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Introduction

L'objectif de cetetude est de donner une caracerisatiowompete de la struc-

ture locale de deux classes de composs : les manganitesadéhbne droglees
avec du sodium et les doubles perovskites de ferro-molybedroglees avec
du tungsene.

Les deux classes se comportent, en gereral comme de contéucs dans leur
phase ferromagretique et, suivant variations de temperare ou de dopage,
ils subissent une transition netal-isolanta laquelle ilfaut associer une tran-
sition ferromagretique-paramagretique(antiferromagetique).

Ces maeriaux sont devenus un & pour les physiciens dutat solide. lls

sont, en e et, le prototype de sysemes electroniques faéement mappes al

les deges de libere du spin, charge orbitales et structales jouent simul-
tarement et as les exempli cations courantes, comme cedl d'omettre les
interactionselectronelectron etelectron-phonon, essent d'étre valides.

En particulier, les manganites sont utiliees depuis deswaees dans l'industrie
des dispositifs magretiques de stockage des donres. Teftnis, le potentiel
technologique de les deux classes, pourrait &tre pleinamexploie dans le

champemergent de la spintronique pour la ealisation de gpositifselectroniques
bases sur le contrble de l'orientation du spin deselectms.

Les manganites ont un diagramme de phases magretiques etusturales in-

croyablement riche le aux variations de paranetres maascopiques tels la
temperature, la pression et le dopage. lls vont de phasesrfemagretique

ou antiferromagretiquea phases paramagretique mais gl arrivent aussi aux

\
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plus exotiques phases d'ordre orbital et de charge.

La structure locale de Im ns de manganite droglees avec dgodium aee
etudee en fonction de lepaisseur des Im. Les Im ns o rent un syseme
versatile et e cace pour accro'tre des nouvelles struct@s ; en e et, le stress
induit par le substrat arrivea stabiliser les structures i n'existent pas dans
des conditions normales de pression et de temperature.

Les perovskites doubles ont des proprees similaires aumanganites mais
le mecanisme a la base du transport des charges est dierg et il n'est pas
encore compktement acquis. Il est fonde sur une strate folamentale moitie-
metallique et ferromagretigue compktement polarie. Au contraire des man-
ganites, la magretoesistance resteele\ee méme auedsus de la temperature
ambiante (jusqua environ 450 K). Pour cette raison ils pouaient étre des
bonnes candidats pour des applications technologiques.

Desechantillons de poudre de perovskites double drog®avec tungsene ont
etetudees pour en caraceriser la structure locale en fonction du dopage et
pour chercher de comprendre la nature de la transition netasolant.

Une carackrisation compkte de ces maeriaux, en partulier du point de
vue de la structure et de la microstructure, constitue un pagecessaire pour
la ealisation de dispositifs eels. En eet, il est tout a fait accepe que
aussi bien dans les manganites, que dans les perovskitesbdes, les pro-
prees de transport sont in uenees d'une facon importante par la structure
locale (longueur et angle de liaison) autour des sites ckxccupes par des
ions magretiques. Pour cette raison la spectroscopie d'sdxption de rayon
X, enetant sensiblea l'ordre locale autour de I'atome absrbeur, constitue
la technique la plus adapte pour letude de ces composes

Lorsque iletait possible mesurer les perovskites doubles transmission, en
mesurant le rapport entre l'intensie des rayon X incidene et celle transmit,
pour les Ims ns nous avons du utiliser des nethodes indiretes comme la

uorescence ou leselectrons (Total Electron Yield). Il aee recessaire de



CONTENTS vii

cevelopper un cetecteur delectrons dont les caraceiistiques devaient &tre

les suivantes :

la possibilie de travaillera des basses temgeratures @ de pouvoir
suivre levolution des propretes structurales en fondion de la temperature

et /ou limiter I'atenuation duea cette dernere.

I'ampli cation du courant delectronemis par les Im les plus ns (50
A). Ce esultat aek eali® grace au proec de mul tiplication de charge

deselectrons Auger dans le gaz relium.

la capacie de eduire les pics de Bragg parasite qui prognnent du

substrat cristallin non- dilwe.

La ealisation de cet instrument s'est evek un e du point de vue technique
et il a demancde une telle quantie de travail aussi bien sura plan pratique
que theorique qu'elle repesente le troiseme argumentle cette these.

Les mesures d'absorption de rayon-X ontet e ectieesala ligne de lumere
italienne pour la diraction et I'absorption (GILDA-BM8) a l'Installation
Euroeenne de Rayonnement de Synchrotron (ESRF) de Grenleb(France).
Lesechantillons de poudre de perovskites double droguesec du tungsene
ontek pepaes par le groupe du Professeur D.D. Sarmaa I'Unie de Chimie
Structurale et duetat solide de Bangalore (Indie) qui faitpartie de I'Institut
de Science Indien.

Les Im ns de manganite drogles avec du sodium ontee ealies par le

Professeur P. Ghignaa I'UFR de chimie de I'Universie de Rvie (Italie).

La these comporte six chapitres. Les premier et le deuxeen cecrivent les
aspects treoriques et exgerimentaux respectivement sues manganites et
sur les perovskites doubles. Dans le premier chapitre j'&ckit les proprees

structurales et les treories qui ontet ceveloppes dars les derneres quatre
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ctecades pour expliquer le necanisme du transport de chageg dans le man-
ganites. Cette concepts seront utile méme pour comprendies proprees
du perovskites doubles cecrits dan le chapitre deux). Le eiseme chapitre
illustre les techniques utiliees pouretudier la structire locale. Les derniers
chapitres reportent les esultats des experiences danes trois principaux do-
maines cecrits plus haut : dans le quatreme chapitre nougouvons trouver
des cktails sur la technique TEY et le travail e ectle pour mettre en uvre le
Cetecteur. Les chapitres cing et six sont consaces awesultats des mesures
e ectlees sur les Ims ns de manganite et sur les perovskés double et sur

leurs interpetation.



Introduction

The aim of this work is to give an exhaustive characterizatio of the local
structure for two class of compounds: sodium doped lanthamumanganites
and tungsten doped iron-molybdenum double-perovskites.

Both class of materials usually behave as conductors in therfomagnetic
phase and undergo a metal-to-insulator transition, ass@ted with a ferromagnetic-
to-paramagnetic(antiferromagnetic) transition, upon vaying the tempera-
ture or the doping level. They have been extensively studieth the last
decades due to the huge magnetoresistive e ect they exhibit

These materials have become a challenge for solid state ghigt since they
are the prototype of highly correlated electronic systemsyhere spin, charge,
orbitals and structural degrees of freedom simultaneouslylay together to
determine the physical properties. Furthermore, usual siphi cations, such
as the neglect of the electron-electron and electron-phanmteractions, cease
to be valid.

Manganites, are already used in magnetic storage devicegherology and
they are potentially useful as magnetic sensors. Nevertesk, the full po-
tential of these classes of compounds may be exploited indu spin-driven
electronic devices, in the emerging eld of spintronic.

Manganites have an incredibly rich phase diagram as a funoti of macro-
scopic parameters such as temperature, pressure and of agpievel. They
span from ferromagnetic/antiferromagnetic to paramagnét magnetic phases

but also to more exotic charge and orbital ordered phases.

iX
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In this work, the local structure of Na-doped manganites intte form of thin
Ims has been studied as a function of the Im thickness. Thinlms method
o er a powerful and versatile technique for growing new stretures; in fact,
substrate-induced strain e ects can stabilize structuresvhich do not exist

under classical conditions of pressure and temperature.

Double-perovskites have properties similar to manganitdésit the mechanism
at the basis of charge mobility is di erent and still not fully understood.
Contrary to manganites, magnetoresistance remain large Wabove room
temperature. For this reason they could be even more promg candidates
for technological applications.

Bulk samples of a tungsten doped iron-molybdenum double meskite series
have been investigated mainly to characterize the local sicture as a function
of the doping level and to understand better the nature of themetal-to-

insulator transition.

A comprehensive characterization of these materials, in gecular from the
point of view of the structure and the microstructure, is a neessary stage for
the realization of practical devices. It is widely acceptethat in manganites,
as well as in double-perovskites, transport properties astrongly in uenced
by the local structure (bond lengths and angles) around keyites, occupied
by magnetic ions. For this reason the X-ray absorption spacscopy (XAS),
being sensitive to the local order around the absorber atonis the more

suitable technique to study such compounds.

While it was possible to study double-perovskites in the stalard trans-
mission geometry, i.e. measuring the ratio between the im@nt and the
transmitted intensity of the X-ray beam, for thin Ims indir ect methods, as
uorescence or total electron yield (TEY), had to be used. Agr preliminary
measurements it became clear that best results can be acledwsing TEY.
Therefore it was necessary to develop a TEY detector with théllowing

main requirements:
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the possibility to work at low temperatures, in order to measre struc-
tural properties as a function of the temperature and/or to imit the

thermal damping of the signal.

the ampli cation of the very low signal coming from very thin Ims (50
A), which was achieved by charge-multiplication of the Augeelectrons
in helium gas.

the ability to reduce parasitic Bragg peaks coming from thean-dilute
substrate.

The realization of this equipment was challenging from a tlaical point of
view and it required such an extensive theoretical and teciwal work that it
became the third argument of my work.

X-ray absorption measurements were done at the Italian bealme for di rac-
tion and absorption (GILDA-BMO08) at the European Synchrotion Radiation
Facility (ESRF) of Grenoble (France).

The W doped double-perovskite powder samples were prepatadthe group
of Prof. D.D. Sarma at the Solid State and Structural Chemisy Unit of
Bangalore (India), which belongs to the Indian Institute ofscience. The
same group performed X-ray di raction, resistivity and magetization mea-
surements on the same samples.

The Na-doped manganite thin Ims were prepared by the group foProf.
P.Ghigna at the Department of Physical Chemistry of the Uniersity of
Pavia (Italy), which performed also a characterization of lie macroscopic
(resistivity and magnetization), microscopic (lattice stucture) and chemical
properties of the samples using several techniques (X-rayrdction, Elec-

tron Micro-Probe Analysis, Atomic Force Microscope).

The thesis is composed of six chapters. Chapter one and twosdebe the-

oretical and experimental issues about manganites and ddekperovskites,
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respectively. In the rst chapter | will describe the structure and report the
theories developed in the last four decades to explain theatige transport
of manganites. These concepts will be useful to understaniet properties of
double perovskites. The third chapter illustrates the techiques used to in-
vestigate the local structure and the experimental apparas. The remaining
chapters report the results obtained on the three main issseeferred above:
chapter four describes more in detail the TEY technique anche work done
to realize the detector. Chapter ve and six report the expemental results
on manganites thin Ims and double perovskites and their d=ussion.



Chapter 1

Manganites

The term "manganite” refers to compounds having general foula AMnO3;
and perovskite unit cell (which I will describe in the folloving). A huge nega-
tive magnetoresitance e ect, called "Colossal Magneto-Ristance” (CMR),
was discovered in manganites during the fties [33, 91]. Thenagnetore-
sistance MR) is a variation of the resistivity occurring, in some type of
compounds, due to the application of an external magnetic ld or to the
appearance particular magnetic ordering (usually ferrongmetism). As will
be discussed in the following, the mechanism at the origin tgfe MR can be
very di erent from one material to another. The MR is usually de ned as:

(Ho)
where (H) is the resistivity in the presence of a magnetic eld of stregth
H and (Ho) the zero eld resistivity. The value of the MR is negative if
the resistivity drops down after the application of a magnet eld (or after
the appearance of a particular magnetic ordering in the conopind).
Even if the rst theories proposed to explainCMR were developed soon after
its discover [93, 18, 2], a satisfactory quantitative thegrhas been developed

only in the nineties [49] and the debate on these materialsesas to be still

1



2 CHAPTER 1. MANGANITES

far from its end.

The magnetoresistanceNIR) e ect measured in manganites is much larger
( 100%) then that usually observed in metals ( 2 5%). Even if very
small, this e ect is always present in materials with a largeeld mean free
path, like high purity materials with a very regular crystal lattice. In such
conditions, an external magnetic eld forces the electron® move in circular
orbits reducing their mean free path.

Larger MR (Giant Magneto-Resistance,GMR), of the order of 15-20%, is
observed in metallic multi-layers. In this caseMiR is due to the spin-valve
e ect that occurs between polarized metallic layers. An etd¢ron forced to
pass through a polarized metallic layer will experience aispdependent scat-
tering. If the electron is initially polarized parallel to the polarization of the
layer, the scattering probability is reduced, while, it is mstead enhanced
for an antiparallel electron-layer polarization. In this ontest, an external
magnetic eld reduces(enhances) the electron scatteringy aligning the po-
larization of the metallic layer parallel(antiparallel) to that of the charge
carriers. In the case of metallic multi-layers the value ofne MR can reach
some tens of percent, with the advantage that the e ect is ndimited to low
temperatures.

In manganites MR arises from the competition between di erent ground
states: metallic and semiconductor. The great potentialt comes from the
very largeMR e ect and from the fact that it occurs at temperatures near, 0
even above, room temperature. In the past, and again in redeyears, both
theoreticians and experimentalists have been involved in @normous e ort
in order to understand in detail the properties of manganite In spite of this
e ort a complete and satisfactory knowledge on these systanhas not yet
been achieved. Actually, these materials have became a deaye for solid
state physicist since they are the prototype of highly cortated electronic

systems where spin, charge, orbitals and structural degseef freedom simul-
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taneously play together and where usual simpli cations, st as the neglect

of the electron-electron and electron-phonon interactiay are no more valid.

1.1 First experiments

Extensive studies on manganites began in the fties after #t van Santen and
Jonker [33] discovered an evident correlation between theufle temperature
(T ), the saturation magnetization and the resistivity in the La; Ca,MnO3
series. The results of their experiments can be summarizadthe following

points:

1. After studying the correlations between the crystal strature and the
Curie temperature and nding that di erent samples with the same lat-
tice constant had di erent Curie temperatures, they conclded that a
picture of simple exchange interaction could not explain # ferromag-
netic transition temperature in manganites. From a structual point
of view, we now know that the relevant parameter in determimig T, is
not the distance between manganese ions, but the very localusture

around Mn sites and the angle of the Mn-O-Mn bond.

2. The x = 0:3 polycrystalline sample was found to have the maximum
Curie temperature. The magnetization value for such compiti®n cor-
responds to a complete polarization of thedelectrons, while, the con-
ductivity for the same composition is about 300 cm 2, con rming

the conducting nature of the sample;

3. Alternate current resistivity measurements reported gquency depen-
dence and aMR that decreased with the applied voltage. These results
can be explained by supposing a phase inhomogeneity. Foliog this
scenario, a model in which metallic grains are surrounded lygh re-

sistivity material has been proposed [52]. Today it is beled that
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inhomogeneity is intrinsic to manganites and plays a very iportant

role in their physics.

4. They found a linear relationship between the magnetoresance and the
magnetization of the samples, concluding that magnetism drelectrical

conductivity were de nitively two correlated phenomena.

5. They established that both, divalent element content an@xygen stoi-
chiometry, determined the Mrf* ions content in the samples.

Soon after, in 1955 Wollan and Koehler ([91]) published a cqiete neutron
di raction analysis on the La; CaMnO; series, unrevealing the magnetic
order of the end compounds and being able to draw a very rst ngmetic or-
der vs composition phase diagram. Simultaneous theoretical e t& (Jonker
and van Santen, 1950 [33]) were done in order to account foethapidly grow-
ing amount of experimental results. Theoretical studies we oriented in the
direction to link the structural and magnetic properties inthe framework of
a new (at that time) magnetic interaction mechanism proposkby Zener [93]
in 1951: the Double-Exchange mechanisnDE ). This model states that an
electron can hop between two magnetic ions through an oxygemom, pro-
moting, at the same time, the alignment of the spins on thesens; further,
the hopping of the electron itself is favored by the spin alignent on the
magnetic sites, in a cooperative process. This mechanisimply connects
transport with magnetic properties. Jonker also found a lik between the
lattice structure and the saturation magnetization: the moe the structure
is close to the ideal cubic perovskite, the more the saturath magnetization
reaches its maximum theoretical value, corresponding to amplete polar-
ization of the magnetic orbitals. He came to the conclusiorhat the cubic
structure, having more collinear (189 Mn-O-Mn bonds, ensures a larger
exchange interaction.

Starting from the above experimental results, theoreticamodels were de-
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veloped supposing a highly spin polarized conduction bandNevertheless,
these rst theories lacked to take into account an essentiahgredient: the
in uence of the lattice on the transport properties (i.e. the electron-phonon
interaction) in spite of clear experimental evidences. Durg the seventies,
thanks to works made also on other compounds, such as EuO [@RE con-
cept of charge localization by the means of magnetic, dietac or lattice
polarons has been developed. Other key works regarding apatocalization
were carried out by Mott and Davis (1971) [53] and by Tanaka edl. (1982)
[87]. Tanaka proposed a model based on charge localization mmeans of
small magnetic or lattice polarons, which become conducévin the param-
agnetic phase (abovd,) through thermal activated hopping retrieving the
experimental observed behavior for the resistivity/( exp[Eo=kT]). Never-
theless, the mechanism that provokes the localization of ¢hcharge carriers,
and hence the formation of polarons, still remained unknown

The reason of the failure of these rst models is that, in ordeto understand
the physics underlying manganites, it is necessary to codsr together all the
experimental results and the theoretical studies. Fundameal ingredients to
achieve a satisfactory knowledge of manganites are the DdéediExchange the-
ory by Zener (1951) [93], Anderson and Hasegawa (1955) [2Hate Gennes
(1960) [18]; the interpretation of the magnetic structure,rst discovered by
Wollan and Koehler [91], given by Goodenough (1955) [29]; eéhideas on
magnetic and dielectric polarons by Kasuya (1959) [34] anddit and Davis
(1971) [53]; the small polarons theory by Holstein (1959) @3 the narrow
band model by Kubo and Ohata (1972) [39]; the Jahn-Teller ea, rst
taken in account by Reinen (1971) [69] and nally introducedn the theory
by Millis (1994) [49]. Also important are the theories on phse segregation
and intrinsic inhomogeneity of manganites proposed by Mooeet al. (1999)
[52] and, of course, a detailed knowledge of the long and shmange struc-

tural order. In next paragraphs | will discuss the macroscop properties of
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manganites reporting, more in detail, most of the above idsa

1.2 Crystal structure

Manganites of general chemical formulAMnO3, whereA is a metallic di or
tri-valent ion, have a perovskite-like structure (g. 1.1)that belongs to the
P m3m space group. The unitary cell is ideally cubic with a latticgparameter
(Mn-Mn) of  3:90 A. Mn ions are placed at the vertexes of the perovskite
cube and are surrounded by oxygen octahedra sharing theirriexes. The
A ion (which can be La, Ca, Sr...) is at the center of the cubic e As
expected for an ideal cubic structure the Mn-O-Mn bond anglis 187 degree

and the Mn-O bond length is half the lattice constant.

A}T—@
L o !
A G—
Y7 | '. .u I
= f"b k
'\.\_\‘._ll : Py Y E_‘,f (. —"—ﬂ_: ;
~ [T D Qj—_—x
s et o S ¥ _£ )/
b - { P )
N0 NC @ O o
[ ) -
b = La ©O Mn

Figure 1.1: The ideal perovskite structure.

The actual perovskite structure di ers from the ideal cubicstructure due to a
variety of di erent causes, resulting in a pseudocubic strzture with di erent
degrees of distortion. The most relevant causes are the simessmatch and
the Jahn-Teller e ect.

The, so called, size-mismatch is due to the size of the certetom that is

usually smaller than the free space available inside the dabcell. We can
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de ne a tolerance factor:

- Jlaca * To) (1.2)

2(rmn + o)
wherer; is the ionic radius of thei-th element. The value oft represents the
entity of the distortion, being equal to 1 for the ideal struture. Since oxy-
gen octahedra are stable structures, the system reduces giee-mismatch by
tilting the octahedra with respect to the cell axis, rather han by changing

the lattice parameter, as sketched in gure 1.2.

Figure 1.2: Dierent tilt con guration are possible for the oxygen octa hedra. The
one shown in the gure is the case in which the octahedra are tied by the same angle
alternatively clockwise and counterclockwise from one s to the other.

The Jahn-Teller e ect is a common one for ions having partigl lled and

degenerate outer electronic states. In this case, a distmm of the local
symmetry of the lattice, removes the degeneration so loweg the energy
of the system. This is the case of the, and t,y bands of the Mr** ion.
These bands, which derive from the 3d orbitals in a cubic synetry, are two
and three-fold degenerate, respectively, and hence "unbta" in a perfect

cubic geometry. The distortion of the octahedra splits the egenerate energy
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levels by a quantity E;r. Jahn-Teller distortion results in the elongation of
the apical octahedra bonds with respect to the planar ones. h€ resulting
distortion has an anisotropic character, as can be seen fraime schematic
sketch drawn in gure 1.3. On the other hand, since for M the e, band
is empty, this e ect does not acts on these ions, which, thei@e, will not

experience alT -induced distortion of the lattice.

O Mn** O Mn3*
0o 0o

Figure 1.3: Figure shows how the JT e ect acts on the oxygen octahedra: ajgal bonds
are stretched up to  2:15 A, while, planar ones are splitted in 1.91 and 1.97A.

Because of these distortions, unitary cell changes from tigeal cubic cell to
a less symmetric cells. Thus, depending of its symmetry, tlgystem is more

properly described by rhombohedral, orthorhombic or mondinic cells.

1.2.1 Parent compounds

Since manganites have general chemical formueMnO3, the valence state
of the Mn ion, which can be 3+ or 4+, depends on wether thé\ cation
is divalent or trivalent (A3*=2*-Mn3*=%-052 ). If the A cation is divalent
(Ca, Sr, Ba, Pb...), the unitary cell is cubic (space groug® m3m), Mn
ions have 4+ valence state and the Jahn-Teller distortion isiot e ective;

therefore the structure is similar to the ideal cubic one desbed above with
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the oxygen forming regular octahedra having six equal Mn-Oistances (see
table 1.1). On the contrary, ifA is trivalent (generally chosen among the rare
earths or La, Pr, Y...) Mn ions are in the 3+ valence state, thais, in the
Jahn-Teller active con guration. The structure can be eitler orthorhombic,
rhombohedral or monoclinic Pnma, R-3c...). Oxygen octahedra experience
a JT distortion, which results in reduced Mn-O-Mn bond angles ( 159).
Di raction and absorption data show that Mn-O bond distances splits from
a unique distance of 1:95A for the regular octahedra, to 2:15A, 191
and 1:.97 A, for the apical bonds and planar distances of the distorted
octahedra. The Mn-Mn bond length split in a length of 3.86A for the two
Mn ions lying along thec axis (apical bonds) and of 3.97A for the orthogonal
axes (planar bonds) (see table 1.1). Finally, the cell volumincreases with

respect to the Mrf* compounds.

1.2.2 The solid solution La A1 yMnO 3

Upon the substitution of the rare-earth trivalent central aom (A=La, Y, Pr)
with a divalent alkaline-earth metal (B=Ca, Sr, Ba), we obtain the series of
compoundsA; xBxMnO3z, whose end members are th&tMnO3z; and BMnO3

parent compounds:

LaMnO3z ! La; xCaxMnO3z ! CaMnOs
I
0 = X 1
where x represents the doping level. Accordingly to this substitubn, an
equal percentage of M# ions is formally replaced with Mrt* , resulting in
the injection of holes in the system. Thanks to the stabilityof the perovskite
structure, it is possible to obtain a solid solution from oneend member
(x = 0) to the other (x = 1). In the intermediate members, due to the

co-presence of divalent and trivalent central cations, M and Mn*" are
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aaMnO3 PLaMnO3; CaMnOj
Atompair N R(A) N R(A) N R(A)

Mn-O 2 192 2 191 6 190
2 197 2 197
2 215 2 217
La/Ca-O 4 245 4 245 4 235
270 4 267 4 257
4 320 4 330 4 3.00
Mn-Ca/llta 2 324 2 324 2 3.09

339 4 338 4 323
2 365 2 367 2 337

Mn-Mn 2 38 6 398 6 3.73
4 3.97

Table 1.1: Near-neighbor bond lengths R) and coordination number (N) for LaMnO 3

and CaMnOj3 as given by di raction studies. Data for individual bond len gths are averaged
to account for the poorer resolution of XAFS data. The a sample is orthorhombic, while
(b) is monoclinic sample.

simultaneously present (to ensure charge neutrality). As eonsequence, the
intermediate compounds,A; ,=B,[Mn3*,/Mn 4103, have a mixed valence
character. As will be discussed, this is a key feature in deteining their
macroscopic properties.

These specimens are also expected to have structural andrisport proper-
ties intermediate between that of the parent compounds. At@ne doping
level they are metallic and ferromagnetic at low temperat@s and semicon-
ducting and paramagnetic at high temperatures. Further, tB metal-insulator
transition (MIT) is associated to a transition of the magneic ordering. Usu-
ally, the MIT temperature coincides with the Curie temperatire T,. Around

T, a strong variation of the electrical resistivity, up to seeral orders of mag-
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nitude, occurs upon application of a magnetic eld of few Tda. The lattice
parameters and the volume of the unit cell of intermediate copounds usually
display a sharp discontinuity at T., as evidenced byXRD (X-Ray dirac-
tion) and NP D (Neutron powder di raction) measurements.

The transport properties of these compounds can be succedigf explained
by introducing the concept of polaron that will be describedn more detail
in the last paragraphs of this chapter. Here we focus our attdon on the
relation between polarons and lattice structure.

Polarons in manganites have been interpreted akT distortions associated
with Mn3* sites. In the simplest scenario, charge localization in thearam-
agnetic phase is due the formation of polarons, while, in thaetallic phase,
the enhanced charge mobility completely removesT distortion. However,
the real situation is somewhat more complex: th@T distortion is not fully
removed in the metallic phase. This was interpreted [40] asud to a cross
over from small (lowerJT distortion) to large (higher distortion) polarons at
the metal to insulator transition. In this regime complex plases could appear
with the presence of both kind of polarons and segregation oficroscopic
phases into domains of itinerant large polarons and locadid small polarons.
By XAS measurements, Lanzara et al. [40] were able to quantithe po-
larons size drawing a picture in which the metallic state isharacterized by
homogeneously distributed large polarons (g. 1.4, left peel), while the
paramagnetic phase is characterized by the coexistence ofadl and large
polarons (g. 1.4, right panel). In this latter phase the siz of the polarons is
estimated to be equal to two Mn sites, while in the metallic pase it extends

over four Mn sites.
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FM-M PM-I
T<T. | T>T.

201 A 20@2)
site A

=1.92 A

Figure 1.4: Pictorial view of the MnO ¢ octahedral local distortions in the ferromagnetic
metallic, FM-M (left panel), and paramagnetic insulating, PM-I (right panel) phase. (from
[40])

1.3 Electronic structure

According to Hund's rule, the Mn atoms, which electronic coguration is
[Ar] 3d°4<, have the four 3d electrons with parallel spin, resulting i@ non-
zero magnetic moment. Due to the crystalline eld originatd by the sur-
rounding oxygen octahedra, the 3d orbitals are splitted it two sublevels:
the triple degenerate level, of symmetry,y, and the double degenerate level
of symmetry g, (see g. 1.5). This situation stands for the Mrf* ions, which
do not experience Jahn-TellerJT) e ect. On the contrary, the JT induced
distortion, acting on Mn®* ions, further splits the energy levels removing the
remaining degenerations, as reported in g. 1.5.

In mixed valence compounds the average number of 3d electsofor man-

ganese ion is 4 x, wherex indicates the nominal occurrence of M ions

and 1 x/the Mn 3* one. Three of these electrons Il up thet,q levels, which
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Figure 1.5: Left panel: a) 3d* ve-fold degenerate Mn®* electronic levels; b) 3d levels
splitting due to the crystal eld; ¢) Further splitting due t o the JT e ect. Right panel:
a) 3d® Mn“* levels; b) crystal eld splitting of the 3d levels.

form a core having total spin stateS = 3=2. The remaining 1 x electrons
occupy theey; symmetry energy level (which has a bandwidth of 2:5 eV).
Due to the large Hund coupling strength, the spin of they electrons is par-
allel to the spin of thet,y core electrons.

In the Mn®* -containing end compound (LaMnQ ), the Fermi level resides
in the gap opened by thel T e ect between the g; sublevels, which contain
only one, delocalized, electron. On the other hand, the Mh containing-end
compound have no electrons in they levels. Both compounds are insulating,
because they contain only trivalent or divalent Mn ions, caesponding to an
entirely lled or a totally empty conduction band. On the cortrary, interme-
diate (mixed-valence) compounds, which contain both M¥i and Mn** ions,
have a partially lled e; band (1.6) and, therefore, are conductive. As we will
see, it is the hopping of they electrons from a Mi* site to a Mn** one that
gives rise to the conduction promoting, at the mean time, thé&rromagnetic

coupling of the Mn ions.
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Figure 1.6: Schematic band structure of the intermediate compounds.x correspond to

the concentration of Mn** /Ca?* ions.

1.4 Magnetic structures

The rst complete phase diagram on manganites have been obtad by Wol-
lan and Koheler, on the La Ca,MnO3 solid solution, by neutron di raction
measurements (g. 1.7). Later on, Goodenough theoreticglreproduced the
experimental phase diagram for a general manganit& (B, MnQO3) follow-
ing simple rules based on considerations on the chemical lbsrand on their
relation with the magnetic properties. He postulated the prsence of a strong
hybridization of the manganese d orbitals with the oxygen pres, in con-
trast to the ionic model, which was prevailing at that time arml that presumes
atomic-like orbitals. Depending on the relative orbital oilentation of adjacent
ions, di erent bonds con gurations can occur. Figure 1.8 sbws the possible
Mn-O-Mn bond con gurations together with the associated mgnetic order

and resistivity.
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Figure 1.7: Magnetic phase diagram of the La xCa,MnO3z series as a function of
composition and temperature. It is evident the richness of derent magnetic arrange-
ment and transport properties upon varying the compositionand the temperature: CO =
charge ordered,CAF = canted antiferromagnetic, FI = Ferromagnetic insulator, FM =
ferromagnetic-metallic, AF = antiferromagnetic.

Case four, reported in gure 1.8, corresponds to the Doublexchange bond
type, which is typical of manganites. As will be discussed ithe following,
this bond type is at the origin of the conductivity in mangantes. Table 1.4
and gure 1.9 report the magnetic arrangements and the tramsrt prop-
erties, predicted by Goodenough [29], as a function of the raposition X,
together with the correspondent magnetic structures. The agnetic struc-
tures, originally labeledA, C, G and CE by Wollan and Koheler [91], are
reported in gures 1.10,1.11, 1.12 and 1.13 below. From tabl.4 and gures



16 CHAPTER 1. MANGANITES

Case Mn-Mn Transition Resistivity Schematic electron-spin
separation temperatures configurations

Ordered lattices

1 Smallest To> T, High Antiferromagnetic
4+ or 3+ 4+ or 3+
2 Large To>T, High T Ferromagnetic T
3+ or 4+ 3+
3 Largest T. O High Paramagnetic

RO B O

sordered lattices

Di

4 Small To=T¢ Low Ferromagnetic
T __-O T

T 4+“ + ST

Figure 1.8: Possible Mn-O-Mn bond con gurations together with the asscciated mag-
netic order and resistivity. To and T, are the bond ordering and magnetic ordering tran-

sition temperatures, respectively.

1.9 and 1.8, it can be deduced that low electrical resistiyitaccompanies the
Double-Exchange phenomenon, while, high electrical resigty is associated
with other exchange mechanisms, even if there is ferromagjnecoupling of

manganese magnetic moments.
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Figure 1.9: Predicted intensity magnetization and phase diagram for a @neric system
LaBMnOj3 according to Goodenough (from [29]).

1.5 Early transport theories

As already pointed out, manganites initially drawn reseater's attention be-
cause of the large magnetoresistance e ec€cMR) that occurs in the range
0:2 < x < 05 in the La; «Ca,MnO3 series (gure 1.14). At both end of

the compositional range, manganites behave like antifem@agnetic insula-

X range Type Transport Magnetic order
0 x 01 insulating  A-type antiferromagnetic
02 x 04 conducting ferromagnetic
05 x 075 insulating  CE-type antiferromagnetic
0:75 x 085 insulating C-type antiferromagnetic
09 x 10 " insulating  G-type antiferromagnetic

Table 1.2: Magnetic structures and macroscopic properties as a funatin of the doping
X. (from [29])



18 CHAPTER 1. MANGANITES

Figure 1.10: Type C has two possible magnetic structures, ) and (b), having a slightly
di erent energy.

Figure 1.11: Magnetic lattice type G Figure 1.12: Magnetic lattice type A
(x =1). (x =0).

tors, whereas, upon substitution of only 10% of calcium in pa LaMnO;
end compound, the room temperature conductivity is increasl by two or-
ders of magnitude. This indicates that the 10% extra holes,hch have been
added, are free to move from one Mn ion to another and are able tarry a
current. These carriers have also e ect on the magnetic prepties: at low
temperatures there is a non-zero spontaneous magnetizatimdicating that

some sort of ferromagnetic coupling is present. Since finions are su -
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Figure 1.13: Magnetic lattice for x = 0:5; type CE. Successive [100] planes are alter-
natively parallel and antiparallel to this plane with ident ical bond con gurations. Row of
Mn ions along a, axis are alternatively all Mn®* and all Mn** with Mn O Mn bonds
corresponding to case 1 of table 1.8. This magnetic arrangeemt has a lower energy than
that of the two possible C type arrangements. Dotted lines underline the cooperativéons
displacement from their equilibrium position in the lattic e. Continuous and dashed lines
put in evidence the ferromagnetic chains.

ciently far apart to have an appreciable overlapping of theiwave functions,
Zener explained ferromagnetism as due to an indirect coupdj of incomplete

d-shells via the conducting electrons.



20 CHAPTER 1. MANGANITES

Figure 1.14: Magnetization (M), resistivity ( ), and magnetoresistance ¥IR), as a
function of temperature and external applied magnetic eld for the x = 0:25 compound.

1.5.1 The Double-Exchange model
Zener proposed the Double-Exchange model to account for typgbhenomena

experimentally observed by Jonker and van Santen:

1. The ferromagnetic to paramagnetic (FM-PM) transition isassociated

with a metal to insulator (M-1) transition.
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2. The application of an external magnetic eld, near the trasition tem-

perature, induces a large decrease of the resistivity.

In Zener's model, the electronic transport is ensured by th&ansfer of the
charge carriers between MH and Mn** cations through the G anion ( g.

1.15). Two antagonist mechanism come into play: the ferrorgaetic (FM)

ordering, which favors the hopping of the charge carriersnd the thermal
disorder which destroys the FM order and is responsible fohé¢ FM-PM
transition. On the other hand, the application of an externamagnetic eld,

which promotes FM order, favors the metallic behavior evert éemperatures
higher than the Curie temperature. As already discussed, Mn3* t,, elec-
trons form a polarized core with a spin value o = 3=2, while the S = 1=2,
€y, outer electrons are delocalized. Since the magnetic iorMr() wave func-
tions do not overlap, direct exchange interaction, which wdd give rise to

AFM coupling, is inhibited. Zener made three fundamental asimptions:

Figure 1.15: Schematic representation of the double exchange model. Anlettron
(dashed line) hops from the Mr** to the Mn“#* ion so that the two ions change valence.
The electron also carries with it-self the information on the magnetic state of the host
site. Further, the hopping of the electron is favored in the ase the manganese ions have
parallel core spin.
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1. intra-atomic exchange is so strong that the only relevanglectronic
con gurations of carriers are those with spin parallel to tle local ionic

core spin;

2. the carriers do not change their spin orientation when mawy. This
means that they can hop from one ion to the nexipnly if the spins of
the two ions are parallel;

3. when hopping is allowed, the ground state energy is lowdréecause

the carriers participate in the binding.

This indirect coupling via conduction electrons will therére lower the energy
of the system when the spins of the d-shells are all parall&his mechanism
is basically dierent from the usual (direct or indirect) exchange. Direct
coupling between incomplete d-shells always tend to aligieir spins in an
antiparallel manner. Moreover the coupling is shared betwe the carriers
and cannot be written as a sum of terms relating the ionic spm

| will now expose more in detail the model proposed by Zener its original
form.

In doped manganites oxides, the two con gurations:

1) Mn3 0% Mn* | () (1.3)
2) Mn* 0% Mn3 | () (1.4)

are degenerate and are connected by so-called double-exggamatrix. More

exact wave functions are given by the linear combinations:

=N (1 2) (1.5)

If we denote the energy dierence of these linear combinatie by 2', by

considering the time evolution of one of the two linear combation, we have:
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exp E2 1(0) + exp F 4(0) =

exp ©27 1(0) + expg®"" ,(0)] (1.6)

+(1)

whereE; and E, are the energies associated to the autostates and , and
E, E;=2". When T= =2", . revertsto . Thus, the conduction

electron will resonate the frequency:

| =2"=h (1.7)

between the states ; and ,. The exchange energy is given explicitly by
the integral:

z
J= i(H Eg) od (1.8)

The wave functions ; and », can be written as:

1= ( c:il p)

2= ( g p)

where 4 represents the Mn 3d electronic wave function and, the wave
function relative to the 2p oxygen orbital. The exchange irggral then be-
come:
Z —_—

J= I .H Eo § pd (1.9
This matrix element describes the transfer of an electrondm Mn®* to the
central 0> and the simultaneoustransfer from &> to Mn*" (from here,
the name double-exchange, DE). Zener underlines how this chanism dif-
fers from the usual super-exchange due to the intrinsic dewation of the

states ! and 2, while, in super-exchange the degenerate states are only
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the excited ones. The coupling of degenerate states remotke degener-
acy and the system resonates between' and 2 leading to a conducting
ferromagnetic ground state. Because of the strong intra-@atic Hund cou-
pling, the exchange integral has a non-negligible value gnivhen the core
magnetic moments of the Mn ions, between which the electrorops, are fer-
romagnetically aligned (parallel). On the contrary, whenhe Mn ions are not
ferromagnetically ordered, certain energy is necessary ttotate the spin of
the ; mobile electron in order to align its spin with the Mn ion it ishopping
to. The same mechanism that leads to electrical conductiorsa provide a
coupling that leads to ferromagnetism. DE occurs only wherpms of Mn
ions points in the same direction and, since a stationary d&is represented
by one of the two linear combinations 1.5, depending upon thggn of the
exchange integral 1.9, the DE raises the energy associatethw * and lowers
that associated with 2 or viceversa. Thus, the energy of one of these two
stationary states is lowered by the DE. At low temperaturesregardless of
the sign of the exchange integral, the energy of the systemlmbe lowered
by a parallel alignment of the spins, i.e., by FM.

Summarizing, the electronic transfer is favored by the FM aangement,

which is itself favored by the electronic transfer in a coopative fashion.

Zener also established a quantitative relation between etecal conductivity
and ferromagnetism. The magnitude of the exchange enerdy,determines,
through equation 1.7, the rate at which an electron jumps frm a Mn3* ion
to an adjacent Mrf* across a @ ion. We can de ne the di usion coe cient
of the Mn** ion by:

a"

D = - (1.10)

wherea is the lattice parameter. From the Einstein relation, = ne?D/KT ,

between the electrical conductivity, , the diusion coe cient, D, and the
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number of Mn** ions per unit volumen, we obtain:

xe?"
~ ahkT (1.11)

Herex is the fraction of the Mn ions with 4+ charge. The Curie tempeature,

T., IS given approximately by kT, ".  On elimination of the unknown

exchange energy between equations 1.10 and 1.11 we obtain:

_ (xe?=ah)
- (T=T)

which is the relation between conductivity and ferromagném that we was

(1.12)

searching for. These simple relations provided a qualita® description of
the data then available.
Later on, Anderson and Hasegawa revisited Zener's argumeftrteating the
core spin of each Mn ion classically and the mobile electromantum me-
chanically. Designating the intra-atomic (Hund's) exchage energy byJ and
the transfer matrix element byb, Anderson and Hasegawa found that Zener's
levels splitting is proportional to cos(=2), where is the classical angle be-
tween the core spins. In their model, the e ective transfemtegral becomes:
|

terf = bcCOS >

(1.13)
The energy is lower when the itinerant electron's spin is pallel to the total

spin of the Mn cores.

In 1960, de Gennes [18] anticipates current research by colesing self-
trapping of a carrier by distortion of the spin lattice, an erity we would
now refer to as a magnetic polaron. He demonstrates that at sth values
of X, local distortions of the antiferromagnetic structure ahays tend to trap

the doped-in charge carrier.
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In 1972, Kubo and Ohata [39] considered a fully quantum mechigal version
of a double exchange magnet. They introduced the now standbHamilto-

nian:

X X
H= 37 (S . og o+ ticg (1.14)

iy © isj;

wherec’ , andc are creation and annihilation operators for are, electron
with spin  on a Mn site andt; is the transfer-matrix element. The spin
due to tyy electrons isS;; is the Pauli matrix, and J is the intra-atomic

exchange energy, typically referred to as the Hund's exchge energy.

1.6 More recent transport theories

Double-Exchange mechanism alone is not able to predict quaatively nei-
ther the value of T, which is much higher than the measured one, nor the
value and temperature dependence of the electrical resisty above T, where
charge localization is surely present. The nature of the chge-carrier local-
ization mechanism is a crucial issue in the physics of thesatarials. Among
the possible mechanisms for charge localization, latticastbrtions due to
the di erent ionic radii of Mn3* and Mn*" and to the tendency of Mri*
to assume a Jahn-Teller distorted con guration have recead a considerable
attention.

In 1994 Millis and collaborators [49] showed for the rst tine that early
models fail to describe manganites on quantitative basis. hey introduced
in the transport theory of the concept of charge localizatio by the means
of electric or magnetic elds. The idea of self-trapped chge carrier was
introduced for the rst time by Landau in 1933 to explain the poperties of
alkaline metals. He considered the possibility that free enges could localize
in potential wells produced by ions displaced from their egjibrium posi-

tion. Charges can be excited out from the potential well theyre trapped,
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by photo-absorption or by thermal e ects. Once free, they aga hop from
one site to another and the medium becomes conductive. In strg polar
solids, due to Coulomb interaction, an unbalanced charge ac&companied in
its motion by the polarization of the surrounding lattice. Qystal physical

properties can be described by considering the quasi-paté formed by the
charge itself, plus the "cloud" of virtual phonons surrounthg it. Such an en-
tity is today called "polaron”. Thus, a polaron is formed by acharge carrier
and the local distortion it induces in the surrounding lattce. This distortion

has both electrostatic and magnetic origin and is usually aompanied by a
cooperative strain of the lattice. Materials that can staldize polarons have
a peculiar conductivity behavior due to the e ective mass othe polarons,
which is higher than electrons. This behavior is more evideat high tem-

peratures as will be described in the following. As a matterfdact, in early

experimental studies of manganites, high-temperature trsport properties
were believed to be dominated by non-intrinsic e ects, likdefects, crystalline
disorder, grain boundaries, and impurities. Years later, ith the preparation

of good quality Ims by laser ablation on lattice-matched sbstrates and the
growth of large single crystals, it became evident that thelserved behavior

is intrinsic and due to localization of charge carriers in darons.

1.6.1 The role of the crystal lattice

In manganites, the localization is a consequence of a largeatron-phonon
interaction, enhanced by the Jahn-Teller activity of Mri#*, and has an impact
on the electric and thermal transport properties as well asnothe lattice
properties. The work of Millis and collaborators starts fron the quantum
version of the Double-Exchange (DE) Hamiltonian as formutad by Kubo
and Ohata, to which, the electron-phonon interaction is adedd. The complete

Hamiltonian that have been considered by Millis is:
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H=Hg+ Hget+ Hyr + th (1.15)

where:

H¢ describes the electronic transfer:

X ab ~+
He| = t” qa Cja (1.16)
hj i;a;b;

i andj indicate the sites between which the electron hops;and represents
the spins of thea and b orbitals; t; is the transfer matrix element €ess ); C
and c" are the destruction and creation operators for a single etean.

Hpe is the double exchange Hamiltonian for the itinerant electms:

X .
Hpoe = Jy St C,~ G (1.17)

[HeH

S is the core spin of site i that is coupled to the itinerant elg¢con through
the Hund strength Jy; are the Pauli matrixes that describes the spin of
the itinerant electron.

H ;7 represents the electron-phonon interaction:

Hir = ¢ : fi O ~andip (1.18)
i;a;b;

whereg is the electron-phonon coupling constar!nri the vector that param-
eterize the distortion andt,, the Pauli matrixes in the orbital space.

and H,, describes the independent lattice vibrations (phonons):

1 X

whereK is the elastic constant of the harmonic oscillators. The haiftonian

Kr 2 (1.19)

is solved under the assumption of large magnetic couplingtbeen the core
spin and the itinerant electron & Jy ! 1 ). The competition between

mobility and localization of the charge is quanti ed by the aimensional



1.6. MORE RECENT TRANSPORT THEORIES 29

parameter: = Ej=tesy Which represents the ratio between the energy
due to the electron-phonon coupling (E;) and the transfer integral that
determines the electronic mobility.

Three behaviors are distinguished by Millis below the Curieemperature:

weak coupling, << 1: there is little lattice distortion even at low
temperature and, as in metals, the resistivity (T) grows linearly by
lowering the temperature;

intermediate coupling 1. there is a nite distortion even atT =0
but the amplitude of the distortion is not su cient to locali ze carriers
having near the Fermi level. The resistivity grows on loweng the
temperature but, di erently from metals, doesn't tend to in nite when
reachingT = 0;

strong coupling, >> 1. here the distortion of the lattice due to
the polarons formation is strong enough to open a gap in the sgtral
function. This induces an insulating behavior: the resistity becomes

in nite when the temperature approaches zero.

This model, which include electron-phonon coupling, is inditer agreement
with the experimental results as can be seen in gure 1.16.

To reach a better accord with the experimental data, more irrgdients nec-
essary. Some of these are: the on-site Coulombian interactithat enhances
the localization of the carriers due the strong Hund couploy the, so-called,
"breathing mode" distortion of the oxygen octahedra, whichdi erently from
the Jahn-Teller e ect, acts on the planar bonds: the phononrad spin quan-
tum uctuations and the phonon correlations between adjac# Jahn-Teller
distorted sites.
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Figure 1.16: Comparison between simple DE models, DE+electron-phonon rmdels and
recent experimental data (from [34]).

1.6.2 Magnetic polarons

In 1960, Paul de Gennes considered the possibility that in rgaetic mate-
rials the e ect of charge localization is originated not onj by the electron-
phonon coupling (dielectric polarons) but also by magnetipolarons: a lo-
calized charge whose magnetic moment polarizes the surrdiung ions spins
as sketched in g. 1.17.

A charge carrier moves through a crystal interacting with te magnetic mo-
ments of the lattice ions. This interaction has usually a feomagnetic char-
acter, because the energy of the system is reduced by a paatirientation
of the spins. In 1979, Mott and Davis described this phenomen quantita-

tively. They considered the Hund coupling between the condtion electron
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Figure 1.17: Local spin distortion in LaMnO 3 . The bound hole is localized on eight
Mn atoms (black circles) around the impurity center Ca®* (open circle). De ections are
maximum close to impurity center and decrease slowly with détance. (from De Gennes

(18])

and the on-site spinJy , and the interaction between spins of ions in di erent
sites, Js. They considered the casdy >> J 5, as occurring in manganites.
The charge localized in a region of radius,, polarizes the surrounding mag-

netic moments. The kinetic energy is thus:

h? 2
2
2m re

c

(1.20)
while the total energy of the charge, plus the ferromagnetiduster it induces,
is:

h? 2 . 4133
2mr3 3ad

where the second term represents the energy required to bean antifer-

Etot = Ju (1.21)

romagnetic interaction and Jy the energy gained through the alignment
of the spins of the ions with the conduction electron one. Mimizing with

respect the radiusr, we obtain:

h? a3
am JH

ro= (1.22)
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and the total energy can be written as:

_5h* 2 4m Jy

E
6m h®> a3

Js (1.23)

The magnetic polaron is only stabilized for a negative totaénergy. This
condition is easily achieved in manganites, whetk, >>J ..

Figure 1.18: Distribution of the magnetization induced by a magnetic polaron on the
surrounding lattice as a function of lattice site number for di erent temperatures. The
inset shows the charge distribution.

However, polarons in manganites are believed to be mairdyi polarons, that

is, dielectric polarons carrying with themselves the chacgeristic uniaxial JT
distortion.
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1.6.3 Polaronic transport properties

At high-temperature regime, magnetic correlations becomeegligible and
the charge-lattice coupling is dominant. The transport prperties of lat-
tice polarons for strong electron-phonon coupling, in whiccharge carriers
self-localize in energetically favorable lattice distorbns, were rst discussed
in disordered materials (Holstein, 1959 [30]) and later eshded to crystals
(Mott and Davis, 1971). If the carrier, together with its assciated crystalline
distortion, is comparable in size to the cell parameter, itsi called a small, or
Holstein, polaron. The electron-phonon interaction has ahsrt and a long
range component. The short one is due to interaction betwedhe charges
and the on-site crystalline elds and gives rise to the forntaon of small po-
larons. The long range component is due to the Coulombian peitial that

couples the charge with the electric dipoles of a ionic solidhis contribution

gives rise to the formation of large polarons, in witch the dtortion spread
over more lattice sites. Large polarons have an itinerant ahnacter due to
their small e ective mass (n 2 4) and the lattice distortion extended
over a wide spatial range. On the other hand, small polaron®uld move
only by tunneling or thermally activated hopping between lgally distorted

lattice sites because of the large e ective massn( 10 100) and the
distortion of the lattice extended over a domain of one or fewtomic sites.

Nevertheless, while metal to insulator transition in EuO ca be successfully
explained by supposing a transition from large to small potans as the fer-
romagnet disorders, in manganites the situation is more cqiex. It has

been experimentally demonstrated by the means of structurand trans-

port measurements and using a variety of techniques, such &gay and

neutron di raction, absorption and resistivity measuremats, that the pres-

ence of polarons is not only limited to the high temperaturgdaramagnetic
phase. As anticipated when describing the crystallographiproperties of

manganites, there exist clear evidences that polarons csafie metal to insu-
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lator transition and are present even well inside the metadl region. Studies
on the thermal behavior of the conductivity con rm this resudt. In par-
ticular, Moreo et al. [52] proposed a model based on the coegence of
conducive-ferromagnetic clusters and insulating-parargaetic ones in both
phases. Clusters size changes when the transition is apped: ferromag-
netic clusters reduce their size when the transition is cresd from ferromag-
netic to paramagnetic, viceversa, paramagnetic clusteradrease their size.
The opposite occurs while the transition is crossed in the ppsite direction.
The application of an external magnetic eld aligns the polezation of fer-
romagnetic clusters and increases their size. When FM cless overlap one
with another an overall metallic behavior is achieved. Thigan explain the
great sensitivity of these materials to magnetic elds. At Iigh temperatures
the dominant transport mechanism is thermally activated hpping, with an
activated mobility that follows the law:

_x(x lead To ° Wy t

P h T P T

(1.24)

wherea is the hopping distance x the polaron concentration, andWwy one-
half of the polaron formation energy. There are two physicdimits for these
hopping processes, depending on the magnitude of the optigdonon fre-
guency. If lattice distortions are slow compared to the chge carrier hop-
ping frequencies, the hopping is adiabatic, otherwise it ison-adiabatic.
In the adiabatic limit, s = 1 and kg TO = h! o, where! is the optical
phonon frequency while in the non-adiabatic limit, we haves = 3=2 and
ke To = (pJ*=4Wy)*¥3. The polaronic transport in manganites is usually

considered adiabatic, in this case the conductivity is giveby:



1.6. MORE RECENT TRANSPORT THEORIES 35

X(X 1) e Ty "o+ Wy t oTo E
=82 _F o = = 1.2
hat O KoT T &P (1.25)

The temperature dependence observed in the high temperaguresistivity
of manganites follows this adiabatic prediction very wellfrom temperatures
close toT. up to 1200 K. At high enough temperature magnetic correlatics
can be completely ignored, since charge-lattice and chargearge interac-
tions dominate. In this regime on-site Coulomb repulsion tsabeen observed
in support of the small polaron picture. Small grain polycrgtalline samples,
very thin and unannealed Ims, on the other hand, have been ported to
show variable-range-hopping-type localization and nondabatic small po-

laron transport.
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Chapter 2

Double perovskites

2.1 Introduction

In this chapter I will rst describe the iron-molybdenum basd double per-
ovskite compound of chemical formula $FeMoGs ; this system will be the
starting point to understand the properties of the doped ddble perovskite
compounds studied in this thesis work: the SFeMo,W, ,Og series. Like
manganites, double perovskite compounds present a large gnatoresistance
e ect. But in contrast to manganites, the Curie temperature(T.) is well

above room temperature ¥ 400 K). Moreover, the magnetic eld required
to achieve a signi cant magnetoresistance e ect is much lav than in man-

ganites. These two properties make these compounds gooddidates for a
widespread technological use in the emerging eld of spiniden devices, the
so calledspintronics.

In this thesis, such compounds have been studied from a sttual point of

view. An X-ray based spectroscopic technique (EXAFS, seeagter three)

has been exploited to study the local structure around eachanic site (with

the exception of the oxygen site). What we expected from thigvestigation

is a link between the local microscopic lattice structure ahthe macroscopic

37



38 CHAPTER 2. DOUBLE PEROVSKITES

physical properties.

In this chapter | will rst introduce the crystallographic structures found
using di raction techniques. These structures will be useds reference struc-
tures to which our results will be compared.

| will then discuss the most recent theories developed to dam the mag-
netic structure and the electronic transport, whose undetanding requires,
as in manganites, a detailed knowledge of their electronimé structural
properties. Early theories developed to explain magnet@nsport in man-
ganites, and reported in the previous chapter, are esseritia understand the
physics underlying double perovskites. In fact, even if the are fundamental
di erences between manganites and double perovskites, thieeories stated
for the former can be taken as a starting point for understandg the latter.
Once the origin of the peculiar magnetic structure of the unaped compound
(Sr,FeMoO; ) has become clear, | will introduce the issue regarding theod-
ble perovskite W doped series: gFreMo,W; 4Og .

In this chapter | will also report and discuss measurementsepformed with a
variety of techniques and the theories proposed to explaimeém. These will

basis for the interpretation of our data, exposed in the lasthapter.

2.2 The Sr ,FeMoO g compound

2.2.1 Crystallographic structure

Sr,FeMoO; is a double perovskite, belonging to thé\,BB g family. The
unitary cell is doubled, with respect to conventional peraskites, in the sense
that Fe and Mo atoms alternate on theB and B sites respectively, each
sublattice having a perovskite structure. The ideal cubic @uble perovskite
structure can be described as an interpenetration of two FCGublattices.
Ordered Fe (and Mo) octahedra are centered at the cube corseand are

connected to each other through oxygen atoms, which occuplyet corners of



2.2. THE SRRFEMOOgz COMPOUND 39

the octahedra and are located on the edges of the unit cell ésegure 2.1).

Sr atoms are placed at the center of the cube.

Figure 2.1: Schematic view of a generic SiFeB %0¢ double perovskite unitary cell. The
arrows represent the lattice vectors a, b and ¢

The crystallographic structure was suggested to be eitheetragonal @ =

b6 c) with

P 2a, P 2a, 2a, (Where a, is the lattice parameter) or pseudocubic [54, 56]
(28, 2a,) 2a,. More recently, a cubicFm3m (a= b= c) structure has been
proposed [27].

Many groups performed neutron or X-rays di raction measunments on SpFeMoQOg
at di erent temperatures [15, 27, 54, 56]. Re nements of tls data converge

on a tetragonal structure, according to a 4=m space group, at room tem-
perature, while, rising the temperature, the system undeggs a structural

phase transition from tetragonall 4=m to cubic Fm3m at 400 K (which
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Figure 2.2: (a) Evolution of the lattice parameters, a and ¢, as a function of temperature.
The parameter a is multiplied by pi in the tetragonal region. (b) Plot of the unit cell
volume (multiplied by 2 in the tetragonal region) as a function of temperature (from [15])

corresponds to the Curie temperature). Table 2.1 reports éhstructural pa-
rameters obtained by neutron diraction data at 70 and 460 K \hile table
2.2 reports the lengths of some selected bonds at the same pamatures.
Lowering the temperature, the structure evolve continuodg ( g. 2.2) from

the Fm3m high temperature cubic structure, with the simultaneous deel-
opment of a tetragonal strain ¢ > a) and the rotation of the FeQ; and
MoOQg octahedra up to 5.8. The tetragonal distortion, occurring under the
Curie temperature, seems to arise from the antiphase rotan of the oxygen
octahedra with respect to thec-axes.
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Space group Fm3m | 4=m
T(K) 460 70
a(A) | 7.89737(3) 5.55215(2)
c(A) 7.90134(5)
cla 1.42311
Vol.(A3) 492.546 243.570(3)
Fe(000)| n=0:99(1) n=0:99(1)
Mo(0 0 1/2) | n=0:94(1) n=0:94(1)
Sr(1/2 0 1/4)
0(1)(00 z)
z | 0.2524(6) 0.2542(8)
O(2)(xy 0)
X 0.2767(6)
y 0.2266(6)
Space group| Fm3m | 4=m
T(K) 460 70
Fe-O(1)x2 1.994(4) 2.009(6)
Fe-O(2)x4 1.994(4) 1.986(6)
Mo-O(1)x2 1.956(4) 1.942(6)
Mo-O(2)x4 1.956(4) 1.960(4)
Sr-O(1)x4 2.79396(3) 2.77628(8)
Sr-O(2)x4 2.79396(3) 2.6498(7)
Sr-O(2)x4 2.79396(3) 2.9269(8)

41

Table 2.1: Structural param-
eters of SpFeMoOg as re ned
from neutron powder diraction
data. From Chmaissem et. al
[15]. The table reports the lattice
parameters (a) and (c) measured
at above and below the phase
400
K) together with the cell volume

transition temperature (

and the crystallographic coordi-
nates. The parameter f) repre-
sents the occupancy.

Table 2.2: Bond lengths for
Sr,FeMoOg calculated from the
structural parameter reported in
table 2.1.
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2.2.2 Magnetoresistance

Many groups performed magnetoresistance measurements 8i,[77]. Fig.

2.3 shows a typical case (from reference [74]).

Figure 2.3: Percentage of MR
measured at 4.2K (a) and 300K
(b) as a function of an external
magnetic eld (from0to 7 T) on
a Sr,FeMoOg sample. The mag-
netoresistance, MR, is de ned
as: MR(T;H) = 100[ (T;H)
(T;0)]= (T;0) where (T;H)is
the resistivity measured at a
temperature T and magnetic
eld H. The value of MR is nor-
malized to the zero eld value
(T;0). The insets show the cor-
responding magnetization of the
sample, which reaches the satu-
ration for low magnetic eld val-
ues € 1) [74].

At both these temperatures, the sample is characterized byharp, pro-
nounced magnetoresistive response in the low- eld regimathough the mag-
nitude of the MR is considerably higher at low temperature. A300 K, the
MR exhibits a slower change beyond 1 Tesla, while above thialue there
is no sign of saturation up to the highest magnetic eld (7 Tda). The MR
changes signi cantly, by about 6.5% at 4.2 K and 3% at 300 K, ithe larger
eld region between 1 and 7 Tesla. The low- eld response is rsblikely

contributed by the spin scattering across di erent magneti domains in poly-
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crystalline samples. This conclusion is supported by the abnce of a sharp
low- eld MR response in single crystalline bulk [88] and efaxial [24] sam-
ples of SgFeMoQ; . In the insets of g. 2.3 are also shown the magnetization
of the sample at the corresponding temperatures as a funaticghe external
applied eld. The magnetization reaches a saturation valuef 3.1 g at the
lower temperature for a magnetic eld value lower than 1 Teal At 300 K
the saturation magnetization is reduced to a saturation vale of 18 g with
the system still magnetic even at room temperature. Such lowld MR and
magnetization response are very interesting propertiesofin a technological
point of view because allows their use in normal conditionsigh as room

temperature and low magnetic eld.

2.2.3 Electronic structure

A key feature that determines the magnetic order of $FeMoGO; is the half-

metallic nature of its ground state, which derives from the lectronic struc-

ture. The rst attempt to determine the electronic structure was done by
Kobayashi [37] by means of density of state (DOS) simulatishand later by
Sarma [75] with more detailed calculations. Figure 2.4 repge DOS calcu-
lations from Sarma et al. showing: the total DOS, that of majoty spin up

and of the minority spin down states together with the DOS foithe single
elements.

From gure 2.4 it is evident the half-metallic ground state rature of this com-
pound: a non-zero DOS is present at the Fermi level for the dowspin band,
whereas, the up-spin band shows a gap at the Fermi level. Theaupied
up-spin band is mainly composed of Fe 3d electrons hybrid&zevith oxygen

2p states (corresponding to the 3tdcon guration) and much less of the Mo
4d electrons that are located above the Fermi level. By corst, the down-
spin band is mainly occupied by oxygen 2p states and, at the fifai level, by

both the Mo 4d t,g and Fe 3d tg electrons that are strongly hybridized with
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Figure 2.4: The gure shows the density of states (DOS) along with partial Fe d, Mo
d and O p density of states. (a) Spin integrated densities. (b c) The corresponding
guantities for the up- and down-spin channels, respectivel (from ref. [75])

the oxygen 2p states. Such a half-metallic nature gives rige 100% spin
polarized charge carriers in the ground state. Considerirtge fairly high T,
a high percentage of this spin polarization lasts even at rootemperature: a
polarization higher than 60% can be evaluated from the magtmeation data
reported in the next paragraph.

From a structural point of view, an interesting aspect of thecalculations of
Kobayashi [37] is the theoretical optimization of the oxyge positions. In

fact, while for the lattice parameters he started from the gxerimentally ob-
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element | atomic ionic  valence electronic spin
number radius state  conguration state
Sr 38 1.32 +2 4 1
Fe 26 0.92 +2 3 2
0.78 +3 3d° 5/2
Mo 42 0.75 +5 4d 1/2
0.73 +6 4d° 0
w 74 0.76 +5 5d 1/2
0.74 +6 5d° 0
o] 8 1.24 -2 2 1

Table 2.3: Synoptic table containing relevant physical information on elements present
in the studied compounds.

served values (table 2.2), the oxygen positions were optired obtaining a
bond length of 2.00A(in the ab plane) and 2.01A(c axis) for Fe-O and 1.94
A(ab plane) and 1.95A(c axis) for Mo-O. These values are important as
reference values for the local structure characterizatioof these compounds

that is one of the aims of this work.

2.2.4 Magnetic structure

Fe and Mo are the relevant ions in determining the magnetic pperties of
Sr,FeMoGO; . Iron is a magnetic ion that can assume a valence state of
2+ or 3+ with a high-spin state of S = 5=2 and S = 2, respectively. To
achieve the charge neutrality, Mo ion can assume a valencats of 5+ or 6+,
corresponding to a spin state o6 = 1=2 or S = 0, respectively. Table 2.2.4
summarizes the relevant data of the elements present in tleesompounds.

Kobayashi [37] claimed the magnetic coupling between Fe aiMb sublattices
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to be ferrimagnetic ( gure 2.5), resulting in a net magnetionoment of 4 g
per formula unit (that is, roughly, 5 g(Fe) 1 g(Mo)).

Figure 2.5: Schematic picture of the ferrimagnetic arrangement of SfFeMoOg .

It is worth to note that the other potential valence state conguration,
Fe?* Mo®", also yields to a net magnetic moment of 4 with Mo being
non-magnetic. Since these two di erent valence states cogurations are
equivalent from a magnetic point of view, they cannot be digtguished by
magnetic measurements. The actual valence state in the,5eMoQOs com-
pound is still a matter of debate. Mossbauer spectroscopy rcdelp to de-
termine the actual valence state for Fe and Mo ions. Early mearements
[54] were interpreted in favor to the high spin § = 5=2) Fe** con guration
with a small reservation towards the possibility of the othehigh spin state
(Fe?* (S =2). Consequently, Mo was assigned to the 5+ valence statereo
responding to anS = 1=2 spin state. More recent Mossbauer studies [42],
instead, retrieved an intermediate valence state (2.5+) fothe Fe ion. On

the other side, recent neutron diraction experiments repded a value of
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=4:1 0:1 g for the magnetic moment on the Fe site and =0:0 01 g
for the Mo site. These experimental results can be combineg bssuming a
Fe3* Mo con guration and supposing the antiferromagnetically copled
electron of the M&* ion to be completely itinerant. In this scenario, no
net magnetization is present on the Mo site, in agreement viitthe experi-
mentally observed value of the Mo magnetic moment; the itimant electron
decreases the spin of the Fe site frol8 = 5=2 to the experimentally ob-
served value ofS = 2. In this framework, Sr,FeMoOs consists of Fe and
Mo sublattices ferromagnetically coupled within each suéttice, while the
two sublattices are supposed to be antiferromagneticallyoapled resulting
in a net S = 2 spin state. It is worth to note that the valence- uctuation
state picture, in which the Fe site is in the +2.5 intermediaé state, formally
corresponds to an higher spin stateS = 2:25. This spin value corresponds
to a theoretical magnetic moment of % g for the Fe iron and of 05 g for
that of Mo. This discrepancy can be explained by taking into @ount the
Fe/Mo mis-site disorder as discussed more in detail in a fowing paragraph,
that reduces the net magnetization.

Di erent mechanisms have been suggested to explain the obgsd magnetic
structure. In close analogy to the case of manganites, it hagten been
suggested [74] that a double exchange mechanism is respalasior the fer-
romagnetic coupling between the Fe sites. In this scenarithe delocalized
electron contributed by the Mo 4d con guration plays the rok of the delocal-
ized g4 electron in the manganites. However, there are important dirences
between the physics of manganites and double perovskites1 rhanganites,
both the delocalizede, electron and the localized, electrons reside at the
same site, namely the Mn sites (see gure 1.5, chapter 1). Ttspin of tyg

localized states are ferromagnetically coupled to the spaf the e; delocalized
electron due to the strong intra-atomic Hund's coupling sength, which origi-

nates from the exchange stabilization of the parallel spire@angement. In the
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case of SfFeMoG; , instead, the delocalized electron at the Mo site and the
localized electrons at the Fe sites reside at two di erent ®S. Nevertheless,
band structure results suggest that the mobile Mo 4d electns have a nite
Fe 3d character due to sizable hopping via the oxygen 2p orals. But, since
the localized up-spin orbitals at the Fe site are already fiyl lled, in order to
hop to the Fe site, the delocalized electron must be spin-daveriented. Since
Hund's coupling, which is at the origin of the double excharggmechanism for
manganites, only acts between parallel spin electrons, iaenot be invoked
as responsible of the ferromagnetic alignment of the Fe atenm the case of
double perovskites. As a consequence of these argumentsipting between
the localized and the delocalized electrons must be antifemagnetic and
originating from the Hund coupling mechanism. In [14], thedrromagnetic
Curie temperature (T;) have been calculated within a double exchange type
Hamiltonian, but assuming an antiferromagnetic coupling étween the lo-
calized and delocalized spins. We stress here that any wedi-ned coupling
(ferromagnetic, antiferromagnetic or other) between thealocalized electrons
and the localized electrons at each Fe site will lead to a femagnetic or-
dering of the Fe sublattice. Thus, understanding the ferroagnetic ordering
of Fe ions in SpFeMoO; is nothing else than understanding the nature and
origin of the coupling between the the mobile and the locakz electrons in
these compounds.

It has been proposed [59] that the antiferromagnetic couply between the
Fe and the Mo sites is due to a superexchange interaction. Ngtheless, a
superexchange coupling of the Fe site to the delocalized ahidjhly degen-
erate ( ve-fold degeneracy, ignoring crystal- eld e ecty Mo 4d states will,
at best, be very weak, and therefore not compatible with thenusually high
ordering temperature that implies a strong interaction. Moeover, it should
be noted that superexchange interactions require a perfécordered double

perovskite structure, ensuring Fe-O-Mo-O-Fe 180interactions, to give rise
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to a ferromagnetic coupling of the Fe sublattice. Another gjument against
the superexchange interaction is that this scenario woulduggest that also
Fe-O-Fe bonds, always present due to the chemical disorddways present in
these compounds, would be antiferromagnetically coupledBand structure

calculations, performed by Sarma [75] using supercells tonslate mis-site
disorder between Fe and Mo sites, show that Fe and Mo sites arvariably

coupled antiferromagnetically, driving a ferromagnetic mler in the Fe even
in presence of Fe-O-Fe bonds in this system. These observa8 demonstrate
that the superexchange interaction is not the driving forcéor the magnetic

ordering in these compounds.

2.2.5 The kinetic driven mechanism

A well-de ned spin ordering between the delocalized Mo eleon and the
localized Fe electrons implies the presence of a large sppiliting in the
delocalized band derived from the Mo 4d and oxygen 2p stateBhis is sur-
prising because that Mo is not a strongly correlated atom anatonsequently,
a magnetic moment at the Mo site is a rarity. As stated beforeexperimental
evidences and band structure simulations show an antifermagnetic coupling
between Mo and Fe atoms, in contrast to the ferromagnetic cpling of man-
ganites. The large magnetic transition temperature in SFeMoQO; points to
a strong interatomic exchange coupling between Fe and Mo mncompara-
ble, or even larger, than that between the Mn-Mn pairs in the @nganites,
in spite of the expected non-magnetic nature of Mo. Sarma et. goroposed
a novel mechanism to explain the magnetic interaction betwa localized
and conduction electrons, leading to such a strong polarizan of the mobile
charge carriers [75]. To establish an antiferromagnetic dering between Fe
and Mo ions, the ground state must have an opposite spin ori@tion of Mo
and Fe ions. To nd a mechanism that can give rise to such a grad state,

they looked very closely to the energy levels of the Mo and Fees. Di erent
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e ects contribute to split their energy levels of:

The exchange interaction, which is due to the relative spinrigntation

between electrons belonging to the same energy level,;

The crystal- eld interaction, which arises from electric elds originating
inside the crystal lattice. It depends on the ion neighborhmd (chemical

environment, coordination...);

The hybridization, which origins from the overlap between lectronic

wave functions between neighbor sites;

The hopping interaction, which is due to the hopping of a congttion
band electron from a site to another; as the hybridization,tidepends
by the mixing of the electronic wave functions belonging toicrent

sites.

Figure 2.6: Schematic picture of the energy levels of the Mo and Fe sitesiithe presence
of exchange, crystal eld and hopping interactions.

The energy level scheme resulting from detailed band struece calculation

performed by Sarma et al. is reported in gure 2.6 and is disssed in the
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Fe site (gure 2.6, left): The octahedral symmetry of the Fe ite pro-

duces crystal eld interactions that split the 3d energy leel orbitals
into the t,4 three-fold degenerated states and the, éwo-fold degener-
ated states; the exchange interaction further splits eactymmetry into

up and down spin levels. In the case of Fe, the exchange sphiy is
much larger than the crystal splitting.

Mo site (gure 2.6, center): The Mo 4d energy levels are strgty
hybridized with the oxygen 2p levels returning the band stas shown
in the gure. As in the Fe case, both crystal eld (coming fromthe
octahedral symmetry) and exchange interaction act in spling the
energy levels into {; and g symmetries and up and down spin states,
respectively. Nevertheless, contrary to the Fe case, theahgth of the
forces responsible for the energy splitting are reversed the case of

Mo the crystal eld is much greater than the exchange intera@n.

Moreover, because the magnetic order results stable, it i®ecessary for the
energy splitting between the ground state levels to be sulasttial. This pe-
culiar band states con guration is achieved by considerinthe interactions
coming from the hopping of the itinerant electron between Mand Fe sites,
as shown on the right side of Figure 2.6, resulting in a sigrdant spin up-
spin down level splitting if the Mo states. Hopping interadbns couple the
Fe localized states to the delocalized states derived frorhe Mo 4d - O 2p
hybridization, leading to a substantial admixture betweerthese two states.
These interactions act between states of same symmetry simf their energy
levels. As shown in g. 2.6, the delocalized,§ " states will be pushed up
and the tyy # states will be pushed farther down by hybridization with the
corresponding Fe states. This opposite shifts of the up andwn spin conduc-

tion band states induce a spin-polarization of the mobile ettrons due to a
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pure hopping interaction between the localized electronsid the conduction
states. This kinetic-energy driven mechanism leads to an @&erromagnetic
coupling between the localized and the conduction electrsnsince the en-
ergy is lowered by populating the down-spin conduction bandith respect
to the majority spin orientation of the localized electrons Detailed calcula-
tions [75] have shown that the spin-polarization gap of theonduction band
in Sr,FeMoG; is as large as 1-1.5 eV, while, the strength of the antiferro-
magnetic coupling between the conduction band and the loizéd electrons
at the Fe site is of the order of 18 meV, rather larger than thain the doped
manganites, so explaining the high {J for this compound. This mechanism
is operative whenever the conduction band is placed withirhé energy gap
formed by the large exchange splitting of the localized ekeons at the tran-
sition metal site. When the band generated from Mo 4d - O 2p di@s is
outside the gap, both up and down states are shifted in the sadirection
and the large energy gain between spin states via such an &tromagnetic
coupling is not possiblé. This mechanism, proposed in ref. [75], can also
explain the metallic ferromagnetic ground state of other tated compounds
such as SyFeMoO; as well as the antiferromagnetic state of 3€oMoOg and
SrpMnMoQOg. The same mechanism has also been indicated as responsiile f
the magnetism in dilute magnetic semiconductors, like InM@, where mag-
netic ions are randomly distributed in the bulk structure qute far away one

from the other. As will be discussed in the next paragraph, th mechanism

1This is believed to be the case of SIFeWOg , where the strong hybridization between
the W 5d and the O 2p states drives the hybridized states abovéhe t,q level of Fe. Such an
energy level scheme cannot stabilize the antiferromagneaticoupling between the electron
in the delocalized states and the localized states; insteadt transfers the electron from the
W 5d - O 2p hybridized state to the Fe 3d level, leading to an insilating compound with
formally W and Fe states. In the absence of any mobile electnas, the Fe sites couples
via superexchange to give rise to an antiferromagnetic indating state in Sr,FeWOg , in
contrast to the metallic ferromagnetic state of SLFeMoOg .
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is very stable since is primarily governed by two parametershe e ective
hopping strength and the charge transfer energy between &ized and delo-

calized states, which are not in uenced by chemical or strigral disorder.

2.2.6 The e ect of the mis-site disorder

Since the ionic sizes of Fe and Mo are similar (see table 2)2tfere is always
a nite concentration of mis-site disorder in SgFeMoOs , which interchanges
the positions of Fe and Mo sites in a random fashion. The mosigsi cant
e ect of the mis-site disorder in this system is to reduce theet magnetiza-
tion of the sample. The chemical ordered samples, have udyan ordering
degree of about 90% and exhibit a saturation magnetizationf 8:1 g per
formula unit (f.u.) instead of the expected value of 4g/f.u. Such a decrease
of the magnetization has been ascribed to the nite concerdtion of mis-site
disorder. However, the nature and origin of this decreasedagnetization in
the presence of disorder is still a matter of debate in the &tature.

There are two distinct ways to reduce the net magnetizatiomi Sr,FeMoOs
in the presence of mis-site disorders. One is that the dis@ddestroys the
speci ¢ spin arrangement of Fe and Mo sublattices without ansigni cant ef-
fect on the individual magnetic moments at these sites. Thisan be achieved
by transforming the ferromagnetic coupling between some tfe Fe sites to
an antiferromagnetic coupling. This view has been prefeddyy most in re-
cent times, under the assumption that Fe-O-Fe interactionsnduced by the
mis-site disorder in place of Fe-O-Mo, will be antiferromaggtically driven
by the superexchange. Alternately, the magnetic moments atach individual
site may decrease due to the di erent chemical environmentsduced by the
disorder, without a ecting the nature of the spin order within the Fe and
Mo sublattices. The real situation may even be a combinatioaf both these
e ects, with a simultaneous reduction in the magnetic momeas at di erent

sites as well as a change in the nature of the magnetic cougjitetween
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di erent sites. Recently, extensiveab initio band structure calculations [78]
with supercells to simulate mis-site disorders between Fa@Mo have clearly
show that the Fe sites continue to be ferromagnetically colgd in every case,
including where the bonding contains Fe-O-Fe units. It haslso been shown
that delocalized electrons, generated from the Mo and O std with some
admixture of Fe states, invariably remain antiferromagnetally coupled to
the localized Fe moments, in close analogy to the structurd the ordered
system. This clearly shows that the magnetic interaction mposed by Sarma
et al. always dominates over the superexchange interact®im these systems.
Supercell calculations establish that the decrease in theaginetic moment in
the presence of disorder arises solely from a change of therofical environ-
ment and can be understood in terms of the local electronicratture around

each of the inequivalent Fe.

2.3 The Sr .FeMo W 1 \Og series

Sr,FeMo,W, Og is a solid solution with x varying over the whole range
spanning from the end compound $FeMoQ; at x = 1, to the compound
at the other end of the series: $SFeWOg at x = 0. Even if it belongs to
the same double perovskite family of SFeMoQs , Sr,FeWOg shows di er-
ent electrical transport and magnetic properties. It contmns W% 5d° and
Fe?* 3d° species and, in the framework of the above described kinetidven
mechanism, the lack of the Mo 4Hitinerant electron result in the absence of
a ferromagnetic interaction between Fe pairs. In additiontte cubic structure
(space group:Fm3m), that ensures 1860 bond interactions, promotes anti-
ferromagnetic coupling between FEé ions via Fe-O-W-O-Fe super-exchange
interaction. As a result of these properties, in contrast tadSr,FeMoQO;
Sr,FeWOQg is insulating at all temperatures with an antiferromagnett or-

dering below 37 K. As for mixed valence manganites, the FeMo,W; Og
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doped series is expected to have intermediate propertiesween the two end
compounds (SsFeMoOs; and SLFeWOg ). Since SpFeMoO; and SrLFeWOq
have contrasting transport properties, it is expected thatan alloy system
of these compounds, such as FeMoW; Og , would exhibit a metal to
insulator transition (MIT) as a function of doping, probably associated to
a magnetic transition. These two features make this seriesgmising in or-
der to optimize and control the technological potential of hese materials.
Further, as reported in g. 2.7, this solid solution shows aeduction of the
mis-site disorder present in the SiFeMoOs end compound. In fact, due to
the very similar ionic radius of Fé* and Mo ions (table 2.2.4), is di cult
to prepare 100% ordered $FeMoOs . The introduction of Wg. ion, which
has a very di erent radius from the Fé* one, increases the Fe/Mo ordering
to a value that reaches 100% fox  0:6. This results in a almost perfect
ordering of the Fe and W/Mo sites, while a random mixing of W ad Mo
is maintained without any ordering throughout the whole cormosition. The
increased Fe/Mo mis-site order, stabilizes the half metadl ferromagnetic
(HMFM) state increasing the MR.

Figure 2.7: Lattice parameter and degree of ordering W) between Fe and Mo/W in
SroFeMoy W1 4 Og (from [38])
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2.3.1 Crystallographic structure

Until the present moment, a structural characterization asa function of the
Mo concentration, x, with x varying over the entire range (0 x 1), have
been performed only using di raction techniques [37, 21, TX-ray di rac-
tion, XRD, or neutron powder di raction, NPD). It is worth to note here, and
will be stressed more in detail in the next chapter, that stratural informa-
tion obtained with these techniques derive from long rangerder properties
of the crystal lattice, which can be rather di erent from the short range ones
(i.e. the local structure). In the following I will report the results obtained
using these long range order techniques, to which our datapliected using
a local probe technique such as the X-ray Absorption (XAS),described in
the next chapter) have to be compared.

The structure of the limiting compounds of the series, $FeMoOs and SrFeWOq
, have been studied extensively [15, 57]. In a XRD study [213r,FeWOs is
reported to be almost cubic, while a tetragonal symmetry isofind for the
rest of the series SiFkeMoW, yOg (0<x 1).

A neutron diraction study [73], which is more sensitive to the positions
of the oxygen atoms, shows that $SFeWOg adopts a monoclinic symmetry
(space groupP21=n) from 10 K to room temperature, while SgFeMoQO; is
conrmed to be perfectly described by the tetragonal 4=m space group.
Therefore, a structural transition from tetragonal to monealinic symmetry is
expected at somex. Sanchez et al. [73] studied samples havixg= 1:0, 0.8,
0.5, 0.2, 0.0 and found that, forx 0.5, samples have a tetragonal symme-
try. They have also shown that the di ractograms re nementsimprove if a
magnetic phase is included in the model, accordingly with ghferromagnetic
behavior of these samples. High W concentrations< 0:3, could not be sat-
isfactory tted using a tetragonal space group and the strucire have been

successfully re ned using the monoclinic? 21=n, space group.
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Since the crystallographic structures found by Sanchez et énave been used
in this work as references structures, we will report them me in detail in

the last chapter together with our results.

2.3.2 Resistivity

Resistivity measurements on the SFeMo,W; 4Og series have been per-
formed both by Kobayashi et al. [38] and Sarma et al. [67] by ¢hmeans of

conventional DC four-probe method.

Figure 2.8: Temperature (T) dependence of the resistivity () of polycrystalline
Sr,FeMos W1 x Og measured at zero magnetic eld. (from [38])

Figure 2.8 reports electrical resistivity, on a logarithng scale as a function
of temperature: resistivity values decreases with incraag x over the whole

Mo composition range. The plots show two di erent regimes:amples with
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X  0:3 have low resistivities, between 1¢ and 10 ' /cm, and exhibit
metallic behavior (even if only forx = 1:0 the metallic condition, d /dT > O,
is respected over the whole T-region). On the other hand, sahes with a
compositionx  0:2 are insulating or semiconducting with resistivity values
between 10 and 10000 /cm. The resistivity of the polycrystdline x = 1
sample is of the order of 10* /cm, comparable to that of the single crystal.
These results clearly establish a metal-insulator transdn as a function of
the composition in the range B > x. > 0:2, wherex, indicates the criti-
cal composition. Di erent groups reported slightly di erent values for the
resistivity [67, 54, 35] and the critical composition. Thedtter has been re-
ported to be x, = 0:4 by [54]. Sarma have proposed that these discrepancies
are due to grain boundary e ects, which appear to depend sutasitially on
the sample preparation, particularly on their sintering tenperature. Sarma
also noted a time dependence of the resistivity explainingjas an indication
of a slow oxidation of grain surfaces that results in the int/duction of an
insulating grain boundary layer. He proposed a simple mod& interpret
the resistivity data. He remarked that a single conduction mchanism is not
able to account resistivity data as a function of T for all thecompositions.
As a matter of fact, in insulating oxide materials the elecwnic transport at
low temperature is mostly due to very low density of localizkstates, intro-
duced by impurities and non-stoichiometry, within the bandgap region of
the stoichiometric compound. On the contrary, high tempertaire behavior is
dominated by thermally activated charge carriers across ¢hband gap. Con-
sidering both these two e ects he modeled the conductivity €bendence on

temperature as:

(T)= 1exp[ Eq=2KpT]+ sexp[ (To=T)*™] (2.1)

where the rst term represents the activated behavior 4 being the energy

band gap) while the second term accounts for the variablesige hopping
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(VRH) within the localized low density of states in the midg® region. Us-
ing this model to t the experimental conductivities it resulted that, for the
x = 0 compound, the activated behavior largely dominates ovethe VHR
contribution throughout the temperature range (except forthe lowest tem-
peratures), indicating only a small in uence from defectstates. On the
contrary the conductivity of the x = 0:2 sample deviates very pronouncedly
from the activated behavior, being in excellent agreementith a model de-
scribed by a single VRH term. These considerations con rm #t Mo doping
the Sr,FeWOg end compound introduces a signi cant density of states at &
Fermi level. The transport behavior is consistent with the senario in which
Mo is in the Mo®* state with the 4d density of states contributing electrons
for the conduction, while the 5d, states belonging to W, do not contribute
at the Fermi level. This conclusion is in agreement with the Mssbauer data
that, as discussed above, show that, for = 0:3, Fe exist both in the 2+ and
3+ states, while forx = 0 it is found only in the 2+ state. Therefore, the
conversion of F&" to Fe** by Mo doping, in the 0< x < 0:3 range, must be
due to the doping of M&* substituting of W®* species.

2.3.3 Magnetization

Figure 2.9 and 2.10 report the magnetization as a function eie magnetic
eld and of the temperature, respectively, performed by Koayashi et al. and
Sarma et al. [37, 67]. From the magnetization curves shown og. 2.9 it

is again evident the di erent behavior for samples havingg  0:3 respect to

samples withx  0:3:

At low Mo content (samples with0  x  0:2) magnetization is present
only after 10% substitution of W with Mo, and increases stedyp with
increasing Mo level. The magnetization curves exhibit a gpicanting

feature associated with a large coercive eld which reachése highest
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value of 0.4 T forx = 0:15. The M-T curves (Fig. 2.10) show a cusp or
broadened peak feature around 50K. In the case of,5eWQO¢ (x = 0),
corresponding to the antiferromagnetic transition at | = 37K. The
Curie-Weiss trend for SgFeWOg (x = 0) gives S = 2:3 provided that
g = 2:0. This suggests a high spin con guration for & (S = 2), being
consistent with the result obtained by Mossbauer spectrospy [21].
The cusp in the M-T curve in the composition range of A < x < 0:4

suggests the remanence of antiferromagnetism even abave 0:3.

For higher Mo content, 3 x 1, the coercive eld diminishes to a
minimum value of 0.008 T for thex = 0:6 sample, while, the magnetiza-
tion nearly reaches its saturation at 1 T for all compounds wh x > 0:4.
The saturation magnetization is 3 4 g/ f.u., in agreement with the
net magnetic moment expected for the antiferromagnetic cpling be-
tween Fe* and (W, Mo)®* or Fe?* and (W, Mo)®*. The magnetization
decreases slightly abov& = 0:8, which is ascribed to a slight increase
of the mis-site disorder on the Fe/Mo sites (see ordering fac in g.
2.7).

From gure 2.10 it is evident that the ferromagnetic transiion temperature,
T., increases remarkably with increasing Mo contentx, exceeding room

temperature forx > 0:3.

2.3.4 Comparison between conductivity and specic

heat measurements

Fig. 2.11 (from reference [37]) shows the dependence of thagmetization
as a function ofx at 5 and 1T in comparison with the conductivity,

As expected (g. 2.11(a)), conductivity, is essentially ze for 0 < x < 0:2.
The insulating behavior in this region is consistent with tle results of the

electronic speci c heat coe cient, (linear term coe cient of the specic
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Figure 2.10: Temperature (T)

Figure 2.9: Magnetization (M- dependence of the magnetization
H) curves of SphFeMoxW; «Og (M) of SroFeMo,W; xOg mea-
at 4.2 K. sured at 1T.

heat), shown in g. 2.11(a). The value of is zero for 0< x < 0:25,
con rming the absence of the density of states at the Fermi \el. Above
x = 0:25, increases gradually withx up to the value of 8 mJ/K mol for
x = 1. The conductivity behavior con rms the insulator-metal transition to
occur aroundx  0:25; while the conductivity increases steeply in the range

of 0:25< x < 0:4 by more than four orders of magnitude.

2.3.5 Magnetoresistance

Sr,FeMoO; exhibit a large and sharp drop in resistance on applicationf @

magnetic eld even at room temperature. Negative magnetosestance values
measured by Sarma et al. [67] at room temperature as at 4.2 Keareported

in table 2.3.5.

Figure 2.12 reports magnetoresistance far> 0:3 samples X = 0:3;0:6 and

1.0). All these compounds exhibit a sharp drop in resistanca a very low
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Figure 2.11: (a) Electronic specic-heat coe cient () for Sro,FeMoyW; xOg . (b)
magnetization (M) at 1 and 5T, and conductivity (s) at 4.2K fo r Sro,FeMoxW1 xOg .
is essentially zero forx < 0:2, represented by open triangles.

applied eld (< 0:5 T). The low eld magnetoresistance is due to the sup-
pression of the intergrain spin dependent carrier scatterg, when the grain
magnetic moments order one with the other. In this situationthe conduc-
tion electron, which is a spin down electron, can tunnel frorane grain to an
adjacent one, when the spin of the second grain is not pardlte the rst the
tunneling is forbidden by the Pauli exclusion principle. Asxposed above,
the spin polarization increases with Fe/Mo cation orderind g. 2.9). In the

x > 0:3 region, the magnetoresistance response increases as &emuence
of the increased chemical ordering due to the W doping. As shkio in table
2.3.5, this is not always the case; this e ect is probably dut grain bound-

ary e ects (e.g. changes in grain boundary thickness or chéral composition
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Sample | 4.2K (5.5T) 300K (5T)
x=0:2 1%
x=0:3 8% 0.7%
x=0:6 30% 8%
x=0:8 3%
x=1:0 37% 9%

Table 2.4: Percentage of MR measured at 4.2K at a magnetic eld of 5.5T ad at 300K at
5T. Here the MR is de ned as: MR =100[ (T;H) (T;0)]= (T;H) where T represents
the temperature and H the magnetic eld.

from sample to sample) present in the polycrystalline sangs.

An extremely large magnetoresistance e ect is observed alfr the x = 0:15
sample, below the metal-insulator transition (g. 2.12). A discussed above,
this x region present a spin-canted magnetization curve with a mawral co-
ercive eld and semiconducting behavior (see g. 2.9). Siec T, is around
200 K for the x = 0:15 sample, MR is not observed at room temperature,
while it is present at 16 K. At this temperature MR decreasesat so steeply,
asinx 0:3 samples, on application of an external magnetic eld, rehing
a value as large as 195%at 7 T. In this region (x < 0:3) the MR is believed

to belong to the canted-spin feature.

2.3.6 Metal to insulator transition: valence transition

versus percolation

The metal to insulator transition (MIT) was reported to occur at di erent

values of the critical concentration,X.. In an earlier work [54],x., was re-
ported to be between 0.4 and 0.5, while more recent studiesngerge on a
value of about 0.25 [37, 67]. As discussed before, it is nowieeed [67] that

2Here the magnetoresistance is de ned asMR = 100[ (T;Hpeak) (T;H)]= (T; H)
where Hpeak is the magnetic eld where the resistivity takes its maximal value.



64 CHAPTER 2. DOUBLE PEROVSKITES

Figure 2.12: Percentage of magnetore- Figure 2.13: MR response for thex =
sistance forx = 0:3;0:6 and 1 at 300 K 0:15 sample.
(upper panel) and 4.2 K (lower panel).

the large discrepancies found fax. are due to grain boundary e ects which
strongly in uence the transport properties in these componds.

Kobayashi et al. [37], proposed two scenarios to explain tiedserved results:

Valence transition: At the critical concentration, a collective valence state
transition, from the Fe?* -(W/Mo) ¢ (x < 0:3) to the Fe** -(W/Mo) 5*
(x > 0:3) con guration occurs by substitution of W by Mo. In the high W
doping region the valence state is & -(W/Mo) ®* and the 5d conducting
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state of the Mo/W site is not occupied by electrons. In thesealence states,
an antiferromagnetic coupling between Fé ions exists, as observed below
37 K in the SLbFeWOg end compound. Abovex  0:25, a valence transition
(or valence uctuation) takes place changing the valence ate into the Fe**
-(W/Mo) °* state; 5d M@ derived states are occupied and the material be-

comes conductor.

Percolation: In the framework of a percolation process, the nominal valee
states of W and Mo remains as 6+ and 5+, respectively, in the wdle compo-
sitional range, implying that there is no valence transitia of Mo and W ions
at the critical concentration. Every W+ doping in place of Mo+ require
the transformation of one F&" to Fe?* , for charge neutrality. Thus the
system is viewed as an inhomogeneous distribution of metalferrimagnetic
SrFeMoO; and insulating SEFeWOg clusters. In this model, the MIT is
driven by the percolation threshold of the system at the crital composition.
The system, in the largex-region (low W level), remains in the macroscopi-
cally metallic ferromagnetic state of SfFeMoGO; , with a distribution of small
clusters of insulating and antiferromagnetic SFeWQOg . With higher W dop-
ing, the insulating SLFeWOg clusters grow in size eventually engul ng the
metallic Sr,FeMoO; clusters forx < 0:3 and giving rise to the observed MIT.

A schematic view of the percolation progress is shown in gear2.14.

As mentioned above, while the ferromagnetic moment emergeg minimal
substitution Mo in place of W (i.e. forx as small asx  0:1), the occurrence
of the conductivity requiresx to equal 0:25. A con rmation of the percola-
tion scenario comes from the fact that in SiFeMo, W, ,Os , the W/Mo-sites
form a face centered cubicK CC) lattice which percolation concentrationxp
has been calculated to be 0.195 [80]; this value compares|weth the value

observed for the critical concentration X, 0:25) in SpLFeMo,W; 4Og .
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Figure 2.14: The gure illustrates this percolation process around the aitical concen-
tration x  0:25. If only two W sites shown as large open circles in (a) are dstituted

by Mo ions, the ferromagnetic clusters represented as a shad region connect with each
other and grow critically in size as shown in (b). (from [38])

Fig. 2.14 illustrates this percolation process around theitical concentration
x  0:25. If only two W sites shown as large open circles in g. 2.1d) are
substituted by Mo ions, the ferromagnetic clusters represted as a shaded
region connect with each other and grow critically in size ashown in g.
2.14(b). If one W/Mo-site (expressed by open (W) or lled (M9 circle) is
occupied by Mo ion (4d), Fe ions around this Mo site will couple ferro-
magnetically through antiferromagnetic coupling betweerre and Mo ions.
On the other hand, the neighboring Fe ions intervened by theammagnetic
W6+ ion show a weak antiferromagnetic coupling. The ferrongnetic mini-
cluster grows in size by the substitution of W with Mo. In the omposition
range of 0< x < 0:2, the ferromagnetic SsFeMoQ; clusters are isolated
from each other by the SsFeWOg domain. On the other hand, in the region
of 025 < x < 1.0 beyond the critical percolation concentration, the ferro

magnetic clusters become large enough to connect with eac¢her, showing
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metallic conductivity.

2.3.7 A more complicated scenario

Both the scenarios proposed by Kobayashi to explain the MITamnot explain
the experimental results for the entire concentration rargg From magneti-
zation data we have seen that the saturation magnetizationMs) increases
with the increase of the Mo/W ordering, reaching the maximunwvalue of
4 g/f.u. for x = 0:4. The reduction of Mg at larger x from the theoretical
value of 41 g/f.u. to the experimentally observed value of 3 g/f.u. is
ascribed to the nite disorder of the samples; this interpr&tion is con rmed
by Rietvield di raction analysis, which suggests a 90% ordang.

The increase of the ordering at higher W content and the valuef the theoret-
ical moment of 4 g/f.u. seem to be a clear evidence of the presence of both
Mo and W in the 5+ state, and of Fe only in the 3+ state forx < 0:3. This
was con rmed by early Mossbauer data that pointed to a compte absence
of the F&* in the range 0< x < 0:5 while more recent Mossbauer [21] data
are more in favor to an intermediate Fe valence state (+2.5)Sarma ascribed
these discrepancies in the Mossbauer data to chemical inhogeneities in
samples prepared in di erent routes and con rmed the pres@e of the F&*
-(Mo/W) 5+ valence state in the range €8 X 1 in contrast to the sce-
nario which implies the presence of percolating path of $ieMo** Og clusters
in a matrix of Sr,FeW®* Oy antiferromagnetic insulating phase in the whole
composition range.

Sarma underlined that we observe not only an increase bfs with the W
content (due to the increased chemical order), but also a fulecover of the
theoretical moment, proving the system to be homogeneous time ferrimeg-
netic state. This is further evidenced by the fact that the coductivities
of all the samples are similar foix > 0:3. The sudden decrease of thil

value for x < 0:3, in conjunction with the Mossbauer data of [54], exhibitig
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the existence of both F& and Fe* in this range, suggest that there is a
valence transition across the critical compositionx.. It would appear that
W transforms into the 6+ state for x < x ., while Mo continues to be in the
5+ state. Thus, charge neutrality requires the formation ofFe?* and Fe**
states. In this inhomogeneous phase, FeWOs -like regions with the WA+
5d° con guration, being antiferromagnetic, do not contributesigni cantly to
the saturation magnetization and, consequentlyM¢ decreases rapidly. On
the other hand, the SgFeMoO; -like phase with the M@* 4d* con guration
continues to be in the ferrimagnetic state, thereby still raining a large mag-
netization for x = 0:2. The scenario proposed by Sarma is in contrast with
the percolation scenario of Kobayashi in which W is supposedd have the
same valence state, 6+, over the entire composition rangeytbalso with the
valence transition scenario, which supposes a change of e valence from
5+ to 6+. Another argument against the percolation scenarion the x < 0:3
range is that if the samples are thought as a simple mixture @&r,FeMoOs
and SrLFeWOg even in this range of compositions, we would expect only 20%
of the full magnetization value, i.e. @8 g/f.u., for the x = 0:2 compound,
whereas the experimentally observed value is& g /f.u.

Sarma gives two possible explanation for this behavior. Thest one is that
Sr,FeMoO; -like clusters tend to polarize the neighboring $SFeWOg regions
magnetically, enhancing the magnetization. The other is tassume a non-
homogeneous composition of the sample, with the formatiorf eseparated
Sr,FeMoO0; -like and SLFeWOg -like regions of di erent compositions. For
example, thex = 0:2 sample can also be thought of as a combination of
equal amounts (50%) of ferrimagnetia = 0:3 and antiferromagneticx = 0:1
compounds. In this case, it is easy to see that the sample valbpear to have
half of the M (i.e. 20 g/f.u.) corresponding tox = 0:3 sample, which is in

better agreement with the experimentally observed value.
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As seen, the situation appear to be very complicated and moweork is re-
quired to establish the microscopic composition in this stam. Our data
on the local structure around magnetic and non-magnetic i@npresent in
SrnFeMo,W; 4Og , should help to clarify this situation. From a structural
point of view, this can be done by identifying the role of the arious atoms
in the MIT through possible changes in the local order arism crossing the
critical concentration.
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Chapter 3

Experimental

3.1 The GILDA station

All the measurements were performed on the General purpogalian beam
Line for Di raction and Absorption (GILDA) experimental st ation, which is
the Italian beamline at the European Synchrotron RadiatiorFacility (ESRF)in
Grenoble. The beamline, nanced by three Italian public resarch, CNR,
INFM, and INFN, was built to provide to the Italian scientic community
a third generation synchrotron radiation source of high bliance and inten-
sity. The design provides a high resolution (E=E 10 4) and high ux
(10*ph/s) source of x-ray in the 5-50 KeV energy range with a leséén one
square millimeter (Imm 100 m) spot size on the sample for experiments
of X-ray absorption (XAS) and X-ray diraction (XRD) [61]. T he X-ray
source is a 0.8 T bending magnet of the ESRF, which emissionesfrum is
reported in g. 3.1. Relevant features of the ESRF storage mg and the
GILDA beamline are reported in tables 3.1 and 3.2, respecély.

The beamline is constituted of four di erent lead shielded titches. The rst
hutch, allocates the optical elements: monochromator, niwrs, beam mon-

itors, lters, while the remaining hutches are dedicated tahe experimental
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Parameter Units Value
Electron Beam Energy GeV 6
Max. Electron current mA 200
Typical lifetime hours 40
Horizontal emittance 10 °mrad 4
Vertical emittance 10 ?mrad 30
Typical beam divergence at E rad 50
Brilliance at 10 Kev ph/s/mm ?/mrad 2/0.1%BW  10%°
Brilliance at 60 Kev ph/s/mm ?/mrad ?/0.1%BW  10'°

Table 3.1: ESRF main technical data.

Parameter Units Value
Bending magnet T 0.8
Source dimensions (H V) mm? 0:187 0:128
Source divergence (H V) rad? 115 5
Emitted power at the front end w 225
Power density at 25 m W/mm? 0.83
Beam dimensions at 25 m (H V) mm 90 3
Horizontal acceptance mrad 3.6
Spot size (H V) mm 21
Spectral range KeV 5-85
Energy resolution 10 4-10 °
Peak brilliance ph/s/mm 2/mrad 2/0.1%BW 7 101
Flux on the sample ph/s/mm?/mrad 2/0.1%BW 108 10%
Critical energy "¢ KeV 19.8

Table 3.2: GILDA station main technical data.
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Figure 3.1: X-ray emission from a typical ESRF bending magnet equal to tre one
installed on the GILDA beamline.

stations.

The rst experimental hutch is dedicated to absorption expements. Two
vacuum chambers are used for transmission and uorescencgeriments
and can allocate di erent sample environments, allowing @ temperatures
(down to 4.2 K) and high temperatures (up to 550K) measuremé&nwith the
possibility of in situ treatments of the sample. The same hutch also allocates
XAS experiments in total re ection mode (Re EXAFS).

In the second hutch a scattering apparatus based on a transfzg imaging
plate allow to perform time resolved powder di raction measrements with
medium resolution (FWHM 0:05°).

The third experimental hutch is dedicated to non standard gxeriments and
allocates an ultra high vacuum chamber (UHV). The beamlinesiisolated
from the storage ring by a beryllium window; the beam outcomqg the stor-
age ring is de ned in size and shape by a couple of vertical ambrizontal

slits located at the beginning of the hutch. The total power o the optical
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elements is reduced using suitable lters: carbon, alumiam, and copper
lamina of di erent thickness. All the optical elements expeed to the white
beam are water cooled, to avoid thermal deformation. A cyldrical mirror is

placed before the monochromator to collimate the divergingncoming beam
in a parallel one. It also serves to reject higher harmonic ewibution. A

second mirror, located after the monochromator, focusesdghbeam on the
sample in the vertical direction. Two di erent coatings, Ptand Pd, are de-
posited on the mirror's surface along two stripes parallebtthe path of the
beam. It is possible to move the mirrors horizontally in ordeto use one
of the two coatings, which harmonic rejection e ciency is eargy dependent

(9. 3.2). The incident angle of the mirrors is typically 3mrad.

Reflectivity

0 \ \ T -
1.510* 210* 2.5 10* 310* 3.510*

Energy (eV)

Figure 3.2: Pd and Pt re ectivity calculated at an incident angle of 3 mra d.

The optical system is designed to work in two di erent con guations: a low
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energy con guration (less than 30 KeV), which uses mirrorand a high en-
ergy one, without mirrors. In the latter con guration the energy resolution
depends mainly on the primary slits vertical width, which déermines the
divergence of the white beam entering the monochromator. this case, har-
monic rejection can be achieved by detuning the angle betwethe monochro-
mator crystals. This technique is based on the fact that haronics have a
smaller Darwin width than fundamental. *. In fact, in the case of scattering
perpendicular to the orbit plane (S-polarized wave) the Davin width ! ¢ of
a perfect crystal at a wavelength is given by:
2 re?

o= — iFraile M A
s SmZBVJthJe (3.1)

wherer, is the classical electron radius, V is the crystal unit cellolume, g

the Bragg angle,Fy the crystal factor that depends on the Miller indices
hkl and on the Bragg law 6in2 = ), and e M a factor that takes in account
the e ect of the thermal e ect. In this way a slightly misalignment of one
monochromator crystal with respect to the other, a little bi more than the
3rd harmonic rocking-curve width, do not reduce the fundanmtal but the
harmonic almost disappear.

A second couple of mirrors is used to reject harmonic contrbion at low
energy € 8 KeV).

Lntuitively, this can be understood recalling that the crystal acts as a diracting
grating and the resolution of such a device depends on the nuber of the diracting
elements. In Bragg condition, the beam path in the crystal islimited by the diraction
process, so the number of planes participating to the constrctive interference is limited.
This gives rise to the non zero width of the re ectivity curve (the, so called, rocking-
curve). The penetration length, called "extinction length", depends on the scattering
factors of the material: the higher the scattering factor the stronger the di usion of the
beam. In the case of the re ection of an harmonic the angle isdentical but the exchanged
momentum is much larger so the material scattering factor islower. This means a longer
extinction length, an higher number of diracting elements thus an enhanced resolution
of the "grating"
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The hearth of the optical system is the xed exit, sagittal f@ausing monochro-
mator constituted of two independent silicon crystals. Therst crystal is at
and water cooled while the second is cylindrically bendabl&i(111), Si(311)
and Si(511) crystals are used to cover the whole energy ran®@e 50 KeV)
with the required energy resolution. The angle of the rst cystal is nely
controlled by a rad precision piezoelectric actuator having an angular rge
of 100 rad. The angle is continuously adjusted by the means of an dogical
proportional, integral, derivative (PID) feedback systemwhich reads a beam
detector (ion chamber) after the monochromator and compasethe output
signal with a set-point level. The relative angle between th rst and second
crystal is changed by this system in order to keep xed the oput intensity.
To maintain the exit beam at a constant height, the second cstal moves
along the beam direction, as a function of the energy, by the eans of a
bent driven actuator. The second crystal is diamond shaped order to be

cylindrically bent for the horizontal (sagittal) focusingof the beam (g. 3.3).

Figure 3.3: Representation of the sagittal focusing.
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Energy resolution

The resolution of a monochromator depends both on the intrgic crystal
resolution (at its turn depending on the crystal and on the cbsen di racting
planes) and on the divergence of the incoming beam, ;,. In the case
of small source, being Ej, the intrinsic resolution, L the source to slits
distance and h the slits half-width, the resolution E=E, when working at

an angle g is given by:

q

_h
in — E (3-2)

This is true as long as the slits determine the beam divergesc Placing a
focusing mirror, with its focus in the source, behind the marchromator,
the diverging beam is converted in a parallel beam and the tslaperture
has no more in uence on the incoming divergence. This is truer ideal
components; in the real life the source dimension, the shaperors of the
mirrors and the bumps generated by the thermal load, limit te minimum

theoretical divergence of the beam after the mirror.

3.2 X-ray absorption apparatus

Fig. 3.4 shows the simplest detection scheme for XAS measuents: the
transmission mode. The X-ray ux impinging on the sample andhe trans-
mitted ux are directly measured using two ionization chamlers. The rst
chamber, placed before the sample, measures the incominguine(l ) and is
usually settled to absorb 20% of the beam. The second ionigat chamber
is placed downstream the sample and is usually settled up tdsorb 80%

of the transmitted photons (I ,); such percentages are chosen to enhance the

S/N ratio. In order to absorb the correct percentage, ionizeon chambers are
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Nitrogen cryostat

Sample
X-ray
beam
<4+
2nd ionization 1sr ionization Low energy
chamber Sample chamber chamber rejection mirrors

Figure 3.4: Sketch of the experimental hutch dedicated to absorption eperiments in
transmission and uorescence mode. Two vacuum chambers arimstalled in this hutch
and can be equipped with a nitrogen or helium cryostat. A ion diamber is placed before
the experimental chambers to measure the incoming beam wtél a second ion chamber,
placed after the vacuum chambers, serves to measure the owming beam.

lled with di erent gases (nitrogen, argon, krypton) at di erent pressures,
depending on the working energy.

Transmission measurements are fast and accurate if conaaté, su ciently
thin and homogeneous samples are available. If the samplesalbs too much
or the concentration of the absorber species is too low theeal to noise ratio
becomes low. In these cases it is more convenient to measuneirect phe-
nomena related with the photon absorption, such the uoresmce or electron

yields sketched in g. 3.5.

The photoionization process (g. 3.5) (a) leaves the atom ian excited state,
with a core hole that is suddenly lled by the transition of arother electron
from higher energy levels. Multiple de-excitation processan occur. A ra-
diative process, giving rise to the uorescence yield, oasuwhen an electron
falls from an higher energy state to the ionized one emitting photon ( u-
orescence photo, g. 3.5(b)). Alternatively, a non-radiave process, occurs
when the hole lling is accompanied by the emission of a faskeetron to bal-

ance the energy di erence (Auger electron); this second press ( g. 3.5(c))
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’Auger

A photoelectron electron

electron filling
fluorescence

photon the hole
hoton - P—
P ionized N ionized

L core level core level

N\

ionized
core level

C
C

a b c

Figure 3.5: Schematic view of (a) photoionization process, (b) the radative decay of the
core hole via a uorescenze photon and (c) the non-raidativedecay via an Auger electron.

gives rise to the electron yield. For light atoms the Auger eect is more prob-
able, while for heavy atoms uorescence emission becomesrentikely ( g.
3.6). The relative weight of the two processes is measuredtine uorescence

yield:

Xs

= > 3.3
S A (3.3)

Figure 3.6: Calculated Auger electron and X-ray yields per K vacancy as gunction of

atomic number (Siegahn et al.)

where X and Ag are the decay rate of emission of one uorescence photon
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or Auger electron.

Under de nite conditions, the decay rate of a uorescence/figer process,
being proportional to the number of hole created, results pportional to the
absorption coe cient of a particular species.

A more detailed discussion of the electron yield method (Tat Electron Yield,

TEY) will be given in the next chapter.

3.3 X-ray Absorption

Consider a monochromatic X-ray beam passing through a mata¥ of thick-
nessx:

Figure 3.7: Attenuation of an X-ray beam passing through a material of thicknessd.

the transmitted intensity is reduced with respect to the in@ent one accord-
ing to the equation:

| = lge X (3.4)

where , the linear absorption coe cient, depends on the photon errgy, the
density and the atomic species constituting the absorbing/stem. The gen-
eral trend of with energy is a decreasing one, interrupted only by abrupt

discontinuities that represent speci ¢ absorption edgesocresponding to the
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binding energies of deep electronic levels (Fig.(3.9)). Abrption edges cor-
responding to the extraction of an electron from the deepe$tvel (1s), are
those having the highest energy and are called K-edges. Iretfollowing table
we report, in order of decreasing energies, the names of thiges together

with the corresponding electronic core levels:

Edges: K L L, L; M
Levels: 1s 2s 2§, 2ps—, 3S

The energy of the absorption edges are characteristics obatic species and
increase with theZ number as shown in Fig.(3.8).

From eq.(3.4) one can express the absorption coe cient in tens of the beam
intensities before and after the sample as:

In Io: (3.5)

(1) = T

X |k

Figure 3.8: Binding energy at the K- and L3z-edge as a function of the atomic number
Z.

For a monoatomic substance, (! ) is correlated to the atomic absorption

cross section ,(! ) by:
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_ a(D)Na
0= —a

where N, stands for the Avogadro's number while and A are the mass

(3.6)

density and the atomic weight of the absorber respectively.
For a chemical compoundP,Qy::: the total absorption mass coe cient can
be expressed as:
! ! !
—= =X —= 'i‘/I—P+y M) ?/I—Q-H:: (3.7)
tot P Q
whereM is the molecular weight of the compoundA; are the atomic weights
of the constituent elements.
With increasing photon energy the absorption coe cient progressively de-
creases (Fig.(3.9)). For energies in the range 1-30 keV akaan absorption
edge the trend is generally well described by the empiricaidforeen relation:

£=C3 D ¢ (3.8)

where C and D are functions of the atomic numbelZ.
When an absorption edge occurs the absorption coe cient imease abruptly,
from a value iy , up to an higher value s,,. The dierence = sup

inf represents the absolute contribution to the absorption aesiated to the
excitation of a specic core level. The relative absorptiortan be expressed
as ( sup inf )= sup = 1 1=r wherer = g,,= i IS the so-calledjump
ratio.

3.4 X-Ray Absorption Fine Structure Spec-
troscopy

The term X-ray Absorption Fine Structure (XAFS) refers to oillations in

the absorption coe cient that occur above the absorption ede of a given
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Figure 3.9: Absorption coe cient evidencing the discontinuities associated to K -, L 1.5:3-
edges.

atomic species (g. 3.10). Such oscillations, rst obsergkin 1931 [19], can
extend up to 1000 eV above the edge, may have a magnitude of 106%4he
absorption jump (see Fig. 3.10) and are not present in the gasus phase.
According to di erent physical phenomena occurring and to derent theo-
retical interpretation schemes, an absorption spectrum issually divided into

three main regions (g. 3.10):

the pre-edge regionlimited to a few eV around the edge energyHy),
dominated by the e ects of transitions to localized electmic states,
multipole transitions; it is very sensible to the details ofthe atomic

potential;

the energy region near the edgea\gear-edge Region), extending up to
a few tens of eV above the edge. The ne structures (named XANE
X-ray Absorption Near Edge Structure) present in this regio are dom-
inated by multiple scattering processes of photoelectromsnitted with

low kinetic energy. XANES contain information on the electnic struc-
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Figure 3.10: Absorption K-edge of the Mo atom (E, = 20000 eV). Post-edge EXAFS
oscillations are evident compared to the smooth pre-edge ahfar post-edge atomic back-

ground.

ture of the investigated samples and on the geometric symmngtof the

absorbing site;

the energy region, starting from about 40-50 eV above the eglgs
named the Extended Region The ne structures features constitute
the EXAFS signal (Extended X-ray Absorption Fine Structurg and
contain information on the atomic local structure around tle absorber
atom. The interpretation of EXAFS is generally simpler and rach

more consolidated than that of XANES.

It took a long time to achieve a coherent physical explanatioof the EXAFS
structures. At the very beginning both a short range order thory [19], ac-



3.4. X-RAY ABSORPTION FINE STRUCTURE SPECTROSCOPY 85

cording to which oscillations were due to the modi cation othe nal state
wave function of the photoelectron caused by back scattegnfrom the sur-
rounding atoms (Fig. 3.11), and a long range order one [4], wh considered

the energy gaps at the Brillouin zone boundaries, were proged.

hn ® ®

Figure 3.11: Pictorial representation of the EXAFS phenomena: a photon vith energy
equal or greater to the core absorption edge hit the absorbeatom (left). The photoelec-
tron extracted from the inner shell is represented by a wavednction (center, solid circles).
The photoelectron is backscattered by the surrounding atons (right, dashed circles). The
incoming and outcoming wavefunctions give rise to construtive and destructive interfer-

ences, which turns out to modulate the absorption coe cient in the way shown in g.

3.10.

The long range order approach was shown to be in error, but g0 years af-
ter [85] the rst observation of the phenomenon; the long day was due to the
fact that, at the beginning, predictions made with the both teories didn't
match well the experimental data. The rst breakthrough ocarred in 1971,
when Sayers et al. [79] pointed out that a Fourier transformfoXAFS with

respect to the photoelectron wave number should peak at dasices related
to the atomic neighbors of the absorber. This discovery diesed the possi-
bility to extract from the XAFS structural information, lik e bond distances
and coordination numbers. It also clari ed the short range wer origin of

the e ect, since the transform revealed only the rst few shiés of neighbor
atoms. The second breakthrough was the availability of Syhootron Radi-

ation Sources, that delivered X-ray intensities orders of agnitude greater
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than rotating anodes, and reduced the time for acquiring a sgtrum on a
concentrated sample from one week to the order of minutes. Wadays it
is established that a single scattering short range order ¢ory is adequate
under most circumstances, if we exclude the energy range iradiately above
the edge (up to about 30 eV). In this range, which is referrecbtas XANES
region (acronym for X-ray Absorption Near Edge Spectroscgp the energy
of the photoelectron is very small (its wavelength being cgparable with the

interatomic distances), while its mean free path is quite gh (some tenths
of A); as a consequence the probability for the photoelectrortbe scattered
from more than one atom in the surroundings of the absorber greases.
XAFS, with the use of state of art analysis tools, provides flormation on

the local structure around the absorber which is energetilta selected; by
using this technique it is possible to measure the bond lergt distribution

and to determine the number of neighbors of the absorber. lrome par-
ticular case, XAFS permits also to identify unknown neighbs and/or to

measure the relative number of di erent neighbors in a mixedhell and to
estimate the structural disorder of the lattice with respetcto a model that

takes into account both the not distorted theoretical lattce and the phonon
behavior. It can provide information on the bond angles androthe geometry
of the photoabsorber site, by studying multiple scatteringand exploiting the
polarization dependence. As a result, XAFS has become a vemportant

investigation technique in di erent scienti ¢ elds, such as physics, material
science, chemistry, biology and biophysics; the local claater of the probe
made it complementary to X-Ray Di raction, which provides m the contrary

information on the long range order.

3.4.1 Standard EXAFS formula

The linear absorption coe cient represents the reduction in the energy

density u carried by the electromagnetic eld, due to the interactionwith
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the material. It can be also expressed as :

1du

(1= T (3.9
where
n E2 n !2A2
u= 220 = 20 (3.10)

and A, is the amplitude of the vector potential associated to the ettric eld,
whose maximum amplitude i€y and " is the dielectric constant of vacuum.
(! ) depends on the atomic density of the sample and on the probability
of transition Wy, for the photoabsorber from the initial statej ; > to the
di erent possible nal statesj ¢ >, corresponding to possible di erent core

holes or multiple excitations:

2h X
0: 0 f

In order to calculate the probability of transition W , the time dependent
perturbation theory is exploited, which permits to expand m series the in-
teraction potential between the atom and the electromagnit eld, and to
use the only rst term of the series if the interaction is weak The transition

probability is in this way determined by the Fermi's golden ule:

Wi = T< M > 1 (E) 312)
where (E¢) is the nal density of states andH, is the interaction Hamilto-
nian operator for photoelectric absorbtion which, at the st order, can be
written as :

H o= ih2 Ak ) (3.13)

m
wherej labels the electrons inside the atom ar!mlj their linear momentum.
By using equations 3.12 and 3.13, we nd the probability of &nsition for the
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photoelectric absorption of photons belonging to a monoalmatic, polarized
and collimate beam:
he?. . R .
Wi = FJAOJZ< i edér, b'rjj ¢ >j% (Ef) (3.14)
j
|
N and k are the polarization unity vector and the electric eld vecor
(k =2 = ). If we use the rst order term of the series expansion for the
exponential, we obtain the transition probability in the dipole approximation
|
(valid for jK r;j2  1):

e . X .
JAgii< ij brjj ¢ >j% (Er) (3.15)

Wi = 2 |

If we substitute the momentum with the position operator :

et X .
Wit = cSlAdT < 1] b k] ¢ >]7 (Er) (3.16)
m j
In the dipole approximation the following selection rules r@ valid for the

angular momentum:

l= 1; s=0; j= 1,00 m=0 (3.17)

If the transition involves only one electron, the rst rule implies that, in case
of symmetrys (i.e. | = 0) for the initial state, the nal state has p symmetry
(i,e. 1 =1). This is the case of all the edges (K) investigated in thishesis
work. In order to calculate the transition probability of equation 3.16 and
hence the absorption coe cient, it would be necessary to kmothe nal state

] ¢+ > (the initial state is simply the fundamental state of the absrbing

atom). This is a priori di cult, since the nal state involve s all the electrons
in the atom and, furthermore, it is perturbed by the local enironment of
the absorber. An approximation used to simplify the situatn is the single

electron one, based on the fact that a large fractiong (! ) of the absorption
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coe cient is due to transitions where only one electron modes its state and

the othersN 1 just relax their orbitals to accomplish the new potential
created by the presence of a core hole. The remaining fractiof is due to

inelastic transitions, where the excitation of the primarycore electron takes
to the excitation of more external electrons, which can ocpy higher energy
states (Shake upprocess) or leave the absorber atonsliake o process);
the photon energy is in this case shared by all these excitekb@rons. The

absorption coe cient, following this approximation, can be written as :
M)= a®)+ ana(') (3.18)

a1 < Njolrj N>z (3.19)

where N ! is the Slater representation for the wave functions of passi
electrons while ,! r and" are the wave function, position vector and nal
energy of the active electron. If the photoelectron has suiently high kinetic
energy, it takes such a short time in leaving the absorber atothat its motion
is not a ected by the slower relaxation of the passive eleains [41]. In this
case, we can separate the contribution of the active and pasaselectrons in

the initial and nal wave functions (sudden approximatiof):

a(l)1 SE< ity o> () (3.20)

where;

S=i< M >

SZ represents the overlap integral of the passive electrons weafunctions in
the initial and nal states. The sudden approximation, whit reduces the
calculation of the nal state to the nal state for the photoelectron only, is

rigorous starting from some tenth of eV above the edge. In geral S varies
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between 0.7 and 1, and can be experimentally determined by aseiring a
standard compound with local environment similar to that ofthe sample
under investigation, as has been done during this work wherogsible. If
there is no relaxation of theN 1 electrons, i.e. ifS3 = 1; (') in
equation 3.20 has to be equal to(! ) of equation 3.18: this means thaiS3
measures the fraction of absorption due to the only elasticansitions.

The XAFS function is de ned as:

[ (E)  o(E)]

(E) = (3.21)
0

where (E) is the smooth atomic background absorption, which can berst

ulated by a spline, and ¢ is the jJump in the absorption coe cient at the
edge. Since in the Extended-XAFS region (EXAFS) (startingrbm about 30
eV above the edge) the nal density of states varies slowly dnrmonotonically
with energy, the oscillations contained in (E) come only from the matrix
element. Di erent derivations for the single scattering XAS formula have
been proposed (see for example ref. [41]); they normally uséviu n Tin
approximation for the atomic potential, i.e. radial insidea sphere surround-
ing each atom and constant between the atoms. Even if this appximation
is quite crude, it works well in the EXAFS region, where the lgh energetic
photoelectron is essentially scattered by the inner part dhe potential and
moves almost freely in the interstitial region [68]; the hily energy makes it
less sensitive to the potential details. If spherical photectron wave func-

tions are employed, the single Sé:attering XAFS formula, asfanction of the

photoelectron wave numbek = 2m(E  Eg)=h?, is:

X N . .

(k)= 3S5(k) k—RJ_Zij(k;R)J sin(KR; +2 (k) + (ki R;))
J J

e X fe Ri=ik(p R))? (3.22)

The sum is performed ovejj -di erent atomic shells which contain eachN;
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identical neighbors; in case of mixed shells, linear comhitions have to be
used. R; is the vector which links the absorber to thg -neighbors,jf; (k; R;)]

is the modulus of the backscattering function of the atoms ithe shell j,
while jf; (k; R;)j is its phase; in the spherical wave-approach they depend on
R;. c(K) is the phase shift of the photoelectron wave induced by thesotral
atom, this phase shift is counted twice ( rst while the photelectron leaves
the atom and second when it come back after been scatteredrfrahe neigh-
bors). e % ¥ is the Debye-Waller factor which measures the broadening of
the distagces distribution, ? being the mean square uctuation of the bond
lengths ( (R; R;)?). If the distribution of the distances is gaussian t{ar-
monic approximation), j2 can be expressed in terms of vibrational normal
modes using the Debye's or Einstein's models [82].

i (k) measures the mean distance covered by the photoelectrorfdye losing
coherence with its initial state; it causes a damping in the XFS amplitude
since only photoelectrons which do not lose coherence withet initial state
give a contribution to the signal. The relative lifetime is = = , where
is the speed of the photoelectron; the lifetime can be writteas the sum of

two contributions :

+

1 1
—= = (3.23)
h

1
e
The rst is related to the core hole life time and diminishes wh increas-

ing atomic numbers, since the number of possible nal statéacreases; this
term is energy-independent. The second contribution is dked to the pho-

toelectron and is due to inelastic interaction with electros of the absorber
neighbors; this term is energy-dependent.

The product b R; between the polarization and position unitary vectors
takes into account the fact that the photoelectron is prefantially ejected in

the direction of the eld. For isotropic samples as polycryalline powders,

amorphous materials, or single crystals with a cubic symmmst this product
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can be substituted by the angular average 1/3 . As far as the pltoelectron
is su ciently energetic and interacts only with the inner orbitals, we can
consider the scattering centers as point-like and negledte curvature of the
spherical wave. As a consequence, the scattering process ba treated in
the simpler plane-wave formalism, the complex backscatiag amplitude can

be expanded in series of partial waves and does not dependRynany more:

N P | -
f(k; )= 7 ( 1) (21+1) €'sin | (3.24)
t=0

| are the phase shifts of the partial waves.
In the isotropic and small atom approximation the single scattering XAFS

formula becomes:

_ PR |\ o .
(0= 3K iy ifj(KiR) Sin@kR; +2 o)+ (KR)))
j J

e 2 fe Ri=il0 (325)

For non Gaussian distances distributions, the XAFS formulaan be writ-
ten in series of cumulantsCy; the odd cumulants determine the phase of
the signal, while the even ones determine the amplitude. Irhis case the

contribution to XAFS of the j-th atomic shell is:

2
(0= 2N (G iexpCo K°C,+ 2KiC, ) (3.26)

In the formulation of equation 3.26, relative to theharmonic approximation
S¢ can be determined by measuring a standard compoungf, (k; )j and
2 ¢(k) + (k) can be either calculatedab initio or extracted from standard
compounds with similar local environment; ; (k) can be also estimated. As
a consequence three quantities remain unknown and can be etetined by
tting the experimental data: the number of atoms for each shll N; , the

distancesR; and the Debye-Waller factors. Di erent approaches to the st
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principles calculation of amplitudes and phases, and di ent tting proce-

dures were proposed in order to extract structural informabn.

3.4.2 The Debye-Waller factor

The Debye-Waller factor is one of the relevant physical quéties that can

be obtained from an EXAFS analysis. Since the physical meaug of such a
guantity is not trivial, while it returns very important str uctural information,

it will be discussed more in detail in this paragraph.

The Debye-Waller factor measures the superposition of the@rmal vibration

of the lattice (the phonons) and of the structural disorder if present). Since
it appear in the standard EXAFS formula as a negative exponéal, it con-

tributes to dump the EXAFS signal. It depends on two linked peaameters:
the temperature and the atom displacement from their equibrium position.

Figure 3.12: Relation between the instantaneous distancer and the thermal displace-

ments to € tj

|
The equilibrium distancéR; is continuously modi ed by the displacement of
the absorber and the back scatterer atorhg, and u;, respectively (see g.
3.12), its instantaneous value being:
=Rty (3.27)

which modulus can be expressed as:
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l=
Yt (8 to)’
R, R?

r=jRj+4 t=R 1+2R, (3.28)

The relative displacement, tp = t to, can be separated in its component
parallel and perpendicular to the direction of the interatonic bond. The

parallel component is:

u=R (4 o) (3.29)

while, the square of the perpendicular component is:

2= 0 w@=(y w)? [} (8 w) (3.30)

Performing a series expansion on the last equation and neglag higher
order terms, the instantaneous distance can be expressed as
h u3i
r =R + U+ ' 3.31
] j k 2Rj ( )
In the case of harmonic lattices, in which the distances hagegaussian distri-

bution centered on the equilibrium distance, it can be showthat h uZi = 0.
Hence, the average value of the distance distribution is:
. h u3i
brii = R + - 3.32
J J ZRJ ( )
The Mean Square Relative Displacement of the distance digiution can

be derived from the expression of the instantaneous distamc The largely

predominant term is the rst one in series expansion, usugllindicated as
2.

P=h Zi=HR (to )i (3.33)

Expanding the square, the MSRD can be expressed as a sum okthterms:
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2= HR; #4)4+hR; W) 2nR #)R )i (3.34)

The rst two terms represent the Mean Square Displacement ahdepends in
the amplitude of the displacement of the back scatterer andf the absorber,
respectively. The last term is the Displacement Correlatio Function and
depends on the correlation of the motion of the two atoms. Ctary to

EXAFS, diraction, which is sensitive only to the long rangeorder, is not
a ected by the correlation of nearest atoms, but only by the MBD. In Bravais
lattices, 2 can be expressed in terms of normal vibration modes. De niray
density of modes (! ) we obtain:

7 !

Z= 21 O!'—! i () coth % (3.35)
where is the reduced mass for a absorber-back scatterer coupleghe fre-
guency of the modes and = 1=kT. Since in a EXAFS analysis one is
usually interested in estimate the evolution of the structtal disorder with
the temperature (for example, while crossing a transition gint), it become
necessary to nd a way to decouple the usual lattice phonon havior from an
eventual structural disorder contribution to . The usual phonon behavior
as a function of the temperature can be approximated using ¢hsimple Ein-
stein or Debye models modi ed for the EXAFS case [Beni-Platzann]. The
structural disorder contribution can be estimated by compason with the

phonon behavior or considering the latter as a background toe subtracted.

3.4.3 Data analysis
Extraction of the EXAFS signal

The procedure of EXAFS analysis, leading from the raw expemnental data
to the structural parameters determination, is complex angresents several

tricky aspects. To extract the information from the absorpton spectrum it
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is necessary to follow steps dictated by theory but also by arge experience.

XAFS data analysis usually follows three steps:

rst the XAFS function is extracted from equation 3.21;

then an evaluation of the backscattering amplitudes and pls& shifts is

done using lattice models and dedicated codes;

nally a t of the data, varying some of the structural parameters, to

the model equation 3.25 is performed.

The aim of the rst step is to isolate the EXAFS oscillations n the K -space
in order either to directly t them using the standard equation (3.25) or to
Fourier transform in the real spaceR and to perform the t in this space.
It is otherwise possible to back Fourier transform the datad the K -space
in order to lter out all other frequencies except the ones iduded in the
chosen transformation window. The analysis software expied to obtain
backscattering amplitudes and phase shift was the FEFF8 ceddeveloped
at the University of Washington, Seattle [3], while for the somic background
removal an home made FORTRAN code has been used. This progranst
performs a pre-edge background removal using a linear fuiwt (g. 3.13
(a)); in this procedure most of the energy dependence of thésorption,
other than that from the absorption edge of interest, is rema@d. Then the
program carries out a normalization to the edge step (whichao be manu-
ally imposed) and, nally, it performs a post-edge backgraud removal ( g.
3.13 (b)). The last procedure consists in subtracting from(E) a smoothly
varying background function o(E) by the means of a series of polynomial
splines, which approximate the absorption from the isolatkembedded atom,
obtaining in this way (E), the EXAFS signal (g. 3.13 (c)). Fourier trans-
form and back-transform of the EXAFS signal are illustratedn g. (g. 3.13

(d)) and (e)). The program permits to adjust a large variety & parameters
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such as the the number of polynomial spline used to simulatdé atomic
background, their degree, the position of the knots (the pois in which the
splines connect), the value of the edge step and the way thestrspline passes
through the edge. The splines and their rst two derivativesare required to
be continuous at the knots and one degree of freedom is asated to each
knot; the background function is not required to pass throug the experi-
mental curve at the knots. Since the spline substraction fro the data is a
quite arbitrary procedure this is the most tricky step, the me in which errors
that can invalidate the results can occur. This step requigea large degree

of experience and can be really dubbed to betaal&error procedure.
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Figure 3.13:
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Theoretical amplitude and phase backscattering functions

After background removal, all the atomic clusters which areseful for simu-
lating EXAFS and single and multiple scattering signals argenerated using
the FEFF code [3]. Using the code ATOMS simulates from the IHEFIT

package [66], we can generate a cluster centered on the absa atom from
the knowledge of lattice parameters and spatial groups. Ambaic positions
are read by the FEFF code, which perform amb initio modeling of the ab-
sorption cross section and of the theoretical amplitude andackscattering

functions.

Minimization

The theoretical amplitudes and phases generated by FEFF aseiccessively

exploited to construct a model function:

model (K) = * (k ; Amp(k) ; P hasgk); P ath parameters) (3.36)
path

which is tted to the data. An home made external FORTRAN routine has
been written to exploit one of the most tested and reliable mimization pro-
grams, the MINUIT code from CERN libraries [1]. This programs conceived
as atool to nd the minimum value of a multi-parameter function and analyze
the shape of the function around the minimum. It is possiblea choose be-
tween various minimization routines (MIGRAD, MINIMIZE, SCAN, SEEK,
SIMPLEX) and minimization strategies which helps to achies a best t.
MIGRAD is considered the best minimizer routine for nearly k functions.
Its main weakness is that it depends heavily on knowledge dfd rst deriva-
tives, and fails if they are very inaccurate. SCAN is not inteded to minimize
and just scan the model function one parameter at a time retaing the best

value after each scan. SEEK is a Monte Carlo based routine. NBPLEX
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is a multidimensional minimization routine which does not se rst deriva-
tives overriding problems eventually encountered runninlIGRAD but is
slower and does not give reliable information about paramets errors and
correlation and cannot be expected to converge accuratelg the minimum
in a nite time. MINIMIZE simply calls SIMPLEX when MIGRAD fa ils and
then calls MIGRAD again. A useful characteristic of MINUIT is the possi-
bility to set limits on the allowed values for a given paramedr which help
to prevent the parameter from taking on unphysical values. Breover, the
external routine gives the possibility to set up links betwen the parameters.
This is very useful to reduce the correlations when physicabnstraints be-
tween two or more parameters are known. As it will be shown, it method
has been widely used in this work. For example, when re nindhé spectra of
the doped compounds studied in this thesis work, two di erdratomic species
can simultaneously occur at the same lattice site with di eent probability
but with the overall constraint that the sum of the weight returns unity.
Both the experimental and theoretical signals ar& -weighted, apodizated
with a Gaussian window and eventually Fourier Itered in theR-space and
back Fourier transformed; nally, a non-linear least squa¥ routine is ex-
ploited to nd the best set of variables which minimizes the 2 statistic
for the dierence between the experimental and theoreticasignals in the
K -space. The minimization is performed in the&K -space and the EXAFS

function is parameterized as follow:

X Ai(k) .
K (Koeo= Ni 5320 SinakR+ () + 30 )
i i
" #
4
exp [2k* 2+40 ] exp 2k k+ K (3.37)

where the 3th and 4th cumulants, which are used in the case adm-Gaussian

distribution, are de ned as:



3.4. X-RAY ABSORPTION FINE STRUCTURE SPECTROSCOPY 101

3th —

cumulant

k® c3

4th

cumulant

WINWI A

k4 C4-|2

c3 and ¢4 are free parameters in the t.Aj(k) and (k) are the theoretical
amplitude and phase backscattering functions calculated/d~EFF. The last
exponential takes into account corrections to the photoet&ron life-time (
and ) calculated by FEFF that can be then chosen to be a ttable quatity.
The structural free parameters for each path are the path lgth (R), the
coordination number (N) and the Debye-Waller factor ( ?) and the third
and the fourth cumulants (in the case of asymmetric distribtions), while,
the threshold energy shift E) and an overall amplitude factor which includes
SZ are common to all paths.

We can choice to perform the minimization either directly inthe K -space
or in the back Fourier transformedK -space (usually dubbedj-space). Since
the Fourier transform introduces numerical inaccuraciesnostly due to the
limited range of the spectra which requires mathematical &facts (as the
signal windowing), when possible, i.e. when it is possible reproduce well
the main features of the experimental signal using few coittutions, | have
chosen to perform the minimization in the untransformed -space avoiding
the any Fourier transformation. This choice has a further achntage since
the number of independent points, corresponding to the maxum number
of free parameter allowed, results much higher. In thK -space the number

of independent points is calculated as:

Nind = Npoints ~ Nparam (3.38)

where Nyoints IS the number of experimental points of the extracted EXAFS

signal andNpaam the number of free parameters in the minimization. From
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information theory ideas [114] we have that the number of irpendent points

for a t performed in the back transformed g-space is:

2 R k
Ning =

(3.39)

where R and k are the K- and R-range of useful data. Data having an
high signal to noise ratio can extend above 28 ! in the K -space. Usually
the maximum value forK is around 18A !. Considering equation 3.39 the
number of parameters that can be left free in the minimizatio procedure is
usually around 10. Since each path enters three or more freargmeters in
the t (the path distance R, the path multiplicity ( N) and the Debye-Waller
( ?)), for ts including more than the rst coordination shell, it become nec-
essary to reduce the free parameters by xing or by imposingonstraints
between the parameters. This is necessary also considerihgt parameters
like the coordination number andSZ are strongly correlated between each
other and with the Debye-Waller ( ?). Another set of correlated parame-
ters are the energy shiftE, the path distancesR;. Finally, all parameters
have a certain degree of correlation due to constructive oestructive inter-
ferences which occurs when summing the sinusoidal contrilmns from each
path having di erent frequencies. These interferences tento modulate the
amplitude of the EXAFS oscillations resulting in a link betveen the two set
of parameters listed above, which are otherwise uncorredat.

When possible,S? is determined measuring a standard compound and kept
xed during the t. A global E, variable is used to adjust the experimental
energy mesh to the theoretical one. The coordination numbés kept xed
whenever the number of near-neighbors is known. Cumulanteyond the
second are used only in case of strong disorder or asymmetrand distances

distribution.



3.4. X-RAY ABSORPTION FINE STRUCTURE SPECTROSCOPY 103
Errors

Parameter errors are calculated exploiting MINUIT dedicatd routines and
following suggestions of the International XAFS Society - t&ndards and
Criteria Committee (IXS - SCC), which proposes the followig model as a
starting point for any error assessment:

P N - -
D i M 2
iz ] ata.2 odel;j (3.40)

( )P=w

W is a dimensionless factor described below, angd is the measurement
uncertainty for the i-th data point. This equation applies to both non-k-
weighted data and k-weighted data, provided the data, modelnd errors
are weighted in the same manner. The functional 3.40 is anglaus, but is
not identical, to the standard statistical 2 function. The following essential
points should be borne in mind:

The points Data; and Model; may be represented in E, k, or R-space.
In each case the measurement uncertainty should be calculated and

normalized accordingly, as discussed below.

For E-space (raw data) ts, W may be taken as 1. In this case, trinsic
limitations on the number of adjustable parameters becomepparent
through analysis of the covariance matrix. Imab initio tting it should
be stressed that these intrinsic limits are the same as in knd r-
space tting, whether Fourier Itered or not. The energy range for
the t determines a Kk, and the number of shells included in the t
determines a R, which together limit the number of parameters that
can be determined.

For R-space tsW = Nj,q =N, whereN is the number of complex data
points contained within the range of the t.
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For back transformed k- and R-space tsW = Nj,g=N, and N;nd is

approximately given by 3.39, rounded o to the nearest integr.

The r.m.s. measurement error:

X

2= | 2=N (3.41)
may be used in Eq. 3.40 instead of the individual;, as in the case of
the code used in this work.

If 2 is dened as in Eq. 3.40, a t can be considered acceptable
when 2 , where = Nijng  Npaam is the number of degrees of
freedom in the t.

It is necessary to de ne a normalization factor for eq. 3.40,e. the value
de ned in eq. 3.41 representing the statistical error. The Muit error on
a parameter is de ned as the change of parameter which wouldquuce a
change of the function value equal to the normalization faot. This factor

can be obtained in various ways, the most common of which begin

Subtracting a smoothed function k) from the background-subtracted
experimental (k) data. The statistical component of the error may
then be calculated for each point as:

istatistical = (k) |O(k) (3.42)

The average statistical error should be estimated from them.s. value
of 3.41 over data segments with similar statistical weighte.g., over
segments with a constant integration time. The smoothed dat Yk)
may be obtained either by smoothing with a low-order polynoral, or
with low-pass Fourier ltering.



3.4. X-RAY ABSORPTION FINE STRUCTURE SPECTROSCOPY 105

From the r.m.s amplitude of the R-space transform in a regiodevoid of
structural features. If the statistical noise is truly white, the amplitude
of its spectrum in R-space can be adequately approximated bysingle
number, r, which is related to the rms. noise amplitude in k-space,
k, by Parseval's theorem:

V

_ ﬁ (2w +1)

k= R
2w+1 2w+1
K (kmax kmin

(3.43)

Here R is the r.m.s. noise amplitude in thek-weighted R-space spec-
trum,  is the r.m.s. noise amplitude in the unweighteck-space
spectrum, w is the k-weight of the transform, the transform range
IS [Kmin ; Kmax], @and k is the spacing of the points in k-space. The
above formula assumes that an Fast Fourier Transform (FFT) ith
equidistant k-space points is used, and the forward and badkans-
forms are normalized by k= and rT, respectively, which is a
common XAFS convention. It should be noted that it is not posble

to estimate the error point-by-point, as in Eq. 3.42.

The external routine written for MINUIT estimates the statistical error using
this second method.
Con dence limits for the t parameters are estimated from Eq 3.40 using

the covariance matrixC generated by MINUIT:

X @ 2
2 2
%= mn T i petd
X% min i @i@j | ai
where ; and j represents the variation of the parameters; and ;

corresponding to a 2 con dential level of x% (set to 95% in our work). Fig.
3.14 shows the 2 constant curves obtained using the command CONTOUR.
From the analysis of the curves it is possible to estimate therrors on the

two parameters considered, including the e ect of the corlation.
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eV

eV

Figure 3.14: 2 constant curves for the highly correlated parameters Eq (energy shift)

and Ryn o (rst shell distance) obtained by using the command CONTOUR under MI-

NUIT. From the analysis of the curves it is possible to estimde the errors as shown in the
gure.

This matrix, also called error matrix, is the inverse of the scond derivative
matrix of the 2 function with respect to its free parameters, usually assueal
to be evaluated at the best parameter values (the function mimum). The
diagonal elements of the error matrix are the squares of thedividual param-
eter errors, including the e ects of correlations with the ther parameters.
The inverse of the error matrix, the second derivative matx, has as diag-

onal elements the second partial derivatives with respecbtone parameter
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at a time. These diagonal elements are not therefore coupléal any other
parameters, but when the matrix is inverted, the diagonal elments of the
inverse contain contributions from all the elements of theegond derivative
matrix, which is where the correlations come from. Althougla parameter
may be either positively or negatively correlated with andter, the e ect of
correlations is always to increase the errors on the other @aneters in the
sense that if a given free parameter suddenly became exadtlyown ( xed),
that would always decrease (or at least not change) the ersoon the other
parameters.
Information theory shows that for a good t 2 , being the number
of free parameters in the minimization ( = Ning  Nparams ), Or equivalently
2 1,where 2isdenedas 2= (reduced 2). Systematic errors,
which are introduced both during acquisition and analysisfaEXAFS data,
arise from a large number of sources. Some of the more commonrses
of acquisition-related systematic errors include sampl@homogeneities, ra-
diation damage, thickness and particle size e ects, insuent suppression
of higher harmonics in the monochromatized photon beam, dsttor non-
linearity, glitches (both monochromator and sample-relad), and improper
sample alignment. Analysis-related errors include: systetic modi cations
of the amplitude of the EXAFS oscillations caused by impropepre-edge
background subtraction and/or normalization to unit step keight; imperfect
references (both experimental and ab initio); improper detmination of S2
and/or improper energy-dependent normalization whemb initio references
are used; and technical errors during pre-processing of ttata. While some
types of systematic error may be eliminated through good datacquisition
and analysis practices (e.g., harmonics, alignment, samegbreparation), oth-
ers are often unavoidable (e.g., imperfect standards, cait types of glitches,
inadequate energy-dependent normalization). A clear distction needs to be

made between identi able and well-characterized source$ $ystematic error,
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such as thickness e ects, self-absorption e ects, energgiependent normal-
ization, and inadequate structural models, and poorly undstood systematic
errors, such as those listed in the previous paragraph. Therfer sources
of error are calculable, must be corrected for, and should nbe included in

the estimate for . For these reasons determining the t quality is not easy,
especially when the contribution of systematic e ects to th total error is sig-
ni cant, e.g., when 2 . For example, it is not clear how to distinguish
ts that are truly bad (in the sense of inadequate models) frm those simply
dominated by systematic errors. These two situations may bd erentiated

to some extent by examining an R-factor, de ned as:

Py . .
i'“:lJPDatai Modelijz%

R? =100 - -
N | jData;j?

(3.44)

As long as the signal-to-noise ratio%=N) of the data is good, the R-factor
of adequate ts can be expected to be not more than a few perd¢enThe
analysis code utilized in this thesis provides botiiR? and S=N, where the

latter being de ned as:

(3.45)



Chapter 4

Total Electron Yield

4.1 Introduction

Electron-yield XAS is the non-radiative analog of X-ray uaescence XAS
and provides similar information. However electron-yields inherently sur-
face sensitive since the electrons, because of their shoreéan free path in
solids, can only escape from the near-surface region of tl@mple. For this
reason this technique has become an established method farface XAS

investigations.

4.2 Formation of the TEY signal

Mass absorption of X-ray photons is dominated by photoemiss of elec-
trons which leave an atom with a core vacancy. The photoinded core hole
is unstable and decays in a cascade of inner and outer she#irtsitions until
the photoexcited atom attains charge neutrality. Taking Kedge absorption
as an example, the rst decay step lIs the primary K-shell veancy with an
L-shell electron, This step can occur either by radiationes transition (KLL

Auger process) or via emission of a uorescent photon, the taprocesses be-

109
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ing in competition. The relative probabilities of radiative and non-radiative
transitions of the single core hole vary with the atomic numér and their
values have been tabulated (see g. 3.6 chapt 3). The KLL Augerocess
produces a double L-shell vacancy, while the uorescent tngition simply
moves the single core hole into the L-shell; L-shell holesrized during the K-
shell neutralization undergo similar decay mechanism asetK-holes, but the
relevant transitions involve the M-shell electrons (if preent) and have much
reduced uorescence probabilities. The decay of the vacaes in higher shells
proceeds likewise, provided that these shells are occupiethe initial shell
vacancy, thus, passes (and multiplies in the case of radiatiless transition)
from inner to outer shells. Charge neutrality is nally resbred by hole- lling
in the outermost atomic shell (which is, in the case of the cactor, the
valence band) by an external supply of electrons. Unfortutaly, a quantita-
tive analysis of the cascade of core transitions is made diudt by the fact
that the transition rates for the decay of the multiple core lbles formed in
the KLL and LMM processes are not completely understood. Thghysical
principles underlying the formation and decay of multiple are vacancies are
still the object of active research.

The TEY technique involves the measure of the electrons ongting from
the various radiationless transitions. The KLL Auger eleacbns are the most
energetic, while LMM, MVV and other Auger electrons, comindgrom higher
shells, have energies which are approximately one (LMM), sMMVV) and
more (higher shells) orders of magnitude lower. In additiothere is also the
contribution due to primary photoelectrons, whose energwizero at the edge

step, but linearly increasing with X-ray energy*.

1This contribution gives the linearly increasing backgrourd a ecting TEY spectra
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Absorpion of X-ray photon of
energy E by K-shell event (E > E,)
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Figure 4.1: Relationships among relevant processes in TEY current prodction for K-
shell absorption. ax . and aimm are the probabilities for radiationless decay of K and
L-holes. K =K is the emission rate ratio for the K-shell uorescence probaility ! ¢ =
1 ak. andn indicates the number of KLL, LMM Auger electrons and photoelectrons.
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The emitted ux of these primary photoelectrons is vanishigly small near
the absorption edge, because of their low kinetic energy. iost experimen-
tal situations, the primary photoelectron contributions to the TEY become
visible only at energies well above the edge, where the phetectron energy
becomes comparable to that of the Auger electron contribwns. In con-
trast, the emitted ux from the KLL Auger channel is always substantial

because these energetic electrons can travel a compardsiveng distance to
the surface before their excess kinetic energy is thermaliz Kinetic energy
and penetration range of lower-energy Auger electrons (LMNWVV, etc) are

signi cantly smaller than for KLL ones so that, in bulk sampks, the depth
information carried by the TEY is mostly determined by the KLL emission.
A more surface-sensitive contribution to the Auger yield deito LMM elec-

trons is usually non-negligible. This contribution is paricularly pronounced
when the thickness of the sample is of the same order as the LMMnetra-
tion range; in this case, the LMM ux can become comparable @ven larger
than the KLL signal.

The signal measured in a TEY experiment represents all eleehs which

escape from the sample surface. An always present fractiohtbe emitted

electrons is not due to the Auger and photoelectrons geneeat in the ini-

tial X-ray absorption event, but to electrons arising from melastic scattering
processes of primary electrons in the sample specimen. Therage energy
of these "true" secondary electrons is very low<( 40 eV), with the peak of
the spectrum typically centered around a few eV and charaaieed by a half
width which is rarely larger than 20 eV. Because of their lownergy content,

most of these secondary electrons escape only from a shallegion below the
surface, whose thickness is typically less than 1@0 The rate of secondary
electron production is primarily dependent on the probabity of inelastic

scattering events, so that the magnitude of the secondaryeekron fraction

depends critically on the number energetic electrons whighass through the
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near-surface region from which the secondary electron cascape. Accord-
ingly, the depth information contained in the secondary yie is determined

by the more energetic electrons escaping from the sample.

4.2.1 Probing depth and gas ampli cation

The contribution of secondary electron to TEY signal, that $ the electrons
generated by elastic and inelastic collision in the samplendgt to be con-
fused with higher shells, LMM, MVV..., Auger electrons) hadeen over-
stated [23] in the past. More recently, in an very complete wk, Schroeder
[81] demonstrated that TEY is dominated by Auger electronsat least for
absorption edges in the energy above several KeV. Previoust was also
assumed that TEY detection in gas-phase may enhance the agé sensi-
tivity. This method is commonly used to enhance the TEY signathrough
charge-multiplication in the gas-phase. This assumption ag based on the
consideration that Auger electrons emerging from the sanmghwith high en-
ergies have undergone fewer inelastic scattering eventsraj their trajectory
and hence should have originated closer to the surface thaedvily scat-
tered, lower-energy Auger electrons. But, if TEY were domated by the
low-energy secondary electrons, then gas e ects should begiigible because
most of the electrons would not be able to a ord any charge mtiplication
via electron/ion pair formation. Following the assumptionthat TEY sig-
nal is mainly formed of Auger electrons, Schroeder concludjeby means of
experimental evidences, that gas- ow detection can actuglbe lesssurface
sensitive than vacuum experiments, contrary to earlier poictions [84, 60].
The range of subsurface sensitivity for TEY has been estimed to be 1000
A from measurements at the Cu K-edge, less than 700-108Gor GaAs and
390A for Al ,0O3 (Al K-edge). KLL Auger electrons with energies in the range
3-5 KeV originate no more than 100A from the surface. LMM electrons

carrying one tenth of the KLL energies have a penetration dép of less than
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100 A. Schroeder has modeled the TEY signal in vacuum and in gas gde

as

TEY =ik + itmm + lIsec (4.1)
A TEY = Akt Tk + Atuv Tiwm + lsec (4.2)

respectively. WhereA is the total ampli cation factor in gas-phase, Ax..
andA um are the partial ampli cation for the KLL and LMM yields and igec
is the secondary electron yield. The latter contribution ismainly produced
by inelastic interaction of the lower energy LMM cascade baase of the high
cross sections for energy losses at kinetic energies beloel. Because of
their very low energy & 60 eV), MVV and is. does not undergo signi cant
ampli cation in gas phase. Since LMM and s electrons originate closer to
the surface with respect to KLL ones, this model shows how vaem detec-
tion enhance the surface sensitivity of TEY.

A con rmation of the above discussion comes from experimeniperformed
in this thesis on manganites thin Ims. It has been noted thatthe quality
of the spectra of the thinnest samples (125 and 5%) could be improved by
lowering the detector-gas pressure. This result is expedtérom the above
considerations, since gas phase charge-multiplication time detector weights
the TEY signal linearly with electron kinetic energy. Nevetheless, for very
thin samples, the majority of KLL electrons originate in thesubstrate. LMM
electrons, on the contrary, originate in the near-surfacesgion (i.e. from the
thin Im), thus carrying the information we are interested to.

In their work, Erbil et al. [23] reported a simple empirical elationship to es-
timate approximately the e ective penetration range R;) of electrons which

energies lie in the interval 1-10 KeV:

1 1:4
R, 100G~ (4.3)
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whereR, is in A, E in KeV and is the material's density in g/cn?.

4.3 Detector

4.3.1 Basic principles

In the contest of my Ph.D. thesis | designed, built and tested TEY detector
to exploit this technique on the GILDA beamline. The fundamatal goals of
the design were:

Improved signal to noise ratio by charge-multiplication pocess in gas
phase.

Ability to measure at low temperature (down to 4.2 K)

Possibility to smear-out Bragg peaks that could a ect TEY sgnal in
the case of crystalline substrate of the sample.

A TEY detector is essentially constituted of a ion chamber wh an inter-
nal photoemitting sample. The detection of the energetic ettrons involves
the ionization of the gas atoms or molecules in the ion chambeia impact
ionization events. Each ionizing collision between an emgatic electron and
a gas particle produces a positively charged ion and a freedlon. Both
particles, due to their opposite charges, attract one anoén. In an electric
eld of enough strength, recombination is prevented by acteration in op-
posite direction along the electric eld lines. The energyequired to create
such an electron/ion pair has been measured for a wide vagedf gases. An
important result of these studies is the observation that th pair formation
energy is, for most gases, almost independent of the incidetectron energy.
Furthermore, energy loss necessary for a pair formation ves little between

gases; typical values are 3015 eV. The average electron/ion pair formation
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loss in He gas, which is the one generally chosen, due to ite/lX-ray ab-
sorption cross section, is E(He) =42:3 eV.

Depending on the magnitude of the applied voltage, ionizath chambers can
be operated in several regimes.

In the highest voltage region (several KeV), the so-called éger-Muller re-
gion, very high electric eld strengths result in intense aceleration of the
emitted electrons. Saturated discharge pulses are formeg the detected
signal electrons.

The lower-voltage region includes the proportional and theurrent mode
regimes. The proportional region is similar to the Geiger-Mler region in
that, eld acceleration allows the formation of additionalcharges via impact
ionization of the collision partners. However, the intengr of each charge
pulse is proportional to the number of charges which would b®rmed by
each electron in the absence of an electric eld. Increasitige eld strength
in the detector increases the measured pulse height signal.

The current regime is the one we have used in this work and a8 at voltage
between 60 V and 200 V; below the threshold at which any addunal charge,
due to eld-induced pair formation, can be formed. For voltges lower than
40 V a non linear response of the detector occurs, due to theeakron-ion
recombination process. The important property of this regne is that the
signal strength is independent of the detector voltage, anany gas ampli -
cation of the TEY signal, relative to vacuum detection, mustriginate from
the excess kinetic energy carried by electrons from the sal@pln this sense,
the signal ampli cation factor is a measure of the kinetic eergy content of
the TEY.

4.3.2 Design

The design of a TEY detector which ful lls the requirements &ated above

has been challenging from a technical point of view. The majali culties
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came from the little dimension of the sample chamber of the Heryostat
available on the GILDA beamline, which has a diameter of onl$ cm; this
resulted in constraints like the size of the components, wdhi must be very
little and hence di cult and t together. Another important issue was due to
the cryostat. In such cryostat, liquid helium is released dectly in the sample
chamber through a Joule-Thomson valve; this method resulia very stable
temperatures and in a rst stage, it seemed convenient to usite helium
gas, which serves to cool down the sample, also for the chargeltiplication
process. Test runs performed using this setup returned goaality spec-
tra at high temperatures but very noisy ones at low-temperafre spectra.
This noise was due to rapid changes of the gas density due tcetforma-
tion of a liquid helium phase at the bottom of the sample chandr. To
avoid this problem we built a cylindric shaped box capable t@ontain the
sample, the electrode and the helium gas, together with tha-i and out-let
gas lines and electrical connection. In these way, the hatuused for the
charge-multiplication process is separated from the cryias helium circuit.
This system has the further advantage of performing an e ciet electrostatic
shielding for the sample-collector system (since the cytinc box is metallic)
and to give the possibility to choose a custom pressure fordhhelium gas
inside the box, di erent from that of the cryostat. As we will see, the gas
pressure is a key parameter that can be adjusted in order tolaeve good
quality spectra.

The detector itself is very simple (g. 4.3). A polarized eletrode is placed
at a suitable distance from the sample and serves to accelerand collect
the electrons emitted from the sample. According to the workf Schroeder
[81], the electrode was placed at 10 mm from the sample sudacin fact,
as demonstrated by continuous slowing-down approximatio(CSDA) cal-
culations, this distance should be su cient for energetic Ager electrons to

dissipate their kinetic energy so to take part in the chargeaultiplication pro-
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cess. Such calculations are performed for helium gas at 1 aémd for Auger
electrons in the range below 10 KeV (such range covers all KIAuger elec-
trons energies in the periodic system up to Br). For heavieteaments or lower
pressures, larger sample-collector distances or heaviatettor gases are re-
quired. The collector is made of 200 m of pure Al (99.99%, Goodfellow in
order to avoid excitation of edges other than that under invatgation.

To avoid noise induced by any electrical instrument conneetl to electric
network (50Hz noise), the polarization of the electrode isgoformed by the
means of a set of eight 9 V commercial batteries giving a totabltage of 72
V. This value is chosen well below the proportional regime binigh enough
to avoid recombination e ects, which become important belw 40 V. A cri-
terium to optimize the voltage is to detect the voltage at whih the TEY
current from the samples saturates. The use of higher voltag is useless and
enhance spurious electron detection.

In the present setup the TEY signal passes through the battgrpack. Since
the batteries can superimpose a constant or drifting voltagto the TEY sig-
nal, in the future we will polarize negatively the sample. Asignal cables, we
used an AXON coaxial cable (diameter 1mm) designed for lowrtgeratures;
to avoid multiple ground points, the shielding of the cables connected to
the sample, which is isolated from sample holder. A battergowered OX-
FORD oating ampli er, detached from the main electric network (typical
ampli cation 1019), is connected to a voltage-to-frequency converter (VFC)
and then to a CAEN counter card, which is connected to the acggition
computer.

The whole instrument (detector + sample holder, g. 4.2) is a80 cm long
steel rod at which end is mounted the detector itself (samptelectrode).
The stick is long enough to insure that when the sample at itsdge is at
the lowest temperature (4.2 K) the upper part is at room tempeture. The

void inside the stick is used as a gas line to re Il of helium aio empty the
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sample chamber. It also accommodates the electric cablesthre signal, the
electrode polarization and for the diode to measures the tgrarature. This
diode is placed as closer as possible to the sample in ordemteasure the
e ective sample temperature. The cylindric box which contas the gas is
made of aluminum to insure thermal exchange with the coolingelium of the
cryostat. Two windows permits the incident X-ray beam to hitthe sample
and to pass through (if the sample is transparent to X-rays)ni order to per-
form simultaneous transmission measurements. Windows arede of 20 m
thick aluminated Mylar, which is less permeable than Kaptorio helium gas.
An aluminium layer is evaporated on the windows in order to avd their

electrostatic charging and insure the continuity of the elgrostatic shielding.
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Figure 4.2: Detail of the TEY detector.

An important feature of the detector is the possibility to osillate the sam-
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ple during the measurements. This is useful to reduce inten®ragg peaks
coming for example from the substrate in very thin Ims. Sine these peaks
occurs when the Bragg conditionr{ = 2sin ) is ful lled, the basic idea is
to keep this condition valid for the shortest time possible yorapidly varying
Since each energy point is time integrated, the Bragg peak smeared
out. Hence we needed a fast as possible motion of the sampleusud the
incoming X-ray beam. On the other hand, the amplitude of thisnovement
can be very small. From the relation = = cot , for an oscillation

reducing the Bragg intensity to 102 of its original value we get:

100 10 * = cot

and hence:
10 “rad

10 4 being the typical energy resolution of the X-ray beam.

A prototype mechanism have been built using a miniaturizedlectric engine
which rotates the sample continuously around the beam. Anyay, due to the
little size of the cryostat chamber and to the heat producedybthe electric
engine it was impossible to cool the sample using such a systeNevertheless
this simple mechanism demonstrated the possibility of pasilly or totally
removing the Bragg peaks. Several di erent solution have ba considered
to reproduce a similar movement inside the cryostat at low taperatures.
Finally we decided to move the entire sample holder from itspper part,
i.e. from outside the cryostat. The movement is no more a ratian but a
oscillation of amplitude of about ve degrees around the Xay beam (which is
orthogonal to the sample surface). The period of the oscitian is adjustable,
its minimum being around 100 ms. Since typical integrationie are of 5 s,
it is ensured that a large number of oscillations occur for eha energy point
measured. Further, this solution has the advantages that loes not perturb

the signal, since the engine that produce the movement is fanough from
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the sample ( 100 cm). Moreover, it permitted the use of simple Viton
gaskets to keep the cryostat chamber sealed, since the moegnis mounted
on the part of the cryostat that remain at room temperature. Fnally it did
not require space inside the very little sample chamber.
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attuators

Gas/
vacuum
line

\

Gas line

/V

| Indium/ polarized |
Viton &~ collector
O-ring
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Mylar
windows

/ Profile Front

<— X-rays

Figure 4.3: Picture of the sample holder and detector system.
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4.3.3 Characterization

Test measures have been performed in order to characterizeetdetector. A
standard thin and thick copper foil has been used to study thamplitude
reduction factors which is a characteristic of the TEY signa A manganese
foil was then used to quantify this reduction at the Mn K-edgan order to

correctly analyze manganite thin Im samples studied in ths thesis.

Copper foils

Figure 4.4 show the raw TEY signal obtained from a 5m thick copper foil,
together with its spectrum, simultaneously recorded in trasmission mode,
and a TEY spectrum of a 1 mm thick copper foil. The comparisondiween
the thick and thin foils has been performed to con rm the hypthesis of Erbil
[23] that predicts a reduction of the amplitude of the TEY sigal for thin
samples. Figures 4.5 and 4.6 show the comparison between #xtracted
EXAFS signal and their Fourier transformation for the threecases. It can be
noted the expected reduction of the amplitude of the signallThis reduction
can be quanti ed to be around 30% for the thin foil and around 2% for the
thick one. The signal to noise ratio is lower for the TEY signlaas expected)
but of the same order of magnitude.

Figure 4.7 show a comparison between the room temperaturedatne 150 K
spectra of the thin copper foil. As can be noted, the qualityfdhe two spectra
is very similar indicating that the detector does not changets properties
with the temperature. Nevertheless, it is worth to note thatit is crucial to
maintain the same helium gas pressure for every measuremestherwise the
e ciency of the detector changes. Obviously, while changimthe temperature
in a closed box the pressure changes. Actually, the parametbat must be
conserved is the number of gas molecules, i.e. the box mustwell sealed.
To maintain the system sealed at very low temperature, an indm gasket

have been added to the Viton one.
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Figure 4.4: Comparison among absorption and TEY raw spectra of a thin coper foil,

simultaneously acquired and a TEY raw spectra of a thick copgr foil.

Table 4.3.3 reports the extracted structural parameters ém a rst shell
analysis. As can be seen, the parameters are very similar egtcfor the many
body loss factor §2) that, in this case, includes the expected reduction of
the TEY signal amplitude [81]. Another di erence can be foud in the value
of the Debye-Waller factor for the low temperature spectrawhich results

lower, as expected from lower thermal damping.



124 CHAPTER 4. TOTAL ELECTRON YIELD

\ absorption
‘H‘ """ TEY thick foil
I — — TEY thin foil

0.6

k*c(k)

k (A

Figure 4.5: Comparison among the extracted EXAFS oscillation of the spetra reported
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Figure 4.6: Comparison among the Fourier transformations of the specta of a thin and
a thick copper foil measured by absorption and TEY techniques
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Figure 4.7: Comparison between the EXAFS oscillations of the 300 K and 16 K spectra
of a thin copper foil. It can be noted the lower Debye-Waller factor for the 150 K EXAFS

signal.

TK) S5 R(A) (A%

Absorption 300 0.9(1) 2.536(9) 0.007(1)
TEY thick foil 300 0.7(1) 2.53(1) 0.007(1)
TEY thin foil 300 0.6(1) 2.53(1) 0.007(1)
TEY thin foil 150 0.6(1) 2.53(1) 0.005(1)

Table 4.1: Fitted values of the copper samples measured by TEY and absgtion. The
value of the S? factor con rms the expected reduction of the amplitude of the TEY signal

with respect the absorption one.
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Manganese foil

A 4 m thick manganese foil has been measured using TEY and transsion
simultaneously to measure the reduction of the signal amplide. Unexpect-
edly, as can be seen from g. 4.8, the transmission and TEY sgea are very

di erent.
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Figure 4.8: Comparison between simultaneously acquired absorption ah TEY spectra

of a Mn foil.

The transmission spectrum is clearly a spectrum of bulk maagese. Di er-
ently, TEY spectrum shows a large white-line typical of oxid compounds.
This assumption is supported by ts performed on the two spé@. Trans-
mission spectrum can be easily tted using the only metalliananganese
backscattering theoretical functions. The value of the Mn @arest neighbor
distance corresponds to the Mn-Mn bond value. On the other hd, TEY

spectrum can be tted only using an admixture of manganese wmles.
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Figure 4.9: EXAFS oscillation extracted from the Mn-foil absorption and TEY spectra
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The nearest neighbor is clearly found to be oxygen, at a distee much lower
than that of the Mn-Mn bond, as can be seen by eye from the Foeri trans-
form of the EXAFS oscillations (g. 4.10). Thus, an unknown hickness
oxidized Mn layer covers the Mn foil used for the test.

This result evidences the probing depth dependence of the YHechnique.

Manganite thin Ims

The study of manganites thin Ims motivated the realization of the TEY
detector; in particular we studied Na doped manganites thiims of thickness
ranging from 50 to 750A, grown on a 1 mm SrTiQ; substrate. Due to
the small thickness, the signal coming from the manganite nh is very low
compared to the strong signal of the substrate; in such casesorescence
yield is usually a suitable detection scheme. Nevertheless this particular
case there were two major problems. First: the uorescencmé of the Mn
K-edge we want to investigate is near to the intense uoresnee line of the
Ti present in the substrate (g. 4.11). A solid state uores@nce detector
has limited count rates and was unable to measure the stronggsal from
the Ti uorescence together with the very low Mn signal. Furher, due to
the low Mn uorescence ( 100 counts/s) it was useless to introduce lters
which reduce the Ti signal. Second: strong Bragg peaks fromet substrate
prevented the use of the uorescence technique. On the otheand, due
to its limited probing depth, TEY retrieved less intense Brgg peaks; To
further reduce Bragg peaks the sample was oscillating, assdabed in the
previous paragraph. The e ciency of the oscillation in remeing Bragg peaks
can be judged by comparing the raw TEY spectra reported in gre 4.12.
These spectra have been recorded at 10 K, on the same sodiunpetb 750
A manganite thin Im, in the case of oscillation switched o (upper gure)
and on (lower gure).
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Figure 4.11: Fluorescence peaks of a Lgg7Nag.13sMnO3 750 A thin Im deposited on a
SrTiO 3 substrate measured at 6.6 KeV, above the Mn k-edge (6.5 KeV)The uorescence
of the Srat 14 KeV can be noted in the case no harmonic rejection mirrors present.
This derives from the contribute of the third harmonic harmonic at 19.8 KeV (using 311
Si monochromator crystals) which excites the Sr K-edge at 14 KeV.
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Figure 4.12: Comparison between the raw TEY spectra of a La.g7Nag;13MnO3 750 A
thin Im acquired at 10K without (upper panel) and with (lowe r panel) the Bragg peaks
removal system. The e ectiveness of the removal system canéjudged from the gure.
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Figure 4.13: EXAFS oscillations extracted from the spectra reported in gure 4.12. Itis
evident the e ect of the Bragg peaks, present in the spectra aquired without the removal
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Figure 4.14: Fourier transformation of the EXAFS signal reported in the upper gure
in the case of removal mechanism switched on.
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From gure 4.12 it is evident the e ciency of the system in renoving Bragg
peaks. As can be seen in g. 4.13, in the case of oscillationi®ed o,
intense Bragg peaks prevented the spectra from being anagiz On the
contrary, when the oscillation mechanism is switched on, #se peaks are
reduced below the noise level. A vestige of Bragg peaks ardl giresent at
higher values of the wave vector K¥ 12 A 1), where the amplitude of the
signal become smaller, preventing the analysis of the spectabove K= 12
Al

4.3.4 Conclusions

In this thesis work | designed, developed and tested a TEY deattor capable
to measure at low temperatures and to smear-out parasitic Bgg peaks. The
comparison between the test measurements and the data in thigerature,
demonstrate the goodness of the instrument. Neverthelessore work has
to be done to optimize the system and characterize the detect It is cru-
cial to have a good knowledge on the behavior of the system upall the
possible adjustable parameters. In particular it is impodnt to achieve a
better knowledge of the ampli cation factor in gas phase wit respect to the
vacuum acquisition mode. Other important issues are the sty of the opti-
mal pressure as a function of the sample and the dependencehaf current
intensity on the geometry of the detector and the sample-dettor distance.
Another issue to investigate is the e ciency of the Bragg reraval mechanism

system on other samples.



Chapter 5

Thin Ims

5.1 Introduction

As discussed in the rst chapter, perovskites based on traii®n-metal oxides
show a large number of properties related to the competingteractions be-
tween charge, spin and lattice. This versatility allows to dsign heterostruc-
tures with very promising technological properties. Amondhese, the best
known are probably tunnel junctions based on half metallic anganites such
as La-3Sr-3MnO3; (LSMO) [44, 89] and La-3Ca;-3Mn0O3; [32] (LCMO), but
spinvalves structures [58] or spin injectors [20] have albeen fabricated. The
improvement in controlled heterostructures and multilayes is a necessary
stage for the realization of many devices and circuits. Thinm methods of-
fer a powerful and versatile technique for growing new straaes. This is due
to strain e ects that can stabilize structures which do not &ist under classi-
cal conditions of pressure and temperature. In bulk, the plsycal properties
of these materials depend on the overlap between the mangseeal orbitals
and oxygen p orbitals, which are closely related to the Mn-®n bond angle
and the Mn-O distance. As the unit cell of the thin Im is modi ed with re-

spect to that of the bulk material, the Mn-O distances and Mn©-Mn angles

133
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are altered, inducing variations in the electronic properés. Since it has been
shown that in the bulk material a slight variation of the Mn-O bond length
or bond angle drastically modi es the physical propertiesit is of prime im-
portance to carry out a microstructural characterization éthe Ims, trying
to understand how such microscopical characteristic are irences by growth
parameters.

One thing is to study the thickness dependence of the magnetectronic
properties of Ims grown on di erent substrates as a functia of Im thick-
ness,t. Two major features are usually observed. First, the resisity in-
creases when is reduced. It has also been found that whehis lower than
a critical value, LSMO and LCMO Ims are insulating in the whde temper-
ature range [92, 10]. These observations have been intetpeas due to the
presence of an insulating dead layer, i.e. an interfaciala€tion layer between
the substrate and the manganite Im [86, 28]. This is often ammpanied by
a decrease of the magnetic moment and magnetically dead leg/dave also
been detected recently [63, 8, 95, 94, 11]. However, the fzaitpresence of a
dead layer has been questioned in LCMO Ims [95]. The thickisses of these
dead layers are usually of the order of tens & and varies with the nature
of the substrate. Second, several publications have repedt a reduction of
the Curie point, T., and of the metal-insulator transition temperature, Ty, ,
in LSMO and LCMO Ims with respect to bulk values, whent decreases.
This is the case of Ims with a gradually relaxed structure btialso of fully
strained Ims, which is an indication that strain cannot be the only factor
responsible for the reduction off; in very thin Ims. Evidence of multiple
phase separation into ferromagnetic-metallic, ferromagtic-insulating, and
non-ferromagnetic-insulating regions, has been found [7]The nucleation
of non-metallic regions appears to be related to a modi cain of the carrier
density in the metallic phase which causes the Curie tempéuae to decrease

for thinner Ims. The change in the e ective doping value indiced by phase
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separation can be considered as one of the possible factesponsible for the
thickness dependence df. in manganite thin Ims. The other factors are the
substrate-induced strain and disorder, which is discussed the next para-
graph, and orbital degeneracy e ects, such as the Jahn-Tetl e ect, always
present when dealing with trivalent manganese ions.

5.1.1 Substrate-induced e ects: strain and disorder

Thin Ims deposited onto di erent substrates are usually a ected by anisotropic
strains, which are due to the epitaxial grown of the Ims on shistrates having
di erent lattice parameters, an e ect called: lattice mismatch. For exam-
ple, it has been reported that in ultrathin Ims (< 60 A) of LCMO grown
on SrTiOz (STO), the crystal structure is di erent from the bulk [92] and
the strain induced by the substrate leads to disorder e ects The lattice
mismatch between the Im and the substrate can be evaluatedsing the for-
mulas =100 (as ar)=aS(whereas and ar respectively refer to the lattice
parameters of the substrate and of the Im). For example, La xNa,MnO;
Ims are under tensile stress when epitaxially grown on STQubstrate. That
is, there is a decrease of the lattice parameters in the grdwtlirection and an
expansion in the plane. Same Ims are under compressive sseon LaAlO;
(LAO): decrease of the lattice parameter in the plane and egmsion out of
the plane. For a tensiled Im, the out-of-plane and in-plangparameters, re-
spectively gradually increase and decrease as a functiortlué Im thickness,
as shown in g. 5.1 [64]. Further, lattice mismatch in uencs not only the
parameters of the Im but also the texture (or epitaxy), i.e. the in-plane
alignments.

A surprising e ect of lattice mismatch is related to the orietation of the
Ims, especially those that crystallize in an orthorhombicperovskite cell.
This was rst seen for YMnQOs; [72] which is (010) oriented on STO, but
(101) oriented on NdGaQ or LAO. This dependence on the orientation with
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Figure 5.1: The schematic structure of a Im grown under tensile stress m STO (right
panel) and compressive stress on LAO (left panel). Note the@mpression or the elongation
of the out-of-plane parameter, depending on the nature of tle stress.

respect to the substrate is explained by the lattice mismalcwhich should
favor one particular orientation.

From XRD measurements, many groups have reported the presenof two
regimes of strain relaxation: one highly strained regimeptated close to
substrate and having constant thickness and another, quastlaxed, in the
upper part of the Im, which increases with Im thickness. These two distinct
thickness ranges behave di erently with respect to the thkness dependence
of the magnetotransport properties [90]; contrary to the ber one, the up-
per range (> 200A) is weakly thickness dependent. Nevertheless, It is not
exactly clear where the interface is located or even if it ests in every Im.
As proposed in [9], structural disorder at interface couldregse from the coex-
istence of di erent atomic terminations at the surface of tle substrate at the
beginning of the growth. Indeed, it has been reported that comercial STO
substrates generally present two types of terminations, nzely SrO or TiO,
[36]. In this case, it is expected that the manganite grows thi (La,Ca)O
planes on top of TiQ terminations and MnO, planes on SrO terminations.

The existence of these two possible environments for the Monis at the in-
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terface, could promote electron localization in highly disrted sites (MnO;

/SrO type) as well as the coexistence of a spreading of Mn-Ostinces and
Mn-O-Mn angles. This would certainly induce a substantial dorder in the
magnetic interactions (double and super-exchange) in a femagnetic homo-
geneous system and can lead to the nucleation of antiferrogretic regions

within the model of Moreo et al. [51].

In order to obtain more information on fundamental issues sh as the thick-
ness dependence of the Curie temperature and the origin arthcacterization
of dead layers, we have performed a systematic study of theidkness de-
pendence of the microstructural and magnetotransport pragties of Ims of
optimal doped La «Na,MnO3 (x = 0:13) deposited on SrTiQ with thick-
ness in the range 5\ t 750A. Aim of this work is to investigate the
local structural environment of Mn by means of X-ray Absorgbn (XAS)
techniques, as a function of the thickness of the manganitaykr, to get an
insight into the actual presence and nature of the dead layeiThe choice of
Na doped material is due to the fact that the disorder inducedby doping
is expected to be small, both because the amount of doping ialVed, as
two holes per doping atom are created for charge compensatipt7], and
because the close similarity in the ionic radii for 12-foldoordinated Na
and La®* (1.39 and 1.36A, respectively) [83]. Since, the structure of these
materials is expected to be more ordered than Ca-doped mamgas with
the same hole content, we should be able to detect smaller waions in the

local environment of Mn.

5.2 Sample preparation

All the samples were prepared by the group of professor P. @hia at the de-

partment of chemical physics of the University of Pavia. Poder La; xNa,MnO3
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samples withx = 0:13 (corresponding to optimized CMR response) were syn-
thesized by solid state reaction starting from high purity Aldrich > 99:99%)
stoichiometric amounts of LaO3, Mn,0O3 and N&CO;. Pellets were prepared
from the thoroughly mixed powders and allowed to react at 1B/ for a total
time of at least 90 h in air.

Thin Ims of the La o.g7Nag.13MnO3; materials were deposited onto SrTi@
(STO) (100) single crystals (Mateck) by an o axis radio fregency (RF)
magnetron sputtering system (RIAL vacuum); the gas in the ciimber was
an argon/oxygen mixture (ratio 12:1). This gas compositionwas chosen be-
cause in previous investigation it have been observed thate formation of
Ims with the same stoichiometry, with respect to the targetmaterial, can
be properly accomplished in an oxygen-poor gas environmdd6]. The total
pressure in the sputtering chamber was 410 © bar and the RF power was
kept at 145 W. The substrate temperature, measured with a Kype thermo-
couple located under the substrate, was set at 708CThe Im thickness was
monitored by means of an internal quartz microbalance and ecisely de ned
by X-ray re ectivity (XRR) measurements. Four Ims have been deposited,

with thickness equal to 750, 250, 125 and 58, respectively.

5.3 Sample characterization

X-ray powder diraction (XRD) measurements and electron mgro-probe
analysis (EMPA) inspections were performed to check the amgcal and
phase purity of the obtained materials. XRD patterns were ajpired on
a Philips 1710 di ractometer equipped with a Cu anode, adjuable diver-
gence slit, graphite monochromator on the di racted beam ahproportional
detector. The lattice constants were determined by minimiag the weighted
squared di erence between calculated and experiment&); values, where

Qi = 4sin®2 = 2 and weight= 1=sin’2 ;. Instrumental aberrations were
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considered by inserting additional terms into the linear last square- tting
model.

EMPA measurements were carried out using a ARL SEMQ scannirglec-
tron microscope, performing at least 10 measurements in @rent regions of
each sample. According to EMPA and XRPD, the above synthetiprocedure
gave single phase materials; in addition, for each compasit the prepared
materials were found to be homogeneous in the chemical comjpion, in fair
agreement with the nominal one.

Magnetization measurements were performed in the 2300 K temperature
range with an applied magnetic eldH = 100 Gauss, after a zero- eld cool-
ing (ZFC) process and during a eld cooling (FC) process, by eans of the
standard sample extraction technique using a supercondung quantum in-
terference device (SQUID) dc magnetometer, with the sampparallel to the

applied magnetic eld.

1.8x106
1.6x106 | FC
1.4x106 |
1.2x106 ¢
1.0x10° ¢
800.0x1® ¢
600.0x1 +
400.0x1E +
200.0x1@ ¢
0.0 ZFC

-200.0x1@

m (emu)

0 50 100 150 200 250 300 35C
T (K)

Figure 5.2: Magnetization of the 50A thick La; yNayMnOgz Im ( x = 0:13).

Fig. 5.2 reports the magnetic susceptibility measurementsr the 50A Im.
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The magnetic response suggests a spin glass behavior.

Direct current (DC) resistance measurements were perforehan the four
probe geometry by means of an Amel 55 galvanostat, a Keithl&80 nano-
voltmeter and a Leybold ROK cryostat. Fig. 5.3 shows the resiance plots
for the 125, 250 and 75&\ Ims. For these three Ims; a quite sharp tran-
sition from insulating to metallic behavior is found near rom temperature.
For the 750 A thick Im an additional feature is evident near 150 K. On
the contrary, the 50 A thick Im was found to be fully insulating at room
temperature, with a resistance of about 0. therefore, for this Im it was
not possible to carry out any resistance measurement as a @ion of T. At
least for the Ims grown onto STO (100) substrates, it is theefore possible
to infer the presence of an insulating dead layer, the thiclass of which is no
less than 50A.

1000+ 750 A

0 50 100 150 200 250 30
T(K)

Figure 5.3: Resistance plots of the 750, 250 and 125 La; xNayMnOgz Ims.

An atomic force microscopy (AFM) characterization was pedrmed on all

the prepared Ims. For all of them, a general and common mormiogy was
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observed; in particular, it can be shown that the Ims are mad of small

grains with average dimension lower than 20 nm.

5.4 X-ray absorption measurements

The X-ray absorption ne structure (XAFS) spectra have beerrecorded on
the GILDA (BMO08) beamline at the European Synchrotron Radifion Source
(ESRF) in Grenoble (France) by means of the Total Electron ¥&ld (TEY)

technique. All the spectra have been recorded performingengy scans in the
range including the Mn K-edge (6539 eV) with the monochromat equipped
with Si 311 crystals. A prototype TEY dedicated sample holdge which

exploits same ideas of the more sophisticated TEY detectorescribed in

chapter four, have been used (g. 5.4.

Rotating holder
Sample
Aluminum < |:|
|_| plate | Detail
Electric [ ] L\N ) EGj\
engine | uminum g
2 u4 Collector ™~

| _—¥ sample

plate

Insulating

Rotatine
holders

holder

Profile

Coaxial cables

Figure 5.4: Schematic picture of the prototype TEY detector.

This prototype was unable to work at low temperatures; for tis reason all
the measurements were performed at room temperature. The g@d pho-
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toelectrons were collected by a 100n pure aluminium (99.99%, Goodfellow)
plate, polarized at 72 V and mounted at about 10 mm from the saphe sur-
face by means of plexiglass bearings. The experimental cheen was lled
with He at 1 atm. In addition, the sample was continuously tuned around
the incoming beam direction, by the means of an electric emg, to smear-
out strong Bragg peaks coming from the crystal substrate. Aotnparison
between spectra collected with and without this Bragg peakemoval appa-
ratus can be found in the previous chapter, which con rmed th goodness
of this system. The rst ionization chamber, dedicated to tle monitoring
of the incident beam, was lled with 500 mbar of nitrogen gasa achieve a
80% beam transmission and a stable feedback. The currentoeged by this

chamber () was used to normalize the data in the following way:

where represents the absorption coe cient,x the e ective sample thick-
ness (corresponding, in the case of TEY, to the e ective el@gon penetration
depth), I, the photoelectron current from the sample and, the incident
beam current. 1, and |, signals were connected to Keithley ampli ers and
the ampli cation factors were typically 10'° and 1, respectively. Typical
| current was of about hundreds of pA at an incident beam inteity corre-
spondingto 1.5 1C° ph/s. The ampli ers were connected to a multi-channel
voltage-to-frequency (VFC) module and then to a multi-chanel counter card
(CAEN) and nally recorded on the acquisition computer. Hidher harmonic
contributions were removed by using a couple of silver coateejection mir-
rors (cut-o energy: 8KeV) which dumped the incident beam intensity
by a factor 3.

Up to ten absorption spectra have been recorded for each Intickness and
then interpolated and averaged. The rotating holder succded in removing

strong Bragg peaks up tck = 11 A ! while, above this value, residual peaks
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are still present, even if not visible from the raw data, and gevented the
extraction of the EXAFS signal above this value ok. The series of spectra

reported in g. 5.5 gives an idea of the degree of reprodudiity of the data.
3.910° - |

3.64 10°

3.3810* -

3.1210*

absorption (counts/I0)

2.8610° ©

6500 6600 6700 6800 6900 7000 7100
Energy (eV)

Figure 5.5: Sequential TEY spectra of the 250A thick sample.

To carry out the X-ray absorption near edge structure (XANE$ analysis, we
processed the spectra by subtracting the smooth pre-edgeckground, which
was tted with a straight line. Each spectrum was then normaked to unit
absorption at 1000 eV above the edge, where the extended Xri@bsorption
ne structure (EXAFS) oscillations are no more visible. Thepre-edge region
of the Mn-K edge is a ected by a vestige of the EXAFS of the La-l; edge.
However, it can be shown that the La oscillations have a too ath amplitude
and are too slowly varying with energy to a ect the analysis bthe Mn-K
edge XANES [13]. The procedure described in chapter three svased to
analyze the EXAFS data. The distances were assumed to folldBaussian
distributions, so that only the Gaussian part of the Debye-\ller factor was
modeled.
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Figure 5.6: EXAFS signals as a function of the sample thickness.
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Figure 5.7: Fourier transform of the EXAFS signals reported in gure 5.6
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5.5 Data analysis

The Fourier transforms of the EXAFS signal reported in g. 56 show evident
peaks up to 6A corresponding to contributions originating from coordim@-
tion shells up to the sixth; this indicates the Im having a high degree of
crystallinity.
A quantitative analysis of the spectra was achieved using FHE8 package
[3]. Theoretical amplitude and phase functions were cal@aikd for a cluster
centered on the Mn absorber atom and extending up toA&. The cluster was
built with the ATOMS code [66], using a rhombohedraR  3c structure and
lattice parameters obtained from XRD re nements. The modespectrum of
the cluster was tted to the experimental EXAFS signal usingthe MINUIT
minimization code from the CERN laboratories [1]. During tle minimization
process, the many body loss factoiS3, and the experimental energy shift,
E, were xed in order to reduce correlations and errors betwadree param-
eters; the same was done for the coordination numbers. Sucblipy is also
good to evidence eventual di erence or trends of the structal parameters
from one sample to another. Therefore, each path is minimizausing only
two free parameters: the bond distanceR, and the Debye-Waller factor, 2.
According to the Shannon theorem, the maximum number of ingendent

parameters for spectra ranging in the k-interval 2 11 A 1is:

Ning =2 KR, 26 (5.1)

K and R are the inverse and direct space ranges respectively.
To obtain good ts, it was necessary to introduce contribute to the exper-
imental signal up to the seventh coordination shell. We useil4 free ts
parameters, well below the maximum number allowed by eq. 5.Further-
more, in the nal analysis, we have performed the ts in the kspace, without

Fourier ltering the data, to avoid distortions of the signal arising from the
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Fourier Itering that could a ect the re ned structural par ameters. More-
over, by proceeding this way we do not have the constraint omé maximum

number of free parameters stated in eq. 5.1.

Figure 5.8: Sketch of the perovskite unit cell.

The following photoelectron path contributions to the sigal were introduced

to obtain good tting results:

The main contribution to the EXAFS oscillations arises fromthe the rst
coordination shell at 1:95 A which is formed by six oxygen atoms. The
photoelectron path is sketched in g. 5.9. The theoretical dtance as a
function of the rhombohedral lattice parametera is aL:ZIO 2. Mn ion is sur-
rounded by oxygen octahedra (g. 5.8), which is usually distrted due to
the Jahn-Teller JT) e ect. Since our resolution is lower than the typical
JT-induced distortions ( 0:1 0:2 A), we modeled this contribution with a
single six-fold degenerate Mn-O distance including the netructure of the
JT -distorted distances in the Debye-Waller (DW) factor of theshell.
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Figure 5.9: Pictorial view of the rst shell photoelectron single scattering path (contri-
bution from the Mn-O bond). The degeneracy of this path is equal to 6.

The second coordination shell includes the path between thédn absorber
atom and the La/Na ions at the center of the perovskite cell (g. 5.10),
having an average bond distance of 3:3A . Since 15% of the ions occupying
this site are N& ions, we initially considered this contributions into the ts
assuming two subshells: one made of La and the other of Na, ausing a

weighting free parameterx as:

x La+(1 x) Na

It resulted that the main contribution arise from the Mn-La ggnal and that
we could neglect the small Na contribution, so reducing theomplexity of
the tting procedure.

Oo—0

Figure 5.10: Pictorial view of the second shell photoelectron single sdtering path
(contribution from the Mn-La/Na bond). The degeneracy of th is path is equal to 8.

Other relevant contributions comes from the Mn-Mn bond leridp, corre-
sponding to the edge of the cubic perovskite cell (g. 5.11)The problem
when taking into account this contribution is that there aretwo relevant
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multiple scattering paths (Mn-O-Mn and Mn-O-Mn-O-Mn, see g. 5.11) su-
perimposed to the single scattering signal and the e ectivdistances of these
three contributions are very close to each other. Mainly fahe limited signal
to noise ratio of the spectra, it was di cult to obtain reliable information
on these paths. In fact, these contributions enter in the ting procedure
in a way that results hard to control: the minimization progam could nd
false minima by adjusting the distance (i.e. the frequencynithe k-space) of
each contribution in a way that the resulting signal reprodaes the exper-
imental one even with unphysical parameters. This is due tooostructive
and destructive interference phenomena between the di erecontributions.
We tried to put constraints on the free parameters between @rent contri-
butions. This reduces the number of free parameters so to okaa better
control of the minimization process and more stable ts. Neartheless, even
following these procedure, the information obtained fromhiese contribution

is less reliable.

()

Figure 5.11:. Pictorial view of the third shell photoelectron single-scatering and
multiple-scattering paths. (a) Single-scattering Mn-Mn contribution lying on the edge of
the cubic cell with degeneracy equal to 6. (b) Multiple-scatering (three body) Mn-O-Mn
contribution with degeneracy equal to 12. (b) Multiple-scattering (four body) Mn-O-Mn-

O-Mn contribution having degeneracy equal to 6.).

The last contribution that have been taken into account is tle Mn-Mn single
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scattering distance that connects two vertexes of the cubill through the
diagonal a face (g. 5.12). Even if very far, from the EXAFS pmt of
view, this parameter is very important, being the lattice paameter (a) of

the rhombohedral cell.

Figure 5.12: Pictorial view of the fourth shell photoelectron single scatering path.
Contribution from the Mn-Mn bond lying on the diagonal of the face of the cubic cell.

The degeneracy of this path is equal to 12).
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5.6 XANES

The pre-edge structure of the Mn-K edge consists of two or tee relatively
small peaks that have (at least) partial 3d character. Sincéhe 1s! 3d
transitions are dipole forbidden, the pre-edge structuresigenerally ascribed
as due to a mixture of quadrupole allowed 15 3d transitions and 1s!
3d dipole transitions that becomes allowed due to the hybrigation of the
3d and 4p states. In bulk manganites two peaks labeled A1 and?An g.
5.13, are present: recent calculations showed that the eggrsplitting of the
Al and A2 peaks is equal to the splitting of thegy; and t,4 states [22, 5]. In
this scenario, the Al peak is due to transitions intagy states, while the A2
peak to transitions into ty, states. A large change from the bulk situation
is observed for the thinnest Im (50A): in this case the Al peak is shifted
at lower energies and the width is much increased if compareéa the bulk
material. In addition, the A2 peak is shifted upward as a comgjuence of the
larger energy splitting. As discussed in the work of Elvimoet al. [22], such
an enhanced splitting of the A1 and A2 pre-edge peaks is thegsature of
the presence of a strondT e ect. This result well agrees with the strongly
insulating nature of the 50A Im. On the other hand, the thicker Ims
XANES spectra does not change much with respect to the bulk sptra,

accordingly with their transport properties.

5.7 EXAFS

Since all measurements were done in normal incidence (i.athwthe electric
eld oriented in the plane of the Im), we are sensitive only b bonds lying in
the plane of the Im. As a matter of fact, the e ective coordimation number,
often indicated as the weight, of each coordination shell ia function of the
angle, a; , between the polarization of the electric eld and the absdrer-

scatterer bond direction, namely:
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Figure 5.13: Upper gure: XANES region of the four samples. A spectrum of kulk
sample is shown for comparison. The arrows indicate the predge peaks labeled Al and
A2, discussed in the text. Lower gure: derivatives of the XANES region of the spectra
reported in the upper gure. From the gure it can be noted the evolution of the pre-edge
peaks Al and A2 discussed in the text.

Wi

N; =3 cosg (5.2)
i=1

For the rst coordination shell, assuming a polarization vetor of the incident

radiation in the plane of the Im (g. 5.14 we have:

N = 3 [cog(45°) + cos?(135) + cos?(225°) + cos?(315)]y +
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+ 3 [cog(180) + cos?(0%)], =

1 1 1 1 4
S+ Z+ 4+ 2 4+ +0]=3 =—+ =
3 S+t sts +3 [0+0]1=3 S+3 0=6
O

Figure 5.14: Relations between the bonds and the polarization of the elddc eld in
the plane of the Im.

Therefore, the e ective coordination number of the rst shd remain the same
as for unpolarized radiation. Nevertheless, we have to rember that, in the
present case, we are sensitive only to in plane bonds so thaes/ consider-
ation on the rst shell local structure must be done keepingn mind that we
are limited to the in-plane Im structure ®. In the following | am presenting
the structural parameters extracted from the EXAFS re nemats, focusing
on the rst coordination shell (Mn-O bond distance, coordiation number
and Debye-Waller factor). As widely discussed in the prevs section, these
are the key parameters in determining the magneto-transpioproperties (and
also the more reliable parameters that can be obtained usitigis technique).
| will also report the values found for the second shell (tabl5.7). On the
contrary, | will not report values for the third coordination shell; even if
important to determine the structure, the strong multiplesscattering contri-
butions (Mn-O-Mn, Mn-O-Mn-O, g. 5.11) superimposed to theMn-Mn

INegligible contributes from out-of-plane bonds can occur de to lattice distortions
(such as the octahedra tilting, common in manganites) or sample misalignment.
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Thickness | Rwn oq) Wn oW
A A A2
750 1:951 0:004 Q0062 0:0007
250 1:.955 0:007 Q0062 0:0008
125 1:964 0:007 Q0089 0:0009
50 1:99 0.01 00065 0:0009

Table 5.1: First shell: Mn-O bond lengths and Debye-Waller factors as afunction of the
thickness.

single scattering path makes information less reliable. lilvreport fourth
shell values (table 5.7), which, even if very far from the poi of view of
the EXAFS technique ( 5:50 A), are more reliable, being a pure single
scattering path (Mn-Mn bond lying on the diagonal of the face g. 5.12).
Due to the polarization e ect, the extracted values for the rst shell lengths
reported in table 5.7 and in gure 5.15 are an average over tidn-O bonds
in the plane of the Im. A trend, which can easily be detected s a function
of the thickness of the Im, is evidenced in the graph reportkin gure 5.7,
which shows that the average Mn-O bond distance grows up bydcing the
Im thickness. The overall change in the Mn-O distance is:

1:99 1.95

Rz ———
1:97

much greater than the lattice mismatch, which is around 0.5%Therefore,

100 2%

lattice mismatch cannot be invoked as the only origin of the MO bond
stretching. Futher, since, as already pointed out, due to # in plane po-
larization of the incoming beam we are sensitive only to inkgne bonds, the

observed elongation of the Mn-O distance must occur the plane of the Im.

The second shell values, reported in table 5.7, are almostettsame for all
samples (within the experimental error), with the exceptia of the thinnest
sample, which shows a slightly reduction of the Mn-La bond mgth.
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Figure 5.15: First shell (Mn-O) trend as a function of the thickness (values from table
5.7.)

The fourth shell values (table 5.7) remain almost unchangefr all the sam-
ples. This result indicates that the unit cell does not evokr by changing
the thickness of the Im. This may be understood assuming ttiea uniaxial
Jahn-Teller distortion is accompanied by a rotation of the MOg octahedra
that compensate the elongation observed in the rst shell bws, maintaining

almost unchanged the in-plane lattice parameters.

5.7.1 Discussion

According to the transport properties we can divide the stueéd samples in
three types. The rst includes thicker Ims, i.e. Ims with t hickness> 200

A; these have physical properties, metal to insulator tranon temperature,
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Thickness | Run La=Na N
A A A2

750 3:379 0:008 Q0062 0:0007

250 3:364 0:014 Q0089 0:0019
125 3:385 0:009 Q0089 0:0019

50 3:346 0:026 Q0125 0:0027

Table 5.2: Second shell: Mn-La/Na bond lengths and Debye-Waller factes as a function
of the thickness.

Thickness | Run  wn (2) 2 Mn @
A A A?

750 552 0.01 0006 0:001

250 550 0:.03 0007 0:003
125 553 0:.04 (0014 0:.007

50 550 0:03 (0006 0:003

Table 5.3: Fourth shell: Mn-O bond lengths and Debye-Waller factors asa function of
the thickness.
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Curie point and lattice structure, similar to the bulk material. The second
type are the thinner Ims, with thickness < 100 A; these Ims are insulat-
ing at all temperatures. The third includes Ims having thikness in the
interval 100 200A. These Ims show transport and structural properties
intermediate between the rst and the second type.

5.7.2 Model

All our considerations on the studied samples are based onretimodel pro-
posed by Lanzara et al. [40] that we have introduced in the tschapter.
This model, which explain XAFS data on LCMO bulk samples, desibes
the insulating phase as composed of ful§yT distorted (B) and partially JT
distorted (A) Mn sites (g. 5.16).

FM-M PM-I|
T<T, T>T,

Figure 5.16: Pictorial view of the model proposed by Lanzara et al. [40]

In the metallic phase, only the lowJT -distorted con gurations (B) are
present. This last hypothesis is supported by several eviaeges showing that

the JT distortion is not completely removed in the metallic phaseln this
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model the metal to insulator transition is viewed as a crosser between large
JT polarons, in the metallic phase, and smallT polarons (insulating phase)
corresponding to larger a electron-phonon coupling.

Hereafter we will refer to the c-axis as the one oriented ouf ¢the plane of
the Im. We will assume that the con gurations reported in the model by
Lanzara can be generalized to other manganites and that thelues of for
the rst shell bond lengths di er very little from one system to another.

The JT e ectis a uniaxial distortion of the MnOg octahedra resulting in four
short equal Mn-O (planar) bonds ( 1:92 A) and two long (apical) bonds
( 21A).

Hereafter we will refer to the long Mn-O bonds as to the "Longahn-Teller
Component" (LJTC).

Since our spectra are limited t&k = 11 !, we cannot resolve the Mn-O bonds
ne structure reported by Lanzara et al. We "see" a single avage Mn-O
distance R), the spreading of the distances being included in the statpart
of the Debye-Waller DW ) factor (which, for this reason, results increased).
As discussed, we are sensitive to the only in-plane Mn-O bandnd, further,
we assume, in the plane of the Im, the short and the long Mn-O dnds
having the same weight.

Keeping in mind these facts, we now calculate the expectedemage values of
the Mn-O distance and Debye-Waller factor, which will be ugeto compare
the experimental results.

In the following | will show that the experimental data can beexplained by
assuming the LJTC to lye in the plane of the Im. With this assumption
and also assuming the presence of 50% A sites and 50% B siteipwing

Lanzara's model, the situation is as follow:

_ R. + R (2:13)+(1:91) | (2:01)+(1 :92)
Rmno = A > B = 2 > 2 =1:99A

where R, and Rg represents the average in-plane Mn-O bonds for the con-
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gurations A and and B, respectively.

For the DW factors we have:

2 2
2 = _B+ _A:
2 7
|
_ (213 .RB)2+(1:91 ' RB)2+
2:01 !R 2fl'92 !R 2

If, on the contrary, the LJTC lies out of the plane of the Im, the average
distance is equal 1.92Abecause both con gurations (A and B) have short
Mn-O bonds almost equal to this value and the LJTC (long Mn-O bnds)
cannot be detected in our experiment due to the polarizatior ect. In this
last case, the staticDW factor is negligible.

We now apply the above model to the experimental results:

Thinnest Im:

The results obtained for this samples are explained under éhassumption
that its thickness is lower than the dead-layer thickness. Herefore, the
structural and transport properties of the whole Im are thesame of that of
the dead-layer. For this sample, both the rst shell averagéin-O distance
and the DW factor (R = 1:992 and 2 = 0:0069) agree well, within the
experimental errors, with the mean values calculated fronne model reported
above:R =1:99 and 2 =0:006. To match experimental values we have had
to assume that the LJTC liesin the plane of the Im.

Taking into account:

The reduction of the out-of-plane lattice parameter obseed on a 130
A La; yNayMnO3; (LNMO) Im by Malavasi et al. [46] and reported
in table 5.7.2;
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Thickness | out-of-plane parametera
A A
700 3.876
250 3.878
130 3.851

Table 5.4: Out-of-plane lattice parameters (Mn-Mn bond distance) found by XRD mea-
surements by Malavasi et al. [46]

the lattice mismatch, which is about 0.5%;

the stretching of the Mn-O bond distances as a function of thehick-
ness, found in the present work, reported in table 5.7 and eldnced in
graph 5.15.

We can propose the following scenario:

The positive lattice mismatch between the substrate and thenanganite Im
is the origin of the out-of-plane lattice parameter reductn in the thinnest
Ims. In fact, the entity of the compression of the out-of-pane parame-
ter (3.851 vs 3.878, from table 5.7.2) well agrees with lattice mismatch
( 0:5%).

On the other hand, the overall stretching of the in-plane Mr® distances, as
a function of the thickness, of about 2% (from 1:95A for the 250 and 750A
thickto  1:99 A for the 50 A thick), is much greater than the Im/substrate
lattice mismatch. An explanation can be attempted by consigring the trans-
port properties of this sample. At this thickness, the Im isinsulating at all
temperatures. In manganites this scenario corresponds tbe presence of
highly JT -distorted MnOg octahedra (the B sites of Lanzara's model). If we
suppose the presence of a largd distortion, we can attribute the increase of
the average Mn-O bond distance to the lengthen of the two amtdistances
(the LITC de ned above) and the compression of the remainingnes, in the
typical JT fashion.
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On the other hand, keeping in mind that we are sensitive onlyotthe in plane
bonds, we must suppose the LIJTC orienteth the plane of the Im.

An fact supporting such assumption is the observed reductioof the lattice
parameter occurring out of the plane of the Im; this would sppress the
stabilization of the LJTC in this direction. Viceversa, the expansion of the
lattice parameterin the plane of the Im due to the lattice mismatch, would
favor the development of the LJTC in this direction. This hypthesis is sup-
ported by similar ndings in a work of Salvador et al. [72].

Thicker Ims:

250 and 750A thick Ims can be treated under the assumption that the
contribution of the dead-layer is negligible (less than 10§tso that their
structure is mainly bulk-like. The average nearest neighlbaistance (1.95A)
is in excellent agreement with the value found by EXAFS measements on
bulk samples of LCMO [48], corresponding to an unstrainedttace structure.
According to the model above, assuming an in-plane orientah of the LITC,
we should expect a distance ( 1:99A) longer than the one observed (964
0:007A). This can be explained by supposing that, as the Im struatire relax
above a certain thickness, there is no more a preferred oriation for the JT
distortion. Under this assumption, we can use the model abewonsidering
half sites having the LJTC oriented in the plane of the Im andthe remaining
sites with this component oriented out of the Im-plane.

Quantitatively we have:

R = (05 ﬁB +0:5 ﬁA)? + (05 ﬁB +0:5 ﬁA)k _
2 2
2:13+1:92 2:01+1:92
— 2 + 2 ? +

2
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1:92+1:92 | 1:92+1:92
2 k

+ S ; ' 1:955A (5.3)

where the sign? and k represent the LJTC orientation, respectively out of
the Im-plane and in the Im-plane. Such value is in very goodagreement
with the observed ones (1.951 and 1.939. Also the value of theDW factor

supports this hypothesis; in fact, as already evidenced, the case of out-of-
plane orientation of the LJTC, the resulting static contribution to the DW

factor is negligible. The remaining contribution comes fra the in-plane ori-
entation of the LJTC, which has been calculated above and welgrees with

the observed value within the experimental error.
Intermediate thickness:

For this sample we nd a value forRy,o of 1:965A, about half way
between the thicker (1.95A) and the thinnest (1.99 A) samples values. The
value of the Debye-Waller factor ( 0:009A?), instead, is signi cantly higher
with respect both the thicker and the thinnest samples. Thigesult can be
explained by supposing that the observed distance and DW vads result
from the superposition of the contributes arising from the teained dead-
layer and from the rest of the Im. In fact, for the 125 A thick Im we

suppose that about 50% (i.e. no less than 5Q) of the total signal arises
from the dead-layer, the remaining part coming from the rebed, bulk-like,
upper part of the Im. Therefore, the observed value of the MyO bond
distance is nothing else than the average between the valugsserved for the

thickest and thinnest samples. Quantitatively:

ﬁMnO (5OA) + ﬁMnO (7500\) —

2
1:992 + 1:951,

2

ﬁM nO (1250‘) =

1.97A
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which is in very good agreement with the experimentally obseed value
(1.967A).

Further, the spreading of the rst shell distances resultsn an higher value of
the DW factor. A quantitative determination of the Debye-Waller factor is
less straightforward. To build a model that retrieves the okerved value we
have to consider two gaussian distributions centered in 1:95 and 1:99A
and having the DW of the thicker and of the thinnest sample, respectively.
The resulting 2 can be estimated as the sum of the square of the Debye-
Waller factors from the thinnest and thicker samples plus tb square of the

di erence between the center of the two distribution functons:

2(125A) = (0 :00621F + (0:00655% + (1:992 1:951¢' 0:01A°

within the experimental error, this value is in agreement wh the experimen-

tal value reported in table 5.7.

5.8 Conclusions

Our data mainly suggest the presence of a strong statitT e ect in the

thinnest Im. Moreover, the entity of the JT distortion follows an increasing
trend as a function of the Im thickness, becoming less imptant for thicker

Ims. In our opinion, the large distortion in the local structure observed in
the thinnest Im, is induced by the disorder due to the deaddyer nature.
This disorder may arise from di erent Mn local environmentdue to di erent

terminations types present in commercial SrTi@ substrates (SrO and TiO)
as proposed in the work of Bibes et al. [9]. Further disorderriges from
the lattice-mismatch, which, nevertheless, cannot be inked as the unique
cause of the change observed in the local structure due ittlé size compared

to the rst shell distances elongation. The overall e ect ofthis combined
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disorder is a breaking of some double-exchange paths and tt@nsequent
charge localization, which, on the other hand, induces thdabilization of
a static JT e ect. This scenario supports the hypothesis of an insulatg
nature arising from a modi cation of the carrier density in the interface
region. An interesting property of the model that we have pnposed to explain
the experimental data, is the reversal of the long componemtf the Jahn-
Teller e ect (LJTC), which, in the case of thickness of the oder of the
dead-layer, develops in the Im plane. In thicker Ims the rdaxation of
the strain removes constraints that forced the LJTC to stayn the plane
of the Im and, since this component does not has anymore a pesred
orientation, the material returns similar to the bulk one. Qur work gives a
microstructural characterization of sodium based mangateis thin Ims as a
function of the thickness, which improved the knowledge ohe structure of
very thin Ims. In fact, even if JT distortion has been previously inferred by
many experimental works, it has never been observed and qtised directly.
Moreover we have given important information on the evolugin of the local

structure as a function of the Im thickness.
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Chapter 6

The Sr oFeMo xW 1 «Og series

6.1 Introduction

In this chapter | will present the X-ray absorption (XAS) data collected on
SrnFeMo,W; 4O samples with di erent Mo concentrations.

As exhaustively described in chapter two, the transport prperties of
Sr,FeMoGO; are in uenced by the chemical order of the lattice, i.e. by th
perfect (or not) alternation of the occupancy of the B and B' ises (where,
in our case, B is Fe and B' W or Mo) of the double perovskite staiure.
The W doping increases the chemical order and, as a conseqesrthe Curie
point rises up (up to 450 K).

SrFeMoO; and SLFeWOg have opposite transport properties, the rst being
a half-metallic ferromagnet (HMFM) in a wide range of tempeatures (up to
450 K) and the second an antiferromagnetic insulator (AFM)lat all tem-
peratures. At a Mo concentration ofx  0:25 a metal to insulator transition
(MIT) occurs.

Further, as in manganites, transport properties of SFeMo,W; 4Og largely
depend on the local lattice structure (Fe-O and B'-O bond args and lengths)

which has not been directly probed yet. For this reason, a latprobe tech-

165
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nique such as EXAFS is a suitable way to study these materials

6.2 Sample preparation

All the double perovskites compounds studied in this thesisere prepared at
the Indian Institute of Science of Bangalore (India). SiFeMoGOg (x = 1:0)
was prepared using the solid-state route reported in [37, b4The starting
materials, SrCG;, MoO3 and Fe,O3, were mixed thoroughly and calcined at
90dC in air for three hours and then reduced in a ow of 10% Kin Ar at
1200°C for two hours. The other members of the series FieMo,W; «Os ,
with x = 0:8; 0:6; 0:3; 0:2; 0:15; 0:05,; 0, were prepared by the melt-quenching

method under an Ar atmosphere using the following reaction:

12 SICQ + 3 Fe,03+x (5 MoO3z+Mo)+ (1 xX) (BWO3+W) =
= 6 Sr.FeMo,W; XOG + 12 CO,:

After the synthesis, all compounds were annealed at 13@for six hours in
an Ar atmosphere in order to achieve a homogeneous phase. c8ithe oxi-
dation of the grain surfaces in uences the transport propées, the samples
were sealed and shipped in vacuum quartz tubes to maintain efr original

properties.

6.3 Sample characterization

Energy-dispersive analysis of x-rays (EDAX) con rmed the bmogeneous
phase for dierent grains of the samples. X-ray diraction XRD) data
showed the presence of a single phase and a high degree ofromgeof the
Fe and Mo cation sites [76] following an increasing monotantirend from
95% in SpFeMoGO; to 100% in SpFeWOg . The electrical resistivities () of
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all of the samples are shown in gure 6.1 on a logarithmic s&khs a func-
tion of the temperature; the plots clearly show two regimesThe rst group
with x  0:3 have low resistivities and exhibit metallic behavior, whe the
compositions withx  0:2 are insulating. These results clearly establish
a metal-insulator transition as a function of the compositn in the range
0:3> x> 0:2. This value of the critical composition is in agreement wit
that reported in [37]; however, the critical composition & > x. > 0:4 re-
ported in [55] is signi cantly di erent from the present nd ing. This is most
probably due to the grain boundary which in uence the transprt properties
of these sintered samples substantially. For example, thegistivity of the
composition with x = 0:6 is higher than that of all the other samples with
x > 0:3. This is likely due to a higher contribution of the grain bomdaries
in the x = 0:6 sample. We also note that the resistivities of all these magtic
samples are rather large (10 100 cm; the values are reported to be within
1 100 cmin[55, 37]), once again indicating a signi cant contribtion from
grain boundaries in these sintered polycrystalline sampe We have also ob-
served a time-dependent change in the resistivity of the nmadtic samples.
Though the magnitude of the resistivity does not change signantly with
time, the temperature coe cient of resistivity tends to change sign over a pe-
riod of time, indicating a slow oxidation of grain surfacesrad introduction of
an insulating grain boundary layer. This possibly explainsvhy in the earlier
study the critical composition was thought to be between 0.4nd 0.5. The
resistivity data presented here were collected from freshprepared samples
within a day of the synthesis.

6.4 Crystallographic structure

Di raction data (mainly from the work of Sanchez et al. [73])will be used

both as a starting point to generate the atomic clusters forite calculation of
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Figure 6.1: Electrical resistivity ( ) of Sr,FeMoxW; xOg as a function of temperature,
plotted a logarithmic scale.

EXAFS back-scattering amplitudes and phases, and to compgaour results
to the crystallographic values. In order to compare correlgt EXAFS and

di raction data, a few points have to be considered. Due to th lower reso-
lution of our measurements with respect to di raction data,bond distances
belonging to same coordination shells must be averaged. Fotample, due
to the tetragonal distortion of the cell, the rst shell, which for Fe, Mo and
W absorbers, is formed by oxygen octahedra, is generally ifjgld into two

longs (apical) and four short (planar) bonds. Since this sging is lower

than the resolution that we can achieve, we "see" a bond distae that is
the weighted average of the apical and the planar bonds. Onbnce cor-
rectly averaged, di raction data can be compared with our rsults. It is also

worth to remember that the di raction technique gives a diret measure of
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Fe-Mo/W
Path Fe-O Mo/W-O Sr-O Fe/Mo/W-Sr  Sr-Sr(1)  Sr-Sr(2)
Degeneracy 6 6 12 8 6 12

Shell 18t 2nd 3rd 4th
Units A

x=1 1.996 1.954 2.689 3.414 3.941 5.574
x=0:8 2.004 1.951 2.792 3.418 3.947 5.582
x=0:5 2.023 1.944 2.800 3.426 3.956 5.594
x=0:2 2.058 1.937 2.836 3.439 3.971 5.616
x=0 2.079 1.932 2.821 3.446 3.978 5.627

Table 6.1: Bond distances calculated from the work of Sanchez et al. [13 gure 6.2)
and averaged for comparison with EXAFS data. Sr-Sr(1) and S#Sr(2) corresponds to the
aanda 2 distances respectively, whera is the lattice parameter.

the lattice parameters. The bond distances are indirectlyatculated from the
knowledge of these parameters and of the correct space grquyure 6.2).
For this reason, di raction can only distinguish between bod distances be-
longing to di erent crystallographic sites. This is why, fo example Mo-O
and W-O bond distances are reported together in table 6.4 (abe Fe-Sr,
Mo-Sr, W-Sr bonds and the Fe-Mo, Fe-W ones). On the contraryising
the EXAFS it is possible to distinguish between these bond stances simply
changing the absorber atom (i.e. the incident photon eneryy Finally, it
should be also noted that Sanchez et al. used samples withghtly di erent
Mo concentrations with respect to ours. This makes harder hcomparison
of the data.

As anticipated in chapter two, Sanchez et al. found that theammpounds with
x  0:5 (which is the composition nearest to the critical onex( 0:15) they
have probed) have a tetragonal symmetry, 4/mdé&= b6 c, = = =

9(”), while compounds withx  0:2 belong to the monoclinic space group
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Figure 6.2: Relevant crystallographic information on the Sr,FeMo,W; 4 Og series from
the work of Sanchez et al. [73]. Note that, contrary to our cowention (x = Mo level) the

x of the gures refers to the W concentration.

P21/n (a6 b6 c, = =090°6 ). Therefore, a structural transition from
tetragonal to monoclinic symmetry is expected at somg. The evolution
of the lattice parametersa, b and ¢ and of the cell volume,V, with the W

content is reported in gure 6.4. An overall continuous celexpansion upon
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W substitution is observed. They attempted a microscopic gtanation of
the structural evolution as a function of the compositiorx which is reported

in the caption of gure 6.4.

Figure 6.3: Double-perovskite
cubic cell. The dashed arrows
indicate the lattice vector a, b
and c. Note that a = b 6 ¢
for the tetragonal cell (14/m) and

a6 b6 c for the monoclinic cell
(P21/n).

Figure 6.4: Left panel: Evolution of the lattice parameters as a function of the concen-
tration. Right panel: evolution of the unit cell volume (fro m Sanchez et al.). Note that,
contrary to our convention (x =Mo level) the x of the gures refers to the W concentration.
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Figure 6.5: Evolution of structural
parameters as a function of the W con-
centration (from Sanchez et al.): "af-
ter an Fe atom has received the 54
electron transferred from a substituting
W atom, the FeOg octahedra expands
along the out-of-plane direction, while
the (Mo/W)O ¢ octahedra contracts (a).
The Coulomb energy gain is compen-
sated, in the basal plane, by increasing
the antiphase rotation of the octahe-
dra along the c axis (d), keeping the in
plane bond distances almost unchanged
(a). This provokes a strong distortion
of the BOg octahedra (b) and a strong
increase in the metal-oxygen bond ten-
sile stress with increasingx. At high
substitution level, x < 0:4, the BOg
octahedra tilt to relax the bond stress
and the compound undergoes a change
of symmetry. This can be seen in (a)
and (b), where is evident that the dis-
tortion is minimized after the structural
phase transition. This translates into a
distortion of the Sr environment (c), in order to accommodate the changes in the metal-
oxygen octahedra within the 12 Sr-O bonds. The distortion factor reported in gure 8b
is calculated as:D =1=N[dn <d >]2=<d> wheren runs over the number of ligands
N, d, denotes a particular metal-oxygen distance and d > is the average metal-oxygen
distance.” Bond distances reported in the gure are not avelaged as discussed above.
Note that, contrary to our convention (x =Mo level) the x of the gures refers to the W

concentration.
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6.5 Experimental

To obtain a complete picture of the microstructure of the SiFeMo,W; 4Oe
compounds, the absorption edges of all the metallic elemsemnivere investi-
gated. The monochromator were equipped with a couple of 311 ®ystals.
The energy resolution (taking into account a main slit verttal aperture of
1mm) is around 0.5 eV at the Fe and W edge energies (7112 and @D2V)
and of 1 eV at the Sr and Mo (16105 and 20000 eV). Silver coatedrrars
have been used to reject higher harmonic contributions at éhFe edge while,
at higher energies¥® 8:5 KeV) platinum/palladium coated mirrors were used.
The photon beam was delimited by means of slits placed at albtoli m from
the sample; this was mounted on a copper holder and cooled doto the
liquid nitrogen temperature (77 K) to reduce the thermal cofribution to the
Debye-Waller factor. All the measurements were performed transmission
geometry, the photon beam before and after the sample was rsaeed by the
means of two ionization chambers. The chambers were lled thidi erent
gas types (nitrogen, argon, krypton) and pressures in ordéw absorb 20% of
the incident beam and 80% of the transmitted one. Typical pHon ux was
of about 1@ at 7KeV and 10° at 20KeV.

Great care have been put preparing the samples to ful ll alllte requisites
necessary to achieve an as high as possible signal to noiseralhe rst re-
quirement is to obtain an optimal compromise between the tat absorption
of the sample and the height of the edge step. The total absdign ( )
is a function of the photon absorption cross section of the wwke compound
and of the thickness of the sampled). It was chosen accordingly with the
absorption ratio of the ion chambers (i; = IN(20%=80%)) in order to obtain
a detectable transmitted beam and an as-high-as-possibldge step. With

this condition, the optimal sample weight V) can be calculated as follow:
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Jump
S

where S is the di erence between the pre-edge () and post-edge (; )

W =

photoabsorption cross sections of the compound, addimp is the edge step:

Jump = +S d
t

The total photoabsorption cross section can be calculatedmming the single

elements cross sections multiplied for the weight percemga of the element:

X .
;= " weight(%)
i=1

where N is the number of elements in the compound,;” is the post-edge
cross section for the i-th element and the weight percentage calculated as:

X AW:(i)
M:W:

weight(%) = n(i)

i=1
A:W (i) and M:W: being the atomic weight of the i-th element and the molec-
ular weight of the compound, respectively and (i) the stoichiometric index
of the i-th element. To simplify the calculation of the optimal weight for
each sample and edge a useful FORTRAN code has been writterd MP),
which contains a full card information of each element (atoio weight, cross
section, density).
The second requirement is to have a sample as homogeneous assible.
This condition is very important in transmission geometry sce the inten-
sity of the transmitted beam can be distorted by the presencef holes in
the sample. To ful Il this condition we ground the samples ira ne powder,
suspending an equivalent of the optimal sample weight in edhol. We kept
the solution in a ultrasonic apparatus to disaggregate everal clusters and

then deposited the solution on a 0.5 micron millipore membnre. In this way,
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we obtained a homogeneous deposition that we then coveredhwKapton

tape to protect and limit oxidation.

6.6 XANES results

P ocete Figure 6.6: XANES region of
‘l .09 0.05 the pre-edge subtracted and nor-
3 Z:S 0.15 malized XAS spectra of all the
06 /\‘_03, samples at the four absorption
’ ﬁ Ift/\'/\z% edge investigated. Note the large
1 1.0 j\/T(T di erences between the features
3 of the spectra in the HMFM re-
Lé“’ N ‘Sl"}(‘-et‘igt‘eo‘_o‘ N \/‘\/L,,,-édge‘ gion (x 0:3) respect to the
gsj//m ZZS AFM-I phase (x  0:15) for the
0.15//.\\—/\015 Fe and Mo edges. Also evident
zjj/m 03 at these edges are the pre-edge
0.6 06 peaks appearing in the insulating
. 08 J/v\\__/i phase. On the contrary XANES
L0 spectra at W and Sr edges re-
. L main the same for the whole con-

L L L L L L L L
-10 10 30 50 70 90 -10 10 30 50 70 90 .
Energy (eV) centration range.

Figure 6.6 reports the XANES region of the absorption edgesvestigated
(Fe, Mo, Sr, W). It can be immediately noted the changes in théatures of
the spectra at the Fe and Mo edges while crossing the criticabncentration
of Mo (X.). More in detail, the spectra below the critical concentrabn (0 <

X < X ), at Fe and Mo edges, have the same features of the SE#WO; (x = 0)

end compound. On the other side, spectra of intermediate cpmunds having
1> x> x . have the same features of the §feMoOs (x = 1) end compound.
Finally, XANES spectra at W and Sr edge do not show any signi@&nt change

for all values ofx. These observations con rm that Mo and Fe play a relevant
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role in determining the macroscopic properties of these netals.
A more quantitative analysis of the XANES spectra can be attapted by
trying to reproduce the spectra of the intermediate compouds by the means

of a linear combination of the end compounds spectra:

(x) = x=1)+1 ) (=0
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Figure 6.7: This gure reports the values of the weight parameter used to t the Fe
edge XANES spectra of the intermediate compounds by means & linear combination
of the XANES spectra of the end compounds X = 1 and x = 0). The inset reports the
experimental absorption spectrum of thex = 0:6 compound together with the t obtained
using the linear combination 6.6 and the residual as an examp.

where is a weighting parameter ranging between 0 and 1 and(X) is
the absorption spectrum of the sample having Mo concentrath equal to
X. The inset of gure 6.7 show how good the intermediate compads spec-
tra can be reproduced by such a linear combination (it is wolnt to note
that the same procedure does not work for manganites). Figei6.7 reports

the values of the weight parameter . This parameter is a measure of the
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amount of SpFeMoOs (x = 1) end compound spectra necessary to repro-
duce an intermediate compound spectra. From a structural pat of view it
can be viewed as a measure of the local structure type, i.e.,B#MoO; or
SrFeWOs -like. Remembering that the SsFeMoO; end compound contains
only Fe** ions (SE* Fe** Mo®* O% ), while, the Sr,FeWOs one only Fé* ions
(Sr3* Fe?* We* O2 ), from an electronic point of view it can be interpreted
also as a measure of the Fe ions concentration. In the following both in-
terpretations will be considered for .

Supposing that is a measure of the F& content, it is evident from g. 6.7
that its trend diverges from the one expected on the basis ofsaimple model
which attributes changes to ions accordingly to the stoicbhimetric formula; in
such case would follow the same trend as the nominal Mo concentratior.
Therefore, the concentration of Mo, which is supposed to be the 5+ state,
should be equal to that of F&* ( ). On the other hand, the W concentration
(1 x) should be equal to the F&" concentration (1 ); such expected trend
is evidenced in g. 6.7 by the straight dashed line connectinthe points cor-
responding to the abscissa = 1 and x = 0. The observed trend of the
parameter indicate an excess of Fe sites in the HMFM phase & > 0:25)
with respect to their nominal concentration. The Fé* concentration has an
almost constant value of about 90%, between the experimehtarror bars.
Crossing the critical concentration the weight parameter lauptly decrease
to values very close to the nominal concentrations of the inkgting samples.
From a structural point of view the weight parameter can be wwed as a mea-
sure of the two kind of local structure around the Fe absorbefFollowing this
interpretation, the trend of the  parameter show that the local structure in
the whole HMFM phase is almost completely $FeMoGQg -like. On the other
hand, in the insulating phase we cannot discern weather thedal structure
is an admixture of nominal concentrations of the two end congund local

structures or if is mainly SeFeWOg -like.
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This semi-quantitative considerations on the XANES regiomf the spectra
can help to understand the mechanism of the metal-to-insular transition

(MIT), which is one of the aims of this work. The two scenarioproposed
(Kobayashi et al. [38]) to explain the MIT described in chaptr two (va-
lence transition and percolation), have to be compared witithe following

experimental results:

The XANES spectra features does not change at the W-edge ineth

whole concentration range.

At the Fe-edge and Mo-edges, the local structure remains thaf the
Sr,FeMoOs; end compound until the critical concentration. Then it
rearranges to that of the other end compound: SFeWO; .

In the insulating phase (lowx values) a pre-edge peak appears in the
XANES spectra at the Mo edges (g. 6.6).

The rst experimental observation is against the valence ansition scenario
because we do not observe any even small change in the W-edgeNES

spectra in the whole concentration range; thus, we can exde that W va-

lence state changes from 6+ to 5+ while crossing the criticaloncentration.

On the other hand, the second point seems to be against the pelation

scenario, which would predict a trend of the weight paramete that repro-

duces the nominal concentration values (x) = x), in disagreement with the
observed one (see g. 6.7). In this sense, the observed ewoln as a function

of x gives evidence of a valence transition at the critical conatation.

The third result, gives an information on the valence statelmnges on the Mo
and Fe sites. Looking at the evolution of the pre-edge shapttbe Fe K-edge
XANES spectra, we can note a "shoulder" appearing in the inating phase.
In many systems, this is a signature of the presence of?Fecharge states;

therefore we attribute its appearance to the change of the lace state of
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the Fe from 3+ to 2+. On the other hand, the Mo K-edge spectra stw the
appearance of a pre-edge peak in the insulating phase. Thiegk indicates
the presence of free states in the Mo electronic levels; frams information
we can conclude that the extra electron on the P& site, in the insulating
region, comes from the Mo ion. This last conclusion goes indldirection
of a valence transition driven MIT; nevertheless contraryd the model of
Kobayashi et al. [38], the W ion does not have any role in thisrpcess. In
these scenario, the MIT results from the localization on the&on site of a Mo
5d electron.

6.7 EXAFS

Up to three absorption spectra were collected for each saraphnd then in-
terpolated (because the energy mesh is always di erent froome spectra to
the other) and averaged using the FORTRAN programs descriden chapter
three. The signal to noise ratio resulted excellent for allhe samples, with
the exception of low molybdenum concentrationsx(= 0:15;0:05) at Mo K-

edge, which had to be recorded in uorescence mode using a€l@ment Ge
solid-state detector.

The high quality of the spectra can be noted by eye from gure.8, which
also reports the t curves and their transformation in the ral space R).

Such an high quality permitted to push the k-range up to 19 AA! reaching
a theoretical spatial resolution of:

R 0:2' 0:02%A

2Kmax
The procedure described in chapter three have been followexextract the
EXAFS signal and t the data. The atomic cluster have been crated using
the ATOMS code [66] and the crystallographic structures repted in 6.2.

The energy shift, E, and the many body loss factor,S3, have been kept
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xed to values that have been optimized through a rst shell aalysis. The
coordination numbers have also been kept xed, since thereas/ no reason
to suppose discrepancies from their crystallographic vas. In the nal,
the only parameters that have been let free to vary in the tthg procedure
were the bond distancesR) and the Debye-Waller factors (?). Considering
the links imposed on the third shell paths, the maximum numbeof free
parameters where limited to ten (the number of independentgnts being
around 40). Moreover, correlation between parameters isrther reduced
because the parameters that we have let free are poorly cdated. Errors on
the parameters are calculated using the MINOS subroutinedm the MINUIT
package as described in chapter three.
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Figure 6.8: Left panels: EXAFS signal (solid line+points) of the x = 0:3 sample at
di erent edges and t curves (solid lines). Right panel: Fourier transforms of the EXAFS
signal and of the t curves.
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6.7.1 Fe, Mo and W edges

Five contributes were necessary to obtain good ts. Sincensilar paths were
used to t spectra at the Fe, Mo and W edges (i.e. th&=Fe and B°=Mo/W
sites of the SyBB “Og double perovskite cell, g. 6.9), they will be discussed
together. In the following we will refer to the equivalent $e ions, Mo and
W, using the letter B®. The contributes used to t the data are listed below:

Figure 6.9: Atomic cluster centered on the B site and extending up to the third shell.
In the case, instead, the central atom isB° the third shell ions must be replaced with B
ions (Fe).

The rst contribution (the rst shell) originates from the s ix-fold degenerate
Fe/B%0O single scattering paths ( g. 6.10) and represents the maicontribu-
tion to the EXAFS signal. The crystallographic value isa:2p 2, wherea is
the lattice parameter (g. 6.9). The Fe andB?absorber atoms have six oxy-
gen as nearest neighbor in octahedral con guration in the pical perovskite
cell fashion.

A second contribution (second coordination shell) contamthe eight-fold
degenerate FeB2Sr path (g. 6.11). The crystallographic value isq3 a=2.

A third contribution includes the six-fold degenerate FeB “B 9Fe bond lengths,

(i.e. the lattice parametera). For intermediate compounds the situation is
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Figure 6.10: First coordination shell. The arrow indicates the one of thesix degenerate
photoelectron paths

Figure 6.11: First and second coordination shells. The arrow indicate oe of the eight
degenerate photoelectron paths.

complicated by the simultaneous presence of Mo and W atoms the B °sites
in di erent concentrations. Since W is substitutional to Mg when the ab-
sorber is Fe, the back-scatterer can be either Mo or W (whilé the absorber
is Mo or W the back-scatterer is always Fe). Therefore, to cagctly t inter-
mediate compounds at the Fe K-edge, we have introduced botbrdributes
(Fe-Mo and Fe-W) weighting them in the following way:

X R(Fe-Mo)+(1 x) R(Fe-W)

where x was kept xed to the nominal concentrations values. Additioal
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contributions are due to the two multiple scattering supemposed to the
(Fe/ BY-(BYFe) single scattering paths; their inclusion in the t is necessary
to obtain good ts. These are the BYFe)-(Fe/ B9-O-(BYFe) three body
(3b) and the B%(Fe/ B9Y-O-(BYFe)-O-( BYFe) four body (4b) paths reported
in g. 6.12. Since the bond lengths of the single and multiplecattering
contributions are not independent, we have introduced sonlimks to reduce
the free parameters. These are:

R(3b) = R(2b) +

R(4b) = R(2b) +2

where 2b, 3b and 4b stands for the F8%O single scattering path and the
three and four body multiple scattering paths, respectivgl is related to
the bond angle of the 3b path by the law:

R(3b) 1 1
2 coSs

Therefore, we may deduce the F820-BYFe bond angle from the value of

6.7.2 Sr edge

The Sr K-edge is treated separately since, contrary to the Md-e and W
ions, which are placed on the vertexes of the pseudocubiclc#te Srion is
placed in the center (g. 6.13). Therefore, it "sees" a di eent surrounding,
which re ects in di erent paths for the photoelectron.

The EXAFS signal has been tted up to 6A in order to include the very
strong signal coming from the long Sr-Sr single scatteringath (g. 6.8)

corresponding to the lattice parametera and b in the tetragonal and mon-
oclinic cell (if a6 b, EXAFS "sees" an average value).
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Figure 6.12: First and third coordination shells. The arrows indicate the six-fold de-
generate photoelectron single scattering (1b) paths and th 12-fold (2b) and 6-fold (3b)
degenerate multiple scattering paths.

The rst shell (g. 6.14) is composed of 12 oxygen nearest ribor. The
Sr-O bond distances are splitted in three groups in the tetgoonal symmetry,
while Sr-O bond distances are all di erent in the monoclinione.

The second shell (g. 6.14) contains the eight-fold degerae paths having
Fe, Mo and W ions as back-scatterer. The average bond lengthtbis shell
is a:p 3. For intermediate compounds the situation is complicatedy the
simultaneous occurrence of Fe, Mo and W on the vertexes of thseudocubic
cell. Following the same considerations made for the thirchell of the Fe,
Mo and W edges, we have chosen to weight Sr-Fe, Sr-Mo and Sr-\&ths
accordingly to the nominal concentrations.

The third shell contains the six-fold degenerate Sr-Sr silgscattering path
(a:IO 2) and the fourth shell the longer Sr-Sr path (g. 6.15), whib has a
very strong signal and is interesting since it is a direct meare of the lattice
parameter a. Therefore, this last value can be directly compared with

di raction values without any averaging.
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Figure 6.13: Atomic cluster centered on the Sr atom and extending up to thefourth

shell.

Figure 6.14: First and second coordination shells. The arrows indicate ne of the 12-
fold degenerate photoelectron rst shell paths and a sele@d 8-fold degenerate second shell

paths

6.8 EXAFS results

Tables 6.2-6.4 report the structural parameters (bond dishces,R and Debye-
Waller factors, ?2) of the rst three coordination shells at the Fe, Mo and
W edges as a function of the Mo concentration (i.e. the valuef & in
SrhFeMoW; 4Og ). Table 6.5 reports the same values for the rst four
coordination shells at the Sr edge.

It is evident that the local structure around iron undergoesa large (up to
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Figure 6.15: Representation of the rst four coordination shells in the case of Sr absorber.
12-fold and 6-fold degenerate selected photoelectron pashare labeled 1 and 2 for the third
and four shell respectively.

0.1 A) and abrupt rearrangement crossing the critical concenéition. This
change is particularly relevant in the rst shell, which undergoes an expan-
sion of the FeQ octahedra. This con rms the Fe being the key ion in these
materials. The structural change at the Sr edge can be intemgted as a con-
sequence of the rearrangement occurring at the Fe site; irctathe rst shell
bond distances (Sr-O), undergo a contraction of the same amu of the ex-
pansion observed in the Fe-O bond distance. Even if our datathe Mo edge
below the critical concentration k < 0:25) are less reliable, we can arm
that also the MoO; octahedra contract as a consequence of the expansion of
the FeG; ones. On the other hand, no microstructural rearrangemenisre
detected at the W edge, which values remain the same for alladination
shells even crossing the critical concentration. This rebutogether with the
lack of any changes in the W-edge XANES spectra, de nitivelyules out any
active role of W in determining the structural and transport properties of
these materials.

The second shells show the same trend: a rearrangement at tiréical con-

centration at the Fe and Sr edges and no changes at the W edge (data
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are available for the Mo edge shells higher than the rst).

The structural rearrangement of the third shell is slightlyless pronounced.
The two multiple scattering paths (indicated with the notation 3b and 4b in
the tables) have longer paths than the single scattering (2bThis is coherent
with a rotation of the FeOg octahedra of about 15 5 degrees (165). This
value is in rough agreement with the angles calculated from dhction data
by Sanchez et al. [73], which are greater (16477); however, contrary to
di raction data, no rearrangement at the critical concent@ation is detected for
the bond angles. If compared with manganites, the value of ¢hangle found
is coherent with an insulating phase. This could indicate aks sensitivity of
the transport properties on this parameter.

Plots reported in gures 6.16, 6.17 and 6.18 underline the alipt change in
the local structure crossing the critical concentration. @ the contrary, neu-
tron di raction data, superimposed to our data in the plots,show a continu-
ous and smooth evolution as a function of the concentratiolhis underlines
the sensitivity of EXAFS technique to the rearrangements ahe microstruc-
ture, i.e. of the atomic bonds within the unit cell, which areusually not
detected by di raction.

On the other hand the Debye-Waller (DW) factors, remain almst unchanged
crossing the critical concentration for all coordination Isells and edges con-
sidered. This can be explained by assuming the absence of @éadistortion
of the octahedra in the insulating phase (as instead occums manganite).
This is not surprising since none of the ions present in thessmpounds

presents a Jahn-Teller e ect.
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Fe K-edge

Path Fe-O (2b) Fe-Sr (2b) Fe-B'(2b) Fe-B'(3b) Fe-B'(4b)
Degeneracy 6 8 6 12 6
Shell 1t 2nd 3d

R (A)
x=1 2.003(6) 3.411(6) 3.955(8)  3.991(9) 4.03(2)
x=0:8 2.010(5) 3.423(6) 3.953(4) 3.994(4) 4.038(8)
x=0:6 2.021(5) 3.430(8) 3.962(9) 3.987(5) 3.99(2)
x=0:3 2.015(9) 3.418(9) 3.956(8) 3.98(1) 4.00(3)
x=0:15 2.110(9) 3.491(9) 4.05(3) 4.13(2) 4.17(6)
x =0:05 2.084(9) 3.480(8) 4.033(8) 4.07(3) 4.12(2)
x=0 2.089(7) 3.469(8) 4.01(4) 4.05(2) 4.09(4)

2 (A2)
x=1 0.0073(4)  0.008(2) 0.002(3) 0.004(1) 0.0048(8)
x=0:8 0.0057(8) 0.0089(7) 0.001(2) 0.003(2) 0.0034(8)
x=0:6 0.0059(8) 0.0058(4) 0.003(2) 0.004(1) 0.0047(8)
x=0:3 0.0049(9) 0.0064(7) 0.0012(8) 0.0045(9) 0.0064(9)
x =0:15 0.0058(9) 0.007(1) 0.0019(3) 0.0193(6) 0.0181(9)
x =0:05 0.004(1) 0.0060(7) 0.0018(6) 0.011(5) 0.012(3)
x=0 0.003(2) 0.0069(8) 0.0013(9) 0.013(1) 0.014(1)

Table 6.2: The table reports the rst three coordination shell bond distances, R(A),
and Debye-Waller factors, 2(A?), at the Fe K-edge as a function of the Mo concentration
Xx. Samples in the HMFM region (x > 0:25) are separated by a white space from the
insulating ones K < 0:25). 2b, 3b and 4b indicate the two body (single scattering) ad
the three and four bodies (multiple scattering) paths sketded in gure 6.9. The numbers
inside brackets indicate the error on the last digit.
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Mo K-edge
Path Mo-O (2b) Mo-Sr (2b) Mo-Fe(2b) Mo-Fe(3b) Mo-Fe(4b)
Degeneracy 6 8 6 12 6
Shell 15t 2nd 3d
R (A)
x=1 1.937(7) 3.427(8) 3.95(2) 3.99(1) 4.03(2)
x=0:8 1.944(9) 3.426(9) 3.96(2) 3.99(2) 4.03(4)
x=0:6 1.944(7) 3.410(7) 3.97(2) 3.99(2) 4.03(3)
x=0:3 1.949(7) 3.415(8) 3.98(4) 4.01(2) 4.04(4)
x =0:15 1.91(3) - - - -
x =0:15 1.90(4) - - - -
2 (A2)
x=1 0.0032(9) 0.0050(6) 0.002(2) 0.006(2) 0.012(4)
x=0:8 0.0036(9) 0.0053(9) 0.002(2) 0.005(3) 0.010(4)
x=0:6 0.0025(8) 0.0041(6) 0.002(1) 0.006(2) 0.012(4)
x=0:3 0.0025(9) 0.0045(6) 0.004(2) 0.008(4) 0.013(4)
x =0:15 0.003(2) - - - -
x=0:15 0.004(3) - - - -

Table 6.3: The table reports the rst three coordination shell bond distances, R (A),
and Debye-Waller factors, ?(A?), at the Fe K-edge as a function of the Mo concentration
X. Low quality of lower Mo concentrations spectra (x = 0:15 and x = 0:05) prevented a

multiple-shell re nement for these samples. Samples in theHMFM region (x > 0:25) are
separated by a white space from the insulating onesx(< 0:25). 2b, 3b and 4b indicate
the two body (single scattering) and the three and four bodies (multiple scattering) paths
sketched in gure 6.9. The numbers inside brackets indicatethe error on the last digit.

Since we are at the Mo edge, the lowest Mo concentration samgl(x = 0) cannot exist.
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W L, -edge
Path W-O (2b) W-Sr (2b) W-Fe(2b) W-Fe(3b) W-Fe(4b)
Degeneracy 6 8 6 12 6
Shell 1t 2nd 31d
R (A)
x=0:8 1.903(4) 3.443(4) 3.95(3) 3.97(2) 3.99(4)
x=0:6 1.903(3) 3.437(5) 3.94(5) 3.96(3) 4.01(5)
x=0:3 1.906(5) 3.437(4) 3.95(3) 3.97(2) 3.99(3)
x=0:15 1.905(6) 3.447(8) 3.96(5) 3.95(4) 4.03(5)
x =0:05 1.894(7) 3.428(9) 3.95(4) 3.97(3) 4.00(6)
x=0 1.902(5) 3.439(9) 3.946(9) 3.98(4) 4.02(4)
2 (AZ)
x=0:8 0.0026(9) 0.0043(6) 0.005(4) 0.005(1) 0.011(9)
x=0:6 0.0025(8) 0.0041(6) 0.002(1) 0.006(2) 0.012(4)
x=0:3 0.0024(5) 0.0039(3) 0.005(4) 0.0047(9) 0.012(4)
x=0:15 0.0027(9) 0.0065(8) 0.004(1) 0.005(2) 0.008(6)
x =0:05 0.0034(9) 0.0073(8) 0.009(4) 0.007(2) 0.019(7)
x=0 0.0027(6) 0.0067(6) 0.006(5) 0.0051(9) 0.009(3)

Table 6.4: The table reports the rst three coordination shell bond distances,R (A), and
Debye-Waller factors, ?(A?), atthe W L;, K-edge as a function of the Mo concentration

X. Samples in the HMFM region (x > 0:25) are separated by a white space from the

insulating ones K < 0:25). 2b, 3b and 4b indicate the two body (single scattering) ad

the three and four bodies (multiple scattering) paths sketded in gure 6.9. The numbers

inside brackets indicate the error on the last digit. Since ve are at the W edge, the highest

Mo concentration sample & = 1) cannot exist.
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Sr K-edge

Path Sr-O (2b) Sr-Fe/B'(2b)  Sr-Sr (2b)  Sr-Sr(2)(2b)

Degeneracy 12 8 6 12

Shell 18t 2nd 3d 4th

R (A)
x=1 2.69(4) 3.44(2) 3.94(2) 5.57(2)
x=0:8 2.71(4) 3.42(2) 3.95(2) 5.58(2)
x=0:6 2.71(5) 3.37(2) 3.94(1) 5.57(2)
x=0:3 2.72(5) 3.36(2) 3.94(2) 5.56(2)
x =0:15 2.60(6) 3.44(6) 4.01(7) 5.62(6)
x =0:05 2.64(5) 3.45(5) 3.99(5) 5.65(5)
x=0 2.63(4) 3.46(1) 4.00(2) 5.67(4)
2 (A2)

x=1 0.024(7) 0.003(2) 0.008(2) 0.009(2)
x=0:8 0.027(9) 0.005(2) 0.009(2) 0.010(3)
x=0:6 0.036(2) 0.004(2) 0.007(1) 0.008(2)
x=0:3 0.036(1) 0.005(2) 0.007(2) 0.009(2)
x=0:15 0.034(7) 0.0066(7) 0.005(2) 0.010(6)
x =0:05 0.024(2) 0.0056(7) 0.015(9) 0.018(2)
x=0 0.026(9) 0.006(1) 0.006(2) 0.015(4)

Table 6.5: The table reports the rst four coordination shell bond dist ances,R (A),
and Debye-Waller factors, ?(A?), at the Sr K-edge as a function of the Mo concentration
Xx. Samples in the HMFM region (x > 0:25) are separated by a white space from the
insulating ones k < 0:25). 2b indicates the two body (single scattering) paths. Tre
numbers inside brackets indicate the error on the last digit
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Figure 6.16:
show the trend of the average

The plots

bond distances (reported in
tables 6.2) of the rst, second
and third coordination shells
extracted of the EXAFS data
NPD cal-
culated bond distances from

at the Fe edges.

Sanchez are also reported and
have been averaged for com-
parison with EXAFS data. It

is evident the structural re-
arrangement occurring at the
crossover between the Half
metallic ferromagnetic phase
(HMFM) and the Insulating
phase (I). The overall be-
havior is a lengthen of the
Fe-X bonds in the insulat-
ing phase with respect to the
HMFM region, where X in-
dicates the back scatterer O,
Sr and W/Mo (B') for the
rst, second and third shell,
respectively. It can also be
noted the smooth evolution
of the diraction data com-
pared to the abrupt changes
of the EXAFS ones at the
For
clarity, only single scattering

critical concentration.

distances are reported for the
3rd shell.
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Figure 6.17: The graphs
show the trend of the aver-
age bond distances (reported
in tables 6.3 and 6.4) of the
rst, second and third coor-

dination shells extracted of
the EXAFS data at the Mo

NPD cal-
culated bond distances from

and W edges.

Sanchez are also reported and
have been averaged for com-
parison with EXAFS data.
It is evident the structural
rearrangement occurring at
between the
Half metallic ferromagnetic
phase (HMFM) and the In-
sulating phase (I). The Mo-

the crossover

O bonds show a contraction
trend probably as a conse-
guence of the expansion of the
FeOg octahedra. Due to the

low signal, information are

available for higher shell Mo

bonds in the insulating phase.
W bonds remain almost un-

changed (within the experi-

mental errors) in all the co-

ordination shells. It can be
noted the smooth evolution
of the diraction data oppo-

site to the abrupt changes of
the EXAFS ones at the crit-
ical concentration. For clar-
ity, only single scattering dis-
tances are reported for the
3rd shell.
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Figure 6.18: The plots show the
trend of the average bond distances (re-
ported in table 6.5) of the rst, second,
third and fourth coordination shells ex-
tracted from the EXAFS data at the
Sr edge. The symbolB? indicates the
Mo and W equivalent sites ions. NPD
calculated bond distances from Sanchez
are also reported and have been aver-
aged for comparison with EXAFS data.
As for the data shown in gures 6.16
and 6.17, it is evident the structural re-
arrangement occurring at the crossover
between the HMFM and the insulating
phase (). The rstshell bond distances,
Sr-O, exhibit an abrupt decrease cross-
ing the critical concentration xc. This
is a consequence of the expansion of the
FeOg octahedra observed and reported
in g. 6.16. Diraction data follow

a di erent behavior and results shifted
toward higher values. This could be as-
cribed to the higher sensitivity of the
EXAFS to closer distances. Since the
rst coordination shell has a large split-
ting, longer and shorter distances could
have opposite behaviors. For higher
shells the overall behavior is a lengthen
of the bond distances in the insulat-
ing phase with respect to the HMFM
region. In particular, the fourth shell
path, Sr-Sr(2) (g. 5.12), which rep-
resents the average lattice parameter,
follows the same trend, conrming an
overall cell expansion in the insulating
region. It is worth to note the smooth
evolution of the diraction data oppo-
site to the abrupt changes of the EX-
AFS ones at the critical concentration.
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6.9 Discussion

From the values reported in the tables and evidenced in the gphs of gure
6.16, 6.17 and 6.18, it can immediately be noted that a largé&nge in the
local structure occurs at the critical concentration X,  0:25), that is, at
the crossover between the half metallic ferromagnetic pragHMFM) and
the antiferromagnetic insulating phase (AFM-I). In strict accordance with
XANES results, EXAFS data show that the local atomic structue remains
that of one end compound up to the critical concentration, wére the struc-
ture local rearranges to that of the other end compound. Ouresults are
in agreement with the assumption, largely supported by thatérature, that
the Fe** W®" con guration (localized charges) replaces the mixed valea
con guration having Fe?>* (itinerant charges), when the W content is risen
above the critical concentration. Since the ionic radius ofe?* (0.78 A in
six-fold con guration) is signi cantly larger than that of the high spin F&*
cation (0.645A) an expansion of the cell, as observed from NPD measure-
ment by Sanchez et al. [73] is expected. On the other hand, iorradii of
Mo®* and W®* are very similar (0.61 and 0.6A respectively) so that the
substitution of W in place of Mo should not directly in uencethe structure.
In other words, is the progressive localization of the casis that induces a
rearrangement of the local structure at the critical conceration.
Nevertheless, our data evidence that this rearrangement &brupt, in con-
trast with NPD data by Sanchez et al. who observe a smooth anatinuous
evolution of the volume cell and lattice parameters as a fution of the Mo
concentration. Summarizing, the main results of this extesive XAFS anal-

ysis are:

At a local scale (up to 10A) the rearrangement of the structure crossing
the critical concentration occurs abruptly. This is in accodance to

information obtained by our semi-quantitative XANES analsis.
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The main modi cation in the local structure occurs at Fe sits where the
Fe-O bonds elongate of about 0.A. The other changes in the structure
can be interpreted as a rearrangement of the lattice in respse to the

expansion of the Fe@ octahedra.

Debye-Waller factors do not follow the modi cation observe for bond

distances at any of the coordination shell or edge investigsal.

6.10 Conclusions

We have observed modi cations in the structural and electmuic properties
of SpLFeMo,W; 4Og , Which are closely related to the metal/insulator tran-
sition. At the transition, charges localize at the Fe site ath induce a local
structural order similar to that of Sro,FeWOQOg ; on the other hand, in the
metallic phase delocalized charges promote an atomic sttuie similar to
that of Sr,FeMoOgs . Nevertheless, the observed structural changes are not
proportional to the W doping. Therefore, they do not supportthe phase
separation scenario, which implies the growth of insulatghnW-rich clusters
proportionally to x. On the other hand, the W local structure and electronic
properties do not change in the whole concentration range (0 x 1) in
contrast with the valence transition model, which predictsa modi cation of
its valence state (W* ! W>"). The absence of any abrupt change across
Xc indicates that the W ions do not play any role in the MIT and, in par-
ticular, do not contribute to the electronic conduction. Acording to our
results in the W-rich insulating samples, the charges aredalized. As the
Mo concentration exceeds th&. threshold, charge localized on the Eé sites,
delocalize giving rise to the metallic regime. In this regioeven a weak excess
of delocalized charges (less than 0.5 electron per Fe ionxirrs 0:3 sample)
Is enough to provoke the rearrangement of the local atomicratture of the

sample, which becomes equal to that of ferromagnetic metallSr,FeMoO;s .
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Finally, XANES spectra indicate a partial localization of he charge carriers
on the Mo sites in the half-metallic phase. These spectra alshow that, in
the insulating phase, these charges are transferred on the ien, inducing a

change of the valence states of both Mo and Fe.



General conclusions

In this work | investigated the local structure of Na doped maganite thin

Ims as a function of the Im thickness and of W doped double-provskite
bulk samples as a function of the doping level. Furthermorédeveloped and
characterized a total electron yield (TEY) detector.

Results on manganites thin Ims evidenced the evolution ofhte local struc-
ture as a function of the thickness of the Ims. In particulay they con rmed

that the change in the transport properties of the thinnest Im (50 A), which

remains insulating at all temperatures, cannot be directhattributed to the

lattice mismatch with the substrate. In fact, the change in be local structure
around the Mn ion with respect to bulk values, results almosbne order of
magnitude larger than strain induced by the lattice mismath. Experimental

results lead to the conclusion that, in the thinnest Im, thelong component
of the JT distortion stabilizes in the plane of the Im, favored by theexpan-
sion of the lattice induced by the lattice mismatch.

Our data are in agreement with the hypothesis that the struaire of thinnest
Im is completely dead-layer like and hence insulating. In@asing the thick-
ness, the structure of the Ims relaxes becoming similar tahe bulk material.
The extensive study on the local structure of the double pevekite W doped
series included complemental structural information on hthe absorption
edge of the metallic elements in the compounds. This study plets the
microstructural counterpart of the metal-to-insulator transition (MIT), oc-

curring as a function of the doping level, which is associatdo a magnetic

199
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transition.

XANES and EXAFS data con rms that the transition is driven by the lo-
calization of the charge carriers on the iron site, which inete a large change
in the local structure due to the very di erent ionic radius between F&* and
Fe’*.

Moreover, contrary to previous XRD structural characteriations, the tran-
sition appears sharp: in each phase (the half-metallic/fesmagnetic and
the antiferromagnetic/insulating) intermediate compourns maintain the very
same local structure of the end compounds up to the criticabacentration.
Further, these data suggest that the W ion does not have any lemin the
MIT, its structure and valence state remaining the same in tb whole con-
centration range.

Finally, XANES spectra indicate a partial localization of he charge carriers
on the Mo sites in the half-metallic phase. These spectra alshow that, in
the insulating phase, these charges are transferred on the on, inducing
the change of the valence states of both Mo and Fe.

Test runs performed with the new TEY detector demonstrate & usefulness
in obtaining structural information on thin Ims grown on a crystalline sub-
strate.

Furthermore, comparative transmission measurements densirate the reli-
ability of the data acquired and the ability of this equipmen to work in a
wide range temperatures and/or gas pressures. Neverthaesiore work is

required to improve and characterize the detector.
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