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We report on research projects in the field of high-
temperature superconductors (HTS’s) and mate-
rials with novel electronic properties. Our stud-
ies involve various complementary techniques, such
as muon-spin rotation (uSR), electron paramag-
netic resonance (EPR), nuclear magnetic resonance
(NMR), nuclear quadrupole resonance (NQR), and
standard magnetometry techniques. Recent in-
vestigations on various interesting iron-based su-
perconductors as well as first results obtained for
magneto-electric CusOSeO3 are presented.

12.1 Pressure Effects in
Iron-Chalcogenides

With the discovery of superconductivity in
LaFeAsO;_,F, [1], a new family of iron-based
superconductors was found.
ber is FeSe;_,, consisting of a stack of FeSe lay-
ers. The superconducting properties of FeSe;_,, 2]

Its simplest mem-

and Feq4,Se; Tey_, [3] point to multigap supercon-
ductivity. We investigated the phase diagrams of
FeSei_, as a function of hydrostatic pressure [4]
and of Fe,Se;_,Te, as a function of Te substitu-
tion [5] and amount of interstitial Fe [6] by means
of muon-spin rotation (uSR), AC and DC magne-
tometry, and neutron diffraction. FeSe;_, is known
to exhibit a large pressure effect on the supercon-
ducting transition temperature 7;.. In addition, the
pressure dependence T¢(p) is non-uniform [4].

Unexpectedly, besides superconductivity coexist-
ing magnetic order appears with pressure p, which
is characterized by a magnetic transition temper-
ature Ty much higher than T,. As seen in Fig. 12.1
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Fig. 12.1 — Pressure dependence of T, Tn, and
the superconducting and magnetic volume frac-
tions in FeSey_,. The lines are guides to the
eyes. SC and M denote the superconducting and
magnetic states of the samples [7].
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Fic. 12.2 - Phase diagram of FeySe,Tei_, as a
function of x (a) and y (b).

magnetism and superconductivity are found to
coexist microscopically for T' < T¢ [4, 7]. Interest-
ingly, substitution of Se by isovalent Te in the sys-
tem Fe,Se,Te;_, has a similar effect. First, T.(z)
increases, then superconductivity and magnetism
coexist, and finally the material remains magnetic
[5]. Recently, it turned out, that the superconduct-
ing and magnetic properties of Fe,Se;Te;_, not
only depend on the Se-Te ratio z, but also strongly
on the Fe content y [6, 8]. Upon fixing z = 0.25
and varying y one is able to tune the system from
a coexistence region of magnetism and supercon-
ductivity to a state where the system is magnetic
only (apart from traces of superconductivity, see
Figs. 12.2 and 12.3). It was shown by us, that the
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Fia. 12.3 — Combination of panels (a) and (b) of
Fig. 12.2 in a tentative three dimensional phase
diagram. M and SC denote the magnetic and su-
perconducting phases, respectively [6].

magnetic correlation length decreases with decreas-
ing amount of Fe. This rises the question whether
Fe acts as an isolated moment that destroys su-
perconductivity, or is an electron donor that sup-
presses superconductivity and induces weakly lo-
calized electronic states [6].
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12.2  Magnetic torque study of single-
crystal Rb,Fe,_,Se;

A high T, ~ 30 K is also observed in the related
iron-selenide family A,Fes_,Ses by intercalating
alkali atoms between the FeSe layers [1]. Many re-
ports [2, 3] indicate a coexistence of antiferromag-
netism and superconductivity, with the antiferro-
magnetic domains corresponding to iron vacancy
ordering. However, still no consensus for the val-
ues of the magnetic penetration depth A and the
magnetic penetration depth anisotropy -y, is found
in literature.

We performed magnetic torque investigations
on a single crystal of Rb,Fes_,Ses for various
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Fig. 12.4 — Angular dependence of the super-
conducting component of the magnetic torque of
Rb, Fey_ySes. (a) Magnetic torque at 17 K for
various magnetic fields. (b) Magnetic torque at
1.4 T for various temperatures. The insets in

both panels show the evolution of Thorm = T/Tmax

close to the ab-plane [4].

temperatures T and magnetic fields H applied with
an angle 6 with respect to the crystallographic c-
axis of tetragonal Rb,Fes_,Ses. A change of the
slope of torque near the ab-plane (6 ~ 90°) qual-
itatively reflects a change of ). Such a change
of slope is evident from the torque data shown in
Fig. 12.4, indicating that v, depends on field, but
not on temperature.

A detailed analysis of these data yields estimates
for v (T, H) and the effective magnetic penetra-
tion depth Aeg (7, H). A summary of these results
is shown in Fig. 12.5. The extrapolated value of
Aeft(0) ~ 1.8 pm is surprisingly large compared to
other iron-based superconductors. However, mea-
surements on the isotropic lower critical field H,

are in good agreement with a rather large mag-
netic penetration depth in RbyFes_,Ses. Intrigu-
ingly, microscopic techniques yield typical values of
A ~ 300 nm [5]. It is possible that due to phase
separation [3] in these materials, macroscopic tech-
niques probing the effective magnetic penetration
depth Mg yield substantially different values for A
than microscopic techniques.

A field dependent 7, may be associated with a
complex band structure, since in the case of mul-
tiple superconducting gaps originating from dif-
ferent bands the superconducting screening cur-
rents, related to A, and A, may give rise
to an unusual behavior of ). However, if
a 2D-3D band scenario were the origin of
the field dependence of 7y of RbFey_,Ses, it
should be temperature dependent as well [6]

which is not the case according to Fig. 12.5d.
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Fic. 12.5 - Summary of all the results obtained
from the torque data of RbFey_,Ses. (a) Tem-
perature dependence of )\e}?. The line is a power
law fit to the data at 1.4 T. (b) Temperature de-
pendence of vy for various fields, showing that
Y is strongly increasing with H, but is almost
independent of T. The dotted lines represent the
average yy for each field. (c) Field dependence
of Ao for warious temperatures. (d) Field de-
pendence of vy for various T. The black line is
a guide to the eye [4].
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A superconductor coexisting with an antiferromag-
netic phase is expected to behave in a peculiar way.
Varying the magnetic field can change the domain
structure and the coupling between superconduct-
ing areas. This could result in variations of the
averaged effective anisotropy. As was shown for
various iron-based superconductors, the lattice pa-
rameters, in particular the pnictogen height in the
iron-pnictides, are directly related to superconduc-
tivity [7]. Importantly, such scaling also works for
the iron-selenide layer [7, 8]. It is possible that
magnetostrictive effects, which are expected to in-
crease with magnetic field, may influence the lattice
parameters and consequently the anisotropy of the
system.

[1] J. Guo et al.,
Phys. Rev. B 82, 180520 (2010).
[2] V. Ksenofontov et al.,
Phys. Rev. B 84, 180508 (2011).
[3] A. Ricci et al.,
Phys. Rev. B 84, 060511 (2011).
[4] S. Bosma et al.,
Phys. Rev. B 85, 064509 (2012).
[5] Z. Shermadini et al.,
Phys. Rev. B 85, 100501 (2012).
[6] M. Angst et al.,
Phys. Rev. Lett. 88, 167004 (2002).
[7] Y. Mizuguchi et al.,
Supercond. Sci. Tech. 23, 054013 (2010).
[8] A. Krzton-Maziopa et al.,
J. Phys.: Condens. Matter 23, 052203 (2011).

12.3 Anisotropic magnetic order in
EuFe,_,Co,As; single crystals

Among the iron-based pnictide HTS’s, the family
FuFe;_,Co,Asy is particularly interesting since
Eu?* is a rare-earth ion with a 4f7 electronic con-
figuration and a total electron spin of 7/2. This
compound is built up by FesAss layers, separated

by layers of magnetic Eu?* ions [1]. EuFeyAs, ex-
hibits both a spin density wave (SDW) ordering of
the Fe moments and an antiferromagnetic order-
ing of the localized Eu?* moments below 190 K
and 19 K, respectively [1, 2]. In contrast to related
systems, where the substitution of Fe by Co leads
to superconductivity [3], the compounds containing
Eu?*t exhibit the onset of a superconducting tran-
sition, but seem to be hindered to reach zero resis-
tivity at ambient pressure due to the AFM ordering
of the Eu?* spins [4, 5. It is well established that
the SDW state of the Fe moments is suppressed as
a result of Co doping. However, at present there is
no clear picture how the ordering of the Eu spins
develops with increasing Co concentration. Thus,
it is important to compare the magnetic properties
of the Eu sublattice in EuFes_,Co,Asy without
and with Co doping in order to study the corre-
lation between the ordering of the Eu?T moments
and the magnetism of the Fe sublattice. This is
crucial to understand the interplay between mag-
netism of localized moments and superconductivity
in EuFe,;_,Co,Ass.

A combination of magnetic susceptibility, magne-
tization, and magnetic torque experiments were
performed on single crystals of EuFes_,Co,Ass
(x = 0, 0.2) [6]. The goal of this study is to
investigate the macroscopic magnetic properties
of the Eu sublattice. Magnetic susceptibility and
magnetization investigations provide information
on the magnetic structure of a single-crystal sample
in magnetic fields applied along the principal axes.
In addition, the evolution of the magnetic structure
as a function of the tilting angle of the magnetic
field and a crystallographic axis can be studied by
magnetic torque. The results are summarized in
Fig. 12.6 and 12.7. They are discussed in terms of
the phase diagram of the Eu?T magnetic sublat-
tice of EuFesAsy and EuFe; sCogoAss for H L ¢
and H | c¢. For the parent compound EuFe;Asy
four different magnetic phases were identified (see
Fig. 12.6a and b): a paramagnetic (PM), an anti-
ferromagnetic (AFM), a canted antiferromagnetic
(C-AFM), and a ferromagnetic (FM) phase. The
present experiments suggest a C-AFM order of the
Eu?* spins in EuFeyAs; in the temperature range
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F1G. 12.6 — Magnetic phase diagrams of single-crystal EuFesAsy for H L ¢ and for H || c. The various
phases in the diagrams are denoted as: paramagnetic (PM), antiferromagnetic (AFM), canted antiferro-
magnetic (C-AFM), ferromagnetic (FM). The spheres and red&white symbols are from the susceptibility
and field dependent magnetization measurements, respectively. Solid lines are guides to the eye [6].

between 17 K and 19 K, while below 17 K an AFM
structure is proposed. We also propose that at low
temperatures the system can be well described by
a uniaxial model with an easy plane and A-type
AFM order. By applying a magnetic field within
the AFM phase, a transition from AFM order via
a canted configuration to a FM structure is ob-
served. The corresponding magnetic phase dia-
grams for Co doped EuFe; §Cog.2Asy are shown in
Fig. 12.7a and b. The magnetic ordering temper-
ature of ~ 17 K is only about 2 K lower as com-
pared to the parent compound. However, in the Co
doped EuFe; §Cog.2Ass, no signatures of a low-field
and low-temperature AFM state of the Eu?t mo-
ments was found. Only a C-AFM phase (with a FM
component in the ab-plane) is present at low fields
and low temperatures. The ordering temperature
Tc_arm decreases with increasing magnetic field,
similar to the parent compound (see Fig. 12.7a and
b). The critical magnetic field H., at which the Eu
magnetic ordering is saturated was determined for
different temperatures, and the extrapolated zero-
temperature values were found to be strongly re-
duced with Co doping.
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53



54

Superconductivity and Magnetism

The present investigations reveal that the magnetic
configuration of the Eu moments is strongly influ-
enced by the magnetic moments of the Fe sublat-
tice, where superconductivity takes place for a cer-
tain range of Co doping. This gives rise to a com-
plex and sophisticated interplay of magnetic phases
in EuFe,;_,Co,Ass. A detailed knowledge of the in-
terplay between the Eu?* moments and magnetism
of the Fe sublattice is important to understand
the role of magnetism of the localized Eu?* mo-
ments for the occurrence of superconductivity in
EuFey_,Co,Ass.
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124 1SR study of the magnetoelec-

tric coupling in CuyOSeOs

Multiferroic and magnetoelectric materials are in
the focus of research activities in recent years [1, 2].
The coupling between magnetic and electric pa-
rameters increases the degrees of freedom of the
ordered ground state, making these materials good
candidates for the study of new phenomena in
highly correlated electronic systems. Strong mag-
netoelectric coupling is rather rare in solid state
physics, since usual microscopic mechanisms for
magnetic and electric polarization are mutually ex-
clusive. Magnetism requires strong exchange in-
teractions related to a strong hybridization of the
transition ion electrons leading to conductivity.

Conductivity, on the other hand, is inconsistent
with the presence of an electric polarization in a
sample [2]. The presence of large magnetic and
electric polarizations is an important condition for
strong magnetoelectric coupling, making ferro- or
ferrimagnetic materials favorable candidates [1].

The ferrimagnetic magnetoelectric compound
Cuy0Se03 was recently discovered [3], and sin-
gle crystals were successfully grown soon after [4].
The compound is piezoelectric and undergoes a
ferrimagnetic transition below 60 K, exhibiting
magnetoelectric coupling as revealed by magneto-
capacitance studies on a polycrystalline sample [3].
An abrupt change of the dielectric constant below
the ferrimagnetic transition was later confirmed by

infrared studies [5, 6].

In this study we investigated the magnetic proper-
ties and the magnetoelectric coupling in Cuz;OSeOg3
by means of zero field and transverse field uSR
in combination with alternating electric fields. A
careful analysis of the electrostatic and magnetic
field distributions in the lattice unit cell allowed us
to identify possible muon stopping sites and corre-
sponding local magnetic fields probed by the muon
[7]. The obtained uSR spectra were found to be
consistent with the ferrimagnetic structure below
Tc = 57.0(1) K [3]. In the low temperature limit an
internal magnetic field Biy(0) = 85.37(25) mT was
detected at the interstitial muon stopping site. The
temperature dependence of the internal magnetic
is well described by the relation B, = B(0)(1 —
(T/Tc)?)? with an effective exponent 3 ~ 0.39(1)
which is close to the critical exponent 8 ~ 1/3
for a three dimensional (3D) magnetic system (see
Fig. 12.8). Just above T the muon relaxation rate
follows the power law \(T) o< (T/Tc — 1)~ with
@ = 1.06(9), which is characteristic for 3D ferro-
magnets. Measurements of Bj,(7T") with and with-
out an applied electrostatic field E = 1.66 x 10°
V/m suggest a electric field effect of magnitude
ABy = By (0 V) — By (500 V) = —0.4(4) mT [7].
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Fia. 12.8 - (a) Temperature dependence of
the mean internal By field in single crystal
Cuy OSeOs for zero and applied electrostatic field
E. The solid lines are power law fits to the
data. The insert shows By vs (1 — (T/Tc)?) on
a log-log scale. (b) Electric field shift ABy =
B1(0 V) — B1(500 V) as a function of tempera-
ture. The solid red line corresponds to the mean
value of ABy ~ —0.4(4) mT below 50 K. (c)
Electric field shift ABY = By(0 V) — By(800 V)
as a function of magnetic field measured by trans-
verse field nSR at 10 K [7].
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