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In the following we report on selected projects
in the research field of high-temperature su-
perconductors (HTS) and materials with novel
electronic properties. Our recent activities in-
clude studies by means of a variety of tech-
niques, such as of muon-spin rotation (µSR),
electron paramagnetic resonance (EPR), nu-
clear magnetic resonance (NMR), nuclear
quadrupole resonance (NQR), and SQUID
and torque magnetometry. Besides focus-
ing on the cuprates and other, more con-
ventional superconductors, the investigations
have been further extended to the recently
discovered iron-based superconductors.

11.1 Field dependent superfluid
density in optimally doped
SmFeAsO1−xFy

After the discovery of superconductivity in
LaFeAsO1−xFx with a transition temperature
Tc ' 26 K, a whole new family of iron pnic-
tide superconductors was found [1] with a
maximum Tc ' 55 K for SmFeAsO1−xFy [2].
Various experiments indicate multi-gap super-
conductivity within the family REFeAsO1−xFy
(RE = rare-earth element) [3]. Furthermore,
the magnetic penetration depth anisotropy,

γλ = λc/λab, increases with decreasing tem-
perature, in contrast to the upper critical field
anisotropy, γH = H

||ab
c2 /H

||c
c2 , which decreases

with decreasing temperature [3; 4], similar to
that of the two-gap superconductor MgB2

[5; 6], although with reversed slopes. Here
λi and H

||i
c2 denote the magnetic penetra-

tion depth and the upper critical field compo-
nents, respectively, along the crystallographic
direction i (ab-plane or c-axis).

Besides of the influence of the magnetic field
H and temperature T on the anisotropy, the
direct influence of H and T on λ is essential in
probing multi-gap superconductivity [7]. Im-
portantly, the superfluid density ρs = ns/m

∗,
with ns being the superfluid carrier density and
m∗ the effective carrier mass, can be probed
directly by measuring λ−2 ∝ ρs.

A single crystal sample of nominal com-
position SmFeAsO0.8F0.2 was investigated by
torque magnetometry in order to determine
λab(H). The magnetic torque ~τ = µ0(~m ×
~H), related to the magnetic moment ~m, was
recorded in dependence of the angle θ be-
tween the magnetic field ~H and the c-axis
of the crystal. During the measurement, H
was rotated clockwise and counterclockwise
around the sample at constant temperature
T . The clockwise (θ+) and counterclockwise
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(θ−) torque scans were averaged accord-
ing to τrev(θ) = [τ(θ+) + τ(θ−)]/2. A theoreti-
cal expression for the angular dependence of
the torque, involving the two anisotropy pa-
rameters γλ and γH independently [8], was
used to analyze the data. Representative
experimental torque data collected for vari-
ous magnetic fields together with the calcu-
lated curves are presented in Fig. 11.1. Ob-
viously λab increases substantially with increas-
ing magnetic field (see insert to Fig. 11.1) [8].

In accordance with the result in Fig. 11.1, the
data plotted in terms of the superfluid den-
sity λ−2

ab imply a suppression of the superfluid
density as the field is increased. The field de-
pendence of λ−2

ab , derived from the torque
experiment together with µSR data taken on
a larger powder sample of the same com-
pound, are presented in Fig. 11.2. Evidently,
λ−2
ab gets substantially suppressed with increas-

ing magnetic field at all temperatures studied
and falls, when normalized to λ−2

ab (1.4 T/µ0), on
a universal curve (see Fig. 11.2). We estimate
a suppression of the superfluid density by 20%
as the field increases from 0 to 1.4 T [8].

The observed magnetic field dependence of
λ−2
ab is absent in single-gap superconductors

but has been observed in various multi-band
superconductors, where the cases of MgB2

[7; 9] and La1.83Sr0.17CuO4 [10] have been an-
alyzed in detail. The analogy to these systems
suggests that related physics applies here. As-
suming that SmFeAsO1−xFy is a fully-gapped
superconductor, a two-gap model [8; 11] is
used to calculate the superfluid density ρs =
ρs1 + ρs2, stemming from the two coupled
gaps (∆1,∆2). Within this approach the cal-
culated zero-temperature gaps are ∆1(0) =
13.83 meV and ∆2(0) = 5.26 meV. With in-
creasing magnetic field the superfluid den-
sity is only suppressed in the band with the
small gap (ρs2,∆2) where the corresponding
intra-band interaction approaches zero with
increasing field. The total superfluid density
ρs(H) is expressed as a sum of a contribution
from the band with the large gap, ρs1, which
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Figure 11.1: Angular dependent, reversible torque
for single crystal SmFeAsO1−x1−x1−xFyyy in various magnetic
fields. Solid lines are fits to the data, from which
λabλabλab was extracted. The insert shows the field depen-
dence of λabλabλab.
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Figure 11.2: Universal behavior of ρsρsρs of single crys-
tal SmFeAsO1−x1−x1−xFyyy observed for all investigated tem-
peratures, determined by magnetic torque and µµµSR
experiments, normalized to 1.4 T. The black line is
calculated using a two-gap model.

is independent of the field, and a field de-
pendent contribution from the band with the
small gap, ρs2 ∝ 1/

√
H. A fit to the normalized

superfluid density data (see Fig. 11.2) gives
good agreement. It is important to empha-
size that although ρs is suppressed by 20% in
small fields, Tc is almost not changing on the
same field scale, consistent with high values of
Hc2. This can be understood in terms of a sup-
pression of the intra-band coupling within the
band of the small gap, having a pronounced
influence on the corresponding ρs, but almost
no effect on Tc [9].
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11.2 Pressure induced static magnetic
order in superconducting FeSe1−x

Besides materials containing iron-arsenic lay-
ers (e.g. FeAs-layers), superconductivity was
observed as well in other iron-based com-
pounds as in the FeSe1−x system [1]. The transi-
tion temperature Tc of FeSe1−x reaches values
up to 37 K by applying hydrostatic pressure [2].
It has the simplest crystallographic structure
among the Fe-based superconductors con-
sisting of layers with a square Fe sheet tetrahe-
drally coordinated by Se [1]. We report on a
detailed investigation of the electronic phase
diagram of the FeSe1−x system as a function
of pressure up to 1.4 GPa by means of AC
magnetization and muon-spin rotation mea-
surements. These techniques are direct and
bulk sensitive. At a pressure p ' 0.8 GPa the
non-magnetic and superconducting FeSe1−x
enters a region where static magnetic order is
realized above Tc, and bulk superconductivity
coexists and competes on short length scales

with the magnetic order below Tc. For even
higher pressures an enhancement of both the
magnetic and the superconducting transition
temperatures, as well as of the corresponding
order parameters is observed. These excep-
tional properties make FeSe1−x to be one of
the most interesting superconducting systems
investigated extensively at present.

The phase diagram of the recently discov-
ered Fe-based high-temperature supercon-
ductors (HTS) shares a common feature with
cuprates and heavy fermion systems: The par-
ent compounds of the Fe-based HTS, such as
REOFeAs, AFe2As2 (A = alkaline earth metal)
and FeCh (Ch = chalcogen) [3; 4; 5] exhibit
long-range static magnetic order. Upon dop-
ing or application of pressure (chemical or ex-
ternal), magnetism is suppressed and super-
conductivity emerges.

It is possible to determine Tc as well as the Néel
temperature TN in a region where both mag-
netism and superconductivity coexist.
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Figure 11.3:
Pressure dependence of the superconducting transi-
tion temperature TcTcTc, the magnetic ordering temper-
ature TNTNTN, and the internal field BintBintBint (magnetic or-
der parameter) obtained from AC susceptibility and
muon-spin rotation experiments of FeSe1−x. The
Tc(p)Tc(p)Tc(p) and TN(p)TN(p)TN(p) lines are guides to the eye. The
closed and the open symbols refer to the samples
FeSe0.940.940.94 and FeSe0.980.980.98, respectively. SC, M, and PM
denote the superconducting, magnetic, and non-
magnetic (paramagnetic) states of the sample.
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Figure 11.4: Pressure dependence of TNTNTN, TcTcTc, and the
magnetic volume fraction of FeSe1−x. The meaning
of the symbols are the same as in Fig. 11.3.

The here obtained phase diagram is pre-
sented in Figs. 11.3 and 11.4. The transition
temperature Tc shows a monotonic increase
with pressure up to p ' 0.8 GPa. Static mag-
netic order is established for Tc < T < TN,
and bulk superconductivity sets in below Tc.
The competition of the two ground states in
this pressure range is evident from the follow-
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Figure 11.5: (a) Dependence of TcTcTc on pressure
ppp of FeSe0.940.940.94 and FeSe0.980.980.98. (b) Dependence of
the internal field at the muon stopping site BintBintBint

which is proportional to the magnetic order parame-
ter. The solid lines represent calculated Bint(T )Bint(T )Bint(T ) us-
ing Bint(T ) = Bint(0)[1− (T/TN)α]βBint(T ) = Bint(0)[1− (T/TN)α]βBint(T ) = Bint(0)[1− (T/TN)α]β in the region
Tc(p) ≤ T ≤ TNTc(p) ≤ T ≤ TNTc(p) ≤ T ≤ TN (ααα and βββ are the power exponents).

ing two observations: First, Tc decreases as a
function of pressure as soon as magnetic or-
der appears, leading to the local maximum
at p ' 0.8 GPa in Tc(p) (Fig. 11.5a). Second,
the internal field Bint (magnetic order param-
eter), as well as the magnetic volume fraction,
decrease as a function of temperature below
Tc showing that magnetism, which develops
at higher temperatures, becomes partially (or
even fully) suppressed by superconductivity
(Fig. 11.5b). The superconducting volume
fraction is close to 100% for all pressures, while
the magnetic fraction increases with increas-
ing pressure and reaches ' 90% at the high-
est pressure p ' 1.39 GPa. In other words, both
ground states coexist in the full sample volume
at 1.39 GPa. The data do not provide any
indication for macroscopic phase separation
into superconducting and magnetic clusters
(larger than a few nm in size). Actually, the
data rather point to a coexistence of both or-
der parameters on an atomic scale and seem
to be stabilized by pressure, since Tc as well as
TN and the magnetic order parameter simul-
taneously increase with increasing pressure.
This observation provides a new challenge for
theories describing the mechanism of high-
temperature superconductivity [6].
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11.3 NMR investigations of orbital cur-
rents in YBCO compounds

The concept of broken symmetry is a possible
key element for a comprehensive theory of
high-temperature superconductivity. In par-
ticular, states with broken time-reversal sym-
metry have been put forward to explain ob-
servations for cuprate high-temperature su-
perconductors [1; 2]. The t-J Hamiltonian de-
fines states that break time-reversal symme-
try, predicting so-called orbital currents (OCs)
that are confined to the CuO2 planes of the
cuprates. Among the most prominent OC
patterns are the d-density wave [1] and the
circulating current [2] schemes.

The body of experimental evidence is not
large but nevertheless contradictory. On
the one hand, results from neutron spec-
troscopy [3] and angle resolved photoemis-
sion [4] indicate signatures of OCs, whereas
measurements of muon-spin rotation and nu-
clear magnetic resonance (NMR) fail to pro-
vide any trace of the currents [5].

NMR is a suitable method to search for OCs
[6], since the magnetic fields inevitably pro-
duced by OCs may be directly observed. Se-
lected atoms of the sample serve as local
magnetic probes, allowing static fields to be
detected by the resonance linewidth broad-
ening, and fluctuating fields from the nuclear
spin-lattice relaxation measurements.

No evidence for OCs was found in our pre-
vious 89Y-NMR study of the cuprate high-
temperature superconductor Y2Ba4Cu7O15−δ
[5]. Reported here is the subsequent study
of a c-axis oriented powder sample of intrinsi-
cally underdoped stoichiometric YBa2Cu4O8,
where we investigated additional local mag-
netic fields at the Y-site in the pseudogap
regime. The 89Y (I = 1/2) isotope is 100%
naturally abundant, and insensitive to electric
field gradients because of the absence of a
quadrupole moment. The well-defined oxy-
gen stoichiometry of YBa2Cu4O8 causes the

89Y-NMR line to become exceedingly narrow,
thus offering enhanced precision. In addition,
compared to [5], more pronounced OC sig-
natures are expected here because of the
larger currents following from the lower dop-
ing level.

The temperature dependence of the 89Y reso-
nance linewidth were studied at 100 K for two
orientations of an external 9 T field: B0 per-
pendicular (B0 ‖ c) and parallel (B0 ⊥ c) to the
CuO2 planes. The line broadening observed
corresponds to an additional magnetic field
smaller than 0.05 mT, which we take as the
upper bound for static OC fields at the Y-site.
Since the line broadening was observed for
both field directions, it is unlikely to be caused
by OCs, making this a rather conservative es-
timate.

Any dynamic OCs confined to the CuO2

planes produce magnetic fields, fluctuating
either parallel or perpendicular to the crys-
tallographic c-axis. For the spin-lattice relax-
ation, only magnetic fields that fluctuate per-
pendicular to the external field are relevant.
The field direction depends on the actual OC
pattern and is assumed to be independent of
the orientation of the applied field. Conse-
quently the ratio of the relaxation times mea-
sured for B0‖c and B0⊥c must change if non-
static OCs appear. The investigation of the
temperature dependence of the spin-lattice
relaxation ratio did not reveal any significant
change. Evaluation of the detection limits de-
termined an upper bound of approximately
0.3 mT for any additional fluctuating field am-
plitude at the Y-site in the temperature range
from 300 K to 100 K.

In conclusion, our 89Y-NMR measurements in
the pseudogap phase in YBa2Cu4O8 show
that any additional static magnetic field at
the Y-site must be . 0.05 mT. For fluctuating
fields an upper bound for the amplitude of
approximately 0.3 mT was determined. These
new results significantly tighten the previously
established constraints for theories of OCs.
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11.4 Oxygen isotope effects within the
phase diagram of cuprates

The role of lattice effects in cuprate HTS still
is a heavily debated issue. Over past years,
a systematic isotope-effect (OIE) study on Tc

and other quantities in cuprate HTS has tried
to clarify, which role lattice effects play in
cuprate systems (see Ref. [1] and references
therein). The observed unusual OIEs are be-
yond the scheme of conventional BCS theory
and strongly suggest that lattice effects are
essential in the basic physics of cuprate HTS.

Cuprate HTSs exhibit a rich phase diagram
consisting of various phases: long range 3D
antiferromagnetic (AFM) order, spin-glass (SG)
plus coexisting SG+SC state, superconduct-
ing (SC) phase and the so-called pseudo-
gap phase. Recently, we performed a de-
tailed OIE study of the various phases ob-
served in all cuprate superconductors, us-
ing Y1−xPrxBa2Cu3O7−δ as a prototype system
of cuprates [2]. The various OIE’s observed
clearly show that lattice effects are effective
in all phases of HTS, imposing serious con-
straints on theoretical models. So far, only a
few OIE studies of the pseudogap state were
performed for cuprate HTS close to optimal
doping. For example, NMR/NQR studies of
YBa2Cu4O8 revealed a small OIE on the pseu-
dogap temperature, comparable to the one
on Tc [3]. This is in contrast to results of inelastic
neutron scattering experiments on slightly un-
derdoped HoBa2Cu4O8 [4], which revealed a
large OIE that is sign reversed with respect to
the small OIE on Tc.

In order to complete the OIE study of
the various phases in the cuprate system
Y1−xPrxBa2Cu3O7−δ, we investigated the OIE
on the pseudogap value in this system as a
function of Pr doping by means of NMR ex-
periments. The goal of this study was to get
better insight in the nature of the pseudogap
phase and in the role of lattice effects to form
this phase.

A prominent feature of the pseudogap phe-
nomenon is the characteristic temperature
dependence of the relative magnetic shift
tensor K in the normal conducting phase of
underdoped cuprate superconductors. It is
best observed in NMR experiments performed
on the Cu nuclei in the CuO-2 plane with the
external magnetic field applied parallel to the
plane, i.e. the component Kab is determined.
For this purpose the two investigated partially
(90%) 16O/18O exchanged powder samples,
Y0.7Pr0.3Ba2Cu3O7−δ and Y0.6Pr0.4Ba2Cu3O7−δ,
were c-axis aligned.

A fit of the well accepted empirical expression
16/18K = C + b · [1 − tanh2(

16/18∆
2T )] to the ob-

served temperature dependences of 16,18Kab

(see Fig. 11.6) yields the values for the pseu-
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Figure 11.6: Temperature dependence of the mag-
netic shift KabKabKab of plane 636363Cu in Y1−x1−x1−xPrxxxBa222Cu333O7−δ7−δ7−δ
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dogap: 16∆ = 166(6) K, 18∆ = 175(7) K for
x = 0.3 and 16∆ = 168(7) K, 18∆ = 182(8) K
for x = 0.4, respectively. Using the usual defi-
nition we obtain for the OIE coefficient of the
pseudo-energy gap value: αPG

0.3 = −0.48(50)
and αPG

0.4 = −0.74(60).

Due to a strongly inhomogeneous distribution
of Pr substitution in our samples the observed
63Cu NMR lines are excessively broadened.
This leads to insufficient accuracy in deter-
mining the lines’ frequency positions and the
deduced magnetic shifts. Hence, the errors
of our results are large and do not allow for
a conclusive comparison with other experi-
ments.
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