a cubicrystal eld, where all
Ru-O distances are equivalent, the wave functions of thed4lectrons are no longer

spherical harmonicsy,,, but are given by linear combination of them:

r__ _
Az y2 / 2g(Yzz"' Y2 2) = p73x2r2y2 (1.2)
daye 1o/ r gvzoz %3z2r2 r’ (1.3)
r__
Cyy / ZII_. 2g(Yzz"‘ Yo o) = pé)r(—)zl (1.4)
r__
dy, / %(Y2 L+ Vo) = p?r’—f (1.5)
Oy, / }r g(Yz 1 Yo) = pé)r(—i (1.6)

The shape of each orbital is shown in Figure 1.2. In the presanof a cubic crystal
eld, the vefold degeneracy of the 4l-states is lifted into the twofold degenerate
g~ and the threefold degeneraté,q-orbitals, as schematically illustrated in Figure
1.3b. This can be qualitatively understood as follows: They-states, consisting of
dy2 y2 andds,2 2, are extended along the ruthenium-oxygen bonds and are tlegore

strongly in uenced by the Coulomb repulsion of the negativg charged oxygen ions.
In contrast, the ty4-orbitals, comprising dy, dy, and dy,, do not point towards the

oxygen ions, are less a ected by the Coulomb repulsion andus lie lower in energy
than the ey-levels. The energy splitting between they- and the t,4-states is written

as 1Mq and typically amounts up to 4 eV in ruthenates [3].

Since the RuQ@ octahedron is usually deformed, the crystal elds of most thenates
have tetragonal or even lower symmetry. For simplicity, weansider the situation, in
which the RuQs octahedron is elongated along the-axis as approximately realized
in Sr,RuQ,. In this case, the degeneracy of they and t,g-orbitals is further lifted as
schematically shown in Figure 1.3c. The splitting of thes-orbitals is explained as
follows: Theds,2 (2 is extended along thez-axis while thed,. - is prolonged in the
Xy-plane. Since the apical oxygens of the RuQoctahedron move outwards along
the z-axis the Coulomb repulsion for theds,> 2-orbital is smaller with respect to
the dy2 y2-level. Thus, theds,2 ,2-orbital has a lower energy than thed,. .-level.
A similar explanation holds for thet,y-states: Thed,,- and dy, -orbitals are extended
along the z-axis while thed,, -orbital lies in the xy-plane. The Coulomb interaction
of the dy,- and d,,-states with the oxygen ions is therefore weaker than the orod
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eg-orbitals

faz’&‘z’/ﬂ" D
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Figure 1.2: The angular distribution of the d-orbitals. In the presence of a cubic crystal
eld, these split into the twofold degenerate e4- and the threefold degeneratetg-orbitals.

the dy, -orbital and the energy of the former is lower than the one ohe d,, -level.

In the Ruddlesden-Popper ruthenates (Ca,S¢); Ru,Osn+1, the ruthenium ions
are in a RU* oxidation state and the 4 orbitals are occupied with four electrons.
According to Hund's rule one would expect three electrons ithe tyg-orbitals and
one electron in theey-orbital, all having a parallel spin. This electron con guation
would correspond to a so called high spin state with a total gpof S = 2. However,
this is not the case, because the crystal eld in ruthenatesiquite large ( 4eV)
and overcomes the Hund's coupling ( 1eV). Therefore, a low spin state with a
total spin of S = 1 is realized and all four electrons occupy thé,y-orbitals, leaving
the gg-states empty. Which of thet,,-levels is doubly occupied, depends essentially
on the deformation of the RuQ@Q octahedron since it determines the energy splitting
among thetyy-levels.

1.2.2 Quenching of Orbital Momentum

Besides lifting the orbital degeneracy, the crystal eld isalso responsible for the
guenching of the orbital angular momentum. In contrast to tle free ion, where
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eg —_— dxz_yz d3ZZ-I‘2
dSZZ-I‘Z —— dxz_yz
4d 10 Dq
t2g - dxy dxz dyz
(a) (b) (c) (d)

Figure 1.3: Schematic view of energy levels of theddorbitals in (a) a free atom, (b) a
cubic crystal eld, (c) a tetragonal crystal eld with elong ated octahedron along thez-axis
and (d) a tetragonal crystal eld with contracted octahedro n along the z-axis.

the total magnetic moment is caused by the spin and orbital gular momentum,
the latter usually vanishes in a crystal eld. As describedn the previous section,
the eigenstates of the d electrons are real functions in the presence of a crystal
eld. Unlike the free ion, where the ground state can be consicted by linear
combinations of eigenfunctions belonging to di erent degerate states, this is not
possible in the presence of a crystal eld because the degery is lifted. Hence,
the ground state wave function has to be real. Since the tothangular momentum
operatorL = ihr @@ is an imaginary operator, its expectation value for the
ground state must be imaginary. On the other hand, the total agular momentum
operator L is Hermitian, which requires real eigenvalues. Both condliins can only
be met if the total orbital angular moment vanishes, thus

h jLj i=0 (1.7)

In fact, the orbital angular momentum may not be completely genched, because
the spin-orbit coupling cannot be ignored. This is usuallyhe case for ruthenates,
where the spin-orbit interaction can be comparable to the gstal eld e ect due to
the large atomic number of ruthenium.

1.2.3 Jahn-Teller E ect

So far the splitting of energy levels due to the presence of med crystal eld has been
discussed, indicating a strong coupling between the latBcand the orbital states of
the electrons. On the other hand, it is also possible, that #helectronic states of a
magnetic ion induce a lattice distortion, which tends to lif the remaining orbital



18 Chapter 1. Ruthenium Oxides and Ruthenocuprates

degeneracy by lowering the symmetry of the crystal eld. Tls phenomenon is known
as the Jahn-Teller e ect [4]. To describe this e ect, we conder the distortion of an
octahedron along thez-axis, which is quanti ed by z. The distortion gives rise to
an energy cost that is quadratic inz and can be expressed as

E(z)= B(z)% (1.8)

The distortion also lifts the orbital degeneracy raising te energy of certain orbitals
by A z and lowering the energy of others by A z. If all orbitals are either com-
pletely full or completely empty, the octahedron remains utistorted because the
energy level splitting does not yield a reduction of the tolaenergy. However, in
case of partially occupied orbitals the energy splitting iselevant and might lead to
a net reduction of the total energy. If an orbital is for examfe occupied by a single
electron, the total energy is given by

E(z)= A z+B(2)% (1.9)

and it is energetically favorable for the octahedron to distirt by z = %. Since
the total energy of the crystal needs to be minimized, the JaTeller distortions
of the octahedra in a crystal are not independent of each othand show a specic
arrangement. The ordering of distortions usually sets in & particular temperature
and is accompanied by a structural phase transition becausiee global symmetry

of the crystal is changed. This phenomenon is called cooptva Jahn-Teller e ect.

1.2.4 Band Theory

In band theory, each electron is assumed to move in the crystaotential, determined
by the charge distribution of the ion cores and the residuallectrons of the solid.
The energy levels of the each electron are functions of theystal momentumk and
thus form energy bandsEy. These energy bands are occupied by the electrons of
the solid up the Fermi EnergyEr in accordance with Fermi-Dirac statistics. Since
the motion of the each electron is independent of the motiorf the other electrons,
this approach is called mean eld approximation or one-el&don approximation. By
this method, the many-body problem is simplied to a problemof a single elec-
tron in a self-consistent mean eld potential. In most rst-principles band structure
calculations the electron-electron interaction in the mea eld potential is further
simpli ed by using the so-called local density approximatn (LDA).

LDA based band structure calculations have been quite susstul in describing the
electronic structure of metallic ruthenates such as SRuO, and SrRu,O;. The
band structure of SERuQ, as determined by LDA is highly two-dimensional and is
characterized by a strong Rud O 2p hybridization [5, 6]. This leads to bonding
€ P states at the bottom of the valence band, corresponding arttionding states
above Er and hybridized t,y bands nearEg. Three bands cros€g, which corre-
spond to the threet,g-orbitals (d,y, dy,, dy;). The d,,-band has approximately twice
the width of the d,- and dy,-bands since thed,,-orbital -hybridizes with the 2p-
orbitals of all four neighboring in-plane oxygen ions, whel the other twot,4-orbitals
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primarily hybridize with only two in-plane 2p oxygen orbitals. The Fermi surface of
Sr,RuO, consists of three cylindrical sheets, labeled, , and . The sheet has
essentiallydy, character and is highly two-dimensional whereas the othewb sheets
have a mixedd,,/d,, character. The shape and volume of the calculated Fermi
surface sheets is in rather good agreement with the ones detened experimentally
by de Haas van Alphen experiments [7, 8], angle dependent matpresistance os-
cillations [9] as well as angle resolved photoemission sppescopy (ARPES) [10].
However, there are several discrepancies between the LDAcc#ations and the ex-
perimental data concerning the e ective mass of the electns and details of the
Fermi surface topography (crossing of Fermi sheets,axis dispersion). It had been
shown recently, that some of these problems can be overconyethiee inclusion of the
spin-orbit coupling into the LDA calculation [11]. This clearly demonstrates that
spin-orbit coupling plays an important role in the ruthenaes. Thus, in contrast to
most 3 transition metal oxides it cannot be neglected or treated a& small pertur-
bation.

1.3 Exchange Interactions

The electronic structure of ruthenates and ruthenocuprate can be qualitatively
understood within the crystal eld theory, where the Coulonb interactions between
the 4d electrons are not taken into account. However, these eleatric interactions
are responsible for the interactions between the spins of graetic ions and therefore
cause magnetism and related phenomena. In the following 8en, some of the
various processes arising from the Coulomb repulsion aresclissed.

1.3.1 Direct Exchange Interaction

The Coulomb interaction between two electrons with wave fwtions ( r;) and
(ro), Iocateg atr, andr,, is expressed by the following Hamiltonian [2, 12]

1 3
H=- y(rl) y(rz)f( rl)( rz)d 1d 2, (110)
2 Ira rof
where the integral runs over the spatial variables. The setd quantized wave func-
tion ( r) can)?e written in terms of orthogonal states

(r)= Com  nm (1.11)
n;m;
where ,n, and are the spatial and the spin wave functions and, m and denote
the ionic site, the orbital and the spin quantum numbers of arlectron, respectively.
Substituting this expression into Equation 1.10 and integating over the spatial part
gives

1
H = é NiMj; N2Mmy jirl ij N3z M3; NsMy C%lml 1C¥2m2 ,Cnzma 2Cnamy 1
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(1.12)

Here,c’,, andc,, are Fermioperators, which create and annihilate an electno If
all n are equal, the Hamilton operator describes the Coulomb relsion of electrons
belonging to the same magnetic ion. This case represents thwell known Hund's
coupling. Considering two electrons located at di erent ins (N, = nz and n, = ny
or n; = ng and n, = n3) each having a single orbital, the Hamiltonian can be
rewritten as

_ 1 : ¢ . X y y
H = > Ny; Ny m Ny; N2 Chy 1% 1Gun, ,0nn
1; 2

1 . e2 . X \Y y .
5 Nung i i N1; N2 Chy 1Cn1 2Cnon, ,Cnz o (1.13)
1, 2
The rst term represents the usual Coulomb interaction betwen two electrons local-
ized at sitesn; and n, whereas the second term describes the exchange interaction

Introducing the following spin and number operators

1
Sz = 5 Gl CyGox (1.14)
Sn+ = Six +iSnx = Cyn"Qw# (1.15)
Sh =S IS = Cyn#Qw" (1.16)
Ny = Npe + Nog = QLG + C G (1.17)

and rewriting the Hamiltonian gives

1
H = '(nlﬂzr]ﬂlr]n2 2Jn1n2 Snl Sn2 + Znnlnnz ; (1.18)

whereK ,,,, and J,,n, denote the Coulomb and the exchange integral, respectively
The exchange interaction in the second term is called direetxchange interaction.
It is responsible for ferromagnetic interactions, since thtotal energy is lowest for
electrons with parallel spins.

1.3.2 Hubbard Model and Superexchange Interaction

The direct exchange interaction arises from the Coulomb refsion in a localized
electron system. Similar, but much stronger spin interaatins can be deduced by
considering the one-band Hubbard model in second order pambation theory. This
model describes two competing e ects: The kinetic energyrids to delocalize the
electrons into itinerant states leading to a metallic behaer whereas the Coulomb
interaction between electrons wants to localize the elecins at the sites driving
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the system towards an insulating state, which is usually aiferromagnetic. The
Hubbard model can be written as [13]

X X
H= t G, G, *CQ, G, +U Ny Np#, (1.19)

Ny;nz; n

where each ion is assumed to have a single orbital. The rstri@ with the hopping
integral t describes the electron transfer to a neighboring site witkhib changing its
spin direction. The second term represents the Coulomb imeection between two
electrons located at the same site with opposite spins. TheoGlomb integral U is
given by

z &
U= j o(r)i® ———]j n(r2)j’d 1d 2 (1.20)
Jra 1o

2

The transport behavior is then determined by the ratio olJ andt. For % I 0, the
electrons are delocalized and the system is metallic. In thpposite case 11,
the electrons are strongly localized at their sites and the aterial is an insulator. By
changing the ratio of the two parameters a metal-insulatorransition is expected,
which is well known as Mott transition.

Starting from a Mott insulating state, the hopping integralt can be treated as a
perturbation, which gives rise to second order processesigthare shown in Figure
1.4. Due to the Pauli exclusion principle the intermediatetate must have an an-
tiparallel spin alignment and its energy is byU larger than the ground state energy.
There are two possible nal states depending on which eleomm goes to which ion.
The second order processes are described by

o XX 2
H = UC%;L zcn2 20%2 1Cnl 1 (121)

ninz2 1; 2

Using the spin operators introduced in the previous sectioand performing the
summation over the spin part of Equation 1.21 gives

X g2 1
HOZ U S; SJ Z-ﬂnlﬂn2 . (122)

ni;n2

In the half lled case n,, = n,, = 1, where each site is occupied by one electron,
the energy is zero for a parallel, ferromagnetic spin con gation. This re ects
the fact that electron hopping is not allowed if the electros have a parallel spin.
Due to the motions of the electrons, an antiparallel spin alnment is energetically
favoured resulting in an antiferromagnetic insulating grond state. In ruthenates,
as in other transition metal oxides, this antiferromagnet interaction is mediated
by the oxygen ions, located between neighboring rutheniunons, and is therefore
called superexchange interaction.
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Figure 1.4: The process of superexchange interaction: Anettron jumps to a neighboring
site forming an intermediate state with an antiparallel spin con guration. Depending on
the subsequent hopping process there are two possible nakates.

1.4 Orbital Degeneracy and Orbital Order

In the previous section the single-orbital Hubbard model f®been discussed, which
gives rise to an antiferromagnetic insulating ground statebserved in various ruthe-
nium oxides. However, due to the degeneracy of thg, orbitals most ruthenates
also have an orbital degree of freedom which is responsibie &dditional, interesting
phenomena. In these systems, the sign and magnitude of thgosvexchange inter-
action depends on the orbital occupation, which determindbie degree of overlap of
the participating states.

For simplicity, we consider two ions each with a twofold orlbal degeneracy. The
orbitals are denoted by , and' , and the corresponding electron creation operators
are g, and ¢y, , respectively, wherg = 1;2 denotes the ionic site and its spin.
If electron hopping does not mix the orbital states, the onelectron part of the
Hamiltonian is given by [14]

X X
Hhop= ta  ClaCa +CCa th  CpCup +CCw ;  (1.23)

where the hopping integrald, and t, depend on the nature of the particular orbital.
When an ionic site is occupied by two electrons, Coulomb emgr has to be paid,
which depends on whether the electrons share the same orbitat di erent ones.
The corresponding Coulomb integrals aréJ,, U, and Uy, where the interorbital
Coulomb integral Uy, is expected to be smaller than the intraorbital termdJ, and
Up. In addition, two electrons on the same site, but in di erentorbitals can either
form a spin singlet or a spin triplet. According to Hund's r4 rule the spin triplet, a
ferromagentic state, is energetically favored. Denotindgie Hund's coupling constant
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Figure 1.5: Schematic illustration of superexchange proaeses in a system consisting of
two ions each with a twofold orbital degeneracy. The energig of the intermediate states
of processes (a), (b) and (c) ardJ,, Uy, Ugy Iy, respectively.

with Jy, the interaction terms are summarized by

X X X X
Hie = Ua  NaeNazg+ Uy NjpNjps + Ugp Nja Njp o (1.24)
] j j 0
X 1
2J4 Sja Sjb + Z ;

]
where the spin and number operators introduced in the prewis section have been
used. The full Hamiltonian of the system is then given by

H = Hh0p+ Hint: (125)

In the following, the hopping integralst, and t, are assumed to be smaller than
the intra- and interorbital Coulomb integrals and the Hunds coupling constant.
Therefore, the hopping processes can be treated as a pertatibn giving rise to
superexchange interactions, which eventually determinéé ground state of the sys-
tem. Considering two electrons in the system, there are 16aAdying energy states
arranged in four singlets and four triplets. Some of the pasde superexchange pro-
cesses in this system are shown in Figure 1.5. If the electsaat the two sites have an
antiparallel spin (singlet state) and either occupy the orital ' ; or orbital ' ,, hop-
ping between the sites is allowed (Fig. 1.5a,b) . In this casee resulting interaction

is antiferromagnetic and the kinetic exchange energy is @w by Esingieta %
4t

and Egingletp U—E respectively. If the electrons of neighboring sites are bér
located in orbital ' 5 or orbital ' , and have parallel spins (triplet state), electron
hopping between the two sites is forbidden due to Pauli's elxsion principle and

the kinetic exchange energy is zerByipeta = Ewiplery = 0. However, the situation
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is di erent if the electrons have parallel spins, but occupyli erent orbitals at neigh-
boring sites (Fig.1.5c). In this case, hopping from one sit® the other is allowed
and the resulting superexchange interaction is ferromagie The lowest energy of
such a triplet state is given by

(ta + tb)z,

; 1.26
Uab JH ( )

Etriplet;ab
which is lower than those of the singlet states due to the snat energy denomi-
nator. Hence, in contrast to the single-orbital Hubbard modl which leads to an
antiferromagnetic ground state, the orbital degeneracy ges rise to a ferromagnetic
ground state due to the intraatomic Hund's coupling.

In addition, it is obvious that the orbital occupation plays a key role in the de-
termination of the ground state. In general, ferromagnetim occurs if the orbital

occupation varies between sites (antiferroorbital order\whereas a system exhibits
antiferromagnetism if the orbital con guration is the sameat every site (ferroorbital

order). These relations are known as the Goodenough-Kanamuules [15, 16].

1.5 Magnetic Anisotropy

The exchange interactions discussed in the last two sect®are responsible for the
arrangement of neighboring spins but they do not determinehe direction of the

magnetic moments. The coupling of the spins to the crystal gmonment results

from the spin-orbit interaction, since the orbitals are sesitive to the lattice and

hence cause magnetic anisotropy. The spin-orbit coupling ruthenates is quite
strong compared to other transition metal oxides due to theakge atomic number of
Ru.

1.5.1 Single lon Anisotropy

Many antiferromagnetic ruthenates show single ion anisaipy due to the defor-
mation of the RuGs octahedron, which lifts the degeneracy of thé,y orbitals and
therefore determines the easy axis of the magnetic moment bye spin orbit cou-
pling. The Hamiltonian of the spin-orbit coupling is given ly
X
Hso = Li Si; (2.27)

where is the coupling constant. The sum runs over alldlelectrons of the ruthe-
nium ion. L; and S; denote the orbital angular momentum and spin momentum,
respectively. In second order perturbation theory, this Hailtonian gives rise to the
following single ion anisotropy [2]

2X
Haz 5 A(S) (1.28)
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where = X;y;z denotes the axes of the octahedron. The coe cient®\ are
functions of the energies of thedlorbitals. Since these are nondegenerate, the three
coe cients have di erent magnitudes and a particular spin drection is energetically
favored. This direction then corresponds to the magnetic eg axis.

1.5.2 Anisotropic Exchange Interactions

Antiferromagnets with low crystal symmetry sometimes exhit weak ferromag-
netism which results from antisymmetric interactions. Theexistence of such in-
teractions was rst shown by Dzyaloshinski based on a symnrgt analysis [17].
Later, their microscopic origin was discussed by Moriya inetms of the superex-
change mechanism, taking into account the spin-orbit couplg [18]. In second order
perturbation theory, this leads to the following Hamiltonan
X X X
H = Jij Si Sj + Si i Sj + Dij (S, Sj); (129)
ij ij ij

The rst term denotes the isotropic superexchange interagin. The second term
describes the symmetric anisotropic exchange interactioft gives rise to a similar
expression as the usual magnetic dipole interaction and isdrefore termed pseudo-
dipole interaction. The last term is the antisymmetric anistropic exchange interac-
tion, which is called Dzyaloshinski-Moriya interaction. The coupling constantD j;
vanishes when the the crystal eld has inversion symmetry Wi respect to the center
between the magnetic ions. This is usually not satis ed forolw crystal symmetries.
In this case, the Dzyaloshinski-Moriya interaction leadsa a small canting of the
sublattice spins, which are initially aligned antiparallédue to the superexchange in-
teraction, and induces a weak ferromagnetic moment perpdndlar to the spin axis
of the antiferromagnet. Assuming two sublattices with magetizationsM 5 and M g
with the canting angle = %tan ! ’DJ—J’ as schematically shown in Figure 1.6, the
energy gain resulting from the Dzyaloshinski-Moriya inteaction is calculated as

jDj?
J

DMa Mg)= jDjjM j®sin2

(a)

sublattice A sublattice B sublattice A sublattice B

iM j2: (1.30)

Figure 1.6: Weak ferromagnetism induced by the Dzyaloshins-Moriya interaction: Due to
the canting of the spins of the sublattices, which are initidly aligned antiferromagnetically
(a), weak ferromagnetism perpendicular to the antiferromaynetic axis is created (b).
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1.6 Superconductivity

The phenomenon of superconductivity, which is characteed by zero electrical resis-
tance and perfect diamagnetism below the superconductingahsition temperature
T., was rst discovered in mercury (Hg) in 1911 by H. Kamerlingh In the following
decades, superconductivity was observed in various metalsd alloys including lead
(Pb), niobium (Nb) and Nb3;Ge. These conventional superconductors are well de-
scribed within the framework of BCS theory. However, theirfansition temperatures
are quite low, making technical applications di cult. The discovery of superconduc-
tivity in La , vBa,CuO, in 1986 by G. Bednorz and K. A. Maller [19] established
the era of high temperature cuprate superconductors, whichare characterized by
much higher transition temperatures than those of converdnal superconductors.
The class of cuprate superconductors di er fundamentallyrém conventional super-
conductors, including the symmetry of the pairing state andhe underlying pairing
mechanism [20].

1.6.1 Conventional Superconductors and BCS Theory

The physics of conventional superconductors is well dedmed by the BCS theory
suggested by Bardeen, Cooper and Schrie er in 1957 [21]. $hinicroscopic the-
ory is consistent with the previously proposed macroscoptbeory of Landau and
Ginzburg. According to BCS theory, a weak attractive interation between the elec-
trons leads to the formation of bound electron pairs, calle@ooper pairs. This weak
attractive interaction between the electrons originatesrbm the electron-phonon in-
teraction. This can be understood as follows: As an electranoves through the
crystal, it creates a small lattice distortion by attracting the neighboring positive
ions. A second electron is then attracted by the excess of go& charge, which
results in an e ective attraction between the two electronsnediated by the distor-
tion of the lattice. If this attraction is strong enough to owercome the repulsive
Coulomb interaction between the electrons, the net interdion is attractive and

Cooper pairs are formed. The Cooper pairs then undergo Bosendensation into a
single quantum state and carry the supercurrent without lases. For conventional
superconductors, the electrons of a Cooper pair have opgesspin giving rise to
a total spin of S = 0. The order parameter of the superconducting state is repr

sented by the complex order parameter which is zero above thsuperconducting
transition temperature and non-zero in the superconductgnstate. For conventional
superconductors, the phase of the order parameter is constawhereas its magni-
tude, the superconducting energy gap, might slightly depenon the position on the
Fermi surface and thus exhibit some anisotropy. Since comtenal superconductors
only break gauge symmetry at the superconducting transitrotemperature, they are
called s-wave superconductors.
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1.6.2 High Temperature Superconductors

High T, cuprate superconductors are also characterized by a sirgpairing state,
however, the order parameter hasl-wave symmetry. This means that the order
parameter changes sign under a 90@otation and that there are points on the Fermi
surface where the superconducting gap vanishes completely

The cuprate superconductors are quasi two-dimensional $ys1s which have a lay-
ered perovskite structure consisting of Cu@planes that are weakly coupled to each
other. Superconductivity is induced by doping the Mott inslating parent com-
pounds. In Mott insulators, the highest occupied band contas one electron per
unit cell and electron motion hindered due to the Coulomb ragsion between the
electrons which prevents the creation of a doubly occupiedes. Upon doping these
systems, additional sites are created and electrical conttion is restored since the
electrons can jump without any cost in Coulomb energy.

Due to superexchange interaction, many Mott insulators exhit long range antiferro-
magnetic order. Anderson suggested that quantum uctuatioes in two-dimensional
spin % systems are strong enough to destroy this antiferromagnetorder [22]. In-
stead, a spin liquid state is formed, which contains electnopairs with antiparallel
spin. Since the motion of these singlet pairs is similar to hresonance of bonds
in benzene, this scenario is called "resonating valence @8r{RVB). In the undoped
Mott insulator the singlet pairs are unable to move. This siiation is changed upon
doping, because the average occupancy is lowered, the etatipairs become mobile
and superconductivity is induced. The transition temperaire of the supercon-
ducting phase depends on the charge carrier concentratiaus the doping level.
However, it has been shown by various experiments that a spiiguid state is not
realized in undoped cuprates.

The pairing mechanism of charge carriers in cuprates is $tontroversial, although
it is in general accepted that strong electron correlationplay an important role.
Among the most promising candidates responsible for the a#ictive interaction
that leads to the formations of Cooper pairs are spin uctuabns. These might play
a similar role as phonons in conventional superconductor$he spin of an electron
might distort the nearby spins in such a way that it gives ris¢o an attractive inter-
action between the electrons and bind them into pairs. Howey, it is also possible
that even more exotic excitations cause the attractive intaction. One of these ideas
involves the formation of "stripes”, which is based on the imomogeneous ordering
of spin and charge. In this scenario, a locally commensurasein wave exist in the
CuO, planes, whose phase jumps by 18@t domain walls, which are periodically
ordered. As charge carriers (holes) are introduced by doginthey are not homo-
geneously distributed in the CuQ planes, but reside at the domain walls, forming
charged stripes. The spin stripes have twice the periodigitof the charge stripes.
The formation of these stripes is energetically favored baase the transverse wan-
dering of charge stripes cost less kinetic energy than thegpng a individual holes.
Stripes of static and dynamic nature have indeed been obsedvin several super-
conducting cuprates [23, 24, 25]. However, the role of step for superconductivity
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in cuprates is still under debate.

Ruthenocuprates with alternating CuQ and RuQO; layers are very interesting exam-
ples of highT, superconductors. In addition to superconductivity, whichis estab-
lished in the CuG, planes below 15-50 K, these materials exhibit long range nreagic
order, which is related to the Ru sublattice and sets in welllzove the superconduct-
ing transition temperature. Due to the broad coexistence rage of superconductivity
and long range magnetic order, ruthenocuprates have attreal a lot of interest in
the last years.

1.6.3 Triplet Superconductivity in Sr oRUO 4

Superconductivity in SLRuO,4 was rst observed in 1994 by Y. Maeno and cowork-
ers [26]. Soon after the discovery, it became clear that th@merconducting state
evolves from a strongly correlated metallic phase with Laradi parameters very sim-
ilar to those of the super uid 3He [26, 7]. In combination with the tendency towards
ferromagnetism in Sr based ruthenates, this led to the spdation that Sr,RuQO,
might be a spin triplet superconductor [27, 28]. First expémental evidence for an
unconventional superconducting state came from a NMR studyf the nuclear spin-
lattice relaxation rate, which indicated the absence of a berence peak afl [29],
and from the fact that superconductivity is substantially sippressed by introducing
non-magnetic impurities [30]. In the clean limit, SfRuO, becomes superconducting
below T, = 1:5K.
Direct evidence for a triplet superconductivity were proded by Knight shift mea-
surements [31]. In accordance with the two-dimensional eteonic structure of the
Srb,RuO,4, superconductivity is highly anisotropic: While the Knigh shift cannot
be determined for magnetic elds applied perpendicular tote RuG, planes due
to the low critical eld H, it can be measured for magnetic elds applied paral-
lel to the RuO, planes. For this eld direction, the Knight shift remains caostant
down to very low temperatures. This indicates that the axis fothe vector ordering
parameter d(k) lies along c-axis of the crystal. Additional support for a p-wave
superconducting state in SYfRuO, comes from muon spin rotation [32], which de-
tects a spontaneously generated magnetic eld as the sampke cooled belowT,.
This result implies that the superconducting state breaksitne reversal symmetry
and suggests a triplet superconducting state with an ordergpameter of the form
d(k) = oz(ks iky), which is consistent with the Knight shift data. For a quasi
two-dimensional system, the corresponding superconduagi energy gap is nodeless.
However, the power law temperature dependence of the specheat [33], the nu-
clear relaxation rate [34], and the thermal conductivity [3] indicate the presence
of line nodes in the superconducting gap. This discrepancyight be understood in
the following scenario, suggested by Zhitomirsky and Ric&q]: Due to the strong
orbital character of the Fermi surface sheets (sheet based ord,,-orbital, and
sheets composed of hybridized,, - and d,y-orbitals) the electronic structure of
Sr,RuO4 might be regarded as consisting of two almost decoupled dtenic sub-
systems. As a consequence, a nodeless gap might exist in tbeva band, whereas
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line nodes develop in the passive bands by the interband prmity e ect. Although
this scenario reconciles various experimental results,egfe are many open questions
that need to be addressed in order to get a better understamdj of the spin triplet
superconducting state in SfRuUO;,.






Chapter 2
X-ray di raction

X-ray diraction is the coherent scattering of x-rays by the atoms of a material.
In the classical picture the oscillating electromagnetic eld of the incident x-ray
beam exerts a force on the atoms of the material causing them oscillate and emit
radiation with the same wavelength as the incident beam. Duw its large mass
relative to that of an electron the nucleus of an atom is harglput into oscillation

and does not contribute to the scattering of an atom in a sigrant way. Hence, in

a good approximation only the electrons of a material are rpensible for coherent
scattering.

2.1 Magnetic X-ray diraction

For common samples, x-ray di raction can be described by thkinematical theory.
This theory is applied when the interaction between the indent and scattered x-
ray beam is weak. This means that multiple scattering e ectean be neglected and
that the attenuation of the incident beam due to scattering gents is not taken into
account. These conditions are met for su ciently small cry&als. Within kinematical
theory, the di erential cross section for elastic x-ray diraction from a small periodic
crystal into the solid angled is given by

d 2 X iQOR X iQr 0. i

q =rg genm €~ "Dyf,(k; k5 h!) (2.2)

m n

whererg = me—; is the classical electron radiusRk ,, denotes the position of the unit
cell, r, is the position of an atom within the unit cell, k and k° are the incident and
scattered wave vector of the photon with energh! , Q is the momentum transfer,
D, is the temperature dependent Debye-Waller factor antl, represents the elastic
scattering amplitude of the n-th atom in the unit cell.

The scattering amplitude of an atom is derived by considergn the Hamiltonian

for electrons in a quantized electromagnetic eld within ssond order perturbation

theory [37, 38]. Beside its dependence on the charge densitys also sensitive to
the magnetization of the atom which gives rise to magnetic attering. Two limits of

31
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magnetic scattering can be distinguished: Resonant scatiay, where the incident
photon energy is tuned close to an absorption edge of the atoamd nonresonant
scattering, where the photon energy is far from any absorpin edge of the atom.
Hence, the scattering amplitude can be written as [39]

fa(kikGht) = £519°(Q) + £10** (Qrki k) + (ki K ! ): (22)
The rst term is the well known Thomson scattering

fehaoeQy= (Q) ° ; (2.3)

where ,(Q) is the Fourier transform of the charge density of the n-th aim and
and ° denote the polarization of the incident and scattered photg respectively.
The second term of Equation 2.2 is the nonresonant scattegramplitude, which is
expressed by

f”"”res(k'ko'hl): ih—! }L (Q) BL+ Sh(Q) Bs : (2.4)

n ’ y L mc2 2 n L n S . -

Here, L,(Q) and S,(Q) are the Fourier transforms of the orbital and spin mag-
netization densities, respectively. The vector8, and Bs contain the polarization
dependence. They are given by

Bu=2(1 R R)" ) (R YR YR R ) (2.5)

Bs= " (R R H+(R YR ) R ) R ) (26
whereR and k° denote the unit vectors along the incident and scattered wawec-
tor. In contrast to neutron di raction, the orbital and spin part of the nonresonant
scattering amplitude exhibit a di erent polarization dependence which allows to
separate them by a polarization analysis. However, due to ¢hfactor % nonreso-
nant magnetic scattering is much smaller than the usual chge scattering. Hence,
its observation is only feasible when the magnetization ohé atom gives rise to
additional Bragg re ections, which do not result from charg scattering. This is for
instance the case for antiferromagnets.

The last term of (2.2) denotes the resonant scattering amplide which is due to
a second order scattering process. In a simple picture (Figu2.1), this process
corresponds to the absorption of an incident photon by an el&on of the atom, the
creation of an intermediate state with a short lifetime and he subsequent transi-
tion into the initial state, which is accompanied by the emision of a photon. The
resonant scattering amplitude can be written as

D ED E
y 0 . .
f reS(k. ko. h ) — 1 X Ea EC a o 0(k ) C CJO (k)J a
AR m _  h E., E.+h i =2
D ED E

1X g, g, a0 Kic cO%K) a
m h! Ea Ec h!

c

2.7)
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Figure 2.1: Schematic single electron picture of a resonargcattering process. An electron
is excited from the initial state jai into an unoccupied statejci above the Fermi level by

the absorption of a photon. Subsequently, the virtually exdted electron decays emitting
a photon.

wherejai; E; and jci; E. denote the wave function and energy of the initial and
intermediate states, respectively and . represents the inverse lifetime of the inter-
mediate state. The operatorO (k) is given by

X
Ok)y= e™ p; ih(k s); (2.8)

i

wheres; and p; are the spin and momentum of the j-th electron of the atom.
Resonant magnetic scattering is usually much stronger thamonresonant magnetic
scattering. Therefore, it is also suitable for the investafion of weak magnetic and
orbital phenomena.

2.2 Resonant X-ray di raction

The resonant scattering amplitude contains both electric rad magnetic multipole
transitions. However, the magnetic mulitpole transitionsare by a factor of%

smaller than the electric ones and can therefore be neglattelf the atom has a
spherical symmetric environment, but possesses a magnatioment, the coherent
resonant scattering amplitude of Equation 2.7 can be rewté&n in terms of vector
spherical harmonicsy y (K) [40]

VS
f e (k;koih! )= 4? > Y (QO)Y i (R) Fuv (1); (2.9)

M= L
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where the factorF_y, determines the resonance strength which in turn depends on
the atomic properties:

X PaPac x(@MC;EL)

Fun (1) = :
w (1) o 2Ec Ea hI) i

(2.10)

Here, p, represents the probability to nd the atom in the initial state jai and pac
denotes the probability for a transition from the initial state jai to the intermediate
state jci, which is determined by the overlap integral of the two state , is the
partial linewidth of the intermediate state due to pure eletic multipole radiative
decays.

For the evaluation of experiments, it is useful to express ghresonant scattering am-
plitude with respect to the polarization of the incident andscattered beam. If we
restrict ourselves to electric dipoleE 1) transitions (L =1, M =0; 1), which usu-
ally dominate the resonant magnetic scattering cross seati, the resonant scattering
amplitude can be written as [41]:

mE1 = 4_?( O FO 0 mF®+ " m, om, F@  (211)
with

FO = FLt Fy . (2.12)

FOZE, F (2.13)

FO =2F, Fu Fi; (2.14)

wherem ,, is the unit vector in the direction of the magnetic moment of lhe atom.
The rst term of Equation 2.11 is the anomalous dispersion ten. Since it is inde-
pendent of the magnetic moment, it contributes to the Bragglarge scattering. The
second term of the resonant scattering amplitude is linean the magnetic moment.
It gives rise to rst harmonic satellites in incommensurateantiferromagnets and
is responsible for magnetic circular dichroism in ferromagts. The third term of
Equation 2.11 is quadratic in the magnetic moment and prodes second harmonic
satellites. It is related to linear magnetic dichroism whik is usually much weaker
than circular magnetic dichroism.

Considering the polarization dependence of the three termis is useful to express
the polarization of a photon with respect to the scattering [@ne. Assuming linear
polarization, the polarization of an incident/scattered oton is chosen to be either
perpendicular (/ 9 or parallel ( / 9 to the diraction plane as shown in Figure
2.2. Hence, four polarization channels can be distinguishe % ° ©%and °©
Using this notation introduced by Bergevin and Brunel [42]the individual terms of
the resonant scattering amplitude can be written as 2x2 mates. This leads to the
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Figure 2.2: Schematic con guration of the scattering process. The sample is located
at the origin of the reference system de ned by the unit vectas x, y, z. The incident

and scattered beam characterized byk and k° are linearly polarized parallel (= 9 or

perpendicular (= 9 to the diraction plane. denotes the scattering angle, is the

azimuthal angle and is the angle between the scattering vectorQ and the magnetic
moment m.

following expression for the resonant scattering amplitued [41]

s _ F 0 f°
nE1 — f 0 f 0
FO 10 i1 0 m, COS + m, Sin
0 cos? my, COS + m, Ssin my sin 2
> m? my(mysin ~ m,cos )
+F y y ; (2.15)

my(mysin + m,cos ) cog (mZtan® + m3)

wheref ° represents the scattering amplitude of a particular polazation channel,

is the scattering angle andm,, my, m, denote the components of the magnetic
moment along the axes of the reference system displayed irgiie 2.2. These are
given by

my = sin cos
my = sin sin (2.16)
m, = cos

Here, represents the angle between the scattering vector and theagnetic moment
and is the azimuthal angle. For = 0, the magnetic moment lies in the scattering
plane. The derived notation for the resonant scattering antpude is very useful for
experimental purposes, since it shows, which component dfet magnetic moment
is probed in a particular experimental con guration and howthe magnetic signal
changes as a function of azimuthal angle.
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detector in 6G*
0= 0°

[/
analyzer

sample

Figure 2.3: Experimental con guration for the polarizatio n analysis of the scattered sig-
nal. The incident beam is linearly polarized perpendicular( ) to the diraction plane.

The scattered beam in general contains both polarization cmponents parallel ( 9 and
perpendicular ( 9 to the scattering plane, which are selected by the polariztion analyzer.

2.2.1 Resonant X-ray interference scattering

Resonant x-ray diraction is usually used to study materias, which exhibit anti-
ferromagnetic or antiferroorbital order, since these alo the investigation of the
magnetic and orbital phenomena at re ections, which are foidden for Thomson
scattering. In contrast, ferromagnetism and ferroorbitabrder manifest themselves
as additional resonant intensity at the usual crystallogrghic Bragg re ections. Since
Thomson scattering and magnetic/orbital scattering exhilt di erent polarization
dependences, a polarization analysis needs to be perforntedeparate the contri-
butions from each other.

For simplicity, we restrict the discussion to the situationwith the incident polariza-
tion perpendicular ( ) to the diraction plane as shown in Fig. 2.3. The scattered
beam contains both polarization components. The signal ihe  ° channel is pre-
dominantly due to Thomson scattering, whereas the signal the  °channel results
exclusively from magnetic/orbital scattering since charg scattering does not rotate
the polarization of the diracted signal. However, the magatic/orbital signal is
expected to be weak compared to the charge scattering sigmdithe  © channel.
Therefore, it is dicult to directly observe the magnetic/o rbital signal in an ex-
periment. To enhance it, the authors of Refs. [43, 44] develed an interference
technique where the magnetic/orbital signal is ampli ed bycharge scattering. To
this end, the polarization analyzer is rotated out of the %position ( o =90 ) by
some degrees ( = 90 ). The scattered intensity at an analyzer angle A is
given by

2 2
1(A)/ f' cosa f' °sina +f' °sina+f! "cosa COL2 A

(2.17)
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wheref ° represents the form factor of a particular polarization chanel and 5 is
the scattering angle of the analyzer. This leads to the follang interference term

I( A=90 ) 1(A=90 +) / 2Re(f ' f ' “ysin?2 osin?2 ;

where the weak magnetic/orbital signal of the °channel is ampli ed by the Thom-
son scattering of °9channel. Since Thomson scattering does not exhibit any inte
sity change as a function of azimuth, the intensity variatia of the interference term
as a function of azimuthal angle is completely due to the magtic/orbital signal.






Chapter 3

Experimental

3.1 Laboratory X-ray diraction Setup

Prior to the synchrotron experiments, the crystals invesgated in this work were
characterized, and pre-aligned using the setup in the x-rayi raction laboratory of
Prof. Keimers department in the Max Planck Institute for Sold State Research.
The availability of this setup was important for the succes®f the synchrotron ex-
periments. On the one hand, it allows the identi cation of the best quality crys-
tals, which saves valuable synchrotron beamtime. On the ath hand, a good pre-
alignment of the samples is necessary to measure an azimutaagle dependence of
a re ection, which is essential for the determination of themagnetic structure and
orbital state, respectively. In principle, the pre-orienation of the crystals can also
be done at the synchrotron beamline, however, this is time gsuming and might be
di cult, if the crystallographic axes of the sample are not known and a large area
detector is not available.

The x-ray source in the laboratory is a RIGAKU molybdenum (M9 rotating an-
ode. Its characteristic emission lines MK ,, K , and K correspond to en-
ergies of 17.479keV, 17.374keV and 19.608keV, respecyivelThe x-ray beam is
monochromized and focused using two multilayer monochrotaas. The rst fo-
cuses the beam vertically and the second one horizontallyh&reby, theK and K
emission lines are spatially separated from each other due their di erent scatter-
ing angles. Using a slit system, th&K component is completely suppressed, and
the x-ray beam focused onto the sample only contains th€ components. The
sample is mounted on a 4-circle HUBER di ractometer, whichs used in a horizon-
tal scattering geometry. For low temperature measurementa closed cycle cryostat
can be mounted on the di ractometer. With this setup, tempeatures as low as 10K
can be reached. The temperature is controlled using a Lakesh 330 Temperature
Controller.

The scattered signal is detected with a BRUKER SMART-1000 @rged coupled
device (CCD). Due to its large area, the CCD camera allows th&multaneous de-
tection of several re ections. By rotating the sample, but keping the detector at a
xed position, a large number of re ections can be detected whin a short period.
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Using the software program SMART, these re ections are usetb determine the
crystallographic axes of the sample and the correspondirgttice constants. To this
end, the relative distances of the re ections in reciprocadpace are compared with
the expected ones for the particular space group and a leaseam square tting is
performed. Once the crystallographic axes and lattice pamseters are known, the
crystal is precisely aligned along a particular direction sing a scintillation detector,
which is also used to determine the crystal quality and to olain the precise values
of the lattice constants.

3.2 Synchrotron Beamlines

The resonant x-ray di raction experiments at the RuL-absorption edges were car
ried out at beamline 4-ID-D of the Advanced Photon Source (AB) at the Argonne
National Laboratory and at beamline KMC-1 of the Berliner E€ktronenspeicherring-
Gesellschaft far Synchrotronstrahlung (BESSY). Both bemlines are described in
the following. Another resonant x-ray diraction study was performed at the Ru

K -absorption edge at beamline MagS of BESSY. Since the expeental con gura-

tion of this beamline is very similar to that of beamline 4-IBD of the APS, it is not

described in detail. High energy x-ray diraction experimats in a magnetic eld

were carried out at beamline BW5 of the Hamburger Synchrotrstrahlungslabor
(HASYLAB) at the Deutsches Elektronen Synchrotron (DESY).

3.2.1 Beamline 4-1D-D of the Advanced Photon Source

The beamline 4-ID-D of the APS operates in the hard x-ray regie. The undulator
used at this beamline is a 72-pole undulator with a nominal gaof 11 mm, which
allows an operation in the energy range between 3 keV and 50ké&pecial modi ca-
tion to the vacuum chamber of the undulator have been made togpmit the closure
of the gap down to 9.5mm and hence the operation at energieslaw as 2.5keV,
needed for the resonant x-ray experiments at the Ru-absorption edges, lying at

polarization
analyzer

o detector
[>
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flat mirror
monochromator
W

Be shield

~~sample

ionization
chamber

focusing mirror !
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Figure 3.1: Schematic side view of the optics and the experiental con guration of beam-
line 4-ID-D at the APS.
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.

Figure 3.2: Photograph of the experimental setup in the expemental station of beamline
4-1D-D of the APS. The sample hidden beneath the Be dome is mauted on the the
cryostat, which is attached to the 8-circle HUBER di ractom eter.

2.968keV and 2.838keV, respectively.

A schematic view of the optics and the experimental con gutgon of the beamline is
shown in Figure 3.1. The x-ray beam leaving the undulator is amnochromized by a
KOHZU double crystal monochromator using two Si (111) crysis. The monochro-
matic beam is focused by a toroidal Si@ mirror. To suppress higher harmonic
components of the x-ray beam a Pd coated SpOmirror, mounted behind the fo-
cusing mirror, and an additional, smaller Si@ mirror in the experimental station
are used. An ionization chamber, mounted in front of the sankg monitors the
intensity of the incident beam. In addition, several slit sgtems are used to reduce
the background and to de ne the size and shape of the incidemrtray beam, which
has a typical size of 200m 100 m as it reaches the sample. The sample is
mounted in the center of an 8-circle HUBER di ractometer, wiich is used in a ver-
tical scattering geometry as shown in Figure 3.2. The scatted beam is detected by
a Cyberstar Nal scintillation detector. This is mounted on he detector arm either
directly behind the last slit, which is used to reduce the b&ground mainly resulting
from uorescence, or behind the polarization analyzer. Dui® the strong absorption
of the x-ray beam below 3keV, as few beryllium windows as pdds are used and
the ight path of the incident and di racted beam is either kept under vacuum or
helium atmosphere.

Since the incident x-ray beam is horizontally polarized, ihas polarization accord-
ing to the notation introduced in Chapter 2. The polarization of the di racted beam
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temperature
sensor

copper

goniometer

Figure 3.3: Photograph of the sample environment. The samp is mounted on a copper
goniometer, which is screwed into the cold nger of the cryotat. The temperature sensor
is attached close to the sample.

can be studied using an in vacuum polarization analyzer witiccan be mounted be-
tween the last slit and the detector. In case of the Ru-absorption edges, it consists
of a Si (111) crystal, which gives a scattering angle of 41.8nd 44.2 at the L,- and
L 3-absorption edges, respectively. The polarization anakgez including the attached
detector can be rotated around an axis parallel to the di rated beam. Thus, the

0 component of the scattered signal is measured if the detectis parallel to the
scattering plane and the ° component of the diracted signal is collected if the
detector is perpendicular the scattering plane. In additio, it is possible to measure
the di racted signal in a mixed polarization state, which isnecessary to carry out
interference scattering experiments. In this case, the dattor is rotated to a position
neither parallel nor perpendicular to the di raction plane

The sample is mounted on a copper goniometer head (Figure Bvdhich is at-
tached to the cold nger of a closed cycle cryostat capable oéaching temperatures
between 4K and 340K. The cryostat is mounted on the motorizexlyz-translation
stage of the di ractometer. In order to cool the sample, two dme shaped beryllium
shields are attached to the cryostat around the sample pogih. The outer beryl-
lium shield with a thickness of 500 m is needed to reach high vacuum, whereas the
inner beryllium shield with a thickness of 200 m reduces the thermal losses to the
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sample environment. To improve the thermal coupling of theasnple to the cold n-
ger of the cryostat, exchange gas (helium) can be used in tmmer beryllium shield.
Unfortunately, the absorption of the x-ray beam by the berylum domes is quite
strong. At the Ru L-absorption edges, the absorption caused by the shieldsdsa
to a total beam attenuation of more than two orders of magnitde. To avoid these
strong absorption e ects, it is possible to omit the inner beyllium dome. However,
this is not feasible, if temperatures below 50 K are required

Two Si-diodes are used as temperature sensors, which arermarted to a Lakeshore
340 Temperature Controller. The rst temperature sensor isnounted to the cryo-
stat cold nger in the vicinity of the heater. Based on the tenperature read by
this control sensor, the heater output needed to stabilize particular temperature
is calculated using a PID algorithm. The second temperatursenor is mounted as
close as possible to the sample, as shown in Figure 3.3. Thmperature measured
by this sensor corresponds approximately to the sample temgature.

3.2.2 Beamline KMC-1 of BESSY

The bending magnet beamline KMC-1 of BESSY covers the energgnge between
1.7 keV and 12 keV. A schematic top view of the optics and the p&rimental setup
of the beamline is shown in Fig. 3.4. The x-ray beam produced the bending mag-
net is focused by a toroidal mirror made of Si with a Pt coatingThe focused beam
is monochromized by a Oxford-Danfysik double crystal monbmomator, which is
equipped with three pairs of crystals: InSb, Si (111) and S4R2), which can be
exchanged within a few minutes. For the resonant x-ray di ration studies at the
Ru L-absorption edges, the Si (111) crystals were used. To suegs higher order
components of the x-ray beam, to attenuate the beam or to chlate the energy
three di erent lter sets with a thickness between 1 and 5 m can be inserted into
the beam path. An ionization chamber is used to monitor the itident intensity
of the x-ray beam. The sample is located in the center of thetthhigh vacuum
(UHV) two-circle di ractometer designed by E. Weschke and E Schierle from the

UHV-chamber
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Figure 3.4: Schematic top view of the optics and the experimetal con guration of the
bending magnet beamline KMC-1 at BESSY.
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Xyz-transtation i A

Figure 3.5: Photograph of the UHV two-circle di ractometer used at beamline KMC-1.

Freie Universitat Berlin. This di ractometer, shown in Figure 3.5, is used in a hor-
izontal scattering geometry. It allows the independent raition of the sample and
the detector within the full angular range of 180.

Four di erent detectors are available for the detection of lhe di racted signal: A
CCD camera is used for the sample alignment, which saves a tdttime compared
to the alignment procedure using a point detector. Since theensitivity of the CCD
camera is limited, it provides mainly qualitative informaion. Therefore, the scat-
tered signal is either detected with a Si photo diode or an Oxfd Danfysik avalanche
photo diode (APD). The APD has a better signal to noise ratio de to the possi-
bility to discriminate certain photon energies and the absee of electronic noise.
Therefore, it is preferable to use the APD instead of the Sidde, especially for the
detection of small signals. On the other hand, the Si photo dde is optimized for
operation in the soft x-ray regime, which allows to use it foruorescence measure-
ments. In addition, a polarization analyzer consisting of &i (111) crystal can be
used to study the polarization of the di racted beam. The sigal di racted by the
analyzer crystal is detected by a Si photo diode. Unfortunaty, this diode cannot be
rotated out of the di raction plane. Thus, only the signal inthe  %channel can be
measured. However, the %signal can be calculated by subtracting the %signal
from the total signal.
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Figure 3.6: Photograph of the sample environment. The samp is mounted on a copper
goniometer, which is attached to a copper lead attached to tle cold nger of the cryostat.

The sample is mounted on a small copper goniometer, as showrigure 3.6, which

is attached to the cold nger of the cryostat. Since it is not pssible to tilt the sam-

ple, the prealignment of the sample has to be very precise. l@rwise the rotation

of the goniometer would not correspond to a rotation aroundhie scattering vector

and an azimuthal angle dependence of the scattered signalltbnot be measured.
For an azimuthal dependence of the diracted signal, the gaometer is manually

rotated using a manipulator attached to the UHV chamber.

Without further thermal shielding temperatures as low as 1& can be reached with

this setup. The temperature is monitored using a Lakeshore3@ temperature con-
troller and two Si diodes as temperature sensors. The rst ahem is mounted close
to the goniometer and measures the sample temperature, whas the second is lo-
cated at the cold nger of the cryostat near the heater. The teperature read by the

second sensor is used to control the heater output and stabé the temperature.

3.2.3 Beamline BW5 of HASYLAB

The beamline BW5 of HASYLAB operates in the high energy x-rayegime. The
wiggler used at this beamline has a critical energy of 26.5keand a minimum gap
of 20mm. To reduce the heat load on the optical elements, a Indm thick water

cooled copper lter is used to absorb the low energy part of thspectrum produced
by the wiggler. This allows the operation at energies betwee0 keV and 200 keV.
The experiments described in this thesis were carried out @ photon energy of
100 keV.

The experimental setup in the experimental station is showin Figure 3.7. The
beam enters the experimental hutch through a slit of variakl size, which is kept
under vacuum to minimize the ozone production and reduce theackground radi-
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Figure 3.7: Experimental setup in the experimental station of beam line BW5 of HASY-
LAB.

ation. The beam is monochromized by a SiGe (111) gradient atal located in a
helium chamber. This monochromator allows a broad energy egtrum to pass and
thereby assures a large incident beam intensity. The inteiyg of the incident beam
is monitored by a Si-diode mounted behind the monochromator

The sample is mounted in a Cryogenics superconducting magmsed in a horizon-
tal scattering geometry. Horizontal magnetic elds up to 1., parallel as well as
perpendicular to the scattering vector, can be applied witlthis setup. The magnet
is mounted on the sample tower of the di ractometer consistig of a three indepen-
dent circles. This allows a sample rotation of 180 and a sample tilt of 5.

An iron absorber wheel is located behind the magnet to atteate the diracted
beam if necessary and another SiGe (111) gradient crystalused as analyzer to
minimize the background. The scattered intensity is deteetl by a Ge detector
cooled with liquid nitrogen, which is mounted on the tower inthe back of the
di ractometer.
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Magnetic and Orbital Order in
CasgRu 07

Layered perovskite ruthenates exhibit a wide variety of irgresting phenomena due to
the strong interplay of spin, charge, lattice and orbital dgrees of freedom. The latter
is particularly pronounced in bilayered CaRu,0; which is extremely sensitive to
small perturbations, such as uniaxial or hydrostatic presse [45, 46, 47, 48], doping
[49, 50, 51, 52] and external magnetic elds [53, 54, 55, 5@jyving rise to a rich
phase diagram (Figure 4.1). Since most of the phase transiis in the material
have been attributed to the rearrangement of the magnetic anhorbital structure,
resonant x-ray di raction is well suited for the investigaion of this system because
it probes magnetic and orbital ordering phenomena.

30
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Figure 4.1: Phase diagram of CgRu,0O7 with (a) B k aand (b) B k b[57](Axes labels have
been changed to be consistent with the notation used in this wrk). Various phases arise
as a function of magnetic eld including ferromagnetic (FM), antiferromagnetic (AFM),
paramagnetic (P), orbitally ordered (OO) and orbitally dis ordered (OD) states.
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Figure 4.2: Crystal structure of CagRu,07.

4.1 Properties of Ca 3RuU07

CazRu,0; has a distorted orthorhombic symmetry and belongs to spaceogp

Bb2;m with room-temperature lattice parametersa =5.3781(2)A, b=5.5227(2)A and
€ =19.5872(8)A [58]. As shown in Figure 4.2, it consists of Ru©bilayers with corner

sharing RuQ; octahedra which are rotated around the crystallographic-axis and

tilted with respect to the ab-plane. The tilts of the octahedra are mainly projected
onto the ac-plane and only slightly a ect the beplane.

The electronic structure of CaRu,0; is closely related to its crystal structure.
The ruthenium ions are in the formal valence state Rii, which corresponds to the
electron con guration 4d*. Due to the largee,-t,q crystal eld splitting, which over-
comes the Hund's coupling, all four valence electrons of tiRu*" ions occupy the
tog-orbitals and the material is in a low spin state with a total pin of S=1. Further-
more, the combined distortion, tilt and rotation of the RuQ; octahedra remove the
degeneracy of the,s-orbitals by lowering the energy of thed,, -orbital with respect
to the d,,- and dy,-orbitals as schematically shown in Figure 1.3 of Chapter 1.
The material is a paramagnetic metal at high temperatures ahorders antiferro-
magnetically at Ty = 56 K, but initially remains metallic [59]. At Ty, = 48K, it
undergoes a second phase transition, which manifests ifsiel an abrupt resistiv-
ity increase along all three crystallographic axes as shovim Figure 4.3. However,
whereas the resistivity along thec-axis continues to increase upon further cooling
[59], it decreases again in th@bplane below 30K, indicating a quasi two dimen-
sional metallic ground state [60, 61]. Despite this uncomneional behavior, this
transition is referred to as the metal-insulator transitiom in the following. While
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Figure 4.3: Temperature dependence of the resistivity (a) ad the susceptibility (b) of
CazRu,07,[60]. While the resistivity along the c-axis continues to increase below the
metal-insulator transition at Ty, =48K, the resistivity in the ab-plane decreases again
below 30K, indicating a quasi two dimensional ground state. The susceptibility data
clearly indicate an antiferromagnetic transition at Ty =56 K and a second anomaly at
T|\/|| .

the space group is una ected by the metal-insulator transion [58], all lattice con-

stants show a step like change at this temperature (Figure 4). with an in-plane

expansion [58] and a contraction along the-axis [62] upon cooling below the tran-
sition. This observation bears some resemblance with thengle layered compound
Ca,RuQ4, where the relative lattice parameter change at the metahsulator tran-

sition amounts about 2% [63]. However, the observed changeless than 0.2% in
CazRu,07 is much smaller than in CaRuO,.

Various magnetization and susceptibility studies have beecarried out on CgRu,0O-
[53, 45, 64, 60]. The susceptibility along tha- and b-axis is displayed in Figure 4.3.
It exhibits a typical Curie-Weiss like behavior in the paranagnetic phase above
Ty that can be tted by a positive Curie temperature for both axes suggesting fer-
romagnetic (FM) correlations in the RuG planes [53, 60]. The steep decrease of the
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Figure 4.4. Temperature dependence of lattice parametersatc) and lattice volume (d) of
CagRu,07 determined by powder neutron di raction [58].

susceptibility along both in-plane axes afly indicates the existence of long-range
antiferromagnetic (AFM) order with the moments oriented inthe ab-plane. Be-
low Ty, , the susceptibility decreases along all three crystallogphic directions and
becomes almost temperature independent at low temperat@.eSince the suscepti-
bility is lowest along the b-axis in this temperature range, the magnetic moment is
assumed to lie along thds-axis. Additional information about the magnetic struc-
ture of CasRu,0O; has been deduced from neutron powder diraction [58]. These
studies have proposed an A-type AFM magnetic structure coissing of ferromag-
netic RuO, bilayers coupled antiferromagnetically along the-axis. However, since
only a single magnetic Bragg re ection has been detected ireatron di raction, the
magnetic structure assignment must regarded as tentative.

CazRu,07 exhibits strong anisotropy e ects as a function of an extera magnetic
eld. For B jj a, the material remains antiferromagnetic at low temperatugs and
becomes paramagnetic above 17 T [53]. FBrjj band low temperatures, the system
undergoes a rst order metamagnetic transition at 6 T. Althaugh the phase above
the metamagnetic transition is characterized by a large FM oment of 1.73 g/Ru,
which is close to the saturation moment of 23/Ru expected for aS = 1 system
[53], a signi cant spin canting alternating between neighbring bilayers has been
revealed by a recent neutron di raction study [65].

Figure 4.5 shows thd> and c-axis resistivity as a function of applied magnetic elds
along all crystallographic axes. FoB jj b, the resistivity along both axes decreases
by about one order of magnitude at 6 T, which coincides with th metamagnetic
transition. Interestingly, the resistivity drop is much mae pronounced forB jj a
(magnetic hard axis), where thec-axis resistivity decreases rapidly by about three
orders of magnitude above 15T. Similar colossal magnetastance (CMR) e ects
have also been observed in various manganese compounds [B6agreement with
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Figure 4.5: Magnetoresistance (a) ¢ and (b) , of CagRu,0O7 [57] (Axes labels have been
changed to be consistent with the notation used in this work) The colossal magnetore-
sistance is most pronounced when the magnetic eld is applié along the magnetic hard
axis, where it decreases by three orders of magnitude.

the latter, the transition to a spin polarized state seems tde essential for CMR in
CagRu,05: For B jj b, the state above the metamagnetic transition is not complety

spin polarized [65] while this is the case in the paramagnetphase forB jja and

high magnetic elds.

For B jj ¢, Shubnikov de Haas oscillations corresponding to very srhatoss sections
of the Fermi surface have been reported for the and c-axis resistivity [45, 62, 67].
The large anisotropy e ects observed in Gi&Ru,0O; have been attributed to the
strong interplay between spin, lattice and orbital degreesf freedom. The distor-
tions of the RuG; octahedra play an important role in this context. Since the
projections of octahedral tilts onto theac-plane are larger than onto thebcplane,

the orbital overlap between states of neighboring Ru ions @ erent along all three

crystallographic axes. Small changes in the octahedralttil can then give rise to
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gualitative changes of the properties. Due to this asymmefr the coupling of a
magnetic eld to the system strongly depends on the eld orietation causing the
big anisotropy e ects.
As already mentioned, the metal-insulator transition is acompanied by a resistivity
increase, abrupt structural changes and anomalies in the gpaetization. In addi-
tion, Raman scattering studies [68, 55, 69] revealed an opay of a charge gap of
about 0.1 eV and a softening of the apical oxygen phonon mode®,, . The latter
ndings have been interpreted in terms of the onset of longange orbital order at
48 K. This scenario is also supported by optical conductiwyitmeasurements [70] and
angle-resolved photoemission spectroscopy (ARPES) [7Although no calculations
have been made for G&Ru,0O5, orbital order has been predicted theoretically for the
single layered compound G&RuO,4, which exhibits similar distortions of the RuGy
octahedra.

Based on LDA + U calculations, several groups have suggested the existerde
an ferroorbital ordered (FO) state for CaRuQ,, characterized by a uniform orbital
occupation at every Ru site [72, 73, 3]. This result is easilynderstood considering
the simple picture of the electronic structure discussed albe. The d,y-orbital has
the lowest energy among the,g-orbitals and is therefore doubly occupied, while the
dy.- and d,y -orbitals are occupied by a single electron, respectively.

Considering a three orbital Hubbard model together with ldice distortions, Hotta
and Dagotto proposed an antiferro-orbital ordered state fdCa,RuO, [74]. Accord-
ing to their model, the orbital occupation is di erent at neaest neighbor sites, as

Figure 4.6: Schematic view of the antiferro-orbital orderel state predicted by Hotta and
Dagotto for CapRuOg4[74]. According to this model, the occupation oftyg orbitals is
di erent at nearest neighbor sites leading to a doubling of the periodicity within the
RuO,-plane with respect to the unit cell.
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schematically shown in Figure 4.6. Each site with a doubly capied dy, -orbital
has nearest neighbors with doubly occupied,, - and dy, -orbitals, respectively. This
orbital ordering pattern leads to a doubling of the crystal griodicity in the RuO,-
plane, which gives rise to the observation of additional Bgg re ections.
Considering these theoretical predictions with respect tthe existence of orbital or-
der in CaRu,07, the magnetic interactions within the RuQ, planes need to be taken
into account. According to the susceptibility data [53, 6Q]the magnetic moments
are coupled ferromagnetically in the planes. Based on the Gdenough-Kanomori
rules, a ferro-orbital ordered state with doubly occupiedi, orbitals and two singly
occupiedd,,- and dyy-orbitals is energetically unfavorable since electron hpmg
is complicated due to the ferromagnetic spin alignment. Inantrast, an antiferro-
orbital con guration in the RuO , planes, for instance the one suggested by Hotta
and Dagatto, allows additional, energetically favorable dpping processes. Thus, in
this simple picture, an antiferro-orbital state should be ealized in CaRu,0-.

4.2 Experimental Details

The single crystalline CgRu,0O; samples were grown using the oating zone tech-
nique at the University of St. Andrews by N. Kikugawa and at tke National Institute
of Advanced Industrial Science by S. I. Ikeda and Y. YoshideDetails on the growth
technique and the crystal characterization have been giveslsewhere [60]. The

(001) [ (110)
FWHM=0.12 T FWHM=0.04

20

Intensity (arb. units)

60 61 62 63 64
th (degree) th (degree)

Figure 4.7: Rocking curves of CgRu,0O7 crystals with orientation (001) and (110). The
rocking curves have a full width at half maximum (FWHM) of less than 0.12 .
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crystals are platelet shaped with thec-axis along the short axis and dimensions of
2 1 0.2mm?. They are almost untwinned; the ratio of orthorhombic twin dmains
is smaller than 0.1. Typical rocking curves, shown in Figurd.7, have a full width
at half maximum of less than 0.12indicating a high crystal quality.

The crystals were prealigned in the x-ray laboratory at the Mx Planck Institute
for Solid State Research. The resonant x-ray di raction exgriments were carried
out at beamline 41D-D of the APS (RuL-absorption edge), at beamline KMC-1 of
BESSY (RuL-absorption edge) and at beamline MagS of BESSY (R -absorption
edge). High energy x-ray di raction studies in the presencef an applied magnetic
eld were performed at beamline BW5 of HASYLAB.
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4.3 Magnetic Structure

Resonant x-ray di raction was used to study the magnetic suicture of CaRu,0;.
At the Ru L-absorption edges two magnetic re ections, (001) and (110)ere stud-
ied which are not allowed by charge Bragg scattering. Theimergy dependence is
shown in Figure 4.8. These energy pro les are normalized tté intensity of the
incident x-ray beam but are not corrected for absorption e ets. Both re ections
exhibit a strong resonant enhancement at the RilL-edges due to electric allowed
dipole 2o ! 4d transitions which directly probe the partially occupied 4l orbitals
responsible for magnetism. The magnetic signal vanishesldv and above the ab-
sorption edges, since nonresonant magnetic scattering motweak to be detected.
The observation of a resonant signal at (001) and (110) is caistent with an A-type

Intensity (arb. units)

(d) (110)
17K

Intensity (arb. units)

Il Il L Il Il Il Il Il Il L Il

O L L L L L L L L
281 282 283 284 285 28895 296 2.97 298 299 3.00
Energy (keV) Energy (keV)

Figure 4.8: Energy dependence of the di racted intensity atthe magnetic re ections (001)
and (110) near the Ru L-absorption edges. The energy proles are not corrected for
absorption.
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AFM structure, as suggested by magnetization [53] as well a®utron scattering
data [58]. Based on the absence of the (003) re ection in thesutron di raction
pattern, Yoshida et al. proposed that the magnetic moments are aligned ferromag-
netically within the bilayers and antiferromagnetically ketween adjacent bilayers.
Our data are consistent with this suggestion, since the (118 ection would not be
observed if another A-type AFM structure was realized.

In order to determine the direction of the magnetic moment, & studied the az-
imuthal and polarization dependence of the integrated intesity of the longitudinal
reciprocal space scans at (001) and (110). The investigat® of both re ections
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Figure 4.9: Azimuthal dependence of the scattered intensit at re ections (a) (001) and

(b) (110) measured below and aboveTy, .

The solid lines are calculations based on the
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were carried out in horizontal scattering geometry, wherehe incident beam had

-polarization, and the diracted beam contained two polarzation components,
namely ®and ° The azimuthal dependence of the resonant signal at re eci
(001) measured below and abovgy, is shown in Figure 4.9a. In the low tempera-
ture phase, the maximum intensity is observed when thieaxis lies in the scattering
plane ( =0 ), whereas the intensity almost vanishes when tha-axis is parallel to
the di raction plane ( =90 ). The opposite behavior is found in the metallic AFM
phase abovely, , where the azimuthal dependence is shifted by 9With respect to
the one belowTy,, . The azimuthal dependence of the scattered intensity at wav
vector (110), shown in Figure 4.9b, is quite dierent from ttat at (001). In the
low temperature phase, the total intensity exhibits a maxiram when the ab-plane
coincides with the scattering plane, with theb-axis pointing towards the incident
beam ( =0 ). Above Ty, , maximum intensity is found when thea-axis lies in the
di raction plane and points to the direction of the incident beam ( =180 ).

The observed azimuthal dependences at both re ections suegg a magnetic mo-
ment direction along theb-axis belowTy,, and along thea-axis aboveT,,, . There-
fore, the total scattering intensity at (001) and (110) has ben calculated as a func-
tion of azimuthal angle based on these moment directions arah A-type AFM
structure with ferromagnetic bilayers coupled antiferroragnetically along thec-axis
as shown in Figure 4.10. To determine the total scattering iansity at a particular
re ection all eight ruthenium ions of the unit cell need to betaken into account.

Figure 4.10: Magnetic structure of CgaRu,07 below and aboveTy, .
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The spin-up ions among them are located at

111 331
A S T O ST
R3= %%11—90, R, = Zgl—go; (4.1)
and the spin-down ions are found at

For re ection (001), the magnetic moment forms an angle of =90 with the scat-
tering vector and the scattering angle is = 6.1 at the Ru L,-absorption edge.

Using this information the diracted intensity in the “channel at wave vector
(001) is calculated according to Equations 2.1 and 2.15 as

X
| 0(001) / ei(ool)ij";#O 2

iF @ (my cos + m,sin )+ F@my(mysin  m,cos)

iF®( mycos msin) F@my( mysin + m;cos )
2E (1)(mX Ccos + m;sin )
= 4F®j(cos sin cos sin cos )j?

= 3:95F12 ¢od : (4.3)

wheref. and f; denote the resonant scattering amplitude of a spin-up and ais-
down ion, respectively. The di racted intensity in the  %channel at re ection (001)
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is determined as

0 02

| ‘©co1) / f.° f,

FOcos2 +iFYmysin2  F®@cod (m2tan® + m?)

2
FOcos2 iF®Ymysin2 F®@cod (m2tan® + m?

2F Wm, sin2 °

4FW2jsin2 sin sin j?
= 0:18F™2sin* : (4.4)
Hence, the total scattering intensity at the reciprocal spee position (001) is given
by
| 001) = | °(001)+cos2| °(001)

/| FW2 395 cod +0:18 sift (4.5)

where the intensity of the 2channel has been multiplied with cos2in order to
take into account the attenuation of the signal as the Brewst angle is approached.
At re ection (110), the magnetic moment forms an angle of 45 with the
scattering vector and the scattering angle amounts = 32:7 at a photon energy of
2.968 keV. The intensity in the %channel at wave vector (110) is calculated as

X
| 0(110) / ei(llO)ij";#O 2
R;

. . . . 2
‘et e+ +f, @+ + + €

1
—h

iF M (mycos + m,sin )+ F@my(m,sin  m,cos )

2
iF®( mecos m,sin) F@my( mysin + m,cos )

. . 2
2iF W (my cos + m,sin )

4 F®2jcos sin cos  sin cos )j?

4 F®2j0:60cos  0:38))°

FAO2 1:44coé  1:84cos +0:58) : (4.6)
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The intensity in the ~ %channel at re ection (110) is given by

0 O2

| ‘10) / f, " f.

FOcos2 +iIFYmysin2  F®@cod (m2tan® + m?)
2
FOcos2 iF®mysin2 F®@cog (m2tan® + m?

z

2IF Om, sin2 *

4FM2jsin2 sin sin j°

1:65F M2 sin? : (4.7)
Thus, the total intensity at (110) takes the following form
|2 (110) = | °(110)+cos21 °(110)
/| FEW?2 1:44coé  1:84cos +0:58+0:69 sirf (4.8)

The simulation results are shown as solid curves in FigureH. They are in good
agreement with the experimental data and hence conrm the ngmetic moment
orientations along theb-axis below and along thea-axis aboveTy, .

The temperature dependence of the integrated intensitied doth re ections is
displayed in Figure 4.11. Both re ections exhibit almost tle same temperature
dependence at =0 , which corresponds to the maximum intensity position in the
low temperature phase. Belowly, , the intensity remains approximately constant
with increasing temperature, followed by an intensity losof approximately two
orders of magnitude atTy, . This drastic intensity change is mainly due to the
reorientation of the magnetic moment and consistent with th azimuthal dependence
shown in Figure 4.9. In the metallic AFM phase, the intensityfurther decreases
upon heating and continuously vanishes afy , as expected for a second-order phase
transition. Figure 4.11(b) shows the temperature dependea at wave vector (110)
for =180, where the moment reorientation results in an intensity erdncement
by almost one order of magnitude abovéy, . From a comparison of the maximum
intensities in the two phases we conclude that the am&gitydeatio of sublattice
magnetizations in the metallic and insulating states is 1= 3.

Figure 4.12 shows longitudinal reciprocal space scans oftliboe ections, which
have been tted with Lorentzian pro les at (001) and with Gaussian functions at
(110), respectively. For both re ections, the half width athalf maximum (HWHM)
of the scans does not change signi cantly as a function of tgrarature and shows no
anomaly at Ty, . The HWHM takes a value of 0.0065(5) rlu at (001). In contrast
it amounts 0.0005(3)rlu at (110), which might be resolutionlimited due to the
Gaussian shape. The large dierence in the HWHM indicates #t the in-plane
magnetic correlation length is much larger than the out-oplane correlation length.
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Figure 4.11: (a) Temperature dependence of the integratedntensity at the magnetic
re ections (001) and (110) measured at =0 and (b) temperature dependence of the
scattered intensity at wave vector (110) takenat =0 and =180 .

This is acutally not surprising since the coupling within tle RuO, planes is expected
to be much stronger than the one between neighboring planeBhe correlation length
hk can be estimated by the following expression

dhkl

= 2 HWHM® “9

hkl

wheredy denotes the lattice distance of a particular reciprocal spa vector. This
approximation leads to an in-plane correlation length of 1200A and an out-of-
plane correlation length of 450A.



62 Chapter 4. Magnetic and Orbital Order in Ca 3Ru 0
25 T T T T T T T
r (001) AT<Twm (110) AT<Twmi 1
2.0 OT>T\ *55 1 O T>Ty\ *80
2 L |
S i |
8 15F - =
g L 4
2 i 1
2] F 4
c
g 1.0r -+ _
< s |
0.5 ' —+ _
L § y ’l 4
0 OL I I L e = _ ey e “39‘..'// L R e A
'0.96 0.98 1.00 1.02 1.04 0.998  1.000  1.002  1.004

H (rlu)

Figure 4.12: Longitudinal reciprocal space scans at re egbns (001) and (110) measured at
=0 . The scans are tted with Lorentzian pro les at (001) and wit h Gaussian pro les
at (110).

4.4 Orbital Order

In order to obtain direct evidence of orbital order, we seahed for resonant su-
perstructure re ections characteristic of an antiferro-obital (AFO) order at various
high-symmetry positions in reciprocal space including (2 1/2 0), (1 0 0), (0 1
0), (/2 0 0), and (0 1/2 0), with the photon energy tuned to oneof the Ru L-
absorption edges, but we did not nd any signal above backguad. In Ca;RuQ,,
orbital order with the same propagation vector as the antifgomagnetically ordered
state was deduced from the persistence of a weak resonanta&ion above the mag-
netic ordering temperature [75]. An analogous phenomenonamely, weak A-type
AFO order) would not be detectable in CgRu,07, because the magnetic ordering
temperature exceeds the onset of orbital order so that the rgaetic intensity would
dominate at all temperatures.

To look for ferro-orbital order (FO) order, which manifestsitself as resonant in-
tensity at the main crystallographic Bragg re ections, we nade use of the resonant
x-ray interference technique where the orbital signal is goli ed due to the inter-
ference with the Thomson scattering as discussed in Chapt2r In principle, this
experiment can also be performed at the Ru-absorption edges where the FO sig-
nal is expected to be most pronounced. However, this optioa unfavorable based
on two considerations. First, all Bragg re ections that canbe reached at this pho-
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ton energy have a magnetic contribution that is expected toaminate the orbital
one. Second, the polarization analyzer currently availadlfor this energy, Si (111),
has an extremely small mosaicity, which causes additionakmerimental problems.
Following the protocol established by Kiyama and coworkerg!3, 44], we therefore
performed the experiment at the RWK -absorption edge, using pyrolytic graphite as
analyzer.

Although a strong contribution from magnetic order is not epected to be present
at the Ru K -edge, ab-axis re ection was chosen to be investigated. For this one
tation, a magnetic signal, if present at all, gives rise to atitional resonant intensity,
which does not show any azimuthal dependence, since the mago moment is par-
allel to the scattering vector belowTy, . In contrast, a signal due to orbital order
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Figure 4.13: Energy scans for o =85 and A =95 at the re ection (060) taken at two
azimuthal positions =0 and =90 measured at 20K.
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is expected to exhibit an azimuthal angle dependence and thorbital order can be
identi ed by measuring an azimuthal dependence of the obse&d signal. Figure 4.13
shows energy scans near the RKi-absorption edge at the re ection (0O 6 0) taken
at two azimuthal positions. The di erence of the two signalsmeasured at o =85
and A = 95 does not indicate any FO contribution, since the latter wou give
rise to a signal di erence at the resonance energy which isakly not observed. In
addition to searching for a FO signal within a wide azimuthalrange of 180, we
also varied the angular di erence between the two analyzemositions, but no FO
intensity was detected within the experimental sensitivi.

Discussing this result in comparison with single layered GRuO,, where a sub-
stantial FO signal has been revealed using the same experited method [76], the
amplitude of the FO signal, if present at all, has to be consatably weaker in
CagRu,05. This is not unexpected in view of the much lower metal-insator tran-
sition temperature in CaRu,0O; and the ability of a small applied magnetic eld to
rearrange or destroy the orbital order in this material [57] Corresponding magnetic
eld-induced transitions have not been reported for CzRuQ,, indicating that or-
bital ordering phenomena are more robust in that compound. Ae relatively weak
FO order parameter in CaRu,05, yielding a resonant signal below our detection
limit, could result from orbital quantum uctuations or residual charge uctuations
in the insulating state.

4.5 Structural investigations in an applied mag-
netic eld

To investigate the coupling between various degrees of fdeen in CaRu,0-, several
studies in an applied magnetic eld have been carried out. Wie these have been
focused on transport and magnetization measurements [53}] 5we have investigated
the structural in-plane changes in the vicinity of the metalinsulator transition as a
function of applied magnetic eld complementing studies byC. Nelsonet al. [56].
Figure 4.14 shows longitudinal reciprocal space scans ate&ions (200) and (020)
measured in zero eld at 100keV neaily, . A clear shift in the position of both
re ections is observed between 48.1K and 48.6 K due to the tafe contraction in
the ab-plane at Ty, . The shift of the re ections corresponds to a lattice paranter
change of -0.07 % and -0.03 % along tlee and b-axis, respectively.

The eld dependence of the structural changes was investiga for applied mag-
netic elds along the a- and b-axis. The results for both eld directions are summa-
rized in Figure 4.15 and 4.16, where the relative change ofetHattice parameters
with respect to their values at 25K is plotted as a function otemperature. For
both eld orientations, the onset of the structural changes initially shifted to lower
temperatures indicating a stabilization of the high tempeature phase as a function
of applied magnetic eld. However, the magnitude of the shifas well as the tem-
perature range of the structural change is quite di erent fo both eld directions
suggesting a large anisotropy as a function of magnetic elcbnsistent with trans-
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Figure 4.14: Reciprocal space scans at re ections (200) an@20) in zero eld as a function
of temperature near Ty, .

port and magnetization results [53, 54].

For B k a, a step like change of the in-plane lattice parameters is alased for all
magnetic elds, its magnitude is almost eld independent. his suggests that the
structural phase transition is of rst order for all elds. Evidences for a phase tran-
sition have also been detected by other experimental methsdincluding transport
and magnetization [53, 54], which are sensitive to the chagand spin degrees of
freedom, respectively. For a better comparison, the trart@n temperatures deduced
by various experimental probes have been plotted together a BT phase diagram,
which is shown in Figure 4.17. The structural transition caicides with the mag-
netic and metal-insulator transition, separating the instating AFM phase from the
metallic AFM state at low elds and from the metallic paramagetic phase at high
elds, respectively. This clearly demonstrates a strong cpling between the spin,
charge and lattice degree of freedom in GRu,O-.

A step like change of the in-plane lattice parameters is aldound for B k b and
elds below 2 T (Figure 4.16), however, the transition stars to broaden between 2T
and 4T resulting in a gradual change of the lattice constantat higher elds. This
indicates that the nature of the transition changes betwee@ T and 4T, being of
rst order at low elds and of second order at high elds. In adlition, the onset
of the transition is initially shifted to lower temperatures with increasing eld, but
starts to decrease again around 6 T, where the metamagnetm@ansition is observed.
Since a transition temperature is di cult to de ne for elds above 2T, a transition
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Figure 4.15: Lattice parameter change as a function of tempmture for B k a.

range characterized by two temperatures, marking the startg and the end point of
the transition (dashed lines in Figure 4.16), has been extted from the each data
set of Figure 4.16. For comparison, the results have been fpdal along with the

data extracted by other experimental methods in 8T -diagram, displayed in Figure
4.17. For magnetic elds below 2T, the structural, magnetiand metal-insulator
transition coincide, clearly indicating the transition from the insulating AFM phase
to the metallic AFM phase. The situation is more complicatedor high magnetic
elds: The shaded region in the phase diagram, de ned by thetating and end

points of the structural changes of Figure 4.16, is characteed by a gradual struc-
tural change. At its boundaries, anomalies are also found the magnetization and
transport data [53, 54]. For the interpretation of the shadeé region, it is helpful to

discuss the results of a neutron di raction study [65], whit have not been included
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Figure 4.16: Lattice parameter change as a function of tempmature for B k b.

in the diagram, since the zero eld transition temperature®f the investigated crys-
tals di er signi cantly from those reported in literature. Despite this di erence, the
neutron results give valuable information about the magnét phases as a function
of magnetic eld and temperature. According to the neutron dta, the shaded re-
gion corresponds to a second order phase transition from antad antiferromagnetic
(CAFM) phase to a paramagnetic state. In the CAFM phase, the mgnetic moment
is predominantly aligned ferromagnetically along thd>-axis with a small antiferro-
magnetic canting along thea-axis. Considering this issue, the second order phase
transition is characterized by a continuous decrease of t#d=M component. Due to
the strong spin-charge-lattice coupling this transitions re ected in the structure,
namely in the gradual change of the in-plane lattice paramets, we observe using
x-ray di raction.
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Figure 4.17. Phase diagram of CgRu,Osfor B k a and B k b deduced from struc-
tural changes detected by x-ray di raction, transport and m agnetization data [53, 54].
Various magnetic phases arise in an applied magnetic eld inluding an insulating anti-
ferromagnetic state (AFM / 1), a metallic antiferromagneti ¢ state (AFM / M), a metallic
paramagnetic state (PM /M) and a canted antiferromagnetic (CAFM) state.
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4.6 Discussion

One of the most signi cant results of our x-ray di raction studies is the determi-
nation of the magnetic structure of CgRu,Oy in its insulating and metallic AFM
phase, and the related observation of the magnetic momentarentation at Ty, .
While insulating AFM states are common in transition metal aides, metallic AFM
states, as the one observed in GRu,O; betweenTy, and Ty, are quite unusual.
Nevertheless, a related phenomenon has been observed imyeited manganates
which also exhibit A-type antiferromagnetism [66]. The snihamplitude of the
ordered magnetic moment in this phase is probably due to chge or orbital uctu-
ations, which complicate the formation of long range magnietorder. Considering
the strong spin-orbit interaction and the weak Jahn-Tellercoupling of the 4l ty
electrons, an unquenched orbital magnetization is expedte Additional terms in
the spin Hamiltonian induced by the orbital moment may then le responsible for
the observed magnetic moment reorientation at the metal-gulator transition.
X-ray diraction has also been used to investigate the lattte degree of freedom of
CazRu,0O; near the metal-insulator transition in an applied magneticeld. The
anisotropic behavior of the structural changes found for nggetic elds applied
along the a- and b-axis give rise to a phase diagram that is in good agreementthwvi
the results available from transport and magnetization meairements, con rming a
strong spin-charge-lattice coupling in the material.

Although orbital order has been proposed by various experants, our resonant x-
ray di raction investigation has not given any evidence fororbital order within the
experimental sensitivity. This indicates that the orbital order parameter is signi -
cantly weaker than in the single layered counterpart G&RuO,. Weak orbital order
in combination with a strong spin-orbit coupling are presurably at least partially
responsible for the rich phase behavior of GRuU,O; observed in applied magnetic
elds.






Chapter 5

Magnetic Structure of
RuSr »GdCu 20g

RuSr,GdCu,0Og and related materials with alternating RuG, and CuG, layers have
attracted tremendous scienti ¢ interest in recent years, rainly due to the micro-

scopic coexistence of long-range magnetic order and supaductivity [77, 78, 79].
With a magnetic ordering temperatureTy = 100 150 K and a superconduct-
ing transition temperature of 15 50 K, RuSrLGdCu,0g exhibits one of the
broadest coexistence range of magnetic order and supercoctivity. This makes

RuSr,GdCu,0Og an ideal compound to study the interplay between these coope

tive phenomena.

5.1 Properties of RuSr ,GdCu ,0g

The crystal structure of RuSpGdCu,Og is shown in Figure 5.1. The material con-
sists of RuQ layers and CuQ bilayers, which extend parallel to theab-plane. Each
Cu ion is surrounded by ve oxygen ions forming a Cu@square pyramid. The Ru
ions are located in the center of corner-sharing RuQbctahedra, which are alter-
natingly rotated by 13.8 clockwise and anticlockwise around the crystallographic
c-axis [80]. In addition, the polyhedra are slightly tilted educing the Cu-O-Ru
angle to 173 [81]. The crystal structure is approximately tetragonal wth room-
temperature lattice parametersa = b= 3:836 A and ¢ = 11:563 A [80]. Although
small orthorhombic distortions have been reported in thetkerature [82, 83], all Bragg
re ections are indexed in the tetragonal space group4=mmm in the following, un-
less noted otherwise.

The formal oxidation states of Ru and Cu in RuStGdCu,0Og are +5 and +2, re-
spectively. However, there is clear evidence for a chargauisfer between the Ru®@
and the CuG;, planes. If p denotes the charge transferred between the planes, the
oxidation states of Ru and Cu become 5gand and 2+p, respectively. Accord-
ing to absorption studies [84], nuclear magnetic resonan@MR) [85, 86, 87] and
ferromagnetic resonance (FMR) [88], the charge transfer approximately p = 0:2.
Hence, Cu has a valence of +2.2, which is close to the value @ptimal hole doping
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Figure 5.1: Crystal structure of RuSr,GdCu,Osg.

in many superconducting cuprates. On the ohter hand, the vahce of +4.6 for Ru
corresponds to a ratio of Rer: Ru** = 60% : 40%. The electron con gurations of
Ru** and Ru** are 4 and 4d*, respectively. Since thegytyy-crystal eld splitting
in RuSr,GdCu,0Og is larger than the Hund coupling, all valence electrons ocpy
the ty orbitals, leading to at3;e] con guration for Ru®* and at3,e} con guration
for Ru**.

Long-range magnetic order is established in the Ry(®lanes of RuSyGdCu,0Og be-
low Ty =100 150 K. Since most investigations have been carried out on poer
samples, the information about the nature of the magnetic ate is limited and is
to some extend even contradictory. Neutron powder di racbn experiments have
revealed magnetic superstructure re ections beloWy, which indicate antiferro-
magnetic order in all three crystallographic directions (&ype antiferromagnetism)
[89, 90], as schematically shown in Figure 5.2. Although a mpaetic structure re-
nement could not be performed, the neutron powder diracton data suggest a
magnetic moment direction along thec-axis perpendicular to the RuQ layers. In
addition, an upper limit of 0.2 g/Ru has been determined for a ferromagnetic mo-
ment component which might result from spin canting. These ssumptions have
been supported by a magnetization study, carried out on an Esubstituted com-
pound [91]. In contrast, NMR [87] and FMR data [88] have beemterpreted in
terms of an antiferromagnetic state consisting of ferromagtic RuO, layers stacked
antiferromagnetically along thec-axis (A-type antiferromagnetism) and a magnetic
moment orientation in the RuG; planes, as schematically shown in Figure 5.2. The
net ferromagnetic exchange eld in the Cu@ layers implied by the this scenario
would cause the intimate coupling between ferromagnetisrmd d-wave supercon-
ductivity that has motivated much of the work on RuS,LGdCu,Og [77, 78, 79].
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Figure 5.2: Proposed magnetic structures of RuSiIGdCu,0g . While neutron powder
diraction data suggest a G-type antiferromagnetic structure [89, 90], FMR and NMR
studies indicate an A-type antiferromagnetic structure [88, 87].

In addition to the magnetic order of the Ru sublattice, the Gdons order antiferro-
magnetically in all three crystallographic directions balw 2.5 K [89]. The magnetic
moment of 7 g/Gd is aligned along thec-axis. The Ru and Gd spin systems are
only weakly coupled to each other due to the position of the Giobns with respect
to the Ru ions. Every Gd ion is located in the body-center of # tetragonal Ru lat-
tice. An antiferromagnetic structure of the Ru subsystem thn results in an average
cancellation of the interactions between the Ru and Gd spins
While the CuO, planes are not involved in the magnetism of Rug&dCu,Og |, they
play a crucial role for the superconductivity. The supercatucting transition de-
pends strongly on the crystal preparation and is observed tveeen 15 K and 50 K.
Various experimental techniques like thermoelectric poweresistivity and heat ca-
pacity studies have con rmed the existence of bulk supercdactivity [92].

5.2 Experimental Details

The RuSLGdCu,0g samples with typical sizes of 100 100 50 m 2 were grown
by C. T. Lin using the self- ux method at the Max Planck Institute for Solid State
Research. Details on the growth technique and the crystal aracterization have
been given elsewhere [93]. Since the growth product, a langelycrystalline piece,
also contained the impurity phases GgCuQO,, Sr,RuO,4 and RuSrPt,Cuz044, the
RuSr,GdCu,Og crystals needed to be crystallographically identi ed and eparated
from the other phases. To this end, a small crystal was chosent of a large poly-
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crystalline piece and mounted on a sample holder. Its crydtatructure was then
determined by using the x-ray di raction setup available inthe laboratory. Empir-
ically, one out of ve samples was identied as a RuS6GdCu,Og crystal. Once
a crystal with the correct phase was found, it was prealignedlong the direction
needed for the synchrotron experiments. For this purposehé crystal usually had
to be reglued, which was a nontrivial task due to the small cstal size and the non-
symmetric crystal shape. The resonant x-ray di raction expriments were carried
out at beamline 4ID-D of the APS and at beamline KMC-1 of BESSY
Magnetization measurements, shown in Figure 5.3, reveal aagnetic ordering tem-
perature of 102 K. This transition temperature is consistdrwith prior single-crystal
data [77], but lower than that of most polycrystalline sampds reported in the liter-
ature [77, 78, 79]. On the other hand, the superconductingansition temperature
T. = 45 K, also seen in the magnetization measurements, is highthan that of
typical RuSr,GdCu,Og powders. These di erences are probably due to variations
of the distribution of Ru, Cu, or O ions with the synthesis coditions.
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Figure 5.3: Single crystal magnetization data measured at @0 Oe. The Neel and super-

conducting transition temperatures are in good agreement \ith previously reported single
crystal data [77].
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5.3 Magnetic structure

In order to at least partly resolve the controversy concerng the magnetic struc-
ture of RuSrL,GdCu,0g, we have performed a resonant x-ray di raction study with
the photon energy tuned close to thé ,-absorption edge of ruthenium. Figure 5.4
shows the energy dependence of the intensity of the re ectis (3 1 1) and (5 1 3).
For both re ections, a large resonant enhancement of the magtic scattering cross-
section is observed at thd ,-absorption edge. This originates from electric dipole
transitions from the 2p core level directly into the partly occupied 4 ty4 orbitals.
A second, weaker resonant peak approximately 4eV above thbsarption edge is
probably due to electric dipole transitions into the unoccpied 4d g, orbitals, as
previously observed in resonant x-ray di raction experimets on CaRuO, [75]. No
0 -resonant scattering was observed above background. Thitensity of the reso-
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Figure 5.4. Energy dependence of the scattered intensity athe re ections (% % %) and

% % %) near the Ru L,-absorption edge. The energy pro les have not been correctefor

absorption.
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Figure 5.5: Temperature dependence of the integrated intesity of the magnetic re ections
3 1 3)yand (3 3 2). The Neel temperature of about 102 K agrees with the one fowd by
eld cooled magnetization measurements.

nant re ections vanishes above the Neel temperature of 10R (Fig. 5.5), in good
agreement with the magnetization data (Figure 5.3).

The observation of resonant superstructure re ections ateciprocal space posi-
tions (3 1 1) and (3 1 2) indicates a doubling of the unit cell along all three
crystallographic directions. This could either result fran magnetic order con rming
conclusions from neutron di raction studies [89, 90] or fnm charge order, re ecting
the di erent valence states of the ruthenium ion, for which here is independent
evidence from from x-ray absorption [84], NMR [85, 86, 87] d&rfMR [88]. In order
to distinguish the two scenarios, we have analyzed the poiaation of the scattered
signal at the (¢ 3 ) re ection, which was measured with an incident polarizatin
perpendicular to the diraction plane ( -polarization). The polarization analysis
has shown that the scattered intensity of the superstruct@ re ection originates
entirely from scattering events in which the photon polariation is rotated ( ! 9.
No intensity above background was detected in the !  © polarization channel.
Since charge order does not rotate the polarization of theattered photons, the ob-
served superstructure re ections cannot result from this fpenomenon. In contrast,
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Figure 5.6: Typical longitudinal reciprocal space scans athe magnetic re ections (% % %)
and (3 3 3). The HWHM of the scans leads to magnetic domain size of at lest 500 A .

the results support an interpretation in terms ofG-type antiferromagnetic order, as
suggested by neutron powder di raction studies [89, 90].

Figure 5.6 shows typical reciprocal space scans at both magi re ections. The
half width at half maximum (HWHM) of the scans is temperatureindependent up
to 90K and broadens above this temperature. Based on the HWHMI the scans
the magnetic correlation length has been calculated accang to Equation 4.9. This
leads to a lower bound of 50@& on the magnetic domain size in the Ru@ planes.
In order to determine the direction of the magnetic momentsye rotated the sample
around the scattering vector and measured the azimuthal depdence of the scat-
tered intensity at the (3 £ 1) re ection, which is shown in Figure 5.7. For a collinear
antiferromagnet, the di racted intensity is maximum, when the magnetic moment
lies in the scattering plane. Hence, based on the neutron u#s one would ex-
pect to observe the maximum intensity when the-axis lies in the di raction plane.
However, this is not case. Instead, the-axis forms an angle of 53 3 with the
maximum intensity position (= 0), clearly indicating that the magnetic moment is
not aligned along thec-axis. This deviation cannot be explained as a consequende o
canting, as suggested by Jorgensest al. [90]. Neither an antiferromagnetic align-
ment along the c-axis with a small ferromagnetic component in theab-plane nor
an antiferromagnetic alignment in theab-plane with canting alongc can reproduce
both the intensity modulation of the azimuthal dependenceral the experimentally
observed angle between the-axis and the maximum intensity position. However,
these simulation constraints can be satis ed by a collineantiferromagnetic struc-
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Figure 5.7: Azimuthal dependence of the integrated scatteng intensity at re ection
(3 3 3)at T =43 K, where = 0 is dened in such a way that (1 0 2) lies in the
di raction plane. The solid line is the result of a t to a theo retical expression for the
resonant electric dipole scattering intensity.

ture and a low symmetry magnetic moment direction. Followig the approach of
Hill and McMorrow [41] discussed in Chapter 2, the scattereihtensity is given by

I(' O)lj sin cos cos( o) +cos sin j%; (5.1)

N[ .—
N[
N[

where is the Bragg angle, the azimuthal angle with oset o, and the angle
between the magnetic moment and the scattering vector. A dated derivation of
this expression can be found in the PhD thesis of I. Zegkinagl [94]. The best
simulation result was obtained for =49 1. Together with the observed angle
of 53 3 between thec-axis and the magnetic moment, this leads to an approxi-
mate direction of the magnetic moment along the (1 0 2) in re@iocal space, since
6 ((102); (111)) = 45:6 andé ((102); (001)) =56 . This moment direction, schemat-
ically shown in Figure 5.8, is also supported by the azimutha@aependence measured
at the second magnetic re ection £ 1 2), which also exhibits maximum intensity
when the (1 0 2) re ection lies in the scattering plane.

The direction of the magnetic moment deduced from our resoniax-ray di raction
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Figure 5.8: Schematic sketch of the magnetic structure of R8r,GdCu,0g. The magnetic
moments lie along the (1 0 2) direction in reciprocal space.

data is consistent with the macroscopic susceptibility, wibh is reduced below the

Neel temperature for magnetic elds applied both along andoerpendicular to the

c-axis (Figure 5.3). It is also interesting to compare our redts to those of the neu-
111

tron powder di raction experiments. Based on the intensityratio of the (5 5 5) and
113

5 5 ) re ections, the tentative conclusion was drawn that the mgnetic moments
are oriented along thec-axis [89]. By coincidence, the same ratio is derived for
the moment direction inferred from our data (The calculatio details are discussed
in the PhD thesis of I. Zegkinoglou [94].). Hence, the ressltof neutron powder
di raction study are in full agreement with our experiment. On the other hand, the
large in-plane component of the sublattice magnetizationoo rms conclusions from
FMR and NMR experiments [85, 86, 87, 88].

In order to further assess the implications of our results, avhave performed a rep-
resentation analysis [95, 96] to check if the low symmetry r@iction of the magnetic
moment is compatible with the orthorhombic space grou® bam which has been
identi ed recently by a crystallographic study [82, 83]. Wih respect to the tetrag-
onal P4=mmm unit cell, the orthorhombic unit cell is doubled and rotatedby 45

in the ab-plane, as shown in Figure 5.9, due to the alternating rotadin of the RuQ;
octahedra around thec-axis in the ab-plane. The representation analysis yields the
basis functions [ ; ;F.],[ ; ;A [AxFy; Jand[Fy Ay, ], whereF and A de-
note parallel and antiparallel alignment of the Ru momentsn the Wycko position
2a of space group bam consisting of sites (0 0 0) andg % 0), respectively. In
the orthorhombic notation, the magnetic moment deduced fra our resonant x-ray
di raction study is aligned along the (1 1 2) direction in regprocal space. Hence, in
contrast to most magnetic insulators whose spin arrangentsrare described by a sin-



80 Chapter 5. Magnetic Structure of RuSr >,GdCu ,0g

Figure 5.9: Comparision of the tetragonalP 4=mmm (left) and orthorhombic P bam (right)
unit cells of RuSr,GdCu,0g in the ab-plane. The black spheres represent the Ru ions
and the squares denote the unit cells.

gle irreducible representation, a combination of irreduble representations, namely
[+ Az [Ax;Fy; ]and [Fx; Ay, 1, is needed to describe the observed magnetic
sturcture. This might re ect structural distortions beyond those reported in the
literature, or additional terms in the spin Hamiltonian, resulting from charge or or-
bital uctuations in the RuO ; layers, or from the proximity to the highly conducting
CuO, bilayers. A similar e ect was recently observed in insulatig vanadates and
tentatively attributed to orbital uctuations [97].

The representation analysis reveals that a ferromagnetio-plane component is re-
quired by symmetry to accompany the experimentally obserdeG-type antiferro-
magnetic structure due to the rotation of the RuQ@ octahedra which gives rise to
a Dzyaloshinski-Moriya interaction. Interestingly, the popagation vector (0 03) in
P bamrequires an alternation of the ferromagnetic moment alonghe c-axis. This
mode corresponds precisely to th&-type antiferromagnetic structure deduced from
FMR and NMR experiments [87, 88]. While the ferromagnetic coponent seems
to be too small to be observed by resonant x-ray scattering dmeutron powder
di raction, the pronounced upturn in the magnetization abose the Neel tempera-
ture might be an indirect manifestation of it. Due to the antferromagnetic interlayer
exchange coupling, the weak ferromagnetic moment of each ®ulayer is compen-
sated, as observed in other weak ferromagnets such asCaO, [98]. Defects such
as stacking faults [99] or structural distortions beyond® bam might then induce an
uncompensated ferromagnetic moment observed in some (buitrall) experiments
[77, 78, 79].

5.4 Discussion

The broad coexistence range of superconductivity and lon@rge magnetic or-
der has motivated numerous investigations of RugedCu,0Og. However, as most
studies were performed on powder samples the information tme magnetic struc-
ture was limited and to some extent even contradictory. In tls situation, reso-
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nant x-ray diraction has turned out to be the ideal tool for the investigation of
RuSr,GdCu,0Og since it is sensitive to the magnetism and in contrast to sitg neu-
tron di raction does not depend on a large crystal mass.

Our resonant x-ray di raction results indicate aG-type antiferromagnetic structure,
consistent with the neutron powder di raction data [89, 90] However, the magnetic
moment was not found to lie along the crystallographic-axis as suggested by the
neutron results, but along a low symmetry axis with substar&l components parallel
and perpendicular to the Ru@Q planes. A symmetry analysis in conjunction with a
recent crystallographic study revealed that the experimeally observed G-type an-
tiferromagnetic structure needs to be accompanied by an aitidnal ferromagnetic
in-plane component, which alternates between neighborirlQuO, layers. Interest-
ingly, this ferromagnetic mode corresponds exactly to thene inferred from NMR
and FMR experiments [87, 88]. Therefore, our resonant x-raji raction data rec-
oncile a variety of apparently contradictory ndings on the magnetic structure of
RuSr,GdCu,Og and thus resolve a big controversy in the experimental litature.
Future work is required to assess the in uence of the surpiggly complex magnetic
structure on the superconducting properties of the Cuflayers.






Chapter 6

Magnetic structure of Mn
substituted Sr 3RuU 207

The Ruddlesden-Popper type SkiRu,Osz,+1 show a wide variety of interesting
phenomena. SrRu@is an itinerant ferromagnet with a Curie temperature of abou
160K [100], whereas SRuO, is a paramagnetic Fermi liquid and turns into an
unconventional spin-triplet superconductor below 1.5K & 101]. The bilayered
compound SgRuU,0O; has attracted a lot of interest in the past years due to the
observation of quantum critical behavior related to a metamgnetic transition be-
tween two metallic phases [102]. The quantum criticality rgults from a critical end
point, whose temperature is decreased as the direction ofetimagnetic eld is var-
ied [103, 104]. However, several aspects of the metamagnétansition are still not
understood, including the splitting of the metamagnetic tansition, accompanied by
the formation of a new phase, and the importance of anti- anegifromagnetic uc-
tuations for metamagnetism. To shed light on the role of magatic uctuations in
SrzRuU,0-, the investigation of substitution e ects is a useful tool,since chemical
substitution helps to stabilize the uctuations.

6.1 Properties of pure and Mn substituted Sr 3RU 07

The crystal structure of SERu,0O; is shown in Figure 6.1. It consists of Ru@bilay-
ers with corner sharing Ru@ octahedra which are separated by SrO planes. Initially,
the material was reported to have the tetragonal space grougl=mmm with room
temperature lattice parametersa = b =3.8903(6)A and ¢ =20.5520(5)A[105].
However, later neutron diraction studies revealed an altmating rotation of the
RuOg octahedra by about 7 around the crystallographicc-axis [106, 107, 108, 109]
reducing the Ru-O-Ru bond angle in the Ru@planes to 165. The resulting crystal
structure is described by the orthorhombic space groupbcbwith room temperature
lattice parametersa = b =5.5006(4)A and ¢ =20.7225(1)A [107]. Since the in-
plane lattice constants are identical within experimentalincertainty, the distortions
in SrsRu,O; seem to involve only pure rotations.

The electronic structure of S§Ru,O; near the Fermi level has been studied by

83
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Figure 6.1: Crystal structure of Srz3Ru,07. It was initially reported to be tetragonal with
space groupl 4=mmm [105]. However, later studies revealed an alternating rotion of the
RuOg octahedra in the RuO planes, which leads to the orthorhombicspace groupBbch
[107]. In the this setting, the unit cell is doubled and rotated by 45 in the ab-plane with
respect to the tetragonal unit cell. For simplicity, some authors still use the tetragonal
notation.

ARPES [110]. In combination with LDA based band structure clgulations, which
take spin-orbit coupling into account, it was possible to idntify the orbital charac-
ter of the experimentally observed Fermi surface pockets.caording to the ARPES
data, shown in Figure 6.2, the Fermi surface consists of sikeets, three of them
are centered around the point. The innermost pocket, lab&d , hasd,. 2 char-
acter. Hence, in contrast to $YRuO, and CaRu,0;, the g;-manifold is occupied.
The other two pockets centered at are holelike and composedf the d,,- and
d,,-orbitals. The two Fermi sheets around the M point, labeled and ; are elec-
tron like. The pocket hasd,,/d,, character, the ; has contributions from all
three ty4-orbitals. The small holelike pocket , barely touches the Fermi surface.
Therefore, it is not clear if it really contributes to the Femi surface of SsRu,0.
Since the cyclotron masses extracted from ARPES are in goograement with the
values determined by de Haas van Alphen data [111], the elemic structure of
SrRu;0O; seen by ARPES resembles that of the bulk. Based on the ARPES-re
sults, the ; and , sheets, which have a signi cant,, character, have a very high
density of states near the Fermi surface including van Hovéngularities. Since the
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Figure 6.2: Fermi surface of Sg§Ru,07[110]. (a) shows the experimental ARPES data,
(b) depicts the Fermi surface contours extracted from the eyerimental results and (c)
shows the results of LDA calculations incorporating spin-abit coupling for the basal plane
(kz = 0, black) and the midplane (k, = 1=4, blue).

situation is qualitatively similar to the one discussed by Biz and Sigrist in the
model of the metamagnetic transition [112], the two sheetsight play an important
role for the metamagnetic transition.

In the ground state, SgERu,0O; is a paramagnetic metal close to a ferromagnetic
instability [113]. It exhibits Fermi liquid behavior below 10K, characterized by a
quadratic temperature dependence of the in-plane and ouf-plane electrical resis-
tivity [113, 102]. The Fermi liquid state is very sensitive © disorder, thus its onset
temperature depends strongly on the purity of the sample [#]1 Upon the applica-
tion of a magnetic eld, a metamagnetic transition is inducd at 5.5T for B k ab
[102] and at 7.8 T forB k c[103]. ForB k ah metamagnetism coincides with a rst
order phase transition which terminates in a critical pointat a nite temperature.
As the magnetic eld is rotated towards thec-axis, the temperature of the critical
point is lowered, resulting in a quantum critical point forB k ¢ [102, 103, 115]. In
the vicinity of the quantum critical point, non Fermi liquid behavior has been ob-
served by various experimental probes including resisttyi[102, 103], speci ¢ heat
[116] and thermal conductivity [117]. Interestingly, as tk temperature is decreased
below 1.2K forB k c, the metamagnetic transition splits into two rst order tran-
sitions [118, 119], which indicate the boundaries of a new gde that masks the
guantum critical point. This new phase is accompanied by a pnounced upturn
in the electrical resistivity, which exhibits a strong in-pane anisotropy when the
magnetic eld has an additional in-plane component [120],sashown in Figure 6.3.
When the magnetic eld is applied in theac-plane, the resistivity decreases along the
b-axis, but remains unchanged along tha-axis. This resistivity behavior is reversed
as the magnetic eld is applied in thebcplane. No evidences have been found for a
formation of magnetic domains or for a structural phase tragition that lowers the
crystal symmetry. Thus, the new phase cannot be associatedthva known phase
and the observed anisotropic resistivity behavior cannotédexplained in a conven-
tional way. Therefore, the new phase has been named elecimnematic phase.
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Figure 6.3: In-plane resistivity of Sr3Ru,O7; [120]. For an applied magnetic eld along the
c-axis, the in-plane resistances 55 and p, are identical. However, as the magnetic eld
is applied in the ac-plane, an anisotropy is observed, with the easy current owdirection
along the b-axis, perpendicular to the external magnetic eld. This behavior is inversed
as the magnetic eld is applied in the beplane.

Far from the electronic nematic phase, the behavior of §Ru,O; is in qualita-
tive agreement with the Stoner picture of itinerant electra metamagnetism [111,
117, 121, 122]. This immediately implies that the relevantxeitations near the
guantum critical point are ferromagnetic uctuations. However, there is indepen-
dent evidence from inelastic neutron diraction [123], NMR[124, 125], and Hall
measurements [126] that the magnetic uctuations are indeeferromagnetic above
20K, but become predominantly antiferromagnetic as the teperature is decreased.

In order to shed light on the nature of the magnetic uctuatians in SzkRu,0O-, the
investigation of substitution e ects can be a useful tool,isce chemical substitution
helps to stabilize the uctuations. In fact, a partial Mn substitution for Ru induces
an insulating antiferromagnetic state above a Mn concentt@n of 5% [127]. The
transition temperature of this phase is continuously shiéid to higher temperatures
as the Mn concentration is increased (Figure 6.4). Below thmetal-insulator tran-
sition, two superstructure re ections are observed in the eutron powder di raction
pattern [127]. These are characteristic of long-range afégrromagnetic order and
indicate an up-up-down-down spin arrangement in the Rufplanes, as schemati-
cally shown in Figure 6.5. The same antiferromagnetic striure has been observed
in HoMnO3; [128, 129]. In this material, the superexchange interacticbetween Mn
next nearest neighbors in the Mn@ layers is enhanced due to GdFeftype distor-
tions. In conjunction with orbital order, this leads to a spn frustration that causes
the complex antiferromagnetic structure. A similar scena might be realized in
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Figure 6.4: Temperature dependence of the in-plane resistity of Sr3(Ru; xMny),0O7 as
a function of Mn concentration x [127]. Upon 5% Mn substitution a metal-insulator
transition is induced, which is shifted to higher temperatures as the Mn concentration is
increased. The insets show data measured on 5% Mn substitudeSrsRu,07. At the metal-
insulator transition, two superstructure re ections occur in the powder neutron di raction
pattern (upper inset) and lattice parameters exhibit an anomaly (lower inset).

Mn substituted SrzsRu,0O;. The complex magnetic structure might then re ect the
existence of long-range orbital order.

To con rm the complex antiferromagnetic structure deducedrom powder neutron
di raction, to determine the direction of the magnetic momat and to verify the ex-
istence of orbital order in Mn substituted S§Ru,O-, single crystal di raction studies
are needed. In this context, resonant x-ray di raction is gsecially suited since it is
sensitive to both, magnetic and orbital order.
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Figure 6.5: Schematic picture of the spin arrangement in theab-plane in Mn substituted
Sr3Ru,0O7 which is consistent with the observation of the superstructire re ections at
(3 1 0)and ( 2 0). Based on the neutron powder diraction results the magneic
moment direction cannot be determined.
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6.2 Experimental Details

Single crystalline samples of 3(Ru; xMny),O; were grown by the oating zone
method. Details on the growth technique and the crystal chacterization have been
given elsewhere [127, 130]. Since crystals with low Mn contcation are very fragile,
we decided to carry out the experiments on 10% Mn substitute8r;Ru,O;. The
investigated crystals easily cleave along theb-plane and have typical dimensions of
4 4 1mm?’. As shown in Figure 6.6, the rocking curves of the studied tals have
a full width at half maximum of less than 0.06 indicating a high crystal quality.
The resonant x-ray di raction studies at the RuL-absorption edges were performed
at beamline KMC1 of BESSY.

Intensity (arb. units)

13.0 13.1 13.2 13.3 13.4 10.8 10.9 11.0 11.1
g (degree) g (degree)

Figure 6.6: Rocking curves of a 10% Mn substituted SyRu,0O7 crystal measured at the
(110) crystallographic Bragg re ection with the c-axis parallel ( =0 ) and perpendicular
( =90 ) to the diraction plane, respectively. The rocking curves have a full width at
half maximum (FWHM) of less than 0.06 indicating a high crystal quality.

6.3 Magnetic Structure

Inspired by the results of a transport and neutron powder diraction study on Mn
substituted SRu,0; [127], which revealed the existence of an insulating antife
romagnetic state above a Mn concentration of 5%, we investitgd the magnetic
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structure of 10% Mn substituted SgRu,O; using resonant x-ray di raction. For
simplicity, all re ections (h k |) are indexed in the tetragonal space group4=mmm.
The uorescence corrected energy pro les of the magnetic gerstructure re ections

7 20) and (2 2 0) measured near the Ru-absorption edges are shown in Figure
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Figure 6.7: For uorescence corrected energy pro les of thanagnetic re ections (%1 % 0)

and (% % 0) measured at 16 K at the Ru L-absorption edges of 10% Mn substituted
Sr3Ru,07 with the c-axis perpendicular to the diraction plane (=90 ). The insets
show the raw data including the energy scan at the particularre ection (blue) and the

uorescence scan (black), taken at an detector o set angle 61 with respect to the one of
the energy scan.



6.3. Magnetic Structure 91

6.7. A moderate resonance enhancement is observed at bothectons resulting
from electric dipole transitions from the 2 core level to the partially occupied d
orbitals, responsible for magnetism. No o -resonant scagting has been detected
above background.

In comparison with other ruthenates, such as the isostructal CazRu,0O; [131],
the observed resonance enhancement is quite weak indicgtiinat the magnetic or-
der is less well established. To check this assumption, wetelenined the magnetic
correlation length of both re ections from the HWHM of typical longitudinal recip-
rocal space scans according to Equation 4.9. The reciprosphce scans, displayed in
Figure 6.8, have been tted with Gaussian functions and have HWHM of less than
0.2 =0.0025 rlu which corresponds to a magnetic domain size of 3 in the RuO,
planes. It is also interesting to estimate the magnetic cagfation length perpendic-
ular to the RuO, layers, along thec-axis. To this end, we measured transversal
reciprocal space scans {scans) at various azimuthal positions of re ection% %1 0).
The azimuthal angle describes the rotation of the sample around the scattering
vector. At =0 , the c-axis lies in the scattering plane and a transversalscan cor-
responds approximately to d-scan. In contrast, at =90 , the abplane is parallel

(1/4 1/4 0) 1 (3/43/40)

Intensity (arb. units)

10 L | L | L | | L | L | L
20.5 21.5 22.5 23.5 69 70 71 72

2 g (degree) 2 g (degree)

Figure 6.8: Typical longitudinal reciprocal space scans athe magnetic re ections (% %1 0)

and (% % 0) measured at the RuL >-absorption edge at 16 K. The scans have been tted
with Gaussian functions. From the half width at half maximum of the scans (HWHM) a

correlation length of 175A has been deduced.
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Figure 6.9: Transversal reciprocal space scans {scans) at re ection (% ‘—11 0) taken at the
Ru L »-absorption edge at 16 K. For better comparison, the scans ha been corrected for
background and shifted to zero.

to the di raction plane and a transversal -scan corresponds approximately to bk-
scan. Figure 6.9 shows transversal reciprocal space scahee@ction (% %1 0) taken
at various azimuthal angles. For better comparison, each @&t has been corrected
for background and has been shifted to zero. The HWHM of the pks broadens
dramatically as the azimuth is changed from =90 to =0 , indicating a much
smaller correlation length perpendicular to the Ru@ planes than parallel to them.
In fact, the HWHM of the transversal scan of about 2 at =0 translates into a
c-axis correlation length of roughly 2@\ which corresponds to one unit cell. Hence,
the magnetic order in Mn substituted SgRu,O- is essentially two-dimensional. To-
gether with the small magnetic domain size in the Ru@planes, this causes the
moderate resonance enhancement of the magnetic signal cangal to other ruthen-
ates.

In addition to the investigation of the magnetic signal at resctions (%1 %1 0) and
(2 2 0), we also searched for a resonance signal at reciprocalcgpposition § 1 0).
A resonance intensity at this wave vector would either indate orbital order or a
magnetic structure less complex than the proposed up-upagn-down antiferromag-
netic structure, for instance an up-down spin arrangementithe RuO, planes. The
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two scenarios could then be distinguished by a polarizatiamalysis of the scattered
signal and by the investigation of the azimuthal dependencef the integrated in-
tensity. However, we did not detect any resonance signal alm background. In
combination with a previous powder neutron diraction study of 5% Mn substi-
tuted SrsRu,O; [127], which revealed magnetic intensity at wave vectors; (3 0)
and (% % 0), this result clearly rules out antiferromagnetic structires with a less com-
plex spin arrangement, and thus supports the up-up-down-dan antiferromagnetic
structure, shown in Figure 6.5. Nevertheless, a single ctgb neutron di raction
investigation with a complete magnetic structure re nemenis needed to con rm
this complex spin arrangement. As far as orbital order is ceerned, it might be
too weak to be detected since the orbital signal is expected be at least one order
of magnitude weaker than the magnetic signal [75], whose oeant enhancement is
already quite small as discussed above.

In order to determine the direction of the magnetic moment, & measured the
azimuthal dependence of the integrated intensity of the trasversal reciprocal space
scans at re ections ¢ 1 0) and (3 2 0). These studies were carried out in a hor-
izontal scattering geometry, thus the incident beam was patized parallel to the
di raction plane ( -polarization) and the diracted beam contained polarizaton
components perpendicular (9 and parallel ( 9 to the scattering plane. The az-
imuthal dependence of the integrated intensity at both re etions is shown in Fig-
ure 6.10. For both wave vectors, it exhibits a maximum when #c-axis lies in the
scattering plane ( =0 ) indicating a magnetic moment orientation along thec-axis.
Therefore, the total scattering intensity at both recipro@l space positions has been
calculated as a function of azimuthal angle based on this mamt direction and the
up-up-down-down antiferromagnetic structure (Figure 6.busing the approach of
Hill and McMorrow [41]. According to Equation 2.1 and 2.15, e intensity in the

%channel at re ection (q q0) with q= ; or q= 2 is given by

X 2
| “(qq0) / d@wor;f, °

iF @ (my cos + m,sin )+ F@my(m,sin  m,cos)

2
iF®( mycos m,sin) F@my( mysin + m,cos)

. 2
4 FD(mycos + m,sin )

4 F®2jcos sin cos  sin cos )j

4 FU2cog cog ; (6.1)
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Figure 6.10: Azimuthal dependence of the integrated inteny of the transversal reciprocal
space scans at re ections £ 1 0) and (3 2 0) measured at the RuL ,-absorption edge at
16 K. The red solid lines are ts to the experimental results according to the expression
for the resonant electric dipole scattering intensity, as &plained in the text.

wheref. and f, are the resonant scattering amplitude of a spin-up and a spishown
ion, respectively. denotes the scattering angle (1 1 =10.91 ; (1 10 =34.75)
and represents the angle between the magnetlc moment and the Eeang vector
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Figure 6.11: Temperature dependence of the integrated intesity of the magnetic re ection
211 211 0) measured at the RuL-absorption edge with the c-axis in the scattering plane

( =0).

( =90 ). The diracted intensity in the ®channel is calculated as

0 0

| °(qqo) / f.° f,

FOcos2 +iIFYmysin2  F®@cod (m2tan® + m?)
2
FOcos2 iF®mysin2 F®@cog (m2tan® + m?

z

4 FOmgsin2 °

4 FM2isin2 sin sin j?
= 4 FW2sin?2 sir? : (6.2)
The total intensity is given by
12 (qg0)=1 °(qg0)+cos2 1 °(qqo); (6.3)

where the signal of the %channel has been multiplied by cos 2to correct for the
signal attenuation as the Brewster angle is approached. Thsmulation results are
shown as red solid lines in Figure 6.10. Due to the di erent attering angle at the



96 Chapter 6. Magnetic structure of Mn substituted Sr 3Ru 04

two re ections, the signal ratios of the % and %channel are not identical for
both re ections and therefore cause the di erent intensitymodulation observed in
the experiment. The simulation results are in good agreentanith the experimental

data and thus con rm, that the Ru moments are aligned along tk crystallographic
c-axis, perpendicular to the RuQ layers.

The temperature dependence of the magnetic signal at re aoh (%1 %1 0) is shown in
Figure 6.11. Antiferromagnetic order is established at aln 65 K, which coincides
with the metal-insulator transition (see Figure 6.4). Inteestingly, the magnetic
intensity does not saturate at low temperatures, but exhilts a maximum at about
30K and decreases again below this temperature. This behawis probably due to
the interaction of the Ru spins with the Mn spins, which also articipate in the up-

up-down-down spin arrangement and exhibit the same magnetmoment direction
as the Ru spins as revealed by a resonant x-ray di raction stly at the Mn L-

absorption edges [132], which focused on the investigatiai the superstructure
re ection ( 3 0).

6.4 Discussion

Our resonant x-ray diraction studies at the Ru L-absorption edges of 10% Mn
substituted SRu,0; were focused on the investigation of the magnetic re ecti@n
(5 20)and (2 2 0). Based on the determination of the magnetic correlatiorehgth
parallel and perpendicular to the RuQ layers, it has been shown that the magnetic
order is essentially two dimensional. In conjunction withhe small magnetic domain
size in the RuQ planes, this is responsible for the moderate resonance ent@ment
of the signal observed in the experiment.

The observation of the ¢ 2 0) and (2 2 0) re ections and the absence of the) 1 0)
re ection are consistent with the up-up-down-down spin sucture suggested by a
previous neutron powder di raction study [127]. Since thedtter has been carried
out on 5% Mn substituted SgRu,0;, the magnetic structure seems to be indepen-
dent of the Mn concentration. This indicates that an antiferomagnetic instability is
already present in the parent compound SRu,0O; and is stabilized by the partial
substitution of Ru by Mn.

Based on the azimuthal dependences of the magnetic signattee (; 7 0) and (3 2 0)
re ections, we deduced a magnetic moment direction along e¢hcrystallographicc-
axis. These ndings, concerning both the magnetic struct@ and the orientation
of the magnetic moment, are in full agreement with the resudtof a resonant x-ray
di raction study of 5% and 10% Mn substituted SkRu,O; carried out at the Mn
L-absorption edges [132], suggesting that Mn ions also paipate in the magnetic
order.

Instead of partially substituting Mn for Ru, it might also be possible to induce the
exotic up-up-down-down spin state by the application of a ngnetic eld. Consider-
ing the orientation of the magnetic moments, a magnetic elélong thec-axis seems
to be best suited for this purpose. In the orthorhombic notabn, which is usually
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used for SgRu,0O-, an anisotropic resistivity behavior is then expected beten the
a- and b-axis, since the spins are aligned ferromagnetically in oaad antiferromag-
netically in the other direction. However, due to the formabn of magnetic domains
in the RuO, planes, there should be no macroscopic resistivity di eree between
the two directions. This scenario might actually be realiz&in the nematic phase of
SrzRu,0O; for B k c. The application of an additional in-plane eld might then cause
the selection of one domain type and thus lead to the observeskistivity anisotropy,
which would be entirely due to the di erent spin couplings atng the a- and b-axis.
In order to prove this speculative assumption, the existercof magnetism in the ne-
matic phase has to be veri ed, and it needs to be checked, ifeghmagnetic structure
in fact corresponds to the exotic up-up-down-down spin arrgement observed in
Mn substituted Sr;Ru,O;. These issues can be best addressed by a single crystal
neutron di raction study including a complete structure renement.






Chapter 7

Summary

The magnetic and orbital properties of the ruthenium oxideCazRu,O; and Mn
doped SgRu,0O; and the ruthenocuprate RuSsGdCu,Og were investigated using
resonant and high-energy x-ray di raction.

Bilayered CaRu,07 is a paramagnetic metal at high temperatures and orders an-
tiferromagnetically at Ty =56 K. A second phase transition to a less conductive
state is observed atT,;, =48K. This transition is accompanied by abrupt struc-
tural changes and a reorientation of the magnetic moment. laddition, there is
experimental evidence for the existence of orbital order losv Ty, . Our resonant
x-ray di raction studies at the Ru L-absorption edges were focused on the investi-
gation of the magnetic re ections (001) and (110). The obseation of a magnetic
signal at these reciprocal space positions is in full agreent with an A-type anti-
ferromagnetic structure, consisting of ferromagnetic l@yers coupled antiferromag-
netically along the c-axis. Based on the azimuthal angle dependence of the signal
the direction of the magnetic moment was determined to lie ahg the b-axis below
Tw) and along thea-axis betweenTy, and Ty. The origin of the reorientation of
the magnetic moment atTy,, is not yet completely understood. However, it might
result from the strong spin-orbit coupling which presumalyl causes an unquenched
orbital magnetization. The latter might then induce additional terms in the spin
Hamiltonian that are responsible for the reorientation of he magnetic moment. Al-
though various experiments have given indirect evidence offbital order below Ty, ,
we did not detect any orbital signal within the experimentalsensitivity. This indi-
cates that the orbital ordering parameter is signi cantly weaker than in the single
layered counterpart CaRuQ,4, which is presumably due to residual charge or orbital
uctuations in the insulating state.

RuSr,GdCu,0Og has attracted tremendous scienti ¢ interest in recent yea due
to the broad coexistence range of long range magnetic orderdasuperconductivity,
which makes it an ideal compound to study the interplay betwen these phenomena.
However, limited information about the magnetic structurehas been available so far,
as most studies were performed on powder samples due to theairaize of available
crystals. In this situation, resonant x-ray di raction at t he Ru L-absorption edges
has turned out to be the ideal tool for the investigation of R&8r,GdCu,Og since it
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is sensitive to magnetism, but does not depend on a large dalsmass. Our single
crystal studies of the magnetic re ections § 1 1) and (3 1 2) indicate a G-type
antiferromagnetic structure, characterized by a doublingf the unit cell along all
three crystallographic directions. From the azimuthal anlg dependence of the mag-
netic signal, we deduced a magnetic moment direction alongl@av symmetry axis
with substantial components parallel and perpendicular téthe RuO, planes. These
ndings are consistent with previous neutron powder di radgion results and mag-
netization data. A symmetry analysis in conjunction with a ecent crystallographic
study revealed that the experimentally observe-type antiferromagnetic structure
needs to be accompanied by an additional ferromagnetic itape component, which
alternates between neighboring Ru@layers. This ferromagnetic mode corresponds
exactly to the one deduced from nuclear and ferromagnetics@nance experiments.
Therefore, our resonant x-ray di raction data reconcile a &riety of apparently con-
tradictory results on the magnetic structure of RuSyGdCu,Og and thus resolve a
big controversy in the experimental literature.

Bilayered SkRu,O; has attracted a lot of interest in the past years due to the
observation of the quantum critical behavior which is relagd to a metamagnetic
transition. In the ground state, the material is a paramagngc metal and shows
Fermi liquid behavior below 10 K. Upon substituting Mn for Ry an insulating
antiferromagnetic state is induced; its transition tempeature varies with the Mn
concentration. Using resonant x-ray di raction at the Ru L-absorption edges, we
investigated the antiferromagnetic structure of 10% Mn suiituted SrzRu,O;. Our
studies of the superstructure re ections § 1 0) and (2 2 0) indicate that the mag-
netic order is essentially two dimensional and that the magatic moments are aligned
along the c-axis. In combination with a previous neutron powder di radion study,
which was carried out on 5% Mn substituted SRu,0O;, our results suggest an
up-up-down-down spin arrangement in the Ru@ planes, which is independent of
the Mn concentration. This implies that an antiferromagneic instability is already
present in the parent compound SRu,O7. Interestingly, the anisotropic resistivity
behavior, observed in the nematic phase of §iRu,0,, could be explained assuming
the same up-up-down-down spin arrangement as in Mn substted Sr;Ru,O;. If
the two phases are in fact identical, has to be checked by a dééed single crystal
neutron di raction study including a complete structure renement.
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