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In tro duction

The physical properties of transition metal oxides have beenin the focus of scien-
ti�c interest for a number of years. The strongly correlatedelectronsystemsin these
compounds are susceptibleto instabilities, in which several degreesof freedomare
often involved. The interplay between lattice, charge, spins and orbitals results in
interesting phenomena,but at the sametime makes the understandingof the un-
derlying physics a di�cult task. Ruthenium oxides of the type Ca2� x SrxRuO4 are
a good exampleof such a case. Magnetism and orbital correlations are intimately
coupledin this 4d electronsystem. What is more, the substantial distortions of the
lattice contribute to the lifting of the degeneracyof the 4d electronic states, thus
in
uencing the associated orbital occupations, which in turn in
uence the lattice
deformationsaround the metal sites. The investigation of the interplay amongall
these degreesof freedom is necessaryfor obtaining an insight into the rich phase
diagram of the system. Interestingly, the substitution of calcium for strontium leads
to a remarkable variation of the material's properties, that extend from unconven-
tional spin-triplet superconductivity, in one of the two end-members of the series
(Sr2RuO4), to orbital ordering in a Mott insulating antiferromagnetic phase,at the
other end of the strontium-content range(Ca2RuO4).

Di�eren t kinds of instabilities determine the properties of the 3d electron sys-
tems in layered copper oxides. The high-temperature superconductivity which is
establishedin these systemswhen they are doped with charge carriers, and the
unusual electronic properties which they exhibit in their normal state, above the
superconducting transition temperature, like, for example, the opening of an elec-
tronic pseudogap,have motivated a large number of scienti�c studies in the last
years,which could however achieve only small stepstowards the establishment of a
generictheory of high-temperature superconductivity. Several excitationshave been
suggestedto play an important role in the pairing mechanismof the electrons.One-
dimensionalcharge and spin 'strip es' of dynamic nature within the copper-oxygen
planesof thesematerials belong to the most popular and, at the sametime, most
controversial of the proposedexcitations. Many of the experimental investigations
that dealt with this issuewerecarriedout on the bilayeredcompound YBa2Cu3O6+ x .
Several observations in neutron and x-ray scattering experiments on this material
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6 In tro duction

were interpreted as possiblesignaturesof one-dimensionalspin and charge excita-
tions. The interpretation of the data is however complicated,partly becauseof the
existenceof one-dimensionalstructural units (copper-oxygen chains) in the lattice,
and partly becauseof the so-calledtwinning e�ect. The one-dimensionalcharacterof
the observed excitations is thus questionedby other studiesand the long-lastingdis-
cussionabout the possibleexistenceand role of 
uctuating stripesin YBa2Cu3O6+ x

and other cupratesremainsopen.
Combining several of the properties of the above described 4d electron ruthen-

atesand 3d electroncuprates,the hybrid ruthenocupratecompound RuSr2GdCu2O8

is a very interesting system. Its most salient feature is the intriguing coexistence
of long-rangemagnetic order and superconductivity within a fairly broad temper-
ature range. The crystal structure of the material enablesthis unusual coexis-
tence. This is characterized by alternating copper-oxygen and ruthenium-oxygen
planes.Superconductivity is establishedin the copper-oxygenplanes,exactly like in
YBa2Cu3O6+ x , below a transition temperature which lies between15 K and 46 K.
The ruthenium-oxygen layers,on the other hand, are antiferromagnetically ordered
below a signi�cantly higher N�eel temperature of around 136 K. The two phenom-
ena, magnetism and superconductivity, being spatially separatedwithin the unit
cell, seemto be establishedindependent from each other. The investigations that
have beencarried out so far have not indicated any interplay between the two or-
der parameters. However, good quality singlecrystals of this compound were only
recently madeavailable and the needfor a more careful re-examinationof this issue
under better experimental conditions arises.

X-rays are an appropriate probe for the study of the above described physical
phenomenain transition metal oxides. The great advancesachieved in synchrotron
radiation facilities in the last two decadeshave enabledthe useof x-ray scattering
techniquesfor purposesthat extend far beyond the 'traditional' methods of struc-
ture determination and material analysis. X-rays coupledirectly to the charge. The
high brightness of the produced radiation at synchrotron facilities allows the ob-
servation of very weak di�use features, and thus the investigation of short-range
chargesuperstructures that are characterizedby correlation lengths comparableto
or even smallerthan oneunit cell dimension{ asis the casein YBa2Cu3O6+ x . What
is more, by tuning the photon energyof the x-rays closeto an absorption edgeof
the transition metal, the probe becomessensitive also to the magnetic structure
and orbital arrangement of the material. The large resonant enhancement of the
scattering intensity, obtained in particular at the L-edgesof the transition metals,
in combination with the sensitivity of the corresponding structure factor on the
magnetic moment direction in the investigatedsample,make the newly developed
resonant x-ray di�raction technique ideal for the study of the Ca2� xSrxRuO4 and
RuSr2GdCu2O8 systems. Of particular importance is the fact that, thanks to the
very good collimation that characterizessynchrotron x-ray beams,even very small
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scattering volumes, down to the order of 10� 3 mm3 or smaller, are su�cien t for
the investigations. This is a signi�cant advantage of resonant x-ray di�raction over
other complementary techniques,such as neutron scattering.

The work at hand is organizedin six chapters:

� Chapter 1 gives a short overview of the basic properties of transition metal
oxides. The main predictionsof the crystal �eld theory for the electronicstruc-
ture of d-electronsystemsare described. An introduction to the single-orbital
Hubbard model, which can satisfactorily explain many of the magnetic prop-
ertiesof Mott insulators,aswell asa brief referenceto the principal featuresof
conventional and high-temperature superconductors,are also included in the
chapter.

� Chapter 2 deals with the principles of x-ray scattering. After a short pre-
sentation of the properties of synchrotron radiation, the kinematical theory of
di�raction is introducedand the scatteringamplitude for non-resonant scatter-
ing is given. The principlesof resonant x-ray di�raction from antiferromagnets
are discussedin the following in more detail and the resonant electric dipole
scattering length is calculated as a function of the azimuthal angle  of the
investigatedsample.

� In Chapter 3 the experimental results of the resonant x-ray di�raction in-
vestigationsof the Ca2� xSrxRuO4 system at the Ru L I I absorption edgeare
presented. The �rst four sectionscontain background information about the
material. The technical details of the experimental procedure,including infor-
mation about the experimental setup and the investigatedsamples,are given
in Section5. The resultsof the measurements carriedout on Ca2RuO4 at recip-
rocal spacepositions(1 0 0), (0 1 1) and (1 1 0) are presented in the following.
In Section 11 the measurements carried out on the Sr-doped Ca1:9Sr0:1RuO4

compound are described. The chapter endswith a discussionof the obtained
results, together with the main conclusionsof the studies.

� Chapter 4 contains the experimental results of the resonant x-ray di�raction
investigationsof the hybrid RuSr2GdCu2O8 systemat the Ru L I I absorption
edge. After a referenceto all relevant background information concerning
the material (Sections1 and 2) and a description of the investigatedsamples
(Section 3), the obtained experimental results are presented. First, the de-
termination of the direction of the magneticmoment basedon the azimuthal
dependenceof the magneticscattering intensity is described in detail (Section
4). The possiblecoupling betweenmagnetismand superconductivity is inves-
tigated in the following (Section5). The chapter endswith a discussionof all
results, wherethe main conclusionsare summarized.
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� Chapter 5 dealswith the investigationof the high-temperaturesuperconductor
YBa2Cu3O6+ x with high-energyx-ray di�raction. The material-related back-
ground information is given in the �rst three sectionsof the chapter, while
the experimental details in the fourth. The experimental resultsof the studies
on underdoped, optimally doped and overdoped YBa2Cu3O6+ x , as well as on
stoichiometric YBa2Cu4O8, are presented in Section5. The chapter ends,as
usual,with a combined evaluation of all resultsand a presentation of the main
conclusionsof the studies.

� The last chapter of the thesissummarizesthe main results and conclusionsof
the work.



Chapter 1

Transition Metal Oxides

1.1 In tro duction

Transition metalsare the elements which occupy the central part of the periodic ta-
ble, namelyfrom Group II IB (3) through Group IIB (12) inclusive. They aredevided
into three series,which consistof the elements from scandiumto zinc (atomic num-
bersZ=21 to Z=30), from yttrium to cadmium (Z=39 to Z=48) and from hafnium
to mercury (Z=72 to Z=80), respectively (Figure 1.1). To thesea fourth seriesof ar-
ti�cial radioactive elements can be added,namely the elements from rutherfordium
to ununbium (Z=104 to Z=112). The main common feature of all theseelements
is the progressive �lling of shellsof d orbitals acrosseach series. In this way, they
represent a gradual transition from Group 2 elements to Group 13 elements, which
justi�es their name. The exact de�nition of transition metals is, however, rather
looseand the preciseboundariesof the transition seriesvary accordingto the def-
inition used. Group IIB, for instance, the elements of which have a fully occupied
d orbital, is often not included in the transition series. Scandiumis also often ex-
ceptedbecause,together with zinc, it lacks a basic property of all other transition
metals, responsiblefor a large number of their physical properties, that is, the abil-
it y to contribute valenceelectronsfrom s orbitals befored orbitals. In oxides the
properties related to the d orbitals are most apparent with the transition elements
betweentitanium and copper in the 3d series,betweenzirconium and silver in the
4d seriesand betweenhafnium and gold in the 5d series.Theseare the elements the
present chapter is going to concentrate on.

Transition metal oxides (TMOs) exhibit someof the most fascinating physical
properties amongall inorganic solids. The high-temperature superconductivity dis-
covered in layered copper oxides, commonly known as cuprates, and the colossal
magnetoresistance(CMR) observed in many manganeseoxides, commonly named
manganites,are only two of the numerousexamplesthat can be mentioned. These
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10 Chapter 1. Transition Metal Oxides

Figure 1.1: Periodic table of the elements. The transition metals occupy the central part
of the table, betweenGroups I I IB and I IB.

properties are the result of a number of factors associated with the electronic and
crystal structure of the systems,but a completegeneraltheory that describestheir
exact origin does not exist. A key role is certainly played by the strong electron
correlations induced by the narrow electronic bands, which are the result of the
small overlap between the d orbitals of the transition metals and the p orbitals of
the neighboring oxygen ions. The interactions betweenthe charge,spin and orbital
degreesof freedom of the d electrons and their coupling to the lattice lead to a
large rangeof electronicand magneticproperties,which have attracted a great deal
of scienti�c interest in the recent years. The low-dimensionalfeatureswhich arise
from the crystal structure of many transition metal oxidesand the distortions of the
lattice further contribute to the richnessof the observed properties.

1.2 Crystal Structure

Transition metal oxides exist in a large variety of crystal structures. Most of them
are derived from variations and distortions of the ideal perovskite structure. The
latter is very common among compounds of the formula AMO 3, with M being a
transition metal ion and A typically a pre-transition metal, such as K or Sr, with
sizelarger than transition metals. Ideally the ionic radii r A , rM and rO of the A, M
and O ions, respectively, satisfy the condition:

rA + rO =
p

2(rM + rO) (1.1)

In real perovskite oxides, however, the condition takesrather the form:

rA + rO = t
p

2(rM + rO) (1.2)
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with the prefactor t taking valuesbetweenapproximately 0.8 and 1.0 [1]. In such
a three-dimensionalstructure every transition metal ion M is surrounded by six
oxygen (O) ions that form an octahedron. An ideal AMO 3 perovskite built up of
corner-sharingMO6 octahedra is illustrated in Figure 1.2(a).

Figure 1.2: Schematic view of the ideal perovskite (AMO 3) (a) and the layeredperovskite
or K2NiF4 (b) structures. The transition metal ions M are located at the centres of the
octahedra, surrounded by six oxygen ions, which occupy the sites at the corners of the
octahedra. The dark-colored bullets represent the metal ions A [2].

Compounds with a chemical formula of the type An+1 MnO3n+1 have usually a
two-dimensional,layered structure known as the layered perovskite structure. For
n = 1 this formula gives the so-called K2NiF4-structure, which is composed of
layers of octahedra that are corner-sharingonly in two dimensions,with the ions
of the larger in size metal A separating two successive octahedra layers. Such a
structure, which is very commonamong many high-temperature superconductors,
like La2� xSrxCuO4 for instance,is illustrated in Fig. 1.2(b).

1.3 Electronic Structure

Transition metal oxides exist in a large variety of structures re
ected in the great
richnessof their physicalproperties. This makesit di�cult to createa generaltheory
that would satisfactorily describe all their di�erent features. The models that have
beendeveloped in this direction can in generalbe divided into two main categories,
dependingon the degreeof localization that each of them assumesfor the interacting
electronsin the investigatedsystems.On onehand, the so-calledionic models take
a localized view of the electron systems, concentrating on the properties of the
individual ions and consideringthem to have integral chargesdetermined by the
valencestatesof the elements involved. They usually ignore the overlapsof orbitals
betweendi�erent atoms. On the other hand, the band theory modelsprovide a much
more delocalized picture of the electron systems,calculating the wavefunctions of
the transition metal d-electronswithin the periodic lattice of the solid. The latter
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theoriesare obviously better applicablein materials with mostly metallic character,
while the former onesin non-metallic solids.

It is clear that both groupsof theoriesgive only an oversimpli�ed picture of the
real physics involved and that the truth lies usually somewherein between. Thus
in the last yearsseveral intermediate models have beensuggested,that attempt to
interpolate betweenthe localizedand non-localizedtheoriesand to provide a more
realistic description of the electronicstructure of transition metal oxides. Such are,
for example,the cluster models,which are a variation of the ionic models that take
more explicitly into considerationthe electronic interactions within a small group
of atoms; or models that use band theory as a starting point, but then take also
into account interactions which causethe electronic states to be more localized
than predicted by band theory { like the electron-electroninteraction, for instance.
Despite the inabilit y of all the above models to give a good theoretical description
of all features of all transition metal oxides, they can still provide a satisfactory
generalscheme,which can often be usedas a basisfor the understandingof many
properties and for making predictions about many others.

1.3.1 Crystal Field Theory

One of the models of mostly ionic character which is often succesfullyusedfor the
description of many transition metal oxides is the crystal �eld theory. The oxides
investigatedin the present work areall non-metallicandcrystal �eld theory is usually
an appropriate starting point for them.

Crystal Field Splitting

The electronsof the d shell of a transition metal ion M have orbital angular momen-
tum quantum number l = 2 and magnetic quantum number m with � 2 � m � 2.
The resulting �v e quantum states of the d electronsare degenerate,that is, they
have the sameenergy, when the ion M is in a sphericalpotential. This degeneracy
is, however, partly or fully lifted when the ion M is within a crystal.

In a transition metal oxide, every transition metal ion M is surrounded by a
number of oxygen ions. For example, every Ru+4 ion in Ca2RuO4 is surrounded
by six O� 2 ions which form a RuO6 octahedron, while every in-plane Cu+2 ion in
YBa2Cu3O6+ x is surrounded by �v e O� 2 ions that form a squarepyramid. The
valenced electrons of every ion M are thus under the in
uence of the Coulomb
potential of the surrounding oxygen ions. In particular, the potential acting on a d
electron situated at position r is given by the equation:

V(r ) =
X

i

Z i e2

jr � R i j
(1.3)
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where R i , Zi are the position vector and the charge of the i-th ion, respectively.
This potential is called the crystal �eld potential. The quantit y

V0 =
X

i

Z i e2

jR i j
(1.4)

is called the Madelung potential and expressesthe crystal �eld potential acting
on a point charge at position r = 0. The crystal �eld potential is obviously not
spherical. In high-symmetry crystals with ideal perovskite structure it is cubic, but
its symmetry can be tetragonal or even lower when there are lattice distortions
present. In a cubic crystal �eld, the eigenfunctionsof the d-shell electronsof ion M
are given by the linear combinations of the sphericalharmonicsY2

m (� ; � ) as follows
[1]:

d(x2 � y2) /

s
2�
5

(Y 2
2 + Y � 2

2 ) =

p
3

2
(x2 � y2)

r 2

d(3z2 � r 2) /

s
4�
5

Y 0
2 =

1
2

(3z2 � r 2)
r 2

d(xy) /
1
i

s
2�
5

(Y 2
2 � Y � 2

2 ) =
p

3
xy
r 2

d(yz) /

s
2�
5

(Y � 1
2 + Y 1

2 ) =
p

3
yz
r 2

d(zx) /
1
i

s
2�
5

(Y � 1
2 � Y 1

2 ) =
p

3
zx
r 2

(1.5)

The electronicchargedistributions that correspond to the above eigenfunctions
are schematically shown in Figure 1.3.

Under the in
uence of the cubic crystal �eld potential, the degeneracyof the d
orbital statesis, asalreadymentioned, partly lifted. The �v e statesareenergetically
split into two groups. The onewith the lower energyconsistsof the orbitals dxy , dyz

and dzx , which are called t2g orbitals, while the onewith the higher energyconsists
of the remaining two, so-calledeg orbitals, that is dx2 � y2 and d3z2 � r 2 . The names
t2g and eg originate from group theory and denote the irreducible representations
of the corresponding orbitals. The crystal �eld splitting � betweenthe t 2g and the
eg orbitals has for typical oxides with perovskite structure a value of 2-4 eV. If this
splitting is written as 10Dq, then the eg level is situated 6Dq above the energyall
orbitals would have in a sphericalpotential, while the t 2g level is situated 4Dq below
this. Thus the centre of gravit y of the d orbitals remainsunchangedafter the crystal
�eld splitting.

The reasonof the splitting of the d energystatesin a cubic �eld potential is the
fact that the strength of the orbitals' interactions with their chemical environment
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Figure 1.3: Schematic view of the electronic charge distribution given by the eigenfunc-
tions of the d-shell electronsof an ion [3]. In a spherical potential all �v e d orbitals have
the sameenergy. Within a cubic crystal �eld, this degeneracyis partly lifted and the d
states are split into t 2g and eg orbitals.

is not the samefor all d orbitals. The eg orbitals have lobesof maximum probability
extending along the coordinate axes,towards the neighboring O� 2 ions. The result
is a strong Coulomb repulsive interaction, which raisesthe energyof the eg levels
correspondingly. On the other hand, the t 2g orbitals have nodal planes pointing
towards the closestoxygen ions. The lobesof high electronicchargedensity extend
away from theseions and thus the Coulomb repulsion from them is weaker in this
case,resulting to a lower energy. Taking this into consideration,it canbeunderstood
why crystal �eld e�ects are so weak and unimportant in rare earth ions compared
to transition metal ions. In rare earths the partially �lled 4f shellslie deepinside
the ion core,beneaththe �lled 5s and 5p shells,which provide an e�ective screening
against the potential of the surrounding oxygen ions.

The assumption that the d orbital energy splitting is purely of ionic nature,
arising from the electrostatic interaction of the transition metal d orbitals with the
surroundingions, is oversimpli�ed and inadequate.Covalent interactionsand orbital
overlaps play an important role and have to be taken into considerationas well.
However, the crystal �eld model is very useful in providing a �rst understandingof
the electronic structure of transition metal oxides, which is often good enoughfor
interpreting many of their main properties.
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High- and Low-Spin States

The way the valenceelectronsare distributed in the �v e orbitals of the d-shell in
a transition metal ion is determinedby the relative magnitudesof the crystal �eld
splitting on one hand, and the energyof the exchangeinteractions of the electrons
on the other. Let us assumea transition metal ion in a cubic crystal �eld with d4

electronic con�guration, that is, with four electronsin its valenced orbitals. The
�rst three of theseelectronswill occupy the triply degeneratet 2g states, which lie
lower in energy. Thus, each oneof the three degeneratet 2g orbitals will be half-�lled
with one electron. For the fourth electron there are two possibilities. It can either
half-�ll oneof the doubly-degenerateeg orbitals, that lie 10Dq higher in energy, with
its spin parallel to the spinsof the electronsin the t 2g states,or be situated aswell
in one of the t2g orbitals, forming a pair with the electron already being there and
leading to a complete �lling of the corresponding orbital. Of coursein the latter
casethe spin of the fourth electron must be antiparallel to the spin of the other
electron in the sameorbital, due to Pauli's exclusionprinciple. The �rst of these
two possiblearrangements of electronsleadsto a high-spinstate of the system(total
spin: S = 2), while the secondone to a low-spin state (S = 1).

The high-spinstatecorrespondsto a lower total exchangeenergyof the electrons.
This is expressedin a semi-empirical rule called Hund's �rst rule. According to
this, in an ion with a partially �lled shell, independent of whether the ion is in
a spherical potential or in a crystalline environment, the electronic con�guration
which corresponds to the lowest total energy is the one that has the largest total
spin S that is consistent with Pauli's exclusionprinciple. Thus, the total exchange
energyof the electronsis minimized by placing them asfar aspossible,with parallel
spins in di�erent orbitals. Here comesin play the seconddetermining factor of the
electronic arrangement: the crystal �eld splitting � betweenthe t 2g and eg states.
If the crystal �eld splitting is larger than the energydi�erence of the low- and high-
spin con�gurations, then the energycost for placing an electron in an eg orbital is
higher than the energygain resulting from the lower exchangeenergy, accordingto
Hund's rule. In this case,the low-spin state is energetically preferred and the eg

orbitals will remain completelyempty. If, on the contrary, the crystal �eld splitting
is smaller than the energy di�erence of the two spin con�gurations, the high-spin
state will be preferred.

The energydi�erence of the low- and high-spin states is equal to Hund's cou-
pling JH . The latter expressesthe exchange(spin-dependent) interaction between
electronsthat are in di�erent orbitals in the sameion. Other energyterms that have
to be consideredare the energyU due to the Coulomb interaction betweenelectrons
that occupy the sameorbital, alsocalledHubbard interaction, aswell as the energy
U0 of the Coulomb interaction betweenelectronsin di�erent orbitals. Neglectingfor
simplicity the so-calledpair hopping interaction and the terms which arethe samein
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the two possiblespin con�gurations, the total energyof the electronsin the low-spin
state is equal to U, with U referring in this caseto the Coulomb repulsionbetween
the two electronswithin the samet 2g orbital. In the high-spin con�guration, the
total energyof the electronsis U0+ JH , with U0 referring to the Coulomb repulsion
between the eg and the t2g electronsand JH to the corresponding Hund coupling.
Thus the energydi�erence of the two spin con�gurations is: D = U � U0� JH . But
the relation: U = U0+ 2JH holds [4]. So the energydi�erence is: D = JH .

In conclusion,the above described conditions for the low- and high-spin con�g-
urations can be summarizedin the following expressions:

If: � < JH , the systemis in the high-spin state.
If: � > JH , the systemis in the low-spin state.

Jahn-T eller E�ect

As alreadymentioned above, the symmetry of the crystal �eld determinesthe extent,
to which the degeneracyof the d electronstatesis lifted. In a tetragonal crystal �eld,
besidesthe splitting of the t2g and eg statestaking placein a cubic �eld, there is an
additional splitting betweenthe two eg states,aswell asa partial splitting of the t 2g

states. A further lowering of the crystal �eld symmetry cantotally lift the remaining
degeneracy. The lowering of the symmetry is performedvia distortions of the lattice,
which usually involve elongations,contractions or rotations of the polyhedraformed
by the oxygen ions that surround the transition metal ions. They strongly in
uence
orbital ordering and the electronicchargedistribution in the systemin general.

One of the most common reasonsfor such distortions is the so-calledJahn-
Teller e�ect. According to the Jahn-Teller theorem [5], if a magnetic ion is at a
crystal site of such high symmetry that its ground state is degenerate,then it is
energetically favorable for the crystal to distort (for example, by displacing the
equilibrium position of the ion) in such a way, that its symmetry is lowered and
the degeneracyis removed. Especially for magnetic ions possessingodd numbers of
electrons, the Jahn-Teller distortion takes place if the ground-state degeneracyof
the ion is higher than the minimum determinedby Kramers' theorem. According to
the latter, the ground state of an ion with an odd number of electronsand a time-
reversal invariant Hamiltonian, is always at least doubly degenerate,independent
of the crystal �eld symmetry and in absenceof magnetic �eld. Thus, in such an
ion the lattice is Jahn-Teller distorted if the ground state hasa three-fold or higher
degeneracy.

The Jahn-Teller distortions taking place in a polyhedron around a transition
metal ion areof coursenot independent from the onestaking placein the neighboring
polyhedra. The total energyof the crystal is minimized if all distortions follow a
well-de�ned pattern. Depending on the particular crystal and electronicproperties
of every compound, the distortions can be either all in the samedirection, leading
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to a ferrodistortive state, or in di�erent directions, leading to an antiferrodistortive
state. The orderingof the distortions changesthe globalsymmetry of the crystal and
often setsin at a well-de�ned transition temperature. The e�ect is then associated
to a structural phasetransition and is called cooperative Jahn-Teller e�ect.

Quenching of the Orbital Angular Momen tum

Besidesthe lift of the degeneracyof the d electronenergystates,anothere�ect of the
crystal �eld is the quenching of the orbital angular momentum L, which takesplace
when the crystal �eld splitting � is much larger than the spin-orbit coupling. The
meanangular momentum then vanishesand the total magneticmoment is equal to
the spin moment:

< 	 jL j	 > =
Z

	 � (r )L 	( r )d3r = 0 (1.6)

where	 is the wavefunction of a d electronof the transition metal ion [1].
The reasonfor the quenching of L is that, sincethe time-independent Schr•odinger

equationis a real equation, its non-degenerateeigenfunctionsj	 i are within a phase
factor real functions. So,given the fact that the orbital angularmomentum operator
L = � i �hr � @

@r is an imaginary operator, the quantit y < 	 jL j	 > is imaginary. As
a measurablequantit y, however, it must be real. The only possiblevalue, for which
both of the above statements are true, is zero: < 	 jL j	 > = 0.

This is usually the case in 3d transition metal oxides, like manganites and
cuprates. In 4d and 5d oxides, like ruthenates, where the transition metal has a
larger atomic number Z , the spin-orbit coupling is stronger and cannot be com-
pletely ignored. If the symmetry of the crystal �eld is su�cien tly high, then the
ground state of the transition metal ion is degenerateand the wavefunctionscan be
complex. The orbital angular momentum is then not always quenched.

Independent of the spin-orbit coupling, if the symmetry of the crystal �eld is
su�cien tly low (e.g orthorhombic), then all irreducible representations becomeone-
dimensional,the wavefunctionsare essentially real, and the orbital angular momen-
tum is always quenched.

1.4 Mott insulators

Insulators are materials with vanishingdc electrical conductivity in the limit of zero
temperature:

lim
T ! 0

� (T) = 0 (1.7)

According to band theory, an electronicsystemis an insulator if the density of states
at its Fermi level is equal to zero: � (EF ) = 0, and metallic otherwise: � (EF ) 6= 0.
The Fermi level is determined by the highest occupied energy level in the ground
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state. A band with n-fold orbital degeneracycan accommodate up to 2n electrons
per unit cell. This number is obviously always even. Thus, if a system has an
odd number of electronsper unit cell, then the orbital with the highest energy is
half-�lled with only oneelectronand the density of statesat the Fermi level is non-
zero, thereforethe material is metallic. In order to have an insulating material, the
number of electronsper unit cell must be even. This condition is necessarybut not
su�cien t. The reasonis that, even if the number of electronsis exactly equal to
the number of one-electronstatesof the valenceband, the zero-density of statesat
the Fermi level is not guaranteed, becausethe valenceand conduction bands may
overlap.

The above basic prediction of band theory fails in a number of cases. There
are several materials which, according to band theory, should be metallic, but in-
stead they are good insulators. One of the oldest-known examplesis CoO. With
an electronic con�guration 3d74s2 for Co and 2s22p4 for O, this material has an
odd number of electrons per unit cell, so according to band theory it should be
metallic. Instead it is oneof the best insulators known. Its insulating propertiesare
maintained not only in the ground state, in the low-temperature antiferromagnetic
phase,but alsoat high temperatures,in the paramagneticphase.Other examplesof
insulators predicted by band theory to be metallic include NiO, LaTiO 3 and V2O3.

The reasonfor the failure of band theory in caseslike the onesabove is that band
theory provides an independent-electron description of materials. There are cases,
however, where strong electron-electroninteractions, not taken into consideration
by band theory, play a very important role and determine to a large extent the
behavior of the material. In systemswith interacting electronsmoving in a narrow
band, the energyU of the Coulomb interaction betweenelectronsin the sameion,
introduced in Section 1.3 as Hubbard interaction, is the most important energy
term. If this energy is su�cien tly high, that is, if the on-site Coulomb repulsion
of the electrons is su�cien tly strong, then the hopping of electrons from site to
site, and thus the metallic conductivity, is suppressedand the material is insulating,
although the highest occupiedbandsare not completely full. The materials where
such an interaction-induced collective localization of the electronstakes place are
called Mott insulators.

There are substantial di�erences between a conventional (band) insulator and
a Mott insulator. In a conventional insulator conductivity is hindered by Pauli's
exclusionprinciple. The highest occupiedband is, namely, fully occupiedwith two
electronsper unit cell (or 2n if there is n-fold orbital degeneracy)and the electrons
cannot move, simply becausethere are no empty orbitals to move to. In a Mott
insulator, on the contrary, the highest occupied band is only half-�lled with one
electron per unit cell. Although in principle it is possiblefor an electron to hop
from a half-�lled orbital of an ion to a half-�lled orbital of another ion, creating a
doubly-occupiedsite with the electronalreadybeingthere, this requiresa very large
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amount of energy, due to the strong mutual Coulomb repulsionof the electronsthat
would form the doubly occupiedsite, and is thus energeticallynot preferred. The
resulting insulating phaseis highly correlated: the electronsminimize the energyof
their Coulomb interaction by avoiding each other asmuch aspossible.If the number
of electronsis equal to the number of sites, they achieve this by staying localizedat
each lattice site.

1.4.1 Hubbard Mo del

Mott insulators are usually antiferromagnetic. The simplestmodel that can provide
an understanding of their magnetic properties is the Hubbard model, which was
introducedin 1963[6] asan approach to a theory of correlation e�ects in the d-bands
of transition metals. The model introducesa many-body Hamiltonian (Hubbard
Hamiltonian) for the descriptionof the d-electronsof a transition metal, taking into
account the two main opposing properties of these electrons: on one hand, their
desireto delocalizethemselvesvia electronhopping into itinerant states, leading to
metallic behavior. This desirefor delocalization is expressedwith the kinetic energy
of the electrons. And on the other hand, their tendency to localize on particular
sites,due to the electron-electroninteractions betweenthem, approximated usually
by the on-site repulsive Coulomb interactions, which drive the systemto be a Mott
insulator. The Hubbard Hamiltonian can be expressedin the following way [1]:

H = � t
X

<i;j >

X

�
(cy

i� cj � + cy
j � ci� ) + U

X

i

n̂i " n̂i # (1.8)

The �rst term of the Hamiltonian describes the kinetic energy (hopping) of the
electrons, while the secondone the on-site Coulomb interaction. Here, t is the
hopping integral of electronsbetweennearestneighbor sites i; j ; cy

i� and ci� are the
creationandannihilation operators,respectively, for an electronin the Wannierstate
� (r � R i ) at lattice site i with spin � ; n̂i� = cy

i� ci� is the corresponding occupation
number operator; and U is the energyof the intraionic Coulomb interaction between
electronssharingthe sameorbital. It is assumedthat there is only oneWannierstate
for each site (single-orbital Hubbard model).

The zero-temperature behavior of the Hubbard model is governedby two param-
eters: the relative interaction strength U=t, and the electrondensity n = N=L, where
N is the total number of electronsand L the number of lattice sites (or unit cells,
for non-Bravais lattices). Instead of U=t, the ratio U=W is often usedasa measure
of the strength of the electron-electroninteractions in a material, with W being the
bandwidth. For the single-orbital Hubbard model, the electrondensity takesvalues:
0 � n � 2. For n = 1 one has the half-�lling case,where the number of electrons
is equal to the number of sites. It is in this case,that above a particular critical
value of U the electronsare completely localizedat the ion sites and the material
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is a Mott insulator. Away from half-�lling (n 6= 1), the electronsalways maintain a
propagating motion, even for in�nitely strong Hubbard interactions (U ! 1 ).

Despite the localization of the electronsin a Mott insulator, the kinetic energy
term of the Hamiltonian, that describes the band motion of the electrons, is still
present and plays a very important role. It is actually exactly this term which gives
rise to the antiparallel nearestneighbor spin interactions that lead to the antifer-
romagneticproperties of the Mott insulators [7]. The physical basisof this is that
electronswith antiparallel spinscan gain someenergyby occupying non-orthogonal
overlapping orbitals, which electronswith parallel spins cannot do. Although in a
Mott insulator the Coulomb repulsion U of electronsin the sameion prevents the
permanent occupation of ionized states, the system can gain a certain amount of
energyby virtually occupying to a small extent ionized stateswhich are connected
to the ground state via the transfer integrals t [8]. This energy gain is equal to:
� E = � 2t2

U . Due to Pauli's exclusionprinciple, and given the fact that the transfer
integrals t carry the electronswithout changeof spin, the hopping of an electron to
a neighboring site is possibleonly if its spin is antiparallel to the oneof the electron
being there. In other words, the energy is gained only in the presenceof a near-
est neighbor with antiparallel spin, thus only in the caseof an antiferromagnetic
alignment of the spins.

For a more quantitativ e understandingof the above process,onecan start with
the Mott insulating state and considerthe virtual occupationof the ionizedstate as
a secondorder processwith energy:

H 0 = �
X

<i;j >

X

� ;� 0

2t2

U
cy

i� 0cj � 0cy
j � ci� (1.9)

The processis schematically illustrated in Figure 1.4. The hopping of an electron
to a neighboring site via the transfer integral t leadsto an intermediate state (b), in
which a site is doubly-occupiedby two electronswith antiparallel spins, according
to Pauli's exclusion principle [1]. The energy of the intermediate state is higher
by U than the energyof the ground state. Two di�erent �nal states are possible,
dependingon which electrongoesto which ion. The energyof the process(1.9) can
be written in terms of spin operators as follows:

H 0 =
X

<i;j >

4t2

U
(Si � Sj �

1
4

ni nj ) (1.10)

The latter equation directly re
ects the fact that the virtual occupation of ionized
statesis only possibleif the spinsat neighboring sitesare antiparallel. Indeed,if the
spinsare instead parallel, then Si � Sj = 1

4. But sincein the half-�lled caseall sites
are occupied with one electron, that is, ni = nj = 1, Equation (1.10) then gives:
H 0 = 0.
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Figure 1.4: The processof the superexchange interaction [1]. The hopping of an elec-
tron to a neighboring site via the transfer integral t leads to an intermediate state (b).
Dependingon which electron then goesto which site, two di�eren t �nal statesare possible.

In transition metal oxides, most of which are antiferromagnetic insulators, the
above description basedon the kinetic exchange interaction between d-electrons,
which works quite well for the single-orbital Hubbard model, seemsrather di�cult
to apply. The reasonis that in transition metal oxides the cations that posessthe
d-electronsare separatedby large oxygen anions,so the direct hopping of electrons
from cation to cation is unlikely. However, Anderson[8] hasshown that the concept
of kinetic exchange interaction can be extended also to such situations and that
the interaction is even enhancedby the covalent mixing betweencation and anion
orbitals.

In particular, the overlap betweenthe d-orbitals of the transition metal ions and
the p-orbitals of oxygen givesrise to a covalent mixing which allows the nominally
p-electronsof oxygen to partially occupy d-orbitals of the cations. The degreeof
mixing dependson the relative orientation of the spinsof the d-electrons. It can be
shown that the parallel con�guration of the d-electronspinsleadsto a smallerdegree
of orbital mixing and costsmore energy than the antiferromagnetic con�guration.
The latter is thus energetically preferred. The exchange interaction between the
d-orbital electronswhich is mediatedby the oxygen ions is known assuperexchange
interaction.

In the extreme casewhere: t = 0, there is absolutely no exchange interaction
between neighboring sites and no magnetic order is established. In this case,the
ground state is in�nitely degenerate.

1.4.2 Orbital Degeneracy and Orbital Ordering

As described above, in the non-degeneratesingle-orbital Hubbard model the su-
perexchangeinteraction of the d-electronsis always antiferromagnetic. However, in
systemswith an orbital degreeof freedom, that is, with orbital degeneracyin the
d-shells,the physicsof transition metal oxidesis much morecomplicatedand a num-
ber of interesting phenomenaarise. In such a systemthe sign of the superexchange
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interaction (ferro- or antiferromagnetic), as well its strength, depend on the orbital
occupation, which determinesthe degreeof the overlap of the participating states.

Let us assumetwo electronsoccupying two sites, each with a two-fold orbital
degeneracy. If � a and � b are the two degenerateorbitals at every site, and assuming
that the orbitals are not mixed with hopping, then the one-electronpart of the
Hamiltonian, which expressesthe band motion (hopping) of the electrons,is:

Hhop = � ta

X

�
(cy

1a� c2a� + cy
2a� c1a� ) � tb

X

�
(cy

1b� c2b� + cy
2b� c1b� ) (1.11)

wherecy
j a� and cy

j b� are the Wannier operatorswhich createelectronswith spin � in
orbitals � a and � b, respectively, at site j (j = 1; 2) [7].

If the two electrons are at the same site, they interact with each other via
Coulomb repulsionUa, Ub or Uab, dependingon whether they are both in orbital � a,
both in orbital � b or one in � a and one in � b, respectively. In the latter case,when
the electronsare in di�erent orbitals, they can have either antiparallel spins and
form a low-spin (singlet) state, or parallel spinsand form a high-spin (triplet) state.
According to Hund's �rst rule (Section1.3), the triplet state hasa lower energyand
is preferred. Thus the exchangeinteraction betweentwo electronson the samesite
is ferromagnetic. If 2J is the exchangeconstant of this ferromagnetic interaction,
then the part of the Hamiltonian containing the diagonal interaction terms is:

H int = Ua

2X

j =1

n̂j a" n̂j a# + Ub

2X

j =1

n̂j b" n̂j b# + Uab

2X

j =1

X

� � 0

n̂j a� n̂j b� 0 � 2J
2X

j =1

(Sz
j aSz

j b +
1
4

)

(1.12)
whereSz

j a = n̂ j a " � n̂ j a#

2 (similarly for the � b orbital) and n̂j a� , n̂j b� are the occupancy
operators (Equation 1.8).

The spin-
ip terms of the exchangeinteraction are contained in the term:

H f l ip = � J
2X

j =1

(cy
j a" cj a#c

y
j b#cj b" + cy

j a#cj a" cy
j b" cj b#) (1.13)

The full Hamiltonian of the systemis the sum of the above terms:

H = Hhop + H int + H f l ip (1.14)

Depending on the orbitals which are occupied by the two electrons and the
relative orientation of their spins, four di�erent triplet and four singlet states are
possible. It is interesting to determine if the ground state of the systemis a singlet
or a triplet state. For this we needto know in which casethe energyis lower.

If the electronsat the two sites are both in orbital � a or both in orbital � b and
have antiparallel spins (singlet state), then it is possiblefor them to hop from one
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site to the other. The resulting antiferromagnetic exchangeinteraction hasa kinetic
exchangeenergyof Ea;sing � � 4t2

a
Ua

or Eb;sing � � 4t2
b

Ub
, respectively. If the electrons

at the two sites are both in � a or both in � b but with parallel spins (triplet state),
then the hopping from onesite to the other is not possibledue to Pauli's exclusion
principle and the energyof the exchangeinteraction is zero: Ea;tr ipl = Eb;tr ipl = 0.
Several triplet states are possiblewhen the electron of one of the sites is in orbital
� a and that of the other site in orbital � b with parallel spins. It can be shown that
amongthe energiesof all possibletriplet statesthe lowest is:

Eab;tr ipl � �
(ta + tb)2

Uab � J
(1.15)

where Uab is the Coulomb interaction between the two electronswhen occupying
di�erent orbitals. This interaction is obviously lessstrong than the one between
electronsoccupying orbitals of the sametype, i.e. Uab < Ua and Uab < Ub. This
results in: Eab;tr ipl < Ea;sing and Eab;tr ipl < Eb;sing .

The state with the lowest energy is therefore a triplet state. This meansthat
when orbital degeneracyis present, the intra-atomic interactions of the electrons
lead to intersite ferromagnetic exchange, instead of antiferromagnetic like in the
single-electronHubbard model.

At the sametime it becomesobvious that for the establishment of ferromagnetic
exchange coupling it is necessarythat the electrons at neighboring sites occupy
di�erent orbitals. This means that in general the ferromagnetismwhich results
from the intra-atomic exchangeinteractions favors an 'antiferro-orbital' pattern of
orbital order. The sign of the superexchangein a transition metal systemdepends
however alsoon the angleof the chemicalbond betweenthe transition metal ionsand
the oxygen ions. The exact way the magneticsuperexchangedeterminesthe orbital
con�guration and vice versais summarizedin the Goodenough-Kanamori-Andersen
rules [9].

1.5 Superconductivit y

1.5.1 The Phenomenon of Superconductivit y

The phenomenonof superconductivity is characterizedby two main properties: zero
electrical resistanceand perfect diamagnetism(e.g. [10, 11]). Superconductingma-
terials exhibit thesepropertiesbelow a particular temperature, calledsuperconduct-
ing transition temperature Tc. Above that temperature the materials are in their
so-callednormal state, that is, they are normal metals, without however usually
being very good conductors.
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Superconductivity was observed for the �rst time in 1911 by H. Kamerlingh
Onnesin mercury (Hg). Three yearsafter having successin liquifying helium and
with that obtaining a refrigerating technique required to reach temperaturesas low
asa fewdegreesKelvin, Onnesfound that the dc resistanceof mercury dropsto zero
below 4.15K. One year later he discovered that application of a su�cien tly strong
magnetic �eld restoresthe resistanceto its normal value. In 1913a similar drop of
resistanceto zero was also observed in lead (Pb) below 7.2 K, while the discovery
of superconductivity in niobium (Nb) in 1930 raised the highest-Tc record to 9.2
K. In the following decadesthe highest superconducting transition temperature
followed only a slow increasewith time, reaching in 1973the valueof approximately
23 K for Nb3Ge, one of the so-calledA15 compounds, which held the highest-Tc

record till 1986. The discovery of superconductivity with Tc around 30 K in the
La2� xBaxCuO4 systemby J.G. Bednorz and K.A. M•uller in 1986[12] initiated the
era of high-temperature superconductivity, that led to the discovery of materials
which, not only have dramatically higher superconductingtransition temperatures1,
but also belong to a completely new classof superconductors, the description of
which most probably demandsthe introduction of new theories, beyond the ones
usedfor the description of conventional superconductors.

The zero electrical resistance,i.e. the perfect conductivity, is the most easily
observable property of superconductivity and the one which was historically �rst
observed. Currents 
o wing through superconductingmaterials show no measurable
decreasein their intensity for years and a minimum decay time of the order of
105 years can be determined with the useof nuclear resonance.The secondmain
property of superconductivity { the perfectdiamagnetism{ meansthat no externally
applied magnetic �eld can penetrate in the interior of a superconductingmaterial.
The magnetization M of the material is always exactly the opposite of the applied
magnetic �eld H : M = � H , so that the total magnetic �eld in the interior of the
material is exactly equalto zero. This canbealsoexpressedin termsof the magnetic
susceptibility � = � M

H , which is obviously exactly equal to -1: � = � 1.
The determination of the onset of superconductivity from susceptibility mea-

surements is from the thermodynamic point of view a more typical way for doing
so than the useof the zero electrical resistanceproperty, sincemagnetization is a
thermodynamic state variable. Generally, the Tc value determined from resistivity
measurements is slightly higher than the one determined from susceptibility. The
reasonis that a singlesuperconductingpath betweenthe measuringelectrodescon-
sisting of tiny parts of the material that already have zero resistance,is enough
to give zero resistancefor the whole material. On the other hand, for the drop of
susceptibility, moreextensive regionsof superconductivity arerequired,sincemacro-

1The record for the highest superconducting transition temperature at ambient pressureis being
held since1994by the Tl-dop ed HgBa2Ca2Cu3O8+ � system with Tc = 138 K [13].
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scopiccurrent loops are neededin order to shield a large part of the material from
the applied magnetic�eld. The sharpnessof the drop of either the resistanceor the
susceptibility around the superconducting transition temperature is a measureof
how good or pure the investigatedmaterial is. A broad temperature range,within
which the transition from the normal to the superconducting range is completed,
usually indicatesa low-purity sample.

The phenomenonof perfect diamagnetismwhich characterizessuperconducting
materials can be expressedin two di�erent aspects. The �rst is 
ux exclusion:
if a material in the normal state is cooled below Tc without any magnetic �eld
present (zero�eld cooling, ZFC) and then, oncein the superconductingstate, placed
within an external magnetic�eld, then the magnetic�eld will be excludedfrom the
material, i.e. no magnetic lines will enter it. The secondis 
ux expulsion, also
known asMeissnere�ect: if a material in the normal state is placedinto a magnetic
�eld, the �eld will penetratethe material and will have almost the samevalue inside
and outside it. If the material is then cooled below Tc while being in the magnetic
�eld (�eld cooling, FC), the �eld will be expelled from the material once this is
superconducting. Although the two processeshave in the end the sameresult as
far as the superconducting material is concerned,that is, no magnetic 
ux in the
superconductor, they are not equivalent. This becomesobvious, for example, in
solidswith open cavities, whereZFC and FC lead to di�erent �nal statesas far as
the magnetic 
ux in the cavities is concerned.

1.5.2 The BCS Theory

The BCS theory is a microscopic theory of superconductivity proposed in 1957
by Bardeen,Cooper and Schrie�er [14], which predicts quantitativ ely many of the
properties of elemental superconductors. It is consistent with the predictions of
the previously suggestedmacroscopictheory of Landau and Ginzburg and until the
discovery of high-temperaturesuperconductivity by Bednorzand M•uller in 1986[12]
it provided a su�cien t understanding of the origin of superconductivity. Copper-
oxide superconductors,however, changedthe situation quite a lot. It is so far not
clear whether the BCS theory can be applied appropriately modi�ed also to this
new classof superconductorsor if, on the contrary, a completelynew theory has to
be developed for their description.

The BCS theory is basedon the idea that even a very weak e�ective interaction
betweenelectronsis su�cien t to bind them aspairs into a bound state. Already in
1956Cooper showedthat the Fermi seaof electronsis unstableagainstthe formation
of at least one bound pair, independent of how weak the interaction between the
electronsis, as long as it is attractiv e. This result is a consequenceof the Fermi
statistics and for its existencethe �lled Fermi seabackground is essential. It can
be shown that the bound state formed of two electronswith energy higher than
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the Fermi energy EF (k > kF ), interacting via the attractiv e potential V , always
has a negative energywith respect to the Fermi surface,no matter how small the
interaction V is. The excesskinetic energy of the electrons with respect to the
Fermi surfaceis thus outweighedby the contribution to the energyof the attractiv e
potential. This is the reasonwhy the normal state is unstableagainst the formation
of so-calledCooper pairs.

The origin of the attractiv e forcewhich leadsto the formation of Cooper pairs is
the interaction of the electronswith phonons,that is, with propagating vibrations
of the lattice. The basic physical idea which lies behind this interaction is that
an electron causesa small distortion of the lattice by attracting the neighboring
positive ions, this excessof positive chargethen attracts a secondelectron,and the
result is an e�ective attraction betweenthe two electronsmediatedby the distortion
of the lattice. If this attraction is strong enoughto override the repulsive screened
Coulomb interaction of the electrons, then the net interaction is attractiv e and
Cooper pairs are formed. The resulting state is a highly correlated many-electron
state characterizedby superconductivity. A macroscopicnumber of Cooper pairs
can undergo Bose condensationinto a single orbital level and carry supercurrent
without losses.

Superconductivity is characterizedby an order parameter 	, which is an oper-
ator, the thermal averageof which is zero in the high-temperature disorderedstate
and non-zero in the low-temperature ordered phase. For conventional supercon-
ductors the order parameter is a pair function, the magnitude of which gives the
superconductingenergygap� sc. This energygapis in conventional superconductors
independent of the position on the Fermi surface,i.e. the pairs are in a rotationally
symmetric 's-wave' state.

1.5.3 High-T emp erature Superconductors

There are indications that the mechanism of superconductivity in the materials be-
longing to the class of high-temperature superconductorsdiscovered by Bednorz
and M•uller in 1986[12] is sodi�erent from the onein conventional superconductors,
that a small modi�cation of the BCS theory would not be su�cien t for its descrip-
tion. Although the order parameter in high-temperature superconductorsis also a
pair function, its symmetry is not s-wave, like in conventional superconductors,but
d-wave. This meansthat the order parameterchangessign under a 90-degreesrota-
tion, thus there are points on the Fermi surfacewhere the superconductingenergy
gapvanishescompletely. The questionis whethersuch a d-wave gapcanbe included
in a suitably modi�ed BCS-basedtheory. Although the issueremainsopen, several
ideassuggestedin the last yearspoint towards the direction of a non-BCS theory
(for a review, seee.g. Refs. [15], [16]).

High-Tc copper oxide superconductorsareall characterizedby two main features
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Figure 1.5: Idealized representation of the static charge- and spin-stripe pattern, sug-
gestedby Tranquada et al. for La2� x� � Nd� SrxCuO4 [18]. Only the Cu atoms are shown
in the picture. The arrows indicate the direction of the magnetic moment at the metal
sites. The holesintroducedby doping (�lled circles) residealong antiphase domain bound-
aries, forming charge and spin strip es.

which strongly in
uence their behavior and are, to a large degree,responsible for
their unique properties. The �rst is their extreme anisotropy, leading in many
casesto a quasi-two-dimensionalcharacter, causedby the layered structure of the
materials, which is always madeup of CuO2 planesthat interact only weakly with
each other. The secondis their proximit y to a Mott insulating phase. High-Tc

superconductivity is createdby adding chargecarriers (doping) to Mott insulators.
As explained in Section 1.4, Mott insulators are systemswith one electron per
unit cell in the highest occupied band. Electron motion and thus conductivity is
hindered by the electron-electronCoulomb repulsion, that prevents the formation
of doubly-occupiedsites. By doping such a systemwith charge carriers, new sites
are created,to which electronscan move without any cost in Coulomb energy, and
electrical conductivity is restored. It hasbeensuggestedthat the electronsin Mott
insulators can be actually naturally paired in a spin liquid state, but are unable to
move, due to the Coulomb repulsions[17]. Once the averageoccupancyis lowered
from one by doping, the 'frozen' pairs becomemobile and the material turns into
a superconductor. The critical temperature Tc of the resulting superconducting
phasedependssensitively on the charge carrier concentration (doping level) of the
material.

A main issuethat needsto be understood is, what the pairing mechanism of
chargecarriers is in high-temperature superconductors.One of the ideasthat have
beenproposedis that 
uctuations in electronspinsmay play a role similar to the role
of lattice vibrations (phonons) in conventional BCS-type superconductors[19, 20].
Namely, the spin of a moving electronmay distort nearby spinsin such a way, that an
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attractiv e force able to bind them into pairs evolves. Someresearchers believe that
more exotic excitations may be instead involved. One popular idea, for instance,
is basedon theoretical calculations, accordingto which chargesand spins undergo
in lightly doped Mott insulators a natural processof segregation.This may lead to
the formation of chargeand spin 'strip es' in the CuO2 planesof cuprates,of either
static or dynamic nature.

In this picture, the charge carriers (holes) that are introduced to the parent
compound (Mott insulator) via doping are not distributed homogeneouslyin the
material, but residealong well-de�ned antiphase boundariesforming chargestripes
(Figure 1.5). The periodicity of the spin stripesis twice that of the chargestripes.
Through the formation of stripes, the holes are expelled from regions with well-
de�ned local moments. In addition, a certain gain of kinetic energy is obtained,
due to the fact that the transversewandering of stripes does not distort the spin
alignment of its environment, in contrast to the hopping of isolated holes, which
does. Which of the two factors might be the main driving force of stripe formation
is not clear.

The exact role that stripescould play in the establishment of superconductivity
is not clear either. One possibility is that the holes,being forced to residetogether
alongthe stripes,arebound into pairs alreadyat relatively high temperatures,gener-
ating the so-called'pseudogap'(seebelow) [21]. The condensationof thesepairs into
a singlequantum state at lower temperatureswould result in superconductivity, �rst
only within the stripes,and eventually, below Tc, whenthe hoppingof pairs between
stripes is possible,in the whole material. For this theory to work, the stripeshave
to be 
uctuating. Static stripesare suspectedto be rather detrimental to supercon-
ductivit y [22]. This is also supported experimentally. In Nd-doped La2� xSrxCuO4,
for example,the �rst cuprate compound wherestatic stripeswhereexperimentally
observed by neutron di�raction [18], the Nd-doping stabilizes a tetragonal phase
which is not superconducting. In superconductingpure La2� xSrxCuO4, on the con-
trary, no static stripe order is observed. In this compound there is strong evidence
that dynamic two-dimensionalspin correlationsare instead present [23, 24].

The discussionabout whether stripes are a generic feature of all copper oxide
superconductorsand to what degreethey are a prerequisite, helpful, detrimental
or simply indi�eren t to superconductivity, is still open and no de�nite answer to
these questionscan be given at the moment (for a review article, seee.g. Ref.
[25]). Meanwhile, other alternative approaches have been suggested. One of the
most interesting of them is based on the idea of 'fractionalization' of electrons,
namely the splitting of every electron into two free particles, one of which carries
the spin (spinon) and the other the charge (chargon). This idea, which was �rst
suggestedalready several years ago [17] and took new impulse with the work of
Fisher and Senthil more recently [26], is particularly intriguing, since it predicts
the establishment of superconductivity without any pairing of the charge carriers.
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What relasesin this casethe chargecarriersfrom the restrictions of Pauli's exclusion
principle and allows them to condensateinto one quantum state is the separation
of chargeand spin and not the formation of somekind of bosonicCooper pairs.

Phase Diagram

Despite the numerous interesting features of high-temperature superconductivity,
many of which are still by far not understood, it is actually the normal state of
layered cuprates, above Tc, which has the most extraordinary and puzzling prop-
erties. An overview of the di�erent electronic states of (hole-doped) cuprates can
be obtained from their genericphasediagram, shown in Figure 1.6. At very low
chargecarrier concentrations h, closeto the undoped insulating parent compound,
all cuprates are antiferromagnetic. This region of the phasediagram is the best-
understood. The magnetic order is suppressedrapidly with increasinghole con-
centration and vanishesalready at a doping level of the order of 0.05 (material
dependent).

With further increasingthe holeconcentration in the CuO2 planes,the compound
enters (at su�cien tly low temperatures) the superconducting phase, indicated in
the diagram with a half-elliptical region at intermediate doping levels. The critical
temperature Tc, below which the system is superconducting, strongly depends, as
already mentioned, on h, taking its maximum value at h � 0:16. A compound
with such a hole concentration, the most favorable one for superconductivity, is
characterizedas 'optimally doped'. A compound with hole concentration higher or
lower than the optimal one is called 'overdoped' or 'underdoped', respectively, and
has a superconductingtransition temperature which is lower than in the optimally
doped system.

At relatively low doping levels (underdoped regime) and temperatures above
Tc, cuprates are in the pseudogapphase. While the superconducting energy gap
of conventional, BCS-type superconductorsvanishesat temperaturesabove Tc, this
is not the casein cuprates. An anomaly characterizedby a very small electronic
density of states at certain energiesremains up to high temperatures, well above
Tc. This anomaly is the pseudogap.It has beensuggested,that the transition into
this peculiar phasemight indicate the formation of pairs amongthe chargecarriers,
which however still lack the phasecoherencethat is required for superconductivity
to be established[27]. The onsetof superconductivity at Tc would then signify not
the formation of pairs, but the establishment of phasecoherenceamong already
existing pairs.

At temperaturesabove Tc and doping levels higher than what required for the
pseudogapphase,cupratesbehave asnon-Fermi liquids. This regionof the phasedi-
agramis characterizedby simplebut unusualpower laws in all transport properties,
such as resistivity and optical and thermal conductivity, as a function of tempera-
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Figure 1.6: Genericphasediagram of cuprate high-temperature superconductors. Super-
conductivit y is establishedwithin a half-elliptical region around hole concentration 0.16
(optimal doping), for which the superconducting transition temperature Tc is the highest.

ture. Interestingly, no well-de�ned quasi-particleshave beenobserved (for example,
with angleresolved photoemissionspectroscopy - ARPES) in this phase.

Finally, in the highly overdoped area of the phasediagram the copper-oxide
compoundsappear to be 'normal' Fermi liquids, with their state well described by
the Landau quasiparticle model and with a well-de�ned Fermi surfaceseparating
particles and holes in momentum space. This region of the phasediagram is also
relatively well-understood.

It hasto be mentioned that the bordersof the above phasesof high-temperature
superconductorsare, with the exceptionof the antiferromagnetic and superconduct-
ing states,not well-de�ned. It seemsthat the transition from oneto the other does
not take place through a sharp phasetransition, but rather gradually, through a
broad 'change-over' regime.
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X-ra y Di�raction

2.1 In tro duction

X-rayshavebeenwidely usedasan excellent probefor the investigationof condensed
matter down to the atomic level for almost a century. Since the �rst pioneering
experiments by W.L. Bragg on crystalline sodium chloride (NaCl) in 1913, x-ray
di�raction hasbeenthe main tool for structure determination and material analysis
for virtually every kind of material. Meanwhile, the great possibilitiesopenedby the
advancesin synchrotron radiation facilities in the last two decadeshave enabledthe
useof x-ray di�raction for applications far beyond lattice structure determination,
such as the investigation of magneticproperties, the observation of orbital ordering
and the study of short-rangechargeorder producing weak superlattice di�use scat-
tering, to nameonly a few of them. This hascontributed enormouslyin the research
of strongly correlatedsystemsand hashelped in the understandingof many of their
fascinating properties.

2.2 Synchrotron Radiation

Synchrotron radiation is the electromagnetic radiation produced by accelerating
chargedparticles, usually electrons,moving with relativistic velocities along curved
tra jectories. It is characterized by a number of unique properties, that make it
an extremely powerful tool for the investigation of condensedmatter. The most
important of them are: 1) very high brightness,up to 13 ordersof magnitudehigher
than that of the radiation producedby the bestconventional x-ray tube2) tunabilit y
within a very broad spectral range 3) small angular divergence4) temporal and
spatial coherence,and 5) polarization.

Synchrotron radiation was theoretically studied by Schott already in 1912,but
was experimentally �rst observed more than thirt y years later, in 1947. It took
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Figure 2.1: Plan view of a typical third-generation synchrotron source(here the Advanced
Photon Sourceat APS). After being acceleratedin the linear accelerator(Linac) and the
booster ring to their �nal energy (7 GeV at APS), the electrons enter the storage ring,
wherethey movewith relativistic velocities alongan almost circular tra jectory. The change
of the electrons' velocity direction at the bendingmagnetsand the insertion devicescauses
the emissionof electromagneticradiation along the tangent of their tra jectory.

twenty more yearsbeforesomereal research utilizing synchrotron radiation started
being performed. Until the mid-1970s,this research was done parasitically, at ac-
celerators designedand built for high-energyphysics investigations. The unique
properties of synchrotron radiation started then being realized and soon the �rst
dedicatedsynchrotron facilities werebuilt. The beginningwasmadewith SRS(Syn-
chrotron Radiation Source)at the DaresburyLaboratory in the UK, which operated
at an electron energyof 2 GeV, to be followed soon by the NSLS (National Syn-
chrotron Light Source)at Brookhaven, USA and the Photon Factory in Tsukuba,
Japan. The largest synchrotron facilities currently operating in the world include
the ESRF (EuropeanSynchrotron Radiation Facility) in Grenoble,France(electron
energy6 GeV), the APS (AdvancedPhoton Source)in Argonne,USA (7 GeV) and
the SPring-8 (Super Photon Ring) in Nishi-Harima, Japan (8 GeV).

At a synchrotron facility electronsemitted from an electrongun are accelerated
by electric �elds, �rst in a linear accelerator,and then in a so-calledbooster ring,
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Figure 2.2: The principle of operation of three common synchrotron radiation sources:
bending magnet (a), multip ole wiggler (b) and undulator (c) [28]. The radiation produced
by the latter is characterized by a much narrower energy distribution and a much higher
brightnessthan the radiation produced by a wiggler or a bending magnet.

wherethey reach their �nal energy(Figure 2.1). From the booster the electronsare
then injected into the storagering, a vacuum ring with a typical circumferenceof
several hundred meters,wherethey move along an almost circular tra jectory under
the in
uence of the magnetic�elds producedby a largenumber of magneticdevices
surroundingthe ring. The most important of thesedevicesare the bendingmagnets
(Figure 2.2a). Thesearedipolemagnetsthat producea magnetic�eld perpendicular
to the direction of movement of the electrons. This results to a Lorentz force that
diverts the electronsfrom their straight path, causingthe bendingof their tra jectory.
It is exactly this changeof the direction of the velocity of the electrons(acceleration)
that causesthe emissionof synchrotron radiation along the tangent of the curved
tra jectory. Betweentwo consecutive bending magnets,the electronsmove straight,
with practically no change in their velocity, under only the in
uence of focusing
magneticelements, that keepthe electronbeamsmall and well-de�ned. The actual
total path of the electronsis thus more polygonal than circular, consistingof short,
curved sectionsat the positionsof the bendingmagnetsand longerstraight sections
betweenthem.

In addition to bending magnets, more sophisticated magnetic devices,called
insertion devices,are inserted in the straight sectionsbetweenthe bendingmagnets
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at modernsynchrotron facilities andusedfor the production of synchrotron radiation
of higher brightness. There are two main types of insertion devices: multip ole
wigglers and undulators. A wiggler (Figure 2.2b) consistsof a seriesof magnets
with alternating polarity, which producesa magnetic �eld of alternating direction
(up-down-up-down etc) alongthe axis of the device[28]. This forcesthe electronsto
follow an almostsinusoidalpath within the �eld, producinga continuum spectrum of
radiation in the forward direction. The producedradiation is signi�cantly enhanced
in 
ux and brightness compared to that from a bending magnet. An undulator
(Figure 2.2c)works accordingto the sameprinciple, producing a magnetic�eld with
alternating polarity, but instead of having only a small number of periods (only a
few setsof dipole magnets)and a strong magnetic �eld, like a wiggler, it has a lot
of periods and a weak �eld. The producedradiation is then concentrated within a
signi�cantly narrower spectral range, around a certain fundamental frequencyand
its harmonics. Due to the coherent enhancement of the radiation, its brightnesscan
be several ordersof magnitude higher than that of a wiggler.

2.3 Non-resonan t Scattering

2.3.1 Kinematical Theory . Charge, Spin and Orbital Scat-
tering

X-ray di�raction is the elastic, coherent scattering of x-rays by the bound electrons
of a target material. In the classicalpicture, the electronsof the material's ions are
acceleratedby the electric and magnetic �elds of the electromagneticradiation and
are set into oscillation. The oscillating electronsemit radiation, according to the
classicalelectromagnetictheory, which hasthe samefrequencyasthe primary x-ray
beam. The emitted radiation is what we call scatteredradiation.

For small crystals (so small relative to their distance from the x-ray source,
that the primary x-ray beamcan be treated by the plane-wave approximation), the
kinematical theory of di�raction can be usedfor its description [29]. The theory is
adequateif the di�racted beamis soweak, that the interaction of the incoming and
the di�racted beamscan be neglected.This meansthat multiple scattering e�ects,
causedby the the re-scatteringof the di�racted beamback into the direction of the
incident beam,are not taken into consideration. The reduction of the amplitude of
the incident wave due to the scattering of a small fraction of it into the exit beam
at every atomic plane in the crystal (extinction) is alsoignored[30]. The ful�llmen t
of this condition is guaranteed by the small sizeof the crystals, i.e. by the small
number of atomic planesin the sample.

The cross-sectionof elastic scattering is determinedby the diagonalmatrix ele-
ments of the total scattering amplitude operator G, averagedover the polarization
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states of the primary x-ray beam. In kinematical theory, the cross-sectionfor the
elastically scatteredsignal observed in an element of solid angled
 is given by the
trace operation:

d�
d


= r 2
e � Tr f � j < G > j2g (2.1)

where re is the classicalradius of the electron and � is a matrix describing the
density of the photon polarization states [31]. The o�-diagonal matrix elements of
G determine the cross-sectionsof inelastic scattering processes.

The averagevalueof the scatteringamplitude operator multiplied by the classical
electron radius r e is called scattering length g:

g = re < G > (2.2)

The scatteringlength, which contains in generalboth chargeandmagneticscattering
contributions, can be expressedasa Fourier expansionin reciprocal space,in which
the coe�cien ts are unit cell structure factors:

g = re < G > = � r e

X

�
� (Q � � )[( � 0 � � )Fc(Q) � i� Fs(Q) � B ] (2.3)

where � , � 0 are the polarization vectors of the incoming and the scatteredbeams,
respectively, � is a reciprocal lattice vector, and Fc(Q), Fs(Q) are the Fourier trans-
forms of the time-averagedelectron charge and spin densitiesper unit cell, respec-
tively, for the scattering vector Q. The vector B is given by:

B = (� 0 � � ) � (k̂ 0 � � 0) � (k̂ � � ) + (k̂ 0 � � )( k̂ 0 � � 0) � (k̂ � � 0)( k̂ � � ) (2.4)

where the unit vectors k̂ and k̂ 0 have directions along the incoming and scattered
beams,respectively.

The �rst term of (2.3) is the contribution of the Thomson charge scattering to
the total scattering length. The corresponding structure factor Fc is equal to:

Fc(Q) =
X

j

f j
c (Q)eiQ �R j (2.5)

wherethe sum runs over all the ions j of the unit cell, and f j
c (Q) is the chargeform

factor of the ion at position R j [31]. The latter form factor is given by the Fourier
transform of the electronicchargedistribution � j (r ) within the ion j [32]:

f j
c (Q) = �

1
e

Z
� j (r )eiQ �r dr (2.6)

The secondterm of (2.3) is the contribution of magneticscattering to the total
scatteringlength. While the chargedensity structure factor (2.5) is a scalarquantit y,
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expressing(for Q = 0) the total amount of charge in a unit cell, the spin density
structure factor Fs(Q) is a vector quantit y, expressingboth the con�guration and
the orientation of the spin moments in the unit cell. In many materials it can be
expressedas a sum of individual contributions from each ion of the unit cell:

Fs(Q) =
X

j

< Sj > f j
s (Q)eiQ �R j (2.7)

where< Sj > , f j
s (Q) are the spin moment and the spin form factor, respectively, of

the ion located at position R j .
Away from resonance,the magnetic scattering amplitude is much smaller than

the oneof chargescattering. Non-resonant magneticscattering intensity is typically
at least six orders of magnitude weaker than the intensity of charge scattering.
The two scattering processesare characterizedby a phaseshift of 90o and have a
di�erent in
uence on polarization: spin scattering causesa partial rotation of the
polarization plane, while chargescattering causesno rotation, i.e. givesonly � � � 0

(or � ! � 0) contribution. In the latter notation, � is by de�nition the direction
of the polarization component perpendicular to the di�raction plane and � the one
parallel to it. These di�erent properties can help distinguish between the charge
and magnetic contributions in the scatteredsignal, in caseswherechargeand spin
scattering occur at the samereciprocal lattice points (e.g. in ferromagnets). De
Bergevin and Brunel investigatedin detail the polarization dependenceof the non-
resonant magnetic scattering length and suggestedfor its expressionthe use of a
basiswith components perpendicular and parallel to the scattering plane [33]. This
formalism is particularly useful for experimental applications and was later applied
also in resonant x-ray di�raction investigations,aswill be seenin Section2.4.

In most electron systems,electronsform pairs of time-reversedorbits, thus the
net orbital momentum is practically zeroand no orbital scattering term needsto be
consideredfor the calculation of the total elasticscatteringlength. However, in mag-
netically orderedsystemsthis time-reversal symmetry is broken and the following
term has to be addedto the scattering length expression(2.3):

i� < Z > �� 0 � � = �
�

�hk2
<

X

j

eiQ �R j (Q � p j ) > �(� 0 � � ) (2.8)

where p j is the net momentum of ion j . The orbital scattering contribution to
the scattering length is proportional to the vector product � 0 � � , thus the � � � 0

amplitude always vanishes.

2.3.2 High-energy Di�raction

Non-resonant di�raction performedat high photon energies,above80keV, o�ers sig-
ni�can t advantagesfor the investigation of weakscatteringproducedby short-range
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correlations in transition metal oxides. The absorption coe�cien t of electromag-
netic radiation is reducedwith increasingenergy. Thus high-energyx-rays are only
weakly absorbed by the investigatedsample. This leadsto an enhancedscattering
volumethat is probed by the x-rays and over which intensity is integrated, resulting
in high total scatteredintensities.

In addition, the short wavelengthsallow the accessibility of a large volume of
the reciprocal space.The radius of the Ewald sphereis inverselyproportional to the
radiation wavelength � : r = 2� =� . Thus for short-wavelength radiation the Ewald
sphereis large and a correspondingly large fraction of the reciprocal spacecan be
reached and investigated.

Further advantagesof high-energyx-rays can be derived beyond the kinematical
approximation. In largecrystals,whereextinction and multiple-scattering e�ects are
signi�cant, the dynamical theory of di�raction holds. It can be shown that short-
wavelength x-rays provide large wave-vector resolution (due to the reducedDarwin
width) and, in addition, result in large extinction depths for weak re
ections, much
larger than the corresponding absorption lengths. The latter ensuresthat at high
energiesthe conditions for ideal kinematical di�raction are faster approached for
weak re
ections.

2.4 Resonan t Di�raction from An tiferromagnets

2.4.1 Basic Principles and Historical Background

As already mentioned in Section (2.3), non-resonant magnetic scattering is gener-
ally several orders of magnitude weaker in intensity than charge scattering. This
weaknessmakesmagnetic investigationswith x-ray scattering experiments a fairly
di�cult task. However, by tuning the energyof the incomingx-ray beamcloseto an
absorption edgeof the investigatedmaterial, a signi�cant resonant enhancement of
the magneticscatteringcross-sectioncanbe obtained. The resulting high scattering
intensities enablethe magnetic x-ray study of even weakly magnetically polarized
materials. The technique that has been developed to exploit this e�ect is called
x-ray resonanceexchange scattering (XRES) and is a very powerful probe, com-
plementary to neutron di�raction, providing, amongothers, element- and, in some
cases,ionization-state-sensitivity.

The mechanism that gives rise to the resonant enhancement involves low-order
(dipole (E1) or quadrupole (E2)) electric multip ole transitions from a corelevel into
an empty state above the Fermi level. Due to the exclusionprinciple, which allows
electronsto move only into not fully occupiedorbitals, the electric transitions lead
to an exchangeinteraction. Through this exchangethe magneticresonanceappears.

The phenomenonwas �rst experimentally observed at the K -absorption edges



38 Chapter 2. X-ra y Di�raction

of ferromagnetic nickel (Ni) by Namikawa et al. in 1985 [34]. The resonant en-
hancement is much stronger at the L- and M - absorption edgesof metals, which
correspond to electric multip ole transitions from initial stateswith magneticquan-
tum number l > 0, i.e. from initial statesthat are spin-orbit split. A large resonant
enhancement of the x-ray magnetic scattering cross-sectionwas �rst reported at
the L I I I -edgeof holmium (Ho), which is a spiral antiferromagnet, by Gibbs et al.
in 1988 [35]. The signi�cant resonant enhancement of a factor of 50 reported in
that casemade clear the great potential of resonant x-ray di�raction and the new
possibilities that it opened for the investigation of magnetic materials. Only one
year later, Isaacset al. reported a huge resonant enhancement of seven orders of
magnitude at the M edgesof the actinides, which resulted in a di�racted intensity
of several thousand counts per second[36].

Sincethen, XRES hasbeenestablishedasa powerful probe of magneticorder in
strongly correlated electron systems. Related resonant scattering techniques have
beenmore recently developed for the investigation of other degreesof freedom,be-
sidesmagnetism, such as orbital order for instance [37]. In all cases,a resonant
enhancement of the scattering intensity is achieved through a second-orderpro-
cess,in which a core level electron is promoted to an intermediate excited state,
which subsequently decays. In the following we refer to thesetechniqueswith the
generalterm 'resonant x-ray di�raction' (RXD). Besidesproviding high scattering
intensities, all resonant di�raction techniqueshave the additional advantage of be-
ing element-speci�c. Only phenomenarelated to the element with the absorption
edge,to which the energyof the incoming x-ray beam is tuned, are observed. In
caseswhere di�erent valencestates of the sameelement involve di�erent electric
transitions, the method is also ionization-state sensitive.

Resonant x-ray di�raction hasbeenusedwith remarkablesuccessfor the investi-
gation of numeroustransition metal oxides. Resonant di�raction at the K - absorp-
tion edgesof titanium (Ti) and manganese(Mn), for instance,has beenemployed
for the study of 3d compounds,such as YTiO 3 [38], LaMnO3 [37], Pr0:6Ca0:4MnO3

[39] and RbMnF3 [40]. At the K -absorption edges,the resonanceis driven by elec-
tric dipole transitions from the 1s core level to the unoccupied4p level, and gives
an enhancement which is usually a factor of three to �v e of the scattering intensity
o� resonance.

Signi�cantly larger resonanceenhancements can be obtained at the L- absorp-
tion edgesof transition metals, where the probed electric dipole transitions drive
the electronsdirectly into the partly occupiedd band, which is responsible for the
magnetic phenomenain these materials. The probing of the d band enablesthe
direct observation of orbital ordering. The technique has recently been used for
the study of orbitally orderedstatesin 3d (La2� 2xSr1+2 x Mn2O7 [41], La0:5Sr1:5MnO4

[42], Pr0:6Ca0:4MnO3 [43]) and 5d (K 2ReCl6 [44]) electron compounds. The inves-
tigations presented in this work are the �rst L-edgeresonant di�raction studies of
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a 4d electron system[45]. Several technical di�culties are associated with working
at x-ray energiescloseto the L-edgesof 4d metals (around and below 3 keV). This
energyregimeis di�cult to accessboth in hard x-ray and in soft x-ray synchrotron
facilities, for reasonsrelated to the operation of the insertion devices(e.g. undula-
tors) and the monochromators (gratings), respectively. In addition, the advantages
that werementioned in Section2.3.2for high-energydi�raction, count now inverted
as drawbacks: the low energyvalue results in severe absorption of the x-ray beam
by the air, thus the experimental setuphasto be especially optimized, sothat there
is as little air as possiblein the beam 
igh t-path; and the large wavelengthsresult
in a small Ewald sphereradius, which meansthat only a small part of the reciprocal
spaceis accessiblefor investigations. As will be seenin the experimental parts of
Chapters 3 and 4, the present work has been succesfulin overcoming the above
di�culties and fully exploiting the unique possibilities of XRES at the L-edgesof
transition metals,providing valuable information on the electronicproperties of the
investigatedmaterials.

2.4.2 Resonant Electric Dip ole Scattering Length

The total coherent elastic scattering length g for a magnetic ion, containing both
non-resonant and resonant contributions, can be written as a sum of four terms:

g = g0 + g0+ ig00+ gm (2.9)

whereg0 / � Z re is the Thomson chargescattering contribution, with Z being the
atomic number of the ion and r e the classicalelectronradius, gm is the non-resonant
spin-dependent magnetic scattering length, and g0 + ig00 is the contribution (both
resonant and non-resonant) from dispersive and absorptive processes[46].

For an electric 2L -pole (EL) resonancein a magnetic ion, the resonant contribu-
tion to the coherent scattering length is [46]:

gE L (! ) =
4�
jkj

WD

LX

M = � L

[�̂ 0� � Y LM (k̂0)Y �
LM (k̂) � �̂ ]FLM (! ) (2.10)

In (2.10) the functions Y LM (k̂) are vector sphericalharmonics,WD is the Debye-
Waller factor (a factor which takesinto considerationthe reduction of the scattering
intensity causedby the thermal vibrations of the ionsaround their equilibrium posi-
tions), k, k0 are the wavevectorsof the incoming and scatteredbeams,respectively,
� , � 0 are the corresponding polarization vectors,and FLM (! ) is a factor that deter-
minesthe strength of the resonanceand which dependson atomic properties of the
scattering ion:

FLM (! ) =
X

�;n
[
P� P� (� )� x (� M � ; EL)

�( � )
]=[x(� ; � ) � i ] (2.11)
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Herej� i is the initial ground state of the ion; j� i is the �nal state, wherean electron
hasbeenexcitedto a higher level leaving a holein the corelevel; P� is the probability
of the ion beingin the initial state � ; P� (� ) is the probability of a transition from the
initial state j� i to the �nal state j� i , which is determined by the overlap integrals
of the two states; � x is the partial line width of the excited state for a pure 2L -pole
(EL) radiative decay from j� i to j� i ; � is the total width of the excited state for all
deexcitationsof j� i , radiative and non-radiative; and �nally x is the deviation from
the resonancecondition in units of the total half-width: x = E � � E � � �h!

� =2 .
The above are valid for isotropic systems,in which the symmetry is broken by

the magnetic moment. In systemswhere particular point group symmetries are
applied, the allowed terms are altered.

In order to make clear the polarization dependenceof resonant magnetic scat-
tering and its sensitivity to individual components of the magnetic moment, it is
useful to expressthe vector spherical harmonics in the scattering length (2.10) as
a function of the polarization vectors � , � 0 of the incoming and scattered beams.
For electric dipole (E1) transitions (L = 1, M = � 1), which usually dominate the
resonant scattering cross-section,the scattering length of resonant elasticscattering
can be written as follows [47]:

gE 1(! ) = [( �̂ 0 � �̂ )F (0) � i (�̂ 0 � �̂ ) � �̂ F (1) + (�̂ 0 � �̂ )( �̂ � �̂ )F (2) ] (2.12)

where
F (0) =

3
4k

[F11 + F1� 1] (2.13)

F (1) =
3
4k

[F11 � F1� 1] (2.14)

F (2) =
3
4k

[2F10 � F11 � F1� 1] (2.15)

and �̂ is a unit vector along the local magneticmoment direction.
The �rst term of (2.12) is the anomalousdispersionterm. It is the contribution to

the Braggchargescatteringand showsno dependenceon the magneticmoment. The
polarization dependenceenters through the scalarproduct � 0 � � of the polarization
vectors,just like in non-resonant chargescattering (2.3). The scalarproduct is non-
zero for non-perpendicular incoming and outgoing polarization vectors. Thus no
rotation of the polarization plane is causedby the anomalousdispersionterm. The
scattering is either � ! � 0 or � ! � 0.

The secondterm is the one responsible for magnetic circular dichroism in fer-
romagnets. It depends on the di�erence in magnetic resonancestrength between
states with magnetic quantum numbers M = 1 and M = � 1. The polarization
dependenceenters through the vector product � 0 � � . Thus, for a � -polarized in-
coming beam, it causesa rotation of the polarization plane, i.e. leads to � ! � 0
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Figure 2.3: Schematic view of the experimental con�guration in a resonant x-ray di�rac-
tion experiment. The incoming beam is linearly polarized along the � direction. The
di�racted beam has, in the generalcase,polarization components both along � 0 (perpen-
dicular to the di�raction plane) and along � 0 (parallel to the d.p.). The two polarization
components can be separatedwith the useof a proper analyzer crystal.

scattering. For a � -polarized primary beam, both rotated (� ! � 0) and unrotated
(� ! � 0) scattering are allowed. As far as the dependenceon the magneticmoment
is concerned,this is linear, just like in non-resonant magneticscattering. Both types
of magneticscatteringproduce�rst-order magneticsatellites,at the samereciprocal
spacepoints.

The third and last term of the total resonant scattering length is related to mag-
netic linear dichroism. It hasa relatively complicatedpolarization dependencewhich
generally leads to a partial rotation of the polarization plane. Its dependenceon
the magneticmoment is quadratic, producing second-harmonicmagneticsatellites,
which are not observed o�-resonance. Magnetic x-ray linear dichroism is generally
much weaker than circular dichroism, especially at hard x-ray absorptionedges,thus
the last term of (2.12) is alsocorrespondingly weak comparedto the other two.

Following the procedureusedby de Bergevin and Brunel for the derivation of
the cross-sectionof non-resonant elastic magnetic scattering [33], we can similarly
expressthe resonant scattering length with the use of 2 � 2 matrices in a basis,
the components of which are perpendicular (� ) and parallel (� ) to the scattering
plane, as suggestedby Hill and McMorrow [47]. Figure 2.3 shows a schematic view
of a typical experimental setup for a resonant x-ray scattering experiment involving
polarization analysis of the di�racted beam. If �̂ � , �̂ � are the components of the
polarization vector � of the incoming x-ray beamalong the � and � directions, and
�̂ 0

� , �̂ 0
� the components of the polarization vector � 0 of the di�racted beamalong � 0

and � 0, respectively, then: �̂ 0
� � �̂ � = 1, �̂ 0

� � �̂ � = cos2� = k̂ � k̂ 0, �̂ 0
� � �̂ � = �̂ 0

� � �̂ � = 0.
The scalar product in the �rst term of (2.12) can be thus written as a diagonal
matrix, the diagonalelements of which correspond to the unrotated (� ! � 0, � ! � 0)
scattering processes:

�̂ 0 � �̂ =

 
1 0
0 k̂ 0 � k̂

!

(2.16)
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As far as the secondterm of (2.12) is concerned,there we have: �̂ 0
� � �̂ � = 0,

�̂ 0
� � �̂ � = k̂ 0 � k̂ , �̂ 0

� � �̂ � = k̂ , and �̂ 0
� � �̂ � = � k̂ 0. Thus the vector product in the

circular magneticdichroism term can be written as:

�̂ 0 � �̂ =

 
0 k̂

� k̂ 0 k̂ 0 � k̂

!

(2.17)

The third term canbealsoexpressedasa matrix containing products of k̂ , k̂ 0 and �̂ .
Thesevectorscan be analyzedalong the main axesÛ1, Û2 and Û3 of a coordinate
system,in which the planede�ned by Û1, Û3 is parallel to the scatteringplane,and
Û3 is antiparallel to the scattering vector (Figure 2.4). The following expressionfor
the total resonant electric dipole scattering length can be then found:

gE 1 = F (0)

 
1 0
0 cos2�

!

� iF (1)

 
0 � 1 cos� + � 3 sin�

� 3 sin� � � 1 cos� � � 2 sin2�

!

+ F (2)

 
� 2

2 � � 2(� 1 sin� � � 3 cos� )
� 2(� 1 sin� + � 3 cos� ) � cos2 � (� 2

1tan2� + � 2
3)

!

(2.18)

where � is the scattering angle and � 1, � 2, � 3 the components of �̂ along Û1, Û2,
Û3, respectively.

Starting from Equation 2.18, one can expressthe resonant electric dipole scat-
tering length asa function of the azimuthal angle , namely the anglebetweenthe
projection of the magnetic moment on the plane that is perpendicular to the scat-
tering plane, and the scattering plane. By de�nition,  = 0� when the magnetic
moment lies in the di�raction plane. Expressingthe scattering length asa function
of  is particularly useful for resonant scattering experiments.

We assumea magnetic basisconsistingof N ions with two possiblespin direc-
tions, for which the notations 'spin-up': " and 'spin-down': # are used. According
to (2.18), in the � ! � 0 scattering geometry, the scattering length for a 'spin-up'
ion is:

g� ! � 0

E 1;" = � iF (1) (� 3 sin� � � 1 cos� ) + F (2) � 2(� 1 sin� + � 3 cos� ) (2.19)

With � being the anglebetweenthe magneticmoment �̂ and the scattering vector
(Figure 2.4), the magneticmoment components can be written as follows:

� 1 = sin� cos 

� 2 = sin� sin 

� 3 = � cos� (2.20)

So 2.19gives:
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Figure 2.4: Con�guration of the scattering process,usedin the calculation of the resonant
electric dipole scattering length. The axis U3 of the coordinate frame is antiparallel to
the scattering vector. � is the Bragg angle, � the angle betweenthe magnetic moment �
and the scattering vector, and  the angle between the di�raction plane (de�ned by the
incoming and scattered beams) and the projection of � on a plane perpendicular to the
di�raction plane. By de�nition,  = 0� when the magnetic moment lies in the di�raction
plane.

g� ! � 0

E 1;" = � iF (1) (� cos� sin� � sin� cos cos� )

+ F (2) sin� sin (sin � cos sin� � cos� cos� ) )

g� ! � 0

E 1;" = iF (1) cos� sin� + iF (1) sin� cos� cos 

+ F (2) sin2 � sin� sin cos 

� F (2) sin� cos� cos� sin (2.21)

Similarly for the 'spin-down' ion (opposite direction of �̂ ) we have:

g� ! � 0

E 1;# = � iF (1) (� � 3 sin� + � 1 cos� ) + F (2) (� � 2)( � � 1 sin� � � 3 cos� ) (2.22)

which gives:

g� ! � 0

E 1;# = � iF (1) cos� sin� � iF (1) sin� cos� cos 

+ F (2) sin2 � sin� sin cos 

� F (2) sin� cos� cos� sin (2.23)
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The total resonant electric dipole scattering length for the N ions of the basis in
� ! � 0 geometryis then:

g� ! � 0

E 1 =
NX

j =1

g� ! � 0

E 1;Sj
eiQ �R j (2.24)

with Sj being the spin of ion j (up or down) and g� ! � 0

E 1;Sj
being given by (2.21) or

(2.23). The scattering intensity measuredin the � ! � 0 polarization channel at
a particular reciprocal spaceposition (h k l) is proportional to the square of the
amplitude of the corresponding total scattering length:

I � ! � 0

(hk l ) / jg� ! � 0

E 1 j2 (2.25)

For the � ! � 0 scatteringgeometry, Equation (2.18) givesfor the scattering lengths
of the ions of the basis:

g� ! � 0

E 1;" = g� ! � 0

E 1;# = F (0) + F (2) � 2
2 = F (0) + F (2) sin2 � sin2  (2.26)

The total scattering length is in this case:

g� ! � 0

E 1 =
NX

j =1

g� ! � 0

E 1;Sj
eiQ �R j (2.27)

and the scattering intensity in � ! � 0:

I � ! � 0

(hk l ) / jg� ! � 0

E 1 j2 (2.28)

Equations 2.25 and 2.28 give the relative resonant scattering intensity in the
� ! � 0 and � ! � 0 polarization geometriesas a function of the azimuthal angle .
The expressions,in the speci�c form they assumewhenapplied on the magneticcell
of a particular material, canbe usedfor identifying the magneticcontribution in the
total scattering signal and for determining the direction of the magneticmoment in
the investigatedsystem. The importance of thesepossibilities will becomeobvious
in Chapters3 and 4.

2.5 Orien tation Matrix

The matrix which establishesthe orientation of the samplewith regardto the di�rac-
tometer in a scattering experiment is called the orientation matrix UB. It relates
the coordinate systemof the di�ractometer to the reciprocal lattice systemof the
scattering crystal, allowing the calculation of the Miller indices of a particular re-

ection if the corresponding four di�ractometer angles(2� , � , � , � ; Figure 2.5) are
known:
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Figure 2.5: Schematic representation of the anglecon�guration in a 4-circledi�rac-
tometer, as usedfor the orientation matrix calculationsby Busing and Levy [48].

q� = U B q (2.29)

wherethe columnvectorsq and q� haveaselements the Miller indicesh, k, l and the
scatteringvector coordinatesin the � -system,respectively, of a particular re
ection.

As explainedby Busing and Levy in 1967[48], for the determination of the ori-
entation matrix, oneneedsto know either the lattice parametersof the sampleand
the di�ractometer anglesfor two re
ections from non-parallel planes, or only the
di�ractometer anglesfor three non-coplanarre
ections. A more precisedetermina-
tion of the UB matrix is achievedby collectinga largenumber of re
ections and then
applying the least-squaresmethod to re�ne the cell parametersand the orientation
parameterssimultaneously.





Chapter 3

The system Ca2� xSrxRuO 4
(x = 0; 0:1)

The two-dimensionalruthenate systemCa2� xSrxRuO4 is in many aspects an inter-
esting material. Although the gradual substitution of calcium (Ca) by strontium
(Sr) is isovalent, the electronicproperties of the material vary signi�cantly with the
Sr content x, resulting in a rich phasediagram (Figure 3.1). The x = 2 end-member
of the serieshas attracted particular attention. Sr2RuO4 is a metallic compound,
turning below 1.5 K into an unconventional spin-triplet superconductor[49, 50], the
only known layered perovskite without copper exhibiting superconducting proper-
ties. It is currently an issueof debatehow strongly the 4d electronsare correlated
in this system,how exactly the electroncorrelationsdeterminethe material's prop-
erties,and what the role of magneticand orbital 
uctuations is in the establishment
of superconductivity. On the other side of the phasediagram, Ca2RuO4 (x = 0) is
a Mott insulator, exhibiting antiferromagnetic ordering with a weak ferromagnetic
component dueto spin canting below 110� 150K [51]. The narrow electronbandsin-
ducestrongelectroncorrelationsand the substantial spin-orbit coupling implies that
the orbital degreeof freedomis active and plays a crucial role in the magneticprop-
ertiesof the material. Several, partly controversial theoretical predictionshave been
madefor the orbital ordering pattern of the 4d orbitals in Ca2RuO4 [52, 53, 54, 55].
Investigating the interplay between the magnetic and orbital degreesof freedom
in Ca2RuO4 can help understand the origin of many of the electronic properties
of the Ca2� xSrxRuO4 system, including the establishment of superconductivity in
Sr2RuO4. This may give insight into the properties of transition metal oxides in
general,and in particular of high-temperature superconductingcuprates,which are
isostructural to Ca2� xSrxRuO4.

The present chapter concentrates on the main featuresof the undopedcompound
Ca2RuO4 and givesa detailedpresentation of the experimental resultsobtainedfrom
its investigation with resonant x-ray di�raction. The caseof the lightly Sr-doped

47
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Figure 3.1: Phasediagram of the Ca2� xSrxRuO4 system [56]. The x = 0 end member is
an antiferromagnetic Mott insulator, turning metallic at 356K, in a �rst-order phasetran-
sition, which is accompaniedby substantial structural distortions. The x = 2 end member,
on the other hand, is metallic, turning below 1.5 K into a spin-triplet superconductor.

compound Ca1:9Sr0:1RuO4 is discussedin Section 3.11. The general conclusions
drawn for the x < 0:2 region of the phasediagram from the combined evaluation of
the two compoundsare presented in Section3.12.

3.1 Crystal Structure

The crystal structure of Ca2RuO4 is orthorhombic (space-groupPbca), with lattice
parametersa=5.4097(3) �A, b=5.4924(4) �A and c=11.9613(6) �A at room tempera-
ture [51]. It is a layered perovskite, consistingof RuO2 layers which are made up
of corner-sharingRuO6 octahedra (Figure 3.2). Its structure is, however, strongly
distorted and signi�cant deviations from the ideal K 2NiF4-structure (space-group
I4/mmm ) are observed. The orthorhombic distortion, alreadypresent at room tem-
perature, is further increasedupon cooling. The lattice parametersand the unit cell
volume follow an unusual temperature dependence,which even leadsto an increase
of the volume with decreasingtemperature. Figure 3.3 shows the variation with
temperature of the lattice parameters,of the orthorhombic strain, de�ned as the
ratio (b� a)=(b+ a), and of the lattice volume, asdeterminedwith powder neutron
di�raction measurements [56].

In addition, a strong distortion related to the RuO6 octahedrais observed. This
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Figure 3.2: Crystal structure of Ca2RuO4 (space-groupPbca). The Ru ions occupy the
centers of corner-sharing RuO6 octahedra, forming RuO2 layers that extend parallel to
the ab plane. The octahedra are signi�cantly tilted around an axis lying in the RuO2

planesand rotated around the long crystallographic axis c. The structural distortions are
strongly dependent on temperature and stoichiometry.

latter distortion canbedescribedasthe result of a combined 'tilt plus rotation' move-
ment, namely, a tilt of the octahedra around an axis which lies in the RuO2 plane
plus a rotation of them around the long crystallographicaxis c [51]. Such distortions
are relatively commonin perovskite-type materials and have beenstudied already
by Goldschmidt in 1926 [57] and Goodenoughin 1955 [58]. The underlying idea
is that the octahedral tilts lower the total energyof the AMO 3 (or An+1 MnO3n+1 )
system,by reducing the length of the A - O bonds,while keepingthe length of the
M - O bondsconstant. In Ca2RuO4 the angle� describingthe rotation of the octa-
hedraaround c is temperature independent and hasa value of approximately 11:8� .
On the other hand, the tilt of the octahedrawith regard to the ab-plane is strongly
temperature dependent. It can be described either using the basal plane oxygen
sitesO(1), or the apical oxygensitesO(2). The angle� 1 betweenthe Ru-O(1) bond
and the ab-plane has a value of 11:2� at room temperature and of 12:7� at 11 K.
The angle� 2 betweenthe Ru-O(2) bond and the long axis c is slightly smaller than
� 1, but shows the samevariation with temperature. The temperature dependence
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Figure 3.3: Variation with temperature of the lattice parametersa, b (upper left panel)
and c (lower left), of the orthorhombic strain (orthorhombicity) (b � a)=(b + a) (upper
right), and of the unit cell volume (lower right) of Ca2RuO4, as determined with neutron
di�raction [56]. The discontinuous changes observed in all parameters at T MI = 356
K denote the large structural distortions that accompany the �rst-order metal-insulator
transition.

of both tilting angles� 1; � 2 is shown in Figure 3.4 [51].
The shape of the octahedraalsochangesslightly with temperature. The increase

by about 2% of the b lattice parameter with decreasingtemperature leads to an
elongation of the Ru-O(1) in-plane bond. This in-plane elongation almost parallel
to b is accompaniedby a decreaseby a similar amount of the length of the out-
of-plane Ru-O(2) bonds, that extend almost parallel to the c direction (tilted by
the angle� 2). The result is a small but noticeable
attening of the octahedraupon
cooling.

In the oppositedirection, increasingtemperature leadsto a signi�cant elongation
of the RuO6 octahedraalongthe long axis. Up to approximately 300K, the in-plane
Ru-O bond still remains longer than the out-of-plane one, though the di�erence
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Figure 3.4: Variation with temperature of the tilt angles� 1 (bullets) , � 2 (triangles), and
of the rotation angle � of the RuO6 octahedra in Ca2RuO4, as determined with neutron
di�raction [51]. The de�nition of the anglesis given in the text.

betweenthem is reducedfast (Figure 3.5). At 300 K the lengths of the two bonds
becomeequal to each other. The elongation of the octahedra continuesalso above
that temperature, so that the out-of-planebond now becomesthe longestone.

The most dramatic e�ect in the Ru-O bond lengths is, however, observed a
little higher in temperature. As will be discussedin Section3.4, a �rst-order metal-
insulator transition takesplacein the Ca2RuO4 systemat the temperature of TMI =
356 K. This phasetransition is accompaniedby substantial structural distortions,
which result in signi�cant, discontinuous changesin the tilting anglesof the RuO6

octahedra,the Ru-O bonds,and subsequently the lattice parametersof the material,
asneutron di�raction investigationshave shown [56]. Thesechangescan be seenas
abrupt, sharpstepsin the temperature dependenceof the lattice parameters(Figure
3.3) and of the Ru-O bond lengths (Figure 3.5). The structural phaseof Ca2RuO4

above the metal-insulator transition is usually namedthe L-Pbca phase,due to the
longer c-lattice parameter that characterizesit, while the low-temperature phase
below TM I , chraracterized by a shorter c-parameter, is called the S-Pbca phase.
The large deformations of the crystal when passing through the metal-insulator
phasetransition result in its macroscopiccracking and shattering into very small
pieces,which makes the measurement of any property of the material around that
temperature on singlecrystals an extremely di�cult task.
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Figure 3.5: Variation with temperature of the Ru-O bond lengths in Ca2RuO4, as deter-
mined with neutron di�raction [56]. The distance of the Ru+4 sites from both the basal
(bullets) and the apical (triangles) O� 2 sites, as well as their averagevalue at every tem-
perature (solid line), are shown. The discontinuous changesobserved in all bond lengths
at TMI = 356 K denote the large structural distortions that accompany the �rst-order
metal-insulator transition.

3.2 Electronic Structure and Orbital Order

The formal oxidation state of ruthenium in Ca2RuO4 is +4. Every Ru+4 ion has
four electronsin the 4d orbitals. The degeneracyof the electronic states of the 4d
band is partly lifted, as described in Section 1.3.1, due to the (tetragonal) crystal
�eld e�ect. This is signi�cantly stronger in Ca2RuO4 than in 3d oxides,becausethe
larger radial extent of the 4d shell leadsto a stronger interaction of Ru+4 with the
surrounding ions in the lattice. The energydi�erence � = 10Dq betweenthe three
lower-lying t2g (dxy ; dyz; dzx) orbitals and the two higher-lying eg (dx2 � y2 ; d3z2 � r 2 )
orbitals is estimatedwith band structure calculationsapproximately equal to 4 eV
[59]. The crystal �eld splitting � is in this caselarger than the Hund coupling JH .
Thus, asdescribed in Section1.3.1,the Ru+4 ions are in the low-spin con�guration:
all four 4d electronsare in the t 2g states, leaving the eg states completely empty.
The Jahn-Teller-like distortion of the RuO6 octahedra leadsin addition to a partial
splitting of the t2g orbitals, with the dyz=dzx statesnow having slightly higher energy
than dxy . The tilting distortion of the octahedrafurther contributes to the lifting of
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Figure 3.6: Schematic view of the 4d electronic states of Ca2RuO4. The initially degen-
erate states are split, under the in
uence of the crystal �eld, into t 2g and eg orbitals. The
remaining t2g degeneracyis further lifted due to distortions of the RuO6 octahedra.

the degeneracyof the t 2g orbitals (Figure 3.6).
Basedon the above simple picture, the dxy orbital, which has the lowest energy

among all t2g orbitals, should be always fully occupied, as seenin Figure 3.6, i.e.
the hole population in dxy should be zero. The �rst theoretical calculations of the
electronic density of the t 2g states,performedby Anisimov et al., indeedpredicted
a 'ferro-orbital' (FO) ordering pattern in Ca2RuO4, with the dxy orbitals occupied
at all Ru+4 sites [52]. For the calculations, the LDA+ U method was used,that is,
the usual local density approximation with the inclusion of an e�ective Coulomb
repulsionparameterU that expressesthe on-site correlations.

New experimental data, however, surprisingly put under question the homo-
geneousoccupancy of the dxy orbitals. Based on x-ray absorption spectroscopy
investigations, Mizokawa et al. claimed that the hole population ratio of the dxy

and dyz=dzx orbitals is roughly equal to 1 : 1 at room temperature, dropping to
0:5 : 1:5 at 90 K, due to the compressionof the octahedra [60]. Such a hole pop-
ulation would be inconsistent with the one expected from the crystal �eld e�ects
and indicates that the orbital degreeof freedomhas to be taken into consideration
as well in the determination of the electronicstructure of Ca2RuO4. In an attempt
to explain the spectroscopicdata, Mizokawa et al. argued that the ground state
may favor the occupation of complex orbitals, as a result of the strong spin-orbit
coupling. In particular, it was suggestedthat, while at 300K the two t 2g holesare
located at the dxy and dz x + id y zp

2
orbitals, with the spin (S) and orbital (L) angular

momenta aligned along the z axis, at 90 K, where the out-of-plane Ru-O bond is
shorter, the antiferromagnetic state with the two holes in the dyz and dxy + id z xp

2
is

stabilized instead, and the L; S momenta are aligned along the x (or y) axis.
Hotta andDagotto took into considerationthe newexperimental information and
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Figure 3.7: Schematic view of the antiferro-orbital-ordered state suggestedfor Ca2RuO4

by Hotta and Dagotto [53]. According to this model, di�eren t t 2g orbitals are occupied
at nearest-neighbor Ru+4 sites, resulting in a doubling of the crystal periodicity in all
three crystallographic directions. The initial lattice unit cell, corresponding to the lattice
parametersa, b, c given in Section 3.1 (color shaded;comparewith magnetic cell in Fig.
3.8), is replacedin the orbitally ordered state by a much larger cell (thick lines).

proposeda theoretical model for the orbital order in Ca2RuO4 that was consistent
with the hole populations suggestedby Mizokawa et al. [53]. Using a three-orbital
Hubbard model tightly coupledto lattice distortions and by meansof numericaland
mean-�eld techniques,they suggestedan 'antiferro-orbital-ordering' (AFO) pattern,
that is, a pattern wheredi�er ent t 2g orbitals are occupiedat nearest-neighbor sites
[53]. This meansthat, for every Ru+4 ion with occupied dxy orbital, its nearest
neighbors along the x and y axeshave instead their dzx or dyz orbitals, respectively,
occupied. Thus, instead of having a uniform population of the dxy orbitals, only
half of the Ru+4 sites have these orbitals occupied. A schematic view of such a
con�guration is shown in Figure 3.7. It can be seenthat the proposedorbital order
leadsto a doubling of the crystal periodicity in the ab-plane. If the sameantiferro-
orbital order is assumedalong c, then the doubling of the periodicity occursalong
that direction, too. Whether this doubling indeedtakesplacecanbe experimentally
checked with x-ray di�raction and be usedas a test of the validit y of the model, as
will be seenin Section3.12.

The above conclusionsby Hotta and Dagotto were extracted mainly from nu-
merical calculationsapplied to a small-size(2 � 2) plaquette cluster. Extending the
study to larger lattices was not possibledue to technical, computer-relatedlimita-
tions. For this purpose,a mean-�eld approximation analysishad to be employed as
well. The latter can provide qualitativ ely correct results for the insulating ground
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state with static lattice distortions. In this way, up to 8 � 8-large clusters could
be investigated. Besidesthe information about the orbital order, the theoretical
study resulted in two more signi�cant conclusions:�rstly , that both Coulomb and
phononic(electron-lattice) interactions are necessaryfor the stabilization of the an-
tiferromagneticphaseof Ca2RuO4 (Section3.3); and secondly, that the possibility of
large magnetoresistancephenomena,reminiscent of the colossalmagnetoresistance
(CMR) of manganites,may exist for ruthenates, too.

A di�erent orbitally orderedstate, that actually combines the above mentioned
ferro-orbital- and antiferro-orbital-ordering patterns, was proposed by Lee et al.
[54]. Basedon optical spectroscopy investigations and using for their calculations
the multi-orbital Hubbard model, they suggestedthat the FO and AFO ordering
states may coexist in the ground state of Ca2RuO4, making it an interesting sys-
tem composedof two kinds of Mott insulators. The AFO state was found to be
the prevalent phase,consistent with the hole populations suggestedby Mizokawa et
al., but the FO correlations increaseand becomeimportant with decreasingtem-
perature. The phasecoexistenceof thesetwo orderedstateswas interpreted as the
result of two competing tendencies:in the two-dimensionalsquarenetwork at room
temperature, the AFO order is preferred,becauseof the gain in the kinetic energy
that it providesvia allowing the electronhopping betweennearestneighbors, asde-
scribed by Hotta et al.. However, at lower temperaturesthe distortion of the lattice
favors the FO ordering state, consistent with what Anisimov et al. claimed. If the
energydi�erence between thesetwo competing phasesis small, then it is possible
that they coexist in the ground insulating state of the system.

The situation changedagain when Jung et al. put into questionthe orbital hole
populations suggestedby Mizokawa et al., on which the theoriesof Hotta et al. and
Lee et al. were based[55]. Using, as well, optical spectroscopy measurements and
theoretical, �rst- principlesLDA+ U calculations,they showedthat the reproduction
of the x-ray absorption spectroscopy data of Mizokawa et al. can be achieved with-
out necessarilyassuminga low-temperature holepopulation ratio of 0:5 : 1:5 for the
dxy and dyz=dzx orbitals. Their study clearly indicated a predominant occupation of
dxy at all Ru+4 sites,in other wordsa dxy ferro-orbital (FO) ordering. For the calcu-
lation of the projected density of states,a strong mutual mixture of the t 2g orbitals
dueto the rotation and tilting of the RuO6 octahedra(Section3.1), aswell asdueto
the extendednature of the 4d states,wastaken into consideration.The resultsshow
among others a substantial suppressionof the dxy hole population at low temper-
atures comparedto room temperature, as well as a corresponding enhancement of
the dyz; dzx populations, in accordancewith the experimentally observed signi�cant
changesof the electroniccon�guration of Ca2RuO4 with decreasingtemperature.

In the samedirection, Fang et al. concluded,basedas well on LDA+ U calcula-
tions, a ferro-orbital ordering of the t 2g orbitals with dominant dxy occupation [59].
The stabilization of the dxy orbital state was attributed mainly to three factors:



56 Chapter 3. The system Ca2� xSrxRuO 4

�rst and most important, the energylevel splitting causedby the two-dimensional
crystal �eld in the layered structures, which had not beentaken into consideration
in the analysisby Hotta et al.; second,the splitting causedby the Jahn-Teller com-
pressionof the RuO6 octahedra upon cooling; and third, the hybridization of the
occupied and unoccupied orbitals, which is the origin of the superexchange. The
combination of the above factors leadsto an estimated total energysplitting of the
dxy and dyz=dzx orbitals of approximately 0.3 - 0.4 eV, which is about one tenth of
the crystal �eld splitting � between the t 2g and eg states. The suggestedorbital
con�guration is claimed to be in good agreement both with the x-ray absorption
spectroscopy (XAS) data by Mizokawa et al. [60], and with optical conductivity
measurements. Concerningthe latter, it is arguedthat the spectral featureswhich
were used by Lee et al. to argue against the ferro-orbital order [54], are actually
not inconsistent with it, as long as one takes into considerationthe orthorhombic
distortion and the admixture of the dxy and dyz=dzx states.

The latest information regardingthe orbital statesin Ca2RuO4 wasprovided by
Kubota et al. with the useof the newly developed resonant x-ray interferencetech-
niqueat the Ru K absorptionedge[61]. The technique is basedon the calculation of
the interferenceterm obtainedby subtracting the 
uorescenceintensity spectra that
correspond to two di�erent polarization angles.In this way it is possibleto observe
ferro-typeorbital ordering,which conventional resonant x-ray scattering(RXS) can-
not achieve, sincethe scattering signal originating from the orbital order cannot be
in this caseseparatedfrom the strongcoexisting chargescatteringcontribution. The
main conclusionsof the study, basedmainly on the azimuthal angledependenceof
the interferenceterm, are that a ferro-type order of the Ru+4 t2g orbitals occurs
in Ca2RuO4 and that this order is maintained up to the metal-insulator transition
temperature TM I = 357K (Section 3.3). It is further arguedthat, sincethe orbital
order is present even at room temperature, wherethe Jahn-Teller distortion is very
small [51], this distortion cannot be consideredas the main origin of the orbital
order.

Despite the numerousstudies, both experimental and theoretical, which have
concentrated on the determination of the electronic structure of Ca2RuO4, the oc-
cupancy of the t2g Ru+4 orbitals and the resulting ordering pattern remain open
issues. The experimental data that have beenavailable till now have not allowed
the de�nite exclusionof oneof the possibleorbital con�gurations, and the proposed
theoretical modelsare to a largedegreecontradictory to each other. It is noteworthy
that not even the propagationvector of the orbital order could be determined. The
resonant x-ray di�raction investigation presented in this work provided signi�cant
information concerningthis question. Basedon the resulting data, speci�c conclu-
sionsabout the generalfeaturesof the orbital order pattern could be drawn. The
results will be discussedin Section3.12.
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3.3 Magnetic Prop erties

The material Ca2RuO4 is at low temperatures an antiferromagnetic insulator. Its
magneticstructure is characterizedby two coexisting magneticmodeswith di�erent
propagation vectors, as powder neutron di�raction investigationshave shown [51].
A schematic view of the two magneticmodesin space-groupPbcais shown in Figure
3.8.

Figure 3.8: Schematic view of the spin arrangement in the Ru+4 sublattice in the mag-
netically ordered phase of Ca2RuO4, as determined with neutron di�raction [51]. Two
di�eren t antiferromagnetic modes coexist. The so-called A-centered mode (left) is the
dominant one in stoichiometric compounds.

In the so-calledA-centered magneticmode, the spin of the Ru+4 ion located at
position (0 0 0) is aligned parallel to the one at position (0 1

2
1
2). This magnetic

arrangement has propagation vector (1 0 0) (La2CuO4-type) and setsin below the
ordering(N�eel) temperatureof TN = 110K. On the contrary, in the B-centered mag-
netic mode, the Ru+4 spin at position (0 0 0) is antiparallel to the one at (0 1

2
1
2)

and parallel, instead, to the spin at site ( 1
2 0 1

2). This magnetic arrangement has
propagation vector (0 1 0) (La2NiO4-type) and ordering temperature TB

N = 150K.
The temperature dependenceof the magneticmoment per Ru ion for the two mag-
netic modes,asdeterminedby re�nement basedon the neutron di�raction data [51],
is shown in Figure 3.9. The orderedmoment of the B-centered phasesaturatesat
the temperature where the A-centered mode sets in. In the stoichiometric version
of Ca2RuO4, on which the present work concentrates, the A-centered mode is pre-
dominant and can be consideredas the main contribution to the antiferromagnetic
ordering. In high-quality single crystals the dominanceof the A-centered mode is
even more distinct than in powder samplesand no traces of the B-centered mode



58 Chapter 3. The system Ca2� xSrxRuO 4

canbe usually detected,even with the particularly sensitive � SR technique (Section
3.10).

The valueof the antiferromagneticordering temperature is con�rmed by dc mag-
netization measurements [62, 63]. The temperature dependenceof the magnetic
susceptibility � = M =H for applied magnetic �eld H = 10 kG is shown in Figure
3.10. The main feature of the susceptibility data is the sharp increaseof � observed
at 113K whenthe applied magnetic�eld is alignedalongthe a or bcrystallographic
directions (in Pbca notation), denoting the occurenceof the magnetic transition.
The N�eel temperature determined in this way is very closeto the value found with
neutrons.

Of particular interest for our investigationsis the broadpeakobservedin the tem-
perature dependenceof the magneticsusceptibility around 260K when the applied
�eld H is aligned along c. This feature indicates the existenceof paramagnetic

uctuations occuring below that temperature, the exact origin of which has not
beensatisfactorily explained to date. Fukazawa et al. suggestedthat the anomaly
expressesthe in
uence on the magneticanisotropy of the changesin the orbital and
spin angular momenta induced by the distortion of the RuO6 octahedra [63]. The
x-ray study presented in this work provided signi�cant new information concerning
this issue,which will be discussedin Section3.12.

For both magnetic modes, the magnetic moment � of the Ru+4 ions is aligned
alongthe crystallographicb-direction. This is concludedboth by the neutron di�rac-
tion investigations,via the comparisonof the intensitiesof di�erent magneticre
ec-
tions, and by the magnetic susceptibility measurements, via the comparisonof the
temperature dependencesobtained for di�erent directions of the applied magnetic
�eld. The magnetization measurements indicate in addition a canting of the anti-
ferromagneticorder as a result of the tilting and rotation of the RuO6 octahedra.
Such a canting could give rise to a non-zeroferromagneticmoment along [1 0 0] or
[0 0 1] [62]. The estimatedmagnitude of the magneticmoment is � = 1:3� B [51].

The magnetictransition is accompaniedby small anomaliesobserved in the tem-
perature dependenceof the lattice parametersnear TN (Figure 3.3). The distortion
of the RuO6 octahedra a�ects the antiferromagnetic ordering, becausethe lengths
and anglesof the Ru-O-Ru bonds that connectneighboring Ru sites in
uence the
in-plane superexchangeconstant which dominatesthe magneticorder.

3.4 Transp ort Prop erties and the
Metal-Insulator Transition

The insulating propertiesof Ca2RuO4 around and below room temperature wereas-
sertedalreadyin the �rst report on the synthesisof the compound [64] andcon�rmed
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Figure 3.9: Variation with temperature of the magnetic moment per Ru+4 ion for the two
di�eren t magneticmodesshown in Fig. 3.8, asdeterminedby re�nement basedon neutron
di�raction measurements [51]. The ordered moment of the B-centered phasesaturates at
the temperature where the A-centered phasesets in.

Figure 3.10: Temperature dependence of the magnetic susceptibilty � = M =H of
Ca2RuO4 for magnetic �eld 10 kG applied along the three crystallographic directions,
as shown in the plot [62]. Besidesthe sharp peak denoting the magnetic transition at
TN = 110 K, an additional broad feature is observed around 260 K when H ==c.

later by further transport studies[65]. The electric resistivity � in the ab-planeshows
a non-metallic behavior ( d�

dT < 0) in the whole temperature rangebelow 300K. The
temperature dependenceof � is shown in Figure 3.11. The resistivity increasesby
eight ordersof magnitudewith decreasingtemperature from 300K down to approx-



60 Chapter 3. The system Ca2� xSrxRuO 4

Figure 3.11: Variation with temperature of the electrical resistivity in the ab-plane of
Ca2RuO4 [66]. The inset shows a detail of the temperature dependencenear the metal-
insulator transition.

imately 70 K, where it becomestoo high to be measuredwith most electrometers
due to saturation e�ects. No anomaly is observed either in resistivity or its tem-
perature derivative at the N�eel temperature TN = 110 K. This indicates that the
superexchangeor other mechanism which couplesthe Ru magnetic moments does
not involve conduction electrons.

The material undergoesa �rst-order phasetransition at ambient pressurefrom
the low-temperature orthorhombic Mott insulating phase to a high-temperature
tetragonal metallic phaseat TM I = 357 K [66]. The abrupt drop of the resistiv-
it y by a factor of 3.5, denoting the occurenceof the metal-insulator transition, can
be seenin the diagram of Figure 3.11. Magnetization measurements have shown
that Ca2RuO4 remains paramagneticboth below and above this phasetransition.
Despite a small yet well de�ned anomaly observed in the temperature dependence
of the magnetic susceptibility at TM I , neither the hysteresisnor the negative cur-
vature of the isothermal magnetization that would be expected for a ferromagnet
below TM I are observed. The phasetransition is accompaniedby substantial struc-
tural distortions, which result in signi�cant, discontinuous changesin all structural
parametersof the material, asalready discussedin Section3.1.

The �rst-order nature of the metal-insulator transition is con�rmed amongothers
by the large hysteresisof about 20 K observed in measurements of the lattice vol-
umewith neutron di�raction [56]. As far asthe origin of the transition is concerned,
this has beenattributed to the reduction of the elastic energyof the system with
increasingtemperature and the changeof the balancebetweenit and the electronic
coherenceenergy [66]. At temperatures below TM I the gain in elastic energy due
to the tilting and rotation of the octahedra is larger than the lossin the electronic
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coherenceenergyfor having the systemin the insulating phase.However, astemper-
ature increases,the thermal vibrations reducethe distortion of the RuO6 octahedra,
the tilting angle � becomessmaller, and the electronic bandwidth W / cos(� =2)
increases.Above TM I the gain in elastic energybecomessmaller than the loss in
electronic energy, and the stabilization of a metallic state becomesenergetically
favorable.

3.5 Exp erimen tal

The magnetic properties and orbital order in Ca2RuO4 were investigatedwith res-
onant x-ray di�raction at the L I I and L I I I absorption edgesof ruthenium (Ru), i.e.
at x-ray energiesof 2.968keV and 2.838keV, respectively. The measurements were
carried out on singlecrystals of the compound. The work was the �rst reported in-
vestigationof a 4d electronmaterial with resonant x-ray di�raction [45]. The results
are signi�cant for two reasons:

First, they provide new information on the electronic properties of Ca2RuO4,
far beyond what powder neutron di�raction and magnetization or transport mea-
surements had revealed to date. Of particular importance is the observation of a
novel orbital ordering phasetransition at the wave-vector which characterizesthe
low-temperature antiferromagnetic phase. The data contribute to the long-lasting
discussionabout the orbitally orderedstate in the system,by showing which of the
so-farsuggestedtheoretical modelsare in the right direction and which, on the con-
trary, aremost probably not adequatefor its description. The precisedetermination
of the wave-vector that characterizesthe t 2g orbital order in the Ru+4 subsystem
certainly belongsto the most important �ndings of the investigation.

Secondly, our resultsdemonstratethe greatpotential of resonant x-ray di�raction
at the L-absorption edgesof transition metals also for 4d electron compounds. It
was shown that, despitethe di�culties related to the incovenient energyrange,the
technique is an excellent probe for magnetic and orbital ordering investigations in
thesematerials,providing resonant enhancements of a factor of �v ehundredat least.
Especially in caseswhere only very small single crystals are available as samples,
the technique o�ers unique advantagesover neutron scattering and other methods
that require large samplevolumes.

3.5.1 Samples

The investigatedCa2RuO4 samplesweresinglecrystals grown by the 
oating- zone
method, employing an infrared imagefurnace,by H. Fukazawa et al. at the Depart-
ment of Physics at Kyoto University [62, 63]. The feed rod used in the growing
procedurewassynthesizedby mixing CaCO3 and RuO2 powderswith a molar ratio
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of 2 : 1:3 at a temperature of 1000� C in air atmosphere. Four sampleswere used,
in total, for the investigationspresented in this work: two aligned along the (1 0 0)
reciprocal spacedirection, onealong (0 1 1), and onealong (1 1 0).

Figure 3.12: Rocking curvesof the four Ca2RuO4 singlecrystals usedin our x-ray di�rac-
tion investigations. The presented � -scanswerecarried out at the Ru L I I absorption edge,
at low temperatures, around the reciprocal spacepositions indicated on the plots. The
lineshape, width and height of the peaks provide information about the quality of the
investigated samples. The solid lines are the results of �tting of the measuredintensities
with Lorentzian (a - c) or Gaussian(d) pro�les.

The (1 0 0)-aligned samples,named in the following A and B, had sizesof ap-
proximately 500� 500� 50� m3 and 900� 600� 100� m3, respectively. SampleA
provided at the (1 0 0) magnetic re
ection a maximum intensity of approximately
800 counts per second(cps) at the L I I edgeat low temperatures. The sameinten-
sity was obtained in two di�erent, subsequent experiments. The full width at half
maximum (FWHM) of the corresponding rocking-curve (� -scan) is of the order of
0:022� , as seenin Figure 3.12(a). The sharp, single peak in the � -scan indicates
that the crystal is of good quality, with a narrow mosaicwidth and an apparently
single-domainstructure.

SampleB provided a much stronger scattering signal. At the �rst experiment
carried out on this sample,a hugemagnetic intensity of up to 52000cps at the L I I

edgewas measured. This corresponds to more than one quarter of the intensity
obtained at the main Bragg (2 0 0) peakwith the third harmonic component of the
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di�racted beam (� 200000cps). The full width at half maximum of the rocking
curve was of the order of 0:031� , slightly larger than that of sample A (Figure
3.12(b)). The main characteristic of sampleB is the fact that it consistsof several
grains, of di�erent sizesand orientations, each of which givesa scattering signal of
di�erent intensity. The double-peakstructure in the rocking curve of Figure 3.12(b)
is due to the contribution of two such grains. As long asthe x-ray beamkeepsbeing
scatteredby a particular crystallite of the sample,good quality scanscan be carried
out, thanks to the large scattering intensity and the small mosaicdistribution of
every grain. However, even the slightest movement of either the x-ray beamor the
sample results in large changesin the scattered intensity due to 'hopping' of the
beam to neighboring grains. The scattering intensity is, thus, strongly dependent
on the region of the sample which scatters the beam. This feature a�ected the
investigationsin the following way: �rst, the azimuthal dependenceof the scattered
intensity was di�cult to determine, as will be discussedin Section3.6.4, sincethe
intensity 
uctuations due to the grain hopping were often larger than the intrinsic
variation with azimuth of the resonant scattering amplitude. And second,the huge
magneticintensity achieved in the �rst experiment, asmentioned above,couldnot be
recoveredin a later experiment carriedout on the samesample,probably becausethe
scattering areawas then di�erent. In the latter experiment, the scatteredintensity
obtained was of the order of 10000cps, which is still a very large signal, but a
factor of 5 smaller than the intensity in the �rst experiment. The full width at half
maximum of the rocking curve remainedpractically the same(0:027� ).

The samplealigned along the (0 1 1) direction, named in the following sample
C, wasa little smaller in size,with approximate dimensions800� 500� 50� m3. The
� -scanperformedaround the (0 1 1) magneticre
ection (Figure 3.12(c)) revealsthe
existenceof more than one domain in this crystal, too. However, the larger width
(FWHM) of the rocking curve (of the order of 0:060� ) makes the measurements
lesssensitive to slight angular movements of the sample. The maximum scattering
intensity obtained on the magnetic peak at the L I I edgeand at low temperatures
was a little lower than 500cps.

Finally, sampleD, which was alignedalong (1 1 0), had almost the samesizeas
sampleB, and wascharacterizedby a good mosaicity, with a full width at half max-
imum of only 0:021� , and an apparently single-domainstructure (Figure 3.12(d)).
The maximum scattering intensity on the (1 1 0) peakwasof the order of 5100cps.

Selectedphotographsof one of the investigatedsamples,taken with the useof
microscope, are shown in Figure 3.13.
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Figure 3.13: Views of SampleA under the microscope. In (a), the crystal is shown glued
on the tip of the sampleholder used in the di�raction experiments. In (b), a closerview
of the crystal revealsdetails of the physical appearanceof the sample.

3.5.2 Exp erimen tal Setup

Synchrotron Beamline

The resonant x-ray di�raction investigationsdescribed in Chapters 3 and 4 of the
present thesiswere carried out at beamline4ID-D of the AdvancedPhoton Source
(APS) at Argonne National Laboratory (USA). The insertion device utilized as
sourceby the beamlineis a 72-pole undulator (APS standard undulator A) with a
nominal minimum gap of 11 mm. The beamlinewasoriginally designedfor hard x-
ray operationsin the energyrangebetween3 keV and 50 keV. Specialmodi�cations
had to be applied on the vacuum chamber of the undulator to allow the further
closing of the gap below 11 mm. In this way, energiesas low as 2.8 keV could
be reached, as neededfor performing resonant experiments at the Ru L-absorption
edges.

A schematic view of the con�guration inside the 4ID-D experimental station
(experimental hutch) is shown in Figure 3.14. Parts of the setup can be seenin the
photographsof Figures3.15,3.16. Although the setupwasto somedegreeoptimized
over the period of 2.5yearscoveredby the investigations,the describedcon�guration
is very closeto what was used for the large majorit y of the measurements. The
beamline is run by Sun workstations (UNIX/Solaris) and VME-based electronics.
The VME-basedequipment is controlled by EPICS via the software client SPEC.

The x-ray beam produced at the undulator is monochromatized in a separate
station (station B) beforeentering the experimental hutch. A KOHZU systemcon-
sistingof two Si(1 1 1) crystalsis usedasmonochromator. The monochromatic beam
is focussedat a toroidal SiO2 mirror (vertically bent horizontal cylinder) mounted
immediately after the monochromator. A 
at Pd-coated SiO2 mirror is also used
for suppressingthe high-order harmonicsof the beam(with energiesabove approx-
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Figure 3.14: Schematic view of the experimental setup inside the experimental station.
The 
igh t-path of the incoming beam,which starts at the entrance slit A and endsjust after
the ionization chamber, is kept under slight He overpressure. The sample environment
(below the Be dome) and the 
igh t-path of the scattered beam, including the analyzer
chamber, are under vacuum. The detector is illustrated in � ! � 0 polarization geometry.
In � ! � 0 it would be pointing out of the page(seeFigures 2.3, 3.17).

imately 12 keV). Through a 160 � m-thick beryllium (Be) window the beam enters
the experimental station. The sizeof the beam at the entrance of the station (slit
A), as determinedby the focussingmirror, was in all our experiments of the order
of 200� m � 100� m. An 8-circle HUBER di�ractometer usedin vertical scattering
geometryis available in the experimental station. Besidesthe 
at SiO2 mirror used
in the monochromator hutch for suppressingthe high-energyharmonics,a second,
smaller mirror of the sametype is also used in the experimental hutch for further
suppressingthe harmonicsof relatively low energies(below approximately 12 keV).
Passingthrough an ionization chamber, usedto monitor the incoming x-ray inten-
sity, the beamreachesthe sampleposition at the center of the di�ractometer. A slit
set just before the ionization chamber (slit B) cuts out background contributions
and ensuresthat a well-de�ned beamis di�racted by the sample.

The whole 
igh t-path of the incoming beam is kept under He atmospherein
slight overpressureconditions, with continuous helium gas 
o w from one end of
the path to the other. The use of helium is necessary, becauselow-energyx-rays
are strongly absorbed by air (attenuation length at 3 keV: l � 5:3 cm), thus the
incoming intensity would drop to zeroover the length of the 
igh t-path if this were
kept instead under air atmosphere. Somekind of gasdoes have to be present for
the operation of the ionization chamber. A 50 � m-thick Be window closesthe 
igh t-
path very closeto the sampleposition. Splitting of the 
igh t-path into more than
one part with di�erent �lling atmospheres(e.g. He in the ionization chamber and
vacuum in the rest) would require the useof more Be windows, which could not be
a�orded for absorption reasons.

The beamwhich is di�racted by the sampleenters through another 50 � m-thick
Be window into a second
igh t-path, at the end of which the detector is mounted.
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Figure 3.15: Photograph of the di�ractometer inside the 4ID-D experimental hutch at
APS, at di�racting position. The x-ray beam enters the hutch on the left side of the
photograph. Through a He-�lled 
igh t-path, it reaches the sample, located beneath a
Be-cap, under vacuum and low-temperature conditions, at the end of the cryostat's cold
�nger. The intensity of the di�racted beam is measuredwith a scintillation detector (not
seen)mounted at the end of a vacuum 
igh t-path, on the right-hand side of the picture.

This second
igh-path is kept constantly under vacuum. A slit system (slit C) is
mounted immediately before the detector, mainly for suppressingthe background.
An OXFORD Cyberstar NaI scintillation detector was used. The detector was
mounted directly onto the end of the vacuum
igh t-path, sothat no Be window was
neededat the end of the path, in addition to the one of the detector itself. The
detector window hasa thicknessof 200 � m.

For performing polarization analysisof the di�acted beam,an in-vacuum polar-
ization analyzercan be mounted betweenthe last slit (slit C) and the detector. A
perfectSi(1 1 1) crystal (FWHM < 0:01� ) wasusedasanalyzerin our measurements,
providing a scattering angle of 41.8� at the Ru L I I absorption edge. The chamber
that housesthe analyzerhastwo openingsat 90� from each other, through which the
beam passes,beforeand after the scattering by the analyzer. The whole chamber
can be rotated around an axis parallel to the beam incident on the analyzer. De-
pendingon whether the detector is parallel or perpendicular to the di�raction plane
of the sample,only the polarization component of the beamwhich is perpendicular
(� 0) or parallel (� 0), respectively, to the di�raction plane is detected(Figure 3.17).
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Figure 3.16: Opposite view of the setup seenin Figure 3.15. Parts of the He-�lled 
igh t-
path of the incoming beam can be seenin more detail. The detector is mounted at the
end of the vacuum 
igh t-path, on the right-hand sideof the picture, behind slit systemC.

The deviation of the analyzer'sscattering angle from the ideal value of 45� results
in a 'contamination' of every polarization channel with a small contribution from
the complementary one. This, however, causesno problemsand the separationof
the two components is good enough,as will be seen,for example,in Section3.6.3.

Sample Environmen t

The holder bearing the investigatedsampleis screwed onto a small STOE goniome-
ter head,which is mounted on the end of the cold �nger of a closed-cycle(Displex)
cryostat capableof reaching temperatures between 6 K and 340 K. In one exper-
iment, a high-temperature cryostat capableof reaching temperatures up to 800 K
wasusedinstead. The cryostat is mounted on a motorized x-y-z translation system
on the � -circle of the di�ractometer.

The sampleposition is coveredby a dome-shaped beryllium cap (thickness:500
� m), inside which high vacuum is achieved with the useof a turb o pump (Figure
3.18). Normally, besidesthe vacuum shield, an additional inner beryllium shield
(thickness:250� m) is mounted around the sample,for reducing the thermal losses
from the sampleenvironment and enablingthe accessof temperaturesas low asthe
nominal basetemperature of the cryostat (� 6 K). In our experiments, however,
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Figure 3.17: Detail of the experimental setup, with the polarization analyzer mounted
before the detector. The analyzer crystal is housed in a vacuum chamber, which can
be rotated around an axis, so that the detector is either in the di�raction plane (a)
or perpendiculat to it (b). In this way, only the beam component with polarization
perpendicular (� 0) or parallel (� 0), respectively, to the di�raction plane can be detected.

the x-rays are, due to their low energy, strongly absorbed even by beryllium. The
inner shield would causean attenuation of the beam by a factor of 3. Since the
re
ections we want to investigateare very weak,such an intensity losscould not be
a�orded. For this reason,no inner thermal shield was usedin the setup. The price
that had to bepaid for minimizing the absorptionwasthe inabilit y to reach very low
temperatures. In order to reducethe thermal lossesin the sampleenvironment, a
thin copper- or aluminum- foil wasmounted asthermal shieldaroundthe goniometer
head(Figure 3.19). Its height extendedup to just below the sampleposition, sothat
the x-ray beamwasnot blocked. Furthermore, for improving the thermal conduction
betweenthe cold �nger and the sample,long-shaped piecesof copper foil wereglued
(with silver paste) betweenthe copper baseat the bottom of the goniometerhead,
closeto the sensor,and the sampleholder, a few millimeters away from the crystal.
Despite these measures,temperatures below approximately 30 K (at the sample
sensor)were never reached in the experiments.

The holderson which the investigatedsamplesweremounted were 'home-made'
components designedby H. Klann and manufactured at the machine-shopof the
Max-Planck-Institute in Stuttgart. They consistof a metal plate on which a vertical
rod is attached. Initially the plate wasmadeof brassand the rod of steel,but both
were replaced on later-made holders by copper pieces,for having better thermal
conductionto the sample.The samplewasgluedon the tip of the holder's rod using
GE-varnish, an adhesive which is appropriate for use at low temperatures and in
vacuum, providing good thermal contact.
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Figure 3.18: Detail of the experimental setup around the sampleposition. The sampleis
gluedon the tip of a holder, which is screwed on the endof the cryostat's cold �nger, and is
surroundedby a beryllium dome,beneathwhich high vacuumis achieved. A secondshield,
normally usedfor suppressingthermal losses,is omitted, for minimizing the absorption of
the x-rays.

Temp erature Reading

A signi�cant amount of information about the electronic properties of Ca2RuO4 is
obtained in the following via the investigation of the temperature dependenceof
the scattered intensity. It is therefore quite important to know how reliably and
accurately the temperature of the di�racting sample can be determined in every
case,so that the scienti�c signi�cance of possibleanomaliesor other featuresin the
obtained data can be judged. For this reason,it is essential at this point to make
a few comments concerningthe type of temperature sensorswhich wereusedin our
experiments and the reliabilit y of their readings.

In most of the experiments where Ca2RuO4 crystals were investigated, two Si
diodeswereusedas temperature sensors,onemounted on the cryostat's cold �nger
closeto the heater(control sensor)andoneascloseaspossibleto the sampleposition
(samplesensor). The samplesensorprovides the temperature of the sample. It is
this value that appears as temperature in all the relevant plots in the following.
The control sensormeasuresthe temperature in the heater's direct environment.
Basedon this, the temperature controller determinesthe applied heating power via
a PID algorithm: for every desiredinput value R (set point) and actual output Y
(temperature measuredby the control sensor),the error signale = R � Y , aswell as
its derivative and integral, are calculated by the controller. The signal u sent then
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Figure 3.19: Detail of the experimental setup around the sample position, without the
beryllium dome. An aluminum foil is mounted around the goniometer head as thermal
shield. Copper strip es improve the thermal conduction between the sample holder and
the plate on which the goniometer head is screwed.

by the controller is equal to:

u = K P e+ K I

Z
edt + K D

de
dt

(3.1)

whereK P , K I , K D arethe proportional, integral andderivativegains(P, I, D values),
respectively. The new output Y is sent back to the controller, which calculatesthe
new error e, and a new signal u is sent. The processgoeson until the desiredvalue
R is reached.

Due to the the low thermal conductivity of the goniometerhead, on which the
samplewasmounted, a certain amount of time wasneeded,after the control sensor
had reached the set-point, for the sampletemperature to equilibrate at this value,
too. For this reason,when carrying out temperature dependenceinvestigations, a
long enoughwaiting time had always to beconsideredafter every changeof the tem-
perature set-point. This was typically of the order of 10 minutes for a temperature
changeof 10 K. For positive temperature changes(warming-up) the neededtime
was shorter at low temperaturesand longer at higher temperatures. Of coursethe
exact time for equilibration dependedin every caseon the particular experimental
conditions.

In the experiment where the high-temperature Displex cryostat was used, an
additional sourceof uncertainty in the temperature reading has to be considered.
The high-temperaturecryostat hasfour insteadof two temperature sensorsavailable
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in total for covering the wholetemperature rangefrom 10K to 800K whereit canbe
operated. The available sensorsare: 1) a Si diode mounted near the baseof the cold
�nger, closeto the heater,which operatedsatisfactorily only at temperaturesbelow
100 K, 2) a platinum (Pt) sensormounted relatively (but not quite) closeto the
sample,at the bottom of the goniometerhead,which operatedwell at temperatures
above approximately 100K, and 3) two thermocouplesmounted closeto the baseof
the cold �nger. One of them provided reliable temperature readingsin the largest
part of the temperature range investigated, though the errors becamelarger at
very low temperatures. This is the sensorthat was used as control sensorin our
experiment for the temperature rangebetween10 K and 320K. The poor accuracy
at low temperaturesof the Pt sensor,which was the only one closeto the sample,
forcedusto usetwo di�erent sensorsfor determining the sampletemperature. Above
100K, the reading of the Pt sensorwas used. Below 100K, the temperature given
by the control sensor(thermocouple) was usedinstead, after normalizing it to the
readingof the Pt sensor(unfortunately no perfect agreement of the readingsof the
two sensorswas achieved in the changeover regime). The unavoidable switch from
one sensorto the other around 100 K and the lack of real overlap between the
readingsof the two sensors,obviously results in a decreasedaccuracyof the sample
temperature determination in this regime. This should be taken into consideration
whenevaluating the experimental data (see,for example,Section3.6.3). In all other
experiments, where usual Displex cryostats were used and a single sensoralways
provided the sampletemperature, such problemsdid not occur.

Another important issueis how closethe temperature given by the samplesen-
sor is to the actual temperature of the di�racting crystal. This dependsmainly on
how closeto the crystal the samplesensorcan be actually mounted. As explained
previously, in order to minimize the absorption of the x-ray beam and obtain the
strongestpossiblescattering signal, no inner beryllium dome was usedas thermal
shieldaroundthe sampleposition in any of the experiments. Becauseof the resulting
thermal losses,the actual temperature at the sampleposition can be signi�cantly
higher than the nominal minimum temperature reached by the cryostat and a sub-
stantial temperature gradient may develop along the cold �nger near the sample
position, especially at very low temperatures. Thus if the samplesensoris mounted
relatively far away from the crystal, the measuredtemperature may be di�erent
from the actual oneof the sample. During the �rst experiments, the samplesensor
was mounted on the copper baseon which the whole goniometerhead is mounted.
Due to the rather poor thermal conductivity of the goniometerhead, temperature
deviations betweensampleand sensorwere present. Thesedeviations could be al-
most eliminated (at leastaboveapproximately 30K) by usingthe conductingcopper
bandsbetweenthe copper baseand the sampleholder, as well as the shielding foil
around the sampleposition, asdescribed above. In the later experiments the setup
was further optimized, by mounting the sample sensordirectly onto the sample
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holder, just a coupleof millimeters away from the crystal.
The above di�culties give an idea of how non-trivial an experiment can be,

which is carried out at low temperatures at an energy where x-rays are strongly
absorbed. Independent of that, it has to be clearly stated, that these di�culties
have in
uenced absolutely noneof the major conclusionsdrawn in this work. Only
for the evaluation of minor details of the plots it is necessaryin somecasesto know
the limits of our technique. The correctnessand accuracyof the sampletemperature
determination in the whole temperature rangeabove 40 K is proved, amongothers,
by the observation of the magnetic transition exactly at the temperature where
this wasexpectedbasedon older neutron di�raction investigations(110K) (Section
3.6.3).

Lab oratory Setup

For the crystallographic characterization, the quality veri�cation and the pre-align-
ment of the samplesinvestigated in the present work, the experimental setup of
the x-ray di�raction laboratory of Prof. Keimer's department at the Max-Planck-
Institute for Solid State Research was used. The availabilit y of this setup was of
great signi�cance for the successof the investigationscarried out at the synchrotron
source.Every synchrotron experiment wasprecededby a preparation phase,during
which the best available crystals were chosen as samplesand eventually aligned
alongthe exact crystallographicdirection that wasof interest for the experiment. In
this way, a large amount of valuable beam-timecould be saved at the synchrotron.
In some cases,where the selection of good quality crystals of the right growing
phasedemandeda lot of attempts (e.g. in RuSr2GdCu2O8, Section4.3.1), or where
the determination of the crystallographic directions and the alignment of one of
them along the scattering vector was not trivial (e.g. due to the co-existenceof
more than onedomainsand/or the very small sizeof the crystal), the synchrotron
experiments would have been practically impossiblewithout the infrastructure of
the x-ray laboratory.

The main available x-ray sourcein the laboratory is a RIGAKU molybdenum
(Mo) rotating anode. The maximum power of the sourceis 4.5 kW. The source
generatesx-rays at the Mo K� 1, K� 2 and K � emissionlines, which correspond to
energiesof 17.479keV, 17.374keV and 19.608keV, i.e. to wavelengthsof 0.7093�A,
0.7136�A and 0.6323�A, respectively. For the production of x-rays, electronsemitted
thermionically by a cathode �lament are acceleratedby a high-voltage electric �eld
(� 54 kV). The electron beam impinges onto the anode, a cylinder with a Mo-
coveredsurface,which rotates around its axis. By excitation and subsequent decay
of the anode's Mo ions, x-rays with the above characteristic energiesare generated,
exactly like in conventional x-ray tubes. By the rotation of the anode around its
axis, the heat produceddue to the conversionof a part of the acceleratedelectrons'
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kinetic energy to thermal energy, is not concentrated only in the area covered by
the cross-sectionof the electron beam,but can be spreadover the whole surfaceof
the anode. In this way, the overheating of the anode and the resulting damageis
avoided and higher x-ray beamintensities can be achieved.

The producedx-ray beamis monochromatized and focussedwith the useof two
multila yer monochromators. The �rst of them focussesthe beamvertically and the
secondhorizontally. Through the scattering on the multila yers, the K � component
of the beam is spatially separatedfrom K� 1, K� 2 (due to the di�erent scattering
angles)and eventually �ltered by a slit systemat the entrance of the experimental
hutch. Thus the beam reaching the sample has only K � energy components. A
4-circleHUBER di�ractometer, similar to the oneusedat the synchrotron source,is
available in the experimental hutch. It is usedin horizontal scatteringgeometry. For
low-temperaturemeasurements, a closedcycle(Displex) cryostat canbemounted on
the di�ractometer, capableof reaching temperaturesdown to 6 K. The temperature
is stabilized using a LAKESHORE 330temperature controller.

Two di�erent kinds of detectors are available for measuring the scattered in-
tensity. Besidesa scintillation counter, similar to the onesusedin the synchrotron
investigations,a BRUKER SMART-1000charged-coupleddevice(CCD) is alsoused.
The CCD cameraallows, thanks to its largedetectionarea,the detectionof a re
ec-
tion even if the Bragg scattering condition for the 2� angle is not exactly satis�ed.
Furthermore, it allows the simultaneousdetection of more than onere
ection which
are relatively closeto each other in the reciprocal space. In this way, it makes it
easierto determinethe crystallographic directions of a completelyunknown crystal
and to align it along a particular direction, by performing a re�nement (Section
2.5). A largenumber of re
ections are collectedby rotating the samplein the beam
while keepingthe detector at a �xed position. The least squares�tting that is re-
quired is performed with the help of an appropriate software program (SMART).
From the relative distancesof the observed re
ections and the comparisonof them
with the onesexpected for a particular space-group,the vectors a, b, c de�ning
the primitiv e unit cell of the crystal are determined. Once the lattice parameters
and crystallographic directions are roughly known, the scintillation detector can be
used for obtaining more accurate results (rocking curve widths, precisevalues for
the lattice constants etc).

The movements of the di�ractometer motors are controlled by two di�erent soft-
ware environments. When the CCD camerais used,the systemis operated via the
data acquisition program SMART, which runs under Windows. When the scintilla-
tion detector is instead mounted, the Linux program SPEC is utilized.
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3.6 In vestigations at the (1 0 0) Recipro cal Space
Position

As mentioned in Section 3.3, the A-centered magnetic arrangement of the Ru+4

spins, which is the dominant one in stoichiometric Ca2RuO4, has a characteristic
propagationvector (1 0 0). In a di�raction experiment, this spin arrangement gives
rise to a magnetic re
ection at position (1 0 0) of the reciprocal spaceat temper-
atures below the N�eel temperature TN = 110K. The magnetic signal is strongly
enhancedwhen the energyof the x-ray beamlies closeto an absorption edgeof the
magneticion. The (1 0 0) position is structurally forbidden, i.e. the structure factor
of charge Bragg scattering is equal to zero there. Resonant scattering of magnetic
origin canbe thus easilyinvestigatedat this position, without any disturbing charge
Bragg contribution. For this reasonthe position wasselectedasa starting point for
our investigations.

3.6.1 Alignmen t

As already explained,for the determination of the full orientation matrix of a sam-
ple, the lattice parametersof which are already known, at least two main Bragg
re
ections with non-parallel wave-vectorsare needed(Section 2.5). Nevertheless,if
for the needsof the experiment only scansalong the scattering vector have to be
carried out, then the observation of a single re
ection along the direction of this
vector is su�cien t for the establishment of the orientation.

This is the casein the investigation of the (1 0 0) magnetic re
ection. For
performing h-scansaround (1 0 0), the (h 0 0) direction needsto be determined,for
which the observation of onemain Bragg re
ection along this direction is necessary.
Due to the low energy of the x-ray beam, only a small fraction of the reciprocal
spaceis accessible.The scattering anglesat the fundamental x-ray energy, even for
re
ections with small Miller indices, are so large, that they cannot be reached by
the di�ractometer. For instance,the scattering angle � 200 for the (2 0 0) re
ection,
the very �rst Bragg re
ection with non-zerostructure factor, is equal to 50.54� at
the Ru L I I absorption edge(energy: E = 2.968keV, wavelength: � = 4.177�A):

2d200 sin� 200 = � ) sin� 200 =
�

2d200
=

�
2 1p

(2=a)2

=
�
a

=
4:177
5:4097

= 0:772

) � 200 = 50:54� (3.2)

This angle is due to geometricalrestrictions too large to be reached by the di�rac-
tometer. Of course,sinceBragg chargescattering is non-resonant, an energyvalue
higher than the Ru L I I edgecould be in principle chosenfor the observation of the
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(2 0 0) re
ection, so that the corresponding scattering angle is small enoughto be
within the geometrically allowed range. However, it is preferred to determine the
orientation of the crystal at the exact energy position where the magnetic inves-
tigations are subsequently going to be carried out, namely with the fundamental
energyof the beam tuned at the absorption edge,becausethe orientation matrix
is then better optimized. Furthermore, the highest energy that can be reached at
the instrument with no signi�cant changesin the experimental setup is only 3.5
keV. The reduction of the scattering angleachieved via such a small increaseof the
energywould anyway not be su�cien t for the (2 0 0) re
ection to be accessibleat
the fundamental energy.

For these reasons,for the observation of the (2 0 0) main Bragg re
ection a
higher-orderharmonic of the incident beam was used. By setting the fundamental
energyat the Ru L I I edge,and adjusting the energywindow of the single channel
analyzer(SCA) that �lters the detector signalaround an energyvalueequalto three
times the energyof the edge,the third harmonic with wavelength �= 3 is selected.
Its intensity is, despite its suppressionby the mirrors, large enoughfor providing a
strong scattering signal. For � = 4:177 �A (Ru L I I edge),the third harmonic has a
wavelengthof �= 3 = 1:392�A and givesat (2 0 0) a scattering angleof 14.91� , which
canbe accessedwith no problem by the di�ractometer. Sincethe orientation matrix
is going to be usedat the L I I edge,where the magnetic measurements are carried
out, it is convenient to index the observed re
ection as ( 2

3 0 0). One hasthen to set
the SCA window back to the L I I energyposition and simply move, by using the UB
matrix, along the scattering vector to the desired(1 0 0) position, in order to start
the magnetic investigations.

3.6.2 Energy Scans: Polarization and Temp erature Dep en-
dence

Once the scattering vector is aligned along the (1 0 0) direction, the sample is
cooled to a temperature below TN = 110 K, and the x-ray energy is tuned to
an absorption edgeof Ru, the magnetic re
ection can be observed. Non-resonant
magneticintensity is expectedto bepresent at this position, too, but this is too weak
to be observed. Figure 3.20shows the energydependenceof the scatteredintensity
of the (1 0 0) magnetic re
ection around the L I I and L I I I absorption edgesof Ru
at a sampletemperature of 20 K. The measurements were taken with the magnetic
moment � of the material, and thus the b direction, lying in the di�raction plane.
The azimuthal angle  is at this position by de�nition equal to zero:  = 0� . No
polarization analyzerwasusedin the setup in this case,thus the scattering intensity
shown is the total intensity. The data have been normalized to the intensity at
the ionization chamber usedas monitor before the sampleposition, to account for
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Figure 3.20: Energy dependenceof the scattered intensity at the (1 0 0) reciprocal space
position around the Ru L I I and L I I I absorption edges,at sample temperature T = 20 K
and azimuth  = 0� . The energypro�les are not corrected for absorption.

variations of the incomingbeamintensity dueto factorsnot related to the di�raction
procedure. Such are the variation of the intensity of the �rst harmonic of the
undulator with energy, random motions of the beam, as well as 
uctuations of
the current intensity in the synchrotron ring. No correction of the energypro�les,
to account for e�ects causedby the energy-dependent absorption of the x-ray beam
by the sample,hasbeenapplied on the data shown in Figure 3.20.

The resonant character of the (1 0 0) magnetic re
ection becomesimmediately
obvious. When the energyof the incomingbeamis tuned to the L I I or L I I I absorption
edgesof Ru, signi�cant scattering intensity is obtained. Away from resonanceno
scattering intensity above the background is observed. The scattered intensity at
the L I I edgeis up to 500 times larger than the o�-resonancebackground, thus the
resonant enhancement at L I I is at least a factor of 500. The enhancement at L I I I is
about half of that.

Figure 3.21 shows the energydependenceof the scatteredintensity around the
L I I edgein more detail (closedbullets). The spectrum is dominated by the large
resonant enhancement of the scattering signal directly at the energy of the edge
(2.968keV). The peakis not symmetric,but hasa steeper pro�le on its higher-energy
side. A second,weaker peak is observed in addition approximately 4 eV higher in
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Figure 3.21: Energy dependenceof the scattered intensity of the (1 0 0) re
ection around
the Ru L I I absorption edge. Besidesthe resonant peak at the edge,a second,weaker peak
is present 4 eV higher in energy. The energylineshape is shown both as-measured(closed
bullets) and corrected for absorption (empty bullets; normalized to the uncorrecteddata).
For the absorption correction the raw data are multiplied by the squareof the absorption
coe�cien t � . The energydependenceof � , as calculated from 
uorescencemeasurements,
is also included in the plot (right scale).

energy(2.972keV). The origin of this higher-energypeak will be addressedbelow.
In the following, the lower-energypeak, at 2.968keV, will be referredto as the 'L I I

peak', while the oneat 2.972keV as the 'L I I
0 peak'. The energydependenceof the

absorptioncoe�cien t � is alsoshown in the sameplot. The absorptioncoe�cien t is
calculatedfrom the 
uorescenceyield of the investigatedsample,following Reference
[67]. More information about the calculations can be found in Appendix A. The
two peaksof the energyscancoincidewith the in
ection points of the absorption
coe�cien t curve, that is, with the points wherethe secondderivative of the function
� (E) changessign.

The lineshape of the energyscanneedsto be correctedfor the absorption of the
x-ray beamby the sample. In non-resonant di�raction experiments, the absorption
over onebeamcoherencelength is usually weak, although the total sampleabsorp-
tion can be important. In such casesthe calculation of the absorption correction
proceedsby summingthe scatteringintensitiesfrom all coherencevolumesinsidethe
beam path, without having to integrate within every coherencelength. The total
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scatteredintensity in the detector hasto be multiplied by the absorption coe�cien t
� to give the scatteredsignal we would have without the absorption e�ects. The
above lie on the basicassumption,that both the e�ective coherencevolumeof the x-
ray beamand its penetration depth in the di�racting material are much larger than
the elemental di�racting volume of the sample. However, thesebasic assumptions
are not any more valid when a partially coherent beam enters a highly absorbing
medium, as is, for instance,the casein a resonant di�raction experiment, wherethe
photon energyis tuned closeto an absorptionedgeof the di�racting material. Then
the absorptiondepth becomessimilar to or smaller than the di�racting volume,and
both the coherencelength of the probing beam and absorption e�ects on the scat-
tering amplitude needto be taken into account [68]. The changesin the scattering
amplitude due to absorption within onelongitudinal probe coherencelength cannot
be neglectedin this case. As shown by Bernhoeft [69], the absorption e�ects lead
under thesecircumstancesto a signi�cant broadeningand possiblesplitting of the
energypro�les of the scatteredintensity. For the absorptioncorrectionof the energy
pro�les, the scattered intensity in the detector has to be multiplied by the square
� 2 of the absorption coe�cien t.

After the absorption correction the resonant peaksin the energyscansbecome
moresymmetric (empty bullets in Figure 3.21,and Figure 3.22). However, the split-
ting of the two peaksis still clearly present, showing that it is an intrinsic feature
of the material and not an artifact causedby the in
uence of the beamabsorption.
This is further strongly supported by the temperature dependenceof the scattered
intensity at the two energy positions, as will be discussedbelow. The branching
ratio, de�ned as the ratio of the scattering intensitiesat the L I I and L I I I absorption
edges,is calculated approximately equal to 2.1. For this calculation the maximum
intensities of the low-temperature energyscansaround the two edgesat the (1 0 0)
position were used. The obtained value should be consideredonly as an approxi-
mation, becausethe intensities could not be corrected for absorption in this case,
due to insu�cien t 
uorescencedata at the L I I I edge.Normalization of the resonant
intensities to a main Bragg peak was also not possibledue to the geometrical re-
strictions mentioned before (Section 3.6.1). The result is in good agreement with
the branching ratio (2.3) obtained previously with the sametechnique in a 5d elec-
tron system [44]. In 3d systems,on the contrary, the intensity at the L I I edgeis
smaller than at L I I I and the branching ratio is smaller than 1 (of the order of 0.5 in
manganites[43]).

Figure 3.22(a)showsthe development of the lineshapeof the energyscansaround
the L I I edgewith increasingsampletemperature. Three of thesescans,correspond-
ing to three characteristic sampletemperatures (basetemperature, just above the
magnetic transition temperature TN and room temperature) are selectedand dis-
played separatelyin Figure 3.22(b), with the vertical (intensity) axis being now on
a logarithmic scale.
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Figure 3.22: Energy dependenceof the scattered intensity of the (1 0 0) re
ection around
the Ru L I I absorption edgeat azimuth  = 0� for selectedsampletemperatures,on linear
(a) and on logarithmic (b) intensity scale. All energyscansare corrected for absorption.

It immediately becomesobvious that the two peaksobserved in the energyscans
follow quite di�erent temperature dependences.The intensity of both is decreasing,
asexpected,with increasingtemperature. However, while the intensity of the lower-
energy (L I I ) peak undergoes two rapid decreases,�rst at the magnetic ordering
temperatureTN and then around260K, the intensity of the higher-energy(L I I

0) peak
decreasessmoothly and slowly with temperature without showing any anomalies.
As a result, the ratio of the scatteredintensity at the two energypositions changes
signi�cantly with temeparature. While at T = 11 K the intensity at L I I is a factor
of 6 larger than the intensity at 2.972 keV, at T = 114 K, i.e. just above the
magnetic transition temperature, the two intensities becomepractically equal to
each other. Further increaseof the sampletemperature up to T = 293K results in
an almost (but not complete) vanishing of the L I I peak, while the L I I

0 resonanceis
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still present with a signi�cant intensity. So the intensity ratio changesfrom 6 : 1 at
basetemperature to 1 : 1 above TN to approximately 1 : 8 at room temperature.
The di�erent temperature dependencesof the two resonant featuresclearly indicate
that they are of di�erent origin. We will comeback to this issuelater.

The most interesting and signi�cant pieceof information provided by the varia-
tion with temperature of the scatteredintensity around the L I I edgeis the fact that
the scattered intensity at (1 0 0) doesnot drop to zero at the magnetic transition
temperatureTN , asexpectedbasedon the powder neutron di�raction investigations,
but is still present, though very weak, even up to room temperature. This clearly
shows that an additional ordering mechanism,besidesthe magneticordering, which
is characterizedby the samepropagationvector, but setsin at a higher temperature
than magnetism,is present in Ca2RuO4. Such an additional ordering hasnot been
reported by any other experimental studiesso far.

3.6.3 Recipro cal Space Scans: Temp erature Dep endence

Measuremen ts at the L I I edge

In order to obtain a clear view of the temperature dependenceof the order parame-
ters in Ca2RuO4, scansalong the scattering vector (a� direction) around the (1 0 0)
reciprocal spaceposition were carried out, and the corresponding integrated inten-
sities werecalculated,for various sampletemperatures. Figure 3.23shows two such
(h 0 0)- scans,performed at a sampletemperature of T = 20 K at the azimuthal
position  = 0� (i.e. with the b-direction in the di�raction plane), with the energy
of the incoming x-ray beam�xed at the L I I edge.The two scanscorrespond to the
two di�erent polarization geometries,� ! � 0 and � ! � 0, seenin Figure 2.3.

The full bullets represent the data collectedwith the polarization analyzerat the
position, for which only the part of the scattered beam with polarization parallel
to the di�raction plane is detected;the empty bullets, on the other hand, represent
the contribution to the total intensity of the part of the scatteredbeam which has
a polarization parallel to the di�raction plane. It is obvious that practically the
whole scattered intensity measuredcomesfrom the � ! � 0 polarization channel,
while the � ! � 0 contribution is almost equal to zero. The very weak intensity
measuredin the � ! � 0 channel amounts to approximately 1% of the intensity in
� ! � 0. This is no real � ! � 0 contribution, but comesfrom the 'leakage' from the
� ! � 0 channel, resulting from the fact that the scattering angleof the polarization
analyzerat this energyis not exactly equalto 45� , and thus the separationof the two
polarization components of the scatteredbeamis not perfect. Indeed,the scattering
angleprovided by the Si(111) analyzercrystal at the L I I edgeis � Si = 41:8� . Thus,
the scattering intensity in � ! � 0 is: I � � 0 / I 0 sin2(2� Si ) = 0:988I 0, while the
intensity in � ! � 0 is: I � � 0 / I 0 cos2(2� Si ) = 0:012I 0. The latter result means
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Figure 3.23: Variation of the scattering intensity around the (1 0 0) reciprocal space
position in � ! � 0 (full bullets) and � ! � 0 (empty bullets) polarization geometries,
measuredat the Ru L I I edge,at azimuth  = 0� and low temperatures (T=20 K). The
solid line is the result of a �t of a Lorentzian pro�le to the � ! � 0 data. The scattering
intensity in the � ! � 0 polarization channel is practically equal to zero.

that there is in the � ! � 0 channel a weak intensity equal to 1.2%of the incoming
intensity I 0. This coincidesexactly with the intensity of the weaksignaldetectedin
this polarization geometry in the reciprocal spacescanshown in Figure 3.23.

The h-scanin � ! � 0geometryshown in Figure 3.23canbe�tted by a Lorentzian
pro�le (solid line in graph). The �tting provides the integrated scattering intensity
at T = 20 K. The procedure is repeated for various sample temperatures, in 5
to 10 K intervals, up to room temperature. Two seriesof such measurements were
performedin the experiment, onewith the analyzerin � ! � 0geometry, asin Figure
3.23,and onewithout the useof an analyzer. The two seriesof measurements were
carried out on di�erent samples.By comparing the two temperature dependences,
it could be concludedwhether the scattered intensity is at every temperature of
purely � 0 polarization, as suggestedby the h-scansat 20 K, or if, on the contrary,
some� ! � 0 contribution alsocomesup within a particular temperature range.

Figure 3.24shows the temperature dependenceof the integrated intensity of the
reciprocal spacescansdeterminedas described above, on a linear (panel a) and on
a logarithmic (panel b) scale.The intensities obtained with the analyzer in � ! � 0

geometryare, due to lossesat the analyzer crystal, a factor of 15 weaker than the
onesobtained without analyzer. The corresponding plots have beennormalized to
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Figure 3.24: Temperature dependenceof the integrated scattering intensity at the (1 0 0)
reciprocal space position at the Ru L I I edge, as determined from h-scans at  = 0� ,
both without polarization analyzer (full bullets) and in � ! � 0 geometry (empty bullets),
presented on linear (a) and on logarithmic (b) intensity scales.The two plots have been
scaled to their base temperature intensities. The dependenceswithout analyzer and in
� ! � 0 are virtually identical to each other. Non-zero scattering intensity is observed
above the N�eel temperature, revealing a new phasetransition at 260 K.

the base-temperature intensity values. We notice that the temperature dependences
in � ! � 0 geometry and without analyzer are practically identical. Someminor
di�erenceswill bediscussedlater. The conclusionfrom this is that, within the whole
temperature range investigated, the total scattering intensity (measuredwithout
analyzer)at the L I I edgeoriginatesexclusively from the � ! � 0polarization channel,
i.e. haspolarization which is purely parallel to the di�raction plane, just like at 20K
(Figure 3.23). Any � ! � 0 contribution would result in deviationsbetweenthe total
signaland the � ! � 0 intensity, which are not observed. Thus, the useof analyzeris
not necessaryfor the investigation of the resonant scattering at the (1 0 0) position,
sinceit doesnot provide any additional information. Working without analyzer is
much easier,becausethe obtained intensity is then higher and the rocking curves
broader. The latter is particularly important when carrying out azimuthal angle
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dependences.Indeed, a small rocking-curve width as a result of a perfect analyzer
can lead to intensity losseswhen rotating the samplearound the scattering vector
(due to moving o� the maximum of the peak)and make the azimuthal investigations
di�cult.

Let us now concentrate on how exactly the scattering intensity changeswith
increasingtemperature. At low temperatures the magnetic scattering dominates.
In the temperature range between approximately 40 K and 100 K, the integrated
intensity follows a slow decreasewith increasing temperature. The experimental
data indicate a small but noticeableinversionof this tendencyat lower temperatures,
below 40K, wherethe order parameterseemsto be increasing,insteadof decreasing,
with increasing temperature. With only two data points available below 40 K,
and due to the relatively large size of the corresponding vertical error bars with
regard to the observed small suppressionof the scattering intensity, it cannot be
fully excluded that the anomaly is due to statistical 
uctuations. However, the
independent observation of the anomaly on two di�erent samplesinvestigated in
two di�erent polarization geometriessuggeststhat the e�ect originatesfrom intrinsic
properties of the material. What the causefor such a suppressionof the magnetic
moment at very low temperaturescould be, is not clear.

A large reduction of the integrated scattering intensity is observed at the anti-
ferromagnetic transition temperature TN = 110 K. Our resonant x-ray di�raction
investigationsare thus consistent with older neutron di�raction and magnetization
measurements (e.g. [51, 65]), which reported a phasetransition of Ca2RuO4 from
an antiferromagnetic to a paramagneticstate at 110K, asmentioned in Section3.3.

The scattered intensity above the N�eel temperature TN does not drop to zero.
Instead, there is somesigni�cant intensity remaining, which is a factor of 20 weaker
than the oneat low temperatures,around the 40K maximum. This intensity follows
a smooth, slow decreasewith increasingtemperature and eventually almost vanishes
at the temperature of TOO = 260K in an order-parameter-like fashion. Our results
thus clearly indicate the existenceof a secondphasetransition occuring in Ca2RuO4

at 260K, far above the N�eel temperature, but well below the metal-insulator tran-
sition. This phasetransition hasnot beenreported so far and can be consideredas
the most signi�cant �nding of our Ca2RuO4 investigations.

Therearetwo morefeaturesof the temperaturedependenceat the (1 0 0) position
that should be mentioned. Firstly, someextremely weak scattering intensity, of the
order of 0.5 % of the strong magnetic signal below TN , is still present even above
the 260 K phasetransition, persisting at least up to room temperature. Secondly,
the data indicate the possibleexistenceof a minor anomaly at the temperature of
150 K, depicted by a small dip in the intensity at this temperature, both when no
polarization analysis is usedand when only the � ! � 0 contribution is measured.
Although this observation is basedonly on oneor two experimental data points and
although the intensity drop is comparablein size with the error bar (at least in
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Figure 3.25: Variation with temperature of the half width at half maximum of
the (1 0 0) peak in h-scanscarried out at the Ru L I I edgeat  = 0� , without
polarization analyzer. A small decreaseof the peak's width is observed above the
N�eel temperarure.

the caseof the � ! � 0 measurement), the fact that the anomaly was observed at
exactly the sametemperature on two di�erent samples,makesthe possibility of pure
coincidencerather unlikely. The possibleorigin of thesefeatureswill be discussed
in Section3.12.

Finally, we return to the issueof the minor di�erencesobservedbetweenthe total
and the � ! � 0 intensity in the temperature dependencepresented in Figure 3.24.
A quick look at the graphsmay createthe impressionthat the magnetic transition
observed when the polarization analyzer is used,is broader than the one indicated
by the total intensity, leading to a slightly higher N�eel temperature. At �rst sight,
this impressionis confusing: the total intensity includes the � 0 polarizedsignal and
cannot be smaller than it. If the magnetic transition is still not completedin either
of the polarization channels,it cannotbe alreadycompletedin the total signal. This
discrepancyis neverthelessnot related to the useor no-useof polarization analysis.
Oneshould take into considerationthe following facts: �rst, the measurements with
and without analyzer were carried out on di�erent crystals. It cannot be exluded
that the crystals had slightly di�erent N�eel temperatures,for example,due to small
di�erences in their stoichiometry. In addition, the coupling of the samplesto the
sampleholder and, consquently, to the cold �nger of the cryostat might have been
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di�erent in the two cases(for example, due to di�erent gluing of the crystals).
A worse coupling of the sample to the sample holder would result in a slightly
higher actual temperature of the samplecomparedto what measuredby the sensor
which is attached to the holder, and would lead to an apparent increaseof the
magnetic transition temperature. Finally, in the experiment where the presented
data were collected, two di�erent sensorswere used for the measurement of the
sample temperature, one for the low-temperature regime and one for the higher-
temperature (above 100K) regime(Section3.5.2). The observed discrepancyoccurs
closeto the temperature at which the changeover from onesensorto the other takes
place and where, as previously explained, the horizontal error bars may for this
reasonbelocally larger. It is not possibleto say which of the abovefactorsplayedthe
most important role in the discusseddiscrepancyof the temperature dependences,
which is, after all, actually causedby a single data point of the � ! � 0 graph. In
any case,the issueis not signi�cant, is not related to the useof polarization analysis
and does not in
uence the main conclusionthat is drawn from the comparisonof
the two graphs,namely, that no � ! � 0 contribution to the total scattering intensity
is observed at (1 0 0) in the whole temperature rangeinvestigated.

Figure 3.25shows the variation with temperature of the half width at half maxi-
mum of the (1 0 0) re
ection. The determination of the width is doneusingthe same
reciprocal spacescans,from which the integrated intensity wasalsoobtained, by �t-
ting the data with Lorentzian pro�les. A signi�cant decreaseof the peak'swidth by
approximately 30%is observed above the antiferromagnetic transition temperature
(110 K). This indicates that the orderedphaseobserved above TN is characterized
by a correspondingly larger correlation length than the magnetically ordered low-
temperature phase. The correlation length � a along a� can be estimated through
the expression:

� a =
a

2� � HWHM
(3.3)

where the correlation length and the lattice parameter a are in �A, and HWHM is
the half width at half maximum of the corresponding h-scan. The expressiongives:
� a � 1560�A below TN and � a � 2150�A above TN .

Measuremen ts at L I I
0

It is particularly interesting that the temperature dependenceof the (1 0 0) scat-
tering intensity at the L I I ' energy(2.972keV) is quite di�erent from the oneat the
L I I edge(2.968 keV). This di�erence, which becameobvious already from the en-
ergy scans,can be better seen,in a more quantitativ e way, by using the integrated
intensities of reciprocal spacescans. Figure 3.26 shows the variation with temper-
ature of the integrated intensities of the reciprocal spacescansaround (1 0 0) at
the L I I

0 energyposition, determined by �tting, as described for the L I I edge. The



86 Chapter 3. The system Ca2� xSrxRuO 4

0 100 200 300
0

5

10

15

20

T[K]

In
te

gr
at

ed
 in

te
ns

ity
 [a

.u
.]

Figure 3.26: Temperature dependenceof the integrated scattering intensity at the
(1 0 0) reciprocal spaceposition at the L I I ' energyposition (2.972 keV), as deter-
mined from h-scansat  = 0� without polarization analyzer. The intensity at 11
K was estimated from the corresponding energyscan,as explained in the text. No
anomaliesare observed in the temperature dependenceat least up to room temper-
ature.

measurements weretaken without polarization analyzerand with the magneticmo-
ment lying in the di�raction plane( = 0� ). The integrated intensity of the h-scans
at L I I

0 can be reliably determinedonly for temperaturesabove appoximately 90 K.
Below that temperature, the intensity at L I I

0 is overwhelmedby a strong contri-
bution from the L I I resonance.For this reason,for determining the L I I

0 scattering
intensity at low temperatures,we are forcedto useenergyscansinstead. The latter
cannot provide integrated intensities, but have the advantage that they allow the
separationof the two resonant contributions by �tting the data with two Lorentzian
peaks. Accordingly, the L I I

0 maximum scattering intensity of the 90 K energyscan
was�rst determinedby �tting. By dividing this by the integrated intensity obtained
from the corresponding h-scan,a normalizing factor was calculated. By dividing in
the following the L I I

0 maximum of the 11 K energyscanby this normalizing factor,
the integrated scattering intensity at basetemperature was estimated. It is this
intensity which is displayed by the low-temperature data-point in Figure 3.26.
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The temperature dependenceat L I I
0 shows, in contrast to the one at the L I I

absorption edge, no anomaliesin the whole temperature range investigated. No
phasetransitions areobserved,neither at the magnetictransition temperature(TN =
110K), nor at TOO = 260K, nor at any other temperature. The integratedscattering
intensity decreasessmoothly with increasingtemperature,with no changeof the data
curve slope within our experimental sensitivity. Furthermore, non-zeroscattering
intensity is still observed up to 310K, the highest temperature investigated.

The di�erent temperature dependenceat the L I I
0 energyposition comparedto

that at the L I I absorption edge indicates that the two resonanceshave di�erent
origins and re
ect di�erent aspects of the electronicstructure of the material. The
issuewill be discussedin detail in Section3.12.

3.6.4 Recipro cal Space Scans: Azim uthal Angle Dep endence

T < TN :

The azimuthal angledependenceof the magneticscattering intensity from Ca2RuO4

at the (1 0 0) reciprocal spaceposition is given by the generalequations2.25 and
2.28for the � ! � 0 and � ! � 0 polarization geometries,respectively, applied on the
particular magnetic unit cell of the material. The magnetic basisof stoichiometric
Ca2RuO4 consistsof four Ru+4 ions with 'up' and 'down' spins, as illustrated in
Figure 3.27.

The position vectorsof the basisions are:

R 1 = 0

R 2 =
a
2

x̂ +
c
2

ẑ

R 3 =
b
2

ŷ +
c
2

ẑ

R 4 =
a
2

x̂ +
b
2

ŷ (3.4)

where x̂ , ŷ , ẑ are unit vectors along the crystallographic directions a, b, c, respec-
tively.

In � ! � 0 geometry, the total resonant electric dipole scattering length in the
antiferromagnetic phase(TN < 110 K) for Q = (1 0 0) is, according to Equation
2.24,equal to:

g� ! � 0

E 1 =
4X

j =1

g� ! � 0

E 1;Sj
eiQ �R j = g� ! � 0

E 1;" e0 + g� ! � 0

E 1;# ei� + g� ! � 0

E 1;" e0 + g� ! � 0

E 1;# ei� )

g� ! � 0

E 1 = 2(g� ! � 0

E 1;" � g� ! � 0

E 1;# ) (3.5)
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Figure 3.27: Schematic view of the magnetic unit cell of Ca2RuO4, as determined by
neutron di�raction [51]. The full dots represent Ru+4 lattice sites and the arrows show
the direction of the spin ('up' or 'down') at every site. The numbered ions make up the
magnetic basis.

The scattering lengths for the spin-up and spin-down ions are given by Equations
2.21and 2.23. The total scattering length is therefore:

g� ! � 0

E 1 = 2[2iF (1) cos� sin� + 2iF (1) sin� cos� cos ]

= 4iF (1) (sin � cos� cos + cos� sin� ) (3.6)

where for the (1 0 0) re
ection the scattering angle is: � = 22:71� (at the Ru L I I

edge),and the angle � betweenthe magnetic moment � and the scattering vector
is: � = angle( ^(010); (100)) = 90� .

The magnetic scattering intensity in � ! � 0 at (1 0 0) is proportional to the
squareabsoluteof the total scattering length:

I � ! � 0

(100) / jg� ! � 0

E 1 j2 / (F (1) )2 cos2 � cos2  (3.7)

Similarly, in � ! � 0 geometrythe total scattering length is given by:

g� ! � 0

E 1 =
4X

j =1

g� ! � 0

E 1;Sj
eiQ �R j = 2(g� ! � 0

E 1;" � g� ! � 0

E 1;# ) (3.8)

The scatteringlengthsfor the spin-upand spin-down ionsare,accordingto Equation
2.26,equal to each other:

g� ! � 0

E 1;" = g� ! � 0

E 1;# = F (0) + F (2) � 2
2 = F (0) + F (2) sin2 � sin2  (3.9)
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Thus:
g� ! � 0

E 1 = 0 (3.10)

and the magneticscattering intensity in � ! � 0 at (1 0 0) is zero:

I � ! � 0

(100) = 0 (3.11)

The latter is consistent with the experimentally veri�ed absenceof scattering inten-
sity in the � ! � 0 polarization channel at low temperatures,mentioned in Section
3.6.2(Figure 3.23).

Equations 3.7 and 3.11 show that the total magnetic scattering intensity at
(1 0 0) is proportional to cos2  , thus it is expected to take its maximum value
for  = 0� and its minimum value (zero) for  = 90� . This was indeedcon�rmed
exprimentally: at low temperatures, well within the antiferromagnetically ordered
phase,the maximum scattering signal at the (1 0 0) position was obtained when
the magnetic moment (i.e. the b-direction) was lying in the di�raction plane. A
rotation of the samplearound the scattering vector by 90� ( = 90� ) resulted in a
completevanishingof the scattering intensity.

A complete investigation of the azimuthal dependenceof the (1 0 0) scattering
intensity below the N�eel temperature wasnot carried out. The magneticproperties
of Ca2RuO4 are known from neutron di�raction and magnetization measurements,
and the con�rmation of the already establishedazimuthal dependenceof the scat-
tering intensity that originates from magnetic ordering was not among the high
priorities of the present work. The clear observation of the magnetic transition at
TN and the con�rmation of the 180� -periodicity in  were enoughto demonstrate
that the experimental technique can be successfullyusedfor the investigation of the
magneticstructure of single-crystalCa2RuO4.

T > TN :

It is of great interest to determinethe azimuthal dependenceof the scattering inten-
sity of the novel phasediscovered above the N�eel temperature. This could provide
information about the origin and the properties of the new phase. To do so, scans
alongthe (h 0 0) direction in reciprocal spacewerecarriedout aroundthe (1 0 0) po-
sition, for di�erent azimuthal positions of the samplearound the scatteringvector.
The measurements wereperformedat a sampletemperature of 175K, namely, well
above the magnetic phasetransition temperature TN = 110 K, but well below the
secondphasetransition at TOO = 260K. The h-scanconductedat every azimuthal
position was�tted with a Lorentzian pro�le and the integrated intensity determined
by the �tting was eventually plotted as a function of  . The resulting experimen-
tally determined azimuthal dependenceis shown in Figure 3.28. The solid line in
the graph represents a �t to the data of a simplecos2-function: I ( ) = C cos2  (C:
constant).
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Figure 3.28: Azimuthal dependenceof the integrated scattering intensity at the (1 0 0)
reciprocal spaceposition at the Ru L I I edge,as determined from h-scansat T = 175 K,
without polarization analyzer. The solid line is a �t of a cos2-function to the data.

The largeintensity 
uctuations depictedin the graph aredueto the grain-related
featuresof the investigatedsample. The crystal that was usedfor azimuthal inves-
tigations at the (1 0 0) reciprocal spaceposition (sample B, Section 3.5.1) was,
asalready mentioned, characterizedby a mesoscopicallyinohomogeneousstructure,
consistingof several small domains(grains), aligned almost, but not perfectly, par-
allel to each other. The sizeof thesegrains was comparableto the dimensionsof
the incoming x-ray beam, and thus to the diameter of the scattering area on the
samplesurface(of the order of 100� m). Every time the samplewasrotated around
the scattering vector, in order to move to a di�erent azimuthal position, slight hori-
zontal translations of the samplein the x-ray beamoccured. Such small movements
are practically unavoidable, becausethere is always a small deviation of the centre
of the samplefrom the centre of rotation of the di�ractometer. As a result of the
slight movement of the sample, the x-ray beam was not scattered always by the
samegrain. The 'hopping' to di�erent grains causedsigni�cant 
uctuations of the
measuredintensity, not related to the intrinsic azimuthal dependenceof the scatter-
ing amplitude, becausethe grains were of di�erent sizesand had slightly di�erent
orientations. Of course,after every changeof the azimuthal angle,alignment scans
were performed for the optimization of both the scattering angle and the transla-
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tional position of the sample. However, due to the very small width of the rocking
curves(HWHM lessthan 0:02� ), the iteration procedure,which is normally followed
in an alignment process,did not optimize the intensity in this case.The result was
an azimuthal dependencegraph of suboptimal quality. Theseintensity 
uctuations
would have beenavoided by normalizing to a main Bragg re
ection (e.g. (1 0 0)),
but nonecould be reached at this energy.

Despite the above di�culties, the data still allow to draw a clear conclusion
about the periodicity of the azimuthal dependencewhich characterizesthe phase
observed in Ca2RuO4 above TN . The scattering intensity follows a 180� periodicity,
taking its maximum value at  = 0� and dropping to zeroat  = � 90� , and can be
be described by a cos2-law. Thus, the azimuthal dependenceof the intensity above
the magnetictransition temperature is the samewith the onetheoretically predicted
and experimentally con�rmed for the low-temperature antiferromagnetic phase.

3.7 In vestigations at the (0 1 1) Recipro cal Space
Position

The A-centered magneticarrangement of the Ru+4 spinsin Ca2RuO4 (Section3.3),
which gives rise to the (1 0 0) magnetic re
ection, results in a non-zeromagnetic
structure factor also for the (0 1 1) reciprocal spaceposition. The latter is, alike
(1 0 0), structurally forbidden, that is, free from chargeBragg scattering contribu-
tions. Detailed temperature- and azimuthal dependenceinvestigationswere carried
out at this position at the Ru L I I absorption edge.The main motivation was to ex-
amine whether the featuresobserved at (1 0 0) are present alsoat the magnetically
equivalent (0 1 1) site. Of particular interest wasto verify if the novel phasediscov-
ered at (1 0 0) below TOO = 260 K gives rise to resonant scattering at (0 1 1), as
well, and, if so,with what kind of azimuthal dependence.This information could be
useful in our attempt to determinethe origin and the properties of this new phase,
and to obtain a completepicture of the electronicpropertiesof Ca2RuO4 in general.

3.7.1 Alignmen t

The initial alignment of the sample in the x-ray beam was carried out using the
third harmonic component �= 3 of the beam,as described in Section3.6.1,with the
fundamental tuned at the Ru L I I absorption edge(� = 4:177 �A). The (0 2 2) Bragg
peak was used for this purpose, a relatively weak re
ection, giving a scattering
intensity of the order of 400counts per secondat the scattering angleof � = 16:2� .
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Figure 3.29: Energy dependenceof the scattered intensity of the (0 1 1) re
ection around
the Ru L I I absorption edgeat azimuth  = 0� for selectedsampletemperatures, in linear
(a) and in logarithmic (b) intensity scale. All energyscansare corrected for absorption.

3.7.2 Energy Scans: Temp erature Dep endence

The variation of the scattering intensity with the photon energy of the incoming
x-ray beam at the (0 1 1) reciprocal spaceposition was investigatedwithin a wide
rangeof sampletemperatures. The energyscanswerecarried out with the magnetic
moment � of the material (parallel to the b-direction) lying in the di�raction plane
(azimuthal position  = 0� ). No polarization analyzerwas usedfor the analysisof
the scatteredbeam.

The energyscansare displayed in panel (a) of Figure 3.29. Three of them, corre-
sponding to three characteristic temperatures,areselectedand presented separately
on a logarithmic intensity scalein panel (b) of the same�gure. The intensitieshave
beennormalized to the ionization chamber usedas monitor before the samplepo-
sition, and have beencorrectedfor the strong absorption of the x-ray beamby the
sample. For the absorption correction, the normalized intensities were multiplied
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by the squareof the energydependent absorption coe�cien t (Appendix A), follow-
ing the sameprocedureas in Section3.6.2. The measurements that correspond to
temperatures above 240 K were taken independently from those at low tempera-
tures, but on the samesample and during the sameexperiment. However, they
gave signi�cantly higher (factor of 2.4) scattering intensities, probably becauseof
the already discussedgrain-hopping e�ect. The intensities of the high-temperature
measurements had, thus, to be normalized, using as referencethe intensity at 240
K, which was available from both seriesof measurements.

The variation of the scatteringintensity at position (0 1 1) of the reciprocal space
with energyand temperature is practically identical to the oneobserved at (1 0 0).
The resonant enhancement at the L I I edgeresults in a double-peak structure, with
the higherenergypeak(L I I

0) beingapproximately 4 eV abovethe edge.The intensity
at both energypositionsdecreaseswith increasingtemperature, but following quite
di�erent dependences.While the intensity at L I I undergoes two strong, relatively
sharp decreases�rst at the magnetic ordering temperature TN and then around
260 K, the intensity at L I I

0 decreasesonly slowly and smoothly with temperature
without showing any anomalies. This results in an inversion of the intensity ratio
of the two peaksaround the magnetic transition temperature, exactly like at the
(1 0 0) position. Closeto room temperature the scattering intensity at L I I is close
to zero,while a signi�cant intensity remainsat L I I

0.
The fact that signi�cant scattering intensity remainsabove the magnetic transi-

tion temperature (TN = 110K), shows that the novel phasediscoveredat (1 0 0) is
observed alsoat the magnetically equivalent (0 1 1) position.

3.7.3 Recipro cal Space Scans: Temp erature Dep endence

For determining the integrated scattering intensity at the (0 1 1) reciprocal space
position, scansalongthe scatteringvector Q in form of � � 2� scanswerecarried out
at various temperatures. In a � � 2� scanthe scatteredintensity is measuredduring
a simultaneousrotation of the samplearound the scattering anglethat satis�es the
Braggcondition, and of the detectorby twicethe amount of changeof the scattering
angle. Such a scanis equivalent to a Q-scan(i.e. a kl-scanin this case).

Figure 3.31shows a � � 2� scanaround the (0 1 1) position at low temperatures
(45 K). The integrated intensity is determinedby �tting of a Gaussianpro�le to the
data. The procedure is repeated for several temperatures up to 294 K. All scans
werecarried out without polarization analyzerand with the magneticmoment lying
in the di�raction plane ( = 0� ). The variation of the integrated intensities with
temperature is shown in Figure 3.30. For comparison,the temperature dependence
of the (1 0 0) re
ection (from Figure 3.24) is shown in the sameplot, normalizedto
the intensity at 130K. The low- and high-temperature (T > 130K) (0 1 1) data are
from two di�erent seriesof measurements (taken on the samesample,during the
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Figure 3.30: Temperature dependenceof the integrated scattering intensity at the (0 1 1)
reciprocal spaceposition at the Ru L I I edge,as determined from � � 2� -scansat  = 0� ,
without polarization analyzer (full bullets). For comparison, the corresponding temper-
ature dependencefor the (1 0 0) position (Fig. 3.24) is shown in the sameplot (empty
bullets), normalized to the intensity at 130 K. The temperature dependencesat the two
positions are virtually identical to each other. A secondphase transition, besidesthe
antiferromagnetic at TN , is in both casesobserved around 260 K.

sameexperiment), normalizedalsoat 130K.
The main featuresof the temperature dependenceat (0 1 1) are almost identical

to the ones at (1 0 0). The magnetic transition is clearly observed through a
sharp drop of the intensity, equal to one order of magnitude, at TN . The magnetic
transition seemsto be slightly lesssharp than at (1 0 0) and is completed at a
relatively higher temperature (around 130 K). Concerningthis issue,the reader is
referredto the comments madein Section3.6.3about the di�erencesobserved there
between the total and the � ! � 0 intensity at (1 0 0). The novel phaseobserved
at (1 0 0) above TN is also present at (0 1 1). It follows exactly the samesmooth
power-law decreasein intensity with increasingtemperature and vanishesa little
above 270K. In contrast to the (1 0 0) position, there is no indication for additional
non-zeroscattering intensity above the TOO phasetransition. The intensity at 300
K is zerowithin our experimental sensitivity. The small dip in intensity observed at
(1 0 0) at 150 K (independently in the total signal and in the � ! � 0 polarization
channel) is not present at (0 1 1).
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Figure 3.31: � � 2� -scan around the (0 1 1) position at the Ru L I I edge,carried out at
sample temperature T = 45 K and azimuth  = 0� . The solid line is a �t of a Gaussian
pro�le to the data. From the �tting, the integrated intensity and the half width at half
maximum of the re
ection are determined.

Figure 3.32 shows the variation with temperature of the the half width at half
maximum of the (0 1 1) re
ection, as determined from the � � 2� -scans. As was
the caseat (1 0 0), the resonant peak at (0 1 1) also shows a signi�cant decrease
by approximately 35%of its width at the antiferromagnetic transition temperature.
This again indicates that the orderedphaseabove TN is characterizedby a corre-
spondingly larger correlation length than the magnetically orderedlow-temperature
phase. The width of the peak appears in general larger than at (1 0 0), but di-
rect comparisonsare di�cult to make becauseof the di�erent �tting function which
had to be usedat (0 1 1) (Gaussianinstead of Lorentzian) due to angular resolu-
tion e�ects. The 'noisy' appearanceof the data and the relatively large error bars
above approximately 170 K are due to the weaknessof the resonant signal at high
temperatures,which makesthe �tting lessprecise.

3.7.4 Recipro cal Space Scans: Azim uthal Angle Dep endence

The azimuthal angle dependenceof the resonant electric dipole scattering length
in the low-temperature antiferromagnetic phase(T < 110 K) of Ca2RuO4 at the
(0 1 1) reciprocal spaceposition is calculated,alike for the (1 0 0) position (Section
3.6.4),from Equations2.25and 2.28appliedon the magneticunit cell of the material
(Figure 3.27),with the position vectorsR j given by Equations3.4and the Q vector
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Figure 3.32: Variation with temperature of the half width at half maximum of the (0 1 1)
re
ection, asdeterminedwith � � 2� -scanscarried out at the Ru L I I edgeat  = 0� without
polarization analyzer. The peak's width is clearly reduced above the N�eel temperature,
exactly like at the (1 0 0) position (Fig. 3.25). The increasederrors at high temperatures
are due to the small scattering intensity there.

being in this case:Q = (0 1 1) = 2�
b ŷ + 2�

c ẑ .
In the � ! � 0 polarization geometrythe total scattering length g� ! � 0

E 1 is thus:

g� ! � 0

E 1 =
4X

j =1

g� ! � 0

E 1;Sj
eiQ �R j = g� ! � 0

E 1;" e0 + g� ! � 0

E 1;# ei� + g� ! � 0

E 1;" ei 2� + g� ! � 0

E 1;# ei� (3.12)

which gives:
g� ! � 0

E 1 = 2(g� ! � 0

E 1;" � g� ! � 0

E 1;# ) (3.13)

The scattering lengths for the spin-up and spin-down ions of the basisare given by
Equations 2.21and 2.23. The total scattering length is therefore:

g� ! � 0

E 1 = 2[2iF (1) cos� sin� + 2iF (1) sin� cos� cos ]

= 4iF (1) (sin � cos� cos + cos� sin� ) (3.14)

where for the (0 1 1) re
ection the scattering angle is: � = 24:73� (at the Ru L I I

edge)and the angle� betweenthe magneticmoment � (which is parallel to (0 1 0))
and the scattering vector (0 1 1) is equal to: � = 24:66� .
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Figure 3.33: Simulation of the azimuthal dependenceof the magnetic scattering intensity
at the (0 1 1) reciprocal spaceposition in � ! � 0 polarization geometry, as determined
from the general expressionfor the resonant electric dipole scattering length (Eq. 2.24)
applied on the magnetic unit cell of Ca2RuO4 (Fig. 3.27).

The magnetic scattering intensity in � ! � 0 at (0 1 1) is proportional to the
squareabsoluteof the total scattering length:

I � ! � 0

(011) / (F (1) )2[sin� cos� cos + cos� sin� ]2 (3.15)

A simulation of the azimuthal dependenceof the magnetic scattering intensity in
� ! � 0 is illustrated in Figure 3.33. Although the simulation was not con�rmed
experimentally, dueto time restrictionsat the experiment, the azimuthal dependence
of the electric dipolescattering length is well-establishedand leavesno doubts about
the validit y of the resulting intensity variation.

Similarly, in the � ! � 0 polarization geometry, the total resonant electric dipole
scattering length is:

g� ! � 0

E 1 = 2(g� ! � 0

E 1;" � g� ! � 0

E 1;# ) (3.16)

with the spin-up and spin-down scattering lengths given by Equation 2.26:

g� ! � 0

E 1;" = g� ! � 0

E 1;# = F (0) + F (2) sin2 � sin2  (3.17)

Thus:
g� ! � 0

E 1 = 0 (3.18)
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Figure 3.34: Azimuthal dependenceof the integrated scattering intensity at the (0 1 1)
reciprocal spaceposition at the Ru L I I edge,as determined from � � 2� -scansat T = 144
K, without polarization analyzer. The solid line is a �t of a cos2(2 �  o)-function to
the data. For comparison, the simulation of the azimuthal dependenceof the magnetic
scattering intensity (Fig. 3.33)below TN is alsoshown (dashedline). The two dependences
are clearly di�eren t.

and the scattering intensity in � ! � 0 is zero:

I � ! � 0

(011) = 0 (3.19)

While the azimuthal dependenceof the scattering intensity in the antiferromag-
netic phaseof Ca2RuO4 is known, as described above, this is not the casefor the
resonant scattering observed at (0 1 1) above the N�eel temperature. This was de-
termined experimentally, by carrying out � � 2� scansaround the (0 1 1) position
for di�erent azimuthal anglesat sampletemperature T = 144K, and then calculat-
ing for every azimuthal anglethe corresponding integrated intensity via �tting of a
Gaussianpro�le to the data. The resulting azimuthal dependenceis shown in Figure
3.34. It can be described by an equation of the type: I / cos2(2 �  o) (solid line
in plot). The simulation of the magneticscattering is clearly not consistent with the
high-temperature data.

The azimuthal dependenceof the scatteredintensity in the novel phasebetween
TN and TOO at (0 1 1) is thus quite di�erent from the oneexpectedfor the magnetic
phasebelow TN at this position. It also di�ers from the dependencefound for the
high-temperature phaseat (1 0 0). It is interesting that the scattering intensity
shown in Figure 3.34 takesneither its maximum nor its minimum value when the
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magnetic moment lies in the di�raction plane ( = 0� ). The maximum is reached
instead when the moment is 30� o� the plane. The characteristic period of the
dependenceis half the period found for the high-temperature phaseat the (1 0 0)
position (Figure 3.28) (90� instead of 180� ).

3.8 In vestigations at the (1 1 0) Recipro cal Space
Position

The (1 1 0) reciprocal spaceposition is not allowed for Bragg charge scattering by
the Pbca spacegroup. In addition, the magneticstructure factor is at this position
equal to zero. Indeed, using for the magnetic basis ions the position vectors R j

given by Equations 3.4, the total magnetic structure factor in � ! � 0 geometry is
calculated for Q = (1 1 0) = 2�

a x̂ + 2�
b ŷ as follows:

g� ! � 0

E 1 =
4X

j =1

g� ! � 0

E 1;Sj
eiQ �R j = g� ! � 0

E 1;" e0 + g� ! � 0

E 1;# ei� + g� ! � 0

E 1;" ei� + g� ! � 0

E 1;# ei 2�

= g� ! � 0

E 1;" � g� ! � 0

E 1;" + g� ! � 0

E 1;# � g� ! � 0

E 1;# = 0 (3.20)

The same is the casein the � ! � 0 polarization geometry. Thus, no magnetic
scattering occursat (1 1 0).

Nevertheless,resonant scattering intensity was still observed at (1 1 0). It is
characterizedby a polarization which hascomponents both parallel and perpendic-
ular to the scattering plane. Thus, in contrast to the scattering at the previously
discussedpositions, it gives contributions in both polarization channels, � ! � 0

and � ! � 0. Its temperature- and azimuthal angledependencein the two di�erent
polarization geometriesprovide information about the origin of the scattering.

3.8.1 Alignmen t

The initial alignment of the sample in the x-ray beam was carried out using the
third harmonic component �= 3 of the x-rays, asdescribed in Section3.6.1,with the
fundamental energytuned at the Ru L I I absorptionedge(� = 4:177�A). The (2 2 0)
Bragg re
ection was used for this purpose,which has at this energy a scattering
angleof � = 21:17� .

3.8.2 Energy Scans: Temp erature Dep endence

Energy scansaround the Ru L I I absorption edgewere carried out at the (1 1 0)
position at various sampletemperatures. They were performed with the magnetic
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Figure 3.35: Energy dependenceof the scattered intensity of the (1 1 0) re
ection around
the Ru L I I absorption edge at azimuth  = 0� for selectedsample temperatures. All
energyscansare corrected for absorption.

moment lying in the di�raction plane ( = 0� ) and without the useof polarization
analyzer. A selectionof thesescans,corresponding to four characteristic tempera-
tures, is presented in Figure 3.35. The scattering intensities have beennormalized,
as always, to the monitor beforethe sampleposition, and correctedfor absorption
by multiplying by the squareof the absorption coe�cien t.

The lineshape of the energyscansat (1 1 0) is very similar to the oneobserved at
the magnetic positions (1 0 0) and (0 1 1) at low temperatures. It is characterized
by a double-peak structure, with the lower energyresonant peak exactly at the L I I

edgeand the higher energy(L I I
0) peak4 eV above that. In contrast to what wasthe

caseat the magneticpositions, the two peaksfollow at (1 1 0) practically the same
temperature dependenceup to room temperature. The ratio of their intensities
stays therefore practically the same (factor of 4) within the whole temperature
range investigated. Close to room temperature signi�cant scattering intensity is
still present at both energypositions. The broad spectral featuresobserved at high
energies,above the L I I

0 peak, at all reciprocal spacepositions investigated, are at
(1 1 0) more pronouncedthan at (1 0 0) and (0 1 1).
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Figure 3.36: Temperature dependenceof the integrated scattering intensity at the (1 1 0)
reciprocal spaceposition at the Ru L I I edge,as determined from � � 2� -scansat  = 0� ,
both without polarization analyzer (a) and in � ! � 0 geometry (b). The two dependences
are practically identical to each other. No anomaliesare observed up to 325K, the highest
temperature investigated.

3.8.3 Recipro cal Space Scans: Temp erature Dep endence

For determining the integrated scattering intensity at (1 1 0), � � 2� scanswere
carried out around this position at various temperatures, both without the use of
polarization analyzer,and in � ! � 0 geometry. The scanswere performedwith the
magnetic moment lying in the scattering plane ( = 0� ). The resulting plots were
�tted with Lorentzian pro�les. The integrated intensitiesobtained from the �ttings
are plotted as a function of temperature in Figure 3.36. The upper panel shows
the temperature dependenceof the total scattering intensity (i.e. whenno polariza-
tion analyzer is used), while the lower one the dependencein � ! � 0 polarization
geometry.

In both cases,the integrated intensity decreasessmoothly with increasingtem-
perature, with no anomaliesobserved up to 325K, the highest temperature investi-
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Figure 3.37: Variation with temperature of the half width at half maximum of the (1 1 0)
peak in � � 2� -scans carried out at the Ru L I I edge at  = 0� , without polarization
analyzer.

gated. This temperature dependenceremindsstrongly of the oneobserved at (1 0 0)
at the L I I

0 energyposition (2.972keV) (Figure 3.26).
The variation with temperature of the half width at half maximum of the reso-

nant peak at (1 1 0) is shown in Figure 3.37. For the determination of the width,
the same� � 2� -scans,�tted with Lorentzian pro�les for the calculation of the inte-
grated intensities,wereagain used. The resulting plot shows a constant peakwidth
within the experimental error, with no anomaliesobserved in the wholetemperature
rangeinvestigated. The obtained width value (� 0:012� ) might be enhanceddue to
instrumental angular resolution limitations.

3.8.4 Recipro cal Space Scans: Azim uthal Angle Dep endence

The azimuthal angle dependenceof the resonant scattering intensity at (1 1 0)
was also determined via � � 2� scans,carried out at low temperatures (T � 13
K) separately in � ! � 0 and � ! � 0 polarization geometries. The resonant peak
obtained in every scan was �tted as previously with a Lorentzian pro�le, which
provided the integrated intensity at the corresponding  -position. Figure 3.38shows
the experimentally determined azimuthal dependencesat the (1 1 0) position in
the two polarization channels. The solid lines are simulations basedon a model
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Figure 3.38: Azimuthal dependenceof the integrated scattering intensity at the (1 1 0)
reciprocal spaceposition at the Ru L I I edge,asdetermined from � � 2� -scansat T = 13 K,
both in � ! � 0 (full bullets) and in � ! � 0 (empty bullets) polarization geometries. The
solid lines are simulations of the scattering intensity that originates from the breaking of
the space-groupsymmetry causedby the tilt distortions of the RuO6 octahedra.

explained below. At  = 0� the � ! � 0 component of the scattering intensity
takes its maximum value, while the � ! � 0 component is zero. With changing
 , the � ! � 0 intensity follows a sin2 2 -dependencewith a 90� periodicity, while
the dependenceof the � ! � 0 intensity is more complicated,probably of the type:
I / (sin  cos� � cos2 sin� )2, with � being the scattering angle. The maximum-
intensity ratio I � ! � 0

max =I � ! � 0

max of the two components is approximately equal to 2 : 1.

3.8.5 Tilt Order: Simulation

As already mentioned in Section3.1, Ca2RuO4 exhibits, like many other materials
with perovskite-type structure, a distortion of its lattice characterizedby a tilt order
of the RuO6 octahedra. Conventional, non-resonant x-ray scattering is insensitive
to this tilting. Anomalous resonant x-ray scattering, on the contrary, is not. The
reasonis, that closeto an absorption edgeof the scattering material the atomic
scattering factor for every ion site transforms from a scalarto a tensor with respect
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to the polarization of the x-rays and thus becomessensitive to the local electronic
structure and the charge anisotropies of the ions. The tilting of the octahedra
in Ca2RuO4 results in having Ru sites which, despite being crystallographically
equivalent, have di�erent oxygen environments. The atomic scattering factors for
two such ions are in resonant di�raction di�erent tensors. The result is non-zero
scattering intensity at reciprocal spacepositionswhich are not allowed by the space
group. In terms of electronic transitions, the tilting of the octahedracontributes to
the splitting of the Ru 4d t 2g states,to which the coreelectronsare promoted in the
resonant process. This splitting is necessaryfor the resonant cross-sectionto give
non-zeroscattering intensity.

Basedon the above, resonant x-ray di�raction at the Ru absorptionedgescanbe
usedasa probe of the tilt order in Ca2RuO4. The reciprocal spacepositions where
resonant scatteringoccursprovide information about the periodicity of the tilt order,
while the width of the corresponding intensity peaksis proportional to the inverse
correlation length that characterizesit. Such octahedral tilt order investigations
have beenpreviously reported for 3d compounds,such asLaMnO3, Pr1� xCax MnO3

[70] and YTiO 3 [38].
The azimuthal dependenceof the tilt order scattering intensity from Ca2RuO4

at a particular reciprocal spaceposition can be calculatedwith the help of a simple
model, for which the occupanciesof the relevant (t 2g) orbitals, the tilting anglesof
the octahedra and the spacegroup symmetry of the compound needto be known.
We assumefor the ion located at site 1 (Figure 3.27) a diagonal form factor of the
type:

f 1 =

0

B
@

f � 0 0
0 f � + � f � 0
0 0 f �

1

C
A (3.21)

where f � is the isotropic term and � f � the anisotropic strength of the form factor
[38]. Based on the currently dominant theories about the orbital occupanciesin
Ca2RuO4 (Section 3.2), we assumea fully occupied (0 holes/site) dxy orbital and
half-occupied(1 hole/site) dyz/ dzx orbitals to start with, thus a wavefunction of the
form:

	 = c1jzxi + c2jxyi (3.22)

with: c2 = 2c1 and c2
1 + c2

2 = 1. The occupancyfactors c1, c2 determinethe rotation
anglesfor expressingthe form factor in the coordinate frame of the crystal. Further
rotation matrices are introduced for taking into account the tilt angles� , � and 

of the octahedra around the axesc, b and a of the coordinate frame of the crystal,
respectively. For Ca2RuO4 we have: � = 11:8� and � = 12:7� (Section 3.1, the low
temperature valuesare used). After multiplying the original form factor by these
rotation matrices, the symmetry operations of the spacegroup have to be applied,
in order to obtain the form factors for the rest of the sites. Then the structure factor
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for a particular reciprocal spaceposition can be calculated. For (1 1 0) it reads:

F(110) =
4X

j =1

f j eiQ �R j = f 1 � f 2 � f 3 + f 4 (3.23)

The scattering geometry enters the calculations via the rotation matrices which
transform the structure factors into the coordinate frame of the laboratory. For
(1 1 0), a rotation around y by 134.57� , as well as onearound x by 90� are needed.
As far as the polarization of the x-rays is concerned,this can be expressedin the
laboratory frame for the linearly polarized incoming beam with the vector [0 1 0],
and for the � ! � 0 and � ! � 0 components of the scatteredbeamwith the vectors
[� sin� 0 cos� ] and [0 1 0], respectively, where� is the scattering angle(� = 22:85�

for (1 1 0) at the Ru L I I edge).
The above calculations were carried out in the computer algebra programme

MapleTM , with the help of a code previously developed by J.P. Hill for YTiO 3,
appropriately modi�ed for application on Ca2RuO4. The code can be found (with
the output compressed)in Appendix C. The azimuthal dependenceof the scattering
intensity calculated in this way for the � ! � 0 and � ! � 0 scattering geometriesis
displayed in Figure 3.38 (solid curves). The agreement of the simulated intensities
with the experimental data is quite good.

3.9 In vestigations at Half-In teger Recipro cal Space
Positions

The theory suggestedby Hotta and Dagotto for the orbitally ordered state in
Ca2RuO4 [53] was the �rst to proposean 'antiferro-orbital' periodic pattern, with
di�erent Ru t2g orbitals occupied at neighboring sites in the lattice. One of the
main consequencesof the proposedorbital arrangement is the doubling of the size
of the system'sunit cell in all three crystallographic directions (Figure 3.7). Such
a doubling of the unit cell would result in re
ections with non-zero intensity at
reciprocal spacepositions with half-integer Miller indices. Motivated by thesepre-
dictions, we searched for resonant scattering at positions ( 1

2
1
2

1
2) and ( 1

2
1
2 0) of the

reciprocal space.No scattering above background was observed at thesepositions.
Our experimental results therefore do not con�rm the orbital order suggestedby
Hotta and Dagotto, or any other model proposing for Ca2RuO4 a unit cell larger
than the atomic unit cell. An explicit exclusion of the models cannot be made
though, becausethe possibility that weaknon-zeroscattering intensity is present at
the above positions and remains unobservable in our experiments due to the very
small structure factors, still exists.
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3.10 Muon Spin Rotation Measuremen ts

Motivated by the broad featureobserved in susceptibility measurements around 260
K in Ca2RuO4 powder samples(Figure 3.10), we investigated the possibility that
the new phasediscovered above TN in the single crystal di�raction experiments is
of magnetic origin. For this, an experimental technique which is sensitive to small
magnetic moments is needed.Muon spin rotation (� SR) is appropriate for investi-
gating the magneticstructure and dynamicsof matter on atomic scaleand provides
the required sensitivity. The technique involves implanting spin-polarized positive
muons into a sampleand observingthe e�ect of the sample'slocal environment on
the muons' behavior.

Muons are spin 1=2 unstable fundamental particles (leptons) with massm� =
207me (me: electronmass),which decay after an averagelifetime of 2.2� sto produce
a positron and two neutrinos. When implanted within a solid, a muon acts like
a microscopicmagnetometer. Its spin precessesunder the in
uence of the local
magnetic �eld and the direction that the spin eventually has at the moment of the
muon's decay givesinformation about the local magnetic �eld with which the spin
previously interacted. The �nal direction of the muon's spin can be determined
with the help of the emitted positron. The emissionof the positron takes place
preferentially along the direction of the polarization of the muon at the moment
of the decay. Thus, in conclusion,by detecting the eventually producedpositrons,
we can obtain information about the properties of the local magnetic �eld in the
investigatedsolid. The power of the technique lies in the fact that it is a very local
and sensitive probe of magnetic �elds and their 
uctuations. Its detection limit can
be of the order of down to 0.01 � B .

Muon spin rotation measurements were carried out both on powder
Ca2RuO4 samplesand on singlecrystals of the sameorigin as the onesusedin the
di�raction experiments. The measurements were performed by C. Bernhard and
J. Chakhalian at the GeneralPurposeSpectrometerbeamlineat the Paul Scherrer
Institute (PSI) in Switzerland. Figure 3.39 shows the non-magnetic fraction of a
powder Ca2RuO4 sampleas a function of temperature, as determinedwith � SR at
transverseapplied magnetic �eld 100Oe. The data clearly show a magnetic transi-
tion taking placeabove approximately 110 K and being completedcloseto 170 K.
The non-magneticfraction of the sampleabove 170 K and all the way up to room
temperature is, within the experimental sensitivity (of the order of 0.01 � B ), equal
to 100%. Indications for a magneticphasetransition closeto 260K are completely
absent. A similar behavior is also observed in the single-crystal samples,but the
magnetic transition is sharper there and the non-magnetic fraction of the sample
reaches the value of 100%below 150 K. The di�erence is due to inclusions in the
powder sampleof the so-calledB-centered magnetic phase,which is characterized
by a higher N�eel temperature (TB

N = 150K). This phaseis apparently absent in the
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Figure 3.39: Non-magnetic fraction (in %) of the powder (closed bullets) and of the
single-crystal (open bullets) Ca2RuO4 samples,as determined with muon spin rotation at
transversemagnetic �eld 100 Oe. No ordered magnetic moment is measuredabove the
N�eel temperature. No anomaly is observed around 260 K.

singlecrystals, which have a higher degreeof purit y.

The important pieceof information obtainedby the above � SRdata is that there
is no orderedmagneticmoment in Ca2RuO4 above the phasetransition from the low-
temperature antiferromagnetic to the high-temperature paramagneticphase. The
detection limit of the technique is one order of magnitude lower than the ampli-
tude of the magnetic moment that would be expected in the new phaseif it were
magnetic,basedon the ratio of the integrated scatteredintensitiesbelow and above
the magneticphasetransition (Figure 3.30). Indeed,given the fact that the ampli-
tude of the magnetic moment in the low-temperature antiferromagnetic phase,as
determined by neutron di�raction, is equal to 1:3� B [51], and that the scattering
intensity above TN is a factor of 20 weaker than at low temperatures(Figure 3.30),
if the phaseabove TN were magnetic, the ordered moment that would be needed
to producethe observed scattering intensity would be a factor of

p
20 smaller than

1:3� B , i.e. of the order of 0:3� B . Such a magneticmoment is at least oneorder of
magnitude larger than the detection limit of the �S R technique and would be easily
detectedif it existed. The fact that no such orderedmoment is observed shows that
the scattering intensity above TN is not of magnetic origin. The newly discovered
phasetransition at 260K is thus a transition betweentwo paramagneticphases.
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3.11 The Ca1:9Sr0:1RuO 4 System

Doping Ca2RuO4 with Sr leadsto a rapid decreaseof the metal-insulator transition
temperature TM I , as seenin the phasediagram of Figure 3.1. For doping level
x = 0:1 the transition from the high-temperature, metallic L-Pbca phaseto the low-
temperature, insulating S-Pbca, takesplacealreadyaround175K. Neutron andx-ray
di�raction investigationsshow a large thermal hysteresisof about 50 K around the
transition. Except for the lower phasetransition temperature, the transition itself
is quite similar to the oneoccuring at 356K in the pure compound.

Figure 3.40: Variation with temperature of the lattice parameters a, b (left) and c
(right) of Ca1:9Sr0:1RuO4, as determined with neutron di�raction [56]. Large, discon-
tinuous changesin all parameters accompany the �rst-order transition at TM I = 175 K.
The changesoccuring within the low-temperature phase,below TM I , are smaller than in
Ca2RuO4.

The lattice parameters,the Ru-O bond lengths and the octahedral tilt angles
undergoin Ca1:9Sr0:1RuO4 signi�cant discontinuouschangesat TM I , similar to what
was observed in Ca2RuO4 (Figures 3.40,3.41). But the temperature dependenceof
all structural parametersbelow TM I , within the S-Pbca phase,is in Ca1:9Sr0:1RuO4

much weaker than in the pure compound. The most important e�ect of this is that
the out-of-planeRu-O bonds(Ru-O(2)) never becomeshorter than the in-planeones
(Ru-O(1)), even at very low temperatures. In other words, the RuO6 octahedraare
never 
attened perpendicular to c within the whole S-Pbca phase. The octahedral
shape observed in the pure compound within a small temperature rangebelow the
metal-insulator transition (betweenapproximately 300K and 360K) is thus in the
x = 0:1 doped material stable down to the lowest temperatures.
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Figure 3.41: Variation with temperature of the Ru-O bond lengths in Ca1:9Sr0:1RuO4, as
determined with neutron di�raction [56]. The out-of-plane (Ru-O(2)) bonds are always
longer than the onesin the ab-plane (Ru-O(1)) or at least equal to them, i.e. the RuO6

octahedra remain, unlike in Ca2RuO4, slightly elongatedalongc even at low temperatures.

As far as the magnetic properties are concerned,Ca1:9Sr0:1RuO4 exhibits anti-
ferromagneticorder below TN = 143 K [56]. The Ru ions order according to the
B-centered arrangement shown in Figure 3.8,di�erent from Ca2RuO4. However, the
ordered magnetic moment is still aligned along the b direction, showing that it is
mainly the tilt direction, and not the stretching of the octahedra, that determines
the spin direction.

It is interesting to investigatehow and to what degreethe resonant x-ray di�rac-
tion featuresobserved in Ca2RuO4 changeupon Sr-doping. Determining their de-
pendenceon the Ru+4 spin arrangement on onehand, and the octahedraldistortions
on the other, can provide information about their origin.

The fact that the metal-insulator transition temperature lies in the x = 0:1
doped material below room temperature, but above the N�eel temperature, makes
its investigation technically di�cult. For the material to reach the low-temperature
magneticallyorderedphase,it is necessaryto passthrough the metal-insulator tran-
sition. But this �rst-order transition has destructive results on the sample. The
large, discontinuous structural distortions su�ered by the crystal at TM I result in
its cracking and breaking. Most crystals are destroyed to such a degreeat this
temperature, that it is not possibleto obtain any data thereafter. The experiments
showed that, concerningthis issue,it is preferredto usenon-perfect crystals of rel-
atively broad mosaicwidth for the measurements. Such crystals have more chances
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Figure 3.42: Rocking curve of the Ca1:9Sr0:1RuO4 sample used in the x-ray di�raction
investigations. The presented � -scan was carried out at the Ru L I I absorption edge, at
low temperatures (� 20K ), around the (1 0 0) reciprocal spaceposition. The solid line
is a �t of a Lorentzian pro�le to the experimental data. The width of the re
ection is
signi�cantly larger than of the Ca2RuO4 samples.The worsecrystal quality increasesthe
probabilit y that the sampleundergoesthe metal-insulator transition without being totally
destroyed.

to survive the phasetransition, probably becausethe coexistenceof several mosaic
domainsprovides more spacefor the relaxation of the lattice.

The sampleusedin the investigationsdescribed in this sectionwasgrown by the

oating-zone method by R. Jin and D. Mandrus at Oak Ridge National Laboratory
(Oak Ridge, USA). The full width at half maximum of its rocking curve (� -scan)
at the (1 0 0) position is around 0:15� (Figure 3.42), i.e. two to four times larger
than most Ca2� xSrxRuO4 crystals (either pure (Section 3.5.1) or Sr-doped) grown
by Maeno'sgroup. The samplewas able to undergothe �rst-order metal-insulator
transition around175K without beingtotally destroyed. Despitecracking and mov-
ing, the largest part of it remained�xed on the sampleholder in a condition which
allowed the performanceof measurements. The main problem that arisesdue to the
large mosaicwidth of the sample is that no polarization analysisof the scattered
signal can be performed. The imperfect samplesatis�es the Bragg scattering condi-
tion within a relatively broad rangeof angles,over which the scattering intensity is
distributed. Becauseof the fact that the Si(1 1 1) polarization analyzer is a much
more perfect crystal, only a small fraction of the x-rays scatteredby the sampleare
selected(through the scattering condition) by the analyzer and further di�racted
into the detector.



3.11. The Ca1:9Sr0:1RuO 4 System 111

In vestigations at (1 0 0)

The B-centered magnetic arrangement, which is establishedin Ca1:9Sr0:1RuO4 at
low temperatures,is expectedto give rise to magneticre
ections at reciprocal space
positions (0 1 0) and (1 0 1). The positions (1 0 0) and (0 1 1), on the contrary,
which were magnetically allowed in Ca2RuO4, have zero magnetic structure factor
in the doped system. It is interesting to examinewhether the new phasediscovered
in Ca2RuO4 below 260 K at (1 0 0) and (0 1 1) is in
uenced by the changeof the
magneticorder from A-centered to B-centered.

Figure 3.43(a) shows the temperature dependenceof the integrated scattering
intensity, asdeterminedfrom h-scanscarried out around the (1 0 0) reciprocal space
position, at the Ru L I I absorption edge,at azimuth  = 0� (with the b-direction in
the di�raction plane). Lorentzian pro�les have beenusedfor the �tting of the data.
The measurements were carried out without polarization analyzer, for the reasons
explained above. The strong magnetic scattering intensity observed in Ca2RuO4

at (1 0 0) below 110 K (Figure 3.24) is absent in the Sr-doped compound. Some
weak resonant intensity is still measuredat this position, but this cannot be of
magnetic origin, for reasonsexplained in Section3.12. It decreasessmoothly with
increasingtemperature,without showing any anomalies,and vanishesaround130K.
The variation of the peak'shalf-width at half-maximum with temperature is shown
in panel (b) of Figure 3.43. It remainsconstant up to approximately 80 K, where
it starts increasingsigni�cantly. Its �nal value is about 50% higher than at low
temperatures. The observed widths in Ca1:9Sr0:1RuO4 are in generallarger than at
the samereciprocal spaceposition in Ca2RuO4 at temperaturesabove the magnetic
transition (Figure 3.25),showing that Sr-dopingreducesthe correlation lenth of the
ordering mechanism that givesrise to the (1 0 0) re
ection.

In vestigations at (1 1 0)

The (1 1 0) reciprocal spaceposition is magnetically forbidden, not only for the
A-centered magnetic phaseestablishedin Ca2RuO4, but also for the B-centered
arrangement of Ca1:9Sr0:1RuO4. Nevertheless,as in Ca2RuO4, resonant scattering
intensity is present in the Sr-doped systemat this position. Its variation with tem-
perature is shown in Figure 3.44(a). The integrated intensitieswerecalculatedfrom
� � 2� -scanscarried out around (1 1 0) at the Ru L I I edgeat azimuth  = 0� ,
without polarization analysis. Lorentzian pro�les wereusedfor the �tting of the ex-
perimental peaksat all temperatures. The intensity follows a smooth decreasewith
increasingtemperature up to the metal-insulator transition, around 190 K, similar
to the one observed at the sameposition in Ca2RuO4. Just before the transition,
it has a value of approximately 50% the scattering intensity at basetemperature.
Abovethe transition it dropsto about 13%of the low-temperaturevalueand remains
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Figure 3.43: Temperature dependenceof the integrated scattering intensity (a) and
of the half-width at half-maximum (b) of the (1 0 0) re
ection at the Ru L I I edge in
Ca1:9Sr0:1RuO4, as determined from h-scanscarried out at  = 0� without polarization
analyzer and �tted with Lorentzian pro�les. The given temperatures are control sensor
values.

practically constant thereafter, up to 300 K, the highest temperature investigated.
The variation with temperature of the peak'shalf-width at half-maximum is shown
in panel (b) of the same�gure. A broadeningof the peak is observed towards the
metal-insulator transition. Above 200K the width is reducedagain,almost back to
its low-temperature value.

The azimuthal dependenceof the scattering intensity at (1 1 0), as determined
from h-scanscarried out at low temperatures (T � 26 K) at the Ru L I I edge, is
shown in Figure 3.45. Again no separatemeasurement of the � 0 and � 0 components
of the polarization was possible. The model used in Ca2RuO4 for the simulation
of the resonant intensity arising from the octahedral tilt order (Section 3.8.5) can
be applied also in Ca1:9Sr0:1RuO4, but in this case,sinceonly the total scattering
intensity is available, the sum of the � ! � 0 and � ! � 0 contributions given by
the model is calculated and comparedto the experimental data. The solid line in
Figure 3.45represents the simulated total intensity. Although the periodicity of the
simulated curve is consistent with what is experimentally observed, the ratio of the
maximum intensitiesof the two polarization components is in the simulation a factor
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Figure 3.44: Temperature dependenceof the integrated scattering intensity (a) and
of the half-width at half-maximum (b) of the (1 1 0) re
ection at the Ru L I I edge in
Ca1:9Sr0:1RuO4, as determined from � � 2� -scans,carried out at  = 0� without polariza-
tion analyzer, and �tted with Lorentzian pro�les.

of 3.5 larger than in the experimental results, resulting in a poor agreement between
the curve and the data points in the plot. A best �t of the simulation to the data is
achieved if the contribution from the � ! � 0 polarization channel is suppressedby
a factor of 3.5 with regard to the � ! � 0 component (inset of the �gure).

The reasonfor the poor reproduction of the intensity ratio by the usedtilt-order
model is not quite clear. An important e�ect that hasto be taken into consideration
is the variation of the absorption of the x-ray beamby the sampleas a function of
the azimuthal position  . As the sampleis rotated around the scatteringvector, the
orientation of the scatteringsurfacewith regardto the incomingbeamchanges.The
geometricalfactor s which is usedin the calculation of the absorption coe�cien t �
from the 
uorescenceyield of the sample(Appendix A) is thus di�erent at every az-
imuthal position. This e�ect hasnot beentaken into considerationin the absorption
correction of the scattered intensities, since the small sizeand the non-symmetric
shape of the samplemake the determination of the surfaceorientation at a certain
 -value practically impossible. Depending on the shape of the sampleand the de-
gree of variation of the geometrical parameterswith  , the imperfect absorption
correction can lead to smaller or larger errors in the calculated intensities and the
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Figure 3.45: Azimuthal dependence of the integrated scattering intensity from
Ca1:9Sr0:1RuO4 at the (1 1 0) reciprocal spaceposition, as determined from h-scanscar-
ried out at the Ru L I I edgeat T� 26 K without polarization analyzer. The solid line is
the simulation of the total scattering intensity from the tilt order of the RuO6 octahedra,
calculated by summation of the � ! � 0, � ! � 0 contributions given by the model (Section
3.8.5). The inset shows the samesimulation, but with the � ! � 0 contribution suppressed
by a factor of 3.5, chosento make the simulation agreewith the data.

resulting azimuthal dependence.The problem could be eliminated by normalizing
the resonant intensities to a main Bragg peak, but, asalready explained,no charge
Bragg re
ection was accessibleat the L I I absorption edgein the experiment.

3.12 Discussion

One of the most signi�cant results of our investigationson Ca2RuO4 singlecrystals
at the Ru L-absorption edgesis the discovery of a new phasetransition around 260
K at wave-vector positions, which are also magnetically allowed ((1 0 0), (0 1 1)).
Basedon the above described experimental results, it is possibleto draw conclusions
on the origin of this phasetransition and the properties of the orderedphasebelow
its characteristic temperature.

Polarization analysisof the scattered radiation with use of a suitable analyzer
crystal at the wave-vectorswherethe newphaseis observedshowedthat the di�racted
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beamhaswithin the wholetemperature rangeinvestigatedonly a � 0 component, i.e.
its polarization is purely parallel to the di�raction plane(Section3.6.3). This means
that resonant scattering from the orderedphaseobserved above the N�eel tempera-
ture results in a full rotation of the polarization of the x-ray beamfrom � to � 0. As
mentioned in Section2.4.2(Equation 2.12),chargescattering(anomalousdispersion
term of the resonant elasticscattering length) doesnot rotate the polarization plane
of the incoming beam. Thus, for � -polarized incoming x-rays, charge scattering
would give � 0-polarized di�racted radiation. The fact that such an unrotated com-
ponent of the polarization vector is not experimentally observed in the di�racted
beam,shows that chargescattering doesnot contribute to the resonant intensity in
the new phase.

The possibility that the phasetransition at 260 K is of magnetic origin, in ad-
dition to the already known antiferromagnetic phasetransition at TN = 110� 150
K, wasinvestigatedin the following. The complementary muon spin rotation (� SR)
measurements that werecarried out on powder and single-crystalCa2RuO4 samples
(Section 3.10) showed no orderedmagnetic moment above TN . Basedon this, and
given the fact that the detection limit of the technique lies well below the amplitude
of the orderedmoment that shouldbe expectedif the scattering intensity in the new
phasewere due to magnetic order, it can be concludedthat the observed signal is
not of magnetic origin. The phasetransition at 260K is thus a transition between
two paramagneticphases.

Another possibility for the origin of the new phaseis the tilting order of the
RuO6 octahedra. As already explainedin Section3.8.5,the tilt of the octahedra, in
conjunction with the asphericalchargedensity of the Ru t 2g electrons,can give rise
to resonant scattering at positions not allowed by the spacegroup. The structure
factor due to tilt order is, accordingto the simulation results (Section 3.8.5), small
but non-zeroat positions(1 0 0) and (0 1 1). However, the temperature dependence
of the octahedral tilt anglesin the insulating phaseof Ca2RuO4, as determinedby
powderneutron di�raction (Figure 3.4), doesnot support the tilt-related scenariofor
the origin of the newphase.Indeed,the tilt anglesdecreasesmoothly with increasing
temperatureand show no anomaliesat 260K, wherethe phasetransition is observed
in the x-ray investigations. If the phasetransition weredue to cooperative tilt order
phenomena,then a correspondingstructural phasetransition shouldbealsoobserved
in the temperature dependenceof the tilt angles,which is not the case. What is
more, the azimuthal angle dependencesof the simulated intensities at positions
(1 0 0) and (0 1 1) are di�erent from the onesexperimentally observed. The origin
of the L I I resonant signal above TN at thesepositions must be thus di�erent from
the octahedral tilt order.

Having excludedcharge scattering, magnetic order and octahedral tilt order as
possibleorigins of the resonant di�raction intensity above the N�eel temperature, it
is reasonableto assumethat the observed intensity originates from the ordering of
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the Ru 4d orbitals. An orbitally orderedphasein Ca2RuO4 has beentheoretically
predicted by several studies,as already stated in Section3.2, and our experimental
technique is expected to be sensitive to such an order, becauseit directly probes
the relevant 4d electronic states. Since only the t 2g orbitals are partly occupied
in the 4d band (Section 3.2), it is these orbitals which participate in the orbital
order. From the fact that the orbital order re
ections are observed at the same
wave-vectors at which magnetic scattering occurs below TN , we concludethat the
propagation vector of the orbital order is in Ca2RuO4 identical to the propagation
vector characterizing the low-temperature antiferromagnetic phase. The azimuthal
dependenceof the integrated intensity due to orbital order is at (1 0 0) the same
as the one expected for the magnetic intensity at this position, i.e. following a
cos2 -law. This is not the caseat (0 1 1), where the orbital-order intensity rather
follows a cos2(2 �  o)-law insteadof the dependencecorresponding to the resonant
electric dipole scattering length. The precisedetermination of the occupancyof the
t2g orbitals at every site of the unit cell basedon this information would demand
the performanceof numerical calculations,which are so far not available. However,
our experimental results can be already usedfor examining the viabilit y of someof
the theoretically suggestedorbital order patterns.

In particular, a purely ferro-orbital arrangement, with the dxy orbital completely
full, would not be consistent with the observation of superstructures at positions
forbidden for Bragg charge scattering. Indeed, a fully occupied dxy orbital would
result in having only one possiblespin arrangement for the remaining two t 2g or-
bitals, which have the sameenergy. The doubly degeneratedyz/ dzx-state would
be half-occupiedwith two parallel spins at all Ru+4 sites and the orbital arrange-
ment would have the periodicity of the lattice, thus no additional superstructure
re
ections would be observed. For the dyz/ dzx degeneracyto producean order with
di�erent periodicity from the lattice, electronic transitions from the core level into
the dxy orbital must be alsopossible. In other words, all three t 2g orbitals must be
active and the energydi�erence betweendxy and dyz/ dzx shouldbe not larger than a
coupleof hundredmeV. An antiferro-orbital order resulting in a doubling of the crys-
tal periodicity in all three crystallographic directions would be also not consistent
with our investigations,and in particular with the absenceof resonant re
ections at
reciprocal spacepositions with half-integer Miller indices. Such a doubling would
invoke non-zerostructure factors at reciprocal spacepositions such as ( 1

2
1
2 0) and

( 1
2

1
2

1
2). No scattering intensity was observed at thesepositions, showing that such

a scenariois not viable in this case.Other possibilities, like for instancea predom-
inantly ferro-orbital arrangement with the occupied orbitals di�erently canted at
neighboring sites,might have to be consideredinstead, for the interpretation of our
results.

The orbital ordering phasetransition discoveredin Ca2RuO4 at 260K is present
alsoin the Sr-doped compound Ca1:9Sr0:1RuO4, but at a lower critical temperature.
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Indeed, as seenin Section 3.11, despite the change of the magnetic arrangement
from A-centered to B-centered, which is causedby the Sr-dopingand which results
in having zero magnetic structure factor at (1 0 0), a signi�cant resonant scatter-
ing intensity is measuredat this position below approximately 130K (Figure 3.43).
This scattering intensity apparently arisesfrom an orbitally orderedphasesimilar
to the one in Ca2RuO4. The possibility that the resonant intensity at (1 0 0) is
not due to orbital ordering but of magneticorigin instead,arising from an inclusion
of someA-centered phase in the compound, is negligible. Indeed, while in stoi-
chiometric, undoped Ca2RuO4 a mixture of the two magnetic phasesseemsto be
relatively commonand very high quality singlecrystalsareneededto ensurethat the
magnetic structure is purely A-centered, in oxygen-excessor Sr-doped compounds
the B-centered magneticphaseis always the only oneobserved and the A-centered
mode is reducedto only a few short-range-ordereddomainsthat give negligiblecon-
tribution [51, 56, 71]. It is thus quite unlikely that the A-centered phasein our
Ca1:9Sr0:1RuO4 sampleis responsible for the strong resonanceat (1 0 0). In addi-
tion, the temperature dependenceof the intensity measuredat this position is quite
di�erent from what normally expectedfor a magneticorder parameter,namely fol-
lowing a power law (see,for example,the magnetictransition in Ca2RuO4 at 110K
in Figure 3.24). Instead, the (1 0 0) intensity in Ca1:9Sr0:1RuO4 follows a smooth,
almost linear decreasewith increasingtemperature, which starts alreadyat the base
temperature and reminds strongly of the temperature dependencearound the 260
K orbital ordering phasetransition of Ca2RuO4.

These results strongly indicate that orbital ordering at low temperatures is a
genericfeature of all Ca2� xSrxRuO4 compoundswith low Sr-dopinglevels. A whole
new phasecan thus be addedin the low-doping region of the Ca2� xSrxRuO4 phase
diagram (Figure 3.1), extending in temperature up to 260 K at x = 0 and up to
130 K at x = 0:1. The propagation vector of the orbital order remainsuna�ected
by the Sr-doping and the subsequent change of the Ru spin arrangement. This
is concludedfrom the fact that the wave-vectors at which the scattering from the
orbitally orderedphaseoccurs, remain unchangedin the doped compound, despite
the shift of the magnetically allowed positions. The insensitivity of the propagation
vector of the orbital order to Sr-doping is explained if one takesinto consideration
the layeredstructure of the material. The two magneticmodes,A- and B-centered,
di�er only in the way of stacking of antiferromagnetically orderedRuO2 layers one
above the other, i.e. in the signof the e�ective interlayer exchangeinteraction. This
interaction is expected to be weak, due to the quasi-two-dimensionalstructure of
Ca2� xSrxRuO4. Becauseof the strong frustration which is present in the system,
even small distortions of the lattice can strongly in
uence the interlayer exchange
interaction. Such small lattice distortions, causedby the Sr substitution, are ap-
parently responsible for the changeof the magnetic structure upon doping. These
are not su�cien t though for in
uencing the orbital order. Given the fact that the
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in-plane magneticstructure is identical in both cases,and that the interplane inter-
action is weak, it is not surprising that identical oribital ordering patterns are also
found, independent of Sr doping.

The energy scansthat were carried out in Ca2RuO4 around the Ru L I I / L I I I

absorption edgesshowed a characteristic double-peak structure at all the investi-
gated reciprocal spacepositions (Figures 3.22, 3.29, 3.35). Besidesthe resonance
observed at the energyof the absorption edge,a secondresonant enhancement of
the scattering intensity is in all casespresent approximately 4 eV above the edge.
The double-peak character of the resonanceremainsalsoafter the correction of the
measuredintensities for absorption e�ects. At the magnetically allowed reciprocal
spacepositions (1 0 0) and (0 1 1), the scattering intensity follows quite di�erent
temperature dependencesat the two energypositions(e.g. Figures3.24,3.26). Only
the low-energyresonance,occuring at the absorptionedge,is sensitive to the orbital
ordering phasetransition at 260K. The higher-energypeakshows, on the contrary,
no anomaly at least up to 310 K, the highest temperature investigated. At (1 1 0)
no phasetransitions are present neither at the low- nor at the high-energyposition.
Both resonant features in the energy scan follow there the samesmooth decrease
in intensity with increasingtemperature (Figure 3.36). Theseresults can be under-
stood on the basisof electric dipole transitions in the Ru+4 ions at the L-absorption
edges.Electrons from the 2p core level are promoted directly into the partly �lled
4d band. The electronic transitions into the partly occupiedt 2g states give rise to
the low-energyresonant peak at 2.968keV, while the transitions into the empty eg

states result in the higher-energypeak at 2.972keV. The energydi�erence of 4 eV
between the two peaksis consistent with the estimated splitting of the t 2g and eg

states,asdeterminedwith band-structure calculations[59](Section3.2). Sinceonly
the t2g orbitals are partly occupied,only they participate in the orbital order that is
establishedbelow 260K. Thus, the 260K phasetransition is observable only at the
low-energyposition (2.968 keV) and only at the wave-vectors at which the orbital
order gives non-zerostructure factors. At the higher-energyposition (2.972 keV),
aswell asat both resonant positions at the wave-vectorswherethe structure factor
for orbital scattering is zero, the scattering intensity is not sensitive to the orbital
phasetransition. Its temperature dependenceis then determined by the underly-
ing resonant contribution arising from the distortion of the lattice (tilting of the
octahedra).

The tilt of the RuO6 octahedra mentioned beforewas also probed in our inves-
tigations. The scattering intensity observed at (1 1 0), both in Ca2RuO4 and in
Ca1:9Sr0:1RuO4, was attributed to it. Three piecesof evidencesupport this conclu-
sion. First, the (1 1 0) position is magnetically forbidden, both for the A-centered
and for the B-centered magnetic arrangements (Eq. 3.20), which immediately ex-
cludesthe possibility of a magneticorigin for the scattering there. Second,the tem-
perature dependenceof the intensity at (1 1 0) (Fig. 3.36,3.44(a)) is quite di�erent
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from the oneat positions (1 0 0) and (0 1 1). The orbital ordering phasetransition
observed at the latter positions,both in the undoped and in the doped compounds,
are absent at (1 1 0). Instead, the scattering intensity decreasessmoothly, without
showing any anomaliesup to the metal-insulator transition1. The di�erent temper-
ature dependenceof the scattering intensity at (1 1 0) strongly indicates that its
origin is not the above described orbital order. In addition, the lack of anomalies
in the (1 1 0) temperature dependenceis consistent with the smooth variation with
temperature of the tilting anglesof the octahedra(Fig. 3.4). Finally, the azimuthal
dependenceof the scattering intensity at (1 1 0) in the two polarization geome-
tries, � ! � 0 and � ! � 0, can be well reproduced by a model which calculates
the structure factors asa result of the octahedral tilts (Section3.8.5). In Ca2RuO4

the agreement between the simulations and the experimental results is quite good
(Fig. 3.38), in Ca1:9Sr0:1RuO4 the periodicities are well reproduced,but the model
overestimatesthe intensity ratio of the � ! � 0 to � ! � 0 intensities (Fig. 3.45). In
any case,basedon the above information there can be hardly any doubt about the
fact that the resonant scattering at (1 1 0) arisesfrom the lift of the space-group
symmetry causedby the tilting of the octahedra, in conjunction with the aspherical
chargedensity of the Ru t 2g electrons.

In contrast to the signi�canceof the tilting of the octahedra,the distortion which
determinesthe length of the Ru-O bondsand thusthe shape (elongatedor 
attened)
of the RuO6 octahedra, doesnot seemto play an important role in the scattering
at (1 1 0). As seenin Figure 3.5, the in-plane and out-of-planeRu-O bond lengths
in Ca2RuO4 follow upon heating opposite dependences,resulting in their having
the samevalue within a narrow temperature rangearound 300 K. At this temper-
ature the octahedraare almost perfectly symmetric, namely the shape distortion is
negligible. A further increaseof temperature leadsto an increaseof the distortion
again, in the opposite direction. The scattering intensity at (1 1 0) remains unaf-
fectedby the above changes(Fig. 3.36). At 300K signi�cant scattering is observed,
despite the absenceof the shape distortion. The intensity continues following its
smooth decreasewith temperature up to above room temperature, without show-
ing any anomaliesat all. The insigni�cant role which the shape of the octahedra
plays in the scattering at (1 1 0) is madeeven more clear in Ca1:9Sr0:1RuO4. There
the in-plane and out-of-planebondshave almost the samelength in the whole low-
temperature regime below approximately 100 K (Fig. 3.41). In the whole S-Pbca
phase,below the metal-insulator transition (� 180 K), the shape distortion is in
generalquite small. Above the metal-insulator transition the distortion becomes
much larger, while the tilting anglesare reducedby more than 40% [56]. Incon-
sistent with that, the Ca1:9Sr0:1RuO4 scattering intensity at (1 1 0) is signi�cantly

1In Ca2RuO4, the highest temperature investigated was 320 K, approximately 40 K below the
MI transition.
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stronger below the metal-insulator transition, in the S-Pbca phase(Fig. 3.44(a)).
This clearly shows that it is the tilting and not the elongation or 
attening of the
octahedrawhich determinesthe distortion-related scattering intensity.

An important feature of the orbitally ordered phasediscovered in the investi-
gated Ca2� xSrxRuO4 compounds is that the ordering of the orbitals is only weakly
coupled to the crystal lattice. None of the structural parametersthat characterize
the materials, asdeterminedby neutron di�raction, show any anomaliesat the tem-
perature wherethe orbital ordering phasetransition occurs. Despite the signi�cant
rearrangement of the electronicoccupancyof the t 2g orbitals at the Ru sites,neither
the lattice parameters,nor the Ru-O distances,nor the tilts of the RuO6 octahedra
are in
uenced by the transition. The direct observation of the orbital ordering in
our investigationsdemonstratesthe power of resonant x-ray di�raction in studying
electronicallydriven phenomenawhich are not or only weakly coupledto the crystal
lattice.

Another interesting feature of the coexisting ordering phenomena in
Ca2� xSrxRuO4 is that the magnetic order, the orbital order and the tilt order are
characterizedby di�erent correlation legths. The correlation lengths are calculated
using the widths of the resonant peaksin the scanscarried out along the scatter-
ing vector, as seenin Section3.6.3. In Ca2RuO4, for example,the magnetic order
establishedbelow TN = 110 K is characterized,both at (1 0 0) (Fig. 3.25) and at
(0 1 1) (Fig. 3.32)by a correlation length of � m � 1560�A or approximately 300unit
cells. The orbital order observed at the samepositions betweenTN and TOO = 260
K is characterizedby a correlation length of � o � 2150�A or approximately 400unit
cells. Finally, the tilt order of the RuO6 octahedra, investigatedat position (1 1 0)
(Fig. 3.37), is characterizedby a correlation length of the order of � t � 3700�A or
700 unit cells2. The fact that the tilt order is of longer-rangeperiodicity than the
orbital order, and both of them of longer-rangethan magneticcorrelations,could be
an additional indication of the weakcouplingbetweenthe di�erent typesof order. It
could, however, alsoindicate the di�erent nature of defectswhich in
uence di�erent
typesof order, causing�nite correlation lengths.

The latter explanation is more probable to be correct, becausethere is evidence
that the magneticand orbital order parametersare actually to somedegreedepen-
dent on each other. Such a piece of evidenceare the anomaliesthat have been
observed in magneticsusceptibilty measurements around the orbital ordering tran-
sition temperature on singlecrystal Ca2RuO4. As already described in Section3.3,
the magnetic susceptibility data show a broad peak around 260 K, the origin of
which has not beensatisfactorily explainedto date [63]. This feature may seemat
a �rst glancenot consistent with the absenceof ordered magnetic moment above
the N�eel temperature indicated by the � SR investigations(Section3.10). However,

2The calculated correlation length for the tilt order might be angular-resolution limited.
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it should not be overlooked that the 260 K peak in susceptibility is characterized
by an unusually large broadness,extending in a temperature rangeof up to 100K.
This strongly indicates that the feature doesnot actually re
ect any real magnetic
phasetransition, like the one depicted in the samemeasurements at 110 K, but
merely paramagnetic
uctuations within a phasewith otherwiseno total magnetic
moment. The redistribution of electronchargedensity at the Ru+4 sitesapparently
modi�es the spin Hamiltonian and consequently in
uences the paramagnetic
uc-
tuations above the N�eel temperature. In this sense,the susceptibility data actually
provide an additional, indirect 'signature' of the orbital ordering phasetransition,
probed directly in our resonant x-ray di�raction experiments, and are by no means
in contradiction with the � SR investigations.





Chapter 4

The system RuSr 2GdCu 2O8

The hybrid ruthenocuprate systemRuSr2GdCu2O8 (Ru1212) has attracted signif-
icant scienti�c interest in recent years,mainly due to the intriguing coexistenceof
long-rangemagnetic order and superconductivity that it exhibits. The compound
wassynthesizedfor the �rst time by Bauernfeindin 1995[72]. It is a layeredsystem,
with a crystal unit cell consistingof alternating Ru-O and Cu-O planes. The Ru
spinsin the Ru-O planesorder antiferromagnetically below the N�eel temperature of
TN = 136(2) K [73], while the Cu-O planesbecomesuperconductingbelow a tran-
sition temperature of Tc � 15� 46 K [74, 75, 76]. Due to the relatively high value
of Tc, magnetismand superconductivity coexist within a fairly broad temperature
range. This makes RuSr2GdCu2O8 an ideal compound for investigating the inter-
play between the two cooperative phenomenaand determining how and to what
extent the corresponding order parametersinteract with each other.

4.1 Crystal and Electronic Structure

The crystal unit cell of RuSr2GdCu2O8 is illustrated in Figure 4.1. The Ru ions are
located at the centers of corner-sharingRuO6 octahedra, the equatorial planesof
which form Ru-O layers that extend parallel to the abcrystallographicplane at the
top and the bottom of the unit cell. The copper ionsare locatedat the centers of the
basesof corner-sharingCuO5 squarepyramids, forming Cu-O layersthat areparallel
to the Ru-O planes and are separatedby the central gadolinium ion of the cell.
The systemis isostructural to the high-temperature superconductorYBa2Cu3O6+ x

with the yttrium, barium and chain copper ions being replaced by gadolinium,
strontium and ruthenium, respectively. The crystal structure is tetragonal (space-
group P4=mmm) with room-temperature lattice parametersa = b = 3:836 �A and
c = 11:563 �A [77]. The c=a axis ratio of 3.014at 300 K is very closeto the ideal
value for a triple perovskite structure. Due to the mismatch between the lengths

123
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Figure 4.1: Crystal structure of RuSr2GdCu2O8 (space-groupP4/mmm ). The Ru ions
are located at the centers of corner-sharing RuO6 octahedra, the equatorial planes of
which form Ru-O layers, that extend parallel to the ab crystallographic plane at the top
and the bottom of the unit cell. The Cu ions are located at the centers of the bases
of corner-sharing CuO5 squarepyramids, forming Cu-O layers, which are parallel to the
Ru-O planesand are separatedby the central Gd ion of the cell.

of the in-plane Ru-O and Cu-O bonds, the RuO6 octahedra are rotated around
the crystallographic c-axis by about 13.8o [77], leading to a lifting of the inversion
symmetry of the four equatorial oxygen ions. A slight tilting of the octahedra that
reducesthe Cu-O-Ru angleto 173o is alsoobserved [78]. Thesestructural distortions
are not signi�cantly di�erent at low temperatures.

The formal oxidation states of ruthenium and copper in RuSr2GdCu2O8 are
close to +5 and +2, respectively. However, the exact values are determined by
the charge transfer between the Ru-O and Cu-O planes. If p is the amount of
charge transferred between the planes, the oxidation states are 5 � 2p and 2 + p,
respectively. For p = 0 the oxidation state of Ru is exactly +5, and there are
three electronsin the Ru 4d band. Under the in
uence of the crystal �eld, which
has an Oh symmetry, the electronic states of the 4d band are split into t 2g and
eg levels separatedby an energy di�erence of � = 10Dq, as described in Section
1.3. The three 4d electrons then occupy the three lower-lying t 2g states, leading
to a t3

2ge0
g con�guration. Nevertheless,x-ray absorption near-edgestudies clearly
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indicate a non-zerocharge transfer between the Ru-O and Cu-O planes,with a p
value around 0.2 [79], resulting in an averageRu oxidation state of +4.6. Other
studieshave suggestedeven higher valuesfor p [78]. The latter would be, however,
not consistent with the superconductingproperties exhibited by RuSr2GdCu2O8.

4.2 Magnetism and Superconductivit y

Long-rangemagneticorder is establishedin the Ru-O layers of RuSr2GdCu2O8 be-
low a critical temperature of approximately 136 K. The magnetic structure of the
systemremainscontroversial. While dc-magnetizationand muon spin rotation (� -
SR) studies initially suggesteda ferromagnetic type of order [74], later neutron
powder di�raction investigationsshowed that the order of the Ru spins is predom-
inantly antiferromagnetic in all three crystallographic directions (G-type antiferro-
magnetism), with only a small ferromagneticcomponent of up to 0.1 � B , which is
enhancedin the presenceof applied magnetic �eld [73]. The predominantly antifer-
romagneticcharacter of the spin order was supported by subsequent magnetization
studies,carried out on a Eu-substituted compound [80]. Other magnetizationstud-
ies concludedinstead that, while the coupling betweenneighboring RuO2 planesis
antiferromagnetic, the interactions within every plane are rather ferromagnetic, i.e
a 't ype-I' antiferromagnetic order is established[81]. Recent nuclear magnetic res-
onance(NMR) measurements also support the type-I-antiferromagnetism scenario
[82], but the inconsistencyof such an order with the doubling of the crystal unit cell
observed in the neutron di�raction experiments hasnot beensatisfactorily explained
so far.

The temperature dependenceof the magnetic order parameter of the Ru spin
system as determined by neutron powder di�raction is shown in Figure 4.2. The
magneticphasetransition is observed via the vanishingof the integrated scattering
intensity of the ( 1

2
1
2

1
2) magneticBraggpeakat TN = 136K. Below TN , the magnetic

intensity increasessmoothly with decreasingtemperature and reachesits saturation
value around 60 K. The intensity remains constant thereafter, with no anomalies
observed down to the lowest temperaturesinvestigated.

The direction of the Ru magnetic moment in RuSr2GdCu2O8 remains also an
issueof debate. The neutron di�raction data suggesta magnetic moment which is
alignedalongthe crystallographicc-axis and hasa magnitudeof approximately 1.18
� B . As will be discussedin Section 4.4, this conclusionwas drawn basedon the
intensity ratio of two magnetic re
ections and is not de�nite. On the contrary, the
above mentioned magnetization and NMR studies [81, 82] strongly suggesta mo-
ment direction within the abplane, asalso indicated by the early � -SR results [74].
Recent magnetization measurements performed for the �rst time on single-crystal
RuSr2GdCu2O8 samplescould alsonot con�rm the moment direction suggestedby
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Figure 4.2: Temperature dependenceof the magnetic scattering intensity from the Ru
spin system in RuSr2GdCu2O8, as determined with powder neutron di�raction [73]. The
magnetic phasetransition is clearly observed at TN = 136 K.

the neutron experiments [83, 84]. The variation with temperature of the magneti-
zation for applied magnetic �eld parallel and perpendicular, respectively, to the c
direction is shown in Figure 4.3(a). A comparisonof the data with the theoretically
expected temperature dependenceof the magnetic susceptibility � of an antiferro-
magnet,for appliedmagnetic�eld perpendicular(? ) andparallel (k) to the magnetic
moment direction (Figure 4.3(b)), revealsthat the Ru spins in RuSr2GdCu2O8 are
not aligned along c, but have a signi�cant component in the ab-plane. How large
exactly this component is, cannot be determinedby the magnetizationdata.

Our resonant x-ray di�raction investigationsfurther support the conclusionthat
the magnetic moment is not aligned along c. As will be seenin Section 4.4, the
moment direction is found to lie in-between the ab-plane and the c-axis. The ex-
act angle between the magnetic moment and the c-axis could be for the �rst time
preciselydetermined.

Independent from the Ru ions, the Gd ions also order antiferromagnetically
along all three crystallographic directions. The ordering in the Gd spin system is
establishedat the much lower temperatureof TN ;Gd = 2.50K. The magneticmoment
is alignedalong the c-axis, and hasa magnitude of 7 � B . The fact that the Ru and
Gd magnetic structures interact only very weakly with each other, although they
correspond to identical spin con�gurations, is due to the position in the crystal of
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Figure 4.3: (a) Magnetization measurements on RuSr2GdCu2O8 single crystals of the
sameorigin as the onesusedin our x-ray di�raction investigations [83]. The theoretically
expected temperature dependenceof the magnetic susceptibility � of an antiferromagnet,
for applied magnetic �eld perpendicular (? ) and parallel (k) to the magnetic moment
direction, is shown in (b). The comparisonwith the experimental results reveals that the
magnetic moment is not along c, but has instead a signi�cant ab-component.

the Gd ions. The latter are located at the body-center of the simple tetragonal
Ru lattice, symmetrically positioned with regard to the Ru ions of the nearestRu-
O planes. The antiferromagnetic alignment of the Ru spins results in an average
cancellationof the magnetic interaction betweenthe Ru and Gd ions.

While the Cu-O planesplay no role in the above described magnetic ordering,
they areof crucial importancewhenit comesto the secondcooperative phenomenon
that characterizesthe low-temperature properties of RuSr2GdCu2O8: superconduc-
tivit y. The occurenceof bulk superconductivity in the systemhas beencon�rmed
with resistivity, thermopower and heat-capacity measurements, which determineda
Meissnerfraction of up to approximately 100%at 4.2 K [75]. The superconducting
transition temperature Tc is strongly dependent on the preparation conditions of
the crystal. Dependingon the synthesisand annealingproceduresused,Tc canhave
valuesbetweenapproximately 15 K and 46 K. The superconductingand magnetic
order parametersinteract only very weakly with each other.

4.3 Exp erimen tal

Resonant x-ray di�raction at the L I I and L I I I absorption edgesof ruthenium (Ru),
i.e. at x-ray energiesof 2.968keV and 2.838keV, respectively, was usedto investi-
gate the magneticproperties of RuSr2GdCu2O8 on singlecrystals of the compound.
Neutron di�raction, which is in generalan appropriate technique for studying mag-



128 Chapter 4. The system RuSr 2GdCu 2O8

netic phenomena,can only be applied on powder RuSr2GdCu2O8 samples,because
no single crystals of su�cien tly large masscan currently be grown for neutron in-
vestigations. In addition, the element gadolinium (Gd) contained in the compound
strongly absorbsneutron radiation and signi�cantly reducesthe observed di�racted
intensity. Becauseof the above restrictions, neutron di�raction can in this case
provide information of only limited precisionasfar asthe determination of the mag-
netic order parameter and of the direction of the magnetic moment in the system
are concerned. Resonant x-ray di�raction at the L-edgesof Ru is in this aspect a
very useful complementary technique. Thanks to the large resonant enhancement
of the magnetic scattering intensity that it provides, it allows the investigation of
magneticorder and givesvaluableinformation about the electronicpropertiesof the
ruthenocuprate system, even when only very tiny single-crystal samplesare avail-
able.

For the investigationsdiscussedin the following, the magnetic re
ection at the
( 1

2
1
2

1
2) reciprocal spaceposition was used. At the Ru L I I absorption edge, the

re
ection is observed at a scattering angle of � = 23:37� . For the determination
of the orientation matrix of the sampleat room temperature, the third harmonic
(�= 3) of the incident beamwas usedat the (1 1 1) reciprocal spaceposition, which
corresponds to ( 1

3
1
3

1
3) for the fundamental wavelength. A very weak main Bragg

re
ection is observed there. The accessof the (1 1 1) position at the fundamental
energy(L I I edge)is not possibledue to geometricalrestrictions of the di�ractometer
(Section3.6.1).

4.3.1 Samples

The investigatedRuSr2GdCu2O8 sampleswere single crystals grown with the self-

ux method by H. Luo, C.T. Lin et al. at the Max-Planck-Institute for Solid State
Research in Stuttgart [85]. They were obtained via proper treatment of an initial
mixture of RuO2, SrCO3, Gd2O3 and CuO with a solvent composition of Ru : Gd
: Cu = 0.8 : 0.4 : 1.7. The treatment involved an initial heating of the mixture in
aluminum cruciblesin air atmosphereat 880� C, aswell asa subsequent calcination
of the intermediate pellets in Pt cruciblesunder 
o wing oxygenat a temperature of
920� C.

The �nal growth product contains small single crystals of RuSr2GdCu2O8 of
sizessmaller than 100 � 100 � 50 �m 3. These single crystals are mixed with
other phases,the most important of which are Gd2CuO4, Sr2RuO4, as well as the
recently identi�ed RuSr10Pt2Cu3O14 phase. The latter is a result of the speci�c
growing procedureused, and in particular of its last stage,performed, as already
mentioned, in Pt crucibles. Further information about the phasesco-existingwith
the RuSr2GdCu2O8 phasecan be found in Ref. [76].

The tiny RuSr2GdCu2O8 single crystals, which are of interest for our investi-
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gations, neededto be identi�ed and separatedfrom the rest of the phases,out of
a large polycrystalline piece,named 'LuoRu-12' by its growers, consistingof many
thousandsof single crystals. Of all the non-Ru1212phases,only Gd2CuO4 can be
relatively easily identi�ed by eye under the microscope, due to the smooth, shiny
appearanceof its crystallites. The rest of the phasesarenot easyto distinguish from
RuSr2GdCu2O8 just by their appearance.The separationwasperformedby crystal-
lographiccharacterization of the candidatecrystalswith the useof x-ray di�raction.
Via determination of the space-groupof the investigatedcrystals, it becomesclear
which of them correspond to the desiredRuSr2GdCu2O8 composition with the ex-
pectedtetragonal structure (Section4.1) and which to oneof the other phases,that
are irrelevant for the current work. Empirically, one or two out of ten investigated
crystals cameout to have the right Ru1212phase.

It has to be mentioned that, due to the extremely small size of the available
singlecrystals, the above described experimental procedurewas a non-trivial task.
The crystallites that wereselectedfrom the largepolycrystalline piecewerein some
casesbarely visible with naked eye. After careful observation under the microscope,
a few of them were chosenas candidate samples. In general, the crystallites that
had a symmetric shape with well-de�ned, but not too shiny surfaceswerepreferred,
sincethe experienceshowed that the probability of �nding good quality samplesof
the right phasewas higher amongsuch crystals. The handling of the samplesand
the right positioning and gluing of them on the sampleholder was carried out with
the help of very �ne tweezers.In most casesit was not possibleto lift the samples
just by placing them betweenthe tweezers'arms, thereforeother techniqueshad to
be employed. For example, touching with one of the tweezers'tips the surfaceof
a sticky tape madealso the tip sticky enoughfor the crystallite to be attached for
a short while to it, without any remnants of the adhesive substancestaying on the
crystal in the end. In order to avoid the direct contact to the sampleas much as
possibleduring the above described selectionprocedure,a small glasssurfacewas
often usedas 'carrying tray'.

Due to the very small massof the crystals usedin the x-ray di�raction investi-
gations (signi�cantly lessthan 1 mg), the superconducting transition temperature
Tc could not be determineddirectly with SQUID measurements. Basedon previous
investigationson polycrystalline samplesand largersingle-crystalsof the sameorigin
asours [76, 83, 84], it could be estimatedthat Tc lies closeto the upper limit of the
usually achieved range,i.e. around45K (midpoint). The onsetof superconductivity
takesplacepresumablyalready above 50 K.

4.3.2 Exp erimen tal Setup

The investigationson RuSr2GdCu2O8 reported in this chapter were carried out at
beamline4ID-D of the AdvancedPhoton Source(APS) at Argonne National Labo-
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ratory (USA), at the sameexperimental setup usedalso for the Ca2RuO4 studies.
The setupwasdescribed in detail in Chapter 3 (Section3.5). For cooling the sample,
the standard closed-cycle(Displex) cryostat of the beamlinewas used. Like in the
Ca2RuO4 experiments, in order to minimize the x-ray absorption, no inner thermal
shield was mounted around the sample. The sampleenvironment was optimized to
compensatefor the resulting thermal losses,with a copper /alumin um foil extend-
ing around the goniometer head up to just below the sample position, and with
copper stripes improving the thermal conductivity betweenthe sampleholder and
the cold �nger. The sampletemperature sensorwas attached (with copper grease
and te
on tape) onto the 
at part of the sample holder, a few millimeters away
from the crystal. The temperature given by this sensorwas thus very closeto the
actual temperature of the sample. Despite the optimized sampleenvironment, the
omissionof the beryllium thermal shield resulted in not being able to reach sample
temperatureslower than 40 K.

4.4 Determination of the Magnetic Momen t Di-
rection

Previous Results: Neutron Di�raction

Due to the di�culties in growing large RuSr2GdCu2O8 singlecrystals, the determi-
nation of the exact direction of the Ru magnetic moment below TN = 136 K in a
de�nitiv e and preciseway, for examplewith magnetization measurements, has not
beenpossiblesofar. Basedon neutron di�raction investigationsperformedon pow-
der RuSr2GdCu2O8 samples,and in particular on the intensity ratio of the magnetic
peaksobserved at the ( 1

2
1
2

1
2) and ( 1

2
1
2

3
2) reciprocal spacepositions, Lynn et al.

suggestedthat the direction of the moment is along the tetragonal c axis [73]. The
determination was doneas follows:

The integrated magneticscattering intensity for a collinear structure is given by
the expression[73, 86]:

I M (� ) = CjFM (� )j2
mhk lAhk l

sin� sin(2� )
< 1 � (�̂ � �̂ )2 > (4.1)

where C is an instrumental constant, mhk l is the multiplicit y of the powder peak
with Miller indicesh; k; l for the reciprocal lattice vector � , Ahk l is the absorption
factor, � is the scattering (Bragg) angle, �̂ is a unit vector in the direction of the
magneticmoment, and the brackets indicate an averageover a wholedomain of the
powder sample. The magneticstructure factor FM is given by:

FM (� ) =
NX

j =1

< � z
j > f j (� )ei � �R j e� WD (4.2)
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Figure 4.4: The magnetic unit cell of RuSr2GdCu2O8, as determined by powder neutron
di�raction [73]. The Ru spins order antiferromagnetically in all three crystallographic
directions. The numbered ions make up the magnetic basis.

where� z
j is the magneticmoment of the j th ion of the unit cell, located at position

R j , f j (� ) � f j (hkl) is the corresponding magnetic form factor, WD is the Debye-
Waller factor, and the summation is over all ions of the unit cell.

The basis of the magnetic unit cell of RuSr2GdCu2O8 consistsof two Ru ions
with antiparallel spinslocatedat positions: R 1 = 0 and R 2 = ax̂ + bŷ + cẑ (Figure
4.4). Their magneticform factorsareequalin absolutevaluesbut with oppositesign
due to the antiparallel spins: f 1(hkl) = � f 2(hkl) � f (hkl). The magneticstructure
factor (4.2) is thus:

FM (hkl) = f (hkl)(1 � ei 2� (h+ k+ l )) < � z
j > e� WD (4.3)

Within the dipole approximation (spherical symmetry), the magnetic form factor
f (hkl) is given by:

f (hkl) = < j 0(hkl) > +(1 �
2
gL

) < j 2(hkl) > (4.4)

Assuming a Land�e splitting factor of gL = 2, we have: f (hkl) = < j 0(hkl) > . The
form factor < j 0(hkl) > is given as an analytical approximation by:

< j 0(s) > = Ae� a0s2
+ Be� b0s2

+ Ce� c0s2
+ D (4.5)

wheres = sin �
� in �A � 1. The valuesof the coe�cien ts in the last expressionare given

for Ru+ in the International Tables for Crystallography [87]. No coe�cien ts are
available for Ru+5 , the valencestate which is relevant for RuSr2GdCu2O8 , but we
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assumethat as a �rst approximation the valuesfor Ru+ can be usedinstead with
no large error, especially sincein the end we are only interested in the ratio of the
intensities of the magneticpeaksand not in the absolutevalues.

For a neutron wavelength of � = 2:359�A, the scattering angles� 1 and � 2 for the
magnetic re
ections ( 1

2
1
2

1
2) and ( 1

2
1
2

3
2), respectively, are calculated from Bragg's

equation:
2dhk l sin� = � (4.6)

with:
dhk l =

1
q

( h
a )2 + ( k

b)2 + ( l
c)2

(4.7)

as follows: � 1 = 12:9044� and � 2 = 15:4185� . The corresponding s valuesare thus:
s1 = 0:094669�A � 1 and s2 = 0:112703�A � 1. From Equations 4.3, 4.4 and 4.5, the
magneticstructure factor can now be calculated for the two re
ections ( 1

2
1
2

1
2) and

( 1
2

1
2

3
2). The squaredstructure factor ratio is:

jFM ( 1
2

1
2

1
2)j2

jFM ( 1
2

1
2

3
2)j2

= 1:176678 (4.8)

Based on Equation 4.1, and given the fact that for the two magnetic peaks the
constant C and the multiplicit y mhk l are the sameand the absorption factor Ahk l is
alsopractically the same,the ratio of their intensities is:

R =
I 1

2
1
2

1
2

I 1
2

1
2

3
2

=
jFM ( 1

2
1
2

1
2)j2

jFM ( 1
2

1
2

3
2)j2

< 1� (�̂ 1 ��̂ )2>
sin � 1 sin 2� 1

< 1� (�̂ 2 ��̂ )2>
sin � 2 sin 2� 2

= 1:649316
< 1 � (�̂ 1 � �̂ )2 >
< 1 � (�̂ 2 � �̂ )2 >

(4.9)

If we assumethat the magnetic moment is aligned along the c direction, then
the scalar products in the last expressiontake the values: �̂ 1 � �̂ = 0:2284 and

�̂ 2 � �̂ = 0:5755,resulting in an intensity ratio of: R =
I 1

2
1
2

1
2

I 1
2

1
2

3
2

= 2:34. This value is

very closeto the experimentally determinedvalue of 2.49[73]. Basedon this, Lynn
et al. suggestedthat the magneticmoment is alignedalongc, pointing out, however,
that this assignment was rather tentativ e, sincewith only two observable magnetic
re
ections, no de�nitiv e conclusioncan be drawn.

Resonant X-ra y Di�raction

Sincethe scattering intensity in resonant x-ray di�raction is dependent on the az-
imuthal position  of the investigatedsample(Figure 2.4), the technique is highly
sensitive to the magnetic moment direction. In antiferromagnets the scattering in-
tensity is maximum whenthe magneticmoment liesin the di�raction plane( = 0� ).
Thus, if the magneticmoment in RuSr2GdCu2O8 werealongc, assuggestedby Lynn
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et al., the scattering intensity would take its maximum value at the azimuthal posi-
tion wherec is in the di�raction plane. Our investigationsshowed, however, that the
scatteringintensity is insteadmaximum whenthe c-direction is 53� o� the scattering
plane. This meansthat the magnetic moment is not along c, but has a signi�cant
ab component. The exact anglebetweenthe magnetic moment and the c-direction
can be deducedfrom the azimuthal dependenceas follows:

For the two Ru ionsof the RuSr2GdCu2O8 basis(Figure 4.4) we usethe notation
'spin-up': " and 'spin-down': # to refer to their spin directions. The magnetic
moment is analyzedalongthe axesof the coordinatesystemintroducedin Section2.4
(Figure 2.4), with the Û3 axisbeingantiparallel to the scatteringvector (1 11) of the
magnetic re
ection. The total resonant electric dipole scattering length in � ! � 0

polarization geometryis given by Equation 2.24. For the ionsof the RuSr2GdCu2O8

basis(R 1 = 0, R 2 = ax̂ + bŷ + cẑ) the equation takesthe form:

g� ! � 0

E 1 =
2X

j =1

g� ! � 0

E 1;Sj
eiQ �R j = g� ! � 0

E 1;" + g� ! � 0

E 1;# ei 3� = g� ! � 0

E 1;" � g� ! � 0

E 1;# (4.10)

and, due to (2.21), (2.23):

g� ! � 0

E 1 = � 2iF (1) cos� sin� + 2iF (1) sin� cos� cos (4.11)

The scattering intensity measuredat the ( 1
2

1
2

1
2) reciprocal spaceposition in the

� ! � 0 polarization channel is proportional to the squareof the corresponding total
scattering length:

I � ! � 0

( 1
2

1
2

1
2 ) / jg� ! � 0

E 1 j2 = j2iF (1) (sin � cos� cos � cos� sin� )j2 =)

I � ! � 0

( 1
2

1
2

1
2 ) / (F (1) )2(sin2 � cos2 � cos2  � 2sin� cos� sin� cos� cos 

+ cos2 � sin2 � ) (4.12)

In the � ! � 0 scattering geometry, Equation 2.27gives:

g� ! � 0

E 1 =
2X

j =1

g� ! � 0

E 1;Sj
eiQ �R j = g� ! � 0

E 1;" + g� ! � 0

E 1;# ei 3� = g� ! � 0

E 1;" � g� ! � 0

E 1;# (4.13)

and �nally , due to (2.26):

g� ! � 0

E 1 = g� ! � 0

E 1;" � g� ! � 0

E 1;# = 0 (4.14)

Therefore,the scattering intensity in � ! � 0 is zero:

I � ! � 0

( 1
2

1
2

1
2 ) = 0 (4.15)
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Figure 4.5: Example of a � � 2� -scan, carried out around ( 1
2

1
2

1
2), at azimuth  = 0�

and sampletemperature 45 K, at the Ru L I I absorption edge. The scattering intensity is
measuredduring a simultaneousrotation of the samplearound the Bragg scattering angle
and of the detector by twice the amount of changeof the scattering angle. The data were
�tted with a Gaussianpro�le to give the integrated intensity at this azimuthal position.

Sincethe � ! � 0 polarization channel givesno contribution to the total scattered
intensity, no polarization analysisof the di�racted signal is neededin the experiment
{ the measuredintensity is of purely � ! � 0origin and canbedescribedby Equation
4.12,with a scattering angle � of 23:37� .

At every azimuthal position  , the integrated intensity of the ( 1
2

1
2

1
2) magnetic

re
ection is determined from the area below the data-points in the corresponding
� � 2� -scan. A representativ e � � 2� -scan(for  = 0� ) can be seenin Figure 4.5.
For the determination of the integrated intensity a Gaussianpro�le is �tted to the
data. The resulting azimuthal dependenceof the integrated intensity is then �tted
using the theoretical expression4.12 (Figure 4.6). From the �t the values of the
parameters� and F (1) are extracted. For F (1) we �nd: F (1) = 2:47� 0:10, while for
the angle � we obtain the value: � = (0:856� 0:020) rad = 49:0� � 1:1� .

As previously mentioned, basedon the fact that the maximum of the scattered
intensity occurs at the azimuthal position at which the c-direction is 53� o� the
scatteringplane,wedraw the conclusionthat the angle( d� p ; cp) (Figure 4.7)between
the projections of the magneticmoment � and of the c-axis direction, respectively,
on the plane which is perpendicular to the scattering vector (111) is equal to 53� .
Thus: dBAE = ( d� p ; cp) = 53� . From this, we calculate the angle dCAD = ( d�; c)
between � and c. We �nd: dCAD = 53:8� . The calculations can be found in
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Figure 4.6: Azimuthal dependenceof the integrated scattering intensity at the ( 1
2

1
2

1
2)

reciprocal spaceposition at the Ru L I I edge,as determined from � � 2� -scansat T = 45
K. The solid line is a �t of the data to the theoretical expression(4.12), calculated from
the corresponding resonant electric dipole scattering length. From the �tting, the angle �
betweenthe magnetic moment and the scattering vector is among others determined.

Appendix B.

To summarize, the direction of the magnetic moment � is along a reciprocal
spacevector (h k l) which forms an angleof � = 49� with (1 1 1) and of 53:8� with
(0 0 1). This corresponds approximately to the (1 0 2) reciprocal spacedirection:
( d(102); (111)) = 45:6� and ( d(102); (001)) = 56� . Thus (1 0 2) can be consideredas
the approximate direction of the magneticmoment.

It has to be emphasizedthat this result is still consistent with the previously
mentioned neutron data. Indeed, the intensity ratio calculated when the magnetic
moment is assumedalong (1 0 2) is exactly the samewith the one obtained with
the moment along c, and very closeto the experimentally found value of 2.49. In
other words, having the magneticmoment along c is not the only possibility for the
magnetic moment direction that satis�es the condition of giving an intensity ratio
of approximately 2.49 for the ( 1

2
1
2

1
2), ( 1

2
1
2

3
2) peaks. Lynn et al. consideredone

of the possibilities { the simplest one { but our x-ray di�raction data showed that
another one is true.
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Figure 4.7: Vector representation used for the calculation of the angle between the Ru
magnetic moment � and the c crystallographic direction. From the position of c with
regard to the scattering plane at the azimuth where the scattering intensity is maximum,
the angle between the projections of � and c on the plane which is perpendicular to the
scattering plane can be determined. From the �tting of the azimuthal dependence(Fig.
4.6) the angle � between � and the scattering vector is calculated. Based on these two
angles,the direction of the magnetic moment can be estimated.

4.5 Magnetic Order Parameter

The investigationsof RuSr2GdCu2O8 carried out sofar on powder sampleshave not
indicated any kind of couplingbetweenthe magneticorderof the Ru spinsin the Ru-
O planesand the superconductivity in the Cu-O planes. The two phenomenaseem
to be establishedindependently from each other. The neutron di�raction studies,
in particular, have shown no in
uence of the onsetof superconductivity at Tc � 35
K on the magneticorder parameter[73]. As seenin Section4.2, the neutron results
indicate that the integrated scattering intensity of the ( 1

2
1
2

1
2) magnetic re
ection

stays constant with increasingtemperature up to approximately 60 K (Figure 4.8),
without showing any anomaliesat Tc. However, the small amount of the available
experimental data at low temperatures(only two data points below 50 K) and the
relatively largesizeof the corresponding error bars in intensity do not actually allow
a de�nite exclusionof a weakinteraction betweenmagnetismand superconductivity.

Resonant x-ray di�raction providesthe possibility to investigatethe interplay of
magnetismand superconductivity in RuSr2GdCu2O8 using single-crystal samples.
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Figure 4.8: Variation with temperature of the integrated scattering intensity of the ( 1
2

1
2

1
2)

magnetic re
ection, as determined from � � 2� -scansat azimuth  = 0� at the Ru L I I

edge(�lled symbols). The magnetic phasetransition is clearly observed around 140 K.
An anomaly in the magnetic order parameter is indicated below 50 K, where supercon-
ductivit y setsin. The two kinds of �lled symbols (circles, squares)correspond to di�eren t
measurement cycles. For comparison, the powder neutron di�raction results from Ref.
[73] are also shown (normalized) in the sameplot (empty circles).

The high scattering intensitiesachieved at the Ru L I I resonanceallow the collection
of high precisiondata despite the small crystal size. The variation with tempera-
ture of the integrated scattering intensity at ( 1

2
1
2

1
2) is shown in Figure 4.8. The

intensities were determined from � � 2� -scanscarried out at the Ru L I I edgeat
azimuth  = 0� , by �tting the data with Gaussianpro�les. The magnetic phase
transition is clearly observed, asexpected,around 140K, in perfect agreement with
the previously described neutron di�raction results. Below 140 K the magnetic
intensity increasessmoothly with decreasingtemperature and reaches its highest
value around 50 K. Below that temperature our results di�er signi�cantly from the
neutron data. The magnetic intensity doesnot remain constant down to the lowest
temperatures,but decreasesinstead again with cooling. Thus, the magnetic order
parameter determined by resonant x-ray di�raction shows an anomaly just below
50 K, which was not observed in the neutron di�raction investigations,and which
may be related to the onsetof superconductivity around this temperature.

There are two problemswhich prevent us from de�nitely stating that the mag-
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netic order in RuSr2GdCu2O8 is really in
uenced by the onsetof superconductivity,
as indicated by the above results. First, the exact value of the superconducting
transition temperature Tc for the investigatedsampleis not known precisely. The
massof the crystal lies below the minimum required by most SQUID magnetome-
ters for performing magneticsusceptibilty or resistivity measurements and the only
available Tc valuesare the onesfound in the literature. However, magnetizationand
resistivity measurements carried out on polycrystalline and single-crystal samples
of larger massgrown by the samecrystal-growers and under the sameconditions
as the sampleinvestigatedwith x-ray di�raction, indicate a Tc around 45 K (mid-
point) and an onset of superconductivity already above 50 K [76, 83, 84]. There
is therefore a good chance that this is also true for the sample investigated with
x-rays. Second,the anomaly is actually indicated by only two experimental points
in the plot. As explainedin Section4.3, in order to minimize the absorption of the
x-ray beam, no inner thermal beryllium dome was usedin the setup. As a result,
no temperatures below 40 K could be reached at the sampleposition and no fur-
ther measurements could be taken at lower temperatures to con�rm the indicated
intensity drop below 50 K. Nevertheless,the presented data were collectedduring
two di�erent measurement cycles,performedindependently at di�erent times during
the sameexperiment, as indicated by the di�erent symbols in Figure 4.8. The data
from the two cyclescoincideperfectly with each other and the decreaseof the order
parameterbelow 50 K is well reproduced. This strengthensour con�dence that the
reported anomaly is related to a real changeof the order parameter in the material
and is no artifact.

4.6 Discussion

The coexistenceof long-rangemagneticorder and superconductivity in strongly cor-
related electronsystemshasattracted considerablescienti�c interest sincethe early
work by Ginzburg in 1953[88]. Ferromagnetismhas beenalways considereddetri-
mental to superconductivity and the prevailing belief up to date is that the two
order parameterscannot coexist in a microscopicscale,since the electromagnetic
interaction and the exchangecoupling betweenthe electronslift the degeneracyof
the Cooper pair partners and causestrong pair breaking. For this reason,the report
of both bulk superconductivity [75] and ferromagnetism[74] in RuSr2GdCu2O8 be-
low a critical temperature Tc � 15� 45 K camerather surprisingly and attracted a
lot of attention. Later neutron di�raction studies showed that the magnetic order
establishedin RuSr2GdCu2O8 is actually not ferromagnetic,asinitially thought, but
instead predominantly antiferromagnetic, with only a small ferromagneticcompo-
nent, which becomesstrong in the presenceof applied magnetic�eld. The existence
of a few antiferromagnetic superconductorswas already previously known (Chevrel
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phases,borocarbides,cuprates),but the rare-earth ordering in all thesecompounds
is establishedat low temperatures,below 10 K. With a N�eel temperature of 136K
and a superconducting transition temperature of up to 45 K, RuSr2GdCu2O8 ex-
hibits not only the, by far, highestmagnetic transition amongall antiferromagnetic
superconductors,but also the broadest coexistence-regionfor magnetic order and
superconductivity.

Although the intriguing properties of RuSr2GdCu2O8 have motivated numer-
ous investigations, the di�cult y to grow single crystals of the compound, on one
hand, and the presenceof the highly neutron-absorbingelement Gd, on the other,
restricted the amount of information that could be obtained. Dc-magnetizationand
neutron di�raction techniques, usually employed for investigating magnetic mate-
rials, could not determine the magnetic moment direction in a de�nite and precise
way, and could not unambiguouslyanswer the questionabout the possiblein
uence
of superconductivity on the magnetic order parameter. Even after the �rst single
crystals were �nally grown [85], the situation did not improve sigi�cantly, because
the massof the grown crystals is up to date far too small for neutron di�raction
to be applicable. Magnetization measuerements are also very di�cult to carry out
on such small crystals and cannot provide a preciseangle between the magnetic
moment and the crystallographic axes.

In this context the signi�cance of a complementary experimental technique,
which is sensitive to magnetism,but, unlike neutron di�raction, is not dependent
on large sample masses,becomesobvious. Resonant x-ray di�raction at the L-
absorptionedgesof a transition metal probesdirectly the partly occupiedd electron
orbitals, which are responsible for the magneticproperties of the material, and can
give important information about the magnetic order in the system. The strong
resonant enhancement of the magnetic scattering intensity at the L-edgesensures
that largescatteringsignalscanbeobtainedeven from sub-millimeter sizedsamples.
For this, a well-collimated x-ray beam,a high-brilliance synchrotron sourceand an
experimental setup optimized for minimizing absorption are necessary.

It is particularly interesting that, thanks to the sensitivity of the techniqueto the
azimuthal position of the magnetic moment with regard to the scattering plane, it
waspossiblein our investigationsto determinethe exactmagneticmoment direction
in RuSr2GdCu2O8 basedon the observation of a single magnetic re
ection { the
only one accessibleat this energy. The magnetic moment was found to lie neither
along the crystallographic c-axis, nor parallel to the ab-plane, but instead at an
angle of approximately 54 degreesaway from c. These results can reconcile at
least someof the apparently contradictory, previously reported data concerningthe
magnetic moment direction mentioned above. The successof our investigations
underlines that resonant x-ray di�raction can be a valuable tool, complementary
to neutron scattering, for determining magnetic structures. In general, while in
neutron di�raction the scattering factors of at least two magnetic re
ections have



140 Chapter 4. The system RuSr 2GdCu 2O8

to be known for determining the magnetic moment direction, in resonant x-ray
di�raction it is su�cien t to know how the intensity of one particular re
ection
varies with the azimuthal position of the sample. This advantage can compensate
for the restricted accessof the reciprocal spaceasa result of the low x-ray energies.

The determination of the magneticmoment direction is not the only casewhere
resonant x-ray di�raction can be useful. Also for the determination of the tempera-
ture dependenceof the magnetic order parameterand the investigation of possible
anomaliesin it, the strong resonant x-ray scattering signalscan be a good alterna-
tive to neutrons. Powder samplesare in principle su�cien t for this purpose,but
the larger scattering intensitiesprovided by singlecrystals in a resonant x-ray scat-
tering experiment can reveal details that are not observed by neutrons. The results
presented in Section4.5 strongly indicate that the better statistics achieved in the
x-ray experiment enablethe investigation of the in
uence of superconductivity on
the magneticordering in RuSr2GdCu2O8 better than neutron di�raction techniques.



Chapter 5

The system YBa 2Cu 3O6+x

The compound YBa2Cu3O6+ x is one of the most extensively investigated
high-temperature superconducting cuprates. The discovery of superconductivity
with a transition temperature Tc of up to 93 K in this systemin 1987,oneyear after
the �rst observation of high-temperature superconductivity by Bednorzand M•uller
in La2� xBaxCuO4 (Section 1.5), signi�ed the �rst casewherea Tc higher than the
boiling point of liquid nitrogen was reported [89]. Since then, numerous studies
have helped understand many of the properties of this interesting material. How-
ever, several issuesstill remainunclearand arecurrently issuesof debate. Oneof the
most controversial of them is related to the genericquestionabout the existenceof
charge-and spin-stripesin cupratesand their role with regard to the establishment
of superconductivity (Section1.5.3).

Incommensuratelow-frequencyspin excitations observed with neutron scatter-
ing in underdoped YBa2Cu3O6:6 were interpreted as an indication that 
uctuating
stripesexist in this bilayered cuprate [90]. Later phonon measurements supported
the existenceof a dynamic stripe phase,by revealing the presenceof charge
uctua-
tions with the periodicity of the domain walls separatingthe spin stripesseenwith
neutrons[91]. Stripesof static nature, however, similar to the onesclearly observed
with neutron and hard-x-ray di�raction in single-layeredLa1:48Nd0:4Sr0:12CuO4 [18,
92], have not beenfound so far in the YBa2Cu3O6+ x system,despitethe numerous
studies that have been carried out in this direction. In addition, recent inelastic
neutron scattering studiesquestionedthe one-dimensionality of the spin excitations
in YBa2Cu3O6+ x and suggestedalternative two-dimensionalmodels, returning the
stripe-discussionto its starting point [93]. Independent of this, a recent x-ray di�rac-
tion investigation of underdoped YBa2Cu3O6+ x (x � 0:63) interestingly reported
the existenceof an anomaly in the di�use scattering intensity around the pseudogap
temperature [94]. It wasclaimedthat this could be a manifestationof chargestripes
in the CuO2 planes. However, the problem is complicated by the fact that super-
structures due to short-rangeoxygen ordering and related lattice dostortions, with

141
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wave-vectorsdepending sensitively on the oxygen content, are alsoobserved in this
system. Both phenomena{ electronicstripesand oxygenorder { areassociated with
lattice distortions and are expectedto be intimately coupled. It is thereforedi�cult
to establishwhich featuresof the x-ray data are related to which phenomenon.

It is the goal of the high-energyx-ray di�raction investigationspresented in this
chapter to clarify the origin of the observed di�use featuresand concludeon whether
they can be indeedconsideredas a signatureof electronicstripe formation or if, on
the contrary, they merely arisefrom oxygen ion order in the interleaved chain layers
and associated lattice distortions. Our results show that the latter is the case.

5.1 Crystal Structure and Oxygen Order

The compound YBa2Cu3O6+ x is an oxygen-de�cient layeredperovskite. Closeto op-
timal oxygendoping (x=0.92), it hasan orthorhombic crystal structure (space-group
Pmmm), with lattice parametersa=3.8227(1) �A, b=3.8872(2) �A and c=11.6802(2)
�A at room temperature [95]. At oxygen content x = 0:75 the lattice parameters
take the valuesa=3.8420(1)�A, b=3.9139(1) �A and c=11.8065(4)�A, while at oxygen
content x = 0:62 the values a=3.8579(1) �A, b=3.9128(1) �A and c=11.8434(4) �A
[96]. The stoichiometric compound YBa2Cu4O8 is also orthorhombic (space-group
Ammm), with room temperature lattice parametersa=3.8430(5) �A, b=3.8730(5) �A
and c=27.252(4) �A [97].

The YBa2Cu3O6+ x unit cell consistsof a set of two CuO2 planes,which extend
parallel to the crystallographic a and b axesand are separatedby the central Y+3

ion of the cell (Figure 5.1). Every Cu ion of the CuO2 planes is surrounded by
�v e O ions, with which it forms a CuO5 squarepyramid. The O ions occupy the
cornersof the pyramid and the Cu ion the center of its base. The pyramids are
corner-sharingalong the ab plane. The CuO2 double-layers of two successive unit
cellsalong c are separatedby interleaved layers, which alsocontain Cu ions. These
Cu ionsareconnectedvia O ionsalongthe bdirection, forming, at low temperatures
and su�cien tly high oxygencontents, one-dimensionalCuO chains that run parallel
to the CuO2 planes.

The oxygencontent of the CuO chainscanbe sensitively controlled by appropri-
ate heat treatment. In this way, the concentration of chargecarriersin the CuO2 lay-
ersis alsomodi�ed, i.e. the material is doped. In the parent compound YBa2Cu3O6

all oxygensitesin the chainsareempty and the crystal structure is tetragonal. Upon
doping the material, oxygenionspartly occupy the vacant sitesbetweenthe Cu ions
in the interleaved layers. As long as the oxygen content is low (x < 0:3) the oxygen
sites are occupiedrandomly, and no long-rangeorder is established. Above a crit-
ical doping level, however, CuO chains begin to form, as described above, and the
systemundergoesa structural phasetransition from a tetragonal disorderedto an
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Figure 5.1: Crystal structure of YBa2Cu3O6+ x (space-groupPmmm). The unit cell is
made up of two CuO2 planes, that extend parallel to the ab crystallographic plane at
equal distances from the central Y+3 ion, and of CuO chains, which are parallel to the
b direction. Every Cu ion in the CuO2 planes is located at the basal center of a square
CuO5 pyramid. The CuO chains are the charge reservoirs of the CuO2 planes. Their O
content x is controlled by doping.

orthorhombic orderedphase. Sequencesof 'full' (Cu-O) and 'empty' (Cu-vacancy)
chains then appear, the periodicity of which along a depends sensitively on the
oxygen stoichiometry.

Five di�erent orthorhombic oxygen orderedstructures have thus far beeniden-
ti�ed, commonly known as the ortho-I, ortho-I I, ortho-I I I, ortho-V and ortho-VI I I
structures, respectively (Figure 5.2). Their formation was initially theoretically dis-
cussedby de Fontaine and coworkers, basedon an Ising model consistingof three
interpenetrating squarelattices, one of which is occupied by copper ions and the
other two by oxygen ions [99]. Extensive experimental investigations, both with
neutron and with high-energyx-ray di�raction, have provided detailed information
about the ordering pattern as a function of oxygen content for the whole doping
range [100, 101, 98]. The superstructures can be well simulated with an extension
of the asymmetricnext nearestneighbour interaction (ASYNNI) model. For oxygen
content x = 0:5, half of the available O sites are occupied and a chain sequence
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Figure 5.2: Idealizedstructural phasesin YBa2Cu3O6+ x [98]. The small bullets represent
copper ions and the full (empty) large circles occupied (empty) oxygen sites. Depending
on the O content x, a disordered tetragonal (T) or an orthorhombic ordered (O) phase
with characteristic periodicity along a of the CuO chain sequenceis established.

of the type 'full -empty -full -empty -etc' is established.The periodicity of the su-
perstructure along a is then equal to two unit cells (ortho-I I). For x = 0:6, a more
complicatedsequenceof the type 'full -full -empty -full -empty -etc' is established,
with a periodicity of �v e unit cells along a (ortho-V). For x = 0:625, the sequence
is of the type 'full -full -empty -full -empty- full -full - empty -etc' and has a peri-
odicity of eight unit cells along a (ortho-VI I I). For x = 0:67, two out of the three
oxygen sites are occupiedand a three-unit-cell periodicity with two full chains fol-
lowed by oneempty is observed (ortho-I I I). Finally, in the stoichiometric compound
YBa2Cu3O7 (x = 1) all oxygen sites in the interleaved layers are occupiedand the
periodicity of the chain-superstructure is equal to one unit cell (ortho-I). A fully
stoichiometric YBa2Cu3O7 compound is quite di�cult to prepare.

The structural phasediagram related to the oxygen order in YBa2Cu3O6+ x , as
determinedso far by neutron and high-energyx-ray di�raction, is shown in Figure
5.3 [98]. According to this, compounds with oxygen content higher than x = 0:87
have the ortho-I structure, with no sign of superstructure formation down to the
lowest temperatures. The discovery in our investigationsof a new ortho-IV ordered
phasein optimally dopedYBa2Cu3O6+ x (x = 0:92) [102] revisedthis belief,aswill be
discussedin Section5.5. The observation of the ortho-IV phasewas independently
reported also in Ref. [103].

Di�eren t from YBa2Cu3O6+ x , in YBa2Cu4O8 there are two interleaved chain
layers,insteadof one,betweentwo successive setsof CuO2 planes.This doublechain
structure is very stable and prevents oxygen lossesfrom the system. As a result, all
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Figure 5.3: Structural phase diagram of YBa2Cu3O6+ x , showing the oxygen-ordered
phasesestablishedat di�eren t oxygen contents, asdetermined by neutron and high-energy
x-ray di�raction [98]. Our x-ray investigations revealedthe existenceof an additional new
ortho-IV phaseat optimal oxygen doping (Section 5.5), which is not shown here.

oxygen sites in the CuO chains are occupiedand no changeof the superconducting
transition temperature can be achieved by changing the oxygen content via heat
treatment. YBa2Cu4O8 is fully stoichiometric, i.e. contains no oxygen vacancies,
and thereforeexhibits no superstructures like the onesdescribed above.

Twinning

The orthorhombicity of YBa2Cu3O6+ x compoundswith oxygencontents higher than
x � 0:3 is small, i.e. the valuesof lattice parametersa and b, though di�erent, are
very closeto each other. As a result, the a and b crystallographic directions can be
mutually exchangedduring the growing procedurein small regionsof the crystal,
depending on how the local thermal strains develop in every region. The structure
of as-grown YBa2Cu3O6+ x crystals is hencenot homogeneousmesoscopically, but
rather consistsof twin domains,which are rotated by 90� one relative to the other
in the ab plane, with the a and b axesmutually switched in neighboring domains.
The domain walls are parallel to the f 1 1 0g crystallographic planes[104]. The size
of the domains can vary signi�cantly, from tens or hundreds of �Angstroms up to
fractions of a millimeter, depending on the growth conditions and the perfection of
the crystals, but lies typically in the micrometer-range.

The presenceof twins can be a problem in scattering experiments, when the
direction and the periodicity of a superstructure needsto be determined. The scat-
tering pattern from a fully twinned sampleconsistsof equalcontributions from both
twin domainsand hasthereforea two-dimensionalsymmetry, even if the superstruc-
ture that generatesit is microscopicallyone-dimensional.In order to resolve the real
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symmetry of the superstructure, it is necessaryto establisha single-domainstructure
in the ab-plane, i.e. to 'detwin' the crystal. For the detwinning, a thermomechanical
method is usually employed, in which a uniaxial mechanical stressis applied along
one of the tetragonal < 1 0 0 > axesof the polydomain crystal at elevated tem-
peratures [105]. This leadsto a reorientation of the ferroelastic domainsand thus
to an elimination of the twinning. The processis carried out in a gasatmosphere
adjusted to the oxygen stoichiometry of the compound to prevent a changeof the
oxygen content. The method doesnot needto be applied in YBa2Cu4O8, because
this compound is naturally untwinned.

5.2 Superconductivit y and Strip es

Bulk superconductivity is established in the two-dimensional CuO2 planes of
YBa2Cu3O6+ x below a critical temperature Tc, which is sensitively dependent on
the chargecarrier concentration (hole doping) of the material. The hole concentra-
tion in the CuO2 planescanbecontrolled either by changingthe oxygencontent x of
the CuO chains (via annealing),or by chemically substituting part of the triv alent
Y+3 ions with a divalent ion, such as Ca+2 .

Figure 5.4 shows the variation with oxygen content x of the superconducting
transition temperature Tc of non-substituted YBa2Cu3O6+ x , as determined from
Meissner e�ect measurements [95]. The material is superconducting for oxygen
contents higher than x � 0:4. Above this value, Tc increasesrapidly with increasing
x and reachesa plateau at x � 0:6, which corresponds to a hole doping of around
0.125. The critical temperature at the plateau is approximately equal to 60 K.
Via additional oxygen doping, Tc increasesfurther and reaches its highest value
Tc (opt) = 93 K at oxygen content x = 0:92, which provides a hole concentration
around0.16. At this oxygencontent the compound is optimally doped. For x > 0:92
the material is overdoped and for x < 0:92 underdoped, with correspondingly lower
Tc (Section1.5.3).

For x = 1 (YBa2Cu3O7) all oxygensitesin the CuO chainsare occupiedand the
compound is stoichiometric. Higher oxygen contents are not possible. Due to the
fact that the optimum doping is achieved for x very closeto this maximum value,
only slightly overdoped materials can be obtained via oxygen annealing. For more
strongly overdoped systems,chemical substitution of Y+3 for a divalent cation, e.g.
Ca+2 , is necessary. The generic phasediagram of copper-oxide superconductors,
seenin Figure 1.6, is viable, as a generalscheme,also for YBa2Cu3O6+ x .

The possible existence of charge- and spin- stripes in superconducting
YBa2Cu3O6+ x has been investigated in numerousstudies. Inelastic neutron scat-
tering experiments revealedthe existenceof low-frequencymagnetic 
uctuations in
underdoped YBa2Cu3O6:6, which change from commensurateto incommensurate



5.2. Superconductivit y and Strip es 147

Figure 5.4: Variation of the superconducting transition temperature Tc with the oxygen
content x in YBa2Cu3O6+ x [95]. The optimal doping is achieved for x = 0:92 (Tc = 92
K).

upon cooling [106]. With the use of a newly developed two-dimensionalposition-
sensitive neutron scattering imaging technique, it was later madepossibleto better
resolve several quantitativ e issuesand concludethat the excitations in YBa2Cu3O6:6

are characterizedby the samewavevectors, coherencelengths and spectral weights
as the onespreviously found in single-layered La2� xSrxCuO4 compounds with the
samehole doping [23, 24]. This was claimed to be a �rst indication that stripesof
dynamic nature are a rather genericfeature of copper oxide superconductors,and
not an exclusive property of single-layered cuprates of the La2� xSrxCuO4 family
[90]. This evidencewas supported by phonon measurements, which revealed the
presenceof charge 
uctuations in underdoped YBa2Cu3O6+ x [91]. The periodicity
of the charge stripeswas found to be consistent with the location of charge along
the domain walls separatingthe spin stripesobserved with neutrons.

Recent inelastic neutron studies, however, carried out on high-quality fully de-
twinned crystals, questionedthe one-dimensionalcharacter of the low-energyspin
excitations in nearly optimally doped and underdoped YBa2Cu3O6+ x and reopened
the stripe-debate[93]. Thanks to the almost twin-free structure of the samples,
the scattering contribution from the minority domain wasnegligible in theseexper-
iments, and the geometryof the spin excitation spectrum could be clearly resolved.
This was found to be two-dimensional,but with a strong anisotropy betweenthe a?

and b? crystallographic directions. The data were interpreted as excluding the ex-
istenceof rigid arrays of one-dimensionalstripesin superconductingYBa2Cu3O6+ x

and suggestingalternative two-dimensionalmodels. A nematic liquid crystal striped
phase,for instance,or a two-dimensionalarrangement of chargeddomainwalls could



148 Chapter 5. The system YBa 2Cu 3O6+ x

Figure 5.5: Temperature dependenceof the integrated di�use scattering intensity at
(4:4 0 0) asdeterminedwith high-energyx-ray di�raction by Islam et al. [94]. The anomaly
around 220K is claimed to indicate the strong correlation of the di�use scattering features
with charge 
uctuations in the CuO2 planeswithin the pseudogapphase.

be consistent with the observed spectrum.
Independent investigationsof underdoped YBa2Cu3O6:63 with high-energysyn-

chrotron x-ray di�raction reported di�use scattering re
ections due to lattice modu-
lations with wave-vectors (� 2

5 0 0), the intensity of which is signi�cantly enhanced
upon entry into the pseudogapphase[94]. These di�use scattering features were
interpreted as manifestations of charge stripes in the CuO2 planes, that use the
underlying oxygen-orderedstructure as a spatial template. Whether this is indeed
so or not, is neverthelessdi�cult to tell. Both relevant phenomena{ 
uctuating
electronic stripes in the CuO2 planes and short-range oxygen order in the CuO
chains (Section 5.1) { are associated with lattice distortions and are expected to
be intimately coupled. Determining the origin of the observed superstructuresand
concluding on the possiblepresenceof stripes in YBa2Cu3O6+ x requires thorough
and combined investigations. The x-ray studies presented in Section 5.5 provide
new information on this issue.

5.3 Isotop e substitution: 16O - vs. 18O -ric h com-
pounds

Largeoxygenisotopee�ects havebeenreported for the almsotoptimally dopedhigh-
temperature superconductorsHoBa2Cu3O6:9 and YBa2Cu3O6:9. Inelastic neutron
scattering investigationsrevealedthat substitution of 16O for its heavy isotope 18O
in HoBa2Cu3O6:9 results in a signi�cant increaseof the pseudogaptemperature T ?
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from 170K to around 220K [107]. The large isotope shift in T ? is absent in NMR
and NQR experiments. This was interpreted asan indication that the time scaleof
the mechanism giving rise to the isotope e�ect is beyond the time scalesthat can
be detectedby thesetechniques,namely lies in the range: 10� 8 >> � > 10� 13 s.

Moreover, ellipsometry investigations reported a large and anomalousoxygen
isotope e�ect on the a-axis component of the far-infrared electronic response of
detwinned YBa2Cu3O6:9 [108]. A pronouncedlow-energyelectronicmode occurs in
the 18O - compound around240cm� 1, which exhibits a signi�cant aginge�ect. This
mode is completely absent in the 16O - compound, at least above 120 cm� 1. The
data wereinterpreted in terms of a collective electronicmode which becomespinned
by isotopic defectsarising from residual tracesof 16O in the 18O-substituted sample.
The pronouncedanisotropy of the mode could indicate either the existenceof a
charge density wave, or the formation of stripes,without being able to distinguish
betweenthe two.

5.4 Exp erimen tal

The x-ray di�use intensity in underdoped and optimally doped YBa2Cu3O6+ x and
overdoped Y1� yCayBa2Cu3O6+ x single crystals was investigated with high-energy
x-ray di�raction at photon energiesof 100 keV and 115 keV [102]. X-rays couple
directly to the charge and are a suitable probe of charge order superstructures,
including electronicstripes. The high photon energyensuresthat both static charge
order and excitations of dynamic nature (
uctuating stripes)can be detected1. The
advantagesof high-energydi�raction for investigating short-rangecorrelationswere
explained in Section 2.3.2. The probing of the whole samplevolume, due to the
weak x-ray absorption, and the accessibility of a large part of the reciprocal space,
are the most important of them. Di�culties related to the absorption of x-rays by
air or by components of the experimental setup, which were of crucial importance
in the resonant studiesof ruthenates(Chapters 3 and 4), are not relevant here.

5.4.1 Samples

Good quality single crystals of various oxygen contents and charge carrier concen-
trations wereusedin our x-ray investigations. Theseincluded:

� an optimally doped YBa2Cu3O6+ x crystal with x � 0:92 and superconducting
transition temperature (midpoint) Tc = 92:7 K (transition width: 1 K),

1The detection of excitations is restricted by the energy resolution of the experiments. This
was in our investigations of the order of 200-300eV.
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� an underdoped YBa2Cu3O6+ x crystal with x � 0:75 and Tc = 67 K (width: 4
K),

� an underdoped YBa2Cu3O6+ x crystal with x � 0:62 and Tc = 59:5 K (width:
2 K),

� a highly overdoped Y0:8Ca0:2Ba2Cu3O6:95 crystal with Tc = 73 K (width: 6
K),

� a naturally underdoped YBa2Cu4O8 crystal with Tc = 80:5 K (width: 1 K),

� an optimally doped YBa2Cu3O6:92 crystal, in which 16O was completely re-
placedby its heavy isotope 18O.

All YBa2Cu3O6+ x crystals, including the Ca-doped one, were grown by the

oating-zone method in the crystal-growth group of the Max-Planck-Institute for
Solid State Research, by C.T. Lin et al.. A detailed description of the growing pro-
cedurecanbe found, for example,in Ref. [109]. The YBa2Cu4O8 samplewasgrown
with the self-
ux method by B. Dabrowski et al. at the Department of Physics,
Northern Illinois University (USA) [97].

For the characterization of the samplesand the determination of the supercon-
ducting transition temperature,dc-SQUIDmagnetometrywasusedin all cases.The
doping level of the Ca-doped crystal was con�rmed by comparing its Raman and
infrared spectra to data in the literature. The crystal volumesof the YBa2Cu3O6+ x

sampleswereof the order of 2 � 2 � 0:4 mm3, while that of the YBa2Cu4O8 crystal
approximately 0:5� 0:8� 0:1 mm3. The optimally and overdoped crystalswerefully
detwinned. The thermomechanical detwinning techniquedescribed in Ref. [105] was
usedfor this purpose. The underdoped crystals were on the contrary investigated
in their as-grown twinned state. The YBa2Cu4O8 compound is naturally twin-free.

The wave-vector components (h k l) are indexed in the following in the or-
thorhombic space-groups:Pmmm for YBa2Cu3O6+ x and Y1� yCayBa2Cu3O6+ x , and
Ammm for YBa2Cu4O8.

5.4.2 Exp erimen tal Setup

The high-energyx-ray di�raction investigationsdescribed in this chapter were car-
ried out, partly at beamline BW5 of the Hamburger Synchrotronstrahlungslabor
(HASYLAB) at the DeutschesElektronen-Synchrotron (DESY) in Hamburg (Ger-
many), and partly at beamline 11ID-C of the AdvancedPhoton Source(APS) at
Argonne National Laboratory, in Argonne (USA), at x-ray energiesof 100keV and
115 keV, respectively. Both beamlinesuse multip ole wigglers as insertion devices
and are optimized for investigationsat high x-ray energies.
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The setup at BW5

The BW5 beamline is located at storagering DORIS II I (E=4.5 GeV) of HASY-
LAB. A wiggler of critical energy26.5keV and minimum gap 20 mm, located at a
distanceof approximately 30 meters from the entrance of the experimental station
(experimental hutch), is usedasx-ray source.The low-energypart of the produced
spectrum is absorbed by a 1.5 mm thick water-cooled copper �lter, located before
the hutch, which reducesthe heat load of the optical elements that follow. The x-ray
energyrangewhich can be usedfor measurements is thus between60 keV and 200
keV. The BW5 experiments described in the following werecarried out at a photon
energyof 100keV.

A triple-axis di�ractometer, designedand built at HASYLAB, is installed in
horizontal scattering geometry at BW5 (Figure 5.6). At the sample position a
HUBER Eulerian craddlesupports the sampleenvironment. The x-ray beamenters
the hutch through a beamsize-de�ningslit system,which is kept under vacuum, for
suppressingthe production of ozoneand minimizing the background radiation in
the hutch. The beamis then monochromatizedat a SiGegradient crystal, mounted
inside a helium-
ushed tank. The lattice parameter variation acrossthe crystal's
volume allows the di�raction of a relatively broad energy spectrum. In this way,
a large beam intensity is achieved, as neededfor the investigation of weak di�use
features. The intensity of the monochromatic beam is monitored with the useof a
silicon diode.

A SiGe gradient crystal, identical to the monochromator, can be also used as
analyzer after the sampleposition, for the suppressionof the background. A ger-
manium solid-state detector, cooled with liquid nitrogen, is usedfor the detection
of the scattered beam. Calibrated iron absorbers, mounted on a wheel between
the sampleand the analyzer,reducethe beamintensity when strong re
ections are
investigated. This is necessarydue to the limited dynamic rangeof the detector.

For measurements at low temperatures,a closed-cycle(Displex) cryostat capable
of reaching temperaturesbetween6 K and 350K is mounted on the Eulerian craddle.
In onecase,a high-temperature Displex cryostat capableof reaching temperatures
up to 850 K was used instead. The cryostat is mounted on the � -circle of the
di�ractometer. The sampleposition is covered by an aluminum cap, inside which
high vacuum is achieved with the useof a turb o pump.

All mechanical and electroniccomponents at BW5 are controlled by the HASY-
LAB standard software SPECTRA ON LINE.

The setup at 11ID-C

The 11ID-C beamline is located at the 7 GeV storage ring of APS. An elliptical
multip ole wiggler with critical energy32 keV is usedas x-ray source,providing x-
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Figure 5.6: The experimental setup inside the BW5 experimental station. The x-ray
beam enters the hutch on the right side of the photograph, through a beamsize-de�ning
slit system. A SiGe gradient monochromator crystal ensureshigh monochromatic beam
intensities. The sample is mounted on a closed-cyclecryostat on the � -circle of a 4-circle
di�ractometer. A Gesolid-statedetector is usedfor the detection of the scatteredintensity.

rays in the energy range between 60 keV and 200 keV. The 11ID-C experiments
described in the following were carried out at a photon energyof 115keV.

A high-energytriple-axis x-ray di�ractometer with three crystals (monochroma-
tor, sample,analyzer) and vertical scattering plane is available at the experimental
station for single-crystaldi�raction experiments. A schematic view of the di�rac-
tometer and a photograph of part of the setup are shown in Figures 5.7 and 5.8,
respectively.

An annealedSi(311) crystal is used as �rst, horizontal monochromator. No
second,vertical monochromator was used in our experiments. Brass collimators
and slit systemsreduce the detected background radiation. A germanium solid-
state detector, cooled with liquid nitrogen, is usedfor the detection of the scattered
beam. The intensity of the monochromatic beambeforethe sampleis monitored by
a Si diode. For measurements at low temperatures,a closed-cycle(Displex) cryostat
is mounted on the sampletower of the di�ractometer. In onecase,a He-
ow cryostat
wasusedinstead. The beamlineis operatedthrough a userinterfaceimplemented in
the program packageIgor run on Macintosh workstations. All motors are controlled
by VME-basedelectronicsvia EPICS.

More information and technical speci�cations of the experimental setupat beam-
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Figure 5.7: Schematic view of the high-energy triple-axis di�ractometer at 11ID-C [110].
The x-ray beam enters the setup on the right side of the picture. The secondmonochro-
mator, the sample, the analyzer and the detector are mounted on four di�eren t towers.
The scattering plane is vertical.
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Figure 5.8: Part of the experimental setup inside the 11ID-C station. A Si(311) crystal
is used as monochromator. The x-ray beam enters the hutch on the right side of the
picture. After being di�racted by the sampleand the analyzer, the x-rays are collectedby
a Ge-detector (not shown). Slits and collimators are usedfor suppressingthe background.
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line 11ID-C can be obtained in Ref. [110].

5.5 X-ra y Di�raction In vestigations

In order to resolve the origin of the di�use scattering features in YBa2Cu3O6+ x , a
systematic investigation of their dependenceon temperature, oxygen content and
charge carrier concentration was carried out. By comparing the di�use patterns
of three compoundswith di�erent oxygen contents { YBa2Cu3O6:62, YBa2Cu3O6:75

and YBa2Cu3O6:92 { the variation of the periodicity, the intensity and the correla-
tion length of the superstructureswith changingoxygen concentration wasstudied.
Surprisingly, a superstructure with periodicity equal to four elementary unit cells
wasobserved in the optimally dopedsystem. By then comparingtwo materialswith
almost the sameoxygen content, but quite di�erent chargecarrier concentrations {
YBa2Cu3O6:92 and Y0:8Ca0:2Ba2Cu3O6:95 { the e�ect of the hole doping was inde-
pendently investigated. Electronic stripes in the CuO2 planesare expected to be
sensitively dependent on hole doping, while oxygen ion ordering in the CuO chains
dependsonly on the amount of oxygenin the system. The di�use featureswerefound
to be changing only with oxygen content and not with doping via Ca+2 substitu-
tion. The temperature dependenceof the observed di�use featureswas furthermore
studied within a broad temperature range. Electronic stripes are expected to be
sensitive to the pseudogapphenomenaand the persistenceof the di�use features
up to well above room temperature is a strong indication against a stripe-related
origin of them. Finally, additional information is provided by the investigation of
a stoichiometric, naturally defect-freecompound { YBa2Cu4O8. Electronic stripes
shouldbe much moreeasilyobservable in the absenceof di�use scattering from oxy-
genvacancyordering. No di�use superstructure re
ections wereneverthelessfound
in the scattering pattern of YBa2Cu4O8.

5.5.1 In vestigations of underdop ed YBa 2Cu 3O6+ x comp ounds

Scansalong the (h 0 2:5) direction in reciprocal spacewere carried out on under-
doped YBa2Cu3O6:75 and YBa2Cu3O6:62 compounds at various temperatures. The
resulting scattering intensity plots at a sampletemperature of 30 K are shown in
Figures 5.9 and 5.10, respectively. For the determination of the orientation (UB)
matrix of the samples,the (2 0 0) and (2 0 6) main Bragg re
ections were used.

In YBa2Cu3O6:75 (Fig. 5.9) the intensity is peaked at positions h = 4:33 and
h = 4:66, i.e. at wave-vectors Q � 0:33, with Q being the wave-vector of a main
Bragg peak. This di�raction pattern reveals the existenceof a superstructure in
the material with a periodicity equal to three elementary unit cells, in accordance
with Ref. [98]. The re
ection at wave-vector Q + 0:33 is a factor of two stronger
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Figure 5.9: Scan along the (h 0 2:5) reciprocal space direction in underdoped
YBa2Cu3O6:75 at temperature T = 30 K. The di�use scattering pattern is character-
ized by a three-unit-cell periodicity (ortho-I I I phase), with re
ections at h = 4:33 and
h = 4:66. The solid line is a �t of Gaussianpro�les to the data.

Figure 5.10: Scan along the (h 0 2:5) reciprocal space direction in underdoped
YBa2Cu3O6:62 at temperature T = 30 K. The di�use scattering pattern is characterized
by a �v e-unit-cell periodicity (ortho-V phase), with re
ections at h = 4:4 and h = 4:6.
The solid line is a �t of Gaussianpro�les to the data.
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than the re
ection at Q � 0:33. Both di�use featuresare approximately 5 ordersof
magnitude weaker than the closestmain Bragg re
ections (e.g. (4 0 3)). The half-
width at half-maximum of the superstructure peaksis of the order of 0.06reciprocal
lattice units (r.l.u.), which corresponds to a correlation length of the order of 20 �A
along h. The correlationsare thus only of short range.

A similar superstructure is observed in YBa2Cu3O6:62 (Fig. 5.10), but the scat-
tering intensity is in this casepeaked at positions h = 4:4 and h = 4:6, i.e. at
wave-vectors Q � 0:4. This di�raction pattern arisesfrom a superstructure with
periodicity equal to �v e elementary unit cells. The peak at Q + 0:4 is a factor of
two stronger than at Q � 0:4. The half-width at half-maximum of the peaksis of
the order of 0.08 r.l.u., which is translated into a correlation length of the order of
15 �A along h.

The temperature dependence of the integrated scattering intensity of the
(4:33 0 2:5) superstructure re
ection in YBa2Cu3O6:75, asdeterminedfrom h-scans,
is shown in Figure 5.11(a). For the calculation of the intensities the data were �t-
ted with Gaussianpro�les. The intensity follows a smooth decreasewith increasing
temperature, without showing any anomaliesup to room temperature. The varia-
tion with temperature of the half-width at half-maximum of the re
ection is shown
in panel (b) of the same�gure. The data indicate a small, smooth decreaseof the
width with increasingtemperature, though the decreaseis comparablein sizewith
the experimental error bars. It is noted that the (4:33 0 2:5)/(4 :66 0 2:5) super-
structures are clearly present up to a temperature of at least 500 K. Nevertheless,
no reliable �tting of the peaksis possibleabove room temperature. This is because
of the strong contribution of the 'tail' of the (5 0 3) main Bragg re
ection, which
becomesbroaderwith increasingtemperature, due to the thermal di�use scattering
e�ect, and gradually covers part of the superstructure peaks. For this reason,only
data up to 300K are shown in Figure 5.11.

The temperature dependenceof the integrated intensity of the (4:4 0 2:5) di�use
re
ection in YBa2Cu3O6:62, asdeterminedfrom h-scans,is shown in Figure 5.12(a).
Again Gaussianpro�les were used for the �tting of the peaks. The scattering in-
tensity decreasessmoothly with increasingtemperature and has still a signi�cant
non-zero value at 400 K, the highest temperature investigated. The half-width
at half-maximum of the peak is shown in panel (b) of the same �gure. Like in
YBa2Cu3O6:75, the width remains almost constant up to high temperatures, indi-
cating only a very small narrowing of the re
ection upon warming.
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Figure 5.11: Temperature dependenceof the integrated di�use scattering intensity (a)
and of the half-width at half-maximum (b) of the (4:33 0 2:5) re
ection in YBa2Cu3O6:75,
as determined from h-scansby �tting with Gaussianpro�les.
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Figure 5.12: Temperature dependenceof the integrated di�use scattering intensity (a)
and of the half-width at half-maximum (b) of the (4:4 0 2:5) re
ection in YBa2Cu3O6:62,
as determined from h-scansby �tting with Gaussianpro�les.
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5.5.2 In vestigations of optimally dop ed and overdop ed
Y 1� yCayBa 2Cu 3O6+ x comp ounds

For the investigation of optimally doped YBa2Cu3O6:92 and overdoped
Y0:8Ca0:2Ba2Cu3O6:95 compounds,reciprocal spacescansboth in the hk- and in the
hl- scatteringplaneswerecarriedout at varioustemperatures. Figure 5.13showsthe
variation of the scattering intensity along the (h 0 5:6) direction in YBa2Cu3O6:92

(full bullets) and Y0:8Ca0:2Ba2Cu3O6:95 (empty bullets) at temperature 30 K.
The di�use patterns of the two compoundsarepractically identical to each other.

They arecharacterizedby re
ections at positionsQ� 0:25(Q: wave-vector of a main
Bragg re
ection), for example at h = 4:25 and h = 4:75. A superstructure with
periodicity equal to four elementary unit cells is thus present in both materials.
Such a superstructure had not been reported for optimally doped and overdoped
YBa2Cu3O6+ x compounds so far. Not only the periodicities, but also the relative
intensities and the correlation lengths are the samein the two systems. The half-
width at half-maximum of the superstructure re
ections is in both casesof the order
of 0.17 r.l.u., which corresponds to a correlation length of the order of 4 �A along
h. Small deviations in intensity observed closeto the (4 0 5:6) position should be
disregarded,becausethe contribution (tail) of the main Bragg re
ection (4 0 6)
obstructs the di�use intensity at this position. The di�use peakat position Q+ 0:25
is in all casessigni�cantly stronger (factor of two) than the oneat Q � 0:25.

In order to determinethe temperature dependenceof the integrated intensity in
YBa2Cu3O6:92, scansalong the l direction were carried out. Thesewere preferred
to h scans,used for the samepurpose in the ortho-I I I and ortho-V underdoped
compounds,becausethey allow in this casethe easiersubtraction of the background.
The modulation of the scattering intensity along l at h = 4:25 and k = 0 at low
temperatures (30 K) is shown in Figure 5.14. The intensity is peaked at positions
l = 0; � 2:75; � 5:5 etc. By �tting Gaussianpro�les to the superstructure peaks,
their integrated intensity was determined at various temperatures. The variation
with temperature of the integrated intensity of the (5:25 0 5:5) re
ection is shown
in Figure 5.15(a). The intensity decreasessmoothly with increasingtemperature,
without any anomaliesup to 500 K, the highest temperature investigated. No
indication of an anomaloustemperature dependencenear the onsetof the electronic
pseudogapis found, as claimed for the ortho-V compound by Islam et al. [94]. The
intensity variation observed in Ref. [94] is clearly larger than the statistical variation
of the data presented in Figure 5.15(a).

The widths of the superstructure peaks are also determined by �tting. The
variation with temperature of the half-width at half-maximum at the (5:25 0 5:5)
position is shown in Figure 5.15(b). The data clearly show a slight smooth increase
with increasing temperature of the correlation length characterizing the ordering
which gives rise to the di�use features. At all temperatures the superstructure
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Figure 5.13: Scansalong the (h 0 5:6) reciprocal spacedirection in optimally doped
YBa2Cu3O6:92 (full bullets) and overdoped Y1� yCayBa2Cu3O6+ x (empty bullets) at tem-
perature T = 30 K. The di�use scattering patterns of the two compounds are practically
identical, despite the di�eren t charge carrier concentrations, characterized by a four-unit-
cell periodicity (new ortho-IV phase)with re
ections at wave-vectorsq = 0:25and q = 0:75
o� the main Bragg peaks.

peaksare very broad and dilute (up to almost 0.9 r.l.u. along l), indicating a very
short-rangeorder. The correlation length along l is of the order of 4 �A, i.e. smaller
than one unit cell. This meansthat the correlations are only betweenneighboring
CuO chain layers, BaO planesand CuO2 planes.

A nice way of obtaining an overview of the di�use pattern of a material is to
create two-dimensionalmaps of speci�c areasin reciprocal space. This is done by
performing a large number of scansalong a certain direction, changing every time
by a small amount the position on one of the axesperpendicular to the scattering
direction. For example,by performing a largenumber of l-scansfor varioush values,
an intensity map of the hl planecan be made. To do so,all l -scansare put together
onenext to the other using a proper imaging programme(in our case:Igor) and a
color scaleis applied for denotingthe intensity at every point of the map, resulting in
a three-dimensionalcontour plot, which allows the easycomparisonof the patterns
of di�erent compounds.

Such a contour plot of the hl scattering plane of optimally doped
YBa2Cu3O6:92 at low temperatures (30 K) is shown in Figure 5.16(b). The dif-
fusesuperstructure re
ections at (4:25 0 � 2:75) are easily seenas light-red broad
spots. More di�cult to distinguish are the weaker (4:75 0 � 2:75) di�use re
ec-
tions. It is interesting to compare this intensity map with the one of overdoped
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Figure 5.14: Scan along the (4:25 0 l) reciprocal space direction in optimally
doped YBa2Cu3O6:92 at temperature 30 K. Re
ections are observed at positions l =
0; � 2:75; � 5:5:::. The periodicity of the di�use intensity perpendicular to the CuO2

planesis characteristic of interatomic distanceswithin the unit cell.
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Figure 5.15: Temperature dependenceof the integrated intensity (a) and of the half-width
at half-maximum (b) of the (5:25 0 5:5) re
ection in YBa2Cu3O6:92, as determined from
l-scansby �tting with Gaussianpro�les.
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Figure 5.16: Contour plots of the di�use intensity in the (h 0 l) plane of (a) 18O- and
(b) 16O-rich optimally doped YBa2Cu3O6:92 at low temperatures(30 K). In (a) the strong
main Bragg re
ections are masked. The di�use patterns are virtually identical in the
two materials, showing that any isotope e�ects in YBa2Cu3O6+ x cannot originate from
variations in the short-range oxygen order.

Y0:8Ca0:2Ba2Cu3O6:95, shown in Figure 5.17(b). It is evident that the di�use pat-
terns of the two compoundsarevirtually identical to each other, exhibiting the same
four-cell periodicity. The di�use peakswhich are far enoughfrom main Bragg re-

ections, e.g. at positions(4:25=4:75 0 2:75), (5:25=5:750 5:5) and (5:25 0 0), areall
clearly observed. The conclusiondrawn by the comparisonof the h-scansin Figure
5.13 is thus con�rmed and extendedfor the whole reciprocal space:YBa2Cu3O6:92

and Y0:8Ca0:2Ba2Cu3O6:95 are characterizedby identical superstructures.
In the upper (a) panel of Figure 5.17an intensity map of the (h k 5:5) plane of

Y0:8Ca0:2Ba2Cu3O6:95 is shown. The di�use peakswith the characteristic four-cell
periodicity are clearly observed at all integer k-positions, e.g. at (2:25=2:75 1 5:5),
(3:25=3:75 2 5:5) and (2:25=2:75 3 5:5). No superstructures are observed along the
k direction, i.e. parallel to the CuO chains.
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Figure 5.17: Contour plots of the di�use intensity in the (a) (h k 5:5) and (b) (h 0 l)
planesof overdoped Y0:8Ca0:2Ba2Cu3O6:95. In (b) the main Bragg re
ections are masked.
The periodicity of the di�use pattern is the sameas in the optimally doped YBa2Cu3O6:92

compound.

Motivated by the isotope e�ect observations in nearly optimally doped high-
temperature superconductors (Section 5.3), we investigated an optimally doped
YBa2Cu3O6:92 sample, in which 16O was fully substituted by 18O. A contour plor
of its di�use intensity in the (h 0 l) scattering plane is shown in Figure 5.16a. The
direct comparisonof this plot with the onecorresponding to the material containing
16O (panel (b) of the same�gure) immediately leadsto the conclusionthat the oxy-
gen isotope substitution has no in
uence on the di�use pattern of YBa2Cu3O6:92.
The intensity mapsof the materials containing di�erent oxygen isotopesare identi-
cal.

5.5.3 In vestigations of the stoic hiometric YBa 2Cu 4O8 com-
pound

Reciprocal spacescansalongthe l direction werecarried out in YBa2Cu4O8 at k = 0
for varioush values. The resulting contour plot at low temperatures(30 K) is shown
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Figure 5.18: Contour plot of the di�use intensity in the (h 0 l) plane of stoichiometric
YBa2Cu4O8. No di�use intensity is observed within the experimental sensitivity.

in Figure 5.18. Interestingly, no di�use featuresare observed in the intensity map
throughout the whole reciprocal spacearea that was investigated. At least down
to the intensity level of the di�use peaks in optimally doped YBa2Cu3O6:92, no
superstructure re
ections can be seenamongthe main Bragg peaks.

The YBa2Cu4O8 samplewas investigated extensively in three di�erent experi-
ments, carriedout at two di�erent beamlines(BW5 and 11ID-C), and alongall three
crystallographic directions. No signaturesof di�use scattering were found in any of
theseattempts. If superstructuresof any kind are present in this system,the di�use
intensity originating from them must be at least one order of magnitude weaker
than the featuresobserved in the optimally doped YBa2Cu3O6+ x compound. Such
weak features, if existent, would lie below the sensitivity level of our experimental
technique.

5.6 Discussion

The superstructures with periodicities equal to three and �v e unit cells in under-
doped YBa2Cu3O6+ x compounds with oxygen contents x = 0:75 and x = 0:62,
respectively, are known as the 'ortho-I I I' and 'ortho-V' phases. As explained in
Section5.1, they originate from lattice distortions induced by short-rangeordering
of oxygen vacanciesin the interleaved layersof the unit cell in a pattern de�ned by
certain sequencesof full and empty CuO chains. The properties of theseordered
phaseshave been thoroughly investigated in a large number of neutron and high-
energyx-ray di�raction experiments. The studiescarried out so far have indicated
that the superstructuresrelated to the oxygenorder are present only up to a certain
oxygen content. Closeto and above optimal doping (x = 0:92) no di�use features
were reported. The scattering pattern of YBa2Cu3O6+ x compounds with x > 0:87
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was assumedto exhibit the simple 'ortho-I' periodicity, with no superstructure re-

ections betweenthe main Bragg peaks(Figure 5.2).

It is thereforeparticularly interesting that the high-energyx-ray di�raction ex-
periments we carried out on optimally doped YBa2Cu3O6:92 and strongly overdoped
Y0:8Ca0:2Ba2Cu3O6:95 compounds revealed the existenceof a weak superstructure
with four-cell periodicity in thesesystems. The observation was independently re-
ported also in Ref. [103]. For the origin of the observed superstructure there are
basically two possibilities:

1. it arisesfrom a short-rangeordering of the oxygenvacanciesin the interleaved
layers of the lattice and the associated lattice distortions, analogousto the
ortho-I I I and ortho-V phasesof the underdoped materials. This new 'ortho-
IV' oxygen-orderedphasewould correspond to a sequenceof three full CuO
chains followed by oneempty.

2. it arisesfrom spontaneouselectronicstripe formation in the CuO2 layers. Such
a stripe order could usethe oxygenvacancyordering asa template, consistent
with what suggestedby Islam et al. for the underdoped system[94].

In the following we attempt a distinction between these possibilities, basedon a
combined evaluation of our experimental observations.

The similarity of the di�use scattering patterns of the YBa2Cu3O6:92 and
Y0:8Ca0:2Ba2Cu3O6:95 compounds (Figures 5.13, 5.16, 5.17) is a strong indication
against the stripe-related scenario. Stripe correlations are expected to be charac-
terized by a wave-vector which is strongly dependent on the charge carrier con-
centration, and by an amplitude which is strongly reduced in heavily overdoped
samples. On the other hand, di�use featuresdue to lattice distortions induced by
oxygen vacancyordering are expectedto depend exclusively on the oxygen content,
which determinesthe density of vacanciesin the interleaved layers. The investigated
Ca-doped compound has almost the sameoxygen content as the optimally doped
material. Any superlattice re
ections related to oxygen vacancy order should be
therefore identical in the two samples. The hole doping in the two systemsis, on
the contrary, very di�erent. The 20%substitution of triv alent Y+3 by divalent Ca+2

results in strong hole doping in the CuO2 bilayers. If the di�use featuresobserved
in YBa2Cu3O6:92 were due to stripe correlations, they should appear much weaker
and at di�erent wave-vectors in overdoped Y0:8Ca0:2Ba2Cu3O6:95. The experimen-
tal data show however the opposite: the di�use features in Y0:8Ca0:2Ba2Cu3O6:95

are characterized by the sameperiodicities, intensities and correlation lengths as
in YBa2Cu3O6:92. This observation is thus inconsistent with the assumption that
electronicstripe correlationsare the origin of the superstructure re
ections. Instead
it rather indicates that the di�use featuresare due to oxygen vacancyordering in
an ortho-IV sequenceof full and empty CuO chains. The absenceof superstructures
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along the k direction, i.e. parallel to the CuO chains (Figure 5.17a), is consis-
tent with this picture. The large width of the superstructure re
ections, indicative
of small correlation lengths, is furthermore well explained by the small density of
oxygenvacancies(high oxygencontents) in the investigatedcompounds. The corre-
lation length in YBa2Cu3O6:92 and Y0:8Ca0:2Ba2Cu3O6:95 (approximately 4 �A along
h) is a factor of 4 smaller than in the underdoped YBa2Cu3O6:62 and YBa2Cu3O6:75

systems(15-20�A), which contain more oxygen vacancies.
Another property of the observed di�use features which can provide informa-

tion about their origin is their variation with temperature. Electronic stripes are
generallyexpectedto be quite sensitive to thermal vibrations and thus not likely to
surviveup to high temperatures. This is clearly seenin Nd-dopedLa2� xSrxCuO4, for
instance,where the stripe-inducedsuperstructures vanish already at temperatures
well below room temperature (� 60 K) [18]. Superstructuresinducedby oxygenva-
cancy ordering, on the contrary, are stabilized by strong Coulomb interactions and
are lesssensitive to high temperatures than electronic correlations. Although oxy-
gendi�usion kinetics becomefaster at higher temperaturesleading to an increased
disorder, oxygen vacanciescan remain aligned in chains, at least of short length,
up to temperaturessigni�cantly exceedingroom temperature, asshown e.g. in Ref.
[98].

What is more, it is reasonableto expect that stripe-induced di�use features
should exhibit certain anomaliesin their temperature dependenceat the supercon-
ducting transition temperatureor at other temperaturesassociatedwith the onsetof
electronicinstabilities, such asthe electronicpseudogap.Superstructuresrelated to
oxygen vacancyordering, on the other hand, are not in
uenced by electroniccorre-
lations in the bilayersand are rather expectedto be characterizedby a smooth tem-
perature dependencedeterminedby the evolution of oxygen di�usion kinetics with
temperature. The persistenceof the ortho-IV di�use featuresin YBa2Cu3O6:92 and
Y0:8Ca0:2Ba2Cu3O6:95 compounds up to temperatures as high as 500 K, as well as
the absenceof any kind of anomaliesin their temperature dependencesin the whole
temperature range investigated (Figure 5.15), strongly favor the oxygen-ordersce-
nario for the origin of the superstructuresagainst the stripe-involving theory.

There is onemore experimental pieceof evidencewhich supports our belief that
the di�use featuresin YBa2Cu3O6+ x compounds,including the four-cell superstruc-
ture in optimally doped and overdoped samples,are due to oxygenordering. This is
the total absenceof di�use re
ections in stoichiometric YBa2Cu4O8 (Figure 5.18).
This naturally underdoped compound does not sustain oxygen defects. All oxy-
gen sites are occupied, and thus the system is ideal for testing the role of oxygen
vacanciesin YBa2Cu3O6+ x . If the di�use features observed in YBa2Cu3O6+ x are
merely induced by the ordering of the oxygen vacancies,then thesefeaturesshould
be absent in YBa2Cu4O8, where no vacanciesare present. If, on the contrary, the
superstructures in YBa2Cu3O6+ x originate from electronic stripe formation, then
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they shouldbe not only present, but alsomuch easierto seein YBa2Cu4O8. Indeed,
the relatively low hole concentration in YBa2Cu4O8 favors stripe formation. At
the sametime, the absenceof superstructures related to oxygen vacancyordering
should make it easierto observe any stripe-inducedor charge-density-wave-induced
di�use scattering which may be 'hidden' under the strong oxygen-orderfeaturesin
YBa2Cu3O6+ x . The fact that no such superstructuresare observed in YBa2Cu4O8,
strongly indicates that the di�use features in YBa2Cu3O6+ x are due to vacancy
ordering.

Our experimental observations thus clearly demonstratethat the di�use features
with four-cell periodicity observed in optimally doped and overdoped YBa2Cu3O6+ x

are not associated with electronic stripe correlations. This does not mean that
the existenceof such correlations is excluded. It just meansthat if such electronic
instabilities, either of static or of dynamicnature, arepresent, they havecertainly an
intensity which is lower than the background of the above described measurements.
The sensitivity of our technique thus setsan upper limit for the intensity of possibly
existent stripe-induceddi�use scattering.

In all investigatedsystems{ ortho-V, ortho-I I I, ortho-IV { a remarkableintensity
asymmetrywasfound betweenthe observedsuperstructure re
ections. In particular,
the re
ection at wave-vector Q+q wasin all casessigni�cantly strongerthan the one
at Q-q, with Q being a reciprocal lattice vector (position of main Bragg re
ection)
and q the wave-vector of the superstructure (0.4, 0.33, 0.25, respectively). The
reasonfor this asymmetry is not quite clear, but is most probably associated to
the atomic displacements causedby the oxygen vacancy superstructures [111]. A
destructive interferencebetweendi�use scatteringdueto disorder,on onehand, and
displacive modulations causedby this disorder, on the other, could lead to such an
asymmetry. A model basedon this e�ect was suggestedfor YBa2Cu3O6:92 in Ref.
[103]. A similar e�ect was previously observed also in the di�raction patterns of
quasi-one-dimensionalchargedensity wave systems[112].

Our studiesprovided information concerningthe isotope e�ects reported in neu-
tron scatteringandellipsometryinvestigationsin YBa2Cu3O6+ x (Section5.3). Based
on the fact that the di�use scattering patterns of optimally doped YBa2Cu3O6:92

compoundscontaining di�erent oxygen isotopes(16O vs. 18O) are identical (Figure
5.16), we draw the conclusionthat isotope substitution does not a�ect the short-
rangeoxygenorder in this system. Henceany di�erences in the electronicproperties
between the two compounds do not originate from variations in the oxygen order
or the associated atomic displacements. The driving force of the electronic isotope
e�ects should rather be searched for in the interactions within the CuO2 bilayers.

The results presented in this chapter are signi�cant for the interpretation of
phonon anomaliespreviously reported for YBa2Cu3O6+ x [90, 91]. The substan-
tial lattice deformations induced by the oxygen superstructures, which encompass
the whole unit cell, are expected to in
uence charge and spin 
uctuations con-
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siderably. The results should be taken into account in the investigation of other
high-temperature superconductorsaswell. Becauseof the layeredcrystal structure,
almost all high-temperature superconductorscontain oxygen acceptorvacanciesor
interstitials. These have been often assumedto be randomly incorporated into
the crystal structure. Our studies clearly demonstrated that this is not the case
in at least one copper oxide compound. Recent x-ray di�use scattering studies
on Bi2Sr2CaCu2O8+ � reported the existenceof di�use features in this system too,
induced by two-dimensionalshort-range charge modulations (displacements) with
correlation lengthsof the order of a unit cell dimension[113,114]. Theseresults fur-
ther indicate that charge inhomogeneitiesare a rather commonfeature of di�erent
families of cuprate superconductors.





Chapter 6

Summary

The strongly correlated electron systemsin Ca2� x SrxRuO4, RuSr2GdCu2O8 and
YBa2Cu3O6+ x transition metal oxides were investigated with resonant and high-
energyx-ray scattering techniques. The main results and conclusionsof the work
are brie
y summarizedin the following.

Singlecrystals of Ca2RuO4 and Ca1:9Sr0:1RuO4 were investigatedwith resonant
x-ray di�raction at the Ru L I I and L I I I absorption edges,i.e. at photon energies
E=2.968 keV and E=2.838 keV, respectively. At the magnetically allowed (1 0 0)
and (0 1 1) reciprocal spacepositions a new ordered phasewas discovered above
the magnetic phasetransition at TN = 110 K. The scattering from this phasehas
a strongly resonant character, with non-zero intensity only at energiesvery close
to the absorption edges. It is observed exclusively in the � ! � 0 polarization
channel, henceis characterizedby a polarization which is parallel to the scattering
plane. The temperature dependenceof the scattering intensity from the new phase
decreasessmoothly with increasingtemperature, without showing any anomalies,
andvanishesat a phasetransition at approximately 260K. Basedon the polarization
and temperature dependences,as well as on complementary muon spin rotation
(� SR) measurements, which indicate no orderedmagnetic moment above the N�eel
temperature, we can draw the conclusionthat the resonant scattering in the new
phase originates from the ordering of the Ru 4d orbitals. The orbital ordering
phase transition is also observed in the strontium-doped Ca1:9Sr0:1RuO4 system,
but at a lower temperature of approximately 130K. The propagation vector of the
orbital order remainsunchangedin the doped compound, despitethe changeof the
magnetic structure. Furthermore, an additional resonant signal was observed in
both investigatedCa2� xSrxRuO4 systemsat the (1 1 0) position, which is forbidden
both magnetically and by the space-group. The intensity of this signal decreases
smoothly with increasingtemperature with no anomaliesup to the metal-insulator
transition. Basedon the temperatureand polarization dependencesof the scattering
intensity at (1 1 0), this can be attributed to the tilt order of the RuO6 octahedra.
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Micrometer-sizedsingle crystals of RuSr2GdCu2O8 were investigated with res-
onant x-ray di�raction at the Ru L I I absorption edge. Based on the azimuthal
dependenceof the scattering intensity at the ( 1

2
1
2

1
2) magnetic position, the exact

direction of the magnetic moment in the material could be determined. The mag-
netic moment was found to be alignednot along the crystallographicc direction, as
initially suggestedby neutron scatteringinvestigations,but insteadalonga direction
which forms an angleof approximately 53 degreeswith the c axis. In addition, the
magneticorder parameterof the Ru spin-systemwasdetermined. The experimental
data indicate a possiblein
uence of the onsetof superconductivity on the magnetic
order parameter,but this is still to be con�rmed.

Singlecrystalsof underdoped, optimally dopedand overdoped YBa2Cu3O6+ x , as
well asstoichiometric YBa2Cu4O8, wereinvestigatedwith high-energynon-resonant
x-ray di�raction at photon energiesof 100 keV and 115 keV. A new superstruc-
ture with periodicity equal to four unit cells was discovered in optimally doped
YBa2Cu3O6:92 and overdoped Y0:8Ca0:2Ba2Cu3O6:95. The superstructuresare prac-
tically identical in the two compounds,which have almost the sameoxygencontent,
but very di�erent chargecarrier concentrations. This indicates that the superstruc-
tures do not originate from electronic stripes in the CuO2 planes,but rather from
oxygen vacancyordering in the Cu-O chains. This conclusionis supported by two
moreindependent observations: the persistenceof the superstructuresup to temper-
atures well above room temperature; and the absenceof di�use scattering features
in the stoichiometric YBa2Cu4O8 compound, which contains no oxygen vacancies
and should thereforemake the observation of stripeseasier. If such stripesdo exist
in YBa2Cu3O6+ x , then the intensity of the associated di�use featuresmust be at
least one order of magnitude smaller than that of the aboved described signatures
of oxygenorder. The comparisonof the di�use scattering patterns of YBa2Cu3O6:92

samplescontaining di�erent oxygen isotopes(16O vs. 18O) revealedthat theseare
identical. This meansthat variations in the oxygenorder in the Cu-O chainscannot
be responsiblefor isotope e�ects reported in previouswork on this material.
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Diagram of (Y,Ca)Ba 2Cu3O6+ x , Phys. Rev. Lett. 93, 157007(2004)

� I. Zegkinoglou,J. Strempfer, C.S. Nelson,J.P. Hill, J. Chakhalian, C. Bern-
hard, J.C. Lang, G. Srajer, H. Fukazawa, S. Nakatsuji, Y. Maeno, and B.
Keimer, Orbital Ordering Transition in Ca2RuO4 Observed with Resonant
X-Ray Di�r action, Phys. Rev. Lett. 95, 136401(2005).



App endix A

Calculation of the absorption
coe�cien t � from 
uorescence
measuremen ts

In the vicinit y of an absorptionedgeof a material, the absorptioncoe�cien t � canbe
expressedas the sum of two terms: a strongly energy-dependent edgecontribution
� edge(E), and a more weakly energy-dependent underlying contribution � und (E) �
E � 3, which is independent of the edge:

� (E) = � edge(E) + � und (E) (A.1)

Taking into considerationthe scattering geometryof the experiment, the follow-
ing expressioncan be extracted for � , as calculated in Ref. [115]:

� (E) = � 1f (E) +
[I F (E)( � 1f (E) + � F s) � I F

1 f (E)( � 1 + � F s)] � [� 2 � � 1f 2]
I F

2 (� 2 + � F s) � I F
1 (� 1 + � F s)f 2 � I F (E)( � 2 � � 1f 2)

(A.2)

Here, � (E) is the absorption coe�cien t at energyE; � F , � 1, � 2 are the valuesof
the absorptioncoe�cien t at energiesEF , E1, E2, respectively, whereEF is the energy
of an x-ray emissionline, E1 lies below the relevant absorptionedge(� edge(E1) = 0),
andE2 aboveit; I F (E) is the 
uorescenceintensity at energyE, and I F

1 , I F
2 its values

at energypositions E1, E2, respectively; f (E) = E 3
1=E3, f 2 = f (E2) = E 3

1=E3
2; and

s is a geometrical factor given by s = sin�
sin� , with � being the angle between the

wave-vector k of the incoming beam and the absorbing surface,and � the angle
between the wave-vector k 0 of the emitted (
uorescence)beam and the scattering
surface.

The values � F , � 1, � 2 can be obtained, for example, from the web site of the
LawrenceBerkeley National Laboratory:
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Figure A.1: Schematic view of the geometry for measuringthe 
uorescenceyield from a
sample. Incoming radiation with wave-vector k and energy E tuned at the Ru L I I edge
is absorbed by the sample. Fluorescenceradiation with energy E 0 corresponding to the
Ru L � 2 emissionline is then emitted in all possibledirections (4� solid angle). The angle
betweenk and the absorbingsamplesurfaceis � , that betweenthe scattering vector k 0 of
the detected beam and the surfaceis � .

http://www-cxro.lbl.go v/optical constants/

The density of the material is neededfor thesecalculations. For Ca2RuO4, this
has the value: � = 4:582g/cm3 (4 chemical formulae per unit cell).

The L � 2 emission line of Ru, which is excited when the incoming energy is
tuned at the Ru L I I absorption edge,has an energy of EF = 2554eV. The x-ray
attenuation length at this energyis: lF = 4:6280� m, and the absorptioncoe�cien t:
� F = 1=lF = 0:2161� m� 1.

For incoming photon energy tuned at the Ru L I I edge(E(L I I )=2968 eV), we
chooseE1 = 2940 eV and E2 = 3000eV. The corresponding � values are: � 1 =
0:3465� m� 1 and � 2 = 0:4272� m� 1.

The geometryfactor s wasof coursedi�erent in every experiment. As an exam-
ple, for the measurements on Ca2RuO4 at reciprocal spaceposition (1 0 0) presented
in Section 3.6, the incoming beam was perpendicular to the sample'ssurface, i.e.
� = 90� , so the value of s was approximately: s = sin�

sin� = sin 90�

sin 66� = 1:0946.
By substituting the above valuesin Equation A.2, the variation with energyof

the absorptioncoe�cien t � around the L I I absorptionedge,shown e.g. for Ca2RuO4

in Figure 3.21, is determined.



App endix B

Trigonometric calculations for
determining the magnetic momen t
direction in RuSr 2GdCu 2O8

For the calculation of the angle between the Ru magnetic moment � and the c
crystallographic direction in RuSr2GdCu2O8, the vector representation of Figure
4.7,shown againin Figure B.1, wasused. As seenin Section4.4, from the azimuthal
dependenceof the ( 1

2
1
2

1
2) integrated intensity we obtain: � = 49� and ^BAE = 53� .

In addition, the following expressionshold:

^CAB = 90� � � = 90� � 49� = 41� (B.1)

cos( ^DAF ) = cos[ ^(111); (001)] = cos
1
c2

q
1
a2 + 1

b2 + 1
c2 �

q
1
c2

= 0:2284

) ^DAF = cos� 1 0:2284= 77� ) ^DAE = 90� � 77� = 13� (B.2)

For simplicity, we considerthe vectors� and c to be unit vectors, thus: jACj =
jAD j = 1. Hence:

jAB j = jACj cos41� = 0:755; and : jAE j = jAD j cos13� = 0:974 (B.3)

In triangle AB E:
^BAE = 53�

jAOj = jAB j cos53� = 0:755cos53� = 0:454

and:
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Figure B.1: Direction of magneticmo-
ment with regard to the scattering vec-
tor in RuSr2GdCu2O8.
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Figure B.2: Details of the sketch on
the left, used in the trigonometric cal-
culations.

jOEj = jAE j � jAOj = 0:974� 0:454= 0:52

Therefore:
jOB j =

q
jAB j2 � jAOj2 = 0:603

and:
jBEj =

q
jOB j2 + jOEj2 = 0:796 (B.4)

Then, in triangle CDM :

jM Dj = jBEj = 0:796

jBCj = jACj sin41� = 0:656

jDEj = jAD j sin13� = 0:225

from which we obtain:

jCM j = jBCj � jBM j = jBCj � jDEj = 0:431

and:
jCDj =

q
jCM j2 + jM Dj2 = 0:905 (B.5)
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Finally, in triangle ACD:

sin( ^K AD ) =
jK Dj
jAD j

=
jCDj
2jAD j

= 0:4525) ^K AD = 26:9�

Thus:
^CAD = 2 � ^K AD = 53:8� (B.6)

The anglebetween� and c is thereforeequal to 53.8� .





App endix C

Maple code for calculating the
azim uthal dependence due to tilt
order in Ca2RuO 4

The following code wasusedfor the calculation of the azimuthal dependenceof the
resonant intensity due to the tilt order of the RuO6 octahedrain Ca2RuO4. For the
calculations the computer algebra programme MapleTM was used. The code was
initially developed by J.P. Hill at BNL for the investigation of tilt order in YTiO 3

and appropriately modi�ed in this work for Ca2RuO4.

> restart;
> with(linalg); with(plots);

Estimate the constants of the form factor ellipse:

> fa:=1;
> fb:=1;
> fc:=0.97;

Estimate the occupanciesof the dxy , dzx=dyz orbitals in the total wave-function:
	 = c1jzxi + c2jxyi . We assume,in a �rst approximation, a fully occupieddxy and
half-occupieddzx=dyz orbitals:

> c1:=1/sqrt(5);
> c2:=2/sqrt(5);

Rotate the form factor f1 for site 1 of the basis into the coordinate frame of the
crystal. The angle � (alpha) describes the rotation about axis z, � (beta) the
rotation about axis y, and 
 (gamma) the rotation about axis x. Rz, Ry, Rx are
the corresponding rotation matrices:

177



178 C. Code for azim uthal dependence

> gam:=arctan(c2/c1);
> beta:=45*Pi/180;
> alpha:=-45*Pi/180;
> f1:=Matrix([[fa,0,0],[0,fb ,0], [0,0 ,fc] ]);
> Rz:=Matrix([[cos(alpha),-s in(a lpha ),0] ,[s in(a lpha ),co s(a lpha ),0] ,[0, 0,1 ]]);
> Rx:=Matrix([[1,0,0],[0,cos (gam),-s in(g am)],[0 ,sin (gam),c os(gam)]]);
> Ry:=Matrix([[cos(beta),0,s in(b eta) ],[0 ,1, 0],[ -sin (bet a), 0,co s(beta)] ]);
> RIy:=Matrix(inverse(Ry));
> RIx:=Matrix(inverse(Rx));
> RIz:=Matrix(inverse(Rz));
> F:=Matrix(multiply(Rz,Rx,R y,f1 ,RIy ,RIx ,RI z));

Considerthe tilting anglesof the octahedra:

> alpha:=11.8*Pi/180;
> beta:=12.7*Pi/180;
> gam:=0;

The corresponding rotation matrices are:

> Rz:=Matrix([[cos(alpha),-s in(a lpha ),0] ,[s in(a lpha ),co s(a lpha ),0] ,[0, 0,1 ]]);
> Rx:=Matrix([[1,0,0],[0,cos (gam),-s in(g am)],[0 ,sin (gam),c os(gam)]]);
> Ry:=Matrix([[cos(beta),0,s in(b eta) ],[0 ,1, 0],[ -sin (bet a), 0,co s(beta)] ]);

The form factor for site 1 becomesafter the rotations:

> F1:=Matrix(multiply(Rz,Rx, Ry,F,Matrix( inv erse(Ry) ),Matri x(in vers e(Rx)),
Matrix(inverse(Rz))));

Generatefrom F1 the form factors for the rest of the sites of the basisby applying
the symmetry operations of the spacegroup:

> symm1:=Matrix([[1,0,0],[0, 1,0] ,[0, 0,-1 ]]) ;symm2:=Matrix( [[1, 0,0] ,
[0,-1,0],[0,0,1]]);symm3: =Matrix ([[- 1,0, 0], [0,1 ,0], [0,0 ,1] ]);
> F2:=Matrix(multiply(symm1, F1,symm1));
> F3:=Matrix(multiply(symm2, F1,symm2));
> F4:=Matrix(multiply(symm3, F1,symm3));

Calculate the structure factors for positions (1 00), (1 10), (0 11). The angle !
(omega)is in all casesthe scattering (Bragg) angle,ei the polarization vector of the
incomingbeam,and sp, ss the polarization vectorsof the scatteredbeamin � ! � 0,
� ! � 0 polarization geometries,respectively.

> F100:=F1-F4-F2+F3;
> F110:=F1+F4-F2-F3;
> F011:=F1-F2+F3-F4;
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At (1 00):

> omega:=22.85*Pi/180;
> ei:=Vector[row]([0,1,0] );
> sp:=Vector[row]([-sin(o mega),0, cos( omega)] );
> ss:=Vector[row]([0,1,0] );

Rotate the form factor into the lab frame:

> alpha:=0*Pi/180;
> beta:=90*Pi/180;
> gam:=-90*Pi/180;
> Rz:=Matrix([[cos(alpha) ,-si n(al pha),0] ,[si n(al pha),co s(al pha),0],
[0,0,1]]);
> Ry:=Matrix([[cos(beta), 0,si n(beta)] ,[0 ,1,0 ],[- sin( bet a),0 ,cos (bet a)]] );
> Flab:=Matrix(multiply(R y,Rz,F100,Matri x(in vers e(Rz)),
Matrix(inverse(Ry))));

Perform the azimuthal rotations and calculate the scalar products of the resulting
structure factor with the polarization vectors:

> Razi:=Matrix([[cos(psi) ,-si n(ps i),0 ],[ sin( psi) ,cos (ps i),0 ],[0 ,0,1 ]]);
> Razii:=Matrix(inverse(R azi) );
> Fazi:=Matrix(multiply(R azi, Flab,Razii) );
> SF100_sp:=innerprod(sp, Fazi ,ei) ^2;
> SF100_ss:=innerprod(ss, Fazi ,ei) ^2;

The scattering intensitiesat (1 00) in the � ! � 0 and � ! � 0 polarization channels:

> Int100_sp:=unapply(SF10 0_sp,psi );
> Int100_ss:=unapply(SF10 0_ss,psi );

Plot making and data storagecommands:

> plot({Int100_sp(psi*3.1 415926/180,18*Pi/18 0),I nt100_ss(ps i*3. 1415926/180,
18*Pi/180)},psi=-180..360 );
> pstr:=plot({Int100_sp(p si*3 .1415926/18 0,18*Pi/ 180)},p si=- 360. .360);
> curves:=op(1,pstr);
> points:=op(1,curves);
> fd:=fopen("100_sipi.txt ",WRITE) ;
> map(u->fprintf(fd,"%20. 16f, %20.16f\ n", op(1,u), op(2,u) ),po ints );
> fclose(fd);

Repeate the sameprocedurefor the (1 10) position:
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> omega:=32.47*Pi/180;
> ei:=Vector[row]([0,1,0]);
> sp:=Vector[row]([-sin(omeg a),0 ,cos (omega)]);
> ss:=Vector[row]([0,1,0]);
> alpha:=0*Pi/180;
> beta:=134.6*Pi/180;
> gam:=90*Pi/180;
> Rz:=Matrix([[cos(alpha),-s in(a lpha ),0] ,[s in(a lpha ),co s(a lpha ),0] ,
[0,0,1]]);
> Ry:=Matrix([[cos(beta),0,s in(b eta) ],[0 ,1, 0],[ -sin (bet a), 0,co s(beta)] ]);
> Rx:=Matrix([[1,0,0],[0,cos (gam),-s in(g am)],[0 ,sin (gam),c os(gam)]]);
> Flab:=Matrix(multiply(Ry,R x,Rz,F110,Matri x(in vers e(Rz)),
Matrix(inverse(Rx)),
Matrix(inverse(Ry))));
> Razi:=Matrix([[cos(psi),-s in(p si), 0],[ sin (psi ),co s(ps i), 0],[ 0,0, 1]]) ;
> Razii:=Matrix(inverse(Razi ));
> Fazi:=Matrix(multiply(Razi ,Fla b,Razii) );
> SF110_sp:=innerprod(sp,Faz i,ei )^2;
> SF110_ss:=innerprod(ss,Faz i,ei )^2;
> Int110_sp:=unapply(SF110_s p,ps i);
> Int110_ss:=unapply(SF110_s s,ps i);
> plot({Int110_sp(psi*3.1415 926/180,18*Pi/1 80), Int1 10_ss(p si*3 .1415926/18 0,
18*Pi/180)},psi=-360..360 );
> plot({Int110_sp(psi*3.1415 926/180,18*Pi/1 80)} ,psi =-360.. 360);
> pstr:=plot({Int110_sp(psi* 3.1415926/180,1 8*Pi /180)},p si= -360..36 0);
> curves:=op(1,pstr);
> points:=op(1,curves);
> fd:=fopen("110_sipi.txt",W RITE);
> map(u->fprintf(fd,"%20.16f ,%20.16f \n", op(1,u) ,op( 2,u) ),p oint s);
> fclose(fd);
> pstr:=plot({Int110_ss(psi* 3.1415926/180,1 8*Pi /180)},p si= -360..36 0);
> curves:=op(1,pstr);
> points:=op(1,curves);
> fd:=fopen("110_sisi.txt",W RITE);
> map(u->fprintf(fd,"%20.16f ,%20.16f \n", op(1,u) ,op( 2,u) ),p oint s);
> fclose(fd);

Repeat the sameprocedurefor the (0 11) position:

> omega:=24.73*Pi/180;
> ei:=Vector[row]([0,1,0]);
> sp:=Vector[row]([-sin(omeg a),0 ,cos (omega)]);
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> ss:=Vector[row]([0,1,0] );
> alpha:=90*Pi/180;
> beta:=65.3*Pi/180;
> gam:=0*Pi/180;
> Rz:=Matrix([[cos(alpha) ,-si n(al pha),0] ,[si n(al pha),co s(al pha),0],
[0,0,1]]);
> Ry:=Matrix([[cos(beta), 0,si n(beta)] ,[0 ,1,0 ],[- sin( bet a),0 ,cos (bet a)]] );
> Rx:=Matrix([[1,0,0],[0, cos( gam),-si n(gam)],[0, sin( gam),co s(gam)]] );
> Flab:=Matrix(multiply(R y,Rx,Rz, F011,Matrix (inv erse(Rz)),
Matrix(inverse(Rx)),
Matrix(inverse(Ry))));
> Razi:=Matrix([[cos(psi) ,-si n(ps i),0 ],[ sin( psi) ,cos (ps i),0 ],[0 ,0,1 ]]);
> Razii:=Matrix(inverse(R azi) );
> Fazi:=Matrix(multiply(R azi, Flab,Razii) );
> SF011_sp:=innerprod(sp, Fazi ,ei) ^2;
> SF011_ss:=innerprod(ss, Fazi ,ei) ^2;
> Int011_sp:=unapply(SF01 1_sp,psi );
> Int011_ss:=unapply(SF01 1_ss,psi );
> plot({Int011_sp(psi*3.1 415926/180,18*Pi/18 0),I nt011_ss(ps i*3. 1415926/180,
18*Pi/180)},psi=-360..360 );
> plot({Int011_sp(psi*3.1 415926/180,18*Pi/18 0)}, psi= -360..3 60);
> pstr:=plot({Int011_sp(p si*3 .1415926/18 0,18*Pi/ 180)},p si=- 360. .360);
> curves:=op(1,pstr);
> points:=op(1,curves);
> fd:=fopen("011_sipi.txt ",WRITE) ;
> map(u->fprintf(fd,"%20. 16f, %20.16f\ n", op(1,u), op(2,u) ),po ints );
> fclose(fd);
> pstr:=plot({Int011_ss(p si*3 .1415926/18 0,18*Pi/ 180)},p si=- 360. .360);
> curves:=op(1,pstr);
> points:=op(1,curves);
> fd:=fopen("011_sisi.txt ",WRITE) ;
> map(u->fprintf(fd,"%20. 16f, %20.16f\ n", op(1,u), op(2,u) ),po ints );
> fclose(fd);

It is noted that both the form factor ellipseconstants and the orbital occupancies,
estimated in the beginning of the code, in
uence only the absolute values of the
simulated scattering intensities and not the periodicities or the � ! � 0 to � ! � 0

intensity ratios in the azimuthal dependences.
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Deutsc he Zusammenfassung

In der vorliegendenArbeit werden die Ergebnissevon Untersuchungen stark kor-
relierter Elektronsystemenin •Ubergangsmetalloxiden pr•asentiert, die mit Hilfe von
resonanter beziehungsweise hochenergetischer R•ontgenbeugung durchgef•uhrt wor-
den sind. Dabei wurden drei verschiedeneSystemeuntersucht: 1) das 4d Elektro-
nensystemin Ca2� xSrxRuO4, 2) das Hybrid-Elektronensystemin RuSr2GdCu2O8,
und 3) das3d Elektronensystemim hochtemperatursupraleitendenYBa2Cu3O6+ x .

Die elektronischen und magnetischen Eigenschaften des Systems
Ca2� xSrxRuO4 sind durch einestarke Wechselwirkungzwischen dem magnetischen,
dem orbitalen und dem Gitterfreiheitsgrad gekennzeichnet. DieseWechselwirkung
mussber•ucksichtigt werden, um einen Einblick in das PhasendiagrammdesMate-
rials zu erhalten. Bemerkenswert ist dabei, dassdie Ersetzungvon Kalzium durch
Strontium zu einer markanten Variation der Eigenschaften f•uhrt, obwohl beide Io-
nen isovalent sind. Einkristalle der Verbindungen Ca2RuO4 und Ca1:9Sr0:1RuO4

wurden in dieserArbeit mittels resonanter R•ontgenbeugungan den Ru L I I und L I I I

Absorptionskanten (E=2.968 keV beziehungsweise2.838keV) untersucht. Die Mes-
sungenwurden an der 4ID-D Beamlineder AdvancedPhoton SourceSynchrotron-
strahlungsquellein Argonne, USA, durchgef•uhrt. An den magnetisch erlaubten
Positionen (1 0 0) und (0 1 1) im reziproken Raum wurde oberhalb desmagnetis-
chen Phasen•ubergangsbei TN = 110K eineneuePhaseentdeckt. Diesewird durch
die resonante Streuungan den Absorptionskanten beobachtet. Die gestreuteInten-
sit•at ist nur im sogenannten � ! � 0 Polarisationskanal zu �nden, wird also durch
eine gedrehte Strahlungspolarisation gekennzeichnet, die parallel zur Streuebene
ist, senkrecht zum Polarisationsvektor der einfallenden Strahlung. Die Temper-
aturabh•angigkeit der Streuintensit•at in der neuen Phase weist keine Anomalien
auf, sondernzeigt bei steigenderTemperatur einen langsamenAbfall bis zu einem
Phasen•ubergang bei ungef•ahr 260 K. Anhand der Polarisations- und Temperat-
urabh•angigkeiten, sowie erg•anzenderMuonspinrotationsmessungen(� SR), die kein
geordnetesmagnetischesMoment oberhalb der N�eel-Temperatur angedeutethaben,
kann der Schlussgezogenwerden,dassdie Orbitalordnung der Ursprungder Streuin-
tensit•at in der neuenPhaseist. Der Orbitalordnungsphasen•ubergangist auch im
strontiumdotierten

191
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Ca1:9Sr0:1RuO4 Systemzu beobachten, allerdings bei einer niedrigerenTemperatur
von ungef•ahr 130K. Trotz der •Anderung der magnetischen Struktur bleibt der Aus-
breitungsvektor der Ordnung in der dotierten Verbindung unver•andert. Des Weit-
erenwurde in beidenuntersuchten Ca2� x SrxRuO4 Systemenein zus•atzlichesReso-
nanzsignalan der (1 1 0) Position beobachtet, die sowohl magnetisch alsauch kristal-
lographisch verboten ist. Die Intensit•at diesesSignalssinkt bei steigenderTemper-
atur ohne Anomalien bis zum Metall-Isolator- •Ubergang. Anhand der Temperatur-
und Azimutwinkelabh•angigkeiten ist dieseStreuintensit•at auf die Tiltordn ung der
RuO6 Oktaeder zur•uckzuf•uhren.

Das Hybridsystem RuSr2GdCu2O8 wird durch die selteneKoexistenz langre-
ichweitiger magnetischer Ordnung und Supraleitung in seinerEinheitszellecharak-
terisiert. W•ahrend sich die Ru Spins in den Ru-O Ebenen unterhalb von 136 K
antiferromagnetisch anordnen, etabliert sich in den Cu-O Ebenen unterhalb einer
niedrigerenkritischen Temperatur Tc Supraleitung. Die Tc Werte liegenzwischen 15
K und 46 K und sind von den Synthesebedingungenabh•angig. Kleine Einkristalle
desMaterials mit Gr•o�e um die 50 � m wurden mittels resonanter R•ontgenbeugung
an der Ru L I I Absorptionskante untersucht. Die Messungenwurden am gleichen In-
strument und unter den gleichen experimentellen Bedingungen wie die am
Ca2� xSrxRuO4 System durchgef•uhrt. Anhand der Azimutwinkelabh•angigkeit der
Resonanzintensit•at an der magnetischen ( 1

2
1
2

1
2) Position konnte die Richtung des

magnetischen Moments im Material genaubestimmt werden. Es wurde insbeson-
deregefunden,dassdasmagnetische Moment nicht entlang der kristallographischen
c-Richtung orientiert ist, wie urspr•unglich anhand von Neutronenbeugungsunter-
suchungen vorgeschlagen, sondern entlang einer Richtung, die ungef•ahr 53 Grad
von der c-Achseentfernt ist. DesWeiterenwurde der magnetische Ordnungsparam-
eter desRu Spinsystemstemperaturabh•angig verfolgt. Dabei hat sich gezeigt,dass
der Einbruch der Supraleitung m•oglicherweise einen Ein
uss auf die magnetische
Ordnung hat, was allerdingsnoch zu best•atigen ist.

Der Hochtemperatursupraleiter YBa2Cu3O6+ x wurde oft in Hinblick auf die lan-
ganhaltendeDiskussion •uber die m•ogliche Entstehung von sogenannten Streifen-
Phasen(strip es) in Kupraten und ihre Rolle bei der Etablierung von Supraleitung
untersucht. Spin- und Ladungsanregungen,die bei Neutronen- und R•ontgenstreu-
ungsmessungenbeobachtet wurden,wurdenalsZeichenvon eindimensionalenStreifen
interpretiert. Andere Untersuchungen bezweifeln allerdings den eindimensionalen
Charakter dieser Ordnung. Eine de�nitiv e Antwort auf diese Frage wird durch
die Existenz von eindimensionalen,teilweisegef•ullten Cu-O Ketten im Gitter er-
schwert. Zur Kl•arung der Frage, ob die zu beobachtenden •Uberstrukturre
exe
aus elektronischen Streifen in den CuO2-Ebenen oder eher aus Sauersto�fehlstel-
lenordnung in den Cu-O Ketten entstammen, wurden sowohl unterdotierte, opti-
mal dotierte und •uberdotierte, teilweise mit Kalzium substituierte YBa2Cu3O6+ x

Einkristalle, alsauch stoichiometrische YBa2Cu4O8 Kristalle, mittels hochenergetis-
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cher nicht-resonanter R•ontgenbeugunguntersucht. Die Messungenwurden an den
Beamlines BW5 am Hamburger Synchrotronstrahlungslabor und 11ID-C an der
Advanced Photon Source in Argonne, USA bei Photonenenergienvon 100 keV
beziehungsweise 115 keV durchgef•uhrt. Eine neue •Uberstrukturphase mit einer
Periodizit•at von vier Elementarzellen wurde im optimal dotierten YBa2Cu3O6:92

und im •uberdotierten Y0:8Ca0:2Ba2Cu3O6:95 entdeckt. Die •Uberstrukturre
exe se-
hen in beiden Verbindungen,die praktisch den gleichen Sauersto�gehalt aber sehr
unterschiedliche Ladungstragerkonzentrationen haben, fast identisch aus. Diesweist
darauf hin, dassdie •Uberstrukturen nicht auf Streifen,sondernauf die Sauersto�ord-
nungzur•uckzuf•uhrensind. DieserSchlusswird von zwei zus•atzlichenBeobachtungen
unterst•utzt: das Weiterbestehender •Uberstrukturen bis zu Temperaturen deutlich
h•oher als Raumtemperatur; und die Abwesenheitder •Uberstrukturen im stoichio-
metrischen YBa2Cu4O8 Material, das keine Sauersto� •ucken enth•alt und deshalb
die Beobachtung von Streifen erleichtern sollte. Sollten solche Stripes elektronis-
cher Natur in YBa2Cu3O6+ x existieren, m•usste die Intensit•at der entsprechenden
Re
exe um mindestenseineGr•o�enordnung kleiner seinals die der obenbeschriebe-
nen •Uberstrukturre
exe der Sauersto�ordnung. Durch den Vergleich der Streuin-
tensit•aten der •Uberstrukturre
exe von YBa2Cu3O6:92 Proben, die unterschiedliche
Sauersto�sotopeenthalten (16O vs. 18O), wurdedesWeiterenfestgestellt,dassdiese
identisch sind. Diesbedeutet,dass•Anderungenin der Sauersto�ordnung in denCu-
O Ketten nicht f•ur Isotope�ekte in diesemMaterial verantwortlich seink•onnen.

Teile der Arbeit wurden in den folgendenPublikationen ver•o�entlicht:

� J. Strempfer, I. Zegkinoglou,U. R•utt, M. v. Zimmermann,C. Bernhard, C.T.
Lin, Th. Wolf, and B. Keimer, OxygenSuperstructuresThroughoutthe Phase
Diagram of (Y,Ca)Ba 2Cu3O6+ x , Phys. Rev. Lett. 93, 157007(2004)

� I. Zegkinoglou,J. Strempfer, C.S. Nelson,J.P. Hill, J. Chakhalian, C. Bern-
hard, J.C. Lang, G. Srajer, H. Fukazawa, S. Nakatsuji, Y. Maeno, and B.
Keimer, Orbital Ordering Transition in Ca2RuO4 Observed with Resonant
X-Ray Di�r action, Phys. Rev. Lett. 95, 136401(2005).
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