
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2013

Investigations of superconductivity and magnetism in iron-based and
cuprate high-temperature superconductors

Guguchia, Z

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-86917
Dissertation

Originally published at:
Guguchia, Z. Investigations of superconductivity and magnetism in iron-based and cuprate high-temperature
superconductors. 2013, University of Zurich, Faculty of Science.



Investigations of Superconductivity and

Magnetism in Iron-Based and Cuprate

High-Temperature Superconductors

Dissertation

zur

Erlangung der naturwissenschaftlichen Doktorwürde

(Dr. sc. nat.)

vorgelegt der

Mathematisch-naturwissenschaftlichen Fakultät der

Universität Zürich
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Abstract

High-temperature (high-Tc) superconductivity is a fascinating field in condensed matter

physics research, incorporating a tremendous amount of physics within a varity of systems.

So far, three classes of high-Tc superconductors (HTSs) are known: cuprates, diborides, and

iron-based superconductors. After more than twenty-five years of research, the origin of

high-Tc superconductivity is still not clear. To understand the microscopic pairing mech-

anism and to explain high-Tc superconductivity are for academic and technical reasons of

great interest.

In this thesis the superconducting (SC) and magnetic properties and interplay between

them were studied in two different classes of HTSs. Namely, in the novel Fe-based compounds

EuFe2−xCoxAs2, EuFe2(As1−xPx)2, Ba1−xRbxFe2As2 and in the cuprate La1.875Ba0.125CuO4.

The combination of muon-spin rotation (µSR), nuclear magnetic resonance (NMR), magne-

tization, and x-ray experiments were used to study structural, magnetic, and SC properties

of HTSs on a microscopic and macroscopic level. Magnetization and µSR experiments were

carried out at ambient as well as under hydrostatic pressures.

In the first part of this thesis, the results obtained on single crystals of EuFe2−xCoxAs2
and pollycrystalline samples of EuFe2(As1−xPx)2 and Ba1−xRbxFe2As2 are presented. The

system EuFe2As2 is a particularly interesting member of the iron arsenide AFe2As2 (122)

family, since the A site is occupied by magnetic Eu2+ ions. EuFe2As2 exhibits both a spin-

density wave (SDW) ordering of the itinerant Fe moments and an antiferromagnetic (AFM)

ordering of the localized Eu2+ moments below 190 K and 19 K, respectively. It also under-

goes a tetragonal-orthorhombic (TO) structural phase transition at the same temperature

(190 K) at which the SDW transition of the Fe moments occurs. Hence, this system is an

ideal candidate to study the interrelation between superconductivity, structure, and different

types of magnetism in Fe-based HTSs (Fe-HTSs).
75As NMR experiments on EuFe1.9Co0.1As2 revealed a large value of the hyperfine cou-

pling constant between the 75As nuclei and the Eu 4f moments, suggesting a strong coupling

between the Eu and the conducting Fe1.9Co0.1As2 layers. The strong interaction between the

localized Eu2+ moments and the charge carriers in the Fe2−xCoxAs2 layers may cause pair

breaking according to the Abrikosov-Gor’kov theory. This may explain why it is difficult

to induce superconductivity in EuFe2−xCoxAs2, in contrast to the other 122 systems, where

the substitution of Fe by Co leads to the appearance of a SC phase. On the other hand,

the observed strong interlayer coupling suggests that the magnetic exchange interaction be-

tween the localized Eu 4f moments is mediated by the itinerant Fe 3d electrons, i.e., via

a Ruderman-Kittel-Kasuya-Yosida (RKKY) type of mechanism, leading to a high magnetic

ordering temperature of the Eu2+ moments in EuFe2As2. Magnetization as well as NMR ex-

periments revealed that the SDW state is suppressed as a result of Co doping. Thanks to the

extreme sensitivity of NMR to probe the local structure in a solid, we were able to observe

the symmetry lowering from the tetragonal to the orthorhombic phase in EuFe1.9Co0.1As2 at
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around 225 K. This is possibly due to the appearance of a electronic nematic phase below

225 K. The presence of this phase was suggested theoretically and recently observed in a few

Fe-HTSs by means of measurements of the in-plane anisotropy of the electrical resistivity.

The electronic nematic state is interesting, since it could arise from AFM fluctuations, which

may play some role for superconductivity. Note that the present NMR results provide the

first microscopic evidence for a nematic phase in Fe-HTSs and support the idea that the TO

structural transition in Fe-HTSs is of electronic origin.

The phase diagrams for the ordering of the Eu2+ magnetic sublattice with respect to

temperature, magnetic field, and the angle between the magnetic field and the crystallo-

graphic c-axis in single crystals of EuFe2−xCoxAs2 are determined and discussed. Although

at low temperatures typical results for an AFM state in EuFe2As2 were found, our data

strongly indicate the occurrence of a canted AFM (C-AFM) order of the Eu2+ moments

between 17 K and 19 K, observed even in the lowest studied magnetic fields. By applying a

magnetic field within the AFM phase, a transition from AFM order via a canted configura-

tion to a ferromagnetic structure was found. Unlike in the parent compound, no low-field and

low-temperature AFM state of the Eu2+ moments was detected in doped EuFe1.8Co0.2As2.

Only a C-AFM phase is present at low fields and low temperatures, with a reduced magnetic

anisotropy as compared to the undoped system. It is likely that the magnetic coupling of

the Eu and the Fe sublattices strongly depends on Co doping, having a strong influence on

the magnetic phase diagrams as determined in this work. Their impact on the occurrence

of superconductivity with higher Co doping is discussed.

The magnetic phase diagrams of the magnetic ordering of the Eu and Fe spins in pol-

lycrystalline samples of EuFe2(As1−xPx)2 with respect to chemical (isovalent substitution of

As by P) and hydrostatic pressure are also presented. It was shown that the properties of

EuFe2(As1−xPx)2 strongly and similarly depend on both chemical and hydrostatic pressure.

One important aspect of the present results is that it confirms the presence of a SC phase

in an extremely narrow pressure range in EuFe2(As1−xPx)2. This implies that the system

EuFe2(As1−xPx)2 exhibits an unique SC phase diagram. This is very different from the

respective phase diagram of BaFe2(As1−xPx)2, where superconductivity is observed over a

large pressure range. This might be related to the sophisticated interplay between SDW,

Eu-magnetic order, and superconductivity in EuFe2(As1−xPx)2.

The temperature and magnetic field dependences of the magnetic penetration depth λ

and the resulting SC gap structure were examined in the Fe-HTS Ba1−xRbxFe2As2 (x = 0.3,

0.35, 0.4). The system Ba1−xRbxFe2As2 is interesting, since it exhibits the highest SC tran-

sition temperature Tc = 38 K among the 122 compounds. It was found that in this system

two gaps open below Tc, which is in line with the generally accepted view of multi-gap su-

perconductivity in Fe-HTSs. Moreover, the gap to Tc ratio is similar for all the Fe-HTSs.

This may give important hints for the pairing mechanism leading to superconductivity in

the Fe-HTSs.

In the second part of the thesis, the focus is put on the studies of superconductivity

and magnetism in the cuprate superconductor La2−xBaxCuO4 with x=1/8 as a function

of hydrostatic pressure. This compound is interesting, since near the anomalous hole den-

sity of x=1/8 a strong suppression of superconductivity was observed. This is followed by

the appearance of a self-organized static charge/spin structure, known as “stripes”. In the

framework of the stripe model it is recognized that the charge/spin orders are a manifesta-
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tion of dynamical spin/charge correlations, and that stabilization of these orders induces an

instability of the SC state. Experimental results and theoretical considerations show that

the modulations of the charge and spin density appear to be both ubiquitous in the cuprates

and intimately tied up with the physics of these materials. However, the role of stripes for

superconductivity in cuprates is still unclear at present. Therefore, it is important to find

an external control parameter which allows to tune electronic properties of the cuprates and

to study the relation between superconductivity and stripe order.

In this work an unusual interplay between static spin order within the stripe phase and

superconductivity was revealed in La1.875Ba0.125CuO4. With increasing pressure the spin

order temperature and the size of the ordered moment do not change significantly. How-

ever, the magnetic volume fraction of the static stripe phase strongly decreases linearly with

pressure, while the SC volume fraction increases by the same amount. This demonstrates

competition between superconductivity and static magnetic order in the stripe phase of

La1.875Ba0.125CuO4 and that these phenomena occur in mutually exclusive spatial regions.
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Zusammenfassung

Die Hochtemperatursupraleitung ist ein faszinierendes Gebiet der Festkörperforschung,

das einen Grossteil der Physik innerhalb einer Vielzahl von Systemen umfasst. Bis heute sind

drei Klassen an Hochtemperatursupraleitern bekannt: Kuprat-, Diborid- und Eisen-basierte

Supraleiter. Auch nach mehr als 25 Jahren Forschung ist der Ursprung der Hochtemper-

atursupraleitung ungeklärt. Das Verständnis des mikroskopischen Paarungsmechanismus der

Elektronen sowie der Hochtemperatursupraleitung generell ist aus akademischer und tech-

nischer Sicht von grossem Interesse.

In dieser Arbeit wurden die supraleitenden und magnetischen Eigenschaften sowie ihr

Zusammenwirken in zwei Hochtemperatursupraleiterklassen untersucht. Es wurden auf der

einen Seite die neuartigen Eisen-basierten Verbindungen EuFe2−xCoxAs2, EuFe2(As1−xPx)2
und Ba1−xRbxFe2As2, und auf der anderen Seite die Kuprat-Verbindung La1.875Ba0.125CuO4

betrachtet. Die Kombination aus Myonen-Spin-Rotation, Kernspinresonanz, Magnetisierun-

gsmessung und Röntgenstreuung ermöglichte die Bestimmung der strukturellen, magnetis-

chen und supraleitenden Eigenschaften dieser Hochtemperatursupraleiter auf mikroskopis-

chem und makroskopischem Niveau. Magnetisierungs- und Myonen-Spin-Rotationsmessung-

en wurden nicht nur bei Umgebungsdruck sondern auch unter hydrostatischem Druck durchge-

führt.

Im ersten Teil werden die Ergebnisse bezüglich dem einkristallinen EuFe2−xCoxAs2
sowie der polykristallinen Systeme EuFe2(As1−xPx)2 und Ba1−xRbxFe2As2 zusammenge-

fasst. EuFe2As2 ist ein besonders interessanter Vertreter der Klasse der Eisenarsenidfamilie

AFe2As2, auch als (122) Familie bezeichnet, da die Gitterplatzposition A vom magnetischen

Eu2+ Ion besetzt ist. EuFe2As2 weist ausserdem sowohl eine Spindichtewellenordnung der

nichtlokalen Eisenmomente unterhalb 190K auf sowie eine antiferromagnetische Ordnung der

lokalisierten Eu2+ Momente unterhalb 19K. Das System erfährt zudem einen strukturellen

Phasenübergang von tetragonal zu orthorhombisch bei der Temperatur bei der auch die

Spindichtewellenordnung der Eisenmomente auftritt (190K). Daher ist dieses System ideal

um die wechselseitige Beziehung zwischen Supraleitung, Struktur und verschiedenen Arten

von Magnetismus in Eisen-basierten Hochtemperatursupraleiter zu untersuchen.
75As Kernspinresonanzmessungen an EuFe1.9Co0.1As2 zeigen einen grossen Wert für die

Hyperfeinfeldkopplungskonstante zwischen den 75As Kernen und den Eu 4f Momenten,

was auf eine strake Kopplung zwischen Eu und den leitenden Fe1.9Co0.1As2 Schichten hin-

weist. Die starke Wechselwirkung zwischen den lokalisierten Eu2+ Momenten und den

Ladungsträgern der Fe2−xCoxAs2 Schichten könnte gemäss der Abrikosov-Gor’kov Theo-

rie das Aufbrechen von Elektronenpaaren verursachen. Dies könnte erklären, warum es

schwierig ist Supraleitung in EuFe2−xCoxAs2 zu induzieren, im Gegensatz zu den anderen

Vertretern der (122) Familie, bei denen die Substitution von Fe mit Co zum Auftreten

einer supraleitenden Phase führt. Auf der anderen Seite deutet die beobachtete starke

Wechselwirkung darauf hin, dass die magnetische Austauschwechselwirkung zwischen den
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lokalisierten Eu 4f Momenten durch die itineranten Fe 3d Elektronen vermittelt wird, z.B.

über einen Ruderman-Kittel-Kasuya-Yosida (RKKY) artigen Mechanismus, was zu einer

hohen magnetischen Ordnungstemperatur der Eu2+ Momente in EuFe2As2 führen würde.

Magnetisierungs- und Kernspinresonanzmessungen zeigten, dass der Spindichtewellenzus-

tand durch Co Dotierung unterdrückt wird. Dank der hohen Sensitivität der Kernspin-

resonanz bei der Messung der lokalen Struktur in einem Festkörper war es uns möglich

die Symmetrieerniedrigung von tetragonal zu orthorhombisch in EuFe1.9Co0.1As2 bei etwa

225K zu beobachten. Dies ist möglich da eine elektronische nematische Phase unterhalb

225K auftritt. Diese Phase wurde theoretisch vorhergesagt und kürzlich in einigen Eisen-

basierten Hochtemperatursupraleitern mit Hilfe von Messungen der planaren Anisotropie

der elektrischen Leitfähigkeit nachgewiesen. Der elektronische nematische Zustand ist in-

teressant, da er womöglich auf antiferromagnetische Fluktuationen zurückgeführt werden

kann, welche vielleicht eine Rolle für die Supraleitung spielen. Dabei ist hervorzuheben, dass

die vorliegenden Kernspinresonanzdaten den ersten mikroskopischen Nachweis der nematis-

chen Phase in Eisen-basierten Hochtemperatursupraleitern liefern und damit den Ansatz

unterstützen, dass der strukturelle Phasenübergang von tetragonal zu orthorhombisch von

elektronischem Ursprung ist.

In dieser Arbeit werden zudem die Phasendiagramme bezüglich der Temperatur, des

magnetischen Feldes und dem Winkel zwischen Magnetfeld und kristallografischer c-Achse

hinsichtlich der Ordnung der magnetischen Eu2+ Untergitter untersucht und diskutiert. Ob-

wohl bei niedrigen Temperaturen typische Merkmale für einen antiferromagnetischen Zu-

stand in EuFe2As2 gefunden wurden, deuten unsere Daten zwischen 17K und 19K stark

auf das Auftreten eines verkippten antiferromagnetischen Zustands der Eu2+ Momente hin.

Diese Phase wurde auch in Messungen bei niedrigsten Magnetfeldern beobachtet. Durch An-

legen eines Magnetfeldes innerhalb der antiferromagnetischen Phase ging diese Phase mittels

der gekippten Anordnung in eine ferromagnetische Struktur über. Im Gegensatz zur Aus-

gangsverbindung wurden in dotiertem EuFe1.8Co0.2As2 keine antiferromagnetische Phase bei

tiefen Feldern und niedrigen Temperaturen gefunden. Nur eine verkippte antiferromagnetis-

che Phase mit einer reduzierten magnetischen Anisotropie, vergleichbar mit dem undotierten

System, war unter den eben genannten Bedingungen nachweisbar. Es ist daher wahrschein-

lich, dass die magnetische Kopplung zwischen Eu Momenten und den Fe Untergittern stark

von der Kobaltdotierung abhängt, welche wiederum einen starken Einfluss auf das magnetis-

che Phasendiagramm hat, wie in dieser Arbeit gezeigt wird. Der Einfluss der magnetischen

Kopplung auf das Auftreten von Supraleitung bei höherer Kobaltdotierung wird ebenfalls

diskutiert.

Das magnetische Phasendiagramm in Abhängigkeit von chemischem (isovalente Sub-

stitution von As mit P) und hydrostatischem Druck der magnetischen Ordnung der Eu

Momente und der Fe Spins in polykristallinen EuFe2(As1−xPx)2 Proben wurde untersucht.

Es kann gezeigt werden, dass die Eigenschaften von EuFe2(As1−xPx)2 stark und auf ähn-

liche Weise sowohl vom chemischen als auch vom hydrostatischen Druck abhängen. Ein

wichtiger Punkte der vorliegenden Ergebnisse ist der Nachweis einer supraleitenden Phase in

EuFe2(As1−xPx)2 in einem sehr schmalen Druckintervall. Dies zeigt, dass das EuFe2(As1−xPx)2
System ein einzigartiges supraleitendes Phasendiagramm aufweist. Es unterscheidet sich

damit deutlich vom entsprechendem Phasendiagramm, von BaFe2(As1−xPx)2 in dem Supralei-

tung in einem grossen Druckintervall beobachtet wird. Dies könnte mit dem kompliziertem
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Wechselspiel zwischen Spindichtewellen, magnetischer Ordnung der Eu Momente und Suprale-

itung in EuFe2(As1−xPx)2 zusammenhängen.

Die Temperatur- und Magnetfeldabhängigkeit der magnetischen Eindringtiefe λ und der

resultierenden Struktur der supraleitenden Bandlücke wurden in optimal dotierten Eisen-

basierten Hochtemperatursupraleitern Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4) untersucht.

Das Ba1−xRbxFe2As2 System ist interessant, da es mit Tc = 38K die höchste supraleit-

ende Übergangstemperatur innerhalb der (122) Familie aufweist. In diesem System öffnen

sich unterhalb von Tc zwei Bandlücken, was im Einklang mit der allgemein anerkannten

Sichtweise von Multi-Bandlückensupraleitung in Eisen-basierten Hochtemperatursupraleit-

ern ist. Zudem ist das Verhältnis der Bandlücke zur supraleitenden Übergangstemperatur

in allen Eisen-basierten Hochtemperatursupraleitern ähnlich. Dies könnte ein bedeutender

Hinweis zur Identifizierung des Paarungsmechanismus sein, welcher der Supraleitung Eisen-

basierten Hochtemperatursupraleiter zugrunde liegt.

Im zweiten Teil dieser Arbeit lag der Fokus auf der Untersuchung der Abhängigkeit

der Supraleitung und des Magnetismus vom hydrostatischen Druck im Kuprat-Supraleiter

La2−xBaxCuO4 mit x=1/8. Dieses Material ist von Interesse, da nahe der anormalen

Löcherdichte von x=1/8 eine starke Verdrängung der Supraleitung beobachtet wird. Diese

wird von der Formation selbstorganisierter statischer Ladungs- oder Spinstrukturen begleitet,

bekannt als ”‘Streifen”’. Im Rahmen des Streifenmodelles wird davon ausgegangen, dass die

Ladungs- bzw. Spinordnung dynamische Ladungs- bzw. Spinkorrelation manifestieren, und

dass die Stabilisierung dieser Ordnungen zur Instabilität des supraleitenden Zustandes führt.

Experimentelle Ergebnisse sowie theoretische Überlegungen zeigen, dass eine Modulation der

Ladungs- und Spindichten in den Kuprat- Supraleitern universell und sehr eng mit der Physik

dieser Materialien verknüpft ist. Der Rolle der ”‘Streifen”’ in Bezug auf die Supraleitung

ist jedoch in den Kuprat-Supraleitern immer noch unklar. Daher ist es wichtig einen ex-

ternen kontrollparameter zu finden, der es uns erlaubt die elektronischen Eigenschaften der

Kuprat-Supraleiter gezielt einzustellen und damit die Beziehung zwischen der Supraleitung

und der Streifenordnung zu untersuchen.

Diese Arbeit zeigt das komplizierte Wechselspiel zwischen der statischen Spinordnung

innerhalb der Streifenphase und der Supraleitung in La1.875Ba0.125CuO4 auf. Mit steigendem

Druck ändern sich die Spinordnungstemperatur und die Grösse der geordneten Momente

nicht wesentlich. Der magnetische Volumenanteil der statischen Streifenphase sinkt hinge-

gen deutlich und linear mit steigendem Druck, während der supraleitende Volumenanteil

gleichzeitig um denselben Anteil steigt. Dies zeigt die Konkurrenz zwischen supraleitender

und statischer magnetischer Ordnung in der Streifenphase des La1.875Ba0.125CuO4 Systems

auf und untermauert, dass diese Phänomene nur in gemeinsamen bestimmten räumlichen

Bereichen auftreten.
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1

1 Introduction

One of the most fascinating phenomena in condensed matter physics is superconduc-

tivity, discovered by H. Kamerlingh Onnes in Leiden in 1911 [1]. Superconductivity is the

ability of a material to lose its electrical resistivity completely below a critical temperature

Tc [1, 2, 3, 4], and expel any external magnetic field from the bulk, thus leading to ideal

diamagnetism. The latter effect is the so called Meissner-Ochsenfeld effect, discovered by

Meissner and Ochsenfeld in 1933 [5]. It opened the way towards a deeper understanding of

superconductivity.

Since superconductors are defined by the electrodynamic properties, ideal conduction

and ideal diamagnetism. It is thus appropriate to ask how these materials can be described

within the formal framework of electrodynamics. In 1935 F. and H. London proposed a phe-

nomenological theory for the electrodynamic properties of superconductors [6]. It is based

on a two-fluid picture. In 1950 the Ginzburg-Landau (GL) theory was developed [7], which

extended the London theory. The GL theory is able to describe the thermodynamics of

fundamental properties of superconductors as a function of temperature and field without

any microscopic implications.

In 1950 E. Maxwell [8] and C.A. Reynolds and coworkers [9] observed an isotope ef-

fect on Tc for mercury [8, 9]. This suggested that lattice vibrations might be crucial for

the occurence of superconductivity. The isotope effect was an important observation in the

process of developing the famous and most elegant theory of Bardeen, Cooper, Schrieffer

(BCS) [10, 11, 12]. It gave a definite electronic explanation of superconductivity in terms

of Cooper pairs. These pairs are formed in an energy shell ~ωD (ωD denotes the Debye

frequency) around the Fermi energy ǫF resulting from the electron-phonon interaction. The

BCS theory was further completed by the field theoretical approaches of Gor’kov, Abrikosov

and Gor’kov, and Eliashberg [13].

A further step was Josephson’s tunneling of Cooper pairs through a thin barrier be-

tween two superconductors [14]. Very important was also the study of the tunneling density

of states by Schrieffer, Scalapino and Wilkens in 1963 explaining the detailed structure

observed in the tunneling current and the superconducting (SC) order parameter ∆(ω)(ω

denotes the frequency) as due to the electron-phonon coupling [15]. It seemed that the elec-

tronic theory for superconductivity, which had replaced the early phenomenological theories

was largely completed.

The search for superconductors with higher transition temperatures became increas-

ingly important. In this regard of particular interest was the work by McMillan [16], which

attempted to relate Tc to characteristic parameters of the SC metals like electron-phonon

coupling, electronic density of states at ǫF and other quantities. For a long time one observed

only superconductivity due to the electron-phonon coupling and that compounds like V3Si

and Nb3Ge [17, 18] had the highest Tc at about 23 K. The prospects for finding supercon-

ductors with higher Tc was affected by the estimates of a maximal Tc given by Anderson,
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Cohen, and Allen and others [19]. However, one expected that for increasing the electron-

phonon coupling strength, the resulting lattice instability limited essentially the occurence

of superconductivity. Indeed, until about 1986, superconductivity was limited to rather low

temperatures Tc ≈ 23 K.

Soon after 1980 exciting new superconductors belonging to rather different material

classes were discovered. The superconductivity research changed dramatically when the

cuprate high-temperature superconductor (HTS) La2−xBaxCuO4 was discovered by Bednorz

and Müller [20] in 1986. Since this discovery, high-temperature (high-Tc) superconductivity

was reported in many other cuprate superconductors with transition temperatures rang-

ing from Tc ≃ 35 K to Tc ≃ 160 K (under pressure) in the mercury based cuprate system

HgBa2CaCu2O6+δ [21, 22, 23].

“High-Tc” has two common definitions in the context of superconductivity:

1) Above the temperature of 30 K that had historically been taken as the upper limit allowed

by BCS theory.

2) Having a transition temperature that is a larger fraction of the Fermi temperature than

for conventional superconductors such as elemental mercury or lead. This definition en-

compasses a wider variety of unconventional superconductors and is used in the context of

theoretical models.

Note that the mechanism by which these cuprate materials become SC has still remained a

mystery after more than 25 years of research. The highly successful BCS theory of super-

conductivity was designed only for good metals, not for doped insulators. Many ideas have

been suggested for how high-temperature superconductors (HTSs) work. Among these the-

ories are those that propose polaronic mechanism, rather than electron-phonon interaction

[24, 25, 26]. Thus, instead of a pure s-wave, rather a mixed d + s-wave pairing is important

[24, 27].

Search for new HTSs resulted in the discovery in 2001, when superconductivity was

found at 39 K in the binary compound MgB2 [28], and again in 2008, when superconduc-

tivity at 28 K was observed in the Fe-based system LaFeAsO1−xFy [29, 30]. Soon after,

even higher transition temperatures for Fe-based system up to Tc ∼ 56 K were found [30].

Iron-based superconductors (Fe-HTSs) are currently the superconductors with the second

highest critical temperature, behind the cuprates. Most undoped Fe-HTSs are layered and

show a tetragonal-orthorhombic structural phase transition followed at lower temperature by

magnetic ordering, similar to the cuprate superconductors. However, they are poor metals

rather than Mott insulators. The phase diagram emerging as the iron-arsenide layers are

doped is remarkably similar to cuprates, with the SC phase close to or overlapping with the

magnetic phase. Strong evidence that Tc varies with the As-Fe-As bond angles has already

emerged and shows that the optimal Tc value is obtained with undistorted FeAs4 tetrahedra.

Fe-HTSs seem to be multi-gap superconductors with a complicated gap structure. However,

the symmetry of the pairing wavefunction is still widely debated. Most probably in the

Fe-HTSs the order parameter is s + s-wave like [31]. However, some reports point towards

an s(+/-), or extended s-wave state [32, 33].

The underlying mechanism of high-Tc superconductivity is still under debate. Many of

the properties of HTSs cannot be explained by the BCS theory. Thus, it is fundamentally

important to look for alternative theories, or at least a modified version of the BCS theory

that can account for high-Tc superconductivity. Therefore, a study of the magnetic, struc-
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tural and SC properties of HTSs and the interplay between different order parameters in

HTSs is necessary. In order to perform these studies on a microscopic and macroscopic level

a combination of nuclear magnetic resonance (NMR), muon-spin rotation (µSR), magneti-

zation, and x-ray experiments are used in this work.

The thesis is organized as follows: In Chapter 2 a brief review of the theoretical concepts

of magnetism and a summary of the main characteristics of superconductivity are presented.

Chapter 3 gives an introduction to the µSR and NMR techniques, demonstrating the power

of these methods to study microscopic properties of materials. Chapter 4 focuses on the

studies of two members EuFe2As2 and Ba1−xRbxFe2As2 of the so-called 122 family of Fe-

HTSs. The SC and magnetic properties, and the interplay between them in EuFe2As2 are

studied as a function of charge carrier doping, chemical as well as hydrostatic pressure. The

structural phase transition from the tetragonal to the orthorombic phase is also studied in

high quality single crystals of EuFe2−xCoxAs2. In addition, measurements of the magnetic

penetration depth λ in Ba1−xRbxFe2As2 are reported. Chapter 5 covers recent experimen-

tal results focussing on the hydrostatic pressure effect on the static magnetic order and

superconductivity within the so called “stripe” phase (one of the most remarkable phases

observed in cuprates) in the cuprate system La1.875Ba0.125CuO4. The concluding remarks

are presented in Chapter 6.
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2 Theoretical concepts

In this chapter the theoretical concepts used to describe the magnetic properties of the

samples studied in chapters [4.2.1-4.2.4] are briefly reviewed. In addition, a summary of the

main characteristics of superconductivity is given.

2.1 Paramagnetism

Magnetism can be categorized into different magnetic states that depend on the response

of the magnetic material to an applied magnetic field, which determines the orientation of

the spins of the neighboring atoms. The basic magnetic states of materials are discussed in

great details in textbooks [34, 35]. Hence we focus only on aspects relevant to this work.

A basic quantity measured by macroscopic magnetic experimental techniques is the bulk

magnetic moment ~µ of a sample. The volume magnetization is defined by ~M = ~µ/V, where

V is the sample volume. The magnetic susceptibility χ represents the magnetic response of

the material to an applied field ~H: ~M = χ ~H. We note that, in general, χ is a tensor. Only

in special cases, e.g. for paramagnetic systems in low fields, a linear relationship between ~M

and ~H holds. In most magnetic systems χ is not isotropic, but depends on the direction of

the field with respect to the crystal axes.

When a free atom interacts with an external magnetic field ~H, the Hamiltonian which

represents the coupling between ~H and the atom is given by

Ĥmag = −µB(~L+ 2~S) ~H +
µB

2

∑

[ e

2c
~ri

2 ~H
]

~H, (2.1)

where ~L and ~S are the orbital momentum and the spin of the atom, respectively. µB is the

Bohr magneton and e is the elementary charge. ~ri denotes the position of the ith electron in

the atom. The second term of Eq. (2.1) is simply a mean shift in energy which gives rise to

the diamagnetic contribution. The diamagnetic susceptibility is very small and when atoms

carry an intrinsic magnetic moment, it is often negligible.

When the quantum axis z is chosen in the direction of the magnetic field and ~H is small,

the Hamiltonian of Eq. (2.1) can be treated by perturbation theory. It can be shown that

in first order the perturbed energy levels are given by

Ea = EMJ
= −gJµBMJH, (2.2)

where J is the total angular momentum, MJ is the quantum number which characterizes

the 2J+1 states of the atom and gJ is the Landé factor

gJ =
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
. (2.3)
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At high temperatures and in the absence of an applied field, the sample does not exhibit a

net magnetization since thermal agitation will ensure a random occupation of the 2J+1 states

in the multiplet. The action of a magnetic field will tend to orient the magnetic moments

along its direction. It was shown that in the limit of small field and high temperature the

mean magnetic moment measured along the field direction is given by

~µ =
µ0g

2
Jµ

2
BJ(J + 1)

3kBT
~H. (2.4)

The susceptibility for a system of N non-interacting ions per unit volume is given by

χpara =
Nµ

H
=
C

T
, (2.5)

where

C = N
µ0g

2
Jµ

2
BJ(J + 1)

3kB
(2.6)

is the Curie constant. This is the well-known Curie law for the paramagnetic susceptibility.

2.2 Magnetic interactions

The microscopic magnetic moments associated with ions in a solid interact with each

other. The ordinary interaction which might be expected to play a role is the magnetic

dipolar interaction. However, this interaction is too weak [34] to account for the ordering

of most magnetic materials. A much stronger interaction between the magnetic ions occurs

through quantum mechanical forces, the so called exchange interaction, which is responsible

for the phenomenon of long range magnetic order. Exchange interactions depend on the

separation of the magnetic ions as well as on their geometrical arrangement, leading to a

variety of magnetic orders in solids. The exchange coupling between the moments is described

in different ways, but the basis of all exchange forces is the Pauli exclusion principle (see

Fig. 2.1).

2.2.1 Direct exchange

Direct exchange is a coupling between magnetic ions that are close enough to have

significant overlap of their wave functions. This coupling decreases rapidly as the ions are

separated. The exchange interaction is well described by the Heisenberg model. This model

considers a simple model with just two electrons with the spatial coordinates ~r1, ~r2 and the

corresponding wave functions ψa(~r1), ψb(~r2). It was shown that the effective Hamiltonian of

two electronic states is given by [34]

Ĥ =
1

4
(ES + 3ET )− (ES − ET )~S1

~S2, (2.7)

where ES =
∫

ΨS
∗ĤΨSd~r1d~r2 and ET =

∫

ΨT
∗ĤΨTd~r1d~r2 denote the energies of spin singlet

(S = 0) and spin triplet (S = 1) states, respectively. Here, ΨS and ΨT represent the wave

functions, that obey the particle exchange symmetry, describing the spin singlet and triplet
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Pauli exclusion principle

Exchange interaction

Indirect exchange Direct exchange

RKKY Superexchange

Anisotropic exchange

Figure 2.1: Hierarchy of exchange couplings. The Pauli exclusion principle is the basis of all exchange

forces. Based on [36, 37].

states, respectively. The first term in the Hamiltonian of Eq. (2.7) is a constant, related to the

Coulomb interaction. The second term is spin-dependent and accounts for the interactions

between nearest-neighbour magnetic moments. The exchange constant J is defined by

J =
ES − ET

2
=

∫

ψ∗
a(~r1)ψ

∗
b (~r2)Ĥψa(~r2)ψb(~r1)d~r1d~r2. (2.8)

and thus the spin dependent term in the Hamiltonian may be written as

Ĥspin = −2J ~S1
~S2. (2.9)

The type of direct exchange interaction depends on the sign of the exchange integral J : For

J > 0 (ES > ET ), the energy of the high spin state is favored, which leads to ferromagnetic

(FM) coupling. For J < 0 (ET > ES), the energy of the singlet spin state is lower, giving

rise to antiferromagnetic (AFM) coupling.

2.2.2 Indirect exchange

Often the direct exchange mechanism does not determine the magnetic properties be-

cause of insufficient direct overlap of the neighbouring orbitals. For instance, in rare earths

the 4f electrons have spatially confined wave functions and are strongly localized. Thus, in

many magnetic materials it is important to consider some type of indirect exchange inter-

action. Indirect exchange in insulators is called superexchange and was first introduced by

Kramers in 1934 [38]. He pointed out that the ions could cause spin dependent perturba-

tions in the wavefunctions of intervening ions, thereby transmitting the exchange effect over

large distances, but no specific mechanisms were discussed. In 1950 Anderson [39] refined
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Kramer’s approach. The idea can be illustrated by two Mn2+ and one O2− ions arranged

collinearly. The simplest model requires the consideration of four electrons. The ground

state consists of one electron on each Mn2+, and two electrons on the O2− ion in identical p

orbitals. The p orbitals have a dumbbell shape that coincides with the axis joining the two

Mn2+ ions. Because of the overlap of their wavefunctions, one of p electrons from the O2− ion

hops over to one of the Mn2+ ions. The remaining unpaired p electron on the O2− ion then

enters into a direct exchange with one electron of the other Mn2+ ion. The superexchange

interaction between the Mn2+ spins is then AFM.

In 1959 Anderson [40] proposed a new theory of the superexchange interaction from

a different view point. He considered molecular orbitals formed of the admixture of the

localized 3d orbitals and p orbitals of the intervening negative ion. A considerably more sat-

isfactory system of semi-empirical rules was developed over a period of years by Goodenough

[41] and Kanamori [42]. These rules have the important feature of taking into account the

occupation of the various d levels as dictated by ligand field theory. The main features of

the superexchange interactions are usually explained in terms of the so-called Goodenough-

Kanamori-Anderson rules. According to these rules, a 180◦ superexchange (the magnetic

ion-ligand-magnetic ion angle is 180◦) of two magnetic ions with partially filled d shells is

strongly AFM, whereas a 90◦ superexchange interaction is FM and much weaker.

In metals the exchange interaction can be mediated by the conduction electrons. A

localized magnetic moment polarizes the spins of the conduction electrons and this polar-

ization couples to neighbouring localized moments. It is known as the RKKY interaction,

named after its principal investigators, Ruderman and Kittel [43], Kasuya [44] and Yoshida

[45]. The coupling takes the form of an ~r-dependent exchange interaction JRKKY (~r) given

by

JRKKY = NFF (2kF |~r|), (2.10)

1π 2π 3π 4π

-5

0

5

 2k
F
r

1
0

3
 ×

 F
(2

k
F
r)

Figure 2.2: The function F (2kF r) of Eq. (2.11) illustrating the spatial oscillations of the RKKY interaction.
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here kF is the Fermi surface wave number and NF is the density of states at the Fermi level

EF [46]. The function F is expressed as

F (2kF |~r|) =
−2kF |~r| cos(2kF |~r|) + sin(2kF |~r|)

(2kF |~r|)4
(2.11)

Assuming a spherical Fermi surface with radius kF (at large distances), the coupling takes

the form

JRKKY ∝ cos(2kF |~r|)
|~r|3 . (2.12)

The RKKY interaction is unique because JRKKY oscillates from positive to negative as

the separation between the ions changes (Fig. 2.2). It provides an important mechanism for

magnetic coupling between localized moments in metals. One moment produces an oscilla-

tory magnetization of the electron gas which interacts with a second moment. Coupling can

be either FM or AFM, depending on the distance between two moments.

2.2.3 Dzyaloshinsky-Moriya interaction

The interactions discussed above do not account for an exchange interaction that is

anisotropic. One of the sources of such an anisotropy is spin-orbit coupling. A theory of

anisotropic superexchange interaction is developed by extending the Anderson theory of su-

perexchange to include spin-orbit coupling. It is possible that the spin-orbit interaction plays

a similar role as the oxygen in the superexchange interaction. In this case the excited state

in one of the magnetic ions is produced by the spin-orbit coupling of the anion. There is

then an exchange interaction between the excited state of an ion and the ground state of an

other ion. For metals the interaction arises, because the spin information carried between

the cations by itinerant electrons (that are mediators for RKKY interaction) is upset by

the spin-orbit coupling in the anion orbitals. This interaction is known as the anisotropic

exchange or the Dzyaloshinsky-Moriya (DM) interaction [47, 48, 49, 50, 51]. The DM inter-

action leads to an additional term in the Hamiltonian:

ĤDM = ~D · ~S1×~S2. (2.13)

The vector ~D (which is proportional to the strength of the spin-orbit interaction) van-

ishes when the crystal field has an inversion symmetry with respect to the centre between

the two magnetic ions. The form of the interaction is such that it favors the spins to be at

right angles to the plane perpendicular to the vector ~D. The effect is very often to cant the

spins by a small angle (see Fig. 2.3). It was observed in AFM materials, resulting in a small

FM component perpendicular to the easy-axis of the antifferomagnet [47, 49].

2.3 Basic quantities characterizing the superconducting

state

Many important properties of superconductors follow from an understanding of the dif-

ference between the symmetry of the SC and the normal state, i.e., an understanding of
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Easy axis of antiferromagnetic alignment

Ferromagnetic net moment

Figure 2.3: Illustration of the spin canting due to the Dzyaloshinsky-Moriya interaction. This interaction

gives rise to a FM component perpendicular to the easy-axis in initially antiferromagnetically

ordered materials.

the nature of the order parameter arising from the phase transition between these states. A

quantitative description of superconductors near the transition point was given by Ginzburg

and Landau in 1950 [7]. The Ginzburg-Landau (GL) theory is based on general ideas as-

sociated with the Landau theory [52] of second-order phase transitions. It was proposed

that the free energy F of a superconductor near Tc can be expressed in terms of a complex,

macrosopic order parameter ψ = |ψ|eiφ of the SC phase. Assuming that the order parameter

is small near Tc and changes slowly in space, the free energy may be written in the form [7]:

F = Fn + α|ψ|2 + β

2
|ψ|4 + 1

2m∗
e

∣

∣

∣

∣

(

~

i
~∇− e∗ ~A

)

ψ

∣

∣

∣

∣

2

+
µ0
~H2

2
, (2.14)

where me
∗ denotes the effective mass, e∗ the charge of the SC carriers, Fn the free energy

at ψ = 0 (i.e. free energy of the normal state), and α, β are expansion coefficients. ~A is the

magnetic vector potential, µ0 is the magnetic constant, and ~H = 1
µ0
(~∇ × ~A) is the applied

magnetic field.

Using the variational principle one derives the two Ginzburg-Landau equations:

0 = α|ψ|+ β|ψ|2ψ +
1

2m∗
e

(

~

i
~∇− e∗ ~A

)2

ψ, (2.15)

~js =
e∗

m∗
e

|ψ|2
(

~~∇φ− e∗ ~A
)

. (2.16)

Here |ψ|2 = n∗
s is the density of the SC carriers and ~js the density of the SC currents.

The presence of the gradient term in Eq. (2.16) means that the GL theory contains a

characteristic parameter, with the dimensions of a length, called the coherence length ξ. It

is given by

ξ =

√

~2

2m∗
e |α|

. (2.17)
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ξ defines the scale of the spatial change of the wave function ψ(~r). If the gradient of the

phase is neglected, then Eq. (2.16) is equivalent to the London equation [6]

~js = −
~A

µ0λ2
, (2.18)

where the quantity λ is given by

λ =

√

m∗
e

µ0n∗
se

∗2
. (2.19)

It is called the London magnetic penetration depth. λ controls the ability of a superconductor

to screen magnetic fields over a distance λ. λ and ξ are two of the most important length

scales characterizing a superconductor.

The ratio of the two characteristic lengths defines the GL parameter [53, 54]

κ =
λ

ξ
(2.20)

λ has the same temperature dependence as ξ. Hence, the dimensionless parameter κ does

not depend on temperature. κ depends on the properties of the material and characterizes

the superconductor. The values of κ differ widely among superconductors. The majority

of pure metals have a relatively small κ ∼ 0.01 to 0.2. For SC alloys large values of κ are

typical. The HTSs are very anisotropic and correspondingly the values of κ range from 50

to 500 depending on direction. The behavior of superconductors in a magnetic field with

small and large values of κ is completely different. It allows to identify different types of

superconductors: type I and type II. Superconductors with κ < 1/
√
2 are of I type [55, 56].

In this case the surface energy associated with a boundary between a normal and SC ma-

terial is positive. Positive surface energy leads to a sharp boundary between two phases.

Application of a magnetic field on a type I supercondutor induces perfect diamagnetism up

to the critical field Hc where superconductivity is fully suppressed. This ideal diamagnetism

elementary flux quantum

Φo = h
2e

= 2.067x10-15 Vs

B

Figure 2.4: A lattice of flux lines in a type-II superconductor in the presence of an applied external field
~B.
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is called Meissner-Ochsenfeld effect. Materials with κ > 1/
√
2 are of II type. For type II

superconductors the surface energy is negative. Instead of a discontinuous breakdown of

superconductivity at Hc, it is energetically favorable to have a mixture of normal and SC re-

gions for magnetic fields around Hc. A continuous increase in field penetration was observed

starting at a lower critical field Hc1. The magnetic field penetrates the sample in the form

of quantized flux lines (vortices), each containing an elementary flux quantum Φ0 = h/2e ≃
2.068 × 10−15 Vs [56] (see Fig. 2.4). Note that the vortices are arranged in a regular lattice.

This lattice is reffered to as a flux-line lattice (FLL) and typically has a hexagonal or square

geometry [56]. Superconductivity is destroyed at a second critical field Hc2 which is much

higher than Hc in type I superconductors. For fields H between Hc1 and Hc2 the supercon-

ductor is in the so-calledmixed state, while the state forH <Hc1 is called theMeissner phase.
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3 Experimental techniques

3.1 Muon spin rotation (µSR)

The acronym µSR stands for muon spin rotation, or relaxation, or resonance, depending

respectively on whether the muon spin motion is predominantly a rotation (more precisely

a precession around a magnetic field), or a relaxation towards an equilibrium direction, or

a more complex dynamics dictated by the addition of short radio frequency pulses. High

sensitivity (because of the large magnetic moment of the muon) to extremely small magnetic

moments (down to 10−3-10−4 µB) and the broad time window of 10−4 s to 10−11 s makes

µSR a powerfull tool to investigate magnetism in solid state physics. Moreover, the µSR

technique has a unique time window for the study of magnetic fluctuations in materials,

which is complementary to other experimental techniques such as neutron scattering, NMR

or magnetic susceptibility. In addition to magnetism, this technique allows to study interest-

ing problems related to superconductivity, chemical kinetics, diffusion, molecular dynamics,

and semiconductor physics. In this chapter a brief introduction to the µSR technique and its

applications to the study of magnetic and SC materials are presented. A detailed description

of the µSR technique can be found in textbooks [57, 58] or in review articles [59, 60, 61, 62].

3.1.1 Production of spin polarized muon beams and parity violating

decay

The muon is an elementary particle similar to the electron or positron, with a unitary

positive or negative electric charge (± 1) and a spin of 1/2 [63]. The muon is a particle

belonging to the family of the leptons with an average lifetime of τµ = 2.2 µs. The muon

mass is about 1/9th of the proton mass or, alternatively, about 200 times the electron mass

[63]. Note that for experiments in condensed matter physics mainly the positive muon is

used. Beams of positive muons are artificially produced using proton accelarators. High

energy proton beams are fired onto a target (usually graphite) to produce pions via the

following process:

p+ p→ π+ + p+ n, (3.1)

where p denotes the proton and n is a neutron. The pions π+ decay with a lifetime of τπ =

26 ns into muons:

π+ → µ+ + νµ, (3.2)

where νµ is a muon neutrino. Lets consider pions which are produced at rest in the laboratory

frame. According to the momentum conservation law, the muon µ+ and the neutrino νµ must

have equal and opposite momentum. Since the pion π+ has zero spin the muon spin must

be opposite to the neutrino spin. An interesting property of the neutrino is that its spin
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is aligned antiparallel to its momentum (it has negative helicity). This implies that the

muon also has negative helicity. Thus by selecting pions which stop in the target a beam

of 100 % spin-polarized muons is produced. This is the method most commonly used for

producing muon beams for condensed matter physics research [59]. Note that the muons

poduced by the above mentioned way are called surface muons [64], and have a well defined

kinetic energy of 4.1 Mev and a corresponding momentum of 29.8 MeV/c.

When a beam of the spin polarized muons is implanted into a specimen of interest [65],

the muons thermalize in the sample within typically 1 ns. Muons with positive charge stop

at interstitial positions away from positively charged ions. In the presence of a magnetic

field, the spin of the implanted muon precesses around the direction of the local magnetic

field B with the Larmor frequency:

ωµ = γµB, (3.3)

where γµ = 2π· 135.5MHz/T is the gyromagnetic ratio of the muon. An implanted µ+ in

the sample will decay after a mean life time of τµ = 2.2 µs. The muon decay is a three body

process:

µ+ → e+ + νe + ν̄µ, (3.4)

where e+ denotes the positron, νe the electron neutrino, and ν̄µ the muon antineutrino. The

kinetic energy of the emitted positron may vary continuously between zero and Emax = 52.3

MeV. Because of the parity violating decay of the muon (the decay involves the weak in-

teraction) the decay positrons are emitted preferentially along the direction of muon spin.

By measuring the anisotropy of the decay positrons from a bunch of muons, the statistical

average direction of the spin polarization of the muon ensemble is determined. This in turn

reflects the spatial and temporal distribution of magnetic fields at the muon site.

The µSR technique is made possible by the unique properties of the pion and the muon:

(i) Due to parity violation in the decay of pions, surface muons are 100 % spin polarized,

(ii) the positron is preferentially emitted along the direction of the muon spin at decay time,

and (iii) the muon has a magnetic moment and its spin precesses around a magnetic field

with the Larmor frequency.

3.1.2 Principle of a µSR experiment

In the following the principle of a µSR experiment will be explained. The µSR method

is based on the observation of the time evolution of the spin polarization ~P (t) of the muon

ensemble. A schematic layout of a µSR experiment is shown in Fig. 3.1a. The muons

implanted in the sample will decay after a mean life time of τµ = 2.2 µs, emitting a fast

positron preferentially along its spin direction [see Eq. (3.4)]. Various detectors placed

around the sample track the incoming µ+ and the outgoing e+. Namely, as soon as the

µ+ detector records the arrival of a µ+ in the specimen, the electronic clock starts. The

clock is stopped when the decay positron e+ is observed in one of the e+ detectors, and the

measured time is stored in a histogramming memory. In this way a positron-count versus

time histogrm is formed. A muon decay event requires that within a certain time interval

after a µ+ has stopped in the sample, the corresponding decay e+ is detected. This time

interval extends usually over several muon lifetimes (e.g. 10 µs) [57]. An electronic trigger
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Figure 3.1: Principle of a µSR experiment. (a) overview of the experimental setup. Spin polarized muons

with spin ~Sµ antiparallel to the momentum ~pµ are implanted in the sample placed between

the forward (F) and the backward (B) positron detectors. A clock is started at the time the

muon enters the muon detector (M) and stopped as soon as the decay positron is detected in

detector F or B. (b) The number of detected positrons NF and NB as a function of time for the

forward and backward detector, respectively. (c) The asymmetry signal calculated according

to Eq. (3.6).

logic ensures that only those events are accepted where a single muon was inside the sample

during the observation period, so that the start and the stop signals originate from the same

muon event. After a bunch of muons stopped in the sample, one obtains histograms for the

forward Ne+F and the backward Ne+B detectors as shown in Fig. 3.1b, which in the ideal

case has the following form:

Ne+F (B)(t) = N0e
− t

τµ (1 + A0
~P (t)n̂F (B)) +Nbgr. (3.5)

Here, ~P (t) is the muon-spin polarization function with the unit vector n̂F (B) with respect

to the incoming muon spin polarization. The exponential factor N0e
− t

τµ accounts for the

radioactive muon decay. Nbgr is a background contribution due to uncorrelated starts and

stops. A0 is the initial asymmetry. It depends on different experimental factors, such as

the detector solid angle, efficiency, absorption, and scattering of positrons in the material.

Typical values of A0 are between 0.2 and 0.3. Note that Eq. (3.5) is given for the ideal case,

when the two detectors (F and B) are identical, so that the quantities N0, Nbgr, and A0 are
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Figure 3.2: Schematics of a TF and a LF µSR configurations (see text for an explanation).

the same in both detectors. In this idealistic situation the histograms recorded by the two

detectors differ only by the phase. If the detectors are aligned precisely opposite to each

other, the difference between the phases of the histograms is 180◦.

Since the positrons are emitted predominantly in the direction of the muon spin which

precesses with ωµ, the forward and backward detectors will detect a signal oscillating with

the same frequency. In order to remove the exponential decay due to the finite life time of

the muon, the so-called asymmetry signal A(t) is calculated (see Fig. 3.1c) [66]:

A(t) =
Ne+F (t)−Ne+B(t)

Ne+F (t) +Ne+B(t)
= A0P (t), (3.6)

where, Ne+F (t) and Ne+F (t) are the number of positrons detected in the forward and back-

ward detectors, respectively. The quantities A(t) and P (t) depend sensitively on the spatial

distribution and dynamical fluctuations of the magnetic environment of the muons. Hence,

these functions allow to study interesting physics of the investigated system.

In µSR experiments two different magnetic field configurations are used: (i) Transverse

field (TF) µSR involves the application of an external field perpendicular to the initial di-

rection of the muon spin polarization (see Fig. 3.2). The muon spin precesses around the

transverse field, with a frequency that is proportional to the size of the field at the muon

site in the material. (ii) In the longitudinal field (LF) configuration the magnetic field is

applied parallel to the initial direction of the muon spin polarization (see Fig. 3.2). The

time evolution of the muon spin polarization along its initial direction is measured in this

configuration. Measurements can be also carried out in the absence of external magnetic

field, a configuration called zero-field (ZF) µSR. In this configuration the frequency of an

obtained µSR signal is proportional to the internal magnetic field, from which the size of

the ordered moment and thus the magnetic order parameter is calculated. The capability of

studying materials in zero external field is a big advantage over other magnetic resonance

techniques.

All µSR experiments related to this thesis were performed at the Paul Scherrer Institute.

3.1.3 Applications of µSR in magnetism and superconductivity

µSR has been widely applied to magnetic materials due to the high sensitivity of the

muon to small fields and its capability to probe both static and dynamic local field distribu-
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tions. ZF µSR is used to investigate microscopic magnetic properties of solids. If the local

magnetic field ~B(~r) at the muon site is pointing under an angle θ with respect to the initial

muon spin polarization, the decay positron asymmetry is given by [66]:

A(t) = A0[cos
2(θ) + sin2(θ) cos(γµBt)], (3.7)

where A0 is the maximal value of the asymmetry. Further assuming that the random fields

are isotropic and each component can be represented by a Gaussian distribution of width

∆/γ, then a statistical average of this distribution yields:

A(t) = A0

[1

3
+

2

3
e−∆2t2/2(1−∆2t2)

]

, (3.8)

This function was first obtained in a general stochastic treatment of Kubo and Toyabe [67].

The form of the distribution of internal magnetic fields influences the form of the µSR signal

[67, 68, 69]. Thus, by analysing the observed muon-spin time evolution, the magnetic field

distribution inside the sample can be obtained. If there is an inhomogeneous static internal

field in the sample, different muons will precess at slightly different frequencies. This leads to

a progressive dephasing of the µSR signal, and the oscillations in the µSR time spectra will

be damped. In some cases the signal is strongly damped, so that the oscillation will not be

observed, and the resulting muon spin polarization will be averaged out to zero. Then, at a

magnetic phase transition, if no wiggles are observed in the µSR signal, one expects a drop in

the effective initial asymmetry from A0 in the paramagnetic state to A0 = 1/3 in the ordered

state [62]. However, this effect could also be due to fluctuations of the internal field. µSR is

capable to distinguish between these two possibilities by performing a LF-µSR experiment

(see Sec. 3.1.2). In a longitudinal field inhomogeneous line broadening and fluctuations lead

to different µSR time spectra.

µSR is also valuable for studying materials in which magnetic order is random or of short

range. Moreover, µSR is very helpfull to study samples containing multiple phases or samples

which are partially magnetically ordered. This is because muons stop uniformly throughout

a sample, and the amplitudes of the µSR signals arising from the different regions of the

sample are proportional to the volume of the sample occupied by a particular phase. Thus,

µSR provides quantitative information on coexisting and competing phases in a material.

The rapid development of the µSR technique was trigerred by the discovery of the

cuprate HTSs in 1986. In a sizeable applied magnetic field (above the first critical field) a

type II superconductor is characterized by a large internal field inhomogeneity due to the

penetration of quantized flux lines, called vortices (see Fig. 2.4) [55]. These vortices have

a core of radius ≈ ξ (coherence length), and they carry a flux tube of radius λ (magnetic

field penetration depth). λ and ξ are introduced in chapter 2.3 [53]. µSR studies of vortex

matter usually involve TF µSR (see Sec. 3.1.2) [60], i.e. the measurements give access to

the field distribution characterising this mixed phase. The field distribution P (B) in the

vortex state is the probability that at a randomly chosen point in the sample the magnetic

field has a value B. This is shown in Fig. 3.3 for an ideal vortex lattice. P (B) is highly

asymmetric, the high field “tail” corresponding to regions of the lattice close to the vortex

cores. The maximum of the distribution occurs below the mean field 〈B〉. Implanted muons

in a superconductor in the vortex state will sit at certain crystallographic sites and the muon

spin precesses around the transverse field. The muons implanted close to the vortex core
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Figure 3.3: The field distribution P (B) in the vortex lattice. Contours of B are shown in the inset.

experience a larger magnetic field than those implanted between vortices. Consequently,

there is a spread in precession frequencies, which results in a dephasing of the observed

precession signal. By this random sampling of the field in the vortex state by the muon, the

field distribution P (B) in the vortex lattice is probed leading to the following asymmetry

function:

A(t) = A0

∫

P (B) cos(γµBt+ ϕ)dB, (3.9)

where A0 denotes the initial asymmetry and ϕ is the initial phase of the muon-spin ensemble.

Since the muon is a local probe, the µSR relaxation function is given by the weighted sum

of all oscillations. By performing a Fourier transformation of the µSR time spectra P (B)

profiles are obtained. For an isotropic extreme type II superconductor (λ ≫ξ) in the vortex

state (ideal FLL) it was shown that λ is directly related to the second moment 〈∆B2〉 of

P (B) [70, 71, 72]:

〈∆B2〉≈ 7.5×10−4(1− b)2[1 + 3.9(1− b)2]φ2
0λ

−4, (3.10)

where b=〈B〉/Bc2 is the reduced magnetic field. 〈B〉 denotes the first moment of P (B)

and Bc2 is the second critical field of a type II superconductor. For estimating 〈∆B2〉
from the measured P (B) a sum of N Gaussian distributions was found to be a reasonable

approximation for P (B) [73, 74, 75]:

P (B) =
γµ√

2π(A1 + ...+ AN)

N
∑

i=1

(Ai/σi) exp[(B − Bi)
2/2(σi/γµ)

2], (3.11)

where Bi, Ai, and σi are the first moment, the weighting factor and the standard deviation

of the i-th Gaussian component, respectively. The first and the second moment of P (B) are
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given by:

〈B〉 =
N
∑

i=1

AiBi

A1 + ...+ AN

, (3.12)

and

〈∆B2〉 =
N
∑

i=1

Ai

A1 + ...+ AN

[(σi/γµ)
2 + (Bi − 〈B〉)2]. (3.13)

According to Eq. (3.13) the relaxation rate σ of the observed precession signal can be used

to directly determine λ and its temperature dependence. According to London theory 1/λ2

is proportional to the carrier density ns of the superconductor [53]:

1

λ2
=
µ0e

2ns

m∗
, (3.14)

where µ0, e, and m
∗ are the magnetic permeability of the vacuum, the elementary charge,

and the effective mass of a electron, respectively. ns(T ) contains information on the SC gap

∆(T ). Therefore, λ(T ) gives access to the symmetry of the SC gap and hence the symmetry

of the pairing wave function. It was shown that the second-moment method often used

to analyse µSR data yields reliable values of λ in the applied field range Hc1 ≪ H . Hc2

[75]. More advanced approaches which allow to determine not only λ but also ξ require a

theoretical model for the spatial internal field distribution ~B(~r) [75, 76, 77].

In addition to studies of the ideal periodic array of vortices in clean samples, µSR

has been shown to be a unique microscopic probe of vortex fluctuations, pinning, flux-

lattice melting, and the decomposition of flux lines into two-dimensional “pancake” vortices

[78, 79, 80, 81]. With µSR it was possible to access regions of the field-temperature (B−T )

phase diagram well below the irreversibility line [78, 80, 81], not accessible by transport mea-

surements. One can also probe vortices at the surface of a superconductor using ultra-low

energy muons [82].

3.2 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance was discovered in 1945 by F. Bloch and E.M. Purcell, who

received the Nobel prize in physics for this discovery. This method has proven to be a

versatile tool for the elucidation of key properties of condensed matter. It has also remark-

able applications in many other scientific areas, for instance in chemistry, biology, geology,

medicine, and archeology.

In this chapter we will introduce some basics of NMR, and briefly describe the nuclear

spin Hamiltonian, the magnetic shift, and the relaxation behavior of nuclear spins. For fur-

ther details we refer to the excellent textbooks of Abragam [83] and Slichter [84].

3.2.1 Principle of NMR

To perform a NMR experiment a nucleus with a non-zero spin (I 6= 0) is needed.

Many atomic nuclei have a non-zero spin angular momentum ~I~ and a dipolar magnetic
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Figure 3.4: Schematic diagram of a NMR experiment. The sample sits inside a RF coil which produces an

oscillating RF field. The static field ~B0 and the oscillating field ~B1 are perpendicular to each

other.

moment ~µ = γ~~I collinear with it. Here γ denotes the nuclear gyromagnetic constant. In a

NMR experiment a sample is placed inside a coil and a magnetic field ~B0 is applied along

a particular direction, say the z-direction (see Fig. 3.4). The energy of a nucleus with a

magnetic moment ~µ in ~B0 is given by

Em = −µB0 = −~γmIB0 (3.15)

Here, γ is the gyromagnetic ratio, and mI is the z component of the angular momentum

of the nucleus which can only take integral values between I and -I. Thus, the energy Em

corresponds to 2I+1 equally spaced levels. Exciting transitions between different energy

levels with a radiofrequency (RF) field is the basis of nuclear magnetic resonance. The RF

field ~B1 ( ~B1 ≪ ~B0) is applied perpendicular to the external field ~B0, i.e., in the x-direction

(see Fig. 3.4). The selection rules for dipole transitions allow only ∆mI = ± 1, implying that

only transitions between adjacent levels may occur. From Eq. (3.15) the resonance condition

becomes

ωL = γB0, (3.16)

where ωL is called Larmor frequency. The RF coil not only produces the excitation, but is

itself part of a tuned circuit with a large quality factor. As transitions are excited in the

nuclei, energy is transferred between the RF circuit and the sample. This results in small

changes of the quality factor of the circuit.

In the absence of resonance, the nuclear spins are in thermal equilibrium with their sur-

roundings or “lattice”. According to the fundamental Boltzmann law, the populations Pm of

the energy levels Em in equilibrium are proportional to exp(-Em/kBT ) = exp(γ~mIB0/kBT ),

where kB is the Boltzmann constant. The nuclear magnetization of a sample containing N

spins obeys the well-known Curie law [83, 84]:

M =
Nγ2~2I(I + 1)

3kBT
B0 =

1

µ0

χ0B0, (3.17)
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where χ0 is the static nuclear susceptibility. The static nuclear susceptibility is much smaller

than the electronic paramagnetic susceptibility (by a factor of the order of 10−6 to 10−8).

Thus, it is difficult to observe it by conventional magnetostatic methods.

3.2.2 Spin Hamiltonian for nuclei with a quadrupole moment

An important nuclear property is the nuclear quadrupole moment Q, which is a measure

of the lack of spherical symmetry of the electric charge distribution inside the nucleus. The

quadrupolar moment interacts with the local electric field gradient (EFG) in the specimen

and induces electric quadrupole transitions between the energy levels of the nuclear spins.

When a magnetic field is applied to a sample containing nuclei with quadrupole moments,

the nuclear spin Hamiltonian describing the interactions of the investigated nucleus with the

external magnetic field and the crystal electric field gradient at the nuclear site is given by

the sum of the Zeeman and quadrupolar terms [83, 84]:

Ĥ = ĤZ + ĤQ = γ~(1 +Kα)IαB0 +
~ωQ

6[(3I2z − 1) + η(I2x − I2y )]
. (3.18)

Here Kα (α = x, y, z) is the relative magnetic shift in the α direction, Iα (α = x, y, z) are

the nuclear spin components, B0 is the external magnetic field, γ is the gyromagnetic ratio,

and the quadrupole frequency νQ is defined as:

ωQ =
3eQVzz

2I(2I − 1)~
, (3.19)

where Vzz denotes the major principal axis of the EFG tensor, and η the EFG asymmetry

parameter defined as η = (Vxx-Vyy)/Vzz (0 ≤ η ≤ 1). We use the standard convention Vxx ≤
Vyy ≤ Vzz. Since the principal axis of the EFG tensor as well as the magnetic shift tensor are

defined by the symmetry of the nuclear site, the resonance frequency of a particular nuclear

transition depends on the field direction relative to the crystalline axes.

Fig. 3.5 illustrates the effect of the Zeeman and the quadrupole interaction for a nucleus

with spin I = 3/2. In the absence of a static magnetic field, the remaining term gives rise to

double degenerate energy levels, between which nuclear quadrupole resonance (NQR) tran-

sitions can be induced. A nucleus with spin I = 3
2
has two double degenerate energy levels

(±1
2
and ±3

2
). In the presence of a large external magnetic field B0 a splitting of the NMR

spectrum into a central line, arising from the central transition (+1
2
,-1

2
) and two satellite

lines due to the (±1
2
,±3

2
) transitions occurs.

3.2.3 NMR frequency shifts

The signal frequency that is detected in NMR would be a pure Larmor frequency ωL if

the only magnetic field acting on the nucleus is the external magnetic field. Since the nuclei

are surrounded by electrons, an interaction between them is present. The magnetic coupling

of the nucleus to the electrons arises from internal magnetic fields originating either from the

motion of the electrical charges or from the magnetic moment associated with the electron
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Figure 3.5: Result of the combination of the Zeeman (ĤZ) and the quadrupole (ĤQ) interaction for a spin

I = 3/2 nucleus in an external magnetic field.

spin. The nuclear spin ~I sees an internal field superimposed to the applied field. This change

of the local field at the nucleus causes a shift in resonance frequency. The resulting shift in

metals is called Knight shift, which is qualitatively defined as [83, 84]:

K =
∆B

B0

=
∆ω

ω0

, (3.20)

where B0 is the applied field, ∆B is the additional field due to the hyperfine coupling, and

∆ω is the corresponding shift in frequency. The origin of the Knight shift is the presence of

conduction electrons in metals. In the applied magnetic field, the conduction electrons will

be polarized, leading to the Pauli spin susceptibility:

χP =
3nµ0µ

2
B

2EF

. (3.21)

Here µ0 is the permeability of the vacuum, n is the electron density, µB is the Bohr magneton,

and EF is the Fermi energy. The coupling of a given nuclear spin ~I with the electrons is

obtained by summing the expectation values of the hyperfine couplings of this spin with all

the conduction electrons. This results in the following expression for the isotropic Knight

shift (Kiso):

Kiso =
∆ωiso

ω0

=
8π

3
〈|ψk(0)|2〉FχP =

A

gµB

χ, (3.22)

〈|ψk(0)|2〉F is the probability of finding the electron at the nucleus and A is the hyperfine

coupling constant. The symbol 〈 〉F means that an average is made over all orbits at the top
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of the Fermi distribution. Eq. (3.22) implies that the Knight shift conveys information on

the static spin susceptibility and the hyperfine interactions.

Note that Eq. (3.22) is valid when the symmetry of the elctronic environment of the

nuclear spin is not lower than cubic. In this case the tensor describing the elctron-nucleus

interaction has only non-zero scalar parts. When the symmetry is lower than cubic, the

Knight shift will depend on the direction of the applied field with respect to the crystalline

axes. The anisotropic part of the Knight shift (Kanis) is given by

Kanis =
∆ωanis

ω0

=
1

3
(K‖ −K⊥)(3 cos

2 θ − 1), (3.23)

where θ is the angle between the crystal symmetry axis and the direction of the applied field.

K‖ and K⊥ are the shifts corresponding to θ = 0◦ and θ = 90◦, respectively.

Similar shifts in non-metallic compounds are called “chemical shifts”. The presence of

an applied field modifies the occupied energy levels of the system, mixing in higher unoccu-

pied states having a net orbital magnetic moment in the direction of the field. This electron

orbital paramagnetism is responsible for the chemical shifts. For simple metals the chemical

shift is much smaller than the Knight shift.

3.2.4 Spin-spin and spin-lattice relaxation times

The spin-spin relaxation time T2 is the time the magnetic moments of the nuclear spins

need to get out of phase in the plane perpendicular to the external magnetic field, causing

a decay of the transverse components (Mx and My) of the magnetization. The components

Mx and My relax to zero in a time T2 such that:

dMx

dt
= −Mx

T2
,

dMy

dt
= −My

T2
. (3.24)

There are two ways of determining T2. One way is to measure it directly from the free

induction decay (FID) that develops after a short RF pulse. The problem that occurs in this

case is that this method also measures relaxation due to the inhomogeneity of the magnet

because this will cause a spread in precession frequencies. One shoud use the method which

separates the real spin-spin relaxation from the relaxation mentioned above. One way to

achieve this is the spin-echo technique. The discovery of spin echoes using pulsed NMR

techniques was made by E. Hahn, which led to the invention of a plethora of pulse sequences

to measure magnetic properties of atoms. To generate a spin echo one applies two short RF

pulses of amplitude B1, fixed widths and delay time τ , near the Larmor resonance ω ≈ ωL.

This is known as a π/2,τ ,π pulse sequence. A π/2-pulse refers to a pulse that lasts a time

tπ/2 such that ωtπ/2 = γB1tπ/2 = π/2 and a π-pulse has double duration.

The spin echo effect is schematically shown in Fig. 3.6. This effect is better understood

by breaking a π/2,τ ,π echo pulse sequence down into different steps and looking at the

evolution of the magnetization vector of the specimen of interest. Each step in the sequence

is denoted by a black circle, as presented in Figs. 3.6a-f. The vertical red arrow in Fig. 3.6a

is the equilibrium magnetization vector of the sample, initially pointing in the z-direction,

parallel to B0. First, a π/2-pulse is used (i.e., transverse field B1, in the x-direction is
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applied for a time tπ/2) that rotates the magnetization vector of the sample down into the

xy plane, say along the y-direction (Fig. 3.6b). By waiting a small time τ , the magnetization

precesses around the static field, staying in the transverse plane. Due to local magnetic field

inhomogeneities (variations in the magnetic field at different parts of the sample that are

constant in time), as the net moment precesses, some spins slow down due to lower local

field strength (and so begin to progressively trail behind) while some speed up due to higher

field strength and start getting ahead of the others. This means they progressively dephase

with respect to each other (Fig. 3.6c), becoming more separated in angle as they precess

round (Fig. 3.6d).

A π-pulse applied at time τ (B1 again in the x-direction) reverses the phases of the

magnetization of individual nuclei (Fig. 3.6e) so that the slower spins lead ahead of the

main moment and the fast ones trail behind. Progressively, the fast spins catch up with

the main moment and the slow moments drift back toward the main one. After a time τ ,

the spins will have completely recovered, restoring the state that occured directly following
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Figure 3.6: The spin echo effect. For clarity the exho pulse sequence π/2,τ ,π is splited into different steps.

Each step in the sequence is denoted by black circle. (a) The equilibrium magnetization along

the z-direction. (b) Rotation of the spins into the xy plane by application of the π/2 pulse along

the x-axis. (c),(d) The spins progressively dephase with respect to each other, becoming more

separated in angle as they precess around. (e) At time t = τ , a π-pulse along the x-axis rotates

the spins by 180◦ around the x-axis. (f) The spins will get together at time 2τ , producing the

spin echo signal. The figure is drawn for the case of a short delay between the π/2 pulse and

the π. The figure is adopted from [34].
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the first π/2-pulse, except the magnetization is in the -y direction (Fig. 3.6f). This means

that at time 2τ after the first pulse a spin echo signal is produced. Because of the spin-

spin interaction, which is due to time-dependent fluctuating random magnetic fields due to

neighbouring nuclei, the echo signal intensity will be reduced by increasing pulse spacing

time τ . The time evolution of the spin-echo amplitude A can be expressed as [84]:

A(2τ) = A0e
−2τ/T2 . (3.25)

According to Eq. (3.25) measuring the echo signal intensity as a function of τ allows

to obtain T2. Beside the transverse relaxation, there is also spin lattice or longitudinal

relaxation present. The spin-lattice relaxation time T1 is associated with the approach to

thermal equilibrium. In other words, it is the characteristic decay time for the return to the

Boltzmann distribution. It is also a measure of how quickly the longitudinal magnetization

returns to equilibrium. A measurement of T1 can be also performed using a spin-echo method.
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4 Superconducting and magnetic

properties of the 122-family of

Fe-based high-temperature

superconductors

This chapter focusses on results obtained on several members of the so-called 122 family

of the novel Fe-HTSs. In the first section the discovery of Fe-HTSs is briefly summarized.

Next the SC and magnetic properties of the iron arsenide system EuFe2As2 as a function of

charge carrier doping and chemical as well as hydrostatic pressure are presented. Then the

temperature and field dependences of the magnetic penetration depth λ of optimally doped

Ba1−xRbxFe2As2 are reported.

4.1 High-temperature superconductivity in Fe-based

compounds

The term “HTS” was first coined for a family of cuprate perovskite ceramic materials,

discovered by Bednorz and Müller in 1986 [20]. As the transition temperatures are much

higher than the boiling point of liquid nitrogen, these materials have a tremendous potential

for applications.

Although the synthesis and structural analysis of iron-based systems was presented al-

ready at the end of the last century [85, 86, 87], no electronic and magnetic properties were

reported. Research on Fe-based systems was taken up seriously only after the discovery of

superconductivity at 4 K in LaOFeP in 2006 [29]. In 2008 Hideo Hosono and co-workers

reported the discovery of 26 K superconductivity in fluorine-doped LaFeAsO [30], marking

the beginning of worldwide efforts to investigate this new class of HTSs. Because elemental

iron is strongly magnetic, the discovery of Fe-HTSs with high transition temperature was

completely unexpected. These superconductors have triggered extensive interest in their

physical properties and the underlying mechanism of high-Tc superconductivity.

The Fe-HTSs that have been found so far can be categorized into five classes accord-

ing to their structure. An overview of the crystal structures for some of the families is

presented in Fig. 4.1. One of these is LFeAsO (L1111) known as 1111 type (L represents

lanthanides). LFeAsO has a ZrCuSiAs type structure belonging to the tetragonal P4/nmm

space group (see Fig. 4.1a). It is a stack of alternating positively charged LO layers and

negatively charged FeAs layers along the c-axis. The L2O2 layer is an insulating charge

reservoir layer, while the Fe2As2 layer acts as the conducting active block. The structure

of LFeAsO comprises sheets of Fe2+ ions in between ionic blocks of LOAs2−. The L atoms
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Figure 4.1: (Color online) Crystal structure of four different families of iron-based superconductors: (a)

the 1111-type, (b) the 122-type, (c) the 111-type, and (d) the 11-type. Superconductivity

in these Fe-based materials takes place in a corrugated layer made up of Fe and one of two

pnictogens (phosphorus, arsenic). Note that these structural families incorporate the layer with

a characteristically different interlayer. The figure is adopted from [88].

(having 4mm site symmetry) are coordinated by four As atoms and four O atoms forming

distorted square antiprisms. The parent compound LFeAsO is not SC and shows an AFM

transition at 150 K. Superconductivity is induced upon doping the lanthanide oxide layers

or by applying pressure [29, 30, 89]. Directly related to the compound discovered by Kami-

hara et al. [29, 30, 90, 91] are the Fe-HTSs belonging to the 1111-family with the general

formula LFePnO1−xFx (Pn = P, As; L = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, and Y)

[30, 89, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106].

The second category, AFe2As2, has a ThCr2Si2 structure abbreviated as 122 type. Here

the A site corresponds to a divalent ion (A = Ba, Sr, Ca, Eu) (Fig. 4.1b). The AFe2As2
structure was first reported in BaFe2As2, which shows AFM ordering similar to 1111 type

[107]. In this family the first superconductor discovered was Ba1−xKxFe2As2 with Tc ≃ 38 K

[107]. Later on, superconductivity was found in various related compounds. Mainly in hole-

doped Sr1−xKxFe2As2 and Sr1−xCsxFe2As2 [108], Ca1−xNaxFe2As2 [109], Eu1−xKxFe2As2
[110], Eu1−xNaxFe2As2 [111], and Ba1−xRbxFe2As2 [112, 113] as well as in electron-doped

BaFe2−xCoxAs2 [114], SrFe2−xCoxAs2 [115], and BaFe2−xNixAs2 [116].

The third one has the Cu2Sb type structure (111 type) as shown in Fig. 4.1c and was
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realized in SC LiFeAs and NaFeAs [117, 118]. Other compounds which belong to the class

of Fe-HTSs are the dichalogenide 11-family Fe1+xSe1−yTez (see Fig. 4.1d) [119, 120] and the

21311-family E2MO3FeAs (E = Ca, Sr, Ba; M = Sc, Ti, V, Cr, Co) [121, 122, 123].

Fe-HTSs are the first non-cuprate materials exhibiting superconductivity at relatively

high temperatures upon electron or hole doping of non-SC AFM parent compounds. They

have very high upper critical fields, making these superconductors very interesting for appli-

cations. The phase diagram of the Fe-HTSs is in fact strikingly similar to the cuprates. They

have a layered crystal structure and exhibit multiband features along with an unconventional

pairing symmetry similar to cuprates [124, 125, 126]. Although significant progress in our

understanding of Fe-HTSs was made, many important questions still remain unanswered.

In particular, the symmetry of the order parameter remains uncertain. Some reports point

towards an s(+/-), or extended s-wave state [32, 33, 127]. AFM fluctuations, which origi-

nate from the nesting between the hole and electron Fermi surfaces, are thought to play an

important role in the Fe-HTSs and could be embedded into the fully gapped s(+/-)-pairing

state [128]. However, it appears that the suggested nodal states may be impurity or ‘acci-

dental’ effects rather than intrinsic features of the Fe-HTSs [129]. An important hint to the

pairing mechanism came from isotope exchange experiments. They showed that Tc depends

on the Fe-isotope mass, which strongly indicates that lattice effects play an important role

in the microscopic mechanism of high-Tc superconductivity [130, 131, 132, 133, 134]. More-

over, a polaronic two-band model, involving s-wave order parameters, was proposed for the

Fe-HTSs [31], similar to the one for the cuprates [25, 26], where multi-gap superconductivity

was suggested to occur [135, 136, 137, 138]. The resemblance of interpenetrating ground

states in cuprates and Fe-HTSs has to be considered in a generalized theory of unconven-

tional superconductivity.

4.2 The EuFe2As2 system

EuFe2As2 is a particularly interesting member of the iron arsenide AFe2As2 family, since

the A site is occupied by a Eu2+ S -state (orbital moment L = 0) rare-earth ion. It has a 4f 7

electronic configuration with a total electron spin S = 7/2, corresponding to a theoretical

effective magnetic moment of 7.94 µB. It is the only known member of the 122 family con-

taining 4f electrons. EuFe2As2 exhibits both a SDW ordering of the Fe moments and AFM

ordering of the localized Eu2+ moments below TSDW = 190 K and TEu = 19 K, respectively.

The presence of magnetic phase transitions at TEu = 19 K and TSDW = 190 K in EuFe2As2
was first reported by Mössbauer and susceptibility measurements [139, 140]. Recently, neu-

tron diffraction and resonant x-ray scattering measurements were performed on EuFe2As2
and the magnetic structure illustrated in Fig. 4.2 was established [141, 142]. It is built up

by [FeAs]2− layers, seperated by layers of magnetic Eu2+ ions. This material exhibits an

A-type AFM order of the Eu2+ moments, e.g., the Eu2+ spins align ferromagnetically in the

planes, while the planes are coupled antiferromagnetically [34, 141, 142].

In contrast to the other 122 systems, where the substitution of Fe by Co leads to

superconductivity [143, 144], the compounds containing Eu2+ exhibit an onset of a SC tran-

sition, but do not show zero resistivity at ambient pressure [145]. For clarity, the temper-
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ature dependence of the electrical resistivity for two different systems BaFe2−xCoxAs2 and

EuFe2−xCoxAs2 is shown in Figs. 4.3a and b, respectively. Reentrant SC behavior was also

observed in a EuFe2As2 crystal under applied pressure up to 2.5 GPa [146, 147]. Only above

2.8 GPa, where a valence change of the Eu ions from a divalent magnetic state (4f 7, J =

7/2) to a trivalent nonmagnetic state (4f 6, J = 0) was suggested to occur [148], a sharp tran-

sition to a zero-resistivity state was observed [147]. Bulk superconductivity is also observed

in EuFe2As2−xPx [148, 149], where isovalent P-substitution of the As-site acts as chemical

pressure in EuFe2As2. No superconductivity was detected in EuFe2−xNixAs2 [150], while

superconductivity with a maximum Tc ≃ 20 K was reported for BaFe2−xNixAs2 [151]. It

was suggested from different experiments [150, 152, 153, 154] that there is a strong coupling

between the localized Eu2+ spins and the conduction electrons of the two-dimensional (2D)

Fe2As2 layers. This may lead to a sophisticated interplay between the magnetism of localised

Eu and itinerant Fe moments and superconductivity in EuFe2As2. Hence, this system is an

ideal candidate to study the interrelation between superconductivity and different kinds of

magnetism in Fe-HTSs.

Figure 4.2: Schematic illustration of the magnetic structure of EuFe2As2. The Fe moments (red) form a

SDW state, whereas the Eu moments (blue) order ferromagnetically in the ab-plane and align

antiferromagnetically along the c-axis. After [155].
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4.2.1 Coupling between the Eu2+ spins and the Fe2As2 layers in single

crystals of Co-doped EuFe1.9Co0.1As2 studied with NMR

The study of the interaction between the rare-earth Eu2+ magnetic moment and the con-

ducting Fe2As2 layers is crucial to understand why it is difficult to induce superconductivity

in the Co-doped EuFe2−xCoxAs2 system. In order to investigate this coupling as well as to

study the magnetic phases in Co-doped EuFe1.9Co0.1As2, a combination of x-ray diffraction,

magnetization, and 75As nuclear magnetic resonance (NMR) experiments were performed on

single crystals [157].

Single crystals of EuFe1.9Co0.1As2 were grown out of Sn flux. The chemical compo-

sition of the single crystals was determined on freshly cleaved samples using wavelength-

dispersive x-ray spectroscopy (WDS). The obtained composition corresponds to the formula

EuFe1.9Co0.1As2 within experimental error (± 5 %). X-ray diffraction experiments at room

temperature, performed on a single crystal (approximate size: 0.2 x 0.1 x 0.008 mm3) re-

vealed that the crystal is of good quality. The lattice constants for the tetragonal unit cell

based upon the refinement of 689 reflections were found to be a = b = 3.9104(1) Å, c =

11.9434(3) Å, V = 182.629(8) Å3 [157]. It was observed that in the Co-substituted crystal

the room-temperature lattice parameter c is reduced and the lattice parameter a is increased

relative to the parent compound EuFe2As2 (a = b = 3.898(1) Å, c = 12.085(5) Å) which was

also grown out of Sn flux. Note that no additional phases (impurities, twins, or intergrowing

crystals) were detected by examination of the reconstructed reciprocal space sections mea-

sured at room temperature, shown in Fig. 4.4 [157].

The susceptibility measurements of the EuFe1.9Co0.1As2 crystals were carried out with

a SQUID magnetometer (Quantum Design) in the temperature range from 5 to 300 K.

As an example, the temperature dependence of the magnetic susceptibility χ in an applied

field of µ0H = 0.3 T parallel (H ‖ c) and perpendicular (H ⊥ c) to the crystallographic

c-axis for the EuFe1.9Co0.1As2 crystal is shown in Fig. 4.5a. The inverse susceptibility for

H ⊥ c measured as a function of temperature is also shown. These measurements reveal a

transition to the AFM state of the Eu2+ moments below 15 K [157]. It was found that the

Eu2+ moments align in the ab-plane [152], similar as for EuFe2As2 [141]. From 50 K to 120
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Figure 4.4: (Color online) The reconstructed hk0 reciprocal space section of the single crystal

EuFe1.9Co0.1As2 used in this work. After [157].

K the susceptibility χ⊥ (H ⊥ c) is well described by the Curie-Weiss law:

χ⊥CW (T ) =
C

T − θCW

. (4.1)

Here C denotes the Curie-Weiss constant, and θCW the Curie-Weiss temperature. An-

alyzing the data with Eq. (4.1) in the temperature range from 30 K to 120 K yields: C =

2.43(5)×10−4 m3 K/mol and θCW = -21.34(7) K. The calculated effective magnetic moment

µeff = 8.7 µB is close to the theoretical value of the magnetic moment of a free ion (µfree =

7.94 µB). Note that, after subtracting the Curie-Weiss contribution χ⊥CW (T ) from χ⊥(T ),

a small anomaly in χ⊥res(T ) = χ⊥(T ) - χ⊥CW (T ) is visible at around 120 K (see Fig. 4.5b).

This behavior resembles that observed in BaFe2As2 [158] which was ascribed to the SDW

transition of the Fe moments. However, in the case of EuFe1.9Co0.1As2 the large signal from

the Eu2+ moments does not allow a direct observation of the SDW anomaly (without sub-

tracting the Curie-Weiss term).

The microscopic magnetic properties of EuFe1.9Co0.1As2 were investigated using 75As

nuclear magnetic resonance (NMR) [see Sec. 3.2]. The 75As NMR experiments on a single

crystal (dimensions: 4 x 4 x 0.2 mm3) from the same batch as the crystals used for magne-

tization and x-ray experiments were performed in an external magnetic field of 9 T using a

standard pulse spectrometer. NMR is a powerful and extremely sensitive microscopic tool to

probe magnetism in a solid. 75As has a nuclear spin I = 3/2 and a large quadrupolar moment

(Q = 0.3b) that interacts with the local electric field gradient (EFG) in the crystal. Hence, it

gives rise to an additional term in the nuclear-spin Hamiltonian describing the interaction of

the investigated nucleus with the crystal electric field gradient. Note that the details of the

different contributions to the nuclear-spin Hamiltonian are given in Sec. 3.2.2. 75As (I=3
2
)

has two double degenerate ±1
2
and ±3

2
energy levels in the absence of a static magnetic field.
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Figure 4.5: (Color online) (a) Temperature dependence of the magnetic susceptibility measured in a field of

µ0H = 0.3 T applied parallel (H ‖ c) and perpendicular (H ⊥ c) to the crystallographic c-axis

of single crystal EuFe1.9Co0.1As2. The measurements were performed in the zero-field cooling

mode. In addition, for H ⊥ c the temperature dependence of the inverse susceptibility 1/χ⊥ is

plotted. The solid line represents a fit to the data with the Curie-Weiss law given in Eq. (4.1).

(b) Temperature dependence of χ⊥res(T )=χ⊥(T )-χ⊥CW (T ) (see text for an explanation) for

single crystal EuFe1.9Co0.1As2. The solid line is the guide to the eye. After [157].
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results as described in the text. The inset illustrates the 75As NMR central line shape at 295
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In the presence of a large external magnetic field H0 a splitting of the 75As spectrum into

a central line, arising from the central transition (+1
2
,-1

2
), and two satellite lines due to the

(±1
2
,±3

2
) transitions occurs (see Fig. 3.5 in Sec. 3.2.2). As an example, a 75As NMR spec-

trum of the central transition at 295 K is shown in the inset of Fig. 4.6. In the paramagnetic

state (T > TSDW) NMR lines with a full width at half maximum (FWHH) of about 250 kHz

(central line) and 500 kHz (satellite lines) are observed. The dependence of the 75As NMR

central line position on the angle θ between the magnetic field orientation and the c-axis at

261 K (tetragonal phase) was measured and is presented in Fig. 4.6. For all orientations the

resonance frequencies show a strong negative shift relative to the corresponding 75As Larmor

frequency of 65.9 MHz at 9 T. The angular dependence of the frequency of the central line

was analyzed using the diagonalization of the Hamiltonian (Eq. (3.18) in Sec. 3.2.2) and

yields Kab = -0.0372(2), Kc = -0.0456(3), and νQ = 7.39(24) MHz. In the analysis η is

assumed to be zero, since the tetragonal site symmetry of 75As requires a uniaxial symmetry

along the c-axis for the EFG tensor (η = 0) and the magnetic shift K tensor.

To determine the spin-spin relaxation rate 1/T2 of the central line of the 75As NMR

spectrum for H ‖ c the spin-echo intensity was measured as a function of delay time between

the exciting and the refocusing pulse (see Sec. 3.2.4). The measured temperature dependence

of 1/T2 is shown in Fig. 4.7. 1/T2 exhibits a Curie-Weiss-like temperature dependence down

to 120 K. A reduction of 1/T2 is observed below 120 K, which reflects the slowing down of the

Fe spin fluctuations due to the SDW ordering of the Fe moments. A similar behavior across
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the SDW transition was also reported for spin-lattice relaxation measurements in AFe2As2
(A = Ba, Ca, Sr) [159, 160, 161, 162]. This finding is consistent with the presence of the

SDW phase below 120 K found by magnetization measurements and reveals a decrease of the

SDW transition temperature from TSDW = 190 K to TSDW = 120 K as a result of Co-doping.

As presented in Fig. 4.7 1/T2 exhibits a Curie-Weiss-like temperature dependence down

to 120 K, showing that the 75As nuclei interact with the localized Eu-4f moments. The hy-

perfine coupling strength between the 75As nuclei and Eu2+ 4f moments was quantitatively

determined by measuring the temperature dependence of the magnetic shift K of the 75As

NMR central line. A brief description of the shift of the NMR frequency is given in Sec. 3.2.3.

The temperature dependence of the shift in the temperature range 100-300 K for H ‖ c (K‖

= Kc) and H ⊥ c (K⊥ = Kab) is shown in Fig. 4.8a. Compared to the magnetic shift data

for AFe2As2 (A = Ba, Ca, Sr) [159, 160, 161, 162], the observed shifts in EuFe1.9Co0.1As2
are significantly larger, negative, and show a completely different temperature dependence.

The relative magnetic shift K above TSDW = 120 K exhibits a Curie-Weiss like temperature

dependence for both directions of the magnetic field H :

K(T ) = K0 +
CK

T +Θ
. (4.2)

HereK0 is the constant part of the shift. CK and Θ are phenomenogical quantities. Analysing

the data for H ⊥ c using Eq. (4.2) yields: Θ = -18.9(9) K. The value of Θ is in good

agreement with the value ΘCW = -21.34(7) K determined from the magnetic susceptibility

measurements. This suggests that the temperature dependent part of the shift arises from
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the hyperfine coupling between the 75As nuclei and the Eu2+ 4f moments. In addition,

we obtained K0 = 0.17(25) %, which could be related to the coupling of 75As with the

itinerant 3d electrons in the Fe2As2 layer. The Curie-Weiss part of the magnetic shift KEu

= CK/(T+Θ) can be related to the susceptibility χEu of the localized Eu 4f moments as

follows:

KEu =
AEu

gNAµB

χEu (4.3)

where AEu is the hyperfine coupling of the 75As nuclear spins with the 4f moments, g is the

Landé factor, NA and µB are the Avogadro number and the Bohr magneton, respectively.

From the linear fit of K⊥(T ) versus χ⊥(T ) (the temperature is an implicit parameter) (see

Fig. 4.8b) the hyperfine coupling constant is estimated to be AEu = -1.9×107 A/m per µB.

This value of A is almost 60 times larger than the one reported for NdFeAsO0.85F0.15 [163].

The reason for the much stronger hyperfine coupling in the 122 compound may be the smaller

interlayer distance d = 5.9713(3) Å in the 122 compounds as compared to the 1111 system

(d = 8.577 Å) and the more isotropic band structure [164]. The large value of the hyperfine

coupling constant, quantitatively determined from the present NMR data, provides direct

experimental evidence for a strong coupling between the Eu2+ localized moments and the

Fe1.9Co0.1As2 layers. This suggests that the magnetic exchange interaction between the lo-

calized Eu 4f moments is mediated by a RKKY type of mechanism (see Sec. 2.2.2) [139, 150],

leading to a high magnetic ordering temperature of the Eu2+ moments in EuFe2As2. On the

other hand, the strong interaction between the localized Eu2+ moments and charge carriers in

the Fe2−xCoxAs2 layers may cause pair breaking according to the Abrikosov-Gor’kov theory

[165], which may explain why it is difficult to obtain superconductivity in EuFe2−xCoxAs2.

4.2.2 Microscopic evidence for a possible electronic nematic phase

in EuFe1.9Co0.1As2

EuFe2As2 undergoes a tetragonal-orthorhombic (TO) (I4/mmm → Fmmm) structural

transition at the same temperature (190 K) as the SDW transition temperature of the Fe

moments occurs. While magnetism in the AFe2As2 (A = Ba, Sr, Ca, Eu) compounds has

already been observed by Mössbauer spectroscopy more than 15 years ago [139], the struc-

tural phase transition was observed only recently [158, 166, 167, 168, 169, 170, 171, 172, 173,

174, 175, 176]. The structural transition in BaFe2As2 [158, 166, 167, 168, 169, 170], SrFe2As2
[171, 172, 173, 174, 175], CaFe2As2 [176], and EuFe2As2 [173] was studied by several groups,

demonstrating that in the AFe2As2 (A = Ba, Sr, Eu) systems the SDW order is accompanied

by a structural phase transition. This suggests that the formation of the SDW state and

the lattice distortion are strongly coupled [177], in contrast to the undoped 1111 system,

in which the SDW transition is preceded by a TO phase transition [158]. This first-order

character of the structural phase transition was revealed by measurements of transmission

electron microscopy (TEM) [178]. In general, doping in iron-arsenides leads to a suppression

of the TO structural and SDW transition temperatures and the appearance of supercon-

ductivity [179, 180, 181, 182]. However, the manner how these transitions occur appears to

vary between systems. In CeFeAsO1−xFx the magnetic order is suppressed before supercon-

ductivity develops and superconductivity exists in the orthorhombic as well as in tetragonal
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phase [181], whereas in LaFeAsO1−xFx the orthorhombicity and magnetic order disappear

abruptly [180, 182] just as superconductivity develops. In addition, for BaFe2−xCoxAs2 the

orthorhombic transition and magnetic order persist to higher dopings and coexist with su-

perconductivity [168]. Hence, a detailed knowledge of the magnetic and structural phase

transitions and their interrelation is important to get a deeper understanding of the origin

of the SC state in the iron-arsenides.

It has been proposed that this structural distortion is driven by an electron nematic state

[183, 184, 185, 186] which could arise from AFM fluctuations [183, 184] or orbital ordering

[185, 186, 187, 188, 189]. While the structural anisotropy (the ratio of the in-plane lattice pa-

rameters a/b) is very small, the electronic structure in the AFM phase is highly anisotropic,

as manifested in first principles calculations [190, 191, 192, 193] and observed in experi-

ments [194]. A strong intrinsic anisotropy is considered to be a key component of a nematic

AFM state [195] and may play an important role for superconductivity [183, 188, 195]. Re-

cently, electrical resistivity measurements of detwinned undoped AFe2As2 (A=Ba, Ca) [196]

and Co-doped BaFe2−xCoxAs2 [197] single crystals revealed a dramatic in-plane anisotropy

below the structural phase transition temperature. This observation confirms that the or-

thorombic structural transition is of electronic origin.

The structural properties of single crystal EuFe1.9Co0.1As2 was studied by measuring

the rocking curves of the tetragonal (220) reflection at different temperatures using X-ray

diffraction. The reflection was measured as a function of angle ω with steps of 0.05◦ from

room temperature down to 140 K. At room temperature the full width at half maximum ∆ω

is 0.49◦ (Fig. 4.9). All measured (220) reflections were normalized to maximum intensity.

As illustrated in Fig. 4.9 the angle ω at which the (220) reflection occurs increases with

decreasing temperature, and the width ∆ω increases. Below 235 K the reflection starts to
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Figure 4.9: (Color online) Rocking curves of the tetragonal (220) reflection for single crystal

EuFe1.9Co0.1As2 at different temperatures. ∆ω represents the the full width at half maxi-

mum. The arrow indicates the splitting as a consequence of formation of twinned orthorhombic

domains.
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Figure 4.10: (Color online) Temperature dependence of the frequency (a) and the skewness (b) of the 75As

lower-satellite line for H ⊥ c of single crystal EuFe1.9Co0.1As2. Solid and dashed lines are

guides to the eye. The inset illustrates the 75As NMR lower-satellite line shape at 263 K for

H ⊥ c. After [157].

split, indicating the formation of orthorhombic domains as observed in other members of

the 122 system [171, 176]. The mechanism of the phase transition and the accompanying

twinning in the 122 systems is described in detail elsewhere [170, 178].

Since NMR is a very sensitive tool to study the local structure in a solid, it was also

used to study microscopically a structural phase transition in EuFe1.9Co0.1As2. For this

reason the temperature dependence of the frequency and the skewness (defined as the third

standartised moment) of the 75As lower-satellite line for H ⊥ c is presented in Fig. 4.10. The

inset of Fig. 4.10a illustrates a typical 75As-NMR spectrum of the low-frequency satellite at

263 K. The spectra exhibit an asymmetric lineshape in the investigated temperature range.

A change in the slope of the temperature dependence of the satellite line frequency can be

seen at 225 K as shown in Fig. 4.10a. In addition, with decreasing temperature the skewness

exhibits an increase down to 225 K, where it starts to decrease again (Fig. 4.10b). The slope

change in the temperature dependence of the frequency of the 75As lower-satellite line, the

maximum in the temperature evolution of the skewness as well as the splitting of the (220)
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reflection may be related to the appearence of a electronic nematic phase below Tn = 225 K

in EuFe1.9Co0.1As2.

In order to obtain more quantitative NMR results for a possible nematic phase, the

angular dependence of the full 75As NMR spectrum (central line and both satellite lines)

was measured at 181 K. The analysis of the angular dependence of the full NMR spectrum

using the diagonalization of the Hamiltonian [Eq. (3.18) in Sec. 3.2.2] yields the asymmetry

parameter η = 0.04(3). The slight increase of η suggests the lower symmetry of the As site

in a possible nematic phase. Note that this observation is the first evidence of a nematic

phase in EuFe2−xCoxAs2 using any microscopic tool.

As mentioned above, the parent compound EuFe2As2 undergoes a structural phase tran-

sition at 190 K lowering the symmetry from tetragonal to orthorombic, followed by an AFM

ordering of the Fe moments [139, 141]. According to the above NMR and single crystal

x-ray experiments, EuFe1.9Co0.1As2 exhibits a SDW transition at TSDW = 120 K. While the

nematic phase appears at 225 K, i.e. at much higher temperature. In other members of

the 122 family such as AFe2As2 (A = Ba, Sr, Ca) [168, 169, 175] the difference between Tn
and TSDW is not more than about 20 K. We note that the distinctive property of EuFe2As2
compared to it’s isostructural compounds AFe2As2 (A = Ba, Sr, Ca) is the fact that the

Eu2+ ions carry large local magnetic moments. Thus, the observed difference may be related

to the magnetic moment of Eu2+ and its strong coupling with the Fe1.9Co0.1As2 layers.

4.2.3 Anisotropic magnetic order of the Eu sublattice and its field

dependence in EuFe2−xCoxAs2 (x = 0, 0.2)

It is well established that the SDW state of the Fe moments is suppressed as a result of

Co doping. However, so far there was no clear picture how the ordering of the Eu spins devel-

ops with increasing Co concentration. Generally, it was assumed that in the 122 systems the

direction of the sublattice magnetization of the Eu2+ magnetic moments is strongly affected

by the magnetic behavior of the Fe atoms [141, 198, 199, 200, 201, 202]. Thus, it is important

to compare the magnetic properties of the Eu sublattice in EuFe2−xCoxAs2 without and with

Co doping in order to study the correlation between the ordering of the Eu2+ moments and

the magnetism of the Fe sublattice. This in turn is important to understand the interplay

between magnetism of localized moments and supercondcutivity in EuFe2−xCoxAs2.

We performed magnetic susceptibility and magnetization experiments on single crys-

tals of EuFe2−xCoxAs2 (x = 0, 0.2) to investigate the macroscopic magnetic properties of the

Eu sublattice [155]. These investigations provide information on the magnetic structure of

a single-crystal sample in magnetic fields applied along the principal axes. In addition, the

evolution of the magnetic structure as a function of the tilting angle between the magnetic

field and the crystallographic axes was studied by magnetic torque [203] measurements.

In Fig. 4.11 the results of the susceptibility and magnetization experiments are summa-

rized. They are discussed in terms of the phase diagram of the Eu2+ magnetic sublattice of

EuFe2As2 and EuFe1.8Co0.2As2 for H ⊥ c and H ‖ c.

For the parent compound EuFe2As2 four different magnetic phases were identified (see

Fig. 4.11a and b): paramagnetic (PM), antiferromagnetic (AFM), canted antiferromagnetic

(C-AFM), and ferromagnetic (FM). The determination of the corresponding transition tem-
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Figure 4.11: (Color online) Magnetic phase diagrams of single-crystal EuFe2As2 (a and b) and single-

crystal EuFe1.8Co0.2As2 (c and d) for H ⊥ c and for H ‖ c. The various phases in the

phase diagrams are denoted as follows: paramagnetic (PM), antiferromagnetic (AFM), canted

antiferromagnetic (C-AFM), ferromagnetic (FM). The solid lines are guides to the eyes. After

[155].

peratures and fields is described in Sec. III of Ref. [155]. The present experiments suggest

a C-AFM order of the Eu2+ spins in EuFe2As2 in the temperature range between 17 K and

19 K, while below 17 K an AFM structure is proposed. We suggest that at low tempera-

tures the system can be well described with a uniaxial model with easy plane and A-type

AFM order. By applying a magnetic field within the AFM phase, a transition from AFM

order via a canted configuration to a FM structure is observed. The critical magnetic field

Hcr(T ) at which the magnetic moment in the Eu sublattice saturates was determined at

different temperatures. The values of Hcr extrapolated to zero temperature were found to be

µ0Hcr,⊥(0) ≃ 0.85 T and µ0Hcr,‖(0) ≃ 1.5 T for H ⊥ c and H ‖ c, respectively. The magnetic

ordering of the Eu2+ moments at low temperatures is consistent with the magnetic structure

established by neutron diffraction at 2.5 K [141]. Note that in previous reports [150, 152] a

possible C-AFM state in the temperature range 17 K ≤ T ≤ 19 K was not discussed. To

our knowledge no neutron data for the magnetic configuration of the Eu sublattice in this

temperature range are available.

The corresponding magnetic phase diagrams for Co-doped EuFe1.8Co0.2As2 are shown

in Figs. 4.11c and d. The magnetic ordering temperature of ≃ 17 K is only about 2 K

lower as compared to the parent compound. However, in the Co-doped EuFe1.8Co0.2As2, no

signatures of a low-field and low-temperature AFM state of the Eu2+ moments was found.
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Only a C-AFM phase (with a dominant FM component in the ab-plane) is present at low

fields and low temperatures. The tilt angle from c-axis was estimated using the relation θ

= arctan(χ⊥/χ‖), where χ⊥ and χ‖ denote the susceptibilities for the field applied perpen-

dicular and parallel to the c-axis [155]. The experimental value is θ ≈ 60◦. The ordering

Figure 4.12: (Color online) Color map of τ/(µ0H
2) (in a.u.) for single crystal EuFe2As2 and single crystal

EuFe1.8Co0.2As2 as a function of angle θ and field H for T = 13 K, 17 K, and 20 K. The

dotted line in (a) is a fit according to Eq. (8) of Ref. [155]. Panels (a), (b), and (c) are the

data for EuFe2As2 at 13 K, 17 K, and 20 K, respectively, whereas (d), (e), and (f) are the

data for EuFe1.8Co0.2As2 at 13 K, 17 K, and 20 K, respectively. After [155].
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temperature TC−AFM decreases with increasing magnetic field (see Figs. 4.11c and d), sim-

ilar to the parent compound. µ0Hcr was determined for different temperatures, and the

extrapolated zero-temperature values were found to be: µ0Hcr,⊥(0) ≃ 0.43 T and µ0Hcr,‖(0)

≃ 0.58 T for H ⊥ c and H ‖ c, respectively. These values of µ0Hcr are much smaller

than those obtained for the parent compound. Moreover, the magnetic anisotropy γcr =

Hcr,‖(0)/Hcr,⊥(0) ≃ 1.35 of Co-doped EuFe1.8Co0.2As2 is also smaller than γcr ≃ 1.76 of the

parent compound.

The different magnetic phases for EuFe2As2 and EuFe1.8Co0.2As2 discussed above were

confirmed by magnetic torque experiments, where the anisotropy of the susceptibility was

directly probed. In Fig. 4.12 the scaled magnetic torque τ/(µ0H
2) for EuFe2As2 and

EuFe1.8Co0.2As2 is shown in a color map for the representative temperatures of 13 K, 17

K, and 20 K as a function of angle θ and field H. As seen in Fig. 4.12 the transition between

the different magnetic phases induced by the magnetic field appears abruptly along a clearly

angular dependent boundary line, demonstrating the anisotropy of this magnetically ordered

system. The shape of the angular dependence of the transition between the AFM and C-

AFM phase in the (H, θ) diagram was analyzed by Eq. (8) of Ref. [155] and represented by

the dashed line in Fig. 4.12a. It describes the experimental data rather well and is consistent

with the above magnetization data.

In order to explain long-range AFM ordering in EuFe2As2 one has to take into account

the conduction-electron-mediated RKKY interaction. However, the RKKY interaction alone

is not sufficient to explain the spin-canting in EuFe1.8Co0.2As2. Recently, the C-AFM struc-

ture was also observed in Eu(Fe0.81Co0.19)2As2 [204, 205]. In order to interprete the spin

canting, the model developed by Fert and Levy [50] was invoked. According to this model,

the enhancement of the anisotropy field may arise from an additional term in the RKKY

interaction, which is of the Dzyaloshinskii-Moriya (DM) type (see Sec. 2.2.3). It is due to

spin-orbit scattering of the conduction electrons by the non-magnetic impurities. However,

in the case of EuFe2−xCoxAs2 it is not clear whether Co atoms introduce such a spin-orbit

scattering. Hence, at present not enough arguments exist to apply the Fert-Levy interaction

to explain the spin canting in Co-doped EuFe2−xCoxAs2 [155, 204, 205].

Note that the present results for EuFe1.8Co0.2As2, which exhibits a SDW ground state

below 80 K, reveal a C-AFM structure of the Eu spins with a FM component in the ab-plane.

This finding confirms previous assumptions that for materials in which the Fe ions are in

the SDW ground state (such as EuFe2As2) the direction of the Eu magnetic moments is in

the ab-plane [141, 198]. On the other hand, in the case of no magnetism in the Fe sublat-

tice, like in SC EuFe2−xCoxAs2 compounds, where the SDW state is totally suppressed, the

direction of the Eu magnetic moments is parallel to the c-axis [199, 200, 201, 202]. These

observations imply that the magnetic configuration of the Eu moments is strongly influenced

by the magnetic moments of the Fe-sublattice.

We note that recently in the system Eu(Fe0.81Co0.19)2As2 field-induced (FI) supercon-

ductivity was observed when the magnetic field is applied parallel to the ab-plane [204].

Interestingly, FI superconductivity appears at the field where the field induced reorientation

of the Eu magnetic moments takes place [205]. This indicates a strong correlation between

superconductivity and Eu magnetism in EuFe2−xCoxAs2. Different possible mechanisms for

FI superconductivity are discussed in the literature [204, 205].
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4.2.4 Chemical and hydrostatic pressure effects in EuFe2(As1−xPx)2

Isovalent P substitution on the As site in EuFe2As2 without introducing holes or elec-

trons simulates a condition generally referred to as “chemical pressure”. Interestingly, in

contrast to the Co-doped system EuFe2−xCoxAs2, in P substituted EuFe2(As1−xPx)2 bulk

superconductivity was observed by resistivity, magnetization, and specific heat measure-

ments [149]. This might be related to the findings of ARPES experiments [206] that in

p- and n-type doped and chemically pressurized Fe-HTSs there are different ways in which

the nesting conditions can be reduced causing the destabilization of AFM order and the

appearance of the SC state. One of the important and controversially discussed issues in

EuFe2(As1−xPx)2 is the interplay between superconductivity and Eu FM ordering. A coexis-

tence of bulk superconductivity and FM ordering of the Eu magnetic moments below 20 K in

polycrystalline samples of EuFe2(As0.7P0.3)2 was discussed by Ren et. al. [207]. Subsequent

magnetic Compton scattering experiments on similar polycrystalline material indicated com-

petition between the two phenomena [208]. Recently, Jeevan et al. [149] reported the phase

diagram for single crystalline EuFe2(As1−xPx)2. According to this report superconductivity

was only found in a very narrow range of P content x (0.16 ≤ x ≤ 0.22), where the SDW

state is suppressed. Superconductivity with a zero resistivity state was also observed for

EuFe2As2 under an applied pressure p [147, 209]. Similar to the case of P substitution,

superconductivity covers only a narrow pressure range of 2.5-3.0 GPa.

Since this issue is still under debate we decided to perform chemical and hydrostatic

pressure experiments on well characterized EuFe2(As1−xPx)2 samples. For this reason de-

tailed magnetization and µSR experiments in EuFe2As2−xPx (x = 0, 0.12, 0.2, and 1) were

performed. One P substituted sample EuFe2(As0.88P0.12)2 was also studied under hydrostatic

pressure p. µSR experiments provide reliable measurements of Tc, TSDW, TEu (magnetic or-

dering temperature of Eu), and the size of the ordered moment as a function of p and x.

Consequently, the SC and magnetic phase diagrams with respect to x and p are determined

from these experiments. The present results are compared with previous high pressure stud-

ies on the parent compound EuFe2As2 [146, 147]. The combined results are discussed in

terms to the relation of x and p.

Among the studied samples, the one with x = 0 is single crystalline, and all the P

substituted compounds are pollycrystalline [157, 210]. The crystal structure for all the sam-

ples EuFe2(As1−xPx)2 (x = 0, 0.12, 0.2, and 1) at room temperature was refined with the

tetragonal ThCr2Si2 structure [210, 211]. Importantly, no obvious secondary phase could be

detected [210].

The temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC) mag-

netic susceptibility (χ = M/H) for EuFe2(As1−xPx)2 (x = 0.12, 0.2 and 1) in a magnetic

field of µ0H = 2 mT, measured with a commercial SQUID magnetometer (Quantum Design

MPMS-XL), is shown in Fig. 4.13. For all the P substituted samples an obvious divergence

between χZFC and χFC is seen at low temperatures, which is not the case for x = 0 [140, 157],

for which AFM order of Eu2+ was reported. These results are consistent with previous mag-

netizaton studies [212], suggesting that the coupled Eu2+ spins form canted AFM (C-AFM)

state (i.e., AFM with a net FM component along the c-axis) in EuFe2(As1−xPx)2 (x = 0.12,

0.2) and a FM state in EuFe2P2. The C-AFM and FM structure of the Eu-sublattice in

EuFe2(As1−xPx)2 (x = 0.12, 0.2, 1) is different from the planar antiferromagnetism seen in
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the parent compound EuFe2As2 [140, 157], suggesting a delicate interplay between the Eu 4f

and transition metal 3d electrons. Notice that no indication of superconductivity was seen

for x = 0.2 from the present magnetization measurements. This is in contrast to a previous

report revealling superconductivity in EuFe2(As1−xPx)2 [149] for 0.16 ≤ x ≤ 0.22, where

the SDW transition is suppressed. Absence of superconductivity in the present case might

be due to the fact that in our sample with x = 0.2 the SDW state is still not completely

suppressed as seen from µSR experiments [210].

Magnetization measurements were performed also under hydrostatic pressures up to p

= 5.6 GPa by using a diamond anvil cell (DAC) filled with Daphne oil which served as a

pressure-transmitting medium [213, 214]. Hydrostatic pressure was used to tune physical

properties of one of the P substituted sample EuFe2(As0.88P0.12)2. The sample with x =

0.12 was chosen for the following reason: According to the SC phase diagram reported for

EuFe2As2 as a function of chemical pressure the sample with x = 0.12 is close to the region

of the phase diagram where superconductivity appears. By applying hydrostatic pressure

the SC phase might be reachable.

Furthermore, the system EuFe2(As1−xPx)2 at ambient and at applied pressures was also

studied by means of ZF-µSR experiments. The maximum pressures reached was 2.0 GPa,

using a double wall piston-cylinder type of cell made of MP35N material, especially designed

to perform µSR experiments under pressure [215]. As an example, ZF-µSR time spectra for

the single crystal sample EuFe2As2 and for the polycrystalline samples EuFe2(As1−xPx)2 (x
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Figure 4.13: (Color online) Temperature dependence of the ZFC and FC magnetic susceptibility for the

samples EuFe2(As1−xPx)2 (x = 0.12, 0.2, 1) measured in a magnetic field of µ0H = 2 mT.

The inset illustrates the temperature dependence of the difference of both susceptibilities

(χFC-χZFC). The arrows mark the magnetic ordering temperatures of the Eu2+ moments.

After [210].
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Figure 4.14: (Color online) ZF-µSR spectra for EuFe2(As1−xPx)2 (x = 0, 0.12, 0.2, 1) recorded for three

different temperatures: T < TEu, TEu < T < TSDW, and T > TSDW. The solid lines represent

fits to the data, as described in [210]. After [210].

= 0.12, 0.2, 1) are shown in Fig. 4.14, recorded at ambient pressure for three different tem-

peratures: T < TEu, TEu < T < TSDW, and T > TSDW. The slowly relaxing non-oscillating

signal for T > TSDW signifies the paramagnetic state of the samples. The observation of

well-defined spontaneous muon spin precession at low temperatures indicates the magnetic

order of Eu and Fe moments. Note that for the compounds with x = 0, 0.12, and 0.2 only

one µSR frequency is visible. However, for x = 1 the µSR signal reveals two distinct com-

ponents with well defined local magnetic fields at the muon sites. One with B1
µ ≃ 1.08 T

corresponding to ≃ 70% of the signal and other one with B2
µ ≃ 1.37 T corresponding to ≃

30% of the signal. The details of the ZF-µSR data analysis at ambient and applied pressures

are described in Ref. [210]. From the analysis of the µSR signal the following important

parameters are extracted:

a) The internal magnetic field at the muon site Bµ. It is proportional to the magnitude of

the ordered moment and thus to the magnetic order parameter.

b) The relative weights of the magnetic fractions in the sample.

c) The depolarization rates λT and λL, characterizing the damping of the oscillating and

nonoscillating part of the µSR signal, respectively.

The SDW ordering of the Fe moments was observed by the appearance of Bµ below

TSDW. The magnetic ordering of Eu was manifested as an additional increase of Bµ below

TEu [210]. The magnetic ordering temperatures of Eu and Fe are also clearly visible in the
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transverse and longitudinal relaxation rates λT and λL, which show a clear maximum at TEu
and TSDW [210].

In Figs. 4.15 and 4.16 the results of the magnetization and µSR experiments are sum-

marized. Fig. 4.15a shows the (x-T ) phase diagram for the system EuFe2(As1−xPx)2. The

(p-T ) phase diagram of EuFe2(As0.88P0.12)2 is plotted in Fig. 4.15b. In Fig. 4.16 the internal

magnetic fields B1
µ,Eu and Bµ,SDW probed by the muons in the Eu ordered and in the SDW

state and the low temperature value of the magnetic susceptibility χZFC(7 K) are plotted as

a function of x and applied pressure p.

By combining the above phase diagrams one obtains a coherent physical picture of

the system EuFe2As2 upon P substitution and on EuFe2(As0.88P0.12)2 under hydrostatic

pressure. An important finding is the observation of pressure-induced superconductivity in

EuFe2(As0.88P0.12)2, which coexists with AFM order of the Eu and SDW order of the Fe mo-

ments. Superconductivity appears only in the narrow pressure region of 0.36-0.5 GPa. The

presented phase diagrams in combination with the results obtained for the parent compound

under pressure [147, 209] allow us to draw the following conclusion on the relation between

chemical and hydrostatic pressure in EuFe2As2:

1) Both chemical and hydrostatic pressure suppress TSDW and Bµ,SDW(0) (zero-temperature

value of Bµ,SDW). However, the SDW ground state is differently affected by x and p. At all

applied pressures below p = 1.1 GPa long-range SDW order was observed, while in the case

of chemical pressure for x = 0.2 a disordered SDW phase exists. This may be related to the

fact that by chemical pressure considerably more disorder is introduced.

2) As evident in Fig. 4.15a, the ordering temperature TEu first decreases as a function of

x, reaches a shallow minimum at x = 0.12, and then increases. For a fixed P content of x

= 0.12 the ordering temperature TEu increases with pressures up to p = 5.6 GPa. Above

p = 5.6 GPa, however, TEu(p) decreases, accompanied by a possible valence change of the

Eu moments [216, 217]. In the parent compound EuFe2As2 a valence change was found at a

higher pressure p = 8 GPa.

3) The internal magnetic field B1
µ,Eu(0) in the Eu ordered state increases with increasing x

as well as by applying hydrostatic pressure (see Figs. 4.16a and b). Interestingly, a drastic

increase of B1
µ,Eu(0) was observed at x ≃ 0.2, where SDW is suppressed. Considering the

magnetization results, the increase of B1
µ,Eu

(0) may be ascribed to the appearance/growth of

the ferromagnetic component as a result of P substitution.

4) The low temperature value of the magnetic susceptibility χZFC (7 K) first increases with

increasing x and p. Above x = 0.2 and p = 1.1 GPa, at which the SDW state is suppressed,

it decreases (see Figs. 4.16a and b). This strongly suggests that the Eu magnetic order is

influenced by the moments of the Fe sublattice.

5) Pressure-induced superconductivity in P substituted EuFe2(As0.88P0.12)2 is observed in

the pressure range 0.36-0.5 GPa. This pressure range is narrower than p = 2.5-3.0 GPa for

the parent compound (see inset of Fig. 4.15b) [147, 209].

By considering the findings listed above the qualitative statement can be made that

the properties of EuFe2(As1−xPx)2 are similarly tuned by chemical and hydrostatic pressure.

These investigations reveal that the magnetic coupling between the Eu and the Fe sublattices

strongly depends on both chemical and hydrostatic pressure. One of the important aspects

of the present results is that it confirms the presence of superconductivity in the extremely

narrow pressure range in EuFe2(As1−xPx)2 (see inset of Fig. 4.15b). After our data had been
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Figure 4.15: (Color online) (a) (x-T ) phase diagram of EuFe2(As1−xPx)2. (b) (p-T ) phase diagram of

EuFe2(As0.88P0.12)2. The various phases in the phase diagrams and the corresponding transi-

tion temperatures are denoted as follows: paramagnetic (PM), spin-density wave (SDW) and

TSDW, magnetic ordering of Eu (MO) and TEu, SC phase and Tc. For clarity the inset in (b)

shows the SC phase present in a very narrow pressure range. After [210].
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Figure 4.16: (Color online) Zero-temperature values of the internal magnetic fields B1
µ,Eu and Bµ,SDW (see

text for an explanation) and the low-temperature value of the magnetic susceptibility χZFC(7

K) as a function of the P content x for EuFe2(As1−xPx)2 (a) and as a function of applied

pressure for EuFe2(As0.88P0.12)2 (b). After [210].

reported, the pressure experiments were also performed for x = 0.18 by another group [219].

Again superconductivity confined to a narrow pressure range was found. This implies that

the system EuFe2(As1−xPx)2 has an unique superconducting phase diagram. This is very

different than the respective phase diagram for BaFe2(As1−xPx)2, where superconductivity

is observed over a large pressure range. This might be related to the sophisticated interplay

between SDW, Eu magnetic order, and superconductivity in EuFe2(As1−xPx)2.

Note, that according to the obtained phase diagram (see Fig. 4.15a), suppression of the
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SDW state appears near x ≃ 0.23 at which the change of Eu magnetic order is observed

(see Fig. 4.16) [149, 210, 212]. Interestingly, at x ≃ 0.23 angular-resolved photoemission

spectroscopy (ARPES) has detected a change of the Fermi surface nesting properties with

chemical pressure [206]. Namely, the inner hole-like Fermi surface near the Γ point shrinks

to zero at x ≃ 0.23. On the other hand, by using a minimal multiband model, it has recently

been shown that the Fermi surface nesting has strong influence on the RKKY interaction

[220]. Hence, the change of the electronic structure most likely modifies the Eu RKKY inter-

action such that the Eu magnetism switches from AFM to FM ordering. Since FM ordering

is incompatible with superconductivity, this explains the fact that in EuFe2(As1−xPx)2 the

SC phase only exists in a very narrow range of P content (0.16 ≤ x ≤ 0.22) and hydrostatic

pressure.

4.3 The temperature and field dependence of the

magnetic penetration depth λ in optimally doped

Ba1−xRbxFe2As2

We also performed measurements of the magnetic penetration depth λ in the Fe-HTS

Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4) by using the µSR technique [221]. In this system the

spacer layer is provided by an alkali earth element Ba, forming non-magnetic layers, in con-

trast to the Eu based compounds discussed in the previous sections. Hence, only the SDW

ordering of the Fe moments is present in the parent compound BaFe2As2 [222]. By replacing

Ba with an alkali metal, such as K, Cs or Rb, the SDW state is suppressed and supercon-

ductivity appears [223]. This system allows to study the SC properties without influence of

magnetism and it has the highest Tc = 38 K among the 122 compounds. Moreover, several

disconnected Fermi-surface sheets contribute to superconductivity as revealed by ARPES

[224, 225, 226]. In addition, indications of multi-gap superconductivity in the related system

Ba1−xKxFe2As2 were obtained from the temperature dependence of λ by means of µSR [227]

and ARPES [224]. The temperature dependence of λ (see Sec. 2.3) reflects the topology of

the SC gap. The µSR technique provides a powerful tool to measure λ in type II supercon-

ductors [228].

Polycrystalline samples of Ba1−xRbxFe2As2 were prepared in evacuated quartz ampoules

by a solid state reaction method [221]. Powder x-ray diffraction analysis revealed that the

synthesized samples are single phase materials. The µSR experiments were performed at

the πM3 beamline of the Paul Scherrer Institute (Villigen, Switzerland), using the general

purpose instrument (GPS).

Figures 4.17a and b show the TF-µSR time spectra for Ba1−xRbxFe2As2 (x = 0.3, 0.4)

measured in an applied magnetic field of µ0H = 0.04 T above (45 K) and below (1.7 K)

the SC transition temperature Tc. Above Tc the oscillations show a small relaxation due to

the random local fields from the nuclear magnetic moments. Below Tc the relaxation rate

strongly increases due to the presence of a nonuniform local field distribution as a result

of the formation of a flux-line lattice (FLL) in the SC state. Magnetism, if present in the

sample, may enhance the muon depolarization rate and falsify the interpretation of the TF-
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µSR results. ZF-µSR experiments performed above and below Tc revealed no sign of either

static or fluctuating magnetism down to 1.7 K [221]. Moreover, no field induced magnetism

[229, 230, 231] was observed in the system Ba1−xRbxFe2As2 down to 1.7 K [221]. The ab-

sence of magnetism in Ba1−xRbxFe2As2 implies that the increase of the TF relaxation rate

below Tc is attributed entirely to the vortex lattice.

TF µSR data were analyzed by using the functional form [232]

P (t) = A exp
[

− (σ2
sc + σ2

nm)t
2

2

]

cos(γµBµt+ ϕ), (4.4)

where A denotes the initial assymmetry, σsc is the relaxation rate, characterizing the damp-

ing due to the formation of the FLL in the SC state. σnm is the nuclear magnetic dipolar

contribution to the relaxation, which was assumed to be constant over the entire tempera-

ture range in the analysis. Bµ denotes the internal field at the muon site, and ϕ is the initial

phase of the muon-spin ensemble. The temperature dependence of σsc for Ba1−xRbxFe2As2
(x = 0.3, 0.35, and 0.4) at µ0H = 0.04 T is shown in Fig. 4.18. Below Tc the relaxation rate

σsc starts to increase from zero due to the formation of the FLL.

For polycrystalline samples the temperature dependence of the London magnetic pen-

etration depth λ(T ) is related to the SC part of the Gaussian muon spin depolarization rate

σsc(T ) by the equation [233, 234]:

σ2
sc(T )

γ2µ
= 0.00371

Φ2
0

λ4(T )
, (4.5)

where γµ = 2π· 135.5MHz/T is the gyromagnetic ratio of the muon and Φ0 = h/2e ≃ 2.068

× 10−15 Vs is the elementary flux quantum.
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Figure 4.17: (Color online) Transverse-field µSR time spectra obtained at µ0H = 0.04 T above and

below Tc (after field cooling the sample from above Tc): (a) Ba0.7Rb0.3Fe2As2 and (b)

Ba0.6Rb0.4Fe2As2. The solid lines represent fits to the data by means of Eq. (4.4). After

[221].
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λ(T ) was calculated within the local (London) approximation (λ ≫ ξ) by the following

expression [53, 221, 232]:

λ−2(T,∆0,i)

λ−2(0,∆0,i)
= 1 +

1

π

∫ 2π

0

∫ ∞

∆(T,Φ)

(
∂f

∂E
)

EdEdΦ
√

E2 −∆i(T,Φ)2
, (4.6)

where f = [1 + exp(E/kBT )]
−1 is the Fermi function, Φ is the angle along the Fermi

surface, and ∆i(T,Φ) = ∆0,iδ(T/Tc)g(Φ) (∆0,i is the maximum gap value at T = 0).

The temperature dependence of the gap is approximated by the expression δ(T/Tc) =

tanh {1.82[1.018(Tc/T − 1)]0.51} [235], while g(Φ) describes the angular dependence of the

gap and it is replaced by 1 for both an s-wave and an s+s-wave gap, and | cos(2Φ)| for a

d-wave gap [236].

The temperature dependence of the penetration depth was analyzed using either a

single gap or a two-gap model which is based on the so-called α model [221, 235, 237, 238].

The results of the analysis for Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4) are presented in Fig. 4.19.

The dashed and the solid lines represent fits to the data using a s-wave and a s + s-wave

model, respectively. The two-gap s + s-wave scenario with a small gap ∆1 ≃ 2 meV and

a large gap ∆2 ≃ 6 meV, describes the experimental data remarkably well. A two-gap

scenario is in line with the generally accepted view of multi-gap superconductivity in Fe-

HTSs [224, 225, 227, 239, 240, 241]. Moreover, the gap to Tc ratio [2∆1(0)/kBTc=2.0(5) and

2∆2(0)/kBTc=5.8(6)] is similar in all the Fe-HTSs. This may give important hints for the

pairing mechanism leading to superconductivity in the Fe-HTSs.
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Abstract

A combination of X-ray diffraction, magnetization, and 75As nuclear magnetic resonance

(NMR) experiments were performed on single-crystal EuFe1.9Co0.1As2. The strength of the

hyperfine interaction between the 75As nuclei and the Eu2+ 4f states suggests a strong cou-

pling between the Eu2+ moments and the Fe1.9Co0.1As2 layers. Such a strong interlayer

coupling may be due to an indirect exchange interaction between the localized Eu2+ 4f

moments, mediated by the Fe 3d conduction electrons. Magnetic susceptibility as well as
75As-NMR measurements reveal a decrease of the SDW transition temperature to TSDW =

120 K as a result of Co-doping. A change of the slope in the temperature dependence of the

NMR frequency of the 75As lower-satellite line was observed at 225 K. At the same temper-

ature also a change of the satellite line shape was found. These changes of the NMR spectra

may be caused by the formation of a nematic phase below 225 K in EuFe1.9Co0.1As2.
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A combination of x-ray diffraction, magnetization, and 75As nuclear magnetic resonance (NMR) experiments

were performed on single-crystal EuFe1.9Co0.1As2. The strength of the hyperfine interaction between the 75As

nuclei and the Eu2+ 4f states suggests a strong coupling between the Eu2+ moments and the Fe1.9Co0.1As2

layers. Such a strong interlayer coupling may be due to an indirect exchange interaction between the localized

Eu2+ 4f moments, mediated by the Fe 3d conduction electrons. Magnetic susceptibility as well as 75As-NMR

measurements reveal a decrease of the SDW transition temperature to TSDW = 120 K as a result of Co doping.

A change of the slope in the temperature dependence of the NMR frequency of the 75As lower-satellite line was

observed at 225 K. At the same temperature also a change of the satellite line shape was found. These changes

of the NMR spectra may be caused by the formation of a nematic phase below 225 K in EuFe1.9Co0.1As2.

DOI: 10.1103/PhysRevB.83.144516 PACS number(s): 74.70.−b, 76.60.−k, 75.30.Fv, 61.50.Ks

I. INTRODUCTION

The discovery of superconductivity in iron-based arsenides
at temperatures up to 56 K1–7 has triggered extensive interest
in their physical properties and the underlying mechanism
of high-temperature superconductivity. The undoped parent
compounds adopt a tetragonal structure at room temperature,
which consists of [Fe2As2]2− layers separated by [Ln2O2]2+

(Ln = lanthanoide) layers8,9 or A2+ (A = Ca, Sr, Ba,
Eu) layers.10–13 At low temperatures, the parent compounds
undergo a structural phase transition from a tetragonal to an
orthorhombic phase, accompanied14 or followed15 by a spin
density wave (SDW) transition of the itinerant Fe moments.
The superconducting (SC) state can be achieved either by
electron or by hole doping of the parent compounds, leading
to a suppression of the SDW formation.6,16–18 The suppression
of the magnetic transition in connection with the simultaneous
formation of a SC state is reminiscent of cuprates and heavy
fermion systems, therefore suggesting that the SC state in these
systems is unconventional as well.

EuFe2As2 is a particularly interesting member of the iron
arsenide AFe2As2 (‘122’) family, since the A site is occupied
by a Eu2+ S-state (orbital moment L = 0) rare-earth ion with a
4f 7 electronic configuration with a total electron spin S = 7/2,
corresponding to a theoretical effective magnetic moment of
7.94 μB . Figure 1 shows the crystal structure of EuFe2As2.
This compound is built up by [FeAs]2− layers, separated
by layers of magnetic Eu2+ ions. EuFe2As2 exhibits both a
SDW ordering of the Fe moments and an antiferromagnetic
ordering of the localized Eu2+ moments below 190 K and
19 K, respectively. The presence of magnetic phase transitions
at 19 K and 190 K in EuFe2As2 was seen by Mössbauer
spectroscopy19 and is confirmed by neutron diffraction.20 In
contrast to the other ‘122’ systems, where the substitution
of Fe by Co leads to superconductivity,21,22 the compounds
containing Eu2+ exhibit the onset of a superconducting
transition but seem to be hindered to reach zero resistivity
at ambient pressure.23 Reentrant superconducting behavior
was also observed in a EuFe2As2 crystal under applied

pressure up to 2.5 GPa.24,25 Only above 2.8 GPa a sharp
resistive transition to a zero-resistivity state is achieved.25

Bulk superconductivity is also observed in EuFe2As2−xPx ,26,27

where isovalent P substitution of the As site acts as chemical
pressure on EuFe2As2. No superconductivity was detected in
EuFe2−xNixAs2,28 while superconductivity with a maximum
Tc ≃ 20 K was reported for BaFe2−xNixAs2.29 It was
suggested from different experiments28,30–32 that there is a
strong coupling between the localized Eu2+ spins and the
conduction electrons of the two-dimensional (2D) Fe2As2

layers. The study of the interaction between the rare-earth
Eu2+ magnetic moments and the conducting Fe2As2 layers is
important in order to understand why it is difficult to induce
superconductivity in Co-doped EuFe2−xCoxAs2.

In order to investigate the coupling between the Eu and

Fe1.9Co0.1As2 layers as well as to study the magnetic transi-

tions in EuFe1.9Co0.1As2, a combination of x-ray diffraction,

magnetization, and 75As nuclear magnetic resonance (NMR)

experiments were performed on single crystals. Magnetic

susceptibility as well as 75As-NMR measurements reveal

a decrease of the SDW transition temperature to TSDW =

120 K for EuFe1.9Co0.1As2. It was found that the 75As

NMR spectra are characterized by a negative frequency shift

with respect to the 75As-NMR Larmor frequency. This shift

is significantly larger than the one observed in BaFe2As2,

CaFe2As2, and SrFe2As2.33–36 The temperature dependence

of the shift follows a Curie-Weiss type behavior with a

Curie-Weiss temperature close to the one determined from the

magnetization data. The estimate of the hyperfine coupling

constant between the 75As nuclei and the Eu 4f states suggests

a strong coupling between the Eu2+ magnetic moments and

the Fe1.9Co0.1As2 layers.

II. EXPERIMENTAL DETAILS

Single crystals of EuFe1.9Co0.1As2 were grown out
of Sn flux. The chemical composition of the single
crystals was determined on freshly cleaved samples using

144516-11098-0121/2011/83(14)/144516(7) ©2011 American Physical Society
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FIG. 1. (Color online) Tetragonal crystal structure of EuFe2As2

at room temperature, consisting of [Fe2As2]2− layers separated by

Eu2+ layers.

wavelength-dispersive x-ray spectroscopy (WDS). The
obtained composition corresponds to the formula
EuFe1.9Co0.1As2 within the experimental error (±5%).
X-ray diffraction was performed on a single crystal of a size
of approximately 0.2 × 0.1 × 0.008 mm3 using a Bruker
diffractometer equipped with the APEX II CCD detector
(Bruker ASX). The data were analyzed using the APEX237

and SAINT38 software. The susceptibility measurements of
the crystals EuFe1.9Co0.1As2 were carried out with a SQUID
magnetometer (Quantum Design) in the temperature range
from 5 to 300 K in a magnetic field of 0.3 T applied parallel
(H ‖ c) and perpendicular (H ⊥ c) to the crystallographic
c-axis. The 75As-NMR experiments on a single crystal
(dimensions: 4 × 4 × 0.2 mm3) from the same batch were
performed in an external magnetic field of 9 T using a standard
pulse spectrometer. NMR-echo signals were recorded with
a frequency selective echo pulse sequence applying a
phase-alternating add-subtract accumulation technique. The
75As-NMR spectra were obtained by scanning the frequency in
discrete steps and integrating the spin-echo signal, yielding the
‘spin-echo intensity’. The spin-spin relaxation time T2 was de-
termined by measuring the spin-echo intensity as a function of
the delay time between the exciting and the refocusing pulse.

III. RESULTS AND DISCUSSION

A. Single crystal x-ray diffraction

X-ray diffraction experiments at room temperature revealed
a good quality of the EuFe1.9Co0.1As2 crystal. The average
mosaic spread was estimated to be ≃0.9◦. The lattice constants
for the tetragonal unit cell based upon the refinement of 689
reflections are a = b = 3.9104(1) Å, c = 11.9434(3) Å, V =

182.629(8) Å3. The average residual for symmetry equivalent
reflections is Rint = 4.63% and Rσ = 4.01%. The structure was
solved with XS39 and subsequent structure refinements were
performed with XL.40 Because of the almost equal number
of electrons, Co and Fe atoms were considered as one atom.
The final anisotropic full-matrix least-squares refinement on

TABLE I. Crystallographic and structure refinement parameters

of the single crystal EuFe1.9Co0.1As2. The diffraction study was

performed at 295(2) K using MoKα radiation with λ = 0.71073 Å.

The lattice is tetragonal, I4/mmm space group with Z = 2, atomic

coordinates: Eu on 2a (0, 0, 0), Fe/Co on 4d (0, 1/2, 1/4), As on

4e (0, 0, zAs). A full-matrix least-squares method was employed to

optimize F 2.

Empirical formula EuFe1.9Co0.1As2

Unit cell dimensions (Å) a = 3.9104(1)

c = 11.9434(3)

Volume (Å3) 182.629(8)

zAs (atomic coordinate) 0.6388(1)

hpn (Å) 1.3286

Calculated density (g/cm3) 7.519

Absorption coefficient (mm−1) 42.512

Absorption correction type Numerical

(from face indices)

F(000) 362

Crystal size (μm3) 200 × 100 × 8

Theta range for data collection (deg) 3.41 to 43.92

Index ranges −7 � h � 5

−5� k � 7

−22� l � 17

Reflections collected/unique 884/243 Rint = 0.0463

Completeness to 2� 97.2 %

Data/restraints/parameters 243/0/8

Goodness-of-fit on F2 1.333

Final R indices [I > 2σ (I)] R1 = 0.0270

ωR2 = 0.1020

R indices (all data) R1 = 0.0294

ωR2 = 0.1039

�ρmax and �ρmin (e/Å3) 4.538 and −3.776

F0
2 with eight variables converged at R1 = 2.70%. Further

details of the structure refinement are shown in Table I. No
additional phases (impurities, twins, or intergrowing crystals)
were detected by examination of the reconstructed reciprocal
space sections measured at room temperature (Fig. 2). In the
Co-substituted crystal the room-temperature lattice parameter
c is reduced and the lattice parameter a is increased relative

FIG. 2. The reconstructed hk0 reciprocal space section of the

single crystal EuFe1.9Co0.1As2.
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FIG. 3. (Color online) (a) Temperature dependence of the mag-

netic susceptibility measured in a field of μ0H = 0.3 T applied

parallel (H ‖ c) and perpendicular (H ⊥ c) to the crystallographic

c-axis of the single crystal EuFe1.9Co0.1As2. The measurements

were performed in the zero-field cooling mode. In addition, for

H ⊥ c the temperature dependence of the inverse susceptibility

1/χ⊥ is plotted. The solid line represents a fit to the data with the

Curie-Weiss law given in Eq. (1). (b) Temperature dependence of

χ⊥res(T ) = χ⊥(T )-χ⊥CW (T ) (see text for an explanation) in the single

crystal EuFe1.9Co0.1As2.

to the parent compound EuFe2As2 (a = b = 3.898(1) Å, c =

12.085(5) Å) which was also grown out of Sn flux.

B. Magnetic properties

Figure 3(a) shows the temperature dependence of the
magnetic susceptibility χ for the EuFe1.9Co0.1As2 crystal in an
applied field of μ0H = 0.3 T parallel (H ‖ c) and perpendicular
(H ⊥ c) to the crystallographic c-axis. The temperature depen-
dence of the inverse susceptibility for H ⊥ c is also shown.
Below 30 K, χ increases sharply, indicating ferromagnetic
coupling between the Eu2+ moments. Below 15 K, a sudden
decrease in the magnetic susceptibility for H ⊥ c (χ⊥) can
be seen, indicative for a transition to the antiferromagnetic
state of the Eu2+ moments. On the other hand, the magnetic
susceptibility for H ‖ c (χ‖) remains almost constant below
15 K. This suggests that the Eu2+ moments align in the ab

plane,41 similar as in the case of EuFe2As2.20 From 50 K to
120 K, χ⊥ is well described by the Curie-Weiss law:

χ⊥CW (T ) =
C

T + �
. (1)

Here C denotes the Curie-Weiss constant, and � the
Weiss temperature. Analyzing the data with Eq. (1) in
the temperature range from 30 K to 120 K yields C =

2.43(5) × 10−4 m3 K/mol and � = −21.34(7) K. The
Curie-Weiss C constant corresponds to an effective magnetic
moment of μeff = 8.7 μB , which is slightly larger than the
theoretical value of the magnetic moment of a free Eu2+

ion (μfree = 7.94 μB). The negative value of � infers that
the interaction between the Eu2+ moments is ferromagnetic.
Therefore, one can expect that the intralayer arrangement of
the Eu2+ spins is ferromagnetic as in the parent compound
EuFe2As2. A clear drop in the susceptibility at the SDW
transition temperature was observed in BaFe2As2.14 In the
case of EuFe2As2 the large signal from the Eu2+ spins makes
it impossible to directly observe the SDW anomaly. However,
after subtracting the Curie-Weiss contribution χ⊥CW (T) from
χ⊥(T), a small anomaly in χ⊥res(T) = χ⊥(T)-χ⊥CW (T) is
visible at around 120 K (Fig. 3(b)). This behavior resembles
that observed in EuFe2As2

42 and BaFe2As2
14 which was

ascribed to the SDW transition of the Fe moments.

C. Nuclear magnetic resonance

In this section we present 75As nuclear magnetic resonance
(NMR) studies in single crystal EuFe1.9Co0.1As2. NMR is a
powerful and extremely sensitive microscopic tool to probe
both, magnetism and the local structure in a solid. 75As has a
large quadrupolar moment (Q = 0.3 b) that interacts with the
local electric field gradient (EFG) in the crystal. The nuclear
spin Hamiltonian describing the interactions of the investigated
nucleus with the external magnetic field and the crystal electric
field gradient at the nuclear site is given by the expression

H = γh̄(1 + Kα)IαH0 +
hνQ

6
[(

3I 2
z − 1

)

+ η
(

I 2
x − I 2

y

)] . (2)

Here Kα (α = x, y, z) is the relative magnetic shift in the
α direction, Iα are the nuclear spin components, H0 is the
external magnetic field, γ is the gyromagnetic ratio, and νQ is
defined as

νQ =
3eQVzz

2I (2I − 1)h
, (3)

where Vzz denotes the major principal axis of the EFG tensor,
and η the EFG asymmetry parameter defined as η = (Vxx-
Vyy)/Vzz (0 � η � 1). We use the standard convention Vxx

� Vyy � Vzz. Since the principal axis of the EFG tensor as
well as the magnetic shift tensor are defined by the symmetry
of the nuclear site, the resonance frequency of a particular
nuclear transition depends on the field direction relative to the
crystalline axes.

In the absence of a static magnetic field, the remaining
term gives rise to double degenerate energy levels, between
which nuclear quadrupole resonance (NQR) transitions can be
induced. 75As has a nuclear spin I = 3

2
and thus two double

degenerate ± 1
2

and ± 3
2

energy levels. In the presence of a large

external magnetic field H0 a splitting of the 75As spectrum into
a central line, arising from the central transition (+ 1

2
,− 1

2
) and

two satellite lines due to the (± 1
2
,± 3

2
) transitions occurs. A

representative 75As NMR spectrum of the central transition at
295 K is shown in the inset of Fig. 4. In the paramagnetic state
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FIG. 4. (Color online) Solid stars represent the dependence of the
75As NMR central line frequency at 261 K on the angle θ between

the external magnetic field and the crystallographic c-axis of single

crystal EuFe1.9Co0.1As2. The solid line is a guide to the eye. Solid

squares represent the calculated frequencies as described in the text.

The inset illustrates the 75As NMR central line shape at 295 K. The

solid line represents a Gaussian fit.

(T > TSDW) lines with a full-width at half-maximum (FWHH)
of about 250 kHz (central line) and 500 kHz (satellite lines)
are observed.

Figure 4 presents the dependence of the 75As-NMR central
line position on the angle θ between the magnetic field
orientation and the c-axis at 261 K (tetragonal phase). For
all orientations of the magnetic field with respect to the c-axis
the line positions show a strong negative shift relative to the
corresponding 75As Larmor frequency of 65.9 MHz at 9 T.
75As has four nearest-neighbor Fe atoms, and lies just above
or below the Fe plane (see Fig. 1). In the tetragonal phase its
site symmetry requires uniaxial symmetry along the c axis for
the EFG tensor (η = 0) and the K tensor. The analysis of the
angular dependence of the frequency of the central line using
the diagonalization of the Hamiltonian [Eq. (2)] yields Kab =

−0.0372(2), Kc = −0.0456(3), and νQ = 7.39(24) MHz with
η set to be zero.

Figure 5(a) shows the temperature dependence of the
spin-spin relaxation rate 1/T2 of the central line of the 75As
NMR spectrum for H ‖ c. 1/T2 exhibits a Curie-Weiss–like
temperature dependence down to 120 K. This shows that the
75As nuclei interact with the localized Eu-4f moments. A
reduction of 1/T2 is observed at 120 K, which reflects the
slowing down of the Fe spin fluctuations due to the SDW
ordering of the Fe moments. A similar behavior across the
SDW transition was also reported for spin-lattice relaxation
measurements in AFe2As2 (A = Ba, Ca, Sr).33–35 However,
in contrast to these findings, in our case 1/T2 increases again
upon further cooling. This increase reflects the dominant Eu2+

contribution in the spin-spin relaxation process. The SDW
transition below 120 K is also reflected in the temperature
dependence of the NMR linewidth as shown in Fig. 5(b). In
addition, we observed a so-called wipeout phenomenon of the
central line intensity with decreasing the temperature across
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FIG. 5. (Color online) (a) Temperature dependence of the spin-

spin relaxation rate 1/T2 of the 75As central line of the single crystal

EuFe1.9Co0.1As2 for H ‖ c. The solid line represents the Curie-Weiss

law, and the dashed line is to guide to the eye. (b) Temperature

dependence of the linewidth (FWHM) and the wipeout fraction F

(inset) for H ‖ c. Solid lines are guides to the eye.

the SDW transition. The temperature dependence of the wipe-
out fraction, defined as F = [A1(295 K) − A1(T )]/A1(295 K)
is displayed in the inset of Fig. 5(b). The wipeout fraction is
a measure for an unobserved signal intensity,43,44 A1 = I · T ,
where I represents the NMR echo intensity, corrected for the T2

echo decay and integrated over the full central line. A sudden
increase in the wipeout fraction and a pronounced broadening
(Fig. 5(b)) of the 75As central line can be clearly seen below
120 K. The decrease of 1/T2, the pronounced broadening of
the 75As central line, and the sudden jump of the wipeout
fraction are caused by the appearance of inhomogeneous
internal magnetic fields in the SDW phase.

Next we describe the determination of the hyperfine cou-
pling strength between the 75As nuclei and Eu2+ 4f moments.
For this reason we measured the temperature dependence of the
magnetic shift K of the central line of the 75As NMR spectrum.
Since for this temperature range νQ is almost constant, as it
will be shown below and η is very close to zero, the observed
temperature dependence of the central line frequency is fully
determined by the temperature behavior of K. In Fig. 6(a)
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FIG. 6. (Color online) (a) Temperature dependence of the 75As

magnetic shift in a single crystal EuFe1.9Co0.1As2 for H ‖ c and

H ⊥ c. The inset shows the inverse of the temperature dependent

part of the shift -1/K⊥ as a function of T. The dashed lines represent

the Curie-Weiss behavior. (b) Plot of −K⊥ vs. χ⊥ as obtained from

the susceptibility measurements. The solid line is a linear fit.

we present the temperature dependence of the shift K in the
temperature range from 100 and 300 K for H ‖ c (K‖ = Kc)
and H ⊥ c (K⊥ = Kab). Compared to the magnetic shift data
for AFe2As2 (A = Ba, Ca, Sr),33–36 our observed shifts are
significantly larger, negative, and show a completely different
temperature dependence. The temperature dependence of the
relative magnetic shift K above 117 K is well described by a
Curie-Weiss–like behavior for both directions of the magnetic
field H:

K(T ) = K0 +
CK

T + �
. (4)

The inset of Fig. 6(a) presents the inverse of the temperature
dependent part of the shift for H ⊥ c as a function of
temperature. Below the SDW transition TSDW = 120 K the
data deviates from the Curie-Weiss behavior. This deviation
can be understood when considering that above TSDW both
the Eu and Fe sublattices are in the paramagnetic state, and

both contribute to the shift, while below TSDW only the Eu2+

moments contribute. An analysis of the data for H ⊥ c using
Eq. (4) yields � = −18.9(9) K, K0 = 0.17(25)%. The value
of � is in fair agreement with the value � = −21.34(7) K
determined from the magnetic susceptibility measurements.
This suggests that the Curie-Weiss part of the shift arises from
the hyperfine coupling between the 75As nuclei and the Eu2+

4f moments. The remaining constant part of the shift K0

could be related to the coupling of 75As with the itinerant 3d

electrons in the Fe2As2 layer, including an orbital shift.
However, the value of K0 is a factor two smaller than the
total 75As magnetic shift reported for BaFe1.8Co0.2As2.36 The
contribution of Eu to the magnetic shift KEu can be related
to the susceptibility χEu of the localized Eu 4f moments as
follows:

KEu =
AEu

gNAμB

χEu, (5)

where AEu is the 75As hyperfine coupling with the 4f

moments, NA and μB are the Avogadro number and Bohr
magneton, respectively. Figure 6(b) shows K⊥ versus χ⊥ with
the temperature as an implicit parameter. From the linear fit
of this data we can estimate a hyperfine coupling constant
AEu = −1.9×107 A/m per μB. This value of A is almost
60 times larger than the one reported for NdFeAsO0.85F0.15.45

It is known that the ‘1111’ compounds are more anisotropic
than the ‘122’ compounds.46 Therefore, the ‘1111’ systems
are treated as quasi-two-dimensional, while the ‘122’ systems
are regarded as three-dimensional systems. Moreover, the
distance between the rare-earth ion Eu2+ and the conduction
layers in EuFe1.9Co0.1As2 is d = c/2 = 5.9713(3) Å, which
is much smaller than in NdFeAsO0.85F0.15 (d = 8.577 Å).45

The smaller interlayer distance in the ‘122’ compounds as
compared to the ‘1111’ system and the more isotropic band
structure may be the reason for the much stronger hyperfine
coupling in the ‘122’ compound. The large value of hyperfine
coupling constant, quantitatively determined from the present
NMR experiment, provides direct experimental evidence for a
strong coupling between the Eu2+ localized moments and the
Fe1.9Co0.1As2 layers. This suggests that the magnetic exchange
interaction between the localized Eu 4f moments is mediated
by the itinerant Fe 3d electrons, i.e., via a Ruderman-Kittel-
Kasuya-Yosida (RKKY) type of mechanism19,28 leading to
a high magnetic ordering temperature of the Eu2+ moments
in EuFe2As2. It was shown that Co substitution induces su-
perconductivity in EuFe2−xCoxAs2 with a reentrant behavior
of resistivity due to the antiferromagnetic ordering of the
Eu2+ spins.23 Reentrant superconducting behavior was also
observed in a EuFe2As2 crystal under an applied pressure
up to 2.5 GPa.24,25 Moreover, while superconductivity with a
maximum Tc = 20 K has been reported for BaFe2−xNixAs2,29

no superconductivity was observed in EuFe2−xNixAs2.28 The
strong interaction between the localized Eu2+ moments and
charge carriers in the Fe2−xCoxAs2 layers may cause pair
breaking according to the Abrikosov-Gorkov theory,47 which
may be the reason why it is difficult to get superconductivity in
EuFe2−xCoxAs2.

Finally, we would like to discuss the temperature depen-
dence of the resonance frequency and the skewness of a 75As
lower-satellite line for H ⊥ c (see Fig. 7). A change in the slope
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FIG. 7. (Color online) Temperature dependence of the frequency

(a) and the skewness (b) of the 75As lower-satellite line for H ⊥ c.

The inset illustrates the 75As NMR lower-satellite line shape at 263 K

for H ⊥ c. Solid and dashed lines are guides to the eye.

of the temperature dependence of the satellite line frequency
can be seen at 225 K as shown in Fig. 7(a). The inset of Fig. 7(a)
illustrates a typical 75As-NMR spectrum of the low-frequency
satellite at 263 K. The spectra exhibit an asymmetric lineshape
in the investigated temperature range. We analyzed the
asymmetry of the satellite line shape at different temperatures
by calculating its skewness (see Fig. 7(b)), defined as the
third standardized moment. With decreasing temperature the
skewness exhibits an increase down to 225 K, where it starts to
reduce again. The slope change in the temperature dependence
of the frequency of the 75As lower-satellite line as well as the
maximum in the temperature evolution of the skewness may be
related to the appearance of a electronic nematic phase below
225 K in EuFe1.9Co0.1As2. Note that evidence for an electron
nematic phase transition was recently established in undoped
AFe2As2 (A = Ba, Ca)48 and Co-doped BaFe2−xCoxAs2

49

single crystals by means of in-plane anisotropy measurements
of the electrical resistivity.

In order to get more quantitative NMR results for a possible
nematic phase, the angular dependence of the full 75As NMR
spectrum (central line and both satellite lines) was measured
at 181 K. The dominant contribution to the magnetic shift
stems from the Eu2+ 4f moments (see above), and it is
acceptable to assume that this contribution does not have a
strong ab anisotropy. Therefore, we reduced the parameter set
to Ka = Kb = Kab, Kc, νQ, and η. Analysis of the angular
dependence of the full spectrum using the diagonalization
of the Hamiltonian [Eq. (2)] yields Kab = −0.059(1), Kc =

0.069(2), νQ = 7.51(17) MHz, and η = 0.04(3). The change
in νQ compared to the value νQ = 7.39(24) MHz obtained at
261 K in the tetragonal phase is small. The slight increase of
η may reflect the lower symmetry of the As site in a possible
nematic phase. However, further experiments are needed to
clarify the presence of a nematic phase in EuFe1.9Co0.1As2.
Resistivity measurements on detwinned50 single crystals could
provide more information by probing the in-plane electronic
anisotropy.

IV. SUMMARY AND CONCLUSIONS

In summary, the magnetic properties of a EuFe1.9Co0.1As2

single crystal were investigated by x-ray diffraction, mag-
netization, and 75As NMR experiments. It was found that
the temperature dependence of the 75As magnetic shift as
well as the spin-spin relaxation rate follow a Curie-Weiss
type behavior, implying that the 75As nuclei interact with the
localized Eu 4f moments in the Eu layer. A large value of
the hyperfine coupling constant between the 75As nuclei and
the Eu 4f moments suggests a strong coupling between the Eu
and Fe1.9Co0.1As2 layers. Due to such a strong interlayer cou-
pling the antiferromagnetic interaction between the localized
Eu2+ 4f moments is probably mediated by a Ruderman-Kittel-
Kasuya-Yosida (RKKY) type interaction. Evidence for a SDW
transition at 120 K was obtained from magnetic susceptibility
as well as from 75As-NMR measurements. A change of the
slope in the temperature dependence of the frequency of the
75As lower-satellite line is observed at 225 K. In addition, at
the same temperature also a maximum in the temperature be-
havior of the skewness is detected. These findings may indicate
a phase transition to an electron nematic state below 225 K.
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studied magnetic fields. However, unlike in the parent compound, no low-field and low-

temperature AFM state of the Eu2+ moments was observed in the doped EuFe1.8Co0.2As2.
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We present a combination of magnetization and magnetic torque experiments to investigate the magnetic orders

in undoped EuFe2As2 and Co-doped EuFe1.8Co0.2As2 single crystals. Although at low temperatures typical results

for an antiferromagnetic (AFM) state in EuFe2As2 were found, our data strongly indicate the occurrence of a

canted antiferromagnetic (C-AFM) order of the Eu2+ moments between 17 and 19 K, observed even in the lowest

studied magnetic fields. However, unlike in the parent compound, no low-field and low-temperature AFM state

of the Eu2+ moments was observed in the doped EuFe1.8Co0.2As2. Only a C-AFM phase is present at low fields

and low temperatures, with a reduced magnetic anisotropy as compared to the undoped system. We discuss

for both EuFe2As2 and EuFe1.8Co0.2As2 the experimentally deduced magnetic phase diagrams of the magnetic

ordering of the Eu2+ sublattice with respect to the temperature, the applied magnetic field, and its orientation

to the crystallographic axes. It is likely that the magnetic coupling of the Eu and the Fe sublattice is strongly

dependent on Co doping, having detrimental influence on the magnetic phase diagrams as determined in this

work. Their impact on the occurrence of superconductivity with higher Co doping is discussed.

DOI: 10.1103/PhysRevB.84.144506 PACS number(s): 74.70.Xa, 75.30.Gw, 75.30.Kz, 75.50.Ee

I. INTRODUCTION

The discovery of superconductivity in the iron-based
pnictides1 provided a new class of compounds to the high-
temperature-superconductor (HTS) family. Three main groups
of these iron-based superconductors are intensively studied:
the RFeAsO compounds with R = La-Gd (1111),1,2 the
ternary arsenides AFe2As2 with A = Ba, Sr, Ca, Eu (122),3

and the binary chalcogenides such as FeSe1−x (11).4 Similar
to the cuprate HTS’s, the undoped iron pnictides are not
superconducting (SC) at ambient pressure and undergo a
spin-density wave (SDW) transition at high temperatures.5 The
SC state in iron-based compounds can be achieved either under
pressure (chemical and hydrostatic)6–15 or by appropriate

charge-carrier doping of the parent compounds,16–18 both
accompanied by a suppression of the SDW state.

Here, we focus on EuFe2As2, which is a particularly

interesting member of the ternary system AFe2As2, since

the A site is occupied by a rare-earth Eu2+ S-state (orbital

moment L = 0) ion with a 4f 7 electronic configuration.

Eu2+ has a total electron spin S = 7/2, corresponding to

a theoretical effective magnetic moment of 7.94 μB. It is

the only known member of the 122 family containing 4f

electrons. In addition to the SDW ordering of the Fe moments

at TSDW ≃ 190 K, an antiferromagnetic (AFM) order of the

Eu2+ spins at TAFM ≃ 19 K was reported by Mössbauer

and susceptibility measurements.19–21 Recently, neutron

diffraction measurements were performed on EuFe2As2 and

the magnetic structure illustrated in Fig. 1 was established.5

This material exhibits an A-type AFM order of the Eu2+

moments, e.g., the Eu2+ spins align ferromagnetically in the

planes, while the planes are coupled antiferromagnetically.5,22

It was demonstrated that, by applying a high enough magnetic

field, the Eu2+ moments can be realigned ferromagnetically

in both the parent compound EuFe2As2 (Refs. 21 and 23) as

well as in the Co-doped system EuFe2−xCoxAs2 (x = 0.22).24

In addition, neutron diffraction measurements23 suggested

a canted AFM (C-AFM) structure of the Eu2+ moments in

EuFe2As2 at intermediate magnetic fields.

Co-substitution induces superconductivity in

EuFe2−xCoxAs2 with a reentrant behavior of resistivity

due to the AFM ordering of the Eu2+ spins.25 Reentrant

superconducting behavior was also observed in resistivity

experiments on EuFe2As2 under an applied pressure up to

2.5 GPa.14,15 However, only above 2.8 GPa, where a valence

change of the Eu ions from a divalent magnetic state (4f 7,

J = 7/2) to a trivalent nonmagnetic state (4f 6, J = 0) was

suggested to occur,7 a sharp transition to a zero-resistivity

state was observed.14 Bulk superconductivity was also

achieved in EuFe2As2−xPx ,7,26 where isovalent P substitution

of the As site induces chemical pressure in EuFe2As2. No

144506-11098-0121/2011/84(14)/144506(11) ©2011 American Physical Society
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FIG. 1. (Color online) Schematic illustration of the magnetic

structure of EuFe2As2. The Fe moments (red) form a SDW state,

whereas the Eu moments (blue) order ferromagnetically in the ab

plane and align antiferromagnetically along the c axis.

superconductivity was detected in EuFe2−xNixAs2,27 while

superconductivity with a maximum Tc ≃ 20 K was reported for

BaFe2−xNixAs2.28 It was suggested in various reports21,27,29,30

that there is a strong coupling between the localized Eu2+ spins

and the conduction electrons of the Fe2As2 layers. Recently,

the hyperfine coupling constant AEu between the 75As nuclei

and the Eu 4f states in EuFe1.9Co0.1As2 was quantitatively

determined from 75As nuclear magnetic resonance (NMR)

to be AEu = −1.9 × 107 A/mμB.31 This large value of AEu

indicates a strong coupling between the Eu2+ localized mo-

ments and the charge carriers in the Fe2As2 layers, and points

to a strong correlation between the ordering of the localized

magnetic moments and superconductivity in EuFe2−xCoxAs2.

It is well established that the SDW state of the Fe moments

is suppressed as a result of Co doping. However, at present,

there is no clear picture as to how the ordering of the Eu spins

develops with increasing Co concentration. Generally, it was

assumed that, in the 122 systems, the direction of the sublattice

magnetization of the Eu2+ magnetic moments is strongly

affected by the magnetic behavior of the Fe atoms.5,32–36 Thus,

it is important to compare the magnetic properties of the Eu

sublattice in EuFe2−xCoxAs2 without and with Co doping

in order to study the correlation between ordering of Eu2+

moments and the magnetism of the Fe sublattice. This, in turn,

is crucial to understand the interplay between magnetism of

localized moments and superconductivity in EuFe2−xCoxAs2.

In this paper, we present magnetic susceptibility, magneti-

zation, and magnetic torque experiments performed on single

crystals of EuFe2−xCoxAs2 (x = 0, 0.2). The goal of this

study is to investigate the macroscopic magnetic properties of

the Eu sublattice. Magnetic susceptibility and magnetization

investigations provide information on the magnetic structure

of a single-crystal sample in magnetic fields applied along

the principal axes. In addition, the evolution of the magnetic

structure as a function of the tilting angle of the magnetic field

and the crystallographic axis can be studied by magnetic

torque. This paper is organized as follows: Experimental

details are described in Sec. II. The results of the magnetic

susceptibility, the magnetization, and the magnetic torque

measurements are presented and discussed in Sec. III. In

Sec. IV, the magnetic phase diagrams of the Eu2+ sublattice

ordering with respect to magnetic field and temperature in

single crystals of EuFe2−xCoxAs2 (x = 0, 0.2) are discussed.

The conclusions follow in Sec. V.

II. EXPERIMENTAL DETAILS

Single crystals of EuFe2−xCoxAs2 (x = 0, 0.2) were

grown out of Sn flux.31 The magnetization measurements of

the EuFe2−xCoxAs2 (x = 0, 0.2) samples were performed

with a commercial SQUID magnetometer (Quantum Design
MPMS-XL) with the magnetic field H applied parallel (H ‖ c)

or perpendicular (H ⊥ c) to the crystallographic c axis.

The magnetic torque measurements were carried out using

a homemade torque sensor.37 The sample is mounted on a

platform hanging on piezoresistive legs. A magnetic field �H
applied to the sample having magnetic moment �m results in a

mechanical torque �τ = μ0 �m× �H . This torque bends the legs,

and thus creates a measurable electric signal proportional to the

torque amplitude. The temperature is controlled by an Oxford
flow cryostat, and the magnetic field is provided by a rotatable

resistive Bruker magnet with a maximum magnetic field of

1.4 T.

III. RESULTS

A. Magnetization measurements

1. Temperature dependence

The temperature dependence of the magnetic susceptibility

χ = M/H (here M is the magnetization determined as

magnetic moment per mol) for the crystal of EuFe2As2 in

a field of μ0H = 0.01 T for H ⊥ c and for H ‖ c is shown in

Fig. 2(a). In agreement with previous reports,20,21 the magnetic

susceptibility for H ⊥ c (χ⊥) and for H ‖ c (χ‖), determined

in the temperature range from 30 to 190 K (i.e., far above

TAFM ≃ 19 K of the Eu moments up to TSDW ≃ 190 K of the

Fe moments) is well described by the Curie-Weiss law

χ(T ) =
C

T − θCW

. (1)

Here, C denotes the Curie constant and θCW the Curie-Weiss

temperature. Analyzing the data in Fig. 2(a) with Eq. (1) yields

C = 1853(15)×10−7 m3 K/mol, θCW = 19.74(8) K for H ‖ c
and C = 2127(23)×10−7 m3 K/mol, θCW = 20.69(4) K for

H ⊥ c. The calculated effective magnetic moment is μeff ≃
7.6 μB for H ‖ c and μeff ≃ 8.3 μB for H ⊥ c. These estimates of

μeff are close to the theoretical value of the magnetic moment

of a free Eu2+ ion (μEu2+ = 7.94 μB). The positive value of

θCW for both H ‖ c and H ⊥ c is consistent with previous

magnetization measurements,20,21 indicating that the direct

interaction between the Eu2+ moments is ferromagnetic (FM).

This is in agreement with the magnetic structure of EuFe2As2

suggested by zero-field neutron diffraction measurements,5
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FIG. 2. (Color online) Temperature dependence of the magnetic

susceptibility measured at fixed magnetic fields applied perpendicular

(H ⊥ c) and parallel (H ‖ c) to the crystallographic c axis of

single-crystal EuFe2As2: (a) μ0H = 0.01 T; (b) μ0H = 0.3 T and

μ0H = 0.5 T (inset). The inset of panel (a) illustrates the tem-

perature dependence of the difference between both susceptibilities

(χd = χ⊥ − χ‖). The arrows mark the AFM and C-AFM ordering

temperatures of the Eu2+ moments, and TAFM,⊥ and TAFM,‖ refer to

the AFM ordering temperatures for H ⊥ c and H ‖ c, respectively. The

canted-AFM ordering temperature for H ⊥ c is denoted by TC-AFM,⊥.

revealing that the intralayer arrangement of the Eu2+ spins

is FM. The sharp increase of χ with decreasing temperature

below 30 K also indicates a FM coupling between the Eu2+

moments. The Eu moments align with respect to the Fe

moments along the a axis5 as illustrated in Fig. 1.

With decreasing temperature from 19 to 17 K, the suscep-

tibility χ⊥ of single-crystal EuFe2As2 decreases rapidly, and

below 17 K, the decrease of χ⊥ is less pronounced. On the

other hand, χ‖ decreases with decreasing temperature from

19 to 17 K and remains constant below 17 K. Moreover,

the values of χ⊥ and χ‖ at 19 K are substantially different

(χ⊥/χ‖ ≃ 1.33), already in a rather low magnetic field μ0H =
0.01 T [see Fig. 2(a)]. Note that within the classical picture

of an ideal antiferromagnet, the magnetic susceptibility χ in a

magnetic field perpendicular to the easy axis is constant, and

χ in a field parallel to the easy plane decreases linearly with

decreasing temperature. In addition, for an antiferromagnet,

the values of χ at the antiferromagnetic (AFM) transition

temperature are the same for both H ⊥ c and H ‖ c.22 The

inset of Fig. 2(a) illustrates the temperature dependence of the

difference between both susceptibilities χd = χ⊥ − χ‖. Note

that, below 19 K, the quantity χd decreases with decreasing

temperature and reaches zero at around 17 K. This behavior

of χd(T ) can be explained by invoking a transition from the

high-temperature paramagnetic state to a FM state or to a

C-AFM state at about 19 K. The transition from a FM or

a C-AFM to an AFM state of the Eu2+ spins occurs only

below 17 K. The pronounced increase of χ‖ above 17 K

indicates the appearance of a magnetic moment along the c

axis. Since χ‖ is smaller than χ⊥ in the FM/C-AFM state,

it is suggested that the ab plane is the easy plane of this

ordered state. In Fig. 2(b), the temperature dependences of χ⊥

and χ‖ of single-crystal EuFe2As2 in a magnetic field of 0.3

and 0.5 T (inset) are shown. Obviously, the AFM transition

temperatures for H ⊥ c (crossing point of χ⊥ and χ‖) and for

H ‖ c (temperature at which χ‖ starts to increase) are shifted

to lower temperature with higher magnetic field [see Fig. 2(a)

for comparison]. However, at μ0H = 0.5 T, the curves χ⊥

and χ‖ do not cross in the investigated temperature range,

indicating that the AFM state of the Eu2+ ions is suppressed

in EuFe2As2 in magnetic fields H ⊥ c exceeding μ0H ≃
0.5 T. For H ‖ c, the suppression of the AFM state occurs

in fields higher than μ0H ≃ 1.2 T since, above this field,

the susceptibility for H ‖ c is temperature dependent even

at temperature as low as 2 K [see Fig. 3(b)]. Importantly,

the magnetic field at which the magnetic moments of the

Eu sublattice saturate (i.e., the field at which the FM state

is reached) is much higher than the field of suppression of the

AFM state. This implies that a FM state appears in a magnetic

field higher than the field of suppression of antiferromagnetism

and that those two transitions are distinguishable. The peak in

the magnetic susceptibility at about 19 K in low fields (see

Fig. 2) can be associated with the transition from a PM to a

C-AFM state. This peak is shifted to lower temperatures with

applied magnetic field above μ0H ≃ 0.3 T for H ⊥ c and above

μ0H ≃ 0.5 T for H ‖ c [see Figs. 2(b) and 3(b)]. Finally, we

may conclude that a field-induced magnetic phase transition

from an AFM via a C-AFM configuration to a FM state takes

place below 17 K. Such a transition is visible even at the lowest

temperature of 2 K reached in our experiment.

The magnetization M(T ) in the FM state in the vicinity of

the Curie temperature TC can be described by the power law

M(T ) = M0

(

1 −
T

TC

)β̃

. (2)

Here, β̃ and M0 are empirical constants. Analyzing the data at

1.5 T with Eq. (2) yields TC = 27.2(1) K and β̃ = 0.39(1) for

both directions of the magnetic field [solid lines in the insets of

Figs. 3(a) and 3(b)]. It was found that TC increases gradually

with increasing applied magnetic field for H ⊥ c and H ‖ c.

By extrapolating TC(H ) to low fields, the zero-field value of
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FIG. 3. (Color online) Temperature dependence of the magnetic

susceptibility measured at fixed magnetic fields of single-crystal

EuFe2As2 for H ⊥ c (a) and H ‖ c (b). The arrows mark the canted

antiferromagnetic ordering temperature TC-AFM of the Eu2+ moments

in low fields. TC-AFM,⊥ and TC-AFM,‖ refer to the C-AFM ordering

temperatures for H ⊥ c and H ‖ c, respectively. The insets illustrate

the determination of TC using the power law given in Eq. (2).

TC was found to be ≃19 K. The present values of TC(H ) are

in agreement with those reported by Xiao et al.23

The temperature dependence of the magnetic susceptibility

for the Co-doped crystal of EuFe1.8Co0.2As2 in an applied

field of μ0H = 0.01 T for H ⊥ c and H ‖ c is presented

in Fig. 4. In the inset, the temperature dependence of the

difference between the susceptibilities for two field config-

urations χd = χ⊥ − χ‖ is shown. Analyzing the susceptibility

data above 30 K with Eq. (1) yields C = 2108(32)×10−7

m3 K/mol, θCW = 21.86(6) K for H ⊥ c and C =
1915(34)×10−7 m3 K/mol, θCW = 20.67(7) K for H ‖ c.

Again, θCW turns out to be positive. Like in the parent

compound, a sharp increase of χ below 30 K is observed,

which is attributed to the in-plane FM coupling between the

Eu2+ moments. Below 17 K, the susceptibility χ⊥ starts to

decrease with decreasing temperature, indicating the onset

of an AFM transition of the Eu2+ spins. On the other
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FIG. 4. (Color online) Temperature dependence of the magnetic

susceptibility measured in a field of μ0H = 0.01 T of single-crystal

EuFe1.8Co0.2As2 for H ⊥ c and H ‖ c. The arrows mark the canted

antiferromagnetic ordering temperature TC-AFM ≃ 17 K of the Eu2+

moments. In the inset, the difference between the susceptibilities for

the two different field configurations (χd = χ⊥ − χ‖) is plotted as a

function of temperature.

hand, χ‖ remains almost constant below 17 K. This suggests

that the Eu2+ moments align along the ab plane, similar

to undoped EuFe2As2. However, for EuFe2As2, the AFM

ordering temperature of the Eu2+ spins is about 2 K higher.

Below 17 K, χ⊥ is significantly larger than χ‖, even in

magnetic fields as low as μ0H = 0.01 T (see Fig. 4). Thus,

no crossing between χ⊥ and χ‖ is observed (inset of Fig. 4),

in contrast to the parent compound EuFe2As2 (see Fig. 2).

Furthermore, χ⊥ is temperature dependent even at the lowest

applied magnetic field. This is inconsistent with an AFM state

with an easy c axis. Hence, we suggest that, for all temperatures

below 17 K, the ground state of the coupled Eu2+ spins in

EuFe1.8Co0.2As2 is a C-AFM state with a FM component in the

ab plane. This implies that the magnetic configuration

of the Eu moments is strongly influenced by the magnetization

of the Fe sublattice. This is consistent with previous NMR

studies, revealing a strong coupling between the Eu and

Fe2−xCoxAs2 layers.31

The temperature dependences of χ⊥ and χ‖ at different

magnetic fields of single-crystal EuFe1.8Co0.2As2 are shown

in Fig. 5. Zero-field cooling (ZFC) and field cooling (FC)

susceptibilities χ⊥(T ) measured in an applied field of μ0H =
0.001 T are shown in the inset of Fig. 5(a). Below 17 K, the ZFC

and FC curves deviate from each other, indicating the presence

of a C-AFM state of the Eu2+ moments. The data reveal a

decrease of the C-AFM ordering temperature TC-AFM with

increasing magnetic field for both field orientations, similar

as for the parent compound EuFe2As2. However, the values

for TC-AFM for EuFe1.8Co0.2As2 are substantially smaller than

those for EuFe2As2.

2. Field dependence

The susceptibility investigations of the preceding sec-

tion clearly demonstrate that the system EuFe2−xCoxAs2
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FIG. 5. (Color online) Temperature dependence of the ZFC

magnetic susceptibility measured at various fixed magnetic fields of

single-crystal EuFe1.8Co0.2As2 for H ⊥ c (a) and H ‖ c (b). The arrows

mark the canted antiferromagnetic ordering temperature TC-AFM of the

Eu2+ moments in low magnetic fields. TC-AFM,⊥ and TC-AFM,‖ refer to

the C-AFM ordering temperatures for H ⊥ c and H ‖ c, respectively.

In the inset of (a), χ⊥(T ) for FC and ZFC in an applied field of μ0H =

0.001 T is plotted. The inset of (b) shows the approximation of M‖(T )

in μ0H = 0.8 T by the power law (solid curve) given in Eq. (2).

(x = 0, 0.2) shows a rich variety of magnetic phases.

In order to explore in detail the various magnetic field-

induced phases, magnetization experiments were also per-

formed as a function of the applied magnetic field at different

temperatures.

The field dependence of the magnetization of single-crystal

EuFe2As2 at different temperatures for H ⊥ c is shown in

Fig. 6. In the inset, the low-field magnetization M⊥ at 5 K is

shown. M⊥ increases almost linearly with increasing magnetic

field H up to μ0H ≃ 0.45 T, where a sudden increase of

M⊥ appears. Then, M⊥ further increases with increasing H ,

and finally saturates for μ0H � 0.8 T. The value of the

saturation magnetization corresponds to an effective magnetic

moment of 6.8 μB/f.u., which is close to gμBS = 7 μB/f.u.

expected for Eu2+ moments. This result suggests that there is
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FIG. 6. (Color online) Field dependence of the magnetization at

various temperatures of single-crystal EuFe2As2 for H ⊥ c. The inset

shows the low-field M⊥ data at 5 K, illustrating the metamagnetic

(MM) transition marked by the arrow.

a metamagnetic38,39 (MM) transition at μ0HMM ≃ 0.45 T at

5 K in EuFe2As2, consistent with previous observations.20,21

Such a metamagnetic transition is characteristic for A-type

antiferromagnetism in layered systems as, e.g., Na0.85CoO2

(Ref. 38) and La2−xSr1+xMn2O7.40 Figure 6 shows that the

MM transition shifts toward lower fields with increasing

temperature. The values of the magnetic field at which the

MM transition occurs is in agreement with the results obtained

from the susceptibility for the AFM to C-AFM transition.

Thus, we propose that the MM transition corresponds to

the onset of a spin-flop transition22 from an AFM to a

C-AFM state in EuFe2As2. However, no MM transition for

H ⊥ c is detected in EuFe1.8Co0.2As2 [Fig. 7(a)]. Both

M⊥ and M‖ first increase almost linearly with increasing

H and then saturate at higher fields (Fig. 7). The absence

of a MM transition in EuFe1.8Co0.2As2 is consistent with

the susceptibility measurements presented above, suggesting

that the Eu2+ moments exhibit a C-AFM ground state

even at very low H . This conclusion is also supported

by magnetic hysteresis measurements at 5 K performed in

magnetic fields up to 0.5 T. As demonstrated in the inset

of Fig. 7(a), the field dependence of M⊥ at 5 K shows a

well-developed hysteresis for EuFe1.8Co0.2As2, in contrast

to the parent compound EuFe2As2 where no hysteresis is

observed.

Obviously, the presented susceptibility and magnetization

measurements reveal a complex and rather sophisticated

interplay of magnetic phases in the EuFe2−xCoxAs2 system.

Additional information on the complex magnetic phases in

EuFe2−xCoxAs2 is obtained from angular-dependent magnetic

torque studies presented in the next section.

B. Magnetic torque

In low magnetic fields, the Eu2+ magnetic moments prefer

to order antiferromagnetically in EuFe2As2. High magnetic

fields reorient the magnetic moments, leading to various
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FIG. 7. (Color online) Field dependence of the magnetization at

low temperatures of single-crystal EuFe1.8Co0.2As2 for H ⊥ c (a) and

H ‖ c (b). The saturation field Hs at 2 K is marked by arrows. The

inset of (a) shows the field dependence of M⊥ for EuFe2As2 and

EuFe1.8Co0.2As2 at 5 K.

magnetic field-induced phases. Magnetic torque allows us to

investigate multiple aspects of magnetic order as a function

of the magnetic field with respect to the principal axes.

Whereas magnetization provides direct information on the

magnetic moment oriented along the field, magnetic torque

directly probes the anisotropy of the susceptibility in magnetic

systems.

The angular dependence of the magnetic torque τ of single-

crystal EuFe2As2 measured at 13 K in various magnetic fields

is presented in Fig. 8(a). In Fig. 8(b), the same data are plotted

in terms of τ/(μ0H
2). The torque data below 0.3 T are of

sinusoidal shape, following the simple angular dependence

for a uniaxial antiferromagnet41:

τ (θ ) = −V
(χ⊥ − χ‖)

2
μ0H

2 sin(2θ ). (3)

Here, θ denotes the angle between the field H and the

crystallographic c axis, V is the volume of the sample,

and χ⊥ and χ‖ are the magnetic susceptibilities for H ⊥ c

and for H ‖ c, respectively. Above 0.3 T, the shape of
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FIG. 8. (Color online) (a) Angular-dependent magnetic torque τ

of single-crystal EuFe2As2 at 13 K in various magnetic fields. For

clarity, not all measured data are shown. (b) Angular dependence of

the quantity τ/(μ0H
2). The dashed arrows denote the direction of

increasing magnetic field.

the torque signal changes drastically (see Fig. 8). For θ ≃
90◦(H almost parallel to the ab plane), an additional torque

signal appears, with an opposite sign relative to the AFM

torque. Upon increasing the magnetic field, this additional

signal rises steeply and leads to a sign change of the torque

signal for all angles θ . A similar behavior was observed in

RbVBr3 (Ref. 42) and was interpreted as the appearance

of a weak field-induced magnetic moment. This additional

contribution to the torque signal observed here is substantially

larger than the AFM torque signal. This is consistent with the

magnetization data (see Sec. III A), from which the presence

of a C-AFM phase was concluded above 0.3 T at 13 K.

The sign change of the torque signal is in agreement with

the sign change of the quantity χd = χ⊥ − χ‖, which was

interpreted as a signature of a transition to a C-AFM state

of the Eu2+ magnetic moments. It was shown previously29

that EuFe2As2 exhibits a weak in-plane anisotropy. Since

the in-plane anisotropy is much weaker than the out-of-

plane anisotropy, this system can be treated approximately
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FIG. 9. (Color online) Magnetic torque τ (a) and the quantity

τ/(μ0H
2) (b) as a function of the angle θ of single-crystal EuFe2As2

in various magnetic fields at 20 K. The dashed arrows denote the

direction of increasing magnetic field.

as a uniaxial anisotropic antiferromagnet. However, even a

small in-plane anisotropy may lead to discrepancies between

experimental results and theoretical predictions for a uniaxial

anisotropic ferromagnet. Particularly, the torque signal of the

AFM state shown in Fig. 8(a) is shifted by �θ ∼ 10◦ with

respect to one of the C-AFM state [see Fig. 8(b)]. A similar

phase shift �θ was observed in λ-(BETS)2FeCl4 (Ref. 43)

and interpreted as a change of the easy axis. However, here the

phase shift appears to indicate a crystallographic multidomain

state due to a twinning of the crystal in the AFM state.

Figure 9(a) shows the measured magnetic torque for the

same EuFe2As2 single crystal at 20 K, where, according to

the magnetization results, the AFM regime has disappeared.

Consistently, no AFM torque signal is observed. Instead, the

magnetic torque amplitude increases like H 2 and saturates at

higher H . Such a behavior is characteristic for a paramagnet.

Consistently, the quantity τ/(μ0H
2) plotted in in Fig. 9(b)

decreases with increasing field.

In Fig. 10, the scaled magnetic torque τ/(μ0H
2) for

EuFe2As2 and EuFe1.8Co0.2As2 is shown in a color map

for the representative temperatures of 13, 17, and 20 K as

a function of angle θ and field H . Note that τ/(μ0H
2) is

scaling according to the magnetic susceptibility. As seen in

Fig. 10(a), the low-field regime of undoped EuFe2As2 at 13 K

is dominated by the AFM state, whereas for higher fields,

the C-AFM state appears abruptly along a clearly angular-

dependent boundary line (dotted line), demonstrating the

anisotropy of this magnetically ordered system. At 17 K

[Fig. 10(b)], the AFM phase is not present, consistent with

the conclusions from the above susceptibility measurements.

At 20 K [Fig. 10(c)], the signal is clearly sinusoidal, con-

sistent with FM behavior. In order to induce a canting of a

planar antiferromagnetically ordered subsystem, the in-plane

component of the magnetic field H⊥ must overcome the

in-plane magnetization M⊥ in one of the two magnetic

sublattices

H⊥ � A · M⊥ = A ·
√

M2 − M2
‖. (4)

Here, M is the saturation magnetization of the magnetic

sublattice,M‖ its out-of-plane component, and A is a constant.

Taking into account

H⊥ = H sin(θ ),
(5)

M‖ = 1
2
χ‖H cos(θ ),

where χ‖ is the susceptibility of the total Eu2+ magnetic

sublattice, we obtain for the boundary condition

H 2 sin2(θ ) = A2
(

M2 − 1
4
χ2

‖ H 2 cos2(θ )
)

. (6)

Solving this equality for H yields the angle-dependent canting

field

Hcant(θ ) =
A · M

√

sin2(θ ) + 1
4
χ2

‖ A2 cos2(θ)
. (7)

Interestingly, the resulting Hcant(θ ) is analog to the expression

for the angular dependence of the upper critical field Hc2(θ ) in

a type-II superconductor.44 Hence, Eq. (7) can be simplified

according to

Hcant(θ ) =
Hcant,⊥

√

sin2(θ ) + γ −2
cant cos2(θ )

, (8)

where Hcant,⊥ = Hcant(90◦) is the in-plane canting field,

γcant = Hcant,‖/Hcant,⊥ its anisotropy parameter, and Hcant,‖ =
Hcant(0

◦) the out-of-plane canting field. This shape of the

angular dependence of the transition between the AFM and

C-AFM phases in the (H , θ ) diagram is represented by the

dashed line in Fig. 10(a). It describes the experimental torque

data rather well, with the parameters Hcant,⊥(13 K) ≃ 0.42(2) T

and γ cant ≃ 2.0(2). This yields an estimate of the canting field

parallel to the c axis Hcant,‖(13 K) ≃ 0.84(6) T.

The low-field torque signal of EuFe1.8Co0.2As2 at 20 K

[Fig. 10(f)] shows a shape typical for an anisotropic param-

agnet. However, the anisotropy of the system is quite quickly

suppressed with increasing magnetic field, which may indicate

a transformation of the paramagnetic state to a short-range

ordered state at relatively low field. It might be caused by

large fluctuations of the magnetic moments in the vicinity

of the transition from a disordered PM state to an ordered
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FIG. 10. (Color online) Color map of

τ/(μ0H
2) in arbitrary units (a.u.) for

EuFe2As2 and EuFe1.8Co0.2As2 as a function

of angle θ and field H for T = 13, 17, and

20 K. The dotted line in (a) is calculated

according to Eq. (8). Panels (a), (b), and (c)

are the data for EuFe2As2 at 13, 17, and 20 K,

respectively, whereas (d), (e), and (f) are the

data for EuFe1.8Co0.2As2 at 13, 17, and 20 K,

respectively.

one in EuFe1.8Co0.2As2. Furthermore, at low temperatures,

we do not observe any indication of a field-induced transition

from the AFM to the C-AFM state [Figs. 10(d) and 10(e)].

Therefore, we conclude that for EuFe1.8Co0.2As2 even at the

lowest magnetic field a transition from a PM to a C-AFM state

takes place with decreasing temperature, in agreement with

the above magnetization data.

IV. DISCUSSION

In Fig. 11, the results of the susceptibility, magnetization,

and magnetic torque experiments are summarized. They are

discussed in terms of the phase diagram of the Eu2+ magnetic

sublattice of EuFe2As2 and EuFe1.8Co0.2As2 for H ⊥ c and

H ‖ c.

A. EuFe2As2

For the parent compound EuFe2As2, four different magnetic

phases were identified [see Figs. 11(a) and 11(b)]: a param-

agnetic (PM), an antiferromagnetic (AFM), a canted antifer-

romagnetic (C-AFM), and a ferromagnetic (FM) phase. The

determination of the corresponding transition temperatures

and fields is described in Sec. III. The present experiments

suggest a C-AFM order of the Eu2+ spins in EuFe2As2 in

the temperature range between 17 and 19 K, while below

17 K, an AFM structure is proposed. We suggest that, at

low temperatures, the system can be well described with

a uniaxial model with easy plane and A-type AFM order.

By applying a magnetic field within the AFM phase, a

transition from AFM order via a canted configuration to a

FM structure is observed. The observed TMM(H ) at which

the metamagnetic (MM) transition occurs [open symbols in

Fig. 11(a)] is in agreement with the results obtained from

the susceptibility for the AFM to C-AFM transition [black

filled symbols in Fig. 11(a)]. Thus, we propose that the MM

transition corresponds to a spin-flop transition from an AFM

to a C-AFM state in EuFe2As2. The critical magnetic field

Hcr(T ) at which the magnetic moment in the Eu sublattice

saturates was determined at different temperatures. The values

of Hcr extrapolated to zero temperature were found to be

μ0Hcr,⊥(0) ≃ 0.85 T and μ0Hcr,‖(0) ≃ 1.5 T for H ⊥ c and

H ‖ c, respectively. By analyzing the shape of the angular

dependence of Hcr(θ ) shown in Fig. 10(a), we may conclude

that the in-plane component of the magnetic field is responsible

for the canting of the spins.

The magnetic ordering of the Eu2+ moments at low temper-

atures is consistent with the magnetic structure established by

neutron diffraction at 2.5 K.5 Note that, in previous reports,20,21

a possible C-AFM state in the temperature range 17 K � T �

19 K was not discussed. To our knowledge, no neutron data

for the magnetic configuration of the Eu sublattice in this

temperature range are available.
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FIG. 11. (Color online) Magnetic phase diagrams of single-crystal EuFe2As2 [(a) and (b)] and single-crystal EuFe1.8Co0.2As2 [(c)and (d)]

for H ⊥ c and for H ‖ c. The various phases in the phase diagrams are denoted as follows: paramagnetic (PM), antiferromagnetic (AFM),

canted antiferromagnetic (C-AFM), and ferromagnetic (FM). The filled and open symbols are from the susceptibility and field-dependent

magnetization measurements, respectively. The solid lines are guides to the eyes.

B. EuFe1.8Co0.2As2

The corresponding magnetic phase diagrams for Co-doped

EuFe1.8Co0.2As2 are shown in Figs. 11(c) and 11(d). The

magnetic ordering temperature of ≃17 K is only about 2 K

lower as compared to the parent compound. However, in the

Co-doped EuFe1.8Co0.2As2, no signatures of a low-field and

low-temperature AFM state of the Eu2+ moments were found.

Only a C-AFM phase (with a FM component in the ab plane)

is present at low fields and low temperatures. The ordering

temperature TC-AFM decreases with increasing magnetic field,

similar to the parent compound [see Figs. 11(a) and 11(b)]. The

critical magnetic field Hcr at which the Eu magnetic ordering

is saturated was determined for different temperatures, and

the extrapolated zero-temperature values were found to be

μ0Hcr,⊥(0) ≃ 0.43 T and μ0Hcr,‖(0) ≃ 0.58 T for H ⊥ c and H
‖ c, respectively. These values of μ0Hcr are much smaller

than those obtained for the parent compound. Moreover,

the magnetic anisotropy γcr = Hcr,‖(0)/Hcr,⊥(0) ≃ 1.35 of

Co-doped EuFe1.8Co0.2As2 is also smaller than γcr ≃ 1.76

of the parent compound.

It was concluded from different experiments21,27,29–31 that

there is a strong coupling between the localized Eu2+ spins

and the conduction electrons of the two-dimensional (2D)

Fe2As2 layers. Recently, direct experimental evidence for a

strong interlayer coupling was obtained by means of 75As

NMR,31 revealing a magnetic exchange interaction between

the localized Eu 4f moments, which is mediated by the

itinerant Fe 3d electrons. However, the direct interaction of

the Eu moments and the magnetic moments in Fe sublattice

can not be neglected. Only a combination of both interactions

can further elucidate the C-AFM ground state observed in the

parent compound EuFe2As2 as well as in the Co-doped system

EuFe1.8Co0.2As2 (see Fig. 11).

Note that the present results for EuFe1.8Co0.2As2, exhibiting

a SDW ground state below 60 K,30 reveal a C-AFM structure of

the Eu spins with a FM component in the ab plane. This finding

confirms previous assumptions that, for materials in which the

Fe ions are in the SDW ground state (such as EuFe2As2), the

direction of the Eu magnetic moments is in the ab plane.5,32 On

the other hand, in the case of nonmagnetic Fe ground states,

like in superconducting EuFe2−xCoxAs2 compounds, where

the SDW magnetic state is totally suppressed, the direction of

the Eu magnetic moments is parallel to the c axis.33–36

V. CONCLUSIONS

The magnetic properties of single crystals of EuFe2As2

and EuFe1.8Co0.2As2 were studied by means of susceptibil-

ity, magnetization, and magnetic torque investigations. The

susceptibility and magnetization experiments performed for

various temperatures and magnetic fields along the crystallo-

graphic axes provided information on the magnetic structure

of the studied crystals. In addition, the evolution of the

magnetic structure as a function of the tilting angle of the

field and the crystallographic axes is studied by magnetic

torque experiments. The phase diagrams for the ordering of

the Eu2+ magnetic sublattice with respect to temperature,

magnetic field, and the angle between the magnetic field
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and the crystallographic c axis in EuFe2−xCoxAs2 are de-

termined and discussed. The present investigations reveal a

complex and sophisticated interplay of magnetic phases in

EuFe2−xCoxAs2. The magnetic ordering temperature of the

Eu2+ moments remains nearly unchanged upon Co doping.

However, unlike the parent compound, in which the Eu2+

moments order antiferromagnetically at low temperatures, the

Co-doped system EuFe1.8Co0.2As2 exhibits a C-AFM state

with a FM component in the ab plane. The magnetic anisotropy

γcr becomes smaller as a result of Co doping. This implies

that the magnetic configuration of the Eu moments is strongly

influenced by the magnetic moments of the Fe sublattice,

where superconductivity takes place for a certain range of

Co doping. A detailed knowledge of the interplay between

the Eu2+ moments and magnetism of the Fe sublattice is

important to understand the role of magnetism of the localized

Eu2+ moments for the occurrence of superconductivity in

EuFe2−xCoxAs2.
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1 Introduction

The discovery of superconductivity in the iron-based pnic-
tides [1] provided a new class of compounds to the high
temperature superconductor (HTS) family. Ternary iron ar-
senide AFe2As2 (A = Sr, Ca, Ba, Eu) [2] is one of the par-
ent compounds with ThCr2Si2-type structure. Similarly as
LnFeAsO (Ln = La–Gd) [3], AFe2As2 undergoes a struc-
tural phase transition from a tetragonal to an orthorom-
bic phase, accompanied or followed by a spin-density-wave
(SDW) transition of the itinerant Fe moments. The super-
conducting (SC) state can be achieved either under pressure
(chemical and hydrostatic) [4–6] or by appropriate charge
carrier doping of the parent compounds [7–9], both accom-
panied by a suppression of the SDW state.

Here, we focus on EuFe2As2 which is a particularly inter-
esting member of the ternary system AFe2As2, since the A

site is occupied by a rare earth Eu2+ S-state (orbital moment
L = 0) ion with a 4f 7 electronic configuration. Eu2+ has a
total electron spin S = 7/2, corresponding to a theoretical
effective magnetic moment of µeff = 7.94 µB . In addition to
the SDW ordering of the Fe moments at TSDW ≃ 190 K, an
antiferromagnetic (AFM) order of the Eu2+ spins at TAFM ≃

19 K was reported by Mössbauer spectroscopy [10] and later
confirmed by neutron diffraction [11]. Various reports on
EuFe2−xCoxAs2 (x = 0 and 0.1) suggest a strong coupling
between the magnetism of the Eu2+ ions and the conduction
electrons, which may affect or even destroy superconductiv-

4.4. Publications related to Chapter 4 81



286 J Supercond Nov Magn (2013) 26:285–295

ity [12, 13]. For example, in contrast to the other ‘122’ sys-
tems, where the substitution of Fe by Co leads to supercon-
ductivity [14, 15], the compounds containing Eu2+ exhibit
the onset of a superconducting transition, but seem to be
hindered to reach zero resistivity at ambient pressure [16].
Although Ni doping in BaFe2As2 leads to superconductivity
up to 21 K [17], ferromagnetism rather than superconductiv-
ity was found in EuFe2As2 by Ni doping [18]. On the other
hand, in single crystals of P substituted EuFe2(As1−xPx )2

bulk superconductivity with superconducting transition tem-
perature Tc ≃ 28 K was observed by resistivity, magnetiza-
tion, and specific heat measurements [19]. Isovalent P sub-
stitution on the As site in EuFe2As2 without introducing
holes or electrons simulates a condition generally referred to
as “chemical pressure”. Superconductivity coexisting with
AFM Eu2+ order was only found in a very narrow range of
P content x (0.16 ≤ x ≤ 0.22), where the SDW transition is
suppressed. Superconductivity with a zero resistivity state
was also observed for EuFe2As2 under applied pressure
[6, 20]. Similar to the case of P substitution, superconduc-
tivity covers only a narrow pressure range of 2.5–3.0 GPa.

In this paper, we report detailed magnetization and muon
spin rotation (µSR) measurements in EuFe2As2−xPx as
a function of the P content x. One P substituted sample
EuFe2(As0.88P0.12)2 was also studied under applied pres-
sure p. The µSR technique is a powerful tool to study
the magnetic and superconducting properties of materials
microscopically. It provides reliable measurements of Tc,
TSDW, the magnetic ordering temperature of Eu2+ spins
TEu and the ordered moment size as a function of both x

and p. Consequently, the phase diagrams with respect x and
p are determined from these measurements. We compare the
present results with previous high pressure studies on the
parent compound EuFe2As2 and discuss the combined re-
sults in terms of the relation of x and p. The paper is or-
ganized as follows: Experimental details are described in
Sect. 2. The results of the magnetic susceptibility and the
µSR experiments at ambient and applied pressure are pre-
sented and discussed in Sects. 3.1 and 3.2, respectively. In
Sect. 4, the phase diagrams are presented. The conclusions
follow in Sect. 5.

2 Experimental Details

In the present work, the system EuFe2(As1−xPx )2 with
x = 0, 0.12, 0.2, and 1 is investigated. Note that the sam-
ple with x = 0 is single crystalline, and all the P substi-
tuted compounds are pollycrystalline. The concentrations
x = 0.12 and 0.2 were studied due to their proximity to the
SC phase reported in [19]. A single crystal of EuFe2As2 was
grown out of Sn flux [21]. Polycrystalline samples were syn-
thesized by solid-state reaction between EuAs, Fe2As, and
Fe2P. EuAs was presynthesized by heating europium grains
and phosphorus powders very slowly to 1173 K followed

by a tempering at this temperature for 36 h. Fe2As was pre-
pared by heating Fe and As powders at 973 K for 10 h and
at 1173 K for 15 h. Fe2P was presynthesized by reacting
iron and phosphorus powders at 973 K for 24 h from sto-
ichiometric amounts of the elements. All the starting ma-
terials had a purity better than 99.9 %. Powders of EuAs,
Fe2As, and Fe2P were weighted according to the stoichio-
metric ratio, thoroughly ground and pressed into pellets in
an argon-filled glove box. The pellets were then sealed in an
evacuated quartz tube, sintered at 1273 K for 36 h, and then
cooled slowly to room temperature.

Powder X-ray diffraction (XRD) studies of the
EuFe2(As1−xPx )2 samples were carried out at room tem-
perature with a STOE diffractometer (CuKα1 radiation,
λ = 1.5406 Å) equipped with a mini-phase-sensitive de-
tector and a Ge monochromator. The structural refinements
were done using the program FULLPROF [22]. The zero-
field-cooled and field-cooled (ZFC and FC) magnetization
measurements of the EuFe2(As1−xPx )2 samples were per-
formed with a commercial SQUID magnetometer (Quantum

Design MPMS-XL). The samples with x = 0.2 and 1 were
studied only at ambient pressure. For x = 0.12, the investi-
gations were also carried out under applied pressures up to
p = 5.9 GPa by using a diamond anvil cell (DAC) filled with
Daphne oil which served as a pressure-transmitting medium.
The pressure at low temperatures was determined by the
pressure dependence of the SC transition temperature of Pb.

Zero-field (ZF) µSR experiments were performed at
the µE1 and πM3 beamlines of the Paul Scherrer Insti-
tute (Villigen, Switzerland). The general purpose instru-
ment (GPS) was used to study the system EuFe2(As1−xPx )2

(x = 0, 0.12, 0.2, and 1) at ambient pressure. The sam-
ples were mounted inside of a gas-flow 4He cryostat on
a sample holder with a standard veto setup providing a
low-background µSR signal. In addition, the sample with
x = 0.12 was studied under pressure using the GPD instru-
ment. Pressures up to 2.0 GPa were generated in a double
wall piston-cylinder type of cell made of MP35N [23] ma-
terial especially designed to perform µSR experiments un-
der pressure. As a pressure transmitting medium Daphne oil
was used. The pressure was measured by tracking the SC
transition of a very small indium plate by AC susceptibility.
The µSR time spectra were analyzed using the free software
package MUSRFIT [24].

3 Results and Discussion

3.1 Crystal Structure and Magnetic Properties
of EuFe2(As1−xPx )2

3.1.1 X-Ray Powder Diffraction

The crystal structure for all EuFe2(As1−xPx )2 samples at
room temperature was refined with the tetragonal ThCr2Si2

82
Chapter 4. Superconducting and magnetic properties of the 122-family of Fe-based high-temperature

superconductors



J Supercond Nov Magn (2013) 26:285–295 287

Fig. 1 X-ray powder diffraction pattern at room temperature for the
sample EuFe2(As0.88P0.12)2. The solid line represents a Ritveld refine-
ment profile. The residuals are plotted at the bottom of the figure. In the

inset, refined lattice parameters are plotted as a function of P content x

structure. An example of the refinement profile for
EuFe2(As0.88P0.12)2 is shown in Fig. 1. No obvious sec-
ondary phase can be detected. The weighted pattern fac-
tor and goodness of fit are Rwp ∼ 11.2 % and S ∼ 1.6,
respectively, indicating a fairly good refinement. In ad-
dition, the refined occupancies are close to the nominal
values. The lattice constants for the tetragonal unit cell
based upon the Rietveld refinements are a = 3.9095(2) Å
and c = 11.979(1) Å for x = 0.12, a = 3.9006(2) Å
and c = 11.9312(1) Å for x = 0.2, a = 3.8152(2) Å and
c = 11.2401(1) Å for x = 1. The values for x = 1 are in
agreement with the literature values [a = 3.8178(1) Å and
c = 11.2372(3) Å] [25]. The lattice constants a and c as
a function of x are plotted in the inset of Fig. 1. A de-
crease of both a and c with increasing x is observed. The
decrease of the lattice constant c as a result of P substi-
tution implies an increase of the coupling between the Eu
and the Fe2(As1−xPx )2 layers. This might also be important
for the evolution of the magnetic order in the Eu-sublattice,
since the Ruderman–Kittel–Kasuya–Yosida (RKKY) cou-
pling strongly depends on the distance between the magnetic
ions [13, 18, 25].

3.1.2 Magnetization Measurements

The temperature dependence of the zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibility χ = M/H for
EuFe2(As1−xPx )2 (x = 0.12, 0.2, and 1) in a magnetic field
of µ0H = 2 mT is shown in Fig. 2. The results for x = 0
were already discussed in detail in our previous work [21],
and hence, are not shown here. The magnetic susceptibility
at high temperatures (i.e., far above the magnetic ordering
temperature of the Eu2+ moments TEu) is well described by

Fig. 2 Temperature dependence of the ZFC and FC magnetic suscep-
tibility for the samples EuFe2(As1−xPx )2 (x = 0.12, 0.2, 1) measured
in a magnetic field of µ0H = 2 mT. The inset illustrates the tempera-
ture dependence of the difference of both susceptibilities (χFC −χZFC).
The arrows mark the magnetic ordering temperatures TEu of the Eu2+

moments

the Curie–Weiss law:

χ(T ) =
C

T − θCW
. (1)

Here, C denotes the Curie constant and θCW the paramag-
netic Curie–Weiss temperature. An analysis of the data in
Fig. 2 with Eq. (1) yields: θCW = 16.74(8) K, µeff ≃ 8.1 µB

for x = 0.12, θCW = 18.14(7) K, µeff ≃ 8.2 µB for x = 0.2,
and θCW = 29.35(9) K, µeff ≃ 8.3 µB for x = 1. The ob-
tained values of µeff are close to the theoretical value of a
free Eu2+ ion (µEu2+ = 7.94 µB ).

As shown in Fig. 2, for all the P substituted samples an
obvious deviation between χZFC and χFC is seen at low tem-
peratures. This is not the case for x = 0 [18, 21], for which
AFM order of Eu2+ with the moments pointing along the
a axis was reported. This result is consistent with previous
magnetizaton studies [26], suggesting that the ground state
of the coupled Eu2+ spins is a canted AFM state (C-AFM
state) (i.e., AFM with the net ferromagnetic (FM) compo-
nent along the c-axis) in EuFe2(As1−xPx )2 (x = 0.12, 0.2)
and a FM state in EuFe2P2. Recently, neutron diffraction
measurements were also performed on EuFe2P2 and an al-
most axial FM structure of the Eu2+ spins was established
[27]. The C-AFM and FM structure of the Eu-sublattice in
EuFe2(As1−xPx )2 (x = 0.12, 0.2, 1) sharply contrasts with
the planar antiferromagnetism seen in the parent compound
EuFe2As2, suggesting a delicate interplay between the Eu
4f and the Fe 3d electrons. It was concluded from different
experiments [12, 13] that there is a strong coupling between
the localized Eu2+ spins and the conduction electrons of the
two-dimensional (2D) Fe2As2 layers in EuFe2As2. This re-
vealed that the magnetic exchange interaction between the
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Fig. 3 ZF µSR spectra for
EuFe2(As1−xPx )2 (x = 0, 0.12,
0.2, 1) recorded for three
different temperatures: T < TEu
(circles), TEu < T < TSDW
(diamonds), and T > TSDW
(spheres). The solid lines

represent fits to the data by
means of Eq. (2)

localized Eu 4f moments is mediated by the itinerant Fe
3d electrons. However, the interaction of the Eu moments
with the magnetic moments of the Fe sublattice (band mag-
netism) cannot be neglected. Only a combination of both
interactions can further elucidate the C-AFM ground state
observed in EuFe2(As1−xPx )2 (x = 0.12 and 0.2). Note that
a C-AFM ground state was also found in the related com-
pound EuFe1.8Co0.2As2 [21].

The magnetic ordering temperature TEu of the Eu2+ mo-
ments was determined by the temperature at which the dif-
ference between χZFC and χFC sets in (see the inset of
Fig. 2). It was found to be TEu ≃ 16.5, 18, and 29 K for
x = 0.12, x = 0.2, and x = 1, respectively. The value of TEu

for x = 0.12 is slightly reduced compared to TEu ≃ 19 K for
the parent compound x = 0. However, on further increasing
the P concentration TEu increases and reaches a maximum
for x = 1. The value of TEu for x = 1 is in agreement with
those reported in literature [19, 25, 27].

3.1.3 Zero-Field µSR Measurements

In a µSR experiment, nearly 100 % spin-polarized muons
µ+ are implanted into the sample one at a time. The pos-
itively charged µ+ thermalize at interstitial lattice sites,
where they act as magnetic microprobes. In a magnetic
material, the muon spin precesses in the local magnetic
field Bµ at the muon site with the Larmor frequency
νµ = γµ/(2π)Bµ (muon gyromagnetic ratio γµ/(2π) =

135.5 MHz T−1). ZF µSR is a very powerful tool to in-
vestigate microscopic magnetic properties of solids without
applying an external magnetic field.

ZF µSR time spectra for the single crystal of EuFe2As2

and for the polycrystalline samples EuFe2(As1−xPx )2 are
shown in Fig. 3, recorded for three different temperatures:
T < TEu, TEu < T < TSDW, and T > TSDW. For EuFe2As2,
the ZF µSR measurements were performed with the initial
muon spin polarization tilted by approximately 45◦ away
from the crystallographic c-axis. At high temperatures (see
Fig. 3), no muon spin precession and only a very weak de-
polarization of the µSR signal is observed. This weak de-
polarization and its Gaussian functional form are typical
for a paramagnetic material and reflect the occurrence of
a small Gaussian–Kubo–Toyabe depolarization, originating
from the interaction of the muon spin with randomly ori-
ented nuclear magnetic moments. At temperatures below
TEu a well-defined spontaneous muon spin precession is ob-
served in all compounds, indicating long-range magnetic or-
der of the Eu2+ moments in the investigated compounds.
For x = 0 and 0.12 above TEu ≃ 20.5 and 16.5 K, respec-
tively, muon spin precession with a lower frequency is ob-
served which is caused by the long-range SDW order of the
Fe moments. However, for x = 0.2, instead of the oscilla-
tory behavior seen in the SDW state for x = 0 and 0.12,
a fast decaying signal is observed (see Fig. 3(c)). The rea-
son for this strongly decaying µSR signal will be discussed
below. For x = 1, only the magnetic ordering of the Eu mo-
ments is seen in the µSR spectra (Fig. 3(d)). Note that for
x = 0, 0.12 and 0.2 only one µSR frequency is visible. How-
ever, for x = 1 two distinct precession frequencies occur in
the µSR spectra, corresponding to the local magnetic fields
B1

µ,Eu ≃ 1.08 T (≃70 % of the signal) and B2
µ,Eu ≃ 1.37 T
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Fig. 4 The temperature dependence of the internal magnetic field B i
µ

for the samples EuFe2(As1−xPx )2 (x = 0, 0.12, 0.2, and 1). The solid

lines represent fits to the data by means of Eq. (3). The arrows mark
the transition temperatures for the SDW (TSDW) and the Eu magnetic
order (TEu)

(≃30 % of the signal). This indicates that two magnetically
inequivalent muon stopping sites are present in EuFe2P2.

The ZF µSR data were analyzed using the following
functional form:

A(t) =

2
∑

i=1

Ai
0

[

αie
−λi

T t cos
(

γµBi
µt + ϕ

)

+ βie
−λi

Lt
]

. (2)

αi and βi = 1 − αi (i = 1 for x = 0, 0.12, 0.2, and i = 1,2
for x = 1) are the fractions of the oscillating and nonoscil-
lating µSR signal. For the single crystal (x = 0) one finds
α1 = 0.73(2) and β1 = 0.27(3). However, for the polycrys-
talline samples αi = 2/3 and βi = 1/3. The 2/3 oscillating
and the 1/3 nonoscillating µSR signal fractions originate
from the spatial averaging in powder samples where only
2/3 of the magnetic field components are perpendicular to
the muon spin and cause muon spin precession. A0 denotes
the initial asymmetry, and ϕ is the initial phase of the muon-
spin ensemble. Bi

µ represents the internal magnetic field at

the muon site, and the depolarization rates λi
T and λi

L char-
acterize the damping of the oscillating and nonoscillating
part of the µSR signal, respectively. The transversal relax-
ation rate λi

T is a measure of the width of the static mag-
netic field distribution at the muon site, and also reflects
dynamical effects (spin fluctuations). The longitudinal re-
laxation rate λi

L is determined by dynamic magnetic fluc-
tuations only [28]. The temperature dependence of the in-
ternal magnetic field Bi

µ for EuFe2(As1−xPx )2 is shown in
Fig. 4. Bi

µ is proportional to the magnitude of the ordered
moment and thus to the magnetic order parameter. The sec-
ond component (i = 2) in the µSR signal was observed only
for x = 1, and hence, we will discuss the x-dependence of

the relevant physical parameters related to the first compo-
nent (i = 1) only. For x = 0 a sharp step like increase of B1

µ

is observed below ≃195 K, which reflects the appearance of
the SDW ordering of the Fe moments. The value of TSDW is
in good agreement with TSDW ≃ 190 K obtained from neu-
tron diffraction [11]. A sharp increase of B1

µ is an indica-
tion for a first order transition. A first order transition due
to SDW formation was also observed in the related com-
pound SrFe2As2 [29]. Upon lowering the temperature B1

µ

first tends to saturate, but increases again when the mag-
netic order of the Eu2+ moments occurs at TEu. To describe
the temperature dependence of Bi

µ, we assumed the follow-
ing phenomenological function:

�Bi
µ(T ) = �Bi

µ,Eu(0)

[

1 −

(

T

TEu

)γ1
]δ1

+ �Bi
µ,SDW(0)

[

1 −

(

T

TSDW

)γ2
]δ2

, (3)

where Bi
µ,Eu(0) and Bi

µ,SDW(0) represent the zero-temper-
ature values of the internal magnetic field probed by the
muons in the Eu and in the SDW ordered states, respectively.
γ and δ are empirical exponents. As indicated by the solid
lines in Fig. 4 the function in Eq. (3) describes the data rea-
sonably well, yielding the parameters given in Table 1. Note
that with increasing x the values of TSDW and B1

µ,SDW(0) de-
crease, and for x = 0.2 and x = 1 no long-range SDW order
of the Fe moments is observed. On the other hand, TEu de-
creases with increasing x, reaches minimum at x = 0.12 and
then increases again, in agreement with the above suscepti-
bility measurements. In addition, B1

µ,Eu(0) significantly in-
creases with x above x = 0.12. Considering the magnetiza-
tion results, the increase of B1

µ,Eu(0) may be ascribed to the
appearance/growth of the ferromagnetic component as a re-
sult of P substitution. However, without microscopic mod-
eling (i.e., calculation of the µ stopping site and the dipo-
lar fields at the µ site) it is not possible to conclude how a
change of the magnetic structure with P substitution would
affect the internal field at the muon site.

The temperature dependences of the transverse and lon-
gitudinal depolarization rates λ1

T and λ1
L are presented in

Fig. 5(a) and (b), respectively. Note that λ1
T is much smaller

for the end members x = 0, 1 of the investigated system
than for the mixed compounds x = 0.12, 0.2. As shown
in Fig. 5(a), for x = 0, 0.12, and 0.2, the onset of the
Fe magnetic order is accompanied by an increase of λ1

T

that decreases with decreasing temperature. Upon reaching
the magnetic ordering temperature of Eu λ1

T shows another
maximum. For x = 1, the strong increase of λ1

T around TEu

is only due the Eu order. No SDW transition is observed at
higher temperatures. The magnetic ordering temperatures of
Eu (TEu) and Fe (TSDW) are also clearly visible in the longi-
tudinal relaxation rate λ1

L, which also shows a clear anomaly
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Table 1 Summary of the parameters obtained for the polycrystalline
samples of EuFe2(As1−xPx )2 (x = 0, 0.12, 0.2, 1) by means of mag-
netization and µSR experiments. T

χ
Eu and T

µSR
Eu are the magnetic

ordering temperatures of the Eu moments determined by susceptibility
and µSR measurements. TSDW denotes the SDW ordering temperature

of the Fe moments determined from µSR experiments. B i
µ,Eu(0) and

Bi
µ,SDW(0) (i = 1, 2) represent the zero-temperature values of the in-

ternal magnetic fields at the muon site probed in the Eu and the SDW
ordered state

x T
χ

Eu (K) T
µSR

Eu (K) TSDW (K) B1
µ,Eu(0) (T) B2

µ,Eu(0) (T) B1
µ,SDW(0) (T) B2

µ,SDW(0) (T)

0 19.5(6) 20.5(5) 195(3) 0.45(1) – 0.35(1) –

0.12 16.5(5) 16.7(6) 140(5) 0.476(12) – 0.258(10) –

0.2 17.9(5) 18.4(2) 85 0.997(12) – 0 –

1 29.5(5) 29.3(4) 0 1.08(1) 1.37(2) 0 0

Fig. 5 (a) Transverse relaxation rate λ1
T (T) for the samples

EuFe2(As1−xPx )2 with x = 0, 0.12, 0.2, and 1. Lines are guides to
the eye. (b) Longitudinal relaxation rate λ1

L (T) for EuFe2(As1−xPx )2
(x = 0, 0.12, 0.2, 1). The arrows mark the transition temperatures for
the high-temperature SDW (TSDW) and the low-temperature Eu order
(TEu)

at TEu and TSDW (see Fig. 5(b)). As mentioned above, for the
sample with x = 0.2 (see Fig. 3(c), diamonds) only a fast de-
polarization of the implanted muons is observed above TEu,
but no coherent precession signal. The fast depolarization of
the µSR signal could be either due to a wide distribution
of static fields, and/or to strongly fluctuating magnetic mo-
ments. To discriminate between these two possibilities we
compare the values of λ1

T and λ1
L. Note that for x = 0.2,

and T < 85 K λ1
T is very large (≃50 MHz) while λ1

L is
small (≃0.05 MHz). λ1

T consists of a static as well as of
a dynamic contribution, while λ1

L contains only a dynamic

contribution. Since in our case λ1
T ≫ λ1

L, the static contribu-
tion dominates λ1

T , and the fast depolarization of the µSR
signal observed for x = 0.2 is due to the (quasi-)static dis-
ordered SDW phase with TSDW ≃ 85 K. The important pa-
rameters for all samples extracted from the magnetization
and the µSR experiments are summarized in Table 1.

Very recently, bulk superconductivity with Tc ≃ 28 K
was reported in single crystals of P substituted
EuFe2(As1−xPx )2 [19] based on resistivity, magnetization,
and specific heat measurements. However, superconductiv-
ity coexisting with AFM Eu2+ order was only found in a
very narrow x range (0.16 ≤ x ≤ 0.22), where the SDW
transition is suppressed. In the present study, no indication
of superconductivity was seen for x = 0.2 from magneti-
zation measurements. This might be due to the fact that in
our sample (x = 0.2) the SDW state is not completely sup-
pressed as supported by the µSR measurements. In addition
to chemical pressure, the physical properties of EuFe2As2

can be also tuned by the application of hydrostatic pressure
[6, 20]. Previous reports of high pressure experiments on
EuFe2As2 revealed pressure-induced superconductivity in a
narrow pressure range of 2.5–3.0 GPa [6, 20], accompanied
by a suppression of the SDW state of the Fe moments. Since
pressure experiments on EuFe2As2 were already reported
by various groups [6, 20], we decided to study pressure ef-
fects in the P substituted sample EuFe2(As0.88P0.12)2. The
sample with x = 0.12 was chosen for the following rea-
sons: (i) According to the SC phase diagram reported [19]
for EuFe2As2 as a function of chemical pressure (P con-
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tent x), the sample with x = 0.12 is close to the value of
x at which superconductivity appears. By applying hydro-
static pressure, the SC phase might be reachable. (ii) Based
on previous reports [6, 20], superconductivity was found in
the vicinity of the pressure value where the SDW state is
suppressed.

In the following sections, the results of the magnetization
and the µSR experiments performed on EuFe2(As0.88P0.12)2

under hydrostatic pressures are presented.

3.2 Hydrostatic Pressure Effect on EuFe2(As0.88P0.12)2

3.2.1 High Pressure Magnetization Measurements

Magnetization measurements were carried out under hydro-
static pressures up to p = 5.9 GPa. The temperature de-
pendence of the ZFC and FC magnetic susceptibilities χ

for EuFe2(As0.88P0.12)2 recorded at ambient and selected
applied pressures is shown in Fig. 6(a) (p ≤ 0.4 GPa), in
Fig. 6(b) (0.42 GPa ≤ p ≤ 0.55 GPa), and in Fig. 6(c)
(1.1 GPa ≤ p ≤ 5.9 GPa). Note that Fig. 6 shows the data
after subtraction of the background signal from the empty
pressure cell. The magnetic ordering temperature TEu of the
Eu2+ moments was determined as described in Sect. 3.1.2.
At ambient pressure, a clear bifurcation between the ZFC
and FC curves appears below TEu ≃ 16.5 K, which is con-
sistent with the susceptibility data obtained for the sample
without pressure cell (see Fig. 2). In addition, the mag-
nitudes of the susceptibilities are also in fair agreement.
Upon increasing the pressure, an anomaly in the ZFC sus-
ceptibility is observed at p = 0.4, 0.42, and 0.48 GPa as
shown in Fig. 6(a) and (b). The low-temperature data for
p = 0.4 GPa are shown in the inset of Fig. 6(a). In ad-
dition to the Eu order observed at ≃18 K, a strong de-
crease of the ZFC susceptibility is observed at ≃11 K,
which is possibly due to the appearance of superconductiv-
ity. The decrease of the susceptibility corresponds to nearly
100 % diamagnetic shielding. In order to confirm supercon-
ductivity, transport measurements under pressure are nec-
essary. Just magnetization data do not allow to conclude
that the observed decrease of χZFC is due to the appear-
ance of superconductivity. Hence we call this phase “X”.
For p = 0.42 GPa, the susceptibility also shows a pro-
nounced decrease at TX ≃ 20 K (see Fig. 2(b), the low-
temperature data are shown in the inset). Below ≃18.2 K,
the susceptibility starts to increase again due to the C-AFM
ordering of the Eu2+ moments. Upon increasing the pres-
sure to p = 0.47 GPa, the transition temperature TX de-
creases to 8.8 K. Above p = 0.55 GPa, the “X” phase
is no longer visible (see Fig. 6(c)). It is also absent for
p < 0.35 GPa. Therefore, pressure-induced “X” phase in
EuFe2(As0.88P0.12)2 is very likely present in a very nar-
row pressure range. We observed that TEu increases upon

Fig. 6 Temperature dependence of the ZFC and FC magnetic suscep-
tibility of EuFe2(As0.88P0.12)2 in a magnetic field of µ0H = 2 mT
for p ≤ 0.4 GPa (a), for 0.42 GPa ≤ p ≤ 0.55 GPa (b), and for
1.1 GPa ≤ p ≤ 5.9 GPa (c). The arrows mark the ordering tempera-
ture of Eu moments (TEu) and the “X” transition temperatures (TX).
The insets of panels (a) and (b) show the low temperature data for
p = 0.4 GPa and 0.42 GPa, respectively, illustrating the transition to
the superconducting state marked by the arrows. The solid lines are
guides to the eye

increasing hydrostatic pressure, similar to chemical pres-
sure. The maximum value of TEu = 56 K is reached at
p = 5.6 GPa, and at higher pressures it tends to decrease
(see Fig. 6(c)). For instance, TEu = 53 K at the maximum
applied pressure p = 5.9 GPa. A maximum of TEu was also
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Fig. 7 ZF µSR spectra of
EuFe2(As0.88P0.12)2 measured
at p = 0.0, 0.66, 1.1, and 2 GPa,
recorded for three different
temperatures: T < TEu (circles),
TEu < T < TSDW (diamonds),
and T > TSDW (spheres). The

solid lines represent fits to the
data by means of Eq. (4)

observed for the parent compound EuFe2As2, but at higher
pressure (p = 8 GPa). According to recent X-ray diffrac-
tion studies [30] of EuFe2As2, a collapsed tetragonal (cT)
phase was found above 8 GPa. It is known that the pressure-
induced structural transition toward the cT phase is con-
nected with a valence change of the Eu ions, as reported for
EuFe2P2 and EuCo2P2 [31]. Therefore, it is possible that the
decrease of TEu above 5.6 GPa is connected with a pressure-
induced valence change from the magnetic Eu2+ to the non-
magnetic Eu3+ state. However, to gain further insight into
this pressure region, measurements at p > 5.9 GPa are nec-
essary.

3.2.2 Zero-Field µSR Measurements Under Pressure

Hydrostatic pressure effects on the magnetic properties
of EuFe2(As0.88P0.12)2 were studied microscopically by
means of ZF µSR. Some representative µSR time spectra at
different applied pressures are shown in Fig. 7. A substan-
tial fraction of the µSR asymmetry signal originates from
muons stopping in the MP35N pressure cell [23] surround-
ing the sample. Therefore, the total µSR asymmetry is a
sum of two components:

AZF(t) = AZF
S (t) + AZF

PC(t), (4)

AZF
S (t) is the contribution of the sample, and AZF

PC(t) is the
contribution of the pressure cell. AZF

S (t) is well described

by Eq. (2) with α1 = 2/3 and β1 = 1/3 (since for x = 0.12
the µSR spectra contain only one frequency, α2 = 0 and
β2 = 0). The signal of the pressure cell was analyzed by a
damped Kubo–Toyabe (KT) function [23]:

AZF
PC(t) = AZF

PC(0)

[

1

3
+

2

3
(1 − σ t)e−σ 2t2/2

]

e−λt . (5)

Here AZF
PC(0) is the amplitude of AZF

PC(t) at t = 0. The width
of the static Gaussian field distribution σ = 0.338 µ s−1

and the damping rate λ = 0.04 µ s−1 were obtained from
a measurement of the empty pressure cell. The total ini-
tial asymmetry is AZF

S (0) + AZF
PC(0) = 0.29. The ratio

AZF
S (0)/[AZF

S (0) + AZF
PC(0)] ≃ 40 % implies that approxi-

mately 40 % of the muons are stopping in the sample. Up
to p = 1.1 GPa the spontaneous muon-spin precession in
the Eu ordered and in the SDW state is clearly observed
in the ZF µSR time spectra (see Fig. 7), indicating long
range magnetic order in the Eu and the Fe sublattice. Above
p = 1.1 GPa the SDW state is suppressed and only the
magnetic order of the Eu moments remains. The tempera-
ture dependence of the internal field B1

µ for various hydro-

static pressures is shown in Fig. 8. The inset shows B1
µ,Eu at

low temperatures where the magnetic ordering of the Eu2+

moments is evident. The data were analyzed by Eq. (3).
The SDW ordering temperature TSDW of the Fe moments
(TSDW = 140 K at ambient pressure) as well as B1

µ,SDW
created by the Fe sublattice decrease with increasing pres-
sure. Above p = 1.1 GPa, the SDW order is completely
suppressed. On the contrary, TEu increases with pressure,
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in agreement with the susceptibility measurements. In addi-
tion, B1

µ,Eu related to the Eu ordered state also increases with

pressure. Note the sharp increase of B1
µ,Eu below TEu with

increasing the pressure from p = 0 GPa to p = 0.44 GPa.
For p > 0.44 GPa, a more smooth increase of B1

µ,Eu is
observed. Relevant parameters of EuFe2(As0.88P0.12)2 ex-
tracted from the high pressure magnetization and µSR ex-
periments are listed in Table 2.

As shown above the magnetization measurements indi-
cate the presence of a possible SC phase in the pressure

Fig. 8 Temperature dependence of the internal field B1
µ at the muon

site for the sample EuFe2(As0.88P0.12)2 recorded at various applied
pressures. The solid lines represent fits to the data by means of Eq. (3).
The arrows mark the ordering temperature TSDW. The inset shows the
low temperature data, illustrating the transition at TEu to the magneti-
cally ordered state of the Eu moments

range 0.36 GPa ≤ p ≤ 0.5 GPa. An attempt to detect it in the
sample EuFe2(As0.88P0.12)2 with ZF and TF µSR, failed be-
cause of the strong intrinsic magnetism present in the sam-
ple.

4 Phase Diagram

Figure 9(a) shows the (x–T ) phase diagram for the system
EuFe2(As1−xPx )2. The (p–T ) phase diagram of
EuFe2(As0.88P0.12)2 is plotted in Fig. 9(b). The data for TEu

represented by the triangles in Fig. 9(a) are taken from [25].
In the (x–T ) phase diagram, three different phases were
identified: a paramagnetic phase (PM), spin-density wave
order of the Fe moments (SDW), and magnetic order of
Eu2+ moments (MO). Moreover, in the (p–T ) phase dia-
gram, pressure-induced “X” phase was found (see the inset
of Fig. 9(b)). In Fig. 10, the internal magnetic fields B1

µ,Eu

and B1
µ,SDW probed by the muons in the Eu ordered and in

the SDW state and the low temperature value of the mag-
netic susceptibility χZFC (7 K) are plotted as a function of P
content x and applied pressure p.

By combining the above phase diagrams, one obtains
a coherent physical picture on the system EuFe2As2 upon
P substitution and on EuFe2(As0.88P0.12)2 under hydro-
static pressure. An important finding is the observation of
pressure-induced “X” phase in EuFe2(As0.88P0.12)2, coex-
isting with magnetic order of the Eu and Fe moments.
“X” phase appears in the narrow pressure region of 0.36–
0.5 GPa. The presented phase diagrams in combination with
the results obtained for the parent compound under pres-
sure [6, 20] allow us to draw the following conclusion on

Table 2 Summary of the
parameters obtained for the
polycrystalline sample of
EuFe2(As0.88P0.12)2 at different
hydrostatic pressures by means
of magnetization and µSR
experiments. The meaning of
the symbols is given in the text

p (GPa) T
χ
Eu (K) T

µSR
Eu (K) TX (K) T

µSR
SDW (K) B1

µ,Eu(0) (T) B1
µ,SDW(0) (T)

0 16.5(5) 16.4(3) – 141.2(1) 0.44(1) 0.25(1)

0.4 17.5(4) – 11.2(3) – – –

0.42 17.6(5) – 20.3(3) – – –

0.44 – 17.7(3) - 110(1) 0.99(2) 0.19(2)

0.48 17.9(4) – 7.3(3) – – –

0.66 18.9(5) 18.4(6) 0 75(2) 1.07(5) 0.17(4)

1.1 20.5(5) 19.9(7) 0 40(3) 1.27(3) 0.12(2)

1.73 24.6(3) – 0 – – –

1.97 24.4(5) 23.6(7) 0 0 1.23(2) 0

2.5 27.2(3) – 0 – – –

3.85 35.8(5) – 0 – – –

4.54 42.5(4) – 0 – – –

5.1 49.5(3) – 0 – – –

5.6 57(4) – 0 – – –

5.9 53(5) – 0 – – –
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Fig. 9 (a) (x–T ) phase diagram of EuFe2(As1−xPx )2. The data points
represented by the triangles are taken from [25]. (b) (p–T ) phase di-
agram of EuFe2(As0.88P0.12)2. The various phases in the phase dia-
grams and the corresponding transition temperatures are denoted as
follows: paramagnetic (PM), spin-density wave (SDW) and TSDW,
magnetic ordering of Eu (MO) and TEu, “X” phase (the meaning of this
phase is given in the text) and TX. For clarity, the inset in (b) shows the
“X” phase present in a very narrow pressure range

the relation between chemical and hydrostatic pressure in
EuFe2As2:

1. Both chemical and hydrostatic pressure suppress TSDW

and B1
µ,SDW(0). However, the SDW ground state is dif-

ferently affected by x and p. At all applied pressures be-
low p = 1.1 GPa long-range SDW order was observed,
while in the case of chemical pressure for x = 0.2 a dis-
ordered SDW phase exist. This may be related to the fact
that by chemical pressure (P substitution) considerably
more disorder is introduced.

2. Figure 9 shows that in the case of P substitution TEu

first decreases as a function of x, reaches a minimum
at x = 0.12, and then increases. For a fixed P content
of x = 0.12, the ordering temperature TEu increases with
pressures up to p = 5.6 GPa. Above p = 5.6 GPa, how-

Fig. 10 Zero-temperature values of the internal magnetic fields B1
µ,Eu

and B1
µ,SDW and the low-temperature value of the magnetic suscepti-

bility χZFC as a function of the P content x (a) and applied pressure (b)

ever, TEu(p) decreases, accompanied by a possible va-
lence change of the Eu moments. In the parent compound
EuFe2As2, a valence change was found at a higher pres-
sure p = 8 GPa.

3. The internal magnetic field B1
µ,Eu(0) in the Eu ordered

state increases with increasing x as well as by applying
hydrostatic pressure (see Fig. 10(a)–(b)).

4. The low temperature value of the magnetic susceptibility
χZFC (7 K) first increases with increasing x and p and
above some critical values (x = 0.2 and p = 1.1 GPa) it
decreases (see Fig. 10(a)–(b)).

By considering the findings listed above, the qualitative
statement can be made that the properties of
EuFe2(As1−xPx )2 are similarly tuned by chemical and hy-
drostatic pressure.

5 Conclusions

In summary, the magnetic and superconducting properties
of the system EuFe2(As1−xPx )2 (x = 0, 0.12, 0.2, 1) were
studied by magnetization and µSR experiments. In addition,
the sample with x = 0.12 was also investigated by applying
hydrostatic pressure up to p ≃ 5.9 GPa. The (x–T ) phase di-
agram of EuFe2(As1−xPx )2 and the (p–T ) phase diagram of
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EuFe2(As0.88P0.12)2 were determined and discussed as well
as compared to the (p–T ) phase diagram recently obtained
for EuFe2As2 [6, 20]. The present investigations reveal that
the magnetic coupling between the Eu and the Fe sublat-
tices strongly depends on chemical and hydrostatic pressure
and determines the (x–T ) and (p–T ) phase diagrams as pre-
sented in this work. According to the above discussed phase
diagrams, chemical and hydrostatic pressures have qualita-
tively a similar effect on the Fe and Eu magnetic order.

There are still some open questions related to supercon-
ductivity and its interplay with the magnetic ground state of
the system EuFe2As2. One of the most interesting aspects of
this particular member of Fe-based superconductors is the
possibility to observe coexistence or competition between
superconductivity and rare-earth Eu magnetic order. In the
present work, the so-called “X” phase induced by pressure
was observed in EuFe2(As0.88P0.12)2 in addition to the mag-
netic phases of the Eu and Fe sublattices. It exists in a narrow
pressure range 0.36–0.5 GPa. This phase is possibly super-
conducting. However, transport measurements as a function
of pressure are required in order to clarify this point.
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increasing Rb content x is observed. On the other hand, the BCS ratio 2∆1/kBTc is almost
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to increase with x. These results are discussed in the light of the suppression of interband
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Measurements of the magnetic penetration depth λ in the Fe-based superconductor Ba1−xRbxFe2As2 (x = 0.3,

0.35, 0.4) were carried out using the muon-spin rotation (μSR) technique. The temperature dependence of λ

is well described by a two-gap s + s-wave scenario with a small gap �1 ≈ 1–3 meV and a large gap �2 ≈

7–9 meV. By combining the present data with those previously obtained for RbFe2As2 a decrease of the BCS

ratio 2�2/kBTc with increasing Rb content x is observed. On the other hand, the BCS ratio 2�1/kBTc is almost

independent of x. In addition, the contribution of �1 to the superfluid density is found to increase with x. These

results are discussed in light of the suppression of interband processes upon hole doping.
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I. INTRODUCTION

The discovery1 of superconductivity in iron oxypnictide

LaFeAsO1−xFx has generated great interest in the phe-

nomenon of high temperature superconductivity. The basic

units responsible for superconductivity are the fluorite type

[Fe2Pn2] layers where Pn is a pnictogen element (P, As, Sb,

and Bi). These layers are separated by spacer layers which

play the role of a charge reservoir. In the fluorite-type layers

the Fe atoms are surrounded by four pnictogen atoms forming

a tetrahedron. The first class of iron-based superconductors

studied has the ZrCuSiAs structure (1111 compounds), where

the spacer layer [Ln2O2] has the “antifluoride” or Pb2O2

structure. With Ln = Sm a critical temperature higher than

55 K was observed.2

Superconductivity with Tc = 38 K was also found in the

ternary systems AFe2As2 (Refs. 3 and 4) (122 compounds)

adopting the tetragonal ThCr2Si2 structure. In this structure

the spacer layer is provided by an alkali earth element A =

Ca, Sr, or Ba. Doping is realized by the substitution of A by an

alkali metal such as K, Cs, or Rb. Several disconnected Fermi-

surface sheets contribute to superconductivity as revealed

by angle-resolved photoemission spectroscopy (ARPES).5–7

Moreover, indications of multigap superconductivity in the

system Ba1−xKxFe2As2 were obtained from the temperature

dependence of the magnetic penetration depth λ by means

of muon-spin rotation (μSR)8 and ARPES.5 The magnetic

penetration depth is one of the fundamental parameters of a

superconductor since it is closely related to the density of the

superconducting carriers ns and their effective mass m∗ via

the relation 1/λ2 ∝ ns/m∗. The temperature dependence of

λ reflects the topology of the superconducting gap occurring

in the density of states of the superconducting ground state.

The μSR technique provides a powerful tool to measure λ in

type II superconductors.9

As demonstrated in previous works,4,10 the value of Tc for

hole-doped Ba1−xRbxFe2As2 decreases monotonically upon

increasing the Rb content x in the overdoped region. However,

in contrast to the overdoped cuprates, Tc remains finite even at

the highest doping level x = 1 with Tc = 2.52 K (Ref. 4). A de-

tailed study of the doping dependence of Tc may help to clarify

the origin of high-Tc superconductivity in these iron-based sys-

tems. It is thus of importance to investigate the superconduct-

ing properties of optimally doped Ba1−xRbxFe2As2 and com-

pare the results with those obtained for RbFe2As2 (Ref. 10).

In this paper, we report on μSR studies of the temperature

and field dependence of the magnetic penetration depth of op-

timally doped Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4). We com-

pare the present data with the previous results of overdoped

RbFe2As2 (Ref. 10) and discuss the combined results in light

of the suppression of interband processes upon hole doping.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Ba1−xRbxFe2As2 were prepared

in evacuated quartz ampoules by a solid state reaction

method. Fe2As, BaAs, and RbAs were obtained by reacting

high purity As (99.999%), Fe (99.9%), Ba (99.9%), and

Rb (99.95%) at 800 ◦C, 650 ◦C, and 500 ◦C, respectively.

Using stoichiometric amounts of BaAs or RbAs and Fe2As

the terminal compounds BaFe2As2 and RbFe2As2 were

synthesized at 950 ◦C and 650 ◦C, respectively. Finally, the

samples of Ba1−xRbxFe2As2 with x = 0.3, 0.35, 0.4 were

prepared from appropriate amounts of single-phase BaFe2As2

and RbFe2As2. The components were mixed, pressed into

pellets, placed into alumina crucibles, and annealed for

100 hours at 650 ◦C with one intermittent grinding. Powder

x-ray diffraction analysis revealed that the synthesized samples

are single phase materials. Zero-field (ZF) and transverse-field

(TF) μSR experiments were performed at the πM3 beamline

of the Paul Scherrer Institute (Villigen, Switzerland), using the

general purpose instrument (GPS). The sample was mounted

inside of a gas-flow 4He cryostat on a sample holder with a

standard veto setup providing essentially a low-background

094513-11098-0121/2011/84(9)/094513(7) ©2011 American Physical Society
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μSR signal. All TF experiments were carried out after a

field-cooling procedure.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) exhibit the transverse-field (TF)

muon-time spectra for Ba1−xRbxFe2As2 (x = 0.3, 0.4) mea-

sured in an applied magnetic field of μ0H = 0.04 T above

(45 K) and below (1.7 K) the superconducting (SC) transition

temperature Tc. Above Tc the oscillations show a small

relaxation due to the random local fields from the nuclear

magnetic moments. Below Tc the relaxation rate strongly

increases due to the presence of a nonuniform local field

distribution as a result of the formation of a flux-line lattice

(FLL) in the SC state. It is well known that undoped BaFe2As2

is not superconducting at ambient pressure and undergoes

a spin-density wave (SDW) transition of the Fe moments

far above Tc (Ref. 11). The SC state can be achieved either

under pressure12,13 or by appropriate charge carrier doping14

of the parent compounds, leading to a suppression of the
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FIG. 1. (Color online) Transverse field (TF) μSR time spec-

tra obtained in μ0H = 0.04 T above and below Tc (after field

cooling the sample from above Tc): (a) Ba0.7Rb0.3Fe2As2 and

(b) Ba0.6Rb0.4Fe2As2. The solid and the dashed lines represent fits

to the data by means of Eq. (1).

SDW state. Magnetism, if present in the samples, may enhance

the muon depolarization rate and falsify the interpretation of

the TF-μSR results. Therefore, we have carried out ZF-μSR

experiments above and below Tc to search for magnetism

(static or fluctuating) in Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4).

As shown in Fig. 2(a) no sign of either static or fluctuating

magnetism could be detected in ZF time spectra down to

1.7 K. Moreover, the ZF relaxation rate is small and changes

very little between 45 and 1.7 K. The spectra are well de-

scribed by a standard Kubo-Toyabe depolarization function,15

reflecting the field distribution at the muon site created by the

nuclear moments.

It was reported16–18 that in some iron-based supercon-

ductors BaFe2−xCoxAs2 and SrFe2−xCoxAs2 field induced

magnetism exists. In the present work TF-μSR spectra

measured in different applied fields (see Fig. 1 for μ0H =

0.04 T) exhibit a Gaussian-like depolarization above and below

Tc that is typical of nuclear moments and the vortex lattice

in polycrystalline samples, respectively. In the presence of

dilute or fast fluctuating electronic moments one expects an
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FIG. 2. (Color online) (a) ZF-μSR time spectra for Ba0.7Rb0.3

Fe2As2 recorded above and below Tc. The line represents the fit to the

data of a standard Kubo-Toyabe depolarization function (Ref. 15).

(b) Temperature dependence of the difference between the internal

field μ0Hint,SC measured in the SC state and the one measured in the

normal state μ0Hint,NS at T = 42 K.
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FIG. 3. (Color online) (a) Temperature dependence of the super-

conducting muon spin depolarization rate σsc measured in an applied

magnetic field of μ0H = 0.04 T for Ba1−xRbxFe2As2 (x = 0.3, 0.35,

0.4). (b) Field dependence of σsc at 1.7 K.

exponential depolarization of the TF-μSR spectrum, which

is absent in the present case. Moreover, the SC muon

depolarization rate σsc is constant at high fields as shown

in Fig. 3(b). In addition we observed a diamagnetic shift

of the internal magnetic field μ0Hint sensed by the muons

below Tc. This is evident in Fig. 2(b), where we plot the

difference between the internal field μ0Hint,SC measured in

the SC state and one μ0Hint,NS measured in the normal state

at T = 42 K. Note, that in the systems BaFe2−xCoxAs2

and SrFe2−xCoxAs2, where the field induced magnetism was

detected, paramagnetic shift was observed16–18 instead of the

expected diamagnetic shift imposed by the SC state. All these

observations indicate that there is no field induced magnetism

in the system Ba1−xRbxFe2As2 down to 1.7 K. The absence of

magnetism in Ba1−xRbxFe2As2 implies that the increase of the

TF relaxation rate below Tc is attributed entirely to the vortex

lattice.

The TF μSR data were analyzed by using the following

functional form:19

P (t) = A exp

[

−

(

σ 2
sc + σ 2

nm

)

t2

2

]

cos(γμBintt + ϕ). (1)

Here A denotes the initial asymmetry, γ /(2π ) ≃

135.5 MHz/T is the muon gyromagnetic ratio, and ϕ is the

initial phase of the muon-spin ensemble. Bint represents the

internal magnetic field at the muon site, and the relaxation rates

σsc and σnm characterize the damping due to the formation of

the FLL in the superconducting state and of the nuclear mag-

netic dipolar contribution, respectively. In the analysis σnm was

assumed to be constant over the entire temperature range and

was fixed to the value obtained above Tc where only nuclear

magnetic moments contribute to the muon depolarization rate

σ . As indicated by the solid lines in Fig. 1, the μSR data

are well described by Eq. (1). The temperature dependence of

σsc for Ba1−xRbxFe2As2 (x = 0.3, 0.35, and 0.4) at μ0H =

0.04 T is shown in Fig. 3(a). Below Tc the relaxation rate σsc

starts to increase from zero due to the formation of the FLL.

For polycrystalline samples the temperature dependence

of the London magnetic penetration depth λ(T ) is related

to the superconducting part of the Gaussian muon spin

depolarization rate σsc(T ) by the equation20

σ 2
sc(T )

γ 2
μ

= 0.00371
�2

0

λ4(T )
, (2)

where �0 = 2.068×10−15 Wb is the magnetic-flux quantum.

Equation (2) is only valid when the separation between the

vortices is smaller than λ. In this case, according to the

London model σsc is field independent.20 We measured σsc

as a function of the applied field at 1.7 K (see Fig. 3(b)). Each

point was obtained by field cooling the sample from above Tc to

1.7 K. First, σsc strongly increases with increasing magnetic

field until reaching a maximum at μ0H ≃ 0.03 T and then

above 0.03 T stays nearly constant up to the highest field

(0.64 T) investigated. Such a behavior is expected within

the London model and is typical for polycrystalline high

temperature superconductors (HTS’s).21 The observed field

dependence of σsc implies that for a reliable determination

of the penetration depth the applied field must be larger than

μ0H = 0.03 T.

λ(T ) can be calculated within the local (London) approxi-

mation (λ ≫ ξ ) by the following expression:19,22

λ−2(T ,�0,i)

λ−2(0,�0,i)
= 1 +

1

π

∫ 2π

0

∫ ∞

�(T ,ϕ )

(

∂f

∂E

)

EdEdϕ
√

E2 − �i(T ,ϕ)2
,

(3)

where f = [1 + exp(E/kBT )]−1 is the Fermi function, ϕ

is the angle along the Fermi surface, and �i(T ,ϕ) =

�0,iδ(T/Tc)g(ϕ) (�0,i is the maximum gap value at T = 0).

The temperature dependence of the gap is approximated by

the expression δ(T/Tc) = tanh {1.82[1.018(Tc/T − 1)]0.51}

(Ref. 23), while g(ϕ) describes the angular dependence of

the gap and it is replaced by 1 for both an s-wave and an s+

s-wave gap, and | cos(2ϕ)| for a d-wave gap.24

The temperature dependence of the penetration depth was

analyzed using either a single gap or a two-gap model which is

based on the so-called α model. This model was first discussed

by Padamsee et al.25 and later on was successfully used to

analyze the magnetic penetration depth data in HTS’s.23,26

According to the α model, the superfluid density is calculated
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(b) x = 0.35, and (c) x = 0.4. The dashed lines correspond to a single gap BCS s-wave model, whereas the solid ones represent a fit using a

two-gap (s + s)-wave model.

for each component using Eq. (3) and then the contributions

from the two components added together

λ−2(T )

λ−2(0)
= ω1

λ−2(T ,�0,1)

λ−2(0,�0,1)
+ ω2

λ−2(T ,�0,2)

λ−2(0,�0,2)
, (4)

where λ−2(0) is the penetration depth at zero temperature, �0,i

is the value of the ith (i = 1, 2) superconducting gap at T =

0 K, and ωi is a weighting factor which measures their relative

contributions to λ−2 (ω1 + ω2 = 1).

The results of the analysis for Ba1−xRbxFe2As2 (x = 0.3,

0.35, 0.4) are presented in Fig. 4. The dashed and the solid lines

represent a fit to the data using an s-wave and a s + s-wave

models, respectively. The analysis appears to rule out the

simple s-wave model as an adequate description of λ(T )

for Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4). A d-wave gap

symmetry was also tested, but was found to be inconsistent

with the data. The two-gap s + s-wave scenario with a

small gap �1 and a large gap �2, describes the experimental

data remarkably well. The results of all samples extracted

from the data analysis are summarized in Table I. A two-gap

scenario is in line with the generally accepted view of multigap

superconductivity in Fe-based HTS.5,6,8,27–29 The magnitudes

of the large and the small gaps for Ba1−xRbxFe2As2 (x = 0.3,

0.35, 0.4) (see Table I) are in good agreement with the results

of a previous report.5 There it was pointed out that most

Fe-based HTS’s exhibit two-gap superconducting behavior,

TABLE I. Summary of the parameters obtained for polycrys-

talline samples of Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4, 1) by means

of μSR. The data for x = 1.0 are taken from Ref. 10.

x = 0.3 x = 0.35 x = 0.4 x = 1.0

Tc (K) 36.9 35.8 34 2.52

�1 (meV) 3.2(7) 2.9(8) 1.1(3) 0.15(2)

2�1/kBTc 2.0(5) 1.9(4) 0.8(6) 1.4(2)

�2 (meV) 9.2(3) 8.8(3) 7.5(2) 0.49(4)

2�2/kBTc 5.8(6) 5.7(5) 5.1(4) 4.5(4)

ω1 0.19(5) 0.21(4) 0.15(3) 0.36(3)

λ (nm) 249(15) 250 (17) 255 (9) 267(5)

characterized by a large gap with 2�/kBTc = 7(2) and a

small one with 2.5(1.5). To reach a more complete view

of the superconducting properties of Ba1−xRbxFe2As2 as a

function of the Rb composition (hole doping), we combined

the present data with the previous μSR results on RbFe2As2

(Ref. 10) which presents the case of a naturally overdoped

system. Figure 5 shows the small gap to Tc ratio 2�1/kBTc,

the large gap to Tc ratio 2�2/kBTc, and the weight ω1 of

the small gap to the superfluid density as a function of Rb

concentration. The data for RbFe2As2 are taken from Ref. 10.

Interestingly, the ratio 2�2/kBTc decreases with increasing

x. On the other hand, the ratio 2�1/kBTc for the small gap

is essentially independent of x. In addition, the weighting

factor ω1 is found to increase with increasing x. We note that

in the optimally doped 122-system Ba1−xKxFe2As2 several

bands cross the Fermi surface (FS).5–7 They consist of inner

(α) and outer (β) hole-like bands, both centered at the zone

center Ŵ, and an electron-like band (γ ) centered at the M

point. The superconducting gap opened on the β band was

found to be smaller than those on the α and γ bands. It was

proposed that the enhanced interband scattering between the

α and γ bands might promote the kinetic process of pair

scattering between these two FSs, leading to an increase of

the pairing amplitude.30 Hole doping may cause a shift of the

band bottom of the electron pockets above the Fermi level EF .

As a result, the interband scattering between α and γ bands

would diminish since the γ band is in the unoccupied side and

concomitantly the size of the α band is increased. According to

ARPES results, a decrease of interband scattering will lead to

a decrease of the pairing amplitude and the ratio 2�/kBTc in

agreement with the results presented in Fig. 5(a). These results

suggest the possible role of interband processes in optimally

hole-doped iron-based 122 superconductors.6,30

One of the most interesting results of μSR investigations

in HTS’s is the observation of a remarkable proportion-

ality between Tc and the zero-temperature relaxation rate

σ (0) ∝ 1/λ2(0) (Uemura relation).31 This relation Tc(σ ),

which seems to be generic for various families of cuprate

HTS’s, has the features that upon increasing the charge carrier

doping Tc first increases linearly in the underdoped region
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FIG. 5. (Color online) (a) Superconducting gap to Tc ratios

2�1,2/kBTc and (b) the contribution ω1 of the small gap to the super-

fluid density as a function of the Rb composition for Ba1−xRbxFe2As2

(x = 0.3, 0.35, 0.4, 1.0). The measurements were performed in an

applied magnetic field of μ0H = 0.04 T. The data for RbFe2As2

are taken from Ref. 10. The dashed lines represent guides to the

eyes.

(Uemura line), then saturates, and finally is suppressed for

high carrier doping. The initial linear trend of the Uemura

relation indicates that for these unconventional HTS’s the

ratio Tc/EF (EF is the Fermi energy) is up to two orders of

magnitude larger than for conventional BCS superconductors.

Figure 6 shows Tc vs σ (0) plot for various hole- and electron-

doped high Tc Fe-based superconductors (after Ref. 28),

including the present results. The solid line shows the Uemura

relation in hole-doped cuprates31 and the dashed line corre-

sponds to electron-doped cuprates as observed by Shengelaya

et al.32 The Uemura relation for Fe-based superconductors

was already discussed in Ref. 28. Here, we demonstrate that

the data points for Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4)

are located in the Uemura plot close to those of the other

Fe-based superconductors. On the other hand, for naturally

fully overdoped RbFe2As2, the ratio Tc/σ (0) is strongly

reduced. The small value of ratio Tc/σ (0) is characteristic

for conventional superconductors. For comparison the point

for conventional BCS superconductor Nb is also shown on

the Uemura plot. This suggests that superconductivity in

the compound RbFe2As2 has a more conventional charac-

ter. Additional experiments are in progress to clarify this

point.
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FIG. 6. (Color online) Uemura plot for hole- and electron-doped

high Tc Fe-based superconductors (after Ref. 28). The Uemura

relation observed for underdoped cuprates is also shown (solid line

for hole doping and dashed line for electron doping) (after Ref. 32).

The point for conventional BCS superconductor Nb is also shown.

Data points for the pnictides are taken from Refs. 27–29, 33–39. The

stars show the data for Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4) obtained

in this work. The point for RbFe2As2 is taken from Ref. 10.

IV. SUMMARY AND CONCLUSION

In summary, we performed transverse-field μSR measure-

ments of the magnetic penetration depth λ on polycrystalline

samples of the iron-based HTS’s Ba1−xRbxFe2As2 (x = 0.3,

0.35, 0.4). The values of the superconducting transition

temperature Tc and the zero temperature values of λ were

estimated to be Tc = 36.9, 35.8, 34 K and λ(0) = 249(15),

250(17), 255(9) nm for x = 0.3, 0.35, and 0.4, respectively.

The temperature dependence of λ is well described by a

two-gap s + s-wave scenario with gap values similar to

Ba1−xKxFe2As2 (Refs. 5 and 8). ARPES investigations of

Ba1−xKxFe2As2 revealed that the large gap opens on the

inner hole-like Fermi surface (α band) centered at the Ŵ

point and on the electron-like FS (γ band) centered at the

M point (tetragonal structure notations), while the small gap

opens on the outer hole-like band (β) of the Ŵ point.30 We

found that the large gap to Tc ratio 2�2/kBTc decreases with

increasing Rb content x. On the other hand, for the small

gap opening on the α and γ bands, the ratio 2�1/kBTc is

practically independent of x. In addition, the contribution of

the small gap ω1 to the total superfluid density increases with

increasing x. These results may be interpreted by assuming a

disappearance of the electron pocket from the Fermi surface

upon the high hole doping, resulting in a suppression of the

scattering processes between the α and γ bands. This might

cause the reduction of Tc for the overdoped RbFe2As2. We

also performed zero-field μSR experiments and found no

evidence of either static or fluctuating magnetism, implying

that the spin-density wave ordering of the Fe moments is

completely suppressed upon Rb doping. The absence of field

induced magnetism in the investigated compounds is also

demonstrated. Finally, the correlation between Tc and the

zero-temperature relaxation rate σ (0) ∝ 1/λ2(0) is discussed

for the samples Ba1−xRbxFe2As2 (x = 0.3, 0.35, 0.4, 1) using

the Uemura classification scheme.
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5 Stripe order and superconductivity in

cuprate high-temperature

superconductors

This chapter covers recent experimental results focussing on the interplay between the

stripe order and superconductivity in cuprate HTSs. First, a basic overview of the stripe

correlations in cuprates is given. Then, hydrostatic pressure effects on the stripe phase and

superconductivity in La2−xBaxCuO4 with x = 1/8 are presented.

5.1 A brief introduction to stripe phenomena in cuprates

Since the discovery of high-Tc superconductivity in cuprates by Georg Bednorz and Alex

Müller [20] in 1986, a great amount of theoretical work has been dedicated to understand

the mechanism behind this phenomenon. Cuprate superconductors are formed through elec-

trons or holes doping of the initially AFM insulating “parent compounds”. La2CuO4 is the

parent compound of the first high-Tc SC oxides La2−xBaxCuO4 (LBCO) and La2−xSrxCuO4

(LSCO) [20, 242]. They have a layered structure as shown in Fig. 5.1 [243, 244]. The key

element shared by all cuprate systems is the CuO2 plane. The CuO2 planes are stacked in

a body-centered fashion, so that the unit cell contains two layers. Each copper site has a

single unpaired electron, but the copper oxide planes are insulating due to Coulomb repul-

sion as described by the Hubbard model. La2CuO4 is AFM with a Néel temperature TN
≃ 325 K [245, 246, 247]. This well understood AFM state is known as a half-filled Mott

insulator. Doping La2CuO4 by replacing a certain amount of La by Sr or Ba leads to the

disappearance of the AFM order and eventually to superconductivity. Cuprate HTSs are

characterized by a complex interplay between lattice, charge, and spin degrees of freedom,

yielding several phases depending on doping level. One of the remarkable phases is a self-

organized charge/spin structure, which is known as “stripes”. The stripe phase will be briefly

discussed below.

It was reported that in the prototypical HTS LBCO the superconducting transition

temperature Tc has two maxima as a function of doping at x = 0.09 and 0.15, with a deep

minimum (Tc < 5 K) at x = 1/8 [248] (see Fig. 5.2). This behavior is different from that

of LSCO, where Tc shows a single maximum as a function of x [249] (see Fig. 5.2). This

difference came as a surprise, especially since both compounds have the same average crystal

structure. It was soon demonstrated that there is a subtle difference in the low-temperature

crystal structure, associated with the tilt pattern of the CuO6 octahedra [250]. This leads

to a structural transition in LBCO from a low-temperature orthorhombic (LTO) to a low-

temperature tetragonal (LTT) phase. Such a phase transition is not observed in LSCO.

Investigations of other cuprate families that share the same LTT structure as LBCO, such
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Figure 5.1: Crystal and magnetic structure of La2CuO4. The arrows indicate the direction of the magnetic

moments.
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Figure 5.2: A schematic phase diagram of the hole-doped cuprates La2−xBaxCuO4 and La2−xSrxCuO4.

Antiferromagnetic and superconducting phases in the phase diagram are denoted as AFM and

SC. At x = 1/8, the Tc vs. x curve shows a dip, known as the “1/8” anomaly [248].

as Nd doped and Eu doped LSCO, revealed that they also exhibit a strong dip in Tc at x =

1/8 [250, 251].

A systematic study of the phase diagram in cuprates showed that not only the sym-
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metry of the lattice modulation, but also its amplitude is correlated with the suppression

of superconductivity and the appearance of local static magnetism [252]. The discovery by

neutron diffraction [253, 254] of elastic superlattice peaks corresponding to two-dimensional

charge and spin order in a sample of La1.48Nd0.4Sr0.12CuO4 (LNSCO) suggested a likely ex-

planation for the anomaly: the dopant induced charge carriers, whose density is spatially

modulated in a periodic fashion similar to an array of stripes, can be pinned by the lattice

modulation in the LTT phase, with the pinning being strongest when the periodicity is com-

mensurate near x = 1/8. With the charge stripes localized, the Cu moments in intervening

regions exhibit AFM mott-like order. This remarkable phase is a self-organized charge/spin

structure, known as “stripes”, which is observed near the anomalous hole density of x = 1/8

in a few special cuprate compounds, such as La2−xBaxCuO4 [255, 256, 257, 258, 259, 260],

La1.6−xNd0.4SrxCuO4 [253, 254, 261, 262], and La1.8−xEu0.2SrxCuO4 [263].

The stripe phase was first predicted in Hartree-Fock calculations of Zaanen and Gunnars-

son [264], Machida [265], and Littlewood and Inui [266]. It was later discussed extensively

by Kivelson and collaborators [267]. In the simplest picture stripes are a periodic pattern of

one-dimensional charge and spin rivers formed in the two-dimensional CuO2 planes. Stripe

formation involves a modulation of charge density which has the translation symmetry of

the lattice along one direction (ŷ) and a four unit cell repeat distance along the orthogo-

nal direction (x̂), as illustrated in Fig. 5.3. It was first observed by µSR that 1/8 doped

LBCO exhibits static magnetic order at low temperatures [252]. Later on a detailed study of

the complex nature of the magnetic phase was performed by neutron scattering in LNSCO

[253, 254]. It was reported that within the stripe phase charge order appears below 70 K

followed by the order of Cu spins below TSO = 50 K. It is believed that in LSCO the LTO

structure of the copper oxide plane inhibits such static spin and charge stripe orders. The

existence of stripes has also been demonstrated by extended x-ray absorption fine structure

(EXAFS) technique which allows to probe the local structure near a selected atomic site

[268, 269].

In the framework of the stripe model it is recognized that the charge/spin orders are a

manifestation of dynamical spin/charge correlation and that stabilization of these orders in-

duces an instability of the SC state. In the LTT phase stripes are favorably stabilized by the

corrugated pattern of the in-plane lattice potential. Hence, Tc is suppressed more effectively

in the LTT phase than in the LTO one. Experimental results and theoretical considerations

show that the modulations of the lattice and of the charge and spin density appear to be

both ubiquitous in the cuprates and intimately tied up with the physics of these materials

[267, 270]. However, the role of stripes for superconductivity in cuprates is still unclear at

present. Therefore, it is important to find an external control parameter which allows to

tune structural and electronic properties of the cuprates and study the relation between su-

perconductivity and stripe order. This will also give definitive hints for the debate whether

stripes promote or suppress superconductivity.
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Figure 5.3: Stripe-like electronic order in the cuprates. In this form of electronic order, the material’s copper

oxide planes have stripes of AFM Mott-like order, separated by stripes of mobile charges.

5.2 Hydrostatic pressure effect on the static spin-stripe

order and superconductivity in La2−xBaxCuO4 (x =

1/8)

As mentioned above, Tc is strongly suppressed for x = 1/8 in La2−xBaxCuO4, at which

the static stripe phase appears. It is known that upon using hydrostatic pressure as a tuning

parameter the LTT structural phase transition in La1.875Ba0.125CuO4 (LBCO-1/8) is sup-

pressed, and superconductivity is enhanced [271, 272, 273]. Though, it is not known how

the magnetic order related to stripe formation changes with pressure. In order to clarify

the effect of pressure on the static spin-stripe order and its relation to superconductivity in

LBCO-1/8, magnetization and µSR experiments were performed on powder specimen under

hydrostatic pressures up to p ≃ 2.2 GPa.

The temperature dependence of the FC magnetic susceptibility (χFC) recorded at am-

bient and selected applied pressures is shown in Fig. 5.4. Magnetization measurements under

pressure were carried out by using a diamond anvil cell (DAC) [213, 214]. The diamagnetic

susceptibility exhibits a two-step SC transition [274]. The first transition with an onset at

Tc1 ≈ 30 K corresponds to only about 4 % volume fraction of superconductivity estimated

from ZFC susceptibility χZFC at 10 K [274]. The second SC transition is observed at Tc2 ≈ 10

K, with a larger diamagnetic response. However, the volume fraction of the low temperature

SC phase is still small at ambient pressure and amounts to about 10 % of full shielding at

2 K. A two-step SC transition, starting at around 30 K with a weak diamagnetic response

was observed previously in polycrystalline LBCO-1/8 [273, 275]. It was explained as some

kind of filamentary superconductivity due to the presence of a very small fraction of the
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Figure 5.4: (Color online) Temperature dependence of the FC magnetic susceptibility for the sample

La1.875Ba0.125CuO4 measured at ambient and at various applied hydrostatic pressures in a

magnetic field of µ0H = 0.3 mT. The arrows denote the SC transition temperatures Tc1 and

Tc2 (see text for an explanation). After [274].
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Figure 5.5: (Color online) ZF µSR signal A(t) of LBCO-1/8 measured at p = 0 GPa (a), and 2.2 GPa (b),

recorded for two different temperatures: T = 4 K (circles) and T = 32 K (squares). The solid

lines represent fits to the data by means of Eq. (1) of Ref. [274]. After [274].

LTO phase. However, recent detailed transport and susceptibility measurements in single

crystal of LBCO-1/8 provided evidence of the intrinsic nature of the observed two-step SC

transition [260]. We observed that Tc2 increases only slightly with pressure from 10 K to
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about 12 K at the maximal pressure applied in our experiments (p = 2.1 GPa). On the

other hand, Tc1 shows a significant increase with a rate of 6.2 K/GPa. It is interesting that

the volume fraction of the corresponding SC phase is also strongly enhanced with applied

pressure (see Fig. 5.4). These results are in agreement with previous studies showing that

superconductivity in LBCO-1/8 is largely enhanced by applying pressure [272, 273, 276].

In the following the results of the µSR experiments performed on LBCO-1/8 under

hydrostatic pressures are presented. ZF µSR time spectra for a polycrystalline LBCO-1/8

sample at ambient and at maximum applied pressure p = 2.2 GPa are shown in Figs. 5.5a and

b, respectively, recorded at T = 4 K and 32 K. At T = 32 K slowly relaxing non-oscillating

signal signifies the paramagnetic state of the sample. Below Tso ≃ 30 K a well-defined sponta-

neous muon spin precession is observed at all applied pressures, indicating static spin-stripe

order [277, 278]. The µSR signals are analysed using the function expected for incommen-

surate spin density wave as described in details in Ref. [274]. Analysis of the µSR signals

allows to extract important parameters such as the average internal magnetic field at the

muon site Bµ, the relative volume Vm of the magnetic fraction in the sample as well as the

transversal (λT ) and the longitudinal (λL) depolarization rates. The temperature depen-

dence of Bµ for LBCO-1/8 for different pressures is shown in Fig. 5.6a. The solid curves in

Fig. 5.6a are fits of the data to the power law Bµ(T ) = Bµ(0)[1-(T/Tso)
γ]δ, where Bµ(0) is

the zero-temperature value of Bµ. γ and δ are phenomenological exponents. The values of

the spin ordering temperature Tso ≃ 30 K and Bµ(0) ≃ 25 mT at ambient pressure are in

good agreement with the values of a previous µSR study [278]. As evident from Fig. 5.6a the

internal magnetic field Bµ(0) is almost pressure independent. This indicates that the ordered

magnetic moment of the static stripe phase does not depend on applied pressure. Also Tso
changes only slightly with pressure as shown in the inset of Fig. 5.6a. In the pressure range

of p = 0 - 2.2 GPa, Tso(p) varies only between 30 and 27 K with a shallow minimum at p ≃
1.5 GPa.

It is important to note that the LTT structural phase transition is suppressed at pc =

1.85 GPa [279]. Therefore, the present results demonstrate that the spin order due to static

stripes still exists at p = 2.2 GPa, where the LTT phase is already suppressed. Recent high

pressure x-ray diffraction experiments showed that also the charge order of the stripe phase

survives above pc in LBCO-1/8 [279]. Combining these results, one may conclude that both

charge and spin order, and consequently the static stripe phase itself, still exist at pressures

where the LTT phase is suppressed.

Here the question arises: What is the effect of pressure on the stripe order in LBCO-1/8?

We found that it is the magnetic volume fraction Vm which is significantly suppressed by

pressure. µSR can determine the ordered volume fraction and is thus a particularly powerful

tool to study inhomogeneous magnetism in materials. Figure 5.6b shows the temperature

dependence of Vm at various pressures. Vm increases progressively below Tso with decreasing

temperature and acquires nearly 100 % at ambient pressure at the base temperature. An

important new result is that at low temperature Vm significantly decreases with increasing

pressure (see Fig. 5.6b). This means that with increasing pressure an increasingly large part

of the sample remains in the nonmagnetic state down to the lowest temperatures.

In order to compare the influence of pressure on the SC and magnetic properties of

LBCO-1/8, the pressure dependences of the zero-temperature limit of the magnetic volume

fraction Vm(0) and the SC volume fraction Vsc(0) = -χZFC(0) [280] are plotted in Fig. 5.7a.
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Figure 5.6: (Color online) (a) Temperature dependence of the average internal magnetic field Bµ at the

muon site of LBCO-1/8 recorded at various applied pressures. The solid lines represent fits of

the data to the power law described in the text. The arrows mark the transition temperatures

for the static spin-stripe order Tso. The inset shows Tso as a function of pressure p. (b) The

temperature dependence of the magnetic volume fraction Vm in LBCO-1/8 at ambient and

various hydrostatic pressures. The solid lines are fits of the data to a similar empirical power

law as used for Bµ(T ) in (a). After [274].

Note that Vm(0) linearly decreases with pressure to approximately 50 % at p = 2.2 GPa. A

linear extrapolation of Vm(0) to higher pressures shows that the magnetic volume fraction

should be completely suppressed at p ≈ 5 GPa. It would be interesting to check this pre-

diction at higher pressures by either µSR or neutron-scattering experiments. It is evident

from Fig. 5.7a that the decrease of Vm(0) is followed by an increase of the SC volume frac-

tion Vsc(0). In Fig. 5.7b we plot Vsc(0) as a function of Vm(0). The solid straight line is

drawn between a hypothetical situation of a fully magnetic (Vm(0) = 1) and a fully SC state

(Vsc(0) = 1). Remarkably, the experimental data lie on this solid straight line. Thus, the
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sum of the SC and magnetic volume fractions is constant and is close to one. This strongly

suggests that superconductivity does not exist in those regions where static magnetism is
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Figure 5.7: (Color online) (a) The pressure dependence of the zero-temperature limit of the magnetic and

the SC volume fractions, Vm(0) and Vsc(0), respectively, of LBCO-1/8. Solid lines are linear

fits to the data. (b) Vsc(0) vs. Vm(0). The solid straight line is drawn between a hypothetical

situation of a fully magnetic (Vm(0) = 1) and a fully SC state (Vsc(0) = 1). After [274].
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present. Thus, superconductivity most likely develops in those areas of the sample which

are nonmagnetic down to the lowest temperatures. The latter implies that in LBCO-1/8

magnetism and superconductivity are competing order parameters.
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1/8) as a function of hydrostatic pressure up to p ≃ 2.2 GPa. It was found that the magnetic

volume fraction of the static stripe phase strongly decreases linearly with pressure, while the

superconducting volume fraction increases by the same amount. This demonstrates com-

petition between bulk superconductivity and static magnetic order in the stripe phase of

La1.875Ba0.125CuO4 and that these phenomena occur in mutually exclusive spatial regions.

The present results also reveal that the static spin-stripe phase still exists at pressures, where

the long-range low-temperature tetragonal (LTT) structure is completely suppressed. This

indicates that the long-range LTT structure is not necessary for stabilizing the static spin

order in La1.875Ba0.125CuO4.
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Abstract. Magnetization and muon spin rotation experiments were performed

in La2−xBaxCuO4 (x = 1/8) as a function of hydrostatic pressure up to p ≃

2.2 GPa. It was found that the magnetic volume fraction of the static stripe

phase strongly decreases linearly with pressure, while the superconducting

volume fraction increases by the same amount. This demonstrates competition

between bulk superconductivity and static magnetic order in the stripe phase of

La1.875Ba0.125CuO4 and that these phenomena occur in mutually exclusive spatial

regions. The present results also reveal that the static spin-stripe phase still exists

at pressures, where the long-range low-temperature tetragonal (LTT) structure is

completely suppressed. This indicates that the long-range LTT structure is not

necessary for stabilizing the static spin order in La1.875Ba0.125CuO4.
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La2−xBaxCuO4 (LBCO) was the first cuprate in which high-Tc superconductivity was

discovered [1]. The undoped parent compound is an antiferromagnetic (AFM) insulator. The

replacement of La3+ by Ba2+ ions, through which holes are doped into the CuO2 planes,

causes the destruction of AFM order and superconductivity appears at x = 0.06. Subsequent

investigations showed that there exists a sharp dip in the Tc–x phase diagram, indicating that

bulk superconductivity is greatly suppressed in a narrow range around a particular doping

concentration x = 1/8 in LBCO [2]. This suppression of Tc has attracted a great deal of

attention and is known in the literature as the 1/8 anomaly (see e.g. [3, 4]). Later a similar

anomaly was also observed in rare earth doped La2−xSrxCuO4. Studies of the crystal structure

clarified that the LBCO system undergoes at x = 1/8 a first-order structural phase transition

from a low-temperature orthorhombic (LTO) to a low-temperature tetragonal (LTT) phase

with decreasing temperature [5]. Since the structural transition to the LTT phase appears

near the Ba concentration x where the strong decrease of Tc occurs, it has been suggested

that there is a correlation between the appearance of the LTT phase and the suppression of

superconductivity [5]. Muon spin rotation (µSR) experiments detected the appearance of static

magnetic order below ∼ 30 K in La1.875Ba0.125CuO4 (LBCO-1/8) [6].

The discovery of elastic superlattice peaks in La1.48Nd0.4Sr0.12CuO4 by neutron diffraction

provided evidence of two-dimensional (2D) charge and spin order, which was explained

in terms of a stripe model where charge-carrier poor AFM regions are separated by one-

dimensional stripes of charge carrier-rich regions [7, 8]. The presence of stripe-like charge

and spin density ordering is believed to be responsible for the anomalous suppression of

superconductivity around x = 1/8 in cuprates [7, 8]. The existence of stripes in La1.85Sr0.15CuO4

and Bi2Sr2CaCu2O8+y has also been demonstrated by extended x-ray absorption fine structure

experiments which allow to probe the local structure near a selected atomic site [9, 10].

The fascinating issue of charge and spin stripes in cuprate superconductors has attracted

a lot of attention for many years (see e.g. [3, 4]). Experimental results and theoretical

considerations show that the modulations of the lattice and of the charge and spin density appear

to be both ubiquitous in the cuprates and intimately tied up with the physics of these materials

[3, 4]. However, the role of stripes for superconductivity in cuprates is still unclear at present.

Therefore, it is important to find an external control parameter which allows to tune structural

and electronic properties of the cuprates and study the relation between superconductivity and

stripe order. It is known that upon applying hydrostatic pressure both the LTT and LTO structural

phase transition in LBCO-1/8 are suppressed completely at the critical pressure pc ≈ 1.85 GPa,

and superconductivity is enhanced [11–14]. The magnetic order related to stripe formation was

previously studied under pressure, but only below pc [15]. Hence, it is not known how the static

spin-stripe order changes across pc.

Here, we report studies of superconductivity and stripe magnetic order in LBCO-1/8

under hydrostatic pressure up to p ≃ 2.2 GPa by magnetization and µSR experiments. It was

observed that the transition temperature of the stripe magnetic order and the size of the

ordered moment are not significantly changed by pressure. But the volume fraction of the

magnetic phase significantly decreases and simultaneously the superconducting (SC) volume

fraction increases with increasing pressure. This indicates that magnetic regions in the sample

are converted to SC regions with increasing pressure, providing evidence for a competition

between superconductivity and static magnetic order in the stripe phase of LBCO-1/8. It was

also demonstrated that the spin-stripe order still exists at pressures, where the LTT phase is

suppressed.

New Journal of Physics 15 (2013) 093005 (http://www.njp.org/)
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Figure 1. Temperature dependence of the magnetic susceptibility of LBCO-1/8

measured at ambient pressure without pressure cell (a) and at various applied

hydrostatic pressures (b) in a magnetic field of µ0 H = 0.3 mT. The vertical grey

lines and the arrows denote the SC transition temperatures Tc1 and Tc2 (see text

for an explanation).

A polycrystalline sample of La2−xBaxCuO4 with x = 1/8 was prepared by the conventional

solid-state method. The single-phase character of the sample was checked by powder x-ray

diffraction.

The magnetic susceptibility was measured under pressures up to 2.1 GPa by a SQUID

magnetometer (Quantum Design MPMS-XL). Pressures were generated using a diamond

anvil cell (DAC) [16] filled with Daphne oil which served as a pressure-transmitting medium.

The pressure at low temperatures was determined by the pressure dependence of the SC

transition temperature of Pb. The temperature dependence of the zero-field-cooled (ZFC)

and field-cooled (FC) magnetic susceptibility, χZFC and χFC, respectively, for LBCO-1/8 in a

magnetic field of µ0 H = 0.3 mT is shown in figure 1(a). The diamagnetic susceptibility exhibits

a two-step SC transition. The first transition with an onset at Tc1 ≈ 30 K corresponds to only

about 4% volume fraction of superconductivity estimated from ZFC magnetization at 10 K.
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The second SC transition is observed at Tc2 ≈ 10 K, with a larger diamagnetic response.

However, the volume fraction of the low temperature SC phase is still small at ambient pressure

and amounts to about 10% of full shielding at 2 K. A two-step SC transition, starting at

around 30 K with a weak diamagnetic response was observed previously in polycrystalline

LBCO-1/8 [2, 11]. It was explained as some kind of filamentary superconductivity due to the

presence of a very small fraction of the LTO phase. Recent detailed transport and susceptibility

measurements in single crystal of LBCO-1/8 provided evidence of the intrinsic nature of the

observed two-step SC transition [17]. It was found that a SC transition at higher temperature

Tc1 is present when the magnetic field is applied perpendicular to the CuO2 planes. The SC

transition at low temperature Tc2 is more pronounced when the magnetic field is parallel to

the planes (H ‖ ab). The authors interpreted the transition at Tc1 as due to the development of

2D superconductivity in the CuO2 planes, while the interlayer Josephson coupling is frustrated

by static stripes. A transition to a three-dimensional SC phase takes place at much lower

temperature Tc2 ≪ Tc1, reflected as a strong increase of diamagnetism below Tc2 for H ‖ ab. For

polycrystalline samples with random orientation of grains these two temperatures will result in

two SC transitions as observed in present experiments (see figure 1(a)).

We studied the SC transition in LBCO-1/8 as a function of hydrostatic pressure.

Measurements were performed in the FC mode at 0.3 mT, which was set constant during the

measurements at all pressures in order to avoid a variation of the applied field during the

measurements with different pressures. Figure 1(b) shows the temperature dependence of χFC

for different pressures after substraction of the background signal from the empty pressure cell.

A two-step SC transition is observed at all pressures, while at higher pressure (p > 1.6 GPa)

even a three-step SC transition is visible. The reason for this is not clear at present. Further

investigations, in particular on single crystals, are needed to clarify this issue. It was found that

Tc2 increases only slightly with pressure from 10 to about 12 K at the maximal pressure applied

in our experiments (p = 2.1 GPa). On the other hand, Tc1 shows a significant increase with a rate

of 6.2 K GPa−1. It is interesting that the volume fraction of the corresponding SC phase is also

strongly enhanced with applied pressure (see figure 1(b)). These results are in agreement with

previous studies showing that superconductivity in LBCO-1/8 is largely enhanced by applying

pressure [11, 13, 18].

It is interesting to explore the pressure effect on spin order in the stripe phase and its relation

to superconductivity. It is also of great interest to study the relation between static magnetism

and the LTT phase in LBCO-1/8. However, to the best of our knowledge magnetism in LBCO-

1/8 was studied only at low pressures [15] where the LTT phase is still present. In order to

answer this question we performed zero-field (ZF) µSR experiments in LBCO-1/8 at ambient

and various hydrostatic pressures, including pressures where the long-range LTT structure is

suppressed. ZF µSR is a powerful tool to investigate microscopic magnetic properties of solids

without applying an external magnetic field. It is especially suitable for the study of weak

magnetic order, since the positive muon is an extremely sensitive local probe which is able

to detect small internal magnetic fields and ordered volume fractions.

The ZF µSR experiments were carried out at the µE1 beam line at the Paul Scherrer

Institute, Switzerland. Pressures up to 2.2 GPa were generated in a double wall piston-cylinder

type of cell made of MP35N material, especially designed to perform µSR experiments under

pressure [19]. As a pressure transmitting medium Daphne oil was used. The pressure was

measured by tracking the SC transition of a very small indium plate. The µSR time spectra

were analysed using the free software package MUSRFIT [20].
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Figure 2. ZF µSR signal A(t) of LBCO-1/8 measured at p = 0 GPa (a), and

2.2 GPa (b), recorded for two different temperatures: T = 4 K (circles) and T =

32 K (squares). The solid lines represent fits to the data by means of equation (1).

Figure 2 shows representative ZF µSR time spectra for a polycrystalline LBCO-1/8

sample at ambient and at maximum applied pressure p = 2.2 GPa, respectively. Below T ≈

30 K damped oscillations due to muon-spin precession in local magnetic fields are observed,

indicating static spin-stripe order [6, 21].

A substantial fraction of the µSR asymmetry signal originates from muons stopping

in the MP35N pressure cell surrounding the sample. Therefore, the µSR data in the whole

temperature range were analysed by decomposing the signal into a contribution of the sample

and a contribution of the pressure cell:

A(t) = AS(0)PS(t) + APC(0)PPC(t), (1)

where AS(0) and APC(0) are the initial asymmetries and PS(t) and PPC(t) are the muon-spin

polarizations belonging to the sample and the pressure cell, respectively. The pressure cell signal

was analysed by a damped Kubo–Toyabe function [19]. The response of the sample consists of

a magnetic and a nonmagnetic contribution

PS(t) = Vm

[

2

3
e−λTt J0(γµBµt) +

1

3
e−λLt

]

+ (1 − Vm) e−λnmt . (2)

Here, Vm denotes the relative volume of the magnetic fraction, and γµ/(2π) ≃ 135.5 MHz T−1

is the muon gyromagnetic ratio. Bµ is the average internal magnetic field at the muon site. λT

and λL are the depolarization rates representing the transversal and the longitudinal relaxing

components of the magnetic parts of the sample. J0 is the zeroth-order Bessel function of the

first kind. This is characteristic for an incommensurate spin density wave and has been observed

in cuprates with static spin stripe order [21]. λnm is the relaxation rate of the nonmagnetic

part of the sample. The total initial asymmetry Atot = AS(0) + APC(0) ≃ 0.285 is a temperature

independent constant. A typical fraction of muons stopped in the sample was AS(0)/Atot ≃

0.50(5) which was assumed to be temperature independent in the analysis.

The temperature dependence of Bµ for different pressures is shown in figure 3(a). The

solid curves in figure 3(a) are fits of the data to the power law Bµ(T ) = Bµ(0)[1−(T/Tso)γ ]δ,

where Bµ(0) is the zero-temperature value of Bµ. γ and δ are phenomenological exponents.

The values of the spin ordering temperature Tso ≃ 30 K and Bµ(0) ≃ 25 mT at ambient pressure

are in good agreement with the values of a previous µSR study [15, 21]. As evident from
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Figure 3. (a) Temperature dependence of the average internal magnetic field Bµ

at the muon site of LBCO-1/8 recorded at various applied pressures. The solid

lines represent fits of the data to the power law described in the text. The arrows

mark the transition temperatures for the static spin-stripe order Tso. The inset

shows Tso as a function of pressure p. (b) The temperature dependence of the

magnetic volume fraction Vm in LBCO-1/8 at ambient and various hydrostatic

pressures. The solid lines are fits of the data to a similar empirical power law as

used for Bµ(T ) in (a).

figure 3(a) the internal magnetic field Bµ(0) is almost pressure independent. This indicates that

the ordered magnetic moment of the static stripe phase does not depend on applied pressure.

Also Tso changes only slightly with pressure as shown in the inset of figure 3(a). In the pressure

range of p = 0 − 2.2 GPa, Tso(p) varies only between 30 and 27 K with a shallow minimum at

p ≃ 1.5 GPa.

It is important to note that both the LTT and LTO structural phase transition are suppressed

at pc = 1.85 GPa [14]. Therefore, the present results demonstrate that the spin order due to

static stripes still exists at p = 2.2 GPa, where the LTT phase is already suppressed. Recent

high pressure x-ray diffraction experiments showed that also the charge order of the stripe

phase survives above pc in LBCO-1/8 [14]. Combining these results, one may conclude that

both charge and spin order, and consequently the static stripe phase itself, still exist at pressures

where the LTT phase is suppressed.

Here the question arises: What is the effect of pressure on the stripe order in LBCO-

1/8? In agreement with the previous low-pressure µSR results [15], it was found that it is the
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Figure 4. (a) The pressure dependence of the zero-temperature limit of the

magnetic and the SC volume fractions, Vm(0) and Vsc(0), respectively, of LBCO-

1/8. Solid lines are linear fits to the data. (b) Vsc(0) versus Vm(0). The solid

straight line is drawn between a hypothetical situation of a fully magnetic (Vm(0)

= 1) and a fully SC state (Vsc(0) = 1).

magnetic volume fraction Vm which is significantly suppressed by pressure. µSR can determine

the ordered volume fraction and is thus a particularly powerful tool to study inhomogeneous

magnetism in materials. Figure 3(b) shows the temperature dependence of Vm at various

pressures. Vm increases progressively below Tso with decreasing temperature and acquires

nearly 100% at ambient pressure at the base temperature [6]. An important result is that at low

temperature Vm significantly decreases with increasing pressure (see figure 3(b)). This means

that with increasing pressure an increasingly large part of the sample remains in the nonmagnetic

state down to the lowest temperatures.

In order to compare the influence of pressure on the SC and magnetic properties of LBCO-

1/8, the pressure dependences of the zero-temperature limit of the magnetic volume fraction

Vm(0) and the SC volume fraction Vsc(0) = −χZFC(0) are plotted in figure 4(a) 5. Note that Vm(0)

5 As mentioned in the text we measured only χFC under high pressure. The difference χZFC(0) − χFC(0) was

obtained from the measurements at ambient pressure (see figure 1(a)). By assuming that this difference does not

change with pressure, the value of χZFC at T = 0 K was determined at different applied pressures.
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linearly decreases with pressure to approximately 50 % at p = 2.2 GPa. A linear extrapolation
of Vm(0) to higher pressures shows that the magnetic volume fraction should be completely
suppressed at p ≈ 5 GPa. It would be interesting to check this prediction at higher pressures by
either µSR or neutron-scattering experiments. It is evident from figure 4(a) that the decrease of
Vm(0) is followed by an increase of the SC volume fraction Vsc(0). In figure 4(b) we plot Vsc(0)
as a function of Vm(0). The solid straight line is drawn between a hypothetical situation of a fully
magnetic (Vm(0) = 1) and a fully SC state (Vsc(0) = 1). Remarkably, the experimental data lie
on this solid straight line. Thus, the sum of the SC and magnetic volume fractions is constant
and is close to one. This strongly suggests that superconductivity does not exist in those regions
where static magnetism is present. Thus, superconductivity most likely develops in those areas
of the sample which are nonmagnetic down to the lowest temperatures. The latter implies that in
LBCO-1/8 magnetism and superconductivity are competing order parameters. It is interesting
to note that a similar scaling was found between the superfluid density and the magnetic volume
fraction in the related compound La1.85−yEuySr0.15CuO4 [22]. The tuning of the magnetic and
SC properties was realized by rare-earth doping.

To summarize, magnetism and superconductivity were studied in LBCO-1/8 by means
of magnetization and µSR experiments as a function of pressure up to p ≃ 2.2 GPa. It was
demonstrated that the static spin-stripe order still exist at pressures, where the long-range LTT
structure is suppressed. This suggests that the long-range LTT phase is not essential for the
existence of stripe order. An unusual interplay between spin order and bulk superconductivity
was also observed. With increasing pressure the spin order temperature and the size of the
ordered moment are not changing significantly. However, application of hydrostatic pressure
leads to a remarkable decrease of the magnetic volume fraction Vm(0). Simultaneously, an
increase of the SC volume fraction Vsc(0) occurs. Furthermore, it was found that Vm(0) and
Vsc(0) at all p are linearly correlated: Vm(0) + Vsc(0) ≃ 1. This is an important new result,
indicating that the magnetic fraction in the sample is directly converted to the SC fraction
with increasing pressure. The mechanism of this transformation, however, is not clear yet and
requires further studies. The present results provide evidence for a competition between bulk
superconductivity and static magnetic order in the stripe phase of LBCO-1/8, and that static
stripe order and bulk superconductivity occur in mutually exclusive spatial regions. Our findings
suggest that a pressure of about 5 GPa would be sufficient to completely suppress the static stripe
phase and restore bulk superconductivity in LBCO-1/8.

Acknowledgments

The µSR experiments were performed at the Swiss Muon Source, Paul Scherrer Institute (PSI),
Villigen, Switzerland. This work was supported by the Swiss National Science Foundation,
the NCCR MaNEP, the SCOPES grant no. IZ73Z0-128242 and the Georgian National Science
Foundation grant no. RNSF/AR/10-16.

References

[1] Bednorz J G and Müller K A 1986 Z. Phys. B 64 189
[2] Moodenbaugh A R, Xu Y, Suenaga M, Folkerts T J and Shelton R N 1988 Phys. Rev. B 38 4596
[3] Kivelson S A, Bindloss I P, Fradkin E, Oganesyan V, Tranquada J M, Kapitulnik A and Howald C 2003 Rev.

Mod. Phys. 75 1201

New Journal of Physics 15 (2013) 093005 (http://www.njp.org/)

5.3. Publication related to Chapter 5 123



9

[4] Vojta M 2009 Adv. Phys. 58 699
[5] Axe J D, Moudden A H, Hohlwein D, Cox D E, Mohanty K M, Moodenbaugh A R and Xu Y 1989 Phys.

Rev. Lett. 62 2751
[6] Luke G M, Le L P, Sternlieb B J, Wu W D, Uemura Y J, Brewer J H, Riseman T M, Ishibashi S and Uchida S

1991 Physica C 185–189 1175
[7] Tranquada J M, Sternlieb B J, Axe J D, Nakamura Y and Uchida S 1995 Nature 375 561
[8] Tranquada J M, Axe J D, Ichikawa N, Nakamura Y, Uchida S and Nachumi B 1996 Phys. Rev. B 54 7489
[9] Bianconi A, Saini N L, Lanzara A, Missori M, Rossetti T, Oyanagi H, Yamaguchi H, Oka K and Ito T 1996

Phys. Rev. Lett. 76 3412
[10] Bianconi A, Lusignoli M, Saini N L, Bordet P, Kvick Å and Radaelli P G 1996 Phys. Rev. B 54 4310
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6 Concluding remarks

In this thesis the magnetic and superconducting properties of the iron-based HTS sys-

tems EuFe2As2 and Ba1−xRbxFe2As2 and the cuprate HTS system La1.875Ba0.125CuO4 were

studied by means of µSR, NMR, magnetization, and x-ray experiments.

The system EuFe2As2 was investigated as a function of charge carrier doping, as well as

chemical and hydrostatic pressure. The hyperfine coupling constant between the 75As nuclei

and the Eu 4f moments in EuFe1.9Co0.1As2 was quantitatively determined from NMR data.

The observed large value of the coupling constant points to strong interaction between the

localized Eu2+ moments and charge carriers in the Fe2−xCoxAs2 layers. This may explain

why it is difficult to induce superconductivity in EuFe2−xCoxAs2, in contrast to the other

122 systems, where the substituion of Fe by Co leads to the appearance of an SC phase.

In addition, strong interlayer coupling suggests that the RKKY interaction might play an

important role in the coupling mechanism between the Eu layers, leading to a high magnetic

ordering temperature of the Eu2+ moments in EuFe2As2. NMR experiments provide the first

microscopic evidence for a possible electronic nematic phase in EuFe1.9Co0.1As2 well above

the SDW state of the Fe moments. This supports the idea that the tetragonal-orthorhombic

structural transition in Fe-HTSs is of electronic origin.

The magnetic phase diagrams of the Eu and Fe spin systems in single crystals of

EuFe2−xCoxAs2 were determined. The magnetic ordering temperature of the Eu2+ mo-

ments remains nearly unchanged upon Co-doping. However, unlike the parent compound,

in which the Eu2+ moments order antiferromagnetically at low temperatures, the Co-doped

system exhibits a C-AFM state with a dominant FM component in the ab-plane. The mag-

netic anisotropy becomes smaller as a result of Co doping. This implies that the magnetic

configuration of the Eu moments is strongly influenced by the Fe sublattice, where super-

conductivity takes place for a certain range of Co doping.

The phase diagram of pollycrystalline samples of EuFe2(As1−xPx)2 with respect to chem-

ical (x, isovalent substitution of As by P) and hydrostatic pressures (p) were also determined.

These investigations reveal that the magnetic coupling between the Eu and the Fe sublat-

tices strongly depends on chemical and hydrostatic pressure and determines the (x−T ) and

(p−T ) phase diagrams. According to the phase diagrams, both ways to apply pressure have

qualitatively similar effects on the Fe and Eu magnetic order. One of the important aspects

of the present results is that it confirms the presence of a SC phase in the extremely narrow

pressure range in EuFe2(As1−xPx)2. This is very different from the respective phase diagram

of BaFe2(As1−xPx)2, where superconductivity is observed over a large pressure range. This

might be related to the complicated interplay between Eu magnetic order and superconduc-

tivity in EuFe2(As1−xPx)2.

µSR studies of another Fe-HTS Ba1−xRbxFe2As2 with Tc = 38 K revealed the existence

of two gaps opening below Tc, which is in line with the generally accepted view of multi-gap

superconductivity in Fe-HTSs. Most probably, in the Fe-HTSs the order parameter is s +
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s-wave like. However, some reports point towards an s(+/-), or extended s-wave state.

Another interesting candidate to study the interplay between SC and magnetic ground

states in HTSs is the cuprate system LBCO-1/8. It exhibits a static stripe phase at low

temperatures which leads to a strong decrease of Tc. By studying this system as a function

of hydrostatic pressure, an unusual interplay between spin order and superconductivity was

observed. With increasing pressure the spin order temperature and the size of the ordered

moment do not change significantly. However, application of hydrostatic pressure leads to a

significant decrease of the magnetic volume fraction Vm(0). Simultaneously, an increase of

the SC volume fraction Vsc(0) occurs. Furthermore, it was found that Vm(0) and Vsc(0) at

all p are linearly correlated: Vm(0) + Vsc(0) ≃ 1. This is an important new result, indicat-

ing that the magnetic fraction in the sample is directly converted to the SC fraction with

increasing pressure. The mechanism of this transformation, however, is not clear at present

and requires further investigations. The present results provide evidence for a competition

between superconductivity and static magnetic order in the stripe phase of LBCO-1/8, and

that static stripe order and superconductivity occur in mutually exclusive spatial regions.

Combining all these observations leads to the conclusion that the Fe-based and cuprate

high-Tc superconductor systems investigated in the framework of the present thesis show

a substantial sensitivity of the SC and magnetic properties for small variations of various

physical parameters of the system. Moreover, a complex and rather sophisticated interplay

of magnetism and superconductivity in EuFe2As2 and LBCO-1/8 was found. This provides

new constraints for theories of superconductivity.
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and T. Vomhof, Magnetic properties of ternary lanthanoid transition metal arsenides
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