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SUMMARY 

Overdoped cuprates are attracting a renewed interest in searching for clues about the pairing 
mechanism in cuprate superconductors and, in particular, for a better understanding of the factors 
controlling the Tc. Starting from the well-known YSr2Cu3O6+δ (YSCO) cuprate, total or partial 
replacement of copper at the charge reservoir block (CRB) by other transition metals (M) stands 
as a useful strategy to extend the hole doping range. The resulting MxCu1-xSr2YCu2O7+δ (M-1212 
type) cuprates are suitable candidates in trying to achieve higher doping levels in cuprate 
superconductors. 

On the basis of this premise, the general objective of the present thesis concerns the study of 
the effect of iron by copper substitution in YSCO, giving FexCu1-xSr2YCu2O7+δ cuprates. Through 
a careful analysis of both the iron location, coordination geometry and oxidation state, structure-
hole distribution-Tc relations have been established. The special interest of Fe by Cu substitution 
is sustained from the possibility of attaining high oxidation states for iron cations at the charge 
reservoir block (i.e. > 3).  In particular, the stabilization of the unusual high-valent Fe4+ cations 
result in high doping levels in the superconducting planes, even if also brings further electronic 
complexity into these ferrocuprates. A very unusual coexistence of superconductivity and 
magnetism at the microscopic level in these Fe-1212 cuprates has been corroborated in this thesis. 
Furthermore, an intricate interplay between the magnetic and superconducting interactions has 
been highlighted by means of muon spin rotation spectroscopy. 

In the present work, we have first revisited the solubility of iron in the YSr2Cu3O6+δ compound 
at ambient pressure conditions and the iron substitution site, coordination, and oxidation state in 
the resulting FexCu1-xSr2YCu2O7+δ (0.25 ≤ x ≤ 1) materials. For selected FexCu1-xSr2YCu2O7+δ 
(x=0.5, 1) compositions, the samples have been annealed in different atmospheres, with special 
use of low temperature oxidation methodologies (topochemical oxidation). The structural 
evolution in varying the oxygen content in the CRB has been carefully characterized, and a 
complementary electronic characterization has been performed to analyse the charge distribution 
between the CRB and the superconducting block (SCB). To that purposes, a wide range of 
experimental techniques have been used: transmission electron microscopy, X-Ray and neutron 
diffraction, X-Ray absorption spectroscopy, Mössbauer spectroscopy and muon spin rotation 
spectroscopy.  

The more relevant results arising from this thesis are summarized as follows, for the two 
selected Fe0.5Cu0.5Sr2YCu2O7+δ and FeSr2YCu2O7+δ single-phase compounds.  

The superconducting properties of highly oxidized Fe0.5Cu0.5Sr2YCu2O7+δ (δ~ 0.4) and 
FeSr2YCu2O7+δ (δ ~ 0.6-0.85) compounds have been studied. Superconductivity is observed in 
both systems, for unusually high hole doping levels in the superconducting planes, with pCuO2> 
0.3 These superconducting ferrocuprates are thus placed, in terms of the nominal hole 
concentration, in the overdoped region of the conventional phase diagram of cuprate 
superconductors. 

 Nonetheless, despite the high doping levels attained in the CuO2 planes, a preferential charge 
localization at the CRB is observed with the oxidation, so that iron increases its oxidation state to 
Fe3.4+ in the Fe0.5Cu0.5Sr2YCu2O7+δ system and up to Fe4+ in the FeSr2YCu2O7+δ system. 
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In both systems, an anomalous Tc-pCuO2 relation is observed. Different Tc and 
superconducting volume fractions, as well as different normal state transport properties, are 
observed for compounds with similar pCuO2 values. A different effective hole concentration has 
been derived, emphasizing the role of the CRB in determining the superconducting properties.  

In particular, the increase in Tc correlates with subtle changes in the local configuration around 
the superconducting planes. The decrease in the apical distance, and the concomitant shortening 
of the inter-bilayer space at the expense of a higher intra-bilayer space follows the increase in Tc 
in both Fe0.5Cu0.5Sr2YCu2O7+δ and FeSr2YCu2O7+δ systems.  

The superconducting properties are also improved by increasing the local ordering in the CRB, 
both in terms of the cation/anion ordering and of the charge distribution.  

The magnetic properties of the FeSr2YCu2O7+δ system have been adressed in detail.  For 
the reduced FeSr2YCu2O7+δ (δ~0) sample, with a brownmillerite-related superstructure, a new 
long-range magnetic structure has been observed. This magnetic structure involves ordering of 
both Fe3+ cations at the CRB and Cu2+ cations at the SCB.  The low dimensionality of the magnetic 
structure, with a weak coupling along the stacking direction, results in short-range magentism 
over a wide temperature range. To the best of our knowledge, this is the first observation of a 
magnetic structure comprising ordering at both the CRB and the SCB in M-1212 type cuprates.  

Most interestingly, the superconducting FeSr2YCu2O7+δ (δ~0.85) compound exhibit a novel 
magnetic structure associated to the Fe4+ cations at the CRB. The stabilization of the Fe4+ state, 
with no charge disproportionation process down to 4K, is explained by the high covalency of 
these FeSr2YCu2O7+δ cuprates. The new A-type magnetic structure comprises a ferromagnetic in-
plane coupling  of the highly valent iron cations, but an antiferromagnetic configuration along the 
stacking direction. Moreover, a soft field-induced metamagnetic transition results in a 
ferromagnetic behaviour under the applied field.  

The coexistance of magnetic and superconducting interactions in this FeSr2YCu2O7+δ (δ~0.85) 
compound (Tc= 70 K < TN= 110 K) represents the only second example of a magnetic 
supercondcutor within cuprate type materials.   

In this particular material, the presence of a magnetic field at the CuO2 planes has been 
demonstrated, by means of Mössbauer spectroscopy, questioning the conventional view of 
independent magnetic and superconducting layers.  

The eventual interplay between magnetism and superconductivity in these Fe-1212 
cuprates has been further approached by means of muon spin rotation spectroscopy. In the two 
superconducting FeSr2YCu2O7+δ (δ= 0.56, 0.85) samples, the presence of magnetic interactions 
starting just above the Tc has been corroborated. The coincidence of the onset of the magnetic 
interactions with the superconducting critical temperature in the two samples suggests that the 
presence of magnetic correlations at the CuO2 planes alters the establishment of superconductivity 
in these Fe-1212 cuprates.  

The occurrence of magnetic coupling between the CRB and the SCB in the here studied Fe-
1212 cuprates has allowed a unique exploration of the effect of the magnetic interactions in the 
superconducting properties of cuprate superconductors.  
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RESUMEN 

El estudio de la región de sobredopado en cupratos superconductores de alta temperatura está 
recobrando un alto interés en vistas a una mejor comprensión de los factores que controlan la 
temperatura crítica y, en última instancia, del mecanismo responsable de la aparición de 
superconductividad en los mismos. Los materiales del tipo MxCu1-xSr2YCu2O7+δ (cupratos tipo 
M-1212), resultantes de la sustitución total o parcial del cobre en la reserva de carga en el 
conocido YSr2Cu3O6+δ, son candidatos idóneos para la consecución de altos niveles de dopado.  

En este contexto, el objetivo de la presente tesis doctoral consiste en el estudio del efecto de 
la sustitución de cobre por hierro en cupratos del tipo FexCu1-xSr2YCu2O7+δ. A través de un estudio 
detallado de la coordinación, estado de oxidación y distribución del hierro en la estructura 
cristalina se han establecido correlaciones entre la estructura, la distribución de carga y la Tc 
resultante. El interés particular de la sustitución por hierro se sustenta en la posibilidad de alcanzar 
altos estados de oxidación para los cationes hierro en la reserva de carga. Concretamente, la 
estabilización del infrecuente estado de oxidación Fe4+, ha permitido alcanzar altos niveles de 
dopado en los planos superconductores. Así mismo, la sustitución de cobre por hierro va 
acompañada de interesantes propiedades electrónicas. En particular, se ha puesto de manifiesto 
una poco usual coexistencia de superconductividad y magnetismo. La compleja relación entre 
ambos fenómenos en estos ferrocupratos la hemos estudiado mediante el empleo de la 
espectroscopía de rotación de espín de muones.  

En este trabajo, se ha evaluado en primer lugar la solubilidad del hierro para dar fases del tipo 
FexCu1-xSr2YCu2O7+δ, en condiciones normales de presión, preparándose para ello materiales de 
composición FexCu1-xSr2YCu2O7+δ (0.25 ≤ x ≤ 1). En un análisis más detallado del efecto de la 
oxidación en estos materiales, el estudio se ha centrado en dos composiciones para las que se 
obtienen muestras monofásicas: FexCu1-xSr2YCu2O7+δ (x=0.5, 1). Para el estudio de la evolución 
estructural que acompaña a la variación de oxígeno en la reserva de carga, así como de la 
distribución de carga entre la reserva de carga y los planos superconductores, hemos recurrido a 
diversas técnicas de caracterización entre las que destacan la microcopia electrónica de 
transmisión, la difracción de rayos-X y de neutrones, las espectroscopías de absorción de rayos X 
y Mössbauer, y la ya mencionada espectroscopía de rotación de espín de muones.  

Los resultados más relevantes obtenidos en el desarrollo de esta tesis doctoral se resumen a 
continuación, para los dos sistemas estudiados.  

Se han estudiado las propiedades superconductoras de materiales de composición 
Fe0.5Cu0.5Sr2YCu2O7+δ (δ~ 0.4) y FeSr2YCu2O7+δ (δ ~ 0.6-0.85), oxidados mediante distintas 
metodologías. Ambos sistemas presentan superconductividad para niveles de dopado nominales 
(pCuO2) inusualmente elevados en los planos superconductores, con pCuO2> 0.3. Estos 
ferrocupratos superconductores se sitúan, por consiguiente, en la región de sobredopado del 
diagrama de fases convencional para los cupratos. 

No obstante, pese a los altos niveles de dopado alcanzados en los planos superconductores, se 
observa una oxidación preferente del hierro en la reserva de carga, aumentando su estado de 
oxidación hasta Fe3.4+ en las fases Fe0.5Cu0.5Sr2YCu2O7+δ y hasta Fe4+ en las fases FeSr2YCu2O7+δ. 

En ambos sistemas, se observa una anómala relación Tc- pCuO2. En particular, para niveles 
de dopado muy similares, se observan distintas Tc y fracciones superconductoras, así como 
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diferentes propiedades de transporte en el estado normal. Se deduce una concentración de huecos 
efectiva desigual para los distintos materiales, enfatizando el efecto de la reserva de carga en las 
propiedades superconductoras.  

En particular, el aumento de la Tc se correlaciona con sutiles cambios en la estructura local en 
torno a los planos superconductores. La disminución de la distancia apical, y el asociado 
acortamiento del espaciado inter-bicapa a expensas de un aumento en el espaciado intra-bicapa, 
se armoniza con el aumento en la Tc.  

La optimización de las propiedades superconductoras está, así mismo, íntimamente 
relacionada con un aumento en el orden local en la reserva de carga, tanto en términos del orden 
catiónico/aniónico como de la distribución de carga. 

Las propiedades magnéticas del sistema FeSr2YCu2O7+δ han sido estudiadas en detalle.  En 
la fase reducida, de composición FeSr2YCu2O7+δ (δ~0), se ha observado una nueva estructura 
magnética de largo alcance. La estructura magnética tridimensional implica el orden de los 
cationes Fe3+ en la reserva de carga y de los cationes Cu2+ en los planos superconductores. Ello 
no obstante, la baja dimensionalidad de la estructura magnética, con un débil acoplamiento a lo 
largo de la dirección de apilamiento, da como resultado un magnetismo de corto alcance en un 
amplio rango de temperaturas. Este es el primer ejemplo de orden magnético en cupratos M-1212 
implicando acoplamiento entre la reserva de carga y los planos superconductores.  

Tras la oxidación, la fase FeSr2YCu2O7+δ (δ~0.85) exhibe una nueva estructura magnética 
asociada a los cationes Fe4+ en la reserva de carga. La estabilización de los cationes Fe4+, sin 
proceso de desproporción de carga, se explica por la alta covalencia de estos ferocupratos. La 
estructura magnética de tipo A comprende un acoplamiento ferromagnético en el plano de los 
cationes de hierro, pero una configuración antiferromagnética a lo largo de la dirección de 
apilamiento. Además, una transición metamagnética inducida por el campo magnético resulta en 
un comportamiento ferromagnético bajo el campo aplicado.  

La coexistencia de interacciones magnéticas y superconductoras (Tc = 70 K < TN = 110 K) en 
este compuesto FeSr2YCu2O7+δ (δ~0.85) constituye, hasta donde nosotros conocemos, el segundo 
ejemplo de superconductor magnético dentro de los materiales de tipo cuprato.  

La posible interacción entre magnetismo y superconductividad en estos cupratos Fe-1212 
lo hemos abordado a través del empleo de la espectroscopia de rotación de espín de muones. En 
las dos muestras superconductoras FeSr2YCu2O7+δ (δ= 0.56, 0.85), se ha corroborado la presencia 
de interacciones magnéticas que comienzan justo por encima de Tc. La coincidencia del inicio de 
las interacciones magnéticas con la temperatura crítica superconductora en las dos muestras 
sugiere que la existencia de correlaciones magnéticas en los planos CuO2 altera el establecimiento 
de la superconductividad en estos cupratos Fe-1212.



 

 
 

7 
 

 

I. INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

8  
 

 



I. INTRODUCTION 

 

 
 

9 
 

1. High temperature superconductivity: from conventional to high temperature 
superconductors (HTSC) 

Behind the BCS wall 

Electrical conduction without resistance was first observed by Kammerling Onnes in 1911, 
when cooling mercury using liquid helium. Below Tc~ 4.20 K, a sharp transition from metallic 
conduction to zero-resistance was observed1. The novelty and significance of this observation was 
rapidly recognized by the scientific community, awarding Onnes the 1913 Nobel  Prize in Physics; 
It was at the Nobel Prize reception when the term Superconductivity was first used by Onnes to 

describe this new physical phenomena: “Mercury has passed into a new state, which on account 

of its extraordinary electrical properties may be called the superconducting state”. 

The search for more superconducting elements was soon spurred in every laboratory with 
access to liquid helium, and other metallic elements were also shown to be superconducting. Now 
we know that 31 metallic elements are superconducting at ambient pressure, and that also 
semiconducting and insulating elements become superconducting under pressure, increasing the 
number of superconducting elements up to 53.  

Twenty-two years after Onnes’ discovery, superconductors were recognized to be more than 
perfect conductors, but to also act as perfect diamagnets. The expulsion of the magnetic field in 
the superconducting state, evidenced by Meissner and Ochsenfeld in 1933,2 reflects that 
superconductivity is indeed a complex cooperative electronic phenomenon. The thermodynamic 
properties of the superconducting state were well described by 1950 within the Ginzburg-Landau 
phenomenological model3, but a microscopic description of the origin of the superconducting 
interaction was still lacking. A driving force for an attractive interaction between electrons is not 
an easy thing to imagine. While bosons can condensate into a single state as they are not subjected 
to exclusion principle, electrons, as fermions, are known to experience repulsive on-site 
coulombic interactions. How electrons could condensate like bosons was a delicate issue.  

The idea of paired electrons to explain the collective cooperative behaviour in the 
superconducting state was first proposed by L. Cooper in 19564, and successfully included in the 
well know BSC theory for the superconducting pairing (named after J. Bardeen, L. Cooper, and 
J. R. Schrieffer; 1957)5. The key interaction for the electron pairing is the electron-phonon 
coupling. The displacement of one electron through the ordered crystalline lattice distorts the 
lattice potential, leaving a “positively charged” region on its way. A second electron will be 
attracted by this perturbed region, being in this way coupled to the movement of the first electron. 
The short-range electron-lattice interaction is thus converted into a long-range electron-electron 
attractive interaction. The retarded mechanism is explained by the fact that phonon frequencies 
are much smaller than the Fermi velocity for conduction electrons.  

In 1962, the existence of the Cooper pairs was experimentally demonstrated by the Josephson 
effect, standing as the third characteristic property of a superconducting material, together with 
the zero-resistance and the Meissner-Ochsenfeld effect. In a Josephson junction, the tunnelling of 
the cooper pairs through the vacuum space separating the two superconductors also reflects the 

flux quantization noted by Fairbank and Deaver in 19616.  The ability of the BCS theory to 

account for the quantum character of superconductivity thus complimented the Ginzburg-Landau 
theory, providing good understanding of conventional superconductors.  
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Figure 1. Chronological discovery of the more representative superconducting materials, and 
their critical temperatures. The horizontal dashed lines indicate temperatures of interest. Different 
colours are used for the different classes of superconductors (see Figure 2). 

 

On the other hand, despite the BCS theory has no predictive character for the appearance of 
superconductivity, a threshold value for the critical temperature of Tc< 25-30 K is derived 
considering the energy scale involved in the pairing. The excitation energy is related to the 
electron-phonon coupling, and thus determined from both the Debye temperature and the density 
of states.  

In line with the progress in the understanding of the physics behind low temperature 
superconductivity, the search for new superconducting materials continued with the exploration 
of metallic alloys and intermetallic compounds7. The recorded transition temperature was slowly 
increased (see Figure 1) largely thanks to the major contribution from Bernd Mathias8, 
culminating with the discovery of the A15-type compounds. In this family, a maximum Tc of 23 
K was observed for Nb3Ge by 1974,9 holding the record on the Tc until 1985. Other classes of 
conventional (BCS-type) superconductors were also discovered in the meantime, intercalated 
graphite and the Chevrel phases being interesting examples. Yet, all these superconductors have 
low critical temperatures, i.e. below the BCS limit, reinforcing the idea of superconductivity to 
be a low-temperature physical phenomenon.  

In this framework, the empirical rules formulated by B. Mathias for guiding the search of new 
superconductors were broadly accepted. These famous six rules stated: “One, a high symmetry is 
good. Cubic symmetry is the best. Two, a high density of states (No) is good. Four, stay away from 
magnetism. Five, stay away from oxygen. Six, stay away from theorists.” Despite the last rule may 
be controversial, conventional superconductors well fit the five first rules (Figure 2).  
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Figure 2. Crystal structure of the more representative conventional (left panel) and 
unconventional (right panel) superconductors.  

 

However, the paradigm started to change in the middle 70s with the discovery of 
superconductivity in BaPb1-xBixO3, a bismuth oxide with perovskite structure10. This first oxide 
superconductor has a relatively low Tc of ~13 K (within the BCS limit) but also a strikingly low 
density of states, and so it was already at that time claimed to be an unconventional 
superconductor. The Tc was later on increased up to 34 K in the related Ba1-xKxBiO3 compound11, 
reinforcing superconductivity in Bismuthate superconductors12 to not be described by the BCS 
theory.  

The discovery in 1979 of superconductivity in CeCu2Si2,13 a heavy fermion compound, 
definitely evidenced that superconductivity is a more general property of condensed matter, but 
also that more physic was required to understand superconductivity in these unconventional 
superconductors.  Heavy fermion superconductors show generally low critical temperatures (i.e. 
Tc ~ 0.7 K in CeCu2Si2 or Tc ~ 0.5 K in UPt3), with exception of the 115-type layered compounds 
with a maximum critical temperature of ~ 18.5 K in PuCoGa5.14 

Among the properties that places these compounds on the unconventional side, the d-wave 
symmetry for the pairing wavefunction (contrary to the s-wave symmetry of conventional 
superconductors), the closeness (or coexistence in some cases) to magnetic or quadrupole 
orderings, and the observations of a spin resonance in the superconducting state are to be 
emphasized.15 

The BCS theory also failed to explain the appearance of superconductivity in low dimensional 
organic molecular materials, first observed in 198016. Despite the highest critical temperature 
found in this class of superconductors is quite low (i.e. BEDT-TTF-type molecular crystals with 
Tc~ 13 K), charge and spin fluctuation are most likely behind the pairing mechanism17.  
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On the other hand, superconducting fullerides discovered in the 90s, have higher critical 
temperatures (Tc= 33 K in RbCs2C60) but most of their superconducting properties are well 
described by the BCS theory, being thus placed in between conventional and unconventional 
superconductors.  

In 2001, MgB2 was shown to be superconducting below Tc ~40 K18, being the first BCS-type 
superconductor to surpass the BCS wall.  

 

Breaking the wall 
 

The real breakthrough came with the discovery of superconductivity in the Ba-doped La2-

xBaxCuO4 copper oxide (Figure 3a) by J. G. Bednorz and K. A. Müller in 198619. Despite this 
first superconducting cuprate showed a modest Tc~30 K, the observation of superconductivity in 
a ceramic transition metal (TM) oxide was received as a definitive change of mind in the search 
for new superconductors. Isovalent Sr by Ba substitution soon increased the Tc up to 40 K20, 
while the application of hydrostatic pressure further increased the Tc of the resulting La2-xSrxCuO4 
up to ~ 50 K. The assumption that the application of chemical pressure through Y by La 
substitution would further increase the Tc led to the discovery of the celebrated YBa2Cu3O7-d 
(YBCO) phase (Figure 3b) in 198721, with an astonishing high critical temperature of 93 K: the 
first superconductor with Tc above the N2 boiling point! 

From this point, an unprecedented research effort was devoted to the study of the from then 
called High temperature cuprate superconductors (HTSC). New families of cuprates were soon 
discovered, all sharing as a common structural feature the presence of CuO2 planes, with a square 
lattice arrangement of Cu2+ cations, as shown in Figure 3c. The maximum recorded critical 
temperature was rapidly increased from 110 K in Bi2Sr2Ca2Cu3O10+d

22 to 125 K in 
Tl2Ba2Ca2Cu3O10+d

23 and 135 K in HgBa2Ca2Cu3O8+d
24,25 cuprates. This later system holds the Tc 

record at ambient pressure conditions up to date. Even more, the application of pressure increases 
the critical temperature of Hg-1223 cuprates up to 164 K under 31 GPa26.  

In all the above mentioned cuprate-type materials, and indeed, in most of the higher Tc 
cuprates, superconductivity is attained by hole doping, whether by aliovalent substitution at the 
A-site or by the incorporation of extra oxygen. However, in a few cases, doping with electrons 
instead of holes is required. This is the case of the electron doped Nd2-xCexCuO4 cuprate27 (Tc= 
28 K), with the so-called T´-type structure. As shown in Figure 3, the main structural difference 
between hole-doped La2-xSrxCuO4 (T-type; Figure 3a) and electron-doped Nd2-xCexCuO4 (T´-
type; Figure 3d) cuprates is the absence of apical oxygens in the latter case. It is indeed a general 
property of hole doped cuprates to have apical oxygens, with the exception of the infinite layer 
SrCuO2 cuprate28 (Figure 3e).  

The schematic phase diagram as a function of doping in cuprate superconductors is shown in 
Figure 5a. The parent compound at zero doping is insulating and shows an antiferromagnetic 
ordering of the Cu2+ sublattice, as it is described in more detail in the next section. 
Superconductivity appears when the AFM ordering is supressed either by hole or electron doping, 
with a dome-like dependence of the critical temperature as a function of doping.  
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Figure 3. Crystal structure of the parent compounds of some representative cuprate 
superconductors: (a) La2CuO4 with copper in elongated octahedra; (b) YBa2Cu3O6 with copper in 
face confronted square planar pyramids; (c) T´-type Nd2CuO4 with copper in square planes; (d) 
SrCuO2, with infinite CuO2 layers. (d) Basal projection of the CuO2 layers present in all cuprate 
superconductors.  

 

The closeness of cuprates to magnetic ordering is one of the more intriguing properties of these 
unconventional superconductors, strongly suggesting that superconductivity may have a different 
origin than in conventional superconductors.  

The discovery of superconductivity in the LaFePO pnictide (Tc ~ 4K) in 2006 by Hosono’s 
group29 was at first controversial because magnetism was traditionally believed antithetic to 
superconductivity and iron is a prototypical magnetic element. But the observation, in 2008, of 
superconductivity with Tc = 26 K in the LaFeAsO1-xFx iron arsenide definitely showed that a new 
class of un-conventional superconductors based on iron had been discovered30.  

The term Iron-based superconductors (IBSC) was coined, as superconductivity is ascribed to 
the presence of FeCh (Ch= Se, Te) and FePn (Pn= P, As) corrugated layers (Figure 4a), with Fe2+ 
in tetrahedral coordination. As shown in Figure 4b, the Fe2+ cations are arranged in a square 
lattice, in close resemblance to the CuO2 layers of cuprate superconductors. Also, as occurs with 
cuprates, there are different families of iron-based superconductors, with the FeCh(Ph) layers as 
a common building block. In Figure 4c, the parent compounds for the more representative 
families of IBSC are shown. 
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Figure 4. (a) FeCh (Ch= Se, Te) and FePn (Pn= P, As) corrugated layers of IBSC, with Fe2+ 
cations in tetrahedral coordination and (b) Basal projection of the FeCh(Pn) layers. The parent 
compounds for the more representative families of IBSC are shown in (c), with the FeCh(Pn) 
layers highlighted by green frames.  

 

As occurs in cuprates, doping in IBSC can be attained by both hole and electron doping31. For 
example, in the BaFe2As2 (122-type) compounds, hole doping through K by Ba substitution gives 
a maximum Tc = 38 K in Ba1-xKxFe2As2, while electron doping through isovalent Co2+ (d7) by 
Fe2+ (d6) substitution results in Tc = 22 K. On the other hand, in 1111-type LaFeAsO compounds, 
superconductivity arises upon electron doping by replacing some of the O with F giving 
FeAsLaO1-xFx, with Tc = 26 K. Remarkably, a considerable increase on the Tc up to 55 K is found 
upon Sm by La substitution to give SmFeAsO1-xFx; showing that chemical pressure has a positive 
influence on the Tc, as observed in cuprates. Indeed, the hydrostatic pressure also increases the 
Tc of FeAsLaO1-xFx from 25 K to 43 K under 4 GPa. 

 Despite the critical temperatures of IBSC are considerably lower than in cuprate 
superconductors, the maximum critical temperature of Tc = 55 K in SmFeAsO1-xFx is the highest 
ambient-pressure Tc apart from cuprates.  

Besides having similar layered crystal structures, with a square lattice arrangement of the 3d 
TM cations, the phase diagram as a function of the hole (electron)-doping is also intriguingly 
similar to that observed for cuprates, as one can see in Figure 5b. The parent state for IBSC also 
shows an AFM ordering, in spite of being metallic. In both cuprates and IBSC, superconductivity 
emerges when the AFM ordering is supressed by doping32.  
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Figure 5. Schematic phase diagram for (a) cuprate and (b) iron-based superconductors, upon 
both hole and electron doping. The superconducting (SC) regions are shown in red and the 
antiferromagnetically (AFM) ordered state in orange. For cuprates, the pseudogap region is shown 
in purple. 

 

There are thus clear similarities between cuprate and iron-based superconductors, and a 
common mechanism for the pairing interaction in these two classes of unconventional 
superconductors has been intensively explored15; possibly including heavy fermions and organic 
superconductors as well.  

The key common points includes a quasi-two dimensional  structural character, with a square 
lattice of 3d (4f) transition metals strongly hybridized with anion ligands, the closeness or 
coexistence with antiferromagnetic interactions and a paring wavefunction symmetry including 
nodes (d-wave for cuprates and s± for IBSC). Also, the universal relation between the superfluid 
density and the critical temperature englobe all these families of unconventional superconductors 
(heavy fermions, organic salts, IBSC and cuprates), as early noted by Uemura et al.33 

From the solid-state chemistry point of view, it is clear that high Tc superconductors show 
more chemical complexity and that strong electronic correlation effects at are the hearth of high 
temperature superconductivity in unconventional superconductors34,35. 

Thus, the search for new unconventional high Tc superconductors may be guided by new rules. 
The interesting reformulation of the Mathias rules by I. Mazin36 summarized: “One, layered 
structures are good. Two, the carrier density should not be too high. Three, transition metals of 
the fourth period (V, Cr, Mn, Fe, Co, Ni and Cu) are good. Four, magnetism is essential. Five, 
proper Fermi surface geometry is essential (it must match the structure of the spin excitations). 
Six, enlist theorists […] and work closely with solid-state chemists”. 

Towards room temperature SC? 

Despite the expectation that finding higher Tc compounds would rely on searching for new 
unconventional superconductors, unexpectedly high Tcs have been recently observed in 
conventional superconductors. In 2015, the H3S hydride37 was shown to be a conventional 
superconductor under vey-high pressure (i.e. 150 GPa), with an astonishingly high Tc of ~200 K. 
Three years later, in 2018, evidence of room temperature superconductivity was reported for the 
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LaH10 hydride38–40, under 190 GPa. Understanding how such a high Tc can emerge from “BCS-
type” conventional superconductors is currently a great challenge41–43.    

Another promising observation of superconducting signatures at room temperature has been 
also recently observed in unconventional cuprates. The optical excitation of the YBa2Cu3O7 
archetype in ultra-time-resolved Pump and Probe experiments44,45 enhances the Tc up to 300 K 
but…lasting only for as far as the excitation is on… 

These various indications encourage the search for room temperature superconductivity at 
ambient conditions46; and looking for the driving force behind such Tc enhancements may 
certainly help to trace the route. On the way, understanding the mechanism behind HTSC might 
be as interesting as reaching much higher Tc compounds…and a good way to it. 

 

2. High Temperature Cuprate Superconductors 

Cuprates have centred most of the effort of the condensed matter community to understand 
and design higher Tc superconductors. Despite there is still controversy about the mechanism 
mediating the pairing, some essential features about the electronic structure and the effect of the 
crystal chemistry in determining the Tc are already well stablished, as it is described in the next 
sections. Because of the particular interest of this work, the effect of the chemical substitutions 
on YBCO-type cuprates are revisited in more detail.   

 Electronic structure and phase diagram 

It is well accepted that the superconducting interactions in cuprate superconductors originate 
at the CuO2 planes, which comprise a square lattice arrangement of copper cations and oxygen 
ligands. These CuO2 layers can be either isolated or forming the base of octahedral or square 
pyramidal units, as depicted in Figure 6.  

In the parent state (i.e. at zero doping), copper has an oxidation state of Cu2+. The d9 electronic 
configuration for the Cu2+ cation is subjected to a strong Jahn-Teller effect, explaining the 
tendency of copper to adopt pyramidal or square-planar coordination. In these coordination 
geometries, the degeneracy of the eg electrons is removed by the crystal field created by the 
surrounding ligands, as shown in Figure 6a.  

In an ionic picture, the single electron will thus occupy the highest 3d energy state, with dx2-
y2 symmetry. Hybridization between the in-plane Cu: dx2-y2 and O:2px,2pz orbitals (Figure 6b) 
leave as the highest occupied state an anti-bonding σ* band with mainly Cu: dx2-y2 character, that 
is half occupied. According to band-theory, the parent state is therefore expected to be metallic. 
On the contrary, the experimental observation is that the parent state is an antiferromagnetic 
insulator, well described by a S=1/2 spin square lattice as sketched in Figure 7a. 

To understand the reason behind the electron localization, the electronic correlation must be 
considered. In this copper oxides, the bands have a small bandwidth (W), the electron-electron 
interactions being thus not-negligible. Indeed, two electrons at the same site are subjected to a 
strong on-site Coulomb interaction (U), with U>>W.  
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Figure 6. (a) Crystal field splitting for the d levels of Cu2+ cations (d9) for Jahn-Teller 
elongated octahedra and square pyramids as well as in the limit of square planar coordination. 
The basal projection of the CuO2 layers in all these geometries is shown in (b), with the orbitals 
involved on the in-plane covalent bonding sketched.  

 

In this limit, the double occupancy is prevented through the splitting of the 3d states into a 
completely full Lower Hubbard Band (LHB) and an empty Upper Hubbard Band (UHB), 
separated by an energy gap of the order of U.  This is the Mott-Hubbard picture to describe the 
localization of the electrons due to electron correlation effects47. The appearance of 
superconductivity requires to break this localized state by introducing holes or electrons. In the 
case of hole-doped cuprates, the introduction of holes may imply a Cu2+/Cu3+ mixed valence state 
for the copper cations. 

However, the large U in cuprates makes the O2p states lie in between the LHB and the UHB, 
as shown in Figure 7c. This implies that removing electrons from the O2p band is favoured over 
removing it from the LHB. The energy scale for the electron motion is thus the p-to-d charge-
transfer energy (ΔCT), and cuprates are consequently classified as Charge Transfer Insulators48.  

Therefore, upon hole doping, the holes will have a predominant oxygen character, being located 
at the top of the O2p band. Nonetheless, because of the hybridization, the charge motion is still 
subjected to correlation effects. Holes are more likely located in narrow bands with both O2p and 
Cu3d character49, as sketched in Figure 7d.  

Zhang and Rice50 proposed that the introduced oxygen holes may couple to the existing Cu 
holes, resulting in a hybridized O2p:Cu3d state where the two holes must form a singlet spin state. 
In this case, the three-band model can be reduced to an effective single-band one, described by 
the presence or absence of spin, as sketched in Figure 7b. The so-called t-J model is derived from 
this assumption, with a hoping term given by the p-to-d charge-transfer energy (ΔCT) and an on-
site interaction described by the Heisenberg antiferromagnetic exchange constant J.  
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Figure7. Schematic representation of the square lattice of Cu2+ cations, with localized S=1/2 
spins AFM coupled by the exchange interaction J at (a) zero doping and (b) after doping with 
holes. The hopping term (t) represent the Cu:3d-O:2p charge transfer integral (see text). The three-
band structure at the Fermi level at (c) zero doping and (d) upon hole doping. U is the intra-site 
Coulomb energy at the origin of the splitting of the Cu:3d states into the Lower Hubbard Band 
(LHB) and the Upper Hubbard band (UHB) and ΔCT is the charge transfer energy between the 
UHB and the ligand O2p bands.  

Starting from the t-J model, several theoretical approaches for the pairing mechanism have 
focused on the J as the energy scale for the pairing51–53. Nonetheless, the reduction from the three-
band model54,55 to the one band t-J model is still controversial, as the effect of the oxygen ligands 
could be underestimated in this way. In particular, the effect of the apical oxygen is neglected in 
these treatments, as only in-plane bonding is considered.  A lesser but significant dz2 contribution 
to the band structure is nevertheless expected in the case of compounds containing apical oxygens.  

It is evident at this point that electron correlation play a fundamental role in determining the 
electronic structure of cuprates56. Indeed, the strong electronic correlation in copper oxides is not 
only reflected in the Mott-type localization at zero doping, but also drives a complex electronic 
phase diagram as a function of doping, where different electronic phases, as well as structural and 
magnetic orderings emerge as a consequence of the strong charge-spin-lattice coupling34,35,57. 

The electronic phase diagram of cuprate superconductors as a function of (hole) doping is 
shown in Figure 8. At zero-doping, as described above, cuprates are insulators and show long-
range AFM ordering, characterized by a TN usually above room temperature (i.e. ~320 K for 
La2CuO4 or ~420 K for YBa2Cu3O6). 
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Figure 8. Phase diagram of hole doped cuprate superconductors. The superconducting (SC) 

region is shown in red, the antiferromagnetically (AFM) ordered state below TN in orange and the 
pseudogap region below T* in purple. The characteristic temperature for spin and charge density 
wave type orders (SDW and CDW) are indicated by dashed lines, as well as the crossover from 
strange metal to Fermi liquid type normal state regimes.  

The long-range AFM ordering is rapidly supressed with the introduction of holes before 
superconductivity appears upon further doping. The superconducting region (in red in Figure 8) 
has an arch like dependence of Tc as a function of doping, usually spreading over a doping range 
p ~0.05–0.27 holes/CuO2 plane. The highest Tc occurs for an optimal level of popt, traditionally 
considered to have a universal value of ~ 0.16 holes/CuO2 plane58,59 for all cuprate 
superconductors. In this universal picture, the so-called optimal doping level divides the phase 
diagram into two different regions: the underdoped regime for p < popt, and the overdoped regime 
for p > popt,. 

However, the universal doping dependence of the Tc has been recently challenged. Some 
authors have pointed out a displacement of the optimal doping level towards a higher level of p 
~0.2 holes/CuO2 plane in YBCO 60 and p~ 0.18-0.22 in Hg-1201 61, but toward a lower p ~ 0.12 
for Bi-2212,62 suggesting the optimal doping region to cover a broader doping level interval, 
instead of being a single universal value 63. Moreover, in the Hg-1201 compound, the shifting of 
the optimal doping level implies the appearance of superconductivity for p > 0.3 holes/ CuO2 
plane, entering therefore in the highly doped regime of the conventional phase diagram.  

Apart from the above described displacement of the superconducting dome towards higher 
doping levels, there are actually very few examples of overdoped cuprates. Tl-based 
superconductors are one the prototypical examples. In the Tl2Ba2CuO6+δ (δ~0-0.1) cuprate, owing 
a single CuO2 layer (with octahedral coordination), the incorporation of interstitial oxygen in 
between the double TlO rock-salt layers results in overdoping of the CuO2 planes, as demonstrated 
by Hall measurements64. The increase in the carrier concentration is followed by a superconductor 
to normal metal transition at the optimal to overdoped regime crossover. 

A similar superconductor to metal transition by overdoping is observed in the related 
TlSr2CaCu2O7-δ phases65, with double CuO2 layers (with pyramidal coordination). The 
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stoichiometric phase with δ=0 is not superconducting, but the incorporation of small oxygen 
deficiency levels at the TlO layers results in superconducting phases with a maximum Tc~ 68 K.  

 On the other hand, superconductivity at very high doping levels is observed in YBCO-type 
compounds after partial TM by Cu substitutions66,67. In this case, as it will be described in more 
detail in Section 3.2.2. in this chapter, there is a complex nominal to actual carrier hole 
concentration correspondence. 

What is more interesting is that, outside the superconducting region, cuprates exhibit a 
complex electronic phase diagram, specially at the underdoped regime (p>popt). In particular, the 
presence of the so-called pseudogap phase, covering a wide p-T region (in purple in Figure 8) is 
indeed one of the more elusive features of cuprate superconductors. 

At low temperatures, the pseudogap phase is characterized by the presence of competing 
orders and a tendency toward phase separation. The first evidence of the presence of competing 
charge and spin orders was found in La2-xSrxCuO4 by means of neutron scattering (see SDW and 
CDW lines in Figure 8). The stabilization of static charge and spin density waves explained the 
observed depression of the Tc at p~ 0.12 in La2-xSrxCuO4 (i.e. the so-called 1/8 anomaly)68. Later 
on, static stripe orderings were also found to compete with superconductivity in YBCO69  

At high temperatures, the pseudogap is characterized by the presence of a partial gap in the 
density of states below T*, indicating that electron correlation persists at these high temperatures.  
There is increasing evidence for the presence of pre-formed superconducting pairs in the Tc< T 
< T* range70,71, as well as precursor spin and charge fluctuations72. Phase fluctuations of the order 
parameter are proposed to prevent the order (whether superconductivity or charge/ spin order) 
until lowering temperature below the characteristic Tc (TCDW/TSDW). Several models have been 
proposed to explain the electronic inhomogeneity in the pseudogap region35,73, and the tendency 
toward phase separation74, but the connection of the electronic complexity at the pseudogap region 
with the establishment of superconductivity is still puzzling. 

The exotic electronic behaviour at high temperature persist upon further doping, as 
demonstrated by the strange metal behaviour observed above the Tc in the optimal doping 
region75. The anomalous linear temperature dependence of the resistivity in the normal state 
(T>Tc) of optimally doped cuprates is one the most striking features.  On the other hand, in the 
overdoped region, the transport properties in the normal state well fit the Fermi liquid description 
for simple metals, suggesting that correlations are weakened for high enough doping levels.  

Consequently, the overdoped region has been traditionally perceived as simpler and so it has 
focused much less attention than the underdoped side.  However, there is increasing evidences 
for the electron correlations to persist even in the highly overdoped regime67,76–78. Overdoped 
cuprates are therefore renewing their interest in searching for clues about the pairing mechanism 
in cuprate superconductors.  

 Crystal structure of hole-doped cuprate superconductors 

As we have seen in the previous section, superconductivity in cuprates is associated to the CuO2 
layers which, at zero doping, are composed of a square lattice arrangement of Cu2+ cations and 
oxygen anions with a strong in-plane covalent bonding.  
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Figure 9. Crystal structure for some representative cuprate superconductors: (a) La2CuO4, (b) 

YBa2Cu3O6, (c) HgBa2Cu3O8 and (d) Tl2Ba2Ca2Cu3O10. The notation M-m2(n-1)n is used in the 
upper part to express these materials as members of the MmA2Qn-1CunOm+2+2n±δ homologous series 
(see text). The maximum critical temperature is also shown.  

In the case of hole doped cuprates, superconductivity emerges when holes are introduced into 
the CuO2 planes. A formal mixed valence Cu2+/Cu3+ state is thus a necessarily requirement for the 
appearance of superconductivity. 

From the structural point of view, cuprates are characterized by having complex layered 
structures as shown in Figure 9, resulting from the combination of coordination preferences of 
the prompt Jahn-Teller Cu2+ cations with the appropriate cations at the A-site. For example, the 
best-known YBa2Cu3O6+δ (YBCO) compound derives from a triple perovskite superstructure 
(Figure 9b), with a layered ordering of Y and Ba cations at the A-site. The A-site ordering is 
followed by the ordering of oxygen vacancies, leaving two different copper sites in the parent 
YBa2Cu3O6 compound: Cu2+ in square pyramidal coordination and Cu1+ in linear coordination. 
The oxygen-depleted Y-layers are sandwiched in between the copper face-confronted [CuO5] 
pyramids, which are connected along the stacking direction through the linear O-Cu-O bonds. 
While the greater coordination flexibility of Sr2+ cations allows the oxygen incorporation around 
the Cu1+ cations required for the hole doping, the Y-layers do not tend to accept extra oxygen, 
preventing oxygen intercalation between the CuO2 bilayers.  

Maintaining a similar oxygen-deficient perovskite frame for the superconducting CuO2 layers, 
more complex structures can be attained by intergrowing with different rock-salt type layers. For 
example, HgBa2Can−1CunO2n+2+δ (n = 1-4)25 compounds can be prepared at ambient pressure 
conditions, with HgOδ rock-salt type layers connecting the copper pyramids along the stacking 
direction. By increasing the number of CuO2 layers per unit cell (n) above n > 2, additional CuO2 
layers are inserted between the face confronted pyramids as shown in Figure 9c.  
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Figure 10. Layered stacking of copper oxide superconductors with general formula        

MmA2Qn-1CunOm+2+2n±δ, based on Qn-1CunO2n Superconducting Blocks with perovskite type 
structure. The Charge Reservoir Block is composed of AO rock-salt type layers and MmOm±δ 

layers with either rock-salt or perovskite type structures. Adapted from Karppinen et al.79. 
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2
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2
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O
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CuO
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 ~50 TlBa

2
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2
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2
Cu

3
O

8+δ
 133 

  CuBa
2
YCu

2
O6+δ 93 CuBa

2
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2
Cu

3
O

8+δ
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m = 2 

M-2201 M-2212 M-2223 

Phase Tc (K) Phase Tc (K) Phase Tc (K) 

Tl
2
Ba

2
CuO

6+δ
 85 Tl

2
Ba

2
CaCu

2
O

8+δ
 118 Tl

2
Ba

2
Ca

2
Cu

3
O

10+δ
 125 

Bi
2
Sr

2
CuO

6+δ
 34 Bi

2
Sr

2
CaCu

2
O

8+δ
 98 Bi

2
Sr

2
Ca

2
Cu

3
O

10+δ
 110 

Table 1. Some representative members of the MmA2Qn-1CunOm+2+2n±δ < > M-m2(n-1)n type 
cuprate superconductors, together with the maximum critical temperature for each phase.  
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Using high pressure-high temperature conditions, similar structures can be obtained with other 
cations at the CRB (i.e. Tl, Bi, Pb…), with different number of CuO2 planes and MO rock-salt 
layers.  The resulting phases can be expressed as members of a homologous series with MmA2Qn-

1CunOm+2+2n±δ general formula79, which indeed includes most high temperature hole-doped 
cuprates.  

As sketched in Figure 10, it is useful to describe these multi-layered structures in terms of two 
structural basic blocks, namely: the superconducting block (SCB) and the charge reservoir block 
(CRB). Superconductivity arises in the SCB containing the CuO2 layers, while the CRB provides 
the holes required to induced superconductivity through variation of the oxygen content in the 
MO1±δ layers; the notation thus reflecting the functionality of each structural block.  

The oxygen deficient perovskite blocks that conform the SCB obeys a Qn-1CunO2n 

stoichiometry, being n the number of superconducting CuO2 planes and Q a small cation at the 
A-site (i.e. Y3+ in YBCO or Ca2+ in Hg-based cuprates). 

 This Qn-1CunO2n superconducting blocks are connected along the stacking direction by the 
charge reservoir blocks, composed of two outer AO rock-salt layers enclosing m intermediate 
MO1±δ layers (with either perovskite or rock-salt structure).Contrarily to the small Q cations 
separating the CuO2 layers at the SCB, the CRB hosts larger A cations (i.e. Ba2+, Sr2+, La3+) which 
allows a variable oxygen stoichiometry in the MO1±δ layers.  

The interleaving of superconducting and charge reservoir blocks, as shown in Figure 10, 
results in the MmA2Qn-1CunOm+2+2n±δ general formula for the homologous series. In this notation, 
YBa2Cu3O7-δ would be expressed as CuBa2YCu2O7-δ, corresponding to m=1 and n=2.  The 
notation could be further simplified to a M-m2(n-1)n formula and, in this way, YBCO is written 
as Cu-1212. On the other hand, the Tl2Ba2Ca2Cu3O10 (Tl-2223; m=2; n=3)80 compound, has two 
TlO rock-salt layers at the CRB and three CuO2 planes at the SCB, as shown in Figure 9d.   

In Table 1, the most studied phases are summarized, organized as a function of the number of 
CuO2 planes (n) and MO rock-salt layers at the CRB (m). The maximum critical temperature 
Tcmax for each phase is shown, corresponding to the optimal doping level. It is clear that both the 
modification of the SCB (i.e. number of CuO2 planes) and the modification of the CRB (i.e. 
number of MO layers or chemical nature of the M cation) influence the resulting Tcmax. 

Starting with the modification of the SCB, the increase in the Tcmax with increasing the number 
of CuO2 planes up to a maximum for n = 3 is a universal feature of this class of cuprate 
superconductors81. Also, an optimal in-plane Cu-O distance at the CuO2 planes of ~ 1.92 Å seems 
to be common to all hole-doped cuprates82. 

On the other hand, the effect on the Tcmax of modifications at the CRB is not so well stablished. 
Apart from transferring holes to the SCB, the charge reservoir block appears to further influence 
the in-plane transport properties. 

In particular, the effect of the apical oxygen in this respect has focused much attention. 
Comparing the apical distance between Cu at the CuO2 planes and the apical oxygen for different 
families of cuprate superconductors, a correlation with the Tcmax seems to be verified. The higher 
Tcmax is observed for the compounds having the larger apical distances:  YBCO: 2.30 Å (Tc = 93 
K), Bi-2212: 2.43 Å (Tc = 98 K), Tl-2212: 2.70 Å (Tc = 118 K) and Hg-1212: 2.80 Å (Tc = 127 
K). 
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Underlying this empirical correlation, the variation of Tcmax with the apical distance is 
explained through the contribution of the O2pz orbitals of the apical oxygen to the electronic 
structure at the Fermi level. A first approach to this contribution was made by Ohta et al.83, 
showing a universal correlation between Tcmax and the Madelung potential difference, ΔVA, for a 
hole between the in-plane and the apical oxygen sites. The higher Tcmax for the compounds with 
higher ΔVA values is associated to a lesser O2pz contribution to the hybridization. 

As it was noted in Section 2.1, the Cu3dz2:O2pz hybridization with the apical oxygens was 
neglected in the construction of the one-band t-J model for the electronic properties at CuO2 
planes. For high enough ΔVA values, hybridization with the apical oxygen can be indeed neglected, 
resulting in well-formed mobile Zhang-Rice singlets. However, when decreasing the energy level 
of the O2pz orbitals of the apical oxygen (i.e. by decreasing the apical distance) the Cu3dz2:O2pz 
hybridization becomes substantial and destabilize the singlets, with a concomitant decrease on 
the Tcmax.  

Later on, the decrease on the in-plane hopping due to the dz2 admixture84, was demonstrated 
trough band structure calculations, and a two-band model including the apical oxygen was 
developed85.  

In addition to these hybridization effects, the local coulombic and exchange interactions 
appearing due to the in-plane hopping (i.e. mobility of the Zhang-rice singlets) are subjected to 
dynamical screening effects. The electrostatic potential created by the CRB is in this sense also 
expected to alter the hole mobility and the ulterior pair condensation within the CuO2 planes.86,87  

Recently, an interesting approach to this effect has been developed by Kim et al.88, considering 
the influence of the strength of the apical bond in the in-plane transport properties. Dynamic 
oscillations of the apical oxygen are proposed to be coupled to the movement of the Zhang-Rice 
singlets, explaining the correlation between the apical bond strength and the Tcmax.  

The effect of the CRB in the in-plane transport properties may also explain the different 
optimal doping levels for the different families of cuprate superconductors (see Section 2.1, pg. 
13). In this regard, studying the effect of modifications at the CRB in the doping level and 
transport properties within a family may shed complementary information.  

Cu-1212 type cuprates are especially suitable for this purpose, due to its great flexibility upon 
chemical substitutions and to the extensive background devoted to the study of YBCO-type 
cuprates. In particular, the structural changes that follow the hole doping process in YBa2Cu3O6+δ 
are well stablished, as well as its correlation with the resulting critical temperature. Note that we 
continue using both YBa2Cu3O6+δ (YBCO) and CuBa2YCu2O7-δ (Cu-1212) notations under 
convenience; both being, of course, equivalent.   

 

 Hole doping in YBCO-type cuprates 

The YBa2Cu3O6+δ (YBCO) archetype (Figure 11) has two superconducting planes per formula 

unit, separated by yttrium layers to form CuO2-Y-CuO2 bilayers as the superconducting block 

(SCB). These bilayers or superconducting blocks are separated along the c-axis by the charge 

reservoir block (CRB), which in this case comprises an BaO-CuOδ-BaO layer sequence. 
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Figure 11. (a) Crystal structure of YBa2Cu3O6+δ compound. Ba, Y and Cu are shown in purple, 
grey and blue colour respectively, while oxygen is shown in red. The O4 and O5 oxygen sites 
within the CRB are indicated by empty squares, these positions being inequivalent in the 
orthorhombic phases. The charge reservoir block (CRB) and the superconducting block (SCB) 
are indicated. The more relevant distances are shown in (b), namely: Cu2-Cu2 intra- bilayer, Cu2-
Cu1 inter-bilayer and Cu2-O1 apical distances.  

 

In the reduced YBa2Cu3O6 compound, Cu1+ cations at the CRB (Cu1 position) have linear 

coordination, while copper at the SCB (Cu2 position) has a Cu2+ oxidation state in the square 

planar pyramids (Figure 11a). The structure has tetragonal symmetry (S.G. P4/mmm) with a ~ 

ap x ap x 3ap unit cell metric, the three-fold superstructure resulting from the combination of A-

site ordering and empty oxygen positions. 

The hole doping at the CuO2 planes, required for the appearance of superconductivity, is 
attained by the incorporation of extra oxygen at the CRB, coordinated to cooper at the Cu1 site. 
The CuOδ layers have a perovskite-type structure, the extra oxygen δ being thus incorporated at 
the O4/O5 positions as shown in Figure 11a. To maintain charge neutrality, copper has to increase 
its oxidation state accompanying the increase in δ, leading to a mixed valence state for the two 
different copper sites: i.e. Cu1+/Cu2+/Cu3+ in the CRB and Cu2+/Cu3+ in the SCB. The increase in 
δ is then traduced in the introduction of holes, that are distributed between the CRB and the 
SCB58,89. 

The total oxygen occupancy in the O4/O5 positions can vary from δ=0 to δ=1, depending on 
the preparation conditions. For the lower limit δ=0 (Figure 12a), copper has linear coordination 
and a Cu1+ formal oxidation state at the CRB. For δ <0.4 the oxygen is equally distributed at the 
O4/O5 positions, and the system retain tetragonal symmetry. The Bond Valence Sum (BVS) 
values show only cooper at the Cu1 site to be oxidized, while copper at the SCB stays divalent. 
Consequently, the tetragonal compounds are not superconducting.  



Introduction 

 

 
 

26  
 

 

Figure 12. Crystal structure of YBa2Cu3O6+δ compound for different oxygen contents 
corresponding to (a) δ = 0, (b) δ = 0.5 and (c) δ = 1.  A tetragonal to orthorhombic transformation 
occurs at a critical δ~ 0.4 composition, as shown in the lower panel scheme. The coexistence of 
different orthorhombic phases (OV-OIII-OVIII) 90 in the δ ~ 0.6-0.8 range is highlighted by the 
shaded region between the OII (δ=0.5) and OI (δ=1) long-range ordered phases. 

 

For oxygen contents corresponding to δ > 0.4, the oxidative chemical reaction drives a 
tetragonal to orthorhombic (OT) structural change due to preferential occupation by oxygen at 
the O4 position89,91.  

The formation of Cu-O chains running along the b-axis results in the orthorhombic symmetry 
due to the elongation of the b axis. Following the order-disorder structural change, the compounds 
with δ> 0.4 are superconducting, with a steep increase in the Tc up to 60 K for δ ~ 0.5 (Figure 
13). The YBa2Cu3O6.5 compound (δ = 0.5) shows a long-range ordered superstructure92, with 
alternation of Cu1-O4 chains and empty oxygen positions along the [100] direction, as shown in 
Figure 12b, resulting in a 2ap x ap x3ap unit cell metric.  

The increase in the Tc is followed by an increase in the copper oxidation state at the SCB, as 
derived from the BVS calculations (Figure 13). The charge transfer process from the CRB to the 
SCB correlates, from the structural point of view, with a marked shortening of the apical 
distance93. Also, the polarization of the Ba layers is reflected in a z-axis displacement of the Ba 
cations, moving away from the superconducting planes94.  
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Figure 13. Variation of the Tc (upper part) and of the BVS values for the Cu2 site at the 
superconducting planes as a function of the oxygen content δ in YBa2Cu3O6+δ. Figure taken from 
Cava et al.89 

 

By further increasing the oxygen content, a plateau-like Tc(δ) dependence is observed at Tc~ 
60 K. For these oxygen contents, cooper at the Cu1 position within the CRB continues to increase 
its oxidation state, while the BVS value for the Cu2 site remains constant. For these average 
oxygen stoichiometries (δ ~ 0.6-0.8), a complex microstructure is observed 95–97, with the 
coexistence of different short-range oxygen ordering patterns at the microscale. 

Approaching the upper limit δ~1, Tc is raised to the maximum Tc ~ 90 K for the higher oxygen 
contents. At these stoichiometries, a new long-range ordered orthorhombic phase is observed. A 
complete occupation of the O4 positions results in the presence of Cu-O chains running along the 
b-axis, with all Cu1 sites with copper in square planar coordination, as shown in Figure 12c.  

The depression of the Tc for the intermediate oxygen contents of δ~0.6-0.8, corresponding to 
a hole doping level of  p~0.12 for the superconducting planes98,99, has focused much interest. The 
presence of charge instabilities (i.e. stripe-like charge ordering) at the CuO2 planes was early on 
noticed, and suggested to use the oxygen ordering pattern at the CRB as a template100. Recently, 
the presence of such a static CDW at around pCuO2~0.12 (1/8 anomaly) has been confirmed to 
compete with superconductivity69: while the application of an external magnetic field destroys 
superconductivity but enhances the charge ordering, the application of pressure restores the Tc at 
expense of supressing the charge order.  

Under the high pressure, the Tc recovers an arch-like Tc dependence with the doping 
level/oxygen content. The maximum critical temperature under pressure is indeed observed at a 
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doping level of p ~0.13, suggesting that the “optimal” doping level was hindered by the competing 
tendency towards charge ordering101. The maximum critical temperature under pressure in Hg-
1223 cuprates102 is also displaced to the underdoped side. The reason behind the huge high-
pressure enhancement of the Tc in underdoped cuprates remains still elusive.  

The most prominent change in the average long-range structure103 under the applied pressure 
is a marked decrease in the apical distance. The concomitant increase in the charge transfer may 
explain the pressure enhancement of Tc in the underdoped regime104–106, but do not justify the 
increase in Tc in optimal and overdoped samples. It appears that the shortening of the apical 
distance may have an intrinsic effect beyond increasing charge transfer from the CRB to the 
SCB107,108.   

It seems evident that the local structure of the CRB do alter both the charge transfer and the 
tendency toward charge localization at the CuO2 planes; and that either the transfer or the 
localization of the holes seems to be particularly coupled to the apical oxygen. In fact, this effect 
is not restricted to YBCO, but the charge is also shown to be strongly coupled to the lattice in 
La2CuO4 -type cuprates109,110, showing the same 1/8 anomaly111. 

Lastly, to the final achievement of superconductivity, not only the introduction of holes and a 
correct in-plane transport may be fulfilled, but also a coherent inter-layer transport (Josephson 
coupling) along the stacking direction is required. The characteristic signature of the electron 
tunnelling between consecutive SCB through the CRB is the appearance of the so-called 
Josephson plasma resonance in the optical conductivity.  

In this regard, ultra-time-resolved Pump and Probe experiments in YBCO have provided a 
most interesting evidence of promoted coherent inter-layer transport up to room temperature44 (¡), 
using mid-infrared (THz) optical pulses. 

The optical excitation of the apical bond phonon modes45 is followed by a transient 
enhancement of the conductivity between CuO2 planes across the CRB. The structural changes 
that follow the optical excitation imply a shorter inter-bilayer distance at expense of a larger intra-
bilayer spacing (see Figure 11b).  

That suggest that, given the decrease of the apical distance to increase the hole concentration, 
their role in achieving an optimal superfluid density, and thus and increased Tc, is not fully 
understood.  

The study of the doping dependence of cuprates with shorter apical distances would be 
clarifying, as it may allow to enter in the less explored overdoped regime112. Maintaining a 
YBCO-type structure as a template, chemical substitution at the different cation sites may allow 
finding a suitable candidate to extend the structure-doping-Tc relations in cuprates.  

 

3. Chemical substitutions in CuYBa2Cu2O7-δ (Cu-1212) 

A wide range of substitutions are possible maintaining a YBCO-type structure, both at the 
charge reservoir block and at the superconducting block. In the next sections, the effect of some 
of the more relevant substitutions are revised. Special attention is given to the Sr by Ba and TM 
by Cu substitutions at the CRB because these are of particular interest for this thesis.  
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 Substitutions in the Superconducting Block (SCB)  

3.1.1. Iso and aliovalent substitutions of Y  

Lanthanides (Ln) elements (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) can 
all adopt a trivalent state, and its ionic radius for an eightfold coordination r(Ln3+)8 = 1.18- 0.97 
Å are close to that of Y3+ at the SCB with r(Y3+)8 = 1.015 Å. Isovalent Ln by Y substitution at the 
SCB to give REBa2Cu3O6+δ (RE-123; RE= Y, Ln) compounds is consequently possible for all 
lanthanides113,114 except for Ce and Tb, which seem to prefer a tetravalent oxidation state.  

Tc is slightly affected by the Ln by Y substitution, all LnBa2Cu3O6+δ compounds showing 
superconductivity at Tc ~90 K except for Ln = Pr. The reason for the absence of superconductivity 
in Pr-123 is still controversial115. 

An isomorphous substitution is assumed, with the expected linear decrease of the unit cell 
parameters following the decrease in the ionic radius from La3+ to Yb3+.114 However, despite the 
elongation on the c-axis for the bigger lanthanides respect to Y-123, the apical distance is found 
to decrease with increasing the ionic radius of the Ln3+ cation at the SCB116. The net increase in 
the c-axis comes from a concomitant increase in the intra-bilayer space between CuO2 planes117. 
The c-axis conductivity is shown to be promoted under this structural configuration (as observed 
in the above-mentioned Pump and Probe experiments). A careful determination of the doping 
level for different RE-123 compounds showed that Tcmax indeed increases with increasing the 
ionic radius of the RE at the SCB117. 

On the other hand, despite an isomorphous substitution is assumed, it has been also noticed 
that the size of the RE alters the oxygen distribution at the CRB.  Substitution by bigger RE results 
in an increase in oxygen disorder in the CRB of the resulting RE-123 compounds118. Also, for the 
biggest La3+ and Nd3+, partial substitution for Ba2+ cations at the CRB has been reported119.  

This later effect is more pronounced in the strontium analogues RESr2Cu3O7+δ (see Section 
3.2.1.). The smaller ionic radius of Sr2+ cations compared to Ba2+ (r(Sr2+)12 = 1.44 Å vs. r(Ba2+)12 

= 1.61 Å) may favour the anti-site disorder with the biggest Ln3+ at the SCB. 

The RE effect on Sr-based RESr2Cu3O7 -type cuprates was quite controversial. No substantial 
effect of the RE size in Mo-stabilized RESr2Cu2.7Mo0.3O7+δ (RE= R =Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, and Yb) samples was claimed120, all compounds showing Tc~ 34 K. On the other hand, in 
Re-stabilized RESr2Cu2.85Re0.15Oz compounds a strong depression of the Tc by increasing the RE 
size was reported121. However, in these studies, a careful characterization of the RE location and 
the actual hole doping level at the CuO2 planes was lacking.  

These factors have been recently brought together for the Mo0.3Cu0.7Sr2RECu2Oy (RE = Yb, 
Tm, Gd, Nd, and Pr) compounds122. A careful structural and electronic characterization reveals 
that increasing the RE size it also increases the RE by Sr substitution (anti-site disorder), with an 
almost disordered distribution between the SCB and the CRB for RE = Nd. The increase in the 
anti-site disorder is followed by an increase in the oxygen disorder at the CRB, and a decrease in 
the doping level at the CuO2 planes. As a result, the samples containing the biggest RE are not 
superconducting.  
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Consequently, despite the expected positive effect of substituting Y by bigger Ln at the SCB, 
the collateral disorder may overwhelm the effect on Tc. In this thesis, as we will work on Sr-based 
compounds, we restrict the SCB to be occupied by only Y cations.  

Before closing this part, it is also worth noticing that the aliovalent Ca2+ by Y3+ substitution at 
the SCB, contrarily to the isovalent Ln by Y substitution, does result in the introduction of holes 
at the CuO2 planes. Superconductivity can be properly induced through a joint control of both x 
and δ in Y1-xCaxBa2Cu3O6+δ samples123,  allowing one to extend the doping range in YBCO type 
compounds. 

3.1.2. Copper substitution at the CuO2 planes 

Among transition metals, Ni and Zn by Cu substitutions have been widely studied. These 
cations substitute primarily copper at the Cu2 sites in the SCB, having a strong detrimental effect 

on the superconducting properties. As in conventional superconductors non-magnetic impurities 
depress the Tc far less than the magnetic ones, one would expect the depression of Tc due to Zn 
to be much less than due to Ni. 

But the experimental observation is that the Tc decreases faster upon Zn substitution in 
YBa2Cu3O6+δ, with a rate of depression nearly three times as for Ni124,125. Complete suppression 
of superconductivity is observed in YBCO for Zn substitution levels higher than 4-6 % per CuO2 
planes, being the effect more severe in the underdoped than in the overdoped regime126. On the 
contrary, superconductivity is observed up to a 12 % of Ni substitution at the CuO2 planes127.  

Despite the overall carrier density (hole concentration) is not appreciably changed by either 
Zn or Ni substitution, as both are divalent, the charge distribution changes considerably around 
the Zn and Ni sites128. Apart from the expected effect of a non-uniform charge density in 
degrading the Tc, the charge accumulation around the impurity sites also results in the inducement 
of a small magnetic moment in the neighbouring copper sites. The enhancement of low energy 
copper spin fluctuations in Zn and Ni substituted samples has been observed by means of neutron 
scattering129 and muon spin rotation spectroscopy130. 

The different effect of Zn and Ni can be attributed to the extension of the perturbed regions. 
In the case of Zn, the perturbed region is more extended than in the case of Ni, explaining the 
faster suppression of Tc128,131. This is quite logic considering that nonmagnetic Zn2+ cations may 
disturb more strongly the Cu2+ (S=1/2) spins at the CuO2 planes than Ni2+ (S=1), which may allow 
coupling. Indeed, it is found that Ni tends to trap a hole to form a doublet Zhang-Rice state (similar 
to the singlet state formed at the Cu site)132. The study of the impurity effect on the CuO2 planes 
gives a useful insight on the pairing mechanism.  

Apart from Ni and Zn, other transition metals are shown to partially substitute copper at the 
CRB and at the CuO2 planes (i.e. V, Co, Fe…), despite its preferential occupation at the CRB, as 
it will be described in Section 3.2.2. below. 
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 Substitutions in the Charge Reservoir Block (CRB) 

3.2.1. Sr by Ba substitution 

Sr by Ba substitution is possible at ambient pressure synthesis conditions up to x= 0.5 in Y(Ba1-

xSrx)2Cu3O6+δ.
133 The compounds are all orthorhombic, but a decrease on the unit cell volume is 

observed with increasing the Sr content for the same oxygen content. Similar to the Ln by Y 

substitution effect, the contraction is non-uniform, with a marked decrease in the apical distance 

but an increase on the intra-bilayer space between CuO2 planes across the Y-layers.  

The Tc is however decreased with increasing the Sr content, following the increase in the 

oxygen disorder in the CuOδ layers at the CRB. Contrarily to the preferential occupation of 

oxygen at the O4 position in the CRB in YBCO, the increase in the Sr content results in oxygen 

incorporation at both O4 and O5 positions133.  In the Y(Ba1-xSrx)2Cu3O6+δ phases 133, the oxygen 

disorder expressed as the O5/O4 relative occupancy ratio increases with increasing the Sr content 

from x=0 (O5/O4 ~3%) to x= 0.5 (O5/O4 ~9%) for the same oxygen content, though 

YBaSrCu3O6+δ continues to be orthorhombic. An analogue O-T transformation as the one 

observed for YBa2Cu3O6+δ takes place by lowering the oxygen content below δ ≈ 0.6 in 

YBaSrCu3O6+δ
133, instead of δ ≈ 0.4 for the all barium compound, reflecting the higher disorder 

in the YBaSrCu3O6+δ phase.  

Complete substitution of Sr by Ba can be attained by using high-pressure high-temperature 
conditions (~ 7 GPa and ~1400°C) in the presence of an oxidizing agent (i.e. KClO3)134. The 
resulting YSr2Cu3O6+δ (YSCO) is tetragonal (P4/mmm space group) and shows a high oxygen 
content (δ>0.8) 134,135. Despite the tetragonal symmetry, YSCO is superconducting with Tc= 60 
K. 

The tetragonal symmetry of the undoped YSr2Cu3O6+δ compound is understood as a 
consequence of a further increase in the relative O5/O4 occupancy within the CRB, that finally 
results in a O-T structural change by increasing the Sr content up to x=1 in Y(Ba1-xSrx)2Cu3O6+δ. 

The structure can be now described within the P4/mmm space group with only one equivalent O4 
oxygen possition in the CRB, as shown in Figure 14.  

The average Ba/Sr-O distance is expected to increase for the disordered oxygen distribution, 

as experimentally observed for YBa2Cu3O6+δ at the O-T transformation89. The large orthorhombic 

strain calculated for the hypothetical oxygen ordered YSr2Cu3O6+δ phase136, due to the smaller 

ionic radii of Sr compared to Ba, reinforces the oxygen disorder configuration to relax the Sr-

O4/O5 layers. The realization of Sr by Ba substitution seems therefore to require higher oxygen 

contents and more disordered configurations in the CRB, in order to release lattice mismatch 

between the CuO2 planes and the SrO rock salt layers.  

One of the more interesting consequences of the Sr by Ba substitution is the shortening of the 

apical distance. This has a strong influence in the charge distribution between the CRB and the 

SCB, resulting in higher doping levels at the CuO2 planes with increasing the Sr content in Y(Ba1-

xSrx)2Cu3O6+δ compounds, reaching high doping levels of pCuO2 > 0.20133,137.  The reduction of 

the Tc with the Sr content may be thus considered to arise from the shift towards the overdoped 
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region with increasing the Sr content, but the effect of the different structural configuration and 

oxygen ordering at the CRB may be also considered137. 

The shortening of the apical distance does also result in a higher flexibility of the CRB upon 
TM by copper substitution. The substitution of copper by transition metals with higher oxidation 
states stands as interesting approach to attain higher doping levels at the CuO2 planes, exploring 
the overdoped side of the phase diagram. Moreover, the different ionic radius, coordination 
geometries and oxidation state for the introduced TM cations allow to study the effect of the CRB 
on the transport properties.  

 

 

Figure 14. Crystal structure of the MSr2YCu2O7+δ compounds (right) resulting from Sr by Ba 
and TM by Cu substitutions in YBa2Cu3O6+δ (left). In MSr2YCu2O7+δ, there is only one equivalent 
O4 oxygen position within the CRB, attending to the tetragonal symmetry.   

 

 

3.2.2. TM by copper substitution: M-1212 cuprates 

Total or partial replacement of copper at the Cu1 positions in the CRB for other transition 

metals (TM) stands as a useful strategy to tune the charge transfer process and to extend the hole 

doping range in YBCO-type cuprates. These substitutions have been intensively explored in 

YBa2Cu3O6+δ,
138

 and not only transition metals but also anionic groups can substitute Cu at the 

CRB, for example carbonate139, nitrate140, borate141 and sulphate142 groups.  
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Figure 15. Periodic table showing the more relevant cationic substitutions for copper at the 
charge reservoir block in Cu1-xMxSr2RECu2O7+δ. The different colours indicate whether the 
resulting phases are superconducting (in red) or not (in green), while elements that can completely 
substitute copper at the CRB are squared. Elements marked in blue show preferential occupation 
at the Cu2 site within the SCB.   

 

Interestingly, the partial substitution of copper at the CRB by other elements stabilize the 

strontium-based RESr2Cu3-xMxO6+δ phases at ambient pressure conditions143,144. Many TM have 

been shown to partly substitute copper at the CRB, i.e. Ti, V, Cr, Fe, Co, Mo, Ru, W, Re, Ir 145–

148. Even complete Cu1 substitution is possible for some of them at ambient pressure (i.e. Fe, Co, 

Ru) 143,146,149. In Figure 15, the elements that substitute copper at the CRB maintaining a YBCO-

type structure for the resulting Cu1-xMxSr2RECu2O7+δ phases are highlighted. The phases that 

show superconducting (SC) properties are shown in orange, while those which are not 

superconducting (non-SC) are shown in green. The elements that can completely substitute 

copper in the CRB resulting in MSr2RECu2O7+δ phases are squared in red (SC) and green (non-

SC).  

 

Partial substitution 

 

Partial substitution of copper at the CRB for M= Ti, V is possible only in a narrow range of 
x= 0.2-0.3 in Cu1-xMxSr2YCu2O6+δ. After synthesis in air, the phases are tetragonal, with low 
oxygen contents of δ~ 0.5-0.6. These tetragonal samples are superconducting for both M= Ti and 
V, with Tc ~ 26 K and Tc ~ 15 K respectively. After a post-annealing treatment under high oxygen 
pressure (~ 40 MPa), the Tc in increases for M= Ti up to Tc ~ 58 K in the resulting 
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Ti0.3Cu0.7Sr2YCu2O6+δ phases, following the increase in  the oxygen up to δ~1. On the other hand, 
superconductivity is supressed after the high-pressure treatment in the vanadium case.  

The non-superconducting high-pressure-oxidized Cu1-xVxSr2YCu2O6+δ samples (x=0.2-0.3; δ 
~1) have orthorhombic symmetry and metallic properties. Orthorhombic phases are also obtained 
for M=Cr, with a similar solubility range of x=0.2-0.3; and these phases are neither 
superconducting. On the other hand, tetragonal phases belonging to the (Cu,Cr)Sr2Can-1CunO2n+3+δ 

(n=1-9) series150 can be prepared by high pressure–high temperature synthesis, which show 
superconducting properties.  

Despite no detailed characterization of the oxidation states/coordination geometries for the 
substituent M= Ti, V, Cr has been reported, high valences are expected for this early transition 
metals (i.e. Ti4+, V5+, Cr6+). The decrease in the critical temperature with increasing the 
substitution level and the requirement of higher oxygen contents for the appearance of 
superconductivity is thus understood from the increase in the charge at the CRB. 

For the transition metals of the second/third period like M = Mo, W, Re, high oxidation states 
are also expected. The resulting Cu1-xMxSr2YCu2O6+δ (M= Mo, W, Re) phases have low solubility 
limits of x<0.3 and are superconducting with Tc ~ 30 K after annealing in oxygen151. The oxygen 
contents are considerably high, with δ>1 in Cu1-xMxSr2YCu2O6+δ (M= Mo, W, Re; x = 0.2-0.3; δ~ 
1.3). From now on we will consequently refer to these phases as Cu1-xMxSr2YCu2O7+δ. 

The Mo substituted phases have centred special attention from the observation of a huge 
increase in the Tc up to ~ 86 K in Mo0.25Cu0.75Sr2YCu2O7+δ after high pressure oxygen treatment 
(i.e. ~5GPa/500ºC/KClO3)152. The oxygen content is increased up to δ~0.6 after the high-pressure 
oxidation, resulting in a high doping level at the CuO2 planes despite molybdenum is primarily 
as Mo6+ in the CRB. From a combined BVS and XANES study of the doping level at the CuO2 
planes, a striking value of pCuO2 ~ 0.45 is derived152,153, placing these superconducting Mo-1212 
cuprates in quite an overdoped regime from the conventional phase diagram (see Section 2.1.). 
The large doping level at the CuO2 planes is explained by a remarkably short apical distance of ~ 
2.15 Å, much smaller than that observed in optimally doped YBCO (~2.30 Å). 

The presence of superconductivity with a high Tc at such overdoping levels (where no 
superconductivity would be expected) indicates that Mo by Cu substitution at the CRB is strongly 
affecting the transport properties at the CuO2 planes.  

At first, it was suggested that the high polarizable (and probably metallic) CRB screens the 
long-range repulsive interactions at the CuO2 planes153, resulting in an increase in the Tc as 
suggested by Raghu et al87,154. Nonetheless, despite the overdoped level was confirmed by specific 
heat measurements, the superfluid density (i.e. the actual superconducting carrier concentration) 
as measured by muon spin rotation spectroscopy is what is expected for an optimal doping 
level155. It is then clear that not all the carrier condensate to participate in the superconducting 
state.  

The reason for the inhomogeneous electronic properties at the CuO2 planes may presumably 
rely on the CRB effect. The oxygen disorder in the CRB156 has been indeed shown to correlate 
with the Tc in the closely related Mo0.3Cu0.7Sr2TmCu2O7+δ phases67. Moreover, not only a partial 
condensation but also a reduced mobility of the holes in the normal state is inferred, resulting in 
a different correspondence between the normal to superconducting state transport properties67.  
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It then appears that the presence of highly valent Mo6+ cations in the CRB not only allows to 
reach high doping levels at the CuO2 planes but it also has a strong impact on the 
transport/condensation mechanism.  

 

Complete substitution: M-1212 cuprates 

 

Complete copper substitution at the CRB to give MSr2RECu2O7+δ (M-1212) phases is possible 
at ambient pressure for M= Al, Ga, Co, Fe, Ta, Nb.157–161  Using high-temperature high-pressure 
conditions, M-1212 phases with M= Ru, Cr, Ir can be also prepared148.  

Different coordination geometries for the introduced metals are observed, as shown in Figure 
16. For trivalent cations (M= Al3+, Ga3+) a tetrahedral coordination at the CRB is strongly 
favoured, resulting in MSr2YCu2O7 stoichiometries.  

For highly valent cations as Nb5+, Ta5+, Ru4+/5+, Cr4+, Ir4+ the preferred octahedral coordination 
at the CRB gives MSr2RECu2O8 stoichiometries. As it is described below, all these substitutions 
result in superconducting phases except for M= Nb, Ta, Cr, Ir. However, despite the absence of 
superconductivity, these M-1212 phases exhibit interesting magnetic properties as described 
below.   

 

 

 

Figure 16. Crystal structure of some representative M-1212 phases with different polyhedra 
at the CRB: (a) Cu-1212 with copper in square planar coordination, (b) Ga-1212 with tetrahedral 
[GaO4] units and (c) Ru-1212 with [RuO6] octahedra.  
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Non-Superconducting M-1212 phases  
 

M= Nb, Ta 

MSr2RECu2O8 (M= Nb, Ta; RE=Pr, Nd, Sm, Eu, Gd) phases can be prepared at ambient 
pressure conditions161, with [M5+O6]  octahedral units at the CRB. These Nb(Ta)-1212 phases do 
not show superconductivity but long-range antiferromagnetic ordering of copper at the SCB at 
TN~ 190 K (for RE= Pr). The magnetic ordering at the SCB suggests a low doping level at the 
CuO2 planes (i.e. with formal Cu2+ cations) to be at the origin of the lack of superconductivity.  

It is interesting the strong depression of the TN for NbSr2PrCu2O8 compared to NbBa2PrCu2O8 
(TN~ 340 K) and YBa2Cu3O6 (TN~420 K). The absence of magnetic coupling between the SCB 
and the CRB (hosting diamagnetic d0 Nb5+ cations) can explain the lower TN of Nb-1212 
compounds compare to YBCO. On the other hand, comparing Sr and Ba based Nb-1212 the 
decrease on the TN upon Sr by Ba substitution may rely on the concomitant structural changes, in 
particular, on the increase in the intra-layer Cu-Cu distance across the RE layers. 

 

M= Cr, Ir 

The Cr-1212 compounds, CrSr2RECu2O8 (RE = La,Pr,Nd, Eu, Gd, Dy, Ho, Er and Y), can be 
prepared via high temperature- high pressure synthesis (1300ºC/6-8 GPa)162, but none of the 
compounds are superconducting. Interestingly, chromium at the CRB shows its quite unstable 
Cr4+ oxidation state, contrarily to the related chromium containing (Cu,Cr)Sr2Can-1CunO2n+3+δ 

(n=1-9) series150 in which chromium is in its more stable Cr6+ state. From charge balance 
calculations, an extremely high formal copper oxidation state of Cu2.5+ at the CuO2 planes is 
derived.  

Indeed, a remarkably short apical distance of ~2.06 Å is found in these Cr-1212 phases. This 
shorter apical distance suggests Cr-1212 cuprates to be even more overdoped than the above 
discussed Mo0.25Cu0.75Sr2YCu2O7+δ phases. It is plausible to assume that the high doping level at 
the CuO2 planes prevent superconductivity in this Cr-1212 compounds, despite other factors may 
be playing a complementary role. In particular, the incoherent octahedral tilt observed for the 
[Cr4+O6] octahedra at the CRB results in a kind of disordered distribution sites for the apical 
oxygens.   

On the other hand, despite Cr-1212 cuprates are non-superconducting, signs of magnetic 
ordering at TN~ 130-150 K are observed in the susceptibility data. The scarcity of Cr4+ oxides 
deserves a wider study of these magnetic cuprates.   

The closely related Ir-1212, IrSr2RECu2O8 compounds, likewise prepared under high-pressure 
high-temperature conditions, also show interesting magnetic properties strongly dependent on the 
RE. While the IrSr2GdCu2O8 compound147 shows ferrimagnetic ordering of the Ir4+ and Gd3+ 
sublattices, in IrSr2TbCu2O8 only magnetic ordering of the Tb3+ sublattice is observed, undergoing 
a metamagnetic transition at low temperature163. Iridium cations are presumably as Ir5+. In the 
case of IrSr2RECu2O8 (RE = Eu, Sm) a cluster like spin-glass behaviour due to the coexistence of 
Ir4+ and Ir5+ cations164 is however observed. A marked effect of the RE in the charge distribution 
is inferred from the different magnetic behaviour observed in these Ir-1212 cuprates. 
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Superconducting M-1212 phases 

 
M= Al, Ga 

Complete replacement of copper at the CRB by M= Al, Ga can be attained at ambient pressure 
synthesis conditions, with a tetrahedral coordination for the trivalent Al3+ and Ga3+ cations at the 
CRB, giving MSr2YCu2O7 stoichiometries (Figure 16b). The high stability of the tetrahedral units 
prevents variation of the oxygen stoichiometry at the CRB.  

However, these samples are superconducting when proper hole doping levels are attained by 
Ca-doping (substituting Y3+ cations at the SCB), with maximum critical temperatures of Tc ~ 30 
K for M=Al157 and Tc ~70 K for M=Ga165. As it is shown below, cobalt also adopts a preferential 
tetrahedral coordination at the CRB.  

 

M= Fe, Co 

Both iron and cobalt have a wide solubility range in the YSr2Cu3O6+δ type structure145. 
Complete cobalt by copper substitution at the CRB is possible at ambient pressure, resulting in 
CoSr2YCu2O7 (Co-1212) phases143 in which Co3+ cations form tetrahedral chains at the CRB. As 
occur with the very related M-1212 (M= Al, Ga) phases, the as prepared samples are not 
superconducting. 

However, contrary to that observed in M-1212 (M= Al, Ga) cuprates, doping with Ca at the Y 
site do not induce superconductivity in Co-1212. In the resulting CoSr2Y1-xCaxCu2O7 (x ≤ 0.4) 
compounds159, the introduced holes are presumably trapped in the CRB, resulting a Co3+/Co4+ 
mixed valence state.  

More interestingly, after a high-pressure oxygen treatment (500ºC/5GPa/Ag2O2), the oxidized 
CoSr2Y1-xCaxCu2O7+δ (x ≤ 0.4; δ ~0.3) are superconducting with a maximum Tc~ 40 K166. The 
complementary role of both doping strategies is clear since no superconductivity is observed from 
Ca-doping or high-pressure oxygen treatments alone.  

Complete substitution of iron by copper in the charge reservoir block can be also realized at 
ambient pressure conditions. However, by increasing the iron content in FexCu1-xSr2YCu2O7+δ 

there is also a substantial increase in the iron substitution at the CuO2 planes. Consequently, a 
strong depression of the Tc is observed with increasing the iron content until complete 
suppression is observed above x > 0.35167.  

Nonetheless, superconducting FeSr2YCu2O7+δ samples can be obtained after a careful control 
of the iron distribution and oxidation degree. Superconductivity at Tc= 50-60 K is observed in 
FeSr2YCu2O7+δ (Fe-1212) after a first annealing in N2 atmosphere and a subsequent oxidation 
under high oxygen pressure 160,168. 

The reductive annealing lowers the iron occupation at the CuO2 planes, due to a preferential 
tetrahedral coordination for the Fe3+ cations at the CRB in the resulting FeSr2YCu2O7+δ (δ~0) 
phases169. The subsequent high-pressure-oxygen treatment increases the oxygen content up to 
δ~0.5.  
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M= Ru 

One of the more interesting examples of M-1212 type cuprates are the RuSr2LnCu2O8 (Ru-
1212) phases, which show coexistence of superconductivity (Tc ~15-45 K) and magnetic ordering 
at a higher Tm~ 135 K170,171.  These phases can be prepared at ambient pressure conditions only 
for Ln= Sm, Eu and Gd172, but high-pressure high-temperature conditions allow to prepare the 
Ru-1212 phase for the rest of the lanthanides173.  All the compounds are tetragonal, with 
octahedral [RuO6] units at the CRB as shown in Figure 16c.  

The magnetization measurements show a ferromagnetic behaviour of the Ru sublattice, with 
a magnetic moment of μ0(Ru)~ 1 μB. From this low magnetic moment, ruthenium was initially 
suggested to be as Ru5+ in low spin state (S=1/2) at the CRB. However, X-ray absorption 
measurements later revealed a mixed valence state Ru4+/Ru5+ (~ 40%/60%)174. This is consistent 
with the observation of superconductivity, with the transfer of holes from the CRB to the SCB 
resulting in a mixed valence state for copper at the CuO2 planes: 

RuV + 2CuII → (RuV)1-x(RuIV)x + 2(CuII)1-x/2(CuIII)x/2 

 

The microscopic coexistence of ferromagnetism associated to the RuO2 layers at the CRB, and 
superconductivity at the CuO2 layers in the SCB, makes Ru-1212 ruthenocuprates stand as an 
interesting system for studying the eventual interplay between magnetism and superconductivity 
in cuprates. 

However, the magnetic properties of Ru-1212 compounds are still controversial. The 
ferromagnetic ordering observed in the magnetization data is supported by electron spin 
resonance (ESR) measurements, which indicate a ferromagnetic coupling between the Ru ions, 
with the magnetic moments lying in-plane (along the base of the octahedra). However, from 
neutron diffraction studies, a G-type antiferromagnetic structure with the spins lying along the 
stacking direction has been deduced. Two different models have been proposed to explain these 
contradictory experimental observations:  a canted AFM structure which may result in a small 
ferromagnetic component along the basal plane175, as well as a A-type AFM structure comprising 
in-plane ferromagnetic coupling at the RuO2 layers but and AFM coupling along the stacking 
direction176.  

What seems to be well accepted is that the magnetic interactions are not affected with the onset 
of the superconducting interactions, suggesting these that the two phenomena are independent in 
the Ru-1212 cuprates. Nonetheless, the unambiguous determination of the magnetic structure 
would be desirable for a correct interpretation of the complex functionality of these 
ruthenocuprates.  

As it is briefly described below, there are only few examples of coexistence between 
superconductivity and magnetism at the microscopic level. Therefore, the search for new 
examples of magnetic superconductors still retain a great interest. 
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4. Magnetism and Superconductivity: a complex relationship  

Magnetism and superconductivity have been traditionally considered as two antithetical 
properties because of the strong depression of the Tc with the presence of magnetic impurities in 
pure elements and binary compounds. The exchange interaction between the local magnetic 
moments and the conduction electrons is behind the strong pair-breaking effect of magnetic 
impurities.  

On the other hand, unconventional superconductors (heavy fermions, cuprates, IBSC, organic 
salts) are characterized by an intricate interplay between magnetism and superconductivity. The 
exchange of collective excitations in the spin channel, commonly called spin fluctuations, is 
indeed proposed to be the more plausible mechanism for HTSC. A universal correlation between 
the Tc and the energy scale for the spin fluctuations in unconventional superconductors at least 
englobe all of them177. Considering low energy spin fluctuations to play a role in the establishment 
of the superconducting interactions, it stands interesting to probe the interplay between long range 
-magnetism and superconductivity within the same material. 

In conventional (BCS type) superconductors, there are several examples of magnetic 
superconductors: RMo6S8 Chevrel phases178, RRh4B4 borides and RNi2B2C quaternary 
borocarbides179; RE being a rare earth element.  In all these cases the magnetic ordering is 
associated to the f-electrons of the RE elements, while superconductivity arise from conduction 
electrons contributed by the transition metals.  

In both RMo6S8 and RRh4B4 magnetic superconductors, the magnetic ordering within the RE 
sublattice is established through dipole-dipole interactions, lessening the pair-breaking effect due 
to exchange interactions180. Superconductivity and magnetism are therefore quite independent. 
On the other hand, in quaternary borocarbides there is strong evidence of magnetism arising 
through Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions, implying conduction electrons to 
take part in both superconductivity and magnetism181. Rich physical properties emerge from the 
interplay between magnetism and superconductivity in all these materials, still devoting large 
research efforts182. 

In the case of unconventional superconductors, UGe2, URhGe and UCoGe heavy fermions do 
also show ferromagnetic (¡) long range ordering coexisting with superconductivity183. 

Among cuprates, long-range magnetic ordering associated to the RE cations is also observed 
in REBa2Cu3O6+δ compounds (R=Nd, Sm, Gd, Dy, and Er)184 with low TN < 2 K.  Dipole-dipole 
interactions are explained to allow magnetic ordering at the RE site with no interplay with the 
superconducting properties. 

The only other example of coexistence of long-range magnetism and superconductivity is 
found in the RuSr2RECu2O8 (Ru-1212) cuprates described in the previous section, in which 
superconductivity is also claimed to be not affected by the magnetic ordering. However, the 
remaining controversy about the magnetic properties of Ru-1212 magnetic superconductors 
leaves room for doubt. 

In this thesis, we consider the substitution of iron by copper to give related FeSr2YCu2O7+δ 
phases as a promising route searching for new magnetic superconductors within cuprate-type 
materials.  
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5. Objectives 

General objectives 

 

The general objective of this thesis is, then, to evaluate the effect of iron by copper substitution 
in FexCu1-xSr2YCu2O7+δ cuprates. Through a careful analysis of both the iron location in the 
structure and its oxidation state, we aim to stablish structure-hole distribution-Tc relations in the 
resulting Fe-1212 cuprates. 

Two key factors sustain the special interest of Fe by Cu substitution. First, from the possibility 
of attaining high oxidation states for iron cations at the charge reservoir block (i.e. > 3), we expect 
this system to allow us studying the overdoped region of the phase diagram. Moreover, we 
anticipate the stabilization of high valent Fe4+ cations to bring further electronic complexity into 
these ferrocuprates. In particular, a possible interplay between magnetism and superconductivity 
will deserve a special interest. 

 

Specific objectives 

 

First, the solubility of iron in the YSr2Cu3O6+δ compound and the iron substitution site, 
coordination, and oxidation state in FexCu1-xSr2YCu2O7+δ compounds (0.25 ≤ x ≤ 1) are revisited. 

For selected compositions, the structural changes that follow Fe by Cu substitution at the 
charge reservoir block are connected with the resulting magnetic and electric properties. In 
particular, in order to study the effect of iron substitution on the superconducting properties of 
FexCu1-xSr2YCu2O7+δ cuprates, the samples have been oxidized in different atmospheres.  

For the preparation of highly oxidized compounds, with high valent Fe4+ cations, we rely on a 
topochemical approach, i.e. ozone annealing at low temperature.  

For fixed iron substitution levels, we have evaluated the structural evolution by varying the 
oxygen content at the CRB. A complementary electronic characterization has been performed to 
analyse the charge distribution between the CRB and the SCB, and its effect on the eventual 
superconducting properties. For the combined structural and electronic characterization, 
complementary experimental techniques have been used: transmission electron microscopy, X-
Ray and neutron diffraction, X-Ray absorption spectroscopy and Mössbauer spectroscopy.  

Besides, the magnetic properties of these ferrocuprates have been addressed in detail, 
combining both spectroscopic and diffraction techniques (i.e. Mössbauer spectroscopy and 
neutron powder diffraction), as well as magnetization measurements. The possible interplay of 
magnetic and superconducting properties has been approached by means of muon spin rotation 
spectroscopy.  
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1. Sample preparation 

1.1. Ceramic method 

Polycrystalline samples of nominal composition FexCu1-xSr2YCu2Oy (0.25 ≤ x ≤ 1) were 
synthesized by the conventional ceramic method, using as starting products Fe2O3 (Aldrich 
99.99%), CuO (Aldrich 99.9999%), Y2O3 (Aldrich 99.9%) and SrCO3 (Aldrich 99.9%). Y2O3 is 
decarbonated at 900ºC/12h and SrCO3 dehydrated at 300ºC/12h before weighting.   

The precursor powders are weighted in the stochiometric relation and ground in an agate 
mortar until an intimate mixture is obtained.  The mixture is subjected to an initial treatment at 
900 ºC for 12 hours in air. The obtained product is ground, pressed into pellets and subjected to 
several treatments in the range 980 -1050 ºC for 72h in air, with intermediate grindings.  

When required, a subsequent annealing is carried out in a tubular furnace at 750ºC for 24h 
under flowing N2. Oxidation under flowing O2 is performed in a similar tubular furnace at 500ºC 
for 48h but, in this case, the samples are cooled down at a 1ºC/min rate maintaining the gas 
flowing. 

 

1.2. Ozone oxidation 

Ozone (O3) is a strong oxidizing agent, which allows one to use lower temperatures than 
usually required for the oxidation of solids (i.e. < 400ºC).  

Ozone has been previously used to oxidized superconductors in thin film form1,2, and the 
advantage of using this low temperature topochemical oxidation have been also demonstrated in 
the stabilization metastable oxides. A particularly illustrative example is the preparation of the 
cubic BaFeO3 perovskite via ozone oxidation at low temperature of the Ba2Fe2O5 brownmillerite3. 
On the other hand, high temperature oxidation results in the hexagonal perovskite. Indeed, ozone 
oxidation has been proved to be particularly effective in obtaining highly valent iron oxides (i.e. 
containing Fe4+ cations)4.  

In this thesis, for the ozone oxidation, we generate ozone in-situ using a BMT 803N ozone 
generator. Pure oxygen in passed through the ozone generator, which generates ozone through a 
single dielectric corona discharge process. The ozone generator is connected to an external power 
supply. The output gas is ozone enriched oxygen (ca. 10% vol). We have used two different 
procedures for the ozone oxidation, implying different temperatures and times for the annealing. 

 

Conventional annealing in flowing ozone: 

As shown in Figure 1, the sample is placed in a tubular furnace, and the ozone containing 
oxygen is flowed through it continuously during the thermal treatment. The ozone coming out 
from the tubular furnace is passed through a gas washing bottle containing an aqueous KI solution.  
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Figure 1. Schematic representation of the experimental setup for the ozone oxidation in a 
tubular furnace. For a more detailed view of the ozone generation setup see Figure 2 (1-4). 

 

 

Ozone is neutralized according to: 

 

2KI + O3 + H2O ⟶ I2 + O2 + 2KOH 

 

The aqueous KI solution, initially colourless, turns dark orange/brown with the presence of 
iodine, thus allowing to check the effective ozone generation. The sample is subjected to a thermal 
treatment at 300ºC for 24h under a 25 mL/min gas flow. 

 

 

Short-time oxidation with cold-ozone:  

 

Another methodology was used to reduce both the temperature and the time of the oxidation 
treatment. As shown in Figure 2, the idea is flowing cold ozone in order to minimize its thermal 
decomposition to oxygen, while the sample is heated in order to allow anion diffusion within the 
crystal.  

The powder sample is dispersed in ketone and deposited in a Pyrex capsule.  The capsule is 
heated using a heating plate while ozone is flowed on the surface of the Pyrex capsule, and thus 
kept cold until it reaches the sample surface. 

In this experimental setup ozone is liberated without a neutralizing step and, therefore, the 
whole process must be performed in a fume hood, as shown in Figure 2. The different parts of 
the experiment are labelled by numbers: (1) oxygen source; (2) ozone generator, connected to an 
external power supply – (3)-; (4) flowmeter to control de ozone flow over the (5) Pyrex capsule 
containing the sample, placed over a heating plate. 

The sample is subjected to a thermal treatment at 200ºC for 2h under a 50mL/min gas flow. 
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Figure 2. Experimental setup for the oxidation using cold ozone. See text for description of 
the main parts of the setup. 

 

2. Structural characterization 

2.1. X-Ray Diffraction 

Initial characterization of the samples was performed by X-Ray Diffraction (XRD), available 
at the “Centro de Asistencia a la Investigación (CAI)-Difracción de Rayos X” at UCM, using a 
Siemens D 5000 (Bruker) diffractometer operated in Bragg- Brentano geometry using Kα1/Kα2 
radiation (45 kV and 40 mA). Quick scans of 20-30 minutes were collected in an angular range 
of 5 º ≤ 2θ ≤ 90 º with a step size of 0.04º for initial phase identification. For a more precise 
determination of the crystal symmetry and cell parameters, additional characterization was 
performed using a PANanalytical X'pert POWDER diffractometer, which use monochromatic Cu 
Kα1-radiation (λ=1.5406 Å). Diffraction patterns were taken between 5° ≤ 2θ ≤ 120 º with a step 
size of 0.017º. The recording time was variable in function of each sample until the number of 
counts for the highest peak was not lower than 2x104 counts. 

The XRD patterns were refined using the FullProf software5. Usually, only a LeBail fitting6,7 

was performed, while Rietveld refinement was carried out using the neutron powder diffraction 
data. 

2.2. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a powerful and versatile technique for 
characterizing materials. This technique is based on the interaction of a focused electron beam 
with a thin sample. The local interaction, confined to the beam spot size, allow to characterize the 
materials at the micro(nano)-scale.  The possibility of characterizing the microstructure make 
TEM analysis complementary to the average structural information obtained from bulk diffraction 
techniques (i.e. X-Ray or neutron diffraction).  
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Figure 3. (a) JEOL JEM2100 microscope available at the Centro Nacional de Microscopía 
Electrónica (CNME) (b) Schematic representation of the different processes occurring from the 
interaction of the sample with the electron beam (see text).  

 

In Figure 3, the main processes induced by the electron beam are indicated. Absorption, 
transmission, and scattering (elastic and inelastic) effects are observed, but also backscattered, 
secondary and Auger electrons are emitted, as well as X-rays. Any of these interactions can be 
used to obtained complementary information about the sample. Among the associated techniques, 
in this thesis we have performed high-resolution imaging, electron diffraction and spectroscopic 
techniques, as indicated by green squares in Figure 3. 

High Resolution Transmission Electron Microscopy (HRTEM) and Selected Area Electron 
Diffraction (SAED) are two of the more extended TEM techniques, both relying on the 
information given by electrons transmitted through the sample. In particular, the electrons that 
undergo elastic scattering are those which are analysed. The condition for coherent elastic 
scattering for a given {hkl} family (i.e. diffraction condition) is given by the Bragg´s law.  

The diffraction spots appearing in the SAED patterns correspond to a family of planes 
satisfying the diffraction condition at a given orientation, for a single crystalline domain.   The 
reciprocal space can be reconstructed by acquiring SAED patterns for a crystallite along different 
orientations (zone axis). On the other hand, the imaging mode rely on the same interaction but 
works on the real space, SAED and HRTEM being related by the Fourier transform. The HRTEM 
images give therefore additional information about the periodicity of the crystal (crystallographic 
distances and angles) as well as valuable information about the presence of extended defects.  

Also, the electrons that undergo inelastic scattering when transmitted through the sample can 
be used to obtain information about the electronic structure of the material. The basic principles 
behind electron energy loss spectroscopy (EELS) technique are described in more detail in 
Section 3.2. 
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Scanning transmission electron microscopy (STEM) allows a further resolution level when 
combined with aberration corrected condensed lens. There are two main modes of imaging, using 
electrons scattered at different angles respect to the direct beam.  HAADF-STEM (High Angle 
Annular Dark Field - Scanning Transmission Electron Microscopy) use high angle scattered 
electrons while ABF-STEM (Annular Bright Field - Scanning Transmission Electron 
Microscopy) use electrons scattered at low angles. In HAADF-STEM images, the contrast is 
proportional to the atomic number, the heavier atoms appearing brighter than the lighter ones8,9. 
However, as the contrast is proportional to Z2, the lighter atoms (i.e. oxygen) are not visible as its 
contrast is overwhelm by the heavier cations. The anionic sublattice in oxides can be however 
visualized through complementary ABF-STEM images.  Electrons are scattered at higher angles 
as Z increases and therefore contribution of heavier atoms are minimized in ABF-STEM images 
which use low-angle electrons, allowing to visualize the lighter atoms 10,11.  

Our TEM studies were performed at the Centro Nacional de Microscopía Electrónica 
(CNME). Selected area electron diffraction (SAED) patterns were taken in a JEOL JEM2100 
microscope operating at 200 kV with a double tilt (±45°) goniometer. In the same microscope, 
energy-dispersive X-ray spectroscopy (XEDS) microanalysis can be performed to analyse the 
sample composition with an OXFORD INCA microanalysis system.  

High resolution transmission electron microscopy (HRTEM) images were taken in a field 
emission gun (FEG) microscope JEOL JEM 3000F operating at 300 kV, provided with a double 
tilt (±20°) goniometer and point resolution 0.17 nm. 

Electronic characterization of the samples was approached by means of electron energy loss 
spectroscopy (EELS) in the JEOL JEM 3000F microscope, which has an ENFINA spectrometer 
with an energy resolution of 1.2 eV.  

Scanning-Transmission Electron Microscopy (STEM) images were collected in a JEOL JEM 
ARM200cF microscope with corrected aberration in the condenser lens providing atomic 
resolution. This microscope, provided with a digital X-ray mapping, operates at 200 kV and has 
a point resolution of 0.08nm in STEM mode. EELS mapping was performed with a collection 
semiangle β ≈ 30 mrad, a dispersion energy of 0.5 eV/channel, and collection time for each 
spectrum of 0.09 seconds using a GIF Quantum-ER spectrometer. In all the experiments, the 
powder samples were dispersed in 1-butanol and deposited in carbon coated copper grids.  

 

2.3. Neutron diffraction 

Neutron diffraction relies on the elastic scattering of a neutron beam with the atoms of the 
sample, being thus governed by the same rules for diffraction as X-Rays. However, despite 
neutrons beams have similar wavelengths to conventionally used X-Rays beams (i.e. on the range 
of the interatomic distances in a solid), the uncharged nature of the neutrons promotes its 
interaction with the nuclei of the atoms, instead of being scattered by the electronic cloud as 
occurs with X-rays. Therefore, the dispersion is not given from the electronic density as in XRD, 
but is determined by the coherent cross section12. This makes scattering from both heavier and 
light atoms considerable in NPD, allowing a precise determination of the anionic sublattice in 
oxides. 
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Figure 4. (a) D2B and (b) D20 diffractometers located at ILL. (a) 1-Shielding of the thermal 
beam; 2-Collimator of the incoming monochromatic beam; 3-Sample position; 4-Multidetector; 
5-Sample table (ω rotation) and 6-Air cushion (2θ rotation). (b) 1-Anti-backgroung shielding 
walls; 2-Sample position; 3-Detector (microstrip gas-chamber assembly); 4- neutron beam; 5- 
Monochromator and 6- rails allowing rotation of the diffractometer around the monochromator 
axis 

 

Moreover, neutron does have a magnetic moment, allowing the determination of magnetic 
structures through neutron-spin interactions13. The possibility to characterize both the nuclear 
structure (including the anionic sublattice) and the magnetic structure make NPD stand as one the 
most valuable techniques for characterizing functional oxides.  

In this thesis, the neutron diffraction experiments have been performed in the Institut Laue - 
Langevin (ILL) at Grenoble (France). Two different instruments have been used for structural and 
magnetic characterization, respectively, attending to the technical features of each instrument (i.e. 
optimal wavelength, resolution, flux). 

The structural determination was carried out through the Rietveld refinement of high-
resolution data acquired at the D2B instrument (Figure 4b). Long scans were collected at room 
temperature in the 4 º - 160 º 2θ range with a step-width of 0.05 º using a neutron wavelength of 
λ = 1.594 Å. Additionally, for the samples showing long range magnetic ordering at low 
temperature, scans were collected at several temperatures in the range 4-300 K in order to discard 
structural transitions at low temperature.  

For the determination of the magnetic structures, that require measuring at longer wavelengths, 
additional NPD data were collected using the high-intensity D20 instrument, provided with a large 
one-dimensional multidetector (see Figure 4b). Thermal scans were collected in the range 4-300 
K to determine the magnetic critical temperature and additional long scans were collected above 
and below the magnetic transition. These measurements were collected with a λ = 2.4 Å radiation 
in the range 4 º - 140 º with a step size of 0.1 º.  

For all the measurements, powder samples (~ 1g each) were placed in vanadium cans. A 

standard He cryostat was used for the low temperature measurements.  The Rietveld6,7 refinement 

of the NPD data was performed using the FullProf software5, and the symmetry analysis for the 
determination of the magnetic structures was done using BASIREPS13,14. 
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3. Electronic characterization 

3.1. X-Ray Absorption Spectroscopy (XAS) 

X-Ray Absorption Spectroscopy (XAS) is a widely used technique that allows characterization 
of the electronic structure of the absorbing atoms, as well as their chemical environment15,16. Due 
to the versatility on the sample conditions (not only crystalline samples but also disordered or 
amorphous materials, as well as solutions) XAS is applied to a wide range of scientific fields. 
Also, in material science, this technique is suitable for in-situ experiments17,18.  

XAS rely on the excitation of core-level electrons to empty states near the Fermi level, through 
the well-known photoelectric effect. The absorption requires the energy of the incoming photons 
to be above the binding energy for the core level (Figure 5a), and the electronic transition to 
satisfy the dipole selection rules. The excitation energy will thus depend on the chemical nature 
of the absorbing atom and, therefore, for XAS measurements one needs an intense and energy-
tunable source of X-rays; a requirement that is best satisfied by using synchrotron radiation. The 
absorbing atom can be selected by tuning the X-ray energy to the absorption edge of the element 
of interest and, consequently, XAS is an element selective technique.  

The X-Ray absorption probability is given by the Beer´s law: 

𝐼 = 𝐼 ·  𝑒 ( )·  

Where I0 and I are the intensity of the incident and transmitted X-Ray beam (see Figure 5b), 
respectively, and x is the sample thickness. The absorption coefficient μ(E) is the magnitude of 
interest in XAS. A XAS spectra is indeed the energy dependence of μ(E) at and above the binding 
energy of the particular core-level of interest for a given absorbing atom. μ(E) is measured as the 
intensity loss of the X-Ray beam when transmitted though the sample as μ(E) α log (I0 /I). 

 

 

Figure 5. (a) Schematic representation of the X-Ray absorption effect, given the photon 
energy to be greater than the binding energy for the 1s level.  (b) Representation of a XAS 
measurement in transmission geometry, based on the difference in intensity between the incident 
(I0) and the transmitted X-ray beam (I) for a sample with a x thickness. 
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Figure 6. XAS spectra of a magnetite Fe3O4 sample measured at the BM25A beamline at the 
ESRF in transmission geometry. The absorption edge is indicated by a dashed line and the 
XANES and EXAFS energy regions of the spectra are indicated in the upper part.  

 

The absorption coefficient μ(E) depends on the atomic number and atomic mass of the 
absorbing atom, the sample density and on the photon energy. Therefore, in addition to a correct 
selection of the energy range for the absorption, the thickness and density of the sample need to 
be also optimized.  

In our particular case, we were interested in the iron oxidation state, so we selected the energy 
range for measuring the Fe K-edge, located at around ~7110-1130 eV, corresponding to 1s→3p 
transitions. 

A typical XAS spectrum at the Fe-K edge is shown in Figure 6, normalized after subtracting 
the background contribution using a Spline function as implemented in the Athena software19.  

A sharp increase in the absorption is observed at the absorption edge, corresponding to the 
ionization threshold. The energy position of the edge is very sensitive to the changes in the 
oxidation state, with an expected displacement toward higher energies as the oxidation state of 
the absorbing atom increases20. Small pre-edge features are also often observed in transition metal 
oxides (at energies slightly below the edge), arising from contribution of d states. 

There are two main techniques associated to XAS measurements, depending on the energy 
range of the spectrum used for the analysis.   The X-ray absorption near edge structure (XANES) 
region covers an energy range from 10 eV before up to 50 eV above the edge. This region contains 
information about the electronic structure around the Fermi level, but the analysis requires a 
complex modelling considering multiplet and charge transfer effects15. 

 Usually, as it is described below, the XANES region is used for determining oxidation states 
and coordination features from comparison with reference samples.  
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Figure 7. General view of the experimental hutch at the BM25A beamline showing the 
experimental setup for the XAS measurements. The Si <111> monochromator (1) and the three 
ionization chambers (2) are indicated, following the beam direction. The positions for the foil 
used as reference (1) and for the samples (2) are squared in red. (b) Sample holders used for XAS 
measurements of samples in powder form.  

 

 

On the other hand, the Extended X-ray absorption fine structure (EXAFS) region extends 
from 50 eV to 1000 eV above the absorption edge. At these higher energies, the excited electrons 
are ionized with substantial kinetic energy.  The oscillations observed in this region arise from 
scattering of the outcoming electrons with the surrounding atoms and thus give valuable 
information about the local structure around the absorbing atom (i.e. coordination number, 
distances, and chemical nature of the surrounding neighbours).  

In this work, XANES measurements were performed at the branch A of the CRG BM25A 
SpLine Beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble 
(France).21,22 

This branch is located on the soft edge of the D25 bending magnet with a critical energy of 
9.7 keV and energy resolution of ΔE/E ~ 1.5 × 10-4. The X-ray energy ranges between 5 and 45 
keV and the flux is of the order of 1012 photons/s (for a 200 mA ring current). For the XAS 

measurements in transmission geometry, two identical gas filled ionization chambers are placed 
just before and after the sample (see Figure 7a), in order to measure the intensity of the X-Ray 
beam. A third ionization chamber is located just after the monochromator so as to measure 
simultaneously a reference sample (an Fe-foil in our experiments) for the calibration of the edge 
position. 

The powder samples were mixed with cellulose and pressed into pellets. The optimal 
sample/cellulose ratio was calculated in order to obtain an optimum absorption coefficient, 
considering the thickness of the resulting pellet. The pellets were wrapped to the sample holders 
using kapton (which is transparent to X-rays), as shown in Figure 7b. 
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Figure 8.  XANES spectra for (a) conventional iron oxides used as a reference and (b) 
additional spectra for Sr2Fe2O5 (in black) and SrFeO3 (in red) samples, measured in transmission 
geometry at the BM25A beamline (ESRF). 

 

The main purpose of the XAS measurements in this work was the accurate determination of 
the oxidation state of iron in different FexCu1-xSr2YCu2Oy (x = 0.5,1) samples. The determination 
of the oxidation state by means of XANES is usually approached by comparison with reference 
patterns. In our case, several iron oxides with different iron oxidation states and coordination were 
measured. The experimental XAS spectra are shown in Figure 8a.  

The expected displacement of the absorption edge toward higher energies is observed with 
increasing the iron oxidations state23, for example from Fe~2+ in FeO to Fe3+ in α-Fe2O3 and γ-
Fe2O3. The threshold energy for the absorption edge (E0) was determined selecting the second 
maximum observed in the derivative of the XAS spectra.  

Additionally, as we expected to obtain iron oxides with highly valent iron cations (i.e. > 3+), 
two additional samples were prepared as reference for the Fe3+ to Fe4+ oxidation. In the Sr2Fe2O5 
brownmillerite, iron is present in the Fe3+ oxidation state in two different coordination geometries, 
octahedral and tetrahedral. Oxidation of Sr2Fe2O5 under high-pressure high-temperature 
conditions in the presence of an oxidizing agent gives the SrFeO3 perovskite, with iron in a formal 
Fe4+ oxidation state4 in octahedral coordination.  

The experimental spectra for these two additional reference samples are shown in Figure 8b. 
The resulting values of Eo as a function of the oxidation state (O.S.) for the different iron oxides 
used as reference are shown in Figure 9. A least square fitting gives the following calibrating 
line: 

𝐸 (𝑒𝑉) = 4.21 (𝑂. 𝑆. ) + 7112.1  

The oxidation state for the FexCu1-xSr2YCu2Oy (x = 0.5,1) samples studied in this thesis are 
calculated by interpolation in this line, the accuracy in the oxidation state being of the order of ~ 
(±0.06), considering the instrumental resolution and the error associated to the fitting procedure.  
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Figure 9. Least-square fitting of the threshold energy (Eo) of the absorption edge as a function 
of the iron oxidation state for different iron oxides. 

 

3.2. Electron Energy Loss Spectroscopy (EELS) 

Electron energy loss spectroscopy (EELS) is also a powerful tool in determining the oxidation 
states of transition metals 24. The fundamental principle is analogue to XAS, but the excitation of 
the core-level electrons is in this case induced by an electron beam, instead of using X-rays. EELS 
experiments are commonly performed in transmission electron microscopes25 provided with 
proper spectrometers. 

EELS-TEM consist on the analysis of the electrons that undergo inelastic scattering process 
when transmitted through the sample (see Figure 3b in Section 2.2.), and the loss of energy of 
the outcoming electron is related to the binding energy of the excited electron, as it occurs in 
XAS.  

When performing an EELS experiment in TEM mode, the energy range of the electron beam 
allows one characterizing the L-edges of most transition metals. The L3,2-lines correspond to 
transitions from the p core level into unoccupied d states i.e. 2p →3d, and thus give valuable 
information about the oxidation state of the TM. The most commonly used method for the 
determination of the oxidation states by means of EELS is the so-called white-line ratio 26 i.e. the 
relative intensity of the L2 and L3 lines. This method has been successfully applied for V, Fe and 
Mn containing oxides27, but as occur in XAS, it requires having appropriate reference samples.  

EELS-TEM also allow measuring the oxygen K-edge, of special interest in cuprate 
superconductors24,28. In this thesis, we have performed EELS experiments at the Cu-L3,2 edge and 
the O-K edge, in order to estimate the hole doping level in the superconducting planes for the 
different FexCu1-xSr2YCu2Oy (x = 0.5,1) samples. However, the Cu-L2 edge usually shows a low 
intensity, complicating the application of the White-line ratio methodology. Instead, we have used 
an alternative approach developed by Karpinnen et al.29. The oxidation state of copper is 
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determined by deconvolution of the Cu-L3 edge into two Gaussian components centred at ~931.2 
eV and ~933 eV, associated to the Cu2+ and Cu3+ formal oxidation states, respectively. 

In the present work, EELS measurements at the Cu−L3,2 and O−K edges were performed using 
an ENFINA spectrometer fitted to the JEOL JEM 3000F microscope. The spectra were collected 
in the diffraction mode with a dispersion of 0.1 eV/channel, a collection angle of β ~ 5.4 mrad 
and for 1.5 s of acquisition time. The crystals were oriented out of any main zone axis. 

 

3.3. Mossbauer spectroscopy 

The Mössbauer effect30 is based on the recoil-free resonant absorption of γ radiation by a 

nucleus embedded in a solid matrix. For the resonant absorption to occur, the energy of the γ-rays 
may correspond to allowed nuclear transitions of the absorbing atom. 

In the particular case of 57Fe-Mössbauer spectroscopy31, the γ source is a radioactive 57Co 
nucleus, which decay into 57Fe emitting γ radiation. The radiative process imply several 
intermediate excited states for the 57Fe nucleus and, in particular, it is the last conversion process 
from 57Fe (I=3/2) to the final 57Fe (I=1/2) state the one which emits γ-rays with the appropriate 
energy for the resonant absorption (14.41 KeV). These γ-rays can be absorbed by the 57Fe nucleus 
in our sample, undergoing a nuclear transition form I=1/2 to I=3/2 states.  

The nuclear states are strongly affected by the electron density, its energy being modified by 
the oxidation state and the chemical environment of the atom. In principle, if the energy level for 
the nuclear state of the 57Fe nucleus in our sample changes, it will prevent the resonant absorption. 
The energy of the γ-rays needs to be modulated in order to be able to capture the modification of 
the nuclear levels. In the experimental setup for the Mössbauer measurement this is attained by 
using the Doppler effect. The relative movement of the source respect to the sample, as shown in 
Figure 10, modulates the energy of the γ-rays.  

 

 

Figure 10.  Schematic representation of the experimental setup for the Mössbauer 
measurements.  
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Figure 11.  Hyperfine interactions and the 57Fe-Mössbauer spectra. The different nuclear 
transitions resulting from electric quadrupole and magnetic interactions are indicated. The isomer 
shift (I.S.), quadrupole splitting (Q.S.) and hyperfine field (H.F.) parameters are identified in the 
associated spectra.   

 

The Mössbauer spectra comprises a series of measurements of the γ-ray intensity for different 
velocities of the source, that is, for different energies around the resonant condition. When the 
resonance is achieved for a given velocity, the absorption of the γ-rays by the 57Fe nucleus at the 
sample results in a minimum in the recorded intensity at the detector.  

As shown in Figure 11, the Mössbauer spectra can show different line shapes depending on 
the chemical environment of the absorbing atom. In the simpler case, when the electronic density 
at the 57Fe nucleus in our sample has a spherical distribution, only one single minimum is observed 
in the spectrum. On the other hand, when the electronic density around the nucleus has a non-
spherical distribution, the electric field gradient result in a quadrupolar splitting of the exited I=3/2 
nuclear state. There are now two possible transitions, and a doublet is observed in the Mössbauer 
spectra. Furthermore, if there is an internal magnetic field in the sample, the nuclear levels are 
further splitted because of the Zeeman effect. As sown in the left side in Figure 11, in a 
magnetically ordered state there are six possible transitions and the spectra show a sextet-pattern.  

There are three key parameters describing the effect of the chemical and magnetic environment 
in the Mössbauer spectra32:  

 

× Isomer Shift (I.S.): the isomer shift reflects the shift in energy of the nuclear levels. The 
change on the s- electron density at the nucleus is behind the energy shift, and the I.S. thus 
gives information about the oxidation state of the iron cations in our sample. The I.S. 
decrease as it does the electron density, corresponding to higher oxidation states for iron. 

 

× Quadrupole Splitting (Q.S.): the electric field gradient Vzz resulting from a non-spherical 
distribution of the electronic density splits the nuclear levels, being Q.S. (= ½ e Q · Vzz) 
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the magnitude of the energy separation. As the electronic distribution is mainly determined 
by the ligand crystal field effect, the Q.S. gives valuable information about the 
coordination geometry of the absorbing atom. While a regular octahedral coordination 
results in a spherical charge distribution (Q.S.=0), tetrahedral geometries result in high 
Q.S. values. 

× Hyperfine field (H.F.): the Zeeman splitting occurring in the presence of magnetic fields 
results in a sextet pattern in the Mössbauer spectra, allowing to identify the presence of 
internal magnetic fields in the sample. The magnitude of the splitting, measured by the 
hyperfine field, is proportional to the magnetic moment at the 57Fe nucleus.  

 

As derived from the above, Mössbauer spectroscopy gives valuable information about the 
coordination, the oxidation state and the magnetic interactions in samples containing Möosbauer 
active cations. The high energy resolution and its element selective character reinforce the interest 
of this spectroscopic technique.  

In this work, Mössbauer measurements have been performed in a conventional Mössbauer 
spectrometer at the Universidad Autónoma de Madrid (Departamento de Química Física 
Aplicada). The 57Fe Mössbauer spectra were recorded using two 57Co (Rh) γ-ray sources mounted 
on both ends of an electromagnetic transducer operated in the triangular mode. One of the sources 
was used for energy calibration respect to α-Fe (6mm) foil. The spectra were obtained at 4.2 and 
300 K. An external magnetic field of 5 T was applied parallel to the γ-ray direction using an 
Oxford Spectromag 4000 M system.  

The NORMOS program33 was used for nonlinear fit of the Mössbauer data, with the isomer 
shifts referred to the α-Fe foil used for energy calibration. To avoid saturation effects and to 
optimize the signal-to-noise ratio, a sample thickness of 10 mg of natural Fe/cm2 was employed 
using a boron nitride sample holder. 

 

3.4. Muon spin rotation spectroscopy (μSR) 

All matter is composed up of a few elementary particles, classified into two main groups 
according to the standard model: quarks and leptons. Quarks are not independent but are always 
found combined to form more complex particles. For example, neutrons and protons are made up 
of three quarks each, bounded together by gauge bosons (i.e. gluons). On the other hand, electrons 
are leptons, and are thus indivisible and independent elementary particles. These stable particles, 
which compose everyday matter, belong to the first-generation of elementary particles. There are 
however more exotic second-generation particles, which are unstable (short-lived) and therefore 
less used as probes in material science.  

The one exception is the muon, a second-generation lepton with an average lifetime of ~ 2.2 
μs. Muons were discovered in 1936 by Carl Anderson and Henry Neddermeyer34, only few years 
after the discovery of the positron (the antiparticle of the electron).  
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Figure 12.  Fundamental properties of electrons, muons and protons. 

 

 

Anderson and Neddermayer identified the muon when studying cosmic rays using cloud 
chambers. In these chambers, the trajectory of the particles composing the cosmic rays can be 
followed by looking at the ionized gas trail they left on his way. The new particle was shown to 
be negatively charged as the electron, but with an enhanced mass of ~ 200 times that of the 
electron.  

In Figure 12, the fundamental properties of the muon are compared with those of the electron 
and the proton. These three particles have a S=1/2 spin and can be positively or negatively 
charged. The main difference is found in their masses, the muon being intermediate between 
electrons and protons. As previously mentioned, electrons and protons are stable particles, while 
the muon have a short lifetime before decaying.  

In cosmic rays, muons are generated when protons collide with the molecules present in the 
atmosphere (O2, N2 …) producing pions (π+) that afterward decay into muons (μ+). Pions are not 
elementary particles but mesons composed of two quarks, having thus zero spin (S=0). Pions 
mediate nuclear forces and have a short lifetime of ~ 26 ns. The pion production is described as 
follows: 

p + p → π+ + p + n 

The proton collision produces a pion, a neutron and a proton. The unstable pion undergoes a 
subsequent two-body decay: 

π+ → μ+ + υμ 

where (μ+) is a positive muon and υμ a muon-neutrino. Negatively charged pions undergo an 
analogue decay process to give negatively charged muons but, as we are interested in positive 
muons, we restrict the description to the positively charged particles.  

To understand how muons are used to probe materials, we need a further insight into the pion 
decay process. In particular, as shown in Figure 13a, both spin and momentum have to be 
conserved in the decay. Assuming a pion at rest, as it has zero spin, the emitted muon and muon-
neutrino have opposite spins and momentums. As a result, the emitted muons are 100% spin 
polarized, with the spin antiparallel to its momentum. 
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Figure 13.  Schematic representation of the (a) pion two-body decay and (b) muon three-body 
decay. The emitted direction is indicated by dark arrows. The spin value and direction are shown 
in (a) for the different particles.   

 

The emitted muon lives for about 2.2 μs and then decay in a three-body process according to: 

μ+ → e+ + υe + ῡμ 

where e+ is a positron, υe is an electron-antineutrino and ῡμ is a muon-neutrino. This decay 
process has the unusual feature of not conserving parity, making the positron to be preferentially 
emitted in the direction of the muon spin, as shown in Figure 13b.  

Therefore, the laws governing the decay of pions and muons result in the two key properties 
of muons as a probe: 

 Muons are 100% spin polarized, with the spin antiparallel to the muon momentum. 

 Muons decay into positrons, which travel following the direction of the muon spin at 
the decay.  

These two properties appear promising for characterizing materials; muon spins may be able 
to interact with the internal magnetic field in our sample, and the resulting moun spin direction 
can be followed by looking at the direction of the emitted positrons when muons decay. 

This is indeed the fundamental point behind muon spin rotation spectroscopy (μSR), as 
described below.  

Of course, despite natural muons (i.e. cosmic rays) are impacting the earth surface all the time 
(one muon hits each cm2 of the earth surface every minute), in order to use it to probe materials 
we need to generate muons in a controlled way. 

There are very few muon facilities around the world, in particular, two in Europe (ISIS in 
United Kingdom and the Paul Scherrer Institut -PSI- in Switzerland), one in Canada (the TRIUMF 
facility in Vancouver) and one in Japan (at the J-PARC centre). ISIS and J-PARC muon facilities 
work with muon pulses while TRIUMF and PSI are continuous muon sources. Because the μSR 
measurements in this work have been performed at ISIS, we will discuss a little about how muons 
are generated at a pulsed source. 
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Figure 14.  Schematic representation of the spallation process to generate muons at ISIS35,36.   

 

 

In a pulsed source like ISIS35,36, intense pulsed muon beams are produced by a spallation 
process. Highly accelerated (~800 MeV) protons are fired into a graphite target, where the 
collision of the protons with carbon atoms produces pions, that subsequently decay into muons. 
Because the pions are at rest near the surface of the production target when decaying, the produced 
muons are spin polarized, as described above.  

The whole muon production process is schematically depicted in Figure 14. First, a H- beam 
is produced by ion discharge process and conducted to a linear accelerator (Linac). After 
accelerated up to 70 MeV, the H- beam is passed through an aluminum foil, that removes both 
electrons from the H- ions converting them into protons. The proton beam is then conducted to 
the synchrotron, and finally accelerated to 800 MeV, after approximately 10 000 revolutions. The 
entire acceleration process is repeated 50 times a second. 

Finally, the accelerated proton beam is conduced to the target, and the obtained muon pulses 
splitted to reach the five muon instruments available at ISIS. 

 

The μSR experiment: 

 

The μSR experiment consist of measuring the time evolution of the spin polarization of muons 
implanted in the sample. When the muon pulse hit the sample, muons are implanted with an 
energy of about 4 MeV but are fast thermalized by ionization and scattering effects without losing 
its spin polarization. Usually, muons are implanted along 1μm of sample thickness.  

During its short life, the muon spin interacts with the internal fields in the sample (i.e. 
electronic and nuclear moments) or with an external magnetic field if applied, undergoing Larmor 
precession.   
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Figure 15.  Basic layout of the μSR experiment in (a) transverse field mode (TF-μSR) and (b) 
in zero-field (ZF-μSR). Adapted from Sonier et al.37 

 

We can follow the precession by analysing the emitted positrons as a function of time, as 
depicted in Figure 15. The experimental setup consists of a first muon detector to register the 
pulse reaching to the sample, and two positron detectors located in opposite sides of the sample 
(labelled as backward -B- and forward -F- in Figure 15-16) to detect the positrons emitted when 
muons decay.  

The emitted positrons are detected using scintillator detectors and photomultiplier tubes, and 
each positron count is registered together with the time interval between muon arrival and positron 
emission, resulting in a time histogram of decay events at each detector (backward and forward). 

If an external field is applied perpendicular to the direction of the incoming muons as shown 
in Figure 15a, the muon will precess perpendicular to the external field. Therefore, the muon spin 
will alternatively point to the backward and forward detectors as a function of time, as depicted 
in Figure 16a.  

The count histogram at each detector will thus show an oscillatory behaviour (Figure 16b), 
whereas the convolution of the counts at the two detectors (in green in Figure 16b)  will follow 

an exponential decay as the probability of muon decay is proportional to 𝑒 / , being τμ the 
muon lifetime. 

When the number of events at each detector (NB and NF) are normalized to the total number of 

counts, the resulting asymmetry function 𝐴(𝑡) =
( ) ( )

( ) ( )
 (Figure 16c) shows an oscillatory 

behaviour described by: 

𝐴(𝑡) = 𝑎 · cos(𝛾 · 𝐵 · 𝑡)                                                    Eq.1 

Where a0 is the initial asymmetry, γμ the muon gyromagnetic ratio (γμ = 0.0852 μs-1 G-1) and B 
the internal magnetic field at the muon site. The asymmetry function represents the time-
dependent spin polarization of the muon.  
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Figure 16.  (a) Schematic representation of the Larmor precession experienced by muons in 
the presence of an external field (H) perpendicular to the muon spin. The angular distribution of 
the probability of positron emission toward backward (B) and forward (F) detectors is also shown.  
A typical time histogram of the recorder counts at each detector (NB and NF) is shown in (b), 
together with (c) the associated asymmetry function.  

 
 

We have seen the ideal form of the asymmetry function in the presence of an external field, 
that is, in a transverse field experiment (TF-μSR; Figure 15a). However, it is not necessary to 
apply a magnetic field, but muon precession can be also observed if the sample has an internal 
magnetic field because of, for example, the presence of magnetic moments in a magnetically 
ordered material.  

The possibility to measure very small magnetic fields (down to ~ 10-5 T) in the absence of an 
external magnetic field, i.e. in zero field experiments (ZF-μSR; Figure 15b), makes μSR a 
powerful technique for studying magnetic materials.  

As it is described below, not only long-range ordered materials but also disordered or dilute 
magnetic systems can be studied by μSR. In addition, the time window of μSR (~ 10-6-10-9) allow 
to study dynamic effects, being complementary to neutron diffraction, Mössbauer or NMR 
techniques. 

The experimental configuration and signal recording in ZF-μSR experiments is analogue to 
the previously described for TF-μSR experiments, removing the external field. The μSR spectra 
are however different in TF and ZF-μSR configurations. Indeed, different ZF-μSR fingerprints 
characterize the different kind of magnetic materials, as shown in Figure 17. 
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Figure 17.  Typical μSR spectra for different magnetic materials. The expected line-shape for 
(a) long-range ordered materials with (a) homogeneous and (b) inhomogeneous field distributions 
and (c) paramagnetic polycrystalline materials are shown, as well as the expected spectra in the 
presence of (d) static short-range ordering or (e) dynamic electronic correlations.  Adapted from 
Koike et al.,38 

 

 

In the ideal case for a long-range ordered magnetic material, in which the internal field is 
homogeneous and static, an oscillatory signal is expected as shown in Figure 17a; being the 
asymmetry described by Eq1. However, a more realistic situation is the one sketched in Figure 
17b, with the ZF-μSR showing a damped oscillatory behaviour due to an inhomogeneous 
distribution of the internal field.  Because of the field distribution, muons precess at different 
frequencies and are progressively dephased, the damping of the oscillations reflecting this 
depolarization process. The ZF-μSR spectra is in this case well described by the following 
function: 

𝐴(𝑡) = 𝑎 · cos 𝛾 · 𝐵 · 𝑡 ·  exp (− ½ σ  t  )                                   Eq.2                                                   

In this expression, σ is the relaxation rate (Gaussian decay) describing the depolarization due 
to the internal field distribution (σ= √(γμ

2·<ΔBμ
2>). Analogue spectra are expected in a TF-μSR 

experiment for a sample in which the internal field is not homogeneous, or which have a non-
homogenous response to the external magnetic field.  In this case, B would be the sum of the 
external and the internal magnetic fields.  

On the other hand, if there is no long-range magnetic ordering in the sample no oscillations 
are observed, as shown in Figure 17c-e. 
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In a paramagnetic state, the electronic moments are subjected to fast thermal fluctuations, and 
the muons feel in average a zero dipolar field. There is thus no muon precession due to the 
electronic moments. On the other hand, the nuclear spins fluctuate much slower than the 
electronic ones, appearing static on the muon timescale and therefore resulting in a low frequency 
precession. Given the random orientation of the nuclear moments respect to the muon spin 
direction, muons are dephased resulting in a gaussian depolarization as shown in Figure 17c. In 
a polycrystalline sample, for the relative orientation of the nuclear fields respect to the muon spins 
one can assume that about 1/3 of the dipolar fields are parallel or antiparallel to the initial muon 
spin direction while about 2/3 are perpendicular. The asymmetry function for a paramagnetic 
polycrystalline material is thus described by the so-called Kubo-Toyabe function of the form: 

 𝐴(𝑡) =  𝑎  ·  𝐺 (𝛥, 𝑡)                                                           𝐸𝑞. 3                                                                      

𝐺 (𝛥, 𝑡) = 1
3 + 2

3 (1 − 𝛥 𝑡 ) exp(
−𝛥 𝑡

2
)                                          𝐸𝑞. 4 

Where Δ (μs-1) is the nuclear relaxation rate at the muon site. 

A similar situation occurs in short-range ordered materials. In this case, the presence of 
sizeable static electronic moments creates much stronger dipolar fields and muons precess with 
higher frequencies. Because of the random distribution of the magnetic moments, muons will be 
depolarized very fast resulting in the exponential decay shown in Figure 17d. Note that, from the 
same geometric arguments as for the polycrystalline paramagnetic case, 1/3 of the muon spins 
will be parallel (or antiparallel) to the dipolar fields, and will not be depolarized. As a 
consequence, a 1/3 asymmetry tail remains in the spectra. The exponential decay is approached 
by the following function: 

 

𝐴(𝑡) =  𝑎  ·  𝐺 (𝛥, 𝑡) · exp (− 𝜆  · 𝑡)                                          𝐸𝑞. 5                                                                      

 

Where GzKT is the Kubo-Toyabe function (Eq.4) accounting for the nuclear moments, and λ (μs-

1) is the electronic relaxation rate.  

Similar spectra are observed if there are dynamic electronic correlations in the sample, as 
shown in Figure 17e. The exponential behaviour is similar to the static short-range ordered case, 
but in this case the asymmetry loss is not necessarily restricted to 2/3 of the initial asymmetry. In 
order to distinguish dynamic and static effects, experiments in the presence of a longitudinal field 
(LF-μSR) are required. Smaller values of external field are required to decouple muon spins in 
the case of static magnetic moments compared to the dynamic case.  

From the above, the broad application range of μSR for studying magnetic materials is clear. 
Moreover, in the particular case of superconducting materials, the vortex state can be 
characterized by TF-μSR experiments37,39, allowing to determine the superfluid density40. 
However, in the case of the FeSr2YCu2O7+δ samples studied in this thesis, the presence of 
magnetic interactions prevents the study of the vortex state as described in Chapter VI.  
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Figure 18.  General view of the EMU spectrometer at ISIS. (1) Backward and (2) Forward 
positron detectors and photomultipliers, (3) sample position. An inset view of the sample holder 
located inside the CCR cryogenic system is shown in b-c, together with (d) a closer view of the 
sample mounting in the silver plate. The direction of the incoming muon pulse is indicated by a 
red dashed line.  

 

The magnetic properties have been determined by combined transverse-field and zero-field 
μSR experiments, performed at the EMU instrument in the Rutherford Appleton Laboratory ISIS-
RAL facility (Chilton, UK). 

A general view of the EMU instrument is shown in Figure 18a. This instrument has 32 
detector elements that are grouped into two arrays, backward (1) and forward (2) respect to the 
initial muon direction, indicated by a dashed red line in Figure 18a. The sample position is located 
in between the two detector groups, place inside a closed circle refrigerator (CCR).  

The powder samples are wrapped in Al-foil with a final surface of ~ 15 x 15 mm2 and an 
associated density of ~ 150-200 g/cm3. The wrapped samples are attached to a silver plate as 
shown in Figure 18b-c, minimizing the sample holder exposure to the muon beam (fly past mode). 

The experiment was carried out in transverse-field geometry with an applied field of 150 G 
perpendicular to the muon pulse, and in zero-field mode, maintaining the same orientation 
between the sample and the detectors. The data treatment were carried out using the MANTID 
software41,42. 
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4. Physical properties: magnetic and electric measurements 

The magnetic properties were determined through magnetisation (M) and magnetic 
susceptibility (χ) measurements at different temperatures and magnetic fields using a MPMS-
SQUID (Magnetic Property Measurement System - Superconducting Quantum Interference 
Device) Quantum Design Magnetometer available at the CAI de Técnicas Físicas y Químicas at 
the Universidad Complutense de Madrid.  

For susceptibility versus temperature measurements, all the samples were measured in both 
zero-field cooling (ZFC) and field cooling (FC) modes in a 4-300 K temperature range, for a 
constant value of external magnetic field. 

First, the sample is cooled down without external magnetic field. When the sample is at the 
base temperature (i.e. 4K) the external magnetic field is switched on and the magnetization is 
measured upon warming up to room temperature. This measurement corresponds to the ZFC 
curve. Then, the sample is cooled again in the presence of the magnetic field and the 
magnetization is measured upon warming giving the FC curve.  

In this work, for the characterization of the superconducting properties a small external 
magnetic field of about 20 Oe is used, while for characterizing the magnetic properties higher 
field on the range 0.01-1T were used. The molar susceptibility is calculated as M (emu·mol-

1)/H(Oe), being H the external magnetic field. 

The dependence of the isothermal magnetization with the external magnetic field (M-H 
curves) were measured at several temperatures under various fields in the range of 0-1 T.  

Electrical resistance measurements of sintered pellets were measured following the four-probe 
method using a PPMS (Physical Properties Measurement System) Quantum Design device 
available at the CAI de Técnicas Físicas y Químicas at the Universidad Complutense de Madrid. 
The measurements were done upon heating from 4 K to 300K with 1K time intervals.  
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III. RESULTS AND DISCUSSION 
 

 

Iron by copper substitution in YSr2Cu3O6+δ:  
FexCu1-xSr2YCu2O7+δ (x=0.25-1) ferrocuprates 
 
 
 
 

 
 
 

 
 

 

 The superconducting properties of single-phase Fe0.5Cu0.5Sr2YCu2O7+δ compounds place 
these Fe-1212 type cuprates in the high doping region of the conventional Tc-hole concentration 
phase diagram of cuprate superconductors. The increase in Tc correlates with the variation of 
certain critical structural parameters: apical distance, inter- and intra-bilayer distances.  
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1. Introduction 

Exploring the superconducting properties of cuprate-type materials remains an active topic in 

looking for a better understanding of the factors controlling the appearance of superconductivity 

in these materials. As it has been detailed in the introduction, several factors have been already 

recognized to modify the superconducting properties in cuprates. These can be separated into two 

mains, but interconnected, groups: those involving the superconducting block (SCB) and those 

concerning the charge reservoir block (CRB). Within the superconducting CuO2 planes, it is the 

doping level, i.e. the number of holes per copper at the CuO2 planes (pCuO2), which is considered 

the most critical parameter in controlling the Tc1–3.  

The YBa2Cu3O6+δ (YBCO)4 cuprate archetype (Figure 1a) has two superconducting planes 

per formula unit, separated by yttrium layers to form CuO2-Y-CuO2 superconducting blocks 

(SCB). These superconducting blocks are separated along the c-axis by the CRB, which in this 

case comprises a BaO-CuOδ-BaO layer sequence. The doping level at the superconducting planes, 

pCuO2, is first controlled by the extra-oxygen δ incorporated in the CRB, and subtly tuned by the 

extent of charge transfer to the CuO2 planes. In this way, the CRB acts, attending to his name, as 

a hole supplier to the superconducting planes. The oxygen content, and eventual ordering, and the 

structural changes in the CRB that follow the oxygen incorporation are expected to alter the 

superconducting properties firstly in terms of pCuO2, but also concerning the hole mobility and 

the ulterior pair condensation 5,6.  It is therefore of much interest to modify the CRB in a controlled 

fashion in searching for oxygen content- hole doping- structure-Tc relations. 

One useful and extensively explored strategy relies on chemical substitutions at the CRB, i.e. 

total or partial replacement of copper at the Cu1 positions for other transition metals (TM), 

YSr2Cu3O6+δ (Figure 1b) being especially suitable to this purpose. The substitution of Sr by Ba 

in the YBCO archetype increases the tolerance of the CRB upon TM by Cu substitutions. The 

resulting YSr2MCu2O7+δ phases can be conveniently reformulated as MSr2YCu2O7+δ (M-1212) to 

emphasize that selective substitution at the Cu1 position is aimed.  

Iron is, among the possible TM substituents, of special interest because of its ability to adopt 

different coordination environments and oxidation states. In addition, as strong superexchange 

interactions are expected in iron oxides, the possible magnetic interactions in the CRB clearly 

reinforce the interest of iron by copper substitution.  Moreover, iron substitution provides an 

additional way of access to the structural, electronic, and magnetic properties by means of 57Fe-

Mossbauer spectroscopy, standing as a unique microscopic probe. 

Substitution of iron by copper has been consequently explored in both YBCO and YSCO 

systems. Thought an initial solubility limit of x<0.8 was established for Cu1-xFexBa2YCu2O7-δ 7 

phases, a careful analysis of the microstructure revealed that, above x=0.3, the substitution is not 

isomorphous, with disordered intergrowths between YSr2Cu3O7+δ-type and perovskite-type 

blocks8. On the other hand, isomorphous FexCu1-xSr2YCu2O7+δ phases can be attained for 

substitution levels up to x=19,10. These phases can be superconducting even for the highest 

substitution level, through a careful control of the iron distribution and oxidation degree 11,12. 
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Figure 1. (a) Crystal structure of YBa2Cu3O6+δ compound. Ba, Y and Cu are shown in purple, 
grey and blue colour respectively, while oxygen is shown in red. The O4 and O5 oxygen sites 
within the CRB are indicated by empty squares, these positions being inequivalent in the 
orthorhombic phase. The more relevant distances are also indicated: Cu2-Cu2 intra- bilayer, Cu2-
C1 inter-bilayer and Cu2-O1 apical distances, as well as the distinction between the charge 
reservoir block (CRB) and the superconducting block (SCB). (b) Crystal structure of the 
MSr2YCu2O7+δ compound resulting from Sr by Ba and Cu1 by TM substitutions. In this case, 
there is only one equivalent O4 oxygen position within the CRB, attending to the tetragonal 
symmetry.   

  

However, consensus is still lacking about the iron coordination and oxidation state; moreover, 

its effect in the hole doping level at the copper planes is not clear. Besides, despite signs of iron 

magnetic interactions having been noticed13, a systematic correlation between magnetic and 

superconducting interactions has not yet been stablished. We therefore consider revisiting these 

aspects, with special reference to the charge transfer process in iron substituted FexCu1-

xSr2YCu2O7+δ phases. The increase in chemical complexity at the CRB block implies that there 

are more factors at a play in controlling the charge distribution, suggesting that new insights on 

the charge transfer mechanism may be accessible from iron by copper substitution. 

In this chapter we evaluate the solubility of iron in the YSr2Cu3O6+δ parent compound at 

ambient pressure conditions, as well as the distribution of iron in the structure. An optimization 

of the synthesis and oxidation methodology is described for the selected composition 

Fe0.5Cu0.5Sr2YCu2O7+δ, in order to improve the superconducting properties. A careful 

characterization of the crystal structure and the charge distribution of different oxidized samples 

has been performed. In particular, especial attention is given to the relation between certain 

critical structural parameters (apical distance and inter/intra-bilayer spaces, in particular) and the 

superconducting properties. 



III. RESULTS AND DISCUSSION 

 

 
 

87 
 

2. Iron solubility and site distribution in FexCu1-xSr2YCu2O7+δ (x=0.25-1) 

In order to determine the iron solubility in the YSr2Cu3O6+δ parent compound, polycrystalline 
samples with compositions FexCu1-xSr2YCu2O7+δ (x= 0.25,0.33,0.35,0.5,1) have been prepared by 
the ceramic method. Intimate mixtures of Fe2O3 (Aldrich 99.99%), CuO (Aldrich 99.9999%), 
previously decarbonated Y2O3 (Aldrich 99.9%) and previously dehydrated SrCO3 (Aldrich 
99.9%) in stoichiometric relations were subjected to an initial treatment at 900 ºC K for 12 hours. 
The resulting powders were ground in an agate mortar, pelletized and subjected to several 
treatments in the range 980 -1050 ºC for 72h, with intermediate grindings. The X- Ray diffraction 
patterns of the resulting black powders, named as prepared (AP) samples are shown in Figure 
2a.  

 

 

Figure 2. (a) X-Ray patterns for the as-prepared samples with FexCu1-xSr2YCu2Oy (x= 
0.25,0.3,0.33,0.35,0.5,1) nominal compositions. The reflections associated to the cubic ideal 
perovskite are indexed while reflections associated to the triple perovskite superstructure are 
marked by asterisks. (b) Enlarged view of the 30-36 two theta range for x= 0.25, 0.3 and 0.33 
compositions showing the presence of secondary phases (SrCuO2, Y2Cu2O5 and CuFe2O4). 

 

For all the compositions the main reflections can be indexed in the basis of a tetragonal ap x ap 

x 3ap triple perovskite, as expected for a YBCO-type structure. Single phases are however only 
observed for the higher substitution levels corresponding to x= 0.5 and x=1. For lower iron 
contents (x= 0.25, 0.33 and 0.35), the presence of Y2Cu2O5, SrCuO2 and FeCu2O4 as secondary 
phases is observed (Figure 2b). Considering that the synthesis of the undoped YSr2Cu3Oy 
compound requires high temperature-high pressure conditions (i.e. 3-7 GPa, 1000-1300⁰C 14,15), 
it follows that a minimum iron content is required for stabilizing the structure at ambient pressure, 
with a lower limit of x(Fe)>0.35 for the ambient-pressure substitution. However, the presence of 
the iron containing CuFe2O4 secondary phase suggests different iron contents for the samples with 
nominal x=0.25-0.35 compositions.  
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Figure 3. Enlarged view of some selected two theta regions for the FexCu1-xSr2YCu2Oy (x= 
0.25,0.3,0.33,0.35,0.5,1) nominal compositions. Reflections are indexed within the P4/mmm 

space group with  ap x ap x 3ap metric (green ticks). The experimental data (in red) is plotted 

together with the Le Bail fitting line (in black). 

 

 

A careful look at some selected reflections (Figure 3) supports this possibility, with a 
progressive change in lattice parameters accompanying the increase in the nominal iron content. 
From the reflections centred at 47-490, 59-600 and 69-710 two theta region, indexed within the 
P4/mmm space group of the YSr2Cu3O6+δ parent compound, an anisotropic change of the unit cell 
seems to be inferred, comprising an increase in the basal plane but a contraction of the c-axis.  For 
an accurate determination of the cell parameters, Le Bail fittings of the X-ray patterns have been 
performed, as shown in Figure 4. All the samples show tetragonal symmetry, and all reflections 
can be adjusted within the P4/mmm space group, as the undoped YSr2Cu3O6+δ compound. 

The c-axis decreases monotonically with increasing the iron content, while the tetragonal a 

and b parameters increase, resulting in a subtle increase in the unit cell volume upon iron by 

copper substitution. The crossover of the c/a ratio (Table 1) is observed at x(Fe) = 0.5. For that 

composition, the unit cell has a pseudo-cubic metric, as reflected in the axial ratio of c/a ≈ 3 for 

the triple superstructure. The decrease in the c-axis is known to reflect the oxygen content in 

YBCO, suggesting that increasing the iron content also increases the oxygen content, as expected 

from its higher oxidation state. Nonetheless, in the YBCO compound the increase in the oxygen 

content reduces all the cell parameters and, therefore, the unit cell volume.  
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Figure 4. Le Bail fitting of the X-Ray patterns for the as-prepared samples with FexCu1-

xSr2YCu2O7+δ (x= 0.25,0.3,0.33,0.35,0.5,1) within the P4/mmm space group.  For x = 0.25 the 
Bragg positions correspond, from top to bottom, to the main phase, Y2Cu2O5, CuFe2O4 and 
SrCuO2. For x = 0.33 from top to bottom, to the main phase, SrCuO2, CuFe2O4 and Y2Cu2O5. For 
x = 0.35 from top to bottom, to the main phase, SrCuO2 and Y2Cu2O5. See Table 1 for the 
corresponding cell parameters and agreement factors.  

 

 

Table 1. Cell parameters and agreement factors as derived from Le Bail fitting of the XRD 
patterns for the AP samples with nominal FexCu1-xSr2YCu2O7+δ (x= 0.25,0.3,0.33,0.35,0.5,1) 
compositions. 

  

x (Fe) 0.25 0.33 0.35 0.5 1 

a 3.80469(3) 3.80644(2) 3.80608(3) 3.81207(2) 3.82398(4) 

c 11.4474(2) 11.4467(3) 11.4425(2) 11.4356(1) 11.3772(2) 

c/a 3.008 3.007 3.006 2.999 2.975 

V 165.710(3) 165.852(2) 165.759(2) 166.181(2) 166.367(4) 

Rp % 8.42 8.47 7.61 7.27 3.69 

Rwp % 12.4 12.6 9.96 10.5 5.06 

χ2 % 3.28 3.73 1.94 2.94 2.13 
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To understand the origin of the basal plane expansion, not only the increase in the oxygen 

content but also its local distribution should be considered. The square planar coordination 

observed for Cu2+/Cu3+ (d9-d8) cations at the Cu1 position is in this sense not anticipated for the 

non-Jahn teller active Fe3+ cations, as demonstrated by the fact that none examples of extended 

square planar [Fe3+O4] units have been found within iron oxides. A preferential tetrahedral or 

octahedral coordination is therefore more likely to occur at the Fe1 sites, without discarding the 

possibility of trigonal bipyramid environment for an intermediate coordination number.  Either of 

these situations would represent a source of local static disorder within the CRB, given a random 

Fe/Cu distribution at the Cu1 site. This disorder is, in fact, an average in space as observed by the 

X-ray powder diffraction technique. 

This reasoning is supported by the orthorhombic to tetragonal (O-T) structural change 

observed in MxCu1-xYBa2Cu2O6+δ phases (M= Al, Fe, Co), for M by Cu substitutions higher than 

x>0.107. A similar evolution of the unit cell parameters with the x(M) substitution level is 

observed, with an increase of the basal plane but a decrease of the c-axis. In these phases, a 

clustering of the substituent metals within the CRB has been proposed and confirmed by local 

range techniques as EXAFS16, the average tetragonal symmetry observed in the XRD patterns 

attending to the sub 50 nm scale of the cluster extension.  In the particular case of M=Fe, an 

accurate determination of the oxygen content as a function of the xFe shows one extra oxygen to 

be incorporated per every two iron atoms17, reinforcing the idea of bridging Fe-O-Fe extra 

oxygens to fulfil both iron and copper coordination preferences within the CRB.  In the MxCu1-

xYSr2Cu2O7+δ related phases, a similar situation is likely to occur, as observed, for example, in 

Mo0.25Cu0.75YSr2Cu2O7+δ
18. The tetragonal symmetry of all the FexCu1-xSr2YCu2O7+δ samples here 

studied is therefore assumed to result from chemical disorder within the CRB. 

Despite the observed change in the lattice parameters with the iron content in all the 
substitution range, the presence of impurities in the 0.25-0-35 samples implies that the nominal 
iron content might do not correspond to the real iron content. The accurate determination of the 
iron content at these small ratios is challenging and out of the scope of the present work, so we 
have consequently restricted our attention to the compositions giving single-phase samples, that 
is FexCu1-xSr2YCu2O7+δ (x=0.5 and x=1) compounds.  

The increase in complexity in the CRB after M by Cu substitution can be inferred from the 
above, and in the particular case of iron, further complexity arises from their possible substitution 
at the Cu2 site within the SCB. The similar X-ray and Neutron scattering factors of iron and 
copper hinder the accurate determination of the iron distribution between Cu1 and Cu2 positions 
by these means. Clearly, 57Fe-Mössbauer spectroscopy is more suitable for that purpose as shown 
below. 

The room temperature 57Fe-Mössbauer spectra for the FexCu1-xSr2YCu2O7+δ (x= 0.5,1) AP 
samples are shown in Figure 5. For the two samples, a correct fit of the spectra requires the 
inclusion of three different doublets, corresponding to three different iron sites. The refined 
hyperfine parameters are summarized in Table 2. 
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Figure 5. Room temperature 57Fe Mössbauer spectra for AP samples with FexCu1-

xSr2YCu2O7+δ (x= 0.5,1) compositions. Three different components are needed for a correct fit 
(global fit shown in red), corresponding to three different iron sites (Site A in purple, Site B in 
blue and Site C in green).  See Table 2 for the refined hyperfine parameters and relative weights.  

 

Table 2. Hyperfine parameters and relative weights of the three different components 
employed for fitting of the room temperature 57Fe Mössbauer spectra for the AP samples with 
FexCu1-xSr2YCu2O7+δ (x= 0.5,1) compositions. 

 

Sample Site IS (mm/s) QS (mm/s) % 

x = 0.5 
A 0.151(1) 1.776(1) 67.8(2) 
B -0.047 (8) 0.76(1) 12.3(1) 
C 0.263(3) 0.610(4) 19.9(1) 

x = 1 
A 0.206(2) 1.553(5) 11.3(1) 
B -0.016(1) 0.713(2) 55.0(2) 
C 0.282(1) 0.575(2) 33.7(2) 

 

 

The isomer shift (IS) for site A (~0.15-0.20 mm/s) and site C (~0.26-0.28 mm/s) are in the 
range expected for a trivalent state of the iron cations19, with the A site having a lower 
coordination number than the C site attending to its lower isomer shift. The C site has been 
previously assigned20 to iron located at the Cu2 position within the superconducting planes, that 
is, in square planar pyramidal coordination. Comparison with YBaCuFeO5

21 and YBa2Fe3O8
22, 

with Fe3+ in square planar pyramids supports this assignment, with very similar isomer shifts of 
0.27-0.30 mm/s, but a lower quadrupole splitting of ~ 0.2-0.3 mm/s. Given that Fe3+ has a half-
filled valence shell, no electronic contribution to the electric field gradient is expected, leaving 
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only lattice contributions to the quadrupole splitting. Considering that iron is occupying a majority 
copper position for which a marked elongation of the pyramids is expected through Jahn-Teller 
effect, the increase in the QS is justified.   

As derived from its lower isomer shift, site A can be ascribed to iron in tetrahedral coordination 
at the Cu1 positions within the CRB. The observed quadrupole splitting for this site (QS~ 1.5-1.7 
mm/s) is however larger than expected for a regular tetrahedra. Other perovskite related oxides 
involving similar O-T-O or P-T-P (O < > octahedra; T < > tetrahedra; P < > pyramid) layer 
sequences also shown high QS values for the T sites. For example, within brownmillerite-type 
iron oxides, QS values in the range 1.3- 1.98 mm/s are found for the [Fe3+O4] tetrahedra in 
Sr2Fe2O5

23, Ca2Fe2O5 
24, Sr2LaFe3O8

25 and 57Fe-doped YSr2Cu2GaO7
26. 

The third component has a much lower isomer shift, suggesting the presence of highly valent 
iron cations i.e. Fe4+. Though uncommon, tetravalent iron cations can be stabilized in perovskite-
type oxides employing highly oxidizing conditions.  

For example, stoichiometric SrFeO3
27 is obtained via high pressure synthesis in the presence 

of KClO3, while cubic BaFeO3
28 is obtained via topochemical oxidation of Ba2Fe2O5 using ozone. 

In these oxides, the isomer shift associated to the formal Fe4+ cations have low values of 0.05 and 
0.10 mm/s, respectively. In YBa2Fe3O8+δ 

22, Sr3Fe2O7
29 and Sr2FeO4

30 oxides, even lower IS values 
of (-0.03) – (-0.06) are observed for the Fe4+ cations. In all these cases, Fe4+ cations have 
octahedral coordination. In the case of our FexCu1-xSr2YCu2O7+δ (x= 0.5,1) AP samples, the 
presence of Fe4+ cations after synthesis in air reflects the Sr requirement for higher oxygen 
contents within the CRB, as observed in the undoped YSr2Cu3O6+δ. The QS values for this B site 
are, again, higher than expected for a regular octahedra. The reason behind the observed increase 
in the QS values seem to be common for the two A and B iron sites, and require consideration of 
the lattice contribution to the EFG, as well as localization/delocalization electronic effects 
affecting the s electron density and, consequently, the hyperfine parameters, both IS and QS. 
Leaving these considerations, we assume at this point the following bare assignment for iron at 
the Cu1 position within the CRB: Site B to a distorted octahedral coordination for Fe4+ cations 
and site A to tetrahedral [Fe3+O4] units. 

As shown in Table 2, the same three sites are observed for the two samples with different iron 
content, with no significant changes in the hyperfine parameters. Nonetheless, a substantial 
change is observed in their relative weight. Increasing the iron content, the site B increases at 
expense of site A, reflecting the increase in the coordination number for iron in the CRB. This is 
consistent with the expected increase in the total oxygen content inferred from the decrease in the 
c-axis, that is followed, according to the Mossbauer results, by the increase in the iron oxidation 
state from 3+ to 4+. 

In addition, the distribution of iron between the two copper sites also changes with the iron 
content, with a higher iron occupation at the Cu2 site within the SCB for the higher iron contents, 
as previously observed in related Fe-YBCO31 and Fe-YSCO9 phases. The presence of iron in the 
Cu2 positions is expected to have a strong influence in the superconducting properties, as Zn and  
Ni by Cu substitution in the SCB have been shown to supress superconductivity in YBCO32. In 
order to probe the effect of Fe by Cu substitution at the Cu2 site, the Cu1/Cu2 substitution ratio 
in FexCu1-xSr2YCu2O7+δ (x=0.5) has been modified via annealing in an inert atmosphere before 
oxidation, as described below.  
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3. Superconductivity in Fe0.5Cu0.5Sr2YCu2Oy 

3.1. Oxidation and superconducting properties 

In order to induce superconductivity, the samples with Fe0.5Cu0.5Sr2YCu2O7+δ composition 
prepared as described in the previous section have been subjected to several treatments, under 
reducing-oxidizing conditions.  

First, in order to promote iron redistribution between the CRB and the SCB, the as prepared 
sample (F05-AP) was annealed at 750ºC for 24h under flowing N2 and quenched to room 
temperature to give the F05-N sample. These two samples were then oxidized under flowing 
oxygen (500ºC/48h) and cooled down at a 1ºC/min rate maintaining the gas flowing. The resulting 
samples are labelled as F05-OA and F05-NOA, corresponding to oxidation of F05-AP and F05-
N samples, respectively.  The F05-N sample was also oxidized using ozone containing oxygen 
(ca. 10% vol). The treatment at 300ºC for 24h under a 25 mL/min gas flow results in the F05-
NO3 sample.  

 

3.1.1. X-Ray and electron diffraction  

The XRD patterns for the above described samples, after the different treatments, are shown 
in Figure 6. The YBCO-type structure of the precursor F05-AP sample is maintained after the 
different treatments; all the reflections justified within the P4/mmm space group for a tetragonal 
ap x ap x 3ap metric. A topochemical removal-insertion of oxygen can be however inferred from 
the subtle displacement of the reflections towards lower angles for the F05-N sample and to higher 
angles for the F05-OA, F05-NOA and F05-NO3 samples, respect to the precursor F05-AP sample.  

There are also clear changes in the relative intensity of certain reflections, this being especially 
evident for the (104) and (113) reflections around 40⁰ (Figure 6b). The intensity of the (113) 
reflection decreases after annealing in N2, while the (104) increases. After oxidation, the relative 
intensity of these two reflections is again recovered to the initial ratio.  

The (200) and (006) reflections centred around 48º also reflect the anisotropic expansion-
contraction of the unit cell. Elongation along the c-axis for the F05-N sample, but a contraction 
for the oxidized F05-OA, F05-NOA and F05-NO3 samples is observed.   

As mentioned before, the preservation of the YBCO type structure suggests that only 
topochemical oxygen removal-insertion takes place after the different treatments. In this sense, 
not big changes would be expected in the XRD patterns, besides the observed subtle unit cell 
expansion-contraction effects. However, from the considerable change in the relative intensity of 
the (104)/(113) reflections, a cation rearrangement process seems to be inferred, following the 
oxygen removal-insertion. A detailed analysis of the atomic arrangement within the unit cell is 
omitted at this point but will be readdressed with handling the neutron diffraction data.     
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Figure 6. (a) X-Ray patterns for the (a) F05-AP, (b) F05-N, (c) F05-OA and (d) F05-NO3 
samples with Fe0.5Cu0.5Sr2YCu2O7+δ composition. Indexation within the P4/mmm space group is 
shown for the main reflections, considering an ~ap x ap x 3ap unit cell metric.  

 

 

To evaluate the possibility of a different microstructure, the samples have been studied by 
means of high-resolution transmission electron microscopy (HRTEM) and selected area electron 
diffraction (SAED). In Figure 7a-c, SAED patterns taken along the [001]p,[100]p and [1-10]p 
zone axis are shown for the F05-N sample. The SAED pattern along the [001]p zone axis is 
indexed on the basis of a cubic perovskite, with no extra reflections being observed. By tilting the 
crystal along the [100]p zone axis, extra reflections at Gp= ± 1/3 (001)p* are clearly observed, 
consistent with the threefold superstructure inferred in the XRD patterns, and expected for a 
YBCO-type structure. A tetragonal ap x ap x 3ap unit cell metric is therefore confirmed from the 
SAED patterns. No extra reflections are observed in the SAED pattern along the [1-10]p zone 
axis, consistent with the P4/mmm space group.  

The presence of micro-domains is also evidenced from the HRTEM images, as shown in 
Figure 7d. In the HRTEM image along the [100]p zone axis,  the presence of 90⁰ rotated domains 
is highlighted, each domain preserving the threefold superstructure, as deduced from both the 
image contrast and the associated SAED pattern taken in the domain-link region (shown as an 
inset in Figure 7d). Within each domain, no extended defects are observed (Figure 7e). In other 
related M-1212 phases, similar orthogonal domains have been observed. In the particular case of 
RuSr2HoCu2O8, a careful reconstruction of the reciprocal lattice indeed showed the presence of a 
complex 3D domain structure 33.  
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Figure 7. SAED patterns for the F05-N sample with Fe0.5Cu0.5Sr2YCu2O7+δ composition, along 
the (a) [001]p , (b) [100]p and (c) [1-10]p zone axis. (d) HRTEM image along the [100]p zone axis 
showing the presence of 90º rotated domains, and SAED pattern taken at the domain-link region. 
(e) HRTEM image along the [100]p zone axis for a single domain region.  

 

Nonetheless, despite the domain microstructure, no evidence of extra ordering is found in any 
of the Fe0.5Cu0.5Sr2YCu2O7+δ samples here studied (analogue SAED and HRTEM images are 
obtained for the F05-AP, F05-OA, F05-NOA and F05-NO3 samples).  

 

 

3.1.2. 57Fe-Mössbauer spectroscopy 

 

In order to evaluate the effect of the annealing under N2 atmosphere, 57Fe-Mössbauer spectra 
for the F05-AP and the F05-N samples have been collected at room temperature (Figure 8a-b). 
Similar line shapes are observed in the two spectra, suggesting minor changes in the iron 
environment. The fit of the spectra has been performed considering the same three doublets 
previously used for the F05-AP sample. The refined hyperfine parameters are shown in Table 3.  
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Figure 8. Room temperature 57Fe Mössbauer spectra for (a) F05-AP, (b) F05-N, (c) F05-OA 
and (d) F05-NOA samples with Fe0.5Cu0.5Sr2YCu2O7+δ compositions. Three different components 
are needed for a correct fit of the F05-AP and F05-N samples (global fit shown in red), 
corresponding to three different iron sites (Site A in purple, Site B in blue and Site C in green). 
An additional doublet is required for the F05-OA and F05-NOA samples, labelled as Site A´ (light 
purple in c and d). See Table 3 for the hyperfine parameters and relative weights.  

 

 

The isomer shift and quadrupole splitting of the three sites shown minor differences between 
the F05-AP and F05-N samples. The relative weight of the predominant A site, corresponding to 
Fe3+ cations at the Cu1 site in tetrahedral coordination, slightly increases after annealing in N2, at 
expense of the Site C. Migration of iron from the Cu2 position within the SCB to the Cu1 site 
within the CRB is therefore inferred. The iron occupation within the superconducting planes 
decreases from a 5% per CuO2 plane in the F05-AP sample to a 3.7% in the F05-N sample. A 
predominant tetrahedral coordination for iron in the CRB is observed for the two F05-AP and 
F05-N samples. 

After oxidation, the spectra of F05-OA and F05-NOA samples show a completely different 
line shape (Figure 8c-d). Acceptable fitting of the spectra can be obtained by considering again 
the same three iron sites, with different occupancy ratios. Nonetheless, the quality of the fitting 
increases by including an additional doublet associated to iron occupying Cu1 positions. The 
isomer shift and quadrupole splitting for this new site are similar to that of site A, so we labelled 
it as Site A´.  
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Table 3. Hyperfine parameters and relative weights of the three different components 
employed for fitting of the room temperature 57Fe Mössbauer spectra for the for F05-AP, F05-N, 
F05-OA and F05-NOA samples with Fe0.5Cu0.5Sr2YCu2O7+δ compositions. 

 

Sample Site IS (mm/s) QS (mm/s) % 

AP 
A 0.151(1) 1.776(1) 67.8(2) 
B -0.047 (8) 0.76(1) 12.3(1) 
C 0.263(3) 0.610(4) 19.9(1) 

N 
A 0.152(2) 1.789(1) 72.3(1) 
B -0.042(5) 0.751(7) 12.8(2) 
C 0.251(1) 0.592(5) 14.9(1) 

OA 

A 0.160(3) 1.63(1) 9.0(1) 

 A´ 0.129(1) 1.91(2) 15.6(2) 

B -0.024(1) 0.836(3) 58.2(1) 

C 0.285(3) 0.559(7) 17.3(1) 

NOA 

A 0.156(4) 1.65(1) 11.0(2) 

 A´ 0.134(1) 1.926(6) 15.0(1) 

B -0.019(1) 0.839(1) 63.2(2) 

C 0.303(5) 0.559(6) 10.9(1) 

 

 

The more significant change respect to the precursor F05-AP and F05-N samples is a 
considerable increase in the relative weight of Site B at expense of both site A and site A´, 
reflecting the increase in the iron coordination number at the CRB after oxidation. A predominant 
octahedral coordination is now observed for iron at the Cu1 positions. The similar hyperfine 
parameters of Site A and Site A´ suggests both to correspond to Fe3+ in tetrahedral coordination. 
We suggest the increase in the number of octahedral [FeO6] units to leave two different tetrahedral 
sites depending on their environment, i.e. with different T-T-T (Site A) or O-T-O (Site A´) 
connectivity.  

The occupation of iron at the Cu2 positions in the superconducting planes also decreases 
slightly after the oxidizing annealing, in both F05-OA and F05-NOA samples. Final substitution 
levels of 2.7% of Fe per CuO2 plane in the F05-NOA sample versus 4.3% in the F05-OA sample 
are derived.  
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3.1.3. Magnetic and electric properties 

Figure 9 shows the temperature dependence of the magnetic susceptibility for the F05-AP and 
F05-N samples. For the F05-AP sample, a broad maximum can be observed around 40 K in both 
FC (field cooling) and ZFC (zero-field cooling) curves measured under a 20 Oe external magnetic 
field (Figure 9a), followed by irreversibility between the FC and ZFC curves. At that temperature, 
also deviation from the Curie-Weiss type paramagnetic behaviour is observed in the inverse molar 
susceptibility under a higher magnetic field of 100 Oe. For the F05-N sample, a similar magnetic 
irreversibility is observed at a slightly lower Tirr~ 20 K. A change of slope in the ZFC curve for 
the F05-AP sample can be indeed also observed at 20 K.  

The negative sign of the Weiss temperature (θ) obtained from fitting of the inverse molar 
susceptibility (Figure 9b and Table 4) to a Curie-Weiss law indicates the presence of 
antiferromagnetic interactions in both samples.  A higher θ is obtained for the F05-AP (θ= -57 K) 
than for the F05-N sample (θ= -32 K), in qualitative agreement with the observed irreversibility. 
Given the absence of f-electrons in the Y3+ cations at the A-site, the magnetic properties do come 
from iron and copper at the B-site. The absence of long-range magnetic ordering is confirmed by 
the Curie-Weiss type behaviour at high temperature, and by the doublet pattern of the 57Fe-
Mossbauer spectra. The chemical inhomogeneity (coming from both Fe-Cu distribution and 
oxygen occupancy) at the CRB may disrupt the Fe3+-Fe3+ superexchange interactions, resulting 
in magnetic frustration. The irreversibility around 20 K may in consequence reflects a glassy state 
for Fe3+ magnetic moments, presumably within the iron clusters in the CRB. Indeed, in heavily 
iron doped samples with FeSr2YCu2O7+δ composition, similar magnetic anomalies were 
previously pointed out13. The magnetic irreversibility at 20 K then appears to be associated to iron 
in these Fe0.5Cu0.5Sr2YCu2O7+δ samples.  

Apart from the Fe-Cu disordered distribution within the CRB, the mixed valence state for iron, 
and their different coordination environment is itself expected to prevent the establishment of 
extended Fe3+ magnetic correlations. 

Cuprates are known to be subjected to strong electronic correlation effects, the electronic 
properties far from being described by a pure ionic model with independent electrons. 
Nonetheless, qualitative information can be extracted from this analysis, in particular, from the 
effective magnetic moments (Table 4).  

 

Table 4. Curie (C) constant, Weiss temperature (θ) and effective magnetic moment for the 
F05-AP and F05-N samples; superconducting critical temperature (Tc) and diamagnetic shielding 
fraction (χsh%) for the F05-NOA and F05-NO3 samples.  

 

Sample C Θ μeff (μB) Tc (K) χsh% 

AP 1.30 -57 3.22 - - 

N 1.64 -32 3.62 - - 

NOA - - - 30 1.6 

NO3 - - - 50 22 
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Figure 9. (a) Temperature dependence of the molar magnetic susceptibility under a 20 Oe 
magnetic field for the F05-AP (in black) and F05-N (in orange) samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ compositions. Filled (empty) circles are measured in ZFC (FC) modes. (b) 
Inverse of the ZFC molar susceptibility for the two samples measured under a 100 Oe magnetic 
field. Red lines show Curie-Weiss fitting, for a 220-300 K temperature range. 

 

The effective magnetic moments obtained from the Curie-Weiss fitting are μeff (F05-AP) = 
3.22 μB and μeff (F05-N) = 3.62 μB. These values are lower than those expected for the 
predominant presence of Fe3+ (S= 5/2) and Cu2+ (S= 1/2) cations in these non-oxidized samples. 
Considering the information obtained from the Mossbauer data, the spin-only iron contribution 
to the effective magnetic moment for the F05-AP sample was calculated as the quadratic average 
of three contributions, assuming a high spin configuration: 68% of Fe3+ (S=5/2) in tetrahedral 
coordination at Cu1 site, 20% of Fe3+ (S = 5/2) at Cu2 site and 12% of Fe4+ (S=2) in octahedral 
coordination at Cu1 site. This calculation gives a value of μs.o.= 3.97 μB for the F05-AP sample, 
assuming all copper to be in a divalent state. For the F05-N sample, a value of 4.03 μB is obtained 
following the same procedure. The difference between the observed and calculated values can be 
explained by presence of Cu3+ (S=0) cations. Also, covalency effects are expected to decrease the 
effective magnetic moment with respect to the calculated one.  



Superconductivity in Fe0.5Cu0.5Sr2YCu2Oy ferrocuprates 

 

 
 

100  
 

Nonetheless, it is worth noting that the difference between the observed effective magnetic 
moments for the two samples is higher than between the calculated values. From the experimental 
values, an average reduction of the oxidation state of the B-site cations in the F05-N sample seems 
to be inferred, compared to the F05-AP sample.  

The temperature dependence of the magnetic susceptibility for the oxidized F05-OA, F05-
NOA and F05-NO3 samples is shown in Figure 10. Both F05-NOA and F05-NO3 samples are 
superconducting, with Tc= 30 K and Tc = 50 K respectively, as derived from the onset of the 
diamagnetic signal. The irreversibility between the FC and ZFC curves in this case reflects the 
flux pinning effect taking place while measuring in FC mode. 

 The shielding fractions can be calculated from the absolute diamagnetic value of the ZFC 
curves extrapolated to zero-temperature, according to the following equation: 

 

𝜒 % =  
( )  ( )

 ( )
 𝑥 100                                             Eq.1 

The calculated superconducting volume fractions are χsh = 1.6 % for the F05-NOA and χsh = 
22 % for the F05-NO3 sample. The value obtained for the ozone-oxidized F05-NO3 sample is in 
the range expected for bulk superconductors in ceramic form. On the contrary, the value for the 
oxygen-oxidized F05-NOA sample is extremely low. Two possibilities can explain this feature. 
First, one can think in a non-homogeneous oxidation of the sample giving coexistence of a 
minority oxidized sample volume embedded in a non-oxidized matrix. However, from the XRD 
patterns, similar cell parameters than for the F05-NO3 sample are inferred. Moreover, the zero-
resistance observed in the electrical measurement of this F05-NOA sample (Figure 11) suggest 
the small volume fraction to be an intrinsic electronic effect. From the magnetic properties, the 
higher efficiency of the oxidation using ozone is clear, resulting not only in a higher Tc but also 
in a substantially higher superconducting volume fraction.  

The magnetic behaviour of the F05-OA sample, resulting from direct oxidation of the F05-AP 
sample, is more complex. In this case an incipient superconducting transition seems to be 
overlapped with magnetic interactions, as inferred from the increase in the FC curve at 10 K. The 
electrical measurement for this sample (Figure 11) reflects an insulating behaviour at low 
temperature. Moreover, a metal to insulator transition (MIT) is observed at around 150 K, this 
behaviour expected at very low doping levels from the conventional cuprate phase diagram34,35. 
However, from the Mossbauer data, this sample was shown to be as oxidized as the F05-NOA 
one, the main difference between them relying on the iron occupation at the superconducting 
planes. It seems therefore that it is the presence of iron in the superconducting planes what is 
precluding superconductivity in this F05-OA sample. The close to zero-doping like electric 
behaviour suggests that iron substitution at the Cu2 positions lowers the effective hole 
concentration at the CuO2 planes. From this data is difficult to address this effect in detail, but the 
dramatic effect of iron by copper substitution in the CuO2 planes is clearly evidenced.  

The suppression of superconductivity by increasing the Fe occupation at the CuO2 planes from 
2.7% in the F05-NOA sample to 4.3% in the F05-OA one points out the strong impact of small 
compositional changes in the superconducting properties.   
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Figure 10.  Temperature dependence of the molar magnetic susceptibility under a 20 Oe 
magnetic field for the F05-OA (in red), F05-NOA (in blue) and F05- NO3 (in black) samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ composition. Low susceptibility region at low temperature is shown as an 
inset. 

 

 

 

Figure 11. Temperature dependence of the normalized resistance the F05-NOA (in blue) and 
F05- NO3 (in black) -left scale-, and F05-OA (in red) -right scale- samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ composition.  
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For the F05-OA and F05-NOA samples, the Tconset values observed in the electrical 
measurements (Figure 11) well correspond to the Tc derived from the magnetic susceptibility. 
The temperature dependence of the resistance in the normal state (i.e. at T > Tc) for the F05-NOA 
and F05-NO3 samples suggest an increase in the hole concentration: from an under-doped regime 
in the F05-NOA sample to an optimal doping level for the F05-NO3 sample, with R α T 34,36,37. 
The increase in the Tc is in this sense consistent with the increase in the hole doping level. 
However, similar cell parameters were inferred from the XRD patterns for these two samples, and 
therefore, similar oxygen contents are expected. In order to clarify the origin of the increase in 
the critical temperature a more detailed analysis of the crystal structure is required, as described 
in the following section.  

3.2. Evolution of the crystal structure  

In order to characterize the structural changes taking place in the Fe0.5Cu0.5Sr2YCu2O7+δ 
samples subjected to different treatments, neutron powder diffraction (NPD) patterns have been 
collected at room temperature (RT).     

A YSCO-type model has been used as starting point for the refinement, within the tetragonal 
P4/mmm space group and for the ap x ap x 3ap unit cell metric derived from indexing of the XRD 
and SAED patterns. Due to the similar coherent cross sections for neutron scattering of iron and 
copper, the iron occupancy ratio at the Cu1 and Cu2 position has been fixed to the values obtained 
from the Mössbauer spectra.  

 

Figure 12. (a) Structural model used for the refinement of the NPD pattern for the 
Fe0.5Cu0.5Sr2YCu2O7+δ samples. Sr, Y, Cu and Fe are shown in green, grey, blue, and orange 
respectively, while oxygens are shown in red. The O4 position at the 2f (0,0.5,0), lying at the unit 
cell edge is shown as an inset.  
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The oxygen in the CRB was initially placed at the 2f (0,0.5,0) Wyckoff site as in the undoped 
YSr2Cu3O6+δ, and its occupancy was allowed to vary. Though acceptable fittings were obtained 
with this model, the refinement substantially improves by placing the oxygens in the CRB at the 
4n (x, 0.5,0) site (O3 positions in Figure 12), now lying out of unit cell edge. This displacement 
allows a bare consideration of the oxygen disorder within the CRB, attending to the different Cu 
and Fe coordination environments38. In the final refinement, both oxygen positions have been 
considered, O3 position at 4n (x, 0.5,0) site and O4 position at 2f (0,0.5,0) site.  

The RT NPD patterns for the F05-AP, F05-OA, F05-N, F05-NOA and F05-NO3 samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ composition are shown in Figure 13, together with the calculated patterns 
obtained from Rietveld refinement using the proposed model.  The refined atomic and cell 
parameters are summarized in Table 5, together with the agreement factors.  

Annealing of the F05-AP sample in N2 atmosphere to give the F05-N sample results in an 
anisotropic expansion of the unit cell (ΔV~ +1%; Δc~ +0.35%; Δa,b~+0.26%). The increase in 
the unit cell volume and the elongation along the c-axis is consistent with the decrease in the 
oxygen content form δ = 0.34 to δ = 0.13. A change in the oxygen distribution within the CRB 
can be also inferred from the relative occupancy of the O3 and O4 positions.  

In the F05-AP sample, a 0.25/0.15 relative occupancy at the O3/O4 positions is derived from 
the refinement. In the F05-N sample, the occupancy at the O4 position went to negative values, 
suggesting only O3 positions to be considered in the refinement, as shown in Table 5. The x 
coordinate for the O3 position and the thermal factor associated to the Cu1/Fe1 position at the 
CRB increases in this reduced F05-N sample. The refinement improves by changing the Cu1/Fe1 
position to a lower symmetric 4j (x, x, 0) site, suggesting an out of centre displacement, as 
expected for a predominant tetrahedral coordination.  

However, the same model as for the other sample has been used for consistency, as an 
acceptable fitting is obtained despite the higher Biso value for the Fe1/Cu1 position. After 
oxidation of this F05-N sample to give the F05-NOA (after oxygen annealing) and F05-NO3 
(after ozone treatment) samples, the unit cell is contracted ΔV= -1.25 % (Δc~ -0.5 % vs Δa,b~ -
0.35) accompanying the increase in the oxygen content up to δ = 0.41-0.42. The direct oxidation 
of the F05-AP sample to give the F05-OA (after oxygen annealing) involves a similar contraction 
and a similar increase in the oxygen content (δ = 0.39). Concerning the oxygen distribution, the 
occupancy at the O3 position decreases at the expense of the more symmetric O4 position in the 
three oxidized samples. An increase in the number of octahedral units at the expense of the 
tetrahedral ones seems to be therefore inferred, in line with the Mossbauer results. The three 
oxidized samples are however strikingly similar in terms of the cell parameters and the oxygen 
content, despite its different magnetic and electric behaviour.  

In addition to the cell contraction, the relative intensity of the (104) and (113) reflections 
centred around 40⁰ substantially change with the reducing-oxidizing treatments as previously 
observed in the XRD patterns. From the refinement, the intensity of these reflections has been 
shown to be strongly correlated to the z coordinate for the Sr atoms. In order to visualize the local 
structural changes that follow the oxygen insertion/removal, it is useful to normalize the atomic 
coordinates respect to the CuO2 planes, as shown in Figure 14, in which the local environment 
around the superconducting planes is sketched. The normalized height for the Cu2, Sr, and O1 
positions are summarized in Table 6, referred to the O2 planes taken as origin (z=0).  
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Figure 13. Experimental (red) and calculated (black) RT neutron powder diffraction patterns 
obtained from Rietveld refinement for the different samples with Fe0.5Cu0.5Sr2YCu2O7+δ 
composition. Bragg positions (space group P4/mmm) and the difference patterns are shown in 
green and blue. For the atomic parameters and agreement factors see Table 5. 
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Table 5. Atomic and cell parameters, and agreement factors obtained from Rietveld refinement 
of the RT NPD data for the F05-AP, F05-OA, F05-N, F05-NOA and F05-NO3 samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ composition.  

x (Fe) AP N NOA NO3 OA 

a 3.81063(3) 3.82084(4) 3.80716(3) 3.80736(4) 3.80742(4) 

c 11.4236(2) 11.4645(4) 11.4029(1) 11.4067(2) 11.4038(2) 

Vc 165.881(3) 167.368(4) 165.280(3) 165.352(3) 165.314(4) 

Y    1d (0.5,0.5,0.5)      

 Biso 0.63(4) 0.52(6) 0.47(3) 0.48(4) 0.45(4) 

Sr 2h (0.5,0.5,0)      

 z 0.1900(2) 0.1968(2) 0.1861(2) 0.1871(2) 0.1864(2) 

 Biso 1.33(4) 1.21(6) 1.25(3) 1.28(4) 1.27($) 

Cu1/Fe1 1a (0,0,0)      

 Biso 1.73(4) 3.83(9) 1.04(3) 1.23(4) 1.04(4) 

 Occ. Cu/Fe* 0.6/0.4 0.57/0.43 0.55/0.45 0.55/0.45 0.59/0.41 

Cu2/Fe2 2g (0,0,z)      

 z 0.3517(2) 0.3532(2) 0.3521(1) 0.3515(2) 0.3514(1) 

 Biso 0.52(2) 0.55(3) 0.43(2) 0.40(3) 0.36(2) 

 Occ. Cu/Fe* 0.95/0.05 0.96/0.04 0.97/0.03 0.97/0.03 0.96/0.04 

O1 2g (0,0,z)      

 z 0.1579(1) 0.1547(4) 0.1595(2) 0.1593(3) 0.1599(2) 

 Biso 1.67(5) 2.00(6) 1.43(4) 1.60(6) 1.53(6) 

O2 4i (0,0.5,z)      

 z 0.3722(1) 0.3724(2) 0.3728(1) 0.3724(1) 0.3724(1) 

 Biso 0.69(2) 0.66(3) 0.62(2) 0.64(3) 0.59(3) 

O3 4n (x,0.5,0)      

 x 0.183(2) 0.223(2) 0.156(4) 0.164(4) 0.163(4) 

 Biso 2.9(2) 2.6(1) 2.8(3) 2.6(3) 2.6(3) 

 Occ. 0.065(1) 0.071(1) 0.063(3) 0.061(3) 0.062(3) 

O4 2f (0,0.5,0)      

 Biso 2.5(3) - 2.4(5) 1.9(5) 2.2(6) 

 Occ. 0.019(1) - 0.026(3) 0.027(3) 0.025(3) 

Total oxygen content 7.34 7.13 7.42 7.41 7.39 

Rp 3.20 4.76 2.74 2.87 2.72 

Rwp 4.15 5.93 3.58 3.70 3.59 

  χ2 2.90 2.27 2.61 2.10 3.18 

*Occupancy fixed to the values obtained from the Móssbauer spectra 
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Table 6. Bond distances obtained from the Rietveld refinement of the RT NPD data for the 
F05-AP, F05-OA, F05-N, F05-NOA and F05-NO3 samples with Fe0.5Cu0.5Sr2YCu2O7+δ 

composition. The inter and intra-bilayer spaces, the buckling angles in the CuO2 planes and the 
BVS values for Sr and Cu2 positions are also summarized. The relative height (h) for some 
selected positions has been calculated respect to the O2 position.  

 

Distance (A) AP N NOA NO3 OA 

Y-O2 2.400(1) 2.406(1) 2.393(1) 2.397(1) 2.396(1) 

Sr-O1 2.7194(5) 2.745(1) 2.7090(5) 2.7108(5) 2.7092(4) 

Sr-O2 2.82(2) 2.775(3) 2.856(3) 2.845(3) 2.849(2) 

Sr-O3 2.477(6) 
3.401(9) 

2.493(6) 
3.567(9) 

2.494(8) 
3.277(1) 

2.488(9) 
3.308(1) 

2.483(9) 
3.300(1) 

Sr-O4 2.888(2) - 2.851(3) 2.859(2) 2.854(2) 

Cu1/Fe1-O1 1.804(3) 1.774(5) 1.818(4) 1.817(4) 1.823(3) 

Cu1/Fe1-O3 2.034(5) 2.092(5) 1.994(5) 2.003(5) 2.002(5) 

Cu1/Fe1-O4 1.90532(2) - 1.90358(2) 1.90368(2) 1.90371(2) 

Cu2/Fe2-O1 2.214(3) 2.276(6) 2.197(5) 2.190(3) 2.183(3) 

Cu2/Fe2-O2 1.9196(3) 1.9231(4) 1.9181(4) 1.9185(3) 1.9187(3) 

h Sr 2.0814(3) 2.0132(4) 2.1289(3) 2.1137(3) 2.1211(3) 

h O1 2.4479(2) 2.4958(8) 2.4322(4) 2.4308(6) 2.4233(4) 

h Cu2 0.2342(3) 0.2201(4) 0.2360(2) 0.2384(3) 0.2395(2) 

d inter-bilayer/2 4.018(2) 4.049(3) 4.015(3) 4.009(1) 4.007(2) 

d intra-bilayer 3.388(4) 3.366(5) 3.374(5) 3.387(4) 3.390(4) 

< Cu2-O2-Cu2 165.9(2) 166.8(2) 165.8(2) 165.9(2) 165.6(1) 

BVS (Sr) 1.87 1.84 1.88 1.88 1.89 

BVS(Cu) 2.32 2.27 2.34 2.35 2.35 

Tc (K) - - 30 50 - 
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Figure 14. Schematic atomic rearrangement around the CuO2 planes that follow the 
incorporation/removal of oxygen in the CRB. The relative height of the Sr, Cu2 and O1 positions, 
relative to the O2 fixed as origin are indicated, as well as the intra-bilayer (Cu2-Cu2) distance.  

 

 

With the incorporation of oxygen in the CRB, a cooperative rearrangement of the atoms within 
the SCB is observed. In particular, the strontium atoms move away from the CuO2 planes (↑hSr) 
while the apical oxygens move towards them (↓hO1). These atomic motions have been suggested 
to screen the pass of the charge from the CRB to the SCB 39,40. Also, the copper atoms suffer an 
out of plane displacement (↑hCu2), increasing the buckling angle of the CuO2 planes. From the 
here observed values of relative height for the different samples (Table 6), this rearrangement is 
shown to take place in both directions: increasing the oxygen content from the F05-N to the F05-
NOA, F05-NO3 and F05-OA samples; and  removing oxygen from the F05-AP to the F05-N 
samples.  

These atomic displacements bring out the modification of three characteristic distances within 
the unit cell (Figure 15). First, the joint displacement of the Cu2 and O1 positions results in a 
decrease of the Cu2/Fe2-O1 apical distance (dCuOap), expected to favour the charge transfer 
process 41,42. In addition, the decrease in the apical distance results in a concomitant shortening of 
the inter-bilayer distance, at expense of a higher intra-bilayer space. This configuration may result 
in a higher coherence in the conductivity along the stacking axis43. As a result,  an improved 
Josephson coupling as the inter-bilayer distance decreases at the expense of a lengthening in the 
intra-bilayer distance 44 is expected.  

The importance of these three characteristic distances is highlighted from comparison of the 
different oxidized samples. Despite its similar oxygen content and unit cell dimension, these 
samples have slightly different Cu2/Fe2-O1 apical distances. Indeed, the decrease in the dCuOap 

distance correlates with the increase in the Tc, as shown in Figure 15a. The increase in the Tc 
from the F05-NOA to the F05-NO3 samples also correlates with a decrease in the inter-bilayer 
distance (Figure 15b) at expense of and increased intra-bilayer distance (Figure 15c).  It is worth 
to point out that the non-superconducting F05-OA sample exhibit the more favourable structural 
configuration in terms of these parameters, reinforcing the absence of superconductivity to 
respond to the higher occupation of iron at the superconducting planes.  
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Figure 15. Variation of the (a) apical Cu2-O1 distance (dCuOap), (b) Cu2-Cu1 inter-bilayer 
distance and (c) Cu2-Cu2 intra-bilayer distance for the different Fe0.5Cu0.5Sr2YCu2O7+δ samples: 
F05-N, F05-NOA (Tc= 30 K) and F05-NO3 (Tc=50 K).  

 

Despite the fact that the variation is small in absolute terms, the tendency is supported by 
comparison with other M-1212 cuprates. In particular, in the related Mo-1212, 
Mo0.3Cu0.7Sr2RECu2O7+δ system 45,46, the same evolution of these three characteristic distances is 
observed upon oxidation, with the maximum Tc corresponding to the shorter apical and inter-
bilayer distances, and the larger intra-bilayer space. The same correlation is also observed in 
samples with a higher iron content, FeSr2YCu2O7+δ, as described in the following chapter.  

As discussed before, the subtle variation in these three characteristic distances is expected to 
control the superconducting properties in terms of the extent of charge transfer to the CuO2 planes, 
and of the hole mobility/ pair condensation.  

The Bond Valence Sum (BVS) values for the Cu2 position, shown in Table 6, can be taken as 
a measure of the hole doping level at the CuO2 planes: pCuO2= V(Cu)-2. An increase in pCuO2 
is observed from the reduced F05-N sample (pCuO2~ 0.27) to the oxidized F05-NOA and F05-
NO3 samples, both with the same pCuO2 value within the error bar: pCuO2~ 0.34-0.35. These 
values are strikingly high, when compared to conventional cuprate materials. The 
superconducting region for cuprate-type materials has been generally established to spread in the 

shape of a dome as a function of the hole doping level in between pCuO2 0.05 – 0.27, in the T-

pCuO2 phase diagram. The maximum Tc  occurs in this picture at a universal optimal level of popt 

 0.16 holes / CuO2 plane 47,48. Nonetheless,  a displacement of the optimal doping level towards 
a higher level of pCuO2 = 0.2 in YBCO 49 and pCuO2 = 0.18-0.22 in Hg-1201 50 has been claimed, 
suggesting the optimal doping region to cover a broader doping level interval, instead of being a 
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single universal value51. In M-1212 type cuprates, superconductivity has been shown to occur at 
even higher doping levels, pCuO2 >0.4 18,52. In particular, in the closely related 
Mo0.3Cu0.7Sr2RECu2O7+δ system 46, a continuous increase in the Tc with the hole doping level 
questioned the above suggested universal picture for the Tc-pCuO2 relation 46,52.   

The Fe0.5Cu0.5Sr2YCu2O7+δ system described here is also overdoped in terms of the nominal 
hole doping level at the CuO2 planes, with pCuO2~ 0.34-0.35. In this case, the variation in the Tc 
and the different transport properties (i.e. the R(T) dependence at T>Tc) for samples with the 
same pCuO2 value, suggest a different effective hole concentration or a different mobility to occur 
in this samples; or both. 

The actual hole distribution in these materials is indeed nontrivial, as both iron and copper are 
expected to be oxidized accompanying the increase in the oxygen content. In order to clarify the 
hole distribution within the different Fe0.5Cu0.5Sr2YCu2O7+δ samples, a spectroscopic study of the 
oxidation state for copper and iron has been performed.  
 

3.3. Charge distribution 

In order to determine the oxidation state for iron and copper, two different spectroscopic 
techniques have been used. X Ray absorption spectroscopy (XAS) is a useful tool in determining 
the oxidation state of transition metals in oxides 53, but it is limited to the energy range of the X-
ray source. In our case, the measurements were done using hard X-rays at the BM25-SpLine 
branch (photon energy of 5-45 keV) of the ESRF synchrotron. At this energy range, only the K-
edges of iron and copper are available. In the iron case, the chemical shift of the Fe K-edge is 
well known to allow valence determination by comparison with reference patterns (i.e. FeO, 
Fe3O4, α- Fe2O3 and γ-Fe2O3). The Cu K-edge is on the other hand rather complex 54–56, and the 
lack of Cu3+ containing oxides as reference patterns complicates the assignment of the copper 
oxidation state. For this reason, we have approached it by means of electron energy loss 
spectroscopy (EELS), as the accessible energy range allows the measurement of the more valence 
sensitive Cu-L3,2 absorption edge.  Moreover, by means of EELS the oxygen K-edge is also 
accessible. From the combination of both techniques the whole charge distribution can be 
therefore determined.  

3.3.1. X-Ray absorption spectroscopy (XAS) 

The XAS spectra at the Fe K-edge for the F05-AP, F05-N, F05-NOA and F05-NO3 samples, 
taken in transmission mode are shown in Figure 16a. The spectra normalization and pre-peak 
subtraction methodology is described in Chapter II (Section 3.1.). In the XANES region of the 
Fe K-edge spectra, covering a 7100-7150 eV energy range, two main spectral features can be 

observed. The main absorption above the absorption edge at ~1125 eV (white line) is due to 1s→ 

np dipolar transitions, while the pre-edge features appearing below the absorption edge are 
associated to excitations from 1s to empty 3d states. These later transitions are forbidden from the 
dipole selection rules, resulting in a low intensity coming from quadrupole transitions and/or p-d 
hybridization effects. The pre-peak intensity is therefore sensitive to the local environment, as the 
local site symmetry determine the degree of p-d admixture. In particular, the intensity of the pre-
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peak is strongly enhanced for tetrahedral respect to octahedral environments53. Figure 16b show 
an inset of the subtracted pre-peak region for the different Fe0.5Cu0.5Sr2YCu2O7+δ samples. The 
intensity of the pre-peak increases in the F05-N sample respect to the as prepared F05-AP sample, 
but decrease again for the oxidized F05-NOA and F05-NO3 samples. A predominant tetrahedral 
coordination for iron in the F05-N sample, but octahedral in the oxidized F05-NOA and F05-NO3 
samples is therefore confirmed, in line with the Mössbauer and NPD data.  

 

 

 

Figure 16. (a) Normalized Fe K-edge XAS spectra for the different F05-AP, F05-N, F05-OA 
and F05-NOA samples with Fe0.5Cu0.5Sr2YCu2O7+δ compositions. (b) Subtracted pre-peak region 
showing the decrease in the pre-peak intensity for the oxidized samples. 

 

 

Figure 17. (a) Least-square fitting of the threshold energy (Eo) of the absorption edge as a 
function of the iron oxidation state for different iron oxides.  Interpolation of the 
Fe0.5Cu0.5Sr2YCu2O7+δ samples is shown in blue. (b) Enlarged view for the higher oxidation state 
(O.S.) range showing the Fe0.5Cu0.5Sr2YCu2O7+δ samples to have an intermediate iron oxidation 
state of 3+< O.S. <4+.  
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The iron oxidation state (O.S.) can be determined from the energy position of the main 
absorption edge, a shifting towards higher energies being expected as the iron valence increase 
57. In order to assign a formal oxidation state, comparison with reference patterns is required. The 
conventional reference patterns (α-Fe foil, FeIIO, FeII-III

3O4, α- FeIII
2O3 and γ-FeIII

2O3) do not cover 
the higher oxidation state range i.e. > 3+. We have therefore prepared two additional reference 
samples: the Sr2FeIII

2O5 brownmillerite and a high-pressure oxidized SrFeIVO3 perovskite (see 
Section 3.1. in Chapter II for further details).  

The threshold Eo value for the different reference samples has been taken as the middle point 
in the absorption edge. The least-square fitting of the resulting (O.S., Eo) values for the reference 
patterns is shown in Figure 17. From interpolation of the Eo values for the Fe0.5Cu0.5Sr2YCu2O7+δ 

samples, the iron oxidation states are 3.19, 3.41 and 3.42 (±0.06) for the F05-N, F05-NOA and 
F05-NO3 samples respectively.  

 

3.3.2. Electron energy loss spectroscopy (EELS) 

Electron energy loss spectroscopy is also a powerful tool in determining the oxidation states 
of transition metals 58. The ionization process is in this case induced by an electron beam, as 
described in Chapter II (Section 3.2.), instead of a photon beam as used in XAS. The information 
obtained from the spectra is nonetheless similar, the energy loss being associated to the excitation 
of core electrons to empty states near the Fermi level. In the particular case of the L3,2-edges, these 
excitations involve transitions from the p core level into unoccupied d states i.e. 2p3dn →2p3dn+1 

transition, where p denotes the presence of a hole in the inner p orbitals. In the particular case of 
the Cu2+ cations, with d9 configuration, the L2 edge has a low intensity as it is forbidden from 
dipole selection rules, making only analysis of the L3 edge applicable.  

The L3 peak in the EELS spectra for a Cu2+ cation, associated to 2p3d9→2p3d10 transitions, is 
located around 931.2 eV 59. The Cu3+ cations, on the other hand, have a negative charge transfer 
energy53, which implies that a d9L configuration (instead of a d8 count) is stabilized. In other 
words, the holes have a predominant oxygen character. Nonetheless, the screening of the ligand 
holes increases the energy for the 2p3d9L→2p3d10L transition, that appears at ~933 eV59. For a 
mixed Cu2+/Cu3+ valence, the L3 edge will then show a high energy shoulder associated to the 
Cu3+ state.  

The L3 edge for the different Fe0.5Cu0.5Sr2YCu2O7+δ samples does have this line shape, as 
shown in Figure 18. A good fit of the absorption edge is obtained considering two Gaussian 
contributions centred at 931.2 eV (associated to Cu2+) and 933 eV (associated to Cu3+) for both 
the reduced F05-N sample and the oxidized F05-NOA and F05-NO3 samples. The relative weight 
of the two Gaussian components changes with the oxidation, reflecting the increase in the copper 
valence. The average oxidation state for copper can be calculated from the integrated intensities 
for the two components according to: 

 𝑉𝐶𝑢 (𝐸𝐸𝐿𝑆) = 2 +  
𝐼 ( )

𝐼 ( ) + 𝐼 ( )
 

 
The obtained values for copper oxidation states, V CuTOT (EELS), are shown in Table 7. 
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Figure 18. Cu L3-edge EELS spectra for the F05-N, F05-NOA and F05-NO3 samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ composition. Global fit (in red) to two Gaussian contributions associated 
to the presence of Cu2+ (in green) and Cu3+ (in blue) is shown.  

 

Table 7. Average oxidation state for copper and iron as derived from the Fe K-edge XAS 
spectra and the Cu L3-edge EELS spectra for the different Fe0.5Cu0.5Sr2YCu2O7+δ samples. The 
average copper oxidation state calculated from the oxygen content -VCuTOT(calc)- and the hole 
doping level at the CuO2 planes derived from BVS calculation are also shown.  

 
F05-N F05-NOA F05-NO3 

V Fe (XAS) 3.19 3.41 3.42 

 V CuTOT (calc) 2.26 2.45 2.44 

V CuTOT (EELS) 2.24 2.42 2.41 

pCuO2 (BVS) 0.27 0.34 0.35 

 

 

These values correspond to the average copper oxidation state at the two sites: Cu1 in the CRB 
and Cu2 at the superconducting planes. The observed values are in good agreement with the 
expected average copper valence considering the oxygen content and the iron oxidation state 
calculated from the XAS spectra at the Fe K-edge, supporting the reliability of the determined 
oxidation states obtained from both methodologies.  

Comparing the average copper oxidation state with the BVS value for copper at the CuO2 
planes, a higher oxidation state for Cu1 site is expected. This is indeed what is observed in the 
YBCO parent compound, with a higher copper oxidation state at the CRB than at the CuO2 planes 
60.  

The increase in the hole doping level at the superconducting planes, already inferred from the 
BVS calculations, can be further confirmed by looking at the oxygen K-edge. As mentioned 
before, a high oxygen character of the holes is expected from the negative charge transfer energy 
of both Cu3+-O and Fe4+-O covalent bonds 53,61. Moreover, the oxygen K-edge spectra has been 
demonstrated to reproduce the density of states in this strongly correlated materials 53.  
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The pre-peak region is of particular interest at this respect, as it reflects the M3d-O2p band 
structure.  As described in the introduction, cuprates are charge transfer insulators, with the 
schematic band structure at the Fermi level depicted in Figure 19b. The strong coulomb 
interaction splits the Cu3d orbitals into a completely full lower Hubbard band (LHB) and a high 
energy empty upper Hubbard band (UHB), both with predominant Cu3d character. The O2p band 
lies in this gap, explaining the high oxygen character of the introduced holes, that can be located 
at the charge reservoir block (hCRB) or at the superconducting planes (hSCB). Considering the 
excitation of one O1s core electron, two main possible transitions are therefore expected 58,59,62: 
from the O1s level to the UHB (ΔE~ 531 eV) or from the O1s level to empty states at the O2p 
band -hCRB and/or hSCB- (ΔE~ 528 eV).  

 

 

Figure 19. (a) O K-edge EELS spectra for the F05-N, F05-NOA and F05-NO3 samples with 
Fe0.5Cu0.5Sr2YCu2O7+δ compositions. (b) Schematic band structure at the Fermi level for hole 
doped cuprates, showing the possible low energy transitions to be observed in the O K-edge 
spectra.  

 

At low doping levels, the absence of “extra” holes at the O2p states makes the first transition 
(O1s to UHB) more probable, as observed in the experimental O K-edge EELS spectrum for the 
reduced F05-N sample (Figure 19a), with a low energy pre-peak centred at ~530.5 eV. The EELS 
spectra for the F05-NOA and F05-NO3 samples at the pre-edge region reflects a spectral weight 
transfer to lower energies. The pre-peak is now centred at ~528-528.5 eV, confirming the increase 
in the hole doping level after oxidation.   

It remains however unclear the reason behind the different superconducting properties of the 
F05-NOA and F05-NO3 samples. For these two samples, the same oxygen content and hole 
doping level at the CuO2 planes are derived from the BVS calculations. And, from the Fe K-edge 
XAS spectra and the Cu L3,2-edge EELS spectra, the same Fe3.4+/Cu2.45+ average valence states 
are derived. However, the different resistivity behaviour of these two samples in the normal state 
suggest a different effective hole concentration or mobility, that could explain their different Tc. 
The determination of the actual carrier density and hole mobility by means of Hall effect and 
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thermoelectric power measurements could help to determine the effective hole doping level in 
these materials. On the other hand, the structural characterization of the two oxidized samples 
reflected subtle differences in the local environment for the superconducting planes.  

We cannot discard the effect of a possible change in the local Fe-Cu distributions within the 
CRB as, with the diffraction techniques here employed, we can only discard the presence of long-
range Cu-Fe ordering within the CRB. A detailed study of the local Fe/Cu environment by means 
of EXAFS or PDF local-range techniques, in connection with the effective hole concentration 
determination, would help to clarify the complex condensation mechanism inferred for these 
highly doped  Fe0.5Cu0.5Sr2YCu2O7+δ samples.  
 

4. Conclusions 

The solubility of iron in the YSr2Cu3O6+δ parent compound at ambient pressure has been 
evaluated. In the resulting FexCu1-xSr2YCu2O7+δ (x= 0.25,0.33,0.35,0.5,1) phases, a progressive 
change in the unit cell parameters with the iron content has been observed, reflecting the iron 
incorporation. A decrease on the c-axis but an increase in the basal dimensions are observed by 
increasing the iron content. However, single-phases are obtained only for the higher iron contents: 
FexCu1-xSr2YCu2O7+δ (x= 0.5 and 1).  

By means of 57Fe-Mössbauer spectroscopy, iron is shown to occupy both copper sites in the 
YSCO-type structure: Cu1 in the CRB and Cu2 in the SCB. In the CRB, two different iron sites 
are observed: Fe3+ in tetrahedral coordination and Fe4+ in octahedral coordination. Increasing the 
iron content from x = 0.5 to x = 1 the iron occupation at the Cu2 site increases, as well as the 
number of octahedral units in the CRB. An increase in the oxygen content by increasing the iron 
content is followed.  

The superconducting properties of the Fe0.5Cu0.5Sr2YCu2O7+δ compounds have been studied 
after different reducing-oxidizing treatments. Annealing in a N2 atmosphere reduces both the 
oxygen content and the iron occupation at the superconducting planes. The resulting sample is 
non-superconducting, and signs of short-range magnetic ordering at ~ 20 K are observed. A 
subsequent oxidation in oxygen or ozone atmospheres increases the oxygen content in the CRB, 
resulting in highly oxidized δ ~ 0.4 compounds. The incorporation of oxygen at the CRB is 
followed by an atomic rearrangement in the SCB, reflecting the transfer of holes to the CuO2 
planes. In the two different oxidized F05-NOA and F05-NO3 samples, high hole doping levels of 
pCuO2~0.35 are derived from BVS calculations.  

Both samples are superconducting, with Tc (F05-NOA) = 30 K and Tc (F05-NO3) = 50 K 
despite the high hole doping levels. The increase in the Tc for a same pCuO2 value suggests a 
different effective hole concentration, as evidenced from the different temperature dependence of 
the resistance in the normal state for the two samples.  

With the oxidation, both iron and copper are oxidized to average oxidation states of Fe3.4+ and 
Cu2.45+, as determined from the analysis of the Fe K-edge XAS and the Cu L3-edge EELS spectra. 
The introduction of holes in the CuO2 superconducting planes is also evidenced in the O K-edge 
EELS spectra. The same hole distribution is nonetheless observed for the two different 
superconducting samples. 
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The local configuration around the superconducting planes is on the contrary different, a 
decrease in the apical distance correlating with the increase in the Tc. A concomitant shortening 
of the inter-bilayer space at the expense of a higher intra-bilayer space also follows the increase 
in Tc. The actual effect of these subtle structural changes in the transport properties and, in 
particular, in the condensation process deserves to be further studied by means of carrier 
density/hole mobility and superfluid density measurements. Also, the determination of the local 
Fe/Cu distribution in the CRB by local range techniques would help to clarify the role of chemical 
disorder in the superconducting properties. 

The study of samples with a higher degree of order in the CRB is addressed in the next chapter, 
through complete iron by copper substitution at the Cu1 site. A similar study of the crystal 
structure/hole doping/charge distribution is performed for the resulting FeSr2YCu2O7+δ samples 
in order to clarify the anomalous Tc-pCuO2 relation observed in the Fe0.5Cu0.5Sr2YCu2O7+δ 

system.  
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IV. RESULTS AND DISCUSSION 
 

Superconductivity in FeSr2YCu2O7+δ 
ferrocuprates: full substitution in the charge 
reservoir block 
 
 

 

 
 

 

 The variation of the oxygen content in the FeSr2YCu2O7+δ (δ ~ 0.08-0.85) compounds 
drives the oxidation of iron in the charge reservoir block, from Fe3+ in tetrahedral coordination to 
Fe4+ in octahedral coordination. High hole doping levels in the superconducting planes 
(pCuO2~0.10-0.35) are also observed, suggesting a whole displacement of the phase diagram 
towards higher doping levels compared to the conventional view. The superconducting properties 
are discussed in terms of the structural changes following the oxidation and of the anion ordering 
at the charge reservoir block.  

 
 

 

 



 

 
 

122  
 

 

 

 



IV. RESULTS AND DISCUSSION 

 

 
 

123 
 

1. Introduction   

All cuprate superconductors share as a common key structural feature the presence of CuO2 planes 

conforming the superconducting blocks (SCB), connected by the charge reservoir block (CRB) 

along the stacking direction of the layered structures. The superconducting interactions are 

associated to the two-dimensional square CuO2 lattice, while the CRB supplies the charge carriers.  

Complex intergrowing can be realized combining the CuO2-based SCB blocks and different CRB, 

made up of perovskite, rock-salt and even fluorite layers1. In the case of the 123 LnBa2Cu3O6+δ 

type cuprates, the CRB comprises perovskite-type BaO-CuOδ-BaO blocks. Maintaining this 

structural frame, chemical substitutions on the CRB have been also extensively explored. 

Complete substitution of Cu in the CRB by other transition metals is of particular interest because 

it results in the combination of A-site and B-site layered ordering in the resulting MBa2RECu2O7+δ 

(M-1212) cuprates, as in the earliest MBa2LaCu2O8 (M= Ta, Nb)2. The B-site layered ordering is 

very unusual3, only realized when there are strong coordination preferences at the B-site as 

observed, particularly, for Jahn-Teller active Cu2+ cations, like in La2CuMO6 (M= Sn, Zr)4 or 

Mn3+ cations, as in Ca2FeMnO6
5.  

A higher tolerance to copper substitution is found in the strontium 123 analogue,    

RESr2Cu3O7-δ. Complete copper substitution at the CRB is possible at ambient pressure for M= 

Al, Ga, Co, Fe 6–9, while M-1212 phases with M= Ru, Cr, Ir can be prepared at high-temperature 

high-pressure conditions10. For M3+ (M= Al, Ga, Co) cations in the CRB, a tetrahedral 

coordination is observed giving MSr2YCu2O7 stoichiometries. These compounds are 

superconducting when proper hole doping levels are attained by Ca-doping, with maximum 

critical temperatures of Tc ~ 30 K for M=Al, Tc ~70 K for M=Ga and Tc ~ 40 K for M=Co.  On 

the other hand, high valent RuIV-V, CrIV and IrIV cations are stabilized in octahedral coordination 

at the CRB, with MSr2RECu2O8 stoichiometries. Cr-1212 and Ir-1212 are not superconducting, 

but exhibit interesting magnetic properties11–13, while Ru-1212 compounds are, on the other hand, 

most interesting and unusual magnetic superconductors14. 

Copper by iron substitution, to give FeSr2RECu2O7+δ (Fe-1212) phases, is of special interest 

because of the ability of iron to adopt different coordination environments and oxidation states. 

In addition, the possible magnetic interactions at the CRB reinforces the interest of such a 

replacement. The oxygen content in the Fe-1212 phases has been previously extended from δ~0 

to δ~0.515–17, implying a variable iron coordination at the CRB, and resulting in superconductivity 

with a Tc = 60 K for the higher oxygen contents.  In this Fe-1212 system, the oxidation produces 

an increase of the formal iron valence from 3+, although complete oxidation to give a 

stoichiometric FeSr2RECu2O8 compound has not yet been described. The study of highly oxidized 

Fe-1212 compounds has two appealing factors: the attaining of highly doped CuO2 planes and the 

stabilization of highly valent Fe4+ cations. We address in this chapter the study of FeSr2YCu2O7+δ 

samples with different oxygen stoichiometries, reaching a high oxygen content of δ=0.85 after 

ozone oxidation. A detailed characterization of the crystal structure, charge distribution and iron 

environment in the different samples is described, with special reference to the charge transfer 
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process. The superconducting properties are explored in relation to the local structure-charge 

distribution. 

2. Iron environment and site distribution in FeSr2YCu2O7+δ  

 X-Ray and electron diffraction 

Polycrystalline samples with FeSr2YCu2O7+δ compositions were prepared by ceramic method. 
The intimate mixtures of Fe2O3 (Aldrich 99.99%), CuO (Aldrich 99.9999%), previously 
decarbonated Y2O3 (Aldrich 99.9%) and previously dehydrated SrCO3 (Aldrich 99.9%) in the 
stoichiometric relations were subjected to an initial treatment at 900 ºC for 12 hours. The resulting 
powders were ground in an agate mortar, pelletized, and subjected to several treatments at 980 ºC 
in air, for 72h, with intermediate grindings. After cooling in air, the resulting as-prepared sample 
is labelled F1-AP. Following the same procedure as for the Fe0.5Cu0.5Sr2YCu2O7+δ samples 
described in Chapter III, a subsequent annealing in inert atmosphere (N2/750ºC/24h) was carried 
out to promote Cu/Fe ordering. The resulting sample was labelled F1-N750. 

The X Ray patterns for both F1-AP and F1-N750 samples with FeSr2YCu2O7+δ compositions 
are shown in Figure 1. For the F1-AP sample, the main reflections can be indexed in the basis of 
a tetragonal ap x ap x 3ap triple perovskite (P4/mmm space group), as expected for a YBCO-type 
structure. The threefold superstructure results from A-site ordering, with Sr atoms occupying the 
CRB and the Y atoms located at the SCB between the CuO2 superconducting planes. As 
previously described in Chapter III, iron occupies both copper positions at the CRB and SCB in 
FexCu1-xSr2YCu2O7+δ samples, the relative occupation depending on both iron content and sample 
preparation conditions.  

 

Figure 1. X-Ray diffraction patterns for the F1-AP (upper panel) and F1-N750 (lower panel) 
samples with FeSr2YCu2O7+δ composition, indexed within the P4/mmm (with ap x ap x 3ap cell 
metric) and Imma (with √2ap x √2ap  x 6ap cell metric) space groups, respectively.  
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After annealing in the inert atmosphere, the X-Ray pattern for the F1-N750 sample shows the 
splitting of certain reflections with respect to the F1-AP sample, suggesting a reduced symmetry. 
The pattern can now be indexed in the basis of a brownmillerite-related superstructure, with a 
diagonal-type √2 ap x 6ap x √2 ap orthorhombic unit cell.  From the reflection condition hkl: h+k+l 
= 2n, a body centred (I) unit cell is derived.  

The superstructure is attributed to the formation of tetrahedral chains in the CRB, running 
along the diagonal of the basal plane of the original tetragonal cell. The apex linked tetrahedral 
[M3+O4] units form chains running along the [110]p direction (where p denotes the underlying 
ideal cubic perovskite unit cell), alternated with rows of vacant positions along the [1-10]p 
direction. The formation of similar brownmillerite-type superstructures is observed in the related 
M-1212 (M= Al, Ga, Co) 6,8,18–20 cuprates, where the M3+ cations are stabilized in tetrahedral 
coordination for MSr2YCu2O7 stoichiometries. While in A2B2O5 brownmillerites the tetrahedral 
layers are connected by octahedral layers along the stacking direction, in the case of MSr2YCu2O7 

cuprates these are separated by the face confronted [CuO5] square pyramids (Figure 2a). The 
resultant triple-layered variant can be derived from the brownmillerite structure through insertion 
of an additional octahedral layer, as in LaCa2Fe3O8

21,22, plus the complete removal of oxygens 
from the Y(La)-layers.   

 

Figure 2. (a) Crystal structure of MSr2YCu2O7 cuprates, with a triple-layered brownmillerite-
related structure (√2 ap x 6ap x √2 ap cell metric). The tetrahedral [MO4] units at the CRB are 
shown in brown, and the cooper pyramids conforming the SCB are shown in blue. Sr and Y atoms 
are shown in green and grey, respectively. The different kind of tetrahedral ordering within each 
MO layer is sketched in (b), together with the possible stacking sequences and the resulting space 
groups (c).  

 

In common with brownmillerite-type phases, the displacement of the M3+ cations from their 
position in the ideal perovskite cell drives a cooperative rotation of the [M3+O4] tetrahedra, 
resulting in corrugated tetrahedral chains (Figure 2) that can be left (L) or right(R)-handed 
rotated, as sketched in Figure 2b. Depending on the arranging of the two kind of tetrahedral 
chains, different intra and inter-layer orderings are possible (Figure 2b-c). When all the chains 
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are equal (i.e. left-handed rotated) within the same layer, two possible symmetries are possible: 
I2mb if the same L configuration is conserved between layers, or Pnma when the direction 
alternates between layers following a L-R-L-R interlayer ordering.  When a random distribution 
of L/R configurations are observed within or between the layers, the Imma space group is used to 
statistically model the chain disorder.  

In order to characterize the chain ordering in the F1-N750 sample, SAED patterns has been 
taken along the principal zone axis, as shown in Figure 3. From the SAED patterns taken along 
the [010] and [100] zone axis (which correspond to the [001]p and [1-10]p zone axis for an ideal 
cubic perovskite), the I centring is confirmed. From the observed reflection conditions two space 
groups, Imma or I2mb, are possible.  

 

Figure 3. SAED patterns for the F1-N750 sample with FeSr2YCu2O7+δ composition, along the 
principal (a) [010], (b) [100], (c) [102] and (d) [101] zone axis. Patterns are indexed within the 
Imma space group, corresponding to a √2ap x 6ap x √2ap cell metric.  An additional pattern along 
the [101] zone axis at a domain link region is shown in (e).  

 

However, in the [102] zone axis, diffuse lines are observed corresponding to a 4.8 Å spacing 
along the [201] direction. This suggests the presence of intralayer ordering23, and thus discards 
the I2mb space group. Nonetheless, the diffuse intensity also reflects a disordered L/R 
configuration along the stacking direction. The Imma space group is therefore selected to describe 
the presence of short-range intralayer ordering in the F1-N750 sample. The presence of 90º rotated 
domains is also observed in this F1-N750 sample, as found in the related Fe0.5Cu0.5Sr2YCu2O7+δ 
samples described in Chapter III, with preservation of the order within each domain.  
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 Mössbauer spectroscopy 

The Mössbauer spectra for the as-prepared F1-AP sample, with FeSr2YCu2O7+δ composition, 
is shown in Figure 4a. The spectrum can be fitted using three doublets, corresponding to three 
different iron sites in the YBCO-type structure. Site A and B both correspond to iron located at 
the CRB, in tetrahedral and octahedral coordination, respectively. The low isomer shift for the 
site B indicates highly valent Fe4+ cations to occupy the octahedral units, while Fe3+ form the 
tetrahedral units.  The relative weight of these two sites reflects the F1-AP sample to be fairly 
oxidized after the synthesis in air. It is also remarkable the high occupancy (~ 34%) of iron at the 
CuO2 planes in the SCB (Site C), as Fe3+ in square pyramidal coordination.  

 

 

Figure 4. Mossbauer spectra for (a) F1-AP sample at room temperature and (b) F1-N750 
sample at 4K. Mossbauer hyperfine parameters are shown in Table 1.  

 

 

After annealing in N2 atmosphere, the Mössbauer spectrum at room temperature for the F1-
N750 sample reflected the onset of magnetic interactions. By lowering temperature down to 4 K, 
a complex sextet pattern is observed (Figure 4b). The 4 K spectrum can be correctly fitted 
considering three different sextet contributions, corresponding to the same three iron sites 
observed in the F1-AP sample. However, as shown in Table 1, a substantial change in the relative 
weight of the three components is observed. Iron is now predominantly located at the CRB, as 
Fe3+ in tetrahedral coordination (~74%), this being consistent with the formation of the 
brownmillerite-related structure. The presence of extra-oxygen in the CRB is reflected in the 
presence of octahedral units (Site B ~ 10%).  The iron occupancy at the SCB is reduced after the 
N2 annealing, but with still a ~16% of iron substituting copper at the CuO2 planes. 
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Table 1. Hyperfine parameters and relative weights of the three different components 
employed for fitting of the room temperature 57Fe Mössbauer spectra for the F1-AP sample at RT 
and F1-N750 at 4K with FexCu1-xSr2YCu2O7+δ (x= 0.5,1) compositions. 

 

Sample Site IS (mm/s) Q. S. (mm/s) HF (T) % 

F1-AP 
(RT) 

A 0.206(2) 1.553(5) - 11.3(1) 
B -0.016 (1) 0.713(2) - 55.0(2) 
C 0.282(1) 0.575(2) - 33.7(2) 

F1-N750 
(4 K) 

A 0.271(2) 0.785(4) 34.08(1) 73.9(2) 
B 0.17(1) 0.58(2) 29.58(8) 9.9(1) 
C 0.428(5) -0.31(1) 50.22(3) 16.1(1) 

 

 

 Neutron diffraction 

A more careful characterization of the crystal structure of the F1-N750 sample has been 
approached by means of neutron powder diffraction (NPD). For the Rietveld refinement of the 
RT NPD pattern (Figure 5a), the Imma space group derived from the X-Ray and SAED patterns 
has been used, with an orthorhombic √2 ap x 6ap x √2 ap unit cell. The structural model is shown 
in Figure 5b, with a layered ordering of both Y and Sr at the A-site and Fe/Cu at the B-site.  The 
refined occupancy (Table 2) of Fe at the two copper positions (Cu1 in the CRB and Cu2 in the 
SCB) is in fair agreement with the relative occupancy derived from the Mössbauer spectrum. In 
the Imma space group, the presence of a mirror plane perpendicular to the a-axis produces two 
specular tetrahedral configurations in the CRB (see Figure 5c), associated to L and R type 
tetrahedral chains, which should be statistically half-occupied to maintain a FeSr2YCu2O7+δ 
stoichiometry. The occupancy of the Fe1 position has been therefore fixed to 0.5 in the 
refinement. On the other hand, the occupancy at the O3 position has been allowed to vary, as the 
presence of extra-oxygen is inferred from the Mössbauer spectrum. From the refined occupancy 
at the O3 position a FeSr2YCu2O7.08 stoichiometry is derived. The presence of this extra-oxygen 
in the F1-N750 sample, after annealing in N2 atmosphere, is surprising given that it does imply 
the presence of highly valent Fe4+ cations. Indeed, the extra oxygen of δ=0.08 deduced from the 
NPD data agrees with the presence of ~10% octahedral units derived from the Mössbauer 
spectrum 

 The use of the Imma space group does not allow one to evaluate the short-range intra-layer 
ordering inferred from the SAED patterns. However, from the refinement, the tetrahedral units 
are shown to be highly twisted, with φ= 56.6º (see Figure 5d); a similar value of φ= 56.7º is found 
in CoSr2YCu2O7 cuprates6. The twist of the tetrahedral units also displaces the apical O1 oxygen 
from the ideal position in the primitive cell, resulting in a subtle tilt of the CuO5 pyramids (Figure 
5e).  



IV. RESULTS AND DISCUSSION 

 

 
 

129 
 

 

Figure 5. (a) Rietveld refinement of the RT-NPD pattern for the F1-N750 sample with 
FeSr2YCu2O7+δ composition (S.G. Imma) and (b) the structural model. The basal plane projection 
of the CRB is shown in (c), with left and right-handed tetrahedral chain which are statistically 
half-filled. A particular tetrahedral chain is shown in (d), highlighting the bending of the 
tetrahedral units with φ=56.6º. The basal projection of the SCB is shown in (e). 

 

 

For high twist angles of the tetrahedral chains, the alternation of L/R type chains has been 
found to be promoted, in order to cancel the induced dipolar moment24. In particular, for large 
inter-layer spaces, the intra-layer ordering is favoured over the L/R alternation along the stacking 
direction. The large interlayer space of ~ 12.3 Å and the high φ in the F1-N750 sample justify the 
tendency to an alternation of L/R configurations along the c-axis. 

 



Superconductivity in FeSr2YCu2O7+δ ferrocuprates 

 

 
 

130 
 

Table 2. Atomic and cell parameters obtained from the Rietveld refinement of the RT-NPD 
pattern for the F1-N750 sample with FeSr2YCu2O7+δ composition.  
 

Atom Site x y z Biso (Å2) Occ. 

Y 4a 0 0 0 0.20(4) 1 

Sr 8h 0 0.34911(7) 0.0067(8) 0.68(4) 1 

Fe1/Cu1* 8i 0.0440(8) 0.25 0.5584(5) 1.0(7) 0.426(7)/0.074(7) 

Cu2/Fe2 8h 0 0.42610(8) 0.5000(5) 0.28(3) 0.85(1)/0.15(1) 

O1 8h 0 0.3257(1) 0.4739(7) 1.30(5) 1 

O2a 8g 0.25 0.0630(1) 0.25 0.39(2) 1 

O2b 8g 0.25 -0.0649(1) 0.25 0.39(2) 1 

O3 8i 0.390(1) 0.25 0.616(1) 2.1(1) 0.574(3) 

S.G.  Imma (No. 74); a = 5.4053(1) Å, b = 22.9136(5) Å, c = 5.4577(1) Å, V = 675.98(2)Å3, δ = 0.08 

Rp = 3.62 %; Rwp = 4.66 %; χ2 = 4.22 

* Half-occupancy fixed to simulate the disordered L/R configuration in the CRB 

 
 

The absence of complete intralayer ordering can be associated to the presence of [Fe4+O6] 
octahedral units, as it may disrupt the cooperative twist of the tetrahedral units. The orientation 
of the chains may be in this way converted from L to R within a single chain, decorrelating the 
inter-chain ordering within the layer. 

 It may be also considered, as deduced from both the NPD and the Mossbauer data, that there 
is a 15% of Cu substitution at the Fe1 positions. As for the octahedral units, the presence of square 
planar coordinated Cu2+ cations may also disrupt the tetrahedral ordering at the CRB.  The 
clustering of the copper atoms in the CRB seems likely, as observed for the minority M cations 
in MxCu1-xSr2YCu2Oy (M=Fe, Co, Mo)6,25,26 phases, in order to fulfil coordination preferences for 
the different transition metals.  

The role of the antisite disorder in the tetrahedral chain ordering is sustained by comparison 
with the related MSr2YCu2O7 (M=Al,Ga, Co) phases. In the case of M= Al, Ga a complete B-site 
ordering is observed and, consequently, the tetrahedral chains show long-range ordered 
configurations8,19,27. On the other hand, the CoSr2YCu2O7 cuprates have a similar Cu/Co disorder 
(with a ~15% of Co at the Cu2 site) than the iron case, and a disordered arrangement of [CoO4] 
tetrahedral chains6. 

While the copper substitution at the CRB is shown to have a strong impact on the structural 
ordering, the high iron occupation at the CuO2 planes (~7% of Fe per CuO2 plane) is expected to 
severely affect the superconducting properties, as observed in the Fe0.5Cu0.5Sr2YCu2O7+δ system 
described in the previous chapter. 
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3. Ozone oxidation of FeSr2YCu2O7+δ 

 Structural characterization 

3.1.1. X-Ray and electron diffraction 

The F1-N750 sample has been oxidized using ozone at low temperature, in order to maintain 
the Fe/Cu ordering achieved after the N2 annealing. Two different methodologies have been 
followed. Sample F1-OA1 results from annealing at 300ºC for 72h in a tubular furnace under 
flowing ozone-containing oxygen. On the other hand, sample F1-OA2 was oxidized at 200ºC with 
cold ozone-containing oxygen for 2h (see Section 1.2. in Chapter II for a detailed description of 
the oxidation procedure). The X-Ray patterns for the F1-N750, F1-OA1 and F1-OA2 samples are 
shown in Figure 6. After the oxidation, both F1-OA1 and F1-OA2 samples show tetragonal 
symmetry, the reflections being indexed within the P4/mmm space group with an ap x ap x 3ap unit 
cell metric. The threefold superstructure reflects the preservation of the A-site ordering after the 
low temperature oxidation, maintaining a YBCO-type structure.  

  

Figure 6. X-Ray diffraction patterns for the F1-N750 (upper panel), F1-OA1(middle panel) 
and F1-OA2 (bottom panel) samples with FeSr2YCu2O7+δ compositions. F1-N750 sample is 
indexed within the Imma space group (with √2ap x 6ap x √2ap cell metric), while both F1-OA1 
and F1-OA2 are indexed within the P4/mmm space group (with ap x ap x 3ap cell metric).  An 
enlarged view of the 38-48º two theta region is shown in (b).  

 

The tetragonal symmetry is confirmed at the microstructural level, as shown in Figure 7. The 
SAED pattern along the [001] zone axis can be indexed in the basis a cubic perovskite; no extra 
reflections being observed. By tilting the crystal along the [010] zone axis, the threefold 
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superstructure along the stacking direction is confirmed. The incorporation of oxygen in the CRB, 
disrupting the tetrahedral ordering, is confirmed from the absence of superstructure reflections in 
the SAED patterns along the [1-10] zone axis. Both F1-OA1 and F1-OA2 samples show similar 
electron diffraction patterns.  

 

 

Figure 7. SAED patterns along the principal zone axis for the (a) F1-OA1 and (b) F1-OA2 
samples with FeSr2YCu2O7+δ composition. Patterns are indexed within the P4/mmm space group 
(with ap x ap x 3ap cell metric).  

 

The incorporation of oxygen in the CRB is also reflected in the contraction of the unit cell, 
with the concomitant displacement of the reflections to higher 2θ values in the XRD patterns as 
evidenced in Figure 6. As previously observed in the related Fe0.5Cu0.5Sr2YCu2O7+δ samples, 
there are also changes in the relative intensities, especially pronounced for the reflections centred 
around 40-42º (see inset in Figure 6). As described in Chapter III (section 3.2.; pg. 24), the 
change in the relative intensity of the (113) and (104)/(005) reflections was shown to reflect the 
cationic rearrangement that follows the incorporation of oxygen in the CRB in the 
Fe0.5Cu0.5Sr2YCu2O7+δ system. From the different intensities for the two oxidized F1-OA1 and 
F1-OA2 samples, a different local structure is expected. To characterize the atomic arrangement 
in the different FeSr2YCu2O7+δ samples, we address a more detailed structural characterization by 
means of neutron diffraction. 

3.1.2. Neutron diffraction 

The room temperature NPD patterns for the F1-OA1 and F1-OA2 samples are shown in 
Figure 8. The Rietveld refinement has been carried out within the P4/mmm space group 
determined from the XRD and SAED indexation, with a tetragonal ap x ap x 3ap unit cell and a 
YBCO-type structural model, as shown in Figure 8b. To statistically approach the partial 
incorporation of oxygen in the CRB, two different O3 and O4 oxygen positions have been 
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considered (Table 3). As sketched in Figure 9, the less symmetric O3 position can be considered 
as an intermediate situation between tetrahedral and octahedral coordination for iron, while the 
O4 position is expected for a regular octahedral coordination, with the basal oxygens lying on the 
unit cell edges.  

 

 

Figure 8. (a) Rietveld refinement of the RT-NPD pattern for the F1-OA1 (top) and F1-OA2 
(bottom) samples with FeSr2YCu2O7+δ composition (S.G. P4/mmm). (b) Structural model based 
on a YBCO-type structure, with the different atomic positions labelled as in Table 3. 
 

As summarized in Table 3, for the F1-OA1 sample, the best refinement is obtained by 
considering the O3 position for oxygen at the CRB, with a refined occupancy corresponding to a 
FeSr2YCu2O7.56 stoichiometry (δ=0.56). Still the isotropic thermal factor for the O3 position is 
quite high, reflecting a disordered distribution of oxygen. A random distribution of tetrahedral 
[FeO4] and octahedral [FeO6] units is consequently expected, as no evidence of extra-ordering is 
found in neither the NPD nor the SAED patterns.  The iron occupancy in the Cu1 and Cu2 sites 
has been also allowed to vary, and the refined values are in fair agreement with those obtained 
for the F1-N750 sample (i.e. 7% of iron per CuO2 plane and 14% of Cu per FeOδ layer).    

In the case of the F1-OA2 sample, the x coordinate for the O3 position approaches the unit cell 
edge, reflecting a more symmetric oxygen environment for iron. The refinement considering a 
regular octahedral coordination at the CRB, with oxygens at the O4 position indeed results in 
good agreement factors. Also, the isotropic thermal factor for the Fe1 position decreases. An 
extra-oxygen incorporation of δ~0.85 is derived. Considering the relative Fe/Cu occupancy of 
86/14 at the Cu1 position, and assuming Cu to adopt square planar coordination, an octahedral 
coordination is indeed derived for iron for the determined oxygen content. From this observation, 
the presence of regular FeO4 octahedral units in the CRB seems to be deduced, as no tilting 
distortions were deduced from the SAED patterns, which had no superstructure reflections.  
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Figure 9. Basal projection of the FeOδ layers at the CRB for the (a) F1-N750, (b) F1-OA1 and 
(c) F1-OA2 samples with FeSr2YCu2O7+δ composition. The Fe-O bonds are shown, with iron 
atoms shown in brown and oxygens in red. 

 

With the oxidation, iron is therefore shown to increase its coordination number (c.n.) from c.n. 
= 4 in the F1-N750 sample (δ~0.56) to c.n. = 6 in the F1-OA2 sample (δ~0.85). From the refined 
M-O distances summarized in Table 4, the [FeO4] tetrahedral units in the F1-N750 sample are 
shown to be compressed along the stacking direction. The average Fe-O3 bond distance (dequatorial 
~ 1.924 Å) is longer than the apical Fe-O1 distance (dapical ~ 1.814 Å), with a corresponding axial 
distortion (D= dapical/dequatorial) of D= 0.943. This contraction places the apical oxygen closer to 
iron at the CRB than to copper at the superconducting planes (dCu2-O1< > dCuOap ~ 2.305 Å). 
A similar contraction of the tetrahedral units is observed in related iron based brownmillerite-type 
structures.  The twist of the tetrahedral units favours the Fe3d-O2p hybridization with the apical 
O1 oxygen28, resulting in a shorter Fe-O1 apical bond because of the increased covalency.  From 
this consideration, the O1→Fe1 charge transfer should be favoured in the F1-N750 sample, with 
a preferential localization of the oxygen holes at the CRB.  In YBCO, the Ba displacement has 
been shown to screen the passing of the charge from the CRB to the SCB29, the relative z 
coordinate of Ba cations therefore reflecting the local charge distribution. In the F1-N750 sample, 
the Sr atoms are indeed displaced from their ideal position, lying below the O1 layers and 
therefore closer to the CuO2 planes than to the Fe-O3 layers. The shorter Sr-Y distance compared 
to the Sr-Sr distance can be taken as a measure of such a displacement (Table 3). A preferential 
hole localization at the CRB is consistent with the displacement of the Sr2+ cations towards the 
CuO2 planes. 

When two oxygens are added to form octahedral [FeO6] units in the F1-OA2 sample, the 
equatorial Fe-O4 distance is reduced, at the expense of an increase on the apical Fe-O1 distance. 
This results in a more regular coordination environment, though the octahedral units are still 
appreciably compressed, with D= 0.967. The apical O1 oxygen is now displaced toward the CuO2 

planes. Indeed, with the oxidation, there is also a z-axis displacement of the Cu2 positions (see 
Figure 10), resulting in further shortening of the Cu2-O1 distance. From the same argument as 
above, the shortening on the Cu2-O1 distance may increase the O1→Cu2 charge transfer, 
involving a Fe1-O1-Cu2 pathway through 3dz2-O2pz bonds. The Bond Valence Sum (BVS) 
values for the Cu2 position at the CuO2 planes for the F1-N750 and F1-OA2 samples (Table 4) 
indeed show a clear increase in the hole doping level pCuO2 at the CuO2 planes with the oxidation, 
calculated as pCuO2 = BVS(Cu2) - 2.  
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Table 3. Atomic, cell parameters, and agreement factors obtained from the Rietveld refinement 
of the RT NPD data for the F1-OA1 and F1-OA2 samples with FeSr2YCu2O7+δ composition.  

 
F1-N750* F1-OA1 F1-OA2 

a 3.8221/3.8592 3.81908(3) 3.81544(5) 

c 11.4568 11.3446(1) 11.3306(2) 

V 168.991 165.465(2) 164.946(4) 

P4/mmm  F1-OA1 F1-OA2 

Y    1d (0.5,0.5,0.5)   

 Biso 0.39(3) 0.29(3) 

Sr 2h (0.5,0.5,0)   

 z 0.1840 (2) 0.1756(2) 

 Biso 0.66(3) 0.81(2) 

Fe1/Cu1 1a (0,0,0)   

 Biso 0.45(4) 0.29(5) 

 Occ. Fe/Cu 0.86/0.14(2) 0.87/0.13(2) 

Cu2/Fe2 2g (0,0,z)   

 z 0.3510(1) 0.3496(1) 

 Biso 0.21(3) 0.18(3) 

 Occ. Cu/Fe 0.93/0.07(2) 0.94/0.06(2) 

O1 2g (0,0,z)   

 z 0.1600(2) 0.1627(2) 

 Biso 1.52(4) 1.41(4) 

O2 4i (0,0.5,z)   

 z 0.3710(1) 0.3716(1) 

 Biso 0.52(2) 0.75(2) 

O3 4n (x,0.5,0)   

 x 0.086(1)  

 Biso 1.9(1)  

 Occ. 0.392(1)  

O4 2f (0,0.5,0)   

 Biso  1.91(7) 

 Occ.  0.93(1) 

Total oxygen content 7.56 7.85 

Rp; Rwp; χ2 4.43; 5.37; 5.77 2.88; 3.76; 3.18 

*The pseudo-tetragonal cell parameters for the F1-N750 sample have been included for comparison 

(see Table 2). 
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Table 4. Selected M-O and M-M bond distances obtained from the Rietveld refinement of the 
RT NPD data for the F1-N750, F1-OA1 and F1-OA2 samples with FeSr2YCu2O7+δ composition. 
BVS values for Fe1 and Cu2 positions are also summarized. 

Distance (A) Tendency F1-N750 F1-OA1 F1-OA2 

Cu1/Fe1-O1 ↑ 1.814(4) 1.816(3) 1.845(3) 

Cu1/Fe1-O3  1.888(8)/1.960(7) 1.9385(8) - 

Cu1/Fe1-O4  - - 1.90772(3) 

Cu2/Fe2-O1 ↓ 2.305(4) 2.166(3) 2.117(3) 

Cu2/Fe2-O2 
↑ 

1.931(2) 1.9230(3) 1.9240(3) 

Cu2/Fe2-O2b 1.936(2) - - 

d Cu2-Fe1 (d inter/2) ↓ 4.035(4) 3.982(3) 3.961(3) 

d Cu2-Cu2 (dintra) ↑ 3.370(4) 3.380(3) 3.408(3) 

d Cu2-Sr ↑ 3.238(4) 3.299(1) 3.341(1) 

d Sr-Sr ↓ 4.541(4) 4.174(4) 3.979(5) 

d Y-Sr ↑ 3.458(2) 3.585(2) 3.676(3) 

< Cu2-O2-Cu2 ↓ 167.6(3)/165.5(3) 166.4(1) 165.1(1) 

BVS (Fe1) ↑↑ 3.10 3.63 4.08 

BVS(Cu2) ↑ 2.19 2.34 2.37 

 

 

A cooperative displacement of the Sr atoms is also observed, with now a more similar Y-Sr 
and Sr-Sr distances, and a larger Cu2-Sr distance than in the F1-N750 sample. The displacement 
of the Sr position away from the CuO2 planes agrees with the increase in the hole doping level 
(pCuO2).  

Therefore, as previously inferred from the change in relative intensity in the XRD patterns, the 
incorporation of oxygen drives a cooperative cationic rearrangement, as depicted in Figure 10.  
Focusing on the local structure around the CuO2 planes, the shortening of the apical distance is 
followed by an out of plane displacement of the Cu2 position, increasing the buckling angle of 
the CuO2 planes. Moreover, the reduction in the apical Cu2-O1 distance and the c-axis 
displacement of the Cu2 position result in a concomitant reduction of the Cu2-Cu2 inter-bilayer 
distance, at expense of a larger intra-bilayer distance (see Figure 10).  

For the intermediate F1-OA1 sample, the disordered oxygen distribution in the FeOδ layers in 
the CRB complicates the interpretation of the Fe-O3 distances. However, a similar modification 
of the local structure around the CuO2 planes is observed, with intermediate values of Cu2-O1, 
Cu-Sr and inter/ intra-bilayer distances (Table 3). The variation of these relevant structural 
parameters as a function of the oxygen content, for the three F1-N750, F1-OA1 and F1-OA2 
samples, is shown in Figure 11. The observed tendency confirms the described structural 
rearrangement to follow the increase in the oxygen content at the CRB. 
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Figure 10. Crystal structure of the FeSr2YCu2O7+δ samples, showing the inter and intra-bilayer 
distances. An enlarged view of the superconducting blocks is highlighted in (b), with the atomic 
motions observed upon oxidation indicated by arrows.  

 

 

 

Figure 11. Variation of the (a) Cu2-Cu2 intra-bilayer and Cu2-Fe1 inter-bilayer distances and 
(b) Cu2-Sr, Cu2-O1 -dCuOap- and Cu2-O2 distances as a function of the oxygen content in 
FeSr2YCu2O7+δ samples.  

 

 

The variation in the mentioned structural parameters is expected to modify the 
superconducting properties. While the decrease on the Cu2-O1 apical distance may increase the 
charge transfer from the CRB to the SCB, the concomitant decrease in the inter-bilayer distance 
is expected to promote Josephson coupling between CuO2 bi-layers30, increasing the coherence 
in the conductivity along the c-axis31.   

The BVS values for the two oxidized F1-OA1 and F1-OA2 samples confirm the oxidation to 
increase pCuO2 respect to the F1-N750 sample. The values of pCuO2 are indeed remarkably high 
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in absolute terms, above the conventional doping level for cuprate type materials32,33 but very 
similar to those obtained for the Fe0.5Cu0.5Sr2YCu2O7+δ samples described in Chapter III. 

A large charge transfer to the CuO2 planes is deduced, correlated to the shortening of the apical 
distance. The effect of the apical distance in promoting the charge transfer from the CRB to the 
SCB was early on pointed out in YBCO34 and further confirmed to be behind the positive dTc/dP 
dependence in cuprate materials under hydrostatic pressure35–38. The relative variation in the 
apical distance (ΔdCuOap ~ -8%)  by increasing the oxygen content from δ = 0.08 in the F1-N750 
sample (dCuOap = 2.305 Å) to δ = 0.85 in the F1-OA2 sample  (dCuOap = 2.117 Å) is very 
similar to the relative contraction observed from YBa2Cu3O6 (dCuOap = 2.471 Å) to 
YBa2Cu3O6.95 (dCuOap = 2.301 Å)39. However, in absolute terms, the apical distance is much 
shorter in FeSr2YCu2O7+δ. This shortening of the apical distance justifies the presence of highly 
doped CuO2 planes, as derived from BVS calculations.  

Besides controlling the charge transfer, the active role of the apical distance in determining 
the superconducting properties has been extensively studied. The maximum Tc for different 
cuprate-type families was shown to positively correlate with the increase in the apical 
distance40,41, this justified by a lesser dz2 contribution at the Fermi level42,43. Moreover, the recent 
observation of a huge light-induced Tc enhancement in YBCO31, following the excitation of the 
apical bond phonon modes30 suggest a more complex interplay between the apical lattice 
dynamics and the in-plane transport properties. A correlation between the strength of the M1-O1-
Cu2 bonds and the Tc has been indeed recently proposed in the basis of ionic dynamic oscillations 
involving the apical bond44. In this context, the study of materials with such short apical distances 
as here observed in FeSr2YCu2O7+δ renew their interest26.  

Nonetheless, despite the high doping level at the CuO2 planes in these FeSr2YCu2O7+δ samples, 
the BVS values for the Fe1 position at the CRB indicate that iron is more oxidized than copper, 
reaching a formal Fe4+ valence for the most oxidized F1-OA2 sample.  Both the high doping level 
at the superconducting planes and the stabilization of Fe4+ cations in the CRB are uncommon, and 
a complex electronic behaviour is expected to arise from their interplay.  

3.1.3. Atomic resolution scanning electron microscopy 

To verify the structral model derived from the NPD data, the most oxidized F1-OA2 sample 
has been studied by scanning transmission electron microscopy (STEM) using an aberration 
corrected JEOL JEM ARM 200cF microscope (200 kV, point resolution of 0.08 nm). The 
combination of high-angle annular dark field (HAADF) and annular bright field (ABF) imaging, 
and EELS mapping, allows a complete structural and compositional characterization at the atomic 
level. HAADF-STEM images (Z-contrast) permits to visualize the heavier cations, with the 
difference in contrast arising from the difference in atomic number Z . An HAADF imagen of the 
F1-OA2 sample along the [010] zone axis is shown in Figure 12a, together with the structural 
model derived from the refinement of the NPD data.  The very close atomic number of Y (Z=39) 
and Sr  (Z=38) results in a small contrast difference, with Y columns appearing only slightly 
brighter. Copper (Z= 29) colums appears also slightly brighter than the Fe (Z=26) colums. The 
layered ordering of both Sr and Y at the A-site, and Cu and Fe at the B-site, is however 
unumbiguosly confirmed by the EELS mapings (Figur12 c-d), with Fe located at the CRB in 
between the Sr-O layers.   
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Figure 12. Experimental (a) HAADF-STEM and (b) ABF-STEM images along the [010] zone 

axis for the F1-OA2 sample with FeSr2YCu2O7+δ compositions. The structural model is 
superimposed, where Sr (Y) atoms are shown in green (grey), Cu (Fe) atoms in blue (orange) and 
oxygens in red. In the HAADF-STEM image, the shorter Sr-Y than Sr-Sr distances are 
highlighted by red (Y) and green (Sr) lines. In the ABF-STEM image, the O3 oxygen positions 
at the CRB are marked by red arrows. (c) EELS maps of the region shown in (d), with Cu columns 
shown in green, Fe columns in blue and Sr columns in red.  
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To visualize the anionic sublattice a complementary ABF-STEM image  along the same [010] 
zone axis is shown in Figure 12b. Around the iron colums, four different oxygen colums are 
visible, confirming the octahedral coordination for iron at the CRB. Despite the presence of 
oxygen vacancies in the FeOδ layers derived from the NPD data, the O4 positions are clearly 
visible (indicated by red arrows in the image).  Around the Cu colums, the three oxygens colums 
expected for a pyramidal coordination are also evidenced, the apical O1 position being closer to 
the iron colums, as derived from the neutron data. Even more, the presence of additional oxygen 
in the Y-layers seems to be also inferred. The possibilty of a octahedral coordination for copper 
at the Cu2 position does not seem probable, as no evidence for oxygen incorporation in the RE 
layers has been observed in either YBCO or YSCO. However, iron located at the CuO2 planes 
could incorporate extra-oxygen, as previously suggested for related FeSr2RECu2Oy samples45. 
The formation of face confronted Fe2-O-Fe2 units in the SCB, with iron in octahedral 
coordination, could explain the presence of extra oxygen between the CuO2 superconducting 
planes. This would indeed effectively lower the impurity effect of Fe by Cu substitution in the 
SCB, allowing, as will be discussed below, the appearing of superconductivity in these samples.  

 

 Charge distribution 

3.2.1. X-Ray absorption spectroscopy (XAS) 

To confirm the iron oxidation state deduced from the NPD data, the F1-AP, F1-N750, F1-OA1 
and F1-OA2 samples have been studied by XANES spectroscopy performed at the Fe-K edge. 
The XANES region (7100-7150 eV) of the normalized XAS spectra for the different samples are 
shown in Figure 13. The main absorption above the absorption edge at ~7120-7130 eV (white 

line) is due to 1s→ np dipolar transitions, while the pre-edge features appearing below the 

absorption edge are associated to excitations from 1s to empty 3d states. The threshold energy 
(Eo) at the white line can be related to the iron valence state, with an expected shift to higher 
energies with the oxidation.  The pre-peak gives additional information about the coordination 
environment46,47. 

From the different edge position observed in Figure 13a for the different samples, the change 
in the iron oxidation state with the different treatments is confirmed. The absorption edge shifts 
to lower energies from the F1-AP to the F1-N750 sample, indicating the reduction of iron. After 
oxidation of the F1-N750 sample, the absorption edge for the F1-OA1 and F1-OA2 samples is 
again displaced to higher energies, reflecting iron oxidation. From comparison with reference iron 
oxides, an oxidation state (O.S.) > 3+ is derived for all the samples. The average iron oxidation 
state in the different samples has been calculated by linear interpolation in the Eo(O.S.)  relation 
observed for the reference patterns, as shown in Figure 14. 

In the F1-N750 sample, with FeSr2YCu2O7.08 composition, the value of VFe (XAS) = 3.16 is 
consistent with the different iron contributions in the Mossbauer spectra. A 10% of iron was 
shown to be as Fe4+ in octahedral coordination at the CRB. To maintain charge neutrality, a formal 
copper oxidation state of V Cu(calc)= 2.00 is derived.   
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Figure 13. (a) Normalized Fe K-edge XAS spectra for the different F1-AP, F1-N750, F1-OA1 
and F1-OA2 samples with FeSr2YCu2O7+δ composition. (b) Subtracted pre-peak region showing 
the decrease in the pre-peak intensity for the oxidized samples.  

 

 

 

Figure 14. (a) Linear least-square fitting of the threshold energy (Eo) of the absorption edge 
as a function of the iron oxidation state for different iron oxides used as reference patterns.  
Interpolation of the FeSr2YCu2O7+δ samples is shown in blue. (b) Enlarged view for the higher 
oxidation state (O.S.) range showing the FeSr2YCu2O7+δ samples to have an intermediate iron 
oxidation state of 3+< O.S. <4+.  

 

For the ozonized F1-OA1 and F1-OA2 samples, the edge position gives values of VFe (XAS) 
= 3.58(7) and VFe (XAS) = 4.13(7), respectively. From charge-balance calculations, a copper 
valence of V Cu(calc)= 2.24 and 2.29 is derived for the F1-OA1 and F1-OA2 samples, respectively. 
The mixed valence state for iron in the F1-OA1 sample is consistent with the FeSr2YCu2O7.56 
stoichiometry derived from the NPD data, while the high valence state deduced for iron in the F1-
OA2 sample, with FeSr2YCu2O7.85 composition, agrees with the stabilization of Fe4+ cations in 
octahedral coordination. In addition to the shift of the absorption edge, a different line-shape is 
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observed in the spectrum above the white line. As the absorption at these higher energies tests the 
bond-involved 4p orbitals, it may reflect the different iron coordination in the F1-OA2 sample. 
This is further confirmed from the different integrated area at the pre-peak, as evidenced in Figure 
13b. The pre-peak intensity is severely affected by the local site symmetry, as it determines the 
degree of p-d admixture. In particular, the intensity of the pre-peak is strongly enhanced for 
tetrahedral respect to octahedral environment48. The progressive decrease in the integrated area 
from the F1-N750 to the F1-OA1 and F1-OA2 samples corroborates the increase in the number 
of octahedral units at the CRB.  

 

3.2.2. Electron energy loss spectroscopy (EELS) 

The average copper oxidation state can be determined from the analysis of the Cu-L3 EELS 
spectra, as previously applied for the Fe0.5Cu0.5Sr2YCu2O7+δ system. The L3 peak in the EELS 
spectrum for a Cu2+ cation (associated to 2p3d9→2p3d10 transitions) is located around 931.2 eV 
49, while a shift to higher energies, ~933 eV49, is expected for formal Cu3+ cations 
(2p3d9L→2p3d10L transitions) due to the screening of the ligand holes. Therefore, for a mixed 
Cu2+/Cu3+ valence, the L3 edge will show a high energy shoulder associated to the Cu3+ state.   

 

 

Figure 15. Cu L3-edge EELS spectra for the F1-N750, F1-OA1 and F1-OA2 samples with 
FeSr2YCu2O7+δ composition. Global fit (in red) to two Gaussian contributions associated to the 
presence of Cu2+ (in green) and Cu3+ (in blue) is shown.  

 

The EELS spectra at the Cu-L3 edge for the F1-N750, F1-OA1 and F1-OA2 samples are shown 
in Figure 15. A higher asymmetry is observed for the ozonized samples respect to the precursor 
F1-N750 sample. For the fitting, two Gaussian components centred at 931.2 eV and ~933 eV have 
been used.  The average oxidation state for copper has been calculated from the integrated 
intensities for the two components, according to49: 

 

 𝑉𝐶𝑢 (𝐸𝐸𝐿𝑆) = 2 + 
𝐼 ( )

𝐼 ( ) + 𝐼 ( )
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The calculated average oxidation state for copper is shown in Table 7, for the different 
samples. Comparing the evolution of the copper valence obtained from the EELS spectra with the 
one expected from the oxygen content and the determined iron valence, the same tendency is 
observed, with a substantial increase in the copper oxidation state form the F1-N750 to the F1-
OA1 and F1-OA2 samples. However, similar values are obtained for the two oxidized F1-OA1 
and F1-OA2 samples. The absolute values obtained from the EELS spectra are higher than the 
calculated, but indeed remarkably close to the BVS values obtained for the Cu2 position (Table 
7), questioning the applicability of the ionic-like oxidation-state assignment.  

 

Table 7. Average oxidation state for copper and iron as derived from the Fe K-edge XAS 
spectra and the Cu L3-edge EELS spectra for the different FeSr2YCu2O7+δ samples. The average 
copper oxidation state calculated from the oxygen content V(Cu)calc and the hole doping level at 
the CuO2 planes derived from BVS calculation are also shown.  

 
 

F1-N750 F1-OA1 F1-OA2 

Fe 
V Fe (XAS) 3.16 3.58 4.13 

V Fe (BVS)  3.10 3.63 4.08 

Cu 

V Cu (calc) 2.00 2.24 2.29 

V Cu (EELS) 2.17 2.30 2.31 

pCuO2 (BVS) 0.19 0.34 0.37 

 

In order to evaluate the hole doping level at the CuO2 planes, the analysis of the O-K edge 
spectra is of special concern. The pre-edge region in the O-K EELS spectra of correlated oxides 
originate from transitions into unoccupied states with O 2p character hybridized with transition 
metal 3d states50,51, thus probing the d band structure at the Fermi level.  

In cuprates, the strong coulomb interaction splits the Cu3d orbitals into a completely full lower 
Hubbard band (LHB) and a high energy empty upper Hubbard band (UHB), both with 
predominant Cu3d character, as depicted in Figure 16a. The O2p states lie in this gap, explaining 
the oxygen character of the introduced holes. Also, for highly valent iron oxides, the high 
covalency and the negative O2p→Fe3d charge transfer energy52,53 results in a high oxygen 
character of the holes54. 

The EELS spectra (Figure 16b) indeed show strong pre-edge features, confirming a strong 
M3d-O2p hybridization in these FeSr2YCu2O7+δ samples. As we can not resolve the different 
contributions: holes located at the CRB (hCRB), with predominant Fe3d character, from holes 
located at the CuO2 planes (hSCB) with Cu3d character, the formation of a broad p-d band, with 
both Fe:3d and Cu:3d character is asummed for the qualitative interpretation of the spectra.  

In the reduced F1-N750 sample, the energy position of the pre-peak at ~ 531 eV is the one 
expected for transitions to the UHB51,55. With the oxidation, a spectral weight transfer to lower 
energies is observed, followed by an increase in the  pre-peak intensity. A clear decrease in energy 
of the pre-peak is also observed with the oxidation, reflecting a renormalization of the band 
structure at the fermi level with the oxidation.  
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Figure 16. (a) Schematic band structure at the Fermi level for hole doped cuprates, showing 
the possible low energy transitions to be observed in the O K-edge spectra. (b) Experimental O 
K-edge EELS spectra for the F1-N750, F1-OA1 and F1-OA2 samples with FeSr2YCu2O7+δ 
composition.  

 

The increase in the pre-peak intensity reflects an increase in the number of oxygen holes, 
accompaning the increase in the formal valence of both iron and copper. Considering the change 
in the iron environment with the oxidation, from tetrahedral to octahedral coordination, the red 
shift of the pre-peak is expected from the higher crystal field splitting for Oh vs. Td28. At higher 
energies, the increase in intensity around ~ 542 eV also reflects the change in iron environment, 
as these energies are associated to transitions to Fe4s/p-O2p bond involved states56.  

A predominant iron character of the holes is indeed expected from the higher number of d 
empty states for Fe3+/Fe4+ compared to Cu2+/Cu3+ cations, and from the very negative charge 
transfer energy for the formal Fe4+ state53. Also from the structural characterization a predominant 
localizaton of the holes at the CRB was deduced. Particularly, in all the samples, the iron 
polyhedral environment is contracted, with a Fe1-O1 apical distance shorter than the equatorial 
Fe-O3 distances. As the apical Cu-O1 distance is also shorter than in conventional cuprates, a 
large concentration of holes at the Fe1-O1-Cu2 bond may be expected. 

What it is unambigously derived from the O-K spectra is the high covalency of these 
FeSr2YCu2O7+δ samples, enhanced with the oxidation. The high oxygen character of the holes can 
explain the observed differences between the ionic model based charge-balance calculations and 
the spectroscopic data. There is an increasing recognition of the importance of the oxygen 
character of the holes in high temperature superconductors57, recently reinforced by the negative 
charge transfer energy oberved for superconducting nickelates58,59. 

 

 

 



IV. RESULTS AND DISCUSSION 

 

 
 

145 
 

 Superconducting properties 

The reduced F1-N750 sample is not superconducting down to 4K. The magnetic susceptibility 
under a 100 Oe field in ZFC mode (Figure 17a) in the 4-300 K temperature range is shown in 
Figure 17a. The inverse susceptibility (Inset in Figure 17a) does not follow a Curie-Weiss type 
linear dependence with T, reflecting the presence of magnetic interactions, as previously inferred 
from the 4K Mossbauer spectra (Figure 17b). From the line-shape of the RT Mossbauer spectrum 
the magnetic transition temperature seems to be close to room temperature.  The three-sextet 
pattern of the 4 K Mossbauer spectrum reflects the presence of a magnetic hyperfine field at the 
three iron positions: tetrahedral [Fe3+O4] chains and octahedral [Fe4+O6] units at the CRB, and 
[Fe3+O5] units in the CuO2 planes. The different hyperfine fields (HF) observed for the three iron 
sites in the F1-N750 sample are consistent with the assigned iron valence state and coordination: 
35 T for tetrahedral Fe3+ (S=5/2), 30 T for octahedral Fe4+ (S=2) and 50 T for Fe3+ (S=5/2) in 
square pyramidal coordination at the SCB.  

 

Figure 17. (a) Temperature dependence of the molar magnetic susceptibility under a 100 Oe 
magnetic field for the F1-N750 sample with FeSr2YCu2O7.08 composition. The inset shows the 
inverse of the molar susceptibility.  (b)Mössbauer spectra at RT and 4K for the same F1-N750 
sample with FeSr2YCu2O7.08 composition. The refined hyperfine parameters for the 4K spectrum 
are shown in Table 8.  

 

Table 8. Hyperfine parameters and relative weights of the three different components 
employed for fitting of the 4K Mössbauer spectrum for the F1-N750 sample. 

 

Sample Site IS (mm/s) QS (mm/s) HF (T) % 

F1-N750 
(4 K) 

A 0.271(2) 0.785(4) 34.08(1) 73.9(2) 
B 0.17(1) 0.58(2) 29.58(8) 9.9(1) 
C 0.428(5) -0.31(1) 50.22(3) 16.1(1) 
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The magnetic splitting of the site C therefore reflects the presence of magnetic interactions in 
the CuO2 planes. At low doping levels, the YBCO parent compound shows an antiferromagnetic 
(AFM) ordering of the Cu2+ cations in the CuO2 planes (TN1 = 430 K)60,61, while copper in the 
chains undergoes magnetic ordering at lower temperature (TN2 = 80 K)62.  For the Fe3+ cations at 
the tetrahedral chains, stronger AFM interactions are expected from comparison with related 
Sr2Fe2O5 (TN = 700 K) and Ca2Fe2O5 (TN = 720 K) brownmillerites.  A more detailed analysis of 
the magnetic interactions at the different iron sites is addressed in Chapter V, by means of neutron 
diffraction and muon spin rotation spectroscopy. 

The absence of superconductivity but the presence of magnetic ordering suggests a low doping 
level for the F1-N750 sample. However, from the BVS value for Cu2 positions, a quite high hole 
doping level of pCuO2=0.17 was derived. 

 

 

Figure 18. (a) Temperature dependence of the molar magnetic susceptibility under a 20 Oe 
magnetic field for the F1-OA1 sample with FeSr2YCu2O7.56 composition. Filled (empty) circles 
are measured in ZFC (FC) modes. (b) Normalized resistance for the same F1-OA1 sample. 
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After oxidation, the F1-OA1 sample is superconducting, with Tc = 30 K (Figure 18a). The 
diamagnetic signal indicates a low shielding fraction of χsh ~ 5%. Above Tc, the low susceptibility 
values do not point to the presence of magnetic interactions. The normalized resistance is shown 
in Figure 18b, from which the superconducting transition at Tc = 30 K is confirmed from the 
drop to zero resistance. The R(T) dependence in the normal state, i.e. at T > Tc, is characteristic 
for an underdoped regime63. This is unexpected considering the high pCuO2 value derived from 
the BVS calculations. For such a high pCuO2 value, an overdoped regime would be expected from 
the conventional phase diagram of cuprate superconductors. 

 

Figure19. (a) Temperature dependence of the molar magnetic susceptibility under a 20 Oe 
magnetic field for the F1-OA2 sample with FeSr2YCu2O7.85 composition. Filled (empty) circles 
are measured in ZFC (FC) modes. Inset shows the temperature derivative of the magnetic 
susceptibility, from where both the magnetic TN and the superconducting Tc critical temperatures 
-marked by arrows - can be inferred (b) Normalized resistance for the same F1-OA2 sample. 



Superconductivity in FeSr2YCu2O7+δ ferrocuprates 

 

 
 

148 
 

The F1-OA2 sample displays a more complex magnetic behaviour, as shown in Figure 19a. 
The critical temperature, taken as the drop of the susceptibility towards negative values, increases 
to Tc = 70 K. The shielding fraction, χsh ~ 20%, is also higher than in the F1-OA1 sample. The 
normalized resistance confirms the superconducting transition at 70 K, with a drop to zero 
resistance. However, a second transition is inferred at T* = 25 K, also reflected in a change of 
slope in the susceptibility data.  

From the R(T) dependence in the normal state64,65,a higher doping level is derived for this F1-
OA2 sample compared to the F1-OA1 one, despite the BVS calculations gave similar pCuO2 
values for the two samples (F1-OA1: pCuO2~0.34; F1-OA2: pCuO2~0.37).  

The appearance of superconductivity at such high doping levels in both F1-OA1 and F1-OA2 
samples, and the variation of the Tc and normal state transport properties suggest these samples 
to have a different effective hole concentration at the CuO2 planes. This is reinforced by the 
underdoped like resistivity behaviour of the F1-OA1 sample, and the Tc increase from the F1-
OA1 to the F1-OA2 samples, suggesting a lower effective hole concentration than the nominal 
concentration derived from the BVS values and the spectroscopic data.  

As described in Section 3.1.2, the difference in oxygen content in the F1-OA1 and F1-OA2 
samples goes along with an atomic rearrangement within the unit cell. A different 
condensation/mobility can therefore be expected from the different structural configuration in the 
two samples, leading to different Tcs and transport properties at T > Tc.  Moreover, it may be 
also considered the higher disorder at the CRB for the F1-OA1 sample, with a mixed valence 
Fe3.5+ state and a disordered arrangement of octahedral and tetrahedral units. The increase in the 
local ordering at the CRB in the F1-OA2 sample, with Fe4+ cations in octahedral coordination, 
agrees in this sense with the increase in the Tc.  Furthermore, the diamagnetic volume fraction 
also increases, reinforcing the idea of the F1-OA2 sample having more homogeneous electronic 
properties.  

It is also worth stressing the superconducting behaviour of these samples despite the high iron 
occupation at the superconducting planes (~7% of Fe per CuO2 plane). As previously suggested 
by the ABF-STEM images, a clustering of the iron cations at the CuO2 planes may be expected, 
though their actual characterization is rather challenging.   

In the case of the more oxidized F1-OA2 sample, what is even more intriguing is the increase 
in the susceptibility at high temperature (i.e. T > Tc), reflecting the presence of magnetic 
interactions. A broad transition is observed in the derivative, shown as an inset in Figure 19a, 
from which a magnetic critical temperature Tm ~ 140 K > Tc = 70 K is deduced.  

The magnetically ordered state at low temperature (i.e. T < Tc) is confirmed by the sextet 
pattern of the 4 K Mössbauer spectra (Figure 20). The spectra at both RT and 4 K can be fitted 
by using only two contributions, confirming a complete oxidation to Fe4+ in octahedral 
coordination at the CRB. Site B corresponds to octahedral [Fe4+O6] units at the CRB, with a low 
isomer shift of -0.08 mm/s, and Site C corresponds to Fe3+ located at the CuO2 planes. The relative 
weight for the two components is consistent with the ~15% of iron substitution at the Cu2 position 
in the SCB derived from the NPD data.  
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Figure 20. Mössbauer spectra for the F1-OA2 sample with FeSr2YCu2O7.85 composition at (a) 
room temperature and (b) 4 K. The refined hyperfine parameters are shown in Table 9.  

 

Table 9. Hyperfine parameters and relative weights of the two different components employed 
for fitting of the room temperature and 4 K Mössbauer spectra for the F1-OA2 sample with 
FeSr2YCu2O7.85 composition. 
 

 
Site IS (mm/s) Q. S. (mm/s) HF (T) % 

RT 
B -0.080(1) 0.784(1) - 85.2(1) 

C 0.232(2) 0.409(4) - 14.8(1) 

4.2 K 
B 0.014(2) 0.346(3) 26.7(1) 86.3(1) 

C 0.36(1) -0.18(3) 45.4(1) 13.7(1) 

 

 

The coexistence of superconductivity and magnetism is a rare phenomenon. Within layered 
cuprate compounds, the only one example of coexistence between long range magnetism and 
superconductivity at the unit cell level is found in the RuSr2RECu2O8 (Ru-1212) system, in which 
ferromagnetism at TN = 125-145 K and superconductivity at a lower Tc = 15-50 K seems to 
coexist14,66,67. The magnetism associated to Ru(IV-V) cations is however rather complex, and 
subjected to controversy between different experimental observations68. The AFM structure 
derived from neutron diffraction data is in contradiction with the ferromagnetic interactions 
derived from the magnetization, NMR and ESR measurements. The coexistence of these two 
antagonistic-perceived spin pairings (i.e. magnetism and superconductivity) is explained through 
the assumption of “independent” sublattices: magnetic RuO2 layers stacked in between the CuO2 
superconducting bi-layers.  

However, in this F1-OA2 sample, the two-sextet pattern of the 4 K Mössbauer spectrum 
reflects the presence of a magnetic hyperfine field at the CuO2 planes, questioning the independent 
picture of isolated magnetic and superconducting layers. Indeed, from the strong Fe1-O1-Cu2 
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apical bonding in these Fe-1212 phases, magnetic coupling between Fe1 and Cu2 cations may be 
expected.  

On the other hand, while Ru4+ cations are commonly stabilized in a low spin configuration, 
few examples of stabilization of Fe4+ cations can be found in the literature.  The electronic 
instability associated to the orbital degenerated high-spin d4 configuration (t2

3e1) in AFeIVO3 
perovskites usually leads to exotic charge disproportionation (CD) processes, as first observed in 
CaFeO3 (CFO)69. In the low temperature (T < TCD) charge ordered state, skipped Fe3+/Fe5+ 
valences (with localized e2/e0 states) are arranged in a rock-salt pattern. The occurrence of the CD 
has shown to be intimately controlled by the lattice environment (bond angles and A site 
ordering), resulting in different charge ordering patterns for more complex perovskites70.  

On the contrary, in SrFeO3 (SFO) and BaFeO3 (BFO) perovskites, no CD is observed. The 
formation of a broader σ* band due to a stronger M:eg-O:2p σ-bonding interactions, stabilizes a 
d4 configuration (t2

3σ*1), suppressing CD and resulting in a more itinerant electronic 
behaviour71,72. The primary factor controlling this localized to itinerant transition, and therefore 
the occurrence of CD, is thus the bandwidth of the M3d-O2p bands at the Fermi level. Lattice 
distortion, A-site composition, and Fe-O bond distances altogether determine the strength of the 
covalent M:3d-O:2p interactions. 

The relative bandwidth for SFO, BFO and BFO, can be evaluated from the change in three 
interrelated parameters54,73: Fe-O distance (R), covalent strength (pdσ), and the distortion of the 
Fe-O bonds (i.e. tilting angle). Decreasing the ionic radii of the A site alkaline-earth, a 
strengthening of the covalent pdσ interactions is expected from both the decrease in R and the 
lesser A-O bond covalency; an increase of the bandwidth being thus expected. This indeed stands 
for SFO and BFO while, in CFO, the reduction of the bandwidth arises from the tilting distortion, 
which decreases pdσ from what expected from the lower R.  

The absence of CD in the F1-OA2, FeSr2YCu2O7.85 sample, is therefore justified by the lack 
of orthorhombic distortion and supported by the less covalent A-O bonding. Moreover, the 
average Fe-O bond distance of 1.865 Å is shorter than in SFO (1.925 Å)74 and BFO (1.985 Å)75, 
but indeed shorter than in CFO (1.887 Å)74. The increase in covalency for Fe-O σ-bonding is thus 
expected to result in broader bands respect to SFO and BFO.  

The higher covalency is confirmed from the very low IS value of -0.08 mm/s for the Fe4+ 
cations in FeSr2YCu2O7.85, substantially lower than the IS for SFO (0.05 mm/s)74 and BFO (0.10 
mm/s)75. Considering that in all these oxides Fe has a formal oxidation state of 4+, and similar 
octahedral coordination, the differences in IS can be related to the degree of covalency.  

The higher covalency may result in a different electronic configuration and magnetic 
interactions for the Fe4+ cations in FeSr2YCu2O7.85. Indeed, the octahedral contraction has been 
theoretically predicted to increase the crystal field splitting of the valence levels, with a strong 
influence on the magnetic exchange73,76. Besides, the occurrence of a high-pressure driven high-
spin to low-spin transition has been experimentally observed for CFO77, with a concomitant 
shortening of the Fe-O bonds.  

These considerations, and the low hyperfine field observed at low temperature, suggest the 
possibility of an unusual spin configuration for the iron cations that will be explored in connection 
with the magnetic properties in Chapter V.   
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4. Conclusions 

The crystal structure, charge distribution and superconducting properties of FeSr2YCu2O7+δ 

compounds have been studied by varying the oxygen content in the range δ: 0.08-0.85. 

In the reduced F1-N750 sample, with FeSr2YCu2O7.08 composition, Fe3+ cations are primarily 
located at the charge reservoir block in tetrahedral coordination, leading to the formation of a 
superstructure due to the ordering of tetrahedral chains. The sample is not superconducting but 
shows magnetic ordering around room temperature.  

The increase in the oxygen content to δ = 0.56 for the F1-OA sample results in a mixed-valence 
Fe3.5+ state for iron cations at the CRB, with a disordered distribution of tetrahedral and octahedral 
coordination units. Further oxidation to δ=0.85 in the F1-OA2 sample results in the stabilization 
of formal Fe4+ cations in octahedral coordination. The incorporation of such high levels of extra 
oxygen at the CRB results in high doping levels at the superconducting planes (pCuO2>0.3), 
placing these compounds in the high doping region of the conventional phase diagram of cuprate 
superconductors.  

The two ozonized samples are however superconducting despite the high doping levels, with 
Tc increasing from Tc(F1-OA1) = 30 K to Tc(F1-OA2) =70 K, and the superconducting volume 
fraction from 5 to 20%. The transport properties in the normal state (T > Tc) indicate a different 
hole mobility for these two samples, suggesting a different effective hole concentration to be at 
the origin of the different Tc. 

The different superconducting properties can be in this sense understood considering two 
factors. First, the different oxygen content results in a different atomic arrangement around the 
superconducting planes. A shortening of the apical distance and the inter-bilayer distance, at the 
expense of a larger intra-bilayer space indeed correlates with the increase in the Tc. Second, the 
local ordering on the CRB may be also considered. The stabilization of Fe4+ cations in a regular 
octahedral coordination in the F1-OA2 sample versus the Fe3+/Fe4+ mixed charge state in the F1-
OA1 sample results in an improvement of the superconducting properties. 

On the other hand, the stabilization of a formal Fe4+ state without evidence of charge 
disproportionation down to 4 K in the F1-OA2 sample is justified by the strong covalency deduced 
for this FeSr2YCu2O7+δ system, with a strong M:3d-O:2p hybridization. Moreover, in this sample, 
the coexistence of superconductivity and magnetic interactions associated to the Fe4+ cations has 
been evidenced.  A more detailed study of the magnetic properties of these FeSr2YCu2O7+δ 
samples and the eventual interplay between magnetism and superconductivity in Fe-1212 
cuprates is addressed in the next Chapters. 
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V. RESULTS AND DISCUSSION 
 

Magnetic properties of FeSr2YCu2O7+δ 
ferrocuprates 
 

 

 

 

 

 

 
 

 In this Chapter, the magnetic properties of the FeSr2YCu2O7.08 and FeSr2YCu2O7.85 
materials are adressed in detail.  The reduced sample show a long-range antiferromagnetic 
structure involving ordering of both Fe3+ cations in the CRB and Cu2+ cations in the SCB.  After 
the oxidation, the superconducting interactions in the CuO2 planes coexist with long-range 
magnetic ordering of the Fe4+ cations at the SCB. The existence of magnetic coupling between 
the CRB and the SCB is highlighted, suggesting a possible interplay between superconductivity 
and magnetism in these Fe-1212 cuprates.  
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1. Introduction  

MSr2YCu2Oy (M-1212) phases, resulting from complete substitution of copper in the CRB by 
other transition metals (M) in the YSCO parent compound, have several appealing properties. 
The use of highly valent M cations allows to increase the oxygen content up to MSr2YCu2O8 
stoichiometries for M = Ir4+, Ru4+/5+ and Cr4+,1,2 resulting in highly doped CuO2 planes. This, 
together with the associated structural modifications at the CRB, bring an attractive insight on the 
charge transfer mechanism3,4. Moreover, the stabilization of the elusive B-site layered ordering 
can lead to novel electronic properties, including the possible coexistence of magnetic and 
superconducting properties. 

A clear example is found in the RuSr2RECu2O8 magnetic-superconductor 5–7, in which 
magnetism associated to the RuO2 layers coexist with superconductivity associated to the CuO2-
bilayers. Besides the inherent interest of the coexistence of magnetism and superconductivity at 
the unit-cell level, Ru-1212 cuprates exhibit other interesting functionalities, as negative 
magnetoresistance6. The magnetic properties of the low-dimensional Ru sublattice are indeed 
rather complex and still subjected to controversy, as well as its concrete interplay with the 
superconducting interactions. 

From comparison with Ru-1212, FeSr2YCu2O7+δ (Fe-1212) cuprates appear suitable 
candidates in searching for new magnetic superconductors. In Chapter IV, FeSr2YCu2O7+δ 
samples were studied by varying the oxygen content δ in the CRB through different 
reducing/oxidizing treatments. The flexibility of the iron coordination in the CRB was 
demonstrated through the wide range of oxygen stoichiometries accommodated, from δ= 0.08 to 
δ=0.85. As a result of the high level of oxidation attained in these Fe-1212 cuprates, the 
superconducting planes show quite high doping levels, well above the conventional doping range 
for superconducting cuprates.  Signs of magnetic ordering were also observed for the two end 
members FeSr2YCu2O7.08 and FeSr2YCu2O7.85, containing tetrahedral [Fe3+O4] and octahedral 
[Fe4+O6] units at the CRB, respectively. On the other hand, the two oxidized FeSr2YCu2O7.56 and 
FeSr2YCu2O7.85 compounds were shown to be superconducting, with Tc= 30 K and Tc = 70 K, 
respectively. The coexistence between magnetism and superconductivity seems thus to happen in 
FeSr2YCu2O7.85. 

The interest of the magnetic properties of FeSr2YCu2O7.85 is reinforced by the presence of 
highly valent Fe4+ cations, without sign of charge disproportionation (CD) process down to 4 K. 
The charge transfer instability characteristic of the Fe4+ (d4) state complicates the study of the 
magnetic properties of Fe4+ cations, as CD usually occurs prior to magnetic ordering of the Fe4+ 
sublattice. Indeed, examples of the magnetic properties arising from a layered arrangement of 
Fe4+ cations are still lacking. The layered ordered Ca2Fe4+Mn4+O6 perovskite8 has a novel two-
dimensional arrangement of Fe4+ cations, which however undergo Fe4+→ Fe3+ + Fe5+ 
disproportionation at TCD> TN. In this sense, FeSr2YCu2O7.85 represents a valuable candidate for a 
further elucidation of the magnetic properties of Fe4+ containing oxides.  

In this Chapter, the magnetic properties of Fe3+Sr2YCu2O7.08 and Fe4+Sr2YCu2O7.85 cuprates are 
studied by means of neutron diffraction, muon-spin rotation and Mossbauer spectroscopies, and 
magnetization measurements. The magnetic properties are discussed in relation with the structural 
and electronic characterization described in the previous Chapter IV, and in connection with the 
superconducting properties. 
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2. Reduced FeSr2YCu2O7.08  

 Neutron diffraction 

The F1-N750 sample, resulting from annealing in N2 atmosphere at 750ºC, was shown to be a 
triple-layered variant of the brownmillerite-type structure (Figure 1a), with FeSr2YCu2O7.08 
stoichiometry as deduced from the RT NPD data (see Section 2.3. in Chapter IV). The extra 
oxygen (δ ~ 0.08) is preferentially coordinated around iron at the CRB, as deduced from the 
presence of a 10% of octahedral [Fe4+O6] units derived from the Mössbauer spectra. A 15% of 
Cu/Fe disorder between the Fe1 and Cu2 position was also deduced from both NPD and 
Mössbauer data. 

The Imma space group better describes the disorder of the tetrahedral units in the charge 
reservoir layers, with an equal population of right (R) and left (L) handed corrugated tetrahedral 
chains. The presence of a 15% of copper by iron substitution at the Fe1 position, together with 
the presence of octahedral [Fe4+O6] units are the reasons behind the lack of complete tetrahedral 
ordering. Neutron powder diffraction data collected in the 4 -250 K temperature range show no 
structural transition down to base temperature. As shown in Figure 1a, the 4 K NPD pattern is 
well fitted with the same structural model (Figure 1b) used for the high temperature data, within 
the Imma space group. The atomic and cell parameters derived from the refinement (Table 1) are 
consistent with the expected thermal contraction.  

 

 

Figure 1. (a) Crystal structure of the F1-N750 sample with FeSr2YCu2O7.08 composition. (b) 
Rietveld refinement of the NPD patterns at 250 K (top) and 4 K (bottom) within the Imma space 
group.  
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Table 1. Atomic and cell parameters obtained from the Rietveld refinement of the NPD patterns 
for the F1-N750 sample with FeSr2YCu2O7.08 composition within the Imma space group at 
different temperatures. 

 
 

 RT 250 K 4 K 

a (Å) 5.4053(1) 5.4029(1) 5.3957(1) 

  b (Å) 22.9136(5) 22.9001(6) 22.8607(5) 

  c (Å) 5.4577(1) 5.4556(2) 5.4496(1) 

  V (Å) 675.98(2) 675.01(3) 672.21(3) 

Y 4a (0,0,0) Biso 0.20(4) 0.10(5) 0.02(4) 

Sr 8h (0,y,z) y 0.34911(7) 0.34910(8) 0.34936(7) 

  z 0.0067(8) 0.0059(8) 0.0063(7) 

  Biso 0.68(4) 0.47(5) 0.17(3) 

Fe1/Cu1* 8i (x,0.25,z) x 0.0440(8) 0.0448(9) 0.0453(7) 

  z 0.5584(5) 0.5605(6) 0.5602(5) 

  Biso 1.0(7) 0.80(9) 0.46(7) 

  Occ. Fe/Cu** 0.426(7)/0.074(7) 0.43/0.07  0.43/0.07 

Cu2/Fe2 8h (0,y,z) y 0.42610(8) 0.42613(9) 0.42630(8) 

  z 0.5000(6) 0.4994(7) 0.5009(6) 

  Biso 0.28(3) 0.12(3)  0.02(2) 

  Occ. Cu/Fe** 0.85(1)/0.15(1) 0.85/0.15 0.85/0.15 

O1 8h (0,y,z) y 0.3257(1) 0.3257(2) 0.3260(1) 

  z 0.4739(7) 0.4724(8) 0.4730(7) 

  Biso 1.30(5) 1.28(6) 1.00(5) 

O2a 8g (0.25,y,0.25) y 0.0630(1) 0.0630(2) 0.0628(2) 

  Biso 0.39(2) 0.24(3) 0.10(2) 

O2b 8g (0.25,y,0.25) y -0.0649(1) -0.0643(2) -0.0646(2) 

  Biso 0.39(2) 0.24(3) 0.10(2) 

O3 8i (x,0.25,z) x 0.390(1) 0.391(2) 0.395(1) 

  z 0.616(1) 0.616(1) 0.616(1) 

  Biso 2.1(1) 1.8(2) 1.7(2) 

  Occ. 0.574(3) 0.546(3) 0.560(3) 

  Rp 3.62 3.90 3.90 

  Rwp 4.66 4.86 4.93 

  χ2 4.22 2.38 2.36 

 
  *  Half-occupancy is fixed to simulate the disordered L/R configuration in the CRB 
** The relative Fe/Cu occupancy at the Fe1 and Cu2 positions has been fixed to the values obtained at RT 
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Figure 2. Normalized temperature-dependence of the cell parameters for the FeSr2YCu2O7.08 

sample. Solid lines represent fitting to Eq. 1. 

 

The temperature dependence of the cell parameters in the 4-300 K range do not show any 
anomaly, as shown in Figure 2. To model the thermal expansion of the lattice parameters, an 
empirical relation based on the Einstein model for the mean-square relative displacement (MSRD) 
(associated to the nearest-neighbour bonds) has been used, as previously proposed for YBCO9. 
As shown in Figure 2, a good fitting of the data is found for the three cell parameters, according 
to: 

𝛥𝑑(𝑇)

𝑑
=

𝛥𝑑(300𝐾)

𝑑
·

coth
𝑇
𝑇

− 1

coth
𝑇

300
− 1

                                         𝐸𝑞. 1 

The T0 value reflects the relative lattice stiffness, with values of T0= 132 K, 125 K and 151 K 
for a, b, and c, respectively.  The larger contraction along the stacking direction (b-axis), with the 
concomitant lower value of T0 is associated to the presence of the oxygen free Y-layers, as 
previously observed in YBCO9 with T0 values of 136(6), 238(12), and 103(4) K for a, b, and c, 
respectively (being now c the stacking direction). 

To evaluate the possibility of long-range magnetic ordering in this reduced sample, additional 
data were acquired in the high-flux D20 instrument, using a longer wavelength of λ =2.40 Å.  As 
shown in Figure 3a, below 140 K, a temperature-dependent intensity variation is found for 
reflections located at 26.5° and 40.5° two theta values, corresponding to the (011) and (051) 
nuclear reflections. The coincidence of the nuclear and magnetic reflections allows one to use a 
propagation vector κ = [0 0 0] for describing the magnetic structure. The magnetic symmetry 
analysis was performed in terms of the BasIreps software10 for the propagation vector κ = [0 0 0].  
Two independent magnetic sites for Fe3+ (Fe1 site) and Cu2+ (Cu2 site) cations in the Imma space 
group were considered. Due to the low intensity and the coincidence of the magnetic and nuclear 
reflections, the refinement of the magnetic structure was approached using the difference between 
the 4K and 250 K NPD data, as shown in Figure 3b.  
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Figure 3. (a) NPD patterns for the FeSr2YCu2O7.08 sample (λ =2.40 Å) at different 
temperatures, with an enlarged view of the 25-28° two theta range shown as an inset. (b) Rietveld 
refinement of the difference between the 250K and 6K NPD data, considering only the magnetic 
structure within the I-1 space group and with a κ = [0 0 0] propagation vector and (c) the obtained 
magnetic structure.  

 
 

Ireps. 
Symm.  

Γ1 Γ2 

x, y, z 100     001 010   001  

-x, -y + ½, z -100    001 0-10   001 

-x, y + ½, -z -100    00-1 010   00-1 

x, -y + 1, -z 100    00-1 0-10   00-1 

 

Table 2. Irreducible representations (Ireps) used for the refinement of the magnetic structure. 
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The best refinement was obtained using the irreducible representations (Ireps) summarized in 
Table 2, with Γ1 applying to Fe3+ cations at the Cu1 site and Γ2 to Cu2+ cations at the Cu2 site. 
The imaginary part is omitted as it is zero for all the Ireps obtained. From the refinement, only 
the second Fourier coefficient (C2) associated to the second basis vector (BV) has a finite value, 
implying the spins to lie along the c-axis in the basal plane (i.e. along the <110> direction in the 
primitive tetragonal cell) at the two magnetic sites. The resulting magnetic structure is shown in 
Figure 3c.  For each magnetic site, an antiferromagnetic (AFM) configuration between nearest 
neighbour spins is deduced. On the contrary, from the same sign observed for the b-axis 
component at the two sites, a ferromagnetic (FM) configuration is observed between Fe1 and Cu2 
sites. Within each (CuO2-Sr-FeO-Sr-CuO2) block, a C-type magnetic ordering is thus observed. 
However, the sign reverses across the Y-layers, due the AFM direct exchange between Cu2+ 

cations at the face-confronted pyramids.  

The refined magnetic moment at each site, corresponding to μ = C2 μz, are μ(Fe3+) = 2.56(5) 
μB and μ(Cu2+) = 0.52(4) μB. The refined values are lower than the expected spin only values 
(μs.o.) for Fe3+ in high spin configuration (S=5/2) and Cu2+ (S=1/2). Covalency effects are expected 
to lower the magnetic moment and, in these layered oxides, a further zero-point reduction of the 
magnetic moment is expected because of the reduced dimensionality. For the case of Cu2+ cations, 
a maximum magnetic moment of 0.67 μB is expected when considering it a two-dimensional 
Heisenberg system11,12.  This is indeed the case for YBCO, where the magnetic moment at the 
Cu2 site in the AFM phases (i.e. at low doping levels) varies in the range 0.15-0.65 μB13; the 
reduction in the magnetic moment following the incorporation of holes.  

In the case of the trivalent iron cations, the lower magnetic moment does also attend to the low 
dimensionality. In the absence of inter-site coupling, the magnetic exchange in the [FeO4] 
tetrahedral chains can be considered almost one dimensional (1D), as inter-chain exchange is 
expected to be significantly weaker. 
 

 

Figure 4. (a) Crystal structure of the FeSr2YCu2O7.08 sample along the [100] projection, 
showing the relevant distances and angles for direct Cu2-Cu2 exchange and inter-site Fe1-O1-
Cu2 super-exchange coupling. The cation-anion-cation angles for the intra-site exchange are 
shown in (b) and (c) for the Cu2 and Fe1 sites, respectively.  
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The inherent spin fluctuations that arise in 1D magnetic systems14 may result in a strong zero-
point depression of the magnetic moment, and indeed, should prevent long-range ordering. 
Therefore, the establishment of a long-range ordered 3D magnetic structure, as determined from 
NPD, necessarily requires the presence of Fe1-O1-Cu2 exchange coupling, as sketched in Figure 
4.  

From the structural arrangement, four magnetic exchange interactions are possible. Three 
different super-exchange paths: Cu2-O2-Cu2, Fe1-O3-Fe1 and Cu2-O1-Fe1; as well as direct 
exchange between Cu2 positions across the Y layers. Questioning the leading interaction in the 
formation of the magnetic structure, two main factors are to be considered for the super-exchange 
interactions: cation-anion-cation angles and cation nature. Considering the interactions at each 
site, since the exchange constant in the Heisenberg model (Hex= -∑i,j Ji,j ·Si ·Sj) for magnetic 
coupling is maximized for a cation-anion-cation angle of 180°,15,16 Cu2-O2-Cu2 (ϕ=165°) 
interactions are to be the stronger ones. Within the [FeO4] tetrahedral chains, the Fe1-O3-Fe1 
exchange may be weakened because of the chain corrugation, that results in a considerable 
bending of the Fe-O3 bonds, with a cation-anion-angle of ϕ=122°. The Cu2-O1-Fe1 inter-site 
interactions (ϕ=160°) along the c-axis may be also weaker than the in-plane Cu2-O2-Cu2 
interactions, as it has been demonstrated that the magnitude of the Fe-Cu exchange is only of 
around a 25% of the Cu-Cu exchange17. On the contrary, besides the higher spin value for Fe3+ 

than for Cu2+ cations, the energy scale for the Cu-Cu and Fe-Fe interactions are comparable in 
YBaFeCuO5.18 

From these considerations, it is expected that the AFM coupling at the CuO2 planes (Cu2 
positions) would lead the establishment of the 3D magnetic structure. 

Concerning the sign of the magnetic interactions, the experimentally determined magnetic 
structure show an AFM exchange for intra-site Cu2+-O2-Cu2+ and Fe3+-O3-Fe3+ interactions 
(Figure 5a). As these exchange paths involve interactions between half-filled orbitals (see Figure 
5b), the AFM character follows the Goodenough-Kanamori-Anderson rules16. On the other hand, 
the Cu2-O1-Fe1 interactions involve overlapping of half-filled (Fe3+) and filled (Cu2+) orbitals 
along the b-axis, a FM character being predicted, as observed.  

It may be also considered that minority Fe3+-O2-Fe3+, Fe3+-O2-Cu2+, Fe3+-O1-Fe3+ and Cu2+-
O1-Cu2+ exchange interactions are expected from the presence of a 15% of Fe/Cu anti-site 
disorder. The first two interactions within the CuO2 planes are expected to be AFM, like the main 
Cu2-O2-Cu2 interactions. For the inter-site exchange, no magnetic interactions are expected 
between filled orbitals for Cu2+-Cu2+ pairs, but the Fe3+-O1-Fe3+ interactions would be AFM, 
contrarily to the principal Fe3+-O1-Cu2+ FM interaction. This could lead to magnetic frustration, 
as discussed in following sections. 

To the best of our knowledge, the magnetic structure of the F1-N750 sample, with 
FeSr2YCu2O7.08 composition, has not been previously observed in brownmillerite type oxides. It 
can be considered as an extension of the YBaCuFeO5-type magnetic structure18, also observed in 
YBaFe2O5

19, with the insertion of an additional FeO layer in between the face-confronted 
pyramids. In the former case, the analysis of the magnitude and sign of the different exchange 
constants by first principle calculations support both the sign of the magnetic coupling for the 
Fe3+-O1-Cu2+ pairs and the Cu2-O2-Cu2 interactions at the CuO2 planes to be the stronger ones.  
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However, despite its similarity, both YBaCuFeO5 (TN ~440K) and YBaFe2O5 (TN~430 K) have 
higher TN than the here observed TN ~ 140 K for FeSr2YCu2O7.08 by means of NPD. Also, the 
AFM ordering of the CuO2 planes in YBCO is observed at a higher TN~420 K13. The insertion of 
the FeO layers, with FeO4 tetrahedral chains, appears therefore to be the reason of the depressed 
TN in FeSr2YCu2O7.08.  

 

 

Figure 5. (a) Magnetic structure as derived from Rietveld refinement of the 4K-NPD data for 
FeSr2YCu2O7.08. The sign of the different exchange interactions along the stacking direction are 
indicated. (b) Expected orbital occupancy for Cu2+ (d9) and Fe3+ (d5) cations for the different 
coordination geometries (Td: Tetrahedra; Py: Square planar pyramids; SP: square planes). 

 

Nonetheless, the establishment of short-range magnetic ordering at higher temperatures can 
be expected from the low dimensional character of the structure. This possibility is evaluated in 
the next sections, by means of Mössbauer and muon spin rotation (μSR) spectroscopies.  

 Mössbauer spectroscopy 

The room temperature Mössbauer spectra, shown in Figure 6a, reflects the onset of magnetic 
interactions at T > RT. By lowering temperature down to 4 K, the sextet pattern confirms the 
magnetically ordered state. In Figure 6b, fitting of the 4 K Mossbauer spectra is shown, 
considering the three different iron sites in FeSr2YCu2O7.08. Site A and B both correspond to iron 
at the Fe1 position in the CRB, as Fe3+ in tetrahedral and Fe4+ in octahedral coordination, 
respectively. Site C corresponds to iron substituting copper at the CuO2 planes, as Fe3+ in square 
pyramidal coordination.  The refined hyperfine parameters are summarized in Table 3. The 
hyperfine field for site A and C reflects the relative strength of the magnetic interactions at the 
CRB and SCB, with HF (Site A) = 34 T and HF (Site C) = 50 T respectively.  
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Figure 6. Mössbauer spectra for the FeSr2YCu2O7.08 sample at (a) RT and 4 K, with no external 
field (b) and under a 5T longitudinal field (c). Fitting of the 4K spectra is also shown, with global 
fit in red and Site A, Site B and Site C components in purple, blue and green, respectively. See 
Table 3 for the refined hyperfine parameters. 

 

Table 3. Hyperfine parameters and relative weights of the three different components 
employed in the fitting of the 4K Mössbauer spectra for the FeSr2YCu2O7.08 sample with H=0 and 
H=5 T applied longitudinal fields. 

 

Sample Site IS (mm/s) Q. S. (mm/s) HF (T) % 

H =O 

A 0.271(2) 0.785(4) 34.08(1) 73.9(2) 

B 0.17(1) 0.58(2) 29.58(8) 9.9(1) 

C 0.428(5) -0.31(1) 50.22(3) 16.1(1) 

H = 5 T 
A 0.264(3) 0.733(5) 34.62(3) 68.4(2) 

B 0.18(2) 0.46(4) 29.5(1) 10.5(1) 

C 0.424(8) -0.34(1) 50.37(5) 21.1(1) 
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Figure 7. Site A, Site B and Site C components employed in the fitting of the Mössbauer 
spectra of the FeSr2YCu2O7.08 sample at 4 K with no external field (upper panels) and under a 5 T 
longitudinal field (lower panels). 

The low HF associated to the [Fe3+O4] tetrahedral units at the CRB agrees with the low 
magnetic moment of ~ 2.6 μB deduced form the refinement of the 4K NPD data. On the other 
hand, the HF at Site C indirectly test the magnetic interactions of the Cu2+ cations at the CuO2 
planes. When the Cu2 sublattice undergo magnetic ordering, it produces an exchange field on the 
iron cations substituted at the Cu2 positions. The high HF of 50 T is the expected for Fe3+ (S=5/2) 
high-spin cations, thus reflecting a full magnetic saturation.  

The assumption of relatively low iron occupations at the CuO2 planes to not disturb the 
exchange interactions within the copper sublattice can be made from the fact that no depression 
of the TN in observed in YBCO upon low Fe substitutions20, while AFM is rapidly supressed upon 
Zn substitution21. Nonetheless, a detailed study of the HF(T) dependence reflects the Fe-Cu 
exchange to be lower than the Cu-Cu exchange17, but still considerable. The establishment of Fe-
Cu magnetic exchange at the CuO2 planes is of crucial importance concerning the 
superconducting properties of the ozone oxidized FeSr2YCu2O7+δ samples. In this respect, it is 
worth to note that the depression of the Tc in superconducting Fe-doped YBCO samples is lower 
than the one expected for comparison with non-magnetic Zn2+ or magnetic Ni2+ substituents. 
While superconductivity is completely supressed by a ~ 6-8% of Zn and ~12% Ni occupations at 
the CuO2 planes22, in FeSr2YCu2O7+δ superconductivity persists with a relatively high Tc for a 7% 
of Fe occupation at CuO2 planes. This renders the question on whether the Fe3+ cations can 
participate in valence fluctuations at the CuO2 planes, as they do seem to participate in the 
magnetic exchange. 

To verify the nature of the magnetic interactions at the different iron sites, an additional 
Mössbauer spectrum has been collected under a 5T applied magnetic field (Figure 6c), in 
longitudinal drive (i.e. with the magnetic field applied on the γ-rays direction). Though the 
quantitative analysis of high-field Mössbauer spectra is rather complex, a qualitative 
interpretation can be made in terms of the change in relative intensity for the different nuclear 
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transitions23. In particular, in the used longitudinal configuration, the intensity associated to the 
ΔIz=0 transitions (i.e. 2th and 4th lines) is specially affected. In a magnetically ordered 
polycrystalline sample, at zero field, a spontaneous magnetic splitting of the nuclear states is 
observed from Zeeman effect. Due to the random orientation of the crystals, a 3:2:1:1:2:3 relative 
intensity is expected. As shown in Figure 7 (upper panel), this is precisely the situation observed 
for FeSr2YCu2O7.08 at 4 K, with zero applied field (H=0).  With the application of an external 
magnetic field, different responses are expected for ferromagnetic and antiferromagnetic spin 
configurations. In antiferromagnets, the spins are expected to flop acquiring a perpendicular 
orientation respect to the applied field. As a consequence, an increase in the ΔIz=0 lines is 
expected, resulting in a 3:4:1 relative intensity24. On the other hand, ferromagnetic moments 
would tend to align along the direction of the applied field, resulting in zero intensity for the 
ΔIz=0 lines (i.e. 3:0:1 relative intensity)25. 

As shown in the lower panel of Figure 7, the  antiferromagnetic configuration at the Fe1 (Site 
A) and Cu2 (site C) sites derived from the NPD data is confirmed from the increase in intensity 
of the 2th and 4th lines in the Mössbauer spectrum under 5 T. On the contrary, the minority 
component (Site B), associated to Fe4+ cations at the Fe1 site, show a clear decrease of the ΔIz=0 
lines, indicating a ferromagnetic-like response to the applied field. The different behaviour of the 
Fe4+ cations, which represent only a 10% of the Fe1 positions, reinforces the idea of a clustering 
of the octahedral units at the CRB. The interpretation of the magnetic interactions for the Fe4+ 
cations is not straightforward and will be discussed below for the oxidized FeSr2YCu2O7.85 
sample. Nonetheless, from the combined zero-field and high-field Mossbauer spectroscopy, the 
3D magnetic structure deduced from the NPD is confirmed, with a predominant AFM character 
of the interactions. Also, from the Mössbauer data, the onset of magnetic interactions at T > RT, 
well above the TN= 140 K derived from the NPD data is demonstrated, reflecting the presence of 
short-range magnetism over a wide range of temperature.  

 Muon spin rotation spectroscopy 

For a deeper study of the magnetic properties of the FeSr2YCu2O7.08 sample, muon spin 
rotation spectroscopy (μSR) is an especially valuable tool. This local technique allows to study 
short range magnetism, as well as dynamic processes due to its large observation time scale (~10-

6-10-9 s). The implantation of 100% spin polarized muons allows to follow the local field 
distribution in the material, by analysing the time-dependent muon depolarization process26 (see 
Chapter II, Section 3.4. for a more detailed description of the principles of μSR technique).  The 
time-dependent depolarization can be measured by the loss of asymmetry (A), as it is proportional 
to the muon precession frequency induced by the local fields. In a paramagnetic material, muons 
will be depolarized through nuclear dipolar relaxation processes. A slow depolarization-rate is in 
that case expected, the time dependent depolarization being well described by a Kubo-Toyabe 
function of the form: 

𝐴(𝑡) =a ZF · GzKT (Δ,t)                                                      Eq. 2 

Being a ZF the initial asymmetry, Δ the nuclear relaxation rate (Δ = 0.045 μs-1) at the muon 

site and GzKT the static Kubo-Toyabe correlation function: 

𝐺 (𝛥, 𝑡) = 1
3 + 2

3 (1 − 𝛥 𝑡 ) exp(
−𝛥 𝑡

2
)                                   𝐸𝑞. 3 
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Figure 8.  ZF-μSR spectra for the FeSr2YCu2O7.08 sample at different temperatures, 
normalized respect to the initial asymmetry in the paramagnetic state. 

 

The experimental zero-field μSR spectra for the FeSr2YCu2O7.08 sample at different 
temperatures are shown in Figure 8. At 500 K, the linear decay of the asymmetry is well fitted 
with the above described Kubo-Toyabe function, plus the addition of an exponential (λ1) term to 
account for slow magnetic fluctuations (spin-lattice relaxation): 

𝐴(𝑡) =a ZF · GzKT (Δ,t)· exp (-λ1·t)                                  Eq. 4 

Below 500 K, a faster relaxation is observed, indicating that additional relaxation sources (i.e. 
local magnetic fields) appear by lowering temperature. The observed exponential decay, with no 
oscillatory component, is characteristic of static disordered (or dilute) magnetic moments or by 
fluctuating local fields.  

At T < 500K, the spectra are correctly fitted by the following function: 

𝐴(𝑡) =a ZF · GzKT (Δ,t)· exp (-λ1·t)·[f · exp (-λ2·t) + (1-f)]              Eq. 5 

Where an additional exponential term (λ2) is added to account for the emergent magnetic 
interactions. The progressive development of the magnetic ordering is modelled by considering a 
time-dependent magnetic fraction (f). A more detailed description of the model is presented in 
Chapter VI, including the assignation of the different relaxation sources. 

The temperature dependence of the λ1 and λ2 relaxation rates, and the magnetic volume fraction 
are shown in Figure 9, as derived from the fitting of the ZF-μSR spectra. Both the increase of the 
relaxation rates and of the magnetic volume fraction locate the onset of the magnetic interactions 
at Tonset ~ 400 K, in qualitative agreement with the Mössbauer data, as expected from their similar 
observation time scales.  
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Figure 9. Temperature dependence of the (a) λ1 and (b) λ2 relaxation rates, and (d) the magnetic 
volume fraction, as derived from the fitting of the ZF-μSR spectra for the to FeSr2YCu2O7.08 

sample according to Eq. 5. 
 

The Tonset ~400 K is also consistent with the magnetic moment at the Cu2 site determined from 
the NPD data, in comparison with YBCO (TN= 400K for μ(Cu2+) = 0.5 μB)13. The Tonset ~400 K 
is also similar to that observed for the related YBaCuFeO5 (TN ~440K) and YBaFe2O5 (TN~430 
K) compounds, containing Cu2+ and Fe3+ in square planar pyramidal coordination. This further 
support the assumption that in FeSr2YCu2O7.08, the magnetic interactions at the SCB are to be the 
stronger ones, and thus to primarily determine the TN. It then appears that the insertion of the FeO 
layers, composed of [FeO4] tetrahedral chains, in between the face confronted pyramids inhibit 
the establishment of long-range magnetic ordering, which is observed at a much lower TN~ 140 
K.  

 Magnetization measurements 

The magnetic susceptibility under a 100 Oe magnetic field for FeSr2YCu2O7.08 is shown in 
Figure 10a. The non-linear temperature dependence of the inverse susceptibility reflects the 
magnetically ordered state in the measured temperature range (4-300K). The low susceptibility 
values agree with the AFM structure derived from the NPD data; the AFM behaviour being further 
supported by the linear isothermal magnetization (MH) curves shown in Figure 11a.  
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Figure 10. (a) Temperature dependence of the molar magnetic susceptibility for the 
FeSr2YCu2O7.08 sample under a (a) 100 Oe magnetic field in zero field cooling (ZFC) mode and 
(b) 20 Oe magnetic field in zero-field cooling (ZFC) and field cooling modes.  

 

 

Figure 11. (a) Isothermal magnetization curves for the FeSr2YCu2O7.08 sample and (b) an 
enlarged view of the low field region showing the small hysteresis at T<T1= 60 K.  

 

Nonetheless, the low temperature susceptibility under a smaller applied field of 20 Oe (Figure 
10b) show irreversibility between the FC and ZFC modes below T1= 60 K. In addition, an increase 
in the FC curve is observed at a lower T2 =15 K. In the low field region of the MH curves, shown 
in Figure 11b, a small hysteresis is indeed observed below T1= 60 K. The magnetic frustration at 
low temperature is not surprising considering the presence of Fe/Cu anti-site disorder between 
the Fe1 and Cu2 sites. As mentioned before, the presence of Fe3+-O1-Fe3+ pairs would result in 
AFM interactions along the stacking direction, disturbing the main Cu2+-O1-Fe3+ inter-site 
interactions that has FM character. Moreover, the presence of a ~10% of Fe4+ cations in the CRB 
(Fe1 site), for which a FM configuration has been derived from the high-field Mössbauer spectra, 
may represent another source of magnetic frustration at low temperature.  
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3. Ozone-oxidized FeSr2YCu2O7.85 

 Neutron diffraction 

Ozone oxidation of the F1-N750 sample at low temperature results in a highly oxidized 
compound with FeSr2YCu2O7.85 stoichiometry (F1-OA2 sample), as described in Chapter IV. The 
incorporation of extra oxygen increases both iron and copper oxidation states, resulting in the 
stabilization of Fe4+ cations at the CRB and highly doped CuO2 planes at the SCB. The refinement 
of the RT NPD data showed iron to be in octahedral coordination at the CRB, as shown in Figure 
12a. The same 14 % of Fe/Cu anti-site disorder found in the F1-N750 sample is maintained after 
the topochemical oxidation, corresponding to a ~ 7 % of iron per CuO2 plane.  

No tilting distortion was derived from either the NPD or the SAED patterns, both indexed 
within the P4/mmm space group. The extra oxygen incorporated in the CRB is placed in the 2f 
(0,0.5,0) position, as indicated in Table 4. The NPD patterns collected in the 4- 250 K temperature 
range do not show any structural transition by lowering temperature, being well fitted with the 
same structural model within the P4/mmm space group (Figure 12b). 

The thermal dependence of the cell parameters (Figure 13) shows a smooth thermal 
contraction, well fitted by the same Eq.1 used for the reduced F1-N750 sample. Slightly different 
T0 values are obtained as a result of the oxygen incorporation at the CRB. The T0 value for the 
tetragonal a and b parameters (T0 (a) = 144 K) correspond well to the average stiffness of the basal 
plane in the reduced orthorhombic sample (T0 (a) = 132 K; T0 (c) = 151 K). A higher contraction 
along the stacking direction is again observed, with an even lower T0 (c) = 110 K in this ozonized 
F1-OA2 sample.  

 

 

Figure 12. (a) Crystal structure of the F1-OA2 sample with FeSr2YCu2O7.85 composition. (b) 
Rietveld refinement of the NPD patterns at 250 K (top) and 4 K (bottom) within the P4/mmm 
space group.  
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Table 4. Atomic and cell parameters obtained from the Rietveld refinement of the NPD patterns 
for the F1-OA2 sample with FeSr2YCu2O7.85 composition within the P4/mmm space group at 
different temperatures. 

 

 
 RT 250 K 4 K 

 a 3.81544(5) 3.81347(5) 3.80771(5) 

 c 11.3306(2) 11.3252(2) 11.3049(2) 

 V 164.946(4) 164.697(5) 163.907(4) 

Y    1d (0.5,0.5,0.5)    

 Biso 0.29(3) 0.16(6) 0.06(4) 

Sr 2h (0.5,0.5,0)    

 z 0.1756(2) 0.1755(2) 0.1754(2) 

 Biso 0.81(2) 0.56(4) 0.29(3) 

Fe1/Cu1 1a (0,0,0)    

 Biso 0.29(5) 0.29(6) 0.16(4) 

 Occ. Fe/Cu* 0.87(2)/0.13(2) 0.87/0.13 0.87/0.13 

Cu2/Fe2 2g (0,0,z)    

 z 0.3496(1) 0.3498(1) 0.3500(1) 

 Biso 0.18(3) 0.12(4) 0.02(3) 

 Occ. Cu/Fe* 0.94(2)/0.06(2) 0.94/0.06 0.94/0.06 

O1 2g (0,0,z)    

 z 0.1627(2) 0.1624(2) 0.1628(2) 

 Biso 1.41(4) 1.28(5) 1.06(4) 

O2 4i (0,0.5,z)    

 z 0.3716(1) 0.3717(1) 0.3716(1) 

 Biso 0.75(2) 0.69(3) 0.55(2) 

O4 2f (0,0.5,0)    

 Biso 1.91(7) 1.71(8) 1.71(7) 

 Occ. 0.93(1) 0.89(1) 0.90(1) 

Rp; Rwp; χ2 2.88; 3.76; 3.18 3.41; 4.40; 2.10 2.88; 3.76; 3.18 

* The relative Fe/Cu occupancy at the Fe1 and Cu2 positions has been fixed to the values 

obtained at RT 
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Figure 13. Normalized temperature-dependence of the cell parameters for the FeSr2YCu2O7.85 

sample. Solid lines represent the fitting to Eq 1. 

 

This F1-OA2 sample was shown to be superconducting below Tc = 70 K and, interestingly, 
signs of magnetic ordering were also evidenced in the susceptibility measurements, below Tm ~ 
140K (i.e. at T> Tc). To evaluate if there is an actual coexistence between long-range magnetism 
and superconductivity, additional NPD patters were collected in the high-flux D20 instrument, at 
a higher λ =2.40 Å wavelength (Figure 14a). The observation of temperature-dependent 
additional reflections at low angles confirms the long-range magnetic ordering in this ozonized 
sample. The two theta values for the magnetic reflections correspond to a propagation vector κ = 
[0 0 1/2], thus doubling the c-axis with respect to the nuclear structure. The symmetry analysis 
was performed in terms of BasIreps software10 for the determined κ = [0 0 1/2] propagation vector, 
considering Fe1 and Cu2 positions as the two possible magnetic sites. A correct fitting is obtained 
using the Irep Γ1 (Table 5), considering only the first Fourier coefficient C1 applied to the first 
BV. However, the value for the C1 coefficient associated to the Cu2 positions went to negative 
values, indicating that there is no magnetic moment at the Cu2 site. The symmetry analysis 
considering only one magnetic site at the Fe1 position gives an alternative Irep Γ2. As expected, a 
correct fit is obtained (Figure 14c).  

The magnetic structure, shown in Figure 14b, comprises a FM configuration of the Fe4+ 
cations at the FeO layers in the CRB, but an AFM configuration along the stacking direction, 
resulting in an A-type magnetic structure. The spins lie in the basal plane, being all the in-plane 
orientations equivalent because of the tetragonal symmetry. The temperature dependence of the 
intensity of the more prominent (0 0 1/2) magnetic reflection (Figure 14d) indicates a TN ~ 100-
110 K. Related Fe4+ containing oxides, SrFeO3 (SFO)27 and BaFeO3 (BFO)28, show close TN 
values of 134 K and 111 K, respectively. The magnetic structures are on the contrary different, 
both SFO and BFO being helical antiferromagnets. 
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Figure 14. (a) Rietveld refinement of the 4 K NPD pattern for the FeSr2YCu2O7.85 sample (λ 
=2.40 Å). Upper (lower) ticks are Bragg positions for the nuclear (magnetic) structure. (b) Derived 
magnetic structure. (c)  Rietveld refinement of the difference between the 250K and 4K NPD 
data, considering only the magnetic structure within the P-1 space group and with a κ = [0 0 1/2] 
propagation vector and (c) the temperature dependence of the intensity of the most prominent (o 
o ½) magnetic reflection.  
 

Ireps. 
Symm.  

Γ1 Γ2 

x, y, z 110     -110 010   100 

x, -y, -z 110     -110 - 

 

Table 5. Irreducible representations (Irep) for the magnetic structure of the FeSr2YCu2O7.85 

sample, within P-1 magnetic space group and [0 0 1/2] propagation vector.  Γ1 is obtained when 
two magnetic sites (Fe1 and Cu2 positions) are considered while Γ2 is obtained when considering 
only one magnetic site at the Fe1 (0,0,0) position.  
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In both SFO and BFO, the formation of  broad σ* bands due to a strong M:eg-O:2p σ-bonding 
interactions stabilizes a d4 configuration (t2

3σ*1), suppressing CD and resulting in a more itinerant 
electronic behaviour of the eg electrons29,30 The helical AFM structures of these oxides are in this 
way understood to arise from the competition between FM correlations for the itinerant electrons 
within the quarter filled σ* band states, and t2

3-O:2pπ-t2
3 AFM super-exchange interactions 

associated to localized t2
3 electrons29. The observed magnetic moments of μ (Fe4+) = 3.1-3.5 μB 

agree with a t2
3σ*1 electronic configuration for the Fe4+ cations in SFO and BFO.  

In FeSr2YCu2O7.8 (Fe-1212), a refined magnetic moment of μ(Fe) = 1.76 (2) μB is obtained for 
the Fe4+ cations at the CRB, much lower than that for SFO and BFO. Therefore, both the A-type 
spin structure and the magnetic moment derived from the NPD suggest a different electronic state 
for iron in FeSr2YCu2O7.85. 

The low μ0(Fe)=1.76(2) μB deduced from the NPD data is indeed close to the expected value 
for a low spin configuration (t2

4e0) for the Fe4+ cations (S=1). The stabilization of a low spin state 
for the 3d Fe4+ cations, though uncommon, can be supported from two main experimental 
observations.  

First, as shown in Figure 15 and Table 6, the [Fe4+O6] octahedral units are compressed along 
the c-axis, with a remarkably short apical bond of ~ 1.84 Å. Moreover, the average Fe-O bond 
distance of dFe-O ~ 1.865 Å is shorter than in SFO (1.925 Å)31 and BFO (1.985 Å)28, and indeed 
shorter than in CFO (1.887 Å)31. The fist-principle-calculation based analysis of the valence state 
levels for Fe4+ containing oxides predicts that, below a critical dFe-O value, the increase in the 
valence-level splitting would favour a low spin state32. This is indeed experimentally observed 
for CaFeO3 under high pressure33. The pressure-induced contraction suppresses the CD and drives 
a high-spin (HS) to low-spin (LS) transition for P > 30 GPa (dFeO of ~ 1.8 Å), as deduced from 
the change in the hyperfine parameters (IS and HF). In SFO, a similar reduction of the IS and the 
HF is observed for pressures above 10 GPa, followed by a change from AFM to FM magnetic 
behaviour. However, the actual occurrence of a HS to LS transition in SFO is doubted due to the 
smaller change in the hyperfine parameters34.  

In FeSr2YCu2O7.85 (Fe-1212), the stabilization of a low spin state at room pressure due the 
strong contraction of the octahedral units as for the elongation of the CuO5 pyramids (see Figure 
15 and Table 6) seems plausible from the above considerations.  

Moreover, as discussed in the previous chapter, the reduction of the Fe-O distance is expected 
to increase the bandwidth due to a stronger M:3d-O:2p hybridization. The experimental O-K edge 
EELS spectra for FeSr2YCu2O7.85 (see Section 3.2. in Chapter IV) indeed showed strong pre-edge 
features and a high oxygen character of the holes, confirming the high covalency. The 
combination of a negative charge transfer energy and a strong M:3d-O:2p hybridization is 
expected to further stabilize the low spin state35. 

The high covalency may be also considered in explaining the exchange mechanism in 
FeSr2YCu2O7.85. For the low spin state deduced in a localized scenario, the formation of π* bands 
resulting from t2g-O2p hybridization is expected when switching on the covalency. The 
justification of the observed FM correlations lies in this way on the assumption of an intra-site 
exchange induced splitting to give spin polarized bands. In this scenario, itinerant Stoner-type 
ferromagnetism can be expected, associated with minority spins in 1/3 occupied π* spin-polarized 
bands.   



Magnetism of FeSr2YCu2O7+δ ferrocuprates 

 

 
 

180 
 

A very similar situation is in fact found in the 4d SrRuIVO3 counterpart, with low-spin Ru4+ 
cations, which is an itinerant ferromagnet that shows negative spin polarization36, suggesting half-
metallic properties.  

 

Figure 15. Cooper (blue) and iron (brown) sublattices in FeSr2YCu2O7.85, showing the more 
relevant structural parameters, summarized in Table 6. 

 

Table 6. Selected structural parameters for FeSr2YCu2O7.85, and Bond Valence Sum (BVS) 
calculation for Cu at the Cu2 site and Fe at the Fe1 site.  

 

[CuO5] pyramids [FeO6] octahedra 

d CuOap 2.117(4) d FeOap 1.844(4) 

d Cu-O2 1.9242(4) d Fe-O3 1.90726(3) 

d intra-bilayer 3.405(3)   

d inter-bilayer 7.923(3) d interlayer 11.3277(2) 

< CuO2 165º < FeO2 180º 

V(Cu) V(Fe) 

BVS 2.37 BVS 4.07 
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However, in SrRuO3, the low magnetic moment saturation values (ranging between 0.9-1.4 
μB37,38) question the complete spin polarization, pointing to the presence of holes in both spin 
bands39. Many theoretical and experimental studies have addressed the degree of electronic 
correlation of this 4d system and its role in the spin polarization40,41. Within this works, an 
interesting example is found in the simulation of STO/SRO superlattices42, in which the inclusion 
of low dimensionality and a stronger U correlation parameter are demonstrated to be the key 
factors in stabilizing a complete half-metallic FM state.  

The stronger electronic correlation expected for this 3d Fe-1212 system and the layered 
structural character may be thus the reasons behind the higher magnetic saturation values 
observed here.  

Moreover, it is worth to stress that the A-type AFM structure here observed for Fe-1212 has 
also been suggested to explain the controversy in the magnetic properties of the analogue Ru-
1212 system7, in which Ru5+ and Ru4+ low spin cations coexist43, though no experimental 
confirmation of these structure by neutron diffraction has been reported. The similar contraction 
of the RuO6 octahedra in RuSr2YCu2O8

44 (dRuOap = 1.935 Å; dRu-O3 = 1.998 Å), further supports 
the role of the tetragonal distortion in stabilizing the A-type magnetic structure. 

 

 Mössbauer spectroscopy 

The Mössbauer spectrum for FeSr2YCu2O7.85 at room temperature (Figure 16a) is well fitted 
considering two sites for iron, Site B corresponding to Fe4+ in octahedral coordination at the CRB 
(Fe1 site) and Fe3+ in square planar pyramidal coordination at the SCB (Cu2 site). The isomer 
shift for the Fe4+ cations has a low value of -0.08 mm/s, reflecting the high covalency. For 
comparison, SFO and BFO have IS values of 0.05 and 0.10 mm/s, respectively. The doublet line-
shape reflect a paramagnetic state at RT, while the magnetically ordered state at low temperature 
is confirmed by the sextet pattern observed in the 4 K spectrum (Figure 16b). The hyperfine field 
at the Site B, HF= 27 T, is also lower than the HF value for SFO (HF=33 T) and BFO (HF= 29 
T), as expected from the lower iron magnetic moment derived from the NPD data.  

The 4 K Mössbauer spectrum with an external magnetic field of 5 T applied along the γ-ray 
direction is shown in Figure 16c. A clear decrease in the intensity of the  2th and 4th lines is 
observed (Figure 17), reflecting the ferromagnetic ordering of the Fe4+ cations at the CRB. The 
decrease in the HF value for the Site B component (Table 7) is also consistent with the orientation 
of the iron spins along the applied field direction, as the HF at the 57Fe nuclei is antiparallel to the 
magnetic moment. 

 The sextet pattern of the Site C component in zero-field (Figure 15b) reflects the presence of 
a magnetic hyperfine field at the Cu2 site, despite no magnetic moment was derived from the 
refinement of the NPD data. Comparison with the F1-N750 sample (Site C: IS= 0.43 mm/s; HF 
= 50 T) highlight a lower IS and HF values for the Fe3+ cations at the Cu2 site in this ozonized 
sample.  
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Figure 16. Mössbauer spectra for the FeSr2YCu2O7.85 sample at 4 K, with (a) no external field 
and (b) under a 5T longitudinal field. Fitting of the spectra is also shown, with global fit in red 
and Site B and Site C components in blue and green respectively. See Table 7 for the refined 
hyperfine parameters. 

 

Table 7. Hyperfine parameters and relative weights of the three different components 
employed for fitting of the 4K Mössbauer spectra for the FeSr2YCu2O7.85 sample with H=0 and 
H=5 T applied longitudinal fields. 

 

Sample Site IS (mm/s) Q. S. (mm/s) HF (T) % 

RT; H = O 
B -0.080(1) 0.784(1) - 85.2(1) 

C 0.232(2) 0.409(4) - 14.8(1) 

4 K; H = O 
B 0.014(2) 0.346(3) 26.7(1) 86.3(1) 

C 0.36(1) -0.18(3) 45.4(1) 13.7(1) 

4 K; H = 5 T 
B 0.008(3) 0.257(5) 24.27(2) 85.7(1) 

C 0.35(2) -0.52(3) 44.2(1) 14.3(1) 
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Figure 17. Site B and Site C components employed in the fitting of the Mössbauer spectra of 
the FeSr2YCu2O7.85 sample at 4 K with no external field (upper panels) and under a 5 T 
longitudinal field (lower panels). 

 

The presence of a larger number of holes at the CuO2 planes may weaken the magnetic 
interactions, lowering the magnetic moment from the μ(Cu2) =0.5 μB observed for the F1-N750 
sample. The hole doping level at the CuO2 planes in FeSr2YCu2O7.85 was indeed shown to be as 
high as pCuO2 = 0.37 holes per CuO2 plane, as deduced from BVS calculations and supported by 
the analysis of the Cu-L3 EELS spectra (see Section 3.2. in Chapter IV).  

Contrarily to the FM character observed for iron at the CRB, the increase in the 2th and 4th 
lines under the applied field (Figure 17) indicate an AFM character of the magnetic interactions 
at the SCB. The broadening of the 1st and 6th lines suggest a high magnetic anisotropy for spins 
at the CuO2 planes; this reinforced by the non-zero intensity of the ΔIz=0 lines for the Site B 
component45. 

The presence of a hyperfine field at the CuO2 planes in this superconducting sample question 
the eventual interplay between the magnetic interactions at the CRB and superconductivity in the 
SCB. The idea of two independent sublattices, as proposed to explain the coexistence between 
magnetism and superconductivity in the related Ru-1212 system, does not seem applicable for 
FeSr2YCu2O7.85. As previously deduced for the reduced FeSr2YCu2O7.08 sample, it seems 
reasonable to consider that there must be a magnetic coupling between the CRB and the SCB. 
The establishing of the A-type magnetic structure, with an AFM configuration between FeO 
layers along the c-axis, support this consideration; the separation between FeO layers (dinter-layer) 
is of ~13 Å (Figure 15 and Table 6). Moreover, in the ozonized sample, the incorporation of 
extra-oxygen results in a shortening of the Cu2-O1-Fe1 distance, now with a cation-anion-cation 
angle of ϕ=180º. Nonetheless, interpretation of the magnetic coupling between Fe4+ cations in the 
CRB and copper cations at the highly doped CuO2 planes is challenging, as well as its possible 
interplay with the superconducting interactions. 
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 Magnetization measurements 

The molar magnetic susceptibility for the FeSr2YCu2O7.85 sample is shown in Figure 18a. In 
the susceptibility measured under a 20 Oe magnetic field (black curve) the superconducting 
transition at Tc= 70 K is evidenced as a drop toward negative values, followed by irreversibility 
between the FC and ZFC curves. However, the high susceptibility values observed above the 
superconducting critical temperature also reflect the presence of a magnetic component. A broad 
transition is observed in the derivative shown as an inset in Figure 18a, from which a magnetic 
critical temperature Tonset~140 K> TN= 110 K > Tc = 70 K is deduced.  

 

Figure 18. (a) Temperature dependence of the molar magnetic susceptibility under a 20 Oe 
(black) and 1000 Oe (blue) magnetic fields for the FeSr2YCu2O7.85 sample. Filled (empty) circles 
are measured in ZFC (FC) modes. Inset shows the temperature derivative of the magnetic 
susceptibility. (b) Temperature dependence of the magnetization for the same sample, under 
various applied magnetic fields measured in ZFC mode.   
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The application of a higher magnetic field of 0.01 T enhances the magnetic susceptibility, and 
shows more clearly the presence of an additional transition at T* = 25 K. The superconducting 
transition at Tc= 70 K is still appreciable as a change on slope at this higher applied field.  

Four magnetic features are therefore derived from the magnetization measurements and NPD 
data: (1) Onset of magnetic interactions at Tonset (2) long-range AFM ordering at TN=110 K < 
Tonset (3) superconducting critical temperature at Tc= 70 K (4) unidentified transition at T* =25 
K. Let us focus at this point on the onset of the ferromagnetic-like interactions observed in the 
M(T) curves at Tonset and its connection with the long-range magnetic structure derived from the 
NPD data below TN= 110 K.   

The ferromagnetic character of the FeSr2YCu2O7.85 sample under the external magnetic field 
is confirmed from the M(T) curves shown in Figure 18b. Under a 1 T magnetic field, the magnetic 
moment of ~ 1.7 μB is in good agreement with the magnetic moment determined from the NPD 
data for the Fe4+ cations in the A-type structure, μ0(Fe)=1.76(2) μB. The gradual increase of the 
M(T) curves by increasing the applied field suggest a progressive decoupling of the AFM 
arrangement of the FeO2 layers along the stacking direction, as sketched in Figure 19. The 
saturation value of 1.7 μB agrees with a FM configuration of the FeO2 layers along the stacking 
direction under the applied field.  

In FeSr2YCu2O7.85, the field-induced AFM to FM transition is confirmed by the S-shape 
observed in the isothermal magnetization MH curves, as shown in Figure 20a. The metamagnetic 
transition is located at a low critical field of Hc~ 500 Oe (0.05 T), as shown in Figure 20b. 
Deviation from linearity is already observed in the MH curves below 200 K, and a progressive 
increase in the magnetization with decreasing temperature is observed down to 15 K. Below 15 
K, the MH curves coincide and hysteresis is finally observed, with low remanence (Mr ~ 0.16 
μB) and coercivity (Hci ~ 800 Oe), as shown in the inset in Figure 20a. 

 

 

 

Figure 19. Schematic representation of the AFM decoupling of FeO2 layers along the c-axis, 
resulting in the observed ferromagnetic behaviour.  
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Figure 20. Isothermal magnetization curves for the FeSr2YCu2O7.85 sample at different 
temperatures and (b) an enlarged view of the low field region, from where the meta-magnetic 
transition is located at a critical field of Hc ~ 0.05 T, indicated by arrows.  

 

The coincidence of the MH curves at T < 15 K and the extrapolated M (5 K) value of ~ 1.7 μB 
suggest that magnetic saturation is attained, but a clear paramagnetic contribution is still observed 
in the MH curves, presumably arising from Cu2+ contribution. The lack of hysteresis at T>15 K 
can be interpreted as a signature of magnetic disorder, or to reflect a small magnetic domain 
energy. In the related RuSr2RE1−xCexCu2O10−δ (Ru-1222) cuprates, a cluster spin glass state46 has 
been proposed to explain the absence of hysteresis in the MH curves. In this later case, the glassy 
behaviour is ascribed to oxygen non-stoichiometry, resulting in a mixed valence Ru4+/Ru5+ state 
and preventing long-range ordering. However, this does not seem to be the case for 
FeSr2YCu2O7.85, as long-range magnetic ordering is observed by means of NPD. The second 
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assumption, a mono-domain like behaviour, can be rationalized by considering the presence of 
the 15% of Cu/Fe anti-site disorder. The magnetic coupling within the FeO2 layers may be 
weakened at the disordered regions (i.e. at the Fe4+-Cu2+ links), the atomic scale ordered domains 
thus coinciding with the magnetic domains.  Indeed, a similar behaviour is observed in the double 
perovskites Sr2FeMoO6

47 and La2NiMnO6
48, with a similar degree of anti-site disorder at the two 

B and B´sites. The disordered regions act as anti-phase boundaries separating atomically ordered 
regions, within which the magnetic ordering is preserved; small fields allow spin rotation across 
the anti-phase boundaries resulting in a small coercivity.  

The A-type magnetic structure here observed for FeSr2YCu2O7.85 reflects the tendency of Fe4+ 
oxides towards ferromagnetism, while the soft magnetic switching towards a complete FM 
configuration under external magnetic fields can be explained by the weaker magnetic coupling 
along the stacking direction (i.e. through Fe1-O1-Cu2 exchange paths). The resulting two-
dimensional character of the magnetic structure is also traduced in the establishment of short-
range magnetism above TN,  as reflected in the broad transition observed in the M(T) curves, with 
the increase in the magnetization starting well above the TN.  

Due to the scarcity of Fe4+ oxides, it stands interesting to further compare this FeSr2YCu2O7.85 

(Fe-1212) cuprate with SFO and BFO in terms of the magnetic properties. In Table 8, the more 
relevant parameters are summarized. Despite the three systems are based on Fe4+ cations in 
octahedral coordination in perovskite related structures, they show different magnetic structures. 
Both SFO and BFO have screw-spin structures, but with different propagation vectors. In SFO, 
the spins are oriented along the diagonal of the cubic cell (q//<111>), with the spins rotated by an 
angle of ~46º from one layer to another. On the other hand, BFO has an A-type helicoidal ordering 
(q//<100>) with a spin rotation of ~22º between adjacent layers. As previously discussed, the 
tendency towards ferromagnetism is associated to itinerant eg electrons in strongly hybridized p-
d states. Therefore, in understanding the magnetic properties of Fe4+ oxides, the p-d charge 
transfer energy (ΔCT) and the (pdσ) transfer integral (i.e. covalency) are the critical parameters, as 
considered in the theoretical treatment developed by Mostovoy et al.49. In this theoretical frame, 
the change from the helical AFM structures of BFO and SFO to FM under high pressure attend 
to the widening of the p-d bands. Furthermore, the inclusion of the super-exchange integral J 
between localized t2g spins reproduce the change in the spin orientation from SFO to BFO, as 
J(BFO) < J(SFO) because of the increase in the Fe-O distance.  

 

Table 8. Comparison of the magnetic properties of SFO, BFO and FeSr2YCu2O7.85 (Fe-1212) 
Fe4+ containing oxides. The magnetic critical temperature (TN), magnetic moment and critical 
field (Hc) for the AFM to FM field-induced transition are summarized, as well as the isomer shift 
(IS) and the hyperfine field (HF). 

 SFO27,31 BFO28 Fe-1212 
Magnetic 
structure 

Helical AFM 
<110>; φ=46° 

Helical AFM 
<100>; φ=22° 

A-type AFM 

TN (K) 134 111 100-110 
μ(Fe4+) (μB) 3.1 3.2-3.5 1.7 
I.S. (mm/s) 0.05 0.10 -0.08 

HF (T) 33 29 27 
Hc (T) 39 0.3 0.05 
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The stabilization of the A-type AFM structure observed for FeSr2YCu2O7.85 (Fe-1212) is also 
predicted by this model, for an increased p-d bandwidth but a reduced tp-p transfer integral (i.e. 
hole mobility). The lower isomer shift of Fe-1212 compared to BFO and SFO reflects the increase 
in the bandwidth, justifying the closeness of Fe-1212 towards ferromagnetism. Nonetheless, the 
different electronic configuration deduced for Fe-1212 should be considered in analysing the 
magnetic structure, as well as the higher hole concentration expected in comparison with BFO 
and SFO.   

The smaller critical field for the AFM to FM transition in Fe-1212 respect to BFO and SFO is 
supported by the low dimensional character of Fe-1212, with an YBCO-type structure, compared 
to the cubic perovskite structures of BFO and SFO.  

Concerning the eventual interplay between magnetic and superconducting interactions in 
FeSr2YCu2O7.85, several considerations can be made at this point. Firstly, the long-range magnetic 
ordering is not affected by lowering temperature below Tc = 70 K. Secondly, the observation of 
an A-type magnetic ground state and a field-induced AFM to FM transition with a small critical 
field reflect the inter-site magnetic coupling between the CRB and the SCB to be weaker but not 
negligible. Lastly, the observation of an additional transition at T*= 25 K suggest further 
complexity at low temperature (i.e at T< Tc). In Chapter VI, the magnetic properties of the 
FeSr2YCu2O7+δ (δ = 0.56, 0.85) superconducting samples are further studied by means of muon 
spin rotation spectroscopy.  

4. Conclusions 

The reduced FeSr2YCu2O7.08 sample shows long range magnetic ordering at TN ~ 140 K, with 
a 3D magnetic structure involving magnetic ordering of both Fe3+ cations at the tetrahedral chains 
in the CRB and Cu2+ cations at the CuO2 planes in the SCB. The magnetic structure comprises a 
C-type magnetic ordering in the (CuO2-SrO-FeO-SrO-CuO2) blocks, with an intra-site AFM in-
plane coupling within the FeO and CuO2 layers, but a FM coupling along the stacking direction. 
These C-type blocks are AFM coupled across the Y-layers through direct exchange between Cu2+ 
cations at the face-confronted pyramids. 

The low magnetic moments derived for Cu2+ (~ 0.5μB) at the CuO2 planes and for Fe3+ (~ 2.6 
μB) cations at the [FeO4] tetrahedral chains reflect the low dimensional character of the magnetic 
structure, with a weaker magnetic coupling along the stacking direction. 

The low dimensionality is also reflected in the presence of short-range magnetic ordering over 
a wide range of temperature TN =140 K < T < Tonset = 400 K, as demonstrated by means of ZF-
μSR.  

In the superconducting (Tc = 70 K) FeSr2YCu2O7.85 sample, the presence of long-range 
magnetic ordering with TN ~ 100-110 K has been also demonstrated by means of NPD, associated 
to the Fe4+ cations at the CRB.  

The A-type magnetic structure comprises a FM coupling of the Fe4+ cations in the FeO2 layers, 
but an AFM coupling of the layers along the stacking direction. No magnetic moment at the CuO2 
planes was deduced from the NPD data.  

The low magnetic moment of μ0(Fe) ~ 1.7 μB for the Fe4+ cations at the CRB suggests an 
unusual low-spin state for the iron cations. The stabilization of the low spin state at ambient 
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pressure is supported by the strong contraction of the [Fe4+O6] octahedral units at the CRB, and 
by the strong covalency deduced for this Fe-1212 cuprate. 

Furthermore, the magnetization measurements for the FeSr2YCu2O7.85 sample reveals a soft 
field-induced AFM to FM transition. The low field (Hc ~ 0.05 T) meta-magnetic transition seems 
to act through decoupling of the AFM stacked FeO2 layers, resulting in a FM configuration along 
the stacking direction under the applied field. 

Therefore, the coexistence of long-range magnetic ordering associated to the FeO2 layers and 
superconductivity at the CuO2 planes is confirmed in FeSr2YCu2O7.85. Nonetheless, despite no 
long-range ordering at the Cu2 site was derived from the NPD data, the presence of a hyperfine 
field at the CuO2 planes has been evidenced by means of Mössbauer spectroscopy. Indeed, from 
comparison with the reduced FeSr2YCu2O7.08 sample, magnetic coupling between the CRB and 
the SCB may be expected. To evaluate the possible interplay between magnetic and 
superconducting interactions in these Fe-1212 cuprates, a detailed μSR study of the 
superconducting FeSr2YCu2O7+δ (δ = 0.56 and 0.85) samples is described in the next Chapter. 
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Interplay between magnetism and 
superconductivity: The FeSr2YCu2O7+δ 
cuprates studied by μSR 
 

 
 
 
 

 
 

 
 

 

 In this Chapter, the eventual interplay between magnetism and superconductivity in the 
FeSr2YCu2O7+δ (δ= 0.56, 0.85) samples is approached by means of muon spin rotation 
spectroscopy. In the two superconducting samples, the presence of magnetic interactions starting 
just above Tc has been corroborated. The coincidence of the onset of the magnetic interactions 
with the critical temperature in the two samples suggests that the two phenomena may not be 
independent in these Fe-1212 cuprates. 
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1. Introduction  

Magnetism and superconductivity have been traditionally considered as two exclusive 
phenomena, the former rapidly supressing the later in conventional superconductors1. However, 
the closeness of high temperature superconductors to magnetism questions the actual role of the 
magnetic interactions in the, so far unknown, mechanism behind high temperature 
superconductivity2–4.  

Cuprate superconductors have as a parent state a Mott insulating phase5, with a three-
dimensional antiferromagnetic (AFM) order of Cu spins at zero-doping.  By increasing the doping 
level, the 3D magnetic order is rapidly supressed, but magnetic correlations survive in the form 
of an incommensurate spin-density wave (SDW) in a wide range of hole-doping, covering the so-
called pseudogap region6. The disappearance of the static SDW phase by approaching the optimal 
doping level for superconductivity (SC), seems to reflect a competitive interplay between 
magnetic and superconducting interactions. This is reinforced by the well-known 1/8 anomaly 
observed in both La2-xSrxCuO4 and YBa2Cu3O7-d cuprates7,8, with a depression of the Tc 
associated to the stabilization of a charge and spin ordered state.  

Nonetheless, the question of whether residual dynamic magnetic fluctuations coexist with the 
metallic/superconducting properties in a wide doping range is of crucial interest concerning a 
possible spin-fluctuation mediated paring mechanism for high Tc superconductivity9,10.  

Dynamic AFM copper spin correlations have been indeed observed by means of muon spin 
rotation spectroscopy (μSR) in both hole doped and electron doped cuprates11–14, persisting in the 
whole doping range but vanishing as it does superconductivity. On the other hand, ferromagnetic 
(FM) correlations in the strongly overdoped regime have also been recently observed in both hole 
and electron doped cuprates15–17, though its suggested suppression of SC18 is still not clear19. The 
presence of dynamic Cu-spin correlations seems thus to be intimately correlated with 
superconductivity. 

Further information about the interplay between magnetic correlations and superconductivity 
could be presumably found by studying magnetic superconductors. In cuprates, only one example 
of such coexistence is found in RuSr2RECu2O8 (Ru-1212) cuprates20,21, where the two phenomena 
are argued to be independent. However, induced Cu magnetism at the CuO2 planes has been 
observed in related RuSr2(Nd,Y,Ce)2Cu2O10-δ (Ru-1222) cuprates22. On the other hand, in artificial 
La2/3Ca1/3MnO3/YBa2Cu3O7 (SC/FM) superlattices23, magnetic coupling is also observed between 
the half-metallic ferromagnetic MnO2 layers and the superconducting CuO2 planes at the 
interface, resulting in an induced magnetic moment at the Cu cations. 

From these observations, it stands interesting to explore the possible effect of magnetic 
coupling between iron at the charge reservoir block (CRB) and copper at the CuO2 planes in the 
FeSr2YCu2O7+δ samples, in which we have observed the evolution of both the magnetic and the 
superconducting properties as a function of doping, as summarized in Figure 1. The stabilization 
of a 3D magnetic ordering in the non-superconducting FeSr2YCu2O7.08 sample, involving both Fe 
at the charge reservoir block (CRB) and Cu at the superconducting blocks (SCB) demonstrated 
that inter-site magnetic coupling does occur in FeSr2YCu2O7+δ. Furthermore, the presence of 
short-range ordering in a large temperature range was observed. The low dimensional character 
of the magnetic structure leave it subjected to spin fluctuation effects.  
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Figure 1. (a) Crystal structure of the FeSr2YCu2O7+δ samples. Ozone oxidation of the 
FeSr2YCu2O7.08 sample (left side), results in the incorporation of oxygen around iron position in 
the CRB. As shown in (b), the oxidation of both iron and copper by increasing the oxygen content 
led to the evolution of both magnetic and superconducting properties of the resulting 
FeSr2YCu2O7+δ samples. TN represent the critical temperature for long-range magnetic ordering 
as derived from the NPD data as described in Chapter V. Tc is the superconducting critical 
temperature derived from magnetization and resistivity measurements, while the average Fe and 
Cu oxidation states was derived from the spectroscopic data, as described in Chapter IV.  

 

With the oxidation, two oxygen stoichiometries were shown to be stabilized. The 
FeSr2YCu2O7.56 sample, with a Fe3.5+ mixed valence state and highly doped CuO2 planes (pCuO2~ 
0.30) is superconducting below Tc = 30 K. No magnetic ordering was observed from the 
magnetization measurements, but the low superconducting volume fraction, and the underdoped-
like resistivity behaviour despite the high doping level suggest this sample to have 
inhomogeneous electronic properties. The most oxidized FeSr2YCu2O7.85 compound, on the other 
hand, show a long-range magnetic ordering of the Fe4+ sublattice (TN = 110 K) coexisting with 
superconductivity at a lower Tc = 70 K.  

In this Chapter VI, the two superconducting FeSr2YCu2O7.56 and FeSr2YCu2O7.85 samples are 
studied by means of muon spin rotation spectroscopy in order to evaluate the effect of iron 
magnetic ordering in the superconducting properties. A combination of TF and ZF experiments 
is described. The magnetic properties of these Fe-1212 cuprates as studied by μSR are discussed 
in relation to the superconducting properties and compared with previous studies.  
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2. μSR study of FeSr2YCu2O7+δ (δ= 0.56, 0.85) 

2.1. Transverse-field (TF) μSR 

Transverse field μSR experiments were performed in the EMU instrument for the 
FeSr2YCu2O7+δ (δ= 0.56, 0.85) samples in powder form. A 150 G external field was applied 
perpendicular to the muon pulse. Several spectra were collected for each sample, at different 
temperatures, as shown in Figure 2. The Asymmetry (A) show the expected oscillation as a 
function of time, due to precession of the muon spins around the external field. At high 
temperature, the amplitude of the oscillatory signal remains almost constant, being only a small 
depolarization observed due to nuclear moments. However, by lowering temperature, the 
precession is clearly damped in both samples.   

 

 

Figure 2. TF (150 G) spectra at different temperatures for the (a) FeSr2YCu2O7.56 and (b) 
FeSr2YCu2O7.85 samples, showing the complete loss of amplitude below 30 K, remaining only the 
signal coming from muons stopping at the silver plate. 



μSR study of FeSr2YCu2O7+δ cuprates 

 

 
 

198 
 

The fitting of the spectra is approached by using the following function, assuming a Gaussian 
decay of the initial asymmetry: 

 

A(t)= A0 · cos (υ·t + φ) · exp (- ½ σ2 · t2)  + Bk (t)                                   Eq.1 

 

Where Ao is the initial asymmetry, υ the frequency associated to the precession induced by 
the external field (υ= γμ·Bext) and σ is the relaxation rate (Gaussian decay) describing the 
depolarization due to the internal field distribution (σ= √(γμ

2·<ΔBμ
2>)). An additional oscillating 

term (Bk) is added to account for muons stopping at the silver plate used as sample holder (υBk = 
0.03 μs-1): 

 

Bk (t) = Abk· cos (υBk·t + φ)                                               Eq.2 

 

The amplitude of the background signal (Abk) was allowed to vary, but a constant value of Abk 

~ 0.05 and Abk ~ 0.07 was obtained for the FeSr2YCu2O7.56 and FeSr2YCu2O7.85 samples, 
respectively, in all the measured temperature range. 

Representative spectra for the FeSr2YCu2O7.56 sample at different temperatures are shown in 
Figure 3, together with the fitting to Eq.1. Because this FeSr2YCu2O7.56 sample is 
superconducting, with Tc = 30 K, depolarization of the muons due to the vortex lattice was 
expected to occur below the Tc, with a slowly damped precession characterized by a BCS-like 
power law dependence24 of the relaxation rate.  However, as evidenced in Figure 3, a fast damping 
of the precession is already observed at T = 40 K, well above the Tc.  

Moreover, despite good fitting is obtained with the above described Gaussian type decay, the 
fast (exponential-like) depolarization and the loss of initial asymmetry reflect the presence of 
internal magnetic fields in the sample. Indeed, below T = 25 K, only the signal arising from muons 
stopped at the silver plate is observed, implying a complete depolarization of muons stopping at 
the sample. These observations indicate a bulk magnetic state in the FeSr2YCu2O7.56 sample. 

In the FeSr2YCu2O7.85 sample, a similar behaviour is observed, as shown in Figure 4. In this 
sample, long-range magnetic ordering of the Fe4+ sublattice was observed at TN = 110 K by means 
of NPD, and superconductivity at Tc= 70 K confirmed by susceptibility and resistivity 
measurements. The damped TF-μSR spectrum at 100 K agrees with the magnetically ordered 
state at high temperature. A complete loss of asymmetry is observed at T = 25 K, indicating that 
the magnetic interactions also involve the whole sample volume in FeSr2YCu2O7.85 at low 
temperature. 

In Figure 5, the temperature dependence of the normalized initial asymmetry and the 
relaxation rate, as derived from fitting of the TF-μSR spectra to Eq.1, are shown for the two 
samples. For the FeSr2YCu2O7.56 sample, as shown in Figure 5a (black dots), the amplitude is 
already reduced by about a 60% at Tc = 30 K. The relaxation rate, as shown in the inset of Figure 
5b, shows a continuous increase towards a σ (T→0) value of 0.12 μs-1. Both the high temperature 
(i.e. T > Tc) depolarization and the fast increase in σ reflect the presence of magnetic interactions, 
depolarizing the muons before being able to test the vortex lattice.   
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Figure 3. TF-μSR spectra at different temperatures for the FeSr2YCu2O7.56 sample. 
Experimental data are shown as open circles and fitting to Eq.1 as continuous lines. 

 

 

 Figure 4. TF-μSR spectra at different temperatures for the FeSr2YCu2O7.85 sample. 
Experimental data are shown as open circles and fitting to Eq.1 as continuous lines.  
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Figure 5. Temperature dependence of (a) the normalized asymmetry and (b) the relaxation 
rate for the FeSr2YCu2O7.56 (in black) and FeSr2YCu2O7.85 (in red) samples, as derived from fitting 
of the TF-μSR spectra using Eq.1. The superconducting critical temperatures for FeSr2YCu2O7.56 

(Tc= 30 K) and FeSr2YCu2O7.85 (Tc= 70 K) are indicated by vertical dashed lines. 

 

In the case of the FeSr2YCu2O7.85 sample, the relaxation rate (Figure 5b -red dots-) follows a 
similar temperature dependence than in the FeSr2YCu2O7.56 sample, with a continuous increase 
by lowering temperature until reaching saturation at 25 K, with an associated σ value of ~0.65 μs-

1. The stronger depolarization rate might be due to a stronger field-induced ferromagnetism, as 
observed in the magnetization measurements described in Chapter V. 

 In this FeSr2YCu2O7.85 sample, the continuous decrease in the initial asymmetry (Figure 5b -
red dots-) covers a large temperature range before complete depolarization is observed at T= 25 
K, as for the FeSr2YCu2O7.56 sample. This suggests a cluster-like segregation of magnetic regions 
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in the sample, increasing the magnetically ordered volume fraction up to 100% at T= 25 K. The 
onset of the magnetic interactions is located at around 160 K, well above the TN= 110 K 
established from the NPD data. The presence of short-range magnetic ordering above the TN is 
not surprising given the two-dimensional character of the structure, and it was previously inferred 
from the magnetization data described in Chapter V. However, the observation of long-range 
ordering by means of NPD does not fit the picture of a clustered short-range magnetic regions in 
the range 110-25 K. These two, apparently conflicting, experimental observations are brought 
together considering the different time scales of μSR and neutron diffraction. The progressive 
slowing down of long-range magnetic correlations which appear static for the shorter time scale 
of NPD (~ 10-12 s) would result in a progressive depolarization of the muons when the fluctuation 
rate enters on the μSR time window (~ 10-6-10-9).  

A complex dynamic behaviour is thus inferred for the two FeSr2YCu2O7+δ samples from the 
TF-μSR data, that is analysed in further detail through complementary ZF-μSR measurements, 
addressed in the next section. 

Nonetheless, from the TF-μSR data, the onset of magnetic interactions above the 
superconducting critical temperature is clearly evidenced in both FeSr2YCu2O7.65 and 
FeSr2YCu2O7.85; the magnetic interactions involving the whole sample volume below the T = 25 
K in the two samples. 

2.2. Zero-field (ZF) μSR 

One of the more appealing properties of muon spin rotation spectroscopy is its ability to probe 
magnetic interactions in the absence of an external field, thus allowing characterization of the 
unperturbed ground state. The zero-field (ZF) μSR spectra for the FeSr2YCu2O7+δ (δ= 0.56, 0.85) 
samples at different temperatures are shown in Figure 6.  

The fast relaxation observed for the two samples at low temperature confirms the presence of 
magnetic interactions, as previously derived from the TF-μSR data.  If long-range static magnetic 
ordering were present, an oscillatory part would be expected in the ZF-μSR spectra due to muon 
precession around the homogeneous internal field. In the case of the present compositions 
FeSr2YCu2O7+δ, however, no oscillatory component is observed. Generally, the absence of 
oscillations in the ZF-μSR spectra is indicative of either short-range or spin-glass type magnetism, 
but it can also be associated to the presence of dynamic magnetic correlations25,26. In our particular 
case, the loss of initial asymmetry at t < 0.22 μs might also imply that the frequency of the 
precession is outside the time window accessible in a pulsed source, and thus lost in the 
experiments.  

In the case of the FeSr2YCu2O7.56 sample, the low normalized initial asymmetry of 0.25 at 10 
K is not compatible with the presence of static magnetic interactions (whether long-range or short-
range ordered), as a maximum 2/3 asymmetry loss would be expected for this polycrystalline 
sample (see Section 3.4. in Chapter II). The presence of dynamic magnetic correlations, on the 
other hand, can explain both the fast exponential-like relaxation without oscillation, and the more 
than 2/3 asymmetry loss. In the case of the FeSr2YCu2O7.85 sample, the initial asymmetry of ~ 0.4 
at the lowest temperature is compatible with the presence of a static long-range ordering with a 
magnetic moment higher than the frequency resolution of the EMU spectrometer ( ~100 Hz).  
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Figure 6. ZF-μSR spectra at different temperatures for the (a) FeSr2YCu2O7.56 sample and (b) 
FeSr2YCu2O7.85 samples. Red lines show fitting to Eq. 3 and Eq. 6 at high and low temperature, 
respectively.  
 

Nonetheless, by comparison with the related RuSr2RECu2O8 (Ru-1212)27, oscillations were 
expected to be captured as the internal field in Ru-1212 has a lower value of 72 mT ( < > ~10 
MHz) and thus observed in the ZF- μSR spectra. 

On the contrary, in the related RuSr2Nd1.8-xY0.2CexCu2O10-d (Ru-1222) cuprates28, no 
oscillations are observed in the ZF-μSR data, despite long range magnetism is observed by means 
of NPD. In this case, the lack of oscillation was argued to indicate that muons are not feeling Ru 
magnetic ordering. Consequently, muons are considered to stop in the rock salt type layers located 
in between the CuO2 planes, thus far away from the RuO2 layers. But, in FeSr2YCu2O7+δ, there is 
not such a site, discarding this possibility. 
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The presence of dynamic correlations seems, then, the most likely explanation for the fast 
relaxation without oscillation observed in the ZF-μSR data in both FeSr2YCu2O7.85 and 
FeSr2YCu2O7.85 samples.  

 

2.2.1. Muon stopping sites 

Prior to the fitting of the low temperature data, identification of the muon stopping sites is 
needed for a correct interpretation of the data. Positive muons are implanted in the samples 
bounded to oxygen, forming hydroxyl bonds. In the case of FeSr2YCu2O7+δ, there are three 
different oxygen sites, and thus three possible muon sites as indicated in Figure 7.  

 

 

Figure 7. Crystal structure of the FeSr2YCu2O7+δ phases, with CuO2 planes and FeOδ layers 
stacked along the c-axis. (b) Possible muon stopping sites, near the three different oxygen 
positions.  
 

As preference for the more electronegative regions is expected, dipolar calculations are widely 
used for muon site assignment. Despite we have not performed such calculations, the muon 
stopping sites are well characterized for YBa2Cu3O7-δ,29,30 allowing for comparison. In YBCO, 
Site 1 and Site 2 are shown to be both occupied, with associated nuclear relaxation rates of Δ (Site 

1) = 0.15 μs-1 and Δ (Site 2) =  0.35 μs-1. A predominant occupation at Site 1 is nonetheless 

observed in most cuprate type materials, while no significant occupation at Site 3 has been 
reported.   

In order to identify the muon stopping sites in our FeSr2YCu2O7+δ samples, the high 
temperature data (T= 180 K for FeSr2YCu2O7.85 and T= 100 K for FeSr2YCu2O7.56) was fitted by 
using a Kubo-Toyabe type function with and additional term accounting for slow magnetic 
fluctuations (spin-lattice relaxation): 

 

𝐴(𝑡) =a ZF · GzKT (Δ,t)· exp (-λ1·t) + Abk                                  Eq. 3 
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Being a ZF the initial asymmetry, λ and Δ the electronic and nuclear relaxation rates at the 

muon site, respectively, and GzKT the static Kubo-Toyabe correlation function: 

𝐺 (𝛥, 𝑡) = 1
3 + 2

3 (1 − 𝛥 𝑡 ) exp(
−𝛥 𝑡

2
)                                   𝐸𝑞. 4 

 

A temperature-independent background term (Abk) is added to account for muons stopping 
outside the sample, whose values have been fixed to those obtained from fitting of the transverse 
field data. 

A good fitting is obtained for the two samples (Figure 6) using a unique muon stopping site. 
For such a site, nuclear relaxation rates of Δ= 0.071 μs-1 and Δ = 0.063 μs-1 were obtained for the 
FeSr2YCu2O7.85 and FeSr2YCu2O7.85 samples, respectively. A reduction of the nuclear relaxation 
rates is expected in FeSr2YCu2O7+δ with respect to YBa2Cu3O7-δ as both Sr and Fe have a zero 
nuclear magnetic moment. The most likely situation is that muons stop at Site 1, bounded to the 
apical O1 oxygen in both FeSr2YCu2O7.56 and FeSr2YCu2O7.85, despite occupation at Site 2 cannot 
be discarded.  Dipolar field calculations confirm that muons stop at the apical site in 
RuSr2GdCu2O8

27, reinforcing the assignment of this site for the closely related Fe-1212 system.  

In any of these two sites, muons may be able to feel the magnetic field arising from both Cu 
at the CuO2 planes and Fe at the CRB. The similar nuclear relaxation rate of Δ= 0.06 μs-1 observed 
in RuSr2Nd1.8-xY0.2CexCu2O10-d (Ru-1222)28 question the assigned stopping site at the CeO2 layers, 
as such a site does not exist in FeSr2YCu2O7+δ. Indeed, the ZF-μSR spectra for this Ru-1222 
compound shows a striking similarity to the ones observed here for Fe-1212.  

 

2.2.2. Stretched-exponential model 

Once evaluated the muon stopping site in FeSr2YCu2O7+δ, fitting of the ZF-μSR data was 
initially approached by using a stretched-exponential type function of the form:  

 

𝐴(𝑡) = 𝐴 ∗ exp −(𝜆 𝑡) + 𝐴                                          Eq. 5 

 

The temperature dependence of the A0 initial asymmetry, the relaxation rate λZF associated to 
electronic correlations and the exponent β (power of damping) are shown in Figure 8 for the two 
samples. The progressive decrease in the initial asymmetry by lowering temperature (Figure 8a) 
in the two samples qualitatively agrees with the TF data. The onset of the magnetic correlations 
is observed at lower temperatures than in the TF-μSR data, but still above the superconducting 
critical temperature. The relaxation rate, as shown in Figure 8b, exhibit a clear peaked behaviour, 
reflecting a spin freezing process30 to take place at Tf= 25 K, in both samples; this corresponds to 
the complete loss of asymmetry observed in the TF-μSR. Below the freezing temperature, the 
initial asymmetry is also recovered to 1/3, reflecting the establishing of static magnetic ordering. 
The proposed slowing down of the dynamic magnetic correlations is thus confirmed from the ZF-
μSR data. 
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Figure 8. Temperature dependence of (a) the normalized asymmetry and (b) the relaxation 
rate and (c) exponent β for the FeSr2YCu2O7.56 (in black) and FeSr2YCu2O7.85 (in red) samples, as 
derived from fitting of the ZF-μSR spectra using Eq.5. The superconducting critical temperatures 
for FeSr2YCu2O7.56 (Tc= 30 K) and FeSr2YCu2O7.85 (Tc= 70 K) are indicated in (a) by vertical 
dashed lines. 
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Despite the freezing of the magnetic fluctuations occurs at the same Tf  = 25 K in both samples, 
the slowing down process starts at higher temperatures in the most oxidized sample (which also 
has a higher Tc), as highlighted in the inset of Figure 8b.  

Additional information about the depolarization sources can be obtained from the temperature 
dependence of the exponent β. At high temperature, the β =1 value indicates that an exponential 
relaxation source is already present. This agrees with the non-trivial almost T-independent value 
of λZF ~ 0.07 μs-1, indicating the presence of low energy spin fluctuations at high temperature.  

The subsequent reduction towards β = 0.5 observed by lowering temperature indicates a more 
complex relaxation involving a distribution of relaxation rates. This suggests that the slowing 
down of the magnetic fluctuations in non-uniform but result in an inhomogeneous spatial 
distribution of fluctuation rates. The recovery of β below T= 25 K reflect a more homogeneous 
distribution of the magnetic correlations when the magnetic ordering becomes static.  

In fact, the presence of static magnetic ordering at the CuO2 planes has been evidenced in 
superconducting YBa2Cu3O7-d samples31. A single exponential relaxation source is nonetheless 
observed, with a low energy scale of λ ~ 0.10 μs-1. In the here studied FeSr2YCu2O7+δ samples, 
the relaxation rates have larger maximum values of λZF (25 K) = 1.4-1.6 μs-1.  

Furthermore, in YBCO, no anomalies were observed in the ZF-μSR data at the 
superconducting transition, the spin-freezing process occurring at lower temperatures (i.e. T < 
Tc)30,31. A strong doping dependence is nonetheless observed, with Tf decreasing as the optimal 
doping level is approached. A nanoscopic coexistence of superconducting and static stripe-like 
magnetic regions is suggested, with a minimal mutual interference.  

In FeSr2YCu2O7+δ, the onset of the magnetic interactions at the vicinity of the superconducting 
transition in the two samples suggests a more cooperative character of the magnetic and 
superconducting interactions. It is worth to stress that a similar enhancement of the magnetic 
fluctuations at the superconducting transition has been observed in SmFeAsO1-xFx and Co-doped 
BaFe2As2 iron-based superconductors32,33, involving high frequency relaxation sources similar to 
the one observed here. 

In order to discern the different contributions to the muon spin relaxation, an alternative phase-
segregation model has been used to analyse the ZF-μSR data. 

 

2.2.3. Phase-segregation model 

Based on the observed reduction of the exponent β using the above described stretched 
exponential model, an alternative approach for the fitting has been followed. An inhomogeneous 
state, in which only part of the sample contributes to the fast relaxation is assumed, the rest 
remaining in a non-magnetic state (i.e. with only slow fluctuations present). The progressive gain 
in weight of the faster exponential relaxation source by lowering temperature is described by the 
following function13: 

  

A(t)= A0 · Gz
KT (Δ,t)· exp (-λ1·t)·[f · exp (-λ2·t) + (1-f)] + Abk                    Eq. 6 
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The non-magnetic state is described by a Kubo-Toyabe function including a slow 
depolarization source (λ1) as used for the fitting of the high temperature data (Eq. 3.). The 
temperature-dependent magnetic volume fraction (f) incorporates the additional faster relaxation 
source (λ2). As shown in Figure 9a, the magnetic volume fraction increases from Tonset to a 
constant value below 25 K, corresponding to the spin freezing temperature Tf= 25 K. Below this 
temperature, the magnetic fraction remains constant, accounting for an 80% of the sample 
volume. 

The dynamic of the fluctuations can be followed by looking at the λ1 frequency (Figure 9b), 
that starts to increase at Tonset

 and peaks at Tf = 25 K, reflecting the collapse of the magnetic 
fluctuations. The additional λ2 relaxation rate (Figure 9c) also develops below Tonset, increasing 
until saturation, although the peaked behaviour is not as marked as for the λ1 frequency. The 
energy scale for the two different relaxation sources suggest λ1 to arise from Cu spin correlations 
at the CuO2 planes and  λ2  to come from magnetic correlations of Fe spins at the CRB, as similar 
values are obtained for cuprate-type and iron-based superconductors respectively. Higher 
relaxation values are nonetheless still observed for the λ1 component associated to the CuO2 
planes compared to YBCO. 

  

 

Figure 9. Temperature dependence of (a) the magnetic volume fraction (b) λ1 and (c) λ2 

relaxation rates for the FeSr2YCu2O7.56 sample, as derived from the fitting of the ZF-μSR spectra 
using Eq.6. (d) Temperature dependence of the molar magnetic susceptibility for the same sample. 
The superconducting critical temperature at Tc= 30 K is indicated by a vertical dashed line. 
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Figure 10. Temperature dependence of (a) the magnetic volume fraction and the (b) λ1 and (c) 
λ2 relaxation rates for the FeSr2YCu2O7.56 (in black) and FeSr2YCu2O7.85 (in red) samples, as 
derived from fitting of the ZF-μSR spectra using Eq.6. The superconducting critical temperatures 
for FeSr2YCu2O7.56 (Tc= 30 K) and FeSr2YCu2O7.85 (Tc= 70 K) are indicated by vertical dashed 
lines. Black and red frames indicate Tonset for the FeSr2YCu2O7.56 and FeSr2YCu2O7.85 samples, 
respectively. 
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The enhancement of the Cu-spins fluctuations may be related to the presence of a 7% of Fe 
substitution at the CuO2 planes. Similar to the pinning effect observed through Zn by Cu 
substitution34, the partial substitution of Fe by Cu in La2−xSrxCu1−yFeyO4

35 has been shown to more 
strongly stabilized the Cu-spin stripes, by slowing down the Cu-spin fluctuations. Indeed, a 
strikingly similar spin freezing temperature of Fe3+ spins at 20-25 K is observed in these Fe-
substituted samples.  

In Figure 10, the temperature dependence of the λ1 and λ2 relaxation rates and the magnetic 
volume fraction for the FeSr2YCu2O7.85 sample (in red) are shown together with those for the 
FeSr2YCu2O7.56 sample (in black). The same behaviour is observed for the two samples, but with 
Tonset increasing from FeSr2YCu2O7.56 to FeSr2YCu2O7.85, as it does Tc. In both samples, the 
increase in the relaxation rate starts slightly above the Tc.  

The same Tf = 25 K freezing temperature is however observed for the two samples, indicating 
a similar electronic situation at the CuO2 planes. Indeed, stunningly similar doping levels were 
derived for the two samples from both the BVS calculations and from the spectroscopic data, as 
described in Chapter IV. The Tf = 25 K coincides with the second unidentified transition observed 
in both the magnetic susceptibility and the resistivity measurements of the FeSr2YCu2O7.85 
sample.  

The temperature scale for the spin freezing also fits that observed for YBCO at low doping 
levels36. As previously suggested, this FeSr2YCu2O7+δ samples seem to have inhomogeneous 
electronic properties, that deserve for further studies.  

What seems to be substantiated is that the development of Fe magnetic correlations at the CRB 
is followed by an enhancement of the Cu spin fluctuations at the CuO2 planes.  Still, the question 
of whether the spin fluctuations at the CuO2 planes inhibit or cooperate with the establishment of 
the superconducting interactions in these Fe-1212 cuprates remain unsolved. At least, from the 
observation of the enhanced magnetic correlations starting just above the Tc for the two samples, 
a connection between the two phenomena seems to be corroborated.  

 

3. Conclusions 

The temperature dependence of the TF-μSR spectra for the superconducting FeSr2YCu2O7+δ 

(δ= 0.56, 0.85) samples reflects the presence of magnetic interactions, starting just above the Tc. 
Below 25 K, the magnetic interactions involve the whole sample volume in both FeSr2YCu2O7.65 

and FeSr2YCu2O7.85.  

From complementary ZF-μSR measurements, the dynamic character of the magnetic 
correlations is probed. A progressive slowing down of the spin correlations is observed, starting 
just above the superconducting critical temperature but covering a wide temperature range until 
a spin freezing process is observed at Tf = 25 K, in the two samples.  

Fitting of the ZF-μSR data using a stretched-exponential model suggest an inhomogeneous 
state, with a segregation of high-frequency relaxation regions. The temperature-dependent 
development of the high frequency magnetic correlations, associated to Fe at the CRB, is followed 
by the enhancement of the Cu-spin correlations at the CuO2 planes.  
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The coincidence of the onset of the magnetic interactions with the critical temperature in the 
two samples suggest that the slowing down of dynamic magnetic correlations at the CuO2 planes 
alters the establishment of superconductivity in these Fe-1212 cuprates, whether in a positive or 
in a negative way.  

Moreover, despite a similar doping level and spin-freezing temperature of Tf = 25 K are found 
in the two samples, the increase in the temperature at which magnetic correlations in the CRB 
develop is followed by an increase in the critical temperature. Magnetic coupling between the 
CRB and the SCB in these Fe-1212 cuprates has allowed for a unique exploration of the effect of 
the magnetic interactions in the superconducting properties of cuprate superconductors.  
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CONCLUSIONS 

 

The effect of iron by copper substitution in the YSr2Cu3O6+δ cuprate, giving                          
MxCu1-xSr2YCu2O7+δ (M-1212 type) materials has been widely studied. In the single-phase                  
FexCu1-xSr2YCu2O7+δ (x = 0.5, 1) materials, a preferential occupation of iron in the charge 
reservoir block (CRB) has been established. Nonetheless, a significant occupation of iron in the 
superconducting block (SCB) of ~ 3% and ~ 7% is observed for Fe0.5Cu0.5Sr2YCu2O7+δ and 
FeSr2YCu2O7+δ, respectively. 

The change in the iron coordination geometry and oxidation state with the reducing/oxidizing 
treatments has been illustrated, ranging from Fe3+ in tetrahedral coordination to Fe4+ in octahedral 
coordination at the CRB. For the two selected compositions Fe0.5Cu0.5Sr2YCu2O7+δ and 
FeSr2YCu2O7+δ, the oxygen content in the CRB has been modified through different low-
temperature oxidizing treatments, reaching high values of δ ~ 0.4 and δ ~ 0.85 for  
Fe0.5Cu0.5Sr2YCu2O7+δ and FeSr2YCu2O7+δ, respectively. Following the change in the oxygen 
content, the complex evolution of superconducting and magnetic properties has been 
characterized in connection with the structural changes. Moreover, a detailed study of the charge 
distribution between the CRB and the SCB has been made, allowing us the establishing of 
structure-hole distribution-Tc relations.  

 

The main conclusions arising from this thesis are summarized as follows:  

 The solubility of iron in the YSr2Cu3O6+δ compound at ambient pressure conditions 
shows a lower limit value of x > 0.35 in the resulting FexCu1-xSr2YCu2O7+δ 

compounds. Increasing the iron content from x = 0.5 to x = 1, the iron occupation at 
the SCB increases up to a ~ 15% of iron substitution in the CuO2 planes for 
FeSr2YCu2O7+δ. The substitution level of iron in the superconducting planes is 
nonetheless lowered to ~ 3% and to ~ 7% for Fe0.5Cu0.5Sr2YCu2O7+δ and 
FeSr2YCu2O7+δ, respectively, after a proper annealing process. 

 The ozone oxidized Fe0.5Cu0.5Sr2YCu2O7+δ and FeSr2YCu2O7+δ materials show 
superconducting properties, with a maximum critical temperature of Tcmax = 50 K and 
70 K, respectively. Unusually high hole doping levels in the superconducting planes 
of pCuO2 > 0.3 are observed for these superconducting phases. Consequently, these 
ferrocuprates are located in the highly doped region of the conventional phase diagram 
of cuprate superconductors. Nevertheless, despite the high doping levels attained in 
the CuO2 planes, a preferential charge localization at the CRB is observed in the 
oxidation, with iron increasing its oxidation state to Fe3.4+ in the Fe0.5Cu0.5Sr2YCu2O7+δ 

system and up to Fe4+ in the FeSr2YCu2O7+δ one. 

 In both systems, an anomalous Tc-p relation is observed. Different Tcs and 
superconducting volume fractions, as well as different normal state transport 
properties, are noted for compounds with similar pCuO2 values. A different effective 
hole concentration is derived, emphasizing the role of the CRB in determining the 
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superconducting properties. In particular, the increase in Tc correlates with subtle 
changes in the local configuration around the superconducting planes. The decrease 
in the apical distance, and the concomitant shortening of the inter-bilayer space at the 
expense of a higher intra-bilayer space follows the increase in Tc in both 
Fe0.5Cu0.5Sr2YCu2O7+δ and FeSr2YCu2O7+δ systems. The superconducting properties 
are also improved by increasing the local ordering at the CRB, in terms of both 
cation/anion ordering and charge distribution.  

 The FeSr2YCu2O7+δ system exhibits interesting magnetic properties.  For the reduced 
FeSr2YCu2O7+δ (δ ~ 0) sample, a new long-range 3D magnetic structure has been 
determined, involving ordering of both Fe3+ cations at the CRB and Cu2+ cations at the 
SCB.  To the best of our knowledge, this is the first observation of a magnetic structure 
comprising ordering at both the CRB and SCB in M-1212 type cuprates.  

 The superconducting FeSr2YCu2O7+δ (δ ~ 0.85) compound shows a novel A-type 
magnetic structure associated to the Fe4+ cations at the CRB. Moreover, a soft field-
induced metamagnetic transition results in a ferromagnetic behaviour under the 
applied field. The stabilization of the Fe4+ state, with no charge disproportionation 
process down to 4K, is explained by the high covalency of these FeSr2YCu2O7+δ 
cuprates.  

 The coexistance of magnetism and superconductivity in the most oxidized 
FeSr2YCu2O7+δ (δ~0.85) compound (Tc = 70 K < TN = 110 K) make it stands as the so 
far second example of a magnetic superconductor within cuprate type materials.  Most 
interestingly, the presence of a magnetic field at the CuO2 planes has been evidenced 
by means of Mössbauer spectroscopy, suggesting a complex interplay of magnetic and 
superconducting interactions in this material.  

 The interplay between magnetism and superconductivity in these Fe-1212 cuprates 
has been further approached by means of muon spin rotation spectroscopy. In the two 
superconducting FeSr2YCu2O7+δ (δ = 0.56, 0.85) samples, the presence of magnetic 
interactions starting just above Tc has been corroborated. The coincidence of the onset 
of the magnetic interactions with the critical temperature in the two samples suggests 
that the slowing down of dynamic magnetic correlations at the CuO2 planes alters the 
establishing of superconductivity in these Fe-1212 cuprates. 
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CONCLUSIONES 

 

Se ha estudiado el efecto de la sustitución de cobre por hierro en el cuprato YSr2Cu3O6+δ, para 
dar lugar a materiales de composición MxCu1-xSr2YCu2O7+δ (M-1212). En los compuestos 
monofásicos FexCu1-xSr2YCu2O7+δ (x = 0,5, 1), se ha establecido una ocupación preferente del 
hierro en la reserva de carga. Sin embargo, se observa una significativa ocupación de hierro en 
los planos superconductores de ~ 3% y ~ 7% para Fe0.5Cu0.5Sr2YCu2O7+δ y FeSr2YCu2O7+δ, 
respectivamente. 

Hemos caracterizado el cambio en la geometría de coordinación y el estado de oxidación del 
hierro con los tratamientos oxido-reductores, variando desde Fe3+ en coordinación tetraédrica 
hasta Fe4+ en coordinación octaédrica en la reserva de carga. Para las dos composiciones 
seleccionadas, Fe0.5Cu0.5Sr2YCu2O7+δ y FeSr2YCu2O7+δ, hemos modificado el contenido de 
oxígeno en la reserva de carga a través de diferentes tratamientos oxidantes a baja temperatura. 
Se han alcanzado así elevados valores de δ ~ 0.4 y δ ~ 0.85 para Fe0.5Cu0.5Sr2YCu2O7+δ y 
FeSr2YCu2O7+δ, respectivamente. Acompañando el cambio en el contenido de oxígeno, se ha 
caracterizado la compleja evolución de las propiedades superconductoras y magnéticas en 
relación con los cambios estructurales. Además, hemos realizado un estudio detallado de la 
distribución de la carga entre la reserva de carga y los planos superconductores, lo que nos ha 
permitido establecer interesantes relaciones estructura-dopado-Tc.  

 

Las principales conclusiones derivadas de esta tesis doctoral se resumen a continuación: 

 

 Se ha establecido la solubilidad del hierro en el compuesto YSr2Cu3O6+δ en 
condiciones de presión ambiente, presentando un valor límite inferior de x > 0.35 en 
los compuestos FexCu1-xSr2YCu2O7+δ resultantes. Aumentando el contenido en hierro 
de x = 0.5 a x = 1, la ocupación del hierro en los planos CuO2 aumenta hasta un ~ 15% 
para FeSr2YCu2O7+δ. El nivel de sustitución de hierro en los planos superconductores 
se reduce sin embargo a ~ 3% y a ~ 7% para Fe0.5Cu0.5Sr2YCu2O7+δ y FeSr2YCu2O7+δ, 
respectivamente, después de un proceso adecuado de recocido. 

 Los materiales Fe0.5Cu0.5Sr2YCu2O7+δ y FeSr2YCu2O7+δ oxidados con ozono muestran 
propiedades superconductoras, con una temperatura crítica máxima de Tcmax = 50 K y 
70 K, respectivamente. Se observan niveles inusualmente altos de dopado en los 
planos superconductores, con pCuO2 > 0.3, para estas fases superconductoras. En 
consecuencia, estos ferrocupratos se localizan en la región de sobredopado del 
diagrama de fase convencional de los cupratos superconductores. Sin embargo, a pesar 
de los altos niveles de dopado alcanzados en los planos CuO2, se observa una 
localización preferencial de la carga en la reserva de carga en la oxidación, 
aumentando el hierro su estado de oxidación hasta Fe3.4+ en el sistema 
Fe0.5Cu0.5Sr2YCu2O7+δ y hasta Fe4+ en el sistema FeSr2YCu2O7+δ. 

 En ambos sistemas se observa una relación Tc-pCuO2 anómala. Se observan diferentes 
Tc y fracciones superconductoras, así como diferentes propiedades de transporte en 
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estado normal, para compuestos con valores de pCuO2 similares. De ello se deduce 
una diferente concentración efectiva de huecos, lo que pone de relieve el papel de la 
reserva de carga en la determinación de las propiedades superconductoras. En 
particular, el aumento de Tc se correlaciona con sutiles cambios en la estructura local 
en torno a los planos superconductores. La disminución de la distancia apical, y el 
consecuente acortamiento del espacio inter-bicapa a expensas de un mayor espacio 
intra-bicapa están correlacionados con el aumento en Tc, en ambos sistemas 
Fe0.5Cu0.5Sr2YCu2O7+δ y FeSr2YCu2O7+δ. Así mismo, la optimización de las 
propiedades superconductoras está íntimamente relacionada con el aumento en el 
orden local en la reserva de carga, tanto en términos del ordenamiento 
catiónico/aniónico como de la distribución de carga. 

 El sistema FeSr2YCu2O7+δ exhibe interesantes propiedades magnéticas.  Para la 
muestra reducida, de composición FeSr2YCu2O7+δ (δ ~ 0), se ha determinado una 
nueva estructura magnética de largo alcance, que implica el ordenamiento tanto de los 
cationes Fe3+ en la reserva de carga como de los cationes Cu2+ en los planos CuO2.  
Hasta donde sabemos, esta es la primera evidencia de estructura magnética que 
comprende el ordenamiento tanto en la reserva de carga como en los planos CuO2 en 
cupratos del tipo M-1212. 

 El compuesto superconductor FeSr2YCu2O7+δ (δ ~ 0.85) muestra una novedosa 
estructura magnética tipo A, asociada a los cationes Fe4+ en la reserva de carga. 
Además, una transición metamagnética resulta en un comportamiento ferromagnético 
bajo el campo aplicado. La estabilización del Fe4+, sin proceso de desproporción de 
carga, se explica por la alta covalencia en estos cupratos.  

 Se ha demostrado una coexistencia de magnetismo y superconductividad en el 
compuesto FeSr2YCu2O7+δ (δ ~ 0.85) (Tc = 70 K < TN = 110 K).  Además, a través de 
la espectroscopia Mössbauer, se ha puesto en evidencia la presencia de un campo 
magnético en los planos CuO2, lo que sugiere una interacción más compleja entre 
magnetismo y superconductividad en estos ferrocupratos. 

 La espectroscopia de rotación de espín de muones ha demostrado la presencia de 
interacciones magnéticas en las dos muestras superconductoras, de composición 
FeSr2YCu2O7+δ (δ= 0,56, 0,85), comenzando justo por encima de Tc. La coincidencia 
del inicio de las interacciones magnéticas con la temperatura crítica en las dos 
muestras sugiere que las correlaciones magnéticas en los planos CuO2 alteran el 
establecimiento de la superconductividad en estos cupratos Fe-1212. 
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Appendix I: Topochemical reduction of iron oxides 

Short-term stay at Kyoto University (09-12/2018 & 06-09/2019) 

Supervisor: Prof. Hiroshi Kageyama 

 

Thanks to the mobility program of the FPU fellowship I had the opportunity to visit the 
laboratory of Prof. Hiroshi Kageyama at the Graduate School of Engineering of Kyoto University 
in Kyoto (Japan) for two periods of three months each.  

During these periods we did work in the topochemical reduction of iron oxides using alkaline-
earth metal hydrides. The use of alkaline hydrides (LiH, NaH, CaH2) for solid-state reduction was 
first reported by Rosseinsky and co-workers1, showing that the reduction of the LaNiO3 perovskite 
to the LaNiO2 infinite-layer compound was possible at milder conditions than those previously 
used (i.e. H2 flowing at high temperatures above 500ºC). In fact, the reactions using alkaline 
hydrides can be performed at lower temperatures, in the 200-500ºC range. The use of lower 
temperatures for reduction allows the access to metastable products2,3, usually hindered in 
conventional high-temperature solid-state reactions.  

In particular, topochemical reactions with binary metal hydrides have enabled the extension 
of oxygen deficiency levels in ABO3–x perovskites, especially stabilizing ABO2 stoichiometries 
with most interesting BO2 square-lattice layers. In the case of the reduction of the LaNiO3 
perovskite, the stabilization of the Ni1+ (d9) cations in square planar coordination in the reduced 
LaNiO2 phase is understood from the Jahn-Teller effect associated to the d9 electron count. 
Indeed, the square planar coordination at the solid-state was traditionally restricted to metals with 
electron counts of d8–d9 (i.e. Cu2+/3+, Ni1+/2+, Pt2+, Pd2+). 

 The first extension of the ABO2 structural type to no Jahn-Teller active cations was found in 
the SrFe2+O2 (d6) iron infinite-layer compound (Figure 1a) 

4, obtained by CaH2 reduction of the 
SrFeIVO3 perovskite. 

The square planar coordination for the Fe2+ cations was found to have a high stability, SrFeO2 
having the unique electronic configuration of (dxz)1(dyz)1(dxy)1(dx2-y2)1(dz2)2 .5 Moreover, despite the 
apparent two-dimensional (2D) structure, the exchange interactions are also fairly strong, both 

between in-plane Fe–O–Fe (J//) and out-of-plane Fe–Fe (J) iron centres. As a consequence, 
magnetic ordering at the high temperature TN = 473 K is observed in SrFeO2

4, due to the 3D -like 
magnetic character. 

Other members of the iron infinite-layer family of compounds can be obtained by reducing the 
Srn+1FenO3n+1 Ruddlesden-Popper (RP) phases to give Srn+1FenO2n+1 reduced compounds. As 
shown in Figure 1b-c, both Sr2FeO3 (n = 1)6 and Sr3Fe2O5 (n = 2)7 exhibit square-planar FeO2 

units. The dimensionality of the iron sublattice is nonetheless reduced from SrFeO2, having 
infinite FeO2 layers, to Sr3Fe2O5 and Sr2FeO3, which display a one-dimensional array of double 
or single chains of apex-linked square-planar FeO4 units. Considering the magnetic interactions, 

Sr3Fe2O5 has two-legged spin ladders (J//), coupled by J to form a double-layered 2D magnetic 

framework.7,8 On the other hand, in Sr2FeO3, single spin chains (J//) are coupled by J to form a 

single-layered 2D magnetic framework6. 
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Figure 1. Topochemical conversion from Srn+1FenO3n+1 to Srn+1FenO2n+1 (n = 1, 2, ∞) using 
CaH2. (a) SrFeO3 to SrFeO2 (n = ∞) (b) Sr3Fe2O7 to Sr3Fe2O5 (n = 2), through intermediate 
Sr3Fe2O6 and (c) Sr2FeO4 to Sr2FeO3 (n = 1).  

 

TN is reduced from TN = 473 K in SrFeO2 to TN < 297 K in Sr3Fe2O5 and to TN = 179 K in 
Sr2FeO3, clearly demonstrating that there is a correlation between the dimensionality of the 
magnetic lattice and the Néel temperature.  

Most interestingly, SrFeO2 and Sr3Fe2O5 undergo a pressure-induced spin transition, which 
simultaneously induces an insulator-metal transition and an antiferromagnetic to ferromagnetic 
(AFM-FM) one due to enhanced out-of-plane interactions induced by the compression.9,10 

In the last few years, the extension of the infinite-layer frame to various other 3d (Fe, Co, Ni, 
Mn),2,11 4d (Ru)12,13 and 5d (Ir)14 transition metals have been reported, leading to novel electronic 
properties.  The expanding possibilities of transport and magnetic properties within the infinite-
layer framework are well clear, for example, by the recent observation of superconductivity in 
infinite-layer Sr0.2Nd0.8NiO2 films15,16 reduced from Sr0.2Nd0.8NiO3.  
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Figure 2. (a) Globe box used for preparation of the precursor mixture under an Ar atmosphere 
(b) vacuum line for evacuation and sealing the pyrex tubes and (c) the resulting sealed tube which 
is opened using a tungsten-carbide cutting knife after reaction.  
 

Before describing the results arising from the present short-term stay, let us briefly depict the 
methodology for the topochemical reduction using metal hydrides. We will focus in particular in 
the use of CaH2 as reducing agent.   

The topochemical reduction reaction using CaH2 can be written as follows:  
 

ABO3 + x CaH2 → ABO3-x + x CaO + x H2 (g) 
 

The thermal decomposition of the metal hydride generates hydrogen gas, and CaO is formed 
as by-product together with the reduced phase of interest. Usually, a 2M excess of CaH2 is used 
for the reaction. 

The reaction must be performed in evacuated pyrex tubes, that will end up filled with the 
generated hydrogen gas. The amount of sample must be calculated considering the tube volume 
in order to prevent explosions upon heating. Because of CaH2 is extremely air and water sensitive, 
the tubes must be filled in an inert atmosphere (i.e. under Ar gas) using a globe box (Figure 2a). 
The pyrex tube containing the stoichiometric mixture of the oxide precursor and CaH2 is 
evacuated using a vacuum line and sealed under vacuum (Figure 2b-c). The resulting sealed tubes 
are subjected to the thermal treatment in a conventional tubular or box furnace. After the reaction, 
the tube is opened in a fume-hood and the powder is immediately washed using a NH4Cl/MeOH 
solution (~ 0.1M) to remove unreacted CaH2 and CaO by-product. 

The projected objective for the stay was the extension in compositional and structural terms 
of the infinite-layer family of iron oxides. To that aim, we focused on the Ruddlesden-Popper 
(RP) structural frame. As shown in Figure 3a-c, a very rich set of different reduced structures are 
obtained from reduction of An+1BnO3n+1 RP phases. Clearly, both the chemical nature of the A and 
B cations and the modifications of the anionic sublattice (i.e. chlorine by oxygen substitution) 
alter the observed reactivity and the final products. 
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 Figure 3. Topochemical reduction of different n = 2 Ruddlesden-Popper (RP) phases, 
showing the influence of both anionic and A/B-site sublattice modifications in the structure and 
reactivity. (a) Sr3Fe2O7 to Sr3Fe2O5, through intermediate Sr3Fe2O6,7 (b) La3Ni2O7 to La3Ni2O6,17 
and (c) Sr3Fe2O5Cl2 to Sr3Fe2O4Cl2,18 (d) Eu2SrFe2O7

19 to  Eu2SrFe2O6. In (b)-(c), the rock-salt 
(RS), fluorite (F) and infinite-layers (IL) type blocks are indicated. 



APPENDIX I 

 

 
 

225 
 

We anticipated that the inclusion of redox-active cations at the A-site would allow us to further 
explore the unusual electronic properties of iron oxides with square-planar coordination. In this 
regard, the A-site ordered RP phase Eu3+

3SrFe3+
2O7 (Figure 3d; left)19 appears to be a suitable 

candidate for the coupled reduction of A and B sites. By comparison with Sr3Fe2O7, we expected 
to obtain Eu2+

2SrFe2+
2O5, probably isostructural with the two-legged ladder Sr3Fe2O5 (Figure 3a; 

right). 

However, we found that Eu2SrFe2O7 is not fully reduced to Eu2SrFe2O5, but the reaction stops 
at the stoichiometry of Eu2SrFe2O6 (Figure 3d; right), where only Fe3+ is reduced to Fe2+, while 
europium stays trivalent. As in the Sr3Fe2O6 intermediate (Figure 3a; middle), the bridging 
oxygen between the FeO2 layers is selectively removed from Eu2SrFe2O7, but a shift of the rock 
salt (RS) block to form a fluorite (F) block occurs, giving a T-to-T’ structural transformation, as 

found in “La3Ni2O7  La3Ni2O6”17 (Figure 3b).  

The obtained Eu2SrFe2O6 is structurally similar to the Sr3Fe2O4Cl2
18 oxychloride (Figure 3c), 

having also FeO2 bi-layers stacked along the c- axis. In this oxychloride, in spite of chlorine atoms 
occupying the apical position in the SrCl rock-salt type blocks, as occurs in Sr3Fe2O6, the long 
Fe-Cl apical bonds suggest considering a square planar coordination for the Fe2+ cations. 

Up to now, the conversion of the T-to-T’ structures had been limited to Ln2CuO4 (Cu2+) and 
Lnn+1NinO2n+2 (Ni1+), both having a d9 configuration. The conversion to the T’ structure in 
Eu2SrFe2O6 is mainly ascribed to the high stability of iron in square-planar coordination as a result 
of a double dz2 occupancy, as supported by first-principle calculations. 

The magnetic properties of this new Eu2SrFe2O6 iron infinite-layer compound place it in 
between SrFeO2 and the bilayer Sr3Fe2O5 and monolayer Sr2FeO3 oxides, with a magnetic critical 
temperature of 390 K < TN < 404 K. 

 Considering that in Eu2SrFe2O6 each Fe2+ has four J//s and one J ,and that J// > J, the 

intermediate TN of Eu2SrFe2O6 is understood to follow the expected dependence with the 
dimensionality of the magnetic sublattice. 

The TN for Eu2SrFe2O6  is indeed very similar to that of the bilayer Sr3Fe2O4Cl2
18 oxychloride. 

However, the magnetic moments in Sr3Fe2O4Cl2 lie along the c axis, i.e. perpendicular to the FeO4 
square plane, unlike Eu2SrFe2O6 which has an in-plane spin alignment. This result suggests a 
different electronic configuration in Sr3Fe2O4Cl2, with mixed-anion coordination,20 emphasizing 
the impact of subtle structural modifications on the electronic properties. 

We consider that the extension of the T’ structure for iron oxides paves the way for more 
complex intergrowth structures including the infinite-layer frame. In particular, a successful 
reduction of both the A and B sites may lead to the emergence of unique electronic structures and 
novel physical properties. An appropriate selection of precursors considering both A-site ordering 
and redox activity may hopefully bring this goal. 

In Appendix II, the publication arising from this work is included for further information. 
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Abstract The M-1212 family of cuprates, with general formula MxCu1−xSr2RECu2O7+δ(M = transition metal;
RE = Rare Earth), can be stabilized at room pressure and continues to be the basis for the study of supercon-
ducting cuprates by means of different total or partial substitutions. Here, we explore two interesting possibili-
ties through substitution of the Cu in the chains (forming the charge reservoir layer) by Mo and Fe, leading to
the Mo0.3Cu0.7Sr2RECu2O7+δ (RE: Tm and Yb) and FexCu1−xSr2YCu2O7+δ (x = 0.5) systems respectively—
followed by RED/OX processes. Oxidation techniques such as ozonisation and high-pressure-oxygen treatment
have been used to increase the critical temperature Tc of the present compounds, looking at the crystal structural
evolution of these materials in relation with the Tc enhancement. We have considered, in particular, some of the
structural parameters that seem to go in parallel with the Tc increasing: inter and intra-bilayer spacing, apical dis-
tance and buckling angle at the superconducting plane. Although theMo0.3Cu0.7Sr2RECu2Oy system does not show
superconductivity as synthesized in air, a Tc ≈ 32K is achieved after oxygen or ozone flowing at low temperature
and it increases by almost three times to a Tc ≈ 83K under high-pressure-oxygen treatment . On the other hand, the
Tc for the Fe0.5Cu0.5Sr2RECu2Oy system is increased from Tc ≈ 30K up to Tc ≈ 50K after oxygenation under
ozone annealing.
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ABSTRACT: Ozone oxidation has allowed the stabilization of a very high
iron oxidation state in the FeSr2YCu2O7.85 cuprate, in which a long-range
magnetic ordering of the high valent iron cations coexists with the
superconducting interactions (magnetic ordering temperature TN = 110 K >
superconducting critical temperature Tc = 70 K). The somewhat unexpected
A-type AFM structure, with a μ(Fe) ∼ 2 μB magnetic saturation moment
associated with the hypervalent iron sublattice, suggests an unusual low
spin state for the iron cations, while the low dimensionality of the magnetic
structure results in a soft switching toward ferromagnetism under small
external magnetic fields. The role of the crystal structure and of the high
charge concentration in the stabilization of this unusual electronic
configuration for the iron cations is discussed.

■ INTRODUCTION

Iron-containing perovskites have been intensively studied as
potential functional materials with applications ranging from
solid oxide fuel cell (SOFC) cathodes1 and magnetoelectric
multiferroics2 to half-metallic magnetoresistive3 materials. This
wide range of functionalities partially derives from the
flexibility of iron to adopt several coordination environments
and oxidations states, together with their strong superexchange
magnetic interactions. However, within these oxides, iron is
normally present as Fe2+ and Fe3+ cations, with the
stabilization of higher iron valences (i.e., FeIV−V) being quite
unusual. In fact, the orbital-degenerated (t2g

3eg
1) high-spin

state expected for a Fe4+ charge state leads to exotic charge
disproportionation (CD) processes4 in order to release the
charge instability, allowing very rich physical insight on the
interplay between the spin, orbital, and charge degrees of
freedom.
These CD electronic transitions have shown to be intimately

controlled by the lattice environment, resulting in different
charge ordering patterns5 with associated magnetic structures
that are AFM in most of these cases.6 In the particular case of
SrFeO3(SFO) and BaFeO3(BFO) perovskites,7,8 the lack of
CD is associated with the formation of a broader σ* band,
stabilizing a d4 configuration (t2

3σ*1) and giving metallic
properties associated with the itinerant e1 electrons. This
partially itinerant electronic character in BFO and SFO
systems results in addition to metallicity, in a tendency toward

ferromagnetism, that can be switched by pressure or field
perturbations.8−10

On the other hand, high-temperature superconducting
cuprates are another example of correlated materials that are
placed on the frontier between localized and itinerant
electronic behavior,11 with superconductivity emerging from
a Mott insulating type material upon doping.12 The eventual
interplay between the magnetism and the superconducting
pairing still remains, however, obscure, in spite of huge
devoted efforts. Within the layered cuprate compounds, in fact,
only one example of coexistence between long-range magnetic
ordering and superconductivity at the unit cell level is found in
the RuSr2RECu2O8 (Ru-1212) system, in which ferromagnet-
ism at a magnetic ordering temperature TN = 125−145 K and
superconductivity at a lower superconducting critical temper-
atureTc = 15−50 K seems to coexist.13,14 The magnetism
associated with the RuIV−V cations is rather unexpected and is
subjected to controversy between different experimental
observations.15,16

Another promising candidate for such coexistence is the
related FeSr2YCu2O7+δ (Fe-1212) system, which also presents
superconductivity at Tc = 50−60 K17 and signs of short-range
magnetic ordering at TN ∼ 20 K18 after high-pressure oxygen
treatment. In this Fe-1212 system, the oxidation produces an
increase of the iron valence from 3+, although complete
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A B S T R A C T

The highly doped region of the T-p phase diagram of the high temperature superconducting cuprates, has been,
somewhat surprisingly, less explored than the rest of it. Here, we present a fresh look into the superconducting
properties of Mo0.3Cu0.7Sr2YCu2O7þδ, with different oxygen contents. These have been attained by two different
oxidation techniques and results in samples with a very high hole doping levels in the CuO2 superconducting
planes, placing these materials in a greatly doped regime. The evolution of the critical temperature (TC) with p,
reflects the displacement of the superconducting region towards much higher doping levels in comparison with
conventional cuprates. Moreover, the normal state transport properties are also displaced, but not in the same
extension as the superconducting region, resulting in a different superconducting to normal state correspondence
in this Mo0.3Cu0.7Sr2YCu2O7þδ system.

1. Introduction

Understanding the superconducting mechanism of the so-called high
temperature superconducting cuprates remains a major challenge for the
solid-state community. It is known that insertion of holes within the
CuO2 planes of the parent cuprate compound, an antiferromagnetic
charge-transfer insulator, gradually delocalizes the charge [1] and open
space for a rich electronic phase diagram where different electronic
phases, as well as structural and magnetic orderings emerge [2–4] as a
consequence of the strong charge-spin-lattice coupling.

Accounting for the appearance of those electronic states as a function
of the hole doping p, the very interesting T-p phase diagram of cuprates
can be drawn. The critical temperature/hole doping (TC-p) super-
conducting region in this diagram has been generally established to
spread in the shape of a dome as a function of the hole doping level in
between p ~0.05–0.27 holes/CuO2 plane, with the highest TC at an
optimal level of popt ~ 0.16 holes/CuO2 plane [5,6]. The mentioned
optimal doping level, perceived as universal regardless of the cuprate
composition [5], divides the superconducting regime in two different
regions: the underdoped and the overdoped regimes. Also, each of these
regime manifests different electronic behaviour in the normal state when
considering the dependence of the resistivity with temperature [7],
reflecting different transport mechanisms.

Such a universal picture has, nevertheless, been widely challenged
over the two last decades, with special attention to the shape and the
extension of the superconducting region. Some authors have pointed out
a displacement of the optimal doping level towards a higher level of p ¼
0.2 holes/CuO2 plane in YBCO [8] and p ¼ 0.18–0.22 holes/CuO2 plane
in Hg-1201 [9], suggesting the optimal doping region to cover a broader
doping level interval, instead of being a single universal value [10].
Moreover, in the Hg-1201 compound, the shifting of the optimal doping
level implies the appearance of superconductivity above p ¼ 0.3 hole-
s/CuO2, entering therefore in the highly overdoped regime of the con-
ventional phase diagram [9].

From a structural point of view, both YBCO and Hg-1201 share as a
common feature the presence of a charge reservoir layer (CRL) con-
necting the CuO2 planes along the stacking direction. This CRL block,
with a diverse charge and oxygen distribution, is expected to modify
electron interactions in the planes [11,12] and could be, presumably, at
the origin of the observed TC-p anomalies. It is therefore of much interest,
in this context, to further explore the highly-doped region of the T-p
phase diagram of the cuprates by the synthesis of new compounds which
admit a larger hole insertion within the CuO2 planes by increasing the
charge in the CRL.

An interesting and common approach consists of partially replacing
Cu by other transition metals which can attain higher oxidation states

* Corresponding author.
E-mail address: maaf@ucm.es (M.�A. Alario-Franco).

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

journal homepage: www.elsevier.com/locate/jssc

https://doi.org/10.1016/j.jssc.2020.121289
Received 17 January 2020; Received in revised form 19 February 2020; Accepted 26 February 2020
Available online 29 February 2020
0022-4596/© 2020 Elsevier Inc. All rights reserved.

Journal of Solid State Chemistry 286 (2020) 121289

mailto:maaf@ucm.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2020.121289&domain=pdf
www.sciencedirect.com/science/journal/00224596
www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2020.121289
https://doi.org/10.1016/j.jssc.2020.121289


Hydride-Reduced Eu2SrFe2O6: A T‑to-T′ Conversion Enabling Fe2+ in
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ABSTRACT: Low-temperature reaction of A-site-ordered layered perovskite
Eu2SrFe2O7 (T structure) with CaH2 induces a shift in the Eu2O2 slabs to form
Eu2SrFe2O6 with a T′ structure (I4/mmm space group) in which only the Fe cation
is reduced. Contrary to the previously reported T′ structures with Jahn−Teller-active
d9 cations (Cu2+ and Ni+), stabilization of Eu2SrFe2O6 with the Fe2+ (d6) cation
reflects the stability of the FeO4 square-planar unit. The stability of T′-type
Eu2SrFe2O6 over a T-type polymorph is confirmed by density functional theory
calculations, revealing the dz2 occupancy for the T′ structure. Eu2SrFe2O6 has a
bilayer magnetic framework with an Fe−O−Fe superexchange J∥ and an Fe−Fe
direct exchange J⊥ (where J∥ > J⊥), which broadly explains the observed TN of 390−
404 K. Interestingly, the magnetic moments of Eu2SrFe2O6 lie in the ab plane, in
contrast to the structurally similar Sr3Fe2O4Cl2 having an out-of-plane spin
alignment.

■ INTRODUCTION
Topochemical reactions with binary metal hydrides1 have
enabled the extension of oxygen deficiency levels in ABO3−x
perovskites, especially stabilizing ABO2 with the BO2 square-
lattice layers. Superconductivity in the infinite-layer
Sr0.2Nd0.8NiO2 films reduced from Sr0.2Nd0.8NiO3 is the latest
example to show the expanding possibilities of electronic
properties within the infinite-layer framework.2,3 A variety 3d
(Fe, Co, Ni, and Mn),4,5 4d (Ru),6,7 and 5d (Ir)8 transition
metals adopt this structure, demonstrating the superior
accessibility of this synthetic route to metastable products.
Because the B site in ABO2 has been restricted to metals

with electron counts of d8 and d9 (i.e., Cu2+/3+, Ni+/2+, Pt2+,
and Pd2+), SrFeIIO2 (d6) obtained by CaH2 reduction of
SrFeO3 (Figure S1) is the first extension to a no Jahn−Teller-
active cation.9 SrFeO2 has the unique electronic configuration
of (dxz)

1(dyz)
1(dxy)

1(dx2−y2)
1(dz2)

2.10,11 Despite the apparent
two-dimensional (2D) structure, exchange interactions be-
tween in-plane Fe−O−Fe (J∥) and out-of-plane Fe−Fe (J⊥)
are both fairly strong, leading to magnetic ordering at a high
temperature of TN = 473 K.10−12 The dimensionally reduced
magnetic frameworks have been achieved by reducing
Srn+1FenO3n+1 Ruddlesden−Popper (RP) phases to
Srn+1FenO2n+1, e.g., Sr2FeO3 (n = 1; Figure S1)13 and
Sr3Fe2O5 (n = 2; Figure 1a).14 SrFeO2 and Sr3Fe2O5 undergo
a pressure-induced spin transition, which simultaneously
induces an insulator−metal transition and an antiferromag-
netic−ferromagnetic (AFM−FM) transition due to enhanced
out-of-plane interactions by compression.15,16

We anticipated that the inclusion of redox-active cations at
the A site would allow us to further explore the unusual

electronic properties of iron oxides with square-planar
coordination. In this regard, an A-site-ordered RP phase,
EuIII2SrFe

III
2O7 (Figure 2b, left),17 appears to be a suitable

candidate for the coupled reduction of A and B sites,
producing EuII2SrFe

II
2O5, probably isostructural with the

two-legged ladder Sr3Fe2O5 (obtained from Sr3Fe2O7; Figure
1a). Eu reduction at low temperatures was used to prepare
mixed-anion compounds of EuI ITiO2.7H0 .3

18 and
EuIINbO2N,

19 showing respectively a ferromagnetic transition
and colossal magnetoresistance.
However, we found that Eu2SrFe2O7 is not fully reduced to

Eu2SrFe2O5, but the reaction stops at the stoichiometry of
Eu2SrFe2O6, where only Fe is reduced. As in the Sr3Fe2O6

intermediate (Figure 1a, middle), the bridging O between the
FeO2 layers is selectively removed from Eu2SrFe2O7, but a shift
of the RS block to form a fluorite block occurs, giving a T-to-
T′ structural transformation, as found in “La3Ni2O7 →
La3Ni2O6” (Figure 1b). The origin of the structural conversion
in Eu2SrFe2O6 and the magnetic properties are discussed on
the basis of structural considerations, combined with first-
principles calculations, and compared with the related square-
planar iron oxides.

Received: July 5, 2020
Published: August 19, 2020

Articlepubs.acs.org/IC

© 2020 American Chemical Society
12913

https://dx.doi.org/10.1021/acs.inorgchem.0c01982
Inorg. Chem. 2020, 59, 12913−12919

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

O
M

PL
U

T
E

N
SE

 D
E

 M
A

D
R

ID
 o

n 
Se

pt
em

be
r 

24
, 2

02
0 

at
 1

8:
52

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+A.+Lo%CC%81pez-Paz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+Nakano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Sanchez-Marcos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Tassel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+A.+Alario-Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Kageyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c01982&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01982?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01982?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01982?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01982?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01982/suppl_file/ic0c01982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01982/suppl_file/ic0c01982_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01982?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/59/17?ref=pdf
https://pubs.acs.org/toc/inocaj/59/17?ref=pdf
https://pubs.acs.org/toc/inocaj/59/17?ref=pdf
https://pubs.acs.org/toc/inocaj/59/17?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01982?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

	Portada
	Agradecimientos
	Índice
	SUMMARY
	RESUMEN
	I. INTRODUCTION
	II. EXPERIMENTAL TECHNIQUES
	III. RESULTS AND DISCUSSION. Iron by copper substitution in YSr2Cu3O6+δ:FexCu1-xSr2YCu2O7+δ (x=0.25-1) ferrocuprates
	IV. RESULTS AND DISCUSSION. Superconductivity in FeSr2YCu2O7+δferrocuprates: full substitution in the charge reservoir block
	V. RESULTS AND DISCUSSION. Magnetic properties of FeSr2YCu2O7+δferrocuprates
	VI. RESULTS AND DISCUSSION. Interplay between magnetism and superconductivity: The FeSr2YCu2O7+δcuprates studied by μSR
	CONCLUSIONS
	CONCLUSIONES
	APPENDIX I
	APPENDIX II



