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Introduction

High Temperature Superconductivity has been a fascinating conundrum in
solid state physics since the discovery [1] of the cuprates superconductors in
the mid-eighties. Despite the immense experimental and theoretical efforts
which have been devoted to the study of these materials, the nature of the
pairing remains elusive to date.

In 2008 the discovery [2] of superconductivity in fluorine doped LaFeAsO
opened a new chapter in the fundamental research on High Temperature Su-
perconductivity. Other compounds based on similar crystalline structures
where then quickly discovered, marking the birth of a new family of super-
conducting materials. While the strong iron magnetic moment is detrimen-
tal for superconductivity several superconducting compounds containing Fe
have been known for a long time (e.g. UgFe and Lu,Fe3Sis) and even metallic
iron is a superconductor at low temperature (< 2 K) and very high pressure
(10 GPa), where ferromagnetism is suppressed [3]. However the newly dis-
covered Iron Based Superconductors (IBS), with a maximum T, of about
55 K (in bulk samples at atmospheric pressure), are the materials with the
highest T, outside the cuprates family and constitute an utterly important
new class of High Temperature Unconventional Superconductors.

The common feature characterizing these iron based compounds is their
tetragonal FeAs layered structure, similar to the CuO, based two-dimensional
lattice geometry of the cuprates. The superconducting phase arise, upon
charge doping, in correspondence to the suppression of the AF phase, where
strong magnetic fluctuations are still present. The IBS phase diagram is ex-
tremely rich, with relevant qualitative differences from one sub-family to the
other. The parent compounds are characterized, as is also the case for the
cuprates, by a long range antiferromagnetic (AF) order.

Theoretical band structure calculations and Angle Resolved Photoemis-
sion Spectroscopy (ARPES) revealed a strongly nested Fermi surface and the
magnetic fluctuations at the nesting vector are thought to be an essential in-
gredient for the appearance of superconductivity. However, in analogy with
the cuprates, a mechanism capable of conclusively explaining the nature of
the pairing has not been found yet.
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In this thesis the Iron Based Superconductor have been studied using local
probe techniques: Nuclear Magnetic Resonance (NMR), Nuclear Quadrupole
Resonance (NMR) and Muon Spin Rotation (uSR). These experimental tech-
niques have been widely used in the study of unconventional superconduc-
tors and of strongly correlated electrons systems since they are sensitive to
both static and dynamic susceptibilities, making it possible to probe a wide
range of phenomena, from spin and orbital fluctuations to magnetism and
charge order.

The thesis is divided in four chapters:

e Chapter 1: The first chapter is a general introduction to Iron Based
Superconductivity. A significant section of this brief review is devoted
to the analysis of the differences between the various families of High
Temperature Superconductors.

e Chapter 2: This chapter covers a few basic aspects of NMR and uSR
which are essential to understand the experimental results reported in
the following chapters. Several important NMR-uSR results on iron
based superconductors are also presented.

e Chapter 3: This chapter presents the results of NMR and NQR ex-
periments carried out on electron (Sections 3.1, 3.2) and hole doped
(Section 3.3) Iron based superconductors.

The most striking result reported in Section 3.1 is the observation of
low energy fluctuations in electron (Rh) doped BaFe,As;, which con-
firms that they are a widespread feature of IBS materials. In the fol-
lowing section (Sec. 3.2) we studied the evolution of these low energy
fluctuations in presence of uniaxial strain.

Section 3.3 instead is dedicated to the fascinating phenomenology ob-
served in (Rb,Cs)Fe,As,, where NQR-NMR measurements revealed the
presence of a charge ordered phase coexisting with superconductivity.

* Chapter 4: In the last chapter we discuss the effect of impurities in
iron based superconductors. In the first Section we focused on the
effect of magnetic Mn impurities in F doped LnFeAsO (Ln = La, Sm,Y)
superconductors, while the second Section is devoted to the effect of
proton irradiation in Rh doped BaFe,As;.

The most important result reported in the first Section is the extremely
fast suppression of the superconducting ground state upon introducing
Mn in optimally fluorine doped LaFe;_,Mn,AsOg ggFg 11 and the simul-
taneous recovery of the stripe (Q = (0,7) or (x,0)) antiferromagnetic
phase present in the undoped compound.

The second section deals with several intriguing results about the ef-
fects of irradiation induced defects in Ba(Rh,Fe;_,),As,. In particular
we discovered that, in the optimally doped sample, proton irradiation

2
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induces ferromagnetic correlations revealed by the Curie-Weiss temper-
ature dependence of the ">As NMR line width.
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Chapter

Introduction to the Iron Based
Superconductors

The mechanism responsible for superconductivity remained a mystery
for forty years, from its discovery (Kamerlingh Onnes, 1911) until the
development of the BCS theory by Bardeen, Cooper and Schrieffer (BCS)
in 1957 [4]. During the sixties and the seventies several experiments
(e.g. isotope effect, ultrasonic attenuation, specific heat experiments, the
Little-Park experiment in 1962 [5] and the Hebel-Slichter experiment in
1957 [6]) confirmed the BCS theory and most of the physicists began to
consider superconductivity as a solved problem. Furthermore the highest
observed critical temperature (23.2 K in Nb3Ge) did not increased signif-
icantly between 1950 and 1980 (see Fig. 1.1), leading to the widespread
belief, corroborated by a theoretical study by McMillan [8] who estimated
the maximum T, of the compounds under study at the end of the sixties, that
higher critical temperatures could only be achieved in metallic hydrogen [7]
and other hydrogen based compounds at very high pressure, as recently
confirmed by the discovery of high temperature superconductivity in H,S [9]
(203 K for pressures higher than 150 GPa).

This quiet period came to an abrupt end in the eighties, first with
the emergence of the Heavy-Fermion (e.g. CeCu,Si; [11]) and organic
((TMTSF),ClO4 [12]) superconductors, and then, few years later, with
the groundbreaking discovery of the cuprates superconductors [1]. The
cuprates critical temperature can reach values well above 100 K in several
compounds (e.g. Bi;SrpCa2Cu30;19 and HgBa,Ca,CusOg). Such a high T, is
incompatible with the phononic coupling within the BCS theory and until
the discovery of the HTSC it was widely believed that these values were
unreachable (see Fig. 1.1). Similarly to what happened in the first half of
the twentieth century for the conventional superconductors understanding
the mechanism responsible for high temperature superconductivity proved
to be very difficult and up to now, more than 30 years after this discovery,
no general consensus has emerged yet.

5
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Figure 1.1: Evolution of the maximum value of T, for the various families of
superconductors [10]. Cuprates are denoted by blue diamonds, iron-pnictides by
yellow squares, BCS superconductors by dark green circles, heavy fermions by green
stars and organic superconductors by magenta triangles.

When in 2008 the Hosono Group discovered [2] that the fluorine doped
LaFeAsO is a superconductor with a relatively high T, of 26 K for the op-
timally doped compound (LaFeAsOggoFo.11), a huge research effort began
around the world. Several other compounds of the same family were quickly
discovered and T, reached up to 55 K (SmFeAsOg 7F 3). Since the beginning
it was clear that the newly discovered iron pnictides superconductors (Iron
Based Superconductors: IBS) are the only known family of HTSC compounds
beside the cuprates. The discovery of a second family of high T. materials
raised a big hope to finally understand the nature of high temperature su-
perconductivity. However it soon became clear that while the cuprates share
several common features with the iron based superconductors, both being
strongly correlated quasi-2D materials close to a magnetic ground state, the
symmetry of the superconducting order parameter is different and the na-
ture of the pairing mechanism, while likely involving the spin fluctuations in
both the HTSC families, could also be different. A plethora of models aimed
at explaining the superconducting gap symmetry and the pairing mechanism
have been proposed but a conclusive experimental evidence capable of dis-
criminating among them is still lacking.

While we are still quite far from the complete understanding both of the
cuprates and of the IBS in the last few years various substantial advancement
have been made and several important points are now well understood and
agreed upon. This first chapter deals with the crystalline structure of the
iron-pnictides, their electronic properties, and the comparison with the or-
der families of unconventional superconductors: the cuprates and the heavy
fermion compounds.
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Figure 1.2: Structure of the 4 iron based superconductors families considered in
this thesis: (a): 1111, (b) 122 (c) 111 (d) 11. Image adapted from Ref. [13]

A g e 4 o &
Ase  @—-o--ff ©

Figure 1.3: Structure of a FeAs plane seen from two different prospectives:
from along the c-axis (a) and from inside the FeAs ab-plane (b). The c-axis is
perpendicular to the FeAs plane. The black dashed lines indicates the FeAs unit
cell. The yellow arrows in (a) represents the orientation of the Fe moments in the
magnetic stripe phase. Image adapted from Ref. [14].

1.1 Iron-based Superconductors: crystalline and
electronic structure

The IBS are characterized by a planar 2D structure of iron-arsenic (FeAs)
or iron-selenium (FeSe) layers, where superconductivity takes place (see
Fig. 1.2, 1.3). The iron-pnictogen layers have a tetragonal crystalline
structure at high temperature and in the non superconducting compounds
a tetragonal to orthorhombic (TO) transition is often present at low
temperature (< 200 K).

The TO transition usually takes place together with a magnetic transi-
tion towards a stripe antiferromagnetic ordered phase (Q = (0,7) or (=, 0)
static spin density wave, SDW). Superconductivity emerge when the mag-
netic order is suppressed upon charge doping or by applying an hydrostatic
pressure [2, 15].
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Since the iron-pnictogen group is common to all the FeAs based IBS, their
are also called iron-pnictides. The bidimensionality is a feature shared with
cuprates, ruthenates and cobaltates and seems to be a leitmotif of the uncon-
ventional high-7, superconductors.

Several families of IBS have been discovered during the years and new
ones are still being discovered. Four important and widely studied families
of IBS (1111, 122, 111 and 11, see Fig. 1.2) are presented here in order of
discovery. Each family differs significantly from the others both in chemical
composition and in the crystalline structure, however all the four families
show the IBS’s customary FeAs(Se) layered structure.

Many other families of iron based superconductors still exit since, while
the FeAs layer is essential for superconductivity, a huge variety of intercalat-
ing elements and compounds can be used in order to obtain new materials
(e.g. Sr3ScyOsFeyAs; [16], BayTioFepaAs,O [17]) with different properties
(self-doping, chemical pressure, interlayer separation, etc).

1.1.1 1111 compounds (LnFeAsO)

The 1111 was the first family of IBS to be discovered. Their parent com-
pound, LaFeAsO, is not a superconductor itself but instead it is characterized
by an antiferromagnetic stripe phase (Q = (0, 7)) below ~ 150 K. Together
with the magnetic transition also a tetragonal to orthorhombic structural
phase transition (P4/nmm — Cmma) takes place.

The general stoichiometric formula can be written as RTMPnO (R: rare
earth, TM: transition metal, Pn: pnictogen group atom, O: oxygen). The
presence of oxygen is one of the peculiar characteristics of this family. In fact
the compounds of the other families do not contain oxygen and in general
this element, differently from the case of the cuprates, is not essential for the
rise of superconductivity in the IBS.

All the compounds of the 1111 family share a ZrCuSiAs-like (P4/nmm)
crystalline structure. Due to their chemical composition all the samples of
this family can easily be synthesized in form of powder or in small sub-
millimeter crystals, while larger crystals are much more difficult to grow.

Superconductivity shows up in correspondence with the suppression
of the magnetic order upon electron doping LaFeAsO with fluorine [2]
(LaFeAsO;_,F,). The maximal critical temperature was found to be 26
K [2] (x = 0.11, see Fig. 1.4a). However it can be increased up to 43
K [15] applying an hydrostatic pressure to the sample and up to 55 K [19]
(SmFeAsO;_,F,, x = 0.3) by substituting La with another rare earth char-
acterized by a smaller atomic radius, such as Sm (Fig. 1.4b), Pr, Ce or Y
(partial substitution). Interestingly for Sm1111 it was observed, through
uSR experiments, that superconductivity and magnetism coexist over a
sizable region of the under-doped side of the phase diagram. Superconduc-
tivity can also be obtained by doping the superconducting FeAs layer, for
example substituting Fe with Co (electron doping Fig. 1.4d).

8
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Figure 1.4: Phase diagram of four representative 1111 compounds: a) F-doped
LaFeAsO [18], b) F-doped SmFeAsO [19] (c) H-doped LaFeAsO [20] (d) Co doped
LaFeAsO [21]. In (c) the filled-square symbols represent T, of LaFeAsO;_,H, at
ambient pressure and the yellow filled inverted triangular symbols represent T,
under an external pressure of 3 GPa. The blue symbols indicates LaFeAsO;_,F
(for comparison).

It is also possible to induce superconductivity by doping LaFeAsO (and re-
lated compounds) with hydrogen [22] or by creating oxygen vacancies [23]
(LaFeAsO;_,). In the case of LaFeAsO;_,H, a second superconducting dome
peak is present at x = 0.3 with T, = 36 K [22] (Fig. 1.4c).

1.1.2 122 compounds (BaFe,As;)

The first compound of this family to show superconductivity, Ba;_,K,Fe,As;
(T. ~40K), was discovered [27] just a few months after the discovery of su-
perconductivity in LaFeAsO;_,F,. The parent compound, BaFe,As, (Bal22),
is a strongly correlated metal with a magnetic (stripe) and structural (tetrag-
onal to orthorhombic) phase transition around 140 K and just like LaFeAsO
it is not a superconductor itself.

The 122 materials can either be electron (e.g. with Rh and Co) or hole
doped (e.g. with K). All the compounds have the same 14/mmm AFe,As;
(A: Ba, Sr, Ca, Rb, Cs, K) unit cell. In correspondence with the structural

9
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Figure 1.5: Phase diagrams of the Bal22 compounds. a) Charge doping phase
diagram: K doping [24] (left side) corresponds to hole doping while Co doping [25]
(right side) corresponds to electron doping. b) Phosphorus doped Bal22 phase
diagram [26]. Isovalent P for As substitutions allow one to increase the chemical
pressure.

transition the space group changes from I4/mmm to Fmmm. In analogy with
the 1111 family superconductivity arise when magnetism is suppressed by
doping (see Fig. 1.5). The highest T, is ~ 23 K for the electron doped com-
pound and ~ 39 K for the hole doped one [24, 25] (see Fig. 1.5a). Similar
values of T, can also be obtained through isovalent P for As substitutions (see
Fig. 1.5b). This type of substitutions does not introduce charge doping into
the material but it increase the chemical pressure. In 2016 it was discovered
that the critical temperature of CaFe,As, can be raised up to 49 K [28, 29]
by doping the sample with a rare earth (La, Ce, Pr, or Nd). This is the new
T, record for the 122 family.

All the components of the 122-type superconductors are metallic ele-
ments and thus the synthesis of the sample is somewhat easier in comparison
with the 1111 family. Furthermore it is relatively simple to grow large crys-
tals (>10 mm?), making it easier to conduct experiments which require a
particular orientation of the FeAs layers.

1.1.3 111 compounds (LiFeAs)

LiFeAs was the first 111 compound to be discovered [30, 31]. The com-
pounds of this family share a Cu,Sb-type tetragonal structure (P4/nmms).
Differently from the parent compounds of 1111 and 122 families, LiFeAs, the
parent compound of the 111 family; is itself a superconductor with T, ~ 18 K,
although its superconductivity is only filamentary [31]. Another widely stud-
ied compound belonging to this family is NaFeAsO [32]. In these compounds
lithium/sodium atoms interlaced between the FeAs layers act as a charge
reservoir (self-doping).

10
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Figure 1.6: Phase diagrams for electron (Co) doped LiFeAs [33] (a) and
NaFeAs [32] (b).

As can be seen by looking at the phase diagram reported in Fig. 1.6a
in LiFeAs no magnetic phase is present [33] and T, is suppressed both by
charge doping and by applying an external hydrostatic pressure. Conversely
NaFeAs exhibit both the structural TO transition and the magnetic stripe or-
der (Fig. 1.6b). Moreover in NaFeAs it is possible to enhance T. both by
electron doping (Fig. 1.6b) and by applying an external pressure (Fig. 1.7¢),
in close analogy with the other IBS. Superconductivity coexist with mag-
netism in the underdoped region of the NaFeAs phase diagram and 23Na and
>As NMR measurements proved that the two states coexist microscopically
and not as separated phases [34].

1.1.4 11 compounds (FeSe)

The iron chalcogenide Fe(Te;_,Se,), discovered at the end of 2008 [38], is
the simplest of the iron based superconductors (see Fig. 1.2). Even if FeSe
is a chalcogenide (Se instead of As in the superconducting iron layers) the
crystalline structure (aPbO-type) is quite similar to that of the other families,
displaying the layered structure common to all the IBS.

The parent compound of this family is the antiferromagnetic monoclinic
FeTe (Neel order, Q = (m, 7) in the single Fe BZ). All the compounds from
FeTe to FeSe can be synthesized, with pure FeSe being a superconductor with-
out the need of chemical substitutions or of external hydrostatic pressure. In
FeSe superconductivity can be enhanced by Se-deficiency or by substituting
Se with Te.

A structural phase transition from a high temperature tetragonal phase
to a low temperature orthorhombic phase is also present in FeSe;_, like in
other familes of IBS. However the case of FeSe is rather unique since it is
the only IBS compound where the structural transition is not followed by a
magnetic transition towards the SDW order.
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Figure 1.7: a) Phase diagram as a function pressure for FeSe [35]. b) Phase
diagram as a function of pressure for several other iron based compounds (for
comparison). c) Phase diagram of Fe(Te;_,Se,) for x < 0.5 [36]: three regions
are present. Region | is antiferromagnetic and monoclinic (T < 70 K), region Il is
weakly localized, tetragonal and non superconducting, region Ill is orthorhombic
and superconducting. d) Full phase diagram of Fe(Te;_,Sey) [37]. The gray
shaded patch of the phase diagram indicates a miscible region extending for 0.7 <
x < 0.95 which makes the phase diagram impossible to draw in this region.

While T, is fairly low in the Se deficient compound (T. ~9 K), it can
be raised up to 36.7 K applying an high pressure (8.9 GPa) to the sample
(see Fig. 1.7a). In fact FeSe is the IBS compound where pressure has the
greatest effect on T, (Fig. 1.7b). The partial substitution of Se with Te can
also enhance T, up to 15 K in Fe(Te;_,Se,) [39] (see Fig. 1.7 (c) and (d)).
As shown in Fig. 1.7d the highest T, is reached for x ~ 0.5.

Remarkably the strain induced by a substrate on mono-layer FeSe can
enhance 7, by almost an order of magnitude (claims of T, ~ 109 K in a FeSe
monolayer grown on a SrTiO3; (001) substrate have been reported [40]).

1.1.5 Sample growth methods

The sample preparation methods of the various families differ significantly
from each other, since, as described in the previous section, the sample chem-
ical properties vary widely from family to family. Here we will only give a
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1.1. Iron-based Superconductors: crystalline and electronic structure

Figure 1.8: Left: Ba(Fegg3Rhip.7)2As, mono-crystal. Right: LaFeAsO;_,F,
powder in pellets [41].

brief explanation of the standard growth method used for the samples stud-
ied in this thesis (LnFeAsO and AFe;As,).

Polycrystalline samples of LaFeAsO;_.F, are prepared using a two step
solid state method [42] [13]. In the first step Fe powder and As powder are
milled, mixed and pressed into pallets. The pallets of mixed iron and arsenic
powder are then annealed first at a temperature of 500°C for 2 hours and
then at 700°C for 10 hours in a previously evacuated silica tube. The pellets
of FeAs powder are now extracted and milled, the resulting powder being
mixed with lanthanum powder, annealed La; O3 powder and anhydrous LaF;
powder in order to finally obtain the desired stoichiometric proportions. All
preparation steps are carried out under argon atmosphere.

The mixed FeAs-La-Lay03-LaF3 powder is now pressed into pellets at high
pressure (~1GPa). The pallets must now be re-sealed into an evacuated silica
tube and annealed first at 940°C for 8 h and then at 1150 °C for 40 h. The
samples obtained are now pallets of compressed LaFeAsO;_,F, powder (see
Fig. 1.8b) with a typical grain size of some tens of micrometers.

The preparation of 122 samples (such as Ba(Fe;_,Rh,),As;) differs signif-
icantly from that of LaFeAsO;_,F, since the 122 family components are more
metallic than the ones of the 1111 family, which means that self-growth flux
techniques can be applied, as extensively described in Ref. [43, 44].

In the flux method single crystals are self-grown in a very slow-cooling
supersaturated solution. The flux is a metallic "solvent" with low melting
point used to dissolve the reactants. In the growth of 122 samples usually Sn
flux or FeAs flux (self-flux) are used. Since Sn grown samples always contain
sizable (~ 1 %) traces of Sn, the self-flux method is usually preferred [45]
even if FeAs melts at rather high temperatures (1042 K). FeAs is obtained
by reacting the mixture of the elements in powdered form in an evacuated
quartz tube at around 1000 K for several hours after a slow heating proce-
dure. Other precursor powder, such as CoAs for Co doped Bal22 [43], can
be obtained in a similar way. In order to obtain BaFe,As, small Ba chunks
and FeAs powder are mixed together according to the ratio Ba:FeAs=1:4.
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1. Introduction to the Iron Based Superconductors

The mixture is then placed into an alumina crucible. A second catch crucible
containing quartz wool is placed on top of this growth crucible and both are
sealed in a quartz tube under Ar gas. The sealed quartz tube is heated up to
1180 °C, kept at 1180 °C for 2 h, and then cooled to 1000 °C over 36 h. Once
the furnace reach 1000 °C, the excess of FeAs is decanted from the platelike
single crystals. This procedure results in flat single-crystals (see Fig. 1.8a)
which is very useful for experiments where the sample orientation is impor-
tant. In Fig. 1.8 examples of both 1111 (LaFeAsO;_,F,) and 122 (Rh doped
BaFe;As;) samples are shown.

1.2 Electronic structure, magnetism, fluctuations
and superconductivity

Understanding the non trivial electronic structure of the iron based super-
conductors is essential in order to grasp many of the exotic properties of
these materials. In this section we will focus mainly on the 1111 and 122
families since the experimental section of this thesis deals mainly with these
two families.

The iron based superconductors are weakly correlated materials so the
standard Density Functional Theory method (DFT-LDA/GGA) is not com-
pletely adequate for describing these systems since it is not able to correctly
take into account the electron-electron correlations. More advanced methods
such as Dynamical mean-field theory (DMFT) or GW-DFT give more precise
results, at the cost of being much more computationally demanding and thus
difficult to apply to very complicated systems or supercells. However, even
in presence of significant correlations, as is the case for strongly hole doped
Bal22 (Ba;_,K,Fe,As), the results provided by simple DFT-GGA often gives
a fair enough description of many important properties of the materials, such
as the density of states at the Fermi energy and the shape of the Fermi sur-
face [46, 44].

The electronic structure measurements from various experimental tech-
niques, mainly Angle Resolved Photoemission Spectroscopy (ARPES), Scan-
ning transmission Microscopy (STM) and Resonant Inelastic X-Ray Scattering
(RIXS) can be compared with ab-initio calculations in order to validate them.

1.2.1 Band structures and Fermi Surfaces

We already pointed out in the previous sections that the primitive cell of
the IBS is body-centered-tetragonal for the 122 family (bct, 14/mmm), and
primitive tetragonal (pt, P4/nmm) for the 11, 111 and 1111 families. The
corresponding Brillouin zones (BZ) and the relevant high symmetry points
are reported in Fig. 1.9a and 1.9b. It is important to note that it is common in
literature to use two different types of BZ, denoted as "folded" and "unfolded"
Brillouin zones. The "folded" BZ of the Fe, lattice is the actual BZ calculated
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Figure 1.9: a): First Brillouin zone ("folded") for 1111 family (primitive tetragonal
P4 /nmm space group). b): First Brillouin zone for 122 family (body-centred
tetragonal 14/mmm space group). c) Top view of the "unfolded" Fe BZ for the Fe
square lattice containing one Fe atom per cell (red dashed box), and the tetragonal
"folded" Fep unit cell containing two Fe atoms per unit cell per layer (black solid
box). Figures adapted from Ref. [47] and [48].

by the direct lattice. Conversely the folded BZ, often called single Fe BZ
or simply "magnetic cell" is the BZ one obtains when the direct lattice is
considered to be a simple Fe square lattice, with only one Fe atom per unit
cell, and neglecting the presence of other atoms (As/Se). In this thesis, as
it is also customary in the literature [48, 49], we will use the standard Fe,
BZ when dealing with the Fermi surfaces and the electronic structure while
we will refer to the single Fe BZ when dealing with the magnetic structure
since in this case the notation is much more intuitive. In Fig. 1.9¢c a top
view comparison of the two BZ is shown together with the coordinates of the
relevant symmetry points in the single Fe Brillouin zone.

In case of a transition metal cation (Fe) surrounded by four anions (As)
usually one should expect the Fe 3d orbitals to split into a set of two low en-
ergy e, orbitals and three high energy r,, orbitals due to the crystalline field.
This effect is clearly observable in several type of oxides [48]. However both
ab-initio calculation and experimental results (ARPES) confirmed that in the
IBS the five 34 orbitals are nearly degenerate. This results in an overlap in the
bands formed by them in proximity of the Fermi energy [48, 44]. Addition-
ally we know from the DFT calculations that the density of state at the Fermi
energy (E/) is strongly dominated by these Fe 34 orbitals, with the As 4p
orbital giving a much smaller contribution to the DOS (see Fig. 1.10b for the
LaFeAsO case). Since the states at E; are predominantly the Fe ones it means
that the main electronic conduction mechanism is direct Fe-Fe hopping. Also
most of the macroscopic properties, such as the specific heat, depends mostly
from the 3d iron bands. Conversely the As 4p orbitals lie very deep below the
Fermi energy, in agreement with the commonly accepted oxidation number
for As (-3) [48, 51, 52].

Differently from what happens for the parent compound of the cuprates
superconductors, which are Mott insulators, the parent compounds of the
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Figure 1.10: a): Band structure from DFT-LDA calculations in LaFeAsO. The
solid black curves give the band structure for the experimental (X-Rays) crystal
structure, while the blue dotted lines and green dashed lines are for the As planes
(hypothetically) shifted by 0.035 A towards or away from the Fe planes, respec-
tively. b): corresponding DOS. (a) and (b) are from Ref. [50]. On the left side
(c) and top (d) view of the Fermi surface (FS) of undoped LaFeAsO. The holes
pockets are the red/yellow/green sheets at I while the electron pockets are the
blue/magenta sheets at the corner (M) of the Brillouin Zone. Inset: sketch of
the bands. The FS in (c) and (d) was calculated by us using the Full Potential
Augmented Plane Wave method (FP-LAPW) as implemented in the Elk code with
the GGA (Generalized Gradient) approximation.

o)

N(E) (eV'")

iron based superconductors show a strongly correlated metal behavior. More
precisely ARPES [54] and band structure calculations showed that they are
2D semimetals, which means that they have a completely filled valence band
(at T = 0) and no gap between valence and conduction bands. The conduc-
tion band is at a different position in the momentum space (M) with respect
to the valence band (I'). Since there is a very small overlap of the bands
the electrons "spill over" in the conduction band until the energy of highest
occupied state is the same (Fig. 1.10d inset). This results in the presence
of small electron (hole) pockets at M (I'). FeAs-based parent compounds
are thus "fully compensated" metals, where the electron (in the conduction
band) and hole (in the valence band) concentrations are exactly the same at
all temperatures.
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Figure 1.11: Fermi surface of BaFeyAs, (a) and RbFepAs, (b) calculated using
the FP-LAPW method (Elk code). AFeyAsy (A: K, Rb, Cs) correspond to the
"fully" hole doped compound since Ba is completely substituted. All the carrier
pockets in RbFeyAs; are holes pockets. In (c) and (d) the corresponding band
structures are reported. All the calculations have been carried out by us, except
for panel (c) which is adapted from Ref. [53] and displays the BaFeyAs; orbital
character of the bands calculated using WIEN2K.

The electronic structure for LaFeAsO, the 1111 family’s parent compound,
was first calculated by Sing et al. [50] (see Fig. 1.10). The band plot clearly
shows three hole bands near the Fermi energy E, at the I" point of the first
Brillouin zone and two electron bands at the M point. ARPES spectroscopy
revealed that a significant dispersion occurs along k, and implies a rather
strong coupling between contiguous FeAs planes. As can be seen in Fig. 1.10a
the bands, and accordingly the Fermi surface, are strongly dependent from
the position of the As ion with respect to the Fe-Fe plane. This is in good
agreement with the experimental observation that T, is also strongly affected
by the value of this parameter with the highest transition temperature being
observed when the FeAs, tetrahedrons are regular [55].

The band structure calculations for the 122 family compounds yield sim-
ilar qualitative results with the difference that this time the electron pockets
are at the X point of the Brillouin zone and not at the M point (see Fig. 1.11).
However for the 122 family the M point of the primitive tetragonal crystalline
structure is equivalent to the body-centred-tetragonal X point due to a 45°

17



1. Introduction to the Iron Based Superconductors

a hole doping .

BK23". . BK40 BK65 - BK86 . -
¢r~ M 2r 41: r 1;47 °g 4
W e aal s 4 A

O 0D 0O O -

Lifshitz transition at M

b electron doping
NC4.5.. NC10.. NC14.6 NC32:
- =
rog M e ey re - M L M
O O . )
\——/

Lifshitz transition at I"

Figure 1.12: (a) The doping dependence of Fermi surface topology measured
in Ba;_ K FexAsy. The upper panels are the photoemission intensity distribution
at the Fermi energy. The low panels are the obtained Fermi surface. SS is the
abbreviation of surface state. The red and blue lines illustrate the hole pockets
and electron pockets, respectively. (b) is the same as panel (a), but taken in
NaFe;_,Co,As. Figure adapted from [44].

rotation of the bct reciprocal lattice with respect to the primitive tetragonal
1111 reciprocal lattice. Thus the position of the pockets in the 122 and 1111
families is completely equivalent. In order to have a consistent notation for
all the IBS the X point of the 122 family is often simply re-labelled as M in
many ARPES works [44].

The introduction of carriers, for example through chemical doping, re-
sults in the shift of the bands. In Ba;j_,K,FeyAs, the K for Ba substitution
(hole doping) results in the rigid shift of the bands and thus in the expansion
of the hole pockets at the center of the BZ (I" point) and the shrinking of
the electron pockets at M (see Fig. 1.12). Conversely electron (Co) doping
enlarges the electron pockets and shrinks the hole ones. If the central hole
pockets sink below the Fermi energy a Lifshitz transition [56], an abrupt
change in the topology of the Fermi surface, takes place and an electron
pocket appears at I'. The opposite type of Lifshitz transition takes place at M
in case of hole doping. This effect has been both theoretically predicted and
extensively studies by imaging the Fermi surface with ARPES [44, 54] upon
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Figure 1.13: (a) Top: The magnetic structure only showing the Fe ions in the
orthorhombic unit cell (straight line). The dashed line depicts the tetragonal cell.
Bottom: Alternation of the moment direction along the ¢ axis. (b) Antiferro-
magnetic structure of the parent compound BaFeyAsy. Solid lines denote the
tetragonal unit cell. (c) Schematic illustration of reciprocal space of a 2D square
lattice. The wave vectors are used to define the spin-wave velocities. (d) Exchange
couplings (J1, J2) between Fe atoms. Figure adapted from [57] and [58].

changing the charge doping (see Fig. 1.12).

Superconductivity can be induced in the IBS through charge doping, sim-
ilarly to what also happens in cuprates superconductors. Since the electrons
forming the Cooper pairs are those occupying the states very close to E; it
is reasonable to expect a strong dependence of T, from the topology of the
Fermi surface, especially in correspondence of the Lifshitz transition.

1.2.2 Magnetism and superconductivity

Just a few months after the discovery of the IBS it was hypothesized that the
superconducting pairing is due to the inter-pocket interaction between the
central hole and the corner electron pockets [59, 60].

In this picture superconductivity is mediated by the spin fluctuations
which are characterized by a rich phenomenology. In particular, in LaFeAsO,
three sources of spin fluctuations are present [60]: (1) from theoretical cal-
culations the system is relatively near a Stoner [61] instability, (2) there is
a nearest-neighbor antiferromagnetic (AFM) super-exchange [62], (3) there
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Figure 1.14: Top: Schematic 2D projection of the FS of IBS, the possible gap
symmetries are indicated as colored regions on the Hole/electron pockets: (a) s**
symmetry, no sign change of the order parameter from ' to M); (b) s* the order
parameter changes sign at the corners of the BZ [63]. In this sketch no node is
present, however the topology of the Fermi surface strongly suggest the presence
of accidental nodes (see [14]. Bottom: Fermi surface (top view) of K Fey_,Ses
and mono-layer FeSe grown on SrTiO3. The central hole pocket is just barely
visible in (c) [64] and completely absent in (d) [65].

are nesting related antiferromagnetic spin-density-wave-type spin fluctua-
tions near wave vectors connecting the electron and hole pockets [60].

The component resulting from nesting has been shown to be the strongest
one for both the 1111 and the 122 families [60]. The corresponding inter-
action connects the well-separated FS pockets located around the I" and M
points. Though repulsive in the singlet channel this interaction results in
a strong pairing if the superconducting order parameters on the Fermi Sur-
face hole/electron pockets have opposite signs. Since the superconducting
gap is s-wave but its sign changes on the two pockets of the FS this pairing
symmetry is usually referred to as s*.

The nesting wave vector between the electron and hole pockets is
Qnesting =(7/2,7/2) for the standard Fe, BZ (taking « = 1) while it is
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1.2. Electronic structure, magnetism, fluctuations and superconductivity

Qnesting =(0, 1) with the Fe-Fe distance ar. = 1, in the notation of the single
Fe Brillouin zone.

However the parent compounds (LaFeAsO and BaFe,As;) are magnetic
and no superconductivity is present since the two states (magnetism and
superconductivity) compete for the same electrons. Nuclear magnetic
resonance ("°As [66, 67, 68]) and neutron diffraction measurements [57]
showed a static antiferromagnetic orthorhombic structure with a "stripe"
type configuration in the FeAs planes (see Fig. 1.13). The antiferromagnetic
vector is Q = (0,7) or (0,7) (unfolded BZ) which corresponds to the
electron-hole Fermi surface nesting vector, strongly suggesting that the
antiferromagnetic ordering is due to the spin density wave (SDW) [13] at
the nesting vector.

The underdoped compounds share various electronic properties of the
parent compounds, in particular the Fermi energy characterized by hole and
electron pockets and the stripe magnetic order. However the static SDW is
suppressed upon charge doping (see e.g. Fig.1.5a) due to the shrinking of the
electron/hole pockets which weakens the nesting. When static magnetism
is suppressed superconductivity appears. This is in good agreement with
the model described above: the spin fluctuations are still strong when static
magnetism disappears and they provide the glue for the Cooper pairs. In
this scenario however the presence both of the central hole and of the corner
electron pockets is required for superconductivity. This is in good agreement
with the experiments since when the electron/hole pockets disappear in the
over-doped regime, in corrispondence of the Lifshitz transition (see Fig. 1.12
for Ba;_,K,Fe,Asy, NaFe;_,Co,As), T, drops to zero.

It must be noted that other kinds of gap symmetries and pairing
mechanisms have been proposed besides the s* spin fluctuations picture
(see Fig. 1.14). Photoemission experiments on moderately doped IBS
have shown [69, 63, 70, 71] that the pairing state is s-wave. However
theoretical calculations revealed that also orbital fluctuations could give rise
to a strong s-wave pairing interaction, without sign change of the order
parameter (s** symmetry [72]). This model is consistent with experimen-
tally observed robustness of superconductivity against the introduction of
impurities [72, 73, 74, 75, 76].

Finally we would like to remark that, while the s* model is in good agree-
ment with the phenomenology observed in most of the IBS compounds, re-
cent ARPES experiments on 11 iron-chalcogenides (K,Fe,_, Se, [64] and
mono-layer FeSe grown on SrTiO3; with T, above 50 K [40, 65], see Fig. 1.14)
found that only corner electron pockets exist in the Brillouin zone, without
any center hole pocket. This new finding implies that the presence of holes
is not necessary for superconductivity in some IBS, thus casting a shadow on
the general validity of the s* model.
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1. Introduction to the Iron Based Superconductors

1.2.3 The puzzle of the Fe magnetic moment

The theoretically calculated (DFT) Fe magnetic moment (1.75 ug/Fe in
BaFe,As,, see Ref. [77]) for the SDW ground state of the IBS was found
to be much larger than the experimental one, which is typically smaller
than 1 up/Fe (0.63 up in LaFeAsO from Neutron scattering [57] and
Mossbauer [78, 79], 0.4-1 up in BaFeyAs, [80, 27, 81, 82]). The local
Hund’s coupling is primarily responsible for the large magnetic moment
found by the DFT calculations [83].

This discrepancy with the experimental value could, in part, be a compu-
tational artifact caused by the strong dependency of the Fe magnetic moment
from the As position in the lattice (see Fig. 1.10 for effect of the As position
on the bands). In fact the experimental position of the As atoms does not cor-
respond to the energy minimum found in the calculations. If the minimum
energy of the compounds is calculated one gets a more reasonable value for
the magnetic moment but also a wrong value for the distance of the As atom
from the Fe plane.

In general a very strong coupling is present between the magnetic state
of the Fe atom and the structure of the compound. For example in CaFe,As;
calculations (see Ref.[84]) predict a difference of 1.1 A in the interlayer dis-
tance if the Fe atom is considered non magnetic. However it is also possible
that the discrepancy is due to the fact that DFT calculations do not take
into account the quantum fluctuations. These materials in fact have long be
known to be close to a Stoner instability, suggesting the presence of intrinsic
itinerant magnetism (SDW instability of the Fermi Surface, see Section 1.2.2)
and related quantum fluctuations, which could explain the overestimate of
the ordered Fe moment [14] (weak-coupling approach).

The presence of the magnetic order can also be explained in the frame-
work of the J; — J> (strong-coupling approach) model with 2J, > J;. Here
Ji1 is the superexchange interaction developing between a pair of nearest-
neighbor Fe spins while J; is the interaction between next-nearest-neighbor
Fe spins (see Fig. 1.13). Even if this model is only suited to deal with lo-
calized electrons systems (e.g. the vanadates) and not metallic ones (the
iron pnictides), it is still able to grasp several import aspect of the physic of
the IBSs [14], such as the presence of the collinear magnetic order in the
undoped compounds and its suppression by charge doping. In this frame-
work the presence of magnetic frustration is a natural way to explain the
anomalously low Fe moment [14, 85]. However it has been shown by Fang
et al. [78] that, in a quantum Heisenberg spin-localized model, frustration
may not be enough to justify the small measured up,.

It must be remarked that there are significant differences in the
values of the magnetic moment obtained with different experimental
techniques. In particular in BaFepAs, it was found that while static
techniques, such as uSR and Mossbauer spectroscopy, reveal a magnetic
moment of ~0.4 ug/Fe [27, 81, 82], inelastic neutron scattering finds
ure ~0.9-1 up [81] while Resonant Inelastic X-Ray Scattering (RIXS) finds
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that the iron moment is ~1.3 up [86]. This is a strong confirmation that the
"missing" magnetic moment is mostly due to the time-averaging effect of the
quantum fluctuations which results in the masking of the real "bare" value
of urp. [86]. Since RIXS is much faster than the other experimental methods
(femtosecond range), it is able to take snapshots of the real magnetic
moment and thus reveals higher values than the slower techniques.

The anomalous Fe magnetic moment however is still a subject of great
interest and it is widely studied with neutron scattering [57, 80, 81, 87],
X-Rays [86, 88, 89] and NMR [66, 67].

1.3 Nematicity and Spin fluctuations

In most IBS superconductivity emerges close to the disruption of the stripe
magnetically orderer state. This led to the early hypothesis [60, 94, 95] that
the magnetic fluctuations may play a key role in the pairing mechanism, as
explained in the previous sections. However another non superconducting
phase is present close to the magnetic one [93]. In fact at a certain tem-
perature T,.,, above the magnetic transition temperature T,,, the system
spontaneously breaks the symmetry between the x and y directions in the
Fe-plane, resulting in the point group symmetry of the lattice changing from
tetragonal to orthorhombic (T-O transition). A transition in which the ro-
tational symmetry is broken and the time reversal one is preserved is often
referred to as nematic, in analogy with the nematic phase found in liquid
crystals [96]. In the nematic phase no spin order is present (§) = 0 but
a strong g-dependence (nematic order) of the spin correlation function ap-
pears (see Fig. 1.16d). Both for the cuprates [97] and for the IBS [98] it has
been proposed that the nematic fluctuations could have a strong influence
on the superconducting state, and may be responsible for the very high T,
observed in these materials.

While for a few compounds (e.g. hole doped BaFe,As;) T,, = T, for
the most of the materials (e.g. Co doped BaFe,As; and F doped LaFeAsO)
the two temperatures are significantly different and T,, is always lower than
Them (see Fig. 1.15).

In the first case (T,, = T,.») the transition is of the first order while
both the nematic and the magnetic transitions are of the second order if
Ty < Them [99, 91, 92, 100, 101]. In general T,,,, tracks T, across all the
phase diagram, from the underdoped compound up to the optimally doped
one. For higher doping no magnetic/nematic transition is present above T,
(see Fig. 1.15).

A notable exception is FeSe where no magnetic transition is present even
if the nematic transition has been observed for a broad range of chemical
doping levels and external hydrostatic pressure values (see Section 1.1.4,
Fig. 1.7). However very strong spin fluctuations have been observed at low
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Figure 1.15: Scheme of the phase diagram of the Bal22 compounds (see Fig. 1.5
for the actual experimental phase diagram). The dark red region in the hole doped
side indicates the orthorhombic paramagnetic state while in the blue area stripe
antiferromagnetism and orthorhombicity coexist. Superconductivity is in yellow
while the green area corresponds to a possible magnetically ordered state that
preserves the tetragonal (C4) symmetry [90]. The shaded/light red region indicates
the presence of nematic fluctuations. The insets show the temperature-dependence
of the orthorhombic (¢) and magnetic (M) order parameters in different regions of
the phase diagram: in region (1) the first-order magnetic and nematic transitions
are simultaneous while in region (I) the transitions are second-order nematic,
first-order magnetic and take place at different temperatures. In region (lIl) the
transitions are second-order and at different temperatures. At x = 0 the transitions
are split, like in region (ll), but their separation is very small [91, 92]. Figure
adapted from [93].

temperature indicating that also this compound is very close to a magnetic
transition [102].

Understanding the nematic transition is thus extremely important in or-
der to explain the origin of the magnetic order and of the superconducting
state. Recently it has been proposed that the nematic phase could also ex-
ist in other unconventional superconductors, such as cuprates and Heavy
Fermions, suggesting an other link between these fascinating systems [96].

It must be remarked that the nematic transition is not a regular phonon-
driven tetragonal to orthorhombic transition. In fact it has been proposed,
from theoretical calculations [78, 103], that the transition is probably driven
by some electronic degree of freedom. This is confirmed by the shape of the
phase diagram, where magnetism always follows the structural transition
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Figure 1.16: (a) Sketch of the Fermi Surface (top view, along k;). Viuer is the
inter-pocket interaction (see text). (b) Depending on the sign of Vi, either spin
fluctuations (Viuer > 0, repulsion) or orbital fluctuations (Vi > 0 attraction)
dominate (see text). (c) Stripe magnetic configuration in real space. It can
be interpreted as two inter-penetrating Néel sublattices (green and yellow) with
staggered magnetization M; and M. (d) Magnetic susceptibility x(q) across the
first BZ, above and below the nematic transition temperature. Figure adapted
from [93].

and, quite strikingly, by dc resistivity measurements which showed a much
larger x — y anisotropy than the one observed for the lattice parameters. This
strong anisotropy effect was also revealed by thermopower [104], optical
conductivity [105, 106] and ARPES measurements [107]; evidence of strong
magnetic anisotropy has also been found by NMR [108]. Interestingly X-Ray
diffraction provided one of the most clearcut evidence of the electronic char-
acter of the nematic transition by observing that the orthorhombic distortion
is strongly suppressed in the superconducting phase [109], where the two
states compete for the same electrons.

Three main experimental manifestations of nematicity have been found:
(1) the structural transition, (2) the occupations of the d,, and d,, Fe-orbitals
become different [107] and (3) the static spin susceptibility y(q) becomes
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different along the ¢, and ¢, directions before the appearance of the static
stripe state (see Fig. 1.16). The unbalance between the d orbitals populations
(2) is usually associated with divergent charge fluctuations (orbital degrees
of freedom) while the magnetic order (3) is usually associated with spin
fluctuations.

Since we can exclude the phonons (see previous paragraph) as the drivers
of the nematic phase this leaves us with just two alternatives: orbital fluc-
tuations and spin fluctuations [93]. However since both the orbital and the
magnetic order parameter can give rise to the structural and to the magnetic
phase transition it not easy to understand which of the two order parameters
is driving the other one.

Discriminating between the two is very important for the understanding
of superconductivity in IBS, in fact charge/orbital fluctuations favor the s**
gap symmetry whereas spin fluctuations favor the s* symmetry.

In the spin fluctuations scenario the stripe magnetic order emerge from
the spin-driven orthorhombic nematic phase. In case of dominant orbital
fluctuations instead a charge density-wave emerges from the charge-nematic
phase and the stripe magnetic order is only as a secondary consequence of
the orbital order. The superconducting state is s** (same-sign gaps).

From the theoretical point of view the problem can be treated using the
itinerant approach (weak correlations) by assuming the presence of an inter-
band interaction (V.,.,), which is a combination of the Hubbard and Hund
interactions dressed up by coherence factors associated with the transforma-
tion from the orbital to the band basis (see Ref. [110, 111, 93]). If Viyer > 0
the magnetic fluctuations will be dominant while for V;,,., < 0 the nematic
state will be driven by the charge/orbital fluctuations (see Fig. 1.16b).

1.3.1 Experimental studies of the nematic fluctuations

Since the order parameters are correlated it is very difficult to find a conclu-
sive experimental evidence discriminating among the two models. Notwith-
standing significant advances have been achieved through the study of the
spin fluctuations by NMR and neutron scattering. In particular NMR revealed
that the spin fluctuations are very strong between T,,,, and T,, [112] and that
they extend well into overdoped region of the phase diagram [113, 114].
Also the comparison between the NMR 1/77 (proportional to the nematic
susceptibility) and the shear modulus C; (proportional to the non critical
renormalized lattice susceptibility) revealed a robust scaling between 1/7;
and Cy [93, 115], providing strong support for the spin-fluctuation model. A
review of the most important NMR results in the IBS material is presented in
the following chapter.

Inelastic neutron scattering (INS) is often used in tandem with NMR in
order to probe both magnetic order and spin fluctuations. The technique
uses the neutron magnetic moment as a probe of the electronic magnetic
moments in the sample.
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Figure 1.17: The dispersion of the magnetic excitations in

Ba(Fe1.035C00.065 )2Asp for T = 7 K measured with Inelastic Neutron Scat-
tering. The comparison between g and g, reveals a strong anisotropy up to 80
K. Figure adapted from [58].

Anisotropic spin excitations were observed by INS in the undoped parent
compounds along the two orthorhombic a and b axes, as expected for an
anisotropic y(q) (see Fig. 1.16d). Lester et al. [58] observed spin wave-like
excitations in the paramagnetic tetragonal structure of superconducting
Ba(Fe1.935C00.065)2As, single crystals [58] demonstrating that the anisotropy
of the spin fluctuations persists also when the nematic and magnetic phases
are vanishing. This implies that the anisotropy of the parent compound
persist in the superconducting samples even for significant doping levels.
From the Heisenberg model they also extracted the nearest neighbour
J1 =43 +7 meV and the next nearest neighbour J, = 30 + 3 meV exchange
couplings. Even if the system does not show a static order it is quite near
to the antiferromagnetic quantum critical point since it can be shown that
a stripe-like order develops in iron-pnictides if J,/J; > 0.5 [116] (see
Fig. 1.13).

It should however be noted that a 2011 theoretical paper from
Park et al. [117] proposed a different interpretation for the neutron scat-
tering results. They calculated both the one-particle and the magnetic
two-particle excitation spectra of BaFe;As, using DFT in combination with
the dynamical mean-field theory method and showed that the results fit
pretty well the neutron scattering data in the whole temperature range,
without the need of introducing any nematic order.

Below T, inelastic neutron scattering measurements observe a magnetic
neutron scattering peak called "spin-resonance mode". This resonance mode,
with an energy gap, evolves out of the antiferromagnetic spin fluctuation
background in the normal phase upon cooling below 7. and has the same
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Figure 1.18: Comparison of the lattice structure of cuprates (a) and iron based
(b) superconductors. The crystal structure in (a) is that of YBCO (adapted from
Ref. [119]) while the one in in (b) is LaFeAsO (adapted from Ref. [13]). At the
bottom of the two panels is shown the different structure of the superconducting
layers.

in plane (0,7) wave-vector of the neutron scattering peak above T, aris-
ing from nesting between electron and hole-pockets. The presence of this
spin-resonance suggests a sign difference in the superconducting gap A(k)
between different parts of the Fermi surface, in good agreement with what
expected in case of s* pairing [48, 118].

The study of the nematic fluctuations is thus a central topic in the IBS
research and significant experimental and theoretical efforts are still going
on.

1.4 Pnictides, Cuprates and Heavy Fermion ma-
terials: analogies and differences

In this section we briefly discuss analogies and differences between the iron
based superconductors and some of the other unconventional superconduc-
tors: the cuprates and the Heavy Fermion (HF) compounds.

1.4.1 Pnictides and cuprates

Both the cuprates and the iron pnictides are strongly 2D materials as it can
be immediately grasped by looking at their lattice structure (see Fig.1.18).
Superconductivity takes place in the CuO layer in the cuprates and in the
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FeAs layer in the iron-pnictides while the intercalating layers act as a charge
reservoir and decouple the adjacent conducting layers. While the CuO layer
is a perfectly flat square lattice of Cu atoms, each surrounded by four O
atoms, the FeAs plane displays a tetragonal structure with four Fe atoms at
the corners of the base and the As atom at center but shifted above the Fe
plane. In the FeAs layer conduction takes place along the Fe-Fe directions
(3d orbitals) while the As 4p orbitals give rise to levels lying well below the
Fermi surface [48, 51, 52]. Conversely in the CuO planes the carriers have
to hop from Cu to O to Cu, which results in a big contribution of the O 2p
orbitals to the density of state at the Fermi energy and in a sizable superex-
change antiferromagnetic interaction between the Cu spins. This difference
in structure results in a very different ground state for the two materials: the
undoped cuprates are Mott insulators while the IBS are metals or semimetals
with sizable electronic correlations. Furthermore, while just one band cross
the Fermi energy in the cuprates, the IBS are characterized by 5 bands cross-
ing the Fermi level originating from the 5 Fe d orbitals, which can give rise
to exotic orbital dependent behaviours [120].

Strong correlations are universally understood to be be driving force
of the cuprates phase diagram and the essential physics of the system
is often described by the Hubbard model in the strong coupling limit
(t-J model). Conversely the IBS are in an "intermediate" correlation
strength regime which makes their theoretical treatment much more
challenging [44, 121, 122, 48].

The most striking similarity between cuprates and IBS is the shape
of phase diagram. In both cases the parent compounds are magnetic in
their ground state and superconductivity can be induced upon charge
doping [121, 44] or by applying pressure. The magnetic fluctuations,
persisting after the suppression of the static magnetism, are the leading
candidates for the pairing interaction in both the systems [60, 122, 44].
However the magnetic order in the cuprates is of the Néel type (the Cu?*
spins are anti-parallel along both the crystallographic directions of the CuO
plane) while, as thoroughly discussed in the previous sections, in the IBS
the magnetic order is collinear (the Fe?* spins are anti-parallel along a
(b) and parallel along b (a), see Fig. 1.19c and d). The magnetic state is
typically much more robust in cuprates ( T,, <150 K for the IBS and above
300 K in cuprates). Not only the magnetic order is different but also the
superconducting state displays a different gap symmetry (d wave in the
cuprates [121] and s* in the IBS [14]), which is not unexpected for a spin
driven superconducting state.

Another significant difference is the absence of the pseudogap region
from the phase diagram of the IBS. The pseudogap phase is characterized
by a non completely open gap at the Fermi energy (some regions of the FS
become gapped while other parts retain their conducting properties) which
has the same d symmetry of the superconducting gap and was observed to
evolve smoothly in the SC gap by lowering temperature or increasing the
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Figure 1.19: Sketch of the phase diagrams of cuprates (a) and iron based super-
conductors (b). In (c) and (d) the typical real space configuration of the spins in
the magnetic phase is reported for the two class of materials. In (d) the light/dark
shaded As atoms lie below/above the Fe plane. Figure adapted from Ref. [44].

doping level [123]. Despite several studies (NMR, specific heat, ARPES) no
conclusive evidence of this feature has been found in the IBS [48].

Moreover neutron scattering [125], resonant inelastic X-Ray scattering
(RIXS) [126, 127, 128], scanning-tunnelling microscopy STM [129] and
high-field NMR [124] revealed the presence of a charge ordered phase
(charge density wave, CDW) developing close to optimal doping (see
Fig. 1.20) in several cuprates compounds.

While this CDW modulation is usually dynamic, it can be frozen down
and studied with NMR by applying a large enough magnetic field [124].
Recent experiments indicate that the charge ordered phase coexists with su-
perconductivity for a very wide charge doping range [128, 129] and another
novel NMR study by Reichardt et al. [130] suggests that the oxygen satellite
line splitting in YBa;Cu3Oe..,, initially attributed to the orthorhombic distor-
tion, is instead due to a charge density modulation.

While the CDW is usually considered to be in competition with the super-
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Figure 1.20: YBayCu3O, phase diagram. The red region indicates charge or-
der. The charge ordering temperatures measured with NMR are indicated by blue
dots (H>28.5 T) and the ones measured using Hall effect by red plus symbols.
The green stars indicate the magnetic transition temperature obtained from uSR
measurements. The continuous line represents the superconducting transition tem-
perature T.. Figure adapted from Ref. [124].

conducting state, its relation with both superconductivity and the pseudogap
state is still object of a considerable research effort [128].

We will thoroughly discuss the possible presence of a charge ordered
phase in hole doped IBS in Section 3.3.

1.4.2 Pnictides and Heavy Fermions

Their metallic ground state, characterized by significant electronic correla-
tions, makes the parent compound of iron based superconductors quite sim-
ilar to the heavy fermion materials (see Ref. [133]).

The heavy fermions are a big class of materials, containing actinides and
rare earths, which are characterized by the presence of quasi-localized f
electrons. Their are commonly named heavy fermions owning to their huge
electron effective mass (100 - 1000 larger [134] than the free electron mass)
resulting in the gigantic Sommerfeld coefficient characterizing their low tem-
perature specific heat. The significant electronic correlations lead to several
other exotic behaviors which are strongly material dependent (See Ref. [134]
for a review). However many of these compounds display a phase transition,
driven from an external parameter such as pressure, doping or disorder, from
a strongly correlated antiferromagnetic phase to a more weakly correlated

31



1. Introduction to the Iron Based Superconductors

6 150
a) CeCo(In, M), b) "k (BaKFe,As,
Ty 120 - A
N G ;
< o Cd | Sn __90F
g o < AF
~ a —
ol AFM 2 60
X
0L ¢ * *
+SC ’ > $
%0. ML IX. | N PP 0 ? A i L 2 [
20 10 ceColng 10 20 30 0 02 04 06 08 10
T T X (%) ‘ K concentration

Figure 1.21: Comparison of the phase diagram of K doped BaFe,As; (right) with
the one of Cd/Sn doped CeColns HF superconductor (left). Figure adapted from
Ref. [131] (CeColns) and Ref. [132] (K doped BaFeyAsy).

Fermi liquid phase. In correspondence of the Quantum Critical Point (QCP)
separating the two phases a superconducting dome is often observed. In fact
the HF were the first class of materials were superconductivity was observed
in presence of large magnetic moments (from the f electrons) [11]. It is
generally accepted that the critical fluctuations near the QCP are responsible
for the superconducting state. In this region the behavior of the materials
is quite complex and small perturbations can lead to a completely different
ground state [131].

In some HF compound, such as CeColns, it was shown that the AF phase,
which is absent at ambient pressure, can be restored by Cd doping, while Sn
doping slightly suppress the superconductivity [131]. The resulting phase
diagram is extremely similar to the one commonly observed in charge doped
cuprates and IBS. Even if the electronic ground state is quite different (no
f electrons, completely different Fermi Surface) several attempt have been
made to treat the IBS as heavy fermions systems with the quasi localized Fe
3d electrons playing the role of the f electrons [133, 135, 87].
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Chapter

Experimental techniques: NMR
and uSR

In this chapter we will give a brief review of the main experimental tech-
niques used in this thesis: Nuclear Magnetic Resonance and Muon Spin Ro-
tation. The following description of the techniques is mainly based on the
books from C.P. Slichter [136] and A. Abragam [137] for the NMR section
and on the reviews from Blundell [138] and P. D. de Reotier [139] for the
USR one.

2.1 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a type of radio-frequency (rf) spec-
troscopy which deals with the magnetic dipole transitions between the nu-
clear spin magnetic energy levels split by the Zeeman interaction.

The magnetic moment of the nuclei is so small that it is completely unde-
tectable using static methods, in fact the small nuclear magnetic moment is
completely masked by the electronic contribute which is roughly six order of
magnitude stronger. However it is possible to study the nuclear magnetism
using the resonant method: when the system is put inside a static magnetic
field the nuclei will absorb rf radiation at a characteristic frequency w; (Lar-
mor frequency) whose energy (fiw;) corresponds to the Zeeman splitting
between the nuclear spin levels. The radio-frequency response allows one
to retrieve informations on the local spin-charge environment in which the
nuclei are immersed since the splitting between the levels and the transi-
tion probabilities are affected by the electronic environment through to the
hyperfine interaction.

Nuclear Magnetic Resonance is a local technique, in fact each nucleus
only probe its immediate surroundings and the results of the experiments
will be the sum of the contributions resulting from nuclei probing the dis-
tribution of electronic and magnetic environments present into the sample.
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Furthermore NMR is also sensible to the presence of low energy spin dy-
namics in the kHz-MHz range, since they affect the transition probabilities
between the nuclear energy levels and thus modify the nuclear spin relax-
ation rates.

Differently from other techniques (e.g. Neutron Scattering, uSR, RIXS),
which require complex and expensive facilities, for NMR only relatively
cheap rf equipment is needed, making the technique particularly attractive
and widespread. Effectiveness, versatility and cheapness have contributed
to the huge success of NMR in solid state physics, chemistry, pharmaceutics
and industrial processes quality control.

2.1.1 The quantum interpretation of NMR

Most of the elements of the periodic table have at last an isotope with a non
zero nuclear spin I and all these isotopes are NMR active. The nuclear spin
gives rise to a nuclear magnetic moment u:
p=2E01 1, (2.1)
h

Here g denotes the Lande g-factor of the nucleus and uy = efi/m, =
5.05 - 1072 A-m? is the nuclear magneton (m,: proton rest mass). The
gyromagnetic ratio y combines all the prefactors in Eq. 2.1 in an isotope-
specific constant, ranging from y/2x = 42.579 MHz/T for hydrogen (*H) to
y/2r = 0.7291 MHz/T for 197 Au.

The nuclear moment u couples to an external magnetic field Hy via the
nuclear Zeeman interaction described by the Hamiltonian:

H, =—pu-Hy . (2.2)

Assuming that the external field is aligned along the z-direction (Hy = Hy?Z)
and taking into account Eq. 2.1, one can write Eq. 2.2 as:

H. = —yHol, (2.3)

where I, is the z component of the angular momentum operator. The energy
of the corresponding 27 + 1 equidistant levels (see Fig. 2.1) can be written
as:

Ey = (I, m|H |1, m) = —yHo(l, m|L;|I,m) = —myhH, (2.4)

where the possible values of m are m = —I,-I +1,...,1 — 1,1 . Since the
matrix elements between states |I,m) and |I,m’) of the operator I, vanish
unless m’ = m+ 1, only the transitions that follows the selection rule Am = +1
(magnetic dipole transitions) are allowed. To undergo such a transition, the
system has to absorb the energy AE = hwg where wy = yHj is the so called
Larmor frequency for the magnetic field Hy.

The previous treatment holds for a single nuclear spin. For an NMR ex-
periment however we need at least 10'° nuclear spins in order to obtain an
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Figure 2.1: Sketch of the Zeeman splitting of the levels for different values of the
nuclear spin. a) Zeeman splitting (I = 1/2) of the levels in an external magnetic
field. b) the evolution of the Zeeman splitting with increasing magnetic field for
I=1/2and I =3/2.

acceptable signal-to-noise ratio. For an ensemble of spins in thermodynamic
equilibrium the occupancy of the nuclear magnetic energy levels E,, (see 2.4)
follows the the Boltzmann distribution. The unequal occupancy of the levels
results in a nuclear spin polarization (I,) and thus in a total nuclear magnetic
moment M,:

m=+1
fi —E,/kgT
2 mexp(=En/ksT) Ny2R2I(I + 1)
M, = Ny({I;) = Ny—— ¥ =3 Ho= xofo,
m= B
2 . exp(—Ep/kpT)

(2.5)
where N denotes the number of nuclear spins and yq is the static nuclear
susceptibility. In agreement with equation 2.5 one can increase M, (and thus
the intensity of the NMR signal) by raising the external magnetic field, by
lowering temperature or by increasing the size of the sample (raising N).

The static nuclear susceptibility is smaller than the electronic one by a
factor of 107 — 1078 as can be seen from Eq. 2.5. This huge difference be-
tween the nuclear and electronic spin susceptibility is pivotal for the NMR
technique, in fact, since the nuclear and electronic spin systems are coupled
by the hyperfine Hamiltonian (see following section), it is possible to ob-
tain information on the electronic spins by observing the nuclear spin system
but the perturbation of the nuclear system during the NMR measurement
will only give rise to a completely negligible effect on the electronic system
under study.

2.1.2 Interactions

Up to this point we have studied the behavior of the nuclear spin system
with all the interactions, save for the Zeeman interaction, turned off. The
interactions among the nuclear spins and with their electronic environment
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shift and broaden the nuclear magnetic energy levels E,, and drive the relax-
ation of the nuclear magnetization following an external perturbation. The
complete Hamiltonian can be written as:

H=H, + Hyp +Hy-e + Herc - (2.6)

Here H, denotes the Zeeman interaction, H,_, is the interaction between
n-neighbours nuclear spins (nucleus-nucleus interaction), H,,_. is the inter-
action between the nuclear spins and the spin and orbital momenta of the
electrons and Hgrg is the electric quadrupole interaction between the elet-
tric quadrupole moment of non spherical nuclei and the Elettric Field Gradi-
ent resulting from the electron density n(r) in the material. For a summary
of the effects of the interactions on the NMR spectrum see Fig 2.3.

2.1.2.1 Nucleus-nucleus interaction

The nucleus-nucleus dipolar interaction is extremely important in solid-state
NMR since very often it is the main contribute responsible for the line-width
and thus for the length of the spin-spin relaxation time 7. The H,_, Hamil-
tonian describing the nucleus-nucleus interaction consists of two terms: the
direct coupling and the indirect coupling (H,_, = Hrect 4 q{indirecty - The
FHdirect term is due to the magnetic dipole coupling between the nuclei and
is given by [137, 136]:

N 222 T )T -
. 2y | W 10 @ 1)
H et = [V —— (2.7)
i<k jk ik

The sum is performed on couples of nuclei jk which are at a distance rj.
The dipolar n-n interaction is the origin of the homogeneous broadening of
the NMR lines. Without this term the lines would be similar to Dirac deltas,
their width being only determined by the spontaneous emission term, which
is exceedingly small for the NMR frequencies (I' « w3). The dipolar term
is usually of the order of a few Gauss and is independent from the applied
field (see Ref. [137] and [140]). This means that H¢"¢’ can be treated
as a perturbation of the Zeeman Hamiltonian H, and the energy correction
explicitly calculated using the first order perturbation theory. In order to
calculate explicitly the NMR line broadening in a solid the approximated
Method of Moments is also commonly used [137].

The indirect coupling H"?r¢c! between the nuclei is mediated by the elec-
trons. The mechanism of the interaction is the following: a nuclear spin
interacts with a surrounding electron via the hyperfine interaction then an-
other nucleus interacts with the same electron leading to an indirect coupling
between the two nuclear spins. Depending on the material being studied this
indirect coupling can lead to a narrowing or a broadening of the resonance
line.
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2.1.2.2 Electron nucleus hyperfine interaction

The third term in equation 2.6, H,_., indicates the electron nucleus hyper-
fine interaction, which is the coupling of the nuclear magnetic moment with
the magnetic fields generated by the spin and orbital angular moments of
the electrons. The H,,_, interaction results in an extra magnetic field at the
nuclear site and correspondingly in a shifts of the NMR line with respect
to the bare nucleus resonance frequency (often called Knight shift [141]).
The Hamiltonian resulting from the Zeeman and hyperfine interactions thus
takes the form:

H. +Hy_o = —yAl(Hg + Hep) = —yAL(Hg + Apyp(S)) = —yAI(1 + K)Hy, (2.8)

where H,,; is the local field due to the electrons, (S) is the spin polarization,
Apyp is the hyperfine interaction tensor and K is the shift tensor. If Hy || Z the
resonance frequency is shifted from the expected Larmor frequency of a bare
nucleus wo = yHy to an observed frequency w,ps = (1 + K;)wg, where K, is
the shift. The different contributions results in a Knight shift of the form:

K = Kdia + Korb + Ks s (29)

where K, is the diamagnetic contribute, K, is the orbital shift and K is the
spin shift. The diamagnetic shift K, (shielding) is due to the diamagnetism
created by current loops in closed inner electronic shells and to the Landau
diamagnetism of the conduction electrons. Its magnitude is usually very
small (Aw/w ~ 107°) and is observable only in in high resolution NMR of
liquids. In the following we will always neglect K;,. In this framework the
hyperfine Hamiltonian is given by [136, 137]:

Kdip Kcontact Korh
(S'nr S 8 L
Hue = Yy’ | |3 -S|+ =Ssm+ = |. (2.10)
rd r3 3 r3

‘H,_. represents the interaction between a nuclear spin I and the spin (S)
and the orbital momentum (L) of an electron being at a distance r from the
nucleus. The first two terms of the Hamiltonian are responsible for the spin
shift (K = Kgip + Kcontacr) While the last one gives rise to the orbital shift K,
(see Appendix A.4).

2.1.2.3 Electric Quadrupole Interaction

All the nuclei with I > 1/2 are characterized by a non spherical nuclear
charge distribution. These nuclei thus posses a electric quadrupole moment
eQ # 0 while their electric dipole moment is zero. The quadrupole moment
interacts with the electric field gradient (EFG) generated by the electronic
charge distribution n(r) surrounding the nucleus. In presence of an EFG
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described by the tensor V, s the quadrupole interaction Hamiltonian is given
by:

9%V
Gxaaxﬁ’

Z ﬂQaﬂ, where V5 = (2.11)

with V the electrostatic potential. It is always possible to find a coordinate
system (X,Y,Z) in which V, g is diagonal. The principal axis Z is chosen to
be the one along which the magnitude of the EFG is greater. Since V has to
satisfy the Laplace’s equation V?V = 0 than the trace of the EFG is zero. In
the principal axes reference frame the EFG is thus completely defined by two
parameters: V;, and the asymmetry n, where:

==V (2.12)

Vzz

Using the quantum mechanical operators for the angular momenta the
quadrupolar Hamiltonian can be written as [137, 136, 142]:

i e CIQ [ 2 1 o
I —1(1+1 -l -1 , 2.1
Hp = §H § i -1 |3z~ 1d+ D+ g -1 (2.13)
where eq = Vz;; = 0°%/0z2 and I, are raising/lowering operators

(Ii =Ix + ily).

Now we will discuss the effect of Hy on the nuclear magnetic energy
levels in case of zero external magnetic field and in case of a strong external
magnetic field.

No Magnetic Field If Hy = 0 only the H, term is present and the Hamil-
tonian can be easily diagonalized using the eigenfunction of the I, operator.
The resulting 27 + 1 energy levels are given by (if = 0) [136, 142]:

eQVzz

— 2 _

where m are the usual I, quantum numbers (m = -I,-I +1,...,1 - 1,1) and
the magnetic dipole transition rules apply (Am = +1). Resonant transitions
between these energy levels can be induced by applying an alternating mag-
netic field (radio frequency) along the principal EFG axis. This type of exper-
iment is called Nuclear Quadrupole Resonance (NQR). If = 0 the quadrupo-
lar frequency vy is:
_ 3eVZzQ
(YT R

If I = 3/2 (see Fig. 2.2), as is the case for the "°As nucleus widely studied
with NQR in iron based superconductors, v is given by:

(2.15)

o\ 1/2
—eQﬁ(H" ) . (2.16)

Yo = o) 3
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Figure 2.2: a) Sketch of the nuclear spin levels (I = 3/2) in presence of an EFG
without any external magnetic field. b) The corresponding NQR line at frequency
A/h.s

Strong magnetic field If the external magnetic field Hy is strong, as is
typically the case for a NMR experiment, the strength of the quadrupolar
interaction is usually much smaller than the Zeeman interaction (vp < vp)
and Hy can be treated as perturbation of the Zeeman Hamiltonian H,. At
the first order the energy correction for the m-th level is given by [137, 142]:

Qo _  eQV; 2
= sor - 1D, (2.17)

where V,, is the component of the EFG parallel to the direction of the ap-
plied magnetic field. This results in a splitting of the NMR resonance line
into 2/ resonance lines, where adjacent lines are separated by a frequency
proportional to vp. The shifted NMR spectrum resulting from the quadrupo-
lar interaction, at he first order, can be written as [137, 143]:

Av,;llm_l = —V?Q (3 cos® 6 — 1 + sin @ cos 2¢) (m - %) , (2.18)
where 6 is the angle between the magnetic field and the principal Z-axis of
the EFG, while ¢ is the angle between the projection of the magnetic field
on the XY plane and the X-axis of the EFG. It can be noted that at the first
correction to the central —1/2 — +1/2 transition frequency is zero. The
second order correction is proportional to vé and is different from zero only
for the central (+1/2 — —1/2) line. If the EFG has a cylindrical symmetry

(n = 0), as is the case for all the samples studied in this thesis, the second
order correction is given by:

) —v? 3 2 2
- ——(I(I+1)—Z)(1—cos 0)(9cos?0—1) . (2.19)

+3--3 16v;,

In case of a large n additional ¢ and n dependent factors must be inserted in
Eq. 2.19 (see e.g. [143]).

2.1.3 Classical approach

The classical treatment of nuclear spins is still widely used by the NMR com-
munity since it offers a very intuitive way to describe the evolution of the
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Figure 2.3: The nuclear levels evolution in presence of the various interactions and
the resulting NMR spectra for a I = 3/2 system. In absence of magnetic field the
nuclear levels are degenerate. When a static field is applied, the Zeeman interaction
removes the degeneracy, and gives rise to equispaced levels. The application of
the dipolar nucleus-nucles interaction H,_, results in a line broadening, while
the electron-nucleus hyperfine interaction shifts the line. Finally the quadrupolar
interaction generates three different lines correcting the level spacing so that now
three transitions with different energy are possible. Figure adapted from [143].

magnetization during an NMR experiment. Furthermore for non interact-
ing and weakly interacting spins the classical approach gives the same re-
sults of the correct quantum mechanical treatment [136]. This approach has
been introduced and extensively used by Bloch [144] who found the set of
phenomenological equations (the Bloch equations) describing the temporal
evolution of the longitudinal and transverse components of nuclear magne-
tization.

For simplicity we will start by considering a single free spin. The angular
momentum of the system will be L = I# and thus its magnetic moment is
p = y(Ih) where vy is a constant called gyromagnetic ratio. Now we turn on
a static magnetic field Hy || . The magnetic moment u will experience a
torque N = p x Hy in agreement with the laws of electromagnetism. Using
the second cardinal equation of dynamics,

dL d
i N, one obtains that: d—l'; =yuxHp. (2.20)
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Figure 2.4: (a) Precession of a magnetic moment u about a fixed magnetic field
Ho. (b) Precession of an ensemble of identical magnetic moments of nuclei with
I =1/2. (c) The net macroscopic magnetization is oriented along the direction of
the field Ho || z. Figure adapted from [145] and [146].

Equation 2.20 describes a clockwise precession of frequency wg = —yHj.
Now we will consider a system of several magnetic moments ;. The macro-
scopic magnetization M of N spins is M = )}, i, , and thus the evolution of
the magnetization can be written as:

%z%zyziluixHo:nyHo, (2.21)
This means that a single magnetic moment has the same behavior of
the macroscopic magnetization of a system of non-interacting spins (see
Fig. 2.4).

However the nuclear spins in a solid are not an ensemble of non-
interacting spins. When the static magnetic field Hy is turned on the spins
orient themselves preferably in the direction of the field in order to minimize
the magnetic energy U = —pu - H, thus giving rise to the equilibrium magne-
tization My = yoHp, where x¢ is the susceptibility describing the response
of the system. The presence of the magnetization is due to the interaction
of the spins with the thermal bath. In fact the interactions of the nuclear
spins with the quasi-particle excitation of the lattice and of the electrons
system (phonons, magnons etc) allow the transitions between the nuclear
Zeeman levels. The occupancy of the levels is described by a Boltzmann
distribution and at finite temperature there are obviously more nuclei in the
lower energy state, which is the one in whose their spin is oriented along the
external field direction (Hy || z by convention). Accordingly a macroscopic
magnetization arise along z.

From Eq. 2.21 it is clear that if M || z than dM/dt = 0, while if M is not par-
allel to Hp (e.g. M || x) than M would in principle precess forever. However
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the interactions with the thermal bath will obviously prevent this and the
magnetization will always return parallel to the equilibrium direction z after
a finite time. Furthermore we have to consider that, in a real systems, each
spin will interact with the local magnetic field which will be slight different
from site to site due to the inhomogeneity of the external applied field, to the
distribution of internal fields resulting from the dipole nucleus-nucleus inter-
action H,_, and to other process (see section 2.1.5). This will result in the
dephasing of the precessing spins and thus in the decay of the magnetization
in the xy plane (M,,).

To take these considerations into account Bloch [144] proposed to treat
the relaxation towards M || z and in the xy plane as first order processes
with characteristic relaxation times respectively 73 and 7,. The resulting
Bloch equations are':

dM, Mo - M,
=yMxHpy), + ———, 2.22
dM,., M,
Y (M x Hy)y s — 2 2.2
T2 = Y (M Ho)y — - (223)

It must be noted that M is not a rigid vector whose modulus remains the same
at any time (which would require 71 = T>) and there is often a substantial
difference between the two relaxation times. However it must be noted that
T; and T, are not completely uncorrelated quantities, in fact it can be shown
that [136, 1371271 > T>» .

T; is called spin-lattice relaxation time and is responsible for the relax-
ation due to energy transfer from the spin system to the thermal reservoir
(the lattice). The decay of M,, instead is governed by the 7 spin-spin relax-
ation time. Differently from spin-lattice relaxation the 75 spin-spin relaxation
does not involve an exchange of energy between the spin system and the lat-
tice. For this reason 75 is sometimes called dephasing, or decoherence time.

2.1.4 Fourier Transform NMR and the Free Induction De-
cay (FID) experiment

Now we will briefly describe how a very basic Fourier Transform NMR
(pulsed NMR) experiment is carried out. The sample is put inside a coil
and immersed in a strong static magnetic field Hy with the axis of the coil
perpendicular to the field (Fig. 2.5b). A series of radiofrequency pulses is
then sent to the coil. Due to magnetic induction a variable magnetic field
2H; coswt X develops inside the coil during a rf pulse. The rf frequency is
chosen equal to the Larmor frequency. The linear variable magnetic field
can be written as the sum of two counter rotating magnetic fields [147]. In
the rotating frame the field component rotating clockwise will be stationary

LA more prcise and complete treatment of the Bloch equations can be found in Ref. [137][136]
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Figure 2.5: Simplified sketch of a NMR experiment. Figure adapted from [146].
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Figure 2.6: Sketch of the relaxation process described in the text. (a) Tipping
of the nuclear moments and thus of the magnetization. (b) Dephasing of the
nuclear moments through spin-spin relaxation. (c) My, has now vanished. (d)
Re-establishment of M, at its equilibrium value My. Figure adapted from [145].

while the other component will rotate with a frequency 2w and thus it will
have no effect on the magnetization (see Section A.1).

If we choose H; small enough (usually < 1, mG see Eq.A.9) the magneti-
zation will not precess around Hj || x as we expect for a system of free spins
but instead it will form a constant angle 6 with Hy. This is due to the presence
of spin-lattice relaxation processes that will strive to bring the magnetization
back along z. This condition is used for continuous wave (CW) NMR experi-
ments. In these experiment the radiofrequency irradiation is continuous. By
detecting the radio-frequency response induced by the rotating M., compo-
nent in a detection coil orthogonal to the irradiation coil and by sweeping
the irradiation frequency or the magnetic field it is possible to directly mea-
sure the susceptibility y(w). While the first NMR experiments were carried
out using the CW method nowadays CW NMR has been nearly completely
supplanted by the Fourier Transform (FT) NMR method which allows much
faster experiments and has much higher signal to noise ratio.

In a pulsed FI-NMR experiment H; is chosen big enough so that Eq A.9 is
not satisfied and thus M will precess around £ as described in section A.1. If
the radiofrequency is applied for time interval 7, usually in the us range, the
magnetization will be rotated by an angle 6 = —yH;7 (see Eq. A.4).
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a) b) [

A\

Figure 2.7: a) RF pulse and the time evolution of the FID signal. Panels b)
show the relaxation of the nuclear magnetization M back to its equilibrium value
M, = My after being disturbed by a 90° pulse (rotating frame). b) is adapted
from [143]. See also Ref. [148].

Free Induction Decay (FID) The simplest type of FI-NMR experiment is
the Free Induction Decay (FID) experiment. In order to carry out this mea-
surement a single rf pulse is sent to the coil and its length 7 is chosen so that
0 = —yHit = /2 . (see Eq. A.4). In this condition the rf pulse rotates the
magnetization M of 90° around x and thus at the end of the pulse M || y.
From Eq. 2.22 and 2.23 (the Bloch equations) follows that, if M L Hj at
t = 0, the magnetization will spiral out of the xy plane and return to be par-
allel to z (Fig. 2.6, Fig 2.7b). The evolution of M, (z) will be an exponential

recovery:
—t
l1-e —

P (Tl )

Together with the reforming of the magnetization along z one also observes
a suppression of the M,, component due to the dephasing of the precessing
spins. M, , will decay also in absence of spin lattice relaxation processes. In
fact every nucleus will sense a slightly different magnetic field Hy + H;,, and
thus precess at a different frequency w = —y(Hp + Hy,.). The difference in
frequency will result in a Awr phase difference between nuclear spins after
a time ¢t. The different H,. is due to the inhomogeneities of the external
magnetic field and by the local fields generated by electronic spins and by
the neighboring nuclear spins. As time passes the spins orientations become
completely random and M, , = 0 goes to zero. Since the decay is exponential,
as can be easily inferred from Eq. 2.23, the time evolution of the modulus of
the transverse magnetization component is given by:

M. (1) = M, (2.24)

M, ,(t) = Mo exp (T_f‘) . (2.25)
2

Since the coil is along x the rotating M,, component of the magnetiza-

tion will generate in the solenoid, through magnetic induction, an exponen-

tially decaying voltage oscillating at the Larmor frequency (FID signal, see

Fig. 2.7). A sketch of the process described here can be seen in Fig 2.7.
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Figure 2.8: Fourier transform of a rf pulse with frequency vy. Figure adapted
from Ref. [143].

The FID signal is modulated in accordance with the slightly different
Larmor frequencies of the nuclear spins, originating from the local inhomo-
geneities of the external magnetic field, by the direct and indirect nucleus-
nucleus interaction and possibly by the intrinsic distribution of local mag-
netic fields in the sample (for example in presence of magnetic impurities).
In fact the squared rf pulse at the Larmor frequency that we are using to
irradiate the sample contains not only v but the whole frequency range cen-
tered at vp and with width Av;,, ~ 1/ where 7 is the length of the pulse. In
fact the Fourier transform of a squared pulse is given by [149]:

FO) = sin[z(v — vo)7]

n(v—v)T (226)

whose FWHM is ~ 1/7 (see Fig. 2.8). Thus if the length of the pulse is
short enough and the NMR spectrum is narrower than Av;,,. it is possible
to irradiate the whole NMR spectrum and to evaluate the response function
x(w) = ¥'(w) +ix”(w) by calculating the Fourier transform of the FID signal.
The largest obtainable Av;,, in realistic situations is around 100 kHz.

2.1.5 Spin-spin relaxation time T,

The T, relaxation time measure the transverse nuclear magnetization decay
in the xy plane. Several different processes are at the origin of the decay and
can be divided in extrinsic and intrinsic mechanisms.

The extrinsic mechanisms are those creating a static inhomogeneous dis-
tribution of resonance frequencies, such as the inhomogeneity of the static
external magnetic field or the presence of magnetic impurities giving rise to
a distribution of frequency shifts. These effects results in a dephasing of the
precessing spins.
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The intrinsic processes instead are due to the interactions of the nuclear
spins with the the magnetic moments of the other nuclei and to local mag-
netic field fluctuations. The combined relaxation time due to all these con-
tributions is usually called 75:

intrinsic extrinsic
1 1 1 1 1
— =+t — 4 — + — (2.27)
* R ’
T2 Tzdzp Tdelrect T2 edfield szhomog
[ —
OC]./Tl

where 1 /Tzd ? and 1 /T. 2”‘”””“ are respectively the dipolar and indirect compo-
nents of the coupling between nuclear spins (see Sec. 2.1.2.1), 1/T2Redf feld i
a term taking into account the effect of longitudinal field fluctuations (the
Redfield contribute [150] depends on 7;) and 1/T£”h0m°g is the decay due
to the distribution of local magnetic fields. The spin-spin relaxation rate is
usually defined as the sum of the first three components (the intrinsic ones).
The magnitude of the extrinsic 1 /Tz’"h”'""g component in fact depend on the
type of magnet used for the experiment and not only on the studied sample.
When Ténhomog is very short, for example in presence of magnetic impu-
rities, it is quite difficult to measure 75 since the extrinsic component will
dominate the decay of the FID signal. This problem is solved by using echo
techniques. The famous Hahn echo will be discussed in the following section
while a brief description of the CPMG method can be found in Appendix A.
In solids an ubiquitous mechanism responsible for the 7, decay is the
dipolar nucleus-nucleus interaction. In fact, if a nucleus is at distance r
from its nearest neighbor, it will experience a local field Hjpe ~ un/r® ~1G
(r =2 A, py =103up) which can be either parallel or anti-parallel to H.
Thus the two nuclei will precess at different frequencies with Aw ~ yHj,.
Since there are many nuclei, each with n neighbors, this will results in
large accumulated phases. A rough estimation of 75 is given by [136]:

1 _ 2
T2 yHlo(r - )/zh :

2.1.5.1 Hahn Spin Echo

In solids strong local magnetic fields due to the hyperfine interaction or
to magnetic impurities are often present. Furthermore the external field
inhomogeneity is an always present problem for NMR, even with the
new superconducting magnets which have very high field homogeneity
(6H < 1 ppm/cm?). Sometimes in solids containing magnetic impurities or
with strong hyperfine fields the FID signal decay is so fast that it can barely
be measured.

In order to overcome this problem Hahn [151] invented a very clever
pulse sequence. First a n/2 pulse is applied along the x-axis, flipping the
magnetization from its equilibrium position (M || z) into the xy plane. Due
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Figure 2.9: Hahn echo sequence and the correspondent evolution of the magne-
tization in the rotating frame. The signal at 27 is shown to be positive. This is

true only if  pulse is applied along +y. Figure adapted from [143].
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time
Figure 2.10: The result of a series of Hahn echoes with different values of 7.
Figure adapted from [145].

to spin-spin interactions and local field inhomogeneities the individual mo-
ments rotate with different speeds within the plane and thus begin to de-
phase. Since a distribution of static magnetic fields is present each spin will
probe a magnetic field which is either slightly larger than the nominal one,
thus precessing a little bit faster and rotating clockwise in the rotating frame,
or slightly smaller, thus rotating anticlockwise. After waiting for a time 7 a
impulse is applied to the system, again along x. This pulse flips the compo-
nents of the transverse magnetization within the xy plane, such that they will
refocus at the time 27 and give rise to the so-called spin echo. The echo gen-
erated in this way will have an intensity related to the magnitude of M,,(27)
without the influence of the local fields inhomogeneities which have been
wiped out by the refocusing. At this point in order to retrieve the value of 7,
one can simply repeat the Hahn echo sequence for different values of 7 (see
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Fig. 2.10) and than fit the magnitude of the echoes (the maximum height, or
the area under the peak) with an exponential decay law:

2
M,,(27) = Mo exp (—TT) . (2.28)
2

A better fit can sometimes be obtained separating the spin-spin relaxation
rate component due to the nucleus-nucleus interaction (this component of
the relaxation rate is usually indicated with 1/7»¢ in cuprates and IBS, where
the spin exchange is quenched [152]) from the one due to the Redfield com-
ponent originating from the spin lattice relaxation (1/ T2R edfield 1 /o7y [153,
154]). The decay term governed by 1/T>; can be shown to be Gaussian and
the total transverse magnetization decay is thus given by [155, 143]:

2
2t _ (27) ) . (2.29)

M, ,(27t) = Mpexp|— — —
X,y T2Redfzeld T22G

2.1.6 Spin lattice relaxation time T

The spin-lattice relaxation time 7; is the mean time of the M, recovery. The
spin-lattice relaxation is caused by the energy exchange between the spin
system and the lattice.

The relaxation process is due to magnetic and EFG fluctuations (for the
quadrupolar nuclei). The magnetic fluctuations arise from nuclear spin-spin
interactions, electronic spin fluctuations and from interactions with the con-
duction electrons while the EFG fluctuations are due to phonons and charge
fluctuations. Measuring 77 thus yields useful informations about these dy-
namics. It can be shown (see Appendix A.5) that for purely magnetic fluctu-
ations the spin lattice relaxation rate takes the form:

1 y2%kgT

Ty 2hwoN

D IAP X" (@ wo) (2.30)
qeBZ

where y” is the imaginary part of the spin susceptibility. For a good metal
(3D Fermi gas), 1/7; is mainly determined by the the contact interaction
of the nucleus with the conduction electrons [156]. From Eq. 2.30 can
be obtained that the spin lattice relaxation rate is given by (Korringa rela-
tion [157]):

1 (16)?

== () 70w PrsD?Er kst (2.31)
Hence 7} is proportional to the temperature and to the square of the density
of state at the Fermi energy D?(Er). Also the relation K°TiT = const holds
since the shift is proportional to the contact interaction.
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Figure 2.11: a) Dependence of the relaxation rates 1/T; and 1/7» on the correla-
tion time 7. Figure adapted from [136]. b) Sketch of the temperature dependence
of the spin lattice relaxation rate 1/7;7 in the framework of the BPP theory and in
presence of an activated ..

2.1.6.1 The Bloembergen-Purcell-Pound theory

In 1947 Bloembergen, Purcell, and Pound [158, 136] proposed a theory
(usually referred to as BPP theory in their honour) to explain the relaxation
rate observed in liquid compounds, where the presence random motions in-
fluences the spin-lattice relaxation. However the results of the BPP theory
are much more general and can also be used to describe the effect of spin
fluctuations in magnetic materials.

It can be shown [136] that when the fluctuating field h(z) takes on either
of two values +/g and the fluctuations from one value to the other occurs at a
rate that is independent from the time elapsed since the previous transition,
the correlation function takes the form:

(he(D)h_a(0)) = (AR2 eI (2.32)

This correlation function can basically describe any fluctuating local mag-
netic field. From Eq. 2.30, 1/T; is thus given by:

1 y?, 5 21.(T)

Z = Y ap2y e 2.33
Iy 2 < l>1 + ngE(T) ( )
It is possible to identify three different dynamic regimes:
Slow motion regime: wg7. > 1, equation 2.33 becomes:
1 N
— = AhS)— . 2.34
T, Y« J_>Tc ( )
Fast motions regime: wo7. < 1, the denominator of Eq. 2.33is ~ 1 and 1/T
becomes:
1 2/ A2
— = y(Ah{)Te . (2.35)
I
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Figure 2.12: a) Sketch of the saturation recovery pulse sequence. b) evolution of
the magnetization during the sequence. c) dependence of intensity of the measured
echo At from the length At of the free evolution time.

BPP peak regime wot, = 1, the function shows a maximum when the char-
acteristic frequency of the fluctuations (r7!) matches the Larmor fre-
quency.

The effective correlation time 7. often shows an activated temperature de-
pendence :
7. = 19 exp(E,/kgT) . (2.36)

where E, is the activation energy of the fluctuations and 7y is the correla-
tion time at high temperatures. A sketch of the 1/7; temperature evolution
obtained in this case is shown in Fig. 2.11b.

2.1.6.2 Measuring 1/T;

The two most common pulse sequence used in order to measure 7; are the
inversion recovery and the saturation recovery sequences. Regardless of their
peculiar characteristics all the 7; sequence have the same building blocks:

1) The preparation phase of the magnetization.
2) The free evolution of the magnetization for a variable time

3) The detection.
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The detection step usually is a simple FID or a Spin Echo sequence. What re-
ally differentiates the sequences is the first step, the preparation of the mag-
netization. Here we will describe the saturation recovery sequence, which is
the sequence used for all the 1/77 measurements reported in the following
chapters.

The preparation step of this sequence consist in a simple /2 pulse along
the x axis that will tip the magnetization in the xy-plane. After the pulse
the magnetization will be left free to evolve under the influence of the spin-
lattice interactions for a time interval Az. The T; relaxation process causes a
partial (or total, depending the duration of At) recovery of the magnetization
along z. To detect this M,(At) component a second r/2 pulse is applied again
along x, in order to turn M, (At) back into the plane. At this point a 7 pulse is
applied along y and after an other short wait time .., an Hahn echo arise,
whose magnitude will be proportional to M,(At). Repeating this sequence
for various durations of Ar the T; recovery curve can be reconstructed. The
sequence is called saturation recovery because the first 7/2 pulse is strong
enough to make the population of the levels equal, a situation called satu-
ration. Since the two levels have the same population after the pulse the
magnetization along z will be zero. A sketch of the saturation recovery se-
quence is presented in Fig 2.12.

The shape of the magnetization recovery curve depends on the consid-
ered transition and on the nature of the dynamics responsible for the relax-
ation [160]. For example in the case of a spin 1/2 nucleus only the +1 — -1
transition is possible and since the quadrupolar moment of spin 1/2 nuclei is
always zero only the magnetic fluctuations will contribute to 77, giving rise
to a simple exponential magnetization recovery law:

—t
M, (1) = My (1 — exp (—)) ) (2.37)
I
Conversely for the common case of a spin 3/2 (e.g. "As ) nucleus, if the
quadrupolar coupling is significant, as is always the case in the iron based
superconductors, the spin lattice relaxation rates for the +% - —% and the

i% - — =+ % transitions can be measured separately. For the central line

(+% - —%) it can be shown that, if only magnetic fluctuations are present,
the recovery law takes the form [160]:

M (t) = M - 0[1 - f(0.1- ¢ /1) 40.9. ¢~ ©7/T1))] (2.38)

2.2 NMR studies on Iron Based Superconductors

In this section we present a tiny review of some important NMR results ob-
tained on Iron based superconductors. Since the literature is quite extermi-
nate we will focuses on the 1111 and 122 families and on the results which
are particularly relevant for the experimental part of this thesis. Complete
reviews can be found for example in Ref. [48] and [162].
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Figure 2.13: a) ®As (T1T)™! Temperature dependence in undoped (red) and
underdoped (black) LaFeAsO;_.F. The solid lines are fits to a Curie Weiss func-
tion. (Adapted from Ref. [161]) b) "°As Zero Field NMR spectrum of polycrys-
talline LaFeAsO measured well below T,, (2.2 K). c) Temperature evolution of the
>As NQR frequency (vp) of single crystal LaFeAsO (Adapted from Ref. [68]). d)
The corresponding evolution of the internal field on the As site (blue dot). Black
triangles: magnetic Bragg scattering intensity normalized for T = 4.2 K. Adapted
from Ref. [108].

2.2.1 1111 family

In undoped and underdoped LaFeAsO;_,F, compounds a magnetic transition
towards an antiferromagnetic stripe type ordered state takes place around
140 K (T,,). The transition can be clearly seen in the temperature evolution
of ®As and '*°La 1/7; which diverge at T,,. In the case of 13°La the 1/7; tem-
perature behaviour can be fitted with the Moriya SCR [164] theory for spin
fluctuations in a 3D itinerant antiferromagnet [165] ((T1T)~! « 1/NT = T,,)
while for ">As a simple Curie Weiss law can be used (717)~! « 1/T - T}, see
Fig. 2.13a).

The magnetic order can be directly probed by measuring the "°As Zero
Field NMR (ZF-NMR). In fact the internal field generated by the magnetic
order on the As site depends on which type of ordering is present and it
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Figure 2.14: a) Temperature dependence of (73T)~! in F doped Lallll for
different values of doping. b) Low temperature "®As T~! in optimally F doped
LaFeAsO (x = 0.1). The solid red line is a fit to 1/73 ~ T3. The measurements
where carried out on the two horns (blue: 41.8°% black: 90°) and at the centre
(red) of the central line powder spectrum. Adapted from Ref. [163].

is given by H;,, = Y; Aysm;, where A; are the components of the hyperfine
tensor and m; the moments of the four neighbouring Fe atoms. The stripe
order, differently from other types of magnetic orders, gives rise to a strong
magnetic field at the As site (H;,, ~ 1.6 T), oriented along ¢ and whose
direction change sign from one site to the neighbouring one. The resulting
ZF-NMR spectrum was first measured by Mukuda et al. [68] and is reported
in Fig. 2.13b. The two observed lines are simply the central (% - —%) and
upper satellite (—% — —%) lines for a NMR experiment in a ~ 1.6 T magnetic
field. The lower satellite is instead very difficult to measure since it lies at
very low frequency (< 2 MHz) and a special NMR set up is needed. It must
be remarked that no other type of magnetic order is consistent with this
spectrum.

The magnetic state can also be studied with an external applied field. In
this case, however, difficult to grow single crystals samples are preferable
since the strong internal field gives rise to a very wide (> 20 MHz) powder
spectrum which partially overlaps with that of 3°La. Fu et al. [108] mea-
sured the field swept spectrum NMR spectrum (Hy || ¢ = 8 T) of very high
quality LaFeAsO single crystals. In these conditions the NMR spectrum is
doubled since for half of the As nuclei the total field is the sum of the in-
ternal and external fields while for the second half it is the difference. The
internal field can be obtained by measuring the shift of the central line be-
low T,, and its value is in excellent agreement with the ZE-NMR one (see
Fig. 2.13b and 2.13c). The temperature evolution of the NQR frequency,
which correspond to the frequency separation between the central and the
satellite line, is also extremely important since vy is very sensitive to the
geometry of the lattice and thus its measurement allows us to directly de-
tect the tetragonal to orthorhombic transition (T7o > T,,). As can be seen in
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Fig. 2.13c, vp ~ 8.8 MHz in the orthorhombic magnetic phase and ~ 9.4 MHz
in the tetragonal phase with a rather sharp step indicating the T-O transition.

NMR measurements can also give very important clues regarding the
physic of the superconducting samples. The normal phase temperature de-
pendence of (T1T)7! is reported in Fig. 2.14 [161]. While the for optimally
and over doped samples (x > 0.1) (717)~! displays a simple linear behaviour
down to T, in the more underdoped (but still superconducting) samples a
very well defined peak is observed well above T.. Hence this feature cannot
be an Hebel-Slichter coherence peak and it is not correlated to the motion of
the vortex lattice lines since they appear only below T..

The (T1T)~! linear temperature dependence is interesting on its own. The
behaviour is roughly consistent with the Korringa 1/77 « T dependence in
metals since the Knight shift is also proportional to the temperature (see
Eq. 2.31 and the following paragraph). However this phenomenology can-
not be explained by the presence of a pseudogap akin to that observed in
cuprates superconductors since activated fits fails to describe this behaviour
and no pseudogap peak is observed up to 500 K.

While a complete theoretical explanation of the peak is still lacking its
existence is probably correlated to the proximity of the underdoped samples
to the magnetic phase. It is possible to fit the temperature behaviour using
the BPP formula (see Eq. 2.33) with a temperature activated 7.. The BPP
behaviour was confirmed by measurements carried out with different mag-
netic fields which revealed that the intensity of the peak is indeed inversely
proportional to the strength of the magnetic field. This fit strongly suggest
that the presence of the peak is due to very slow spin fluctuations that weak-
ens upon increasing electron doping and fully disappear at optimal doping.
However the nature of the fluctuations has not been clarified yet and it is
also not clear if they promote or compete with superconductivity. This topic
with be greatly expanded in the experimental part of this thesis.

The study of 1/T; below T, can give important clues about the symmetry
of the superconducting gap. As shown in Fig. 2.14b 1/T; exhibit a drop
at T, with no evidence of a Hebel-Slichter peak. Below T, the spin lattice
relaxation follows the power law 1/7; ~ T3 temperature dependence and
in general in IBS the power law exponent is between 3 and 5 [162]. This
behaviour indicates the presence of nodes in the superconducting gap and
is in contrast with the exponential behaviour expected for an isotropic gap.
However it was shown that both the s* and the s** gap symmetry can give
rise to this 1/7; trend if the superconducting gap is anisotropic and some
impurity effect is present [162].

Finally we present some °As NQR result which will be useful to better
understand the following chapters. We already pointed out in Section 2.1.2.3
that the quadrupolar frequency (see Eq. 2.16) depend on the EFG at the po-
sition of the nuclei and since the EFG is strongly influenced even by tiny
modification of the electron density, measuring the NQR spectrum of a sam-
ple is a good method to check its composition (line position) and to quantify
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underdoped region. Figure adapted from Ref. [166].
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the disorder (line width). However it is also possible to study the intrinsic
inhomogeneities of the system such as those originating due to orbital or
charge ordering.

In LaFeAsO;_,F, detailed studies of the NQR spectrum as a function of
doping have been carried out by Lang et al. [166, 168]. This investigation un-
veiled the presence of two charge environments coexisting at the nanoscale
in underdoped (F doping) Lallll compounds. The coexisting electronic
environments give rise to two peaks in the NQR spectra whose relative in-
tensities are nearly temperature independent. This nanoscopic separation
(local order) was attributed to the presence of low-doping-like (LD-like) and
high-doping-like (HD-like) regions with the HD regions being linked to the
appearance of superconductivity while the LD regions are closely associated
to the development of orthorhombicity and static stripe magnetism. The ap-
pearance of this nanoscopic separation is concomitant with the suppression
of static magnetism and the emergence of superconductivity.

The typical shape of the NQR spectra as a function of doping is presented
in Fig 2.15.

2.2.2 122 family

The underdoped compounds of the 122 family also display a magnetic tran-
sition below 150 K (see Chapter 1). Again the transition is marked by a
divergence in 1/7; as can be seen in Fig. 2.17a. Just like in the 1111 family
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Figure 2.16: Field sweep NMR spectrum of undoped BaFeyAs, for different
temperature values. Left inset: ZF-NMR spectrum measured for T=1.5 K, adapted
from Ref. [167]. Right inset: sketch of the stripe antiferromagnetic order, the red
arrows indicates the direction of the Fe moments while the grey arrows represent
the direction of the internal field at the As site. Adapted from Ref. [66].

it is possible to investigate the nature of the magnetic state by measuring the
NMR spectra both with [66] and without [167] an external magnetic field
(see Fig. 2.16, BaFeyAs;). The results are perfectly consistent with the stripe
Q = (7, 0); (0, ) magnetic order also observed by neutron scattering. As can
be seen in Fig. 2.16, vp ~ 2.21 MHz in the Bal22 family, much smaller than
in Lal111 (vp ~ 8.8 MHz below T,,) and the full ZE-NMR spectrum can be
observed. Similarly to the case of Lal1ll1l a vy jump to lower frequencies is
observed in correspondence of the T-O transition (vp > 2.4 in the tetragonal
phase). Kitagawa et al. [66] also found a marked enhancement in the 1/(71T)
of BaFe,As;, depending on the orientation of the sample with respect to the
field, with (717)! being enhanced for Hy || ab with respect to the H || ¢
orientation.

Ning et al. [169] measured the spin relaxation rate of Co doped Bal22
for doping levels ranging from zero to extremely overdoped (Fig. 2.17a).
They found that very strong spin correlation persist in the superconducting
region and give rise to a Curie-Weiss behaviour of (737)~! which completely
disappears only for very high doping (x = 26%). The (T1T)! temperature
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Figure 2.17: a) 1/T1 T measured in Ba(Fe;_,Co,)2As; for various doping concen-
trations x. The magnetic field is applied in the ab plane. Solid and dashed arrows
mark T, and T,, ,respectively. The solid lines are fits to a Korringa law plus a
Curie-Weiss term, which completely disappear in the overdoped x = 26% sample.
Adapted from Ref. [169]. b) T dependence of °Fe 1/T; for BagsKo.4Fe2Asy. The
solid line is a fit to a two anisotropic gap s* model. Adapted from Ref. [170].

dependence after the disappearance of the fluctuations can be fitted to a sim-
ple Korringa relation. Since the fluctuations are still very strong at optimal
doping it is extremely unlikely that they compete with the superconducting
state, on the contrary the data suggest that they might support it.

Below T, the observed temperature behaviour of the relaxation rate is
pretty similar to that observed in the 1111 compounds (1/T; ~ 7" with
n ~3-5). In particular a °>’As NMR study from Yashima et al. revealed
that the 1/7; temperature evolution can be fitted to an anisotropic s* two
component gap in both the materials (see Fig. 2.17b).

Now we turn our attention to the study of 1/75 in the Bal22 subfamily.
While most of the NMR relaxation studies have been focused on 1/7; which
is sensitive to transverse field fluctuations (Eq. 2.30) also the the spin-spin
relaxation time 75, is a very versatile tool to investigate the low-frequency spin
dynamics. In particular 1/75 is sensitive to the spin fluctuations that affects
the longitudinal component of the local field probed by the nucleus. A first
T study was reported by Mukhopadhyay et al. [172] for K doped BaFe,As;.
They observed a very long 7> which could not be justified in terms of dipolar
interaction. This peculiar effect could be due to the presence of a strong
indirect n—n interaction leading to a spin diffusion in a local inhomogeneous
field.

Furthermore the value of 7, measured with the CPMG sequence is much
longer than the one found using the Hahn spin-echo sequence, akin to what
is usually observed in systems where a diffusion dynamic is present. Con-
versely, in CaFeyAs; T is shorter and in much better agreement with dipolar
calculations.
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Figure 2.18: a) 7> temperature evolution in Ba(Fep.93Cog 07)2As, measured with
the Hahn Spin Echo sequence (Hp || ¢) for different values of the external field.
Adapted from Ref. [171]. b) Spin Echo decay measuerd with the CPMG and
Hanh spin echo sequence in hole doped Ba(Fe;_,K,)2As, (x = 0.45) and undoped
CaFeyAs; Adapted from Ref. [172].

Oh et al. [171] studied the the temperature evolution of 7, in
Ba(Feg.93C00.07)2As2. As can been seen in Fig. 2.18 the spin-spin relax-
ation display a strong dip below T, which has been attributed by the author
to the freezing of vortex lattice lines. However the onset of the dip for high
external field (Hyp > 11 T) is at temperatures significantly higher than T,
casting a shadow on this interpretation.

In the next Chapter will extensively study the 1/7> behaviour in Rh doped
Bal22.

2.3 Muon Spin Rotation (uSR)

Muon Spin Rotation (uSR) is another technique widely used in this thesis in
order to study both the magnetic and the superconducting properties of the
Iron Based Superconductors. Like NMR, Muon Spin Rotation is a local tech-
nique which is able to study the electronic environment through its coupling
with the spin of a probe particle.

While in NMR the probes are the nuclear spins, uSR probes the evolution
of the spins of ™ muons, created in a particle accelerator, and implanted into
the sample in order to carry out the experiment. Once the positive muon is
implanted in the specimen it will behave like a light proton and its spin
will probe the same interactions described in the previous section (nucleus-
nucleus interaction and hyperfine n-e interaction). The modification of the
system due to the presence of injected muons can usually be neglected [138].
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The results obtained from uSR experiments are often complementary to
those provided by NMR. Since uSR is extremely sensitive to local fields (in-
ternal fields lower than 0.1 G can be detected) it is an excellent tool for the
study of spatial magnetic inhomogeneities like those present in disordered
magnetic samples or the field distribution due to the presence of fluxons in
the superconducting phase [148, 173]. A significant advantage of uSR on
NMR is that the technique can be used on all the materials independently
from their composition. Furthermore the experiments can also be carried
out with zero external field since the spins of the implanted muons are 100%
polarized. This allows one to study the intrinsic magnetism of the sample
without the need of a large polarizing magnetic field. On the other side de-
termining the position of the muon site is often challenging or impossible,
which makes it difficult to correctly interpret the data.

2.3.1 Muon production and implantation

Muons are spin 1/2 leptons whose mass is roughly 200 times the electron
mass (m, = 206.77 m.) and with a mean lifetime of ~ 2.2us. Proton particle
accelerator are commonly used to generate muon beams through the inter-
action between the proton beam and the carbon nuclei in a thin graphite
target. Muon beams suitable for uSR are available at four research facili-
ties around the world: at the Rutherford Appleton Laboratory (ISIS facility)
in the UK, at the Paul Scherrer Institut (PSI) in Switzerland, at the J-PARC
facility in Japan and at the TRIUMF Centre in Canada.

Intense muon beams can be generated thanks to the decay of charged
pions. The pions are created during the collision between the protons and the
carbon nuclei. Let’s now consider the pions that don’t have enough energy
to leave the target but instead come at rest close to its surface. The pions
decay in muons and neutrinos:

- u+ vy, (2.39)

and the out-coming particles have opposite momenta equal to 29.79 MeV/c.
To conserve the angular momentum, since the pion is a spinless particle while
both the neutrino and the muon have spin 1/2, the neutrino and the muon
will have opposite spins. Since all the neutrinos have negative helicity (parity
violation in weak interactions) the spin of both the emitted particles will be
opposite to their momentum and thus the resulting muon beam is 100% spin
polarised.

The produced muons are then implanted into the sample, within a time in
the ns range. Once into the specimen the muon stop at energy favorable sites
of the lattice where they remain until they decay at time ¢ with a probability
e/ where 7 ~ 2.2us in the mean life time of the muon.
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Figure 2.19: a) Sketch of the muon decay process, the spin of the particles
is represented by the thick red arrows while the linear momentum by the black
arrows. b) Profile of the probability distribution of the emitted muon direction
for E = E,4x ¢) Same as (b) but this time for the average energy of the muon

(A(Eaverage) = 1/3)

Parity violation also allows us to to detect the evolution of the muon spin
once it is implanted. The muon decay is a three body process (see Fig. 2.19a):

H = e +v.+vy, (2.40)

and the energy and direction of the emitted positron can vary depending
on how the momentum is distributed among the three decay products. This
reaction is mediated by the weak interaction and like the pion decay it does
not conserve the parity. The probability distribution function of the emitted
positron is related with its energy and direction through the relation:

P(E,0) < 1+ A(E) cos 6, (2.41)

where 6 € [0, 7] is the emission angle and A(E) is the energy dependent
emission asymmetry. The profile of the probability distribution lobe for the
maximum positron energy (E,.. = 52.83 MeV, A(E,.x) = 1) is reported in
Fig. 2.19b. The average on the whole energy range of A(E) gives rise to an
integrated asymmetry of 1/3 and thus P(6) o« 1 + 1/3cos6 (see Fig 2.19¢).
The positron emission asymmetry is thus correlated with the direction of the
muon spin since the emission probability is at its maximum when the muon
spin is parallel to the positron momentum.

2.3.2 Basics of a uSR experiment

The time evolution of the muon spin is described by the same Hamiltonian
(Eq. 2.6) we already used for the nuclear spins in the previous section, save
for the quadrupolar term which is zero since the muon does not have a
quadrupole moment. Basically the muon behaves like an implanted "light
proton" with a gyromagnetic ratio y,u/2n = ge/4nm, = 135.54 MHz/T and
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Figure 2.20: a) Sketch of a typical uSR experiment (this panel is adapted
from [138]). b) Time dependence of the number of counts in the Forward (blue)
and Backward (red) detectors in presence of a static magnetic field perpendicular
to the muon beam. The black curve is the total number of muons in the sample
at a given time. c) The corresponding evolution of the measured asymmetry.

thus in a magnetic field B the muon spin will precess with a Larmor fre-
quency w, = y,B. The typical frequencies of uSR lie between those used in
NMR and Electron Spin Resonance (ESR). However differently from these
resonant techniques, where the actual resonance occurs when the frequency
of the external varying electromagnetic field matches the Larmor frequency
of the studied particles, in the case of uSR no external radio frequency is
needed since it is possible to directly measure the evolution of the muon
spins thanks to the asymmetry in the direction of the emitted positron that,
as explained in the previous section, follows the direction of the muon spin.

From an experimental point of view the value of the asymmetry at a given
time can be easily measured by placing two detectors around the sample, one
between the incoming beam and the sample (forward detector, F) and one
on the opposite side (backward detector, B). A scheme of this set-up is shown
in Fig. 2.20a. If no external magnetic field is present (or if the external field
is longitudinal, i.e. parallel to the beam) the B detector will reveal a higher
number of events than the F detector in the whole time window. The number
of decay events observed in the two detectors decrease exponentially with
the law (see Eq. 2.41): dN(t) = Noe™"/"(1 + A cos6) dn df. The count rates of
a real experiment can be found integrating this equation over a finite time bin
and over the solid angle covered by the detectors. Both integrations lead to
an average and thus to a reduction of the observed asymmetry from the theo-
retical 1/3. If an external magnetic field perpendicular to the beam direction
is turned on (Transverse Field, TF) the muon magnetization will precess and
the whole positron emission probability will rotate in the plane, resulting an
oscillating positron count in the detectors, as portrayed in Fig. 2.20b.

The muon decay counts are acquired starting from the muon implantation
over a few us time window (usually less than 20us). A large number (several
millions) of muons decays is typically used in order to have a significant
statistic. Muons can be implanted either in bunches of hundreds of muons
at the pulsed muons source (e.g. ISIS) or one by one at continuous muon
sources (e.g. PSI). In this second case the mean time between one muon and
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the following one must be much longer than the muon half life in order to
have at most one muon in the sample at any given time.

The time evolution of the spin polarization can be obtained by studying
the normalized difference of the counts in the two detector for all the time
bins:

_ Np(t) — Nrp(2)
Np(t) + Np(1)

In the case of a static transverse field and no intrinsic magnetic fields into
the sample the asymmetry will thus oscillate at the Larmor frequency (see
Fig. 2.20) while, if the external field is either zero or longitudinal, the asym-
metry will be flat and ~ 1/3 in ideal conditions. However this value is impos-
sible to reach in actual experiments since not the whole angle is covered by
the detectors and also the detector sensitivity is not perfect. It is customary
to write the actual experimental asymmetry in the following way:

A(t) (2.42)

aNp(t) — Nr(1)

AW = N+ N

(2.43)

The parameter « is mainly due to the different geometry of the forward and
backward detectors and the exact position of the sample. The easiest way
to determine a = (Np/Np) is to measure the sample in a tenuous transverse
magnetic field and then to estimate the offset of the oscillating asymmetry.
The obtained value can then be reused for a series of consecutive measure-
ments on the same sample.

In a real system however not only the external fields but also microscopic
internal fields, due both to the electron and nuclear moments, are present
and also they will influence the time evolution of the asymmetry. The muon
thus act as a microscopic magnetic field sensor able to map the local field
inside the materials and their time evolution, making it possible to probe the
local fields arising from the onset of a magnetic order, the spin dynamics and
the field distribution generated by the flux lines in the SC state.

2.3.3 Zero Field (ZF) uSR

A unique feature of uSR is its ability to study the intrinsic magnetism of
a material without any external polarizing magnetic field. In general the
asymmetry decay in ZF can be written as [173]:

Azrp(1)
Ag

= Gzr(t) = [1=Vu(D]Gaip(t)+Vin(T) [a* (T F (1) D* (1) + ! (1) D (1)]

(2.44)
where A is an instrument-dependent constant corresponding to the high-
est asymmetry measurable with the set-up and G, ~ exp(—02r?/2) is the
relaxation arising from the nuclear dipolar coupling. Here we assumed for
simplicity that only one crystallographically-inequivalent muon stopping site
is present. If more muon sites are present, as is the case for example in 1111

62



2.3. Muon Spin Rotation (uSR)

%we- 100 Kf

— 80K

5K [

30K

15K

5K |

0.00+ x =0.05 + x=0.07

00 01 02 03 04 0500 01 02 03 04 05
t (us) t (us)
Figure 2.21: ZF-uSR measurement on underdoped CeFe;_,Co,AsO. The increase

of the transversal damping with increasing x signals the disordering of the magnetic
phase. Figure adapted from [174].

iron based superconductors, additional similar terms must added, one for
each site.

For non-magnetic samples (and above 7,, in magnetic ones) the magnetic
volume fraction V,, is zero and thus only the dipolar coupling of the nuclei
contributes to the asymmetry decay. If magnetic transition is present and we
assume the presence of a distribution of transition frequencies 7,,, as is often
the case in real systems, V,, is given by the phenomenological expression:

T—Tm)
VoA ]’

where erfc(x) is the error function and A is the width of the transition. Below
T, in the V,,(T) = 1 condition, the muon polarization decay is completely
determined by the second term of Eq. 2.44. Here a*(T) and a!(T) denotes
the fractions of all the implanted muons that feel a static field, respectively, in
transversal and longitudinal direction with respect to the initial muon polar-
ization. If the sample are powered, as is often the case for uSR experiments,
from simple geometrical considerations it can be found that a*(T") = 2/3 and
al(T) = 1/3. D*(t) and D!(¢) indicates the corresponding damping functions
of the two fractions. These to relaxation function very often are a simple ex-
ponential damping (e~*+ and ¢~*I"). While the field magnitude distribution
gives rise to the main component of D*(¢) it does not contribute to D'I()
since the muons in the longitudinal fraction do not precess. The magnitude

Vin = erfc( (2.45)
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Figure 2.22: a) Sketch the muon spin in an external field B. b) Time evolution
of the muon polarization for different values of local field. c) The average of the
terms in (b) leads to the Kubo-Toyabe relaxation, which is the curve labelled as
0. The other curves represent the asymmetry evolution in presence of an addi-
tional external longitudinal field. The time is measured in units of A™! and the
longitudinal field is in units of A/y, Figure adapted from [138].

of DIl (¢) is usually governed by dynamical 7; like processes. Finally F(¢) is a
oscillating term describing the Larmor precession of the transverse polariza-
tion around the local field B, generated by the magnetic order. Quite often a
simple sinusoidal function (F(¢) = cos(y,B,t)) is enough to describe the data
(see Fig. 2.21).

A very common case encountered in the study of high temperature su-
perconductors and other strongly correlated systems is that of completely
disordered local fields. If we neglect the effect of the nuclear dipolar cou-
pling and of the dynamical processes affecting the longitudinal fraction,
the muon decay asymmetry is given by the simple formula [138] G(¢) =
cos? § + sin? @ cos(y,B,t), where 6 is the angle between the muon spin and
the local field (Fig. 2.22a).

If the direction of the local field is completely random, as is the case for
a power, the averaging on all the direction gives G(t) = 1/3 + 2/3 cos(y,But) .
In case of a Gaussian distribution of local fields B, centred around zero and
with width A/y, the average over the distribution gives a relaxation of the
form:

1 2
G(r) =3 + §‘«3—A2f2/2(1 — A%?) (2.46)
which is known as the Kubo-Toyabe relaxation function [175] (see

Fig. 2.22c¢).

A qualitative explanation for this peculiar asymmetry decay is presented
in Fig. 2.22b which shows the asymmetry evolution for several different local
fields. Initially all the curves are very similar but as time goes on the different
fields lead to a de-phasing of the components which average out the trans-
verse fraction leaving only the longitudinal one, whose value is one-third.

If an almost uniform static internal field is present into the sample the
minute variation from one muon site to the other will result in a progressive
dephasing and thus in the damping of the oscillation which is indicated by
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Figure 2.23: a) The numerically calculated field distribution for an hypothetical
type Il superconductor with 4 =60 nm and & =20 nm. In the calculation we
chose Hy = 2470 G. b) 2D contour plot of the field intensity, in red the cores of
the vortices. The black arrows indicate which parts of the FFI primitive cell give
rise to the three singularities of the field distribution. The corresponding 3D plot.
The calculation was carried out using the London Model with Gaussian cut off
(see [176] for theoretical details). The code was developed in the Python language
with the additional Numpy and SAGE packages.

the D*(¢) in Eq. 2.44, as we explained in the previous paragraph. If the field
anisotropy is big the damping can be so fast that no oscillations are observed
at all. However such a quick asymmetry decay can also be caused by internal
field fluctuations or by the diffusion of the muon. In order to discriminate
between the static scenario and the dynamic scenario a longitudinal field
(LF) uSR experiment can be carried out. In fact if the external longitudinal
field is much bigger than the internal field the transverse components can be
neglected (see Fig. 2.22a) and the muons will not precess in their internal
field any more. This means that no dephasing will take place and the asym-
metry will remain nearly constant at its maximum value. Fig. 2.22¢ show the
recovery of the polarization obtained by increasing the intensity of the longi-
tudinal field. Conversely if the muon relaxation is mainly due to the presence
of strong spin fluctuations, as is the case for example in spin glasses, the ap-
plied longitudinal field will have a much smaller effect on the relaxation. In
general if the dynamics are slow the longitudinal field will have a large effect
while if the dynamics are fast the response will be much smaller.

2.3.4 Transverse field (TF) uSR in the superconducting
state

Muon Spin Rotation has been widely used to study the superconducting
properties of both the cuprates and the iron based superconductors. When
type Il superconductors (1 > £/2), such as the IBS, are cooled down below T,
in an applied external magnetic field H.; < Hy < H,, the field anisotropically
penetrates inside the material creating a regular triangular lattice of super-
conducting vortices whose cores remain in the normal state and contain the
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Figure 2.24: Time evolution of the TF-uSR asymmetry for a powder sample of
LaFeAsOq ggFo 11 at T values above and below 7. = 28 K, measured in with Hy =
200 G. Solid curves are best fits to a Gaussian damped precession. Figure adapted
from [173]. In d) and e) can be seen, respectively, the TF-uSR spectra for an
high quality single crystal and for a powdered sample of YBCO. Figure adapted
from [177] and [178].

field lines. Each vortex is associated with exactly one magnetic field flux
quantum ®y = 1/2e ~ 2.06 Gem?. Since the distance between two adjacent
vortices (d « VHp) is typically much bigger than the lattice step (except for
very high values of Hy) and the vortex positions are incommensurate with
the lattice, the muons will randomly probe the field distribution generate by
the Flux Line Lattice (FLL). The field distribution gives rise to a depolariza-
tion of the muon spin which is conveniently observed with a uSR Transverse
Field (TF) experiment. The internal field distribution is not symmetric with
respect to the value of the applied field [179] as can be easily seen using
numerical simulations (see Fig. 2.23), however in real samples and in par-
ticular for powdered samples, the presence of vortex pinning centres (e.g.
crystal dislocation, vacancies etc) disrupts the uniformity of the FLL thus av-
eraging out the asymmetries of the original field distribution transforming it
to a nearly Gaussian distribution centred around the average internal field.
(see Fig. 2.24b and 2.24c).

In these conditions the evolution of the asymmetry is often given by the
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r

Figure 2.25: Qualitative sketch of the internal field intensity (left) and of the
TF-uSR signal (right), for two different values of A: (a) larger A and (b) smaller
A. Figure adapted from [138].

function:
Arp(1)

Arr(0)

where arp is the amplitude, oy takes into account the weak asymmetry
oscillation damping due to the magnetic dipole moment of the nuclei

and osc/y, = (Ez — B2)Y/? is the width (second moment) of the internal
field distribution due to the FLL. The fit of the asymmetry evolution with
equation 2.47 is shown in Fig. 2.24a for the iron based superconductor
LaFeAsQq goFo.11. As can be seen the internal field distribution gives rise to
a polarization damping much faster than that originating from the nuclear
dipolar interaction.

It is important to note that the study of the TF-uSR polarization decay can
thus be used to determine T, which in this framework can be easily defined as
the temperature at which og¢ appears, or more rigorously it can be extracted
by fitting the temperature dependence of o5¢(T) with an average field model
osc(T) = (osc(0)[1 - (T/T,)"].

Since increasing the value of the London penetration depth A the width
of the field distribution shrinks (see the sketch in Fig. 2.25) some relation
must exist between A1 and ogc. In fact it can be rigorously demonstrated
[180] that o g¢ is proportional to the inverse of A2

= arF exp _(Ugc + 0']2\,)/2 cos(y,Byut) (2.47)

1
A[pum]?

osclus™] = v, (B" - BDY2 = 0.1074 (2.48)

The TF-uSR signal can thus be used to directly determine the penetration
depth. The A values measured with uSR are often significantly more accurate
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than the ones measured with microwave techniques which are only sensitive
to the skin of the superconducting sample.

The measurement of A and its temperature dependence in HTSC is ex-
tremely important since this quantity is a direct measure of the order param-
eter and thus of the symmetry of the superconducting gap and hence it gives
some clue on the pairing mechanism. This type of study first revealed that
the symmetry of the superconducting gap in cuprates (YBazCuzO36) has a
different symmetry (d-wave) with respect to the s-wave symmetry of BCS
superconductors.

The penetration depth is connected to the superfluid density by the rela-
tion [181]:

1 4nng(2e)?

2T e
where m* is the effective mass of the Cooper pairs and n; the density of
superconducting carriers (superfluid density). Uemura et al. [182] found
that in cuprates superconductors a linear relation exists between T, and the
superfluid density. Conversely in the BCS superconductors T, is indepen-
dent from n,. While a satisfying theoretical explanation for this peculiar
behaviour, common to all the cuprates families, is still missing, its existence
strongly constrains the theories trying to explain superconductivity in these
materials.

(2.49)

2.4 uSR studies on Iron Based Superconductors

In the following sections we present a brief review of some of the uSR results
on IBS. We will focus on the 1111 and 122 compounds which are the ones
more relevant for the experimental section of this thesis.

2.4.1 Zero Field uSR

As thoroughly explained in the previous sections ZF-uSR is an excellent tool
for the study of the intrinsic magnetism in the IBS and thus has been widely
used to explore their phase diagrams obtained upon changing chemical dop-
ing and/or external hydrostatic pressure, in particular in the region at the
crossover between magnetism and superconductivity. The study of this re-
gion is extremely important since several theoretical models [183, 184] pre-
dict that if magnetism and superconductivity coexist then the pairing is un-
conventional and the s* symmetry should be favored.

In order to understand the nature of the coexistence one has to find out
the length scale d at which it takes places, in fact the degree of spatial in-
tertwining between the two order parameters can assume very different val-
ues depending on the physical phenomenon behind the coexistence. In this
framework d can be equivalently defined as the mean distance between two
adjacent magnetic domains or between adjacent superconducting domains
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Figure 2.26: ZF-uSR measurement for underdoped (magnetic) LaFeAsO;_,F,
samples. (a) The time dependent evolution fro the undoped and the x = 0.04
samples. For both the materials the precession due to the static field generated by
the stripe order can clearly be seen. (b) The correspondent values of the magnetic
volume V,,,, as can be seen despite the increased disorder of the local field which
results in a faster damping of the asymmetry in the x = 0.04 sample both the
composition are still dully magnetic below 7,,. c) The phase diagram(see 1.1.1).
Figure adapted from [18].

(see Fig. 2.27a). If the value of d is in the 100 nm - 1 um range the coexis-
tence is macroscopic or mesoscopic. This type of coexistence is not intrinsic
of the material but instead the macroscopic phase segregation is promoted
by extrinsic factors such as the presence of impurities or the inhomogeneity
of the chemical doping. In this case no firm conclusion can be draw on the
nature of the pairing or on the gap symmetry since the magnetic and super-
conducting phases are spatially separated and do not influence each other.
The d ~ 1 - 10 nm (nanoscopic coexistence) case instead is much closer to the
ideal atomic limit at which the two phases coexist at the same position and
the two phase strongly influence each other. ZF-uSR is the only technique
capable of clearly discriminating the two types of coexistence. In fact while
the muons implanted in the magnetic regions obviously sense the internal
field those implanted in the superconducting regions are only sensible to the
uncompensated magnetic moment domain walls since if the order is antifer-
romagnetic the total moment of the magnetic regions is zero. In the IBS the
minimum distance from the magnetic regions required in order to measure
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Figure 2.27: a) Sketch of the coexistence of superconducting and magnetic
phases. The type of coexistence depends on the distance between magnetic and su-
perconducting domains (Figure adapted from Ref. [185]). b) Comparison between
the phase diagrams of Ba(Fe;—,Co,)2As; [174] and of CeFe;_,Co,AsO [186]. Fig-
ure adapted from Ref. [173].

magnetism is ~ 1nm and thus the type of coexistence can be determined by
the magnetic volume fraction well below T7,,: if V,, ~ 100% the two phase
are nanoscopically intertwined while if V,, < 100% we have a macroscopic
segregation of the phases.

The first systematic ZF-uSR studies where conducted on the compounds
belonging to the 1111 family immediately after their discovery. In the 1111
pnictides two muon implantation sites are present and their positions (see
Fig. 2.26) have been calculated using DFT [187, 188, 173]. In LaFeAsO;_,F,
the measurements [18] revealed a sharp transition from the magnetic phase
to the superconducting phase with even the x = 0.04 sample which is very
near to the superconducting dome being completely magnetic. The asym-
metry oscillations are consistent with the presence of the SDW which is the
leitmotiv of the IBS. However the behavior of other electron doped 1111
compounds such as Sm1111 and Celll1l (see Fig. 2.21 for the asymme-
try) turned out to be completely different from that of Lall1l, in fact, as we
already pointed out in Section 1.1.1 these compound exhibit a significant re-
gion of the phase diagram where magnetism and superconductivity coexist
nanoscopically.

A very large region of nanoscopic coexistence has also been observed in
the 122 family. In Fig. 2.27b is reported the comparison between the phase
digram of Co doped Bal22 and Cellll. The coexistence region is much
bigger in Bal22 than in Cel111 and is also present in case of hole doping
(e.g. K doped Bal22) indicating that this is a very general feature of this
family.
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Figure 2.28: a) Temperature evolution of og¢ in LaFeAsOgggFp11 measured
with Hy = 200G (TF-uSR). The solid line is a fit to the BCS behavior (see text).
b) The corresponding evolution of the local field at the muon site. The dashed
lines indicate T.. c) Applied field dependence of osc(Ho, T = 1.6K). Panels
adapted from Ref. [173]. d) os¢(T) in Rb doped Bal22. As can be seen the fit is
much more precise using a two gap s-wave model.

2.4.2 Transverse Filed uSR

Transverse field uSR is an excellent tool for the study of the superconducting
phase properties, in particular the symmetry of the superconducting gap and
the relation between superfluid density and T..

As explained in Section 2.3.4 the value of the London penetration depth
can be promptly extracted by fitting the TF-uSR asymmetry evolution with
Eq. 2.47. Since A is directly correlated with the SC order parameter, its
temperature evolution gives us a direct measurement of the symmetry of the
superconducting gap [138, 173]. While this measurement is quite difficult in
presence of coexistence between magnetism and superconductivity in non-
magnetic samples very precise values of A can be measured.

The temperature evolution of o-g¢ in optimally doped Lal111 is shown in
Fig. 2.28. A very good fit is obtained using the s-wave weak coupling BCS
two fluid model [181, 173] osc(T) o« 1/A%(T) « [1 - (T/T.)*]. Also, from the
qualitative point of view the flat behavior of og¢ at low temperature is in
general a strong indication of a node-less gap. The relative shift of the local
field at the muon site (see Fig 2.28b) is due to the diamagnetic shielding
generated by superconductivity. A BCS like behavior was also observed in
other 1111 [18] and 122 [189] compounds (see Fig.2.28a-d).
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Figure 2.29: a) Uemura plot of several IBS materials. The dashed lines indicates
the linear behavior observed in electron and hole doped cuprates. b) Uemura plot
for the 1111 family. o-g¢ was measured at ~ 1.6 K and for the Hy value (~ 200 G)
corresponding to the o-g¢ maximum. Figures adapted from [190] and [173], re-
spectively.

Nevertheless the s-wave like picture is in disagreement with the field de-
pendent measurements which show that o-gc(Hg, T — 0) has a maximum for
a magnetic field of ~ 200 G and it decreases for higher fields as is expected
in case of nodes in the SC gap. However this effect could also be due to
the presence of multiple superconducting gaps as can be expected since in
IBS five bands cross the Fermi level (see Fig. 2.28d). It must be remarked
that, even if uSR results support a s-wave type gap in IBS, no information
can be obtained on the sign of the gap and thus it is not possible, using this
technique, to discriminate between the s* and s** models.

Differently from the cuprates in IBS no clear linear dependence is found
between 172 and T.. As it can be seen by looking at the Uemura plots (T. ver-
sus 172) in Fig. 2.29a the various families of IBS are quite scattered between
the dashed lines indicating the linear behavior of electron and hole doped
cuprates. However if we now focus only on the 1111 family (Fig. 2.29b)
we see that each subfamily present a linear behavior reminiscent of the one
observed in cuprates.

Even if a theoretical explanation of the Uemura plot of IBS is still miss-
ing the correlation between A and n; strongly depends on the symmetry of
the order parameter and thus on the nature of the pair breaking processes.
Hence a successful modelling of these materials should be able to qualita-
tively reproduce the observed behavior for the various IBS families.
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Chapter

Study of the T .-charge doping
phase diagram of lron Based
Superconductors

Understanding how the properties of iron based superconductors change
with charge doping is essential in order to solve the puzzle of high tempera-
ture superconductivity in these materials. This Chapter presents a NMR-NQR
study of hole and electron doped IBS with the aim of expanding our under-
standing of both sides of the phase diagram.

The Chapter is divided in three Sections. In the first section we present
1/T, measurements in Rh doped BaFe,As, which evidence the presence of
unconventional very slow spin fluctuations in the normal phase of this mate-
rial.

The second section deals with the effect of mechanical uniaxial strain
(pressure) on the "°As NMR properties of overdoped Ba(Fe;_,Rh,)-As,.
These measurements revealed that while 7, and linewidth are barely
affected the spin lattice relaxation rate 1/7; is significantly reduced, suggest-
ing a modification of the low energy dynamics, possibly involving nematic
fluctuations.

Finally the third section presents a detailed NQR and NMR study of the
electronic properties of RbFe,As, and CsFe,As,. These material can be con-
sidered hole doped Ba122 compounds where all the Ba has been substituted
with Rb or Cs. Theoretical calculations have shown that the electronic cor-
relations get stronger with hole doping and that these compounds are the
IBS closest to a Mott transition, whose properties should be more similar to
those of the cuprates. The NQR spectra revealed the presence of a static
charge order developing in the normal state of (Cs,Rb)Fe,As, akin to the
charge order observed in cuprates. This phase had never been observed in
IBS material and its presence supports the hypothesis that charge order may
play a role in determining the properties of the superconducting state. Fur-
thermore 1/7; measurements in polycrystalline RbFe,As, samples revealed a
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phase separation between two phases characterized by different excitations
at low temperature. This phenomenology could be related to the selective
Mott physics predicted to exist in IBS material in presence of strong correla-
tions.

3.1 Study of the low frequency fluctuations in
Ba(Fel_thx)gASQ

The study of the spin excitations developing in the normal state of High
temperature superconductors when the static magnetic state is suppressed
by charge doping or by an external pressure is crucial in order to understand
if they play a role in the formation of the Cooper pair or if they actually
compete with the SC phase.

Nuclear Magnetic Resonance has played an important role in this inves-
tigation, first for the cuprates superconductors and then for the IBS. While
the tool of choice usually is the spin lattice relaxation rate, which is sensitive
to the local field fluctuations perpendicular to the external applied field, in
the cuprates several studies [155, 154, 192, 193] have also been conducted
by measuring the spin-spin relaxation rate 1/7> which is sensitive to the field
fluctuations parallel to the applied field.

They revealed that in these materials the direct n — n coupling is ir-
relevant [155] and the 1/75 relaxation rate is significantly affected by an
indirect dipolar interaction. This indirect coupling involves the electron
spins and is related to the non local susceptibility. Takigawa et al. [155]
showed that in some cuprates such as YBa,Cu3Og¢3 the increase of °3Cu
1/T, upon cooling is due to the presence of antiferromagnetic fluctuations
which persist well below the temperatures at which they are weakly cou-
pled with 1/7;. Pennington et al. [193] found that 1/7> provides useful
informations about the g-dependent spin susceptibility, which are comple-
mentary to those obtained from 1/7;. The spin-spin relaxation rate can also
probe the presence of charge ordered phases such as those observed in the
cuprates [124, 125, 127, 194]. In particular Wu et al. found a very strong in-
crease in 1/7, in correspondence to the phase transition towards the charge
ordered phase. In some system this 1/7, upturn is accompanied by a change
in the shape of the relaxation, from Gaussian to exponential. The 1/7> rise
in correspondence of static charge ordering in cuprates for high magnetic
fields has been attributed to the concomitant appearance of very slow spin
fluctuation.

In iron based superconductors a complete understanding of the nature
of spin fluctuations is still lacking. Recently several NMR and Neutron scat-
tering experiments revealed the possible appearance of a cluster spin glass
phase close to the disappearance of the magnetic order upon increasing elec-
tron doping. Conversely for lower doping levels a sharp magnetic transition
takes place. Even when the spin glass order vanishes, low frequency (MHz
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range) spin fluctuations persist and their origin is still far from being clear.
While the amplitude of the fluctuations increase moving towards the under-
doped regime what happens in the overdoped region of the phase diagram
is still unsettled.

In the following a complete 1/75 study of Ba(Fe;_,Rh,),As; is presented.
Previous 1/7, studies in IBS materials (see Chapter 2) revealed a longer than
expected 7> and a marked difference between the T,y measured with the
Hahn echo sequence and the one measured with the CPMG sequence.

Here it is shown that 1/75 is indeed an excellent probe of of the spin
fluctuations. The measurements revealed that, quite unexpectedly, the spin
dynamics persist well above the optimal doping and well into the overdoped
region, at least up to 11% doping. Finally is was found that the vanishing of
the superconducting phase in overdoped Ba(Fe;_,Rh,),As; is accompanied
by the fading of the fluctuations, suggesting that the two phenomena could
be correlated.

3.1.1 Materials, experimental methods and results

The ">As NMR experiments were performed on Ba(Fe;_,Rh,),As, single crys-
tals with Rh content and superconducting transition temperature (T.) of x
= 4.1% (T. = 13.6 K), x = 6.8% (T, = 22.4 K), x = 9.4% (T, = 15.1 K),
and x = 10.7% (T, = 12.25 K), respectively. Details on the synthesis of the
samples can be found in Chapter 1 and in Ref. [43].

T. was determined by superconducting quantum interference device
(SQUID) magnetometry prior to the NMR experiment and also checked in
situ, via the observation of the detuning of the NMR probe.

The magnetic field Hy was applied along the crystallographic ¢ axis. The
X = 6.8%, x = 9.4% and x = 10.7% samples were measured in magnetic
fields of 6.4 and 11 T. Furthermore the x = 10.7% sample was also mea-
sured for Hy = 17 T. The magnetic x = 4.1% sample was only measured for
Hy =6.4T.

The echo decay time 7, was measured both with the standard
Hanh echo sequence (7,/2 — 7 — m,) and with the CPMG sequence
(ny/2 -7 -1y —7—my---; see Appendix A.3.1). A n/2 duration of 3 us has
been chosen in order to irradiate the whole % - —% NMR line. Hereafter
1/T, indicates the decay rate measured with the Hahn echo sequence and
1/T>cpmg indicates the one measured with the CPMG sequence.

The spin lattice relaxation time 77 was measured using the saturation
recovery sequence (/2 — 7 — /2 — Tecno — m) and fitted with the standard
recovery function for the central line of a spin 3/2 nucleus (Eq 2.38) [160]:

M,(t) = M —0[1 - f(0.1-¢ /1) 4 0.9. ¢ O] (3.1)

Both the relaxation times (73 and T3) are in the 1-100 ms range and thus
one can expect a sizeable contribution of 77 processes to the echo decay (Red-
field term, see Section 2.1.5). This is confirmed by the linear dependence,
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Figure 3.1: a) 1/7, prior to the Redfield correction versus 1/T; in the normal
phase of the x = 9.4% sample (Hyp = 6.4 T). The grey line is a linear fit (T >
20 K). b) CPMG measured 1/75 plotted as a function of 7,m,, for the compound
with x = 6.8% (Ho = 6.4 T; T = 70 K). The grey line is a linear fit to extrapolate
1/Tocpmg for Tepmg = 0.

observed above 20 K, of the raw echo decay rate 1/7} on 1/T1, where 1/T} is
defined as the time at which the normalized echo amplitude decays to 1/e.
In this framework the echo intensity versus time can be written as:

M;ora1(27) = M(27) exXp (_%) > (32)

where M (27) is the 77 independent echo decay amplitude while the expo-
nential term takes into account the 7; contribution. In case of an anisotropic
spin-lattice relaxation rate, Walstedt and coworkers [154] found that, for
the central line of a 3/2 spin nucleus, the effective spin-lattice relaxation rate
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Figure 3.2: Hahn (red circles) and CPMG echo decays, measured on the x = 6.8%
compound, at T=70K and H = 6.4 T. The delay (7cpmc) between CPMG echoes
is indicated. The solid lines are the fit to a stretched exponential (Eq. 3.4) for the
Hahn Echo decay and to a simple exponential for the CPMG decay.

1/T1g to be substituted in Eq. 3.2 is:

1 3 1 1 3 1

T1"R_T1”+Tf ; TlJ_R_T1J_+T1”’ (3.3)
where Tl|| and T;- denote the spin lattice relaxation rates measured with the
static magnetic field parallel and perpendicular to the crystallographic ¢ axis,
respectively.

The raw echo amplitude was then divided by exp(—ﬁl—;) in order to derive
M(27). It was found that M(27) deviates from a single exponential decay
(see Fig. 3.2) and could be fitted, over the whole temperature range, by a
stretched exponential:

MQ27t) = Myexp (— (2T—T)B) , (3.4)

2

with g the stretching exponent. The stretching coefficient showed a marked
temperature dependence as can be seen in Fig. 3.3: at high temperature
B =~ 2, indicating a Gaussian decay of the spin echo, while it gradually de-
creases upon lowering the temperature, reaching 8 ~ 1 (simple exponential)
close to T,. This crossover is likely due to the growth of the spin fluctuations
which give rise a 72" contribution to the echo decay, where W, = y2h?z,,
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Figure 3.3: Temperature evolution of the stretching exponent g for all the sam-
ples and magnetic field. The solid lines are guides to the eye.

as can be derived in the framework of the Redfield theory (see Ref. [136],
Cap. 5.12 and Ref. [195]). Some representative results of the Hahn echo
decay fits to Eq. 3.4 are reported in Fig. 3.2a-c.

The echo decay time was also measured with the CPMG sequence with
Tepmg Tanging between 80 us and 500 us. The echo amplitude decays expo-
nentially with time and thus it can be fitted using Eq. 3.4 with 8 = 1. The
decay rate 1/To¢pmg(Tepmg) is found to increase linearly with 7, as shown in
Fig. 3.1b. Hence one can define 1/T.,n, the spin-spin relaxation rate mea-
sured with the CPMG sequence, as the limit for 7., — 0 0f 1/To¢pmge (Tepmg)-

As can be seen in Figures 3.2 and 3.4d 1/7; is much faster than 1/7>¢pug-
Furthermore also the temperature behaviour of 1/7; differs significantly from
the one observed for 1/T5¢pmg-

At high temperature (T > 50 K), the spin-echo decay measured by both
methods is temperature independent with 1/7>>1/T.,m,. At lower tempera-
tures instead the measurements revealed a strong 1/7, enhancement for all
the considered samples and magnetic field intensities, whose onset tempera-
ture T* is always above T, and can be further shifted upwards by increasing
Hy. T* can be empirically defined as the temperature below which the ratio
T>(80K)/T, > 1 is true for all the considered temperature values.

This strong echo decay rate enhancement however is not detected by the
CPMG sequence as can be seen in Fig. 3.4d.

Since the m pulses of the CPMG sequence were not phase alternated,
Trepmg could be affected by spin-locking effects [196, 197, 198]. This could
explain the difference between 7> and T».,m, at high temperature where both
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and 1/T>cpme echo decay rates, as a function of the temperature, measured in a
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the relaxation rates are temperature independent, but this does not affect
our conclusions concerning the different temperature dependence observed
at low temperature.

It must be noted that at high temperatures 1/7, ~ 0.2 ms™" is well be-
low the values expected from the dipolar interaction between "°As nuclei
(1/T» ~ 1.4 ms™1), in agreement with the previous studies on Co and K doped
Bal22 [171, 172].

The study of the spin lattice relaxation time revealed a very regular power
law temperature behavior (1/7; ~ BT? where b ~ 0.5 is doping dependent)
down to 50 K and then the emergence of a bump extending in the 10 - 50 K
temperature range (see Fig. 3.6). The origin of this peculiar 1/7; temperature
dependence and its link to the enhancement of 1/75 is thoroughly discussed

1
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Figure 3.5: 1/T; (a) and 1/T» (b) as a function of frequency measured at Hy =
17 T and T = 7 K, for the same sample (x=10.7 %). The light blue curve is the
spectrum of the central line.

in the next section.

A strong frequency dependence of 1/77 and 1/75 has also been found (see
Fig. 3.5). For the overdoped x=10.7 % sample considered in Fig. 3.5 the total
variation is ~ 65 %. This spectral anisotropy of the relaxation times indicates
that not all the spins are at the same temperature or that a significant spin
diffusion process is at work. In the following discussion the relaxation rates
are always the ones measured at the centre of the spectrum. In fact, since
the pulse length was chosen short enough to irradiate whole the line, they
correspond to an average on the relaxation rates spectral distribution. A
similar inhomogeneity of 1/7; was also observed in the Co-doped compounds
Bal22 [171] suggesting that this could be general feature of the 122 iron
based superconductors.

The shape of a typical spectrum is reported in Fig. 3.5(light blue curve).
The full width at half maximum (Av hereafter) of the ®As central line was
derived from the Fast Fourier Transform of half of the echo signal obtained
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Figure 3.6: Spin-lattice relaxation rate as a function of the temperature for the
x = 9.4% sample for Hy L ¢ = 6.4 T. The solid red line is a fit to the BPP law
reported in the text. The dashed line indicates T..

from a spin-echo pulse sequence. The line width was measured in the
4 - 100 K temperature range, the results for Hy = 6.4 T can be found in
Fig. 3.7. Av increase significantly in the underdoped (x = 4.1%) sample in
correspondence of the magnetic transition and also in the optimally doped
x = 6.8% sample, well above T,. Its behaviour can be fitted very well using
the Curie Weiss law:

Ay

= T+®+AV0. (35)

In the overdoped compound instead Av remains nearly flat for 7 > T,
and then increase abruptly well below T., probably due to the freezing of
the flux lattice lines (see Fig. 3.7). The study of the line width will be greatly
expanded in the next chapter where we will present the analysis of the effects
of proton irradiation on these compound.

3.1.2 1/T, vs 1/T2cpmg

We will first discuss the discrepancy between 1/75 and 1/T¢pme. While 1/T5
is very effective in refocusing the dephasing of the in-plane nuclear mag-
netization generated by static field inhomogeneities, the amplitude of the
Hahn echo is decreased by dynamics with a fluctuation time scale of the
order of the separation between the n/2 and the n pulses. Conversely the
CPMG sequence is very effective is removing the effect of diffusion (see Ap-
pendix A.3.1) and the linear increase of 1/T>¢pme(Tepmg) With the delay be-
tween the pulses (see Fig. 3.1) observed in Rh doped Bal22 is typical of
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Figure 3.7: Temperature dependence of the line width Av for the ®As central
line for the x = 10.7% sample (a) and for the x = 6.8% and x = 4.1% samples
(b). The magnetic field is Hy || ¢ = 6.4 T.

systems where a diffusive dynamic takes place. This type of behaviour is ex-
tremely common in liquids and has also been observed in solid state systems
where restricted electron spin diffusion occurs in a non-uniform magnetic
field, as in the case of platinum nanoparticles [199].

Since a physical diffusion of the As nuclei, akin to what often observed in
liquids and ionic conductors, is impossible in the IBS materials at low tem-
peratures, another type of mechanism must be at the origin of this dynamic.
In the following when referring to spin diffusion we intend a physical process
leading to a short-range polarization exchange between electron spins (spin
fluctuations).

We assume the existence of an internal field gradient VB originating from
a mismatch Ay in the magnetic susceptibility. The mismatch can be due to
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the presence of Rh impurities or to the domain wall between stripe corre-
lated domains with different orientations. Hence the field gradient can be
written as VB ~ A yH/2a where A yH is the local magnetization and 2a de-
fines a typical domain size of the inhomogeneous electronic texture. Since
for a diffusion dynamic in a field gradient VB the longitudinal magnetization
M (27) is proportional to the My; s (27) ~ exp(—y?|VB|>D(27)*) the Spin Echo
sequence is strongly affected by this term while My, ¢s(27) ~ 1 for the CPMG
sequence with 7.,,, — 0, in good agreement with the results reported in the
previous sections. In this limit in fact 1/75.,m, is no longer affected by the
dynamics and only the irreversible decay due to nuclear dipole-dipole inter-
action between "°As determines the spin-spin relaxation time. The very long
1/Tocpmg suggests that not all the As nuclei are contributing to the dipolar
field distribution, as one usually expects if the nuclear spin flip-flop mecha-
nism is quenched [136]. The suppression of spin flip-flops typically occurs
when the inhomogeneous NMR linewidth is much larger than the dipolar
coupling between like-nuclei ("°As) as is the case for the studied system. This
hypothesis is further supported by the observed distribution of relaxation
rates across the NMR line (see Fig. 3.5), which implies a spin-temperature
distribution and thus indicates that the electronic system is highly inhomo-
geneous.

Robertson and Wayne showed that it is possible to describe restricted
spin diffusion by an equivalent mechanism of unrestricted diffusion in a pe-
riodic field gradient (see Ref. [200, 201]). Here we assume that the internal
field inhomogeneity comes from the distribution of hyperfine fields at the
5 As sites which also gives rise to the anomalous observed linewidth. In this
framework the field gradient probed by the nuclei is given by:

vB =" (3.6)
ay

In a realistic scenario we can assume that 2a (domain size) is equal to
a few lattice step. Under this hypothesis and remembering that for "°As
the gyromagnetic ratio y/2n ~ 7.29 MHz/T we get a magnetic field gradi-
ent VB ~ 108 G/cm, which correspond to a Larmor frequency difference of
~4kHz for adjacent "°As nuclei. This value is much larger than the ~200 Hz
difference predicted by dipolar sums, supporting the observed suppression
of the spin flip-flops (see Ref. [202] for a throughout theoretical dissertation
of this topic).

In the reasonable assumption that the periodicity of the field gradient
is similar to the diffusion length scale, the echo decay rate can be written
as [200]:

(maAv(H,T))? 1
120DT) " Tocpmg
where D(T) indicates the temperature dependent diffusion coefficient

which is directly correlated to the characteristic spin diffusion time
(T) = a?/D(T). Here we considered 1/T>cpmg €qual to the relaxation

(3.7)

1T_
E()_
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Figure 3.8: (a),(b),(c): Diffusion time 7p as a function of temperature for all the
sample doping levels and magnetic fields. The dashed lines are fits to the Arrhenius
law (see text). (d) 7p(T) and its Arrhenius fit (solid red line) in the 9.4% sample
at 11 T and (e) the respective temperature evolution of the energy barrier derived
from Eq. 3.7.

rate without the diffusive dynamics. The temperature dependence of the
diffusion time 7, (T) can thus be easily obtained by substituting in Eq. 3.7
the measured values of 1/75, 1/T>.,me and Av. The results can be fitted very
well to an Arrhenius law: 7 (T) = 1peV/T with the constant 7 in the 1-100 ns
range (see Fig. 3.8). As can be seen in Fig. 3.8 7p(T) is nearly independent
from the applied field Hy and hence also the value of the barrier is field
independent. The observed filed dependence of 1/7, is thus uncorrelated
with 7p and 1/T>¢pme and it is mostly due to the field dependence of Av. It
should be noticed that the duration of 7 is well into the applicability range
of Eq. 3.7 [200].

Remarkably this model also allow us to nicely explain the spin lattice
relaxation rate results for Hy L ¢ which display a low temperature hump.
In fact in presence of fluctuating fields associated with the diffusion dy-
namic it is tempting to fit the 7; data using the BPP theory presented in

84



3.1. Study of the low frequency fluctuations in Ba(Fe;_Rh,)2As;

1000
(a)
d 2
[ A ?1TT
W 177
g |
D 100
o
¢
SDW 5y E
sc l
10 . .
0 2 4 6 8 10 12 14 16
X (%)
100 5 ) v 1 ® ] v 1 . ] " 1 ¥ 1 L 1
4 T* uﬂ 0:
804 (b) ® 64T |
11T
i P e 17T
X 601 R
- i
401 I
| SDW phase 4 . |
20‘ L
4 ¢ i
0 * ) v T ¥ |SC'pr|laS'e T v T ’ T L4 T
0O 2 4 6 8 10 12 14 16
X (%)

Figure 3.9: Phase diagrams with superimposed the values of U (a) and T* (b)
for all the magnetic field values.

Section 2.1.6.1 with a root mean-squared value of the transverse field of
(Ah.) = 2nAv/y [136]. Hence we can fit the temperature evolution of 1/T;
using the function:

L _ (2nAv)?

— = + BT?, (3.8)
T 1+ (wrtp)?

where we took the correlation time for the filed fluctuation 7. equal to the
characteristic diffusion time 7p. It must be remarked that in agreement with
Eq. 3.8 the magnitude of the hump is roughly inversely proportional to the
applied field (w;!) and that this feature completely disappears for Ho || c.

In Eq. 3.8 the first term is responsible for the BPP like behavior while the
power law in the second term is a modification of the Korringa law for metals
due to the presence of correlations (b ~ 0.5 for H=6.4 T and x=9.4%). As is
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Figure 3.10: a) Sketch of the two nematic degenerate ground state separated
by the energy barrier U. (b) Real space sketch of the FeAs plane with (7, 0) and
(0, r) correlated domains. Here the arrows indicates q,,,, at which we have the
maximum of the spin susceptibility y(q) and not the static orientation of the Fe
momenta below Ty,,. Panel (b) was adapted from Ref. [195].

shown in Fig. 3.6 the fit calculated using the same parameter obtained from
the 1/T» analysis is rather good above T,, confirming that the model, despite
its simplicity is describes very well the physic of in this system. Furthermore
the values of the energy barrier (U ~ 50 K) obtained from the fit to Eq.3.8
are in good agreement with the ones obtained from the 1/7, measurements.

These results clearly show that the 1/7, rise universally observed above
T. in 122 materials is not due to an increasing amplitude of the spin fluc-
tuations but rather to their slowing down to the MHz range as clearly evi-
denced by BPP hump in 1/77. This type of slow fluctuations has also been
observed [161] in LaFeAsO;_,F, and thus appear to be a common feature of
IBS materials.

Curiously a similar 1/7; increase was also observed in cuprates materi-
als [203] but in that case the spin lattice relaxation rate has a completely
different behavior: it is nearly field independent and likely driven by the
presence of high frequency correlated dynamics [204, 205, 206]. The 1/T»
increase in cuprates was subsequently attributed to the appearance of charge
ordering [124].

A possible explanation for the low frequency fluctuations observed in the
IBS can be found in the framework of frustrated magnetism. In fact the IBS
systems, even in the over-doped regime where correlations are weaker, can
be reasonably described by the J;-J, model (see Chapter 1, Sections 1.2.3
and 1.3). In this framework the presence of very slow fluctuations has been
predicted [207] and then observed [208] in vanadates, the prototype system
of the J;-J, model. These dynamics are associated to the motion of domain
walls separating (r, 0) and (0, ) correlated regions. These two ground state
in fact are degenerate and thus slow quantum fluctuations can occur be-
tween the two with U being the energy barrier separating the ground states
(see Fig. 3.10). Remarkably the domain walls are intrinsic non-equilibrium
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systems since, as was shown by Chandra et al. [207] they have an excess of
free energy that will induce the motion in order to minimize their area.

Interestingly the energy barrier U values decrease while increasing the
Rh doping and T* tracks T, across whole the phase diagram, suggesting that
the fluctuations and superconductivity vanish together.

3.1.3 Conclusions

We presented a spin-spin relaxation rate (1/75) study of the fluctuations in Rh
(electron doped) Ba(Fe;_,Rh,)»As;. 1/T; was measured using both the Hahn
spin echo and the CPMG sequence techniques. The comparison between
the two types of measurements revealed the presence of low-frequency fluc-
tuations in the normal phase of this IBS material extending well into the
overdoped region of the phase diagram. The experimental data can be fit-
ted very well in the framework of a simple restricted spin diffusive dynamics
model. Remarkably the same model can also explain the temperature de-
pendence of the spin lattice relaxation rate if the parameters derived from
the 1/75 analysis are substituted in the standard BPP theory describing the Ty
relaxation in presence of fluctuating fields. These results are consistent with
the hypothesis that the IBS materials are characterized by the presence of
very slow fluctuations possibly originating from the motions of domain walls
separating (m,0) and (0, ) correlated regions.

3.2 Effect of uniaxial strain on the low frequency
dynamics in Ba(FeO.gngh0.068)2A52

Since the low energy fluctuations probed by 1/7, are likely due to nematic
fluctuations, it would be unenlightening to study how the relaxation rates
vary in presence of uniaxial strain. In this section we present additional "°As
NMR results obtained in the optimally doped Ba(Fe;_,Rh,)>As, (x=0.068)
sample in presence of uniaxial strain.

Uniaxial strain has been widely [209, 210, 211] employed on Bal22
compounds (single crystal) in order to remove the twinning effect in the
orthorhombic state, thus allowing one to study the intrinsic electronic prop-
erties of the material, such as the anisotropy of the resistivity in the ab plane.

In particular it was found that, in the strained samples, an in plane re-
sistivity anisotropy arise well above the T-O transition temperature Ty (see
Section 1.3). This anisotropy has been attributed to a spin nematic phase
breaking the C, rotational symmetry and it vanishes with increasing charge
doping, in proximity of the maximum of T..

Neutron scattering measurements carried out by Lu et al. [213] also
showed that, for low uniaxial strain-pressure values (¢ =~ 15 MPa), the low-
energy spin excitations change from fourfold symmetric to twofold symmet-
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Figure 3.11: a) Electronic phase diagram of BaFep_,Ni,As; obtained from the
resistivity anisotropy ratio pp/p, under uniaxial pressure (see Ref [212]). The
temperatures below which the spin excitation anisotropy is detected by neutron
scattering are marked as T*. The T-O transition temperature is indicated by T
and the magnetic transition temperature by T,,. Figure adapted from [213]. b)
Intensity of the AF peak measured with neutron diffraction, plotted as a function
of temperature for different pressures applied along the b axis. The inset shows
the magnetic phase transition over the entire temperature range. The dashed lines
are power-law fits. Figure adapted from [213].

ric at temperatures well above Ty (see Fig. 3.11a) and persist up to the
overdoped region of the Bal22 phase diagram.

In underdoped Bal22 it was found that external strain along the a or
b axis gives rise to a parallel increase of both of the T-O transition temper-
ature and the magnetic transition temperature [214, 215, 216, 217], with
the T,, (Tp) shift being strongly dependent on the strain magnitude (see
Fig. 3.11b). This is in contrast with the studies carried out using hydrostatic
pressure which revealed that T,, and Ty are suppressed upon increasing the
external pressure and eventually superconductivity is recovered even in the
undoped compound [218]. The behaviour of T, as a function of the strain
was found to be markedly doping dependent: in P doped BaFe,As, T, de-
crease with strain in the underdoped samples while it is enhanced by strain
in the overdoped ones.

No systematic study about the influence of strain on the spin fluctuations
however could be found in the literature. As explained in Section 3.1, "°As
1/T, measurements revealed the presence of very slow spin fluctuations in
Rh doped BaFe,As; and the onset temperature of the 1/7, rise, signalling the
emergence of these dynamics, has been found to be strongly field dependent.
Just like the resistivity anisotropy and the twofold spin fluctuation revealed
by neutron scattering, these slow fluctuation persist even in the overdoped
x = 0.107 sample.

In order to understand if the cell structure deformation due to uniaxial
strain has some effect on the activation energy of the fluctuations or on their
onset temperature we carried out NMR measurements analogous to those
reported in Section 3.1 but this time with an uniaxial strain applied to the
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Figure 3.12: (a) Top view scheme of the strain apparatus. (b) and (c) 3D views
of the strain apparatus, (b) mounted rig, (c) exploded view. Figure adapted from
Ref. [219].

sample. The sample chosen for this study was the Ba(Feg 932Rhg gs8)2AS2
single crystal already used for the study reported in Section 3.1.

3.2.1 Experimental Set-Up

All the NMR measurements have been carried out at the IFW institute in
Dresden. The uniaxial strain has been applied using a piezoelectric-based ap-
paratus developed by Hicks et al. [219] (see Fig. 3.12 and Fig. 3.13). In this
set-up the sample is solidly fixed with epoxy between two plates (Fig. 3.12),
one of which is fixed while the other can move. The position of the mobile
plate with respect to the frame of the strain rig can be adjusted by three
piezoelectric stacks which are joined at one end by a bridge. The stacks em-
ployed in the strain rig are 18 mm long lead zirconium titanate (PZT) PICMA
stacks from Physic Instrumente. At room temperature the working voltage
range is -20/+120 V while at low temperatures (< 30 K) a -300/+300 V
range is recommended and a maximum ~0.05% stack extension is achiev-
able.

The polarity of the centre piezoelectric stack is opposite to the one of the
lateral stacks: a positive voltage applied to the central stack extends the stack
and compresses the sample, while a positive voltage on the outer two stacks
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Figure 3.13: (a) Photo of the strain apparatus mounted on the NMR probe.
The sample is barely visible inside the dark green coil at the centre of the white
alumina mounting plates. (b) Zoom of the NMR coil containing the sample. The
gap between the sample plates is 1.5 mm, which corresponds to the section of
the sample which is effectively strained (and measured with NMR). The remaining
1.5 mm of the sample length are used to glue the crystal to the plates.

pushes the bridge outwards and tensions the sample. Hence in order to
reach the greatest achievable strain a negative voltage can be applied to the
centre stack while a positive one is applied to the external stack. However
negative voltage results in a slow stack degradation. Hence, in order to
extend the life of the stacks, we decided to apply a positive voltage to the
external stack in order to strain the sample while the central stack was short
circuited. A variable plate capacitor is fitted below the sample space and
the direct measurement of its capacity, using an high precision capacitance
bridge, allows us to work out the relative displacement of the sample plates.

We indicate the relative sample longitudinal expansion under strain with
AL/Lg where Ly is the length of the sample at 300 K when no strain is applied
and AL the length variation upon applying a voltage to the stacks.

It should be noted that since the piezoelectric stacks are hysteretic it is
not possible to rely on a direct voltage to strain conversion and it is necessary
to continuously monitor the capacity in order to have a reliable estimate
of AL/Ly. Furthermore, at low temperatures the stacks have a very long
relaxation time, which means that after the voltage is applied they lengthen
nearly immediately to a certain value close to the final one but then they
keep getting longer for several hours. This very slow lengthening account
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Figure 3.14: (a) Photo of the voltage supply (top) and of the high precision
capacitance bridge (bottom) used to control the strain rig. (b) Scheme of the
control loop of the strain rig.

for a few percent of the final total length of the stacks and obviously it is an
unwanted effect since it would force us to wait a significant amount of time
after polarising the piezoelectrics before starting the NMR measurements.
In order to solve these problems and to have a more reproducible and
stable sample strain we set up a very simple PC controlled control loop in
order to dynamically regulate the voltage applied to the stacks. The scheme
of the loop is reported in Fig. 3.14: the capacity of the variable plate ca-
pacitor is read by the capacitance bridge and sent to a PC through a serial
port, the computer then evaluates the difference between the target capacity
and the actual capacity and feeds it to an appropriately tuned PID algorithm
which computes a new voltage value which is then sent to the voltage supply
(Fig. 3.14,top) as a continuous low voltage generated by a USB connected
DAC (Arduino DUE development board, 0-2 V range), amplified by 100, and
then applied to the stacks. The control loop allowed us to obtain a very sta-
ble strain (target AL +50 nm), to completely automate the strain control and
implement several safety features. For example the voltage is turned off if
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the temperature control is lost (e.g. due to an empty LHe dewar), preventing
the sample from breaking.

The Ba(Feg.932Rhg gs8)2As2 3[100]x1[010]x0.05[001] mm single crys-
tal was inserted in a custom made coil and then mounted on the rig with
the strain vector oriented along the [100] (Fe—Fe bond) direction. The
sample was clamped between the two alumina support plates and glued to
them using Stycast 1266 epoxy. Since alumina is an insulator the metal-
lic Ba(Feq.930Rhg 06g)2As, sample is electrically separated from the strain rig
and thus the NMR signal/noise ratio is improved. Furthermore the alumina
thermal expansion is very similar to that of titanium, the metal used for the
construction of the rig, making it very good for this application.

We choose, for T ~ 20 K, AL ~ 6 um and thus since the strained part of
the sample is 1.5 mm long, AL/Ly ~ 0.25%. Since the piezoelectric stacks
are hysteretic the applied voltage was different from one temperature cycle
to the other, but always larger than 100 V.

In order to correctly calculate the strain on the sample however we also
have to take into account that the PZT piezos, differently from most the
other materials significantly lengthens (0.1%) along the poling direction
upon cooling. While the geometry of the cell (parallel piezos mounted to
the same bridge) cancel out most of this effect a still significant ~3.5 ym
expansion of the sample gap was measured upon cooling down to 20 K.
Furthermore the Ba(Feg 932Rhg g68)2As2 sample should contract by ~0.15%
(AL ~2.25 um) upon cooling which should also be added to the other two
terms for a total contraction of ~12 um (AL/Lg ~0.8%) which is a very sig-
nificant lengthening. The total applied force can be calculated using the

relation:
AL

F=FEA— (3.9)
Lo
where F is the force, E ~55 GPa [220] the young modulus and A ~ 5x10~8m?
the area of the sample section [219]. From Eq. 3.9 we find that F ~20 N and
the uniaxial stress is S ~0.44 GPa, pretty large when compared to the stress-
pressure commonly used to detwin the BaFe,As, samples (~10 MPa).

3.2.2 "As NMR measurements

The strain rig was screwed at the bottom of a standard NMR probe and
the measurements carried out in the 20-35 K temperature range. Measure-
ments in the proximity of T, (~ 21 K) were very difficult due to the enhanced
screening (skin effect) and to the very high quality factor Q of the tank circuit
used. Q was so high that near T, even a tiny 0.05 K temperature variation
was enough to move the resonance of the tank circuit away from the Larmor
frequency. Degrading the quality factor of the circuit, for example mount-
ing a small resistor (~2 Q) in series with the coil, was not feasible since the
signal to noise ratio was already very low. The low signal to noise ratio is
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Figure 3.15: (a) 1/7> temperature evolution for different stress values. (b)
Comparison of the echo intensity decay with and without uniaxial strain. (c)
Temperature evolution of the "°As line width. (d) Temperature evolution of the
stretching coefficient B (see Eq. 3.4).

mainly due to the noise caused by the piezoelectrics voltage supply and is
not affected by the control loop electronics.

It should be noted that surprisingly T,, estimated from the detuning tem-
perature of the tank circuit, is barely affected by the strain: for § ~ 0.44 GPa
we detected a very small ~ 1 K T, drop.

All the NMR measurements were carried out and analysed using the same
methods explained in Section 3.1.

The temperature evolution of ?As 1/7> and line width is reported in
Fig. 3.15. As can be seen these properties are strain independent in the
whole considered temperature range. However, unluckily, it was impossible
to measure 1/7> under strain in correspondence of T* due to its proximity
with T, for H = 7 T and thus no definitive conclusion can be draw on the
effect of the strain on the very low frequency fluctuations giving rise to the
1/T, upsurge in Ba(Fe;_,Rh,)2As, . Future experiment with a modified set-
up or with in an higher magnetic field to decouple T* from T. may clarify
this point.

Differently from the 1/7, case a very strong effect originating from the
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Figure 3.16: (a) °As 1/T; temperature evolution for different stress values and
field orientations. (b) Comparison of the transverse magnetization recoveries with
and without uniaxial strain.

applied longitudinal stress was observed in the °As 1/T; temperature de-
pendence.

In the unstrained sample a significant 1/77 anisotropy with respect to
the direction of the applied field had already been observed in previous
works [113] and ascribed to the suppression of the slow fluctuations, also
responsible for the 1/7, rise. The sharp peak emerging in 1/77 for T < T,
(see Fig. 3.16a) is probably associated with the motion of the flux lattice
lines (see Ref. [221]).

As it can be seen in Fig. 3.16a in the strained sample we observed a
marked, nearly temperature independent, reduction of 1/7; . The effect is
particularly significant for H parallel to the ab plane with 1/7; decreasing
from ~30 st to ~10 s7!. It should also be noted that remarkably the 1/7T;
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anisotropy is nearly completely suppressed by the strain.

Furthermore also the stretching exponent of the recovery curve increases
from ~ 0.6 to ~ 1 upon straining the sample, indicating that the 77 distribu-
tion is removed by the stress, leading to a single exponential recovery law.

These findings suggest that the uniaxial strain is capable of suppressing
the inhomogeneous spin fluctuations present in the 122 compounds, which,
in the non strained sample, are responsible both for the 77 anisotropy [113]
and for the stretched exponential magnetization recovery law [195]. It
should however be noted that part of the observed effect could be due to
a modification of the quadrupolar relaxation rate induced by the modifica-
tion of the lattice geometry in presence of uniaxial strain. However this term
is usually much smaller than the magnetic relaxation component in IBS ma-
terials (see Section 3.3).

3.2.3 Conclusions

We carried out an ">As NMR study of optimally doped Ba(Feq 930Rhg g65)2AS>
in presence of uniaxial strain. The measurements were carried out with
the sample mounted on a custom made piezoelectric based strain appara-
tus which allowed us to apply a significant uniaxial stress (up to 0.44 GPa)
along the [100] direction of a Ba(Feg 932Rhg o6g)2As, single crystal.

Surprisingly T. was found to be only weakly affected by the strain
(AT, ~1 K for S ~0.44 GPa).

While the 1/7, results were inconclusive since it was not possible to carry
out measurements in the temperature range (< 20 K) in which the 1/7
upsurge was observed in the unstrained samples, the 1/77 measurements
revealed a significant 1/7; decrease in the 20 K - 35 K temperature range.
The effect is particularly strong for H || ab and results in the nearly complete
disappearance of the 1/77 anisotropy present in the unstrained sample.

This result suggest that the spin fluctuations revealed by NMR [195, 113]
are suppressed by the uniaxial stress but other experiments are needed in
order to shed new light on the 1/7, behaviour and on the relation be-
tween these low frequency fluctuations, strain and chemical doping. In
fact, quite interestingly, the results described here are in disagreement with
the measurements carried out in strained undoped BaFe,As; by Kissikov et
al. [222, 223] who observed an increase of 1/7T; for H || ab in the orthorhom-
bic phase developing just above T,, suggesting that in the sample without Rh
the uniaxial strain may instead enhance the nematic fluctuations.

3.3 Charge order and low temperature phase sep-
aration in (Rb,Cs)Fe;As;

The IBS have several astonishing similarities with the cuprates supercon-
ductors as we have thoroughly described in Chapter 1. However, while the
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Figure 3.17: a) Band structure of AFepAs; reported in Ref [224] (calculated with
GGA-PBE, WIEN2K). (b) RbFezAs; band plot calculated by us using the Elk pack-
age (FP-LAPW, GGA-PBE) and the corresponding Fermi surface (c). (d) The Van
Hove singularity (VHS) in the DOS at ~ + 10-25 meV calculated in Ref. [225]. The
VHS is independent from the details of the calculation: GGA/LDA(black/green)
with or without spin orbit (red/blue)), however it is only visiblke if the k-mesh is
very dense (> 503).

undoped cuprates are Mott insulators at half band filling, where the large
Coulomb interaction U overcomes the transfer integral r and gives rise to
an insulating antiferromagnetic ground state, the undoped IBS are not Mott
insulators but strongly correlated metals well above half band filling.

In cuprates the electronic correlations remain very strong upon charge
doping well into the superconducting state, giving rise to a very complex
phase diagram at low hole doping levels characterized by the onset of a
charge density wave (CDW) coexisting with superconductivity up into the
overdoped region [128].

In IBS it is possible to approach the half band filled condition (5 3d elec-
trons per Fe atom) by doping with holes. Hence the study of the hole doped
region of the phase diagram is very interesting since these compounds are
those whose ground state is more similar to that of the cuprates and thus
could share some of their characteristic macroscopic properties, such as the
presence of charge density wave.
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Figure 3.18: Temperature dependence of the resistivity in AFeyAsy. T, was
defined as the mid-point temperature of the superconducting transition. Figure
adapted from Ref. [133].

In this Section we present an extensive NQR and NMR study of
RbFe,As, and CsFepAs,. AFe;As, compounds, where A=K, Rb, Cs, can be
considered hole doped BaFe,As, where all the Ba®>* has been substituted by
an alkali metal Al*. This doping level correspond to one hole per formula
unit, resulting in N = 5.5 (3d) electrons per Fe atoms [226] to be compared
with N = 6 electrons per Fe in undoped BaFe;As.

As we already throughly explained in Chapter 1 (Fig. 1.11) hole doping
gives rise to an expansion of the hole pocket at the center of the Brillouin
zone while the electron sheets at the corners vanish since the relevant bands
are shifted above the Fermi energy and are replaced by thin quasi-cylindrical
hole pockets [225, 227, 224]. The Fermi surface and the band plots are
reported again in Fig. 3.17 for the convenience of the reader. The density of
states relative to the 3d orbitals, calculated using DFT-GGA [225], reveals a
weak Van Hove singularity just above E; due to the proximity of the electron
pockets to the Fermi surface (see Fig. 3.17d). Thus the proximity to the
disappearance of the electron pockets may have a significant influence on
the macroscopic properties of this system. For a complete review of the DFT
calculations see Ref. [225].

The AFe,As,compounds are superconductors and their transition temper-
atures were found to be (see Fig. 3.18): T, = 4.08 K for KFe,As,, T, = 2.6 K
for RbFesAs; and T, = 2.25 K for CsFe,As, [133]. Superconductivity in these
materials is unconventional like in the other Fe based superconducting ma-
terials [226, 133, 229]. Specific heat measurements near T, (see Fig. 3.19a)
revealed that the C/T temperature dependence deviates from the behaviour
expected for a single s-wave gap [228], indicating that the gap is anisotropic
or that more than one gap exists, akin to the two band superconductivity
observed in MgB,.

Specific heat measurements revealed that in KFe;As, the Sommerfield co-
efficient is more than ten times larger than in BaFe,As, and it can be further
enhanced by increasing the radius of the alkali metal substituting K with Rb
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Figure 3.19: a) Temperature dependence of the specific heat in AFeyAs, near
T.. b) Temperature dependence of the uniaxial thermal expansion. The arrows
indicate the coherence temperature. Figure adapted from [228].

or Cs [228]. This behaviour indicates an increase of the effective mass and
of the electronic correlations with hole doping.

The expansion coefficient temperature dependence displays the presence
of a well defined maximum between 50 K and 100 K depending from the
alkali metal [228](see Fig. 3.19). The presence of this peak was attributed
to the enhanced correlations leading to a coherence-incoherence crossover
at a critical temperature T* akin to what has also been observed in heavy
fermions compounds where conduction electrons screen the local moments
via the Kondo interaction leading to coherent heavy quasiparticles at low
temperature [228, 133, 135]. This finding is also supported by the behaviour
of the magnetic susceptibility which can be described by a Curie-Weiss rela-
tion for T >> T* while it flattens for T << T* [228, 230].

A similar phenomenology was also observed by Wu et al. using "°As
NMR (Hp = 12 T) knight shift and 1/77 measurement, whose behaviour was
also initially ascribed to the coherent-incoherent crossover [133, 229] (see
Fig. 3.20).

The increase of the correlation is in good agreement with the theoretical
studies carried out using the Spin Slave method (DFT+SSMF) [232, 231,
228]. In this theoretical framework it has been shown that if the electronic
correlations in (Cs,Rb)Fe,As, are sizeable, namely U/t is of the order of the
unity, Hund coupling may promote the single electron occupancy of the Fe
3d orbitals and decouple interband charge correlations leading to a orbital
selective Mott transition. Accordingly while the electrons of a given band
localize the electrons of other bands remain delocalized, leading to a metallic
behaviour and eventually to superconductivity.

This prediction can explain the experimental discrepancies in the mass
enhancement derived with different techniques [120] (see Fig 3.21). In fact,
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Figure 3.20: (a), (b), (c) Knight shift (K(T)) in AFexAsy, T* is defined as the
temperature at which K deviates from the Curie Weiss behaviour. (d) The 1/T;
behaviour. The temperature at which 1/77 is not constant any more is very close
to T*. (e) 1/Ty versus T/T* clearly shows the universality of this behaviour in
AFeyAs;. Figure adapted from Ref. [133].

while specific heat (Fig. 3.21, top) measures the "average" effective mass
on the whole BZ thus confirming the correlations enhancement induced by
hole doping, optical techniques are k dependent and thus are capable of
investigating single sheets of the FS. These measurements revealed a size-
able spread in the effective mass values, suggesting an orbital dependent
behaviour.

3.3.1 Sample preparation and characterization

We measured polycrystalline and single crystals RbFe,As, samples and a sin-
gle crystal CsFe,As; sample (see Ref. [233]).

The polycrystalline samples were synthesized by M. Babij and Z.
Bukowski at the Institute of Low Temperature and Structure Research in
Wroclaw (Poland) using a two step method. RbAs and FepAs precursors
powders were first prepared from stoichiometric amounts of rubidium,
arsenic and iron. The components were then mixed and heated in evacuated
and sealed silica tubes at 350 C° and at 800 C°, respectively. Then the two
precursors were mixed together in a molar ratio 1:1, pressed into pellets and
placed in an alumina crucible and sealed in an evacuated silica ampoule.
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Figure 3.21: Top: Experimental mass enhancement for doped BaFe;As; and
KFeyAs,. Bottom: Theoretical SSMF calculations. The different colours indicate
electrons of different orbital character. Figure adapted from Refs. [231, 120].

The sample was annealed at 650 C° for three days, ground and annealed for
another three days at the same temperature.

The quality of the samples was checked with X-Ray diffraction and AC
susceptibility. The X-Ray data confirmed that the geometry of the cell is
tetragonal 74/mmm (ThCr,Si;) with a = 3.871 A and ¢ = 14.464 A in very
good agreement with literature [234]. The AC susceptibility measurements
were performed on heating with an ac field of 10 Oe at 1111 Hz. The on-
set of diamagnetic shielding due to superconductivity has been detected at
T, = 2.7 K (see Fig. 3.22 bottom panel). The NQR/NMR measurements
where performed using ~ 400 mg of powdered polycrystalline sample sealed
in a Ar filled (0.2 bar) quartz tube in order to prevent deterioration.

The single crystal RbFe,;As; and CsFepAs, samples instead were grown at
the IFW (Dresden) using an alkali metal rich self-flux technique similar to
that described in Chapter 1. The X-Ray and SQUID characterization revealed
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Figure 3.22: Top: X-Ray diffraction pattern of the polycrystalline RbFe;Asy sam-
ple measured at room temperature. Bottom: Temperature dependence of the

real (x’(T) ) and imaginary part (x”(T)) of the ac susceptibility close to T, in
RbFeyAs; in zero field and for a static external magnetic field of 50 Oe.

that the sample are nearly identical to the polycrystalline ones.

3.3.2 As and ®%Rb NQR spectra in polycrystalline
RbFe2A52

First of all we shall discuss the appearance of a charge order in the FeAs
planes of RbFe,As, revealed by the measurement of the ">As and 8’Rb NQR
spectra in the polycrystalline sample.

The NQR spectra allow us to directly measure the distribution of the elec-
tron density. In fact (see Section 2.1.2.3) the NQR frequency

2\ 1/2
eQVzz (1 ; %) for 1 =3/2 (3.10)

"= Ton
is directly proportional to the electric field gradient (EFG) at the nuclear site.
Since, in (Cs,Rb)Fe,As; and also in the other IBS, the EFG has a cylindrical
symmetry, then = 0.

The NQR spectrum probes the EFG generated by the surrounding charge
distribution n(r) and since the EFG is proportional to d3n(r)/0r3 even a
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Figure 3.23: 8 Rb NMR powder spectrum in RbFesAs, for the central
(1/2— —1/2) line measured for T=20 K and Hy =7 T.

minute variation in n(r) can give rise to a strong effect on the NQR line.
Hence measuring the width of the NQR spectrum is often useful in order
to determine the quality of a specimen due to the intrinsic sensitivity of
the technique to the presence of impurities. Furthermore since vy depend
so strongly on the electron density even relatively similar compounds usu-
ally have extremely different vy and thus NQR is a phase selective tech-
nique. Furthermore ZF-uSR revealed that no magnetic phases is present in
the RbFe,As, sample, in excellent agreement with the narrow 3"8°Rb NQR
lines.

Remarkably RbFe,As, contains three NQR active nuclei: "®As (I1=3/2),
8Rb (I=3/2) and %Rb (I=5/2). While the ®As NQR frequency
vo = 14.6 MHz was already known (see Wu et al. [133], sup. mate-
rial) we directly determined 8Rb vy = 6.2 MHz by measuring the NMR
powder spectrum of the 8’Rb central line in a 7 T magnetic field by recording
the intensity of the echo measured after a n/2 — 7 — 7 (v = 40us, 7 = 14us)
echo sequence as a function of the irradiation frequency (see Fig 3.23). We
than derived vy from the width of the central line powder spectrum using
Eq. 2.19.

We also calculated ab initio the values of the EFG at the ion sites, and
thus the values of vy for 88Rb and "As, by using the density functional
theory (DFT). The calculations have been carried out using the full-potential
linearised augmented plane-wave method as implemented in the Elk pack-
age [235]. We choose the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (GGA-PBE) [236]. The atomic positions used in the
calculation are those obtained from room temperature x-ray diffraction. The
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Figure 3.24: (a) 2D projection along the diagonal of the primitive cell and (b) 3D
RbFe,As; electronic density plot obtained from DFT calculations (see text). The
isosurface in (b) correspond to n(r) = 0.07 e/ag in atomic units. The ab initio
calculation confirms that the wave function are localized on the atom sites.

electric field gradient (EFG) tensor components Vi have been derived di-

rectly from the ground state electronic density n(r) (see Fig. 3.24) by solving
the Poisson equation (V?¢ = p) to determine the electrostatic potential ¢ and
subsequently we calculated Ve from

2
o_ 0%
0 oo,

(3.11)

where a runs over the nuclei at r,. Since the EFG tensor is extremely sen-
sitive to the charge distribution a very well converged basis is essential to
obtain the correct EFG tensor components. We used muffin tin radii of 2.6 ay
for Rb and 2.4 aq for Fe and As with R”T x max(||k||) = 9, where RMT s the
smallest muffin tin radius inside the MT spheres and ||k|| the length of the
reciprocal space vectors. We choose 9 for the cut off of the angular quantum
number in the lattice harmonics expansion inside the MTs. Reciprocal space
was sampled with the Monkhorst-Pack [237] scheme on a 24 x 24 x 24 grid.
The smearing is 270 meV with the Methfessel-Paxton [238] scheme. Conver-
gence of the EFG components with respect to all these parameters has been
carefully checked.

The obtained values, ("vg)prr = 14.12 MHz and (8"vp)per = 6.7 MHz
are in good agreement with the experimental values ("vp)exp =14.6 MHz
and (®"vp)exp = 6.2 MHz and the discrepancy represents an estimate of the
accuracy of the DFT calculation which is known not to properly account for
the electronic correlations. The rather good agreement with the experimen-
tal values however shows that, even for this correlated IBS, DFT is still able
to provide a fair description of the system as far as it remains a normal metal.
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Figure 3.25: The whole NQR spectrum of RbFeyAsy. The three lines are as-
sociated with the m; = +3/2 — +1/2 transition for "°As and 8Rb and with the
my = +5/2 — +3/2 transition for Rb (I = 5/2), is shown for T = 4.2 K. The
intensity of the three spectra has been corrected for better visualisation so that all
three spectra have the same height.

3.3.2.1 "As NQR spectra of polycrystalline RbFe;As,

Above 140 K the "®As NQR spectrum (see Fig. 3.25) is centered around
14.6 MHz, with a linewidth of about 170 KHz, while the 8’Rb NQR spec-
trum is centered around 6.2 MHz with a width of about 20 kHz. The 8°Rb
(£3/2 — £5/2) line is nearly identical and is centred around 7.75 MHz (see
Fig. 3.25). While the narrow 88°Rb NQR spectra were obtained from the
Fourier transform of half of the echo signal the spectrum of the broader "°As
line was derived from the frequency dependence of the spin echo intensity.
At a few temperatures the >As NQR spectra was also obtained by taking the
envelope of the Fourier transforms of half of the echo recorded at different
frequencies and they were found to be identical to those obtained using the
echo intensity method. The narrow NQR Rb spectra (Fig. 3.25) confirm the
good quality of our sample.

However things get really interesting while cooling down below 140 K.
The "As spectrum is observed to progressively broaden with decreasing tem-
perature, below 50 K the presence of two separated humps nearly symmet-
rically shifted can be clearly observed and if temperature is lowered further
no other significant modification of the spectrum takes place (see Fig. 3.27
and 3.26).

The presence of two peaks in the NQR spectrum is a common feature of
the 1111 family compounds [166, 239] in presence of electron doping (see
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Figure 3.26: (a) Temperature dependence of the full width at half intensity
(FWHM) of ®As NQR spectra The green solid line is a phenomenological fit to
Avg = 300(1 — (T/Tp))? + 170 KHz, with To=140 K and g ~ 0.7. (b) Blue
squares (right scale): the temperature dependence of 8’Rb vy. Red octagons,
(left scale) *As FWHM, the two temperature dependences are shown together for
comparison.

Section 2.2.1) and it has been associated with a nanoscopic phase separation
in regions characterized by different electron doping levels. However for the
1111 compounds the spectrum is not symmetric, as it is instead the case for
RbFe,As;, and it is nearly temperature independent from very low tempera-
tures (4.2 K) up to 650 K (see Fig. 3.28). Furthermore in RbFe,As; no doping
is present and thus this type of phase separation is not expected a priori.

A similar temperature dependent behaviour of the "As NMR satel-
lite lines spectra was instead observed in KFe,As, under pressure [240]
(2.42 GPa) in a Hy = 10.6 T magnetic field, which, however, disappear in
zero field (NQR).

The behaviour of the ">As NQR spectrum in RbFe,As, strongly resembles
the one expected in presence of a charge density wave order (CDW) [241,
242, 243] which causes a periodic modulation of electronic density and thus
of the EFG, giving rise to two symmetrically shifted peaks in the NQR spec-
trum for several types of possible CDW geometries [243]. This type of NQR
spectra could also be associated with the emergence of an orbital order [244]
but from NQR spectra alone it is not straightforward to discriminate among
the two scenarios.

However it is clear that we are detecting a phase transition, at T=Tj, to
a low temperature phase characterized by a spatial modulation of the EFG,
even if we are unable to precisely determine the step of the modulation.
Accordingly the temperature dependence of the ®As line width (Avp) can
be fitted with the phenomenological behaviour o (1 —T/Tp)? expected for an
order parameter in correspondence of a phase transition.

The presence of a phase transition is also evident in the temperature evo-
lution of the 8’Rb NQR frequency which abruptly increases at Ty mimicking
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Figure 3.27: The ®As NQR spectrum in polycrystalline RbFeyAs; is reported at
different temperatures between 5 K and 300 K. The solid lines are best fits with
one or two (for T < 130 K) Lorentzian.
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Figure 3.28: The spectrum of underdoped LaFeAsO;_F, (x = 4.5%) measured
at different temperatures higher than 300 K. A custom high temperature NQR
set-up with self tuning capabilities (see Appendix B) was used to carry out these
measurements. The low temperatures spectra are nearly identical (Fig. 2.15) in-
dicating that if the shape of the spectrum is due to a CDW order the transition
temperature is high (> 650 K). The solid lines are fits carried out using two Gaus-
sians.

the "®As Avg behaviour (Fig. 3.26). Differently from "°As however the 8’Rb
Avg remains basically unchanged indicating that the electronic density mod-
ulation is in the FeAs layer (far away from Rb) and that the modulation of
the EFG at "°As nuclei should occur over very few lattice steps, otherwise one
should expect a splitting also of the narrow 8’Rb NQR spectrum.

In this framework the small shift of the Rb v is probably due to a tiny
modification of the lattice constants and/or of the electronic density in prox-
imity of the Rb atoms as a consequence of the emergence of the charge order
in the FeAs plane.

These results strongly indicate that akin to cuprates, a static charge or-
der develops in the normal state of IBS when the electronic correlations are
sizeable and thus they may play a significant role in determining the super-
conducting state properties.
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Figure 3.29: The "As NQR spectra of RbFeyAsy (left) and CsFeyAs; (right)
measured at different temperatures with the Fourier Transform envelope method.
The spectra temperature dependence is clearly reminiscent of that observed in the

polycrystalline RbFesAsy sample.
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Figure 3.30: (a) and (b): Temperature dependence of °As Avy measured in
single crystal RbFeyAsp and CsFeyAsy, respectively. In (a) the results for the
polycrystalline sample are also shown for comparison. (b) and (b): comparison
of the *As NQR spectra of single-crystal and polycrystalline RbFesAs,, measured
with the echo intensity method at 5 K and 200 K.

3.3.2.2 As NQR spectra of single crystal RbFe,As, and CsFe,As,

In order to verify that the charge order is really an intrinsic property of these
material we also measured the >As NQR spectra of a RbFe,As; single crystal
and of the related CsFe,As, compound. RbFe,As, and CsFe,As, differ only
for the size of the alkali metal that results in a different chemical pressure,
giving rise to an enhancement of the Sommerfeld coefficient in CsFe,As,.
However most of their properties (T, spin susceptibility (Knight shift), °As
1/T7) are rather similar suggesting that the charge order could also be present
in CsFeyAs, [133, 133].

For the single crystal CsFe;As, sample T. = 2.3 K and As v,(300K) =~
13.82 MHz while for RbFe;As; T, ~ 2.7 K and ™As v (300K) ~ 14.6 MHz,
identical to those measured in polycrystalline RbFe;As, sample. The result-
ing spectra and line width temperature dependences are reported in Fig. 3.29
and Fig. 3.30, respectively.

Very interestingly the temperature evolution of single crystal RbFe,As;
spectra is significantly different from that of the powdered polycrystalline
sample: while at high temperatures (e.g. 200 K see Fig. 3.30c) the spectra
are very similar, below Ty in single crystal RbFesAs, Avy does not increase
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as fast as in the powder sample and it does not saturate at low temperatures
(see Fig. 3.30a). It should however be noticed that for both the samples the
spectrum begins to broaden at the same temperature 7y ~ 140 K, suggesting
that the transition temperature remains unchanged. The different growth
rate of Avy is possibly related to the presence of defects pinning the charge
density wave. In fact we can only observe the CDW order when it is nearly
static on the time scale of the NQR spectrum measurements, which is typi-
cally in the ~100 us range. However charge fluctuations (dynamic CDW),
akin to that observed in cuprates using x-ray scattering [127], could possibly
persist at much higher temperatures. The larger number of crystal defects
(e.g. dislocations) present in the polycrystalline sample could thus pin the
charge fluctuations slowing them down significantly faster than in the single
crystal sample, giving rise to the faster Ay increase. Since the line width is
smaller for the single crystal sample the two humps characterizing the NQR
spectrum of polycrystalline RbFe;As, cannot be clearly resolved in the single
crystal one (see Fig. 3.29 and Fig. 3.30c¢).

The temperature evolution of the CsFeyAs, NQR spectrum is also similar
to that observed in RbFe,As; but the Ay increase takes place at much lower
temperature indicating a lower T with respect to RbFeyAs, (Tp ~ 60 K, see
Fig. 3.30b).

3.3.3 1/T; and low temperature phase separation in poly-
crystalline RbFe;As;

Now we discuss the temperature dependence of the low-energy dynamics
probed "®As and 8Rb 1/7; in the polycrystalline RbFe,As, sample. The spin-
lattice relaxation rate was determined from the recovery of the transverse
nuclear magnetization after saturation recovery pulse sequence (see Sec-
tion 2.1.6.2).

3.3.3.1 "As NQR 1/7T; in polycrystalline RbFe;As;

For "®As 1/T; the recovery has been fitted using the standard formula for
the NQR +1/2 — +3/2 line of a I = 3/2 nucleus in presence of a magnetic
relaxation mechanism [160]:

M(t) = Mo(l —fe_3T/T1) : (3.12)

where M, is the equilibrium magnetization and f takes into account the non
zero signal at + = 0 due to imperfect saturation. The results for °As are
reported in Fig. 3.31.

Above 20 K, for T < 140 K 1/T; increases with a power law 1/T; = aT?,
with b = 0.79 + 0.01 for "As, and flattens around ~ 140 K (see Fig.3.31a),
in very good agreement with the 1/77 results reported by Wu et al.[133]
from "®As NMR. It should be noticed that the temperature at which 1/7}
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Figure 3.31: (a) RbFesAsy; "°As NQR (blue: high frequency hump, green low
frequency hump) and 8Rb NMR (Hy = 7 T) 1/T1(T) (orange). (b) "®As NQR
(T1T)71: fast (blue) and slow (red) components. The uncertainty on the exper-
imental points is comparable to the size of the symbols. (c) Magnetization re-
covery curves (saturation recovery sequence) measured at different temperatures.
(d) temperature evolutions of the weights of the slow (Aj: red) and of the fast
(As: blue) relaxation components.

flattens is very close to the temperature To ~ 140K at which we observed
the broadening of the *As NQR spectrum signalling the onset of the charge
order (see Fig. 3.27 and Fig. 3.26). This strongly suggest that the power law
1/T; temperature dependence is related to the onset of the charge order. A
similar power law 1/7; behaviour, also with an exponent close to 0.7, was
observed in heavy fermion compounds (e.g. CeCusgAugi [245]) with AF
spin correlations close to a quantum critical point (QCP).

Below 20 K (7 hereafter) we observed instead a rather interesting be-
haviour: the single exponential recovery law of Eq. 3.12 is not able to fit
the magnetization recovery any more and we observe, by lowering tempera-
ture, the gradual appearance of a second component characterized by much
longer relaxation times (see Fig. 3.31c). The recovery was thus fit to:

M(t) = Mo[l _ f(Afe—3T/T{ + Ase<—3T/Tf'>ﬁ)] ’ (3.13)
where A, and A, are, respectively, the fraction of fast relaxing and slow
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Figure 3.32: (a) Frequency dependence of the weights of the fast (blue cir-
cles) and slow (red diamonds) "°As 1/T; components, the solid black line is the
RbFeyAs, ™As NQR spectrum. (b) Recovery of *As NQR magnetization after
a saturation pulse sequence for different irradiation frequencies across the NQR
spectrum, at T = 4.2 K. The single exponential recovery law for T = 77 K is
reported up to times longer than 1037;. The solid lines are best fits according to
Eq. .

relaxing nuclei and and 0.8 > B8 > 0.3 a stretching exponent characterizing
the slowly relaxing component.

As the temperature is lowered one observes a progressive increase of Aj
with respect to Ay and at the lowest temperature (T = 1.7 K), about 80% of
the nuclei are characterized by the slow relaxation (Fig.3.31c-d).

Even if we could not completely rule out the quadrupolar origin of one
this relaxation components this scenario is extremely unlikely since no sig-
nificant quadrupolar relaxation was observed by comparing the NQR spin
lattice relaxation rates of the two Rb isotopes (see Section 3.3.3.3 for further
details).

In order to check a possible dependence of the spin lattice relaxation rate
from the irradiated portion of the NQR spectrum, "°As 1/7; was measured
both on the high frequency and on the low-frequency shoulder of the NQR
spectrum and it was found to be the same (Fig.3.31a and Fig 3.32) over a
broad temperature range. Moreover, at T = 4.2 K we carefully checked the
frequency dependence of T/, T;, Ay and Ay and found that neither the two
relaxation rates nor their amplitude vary across the spectrum (see Fig. 3.32).

This implies that nuclei resonating at different frequencies probe the
same dynamics, which suggest that the charge modulation induced by the
charge order has a nanoscopic periodicity [166]. We also measured the "°As
NQR 1/T, and verified that, once the Redfield correction is applied (see Sec-
tion 3.1.1), 1/7» is temperature independent with a value of 1/7» ~ 1.7ms™!.
This means that the efficiency of the spin-spin relaxation in establishing a
common spin temperature does not vary with temperature. Hence, since 7>,
is constant, the slow 7; cannot be present at high temperature, hidden by a
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Figure 3.33: Temperature dependence of °As NQR 1/T; (open squares) be-
fore Redfield correction and 1/T;, (closed squares), after Redfield correction, for
RbFeyAs,. The dashed lines are guide to the eye.

faster T, homogenizing the spin temperature (and thus 7;) across the spec-
trum. Thus the appearance of a different relaxation rates below 7* arise from
a phase separation causing a slight change in the average electronic charge
distribution (no effect on the NQR spectra) but a marked differentiation in
the low-energy excitations, which is detectable at low temperature.

The behaviour of the fast component (1 /Tlf ) and of the slow (1/7}) com-

ponent is completely different below 7*. 1 /Tlf deviates from the power law
behaviour and progressively flattens as the temperature is lowered. The same
behaviour is detected for 8Rb NMR 1/73, although the flattening appears to
start at a higher temperature, suggesting that 7* might be field dependent
(see Fig. 3.31). Conversely 1/T;] gets progressively longer as the tempera-
ture is lowered and follows an activated behaviour, with an energy barrier
E, =17 £ 0.9 K (see Fig. 3.31b).

The behaviour of 1 /Tlf is characteristic of a system approaching a QCP
where localization occurs. In fact, from Moriya self-consistent renormaliza-
tion (SCR) approach for a quasi-2D system with AF correlations, one should
have 1/T7 = T x(Q) [246, 247, 164, 248] with y(Q) the static susceptibility
at the AF wave-vector. In the proximity of the QCP y(Q) ~ In(1/T)/T, lead-
ing to a weak logarithmic divergence of 1/7; ~ In(1/T) for T — 0, while at
higher temperature y(Q) should show a Curie-Weiss behaviour, yielding a
nearly flat 1/77, as we do observe in RbFe,As, (see Fig. 3.31b). Conversely
the slow component 1/7;T, which at temperature below 5 K is the dominant
1/Ty component (see Fig. 3.31d), display an opposite temperature behav-
ior decreasing upon cooling and at 7, ~ 2.7 K the corresponding fraction is
around A; ~0.65. Upon further decreasing the temperature the volume frac-
tion of the heavy electron phase vanishes while the one of the metallic phase
grows to A; ~ 1. Since the system is metallic at low temperatures the devia-
tion of 1/7;'T from the constant Korringa law behaviour could be related with
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Figure 3.34: (a) Recovery of °As (NQR) in polycrystalline (black) and single
crystal (red) RbFeyAsy. The solid red line is a fit to a single component Eq. 3.12.
Clearly no second T3 component is present in the single crystal magnetization re-
covery. See also Fig. 3.32 for low temperature recoveries in polycrystalline sample.
(b) Temperature evolution of NQR "®As 1/T3 in n polycrystalline (green) and sin-
gle crystal (red) RbFesAsy. No deviation from the power law behavior is present
in the single crystal sample.

the opening of a pseudo-gap akin to what has been observed in underdoped
cuprates [249, 250, 251] and theoretically predicted for systems analogous
to hole doped IBS [252].

The charge order may promote this phase separation into metallic and
nearly insulating regions, which could result from the theoretically predicted
orbital selective behaviour [120, 232].

3.3.3.2 As NQR 1/T; in single crystal RbFe;As,

We also carried out the same "°As NQR 1/7; measurements on a RbFe,As sin-
gle crystal sample in order to check if the amount of disorder has some influ-
ence also on the spin-lattice relaxation rate behaviour. In fact single crystal
IBS samples are typically much cleaner than polycrystalline powdered sam-
ples.

Quite interestingly we found that in this sample the power low 1/7; de-
crease persist down to 1.6 K and that there is no evidence of the emergence
of a second 1/T; component (see Fig. 3.34).

It should be noticed that in a previous "°As Hy = 12 T NMR study carried
out on single crystal (Cs,Rb)Fe,Asy, Wu et al. [133] did not observe a clear
separation of the recovery in two components as we do in polycrystalline
sample but they did observe deviations from the single exponential recovery
below 20 K which, however, were fitted with a stretched exponential law
that could yield an average 1/7; value between 1/7; and 1/T 1f . Conversely, in
good agreement with our single crystal measurements, they didn’t observe
any deviation from a single component recovery in their low temperature
NQR CsFe,As; data (see Sup. Material of Ref. [133]).
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Figure 3.35: (a) Recovery of 8Rb NMR magnetization, 1/2 — —1/2 transition
6 = 90° peak, T = 40 K (red circles) and T = 5 K (blue squares). The solid lines
are fit to Eq. 3.1 with two components. (b) Recovery of 8’Rb (red squares) and
of 8Rb (blue circles), +5/2 — +3/2 transition, T = 4.2 K. The solid lines are the
best fits according to Eq. 3.12 and 3.14.

These observations suggest that the emergence of the low temperature
phase separation giving rise to two 1/7; components could indeed be induced
by the presence of defects and/or by an external strong magnetic field which
may induce the complete freezing of the charge order, similarly to what has
been observed in cuprates superconductors with NMR measurements [124],
where high magnetic fields induce a static charge order.

3.3.3.3 8'8Rb NMR 1/T; in polycrystalline RbFe;As,

8785Rb NMR 1/7; was measured, for the polycrystalline sample (H = 7 T)
by irradiating the high frequency shoulder of the powder spectrum of the
central line (see Fig. 3.23) corresponding to grains with the c-axes perpen-
dicular to Hy (6 = 90°). The recovery of the transverse magnetization was fit
according to the usual spin 3/2 relaxation (Eq. 3.1 [160]). In analogy with
the As measurements the magnetization recovery displays two components
appearing at low temperature (7T < 25 K, see Fig. 3.35 and 3.31).

We then carried out the NQR spin lattice relaxation measurements both
for 8Rb (v = 6.2 MHz) and ®°Rb (+3/2 — +5/2 line, vp = 7.75 MHz). In
the NQR measurements we only measured the temperature dependence of
the fast component since the much weaker signal in zero field and the very
long relaxation times of the slow component make the measurement of 1/77
impractical.

The recovery of nuclear magnetization was fit according to the recov-
ery laws expected for a magnetic relaxation mechanism which is given by
Eq. 3.12 [253, 160] for 8"Rb (I = 3/2) and

M() = Mo(l — £(0.427¢73T 0.573e—107/T1)) : (3.14)
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for ®Rb (I = 5/2). The ratio between the 1/7; of the two nuclei for the fast
relaxing component was measured at a few selected temperatures between 4
and 25 K and we found that 8 (1/77)/%5(1/T1) ~ 12+1 in good agreement with
the ratio between the square of the gyromagnetic ratios of the two nuclei
(87y/8%y)2 = 11.485, confirming the adequacy of the magnetic relaxation re-
covery laws we used to estimate 1/7; and the fact that the relaxation is driven
by electron spin fluctuations. Notice that if the relaxation was dominated by
EFG fluctuations induced by CDW amplitude and phase modes [243], 1/T;
should scale with the square of the nuclear electric quadrupole moment and
one should have 87(1/71)/8%(1/T1) = 0.226, a value roughly 50 times smaller
than the experimental one.

3.3.4 ZF-uSR study of polycrystalline RbFe)As,

The presence of static charge order should also be observable with other
experimental techniques, such as electron microscopy, elastic and inelastic
x-ray scattering and muon spin rotation.

Although uSR (see Section 2.3 for a description of the technique) is usu-
ally used as a local magnetic probe it can also be sensitive to the presence
of a CDW phase, either because the charge order gives rise to a modulation
of the paramagnetic shift or because it causes a shift of the muon implanta-
tion site owing to the modification of the local charge distribution, resulting
in a different muon spin polarization relaxation rate originating from the
magnetic dipole moments of the surrounding nuclei.

We carried out ZF-uSR relaxation measurements in order to look for this
effect in polycrystalline RbFe;As,. Since the modification of the asymmetry
decay rate in the charge ordered phase with respect to the "normal" phase
was projected to be small it is necessary to measure the asymmetry evolu-
tion in a fairly long time window (> 15us). Hence the measurements were
carried out using the EMU instrument at the ISIS pulsed beam uSR facility,
which is very suited to study very long asymmetry relaxations thanks to its
very high muon count rate (~50 MEv/h, MEv: millions of events). Since
RbFe;As; is very sensitive to oxygen, in order to prevent sample degradation
the RbFe,As, powder was sealed in a custom built, air tight, aluminium uSR
cell fitted with a thin Mylar window to let the muons beam impinge onto the
sample.

The ZF asymmetry evolution can be fitted at all temperatures using a
simple stretched exponential function:

A(t) = A(0) exp[(—=A1)P] + B (3.15)

where A(0) ~ 0.1 is the total initial asymmetry due to the muons implanted
into the sample, g is the stretching coefficient and B ~ 0.11 is the tempera-
ture independent background which is mainly due to the muons implanted
into the sample cell. No missing muon fraction or fast asymmetry decay
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Figure 3.36: (a) ZF-uSR asymmetry relaxation rate A temperature dependence
in polycrystalline RbFeyAsy. (b) Comparison of A(T) with Avo(T). The two
temperature dependences have been normalized to the maximum value. (c) The
asymmetry decay in the 1-15us time window measured at T=10 K. The solid
red line is a fit to a stretched exopnential decay function (see Eq. 3.15). (d)
Temperature evolution of the stretching coefficient 8. The dashed line indicates
the temperature of the 8 jump. (Eq. 3.15).

was observed by lowering temperature, ruling out the presence of spurious
magnetic phases in the polycrystalline RbFe,As, sample.

The temperature evolution both of 1 and g clearly show a marked change
for T ~ Ty (see Fig. 3.36). In particular A begins to increase just above Ty
while B display a pretty sharp transition from g = 1 (simple exponential)
to B ~ 1.65 indicating a distribution of relaxation decays below 7Tp. The
abrupt relaxation rate increase is particularly significant since it could be
due to the shift of the muon implantation site in correspondence with the
emerging CDW. The  jump may indicate the distribution of relaxation rates,
and thus of muon sites, developing in correspondence of the charge density
modulation or alternatively the emergence of second muon site related with
the charge order.
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3.3.5 Conclusions

We conducted an extensive NQR, NMR and uSR study of hole doped
(Cs,Rb)FeyAsy 122 iron based superconductors. These compounds are the
122 IBS closest to half band filling and thus to the Mott transition also
charactering the cuprates HTSC.

The temperature evolution of the >As NQR spectra strongly suggest the
emergence of a charge order developing below Ty in both the studied com-
pounds (7Ty ~140 K in RbFeyAs; and Ty ~60 K in CsFeyAsy). In single crystal
RbFe,As; the broadening of the NQR spectrum due to the charge modulation
is much less marked, suggesting that the greater disorder typically present
in polycrystalline IBS samples could play a role in slowing down the charge
fluctuations.

>As NQR and 8>%Rb 1/7; (NQR and NMR) temperature dependences
also show a marked behaviour shift in correspondence of Ty which is
probably related with the emergence of the charge ordered phase. Even
more interestingly in polycrystalline RbFe;As,, when the charge order is
frozen (T<20 K), we observe a local electronic separation in two phases
characterized by different excitations which could possibly be explained
in terms of the orbital selective behaviour theoretically predicted for these
compounds [120].

Finally also the ZF-uSR relaxation rate displays a marked increase which
is possibly related to the shift of the muon site due to the emergence of the
charge order in the FeAs plane. Notably also the muon polarization decay
function abruptly changes shape at T, evolving from a simple exponential
decay into a stretched exponential with stretching coefficient 8 ~ 1.65. This
effect could be caused by the appearance of a distribution of relaxation rates
in correspondence of the charge density modulation.

In the light of these results we can conclude that charge order appears to
be a common feature in the phase diagrams of cuprates and iron-based high
T, superconductors and thus it may play an important role in determining
the superconducting state properties.
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Chapter

Effects of impurities in electron
doped Iron Based Superconductors

The introduction of impurities in superconducting materials is a well known
method to test their stability for future technological applications as well
as to shed new light on their intrinsic microscopic properties, such as the
symmetry of the superconducting gap. In cuprates superconductors, for ex-
ample, the introduction of nonmagnetic Zn impurities results in a decrease
of T. consistent with the theoretical prediction for a d-wave superconduc-
tor [254].

In iron-based superconductors several studies on the effect of impurities
have been carried out and it has soon emerged that the behaviour may vary
a lot depending on the family considered and the type of the implanted im-
purities. For the Lnl1111 (Ln = La, Ce, Nd, Sm) family materials it was
found that the introduction of Zn, Co, Ni [255, 256, 257] and Ru [258, 259]
impurities leads to a very low initial T, suppression rate (|d7,/dx|,—0), Sig-
nificantly smaller than the one expected in systems with an s* symmetry of
the superconducting gap. Conversely the introduction of magnetic Mn im-
purities leads to an abrupt decrease of T,, both in LaFeAsO;_,F, [255, 248]
and in Bag 5Kg 5(Fe;—,Mn,As), [260, 261] which was initially attributed to
the suppression of stripe magnetic fluctuation from the localized magnetic
moment introduced by Mn impurities [255, 248]. However Hammerath et
al. [262] also showed that in correspondence of the complete suppression of
superconductivity, in LaFe;_,Mn,AsOg goFp.11 (y = 0.2%), a magnetic phase
arise.

In the first section of this chapter we will greatly expand this
study of the effect of Mn impurities in LaFe; ,Mn,AsO;_,F, and
Yo.oLag gFe;—Mn,AsO;_,F,, demonstrating that the magnetic order emerg-
ing for y > 0.2 is still the same stripe magnetism present in the undoped
LaFeAsO parent compound and that a tiny amount (y ~ 0.2%) of Mn
doping actually induce an exceptionally strong localization effect which
compensates the electron doping induced by F for oxygen substitutions
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Figure 4.1: spin-lattice relaxation rate divided by temperature "°As 1/T; for
LaFe;_ Mn,AsOgggFp11 with y = 0% up to y = 0.2%. 1/T; was measured at
the low and high frequency peak of the double-peaked "®As NQR spectra. The
arrows denote the superconducting transition temperatures for x = 0% (orange,
T. = 29K) up to x = 0.1 % (blue, T, = 11.5K) Figure adapted from [248].

(x ~ 11%) thus recovering a ground state very similar to that of the parent
compound (magnetic and orthorhombic).

In the second section instead will focus on the effect of proton irradiation
in Rh doped BaFej,As,. It will be shown that the defects induced by irradi-
ation have a significant influence on the low frequency fluctuation revealed
by 1/T,, in good agreement with the hypothesis that they originate from
the motion of the domain walls separating the regions dominated by either
(0,7) or (m,0) correlations. Furthermore we found that the presence of the
defects gives rise to a significant broadening of the "°As NMR spectrum. The
effect is stronger in the optimally doped sample where the Curie Weiss tem-
perature dependence of the line width suggests the onset of ferromagnetic
correlations coexisting with superconductivity at the nanoscale. This section
is intended as an extension of Sections 3.1 and 3.2.

4.1 The poisoning effect of Mn doping in F-doped
1111 compounds

Inthe Ln1111 (Ln: lanthanide ion) family Mn doping (LnFe;_,Mn,AsO;_,F,)
gives rise to a very fast decrease of T., and just x = 0.2% Mn content is
enough to totally suppress superconductivity in the optimally fluorine doped
LaFe;_,Mn,AsOq goFp 11 compound [255, 256, 248]. This behaviour is
completely different from what observed upon introducing other types of
impurities (e.g. Ru [258, 259]) which often require very large concentra-
tions in order to destroy the superconducting state (e.g. ~ 60% Ru doping in
LaFeAsO;_,F,).
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Figure 4.2: (a) Powdered LaFe;_ Mn,AsOqgoFp.11 ZF-uSR Magnetic volume
fraction (see Section 2.3). (b) and (c) Temperature dependence of the local mag-
netic fields at the two Lallll muon sites (filled and empty symbols) for x = 0.5%
and 0.75%. The lines are guides to the eye. Figure adapted from [248].

Remarkably the strength of the effect strongly depends on the Ln ion,
in fact in optimally F-doped Sm1111 7, vanishes for a Mn content around
8%, more than an order of magnitude larger than the critical Mn content
x. = 0.2% observed in LaFe;_,Mn,AsOqgoFg11. The different behaviour of
Sm1111 and Lallll against Mn impurities suggests that by decreasing the
lanthanide ion size T. decreases more slowly with the Mn doping and that
the system is driven away from the magnetic transition.

Hammerath et al. [248] carried out an extensive SR and "°As NQR study
of LaFe;_,Mn,AsOq goFy 11for several Mn doping levels. Their ZF uSR results
revealed that a magnetic phase appears when superconductivity is destroyed
for x > x. (see the phase diagram in Fig. 4.1). A careful analysis of the muon
polarization decay indicates [248] that magnetism is intrinsic to the FeAs
plane and thus it is not simply due to the diluted magnetic Mn impurities.
The internal field measured by uSR in LaFe;_,Mn,AsOg goFg11 (x =0.5%) is
~ 400 G (see Fig. 4.2), much smaller than the ~ 1600 G field measured at the
muon site in undoped LaFeAsO [18] (see Fig. 4.2).

The nature of the magnetic ground-state developing at high Mn is not
easy to determine. In Bag 5K 5(Fe;—,Mn,As), superconductors neutron scat-
tering measurements suggested that Mn doping modifies the magnetic wave-
vector from the (r,0); (0, 7) order of the parent compound (BaFe;As;) to the
(mr, 7) Néel magnetic order [263]. However for LaFe;_,Mn,AsOq goFo.11 the
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Figure 4.3: (a) Zero field uSR signal for the LaggYo2Fe1-xMn,AsOgg9Fo.11
sample with x = 20%, measured at different temperatures. (b) ZF uSR signal for
LaY20 samples with Mn doping x = 6%,10%,15% and 20%, at T = 2 K. Solid
lines in (a) and (b) represent the best fits to Eq. 4.1 (see also Section 2.3.3).

significant disorder induced by fluorine doping and the necessity of a large
quantity of sample with a small and very precise Mn content (x~ 0.5%) make
the neutron scattering measurements more challenging.

NQR "As 1/T; measurements evidenced that the spin fluctuations
slow down with increasing Mn content giving rise to an enhancement of
As (I1T7)7!. The (T1T)7! temperature dependence can be fitted using
the Moriya’s SCR theory for weakly itinerant systems near a quantum
critical point (QCP). This indicates that the spin fluctuations are of 2D
antiferromagnetic character and that the transition from superconductivity
to magnetism take place in correspondence of a QCP [248].

In order to better investigate the nature of the T, suppression by Mn im-
purities in Ln1111 compounds we carried out similar ZF-uSR measurements
on Yo LaggFe; MnAsOq goFo.11 [264] and SmFe; Mn,AsOqggFg12 [265]
which, together with SQUID magnetometry and TF-uSR (see Section 2.3),
allowed us to plot the Mn dependent phase diagram of these compounds.
Furthermore we also measured the ZF-NMR spectrum of the magnetic
LaFe;_,Mn,AsOq goFo.11 (x=0.5%) compound from which we were able to
directly determine that the magnetic order is stripe and not Neel as in the
122 family. We also measured '°F 1/7; both in LaFe;_,Mn,AsOqgoFo .11
and in YgoLaggFe;_,Mn,AsOggoFp.11 which revealed [266] the presence
of low-frequency fluctuations analogous to those present in other IBS
compounds [195] (see Section 3.1).

4.1.1 ZF-uSR measurements and phase diagrams

The ZF-uSR measurements have been carried out at the Paul Sherrer Insti-
tut (PSI) with the Dolly instrument both on SmFe;_,Mn,AsOg ggFp 12 (SmMn
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Figure 4.4: (a) LF-uSR polarization evolution measured at T=5 K in the
SmFe;_xMn,AsOq ggFo.12 x=0.10 sample. (b) Temperature dependence of the
magnetic volume fractions for the SmFe;_,Mn,AsOq ggFo 12 x=0.08, 0.10, 0.15
samples

hereafter) and La;_,Y,Fe;_,Mn,AsOq goF 11 polycrystalline samples.

Two series of polycrystalline La;_,Y,Fe;_ Mn,AsOq goFg 11 samples have
been studied: the first one with fixed y = 20% yttrium content (LaY20 here-
after) and nominal Mn contents ranging from x = 0% to 20%, while the
second one was prepared with fixed x = 0.5% Mn content and y = 0.5%, 1%,
5%, 10%, 20%, 23% yttrium contents (LaYMnO5 hereafter).

For further details about the experimental technique see Section 2.3.3.
Figure 4.3a shows the typical time dependence of the ZF uSR asymmetry at
different temperatures for the samples that display a magnetic order below
T,, while in Fig. 4.3b the evolution of the T=2 K asymmetry upon increasing
Mn doping is reported. The time evolution of the muon asymmetry could be
fit with the standard function (see Section 2.3.3):

A(t) = Ao [fie™ " + .Gt B)] (4.1)

where Ap is the initial uSR asymmetry, while f; and f, are the longitudi-
nal (B, || S,) and transverse (B, L S,) fractions of the asymmetry, respec-
tively. The function G(z, B,) determines the time dependence of the trans-
verse component, whereas the longitudinal one decays exponentially with a
decay rate 1. In our case we found that both in SmMn1111 and YLal111l
G(t, B,) = exp(=A.1).

At high temperature (T > 30 K) the samples of the LaY20 and LaYMnO5
series are in the paramagnetic regime and the muon asymmetry can be fit
by setting f, =0, with decay rates 1 ~ 0.09 us~'. Upon decreasing the
temperature a fast decaying component f, emerges in LaY20 samples with
x > 10%, evidencing the presence of overdamped oscillations in the muon
asymmetry. An analogous trend was also observed in the SmMn samples
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Figure 4.5: The values of AB at 2 K, for all the samples showing a magnetic
order (see Fig. 7), obtained from the fit of the muon asymmetry to Eq. 4.1. The
dashed line is a guide to the eye. (b) The magnetic volume fraction temperature
dependence is shown for y = 20% and x = 10%, 15% and 20%. The solid lines
are best fits to Eq. 4.3.

for x > 2% while no traces of magnetism (f, > 0) have been detected in
LaYMnO5 down to 2 K.

A similar behaviour has been observed for samples close to the boundary
between magnetism and superconductivity [173, 174] and reflects the pres-
ence of a significant distribution of local magnetic fields, typically observed
when a short range AF magnetic order develops [173]. The sample mag-
netic volume fraction V,,, namely the fraction of the sample volume where
the muons sense the magnetic order, can be derived from f|, in fact, from
simple geometric arguments (see Section 2.3.3) in a polycrystalline sample
with a 100% magnetic volume fraction, f; = 1/3. Then V,, can be determined
by:

Vin(T) = 3/2(1 = fi(T)) . (4.2)

The temperature dependence of V,, (Fig. 4.5b and 4.4b) indicates that the
full magnetic volume condition is reached only at low temperatures for all
the magnetic samples: LaY20 with x > 10% and SmMn with x > 3%.

The width of the internal field distribution AB, can be roughly estimated
as AB,, = A,/y,. The values of AB, obtained from the fit of the data with
Eq. 4.1 (~10 mT) are shown in Fig 4.5a. In SmMn instead the typical value
of AB, is 50 mT (see Fig. 4.8).

The static character of the magnetism developing at T < T,, has been
confirmed by LF uSR experiment which have shown that a field of about 100
mT is enough to completely recover the initial muon asymmetry at 2 K in
LaY20 while a ~400 mT field is needed in SmMn (see Fig. 4.4a), as expected
for the larger value of AB,,.
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Figure 4.6: Phase diagram of LaFe;_,Mn,AsOgg9Fo.11 (LaYO, top) and of Lag g-
Yo.2Fe1-xMn,AsOp goFo.11 (LaY20, bottom). The red and blue shaded areas are
the superconductive and the magnetic phases, respectively.
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Figure 4.7: Critical temperatures for the LaYMn05 samples. The dashed line is
a guide to the eye. Inset: T.(x)/T.(x = 0) versus the Mn content normalized by
the critical Mn doping causing the vanishing of T..

125



4. Effects of impurities in electron doped Iron Based Superconductors

50 -84—0 L™ . ABp—»_ 150

[ - TN

40}

S 4100
< 30§ =
= 0| E

© 20 Q : @
= 1 . s 450
10} ? 8 |
1
lee . B o
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

x(Mn)

Figure 4.8: Magnetic ordering Ty (e) and critical superconducting temperature
T. (¢) vs Mn content x in the SmFe;_ Mn,AsOg gsFo.12 samples. The internal
field widths AB,, () are also reported (right scale). The magenta squares represent
the results from theoretical calculations carried out by Gastiasoro et al. [267] (see
Section 4.1.2.2).

The magnetic ordering temperature can be estimated by fitting V,,(T) to

the error function
1 T-T
Vi (T) = —(1—erf( ”’))
2 \2AT,,

which assumes the presence of a Gaussian distribution of local transition
temperatures centered around the average value T,,. The value of T,, and T,
as a function of Mn, measured from ZF-uSR and SQUID magnetometry, are
reported in the phase diagrams presented in Figs. 4.6, 4.7 and 4.8 (T, data
come from SQUID and TF-uSR).

These measurements show that the substitution of La with Y causes a
sizable increase of the critical Mn threshold x. required to suppress super-
conductivity, with an increase from 0.2% to 4% on raising the Y content
from O to 20%. This x. boost is comparable to that first observed by Sato
et al. [255] when a smaller lanthanide substitutes La (x. ~4% for Nd and
x. ~8% for Sm, see Fig. 4.8)

The results on LaY20, where La is partially substituted by the smaller
but non-magnetic Y ion, clearly evidence that the electronic properties of
LaFeAsQq goFo.11 are significantly affected by the chemical pressure induced
by the different radii of the lanthanide ions on the FeAs planes. The effect of
the chemical pressure is further evidenced in Fig. 4.7 showing 7. as a function

(4.3)
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of the La/Y substitution in La;_,Y,Feg 995 Mng go5AsOg g9Fo.11. Superconduc-
tivity, suppressed by just x. = 0.2% Mn doping for the Y free compound, is
gradually restored by increasing the Y content, which correspond to increas-
ing the chemical pressure.

Differently from the LaFe; ,Mn,AsOq goFo.11 case (LaYO hereafter) where
T, drops very fast and the disappearance of T, corresponds to the rise of
magnetism [248], for LaY20 a crossover region where both T, and T,, are
zero is observed for 4% < x < 6% where the samples are neither magnetic
nor superconductive. This suggests that chemical pressure is driving the
system away from the QCP also revealed by NQR "°As 1/T; .

4.1.2 The nature of the LaFe;_,Mn AsOg goF( 11 magnetism
revealed by ZF-NMR and NQR

In order to understand the mechanism responsible for the T, suppression it
is essential to figure out what is the nature of the magnetic order develop-
ing at Mn contents larger than x.. In fact the critical Mn concentration in
LaFe;_,Mn,AsOq goFo 11 x. = 0.2% is so low that no significant Mn induced
hole doping is possible and also Mn impurities are too few to completely curb
superconductivity by acting as magnetic scattering centres [248]. On the
other hand the shift of the magnetic ordering wave vector from (r, 0); (0, 7)
to (m, ) observed in 122 compounds [263] suggests that the magnetic Mn
impurities may suppress the stripe type fluctuation which are thought to be
an essential ingredient for the appearance of the superconducting state (see
Section 1.3). Furthermore recent theoretical calculations by Giovannetti et
al. [49] showed that also the orthomagnetic order, characterized by a /2 ro-
tation of the adjacent spins, could be present in LaFeAsO related compounds.

A powerful approach to understand the type of magnetic order present
in the Mn doped Lrn1111 compounds is the measurement of the ZF-NMR
spectra. As extensively explained in Section 2.2 this method was also used to
probe the magnetic order in underdoped LaFeAsO and BaFe,As,. In fact with
this technique we directly probe the internal field generated by the ordered
Fe/Mn moments on the "®As nuclei.

However, in order to correctly interpret the experimental ZF-NMR data,
it is useful to first simulate the internal field expected at the "°As site for
different types of magnetic order and for several Mn concentrations.

4.1.2.1 Internal field calculations and Madssbauer

Both the long range dipolar interaction and the short range transferred hy-
perfine interaction between the As nucleus and magnetic moments on the
four nearest neighbor Fe ions have been considered in the calculations. The
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Figure 4.9: Simulated (see text) distribution of internal fields on the
As site (main panels) and simulated As ZF-NMR spectra (left insets) of
LaFeg.995Mng.005AsOg.g9Fp.11 in case of orthomagnetic order (a) and stripe or-
der (b). In this simulation Mn impurities takes part to the magnetic ordering so
their moments have the same orientation of the magnetic moment of the substi-
tuted Fe ion, pictorially shown in the right insets. The effect of the Mn moments
can be directly seen in the orthomagnetic order simulated spectrum and gives rise
to the small splitting of the NQR-ZFNMR line.

internal field can be written as the sum of the contributions from each one
of the Fe sites:

Hint = ZAi - my (4.4)
;

where m; is the ordered electron moment at the i-th Fe site and A; is the
nuclear-electron hyperfine coupling tensor between the As nucleus and i-th
Fe site. We considered only the contributions due to the Fe sites in the same
plane of the As nucleus since the contribution to the internal field from the
other Fe-As layers is vanishingly small due to the r~3 scaling of the dipolar
coupling (see Section 2.1.2.2). The diagonal components of the symmetric
transferred hyperfine interaction tensor for the four nearest neighbour Fe
sites (Fig. 4.9, insets) was derived from "°As Knight shift measurements while
two of the three off diagonal components can be derived from the strength
of the internal field in the stripe order configuration, as reported in Ref. [66].
Since we are only interested in understanding which types of order give rise
to spectra in qualitative agreement with the measured ones, we used the
values of the transferred hyperfine tensor components reported in Ref. [268]
and chose mp, = 0.36 up for the Fe magnetic moment and my;,, = 4 up for the
Mn magnetic moment. The third off-diagonal component of the transferred
hyperfine coupling is relevant only in case of Néel order and was chosen
equal to the stripe one. The distribution of the internal fields for each type of
magnetic order was calculated by randomly substituting Mn (for x = 0.5 %)
on the Fe site in a 24 x 24 size mesh and repeating the calculation 10° times.
The spectra were then obtained by diagonalizing the Zeeman-Quadrupole
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Figure 4.10: (a) Temperature dependence of the hyperfine magnetic field, By,
for x = 0.5 % as derived from Mossbauerspectra. The red solid line tracking the
order parameter is a phenomenological fit of Bj, with Bj, = 3.3(1—(T/T,»))? where
T, =100 K and B = 0.17.(b) Mossbauer spectra for the x = 0.5% compound at
a few selected temperatures both above and below T,,. Measurements carried out
by P. Materne, H.-H. Klauss at the Dresden TU.

Hamiltonian:

eQVzz

H = Hzeeman + 7'(Q = —yhHi, - 1 + T

B2 =17+ n(12 = 15)] (4.5)
for each value of the magnetic field and applying magnetic dipole selection
rules. The results for orthomagnetic (see [49]) and stripe order are reported
in Fig. 4.9.

For the orthomagnetic order we found H;,; ~ 0 while for the usual stripe
order instead we found a ~ 1.6 T field from which we obtained a simu-
lated ZF-NMR spectrum (inset of Fig. 4.9b) analogous to that observed in
LaFeAsO [68] (see Fig. 2.13b).

In case of Néel order instead the internal field is found to be H;,: > 1 T.
However in this magnetic structure the field is parallel to a and the splitting
between the ZF-NMR lines is half of the one observed for the stripe order.

Another possible type of magnetic structure is the spin-charge order [49]
which should give rise to two inequivalent iron sites. However this is in con-
trast with the Mossbauer measurements (see Fig. 4.10) which reveal only one
iron site and so it was discarded a priori. TheMd6ssbauer measurements also
confirmed that the EFG asymmetry 7 is zero, as expected due to the tetrago-
nal unit cell of LaFeAsO, and thus all the calculations have been carried out
with n = 0.

4.1.2.2 ZF-NMR measurements

In order to carry out the NMR experiments the polycrystalline samples were
crushed to a fine powder to improve radio frequency penetration. Since "°As
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Figure 4.11: Comparison of the "®As Zero-Field NMR spectra between the
LaFeAsO parent compound and LaFe;_ Mn,AsOg goFp.11 for x = 0.5 % (green)
and 0.75 % (red). For clarity the intensity of the spectra for the Mn-substituted
compounds are multiplied by 4. Inset: sketch of the magnetic unit cell for the
stripe order (the red arrows represent the Fe magnetic moments directions while
the magenta arrow corresponds to the orientation of the internal field at the As
site)

is a spin I = 3/2 nucleus, above T,,, the NQR spectrum is characterized by a
single line at a frequency given by Eq. 2.16:

0y, )" 4o

T 3
with Q the electric quadrupole moment of the "As nucleus, Vzz the main
component of the electric field gradient (EFG) tensor at the As site generated
by the surrounding charge distribution and 7 its asymmetry. Since LaFeAsO
is tetragonal = 0 and c¢ is the quantization axis. The broadening of the line
is mainly due to the disorder present in the system since the EFG strongly
depends on the local charge distribution.

Below T,, however, in case of a stripe magnetic order, an internal field
Hint || ¢ is present at the As nuclei and we can perform standard NMR exper-
iments with the only difference that the magnetic field is not provided by an
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external magnet but by the magnetic ordering of the Fe moments (ZF-NMR).
Even if below T,, the unit cell could become orthorhombic the asymmetry
n is still small (p ~ 0.15) as reported in Ref. [108] and confirmed by the
Mossbauer measurements.

The ®As NQR and ZF-NMR spectra of the LaFe;_,Mn,AsOq goFo 11 sam-
ples (x=0.5%, x=0.75%) were derived by recording the integral of the echo
signal after a /2 — 7, — n pulse sequence as a function of the irradiation fre-
quency. All the ZF-NMR spectra were measured with exactly the same set-up
and coil filling factor in order to compare the relative intensity of the lines.

The "°As ZF-NMR spectra have been measured in the 6-26 MHz range for
T=8 K. In these samples T,, ~ 80 K for x=0.5% and T,, ~ 65 K for x=0.75%.

Both the spectra of the LaFeAsO parent compound and of the x=0.75%
sample are characterized by two peaks above 5 MHz (see Fig. 4.11), which in
the latter compound are rigidly shifted to lower frequencies and broadened.
The peaks are associated with the m; = 1/2 - m; = -1/2 and m; = -1/2 —
m; = —3/2 transitions, with m; the component of the nuclear spin / along
the quantization axis, which in the case of the stripe order, as it is the case
for LaFeAsO, is along the ¢ axis. The frequency shift between the two peaks
is thus given by the nuclear quadrupole frequency determined by the local
charge distribution, which at 8 K is vp = 8.8 MHz both for LaFeAsO and for
the x = 0.5% and 0.75% samples.

The only magnetic structure compatible with the observed experimental
results is the (7,0) or (0,7) stripe ordering as can be seen comparing the mea-
sured spectrum with the simulated ones reported in Section 4.1.2.1. In addi-
tion, one must notice that the linewidth induced by the magnetic disorder is
three orders of magnitude smaller than the measured one. This prediction is
in good agreement with the observation that no significant change is induced
in the line width by increasing the Mn content from 0.5% to 0.75%. Con-
versely, as it can be seen in the NQR spectra (see Fig. 4.14) fluorine doping
has a strong effect on the line width. This implies that the line broadening
of LaFe;_,Mn,AsOg goFo.11 (x=0.5% and 0.75%) with respect to LaFeAsO is
mostly due to the disorder induced by F doping and possibly by the magnetic
disorder related to the formation of (0,7) and (7,0) magnetic domains that
get pinned by the Mn impurities. Furthermore some additional internal field
disorder is also generated by the structural discorded due to the F doping, in
fact it was also observed in the ZF-uSR measurements carried in underdoped
LaFeAsO;_,F, [18].

It must be noted that however we cannot completely rule out the presence
of an incommensurate magnetic order with magnetic wave vector very close
to the stripe one. In fact the incommensurability leads to a broadening of
the ZF-NMR line, which, in this case, would be impossible to observe since it
can be much smaller than the line broadening due to fluorine doping.

The position of the low-frequency peak (v.), associated with the
1/2 —» —1/2 transition, is determined by the magnitude of the hyperfine
field at ®As, and one can write that v, = (y/27)|AS)|, with y the ®As
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Figure 4.12: a): "As (majority signal) and *°La NMR spectra of
LaFe;_xMn,AsOggoFo.11x=0.5% at T = 10 K and poHp = 8 T. b): "As and
1391 5 spectra of LaFeAsO at the same temperature and applied field. c): Same
as (a) but also including the high frequency minority signal (enhanced 10x for
readability). Inset: pictorial representation of the Fe layer with Mn impurities. d)
Intensities of the hyperfine magnetic fields at the As (Hint As) and Fe (Hin: Fe)
(8 K) and T,, in LaFe;_xMn,AsOg goFp.11 (x = 0.5% and x = 0.75%) normal-
ized to those measured in undoped LaFeAsO. The reference values measured in
LaFeAso are: T,, = 145 K, Hij,t As =1.6 T and H;,; Fe=5 T.

gyromagnetic ratio, A the total hyperfine coupling tensor and (S) the av-
erage electron spin, corresponding to the magnetic phase order parameter.
Accordingly, the low-frequency shift of the two peaks in the sample with
x = 0.75 % would indicate a reduction of the order parameter to about
80% of the value found for LaFeAsO. The sample with x = 0.5 % displays
a very similar behavior with a moderate increase in the low-temperature
order parameter, which is probably related to its slightly higher magnetic
transition temperature (T,,) [248].

The temperature dependence of Mdossbauer spectra for the x = 0.5 %
sample (Fig. 4.10a) shows that in the low temperature limit the internal field
at the Fe site is of about 3.5 T, i.e. the magnitude of the order parameter is
reduced to about 70% of the value found in pure LaFeAsO [269, 270, 79], in
qualitative agreement with what we derived above from ZF-NMR.
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Figure 4.13: The orthorhombic volume fraction temperature dependence mea-
sured through X-Ray diffraction in LaFe;_ Mn,AsOgg9Fo.11 (x=0.5%).

We have performed a quantitative estimate of the amount of nuclei con-
tributing to the x = 0.75 % sample ZF-NMR spectrum in Fig. 4.11 by compar-
ing its integrated intensity with that of the LaFeAsO sample, where 100 %
of the sample is in the stripe collinear phase. We found that 95 + 5 % of the
x = 0.75% sample is in the stripe order.

In order to further check if there is a small (< 5 %) fraction of ®As nuclei
that we are missing, °As NMR measurements in a 8 T magnetic field have
been carried out. In Fig. 4.12c the powder NMR spectrum displays a large
fraction of nuclei with a spectrum broadened by the internal field developing
in the stripe phase (cyan diamonds) as well as a small fraction of about
3+1 % of "°As nuclei with a significant NMR shift towards higher frequencies
(yellow circles). These latter nuclei are likely the ones close to Mn impurities
where a large hyperfine field is expected. For x = 0.5% there are 2% of As
nuclei which are nearest neighbors of a Mn impurities, a value very similar
to the one we found.

Hence, the introduction of Mn suppresses superconductivity and leads
to the recovery of the stripe magnetic order found in the parent LaFeAsO
compound, as also confirmed by the powder NMR spectrum (Fig. 4.12a,b)
which is strikingly similar to that of LaFeAsO.

4.1.2.3 NQR measurements

Further insights on the nature of the magnetic ground state developing below
100 K in Mn doped LaFeAsQOg ggFp 11 (x>0.2%) can be grasped by studying
the temperature dependence of the "°As NQR frequency. vy (Fig. 4.15 shows
a jump on passing from just above T,, ("°As NQR) to below T,, ("°As ZF-
NMR) which is very similar to the one detected [108] in LaFeAsO. This abrupt
change in v is associated with the orthorhombic distortion.
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Figure 4.14: a) "As NQR spectra of LaFe;_Mn,AsOq goFo.11 for different Mn
contents, measured at 7 = 77 K for x < 0.2 % and T = 100 K (above T,,)
for x > 0.2 %. The solid lines are fits to a sum of two Gaussian functions. b)
Frequency of the low (blue diamonds) and high energy (red pentagons) peaks as
a function of Mn content. The dashed lines are a guide to the eye. c) Weight of
the low frequency peak as a function of Mn content, the dashed line is a guide to
the eye.

0 50 100 150 200 250 300
Temperature (K)

Figure 4.15: Quadrupolar frequency, vg, as a function of temperature for the

LaFeAsO (blue circles, data from Ref.[108]) and LaFe;_,Mn,AsOgq goFp 11 with

x = 0.75 % (red triangles). For the latter the point above T, is taken as the fre-

quency of the low-frequency peak of Fig. 4.14a. The arrows indicate the magnetic

transitions, while the red solid line is a guide to the eye.
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Therefore, the observation of a similar change in vy for the x = 0.5-0.75%
compound indicates that when the stripe magnetic order is recovered by
Mn doping the tetragonal - orthorhombic (T-O) structural transition is also
recovered, confirming that this transition is closely related to the onset of
large stripe magnetic correlations (see Section 1.3). Recently we also carried
out high resolution X-Ray diffraction measurements at the ESRF synchrotron
in Grenoble which also confirmed the presence of a T-O distortion for the
samples with x>0.5% with T,,;,>T,, (Fig. 4.13).

Another relevant aspect emerge from the study of the Mn content de-
pendence of the "®As NQR spectra. As can be seen in Fig. 4.14, the spec-
tra, measured at 7 = 77 K for x < 0.2% and at T = 100 K (above T,,)
for x > 0.2%, display a clear shift towards lower frequency with increas-
ing Mn content (see Fig. 4.14b) and a rapid change in the intensity of the
low-frequency peak for x>0.2 %. It is worth to note that for x>0.2 % the
frequency of the dominant low frequency peak perfectly matches that of the
paramagnetic phase of LaFeAsO (see Fig. 4.15 and 4.14b), indicating a simi-
lar electronic ground state. According to Lang et al. [166, 168], the low and
high-frequency NQR peaks should be associated with nanoscopically segre-
gated regions with different electron doping levels (see Section 2.2.1). In
particular, the low-frequency peak should be associated with a lower elec-
tronic concentration of weakly itinerant electrons. Hence, the increase in
the magnitude of the low-frequency peak above x = 0.2 % indicates a ten-
dency towards electron localization. This finding is also corroborated by the
rapid increase of the electric resistivity as a function of Mn content previ-
ously observed [255, 271] across the metal-insulator crossover taking place
around x = 0.2%. A similar rise in resistivity was also observed [272] in
LaFeAsO;_,F, with decreasing F content.

4.1.2.4 Theoretical model

In order to clarify from a theoretical point of view the origin of the dramatic
effect of Mn doping in LaFeAsOqgoFp.11, M. N. Gastiasoro carried out real
space calculations using a realistic five band Hamiltonian [267, 46].

This model of LaFe;_,Mn,AsOqgoFg11 includes both a realistic (five-
orbital) model of the kinetic energy

7—[O = Z t I#O.é\_]VO' — Mo Z ﬁi/.w', (47)
ij,uv,o iuo

with tight-binding parameters determined in Ref. [273], and electronic in-
teractions given by the multi-orbital Hubbard Hamiltonian

N , J A oA
Hins = UZ iy Niy) + U - _) Z Nipo iy’ (48)
i,u<v,oco’
- 2J Z Sl/l Sn/ + J Z I/JU'CI/J(}C”/O—C“/O-’
iu<v i,u<v,o

135



4. Effects of impurities in electron doped Iron Based Superconductors

(a) (b)

e - m(r) y

Figure 4.16: (a) Induced magnetic order m(r) for 0.55% Mn moments and (b)
its Fourier transform |m(q)|. (c) Local phase map 6(r) = arctan(|c1(r)|/|c2(r)])
showing the ordering vectors on the lattice: 6 = 0 and /2 for single-Q Q; (blue)
and Q; (red) domains respectively, and 6 = 7/4 for double-Q regions (white). The
coefficient associated with Q1 (Q2), ¢;(r) = X, ¢, expli(gn — Q1)r], was calculated
by a filtered Fourier transform with the {g, } wave vectors contained inside the blue
and red squares shown in panel (d). The inset illustrates the definition of the local
phase 6(r).

Here u, v are orbital indexes, i denotes lattice sites, and o is the spin. The
interaction includes intraorbital (interorbital) repulsion U (U’), the Hund’s
coupling J, and the pair hopping energy J’. We assume U’ = U - 2J, J' = J,
and choose J = U/4. Superconductivity is included by a BCS-like term

s == 3056+l -
i#j,uv
with Ai‘}” = Yap Fﬁ;(rij)<é\jﬁlé\ia'r> the superconducting order parameter,

and Fﬁ;(rij) denoting the effective pairing strength between sites (or-
bitals) i and j (u, v, @ and B). In agreement with a general s* pairing
state, the next-nearest neighbor (NNN) intra-orbital pairing was included,
Iy, = Fﬁﬁ (rann). Magnetic disorder modeling the Mn moments is included

by Himp = I iy uor O'Syc;iwci* uo> Where S, is magnetic moment in orbital u
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Figure 4.17: Superconducting critical temperature T, as a function of magnetic
impurity concentration for strong (u = 0.97) and weak correlations (u = 0). In

the weak correlation case the value of T, is in good agreement with the prediction
from the Abrikosov-Gorkov theory [276]. Figure adapted from [267].

at the disorder sites given by the set {i*} coupled to the spin density of the
itinerant electrons.

In Ref. [267] it was already demonstrated that in this framework the en-
hanced spin correlations developing around Mn severely speed up the reduc-
tion of T, driven by the magnetic disorder, and may quench the entire super-
conducting phase already at Mn concentrations below 1%. The Mn moments,
while substituting random Fe positions, orient their moments favourably to
generate a long-range ordered SDW phase which minimizes the total free
energy of systems at the brink of a SDW instability [274, 275].

The total magnetization for a collection of 0.55% Mn ions randomly
placed in the square Fe lattice is shown in Fig. 4.16. This concentration
of Mn is able to fully suppress 7, and spin polarize all Fe sites (which were
all non-magnetic without Mn impurity ions). The Mn-induced magnetic or-
der existing in the inter-impurity regions is long-ranged as reproduced by
the sharp peaks in Fig. 4.16b, which are absent in the Mn free compound. A
small fraction of the sites, roughly corresponding to the Mn sites and to their
nearest-neighbors (amounting to ~ 5% of the lattice) exhibits a significantly
larger moment, in overall agreement with the above discussion of the °As
NMR data (see Fig. 4.12c).

The magnetic order generated by Mn doping is efficiently stabilized due
to correlation-enhanced RKKY exchange couplings between neighboring Mn
ions. The structure of the induced order is thus dictated by the susceptibility
of the bulk itinerant system which, in the present case, is peaked at Q; =
(7,0) and Q> = (0, ) regions. In Fig. 4.16c we provide a real-space map of
the dominant momentum structure by utilizing a filtered Fourier transform
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Figure 4.18: a) 1°F nuclear magnetization recovery for several LaY20 samples
at 22K, around the 1/T; peak, for different values of x (see legend). The solid
lines are fits to Eq. 4.10. b) Temperature dependence of the stretching exponent
B used to fit the longitudinal nuclear magnetization recovery for x = 2.5% in
Yo.2Lag.gFe1—xMn,AsOq goFo.11.

illustrated in Fig. 4.16d. As can be seen, the system breaks up into regions of
single-Q domains, i.e. either Q; or Q> dominated regions. This is consistent
with the presence of a (reduced) orthorhombic transition associated with the
Mn-induced magnetic order, as found by "°As NQR.

Notably the model is also able to qualitatively explain the reduced Mn ef-
fect in the Yq 2Lag gFe;_,Mn,AsOq goFo.11and SmFe;_,Mn,AsOq ggFg 1osamples
where the chemical pressure is higher. It fact it has been shown that in this
framework chemical pressure reduce the electronic correlations leading to
an increase of x. (see Fig. 4.17).

Finally it should be remarked that the results clearly show that there is
a critical concentration of Mn above which the system leaves the SC phase
and is back to the stripe phase which also characterize the undoped LaFeAsO.
The critical concentration inferred from the calculation is in good agreement
with the experimental one. While the mean distance between Mn impurities
is obviously an important parameter it should be remarked that the recovery
of magnetism is a collective and non-local effect so the number of Mn ions is
a particular region of the system (e.g. magnetic domains) is not so important.

4.1.3 Low frequency fluctuations in LaFe;_,Mn,AsQOq9Fo 11
and Yq,LaggFe;_.Mn AsOqg9Fp 11

Further insights on the effect of Mn in LaY0O and LaY20 can be derived from
the analysis of the !°F NMR spin-lattice relaxation rate. Y for La substitution
allows to vary the chemical pressure without introducing paramagnetic lan-
thanide ions (e.g. Sm) which would significantly affect 1F NMR 1/7; [277].
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19F NMR measurements were performed at low magnetic fields, H < 1.5
Tesla. The spin-lattice relaxation rate was estimated by following the re-
covery of nuclear magnetization M, () after a saturation recovery sequence.
Since 19F is a spin 1/2 nucleus the recovery (see Fig) was fit according to
simple exponential function:

M.(7) = Mo[1 — f e/, (4.10)

where all the symbols have the usual meaning.

The stretching exponent 8 was found to be 1 for T > 80 K and decreased
to about 0.5 at low temperature (see Fig. 4.18). This behaviour indicates the
presence of a distribution of spin lattice relaxation times which is a common
feature of disordered systems [195] and in our case it is probably due to
the different inequivalent impurity configurations resulting from Y and Mn
doping. In fact, the low temperature values of B get smaller on increasing
the Mn content, namely the number of impurities.

The temperature dependence of 1/7; in LaYO and LaY20, for Mn contents
ranging from x = 0% up to x = 20%, is shown in Fig. 4.19 and Fig. 4.20, re-
spectively. While at high temperature 1/7; displays a linear Korringa behav-
ior typical of weakly correlated metals, below 80K the spin lattice relaxation
rate progressively increases upon cooling, giving rise to a broad peak around
25 K. It is remarked that this increase starts well above T, and well above T,,
for the magnetically ordered samples.

Insights on the nature of the peak can be gained by observing its evolution
upon changing the magnitude of the external magnetic field Hy. Measure-
ments in a lower field of 0.75 T (see Fig. 4.21) revealed that while at high
temperature 1/7; is only weakly field dependent, the magnitude of the peak
at ~25 K is significantly enhanced, which is exactly the behaviour expected
for slow dynamics with a characteristic frequency in the MHz range, close to
the Larmor frequency wqg (BPP law, see Section 2.1.6.1).

The introduction of increasing Mn contents gives rise to a progressive
enhancement of the peak magnitude, suggesting that the presence of param-
agnetic impurities strengthens the low-frequency dynamics already present
in the pure compound (see Fig. 4.20).

This peak should not be ascribed to the slowing down of the critical fluc-
tuations on approaching 7,,, which are present only in the magnetic samples
and give rise to a steeper increase in 1/77 only at lower temperatures. In fact
behavior of 1/77 in LaY20 below 25 K depends on the Mn doping level: in
samples with Mn doping below 10% the spin lattice relaxation rate decreases
with lowering temperature, while for samples with higher Mn doping we ob-
served a steep increase of 1/T; with a divergence at temperatures approach-
ing the magnetic transition temperature determined by uSR (see Fig. 4.20).
This behavior is associated with the critical divergence of the spin correla-
tion length on approaching the magnetic transition, which yields a power
law divergence of 1/Ty « (T — T,,)~“.
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Figure 4.19: Temperature dependence of F NMR 1/T; for

LaFe;_yMn,AsOq goFg 11with x up to 0.2%. The solid lines are fits to
Eq. 4.12.
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Figure 4.20: Temperature dependence of °F NMR 1/T; for

LaggYooFe1 xMn,AsOggoFo11 for Mn doping levels up to x =20%. The
solid lines are fits to Eq. 4.12.
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Figure 4.21: (a) °F NMR 1/T; temperature dependence in the x = 0.1% LaY0
sample (x =0.1%) at two different magnetic fields: 0.7 and 1.5 Tesla. Dashed
lines are fits according to Eq. 4.12. (b) The same as (a) but for a LaY20 sample
(x =20%).

In order to fit the 1°F 1/7; temperature dependence we adopted the BPP
law, (Section 2.1.6.1) as suggested by the field dependence of the peak. This
approach is often suited to describe 1/7; in presence of hyperfine field 7(r)
fluctuations approaching the Larmor frequency wg, namely in the MHz range.

In this framework the spin lattice relaxation rate takes the form (see Sec-
tion 2.1.6.1):

1. YO (1) (4.11)

T + Wit (T)?’
where 7.(T) is described by a thermally activated law 7.(T) = 19 exp(E,/T),
where E, is the energy barrier and 1y the correlation time at infinite temper-
ature. However, monodispersive fluctuations cannot explain the broad peaks
observed in Mn doped compounds.

A much better result can be obtained by considering a distribution of
energy barriers, and thus of correlation times, associated with the irregular
distribution of Mn impurities. For simplicity, the energy barrier distribution
was taken as squared, centered around E, and with a width A. Accordingly
Eq. 4.11 takes the form [279]:

1 y2<k2>T

]Tl = W[arctan(wome

- arctan(wo‘roe(<E“>_A)/T)] +cT

(<Ea>+A)/T)
(4.12)

where a linear Korringa-like term ¢7 was added to account for the high tem-
perature behaviour. Eq. 4.12 was used to fit the 1/7; data for all samples of
the LaYO series and the sample of the LaY20 series with Mn contents lower
than 8%, while for samples with higher Mn doping a term proportional to
(T — T,,)"® was added to take account the divergence of 1/7; at the mag-
netic phase transition (see Fig. 4.20). The critical exponent was found to be
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Figure 4.22: Parameters extracted from the fit of 1/77 to Eq. 6 as a function of
the Mn content for the LaY20 series (filled symbols, bottom horizontal axes) and
for the LaYO series (open symbols, top horizontal axes). Top panel: mean value
of the local fluctuating magnetic field i, (left) and correlation time 7o (right).
Bottom panel: energy barrier E, (left) and width of the energy barrier distribution
A (right).

a =~ 1 both for x = 10% and for x = 15%. Since in quasi-2D antiferromagnets
1/Ty ~ &% [280], with & « (T — T,,)”” the spin correlation length and z and v
scaling exponents close to the unity [281], the value derived for « appears
to be quite reasonable. For the LaY20 sample with Mn content x = 20% the
divergence due to magnetic ordering and the broad BPP peak overlap mak-
ing it impossible to obtain a reliable fit on the whole temperature range, so
only the high temperature data were fitted with Eq. 4.12.

The values of the fit parameters for both the series is reported in Fig. 4.22.
As can be seen, in the LaY20 series, the mean value of the energy barrier E,
is nearly constant as a function of Mn and the variation of the correlation
time 7y of the spin fluctuations is small, in the range of 0.1-0.4 ns. In the
LaYO series A increases with x suggesting that the Mn leads to a distribution
of activation energies which reflects a strong inhomogeneous electronic en-
vironment, even at very small Mn doping levels. Conversely for the LaY20
system this distribution is nearly constant and probably dominated by the
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disorder induced by the large amount of Y introduced in the system.

The most significant change is the increase in the amplitude of the local
fluctuating field (< 42 >)'/2 with x, which indicates that the strength of the
local spin susceptibility in the FeAs plane becomes progressively enhanced
by Mn doping.

4.1.3.1 'FNMR line width

Further indications of the enhancement of the local spin susceptibility is pro-
vided by the analysis of the temperature dependence of the °F NMR line
width (see Fig. 4.23), which is directly related to the amplitude of the stag-
gered magnetization developing around the impurity.

Av was derived from the Fast Fourier Transform of half of the echo signal
after a Hahn spin-echo pulse sequence. As it can be seen in Fig. 4.23b by
increasing the Mn content a marked increase of Av is observed. The data
reported were fitted with a Curie-Weiss law:

C

Av = (Av)y + 726" (4.13)
The temperature independent term Avy ~ 14 kHz estimated from the fit of
the data up to 7T = 300 K, is in very good agreement with the value 13.5 kHz
estimated for the nuclear dipole-dipole interaction derived from lattice sums
(method of moments, see [137]). About 80% of the second moment is due
to F-La nuclear dipole interaction and about 19.5% to F-F interaction, while
only a minor contribution arises from F-As interactions.

This term practically does not change by increasing the Mn doping since
the lattice parameters vary by less than 1.2% between x = 0 and x = 20% and
the dipolar contribution of ®*Mn nuclei for x = 20% would cause a change
by less than 1% in the linewidth. The results of the fits in LaY20 are summa-
rized in Table. 4.1. Both the Curie constant and the Curie-Weiss temperature
increase as a function of Mn, indicating that the insertion of Mn strengthens
the spin correlations.

We also observed, comparing the °F Av for LaYO0 and LaY20 with similar
Mn doping, that the linewidth is unambiguously larger in the sample without

Table 4.1: Curie constant C and Curie-Weiss temperature 6 obtained from the
analysis of the temperature evolution of the °F NMR line width Av shown in
Fig. 4.23b for Lao.gYo'QFel_anxASOO,ggFo.ll.

Mn (%) C (kHz:K) 6 (K)
1 300£30 4=+1
4 490+£20 11+1
15 870+20 16+1
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Figure 4.23: a) 1°F NMR line full width at half maximum Av in the x = 0.2%
LaY20 sample (blue diamonds) and in the LaY0 x = 0.3% sample (red squares).
Solid lines are best fits according to a Curie-Weiss law (see text), while the arrows
indicate the 7. of the two samples. b) F NMR full width at half intensity for
three representative samples of the LaY20 series. Solid lines are best fits according
to a Curie-Weiss law while the arrows indicate T, of the x=1% sample (green
arrow) and T, of the x=15% sample (orange arrow). Inset: a typical 19 F NMR
spectrum (x=4%, y =20%, T =11 K).

Y, as it can be seen in Fig 4.23a. The fits clearly show that C increases by a
factor 3 and that ® increases from about 3 K to 11 K between the x = 0.3%
LaY20 sample and that the x = 0.2% LaYO sample. This indicates that, the
staggered magnetization regions are much larger around the Mn impurities
in LaYO confirming that this compound is much closer than LaY20 to the
QCP and the spin correlations are so strong that, owing to the enhanced spin
susceptibility at Q = (x,0), the effect of a tiny amount of impurities extends
over many lattice sites, giving rise to a sizable RKKY coupling among them
which abruptly destroy superconductivity and restore the stripe magnetic
order (see Section 4.1.2.2).

4.1.4 Conclusions

We presented a comprehensive study on the effect of Mn doped Ln1111
compounds. We discovered that the very fast T, suppression observed in
LaFe;_,Mn,AsOq g9F¢ 11 upon Mn doping is concomitant to the reappearance
of the static stripe (,0);(0,7) magnetic order present in undoped LaFeAsO.
Together with stripe magnetism also the tetragonal to orthorhombic struc-
tural transition is recovered. The electronic ground state observed in the
magnetic LaFe;_,Mn,AsOq goFo.11 through "°As NQR spectra is also strikingly
similar to that of the undoped compound. These observation strongly indi-
cates that a huge localization effect is induced by tiny amounts (~ 0.5%) of
Mn impurities in optimally electron doped LaFeAsOq g9Fp 11 which is able to
completely overcome the effect of the 11% F doping thus restoring the lo-
calized ground state of the undoped compound. We observed that a realistic
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five band Hubbard model [267] is able to nicely explain all our experimental
findings.

Furthermore we observed that the localization effect is much less pro-
nounced in Yy Lag gFe;_,Mn,AsOq goFg 11, demonstrating that the chemical
pressure generated by the smaller Y atoms significantly reduce the Mn in-
duced localization effect, in good agreement with the theoretical model.
Hence the Ln1111 compounds can be considered as a formidable example
of how the electronic properties of strongly correlated systems can be signif-
icantly affected by fine-tuning the correlation strength with impurities and
chemical pressure.

We also carried out a '°F 1/T; study of the slow spin fluctuations present
in these compounds. Our results clearly indicate that these dynamics seem
to be intrinsic to the system since they are detected also for the compound
without manganese. Furthermore the related activation energies E, and cor-
relation time 1y are almost insensitive to the Mn content indicating that the
low-frequency dynamics is nearly unaltered when approaching the disrup-
tion of superconductivity. This observation suggests that they are not corre-
lated with the appearance of the superconducting state.

While the origin of the low-energy fluctuations giving rise to the peak in
19F NMR 1/7; is not yet clear similar features in the 1/7; vs T behaviour have
also been detected in other optimally electron-doped iron-based supercon-
ductors such as Rh doped Bal22 (see Sections 3.1 and 4.2) and have been
tentatively associated with nematic fluctuations [195] or with the motion of
domain walls separating nematic phases (see Section 3.1). In this scenario
the energy barrier E, may be related to the one separating the degenerate
nematic phases and the enhancement of the low-frequency dynamics could
be associated with the pinning of these fluctuations by impurities.

4.2 Effect of proton irradiation in Rh doped
BaFe2A52

Chemical substitution is the most common approach used to introduce im-
purities in strongly correlated electron systems in order to probe their local
response function. However, this method often gives rise to structural distor-
tions, unwanted inhomogeneity and to charge doping. Accordingly, in order
to study the effect of the bare impurities the right dopant must be carefully
chosen and the options are often very limited. Thus irradiation with ener-
getic particles, electrons and ions, may represent a powerful alternative to
chemical substitutions.

The most common applications of particle irradiation in iron based su-
perconductors are the study of how the defects pin the Abrikosov vortices
and the study of the effects of nonmagnetic defects, such as those created by
irradiation, on the superconducting transition temperature.
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Figure 4.24: Temperature dependence of the resistivity for Ba(Fe;—,Co,)2As)
with x=0.045, x=0.075, x=0.075, measured in function of proton irradiation (3
MeV protons). The fluences are 0, 0.1, 0.5, 0.8, 1.0, and 1.2 x 10%® cm=2 from
the lowest curve. The dased lines are continuations of the po(T') trends measured
above T.. Figure adapted from [286].

Heavy ions irradiation (e.g. with Au and Pb) typically introduce
anisotropic columnar defects, which are effective in pinning the flux
lines [282, 283] but due to their size (they can span the whole sample) an
their shape they are not well suited to study the microscopic properties.

On the other hand, low mass and low energy ions, such as protons, «
particles or electrons, give rise to uniformly distributed point like defects,
originating from the displacement of single atoms, whose density can be
precisely controlled. In the cuprates the decrease of the superconducting
transition temperature T, with the radiation fluence ¢ was found to strongly
depend on the ion type, on its energy and on the total dose [284]. Remark-
ably, in YBa,Cu307_s and Tl,Ba,CuOeg,,, it was found [285] that the defects
introduced by electron irradiation play a role analogous to nonmagnetic Zn
impurities and the magnitude of the T, suppression rate, dT./d¢, is consis-
tent with the theoretical prediction for a d-wave superconductor [254].

In the IBS several irradiation studies have already been conducted with
heavy [287, 288, 289, 290, 291, 292, 283, 293] ions, light ions [286, 294,
290, 292, 295] and electrons [296, 297, 298, 299, 300, 301]. Notably all the
studies have been carried out on compounds belonging to the 122 families
which can be easily grown as sizeable single crystal suited for irradiation.

It has been found that the (dT./d¢) is much smaller than expected in
s* superconductors [60, 110], where interband scattering by nonmagnetic
impurities should cause a marked T, suppression [73]. For example in
Fig. 4.24 the evolution of resistivity with increasing fluences and Co doping
in BaFe,As; is shown. As it can be seen the T, decrease in the underdoped
(Fig. 4.24a) and optimally doped (Fig. 4.24b) sample is very small and it
becomes more significant only for the overdoped (x=0.113, Fig. 4.24c)
sample [286].

Interestingly, this result is consistent with the reduced T, suppression rate
in Ba(Fe;_,Co,)2As, and LaFeAsO;_,F, with nonmagnetic Zn doping [302,
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303, 75, 76].

However this is not necessarily an indication of a gap symmetry differ-
ent from s*, in fact the defects weaken both superconductivity (SC) and the
spin density wave (SDW) order which is competing with the superconductiv-
ity in the underdoped part of the phase diagram[73]. Hence, while dT./d¢
strongly depends on the system parameters in the underdoped regime, it is
found always to increase significantly on moving to the overdoped regime.
This phenomenology is observed both for proton irradiation and nonmag-
netic Zn doping (see Fig. 4.24 [286]).

While considerable attention has been addressed to the superconducting
phase no studies can be found in literature about the evolution of the normal
state properties, except for the residual resistivity which is usually measured
in order to estimate the radiation damage. In particular no attention has
been devoted to the effect of radiation on the spin and nematic correlations.
In the following we present a detailed "®As NMR study of the effect on pro-
ton irradiation on the normal state properties of Rh doped BaFe,As, which
partially fill this gap.

4.2.1 Sample preparation and characterization

The "®As NMR experiments have been carried out on the same samples also
used for the T, reported in Section 3.1. The sample compositions we chose
for irradiation are x=0.068 and x=0.107. After SQUID and resistivity mea-
surements, a few crystal belonging to these batches were irradiated with
5.5 MeV protons at the CN Van de Graaff accelerator of INFN-LNL (Istituto
Nazionale di Fisica Nucleare - Laboratori Nazionali di Legnaro, Italy), with a
fluence of 3.2 x 10'® cm™2 by the group of G. Ghigo and L. Gozzelino [304].
Contacts to the samples remained intact during irradiation, thus eliminat-
ing uncertainty of geometric factor determination and enabling quantitative
comparison of resistivity measurements. To minimize the heating of the crys-
tals under irradiation the proton flux was always limited to 1012 cm=2 s71.
The irradiation with 5.5 MeV protons produces random point defects and
some defect nanoclusters, due to elastic scattering of protons against the tar-
get nuclei [295, 286, 294]. The thickness of the crystals was much smaller

Table 4.2: Summary of the average displacements per atom (dpa) and distance
between defects as a function of the proton irradiation fluences.

¢ (cm=2) dpa Inter-defect distance (nm)
2x10%°  5.1x107% 3.5
3.2x1016  8.2x107* 3
4x10%°  1x1073 2.8
6.4x101° 1.6x1073 2.4
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Figure 4.25: Distribution of the proton energy loss in the superconducting crystals
(less than 50 pm thick) as a function of depth. The thickness of the thickest
irradiated sample is about 45 um, as evidenced in the picture. Therefore, the
energy release can be considered homogeneous throughout the crystals, as well as
the distribution of defects.

than the proton implantation depth. This ensured a homogeneous defect dis-
tribution in the superconductor (see Fig. 4.25). Radiation penetration and
energy deposition was calculated using SRIM code [305]. In Table 4.2 the
average displacement damage (dpa: displacements per atom, the probability
of a given atom of being displaced at a given fluence) and the inferred aver-
age distance between proton-induced point defects are reported as a function
of the irradiation fluence. This approach does not give a direct evaluation
of which atoms (Fe, Ba, or/and As) atoms are displaced in the irradiation
process. In fact in SRIM code the sample is amorphous and just the stoi-
chiometric abundance of the target atoms is taken into account, namely it is
implicitly assumed that 20% of displacements involve Ba, 37.3% Fe, 40% As
and 2.7% Rh, which means that the defects mainly affect the superconduct-
ing layer.

Electrical resistivity measurements were carried out at the Ames Labo-
ratories using the four-probes technique on cleaved samples with typical di-
mensions 2x0.5x0.05 mm?3, with the long dimension corresponding to [100]
crystallographic direction. Low resistance contacts to the samples were made
by soldering 50 um Ag wires using Sn. Measurements were made on 6 sam-
ples of x=0.068 and 7 samples of x=0.107. In both cases resistivity of the
samples at room temperature p(300K) was 230+30 uQcm (see Fig. 4.26),
consistent with the results obtained in Co doped BaFej,As,, with a Co con-
centration similar to the Rh concentration [306].

After irradiation the samples were again characterized with resistivity
measurements to check the reduction of T.. Fig. 4.27 shows temperature
dependent resistivity of the samples with x=0.068 (left panel) and x=0.107
(right panel) before and after irradiation. Sample x=0.068 was subject to
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Figure 4.26: Temperature-dependent electrical resistivity p(T) of optimally
doped x=0.068 (left panel) and overdoped x=0.107 (right panel) samples of
Ba(Fei_xRh,)2Asp. Insets zoom into superconducting transition range. Black
lines show p(T) for samples in the pristine state, red lines show the data for the
same samples after proton irradiation. Blue line in left panel shows p(T') of the
same sample after annealing at 400 K, revealing permanent character of proton
irradiation damage, in contrast to damage by electron irradiation [297]. Note
non-parallel shift of the po(T) curves after irradiation, revealing Matthiessen rule
violation.

a fluence up to 4x10'® cm~2, which resulted in approximately 1 K decrease
of T, from 23.3 K to 22.3 K as determined by zero resistance criterion. Re-
sistivity above the transition increased from 106 to 115 uQcm. To check
the stability of radiation damage, one sample of x=0.068 was heated up to
400 K. This protocol is known to show significant 7, restoration and resid-
ual resistivity decrease in electron irradiated samples [297], none of which
is observed for proton irradiation. Due to a two times smaller irradiation
fluence, 2x10® cm™2, T, suppression in samples of x=0.107 is somewhat
smaller, AT, ~0.8 K, from 13.7 to 12.9 K. Resistivity increase is also notably
smaller, Ap ~3 uQcm.

For both Ba(Fe;_,Rh,)>As, compositions (x=0.068 and X=0.107) the
resistivity increase after irradiation is not a rigid offset as one would expect
from the Matthiessen rule. The shift becomes notably larger at low tem-
peratures, in line with observations on hole-doped Ba;_,K,Fe;As; [299]. In
Fig. 4.27 we report the effect of irradiation on 7, as a function of the residual
resistivity change with respect to pristine sample which is a good indicator
of the induced radiation damage. For reference we also reported the data for
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Figure 4.27: (Left panel) The superconducting transition temperature 7, as a
function of change in sample resistivity p(T.) for samples of Ba(Fej_yRh,)2As,
with optimal doping x=0.068 (blue curve, open circles) and x=0.107 (red curve,
open up-triangles). For reference we show data for iso-electron substituted
Ba(Fei_xRuy)2Asy at optimal doping x=0.24, subjected to low-temperature 2.5
MeV electron irradiation, Ref. [297]. Right panel shows same data plotted as a
change in T, and resistivity p(T.) normalized by their values in pristine samples
T:(0) and po(T¢).

iso-electron substituted Ba(Fe;_,Ru,)>As, at optimal doping x= 0.24, irra-
diated with 2.5 MeV electrons [297]. For low fluence values the rates of T,
variation are comparable in both cases, with some differences which can be
ascribed to the variation of response due to the different doping level, rather
than to the amount of disorder. This suggests that irradiations with protons
and electrons of some MeV energy provide a similar kind of defects, even
if only the defects produced by protons are really permanent while those
created by electron irradiation vanish annealing the sample at 400 K.

The T, shift resulting from proton induced defects was also measured
with SQUID magnetometry and in situ during the °As NMR experiments
by checking the detuning temperature of the probe tank circuit. The Zero
Field Cooling (ZFC) SQUID magnetisation curves are reported in Fig. 4.28.
The sharper superconducting transition in the irradiated x=0.107 sample
is probably due to the lower magnetic field at which the pristine sample
(see Fig. 4.28b) was measured, which results in an lower magnetic field
penetration (fluxons).

The decrease of T, after irradiation (¢ =3.2x10'°® cm~2) was found to
be small both for the x = 0.068 (from 23.3 K before irradiation to ~22 K
afterwards) and for the x = 0.107 (from ~13.3 K to ~12.5 K). The samples
were then irradiated again to increase the total fluence to ¢ =6.4x10%° cm™
and the SQUID and NMR measurements were then repeated.

The second irradiation lowered T, to 21.3 K for x = 0.068 and to 12 K
for x = 0.107. Hence, the T, decrease rate is dT./d¢ ~ 0.3 x1071® K-cm? for
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Figure 4.28: a) and b): Zero Field Cooling SQUID magnetization measurements
for the x =0.068 sample (a) and x = 0.107 sample (b) carried out before and after
irradiation. The arrows indicate T, as determined by the onset of diamagnetism.
The magnetic field value used for the measurements is 10 G for the x=0.068 sample
and for the irradiated x=0.107 sample while it is 20 G for the pristine x=0.107
sample.

the optimally doped sample (x = 0.068) and about 0.2 x107!° K-cm? for the
overdoped one (x = 0.107).

The values of dT./d¢ are lower than those observed in Ba(Fe;_,Co,)As>
and Baj_,K,FesAs; irradiated with 3 MeV protons [286, 294]. This effect
was expected since the non-ionizing energy loss, which drives the number of
defects produced per incoming proton, decreases if the energy of the incom-
ing proton is increased [284]. This means that, somewhat counterintuitively,
the effectiveness of protons in damaging the lattice decreases by increasing
their energy.

4.2.2 Effect of proton irradiation on ’As NMR 1/7> and
spectral width

4.2.2.1 ™As NMR Line Width

For each sample doping and dose value we measured the temperature depen-
dence of the "As NMR linewidth, of the spin-lattice relaxation rate (1/T;)
and of the spin-spin relaxation rate (1/T,). The magnetic field Hy = 7 T was
applied along the crystallographic ¢ axis unless otherwise specified.

The full width at half maximum (Av hereafter) of the "°As central line
was derived from the Fast Fourier Transform of half the echo signal after a
Hahn echo sequence (n/2 — 7 — &, with a 7/2 length of = 2.5us). The results
for the optimally doped sample are shown in Fig. 4.29 and those for the
overdoped crystal can be found in Fig. 4.30.

151



4. Effects of impurities in electron doped Iron Based Superconductors

60 - Rh 0.068 t ® pristine sample |
55' tm 32x10°plem’
- | & 64x10®piem? ]

50

- i

T 45

=< 40.

3

20 40 60 80 100

T(K)

Figure 4.29: Temperature dependence of the Full Width at Half Maximum Ay
for the ™As central line in the x = 0.068 sample. The solid lines are fits to a
Curie-Weiss law (see text). Inset: Inverse of the temperature dependent compo-
nent of the line width. The intercepts of the linear fits with the x axis correspond
to —0 (see text). The arrows indicate T, for each radiation dose.

46 LA L A B A IR B — S S R

L [6.4x 10" p/cmzv T - 8K ] 4
44t

L Rh 0.10
42 %@*
N 40-_ -
T %%% 205 100" 0§00 500

Intensity (a. u.)

— 38} Frequency (kHz) i
> L |
< 36} %Hﬂ % % -
34] } -
i ® pristine sample ]
32_ u & 6.4x10"°p/cm’
30—

0 0O 20 30 40 50 60 70 80

T(K)
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spectrum is shown, the dashed line is a fit to a gaussian function. The arrows
indicate T, for each radiation dose.
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In the x=0.068 sample the linewidth increases significantly upon cool-
ing, for all the fluences. Conversely, for x=0.107, Av remains nearly flat
down to T, in the non-irradiated sample while it slowly increases, reaching
a maximum around 20 K, in the irradiated one.

For the x = 0.068 compound it is possible to fit the line width temperature
dependence with a Curie Weiss law:

Av = Avy + (4.14)

T+86
where Ay is a temperature independent component, C is the Curie constant
and 6 the Curie-Weiss temperature. The fit parameters are summarized in
Table. 4.3.

The Curie-Weiss behavior of the linewidth and the observation that, for
T< 50 K, Av decreases upon decreasing the magnetic field intensity indicate
that the low temperature broadening is associated with the modulation of
the local magnetic field at the nuclei induced by the electron spin texture
(magnetic broadening) and hence it is not a quadrupolar broadening.

The high temperature line width, Avy ~ 21.5 kHz, is due to the sum of
nuclear dipolar line broadening, of the quadrupolar broadening and possibly
of the magnetic broadening (Avagneric < M (T, Hy) < x(T)Hp). From dipolar
sums it can be found that the nuclear dipolar contribution is actually very
small (< 2 kHz) [172, 113]. The quadrupolar broadening should be zero
for H || ¢, however a small sample misalignment by an angle ¢ may lead to
some broadening of the central ">As NMR line, which can be estimated from
Eq. 2.19 by taking its Taylor expansion:

3VQAVQ ﬂz

Avg, ~ (4.15)

VL
where v is the splitting between the central line (% - —%) and the satellite
line ( - 3), Avp the width of the satellite and v, = yHy/2n the Larmor
frequency.

In the x = 0.068 sample vy ~ 2.3 MHz and Avy ~ 1 MHz. The width of the
satellite lines is mainly due to the EFG inhomogeneity originating from Rh

Table 4.3: Curie constant C and Curie-Weiss temperature 6 obtained from the
analysis of the temperature evolution of the >As NMR central line width Ay shown
in Fig. 4.29 for Ba(Fep.932Rhg.068)2As2. The temperature independent term Avg
is equal to 21.5 kHz.

¢ (cm™2) C (kHzK) 6 (K)

0 420 + 40 20+ 4
3.2x101% 460 + 50 5+3
6.4x10%° 440+40 -65+1.5
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Figure 4.31: Spectra of the high frequency satellite line of Ba(Feg 932Rho 068)2As2
for various temperatures. The intensity is the integral of the spin echo and the
solid lines are fits to a double Gaussian. The amplitude of the low frequency peak
is three times that of the high frequency peak. The high frequency peak is thus
the signal from "®As nuclei near neighbours of Rh in the x = 0.068 sample, which
are roughly 1/4 of the total [307].

doping. The spectrum of the Ba(Feg 932Rhg 068)2As, high frequency satellite
line is reported in Fig. 4.31. The high frequency hump corresponds to the
signal from the "°As near neighbours of Rh, in fact the intensity of the hump
is roughly 1/4 of the total [307], just like the As near neighbours to a Rh
atom in the optimally doped sample. Now, if one considers a misalignment
¥ < 10°, than the quadrupolar broadening is ~ Avg, < 10 kHz, still much
smaller than Avyg. It is then likely that the temperature independent magnetic
broadening has to be associated with the T-independent component of the
electron spin susceptibility, similarly to what reported by Mukhopadhyay et
al. [172] for Ba;_, K FesAss.

The Curie-Weiss Av behaviour indicates the presence of spin correlations
and has often been observed in cuprates in presence of defects [308]. In
fact, the impurities induce a local spin polarization (S,) on the conduction
electrons which leads to a spatially varying spin polarization s(r) = y(r){S;).
The resulting NMR spectrum is the histogram of the spin polarization probed
by the nuclei and the line width at a given temperature depends on the
temperature evolution of y(r). Accordingly, Av follows the susceptibility of
the local moments which can be described by a Curie-Weiss law [308].

The small low temperature line broadening already present in the pristine
x = 0.068 sample is likely due to the presence of defects related to Rh doping.
For this composition in fact the spin correlation are still strong and thus some
line broadening due to intrinsic defects is not unexpected.
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Figure 4.32: Temperature dependence of the "°As 1/T; measured with H || ¢ for
the x = 0.068 (top) and x = 0.107 (bottom) samples. The red dashed lines are
guides to the eye.

Remarkably, for ¢ =6.4x10° cm™2, the Curie-Weiss temperature
becomes negative, signalling the shift of the correlations from antiferromag-
netic to ferromagnetic. Ferromagnetic correlations were detected in other
compounds of the 122 family, in particular in the non-superconducting
Ba(Fe;_,Mn,),As; [309] and, with a much lower 6, in the superconduct-
ing Ba(Fe;_,Co,)2As, and BaFe;(As;_ P,)> [310] after the introduction
of Mn impurities. However the rise of magnetism upon ion irradiation
was observed in several other materials [311] and the Bal22 family is
quite unstable towards the emergence of impurity driven static magnetism
[172, 312]. Also in the cuprates a very similar behaviour is sometimes
observed (e.g. in YBCO) upon Zn doping [308]. Hence, the observation that
the nonmagnetic defects introduced by irradiation lead to enhanced spin
correlations and to a broadening of the NMR lines is not too surprising.

Finally, in the overdoped compound, the behaviour of the linewidth is
utterly different from that of the optimally doped (see Fig. 4.30). The pris-
tine sample displays a flat Av(7) down to 9 K and then a rapid increase,
likely due to the freezing of the vortex motions [171, 113]. In the irradi-
ated sample (¢ = 6.4 x 101® cm™2) Av reaches a maximum around 18 K and
then decreases slightly at lower temperatures. Interestingly the temperature
at which the line width of the irradiated sample starts to decrease is close
to the temperature T* at which the spin-spin relaxation rate begins to rise
and the echo decay becomes a single exponential. This suggests that the
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Figure 4.33: Temperature. dependence of the ®As 1/T5 relaxation rate of the
x = 0.068 (top) and x = 0.107 (bottom) samples for different values of fluence
(see legend). In the insets the low temperature data are shown in greater detail.
The arrows indicate T, for each radiation dose and Rh doping level. The dashed
lines are guides to the eye.

low frequency spin fluctuations, which are responsible for the 1/7, enhance-
ment, partially average out the static frequency distribution probed by the
>As nuclei.

4.2.2.2 1/T, and low frequency fluctuations

We will now discuss the effect of irradiation on the 1/7, relaxation rates.
>As 1/T> and 1/T; were measured using the same method already discussed
in Section 3.1. The temperature dependence of the spin lattice relaxation
is reported in Fig. 4.32 and it is completely irradiation independent. The
temperature dependence of the Redfield corrected 1/7, is shown in Fig. 4.32.

While at temperatures much higher than 7, the spin echo decay rate is
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4.2. Effect of proton irradiation in Rh doped BaFeyAsy

flat for both compounds and for all the fluences, a sharp rise in 1/T, was
observed just above T.. This is the same effect already widely discussed in
Section 3.1 and thus here we just extend the analysis presented there to the
case of the irradiated samples.

In the pristine sample (x = 0.068) T* ~ T, = 23 K while for the irradiated
one (¢ = 3.2 x 10'® cm™2) T* decrease slightly, following T, (T* ~ 22 K).
In the overdoped compound (x = 0.107) the effect of irradiation on T* is
much bigger: in the irradiated (3.2 x 10*® cm™2) sample T* = 12.5 K while
the pristine sample value is T* = 18 K. Hence in the overdoped compounds
the 7 shift upon irradiation (AT* ~ 6 K) is much bigger than the T, shift
(AT, ~ 1 K).

In order to discuss the data in a more quantitative way we carried out
the same analysis described in Section 3.1. We fitted the 1/7, data using
Eq. 3.7 in the 20 - 26 K temperature range for x=0.068 and in the 7 K- 30 K
range for x=0.107. In the pristine samples we found that, for x=0.068, the
activation energy is U ~ 200 + 30 K while in the overdoped x =0.107 sample
U ~ 40 + 20 K (see Fig. 3.9).

In the irradiated samples U increases markedly in the x=0.068 com-
pound (U ~ 500 + 100 K for ¢ = 3.2 x 10'® cm~2) while it remains basically
unchanged in the overdoped sample. Unfortunately, the quality of the fit de-
creases with increasing dose, pointing out that possibly the dynamics can no
longer be described by a single activation barrier and that a distribution of
energy barriers should be considered. This fact is particularly evident in the
overdoped sample where the increase of 1/7, becomes significantly sharper
and T* decrease by ~ 6 K (see Fig. 4.33).

The substantial enhancement of the activation energy suggests that the
presence of the defects slows down the fluctuations between the (0, ) and
(7,0) ground states. It should be remarked that such an effect has also
been detected in the prototypes (Li,V;_,0Ti,SiO,) of the J;-J, model on a
square lattice (see Sections 1.2.3 and 1.3) doped with nonmagnetic impuri-
ties [313].

4.2.3 Conclusions

We have shown that proton irradiation (5.5 MeV) in Rh doped BaFe;As; re-
sults in a very weak T, suppression, in good agreement with previous experi-
ments carried out in other 122 compounds. This finding confirms the imper-
viousness of iron based superconductivity to the presence of non-magnetic
defects, in disagreement with what initially expected for s* superconductors.

Remarkably the measurements of the >’As NMR spectra revealed that
the defects introduced by proton irradiation induce ferromagnetic correla-
tions in the optimally electron doped x=0.068 compound, which have never
been observed in Bal22 compounds in absence of magnetic impurities (e.g.
Mn [309]). This effect is totally absent in the overdoped sample which has a
ground state much nearer to that of an uncorrelated metal.
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4. Effects of impurities in electron doped Iron Based Superconductors

Finally the analysis of the spin echo decay rate (1/7>) show that the low-
frequency fluctuations, already observed in several IBS families, are damped
by the irradiation induced defects, consistently with the hypothesis that they
could be associated with the presence of nematic fluctuations between (0, )
and (7,0) nematic phases being pinned by the implanted impurities.
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Summarizing Remarks and Future
Perspectives

In this thesis we have addressed several interesting phenomena taking place
in iron based superconductors (IBS) using local techniques: Nuclear Mag-
netic Resonance (NMR), Nuclear Quadrupole Resonance (NQR) and Muon
Spin Rotation (uSR).

The main topics have been:

* The study of the low frequency fluctuations revealed by NMR relaxation
both in the 1111 and 122 families of IBS.

* The study of the effect of impurities, Mn doping in Ln1111 material
and proton irradiation induced defects in Ba(Fe;_,Rh,),As, , both on
the macroscopic quantities (e.g. T., T,,) and on the low frequency
fluctuations.

* The study of the static magnetic and charge orders and their evolution
upon chemical and impurity doping.

For the convenience of the reader we present here a brief summary of the
main results obtained in each of studied families of compounds, highlighting
their relevance in this research field and outlining possible future extension
of these studies.

Ln1111 Compounds We carried out an extensive study of the effect of Mn
impurity doping in Ln1111 (Ln: lanthanide ion) family (see Section 4.1).
It was found that Mn is a poison for superconductivity in all of these ma-
terial but the strength of this poisoning effect is strongly dependent on the
radius of the Ln ion and thus on the chemical pressure (Section 4.1.1). In
fact while a tiny 0.2% Mn content is enough to destroy the superconduct-
ing state in optimally F-doped LaFe;_,Mn,AsOg goFo.11 @ much larger amount
of Mn is needed to reach the same effect in SmFe;_,Mn,AsOq ggFg12. This
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effect is even more visible in La;_,Y,Fe;_ Mn,AsOq goFo 11 where the chem-
ical pressure and the critical amount of Mn needed to suppress T. can be
continuously tuned by increasing the Yttrium content.

Zero Field NMR measurements (Section 4.1.2) allowed us to determine
that the magnetic state developing in correspondence of the T, suppression
in the same stripe magnetic state present in undoped LaFeAsO. NQR mea-
surements also revealed that the T-O transition is also recovered and that the
electronic ground state of Mn doped LaFe;_,Mn,AsOq goFq.11is very similar to
that of LaFeAsO, indicating that in this system Mn doping (0.5%) gives rise to
a huge localization effect which is able to completely compensate the effects
of 11% fluorine (electron) doping. Thus Ln1111 is an example of a strongly
correlated system whose electronic property can be significantly modified by
fine-tuning the correlation strength with impurities and chemical pressure.
These results are also very important because they indicate Mn is not directly
hindering the pairing mechanism but instead it is driving the system towards
a QCP.

Furthermore 1°F NMR studies revealed that in this compound the strength
of the low frequency spin fluctuations is strongly affected by Mn doping
which suggest that those dynamics, widely observed in IBS, are not corre-
lated with the appearance of superconductivity (Section 4.1.3).

Rh doped BaFe,As; We carried out a throughout "®As NMR study of
Ba(Fe;_,Rh,)>As, as function of the external field, uniaxial strain, and of
the proton irradiation fluence.

The 1/T, experimental results revealed the onset of very low frequency
fluctuation emerging in the normal state below a characteristic temperature
T*. In particular it was found that T* is enhanced by the magnetic field and
that the fluctuations persist into the overdoped region of the phase diagram.
Furthermore the same dynamic was also observed to be present in the T;
data and we were able to fit both 1/7> and 1/7; relaxation rates temperature
dependences using the same model. These fluctuation have been proposed to
originate from the motion of the domain walls separating nematic correlated
phases [195, 314] (Section 3.1).

It was also observed (Section 4.2) that the defects induced by proton
irradiation significantly affect the 1/7, temperature dependence, particularly
in the overdoped region of the phase diagram, in good agreement with the
hypothesis that the fluctuations are pinned by the presence of the irradiation
induced defects. Furthermore, in the optimally doped sample, a sizeable
broadening of the NMR spectra was observed at low temperatures. The Curie
Weiss temperature dependence of the line width change sign upon increasing
the fluence, suggesting the onset of ferromagnetic correlations coexisting
with superconductivity at the nanoscale.

Finally we studied the evolution of the relaxation rate in presence of uni-
axial strain (Section 3.2) in the optimally doped sample. The results revealed
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that 1/7; is strongly reduced in the strained sample and its anisotropy be-
tween H || ¢ and H || ab diminishes significantly. These observation strongly
suggest that the low frequency fluctuation are suppressed in presence of uni-
axial strain, possibly due to the breaking of the symmetry between the two
in plane crystal directions. Future experiments are needed in order to thor-
oughly clarify the relation between these fluctuations, uniaxial strain and
chemical doping. In particular it would be interesting to check if uniaxial
pressure and strain give rise to the same effect and how chemical doping is
related with the strain induced suppression rate of the spin fluctuations.

(Cs,Rb)FeAs; An extensive °’As NQR study of (Cs,Rb)Fe,As, has been
presented in Section 3.3. The study of the temperature evolution of the NQR
spectrum of these material revealed the presence of a static charge ordered
phase emerging at low temperatures in both the compounds.

While a similar phenomenology had been observed before in KFe;As;
high pressure NMR spectra, this is the first direct evidence that a charge
order is present in the iron pnictides at ambient pressure, and thus that it is
not an exclusive feature of the cuprates phase diagram.

We also carried out ®“89Rb NMR-NQR and uSR measurements whose
result can also be nicely explained by the emergence of the charge order.

Future X-Ray, neutron scattering and NMR studies are needed in order to
better understand the nature of the charge order and to find out the region
of the 122 phase diagram where this ordered phase is present. This could
gives us a much better understanding of the relation between charge order
and superconductivity in High Temperature Superconductors.
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Appendix

Miscellaneous NMR concepts and
methods

A.1 The rotating frame

It is often very useful, in particular when dealing with pulse NMR experi-
ments, to study the motion of the magnetization not in the fixed laboratory
frame but in a coordinate system that rotates around Hy || z at the Larmor
frequency wg = wHj. This coordinate system is called the rotating frame.
Starting from Eq 2.21 we will now describe the motion of the magneti-
zation in a frame x’, y’, 77 = z rotating at an angular velocity w with re-
spect to the laboratory frame X, v, z, with (Hp || Z). For a generic vector A,

dt = %‘? +wxA , where 44 dt is the total time derivative in the stationary frame

and A is the derivative in the rotating frame. Thus the equation of motion
of the magnetization will become:

oM w
— =yMXx|Hg+—] . Al
o=y Mx (i + 2 (A1)

This equation has the same form of Eq. 2.21 where Hy has been substituted
with an effective field Hy + w/y. If @ = —yHj than in the rotating frame
0M/dr = 0, which means that M is stationary in the rotating frame if the
rotation frequency of the frame is equal to w;. Now we add a rotating field
H;. In the laboratory frame x, y, z we have that H; = (H; cos wt, Hj sin wt, 0).
In a frame rotating with the same frequency of H; instead we have that H;
will be stationary and we assume H; || x’. We also have that w || Hy and it
has the same or the opposite orientation of Hj depending if the rotation is
clockwise or anticlockwise. Since in the laboratory frame =yMx (Hp +
H;), from Eq. A.1 we deduce that in the rotating frame:

oM

al‘ —’yMX(H0+;+H1):’yMXHeff. (AQ)
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/y'

1\\"4

Figure A.1: a) sketch of the fields and the precession of the magnetization around
H.sr. b) the magnetization rotating around Hj in the resonance condition. Figure
adapted from Ref. [143].

Since w; = —yH; and wg = —yHy the angle 6 between H,;s and Hp is given
by (see Fig A.1):
Hil w1

tan @ = = .
Ho+w/y| wo-w

(A.3)

If H; is small with respect to Hy, as is the case for an NMR experiment, 6
remains extremely small unless w ~ wg. So the effect of H; is negligible until
its frequency does not match the Larmor frequency —yH;. This is called the
resonance condition.

When the resonance condition is satisfied the fictitious magnetic field
completely cancels out Hy (see Fig. A.1) and the magnetization will precess
around H; || x. Thus in presence of a H; field rotating at the Larmor fre-
quency and applied for a time interval 7, the magnetization in the rotating
frame will be tilted by an angle:

0 =—yHiT. (A.4)

The values of H; varies from ~0.1 mG for some high resolution continuous
wave NMR set-up to ~100 G for pulse NMR experiments.

A.2 Bloch equations in presence of a rotating field

In presence of a rotating magnetic field H; perpendicular to the external
static field the resulting total magnetic field is given by (in the laboratory
frame):

H(t) = H1(X cos wt — ysin wt) + HyZ . (A.5)

where §,9 and § are unit vectors along the axes. The rotation is chosen
clockwise, w > 0. Substituting H(¢) in the Bloch equations (Eq. 2.22, 2.23)
and expanding the rotor one immediately gets:

dM, M,

= M, + wiM,si t——. A.6
7 woMy + w1 M; sin w T (A.6)
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(wo-w)T2

Figure A.2: Sketch of y’ and y” derived from the Bloch equations plotted versus
(wo — w)T,. Figure adapted from [136].

am M
d_ty = —woM, + w1 M, cos wt — sz : (A7)
dM, Mo — M,

= —w1 (M, sinwt + M, coswt) + (A.8)

Ty

where wg = yHy and w; = yH;. If Hy is small the transverse magnetization
component will also be small when compared with M, and the two terms
w1 M, and w1 M, can be safely neglected. The condition of "small H;" can be
written in a more quantitative way as (see Ref. [137, 136, 315]):

YV H T, < 1. (A.9)

With this condition on H; from equation A.8 follows that dM_/dt = 0. In this
framework the general solutions for Eq. A.6 and A.7 are given by:

M, = mcos(wt + ¢) M, = —msin(wt + @), (A.10)

where ¢ is the angle by which M leads H. Substituting in the Bloch equations
and differentiating we find [316]:

m=—yMel2 (A11)
[1+ (wo — )2 T2 2"
and for the angle ¢:
cos ¢ = (o = w) sing = ! (A.12)

[1+ (wo — )2T2] 1+ (wo — )2T2]

We can write the transverse magnetization as m(t) = M, ()X + M,(t)J, than
from Eq. A.10 we get:

m(7) = m[X(cos wt cos ¢ — sin wt sin ¢) — Y(sin wt cos ¢ + coswtsinp)] (A.13)
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Now we call m’ the component of m(z) which has the same phase of the rotat-
ing field while m” will denote the component in quadrature. From Eq. A.13:

m’(t) = m cos ¢ (X coswt — Jsin wt) m” (1) = —msin ¢ (Xsinwt + y coswt),

(A.14)
The in phase and out of phase susceptibility (y(w) = x’(w) +ix”(w) in com-
plex notation) are given by:

” _ _msing
H, X (w) = H,

: (A.15)

The real part y’ represent the energy dispersion while the imaginary part y”
represent absorption. Substituting m, cos ¢, and sin ¢ we arrive to:

w e . . w = . .
o O T o - 0Ty ? X X0 T (wo — )21 2
(A.16)
When the resonance condition is satisfied we get:
(@) =0 () T =0 (A17)
w) =Y, w) = o wol2 = xo . :
o X X X (Aw)1/2

where Awy/, is the full width at half maximum of the absorption. A sketch
of x’ and y” is shown in Fig. A.2. Since usually the line width Aw;/» < wo
than y” at resonance will be much larger than the static susceptibility.

A.3 Supplementary NMR Sequences

A.3.1 The Carr-Purcell Sequence

The Hahn echo technique is limited in its range of applicability because when
a dynamic is present, such as a diffusion process, the nuclei can change their
precession frequency by drifting into a different location, where the local
field has a different value. In fact the precise refocusing of the magnetic
moments takes place only if each nucleus remain in a constant magnetic
field for all the measurement time 27. This problem is particularly severe
in liquids where the diffusion process are usually strong but spin diffusion
phenomena can also be present in solid as we will show in the next Chapter.

In presence of a spin diffusion in a magnetic field gradient 0 H/dz it can
be shown that [136]:

M21) = M(0) exp(—27/T>) exp

- (w—H)z 2pe3 (A.18)

0z 3

where D is the diffusion constant in the static field gradient. It must be noted
that Eq. A.18 holds in the hypothesis that the field, though inhomogeneous,
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Figure A.3: Scheme of a Carr-Purcell-Meiboom-Gill sequence. The dotted line
is the envelope of the CPMG echoes.

has an axial symmetry which means that at any point one can write the field
as:

0H
H(X,y,Z) :HO+Z8_Z . (A].g)

From equation A.18 follows that, depending on the values of the coefficients,
the second exponential term can greatly affect the 7> value measured using
the Hahn echo method. Carr and Purcell (CP) developed a new sequence in
order to measure 7> which greatly mitigates the effect of diffusion term.

This sequence consist in a 7/2 pulse followed by a 7¢cp — 7 — 27¢cp — 7 —
27cp--- pulse train (see Fig. A.3). The pulses are applied along x’. The
sequence causes a series of echoes at 27,47, 67 87 - - -, in fact the subsequent
7 pulses continuously refocus the magnetization.

The CP sequence has two main advantages on the simple Hahn echo se-
quence:

1) Using this sequence for measuring 7, requires much less time than mak-
ing lots of Hahn echoes. In fact after every single echo one as to wait
for the magnetization to come back at the equilibrium condition M || z,
but this may require a lot of time if 77 is long (several seconds).

2) The effect of diffusion may be nearly completely eliminated if one choose
7cp short enough because the diffusion processes do not have time to
take place.

The most precise way for measuring 7» is to perform various CP measure-
ments with smaller and smaller 7¢p and than extrapolating the limit of
TQ(TCP) for Tcp — 0.

Despite its usefulness this sequence has an important drawback: if 75 is
long lots of /2 pulses will be required and any error, however small, on the
length of the pulses will sum up giving rise to an incomplete rephasing of
the spins and thus to a measured 7, shorter than the real one. Meiboom and
Gill improved the sequence by choosing y’ as the direction of the n pulses.
This trick removes the summation of the phase errors and also results in the
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a) b)

0 1 2 3 4 5 6 e 0 1 2 3 4 5 6 e
Figure A.4: a) Carr Purcell sequence (*3C in CH4*3COOH). b) The result of

the CPMG sequence in the same compound. Note that in b) the echoes have the
same sign and persist for a much longer time. Figure adapted from [145].

spins always refocusing along +y generating a positive echo [145] and thus
removing the alternating + sign of the echoes characterizing the original CP
sequence. The typical result of the two sequences is shown in Fig. A.4.

A.3.2 The inversion recovery sequence

The inversion recovery sequence has a different preparation phase with re-
spect to the saturation recovery. It consists of a 7 pulse followed by a normal
Hahn spin echo pulse sequence after a variable delay time. The = pulse flips
the nuclear magnetization in the —z direction. The magnetization begins
to relax back to its equilibrium value during the free evolution time. The
following Hahn echo is proportional to M,(r;). The sequence and a typical
recovery curve are sketched in Fig. A.5.

A.4 The Hyperfine Hamiltonian components and
the Knight shift

In Section 2.1.2.2 we wrote the hyperfine Hamiltonian as:

Kdip Kcontact Korp

——
Hyo = yoyetle | (380 S} 85y L
rd r3 3 r3

(A.20)

We will now give some more detail on the various terms of the Hamiltonian
and explain how the values of the components of the hyperfine tensor A,
can be derived from a NMR line shift measurement.

A.4.1 The orbital shift

The last term of the hyperfine Hamiltonian (Eq. A.20) represents the orbital
interaction between the nuclear spin I and the angular momentum L of the
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Figure A.5: a) Sketch of the inversion recovery sequence for to different durations
of the evolution time ;. b) The integral of the measured spin echo. The sign of
the signal changes from negative to positive as 71 increases and the magnetizations
recovers along +z. Figure adapted from [143].

electron. This term is zero for transition metals where the orbital angular
momentum is quenched. An externally applied magnetic field can however
partially reconstruct an orbital moment by mixing the ground state with low
lying excited states (see Ref. [148]). This effect is the so called Van Vleck
paramagnetism. The resulting shift [152] is temperature independent since
the Van Vleck susceptibility yyy does not change with temperature.

A.4.2 The spin shift

The first two terms in Eq. A.20 (K = Kyip + Kcontacer) are responsible for the
component of the shift due to the interaction of the nuclear moments with
the electron spins. The first component, Ky;,, describes the dipolar interac-
tion between the spins. This term is different from zero for the unpaired
electron spins of the p, d and f orbitals while it vanish for the s orbital for
symmetry reasons. The shift is proportional to 1 — 3 cos® § were 6 is the an-
gle between the magnetic field Hy and the lobe of the wave function (see
Fig. A.6).

The second term, K, ,uqcr, iS @ Fermi contact term that is non-zero only
if the wave function of the electron is ¥(0) # 0 and thus it is necessar-
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Figure A.6: Sketch of a p-orbital in the external magnetic field Ho.

ily an isotropic contribute which does not depend on the orientation of the
field. The orbitals contributing to K..,:qc; are the s-electron but a non neg-
ligible fraction of K.,uqc: is often transferred from the neighboring atomic
sites through orbital hybridization.

A.4.3 NMR Knight shift and hyperfine tensor

In order to evaluate the complete hyperfine tensor in solids a very precise
first principle calculation of the band structure is usually needed. However
from the experimental point of view the components of A, can be easily
extracted from the NMR measurements. In fact the resonance frequency
depends on the local field probed by the nucleus:

Wres = y"<H§0c> = v,(Hp + <H§,l>) = y,(Hp + Ahyp<sz>) > (A21)

In this framework the Knight Shift is usually defined as:

K = Wres — YnHo _ <Hil> _ Ahyp<sz> ‘ (A22)
y»Ho Hy Hy
Since the molar static spin susceptibility is given by:
Ny(S*
Xmol = g'UBHA< ) > (A23)
0
combining Eq. A.22 and A.23 one immediately arrives to:
af
aBf hyp  ap
Ks[)in - gupNa Xmol > (A24)
where again o = x, y, z. Kgfn is often written as:
K = p%F b (A.25)

spin hyp

where all the factors are considered dimensionless.
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A.5 Derivation of the T; dependence on spin sys-
tem susceptibility

In order to work out a theoretical expression for 77 one should consider the
population of all the nuclear magnetic energy levels E,, and the possible
transitions between these levels. The transition probabilities will be defined
in terms of the of matrix elements of the interaction Hamiltonian. Let’s start
by writing down the time dependence of the normalized population N,, of a
nuclear magnetic energy level E,,;:

N
dN,,

ntm

where m = 1,2,..,N = 2] + 1, N,, is the population of the m-th level and
W are the transition probabilities. The NMR signal will be proportional to
the time evolution of the population imbalance. For a I = 1/2 nucleus the
magnetization recovery is shown to be given by [136, 317]:

M (o) — M (1)
M;(c0)

y(t) = =exp(—t/T1), (A.27)

where M, (o) is the equilibrium magnetization and

1
— = 2W.. (A.28)
I

For a nucleus with 7 # 1/2 the general solution is given by the sum [160]:
y(t) = )" cjexp(—ajt/Th) . (A.29)
J
where the ¢; and «; coefficients are function of 7 and of the interaction mech-

anisms. The general form of the transition probabilities W,,, can be derived
using the Fermi Golden Rule:

271- I3 4 4
Wane = == > PrIFmIHC\f'm ) PS(Ey + En ~ Epr = Eur) (A.30)
rr
where P; is the probability of occupancy of the f state, H’ is the perturbing
Hamiltonian and |fm), |f'm’) are respectively the initial and final states. If

the spin lattice relaxation is dominated by magnetic fluctuations from equa-
tion A.30 it is possible to derive the more usable expression:

1 ,
Wom = - f e mm T H (OYH) L (T))dT o J(w) . (A.31)
where J(w) is the spectral density of the fluctuating field which usually has
a Lorentzian shape and (H’ ,(0)H' . (7)) is the so called auto-correlation

7’
. mm’
function G.
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In case of a completely magnetic relaxation the interaction Hamiltonian
will have the form:
H’ = —-hyl-h() . (A.32)
where h(¢) is the fluctuating magnetic field. From here it is relatively
straightforward to work out the explicit form of the correlation function:

Gaa (1) = (ho (D) he (t + 7)) (A.33)
and after a few calculations one arrives to the formula (see [136]):
1 2 ) 2 .
=2 [ 0h.0) 4y 1, @ =2 [ - (Ot o S
1

(A.34)
where J(wg) if the Fourier Transform of the correlation function at the Lar-
mor frequency and h, = h, + ih, (rising-lowering operators).

This expression implies that 1/7; depends from the transverse compo-
nents of the fluctuating magnetic field and is proportional to the spectral
density of the fluctuations at the Larmor frequency.

A very useful expression of 1/77 can be derived remembering that the
local field can be written as:

h(t) = > Anyp, - Si (A.35)

where Ay, is the hyperfine tensor coupling the nuclear spins with the elec-
tronic spins S; and the sum is on all the lattice sites. The spin components
can be rewritten as:

Z ¢S (1) | (A.36)
quZ

where the sum is over all the reciprocal lattice vectors in the first Brillouin
zone. The correlation function can be rewritten using Eq. A.36 and Eq. A.35
(for detailed calculation see [136, 318]). At this point after introducing the
dynamical structure factor,

$7%(q, wo) = f (83 (1)S% (0))dr (A.37)

the analytic expression of 1/T1 can be written in the more compact and fa-

miliar form: )
1
== 7? D 1A 2™ (q wo) (A.38)
1 qeBZ

At this point we can apply the fluctuation dissipation theorem:
2ksT
S (qw) = = x"(qw). (A39)
from which follows that in correlated metals [319]:

_ 2y2kgT
2L N AR (q o) . A40
i
1 g:“B qeBZ
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Appendix

NMR experimental set up

B.1 The NMR spectrometer

The spectrometer used for the experiments described in this thesis is a com-
mercial Fourier Transform NMR, Apollo Tecmag Spectrometer. The building
blocks on an NMR spectrometer are shown in figure B.1.

The beating heart of an NMR spectrometer is the Synthesizer, which gen-
erates the radio frequency signal. The chosen frequency can be setted by the
user through the spectrometer software interface installed on the PC. The
PC is connected to the spectrometer either through a standard USB cable or
through a dedicated PCI board. The rf signal can be shaped into pulses of
different lengths. The phase modulator then mixes the signal to four possible
carriers with a phase difference of 0°, 90°, 180°, 270° from the reference
signal from the synthesizer. Particular phase cycling sequences are a very
useful method for getting rid of the spurious ringing.

The signal coming out from the phase modulator is then amplified, typ-
ically to several hundred volts, and sent it to the duplexer. The duplexer is
a simple circuit that allows the high power pulse signal to reach the coil but
prevents it from reaching the sensitive readout electronics of the spectrome-
ter. After the end of the pulse instead it allows the weak NMR signal to reach
the readout electronics without being dispersed along the high power pulse
transmission line (a scheme of a duplexer is shown in Fig. B.2).

The rf pulse, after exiting the duplexer, finally reaches the NMR probe,
which is inside a strong magnetic field (usually Hy >1 T). The probe is noth-
ing more than an home-made LC circuit. The sample is inserted in the induc-
tance of the LC circuit. The coil must have a very high filling factor, which
means that the sample must occupy more or less all the available space inside
the coil. However one also has to choose the number of turns that maximize
the quality factor Q:

_ wL

0=, (B.1)
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Figure B.1: Scheme of a NMR spectrometer.

where L is the inductance and R is the combined resistance of all the el-
ements of the circuit. A good combination of high filling factor and high
quality factor allows one to maximize the NMR signal of a given sample. The
pick up coil is sometimes immersed in a bi-component epoxy resin, which
enhance the mechanic stability and minimize the spurious ringing effect.

The maximum power transmittance to the sample is provided by the
impedance matching of the LC circuit (50 Q) at the Larmor frequency [147].
If this condition is not satisfied a significant portion of the pulse signal will be
reflected back to the amplifier and will not reach the sample coil. This hap-
pens because since the impedance of the spectrometer electronics is 50 Q, if
the RLC circuit does not have the same impedance it will behave as a mirror
for the radio waves.

The tuning and matching of the probe is adjusted through a set of variable
capacitors that can be mounted either at the tip of the probe or as a part of
the transmission line. In order to check the quality of the tuning a Morris
Instruments SWR meter device was used.

Mounting the capacitors in the transmission line induces higher rf losses
and a lower Q factor. On the other hand if the capacitors are mounted on
the tip of the probe (close to the coil) while Q is significantly better, for
superconducting samples, the enhanced Q makes the circuit so sensitive that
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Adapted from [146] Bottom: the duplexer electrical circuit scheme. Adapted
from [147].

the superconductivity may affect the circuit inductance so enough to shift
the resonance away from the Larmor frequency (see Section 3.2).

The receiver section of the spectrometer is composed by two main ele-
ments: the mixer and the ADC converter. In the mixer the signal is split and
mixed with the two reference signals from the synthesizer, one in phase with
the original rf signal and one with a 90° phase difference. This allows one to
extract the dissipative part (out of phase) and the dispersive part of the sig-
nal. The two components of the signal are then converted to a digital signal
using a two channel ADC. The digital signal is subsequently delivered to the
PC where the analysis takes place.

B.1.1 Auto-tuning setup

In order to automate the boring procedure of changing the tuning and match-
ing of the NMR probe while measuring very wide NMR-NQR spectra we de-
vised a very simple auto-tuning setup. The scheme of the set-up is shown in
Fig. B.3.

The core of the auto-tuning apparatus is a USB VNA board (miniVNA
Tiny board from Mini Radio Solutions) which measure the SWR frequency
dependence of the NMR tank circuit thus determining both the position of
the LC circuit resonance and the quality of the matching.
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Figure B.4: Block diagram of the autotuning set-up.

A Python script running on a PC controls both the spectrometer and the
tuning setup. Before starting a measurement the PC activates an RF switch
controlled by an Arduino board. The switch disconnects the NMR spectrom-
eter from the probe and connects the VNA board. At this point the VNA
measures the frequency response of the probe. The results are then sent to
the PC which determines the error in tuning and matching and feeds them
to a control loop algorithm which drives (thanks to the Arduino UNO board)
the two stepper motors connected to the variable matching and tuning ca-
pacitors. The control loop (measure resonance position — adjust variable
capacitors) is repeated until the probe LC circuit is tuned and matched at
the correct frequency. The switch is then activated again to reconnect the
spectrometer and the measurement is carried out.

This whole process is repeated for the desired number of frequency steps,
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until the whole NMR spectrum is acquired.

This customized set-up allowed us to measure very broad NMR-NQR
spectra with very weak signals, such as the high temperature (650 K) NQR
measurements of fluorine doped LaFeAsO(see Fig. 3.28).

B.1.2 Magnets

The magnets are obviously an essential component of an NMR set-up. In this
thesis we have used both electromagnets (e.g. for fluorine NMR measure-
ments in Ln1111) and superconducting magnets.

In the case of electromagnets, magnetic fields up to nearly 2 T can be
generated. The ferromagnetic core, thanks to the high magnetic permeability
of the ferromagnetic materials, gives rise a significant enhancement of the
field generated by the coils. In order to dissipate the great amount of heat
produced by the strong current circulating in the coils a water-based cooling
systems is typically used.

Superconducting magnets nowadays are much more common in NMR
set-ups. Superconductors in fact are capable of supporting very large electric
currents without any external supply and are also extremely stable allow-
ing one to obtain much higher and more uniform fields than those typically
achievable with electromagnets.

The windings of the superconducting coils are usually made from an alloy
of niobium and titanium, however for the higher field magnets (Hy >15 T)
a niobium tin-alloy is often used. The extremely thin superconducting wires
are embedded in a copper matrix in order to obtain better mechanical prop-
erties and to create a low resistivity escape path for the current in case of
a magnet quench. The superconducting coil is immersed in a liquid helium
bath. The helium is itself insulated by a large reservoir of liquid nitrogen
(T=77K). The two baths are separated from each other and from the outside
by evacuated jackets.

In order to inject a current in the superconducting coil a persistent
switcher is commonly used. This type of switch is comprised of a short
section of superconducting wire, connected across the output terminals of a
current generator, and of an heater used to drive the wire into the normal
state. When the heater is turned on the section of the superconducting coil
becomes resistive and the circuit behaves in a ohmic way, so a current of
the chosen intensity can be circulated into the coil. Once the correct current
value is reached the heater is switched off, the wire becomes superconduct-
ing again and the current will continue to circulate in the magnet for an
indefinite amount of time.
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B.2 Cryogenics and temperature control

Cryogenics is an important part of an NMR experiment, since many of the
studied effects take place at very low temperature.

Most of the measurements have been carried out using a dynamic helium
flow cryostat. In this type of set-up (see Fig. B.5) liquid helium is transferred
from the dewar to the cryostat, through a vacuum insulated transfer line and
the He flow directly cools the sample. A very similar apparatus is the static
flow cryostat. Its working principle is identical to that of the dynamic flow
cryostat the only difference being that the sample is inserted into a GHe filled
chamber which than is cooled down by the helium flow from the dewar. In
these cryostat the temperature is controlled both by changing the He flow
through a needle valve and by heating the sample space through a electrical
heater connected to a PID temperature controller

For the very low temperature measurements a bath cryostat has been
used. In this type of cryostat the sample is inserted directly in the helium
bath and the temperature is controlled changing the pressure of the bath
with a powerful pump.

Sometimes it is also useful to carry out NMR-NQR measurements at high
temperature (see Fig 3.28). In this case a custom built water cooled furnace
has been used. In this set up a continuous water flow keeps the external
jacket of the furnace cold while a powerful electrical heater warms up the
sample space up to 650 K. Since standard industrial oven controllers often
produce a significant high frequency noise which is detrimental for NMR-
NQR measurements of very weak signals a custom PC controlled PID loop has
been devised. In this set up the thermocouple from the oven is read using a
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digital voltmeter and the current is controlled through a GPIB connected high
precision DC power supply which regulates the gate current of the TRIAC
circuit feeding the high voltage AC current to the oven’s heater.
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