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Abstract

The work at hand is concerned with the study of elementary properties of cupra-
te high-temperature superconductors by means of low-energy muon-spin rotation
(LE-µSR). One of the elementary quantities of a superconductor is its magne-
tic penetration depth λ which is the characteristic length on which the magnetic
induction decays into the material and which is a measure of the superfluid den-
sity. In anisotropic superconductors λ depends on the direction of the screening
currents—in the cuprates λab is the relevant screening length if the currents flow
parallel to the CuO2 planes of the structure while λc determines the decay of
the magnetic field for currents perpendicular to the planes. In YBa2Cu3O7−δ the
existence of one-dimensional CuO chains parallel to the planes implies an ortho-
rhombic structure on the material which gives rise to an anisotropy in the in-plane
penetration depth and therefore different λa and λb. Here, the LE-µSR technique
with an effective background-suppression method has been employed to determine
λab and its in-plane anisotropy in the most direct way by measuring the magnetic
field profile and its temperature dependence in the Meissner state of optimally
doped detwinned YBa2Cu3O7−δ single crystals (Tc ≈ 94 K). The field profiles
have been found to be exponential on the scale of λab but there are deviations
close to the crystal surface. These can partially be related to surface-flux-trapping
effects, however, a full explanation remains elusive. The obtained average values
of λab and the in-plane anisotropy agree overall well with results of studies with
less direct methods.
The further parts of this work report on studies of cuprate thin-film heterostructu-
res. Such structures consisting of thin layers of materials with different electronic
properties are ideally suited to study the interplay between them. First, trilayer
and bilayer samples of superconducting YBa2Cu3O7−δ (Tc ≈ 88 K) and isostructu-
ral antiferromagnetically ordered “semiconducting” PrBa2Cu3O7−δ (TN ≈ 280 K)
have been investigated. Through the observation of the Meissner effect it is found
that superconductivity can be induced in PrBa2Cu3O7−δ layers by the proximity
to YBa2Cu3O7−δ layers while the intrinsic antiferromagnetic ordering of the pla-
nar Cu moments in about 90 % of the volume of the PrBa2Cu3O7−δ is hardly
disturbed by the Cooper-pair transport through the material. The reason for that
might be that the transport in fact is mainly governed by tunneling through lo-
calized states in the CuO chains or it is probably found in the delicate electronic
structure of PrBa2Cu3O7−δ itself, whose insulating state is close to superconduc-
tivity and where therefore, small changes in the electronic properties might cause
the appearance of a superconducting phase at least in parts of the samples.
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Abstract

In a second thin-film-heterostructure study the coupling between optimally do-
ped La1.84Sr0.16CuO4 (Tc ≈ 32 K) through a barrier layer of strongly underdoped
La1.94Sr0.06CuO4 (T ′c . 5 K) in the “pseudogap state” has been investigated. In
these structures superconducting screening throughout all layers is observed in the
Meissner state up to temperatures of about 4T ′c indicating an induced superfluid
density in the barrier layer above its own transition temperature. However, the
induced superfluid density is suppressed more effectively by thermal excitations
than in intrinsic superconductors and vanishes at a temperature smaller than Tc.
On the premise of proximity effects based on a leaking of Cooper pairs from a
superconductor into a normal metal these effects are not expected over such a
temperature range.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Untersuchung grundlegender Eigen-
schaften von Kuprathochtemperatursupraleitern unter Zuhilfenahme der Nieder-
energiemyonspinrotationsmethode (LE-µSR). Eine der elementaren Grössen eines
Supraleiters ist die magnetische Eindringtiefe λ, welche die Längenskala vorgibt,
auf der ein von aussen angelegtes Magnetfeld innerhalb des Materials abnimmt.
Ausserdem ist sie ein Mass für die Dichte supraleitender Ladungsträger im jeweili-
gen Stoff. In anisotropen Supraleitern hängt λ von der Flussrichtung der Abschirm-
ströme ab – in Kupraten ist λab die entsprechende Abschirmlänge, wenn die Ströme
entlang der CuO2-Gitterebenen fliessen; λc gibt die Abnahme des Magnetfeldes für
Ströme senkrecht zu diesen Ebenen an. In der Kristallstruktur von YBa2Cu3O7−δ
treten neben den CuO2-Ebenen auch eindimensionale CuO-Ketten auf. Die Struk-
tur ist dadurch orthorhombisch und λa verschieden von λb. Um λab und die dazu-
gehörige Ebenenanisotropie auf die direktest mögliche Art zu bestimmen, wurde
die LE-µSR-Methode mit einer effektiven Untergrundunterdrückung eingesetzt
und damit die Temperaturabhängikeit des Magnetfeldprofils im Meissnerzustand
optimal dotierter entzwillingter YBa2Cu3O7−δ-Einkristalle (Tc ≈ 94 K) gemessen.
Das Ergebnis zeigt einen exponentiellen Abfall des Feldes auf der Längenskala
von λab, wobei nahe der Kristalloberfläche Abweichungen davon auftreten, welche
teilweise mit Flusseinschlüssen erklärt werden können. Die bestimmten Werte der
magnetischen Eindringtiefe und der Ebenenanisotropie stimmen insgesamt relativ
gut mit den Ergebnissen weniger direkter Untersuchungen überein.
In den weiteren Teilen dieser Arbeit werden Untersuchungen an Dünnfilmhete-
rostrukuturen aus Kupraten vorgestellt. Derartige Anordnungen aus Materiali-
en mit verschiedenen elektronischen Eigenschaften sind ideal dazu geeignet, die
Welchselwirkungen zwischen den einzelnen Schichten zu erforschen. Zuerst wur-
den Zwei- und Dreischichtsysteme aus supraleitendem YBa2Cu3O7−δ (Tc ≈ 88 K)
und dem isotypen antiferromagnetisch geordneten

”
halbleitenden“ PrBa2Cu3O7−δ

(TN ≈ 280 K) untersucht. Basierend auf der Beobachtung des Meissner-Ochsenfeld-
Effekts kann darauf geschlossen werden, dass in den PrBa2Cu3O7−δ-Schichten
durch die Nähe zu YBa2Cu3O7−δ ein supraleitender Zustand induziert wird. Die
intrinsische antiferromagnetische Ordnung von etwa 90 % der Kupfermomente
in den PrBa2Cu3O7−δ-Ebenen wird dabei kaum vom Transport der Cooperpaare
gestört. Ein Grund dafür könnte sein, dass der Ladungstransport hauptsächlich
durch Tunneln durch lokalisierte Zustände in den CuO-Ketten bestimmt wird. Ei-
ne andere wahrscheinliche Erklärung könnte die empfindliche elektronische Struk-
tur von PrBa2Cu3O7−δ liefern; sein isolierender Zustand liegt grundsätzlich nah an
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Zusammenfassung

der Grenze zur Supraleitung und kleine Änderungen in den elektronischen Eigen-
schaften könnten zum Auftreten einer supraleitenden Phase zumindest in Teilen
der Proben führen.
In einer zweiten Dünnfilmheterostrukturstudie wurde die Kopplung zwischen zwei
Schichten aus optimal dotiertem La1.84Sr0.16CuO4 (Tc ≈ 32 K) über eine Grenz-
schicht aus stark unterdotiertem La1.94Sr0.06CuO4 (T ′c . 5 K) im sogenannten

”
Pseudolückenzustand“ untersucht. In diesen Proben wird bis zu Temperaturen

von etwa 4T ′c ebenfalls eine für den Meissnerzustand charakteristische Abschir-
mung des angelegten Magnetfeldes durch das gesamte Schichtsystem beobachtet,
was darauf schliessen lässt, dass in der Grenzschicht supraleitende Ladungsträger
oberhalb seiner eigenen Sprungtemperatur induziert werden. Die induzierte su-
praleitende Ladungsträgerdichte wird allerdings schneller durch thermische Anre-
gungen unterdrückt als in intrinsisch supraleitenden Materialien und verschwindet
schliesslich schon bei einer Temperatur unterhalb von Tc ganz. Auf der Grundlage
von Nahwirkungseffekten, die auf dem Lecken von Cooperpaaren aus einem Su-
praleiter in ein normales Metall basieren, ist der beobachtete Effekt in dem relativ
grossen Temperaturbereich unerwartet.
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1 Introduction

The discovery of high-temperature superconductivity in cuprates by J. G. Bed-
norz and K. A. Müller in 1986 [1] triggered an enormous amount of work in this
field. Even though substantial progress has been made in the development of new
experimental and theoretical techniques, also 25 years after this finding the exact
nature of the phenomenon remains elusive. The muon-spin-rotation (µSR) tech-
nique offers the possibility to study magnetic fields and field distributions on a
microscopic level. Therefore, it is well suited to contribute to the basic understan-
ding of these materials. With the development of the low-energy-µSR (LE-µSR)
technique its applicability has been extended to depth-resolved studies of thin
films and near-surface regions.
The temperature dependence of the magnetic penetration depth λ can be used
to test microscopic theories of superconductivity and e. g. the order parameter
symmetry. However, accurate direct measurements are needed and therefore, LE-
µSR has been utilized for detailed measurements of λ and its in-plane anisotropy
in single crystals of YBa2Cu3O7−δ. Furthermore, in order to gain a better under-
standing of the cuprates in their normal state the coupling between superconduc-
ting and non-superconducting layers in thin-film heterostructures based on the
YBa2Cu3O7−δ/PrBa2Cu3O7−δ and La2−xSrxCuO4 compounds has been studied.
The investigated non-superconducting layers of the films are either antiferroma-
gnetic (PrBa2Cu3O7−δ) or in the so-called pseudogap state (La2−xSrxCuO4).
The text is organized in the following way: First, a brief introduction to the
field of superconductivity (Chap. 2) and the relevant µSR and LE-µSR methods
(Chap. 3) is given. This is followed by three chapters about the LE-µSR studies
of YBa2Cu3O7−δ single crystals (Chap. 4), and of YBa2Cu3O7−δ/PrBa2Cu3O7−δ
(Chap. 5) and La2−xSrxCuO4 (Chap. 6) heterostructures. Each of these chapters
features a short introduction of the studied materials and their electronic proper-
ties followed by the presentation of the experimental data on the magnetic and
superconducting properties of the respective samples. Chapter 7 briefly summari-
zes the presented work and gives an outlook on further possible studies.
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2 A brief tour towards
high-temperature
superconductivity

2.1 Pre-cuprate history

The phenomenon of superconductivity was first encountered a century ago when
H. Kamerlingh Onnes discovered the vanishing electrical resistance in mercury
upon cooling a sample to liquid-helium temperatures [2, 3]. The superconducting
phase that has successively been found to exist in many metals, however, is cha-
racterized not only by the infinite conductivity of a material but also its perfectly
diamagnetic behavior in not too high applied magnetic fields. It was W. Meissner
and R. Ochsenfeld who realized in 1933 that magnetic fields get expelled and ex-
cluded from a superconductor [4]; this effect is now known as the Meissner effect.
The first phenomenological theory explaining the observed effects and relating the
penetration depth of a magnetic field λ to the superfluid density has been put for-
ward by F. London and H. London in 1935 [5,6]. V. L. Ginzburg and L. D. Landau
extended the theory in 1950, introduced the complex order parameter ψ and the
coherence length ξ [7]. In the same year it has been shown for mercury that there
is an isotope effect on the superconducting transition temperature Tc—the ligh-
ter the nuclei, the higher is Tc [8, 9]. This observation indicated that coupling
between the conduction electrons and phonons might play an important role for
the occurrence of the superconducting state. In 1957, J. Bardeen, L. N. Cooper,
and J. R. Schrieffer (BCS) presented their microscopic theory of superconducti-
vity [10,11]. It had finally been shown that superconductivity is characterized by
the formation of spin-singlet Cooper pairs resulting from electron-phonon inter-
actions. Based on the Ginzburg-Landau theory A. A. Abrikosov predicted in the
1950s the existence of a second type of superconductors (type-II ) [12]. He derived
that if the Ginzburg-Landau parameter κ ≡ λ/ξ exceeds a value of 1/

√
2 ma-

gnetic flux enters the superconductor in form of quantized flux lines or vortices
topologically similar to the rotational vortices in superfluid helium as discussed by
L. Onsager [13] and R. P. Feynman [14]. Regarding the physics at boundaries of
superconductors the theory of B. D. Josephson describing the tunneling of Cooper
pairs between two superconductors across an insulating barrier [15, 16] as well as

3



2 A brief tour towards high-temperature superconductivity
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Figure 2.1: Critical temperatures of selected superconducting materials plotted against
time. The horizontal lines indicate the boiling temperatures of helium and
nitrogen, respectively. The arrow points to the date of the figure creation.

the description of the proximity effect between a normal metal and a supercon-
ductor by P. G. de Gennes [17] have been important milestones.
Even though there has been some progress over the years in finding materials with
higher Tc (cf. Fig. 2.1) it was believed that superconductivity is a phenomenon
confined to relatively low temperatures—with a maximum possible Tc of about
30 K [18].

2.2 Cuprate high-temperature superconductors

The situation has changed fundamentally in 1986 when J. G. Bednorz and K. A.
Müller discovered superconductivity in La2−xBaxCuO4 [1]. This led to various
newly discovered copper-oxide high-temperature superconductors (HTS) with ra-
pidly increasing Tc (cf. Fig. 2.1). YBa2Cu3O7−δ has been identified [19] to be the
first material with a transition temperature above the boiling point of nitrogen.
Finally, the current record Tc ≈ 133 K (at ambient pressure) has been found in
HgBa2Ca2Cu3O8+δ in 1993 [20].
The cuprate HTS share common features in their cystal structures: they are all
layered materials consisting of a number of CuO2 planes separated by different
types of interlayers (cf. Figs. 4.1 and 6.1 for the structures of YBa2Cu3O7−δ and
La2−xSrxCuO4, respectively). As undoped compounds these strongly correlated
materials are charge-transfer insulators [21] and their planar Cu moments are an-
tiferromagnetically ordered. However, the magnetic order in the CuO2 planes is
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2.2 Cuprate high-temperature superconductors

rapidly destroyed upon doping with mobile holes by adding oxygen or substituting
interlayer ions which renders the CuO2 planes conductive and eventually supercon-
ducting [22]. In a smaller class of cuprates superconductivity is realized by electron
doping, as well (e. g. Nd2−xCexCuO4 or Sr1−xLaxCuO2, cf. Fig. 2.1). However, the
Néel state is more robust and the critical temperatures of these compounds are
generally lower than for the hole-doped cuprates. Since there is no relevance for
the present work they will not be discussed in further detail. A recent review can
be found in Ref. 23. Summarizing the already mentioned features, an electronic
phase diagram as shown in Fig. 2.2 can be sketched for the cuprate HTS.

p

T∗

Tc

TN

n

T

T∗

Tc

TN

0.0 0.1 0.2

SC

0.2 0.1

AF

SC

Figure 2.2: Schematical electronic low-temperature phase diagram of the cuprate HTS.

Due to their layered structure the transport properties of these materials are high-
ly anisotropic [24]. They are generally characterized as being “bad metals” [25]
in their non-Fermi-liquid normal state, featuring for optimal doping (highest Tc)
a linear temperature dependence of the in-plane resistivity over a wide range of
temperatures and at room temperature high absolute values when compared to
conventional superconductors [26]. On the other hand, the out-of-plane resistivity
strongly varies across different materials and doping regions; while generally “se-
miconducting” behavior is found for underdoped samples the same is even true
for optimally doped Bi2Sr2CuO6 [27].
As another common feature of the normal state of the underdoped cuprates a pseu-
dogap in the excitation spectrum is found by various experimental techniques [28]
below a crossover temperature T∗ (also sketched in Fig. 2.2). This state is charac-
terized by a suppression of the static [29,30] and dynamic [31] spin susceptibility
at temperatures far above Tc. Its origin still remains to be clarified [32]. On the one
hand, it has been proposed that it is the manifestation of static or fluctuating orde-
ring phenomena of degrees of freedom such as charge, spin or orbital currents [33].
On the other hand, the low superfluid density in the underdoped cuprates implies
that phase fluctuations play an important role and suggests that the pseudogap
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2 A brief tour towards high-temperature superconductivity

state is characterized by local pairing correlations which at Tc acquire long-range
phase coherence resulting in the formation of a bulk superconducting phase [34].
A further discussion on this subject can be found in Chap. 6.
Just like the origin of the pseudogap also the pairing mechanism leading to super-
conductivity in the HTS is not yet fully understood. Even though also spin-singlet
superconductors [35], unlike the phonon-mediated conventional superconductors
with an isotropic s-wave order parameter, cuprates feature predominantly a dx2−y2
gap symmetry [36]. The discussion of cuprate superconductivity in terms of the
BCS theory or its extension by G. M. Éliashberg [37, 38] (with potentially non-
phononic pairing) is at least questionable since the normal state of the highly
correlated copper oxides is not a Fermi-liquid as required by these theories. The
fact that all cuprate HTS contain CuO2 planes and antiferromagnetic order in
their undoped form leads to the popular view that superconductivity is origina-
ting from these planes and that maybe magnetic excitations provide the necessary
pairing interaction [39]. Again, other theories like those based on the “resonating
valence-bond” (RVB) idea of P. W. Anderson [40] start out from considerations
of doped charge-transfer insulators leading to superconductivity. Another basic
approach treats the quantum-criticality of cuprates and relates the occurrence of
superconductivity to a quantum phase transition [41,42]. Yet, there are also theo-
ries involving local Cooper pairing through electron-lattice interactions such as
the formation of polarons and bipolarons [43, 44]. These are strongly connected
to the original motivation to search for superconductivity in Jahn-Teller systems
which led to the discovery of the cuprate HTS [45]. So, as the problem of high-
temperature superconductivity in the cuprates remains to be solved, the sole focu-
sing on the two-dimensional CuO2 planes in many theoretical approaches seems to
oversimplify these three-dimensional structures and neglects the possible influence
of the interlayers that becomes manifest, e. g. in the large difference in the critical
temperatures [46]—the Tc of optimally doped La2−xSrxCuO4 (Tc ≈ 40 K) is less
than half the Tc of HgBa2CuO4+δ (Tc ≈ 97 K) where both contain only one CuO2

plane per unit cell.

2.3 Further superconductors with high

transition temperatures

While future work will finally resolve the open questions concerning the cuprates,
eventually, it should be mentioned that in the meantime different non-cuprate
materials have been discovered that have fairly high transition temperatures as
well (cf. Fig. 2.1). On the one hand, there is MgB2 [47], a two-band superconductor
with conventional phononic electron pairing yielding Tc ≈ 40 K. On the other
hand, a whole class of iron-based superconductors has been synthesized after the
discovery of LaOFeP (Tc ≈ 4 K) [48] and the subsequent Tc enhancement to about

6



2.3 Further superconductors with high transition temperatures

26 K in LaO1−xFxFeAs [49]. Like the cuprate HTS these materials have layered
crystal structures, however, correlation effects are less important in these overall
metallic compounds which will not be further discussed during this work. A recent
short review can be found, e. g. in Ref. 50, a detailed one in Ref. 51.
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3 Muon-spin rotation (µSR)

3.1 Properties of the muon

Muons are unstable leptons with a mean lifetime τµ = 2.197 µs [52]. They are
spin-1

2
particles which exist in two charged states: µ− and its antiparticle µ+. The

muon mass is about 105.7 MeV/c2 and therefore about 200 times the electron and
1/9 the proton mass. Both types of muons behave quite differently in solids: while
negative muons can be considered as heavy electrons that might be captured by
atoms, positive muons act like light protons which are repelled from the atomic
nuclei and generally reside at interstitial lattice sites or at lattice defects. As most
applications in solid-state physics as well as the present work take advantage of
the positive muon’s properties, only a short description of the relevant µ+ me-
thods will be given here. For a detailed discussion of µSR techniques the reader is
referred to textbooks like Refs. 53–56.

Positive muons can be gathered from the decay of pions that are produced in
intermediate-energy proton-nucleon collisions:

p + p −→ p + n + π+

p + n −→ n + n + π+

π+ 26 ns−−−→ µ+ + νµ (3.1)

In order to get a completely polarized muon beam the decay of pions at rest is
utilized: The pions are stopped near the surface of the production target and
due to the weak interaction’s violation of parity (there are only neutrinos with
negative helicity) the resulting muon beam with a kinetic energy of 4.12 MeV and
a corresponding momentum of 29.8 MeV/c is fully polarized. Accordingly, the µ+

spin is oriented antiparallel to the momentum. Muons produced in this way are
called surface or Arizona muons [57].
Parity is also violated in the muon decay into a positron and two neutrinos:

µ+ 2.197 µs−−−−→ e+ + νe + νµ. (3.2)

Assuming a resting muon, the angular probability distribution of the emitted

9



3 Muon-spin rotation (µSR)

θ

µ+

Ee+ = 52.8 MeV
Ee+ = 26.4 MeV

Figure 3.1: Angular probability distribution of the emitted positron from a µ+ decay
at rest for positron energies between 26.4 MeV and 52.8 MeV. The muon
spin at the time of decay is indicated by the red arrow.

positron is anisotropic, energy-dependent, and takes the functional form 1 +
a (Ee+) cos(θ), where a is the decay asymmetry and θ denotes the angle between
the positron momentum and the muon spin at the time of decay [58–61]. Figu-
re 3.1 illustrates this relation for selected energies of the positron. While at the
maximum positron energy of 52.8 MeV ' mµc

2/2 the decay asymmetry is 1, at
half of that energy the angular distribution is isotropic (a = 0). For even smaller
Ee+ , a becomes negative (not shown in Fig. 3.1). Since the positron spectrum fa-
vors high energies [62], weighting with the energy distribution and averaging over
all positron energies yields a net asymmetry of 1/3 (blue curve in Fig. 3.1).

3.2 Spin-1
2

precession

The experimental part of this work is to a great deal concerned with the study of
static magnetic field distributions by means of µSR. Therefore, before the time-
differential µSR technique will be introduced in Sec. 3.3 the Larmor precession of
a spin-1

2
in a non-parallel magnetic field shall be discussed first.

3.2.1 Quantum-mechanical treatment

In quantum mechanics the spin operator for a spin-1
2

is given by

S =
~
2
σ, (3.3)

where the components of σ are the Pauli matrices

σx =

(
0 1
1 0

)
, σy =

(
0 −ı
ı 0

)
, σz =

(
1 0
0 −1

)
. (3.4)
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3.2 Spin-1
2

precession

The eigenstates of σz have the quantum numbers s = 1
2

and ms = ±1
2
. These

eigenstates can be used as a basis to describe the spin-1
2

wave function | ψ〉:

| ψ〉 =α | s = 1/2, ms = 1/2〉+ β | s = 1/2, ms = −1/2〉

=α |↑〉+ β |↓〉 = α

(
1
0

)
+ β

(
0
1

)
=

(
α
β

)
,

(3.5)

where different common notations for this spinor have been recalled. The coeffi-
cients α and β are complex numbers obeying the normalization condition

|α|2 + |β|2 = 1. (3.6)

In order to arrive at a “spatial representation” of this spinor, the spin direction
should be given by n̂ = (cosϕ sin θ, sinϕ sin θ, cos θ), where ϕ and θ are the stan-
dard spherical coordinate angles. Therefore, the combination of the spin operator
σ and the projection onto this direction must yield the same spinor. Mathemati-
cally, this means that ( αβ ) is an eigenvector of n̂ · σ with the eigenvalue 1:

n̂ · σ
(
α
β

)
=

(
α
β

)
. (3.7)

Combining Eqs. (3.6) and (3.7) yields |α| = cos (θ/2) and |β| = sin (θ/2) as well as
a phase difference of ϕ between α and β. Taking into account the SU(2) relation
that a rotation of | ψ〉 by 2π gives − | ψ〉 and only a rotation by 4π returns | ψ〉
one arrives at the following representation (up to a constant phase):

| ψ〉 =

(
exp

(
−ıϕ

2

)
cos
(
θ
2

)

exp
(
ıϕ

2

)
sin
(
θ
2

)
)
. (3.8)

The interaction of the spin-1
2

with a magnetic field is described by the Zeeman
Hamiltonian

H = −µ ·B, (3.9)

where µ = γS = γ~σ/2 is the magnetic moment associated with the spin and
γ is the gyromagnetic ratio of the respective particle carrying the spin. In case a
static magnetic field is considered, H is time-independent and therefore, the time
evolution of the wave function is obtained through the propagator

U(t) = exp
(
− ı
~
Ht
)

= exp
( ı

2
γσ ·Bt

)
. (3.10)

Assuming the magnetic field is directed along the z direction (B = Bẑ) U(t)
simplifies to

U(t) = exp
( ı

2
γσzBt

)
=

(
exp

(
ı
2
γBt

)
0

0 exp
(
− ı

2
γBt

)
)
. (3.11)
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3 Muon-spin rotation (µSR)

Finally, using the propagator of Eq. (3.11) the time evolution of the initial wave
function of Eq. (3.8) can be obtained:

| ψ(t)〉 = U(t) | ψ(0)〉 =

(
exp

(
ı
2
γBt

)
0

0 exp
(
− ı

2
γBt

)
)(

exp
(
−ıϕ

2

)
cos
(
θ
2

)

exp
(
ıϕ

2

)
sin
(
θ
2

)
)

=

(
exp

(
− ı

2
(ϕ− γBt)

)
cos
(
θ
2

)

exp
(
ı
2

(ϕ− γBt)
)

sin
(
θ
2

)
)

(3.12)

When comparing Eqs. (3.8) and (3.12) it is obvious that after the time t the spin
gets rotated by γBt about the direction of the field; this is the Larmor precession
with the angular frequency

ωL = γB. (3.13)

3.2.2 Classical precession

The analog result can also be obtained by classical considerations. Interpreting
the spin as angular momentum and using the definitions introduced above (except
treating them as classical vectors) the following Bloch-type equation [63] can be
written

dS

dt
= τ = µ ∧B = γ (S ∧B) . (3.14)

Assuming that the static magnetic field points along the z direction one arrives
at

dSx
dt

= γSyB (3.15)

dSy
dt

= −γSxB (3.16)

dSz
dt

= 0. (3.17)

From Eq. (3.17) it follows immediately that the z component of the spin is con-
served and the coupled equations (3.15) and (3.16) are solved by

Sx(t) =S0 sin(γBt+ ϕ)

Sy(t) =S0 cos(γBt+ ϕ),
(3.18)

where S0 and ϕ are determined by the initial spin direction. Hence, the x and y
spin components describe a circle cycled with an angular frequency of γB like in
Eq. (3.12).
Therefore, this classical treatment yields the same result as the quantum-mechanical
considerations in Sec. 3.2.1.
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3.3 The time-differential µSR technique

3.3 The time-differential µSR technique

The µSR technique is used to study local magnetic fields in a material; in order
to do so, spin-polarized positive muons are implanted into a sample where the
spins interact with their local environment. The asymmetric decay of the muon
is exploited to track the time evolution of the spin polarization by detecting the
respective decay positrons emitted preferentially in the direction of the muon spin
at the time of decay.

Figure 3.2: Sketch of a single muon decay in a time-differential transverse-field µSR
experiment. Four “snapshots” are taken at different times ranging from
(a) prior to the muon implantation into the sample to (d) after the muon
decay. The particle spins are visualized using bold arrows attached to the
particles. The also sketched decay neutrinos escape without detection. In
the shown configuration the magnitude of the applied field in the sample
region is small in order to avoid considerable deflection of the muons and
positrons due to the Lorentz force.

A possible set-up of a time-differential transverse-field µSR experiment is sket-
ched in Fig. 3.2. As seen in Sec. 3.2 a muon spin in a non-parallel magnetic field
undergoes a Larmor precession with a frequency

ωL = γµB, (3.19)

where γµ = gµ e

2mµ
= 2π×135.54 MHz/T is the gyromagnetic ratio of the muon and

B is the magnitude of the magnetic flux density at the muon site.
In µSR experiments making use of (quasi-)continuous muon beams the µ+ are
implanted into a sample one at a time. In the special case of a transverse-field
µSR experiment as sketched in Fig. 3.2 a magnetic field is applied in a direction

13



3 Muon-spin rotation (µSR)

normal to the muon-spin polarization. One µ+ enters the spectrometer passing a
trigger detector which starts a timer. It thermalizes in the sample within a short
time compared to τµ (≈ 10−10 s) without losing its initial polarization. The spin
precesses at the Larmor frequency about the local magnetic field and therefore,
the anisotropic decay-positron distribution is rotating with the same frequency.
When the muon decays the emitted positron is recorded in one of the positron
detectors around the sample. This stops the timer and the event is counted in
a histogram. To deduce the time evolution of the muon-spin polarization it is
necessary to measure the decay of many muons, typically more than 106. An
exemplary decay histogram is depicted in Fig. 3.3a. The exponential decay curve
of the muon (dashed line) is superimposed by an oscillation due to the precession
of the muon spins.
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Figure 3.3: (a) Decay histogram obtained by a µSR experiment as sketched in Fig. 3.2
in a transverse field of 5 mT. For the sake of clarity every 50 channels of
the histogram—each with a width of 1.25 ns—have been packed together.
(b) Asymmetry deduced from (a) by means of Eq. (3.20).

The obtained µSR histogram generally has the form

N (t) = N0 exp (−t/τµ) [1 +A(t)] +Nbg (3.20)

with
A(t) = A0P(t) = A0 n̂ ·P(t). (3.21)

Here N0 is a normalization constant, the muon decay accounts for the exponential
factor and Nbg is a contribution of uncorrelated background events. n̂ specifies the
direction of observation. P(t) reflects the time-dependent muon-spin polarization;
its modulus is given by the normalized muon-spin auto-correlation function

P(t) =
〈S(t) · S(0)〉
〈S(0)2〉 (3.22)

for P(0) = ±n̂. A(t) is called asymmetry because of its direct relation to the
asymmetry of the µ+ decay introduced in Sec. 3.1. The experimentally observed
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3.4 Muon-spin (de)polarization functions

maximum absolute value of A(t) (cf. Fig. 3.3b) lies between 0.2 and 0.3 and hence,
it is lower than the theoretical value of 1/3 because the initial spin polarization of
the muon ensemble is not exactly 1. Furthermore, the decay positrons are collected
only over a limited solid angle. Nevertheless, the time evolution of the muon-
spin polarization can be observed directly by recording the decay positrons in
different detectors placed around the sample. The measured asymmetry depends
on the static and dynamic properties of the local fields at the muon site and
therefore contains all information about the magnetic interactions of the muon
with the sample material. Typically, the asymmetry is measured in three different
configurations:

• in an applied magnetic field perpendicular to the initial muon-spin polari-
zation: transverse-field (TF) µSR

• in an applied magnetic field parallel to P(0): longitudinal-field (LF) µSR

• without any applied magnetic fields: zero-field (ZF) µSR .

For the present work only ZF and TF measurements are relevant for studying
mainly static magnetic field distributions. Therefore, only some details concerning
the time evolution of the muon-spin ensemble measured by these techniques will
be introduced in the following.

3.4 Muon-spin (de)polarization functions

As seen above during the precession of the muon-spin ensemble in a homogeneous
magnetic field the spin projections perpendicular to the field rotate about the field
while the one along the field is preserved. Therefore,

PB(t) =

(
B‖
B

)2

+

(
B⊥
B

)2

cos (γµBt) = cos2 θ + sin2 θ cos (γµBt) , (3.23)

where B is the local magnetic induction at the muon site, B = |B|, B‖/⊥ are the
moduli of the components of the induction parallel and normal to the muon spin,
and θ denotes the angle between B and the initial muon-spin direction.
If the muons rest in an inhomogeneous magnetic field, PB has to be weighted
with the normalized field distribution P (B) in order to calculate the resulting
time evolution of the spin polarization:

P(t) =

∫∫∫
P (B)PB(t)dB. (3.24)

In the following, (de)polarization functions for some exemplary static field distri-
butions encountered in ZF and TF µSR experiments are discussed.
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3 Muon-spin rotation (µSR)

3.4.1 Zero-field µSR

In zero applied field only magnetic fields originating from electronic or nuclear mo-
ments within a sample are probed. The first example assumes a randomly oriented
internal field B1 as it might occur, e. g. in ferromagnetic or antiferromagnetic do-
mains of a polycrystalline or powder sample. Hence, the field distribution is given
by

P (B) =
1

4πB2
1

δ (B −B1) (3.25)

where B1 = |B1|. Using Eq. (3.24) the resulting polarization reads

P(t) =
1

4πB2
1

∫∫∫
δ (B −B1)PB(t)dB

=
1

4π

∫∫ (
cos2 θ + sin2 θ cos (γµB1t)

)
d (cos θ) dϕ

=
1

3
+

2

3
cos (γµB1t) .

(3.26)

Therefore, in this case one third of the polarization is conserved while two third
oscillate with the frequency corresponding to the field B1 (cf. Fig. 3.4).
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Figure 3.4: Time evolution of the muon-spin polarization in a randomly oriented field
of 5 mT given by Eq. (3.26).

The second discussed example involves not a single field—as constantly discussed
until now—but a three-dimensional Gaussian distribution of fields around zero as
created, e. g. by densely packed randomly oriented moments. Here,

P (B) =

(
γµ√
2πσ

)3

exp

(
−γ

2
µB

2

2σ2

)
. (3.27)
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3.4 Muon-spin (de)polarization functions

Using again Eq. (3.24) one arrives at

P(t) =

(
γµ√
2πσ

)3 ∫∫∫
exp

(
−γ

2
µB

2

2σ2

)(
cos2 θ + sin2 θ cos (γµBt)

)
B2 sin θdBdθdϕ

=
1

3
+

2

3

(
1− σ2t2

)
exp

(
−σ

2t2

2

)
.

(3.28)

This is the so-called static Gauss-Kubo-Toyabe depolarization function [64,65] (cf.
Fig. 3.5a) which shows for the first time in this context that a field distribution
with a finite width leads to a depolarization due to dephasing of the muon spins.
For a Cauchy-Lorentz distribution of randomly oriented dilute moments with

P (B) =
γ3
µ

π2

a
(
a2 + γ2

µB
2
)2 (3.29)

the analog integration leads to

P(t) =
1

3
+

2

3
(1− at) exp (−at) , (3.30)

the static Lorentz-Kubo-Toyabe depolarization function [66] (cf. Fig. 3.5b).
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Figure 3.5: (a) Static Gauss-Kubo-Toyabe function according to Eq. (3.28). (b) Static
Lorentz-Kubo-Toyabe function according to Eq. (3.30).

The cases discussed until now can be generalized for a broadened randomly ori-
ented internal field B1. Gaussian broadening leads to [67]

P(t) =
1

3
+

2

3

(
cos (γµB1t)−

σ2t

γµB1

sin (γµB1t)

)
exp

(
−σ

2t2

2

)
, (3.31)

Lorentzian broadening to [68]

P(t) =
1

3
+

2

3

(
cos (γµB1t)−

a

γµB1

sin (γµB1t)

)
exp (−at) . (3.32)
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3 Muon-spin rotation (µSR)

It is easily seen that in the limits σ → 0 and B1 → 0 Eq. (3.31) simplifies
to Eq. (3.26) and Eq. (3.28), and for a → 0 and B1 → 0 Eq. (3.32) becomes
Eq. (3.26) and Eq. (3.30), respectively. In the limit γµB1 � σ, a one obtains

P(t) =
1

3
+

2

3
cos (γµB1t) exp

(
−σ

2t2

2

)
(3.33)

for the Gaussian broadening, and

P(t) =
1

3
+

2

3
cos (γµB1t) exp (−at) (3.34)

for the Lorentzian broadening.

The presence of dynamical fields at the muon site—due to fluctuations either in
the magnetic fields or the muon site—introduces a further source of depolarization
of the muon-spin ensemble. Also the non-precessing 1

3
-fraction in Eqs. (3.31) and

(3.32) decays. While details can be found in textbooks [53], here it should only be
noted that magnetic ordering transitions generally cause a maximum in the µSR
depolarization rate. Below the transition temperature (e. g. TN or TC), magnetic
moments are static and the above description applies. Far above TN the respec-
tive moments fluctuate fast which leads to almost no muon-spin depolarization
(“motional narrowing” [69]). However, close to the transition temperature, the
fluctuations slow down, the muon spins couple to the fields and get depolarized.
An example can be found in Sec. 5.4.

3.4.2 Transverse-field µSR

In order to find the depolarization functions of the muon-spin ensemble in an
applied field H perpendicular to the muon-spin direction, the starting point is
Eq. (3.23) with θ = 90◦ and, e. g. H ‖ x̂ when P(0) ‖ ẑ.
Given a static internal Gaussian field distribution like in Eq. (3.27) and using
the assumption µ0H � σ

γµ
, where H = |H|, the relation B ≈ Bx holds and the

spatial directions become independent. Furthermore, neglecting that the applied
field might be shifted inside a real sample, e. g. by the Knight shift in a metal [70]
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3.5 Low-energy µSR

or a diamagnetic shift in a superconductor [4], it follows from Eq. (3.24) that

P(t) =

(
γµ√
2πσ

)3 ∫∫∫
exp

(
−γ

2
µ

(
(Bx − µ0H)2 +B2

y +B2
z

)

2σ2

)
cos (γµBt) dB

' γµ√
2πσ

∫
exp

(
−γ

2
µ(Bx − µ0H)2

2σ2

)
cos (γµBxt) dBx

= exp

(
−σ

2t2

2

)
cos (γµµ0Ht) .

(3.35)

In an analogous way one finds for an internal Lorentzian field distribution in a
high transverse field (µ0H � a

γµ
)

P(t) 'γµ
π

∫
a

a2 + γ2
µ(Bx − µ0H)2

cos (γµBxt) dBx

= exp (−at) cos (γµµ0Ht) .

(3.36)

Therefore, in both cases a damped oscillatory signal with a frequency correspon-
ding to the applied field is observed.
More generally, it can be stated for quasi-one-dimensional field distributions like
above, where Bx � By, Bz:

P(t) '
∫
P (Bx) cos (γµBxt) dBx. (3.37)

3.5 Low-energy µSR

Conventional µSR employs energetic1 surface muons with a kinetic energy of about
4 MeV and a stopping range on the scale of a few hundred microns in a solid
suitable for bulk studies. Muons with higher energies emerging from in-flight pi-
on decays (“decay muons”) are utilized for studies of samples in containers like
pressure cells which have to be penetrated first. In order to study the local ma-
gnetic properties of sample regions close to the surface as well as of thin films or
heterostructures muons with a tunable energy in the kiloelectronvolt range (“low-
energy muons”) can be used (cf. Fig. 3.6) [71].
The production of low-energy muons involves the moderation of a beam of surface
muons in a condensed layer of solid rare gases or nitrogen deposited on a grated
125 µm thick Ag substrate [72]. In these large band-gap insulators low-energy

1Note that the term “energy E” in the following always refers to the kinetic energy of the
muons and not their total energy including their mass. This is implicitly clear as well since
E � mµc

2.
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Figure 3.6: The stopping range of positive muons in copper as a function of their
kinetic energy (bottom scale) and their respective momentum (top scale).
The graph includes only muons used for condensed-matter research; cosmic
muons with GeV to TeV energies are not shown.

excitations are strongly suppressed; this prevents the thermalization of the mu-
ons and results in a high probability for the emission of epithermal muons with
a kinetic energy of about 15 eV from the moderator layer. The spin polarization
of the muons is conserved during the moderation process, thus allowing to use
these epithermal muons as a source of a fully spin-polarized muon beam [73, 74].
However, the moderation efficiency of such a moderator layer of about 10−5 to
10−4 requires an intense beam of incoming muons [75] in order to exploit the full
potential of the technique. To avoid a fast degradation of the moderator [76] and
to permit the application of high voltages for the beam transport the low-energy-
muon beam line is kept under ultra-high-vacuum (UHV) conditions with pressures
of about 10−10 mbar in the moderator area and typically better than 10−8 mbar in
the sample space. A schematic overview of the low-energy-muon beam line at the
µE4 area at the Paul Scherrer Institute is shown in Fig. 3.7. The re-acceleration of
the muons after the moderation is achieved using static electric fields in a two-step
process: first, a high positive potential is applied to the moderator substrate to
initiate the downstream transport and second, the sample can be biased in either
direction to accelerate the muons further or to decelerate them before the implan-
tation into a sample. With high voltages of up to 20 kV at the moderator and up
to ±12 kV at the sample, therefore, variable muon implantation energies between
about 0.5 keV and 30 keV can be reached. The details of the energy spectrum
are mainly determined by scattering the beam at a carbon foil used as trigger
detector for the time-differential µSR experiments [77, 78]. Depending on the foil
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Figure 3.7: Schematic overview of the low-energy-muon beam line at the µE4 area at
the Paul Scherrer Institute (adapted from Ref. 71). The distance from the
moderator to the sample position is 2.2 m. Alternative to the shown sample
magnet with H ‖ pµ, H ⊥ Sµ, a pair of coils generating a magnetic field
H ⊥ pµ, H ⊥ Sµ can be installed.

and transport energy used, in the current set-up the muons lose on average about
0.5 keV to 1.0 keV of their kinetic energy and the resulting asymmetric spectrum
with a tail to low energies has a full width at half maximum of about 0.9 keV to
1.2 keV.
The implantation depth of low-energy muons in solids ranges from a few nano-
meters to a few hundred nanometers (cf. Fig. 3.6). Implantation profiles can be
calculated using the Monte-Carlo program TRIM.SP which treats the positive muon
as a light proton [79, 80]. Exemplary stopping distributions in copper are depic-
ted in Fig. 3.8. The validity of the simulated profiles has been tested for simple
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Figure 3.8: Normalized low-energy-muon implantation profiles in copper for selected
energies.

metal-insulator bilayer systems [81], however, for highly crystalline multi-atomic
materials with non-trivial crystal structures it might be necessary to apply small
corrections to the simulations (cf. Sec. 6.5).
An overview of the depth-resolved studies using the low-energy µSR technique can
be found in Refs. 82 and 83, and the references therein.
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4 London penetration depth of
YBa2Cu3O7−δ single crystals

4.1 In-plane anisotropy of YBa2Cu3O7−δ

The magnetic penetration depth λ is the characteristic length over which the
magnetic induction decays into a superconductor and is one of the fundamental
quantities of a superconductor. When considering a local superconductor in the
clean limit the value of λ is connected to the superfluid density ns/m

∗ through the
relation λ−2 = µ0e

2ns/m
∗. In anisotropic materials like the layered cuprate high-

temperature superconductors (HTS) the transport properties are anisotropic as
seen in the normal-state resistivity [84] as well as in λ [85,86]. The magnetic pene-
tration depth depends on the direction of the screening currents: λab is the relevant
screening length if the currents flow parallel to the CuO2 planes of the structure
while λc determines the decay of the magnetic field for currents perpendicular
to the CuO2 planes and therefore along the c axis of the material. By measu-
ring the absolute value of the penetration depth and its temperature dependence
it is possible to test microscopic theories of superconductivity via their predicti-
ons for ns/m

∗. For instance the discovery of a linear variation of λab(T ) at low
temperatures [87] in microwave-cavity-perturbation [88] and muon-spin-rotation
measurements [89] indicated the existence of nodes in the energy gap separating
the electronic ground state and the quasiparticle excitations in YBa2Cu3O7−δ, one
of the most intensely studied cuprate HTS. This material has been the first to show
a critical temperature above 90 K [19, 90] and therefore above the boiling point
of nitrogen at 77 K. Differently from the tetragonal HTS like HgBa2CuO4, the
YBa2Cu3O7−δ and YBa2Cu4O8 systems not only contain superconducting CuO2

planes but also one-dimensional CuO chains parallel to the planes which impose an
orthorhombic structure on these materials as seen in Fig. 4.1. This peculiarity in
the crystal structure gives rise to an anisotropy in the in-plane penetration depth
and leads to different values for λb, where the currents flow parallel to the chains,
and λa [93]. Early infrared (IR) reflectivity measurements [94] indeed have found a
large in-plane anisotropy in both YBa2Cu3O7−δ and YBa2Cu4O8 which was attri-
buted to a considerable amount of superfluid density residing on the CuO chains
and therefore reducing λb compared to λa. However, more recently [95] it has be-
en proposed that the anisotropic transport properties of YBa2Cu3O7−δ might be
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Figure 4.1: Crystallographic orthorhombic (space group 47, Pmmm) unit cell of
YBa2Cu3O7−δ with lattice parameters a = 0.382113 nm, b = 0.38828 nm,
and c = 1.16741 nm [91]. The structure has been drawn using DRAWxtl [92].

the result of the orthorhombicity of the CuO2 planes which had been mostly ne-
glected before and that the in-plane gap symmetry might be more complex than
pure dx2−y2 wave [95, 96]. A further proposal involves the occurrence of multi-
band superconductivity in the system with distinct order-parameter symmetries
like dx2−y2 + s [97] or dx2−y2 + ıdxy [98].
In order to shed more light on this subject it is necessary to have an accurate
determination of the penetration depths along the different crystal axes. Whi-
le it is possible to measure ∆λ(T ) ≡ λ(T ) − λ(0) with high accuracy, e. g. by
microwave-cavity-perturbation [99] or radio-frequency-oscillator [100] techniques,
exact measurements of the absolute value of λ(T ) are difficult due to systematic
uncertainties associated with the different experimental techniques used for this
purpose. Most bulk magnetometry measurements, for example, make use of the
assumption that an applied magnetic field decays exponentially into a supercon-
ductor in the Meissner state which is valid only in the local London limit. It is
also possible to obtain λ from the mixed state of a type-II superconductor. The
magnetization is then proportional to λ−2—however, only if vortex-pinning effects
are negligible and the magnetization is reversible [101,102]. Alternatively, µSR can
be employed to determine the penetration depth from the mixed state where the
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muons act as sensitive local probes of the magnetic field distribution and λ is
obtained by a lineshape analysis [103,104]. However, in this case, the symmetry of
the vortex lattice is assumed and nonlocal as well as nonlinear effects complicate
the theory leading to an effective field-dependent penetration depth [105].
The most direct method to determine λ and its in-plane anisotropy is to measure
the magnetic field profile and its temperature dependence in the Meissner state
by means of LE-µSR which requires no a priori knowledge of the superconducting
state—except Hc1(T ).

4.2 Novel set-up for background reduction

Until recently LE-µSR studies of the magnetic-field penetration depth in super-
conductors have only been possible on large-area thin films [106, 107]. Since the
low-energy-muon beam spot has a diameter of a few centimeters [108] for mea-
surements of small crystals it is necessary to remove contributions to the signal
from muons not stopping in the sample. In a first attempt to achieve this goal a
special small-sample set-up has been developed. It consists of a thin about 36 cm
long copper sample holder with a diameter of about 6 mm which is mounted on
the cold finger of a standard cryostat in the UHV environment. In this kind of
fly-past technique the muons not stopping in the sample space with a total area of
about 75 mm2 simply pass the sample and decay further downstream where the
decay positrons are not detected by the positron counters surrounding the sample
space. Furthermore, the sample holder itself as well as the elongated cold finger
are coated by about one micron of ferromagnetic nickel. This ensures that muons
stopping close to but outside the sample experience large magnetic fields [109] and
a broad field distribution and therefore depolarize within the first about 150 ns
after the implantation and do not contribute to the time window of interest. This
Ni film is thin enough that it does not produce additional stray fields which would
alter the field applied to the sample and therefore the Larmor precession frequen-
cy of the muon spins. This has been tested by measuring a silver foil attached
to the Ni-plated sample holder; as can be seen in Fig. 4.2 the field experienced
by the muons in the Ag is equal to the applied field. It should be noted that in
the presentation of Fig. 4.2 the non-precessing fraction of muon spins in the Ni is
taken into account using a shifted normalization constant of the decay histogram
and a slightly scaled amplitude of the precessing signal in Eq. (3.20); therefore, it
appears to be zero in this presentation. The same is done implicitly for all data
containing Ni signals throughout this work.
One disadvantage of this special set-up is the fact that mounted on a standard
cryostat due to the finite thermal conductivity of the “long finger” and the ra-
diation load only temperatures down to about 8 K can be reached. The major
drawback of the small-sample set-up, however, is the greatly reduced possibility
to do accurate measurements at low muon implantation energies. When applying
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Figure 4.2: LE-µSR asymmetry spectrum of a circular silver foil with a diameter of
8 mm mounted on the small-sample set-up in a transverse field of 9.6 mT.
The muon implantation energy is 20 keV, the temperature 100 K. Note the
fast depolarization in the first about 150 ns of the spectrum due to muons
stopping in the Ni coating and the almost undamped oscillation with a
frequency corresponding to the applied field at higher times resulting from
muons in the Ag foil.
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Figure 4.3: Normalized field distribution of YBCO− I (cf. Sec. 4.3) mounted on the
small-sample set-up at a low implantation energy of 5 keV. The distribution
has been obtained by a maximum-entropy analysis [110] and can only serve
as a qualitative picture. The shaded area roughly represents the signal of
the sample, the remaining area originates from deflected muons.

positive high voltages larger than a few kilovolts to the sample holder the resulting
inhomogeneous electrical field not only decelerates the incoming muons but also
deflects a part of the beam, e. g. to the vacuum chamber walls where the magnetic
field on the muons is not well defined and therefore, a large uncontrolled back-
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ground signal (cf. Fig. 4.3) is added to the spectrum which renders an accurate
analysis impossible. Because of these disadvantages the final measurements have
been carried out using a standard aluminum sample holder, however, coated with
about one micron of nickel in order to minimize the background contributions of
the muons not hitting the sample.

4.3 LE-µSR experiments on YBa2Cu3O7−δ single

crystals

The LE-µSR experiments have been conducted on two different sets of detwinned
rectangular-shaped YBa2Cu3O7−δ single-crystal platelets grown by the self-flux
method: one set of YBa2Cu3O6.93 crystals grown in Y2O3 stabilized ZrO2 cru-
cibles [111] and mounted on the small-sample set-up (YBCO− I, cf. Fig. 4.4) and
a second mosaic of optimally doped YBa2Cu3O6.92 crystals grown in BaZrO3 cera-
mic crucibles [112] and glued on a standard LE-µSR sample holder (YBCO− II).
The crystals had lateral dimensions in the ab plane of 1 mm to 3 mm and their
thickness in the c direction was ranging from 100 µm to 300 µm. The avera-
ge critical temperatures Tc of YBCO− I and YBCO− II determined by SQUID
measurements were 93.5 K and 94.1 K, respectively, each with a spread of 0.1 K.
The level of detwinning was greater than 95 %. The total area of the mosaic was
about 55 mm2 in both cases.

Figure 4.4: YBCO− I mosaic mounted on the small-sample set-up. The sample holder
has a diameter of 10 mm.
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In order to measure the penetration depth of the superconducting crystals in the
Meissner state, magnetic fields up to about 10 mT—below Hc1 up to at least
0.5Tc [113]—have been applied parallel to the ab plane of the crystals and per-
pendicular to the spins and momenta of the incoming muons. For both mosaics
the decay of the magnetic field into the samples has been investigated by implan-
ting muons with energies ranging from 2.5 keV to 24 keV at T = 8 K. The depth
dependence of the local field below the crystal surface has been studied for the
field applied along the crystalline a and b axes. Additionally, for YBCO− I the
effect of different applied magnetic fields on the penetration depth λb at T = 8 K
and for YBCO− II the temperature dependence of λa and λb have been studied.
A few exemplary muon-spin-precession signals in the YBCO− II mosaic can be
seen in Fig. 4.5. Figure 4.5a shows the precession signal in the normal state at
T = 110 K in a magnetic field of 9.47(1) mT applied along the b axis of the
crystals; the muon implantation energy is 14.1 keV. The amplitude of the signal
is less than the maximum instrumental asymmetry of about 0.28 due to the fact
that about 40 % of the muons stop in the crystal mosaic while the remaining
60 % end up in the nickel-coated sample holder. The Gaussian-damping rate of
0.106(15) µs−1 is consistent with the expected depolarization of the muons in the
dipole fields of the copper nuclei. The measurements in the superconducting state
have been carried out under zero-field-cooled conditions in order to avoid flux
trapping in the samples as far as possible. The Meissner effect manifested by the
screening of the applied magnetic field in the superconducting state is apparent
by the comparison to the normal-state data in Fig. 4.5: the average precession
frequency is greatly reduced and the signal more strongly damped. The depth
dependence of the internal field is evident by comparing Figs. 4.5b and 4.5c where
the signals result from different muon implantation energies.

4.3.1 Data analysis

In order to analyze these data, field profiles corresponding to a local London model
are considered:

B(z) =

{
B0 exp

(
− z−d
λa,b

)
z > d

B0 z < d ,
(4.1)

where B0 = µ0H is the magnitude of the applied field, λa,b is the magnetic pene-
tration depth for screening currents flowing in the a or b direction, respectively,
z is the depth into the crystal and d is the thickness of an effective dead layer at
the crystal surface in which the supercurrent density is suppressed. Within this
model the muon-spin-precession signal A(t) at each energy has been calculated by
generating the field distributions P (B) corresponding to the implantation profiles
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Figure 4.5: (a) The muon-spin-precession signal in the normal state of YBCO− II
at T = 110 K in a magnetic field of 9.46 mT applied parallel to the
b axis of the crystals. The mean implantation energy is E = 14.1 keV
which corresponds to a mean implantation depth of 62 nm. (b) The same
conditions as in (a) except in the superconducting state at T = 8 K. (c)
The same conditions as in (b) except the implantation energy is increased
to 22 keV, corresponding to a mean implantation depth of 97 nm. The
solid lines correspond to fits to the data using Eq. (4.2). The deviations
between the fits and the data points in the first 150 ns are due to muons
missing the sample and depolarizing in the Ni coating of the sample holder.

n(z) and finally integrating over all fields.

A(t) = A exp

(
−σ

2t2

2

)∫
P (B) cos (γµBt+ ϕ) dB, (4.2)
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where P (B) is given by

P (B) = n(z)

∣∣∣∣
dB

dz

∣∣∣∣
−1

, (4.3)

A is the initial amplitude of the precession, ϕ the initial phase of the muon spins
with respect to the detectors and σ is an additional parameter which takes in-
to account any additional broadening of the field distribution. Equation (4.2) is
equivalent to taking the signal from a particular depth z and then averaging over
the stopping distribution n(z) (cf. Fig. 4.6)

A(t) = A exp

(
−σ

2t2

2

)∫
n(z) cos (γµB(z)t+ ϕ) dz. (4.4)

The numerical implementation uses Eq. (4.2) which offers a more general approach
for analyzing data using various models for generating the field distributions P (B)
whereas Eq. (4.4) is only applicable for problems where the magnetic field changes
only in the z direction—like it is the case within the model (4.1).
Compared to the analysis presented in Ref. 114, in the following the initial pha-
se ϕ is fixed to values obtained at temperatures above Tc. While ϕ within the
model is a purely geometrical parameter that should be constant as a function
of temperature in the analysis of an experiment this might not be the case. Due
to the finite width of the energy spectrum of the implanted muons in a LE-µSR
experiment (cf. Sec. 3.5) and therefore, a distribution of time-zeros ϕ actually
represents an average initial phase. The averaging in turn depends on the probed
field distribution and since the field in the Meissner state of the samples at low
temperatures is substantially diamagnetically shifted, ϕ might change as well as
a function of temperature. On the other hand, the phase parameter within the
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model is strongly correlated especially with λ. Since the relatively simple model
introduced above might not perfectly describe all details of the data, it is like-
ly that a freely varying ϕ in the analysis compensates for these flaws yielding
systematically different model parameters. However, the overall differences in λ
are moderate and therefore, the more conservative route of interpreting the data
strictly within the limits of the introduced model—where ϕ is only related to the
experimental geometry—has been chosen here. Yet, an improved analysis beyond
the scope of this work could take into account the actual low-energy-muon energy
spectrum from the beginning.

As shown in Fig. 4.7 the measured field distributions are considerably wider than
expected from the pure London model (σ = 0). This broadening of the distribu-
tion which is represented by the parameter σ is independent of the temperature
well below Tc and decreases rapidly as one approaches Tc (cf. Fig. 4.8) which in-
dicates that its main origin is related to bulk magnetization effects, where flux
expelled from neighboring crystals broadens the magnetic field distribution of any
given crystal. An additional source of broadening may originate from flux trapped
close to the not perfectly flat surface of the crystals which in turn explains why in
the relatively high applied field of 9.6 mT—which is of the order of magnitude of
0.5µ0Hc1(T = 0) [113]—the effect gets smaller with increasing muon implantation
depth as can be seen in Fig. 4.9. Both arguments are supported by the field de-
pendence of σ: while its absolute value decreases with decreasing field as also the
absolute value of the magnetization shrinks, also the energy dependence vanishes
at lower applied fields when there should be less flux pinning (cf. Fig. 4.9).
Figure 4.10 shows the average local field 〈B〉 =

∫
n(z)B(z)dz in YBCO− II de-

termined from fits at each single energy as a function of the muon energy and the
corresponding mean muon implantation depth. The open squares and filled circles
are from data taken with the screening currents flowing along the a and b axes,
respectively—or equivalently the magnetic field applied along the b and a axes,
respectively. The solid curves are generated using a set of parameters obtained by
a global fit of Eq. (4.2) to the data taken at all energies at T = 8 K. For each cry-
stal orientation the common parameters are λa = 131.6(6) nm, da = 10.6(1) nm,
λb = 111.6(8) nm, and db = 10.6(5) nm. It is evident from Fig. 4.10 that away
from the crystal surface the field decays exponentially as described in the London
model, however, close to the surface there are deviations from the exponential
decay which are represented by the thickness of the dead layer and as well by
small systematic deviations from the expected field distributions at all implan-
tation depths as already shown in Fig. 4.7. In order to shed some light on these
effects the data measured at T = 8 K have been analyzed using a maximum-
entropy (ME) method which yields the static field distributions P (B) experienced
by the muons [110, 115, 116]. For the ME analysis an apodization with a Gaussi-
an (σapod = 2 µs) has been applied to the asymmetry spectra. In this case this
leads to an additional moderate symmetric broadening of the determined field
distribution but does not change 〈B〉. Some exemplary P (B) in YBCO− II ob-
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Figure 4.7: Magnetic field distribution as seen by the muons with an average implan-
tation energy of 22 keV at T = 8 K in YBCO− II in a magnetic field of
9.5 mT applied parallel to the b axis of the crystals. This field distribution
corresponds to the asymmetry shown in Fig. 4.5c. The black points repre-
sent the measured distribution obtained by a maximum-entropy analysis.
The blue line is a model calculation using Eqs. (4.1) and (4.3) with the
parameters λa = 131.6 nm, d = 10.6 nm, and σ = 0. The width of the
distribution reflects mostly the finite width of the muon implantation pro-
file. The red line is the theoretical distribution convoluted with a Gaussian
with a second central moment of

〈
∆B2

〉
= (0.76 mT)2 which corresponds

to σ = γµ
√
〈∆B2〉 = 0.65 µs−1 in Eq. (4.2). It should be mentioned that

there are small systematic deviations between the model calculation (red
line) and the actual data (black points)—the higher weight at high fields
in the data is most probably the effect of surface flux pinning which is not
taken fully into account neither by the model itself nor by the symmetric
broadening of the field distribution.

tained by the ME analysis are depicted in Fig. 4.11 for the case that the magnetic
field is applied parallel to the b axis. While above Tc one observes only a narrow
Gaussian centered at the applied field, well below the critical temperature the
characteristic asymmetric lineshape is seen for high muon implantation energies.
However, at low implantation energies for muons implanted close to the crystal
surface the ME analysis does not show the narrow field distribution expected from
the narrow muon implantation profile and the small diamagnetic field shift. On
the contrary, a broad field distribution is observed with even considerable weight
well above the applied field. Also shown in Fig. 4.11 is a comparison between the
calculated mean field from the London-model analysis in the time domain and
the mean field obtained by the ME analysis: 〈B〉 =

∫ Bu

0
BP (B)dB/

∫ Bu

0
P (B)dB,

where the cutoff field Bu ≈ 2.5µ0H is 25 mT for the measurements in YBCO− II.
This comparison clearly shows that in an applied field of 9.6 mT the actual mean
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Figure 4.9: σ as a function of the muon implantation energy in YBCO− I for the
applied fields of 2.4 mT, 4.8 mT, and 9.6 mT at T = 8 K. The lines are
guides to the eye.

field is systematically shifted to higher values than obtained by the pure London
model for the Meissner state whereas the characteristic decay of the field is the
same. Furthermore, for small muon implantation depths the actual mean field is
higher than the applied field—a scenario which is completely out of the scope
of Eq. (4.1). For the second crystal orientation an analogous picture is obtained.
These observations indicate that indeed close to the crystal surface a considera-
ble amount of magnetic flux is trapped in form of vortices. At low implantation
energies probing the fields near the vortex cores leads to an average local field

33



4 London penetration depth of YBa2Cu3O7−δ single crystals

4

5

6

7

8

9

10

0 5 10 15 20 25

20 40 60 80 100

〈B
〉(

m
T
)

E (keV)

〈zµ〉 (nm)

YBCO− II
T = 8 K

µ0H

j ‖ b̂

j ‖ â

Figure 4.10: The average local field in YBCO− II at T = 8 K probed by the muons
with energy E. The corresponding mean implantation depth is shown
on the top scale. The solid lines represent the expected average fields
for the penetration depths λa and λb, respectively as obtained by the
simultaneous fits of Eq. (4.2) to the data at all measured energies (see
text). The single points are the calculated mean fields for the different
muon energies when the λa,b have been determined by fits to the data
at a single implantation energy only. The depicted uncertainties (overall
smaller than the symbol size) reflect only the statistical uncertainty in
the λ determination—other systematic errors have not been taken into
account for this representation.

above the applied field and for all energies this trapped flux contributes to the
overall signal since the corresponding field also decays on the length scale of λ.
Moreover, this is confirmed by the fact that in YBCO− I in an applied field of
only 2.4 mT the mean fields obtained by the two analysis methods agree very
well (cf. Fig. 4.11) consistent with a drastic suppression of vortices entering the
near-surface region.
These deviations between the results of the different analyses for YBCO− II,
however, do not at all imply that the fit of Eq. (4.2) to the data yields unreliable
results. On the contrary, it shows that the described model is not sensitive to the
overall field distribution but only to the part resulting from the Meissner state
of the sample. The surface vortices contribute in this case partially to the overall
broadening as discussed above. Further contributions are effectively “filtered out”
at the expense of a higher χ2 in the time-domain fits.
Having identified the vortices pinned close to the crystal surface as a major source
of the dead layer obtained from the Meissner-state model, the presence of other
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Figure 4.11: Left panel: Exemplary magnetic field distributions obtained by the ME
analysis for YBCO− II with a field of 9.6 mT applied parallel to the b
axis of the crystals. The curve for E = 22 keV and T = 8 K is identical
with the one shown in Fig. 4.7. Right panel: Comparison of the depth de-
pendence of the average local fields obtained by the ME analysis (points)
and the global fit to the Meissner-state model (solid line) for YBCO− II
(black symbols) in a field of 9.6 mT applied parallel to the b axis and for
YBCO− I (blue symbols) in a field of 2.4 mT applied parallel to the a
axis. The relative uncertainties of the ME values are 3 %. The solid line
for YBCO− II is also shown in Fig. 4.10.

mechanisms causing a suppression of the supercurrent density near the surface can-
not be excluded. There are no other measurements of electromagnetic properties
as a function of depth in YBa2Cu3O6.92 crystals to compare with. Surface-sensitive
techniques such as scanning tunneling microscopy (STM) and angle-resolved pho-
toemission spectroscopy (ARPES) are only sensitive to the top few unit cells where
the electronic properties can be very different from the bulk material. In a previous
LE-µSR study of the magnetic field profile in a thin film of YBa2Cu3O7−δ a sup-
pression of the supercurrent density has been reported and attributed to surface
roughness [106]. This kind of extrinsic effect could as well be present in the single
crystals. In order to further resolve the origin of the dead layer measurements on
atomically flat cleaved surfaces in low applied fields would be needed.

4.3.2 Field dependence of λ

As long as a superconductor is in the Meissner state the observed diamagnetic
shift at a given temperature is expected to be only proportional to the applied
field. In order to test this behavior a series of field profiles within the YBCO− I
crystals has been measured at a temperature of 8 K for applied fields of 2.4 mT,
4.8 mT, and 9.6 mT. As shown in Fig. 4.12 within the accuracy of the measurement
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Figure 4.12: Relative average local magnetic field with respect to the applied field as
a function of muon implantation energy for the three fields of 2.4 mT,
4.8 mT, and 9.6 mT applied parallel to the a axis of the YBCO− I
crystals at T = 8 K. The depicted fields have been calculated in the
same way as in Fig. 4.10 and normalized to the applied fields. Due to the
increased background contributions in these measurements (cf. Fig. 4.3)
no reliable data are available for E < 10 keV.

and the employed analysis no field dependence of λ is observed in the studied field
range. The absolute values of the penetration depths obtained by simultaneous fits
to the data at all available energies at each field are: λb, 2.4 mT = 121.7(3.1) nm,
λb, 4.8 mT = 120.8(9) nm, and λb, 9.6 mT = 122.2(8) nm. This also is a further
confirmation of the reliability of the obtained values of the magnetic penetration
depth through the applied model.

4.3.3 Temperature dependence of λ

In the clean limit the superfluid density ns/m
∗ is related to the penetration depth

λ through λ−2(T ) = µ0e
2ns(T )/m∗. Therefore, by determining the temperature

dependence of λ one obtains also the temperature dependence of the superfluid
density which in turn yields information about the symmetry of the pairing state
of the superconductor (see for example Ref. 100 and references therein).
The penetration depths and the resulting anisotropy as a function of temperature
as obtained from the LE-µSR measurement in an applied field of 9.5 mT are de-
picted in Figs. 4.13 and 4.14. For the determination of λa,b(T ) the thickness of the
‘dead layer’ has been fixed to the values obtained from the respective field profile
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Figure 4.13: Magnetic-field penetration depth λ as a function of temperature for
the two crystal orientations measured in an applied field of 9.5 mT in
YBCO− II. The points for λa (open squares) are more scattered due to
the smaller absolute diamagnetic field shift measured at the lower muon
implantation energy compared to the λb measurement. The solid lines
represent fits using Eq. (4.6) with a pure dx2−y2-wave order-parameter
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measurements (cf. Fig. 4.10) since it does not change much with temperature. The
measured temperature dependence of λa,b is compared with the semiclassical mo-
del of Chandrasekhar and Einzel [117]. According to this model, for an assumed
cylindrical Fermi surface the normalized superfluid density is given by

(
λ(0)

λ(T )

)2

a
b

= 1 +
2

π

∫ 2π

0

(
cos2 φ
sin2 φ

)∫ ∞

∆(φ,T )

(
∂f

∂E

) E√
E2 −∆2(φ, T )

dE dφ, (4.5)

where E =
√
ε2 + ∆2(φ, T ) is the quasiparticle energy and f = [1 + exp (E/kBT )]−1

is the Fermi-Dirac distribution function. Taking the derivative and substituting E
yields [100]

(
λ(0)

λ(T )

)2

a
b

= 1− 1

2πkBT

∫ 2π

0

(
cos2 φ
sin2 φ

)∫ ∞

0

cosh−2

(√
ε2 + ∆2(φ, T )

2kBT

)
dε dφ.

(4.6)
The temperature dependence of the gap function ∆(φ, T ) = ∆0(T )g(φ) can be
approximated by [118]

∆0(T ) = ∆0(0) tanh

(
πkBTc

∆0(0)

√
a

(
Tc

T
− 1

))
, (4.7)
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Figure 4.14: In-plane penetration-depth anisotropy λa/λb as a function of temperature
in YBCO− II. The red circles are obtained from the single measurements
at each temperature depicted in Fig. 4.13—the red solid line is a constant
fit to these points. The black square is the anisotropy determined by the
full field-profile analysis at T = 8 K (cf. Fig. 4.10) and the blue diamond
at T = 0 represents the extrapolated value resulting from the fit of the
semiclassical model to the temperature-dependent λa,b (see text). The
overall temperature-independent anisotropy agrees well with values “close
to 1.2” obtained by conventional µSR in the mixed state [97].

where ∆0(0) is the magnitude of the gap at T = 0 and the parameter a is re-
lated to the relative jump in the specific heat at Tc and therefore depends on
the pairing state. For the s- and dx2−y2-wave gap symmetries one has gs = 1,
as = 1 and gd(φ) = cos(2φ), ad = 4/3, respectively. In the weak-coupling limit
the zero-temperature gap magnitudes are ∆0,s(0) = 1.76 kBTc [11] and ∆0,d(0) =
2.14 kBTc [119].
In order to fit the model to the data in Fig. 4.13 the dx2−y2-wave gap symmetry
with ∆0,d(0) as a free fit parameter has been used while Tc has been fixed to 94 K.
The fit is restricted to temperatures below T = 55 K; for higher temperatures
the applied field exceeds the lower critical field (H & Hc1) and more flux than
compared to the Meissner-state model is likely to enter the crystals. The simul-
taneous fit to λa(T ) and λb(T ) yields λa(0) = 129.6(8) nm, λb(0) = 111.4(5) nm,
λa(0)/λb(0) = 1.16(1), and ∆0,d(0) = 20.0(8) meV = 2.47(10) kBTc which is higher
than the weak-coupling value in agreement with most of the reported values in
the literature (see, e. g. Ref. 120).
While the dx2−y2-wave symmetry of the order parameter is established—and the
data is well described employing it—there have also been reports of an in-plane an-
isotropy of the gap measured, e. g. by ARPES [95] (|∆a/∆b| = 0.66), Raman scat-
tering [121] (|∆a/∆b| = 0.83), a phase-sensitive technique [96] (|∆a/∆b| = 0.82),
and Andreev reflections [122] (|∆a/∆b| = 1.2). Note that—opposite to the other
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Figure 4.15: Left panel: Temperature dependence of λ−2
a and λ−2

b ; the solid lines are
fits to Eq. (4.6) using the anisotropic in-plane gap proposed in Ref. 96
(see text). Right panel: The same data as in the left panel, however, nor-
malized to the zero-temperature values of λ−2. Note in this representation
the much less pronounced difference between the two crystal orientations
as compared to the data presented in Fig. 2 of Ref. 124. Since the slopes
of the curves crucially depend on the absolute values of λa,b(0), in order
not to be misled by this representation, accurate zero-temperature values
of the penetration depths have to be known.

measurements—from the early Andreev-reflection study a larger gap in the a
direction is reported. However, the measurement has been done on a twinned
sample and the final gap assignment was solely based on a theoretical predic-
tion which suggested the suppression of the order parameter in the CuO-chain
(b) direction [123]. Given the reversed assignment consistent with the other re-
ports the gap ratio is |∆a/∆b| = 0.83. Using in Eq. (4.6) a gap modeled as
∆(φ, T ) = ∆0,d(T ) cos(2φ) + ∆0,s(T ) as suggested by Kirtley et al. [96] and
furthermore, assuming that the presence of the CuO chains only adds super-
fluid density but does not change the symmetry of the order parameter, a fit
of the modified model to the LE-µSR data yields ∆0,d(0) = 20.45(95) meV and
∆0,s(0) = −0.50(52) meV. Figure 4.15 depicts the temperature dependence of the
superfluid density including the fit. The obtained gap anisotropy within the given
model is therefore |∆a/∆b| = 0.95(7). This gap anisotropy is considerably smaller
than the one measured by ARPES [95], but close to the anisotropies obtained by
most other methods. However, given the accuracy of the LE-µSR data, the row of
assumptions put into the model (4.6), and the fact that the model using the pure
dx2−y2-wave gap symmetry fits the data equally well, no final conclusions can be
drawn on the limited basis of the LE-µSR data only.
Apart from the anisotropy of the in-plane gap, also contributions of multiple bands
adding to the superfluid density have been reported. Khasanov et al., e. g. in their
µSR study of optimally doped YBa2Cu3O7−δ in the vortex state find evidence for
the existence of two distinct gaps with dx2−y2- and s-wave symmetry on the basis
of a pronounced upturn in λ−2

a,b at low temperatures and applied magnetic fields
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up to 0.64 T [97]. As shown in Fig. 4.15 in the LE-µSR data in the Meissner state
no substantial increase of the superfluid density is observed down to 5 K (8 K)
in λ−2

a (λ−2
b ). Yet, this is consistent with another mixed-state µSR study by Soni-

er et al. where also no inflection point in λ−2
ab is found down to at least T = 3 K

in a detwinned YBa2Cu3O6.95 single crystal in a magnetic field of 0.5 T [125].
However, a further comparison between the vortex-state data of Ref. 97 and the
Meissner-state data is difficult since no absolute values for λa,b are provided in the
bulk µSR study and the LE-µSR data are only available down to T = 5 K.

4.3.4 Comparison with other methods

The magnetic-field penetration depths obtained by the present study of YBCO− I
and YBCO− II are summarized in Tab. 4.1. The first given error is the statistical
uncertainty of the λ determination with the above mentioned models whereas

Table 4.1: Absolute values of the magnetic-field penetration depths λa,b and their an-
isotropy in YBa2Cu3O7−δ determined by various techniques. The average
in-plane penetration depth is λab =

√
λaλb. The vortex-lattice measure-

ments are quoted without systematic errors.

λa (nm) λb (nm) λab (nm) λa/λb Comment

140.0±1.0±3 122.2±0.8±3 130.8±0.6±3 1.15±0.01 YBCO− I, T = 8 K

131.6±0.6±3 111.6±0.8±3 121.2±0.5±3 1.18±0.01 YBCO− II, T = 8 K

129.6±0.8±3 111.4±0.5±3 120.2±0.5±3 1.16±0.01 YBCO− II, T = 0

118.4± 0.4 µSR in vortex state,

T = 0 [125]

146± 3 LE-µSR in thin film,

T = 20 K [106]

160 100 126.5 1.6 IR reflectivity,

T = 10 K [94]

103± 8 80± 5 91± 7 1.29±0.07 ESR on Ortho-I

Gd : YBCO, T = 0

[126]

150± 10 1.16±0.02 µSR in vortex state,

T = 10 K [127]

138± 5 1.18±0.02 SANS in vortex state,

T = 10 K [128]

≈ 1.2 µSR in vortex state,

T < Tc [97]
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the second is the systematic uncertainty associated with the uncertainty in the
calculated implantation profiles in YBa2Cu3O7−δ which is estimated to be about
2 % of the mean depth, and the uncertainty originating from fixing the initial phase
during the data analysis (cf. Sec. 4.3.1). These systematic errors affect λa and λb in
the same way and therefore, their influence on the anisotropy is minor. The overall
larger penetration depths for the YBCO− I sample compared to the YBCO− II
sample may be related to a larger impurity content for the crystals grown in
the ZrO2 crucibles as compared to those grown in BaZrO3 crucibles [111, 112].
For comparison, Tab. 4.1 also contains the results of measurements of λa,b in
YBa2Cu3O7−δ by other less direct methods. There is surprisingly good agreement
with the bulk µSR measurement of the average in-plane penetration depth in the
vortex state on a previous generation of crystals. In that case λab was obtained
by extrapolating the measurement of an effective field-dependent λ in the vortex
state down to zero magnetic field [125]. Until now there has been no way to
test the accuracy of this extrapolation into the Meissner state—the agreement is
remarkable considering there are several phenomenological parameters required
to fit the data in the vortex state. The λab value obtained now is considerably
shorter than that for a YBa2Cu3O7−δ film [106]. However, the difference could be
explained by a much different doping level compared to the crystals as indicated
by the reduced Tc of the film (87.5 K). Furthermore, the in-plane anisotropy in the
crystals is considerably less than found in the early IR-reflectivity measurements
which first revealed the large anisotropy in λ [94]. It is also less than reported
for Ortho-I Gd0.01Y0.99Ba2Cu3O6.993 (Gd : YBCO) with Tc = 89 K [126], however,
λ as well as the anisotropy might depend strongly on the doping of the crystals.
The anisotropy found by the present LE-µSR study is close to values obtained in
vortex-state measurements using µSR [97,127] and small-angle neutron scattering
(SANS) [128] on detwinned crystals of optimally doped YBa2Cu3O7−δ. This is
true for both sets of crystals even though the absolute values of the penetration
depths differ between YBCO− I and YBCO− II and even more compared to the
earlier measurements. Therefore, while λ depends considerably on the purity of
the sample, the in-plane anisotropy seems to be a quite robust parameter with
regard to impurities and merely depends on the doping.

4.4 Conclusion

In summary, the LE-µSR technique with an effective background-suppression me-
thod has been used to measure directly the magnetic-field profiles in the Meissner
state of mosaics of detwinned single crystals of YBa2Cu3O7−δ. The average va-
lue of the in-plane magnetic penetration depth λab is in good agreement with
conventional µSR studies of the vortex state of an earlier generation of crystals.
This suggests that the effective field-dependent penetration depth in the vortex
state, at least in this one case, extrapolates to the actual London penetration
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4 London penetration depth of YBa2Cu3O7−δ single crystals

depth in the Meissner state to within an accuracy of a few percent. While the
in-plane anisotropy λa/λb = 1.16(1) is considerably less than reported from early
IR-reflectivity studies, it agrees well with early µSR and SANS experiments even
though the reported values of λa and λb are considerably longer than in the current
study. The field profiles are exponential on the scale of λ but there are deviati-
ons close to the surface. These can partially be related to surface-flux-trapping
effects in the relatively high applied magnetic field, however, a full explanation
remains elusive. Most importantly, it has been demonstrated that LE-µSR can
be used to study fundamental properties of small crystals and that the employ-
ed background-suppression method can be advantageous also for studying small
low-frequency shifts in any sample as seen in the following chapters.
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5 Magnetism and
superconductivity in thin-film
YBa2Cu3O7−δ /
PrBa2Cu3O7−δ
heterostructures

5.1 PrBa2Cu3O7−δ within the YBa2Cu3O7−δ
family of high-temperature superconductors

Using the YBa2Cu3O7−δ structure discussed in Chap. 4 as template, a whole fami-
ly of hole-doped superconducting materials with equally high Tc of about 90 K is
obtained by substituting a lanthanide element (Ln) for Y (see, e. g. Refs. 129–131).
There are only a few exceptions to this rule: Pm is radioactive and using Ce as well
as Tb the YBa2Cu3O7−δ structure is not formed as single phase by standard prepa-
ration techniques [131]. PrBa2Cu3O7−δ, however, is isostructural to YBa2Cu3O7−δ
and has been found to be non-superconducting [132] and antiferromagnetic with
a Néel temperature of about 280 K [133]. Various scenarios have been proposed
in order to explain this effect:

(i) Cooper pairs might be subject to Abrikosov-Gor’kov pair breaking [134]
at the magnetic moments of Pr—yet, this is in contrast with the observed
superconductivity in most other LnBa2Cu3O7−δ materials.

(ii) Pr4+ ions could substitute Y3+ and therefore reduce the concentration of
available mobile carriers, however, most of the experiments are consistent
with a mostly Pr3+ state [135–137].

(iii) A widely favored model features a hybridization between Pr-4f and O-2pπ
orbitals [138] which leads to an effective hole localization and therefore insu-
lating CuO2 planes while the CuO chains remain metallic locally. This model
has been further extended [139, 140] to conclude that the relevant level has
a finite bandwidth and the carrier localization might be the result of disor-
der, even though this has been questioned [141]. On the experimental side,
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the O-2pπ character of the holes has been confirmed by X-ray absorption
spectroscopy [142,143].

The situation has been further complicated by the occasional occurrence of high-
temperature superconductivity in the PrBa2Cu3O7−δ system. There are reports
on inhomogeneous superconductivity which is destroyed by Pr3+ magnetic ions
on Ba2+ lattice sites [144,145], bulk superconductivity in single crystals grown by
the travelling-solvent floating-zone technique which have longer c axes compared
to crystals grown by standard solid-state-reaction techniques [146,147], supercon-
ducting clusters in phase-separated Pr-rich material [148] as well as arguments
that Ba-rich phases could possibly be superconducting due to additional carrier
doping of Ba2+ ions on Pr3+ sites [149].
Triggered by these experimental observations of superconductivity it has been
proposed that PrBa2Cu3O7−δ is of a novel type of superconductors in which Pr-O
(and not Cu-O) bands host the superconductivity [150] and recently further band
structure calculations for the pure material have yielded a metallic and possibly
superconducting state similar to the other LnBa2Cu3O7−δ which is likely to be
destroyed by disorder [151].
Being isostructural to YBa2Cu3O7−δ, PrBa2Cu3O7−δ offers the possibility to study
its delicate intrinsic electronic properties using thin-film heterostructures. Also in
this context, heterostructure studies can provide insight into coupling and dimen-
sional effects in the YBa2Cu3O7−δ family.

5.2 Thin-film heterostructures of YBa2Cu3O7−δ
and PrBa2Cu3O7−δ

Since the early 1990s extensive studies of the transport mechanisms through junc-
tions composed of one YBa2Cu3O7−δ electrode (and either another YBa2Cu3O7−δ
or a Au counter-electrode) and PrBa2Cu3O7−δ barrier layers have been carried
out. Considerable efforts especially have been made in the fabrication and cha-
racterization of a,b-axis oriented Josephson junctions for device application. The
PrBa2Cu3O7−δ barriers display a large variety of transport characteristics, inclu-
ding metallic layers with normal-state coherence length ξn estimates from 5 nm
to 10 nm [152,153] up to 30 nm [154], where ξn is the length scale of Cooper-pair
penetration in the barrier. However, also insulating layers either without [155] or
with contributions of resonant tunneling through a few localized states with a
localization length of the order of 1 nm to 3 nm [156–158] have been reported.
The enhanced quasiparticle transport through insulating layers with thicknesses
of the order of a few tens of nanometers might be explained by a “long-range
proximity effect” emerging from resonant tunneling [159–161] or an alternative
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scenario in which small chain-ordered conducting segments serve as negative-U1

centers with attractive Cooper-pair interaction [163]. Eventually, variable-range
hopping (VRH) as observed in insulating bulk PrBa2Cu3O7−δ [164] dominates the
in-plane transport of oxygen-deficient heterostructures [165–167].
Junctions with c-axis orientation have been studied to lesser extent. In this ori-
entation the PrBa2Cu3O7−δ barrier layers are mostly found to be insulating and
show hopping conduction of quasiparticles through a small number of localized
states [168,169]. However, it has also been argued that an improvement of the film
morphology and the interfaces leads to a metallic behavior with ξn = 4 nm [170]
and that metallicity in PrBa2Cu3O7−δ on about the same length scale might be
induced due to the proximity to the YBa2Cu3O7−δ electrodes [171].
Superlattice structures consisting of thin layers of superconducting YBa2Cu3O7−δ
separated by insulating or “semiconducting” layers of either PrBa2Cu3O7−δ or
Y1−xPrxBa2Cu3O7−δ have received great attention—e. g. for investigations of di-
mensional effects in ultrathin superconducting layers [172] or the interlayer coup-
ling which has been found to be surprisingly large [173]. An extensive review on
such studies can be found in Ref. 174.
More recently, HTS Josephson devices regained interest through reports of the
so-called “giant proximity effect” and “giant magneto-oscillations” in junctions
with barriers in the pseudogap [175] or antiferromagnetic state [176], respectively.
This bulk of research shows that studies of thin-film heterostructures have con-
tributed and still can contribute to the understanding especially of the properties
of the used barrier layers and that they are ideally suited to study the interplay
between magnetism and superconductivity.
The following sections are dedicated to experiments involving c-axis oriented
YBa2Cu3O7−δ/PrBa2Cu3O7−δ trilayer and bilayer structures studied by LE-µSR
which allows to measure local magnetic fields and field distributions as a function
of depth in the different layers and to gain information on the superconductive
and magnetic properties of the layers throughout such heterostructures.

5.3 Heterostructure preparation and

characterization

The c-axis oriented YBa2Cu3O7−δ/PrBa2Cu3O7−δ heterostructures with δ � 1
have been grown on 10× 10× 0.5 mm3 SrTiO3 (100) substrates by off-axis rf ma-
gnetron sputtering (MS) and pulsed laser deposition (PLD). Typical parameters
for the MS deposition can be found in Ref. 174. The PLD uses a KrF excimer

1The term “negative U” here arises from a consideration of atomic or molecular energy levels,
where electrons occupy empty states. If the total energy to doubly occupy such a state is
smaller than twice the energy of single occupancy, the effective interaction energy U between
the two electrons is negative (see, e. g. Ref. 162 and references therein).
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Table 5.1: Thin-film YBa2Cu3O7−δ/PrBa2Cu3O7−δ heterostructures studied by LE-
µSR. The consituents are listed from the vacuum interface towards the
substrate.

thin
film

constituents layer
thickness (nm)

growth

SLY Au/YBa2Cu3O7−δ 4/200 MS

SLPr Au/PrBa2Cu3O7−δ 4/45 MS

TL Au/YBa2Cu3O7−δ/PrBa2Cu3O7−δ/YBa2Cu3O7−δ 4/70/45/75 MS

BLY/Pr YBa2Cu3O7−δ/PrBa2Cu3O7−δ 70/75 MS

BLPr/Y PrBa2Cu3O7−δ/YBa2Cu3O7−δ 70/75 PLD

laser with 25 ns pulse length and a central wavelength of 248 nm; the fluence on
stoichiometric pressed targets is 2.5 J/cm2. During the film growth the substrate
was heated to 800 ◦C in an oxygen atmosphere with a pressure of 0.34 mbar.
After the deposition the oxygen pressure was increased to 1 bar at 700 ◦C before
the temperature was lowered to 450 ◦C, where the film was annealed in-situ for
one hour. After removal from the growth chamber every film has been annealed
ex-situ at 450 ◦C for ten hours in flowing oxygen. The thin films used for this
study are listed in Tab. 5.1. The gold capping layers of the first three samples
with a thickness of a few nanometers serve for surface-passivation and protection
purposes. The single-layer films SLY and SLPr mainly serve as reference samples
for the heterostructures. In order to enhance the signal to background ratio for
each of the samples the LE-µSR experiments have been conducted with three to
four thin films of nominally the same composition.
The orientation of the films has been confirmed by X-ray-diffraction (XRD) measu-
rements (cf. Fig. 5.1). As can be seen in Fig. 5.2 for all investigated heterostructu-
res high-resolution XRD (see, e. g. Ref. 177) also reveals oscillations in the vicinity
of the Bragg peaks reflecting the finite thickness of the constituent layers and rea-
sonably smooth interfaces—the quality of these spectra, however, is not sufficient
to extract accurate quantitative information about the film thickness or rough-
ness. Therefore, the thickness of the layers has been confirmed within ∼ 5 nm
for BLPr/Y and ∼ 3 nm for the rest of the samples by Rutherford backscattering
spectrometry (RBS) [178] at the PSI/ETH Laboratory for Ion-Beam Physics (cf.
Fig. 5.3). Figure 5.4 depicts atomic-force-microscopy (AFM) data of the TL and
BLY/Pr samples. While some particles of the sputtered materials are found which
develop especially during the growth of rather thick films and which occupy a
small area of the total surface, the underlying surface shows only small steps and
the rms surface roughness (excluding the particles) is typically . 5 nm.
The critical temperatures of the films have been determined by in-plane-resistivity
measurements. They are Tc ≈ 86 K for SLY as well as for BLY/Pr and Tc ≈ 88 K
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Figure 5.1: Room temperature Cu Kα1 XRD curves for one of each of the
YBa2Cu3O7−δ/PrBa2Cu3O7−δ heterostructures. The films are well c-axis
oriented and contributions (∗) from secondary phases as well as other film
orientations are small. However, minor misalignments between the film and
substrate c axes are reflected in the mostly absent substrate peaks falling
together with the (003m) peaks of the films where m = 1, 2, 3, 4.

for TL and BLPr/Y. The width of the transitions and the scattering among no-
minally identical samples is . 2 K. The SLPr samples show no superconducting
transition but the typical [164] two-dimensional (2D) VRH in-plane resistivity
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Figure 5.2: Room temperature Cu Kα1 high-resolution XRD curves featuring the (001)
Bragg peak of the YBa2Cu3O7−δ/PrBa2Cu3O7−δ films. The finite-size os-
cillations around the peaks are clearly visible.

between 5 K and 100 K: ρ(T ) = ρ0 exp
(

(T0/T )1/3
)

, where T0 = 11097 K and

ρ0 = 4.64×10−4 Ω cm. The results of all resistivity measurements are summarized
in Figs. 5.5 (reference samples) and 5.6 (heterostructures); in case of more than
one conducting layer only the normalized resistivity is given.
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Figure 5.3: RBS spectra of the various studied YBa2Cu3O7−δ/PrBa2Cu3O7−δ hete-
rostructures. The measurements have been performed using a 2 MeV 4He
beam and a silicon surface barrier detector under 165◦. The collected data
have been analyzed using the RUMP program [179]. The simulations (so-
lid red lines) have been corrected for multiple scattering by taking into
account a linear background.
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Figure 5.4: AFM images of the TL and BLY/Pr samples.
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Figure 5.5: Temperature dependence of the resistivities of the SLY and SLPr single-
layer-reference samples. While SLY is superconducting, SLPr shows semi-
conducting 2D VRH behavior (measured on one film without Au capping
layer which otherwise would dominate the transport). The solid red line in
the inset is a fit between 5 K and 100 K using the 2D VRH formula given
in the text.
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Figure 5.6: Normalized resistivities of the studied heterostructures as a function of
temperature.
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5.4 Zero-field µSR studies of PrBa2Cu3O7−δ

5.4.1 Powder samples

In order to facilitate the comparison with the LE-µSR data of the films, first
the results of conventional bulk µSR studies of PrBa2Cu3O7−δ powder samp-
les are discussed. Zero-field µSR experiments have been performed using two
PrBa2Cu3O7−δ powder specimens: one that has served as sputtering target for the
thin-film growth (PBCO− I) and a second one used for a study of oxygen-isotope
effects in Y1−xPrxBa2Cu3O7−δ in previous years [180] (PBCO− II). Figure 5.7
shows asymmetry spectra measured at some selected temperatures without app-
lied field in PBCO− II. Above T = 280 K the muon-spin ensemble depolarizes
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Figure 5.7: Zero-field asymmetry spectra of PBCO− II at (a) T = 280 K, (b) T =
100 K, and (c) T = 17 K. Below TN,Cu ≈ 280 K spontaneous muon-spin
precession sets in; for temperatures below TN,Pr ≈ 18 K two oscillation
frequencies are observed. The solid lines are fits to Eq. (5.1).
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Figure 5.8: Temperature dependence of the measured local fields at the muon site
and the corresponding signal fractions in PBCO− I and PBCO− II as
determined by fits of Eq. (5.1) to the data.

only slowly; below that temperature spontaneous muon-spin precession in a static
internal magnetic field at the muon site is observed. For T . 18 K the oscillati-
ons are more strongly damped and originate from spin precession in two different
fields. Therefore, the measured spectra can be described in the following way:

A (t) =

[
amag,1

(
2

3
cos (γµB1t+ ϕ) exp (−ΛT,1t) +

1

3
exp (−ΛLt)

)

+amag,2

(
2

3
cos (γµB2t+ ϕ) exp (−ΛT,2t) +

1

3
exp (−ΛLt)

)

+ (1− amag,1 − amag,2) exp

(
−σ

2
Dt

2

2

)]
A,

(5.1)

where amag,i (i = 1, 2) denote magnetic fractions, ΛT,i and ΛL the depolarization
rates of the precessing and non-precessing muon spins in the internal magnetic
fields. σD is the muon-spin-depolarization rate of non-magnetic parts of the sample
and of some possible background signal. It is of the order of magnitude 6 0.3 µs−1

without showing pronounced features in its temperature dependence. Bi are the
local magnetic inductions at the muon site—about 0.1 nm away of one of the
chain-oxygen ions [181, 182]. In the wide temperature range above T = 18 K
the muons sense only one internal field, and amag,2 vanishes. The temperature
dependence of the probed fields in both powder samples is depicted in Fig. 5.8.
These results reflect the antiferromagnetic ordering of the planar Cu moments
(TN,Cu ≈ 280 K) and the Pr moments (TN,Pr ≈ 18 K) [133, 183, 184]. In addition,
the observation of two distinct frequencies at low temperatures indicates that all
the muon chain sites in the magnetic unit cell containing four Pr atoms are no more
equivalent when the Pr moments order (antiferromagnetically along a and b, and
ferromagnetically along c) with a substantial out-of-plane component and cause a
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Figure 5.9: Temperature dependences of the initial phase of the muon-spin precessi-
on, as well as of the transverse and longitudinal spin-depolarization rates
for the two powder samples. Note especially the strong enhancement of
the transverse depolarization rate around the two ordering temperatures
reflecting the slowing down of the fluctuations of the magnetic moments.

reorientation of the Cu moments [185]. The onset of antiferromagnetic order is also
visible through the slowing down of magnetic fluctuations which causes enhanced
muon-spin-depolarization rates as seen in Fig. 5.9. One pecularity is that while
the ΛT,i are increased at both transitions, the Pr ordering is not seen in ΛL. The
large absolute value of ΛT,1 even in the temperature region between 20 K and
200 K suggests a significantly broadened static magnetic field distribution most
probably caused by disorder. As often observed in antiferromagnetic cuprates,
the initial phase of the muon-spin precession is negative (cf. Fig. 5.9) which has
been suggested to originate from fluctuating fields at the muon site present at all
temperatures [186]. The lower limits for the magnetic volume fraction estimated
from the fit of the model taking into account only randomly oriented static fields
in Eq. (5.1) and after subtracting a background of about 3 % to 5 % of the total
signal are between 80 % for PBCO− I and about 90 % for PBCO− II.
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5.4.2 Thin-film samples

In order to characterize the magnetic state of the PrBa2Cu3O7−δ layers of the
thin-film heterostructures zero-field LE-µSR experiments have been performed.
In each case the muon implantation energies have been chosen adequately, so that
according to TRIM.SP simulations most of the particles stop in the PrBa2Cu3O7−δ
layer. The used energies and stopping fractions are summarized in Tab. 5.2 and
exemplary a few selected simulated muon stopping profiles for the trilayer struc-
ture are depicted in Fig. 5.10.
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Figure 5.10: Selected normalized muon implantation profiles for the TL heterostruc-
ture obtained by TRIM.SP simulations. The dashed lines indicate the
boundaries between the different layers of the film. The leftmost and
rightmost interfaces represent the boundaries of the heterostructure to
the Au top layer and the SrTiO3 substrate, respectively.

Figure 5.11 shows for all films LE-µSR asymmetry spectra measured in zero app-
lied field at about T = 100 K. When compared to the powder spectra (cf. Fig. 5.7)
it is evident that, while spontaneous muon-spin precession with a similar Larmor
frequency is also observed in the thin PrBa2Cu3O7−δ layers, the oscillations are

Table 5.2: Fractions of muons stopping in PrBa2Cu3O7−δ, in the other layers or being
backscattered for the different zero-field LE-µSR experiments on the thin-
film heterostructures

thin
film

sample
holder

E (keV) 〈zµ〉 (nm) fPrBa2Cu3O7−δ (%) fother (%) fback (%)

SLPr Ag 6.0 29 92.4 1.2 6.4
TL Ag 21.6 97 67.5 31.1 1.4

BLY/Pr Ag 23.5 109 90.2 8.8 1.0
BLPr/Y Ni 8.0 38 96.6 0.0 3.4
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Figure 5.11: (a)–(d) Zero-field asymmetry spectra of the studied thin films listed in
Tab. 5.2 at T = 100 K or T = 110 K, respectively. The muon implantation
energies have been chosen to probe mostly the PrBa2Cu3O7−δ layers of
the heterostructures. Similar to the powder samples spontaneous muon-
spin precession is observed in all films, however, the spin-depolarization
rate is considerably increased. The solid lines are fits to Eq. (5.2).

much more damped; additionally, some part of the polarization decays very rapid-
ly (SLPr and TL). This is most probably caused by a higher degree of disorder and
strain in the films as compared to the powder which leads to an overall broader
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heterostructures (cf. Tab. 5.2) as determined by fits of Eq. (5.2) to the
data. For comparison also the data for the PBCO− I powder sample are
plotted again.

field distribution at the muon site. In order to analyze the data quantitatively it
has to be taken into account that the films are grown with the c axis oriented per-
pendicular to the large substrate face. Therefore, the magnetic fields detected by
the muons are no longer randomly oriented as in the case of the powder samples
but mainly point in the direction perpendicular to the film surface (cf. Sec. 5.5).
Hence, the model function fitted to the data is the following:

A (t) =
[
amag,1 cos (γµBt+ ϕ) exp (−ΛTt) + amag,0 exp (−Λ0t)

+ (1− amag,1 − amag,0) exp (−ΛDt)
]
A.

(5.2)

Here, the first two terms account for the oscillating and the fast depolarizing
parts (Λ0 = 10 µs−1 to 50 µs−1) of the signal which can be interpreted as origi-
nating from ordered and more disordered magnetic regions of the PrBa2Cu3O7−δ
layers, respectively. The last term reflects contributions to the signal from muons
stopping in non-magnetic layers of the heterostructures, outside the films in the
Ag backing or within non-magnetic parts of the PrBa2Cu3O7−δ. The correspon-
ding depolarization rates are virtually temperature-independent and for all films
ΛD . 0.3 µs−1. The total asymmetry A has been fixed to a value of 0.275, typical
for the LE-µSR spectrometer at high implantation energies. The obtained local
fields and transverse depolarization rates are depicted in Fig. 5.12. The overall
behavior is similar for all the films and powders. However, when comparing the
film data to the powder results, ΛT is higher by about a factor of 3 at intermediate
temperatures. Also, while the Néel temperatures are unchanged, the local fields
are slightly smaller in the PrBa2Cu3O7−δ layers within the heterostructures than
in the powder and single layer which might indicate structural differences between
the various samples. This effect is most pronounced for BLY/Pr, where the fields
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Figure 5.13: Initial phases and magnetic fractions as introduced in Eq. (5.2) as a
function of temperature for the thin-film samples.

are actually smaller by 10 % to 20 %. Furthermore, due to the enhanced broade-
ning of the field distribution the splitting in two precession frequencies below TN,Pr

cannot be resolved in the thin films. Figure 5.13 finally shows the initial phase of
the oscillatory signal which is negative below TN,Cu just like in the bulk samples.
Also shown are the sums of the magnetic fractions of the total asymmetry for the
different samples as defined in Eq. (5.2). In order to estimate the magnetic volume
fractions of each of the PrBa2Cu3O7−δ layers these values have to be corrected for
the part of the muons not stopping in PrBa2Cu3O7−δ and for the too highly fixed
total asymmetry in case the measurements have been done at relatively low im-
plantation energies where still a considerable amount of muons are backscattered
from the samples (SLPr and BLPr/Y). Taking this into account and assuming a
total fraction of muons which hit the Ag- or Ni-coated sample plate of about 15 %
one obtains the following estimates for the magnetic volume fractions within the
PrBa2Cu3O7−δ layers: 1.0 (SLPr), 0.86 (TL), 0.78 (BLY/Pr), and 0.63 (BLPr/Y). It
has to be noted that these figures can only serve as approximate estimates mainly
due to uncertainties in the simulated implantation profiles. Furthermore, the esti-
mates for the two latter samples are lower limits since purely c-axis directed local
fields have been assumed in the antiferromagnetic regions, and only the oscilla-
ting part of the asymmetry is considered to be “of magnetic origin”. In the two
former samples the observed fast depolarizing asymmetry is believed to be caused
by disordered magnetic regions of the sample which therefore also contribute to
the magnetic volume fraction and in turn might lead to an overestimation.
In summary, the zero-field µSR experiments show that the PrBa2Cu3O7−δ layers
within the studied thin films assume the same antiferromagnetic order as in the
bulk powder samples, even though all the heterostructures also contain smaller
regions without static magnetic order within the PrBa2Cu3O7−δ. While the Néel
temperatures are similar for all specimens the observed local magnetic fields are
slightly smaller in the films, and the spin-depolarization rate is considerably hig-
her; this reflects small structural differences and a more strongly disordered state
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in the heterostructures as compared to the powder.

5.5 High-transverse-field µSR studies of

PrBa2Cu3O7−δ

0.00

0.02

0.04

0.06

−20 −15 −10 −5 0 5 10 15 20

P
(B

)
( m

T
−1

)

B − µ0H (mT)

0.10

0.20

0.50

1.00

T = 120 K PBCO− I, 0.10 T
PBCO− I, 0.40 T

TL, 0.15 T

Figure 5.14: Comparison of the field distributions determined in high-transverse-field
measurements in the PBCO− I powder and TL thin-film samples at T =
120 K. The presented curves have been obtained by a maximum-entropy
analysis [110,115,116]. For this an additional apodization with a Gaussian
(σapod = 1.5 µs) has been applied to the time spectra, causing a moderate
broadening and smoothing of the obtained field distributions.

In order to complement the zero-field measurements and to verify the direction
of the internal fields observed in the PrBa2Cu3O7−δ layers, transverse-field ex-
periments have been done on the PBCO− I and TL samples. The applied field
has been chosen to be much higher than the local internal fields (µ0H � BZF,
where BZF are the local fields determined in the zero-field measurements shown
in Figs. 5.8 and 5.12) and to be perpendicular to the film surface in case of the
TL samples (H ‖ ĉ). Figure 5.14 shows the measured field distributions P (B) at
T = 120 K well below TN,Cu and well above Tc of the YBa2Cu3O7−δ layers. In
the powder, P (B) extends from µ0H − BZF to µ0H + BZF as expected for ran-
domly oriented grains. By contrast, in the thin film, besides a peak at the applied
field value originating from background muons and those stopping in the adjacent
YBa2Cu3O7−δ layers, only contributions at µ0H ± BZF are present. Taking into
account the Cu moments µCu = 0.58µB as determined by neutron scattering [185]
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the sum of the dipolar fields at the µ+ position is in good agreement with the
fields determined in the zero-field measurements and is mainly directed along the
c axis of the crystal structure. Therefore, the observation that the local fields are
just the sum of the applied and the internal field of the antiferromagnet confirms
that BZF ‖ ĉ in PrBa2Cu3O7−δ and also provides additional evidence of the good
epitaxial c-axis orientation of the thin films.

5.6 Transverse-field LE-µSR studies of the

Meissner effect in the thin films

5.6.1 Trilayer experiments

The superconducting properties of the thin-film heterostructures have been inve-
stigated by means of transverse-field LE-µSR experiments. These measurements
can be done using two geometries: either a magnetic field is applied perpendi-
cular to the films which leads to the formation of a flux-line lattice in type-II
superconducting layers [12, 187] or a small magnetic field is directed parallel to
the films where it will be screened within superconducting layers in the Meissner
state [4, 5]. While in the studied films the formation of a regular vortex lattice
in the YBa2Cu3O7−δ layers in a perpendicular field has been demonstrated [188],
studying the coupling between the layers in this geometry is not feasible since the
analysis of the data would involve extensive modeling of field distributions based
on various assumptions for the vortex lattice in the individual layers [189, 190]
as well as for the interlayer coupling. Additionally, the large contributions of the
antiferromagnetically ordered PrBa2Cu3O7−δ layers to the LE-µSR signals (cf.
Sec. 5.4.2) obscure the field distributions originating purely from the flux-line lat-
tice. Therefore, the major part of the transverse-field LE-µSR experiments has
been performed cooling the samples under zero-field conditions and then applying
an external magnetic field up to µ0H = 26 mT parallel to the film surface2 and
to the crystallographic ab planes. In this geometry, the screening of the applied
magnetic field within a superconductor can be observed directly by measuring the
local magnetic fields as a function of the muon implantation depth [106,107].
For these measurements there are three contributions to the LE-µSR signals. Al-
ways present is a “background signal” of muons missing the film samples and
stopping in the Ag-coated sample plate where their spins precess at a frequen-
cy corresponding to the applied field. As seen in Secs. 5.4.2 and 5.5 the muons
implanted into the antiferromagnetic regions of the PrBa2Cu3O7−δ layer probe a
superposition of the internal and the applied fields. Finally, the muons stopping

2Note that even in magnetic fields much higher than those used for the investigations in Chap. 4
the thin films are in the Meissner state due to surface barrier effects leading to a multiplication
of the lower field limit for flux penetration [191].
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in the YBa2Cu3O7−δ layers sense a paramagnetic (above Tc) or diamagnetic (be-
low Tc) environment. The fraction of muons in not magnetically ordered areas of
PrBa2Cu3O7−δ contributes to the latter signal as well. Since the absolute diama-
gnetic field shift in these thin films is small, the field distributions probed by the
muons are rather narrow as compared for instance to thick superconducting films
or single crystals where the finite width of the asymmetric muon stopping profile
leads to a broad asymmetric field distribution (see, e. g. Chap. 4). Hence, it is a
reasonable approach to analyze the LE-µSR asymmetry signal of the TL sample
with the following model

A(t) = Asc cos (γµBsct+ ϕ) exp

(
−1

2
σ2

sct
2

)

+ Amag cos (γµBmagt+ ϕmag) exp (−Λt)

+ Abg cos (γµBbgt+ ϕ) exp

(
−1

2
σ2

bgt
2

)
,

(5.3)

where the three parts correspond to the three signal fractions introduced above in
inverse order. The background fraction Abg as a function of the muon implantation
energy and the applied field has been estimated by independent measurements of
a Ag foil of the same lateral size as the heterostructures mounted on a Ni-coated
sample holder and this parameter is kept fixed during the analysis of the film data.
Since the field distribution generated by the antiferromagnetically ordered regions
is rather broad, in order to reduce the effect of correlations between the different
parameters the average field Bmag probed in these regions and the corresponding
spin-depolarization rate Λ has been determined at the implantation energy where
most of the muons thermalize in the PrBa2Cu3O7−δ layers and hold constant for
the other energies. In Fig. 5.15 the screened fields as a function of the muon im-
plantation energy in the trilayer sample are compared to the SLY reference sample
of about the same total thickness. The temperatures between 21 K and 25 K have
been chosen to be sufficiently below Tc of the YBa2Cu3O7−δ layers but above TN,Pr.
In the TL system it is expected to find only modest screening of the applied field
in the top and bottom YBa2Cu3O7−δ layers if there was no Cooper-pair trans-
port across the PrBa2Cu3O7−δ barrier. However, the experiment shows screening
of the applied magnetic field throughout the whole heterostructure as shown in
Fig. 5.15 and therefore, for both specimens the obtained depth dependences are
similar. Despite that, it is important to note that the antiferromagnetism in the
PrBa2Cu3O7−δ barrier as observed in the zero-field experiments (cf. Sec. 5.4.2) is
hardly disturbed at all and the magnetic volume fraction of PrBa2Cu3O7−δ can
be equally determined from the partial asymmetries in the transverse-field mea-
surements to be & 90 % in the TL sample. For an applied field of 25.9 mT the
energy dependence of the respective asymmetry contributions to the total signal
as introduced in Eq. (5.3) are shown in Fig. 5.16 together with the depolarization
rate σsc of the diamagnetic signal for all employed fields. From Figs. 5.15 and 5.16
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Figure 5.15: Normalized diamagnetically shifted local fields as a function of the muon
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25 K and T = 21 K (left panel). For comparison the screened fields in SLY

are shown in the right panel. The solid line at the lowest temperature is
a guide to the eye indicating the hyperbolic-cosine-like field penetration
from both sides of the thin superconducting film.

it can be deduced that the screening efficiency over the trilayer shows a small field
dependence. The relative diamagnetic shift of the field in the TL heterostructure
at 21 K 6 T 6 25 K is always about 0.5 % larger for applied fields of less than
15 mT than for µ0H = 26 mT and the width of the field distribution at 26 mT
is about twice the one for lower fields. Part of this effect can be attributed to the
naturally broader field distribution that is probed if a higher magnetic field is ap-
plied. And, while it seems to be basically possible that a background effect related
to the more distorted muon beam at higher fields is responsible for the observed
field dependences this is unlikely to be the case here. Firstly, the total diamagnetic
shift is of the order of 2 mT, hence, this signal is clearly separated from the back-
ground at the applied field and both contributions can be determined accurately.
Secondly, the muon-spin-depolarization rates in the SLY reference sample are even
in an elevated applied field of 19.5 mT only slightly enhanced (σsc ≈ 0.4 µs−1 at
T = 10 K) compared to the TL values at low fields. Therefore, the lower relative
diamagnetic shift at the highest applied field might indicate that the channels
facilitating the Cooper-pair transport through the PrBa2Cu3O7−δ barrier exhibit
an effective critical current density which would have to be exceeded in order to
produce the same screening as at lower applied fields. The same could be true also
only for parts of the samples, what would generate an inhomogeneous situation
resulting in less average field screening and an overall wider field distribution as
observed in the experiment.
The temperature dependence of the observed local magnetic fields in the cen-
ter of the trilayer is shown in Fig. 5.17. Clearly, the screening of the applied
field in the structure sets in below Tc of YBa2Cu3O7−δ. Since the applied and
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Figure 5.16: Left panel: Muon-energy dependence of the measured partial asymme-
tries Asc and Amag at T = 25 K and in an applied field of 25.9 mT. The
missing part of the total asymmetry of about 0.27 at high and at least
0.20 at the lowest energies is mainly contained in the background Abg. At
low implantation energies there is additionally a fast depolarizing asym-
metry fraction probably originating from reflected muons stopping in the
radiation shield of the cryostat. Right panel: Spin-depolarization rate of
the muons probing a diamagnetically shifted signal in the various applied
fields as a function of the implantation energy. The solid lines in both
panels are guides to the eye.

the internal fields in PrBa2Cu3O7−δ are roughly perpendicular to each other
B2

mag ≈ B2
ZF + (µ0H)2 ≈ B2

ZF +B2
sc. Given the uncertainty in the determinati-

on of Bmag it cannot be finally decided if either the applied or the diamagnetically
shifted field contributes to the signal in the antiferromagnetic regions. The cor-
responding muon-spin-depolarization rates in the center of the trilayer structure
are depicted in Fig. 5.18. The strong increase of Λ at low temperatures is caused
by the ordering of the Pr moments at around T ≈ 18 K as already seen in the
zero-field measurements (cf. Fig. 5.12). It can also be seen from Fig. 5.18 that
the above described weaker diamagnetic response at higher applied fields is in fact
observed in the entire temperature region below Tc, whereas the antiferromagnetic
signal is about the same for all fields as evidenced by the depolarization rate Λ.
Up to now it has been shown that the trilayer heterostructures as a whole show
a Meissner effect comparable to a single superconducting layer of the same total
thickness indicating that supercurrents can enter and cross the PrBa2Cu3O7−δ bar-
rier even though a single PrBa2Cu3O7−δ layer is overall not superconducting. At
first sight, these observations might be connected to the occurrence of supercon-
ducting shorts between the YBa2Cu3O7−δ “electrodes”, either due to superconduc-
ting inclusions in the PrBa2Cu3O7−δ layer as discussed in Sec. 5.1 or outgrowths
from the YBa2Cu3O7−δ. On the one hand, these kind of shorts are likely to be
present given the large area of the heterostructures of 10×10 mm2, where already
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Figure 5.17: Temperature dependence of the local magnetic fields Bsc and Bmag and
the respective asymmetries measured in an applied field of 9.5 mT pro-
bing the center of the TL structure using a muon implantation energy of
20.6 keV. The small deviations in the asymmetries as compared to the
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the transport in Josephson devices with lateral dimensions of maximally a few
hundred microns in each direction appears often to be dominated by shorts [192].
On the other hand, as shown in Sec. 5.3 the thickness of the barrier layer (45 nm)
is much larger than at least the surface roughness of the films (. 5 nm) which
reduces the probability of occurring superconducting filaments. In order to test
whether the proximity to the superconducting YBa2Cu3O7−δ layers induces cohe-
rent superconductivity at least in the non-magnetic parts of PrBa2Cu3O7−δ or if
the supercurrent flow is nevertheless caused by spurious effects like the existence
of shorts, additional experiments have been conducted. In a first step the edges
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(about 0.5 mm on each side) of the TL films which are mostly at risk to contain
shorts have been etched away and the LE-µSR experiments have been repeated.
The very same results are obtained—as a matter of fact all previously shown data
with an applied field of 14.6 mT have been taken on the etched films. In a second
crucial step the size of the Meissner effect has been studied as well in the bilayer
samples BLY/Pr and BLPr/Y; since there only one superconducting layer is present
the occurrence of microshorts is excluded on principle.

5.6.2 Bilayer experiments

Similar to the LE-µSR studies described above, experiments in the Meissner geo-
metry have also been performed on the BLY/Pr sample. As shown in Fig. 5.19
below the critical temperature of YBa2Cu3O7−δ a small but sizeable diamagnetic
shift of the applied magnetic field is observed also in this structure at energies
where the mean muon implantation depth 〈zµ〉 lies within PrBa2Cu3O7−δ. Since
at all energies a fraction of muons stops in the superconducting YBa2Cu3O7−δ top
layer, a careful analysis is needed to detect a possibly present diamagnetic signal
arising from muons implanted in the antiferromagnetic PrBa2Cu3O7−δ layer. For
this, quantitative information on the background signal of muons not stopping in
the sample but in the vicinity of the film is needed. This information has been
obtained by two additional measurements: Firstly, at T = 300 K > TN,Cu an ener-
gy scan has been performed to determine accurately the background field for the
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Figure 5.19: Left panel: Normalized screened field as a function of the muon implanta-
tion energy in BLY/Pr at T = 25 K for the two applied fields of 14.5 mT
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different muon energies. At this temperature, the data can be described by the
simple function

A(t)
∣∣∣
t>100 ns

= A exp

(
−σ

2t2

2

)
cos (γµBt+ ϕ) , (5.4)

where at low energies contributions of reflected muons to the spectra (t < 100 ns)
are neglected. As can be seen in Fig. 5.20 the average magnetic field decreases ap-
proximately linearly with increasing energy and is at the lowest measured muon
energy about 0.06 mT higher than at the highest energy given an applied field
of 14.5 mT. This change in the measured field is related to changes in the size
of the beam spot which is largest at the lowest energy, where accordingly more
inhomogeneous regions of the magnetic field are sampled than at higher ener-
gies. Therefore, also the corresponding depolarization rate is higher at the lowest
energies, while it is about constant above E = 5 keV. Both parameters are lower li-
mits for the background contribution, since the major part of the signal originates
from muons stopping in the sample; nevertheless, they are reasonable estimates.
Secondly, measurements of a Ag foil with the same dimensions (20 × 20 mm2)
as the thin-film mosaic mounted on a Ni-coated sample holder are used to de-
termine the respective sample and background contributions to the total LE-µSR
signal when the applied transverse field is the same. While in the measurements of
BLY/Pr at T = 300 K all muons stopped in the sample and the sample holder con-
tribute to the signal, here only the muons stopping in the Ag foil are relevant (cf.
Chap. 4). Hence, the difference in the amplitudes gives the size of the background
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contribution to the BLY/Pr data; this is shown in Fig. 5.20 for an applied field of
14.5 mT. Fixing in the following analysis of the BLY/Pr low-temperature data with
Eq. (5.3) the background contribution to the independently determined values as
well as Bmag and Λ to the the values obtained at the highest implantation energy,
one arrives at the mean screened fields depicted in Fig. 5.19. At least at low ap-
plied fields the obtained field profile indicates the presence of supercurrents also
in the PrBa2Cu3O7−δ layer. In order to quantify the superconducting properties
of the bilayer heterostructure a phenomenological one-dimensional London model
can be applied. Within the model a juxtaposition of two local superconductors
with different in-plane magnetic-field penetration depths is assumed to calculate
the magnetic induction throughout the structure:

Bi(z) = ãi exp (−z/λeff, i) + b̃i exp (z/λeff, i) . (5.5)

Here i = 1, 2 and the coefficients ãi as well as b̃i are determined by the boundary
conditions [193]:

B1(0) = B2(d) = µ0H

B1(d′) = B2(d′)

λ2
eff,1

∂B1(z)

∂z

∣∣∣∣∣
z=d′

= λ2
eff,2

∂B2(z)

∂z

∣∣∣∣∣
z=d′

,

(5.6)

where z = 0 and z = d denote the vacuum and the substrate interfaces and z = d′

is the interface between the different layers. In most realistic cases an additional
non-screening “dead layer” with a thickness of 5 nm to 10 nm at the surface has to
be taken into account. For the studied thin films this is mostly caused by surface-
roughness effects. The induction then only decays below this dead layer and not
from the vacuum interface (cf. Chap. 4). Using the so-defined field penetration into
the thin film, the muon implantation profiles calculated by TRIM.SP and the fact
that only a small part of the muons stopping in the PrBa2Cu3O7−δ layer contri-
bute to Asc, the mean fields expected to be measured by the LE-µSR experiment
can be determined for different λeff,i and compared with the data. Two cases are
depicted in Fig. 5.19: while the solid blue line takes into account two finite pene-
tration depths λYBCO

eff = 210(20) nm and λPBCO
eff = 740(50) nm, the solid red line

allows only the top layer to be superconducting with λYBCO
eff = 160(20) nm, whe-

reas B = µ0H is assumed in the non-magnetic regions of the bottom layer. The
comparison with the data shows that the diamagnetic response in an applied field
of 14.5 mT can be consistently explained by a finite induced superfluid density in
the PrBa2Cu3O7−δ layer. However, in the increased field of 25.9 mT the effective
screening in the bottom layer is negligible and at maximum about 5 nm from the
interface contribute with fields smaller than the applied field. For higher implanta-
tion depths the measured fields even exceed the applied field; it might be that the
flux expelled from the superconducting part of the sample enhances the probed
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Figure 5.21: Left panel: Normalized screened field as a function of the muon implan-
tation energy in BLPr/Y at T = 25 K for an applied field of 14.4 mT. The
solid line represents a fit to the phenomenological London model introdu-
ced in the text yielding λYBCO

eff = 315(30) nm and λPBCO
eff = 650(50) nm.

Right panel: Energy dependence of the partial asymmetries Asc and Amag.
The lines are guides to the eye.

induction in the neighboring layer. These observations support the overall findings
in the trilayer: not only that there seems to be a large proximity effect inducing su-
perfluid density in thick and otherwise non-superconducting PrBa2Cu3O7−δ layers,
this effect gets suppressed in higher magnetic fields. Employing this phenomenolo-
gical London model to the trilayer system yields an effective penetration depth for
YBa2Cu3O7−δ of the same order of magnitude as for the bilayer. However, since
the top and bottom layers dominate the system completely, an accurate determi-
nation of the effective barrier penetration depth from the TL data is unfeasible.
Finally, transverse-field LE-µSR experiments in the Meissner geometry have also
been conducted on the BLPr/Y bilayer having the advantage that the antiferro-
magnetic PrBa2Cu3O7−δ layer of the structure can be probed without implanting
muons also into the YBa2Cu3O7−δ layer. Here, the mosaic of the four films has
been mounted on a Ni-coated sample plate in order to remove background con-
tributions from muon spins not located in the sample but precessing with the
free Larmor frequency in the applied field and therefore, Abg = 0 in Eq. (5.3);
the remaining analysis is done like for the heterostructures described above. The
obtained screened fields and the asymmetries of the different signal contributions
as functions of the muon implantation energy are shown in Fig. 5.21 for T = 25 K
and an applied field of 14.4 mT. The fact that Asc within the PrBa2Cu3O7−δ layer
is almost energy-independent and for E = 8 keV only about 10 % of the total
asymmetry indicates the presence of spatially inhomogeneous disordered magne-
tic areas which could not be determined accurately in the zero-field measurements
because of correlations with the rapidly depolarizing Ni signal. Due to that rather
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Figure 5.22: Temperature dependence of the local screened field Bsc measured at E =
8 keV in the PrBa2Cu3O7−δ top layer of the BLPr/Y heterostructure.

small signal amplitude it is not possible to obtain precise values of Bsc as long
as muons stop solely in the PrBa2Cu3O7−δ top layer. That indeed the applied
magnetic field is also screened in this case by the whole bilayer becomes evident
from the local fields measured between E = 10 keV and E = 15 keV where
the implanted muons partially penetrate the YBa2Cu3O7−δ layer of the structure.
If the supercurrents were confined to the bottom layer, the fields in that region
should be much closer to the applied field. Hence, employing the London model
to describe the measured mean fields for BLPr/Y yields λYBCO

eff = 315(30) nm and
λPBCO

eff = 650(50) nm at T = 25 K. The value for PrBa2Cu3O7−δ is consistent with
what has been obtained for the other bilayer, whereas the superfluid density in the
YBa2Cu3O7−δ layer seems to be much less than in the reversed structure indicating
that the BLPr/Y films might contain more impurities or be more oxygen deficient
which however, would be in contrast to the higher Tc (cf. Fig. 5.6). Moreover, the
induced diamagnetism in the PrBa2Cu3O7−δ layer can be followed as a function
of temperature. Figure 5.22 shows Bsc between T = 25 K and T = 100 K for
an implantation energy E = 8 keV, where all muons stop in the top layer. The
observed field shift is small, however, systematically diamagnetic below at least
60 K.

5.7 Conclusion

The LE-µSR technique has been used to probe the magnetic and superconducting
properties of epitaxially grown YBa2Cu3O7−δ/PrBa2Cu3O7−δ/YBa2Cu3O7−δ tri-
layer as well as YBa2Cu3O7−δ/PrBa2Cu3O7−δ bilayer heterostructures. Through
the observation of the Meissner effect it is found that superconductivity can be
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induced in PrBa2Cu3O7−δ layers by the proximity to YBa2Cu3O7−δ layers. The
effect occurs in few-dozen-nanometer thick PrBa2Cu3O7−δ layers which are non-
superconductive but “semiconducting” if grown as single-layer films. Furthermo-
re, for low applied magnetic fields an effective penetration depth of the order of
650 nm to 750 nm at T = 25 K can be attributed to the superconducting state
but the induced superfluid density is considerably decreased already in an applied
magnetic field of 26 mT. However, the intrinsic antiferromagnetic ordering of the
planar Cu spins in about 90 % of the volume of the PrBa2Cu3O7−δ layers is hardly
disturbed by the Cooper-pair transport through the material which might indicate
that the transport in fact is governed by tunneling through localized states in the
CuO chains while most of the CuO2 planes remain insulating. Another explanati-
on for the present proximity effect might be found in the framework of the SO(5)
theory [194]. Here, assuming that the same interaction causes antiferromagnetism
and superconductivity, the order parameters of both can be unified using the so-
called “superspin” with SO(5) symmetry; the transition between the electronic
states would be represented by a rotation of the superspin. Using this theory an
enhanced proximity effect has been proposed in Josephson junctions containing
antiferromagnetic barriers [195,196]. However, in order to decide if this idea is app-
licable, the antiferromagnetic state in the barrier should be studied using different
materials and as a function of its thickness—thin barriers should be rendered su-
perconducting completely according to the prediction [195]. Finally, the reason for
the observed proximity effect could be the rather delicate situation regarding the
occurrence of superconductivity in PrBa2Cu3O7−δ itself as discussed in Sec. 5.1.
Taking for instance the average 4f occupation of Pr in the model of Ref. 138, then
PrBa2Cu3O7−δ would be superconducting for 1.66 4f electrons but not for 1.63.
Therefore, rather small changes in the occupation of the 4f states of Pr possibly
induced by the proximity of a superconducting layer might change the electronic
properties drastically. Or, assuming the material is an antiferromagnetic insulator
only because of a certain degree of disorder, the observed non-magnetic regions
within the PrBa2Cu3O7−δ layers might be less disordered and therefore generally
closer to a superconducting state in which the pairing potential can be enhan-
ced by the presence of the superconducting YBa2Cu3O7−δ banks. This would also
provide a natural explanation for many of the increased interlayer coupling effects
observed in transport measurements in Josephson junctions and superlattices in-
corporating PrBa2Cu3O7−δ barrier layers. However, the observed field dependence
of the proximity effect remains elusive.
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6 LE-µSR studies of
La2−xSrxCuO4
heterostructures

6.1 The La2−xSrxCuO4 compound

The crystal structure of La2−xSrxCuO4 is isomorphic to the one of La2−xBaxCuO4,
the cuprate system in which high-temperature superconductivity has been disco-
vered first [1]. Both crystallize in the K2NiF4 structure with slight orthorhom-
bic distortions [197]. La2−xSrxCuO4 contains single CuO2 layers separated by
two La(Sr)O layers (cf. Fig. 6.1). The undoped La2CuO4 compound is a charge-
transfer insulator with long-range antiferromagnetically ordered Cu spins below
TN ' 300 K [199–201]. Upon the substitution of Sr2+ for La3+ ions mobile holes
are doped into the CuO2 planes—the antiferromagnetic state is destroyed abo-
ve x ≈ 0.02 and superconductivity appears for dopings between x ≈ 0.05 and
x ≈ 0.28 [202, 203]. The maximum Tc ≈ 40 K is reached for x ≈ 0.15 (optimal
doping); for a Sr content higher than x ≈ 0.3 a metallic Fermi-liquid phase is
realized. Figure 6.2 shows a schematic phase diagram for La2−xSrxCuO4. Apart
from the long-range-ordered antiferromagnetic and superconducting phases in the
low-doping region disordered magnetic phases with short-range correlations exist.
Within the region of antiferromagnetic order the doped holes’ spins “freeze” and
for x > 0.02 the Cu moments form a disordered phase often termed “cluster spin
glass” which partially coexists with superconductivity [204, 205]. A further pe-
culiarity arises around a doping level of x = 1/8—here Tc is suppressed [206]
and a long-range-ordered state forms in which the charge carriers arrange in
one-dimensional “stripes” and the regions between these charge stripes are an-
tiferromagnetic [207, 208]. In the intermediate temperature region the so-called
pseudogap regime for optimally doped and underdoped cuprates is found [29,31].
This state is characterized by a suppression of the static [29,30] and dynamic [31]
spin susceptibility at temperatures far above Tc. Angle-resolved photoemission
spectroscopy (ARPES) [209–211] and tunneling spectroscopy [212, 213] show an
energy gap in the single-particle excitation spectrum below a crossover tempera-
ture T∗ > Tc but no coherence peak (as in the superconducting state below Tc).
In-plane-resistivity measurements exhibit a change in the curvature at T∗ [26].
Despite the observation of the pseudogap feature by many different techniques in
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La
Cu
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b
c

Figure 6.1: Orthorhombic (space group 64, Bmab) crystal structure of La2CuO4 with
the lattice constants a = 0.5357 nm, b = 0.5406 nm, and c = 1.3143 nm at
T = 325 K [198]. The Cu ions are located in the centers of the octahedra.
The shown unit cell contains four formal units of La2CuO4 and has been
drawn using DRAWxtl [92].

various cuprate materials [28] its true origin remains elusive and is still debated
heavily [32]. On the one hand, it has been proposed that it is the manifestation
of static or fluctuating ordering phenomena of degrees of freedom such as charge,
spin or orbital currents [33]. On the other hand, the low superfluid density in the
underdoped cuprates—as evidenced by the Uemura plot [214]—implies that phase
fluctuations play an important role and suggests that the pseudogap state is cha-
racterized by local pairing correlations with a well defined local phase supporting
nanoscale superconducting domains, which at Tc acquire long-range phase cohe-
rence resulting in the formation of a bulk superconducting phase [34]. In the same
respect, the spin-singlet formation as origin of the pseudogap [215] and the whole
phase as “precursor to superconductivity” [216] have further been advocated.
Another striking phenomenon within the pseudogap region is the observation of
a compared to simple metals strongly enhanced Nernst effect in an extended re-
gion Tc < T < Tonset < T∗ above the superconducting dome in hole-doped cu-
prates [217]. This enhancement has been interpreted as strong evidence for the
presence of superconducting fluctuations and vortex-like excitations at tempera-
tures significantly higher than Tc and is in line with the picture obtained earlier
in torque-magnetometry studies which have shown the importance of fluctuations
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Figure 6.2: Schematic low-temperature T -x phase diagram for La2−xSrxCuO4. For a
description of the phases, refer to the text.

in underdoped cuprates up to T ≈ 2Tc [218]. The doping dependence of Tonset

supports the phase-disordering scenario at Tc. Also the inhomogeneous line broa-
dening found by TF µSR above Tc in high magnetic fields [219] and hysteresis
effects in the normal-state magnetization of La2−xSrxCuO4 [220] have been taken
as a manifestation of superconducting correlations well above the superconducting
dome in the T -x phase diagram. Yet another observation in favor of this scenario
is the occurrence of local diamagnetism and vortices above Tc detected by SQUID
microscopy in underdoped thin films of La2−xSrxCuO4 [221,222]. However, similar
experiments on single crystals fail to show the effect [223].

6.2 Heterostructure studies

Recently, the study of oxide heterostructures received great interest—mainly be-
cause of the various electronic states found at their interfaces. For instance, it
has been discovered that the interface between the insulating and non-magnetic
SrTiO3 and LaAlO3 exhibits a wealth of states: a high-mobility 2D electron
gas [224], magnetism [225], and interface superconductivity [226]. Another ex-
ample is the ZnO/MgxZn1−xO interface where a 2D electron gas is formed and
even the Quantum Hall Effect has been observed [227].
It has further been recognized that a high-temperature-superconducting phase
with Tc ≈ 30 K can build up at the interface between insulating La2CuO4 and
metallic La1.55Sr0.45CuO4 [228]. A detailed analysis revealed that Sr interdiffu-
sion is limited to about one unit cell thickness. Resonant soft X-ray scattering
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was used [229] to measure the charge redistribution along the c axis in La2CuO4-
La1.64Sr0.36CuO4 superlattices, and indicated a characteristic screening length of
about 0.6 nm. Zn delta-doping tomography confirmed this and further revealed
that the first CuO2 plane from the interface on the La2CuO4 side is overdoped, the
second one nearly optimally doped, and the third one heavily underdoped [230].
Therefore, the optimal carrier concentration for obtaining a superconducting state
appears to be contained to a single CuO2 plane, the second after the interface. Such
charge redistribution is in fact expected from simple model calculations [230,231].
Apart from interface phenomena, proximity effects may appear in heterostruc-
tures, which can be used to detect the presence of pairing or superconducting
fluctuations in a normal metal in close contact to a superconductor. Pairing cor-
relations present in the normal metal will modify transport quantities such as the
conductance, the Nernst coefficient, and also the overall magnetization. Espe-
cially the conductance of Josephson junctions consisting of high-temperature-
superconducting oxide electrodes and barriers has been studied (cf. Sec. 5.2).
Several groups have reported a so-called “Giant Proximity Effect” in junctions
containing barriers in the pseudogap state [175, 232]. For example, in one such
experiment trilayer Josephson junctions were fabricated with the top and bot-
tom electrodes made of S = La1.85Sr0.15CuO4 with Tc = 45 K, and barrier layers
made of S ′ = La2CuO4+δ with a typical T ′c = 25 K [175]. Such SS ′S sandwich
junctions were shown to transmit supercurrent even at temperatures T > T ′c and
for anomalously thick barriers up to 20 nm. Thus, Josephson coupling occur-
red over a length scale significantly larger than expected from the conventional
theory of the proximity effect [17]. Other Josephson-like experiments designed to
probe directly superconducting fluctuations in the normal state of underdoped
YBa2Cu2.8Co0.2O7 have found excess conductance in a relatively narrow range
(≈ 15 K) above T ′c = 61 K disappearing well below T∗ and consistent with stan-
dard Gaussian fluctuations [233].
The problem is that Josephson tunneling experiments are delicate. Even though
great effort was spent to rule out filamentary superconductivity, the evidence for
this was only circumstantial [175]; one would prefer a direct measurement that
can

(i) detect superconductivity,

(ii) access buried layers,

(iii) probe locally,

(iv) scan along the z coordinate, and

(v) estimate the superconducting volume fraction in each layer, thus differen-
tiating between “filamentary” and “bulk” superconductivity.

LE-µSR in fact fulfills all these requirements and in the following, detailed LE-µSR
studies of the magnetic and superconducting properties—especially the interlayer
coupling—of SS ′S-trilayer heterostructures consisting of nearly optimally doped
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S = La1.84Sr0.16CuO4 (Tc ≈ 32 K) and strongly underdoped S ′ = La1.94Sr0.06CuO4

(T ′c . 5 K) are reported.

6.3 Heterostructure preparation and

characterization
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Figure 6.3: Room temperature Cu Kα1 θ-2θ XRD spectrum of one of the
La1.94Sr0.06CuO4 single-layer (SL) and La2−xSrxCuO4 trilayer (TL) films
each. Only the (002m), m = 1, 2, 3, . . . reflections of the films and sub-
strates (♦) are observed.

The studied trilayer (TL) heterostructures of the SS ′S type consist of c-axis ori-
ented layers of S = La1.84Sr0.16CuO4 for the top and bottom “electrodes” while
S ′ = La1.94Sr0.06CuO4 served as the “barrier”. Each of the layers has a thickness
of about 46 nm. For comparison also single layers (SL) of S ′ = La1.94Sr0.06CuO4

with the same thickness have been studied. These thin films have been synthesized
using the atomic layer-by-layer molecular-beam-epitaxy (MBE) system at Brook-
haven National Laboratory. The samples were grown simultaneously on four single-
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crystal SrLaAlO4 substrates, each with the 10×10 mm2 surface polished perpendi-
cular to the [001] direction, under nominally identical conditions in 1.2×10−5 mbar
of ozone and with a substrate temperature of about 700 ◦C. The deposition rates
were measured by a quartz-crystal oscillator before growth and controlled during
the deposition using a custom-made atomic-absorption-spectroscopy system [234].
The quality of the film growth was controlled in real time by monitoring Reflec-
tion High-Energy Electron Diffraction (RHEED) intensity oscillations providing
digital information on the film thickness. Subsequent ex-situ XRD with Cu Kα1

X-rays with a wavelength of 0.15406 nm confirmed the c-axis orientation of the
thin films and the absence of secondary phases (cf. Fig. 6.3).
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Figure 6.4: Cu Kα1 X-ray reflectivity curve and high-resolution XRD spectrum sho-
wing the vicinity of the (002) Bragg reflection of a trilayer heterostructure
(top scale: reciprocal lattice units of the substrate). The solid red curve is
a fit to the reflectivity data obtained through GenX [235].
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Kiessig fringes in the low-angle reflectivity curves [236] as well as further finite-
thickness oscillations around the (002m), m = 1, 2, 3, . . . Bragg peaks studied by
high-resolution XRD (cf. Fig. 6.4) and rocking curves with a FWHM . 0.015◦

(cf. Fig. 6.5) indicate the high quality of the films and interfaces. From the
finite-thickness oscillations the overall film thickness has been determined to be
136(1) nm, consistent with the values determined by RBS (cf. Fig. 6.6). The rms
roughness of the interfaces as obtained from a fit to the X-ray reflectivity curve
is about 1 nm. The rms surface roughness as measured by AFM over an area of
2500 mm2 is about 0.3 nm. The critical temperatures of the films have been de-
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Figure 6.6: RBS spectrum of a La2−xSrxCuO4 trilayer heterostructure. The measure-
ments have been performed using a 2 MeV 4He beam and a silicon surface
barrier detector under 165◦. The collected data have been analyzed using
the RUMP program [179]. The simulation (solid red line) has been corrected
for multiple scattering by taking into account a linear background; it gives
a total thickness of 140(4) nm.

termined using mutual-inductance as well as four-point-resistivity measurements.
Mutual inductance was measured for every film in the transmission geometry, i. e.
with the film placed in-between the drive and the pick-up coils. A lock-in amplifier
was used at the measurement frequency ν = 10 kHz. As can be seen in Fig. 6.7
the comparison of the mutual-inductance data with four-terminal-resistivity mea-
surements shows that, as the temperature is decreased, the resistance vanishes at
the critical temperature Tc which corresponds to the temperature below which
the reactive component starts to decrease and the dissipative component starts
to increase. Both techniques show that all the trilayers exhibit narrow supercon-
ducting transitions with Tc ≈ 32 K with only small variations in Tc within the
set of three heterostructures. In contrast, all single-phase La1.94Sr0.06CuO4 films
show Tc . 5 K. Here, the variation in the critical temperature between the diffe-
rent films is somewhat larger—probably due to small disparities in the Sr doping
level or the density of oxygen vacancies, and the greater sensitivity of Tc to such
variations in the region of the phase diagram close to the onset of superconducti-
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vity. Moreover, for these films the average doping level is confirmed very well by
the temperature dependence of the in-plane resistivity in the normal state—both
qualitatively and quantitatively (cf. Fig. 6.7 and Fig. 2a of Ref. 26).
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only the normalized resistivity is shown.
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6.4 Magnetic properties

As can be seen in Fig. 6.2 La1.94Sr0.06CuO4 lies in the region of the doping phase
diagram which is characterized by the existence of both the superconducting and
the magnetic “cluster-spin-glass” state—both strongly depending on the doping
level. The barrier layer of the TL heterostructure cannot be accessed directly,
e. g. by the in-plane-resistivity measurements. However, the comparison of the
magnetic behavior of the underdoped single-layer film and the barrier of the tri-
layer by LE-µSR makes it possible to assess the equivalence and integrity of these
layers. In order to do so, zero-field (ZF, H = 0) and transverse-field (TF, H ⊥ ĉ,
µ0H = 9.5 mT) LE-µSR experiments have been carried out. To stop the muons
preferentially in the La1.94Sr0.06CuO4 layers of the SL and TL films energies of
5.3 keV and 12.5 keV, respectively, have been used for these studies. The cor-
responding muon implantation profiles simulated using TRIM.SP are depicted in
Fig. 6.8. Typical ZF µSR asymmetry spectra are shown in Fig. 6.9. For both
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Figure 6.8: Muon implantation profiles for the La2−xSrxCuO4 trilayer heterostructure
for a few selected muon energies. Interfaces between the different layers
and to the substrate are indicated by dashed lines.

samples it is observed that the spin-depolarization rate increases upon lowering
the temperature; the time evolution of the spin polarization in the central layer
can be consistently fitted in both cases by a combination of a fast and a slowly
depolarizing signal. Therefore, the function used for analyzing the ZF spectra is
the following:

AZF(t) =
(
Ase

−Λst + Afe
−Λf t

)
e−σ

2
nuct

2/2 + ANie
−ΛNit + Atb/Age−σ

2
tb/Ag

t2/2. (6.1)

The first term in parentheses describes the dominant signal from the underdoped
layer of the samples (SL or TL), which were mounted on an Al plate covered with
Ni (TL) or Ag (SL). The signal from this layer consists of a fast (f) and a slowly (s)
depolarizing component; the former describes the “spin-glass-like” state, the latter
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Figure 6.9: Zero-field asymmetry spectra for the single-layer (SL) and the trilayer (TL)
films. In both cases the muon energy has been chosen to implant most mu-
ons in the underdoped La1.94Sr0.06CuO4 layers. The pronounced depolari-
zation at low temperatures and its evolution is similar in both cases. The
higher baseline in the TL case essentially reflects the weakly depolarizing
signal from the muons that stop in the top layer of the heterostructure.
The rapidly decaying part of the TL signal visible in the first 100 ns stems
from muons hitting the Ni coating of the sample plate.

a non- or weakly magnetic volume fraction of the layer. The sum of the two
contributions Af + As is virtually temperature-independent. σnuc = 0.140(5) µs−1

takes into account the spin depolarization caused by the nuclear dipolar fields. This
has been determined at T = 200 K. It is multiplied with the electron-moment
contribution because it is uncorrelated with it. In the TL case the next term
represents the part of the muons missing the sample and depolarizing quickly
in the Ni coating of the sample plate. ANi = 0.046(23) and ΛNi = 88(50) µs−1

have been determined at T = 40 K and kept constant at lower temperatures.
The SL films have been mounted on a Ag background, therefore, while ANi = 0
in that situation another slowly depolarizing contribution arises from the muons
stopping in the Ag. Its parameters are estimated to be about AAg = 0.04 and
σAg = 0.1 µs−1 from independent experiments (cf. Sec. 5.6.2). For the TL sample
the additional slowly depolarizing fraction corresponds to muons thermalizing in
the top or bottom layer of the heterostructure. At 12.5 keV the corresponding
fraction is about 17 % of the total sample signal. σtb = σnuc is the damping rate,
which is found independent of the temperature in the top layer where no magnetic
order is present. Figure 6.10 shows the temperature dependence of the amplitudes
Af and As as well as the corresponding spin-depolarization rates as determined
from the fits of Eq. (6.1) to the ZF data. For the TL heterostructure the absolute
signal from the underdoped layer is smaller than for the SL. Additionally, the only
roughly determined Ni background signal correlates with the fast depolarizing
asymmetry from these layers; therefore, the fully quantitative analysis of these
ZF data is less accurate. The different contributions can be better separated by
applying a magnetic field of 9.5 mT and performing TF µSR measurements. The
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Figure 6.10: Temperature dependence of the relative fractions and depolarization rates
of the fast (f) and slowly (s) depolarizing components for a 46 nm thick
La1.94Sr0.06CuO4 layer as a single layer (SL, open symbols) or as barrier
in the trilayer heterostructure (TL, filled symbols) as determined by fits
of Eq. (6.1) to the ZF data.

data can be analyzed in an analogous manner as the ZF data, with the only
difference that the slowly depolarizing components in Eq. (6.1) have to include
an oscillating function describing the muon-spin precession in the average local
field:

ATF(t) =
[
Ase

−Λst cos (γµ 〈B〉 t+ ϕ) + Afe
−Λf t

]
e−σ

2
nuct

2/2 + ANie
−ΛNit

+ Atb/Age−σ
2
tb/Ag

t2/2 cos (γµ 〈B〉 t+ ϕ) .
(6.2)

All signal contributions have the very same origin as described above for the
ZF case, however, the absolute values of the parameters that are kept constant
changed to σnuc = 0.082(11) µs−1, ANi = 0.055(25), ΛNi = 96(60) µs−1, and
σtb = 0.09(1) µs−1 for the TL and Atb = ANi = 0, AAg = 0.04 and σAg =
0.1 µs−1 for the SL sample. The resulting fractions and depolarization rates for
the La1.94Sr0.06CuO4 layers are depicted in Fig. 6.11. The depolarization rate is
a measure of the width of the distribution of local magnetic fields (Λ ' γµ∆B),
which is proportional to the size of the magnetic moments but may include al-
so contributions from fluctuating fields. The emergence of the fast depolarizing
fraction below about 16 K is due to the build-up of random static fields from
Cu electronic moments. The fact that two distinct µSR signals are consistently
observed in the ZF and TF measurements indicates the presence of two spatially
separated phases. A fraction Af/ (Af + As) of the implanted muons probes a ma-
gnetic phase while the other muons experience only very weak internal magnetic
fields. The non-observation of a spontaneous spin precession in the ZF measure-
ments shows that the magnetic phase originates from moments that slow down
and freeze with random orientation producing a wide distribution of static fields.
The magnetic structure of this “cluster-spin-glass” state is heterogeneous on a
length scale larger than a few nanometers, since the fields produced by the cop-
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Figure 6.11: Temperature dependence of the relative fractions and depolarization rates
of the fast (f) and slowly (s) depolarizing components for a 46 nm thick
La1.94Sr0.06CuO4 layer as a single layer (SL, open symbols) or as barrier
in the trilayer heterostructure (TL, filled symbols) as determined by fits
of Eq. (6.2) to the TF data.

per magnetic moments decay away over this length scale. The evolution of the
signals with temperature shows that, while the total amplitude remains approxi-
mately constant, the magnetic phase appears below 16 K and gradually grows at
the expenses of the other as the temperature decreases (cf. Figs. 6.10 and 6.11).
Tg, defined as the temperature at which the magnetic volume fraction is 50 % is
reached at 5 K. Differently from Af(T ), Λf is almost temperature-independent.
This indicates that the disorder and size of the moments immediately saturate
upon freezing while an increasing volume fraction of the underdoped layer be-
comes magnetic on further lowering the temperature. The increase in Λs below
that temperature indicates the onset of some sort of weak (or fast fluctuating)
magnetism probably related to deviations in the susceptibility from paramagnetic
behavior [237].
Important for the considerations about the diamagnetic response of the thin films
detailed in Sec. 6.6 is that the very similar temperature dependence of the pa-
rameters characterizing the magnetic phase of the single layer and the trilayer
heterostructure confirms the integrity of the barrier layer and its doping level.

6.5 Muon stopping distributions

As discussed in detail in Sec. 6.4 in the underdoped La1.94Sr0.06CuO4 layers (but
not in the La1.84Sr0.16CuO4 top and bottom layers of the TL heterostructure) be-
low about 16 K in the µSR signal a fast depolarizing component develops on the
expenses of the slowly depolarizing one. Assuming the magnetic clusters leading
to the fast muon-spin depolarization are distributed homogeneously over the layer,
using the energy dependence, e. g. of the slowly depolarizing fraction in TL at low
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6.5 Muon stopping distributions

temperatures it is possible to test the accuracy of the simulated muon stopping
distributions. Since accurate reference data for the determination of the back-
ground signal originating from muons stopping in the Ni backing are not available
for all used energies, only the total slowly depolarizing fraction is extracted from
the TF µSR spectra. The first 200 ns of the spectra containing the fast depolari-
zing Ni signal as well as the complementary magnetic signal of the barrier layer
are ignored. The function used for the analysis can therefore be written as

ATF(t)
∣∣∣
t>200 ns

≈ A′se
−σ2t2/2 cos (γµ 〈B〉 t+ ϕ) , (6.3)

where the partial asymmetry A′s is equivalent to the sum of As and Atb in Eq. (6.2).
Figure 6.12a shows the energy dependence of the measured A′s for three different
temperatures below 16 K as well as for reference measurements at 40 K. Apart
from the general instrument-dependent increase of A′s with increasing energy1, the
figure shows that at low temperatures the slowly depolarizing fraction first decrea-
ses with increasing muon implantation energy as more muons stop in the partially
magnetic central layer, then it rises again when most of the muons thermalize in
the bottom layer of the structure. Finally, at the highest energies a substantial frac-
tion of muons is implanted in the insulating substrate where the part of the muons
that forms muonium2 depolarizes very fast and therefore does not contribute to
A′s, hence, A′s decreases again. In order to compare the observed A′s with the signal
that is predicted by the TRIM.SP simulations, in Fig. 6.12b the data are normalized
to A′s determined at T = 40 K where all muons implanted in the paramagnetic
films contribute to this signal. Obviously, the data and the TRIM.SP simulati-
ons using the bulk mass densities of the layers (ρLa1.84Sr0.16CuO4 = 6.9 g/cm3 and
ρLa1.94Sr0.06CuO4 = 7.0 g/cm3) are at variance. Both curves appear shifted against
each other on the energy axis (cf. Fig. 6.12b). Since the total thickness of the layers
has been determined independently by means of X-ray reflectometry and diffrac-
tion as well as RBS measurements the thickness of the individual layers is kept at
46 nm. It turns out that in the simulation the mass density of the material has to
be reduced in order to achieve a fair agreement with the data. The colored curves
depicted in Fig. 6.12b result from simulations that take into account the correc-
ted mass densities ρcorr

La1.84Sr0.16CuO4
= 5.5 g/cm3 and ρcorr

La1.94Sr0.06CuO4
= 5.6 g/cm3.

These simulations generally match the data much better, however, there are still
deviations at higher implantation energies. For E > 20 keV an increasing fraction
of the muons is implanted into the substrate (cf. Fig. 6.8) where increased muo-
nium formation at lower temperatures (compared to the reference at T = 40 K)
might partially explain that the actual A′s is lower than expected. It is further-

1The energy dependence does not fully resemble those shown in Fig. 5.20 due to (i) a smaller
sample area of only 300 mm2 and (ii) a suboptimal potential applied to the electrostatic
focusing lens L3 after the trigger detector (cf. Fig. 3.7). This causes a totally smaller asym-
metry for all measurements but does not affect the relative changes between the different
temperatures.

2µ+e− bound state formed in semiconductors and insulators
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more possible that the simple change in the effective mass density does not fully
reproduce the real implantation profiles or that there are small variations in the
layer thicknesses or the magnetic-cluster distribution.
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Figure 6.12: (a) Asymmetry of the slowly depolarizing signal obtained for the TL hete-
rostructure as a function of the muon implantation energy for T = 40 K,
T = 15 K, T = 10 K, and T = 4.35 K. The dashed curve inter- and
extrapolates the obtained values at 40 K. (b) The low-temperature data
shown in (a) normalized with respect to the 40 K data. The dash-dotted
lines show the respective expected fractions obtained by TRIM.SP simu-
lations using corrected mass densities and taking into account magnetic
fractions (“missing asymmetry”) in the underdoped barrier layer of 4 %,
10 %, and 60 % for T = 15 K, T = 10 K, and T = 4.35 K. The grey
dash-dotted line marked by the arrow gives the expected fraction as cal-
culated by TRIM.SP using the nominal mass densities of La2−xSrxCuO4

and a magnetic fraction of 60 % in the central layer. The top scales indi-
cate the mean muon implantation depth for the given energies taking into
account either the corrected (〈zµ〉) or the nominal (〈z′µ〉) mass densities.
For further details, refer to the text.

It remains to be clarified why the TRIM.SP simulation only yields reasonable results
if the effective mass density is substantially reduced, but the mass density obtai-
ned by a fit to the X-ray-reflectivity data (cf. Fig. 6.4) is nearly the bulk one. A
probable explanation is given by the fact that even though TRIM.SP is taking into
account the relative ion ratio within the material, it assumes an amorphous solid
into which the muons are implanted [79,80]. Yet, the thin films of La2−xSrxCuO4

are highly crystalline and very well c-axis oriented as shown in Sec. 6.3. Therefore,
especially in the cases where muons are implanted almost parallel to one of the
crystal axes the probability of scattering at certain ions will differ from the case
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of an amorphous material with the result that the muons will penetrate further
into a crystalline solid than into an amorphous one with the same mass density.
Given these results the question arises, how reliable are the TRIM.SP simulati-
ons for the previously studied YBa2Cu3O7−δ single crystals (cf. Chap. 4) and
YBa2Cu3O7−δ/PrBa2Cu3O7−δ heterostructures (cf. Chap. 5). While no direct test
is available for the YBa2Cu3O7−δ crystals, the antiferromagnetic volume fracti-
on within the PrBa2Cu3O7−δ layers of the YBa2Cu3O7−δ/PrBa2Cu3O7−δ hete-
rostructures can be used to quantify the amount of muons stopping in these layers
in an analogous way as described above for the La2−xSrxCuO4 TL sample. It is
found that also in that case the effective mass density should be reduced for the
simulation, however, only by at most 5 %. This is fully consistent with the su-
perior crystallinity of the films grown by MBE compared to those deposited by
magnetron-sputtering or PLD techniques.
As a result of this discussion, the muon implantation profiles used for the quanti-
tative analyses in Secs. 5.6 and 6.6 as well as those depicted in Figs. 5.10 and 6.8
have been simulated using corrected mass densities for the cuprate films.

6.6 Meissner effect

6.6.1 Results
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Figure 6.13: Decay-asymmetry spectra for muons implanted predominantly in the cen-
tral underdoped La1.94Sr0.06CuO4 layer of the TL heterostructure. While
at T = 40 K the muon spins precess in the applied field, the lower pre-
cession frequency at T ′c < T = 9.5 K < Tc reflects the diamagnetically
shifted field in the barrier layer at temperatures higher than T ′c.

The TL SS ′S heterostructures with Tc ≈ 32 K and the low T ′c . 5 K offer a
broad temperature interval to search for putative long-range proximity effects on
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Figure 6.14: Average local field 〈B〉 in the trilayer heterostructure at various tempe-
ratures in an applied field of 9.5 mT (dashed line) as a function of the
muon energy (bottom scale) and the average muon implantation depth
(top scale). The points represent the field profiles determined by fits of
Eq. (6.3) to the data. The solid lines are fits of the London model descri-
bed in Sec. 5.6 and in the text below. The dash-dotted grey line indicated
by the arrow shows the field profile that would be expected at T = 4.35 K
if the screening-current flow was restricted to the upper and lower super-
conducting layers and the barrier was completely insulating.

the barrier layer. In order to map the diamagnetic response of the heterostruc-
tures as a function of position along the films’ c axis (z coordinate) the samples
are cooled in zero field from above Tc to 4.3 K, and then TF µSR measurements
with a magnetic field of 9.5 mT applied parallel to the ab planes (x direction)
are conducted for various muon implantation energies at increasing temperature.
A weakly damped coherent spin precession at a frequency ωL corresponding to a
mean local field 〈B〉 ≡ 〈Bx〉 = ωL/γµ is observed. As shown in Fig. 6.13 the spins
of the muons implanted in the TL barrier precess in a field which is diamagneti-
cally shifted with respect to the applied field—even at temperatures well above
T ′c. Since the maximum diamagnetic shift is small (0.2 mT to 0.3 mT) for an app-
lied field of 9.5 mT and therefore, the experimentally measured field distribution
resulting from weighting the profile Bx(z) with the muon implantation profile can
be well approximated by a Gaussian distribution. Hence, for the determination of
the value of the screened field the TF asymmetry spectra can be analyzed using
Eq. (6.3). Figure 6.14 displays the energy and depth dependence of 〈B〉 at different
temperatures. The local field is lower than the applied field at all depths in the
heterostructure indicating that the entire sample exhibits a Meissner effect and
expels the magnetic flux like a bulk superconductor. This behavior is observed
not only at the base temperature, which is within the upper limit of T ′c but also
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Figure 6.15: Average local field measured in the center of the La1.94Sr0.06CuO4 layer:
as a single layer (SL, E = 5.3 keV) and as a barrier in the trilayer (TL,
E = 12.5 keV).

well above at 10 K, 15 K, 17 K, and 20 K. Given that in the studied geometry
all supercurrents have to pass through the 46 nm thick barrier this observation
is quite surprising. The thickness of the barrier is over two orders of magnitude
larger than the c-axis coherence length ξc in the electrodes and for T > T ′c the
single-phase La1.94Sr0.06CuO4 films are not superconducting and not even metallic
along the c axis. The evolution of the average field with temperature in the center
of the SL and TL films is depicted in Fig. 6.15. In the case of the trilayer 〈B〉
is diamagnetically shifted up to Teff ≈ 22 K. Above this temperature its value
is within the experimental uncertainty equal to the applied field. Within the SL
film no field shift is observed. This 〈B〉 (T ) dependence has been obtained by the
analysis described in Sec. 6.4, i. e. by fits of Eq. (6.2) to the data, taking into ac-
count the full temporal evolution of the muon-spin polarization. The comparison
of the values in Figs. 6.14 and 6.15 shows that the diamagnetic shift is determined
equally well by means of either Eq. (6.2) or the simplified Eq. (6.3).
Returning to Fig. 6.14 the observed depth dependence of the field also reflects that
the screening supercurrents flow along the c axis as well as in the ab planes of the
barrier since 〈jab〉 = 〈jy〉 = µ−1

0 〈dBx/dz〉 6= 0. The profiles have the shape of an
exponential field decay in the Meissner state with the flux penetrating from both
sides and resemble that one for two local superconductors with different magnetic
penetration depths. Bx(z) is modeled by a solution of the London equations in
each layer with the boundary conditions that the field equals the applied field at
the vacuum-film and the film-substrate interfaces and that the field as well as the
vector potential are continuous at the layer interfaces (see Eqs. (5.5) and (5.6)
in Sec. 5.6.2). By taking into account the weighted simulated stopping distribu-
tion ñ(z) of the muons in the sample the average local field can be calculated
as 〈B〉 =

∫
Bx(z)ñ(z)dz. The weighting of ñ(z) ensures that only the muons in

the non-magnetic regions of the barrier contributing to the precession signal are

87



6 LE-µSR studies of La2−xSrxCuO4 heterostructures

0

2

4

6

8

10

12

0 5 10 15 20 25 30 35

λ
a
b
(µ
m
)

T (K)

crystal : λcrystal

TL “electrodes” : λ
TL barrier : λ′
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√
1− (T/Tc,crystal)2, where λcrystal(0) = 260 nm

and Tc,crystal = 34.3 K [238]. The dashed lines are guides to the eye.

considered here. For instance, at the lowest temperature only about 50 % of the
muons in the barrier layer are taken into account (cf. Secs. 6.4 and 6.5). By fitting
these modeled average fields to the data the in-plane magnetic penetration depths
in the top and bottom layers, λ, and in the barrier, λ′, are obtained.
In a clean homogeneous superconductor the penetration depth is directly related
to the superfluid density ρs = ns/m

∗ through λ = 1/
√
µ0e2ρs (cf. Chap. 4). In the

inhomogeneous TL heterostructure λ and λ′ are effective length scales indicative
of the superfluid densities in the different layers. For example, at T = 10 K, one
obtains λ = 334(6) nm and λ′ = 287(60) nm, values comparable to the magnetic
penetration depth in optimally doped single crystals [238, 239]. Above this tem-
perature, λ′ has a much more pronounced temperature dependence than λ (cf.
Fig. 6.16), indicating that the proximity-induced superfluid can be more easily
suppressed by thermal excitations than the superfluid in the intrinsically super-
conducting “electrodes” or in a homogeneous superconductor with similar critical
temperature.
The diamagnetic shift of the local fields is observed in the non-magnetic volume
fraction of the barrier. However, this does not mean that the superconducting
correlations do not coexist with magnetic order. Simply, the broad distribution
of fields in the magnetic fraction of the barrier layer (∆B ∼ 12 mT)—much
larger than the field shift (0.2 mT to 0.3 mT)—prevents the observation of dia-
magnetism in this volume fraction. Yet, the temperature dependence of the shift
(cf. Fig. 6.15) does not show any anomalous behavior at T < 16 K in spite of
the onset and pronounced increase of the magnetic fraction. This indicates that
magnetism and superconductivity are coexisting in this underdoped barrier layer
without noticeable competition.
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6.6.2 Discussion

The observation of the Meissner effect at T � T ′c in a heterostructure containing
an underdoped barrier with a thickness d� ξc ∼ 0.2 nm to 0.4 nm presents more
compelling evidence for an unexpectedly large proximity effect than the detection
of unusual Josephson currents in similar structures, operated as Josephson devi-
ces. Moreover, the temperature range (about four times the upper limit of T ′c) in
which this effect is observed is more extended than the range where the anomalous
Josephson currents have been observed [175,240].
The conventional proximity theory where the penetration depth of Cooper pairs
into a normal metal (N) is given by the induced coherence length ξN cannot ac-
count for this observation [17]. In the usual situation, where the electron-electron
interaction VN → 0 and T ′c = 0, in the clean limit ξN is given by ~vF/ (2kBT ),
where 2π~ is the Planck constant, vF the Fermi velocity, and kB the Boltzmann
constant. A straightforward application of de Gennes’s expression taking into ac-
count that ξN logarithmically diverges at T = T ′c > 0 even for cuprates may lead
to values of the order of 10 nm [241]. However, some caution has to be exercised
when trying to apply the conventional proximity theory, which assumes a normal
metal with T ′c = 0 and a well-defined isotropic Fermi velocity, to estimate the
proximity length scales in cuprates. Cuprate high-temperature superconductors
are strongly correlated electron systems with a Fermi surface of complex shape
and strongly anisotropic transport properties. Transport occurs more easily along
the ab planes, where it is band-like, than in the c direction, where it is essentially
incoherent hopping between planes with an effective velocity vc � vF [242]. For
T � T ′c, taking into account the semiconducting transport along the c axis in the
underdoped regime to estimate the length scale of pairing correlations entering the
barrier, the dirty-limit expression with vc replacing vF/3 seems to be more appro-
priate: ξN =

√
~vcl/(2πkBT ), where l is the mean free path of the electrons. Using

l = 0.65 nm (the CuO2 layer spacing) and vc = 0.4× 105 m/s [243] for T > 8 K,
this leads to ξN < 2 nm, much smaller than the barrier thickness d = 46 nm.
To provide an enhanced length scale of the proximity effect several models have
been proposed [244–252]. One class of models postulate inhomogeneous barriers
that contain superconducting islands embedded in a metallic matrix and forming
a percolative network that can transmit supercurrent via Josephson coupling bet-
ween the islands and between the CuO2 layers [244,245,247,249]. In the transport
properties of La2−xSrxCuO4 also signatures of self-organized networks of holes
have been found independent of doping and the rise of Tc has been related to
an increase in the c-axis interlayer coupling between these planar networks [242].
Another interesting theoretical proposal is the possibility of a new type of proximi-
ty effect between superconducting layers separated by an unconventional normal
metal, such as a superconductor that has lost its phase rigidity due to phase fluc-
tuations [246]. In this case, the well-defined homogeneous phase field of the S
electrodes may quench the superconducting fluctuations present in the S ′ barrier

89



6 LE-µSR studies of La2−xSrxCuO4 heterostructures

material, thus increasing the effective critical temperature of the barrier to some
temperature Teff smaller than Tc but well above T ′c [248,250]. Yet another theory
invokes a new mechanism of high-temperature superconductivity—Bose-Einstein
condensation of real-space pairs (bipolarons) [251]. Finally, it has also been propo-
sed that a topological Meissner effect, otherwise indistinguishable from the usual
superconductor effect, could be generated by a chiral d-density wave in the pseu-
dogap state even in the absence of superconductivity [253]. However, such an effect
is predicted only for H ‖ ĉ and therefore, it should be absent in the studied geo-
metry.

In conclusion, by performing local magnetic measurements in MBE-grown SS ′S
thin-film heterostructures pronounced interlayer coupling leading to a Meissner ef-
fect in the strongly underdoped thick barrier layer well above T ′c has been observed.
The induced superfluid density is suppressed more effectively by thermal excita-
tions than in intrinsic superconductors and vanishes at a temperature Teff < Tc.
On the premise of proximity effects based on a leaking of Cooper pairs from a
superconductor into a normal metal these effects are not expected over such a
temperature range.
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7 Conclusion and outlook

In the present work the low-energy muon-spin-rotation technique (LE-µSR) has
been utilized for detailed investigations of the magnetic and superconducting pro-
perties of cuprate high-temperature superconductors. The in-plane magnetic pene-
tration depth of optimally doped YBa2Cu3O7−δ single crystals and its anisotropy
has been determined in the most direct way by measuring the magnetic field
profile in the Meissner state. Observations of the Meissner effect have also been
used to study the coupling between superconducting and non-superconducting
layers in thin-film heterostructures, either containing mostly antiferromagnetic
PrBa2Cu3O7−δ layers or barriers of strongly underdoped La2−xSrxCuO4 in the
pseudogap state. In both cases unexpected long-range proximity effects have been
found even though the underlying mechanisms might be of different nature. On
the one hand, the PrBa2Cu3O7−δ layers seem to be rendered locally superconduc-
ting by the proximity to isostructural YBa2Cu3O7−δ “electrodes” while generally
the antiferromagnetic order is preserved in the major part of the samples. On
the other hand, the strongly underdoped La2−xSrxCuO4 in a trilayer heterostruc-
ture shows screening due to supercurrents up to about four times its own critical
temperature possibly indicating the quenching of superconducting fluctuations in-
duced by proximity effects.
All of the present studies might be extended systematically. While the single-
crystal penetration-depth study could be done as a function of oxygen-doping
in YBa2Cu3O7−δ, the developed effective background-suppression method can al-
so be applied to investigations of other superconducting systems for which only
small crystals are available. Also, the thin-film studies can be extended in diffe-
rent directions. Firstly, it would be interesting to study heterostructures contai-
ning strongly overdoped and therefore metallic cuprate layers in order to test if
more conventional proximity effects are recovered. Secondly, it might be worth
as well to compare the obtained results with data on thin films containing an-
tiferromagnetic barrier layers different from PrBa2Cu3O7−δ—ranging from truely
charge-transfer-insulating La2CuO4 to non-cuprate materials like CaMnO3. Final-
ly, for all thin-film studies it could be investigated how the observed effects change
with the film thickness. However, it should also be kept in mind that a substantial
effort is needed to ensure the quality of the studied samples.
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