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Introduction

Copper perovskites give rise to one of the most surprising phenomena in solid state physics,
that is the highest-temperature known superconductivity (up to 140 K) in a material on
the verge of becoming an insulator. Since their discovery in 1986, they have attracted the
attention of the scientific community both for the possibility of applications, and from the
point of view of the fundamental physics. After 25 years the applications exist, although
they are fewer than one hoped, and many properties have been clarified, including the non
conventional origin of superconductivity. Nowadays cuprates are among the best known
materials in condensed matter and yet the detailed nature of the high-T. superconductivity
is elusive.

The cuprate properties are determined by the electronic behaviour of the CuOs planes,
characteristic of their structures. One of the distinctive features of these compounds is
that it is possible to vary their properties by acting on their stoichiometry. Starting from
an antiferromagnetic (AF) Mott-Hubbard insulating parent compound (Tx ~400 K) it is
possible to reach a high-T,. superconducting phase (T, ~100 K) in an almost continuous
fashion. This is accomplished by doping charge carriers into the CuOs planes.

All cuprates show a long range AF phase in the parent compound. Their Néel temper-
ature Tp is reduced upon doping, in a way that is dependent on the specific compound.
When the Néel order is fully suppressed, a so called cluster spin glass phase (CSG) sets in,
characterized by very low order temperatures (T, <30 K) and short magnetic correlation
length. The CSG phase gives way to the strongly correlated superconductor (SC), and these
two orders coexist nanoscopically for a sizeable range of doping. The passage from the AF
to the SC phase through the CSG corresponds to a metal to insulator transition (MIT), and
understanding how doping and disorder influence this transition may help to unveil the high-
T, superconductivity mechanism. In particular in the literature disorder on the CuOs planes
appears to have a strongly influence on the MIT, and on the CSG phase, whose nature is
actually debated. Disorder on the CuOs planes can be varied by the controlled substitution
of an adjacent cation with another of different valence and size, providing two independent
parameter to control the MI transition: disorder by localized Coulomb impurities and random

localized distortions.



In this work we decided to investigate extensively the low-doping range, starting from the
undistorted clean limit case of YBagCuzOgy, where the charge doping on the CuO» layers
is obtained by the introduction of oxygen atoms farther removed from such planes. Besides
pure YBapCugOg4y (Y100% in the following) we addressed other compositions. In particular
two additional compositions were chosen to investigate the effect of small lattice distortions
on the magnetic phase diagram by substitution of Y with a rare earth: Y .goEug ¢gBasCus-
O64y (Eu8%), yielding a very small mismatch of the cation radii, and Y 925Ndg g75BagCus-
Og+y (NA7.5%), yielding equivalent mismatch to that of the Yo.95Cag.05BagCuzOg, (Cab%)
substitution.

We further chose to investigate increasing Ca compositions in the Y;_,Ca;BasCu3Og¢y
compound (x= 0.01, 0.05, 0.065, 0.08, 0.11, 0.14 and 0.18). Differently from the Y3*-isovalent
Eu and Nd substitutions, Ca?t introduces a strong Coulomb disordered perturbation. For
each Ca content (i.e. fixed disorder) we spanned several dopings by varying the oxygen con-
tent, therefore isolating the disorder from the doping effects.

We selected muon spin spectroscopy (uSR) as a local probe sensitive both to static mag-

netic order and to the presence of a flux-lattice in the superconducting state. This technique
reveals a number of evident trends, showing that the isovalent substitution affects negligibly
both the magnetic behavior and the MI transition, while Ca replacement has a marked in-
fluence on both the magnetic and superconductive behaviour, suggesting this influence to be
specifically linked to the introduction of a charged impurity.
One of our main conclusions is that the low temperature magnetic order present for a wide
range of doping, even in nanoscopic dispersion (coexistence) in the superconducting phase, is
very different from the antiferromagnetic phase observed at high temperature and low doping.
We call the first a quenched antiferromagnet (QAF) and the second a thermally activated an-
tiferromagnet (TAAF). Our results indicate that whereas the quenched antiferromagnet can
clearly coexist with the superconductor, the thermally activated antiferromagnet competes
with the superconducting state around a hidden quantum critical point.

The thesis is structured as follows. Chapter 1 is introductory on the main properties
of cuprates, more focused on the aspects that have been central to my experimental work.
In particular I review the properties of the antiferromagnetic compound, both from an ex-
perimental and a theoretical point of view, and I introduce the concept of disorder, the key
feature of this work. The following three chapters are devoted to the basics of the exper-
imental techniques that I exploited in this work: x-ray diffraction, SQUID magnetometry
and pSR (respectively in Ch. 2, Ch. 3 and Ch. 4). The experimental results are presented in
Ch. 5; they include the sample production, their basic characterizations, and the main results
of three groups of uSR experimental runs. In Ch. 6 the interpretation of the experimental

result is presented.



Chapter 1

Cuprates

Cuprates represent the breakthrough of superconductivity from the low temperature physics
to the high temperatures. The extraordinary superconducting properties of copper per-
ovskites were first discovered in Las_,Sr,CuQy, in 1986, by K. Alexander Miiller and J.
Georg Bednorz [1], who reported a record critical temperature of 38 K, nearly doubling the
previous record T, in the metallic A15 NbGes [2]. The discovery was soon followed by reports
of larger transition temperatures in YBasCuzOg,, marking a huge jump in the time-line of
superconducting critical temperatures (Fig. 1). The 1987 Nobel prize assigned to Bednorz
and Miiller is justified both by this jump and by the hopes of technological developments that
it raised, and by the renewed interest to the unconventional properties that solids develop
close to the metal-insulator transition. Up to date, cuprates show the highest T, among sev-
eral different superconducting materials which have been discovered in the last 25 years, such
us many organic systems, new heavy fermions, MgBs and the latest Fe-based compounds.
In this chapter I will briefly sketch the main experimental features of these materials,
focusing on the aspects that are central to my experimental work. In Sec. 1.1 I will describe
cuprates from a structural and physico-chemical point of view; In Sec. 1.2 a phenomenolog-
ical description of their phase diagram is outlined; In Sec. 1.3 the main properties of the
antiferromagnetic compounds are reviewed; In Sec. 1.4 the concept of disorder is introduced;

In Sec. 1.5 the basic phenomenology of type-II superconductors is outlined.

1.1 Copper perovskites and the doping mechanism

Cuprates are highly anisotropic, layered materials characterized by the presence of copper
oxide CuO4 planes. I show three typical examples of these materials in Fig. 2. From the left to
the right Lag_,Sr;CuQy4, YBasCuzO7 and T1BayCaz;CuzOgs are characterized respectively
by one, two, or three CuQOs layers in the unit cell, and increasing optimal superconducting

transition temperatures T.=38, 92 and 123 K respectively. These three structures are

3
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Figure 1: The evolution of the maximum T in the years and its huge jump in 1986.

derived from the basic cubic perovskite (prototype CaTiOs3), in which the di-valent Ca and
tetravalent Ti occupy respectively the cube center and the vertexes, while O ions lie in the
middle of each cube side. A defective ACuOgs perovskite block may be recognized in all the
three materials of Fig. 2. It features a trivalent A cation and a formally mixed valence Cu.
The full cells are either tetragonal or orthorhombic and more complex than a cubic perovskite.
The copper perovskite block is intercalated by other perovskitic, or, more generically, pseudo-

cubic blocks.

Two key features characterize all these materials. The first is the formal mixed valence
of Cu. The second is that the intercalated blocks, of ionic insulating nature, can be altered
chemically either controlling their oxygen occupancy, or by substitutions of divalent with
trivalent cations. The resulting charge unbalance is (partially) transferred to the CuOg layer,
exploiting the mixed Cu valence. This is actually a naive picture, since Cu®t does not exist
in these compounds and the extra hole is partially shared by neighbor oxygens. The charge
transfer provides a doping mechanism, that controls a metal-insulator transition in the copper

oxide subsystem.

In the following I shall concentrate on the YBap;CuzOgy, structure, synthesized for the



1.1. Copper perovskites and the doping mechanism )

first time in 1987 [4,5]. It is composed of three perovskite blocks stacked along the ¢ axis;
Fig. 3 shows more details of the YBayCu3Ogyy cell. Here the different ions are labeled with
subscripts, but, to avoid confusion with stoichiometry, in the following we retain the label-
in-parenthesis scheme. The compound displayed on the left, YBasCu3Og, is the so-called

parent compound. There are two inequivalent Cu ions in this structure. One is identified as

Figure 2: From left to the right: Las_,CuO,4, YBasCu307 and TIBazCasCu3z0gys. The legend
on the left includes an explicit view of a Cu atom and its coordination in a dumb-bell [3].

" Cu0, planes”
Cu,
D 0,
Cu,
¢
¥Ba,Cu;30g b YBa,Cu,0,

Figure 3: Tetragonal (left) T insulating compound YBasCu3zOg and orthorombic O (right)
YBasCu3O7. The T— O structural transition takes place for y ~ 0.3.
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Cu(1), and it appears in the top and bottom layers, which are totally oxygen-defective. The
second, identified as Cu(2), appears in the central defective YCuOs block (also the Y layer
is missing its oxygens). Cu(2) defines a bi-layer of squares, of CuOy composition.

The structure may be viewed as a defective YCuOg3 central block surrounded by two
defective BaCuQj3 basal blocks. In this parent compound additional oxygen ions easily occupy
the defective basal sites. These sites are however occupied preferentially along one of the two
tethragonally equivalent directions, giving rise to the formation of Cu(1)O(1) chains, and to
a tetragonal to orthorhombic transition at y = 0.3. These chains are fully formed in the ideal
YBaoCuzO7 compound, shown on the right of Fig. 3. Actually the optimal superconductor
is obtained for y = 0.92.

The Cu(2) site is coordinated with five oxygen: two O(2) ions, two O(3) ions and one

O(4), in a square based pyramidal configuration with apex on the O(4) site; the Cu(2)O(4)
bond distance is always greater than that with the coplanar oxygens.
Actually the O(2) and O(3) sites are not perfectly coplanar with the Cu(2); this determines
a buckling of the CuOq planes, which changes slightly when replacing the Y atom with a
trivalent rare earth (R=Eu, Er, Gd, Nd, et cetera). as it is characteristic of transition metal
oxides [6] this isovalent modification does not alter the main electronic features of the cuprate
phase diagram, which are dominantly determined by charge doping. Subtler effects may arise
because mismatching of bond lengths along the a and b lattice directions, among the (Y,RE),
Ba and Cu layers.

It should be noted that oxygen addition does not produce charge transfer at first, since
Cu(1) is monovalent in the parent compound and the formation of an isolated Cu(1)-O-Cu(1)

dimer provides a perfect charge balance according to:
2Cu(1)" 4+ 0 — 2Cu(1)*" + 0*. (1)

Formation of chains longer that this, i.e. more than one cell unit, are required to provide a

net charge transfer to the Cu(2) block.

1.2 The phase diagram of cuprates

Figure 4 shows the typical features of the cuprates phase diagram, where the transition
temperatures are presented as a function of the hole content h. Let me start with discussing
the characteristics common to all families of cuprates. Starting from the left, at h = 0, the so
called parent compound is an antiferromagnetic (AF) insulator, however in a naive picture
this material should be a metal. As a matter of fact, considering the square plaquette shown
in Fig. 5b, one Cut? per cell corresponds to a 3d” configuration. The presence of a hole

per cell should give rise to a metallic state. Actually the parent compound is a strongly
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Temperature

Antiferromagnetism

h

Figure 4: A sketch reflecting the most relevant features of a cuprate phase diagram. The
antiferromagnetic, cluster spin glass, superconducting and pseudo-gap temperatures behaviour
are described in the tex.

correlated system, where a gap is opened by the Hubbard mechanism: the on-site repulsion
between electrons makes double occupancy energetically unfavourable, the ground state has
antiferromagnetic spin structure, and plain hole hopping can happen only up to nearest
neighbours, as schematically shown in Fig. 5c.

This is a half-filled Mott-Hubbard insulator of the charge transfer [7] type, in the sense that
the energy of the Lower Hubbard Band (LHB) falls below the doubly occupied O, levels.
This implies that the lowest energy excited states involve a hole on the Og), level instead
of in the LHB. Therefore doping will similarly populate these states. The peculiar hole
wave function, mostly delocalized on the four O(2) and O(3) around a given Cu(2), is called

Zhang-Rice singlet [8].

The parent cuprates are prototypes of the two-dimensional Heisenberg antiferromagnet
(2DHAF), i.e. isotropic exchange is very strong in the plane of the plaquettes, and extremely
weak between different layers. Actually the bilayer cuprates like YBCO (and a fortiori tri-
layer compounds) have a strong intra-bilayer exchange, but their bi-dimensionality is not
affected. I will discuss further details of the magnetic properties in the next section.

Doping the compound as described in the previous section determines an abrupt reduction
of the Néel temperature T, followed by the appearance of a metallic behaviour, which is
accompanied by the onset of non conventional superconductivity. The transition tempera-
tures describe a dome with a maximum that ranges from 38 K in Las_,Sr,CuOy4 to 140 K in
Hg based compounds, well above BCS limits. The optimal T, corresponds to a hole density
h = 0.16. The h < 0.16 and h > 0.16 ranges are conventionally called underdoped and
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Figure 5: a: The Cu 3d,2_,2 orbital responsible for the electronic behaviour of the CuO,
plaquettes. b: In the plaquettes the super-exchange interaction between Cu is mediated by
the Oy, orbitals. c: In AF phase double occupancy (first neighbour hopping) is possible, but
energetically unfavourable; the second neighbour hopping is avoided by the exclusion principle.

overdoped regions, respectively.

In the strongly overdoped region the effect of electronic correlation should decrease, approach-
ing the conditions of normal Fermi liquids. In the opposite underdoped regime the effects of
correlation dominate. Here phonons alone cannot mediate the superconducting pairing, and
excitations of magnetic nature are the possible alternative candidates for the mechanism of
high-T. superconductivity.

A picture that is often discussed invokes the competition between two different ground states,
each associated with a specific order parameter or energy scale. An example of this kind is the
Fermi liquid competing with the characteristic order parameter of the insulating phase [6]. In
this example doping controls the competition by suppressing one order parameter and then
favouring the second one. A quantum critical point (QCP) is predicted when the character-
istic energy scale of both states are suppressed, and quantum fluctuations dominate at low
temperatures, since no energy gap exists. These fluctuations could replace phonons in the
mechanism of superconductivity, justifying the dome shape as the border of a region where
they dominate, centered at the QCP.

The prevailing opinion is that the competing order parameter characterizing the undoped-
to-light-doped phase cannot be the AF one, since it disappears long before optimal doping
in many compounds. In Ch. 5 and 6 I will show evidence of the presence of a different
QCP, around the suppression of AF order. Experimentally another energy scale has been
detected by several spectroscopies (ARPES, NMR, Raman, tunnelling, etc. [9] and references

therein) between zero and optimal doping. This energy scale corresponds to a (pseudo)gap



1.2. The phase diagram of cuprates 9

A,, anisotropic in k-space, larger than the superconducting one, and with different symmetry
(it is maximum in the k directions where the latter has nodes). The pseudogap line in Fig. 4
represents A, /kp, that is the temperature below which the excitation spectrum measured by
the above mentioned techniques is depleted.

The exact nature of the pseudogap state is elusive, and still debated. Candidates are repre-
sented by charge or spin density waves (CDW/SDW), or even more exotic orbitally ordered
states, where the anisotropic Cu orbitals are differently oriented, in a periodic pattern, at
crystallographically equivalent lattice sites. A peculiar version of coupled CDW and SDW is
represented by the so called stripes, where antiferromagnetic Cu spins are separated by pe-
riodically spaced domain walls, to which the holes segregate (Fig. 8a). These were predicted
by Emery and Kievelson [10], and observed by Tranquada [11] in a particular compound
(Laj -2 Ndo.4Sr;CuOy, with £ = 1/8) by neutron diffraction. Since these stripes cannot be
directly associated with the pseudogap (too low ordering temperatures and linked only to
specific compositions), many authors speculate whether dynamic fluctuations of this order
may play a role. No conclusive evidence has been provided until now.

Figure 4 actually shows a schematic diagram reflecting the Lag_,Sr, CuO4 behaviour (see left
panel in Fig. 6), where the suppression of Ty and the onset of T, are separated by a sizeable
doping range, corresponding to a low temperature magnetic state. This state differs from the
pure Néel order, and has been identified in the past as an unconventional spin glass, often
called cluster spin glass (CSG). The main motivation for this identification lies in the low
transition temperatures of order 10 K (much less than Ty ~ 400 K). Our data dispute the
glassiness of this state.

In a recent paper our group showed [12] that the CSG h range is much narrower, if not
absent, in YBasCu3Ogy, (see right panel in Fig. 6). This and other puSR works [13, 14]
further demonstrated that low temperature magnetism and superconductivity coexist in the
extreme underdoped regime, both in YBayCu3Ogy and in Lag_,Sr,; CuOy4. This coexistence
takes place in a sizeable range of doping, much larger than the uncertainty due to chemical
inhomogeneity. Furthermore all muons detect, in separate experiments, both internal AF
fields and diamagnetism: this demonstrates that the two order parameters coexist at least
nanoscopically (mean distance between AF and SC domains of the order of 2 nm), if not at

the atomic level.

In the rest of this chapter I shall limit myself to the cuprate families stemming from
the two parents LasCuO4 and YBasCu3zOg. The most relevant difference between YBas-
Cu3O¢4y and Lag_,Sr;CuOy is therefore the presence of a window of pure CSG phase, as
evident by comparing the two panels in Fig. 6. Many authors relate the developing of this

low temperature magnetic state with intrinsic disorder, via frustration effects. In fact Y-
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BayCu30¢4y, where the charge reservoir is farther removed from the CuO» layer, represents
the closest physical system to the clean limit, i.e. the pure, idealized undistorted periodic
lattice [12,15,16,17,18]. On the contrary randomly placed divalent cations provide the
doping mechanism in Lag_,Sr,CuO,4 and in Y;_,Ca,BasCu3Og. The heterovalent substi-
tution Srt? — La3t and Cat? — Y3 takes place in the cation planes, nearest neighbours
to the ones of the magnetic and/or superconducting CuOs. This places Lag_,Sr, CuO4 and
Y;,_,Ca,BasCuzOg in the dirty limit case, where disorder, increasing with doping, actively

modifies the scenario [16,17]. This aspect will be better clarified in Sec. 1.4.
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Figure 6: Left: Las_,Sr,CuQO,4 phase diagram, where a window of pure CSG phase is present
for a sizeable doping range (adapted from [19]). Right: in YBayCu3Og, the solely CSG window
is absent (adapted from [12]).

1.3 The 2DHAF and its behaviour upon light doping

The cuprate parent compounds are half-filled Mott-Hubbard insulator of the charge transfer
[7] type. Their observed transitions are Ty = 310,420 K for LayCuO4 and YBayCusOg
respectively, but very large in-plane correlation lengths [20] persist far above Tx. Neutron
scattering experiments [20] determine a very large isotropic antiferromagnetic (AF) exchange
J < 0 along the in-plane bonds, with a much reduced coupling J’ along the ¢ axis. This is
quite typical of quasi-2D systems, such as the fluorite perovskites [21], prototypical examples
of localized spin systems. The cubic system with the same J along all three directions
(3D) would be rather large (Tno ~ 1500 K), whereas in the ideal 2D isotropic (Heisenberg)
antiferromagnets the Mermin-Wagner theorem [22] predicts Ty = 0. Deviations from the
ideal case produce finite temperature order, scaling roughly as 1/log(A/J). In YBaaCu3Og
A = J' is the residual inter-bilayer interaction and in Las_,Sr,CuO4 A = J, — Jy is the
in-plane anisotropy, since in this case J’ vanishes by symmetry, due to the (a/2 a/2) shift

between consecutive CuO» layers.
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The high temperature behaviour is described by the 2D Heisenberg model, where the exchange
interaction can be calculated from the Hubbard model at half-filling in the ¢-J approach.

The ideal 2D behaviour is still a good description below T with its large quantum spin
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Figure 7: Agreement between NLoM and the inverse correlation length detected by neutrons
above T, as a function of temperature. The LaCuOy4 sample is characterized by a T ~ 200
K. (Adapted from [23]).

reduction for S = 1/2, = 0.6 up [24]. The high temperature correlations are quantitatively
described [23] in the non linear sigma model (NLoM) long-wavelength approximation. The
coupling constant g places cuprates in the renormalized classical regime, i.e. with a Néel
state at T" = 0, as opposed to the quantum disordered regime, where fluctuations kill the
order parameter even at zero temperature. It successfully provided a description of the
finite correlation lengths detected by neutron scattering [25] above the transition to three
dimensional (3D) order. In Fig. 7 the agreement between the NLoM calculation and the
correlation length detected by neutrons [20] in a LaCuOy4 single crystal is shown.

Departing from half-filling, i.e. doping the parent compound with a holes density h, the
measured magnetic transition T (h) drops rapidly, until the CSG phase, characterized by an
onset temperature T}, is established. The qualitative understanding of the magnetic hole-
doped ground state is that holes localize on oxygen at low temperature, leading to a local
spin singlet [8] (i.e. neutralizing a Cu spin), but their dynamical effect reduces the ordering
temperature T rather more effectively than a mere magnetic site dilution. The abrupt
reduction of the ordering temperature T is then the effect of a magnetic frustration [26].
Experimentally it has been detected very early on by implanted muons [27], and it corresponds

also to a drop of the static magnetic moment [20,28,29] at Q = (% %)
The strong frustrating effect of doped holes in the 2DHAF background may be understood

in several ways. As mentioned in the previous section, stripes have been predicted, [10]
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detected [11] in specific doping and distortive conditions (Laj ¢—,Ndg 4Sr, CuO4 x=0.12), and
are possibly present also as correlated fluctuations. In fact a qualitative argument to reconcile
stripes with reduced order temperatures is to consider that they lead to the formation of finite
size domains [30]. Figure 8a shows their static version.

In addition alternative disordered spin spiral states have been predicted [31,32], and their
hole density dependence reproduces the incommensurate magnetic scattering [33] detected
in Lag_,Sr,CuQy. This description considers that at low temperature (7' < 100) K and at
doping p < 0.055, each hole is trapped in a hydrogen-like bound state close to the Sr ion,
and delocalized over several Cu plaquettes. Under these assumptions [34] the local distortion
of the spin fabric is shown in Fig. 8b and ¢, where the small arrows represent staggered Cu
spins n, i.e. the real spin direction alternates from one site to the next. The static spin
distortion decays as 1/r at large distances. A finite concentration of Sr-hole bound states
gives a ground state shown in Fig. 8d. It is worth to stress that the outlined models leads

only to partial, qualitative agreement with experimental data.
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Figure 8: a: The stripe pattern of Laj g_;Ndg 4Sr,CuO4 with x=0.12. Arrows indicate the
orientation of magnetic moments on the metal atoms. Holes (filled circles) are located at the
anti-phase domain boundaries. (Adapted from [11]). b and c: The local distortion of the
fabric of the staggered spin n. Shaded areas corresponds to the hole localization regions. d:

A particular random realization of Sr positions in Las_,Sr,CuO4 with concentration x = 0.05
(Adapted from [32]).

1.3.1 Reentrance

A peculiar feature of the AF low doping region is the crossover between two thermal regimes,
identified by the re-entrant behaviour of the magnetic moment in Las_,Sr,CuQ4, YBas-

Cu3064y and Y;_,CayBasCu3Os. 139La Nuclear Quadrupole Resonance (NQR) [30] and
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muons experiments [12,19,35,30,36,37] identify a thermally activated regime where the static
moment is strongly reduced proportionally to holes density, and a re-entrant regime where
the moment recovers a nearly holes-independent zero temperature value. Two examples from
different techniques are reported in Fig. 9. In the left panel the the splitting of the quadrupole
frequency v, which is a measure of the static effective local magnetic field at the La site,
shows an upturn for low temperatures (7" < 30 K) in Lay_,Sr;CuOy4. In the right panel
the muon spin precession frequency, determined by the staggered internal magnetic moments
acting at the muon site (see Sec. 5.5.1) has an analogous upturn in Y;_,Ca,BasCu3Og. In
both cases the low temperature behaviour looks like a crossover. The crossover temperatures
qualitatively agree with the onset of spin dynamics freezing, detected e.g. by Cu NQR [38] and
muons, [19,35] but also with the activation temperatures of the variable range hopping regime
in transport [15,39,40]. Neutrons observe a decreasing static moment at (% 51) in the re-
entrant state, associated with an increase of the rod (3 3 ¢) elastic intensity [20] that matches
the muon moment recovery. It is worth stressing that in these conditions it is improper to
consider only the moment deduced from the Bragg peak intensity at (% %), as if a simple Néel
state were present. Partial and full sum rules [41] are hard to implement and imply very
large errorbars, whereas local probes offer a more direct, almost model independent way of

determining the full static moment.
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Figure 9: Low temperature re-entrant magnetic regimes as seen by NQR [42] in Lag_,Sr,CuOy4
(left) and by uSR [19] in Y;_,Ca;BazCu3Og (right). (Adapted from [43] and [19]).

For increasing h, the CSG phase is the close precursor of the metal insulator transition,
giving rise to the superconducting (SC) phase at a critical density hs. It is a precursor both
in the trivial sense that it lies in between the AF and the SC phases, and because increasing
the temperature at any small finite density h leads to metallic transport properties [15].

The glassy nature of the CSG state [44] is however controversial, since magnetic structure
coexists with disorder [33,45] and the observed features [43,46] are not exclusive of a true spin

glass state. We simply acknowledge that increasing hole density, hence frustration, leads to a
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more disordered state, whose experimental signature is the abrupt flattening of the magnetic
transition dependence on hole density, i.e. dTy/dh < dT/dh.

All cuprates share these main features, with the addition of intrinsic inhomogeneities
around the MI transition, evidenced as the presence of static magnetism [12,14,19,30,36,42]

at low temperatures, well inside the superconducting phase.

1.4 From the clean to the dirty limit

Besides all the commonalities described in the previous sections, remarkable differences are
experimentally detected among the cuprates. I focus here on a few relevant points, (the
values in parentheses refer to the two parents LaoCuQO,4 and YBayCu3Og in this order, unless

otherwise specified):

i) Distinct T;

i) Distinct critical densities for the suppression of Ty (h. ~ 0.02,0.06);

ii1) A region of pure CSG behaviour, without superconductivity, sizeable [26] in Lag_,Sr,-
CuOy, almost vanishing in YBagCuzOg.y;

iv) Distinct critical densities for the onset of the superconducting T¢. (hs =~ 0.05,0.06); these
two values are rather close to each other, but clearly different, [32] as it is confirmed also by
Ca doping in YBayCuzOgy , leading to hs = 0.075 for 8% Ca, (see [47] and Sec. 5.5.2).

These main points originate from the strong influence of the disordered heterovalent
substituents (Sr?*, Ca?*), which intrinsically place Lag_,Sr,CuQy at the dirty limit (disorder
and doping are intrinsically linked each other), differently form the clean YBasCuzOgyy
[16,17], as already pointed out in Sec. 1.2.

The influence of disorder on metal-insulator phase transitions is a classical topic in con-
densed matter, dating back to the work of P. W. Anderson and Sir Neville Mott, that granted
them the 1977 Nobel prize for Physics. A vast review on transition metal oxide [6] provides
the general framework, although high temperature superconductivity in cuprates is rather
unique. Heuristic models were recently proposed [16,17], showing that the phase diagram
is indeed influenced by disorder and that phase coexistence appears in certain conditions.
The introduction of disorder and of a phenomenological local parameter linking it to the free
energy of the superconducting and magnetic phases produces the phase diagrams of Fig. 10
were, in qualitative agreement with experiments they display AF, disordered, or SC regions,
as well as regions where two order parameters coexist (phase separation). They also show
that the phase diagram is strongly influenced by this simple phenomenological parameter,

hence an accurate experimental determination of the diagram may help to clarify the nature
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T
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Figure 10: Schematic representation of the obtained phase diagrams in the clean (a,b,and ¢)
and dirty (d) limits. The main point is that the CSG phase exists only in presence of quenched
disorder. (Adapted from [17]).

of high temperature superconductivity. A qualitative experimental phase diagram was also
drawn by Rullier-Albenque et al. [48] and it was discussed in a recent review [18] on disorder
at metal-insulator transitions. Their figure is replicated in Fig. 11. The main problem lies in
the calibration of the disorder axis, which is here just a guess. As better clarified in Sec. 1.6,
the work of my thesis can be summarized exactly as the attempt to quantify this axis and

thus gain important insight on the cuprates at the metal-insulator transition.
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Figure 11: The phase diagram proposed by Rullier-Albenque et al. [48]. The disorder axis seems
to contribute to the appearance of a glassy window (SG).
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1.5 Extreme type II superconductors

In this short section I intend to discuss the strong type-II character of cuprates, therefore
I briefly recall the meaning of the London penetration depth Az and of the the coherence

length &, that determine such a character.

The coherence length £ is the direct consequence of the macroscopic quantum nature of
the superconducting state. It represents the length over which the order parameter (r)
describing the superconducting state varies, for instance when a boundary to a normal metal
appears (superconducting-normal junction). Therefore it can be viewed as the characteristic
length of the wave function associated to a Cooper pair or, simplistically, as the mean distance

between two charge carriers of a pair. In BCS theory the following relation is found [49]:

o ~ (2)

kpT,’

where vp is the Fermi velocity, kp the Boltzmann constant and T, the critical temperature.

For a typical metal vp ~ 105m/s. For T, ~ 10 K this means ¢ ~ 1800 A.

The London penetration depth A\p, is the length inside a superconductor across which the
value of an applied field is reduced, because of the Meissner effect, by a factor 1/e. It is given
by

PR
L M0€2n87 (3)

where p is the free space permeability, e is the electron charge, ng is the supercarrier density,
and m* is the electron effective mass. It actually corresponds to the depth of the flowing

currents that shield the external field.

The Ginzburg-Landau parameter k = A/ is of great importance in the thermodynamical
calculation of the free energy of a superconductor. If x < 1/1/2 an applied field is entirely
expelled from the superconductor (type-I), while if £ > 1/4/2 the minimum condition for
the free energy corresponds to the penetration of the field in the superconducting volume
(type-II). In this case the penetration takes place in the form of fluxoids, forming the so
called Abrikosov flux-lattice. An example is shown in Fig. 12, where it is imaged in NbSes
by a low temperature scanning-tunnelling microscope. The spatial field distribution in this

regime will be analyzed in Sec. 4.3 (see Figs. 39 and 40).

Cuprates are non BCS extreme type-II superconductors, characterized by very short co-

herence length, as extracted by upper critical field measurements (and estimations). Moreover
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Figure 12: The Abrikosov flux lattice produced by 1T magnetic field in NbSes at 1.8 K, imaged
by a low temperature scanning-tunnelling microscope [50].

their large anisotropy results in tensorial expressions for A\, and &, as opposed to standard
metals. In YBasCu3Ogyy :(0) ~ 4 A, and £,(0) ~ 15A. The former is practically equal
to the spacing between adjacent conducting CuO2 planes, which indicates a two dimensional
nature also for superconductivity. Here I list the indicative values of these parameters for

three of the most studied compounds, Las_,Sr,CuOy4, YBasCuzOg and BisSraCasCuszOqg.

o, o

Compound T. | Map(A) | Me(A) | €ap(A) | €c(A) | BR(T) | BS(T)
Laj.96Sr0.04CuOy | 38 | 800 | 4000 35 7 80 15

YBayCu3Ogty | 92 | 1500 | 6000 15 4 150 40

BiySraCapCuzO1g | 110 | 2000 | 10000 | 13 2 250 30

Table 1: Indicative values for the London penetration depth A;, coherence length &;, and upper
citical field B, for three High-T,. oxides (i=ab or c). (From [49]).

A linear sistematic dependence between the zero temperature extrapolation of the muon
relaxation rate o(T" — 0) and the critical temperature T, is observed in all cuprate compounds
[51,52], and is shown in Fig. 13, where the Uemura plot [53] of many compounds is reported.
The muon relaxation rate o is proportional to the width AB of the inhomogeneous internal
magnetic field, and consequently to 1/ )\% when T' < T, (see Sec. 4.2.4, 4.3, and in particular
Eq. 49). The following relation holds:

2
1/A2 = HOCTs 4
oo 1/3 =1 ()

*
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Equation 4 and the experimental data of Fig. 13 define an energy scale for the superconduc-

tivity that is proportional to the quantity ns/m*.
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Figure 13: The so called Uemura plot. The relation between T, and o(T — 0) is linear in the
underdoped region, and slope is common to most of the cuprates. With further carrier doping
T. shows a saturation around the optimum doping region (i.e. the maximum 7T, for a given
compound), followed by a suppression in the weakly overdoped region [52].

1.6 Methodology and main purposes of this work

In order to gain understanding of the correlation between disorder and doping with the
electronic behaviour at the metal insulator transition (see Sec. 1.4), we decided to extensively
investigate the low-doping range, starting from the clean limit case, disentangling the effect
of these two control parameters.

Figure 14 provides the variance of the cationic radii, a measure of the mismatch introduced
by the substituents as a function of doping. For the generic compound Y;_,A;BasCuzOg,
this quantity is simply calculated by the formula 02 = (1 —2)R% +xR% — (Ras)?, where Ry 4
is the radius of each cationic species and Ry; = (1—x)Ry +x R4 is the average cationic radius
of the compound. The oblique red line highlights the already stressed intrinsic association
between disorder and doping in the Las_,Sr,CuO4 compound. The blue line represents the
pure YBayCusOg (Y100% in the following) clean compound (i.e. variance = 0, small residual
charge disorder). All the other horizontal lines represent disorder values that are doping

independent.
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Figure 14: Cationic radiii variance as a function of doping. The effects of disorder and doping
are disentangled.

Chemical Formula Label
YBasCuzOgs Y100%
Yo.92Eu0.0sBaaCuszOg. 1y Eu8%
Yo.925Ndo.075BagCuz Og 1y Nd7.5%
Y0.99Cag.01BagCuszOgy Cal%
Y0.95Cag.05BagCuzOg 4y Cab5%
Y0.935Ca0.065Ba2CuzOg.+y Ca6.5%
Y0.92Ca0.08BazCuzOg .y Ca8%
Yo0.89Ca0.11BasCugOg 4y Call%
Yo0.86Cag.14BasCuzOg 4y Cald%
Yi_,Eu,BayCuzO¢ 35 Eu35%
(2=0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.85, 1)

Table 2: Chemical formulas of the synthesized samples and relative labels. The oxygen range
is0<y<0.5.

Besides Y100% we chose two additional compositions, to investigate the effect of small
lattice distortion on the magnetic phase diagram by substitution of Y with a rare earth.
We chose Yq.92Eug.08BasCuszOgy, (Eu8%), yielding a very small mismatch of the cation
radii, and Yo 925Ndg.o75BagCu3O64 (Nd7.5%), yielding equivalent mismatch to that of the
heterovalent Yo 95Cag.05BagCus3O¢y (Cab%) substitution. It will be shown that isovalent
substitution affects negligibly both the magnetic behaviour and the MI transition.

We further chose to investigate increasing Ca compositions that introduces a strong
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Coulomb disordered perturbation. For each Ca content (i.e. fixed disorder) we spanned

several dopings by varying the oxygen content.

Many complementary techniques have been exploited to study the synthesized com-
pounds. X-ray diffraction and neutron scattering for structural analysis, resistivity and
thermopower for transport, iodometric titration for chemistry, SQUID magnetometry and
uSR for magnetism and superconductivity. As it is clarified in Ch. 5 I have been directly
involved only in some of them.

I gather up in the previous table all the stoichiometries we studied, together with the
sample labels. The samples with variable Fu content z are only marginally included in this

thesis and are the subject of a separate study that will be presented elsewhere.



Chapter 2
X-rays and diffraction techniques

X-rays were discovered by Wilhelm Roéntgen in 1895, for which he was awarded the first
Nobel Prize in Physics in 1901. Successively in 1911 Bragg and von Laue suggested the
x-rays to be the natural probe to analyze the crystal structures, being their wavelengths
comparable with the interatomic spacing in crystals, and in the following years they provided
the crystallographic description of NaCl and some other simple compounds starting from
the analysis of their x-rays patterns; therefore they posed the main bases for crystallography
about one hundred years ago.

In the following I will focus on the use of x-ray diffraction in solid state physics, that is a
widespread tool that provides the identification of crystalline compounds by their diffraction
patterns. After a brief recalling of some theoretical basics of x-ray diffraction in Secs. 2.1
and 2.2, some aspects linked on the standard laboratory equipment will be presented in
Sec. 2.3. In Sec. 2.4 I concentrate on some practical aspects related to the diffraction from

polycrystalline materials, that is the technique exploited in the present work.

2.1 X-ray diffraction

When we perform a diffraction experiment we are primarily interested with determining the
unit cell parameters, the nuclei positions and the electron distribution inside the cell, thus
with solving the crystal structure; this is often accomplished by the x-ray powder diffraction.
Let us now point out a couple of essential features of the x radiation (10nm < A\ < 1pm).
First of all its wavelengths are comparable with the interatomic spacing of crystals ~ 1A.

Since the energy of an electromagnetic radiation with A ~ 14 is

A(A) = E(l,f“v) (5)

of order 10keV, it can be commonly obtained by striking a metallic target with high energy

electrons; the inelastic excitations of the core electrons of the target provide the required

21
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energy for the photons.

When the atoms of the crystal are exposed to a coherent and monochromatic electromagnetic
radiation the two main effects are the Thomson scattering and the Compton scattering.
The former process is elastic and is responsible for the diffraction phenomenon, because
the elastic condition grants a simple kinematic relation between emission angles and the
set of crystalline planes coherently contributing to the scattering. The Compton scattering
inelastically contributes to the process; the incident beam looses part of its energy during the
interaction with the electrons, and contributes to the incoherent scattering.

The Laue calculation for the amplitude of the elastically diffused wave from a regular
and periodic arrangement of scattering units (physically the lattice) is a standard argument
that can be found in many textbooks [54,55,56,57]. It is rather interesting to note how
the monochromatic diffraction could be treated geometrically like reflection. L. Bragg and
his father W.H. Bragg gave a simple interpretation of the coherent diffraction by a crystal
[58]. Let us consider a series of parallel planes of a crystal lattice identified by the Miller
indexes (h, k, 1), being d the interlayer spacing, and being each plane only partially reflecting
the incoming radiation. Under the hypothesis of symmetrical reflection, the difference in
optical path for beams reflected by adjacent planes is 2dj 1 ;) sin 6, according to Fig. 15. The
interference of the radiation reflected by each plane is constructive every time the difference

in optical path equals a full value of wavelengths A, thus the diffraction condition is simply
2d(h,k,l) Sil’le = TLA, (6)

where 6 is the diffraction angle and n is an integer. This means that only for some 6 the
reflections arising from a set of parallel planes will sum with the same phase and will con-
tribute to an intense reflected (diffracted) beam. The position of the diffraction peaks and
the d-spacings that they represent provide informations about the distances between lattice

planes in the crystal structure; each peak measures a d-spacing that represents a family of

Figure 15: Graphical visualization of the Bragg's calculation for interference: d is the interlayer
spacing between two adjacent planes of a set of parallel planes, 6 is the diffraction angle. The
difference in optical path is equal to 2dy, 1 ;) sin 6 and is underlined in figure by thick segments;
when this quantity is equal to a full number of wavelength the interference of the reflected
beams is constructive.
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lattice planes identified by the Miller indexes (h, k, ). Even if Eq. 6 does not take into account

the relative intensity in the diffraction pattern, it reproduces the Laue results.

2.2 Scattering processes causing X-ray diffraction

Let us now briefly analyze how the intensity of the diffraction peaks and its variation is
related to the chemical species and their arrangement in the crystal structure; this step is

essential to fully define the diffraction process from a crystal.

2.2.1 Scattering by an electron

In diffraction we are concerned with coherent scattering, where each atom that is struck by
radiation becomes a secondary point source of x-rays with the same wavelength of the incident
beam, and holds a well defined phase relation with the incident radiation. The intensity of

the outcoming radiation was calculated by J.J. Thompson in 1906 [55]

1(r)

) e2 171+ cos®(26) 7)
o2 2 ’

meC?

where r is the distance from the oscillating electron, Iy is the intensity of the incident beam,
e is the electron charge, m. is its mass, ¢ the speed of light and 6 measures the angle between
the outcoming and incoming wave vectors. The factor (1 + cos?260)/2 is called polarization
factor because it reflects the fact that an incoming non polarized incident beam is partially
polarized by the scattering process (the moving particle radiates most strongly in a direction
perpendicular to its motion and the radiation will be polarized along the direction of its
motion). As a consequence the intensity of the diffuse radiation is maximum along the

incident wave vector and minimum in the orthogonal direction.

2.2.2 Scattering by an atom (atomic factor)

The electronic distribution inside an atom contributes to the intensities of the diffraction
peaks via the so called atomic form factor. The scattering by an atom is the result of the
interference among waves generated by single electron scattering processes inside one atom.
To take into account this interference effect one can write the total amplitude of waves

scattered by one atom in the form
fo= [ nirjeap(-ir-@)av. (8)
av

where r is the internal coordinate of the atom, q = k' - k is the difference between the

diffused and incident wave vector, n(r) is the charge density and the integration takes place
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over the electron distribution around the atom. Mathematically it is the Fourier Transform
of the density of the scattering object n(r), from the real to g-space. Its calculation yields
a constant characteristic of each chemical element. These constants are compiled in the

International Tables for Crystallography (Vol.3), pp. (201-207).

2.2.3 Scattering by an unit cell (structure factor)

Equation 6 provides all the reflections (h, k, ) associated to a given crystal lattice. Hence the
atomic arrangement inside an unit cell is the other parameter affecting the relative intensities
of the diffracted peaks. The contribution to the total amplitude of a scattered wave at the

position R inside the crystal can be written as usual as

A= Z exp(—iR - q). 9)

R

If we consider an unit cell containing s atoms which coordinates inside the cell are r; =
aja + ;b + vjc we can replace the coordinate R with R + r;j in the previous equation

obtaining
A= Z exp(—iR - q) - Z [j exp(—ir;j - q).; (10)
R J

where we introduce the atomic form factor for the j-th atom f; and define the second term

as the geometric structure factor S. Introducing the Bragg condition q = G(hkl) we have

SEZ;lﬂ)ﬂj) = Z fjexp(—ir; - G) = Z fj exp [—i2m(ojh + Bk + ;1)) . (11)
J J

This quantity has to be computed for each atom j and for each reflection (hkl).

2.2.4 Scattering in presence of thermal motion

In a real crystal, atoms lying in their crystallographic positions are not fixed, but the ther-
mal excitations make them moving around their equilibrium point that corresponds to the
minimum of their potential energy. This give rise to modifications of the intensity of the
scattered waves through the so called Debye-Waller factor.

Let us suppose that the coordinate of an atom at finite temperature could be expressed by
the relation R(t) = Ry + u(t), being the fluctuations of each atom not related to the others.
It is very simple to show [54] that the intensity of the Bragg peaks will be approximately re-
duced by a factor proportional to the quadratic average shift of the atom from its equilibrium

position following the relation

1
1 = Ipexp [—3 <u?> qz} , (12)
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where I is the intensity diffused by the rigid lattice and the exponential factor, known as
the Debye-Waller factor, is the thermal reduction. The average potential energy <U> of an
harmonic oscillator is related to the absolute temperature and to the quadratic average shift

by the equation
1 1 9
<U>= §I<:BT = 5C <u® >, (13)
where C' is the spring constant. This relation allows to write Eq. 12 as

I(hkl) = Ipexp [—q (14)

with (hkl) indexes of the vector @ = hA + kB + [C. This result is a good approximation
at high temperatures, when the atomic oscillations are randomly distributed, thus not corre-
lated; for low temperatures a quantum calculation involving phonons is needed. Equation 14
shows that the intensity of the diffracted peak is weakly depressed by increasing temperature,

and that a reflection with small g is less influenced than an higher one.

Taking into account all the factors affecting the relative intensity diffractions produced by
a lattice plane of a crystal structure it is possible to calculate a theoretical diffraction pattern
for virtually any crystalline material. The ICDD (International Center for Diffraction Data)
database contains over 70.000 patterns which calculations have been based on these factors,
and the ICSD (Inorganic Crystal Structure Database) includes the calculated patterns and
all of the detailed crystal structure data used as a base for pattern refinements done on

experimental data.

2.3 X-ray conventional generators

Conventional x-rays diffractometers have moderate dimension, so they are quite suitable as a
standard laboratory equipment. Leaving out the non conventional generators (syncrotrons),
in this section will be briefly analyzed the generation and the selection of the radiation, and
an overview of the most common detectors is presented. Further specific informations can be

found in many books (see for example [59,60,61]).

2.3.1 X-rays generation

Striking a pure anode of a particular metal with high energy electrons in a sealed vacuum
tube generates x-rays that may be used for diffraction. They are conventionally produced
by sealed tubes or rotating-anode generators, both based on the same process; a schematic
of a sealed tube is shown in Fig. 16. Referring to this figure, in the sealed tube electrons

are emitted by a cathode, which is a hot filament maintained at high potential difference
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Figure 16: Schematic representation of a sealed tube generator. The electrons emitted by the
filament are abruptly accelerated by a potential of some kV; they strike the anode and produce
the spectrum of Fig. 17. The tube is under high vacuum to preserve the x-rays emission efficiency.
The exiting arrows represent the outcoming x-rays that passes not altered through a thin Be
slab.

(typically 30 or 40 KeV) with respect to the anode. The electronics is usually designed
so that the anode is grounded and the cathode is at high negative potential, so that the
generated electrons are strongly accelerated toward the anode, which consists of a metallic
target usually cooled by water. Once they strike the anode they are quickly decelerated
and give rise to the brehmstrahlung, but if their kinetic energy is high enough they can
also ionize the atoms of the target and induce electronic transitions of the inner shells, thus
generating a characteristic spectrum (Fig. 17). This process requires high vacuum inside the
tube, otherwise electrons are strongly absorbed. The x-rays emitted by the anode reach the
focusing optics and then the sample, through a very thin beryllium window; beryllium is a
very toxic element, but due to its small atomic number it is almost transparent to x-rays.
The broad spectrum in the left panel of Fig. 17 depends on the potential applied between the
electrodes. The much more intense characteristic lines are named K,L.,M... and correspond
to the electronic transitions from higher energy orbitals to respectively n=1,23... shells;
a, (... label the starting L,M....state, while 1,2,3...1abel the different orbitals involved in the
transition. Selection rules exclude some of them; in the right panel of Fig. 17 the first 5
permitted transitions Kco; and K 3; are shown as a blow up of the left panel.
Depending on the wavelengths that we want to select we can use different metals for the
anode (target); the wavelength of the strongest Cu radiation (K«) is approximately 1.54 A,
while for the same K« transition is about 2.29 A for Cr, 1.94 A for Fe, 1.79 A for Co, 0.71
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Figure 17: Continuous and characteristic radiation for copper (leftpanel) and electronic transi-
tions that give rise to the various emission lines (right panel). From the left panel it is evident
that the accelerating potential should be included between 25 and 50 KV in order to obtain an
enhancement of the characteristic part of the radiation. The values of the indexes i = 1,2 and
Jj =1,2,3 are not resolved on this scale (note the logarithmic scale in the right panel).

A for Mo. The frequency of this emission is described by the well known Moosley’s law
v=_C(Z—o0), (15)

where, C' and ¢ are constants and Z is the atomic number of the atomic species undergoing

the emission. The intensity of a characteristic K line is described by the equation
Ix = Bi(V — Vg)'?, (16)

where B is a constant, ¢ is the electron current, V' the working potential and Vi the excitation
potential of the K series, strictly related to the ionization energy of the atom. By defining
I as the total brehmstrahlung intensity, it is possible to show that the highest value for the
ratio I /Ip is reached when V' = 4Vk; for copper Vi = 8.981 KV, thus the best choice for
the potential of a Cu X-ray generator is about 40V

The choice of the type of radiation is dictated to avoid frequencies strongly absorbed by

undesired atoms sometimes present in the specimen.

2.3.2 Making monochromatic X-rays

Monochromatic radiation is required to match the Bragg condition, thus the characteris-

tic emission must be filtered by means of an absorption filter, a crystal monochromator, a
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wavelength-selective detector or a combination of these devices.

There is no effective way to remove the K,, peak from the spectrum. Sometimes software
corrections (digital filtering) are available; they are based on the knowledge of the angular
dispersion of the K, , doublet (which increases with increasing angle), and on its intensity
relationship.

Exploiting the strong non linearity of the photoelectric absorption is it possible to set up a
0 filter; essentially one needs to find an element with an absorption edge that lies between
the characteristic K, and Kz wavelengths. The latter radiation will be greatly attenuated,
even if a significant amount of the high energy portion of the continuous spectrum will be
transmitted.

The most common way to filter the radiation in a diffractometer is by use of a crystal
monochromator. Each component wavelength of a polychromatic beam directed on a single
crystal of known orientation and d-spacing will be diffracted at a specific angle, following the
Bragg’s law; thus by choosing a single crystal with the right d spacing it is possible to cut off
all the undesired wavelengths. Pyrolitic graphite curved crystals are the most suitable, being
sufficiently mechanically strong to withstand large deformations during the x-ray exposition;
their bending permits to both monochromatize and focus the incident beam. The mosaicity

of the crystal must be very low, in order to minimize the dispersions of the beam.

2.3.3 X-rays detection

Different kinds of detectors are nowadays available. In principle an ideal detector should
provide good spatial and energy resolution and should cover a large area in order to capture
as many x-rays as possible. In practice, detectors are optimized for one of these qualities.
Proportional, scintillation, and PSD (Position Sensitive) detectors are extensively utilized in
crystallography .

A proportional detector provides an output voltage which is proportional to the energy of the
x-ray photon; it consists of a gas characterized by a high cross-section for x-rays, sealed in a
tube in the presence of two electrodes under and applied voltage. The incoming x-ray strikes
the atoms of the gas, producing photoionization electrons. The electrons are accelerated by
the voltage and, after an avalanche process, a current proportional to the number of initial
electrons (thus to the energy of the incident photon) is produced, hence a voltage drop across
a resistance is measured. This kind of detector is usually characterized by an high energy
resolution.

A scintillation detector exploits the luminescence of certain materials (scintillators) when
they are struck by ionizing radiation. It converts the energy deposited by the x-rays into
light, usually in the near ultraviolet or blue region of the visible spectrum. The scintillator is

coupled to a light sensor such as a photomultiplier where a photocathode absorbs the light
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of the scintillator and emits a cascade of dynodes electrons by the photoelectric effect. The
subsequent multiplication of the photoelectrons results in a final electrical pulse which can
then be measured. This kind of detector have a good counting efficiency.

A relatively new class of detectors is represented by the Position Sensitive Detectors (PSD);
these provide not only the number of counting, but also the spatial position of the single
event. The early versions were formed by an array of proportional counters able to subtend
an angle of ~ 10°; now two dimensional detectors are available as well. Of course, the main
advantage of a PSD is the improvement in the acquisition rate; on the other hand they

generally show a lower resolution compared to a point detector.

2.4 X-ray diffraction from polycrystalline materials

It is now worth to have a quick overview on some practical aspects related to our work. The
most exploited experimental setup in powder diffraction are the Deby-Sherrer camera [62] and
the Bragg-Brentano configuration. In the following section I shall describe the latter, being
the geometrical setup of our instrument. In Sec. 2.4.2 I show the porpouse of our analysis;
Sec. 2.4.3 is devoted to a presentation of the GSAS suite, and Sec. 2.4.4 is a very introducing

overview on the Rietveld method, the basis of any quantitative analysis of diffraction patterns.

2.4.1 The Bragg-Brentano configuration

The Bragg-Brentano geometry [63] exploits a Seemann-Bohlin parafocusing arrangement,

improving the intensity and resolution of the diffraction maxima. A Seemann-Bohlin ar-

Figure 18: Seemann-Bohlin focusing geometry. The focusing circle is the geometrical locus
where the reflections from all the planes of different (hkl) are focused. In the figure only one
(hkl) reflection is shown (Adapted from [56]).
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rangement is shown in Fig. 18; it is based on the following geometrical theorem: all angles
inscribed in a circle based on the same arc SF' (S is the source, F' is the focusing point) are
equal to each other and equal to half the angle subtended at the center by the same arc.
Suppose that x-rays proceeding in the directions SA and SB encounter a powder specimen
located on the arc AB, thus defocusing on the sample. Then the x-ray diffracted by the (hkl)
planes at points A and B will be deviated through the same angle 20=180°- «, which means
that the diffracted rays must proceed along AF and BF', and come to a focus at F' where a
detector will be placed. The circle defined by points A, B, S (and F) is the focusing circle.
In practice diffracted rays originating from an extended region of the specimen all converge
to one focusing point. It is possible to take advantage of this focusing action by using a
flat specimen in the Bragg-Brentano geometry, as shown in Fig. 19. In this geometry the
detector moves at different angles about the sample keeping a constant distance equal to the
radius of the diffractometer circle, thus is necessary to ensure that the parafocusing effect is
also produced at a constant distance form the sample. Being the radius of the focusing circle
dependent on the incidence angle of the incoming radiation, the focusing condition is held by
moving by A6 the specimen and by 2A60 the detector D, thanks to a mechanical coupling.
Because of this motion the normal to the specimen’s surface will bisect the incoming and
diffracted beams and the radius of the focusing circle decreases with increasing 6, keeping F’
always located on the detector D that now lies at the intersection between the diffractometer

circle with the focusing circle.

diffractometer circle

focusing

focusing
circle

(a) (b)

Figure 19: Bragg-Brentano focusing geometry for a flat specimen. The focusing circle is drawn
by a dashed line; the focusing condition is preserved only if the detector and the sample (or
alternatively the detector and the x-ray source) rotate together by the angles Af and 2A6.
(Adapted from [57]).
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2.4.2 Our application of powder diffraction

Here 1 show the task I accomplished by collecting x-ray diffraction patterns. The first has
been a qualitative aim of the analysis, to roughly check the phase purity of the materials
during the various synthesis steps (see Sec.5.1). In our case the structure of the compound
is supposed to be well known. A crystallographic information file (.cif) provides to the soft-
ware all the required structural items; this file is based on the informations collected in the
International Tables for Crystallography.

Based on the Rietveld method, the quantitative refinement of the structure has been sys-
tematically performed on the compounds after the last synthesis step. Even if the resolution
of our measurements did not permit some fine evaluations such as the atomic position and
occupation, by the full profile analysis it has been possible to extract the lattice parameters
and to relate theme to the oxygen content and to the holes density on the CuOq planes, as

explained in Sec. 5.2.

The x-ray diffraction patterns have been collected at the Chemistry Department of our
university. The instrument utilized is a Philips PW1050 powder diffractometer in Bragg-
Brentano 6-26 vertical configuration. The HT-PW1830-generator works at 40 kV and 25
mA, and the radiation exploited is Cu-K,. The PW3011 Xe-gas proportional detector has
an efficiency of 93% for the mantioned radiation, and the PW3020 vertical goniometer is
separately driven in 6-26 by two step-motors (£0.0001°). A good compromise between the
measuring time and signal to noise ratio has been found for A§=0.03°, 7=>5 sec and a total

excursion 20°<20<80°.

2.4.3 Software utility: GSAS/EXPGUI

The fit of the powder diffraction patterns were carried on thanks to the General Structure
Analysis System (GSAS) suite, created by Allen C. Larson and Robert B. Von Dreele of Los
Alamos National Laboratory (LANL) in 1985. It is a set of programs for the processing and
analysis of both single crystal and powder diffraction data obtained with x-rays or neutrons;
it is possible to fit data either from constant wavelength (CW) or from time-of-flight and
energy dispersive x-ray experiments. Up to 99 different datasets can be used in combination,
and for a single sample a maximum of 9 crystallographic phases can be refined. Other than
phase identification, GSAS is also used for texture analysis, lattice constant determination
and simulation of powder diffraction data; it is a powerful and free program package, easily
downloadable from the web [64], and available for a series of operating systems (Windows,
Unix, Macintosh, VMS).

GSAS is organized in several (about 50) main programs each designed for specific types of
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tasks or types of crystallographic calculations. The data input is done through EXPEDT,
an interactive editor based on several levels of shell dialog; even if it is still possible to enter
each shell, from 2001 the data input became more user friendly thanks to the introduction
of a General User Interface (GUI) called EXPGUI by its compiler, Bryan H. Toby of NIST
(National Institute of Standards and Technology). The GSAS/EXPGUI routine needs an
input consisting in two files: the data, in gsa format, and an ascii instrumental file. The
former can be simply obtained by converting the raw data by the use of many freely available
conversion routines, while the latter concerns the starting values of parameters characteristic

of the instrument, and for commercial instruments is supplied by the seller.

2.4.4 Rietveld refinement

The Rietveld method was proposed by Hugo Rietveld in two seminal papers in 1967 [65]
and 1969 [66]. It optimizes user-selected parameters to minimize the difference between an
experimental pattern, that is the observed data, and a model (containing the parameters)
based on the hypothesized crystal structure and instrumental parameters, that is the calcu-
lated pattern. A structure model that makes physical and chemical sense, the peak shape
and the background shape functions are therefore needed. The procedure is based on the
least squares method, and starting from a powder diffraction data-set it can refine lattice
parameters, atomic positions, fractional occupancy, and thermal parameters.

The powder diffraction experiment yields a diffractogram which consists of an array of ¢ ob-
served values y;, of the x-ray intensity, equally spaced by increments dx of the independent
variable z; in our experiment this parameter is the angle 26. Each observed value contains
the contributions of the background, of the specimen (the sum of the contributions from
Bragg reflection), and of the instrument (optics). Assuming an isotropic powder distribu-
tion, the mathematical model that is assumed to represent the physical pattern [67] that will

be compared with the data is
Yie =i+ 5 Y mplp APy ?G(Afy) (17)
k

where y;; is the background intensity at the i-th step, s is a scale factor, mj the multiplycity
factor for the k reflection, I an instrument dependent factor, A an absorption factor, Fj
the structure factor, and G(A0;)=G(0; — 0) is the reflection profile function, where the
argument is the difference between observed and calculated positions of the Bragg peak,
being 6;, corrected for the zero-point shift of the detector.

The best agreement between the observed y;, and calculated y;. data is obtained by the well

known least square method. It consists of a routine procedure based on the minimization of



2.4. X-ray diffraction from polycrystalline materials 33

the chi square function

=3 o — vie? (18)

PR

by the variation of several parameters in the calculated intensity function of Eq. 17. Here
0?2 = agp + o2, where pr is the standard deviation associated with the peak and o7 is that
associated with the background intensity w;p.
Among all the parameters previously listed that in general can be refined, this work has been
limited in identifying a suitable background function and the best profile function G(A#;) for
the peak’s shape and the unit cell parameters. The background contribution arise from diffuse
or incoherent scattering, amorphous phases in the sample and electronic noise in the detector
system, and is usually defined by a power series in 26, whose coefficients are parameters
of the refinement. The analytical expressions of the more useful peak-shape functions for
the pattern profiling can be found on many books of crystallography [55] and/or Rietveld
analysis [67]; in general they can be Gaussian or Lorentzian shaped functions, or better a

convolution; the main parameter to be refined is the FW H My, that is the Full Width Half

Maximum of the k-th reflection.
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Chapter 3

Magnetometry and others physical

characterizations

The physical properties of the samples subject of this work were investigated by several
techniques: magnetization, transport (resistivity and thermopower) and neutron diffraction
experiments, plus iodometric titration for evaluating the oxygen content. Among them I
mainly dealt with magnetometry, that will be described here in more detail. The others

techniques will be briefly mentioned at the end of this chapter.

Magnetometers are scientific instruments designed to measure the bulk magnetic response
of a sample. I will limit my description to the basics of the technique I used, the SQUID
magnetometry, starting from its physical principle (Sec. 3.1), and its application to the Super-
conductor QUantum Interference Device (SQUID), in the relevant experimental configuration
and methodology (Sec. 3.2 and 3.3).

A SQUID magnetometer is essentially a magnetic flux-to-voltage transducer, that is a voltage
value is associated with a measure of magnetic flux variation; under appropriate hypothesis
a software turns this value into a magnetization value. This kind of magnetometer is largely
exploited in research laboratories, mostly because it provides a very high sensitivity (up to

10~ 8 emu).

3.1 Josephson junction

A schematic view of a Josephson junction is shown in Fig. 20. It is a Superconductor-
Insulator-Superconductor (SIS) junction, thus a piece of superconducting material inter-
rupted by a “thin” insulating slab, that is a barrier potential. The real meaning of the
word “thin” is determined by the possibility for the charge carriers, thus the Cooper pairs,

to tunnel across the junction. The operation of a SQUID exploits a couple of Josephson

35
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Figure 20: Josephson junction: a schematic view of the order parameters superimposition inside
a thin barrier potential.

junctions, and will be described in Sec. 3.2: let us begin describing the single junction.

Following the Ginzburg—Landau theory [49,68], the charge carriers in a superconducting
system can be described by a single complex order parameter, the macroscopic wave function
W = 1hpe’, identified by an amplitude 1y and a phase @; this superconducting state can
be considered a macroscopic quantum state. If two identical superconductors are placed
far enough from each other, they do not interact, so their relative order parameters are
described by independent phase values 8. If they are placed close enough each other, but not
in contact, the two superconducting states are “linked” and there is a well-defined relation
between their phase values, based on the probability of carriers to tunnel from one to the
other, that determines the current density J across the junction. In this case they form a so
called “weak-link”.

If we consider the barrier potential of thickness [ centered around z = 0 in Fig. 20, we can
simply write the wave function at the generic position z as the sum of the contributions of

the two superconducting wave functions
w(l,) _ 1/)0[6i01_a($+l/2) + ei02—a(—z+l/2)] (19)

where 0% = n, /2, and ns/2 describes the number of superconducting Cooper pairs. The
supercurrent density across the junction can be evaluated thanks to the Ginzburg—Landau
equation

the B 2¢?

j(r) = 5— "V — V)

2me Me

VA, (20)

where me is the electronic mass, and A is the potential vector that originates the magnetic

field B = V x A. In the simple case A = 0 we obtain the equation
I = joASiTL(el — 92) (21)

where jg is the maximum density current for the junction, A is the junction area, and the

argument of the sin function is the phase difference between the order parameters 1 in two
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regions. Besides, the potential drop across the junction can be calculated [69] thanks to the

equation

_ hd(6) —6)

Therefore, when inside a Josephson junction a certain supercurrent is flowing, the phases of
the order parameters in the two regions change to satisfy Eq. 21; if the difference between
these quantities is stationary, the supercurrent flows without a potential drop by equation
Eq. 22, thus the junction shows zero resistance.

If a magnetic field B is producing a flux across the junction area, the critical current density
is a function of the flux concatenated to the border of this area, and assumes the form [49]
sin(r®/Pg)

I(®/Dg) = joA B/,

sz‘n(@l — 92) = IQS’in(91 - 92) (23)

where A is the junction area, ® is the total flux that threads the junction and ®q is the
flux quantum. The quantity Io(®/®Pg) is shown in Fig. 21 vs. applied field (flux): note the
diffraction-like bahaviour of the single junction, and the characteristic periodicity given by
a flux quantum. This extremely high sensitivity of the Josephson current to the magnetic
field is the key point to many important applications of the Josephson effect, first of all the
SQUID, that will be briefly discussed in the next chapter.

)
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Figure 21: The magnetic field dependence of the maximum supercurrent for a Josephson junc-
tion in the applied magnetic field; note the single-slit diffraction-like behaviour, typical of wave
optics; this is due to the phase change along a direction perpendicular to the junction axis [49].

3.2 dc-SQUID

A dc SQUID is a weakly-connected superconducting loop containing two Josephson junctions,
as shown in Fig. 22. This loop is allowed to contain flux only in multiples of the flux quantum
®y. Thus a change in the external contribution to the flux concatenated with the loop will
cause currents to flow to compensate that change, corresponding to a phase difference across

the junction, giving rise to a voltage across the loop which we may detect.
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Figure 22: Schematic diagram of a dc SQUID: the phase difference between the entering and
exiting supercurrent is strongly dependent on the external magnetic flux concatenated with the
superconducting loop [49].

The ring is thermalized at ~ 2K, and is biased by a constant current Iy;,s; the bias current
is shared in to the components I, and Ig, between the two SQUID branches, and each
component encounters a junction. The Ip;,s current in the “zone 1”7 (thus upstream with

4

respect to the junctions) before the distribution, has to be the same in the “zone 2” (thus
downstream with respect to the junctions) after the recombination, except for the phase shift
introduced by the barriers potential in the “links” (that in principle could be different, so
YA =024 — 014 # v = b2 — O11).

Tankig into account the junction equations, the inductance of the superconducting loop
and the presence of a vector potential due to any external field which influences the phase
values in the superconducting regions, the value of the overall critical current density can be
calculated [69]; neglecting the magnetic flux contribution across the junction, the stronger
dependence in the equation describing the current of the device is on the external magnetic

flux concatenated with the superconducting loop, that can be expressed by the equation
I1(®/Dg) = 2jgAcos(m®/Pg)sinyg = lypsinyo (24)

with v9 = y4—7(®/Pg) = yp+7(®/Py) and v4 = 014 —024 75 = 015 —025. The dependence
of Iy on flux is graphically shown in Fig. 23. As long as the current flowing in the device
is smaller than I,,,, the phase -y adjusts itself so the current flows without dissipation; I
is in fact the maximum current which can flow in the device without dissipation. It is very
interesting to note that Iy reaches its maximum for an integer number of flux quanta enclosed
within the loop, while it goes to zero whenever the number of flux quanta is half integer; this

periodicity is analytically expressed by the cosine dependence. This behaviour provides the
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Figure 23: Dependence of the maximum supercurrent I,,4, on flux for a dc SQUID, expressed
in equation (24), [49]. The periodicity corresponds to a magnetic field B = 2-107!1 T, and its
value goes to zero whenever the number of enclosed quanta is an half-integer.

basis for the operation of the dc SQUID magnetometer and permits us to measure extremely
small fields: as an example, if the ring area is 1cm?, since ®g = h/2e = 2-1071° Tm?, the flux
periodicity corresponds to a field B = 2- 1071 T. Actually the sensitivity of the instrument
is higher than the one associated to the previous periodicity, as it is clarified in the next

section.

3.3 dc-SQUID operation and measurements methodology

Let us consider the Ip(®/®y) dependence expressed in equation (24) and graphically visual-
ized in Fig. 23. Let us set our attention, for example, on the value that the curve assumes
for ® = 0, thus the central maximum. If the bias current is high enough, the junctions are
driven to the normal state, and a potential drop appears across the SQUID; if the bias current
is lower than the critical current, the SQUID is in the superconducting state; so that if an
external variation of the concatenated flux lowers the critical current (thus leads the critical
current under the bias value), a voltage drop appears once again across the SQUID. This
voltage, say Vs, turns out to be periodic itself with the same periodicity of Iy of Fig. 23; it
is the output signal from the device, and can be detected thanks to an appropriate solution.
Therefore, in practice, the de-SQUID operates with a constant biasing current slightly greater
than the critical current; it is always resistive, and the voltage one measures across turns out
to be periodic in the magnetic flux with a period of one quantum. The output voltage V;
is not directly detected, in order to minimize the signal-to-noise ratio and to linearize the
response. It is fed to the so called “flux—locked—loop” (FLL), shown in Fig. 24. In this con-
figuration a slow external modulation (~ 1 — 100 Khz) of amplitude ~ ®,/2 and a feedback
circuit (amplifier-lock in-integrator), inductively coupled with the SQUID, keep the system
at one of the extrema of the Vi(®/®g) curve linearizing the response. The output signal of
the FLL circuit turns out to be proportional to the feedback signal [69].

It is usually necessary to measure a magnetic moment induced by an external field, which
interferes with the SQUID measurement. To minimize this effect the SQUID is inductively

coupled to the sample thanks to a specifically designed pick-up superconducting circuit (rep-
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Figure 24: Circuit with pick-up coil (L,), input coil (L;), SQUID and flux-locked loop. A change
in the magnetic field at the pick-up coil (inductance L,) induces a change in the field at the
input coil (inductance L;). The SQUID is inductively coupled to the input coil and detects a
change in magnetic flux. The voltage response V; is the input for the flux-locked loop, which
uses a modulation flux scheme [69] to hold the SQUID at an extreme of the V,(®/®) curve.
The user measures a change in V{, which is proportional to the feedback from the loop and
hence to the change in magnetic field at the pick-up coil [70].

resented by L, in Fig. 24), hence the SQUID can be shielded from external not desired fields.
The sample space with its related hardware controls and the pick-up circuit geometry are
shown in Figs. 25 and 26. The signal detection circuit adopts the second-order gradiometer
configuration shown in Fig. 26, usually called pick-up coil. It consists in four identical coils,
the two central ones wound clockwise and the external ones wound counterclockwise in sym-
metrical position from the center; in this way the pick-up coil produces a current which is
proportional to the external field gradient, rather than to the field itself. This configuration
is not optimized for the signal detection, but it shows the very important advantage of being
in principle not sensible to the variations of the external field, so it can reduce the noise due
to its fluctuations [71].

By moving the sample through the symmetry axis of the pick-up coil its magnetic moment
couples inductively (L, in Fig. 24) and produces a current variation in the superconducting
circuit, which is proportional to the total flux amount across the four coils. The same current
is then coupled to the SQUID loop (the inductive coupling is represented by L; in Fig. 24),
being its input signal, and produces a final voltage output Vg form the FLL, as one can
gather from the figure. In the point-like approximation of a magnetic moment m lying along
the gradiometer axis at distance x from the center of a coil, the concatenated flux can be

simply calculated thanks to the following relation

R?
Bp(x) = L. T (25)
2 (R? + 22)2

where pg is the Bohr magneton, R the coil radius. Since the pick-up takes place thanks to a

four coil series (as shown in Fig. 26), the total flux amount will be the algebraic sum of the
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Figure 25: Longitudinal section of the sample space and its related hardware controls, including
the location of the second order gradiometer superconducting detection coil and the external
superconducting main coil for external field (up to 5T) application [71]. The sample is drop
into a vacuum chamber which temperature can be varied from 2K to 400 K.

four contributions; thus the overall calculated voltage vs. sample position is

4

Sl +di)* + RY s, (26)
=1

mR?
Bp(a) = S5

where d; is the axial distance from the center of the gradiometer of the i-th coil. A measure
consists in an average of several scans of the sample position to reduce the noise (from two to
six, depending on the signal to noise ratio); finally the software fits the measure values to the
function of equation 26 to extract the value of of the magnetic moment. The conversion factor
from voltage to magnetic moment needs a separate calibration performed with a reference

sample (a small Palladium cylinder of known mass and susceptibility in the case of the SQUID
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Figure 26: Configuration of the second order gradiometer superconducting detection coil. The
current induced in the central windings flow opposite to that induced in the external ones. This
configuration is pretty low dependent on external field variation, thus the measured signal can
be totally ascribed to the sample. [71]
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Figure 27: Raw diamagnetic output SQUID signal, amplified by the FLL circuit of Fig. 24, as a
function of the sample position along the gradiometer axis. The gradiometer geometry is shown
in Fig. 26. From the best fit curve (continuous line) one gathers the sample magnetization value
m [71].

used for this work). Further practical aspects of the measure will be better explained in the
following section.
3.4 Some practical aspects in the SQUID measurement

We performed the bulk superconducting characterization at our physics department by using
a Quantum Design SQUID MPMSXL-5 magnetometer, equipped to perform DC susceptibil-
ity measurements in the temperature range 1.8 K<T<400 K and up to an applied field of
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5T. we evaluated the transition temperatures as the linear extrapolation of the 90% to 10%
diamagnetic drop of suscebtibility, in a field ygH = 0.2 mT. It is worth to do some useful

practical consideration keeping in mind when performing a SQUID measurement.

Residual field presence.

As already discussed our interest was mainly focused on the determination of both the tran-
sition onset and width, so we choose the very low field =(2Oe) to reduce pinning effects.
Keeping in mind that the whole system is shielded from the external world, it is possible
that a previous high field measurement gives a not desired small residual magnetization of
the shield which could introduce artifacts in low-field or zero-field measurements. The same
happens for the field given by flux quanta trapped in the magnet superconducting coil. For

these reasons some options to minimize the trapped flux are available.

First of all a magnet reset option is usable. It assures that no flux quanta were trapped in
the superconducting coil by heating the same over the transition temperature; the winding
is so guided in the normal state before the subsequent measurements. Actually it is possible
to evaluate the average residual field by an M (H) measurement on a magnetic sample. We
performed a series of four low field (10 Oe, —10 Oe, 5 Oe, —5 O¢) ZFC measurements on the
slightly overdoped Y.95Ca,BasCuszO7 sample. The result is shown in figure, where a residual
averaged field equal to ~-0.50e is present for M=0; this is mainly due to the magnetization
of the external permalloy shield that produces this significant residual field (—1/4 of the
standard field utilized in our measurements). In any case one needs a better control on the
real residual field value, which is achieved by a degauss shield and a subsequent ultra low

field options.
Degaussing the permalloy shield surrounding the dewar may not be necessary if the MPMS

superconducting solenoid has not been energized to fields high enough to magnetize the
shield: typically, this is a field > 200 Oe. Starting from 5000 Oe the shield undergoes series of
narrower and narrower hysteresis cycles toward zero. The field profile after the magnet reset
and degauss shield options in shown in blue in Fig. 29, where the field value is now directly

measured by an hall probe.

The ultra low field option guaranteed a very high precision (~ 0.02 Oe) in the field nulling
procedure. It adjusts the magnetic field basing on readings from the flux-gate sensor, so the
option sets the field to zero at the position of the sensor one can specify. Nulling consists
of the following operations: the system performs a zero-field quench of the magnet to re-
lease the trapped flux that remains in the magnet, than it reads the remnant field at the
location of the flux-gate sensor. A compensation field is now applied by driving a current
in the low-field coil; the compensation field is opposite in direction to the remanent field,

so it cancels the remnant field. The system quenches the magnet again while the low-field
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coil holds the compensation field and then removes the compensation field and then reads
the remnant field at the location of the flux-gate sensor. As last step the system applies the
compensation field again and adjusts the current in the low-field coil to further null the field.
This process is repeated for the maximum number of iterations or until the residual field read
by the flux-gate sensor is less than the remnant tolerance parameter. The residual field is
20mOe for our 5T magnet, and is shown in red in Fig. 29; the ultra low field option turns

out the lowest possible residual field.

Sample holder

Of course, each sample needs its own sample holder; thus an unwanted contribution to the
final magnetization amount may rise from the sample holder, which is moving together with
the sample across the pick-up circuit. To reduce this effect one can employ radial symmetric
sample holders quite longer than the distance between the two external coils, so they do
not produce any flux variation in the pick-up coils as the scan is performed. We used to
employ a plastic drinking straw for our measurements, which shows a very low diamagnetic

contribution definitly negligible by comparison with typical superconducting signals.

Point-like approximation.
In chapter 3.3 we explained how the SQUID extracts the magnetization values from a linear

regression curve which considers point-like samples on the gradiometer axis. If the sample
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Figure 28: M (H) response of Y 95Ca;BasCuszO7. For low fields the linear dependence is satis-
fied, and the intercept with the x-axis, enlarged in the inset, shows a rough average estimation of
the residual field inside the magnet. The coefficients and residual field values are also displayed.
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Figure 29: Residual (blue, red) and applied (green) fields inside the sample chamber of a MPMS
system. The difference between the blue and the red circles highlights the accuracy in the
determination of the residual field, while the green circles represents both the actual value and
the homogeneity of the field present in the chamber when one sets the field at the measurement
value (note that the usual scan length is 4 or 6 c¢m, hence shorter than the maximum scan
length).

has a considerable extention by comparison with either the gradiometer or the calibration
sample length, then the linear regression can give wrong results; extra care has to be taken

to the sample extension and to the geometrical setting when preparing for a measurement.

Environment.

In principle a good rule is not to touch either with hands or magnetic tools all you will insert
in the sample chamber in order to avoid contaminations of the sample space. Several gassy
helium flushing out guarantee the exclusion of oxygen and nitrogen, whose condensation at
low temperatures would bring to the formation of dry ice inside the chamber, limiting the

instrument transport movement.

3.5 Other physical characterizations

Other techniques have been of fundamental importance in this work. In particular the Neu-

tron Scatting (NS), the Seebeck effect and the Iodometric Titration.

Time-of-flight neutron diffraction patterns have been collected at the ISIS spallation source

to extract the real content of both the R= Eu, Nd, Ca and O species in selected samples
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of Y1_;R;BagCuzOg4y. An example of NS Rietveld refinement is reported in Fig. 52, Sec. 5.2.

The thermoelectric power S(h,e) of a material is the coefficient of the Seebeck effect. It
measures the magnitude of an induced electric voltage in response to a temperature differ-
ence across that material; if the temperature difference between the two extremes is small,
then the thermopower can be approximated [72] as S = AV/AT , where AV is the electric
voltage seen between those points. In cuprates, the room temperature Seebeck coefficient
SET(h) is a measure of the intrinsic equilibrium electronic states of doped holes [73, 74, 75].

It has been measured for all the samples object of this work (see Sec. 5.3).

The Iodometric titration is a chemical method that accurately determines the oxygen content
by the average oxidation state (2+h) of the Copper ions [76,77]. In cuprates this kind of
analysis have been largely exploited the years [78,79], also with good improvements [80,81].
In our case, the absolute oxygen calibration of the end members of each sample batch leads

to an error of 1%.



Chapter 4

Muons and SR technique

4.1 Muons

The muon is the second generation lepton. Its rest mass is equal to 107.5 Mev, 207 times
the electron mass, and 1/9 the proton mass. It has spin S* = 1/2, and it features two
eigenstates of the electric charge (-1,+1); we are dealing here with the positive muon, which,
from a condensed matter prospective, behaves as a light proton rather than a heavy electron.
Differently from the electron and the proton, this particle is not stable, and it spontaneously
decays via weak interactions with an average lifetime 7, = 2.2 us. The muon p is one of
the elementary particles that compose our universe; speaking about elementary particles we
mean particles that do not show internal structure.

The first sign of the muon presence goes back to a work by Kunze in 1933; the trial of a
highly ionizing particle was highlighted inside a Wilson cloud chamber; a simple argument
demonstrated that the particle energy could neither be attributed to an electron, nor to a
proton. The identification of the muon is due to C.P. Anderson ed S.H. Neddermeyer in
1936, during their studies on the nature of cosmic rays. Cosmic rays are formed by charged
particles of very high energies (up to 20 Tev); when these particles enter the atmosphere
they interact with atomic nuclei, and the scattering process creates barions and mesons,
whose decay spontaneously originates respectively leptons and light barions; among all, the
most frequent production channel is the weak (-decay of m meson into muons and muonic
neutrinos. Although they are very unstable, many of them (about 1u/min - cm?) reach the
earth crust thanks to the time dilation described by the special relativity equations, as a
consequence of their velocity close to ¢: one of these events was the subject of the report by
Kunze. Measuring the energy loss of the particles forming cosmic rays, in their experiments
Anderson and Neddermeyer concluded that the events involved particles characterized by
unitary charge and mass larger than that of the electron one and smaller than that of the

proton. Powell and collaborators later quantitatively clarified these results, evaluating the

47
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muon mass m, = 205m., and showing that the muon is the decay product of the pion
m, the mediator of strong interactions in the Yukawa theory, whose mass and lifetime are
approximately m, = 273m, and 7, = 2.6 - 10~ 8s.

We know methods to artificially generate muons of selected charge and spin polarization,

which will be described below. These methods are the key to the uSR technique.

4.2 Muon Spin Spectroscopy uSR

Historically the acronym puSR was intended to convey different meanings, such as Muon Spin
Rotation, Relaxation or Resonance, depending on the type of the performed experiment.

This condensed matter investigation technique is very similar to Nuclear Magnetic Resonance
(NMR) or to Electron Paramagnetic Resonance (EPR); by contrast with electrons and nuclei,
already present in EPR and NMR samples, muons must be implanted; as a consequence uSR
experiments must be performed in large scale facilities (ISIS and PSI in Europe), where muon
production takes place exploiting proton accelerators of suitable characteristics. A polarized
muon beam is aimed at the sample: muons stop at interstitial sites and their spin dynamics
is measured from the angular distribution of the positrons emitted in their decay. The time
evolution provide informations about the distribution of internal fields, which is of great
interest typically in the case of magnetic and superconducting materials. Thanks to their
large magnetic moment, about 4.5 - 10726 J/T, muons can measure small internal magnetic
fields, such as the ones generated by Copper nuclear spins (less than 0.01 pp). Moreover
this technique is very useful in the study of multiphasic or partially ordered samples, since
the muon implantation takes place randomly inside the sample, and the signal amplitude in
the spectrum turns out to be proportional to the volume fraction of the different phases. A
detailed analysis of the technique follows for the two experimental configuration widely used
in this work; they correspond to the first and the second meaning of the acronym pSR, that

is Rotation and Relaxation.

4.2.1 Muon production as uSR probes

Muons generated as puSR probes are controlled in energy, flux, electric charge, spin polar-
ization. For our purposes positive u* are more useful than negative ;~, being the latter
captured by high atomic number nuclei. uSR experiments require spin polarization control;
during the production process we are able to obtain a nearly 100% polarized beam.

Pulsed (ISIS) or continuous (PSI,TRIUMF) beams of protons are driven to high energies and

+

directed on a thin graphite target, where positive pions 7™ are generated according to the

following equation

p+p—n+p+n. (27)
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The pions generated in the process are spread in energies, but they can be selected in mo-
mentum with a dipole magnet into a beam of low energy pions that decay according to the

following process

= ut + . (28)
with an average lifetime of 26 ns. This is a two-body weak interaction decay: let us consider it
in the pion rest reference system. The pion is a zero spin particle S™ = 0, while the neutrino
has S¥ = % Parity violation, intrinsically associated to the weak decay, forces the neutrino to
emerge with its projection S¥ in the same direction of its motion, but with reverse orientation,
that is opposite in sign. Therefore the emitted muon, for angular momentum conservation,
must also have negative helicity. This argument holds in the rest reference system; a large
spin polarization is therefore preserved selecting the muon momentum either from 7 decaying
on the target surface, at rest (surface muons), or from relativistic 7. We consider here only
surface muons, which have relatively small linear momentum and kinetic energy, respectively
~ 27Mev/c and ~ 4.2 Mev. These muons stop within 10-100um in condensed matter, loosing
their epithermal energies mostly by ionization processes. The thermalization lasts less than
At = 107?s. The process may include a series of electronic captures and reemissions when the
energy is of order of a hundred eV. This process can form muonium, the muonic equivalent
of the hydrogen, where the proton is replaced by the ;™. The time scale of the whole process
of stopping and thermalizing of x4 is much shorter than the typical spin precession period,
so that the implantation takes place without loss of spin polarization.

Muons decay according to:
pt ettt (29)

with a life-time of 2.19714(7) us. The Feynman diagram describing the weak process of muon
decay is shown in Fig. 30. This is a three-body decay, so the positron energy, the only particle

detectors are sensitive to, is not determined and varies as a function of the distribution of

Figure 30: The Feynman diagram describing the weak process of muon decay; W is the
exchange boson involved in this decay.
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linear momentum among the particles. The probability distribution W (#,¢€) of the decay

positrons is given [82] by

2 G2mz 2 2¢e — 1
d“W =W (0, €)ded(cos ) = (3 —2€)e” |1 — cos @ | de d(cos ) (30)
19273 3 — 2¢

where G ~ 1.166 - 10~°(he)3[GeV] ™2 is the Fermi weak constant, € = E/Eq, and  is the
angle between the muon spin and the emerging positron momentum. By integrating Eq. 30
over both ¢ and cosf we obtain the total decay probability per unit time, which is equal to

the inverse of the muon lifetime 7,
W =1/7, = G*m},/1927° (31)
The energy spectrum of the positrons follows from Eq. 30 by integrating over cos alone
dW (e) = W (e)de = [262(3 — 2€)/7,] de. (32)

The energy spectrum is shown in Fig. 31, together with the asymmetry factor in front of the
cosine in Eq. 30. The asymmetry factor a = (2¢ —1)/(3 — 2¢) depends on the positron energy;
it becomes unity for ¢ = 1 which means that no positrons with maximum energy are emitted
antiparallel to the u™ spin.

The left panel of Fig. 32 displays the angular dependence of the probability decay for various
asymmetries a; the perfect circle at 26 Mev (~ m,) is the minimum energy curve of the
positron, and corresponds to a = 0, while the perfect cardioid at 53 Mev (~ %02) is the
maximum energy curve, and corresponds to a = 1. The right panel displays the integration
over all energies which leads to the value a = 1/3, close to the experimental value which is
affected by the detectors sensitivity and by their geometry (the solid angle they cover); this
value will be called A.

Once implanted in the sample, the local magnetic environment dictates the time evolution
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Figure 31: The energy spectrum and the asymmetry of a spatial distribution are plotted versus
the energy of the decay positrons. For the minimum energy permitted a = 0, for the maximum
a=1.
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"a=1/3

Figure 32: The left panel shows the angular distribution of positrons from a p* decay with
FErin=26Mev< E_.+ <52Mev=F,,,.; in the right panel the angular distribution is integrated
over all energies.

of the muon spin. If a unique magnetic field B is present at all the muon sites, spin vectors

precess around it at the Larmor frequency
Wy =B (33)

where v, = gﬁ = 27 - 136 MHz/T is the gyromagnetic muon ratio and g~2 is the gy-
romagnetic spin factor. The probability of emission W (0, €) expressed in Eq. 30 is directly
proportional to the number of emitted positrons N (6, €), that is W () is proportional to N ()
after summing over all energies; if the spin precesses at frequency w, the angle in W () will
obey to 0§ = wt, i.e. it will produce a periodic modulation in N(6), at the same frequency of
the spin precession. By measuring experimentally this frequency, that is, following in time
the angular distribution of the emitted positrons, one can calculate the local magnetic field
B thanks to Eq. 33 .

4.2.2 Transverse Static Field (TF): uSR = Muon Spin Rotation

This experimental setting will be discussed referring to the right panel of Fig. 33. The applied
magnetic field B, lies along the vertical x axis, perpendicular to the spin of incident muons
and gives rise to their precession. In the following I shall include a crude treatment of
spin relaxation, which follows closely that of NMR [84,85]. In order to clarify the physical
pictures I shall assume simple situations and distinguish the static from the dynamic effects,
by assuming that the time variation of the local field B, at the muon may be described
by a single fluctuation rate 1/7. The field is static if v,B,7 > 1, otherwise it will produce
dynamical relaxations. Of course when 7,/7 < 1 the muon decay makes both static and
dynamic relaxations unmeasurable, i.e. the environnment is static on the time-scale of muons.

Let us consider for example the B detector, in line with the incident beam, placed up-

stream relative to the sample. The positron number detected in absence of any muon spin
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polarization would be given by the well known exponential decay of a particle of lifetime 7,

t

NB(t) = NB(O)eia (34)
where t is the time delay between the muon implantation and its decay, Np(0) the initial
count rate. Applying the transverse magnetic field By, the spin starts precessing at a
frequency w,, around the external field. This results in a periodic modulation of the count

rate
Np(t) = NB(O)e_i [1+ Acos(wyut + ¢)] (35)

where ¢ 1s the phase shift corresponding to the angle between the detector axis and the initial
polarization, A is the experimental asymmetry defined in Sec. 4.2.1. The field at the muon
site is actually the vector composition of the external field B.,; with any field of internal
origin; in a powder this produces a distribution of precession frequencies f(w,), that means a
dephasing of the spin ensemble, which gives rise to a damping of the oscillation, of envelope
G.(t).

The positron count rate reflects the damped precessions accordingly to

t t

Np(t) = Np(0)e ™ [1 + AG,(t) cos(@ut + ¢)] = Np(0)e ™ [1 + APy(t)], (36)

where @), is the average precession frequency, and the term P,(t) is called transverse muon
polarization; Fig. 34 shows the count rate function of Eq. 36 for the B (Backward) and F

(Forward) detectors.

The depolarization described by G, (t) may originate from a static field distribution but also

from dynamic fluctuations. If randomly oriented static magnetic moments produce the local

field on the muon site, the distribution of the internal field moduli p(B) = [ §(B — | By — B4(Q)])d2 /4,

Figure 33: Two sketches of TF uSR experimental geometry. P, and p, refer respectively to
the polarization and momentum vectors of the muon beam. H is the direction of the applied
magnetic field. In the left panel the field B lays on the beam direction, perpendicular with
respect to the muon spin, so the active counters are U (Up), R (right), D (Down), L(Left). In
the right panel muon P, and p,, are aligned, while B is perpendicular to them, so this time the
active counters are B (Backward), R (right), F (Forward), L (left) [83].
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i.e. the probability that the muon measures the field modulus B, is often approximated by a

Gaussian function

(uBy)?
QTS (i==x,y,2) (37)

with standard deviation %, and the deriving G¢ (t) has the form

GO(t) = e~ 296" (38)

T

of standard deviation og proportional to the second moment of the field distribution of
Eq. 37 along x. For instance it is typically a good approximation for nuclear dipolar fields,
and for internal fields in spin glasses, where the field acting on the muon site results as the
superposition of many static randomly distributed contributions.

In dynamic conditions, when electronic spin produces time-variable fields at the muon site,
or when muons themselves hop among different sites, a simple time-dependent perturbation
theory shows that an internal field fluctuating with rate 7! yields an additional dynamic
damping

(’YMRVT

1+v,2(B+ B;)?r?

p(B,7) = (39)

where B; is the secular part of the fluctuating field amplitude. Therefore in the case of fast
fluctuations, when v,B;7 < 1, the Fourier transform of Eq. 39, GL(t), is described by the

exponential relaxation

GL(t) = e w?Bimt (40)
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Figure 34: Positron counting in the B (Backward) and F (Forward) detectors in TF configu-
ration. The main window shows the raw counting, the corresponding transverse depolarization
function is shown in the inset.
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4.2.3 Zero Field (ZF) or Longitudinal Static Field (LF): uSR = Muon Spin

Relaxation

The experimental setting is the same for longitudinal field (LF) and zero field (ZF) uSR, so
these configurations will be discussed referring to the right panel of Fig. 33. In longitudinal
configuration the active detectors are B and F, the pair with axis parallel to the muon

polarization direction, and the positron count rate is
_t
N;(t) = Nyie ™[1+ AG,(t)cos¢;] i=F,B. (41)

We define N;(t) = Np(t) for ¢ = 0 and N;(t) = Np(t) for ¢ = 7, which are the raw data
from a pSR experiment.

The muon asymmetry can be written as

Np(t) — aNp(t)
Np(t) + aNg(t)

AG.(t) = (42)
where a = N,r/N,p is an instrumental normalization factor accounts for the different sensi-
tivity of the two detectors B and F. The constant « is experimentally determined by means of
a preliminary calibration measurement typically performed in the normal-state, that is at a
temperature greater than that of any magnetic or superconductive order. This is performed
by applying a small transverse field B (~ 20G in our case), at T > (T,,Tn). The spin
precession produces an oscillating polarization and the experimental ratio of Eq. 42 obeys
the condition P, & A(cosyBt)+ B(d') for the generic real number o/, with B(«) = 0 for the
physical condition o/ = o = %—‘f;’;. The detector counts for B and F in zero field configuration,
together with the corresponding asymmetry function, are shown in Fig. 35.

A real experiment is performed as follows. Thin compact disks (¢ ~ 3cm) of powdered
samples are prepared and then cooled down in zero or applied field, depending on the ex-
perimental set-up, as discussed in the next chapters. The sample mass is calculated in order
to prevent muons to stop in the back side of the sample holder. Moreover, being the in-
tensity of the muon beam section a 2-d spatial Gaussian profile, some muons implant in the
holder surrounding the sample-disk. In order to avoid the relative spurious signal, the sample
holder is covered by 625-um kapton foils; kapton is a polymeric material that determines a
very quick muons dephasingand this thickness is enough to stop all of the muons. These two
expedients minimize spurious contributions; however a very small fraction of muons unavoid-
ably ends in the in the cryostat walls. Assuming these muons having a minimal relaxation
and precess at the Larmor frequency appropriate to the external field, a simple calibration
measurement determines this small fraction. In the following we assume that this fraction is

always subtracted from the raw data.
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Figure 35: (a) Simulation of raw data (positron detected) in the F (forward) and B (backward)
detectors in the ZF geometry. (b) Related symmetry calculated via (42). The simulation assumes
realistically N p(t = 0) ~ 10* events.

4.2.4 Spontaneous internal fields in zero applied field (ZF)

When the local magnetic field Bj,. and the muon spin initial direction S, form an angle 0,
the latter precesses around the former describing a cone of aperture 6 as shown in Fig. 36.

The contribution to the polarization along z will be given by
0(t) = cos® § + sin® 0 cos(7, Boct) (43)

where the first term corresponds to the average time-independent polarization along z, while
the second to the precessing asymmetry. The muon spin relaxation function G(¢) can be
obtained by averaging o(t) over the field probability distribution P(B). In the following, we
discuss the case for specimens where the directions of B are random, isotropically distributed.

For a stationary B, randomly oriented on the solid angle 47, and with a distribution of second

sin? g

Figure 36: Larmor precession of a muon spin around a local magnetic field Bj,. (H in figure);
6 is the angle included between z and By,.. cos?f is the projection factor for the time indepen-
dent contribution to the muon polarization along z, and sin? @ is the projection factor for the
contribution precessing at the Larmor frequency.

moment ¢ = YA B, the directional average will lead Eq. 43 to the relaxation function

1 2
G(t) = ge*t/TI + g(3*"%2/2 cos(vuBioct) (44)
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Figure 37: Static and dynamic Kubo-Toyabe relaxation function. The dynamic case is shown
for several selected values of the correlation time 7, under the assumption of Gaussian random
local fields [87], [86].

where in analogy to NMR language the time constant 1/7} represents the rate of the dynamic
spin-lattice relaxation, while the transverse relaxation rate o arises from a static Gaussian
inhomogeneous distribution. If the distribution P%(B) is centered at B = 0, (as an example
this situation is suitably corresponding to the muon spin depolarization caused by nuclear

dipolar fields), the zero field relaxation function is given by

2

GY(t) = % 21— A22)em A% (45)

w

which is known as the Kubo-Toyabe [86] static function. This function is represented by
the v = 77! = 0 curve in Fig. 37, where v is the fluctuating rate, and A/~ is the second
moment of the field distribution. The Kubo-Toyabe may be seen as a Gaussian transverse
overdamped component of amplitude 2/3 plus a longitudinal static component of amplitude
1/3. The amplitude of these two components reflect the average of the cos?f and sin?§ terms
of Eq. 43 over the entire solid angle.

Let us now consider the case of slow fluctuations, that is 7A > 1; this is the static case,
so the muon spin relaxation function is the static Kubo-Toyabe previously treated. If local
fields fluctuate slowly, with rate v = 1/7 < A, only the tail of G(¢), decays, with a rate
close to v. When v becomes larger than A the initial Gaussian decay is affected, and the
corresponding spectrum in the frequency domain becomes narrower (“Motional Narrowing”).
This typically happens at high temperature, when motions become faster. Finally, at high
enough temperature to insure the condition v > A, the dynamic relaxation reduces to an
exponential. These features can be derived in the strong collision approximation, which
assumes a total loss of the memory of previous history at each fluctuation event. It is
schematically shown in Fig. 38

A specially relevant case is the application of ZF-uSR to magnetically ordered materi-

als. I restrict this description to the antiferromagnets as prototypes of magnetically ordered
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Figure 38: A schematic view of the time evolution of the average muon spin polarization in the
Strong Collision Model for Gaussian random local fields. Left: for slow fluctuations v < A only
the long time tail decays. Right: in the case of fast fluctuations v > A motional narrowing sets
in [86].

materials with vanishing demagnetization fields. In these compounds, assuming a unique
stopping site, the muon spin precesses around the spontaneous internal magnetic field B;,
which originates both from hyperfine contributions through spin polarized bonds to magnetic
ions, and from distant electronic dipole moments. For a polycrystal the same distinction be-
tween longitudinal and transverse components of Eq. 45 applies with a ratio 0.5 between the

two amplitudes.

4.2.5 The Bloembergen, Purcell and Pound relaxation model

A simple model of temperature dependent spin relaxation in NMR is due to Bloembergen,
Purcell and Pound [88]. I will consider a similar situation adapted to the case of spontaneous
internal field B; in an antiferromagnet in a ZF-uSRexperiment. This is a special case of the
relaxation introduced in Eq. 39. According to time dependent perturbation theory, a tem-
perature dependent source of stochastic fluctuating fields perpendicular to the spontaneous
B; will act on the muon spin ensemble behaviour leading to a relaxation rate

1 ’B%r

1 : (B P (46)
A peculiar example of this relaxation mechanism is provided by the slowing down of the
critical spin fluctuations, approaching a second order magnetic transition. The very large
internal fields of the ordered phase start to appear as an instantaneous fluctuating field
above the transition, and the correlation times increases as T' — T, yielding a rate (in Eq.
46) peaked at T,.
Alternatively, supposing that the fluctuation arise from an activation process 7(7") = Tooe_%,

Eq. 46 leads to a characteristic peak in the T%? which takes place for 7(Tpear) = (vB;) "



58 4. Muons and SR technique

4.3 Muons and superconductivity

Muon Spin Rotation (uSR) is particularly useful in dealing with type-II superconductors,
where the Abrikosov vortex lattice is formed under an external field. The vortex lattice
is incommensurate with the crystal lattice and, except in the very highest magnetic field
regime, the vortex cores are separated by a larger distance than the unit cell dimension.
Implanted muons sit at specific crystallographic sites and thus they sample randomly the field

distribution of the vortex lattice. The Abrikosov lattice (see Sec. 1.5) is best investigated in

(a) , 5 (b)

flussone

r—

Figure 39: The spatial field distribution in a flux lattice of a superconductor in the mixed state:
(a) Beat ~Be1, the vortex lines do not overlapped. The superconducting order parameter v(r)
becomes zero in the vortex centers. (b) B,y <Bcyt <Bc2, vortices do overlap, and the flux
lattice survives with a field contrast 6B=B,,4.—Bmin [89].

TF-pSR. In the normal state (T" > T.) the external applied field penetrates uniformly the
material and all muons precess with frequency wy, = 7, B.

In the superconducting state (7" < T.) muons implanted close to the vortex cores experience
a larger magnetic field than those implanted between vortices. Consequently there is a spread
in precession frequencies, resulting in a decay of the observed precession signal; the larger
the penetration depth, the smaller the magnetic field variation, and hence the decay. When
K= % > 1 (as for the cuprates), the vortex core dimensions are not relevant up to very high
vortex density, when the cores begin to overlap. For extreme type-II the spatial distribution
of magnetic flux is determined only by .

The Fourier transform of the transverse depolarization function gives the muon precession
frequency distribution, which coincides with the probability distribution p(B) of the internal

field values

p(B) = [ dré(B()| - B) (47)
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Figure 40: The internal field distribution p(B) for a typical isotropic superconductor in the case
of a triangular vortex lattice for large k; details vary depending on symmetry, and on the values
of £, A and a [89,90].

Under typical Ginzburg-Landau approximations the shape of the function p(B) is easily
obtained by a numerical calculation [90] in the reciprocal space [91]; Fig. 40 shows a typical
result for an ideal isotropic triangular lattice. Several distinctive features may be identified in
this rather asymmetric line shape. A minimum field value B # 0 originates from the center
of the cell ((a) in Fig. 40). The maximum field B,,4, corresponds to the vortex core, (b), and
to a rather low weight p(B) since the core region is small for large k. The sharp peak at a
field By, = B, (s=saddlepoint), just little below the mean value B, = (B) arises from the
saddle point on the line connecting two vortex cores, (c¢). The precise details of the shape of
p(B) actually depend on the symmetry of the lattice (triangular or square) and on the values
of &, X ed a. In the experimental data the singularities of p(B) are broadened by random

vortex pinning which is represented by the convolution of p(B) with a Gaussian lineshape.

Peap(B) = / 273%6‘5(3?? ) p(B)aB’ (48)

where o4 may be related to the root mean square displacement of a vortex line about its mean
position. Such analysis has been successfully applied to studies of disorder in the moderate
moderately anisotropic high T¢. superconductor YBasCu3Og, [92].

In polycrystalline cuprates this broadening is rather severe and the resulting lineshape reduces
to a pure Gaussian whose relaxation parameter o, is still dominated by the flux lineshape.
In these conditions it is impossible to identify the additional effect of disorder, and measure-
ments are affected by a systematic overestimation. Nevertheless, these measurements are

perfectly suitable for comparative studies like ours.

For isotropic superconductors and for By < By < Beo the penetration depth can be

directly obtained [93] from the muon relaxation parameter o, hence from the second moment
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of the internal field distribution p(B) as

1.072 - 10°
o=V (AB?) =~ 5— (49)

where o, (in us™!) and A (in nm) are the zero temperature extrapolations of the correspond-
ing quantities. Recalling that A2 = uge?ns/m*, this provides a direct relation between o
and ns. When the superconductor is anisotropic, (e.g. the effective mass tensor is has com-
ponents mg, = my # m,) the line shape of the second moment depend on the field orientation.
For highly anisotropic SC like cuprates (mgp > m.) the ab component of the penetration
depth tensor (B || ¢) dominates in the powder average, and the effective London penetration
depth is estimated to be Acyr = 1.23\4p. This results in 0, = 7.086 - 104/)\§b.

The temperature dependence of o(T") and A(T') can be often described by the empirical

formulas
T
o(T) =o(0)[1 - (i)ah T<T. (50)
XNT) = ﬁ, T<T, (51)
L= ()2

where « usually varies between 4 and 2 (o« = 4 is the prediction of the phenomenological two-
fluids model [91]). Power laws are generic of a critical behaviour, where the order parameter

vanishes at the critical point.

4.4 Pulsed ISIS muon source

Most of the experiments have been performed at the ISIS facility of the Rutherford Apple-
ton Laboratory. In the following sections I will shortly analyze some proper ISIS facility

characters. In the last one I will introduce p-Lab, our software for data analysis.

4.4.1 Muon production, time structure and beam transport

The energy of the main proton beam at ISIS is ~ 800 MeV, that is about 3 times the pro-
duction threshold. The pulses are generated in pairs, with a frequency of about 50 Hz; the
two pulses of each pair are separated by 320 ns, while each short pulse is about 70 ns wide at
half height (Full Width at the Half Maximum).

The target is a thin (~ 5mm) pyrolytic graphite plate; it works at a proton beam current
of 200 — 300 nA, corresponding to 160 Kw. Intercepting approximatively 5% of this power

needs water cooling to operate at a temperature of about 800 K. The low Z number and the
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specified thickness attenuate the proton beam intensity only by a factor ~ 0.1, not a relevant
drop for the Spallation Target, which acts as Neutron Source placed downstream, so that
~ 90% of the beam continues towards a high Z target (typically tantalum) for the spallation
process (the ISIS facility is the most powerful spallation neutron source in the world as well).
Pions decaying at rest on the surface of the muon production target generate the surface
muons, fully spin polarized, as discussed in Sec. 4.2.1. Near the surface a pair of quadrupole
magnets collect muons emerging within a solid angle of about 0.13 srad.

Beam transport (dipole and quadrupole magnets) is optimized for 26Mev/c momentum par-
ticles to guarantee nearly monochromatic muons. A velocity selector discriminates these
particles by mass to eliminate pions and positrons of equal momentum. Many of the latter
would otherwise be transported to the sample, providing spurious triggers in the detectors.
The muon beam is characterized by a temporal structure that reflects that of the protons
convoluted with the pion decay (7, ~ 26ns) to produce a slightly asymmetric pulse of full
width ~ 80ns. The muon energy is ~ 3.05MeV instead of the calculated 4.2 MeV, because
of the stopping effect of the thin vacuum windows between the primary proton and the sec-
ondary muon beam. The beam current is ~ 170 gA, that is a flux of about 2 - 105" /s.

An electrostatic kicker is responsible for subdividing the beam among three instruments. In-
side the kicker the first of the two beam pulses is spatially split in two, by a central electrode
at very high voltage. This kicks half the pulse to the left and half to the right, feeding the two
side beamlines (EMU and DEVA). In the time between the two muon pulses the voltage on

the electrode is reduced to zero, and the second pulse travels undeflected to the MuSR area.

DEVA

\ AEMU

Figure 41: The muon beam time structure and the operation of the kicker. Two short pulses
(for simplicity represented as two Gaussians with FWHM ~ 80ns) are separated by ~ 320 ns.
The kicker splits in two the first (red) pulse, and feeds the two side beamlines EMU and DEVA.
The second (blue) pulse travels undisturbed toward the MuSR spectrometer.

MUSR
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The timing signal for the kicker is provided by a lead glass Cerenkov counter located near the
muon production target. The kicker is essential since the spread of the beam time structure
has a profound influence on the measurable frequency spectrum. Without the kicker the
width would be dominated by the large burst separation (320ns), whereas with the single
burst is reduced to 1/4. The passband of a square beam of width At = 80ns is simply the
Fourier transform of this double step, that is sin(vAt/2)/(vAt/2). This factor reduces the
measured asymmetry to zero at ¥ = 12.5 MHz, In practice with the actual beam an upper
limit to the measurable local fields is about 600 G, corresponding to an asymmetry reduction
from 1 to 0.25 at v = 8 Mhz.

Summarizing, with a beam time structure characterized a pulse width 71 and a pulse
repetition period T2, requires that 7 << 7,+ << 72, where 7y is the pulse width, 7,+ the
muon life-time, 7 the reciprocal of the frequency of pulse repetition. In our case 7 = 70ns,
T+ = 2.2pus, T2 = 20ms, so the relation above is verified. The other constraint is an upper
limit to local fields of about 600 G.

4.4.2 Revealing and recording e+ events

Most experiments were run on the MuSR spectrometer at the ISIS facility. Some details of
this spectrometers follow.

64 plastic scintillator detectors are arranged around the sample, covering a solid angle of ~
20%, and connected with as many photomultipliers by light guides. The positron revealing
takes place symmetrically respect to the starting muon polarization; moreover the whole
apparatus must satisfy some practical aspects, such as the presence of Helmotz coils and
a cryostat housing; so the final setting is strongly dependent on a number of versatility
requirements. The muon burst indirectly triggers the timing start signal in the Cerenkov
detector. A detected positron provides the stop signal. The time elapsed is digitalized and one
count is added to the corresponding memory location which records both time and detector
label. An experimental data set from the MuSR spectrometer is formed by 64 histograms
(one per detector); each histogram contains 2000 time bins each corresponding to 16 ns, for
a total of 32 us, equal to ~ 157,. However incorrelated background counts (corresponding
to 107 times those at ¢ = 0) start to influence the data after 24us ~117,. Pulsed muon
detection has another limitation: many positrons (~ 200e™ /burst) must be detected over
a few muon lifetimes. The typical detector dead-time 7, for which it is insensitive after a
recorded event is ~ 75ns. For an incident positron rate n(t), the measured rate ngps(t) is

easily calculated by Poisson statistics [89] as

Nobs (1) = 14_7;(2)%1 (52)
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Figure 42: The events counted by the 1 to 64 positrons detectors on the MUSR spectrometer,
arranged into two arrays, can be combined in the more appropriate configuration, depending on
the experimental setup (ZF or TF).

so that n(t)7,, < 1 is the requirement for a negligible miscount rate. If for instance we allow
a maximum miscount of 10%, we must fix (N/7,)7, < 0.1, ie. N < 220/75 ~ 3 events
per detector per burst. To grant this condition a large number of small detectors must be
employed. With 200 events/burst, 64 detectors provide the required event rate per detector.
The events can be subsequently recalculated by software, combining the detectors in the more

appropriate configuration, depending on the type of experiment.

4.4.3 Data analysis: p-Zen and p-Lab

The software utilized for the data analysis have been u-Zen (by G. Guidi, R.De Renzi and
G. Allodi) and p-Lab (by R.De Renzi and G. Allodi). The former runs on linux, and is
now outperformed by and latter, that is a matlab tool running both on linux and on win-
dows. Both p-Zen and p-Lab allow the analysis of the data recorded on the EMU and
MUSR spectrometers (ISIS facility) and on the LTF and GPS spectrometers (LMU facility)
by choosing the correct set up for the instrument. From the fit menu main window data
loading, fit function selection, saving and reloading, fit execution, plotting, fft of residues and
saving of results can be chosen. Free download and instructions can be found at the webpage
http://www.fis.unipr.it/ derenzi/dispense/pmwiki.php?n=MuSR.Mulab.

Both p-Zen and p-Lab are based on MINUIT, a powerful algorithm that working on chisquare
functions computes the best-fit parameter values and uncertainties of a multi-parameter

function, including correlations. MINUIT has been originally written [94] by F. James and
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M. Roosat at CERN. From this original version successive improvements by G. Allodi lead
to the actual version implemented in u-Lab. More informations can be found at the CERN

webpage http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html.



Chapter 5
Experimental Results

In this section I present the experimental results of my thesis work. The first four sections
regard the samples, which I mostly produced myself, starting from their solid state synthe-
sis, their structural and compositional characterizations by diffraction techniques, the ther-
mopower determination of the hole density transferred to the CuOsy plane, and the SQUID
measurement of T.. I have already reported a summary table of all the compounds in Tab.2
(see Sec.1.4). The last section contains the main results of three groups of SR experimental
runs, that form the core of this thesis work (a fourth one will be written up afterward). The
1SR section is subdivided in four subsections, devoted respectively to: the ZF muon data
analysis, with the relation between the local muon field and the Cu magnetic moment in
the magnetically ordered phases; the ZF results on magnetism in lightly doped, clean-limit
Y100%, YEu8% and YNd7.5% [95]; the corresponding results in dirty-limit Ca- substituted
samples [37,96]; finally, the TF results on the underdoped superconductors, in the clean and

dirty limit [47]. The discussion of Ch. 6 is organized along the same line.

5.1 Sample preparation

The sample preparation has been carried on in the high-temperature synthesis laboratory
of our Physics Department. The polycrystalline samples have been synthesized by using
the standard solid state reactions (see, for example, [97,98,99]). The best conditions have
been obtained after several preliminary tests, by changing the grinding time of reagents,
the dwell temperatures, the warming/cooling rates, the oxygen flux. Standard diffraction,
transport and magnetic characterizations lead to define a standard protocol, but different
solubility limits and thermodynamics of the Y substituents (Eu, Nd and Ca) turned out in
slightly different best synthesis conditions. Moreover differences are sometimes present when
utilizing nominally equivalent reagents from different suppliers. Some others differences we

had to take into account in the process standardization concerned the fact that nominally
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equivalent ovens are actually slightly different.
In the following of this chapter is presented a better description of the main steps involved
in the preparation of Y;_;R;BagCu3O¢1y, (R=Eu, Nd, Ca), that starts from the chemical
reagents listed with their own purity in Tab. 3.

Reagent | Declared Purity
Y203 99.999%
Euy03 99.999%
Nd2 O3 99.999%
CuO 99.995%
BaCOs3 99.997%
CaCOg 99.995%

Table 3: The starting reagents for the synthesis of polycrystalline Y;_;R;BazCu3Og¢+,, (R=Eu,
Nd, Ca) and their relative declared purities.

Weighting and grinding.
Stoichiometric quantities of the appropriate reagents are weighted on a digital scale which
sensitivity is equal to 107%g. Starting from about 10g of powders reagents results into 20
small bars 0.43 g each, thus during the whole preparation process there is a waste of about
15% of the initial mass, mainly due to the COy emitted by the decomposition of carbon-
ates. The weighting is performed under nitrogen atmosphere; the yttrium oxide, such as
many other oxides, is very hygroscopic, and the total absence of humidity ensures the cor-
rect stoichiometry. The reagents are then milled inside a 45 ml agate bowl with ten agate
balls of 1 ¢m of diameter by using a PULVERISETTE 7 ball mill which guarantees both
an homogeneous mixing of the reagents, and a final grain size of about 1 um, maximizing
the reacting surfaces. The optimal milling speed and total time are obtained by performing
short consecutive millings at increasing speed rate. Small differences were noted between wet
(ethanol) and dry milling; being the latter more convenient under several practical points of

view all our samples have been prepared by dry milling.

Synthesis cycles.

The obtained powder is then pressed at about 0.9 GPa to form small bars of about 3 x 5 x
25 mm? and 2.4 g each, which now undergo an high temperature synthesis process in a tubu-
lar oven with automatic temperature control. The synthesis process consists of a controlled
heating up to the desired dwell temperature, followed by a variable dwell time. The last
synthesis step is the cooling to room temperature that can be spontaneous, controlled, or

very quick (quenching); A scheme of the steps involved in this process is shown in the left
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Figure 43: Left side: synthesis protocol. It consists in a controlled warming at a 300° C/ hour
up to the dwell temperature, 950° for the parent compound and the Eu and Nd substituted
series and 930° C for the Ca substituted series, which is held for 12 hours; then a cooling rate
of 120° C/ hour leads the system to 350° C, and a spontaneous cooling to room temperature
follows. Right side: sintering protocol. The dwell temperature is 950° C, and the dwell time at
350° C is 24 hours; a spontaneous cooling to room temperature follows. Both the treatments
are performed under a quite consistent oxygen flux (~ 0.51/min)

side of Fig. 43. The chemical reactions that take place in the synthesis process are shown in
Eq. 53 for R=(Eu,Nd) and in Eq. 54 for R=Ca; the reaction for the pure YBasCu3Ogyy is
obtained in both of them simply by substituting x = 0.

1
(1 — :L‘)YzOg + xR903 + 4BaCO3 + 6Cu0O + 502 —

— 2Y1_sR;BasCuzO7 + 4C0Os. (53)
142
(1 - 2)Y203 + 20CaCO; + 4BaCO3 + 6Cu0 + ——20, —
—2Y7_,Ca,BasCuzO7 + 2(ZE + 2)002. (54)

The extra oxygen in the previous formulas is required to promote the solid state reaction [100],
and is supplied by performing the synthesis under an oxygen flow of 0.5 [/m. Experimentally
we note that the best conditions for the reaction of Eq. 53 are achieved at T' = 950K, while
for the reaction of Eq. 54 T' = 935K is the more appropriate temperature. After this thermal
cycle the pellets are milled and pressed again and the entire synthesis protocol is repeated
once more to ensure that the decomposition of staring carbonate (calcination process) is fully
achieved. After this process the original mechanical mixture has become a desired stoichiom-
etry single phase of Y1_,R;BasCu3O¢, (R=Eu, Nd, Ca), with purity greater than 99%, as
confirmed by Neutron Scattering (see Fig. 52 in Sec. 5.2) and reported in [47].

Sintering.

After the synthesis the pellets are milled again and pressed at about 1.1 GPa into bars of 0.42¢g
and 2 x 3 x 12mm?3. The final thermal treatment involves two dwell temperatures (right side
of Fig. 43); the higher one (950° C) promotes the sintering process, that is the aggregation
of smaller size grains into a bigger size grain (nucleation) and the partial compenetration of
different grains, optimizing the morphological properties of this ceramic material. The lower

dwell temperature (350° C) allows the reordering and homogenization of the chain oxygen.
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Figure 44: Sketches of the reduction (left) and equilibration (right) protocols. The reduction
takes place under a dynamic vacuum of about 1.7 - 10~7 bar at 670° C, that is the temperature
that maximizes the oxygen mobility; it turns out in a fully reduced samples series with y =
0.05(2). The oxygen equilibration between the two end members takes place at the same
temperature as well, while the long 75° C temperature annealing stabilizes the oxygen ordering.

Reduction.

After the sintering we obtain fully oxidized samples, that is y ~ 1 in the chemical formula;
after a subsequent iodometric titration [47], we are able to carefully evaluate the exact oxygen
content within an error of 1%. A part of the obtained samples undergoes the basal plane
oxygen depletion thanks to the thermal process shown in the left side of Fig. 44. This treat-
ment is performed under dynamic vacuum, at a pressure of about 1.7 - 1077 bar. Now two
sample series are available: the first one composed by fully oxidized samples y = 0.98(1), and

the second one by fully reduced y = 0.05(1).

Ozygen equilibration.

This is an ad-hoc technique developed by Prof. Manca et al. [101]; it consists in the oxygen
equilibration of stoichiometric quantities of the two end members y = 0.05(1) and y = 0.98(1),
tightly packed in a vessel that is sealed under vacuum; the final oxygen content will be ob-

tained following the simple relation

~0.98(1) - my +0.05(1) - mo
B mi + ms '

y (55)

During the high temperature step of the thermal process described in Fig. (44) the reduced
samples will be the oxygen “acceptors”, while the fully oxidized samples will be the “donors”;
then a slow cooling and a long low temperature annealing yield high quality homogeneous
samples of the desired oxygen stoichiometry with an absolute error §z = 40.02, reduced to
dx = +0.01 after recalibrating end members of different batches. Besides this determina-
tion, the absolute oxygen content is cross-checked by iodometric titration, thermogravimetry
on each sample, and selected neutron Rietveld refinements [47]. The overall process leads
to a very high reproducibility and homogeneity we especially need when treating with stoi-
chiometries close to the insulating-superconducting transition, where the competition among
different ground states is very sensitive to inhomogeneity and defects. In order to preserve the
quality of the samples, since YBayCu3064, is very sensitive to humidity and carbon dioxide

in air [102], the pellets have to be stored in desiccators. Finally in Fig. 2, Sec. 1.4 I report
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a legend that associates each chemical formula with a conventional label that for simplicity

will be used in the following.

5.2 Crystallographic analysis

The crystallographic analysis has been accomplished by Rietveld refinements of x-rays diffrac-
tion patterns to roughly check the phase purity and to measure the lattice parameters. A
crystallographic information file (.cif) provide to the software all the required structural items;
this file is based on the informations collected in the International Tables for Crystallography.
We performed neutron diffraction experiments on several selected samples to determine the
actual stoichiometry of both cation substitutions and oxygen; sizeable differences between
nominal and real values have been found only in the Ca substituted compounds at large Ca
content (an example is reported in Fig. 52 at the end of this section). In the following I
will refer to the real stoichiometry of the samples. As previously pointed out the x-ray
analysis have been systematically performed during each step of the synthesis, then on the

final, oxygen-equalized samples; some selected results and quantitative evaluations are dis-
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Figure 45: Y(.925Nd.075Ba2Cu306.08 powder x-ray diffraction pattern (black spots) and the
associated profile function (red line), as calculated by the Rietveld refinement. The absence of
not indexed peaks confirms the purity of the phase.
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o
...
C

°

i y=0.18 f
D U u .JL- .MJL—.‘
40 50 60

30

20 [deq]

Figure 46: The x-ray pattern (black) and the best profile functions (green ) for the
Yo.925Ndg.075BasCuzOgy series, from bottom to top for increasing oxygen content (0.18<y <
0.3). Symmetry space group for the tethragonal structure: P 4/M M M
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Normalized intensities
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Figure 47: The x-ray pattern (black) and the best profile functions (green) for the Yg.925Ndg.075-
BayCu30g-y series, from bottom to top for increasing oxygen content (0.32< y <0.98). Sym-
metry space group for the orthorhombic structure: P M M M
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Figure 48: The Y100% (blue) and Nd7.5% (green) series. (1): oxygen dependent splitting of
the a and b lattice parameters at y. = 0.28(2). (2): orthorhombic distortion (3): a detail of the
profile functions of Figs. 46 and 47 where is evident the splitting of the (020)-(200) peaks for
increasing y content, characteristic of the T— O transition.

cussed here. In Fig. 45 the powder x-ray spectrum of Yg.g25Ndg o75BasCusOg.0g is shown;
black dots are the raw data, and the red curve is the fitted profile function. All the peaks
belong to the reflections of the YBCO crystal structure, excluding the presence of sizeable
amount of impurity phases. More examples for the Nd7.5% series are reported in Figs. 46
and 47. From the Rietveld analysis the cell parameters have been determined for all of the
samples, except for the Eu8% series, which has been measured to check the phase purity
only. In Fig. 48(1) the evolution of a, b, and b with oxygen doping is shown for the two series
Y100% and YNdA7.5%, as determined by the slight variation of the peaks positions. It is
possible to identify a critical oxygen content (y. = 0.28(2)) corresponding to the tethragonal
to orthorhombic transition (T— O) of the structure; y. can be qualitatively identified for
the YNA7.5% series by observing the evolution of the diffraction peaks (020)-(200) (the more
sensitive to this structural change) reported in panel (3); this latter panel is the zoom in

the region 42° < 20 < 50° of Figs. 46 and 47. Panel (2) shows the orthorhombic distor-
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Figure 49: Evolution of the lattice parameters of Y;_,Ca;BasCu30¢4, for increasing Ca sub-
stitutions (i.e. Y100%, Ca5%, Ca8%, Call% shown respectively in panel a, b, ¢, and d, versus
oxygen doping.
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Figure 50: Orthorhombic distortion (b-a)/(b+a) of the samples of Fig. 49. The colored lines,
guides to the eye, are clearly right-shifted with respect to the Y100% values (blue).
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tion (b — a)/(b + a), directly calculated from the data of panel (1): significant differences
between the two series both in panel (1) and (2) are not present. The values of a,b, and c
and their errors are resumed in the tables of Fig. 53. The tethragonal-to-orthorhombic (T—
O) transition is clearly associated with oxygen doping; as soon as the oxygen chains reach
a critical length (along the b direction), corresponding in the Y100% structure to a critical
oxygen stoichiometry, the unit cell becomes orthorhombic, while the ¢ axis gets shorter about
linearly with a small change of the slope of ¢(y) across the transition. The decreasing of ¢ is
strictly associated with the decreasing of the bond distance Cu(1)-O(1), that is the distance
between the copper of the CuO chain and the apical oxygen in position (0,0, z). Let us
now focus on the Ca-substituted samples whose lattice parameters are plotted in Fig. 49.
Panel (a),(b),(c), and (d) correspond respectively to the series Y100% (parent compound),
Cab%, Ca8% and Call%. The orthorhombic distortion as a function of the oxygen content
is displayed in Fig. 50 for all of the Ca families. The data clearly show that the critical
oxygen content y. for the T— O transition increases by adding Ca, i.e. the presence of Ca
hampers the formation of ordered chains along the b direction, in agreement with previous
results [103].
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Figure 51: Calculated lattice parameters (a) and orthorhombic distortion (b) of the Eu35%
series. A T— QO transition takes place at z ~ 0.5.
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Let us finally focus on the Eu35% series; its lattice parameters and the orthorhombic distor-
tion, as a function of the Y content 1 — z are presented respectively in Fig. 51(a and b). The
data show that this series with a fixed oxygen content y=0.35(1) displays a T— O transition
for z, ~ 0.45. If compared to Figs. 48 and 49, the main difference is the presence of a negative
slope in the evolution of the lattice parameters a and b.

A possible explanation of the plot could be the following: at fixed oxygen content the Y100%
structure (1 — z = 1) is orthorhombic, being the y = 0.35(1) well above the required oxygen
content for the system to be orthorhombic (y. = 0.28(2) determined by Fig. 48). The inser-
tion of Eu stabilize the tetragonal structure, like the case of Ca discussed above. Cu-NQR
experiments, providing informations about the oxygen ordering [104], have been performed
on the end term 1 — z = 0 and 1 of this series, to determine the Cu-O chain length ¢ . The
results [105] give ¢ = 13 for the orthorhombic sample (1 —z = 1) and ¢ = 3 for the tetragonal
one (1 — z = 0), evidencing that the oxygen ordering is strongly influenced by the cation
substituted in the Y site. The different chain length of in pure and Y-substituted compounds
underlines the importance of an independent calibration of the hole density for each family

of materials. This was achieved by thermopower measurements (see Fig. 54c).
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Figure 52: The time of flight neutron diffraction pattern for a sample of the series Cal8%
(nominal Ca concentration: 22%). Both the Y;_;Ca,BasCu3Ogand the BaCuOg3 phases (the
competing one) are fitted; the latter results in an amount less than 1%.
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Series

Ca5%
Ca5%
Ca5%
Cab5%
Ca5%
Ca5%
Ca5%
Ca5%
Ca5%
Ca5%
Ca5%

Series

Series

Cal1%
Cal1%
Cal1%
Cal1%
Cal1%
Cal1%

y

0.18
0.185
0.26

0.26

0.28

0.32
0.335
0.345
0.36

0.39

0.98

0.18
0.25
0.3
0.32
0.355
0.37
0.425

0.03
0.14
0.2
0.27
0.35
0.35

a(A)

3.859(1)
3.860(1)
3.861(2)
3.856(3)
3.854(3)
3.849(3)
3.849(2)
3.846(2)
3.846(1)
3.845(1)
3.821(1)

a(A)

3.861(3)
3.860(3)
3.854(7)
3.854(5)
3.849(4)
3.848(4)
3.843(3)

a(A)

3.859(1)
3.861(1)
3.861(2)
3.861(2)
3.861(2)
3.862(1)

b(A)

3.859(1)
3.860(1)
3.861(2)
3.865(3)
3.865(3)
3.863(3)
3.871(2)
3.868(2)
3.861(1)
3.874(1)
3.882(1)

b(A)

3.861(3)
3.860(3)
3.861(7)
3.866(5)
3.869(4)
3.869(4)
3.872(3)

b(A)

3.859(1)
3.861(1)
3.861(2)
3.861(2)
3.861(2)
3.860(1)

c(A)

11.823(3)
11.815(4)
11.814(4)
11.812(6)
11.804(6)
11.795(6)
11.787(5)
11.78(4)
11.785(4)
11.777(4)
11.678(3)

c(A)

11.821(3)
11.815(3)
11.797(5)
11.798(5)
11.789(5)
11.788(4)
11.773(4)

c(A)

11.828(3)
11.823(3)
11.812(3)
11.801(3)
11.792(3)
11.792(3)

(b-a)/(b+a)

0.0000(3)
0.0000(3)
0.0000(4)
0.0011(5)
0.0014(5)
0.0024(5)
0.0028(4)
0.0029(4)
0.0031(3)
0.0037(3)
0.0079(3)

(b-a)/(b+a)

0.0000(3)
0.0000(3)
0.0009(5)
0.0015(5)
0.0025(5)
0.0027(5)
0.0037(4)

(b-a)/(b+a)

0.000(4)
0.000(4)
0.000(4)
0.000(4)
0.000(4)
0.0003(4)

Series

Y100%
Y100%
Y100%
Y100%
Y100%
Y100%
Y100%
Y100%

Series

Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%
Nd7.5%

Series

Eu35%
Eu35%
Eu35%
Eu35%
Eu35%
Eu35%
Eu35%
Eu35%

y

0.23
0.26
0.31
0.36
0.38

0.4
0.44
0.48

0.18
0.235
0.265

0.28

0.3
0.325
0.35
0.4
0.46
0.98

z

0.85
0.7
0.6
0.5
0.4
0.2

a(A)

3.8643(7)
3.8634(7)
3.8523(8)
3.8480(8)
3.8435(9)
3.8439(7)
3.8418(6)
3.8390(6)

a(A)

3.863(1)
3.862(1)
3.861(2)
3.862(3)
3.851(4)
3.850(2)
3.847(2)
3.843(2)
3.838(1)
3.815(1)

a(A)

3.886(2)
3.880(2)
3.875(2)
3.874(1)
3.865(3)
3.859(3)
3.853(3)
3.846(2)

b(A)

3.8643(7)
3.8686(7)
3.8743(7)
3.8778(8)
3.8775(9)
3.8791(7)
3.8812(6)
3.8821(6)

b(A)

3.863(1)
3.862(1)
3.861(2)
3.862(3)
3.871(4)
3.873(2)
3.873(2)
3.876(2)
3.875(1)
3.882(1)

b(A)

3.886(2)
3.880(2)
3.875(2)
3.874(1)
3.876(3)
3.884(2)
3.88(2)

3.873(2)

c(A)

11.826(2)
11.811(2)
11.804(4)
11.792(5)
11.783(4)
11.776(3)
11.775(2)
11.761(2)

c(A)

11.827(3)
11.813(3)
11.800(7)
11.798(9)
11.795(9)
11.788(5)
11.782(5)
11.766(5)
11.747(4)
11.665(3)

c(A)

11.796(9)
11.779(8)
11.77009)
11.772(5)
11.765(7)
11.787(7)
11.773(9)
11.766(8)

(b-a)/(b+a)

0.0000(2)
0.0007(3)
0.0028(3)
0.0039(3)
0.0044(2)
0.0046(2)
0.0051(2)
0.0056(1)

(b-a)/(b+a)

0.0000(5)
0.0000(5)
0.0000(5)
0.0000(6)
0.0025(6)
0.0029(5)
0.0035(5)
0.0042(5)
0.0048(5)
0.0087(5)

(b-a)/(b+a)

oo o

0
0.0014(4)
0.0033(4)
0.0036(4)
0.0034(4)

Figure 53: Summary table of the values of the lattice parameters of the samples reported in
Figs. 48, 49 and 51, as extracted from the XRD-Rietveld analysis.

5.3 Thermopower results

The Seebeck coefficient is an independent measure of the mobile carrier content, since an

exponential dependence of S(290 K) vs h is observed in YBasCuzOgyy [75,74]. We sys-

tematically measured the value of S at room temperature (RT") T' = 290 K, calibrating the

dependence on for the fully reduced compounds, y =~ 0. For these samples the A contribution

from chain oxygen is nearly zero; we therefore assumed an average hole content per Cu plane

h = hca = x/2. We identify two regions as in a previous work, [75] and our best fit to

S™(h) = a - exp(—Fh)
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shown in Fig. 54a, yields values of a = 480uV/K and = 25 for the h > 0.016 and
a = 650V /K and § = 44 for h < 0.016. Panel b shares the y scale with panel ¢, and
shows the h values obtained for all of our series, by comparing their RT Seebeck coefficient
S with the calibration curve of panel a. Notice that in the entire range of oxygen content
explored in this work, 0.05 < y < 0.42, the Cu(1)O(1) chains do not produce [106] a normal
metal contribution to the thermopower, hence the measured hole density is located in the
CuOg layers.

As already anticipated in Sec. 1.1, Fig. 54b shows the well known fact that oxygen does not
contribute to hole transfer up to 7 ~ 0.12 =+ 0.15, since below this threshold oxygen concen-
tration, only locally charge-neutral Cu(1)O Cu(1l) dimers are formed [107], while above y,
hole doping increases almost linearly with y, as oxygen ions start forming negatively charged
trimers. Secondly it is clear that the Eu or Nd substitutions do not alter the oxygen transfer
efficiency of holes, because the blue, green and pink data all collapse on the same curve.
Moreover, despite the small slope reduction for higher calcium contents, the common linear
behaviour of h(y) proves the fact that the oxygen doping mechanism remains nearly the same.
Confirmations of the validity of the hole determination by TP come from bond valence sum
analysis (BVS) [73,108], and from chemical estimations of the Cu formal valency based on
titration techniques [109].

In panel (c) the hole content for the series Eu35% is plotted; the step-like function at
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Figure 54: Hole content determination. (a) Calibration of holes h per CuO4 layer from ther-
mopower S at T' = 290 K for the fully reduced samples Y;_,Ca,;BasCu3Og . The lines are
the best fits from Eq. 56. (b) Hole content for Y;_,A;BasCu30¢4, A=Ca, Eu, Nd and (c)
Y1_,Eu,BasCu30¢.35 as a function of oxygen y and yttrium content 1 — z respectively.
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0.4 <1 -2 < 0.6 shows an abrupt change in the hole content, nearly corresponding to
the T— O transition of Fig. 51, while apart from the discontinuity value it seems not altered
by the Europium substitution, even at very high stoichiometry, up to z = 1; the step corre-
sponds to Ah = 0.02.

The determination of the hole doping of the YBayCu3Og4, compound has been a tricky
task for many years. In order to asses the validity of our calibration, in Fig. 55 the hole content
of the Y100% and Nd7.5% series as a function of the ¢ crystallographic axis is compared with
the data from a recent calibration of the pure YBasCu3Ogyy by Liang et al [110]. The
latter is a phenomenological relation between the hole content and the ¢ axis. The excellent
agreement between these two indipendet calibrations confirms the reliability of our results.
It is noteworthing that no sizeable differences are found between the Y100%, Eu7.5% and
Nd8% series on both the h(y) and h(c) from Fig. 54b and 55 respectively. This indicates
that the presence of small quantity of isovalent cations substituents negligibly affect both
the chain oxygen hole doping efficiency and the structure. Conversely a sizeable influence is
observed for small amount of heterovalent substitutions in Figs. 54b and 50, and for much

higher isovalent substitutions in the Y;_,Eu,BasCuzOg.35 in Figs. 54c and 51.
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Figure 55: Comparison between two indipendent h calibrations for YBasCu3Og4, . Blue and
green dots (Y100% and Nd7.5% respectively) are from our XRD analysis and S(h) calibration,
the dashed line from an independent calibration [110].
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The thermopower data and the corresponding hole doping values are reported in the fol-

lowing tables.

Sanpe Nane

Series

F135%:
F1 35%
HiZ5%,
Ei35%
F155%,
H135%
F135%:
F1 35%
F135%,
Hi35%
F155%,

Figure 56: Top panel: calibration data defing the S(h) dependence plotted in Fig. 54(a).
Bottom panel: S(h) measurements and h calculation from formula 56 (with o and 3 specified
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Sample name | equalization |y |S(h)[uV/K]' h(S) | eh(S) Series | Sample name | equalization | y |S(h)[uV/K]| h(S) | eh(S)
estl 1 deor Tom] sis Lomws [omi | e — o T oo
ye26-10 deox | 0.06 558 | 0003 | 0001 R L et ' : :
- Y100% = q2int23 q2int23 | 021 218 0.032 | 0.002
ye242/3 G6int22 | 0.22 234 | 0029 | 0003 Y100% | bfint30 bfint30 | 0.28 163 0.044 | 0.002
ye38-5/6 P2int29 | 0.29 187 | 0038 | 0.003 Y100% | aqldis32 | aqldis32 | 03 132 | 0052 | 0003
ye24-13 G7dis35 | 034 89 0.068 | 0.003 Y100% | apldis35 apldis35 | 033 109 0.060 = 0.003
yc24-10 G5int39 | 0.38 69 0.079 | 0.004 Y100% | bplint37 bplint37 | 0.34 94 0.066 = 0.003
Y100% | btlintd0 btlintd0 | 0.36 69 0.079 | 0.004
Y100% | belint4l belintdl | 04 57 0.086 | 0.004
Series | Sample name | equalization |y [S(W)[uV/K]| h(S) | eh(S) Y100% = ag3dis50 ag3dis50 | 0.48 40 0.101 | 0.004
Cas% | yc23-14 deox 0.03 | 26340 | 0.024 | 0.001
Ca5% | yc2l-14 deox 0.05 | 25690 | 0025 | 0.001
Ca5% | yc22-13 deox 0.04 | 25200 | 0.026 & 0.001
Ca5% ye213 Flintl5 | 0.13 | 22080 | 0.032 | 0.001
Ca5% yc22-2 F4intl8 | 0.18 = 19270 | 0.037 | 0.001
sz“; y02213—§ (F}izﬂzlg 8;2 gggg ggzi ggg; Series | Sample name | equalization |y  S(h)[uV/K]| h(S) | eh(S)
ad7/o ycis- 1S .. B . .|
Ca5% yc23-8 G3int32 0.32 104.20 0.062 0.002 Nd7.5% ynl-4 deox 0.05 419 0.009 0.001
Ca5% yCZl—l 1 F3int37 0.35 86.50 0.070 0.003 Nd7.5% yn 1-9 Blintl5 0.15 461 0.008 0.001
Ca5% yel8-7 D2int36 | 034 | 80.70 | 0.072 | 0.003 Nd7.5%  ynl-12 B2intl8 | 0.18 394 0.011 | 0.001
Ca5% y023-18 G4dis36 0.36 74.40 0.076 0.003 Nd7.5% yn 1-15 B3int19 0.20 283 0.021 0.001
Ca5% ycl8-4 D4dis40 | 0.38 | 6540 | 0.081 | 0.003 Nd7.5%  ynl-18 B4int22 | 0.23 292 0.020 | 0.001
Ca5% yClO-6 D3int39 0.39 55.70 0.087 0.003 Nd7.5% yn3_10 Clint23 0.23 226 0.030 0.001
Ca5% yc10-8/9 D5int42 0.42 47.50 0.094 0.003 Nd7.5% yn2-6 B5int24 0.25 202 0.035 0.001
Nd7.5% | yn3-12 C2int26 | 026 = 210 0.033 | 0.001
: — Nd75% | ynl-21 B6int26 | 0.27 171 0.041 | 0.001
Series ! 1 h K]l h h
Sample name | equalization |y | SWuVK] h(S) | eh(S) Nd7.5% | yn29 B7mt28 | 028 | 166 | 0.042 | 0.001
2 - -
T BETAE deox 003 68 o5 T o001 Nd7.50A> yn2-12 BSini30 | 030 142 0.049 | 0.002
o TR 0% 107 soei T o002 Nd7.5% yn4-6 C3int31 | 031 122 0.055 | 0.003
} ! ! 2 - -
Cas% | yc27-s Bint3dd | 032 77 | 0074 | 0.003 Nd7.5% | yn2-15 Dot 1033 1 123 10084 | 008
o 8.5 Dl 3 7 5075 T o001 Nd7.5% yn4-9 C4int33 | 034 109 0.059 | 0.002
— L - : : : Nd7.5%  yn3-21 B10dis35 | 035 94 0.065 | 0.003
Ca8% | yc28-10 I5int385 | 037 64 0.082 | 0.002 :
o 989 ames T ose 5 5085 T 0.003 Nd7.5%  yn2-21 Bllint38 | 038 84 0.070 | 0.003
— L = : : : Nd7.5% yn3-7 B12intd0 | 0.40 66 0.080 | 0.004
Ca8% | ye27-16 I5dis38.5 | 037 59 0.085 | 0.003 N7 50, 35 ~—Teae o6 e 5053 000
Ca8% | yc27:9/10 | I6intdd.5 | 043 39 0.101 | 0.003 DAl yns 1 : : :
Call% | yc27-13 deox 0.04 168 0.043 | 0.002
Call% yc32-3 M5int28 0.2 95 0.066 = 0.002
0, M
gal :0/0 yc3322—176 I\I\//Ilgdligg 8;; gi gg;ﬁ gggi Series | Sample name | equalization y S(uV/K] h(S) eh(S)
a () yCi.Z- n . . A
Call% yc32—15 Nlint38 0.3 60 0.085 0.002 Eu8% ye29-3 deox 0.02 438 0.009 0.001
Call% | yc32-14 N2int42 | 0.34 54 0.089 | 0.002 Fu8% |  ye3l-19 deox 0.02 368 0.013 | 0.001
Eu8% ye31-8 deox 0.07 389 0.012 | 0.001
Eu8% ye24-5 Clint19 | 0.19 306 | 0.018 | 0.001
Fu8% |  ye31-10 E2int22 | 0.22 238 | 0.028 | 0.001
: - Eu8% ye26-5 Dlint24 | 0.24 202 | 0035 | 0.001
Serles Sample name equallzatlon y S(h)[llV/K] h (S) eh(S) Eu8% y626-8 D2int26 0.26 162 0.043 0.001
Fu8% | ye26-11 D3int28 | 0.8 146 | 0.048 | 0.003
Cald% | ye33-3 deox 0.03 827 0.071 | 0.002 Eu8% ye24-8 C2int30 | 030 126 | 0.053 | 0.002
Cald% yc33-4 Olint23 0.16 752 0.075 = 0.001 Eu8% ye31-17 ESint31 0.31 121 0.055 0.003
Cald% | ye33-7 02int26 | 020 | 63.1 0.082 | 0.002 Eus% |  ye26-14 D4int32 | 033 1L 10059 | 0.003
- -
Cald% | yc33-9 O3int33 | 026 | 509 | 0.091 | 0.002 E“i/ Ye;;‘ii gimtig gig 32 883‘5‘ ggg;
2149 N . ] ‘ ! ! u8% ye24- nt . . .
E'l 03 y°33 33’ 1154 82 ?ntfé 8 iz ;‘i g g ?zg g ggi Eu8% | ye2d-I7 | Csint4l | 041 65 | 0.080  0.003
Al | yess- int : : : : Fu8% |  ye30-17 E6dis43 | 043 48 0.092 | 0.003

Figure 57: S(h) measurements and h calculation from formula 56 (with o and [ specified
above) for the Y100%, Nd7.5%, Eu8%, Cal%, Ca5%, Ca8%, Call%, and Cal4% series.
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5.4 SQUID Magnetometry

The superconducting transition temperatures T, have been extracted from susceptibility mea-
surements in a field equal to 20e, well below the critical field for the disruption of the full
Meissner regime, H.;, of the order of several tens of Oe for underdoperd cuprates. In the
following sections I report some examples of different magnetometric measurements that it is
possible to perform, and I show why we chose the Zero Field Cooling measurement on bulk

samples as a standard in evaluating 7.

5.4.1 Zero Field Cooling and Field Cooling measurements

The typical SQUID measurements have been carried out by both Zero Field Cooling (ZFC)
and Field Cooling (FC) procedures. In ZFC (red circles in Fig. 58) the sample is first cooled
in zero field, a field H turned on, and then data collected on warming. In FC (black squares in
Fig. 58) the data are collected as the sample is cooled in the same field. The two curves merge
into a common reversible behaviour only above a characteristic field dependent temperature
T;, called irreversibility temperature, below which the vortex liquid of flux quanta developing
in FC is pinned by impurities into a vortex lattice. In order to reduce the flux pinning we

used a low field of 2 Oe.
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Figure 58: ZFC (red, circles) and FC (black, squares) bulk magnetic susceptibility versus tem-
perature of the oxygen-intercalated sample (see Sec. 5.1) Cal%, y=0.35 (left panel) and Ca8%,
y=0.44 (right panel) for an applied field H=20e The legend reports the following tags: sample
name, percentage of cationic substitution, number of equalization, final oxygen content.
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Let me refer to the right panel of Fig. 58 to better explain the physical meaning of this mea-
sure. The low temperature points in the ZFC curve correspond to the maximum (modulus)
of the susceptibility value, due to the shielding effect of the supercurrents developed on the
surface of the sample. Below 30 K the susceptibility is nearly constant, implying that the
supercurrents that prevent the penetration of the external field are also constant, that is the
whole material has completed its transition to the superconducting regime. For increasing
temperatures the steep slope of x(7') is determined by the disruption of the collective state
that originates the supercurrents, accompanied by the field penetration inside the bulk. The
finite width of the transition toward the normal, paramagnetic state, is here mostly deter-
minated by the intrinsic inhomogeneities of the material, which set a local distribution of
transition temperatures. The paramagnetic susceptibility of the normal state is very weak
with respect to the diamagnetic shielding, and can’t be observed on such a scale.

Upon cooling, the Meissner effect takes place. Cuprates show a very strong flux-pinning, that
is the pinning of vortices at short length scale inhomogeneities, that represent energetically
favorable sites. This behaviour determines a reduced value of the FC zero temperature sus-
ceptibility, displayed by all the reported examples in Figs. 58 and 61. The T, evaluation can
result slightly different (from 1 to 5 K) when extracted from the ZFC or the FC curve. Our
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Figure 59: Examples of x(T) ZFC bulk measurements on the samples of the Ca5% Ca8%,
Call% and Cal4% series. Applied field: 20e. The number that accompanies each curve is the
oxygen stoichiometry y.
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criterion in determining the T, has been to refer to the ZFC bulk measurements, for which
the pinning is absent. In Fig. 59 I report some instances regarding the Ca5%, Ca8%, Call%

and Cald% series. The number that accompanies each curve is the oxygen stoichiometry y.

5.4.2 Intercalated and disintercalated samples

In Fig. 60 each panel display the comparison of the ZFC susceptibility curves for the in-
tercalated and disintercalated samples of the same vessel (see Sec. 5.1). The data show a
difference of T, up to 4-5 K. The different T, is most probably caused by a different oxygen
ordering related to the kinetic path of the oxygen exchange between the acceptor and donor

sample [101]. Since the acceptor one does generally display the higher T, in the following
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Figure 60: Comparison between ZFC bulk magnetic susceptibility of intercalated (blue, full
symbols) and disintercalated (red, open symbols) pair samples, measured in 20e. Ca6.5% with
y=0.36 and with y=0.40 are in the upper-left and upper-right panel respectively. Ca8% with
y=0.37 and Call% with y=0.30 are in the bottom-left and bottom-right ones.
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our results will refer to the intercalated phase.

5.4.3 Powders and bulk measurements

The susceptibility measurements on superconducting samples are affected by the demagneti-
zation field contribution, Hy. This field can be visualized as generated by magnetic monopoles
left on the sample surface and is proportional to the magnetization (Hy = —NM), where N
is the demagnetization tensor. Hy is spatially inhomogeneous and depends on the geometry
of the sample. Its contribution can be calculated only in special cases: for an ellipsoidal
sample N can be diagonalized, and if we consider a sphere it reduces to the scalar 1/3. When
the sample geometry allows to calculate IV, the intrinsic susceptibility value can be evaluated
by the simple relation Xezp=»Xintr/(1 + NXintr). Occasionally we performed ZFC-FC mea-
surements on fine ground samples (one example is the right panel of Fig. 61). In this case
the x(T') value can be corrected,by assuming grains of spherical shape, for which N=1/3.

In Fig. 61 the comparison between bulk (left) and powder (right) measurement on the Cal8%
y = 1 sample is shown. The bulk samples show a much greater difference between the ZFC
and FC curves, because of the pinning due to the intergrain boundaries, absent in the pow-
dered samples. However the measurement on powder display a much larger transition. This
is expected when the the grain size is comparable to the penetration depth at zero tem-

perature (Ar(0) ~ R/2): the temperature dependence of A\ expressed in Eq. 51 broads the
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Figure 61: ZFC (red, circles) and FC (black, squares) magnetic susceptibility versus temperature
for the sample Cal8% y=1, in the bulk (left) and powder (right) form.
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transition, and at the same time reduces shielded fraction in the ZFC curve. For the same
reason |x(0) < 1|, i.e. the shielded volume fraction is lower than 100%. From the relation
x/x(0) = (1 — £)3 [12] with f = A\/R, x(0) = —1, A = 0.2 um, for the sample in Fig. 61 with
x = 0.5, we obtain R ~ 1 pum, compatible with the size of our grains. Considering that the
contribution of lambda is not easy to be subctracted we will refer to the bulk samples which

also give a sharper transition.

5.4.4 Fully oxidized Ca doped samples

In this last section I report a short comment about the measurement on various series of
fully oxidized Ca substituted samples. Figure 62a shows the bulk ZFC curves for such sam-
ples, that for the sake of clarity I normalized on an arbitrary scale. From the Cal% sample,
for increasing Ca substitutions, the transition is largely shifted toward lower temperatures.
The shift is systematic, and much larger than any effect which might be generated by oxy-
gen deficiencies that sometimes occur during the preparation. In fact we can evaluate that
at optimum doping (y ~ 0.9) an oxygen deficiency Ay ~ 10% (the maximum value we have
observed via titration) would correspond to AT, ~ 7K [110]. Therefore the progressive reduc-
tion from the maximum 7,=92K at z = 0 to 53K at x = 0.18 is the signature of overdoping
due to Ca substitution. In Fig. 62b the smooth linear dependence of T,(x) also guarantees an
effective Ca-Y substitution in the whole explored range. Remarkably, it confirms the double
doping mechanism already pointed out in Fig. 54b that we largely exploit in this work. In

Fig. 63 I report the critical temperature of all the final samples of each series.
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Figure 62: Left: x(7) for the “"as grown” end members (y=1) of the Cal%, Ca5%, Ca8%,
Cal4% and Cal8% series. Applied field: 20e. The decreasing of T, with increasing Ca content
is due to overdoping. Right: the T. of all the fully oxidized samples considered in this work.
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Series | Sample name| y | equalization | Tc (K) Series | Sample name| y | equalization | Tc (K)

Casv | ye2d6 | 028 | Q2int2d 0 Cald% | ye332 0030 | deox 30)
Cas% | yc23-19F1 | 032 | G3dis32 | 3(2) Cald% | yc33-16Frl | 0160 Oldis23 | 10Q2)

Ca5% yc23-9 032 | G3int32 5(3) — :
Cas% yel87 0335 | D2int36 14(1) Cald% yc33-4 0.160 = Olint23 102)

Ca5% y021-12 0.345 F3int37 ]8(1) Cald% yC33-7 0.190 02int26.5 14(1)
Cas5% ye23-11 036 G4int36 23(1) Cald% | ye33-16Fr2 | 0.195 | 02dis26.5 13(2)
Ca5% ycl0-4 0.375 | Dd4int40 32(1) Cald% | yc33-19Frl | 0260 | 0O3dis33 26(1)
Cas% | yel8-10 | 0375 | Dd4intd0 | 29(1) Cald% | ye339 0260 | O3mt33 | 27(1)
Ca$% | yel84 | 0375 | Dadisd0 | 30(1) Cald% | ye33-17 10300 | O4dis37 | 32(1)

Cas% | ycl0-s 039 | D3int39 | 37(1) ST - .
Cash Yel0-15 039 D3d539 3801) Cald% | yc33-11 0.300  O4int37 33(2)

Ca5% yel0-18 0.42 D5dis42 44(2) Cald% | yc33-15 0.360 | O6int43 44.(1)
Ca5% ycl0-8 0.42 D5int42 44(2) Cald% yC33-20FT1 0.360 06dis43 44(1)
Ca5% yc22-8 0.51 F5int51 54(1) Cald% | yc33-1 0.910 y=1 76(2)
Cas% ye22-15 | 051 | F5dissl 54(1)

Series | Sample name ' y | equalization | Tc (K)

Y100% | aplint35 | 0.330 | aplint35 | 10(I)
Y100% | apldis35 | 0330 | apldis35s | 10(1)
Y100% | bplint37 | 0340 | bplint37 | 14(1)
Y100% | be2int36 | 0350 | be2int36 | 22(1)
Y100% | br2dis39 | 0365 | br2dis39 | 30(1)
Y100% | bMint39 | 0370 | bMint39 | 31(1)
Y100% | bgddis4l | 0380 | bgadis4l | 36(1)

Sample name .y | equalization | Tc (K)

y:;;._fs g'igg gg:gll 2% Y100% | bréint4l | 0.380 | brdintdl | 37(1)
b T o ) Y100% | beldis4l | 0395 | beldis4l | 38(1)
3627_5 e BB 30) Y100% | bhddisél | 0400 | bhadisdl | 42(1)

Y100% biddis41 0.405 | biddis41 44(1)
Y100% bidint41 0.405 | bidint41 44(1)
Y100% ag3dis50 | 0480 @ ag3dis50 49(1)

ye28-19F2 | 0.320 | I3dis34 12Q2)
ye28-9 | 0355 | Mint365 | 28(1)
ye28-7 | 0355 | Mint365 | 29(1)
yc28-19F13 | 0355 | I4dis36.6 | 27(2)

ye27-16 | 0370 | 15dis38.5 29(1) Series | Sample name| y | equalization | Tc (K)
ye278 1 0370 | I5int38.5 | 30(1)

ye27-7 | 0370 | ISint38.5 | 30(1) Nd7.5% |yn2-10/11/12 0.300 | BS8int30 0

ye28-10 | 0370 | ISint38.5 | 30(1) Nd7.5% yn4-6 0313 | C3int31.3 0

ye28-17 | 0420 | I6disd4 43(1) Nd7.5% |yn2-13/14/15| 0325 | B9int32.5 0Q2)
ye27-9 | 0425 | 16intdd5 | 44(1) Nd75% | yn49 | 0338 C4int33.8 8(3)

Nd7.5% | yn2-16/17/18 ' 0.350 ' B10int35 15(2)
Nd7.5% | yn2-19/20/21 0.375 | Bllint37.5 23(2)
Nd7.5% yn3-5/7 0.400 ' B12int40 35(2)
Nd7.5% yn2-3/4 0.460 Aint46 49(1)

Series | Sample name| y | equalization | Tc (K)

Call% | ye32-2 | 0.00 deox 0

Coll% | ye32 19Frl | 014 } M7dis22 | O Eus% | ye2612 | 0315 D4int325 | 6(3)

Callde | ye32-9 | 014 | MTint22 0 Eu8% | ye26-15 | 0325 | D5int335 | 12(3)

Call% yc32-3 0.20 | M5int28 (1) Eu8% ye24-9 | 0340 | C3int35 16(3)

Call% | ye32-17Frl | 0.20 | M5dis28 0 Eu8% ye24-12 | 0380 = C4int39 28(2)

Call% | ye32-16 | 027 | M6dis35 | 4(3) Eu8% | ye24-15 | 0400 | CSint4l 36(2)

Call% | ye32-7 | 027 | Méint3s 53) Eu8% | ye30-11 | 0420 | E6intd3 | 46(1)

Call% | ye32-15 | 030 | Nlint38 | 18(1)

Call% | yc32-18Frl | 0.30 | NIdis38 | 16(1) Series | Sample name| z | y | equalization | Tc (K)
Call% | ye3220 | 035 | N2dis425 | 28(1)

Call% | yc32-19Fr2 | 035 | N2int42.5 | 30(1) Fu3s% | yel89 1 05/035  B2int37 0

Call% | ye32-1 | 090 y=1 82.5(5) Eu3s% | ye6-4 | 04035 Abis-int38 | 2(2)

Eu335% yed-4 | 021035 Abis-int38 | 11(2)
Eu335% ¥90-2 0 | 035 Abis-int38 | 18(2)

Figure 63: A summary of the T values for each sample. The Y100% data are from resistivity
measurements.
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5.5 uSR results

In this section I report the main experimental ySR findings. They describe the magnetic
properties of YBCO in the clean limit under the assumption of a staggered and collinear spin
arrangement explained in Sec. 5.5.1, starting from the assignment of the muon localization
sites.

These properties are not affected by the isovalent substitution; therefore I report Y%100,
Eu8% and Nd7.5% results together in Sec. 5.5.2. Their modifications under the introduction
of charged impurities (Ca?T for Y3*) are described in Sec. 5.5.3, and the influence of both
isovalent and heterovalent substitution on the superconducting properties is summarized in

Sec. 5.5.4.

5.5.1 Spin arrangement and muon local field in cuprates

Three types of muon stopping sites are distinguished in cuprates. The dominant one, observed
in all compounds, irrespective of both the details of the perovskite structure and doping, is
bound to the apical oxygen (AO), just above or below the CuOs plaquette (see Sec. 1.2 and
inset of Fig. 64). The low temperature value of the field probed by muons at this site is
B%, =40 mT for LagCuOy [13], and BY, = 30 mT for YBayCu3Og [27], respectively.

A second site is specific of YBapCuzOgy for y > 0.2 and it is attributed to muons bound
to chain oxygen (CO), with roughly half the field intensity. A third site, directly bound to
the oxygen ions of the plaquette (PO), with large internal fields, is observed only [111] in
undoped YBaoCusOg.

The AO site is the main subject of our analysis, and its assignment is based on numerous
observations [112,113,114,115]. One of them is that the value of BXO at zero temperature
and doping is reproduced by simple dipolar sums: if S(h,T') is the average staggered Cu spin
that gives rise to the staggered magnetic moments, S’z is the spin direction at site i, r; = r;7;

is the vector joining the muon site to the i-th Cu spin and g is the Landé factor, we can write

3(S; - 7)i; + S,
J J
= [DIS(h,T), (57)

The zero temperature value is reproduced in this site with the standard [24] 2D spin
reduction, ¢S(0,0) = 0.6. A small isotropic super-hyperfine contribution cannot be a-priori
excluded, but it would preserve the validity of Eq. 57, with the simple addition of a term
AS; to D, S being the Cu spin nearest to the muon.

The sums defining vector D in Eq. 57 converge rapidly, thanks to the alternating sign of

S; in the AF structure (the staggered moment). Even in the very underdoped superconductor
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YBayCu30¢.35, where in-plane magnetic correlation lengths are shortest, [45] they never fall
below &, ~ 12 A, and the relative contributions to Eq. 57 for rj > &qp/2 are only a few
percent. Hence the local field may be written as a constant, D = |D|, times S(h,T). The
rapid convergence of the dipolar sums and the tensorial nature of the interaction guarantee
that D does not change as long as the local spin directions Si, nearest neighbours to the
muon, remain 4) collinear, 7i) parallel to the ab plane, and i) staggered. These points follow
from the consideration that the value of Bso obtained in the simple Néel arrangement is
actually invariant under in-plane S; rotations for a muon site coinciding with that of the
apical oxygen. The AO site is displaced only by 110 pm from this symmetry position and the
invariance is roughly preserved. By converse if either the moment were drastically reduced,
or the local spin arrangement did change significantly from staggered, collinear and in-plane,
the low temperature value of the local muon field of Eq. 57 would also change. As it will be
shown in Sec. 5.5.2 and 5.5.3, in all our measurements we detect a nearly constant local field
Bao(h,0) (rescaled to mp(h)), that requires both nearly constant D and S. An unvarying
D in turns implies that a collinear staggered in-plane spin arrangement is at least locally
preserved at low temperature for all hole densities.

The field distribution itself does not change appreciably as it is witnessed by the measurements
reported in Sec. 5.5.2; the low temperature asymmetries in the nine panels of Fig. 66, spanning
from h = 0.02 (top) to h = 0.07 (bottom) are very similar. If local correlations did vary
significantly we would observe the appearance of distinct frequency components, signaling
different internal fields, whereas the only notable change is that the damping of the precessions

(i.e. the width of the field distribution) increases with hole content.

The field distribution does not change appreciably with temperature either. Fig. 64 shows
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Figure 64: YBayCu3Ogyy, y = 0.27, h = 0.023: FFT amplitude of the precessing asymmetry
a three temperatures. Inset: muon AO site, with apical oxygen and the CuOs plaquette.
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representative Fast Fourier Transform (FFT) spectra of the muon precessing asymmetry for
three temperatures below the magnetic transition T . They display two peaks corresponding
to the AO and CO sites, which shift to lower frequency as S(T') is reduced, preserving their
shape.

5.5.2 Magnetic behaviour in the clean limit

Typical asymmetry functions in magnetically ordered and paramagnetic phases are shown in
Fig. 65a with the relative best fits for one of our Y100% samples (y = 0.25 h ~ 0.04). From
bottom to top the time evolution of the muon asymmetry is shown for three temperatures,

the lowest, one close to the magnetic transition and one just above it. Following Eq. 44 the
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Figure 65: Left panel: typical asymmetry functions for three significative temperatures. The
red line is the best fit to the functions described in the text. Right panels: from top to bottom,
the longitudinal muon fraction f‘the staggered normalized magnetic moment m(7) and the
longitudinal relaxation rate 1/77; from their temperature behaviour the magnetic transition
temperature T, is extracted.

asymmetry is given by

A(t) = Ag Z]‘"fe_(‘riztz)/2 cosyBjt + fle |, (58)

where v = 0.8514 - 10° (sT)~! is the muon magnetogyric ratio, % are the transverse and
longitudinal muon fractions, experiencing relaxation rates o; and A, respectively. The index
i spans the two muon sites, AO and CO (see Sec. 5.5.1), where muons probe two distinct

local fields Bap and Bco. The longitudinal term does not distinguish the two sites.
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When magnetic and non-magnetic phases are present in the sample, since muons are
evenly implanted in both, their fractions reflect the relative volumes of the two phases.
The transverse fractions obviously disappear in the paramagnetic phase, hence the smooth
drop of f¢ to 1/3 across the magnetic transition temperature, reported in Fig. 65b, signals
some oxygen inhomogeneity, producing a Gaussian distribution [12,35] of magnetic transition

temperatures of mean T}, and width AT,,. It can be therefore fitted by
FUT) = (1/3)[2 + er f((T = T0) /V2AT,)]. (59)

By converse the relative magnetic volume v,,, = Vi, /Vior, given by v, = 3(1 — f£)/2 = 3f/2,

increases across the transition and can be fitted to the function
vm(T) = [1 = erf(T - T) [VZAT,)) /2 (60)

These two equations allow the determination of the magnetic transition temperature T,,. It
is worth to notice that we do not distinguish yet between Tx and T, because the muon
cannot identify the two states; in Ch. 6 the way to characterize theme will be clarified.

The middle plot (T=200 K) in Fig. 65a shows data just below 7,, characterized by over-
damped precessions and increased value of the longitudinal fraction f*. Best fits allow only
for one indistinguished transverse fraction, with B = VAB?.

At the highest temperatures, well above the magnetic transition, samples are fully in the

paramagnetic state and the asymmetry is fitted to the function
A(t) _ fﬁe—(an2t2)/2 (61)

with f¢ = 1 and o, is the static contribution to the relaxation rate arising from neighbour
nuclear moments.

Fig. 65¢ shows the reduced staggered magnetization
m(h,T) = Bao(h,T)/Bao(0,0), (62)

where B4o(0,0) is the muon internal field value at zero temperature in the undoped com-
pound. Fig. 65d shows the 1/7) relaxation rate of the longitudinal fraction; both of these
quantities allow in principle an independent determination of the magnetic transitions.

The staggered magnetization, whose details are discussed in the following, vanishes at
T,,. The 1/T; relaxation rate displays two peaks, both connected (according to section 4.2.5)
to the presence of slow spin fluctuations. The lower temperature one will be discussed in
Sec. 6.1.4. The second is due to the slowing down of the critical fluctuations at the transition
temperature T,,. The extraction of T,, from the vanishing of m(h,T) is not accurate at
low doping, i.e. high magnetic transition temperatures, because above T ~ 250 K muon

diffusion sets in, preventing the direct measure of the transverse precessions, but not that of
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Figure 66: Muon asymmetry above T, just below and for T' < Ty. Left column: three Y-
BasCuzO¢4y samples. central and right columns: three corresponding Y 92Eug 0sBasCusOgy
and Y.925Ndg g75BazCu3O¢, samples, from nearly undoped (top) to above the onset density
for superconductivity.

the longitudinal fractions [35], therefore the the Néel temperature can still be determined.
More instances are shown in Fig. 66 where the left, central and right column refers to Y100%,
Eu8% and Nd7.5% respectively. From top to bottom three different samples for each class of
compounds span the magnetic phase diagram, from very low to intermediate doping (h = 0.02,
h =~ 0.04, and h ~ 0.07 respectively). The analysis described above provide the magnetic
transition temperatures.

Fig. 67a shows the behaviour of the normalized staggered magnetization m(h,T) for
three YBapCuzOg, samples whose hole density ranges from nearly undoped, to just over

the critical value where superconductivity appears, the strongly underdoped regime. Fig. 67b
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Figure 67: a: Staggered magnetization for three samples of the series Y100%; the dotted lines
show the fit of the high temperature data to a critical behaviour, while the full lines represent the
magnetization upturn. b: The magnetic volume fraction for the samples plotted in the a panel.
c: mp and my4 for three full sets of samples (Y100%, Eu8% and Nd7.5%); the values calculated
with the preliminary fit and the thermally activated model of Eq. 64 are almost coinciding. d:
The widths Ampg 4 of the two static distribution show critical behaviours at h. and h.p.

displays the fraction of implanted muons detecting the magnetically ordered state, i.e. the
fraction of the samples volume belonging to the magnetic state. Both quantities are extracted

from the muon asymmetry analysis reported at the start of this section.

First of all the data of the two panels allow the determination of the magnetic transition
temperature 7T}, (as previously reported we do not distinguish yet between Ty and Ty, because
the muon cannot directly identify the two states). These temperatures are indicated in both
panels by the vertical arrows: for A = 0,0.035, and 0.07, T}, is respectively about 430,
230 and 30 K. Secondly, at intermediate doping the order parameter m deviates from a
standard power law behaviour like that of the undoped sample (dashed lines). The power
law, with lower T},, and rescaled magnetization, is followed only at high temperature, whereas
an upturn (solid line) appears toward the undoped zero temperature value, m(0.035,0) = 1.
The corresponding moment p reaches the value psp = 0.6 up (g being the Bohr magneton)
appropriate to the two dimensional spin 1/2 Heisenberg antiferromagnet (2DHAF), with its
quantum spin reduction [24]. For finite h the recovery of the undoped magnetization m(0,0)
shown in Fig. 67a justifies the term re-entrance (whence the subscript R) for this behaviour.
A similar upturn is just barely perceptible also in the light blue data , i.e. for the undoped
case; as pointed out in Sec. 1.3.1, it has been described before, first [30,42] in Lag_,Sr,; CuOy,
then [36,35,37] in YBapCu30Og,. Many more instances showing such an upturn are shown in

Fig. 68. Muons and NQR data agree quantitatively on the low temperature upturn, granting
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that this is not one of those very rare instances where the muon alters its local surroundings.

The data are naturally described as the crossover from a low temperature magnetization
toward a magnetically weaker high temperature regime, whose origin must be found in the
thermal population of the doped Mott-Hubbard excitations, in other words in a thermally
activated process. The functional form of the upturn looks like an exponential decay to
the rescaled behaviour. Thus, in order to distinguish the two regimes, we perform a first

qualitative fit of the data [35] to the function
m(h,T) = [ma+ (mp —ma)e™"] (1 = T/Tp)", (63)

where mp 4 stand for the reduced moment in the re-entrant and activated regimes, respec-
tively. The former value corresponds to the experimental ratio at 7' = 0, mr = m(h,0) and
the latter, m 4, yields the zero temperature extrapolation indicated by the dashed line in
Fig. 67a. For h > 0.055 we must revert to a simple power law fit m(h, T) = mp (1 — T/Tn)°.
Similar fits are obtained for all of the samples, including those with Eu and Nd partial sub-
stitutions.

The mpg and m 4 values extracted by this preliminary fit are shown by brown plus and crosses
in Fig. 67c, where it is possible to notice that the re-entrant zero temperature parameter mp
is very close to one, up to the highest hole densities, until it undergoes an abrupt reduc-
tion around a hole content equal to h.r = 0.08. By converse the activated parameter my4,
plotted in the same panel, displays a clear distinct critical behaviour, fitted to a power law
ma = (1 — h/he)® with a = 0.35(5) and h. = 0.058(2). This difference is a first, important
result, whose discussion is momentarily postponed to a following part of this chapter when,
after some strightforward considerations, its significance will be more clear.

It is now tempting to include the power law behaviour of m4(h) (Fig. 67c) directly into
the fit model, (i.e. into the function describing the high temperature m behaviour) identifying
its doping dependence as ma(h) = mg(h) (1 —h/h.)". It is however clear that a constant
hole density does not reproduce the thermally activated features of m and a straightforward
extension is to replace h by h(T) = hexp(—T4/T), assuming for the sake of the argument

that delocalized (hopping) holes are responsible of the magnetization reduction. This leads

m(h,T) = ma(h,T) (1 — TT>ﬂ = mg <1 — :eTA/T>a (1 — TT)H. (64)

m m

to

This activated-hole function yields excellent best fits of the data as it is shown by the solid
lines in Fig. 68.

We note however that Eq. 64 could also hold in a stripe scenario [116], where it is pos-
sible to imagine a mechanism by which the influence of thermally activated excitations on

magnetism depends on the stripe density, which in turns is proportional [117] to h.
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Figure 68: Staggered magnetization for three full sets of samples: the Y100% and the Eu8%
and Nd7.5% isovalent substituted series. The lines show the fit of the data to the thermally
activated model introduced in Eq. 64.

The new parameter T4 quantifies the crossover temperature between the two magnetic
regimes. The difference from the previous functional form is often beyond resolution, that
is the magnetic critical temperature T;,, as well as my and mpg, fitted in the two models,
are almost identical. The two reduced moments displayed by the brown plus and crosses
in Fig. 67c have in fact a counterpart in the activated-hole model described by Eq. 64: the
zero temperature moment, mg, is still a free parameter, whose functional dependence on h
is directly determined by best fit procedures, whereas m4 is obtained as limp_,o, ma(h,T).
These new determinations agree perfectly with the previous ones as it is shown by the colored
marks in Fig. 67c, often superimposed on the data of the first fit. Once again, therefore, they
underlie the two distinct trends for the quantities m4 and mpg vs. h. Two very distinct
critical behaviours are also shown in Fig. 67d, where the plot of the widths Amp 4 of the two
static moment distributions is presented. These widths are obtained directly from the static
relaxation of the muon asymmetry precession as o40(T)/2nyBao(0), taking cuts through
the data at two temperatures: the lowest one, 2K, below all T4 and another one, 70K, above
the largest T)4. Both quantities display a divergence which points to the same two distinct
critical densities mentioned above, h. and h.g.

A compact view of the transition temperatures, together with the reduced moment as a
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Figure 69: Common phase diagram for Y100%, Eu8% and Nd7.5% series: transition temper-
atures Ty and T, from the fits to Eq. 64; experimental reduced moment m, still from the fit
to Eq. 64, are encoded in the nonlinear color mapping (see right bar). The phase boundaries
are best fits with h, = hy = 0.056(2) (see text) and T4 labels the guide for the eye of Fig. 70.
Inset: zoom of the superconducting T.

color map, is provided by Fig. 69 for the three families Y100%, Eu8% and Nd7.5%. It is
evident that they display a unique behaviour, both magnetic and superconductive (see the
inset), within experimental errors; in addition, the plotted T, agree qualitatively with many
previous observations [12,27,28,29,118] on unsubstituted YBasCuzOg,, but only here are
presented as a function of calibrated hole density h. We recognize two regions: the first for
0 < h < 0.05 where T;,, drops rapidly with increasing hole density, and we identify it with the
Néel transition; the second for A 2 0.05, where the T),(h) dependence is much weaker, and
we associate this transition with T,,. The Néel temperature follows a quadratic behaviour vs.
hole density Tno(1 — (h/he)?) with Tyo = 422(5) K and critical concentration h, = 0.056(2)

as shown by the continuous line in Fig. 69.

The color map is nonlinear to emphasize the upturn of m(7'), already underlined in this
section, and well evident in Fig. 68. The re-entrant region is characterized by a uniform
dark red color toward T' = 0, signifying that mr = m(h,0) approaches the full 2D moment
pop at all dopings, even underneath the superconducting dome. The parameter T, that
quantifies the crossover temperature, is reported both in Fig. 69 as a dot-dashed line to guide
the eyes, and in Fig. 70, where the value for each sample is plotted in an expanded scale.

The activation energy follows a dome that replicates roughly the AF phase boundary, albeit
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Figure 70: Dependence on hole doping of the activation temperature T’y from the best fits to
Eq. 64. The line is a guide for the eye and the T’y (closed symbols) and T}, (open symbols) data
for h > he are overlapping within the error bars.

with a large down-shift. On entering the CSG phase coexisting with superconductivity, for
h > he, the fit gives T4 values hardly distinguishable ! from T,, hence in Fig. 70 the open
symbols (Ty) are often overlapping with the full ones, T'4.

5.5.3 Magnetic results on the dirty limit compounds

Figure 71a shows a three dimensional view of the Y;_,Ca;BasCu3Og¢4, phase diagram, that
summarizes our results (notice that the z = 0 plane corresponds to the diagram of Fig. 69).
These results disentangle the influence of doping, h, and disorder, x, showing that the portion
of the green region where Ty is the only transition temperature continuously widens with
increasing Ca content, i.e. with disorder. A similar conclusion was qualitatively shown in
earlier work on Zn substitution [119], across different cuprate families [19], and in irradiated
samples [48].

Let us describe distinct influence of doping and disorder in Fig. 7la. Dotted parabolas
describe the superconducting transitions T.(h), which shift rigidly to higher onsets hs(x)
with Ca content, as we previously reported [47]; it is discussed in details in the forthcoming
Sec.6.2. Solid parabolas represent the doping dependence of the Néel temperature T (h) =
Tno(1 — (h/hc)?) with Tno = 422(5) K and h, = 0.056(2), discussed in the previous section
for the clean limit. For the sake of clarity the Eu and Nd data are omitted.

Remarkably the same function, with no adjustable parameters, agrees with the low hole
density data of Cal% (diamonds) and Ca5% (circles), demonstrating that T (h) is, at least
initially, a universal function of doping, independent of the disorder parameter x. A first-

order transition from high T values to much lower T, values (dash-dotted lines in Fig. 71a)

LA single sample, Y100% with h = 0.06 > h., stands just outside the limits of this classification, since its

magnetic transition, 75, = 28 K is larger that its activation temperature T4 = 15 K .
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Figure 71: Doping (h) and disorder (z, Ca content) dependence in YBCO: a) Phase diagram;
inset: critical hole densities he(x) and hg(x); b) Zoom of T,(h,x), projected on the z = 0
plane; solid dotted and dashed-dotted curves are the clean limit Ty, T, and T4, respectively,
from [95].

interrupts this behavior at Ca dependent critical hole densities, h.(z). A similar abrupt jump
is displayed also by Ca,Laj 25Ba1.75_,Cu3zOg4y, a system where doping can be varied at fixed
disorder [120]. The slightly asymmetric influence of disorder on the two critical hole densities,

he and hg, is plotted in the inset of Fig. 71a.

Another very interesting point is the doping and Ca dependence of the low transition
temperature T, (dashed curves in Fig. 71la). Figure 71b projects the Ty(h,x) data on the
T, h plane revealing that they all fall on the same dashed line, from x = 0 to = = 0.08.
Notice that this line lies very close to the activation temperature T'4(h) detected in the clean
limit compounds (solid curve), i.e. at the crossover between the the thermally activated AF
regime. The linear trend is obeyed by all except a small number of points. The deviations
regard a single Y100% sample at one end, (h = 0.06, already commented in the previous
section), and a few Ca doped samples at the opposite end, for large hole densities, where
the low temperature magnetic regime is slightly extended by disorder, in agreement with

theoretical predictions [121].

Figure 72 shows the very similar time evolution of the zero field muon asymmetry at

T = 2 K, in three Ca5% samples with different hole densities, respectively h = 0.031 < h,
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Figure 72: Muon asymmetry at T=2 K with best fits for three Ca5% samples with very different
hole densities.

(Tny =258 K), he < h =0.0563 < hy (T, =16.1 K) and h = 0.073 > hy (T, = 7.7 K), within
the green region of Fig. 71b. Solid curves are best fits. Apart from a modest frequency
reduction, the main difference between the three samples is an increase of the damping, up
to a maximum relative value Am/m = AB, /B, = 0.3, that indicates inhomogeneity, but
still within a well ordered magnetic state, as it is demonstrated by the oscillatory pattern
still present for h > hs. We now consider the disorder dependence of the staggered magnetic
moment. Let us focus on two slices of the phase diagram of Fig. 71a, at constant doping
versus disorder, for A =~ 0.03 and 0.04. The temperature dependence of m(T) is displayed
in Fig. 73 for different values of z (disorder) in the slices. Best-fit solid curves follow the
same model of clean compounds (Eq. 63), describing the low temperature upturn due to the

smooth moment crossover to the activated regime. The most important features are:

e mp, which is the actual T" — 0 value in the low temperature state, approaches 0.6 up

at all A and z, and its values are in totally agreement with best fit of Fig. 67.

e my, the low temperature extrapolation (Fig. 73b) of the power law in the activated

regime, is reduced and strongly (h, x)-dependent.

The best fit parameters m4 and mpg are shown in Fig. 74, panels b, d, and the correspond-
ing transition temperatures in panels a, c. The first order nature of the transition between
samples with and without an activated phase is apparent (panels a and c¢) also when cut

along the disorder axis.
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Figure 73: Temperature dependence of the magnetic moment with the best fit to Eq. 63, for
the h ~ 0.03 (a) and h ~ 0.04 (b) samples. The dashed line shows an example of the low T'
extrapolation m 4.
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Figure 74: Samples at constant hole densities: a) and c) Ordering (T'y, T;;) and activation (T4)
temperatures ; b and d) Magnetic moment and width of its distribution in the low temperature
(mgr, Ampg) and in the high temperature (m, Am 4) magnetic regimes.
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5.5.4 Superconducting behaviour from the clean to the dirty limit

In this investigation we have addressed two properties of the superconducting state: the
critical temperature T, determined most reliably by SQUID (Sec. 5.4), and the density of

superconducting carriers ng, by means of TF-uSR experiments (Eq. 49).

5.5.4.1 TF-uSR in underdoped cuprates

Field-cooling (FC) experiments in transverse field configuration have been performed in order
to probe the flux-lattice distribution in the mixed state.

A typical TF asymmetry data set in Beg= 220 Oe is shown in the panels of Fig. 75, for
decreasing temperatures from (a) to (f). The sample is one of the Ca5% series that displays
nanoscopic coexistence of magnetism and superconductivity. Below Ty = 5.5K < T, = 18
K muons experience the composition of the external field, the spontaneous internal AF field,
and the contribution from vortices.

Panel (a) refers to the signal in the normal, paramagnetic phase. The applied external field

0.2

T=25k (@ T T T T

Muon Asymmetry

Figure 75: TF asymmetries for various temperature of a Ca5% with Ty = 5.5K and T, = 18K.
The red dots are the data, with their errorbars; the blue lines is the best fits. (a): paramagnetic
state (T > Tx). (b) and (c): The superconducting state is developing (T, > T > Tx) and
the signal is damped by the presence of the flux-lattice. (d),(e) and (f): The magnetic state is
developing (T' < Ty): the signal is overdamped by the further inhomogeneities introduced by a
spontaneous internal field distribution.
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entirely penetrates inside the sample, therefore the local field at the muon site is simply given
by B,, = poH. The transverse asymmetry is characterized by a weak Gaussian decay governed
by a small o, (typically ~ 0.13us™!) that arises from the field inhomogeneities generated by
the randomly oriented nuclear Cu dipolar moments. In panels (b) and (c) the presence of a
further contribution to the relaxation, that increases with decreasing temperatures, is evident;
it is originated by the stronger field inhomogeneities due to the presence of a flux lattice that
progressively develops together with the superconducting state. For T' < Ty = 5.5K (panels
d,e,f) the asymmetry profile is no longer a single Gaussian and the overall damping is much

stronger. All these features are summarized in the best fit model
A(t) = Ag [fge_(”§+"%)t2/2 cosyBst + f1e ™ cosy Byt + fLe /| (65)

In this equation f! is the transverse fraction associated to the muons that experience a local
field Bs dominated by the vortices diamagnetic shift (i.e. by the superconductive behaviour),
associated to a damping rate os (the nuclear contribution o, is very small, nevertheless it
has been subtracted in the following analysis). The developing below Tx of spontaneous,
randomly oriented AF internal fields, originates the transverse and longitudinal fractions f¢,

and f%,, the former precessing a frequency dictated by the composition of the external field
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Figure 76: Temperature dependence of the fit parameters of Eq. 65 for a sample of the Ca5%
series, with h=0.07. Blue, red, and green marks indicates respectively the parameters associated
with the first, second anf third term of Eq. 65. Here 0 = /02 + 02.
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with the spontaneous AF.

Most of the parameters of these fit are shown in Fig. 76. Above Tn =~ 5.5K only one
component is present (i.e. f! = 1,ff = f% = 0). In this regime panel d shows a clear
diamagnetic shift of the local field, and panel b shows the flux line lattice damping, both
arising below T,.. The superconducting carrier density n; is extracted in this range. Below
T the field distribution is heavily influenced by the appearance of an internal field (panel c),
all three components are present, and it is impossible to extract reliably the parameter ng.
For a representative series of samples the temperature dependence of the damping parameter
o5 is shown in Fig. 76. The best fit follows Eq. 50, yielding the low temperature extrapolation
which provides ng at T'= 0 K.
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Figure 77: Temperature dependence of o4 for a number of samples. The best fits follow Eq. 50.

5.5.4.2 The influence of doping and disorder on the incipient superconductor

Fig. 78 plots the reduced critical temperature T,/T¢ mar versus h, where T¢ 4, is the max-
imum transition temperature of each calcium series, at optimum doping [106]. This is a
rescaled zoom projection of the 3D plot of Fig. 71 that shows beyond doubts that the onset of
superconductivity strongly depends on z, i.e. on disorder. Many authors, starting from [122],
assume that cuprates display a universal T, versus h behaviour and this figure shows that it is

definitely not the case. A similar situation was drawn in [123] in Ca,Laj 25Baq 755 CuzOgy.

The dependence of T, on oy x ns/m* is shown in Fig. 79 in the classical lay-out of the

Uemura plot (see Sec. 1.5). The plot of the transverse relaxation rate vs. oxygen content,
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Figure 78: Scaling of transition temperatures with RT total holes (see Sec. 5.3): T¢./Tc.max
does not scale with total hole content, h. Here T, 0, = 93,92,91,89 and 87 K, respectively
for z = 0,0.01,0.05,0.08 and 0.14 are data from [106].
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Figure 79: Scaling of transition temperatures with transverse relaxation rate: 7. does scale with
the uSR linewidth, og, proportional to the supercarrier density, n,. Inset: the uSR linewidth
vs oxygen content. The samples for 0 < x < 0.08 collapse on the same line which yields to
o0 X ng/m* x y (see text), i.e. only the oxygen hole fraction ho contribute to the supercarrier
density for low calcium content.

oo x ns/m*, displayed in the inset of Fig. 79, shows that all samples with calcium content
0 < z < 0.08 collapse on the same line, i.e. the dependence of ng on y is linear (by assuming

a constant m* [93]). Since also holes injected by oxygen scale with y (see Fig. 54), the two



104 5. Experimental Results

linear relations imply that a fraction of holes proportional to z/2 per CuOg plane does not

contribute to superconductivity in this regime.



Chapter 6

Discussion

In the following Sections I discuss the main experimental findings of the previous Chapter. In
Sec. 6.1.1 the negligible effect of the Nd and Eu substitutions (as opposed to Ca) on both the
magnetic and superconducting behaviour of pure YBCO is remarked, hence in the following
three sections the clean limit will be considered first. In Sec. 6.1.2 a debate about the main
features of the CGS phase leads its identification with the low temperature magnetic regime
of clean limit cuprates that we experimentally determined in the previous chapter, and that
we propose to call quenched antiferromagnet (QAF), as opposed to the thermally activated
antiferromagnet (TAAF) characteristic of high temperatures. A plausible explanation of
the behaviour of such phases upon doping is proposed in Sec. 6.1.3 and Sec. 6.1.4, while in
Sec. 6.1.5 the existence of a QCP characteristic of the intrinsic phase diagram is underlined.
Finally, in Sec. 6.2 the dirty limit case is analyzed, pointing out the specific role of the
Coulomb potential on the high temperature orders, both AF and SC.

6.1 Toward the clean limit

6.1.1 Influence of isovalent disordered substitutions

In order to disentangle structural and Coulomb disorder we compare isovalent (Eu,Nd) and
heterovalent (Ca) substitutions. Based on the ionic radii [124] - Y3* (101.9 pm), Eu®* (106.6
pm), Nd3* (110.9 pm), Ca?* (112 pm) - we evaluate the cation mismatch via the radius
standard deviation, o, = 1.3,2.4,2.2 pm for Eu8%, Nd7.5% and Ca5%, respectively. Our
data show that the Néel and superconducting transitions of the Nd and Eu substituted sam-
ples are identical within experimental error to those of the pure compound (Fig. 69), whereas
Cab5%, with the same o, as Nd7.5%, displays a markedly different behaviour, as we shown
in [47,96] and in Sec. 6.2 in a more complete and exhaustive fashion.

We conclude that, for dilute Y replacements, isovalent disorder is by far less effective than
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heterovalent disorder. As a consequence the three families Y100%, Eu8% and Nd7.5% equiv-
alently identify the cuprate system closest to the clean limit, and in the discussion of the

following sections we shall refer generically to them as the YBCO system.

6.1.2 Quenched and thermally activated AF

Our data establish a coherent and systematic picture of the AF YBCO phase which is char-
acterized by two distinct regimes, re-entrant and thermally activated, in agreement with
previous indications [30] on the magnetic behavior of Lag_,Sr, CuQy.

A first feature of the low temperature re-entrant regime is the recovery of the full 2DHAF
moment, pap, as it is shown in Fig. 67c¢ (mpg, solid curve). This finding agrees with the
increasing of the elastic neutron scattering at low temperatures [29]. In Lag_,Sr,CuOy4 the
incommensurate peaks [33] observed above h. = 0.02 are tentatively interpreted in terms
of a spiral spin state [31]. In YBayCugOg4y the experimental evidence of incommensurate
order is missing, but similar magnetic correlations are detected [45]. Stripes or spiral spin
structures are locally collinear, in-plane and staggered, hence they satify also the conditions
imposed by the muon results (Sec. 5.5.1) and they can provide the large local moments that

we detect.

Another feature of the re-entrant state is the narrow width of the observed moment
distribution Amg, that reaches the value 0.4 only close to the critical point h.g, as shown
in Fig. 67d. Notice that narrow widths and staggered in-plane collinearity extend also to the
CSG phase coexisting with superconductivity, for h. < h < h.r. This is not what is expected
of a canonical spin glass, where muons typically [125] measure Am ~ 1 and randomly oriented
local fields.

The main signature of the so called CSG phase is the change from a rather large slope of
the transition temperature, dT /dh, below h., to a very modest slope dT,/dh above. Notice
that T4, the activation temperature defined by Eq. 64, shares this same modest slope, and
the two temperatures, T4 and Tj follow the same curve in Fig. 70. This may be simply
understood in terms of the disappearance of the high temperature, activated regime, above
the critical density h., while the magnetic ground state detected in the re-entrant regime
survives as shown by the continuous behavior of mg(h) and Ampg(h) across h., Fig. 67 (c
and d). This leads us to identify the same ground state in the CSG phase coexisting with
superconductivity (h. < h < hcgr) and in the re-entrant regime of the antiferromagnet, a
common state that we propose to dub quenched antiferromagnet (QAF), in contrast with the
thermally activated antiferromagnet, henceforth TAAF, established only above the crossover

temperature, for h < he.



6.1. Toward the clean limit 107

1 . 1 T 1 1 i
08 - :‘D Al-.-x-.*'&'! . m -
coel & Mk T P 1
n X,

04} ! g ]

1 Ty
02 = :mA '-_.. -

O I 1 1 1 ;

0 0.2 0.4
h, z

Figure 80: Reduced moments mp and ma (same as Fig. 67c) compared with theory [126]
(dotted line) and experiments [127] on Las_,Sr,Cu;_,Zn,. 04 (crosses).

6.1.3 QAF: magnetic site dilution

Insight on the nature of the QAF state is provided by Fig. 80 which shows that mp is
actually following the initial slope typical of magnetic site dilution in cuprates [126] (dotted
line). A similar conclusion can be derived from recent low temperature muon results [120]
in CazLaj 25Ba1.75-,Cu3z0g4y. One way to look at this is to suppose that in the re-entrant
regime holes are localized, and each of them in first approximation cancels one Cu spin,
leading to magnetic dilution with z = h.

The dilution theory has recently found [126] excellent agreement with available Lag_;Sr,-
Cu;_,7Zn,04 data [127,128,129] (crosses in Fig. 80), by taking into consideration a small ad-
ditional frustrating effect of the local Zn impurity that slightly reduces the effective coupling.
Also localized holes give rise to a frustration, [130] in this case of dipolar nature, that is often
indicated as the cause of the dramatic reduction of T (h). Our mg(h) data in Fig. 80, how-
ever, follow very closely the dotted curve of [126] until the magnetic component disappears,
showing that the leading phenomenon at low temperature is moment dilution and not frus-
tration. This result indicates that holes, either by incoherent freezing or by self-organization,

produce only a rather moderate frustration in the AF background of the QAF state.

6.1.4 TAAF: frustration or finite-size reduction

The slope of the thermally activated moment m4(h) is much steeper than the predictions of
the dilution theory, even at extremely low doping, as the dashed and dotted curves show in
Fig. 80. It is noteworthy that the vanishing of m 4, the divergence of Am4 (Fig. 67c and d)
and the suppression of T (Fig. 69), all occur at the same critical density h., thus linking all

these properties to the specific TAAF phase alone.
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Figure 81: Scaling of the reduced moment in the activated regime, m 4, with Ty (for the solid
line see the text).

Figure 81 shows that the activated moment m4(h) and T (h) scale roughly linearly with
each other over a large range of h (the solid line is obtained by plotting the previously defined
functions ma(h,o0) vs. Tx(h) with h as an implicit parameter). It implies that both m4
and T scale with an effective exchange coupling Jes(h), strongly reduced by the activated
process, either by finite-size effects [30] or by a very large frustration, [26,131] much larger
than that present in the re-entrant regime.

The reduced moment in the TAAF state follows the phenomenological fit of Eq. 64.
Nominally, this fit justifies the low temperature regime in terms of hole localization. Here
the muon is directly sensitive only to spin dynamics, hence we cannot actually prove directly
that charges freeze as well. Freezing processes with similar low energy scales are detected
also by T, ! relaxations in SR [19,35] and in NQR [38,132] (the latter being sensitive also
to charge dynamics) in Lag_,;Sr,CuO4 and in YBagCu3Og, as well.

Direct evidence that thermal activation regards also charge degrees of freedom comes
from transport, where low temperature variable range hopping [15,133] is detected both in
dirty Lag_,Sr,CuOy4 and in clean YBayCugOgyy, even at very low hole densities [40]. The
energy scale of charge activation is comparable to the one we observe here (resistivity at the
lowest doping in [40], Tv = 380 K, shows a low temperature divergence starting below 70 K).
Transport experiments determine also that the mean free path ¢ is extremely short, much
shorter than the inverse Fermi wave vector k;l, but samples still display a metallic transport
character [15] even at very low hole densities, which sounds like a paradox. The relation
k;lﬁ ~ 1 defines the Mott-Ioffe-Regel limit, below which a metal insulator transition should
occur. This is a long standing open issue in high-T, cuprates. Our data simply show that
the onset of metallic transport coincides with the moment reduction which consolidates the

association of thermal activation with charge carriers implied by Eq. 64.
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To conclude this section I wish to discuss qualitatively the connection between either
spiral states or stripes and the reduction of T (h).

If thermally activated holes determine directly the reduction of m in the TAAF state they
must be responsible of a much larger frustration than independently localized holes. Such a
view could be reconciled with recent extensions of the spiral model [31], where increasing hole

1 are shown to reduce the staggered moment very effectively. The

localization lengths, x~
same approach successfully accounts for activated hole transport [134,135], i.e. for the effect
of spin texture on carrier mobility, but none has yet taken in due consideration the reverse
effect of hole motion on spin texture, which is very relevant, as we show.

The two-regime-behavior of Fig. 68 would then suggest that the localization length is
not temperature independent in cuprates: while a rather large length x~! (cfr. the value of
100 pm quoted in [31] for Las_,Sr,CuQy,) is appropriate for the thermally activated regime,
a smaller length would be characteristic of the QAF state. Such a temperature-dependent
localization scale suggests that at very low temperature the effects of charge localization in a
lightly doped Mott-Hubbard insulator are not fully captured by the standard impurity model
of doped semiconductors investigated so far in the literature.

However, as we have noted below Eq. 64, the fit of the muon measurements to this function
by itself does not rule out alternative stripe based ideas. For instance a similar connection
with thermally activated hole density could emerge considering stripe domains of finite length
and with rather large d = 1/2h separation [136] at the low densities considered here. In
these conditions metallic 1D stripes would not percolate across the domains, whereas the
antiferromagnetic regions would. Thermally activated hopping would then switch the system
to the opposite condition of percolation for transport and separation of independent magnetic
clusters, at the same time. This process is already favoured by the reduced effective exchange
across the metallic 1D stripe, and it would lead to finite-size reduction of both m and Ty.

Summarizing, both spirals and stripes could qualitatively justify the YBCO uSR results,
but only further theoretical work can determine if either of these hypotheses reproduces the

observed crossover and the associated large change in the static local moment.

6.1.5 A Quantum Critical Point

Another important result of the present work is that the critical value, h. = 0.056(2), found
for the suppression of Ty (h) and ma(h), coincides with the critical value for the onset of
Te(h), hs = 0.056(2). Both values agree within our errorbars with a recent very careful single
crystal determinations [137] of hs = 0.0539(1). According to our data also T (h), in the
YBCO clean limit, follows a parabolic behavior analogous to that of T,(h) [138,110], and
very different from theoretical predictions [131]. Notice that older systematic results, [27,28]

reported only vs. oxygen content, without hole doping calibration, could not provide such
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information. Therefore our results indicate that if superconductivity and the TAAF state
were the only competing orders, h, = hs; would represent a true quantum critical point
(QCP). The critical density is rather lower than that more often indicated for a QCP in
cuprates [139], but other authors [140] have considered a similar additional location. The
real-world system however does not develop the QCP, because it switches instead to the
QAF ground state throughout a wide doping range, from h ~ 0 to well past the onset of
superconductivity. Additional evidence on this point comes from the Ca work discussed in

the next section.

6.2 Dirty-limit effects on the QAF, TAAF and SC states

The projection of the three dimensional phase diagram displayed in Fig. 71 reveals a broad
green insulating QAF region, spanning from the parent compound to the so called cluster spin
glass. In the QAF, doping acts mostly as simple magnetic-site dilution. The finite tempera-
ture linear boundary of this region is common to all samples, dirty and clean, independent
of whether it marks the crossover to the ordered TAAF phase or the disappearance of any
magnetic order. Small deviations from the linear Ty(h) consist in an extension to higher
doping of the magnetic phase for the most disordered samples. This is in agreement with
theoretical predictions [121] indicating that disorder stabilizes magnetism coexisting with
superconductivity.

In Sec. 6.1.2 we already identified a unique QAF magnetic state in the clean compounds.
This identification extends therefore to the CSG state characteristic of the dirty compounds.
This state is not a spin glass, as it is indicated by the clear low temperature oscillation
observed at low, intermediate and high doping in Fig. 72. Such oscillation with a reduced
damping AB/B < 0.3 are characteristic of well ordered phases, in contrast with typical spin
glasses, where overdamping is due to a very broad distribution of local fields [125], with
AB/B 2z 1 (i.e. width comparable to the mean value). We propose to abandon the spin glass
terminology for cuprates, recognizing that earlier reports [33,42,44,130,140,141,142] identify
an inhomogeneous, but not truly glassy magnetic state.

The common boundary marks the transition from the insulating QAF to a bad metal
state (Sec. 6.1.4) as determined by transport measurements [15,143]. Note that the high
temperature metallic-like behavior is common to the whole doping range (antiferromagnetic,
paramagnetic as well as superconducting samples). The distinction between insulating QAF
and bad metal TAAF shows up also in the behaviour of the magnetic moment that we have
presented in Fig. 74 for two cross sections of the phase diagram at constant doping (h = 0.03
and h ~0.04). The moment mp in the low temperature regime is constant vs. z (in each

panel, b, d), and very weakly h-dependent (across the two panels), in agreement with the



6.2. Dirty-limit effects on the QAF, TAAF and SC states 111

5 r
A Y100% Sa04 A
A Y100% So07
4 ¢ cal% Sa08
=0 ® Cab% Sa08
o 3F v Ca8% Sa08
E Cal4% Sa08
I(I')
= 2
o
o
1.
0 M M
0 0.05 0.1 0.15

Figure 82: Dependence on hole doping of the 7' = 0 uSR relaxation rate 0 « ng from TF-
uSR data of Refs. [12,47,144], respectively for Sa04, Sa08, So07. Solid curve from Fig. 8 of
Ref. [144]; dashed curves rigidly shifted.

magnetic-site dilution regime 6.1.3 appropriate for this truely insulating, localized-moment

state, as in clean YBayCuzOgy.

A totally different conclusion applies to the TAAF regime, where the moment m4 is
strongly dependent both on x and h, due to the peculiar topology of spin and mobile holes
in the TAAF, as discussed in Sec. 6.1.4. Disorder appears to enhance the suppression of
the TAAF order, amplifying the disruptive effect of thermal activation. Accordingly, the
behaviour of the widths is respectively disorder dependent for Am 4 and independent for

Amg.

Let me now consider the effect of disorder on the superconducting side. Our results
show that in heavily underdoped compounds additional holes transferred from Ca participate
to the RT thermopower (Fig. 54b) with hc, o . The inset in Fig. 79 however shows
that their contribution disappears from coherent conduction at low temperatures: whereas
holes transferred from Cu(1)O chains contribute both to RT transport (above the threshold
concentration y; ~ 0.15 hp x y — y;) and to superconducting properties (above the critical
concentration y. = 0.3, ng x 05 x Tc = k(y — y.)), the Ca holes do not take part in the
latter. Since pair-breaking does not account for this effect, Ca-doped holes behave as if they

were thermally quenched.

Before concluding, we briefly recall that in the phase diagram to the right of the QCP,
disorder raises the threshold hg(x) for the onset of a superconducting condensate ns. This
quantity is proportional to the relaxation rate oy measured in transverse field (TF) uSR,

which is shown in Fig. 82, that summarizes our measurements in a field of 20 mT on the
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same samples we have investigated in [47]. The open symbols and the solid line represent
the YBayCuzOgy, data and their interpolation from Ref. [144](Sonier 2007), rescaled to
polycrystalline values [93] and to low fields (Fig. 6 of Ref. [144]). The Y100% data fall on
the same curve. For larger values of x the data and their dashed interpolation shift to the
right, indicating that Coulomb disorder suppresses both T, and the superconducting order
parameter ng < og by reducing the hole density available for superconductivity.

This is a (nearly) symmetric effect to the suppression of Ty and of the related magnetic

order parameter my4 on the left of the QCP, where the first order transition induced by
disorder precipitates all cuprates from the bad-metal TAAF regime into the underlying QAF
insulating state, at a Ca dependent hole density h.(z) (See Fig. 74c). In this sector of
the phase diagram the main effect of the increasing disorder appears to be a lowering of
the threshold h.(x) for the suppression of TAAF magnetism. Disorder seems to be simply
unveiling the intrinsic QAF behaviour, by pushing aside the metallic AF and SC states from
the hidden QCP. Notice that whereas disorder suppresses both order parameters, it does not
modify the metallic character of high temperature transport [15].
The boundary of the QAF phase in Fig. 71b is the same for all x values, at least up to
h = 0.075, indicating that most of this phase is quite insensitive to disorder. This is an
argument against a cluster spin glass introduced by disorder [16]. The unique Ty(h) and
the related T4(h) rather indicate an intrinsic origin, connected to the thermally activated
crossover [95] in the self organized charge and spin fabric (spin spirals [145] and/or stripes
[116]) of the doped Mott-Hubbard system.

Summarizing, the behaviour in the whole phase diagram agrees with the following simple
notions, referred to Fig. 71b. Charge localization characterizes the green region of the phase
diagram, where the insulating QAF magnetism is just diluted by doping and almost insensitive
to disorder. The remaining regions correspond to a bad metal state, where the TAAF and
the SC compete. The bad metal appears by thermal activation on the left of the QCP, but
it is one of the two T' = 0 ground state on the right, where SC sets in. The bad metal is very
sensitive to charged impurity disorder, leading to the suppression of both its competing order
parameters, but not of its bad metal character. We finally notice that a line of first order
transitions h.(z) terminates from the left in a second order QCP. The steeper hs(z) curve
represents the onset of superconductivity in the regime of (nanoscopic) phase separation,
hence a corresponding first order transition line may exist farther to the right. This simple
description of the interplay between disorder and doping, with two first order lines terminating

at the same QCP, awaits a full theoretical justification.



Conclusions

I conclude my thesis by summarizing the main results for the clean and dirty limit cuprates.

First of all we have extensively investigated YBCO in the antiferromagnetic low doping
region as a model for the clean limit cuprates. Since the influence of disorder induced by Nd
and Eu is found to be negligible, we extract the parameters of the low temperature re-entrant
and of the thermally activated regimes from the whole set of data. The crossover between
these two regimes is undoubtedly associated with the thermal activation of both spin and
charge degrees of freedom. This is implemented in a single phenomenological model for the
temperature and doping dependence of the reduced moment m(h,T’), which fits our data
throughout the entire investigated range.

Our analysis leads to the identification of a common ground state for very different doping
regimes at the two sides of the metal-insulator transition, the re-entrant antiferromagnetic
phase (on the left) and the so-called cluster spin glass phase coexisting with superconductivity
(on the right). Since this unique ground state shows characteristics of a well ordered phase,
not distinctive of a disordered spin glass, we dub this unique state a quenched antiferromagnet
(QAF).

In the QAF state the ordered magnetic moment is subject to negligible frustration and
it follows the same trend of magnetic site dilution. Conversely the fast drop of T (h) and of
the staggered moment, m4(h) are characteristic of the thermally activated antiferromagnetic
phase (TAAF). Since the AF superexchange itself is not reduced by doping this indicates that
a mechanism leading to strong frustration must be present. I have presented a qualitative
discussion of the possible connection between the frustration in the TAAF state and either
spiral states or stripes.

Furthermore, we indicate that the main boundaries in the clean-limit phase diagram, de-
scribing the two main order parameters, magnetic and superconducting, both follow parabolic
curves, sharing a zero temperature intersection at h = h. = hs;. This behaviour identifies at
he = 0.056 a quantum critical point for the cuprates clean limit. The QCP is then superseded

by the QAF behavior of the real-world compound at low temperatures.

The dirty limit case is defined by the Coulomb perturbation due to the controlled Ca sub-
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stitutions in the proximity of the CuOs layers. Here the identification of the low temperature
magnetic states with the QAF extends to the window of pure CSG state characteristic of the
dirty compounds. This state is unique, and common to both the clean and dirty limits, and
is characterized by charge localization and a magnetism just diluted by doping and almost
insensitive to disorder.

On the contrary the high temperature states, i.e. the TAAF and SC regimes, are strongly
influenced by the Coulomb-impurity-driven disorder introduced by Ca, that progressively
unveils the underlying QAF. On the left side of the QCP, the suppression of the TAAF state
appears to be enhanced by disorder, that amplifies the disruptive effect of thermal activation.
It suddenly falls the TAAF state into the underlying QAF via a first order transition, pushing
aside the relative critical hole concentration h.(z) proportionally to x.

On the right side of the QPC the effect of disorder appears to be nearly symmetric. It
raises the threshold hs(x) for the onset of a superconducting condensate ng, by reducing the
hole density available for superconductivity. However all the holes injected in the system
contribute to the room temperature properties, indicating again some form of charge carriers
temperature activation, hidden to resistivity measurements by the superconductor.

It is interesting to note that whereas disorder suppresses both TAAF and SC, it does not
modify the metallic character of high temperature transport, corresponding to the so called
bad metal state. This state appears by thermal activation on the left of the QCP, but it is
one of the two T' = 0 ground states on the right, where SC sets in. For low temperatures the
bad metal is very sensitive to charged impurity disorder, leading to the suppression of both
its competing AF and SC order parameters, but not of its bad metal character.

We have therefore produced a 3D-phase diagram, where the additional Coulomb disorder
axis x, disentangled from doping, is shown to be a fundamental ingredient in the description

of such complex systems.
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