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von

Saskia Bosma
aus Frankreich

Promotionskomitee:
Prof. Dr. Hugo Keller (Vorsitz und Leitung der Dissertation)
Dr. Stephen Weyeneth
Prof. Dr. Roman Puzniak
Prof. Dr. Andreas Schilling
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Abstract
The underlying mechanism of high-temperature superconductivity is still not fully understood,
despite the 27 years elapsed since its discovery by Bednorz and Müller. The key of this mechanism
is the interaction that allows electron pairs to flow without resistance in superconductors below
a critical temperature. Superconductivity takes place in a wide variety of materials, differing
for instance by crystal structure, non-superconducting parent compound, or thermodynamical
parameters. Interestingly, all the high-temperature superconductors have a layered structure.
Measuring the anisotropy parameter of those systems is therefore a privileged method to investigate
their superconducting properties.
The most accurate technique to evaluate the anisotropy of a superconductor is torque magnetometry. The torque sensors and the experimental setup developed at the University of Zurich, and
regularly improved over the years, allow us to reach unparalleled sensitivity. In order to extend
the temperature and field domain accessible to our torque measurements, we built a new torque
magnetometer that can be used in a 2 K cryostat equipped with a high-field superconducting
magnet.
The anisotropy is related to the superconducting gap through the magnetic field penetration
depth. The presence of multiple gaps has been proposed to explain the high critical temperatures
of unconventional superconductors, and has also been linked to a temperature dependence of
the anisotropy. Our anisotropy measurements on the cuprate high-temperature superconductor
YBa2 Cu3 O7−δ show a slight dependence on temperature, indicating the possible presence of several
gaps. This dependence is carefully examined using not only the usual London model for the
analysis, but also the more sophisticated Hao-Clem model. Accurate measurements are further
enabled by the shaking technique, which consists in applying a small alternative magnetic field
to shake the superconducting vortices into their thermodynamical equilibrium positions. The
resulting gain in sensitivity allowed us to directly observe the lock-in of the vortices in the same
YBa2 Cu3 O7−δ crystal. The transition to the lock-in state happens when the superconducting
coherence length becomes smaller than the distance between the superconducting layers. The
behavior therefore changes from three dimensional to two dimensional. The lock-in is especially
interesting because it is related to the dimensionality of the superconductor. The dimensionality is
pertinent to the fundamental understanding of the material, but also to vortex pinning, a feature
which is relevant for industrial applications.
Observing how superconductivity interacts with other ordered states can help to understand
its basic principles. In many high-temperature superconductors, magnetic and superconductivity
domains are separated in the phase diagram; the magnetic order has to be destroyed by doping for
the electrons to condense into pairs. However, the intercalated iron selenides feature a coexistence
of antiferromagnetic and superconducting phases at microscopic scales, as do some cuprates. In
the iron-based high-temperature superconductor Rbx Fe2−y Se2 , the anisotropy does not depend
on temperature, but strongly depends on field, although the temperatures studied are too low to
excite any change in the antiferromagnetic order. This points towards a role of the arrangement
of the antiferromagnetic and superconducting domains, rather than an effect from changes in the
magnetic moments configuration. Measurements of crystals annealed just at the onset of phase
separation between antiferromagnetic and non-antiferromagnetic phases confirm that the degree
of homogeneity seems to control the quality of the superconductor.
Even in materials in which magnetism and superconductivity do not closely coexist, it is interesting to observe how the proximity of strong magnetism influences the superconducting state.
For example, in the iron-based superconductor EuFe2−x Cox As2 , the superconductivity is reentrant
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(the resistivity does not completely vanish), due to the ordering of the large magnetic moments
of the Eu atoms. Doping EuFe2 As2 with cobalt on the iron site suppresses the low field, low
temperature antiferromagnetic phase of the Eu moments. This shows that the superconducting
iron-arsenic layer interacts with the Eu moments.
The results of this work point out the strong influence of competing or coexisting magnetic
orders on superconductivity. They also show that a low anisotropy cuprate can develop 2D characteristics under certain conditions, and traces of multigap superconductivity were observed.

Zusammenfassung
Der zugrunde liegende Mechanismus der Hochtemperatursupraleitung ist noch nicht vollständig
verstanden, trotz ihrer Entdeckung durch Bednorz und Müller vor schon 27 Jahren. Der Schlüssel
dieses Mechanismus ist die Wechselwirkung zwischen Elektronen, durch welche die sich ergebenden Elektronenpaare unterhalb einer kritischen Temperatur ohne Widerstand fliessen können.
Supraleitung tritt in vielen Materialien auf, die sich hinsichtlich Kristallstruktur, Ausgangsverbindung, oder thermodynamischer Parameter voneinander unterscheiden. Interessanterweise weisen
alle Hochtemperatursupraleiter eine Schichtstruktur auf. Die Messung der Anisotropie Parameter dieser Systeme ist daher eine etablierte Methode um ihre supraleitenden Eigenschaften zu
untersuchen.
Eine der präzisesten Techniken um die Anisotropie eines Supraleiters zu bestimmen, ist die
Drehmoment-Magnetometrie. Der Versuchsaufbau und die Drehmomentsensoren, die an der Universität Zürich entwickelt und in den letzten Jahren weiter verbessert wurden, ermöglichen uns
mit einzigartig hoher Empfindlichkeit zu messen. Um den vorhandenen Temperatur- und Magnetfeldmessbereich unserer Apparatur zu erweitern haben wir ein neues Drehmoment-Magnetometer
konstruiert, das in einen standardmässigen 2 K Kryostaten mit supraleitendem Hochfeld-Magneten
integriert werden kann.
Die Anisotropie ist über die magnetische Eindringtiefe mit der supraleitenden Bandlücke verknüpft. Um die hohen Sprungtemperaturen der unkonventionellen Supraleiter zu erklären, wurde
das Konzept mehrerer Bandlücken entwickelt und ein Zusammenhang zur Temperaturabhängigkeit
der Anisotropie hergestellt. Unsere Messungen der Anisotropie des Kuprat-Supraleiters YBa2 Cu3 O7−δ zeigen eine geringe Abhängigkeit von der Temperatur, die auf das Vorhandensein mehrerer
supraleitender Bandlücken oder des Pseudobandlücken-Effekts hinweisen. Diese Abhängigkeit
wurde tiefgründig untersucht, indem nicht nur das übliche London Modell für die Analyse genutzt
wurde, sondern auch das anspruchsvollere Hao-Clem Modell. Eine höhere Genauigkeit der Messung wird durch die ’Schüttel Technik’ erzielt, die beim Anlegen eines kleinen zusätzlichen Magnetfeldes die magnetischen Flusswirbel in ihre thermodynamische Gleichgewichtsposition bringt.
Durch die daraus resultierende Erhöhung der Empfindlichkeit konnten wir den Lock-in-Effekt der
Flusswirbel im gleichen YBa2 Cu3 O7−δ Kristall direkt beobachten. Der Übergang in den Lock-inZustand tritt auf, wenn die supraleitende Kohärenzlänge kleiner wird als der Abstand zwischen
den supraleitenden Schichten. Das Verhalten ändert sich dann von dreidimensional zu zweidimensional. Der Lock-in-Effekt ist besonders interessant, da er mit der Dimensionalität des Supraleiters
in Beziehung steht. Die Dimensionalität ist von Bedeutung für das grundlegende Verständnis des
Materials und für das Pinning der Flusswirbel (eine Eigenschaft, die für industrielle Anwendungen
interessant ist).
Untersuchungen der Interaktion von Supraleitung mit anderen geordneten Zuständen können
helfen die grundlegenden Prinzipien zu verstehen. Bei vielen Hochtemperatursupraleitern werden
im Phasendiagramm magnetische von supraleitenden Domänen getrennt, da davon ausgegangen
wird, dass erst magnetische Ordnung zerstört werden muss damit die Elektronen in Paare kondensieren können. Selenide mit eingelagertem Eisen weisen allerdings eine Koexistenz von Antiferromagnetimus und Supraleitung bis auf mikroskopischer Skala auf, wie auch einige Kupfer basierte
Verbindungen. Im eisen-basierten Hochtemperatursupraleiter Rbx Fe2−y Se2 ist die Anisotropie
nicht von der Temperatur abhängig. Sie ist stattdessen stark feldabhängig, obwohl die untersuchten
Temperaturen zu niedrig sind um Änderungen der antiferromagnetischen Ordnung anzuregen. Dies
deutet daraufhin, dass eher die Anordnung der antiferromagnetischen und supraleitenden Domänen
eine Rolle spielt, anstelle eines Effekts resultierend aus der Konfiguration der magnetischen Mo-
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mente. Messungen von Kristallen, die genau beim Einsetzen der Phasentrennung zwischen Antiferromagnetismus und Nicht-Antiferromagnetismus getempert wurden, bestätigen, dass der Grad
der Homogenität die Qualität des Supraleiters zu steuern scheint.
Auch in Materialien, in denen Magnetismus und Supraleitung nicht eng koexistieren, ist es
interessant zu beobachten, wie die Nähe von starken Magnetfeldern den supraleitenden Zustand
beeinflusst. Im eisen-basierten Hochtemperatursupraleiter EuFe2−x Cox As2 beispielsweise ist die
Supraleitung wiedereintretend (der spezifische Widerstand verschwindet nicht vollständig), aufgrund der Ordnung der hohen magnetischen Momente der Eu Atome. Wird EuFe2 As2 mit Kobalt
an der Eisenposition dotiert werden das niedrige Magnetfeld und der Tieftemperatur Antiferromagnetismus der Eu Momente unterdrückt. Dies zeigt, dass die supraleitende Eisen-Arsen-Schicht
mit den magnetischen Eu Momenten interagiert.
Die Ergebnisse dieser Dissertation weisen auf einen starken Einfluss von konkurrierenden oder
koexistierenden magnetischen Ordnungen auf die Supraleitung hin. Sie zeigen auch, dass unter
bestimmten Bedingungen Kuprate mit kleiner Anisotropie 2D-Eigenschaften entwickeln können,
und Spuren von mehreren supraleitenden Bandlücken beobachtet werden können.
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Introduction
The first manifestation of superconductivity was observed in 1911 [1], as a drop in the resistivity
of mercury at 4.2 K. This zero-resistance state below a critical temperature Tc was subsequently
discovered in many other compounds, but the critical temperatures were quite low, sometimes of
the order of the millikelvin.
A further historical step was the discovery of the Meissner-Ochsenfeld effect in 1933 [2]. It
consists in the expulsion of magnetic field lines from the bulk of a superconductor (i.e. perfect
diamagnetism) when it is cooled below Tc . This observation led to the London theory (1935)
[3], which explains the drop in resistivity and flux expulsion from fundamental electrodynamic
equations. The underlying mechanism was however still unknown.
The conventional low-temperature superconductors were successfully explained by Bardeen,
Cooper and Schrieffer in 1957 [4], through the so-called BCS theory. The carriers of the superconducting currents in the BCS theory are electrons paired by an electron-phonon interaction. One
of the main experimental bases of this theory is the isotope effect [5, 6]: increasing the mass of
the lattice ions decreases Tc , evidencing the ions role on superconductivity. The pairing allows the
resulting two-electron bosonic quasiparticles to condense in the superconducting ground state, in
a phase-coherent way, and to flow without the interferences which give rise to resistance in normal
conductors.
Superconductivity at much higher temperatures was then discovered by Bednorz and Müller
in LaBaCuO in 1986 [7], with Tc = 35 K. In the following years many compounds of the layered
cuprate family were synthesized, with a record critical temperature at atmospheric pressure of 133
K in HgBa2 Ca2 Cu3 O8+δ [8]. Although the carriers are still electron pairs in high-temperature
superconductors, the pairing interaction is the object of debate since their discovery.
Recently, iron-based superconductors were discovered by Kamihara et al. [9]. Although the
maximal Tc of this new class is 56 K, these materials are especially interesting due to the interplay
between magnetism and superconductivity; in some extreme cases, there is even coexistence between those two phases similar to the cuprates. Like the cuprates, iron-based superconductors are
layered compounds, but superconductivity is supported by Fe-Se or Fe-As planes instead of CuO2
planes.
Over the years, several different families of materials superconducting at various temperatures
were found: A15 compounds up to 23 K in 1953 [10, 11], heavy fermions around up to 2.3 K in
1978 [12, 13], low dimensional organic superconductors at a few Kelvins in 1981 [14], fullerenes
up to 33 K in 1991 [15, 16], MgB2 at 39 K in 2001 [17], and carbon nanotubes around 15 K in
2001 [18]. This great variability in superconducting materials shows that superconductivity is a
many-faceted phenomenon.
Even if there is no complete theory of high-temperature superconductors, the phenomenological
Ginzburg-Landau theory [19] describes many features of these superconductors. The superconducting state is modeled within the framework of the Landau theory of phase transitions, and the
order parameter is assumed to be the wave function of the superconducting carrier density. The
Ginzburg-Landau theory is especially useful to explain the properties of the mixed state, in which
the field partially penetrates the superconductor in the form of vortices. The vortex state has a
rich phase diagram, and vortex physics is a manifestation of the underlying superconducting fluid
behavior. The Ginzburg-Landau theory was actually shown by Gor’kov [20] to be a limit case of
the BCS theory.
Since the diamagnetic behavior of superconductors is intimately linked to the superconducting
currents circulating in the material, magnetometry is a privileged investigating tool for supercon-
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ductivity, especially since high-temperature superconductors exhibit many magnetic properties in
addition to superconductivity.
The theoretical background from which our data analysis methods are derived is introduced in
Chapter 1. Chapter 2 presents the torque magnetometry technique and the new setup designed
during this Ph.D. work. The dependence of the anisotropy of YBa2 Cu3 O7−δ on temperature, field,
and modelisation is studied in Chapter 3, together with a detailed examination of the lock-in effect.
The anisotropy of Rbx Fe2−y Se2 , in which magnetism and superconductivity coexist, is reported in
Chapter 4. In Chapter 5, the different magnetic configurations of Eu ions in the superconducting
parent compound EuFe2 As2 (and in EuFe2−x Cox As2 ) are detected by torque, confirming SQUID
observations on the same samples.

Chapter 1

General properties of superconductors

Although no microscopic theory comparable to BCS was derived for high-temperature superconductors, the phenomenological Ginzburg-Landau theory can successfully describe many properties
of these materials. The Ginzburg-Landau theory describes the behavior of anisotropic superconductors in a magnetic field, but does not explain the origin of pairing (superconductivity is assumed
to exist).
This Chapter exposes the Ginzburg-Landau expression of the free energy, and how a working
expression of the magnetic torque can be derived in the London approximation.

1.1

The Ginzburg-Landau theory

According to the Landau theory of phase transitions [21], the free energy of a system approaching
a phase transition can be written as a functional of the order parameter. This parameter is a
quantity characterizing the order that forms below the critical temperature Tc . For example, in
the case of phase transitions resulting in ferromagnetically ordered magnetic moments, the order
parameter is the magnetization; it is zero above the critical temperature, and non-zero below. A
phenomenological expression of the free energy for superconductors was derived by Ginzburg and
Landau [19], based on the Landau theory :
~ = fn0 (0) + α|ψ|2 +
f (H)

β 4
1
|ψ| +
2
2m∗




~~
~ ψ
∇ − e∗ A
i

2

+

~2
µ0 H
,
2

(1.1)

where fn0 (0) is the free energy in the non-superconducting (disordered) state without any magnetic
~ applied, A
~ is the vector potential, µ0 is the magnetic permeability of vacuum, α and β
field H
are phenomenological parameters, and ψ is the order parameter. ψ is the wave function of a
superconducting carrier quasiparticle of mass m∗ and charge e∗ .
~ yields
A variational minimization of the corresponding Gibbs energy with regards to ψ and A
the two Ginzburg-Landau (GL) equations:
1
α|ψ| + β|ψ| ψ +
2m∗
2



~~
~
∇ − e∗ A
i

2
ψ = 0,

(1.2)



∗
~ − e∗ A
~ .
~js = e |ψ|2 ~∇ψ
(1.3)
m∗
By solving Eq. (1.2) at zero field, and Eq. (1.3) at constant ψ, natural scales for the variations
of respectively the order parameter and the field inside the superconductor are obtained:
s
ξ=
s
λ=

~2
,
2m∗ |α|

(1.4)

m∗
.
µ0 n∗s e∗2

(1.5)
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1. General properties of superconductors

The superconducting carrier density is denoted as n∗s = |ψ|2 , m∗ is the carrier effective mass,
and e∗ is the carrier charge. The variables n∗s , m∗ , and e∗ are a priori different from respectively
the electron density, the free electron mass, and the electron charge. The BCS theory and many
experiments indicate that the superconducting carriers are electron pairs. The values of e∗ and
m∗ are therefore 2e and 2me , where e and me are the electron charge and mass, respectively. ξ
is the coherence length, i.e. the typical distance on which the order parameter can go down to
zero at an interface between the superconductor and a normal material. λ is the magnetic field
penetration depth; the field vanishes exponentially inside the superconductor on a characteristic
length λ. Both parameters depend on temperature
via |α| and n∗s . Their
√
√ ratio determines whether
the superconductor is of type I (κ = λ/ξ < 1/ 2) or type II (κ > 1/ 2). Type I superconductors
feature only one critical field Hc above which superconductivity and perfect Meissner screening
disappear (Fig. 1.1a). Type II superconductors display a mixed state at fields between the lower
critical field Hc1 , at which the Meissner screening stops, and the upper critical field Hc2 , at which
superconductivity vanishes. In the mixed state, the field partially penetrates the bulk of the
superconductor in the form of vortices (Fig. 1.1b). These vortices each carry the same quantity of
magnetic flux: one flux quantum Φ0 = hc/e∗ . When the material is type II, the field can penetrate
on a large length and the order parameter can go to zero on a short length, so the apparition of
interfaces between superconducting and normal state saves energy. The energy lost in turning off
superconductivity in the vortex is compensated by the magnetic energy gained by allowing some
field to penetrate. The typical size of the vortex normal state core is ξ, and the magnetic field
penetration depth around the core is λ.
Type I superconductors have such a low critical field that they are useless for applications
where magnetic fields are involved. In type II superconductors, Hc1 is related to the penetration
of the field, and Hc2 is related to the coherence length [22] (neglecting vortex lattice corrections):
Hc1 =
Hc2 =

Φ0
ln(κ),
4πµ0 λ2
Φ0
.
2πµ0 ξ 2

(1.6)
(1.7)

Figure 1.1: a) Generic phase diagram of a type I superconductor. The light blue sphere represents
the superconductor, the dark blue lines are the field lines. The field is expelled in the Meissner
state, and undisturbed in the normal state. b) Phase diagram of a type II superconductor. In the
mixed state, the field penetrates partially into the bulk of the superconductor.

1.2. Magnetization in the London approximation

1.2

7

Magnetization in the London approximation

All high-temperature superconductors are type II. For extreme type II superconductors (κ >> 1),
the size of the vortex core is negligible compared to the size of the region around it where the field
penetrates. The order parameter can be considered constant in most of the superconductor, which
then behaves according to the electromagnetic London equations [3]. This London approximation
is valid when the applied field H verifies H << Hc2 . When H ' Hc2 , the coherence length is
diverging, so the core size would not be negligible.
In an anisotropic superconductor, the effective mass is replaced by a tensor having its principal
directions along the crystallographic axes a, b, and c. The free energy (per unit length in the
vortex direction) is [23]:


Z
X
→
−
−
~ ·→
~  dxdy,
H 2 + λ 2
mik ∇ i × H
∇k × H
(1.8)
F = 2πV
i,k in(a,b,c)

where V is the volume of the sample, λ = (λa λb λc )1/3 (λi is the penetration depth along the i-axis),
and the mi k are the effective mass tensor coefficients. If Hc1 << H, Eq. (1.8) reduces to [24]:


µ0 V H 2 Φ0 HV
υHc2
F =
+
ln
.
(1.9)
2
8πλ2
H
The factor υ is a dimensionless constant stemming from an integral cutoff in the free energy
derivation depending on the vortex lattice structure. The present work mainly makes use of
~ undergoes a torque defined
torque measurements. A magnetic
moment
m
~ in a magnetic field H


~ . The free energy represents the maximal quantity of work
magnetostatically as ~τ = µ0 m
~ ×H
that can be extracted from a system. In the case of a sample rotating under a torque τ , the
elementary work is ∂W = τ ∂θ, where ∂θ is the elementary angular displacement. The torque can
therefore be defined thermodynamically as:
∂F
(1.10)
∂θ
In a layered tetragonal superconductor (λa = λb = λab ) in the London approximation, the
expression for the torque can therefore be derived from Eq. (1.9), yielding
!


||c
ηHc2
V Φ0 H
1 sin(2θ)
τ (θ) = −
1− 2
ln
,
(1.11)
γ
(θ)
(θ)H
16πλ2ab
p
where θ is the angle between the field and the crystallographic c-axis, (θ) = cos(θ)2 + sin(θ)2 /γ 2
is the angular scaling function, γ = λc /λab is the anisotropy parameter, and
pη ∗is a dimensionless
parameter related to υ. In the GL theory for a one gap superconductor, γ = mab /m∗c = λc /λab =
ξc /ξab . η can in most cases be fixed around 1; a more detailed account of this approximation is
described in Section 3.1.
The original source [24] for this derivation mentions that the angular dependence of Hc2 should
not be taken into account in order to stay within the London approximation. However, subsequent
theoretical work (for example [25]) introduce this angular dependence via the (θ) factor, and the
torque expression (1.11) is widely used in experimental works (see for example Refs. [26, 27, 28,
||c
29, 30, 31]). The angle dependence changes Hc2 (θ) = Hc2 /(θ) by at most a γ factor, and at least
a factor one. Since Hc2 enters Eq. (1.11) only in the logarithmic term, it is reasonable to assume
that using an angle dependent Hc2 does not overstep the London approximation for moderately
anisotropic superconductors.
τ =−

Chapter 2

Probing the magnetic properties of
high-temperature superconductors

The properties of the superconducting state can be studied by magnetometric techniques, since
the screening of the magnetic field makes the materials diamagnetic. The magnetic behavior of
a superconductor can provide insights into its superconducting behavior. Besides, many superconductors exhibit magnetic orders independently of superconducting diamagnetism, which may
influence superconductivity or compete with it. For example, in cuprates the Cu moments in the
superconducting planes order antiferromagnetically at low oxygen doping, and many superconductors feature coexisting antiferromagnetism and superconductivity.
In this chapter, different magnetometry techniques are compared, and the specificities of the
torque technique are underlined. Torque magnetometry is then described in detail. Finally, the
new high-field, low-temperature torque setup developed for this Ph.D. project is presented.

2.1

Experimental techniques overview

There are many ways to measure the magnetic properties of superconductors. One of the most
commercially successful is the SQUID (Superconducting QUantum Interference Device) [32]. The
bulk average magnetic moment of a sample is measured by sweeping it through superconducting
half loops connected via Josephson junctions. These loops pick-up the voltage difference due to the
magnetic flux variation resulting from the movement. Another method used in this work to study
magnetization is Muon Spin Rotation-Relaxation (µSR). It is a particle implantation method,
which yields the distribution of the internal field inside a material.
Torque magnetometry measures the bulk magnetization. It has the advantage of being more
sensitive than a SQUID at high fields and of not having crystal orientation issues, since a typical
measurement consists in sweeping the direction of an applied magnetic field. Torque magnetometry
provides a direct method to study the anisotropic magnetic properties of superconductors, contrary
to methods measuring physical quantities separately along different crystallographic directions in
order to determine the anisotropy parameter. A determination of the anisotropy from the ratio
of the penetration depths requires a careful measurement of λc and λab . Any misalignment of
the sample with the applied magnetic field results in an underestimation of λc and the deduced
γ. In torque measurements, however, the anisotropy is extracted from a fit to the data, without
orientation issues since the model used for the analysis [Eq. (1.11)] describes the torque in the
full angular range. Torque methods probe directly the component of the magnetization which is
orthogonal to the field.

2.2

Torque magnetometry

~ is subjected to a torque
A magnetic moment m
~ in a magnetic field H


~ .
~τ = µ0 m
~ ×H

(2.1)
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Bulk magnetometry techniques give access to the magnetization M = m/V , where V is the
volume of the sample. In anisotropic superconductors, the diamagnetic moment is not aligned
with the field, because the supercurrents giving rise to the diamagnetism flow more easily in the
superconducting planes, and not necessarily orthogonally to the field lines (see Fig. 2.1). Therefore,
the vector product of M and H is not zero if the field is not along the principal axes, and it is
possible to access magnetization information from torque measurements. The torque only yields
the component M⊥H of the magnetization which is perpendicular to the field, so the analysis is
usually done with models deriving directly the torque from the free energy, rather than with models
calculating M⊥H .

Figure 2.1: Field and magnetization vectors configuration in the vortex state. The curly arrow
shows the direction of the superconducting currents flowing around the vortex and shielding the
rest of the superconductor from the magnetic field. a, b, and c are the crystallographic axes. a)
Isotropic superconductor. b) Anisotropic layered superconductor.
Torque measurements typically consist in sweeping the magnetic field direction from the caxis through the ab-plane and to the opposite direction of the c-axis (clockwise), then back again
(counterclockwise) as shown on Fig. 2.2a. Such a measurement yields the torque τ as a function
of the angle θ between the applied field H and the c-axis. The resulting function τ (θ) can be
fitted with Eq. (1.11) if the London approximation is valid. As the field direction is approaching
the ab-plane, the screening currents start to flow not only in plane, but also out of plane, which
makes the torque depend strongly on both λab and λc in this angular region. The temperature
and field effect on the anisotropy γλ are consequently visible on angular torque data taken around
the ab-plane at various fields and temperatures, independently of the strict validity of Eq. (1.11)
or the fit quality.
The first torque setup used in our measurements consists of a rotating resistive 1.4 T magnet,
a cryostat cooling down to 12 K, a shaking coil producing a few mT of AC field at 200 Hz, and
piezoresistive torque sensors designed by S. Kohout [33]. The sensor is a platform connected to
piezoresistive legs which are bent when the sample mounted on the platform undergoes a torque
(Fig. 2.2b). The resulting resistance change in the piezoresistors is detected by a Wheatstone
bridge, and the read-out voltage is proportional to the torque magnitude. The small dimensions
needed for the sample - typically less than 100 µm - allow the study of high-quality single crystals.
This is especially useful in the case of newly discovered materials, for which it is not possible to
grow large single crystals of sufficient quality.

2.2. Torque magnetometry

a)

c-axis
!
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b)
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τ!
cw

ab-plane
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M

Figure 2.2: a) Visualization of the vectors during a typical measurement. The field direction is
swept clockwise (CW), then counterclockwise (CCW). The measurement is reversible when there
is no pinning; the signal corespond to a thermodynamic equilibrium state. The torque is then
identical in both field sweep directions. b) Electron microscope picture of the torque sensor. The
superconducting crystal (brown) is mounted on the platform, and a magnetic field H (green) with
angle θ varying with regards to the crystallographic c-axis is applied. The diamagnetic moment
and the misalignment due to the crystal anisotropy result in a torque τ (violet). When the field is
swept in the plane containing the c-axis and the piezoresistive legs, the torque is perpendicular to
the legs, resulting in a symmetric deformation of the piezoresistors.
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There is an irreversibility between the clockwise (CW) and counterclockwise (CCW) measurements, due to pinning of the vortices on defects in the crystal. In order to get reversible measurements that can be compared to thermodynamic models, a vortex shaking technique [27, 34] is
used. It consists in applying a small AC magnetic field perpendicular to the main field. The oscillating Lorentz force thus applied tears the vortices away from their pinning centers and allows for
measurements at thermodynamic equilibrium (Fig. 2.3 and 2.4). Measurements without shaking
tend to overestimate the anisotropy [35, 36, 37].

Figure 2.3: Visualization of the shaking effect. On the top, a superconductor (grey) with vortices
(orange spots) pinned on defects (black stars), viewed along the field direction. On the bottom,
after shaking with the AC field h cos(ωt), the vortex lattice is in the equilibrium triangular configuration.
When using Eq. (1.11) to analyze angular torque data, the free fit parameters are γ, λab , η, and
Hc2 . In order to reduce the number of fit parameters, Hc2 is usually fixed with the WerthamerHelfand-Hohenberg (WHH) temperature dependence [38]:

||c

µ0 Hc2 '

dHc2
dT

T =Tc

· (T − Tc ).

(2.2)

Hc2 can therefore be estimated from resistivity measurements around Tc . Small variations in
Hc2 do not affect the results of the analysis, since Hc2 contributes only logarithmically in Eq. (1.11)
and has very little weight in the determination of the anisotropy and the penetration depth in low
magnetic fields [39].
In addition to the superconducting magnetization signal, a paramagnetic background due to
impurities can be present. The general shape of such a signal is proportional to χ(V H 2 /2) sin(2θ),
where χ = M/H is the magnetic susceptibility (see Appendix B). It can be subtracted from the
data by analyzing τ (θ) + τ (θ + 90◦ ) instead of τ (θ), or by including an additional sinusoid in
the fitting. Unless otherwise specified, the results are independent of the background subtraction
procedure [39].

2.3. A new torque setup for high-field, low temperature measurements
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Figure 2.4: Example of the shaking effect on a YBa2 Cu3 O7−δ single crystal (1.4 T torque setup).
The irreversibility between CW and CCW directions is completely removed. Note that the final
signal does not exactly coincide with the average of the CW and CCW data.

2.3

A new torque setup for high-field, low temperature measurements

In order to reach higher fields and lower temperatures in torque experiments, we conceived a new
design for the torque magnetometry setup. It consists of a rod inset compatible with the general
purpose Quantum Design PPMS (Physical Properties Measurement System). We use the same
piezoresistive torque sensors as the 1.4 T station, and introduce shaking coils inside the cryostat.
There is a commercial torque option to the PPMS, inspired by the first designs made at the
University of Zurich and IBM Rüschlikon [40]. However, its resolution is much lower than what
we can achieve, because the sensor size of this device is much bigger and less accurate, and only
larger crystals of lesser quality can be measured. There is no shaking option either.
The main challenge is to achieve sufficient shaking power with very small coils, since the space
inside the cryostat is quite reduced (approximately 2.5 cm of useful diameter). Figure 2.5 shows
a simplified outline of the assembly part which performs the magnetometry measurements inside
the cryostat. The field direction is fixed, so the sensor has to be rotatable in order to do angle
dependent measurements. Besides, the Lorentz force due to the main field induces vibrations in
the current-carrying coil, which necessitates a large contact gap tolerance between objects, further
reducing the available space. Since space is limited, the number of windings on the coils at a given
wire diameter is also limited, putting an upper limit on the shaking field at a given current. The
Joule heating of the coils can also introduce noise due to the changes in temperature at the sample
site.

2.3.1

Shaking coils

The new coil size is a compromise between shaking field strength, cryostat size, and sensor holder
size. There are two shaking coils on either side of the sample location, in a Helmholtz configuration. They are wound between plastic holders (transparent parts in Fig. 2.5). The sample (grey

14

2. Probing the magnetic properties of high-temperature superconductors

Figure 2.5: Cryostat part of the new torque magnetometer inset. The casing (metallic orange) is
made of beryllium copper. The green plates are the sensor holder and the sensor printed circuit
board (PCB). The black rectangle on the PCB is the piezoresistive sensor. The aluminum part is
the shaking coils holder. The transparent plastic part is the coil support. The copper coil wire is
wound around the plastic cylinder, and held in place by the two transparent discs.

rectangle) is located on the torque sensor (black rectangle). An estimation of the shaking field was
calculated numerically by adding the fields created by simple current loops covering the volume
of the coils. The coils can be considered as circular current loops in series stacked concentrically
and horizontally (see Fig. 2.6a). This estimation (calculated in Python [41]) yields 0.32 mT at the
sample position for a 300 mA current (the maximal current in the coil windings at room temperature, which is given by the melting temperature of copper via Joule heating). The setup maximal
current of 1.8 A yields a 1.97 mT field. For comparison, the previous torque setup in a resistive
1.4 T magnet used a large copper shaking coil outside the cryostat, allowing a maximal shaking
field of 7 mT at 200 Hz on the whole volume of the measured sample.
A COMSOL simulation was made to estimate the field at the sample position, but also at
positions slightly off the axis, for which it is difficult to get a simple expression for the magnetic
field. This simulation uses the optimized dimensions shown in Fig. 2.6a. COMSOL [42] is a finite
elements simulation software which allows the simultaneous solving of different physical equations.
The modeling is quite simple; it consists of Ampere’s law applied to two copper cylinders in air
with a radial current circulating over their whole volume. In the actual coils, the windings do not
cover a perfectly cylindrical volume, since the wires have a circular section and are stacked in a
rectangular area A (see Fig. 2.6a). The simulation yields a field ≈ 0.3 mT at the position of the
torque sensor at 300 mA. With a 1.8 A current, the field at the center is 1.5 mT (see Fig. 2.6b).
These values are consistent with the simple Python model used for the first calculation.
Prototype coils of this size where made and tested in air at 293 K. The field measured then
was analogous to the one from the simulation and the calculation, ≈ 0.5 mT at 300 mA. The
inductance of the coil is measured at L = 1.13 mH, and its resistance is measured at 30 Ω at
300 K, and 5.5 Ω at 5 K. The AC current rise time L/R is thus always smaller than the 5 ms

2.3. A new torque setup for high-field, low temperature measurements
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Figure 2.6: a) Side cut view of a shaking coil. All dimensions are in millimeters. The coil wire
diameter is 0.2 mm. b) COMSOL simulation of the magnetic field amplitude created by the shaking
coils. The color scale is in mT, the maximum shown is 2 mT (red), the minimum shown is 0.1 mT
(green). The current density in the coil volume coresponds to a 1.8 A current in the 150 windings.
(200 Hz) period of the shaking excitation. A current larger than the 300 K limit may be used in
operation in the cryostat, since the melting risk is suppressed at low temperatures. However, the
heating of the coil can disturb the temperature of the measured sample, introducing noise in the
physical measurements.
There are current limitations to avoid heating of components nearby the current carrying wire
inside the Quantum Design device, and to avoid sparks between metallic pins in the cryostat. As
per specifications of the PPMS, shaking currents above 100 mA have to be used with caution if
the shaking current is carried via the internal all-purpose wires. In order to avoid this limitation,
we bring the shaking current via the top of the inset, independently of the PPMS internal wiring.

2.3.2

Mechanical design

Figure 2.7 shows the complete assembly of the new PPMS inset. The global shape of the new
inset casing is inspired from the commercial Quantum Design torque option. Since the direction of
the external field is fixed, the sample has to be rotated in order to get angular dependent torque
measurements. The rotation is ensured by a stepper motor (see Section 2.3.4) mounted on top
of the inset, outside the cryostat. The movement is transmitted via a rod to the bottom of the
assembly (shown in Fig. 2.8). The gears ensure the rotation of the sensor holder, the printed circuit
board (PCB) clipped to it, and the sensor itself, glued to the PCB (see Section 2.3.3).
The goal of the sensor holder/PCB clipping is to enable the user to easily remove the sensor from
the assembly in order to mount and dismount samples, or to change the piezoresistive sensor. The
input and output of the sensor go through the PCB pins to the sensor holder, which is connected
to the bottom puck of the PPMS via copper wires. Data acquisition devices outside the PPMS are
connected through this puck to the sensor and to an additional Cernox thermometer in the sample
chamber (not represented on the drawings for clarity). The coil current feed comes through the top
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of the PPMS to bypass current limitations. The contact between sensor holder and PCB is done
by pins clipping into receptacles. If the pin and the receptacle are perfectly straight, the contact
can be weak; if the pins are slightly skewed to insure better contact, fitting into the receptacles
can then be compromised.

2.3.3

Wheatstone bridge sensor readout

The torque sensor is glued with silver paint on the printed circuit board (PCB), on which the
Wheatstone bridge tracks are patterned in gold. The outputs lithographied on the sensor are
bonded to the PCB tracks with aluminum wires. The readout of the changes in the piezoresistive
legs resistance is made via the Wheatstone bridge. When it is well balanced, i.e. R1 = R3 = R
and R2 = R + ∆R, R4 = R − ∆R (see Fig. 2.9), the output voltage Vout which is read is expressed
easily as a function of the excitation voltage Vin :
Vout = −

2.3.4

∆R
Vin
2R

(2.3)

Motor assembly

The rotation of the angle between the field and the crystallographic axes of the investigated single
crystal is ensured by a stepper motor (Fig. 2.10). A potentiometer is mounted on the motor shaft
to provide basic feedback on the angle between the PCB and the vertical (which is the PPMS
static field direction), as the motor controller does not provide it. This feedback is not accurate
enough to be used in an angle correction loop for example, but it is useful to know roughly the
position of the PCB. If there is a power or program failure, the position of the PCB (readout from
the motor controller) can be erroneous, and since the whole inset is in a closed cryostat, it is not
possible to determine the position visually. In that case, a direct readout of the potentiometer
resistance can give an idea of the position without dismounting the inset from the cryostat, which
necessitates a long warm up to room temperature. Knowing roughly the position of the motor is
especially important because the torque sensor input/output wires soldered on the sensor holder
wrap around the holder rotation shaft during a rotation of the PCB. If there is a mistake in the
chosen rotation parameters, the resulting tight wire wrapping can result in ripping of soldering.
There is a small position hysteresis between the clockwise and counterclockwise directions of
the motor, which has to be taken into account in the data analysis. It is possible to configure
the motor to always reach an angle from the same direction (for example, increasing angles), by
making it reach first a slightly lower angle in the case of a downwards movement, then up to the
target angle. This method makes the whole downwards movement more noisy; since the hysteresis
is constant, it is better to correct it by a post-treatment of the data than to suppress it at the cost
of data quality.
The motor controller has to be manually configured, because the automatic configuration sends
a large current to the motor coils (useful only in applications driving a heavy load, which is not
the case here). This current can heat up the motor, which is problematic for the assembly thermal
stability. Besides, the automatic stall detection is faulty (the controller is supposed to stop when
it detects a ’stall’, i.e. when a motor step has been lost), and this stall detector is systematically
blocking the motor after a few degrees of rotation. We can be confident that this blocking is not
due to an actual stalling issue, since stalling is usually due to a large load which is too heavy for
the stepper motor, thus preventing it from completing a step and ending up in a stall state. Details
on the motor command devices can be found in Appendix A.

2.3. A new torque setup for high-field, low temperature measurements
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Figure 2.7: Global view of the new torque assembly. The motor and its controller are on the top
of the rod, outside the cryostat. The circled part is shown in detail in Fig. 2.8.
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Figure 2.8: Side view and isometric view of the bottom magnetometer assembly placed at the
bottom of the cryostat. The rotation axes are shown in red. a) Transmission axis. b) Gears
bringing rotation to the sensor holder. The gear ratio is 1:14. c) Pin receptacles ensuring contact
between the sensor holder and the sensor PCB. d) Sensor holder, fixed on the rotating axis. e)
Shaking coils holder. f) Casing. g) Contact puck to the user bridge ports at the bottom of the
cryostat. The contacts map is detailed in Fig. A.1. h) Sensor PCB, on which the torque sensor
is glued and the Wheatstone bridge electrical tracks are patterned. i) Torque sensor. j) Measured
sample. k) Shaking coil copper wire windings. l) Plastic coil support.
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Figure 2.9: Schematic view of the sensor PCB implementing the Wheatstone bridge. The gold
tracks are in red, the blue track is patterned on the other side of the PCB. R1, R2, R3, and
R4 are the resistances of the four legs on the two sensors used in the measurement. One of the
sensors is empty and used as reference (R1 and R3). The other holds the sample and has deviating
resistances (R2 and R4). It is assumed that at rest (no torque is present) R1 = R2 = R3 = R4.
This is experimentally valid within 1% accuracy. The calibration loop current is brought via the
I+ and I− contacts.

2.3.5

Computer control

The experiment control is done with purpose-built Labview programs. Labview [43] is a graphical
programming language which enables to easily create Virtual Instruments (VIs) with graphical
user interfaces. Most laboratory devices come with Labview drivers, which is especially useful in
the case of a motor control chain as the one used in our setup. An overview of the dependencies
between the main Labview VIs is given in Fig. 2.11. Figure 2.12 shows a schematic representation of
the experimental setup, while Fig. 2.13 show the main graphical user interfaces. TorqueControl.vi
is the main input for the measuring sequence and the measurement parameters, while the other
VIs principally display setup readings. The Labview version used in this work is 8.2.

2.3.6

Performance

The calibration of the sensors in the new setup yielded results consistent with the behavior of the
sensors in the previous setup. As expected, the torque signal from a constant magnetic moment
(from the calibration current loop integrated on the sensor platform) is a sine, with an amplitude
increasing with increasing temperature.
The PPMS setup was tested with systems also investigated with the previous setup: EuFe2 As2
and Rbx Fe2−y Se2 . Figure 2.14 shows some typical torque measurements side by side for the 1.4 T
and PPMS setups (without shaking). Due to crystal degradation, the tests could not be performed
with the same samples that were measured in the 1.4 T setup. However, there is no difference in
the noise level on the torque signal and the angle θ between both setups.
In order to test the efficiency of the vortex shaking coils, YBa2 Cu3 O7−δ crystals were measured
at 0.94 Tc (Fig. 2.15). The shaken data appears more reversible; however, it is possible that this is
actually an effect of the rise in temperature due to the coils Joule heating. A thermometer placed
at a few centimeters of the samples and coils shows that there are small variations of temperature,
which correlate exactly with the noise on the torque. The same thermometer, glued directly on
the coils, shows very large temperature bursts, as high as 15 K, during shaking at maximal power.
These can have a duration between a few seconds and half an hour. The previous shaking setup
used sinusoidal shaking currents. In order to try to reduce the power dissipated in the coils when
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shaking, we tested a rectangular 200Hz AC current featuring short spikes instead of values changing
between +A and -A. The success of shaking with this current profile would mean that vortices can
be teared away from pinning centers by a short, large force just as well as by a continuous, weaker
force. The duration of the spikes should stay above 1 ms, to avoid the inductance cutoff. However,
this strategy did not yield significantly better stability. The temperature on the sample itself is
likely not varying as much as the coil temperature, but one cannot exclude that the observed
decrease in irreversibility is not due to vortex shaking, but to a higher sample temperature.
A possible way to enhance the temperature stability would be to use a thermometer placed
near the sample as input for the PPMS temperature control. The PPMS thermometer is too far
from the source of heat to register the temperature fluctuations, and therefore the PPMS feedback
loop does not try to compensate the heat disturbances.

2.3. A new torque setup for high-field, low temperature measurements
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Figure 2.10: Isometric view and photograph of the motor assembly. a) Potentiometer for position
feedback. b) Stepper motor. c) Connection between the motor shaft and the inset rod. The belows
allow for some height tolerance. d) Connection box for supplementary wires running down to the
sensors (if the pins at the bottom of the cryostat cannot be used). One of the connections is used
for shaking current feed through. e) Motor driver. f) Top of the inset rod. g) O-ring sealing the
cryostat when this motor motor assembly is in place. h) Clamps holding the assembly on the top
of the PPMS.
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TorqueControl.vi
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emergency stop
show current position and temperature
input shaking parameters and data averaging
parameters
shaking
parameters
shaker.vi
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scan parameters
commandInterpreter.vi
execute individual commands: set field/
temp, wait, scan
anglescan
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execute scan: setposition, data acquisition
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data in real time, send to plot …)
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stepperMotorControl.vi
motor control,
potentiometer readout
stall detection

plot.vi
show data
in real time

Figure 2.11: Schematic architecture of the main programs functions and dependencies. The arrows
denote which data is passed on between programs and their subprograms. The main graphical user
interface is TorqueControl.vi (Fig. 2.13).
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Figure 2.12: Schematic representation of the experimental setup. The breakout box routes the
user bridge connections from the PPMS to ad-hoc devices.
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Figure 2.13: Main graphical user interfaces TorqueControl.vi, plot.vi, GetDataPPMS.vi, and stepperMotorControl.vi.
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Figure 2.14: a) Comparison of the normalized angular torque from EuFe2 As2 in the 1.4 T and
PPMS setups at 20 K and 1 T. b) Comparison of the normalized angular torque from Rbx Fe2−y Se2
in the 1.4 T and PPMS setups at 20 K and 1 T. In both cases, the measurements were done with
crystals from different batches, resulting in difference of the torque shape. The newer samples
(measured in the PPMS) have larger impurity phases.
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Figure 2.15: Shaken and unshaken torque on single crystal YBa2 Cu3 O7−δ at 83 K and 1.4 T in
the PPMS setup. The temperature fluctuations of the coils due to Joule heating can reach 15 K.

Chapter 3

Anisotropic behavior of YBa2Cu3O7−δ

YBa2 Cu3 O7−δ was the first high-temperature superconductor with a critical temperature above
the boiling point of nitrogen [44]. It belongs to the family of layered cuprates, in which superconductivity is supported by the CuO2 planes. The crystal structure of YBa2 Cu3 O7−δ is represented
in Fig. 3.1. Since its discovery growth techniques have been substantially improved, yielding highquality single crystals [45]. The high Tc , high crystal quality, and an anisotropy that is relatively
low among cuprate superconductors make YBa2 Cu3 O7−δ a well-balanced compound to test the
limits of the London approximation.
For simplicity, the London approximation of the anisotropic Ginzburg-Landau theory (AGLT)
[19, 22] is often used for analyzing experimental data. It consists in neglecting the effects of the
vortex cores. However, as pointed out by Hao and Clem, this approximation may not necessarily be
adapted to the interpretation of magnetization measurements like torque magnetometry [46, 47, 48].
A comparison of those two models is provided in the first section of this Chapter. The London
model is 3-dimensional (3D). Although YBa2 Cu3 O7−δ has a low anisotropy, there are indications
[26, 49, 50, 51, 52] that it displays lock-in effects [53]. This is typical of 2-dimensional (2D) systems,
and therefore is a deviation from the London model. The second section of this Chapter describes
lock-in effects observed in YBa2 Cu3 O7−δ .

Figure 3.1: Crystal structure of YBa2 Cu3 O7−δ , underlining the superconducting CuO2 planes, the
pyramid configuration of the oxygen atoms around the Cu in the planes, and the Cu-O chains.
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The London and the Hao-Clem model

The magnetic torque is thermodynamically defined as (see Chap.1):
τ (θ) = −

∂F
.
∂θ

(3.1)

The free energy F depends on the distribution of vortices inside the superconductor. There
are various ways of modeling these vortices in order to get an analytical expression for F . In the
London model, the finite vortex core size is neglected. This is valid if the vortex core size is small
compared to the vortex itself, i.e. the penetration depth is much larger than the coherence length.
The torque τ in the London model is given by Eq. (1.11):
!


||c
V Φ0 H
1
sin(2θ)
ηHc2
τL (θ, H) = −
1− 2 ·
.
(3.2)
ln
γ
(θ)
(θ)H
16πλ2ab
√
In a tetragonal crystal, the anisotropy of interest is γ = λc /λab (where λab = λa λb ). The
parameter η accounts for uncertainties due to the approximation of the London limit. It stems
from a cutoff in the integration of a Fourier expression of the free energy.
Hao and Clem [46] showed that the parameter η cannot be field-independent in the entire
vortex state (Hc1 < H < Hc2 ). Their derivation of F includes the vortex core contribution to the
free energy functional [46, 47, 48]. The empirical functions α(h) and β(h), where h denotes the
reduced field H/Hc2 (θ), are added in the expression for the magnetization M and torque τ . Their
generalization yields a refined formula for the magnetization [46]


Φ0 (θ)
β(h(θ))
MHC (θ, H) = −α(h(θ))
ln
,
(3.3)
h(θ)
8πµ0 λ2ab
resulting with Eq. (3.1) in the torque:
V Φ0 H
τHC (θ, H) = −α(h(θ))
16πλ2ab





1
sin(2θ)
β(h(θ))
1− 2 ·
ln
.
γ
(θ)
h(θ)

(3.4)

The functions α(h) and β(h) refine the in-plane magnetic penetration depth λab and the c-axis
||c
upper critical field Hc2 , respectively. For α(h) = 1 and β(h) = η, Eq. (3.4) reduces to the London
limit Eq. (3.2). The original Hao-Clem (HC) model for the free energy does not make use of the
phenomenological functions α(h) and β(h).
The field dependence of the reduced magnetization MHC (h)/Hc2 (Fig. 3.2a) can be numerically
calculated and compared with Eq. (3.3) in order to extract α(h) and β(h). This calculation of
MHC consists in solving the implicit equation of B as a function of H defined in [47] [Eq. (20)]; the
assumption that κ > 10 is necessary. Since Eq. (3.3) can be written as α(h)A log(H) + log(β(h))B,
where A and B are known parameters, a local linear regression of the numerical MHC (h) at each
point h yields the value of α(h) and β(h).
For κ > 50, the functions α(h) (Fig. 3.2b) and β(h) (Fig. 3.2c) become essentially independent of κ, even when taking into account the angle dependence of κ resulting from the crystal
anisotropy. The functions α(h) and β(h) thus derived are in good agreement with the particular
values estimated by Hao and Clem [46].

3.2

Temperature dependence of the anisotropy

All high-temperature superconductors, whether cuprates or iron-based, have a layered structure.
Anisotropic behavior is thus expected from superconducting parameters like the magnetic field
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Figure 3.2: a) κMHC (h)/Hc2 for various values of κ calculated using the HC model. For better
curve separation, κMHC (h)/Hc2 is shown instead of MHC (h)/Hc2 . b) Empirical parameter α(h)
extracted from MHC (h)/Hc2 . c) Empirical parameter β(h) extracted in the same way as α(h) in
panel b).
penetration
q depth, the upper critical fields, and the energy gap. In the AGLT, the anisotropy γ =
||j
||i
λi /λj = m∗i /m∗j = Hc2 /Hc2 is temperature independent. However, a temperature dependence,
and even sometimes a field dependence of γ is observed in MgB2 and iron-based superconductors,
which are known to be multigap superconductors. This dependence may thus be linked to multigap
superconductivity [54], as also suggested in [55]. Since this temperature dependence seems more
common than expected, it is interesting to know if the anisotropy of layered high-temperature
superconductors are systematically temperature dependent, and what the shape of this dependence
is. For example, the anisotropy of underdoped SmBa2 Cu3 O7−δ is temperature dependent [56]. This
compound features a well developed pseudogap, i.e. an additional energy scale which may play a
similar role in the development of the temperature dependence of the anisotropy as the multigap
structure. We thus extended the anisotropy studies to the overdoped cuprate YBa2 Cu3 O7−δ , in
which we expect no pseudogap effects.
The torque data (Fig. 3.3) of single crystal YBa2 Cu3 O7−δ are analyzed with the Hao-Clem
[Eq. (3.4)] and with the Kogan model [Eq. (3.2)]. Both models yield similar values for γcb within
||c
2% accuracy (Fig. 3.4a). Moreover, the results depend only weakly on the value taken for Hc2
(Fig. 3.4b) and on the external field (Figs. 3.4c and 3.4d). The errors of the fit parameters γij
and λab were estimated with a bootstrapping method: different fits were performed for randomly
sampled points within the experimental error of the measured data points. The final values of the
parameters γ and λ were taken as the average values obtained by this procedure, and their errors
were defined as twice the standard deviation of these results. The estimated error bars are smaller
than the size of the data points.
Over the temperature range studied, γca as well as γcb slightly increase with decreasing temperature (Fig. 3.5a), whereas the in-plane anisotropy parameter γab is temperature independent.
The torque data were analyzed here under the assumption that the field and penetration depth
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Figure 3.3: Angular dependent torque measurements of a single crystal YBa2 Cu3 O7−δ taken in
the temperature range between 77 K and Tc = 88 K at 1.4 T. The temperature range of the
angular measurements was chosen such as to avoid the lock-in effect (see Section 3.3) [57], which
influences the torque in a way not accounted for in Eq. (3.4). The upper temperature bound
was chosen such as to stay below the fluctuation regime close to Tc . Fluctuation effects [58] are
not taken into account in the mean-field approximation of the AGLT. As YBa2 Cu3 O7−δ has an
orthorhombic structure, measurements as a function of angle need to be performed in both the bcplane and ac-plane in order to confirm that the uniaxial approximation [59] is correct. The arrows
indicate increasing temperature. These raw data include a sinusoidal paramagnetic background.
a) Measurements with H in the bc-plane. b) Measurements with H in the ac-plane.
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Figure 3.4: Overview of the results of the angular dependent magnetic torque measurements of
single crystal YBa2 Cu3 O7−δ for various temperatures and fields. a) Comparison of γcb for the HC
||c
and Kogan model at fixed µ0 H = 1 T and fixed upper critical field (µ0 dHc2 /dT = −1.9 T/K).
The Kogan model yields a slightly larger anisotropy parameter than the HC model. b) γcb for the
||c
HC model at µ0 H = 1 T and various upper critical fields. The parameter µ0 dHc2 /dT does not
change the shape of γ(T ). c) γcb for the Kogan model at µ0 H = 1 T and µ0 H = 1.4 T and fixed
||c
upper critical field (µ0 dHc2 /dT = −1.9 T/K). d) γcb for the HC model, same conditions as in
panel c). Panels c) and d) show that the field dependence of γ is only marginal; the final γ is taken
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line is the average γab = 1.12(5). c) Temperature dependence of 1/λ2ab for measurements with H
parallel to the ac- and bc- planes.
anisotropy parameters are equal. It is possible to generalize this analysis to the multigap case,
where these parameters are not equal [25]. Such an analysis of the present torque data would not
provide reliable results due to the excessive number of fit parameters. However, we expect any
multiband effects in YBa2 Cu3 O7−δ to be rather weak, allowing to take the field and penetration
depth anisotropy parameters as equal.
The anisotropy of Pr-doped YBa2 Cu3 O7−δ [52] and HgBa2 Ca3 Cu4 O10 [60] was found to be
temperature independent, but was studied over narrow temperature ranges only. A temperature
dependent anisotropy parameter was seen in MgB2 [36] and later in iron-based superconductors
[61, 39], and was consistently described in the framework of two-gap superconductivity. This may
suggest that our YBa2 Cu3 O7−δ results are a signature of two-gap superconductivity, as proposed
in Ref. [62]. However, the well pronounced temperature dependence of the anisotropy for strongly
underdoped samples [56] becomes weak in our overdoped YBa2 Cu3 O7−δ . This may be related to
the evolution of the pseudogap with oxygen doping in YBa2 Cu3 O7−δ . It suggests that an additional energy scale to the system’s superconducting energy gap is necessary to get a temperature
dependent out-of-plane anisotropy parameter in layered superconductors. Such an energy scale
may originate from the multigap nature of superconductivity and/or from the appearance of the
pseudogap.

3.3

The lock-in transition

In highly anisotropic superconductors (γ > 50), the superconducting planes are in general almost
decoupled, and physical phenomena are quasi two-dimensional. This behavior can be described by
the Lawrence-Doniach model [63], in which the planes are treated within the GL model, and are
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Figure 3.6: Vortex profile in an anisotropic superconductor below the dimensional crossover temperature Tcr for different applied field directions. The gray lines represent the superconducting
layers, the orange zone is the vortex core, the yellow area is the vortex ’nucleus’, and the green
line is a magnetic field line. a) tan(θ) < γ: straight vortex, the superconducting cores are confined
in the layers, and linked by Josephson nuclei. b) tan(θ) > γ: the distance between two superconducting cores is larger than the Josephson length γs, resulting in a staircase shape. c) θ ' 90◦ :
the vortex is locked between the superconducting layers.
coupled to each other by Josephson currents [64].
Even in lower anisotropy systems like YBa2 Cu3 O7−δ (γ ≈ 7), a 3D to 2D crossover can take
place when the superconducting coherence length along the c-axis ξc becomes smaller
p than the
distance s between the planes supporting superconductivity [65]. Since ξc (T ) = ξc,0 / 1 − T /Tc
(where ξc,0 = ξc (T = 0 K)), the crossover temperature Tcr may eventually be such that ξc (Tcr ) = s.
For YBa2 Cu3 O7−δ , s ' 0.8 nm [49], ξc,0 ' 0.3 nm [66], and Tc ≈ 88 K [67], so Tcr ' 76 K. Note
that the interplane distance s in YBa2 Cu3 O7−δ corresponds to the distance between a ’top’ plane
and the next ’bottom’ plane (see Fig. 3.1), and not to the size of the unit cell along the c-axis.
In the vortex state below Tcr , for large inclinations of the applied magnetic field, i.e. tan(θ) < γ
(where θ is the angle between the applied field and the c-axis and γ is the anisotropy), the vortex
lines are not straight anymore (see Fig. 3.6a and b). The condition tan(θ) < γ means that the
Josephson coherence length λJ = sγ is smaller than the distance between two consecutive vortex
cores (Fig. 3.6b). This corresponds to a staircase configuration [57]. The order parameter inside the
vortex center is not suppressed between the layers, because the circulating currents are Josephson
currents and not superconducting currents (yellow zone in Fig. 3.6b). This Josephson-type core
is sometimes called ’nucleus’. The order parameter is only suppressed within the superconducting
layers (orange zone in Fig. 3.6b). The vortex consists of 2D cores in the layers, linked by Josephson
nuclei between the layers. The physics remains 3D on large scales: corrections to the London model
only concern the vortex core contribution, but the free energy still deviates from the 3D London
model [68].
When the applied magnetic field direction is nearly parallel to the ab-plane, a lock-in transition
of the vortices may take place [53]. In this case, the vortex is confined between the superconducting
layers, even though the field is not aligned with these layers (see Fig. 3.6c). This minimizes
superconducting condensation energy at the cost of magnetic energy coming from the misalignment
of vortices and field, since the cores do not cross the layers anymore. This is also known as intrinsic
pinning, since it immobilizes the vortices independently of impurities (which are extrinsic to the
crystal). It was observed mainly in high anisotropy materials (mainly TlBaCuO [69, 70, 71],
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Figure 3.7: a) Normalized torque τnorm of detwinned single crystal YBa2 Cu3 O7−δ as a function of
angle θ at 80 K and 1.4 T. The torque follows the London dependence at all angles. The green line
is a fit of Eq. (1.11) to the data. The light red points represent an average of the CW and CCW
angle measurements. Inset: Irreversible component of the torque τirr = (τCW −τCCW )/2 normalized
to the maximum of the averaged torque at various temperatures at 1.4 T. b) Normalized torque
τnorm as a function of angle at 70 K and 1.4 T. The dotted blue line is a linear fit of the lock-in
region. Inset: Close-up around the ab-plane. The two dark red curves (CW and CCW) are the
raw torque. The arrows indicate the field sweep direction for each branch.

BSCO [72], and HgBaCuO [73]), but also in YBa2 Cu3 O7−δ ([26, 49, 50, 51, 52]) and other layered
superconductors (for example Nb/Cu multilayers [74], organic superconductors [75], LSCO [76, 77,
78], and ErBaCuO [79]). YBa2 Cu3 O7−δ is of particular interest for lock-in studies, since its low
anisotropy allows one to observe the onset of lock-in far from Tc , where critical fluctuations makes
the analysis more difficult. Many theoretical models of the lock-in have been proposed [65]. The
models most relevant to this work are presented in [80] and [57].
As seen on Fig. 3.7, the torque measured in YBa2 Cu3 O7−δ deviates from the London model
at low temperatures. This shape of the torque graph is the same as predicted in [57] (Fig. 3.8).
Interestingly, this model was originally developed for quasi-2D superconductors, with γ ≈ 50,
and not γ ≈ 7 like YBa2 Cu3 O7−δ . The first deviation from the London model corresponds to the
staircase state, the second deviation (slope change of the torque, which becomes linear) corresponds
to the lock-in transition. The field range is in the London regime Hc1 << H << Hc2 , which
excludes interfering effects due to vortex lattice melting or glass behavior.
Torque data often present an angular irreversibility between the clockwise (CW) and counterclockwise (CCW) branches, which is usually due to pinning and can be reduced by the shaking
technique (see Section 2.2 for details). The shape of the normalized irreversible torque τirr =
(τCW − τCCW )/(2τmax ) (shown in the inset of Fig. 3.7a) changes when the lock-in appears. Double
peaks in τirr have been observed and linked to the lock-in state [81]. The difference between
the London fit and the averaged torque is too large to be an artifact of irreversibility (Fig. 3.7b
inset). The irreversibility that appears with the lock-in can be decreased by shaking, but not
completely, depending on the field and temperature. We consider that the lock-in properties
are reliably measured if increasing the shaking power does not change the shape of the averaged
torque; at low temperature and high fields, the shaking is not sufficient to ensure completely
reliable measurements. The shaking efficiency limit is reached when a small peak appears at the
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Figure 3.8: Angular torque divided by field τ /H as derived in [57]. Red line: quasi-2D model.
Blue line: 2D model. Dotted green line: 3D London model. This profile corresponds to γ ' 50,
H/Hc2 = 0.005, 0.02. (Picture adapted from [57]).
limit of the lock-in domain (Fig. 3.11a). The peak feature in the CCW branch of the torque is
characteristic of lock-in observed in conjunction with extrinsic pinning [82, 83, 52], although such a
peak can also be observed in purely 3D-regime crystals like MgB2 [37] (it may result from stacking
faults). This usually masks the lock-in effect in lower quality crystals, as mentioned in [81].
There are several ways to define the lock-in angle θlock . Theoretically, the lock-in should
||c
happen when the perpendicular component of the field H ||c goes below Hc1 . Field penetration
across the layers is then impossible, thus locking the vortices between the planes. In this model,
||c
cos(θlock ) = Hc1 /H (Fig. 3.9). As a result, the lock-in angle is closer to 90◦ when H increases, as
observed in high-anisotropy cuprates [73]. A similar field dependence was derived for YBa2 Cu3 O7−δ
[53, 80] but was not experimentally confirmed. However, at the lock-in angle in La2−x Srx CuO4 (x
||c
= 0.075), H ||c 6= Hc1 [84]. It is thus possible that this simple model holds only for high-anisotropy
superconductors.

~ magnetic induction B,
~ and magneFigure 3.9: Schematic representation of the magnetic field H,
~
~
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~ B
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The vortex direction is along the magnetic induction B;
~ is not). Since B
~ = µ0 ( H
~ +M
~ ) and M is small compared to H, B can
in the lock-in state (but H
be approximated as the parallel component of H (see Fig. 3.9); then M = H ||c = H cos(θ). In that
~ × µ0 H|
~ = V µ0 HM sin(θ) becomes:
case, the torque |~τ | = |V M
τlock = V µ0 H 2 sin(θ) cos(θ).

(3.5)

The lock-in angle θlock can also be defined empirically as the angle where the torque slope
changes, i.e. the torque is not linear as described by Eq. (3.5) anymore. In our measurement, θlock
increases at low temperatures, but also at high fields (Fig. 3.10). This could be due to the fact that
θlock becomes more difficult to identify at higher temperatures and lower fields. Figure 3.11 shows
how the staircase region and the broad transition (red color gradient) hide θlock . It is thus possible
that the observed unconventional increase of θlock at high fields is biased; since the transition is
smoother at low fields, the field dependence of θlock might be drowned in the large transition.
Figure 3.10c and d show the non normalized torque in the lock-in region; even though all curves
merge around the ab-plane, the torque slope in the linear region depends slightly on temperature,
contrary to the prediction of Eq. (3.5). Since the lock-in transition is not sharp at higher temperatures, the curvature of the torque that accompanies this transition may extend into the linear
region and change the slope dependence given by Eq. (3.5). The observed temperature dependence
of the slope might therefore be an artifact of the broad transition.
To conclude, the anisotropy of YBa2 Cu3 O7−δ slightly depends on temperature, independently
of the model used for the analysis. This could be a consequence of multigap superconductivity,
or a pseudogap effect. A lock-in effect was observed at the 2D to 3D crossover temperature. The
lock-in predictably increases at low temperature, but surprisingly also increases at higher fields, in
contrast to previous cuprate experiments and theoretical models.
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Figure 3.11: Normalized torque τnorm of detwinned single crystal YBa2 Cu3 O7−δ as a function
of angle θ. The dashed lines represent the raw irreversible data and the solid lines the average
between the CW and CCW measurements. The irreversibility is limited to the angle range where
the torque does not follow the London model above 80◦ . The color gradients underline the lock-in
region (blue) and the angular transition (red). The lock-in transition is not sharp at low fields and
high temperatures. a) 1.4 T and 60 K. At these low temperature, the torque does not follow the
shape described in [57] b) 0.5 T and 60 K. This shape is predicted in [57]. c) 1.4 T and 70 K. d)
0.5 T and 70 K. The shaking is optimal: the signal is fully reversible.
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Magnetic torque study of the temperature-dependent anisotropy parameter in overdoped
superconducting single-crystal YBa2 Cu3 O7
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An overdoped YBa2 Cu3 O7 single crystal was studied by SQUID and torque magnetometry in order to investigate the temperature dependence of the anisotropy parameter close to the transition temperature Tc (0.87Tc < T <
Tc ). Angle-dependent torque measurements were performed and analyzed with the widely used Kogan model
[Phys. Rev. B 38, 7049 (1988)] as well as with an extended model by Hao and Clem [Phys. Rev. Lett. 67,
2371 (1991)], taking into account the influence of the vortex cores on the magnetization. Both approaches yield
similar results, with an out-of-plane anisotropy parameter around 6.5 which slightly increases with decreasing
temperature, and a temperature independent in-plane anisotropy parameter γab = 1.12(5).
DOI: 10.1103/PhysRevB.84.024514

PACS number(s): 74.20.De, 74.25.Ha, 74.72.−h

I. INTRODUCTION

Since the discovery of high-temperature superconductivity
in the cuprates,1 the anisotropic magnetic properties of
layered superconductors were extensively studied (see, e.g.,
Refs. 2–9). All superconductors with a transition temperature Tc > 30 K have a layered structure. In particular, the
superconducting gap of cuprates was found to be strongly
anisotropic due to the crystal structure consisting of weakly
coupled superconducting CuO2 planes.10 It is interesting to
investigate how the anisotropic properties change as a function
of thermodynamic parameters and doping within a particular
family of cuprates, and to explore their common features by
comparing various families.
The gap structure can be probed directly by exciting
superconducting carriers. Importantly, the energy needed for
this, i.e., the energy gap, may be accessed by probing the
magnetic penetration depth λ.11 In a layered superconductor,
the gap structure is strongly anisotropic, thus λ is anisotropic as
well. The magnetic penetration depth related to a supercurrent
flowing along the i-axis (i = a,b,c) is denoted as λi , and
the penetration depth anisotropy between two crystallographic
directions i and j is γij = λi /λj .
In the anisotropic Ginzburg-Landau theory, which is the
most commonly applied phenomenological description of
layered superconductors, the anisotropy is described by the
temperature-independent effective mass anisotropy [assuming
||j
||i
||k
λi /λj = (m∗i /m∗j )1/2 = Hc2 /Hc2 , where Hc2 is the upper critical field along the k-axis]. However, a temperature-dependent
anisotropy was observed in various superconductors, especially in the two-gap superconductor MgB2 (see Refs. 7
and 12), and was explained as a consequence of the presence of
two superconducting gaps. A similar temperature dependence
was also observed in iron-based superconductors,13 in which
evidence for two-band superconductivity was provided by
several experiments, including point contact spectroscopy14,15
and angle resolved photoemission spectroscopy (ARPES).16,17
Multigap superconductivity seems to be more common than
first expected, as indications of it were also observed in
cuprates.18–20 It may be related to the temperature dependence
1098-0121/2011/84(2)/024514(7)

of the anisotropy,21 as in the case of MgB2 (Ref. 7) and the
iron-based superconductors.13 However, there may be other
reasons for this temperature dependence: the anisotropy of
the gap,11,22 the anisotropy of the Fermi surface,23 or strong
coupling.24 A temperature-dependent anisotropy parameter
was also observed in cuprates (see, e.g., Refs. 9, 18, 25, and 26).
This rises the question whether the temperature dependence
of the anisotropy is a common property of all layered high-Tc
superconductors, and how it is linked to the gap structure.
A recent study of the cuprate superconductor
SmBa2 Cu3 O7−δ facing this question was limited to the
underdoped region only.9 It was shown that the temperature
dependence of the anisotropy is more pronounced for samples
with lower oxygen content. Such samples are characterized
by a well-developed pseudogap, i.e., an additional energy
scale which may play a similar role in the development
of the temperature dependence of the anisotropy as the
multigap structure in MgB2 and iron-based superconductors.
Therefore, it is very important to perform reliable studies
of the temperature dependence of the penetration depth
anisotropy for optimally doped and overdoped cuprates. In
this doping range, the pseudogap vanishes or eventually
overlaps with the superconducting gap.
Taking all of the above into account, we decided to
study the temperature dependence of the anisotropy of a
detwinned, almost fully oxygenated, overdoped single crystal
of YBa2 Cu3 O7−δ . This system exhibits an anisotropic energy
gap,27 and several experiments indicate an order parameter of
s + d wave symmetry.18,28
Here, we report on torque measurements of the anisotropy
parameter of an overdoped YBa2 Cu3 O7 single crystal.
Torque magnetometry provides a direct method to study the
anisotropic magnetic properties of superconductors, contrary
to methods measuring physical quantities separately along
different crystallographic directions from which the anisotropy
parameter is determined. An analytical approach for the
analysis of experimental data based on the solution of
the Hao-Clem (HC) functional29 is applied, which allows
to investigate anisotropic extreme type-II superconductors
beyond the London approximation. For simplicity, the London
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approximation of the anisotropic Ginzburg-Landau theory
(AGLT),30,31 in which simplifications of the geometry of
the vortex structure are made, is often used for analyzing
experimental data. However, as discussed by Hao and Clem,29
this approximation may not necessarily be adapted to the
interpretation of magnetization measurements, and thus both
approaches are compared in this work.
Section II gives a brief review of the London and of the
Hao-Clem models in connection with the torque magnetometry technique used in this work. The experimental details
are described in Sec. III. The results and the discussion are
presented in Sec. IV, followed by the conclusions in Sec. V.
II. LONDON AND HAO-CLEM MODELS

−
→
The angular-dependent magnetization M of a sample with
−
→
volume V and magnetic moment m is derived from the free
energy F of an anisotropic superconductor in the mixed state32
−
→
m (θ,H )
1−
−
→
→
M (θ,H ) =
(1)
= − ∇ B F.
V
V
The magnetic torque
−
→ −
→
−
→
−
→
(2)
τ = − ∇ θ F = μ0 V ( M × H )
−
→
−
→
is related to M and the angle θ between H and the
crystallographic c-axis.
A direct calculation of F within AGLT is not trivial, since
F depends on the exact distribution of vortices and thus on
the local magnetic induction B(H ) inside the superconductor.
However, F can be expressed within the so-called London
limit, assuming that the influence of the finite vortex core
size can be neglected. This is valid if the vortex core size is
very small compared to the vortex itself, i.e., the penetration
depth is much larger than the coherence length. Anisotropic
superconductors exhibit distinct magnetic properties along the
principal axes a, b, and c. In layered superconductors, the
largest anisotropy is observed between the c-axis and the layers
(ab-plane). Therefore, we may approximate the orthorhombic
structure of YBa2 Cu3 O7 by a tetragonal one,33 introducing the
anisotropy parameter
λc
γ =
,
λab

V 0 H
τL (θ,H ) = −
16π λ2ab



1
1− 2
γ



Their generalized treatment of the mixed state of a superconductor, which includes the vortex core contribution to the
free energy functional, yields a more realistic formula for the
magnetization29


0 (θ )
β(h(θ ))
,
(8)
MHC (θ,H ) = −α(h(θ ))
ln
h(θ )
8π μ0 λ2ab
where the index HC indicates the Hao-Clem model. According
to Eq. (2), the torque is written as


1
V 0 H
1
−
(9)
τHC (θ,H ) = −α(h(θ ))
γ2
16π λ2ab


sin(2θ )
β(h(θ ))
×
ln
.
(θ )
h(θ )
Here, taking into account the suppression of the order
parameter in the vortex core leads to a modification of Eqs. (4)
and (5) by including the functions α(h) and β(h). These
functions account for the correction of the in-plane magnetic
||c
penetration depth λab and the c-axis upper critical field Hc2 ,
respectively. For α(h) = 1 and β(h) = η, Eqs. (8) and (9)
reduce to Eqs. (4) and (5) of the London limit. Within the
HC treatment, no analytical formulas for α(h) and β(h) can
be derived easily. However, for a Ginzburg-Landau parameter
κ  1, the following values for α and β are found29

(3)
√

where the in-plane magnetic penetration depth λab = λa λb .
The magnetization M and the torque τ are derived in the
so-called Kogan model32 as


||c
ηHc2
0 (θ )
ln
ML (θ,H ) = −
(4)
(θ )H
8π μ0 λ2ab
and

The parameter η accounts for uncertainties due to the approximation of the London limit (e.g., the neglected suppression of
the order parameter inside the vortex cores).
Hao and Clem29 showed by analyzing the free energy
within AGLT that the parameter η cannot be constant in
the entire magnetic field range Hc1 < H < Hc2 , which is
also evident from more recent theoretical work34 beyond the
Hao-Clem model. The more general functional form of F by
Hao and Clem29,35,36 incorporates in the expression for M and
τ the empirical functions α(h) and β(h), where h denotes the
reduced field
H
.
(7)
h(θ ) =
Hc2 (θ )



||c
ηHc2
sin(2θ )
ln
.
(θ )
(θ )H

(5)

Here, the index L indicates the London approach, 0 is the
magnetic flux quantum, and (θ ) is the angular scaling function

1
(θ ) = cos2 (θ ) + 2 sin2 (θ ).
(6)
γ

0.02  h  0.1 : α(h)  0.84, β(h)  1.08,

(10)

0.1  h  0.3 : α(h)  0.70, β(h)  1.74.

(11)

It is clear that although α and β are assumed to be constant
in the London limit, they are field dependent and may vary
considerably with magnetic field (α and β are fully determined
by the reduced field h).29
In Fig. 1, we present the numerically calculated field
dependence of the reduced magnetization MHC (h)/Hc2 and
compare it with the empirical Eq. (8) in order to extract
α(h) and β(h). The quantity κMHC (h)/Hc2 for 2 < κ < 200
is presented in Fig. 1(a) (for clarity, κMHC (h)/Hc2 is shown
instead of MHC (h)/Hc2 ). Obviously, MHC (h)/Hc2 strongly
depends on κ. The functions α(h) and β(h) are presented in
panels (b) and (c), respectively. For κ > 50, the functions α(h)
and β(h) become essentially independent of κ. The derived
α(h) and β(h) are in good agreement with the values estimated
by Hao and Clem29 given in Eq. (10).
Analyzing magnetic torque experiments by means of the
above-described theoretical model by Hao and Clem, one
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FIG. 1. (Color online) (a) κMHC (h)/Hc2 for various values of
κ calculated using the HC model. (b) Empirical parameter α(h)
extracted from MHC (h)/Hc2 . (c) Empirical parameter β(h) extracted
in the same way as α(h) in panel (b). Both α(h) and β(h) are
essentially independent of κ for κ > 50.

should note that the parameter κ is the isotropic GinzburgLandau parameter κ = λ/ξ , where ξ is the coherence length,
and λ is the magnetic penetration depth. However, for a
layered superconductor, the Ginzburg-Landau parameter is
anisotropic: κ has to be replaced by κ(θ ) = κc /(θ )2 , where
κc = λc /ξc = γ 2 λab /ξab = γ 2 κab . The functions α(h) and
β(h) then depend on the angle θ not only via h(θ ), but also via
κ(θ ). For YBa2 Cu3 O7 in a field of 1.4 T at T = 80 K, h(θ )
varies approximately between 0.1 (θ = 0◦ ) and 0.01 (θ = 180◦ )
when the field is turned from the c-axis to the ab-plane. In this
case, α and β strongly depend on h(θ ) [see Figs. 1(b) and
1(c)], but for κ(θ ) > 50, they are independent of κ(θ ). Using
the values for λab (T = 0) and ξab (T = 0) for YBa2 Cu3 O7
from Refs. 37 and 38, one gets κab  400, which means that
κ(θ ) > 400 for all θ . Thus, for YBa2 Cu3 O7 , the parameter
κ(θ ) has negligible influence on α and β. As a consequence,
taking into account the anisotropy on the Ginzburg-Landau
parameter κ in the HC model does not lead to a more reliable
determination of α and β.
III. EXPERIMENTAL DETAILS

The sample studied is an overdoped detwinned singlecrystal YBa2 Cu3 O7 grown in BaZrO3 crucibles, with dimensions 130 × 160 × 50 μm3 and Tc  88 K. Crystal
growth in BaZrO3 yields samples of highest purity.39 To fully
oxygenate the crystal, a high pressure in this way shows no
anomalies, e.g., fishtail effect,40 and has very low pinning.41
A Quantum Design MPMS XL SQUID magnetometer was
used to determine Tc (Fig. 2). The temperature dependence
of the magnetic moment m was measured in a small field
μ0 H = 1 mT parallel to the ab-plane in zero field cooled
(ZFC) and field cooled (FC) mode. The small difference
between m(T ) obtained in the two modes and the sharp
transition observed indicate a good quality of the crystal.
The torque measurements were carried out using a homemade torque magnetometer.6 The piezoresistive sensor used

20

40

60
80
T (K)

100

120

FIG. 2. (Color online)
Magnetic moment m(T ) of the
YBa2 Cu3 O7 single crystal, measured in a magnetic field μ0 H = 1 mT
parallel to the ab-plane. In the ZFC mode, the field is applied once the
sample is cold, whereas in the FC mode, the sample is cooled while
the field is applied. The ZFC and FC magnetization curves show a
sharp transition with a transition temperature Tc = 88 K, indicating a
high quality of the crystal.

consists of a platform connected to piezoresistive legs
which are bent when the sample mounted on the platform
undergoes a torque. The resulting resistance change in the
piezoresistors is detected by a Wheatstone bridge. The readout voltage is proportional to the torque magnitude τ . The
small dimensions needed for the sample allow the study of
high-quality single crystals.
IV. RESULTS AND DISCUSSION

The torque measurements were performed in an external
field of 1.4 and 1 T in order to check for a possible
field dependence of the anisotropy. Since the sample has
−
→
diamagnetic and anisotropic properties, its magnetization M
−
→
is not quite aligned with the field H , which results in a torque
−
→
−
→
−
→
τ ∝ M × μ0 H according to Eq. (2).
In general, the torque signal is distorted by pinning effects:
the vortex cores are pinned by defects in the sample, in which
superconductivity is more easily suppressed. Consequently,
the sample is not at thermodynamic equilibrium during the
time span of one measurement. As a result, the torque signals
are different for angular field measurements in opposite
directions. In order to get reversible angular dependent torque
data, a “vortex shaking” technique4 was used. In this technique,
a small ac field (200 Hz, 1 mT) is applied perpendicular to
the main external field in order to shake the vortices out of
their pinning sites (Fig. 3).
The temperature range of the angular measurements was
77–86 K. The lower temperature bound was chosen such as
to avoid the lock-in effect (also known as intrinsic pinning),42
which influences the torque in a way not accounted for in
Eq. (9). When the external field direction becomes close to the
ab-plane (θ = 90◦ ), the magnetization abruptly aligns with
the ab-planes in order to minimize the magnetic energy in
the superconducting state. However, it “jumps” back outside
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FIG. 3. (Color online) Magnetic torque τ as a function of θ
for single-crystal YBa2 Cu3 O7 with and without vortex shaking at
83 K and 1.4 T. The shaking removes the irreversibility between the
increasing angle (up) and decreasing angle (down) measurements.
The Kogan and the HC models both describe the data equally well.
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FIG. 4. (Color online) Angular-dependent torque measurements
of a single-crystal YBa2 Cu3 O7 taken in the temperature range
between 77 K and Tc at 1.4 T. (For clarity not all temperatures are
shown; the arrows indicate increasing temperature.) These raw data
include a sinusoidal background. (a) Measurements with H in the
bc-plane. (b) Measurements with H in the ac-plane.
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7
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the planes when the external field direction is sufficiently
away from the ab-plane. The upper temperature bound was
chosen such as to avoid fluctuation effects5 close to Tc .
Fluctuation effects are not taken into account in the mean-field
approximation of the models considered here.
YBa2 Cu3 O7 has an orthorhombic structure. Taking into
account that, in this case, λa = λb , one has to replace γ by
γca or γcb in Eqs. (4), (5), (8), and (9), with the magnetic
field
√
direction in the ac- or bc-plane,4,43 and λab = λa λb is not
equal to λa and λb as in the tetragonal case. In order to check
the validity of this tetragonal approximation, measurements
as a function of angle were performed in both the bc-plane
and ac-plane (see Fig. 4). As expected, the data are similar for
both orientations, thus allowing the analysis within a tetragonal
model.
The torque data were analyzed with the HC and with
the Kogan model. In order to reduce the number of free
fit parameters, the upper critical field was fixed in the fit-

5.5

cb

(10-9 Nm)

2

ting procedure according to a Werthamer-Helfand-Hohenberg
(WHH) temperature dependence44 suitable for YBa2 Cu3 O7 :38
||c
μ0 Hc2  −1.9 T/K · (T − Tc ). A paramagnetic, sinusoidal
background signal present in the torque data was subtracted
using the method described in Refs. 45 and 46. Figure 5 shows
the temperature dependence of the anisotropy parameter γcb
as determined from the torque data using the two models. As
evident in Fig. 5(a), both models yield very similar values
for γcb (within 2% accuracy). Moreover, the results depend
||c
only weakly on the value taken for Hc2 [Fig. 5(b)] and on
the external field [Figs. 5(c) and 5(d)]. The errors of the fit
parameters γij and λab were estimated with a Monte-Carlo
method: different fits were performed for randomly sampled
points within the experimental error of the measured data
points. The final values of the parameters γ and λ were taken
as the average values obtained by this procedure, and their
errors were defined as twice the standard deviation of these
results. The estimated error bars are smaller than the size of
the data points.
Since the anisotropy parameter is only weakly field dependent [see Figs. 5(c) and 5(d)], we take as the final γ value
the average for 1.4 and 1 T. The corresponding temperature
dependences of γca and γcb are shown in Fig. 6(a). The free
fit parameters in Eqs. (5) and (9) are the anisotropy parameter
γij and the in-plane magnetic penetration depth λab . Since
the volume V of the sample is not known precisely, the here
extracted value for λab may deviate from the intrinsic value.

Kogan fit, µ 0H = 1 T
Kogan fit, µ 0H = 1.4 T
78

80

82
T (K)

84

86

6

HC fit, µ 0H = 1 T
HC fit, µ 0H = 1.4 T
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T (K)

84

cb

YBa2Cu3O7

T = 83 K
µ 0H = 1.4 T

cb

4

86

5.5

FIG. 5. (Color online) Overview of the results of the angulardependent magnetic torque measurements of single-crystal
YBa2 Cu3 O7 for various temperatures and fields, using the models
described in the text. (a) Comparison of γcb for the HC and
Kogan model at fixed μ0 H = 1 T and fixed upper critical field
(μ0 dHc2||c /dT = −1.9 T/K). The Kogan model yields a slightly larger
anisotropy parameter than the HC model. (b) γcb for the HC model
at μ0 H = 1 T and various upper critical fields, fixed in the fitting
routine. The parameter μ0 dHc2||c /dT does not change the shape of
γ (T ). (c) γcb for the Kogan model at μ0 H = 1 and 1.4 T and fixed
upper critical field (μ0 dHc2||c /dT = −1.9 T/K). (d) γcb for the HC
model, same conditions as in panel (c). Panels (c) and (d) show that
the field dependence of γ is only marginal.
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FIG. 6. (Color online) (a) Temperature dependence of the
anisotropy parameters γca and γcb for single-crystal YBa2 Cu3 O7 ,
obtained by averaging γ for both measured fields (1 and 1.4 T).
(b) Temperature dependence of the in-plane anisotropy parameter
γab . The dotted line is the average γab = 1.12(5). (c) Temperature
dependence of 1/λ2ab for measurements with H parallel to the acand bc-planes.

However, the shape of λab (T ) reflects the true temperature
dependence, because the superconducting volume V is only
slightly temperature dependent. Figure 6(c) shows the temperature dependence of 1/λ2ab as estimated from the torque data
using the Kogan and HC model. Over the temperature range
studied, γca as well as γcb slightly increases with decreasing

temperature, whereas the in-plane anisotropy parameter γab is
temperature independent, in fair agreement with the previous
μSR measurements of the magnetic penetration depth obtained
for a similar sample.18 However, since γab  1, one should
note that it is difficult to draw definite conclusions about its
temperature dependence. The temperature dependence of the
magnetic penetration depth from the previous μSR study18
was measured along the three principal crystallographic axes
and was interpreted in terms of a mixed order parameter
of s + d wave symmetry. The values of γca , γcb , and γab
determined at T  80 K, together with the values obtained by
various experimental techniques at different temperatures are
summarized in Table I. The small differences in the values may
be due to the different temperature ranges, the experimental
techniques used, or slight differences in the doping of the
samples. A determination of the anisotropy from the ratio of
the penetration depths requires a careful evaluation of λc and
λab . Any misalignment of the sample with the applied magnetic
field will result in an underestimation of λc and the deduced γ .
In torque measurements, however, the anisotropy is extracted
from a fit to the data, without orientation issues since the model
describes the variation of torque in the full angular range.
Therefore, the obtained values are much more reliable. The
vortex shaking technique allows us to avoid an overestimation
of the anisotropy due to pinning.47 The parameters γca and γcb
are slightly different, because of the orthorhombicity of the
crystal structure. The torque data were analyzed here under
the assumption that the field and penetration depth anisotropy
parameters are equal. It is possible to generalize this analysis
to the multigap case, where these parameters are not equal.22
However, such an analysis of the present torque data would
not provide reliable results here due to the too large number of
fit parameters.
Although no temperature dependence of the out-of-plane
anisotropy parameter for Pr-doped YBa2 Cu3 O7−δ was found,8
it was noted that such a dependence cannot be ruled out
due to the narrow temperature range studied (82–88 K). A
temperature independent out-of-plane anisotropy parameter
was also observed for HgBa2 Ca3 Cu4 O10 ,3 where the studied
temperature range was very narrow as well. In contrast,
a pronounced temperature dependence of the out-of-plane
anisotropy parameter was seen in MgB2 ,7 which was consistently described in the framework of two-gap superconductivity. The temperature dependence of the out-of-plane anisotropy

TABLE I. Comparison of anisotropy parameters of YBa2 Cu3 O7−δ obtained by various experimental techniques at different temperatures.
Technique

T (K)

γab

γcb

γca

Reference

Low-energy μSR
SANSa
μSR
μSR
Specific heat
Torque (shaken)
Torque
Torque

0
1.5
10
80
70–90c
80
90
93

1.19(1)
1.18(2)
1.15(2)
1.1(1)b
...
1.12(5)
1.18(14)
1.1(2)

...
...
4.2(5)
4.5(1)b
5.3(5)
7.00(5)
8.95(76)
7.3(5)

...
...
3.6(4)
3.5(1)b
5.3(5)
6.18(5)
7.55(63)
6.6(5)

37
48
43
18
49
This work
50
43

a

Small angle neutron scattering.
Estimated from Ref. 18.
c
Temperature not specified; out-of-plane anisotropy parameter determined from Hc2.
b
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parameter found later in iron-based superconductors was also
attributed to multigap superconductivity.13,46 This may suggest
that the present results are a signature of two-gap superconductivity in YBa2 Cu3 O7 , as previously proposed in Ref. 18.
However, we note that the temperature dependence of the
out-of-plane anisotropy parameter observed for cuprates is
extremely sensitive to the oxygen content. A well-pronounced
temperature dependence of the anisotropy for strongly
underdoped samples9 becomes very weak for overdoped
YBa2 Cu3 O7 . This may be related to the evolution of the pseudogap with doping in YBa2 Cu3 O7−δ . Moreover, it suggests
that an additional energy scale to the superconducting energy
gap in the system is necessary to get a temperature-dependent
out-of-plane anisotropy parameter in layered superconductors.
Such an energy scale may originate from the multigap nature
of superconductivity in MgB2 and in pnictides and from the
appearance of the pseudogap in cuprates.

fields of 1 and 1.4 T. In the temperature range 0.87Tc <
T < Tc , the anisotropy parameters γca and γcb were found to
increase by more than 10% with decreasing temperature, but
no field dependence was observed. In contrast, the in-plane
anisotropy parameter γab exhibits no temperature nor field
dependence. The values of γca , γcb , and γab are in good
agreement with those reported previously (see Table I). The
analysis of the torque data with the Hao-Clem model yields,
within 2%, the same results as the simpler Kogan model. The
Hao-Clem model does not provide new information on the
vortex state of YBa2 Cu3 O7 in the present study.
The weak temperature dependence of the out-of-plane
anisotropy parameter may indicate the presence of two
energy scales in the superconducting behavior, related to
multigap superconductivity or one-gap superconductivity with
a pseudogap. To clarify this hypothesis, more experimental
work is required.

V. CONCLUSIONS
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Vortex lock-in transition coinciding with the 3D to 2D crossover in YBa2 Cu3 O7
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A vortex lock-in transition was directly detected by torque magnetometry in an overdoped YBa2 Cu3 O7 single
crystal of low anisotropy (≈ 7). The locked-in state was observed below the two- to three-dimensional crossover
temperature Tcr = 76 K, independently of extrinsic pinning effects, thanks to a high-quality clean crystal and
the use of a vortex shaking technique. The lock-in effect is enhanced by decreasing temperature and increasing
magnetic field. The shape of the torque signal as a function of the angle between the applied magnetic field and
the crystallographic c axis is in very good agreement with the model developed by Feinberg and Ettouhami [Int.
J. Mod. Phys. B 7, 2085 (1993)] for quasi-2D superconductors, despite the low anisotropy of the material.
DOI: 10.1103/PhysRevB.86.174502

PACS number(s): 74.20.De, 74.25.Ha, 74.72.−h

I. INTRODUCTION

Dimensionality is essential to understand the behavior
of vortices in layered cuprate superconductors. A threedimensional (3D) to two-dimensional (2D) crossover takes
place when the superconducting coherence length along the
c axis ξc becomes smaller than the distance s between the
planes supporting superconductivity.1 Since ξc decreases with
decreasing temperature, it will in many cases become smaller
than s below some temperature. The Lawrence-Donniach
model should then be used to describe superconductivity.2
The temperature Tcr√at which this crossover happens is such
that ξc (Tcr ) = ξc,0 / 1 − Tcr /Tc = s, where ξc,0 = ξc (T =
0 K) and Tc is the superconductor critical temperature. For
the studied YBa2 Cu3 O7 crystal, taking s  0.8 nm,3 ξc,0 
0.3 nm,4 and Tc = 88K,5 one gets Tcr  76 K.
In the 2D regime, when the applied magnetic field direction
is nearly parallel to the ab plane, a lock-in transition may take
place.6 In this case, the vortex cores are confined between the
superconducting layers, even though the field is not aligned
with these layers. This minimizes condensation energy at the
cost of magnetic energy coming from the misalignment of
vortices and fields, since the cores do not cross the layers
anymore. This is also known as intrinsic pinning, since it locks
the vortices independently of (extrinsic) impurities.
In high-anisotropy materials lock-in studies,7–10 the 2D
character is so strong that the lock-in is present almost up
to Tc . However, the vicinity of the superconducting transition
makes it difficult to observe the lock-in onset. Low-anisotropy
cuprates like YBa2 Cu3 O7 or YBa2 Cu4 O8 are more suited for
this purpose. The lock-in was observed in YBa2 Cu3 O7 by
torque magnetometry,11,12 bulk resistivity measurements,3,13
and ac transport in thin films.14 The lock-in was also
observed in various other layered superconductors.15–21 It
may be difficult to distinguish between pinning and lockin effects (see, for example, Ref. 12). Besides, a large
irreversibility due to extrinsic pinning effects may hide the
appearance of the lock-in transition: in Ref. 22, the lock-in
transition is identified much below the 3D to 2D crossover
temperature Tcr . In this work, the appearance of the vortex
lock-in is clearly observed by torque magnetometry at Tcr
in a clean overdoped YBa2 Cu3 O7 single crystal, and the
1098-0121/2012/86(17)/174502(5)

lock-in torque profile is examined in various fields and
temperatures.
A review of lock-in theoretical models is given in Ref. 1
(p. 1286). The most relevant models for this work are
presented in Refs. 23 and 24. The lock-in angle corresponds
to the angle between the applied magnetic field and the
crystallographic c axis at which the lock-in appears. This
angle is the crucial parameter turning the lock-in on and
off. Previous experiments on various cuprate superconductors
were in agreement with the theory whenever data accuracy
made the comparison possible, but the data in the case of
YBa2 Cu3 O7 were rather sparse. In this work, we present a
detailed study of the field and temperature dependence of
the lock-in effect in a low-anisotropy cuprate superconductor.
We note a very good qualitative agreement with the behavior
described in Ref. 24, although the field dependence of the
lock-in angle seems unconventional. The field H is chosen
in the London domain Hc1  H  Hc2 , where Hc1 and Hc2
are the lower and upper critical fields. This excludes the
interference of other phenomena such as vortex lattice melting
or glass behavior. The temperature range has a lower bound of
60 K, because irreversibility renders the data unreliable below
this temperature; the torque ceases to conform to the model
described in Ref. 24.
II. TORQUE MEASUREMENTS

The growth procedure, detwinning, and pinning suppression yielding the high-quality superconducting YBa2 Cu3 O7
single crystal used in this experiment is described in Ref. 25.
The dimensions of the platelet crystal are 130 × 160 × 50
μm3 , and Tc  88 K. Magnetic torque investigations were
carried out using a homemade magnetic torque sensor.26 The
sample is attached to a platform hanging on piezoresistive
legs. When a magnetic field is applied on an anisotropic
superconductor, the misalignment between field and diamagnetic moment results in a torque. This bends the legs, thus
giving rise to a measurable electric signal proportional to the
magnetic torque. For a uniaxial superconductor, the angular

dependence of the magnetic torque τ = m
 × μ0 H (where m
is the sample magnetic moment) in the London approximation
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where θ is the angle between the applied
√ magnetic field H and
the crystallographic c axis, (θ ) = cos2 (θ ) + sin2 (θ )/γλ2 is
||c
the angular scaling function, Hc2 is the c axis upper critical
field, and η is a dimensionless parameter of the order of
unity. The anisotropy parameter γλ = λc /λab is the ratio of
the out-of-plane and in-plane magnetic penetration depths;
A = −V 0 (1 − 1/γλ2 )/(16π λ2ab ) (V is the sample volume,
0 is the flux quantum) is independent of angle. This model
is three-dimensional.
A typical torque signal of YBa2 Cu3 O7 measured in a magnetic field of 1.4 T at 70 K is shown in Fig. 1 as a normalized
torque τnorm = τ/τmax . During a torque measurement, the field
direction is swept clockwise (CW) from the c axis (0◦ ) through
the ab plane (90◦ ) and the opposite direction of the c axis
(180◦ ), then swept back counterclockwise (CCW), as shown
in the inset of Fig. 1. The CW and CCW branches of the raw,
unaveraged torque signal overlap when the torque is reversible.
The torque signal is antisymmetric with regard to the ab plane,
so the rest of the data are shown only in the angle range from
0◦ to 90◦ for clarity.
Figure 2 shows a torque measurement evidencing the
lock-in effect; a deviation from Eq. (1) can be seen at
low temperatures close to the ab plane for θ  85◦ . This
corresponds to a staircase configuration24 of the vortices.
The order parameter inside a vortex core is not suppressed
between the layers, because the circulating currents are
Josephson currents and not superconducting currents. The
order parameter is only suppressed within the superconducting
layers. The vortex consists of 2D cores in the layers, linked
by Josephson cores between the layers. When the vortices are
tilted enough that the Josephson coherence length is smaller
than the distance between two consecutive vortex cores, the
vortex line takes a staircase shape (see schematic drawing in
Fig. 2). The physics stays 3D on large scales, but the free
energy deviates from the 3D London model.28 For θ  87◦

Raw torque (b)
Avg. torque
Linear fit

µ 0H = 1.4 T
1 T = 70 K

FIG. 1. (Color online) Normalized torque τ/τmax of detwinned
single-crystal YBa2 Cu3 O7 in the full angular range at 70 K and 1.4 T.
The irreversibility is very small; at this scale, the average of the
clockwise (CW) and counterclockwise (CCW) branches of the torque
(red open circles) overlaps the raw unaveraged signal (brown closed
circles). Inset: Field orientation during CW and CCW measurements.

(Hc1  H  Hc2 ) can be written as27


||c
ηHc2
sin(2θ )
ln
τ (θ,H ) = AH
,
(θ )
(θ )H

0
0.1
µ 0Hcos( ) (T)

norm

0

85

(degrees)

90

70

80

90

(degrees)

FIG. 2. (Color online) (a) Normalized torque of detwinned singlecrystal YBa2 Cu3 O7 as a function of angle at 80 K and 1.4 T. The torque
follows the London dependence at all angles. The green line is a fit
of Eq. (1) to the data. The light red points represent an average of the
CW and CCW angle measurements. Inset: Irreversible component
of the torque τirr = (τCW − τCCW )/2 normalized to the maximum of
the averaged torque at various temperatures at 1.4 T. (b) Normalized
torque as a function of angle at 70 K and 1.4 T. The dotted blue
line is a linear fit of the lock-in region. Inset: Close-up around the
ab plane. The dark red dots represent the raw torque. The arrows
indicate the field sweep direction for each branch. The schematic
drawing (after Ref. 24) represents the staircase vortex configuration
taking place between the linear region and the London region. Instead
of a continuous normal state tube, the vortex consists of 2D cores (red
rectangles) in the layers connected by Josephson cores between the
layers (dashed red).

the lock-in starts: the torque becomes linear and changes
slope. This shape of the averaged angular-dependent torque
is identical to the prediction of the model presented in Ref. 24
for quasi-2D superconductors. This similarity is striking, as
the anisotropy of our YBa2 Cu3 O7 crystal is around 7 (these
anisotropy measurements were performed on the same crystal
[see Ref. 5]), which would not qualify as quasi-2D. The
models presented in Ref. 24 relate to anisotropies around 50,
as expected in La2−x Srx CuO4 for example.
The torque data exhibits an angular irreversibility between
the CW and CCW branches. Such irreversible signals are
usually due to vortex pinning. In this work, the so-called
vortex-shaking technique29 was applied to reduce irreversibility. This was done by applying a small ac field orthogonal to the
main field H in order to enhance the vortex relaxation toward
thermodynamic equilibrium. The irreversible part of the
torque, τirr = (τCW − τCCW )/2, normalized to the maximum
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0.5

norm

0.5

FIG. 3. (Color online) Normalized torque of detwinned singlecrystal YBa2 Cu3 O7 as a function of angle. The dashed line represents
the raw irreversible data and the solid line the average between the
CW and CCW measurements. The irreversibility is limited to the
angle range where the torque does not follow the London model
above 80◦ . The color gradients underline the lock-in region (blue)
and the angular transition (red). The lock-in transition is not sharp
at low fields and high temperatures. (a) 1.4 T and 60 K. At these
low temperatures, the torque does not follow the shape described in
Ref. 24. (b) 0.5 T and 60 K. This shape is predicted in Ref. 24. (c)
1.4 T and 70 K. (d) 0.5 T and 70 K. The shaking is optimal; the signal
is fully reversible.

of the averaged torque, is shown in the inset of Fig. 2(a).
The shape of τirr changes when the lock-in appears. Double
peaks in τirr have been observed and linked to the lock-in
state,22 although they appeared out of the angular lock-in zone.
This confirms the lock-in transition temperature around 75 K;
the peak separation is just starting at 75 K, and is already
well developed at 74 K. We thus estimate that the error on
the lock-in starting temperature is less than 1 K. The small
residual irreversibility as seen on the averaged torque could not
be hiding a small higher temperature lock-in signal, because
lock-in shows up as well in the shape of τirr . Besides, the
difference between the London fit and the averaged torque is
too large to be an artifact of irreversibility [Fig. 2(b) inset].
Figure 3 shows the angular torque at various temperatures
and fields. A small residual irreversibility is visible close to
the ab plane, at the same angles where the lock-in takes place.
This irreversibility decreases with increasing temperature, as
expected for vortex pinning. It also decreases with decreasing
field, as observed in YBa2 Cu4 O8 ,22 but contrary to what was
observed in YBa2 Cu3 O7 .11 The variation of the pinning forces
with field depends on the crystal quality and field range of the
experiment, which may explain this different field behavior.
In a clean crystal like the one used in this work, the only
source of pinning is the layered structure; the appearance of
irreversibility is thus a supplementary indication of the onset
of lock-in.
In order to investigate the effect of vortex shaking on
the lock-in phenomenon, we studied different shaking field
amplitudes at various static fields and temperatures. At low

0

40 %
60 %
100 %
85

40 %
100 %
90

85

90

0

FIG. 4. (Color online) Effect of shaking power on the normalized
angular torque of detwinned single-crystal YBa2 Cu3 O7 . 100% represents the maximal stable shaking field. Above this value, the shaking
power is difficult to keep at a constant level for the whole duration
of the measurement due to equipment limitations. (a) High field, low
temperature: the averaged torque signal (dotted lines) depends on
shaking power. (b) Low field, low temperature: the shaken torque
can be made almost reversible, and the averaged torque (not shown
for clarity) stays constant with shaking power. (c) High field, high
temperature: the averaged torque signal (dotted lines) does not depend
on shaking power. (d) Low field, high temperature: the shaking is
optimally efficient in this field-temperature domain, i.e., the shaken
torque can be made reversible.

temperature and high fields [Fig. 4(a)], the shaking is not
sufficient to ensure reliable measurements, since the averaged
data depend on the shaking power. The linear zone near the
ab plane is reduced by increasing shaking power. The shaking
efficiency limit is reached when a small peak appears at the
limit of the lock-in domain. The peak feature in the CCW
branch of the torque is characteristic of lock-in observed in
conjunction with extrinsic pinning.12 This usually masks the
lock-in effect in lower quality crystals. In this work the peak
appears only if the extrinsic pinning becomes too large to
be suppressed at low temperatures. At low temperature and
low field [Fig. 4(b)] and high temperature and high field
[Fig. 4(c)], the shaking power is sufficient to get stable data.
All the averaged torque signals for the various shaking powers
are the same. At low fields and high temperatures [Fig. 4(d)],
the shaking is even sufficient to get fully reversible data. We
consider that the lock-in properties are reliably measured if
increasing the shaking power does not change the shape of the
averaged torque.
III. DISCUSSION

The analysis was done on the average of the CW and
CCW data, since the deviation of the averaged data from
the London model is larger than the irreversibility, as also
reported in Ref. 11. The lock-in angle is often viewed as
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 × μ0 H | = V μ0 H B sin(θ ) becomes
|
τ | = |V M

0.6

norm

norm

τlock = V μ0 H 2 sin(θ ) cos(θ ).
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FIG. 5. (Color online) (a) Normalized torque of detwinned singlecrystal YBa2 Cu3 O7 as a function of angle at 65 K for various fields.
The lock-in angular domain and the lock-in amplitude are smaller
at low fields. (b) Normalized torque as a function of angle at 1.4 T
for various temperatures. The lock-in angular domain and the lock-in
amplitude are larger at high temperatures. (c) Torque as a function of
angle at 65 K for various fields. (d) Torque as a function of angle at
1.4 T for various temperatures.

the angle at which the perpendicular component of the field
goes below the lower critical field along the c axis. Field
penetration across the layers is then impossible, effectively
locking the vortices between the ab planes. In this model, the
lock-in angle θlock should be such that the transverse lock||c
||c
in field value Hlock = H cos(θlock ) matches Hc1 . Therefore,
θlock should decrease with increasing field. This evolution
was observed in high-anisotropy cuprates,10 and a similar
dependence was derived for YBa2 Cu3 O7 ,6,23 although not
confirmed by experiments in this material. However, Ref. 30
||c
reports in La2−x Srx CuO4 (x = 0.075) a Hlock value which is
||c
different from Hc1 . It is thus possible that this simple Hc1
picture holds only for high-anisotropy compounds and that the
lock-in angle is not necessarily inversely proportional to the
field.

The vortices direction is along the magnetic induction B;

B is therefore aligned with the planes in the lock-in state (but
 and M is small compared
H is not). Since B = μ0 (H + M)
to H , B can be approximated as the parallel component
of H : B = μ0 H ||ab = μ0 H cos(θ ). In that case, the torque
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Figure 5 shows the lock-in transition at various fields and
temperatures. If we define the lock-in angle θlock as the angle
where the torque slope changes (moves away from the linear
region), θlock increases at low temperatures, but also at high
fields. This is unconventional, because with higher fields one
gets closer to the superconducting transition. In that case,
the behavior should be increasingly 3D, which means the
lock-in effect should weaken. However, θlock becomes more
difficult to identify at higher temperatures and lower fields. It
is possible that the observed unconventional increase of θlock
at high fields is biased; since the transition is smoother at
low fields, the field dependence of θlock might be drowned in
the large transition. θlock can also be defined as the point at
which the torque is no longer independent of temperature, and
therefore not following Eq. (2). In that case, one may estimate
the temperature dependence of θlock from measurements at
constant field. Figures 5(c) and 5(d) show the non-normalized
torque in the lock-in region; it appears that even though all
curves merge around the ab plane, the torque slope depends
slightly on temperature, contrary to the prediction of Eq. (2).
At low temperatures, the transition sharpness increases and the
slope depends more weakly on temperature. Since the lock-in
transition is not sharp at higher temperatures, the curvature of
the torque that accompanies this transition may skew the linear
region and change the slope dependence given by Eq. (2).
IV. CONCLUSION

A lock-in transition was observed in a clean detwinned
YBa2 Cu3 O7 single crystal at the 2D to 3D crossover temperature. Although the angular torque signal matches theoretical
shapes, it seems difficult to qualitatively confirm a simple
model of the lock-in. The lock-in angle domain decreases
with increasing temperature, as expected for vortex pinning.
Surprisingly, this domain also seems to increase with field in
the studied field range (0–1.4 T), although this dependence
may be an artifact of a broad lock-in transition. This unconventional behavior might be related to the low anisotropy of
the compound, which prevents it from having a strong 2D
behavior, even at low temperatures.
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Chapter 4

Coexistence of magnetism and
superconductivity in RbxFe2−y Se2
Among the recently discovered iron-based superconductors [85], the AFe2 Se2 family (A = K, Rb,
Cs) [86, 87, 88] is especially intriguing due to the close coexistence of superconductivity and antiferromagnetism [89]. Such coexistence was also observed in cuprates by µSR [90]. The AFe2 Se2
compounds feature an ordering of the iron vacancies around 500 K, which in turn favors the formation of antiferromagnetically coupled blocks of iron moments at the slightly lower Néel temperature
TN ≈ 500K, which is much higher than the critical temperature Tc ≈ 30 K (Fig. 4.1 and [91]).

Figure 4.1: Top view of a FeSe layer at low temperatures in the iron vacancy ordered state. The
empty dots are iron vacancies, the pink dots are iron atoms, and their spin direction is indicated
by the + or - signs. The green dots are Se atoms. The dotted blue square underlines the unit cell
in the vacancy disordered state, whereas the dotted black square shows the unit cell in the ordered
state.
The intercalation of alkali ions A into the FeSe structure makes this system highly electron
doped, without hole-like sheets at the Fermi surface [92]. The electron scattering between hole and
electron-like bands, suggested to be crucial to superconductivity in iron-based superconductors
[93, 94], is thus impossible [95]. Most experiments point towards a nanoscale phase separation
between superconducting vacancy-disordered domains and antiferromagnetic vacancy-ordered ones
[96, 97, 98, 99, 100]. So far no pure superconducting phase has been observed, but pure insulating
phases were successfully grown [101]. The A atom site can sometimes be vacant, although these
vacancies do not order in superconducting compounds. Additionally, it appears that annealing just
below the phase separation onset temperature strongly improves the superconducting properties.
This Chapter first exposes anisotropy and penetration depth measurements of single crystal
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Rbx Fe2−y Se2 by torque magnetometry. The effects of annealing at various temperatures relevant
to the magnetic ordering is then described.

4.1

Superconductivity in phase-separated Rbx Fe2−y Se2 single crystals

The lower critical field of Kx Fe2 Se2 was found to be low and isotropic [102, 103], indicating that
γλ ≈ 1, where γλ = λc /λab is the penetration depth anisotropy. A low Hc1 corresponds to a large
magnetic penetration depth. Quantitatively, one gets from µ0 Hc1 = Φ0 (ln κ + 0.5)/(4πλ2eff ), valid
for an isotropic superconductor [104], that λeff (0) ' 1.6 − 1.8 µm. This effective penetration depth
is defined as λeff = (λ2ab λc )1/3 . However, high field NMR experiments yield a much smaller in-plane
magnetic penetration depth λab (0) ' 0.29 µm [105]. The anisotropy of the upper critical field also
seems to be larger at high fields [105, 106, 102, 107], corresponding to a larger γH = Hc2 /Hc1 .
In order to clarify the behavior of the anisotropy and the penetration depth, we performed
SQUID and torque measurements on single crystal Rbx Fe2−y Se2 . Similar measurements were performed on Csx Fe2−y Se2 , yielding similar results but noisier data due to a bad crystal quality. The
magnetization as a function of temperature, measured by SQUID, shows that the superconducting
transition at Tc ' 32 K is sharp, and confirms the small anisotropy and small value of the lower
critical field (µ0 Hc1 . 0.3 mT).
A typical torque measurement is shown in Fig. 4.2a. Instead of fitting the data with the usual
Eq. (1.11), we used the following expression:
2/3

V Φ0 Hγλ
τ (θ) = −
16πλ2eff



1
sin(2θ)
1− 2 ·
ln
(θ)
γλ

||c

ηHc2
(θ)H

!
.

(4.1)

Rewriting Eq. (1.11) as Eq. (4.1) yields γλ and λeff = (λ2ab λc )1/3 as fit parameters instead of
γλ and λab (see Chap. 3 for details on the model). The studied crystal probably features phase
separation between superconducting and non-superconducting regions, with a domain size smaller
than the penetration depth [96]. Fitting torque data with the Kogan model yields a penetration
depth which may be renormalized to a larger value than that which would be observed in a single
phase superconductor, since the field penetrates more easily in this phase separated material. The
details of the renormalization along the different crystallographic directions is not known, so it
is more reliable to analyze the penetration depth averaged along all directions. We thus used
the expression of the Kogan model where λeff appears instead of λab , and expect to get larger
penetration depths values than those measured by microscopic techniques. The good fitting of
Eq. (4.1) to the data (Fig. 4.2b) confirms that this approach is well adapted to the material.
In the following we assume that η = 1 (see Chap. 3 and [67]). For the data analysis, the slope
||c
dHc2 /dT at Tc is fixed to ∼ −1 T/K, a value stemming from resistivity measurements [107]. The
fit result does not depend heavily on the choice of Hc2 (see Section 2.2).
The torque signal is the sum of a superconducting component described by Eq. (4.1) and a
magnetic background component τBG = −(χab − χc )V µ0 H 2 sin(2θ)/2 (derivation details in Appendix B). The variables χc and χab denote the magnetic susceptibilities along the a-axis and
c-axis, respectively. The background observed in this crystal shows that χab > χc , in agreement
with [105], and that τBG is large compared to the superconducting signal, consistent with a dominant bulk antiferromagnetic phase of magnetic moments aligned along the c-axis [89, 91].
Figure 4.3 summarizes the results of the torque measurements. Figure 4.3b shows γλ (T ) for
various fields. It is almost temperature independent for Tc /2 < T < Tc and 0.2 T < µ0 H <
1.4 T. The small temperature dependencies near Tc and at low temperatures can be explained by
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Figure 4.2: Angular dependent torque of single-crystal Rbx Fe2−y Se2 measured at 15 K and 1.4 T.
(a) Comparison of unshaken and shaken magnetic torque data. The unshaken red data τcw (blue
data τccw ) are gathered by turning H clockwise (counter-clockwise) around the sample. The inset
explains schematically the field configuration during the experiment. The shaken data are obtained
by applying a transverse AC field, yielding reduced irreversibility and enhanced data quality. (b)
Angular dependence of the shaken magnetic torque averaged for both directions. The green curve
is the superconducting component of the signal, obtained after subtracting the background as
explained in the text. A fit by Eq. (4.1) yields γλ (15 K, 1.4 T) ' 8.6 (black line). For comparison,
the red dotted line is calculated with a fixed γλ = 3.
the weakening of the superconducting signal and by pinning [108], respectively. Interestingly, the
anisotropy is strongly field dependent, with an extrapolated value at zero field around 1. Figure 4.3c
shows the field dependence of λeff (H) for various temperatures. The effective penetration depth
λeff (H) tends to a constant value for µ0 H ≥ 1 T for all studied temperatures. Figure 4.3d shows
the field dependence of γλ .
−2
n
The value of λeff at 0 K can be extrapolated using the power law λ−2
eff (T ) = λeff (0)[1 − (T /Tc ) ]
stemming from the two-fluid model (see Fig. 4.3a). This yields λeff (0) ' 1.8 µm, a value that is
very large compared to microscopic results on the same crystal family (λab ≈ 290 nm [105], or
258 nm [109]), or compared to non-intercalated FeSe0.5 Te0.5 (λab ≈ 491 nm [110]). This may be
due to the easier penetration of the magnetic field in a material where the superconducting phase
is in minority. Our bulk measurement technique averages the penetration depth on the whole
volume of the sample, resulting in a higher effective penetration depth. However, since no pure
phase AFe2 Se2 superconductor has yet been synthesized, it is not clear if it is possible to define
a superconducting penetration depth independently of coexisting non superconducting regions.
Granular superconductor theories also invoke a renormalized penetration depth [111], although in
those models the superconducting regions are the majority phase, separated by thin Josephson
junctions. Since µSR experiments report approximately 10% of superconducting volume [109], a
conventional granular model may not be adapted.
The large λeff (0) is consistent with the very small µ0 Hc1 . 0.3 mT observed by SQUID in this
crystal and in [102]. The small γλ (0 T) ∼ 1 − 2 at very low fields (Fig. 4.3d) is also in agreement
with an isotropic Hc1 . The increase of γλ with H and the field independent λeff = (λ2ab λc )1/3 imply
−1/3
that λab = λeff γλ
decreases with increasing H. This is consistent with the high-field NMR result
[105].
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Figure 4.3: Summary of all the results obtained by analyzing the experimental torque signal of
Rbx Fe2−y Se2 with Eq. (4.1). a) Temperature dependence of λ−2
eff . The line is a power law fit to
the data at 1.4 T. b) Temperature dependence of γλ for various fields, showing that γλ is strongly
increasing with H, but is almost independent of T . The dotted lines represent the average γλ for
each field. c) Field dependence of λ−2
eff for various temperatures. d) Field dependence of γλ for
various T . The black line is a guide to the eye.
A field-dependent anisotropy has been linked to two-gap superconductivity in MgB2 [36, 112],
but in the two-gap scenario the field dependence should be accompanied by a temperature dependence [113]. In MgB2 , the superconductivity from the 3D π-band vanishes with increasing field,
so the superconducting fluid density originates mainly from the 2D σ-band. The 2D character of
the remaining band results in a larger anisotropy when closer to the superconducting transition.
However, since the upper critical field anisotropy γH and the penetration depth anisotropy γλ
have opposite variations, this band dimensionality argument can only apply to an anisotropy that
increases with T or H, which is the case for γλ in MgB2 , but not in Rbx Fe2−y Se2 . A temperature
dependence of γλ and γH was also observed in FeSe based superconductors [114, 61, 39], in which
multiband superconductivity is suggested from other experiments [115, 116]. The link between
the temperature dependence of the anisotropy and multiband superconductivity is mostly derived
from the different dimensionality of the bands. Anyway, it is not clear from band structure calculations nor ARPES measurements whether for our crystal a significant 3D band is to be expected
[117, 118, 119, 120, 99], because the calculations and experiments are quite dependent on the exact
chemical composition of the crystal.
The independence on temperature of γλ suggests that the origin of its field dependence is
not related to the superconducting gap energy, which is strongly temperature dependent in the
examined temperature range. However, the antiferromagnetic state’s energy scale can be expected
to be temperature independent in the superconducting temperature domain, because of the high
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Néel temperature TN ≈ 500 K [121]. The superconducting temperature range is far too low
to excite any change in such a strongly coupled antiferromagnet. Nevertheless, magnetic field
modifications can lead to changes in the superconducting/antiferromagnetic domain structure,
and change the coupling between superconducting areas. This could result in variations of the
“averaged” effective anisotropy. The lattice parameters, in particular the pnictogen/selenide height
in the iron-based superconductors, are directly related to superconductivity [122, 87]. It is also
possible that magnetostrictive effects, which should increase with magnetic field, may influence the
lattice parameters. This could result in changes of the system anisotropy.

4.2

Effect of annealing on Rbx Fe2−y Se2

Several studies report improved superconducting properties of Rbx Fe2−y Se2 post-annealed at 400◦ C
[123, 124, 125]. Improved properties include higher critical current, higher upper critical field, and
sharper superconducting transition.
Since this crystal family features several state transitions, it is interesting to investigate the
effect of annealing near each of these transitions. Differential heat measurements show that
Rbx Fe2−y Se2 (nominal composition Rb0.85 Fe1.90 Se2 ) undergoes an iron vacancy ordering at Ts
= 540 K, accompanied by a structural transition from I4/mmm to I4/m. The Néel temperature,
at which block antiferromagnetism appears, is TN = 517 K. At Tp = 489 K, the vacancy ordered
(I4/m) and disordered (I4/mmm) phases separate [126]. In order to study the effect of phase separation on the superconducting properties, three different annealing temperatures where chosen:
well below, just before, and well above Tp , at respectively 413 K, 488 K, and 563 K (Fig. 4.4).
The superconducting samples are conventionally named AT [tann ], where tann is the duration of the
annealing, and T is the annealing temperature. As-grown, shortly annealed, and lengthily annealed
samples are compared. S. WEYENETH et al.
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ductor. This is consistent with the fact that the penetration depth observed by macroscopic
techniques (see Section 4.1) is larger than the one observed by local probes like µSR [109, 126].
However, granular theories were developed for majority superconducting grains separated by thin
non-superconducting Josephson junctions, whereas with 10% superconducting volume, superconducting domains in Rbx Fe2−y Se2 would be of a more filamentary shape.
We can conclude from the present studies that the coexistence of magnetism and superconductivity in Rbx Fe2−y Se2 strongly affects the superconducting state. The anisotropy depends on the
magnetic field and not on temperature, a quite unique feature in layered superconductors. Besides, annealing just at the phase separation of magnetic and non-magnetic domains seems to be
related to modifications of the spatial distribution of those domains. Interestingly, these changes
drastically improve the superconducting properties.
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The anisotropic superconducting properties of a Rbx Fe2−y Se2 single crystal with Tc  32 K were investigated
by means of superconducting quantum interference device (SQUID) and torque magnetometry, probing the
effective magnetic penetration depth λeff and the magnetic penetration depth anisotropy γλ . Interestingly, γλ is
found to be temperature independent in the superconducting state but strongly field dependent: γλ (0.2 T) < 4
and γλ (1.4 T) > 8. This unusual anisotropic behavior, together with a large zero-temperature λeff (0)  1.8 μm,
is possibly related to a superconducting state heavily biased by the coexisting antiferromagnetic phase.
DOI: 10.1103/PhysRevB.85.064509

PACS number(s): 74.70.Xa, 74.25.Bt, 74.25.Ha, 74.25.Op

I. INTRODUCTION

With
the
discovery
of
superconductivity
in
LaFeAsO1−x Fy ,1 a new family of iron-based high-temperature
superconductors was found. Its simplest member is FeSe1−x ,
which consists of a stack of FeSe layers.2 Its superconducting
transition temperature Tc  8 K increases drastically with
external pressure, reaching Tc (8 GPa)  36 K.2,3 Interestingly,
a similar high Tc  30 K is attained in the iron-selenide
family Ax Fe2−y Se2 by intercalating alkali atoms (A = K,
Rb, Cs) between the FeSe layers.4–6 However, Tc is found
to decrease with pressure and is fully suppressed at 9 GPa
for Kx Fe2−y Se2 (Ref. 7) and at 8 GPa for Csx Fe2−y Se2 .8
The critical temperature is almost insensitive to pressure
below 1 GPa, suggesting that Tc is almost independent
of small variations of the lattice constants. This provides
an opportunity to study the temperature dependence of
physical quantities without being affected by changes of
the lattice constants due to thermal expansion. Early μSR
experiments on Csx Fe2−y Se2 indicate that superconductivity
and antiferromagnetism coexist on microscopic length
scales.9 The Néel temperature TN ≈ 500 K (Ref. 10)
of K0.8 Fe2−y Se2 is substantially higher than Tc  30 K.
Several experiments point toward nanoscale phase separation
between superconducting, vacancy-disordered domains and
vacancy-ordered antiferromagnetic (AFM) domains.11–14 In
contrast to the slightly hole doped FeSe1−x , the intercalation of
alkali ions A into the FeSe structure introduces a large amount
of electrons into the system.15 Other experiments16 suggested
that this highly electron doped system contains no hole-like
sheets at the Fermi surface, and thus electron scattering
between hole and electron-like bands is impossible.15
Moreover, Fe vacancies in the crystalline structure order
at  600 K.17 In Kx Fe2−y Se2 , the presence of vacancies
appears to be detrimental to superconductivity.18 This
intriguing microscopic coexistence of vacancy ordering,
antiferromagnetism, and superconductivity in Ax Fe2−y Se2
points to an unconventional thermodynamic behavior of the
superconducting state.
Recently, the lower critical field Hc1 was investigated in
tetragonal Kx Fe2−y Se2 for magnetic fields H along different
crystallographic directions, i.e., parallel to the ab plane and
1098-0121/2012/85(6)/064509(6)

parallel to the c axis,19,20 revealing a surprisingly low and
isotropic μ0 Hc1  0.3 mT. Invoking the phenomenological
relation between Hc1 and the effective magnetic penetration
depth λeff for an isotropic superconductor μ0 Hc1 = 0 (ln κ +
0.5)/(4π λ2eff ),21 a value of λeff (0)  1.6–1.8 μm is obtained
(assuming an approximate Ginzburg-Landau parameter κ ∼
100–200). This low field estimate of λeff deviates remarkably
from the small in-plane magnetic penetration depth λab (0) 
0.29 μm derived from NMR experiments at 8.3 T on a
similar sample.22 Moreover, the numerous observations of
an anisotropic vortex lattice in high magnetic fields19,22–24
contrast with the isotropic behavior of Hc1 in low magnetic
fields. In order to illuminate this intriguing field dependence
of the superconducting properties, we performed a detailed
magnetic study of Rbx Fe2−y Se2 .

II. CRYSTAL GROWTH

A Rbx Fe2−y Se2 single crystal with composition
Rb0.77(2) Fe1.61(3) Se2 as refined by x-ray fluorescence was
grown from a melt by the Bridgman method, using a presynthesized ceramic precursor of FeSe0.98 and metallic rubidium.
For the precursor synthesis high-purity (at least 99.99%; Alfa
Aesar) powders of iron and selenium were mixed in the molar
proportion 1 Fe : 0.98 Se and pressed into a rod. This nominal
stoichiometry, chosen on the basis of our previous studies25 of
the Fe-Se chemical phase diagram, provides an iron selenide
of pure tetragonal phase. The mixture was prereacted in a
sealed silica ampoule at 700 ◦ C for 15 h and then grounded
in an inert atmosphere, pressed again into a rod, sealed in
an evacuated double-wall quartz ampoule, and resintered at
700 ◦ C. After 48 h the furnace was cooled down to 400 ◦ C and
kept at this temperature for 36 h more. For the single-crystal
growth a piece of the Fe-Se rod was sealed in an evacuated
silica Bridgman ampoule with an appropriate amount of pure
alkali metal placed in an additional thin silica tube; 5% excess
of Rb was added to compensate its loss during synthesis. The
Bridgman ampoule was sealed in another protecting evacuated
quartz tube. The ampoule was heated at 1030 ◦ C for 2 h for
homogenization, followed by cooling down the melt to 750 ◦ C
at a rate of 6 ◦ C/h. Finally, the furnace was cooled down to
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room temperature at a rate of 200 ◦ C/h. After synthesis the
ampoules were transferred to a He glovebox and opened there
to protect the crystal from oxidation in the air.
III. MAGNETIC MEASUREMENTS

The superconducting properties of the platelike crystal of
dimensions ∼ 5 × 1 × 0.2 mm3 (thickness of 0.2 mm along
the c axis) were characterized with a Quantum Design MPMS
XL superconducting quantum interference device (SQUID)
magnetometer. The temperature dependence of m/H , where
m is the magnetic moment, is shown in Fig. 1 for various
magnetic fields H applied after zero-field cooling. The onset
transition temperature for this sample is estimated to be Tc 
32 K. For both studied orientations [parallel to the c axis,
shown in Fig. 1(a), and parallel to the ab plane, shown in
Fig. 1(b)], the magnetic properties are very similar. For μ0 H =
0.1 mT a sharp diamagnetic transition is observed for both
field orientations. In higher fields, the diamagnetism is rapidly
suppressed, indicating that μ0 Hc1 for Rbx Fe2−y Se2 is very low
(μ0 Hc1  0.3 mT, including demagnetizing field correction26 ).
A small piece of rectangular shape and approximate
dimensions 150 × 150 × 90 μm3 was cleaved off the above
Rbx Fe2−y Se2 single crystal. Magnetic torque investigations
were carried out using a homemade magnetic torque sensor.27
For a uniaxial superconductor like tetragonal Rbx Fe2−y Se2 ,
the angular dependence of the magnetic torque τ = m
 × μ0 H
in the London approximation (Hc1 < H < Hc2 ) can be written
as28



2/3 
||c
ηHc2
1 sin(2θ )
V 0 H γλ
ln
1− 2
τ (θ ) = −
. (1)
(θ )
(θ )H
16π λ2eff
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Here θ is the angle between H and the crystallographic c
axis, (θ ) = [cos2 (θ ) + γλ−2 sin2 (θ )]1/2 is the angular scaling
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FIG. 1. (Color online) Zero-field-cooled measurements of m/H
of single crystal Rbx Fe2−y Se2 for (a) H ||c axis and (b) H ||ab plane.
The change of vortex penetration with temperature is very similar
for both directions, consistent with an isotropic μ0 Hc1  0.3 mT.
The sharp transition at Tc  32 K demonstrates the high quality of
the crystal. Due to demagnetization the magnitude of m/H varies
by a factor of ∼3 for both orientations. A rough estimation of the
demagnetization factors from the sample dimensions yields 0.05 <
N ||ab < 0.3 and N ||c ∼ 0.65.

||c

function, Hc2 is the c axis upper critical field, and η is a
dimensionless parameter of the order of unity. Without loss
of generality η is restricted to 1 within this work.29 The
anisotropy parameter γλ = λc /λab is the ratio of the outof-plane and in-plane magnetic penetration depths, whereas
λeff = (λ2ab λc )1/3 denotes the effective magnetic penetration
depth. It is possible that our sample presents phase separation
between superconducting nonmagnetic regions and antiferromagnetic, nonsuperconducting regions, with a domain size
smaller than the penetration depth.11 In that case, applying the
Kogan model yields a λeff that may be renormalized to a larger
value than the superconducting parameter (λ2ab λc )1/3 . The field
penetrates more easily in this phase-separated material, and the
Kogan model yields an “averaged” effective bulk penetration
depth. The good agreement between Eq. (1) and the data
[Fig. 2(b)] shows that the Kogan model is still useful, albeit
with a broader interpretation of its parameters.
The magnetic torque experiments at various T and H were
performed by turning H around the sample in a plane containing the c axis [see inset in Fig. 2(a)] and measuring the resulting
torque. As an example, Fig. 2(a) shows the angular dependence
of the torque signal measured at 15 K in 1.4 T. Note that the
torque signal is affected by an angular irreversibility between
the clockwise (τcw ) and counterclockwise (τccw ) branches.
Such irreversible angular-dependent torque signals are usually
observed in hard superconductors due to vortex pinning.30,31
Due to the tetragonal structure of Rbx Fe2−y Se2 , twinning in the
crystal manifests itself in the results only through pinning on
the twin boundaries, and all in-plane parameters are not separated along the a and b axes in the analysis. In this work, the socalled vortex-shaking technique32 was successfully applied to
reduce irreversibility, allowing a more reliable determination
of the superconducting parameters. This was done by applying
a small ac field orthogonal to H in order to enhance the
vortex relaxation toward thermodynamic equilibrium. As seen
in Fig. 2(a), the vortex shaking clearly reduces the irreversible
component, especially for H close to the ab plane. In Fig. 2(b)
the average torque τ = (τcw + τccw )/2 is presented. The torque
signal consists of a superconducting component described by
Eq. (1) and a magnetic background component τBG = −(χab −
χc )V μ0 H 2 sin(2θ )/2. The variables χc and χab denote the
magnetic susceptibilities along the crystallographic axes. Here
χab > χc (as also mentioned in Ref. 22) and τBG is large,
consistent with a bulk antiferromagnetic phase having the
magnetic moments aligned along the c axis.9,17 The subtraction
of this antiferromagnetic background can be performed either
by adding a sinusoidal component in the fitting routine of
Eq. (1) or by directly removing the symmetric sinusoidal
component of the data, as discussed in Ref. 31. All results
presented in this work are independent of the background
treatment.
||c
The parameters Hc2 , γλ , and λeff can be extracted simultaneously by analyzing the magnetic torque data with
Eq. (1). However, in order to reduce the amount of free
||c
fit parameters, Hc2 was fixed according to a WerthamerHelfand-Hohenberg (WHH) temperature dependence.33 The
||c
slope dHc2 /dT at Tc was fixed to ∼ −1 T/K, in concordance
with resistivity results of a similar sample.24 Small variations
||c
in dHc2 /dT do not affect the results of the analysis since
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FIG. 2. (Color online) Angular-dependent torque of singlecrystal Rbx Fe2−y Se2 measured at 15 K and 1.4 T. For clarity not
all of the measured data are presented. (a) Comparison of magnetic
torque data obtained without and with the shaking procedure as
discussed in the text. The “unshaken” red data τcw (blue data τccw )
are gathered by turning H clockwise (counterclockwise) around
the sample. The inset explains schematically the field configuration
during the experiment. The “shaken” data are obtained by applying a
transverse ac field, yielding reduced irreversibility and enhanced data
quality. (b) Angular dependence of the “shaken” magnetic torque
averaged for both directions. The green curve is the superconducting
component of the signal, obtained after subtracting the background
as explained in the text. A fit by Eq. (1) yields γλ (15 K,1.4 T)  8.6
(black line). For comparison, the red dotted line is calculated with a
fixed γλ = 3.

Hc2 contributes only logarithmically in Eq. (1) and has no
weight in the determination of γλ and λeff in low magnetic
fields.31 Magnetic torque curves with the antiferromagnetic
background subtracted are presented in Fig. 3 for various T
[Fig. 3(a)] and H [Fig. 3(b)]. The insets show the normalized
magnetic torque τnorm = τ (θ )/ max[τ (θ )] close to the ab
plane. A change of the shape of τnorm (θ ) qualitatively reflects
a change of γλ . Note that the slope of τnorm vs θ changes
strongly with H but not with T . This demonstrates that γλ is
field dependent but not temperature dependent. As the field
direction is approaching the ab plane, the screening currents
start to flow not only in plane but also out of plane, which
makes the torque depend strongly on λab and λc in this angular
region. The temperature and field effect on the anisotropy γλ
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FIG. 3. (Color online) Angular dependence of the superconducting component of the magnetic torque of Rbx Fe2−y Se2 . (a) Magnetic
torque at 17 K for various magnetic fields. (b) Magnetic torque at
1.4 T for various temperatures. The insets in both panels show the
evolution of τnorm close to the ab plane.

are consequently already visible on the data taken around the
ab plane, independently of the strict validity of Eq. (1) in a
phase-separated material.
The temperature dependence of λeff presented in Fig. 4(a)
can be fitted with the empirical power law λ−2
eff (T ) =
n
λ−2
eff (0)[1 − (T /Tc ) ] with Tc  32 K, n  5.2, and λeff (0) 
1.8 μm. This rather large value of the effective penetration
depth may be due to phase separation, as mentioned above. The
resulting value of n is substantially larger than the exponent 4
expected in a two-fluid model. This might be related to phase
separation, as the links between superconducting domains
could depend on temperature, changing the temperature
dependence of the penetration depth. Figure 4(b) shows γλ (T )
for various H . It is almost temperature independent between
Tc and Tc /2 for all fields studied. The slight drop observed
at higher temperatures in 1.4 T may be due to the proximity
of the transition, which reduces the superconducting signal.
The increase of γ at 1.4 T at low temperatures is most
likely due to pinning effects.34 Most importantly, a remarkable
monotonous field dependence of γλ is observed [Fig. 4(d)],
with the strongest dependence in the lowest fields. In low fields,
γλ (0.2 T)  3.5. An extrapolation of the measured values of
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FIG. 4. (Color online) Summary of all the results obtained by
analyzing the experimental torque signal of Rbx Fe2−y Se2 with Eq. (1).
(a) Temperature dependence of λ−2
eff . The line is a power law fit to
the data at 1.4 T. (b) Temperature dependence of γλ for various
fields, showing that γλ is strongly increasing with H but is almost
independent of T . The dotted lines represent the average γλ for each
field. (c) Field dependence of λ−2
eff for various temperatures. (d) Field
dependence of γλ for various T . The black line is a guide to the eye.

γλ toward zero field yields γλ (0 T) ∼ 1–2. In Fig. 4(c) the field
dependence of λeff (H ) is shown for various T . The effective
penetration depth λeff (H ) tends to a constant value for μ0 H 
1 T for all studied T .
IV. DISCUSSION

The extrapolated λeff (0)  1.8 μm is surprisingly large
compared to that of other iron-based superconductors. In
the related iron selenide FeSe0.5 Te0.5 a much lower value of
λeff (0)  0.7 μm was reported.35 However, for Rbx Fe2−y Se2
such a large λeff (0) is consistent with the very small μ0 Hc1 
0.3 mT observed in this work and in Kx Fe2−y Se2 by others.19
The small γλ (0 T) ∼ 1–2 at very low fields is also in agreement
with an isotropic Hc1 . The increase of γλ = λc /λab with H
and the field-independent λeff = (λ2ab λc )1/3 imply that λab =
−1/3
λeff γλ
decreases with increasing H . This is consistent with
the high-field NMR result.22 The small high-field value of
λab reported in Ref. 22, in combination with the saturating
λeff (H ) and the field dependence of γλ (H ) observed here,
suggests that γλ continues to increase at higher fields. Note
that the anisotropy of ∼ 3 (Ref. 23) observed in very high
fields by upper critical field measurements cannot be directly
compared with the magnetic penetration-depth anisotropy γλ
||ab
||c
investigated here because, in general, Hc2 /Hc2 = ξab /ξc =
31
γξ = γλ .

A field-dependent γλ might be associated with a complex
band structure since in the case of multiple superconducting
gaps originating from different bands the superconducting
screening currents, related to λab and λc , may give rise to
an unusual behavior of γλ . A similar behavior was observed in
MgB2 , where the two-gap excitation spectrum yields a strongly
field-dependent anisotropy.36,37 In MgB2 , as the field increases,
the gap from the three-dimensional (3D) σ band is closed,
so the main part of the superconducting fluid density comes
from the two-dimensional (2D) π band. The 2D character of
the remaining band implies a larger anisotropy.
Band structure calculations38–40 in Ax Fe2−y Se2 yield multiple bands, with four 2D sheets on the sides of the Brillouin zone
and one cylindrical sheet at the center. Depending on doping,
this cylinder can be split into two 3D cones in K0.8 Fe2 Se2 ,38
which are completely detached (3D) in the calculation of
Ref. 39, although when the authors use experimental lattice
parameters, these cones are replaced by a cylinder (2D).
According to Ref. 40, the center band is a cylinder. In CsFe2 Se2
and Cs0.8 Fe2 Se2 , this band consists of two almost detached
cones.38 In Tl0.58 Rb0.42 Fe1.72 Se2 ,41 two gaps of different
amplitudes were observed on the side and center bands, but
the candidate for a 3D inner band was too small for a gap to be
observed. It is therefore not yet clear whether for Rbx Fe2−y Se2
with the doping used in this work a 3D band is present.
Clearly, more material-specific work is needed in order to
clarify the interplay between multiband superconductivity and
the anisotropy of Rbx Fe2−y Se2 . However, if a 2D-3D band
scenario is the origin of the field dependence of the anisotropy
of Rbx Fe2−y Se2 , it must be temperature dependent as well,36
which is not the case according to Fig. 4(d).
The temperature-independent γλ suggests that the origin
of its field dependence is not related to the superconducting
gap energy, which is strongly temperature dependent in
the examined temperature range. However, there is one
energy scale that is almost temperature independent in the
superconducting state: the Néel temperature TN ≈ 500 K.10 A
superconductor coexisting with an antiferromagnetic phase is
expected to behave in a peculiar way, although the temperature
range studied here is far too low to excite any change in this
strongly coupled antiferromagnet. However, magnetic-field
modifications can lead to changes in the domain structure
and therefore changes of coupling between superconducting
areas. This could result in variations of the “averaged” effective
anisotropy. As was shown for various iron-based superconductors, the lattice parameters, in particular the pnictogen height in
the iron-pnictides, are directly related to superconductivity.42
Importantly, such scaling also works for the iron selenide
layer.5,42 It is also possible that magnetostrictive effects, which
are expected to increase with magnetic field, may influence the
lattice parameters and by that the anisotropy of the system. In
such a case the strong curvature of Hc2 (T ) in the vicinity
of Tc often observed in pnictides and chalcogenides may be
explained by the change of Tc with H caused by the change of
pnictogen height.
V. SUMMARY

In summary, we present an investigation of the magnetic properties of Rbx Fe2−y Se2 , revealing a strong field
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dependence of γλ ranging from γλ (0.2 T) < 4 to γλ (1.4 T) >
8. This behavior stands out among other iron-based superconductors, consistent with the singular coexistence of magnetic
ordering and superconductivity. In accordance with lower critical field measurements, our data suggest that in very low fields
γλ (0 T) ∼ 1–2. At 1.4 T the effective magnetic penetration
depth is λeff (0)  1.8 μm. The vortex phase in Rbx Fe2−y Se2
is best described by an isotropic three-dimensional state in low
fields that becomes strongly anisotropic with increasing field.
In this respect the novel iron selenide Rbx Fe2−y Se2 could be
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Superconductivity and magnetism in Rb x Fe2− y Se2 : Impact of thermal treatment on mesoscopic
phase separation
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An extended study of the superconducting and normal-state properties of various as-grown and post-annealed
Rbx Fe2−y Se2 single crystals is presented. Magnetization experiments evidence that annealing of Rbx Fe2−y Se2 at
413 K, well below the onset of phase separation Tp  489 K, neither changes the magnetic nor the superconducting
properties of the crystals. In addition, annealing at 563 K, well above Tp , suppresses the superconducting transition
temperature Tc and leads to an increase of the antiferromagnetic susceptibility accompanied by the creation of
ferromagnetic impurity phases, which are developing with annealing time. However, annealing at T = 488 K 
Tp increases Tc up to 33.3 K, sharpens the superconducting transition, increases the lower critical field, and
strengthens the screening efficiency of the applied magnetic field. Resistivity measurements of the as-grown and
optimally annealed samples reveal an increase of the upper critical field along both crystallographic directions as
well as its anisotropy. Muon spin rotation and scanning transmission electron microscopy experiments suggest
the coexistence of two phases below Tp : a magnetic majority phase of Rb2 Fe4 Se5 and a nonmagnetic minority
phase of Rb0.5 Fe2 Se2 . Both microscopic techniques indicate that annealing the specimens just at Tp does not
affect the volume fraction of the two phases, although the magnetic field distribution in the samples changes
substantially. This suggests that the microstructure of the sample, caused by mesoscopic phase separation, is
modified by annealing just at Tp , leading to an improvement of the superconducting properties of Rbx Fe2−y Se2
and an enhancement of Tc .
DOI: 10.1103/PhysRevB.86.134530

PACS number(s): 74.25.−q, 74.62.Bf, 74.70.Xa, 75.30.Kz

I. INTRODUCTION

Iron-chalcogenide superconductors are usually related to
the selenium-deficient compound FeSe1−x , having a transition temperature Tc  8 K.1,2 Higher Tc ’s can be accessed
by applying hydrostatic pressure p,3 by inducing chemical
pressure,4,5 or by intercalating alkali atoms between the Fe2 Se2
layers, yielding Ax Fe2−y Se2 (A = K, Rb, Cs).6–8 Aside from
superconductivity, many iron chalcogenides feature coexisting
magnetic order, where subtle modifications of the crystal
structure lead to drastic changes in superconducting and
magnetic properties. This is the case for the compound
Rbx Fe2−y Se2 , which is superconducting below Tc  33 K and
antiferromagnetic below the Néel temperature TN as high as
500 to 540 K.9,10 In addition to these superconducting and
magnetic orders, iron-vacancy ordering accompanied by a
structural distortion at the temperature Ts as well as phase
separation in magnetic and nonmagnetic domains at the
temperature Tp are observed.11
Although it was shown by various groups that Ax Fe2−y Se2
exhibits bulk superconductivity,12–14 muon spin rotation (μSR)
experiments reported that only a minor volume fraction of
∼10% of the sample is superconducting, whereas ∼90% of
the volume is antiferromagnetic.15 From neutron experiments,
the minority phase was identified to have the I 4/mmm
space group with a small in-plane lattice constant a and
a large out-of-plane lattice constant c.16 It was discussed
whether Ax Fe2−y Se2 should be treated as a filamentary
or granular superconductor.17 Besides, mesoscopic phase
separation in Rbx Fe2−y Se2 was reported to prevail down
1098-0121/2012/86(13)/134530(12)

to the nanoscale.18–23 Microscopic techniques probing the
stoichiometry of these distinct phases yield in average the
composition Rb2 Fe4 Se5 for the antiferromagnetic vacancyordered majority phase (245-phase) and the composition
Rb1−x Fe2 Se2 for the superconducting Rb-deficient minority
phase (122-phase).24,25 Thus, the studied material may be
treated as follows: the minority 122-phase is superconducting
and is embedded in an antiferromagnetic matrix of the
vacancy-ordered 245-phase.
Interestingly, it was observed that some post-annealed ironchalcogenide samples may become superconducting despite
their insulating as-grown behavior.26–29 It was discussed that a
possible change in the vacancy ordering and the related phase
separation might be related to the observed changes in the
electronic properties.28 Obviously, by carefully tuning the conditions of annealing, one may gain direct control of the phase
separation in Ax Fe2−y Se2 and by that of the superconducting
and magnetic properties. In order to examine this scenario
and to investigate the influence of vacancy ordering and phase
separation on superconductivity and magnetism, we performed
an extended study of thermally treated Rbx Fe2−y Se2 single
crystals.

II. EXPERIMENTAL DETAILS

A set of Rbx Fe2−y Se2 single crystals with nominal composition Rb0.85 Fe1.90 Se2 was grown by the Bridgman method,
similarly as described in Refs. 7 and 30. Here, a mixture
of high-purity Fe, Se, and Rb (at least 99.99%; Alfa Aesar)
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FIG. 1. (Color online) Differential heat Q for a Rbx Fe2−y Se2
single crystal recorded between 400 and 600 K with a constant heating
rate of 20 K/min. Three distinct peaks are observed, related to the
three onset temperatures Tp  489 K, TN  517 K, and Ts  540 K
(see text). The three annealing temperatures 413, 488, and 563 K
were chosen to post anneal the as-grown Rbx Fe2−y Se2 crystals for
the subsequent experiments.

was sealed in an evacuated quartz ampoule. This ampoule,
protected by a surrounding evacuated quartz tube, was heated
to 1030 ◦ C for 2 h. The melt was cooled first with −6 ◦ C/h
to 750 ◦ C and finally to room temperature at a fast rate of
−200 ◦ C/h. After synthesis, the ampoule was transferred to
a glove box and opened there to protect the crystals from
degradation in air.
In order to study the thermal evolution of the mesoscopic
phase separation, an as-grown Rbx Fe2−y Se2 single crystal
was initially characterized by differential scanning calorimetry
(DSC). With DSC, the differential amount of heat Q required
to increase the sample temperature T by T with respect
to a reference is recorded.31 Measurements were performed
with a Netzsch DSC 204F1 system, by heating up from 290
to 670 K with a constant heating rate of 20 K/min. Both
sample and reference were always maintained at the same
temperature throughout the experiment. In Fig. 1, the measured
Q in the temperature range between 400 and 600 K for the
as-grown single crystal is presented. The three peaks at the
temperatures Ts , TN , and Tp are related to three distinct onset
temperatures of this system: (i) Ts  540 K corresponds to the
onset temperature of iron-vacancy ordering, at which the unit
cell transforms from the high-temperature I 4/mmm structure
into a low-temperature superstructure I 4/m, (ii) TN  517 K
is the Néel temperature, and (iii) Tp  489 K corresponds to
the onset temperature of phase separation between coexisting
I 4/mmm and I 4/m phases.16
The mesoscopic phase separation of as-grown Rbx Fe2−y Se2
is visualized with scanning transmission electron microscopy
(STEM) at room temperature using a Titan 80-300 Cubed instrument operating at 300 keV. The specimens for STEM investigations were carefully prepared by a focused ion beam (FIB)
to avoid degradation on air exposition. The STEM images

FIG. 2. (Color online) STEM images of as-grown Rbx Fe2−y Se2
single crystal taken with the direction of the electron beam perpendicular to the tetragonal c axis. Picture (a) was taken on a square of
∼1.5 × 1.5 μm2 , (b) on a square of ∼250 × 250 nm2 , (c) on a square
of ∼50 × 50 nm2 . The atomic composition of the darker regions was
found to correspond to Rb0.5 Fe2 Se2 , whereas in the brighter regions,
the composition is Fe- and Rb-deficient Rb0.4 Fe1.6 Se2 .

taken with the electron beam perpendicular to the tetragonal c
axis are shown in Fig. 2. The brightness of the STEM images
allows us to distinguish the actual composition of the sample.
According to the results of energy dispersive x-ray spectroscopy (EDXS), the composition of the darker and brighter
regions is Rb0.5 Fe2 Se2 and Rb0.4 Fe1.6 Se2 , respectively.
Although the transition temperatures TN and Ts both
correspond to thermodynamic ordering phenomena in this
system, the onset of phase separation Tp is of different origin. It
can be presumed that thermal history of this material crucially
influences the phase separation in the sample. This rises the
question as to whether it might be possible to tune the phase
separation in Rbx Fe2−y Se2 by proper thermal treatment, and
by that to control the superconducting and magnetic properties.
In order to study the influence of post annealing on the
properties of Rbx Fe2−y Se2 single crystals, a set of samples
was annealed with an Elite Thermal Systems Ltd. single-zone
high-temperature furnace at three annealing temperatures characteristic for the studied samples (see Fig. 1): (i) T  413 K
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(well below Tp ), (ii) T  488 K (just at Tp ), and (iii) T  563 K
(well above Tp ). For this purpose, the samples were loaded in a
furnace, which was heated from room temperature with a fast
rate of ∼10 K/min. Having reached the desired annealing
temperature Tann , the temperature was kept constant for a
time tann , after which the samples were removed from the hot
furnace and were rapidly cooled back to room temperature.
As-grown and annealed samples were systematically studied
by various experimental methods. The superconducting and
normal-state magnetization was studied with a Quantum
Design Magnetic Property Measurement System (MPMS)
XL with a differential superconducting quantum interference
device (SQUID) equipped with a reciprocating sample option
(RSO). In order to prevent these samples from degradation
in air, all investigated crystals were vacuum sealed in quartz
ampoules of 5 mm diameter and approximately 10 cm length.
The platelike crystals were oriented with their crystallographic
c axis along the ampoule axis and were fixed between two
quartz cylinders of approximately 5 cm length. The diameter
of the crystals was adapted to the inner diameter of the
quartz tube. Such sample mounting provides a homogeneous
surrounding of the examined crystal and produces only a
minor background signal during the measurements. Resistivity
measurements with electrical current flowing in the ab plane
were performed with a Quantum Design Physical Property
Measurement System (PPMS). The Rbx Fe2−y Se2 single crystal was cleaved along the ab plane in argon atmosphere inside
a glove box and contacted on the cleaved surface by the
four-probe technique with gold wires (50 μm diameter) and
silver epoxy. The as-grown sample was sealed directly after
the initial measurements inside a quartz ampoule and was
subsequently annealed and remeasured. By this procedure we
ensured the measurement geometry to stay exactly the same for
all the measurements. The μSR investigations with magnetic
fields applied along the c axis were performed with the General
Purpose Surface (GPS) μSR Instrument located at the π M3
beam line at the Swiss Muon Source (SμS) at the Paul Scherrer
Institute. The μSR time spectra have been analyzed using the
free software package MUSRFIT.32 STEM measurements were
done as described above. A list of the various as-grown and
annealed samples studied in this work is presented in Table I.
III. RESULTS

In Fig. 3, the zero-field-cooled (ZFC) magnetization,
measured in a magnetic field μ0 H = 0.3 mT applied along
the c axis for the samples A413 [tann ], A488 [tann ], A563 [tann ],
and A∗488 [tann ] (see Table I) with tann = 0, 3, and 36 h are
shown. The magnetization M was normalized to the individual
linearly extrapolated value of M(0). This allows us to directly
compare the curves of the various crystals to each other despite
their different masses and shapes. In a first step, the properties
of the pristine as-grown samples (i.e., for tann = 0 h) were
investigated [see Fig. 3(a)]. After these measurements, the
samples were annealed at Tann for 3 h and were remeasured
afterwards [see Fig. 3(b)], then again annealed at Tann for
another 33 h (leading to a total annealing time of tann =
36 h), and finally remeasured [see Fig. 3(c)]. During all
the measurements and annealings, the samples were kept
inside the sealed ampoules. The as-grown samples A413 [0 h],

TABLE I. List of all as-grown and annealed Rbx Fe2−y Se2 singlecrystal samples investigated by various experimental techniques in
this work. The samples with almost identical Tc were annealed at
a certain temperature Tann during a certain time tann . The as-grown
samples are those with tann = 0 h. The sample exhibiting the highest
Tc among the as-grown crystals was annealed at 488 K and is named
as A∗488 [tann ].
Sample
A413 [0 h]
A413 [3 h]
A413 [36 h]
A488 [0 h]
A488 [3 h]
A488 [36 h]
A563 [0 h]
A563 [3 h]
A563 [36 h]
A∗488 [0 h]
A∗488 [3 h]
A∗488 [36 h]
B488 [0 h]
B488 [3 h]
C488 [0 h]
C488 [60 h]
D488 [0 h]
D488 [3 h]

Tann

tann

Experiment

413 K
413 K
413 K
488 K
488 K
488 K
563 K
563 K
563 K
488 K
488 K
488 K
488 K
488 K
488 K
488 K
488 K
488 K

0h
3h
36 h
0h
3h
36 h
0h
3h
36 h
0h
3h
36 h
0h
3h
0h
60 h
0h
3h

Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Magnetometry
Transport
Transport
μSR
μSR
STEM
STEM

A488 [0 h], and A563 [0 h] show very similar behavior, exhibiting superconducting diamagnetism with a rather broad
transition width. Only the sample A∗488 [0 h] exhibits a slightly
higher Tc and a narrower transition width. The insets to Fig. 3
present a closeup of the onset of diamagnetism. Importantly,
the transition temperature Tc clearly changes for most of the
samples after annealing for tann = 3 h and for tann = 36 h. Only
Tc for the sample A413 [tann ] is essentially independent of tann .
Note that both samples A488 [36 h] and A∗488 [36 h] exhibit a
clearly narrower transition to the superconducting state with
a higher Tc . In contrast, sample A563 [36 h] behaves in the
opposite way, showing a drastically lower Tc . The transition
width Tc was defined as the inverse of the maximal slope of
the normalized magnetization M/M(0) as a function of T :



dM −1
1
max
Tc =
.
(1)
M(0)
dT
The estimated values for Tc and Tc for all the samples studied
are listed in Table II. In order to better specify the change for
a measured property P with annealing time tann , we introduce
the following quantity:
δtann (P ) =

P (tann ) − P (0 h)
.
P (0 h)

(2)

With this formula, a clear increase of Tc by ∼5%–6% is found
for the samples A488 [36 h] and A∗488 [36 h] in comparison to
the as-grown specimens (see Table II), whereas Tc decreases
for sample A563 [36 h] by 27.3% and remains almost constant
for sample A413 [36 h]. The relative transition width Tc /Tc of
the samples A413 [tann ] and A563 [tann ] changes only slightly with
annealing, whereas for the samples A488 [tann ] and A∗488 [tann ],
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RbxFe2-ySe2

M(T) / M(0)

–0.2
–0.4

µ0H = 0.3 mT

RbxFe2-ySe2

A413[0 h]
A488[0 h]
A563[0 h]
* [0 h]
A488

(a)

as-grown

0

–0.6
–5.10–4

–0.4

–1.10–3
20
A413[3 h]
A488[3 h]
A563[3 h]
* [3 h]
A488

25

30

35

0
–5.10–4

–0.4

–1.10–3
20
A413[36 h]
A488[36 h]
A563[36 h]
* [36 h]
A488

25

30

35

long annealing

0

–0.6
–5.10–4
–1.10–3
20

10

20

T (K)

30

25

40

30

35

TABLE II. Evolution of the transition temperature Tc and transition width Tc [see Eq. (1)] of the samples A413 [tann ], A488 [tann ],
A563 [tann ], and A∗488 [tann ] with annealing time tann . The changes with
annealing δtann (Tc ) and δtann (Tc ) were calculated applying Eq. (2).

Sample
A413 [0 h]
A413 [3 h]
A413 [36 h]
A488 [0 h]
A488 [3 h]
A488 [36 h]
A563 [0 h]
A563 [3 h]
A563 [36 h]
A∗488 [0 h]
A∗488 [3 h]
A∗488 [36 h]

(c)

–8

Tc
(K)
30.1(1)
30.1(1)
29.5(1)
30.0(1)
31.7(1)
31.8(1)
30.0(1)
28.0(1)
21.8(1)
31.6(1)
33.1(1)
33.3(1)

δtann (Tc )
±0.0%
−2.0%
+5.7%
+6.0%
−6.7%
−27.3%
+4.7%
+5.4%

Tc
(K)
14(1)
14(1)
16(1)
16(1)
9.5(5)
7.0(4)
17(1)
15(1)
10(1)
13(1)
2.2(2)
2.1(2)

δtann (Tc )
±0%
+14%
−41%
−56%
−12%
−41%
−83%
−84%

–16
0

50

FIG. 3. (Color online) Normalized ZFC magnetization
M(T )/M(0) for the Rbx Fe2−y Se2 single crystals A413 [tann ],
A488 [tann ], A563 [tann ], and A∗488 [tann ] in a magnetic field μ0 H = 0.3
mT applied along the c axis. The panels present the data for the
as-grown samples with tann = 0 h (a), annealed samples for tann = 3
h (b), and for tann = 36 h (c). The respective insets show closeups of
the onset of diamagnetism.

Tc /Tc
47(2)%
47(2)%
54(2)%
53(3)%
30(1)%
22(1)%
57(3)%
54(3)%
46(4)%
41(2)%
6.6(3)%
6.3(3)%

short annealing

A413[3 h]
A488[3 h]
A563[3 h]
* [3 h]
A488

–4

–12

–0.8 (c)
–1
0

–8

–16
0
µ0M(H) (mT)

M(T) / M(0)

–0.2

–4

–12

–0.8 (b)

as-grown

A413[0 h]
A488[0 h]
A563[0 h]
* [0 h]
A488

(b)

short annealing

–0.6

–1
0

–8

–16
0
µ0M(H) (mT)

M(T) / M(0)

–0.2

–4

–12

–0.8 (a)
–1
0

T = 2.0 K

0
µ0M(H) (mT)

0

long annealing

A413[36 h]
A488[36 h]
A563[36 h]
A*488[36 h]

4

8
µ0Hint (mT)

12

16

FIG. 4. (Color online) Zero-field-cooled (ZFC) magnetization
curves for the Rbx Fe2−y Se2 single crystals A413 [tann ], A488 [tann ],
A563 [tann ], and A∗488 [tann ] measured at 2.0 K as a function of Hint
along the c axis. The corresponding tann of the different panels are
tann = 0 h (a), tann = 3 h (b), and tann = 36 h (c).

a clear improvement is seen. Note that the transition for
A∗488 [tann ] becomes almost ideally sharp with long annealing.
Field-dependent magnetization measurements were performed to further investigate the superconducting properties of
the samples A413 [tann ], A488 [tann ], A563 [tann ], and A∗488 [tann ]. In
Fig. 4, the corresponding ZFC magnetization curves measured
at T = 2.0 K with variable tann are presented. The internal
magnetic field Hint was calculated by correcting the applied
magnetic field H for the demagnetization of the samples
Hint = H − DM,

(3)

where D is the demagnetization factor. The dimensions of
the crystals used in this experiment were ∼2 × 2 × 0.5 mm3 ,
yielding D  0.8 for the measurements with H applied along
the c axis being the shortest dimension.33 Hence, it was
possible to determine the magnetization M as a function of
Hint . In Fig. 4(a), the M(Hint ) data for tann = 0 h are presented.
All samples show rather poor superconducting properties.
Although M(Hint )  −Hint for low magnetic fields (almost
ideal diamagnetism), the M(Hint ) curves strongly deviate from
this linear behavior for fields exceeding 1–2 mT, indicating a
c
rather small out-of-plane lower critical field Hc1 . By means of
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TABLE III. Evolution of the superconducting susceptibility
χsc (μ0 Hint ) [see Eq. (5)] of the samples A413 [tann ], A488 [tann ],
A563 [tann ], and A∗488 [tann ] with annealing time tann .
χsc (1 mT)

χsc (10 mT)

A413 [0 h]
A413 [3 h]
A413 [36 h]
A488 [0 h]
A488 [3 h]
A488 [36 h]
A563 [0 h]
A563 [3 h]
A563 [36 h]
A∗488 [0 h]
A∗488 [3 h]
A∗488 [36 h]

−0.954(6)
−0.962(5)
−0.920(7)
−0.915(7)
−0.955(9)
−0.984(3)
−0.906(3)
−0.908(6)
−0.977(4)
−0.976(3)
−0.989(2)
−0.990(2)

−0.172(8)
−0.174(9)
−0.134(5)
−0.175(9)
−0.453(9)
−0.881(4)
−0.124(6)
−0.162(8)
−0.322(9)
−0.240(9)
−0.940(2)
−0.954(2)

c

the relation between Hc1 and the in-plane magnetic penetration
depth λab ,


0
1
c
ln
κ
,
(4)
μ0 Hc1 =
+
ab
2
4π λ2ab
it was argued that a very small μ0 Hc1  0.3 mT is consistent
with a large λ  1–2 μm.12 However, this behavior is
drastically changed with annealing as seen in Figs. 4(b) and
4(c). Although the measurements for sample A413 [tann ] reveal
no obvious change with increasing tann , the samples A488 [tann ]
and A∗488 [tann ] show both a considerably higher diamagnetic
response at higher Hint , indicating an improved screening of the
applied magnetic field. By defining Hc1 as the magnetic field
where the curves deviate from ideal diamagnetism, the best
sample A∗488 [tann ] yields a considerably larger μ0 Hc1  10 mT
compared to the estimate  1 mT for the as-grown samples.
Such a large value of 10 mT is consistent with λ  270 nm,
assuming a realistic Ginzburg-Landau parameter κab  100 in
Eq. (4). For a quantitative comparison of the superconducting
properties of the different samples, the superconducting
susceptibility χsc (μ0 Hint ) was estimated using the relation
χsc (μ0 Hint ) =

M(μ0 Hint )
.
Hint

(5)

In Table III, χsc (1 mT) and χsc (10 mT) are listed. Comparing
χsc (μ0 Hint ) for the sample A413 [tann ] with increasing tann ,
no improvement of the diamagnetic response was found
with annealing. However, for all other samples A488 [tann ],
A563 [tann ], and A∗488 [tann ], both χsc (1 mT) and χsc (10 mT)
increase substantially with increasing tann . Whereas the
improvement of screening in 10 mT indicates an increase
of critical current density, the changes observed in very
low magnetic fields are rather related to an increase of Hc1
connected with a decrease of λ. This suggests that the changes
induced by annealing directly influence the density and the
mobility of the charge carriers in the superconducting phase.
Aside from magnetization, also resistivity experiments
are expected to exhibit pronounced changes with annealing.
Resistivity studies may provide independent and complementary information to the magnetization experiments. Whereas
magnetization measurements probe the global macroscopic
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FIG. 5. (Color online) In-plane resistivity ρ of the Rbx Fe2−y Se2
samples B488 [0 h] and B488 [3 h]. The pronounced hump in the
normal-state resistivity of the as-grown sample B488 [0 h] decreases
dramatically after annealing and the superconducting Tc increases
from 31.5 to 33.1 K.

properties of a sample, its resistivity is sensitive to microscopic
currents flowing through this mesoscopic phase-separated
material. Figure 5 shows the in-plane resistivity ρ for the
Rbx Fe2−y Se2 single crystal, measured in zero magnetic field
by cooling from 300 to 5 K. The measurements were performed
on the as-grown sample (B488 [0 h]) and were repeated after
annealing in 488 K for 3 h (B488 [3 h]) using the same contacts.
A clear reduction of ρ in the normal state was found together
with an increase of Tc from 31.5 K in the pristine sample
to 33.1 K for the annealed sample (see Table IV), in very
good agreement with the increase observed by magnetization
(see Table II). The hump in ρ(T ) between 100 and 150 K
for the as-grown sample B488 [0 h] seen in Fig. 5 was earlier
interpreted as a possible metal-insulator transition.28 Such a
transition would be likely related to the mesoscopic phase
separation present in Rbx Fe2−y Se2 . In this picture, the minority
phase is connected with percolative paths along which electrical current may flow.17 Interestingly, this hump is strongly
decreased with annealing at 488 K for 3 h, indicating that
normal-state electric conductivity is enhanced in the annealed
sample.
In Figs. 6(a)–6(d), the resistivity measurements at low temperatures performed on the pristine and annealed Rbx Fe2−y Se2
single crystal B488 [tann ] for various magnetic fields applied
along the c axis and in the ab plane are presented. The
transition temperature Tc is reduced with increasing H for
all configurations. In order to quantify this phase transition,
the upper critical field Hc2 is determined by following
field and temperature at which 50% of the normal-state
resistivity is suppressed [dashed lines in Figs. 6(a)–6(d)].
Figure 6(e) shows the estimated upper critical field along
c
ab
the c axis [Hc2 (T )] and in the ab plane [Hc2 (T )] for the
as-grown and annealed samples. An increase of Tc (H ) with
annealing is observed in the whole temperature-field phase
α
diagram. The slopes −μ0 dHc2 /dT (α = c,ab) of the phase

134530-5

4.3. Publications related to Chapter 4

69

S. WEYENETH et al.

PHYSICAL REVIEW B 86, 134530 (2012)

TABLE IV. Evolution of Tc , −dHc2c /dT , and −dHc2ab /dT with annealing time tann for fields applied parallel to the c axis and to the ab
plane for samples B488 [0 h] and B488 [3 h]. The changes with annealing δtann (Tc ), δtann (dHc2c /dT ), and δtann (dHc2ab /dT ) were calculated applying
Eq. (2).
Sample

Tc (K)

δtann (Tc )

−μ0 dHc2c /dT (T/K)

δtann (dHc2||c /dT )

−μ0 dHc2ab /dT (T/K)

δtann (dHc2ab /dT )

B488 [0 h]
B488 [3 h]

31.54(5)
33.07(5)

+4.9%

1.58(3)
1.59(2)

+0.6%

4.6(1)
5.8(1)

+26.1%

boundaries for sufficiently high H are summarized in Table
IV. From these, the upper critical fields at zero temperature
were estimated applying the Werthamer-Helfand-Hohenberg
(WHH) approximation34
Hc2 (0) = −0.69Tc

RbxFe2-ySe2
B488[0 h]
H || c

(T) / (300 K)

50%

50%

0
0.06

9T

0T

RbxFe2-ySe2
B488[3 h]

(b)

50%
50%

9T

9T

(c)

0 T (d)

0
20

24

28
T (K)

32

26

28

32

34
1.6

1.4

(e)

1.2
m (10-6 Am2)

µ0Hc2 (T)

30
T (K)

-5.8(1) T/K

) T/K
-4.6(1

4

/K
)T
(2
.59
-1

/K
)T
(3
.58
-1

8

4.5

0T

10

6

0T

9T

RbxFe2-ySe2
B488[3 h]
H || ab

0.04 H || c
0.02

increases with annealing by 24.1% (see Table V). This suggests that thermally treated iron-chalcogenide superconductors
with improved macroscopic physical properties are more
anisotropic.
Aside from investigating the properties in the superconducting state, it is also important to monitor the changes in
normal-state properties of the Rbx Fe2−y Se2 single crystals
as a result of post annealing. In Fig. 7, we present the
magnetic moment m measured in 1 T and in 3 T for A413 [tann ],
A488 [tann ], A563 [tann ], and A∗488 [tann ] with tann = 0, 3, and

RbxFe2-ySe2
B488[0 h]
H || ab

0.2
(a)

(6)

RbxFe2-ySe2
B488[0 h] ; H || c

2

B488[0 h] ; H || ab
B488[3 h] ; H || c

A413[0 h]
A413[3 h]
A413[36 h]
A488[0 h]
A488[3 h]
A488[36 h]
A563[0 h]
A563[3 h]
A563[36 h]
* [0 h]
A488
* [3 h]
A488
* [36 h]
A488

A413[0 h]
A413[3 h]
A413[36 h]
A488[0 h]
A488[3 h]
A488[36 h]
A563[0 h]
A563[3 h]
A563[36 h]
A*488[0 h]
A*488[3 h]
A*488[36 h]

4.0

3.5

3.0

1

2.5

0.8

m (10-6 Am2)

(T) / (300 K)

0.4

dHc2
,
dT

where −dHc2 /dT is defined as the maximal slope of the
Hc2 (T ) curve in the vicinity of Tc . Here, we considered the
linear part of the curve well below but not too far from Tc ,
emphasized in Fig. 6(e), which yields a more reliable estimate
for the upper critical field of superconductors with an upturn
curvature close to Tc .35 Interestingly, the upper critical field
anisotropy
ab  c
(7)
γH = Hc2 Hc2

2.0

B488[3 h] ; H || ab

0

34

0.6

FIG. 6. (Color online) Resistivity of the samples B488 [tann ] for
magnetic fields between 0 and 9 T, varied by 0.5-T steps, for fields in
the ab plane and along the c axis. The measurements were performed
for the as-grown sample B488 [0 h] [panels (a) and (b)] and for the
annealed sample B488 [3 h] [panels (c) and (d)], with H applied along
the c axis and in the ab plane. The dashed lines denotes 50% of the
extrapolated normal-state resistivity, which was used as a criterion
to determine Hc2 (T ), shown in panel (e). The transition temperature
Tc increases by 1.6 K as a result of annealing. The solid lines are
guides to the linear part of the Hc2 (T ) curves, used in the WHH
approximation [Eq. (6)].
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FIG. 7. (Color online) Measured magnetic moment m(T ) of
pristine and annealed Rbx Fe2−y Se2 single crystals in the temperature
range between 50 and 370 K for magnetic fields of 1 T (a) and 3 T
(b), applied along the c axis.
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TABLE V. Evolution of Hc2c (0), Hc2ab (0), and γH with annealing time tann for samples B488 [0 h] and B488 [3 h]. The changes with annealing
δtann [Hc2c (0)], δtann [Hc2ab (0)], and δtann (γH ) were calculated applying Eq. (2).
δtann [Hc2c (0)]

μ0 Hc2ab (0) (T)

δtann [Hc2ab (0)]

γH

δtann (γH )

34.6(7)
36.5(5)

+5.5%

101(3)
133(3)

+31.7%

2.9(2)
3.6(2)

+24.1%

36 h. The magnetic moment in the normal state, recorded
between 50 and 370 K, systematically increases with tann
for all investigated samples. In the normal state, the major
component of the magnetic moment is stemming from the
antiferromagnetic phase. However, some small ferromagnetic
contribution is present in all Rbx Fe2−y Se2 crystals, most likely
due to a ferromagnetic impurity phase. From the measurements
presented in Fig. 7 we determined the antiferromagnetic
susceptibility χAFM (T ) according to
χAFM (T ) =

1 m(μ0 H ) − m(μ0 H  )
,
M
H − H

m(μ0 H )
− χAFM (T )H.
M

(9)

The antiferromagnetic susceptibility for all the as-grown
samples and those annealed for 3 h and for 36 h are shown in
Fig. 8(a). The ferromagnetic component of the magnetization
MFM (T ) is shown in Fig. 8(b). Sample A413 [tann ] remains
unaffected by annealing, as already observed in the ZFC
magnetization experiments performed in the superconducting
state as discussed above. However, for the samples A488 [tann ],
A563 [tann ], and A∗488 [tann ], the high-field susceptibility χAFM (T )
increases substantially with increasing tann . In Table VI, we
list the observed values for χAFM (50 K) for all samples and
tann . Obviously, the change in χAFM (50 K) is most pronounced
for the sample A563 [tann ], annealed at 563 K. In addition, the
ferromagnetic component MFM (T ) is almost unchanged for
sample A413 [tann ], but increases for the samples A488 [tann ],
A563 [tann ], and A∗488 [tann ] with increasing tann . Again, the
change in MFM (50 K) is maximal for sample A563 [tann ].
The effect of annealing on the magnetic and superconducting properties of Rbx Fe2−y Se2 single crystals was
further investigated by means of transverse-field (TF) and
zero-field (ZF) μSR experiments. The μSR measurements
are based on the observation of the time evolution of the
muon spin polarization. (For a detailed description of the
μSR technique, see e.g. Ref. 36.) For these experiments, two
mosaics of samples were prepared: (i) C488 [0 h], consisting
of three as-grown Rbx Fe2−y Se2 single crystals, and (ii)
C488 [60 h], consisting of three Rbx Fe2−y Se2 single crystals
simultaneously annealed in 488 K for 60 h. Previous μSR
experiments revealed that Rbx Fe2−y Se2 consists of a magnetic
(∼90%) and a nonmagnetic superconducting (∼10%) phase.15
In order to investigate the superconducting properties, a field
of 70 mT was applied transverse to the initial muon spin
polarization and parallel to the crystallographic c axis. In

A413[0 h]
A413[3 h]
A413[36 h]
A488[0 h]
A488[3 h]
A488[36 h]
A563[0 h]
A563[3 h]
A563[36 h]
A*488[0 h]
A*488[3 h]
A*488[36 h]

7

(8)

where M denotes the sample mass. Here, μ0 H and μ0 H  are
1 and 3 T, respectively. The ferromagnetic contribution to the
magnetization is assumed to be constant in field and is derived
accordingly:
MFM (T ) =

this TF configuration, the muons probe the local magnetic
field distribution P (B) of the vortex lattice formed in the
superconducting areas. Simultaneously, the signal stemming
from the magnetic regions of the sample is suppressed since the

6
-8 3
AFM (10 m /kg)

B488 [0 h]
B488 [3 h]

μ0 Hc2c (0) (T)

5

4

RbxFe2-ySe2

3

2

(a)
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30
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20
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(b)
0
0

100

200

300

400

T (K)
FIG. 8. (Color online) (a) Antiferromagnetic susceptibility
χAFM (T ) in the normal state of pristine and annealed Rbx Fe2−y Se2
single crystals determined from the data shown in Fig. 7 using Eq.
(8). For clarity, the curves representing the four different annealing
sets are vertically shifted to each other. Whereas no change of
χAFM (T ) is found by annealing for sample A413 [tann ], for all other
samples, χAFM (T ) increases with increasing tann . (b) Ferromagnetic
component MFM (T ), being constant for sample A413 [tann ] as a function
of tann . For all other samples, MFM (50 K) increases substantially with
increasing tann .
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TABLE VI. Evolution of χAFM (50 K) [see Eq. (8)] and MFM (50 K) [see Eq. (9)] with annealing time tann
for the samples A413 [tann ], A488 [tann ], A563 [tann ], and A∗488 [tann ]. The changes with annealing δtann [χAFM (50 K)] and
δtann [MFM (50 K)] were calculated applying Eq. (2).

Sample
A413 [0 h]
A413 [3 h]
A413 [36 h]
A488 [0 h]
A488 [3 h]
A488 [36 h]
A563 [0 h]
A563 [3 h]
A563 [36 h]
A∗488 [0 h]
A∗488 [3 h]
A∗488 [36 h]

χAFM (50 K)
(10−8 m3 /kg)
2.020(1)
2.006(1)
2.044(1)
1.808(1)
1.883(1)
1.953(1)
2.400(1)
2.598(1)
2.778(1)
1.796(1)
1.883(1)
1.947(1)

δtann [χAFM (50 K)]

2.79(1)
2.75(1)
2.79(1)
2.77(1)
5.91(1)
10.73(1)
6.91(1)
17.25(1)
28.78(1)
2.67(1)
3.43(1)
15.92(1)

−0.7%
+1.2%
+4.1%
+8.0%
+8.3%
+15.8%
+4.8%
+8.4%

superposition of the strong internal field and the weak external
field leads to a fast depolarization and to a loss of asymmetry.
Consistent with the above presented macroscopic magnetization and resistivity results, also the intrinsic superconducting
properties are significantly improved after annealing. The
line shape of the local magnetic field distribution P (B)
of C488 [60 h] shown in Fig. 9(a) is more asymmetric as
compared to that of C488 [0 h], indicating the presence of a
more homogeneous and more regular vortex lattice in the
superconducting regions. Note that the sharp peak of P (B)
at 70 mT is stemming from the signal of background muons,
the spins of which rotate simply in the applied magnetic field.
A more detailed analysis of the as obtained P (B) yields that the
shielding of the magnetic field for C488 [60 h] is substantially
larger due to a reduction of the first moment B of P (B)
by ∼5%. This is surprising since the microscopic in-plane
magnetic penetration depth λab (0)  258(2) nm,15 as well
as the total asymmetry of the superconducting part, remain
essentially unchanged after 60 h annealing [see Fig. 9(b)].
These results imply that the volume fraction of the magnetic
and the nonmagnetic phases is unaffected by annealing, in
contradiction to the conclusions of a neutron diffraction study,
reporting a reduction of the minority phase after annealing
of Rbx Fe2−y Se2 single crystals for 100 h at 488 K.16 This
discrepancy might arise from the difference in Tp of the
samples studied here (489 K) and in Ref. 16 (475 K).
Importantly, the normal-state relaxation rate σ of the
μSR time spectra derived from the data at 40 K (well
above Tc ) increases drastically with tann [see Figs. 9(b)
and 9(c)]. Whereas for the as-grown sample C488 [0 h] σ =
0.141(33) μs−1 , the relaxation rate of the 60-h annealed sample C488 [60 h] is considerably larger [σ = 0.303(43) μs−1 ].
This indicates a substantially increased field inhomogeneity
in the nonmagnetic part of the sample. Since the volume
fraction is unchanged during annealing, this suggests that
the microstructure of the sample caused by mesoscopic phase
separation is modified by annealing at 488 K, in such a way
that the individual size of the nonmagnetic regions is reduced
and their number is increased, but their total volume remains
unaffected.

MFM (50 K)
(10−3 Am2 /kg)

δtann [MFM (50 K)]
−1.4%
±0.0%
+113%
+287%
+150%
+317%
+28.5%
+496%

In order to examine our samples for the internal magnetic
field distribution when no magnetic field is applied, lowtemperature ZF μSR experiments were performed on the same
Rbx Fe2−y Se2 single crystals. Consistent with the results of the
TF experiments, the total volume of the nonmagnetic regions
was found to be ∼10% of the total sample volume only. In the
ZF data, a clear oscillating signal may be found in all samples
for very short time scales as shown in Fig. 10. An analysis
of the time evolution of this signal revealed that two internal
magnetic fields Bint,1 ≈ 1 T and Bint,2 ≈ 3 T are present in the
samples. In analogy to the evolution of the magnetic volume
fraction, Bint,1 and Bint,2 are not affected by annealing at
488 K. They are directly proportional to the iron moment
in the antiferromagnetic phase. Moreover, annealing again
does not affect the ratio Bint,1 /Bint,2 . Hence, no changes in the
internal magnetic fields were observed by μSR after annealing
the as-grown Rbx Fe2−y Se2 single crystals, even though the
macroscopic superconducting properties were substantially
improved (see Figs. 3 and 4).
In order to visualize microscopic changes in the phase
separation of our Rbx Fe2−y Se2 single crystals with annealing,
additional STEM images were taken on as-grown and annealed
samples D488 [0 h] and D488 [3 h] (see Fig. 11). The microstructure caused by mesoscopic phase separation in the annealed
sample D488 [3 h], shown in Fig. 11(b), is modified compared to
the one of the as-grown sample D488 [0 h], shown in Fig. 11(a).
Whereas a few inclusions of the minority phases only are
observed at the surface of D488 [0 h], sample D488 [3 h] reveals
plenty of such inclusions in the same area. However, the inclusions of the minority phase of sample D488 [3 h] are in general
smaller in size than the ones of the as-grown sample D488 [0 h],
in agreement with the results of the above μSR experiments.
IV. DISCUSSION

The superconducting and normal-state properties of mesoscopically phase-separated Rbx Fe2−y Se2 , where nonmagnetic
regions exist in a magnetic surrounding, are strikingly similar to those expected for granular superconductors. From
early work on granular superconductors it is known that
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FIG. 9. (Color online) Results of the TF μSR investigation of
as-grown and 60-h annealed Rbx Fe2−y Se2 single crystals, C488 [0 h]
and C488 [60 h], in a magnetic field of 70 mT applied along the c axis.
(a) P (B) for both samples at 5 K. The line shape for C488 [60 h] is more
asymmetric compared to that for the as-grown sample C488 [0 h]. (b)
and (c) μSR time spectra at 40 K for sample C488 [0 h] and C488 [60 h].
The thin solid line is a fit to the data assuming a single relaxation rate
σ . The thick solid line is the envelope of the oscillating function. The
data for the annealed sample C488 [60 h] exhibit a significantly faster
damping.

the macroscopic properties of such materials studied by
various techniques may vary substantially, depending on
the particular grain-size distribution and their coupling by
Josephson links.37–39 Importantly, granular superconductors
may easily appear as bulk superconducting, however, their
superconducting-state parameters, such as the magnetic penetration depth λ, the coherence length ξ , and the lower and upper
critical fields (Hc1 and Hc2 ) differ substantially from those of
related nongranular superconductors. Such a scenario may also
hold for mesoscopically phase-separated Rbx Fe2−y Se2 since
various experimental techniques provide quite different values
for λ. For Rbx Fe2−y Se2 , recent μSR studies yielded λab (0) 
250–260 nm,15,40 in agreement with λab (0)  290 nm obtained
for Kx Fe2−y Se2 by means of high-field nuclear magnetic resonance (NMR) experiments.41 These values are considerably

0.01

0.02

0.03
t (µs)

0.04

0.05

FIG. 10. (Color online) Results of the ZF μSR investigation of asgrown and 60-h annealed Rbx Fe2−y Se2 single crystals, C488 [0 h] and
C488 [60 h]. All data were modeled assuming two internal magnetic
fields Bint,1 ≈ 1 T and Bint,2 ≈ 3 T.

smaller than those usually obtained by macroscopic techniques
[λab (0)  1.6−2.2 μm].12,42,43 In a mesoscopically phaseseparated superconductor, macroscopic experiments yield an
effective magnetic penetration depth, which is a measure of
the length scale over which the magnetic field penetrates the
sample. On the other hand, μSR is a microscopic probe of
the vortex state and is only sensitive to the superconducting
fraction of the sample. Therefore, μSR measures a value
of the magnetic penetration depth which is closer to the
intrinsic value than the values usually obtained by macroscopic
techniques. Since so far no single-phase superconducting
Ax Fe2−y Se2 sample could be synthesized, it should not be
excluded that granularity might be an important ingredient for
the appearance of superconductivity in this system.
As strongly suggested by the presented magnetization and
resistivity data, pronounced changes of the physical properties
of Rbx Fe2−y Se2 are caused by tuning the annealing conditions.
Whereas annealing at 413 K, well below Tp , does not lead to
any significant change in magnetic and transport properties,
annealing just at Tp , the onset of phase separation, favors the
enhancement of superconductivity. Accordingly, Tc increases,
the transition sharpens, the normal-state resistivity decreases,
and Hc2 increases. However, after annealing at 563 K, well
above Tp , all superconducting properties get drastically sup-
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FIG. 11. (Color online) STEM images of as-grown and annealed Rbx Fe2−y Se2 single crystals D488 [0 h] and D488 [3 h]. The microstructure
caused by mesoscopic phase separation in the annealed sample D488 [3 h], shown in panel (b), is modified compared to the one of the as-grown
sample D488 [0 h], shown in panel (a).

magnetization measurement in a magnetic field of μ0 H = 0.3
mT along the c axis was performed after each subsequent
annealing of the sealed single crystal in a quartz ampoule.
Note that Tc of the as-grown sample is easily shifted to higher
values by an annealing at 488 K for some hours. However,
after the subsequent annealings during which the temperature
was modestly increased up to 563 K, superconductivity is
strongly suppressed, as seen by the decrease of Tc and the
broadening of the transition. During the final annealing, again
the optimal annealing temperature of 488 K was chosen, this

–0.4

n
row

–0.2

as grown
1st ann.: 488 K for 1 h
2nd ann.: 488 K for 3 h
3rd ann.: 513 K for 3 h
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as g

0
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pressed. In addition, the antiferromagnetic susceptibility and
the ferromagnetic saturation magnetization of the investigated
samples systematically increase. This may be related to the
change in iron valency as observed in annealed K0.8 Fe1.6 Se2 ,44
or with an increase of Fe-based impurity phases.
A recent neutron diffraction study of the Rbx Fe2−y Se2
system reports a pronounced reduction of the minority 122phase when the samples were annealed at 488 K for 100 h.16
However, the present μSR experiments yield clear evidence
that the volume fraction of the two phases remains unchanged
by annealing, while the field inhomogeneity in the nonmagnetic parts of the sample increases substantially. This implies
that the microstructure caused by mesoscopic phase separation
in the sample is modified by annealing just at Tp in such a
way that the size of nonmagnetic regions is reduced, and the
number of regions is increased, but their total volume remains
unaffected. Since the μSR results clearly demonstrate that the
total volume of the minority phase is constant, even after 60 h
of annealing, this rearrangement of the coexisting phases leads
to the conclusion that changes of the coupling between these
regions must be related to the improvement of superconductive
properties. Whereas 488 K was chosen to match the onset of
phase separation Tp  489 K in the single crystals studied
here, the samples used in the neutron diffraction study had
a significantly lower Tp  475 K.16 Therefore, the observed
reduction of the minority phase found by the neutron study
might be due to a partial degradation of the minority phase
as a result of 100-h annealing at temperatures exceeding
Tp . That this scenario appears to be reasonable is further
supported by the data presented in Fig. 12, where a series of
magnetization measurements are shown for a Rbx Fe2−y Se2
single crystal of a similar batch as the one used above.
Here, always the same temperature dependence of the ZFC
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µ0H = 0.3 mT
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30
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FIG. 12. (Color online) Series of temperature-dependent ZFC
magnetization measurements on a Rbx Fe2−y Se2 single crystal in 0.3
mT. The curves obtained after the various post annealings of the
sample are labeled by the respective number.
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time for a very long annealing time up to 72 h. However,
superconductivity did not fully recover. Obviously, the short
annealings at temperatures exceeding Tp formed additional
magnetic phases, which can not be reversed anymore, even by
choosing a very long annealing time.
All changes of superconducting and magnetic properties
caused by annealing are evidently related to changes in the
microstructure of the sample caused by mesoscopic phase
separation in Rbx Fe2−y Se2 . The difference of the superconducting properties between the as-grown and annealed single
crystals is likely explained by assuming that inhomogeneities
(in particular, phase boundaries and/or stripes) are necessary
to enhance superconductivity.45–49 In the present case, the
existing boundaries between the magnetic majority regions
and nonmagnetic minority regions may play the role of such
inhomogeneities. In the current case, reviewing the changes
observed of the superconducting and normal-state properties
with annealing, it is likely that the intergrain coupling between
magnetic and nonmagnetic domains is crucial. Annealing of
Rbx Fe2−y Se2 single crystals just at Tp favors the mesoscopic
phase separation in such a way that domain boundaries are
further developed, improving all superconducting properties.
However, if the samples are annealed at higher temperature,
the superconducting phase degrades and by that it is more
difficult to build up a percolative network favorable for
superconductivity. In total, ∼10% of the sample remains
superconducting in a magnetic field of 70 mT, whereas
its macroscopic properties strongly depend on the optimal
coupling between the superconducting regions, being strongly
field and temperature dependent. This scenario appears similar
to that of a granular superconductor in which the macroscopic
physics is directly connected to the microscopic Josephson
coupling between the individual grains. In addition, all changes
in the phase separation may be related to changes in crystal
structure and lattice parameters.16 Thus, internal pressure on
the superconducting and nonsuperconducting domains may
be likely involved in the appearance of superconductivity.
Besides, also metallic nanoclusters were reported to show
enhanced superconducting properties.50
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Chapter 5

Magnetic ordering and
superconductivity in EuFe2−xCoxAs2

EuFe2 As2 is a particularly interesting member of the AFe2 As2 superconductor family (A being
a lanthanide atom), since the Eu atoms have a huge magnetic moment due to their 4f electron
shell. Undoped EuFe2 As2 orders antiferromagnetically at TAFM = 19 K [128] with an A-type
structure [129]: the Eu2+ spins align ferromagnetically within the planes, and these planes are
coupled antiferromagnetically to their neighbors (Fig. 5.1). The Fe moments form a spin density
wave state. Re-entrant superconductivity can be achieved by Co doping on the Fe site. Full
superconductivity (i.e. zero resistance) can only be reached by suppressing the magnetic moments
with high pressures [130]. NMR results [131] indicate a strong interplay of superconductivity (in
the FeAs planes) with the magnetic moments (on the Eu atoms). Studying the magnetization of
EuFe2−x Cox As2 as a function of Co doping x (here x = 0 and 0.2) therefore helps to understand
the interplay between magnetism and superconductivity.
In this Chapter, different magnetic configurations and transitions in EuFe2 As2 and EuFe2−x Cox As2 (x = 0.2) are studied by angular torque measurements. The torque results are found to be
consistent with SQUID magnetometry data. They confirm the presence of an antiferromagnetic
order of the Eu moments at low temperature and low fields, which disappears with Co doping.

c
Eu
Fe

b

a

Figure 5.1: Schematic illustration of the zero-field, low temperature magnetic structure of
EuFe2 As2 . For clarity, the arsenic atoms are not shown, and the iron atoms are represented
as a uniform layer (see also Fig. 5.2). The Eu moments order ferromagnetically in the ab-plane
and align antiferromagnetically along the c-axis. The Fe moments form a spin density wave state.
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Observation of magnetic orders

SQUID measurements [132] on EuFe2 As2 show that a canted antiferromagnetic (C-AFM) state
exists at low temperatures and intermediate fields, when the field is high enough to move the magnetic moments out of their low field antiferromagnetic (AFM) orientation, but not high enough to
get a complete ferromagnetic (FM) alignment. A C-AFM phase was observed by SQUID experiments in doped EuFe2−x Cox As2 as well, and the AFM phase has even completely disappeared. The
full phase diagram extracted from SQUID measurements is presented in Fig. 5.4. Cobalt doping,
which can induce superconductivity, obviously has an effect on the magnetic structure, since the
AFM order at low fields disappears with doping. Figure 5.2 shows a schematic representation of
the Eu moments in the AFM and C-AFM configuration.

a)

b)
Eu
As
Fe

Figure 5.2: Magnetic order in EuFe2 As2 . a) AFM configuration of the Eu moments. b) At high
fields, the Eu moments are canted within the ab-plane. The canting angle shown here is arbitrary.
In a ferromagnetic material, the magnetization M can be expressed as M = χH, where χ is
the susceptibility matrix and H is the applied field. The torque can be calculated using Eq. (2.1),
by projecting the magnetic moment along the susceptibility matrix eigenvectors. For a uniaxial
material one obtains (see Appendix B):
τ (θ) = V

χc − χab
µ0 H 2 sin(2θ),
2

(5.1)

with θ the angle between H and the crystallographic c-axis, V the volume of the sample, and
χab and χc the magnetic susceptibilities for H||ab and H||c, respectively. The sign of the torque
depends on the orientation of M with regards to H, which changes the projected moment sign.
The in-plane anisotropy of EuFe2 As2 is small enough to allow a uniaxial approximation [133].
An angular dependence of τ following Eq. (5.1) is observed in EuFe2 As2 at low temperature
and low field (Fig. 5.3a and b). Upon increasing the field, the sinusoidal AFM signal is abruptly
replaced by another sinusoidal signal of opposite sign at a field corresponding to the departure
from AFM behavior observed by SQUID experiments. The sign change is also consistent with the
susceptibilities measured by SQUID: χab - χc changes sign around the same field, thus changing
the torque sign. At higher temperatures, the behavior is paramagnetic: the small AFM signal is
not present anymore, and the sinusoidal torque amplitude increases quadratically in field, then
saturates (Fig. 5.3c and d). This is also consistent with SQUID measurements. The global temperature and field dependence of the torque signal scaled by field is presented as a color map in
Fig. 5.5. The color value corresponds to the torque amplitude (individually normalized in each
graph).
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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 EuFe2 As2 exhibits a weak in-plane anisotropy. Since
the in-plane anisotropy is much weaker than the out-ofplane anisotropy, this system can be treated approximately
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(5.4)

where χc is the susceptibility of the total Eu2+ magnetic lattice (the susceptibility of the sublattice
is assumed to be χc /2), we obtain for the canting boundary condition:
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(5.5)
(5.6)

This profile of the transition between the AFM and C-AFM phases in the (H, θ) space is shown
in Fig. 5.5a as a dashed line. It is in good qualitative agreement with experimental torque data.
The torque sign change is not observed in EuFe2−x Cox As2 [Fig 5.5d, e, f], consistent with SQUID
measurements which find no crossing in the field dependencies of the in-plane and out-of-plane
susceptibilities [132]. Therefore, the AFM phase is not present in EuFe2−x Cox As2 .
To conclude, torque measurements did confirm the SQUID phase diagram; Co doping on the Fe
site has an effect on the ordering of the Eu moments, showing a link between the superconducting
plane and the magnetic layer.
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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 EuFe2 As2 and EuFe1.8 Co0.2 As2 for H ⊥ c and
H " c.
A. EuFe2 As2
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(Received 11 July 2011; published 4 October 2011)
We present a combination of magnetization and magnetic torque experiments to investigate the magnetic orders
in undoped EuFe2 As2 and Co-doped EuFe1.8 Co0.2 As2 single crystals. Although at low temperatures typical results
for an antiferromagnetic (AFM) state in EuFe2 As2 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 EuFe1.8 Co0.2 As2 . 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 EuFe2 As2 and EuFe1.8 Co0.2 As2 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 hightemperature-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 AFe2 As2 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 EuFe2 As2 , which is a particularly
interesting member of the ternary system AFe2 As2 , 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
1098-0121/2011/84(14)/144506(11)

and susceptibility measurements.19–21 Recently, neutron
diffraction measurements were performed on EuFe2 As2 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 EuFe2 As2 (Refs. 21 and 23) as
well as in the Co-doped system EuFe2−x Cox As2 (x = 0.22).24
In addition, neutron diffraction measurements23 suggested
a canted AFM (C-AFM) structure of the Eu2+ moments in
EuFe2 As2 at intermediate magnetic fields.
Co-substitution
induces
superconductivity
in
EuFe2−x Cox As2 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 EuFe2 As2 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 EuFe2 As2−x Px ,7,26 where isovalent P substitution
of the As site induces chemical pressure in EuFe2 As2 . No
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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−x Cox As2 (x = 0, 0.2) are discussed.
The conclusions follow in Sec. V.
II. EXPERIMENTAL DETAILS

FIG. 1. (Color online) Schematic illustration of the magnetic
structure of EuFe2 As2 . 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−x Nix As2 ,27 while
superconductivity with a maximum Tc  20 K was reported for
BaFe2−x Nix As2 .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 Fe2 As2 layers. Recently,
the hyperfine coupling constant AEu between the 75 As nuclei
and the Eu 4f states in EuFe1.9 Co0.1 As2 was quantitatively
determined from 75 As 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 moments and the charge carriers in the Fe2 As2 layers, and points
to a strong correlation between the ordering of the localized
magnetic moments and superconductivity in EuFe2−x Cox As2 .
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−x Cox As2 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−x Cox As2 .
In this paper, we present magnetic susceptibility, magnetization, and magnetic torque experiments performed on single
crystals of EuFe2−x Cox As2 (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

Single crystals of EuFe2−x Cox As2 (x = 0, 0.2) were
grown out of Sn flux.31 The magnetization measurements of
the EuFe2−x Cox As2 (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
 H . This torque bends the legs,
mechanical torque τ = μ0 m×
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 EuFe2 As2 in
a field of μ0 H = 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 θ CW the Curie-Weiss
temperature. Analyzing the data in Fig. 2(a) with Eq. (1) yields
C = 1853(15)×10−7 m3 K/mol, θ CW = 19.74(8) K for H  c
and C = 2127(23)×10−7 m3 K/mol, θ CW = 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
θ CW 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 EuFe2 As2
suggested by zero-field neutron diffraction measurements,5

144506-2

5.3. Publication related to Chapter 5

85

ANISOTROPIC MAGNETIC ORDER OF THE Eu . . .

PHYSICAL REVIEW B 84, 144506 (2011)

10
(a)

TC−AFM,⊥=19 K
3
χd (10 m /mol)

TAFM=17 K

2
1

3

6

0

-5

-5

3

χ|| , ⊥ (10 m /mol)

8

4

-1

EuFe2As2

0

μ0H = 0.01 T
H⊥c
H || c

2

0

TAFM=17 K

-2

0

20

10 20 30 40 50
T (K)

40
T (K)

60

80

10
(b)
TAFM,⊥

TC-AFM,⊥=16 K

9

EuFe2As2

-5

TAFM,||

4

EuFe2As2
μ0H = 0.3 T
H⊥c
H || c

2

0

0

20

-5

3

6

χ || , ⊥ (10 m /mol)

12

3

χ || , ⊥ (10 m /mol)

8

TC−AFM,⊥=19 K

6

μ0H = 0.5 T

TAFM,||

3
0

0

20

40

60

80

T (K)

40
T (K)

60

80

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 EuFe2 As2 : (a) μ0 H = 0.01 T; (b) μ0 H = 0.3 T and
μ0 H = 0.5 T (inset). The inset of panel (a) illustrates the temperature 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 susceptibility χ ⊥ of single-crystal EuFe2 As2 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 μ0 H =
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 χ d decreases with decreasing
temperature and reaches zero at around 17 K. This behavior
of χ d (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 EuFe2 As2 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 μ0 H = 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 EuFe2 As2 in magnetic fields H ⊥ c exceeding μ0 H 
0.5 T. For H  c, the suppression of the AFM state occurs
in fields higher than μ0 H  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 μ0 H  0.3 T for H ⊥ c and above
μ0 H  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


T β̃
.
M(T ) = M0 1 −
TC

(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

144506-3

86

5. Magnetic ordering and superconductivity in EuFe2−x Cox As2

Z. GUGUCHIA et al.

PHYSICAL REVIEW B 84, 144506 (2011)

3
2

3

6

-4

(10 m /mol)

4

(a)

0.65 T
0.8 T
1T
3T

(10 m /mol)

TC-AFM,⊥
12

0

0

20

EuFe2As2

40

60

40

TC-AFM,||

60

0

80

(μB/f.u.)

20

40

d

40

60

80

4
2
0

20

40

60

80

T (K)

H || c
0

H || c
μ0H=1.5 T

6

0

EuFe2As2

20

FIG. 4. (Color online) Temperature dependence of the magnetic
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EuFe2 As2 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 EuFe1.8 Co0.2 As2 in an applied
field of μ0 H = 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 configurations χd = χ⊥ − χ is shown. Analyzing the susceptibility
data above 30 K with Eq. (1) yields C = 2108(32)×10−7
m3 K/mol, θ CW = 21.86(6) K for H ⊥ c and C =
1915(34)×10−7 m3 K/mol, θ CW = 20.67(7) K for H  c.
Again, θ CW 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

hand, χ  remains almost constant below 17 K. This suggests
that the Eu2+ moments align along the ab plane, similar
to undoped EuFe2 As2 . However, for EuFe2 As2 , 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 μ0 H = 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 EuFe2 As2 (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
EuFe1.8 Co0.2 As2 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−x Cox As2 layers.31
The temperature dependences of χ ⊥ and χ  at different
magnetic fields of single-crystal EuFe1.8 Co0.2 As2 are shown
in Fig. 5. Zero-field cooling (ZFC) and field cooling (FC)
susceptibilities χ ⊥ (T ) measured in an applied field of μ0 H =
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 EuFe2 As2 . However, the values
for TC-AFM for EuFe1.8 Co0.2 As2 are substantially smaller than
those for EuFe2 As2 .
2. Field dependence

The susceptibility investigations of the preceding section clearly demonstrate that the system EuFe2−x Cox As2
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FIG. 6. (Color online) Field dependence of the magnetization at
various temperatures of single-crystal EuFe2 As2 for H ⊥ c. The inset
shows the low-field M⊥ data at 5 K, illustrating the metamagnetic
(MM) transition marked by the arrow.

FIG. 5. (Color online) Temperature dependence of the ZFC
magnetic susceptibility measured at various fixed magnetic fields of
single-crystal EuFe1.8 Co0.2 As2 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 μ0 H =
0.001 T is plotted. The inset of (b) shows the approximation of M  (T )
in μ0 H = 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 fieldinduced phases, magnetization experiments were also performed as a function of the applied magnetic field at different
temperatures.
The field dependence of the magnetization of single-crystal
EuFe2 As2 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 μ0 H  0.45 T, where a sudden increase of
M⊥ appears. Then, M⊥ further increases with increasing H ,
and finally saturates for μ0 H  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 gμB S = 7 μB /f.u.
expected for Eu2+ moments. This result suggests that there is

a metamagnetic38,39 (MM) transition at μ0 HMM  0.45 T at
5 K in EuFe2 As2 , consistent with previous observations.20,21
Such a metamagnetic transition is characteristic for A-type
antiferromagnetism in layered systems as, e.g., Na0.85 CoO2
(Ref. 38) and La2−x Sr1+x Mn2 O7 .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 EuFe2 As2 . However, no MM transition for
H ⊥ c is detected in EuFe1.8 Co0.2 As2 [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 EuFe1.8 Co0.2 As2 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 EuFe1.8 Co0.2 As2 , in contrast
to the parent compound EuFe2 As2 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−x Cox As2 system.
Additional information on the complex magnetic phases in
EuFe2−x Cox As2 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 EuFe2 As2 . 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 EuFe1.8 Co0.2 As2 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 EuFe2 As2 and
EuFe1.8 Co0.2 As2 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 singlecrystal EuFe2 As2 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/(μ0 H 2 ). The torque data below 0.3 T are of
sinusoidal shape, following the simple angular dependence
for a uniaxial antiferromagnet41 :
(χ⊥ − χ )
μ0 H 2 sin(2θ ).
(3)
2
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
τ (θ ) = −V

30

60

90 120 150 180
(degrees)

FIG. 8. (Color online) (a) Angular-dependent magnetic torque τ
of single-crystal EuFe2 As2 at 13 K in various magnetic fields. For
clarity, not all measured data are shown. (b) Angular dependence of
the quantity τ/(μ0 H 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 EuFe2 As2 exhibits a weak in-plane anisotropy. Since
the in-plane anisotropy is much weaker than the out-ofplane anisotropy, this system can be treated approximately
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for the representative temperatures of 13, 17, and 20 K as
a function of angle θ and field H . Note that τ /(μ0 H 2 ) is
scaling according to the magnetic susceptibility. As seen in
Fig. 10(a), the low-field regime of undoped EuFe2 As2 at 13 K
is dominated by the AFM state, whereas for higher fields,
the C-AFM state appears abruptly along a clearly angulardependent 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, consistent 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 = 12 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 − 14 χ2 H 2 cos2 (θ ) .
(6)

–5

Solving this equality for H yields the angle-dependent canting
field
A·M
Hcant (θ ) = 
.
(7)
sin2 (θ ) + 14 χ2 A2 cos2 (θ)

–10
0
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FIG. 9. (Color online) Magnetic torque τ (a) and the quantity
τ/(μ0 H 2 ) (b) as a function of the angle θ of single-crystal EuFe2 As2
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)2 FeCl4 (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 EuFe2 As2 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/(μ0 H 2 ) plotted in in Fig. 9(b)
decreases with increasing field.
In Fig. 10, the scaled magnetic torque τ /(μ0 H 2 ) for
EuFe2 As2 and EuFe1.8 Co0.2 As2 is shown in a color map

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,⊥
−2
sin2 (θ ) + γcant
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 EuFe1.8 Co0.2 As2 at 20 K
[Fig. 10(f)] shows a shape typical for an anisotropic paramagnet. 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/(μ0 H 2 ) in arbitrary units (a.u.) for
EuFe2 As2 and EuFe1.8 Co0.2 As2 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 EuFe2 As2 at 13, 17, and 20 K,
respectively, whereas (d), (e), and (f) are the
data for EuFe1.8 Co0.2 As2 at 13, 17, and 20 K,
respectively.

one in EuFe1.8 Co0.2 As2 . 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 EuFe1.8 Co0.2 As2 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 EuFe2 As2 and EuFe1.8 Co0.2 As2 for H ⊥ c and
H  c.
A. EuFe2 As2

For the parent compound EuFe2 As2 , four different magnetic
phases were identified [see Figs. 11(a) and 11(b)]: a paramagnetic (PM), an antiferromagnetic (AFM), a canted antiferromagnetic (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 EuFe2 As2 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 EuFe2 As2 . 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
μ0 Hcr,⊥ (0)  0.85 T and μ0 Hcr, (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 temperatures 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 EuFe2 As2 [(a) and (b)] and single-crystal EuFe1.8 Co0.2 As2 [(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. EuFe1.8 Co0.2 As2

The corresponding magnetic phase diagrams for Co-doped
EuFe1.8 Co0.2 As2 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 EuFe1.8 Co0.2 As2 , 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
μ0 Hcr,⊥ (0)  0.43 T and μ0 Hcr, (0)  0.58 T for H ⊥ c and H
 c, respectively. These values of μ0 Hcr are much smaller
than those obtained for the parent compound. Moreover,
the magnetic anisotropy γcr = Hcr, (0)/Hcr,⊥ (0)  1.35 of
Co-doped EuFe1.8 Co0.2 As2 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)
Fe2 As2 layers. Recently, direct experimental evidence for a
strong interlayer coupling was obtained by means of 75 As
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 EuFe2 As2 as well as in the Co-doped system
EuFe1.8 Co0.2 As2 (see Fig. 11).
Note that the present results for EuFe1.8 Co0.2 As2 , 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 EuFe2 As2 ), 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−x Cox As2 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 EuFe2 As2
and EuFe1.8 Co0.2 As2 were studied by means of susceptibility, magnetization, and magnetic torque investigations. The
susceptibility and magnetization experiments performed for
various temperatures and magnetic fields along the crystallographic 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−x Cox As2 are determined and discussed. The present investigations reveal a
complex and sophisticated interplay of magnetic phases in
EuFe2−x Cox As2 . 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 EuFe1.8 Co0.2 As2 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−x Cox As2 .
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General conclusion
This thesis reports torque magnetometry investigations of novel high-temperature superconductors
and related magnetic materials. The torque technique gives access to the superconductor diamagnetic moment, which in turn yields the anisotropy and the magnetic penetration depth. It also
measures any anisotropic magnetic signal coming from an impurity phase, a coexisting order, or a
self-standing magnetic order.
In the temperature range 0.87 Tc to Tc , the in-plane anisotropy of the cuprate high-temperature
superconductor YBa2 Cu3 O7−δ is constant, but the out-of-plane anisotropy increases by more than
10% with decreasing temperature. No field dependence was observed. These results are independent of the model (London or Hao-Clem) used for the analysis. The temperature dependence of
the anisotropy indicates the presence of two energy scales in the superconducting behavior, which
can come from multigap superconductivity or one-gap superconductivity with a pseudogap.
The lock-in transition observed in YBa2 Cu3 O7−δ at the 2D to 3D crossover qualitatively follows the theoretical prediction. A quantitative agreement over the full angular range is difficult
to prove; even though analytic formulas can be derived for the torque in different angular domains, the necessary approximations make the mathematical connections between those domains
problematic. As expected for a behavior originating from vortex pinning, the lock-in is weaker
at high temperatures. Surprisingly, the lock-in angular domain also seems to increase with the
magnetic field. This surprising behavior might come from the low anisotropy of the compound,
which prevents it from having a conventional two dimensional behavior, even at low temperatures.
The anisotropy of the iron-based high-temperature superconductor Rbx Fe2−y Se2 strongly depends on the magnetic field between 0 T and 1.4 T, and is temperature independent in the range
[Tc /2, Tc ]. This is quite different from what happens in other iron-based superconductors, consistent with the singular coexistence of magnetic order and superconductivity in this system. The
effective magnetic penetration depth, which takes into account the increase in penetration due to
the massive presence of non-superconducting regions distributed in the sample, is around 1.8 µm
at 0 K. Additionally, annealing Rbx Fe2−y Se2 just at the phase separation temperature drastically
improves the superconducting properties, whereas annealing far from this temperature has only
small or detrimental effects. The influence of the thermal treatment may be related to the spatial
distribution of the superconducting and magnetic phases.
The phase diagram for the Eu+ sublattice magnetic state in EuFe2 As2 obtained by SQUID
measurements was confirmed by torque. Cobalt doping on the Fe site is known to have an effect
on superconductivity. In this study, it is also shown to have an effect on the magnetic ordering
of the Eu moments. The antiferromagnetic state at low temperatures and low fields in EuFe2 As2
disappears with Co doping. This shows the strong interplay between the FeAs layer, where superconductivity takes place, and the strongly magnetic Eu layer.
In order to explore superconductors in a wider temperature and field range, we developed a
new torque magnetometer compatible with a commercial cryostat equipped with a high field superconducting magnet. Fields up to 9 T and temperatures down to 2 K can be reached with the
new setup. Considering the sophisticated interplay between magnetism and superconductivity,
high-quality torque measurements in new parts of the superconducting phase diagram will certainly help the general investigation of superconductivity. In the direct continuity of this work, it
would be interesting to test how large the lock-in domain of YBa2 Cu3 O7−δ and the anisotropy of
Rbx Fe2−y Se2 can grow under higher magnetic fields. It is unlikely that these parameters’ growth
is unlimited; their eventual saturation or decrease should correspond to a remarkable point in the
phase diagram. Since the record critical temperature is realized in a high anisotropy material, the
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emergence and disappearance of highly anisotropic behaviors in moderately anisotropic materials
is sure to be relevant to the understanding of superconductivity.

Appendix A

Hardware details

• Stepper motor
Danaher CTP12ELF10MMA00 NEMA 17 dual shaft motor
Configured for 400 steps/revolution
• Stepper drive
Danaher P70530, 20-75 VDC, 5A DC current, 1 axis
Manual switches OFF, P70000 tools configuration: enabled microstepping, dynamic smoothing, current reduction, stall detection OFF
Power source 20 V DC, holding current 0.18 A, operating current 0.22 A
• Stepper controller
National Instruments Motion controller PCI-7332 Low Cost 2-axis stepper only controller
• Interface between motion controller and stepper drive
National Instruments Universal Motion Interface UMI-7764 (20 Mhz encoders) 4-axis
One analog input used for potentiometer feedback
• Controller to UMI connection
SH68-C68-S 68 pin VHDCI to 68 pin .050 series D-type cable
• UMI to drive connection
D-Subs to leads cable
• Optionnal drive programming connection for use with the P7000 tools software Serial programming cable (RS 232)

Figure A.1: Connection map of the bottom puck of the inset [item (g) in Fig 2.8]. These connections
go trough the PPMS user bridge output.

Appendix B

Magnetic background calculation

This appendix details the calculation of the magnetic torque signal when the magnetization is
anisotropic and linear in field. This is used for example when taking into account the magnetic
background of a superconducting sample. For simplicity, we assume in the following that the
material is uniaxial. The signs of the vectors projections along the principal axes a and c correspond
to the configuration represented in Fig. B.1.
~τ
~ ×H
~
=M
µ0 V
~c × H
~ +M
~a × H
~
=M
π
~τ
| = Mc H sin(θ) + Ma H sin(−( − θ))
|
µ0 V
2

~ = χH,
~ where χ is the susceptibility matrix (Mi = χi Hi for any i in [a, b, c]), and
Using M
~
projecting H along the axes, we get:
τ
= χc Hc H sin(θ) − χa Ha H cos(θ)
µ0 V
= H 2 sin(θ) cos(θ)(χc − χa )
Finally:

H2
(χc − χa ) sin(2θ)
(B.1)
2
This general dependence of the torque on magnetic susceptibility appears in paramagnetic
and antiferromagnetic materials, where M is proportional to H, but not for example in saturated
ferromagnets. The configuration used here corresponds to a paramagnet with an easy direction
~
along the c-axis. The sign of the torque can be reversed depending on the relative position of M
~ and depending on which axis coresponds to the easy direction.
and H,
τ = µ0 V

Figure B.1: Schematic representation of the field and magnetization vectors.
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