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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
SQUID and torque magnetometry. Besides focus-
ing on cuprates and conventional superconductors,
the investigations have been extended to the re-
cently discovered iron-based superconductors.

12.1 Search for orbital currents in
superconducting YBa;Cu,Og

The concept of orbital currents (OC’s) was pro-
posed to explain the pseudogap of the cuprate su-
perconductors [1]. However, the present state of
knowledge about OC’s is contradictory both in the-
ory and experiment. No evidence for local fields
was found i.e. in a yttrium nuclear magnetic reso-
nance (NMR) investigation by our group [2].

Recently, Zeeman perturbed nuclear quadrupole
resonance was applied to evaluate weak magnetic
fields in the context of OC’s in cuprate super-
conductors [3]. The magnetic environment of the
barium atom in c-axis oriented powder samples

of YBayCuyOg was investigated in the pseudogap
phase at 90 K. The Ba atom is of particular inter-
est since it is situated outside, but close to the cop-
per oxide bilayer, at a position where the combined
fields from the two neighboring layers would be en-
hanced because of the suggested ferromagnetic or-
der within the bilayer. Zeeman perturbed nuclear
resonance makes use of the fact that the Ba atom
has both a quadrupolar and a nuclear magnetic mo-
ment. This technique is a rarely implemented vari-
ant of nuclear quadrupole resonance (NQR), which
utilizes the local electric field gradient to lift the nu-
clear spin degeneracy. The Zeeman perturbation is
introduced by means of an external coil as a weak
static magnetic field (of order mT). For a typical
137Ba NQR resonance line of a few hundred kHz
width (see inset of Fig. 12.1), the resonance line
split caused by a field of the order of mT would not
be directly observable. The principle of the mea-
surement is to detect a weak local magnetic field
through a beat oscillation superposed on the Gaus-
sian shaped decay of the spin echo intensity, caused
by homonuclear dipolar fields (Fig. 12.1). In or-
der to demonstrate the sensitivity of the technique
for weak local magnetic fields, the Ba nucleus was
studied at 300 K, where no OC'’s are expected. The
result of this measurement is presented in Fig. 12.1,
revealing the expected dominating Gaussian decay
of the spin echo intensity with pulse separation
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Fig. 12.1 — Dependence of the normalized '37Ba spin-
echo intensity as a function of the pulse separation
time 7 at 300 K for Bey; parallel to the c-axis of
YBasCuys0g. Results are shown for By =0 T and
Bext =0.23 mT. The inset shows the 37Ba reso-

nance line at 300 K in zero external field.
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Fig. 12.2 — Spin echo intensity decay with pulse sep-
aration time 7 in c-axis oriented YBayCu4Og for no
applied field at 300 K and 90 K. No distinguishable
difference in the normalized intensity was detected
in the pseudogap phase.

time 7. This curve is our zero-field reference. The
measurement procedure was calibrated using ap-
plied Zeeman fields of known strength. Fields cal-
culated from the response were found to deviate
less than 0.07 mT from the Zeeman fields actually
applied with the calibrated external coil. In all
experiments, background contributions, including
Earth’s magnetic field, were shielded.

In conclusion, the results, as evident from Fig. 12.2
do not indicate the presence of local fields at
the Ba site in the pseudogap phase of c-axis ori-
ented YBasCuyOs.
method excludes static or dynamic field larger than
0.07 mT and 0.7 mT, respectively [3].

The detection limit of our
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12.2 Iron isotope effects in the iron-
based superconductor FeSe;_,

In 1990 we started a project on isotope effects in
cuprate HTS’s at the University of Zurich. Since
then we performed a number of isotope effect stud-
ies. As a result, we observed several novel oxy-
gen isotope (1¢0/0) effects (OIE’s) on different
quantities in cuprate HTS’s, including i.e. the tran-
sition temperature T, the in-plane magnetic pen-
etration depth A;;(0), the pseudogap temperature
T*, the superconducting energy gap Ag, the Néel
temperature Ty, and the spin-glass freezing tem-
perature T, [1; 2]. All these unconventional OIE’s
clearly indicate that lattice effects are effective in
all phases of cuprate HTS’s imposing serious con-
straints on theoretical models [3].

Recently, we started an investigation of the Fe iso-
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Fig. 12.3 — The superconducting transition temper-

ature of FeSe;_, as a function of Fe atomic mass.
The open symbols correspond to the samples stud-
ied by neutron powder diffraction. The inset shows
the normalized magnetization curves for a pair of
54FeSe;_, and *6FeSe;_, samples.

tope effect (FelE) on T, in the iron-based super-
conductor FeSe;_, belonging to the "11" family
[4]. The substitution of natural Fe (containing ~
92% of 5%Fe) by its lighter isotope 54Fe in FeSeq 975
(T, ~ 8.2 K) leads an isotope shift of the transition
temperature of AT, = 0.22(5) K, corresponding to
an FelE exponent ap. = 0.81(15) (see Fig. 12.3) [4].
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Fig. 12.4 — Fe isotope exponent ag. versus su-
perconducting transition temperature (FeSe;_,
[4], Ba0.6K0.4Fe2A52 and SmFeAsOO.85F0.15 [6],
Bag.¢Ko.4FeaAsy [7], and SmFeAsO;_, [8]). The
arrows indicate the direction of the shift from the
intrinsic FelE exponent ozibflet ~ 0.35 to 0.4 caused
by structural effects.

This value is positive and considerably larger than
the BCS value agcg = 0.5.

In addition, the lattice parameters of the 54Fe /5Fe
exchanged FeSe;_, samples were investigated care-
fully by neutron powder diffraction. It turned
out that the a- and b-axes are slightly larger for
54FeSe;_, than those for %°FeSe;_,, while the c-
axis is marginally smaller for **FeSe;_, than for
56FeSe;_,. However, the volume of the unit cell
remains unchanged. These slight differences in the
lattice constants in the Fe isotope exchanged sam-
ples give rise to a slight change of the shape of the
Fe,Se pyramid and anion height which is known to
affect T, in Fe-based HTS’s [5], and in turn may
contribute to the total Fe isotope shift of T, [4].

The currently reported results of the FelE on T in
Fe-based HTS’s are highly controversial. The val-
ues of the FelE exponent ap, for various families
of Fe-based HTS were found to be as well positive
(ape ~ 0.3 to 0.4) [6], as negative (ap, ~ -0.18 to
-0.02)) [7; 8], or even to be exceedingly larger than
the BCS value apcgs = 0.5 as found for FeSeq_,
(ape =~ 0.8) [4]. Recently, we have shown [9] that
the Fe isotope substitution causes small structural
modifications which, in turn, affect T.. Upon cor-
recting the isotope effect exponent for these struc-
tural effects, an almost unique value of ap, ~ 0.35
to 0.4 is found for at least three different families
of Fe-based HTS (see Fig. 12.4).
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12.3 NMR study of the
iron-pnictide system
EUFE]QCOO_]ASQ

Among the iron-based pnictide HTS’s, the fam-
ily EuFes_,Co,Ass is particularly interesting since
Eu?? is a rare-earth ion with a 4f7 electronic con-
figuration and a total electron spin S=7/2. This
compound is built up by [FeAs]?>~ layers, separated
by layers of magnetic Eu?* ions [1]. EuFepAsy ex-
hibits both a spin density wave (SDW) ordering of
the Fe moments and an antiferromagnetic ordering
of the localized Eu?* moments below 190 K and 19
K, respectively [1; 2]. In contrast to the other ’122’
systems, where the substitution of Fe by Co leads
to superconductivity [3], the compounds contain-
ing Eu?t exhibit the onset of a superconducting
transition but seem to be hindered to reach zero re-
sistivity at ambient pressure [4]. The study of the
interaction between the localized Eu?* moments
and the conducting FesAss layer is important for
the understanding of superconductivity. The con-
duction electrons essentially determine the unusual
superconducting properties and the high T¢.’s.

In order to investigate the coupling between the
Eu and Fey gCog.1 Asy layers as well as to study the
magnetic transitions in EuFeq ¢Cog1Ass, a com-
bination of X-ray diffraction, magnetization, and
"> As nuclear magnetic resonance (NMR) experi-
ments were performed on single crystals [5]. Mag-
netic susceptibility as well as “®As-NMR measure-
ments reveal a decrease of the SDW transition
temperature to Tspw=120 K for EuFe; gCoq.1Ass.
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Fig. 12.5 — Temperature dependence of the ®As
magnetic shift in a single crystal EuFe; 9gCog.1Ass
for H || ¢ and H L ¢. The dashed lines represent
the Curie-Weiss behavior.

It was found that the > As NMR spectra are char-
acterized by a large negative frequency shift with
respect to the "As NMR Larmor frequency for
all orientations of the magnetic field with respect
to the crystallographic c-axis. The temperature
dependence of the "As magnetic shift K above
Tspw=120 K is well described by a Curie-Weiss-
like behavior K (T')=Ko+Cx /(T +0) for both H ||
c (Ky)and H L c (K1) (see Fig. 12.5). This sug-
gests that the temperature dependent part Kg,(T)
of the shift arises from the hyperfine coupling be-
tween the ">As nuclei and the Eu?* 4f moments.
A linear relation between Ky, and the suscepti-
bility xga of the localized Eu?* 4f moments was
observed, from which the hyperfine coupling con-
stant A, = -1.9x107 A/m per up was estimated.
This value of Ag, is almost 60 times larger than
the one reported for the '1111° system [6]. Such a
large Ag, indicates a strong coupling between the
Eu?* localized moments and the Fe; gCoq 1 Asy lay-
ers, suggesting that the magnetic exchange interac-
tion between the localized Eu 4f moments is medi-
ated by the itinerant Fe 3d electrons. The strong
interaction between the localized Eu?* moments
and the charge carriers in the Fey_,Co,Ass layers
may cause pair breaking [7], which may be the rea-
son why it is difficult to reach superconductivity in
EuFe,_,Co,Ass.
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12.4 Pressure
conducting
YB ds CI.I3 Ol

effect on super-
properties  of

YBayCusO, was the first high temperature super-
conductor with a superconducting transition tem-
perature T, above the boiling point of nitrogen.
However, the microscopic pairing mechanism lead-
ing to high-temperature superconductivity is still
not resolved and is subject of intense debates. Hy-
drostatic pressure is a useful tool to tune the in-
teratomic distances in the lattice which in turn
modifies both the lattice dynamics [1] and the
exchange coupling between Cu-spins in cuprates
[2; 3]. Therefore, a detailed study of the pressure
effect on superconducting properties, e.g. the su-
perfluid density ps o 1/A?, the gap magnitude Ay,
and the BCS ratio, may provide important infor-
mation to clarify the mechanism of superconduc-
tivity in the cuprates.

Recently, we performed muon-spin rotation (uSR)
studies of the pressure effect on the magnetic pen-
etration depth X\ in YBayCuzO, at various oxygen
concentrations (6.45< x <6.98). It is known that
there are two contributions determining the pres-
sure effect on T,: (i) the charge transfer from the
chain oxygen sites to the CuOs planes, and (ii) the
pressure effect on the pairing interaction strength

[4].
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Fig. 12.6 — Uemura plot (Tt vs. o) at zero and ap-
plied pressure P = 1.1 GPa for YBayCu3O,, at var-
ious dopings z. The solid line is the Uemura line
while the other lines are guides to the eye. The
dashed lines show the pressure effect on the slope
v = 00 /0T, (see text).
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Fig. 12.7 — Relation of the zero-temperature gap
Ag and T, in YBasCuzO, at different dopings,
fields, and pressures. The solid line corresponds
to Ao/kBTC = 3.

While the first contribution at ambient pressure fol-
lows the Uemura relation [5], the second one, usu-
ally determined by the temperature dependence of
thermodynamic properties under pressure, is not
well studied so far. The uSR technique is a power-
ful tool to investigate the temperature dependence
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of the superfluid density ps o o & 1/A\? at various
pressures and fields.
dependence of the muon depolarization rate o the
value of o(T=0) and the gap-to-T, (A¢/T:) ratio
were extracted (Figs. 12.6 and 12.7). Both quan-
tities o(T=0) and Ag/T. increase with increasing
pressure P, implying that the coupling strength
also increases with pressure.
Uemura relation [5] does not hold under pressure.
The slope v = 9T./d0 ~ 20 K/us™! is a factor
of two smaller than that of the Uemura relation
yu = 40 K/us™!. Note that the same slope was
previously observed for the OIE on the magnetic
penetration depth [6].

From the temperature

Interestingly, the

The parameter ~ was
found to be independent of the oxygen content for
underdoped YBasCusO, with an average value
of v = 20(3) K/us~!. Taking into account the
two mechanisms which increase T, under pressure
mentioned above, the two mechanisms also give
rise to an increase of 0 = oy + oy. While the
first term accounts for the increase of the carrier
concentration in the CuOg plane according to the
Uemura relation, the second term is related to the
modified pairing intercation V' due to pressure.

Taking v = 20 K/us™! for underdoped
YBayCusO, and wusing the previously re-
ported value O0T./0P = 4 K/GPa for un-
derdoped YBayCu3O, [7], one may ex-
press the pressure effect on oy as follows:
Bp =0Inoy /0P = (Aoy/o)/AP ~ 4 /T. GPa™1.
In this form the doping (or 7.) dependence of the
pressure effect on oy resembles that of the OIE on
o: By = 0lno/0In M, where 01n M is the relative
change of oxygen mass and OP o« dln M. This
implies that (p is finite at optimal doping and
increases with decreasing doping (or decreasing
T.). Additional studies should better clarify the
relation between 8p and ;.

In conclusion, both our studies of isotope ef-
fects in cuprates and iron-based superconductors
and the recent studies on pressure effects on the
magnetic penetration depth in doped YBay;CuzO,
strongly suggest that lattice effects are essential
for the appearance of superconductivity in these
systems.
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