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Abstract

The microscopic understanding of the intricate interplay between magnetism and unconven-
tional superconductivity is currently one of the great open questions in condensed matter physics.
In particular, compounds with a tetragonal crystal structure seems to be favorable to the emer-
gence of such phenomena. The intermetallic compounds BaFes Asy and EuFes Ass crystallize in the
tetragonal ThCraSis-type structure (I4/mmm) with FeAs sheets separated by barium/europium
layers. Both compounds exhibit a structural distortion accompanied by a magnetic spin-density
wave (SDW) phase transition at Tspw = 140 K and Tspw = 190 K, respectively. Remarkably,
this SDW phase can be tuned toward a superconducting state by substitution and applied pres-
sure. In this thesis, we will present a systematic study of the intermetallic tetragonal compound
BaFeyAss as a function of three parameters: Eu substitution in the Ba crystallographic site, tran-
sition metal (TM) substitution (TM = Mn, Co, Ni, Cu, and Ru) in the Fe site, and/or applied
hydrostatic pressure. For this purpose, we have grown high-quality single crystals by the alternative
In-flux method. The macroscopic characterization has been made by measurements of magnetic
susceptibility, specific heat and electrical resistivity at ambient pressure and under hydrostatic
pressure. Concerning the microscopic investigation, the experimental approach consists in using
electron spin resonance (ESR) technique employing paramagnetic ions of Eu?>* and Mn?* /Cu?*
as probes in the Ba and FeAs planes, respectively and X-ray absorption spectroscopy (XANES
and EXAFS) in both As and Fe K edges. In this manner, it was possible to study the site spe-
cific spin dynamics and its relation with local distortions in the material. Our results evidentiate
that the decrease in the Fe-As distance is intimately related to the SDW phase suppression and
to a localization of the Fe 3d bands in the FeAs plane. This increase in the planar xy/x? — y?
orbital character at the Fermi surface appears to be a propitious ingredient to the emergence of

superconductivity in this class of materials.
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Resumo

O entendimento microscopico da intrincada relagao entre magnetismo e supercondutividade
nao-convencional é atualmente um dos grandes problemas em aberto em fisica da matéria conden-
sada. Em especial, compostos com estrutura cristalina tetragonal parecem favorecer a emergéncia
de tal fenomeno. Os compostos intermetélicos tetragonais BaFes Ass e EuFes Ass cristalizam na es-
trutura tetragonal ThCrySiy (I4/mmm) com camadas de FeAs separadas por 4tomos de bario/eurépio.
Ambos os compostos apresentam uma distorgao estrutural (tetragonal para ortorrémbica) acom-
panhada for uma transicdo de fase magnética do tipo onda de densidade de spin (ou SDW, na
sigla em inglés) em Tgpw = 140 K e Tspw = 190 K, respectivamente. E notavel que esta fase
magnética pode ser suprimida em direcao ao estado supercondutor através de substituicao quimica
ou pressao aplicada. Neste trabalho, apresentamos o estudo sistematico das propriedades do com-
posto intermetalico tetragonal BaFes Aso em funcao de trés parametros: substituicao de Eu no sitio
cristalogréfico do Ba; substituicdo de metais de transicao TM = Mn, Co, Ni, Cu e Ru no sitio
cristalografico do Fe e/ou pressdo hidrostdtica. Para tal propdsito, primeiramente sintetizamos
amostras de alta qualidade através do método alternativo de fluxo metdalico de In. A caracter-
izacdo macroscépica dos compostos foi realizada através das técnicas experimentais de medidas
de susceptibilidade magnética, calor especifico, resistividade elétrica em pressao ambiente e sob
pressao hidrostatica, além da caracterizacao estrutural através da difragao de pé de raios-X. No
que diz respeito a caracterizacao microscopica, a investigacao experimental foi realizada através
da técnica de ressonancia de spin eletronico (RSE) utilizando como provas os {ons paramagnéticos
de Eu?t e Mn?*/Cu?*, além do estudo de absorgao de raios-X (EXAFS) tanto na borda K do As
quanto na borda do Fe. Dessa forma, foi possivel investigar a dinamica de spins no plano e fora do
plano de FeAs e sua relacao com as distorgoes locais do material. Nossos resultados evidenciam que
a diminuicao da distancia Fe-As estd intimamente ligada a supressao da fase SDW e a localizagao
das bandas 3d do Fe no plano Fe-As. O aumento do cardter orbital planar zy/z? — y? na superficie
de Fermi parece ser um ingrediente propicio para a emergéncia da supercondutividade nessa classe

de compostos.
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Chapter 1

Introduction

In this thesis, we have experimentally studied the macroscopic and microscopic properties of
the tetragonal compound BaFesAss as a function of three parameters: Eu substitution in the Ba
crystallographic site, transition metal (T'M) substitution (T'M = Mn, Co, Ni, Cu, and Ru) in the
Fe site, and/or applied hydrostatic pressure. The main motivation of this work consists in the
existence of an interplay between magnetism and high-temperature superconductivity in a class of
intermetallic systems that have a common local structure: FeAs superconducting sheets arranged

in FeAsy tetrahedra, Fig. 1.1.
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Figure 1.1: Five different structural classes of iron-based superconductors that share a common
layered structure based on a planar layer of iron atoms joined by tetrahedrally coordinated pnic-
togen (P, As) or chalcogen (S, Se, Te) anions arranged in a stacked sequence separated by alkali,

alkaline-earth or rare-earth and oxygen/fluorine blocking layers. Figure extracted from ref. [1]
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Therefore, the initial objective of the present study is to systematically establish the magnetic
and/or superconducting properties of BaFes Asy with appropriate substitution and /or applied pres-
sure. More specifically, we will employ local techniques, such as electron spin resonance (ESR) and
X-ray absorption spectroscopy (XANES and EXAFS), to obtain information about the relationship
between local structural distortions and the system spin dynamics.

In this Introdution, we will first present a general overview of the Fe-based superconductors and
their connection with other unconventional superconductors. Thereon, we will approach the specific
concern of this thesis. In Chapter 2, the theoretical background will be presented: magnetism in
solids, superconductivity, crystal field effects and electron spin resonance. Chapter 3 presents an
overview of the experimental techniques employed during this work. Chapters 4 and 5 present the
results and discussions of the macroscopic and microscopic measurements, respectively. Finally,
Chapter 5 contains the conclusions of this work. The papers published during this thesis are listed

in Appendix 1.

1.1 Fe-based Superconductors: State of the Art

The report of superconductivity at a critical temperature T, = 26 K in fluorine-substituted
LaFeAsO have triggered intense scientific investigation since their discovery in 2008 [2]. When ap-
propriately substituted, compounds in the RFeAsO (R =La—Gd) family become superconducting
and can reach critical temperatures as high as 56 K in Gdg gThg 2FeAsO. The subsequent efforts to
synthesize new materials with FeAs layers ultimately brought back to the scene the 122 family with
the discovery of an oxygen-free new family of superconductors (SC) AFezAss (A = Ba, Sr,Ca, Eu)
with a highest T, of 38 K in the potassium-substituted BaFeaAss [113]. Interesting, despite the fact
that one class is an oxide family and the other is an intermetallic system, superconductivity can
be found in both systems with comparable critical temperatures when the magnetic spin-density
wave (SDW) phase (100K < Tspw < 200 K) is suppressed by chemical substitution and/or applied
pressure [4]. Moreover, both systems have an unconventional nature of the Cooper pairing state,
meaning that the superconducting pair state is not an isotropic nodeless s-wave state, and the
pairing interaction is other than the conventional electron-phonon interaction. Strikingly, several
classes of unconventional superconductors (heavy fermion, cuprates, organic and iron-based SCs)
have a low-symmetry layered structure and display an unsettling similar phase diagram, shown in
Figures 1.2 and 1.3, with an antiferromagnetic parent compound, indicating that the pairing is
magnetic-mediated. In fact, structural parameters in low-symmetry layered systems have played
an important role in determining the symmetry and the dimensionality of the magnetic fluctua-
tions. However, there is no consensus on the microscopic reason why these crystal structures seem

to be favorable to the emergence of such phenomena.
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In particular, the AFesAs,y family crystallizes in the tetragonal ThCroSis-type structure (14/mmm)
and exhibits a structural distortion closely related to the SDW phase transition. It is remarkable
that this SDW phase can be tuned towards a SC state by both substitution (isovalent or “elec-
tron/hole”) and applied pressure, suggesting that structural tuning plays a role, as in the heavy-
fermion systems. Moreover, theoretical calculations using a supercell approach to density funcional
theory (DFT) have shown that the substitutions mentioned above act as chemical pressure instead
of effective doping [10]. The extra d electrons or holes from the impurity were actually concentrated
at the substitute Co site. From the experimental point of view, Mossbauer spectroscopy measures
the same s-electron density at the °"Fe nuclei for both pure and substituted BaFesAsy [11, 12].
In addition, resonant photoemission spectroscopy reveals that the Co 3d state center of mass is
observed at 250 meV higher binding energy than that of Fe, indicating that Co possesses one extra
valence electron and that Fe and Co are in the same oxidation state. However, the Co 3d elec-
trons are part of the Fermi sea determining the Fermi surface and this complex behavior reveals
an inadequacy of a rigid-band shift description frequently used in angular resolved photoemission
spectroscopy (ARPES) analysis to argue that there is charge doping in the Fermi surface [13].
Very recently, finally this apparent contradition with ARPES measurements were solved: Ni and
Cu substituons in BaFesAsy were compared to the Co one. It was found that the Ni 3d-derived
features are formed below the Fe 3d band and that Cu 3d-derived ones further below it. Moreover,
the electron Fermi surface volumes in Ni- and Cu-122 are smaller than the value expected from the
rigid-band model, suggesting that part of electrons doped by substitution of Ni or Cu preferentially
occupy the Ni 3d or Cu 3d states, or are trapped around the impurity sites, and do not behave

like a mobile carrier [14].

Concerning the structural tuning, crystalline electric field (CEF) effects are often important
for the ground state determination in strongly correlated materials. Particularly, heavy fermion
superconductors have f-electrons that strongly hybridize with the conduction bands and the single-
ion anisotropy defined by the CEF effects can influence the spin fluctuations near the conduction
bands. It has been shown that the superconducting transition temperature (T.) trendly scales
with the lattice parameters ratio ¢/a, Fig. 1.4a [5, 15, 16, 17, 18]. For the cuprates, structural
parameters have been suggested for controling T.: the bond length between copper and in-plane
oxygen and the Cu-apical oxygen distance. It was proposed that the apical oxygen distance from
the CuO; plane also naively scales with T, Fig. 1.4b, and that the less the dg2_,» main band is
hybridized with the d.2 and 4s orbitals the higher the T, [19, 20, 21].

Recently, several works in the iron-based SCs have shown a close relationship between the
magnetic SDW phase and the structural parameters, such as the Fe-pnictogen/chalcogen distance

and the tetrahedra shape, Fig. 1.5, that are believed to control the CEF levels and consequently
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Figure 1.4: a. Superconducting transition temperatures as a function of tetragonal lattice param-
eters c/a for various Ce- and Pu-members of the CeMIns and PuM Gag families. Figure from
ref. [22]. b. Relationship between T, and the Cu-O-Cu buckling angle for the CuOs planes and
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round symbols are distances. Figure from ref. [21]

the orbital weight in the Fermi surface bands [23].
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Figure 1.5: a) Tetrahedral symmetry in a cubic environment. b) Distorted tetrahedra in the real
lattice. The Fe-As distance and the angle a changes among compounds with substitution and

pressure.

The iron pnictide and chalcogenide superconductors have five Fe 3d bands at the Fermi surface

with a Fermiology consisting typically of five separated pockets with varying degrees of interpocket
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nesting, Fig. 1.6. ARPES measurements of Fe-pnictides and chalcogenides have shown that this
fermiology can change rapidly with a variety of substitutions [24]. In this manner, the CEF splitting
of the 3d bands is important to determine which orbital character participates in the Fermi surface
and this is crucial for the SDW phase formation and also for the emergence of superconductivity

when the SDW phase is suppressed.
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Figure 1.6: (left) Fermi surface calculated by DET+DMFT [23] and (right) Fe 3d orbitals.

In many FeAs-based SCs, a SDW order is found to have a wave vector directed along (7, 7)
direction in the tetragonal unit cell with a real-space spin arrangement consisting of AFM stripes
along one direction of the Fe sublattice and ferromagnetic stripes along the other, with an ordered
moment typically smaller than one Bohr magneton [25]. There is an intense debate whether this
magnetic phase has itinerant or localized degrees of freedom. Inelastic neutron scattering have
shown itinerant spin excitations and a spin-fluctuation resonance in the 1111, 122, 111, and 11
structure superconductors below T, similar to the cuprates [26, 72]. In any case, it seems that a
dual description is needed to properly describe the magnetic phase.

In addition, although there is a general consensus that magnetic interactions are important
for superconductivity, much remains unknown concerning the microscopic origin of the magnetic
states and the coexistence between SC and magnetism. Mossbauer spectroscopy reveals a clear
magnetic hyperfine field Aj ¢ below T, for several substitution in BaFesAss , indicating coexistence
between magnetism and SC since it is reasonable that there is no phase separation on a length
scale smaller then the SC coherence length, £ ~ 2 nm [12]. Moreover, nuclear magnetic resonance

(NMR) measurements clearly shows a microscopic coexistence between magnetism and SC [97].
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As one can notice there are still several central questions remaining, including the role of
magnetism, the nature of chemical and structural tuning, and the resulting pairing symmetry. A
sensitivity of electronic structure and/or magnetic interactions to details of the internal structure of
the Fe-As layers is relevant to unraveling this puzzle and to find universal properties and principles.
This thesis intends to provide a microscopic understanding of the interplay between SDW and SC by

using microscopic probes that can directly study the spin dynamics and the structural parameters.

1.2 Specific problem: What is the important tuning param-

eter in BaFeyAsy?

In addition to the Fe moment (~ pp) in the AFesAsy; members (A = Ba, Ca, Sr), the
EuFe;As; compounds have also Eu?T ions with large local magnetic moments (7.94 up) that order
antiferromagnetically at Ty = 19 K (Fig. 1.7b). Mdssbauer experiments have measured the oxi-
dation state of europium ions (Eu?") and evidenced a small, but significant, coupling between the
localized Eu?* moments and the conduction electrons from the FeAs layers [27]. Upon substitution
by K, Co, and P, EuFesAss also undergoes superconducting transitions but with slightly lower T,
compared to BaFesAss [28, 29, 30, 31]. Interesting, for both Co-substituted case and pressure,
there is a reentrant behavior of the resistivity due to the Eu?T antiferromagnetic ordering [32].
For the first case, an applied magnetic field is capable of polarizing the Eu?* spins, leading to the
coexistence between superconductivity and ferromagnetism.

Electron spin resonance (ESR) is a powerful microscopic spin probe that has been used to
study the site specific spin dynamics in these compounds. By measuring locally the electronic
susceptibility, X” (q, w), the electronic, structural and chemical properties of a material can be
probed using a paramagnetic ion, such as Eu?t or Mn?* ions.

However, up to date, the ESR experiments have been focused on Eu-based samples far from
diluted regime. For instance, Eu?* ESR data in EuFe,As, single crystals indicate a spatial confine-
ment of the conduction electrons (ce) to the FeAs layers below Tgpw as evidenced by the change
in the ESR linewidth from a typical metallic behavior (i.e., a linear Korringa-type increase ! above
Tspw to a magnetic insulating behavior, where dipolar and crystalline electrical field effects dom-
inate [42]. In hole doped Eug ;Ko 5FeaAss, where the SDW phase is completely suppressed and
SC arises for T' < 32 K, a Korringa behavior also occurs for T > T, [43]. For the electron doped

EuFes_,Co, Ass, the Korringa rate, Tspw and T. scale with x [44]. A recent report on polycrys-

IThe Korringa parameter b represents the thermal broadening rate of the ESR line which is proportional to the
relaxation rate (1/T1, where Ty is the spin-lattice relaxation time) of the Eu?t resonating spins via conduction

electrons and ultimately to the lattice. A detailed discussion is presented in Section 2.4)
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Figure 1.7: a) Substitution of Eu?* and Mn?* in the Ba?* and Fe?* crystallographic sites, respec-
tively. b) Specific heat versus temperature of the EuFes Asy compound displaying antiferromagnetic
ordering of the Fe ions at Tspw = 190 K and of the Eu ions at Ty = 19 K. The inset shows both

magnetic structures. Figure extracted from ref. [33].

talline EuFey_,Co,Asy also shows a Korringa rate decreasing with Co-doping [45]. Interestingly,
a slower Korringa rate b is obtained for all substitutions and it has been attributed to a change
in the density of states at the Fermi level, n(Er). However, in the Eu-concentrated compounds,
the Eu?T-Eu?" spin interaction always represents an important contribution to the ESR data and
to the global properties of the compounds. Therefore, it is crucial to extrapolate such studies to
a Eu?t diluted regime in a host compound of great interest. BaFesAso is an obvious choice since
it offers the possibility of growing high quality single crystals that can be tuned toward SC by
pressure and substitution. In this manner, we aim to grow BaFe;Ass high-quality single crystals
with substitutions of paramagnetic probes in both Ba and FeAs planes in order to gain microscopic

insight about the important tuning parameters that lead to superconductivity, Fig. 1.7a.



Chapter 2

Theoretical Aspects

In this chapter, the underlying theory used throughout this thesis will be discussed: magnetism
in solids, superconductivity and crystal field effects. Furthermore, we will approach resonance
phenomena in order to understand how electron spin resonance can provide information about the

physical systems of interest.

2.1 Magnetism in Solids

Let us first consider an atom with Z electrons in the presence of a weak uniform external static

magnetic field (H =V x A). We can write the perturbed Hamiltonian as:

5y Z
_ e 2
H—Ho+uB(L+gS)~H+78m 5 E (H x r;)%, (2.1)

c
€Y =1

2
i

where Hy = 7 (2

2m

+V;) is the unperturbed Hamiltonian; up = efi/2m. is the Bohr magneton;
L and S are the total orbital angular momentum and total spin operator, respectively; r; and p;j
are the position and the momentum operators of the i** electron in the atom.

The energy shifts produced by eq. 2.1 are generally small on the scale of atomic excitation
energies. Therefore, one can compute the changes in the energy levels induced by the field with
ordinary perturbation theory.

In general, we define the magnetic susceptibility y of a linear material composed of IV ions in

the presence of H as:

_OM _ NO’Ey
X= %90~ TV oH?"
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where M is the material magnetization (magnetic moment per volume). In the last equality we
used the fact that there is negligible probability of the ion being in any but its ground state in
thermal equilibrium.

In order to compute the second derivative in equation 2.2 one must retain terms up to the

second order in H. Second-order perturbation theory then gives:

(L gS)P &
E,—E, 8mc?

nikB
AE, = upH- (nlL+ gSln) + 3 1 2] Y0 4yl (23)
n'#n i
This equation is the basis for magnetic susceptibility theories of individual atoms, ions, or
molecules.
In this manner, for the third term in equation 2.1 we have a weak, negative contribution of the

order of 10~° to the magnetic susceptibility:

2772
xa=-200 0 (2.4
known as the Larmor diamagnetic susceptibility!. We define (r?) as the mean square ionic radius.
The term diamagnetism is applied to cases of negative susceptibility (i.e., cases in which the
induced moment is opposite to the applied field) and all materials present it in some degree. In
a simplified view, an external magnetic field alters the orbital velocity of the electrons around
the nuclei, thus changing the magnetic dipole moment. According to Lenz’s law, this opposes the
external field. Consequently, diamagnetism is a form of magnetism that is only exhibited by a
substance in the presence of an externally applied magnetic field. It is generally quite a weak effect

in most materials, although superconductors exhibit a strong effect that we will discuss in section

2.2

2.1.1 Paramagnetism

Now we turn our attention to the second term in equation 2.1, known as Zeeman term, that
plays a role in ions with partially filled shells. There are two distinguisable cases: if the shell has

J=L+S=0andifit has J=L+ S #0.

Van Vleck Paramagnetism

If the shell® has J = 0, the first-order energy shift from perturbation theory (0(L + ¢S)|0) is

zero. Thus, the magnetic susceptibility can be written as:

11t is also referred to as the core diamagnetic susceptibility or Langevin susceptibility
2As is the case of d* and f9, i.e., shells that are one electron short of being half filled
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N | €2 |(O|(L + gS)|n)|?
= . 2.
=7V | dme |Zz 910~ Z B, — Eo (2:5)

The first term was already discussed and corresponds to the Larmor diamagnetic contribution.
On the other hand, the total contribution from the second term is positive, and therefore favors
aligment of the moment parallel to the field. This behavior is known as paramagnetism and this

higher order correction independent of temperature is known as Van Vleck paramagnetism.

Curie Paramagnetism

If the shell has J # 0, we have a non-zero first-order term in the energy shift that is much
larger than the other two terms. In this case, the ground state is (2J + 1)-fold degenerate in zero
field and we must diagonalize the (2J + 1)-dimensional square matrix (JLSJ,|(L + gS)|JLSJ.).
This can be done by using the Wigner-Eckart theorem, which states that the matrix elements of
any vector in the (2J + 1)-dimensional space of eigenstates of J? and J, with a given value of J

are proportional to the matrix elements of J itself:

(JLSJ.|(L + ¢S)|JLSJ.) = g(JLS)(JLSJ.|J|JLS.J). (2.6)

As the coefficient g(JLS) does not depend on J,, the matrix is already diagonal in the states
of definite J, and the (2J + 1)-fold degenerate ground state is therefore split into states with
definite values of J, whose energies are uniformly separated bt g(JLS)upH. We notice that
the ground (2J + 1) degenerate states in zero field are diagonal in J, L, and S and one can
write (L 4+ ¢S) = ¢g(JLS)J. Moreover, if the splitting between the zero-field atomic ground-state
multiplet and the first excited multiplet is large compared with kT, then only the (2J + 1) states
in the ground-state contribute appreciably to the free energy. In this case, we can interpret the
first term in the energy shift of equation 2.3 as expressing the energy £ = —[i- H of the interaction
of the field with a magnetic moment that is proportional to the total angular momentum of the

ion:

p=—g(JLS)upJ. (2.7)

Due to the fact that the zero-field ground state is degenerate, we can not calculate the suscep-
tibility by equating the free energy to the ground-state energy as we did in the last section for the
nondegenerate shells with J = 0. Considering that only the lowest 2J + 1 states are thermally
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excited with appreciable probability, we can calculate the free energy in the canonical ensemble?

and we obtain a variation of the susceptibility inversely with temperature, known as Curie’s law:

1N pEpyy  C
XeZ 3V Thyr T T

(2.8)

where C'is the Curie constant, pf; = g(JLS)[J(J+1)]*/? is the effective Bohr magneton number*
and g; is the Landé g-factor given by:

J(JLS) = g N % S(S +J1()J—+L1()L +1] (2.9)

It is worth noting that room temperature paramagnetic susceptibilities should be of the order
1072 to 1072 and its contribution completely dominates the diamagnetic one. However, we have
to keep in mind that the Curie’s law has conditions for its validity: kgT > hupH; the magnetic
interaction between ions can not be appreciable; the J-multiplet lying above the ground state can
not be close in energy (so that second order terms can be neglected and only the lowest 2J + 1
states are thermally excited with appreciable probability). Moreover, the magnetism of rare-earth
ions in an insulating solid is well described by treating them as isolated ions, as shown in Table
2.1.

However, this is not the case for transition metal ions. For ions from the iron group one finds
that although Curie’s law is obeyed, the value of p. s is determined from equation 2.8 only if one
assumes that, although S is still given by Hund’s rules, L is zero and hence J is equal to S, as
shown in Table 2.2. This phenomenon is known as the quenching of the orbital angular momentum
and it is a particular example of crystal field effect, which we are going to discuss below in section
2.3.

The earliest attempt of a quantitative analysis of the ferromagnetic transition was put forward
by P. Weiss and is known as mean (or molecular) field theory. Although there are sophisticated
calculations nowadays, the mean field approximation is usually a good starting point to obtain the
leading correction to Curie’s law. If we focus our attention on a particular site R and replace each

other spin by its mean value, we arrive at the Weiss’ effective external field:

_V_ b

H,.;r = H+ \M, A
1 * N (gup)?

and Jo =Y J(R). (2.10)
R

For high temperatures, we can then calculate the susceptibility using equations 2.2 and 2.8:

3The statistical mechanical calculation is discussed in detail, for example, in ref. [46]

41t is useful to replace the constant values in order to write the effective magnetic moment as Pefy = V8C
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ELEMENT

(TRIPLY BASIC ELECTRON GROUND-STATE

IONIZED) ~ CONFIGURATION TERM CALCULATED?! p  MEASUREDS p
La 410 1s 0.00 diamagnetic
Ce 411 2F, 2.54 24
Pr 4f2 SH, 3.58 35
Nd 453 T 3.62 35
Pm ar 5T, 2.68 s
Sm 4fs Hy 0.84 15
Eu 416 F, 0.00 34
Gd 417 Mo 7.94 80
Tb 4f8 P 9.72 9.5
Dy 45° Hysps 10.63 10.6
Ho 4510 5, 10.60 104
Er 451 “Iss 9.59 9.5
Tm 4512 3H, 7.57 73
Yb 4113 2F7,2 4.54 45
Lu 4114 Is 0.00 diamagnetic

Table 2.1: The value of the effective moment p determined by the coefficient of 1/7" (eq. 2.8) in
the measured susceptibility compared with that given by pes; = g(JLS)[J(J + 1)]

1/2

ELEMENT BASIC GROUND-
(AND ELECTRON STATE CALCULATED? p
JONIZATION)  CONFIGURATION TERM (J=38) (J= |L + S|) MEASURED<p

Ti*+ 3d* ™ 1.73 1.55 —
V4t 34" 2 S 1.73 1.55 1.8
V3+ 342 3F, 283 1.63 2.8
vzt 34® 4F 32 3.87 0.77 3.8
et 343 g 3.87 0.77 3.7
Mn** 343 y 3.87 0.77 4.0
Cr2t 34* 5D, 4.90 0 48
Mn3* 3d* 3D 4.90 0 5.0
Mn?* 34° 685,2 5.92 5.92 59
Fe** 3d° N s 592 592 59
Fe?* 3dS 5D, 490 6.70 54
Co?* 3d’ e 3.87 6.54 48
Ni2* 3d® ’F, 2.83 5.59 32
Cu?* 3d° e 1.73 3.55 19

Table 2.2: Calculated and measured effective magneton numbers p for the iron 3d group ions.
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_OM _ My OH.ff
"~ OH  0H.; OH

Rearranging the terms, we obtain a modified Curie’s law known as Curie-Weiss’ law:

X =xc(1+ Xx). (2.11)

_ Xe B C
1_(9CW/T) T—HCW,

where Oy = AC' = 22JC (with z the coordination number) gives an important estimate of the

X (2.12)

exchange interaction J. Thus, the sign of 6oy determines if the interaction is ferromagnetic (6 > 0)
or antiferromagnetic (6 < 0) and it can be determined experimentally by a linear fit to the inverse

susceptibility x~! typically for T' > 100w, as shown in Fig. 2.1.

Pauli Paramagnetism

The above considerations were made for an insulating material. However, in this thesis, we
will study intermetallic systems and thus we have to take into account the contribution of the
conduction electron spins to the magnetic susceptibility. Within the independent electron approx-
imation and neglecting the orbital response to the applied magnetic field, we find a temperature

independent positive magnetic susceptibility:

Xe = 2#?377(EF)a (213)

where n(Er) is the “bare” density of states (DOS) for one spin direction at the Fermi surface (F'S).
This is known as Pauli paramagnetic susceptibility and its order of magnitude is comparable to
the diamagnetic one, in huge constrast to the larger paramagnetic susceptibility. This is because
the exclusion principle is far more effective than thermal disorder in suppressing the tendency of
the spin magnetic moments to align with the field.

If we now consider electron-electron exchange interaction, the magnetic susceptibility is, in

general, enhanced:

(2.14)

where (1 — a)~! is the Stoner enhancement factor [48, 63, 34].

2.1.2 Magnetic interactions

When deriving Curie’s law (eq. 2.8) for paramagnetism we assumed that the paramagnetic ions

are independent magnetic moments. However, there are different types of magnetic interactions
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Figure 2.1: Summary of the magnetic susceptibility temperature dependence presented in this
section. a) Pauli paramagnetism and diamagnetism; b) Curie paramagnetism; (c¢) ferromagnetism;

(d) antiferromagnetism. Figure extracted from ref. [34].

that can allow the magnetic moments in a solid to communicate with each other and to potentially

realize long range order.

Magnetic dipolar interaction

The first expected interaction is the direct dipolar interaction energy of two magnetic dipoles

m; and ms separated by a distance r:

o rig fm; - mz — 3(my - ) (ms - )] (2.15)
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We can estimate the order of magnitude of this effect in a magnetic solid, where moments are
typically ~ gup and are separated by ~ 2 A. Thus, E ~ 10~* eV (equivalent to only 1 K) and
hence magnetic dipolar interaction is too weak to account for ordering in most magnetic materials

that order at much higher temperatures.

Exchange interaction

On the other hand, if we turn our attention to electrostatic energy differences between atomic
states, we notice that they are typically a fraction of an electron-volt and they could play an
important role. In fact, due to Pauli exclusion principle, the electrostatic energy of a pair of
magnetic ions depends on the relative orientation of their moments so that an effective magnetic
exchange interaction between them arises. We can write the spin Hamiltonian for the simple case

of two electrons as:

HP'™ = —JS1 - S2,J = Esinglet — Etriplet- (2.16)

P will favor parallel spins (triplet

Here, J is the exchange coupling constant. We note that H
state S = 1) if J > 0 and antiparallel spins if J < 0 (singlet state S = 0).

There are a large variety of exchange interactions that can occur in a solid, namely:

e Direct exchange occurs when the interaction arises directly from the Coulomb interaction

with no need for an intermediary;
e Superexrchange is an indirect exchange in ionic solids mediated by a nonmagnetic ion;

e Ruderman-Kittel-Kasuya- Yosida (RKKY), which is also an indirect exchange but mediated

by the conduction electron in metals;
e Double exchange, which is a ferromagnetic exchange due to the mixed valency of a magnetic
ion;

e Anisotropic exchange (or Dzyaloshinski-Moriya interaction) is possible when the spin-orbit
coupling produces an excited state in one magnetic ion that can interact with the ground

state of another ion;

e [tinerant exchange is the exchange interaction in metals among the conduction electrons

themselves.

Very often direct exchange can not control the magnetic properties since there is insufficient

direct overlap between neighbouring magnetic orbitals. For example, the mean radius of an f-shell
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in rare earth series is typically one tenth of the interionic spacing, as shown in Fig. 2.2. Thus they
generally overlap very little and the direct exchange is weak. Even in transition metals, such as
Fe, Co and Ni, where the 3d orbitals extend further from the nucleus, it is extremely difficult to

have direct exchange playing a role in the observed magnetic properties.

Gd¥*

0 086 1.4 2.2 3.0 38 4.6 54 6.2 7.0
r (atomic units)

Figure 2.2: The Hartree-Fock radial densities of Gd*T (similar to Eu?"). Figure extracted from

ref. [47]

As pointed out in the first chapter, in this thesis we will study the EuFes Asy member, which
has two antiferromagnetic ground states: a localized one due to the RKKY exchange interaction
between Eu?* ions and an itinerant SDW one due to the itinerant exchange between Fe 3d electrons.
Therefore, we will concentrate our analysis on these two interactions.

Rare-earth 4f local moments are embedded in a sea of conduction electrons that can be spin
polarized and subsequently interact with neighbouring local moments, resulting in an indirect long-
range oscillatory coupling. In order to understand this phenomenon, one can write the Hamiltonian
of the exchange interaction between a conduction electron with spin s at r and an ionic spin S at

position R.:

Hep = —Jps(r —R)s - S. (2.17)

As H,y is spin dependent, conduction electrons with different spin orientation respond differ-
ently to the perturbation. Hence, if J;4(r) < 0, conduction electrons with the same spin orientation
as the ionic spin prefer to be near S, while those of spin antiparallel do not. This polarization

produced by one ionic spin will interact with another spin at a distance r through H,y. In order
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to work with Bloch waves for the conduction electron it is convenient to work in the reciprocal
space. Then, using second-order perturbation theory, we obtain the effective exchange interaction

between the two spins:

Hij = —JrKkKYSi -5, JREKY = Z J?S(Q)X(Q)eiq'r’ (2.18)
q

where x(q) is the wave vector (q = k — k’) dependent susceptibility of the conduction electron
system which yields the response of the electron gas to the exchange field of localized spin. Finally,

using the RKKY approximation, J¢s(q) = J¢s, we find the familiar RKKY exchange interaction:

JREKY = =
2€F

73

97 J7n*(Er) <sin(2kpr)
r

— 2kFcos(2kFT)> . (2.19)

Here, FEr is the Fermi energy, kg is the radius of the conduction-electron Fermi surface, and
n*(Er) is the conduction-electron density of state at Ep. The RKKY interaction can be ferro or

antiferromagnetic, depending on the distance between the two moments, as shown in Fig. 2.3.

\J b

Figure 2.3: Indirect Jrxxy exchange interaction of a free electron gas.

In general, the electron gas by itself also contains a rich spectrum of excitations that can be
treated by calculating x(q,w) via perturbation theory. In particular, the g-dependent susceptibility

without Coulomb interactions can be written as:

Xq = Xef(q/2kF), (2.20)

where f(z) = % (1 + l;flog i—ﬂ\)
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As mentioned before, this susceptibility is enhanced in the presence of Coulomb interactions

and becomes:

. Xef(q/2kF) __Xq
T 1—-Un(Er)f(q/2kr)  1—axy’

(2.21)

where a = U/ ,u2B, U= ;LQB)\ is a measure of the Coulomb energy, and A is the molecular field. It
may occur that Xg has a maximum at g # 0. In this case, the interactions can cause a divergence
in the susceptibility at this vector q if 1 — axg = 0. Hence, the electron gas would become
unstable, and an oscillatory static magnetization could spontaneously develop in the sample. If
q = 0 this would correspond to a ferromagnetic order; if |q| = 7/a then antiferromagnetic order
could develop. Indeed, spin-density wave (SDW) structures with wave vector q occur in the iron
pnictides. In three dimensions, a SDW cannot produce an energy gap at all points on the Fermi
surface (FS). Sometimes the FS is such that a translation by a vector q places a part of it on top
of another part. This phenomenon is known as nesting. A SDW with wave vector q can produce
energy gaps along the region of the F'S for which nesting is possible. In real metals, it very often
happens that two pieces of the Fermi surface are approximately translated from one another in
k-space by a fixed wave vector q. This can give rise to a peak in the susceptibility and resulting
instability. The formation of the SDW is said to nest the Fermi surface. If the nesting wave vector
q turns out to be 7/a where a is the spacing between atoms, the SDW is commensurate with the
lattice and antiferromagnetic order results, Fig. 2.4a. However, if q, which is equal to 2kp, is not

a simple multiple of 7w/a the SDW becomes incommensurate, as shown in Fig. 2.4b.

(a) —a=—

Figure 2.4: (a) Commensurate spin-density wave with wave vector ¢ = w/a. (b) Incommensurate

spin-density wave. Figure extracted from ref. [63].
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2.2 Superconductivity

In addition to magnetic ordering, another failure of the independent electron approximation is
the phenomenon of superconductivity. In 1911, the dutch physicist H. K. Onnes discovered that
mercury (Hg) suddenly exhibited zero resistance below the liquifying helium temperature [64], as
shown in Fig. 2.5a. Although infinite conductivity is the most obvious characteristic, another key
property of the superconducting state was established in experiments first performed by Meissner
and Ochsenfeld: the magnetic flux density B is expelled from the interior of a superconductor
(perfect diamagnetism) below the superconducting transition temperature 7., Fig. 2.5b. This is
the so called Meissner effect, as the magnetic field H is turned on, a certain amount of energy is
spent to establish the magnetic field of the screening currents which cancels the field in the interior
of the superconductor. If the applied field is large enough it will become energetically unfavorable
for the sample to revert back to the normal state, allowing the field to penetrate. This field is the
critical field H.(T).

a) s, b)
g125| /
(U/
010
go1s %

008

9025

1055

2,00
" 4%0 10 4%0 ¥ %0

Figure 2.5: a) The resistivity of a capillary of mercury as a function of temperature. b) Magnetic
flux expulsion from the interior of a superconductor (Meissner effect). Figure extracted from ref.

[64].

2.2.1 Conventional Superconductivity

Based on this experimental fact, the London brothers proposed a phenomenological model

based on the fundamental assumption that the equation

nse

VxJ=-—"R1, (2.22)

mc
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correctly describes a superconductor under all circunstances. Here, ng is the electron supercon-
ducting density, —e is the charge of an electron, and J is the supercurrent. Since B = V x A,

where A is the magnetic vector potential, the assumption above becomes the London equation:

A. (2.23)

The Coulomb gauge (V-A = 0) was chosen in order to satisfy the continuity equation V-J = 0.
A combination of Equation 2.22 and the Ampere’s law for static fields gives the following
differential equation that, in the simple case of a superconducting slab of width z = 2d with

applied field Hy = HoZ, has a clarifying solution:

VZB=\"?B, = B,=Hye */*, (2.24)
where
mc
A\ = ym (2.25)

is known as the London penetration depth. Thus, the magnetic field is confined to a surface layer
of thickness ~ A. For the element tin (Sn), for example, the experimental penetration depth is
A =510 A.

One can ask why the London equation is valid. Phenomenologically, it follows from the rigidity
of a wave-function in the superconducting state. According to Bloch theorem, the total momentum
of the system in its ground state has a zero average value (¥|p|¥) = 0. Now, assuming that the
wave-function W is rigid, i.e., that this average holds even in the presence of an external field, we
have (p) = m(v) - e(A)/c = 0, which recovers London equation!

But still one may wonder about the microscopic origin of this rigidity. Moreover, other ex-
perimental facts must be taken into account. The specific heat at low temperatures decays expo-
nentially (i. e., Cs x exp(—A¢/kpT)) indicating the existence of a gap in the energy spectrum,
separating the excited states from the ground state, as shown in Fig. 2.6. Also, a distinctive prop-
erty of superconductors is the isotope effect, which shows that the transition temperature typically

varies with the ionic mass M of the isotope as T, oc M ~1/2

, suggesting that the lattice must play
an important role in the supercoducting state formation.

The answer to the above questions only appeared in 1957 (46 years after Onnes’ discovery) with
the model introduced by Bardeen, Cooper, and Schrieffer (BCS) based on the attractive interaction

between electrons in the neighborhood of the Fermi surface mediated by phonons. Although the
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Figure 2.6: a) Specific heat of a conventional type-I superconductor: aluminum (Al). Figure
extracted from ref. [65]. b) Specific heat of an unconventional superconductor: CeColng. Figure

extracted from ref. [66].

direct electrostatic interaction is repulsive, it is possible for the retarded ionic motion to screen the
Coulomb interaction, leading to a net attraction.
Bardeen, Cooper, and Schrieffer constructed a new ground state from the following effective

Hamiltonian, written in the second quantized form:

1
H = Z EkCLng,o + N Z kak/cLTctkic,k/\Lck/T. (2.26)
k,o k,k’

Here, CLJ creates an electron with momentum k and spin o, and the chemical potential u is

included in the definition ex = ex — pr. Therefore, the term c_y/ cx+ describes the destruction of
a Cooper pair, i.e., two electrons with opposite momenta and spin. The subsequent term CLTch_k 1
describes the creation of another Cooper pair. In real space, these correlations extend out to a
distance known as the BCS coherence length (¢ = hvp/mAg ~ 103 — 10* A) which is a typically
much larger than the inter-particle separation.

For many systems, the physics becomes clearer in a direct approach where we simplify the
original second-quantized hamiltonian with a canonical transformation and obtain an approximate
problem that is exactly solvable. In this manner, we perform the usual mean-field decoupling of
the quartic term and then employ the Bogoliubov transformation. The effective Hamiltonian can

be diagonalized:
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H=>"Ex o + Eo, (2.27)
k,o

where 7k, is the new fermionic operator, E¢ is the ground state energy:

Ey = Z (Ek - Ex + Ak<c;r<¢cik$>) ) (2.28)
K

and Fy is the excitation energy:

By = \/6& + |Ak|2. (2.29)

Here, Ay is the gap function. At the Fermi level (ex = 0) the energy spectrum of the super-

conductor has a gap of size |Ax| determined self-consistently by:

U

1 Vi Ay Ll
Ap=—= tanh 2.30
k N; om o, T) (2:30)

For a phonon-mediated electronic interaction, we consider a constant attractive potential Vi =
—Vp for a shell of thickness Awp around the Fermi energy. We then look for a gap function A
that is also k-independent and real, the so called s — wave gap. Since fiwp < p, we assume that
the density of states per spin is approximately equal to the density of states at the Fermi level
n(E) = n(Er) and as a consequence we obtain a self-consistent equation for the gap function at

an arbitrary temperature:

heo g VETTA?

tanh( T

1=Von(E
on( F)O AT

). (2.31)

For T'= 0 we have a finite gap A for an arbitrarily small atractive interacion Vj:

Ag = 2hwpe” TomFR (2.32)

This fact shows that the Fermi liquid state is unstable towards the formation of the BCS super-

conducting state. Moreover, for A — 0 we can obtain the superconducting transition temperature:

T — 2e7E hwp

c p k}B e VOW(IEF) , (233)
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which again is non-zero for any arbitrarily small V. Combining the last two equations we obtain

the familiar universal ratio between the zero-temperature gap and the critical temperature:

Ao
kgT,

The verification of the above relashionship in most of the known superconductors at that time

~ 1.76. (2.34)

was one of the early sucesses of the BCS theory. In addition, the theory explains the isotope effect
since T, o« wp o M~1/2. Tt also predicts a universal ratio between the specific heat jump and its

value in the normal state:

Ac

— g, 143 (2.35)

The agreement of this prediction with experiments is good to about 10 percent, except for the
strong-coupling superconductors (e.g., mercury and lead). Besides the low-temperature electronic

specific heat can be cast in a parameter independent form:

. A 372
VCT =134 (TO) e~ 2o/T, (2.36)

where 7y is the coefficient of the linear term in the specific heat of the metal in the normal
state. It is worth noting that the corrected v value due to the electron-phonon coupling A is
7 = (2/3)n2kEn(Er) (1 + ).

Finally, the BCS theory determines the critical field:

H.(T) = 1.74H.(0)(1 — %), (2.37)

where H,.(0) = [47n(Er)Ao]'/? is the critical field at T = 0.
There are two distinguishable types of behavior for the magnetic field to penetrate the sample
that depends on the Ginzburg-Landau parameter k = A/¢, i.e., the ratio between the coherence

length, ¢ = \/2:17*&, and the penetration depth A:

e TypeI- s < 1/v/2: Above the critical field H.(T) the entire sample enters the normal state
and the field penetrates perfectly. In this type H.(T) ~ 10*G;

e Type Il - x > 1/1/2: Above a lower critical field H.;(T) we have a mixed state, where there
is partial penetration of flux in the form of non superconducting thin filaments. Circulating
around each filament is a vortex of screening current and the rest of the sample is supercon-
ducting. When the applied field exceeds H.o(T) (up to ~ 10°G), the entire sample enters

the normal state.
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The BCS theory is a weak coupling mean field theory that can not explain type II conventional
superconductors. For intermediate and mixed states, in which the magnetic field enters in a
nonperturbative manner, one have to make use of the phenomenological theory of Ginzburg-Landau
(GL) 5. In fact, Gor’kov showed that the GL equations follow from the BCS theory when T is near
T, and the magnetic field varies slowly in space over a coherence length [49]. Furthermore, based on
the fact that a controlled perturbation expansion existed for the electron-ion interaction, Nambu
and Eliashberg generalized the BCS theory [51, 52]. The resulting strong coupling theory was
developed by Schrieffer and colleagues and gave a good description of MgBs, the conventional
superconductor with the highest T. so far, 40 K [53].

Apart from the successful theoretical development, the retarded net attraction due to phonons
is essentially small, resulting in a limitation to T.. In addition, none of the existing theories could
predict new superconductors and/or superconductivity in related materials.

Shortly after the BCS theory was published, Anderson realized that the state should survive
even in the presence of disorder, since one can always define time reversed states even if the
momentum states are smeared out due to impurity scattering [50]. However, magnetic impurities
act differently in that they flip the spin and thus break the singlets. The decrease of the transition
temperature, AT,, with increasing magnetic impurity concentration, Ac, is described by Abrikosov-

Gorkov theory [36]:

71'2

= g V@) een(Er)(gs = 12T (T +1), (2.38)
B

AT,
Ac

where (J?) g, is the average of the exchange parameter J over the Fermi surface and n(EF) is the

density of states at the Fermi level.

2.2.2 Unconventional Superconductivity

Therefore, in 1967 it came as a surprise the fact that superconductivity was observed in ferro-
magnetic or antiferromagnetic uranium-based intermetallic compounds UgX (X =Mn, Fe, Co, and
Ni) with 7, ranging from 0.4 to 3.9 K. After that, superconductivity was discovered in UsPtCy at
1.47 K (1969) and in UBesy3 at 0.9 K [54, 55]. Despite all these discoveries, because elemental a-U
was suspected of being a conventional superconductor, these results triggered less curiosity than
they should have. It took the discovery of superconductivity in CeCusSis by F. Steglich in 1979
to realize that a new class of superconductors had been unveiled [56]. By that time, it had been

discovered that a number of rare-earth and actinide intermetallics exhibited a linear specific heat

5for a more detailed discussion see, for example, ref. [35]
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coefficient at low temperatures, typical of a Fermi liquid. The difference, though, was that its mag-
nitude was huge, up to 1000 times that of copper. This indicated that the quasiparticles in such
materials were strongly interacting, with the f electrons being both nearly localized and nearly
magnetic. Neutron scattering measurements in UPt3 indicated the presence of antiferromagnetic
spin fluctuations, not ferromagnetic spin fluctuations as in He?® superfluid state, where the pairing
was p-wave. Hence, one could expect that this difference would lead to d-wave singlet pairing.
In fact, nodes in the superconducting gap of UPts were confirmed in 1986 from the polarization

dependence of the ultrasound attenuation [57].

However, the highest T, since 1973 was only 23 K in Nb3Ge until the discovery in 1986 of
the first high-temperature singlet d-wave superconductor: the cuprates. J.G. Bednorz and K.A.
Miiller observed that the lanthanum-based cuprate perovskite material LaBaCuO,4 develops super-
conductivity at T, = 35 K [58]. The impact of this discovery can be seen in the fact that Bednorz
and Miiller received the Nobel prize in Physics for this discovery one year later. Remarkably, the
highest-temperature superconductor at ambient pressure, HgBasCasCusgOgy s, reaches a T of 138
K and 164 K under a pressure of ~ 30 GPa!
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Figure 2.7: The spin-lattice relaxation rate in the normal and superconducting states. a) 1/7}
data for ®°Ga(1), as well as calculations for BCS isotropic s-wave (dashed), pure (dotted) and dirty
(solid) d-wave gap functions. The solid line in the normal state shows 793, b) (TyT)/(ThT)y "
versus T/T. for PuCoGas, as well as for the unconvenctionl cuprate superconductor YBasCuzOr
(T, = 92 K) and CeColns (T. = 2.3 K) and s-wave superconductors Al and MgB,. Figure

extracted from ref. [67].
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The discovery of the new class of heavy-fermion superconductors CeMIns and PuM Gas (M =
Co,Rh,Ir), with T. = 2.3 K and 18.5 K for the M = Co members, where the interplay between
magnetism and superconductivity resembles the phase diagram of the cuprates, provided an op-
portunity to bridge the understanding of unconventional superconductivity in these two classes of
presumably magnetic-mediated superconductors [5, 37]. The anisotropic nature of the pairing is
readily observed from the power-law dependence of the nuclear magnetic resonance (NMR) relax-
ation rate and from the specific heat capacity dependence on the temperature, as shown in Figures
2.6b and 2.7. Moreover, the normalized relaxation rates of PuCoGas, high-Tc YBasCu3O7 and
CeColns in the normal state scale onto a common curve as a function of the dimensionless param-
eter T'/T, and suggest that they have similar antiferromagnetic spin fluctuations which dominate
the relaxation rate.

In recent years other unconventional superconductors not based on the cuprate structure have
been discovered, such as the iron-based superconductors. By unconventional we mean a pair
state that is not an isotropic nodeless s-wave state, and where the interaction is other than the
conventional electron-phonon interaction. Interestingly, these materials often have a magnetic
phase that can be suppressed toward a superconducting state, as discussed in Chapter 1. Based in
this experimental fact, many theoretical models have been proposed taking into account magnetic
fluctuations due to the proximity of the magnetic ordered phase. Some of these theories are based
on the magnetic instabilities in the Fermi surface [38, 39, 71]; others consider the role of orbital
fluctuations [17, 68], and more sophisticated ones even include the Kondo effect as a possible pairing
mechanism [40, 41]. In the particular case of FeAs compounds, the spin fluctuation theories can
generate the s, _ pairing state which is believed to be the case in BaFeyAss .

Contrary to the BCS case, the similarities between the high-temperature superconductors could
allow one to predict new superconductors and/or superconductivity in related materials. In par-
ticular, besides the proximity to a magnetic phase, it is striking that many unconventional su-
perconductors have a 2D layered crystal structure. In fact, CeCuySis, URusSis and BaFe;Ass all
have the ThCrsSis structure, suggesting that the crystal field effects can play a crucial role in the
interplay between magnetism and superconductivity. In the next section, we will see how this is

possible.

2.3 Crystal Field Effects

An ion confined within a crystalline solid is subjected to a static crystalline electric field (CEF)
whose sources are the surrounding point charges (ions) arranged in the symmetry given by the
periodic lattice. By adding this interaction to the hamiltonian of the free ion, the initially spherical

wavefunction (charge density) is modified and the degeneracy in the electronic orbital states is
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lifted. CEF effects are usually important for d and f orbitals, i.e., transition metals and rare-

earth/actinide metals.

As discussed in section 2.1.2, the rare-earth 4 f electrons lie fairly deep whithin the ion and are
well shielded by the 5525p% shells. In this case, the CEF is weaker than the spin-orbit interaction
(AL - S) and acts as a perturbation in the 2J + 1 (J = L + S being a good quantum number)
multiplet levels, partially lifting its degeneracy by introducing a CEF splitting. In particular, we
study the Eu?* (J = 7/2) rare-earth ion in this thesis where the CEF effect is a higher order effect
due to the fact that L = 0. In fact, one can observe from the magnetic susceptibility measurements
that the Eu?t ion behaves as a free-ion and it is clear that the CEF splittings are much smaller

than the multiplet separations, so that the mixing of different multiplets can be neglected.

On the other hand, d-electrons in transition metals are not shielded and the crystal field pertur-
bation is greater than for the f electrons. In particular, for light transition elements, such as the 3d
elements, the CEF pertubation is greater than the spin-orbit coupling (the so called intermediate
ligand field case). Hence the crystal field problem is solved first, and the spin orbit interaction is
treated as a perturbation. As mentioned in the introduction, the main contribution to the Fermi
surface in the iron pnictides is from the Fe 3d electrons, so for now on, we will discuss in detail the

effect of a (distorted) tetrahedral CEF in the Fe 3d° ground state.

In the case of a regular tetrahedron, the Fe ion has four As ligands located at the corners of a
cube (see Fig. 1.5 in Chapter 1). In this tetrahedral ligand field, the Fe 3d orbitals directed toward
the As ligands feel a greater electrostatic repulsion. This leads to an alteration of the energies of
the formely degenerate d orbitals and causes dg2_,2 and d.> to become smaller in energy, forming
what is called in group theory the e, set. On the other hand, the t5, set, formed by d,,, d.. and
d,. orbitals become higher in energy. The crystal field splitting, A, is shown in Fig. 2.8. If A is
larger than the Coulomb repulsion between two electrons with opposite spins in the same orbital,
then we will obtain the low spin configuration S = 0 (not shown). On the other hand, if the energy
required to pair two electrons is greater than the energy cost of placing an electron in a g, state,

high spin configuration S = 2 occurs as shown in Fig. 2.8.

However, in the real tetragonal material the FeAs, tetrahedra is distorted (see Fig. 1.5b). In
this case, the states d,, and d,,, are still almost degenerate (with a small splitting A* (not shown)
but there is a further CEF splitting A; between them and the d,, state. Moreover, there is a
splitting A, between d,2_,2 and d,2. Thus, by changing the FeAs bond distance, dpeas, We can
control these crystal-field splittings and in turn determine the weigth of each orbital character
in the Fermi surface. This is crucial for the spin-density wave (SDW) phase formation, which
occurs in close connection with a structural transition from tetragonal to orthorrombic structure

(Z% symmetry breaking) due to the symmetry break between zz and yz bands [73]. In addition,
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Figure 2.8: Crystal field scheme for a 3d® Fe?t ion in spherical, tetrahedral and distorted tetrahe-

dral symmetry.

the orbital content is also crucial for the emergence of superconductivity (SC) when this SDW
phase is suppressed, as we will discuss in Chapter 5 enlightened by our results.

It is clear the crucial influence of the surroundings in lifting the corresponding degeneracy of
the Fe 3d% ion. Van Vleck has shown that the absence of orbital degeneracy is a sufficient condition
for the quenching of the orbital momentum (L = 0). The proof is straighforward and can be found
in ref. [74].

Now we will finish this chapter by introducing the phenomenon of electron spin resonance and

discuss how it can provide valuable information about magnetism, superconductivity and crystal

field effects.

2.4 Electron Spin Resonance

Section 2.1.1 discussed the paramagnetic response of substances with unpaired electrons to a
static applied field Hy. In this section we will present the response of a system of paramagnets
to an additional oscillating magnetic field H; perpendicular to Hy, that induces dipole transitions
between the Zeeman energy levels. This spectroscopic technique is called Paramagnetic Resonance
and in this thesis we will be restricted to Electron Spin Resonance (ESR) which is concerned
with the study of intrinsic magnetic moments of electronic origin. This study is usually done at
microwave-frequencies (~ GHz) due to the Zeeman splitting of ~ meV between energy levels.

The total Hamiltonian for the electrons of a paramagnetic ion in a crystal with an applied static

magnetic field is [59]:
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H="Ho+Hso+Hrs +Hcr +Hz+Ha+ Hea, (2.39)

where H is the unperturbed hamiltonian; Hgo = Y A;;L£-S is the spin-orbit coupling; Hps =
>~ A;J; - 1 is the hyperfine coupling between the electron moment and the nuclear spin; Hep =
> —e;Popr(ri) gives the crystal field splittings; Hy = Zj gupHS; is the Zeeman term; Hq =
Dk g2/123rj7€3[Sj Sk —3(S; - 1) (Sk - Tj)] is the dipolar interaction between paramagnetic ions;
Hew = —2J;;S;-S; — > JijS s is the exchange interaction between neighboring local moments
and between local moments and conduction electrons, respectively.

Thus, the ESR transitions can provide important information about all the terms in the Hamil-
tonian of eq. 2.39. However, in order to illustrate the ESR phenomenon, we first consider the
simplest case of a large organic molecule, known as DPPH (aa’ — diphenyl — 8 — picrylhydrazyl),
which has a single unpaired electron with L = 0. In a typical ESR experiment, a static magnetic
field is slowly varied in the range 0 < H < 2 T while a microwave is kept fixed at v = 9.5 GHz
(Fig. 2.9). If the system is at thermal equilibrium, the lower energy level is more heavily populated
and there is a net absorption of energy from the oscillating field when the resonance condition is

reached:

hy = gﬂBHRES (240)

The selection rule for this transition is dm = 4+1. Hence the first information one can get from
this experiment is the magnetic field at which the resonance occurs Hrgs (or, equivalently, the
g-factor) which provides information about the magnetic moment, the local magnetic fields, and
any nonmagnetic energy splittings. For X-Band frequencies, this condition for DPPH (and most
paramagnets) occurs for fields near 3500 G which yields g = 2.

In the steady state, the rate at which energy is absorbed from the perturbation H; is equal to the
rate at which energy leaves paramagnetic degrees of freedom (spin system) and enters other degrees
of freedom, i.e., the relaxation rate. ESR has two important relaxation processes: the spin-lattice
relaxation rate (1/7}) and the spin-spin relaxation rate (1/7%). In the simplest phenomenological
description, it is assumed that the average magnetization M = (1/N) ", ji; decays exponentially

and obeys the following equation in the presence of an applied field:

DM = 4[M x H]

7 [M — xH(?)] (2.41)

1
T
where v is the magnetogyric ratio, T is the characteristic decay or relaxation time, and the

susceptibility x is defined for a static field as we already discussed M = yH. Writing H(t) =
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Energy
ms=+1 /2
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hv = gupHpEps
Hires Ho

Figure 2.9: Zeeman splitting as a function of the static applied field Hy for a single unpaired
electron with L = 0. In an electron spin resonance measurement, a transverse oscillating magnetic

field H; is applied and an absorption occcurs when hv = gupHREgs.

Ho%+H;(t), where Hy(t) is a microwave field rotating in the x —y plane® and linearizing equation

2.41 results in:

d . 1
%M—i_ = |:—2w5 — T:| (M+ - XH]_)7 (242)

where M is defined by M+ = M, + iM, and ws = —yHp.

Hence, we have two characteristic equations for the relaxation processes:

e = lul(1 — e/, (2.43)

which provides the longitudinal relaxation time 7; related to the equilibrium between different S,
states. It is related to the thermal equilibrium between the resonating spins and the crystalline
lattice system (phonons) or the electronic spin system (conduction electrons).

On the other hand, the spin-spin relaxation time Ts is given by:

oy = lule™/™2, (2.44)

61f Hy(t) is in z direction, the transition probability between states [_1/2) and |[¢1;/9) due to the perturbation
hamiltonian H;, = gupS - Hy is |<w+1/2|Hp|¢,1/2)|2: (gup)2HZ, (¢+1/2|SZ|'¢),1/2>|2: 0. Hence, there is no

transition between the states.
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which provides the transverse relaxation between a phase coherent state due to the in-plane pulse
H; and a phase incoherent equilibrium state.
Performing a Fourier transform and defining the transverse dynamic susceptibility as M+ =

xt(w)H; we obtain:

N - XW
X (w)=x"+ix"(w) =x+ T (2.45)

which is the experimentally observed quantity, Figure 2.10a.

X
a) b)
Absorption
= —"
1* Derivative
-0.5

Figure 2.10: a) Real (dispersion) x’(w) and imaginary (absorption) x”(w) components of the spin

susceptibility. b) Typical absorption line in a metal (Dysonian) and its observed first derivative.

Attemps to determine x*(w) involve the fact that the small transmited fraction (~ 107%) of
the microwave field incident upon a metal is rapidly screened by conduction currents and penetrate

no more than the skin depth § given by:

c2

0= 2.4
2row’ (2.46)

where o is the electrical conductivity.

There are two other important effects: (i) the surface impedance of a metal is complex so that
the actual absorption of microwave power is not given simply by the imaginary (absorptive) part
X" (w) of the complex susceptibility, but it is rather a linear combination of the absorptive x”(w)

and dispersive y/(w) parts; see Figure 2.10b. Hence, the second information we obtain is whether
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the ion environment is insulating or metallic; (ii) the conduction electrons are mobile and the
diffusion of the spins involved in the resonance modifies the position and width of the resonance
and further modifies the admixture of dispersion and absorption. This problem was treated by
Dyson in 1957 [75].

A more elaborate phenomenological approach allow us to obtain the relaxation rates by solving

the Bloch-Hasegawa equations [79]:

d 1 1 1

M, = gousM, x (H + AM.) — + SM, + £~ sM,., (2.47)
dt Tse sL Je Les

5M8 = [Ms - X(S)(Hezt + >\Me + aMs)]a (248)
g, — Mx(H+)\M)—<1 + )51\/1 + 91 sm (2.49)
dt e gspBivle s Tes TeL e s Tse es .
6M8 = [Me - XS(Hezt + >\Ms + )\EME)]y (250)

where A = 2.J/(gegspt%) is the molecular-field coefficient, ﬁ is the conduction electron-lattice re-

laxation rate, TL is the spin-conduction electron relaxation rate, T—lL is is the spin-lattice relaxation
se s

via spin-orbit coupling”. Fig. 2.11 illustrates these relaxation paths.

Figure 2.11: Relaxation paths involved in the ESR linewidth.

"This term can also be regarded as the residual (T = 0) linewidth encountered in practice.
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If cross-relaxation is rapid, momentum transferred to the conduction electrons can be trans-
ferred back to the local moments before it has time to decay to the lattice. This phenomenom
is known as bottleneck and it happens with greater probability when g. = g;. However, we will
see in Chapter 4 that our system is non-bottleneck and we can disregard i Non-bottlenecked
Eu?t and Mn2*t systems almost invariably correspond to the isothermal case where M, reaches
the equilibrium value corresponding to the instantaneous internal field (including the microwave

field), i.e.,

Me = XS(H + )‘Ms (t))a (251)

and there is a rapid conduction electron relaxation with a not too large difference in conduction
electron and local moment g-factors. In this case, the equation of motion gives the first order, or

“Knight” g-shift:

A S e
g—g =0 = i—n(EF)J, (2.52)

which is due to the polarization of the conduction electrons by the local magnetic moment.

In addition, the paramagnetic probes studied in this thesis (Eu?**, Mn?* and Cu?") have L = 0
and we can also disregard T%L Moreover, as the relaxation via conduction electrons is the dominant
term in metals we can consider Ty ~ T = Tk,

We now have to treat the effects of the relaxation through the conduction electrons in the
isothermal regime. The standard rate-equation approach provides the longitudinal relaxation time

T, as given by:

1

7 = W+ W, (2.53)

where W),y is the rate for a spin-flip S, = +% to S, = +%, as illustrated in Fig. 2.12.
In order to calculate the transition rate W within the Fermi’s Golden Rule approximation, the

exchange interaction is expressed in terms of second-quantized operators:

H=-2JS -s(R)= —% > S-0q, (2.54)
q

where

Oq = Z CLJquUM/ckUI, (2.55)

koo’
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Figure 2.12: Scattering event which, in part, is responsible for the Korringa relaxation rate. The

incoming conduction electron k | spin-flips against the impurity to terminate in the state k + q 1.

and o,, are the Pauli matrices and we assume that the single impurity is at the origin.

Then, the corresponding rate is given by:

27 J
W) =+ (N)Q
kq

Mo (1 = Ny qr) 0 (Extqr — kL —hws). (2.56)

Since usually kg1 > hws this implies that only energy-conserving processes are allowed. Fur-
thermore, the overlap of the vacancy and occupation factors in the last equation is proportional to

kpT. For a density of states n(Er) one thus finds:

1 1 47
T T E(n(EF)J)QkBTv (2.57)

which is the famous Korringa relaxation rate. The equation of motion then gives:

d . 1 0
EMS = gs,UfB(l + )‘Xe)[MS X H] - T_se (1 - ?) [Ms - XsHl}a (2'58)

where /T = A2xYxY so that @ is the Curie-Weiss temperature which occurs in the formula for the
static susceptibility.

Finally, the linewidth is determined by the effective relaxation rate:

(%)e” = (1-F) 7 = FEPha(r - 0) = a1 (2:59)

where a = —(47/h)(n(Er)J)?0 is the residual linewidth. This modification to the relaxation rate

is the slowing down of relaxation near to a magnetic phase transition.
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Hence, the third information we obtain is the resonance linewidth (A H) which gives important
information about the relaxation via conduction electrons and, consequently, information about
the exchange interaction and the density of states at the Fermi level.

However, this is the simplest approach one can use. In condensed-matter materials, the ex-
change interaction can be anisotropic (J(q)), multiple bands can play a role at the Fermi level,
the conduction electron susceptibility can be enhanced etc. If the g-shift calculated from eq. 2.52
yields a Korringa rate (eq. 2.59) larger than the experimental one, then we have to consider a
g-dependent exchange interaction J(q). On the other hand, if the calculated g-shift leads to a
smaller b, then we have to consider multiple bands.

In this thesis, we will observe the first behavior. Thus, in the presence of a gq-dependence of the
exchange interaction, Jr4(q), and also an e — e exchange enhancement, the g-shift and the thermal

broadening of the linewidth may be re-written as:

Ag = st(()) %E&;) ) (2.60)
and
Y = (CECSRE 261

where K («) is the Korringa exchange enhancement factor [76, 77]. The Korringa rate is a measure

1/2 in the Fermi surface

of the average momentum transfer ¢ = |k3** — k'] = kg[2(1 — cosf)]
(0 < ¢ < 2kp). It often happens that not all the paramagnetic ions feels the same local field
and therefore there is a g-value distribution. In addition, the characteristic time T,. can also
change slightly between the magnetic moments causing a resonant line broadening. There are two
types of broadening in solids: homogeneous and inhomogeneous broadening. An homogeneous
ESR linewidth is inversely proportional to the so-called spin — spin relaxation time, Ty [74]. Tt
occurs when the magnetic resonance signal results from a transition between two levels of spins
which are not sharply defined, but instead, are somewhat intrinsically broadened. The main
contributions to homogeneous broadening are: (1) dipolar interaction between like spins, (2) spin-
lattice interaction, (3) interaction with radiation field, (4) diffusion of excitation throughout the
sample, and (5) motionally narrowing fluctuations of local fields [74, 78].

On the other hand, an inhomogeneously broadened resonant line is one which consists of a
spectral distribution of individual lines merged into an overall line or envelope. For instance, a
distribution of local fields caused by unresolved fine and/or hyperfine structure, g-value anisotropy,
strain distribution and/or crystal irregularities that exceed the natural linewidth (2/9Ts, v is the
gyromagnetic factor) will cause the spins in various parts of the sample to feel different field
strengths [74, 78].
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In this way the resonance will be artificially broadened in an inhomogeneous manner. In the
cases of inhomogeneous broadening caused by g-value anisotropy and related strain distribution
and/or crystal irregularities, the ESR linewidths are expected to increase as a function of magnetic
field.

For completeness, we discuss the case where beaiculated < Omeasured meaning that there are
multiple electron contributions (d, p, and/or f) to the conduction bands that have not been

considered. In this case, the g-shift and the Korringa rate can be re-written as:

Ag = Agss + Agra+ Agpp + ... = Jfsns + J fdnd + J fpnp + ..., (2.62)
and
7Tk‘B 2 9 7TkB 2 92 W/CB 2 92
b= —7=J7n:+— + —Jin + ., 2.63
gus”’ Tl g v (2.63)

where Jys, Jfp, Jra are the exchange interactions between the Eu?T 4f spin and the s, p, and d
bands, respectively, and ns, 7, nq4 are the densities of states for the s, p, and d bands, respectively.
Depending on the interaction, the sign of J can be positive (ferromagnetic) or negative (antiferro-
magnetic). Therefore, the sign of Ag provides information about the interaction between the local
moment and the conduction electrons.

Now we return to the Hamiltonian of Eq. 2.39 to discuss the remaining interaction terms that
are responsible for fine (crystal-field) and hyperfine structures in the ESR lines. The first one can
be observed in S-state ions (S > 1) due to indirect effects of the crystal field when higher order
corrections in S, Sy, and S, are added to the spin Hamiltonian. In this case, the crystal-field splits
the excited J multiplets and transitions between these levels are possible. For example, if a local
moment is in a state |S,) it can relax, via the mutual spin-flip with a conduction electron, only to
either |S, —1) or |S, +1). This implies a direct transfer of the dynamics magnetization, associated
with the S, — 1 < S, to and from only the adjacent transitions S, — 1+ S, and S, +1+< S, +2
as shown in Figure 2.13a.

Since the exchange interaction conserves spins there must also be scattering out from each
local moment transition to the conduction electrons in order to balance the scattering in from
the conduction electrons. For non-S states the separation between the fundamental and the first
excited state is usually greater and the fine structure is not observed. Moreover, the resolved fine
structure is commonly observed only at low temperatures. At high temperatures there is a collapse
of the lines centered at the +1/2 <» —1/2 line. This collapse occurs because the local moment can

relax to the lattice with rate 1/Ts,. or to a S, £ 1 state with rate:

1

TszE = 2rS(S +1) = 5.2 + D] ((Er) ) ks T, (2.64)
S



2.4. ELECTRON SPIN RESONANCE 38

|
”1
=

Figure 2.13: a) Cross-relaxation in the presence of fine-structure splitting. b) The spectrum of

LaSb:Gd between 4 and 300 K. The low temperature resolved spectrum becomes progressively

narrowed. Figure extracted from [79].

Au: EJ,‘167

Figure 2.14: (left) Cross-relaxation in the presence of hyperfine splitting. (right) Spectrum of a
powdered sample of 100 p.p.m. Er'7 in Au at 1.4 K and X-Band. Figure extracted from [79].

which is proportional to the Korringa rate. As the temperature is raised the pair of transitions
are narrowed. As the temperature is further raised the coupling between other lines becomes
significant and the spectrum progressively narrows to a single line, as shown in Figure 2.13b).

Finally, the hyperfine coupling in the large field limit (gupHy > A) can be simplified to
Hpy = AS.I, and, assuming that the temperature is large compared to the nuclear Zeeman energy,
the operator I, can be replaced by one of its eigenvalues I,I — 1,...,—1. The cross-relaxation in
the presence of hyperfine splitting is shown in Fig. 2.14a and typical ESR lines for I = 7/2 is
shown in Fig. 2.14b.

It is worth noting that, although we have focused on electron spin resonance, the phenom-
ena of nuclear magnetic resonance (NMR) can be understood in an analogous way. Basic NMR

measurements in a metal involve the magnetic resonance field shift X (Knight shift) and the spin
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relaxation rate (1/77) of a given nucleus in the material:

K = Ax(0,0)/up. (2,65
2
7=t (1) S A (o) (2.66)

where A(q) is g-dependent hyperfine coupling, x”(q,wp) is the imaginary part of the spin
susceptibility. The latter is averaged over all wave vectors weighted by a form factor which depends
on the position of the nucleus in the unit cell and may also include the effect of a transferred
hyperfine interaction. In this thesis, we are going to show some of our NMR results in the 7®As

nucleus and a systematic study will be presented elsewhere.
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Chapter 3

Experimental Techniques

This chapter compiles the main experimental techniques that were employed during the course
of this work: from the growth of the single crystals to the characterization by macroscopic and

microscopic techniques.

3.1 Single Crystal Growth

In condensed-matter physics it is often the case that the sample quality is crucial for mea-
suring accurate data. In fact, many macroscopic and (particularly) microscopic probes can only
be effectively employed with single crystal materials. Fermi surface experiments, for example,
using the de Haas-van Alphen effect (see Section 3.3.2 for more details), and many neutron and
X-ray experiments are in this category. Ceramic or pressed powders, wherein the particles are
randomly oriented, not only present a much higher surface to bulk ratio than do single crystals but
they also present problems of intergranular composition and porosity, and prevent any meaningful
measurements of anisotropy.

In this manner, our group has continuously made great efforts to synthesize high-quality single
crystalline samples of intermetallic compounds. For this purpose, we employ a successful low-cost
technique known as metallic-flux technique [80]. As the name indicates, the growth is performed
in a metallic solvent medium (flux) that has a low melting point (such as Al, Ga, In, Sn, Pb, Sh,
Bi and Zn). There are two main advantages in this technique: (1) materials can often be grown
well below their melting points, and this often produces materials with fewer defects and much
less thermal strain, and (2) molten metals offer a clean environment for growth, since the molten
metal flux often gathers impurities which do not subsequently appear in the crystal.

On the other hand, there are also disadvantages in this technique: (1) metal flux from which the

41



3.1. SINGLE CRYSTAL GROWTH 42

desirable compound will crystallize may not be found; (2) difficulties are encountered with some
flux choices (for example, when the flux enters the crystal as an impurity). In fact, we have faced
the second problem twice during this thesis: first, by choosing Sn-flux we observed a reasonable
percentage of inclusions (varying from 0.1 — 1.0 Atom %) that changed the physical properties and
introduced inhomogeneities; secondly, we have grown selected single crystals from self-(FeAs-) flux
which does not introduce any new element in the melt but on the other hand presents stoichiometric
variations from the 122 system due to the excess of FeAs in the melt. Particularly, the excess As
used in a self-flux growth exposes the sample growers to an additional chemical hazard, given the
need of handling a much larger amount of As during the process.

Consequently, we have focused on an innovating method to grow single crystalline samples of
Bay_,Eu,Fes_, TM,Asy (I'M = Mn, Co, Ni, Cu, Ru) using Indium (In) flux. Elemental (Ba,
Eu), (Fe, TM) and As were added to In in the ratio (Ba, Eu):(Fe, TM):As:In=1:2:2:25. The
materials were weighed in an argon-filled glove box, placed in alumina crucibles (AloO3) and then
sealed in quartz tubes under vacuum. As Al;Og has a much larger thermal expansion than quartz,
it can break the quartz upon heating. In order to avoid this, we insert quartz wool between the
crucible and the tube. Moreover, quartz wool is also used on top of the crucible so it allows the
melted flux to pass through it during centrifugation at the removal temperature, T,ep,. In this
manner, the resulting single crystals are kept inside the crucible while the flux is separated due to

the spinning (see Fig. 3.1).

k— Quartz tube T Ema
-
#e— Quartz VWool 200°C/h Trem
AlO;3 crucible
Flux Room-T

\ +—— Single Crystals

Figure 3.1: Illustration of the metallic-flux technique. (left) The elements are placed inside an
alumina crucible with the flux on the top. The crucible is sealed in a quartz tube under vaccum

and then (right) submitted to a thermal treatment.

We have developed different treatments for each substitution, so that inclusions were minimized.
In conventional furnaces, the materials were heated up to the maximum temperature T},,, for a
time t,,4, then slowly cooled at a rate r down to the removal temperature T,.,,. In the Eu

compounds, there is a complicating factor since there are two competing phases: EuFe;Ass and
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FEulnyAsy. As the EuFes Ass compound is the high-temperature phase, we slowly cooled it at a rate
r down to T where we turned off the furnace in order to lower its temperature as fast as possible
until it reaches T}.¢,,. The resultant crystals were shiny platelets with typical dimensions ranging

from 0.5 x 0.5 x 0.05 mm? to 3.0 x 3.0 x 0.05 mm?.

3.2 Specific Heat Measurement

The heat capacity, C, of a material is an extensive variable that measures the heat required to
raise its temperature by one Kelvin. It depends on the variable which is held constant and here

we concentrate in the heat capacity at constant pressure:

- (2) o

in units of J/K. In order to work with an intensive variable we compute the specific heat (in units
of J/mol.K) of the material by dividing its heat capacity by the number os moles in the material.

In solids, the specific heat can provide important information about the lattice, electronic and
magnetic properties. In particular, when the measurement is taken at temperatures well below
the Debye temperature, cp directly probes the electronic and magnetic energy levels of a material,
and hence allows comparisons between theory and experiment.

Throughout this thesis, the heat capacity measurements were performed in a commercial Quan-
tum Design PPMS (Physical Property Measurement System) small-mass calorimeter, shown in Fig.
3.2a. The calorimeter is a puck one inserts into the sample chamber which controls the heat added
to, and removed from, a sample while monitoring the resulting change in temperature. During a
measurement, a known amount of heat is applied at constant power for a fixed time, and then this
heating period is followed by a cooling period of the same duration. A resistive platform heater
and platform thermometer are attached to the bottom side of the calorimeter chip that works as
the sample plataform, shown in Fig. 3.2b. The platform thermometer measures the temperature
of the sample platform and thus the temperature of the sample. The puck thermometer is buried
within the puck and it measures the temperature of the puck, which serves as the calorimeter’s
thermal bath. Eight delicate, thermally conducting small wires provide the electrical connection
to the platform heater and platform thermometer and also provide the thermal connection and
structural support for the platform. The sample is mounted to the platform by using a thin layer
of N apiezon grease, which provides the required thermal contact to the platform.

A cryopump provides the necessary high-vaccum so that the thermal conductance between
the sample platform and the thermal bath (puck) is totally dominated by the conductance of the

wires. The basic puck configuration accommodates small, but not microscopic, samples with weight
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a) &

Figure 3.2: a) Calorimeter puck and b) thermal connections to sample and sample platform used

in the heat capacity measurements. Figures extracted from ref. [81].

ranging from approximately 1 to 200 mg. Given the thermal characteristics of the calorimeter,
this range of masses produces, for most solids, varying relaxation time constants that may be a
fraction of a second at 2 K or many minutes at 300 K.

After the measurement, a quasiadiabatic thermal relaxation model is employed to convert the
raw data into heat capacity estimatives by describing the temperature response of the sample
platform as a function of time. As the thermal coupling between the sample and the platform is
not perfect, the two-tau model simulates the effect of heat flowing between the sample platform
and the sample, and the effect of heat flowing between the sample platform and puck using the

following equations:

Crtatsorm g = P(0) = KulTy(t) = T) + (T (1) = Ty(0) (32)

csample% — K, (Tu(t) =Ty (1), (3.3)
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where Cpiatform is the heat capacity of the sample platform, Csqmpie is the heat capacity of the
sample, K, is the thermal conductance of the supporting wires, K, is the thermal conductance
between the two due to the grease and P(t) is the power applied to the heater, which is Py
during the heating portion of the measurement and equal to zero during the cooling portion. The
respective temperatures of the platform, sample and thermal bath (puck frame) are given by T),(¢),
T,(t) and Ts.

Using a nonlinear, least-squares fitting algorithm, the system compares the solution to the
simple model to the actual measurement and the parameter values that dive the smallest fit
deviation determine the heat capacity. The sensitivity of the fit deviation (x2) to small variations
in the fitting parameters is used to estimate the standard errors for the heat capacity. A typical

heat capacity measurement is shown in Fig. 3.3.
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Figure 3.3: PPMS measurement status viewer displaying the fit plot and the measured temperature

versus time.

In this thesis, heat capacity measurements were performed in both PPMS-9T and PPMS-14T
systems at our laboratory in Campinas, and in a PPMS-9T at the laboratory of the University of
California at Irvine in collaboration with Prof. Zachary Fisk. In the standard option, the PPMS-9T
works in the temperature range 2 < 7' < 350 K, and in a magnetic field range —9 < H < 9 T, while
the PPMS-14T has a broader range of —14 < H < 14 T. We have also performed measurements at
lower temperatures (7' = 0.3 K) using a Helium-3 system coupled to the PPMS-9T and a diluted
refrigerator coupled to the PPMS-14T.
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3.3 Electrical Resistivity Measurement

Although the heat capacity measurements allow us to easily compare theory and experiments,
a substantially more common measurement is the electronic transport, such as the resistivity
of a material. As in the case of heat capacity, DC resistivity measurements were performed in
a commercial Quantum Design PPMS (Physical Property Measurement System) puck shown in
Fig. 3.4. Resistivity sample pucks have four contacts —one positive and one negative contact for
current (I) and voltage (V). In this manner, current is passed through a sample via the two external
current leads, and two separate voltage leads measure the potential difference across the sample.
The voltmeter has a very high impedance, so the voltage leads draw very little current. Therefore,
using the four-probe method to attach a sample to the puck greatly reduces the contribution of
the leads and joints to the resistance (R) measurement. Furthermore, the method allows one to
measure, to a high degree of certainty, both current and voltage drop across the sample, and thus
calculate the resistance with Ohm’s law (R = V/I). The current bridge has a resolution of 0.01 yA
and maximum current of 5 mA. Fig. 3.4b shows four platinum wires attached to a small sample

of EulnyAs, with an epoxy resin.

Figure 3.4: a) Resistivity sample puck with three samples mounted for four-wire resistance mea-
surements. Figure extracted from ref. [82]. b) Photograph of a EulnyAss single crystal with four

platinum leads attached to it by an epoxy resin.

In order to remove the dependence on the geometry of the sample and to determine the resis-
tivity of the material, we measured the distance [ between the voltage leads and the cross section

area A through which the current flows. In this manner, the resistivity is given by p = R.(A/)

In this thesis, we also performed resistivity measurements using the Horizontal Rotator that
allows the sample to be rotated around an axis perpendicular to the magnetic field of a longitudinal

PPMS magnet.
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3.3.1 Under Hydrostatic Pressure

Besides the valuable information given by resistivity measurements at ambient pressure, the
pressure tuning in high quality single crystals can provide robust answers that are not affected
by disorder. In this thesis, we use the standard AC four-probe method in a Quantum Design
PPMS and a self-contained double-walled piston-cylinder type Be-Cu pressure cell, with a core of
hardened NiCrAl alloy, that allows us to reach 30 kbar. Fig. 3.5 displays The samples and the Pb
manometer were mounted on a feedthrough, which was inserted into a teflon capsule filled with
Fluorinert FC-75. Pressure was generated at room temperature with an hydraulic press and then

locked in.
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Figure 3.5: 3D modelling view of the pressure cell. Figure extracted from ref. [83].

3.3.2 At High Magnetic Fields: Quantum Oscillations

Quantum oscillation measurements are vital to characterize the electronic structure of metals,
in particular complex intermetallic systems. In order to understand the origin of the quantum
oscillations, let us consider a free electron gas, whose surface of constant energy is spherical, in
the presence of an applied magnetic field H along the z direction. By solving the Schroedinger
equation, we obtain, as in the harmonic oscillator, the quantization of energy levels that are highly

degenerate:

h? 1 eB
En(k,) = —k? — ) hwe,  we = —, 4
(k) 2mz+<n+2> . m (34)
where n is a nonnegative integer, k, takes the same values as in the absence of a magnetic field

and w, is the angular frequency of an electron executing cyclotron motion.
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Hence, the spherical surface is rearranged into a series of concentric cylinders known as Landau
tubes, shown in Fig. 3.6a and electron motion is now confined to the surface of these tubes,

resulting in quantized motion along cyclotron orbits:

eB 2meB

AE = hwc B e = —— = Y —
Ve T T h20A/0e

(3.5)

where m* is the effective mass, and A is the cross sectional area in reciprocal space of a constant
energy Landau tube intersected by a plane normal to the magnetic field B. From equation 3.5,

the condition for Landau tube area quantization is yielded as:

A= (r+ %)%}:B (3.6)
(a) B (b)
: ; :

Figure 3.6: (a) Schematic of Landau levels for spherical Fermi surface as in a free electron has in
a magnetic field H. (b) Schematic of Landau levels, when the applied magnetic field is increased
to H + AH. The Landau levels increase in area with an increase in magnetic field, causing fewer
of them to be accomodated within the Fermi surface as the magnetic field is increased. Figure

extracted from [84].

When the magnetic field is increased, each Landau tube expands in area, causing its height
accommodated within the Fermi surface (FS) to shrink, until it spans the extremity of the Fermi
surface (with extremal area A = A) just before it exits the F'S entirely. As each Landau tube exits
the FS, there is a sudden discontinuous change in the total energy of the occupied states, and the

electronic properties related to the density of states oscillates with a frequency:
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(3.7)

where ¢g = h/e is the magnetic flux quantum, Apy is the area of the Brillouin zone in reciprocal
space, and a and b are the unit cell dimensions in real space assuming a tetragonal lattice. The
quantum oscillations in magnetization are referred to as de Haas-van Alphen oscillations, and the
quantum oscillations in electrical transport are referred to as Shubnikov de Haas (SAH) oscillations.

In this thesis, we will discuss the SAH oscillations in BaFe;Ass and EuFesAs, measured at the
National High Magnetic Field Laboratory (NHMFL), in Tallahassee - USA. Measurements were
performed in two resistive magnets: 35 T, 32 mm bore, top-loading He3 cryostat (Cell 12) and 45
T, 32 mm bore, top-loading He3 cryostat (Cell 15: Hydrid). As we will see, quantum oscillations

can provide important information about the Fermi surface geometry and effective masses.

3.4 Magnetic Susceptibility Measurement

Magnetic measurements on our single crystals were performed either with a commercial MPMS
magnetometer at Campinas (MPMS-7T, Quantum Design, Inc.), or with a commercial VSM-
MPMS magnetometer at Irvine. The first one operates in the temperature range from 2 K to 400
K with external fields up to &7 T, and the second one operates in the temperature range from
1.8 K to 400 K. Corrections for the sample holder and the core diamagnetism were applied to the
data.

The MPMS sytems have a superconducting magnet to generate large magnetic fields, a super-
conducting detection coil which couples inductively to the sample, a Superconducting QUantum
Interference Device (SQUID) connected to the detection coil with superconducting wires and a
superconducting magnetic shield surrounding the SQUID (see Fig. 3.7).

Sample masses of about 1 mg to 10 mg were loaded into 16-cm transparent straws or quartz
tubes. The MPMS magnetometer then allowed the sample to move through the system of super-
conducting coils (see Fig. 3.8) in order to change the induction field B (B = H + 4w M) within the
pickup coils, and thereby changes the induced current flowing in the coils. Since a closed super-
conducting loop is formed by the detection coils, the connecting wires, and the SQUID input coil,
any change of magnetic flux in the detection coils produces a proportional change in the persistent
current in the detection circuit. Once the SQUID functions as a highly linear current-to-voltage
converter, the current variations in the detection coils produce corresponding variations in the
SQUID output voltage,s which are proportional to the magnetic moment of the sample. A small
piece of palladium with known mass and magnetic susceptibility is used to fully calibrate the sys-

tem. The units of magnetic moment are emu (in cgs units) and A.m? (in SI units). The MPMS
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Figure 3.7: Schematics of the MPMS magnetometer. Figure extracted from [85].

reported value of the magnetic moment is divided by the number of moles in the sample and by

the applied magnetic field (H) in order to obtain the magnetic susceptibility .
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Figure 3.8: Schematics of the MPMS magnetometer coils.

The VSM option also has a SQUID detection system, but the induced signal is generated by

oscillating the sample in the magnetic field within the detection coils, as shown in Fig. 3.9. A
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DC signal controls the sample position and an AC signal determines the vibration amplitude and
frequency. The default vibration frequency is 414 Hz and the vibration amplitude is usually set to

2 mm. The VSM magnetometer can reach a sensibility of ~ 10~ emu.
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Figure 3.9: Schematics of the MPMS SQUID VSM probe.

3.5 X-Ray Absorption Fine Structure Spectroscopy: XANES
and EXAFS

Extended x-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure
(XANES) spectroscopies can provide valuable element-specific structural information (such as bond
lenghts, coordination number, species of the neighbors etc) and electronic ground state information
(such as oxidation state, coordination chemistry, bond angles, etc), respectively [86]. In order to
understand these phenomena, we note that X-ray absorption in the photon range up to 40 keV is
dominated by photoelectron absorption in which the photon is completely absorbed, transferring
its energy to excite an electron in a tightly bound quantum core level (such as the 1s or 2p level)
and leaving a core hole in the atom. The absorption edge corresponds to an x-ray photon having
enough energy to free a bound electron in the atom. We will treat the case in which the electron
is in the most tightly bound n = 1 shell edge, called K-edge. After the absorption, the final-

state photoelectron can be seen as an expanding spherical wave that is modified to first order
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by a single scattering (EXAFS) or by multiple scattering (XANES) from each surrounding atom.
In this manner, the result is the superposition of the outgoing and scattering waves that create
constructive or destructive interference depending on the distances and wavelength. Scanning the
wavelength provides an interferogram of a distance distribution in the form of oscillations after the
absorption edge shown in Fig. 3.10.

In the study of x-ray absorption, the basic physical quantity that is measured is the X-ray
absorption coefficient (u(E)), which gives the probability that x-rays will be absorbed as a function

of the photon energy E according to Beer’s Law:

I = Iyexp MP), (3.8)

where Iy is the x-ray intensity incident on our sample, ¢ is the sample thickness and I is the
intensity transmitted through the sample.

When the oscillations are well above the absorption edge we define the EXAFS fine-structure
function x(FE):

W(E) — po(E)

x(E) = Apo(E) ’

(3.9)

where po(E) is a smooth background function representing the absorption of an isolated atom
or any instrumental background, and Apug(E) is the measured jump in the absorption at the
threshold energy Ey. Usually, the EXAFS is analyzed as x(k) in terms of the wave vector k =
V/(2m(E — Ep)/h?). As the EXAFS decays quickly with %, in order to emphasize the oscillations
x (k) is often multiplied by a power of k, typically k2. On the other hand, the normalized u(E) is
useful when the oscillations are near the absorption edge in XANES analysis.

The acessibility of EXAFS measurements was greatly enhanced by the availability of syn-
chrotron radiation sources of x-rays due to its higher intensity in a continuum of energy. In
this thesis, temperature-dependent EXAFS measurements at the As K edge (F = 11865 eV) in
transmission mode were performed at ambient pressure in the XAFS-2 beamline at the Brazilian
Synchrotron Laboratory (LNLS). The samples were placed into a closed-cycle Joule-Thompson He
circuit, yielding a base temperature of ~ 1.7 K. The samples were mounted into a Be dome filled
with He gas to account for proper heat exchange and temperature homogeneity. Temperature
stability was better than 0.1 K. An Au foil was used for energy calibration. Pressure-dependent
EXAFS measurements at ambient temperature were performed with dispersive optics in the DXAS
beamline of LNLS using a diamond anvil cell. The samples were loaded into a hole of an iconel
gasket with diameter of ~ 200 pum. Ruby spheres of ~ 40 pm diameter were also loaded into

the cell. An admixture of methanol, ethanol, and water in the proportion 16 : 3 : 1 was used as
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Figure 3.10: a) Pictorial view of the photoelectron interference effect. b) XAFS spectrum of a
FeoO3 model compound (crystalline powder) at the Fe K-edge (Ey = 7112 ¢V).The XANES region
is more sensitive to the electronic structure and the symmetry, while the EXAFS region gives more

information on bond distances, coordination numbers and local disorder.

pressure-transmitting media. The applied pressures were optically measured offline by the posi-
tion of the ruby fluorescence doublet. These lines present no observable broadening with increasing
pressures over the whole investigated pressure interval.

The raw EXAFS measurements were preprocessed to obtain x(k) by conventional methods
using the software ATHENA [62]. Theoretical signals for atomic shells were derived using the
FEFFS code, taking the reported tetragonal crystal structure of BaFeyAss at 175 K as the initial
model. The fits were performed in real space by optimizing the Fourier transform of k?x(k) using
the IFEFFIT program, running under the ARTEMIS graphical platform. For the temperature-
dependent measurements at the As K edge, fits of the Fe-As distance were confined to the k range
of 3< k<13 A and to R range of 1 < R < 3 A, while for the pressure-dependent data the useful
k range was significantly shorter 2.5 < k < 6.5 A~!, and the employed R range was 1.2 < R < 4.2
A.

Furthermore, room temperature XANES measurements were performed in the XAFS-2 beam-
line at LNLS. Crystals with thickness of a few microns along the ¢ direction were selected. Spectra
were measured with a 0.2 eV step width. At least two spectra were collected for each measured
sample, in order to check for reproducibility of the spectral features and to improve the statistics.
The edge-step normalization of the data was performed after a linear pre-edge subtraction and the
regression of a quadratic polynomial beyond the edge, using the software ATHENA. The energy
calibration was performed for each spectrum by simultaneously measuring and aligning the K
absorption edge of a standard Fe metal foil. Ab initio calculations for the XANES spectra were
obtained using the FEFF8 code taking the reported tetragonal crystal structure of BaFesAss at
297 K as the initial model. We adopted the Hedin-Lundqvist exchange potential with an imag-
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a) XAFS2
Source Bending Magnetic D08B (15°)
Monochromator (Double Cristal)|Si(111)
Energy Range 4 keV-1TkeV
Beam Size (Hx V) 450 x 250 pum?
Photon Flux 1 x 10'% photons/s @ 7 keV @100mA
. = = g
Resolution (AE/E) 1.71x107 @7 keV
b) DXAS
Delivered to the users (year) 2005
Bending-magnetic port D& (4°)
Energy range SkeVto 14 keV
Energy band-pass 200to 800 eV
Photon flux 2x10"" photons s-' @7 keV
Crystal Maximum acceptance angle 4.8 mrad
208arm 16 to 56 degrees
Monochromator Si (111) (2d=6.271 A)
Vertically focusing mirror 800 mm-long Rh-coated glass mirror
Size of the focused beam 150 um x 200 um
Source-to-crystal distance 975m
Crystal to detector distance 1t03.17m

Figure 3.11: Beamline specification at the Brazilian Synchrotron Laboratory (LNLS) a) XAFS2
and b) DXAS.

inary part of 0.7 eV to account for the experimental broadening and a Debye-Waller factor of
02 = 0.00465 A2. The atomic potential was calculated self consistently using a cluster of up to 32
atoms within a radius 5.5 A. The full multiple scattering XNES calculations converges for a cluster
of 154 atoms within the radius 9.0 A. A rigid shift of 2.8 €V to lower energies was applied to all
calculated XANES spectra to match with the experimental data. This shift has no influence on
the relative changes of calculated spectral features under the Co and K substitutions that guide

our main conclusions.
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3.6 Electron Spin Resonance Measurement

A typical experimental setup to observe electron spin resonance is shown in Fig. 3.12a. A mi-
crowave bridge (Fig. 3.12b) generates an electromagnetic wave of fixed frequency® that propagates
through a waveguide to the metallic (retangular or cylindrical) resonant cavity which amplifies
weak signals from the sample. A consequence of resonance is that there will be a standing wave
inside the cavity with their electric and magnetic fields components exactly out of phase (see Fig.
3.12¢). It is possible to couple the microwave in the waveguide with the microwave in the cavity
via a coupling hole called iris, shown in Fig. 3.12d. If we place a thin copper sheet perpendicular
to the waveguide axis and then cut a slot parallel to the short dimension, an inductive iris is
formed. The slot width controls the voltage reflection coefficient I' at the iris, defined as the ratio
of the amplitude of the incident electric field (E1) that enters the cavity and the amplitude of the
reflected electric field (Eg) from the cavity. This control is accomplished by carefully matching or
transforming the impedances of the cavity and the waveguide. There is also an iris screw in front
of the iris that acts as a tuner device that reflects the microwaves, and thereby alter the impedance
match.

Once the cavity is critically coupled, a magnet generates a static magnetic field in order to
lift the Zeeman degeneracy. The magnetic field then sweeps in the range 0 < Hy < 2 T until
the spin resonance condition is achieved and, consequently, the microwave is absorbed by the
sample. Reflected microwaves are directed to the microwave bridge, where a Schottky barrier
diode converts the microwave power into electric current. This type of spectrometer is called
reflection spectrometer since it measures the amount of radiation reflected back from the cavity,
and not the radiation transmitted through the sample.

When the sample absorbs the microwave energy, the coupling changes because the absorbing
sample changes the impedance of the cavity and therefore microwave will be reflected back to the
bridge, resulting in an ESR signal. In order to enhance the spectrometer sensibility, a technique
known as phase sensitive (lock-in) detection is used. The d.c. magnetic field strength seen by the
sample is modulated sinusoidally by a small amplitude field modulation usually at frequencies of
100 kHz. The resultant weak signal, contaminated by noise, is amplified and phase-detected relative
to the modulating signal that rejects all frequencies but 100 kHz. The output signal from the lock-
in detector is proportional to the change in the absorption between the modulation amplitude,
and for sufficiently small amplitudes the output signal is proportional to the first derivative of the
lineshape. The advantages of this detection scheme include less noise from the detection diode and

the elimination of baseline instabilities due to the drift in d.c. electronics.

IThere are five microwave bridges commonly available: L-Band (v = 1.1 GHz), S-Band (v = 3.0 GHz), X-Band
(v = 9.5 GHz), Q-Band (v = 34 GHz), and W-Band (v = 94 GHz)
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Figure 3.12: a) The general outlay of an ESR spectrometer. b) Block diagram of a microwave
bridge. ¢) Magnetic and electric field patterns in a standard ESR cavity. d) The matching of
a microwave cavity to waveguide. e) Field modulation and phase sensitive detection. Figure

extracted from ref. [87].

In this thesis, the ESR data were taken in a BRUKER ELEXSYS-500 spectrometer, as shown
in Fig. 3.12, equipped with a rectangular cavity TEjg2, a microwave bridge in the X-band region
(v ~ 9.4 GHz) and a continuous He gas-flow cryostat that reaches temperatures from 300 K to 4.2

K.



Chapter 4

Synthesis and Macroscopic

Properties of 122 single crystals

In this chapter the experimental results concerning the synthesis and characterization of our
samples are presented. The efforts of our group in synthesizing samples using the In-flux method
culminated in high-quality 122 single crystals revealed by macroscopic properties and nuclear
magnetic resonance (NMR) measurements. Furthermore, we will discuss the data for optimally
doped Bal22 compounds BaFes_, TM,Asy (TM = Co, Cu, Ni) and also Eu-substituted compounds

Bai_,Eu,Fes_,CoyAsy under hydrostatic pressure to investigate pair-breaking mechanisms.

4.1 Single Crystal Growth

We start our investigation with the pure BaFeqAss single crystal grown by the In-flux method.
A photograph of one of the largest crystals obtained by this method is shown in Fig. 4.1a. The
crystal structure was characterized by x-ray powder diffraction and submitted to elemental analysis
using a commercial Energy Dispersive Spectroscopy (EDS) microprobe (Fig. 4.1b).

High resolution synchrotron X-ray diffraction measurements were performed at the XPD beam-
line of the Brazilian Synchrotron Light Laboratory (LNLS) with A = 1.23984 A. The sample was
placed in the cold finger of a closed-cycle He cryostat, which was mounted in the Eurelian circle
of a commercial 4 4 2 circle diffractometer. A Ge(111) analyzer crystal was used in the 20 arm to
improve angular resolution of the diffracted beam. Figure 4.2a shows 6 — 26 scans at the vicinity
of the (2212) reflection of the tetragonal structure (space group I4/mmm). A splitting of this
reflection on cooling below 139 K is observed, consistent with the emergence of the orthorrombic

phase (space group Fmmm). A small ~ 4 K coexistence of tetragonal and orthorhombic reflec-

o7
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Figure 4.1: (left) Photograph of one of the largest pure single crystals grown by the In-flux tech-
nique. (right) EDS image of a Eu-substituted single crystal grown by the In-flux technique.

tions is observed. Interestingly, this coexistence is also observed by NMR experiments which reveal
the appearance of a magnetic orthorhombic line below 139 K together with the decrease of the
tetragonal paramagnetic line. At 134 K, no paramagnetic resonance is observed and long range
SDW order is fully established.

Figure 4.2b shows the temperature evolution of the a, b and ¢ lattice parameters, obtained
from the analysis of the diffraction signal shown in Figure 4.2a, and also from the (006) reflection
(not shown). Although small, one can observe a discontinuous jump in the cell volume along the
transition, as shown in Figure 4.2¢. Although this is suggestive of a first order transition, no latent
heat was observed in the specific heat.

Figure 4.3 shows the temperature dependence of in-plane resistivity pq, for pure BaFesAss
crystals. The crystals grown by In-flux present a sharp feature at T ~ 139 K as determined by the
peak in the derivative dp,p/dT and, contrarily to what happens to tin-flux grown (TFG) samples,
the resistivity drops monotonically with decreasing temperature below Tj. It is worth mentioning
that our In-flux samples displayed residual resistivity ratios (RRR = (p300 xk — p2 K )/p2 k) ranging
from 6 to 8. This is in accordance with the behavior described by the samples grown by self-flux
[88] as well as by the polycrystalline one [89]. Besides, the residual resistivity was found to be
typically po = 0.1 mQ-cm for the In-flux grown (IFG) samples. This value is of the same order of
those previously reported for self-flux grown (SFG) samples [90, 91, 92].

In Fig. 4.3, one can clearly see that the TFG crystal is an exception and does not follow this
behavior. On decreasing temperature, the resistivity crosses 139 K with no special feature, and
there is a broad increase rather than decrease in resistivity around 85 K. This is indicative of Sn
incorporation as reported in Ref. [93]. The fact that the IFG samples show the same behavior as
SFG indicates that In is not being incorporated in the sample. EDS experiments also show that

there is no detectable In in our IFG single crystals (not shown).

Additionally, Nuclear Magnetic Resonance (NMR) and Nuclear Quadrupolar Resonance (NQR)
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Figure 4.2: High resolution synchrotron X-ray diffraction of an IFG BaFesAss single crystal. (a)
Radial (6 — 20) scans around the (2212) tetragonal reflection. (b) Temperature dependence of a, b

and c lattice parameters. (c) Temperature dependence of unit cell volume.

are powerful techniques to understand the local structural and electronic environment in a lattice
(94, 95, 96, 97]. As such, "As NMR experiments were carried out in order to verify the doping
effects and sample quality. NMR lineshapes are usually affected by disorder and inhomogeneity,
and the linewidth is a great local probe of these effects. In other words, the structure of the spectra
illustrates the local environment of the 7°As sites. Fig. 4.4 shows the ">As NMR signal for single
crystals grown by In and Sn fluxes at 150 K and H L ¢. The central line corresponds to the
(1/2 <» —1/2) transition, and the satellites are (£3/2 <> +1/2) transitions split by quadrupolar
effects [98, 97]. The IFG sample shows a very narrow (5 kHz) central linewidth with no other

peaks than the two satellites, whereas the TFG sample displays a broad central line with multiple



4.1. SINGLE CRYSTAL GROWTH 60

® In-flux

A Sn-flux
FeAs-flux
— - = Polycrystal

— ———
o ——-

P O T S T
© 0.5 [ 105 120 135 150 165 '/
T(K)

BaFezAs2
0.0 —

0 50 100 150 200 250 300
T (K)
Figure 4.3: In-plane resistivity as a function of temperature for BaFes Ass single crystals grown by

In- and Sn-flux. For comparison, we also show the resistivity of the self-flux [88] and polycrystalline

[89] samples.

peaks. Broad lines and multiple peaks are signatures of local internal magnetic field distribution on
top of possible As site distribution, indicative of low crystallographic quality. Previously reported
values of the NMR linewidth for SFG and TFG crystals were similar or even larger than ours
[98, 99, 100]. Furthermore, the BaFesAsy samples from references [99, 100] do display several
peaks for the central transition. These results demonstrate microscopically that our IFG samples
have equal or higher quality and homogeneity than SFG and TFG samples, and are examples of
improvement for yielding Fe-arsenide compounds.

In order to evaluate the efficiency of the herein proposed In-flux method for growing Bal22
compounds, we have also explored the synthesis of doped Ba(Fe;_,M;)2Ass (M = Co, Cu, Ni
and Ru) single crystals. Although we have produced a wide range of chemical substitutions for Co
doping, in the following we will focus on the optimally doped samples, the superconducting ones
with maximum 7., and with the magnetic SDW state completely suppressed, for M = Cu, Ni and
Ru.

Figure 4.5 shows the temperature dependence of the in-plane resistivity for different M-doped
Bal22 compounds. Fig.4.5a) demonstrates that the alternative In-flux route also yields bulk su-
perconducting samples for Co, Cu, Ni and Ru-doping, in accordance with other reports for samples
grown by self- and Sn-flux techniques [101, 102, 103, 104, 105, 106, 107, 108, 109]. A notewor-
thy improvement over the SFG technique is the overall higher maximum 7T,. Except for Ru, the

IFG crystals showed greater maximum 7, than those found for the corresponding SFG samples.
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Figure 4.4: " As NMR signal for BaFeyAs, single crystals grown by In- and Sn-flux in the param-

agnetic (tetragonal) phase.

Furthermore, the residual resistivity py defined at T, ranges within 0.2-1.0 mQ-cm, which are
equal or smaller than those reported previously for similar samples [101, 102, 103, 104, 105]. We
acknowledge that the recipe for growing Ru-substituted compounds is not yet fully optimized due
to the reduced size of the obtained crystals.

Nonetheless, despite the case for Ru doping, it is plausible to assume that the IFG samples
display higher critical temperatures because they present a reduced number of defects which are
non-magnetic pair-breaking centers. Therefore, we strongly believe that the IFG samples are
prone to less significant interference of defects and inhomogeneity effects on their intrinsic physical
properties, thus being more suitable for microscopic investigations.

Let us now turn our attention to the particular case of Co-doped BaFesAss, which generated
the largest doped IFG single crystals so far. Based on thermodynamic data such as those in Fig.
4.5b), we constructed the phase diagram presented in Fig. 4.6.

Although the T'— x phase diagram presented in Fig. 4.6 for our Co-doped Bal22 is qualitatively
similar to previous one [109] it is worth emphasizing that the maximum T,.= 26 K obtained is, to
the best of our knowledge, the highest value reached up to now.

Table 4.1 shows the parameters for the pure compound and for different dopants (Co, Cu, Ni

and Ru). We also show the parameters for Eu substituted samples that will be discussed in detail
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Figure 4.5: a) In-plane electrical resistivity as a function of temperature for Ba(Fej_,M;)2As9
single crystals grown by In flux (M = Co, Cu, Ni and Ru). The chosen samples presented the
highest T, within the obtained batches. The inset shows the maximum 7 achieved for self and In-
flux grown crystals for different dopants [109, 106, 107, 108]; (b) In-plane electrical resistivity as a
function of temperature for Ba(Fe;_,Co,)2Ase IFG single crystals (z = 0.03, 0.045 and 0.12). The
inset shows field cooled (FC) and zero-field cooled (ZFC) magnetic susceptibility measurements

for the optimally doped sample (z = 0.09).

in sections 4.2.1.

4.2 Macroscopic characterization

4.2.1 Electrical Resistivity Measurements Under Hydrostatic Pressure

With high quality single crystals in hand, the study of pressure tuning in these samples can
provide robust answers about the superconducting state which are not affected by disorder.

It is well known that hydrostatic pressure tends to decrease Tgpw in the undoped or slightly
doped compound. Moreover, T, increases with low pressure for underdoped FeAs-pnictides, re-
mains approximately constant for optimal doping, and decreases in the overdoped range. Remark-

ably, there is a symmetry of the superconducting and magnetic phase diagram with respect to the



CHAPTER 4. SYNTHESIS AND MACROSCOPIC PROPERTIES OF 122 SINGLE
63 CRYSTALS

125
100 BaFe, Co As,
= T
° TSDW
o 7
5 5
= 50 Tetragonal

25 LT

- .

Superconductivity n
1 1 1

OJ. 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

X

Figure 4.6: T — z phase diagram for IFG Ba(Fe;_,Co,)2Asy single crystals. The error bars
represent variations in the doping levels  and T, amongst different batches of same nominal Co

content.

substitution with K, Ru, Co, Ni, and Cu, consistent with the scenario in which these substitutions
act as chemical pressure instead of acting like effective doping in the suppression of the SDW
magnetic phase.

However, not only we must suppress the SDW magnetic phase, but also we have to weaken
possible pair-breaking mechanisms. In this sense, the substitution of Fe by local moments (like
Cu, Mn and Cr) would act as such mechanism, despite its effectiveness in suppressing the SDW
magnetic phase. This scenario is perfectly consistent with the fact that SC does not emerge in
BaFesAsy; with Mn and Cr substitutions and also that SC in BaFes_,Cu,Ass has a maximum
reported T, of only ~ 2 K in a narrow range of concentration [106]. In fact, inelastic neutron scat-
tering measurements show that Cu substitution has enhanced impurity scattering and split-band
behavior [110]. Surprisingly, an increase of T, with Cu substitution was found in the underdoped
BaFes_,Co,Asy and theoretical calculations have shown that in the s _ state the impurity scat-
tering affects T, non-monotonically as a function of substitution both directly, via pair-breaking,
and indirectly, via the suppression of the SDW phase [111].

We shed new light on this fascinating problem by exploring the interplay between transition-
metal (TM) substitution and applied hydrostatic pressure through in-plane electrical resistivity
measurements in BaFe; ¢TMg 1Asy (TM = Co, Cu, and Ni) single crystals with applied pressures
up to P < 25 kbar. All concentrations were choosen near the optimally doped region. For TM =
Cu, we choose the data for a slightly underdoped sample in which p,;(7") does not go to zero at
zero pressure in order to emphasize the striking enhancement of T, in this case along with the fact

that pa,(T") does go to zero for T' > 2 K with pressure.
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Substitution | Flux | Tmax (°C) | tmax (°C) | r (°C/h) | T* (°C) | Trem (°C)
Pure In 1100 18 10 - 400
Co In 1100 18 10 - 400
Cu In 1100 21 3 - 550
Ni In 1100 18.5 10 - 400
Ru In 1150 12 2 - 550
Eu In 1150 12 2 1000 550
Eu Sn 900 2 2 - 400
* In 900 1 2 - 400

Table 4.1: Parameters for the heat treatment, illustrated in Fig. 3.1, used in the growth of

BaFeyAss with different substituting atoms. The asterisk represents the compound EulnyAss.

Fig. 4.7 displays the in-plane electrical resistivity of the studied single crystals at ambient
pressure. The room-T value of p.(T) varies in the range 0.7 — 1.1 mQ.cm. A linear metallic
behavior is observed at high temperatures and the parent compound spin-density wave transition

(Tspw ~ 139 K) is suppressed for all studied compounds.

Mﬁ BaFe, Cu, As,

o BaFe1_9Ni0_1As2
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Figure 4.7: Temperature dependence of the in-plane electrical resistivity of BaFe; ¢TMg 1Asy (TM

= Mn, Co, Ni, and Cu) single crystals at ambient pressure.

As we decrease the temperature, a slight upturn occurs at 55 K, 112 K, and 71 K for Co,
Ni, and Cu substitutions, respectively, as typically found for substituted samples in the BaFesAso
systems [4]. In the Co and Cu-substitution cases, the upturn may correspond to a vestige of the

structural phase transition as we do not observe any transition in the magnetic susceptibility or
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heat capacity measurements (not shown). The higher upturn temperature of the Cu compound
and the fact that p.p,(7") does not go to zero may suggest that this sample is slightly underdoped.
On the other hand, Ni-substituted samples have still SDW ordering at Tspw ~ 112 K but already
the highest superconducting transition temperatures (T.) reported for this substitution so far. The
onset of T, occurs at 26.1 K, 22.2 K, and 3.8 K, respectively '. The higher upturn temperature
of the Ni compound and the fact that pa,(7") does not go to zero for the Cu sample suggest that
these samples are slightly underdoped.

The in-plane electrical resistivity under hydrostatic pressure (~ 4 —24 kbar) as a function of
temperature for the Co and Ni-substituted compounds is shown in Fig. 4.8. We observe a small

T, increase of ~ 2 — 3 K, as expected for nearly optimally doped samples [4].
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$ o 7kbar'®
412 kbar %4
w —<— 17 kbar o.2 3

0 50 100 150 200 250 300
T (K)

Figure 4.8: Temperature dependence of the in-plane electrical resistivity pa,(T') of BaFea_, TM, Aso
(TM = Co and Ni) single crystals at various pressures (~ 7 —24 kbar)

For TM = Co, T, saturates at 28.6 K for P ~ 18 kbar. Interestingly, this is the same maximum
T, obtained for the pure compound BaFesAss under pressure (P ~ 40 kbar), indicating that Co-

substitution and pressure have the same structural effect that suppresses the SDW phase and

1We define the onset of T. as the temperature at which dp/dT = 0.
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induces superconductivity [112]. In fact, EXAFS measurements showed that both Co and K
substitution and also applied pressure lead to a slight compression of the As-(Fe,Co) bond (< 0.01
A) with respect to the pure compound. On the other hand, for TM = Ni, T, saturates at 24.7 K
for P ~ 12 kbar. Consistently, the SDW transition temperature of the Ni-sample, defined as the
valley in the first derivative of p(T') (not shown), decreases with pressure and it is not observed for
P 2 20 kbar. One can speculate that the reason why the Ni-substituted sample does not achieve
T. ~ 29 K is because it introduces more disorder than cobalt. In fact, the residual resistivity is
higher for TM = Ni. Moreover, the highest T.’s found in the Fe-based superconductors (38 K
for the 122-system Bag Ko .4FeaAsy and 53 K for the oxides 1111 Gdg s Thg 2FeAsO) are obtained
through out-of-plane substitution, without introducing disorder in the FeAs plane [113, 114].
Now we turn our attention to the striking behavior of the Cu-substituted compound, shown
in Fig. 4.9. First, there is a drastic decrease in the room-T resistivity by a factor of three as we
apply pressure (see Fig. 4.7 for comparison), indicating a large decrease in the impurity scattering

potential.

BaFemCumAs2

0 50 100 150 200 250 300
T (K)

Figure 4.9: Temperature dependence of the in-plane electrical resistivity of BaFe; 9Cug.1 Asy single

crystals under hydrostatic pressure.

Moreover, we observe that pu,(T") goes to zero with applied pressure and that there is a huge
unexpected T, enhancement by a factor of ~ 2.5 (T, = 10 K at P ~ 24 kbar). All these results
together are strong evidences that the hybridization between the Cu 3d bands and the Fe 3d bands
increases and, consequently, the impurity scattering by the Cu local moments decreases. In this

manner, the pair-breaking mechanism due to the inter-band scattering rate (I',;) is suppressed and
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T, is, in principle, unconstrained to increase up to a maximum defined by the local distortions
generated by the transition metal substitution. It remains to be seen whether applying higher
pressures with Diamond Anvil Pressure (DAC) cells would further enhance or even suppress T..
Another strong evidence that the Cu ion enters as a local moment at the Fe site is the existence
of an ESR line. Fig. 4.10 shows the X-Band (v ~ 9.5 GHz) ESR spectra at T = 150 K for the
BaFe; gCug 1 Asy powdered crystals. The ESR lines have a symmetric Lorentzian character (sample
size smaller than the skin depth [75]) and from fitting to the resonances (solid lines), we obtained
a linewidth of AH = 600 G and a g-value of ¢ = 2.08. It is worth noting that the observation of
an ESR line also indicates that the Cu oxidation state is in fact Cu?t and consequently there is

no real doping in this material.

BaFe 1_QCu0_ 1As2
X-Band

(arb.units)

ESR Absorption Derivative

Figure 4.10: X-Band spectra at T'= 150 K for powdered crystals of BaFe; ¢Cug 1 Ass.

Finally, we summarize our data in the phase diagram T. vs. P, displayed in the inset of Fig.
4.11. For the Co and Ni substitutions the pressure coefficient is dT./dP ~ 0.1 K/kbar, as expected
for nearly optimally doped samples in which the magnetic instability is completely suppressed and
the application of pressure has little effect in T.. However, dT./dP ~ 0.3 K/kbar is three times
larger for the Cu-substituted sample, indicating that, although the magnetic instability has been
suppressed, the pair-breaking mechanism has also been suppressed by the increase of hybridization
between the Cu and the Fe 3d bands.

Thus, there is a constrasting behavior of hydrostatic pressure effects on nearly optimally doped
BaFes_, TM;Ass (TM = Co, Cu, and Ni) high quality single crystals grown using the In-flux
method. For Co and Ni-substitution, T, increases only ~ 2 K at a rate d7./dP ~ 0.1 K/kbar,
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Figure 4.11: Phase Diagram for BaFes_,TM,Ass (TM = Co, Cu, and Ni) single crystals as a
function of pressure: T.(P) normalized by its zero pressure value T.(0) vs. pressure and T, vs.

pressure (P) (inset).

consistent with the nearly optimal doping region. On the other hand, in the Cu-substituted sample
T, increases ~ 6 K at a rate dT./dP ~ 0.3 K/kbar. This huge T, enhancement by a factor of ~ 2.5
with pressure and the local Cu?*t ESR line provide strong evidence that the hybridization between
the Cu 3d bands and the Fe 3d bands increases with pressure and, consequently, the impurity
scattering by the Cu local moments decreases. It is worth noting that this is in agreement with
the fact that the end-compound BaCusAss is a regular metal.

In order to further understand the spin effects on the pairing mechanism, we can now study Mn-
substituted compounds. Although the Cu substitution induces a smaller T, in the Mn-substituted
compound T, has not been observed although the SDW phase is effectively suppressed.

Fig. 4.12 displays the in-plane electrical resistivity of BaFes_,Mn, As, single crystals at ambient
pressure and under hydrostatic pressure (0 —25 kbar).

At low Mn concentration (z = 0.007), the SDW phase is slightly suppressed (Tspw = 130 K)
and we observe a kink in the resistivity at ~ 20 K but the resistivity does not go to zero, indicating
that the superconducting volume is small. In fact, we observe this kink at the same temperature
even in the pure BaFesAso compound when the surface is altered (due to polishing or etching).
At higher Mn concentration (z = 0.12), the SDW phase is further suppressed and only a slight
upturn is observed at T = 70 K. However, superconductivity does not emerge for the studied

pressure range, indicating a stronger pair-breaking mechanism. As in the case of Cu?* (S = 1/2),
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Figure 4.12: Temperature dependence of the in-plane electrical resistivity of BaFes_,Mn,Ass

(z = 0.007,0.12) single crystals at ambient pressure and under hydrostatic pressure (0 —25 kbar).

we also observe a ESR line due to the Mn?* ions (see Chapter 5 for a detailed study). However,
Mn?* has a much higher spin (S = 5/2) which suggests a stronger pair-breaking. Moreover, the
end-compound BaMnsAsy has a high antiferromagnetic ordering temperature T = 618 K of the
Mn ions, indicating that short-range Neel pair-breaking fluctuations can also play a role. In this
manner, higher pressure is needed in order to induce superconductivity. In Section 5.2 we will

provide an estimative of the critical pressure.

In order to further explore the Mn pair-breaking mechanism, we also studied the Co-substituted
BaFe; g05Co0.190Mng.go5Ass compound. Fig. 4.13 displays the electrical resistivity as a function
of temperature. One can still observe a slight upturn at 7™ ~ 80 K indicating that the sample is
slightly underdoped. For the Co-substituted compound without Mn this 7 corresponds to T, ~ 22
K. However, the small amount of Mn substitution s, = 0.005 is already effective in suppressing
T. to 16 K.

Now we turn our attention to the out-of-plane local moments which also act as a pair-breaking
mechanism, although much weaker. Figures 4.14-4.15 display the in-plane electrical resistivity of
Baj_,Eu,Fes_,Co,As, single crystals at ambient pressure and under hydrostatic pressure (0 —26
kbar). A linear metallic behavior is observed at high temperatures and again the parent compound
spin-density wave transition (Tgpw ~ 139 K) is suppressed. As we decrease the temperature, a
slight upturn occurs at 81 K and 106 K for Bag.ggEug.g1Fe1.9Cog.1Ass and Bag gEug oFe; 9Cog.1 Asa,
respectively, as typically found for substituted samples in the BaFesAss systems. However, the
higher upturn temperature of Bag gEugoFe;.9Cog.1 Ase suggests that this sample is slightly under-

doped as compared to Bag.ggEug.01Fe; 9Cog.1Ase. The onset of T, at ambient pressure occurs at
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Figure 4.13: Temperature dependence of the in-plane electrical resistivity of

BaFe g05Cog.190Mng.gp5 Ass single crystals at ambient pressure.

24.2 K, and 22.1 K, for Bag.g9FEug.01Fe1.9Cog.1Ass and Bag sEug oFeq gCog.1Aso, respectively. The
Eu ion has a huge local moment S = 7/2, hence the decrease in T,.. However, this decrease is much
smaller than in the Mn case due to the fact that Eu ions are out of the FeAs plane. An analysis of
these results considering the conventional Abrikosov-Gorkov formalism for the superconductivity
suppression is performed in Section 5.2.

The phase diagram T, vs. P is shown in Fig. 4.16. As one can see, there is a small T, increase
of ~ 1 K for Bag gEug.oFe;.9Cog.1Ass followed by a small decrease of the same order. This dome
is expected for nearly optimally doped samples. At low pressure, the same behavior of T, is found
for the Bag sEug oFe; 9Coq.1 Asy sample. However, a striking behavior occurs above ~ 15 kbar and
T, starts to increase again. This can only happen if there is a pair breaking mechanism that is
suppressed with applied pressure. As we are in the very diluted regime (z g, = 0.01) it is reasonable
to speculate that the observed behavior is reminiscent of a Kondo single impurity regime and that

the Eu local moment is screened by the conduction electrons as we applied pressure.

4.2.2 Electrical Resistivity Measurements at High Magnetic Fields

We have studied four In-grown single crystals by Shubunikov-de Hass oscillations, see Table 4.2.
It is worth noting that our EuFeyAss, crystals have the highest RRR found in the literature. For
Sn-flux grown crystals RRR = 7 and Tspw = 190 K. For crystals grown by the Bridgman method
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Figure 4.14: Temperature dependence of the in-plane electrical resistivity of

Bag.gFEug.oFe; 9Cop.1Ass single crystals at ambient pressure and under hydrostatic pressure
(0 —26 kbar).
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Figure 4.15: Temperature dependence of the in-plane electrical resistivity of

Bag.g9Eug.01Fe1.9Cog.1Asy single crystals at ambient pressure and under hydrostatic pressure (0
—26 kbar).

RRR = 15 and Tspw = 194 K. For In-flux grown single crystals we obtained RRR = 24 and

Tspw = 194 K. Interestingly, there is no report concerning the quantum oscillation in EuFesAs, |
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Figure 4.16: Phase diagram T, vs. P for Bag.g9Eug.g1Fe1.0Cop.1Ase and Bag gEug.oFe; 9Cop.1 Ass

single crystals.

despite the importance of understanding the Fermi surface topology and mass renormalization.

Sample po | RRR | p(H =45T)/p(H =0T)
BaFesAsy (1) || 0.015 | 5 5.5
EuFesAs, (2) || 0.007 | 22 15.6
BaFesAss (3) || 0.105 8 4.9
EuFesAsy (4) || 0.011 | 24 14.5

Table 4.2: Samples studied by Shubunikov-de Haas oscillations and their residual resistivity po,

residual resistivity ratio (RRR), and magnetoresistance.

Figure 4.17 displays the physical properties of the selected crystals. One can clearly see the
jumps in specific heat related to the Fe SDW ordering at Tspw = 194 K and Tspw = 139 K for
the EuFes Ass and BaFes Asy compounds, respectively, and a clear kink in the electrical resistivity
measurements.

By applying a magnetic field up to 45 T we were able to observe beautiful quantum oscillations
for both compounds, Fig. 4.18. in the inset of Figure 4.18. We then take the Fourier transform of
this subtracted data in order to find the frequencies at which extremal areas exist.

The Fourier content is shown in Fig. 4.19. Four resolved frequencies are observed at 0° for
BaFegAss (Fig. 4.19a): F; = 96 T, Fo = 187 T, F3 = 427 T and Fy = 511 T, in very good
agreement with the data in the literature [115, 84]. On the other hand, the EuFegsAss compound
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Figure 4.17: (left panel) Specific heat per mole versus temperature for BaFesAssand
EuFeyAss single crystals. (right panel) Temperature dependence of the in-plane electrical resis-

tivity of BaFesAsy and EuFesAss single crystals.
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Figure 4.18: Raw-data resistivity and 4th order polynomial fit (background) as a function of the
magnetic field for EuFesAss . The inset shows the background subtracted data as a function of

inverse magnetic field.

reveals only two frequencies at this angle F; = 328 T, F5 = 386 T. In order to obtain the other
frequencies we rotated the single crystals and, at § = 25° (Fig. 4.19b), we clearly observe five

frequencies for the EuFesAss compound at Fy =350 T, Fo =394 T, F3 =846 T, Fy, = 938 T and
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Figure 4.19: Fourier analysis of the quantum oscillations at two different angles § = 0° and 6 = 25°

measured with respect to the c-axis.

Except for the BaFegAss frequency Fy, we were able to extract the effective masses by fitting

the temperature dependence of the oscillation amplitude with the thermal damping term:;

X
sinh(X)’

m*T
B b

Ry = X = 14.69 (4.1)

of the Lifshitz-Kosevich (LK) formalism, where m* is the effective mass and 1/B is the average
inverse field of the Fourier window, taken between 12 T - 35 T or 14 T - 45 T. Figure 4.20a displays
our effective masses for both EuFe;Asy; and BaFes Ass compounds and Figure 4.20c shows the data
from the literature for comparison.

As mentioned in Section 3.3.2, the observed frequencies are proportional to the extremal areas
at the Fermi surface. Thus, at this point we can draw our first conclusion: EuFesAss has larger
pockets at the Fermi surface and at least two of them have heavier masses than the pockets in the

Bal22 compound, suggesting that Eul22 is more correlated than Bal22.



CHAPTER 4. SYNTHESIS AND MACROSCOPIC PROPERTIES OF 122 SINGLE

75 CRYSTALS
a) 44 T rrr e ey et v
1 p=25°0 F, m*=1.0+0.1 |
3- © F, m*,=12+0.1
5 A F, m*,=15+0.2 1
8 2 % F, m*,=18+01
- . = '
E 4] & F, m*=17£01]
<
| a EuFe,As,
04 T £ — ) =
T v rrTrrrrrrrrr ot 1000 — . i ]
b) 7 1 N 1 v 1 ' 1
" 0=0° 0 F1 m*,=05+0.1]
5‘. © F2 m*,=04+0.1] ]
3 o A F3 m*=10+0.1]
“ g E
= 3 BaFe As, :
= & ) f 3
< 1 5 i
0. L NN ] Mo = 1.2 0.3 m,
0 1 2 3 4 S 2 7 6 s

T (K) Temperature (K)

Figure 4.20: (a-b) Effective masses for both EuFesAs; and BaFes Ass compounds, respectively. (c)
Data from the literature [115] for BaFeaAs, .

In order to identify these frequencies with the hole/electron pockets in the Fermi surface, the
analysis of the angle dependence and band structure calculations are in progress. In any case, for

the conclusion of this thesis we only need the above statement.
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Chapter 5

Microscopic Properties: The Role

of Local Distortions

In this chapter the microscopic experimental results of this work are presented. In the first
part, EXAFS measurements are presented for the parent compound BaFe;Ass under hydrostatic
pressure and chemical substitution with Co (at first, though as an electron donor) and K (hole
donor). It is shown an equivalence between substitution and pressure concerning the tuning in
the relevant structural parameter: the Fe-As bond distance decreases. Furthermore, it is shown
that Co-substitution has no effects on the Fe valence in the BaFe;Ass compound and thus does
not change the electronic occupation of the Fe ions. In the second part, ESR measurements are
discussed in detail for the series Ba;_,FEu,Fe;Ass and then generalized for several compounds of
the series Ba;_,Eu,Fes_, TMy,As, . The data show strong evidences that by decreasing the Fe-As
distance there is a localization of the Fe 3d orbitals at the FeAs plane. The xy orbital is more
localized than the others (zz and yz) and, in turn, leads to a suppression of the itinerant SDW

phase with the emergence of superconductivity.

5.1 EXAFS and XANES Measurements

Starting with the physical properties of the studied single crystals, Fig.5.1 presents the temper-
ature dependence of the in-plane electrical resistivity. BaFesAss shows a sharp derivative change
in p(T) at Tspw = 139 K, marking the antiferromagnetic transition. This indicates no In-
incorporation into our BaFe; Ass sample, confirmed by the EDS technique. For BaFes_,,Co, Ass no
antiferromagnetic transition was observed and a transition to a superconducting state was found

at T, = 22 K. Finally, the BKFA sample shows a superconducting transition at T, = 13 K, and

77
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a change of concavity in p(T) at Ty ~ 108 K. Previous nuclear magnetic resonance measurements

on a similar sample suggest negligible Sn incorporation in BKFA [116].
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Figure 5.1: Temperature dependence of the in-plane resistivity of BaFegAss,

Ba(Feq.937C00.063)2As2, BaggsKo.15FeaAss.  The arrows indicate the onset of superconduc-

tivity at T., and asterisks mark the antiferromagnetic transition temperatures.

The crystal thickness (d ~ 40 A) was appropriate to perform high-quality EXAFS measure-
ments in transmission mode at the As K edge (E = 11865 eV) but the crystals were too thick
for transmission EXAFS measurements at the Fe and Co K edges (E = 7116 and 7713 eV, re-
spectively). According to the crystal structure of BaFesAsy, each As ion is surrounded by four
Fe (or Co) nearest neighbours (see Chapter 1, Fig. 1.5), defining the first As coordination shell
with das_pe ~ 2.4 A. In both tetragonal and orthorrombic phases a single As-Fe bond distance is
defined. The As second nearest neighbours are the Ba ions with significantly large das_pq ~ 3.4
A. Finally, the third shell are the As-As distances das_ a5 ~ 3.8 — 4.0 A. Thus, the EXAFS signal
arising from the As-(Fe,Co) first shell can be unambiguosly isolated and analysed, making EXAFS
at the As K edge an ideally suited technique to study the As-(Fe,Co) bond in these materials.

Figures 5.2(a)-5.2(c) show the As K edge k?-weighted raw EXAFS data [k%x(k)] at T = 298 K
for BaFegAss , BaFes Co,Asy , and BKFA, respectively. The magnitude of the Fourier transform
of k?x(k) into the real space [y(R)] is given in Fig. 5.3 for the three studied compounds at room
temperature and at 2 K. These data show an amplitude peak in x(R) centered at the non phase-
corrected radial distances R ~ 2.05 A, which is readily associated with the As-(Fe,Co) first shell.
The regions 2.5 < R < 3.3 A, associated with the As-(Ba,K) coordination shell, are substantially
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Figure 5.2: k%weighted As K edge extended x-ray absorption fine structure [k?x(k)] spectra of
(a) BaFGQASQ, (b) Ba(Fe0,937C’00.063)2A52, and (C) Ba0.85K0.15F62ASQ at T'= 298 K.

altered for the Ba;_,K,FesAsy sample with respect to BaFes Ass and BaFes_,Co,Ass, due to the
highly different scattering amplitudes of Ba and K. Finally, all studied compounds show similar
features in y(R) for R > 3.3 A.

The envelope, real and imaginary components of x(R) for BaFesAss at 298 K are shown in
Fig.5.4(a). A fit of these data to a simple first-shell model in the region of interest is illustrated
(solid lines). Fig.5.4(b) shows the nearly perfect fit to the backward Fourier transform data of
X(R) in the first shell interval 1.6 < R < 2.5 Ax(q)].

Table 5.1 shows the refined As-(Fe,Co) bond distances and Debye-Waller factors (o?) for
BaFesAss, BaFes_,Co,Ass, and BKFA at 2, 30, and 298 K. For BaFesAss the As-Fe bond dis-
tance reported here at 2 K is consistent with that obtained by neutron powder diffraction at 5

K, within experimental errors. Both Co and K substitution lead to a slight compression of the
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Figure 5.3: Magnitude of the Fourier transform of As K edge k?x(k) curves given in Figs. 5.2(a)-
52(C) for BaFegASQ, Ba(Feo.937C’00.063)2A52, and Bao.85K0.15F62ASQ at (a) T = 298 K and (b)
T = 2 K. The intervals corresponding approximately to the first [As-(Fe,Co)] and second [As-

(Ba,K)] As coordination shells are indicated as dashed areas.

As-(Fe,Co) bond (< 0.01 A) with respect to the pure compound. Also, no systematic increase
of the o2 for this bond may be noticed for the substituted compounds. The nearly identical o2
for all studied samples reveal no observable disorder in this bond length brought by K and, most
remarkably, Co substitution. As expected, the As-(Fe,Co) bond distances decrease slightly on
cooling from room temperature down to 2 K for all investigated samples. Also, o2 for this bond
is sensibly reduced on cooling for all studied compounds and consistent with previously reported
compounds, reaching values close to ¢ = 0.0025 A? at 2 K. No variations of As-(Fe,Co) distance
or 02 between the superconducting and normal states at 2 and 30 K, respectively, were observed

for BaFes_,Co,Asy within experimental errors. However, there is a tendency for slightly shorter
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Figure 5.4: (a) Envelope, real and imaginary components x(R) for BaFeaAss at T' = 298 K in the
first shell interval. (b) Real component of the backward Fourier transform of x(R) (1.6 < R < 2.5

A), x(¢). Circles: experimental data; solid lines: calculated.

As-(Fe,Co) bonds for both substitutions with respect to the parent compound. For BKFA a pos-
sible As-(Fe,Co) bond elongation of 0.0035(19) A2 takes place between 2 and 30 K. Since this
possible elongation was within two standard deviations and it was observed for only one sample,
we do not ascribe statistical significance to it.

Now we turn our attention to the effects of applied hydrostatic pressure. Figure 5.5(a) shows
k%x (k) for the pure compounds taken in dispersive geometry at the As K edge with the sample
inside the diamond anvil cell, at room temperature and selected pressures. Within the acessible k
range, the spectrum seen in Fig. 5.5(a) is consistent with the one shown in Fig. 5.2(a). The real
part of the Fourier transform of k2x(k) into the real space is given in 5.5(b). Due to the limited k
range the resolution in R space is degraded with respect to the data shown in Fig.5.3. However,

since the As first shell is completely separated from the second shell, an analysis of the local As-Fe
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T=2K T=30K T =298K

BaFe2A52

d(As-Fe) (&) 23915(12)  2.3914(7)  2.3985(14)
o2 (A?) 0.00266(12) 0.00250 (7)  0.00465(11)
Ba[Fe(.937C00.063]2As2

d[As-(Fe,Co)] (A) 23833(12)  2.38389)  2.3951(12)
o2 (A?) 0.00262(12) 0.00268(9)  0.00466(9)

Bay 5Ky, 15Fe; Asy

d(As-Fe) (A) 23865(15)  2.3900(12)  2.3955(9)

o2 (A?) 0.00242(15) 0.00248(12)  0.00466(7)

Table 5.1: Refined As-M (M = Fe, Co) distances and Debye-Waller factor obtained from the fits
of x-ray absorption fine structure data at the As K edge at ambient pressure. Errors given in
parentheses are statistical only, and are defined as the standard deviation of the results obtained

from repeated measurements under identical conditions.

bond with pressure is still possible. Clearly, the application of pressure leads to a phase change of
k2x(k), corresponding to a reduction of the Fe-As bond distance. These trends are reversible, at
least for pressures up to 8.6 GPa, which is the maximum value reached in this study.

Figure 5.6 shows the pressure dependence of the refined As-Fe bond distance. From a linear
fit to the data below 6.1 GPa, a compressibility x = 3.3(3) x 1073 GPa~! was obtained for this
bond. Therefore, Co and K substitutions, as well as application of pressure, produce at least one
common qualitative structural trend, that is, a shortening of the As-(Fe,Co) bond. For the specific
case of BaFes_,Co,Asy, the shortening of the As-(Fe,Co) bond of ~ 0.01 A at low temperature
with respect to BaFesAsy could be, in principle, attributed to smaller As-Co bond lengths with
respect to As-Fe. However, the small Co concentration and the negligible bond disorder introduced
by Co substitution dismiss this hypothesis, and we conclude that a significant local contraction of
the As-Fe bond is induced by Co substitution, such as in the case of K substitution and applied
pressure.

Besides the important role of this structural parameter, there was an intense debate concerning
the role of substitution in these materials, specifically whether it acts effectively as a charge carrier
doping or as chemical pressure. A convenient approximation to investigate the effects of Co-
substituion on the electronic structure under density funtional theory (DFT) has been the virtual
crystal approach, in which the extra nuclear charge of Co in the Fe crystallographic site is averaged
out without need of a supercell. Under this approximation, a shift in the chemical potential with

increasing Co content is computed, similar to that predicted by electron doping. Angular resolved
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Figure 5.5: (a) k*-weighted As K edge extended x-ray absorption fine structure [k*x (k)] spectra
of BaFesAss at 298 K with the sample leaded into the diamond anvill cell with P = 1.2 GPa (thin
line), and P = 8.6 GPa (thich line), and P = 1.6 GPa after release from P = 8.6 GPa (circles).

(b) Real component of the Fourier transform of k?y(k) curves given in (a).

photoemission spectroscopy (ARPES) experiments show an evolution of the hole and electron
pockets of the Fermi surface with Co-substitution that is consistent with this shift. However,
this terminology brings an implicit assumption (not verified experimentally by an element-specific
probe at that time) that Co substitution is able to tune the Fe electronic occupation and virtual
crystal approximation cannot estimate the real space density distribution of the extra d electrons
theoretically brought by cobalt. In this sense, a supercell approach to DFT with a distribution of
87.5% of Fe and 12.5% of Co has been applied, leading to a prediction that the excess d electrons
from the impurity are actually concentrated at the substitute Co site with no effect on the charge

density distribution of the rest of the material [10].
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Figure 5.6: Pressure dependence of the As-Fe bond distance at 298 K for BaFe;Ass obtained from
the fits to the As K edge x-ray absorption fine structure (see Fig. 5.5). Circles and triangles
represent data taken in different runs. Data were taken for increasing pressures, except for the
open circle at 1.6 GPa, which was obtained after releasing the cell from 8.6 GPa. FError bars
are statistical only and were estimated from the standard deviation of the results obtained from
repeated measurements under identical conditions. The solid line is a linear fit to the data below

6.1 GPa, representing a Fe-As bond compressibility of x = 3.3(3) x 1073 GPa~!.

In order to understand whether Co substitution is able to charge dope the Fe ions in this system,
we employed a classic probe to determine element-specific electronic ground states, namely, X-ray
absorption near edge structure (XANES) spectroscopy. In the electric dipolar absorption process
involved in the Fe K edge, for instance, a photon-induced electronic transition from the Fe 1s
core level to Fe 4p unnocupied states takes place. The energy of the core level and end states are
modified in distinct ways by local changes in the electronic occupation due to the characteristic
Coulomb interactions of each level with the doped electron or hole, causing a shift of the threshold
absorption energy.

Fig. 5.7 displays the in-plane electrical resistivity T-dependence of the five BaFes . Co, Asy concentrations
studied (x = 0.00,0.12,0.17,0.27, and 0.38) synthesized by the In-flux technique. Co-substitution
clearly suppresses the magnetic transition of the BaFes Aso compound, and a superconducting state
appears as reported in our phase diagram (see Fig. 4.6). The normalized Fe K edge XANES spec-
trum, pg, of BaFesAsy is given in Fig. 5.8(a) and the first derivative spectrum, du(E)/dFE, in
5.8(b). Six distinct peaks or shoulders are noticed in the spectral region of interest and are labeled
as A - F in Fig. 5.8(a). To each peak or shoulder in that figure a corresponding maximum and

a minimim are identified in the first derivative spectrum of 5.8(b) as A’-F’" and A”-F”, respec-
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Figure 5.7: In-plane electrical resistivity of BaFe;_,Co,Ass as a function of temperature. The

solid lines are guide to the eyes.

tively. The reference Fe metal XANES spectrum is shown for comparison. Ab initio calculations
for XANES spectrum of BaFesAss and its energy dependence derivative are also shown in Fig.
5.8 (solid lines). The calculated spectrum captures fairly well the observed B-F features: C-F
features above the edge are dipolar transitions to unoccupied Fe p projected states. An alternative
simulation excluding 1s—3d quadrupolar transitions (not shown) shows a slightly weaker spectral
weight for the B shoulder, demonstrating that it originates partly from such transitions and partly
from dipolar transitions allowed by 4p - 3d mixing in the Fe site without inversion symmetry. The
observed A preedge peak is completely absent in the simulation, possibly because charge-tranfer
effects in the absorption process, not fully taken into account in the simulation, pull down the 3d
states yielding a combination of a well-screened peak B and a poorly screened peak A, as described
in detail in Refs. [60, 61].

Figures 5.8(a) and 5.8(b) show the experimental Fe K edge XANES spectra of BaFes_, Co, Ase and
the corresponding energy derivatives, respectively. The x dependence of the position A’, B’, C’,
D', and E’ features of the spectra is shown in Figure 5.9. Remarkbly, these results indicate no
observable change in the Fe K edge XANES spectra of BaFesAs, under Co substitution, contrary
to what is observed in K edge x-ray absorption spectroscopy studies on transition-metal com-
pounds with controlled valence, such as La;_,Ca,MnOg, that showed edge shifts of a few eV per
valence unit. Also, electron and hole doped cuprate superconductors showed a Cu K edge shift as
a funcion of carrier concentration. For the cuprates it is well established that charge carrier doping
is fundamental for the appearance of superconductivity and XANES can indeed probe changes of

the local electronic structure of the absorption atom. In general, red- (blue-) shifts are observed
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Figure 5.8: a) Observed and calculated Fe K edge XANES spectrum of pure BaFeaAss ; calculated
spectrum for the model compound Bag 7sLagosFesAss to simulate the effects of true electron
doping. Prominent peaks and shoulders are indicated in A — F'. The calculated spectra are shifted
vertically for better visualization. (b) Energy first derivative of the spectra shown in (a). Derivative
maxima and minima are represented as A’ — F’ and A” — F”, respectively. The reference Fe metal

XANES spectrum is also shown for comparison.

for electron- (hole-) doping. The lack of an Fe K edge absorption threshold energy shift in Co
substituted BaFesAss implies that Co is not charge doping the Fe ions, which were thought to be

somewhat responsible for the superconductivity.

In order to quantify the expected effects of the true Fe electron doping on the XANES spectrum
of BaFegAss , the relative shift of the simulated B’ - E’ features in Fig.5.8(b) were computed for
the model system Ba;_,La,FesAso. To account for the La substitution within the cluster of
atoms in FEFF, Ba ions were randomly replaced by La while keeping the desired stoichiometry in

each neighboring layer. The same atomic positions of the pure compounds were employed. The
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simulated spectrum for = 0.25 is given in Figures 5.8(a) and 5.8(b). The calculated energy shift
of these features as a function of x is displayed in Fig. 5.10 as empty symbols and solid spline

lines.

BaFe, Co As,

T T T T T

p (E)

dy/dE (E)

E (eV)

Figure 5.9: (a) Normalized Fe K edge XANES spectra of BaFes_,Co,Asy at room T'. Prominent
peaks and shoulders are indicated A — F. (b) First derivative of the XANES spectra in (a).

Derivative maxima and minima are represented as A’ — F/ and A” — F”, respectively.

These shifts are obtained relative to the Fe K edge XANES simulations for pure BaFesAss . It
is clear that a redshift of some of the features is computed under electron doping, most notably
the D’ and E’ features. As already mentioned, such red shifts under electron doping are largely
expected based on previous K edge XANES experiments on other transition-metal compounds. Tt
is worth mentioning that the calculated positions B’ and C” show much less influence of electron
doping, indicating a non rigid shift of the Fe K edge under doping. In any case, the contrast
between the observed constant positions of the D’ and E’ features under Co substitution and the
calculated redshifts of up to ~ 1 eV for = 0.50 electron doping (see Fig. 5.10) unambiguosly
demonstrates that Co substitution does not induce Fe valence changes in BaFesAsy. We also
performed FEFF calculations for BaFes_,Co,Asy (x = 0.5) and they showed that the extra Co

electron stays entirely within the muffin-tin sphere of the substitute atom, consistent with Ref.
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[10]. The closed symbols and dashed lines in Fig. 5.10 show the computed shift for = 0.5 and a
linear extrapolation for 0 < x < 0.5, respectively. No significant shifts of the Fe K edge features
are calculated, in agreement with our experimental results.

Co substitution has an important impact on the Fermi surface, consistent with a shift of the
chemical potential by Co substitution in a first approximation. This fact is complementary, rather
than contradictory, with the constant Fe electronic occupation predicted in Ref. [10] and demon-
strated here. As the electronic states close to the Fermi level show mixed Fe and Co 3d character,
even if a tuning of the chemical potential may occur, this does not change the total electronic

occupation of the Fe ion.
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Figure 5.10: Fe K edge XANES spectra first derivative A’, B’, C’, D' and E’ feature (see Fig.
5.9) positions as a function of Co substitution in BaFes_,Co,Ass. The solid spline lines are the
expected redshifts by true electron doping, obtained by simulated XANES spectra Ba; . La,FeaAso
(z = 0.00,0.25, and 0.50) model compounds. The dashed lines are the expected shifts obtained by

a linear extrapolation using calculated XANES spectrum of BaFe; 5Coq 5Ass.

In fact, Electron Spin Resonance (ESR) results, discussed in the next section, suggest that
chemical substitution changes the occupation of the different Fe 3d orbitals by changing the Fe

local structure. This modification alters the Fermi surface and destabilizes the SDW phase.
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5.2 ESR Measurements

Electron spin resonance (ESR) is a powerful spin probe (see Cap. 2, for details) that has been
used to study the spin dynamics in these compounds. However, up to date, the ESR experiments
have been focused on Eu-based samples far from diluted regime. For instance, Eu?* ESR data in
EuFeyAs, single crystals indicate a spatial confinement of the conduction electrons (ce) to the FeAs
layers below Tspw due to the change in the ESR linewidth from a typical metallic behavior (i.e.,
a linear Korringa-type increase above Tgpy to a magnetic insulating behavior, where dipolar and
crystalline electrical field effects dominate [42]. In hole doped Eug 5Kq 5FeaAsy, where the SDW
phase is completely suppressed and SC arises for T< 32K, a Korringa increase also occurs for
T> T, [43]. For the electron doped EuFe;_,Co,Asy, the Korringa rate (KR), Tgpw and T, all
scale with x [44]. More recently, a report on polycrystalline EuFes_,Co, Ass also shows that the
Korringa rate decreases with Co-doping [45]. However, in the Eu-concentrated compounds, the
Eu?*-Eu?* spin interaction always represents an important contribution to the ESR data and to
the global properties of the compounds. Therefore, it is crucial to extrapolate such studies to a
Eu?t diluted regime in a host compound of great interest. BaFesAs,y is an obvious choice since
it presents Tspw = 139 K and, as reported in the last section, SC can be tuned by pressure and
doping. In fact, the highest SC T, within the AFesAsy series is found in (Ba,K)FesAsy (38K)
[113].

Motivated by this scenario, we started studying flux grown Baj_,Eu,.FesAss (Tnominal =
0.01,0.1,0.2,0.3,0.5,0.7,0.9, 1.0) by means of magnetic susceptibility, heat capacity, resistivity and
ESR experiments. To increase the signal to noise ratio, mainly larger Sn-flux crystals were used
in the ESR experiments. Selected concentrations were also grown from In- and self (FeAs)-fluxes
[118, 119]. The crystals were checked by x-ray powder diffraction and submitted to elemental
analysis using a commercial Energy Dispersive Spectroscopy (EDS) microprobe. As previously
reported, the Sn-flux crystals were found to have a small amount of Sn-incorporation varying from
0.1 — 1.0 Atom % along the series [120]. No In-incorporation was detected in the In-flux crystals.
From the EDS analysis we also extracted the actual Eu-z that are used throughout the text.

To better illustrate the evolution of the physical properties along the series, we present the
data of four representative Eu concentrations. Fig.5.11a displays the T-dependence of the specific
heat per mole divided by temperature. For x = 0.95, two sharp peaks indicate both SDW and
AFM transitions at 187K and 18 K, respectively, which are slightly down-shifted when compared
to 189K and 19K in EuFesAsy. As x decreases, Ty is further suppressed and the lowest detectable
Tx = 0.5K is obtained for x= 0.55 (inset). Interestingly, even for z < 0.5, where AFM is no longer
present, we observed a rise in C/T at low-T which is not found for z = 0, indicating that the Eu?*

ions are responsible for it.
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Figure 5.11: Specific heat per mole versus temperature of the Ba;_,Eu,FesAsy series. The inset

shows low-T data for z = 0.55

Fig.5.12b shows the magnetic susceptibility as a function of temperature for H = 1kOe parallel
to the ab-plane. For all samples, x(7) can be fitted to a Curie-Weiss law plus a T-independent
Pauli term, x(T') = xo + C/(T-0cw) (solid lines). We obtained yo = 2(1) x 1072 emu/mol.Oe
(upper inset of Fig. 5.12) and an effective moment p.s; ~ 8up for Eu?* ions for all z values. The
SDW transition is nearly indistinguishable in the Eu-rich samples due to the Eu?* large magnetic
contribution but it can be seen as a kink in x(7") for samples in the Eu-diluted regime (bottom
inset of Fig. 5.12).

The T-dependence of the normalized electrical resistivity is shown in Fig.5.13. The room-T
value of p(T') and RRR ratio vary in the range 0.2 — 0.8 mQ.cm and 0.02 — 2.8, respectively. For
x > 0.5, a metallic behavior is observed down to Tspw where a sudden drop can be identified
in the curves. For « < 0.5, p(T') increases at Tspw as typically found for doped samples in the
BaFegAss systems [4].

Fig. 5.14 shows the X-Band ESR spectra at T= 300K and H||ab for Ba;_,Eu,FesAss single
crystals. A single Eu?t ESR resonance is observed for all z values. The ESR lines for z > 0.2
have an asymmetric Dysonian character (skin depth smaller than the sample size [75]). However,
for x < 0.2, the spectra clearly become more symmetric, consistent with the fact that BaFesAso
has smaller conductivity than EuFesAss. In addition, it is evident that the ESR linewidth (AH)
is much smaller in the Eu-diluted regime, consistent with the decreasing of Eu?t- Eu?t spin
interaction contribution to the ESR AH.

From fitting to the resonances using the appropriate admixture of absorption and dispersion

(solid lines), we obtained both AH and g-value T-dependence, shown in Fig. 5.15. In the Eu-rich
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Figure 5.12: Magnetic susceptibility as a function of temperature of the Ba;_,Fu,FesAsy series.

The insets show the high-T data and Tgpw for x = 0.01, respectively.
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Figure 5.13: Normalized electrical resistivity versus temperature of the Ba;_,Eu,FesAss series.

The inset shows the low-T data upturn for z = 0.10.

extreme, we observe an isotropic linear (Korringa-type) increase of AH with increasing-T for T
> Tspw. From linear fits to AH(T) for T > Tgpw and > 0.2, we extracted the values of the
Korringa rate b = AH/AT. 1t is evident that b systematically decreases with decreasing = along
the series for z > 0.2. Counsistently, the b = 6.3(5) Oe/K found for the x = 0.95 sample is slightly
smaller than the reported b = 6.5 — 8.0 Oe/K values for EuFeaAsy [42, 44].

However, for x < 0.2 we observe no Korringa behavior. Instead, AH(T) decreases with
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Figure 5.14: X-Band spectra at T= 300K for H||ab for the Ba;_,Eu,FesAsy series.

increasing-T, suggesting a non trivial regime, clearly distinct from a Fermi liquid. For z = 0.01 we
show in Fig. 5.15a that this intriguing behavior was found for crystals grown from different fluxes.

Fig.5.15b displays the T-dependence of the Eu?* ESR g-value for T > 200 K and H||ab.
As the crystals are very thin platelets, we use the data for H||ab that allow us to neglect the
demagnetization factors to determine the g-values [121]. As previously reported for EuFesAss,
Eug 5Ko.5FesAsy and EuFes_,Co,Aso, we found a T-independent g ~ 2 for the Eu?>* ESR lines in
Bai_,FEu,FesAs, for T > Typw . In fact, the high-T' Eu?>t g-values are also independent of x. For
the samples with narrower ESR AH (2 < 0.20) we were able to determine with higher precision
a g-value of 2.04(2). This is a more accurate g-value than those published for the concentrated
compounds, which possess a much broader AH. As it can be seen in Fig.5.15b, the g-value
of 2.04(2) is a reasonable mean g-value for all z in this T-range. However, although this is a
reasonable approximation it must be taken cautiously due to the limitations in our analysis for the
broader lines.

From the data in Figs.5.11-5.15, we extracted the phase diagram in Fig.5.16. Both Tspw
and Ty decrease with 1 — z and for # < 0.5 the Eu?* AFM transition is no longer observable.
Interestingly, the decreasing Korringa rate follows qualitatively the suppression of Tspy before it
disappears at 0.10 < z. < 0.20.

To gain a microscopic understanding of this evolution, a detailed analysis of the ESR data is
needed. We consider the simplest scenario for the treatment of the exchange interaction, Jy,S.s,
between a localized Eu?* 4f electron spin (S) and the free ce spins (s) of the host metal, where

“bottleneck”, “dynamic”, electron-electron correlation effects, g-dependence exchange and multi-



93 CHAPTER 5. MICROSCOPIC PROPERTIES: THE ROLE OF LOCAL DISTORTIONS

~@ x=0.95(Sn) O x=0.55(Sn) /A x=0.20 (Sn)
—©-x=0.010(2) (Sn) - x=0.09 (Sn)
—v x =0.014(4) (FeAs) &  x = 0.015(4) (In)

2-1' a)' ! ) ! ' ! v | 4 T

"
A\

Al

200 220 240 260 280 300

T (K)

Figure 5.15: T- dependence of the a) linewidth AH and b) g-value. The data for x= 0.01 (In) and

x= 0.01 (FeAs) were taken in powderized crystals and several small crystals, respectively.

ple bands effects are not present [122]. Those are reasonable assumptions because when “dynamic”
effects are present the g-values are usually strongly T-dependent and when the bottleneck effect
is relevant the Korringa rate decreases with increasing concentration of the magnetic ions [122].

None of these effects are observable in our ESR data of Fig. 5.15 for the studied T-range.

Therefore, in this simple case, the ESR g-shift (Knight shift) [123] and the Korringa rate [124]

can be written as:

Ag = st n(EF)7 (51)
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Figure 5.16: Baj_,Eu,FesAs, phase diagram displaying the Eu?t AFM transition temperature
(red circles), the Fe?* SDW transition temperature (black circles), and the Korringa rate b (blue

open circles).

and

d(AH) Tk o o
I E 2
dT giB ‘]fs n ( F) s (5 )

where Jy, is the effective exchange interaction between the Eu?* local moment and the ce in the
absence of ce momentum transfer [125], n(Ep) the “bare” density of states (DOS) for one spin
direction at the Fermi surface (FS), k the Boltzman constant, up the Bohr magneton and g the
Eu?t g-value. When Eqs 1-2 are applicable, the relation d(dATH) = g’;—’; (Ag)2 holds. Using the
g-value of Eu?t in insulators as 1.993(2), (7k/gup) = 2.34 x10* Oe/K and replacing Ag ~ 0.05(2),

we found a b ~ 150(50) Oe/K for the Eu?* resonance [74].

That value is much larger than the measured values of b for z > 0.20 (see Figs. 5.15-5.16).
Therefore, the approximations made in Eqgs. 5.1-5.2 are not valid for these compounds and we have
to consider a g-dependent exchange interaction, Jys(q), and perhaps conduction electron-electron
(e — e) correlations [126, 127]. Jys(q) is the Fourier transform of the spatially varying exchange.

Considering only the wave-vector dependence of the exchange interaction, J;s(q), the exchange
parameters in Egs. 1-2 become J;4(0) and < J]%S(q) >, respectively. At the Eu?? site the g-shift
probes the ce polarization (q= 0) and the Korringa rate the ce momentum transfer (0 <q< 2kp)
averaged over the F'S [125].

To evaluate the possible contribution of e — e correlations in our ESR data, we need to estimate
the Pauli magnetic susceptibility [126, 127]. The electronic contribution to the heat capacity
for the BaFeyAsy compound is reported to be v = 16 mJ/mol-K? [89]. Assuming a free ce gas
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model for BaFeyAsy, v = (2/3)7k*n(Er), we calculate a DOS at the Fermi level (Ep), n(Er) =
3.34 states/eV mol-spin. Then, one finds an electronic spin susceptibility, x. = 2ug*n(Er), of
~ 3 x 107* emu/FU. That is one order smaller than the xo = 2(1) x 1072 emu/mol-Oe measured
for all compounds (Fig. 5.12). This suggests that an e-e exchange enhancement contributes to the

ce spin susceptibility in Baj_,Eu,FesAss. It is known that in the presence of such an enhancement,

n(EF)

1> where a accounts

the host metal ce spin susceptibility can be approximated by yo = 2 p%
for the e — e interaction, (1 - a)~! is the Stoner enhancement factor, and n (Er) is the “bare” DOS
for one spin direction at Eg. An « value of =2 0.85(5) is estimated assuming that the enhancement
in g is only due to the e — e interaction.

In the presence of e — e exchange enhancement and a q-dependence of the exchange interaction,
Jrs(q), the g-shift (Eq.5.1) and the thermal broadening of the linewidth (Eq. 5.2) may be re-written

as:

Ag = Jp.(0) T (53)
and
o = I <A@ > P B s (5.4

where K () is the Korringa exchange enhancement factor [76, 77]. From ref.[77], o ~ 0.85(5)
corresponds to K(a) = 0.2(1). Then, using n(Er) = 3.34 states/eV mol-spin, Ag = 0.05(2),
a ~ 0.9, K(a) = 0.2(1) and b values, we extracted J;s(0) = 2(1) meV for all  values and
(< J7,(a) >1/2) = 2.0(8),1.5(8), 1.0(8) for = 0.95, 0.55, 0.20, respectively.

It is evident that the relative value of < JJ%S (q) >'/? is clearly diminishing with decreasing z for
Ba;_,Eu,FesAs, for > 0.20 even though we have a large uncertainty in its exact numerical value.
J¢s(q) is the Fourier transform of the spatially varying exchange and therefore its decreasing value
implies that (i) the electron bands with appreciable overlap with the Eu?* 4f states are becoming
more anisotropic (less s-like) and that (i) they are, in average, further away from the Eu?T sites
in real space. As Eu?t and Ba?* have the same valence, this evolution of the electronic structure
is likely to be caused by subtle changes in the tetragonal crystal structures (and consequently in
the Fe-As bonds) of EuFesAsy (¢/a = 3.1006) and BaFeaAsy (¢/a = 3.2849) [128]. Band structure
calculations and angle resolved photoemission spectroscopy (ARPES) experiments for BaFesAsy
and EuFes Asy have shown that there are differences in the F'S topology between the two compounds
even though the Fe 3d DOS are nearly the same close to Er [129, 130]. Interestingly, local-density
approximation (LDA) calculations show that for slightly smaller Fe-As distances there is a down-
shift of the Fe 3d,2_,2 hole band near T (i.e., an increase in the 2% — y? occupation) leading to a

suppression of the Fe magnetism [130]. Moreover, ARPES experiments have shown that the size
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of the hole pocket near I in EuFesAss is 2 — 3 times larger than in BaFeoAsy (Fig. 5.17), again in
agreement with an increasing xy occupation in the Ba-rich extreme. In fact, our results in quantum
oscillations (see Section 3.3.2) evidentiate larger Fermi surfaces in the EuFesAss compound. In the

ESR data, these F'S changes are reflected in the evolution of J;s(q) with x.
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Figure 5.17: ARPES dispersion for (a) BaFepsAss; and (b) EuFeaAss at 300 K and (c-d) at 30 K.
Figure extracted from [129].

Furthermore, changes in the tetrahedron shape directly affect the crystal field at the Fe site
and can tune the orbital contributions to the Fermi surface. In this manner, the observed behavior
suggests a partial localization of the itinerant Fe 3d bands at the FeAs plane, (in other words, an
increase in the zy occupation) as we suppress the SDW phase from the Eu to the Ba-rich extreme.

It is worth noting that our scenario is in complete agreement with the data on the concentrated
Eu regime in the literature. A slower Korringa rate b also has been obtained when K or Co were
introduced in EuFeyAsy [43, 44, 45].

In addition, DEFT+DMFT calculations show that when correlations become important, such

as in BaFegAsy, the changes in the physical properties are mainly due to the variation in two
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key structural parameters: the iron-pnictogen distance and the tetraedron shape. The first one
controls the overlap between iron and pnictogen atoms and hence makes iron electron more localized
(itinerant) with increasing (decreasing) distance. The second parameter controls the crystal field
levels, which in turn controls the orbital occupancies. A deviation from ideal tetrahedron (109.5°)
enchances the crystal field splitting between ¢2g and eg orbitals and therefore generates charge
transfer from t2g to eg orbitals. Orbital differentiation becomes crucial in this case since the xy
orbital loses most charge among the ¢2¢g’s orbitals. Thus, it starts to play a special role due to the
kinetic frustration: the xy orbital is effectively insulating since the effective nearest neighour Fe-Fe
tpy,zy hopping vanishes [23]. In this manner, decreasing iron-pnictogen distances and deviations
from the ideal tetrahedron cause an increase of the xy orbital occupancy, which in turn weakens
the magnetic moment. These effects can be observed in the Fermi surface since an increase in
the zy orbital occupancy results in the decrease of the hole pocket size. In fact, angle resolved
photoemission spectroscopy (ARPES) show that the size of the hole pockets near I' in EuFesAss
is 2 — 3 times larger than in BaFeyAss, in agreement with the fact that the hole carrier mobility

dominates in EuFesAss as compared to BaFegAss in the paramagnetic phase [129)].

Now we turn our attention to the more diluted regime (z < 0.20). The observed decreasing of
< JJ%S (q) >1/2 for z > 0.20 may suggest that the Korringa rate for the Eu?* diluted regime will
be very small and the Eu?* ESR AH would be T-independent in this T-interval. However, this
mechanism can not explain the AH broadening observed for T> Tgpw in the z < 0.20 samples

as T is lowered.

We seek a possible explanation for this behavior by further analyzing the low-T p(T') and heat
capacity data for the samples in the Eu?* low-z regime. The inset of Fig. 5.13 shows such data
for the z = 0.1 sample. We speculate that the observed behavior is reminiscent of Kondo single
impurity regime with a Kondo temperature Tk =~ 5 — 10 K. As such, this result suggests that for
x < 0.20, any kind of inter-site Eu?*-Eu®t short range magnetic correlation disappears leading
to the emergence of intra-site only AFM coupling of the Eu?*T 4f and the ce. In this Kondo-like
interaction, the ce tend to screen the localized Eu?t ions leading to faster relaxation and AH
broadening as T decreases. This effect would become even more dramatic at lower-T if the AH
were not already strongly enhanced by the presence of the SDW phase in all studied samples.
Interestingly, the claim for the presence of Kondo single impurity effect interaction for the Eu?+

ions in the 122 system has also been made in the case of EuFesPy [131].

In order to unambiguously establish the increase of localization of the 3d Fe electrons at the
FeAs plane as the magnetic SDW phase is suppressed in 122-systems, we have then studied the
series of Baj_zEugzFes_, TM, As, high quality single crystals (TM stands for the transition metals
Co, Cu, Mn, Ni, and Ru) grown by In-flux. In this case, we can probe both Ba and FeAs planes
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through substitution with Eu?t and Mn?*/Cu?", respectively. We use the Eu concentration
gy = 0.20 as a reference compound to probe how the spin dynamics evolves as a function TM
substitution. We choose this compound because it is the one with lowest Eu concentration that

still has a Korringa relaxation.

Starting with the physical properties of the studied single crystals, Fig. 5.18a displays the
T-dependence of the normalized electrical resistivity. Room-T values of p(T') varies in the range
0.2 — 0.8 mQ.cm and 0.02 — 2.8. For = = 0.2, the Eu reference compound, a metallic behavior
is observed down to Tspw where a sudden drop can be identified in the curve at 137K. As we
substitute Fe by the transition metals y®* = 0.01, yN* = 0.11, y“* = 0.09, and y©° = 0.12 we
observe a suppression of this SDW phase with smaller transition temperatures of 135 K, 102 K, 98 K,
and 86 K, respectively. Except for the ruthenium compound, which has very low transition metal
substitution, the resistivity starts to increase at Tspw as typically found for doped samples in the
BaFeyAss systems [4]. For the samples with 2z = 0.0 we also observe a SDW phase suppression in
comparison with the parent compound BaFesAsy (Tspw = 140K): for yM" = 0.1 Tspw = 78K
and for y©* = 0.1 the SDW phase is fully suppressed and superconductivity occurs at T, = 3.8K
(inset of Fig. 5.18). Superconductivity also emerges for Co and Ni substitutions in the europium

compounds (x ~ 0.2) with T, = 22K and 6K, respectively (inset of Fig. 5.18a).

Fig.5.18b shows the magnetic susceptibility as a function of temperature for H = 1kOe parallel
to the ab-plane. For all samples, x(7T') can be fitted to a Curie-Weiss law plus a T-independent
Pauli term, x(T') = xo + C/(T'—60cw) (solid lines). We obtained an effective moment i rr ~ 815
for Eu?* ions for all y values and an electronic spin susceptibility of xo = 2(1) x 1072 emu/mol-Oe
for all compounds. The SDW transition is nearly undistinguishable in the Eu-rich samples due
to the Eu?* large magnetic contribution. The inset of Fig. 5.18b shows the superconducting

transition at low-field (H = 20 Oe).

Fig.5.18c shows T-dependence of the specific heat per mole divided by temperature for the
selected single crystals. For x = 0.2, the reference compound, one sharp peak indicates the spin-
density wave (SDW) transition at 137 K (green arrow). As we substitute Fe by the transition
metals we observe a suppression of this SDW phase (other arrows). Interestingly, there is a rise in

C/T at low-T which is not found for z = 0, as we observed before.

Fig. 5.19 shows the X-Band (v ~ 9.5 GHz) ESR spectra at T= 300 K. A single ESR resonance is
observed for all  and y values. The ESR lines have an asymmetric Dysonian character (skin depth
smaller than the sample size [75]). However, to increase signal to noise ratio, we have powdered

the samples and consequently the lineshapes have become more symmetric (Lorentzian-like).

From fitting to the resonances at various-7' using the appropriate admixture of absorption and

dispersion (solid lines), we obtained both AH and g-value T-dependence, shown in Fig. 5.20. For
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Figure 5.18: Physical properties of Ba;_,Eu,Fes_, TM, As, single crystals (TM for transition met-
als Co, Cu, Mn, Ni, and Ru). The inset shows a) the resistivity going to zero at the superconducting

transition, b) zero-field cooling/field cooling magnetic susceptibility.

the Eu?" resonance, we observe a nearly isotropic linear (Korringa-type) increase of the AH with
increasing-T for T > Tgpw. From linear fits to the AH(T') for T > Tgpw we extracted the values
of the Korringa rate b = AH/AT. It is evident that b systematically decreases with the transition
metal substitution y. On the other hand, for the Mn?* /Cu®t resonances there is a competition
between spin-spin interaction (that broadens the linewidth as we lower the temperature) and spin-

conduction electron interaction. In the high-temperature range the Korringa relaxation dominates
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Figure 5.19: X-Band ESR lines at T= 300K for selected Ba;_,Eu,Fes_, TM,As; single crystals.

and we obtain b = 1.5 and 3.5 for Mn?>* and Cu?*t resonances, respectively (inset of Fig. 5.20a).

Fig. 5.20b displays the T-dependence of the Eu*t ESR g¢-value for T' > 150 K. As previously
reported for EuFesAss, Eug 5Kg s5FesAsy and EuFes ,,Co,Ase, we found a T-independent g ~ 2
for the Eu?t ESR lines in Ba;_,Eu,FesAsy for T > Tgpyw. In fact, the high-T' Eu?t g-values are
also independent of z, within the error bars, and equal to 2.04(4). For the samples with narrower
ESR AH (M = Co, Cu, and Ru) we were able to determine with higher precision a g-value of
2.05(3). This is a more accurate g-value than those published for the concentrated compounds,
which displays a much broader AH. As it can be seen in Fig. 5.20b, the g-value of 2.05(3) is
a reasonable mean g-value for all x in this T-range. As we obtained again an electronic spin
susceptibility of xyo = 2(1) x 10~2 emu/mol-Oe for all compounds the same arguments used on the

previous experiments on Ba;_,Eu,FesAss are valid here. Consequently, we discharge the changes
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of DOS and the evolution of the electron-electron interaction as a dominant contribution for the
Korringa suppression as a function of transition metal doping. We then extracted J;s(0) = 2(1)

meV for all  and y values and the g-dependence (< J}S(q) >1/2) shown in Table 5.2.

—— b=4.30e/K x™=0.2 —— b=3.50e/Ky*=0.1
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Figure 5.20: T- dependence of the a) linewidth AH and the b) g-value taken in powderized crystals

From the data in Figs. 5.18-5.20, we extracted the diagram in Fig. 5.21. When the ESR
probe is out of plane (Fig. 5.21a) we observe that both Tgpw and b values are suppressed with
respect to their values for Bag gEug oFesAss as we substitute transition metals in the Fe site, as
one would expect from the previous results. Furthermore, when the probe is in-plane (Fig. 5.21b)
we observe exactly the opposite: the Korringa rate b increases as we suppress the SDW phase.
These results together evidentiate that the relative value of < J]%S(q) >1/2 is clearly diminishing

with increasing y when the probe is out of the FeAs plane in BaggEug2Fes_, TM,Asy. On the
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Sample ESR (J2%(q))'/? (meV)
Bag.sEug.oFe; gAss 1.4(8
BaFe; gCug.1Ass 1.2(5
Bag.7sEug 22Fe1 91 Cug g9 Asz 1.1(5
Bag gEug.oFe; g9Nig 11 Aso 1.0(5
Bag.gEug.oFe; gsCop.12As2 0.9(5

Bag.75Eug.25Fer.g9Rup.01 Asz 0.8(5
BaFel.ggMno_lgASQ 0.7(5
Bao.ggEuO'()lFel.gCOo.1ASQ 0.5(4

Table 5.2: Experimental ESR exchange interaction (< J7,(q) >'/?) for the compounds in the
Bai_,Eu,Fes_y TM,Asy series.

other hand, < J7,(q) >1/2 increases when the probe is in the FeAs plane. Jg,(q) is the Fourier
transform of the spatially varying exchange and therefore its decreasing value in the first case
suggests that the electron bands with appreciable overlap with the Eu?t 4f states are becoming
more anisotropic (less s-like) and are, in average, further away from the Eu?* sites in real space
(more zy) as we suppress the magnetism and induce superconductivity. It is also clear that
there is no unambiguous systematics between the magnitude of the SDW phase suppression and
the magnitude of the Korringa rate suppression, specially for the ruthenium substitution. This
is because the particularities in the bands’ distortions can behave differently for each transition
metal. For instance, if the substitution is not coherent, interference can occur between the 3d
bands and consequently suppress more effectively b than Tspw .

In summary, we employed a microscopic spin probe to study the suppression of the SDW
magnetic phase in the BaFes Ass compound by transition metal substitution. We evidenced that,
independent on the transition metal, the 3d electrons localize at the FeAs plane due to the changes
in structural parameters as we suppress the SDW phase. Decreasing Fe-As distances and deviations
from the ideal tetrahedron angle decrease the crystal field splitting that in turn increases the
occupancy of the Fe 3d,, orbital, which is more insulating. Therefore, the itinerant SDW order
and the ordered magnetic moment decreases and magnetic-mediated superconductivity can emerge.

Now that we have determined by an independent technique the exchange parameter (J2(q))'/?
and the g value, we are able to analyse our set of data considering the conventional Abrikosov-

Gorkov (AG) formalism (equation 2.38):

7T2

= §<J2(q)>EF77(EF)(gJ —1)?J(J +1) (5.5)
B

AT,
Ac
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Figure 5.21: Dependence of Tspw and b as a function of the (a) out-of-plane and (b) in-plane

substitution in BaFeqgAss .

From the EDS data we have the impurity concentration Ac (in %) and from the specific heat
~v value we obtain the density of states. As discussed before, since the g-value does not change,
the density of states is the same for all compounds. Therefore, from the experimental ATS*P we
can extract the exchange (J?(q))'/? from the AG equation and compare it with the experimental

value from the ESR data. In the same way, from the experimental exchange (J?(g))'/?

we can
extract the AT:‘G and compare it with the experimental value. In the case of a conventional
superconductor, these two values are equal and several ESR studies have verified that this is in-
deed the case [132, 133, 134]. However, in the case of unconventional superconductivity both
magnetic and nonmagnetic impurities can influence the pairing mechanism. Moreover, the mag-

netic impurity may have an additional pair-breaking mechanism. Therefore, the AG formula does
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Sample c | & [1ATER [ [ATA | (P@) | Py
(%) K K ESR (meV) | AG (meV)
BaFe; oCug.1 Ass 5 | 2.08(3) 22 0.003 1.2(5) 102.6(4)
BaFer gsMno_12As» 6 | 2.05(2) | >26 0.013 0.7(5) > 30.7(3)
BaFe1 505C00.100Mo.00sAsa || 0.25 | 2.06(2) 0.0008 0.8(5) 92.3(3)
Bag.sEugoFer 9CopiAss | 20 | 2.04(2) 4 0.32 1.4(8) 5.0(3)
BaggoEuo.o1Fe19CootAse | 1 | 2.04(2) 0.002 0.5(4) 15.7(3)
Lu;_,Gd,NisBsC 0.5 | 2.035(7) 0.3 0.3 10(4) 11(3)
Y1, Gd,NisB,C 21 | 2.03(3) 0.9 0.9 9(3) 10(2)
La;_,CGd,Sn; 0.4 | 2.010(10) | 0.5 0.5 20(2) ~20

Table 5.3: Experimental and calculated parameters for compounds of the Ba;_,EuzFes_, TM,As

series.

not apply. Consequently, the exchange parameter extracted from the AG equation is not equal
to the ESR experimental value and the calculated T, suppression, ATAY, will be different from
the experimental one, AT*P. Table 5.2 displays the calculated (J?(q))'/? for key compounds in
the Ba;_,Eu,Fes_, TM,As, series and also for two conventional superconductors (RNipB2C and
LaSn3). For the FeAs compounds AT, =T, —

doped BaFe;_,Co,Ase (Te0 = 26 K).

T¢,0 was obtained in comparison with the optimally

One can clearly see that the (J? s (q))*/? values calculated by the AG equation are not in
agreement with the ESR values when the impurity substitution is in the FeAs plane. On the other
hand, Eu-substituted compounds exhibit a good agreement with the calculated values. This is an
evidence that the FeAs compounds do not behave as conventional superconductors. Nevertheless it
is clear that a non-conventional magnetic impurity pair-breaking is present and must be associated
with the local Cu?* and Mn??* spins, as previously discussed. Furthermore, this non-conventional
magnetic impurity pair-breaking mechanism decreases as a function of pressure. Therefore, to gain
qualitative insight about this new pair breaking mechanism, we propose a simple spin-dependence

of AT, with the impurity magnetic spin (S) and with pressure (P):

AT. = S(S +1)(a — bP), (5.6)

where AT, = T, o — 1. and a — b are parameters to be determined by the T. values at ambient

pressure and at the maximum applied pressure. We choose a linear dependence with pressure
motivated by the same dependence of the Kondo temperature (Tkx) on pressure in several Ce-

based heavy fermion compounds [135, 136, 137, 138, 139]. It is well known for these materials that
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pressure enhances both valence fluctuations and the hybridization between 4 f and conduction band
electron states. As a result, the Kondo temperature increases.

By applying equation 5.6 to the Cu?* (S = 1/2) compound (7. =4 K at P =0 and 7T, = 10 K
at P = 23 kbar) we obtained the linear fit displayed in Fig. 5.22. Subsequently, by using the same
linear dependence for the Mn?* compound and changing only the spin to S = 5/2 we obtained a
low limit for the critical pressure P, ~ 66 kbar necessary for the emergence of superconductivity.
This critical pressure value is in agreement with the experimental fact that no superconducting

transition was observed for the Mn-substituted compounds up to 25 kbar (see Fig. 4.2.1b). In

fact, the real critical pressure could be even higher due to effects of short-range Neel pair-breaking

fluctuations that were not taken into account [140].
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Figure 5.22: Linear fit of T, as a function of pressure for Mn- and Cu-substituted compounds.

For completeness, we finish this chapter with the study of the magnetic analog EulnoAss
that has a comparable Eu antiferromagnetic transition temperature (Ty = 16 K) with EuFesAso
(T'v = 16 K) but no contributions of the Fe 3d bands to the Fermi surface. Its smaller ordering
temperature is in agreement with the smaller separation between Eu first neighbors ions (a=
3.907 A) in comparison with EulnyAss where a= 4.2067 A .

EulngAsy crystallizes in the hexagonal P63/mmc space group (a = 4.207 A and ¢ = 17.889
A) which contains layers of Eu?* cations separated by [InpAss]?~ layers along the crystallographic
c-axis. The field-dependent magnetic susceptibility shows an anisotropy with respect to crystallo-
graphic orientation below 7' ~ 45K and an AFM ordering at Ty = 16 K. The anisotropic low-T'

data also indicate that there are both strong ferromagnetic intra-layer and weaker AFM inter-layer
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magnetic interactions between the Eu?* ions. Transport measurements revealed negative colossal
magnetoresistance which presumably evolves to some extent from the magnetic scattering of the

conduction electrons (ce) by the Eu?* spins [141].
The global physical properties of our single crystals of EulnyAs, are presented in Fig. 5.23.

Panel a) of Fig. 5.23 displays the magnetic susceptibility as a function of temperature for
a magnetic field H = 1 kOe applied parallel to the hex-plane and to the c-axis. x(T") shows a
Curie-Weiss (CW) behavior at high-T' followed by an AFM transition at Ty = 16 K, as previously
reported [141]. From the CW magnetic susceptibility fittings for T' < Ty (solid lines in Fig. 5.23a)
we obtained for both directions a CW temperature of 6oy =~ 16 K and an effective moment of

Heps = T.4up for Eu?t in EulnyAsy, which is in agreement with the theoretical value.

The T-dependence of electrical resistivity measured in our single crystals of EulngAss is shown
in Fig.5.23b. A metallic behavior is observed in the paramagnetic regime and a clear peak appears
at Ty = 16 K. This peak resembles the behavior observed for EuBg single crystals where the
presence of magnetic polarons dominate the electron scattering near the ferromagnetic transition
[142].

The AFM transition can also be clearly observed in lower panel ¢) of Fig.5.23, which shows
the specific heat per mole divided by temperature. The sharp main peak in C/T corresponding to
the onset of AFM order can be seen at Ty= 16 K in very good agreement with the temperature
where the maximum in the magnetic susceptibility occurs (see Fig.5.23a). The estimated magnetic
entropy recovered at Ty roughly reaches the value of RIn8 expected for the whole Eu?t S= 7/2

(not shown).

Figure 5.24 shows the ESR spectra measured at T= 100K at X-Band and Q-Band. In both
cases we observe a single ESR resonance with a Dysonian lineshape resonance which is characteristic
of localized magnetic moments in a lattice with a skin depth smaller than the size of the sample
particles [75]. From the fitting of the resonances to the appropriate admixture of absorption and
dispersion, we obtain at T= 100K a g-factor g = 1.95(1) and linewidth AH = 600(30) Oe in
X-Band and g = 1.98(1) and AH = 660 (30) Oe for Q-Band for H||c. On the other hand, for
H||hex-plane we obtain at T= 100 K a g-factor g = 2.00(1) and linewidth AH = 480(20) Oe in
X-Band and g = 2.01(1) nd AH = 470 (20) Oe for Q-Band.

Using the g-value of Eu?* in insulators as 1.993(2) we extract for both bands an apparent small
g-shift which is negative (Ag < 0) for H ||c and positive (Ag > 0) for H ||hex-plane [74]. This
small effect may be an indicative of an anisotropic Eu?>t—Eu?* magnetic coupling which seems to
be consistent with the previous suggestion that there are ferromagnetic Eu?t-Eu?T interactions
in the hex-plane and a weaker antiferromagnetic Eu?T~Eu?* interactions between the layers [141].

However, we can not rule out the contribution of demagnetization effects on this apparent g-
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Figure 5.23: Temperature dependence of macroscopic physical properties of EulngAss single crys-
tals. a) Magnetic susceptibility with applied field H= 1kOe parallel to the hez-plane and to the

c-axis. b) Electrical in-plane resistivity. ¢) Specific heat per mole divided by temperature.

anisotropy.

Interestingly, the Eu?t ESR AH also show an anisotropic behavior in Fig. 5.24. AH is clearly
narrower for the H ||hex-plane orientation for both X and Q-Bands. Furthermore, the Eu?* ESR
AH is nearly frequency/field independent for H ||hex-plane but show a measurable broadening at
Q-band for H ||c.

The AH and the g-value temperature dependence of the ESR line of EulnsAsy for both X-Band
and Q-Band is presented in Figure 5.25. For both bands, AH shows a nearly constant behavior
for T > 100 K indicating an absence of Korringa-like relaxation of Eu?T spins in this temperature
region. At lower temperatures, the ESR AH starts to broaden as a consequence of the development

of short range magnetic correlation. The X-Band data show a linewidth maxima at ~ 16K for
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Figure 5.24: X and Q-Band Eu?t ESR spectra at T= 100K for H parallel to the hex-plane and to

the c-axis of EulnyAss single crystals.

both orientations. It is worth noting that ESR linewidth maxima do not necessarily occur at Ty as
it can be affected by the details of the field dependent short range correlations. These correlations
define how the distribution of local fields decrease as the long range ordered state develops. For
fields of ~ 1T (Q-Band) the magnetic susceptibility data show that Ty slightly decreases for H||c.
For H|hex-plane no AFM transition is observed, suggesting that the H||hex-plane orientation is
the easy axis for a weak ferromagnetic ordering (canted antiferromagnetism). The Q-Band data
show a slightly higher linewidth maximum temperature for H||c, suggesting that at higher fields,
stronger magnetic correlations start to affect the Eu?t ESR linewidth at higher-T. At the same
temperature regions, we observe a strong anisotropy in the g-value which is probably associated
with the anisotropic internal field felt at the Eu?* site. The internal field is also dependent on the
applied magnetic field direction and strength. In particular we note that the Q-Band g-factor for
Hj|plane increases strongly due to the presence of weak ferromagnetic ordering.

In order to understand the anisotropic field and temperature dependence of the ESR AH shown
in Fig. 5.24 and 5.25, different contributions to the ESR linewidth must be considered. There are
two types of resonant line broadening in solids: homogeneous and inhomogeneous broadening.
Homogeneous ESR linewidth is inversely proportional to the so-called spin — spin relaxation time,
Ty [74]. It occurs when the magnetic resonance signal results from a transition between two levels
of spins which are not sharply defined, but instead, are somewhat intrinsically broadened. The
main contributions to homogeneous broadening are: (1) dipolar interaction between like spins, (2)
spin-lattice interaction, (3) interaction with radiation field, (4) diffusion of excitation throughout

the sample, and (5) motionally narrowing fluctuations of local fields [74, 78].
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Figure 5.25: Temperature dependence of Eu?T ESR AH and g-factor in Q- and X-Bands.

On the other hand, an inhomogeneously broadened resonant line is one which consists of a
spectral distribution of individual lines merged into an overall line or envelope. For instance, a
distribution of local fields caused by unresolved fine and/or hyperfine structure, g-value anisotropy,
strain distribution and/or crystal irregularities that exceed the natural linewidth (2/4T2, v is the
gyromagnetic factor) will cause the spins in various parts of the sample feel different field strengths
[74, 78].

In this way the resonance will be artificially broadened in an inhomogeneous manner. In the
cases of inhomogeneous broadening caused by g-value anisotropy and related strain distribution
and/or crystal irregularities, the ESR linewidth are expected to increase as a function of magnetic
field. From the AH on data in Fig. 5.25 we can conclude that anisotropic ESR AH revealed a
small inhomogeneous contribution when Hl|c its a measurable broadening at Q-band.

To further explore the microscopic origin of the Eu?* ESR AH anisotropy and its small in-
homogeneous contribution when H||c we have performed detailed angular dependent ESR and
electrical resistivity experiments in the paramagnetic regime, Fig. 5.26. The comparison between
the anisotropy in Eu?t ESR AH with that in the electrical resistivity is important in this case
because an anisotropic exchange interaction between the Eu?t 4f electrons and the ce would result
in similar angular dependence of both physical quantities [142].

In Fig. 5.26, we observe a small anisotropy in the resistivity that increases with applied magnetic
field when the field is rotated from hex-plane to the c-axis. The resistivity values are systematically
larger for H||c. On the other hand, ESR, AH shows a much larger anisotropy but it also increases
with H, being larger for Q-Band. Although the AH is also larger for H||c the angular dependence
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of the AH is obviously very distinct from that in the resistivity. This indicates that the anisotropy
in these physical quantities can not have an unique common origin.

In fact the anisotropy found for Eu?t ESR AH is reminiscent of the crystalline electrical field
(CEF) anisotropy found for S= 7/2 ions in hexagonal systems [143, 144, 145]. Therefore, the
Eu?t ESR AH in EulnyAsy is mainly a result of an exchanged narrowed AH with a distribution
of local fields caused by unresolved fine (CEF splitting) and perhaps hyperfine structure. As such,
for H||c, the CEF splitting is larger and generates a broader envelope line. In this direction, this
inhomogeneous contribution in AH is large enough to overcome the exchange narrowing effect and
present the broadening in Q-band.

Therefore, the small anisotropy in the resistivity data may reflect to some extent an anisotropic
magnetic scattering due to an anisotropic exchange interaction between the Eu?* 4f electrons and
the ce. However this effect, if present in the Eu?t ESR AH anisotropy, would be overcome by the

hexagonal crystal field and the Eu?>T-Eu?t exchange narrowing effect.
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Figure 5.26: (upper panel) Q- and X-Bands Eu?* ESR AH anisotropy at T = 100 K. (lower panel)
Resistivity anisotropy for several applied magnetic fields at T = 100 K.

In a broader scenario it is interesting to compare these results for EulnyAs, with the Fe-analog
EuFesAsy. The absence of Korringa behavior for concentrated EulnaAss for T > 100K provides
an irrefutable confirmation that the behavior described above for the FeAs-based compounds is

indeed due to the relaxation of Eu?t via Fe 3d-electrons.
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Conclusions and Perspectives

In this work we presented a systematic study of the intermetallic tetragonal compound BaFes Ass (space
group I4/mmm) as a function of three parameters: Eu substitution in the Ba crystallographic site,
transition metal (TM) substitution (TM = Mn, Co, Ni, Cu, and Ru) in the Fe site, and/or applied
hydrostatic pressure. Our main goal consisted in understanding the microscopic interplay between
magnetism and superconductivity in this class of materials. For this purpose, we have grown ap-
proximately 400 single crystals with Sn-, In- and/or FeAs- fluxes. In particular, our innovative
In-flux method has resulted in extremely high quality single crystals which allowed us to obtain

higher transition temperatures, narrower NMR lines, and less disordered crystals.

Initially, we have found by EXAFS measurements that both applied pressure and K-/Co-
substitutions are responsible for a shortening of the Fe-As bond length accompanied by a suppres-
sion of the SDW magnetic phase. Furthermore, our XANES measurements indicated no observable
change in the Fe K edge spectra of BaFeyAsy under Co substitution, implying that Co is not charge
doping the Fe ions. Secondly, our ESR data for Ba;_,FEu,Fes;Ass have shown that a decrease in
the Eu concentration = induces a decrease of the Korringa rate in the paramagnetic state. To un-
derstand this result, we have studied the EulnsAss compound that showed no Korringa behavior,
indicating that the bands with appreciable overlap with the Eu?* 4f states are the 3d Fe conduc-
tion bands at the Fermi surface. Therefore, analysing our results in the presence of e — e exchange
enhancement and g-dependent exchange interaction, Jy,(q), we inferred that a decrease in Jy,(q)
reflects the fact that the 3d electron bands are becoming more anisotropic (less s-like) and are,
in average, further away from the Eu?" sites in real space. We speculated that this behavior is
associated to a partial localization of the Fe 3d electrons within the FeAs plane, i.e., an increase
of the zy and/or 2 — y? orbital contributions to the 3d bands at the Fermi surface. In order

to confirm such scenario, we have systematically studied Ba;_,Eu,Fes_, TM,Asy single crystals
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(TM for transition metals Co, Cu, Mn, Ni, and Ru) probing both Ba and FeAs planes through
substitution with Eu?T and Mn?* /Cu?* respectively. We first used the xg, = 0.20 sample as a
reference compound to probe how the spin dynamics evolves as a function of the transition metal
substitution and we observed that the Korringa rate b systematically decreases with decreasing
Tspw independent of the substituted TM. Secondly, we performed ESR experiments with para-
magnetic probes in the FeAs plane Mn?* /Cu?* and we observed an increase of the Korringa rate
with decreasing Tspw, as expected. However, there is no unambiguous systematics between the
magnitude of the SDW phase suppression and the magnitude of the Korringa rate suppression, spe-
cially for the ruthenium substitution. This is because the particularities in the bands’ distortions
can behave differently for each transition metal. For instance, if the substitution is not coherent,
interference can occur between the 3d bands and consequently suppress more effectively b than
Tspw. In addition, we have also performed electrical resistivity measurements under hydrostatic
pressure in BaFe; gTMg 1Ase (TM = Mn, Co, Cu, and Ni) single crystals with applied pressures up
to P < 25 kbar motivated by the fact that the localization effects mentioned above are not the only
parameters that matter when it comes to the emergence of USC. Not only we must suppress the
SDW magnetic phase by tuning a control parameter, but the emergent superconducting state has
to be robust against competing order parameters and pair-breaking mechanisms (such as Cu, Mn
and Cr local moments) associated with substitution and/or strain. Our results demonstrated con-
strasting behavior of hydrostatic pressure effects on nearly optimally substituted BaFes_,TM, Aso
(TM = Co, Cu, and Ni) high quality single crystals grown using the In-flux method. For Co and
Ni-substitution, T, increases only ~ 2 K at a rate dT,./dP ~ 0.1 K/kbar, consistent with the nearly
optimal doping region. On the other hand, in the Cu-substituted sample T, increases ~ 6 K at a
rate dT./dP ~ 0.3 K/kbar. This huge T, enhancement by a factor of ~ 2.5 with pressure and the
local Cu?* ESR line provide strong evidence that the hybridization between the Cu 3d bands and
the conduction bands increases with pressure and, consequently, the impurity scattering by the Cu

local moments decreases due to the pressure induced delocalization of the Cu 3d electrons.

In summary, our results have shown that the tuning of a microscopic local structural parameter
(the Fe-As distance) is directly related to the suppression of the SDW magnetic phase in the iron-
pnictides. In addition, this decrease in dpeas changes the crystal field scheme for these compounds
and induces an increase of the zy/2% —y? orbital contributions to the 3d bands at the Fermi surface.
We speculate that these orbitals are related to the superconducting pairing, as in the case of the

cuprates.

Although we have a solid scenario for the physical properties of the BaFe;Ass compound, the
present work opens the possibility of further systematic ESR studies of the superconducting state,

the investigation of electrical resistivity at higher pressures (diamond anvil pressure cell) and the
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search for a generalization of our results to other families of iron-based SCs. But most importantly,
the results constructed during this thesis, together with the knowledge gathered in other families

of unconventional superconductors, may guide the search for new superconductors.



114




Appendix A

List of Publications
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