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In 2006 we continued our research on mag-
netic and electronic properties of novel ma-
terials which we investigated by means of
a combination of different complementary
experimental techniques, including muon
spin rotation (µSR), electron paramagnetic
resonance (EPR), nuclear magnetic reso-
nance (NMR), nuclear quadrupole resonance
(NQR), as well as SQUID and torque magne-
tometry.

The main research topics were:

- Study of magnetic and electronic prop-
erties of novel superconductors: mag-
netic penetration depth in cuprate high-
temperature superconductors and its sig-
nature of a two-gap behavior, local mag-
netic fields in cuprate multilayers stud-
ied by µSR, rare-earth ion relaxation in
YBCO compounds by EPR, charge fluc-
tuation effects in YBCO compounds by
NMR/NQR, magnetic penetration depth
studies in non-centrosymmetric supercon-
ductors Li2(Pd/Pt)3B by µSR, magnetization
studies of Al doped MgB2.

- Investigation of the oxygen isotope effect
and its field dependence in cuprate high-
temperature superconductors.

- Pressure effect on the Ginzburg-Landau
parameter in YB6.

- Investigations of electric-field effects on
the electronic structure of Cr-doped stron-
tium titanate.

- Exploration of the microscopic magnetic
properties of dilute magnetic semiconduc-
tor films by low-energy µSR.

8.1 Studies of oxygen isotope effects
in novel superconductors

8.1.1 Oxygen isotope effect in optimally
doped high-temperature superconduc-
tors

The observation of unusual isotope effects
in cuprate high-temperature superconduc-
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tors (HTS) on the transition temperature Tc

(see e.g. [1; 2]) and on the zero temper-
ature in-plane magnetic penetration depth
λab(0) (see e.g. [3; 4; 5; 6; 7]) poses a chal-
lenge to the understanding of high temper-
ature superconductivity. It was found that
the oxygen isotope (16O/18O) effect (OIE) on
both Tc and λab(0) have a tendency to in-
crease with decreasing doping [3; 4; 5; 6; 7].
In particular, for different families of cuprate
HTS there is a universal correlation between
the isotope shifts of these two quantities
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Figure 8.1: Plot of the isotope shift ∆∆∆λλλaaabbb(0)/λλλaaabbb(0)
versus the isotope shift -∆∆∆Tccc/Tccc. Full
squares are the µµµSR data obtained for
YBa222CuO777−δδδ, Y000.888Pr000.222Ba222Cu333O777−δδδ, YBa222Cu444O888

and La111.888555Sr000.111555CuO444. Circles are bulk µµµSR data
for Y111−xxxPrxxxBa222Cu333O777−δδδ [5] and low-energy µµµSR
data for optimally doped YBa222Cu333O777−δδδ [5]. Tri-
angles are torque magnetization and Meissner
fraction data for La222−xxxSrxxxCuO444 [3; 4]. The
lines correspond to the ”differential Uemura“
relation with ∆∆∆λλλaaabbb(0)/λλλaaabbb(0)=0.5|||∆∆∆Tccc/Tccc||| (”A“),
∆∆∆λλλaaabbb(0)/λλλaaabbb(0)=|||∆∆∆Tccc/Tccc||| (”B“), the ”pseudo-gap“
line from Ref. [7] (”C“), and the 2D-QSI relation
given in Ref. [9] (”D“). The dashed lines indicate
that the ”differential Uemura“ (line ”A“) and 2D-QSI
(line ”D“) relations are strictly valid only in the
under-doped regime (see Ref. [8]).

[5; 6; 7]. Namely, in the under-doped re-
gion ∆Tc/Tc and ∆λab(0)/λab(0) scale linearly
with respect to each other with |∆Tc/Tc| '
|∆λab(0)/λab(0)|. However, close to optimal
doping the situation is not so clear. The
Zürich group [5; 6] observed that in optimally
doped YBa2Cu3O7−δ the small OIE on Tc is
associated with a rather large isotope shift
of λab, even comparable with that found in
under-doped cuprates. In contrast, Tallon et
al. [7] showed that in slightly over-doped
La2−xSrxCu1−yZnyO4 the OIE on λab(0) is zero
while the OIE on Tc remains still substantial.

Recently, we performed an OIE study on Tc

and λab(0) in optimally doped La1.85Sr0.15CuO4

and YBa2CuO7−δ, as well as in slightly under-
doped YBa2Cu4O8 and Y0.8Pr0.2Ba2Cu3O7−δ

by means of muon-spin rotation (µSR) [8]. All
the samples show a rather small OIE on Tc as-
sociated with a relatively large OIE on λab(0)
as shown in Fig. 8.1. The fact that a substan-
tial OIE on λab(0) is observed even in cuprates
having a relatively small OIE on Tc suggests
that lattice effects play an essential role in
the occurrence of high-temperature super-
conductivity and have to be considered in
any realistic model.
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8.1.2 Field dependence of oxygen isotope ef-
fects

The presence of nodes in the superconduct-
ing gap is probably one of the most signif-
icant features of cuprate HTS that has at-
tracted considerable theoretical and exper-
imental attention in recent years (see e.g.,
[1; 2]). The fourfold symmetric nature of the
d-wave order parameter, together with the
presence of gap nodes on the Fermi surface,
open possibilities for novel effects to be ob-
servable in HTS. One of the most remarkable
effect is the magnetic field dependence of
the in-plane magnetic penetration depth λab

observed in various HTS in the mixed state. It
was shown that the field dependent correc-
tion to λab arises from the nonlocal and non-
linear response of a superconductor to an ap-
plied magnetic field [3; 4].

A simple analysis reveals that both the non-
linear and the nonlocal corrections to λab are
expected to depend on the mass of the in-
plane charge carriers m∗

ab [5]. A study of the
field dependence of the isotope effect on λab

can serve as a direct test of this prediction. In-
deed, several OIE studies of the in-plane pen-
etration depth λab in various cuprate families
showed a pronounced oxygen-mass depen-
dence of the in-plane supercarrier mass with
18m∗

ab >
16m∗

ab. Bearing in mind that within the
simple London model λ2

ab ∝ m∗
ab the in-plane

magnetic penetration depth for the 16O sub-
stituted sample would increase stronger with
increasing magnetic field than for the 18O sub-
stituted one.

We performed a study of the magnetic field
dependence of the OIE on λab in YBa2Cu4O8

and Y1−xPrxBa2Cu3O7−δ (x=0.2, 0.3) by means
of µSR. The following results were obtained: For
each pair of the 16O/18O substituted samples
λ16

ab < λ18
ab. The OIE on λab decreases by more

than a factor of 2 with increasing magnetic
field from µ0H=0.2 T to µ0H=0.6 T. Both find-
ings may be explained by the isotope depen-

dence of the in-plane charge carrier mass
m∗

ab.

[1] D.J. Scalapino, Phys. Rep. 250, 329 (1995).

[2] C.C. Tsuei et al., Phys. Rev. Lett. 73, 593 (1994).

[3] M.H.S. Amin, M. Franz, and I. Affleck,
Phys. Rev. Lett. 84, 5864 (2000).

[4] M.H.S. Amin, Ph.D. thesis, University of British Colom-
bia, (1999); cond-mat/0011455.

[5] R. Khasanov et al., Phys. Rev. B 75, 060505 (2007).

8.2 Studies of pressure effects in novel
superconductors

8.2.1 Pressure effect on the Ginzburg-
Landau parameter κ in YB6

The Ginzburg-Landau parameter κ = λ/ξ (λ is
the magnetic penetration depth and ξ is the
coherence length) is one of the fundamental
parameters of a superconductor. The param-
eter κ defines the border between type-I (κ <
1/
√

2) and type-II (κ > 1/
√

2) superconductors.
Remarkably, the two physical quantities (λ
and ξ) entering κ depend on different proper-
ties of the superconducting material. A simple
analysis [1] reveals that λ(T=0) is determined
by the normal state properties only, whereas
ξ(T=0) depends on the normal and the super-
conducting state properties of the material.
This means that if one is able to affect only the
superconducting (normal) state properties of
a superconductor, the Ginzburg-Landau pa-
rameter κ would change. As a consequence,
superconductors can be driven towards more
type-I or more type-II behavior.

Experiments under pressure open a possibility
to probe this phenomenon. It was shown [1]
that the application of external pressure to an
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s−wave BCS superconductor induces a large
positive pressure effect (PE) on ξ(0), together
with a small positive effect on λ(0), implying
a strong negative pressure dependence of
κ(0). We studied the effect of pressure on the
Ginzburg-Landau parameter κ in the single-
band isotropic BCS superconductor YB6 [1].
With increasing pressure from 0 to 9.18 kbar
we observed a decrease of κ(0) by almost
8%. The pressure effects on the two quantities
[λ(0) and ξ(0)] entering κ(0) were studied sep-
arately. It was found that the PE on κ(0) arises
mostly from the pressure dependence of the
coherence length ξ(0), while no PE on the
magnetic penetration depth λ(0) (within the
experimental accuracy) was observed. It was
also noticed that in BCS superconductors for
which the relative pressure shift of Tc is much
larger than 1/B (B is the bulk modulus), the
pressure shifts of the superconducting quanti-
ties such as Tc, κ(0), ξ(0), Hc2(0), dHc2/dT |T=Tc

are related to each other (see Fig. 8.2).
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Figure 8.2: Pressure dependences of the rela-
tive pressure shifts ∆∆∆Tccc/Tccc (red stars), ∆∆∆κκκ(0)/κκκ(0)
(green triangles), 1/2∆∆∆Hccc222(0)/Hccc222(0) (black stars),
and ∆∆∆(dHccc222/dT|||TTT===TTTccc

)/(dHccc222/dT|||TTT===TTTccc
) (blue circles) of

the YB666 superconductor.

[1] R. Khasanov et al., Phys. Rev. Lett. 97, 157002 (2006).

8.3 Spectroscopic studies of novel
electronic materials

8.3.1 Charge effects in LaBa2Cu3O7−δ

We continued our search for charge effects in
cuprates by means of 139La NMR/NQR on ori-
ented LaBa2Cu3O7−δ powder samples [1]. La
is sensitive to charge effects, since its nucleus
carries an electric quadrupole moment and
due to its site symmetry the magnetic fields
from the antiferromagnetically correlated Cu
spin fluctuations are canceled. From NQR
measurements we have determined the elec-
tric field gradient at the La site (quadrupole
frequency and asymmetry parameter).

At the 139La NMR central-line transition we
determined the nuclear spin-lattice relax-
ation (NSLR) rate from 350 K down to 11 K.
Above room temperature a thermally acti-
vated isotropic NSLR rate with an activation
energy of the order of 2500 K was found.
Below 270 K, however, a substantial rate
anisotropy of 1.45 in the normal conducting
phase was measured, which decreases be-
low 200 K and becomes 1.3 below 150 K. By
measuring the NSLR on corresponding satellite
transitions at 100 K we found it to be indepen-
dent of frequency, suggesting the interaction
with conduction electrons as the main relax-
ation channel.

In the superconducting phase the NSLR rate
for the field orientation parallel to the c axis of
the crystal drops (see Fig. 8.3a) without show-
ing the expected pronounced rate maximum
due to vortex dynamics as observed e.g. in
investigations of Y NSLR in YBa2Cu4O8 [2]. The
139La nuclear spin-spin relaxation (NSSR) rate
was measured by NMR at the central-line tran-
sition in the normal conducting phase. It
is anisotropic in the whole investigated tem-
perature range exhibiting pronounced steps
and plateaus, which we confirmed in ad-
ditional NQR NSSR measurements. To clar-
ify the complex behavior of the measured
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Figure 8.3:
Temperature dependence of the nuclear spin-lattice
relaxation rate (a), of the full line width at half max-
imum (b), and of the frequency position (c) of the
central-line transition of LaBa222Cu333O777−δδδ in the super-
conducting phase at 9 T parallel to the c axis.

rates, further investigations are necessary. The
139La NMR central line in the superconducting
phase shows a substantial increase of the line
width with decreasing temperature (see Fig.
8.3b), reflecting the temperature behavior of
the magnetic field inhomogeneity caused by
the rigid vortex lattice. Moreover, a decrease
of the frequency of the central line was ob-
served (see Fig. 8.3c). It is a consequence of
the onset of diamagnetism and the decrease
of the positive Knight shift below Tc.

[1] S. Strässle et al., in press (Physica C).

[2] M. Corti et al., Phys. Rev. B 54, 9469 (1996).

8.3.2 NQR investigations of Fe substituted
YBa2Cu4O8

The substitution of Cu atoms by other transi-
tion metal atoms, such as Fe, Zn, Ni, Co, have
proved to be a powerful way to investigate
the superconducting and normal state prop-
erties of cuprate HTS. In general, with increas-
ing substitution Tc is decreased progressively.

In case of the YBCO cuprate family the crystal
structure has two different Cu sites: one in the
chains (Cu1) with fourfold planar oxygen co-
ordination, and the other (Cu2) in the CuO2

planes with fivefold pyramidal coordination. It
was observed that for Fe substitution in YBCO
compounds the decrease of Tc with increas-
ing Fe content is much stronger in the under-
doped stoichiometric compound YBa2Cu4O8

than in YBa2Cu3O7−δ [1; 2]. Since supercon-
ductivity is mainly taking place in the elec-
tronic system of the CuO2 planes, a simple
explanation for this different behavior of the
two compounds could be that in YBa2Cu4O8

Fe replaces Cu(2) in the planes, whereas in
YBa2Cu3O7−δ it occupies Cu(1) sites in the
chains. In the later case Fe substitution of
Cu(1) was verified by several studies using var-
ious structural techniques (see e.g., Ref. [3; 4].
For YBa2Cu4O8 the experimental situation re-
mained unclear. From 57Fe Mössbauer spec-
troscopy Bornemann et al. [2] and Boolchand
et al. [3] found that Fe is replacing Cu(2) in
the planes. In contradiction, Felner et al. [1]
and Akachi et al. [5] using the same tech-
nique and additional X-ray-diffraction mea-
surements observed Fe substituting Cu(1) in
the chains.

In a new attempt to clarify this puzzling situ-
ation we performed Cu-NQR spectroscopy of
YBa2(Cu1−xFex)4O8+δ ( x = 0, 0.00625, 0.0125,
0.01875, 0.025, 0.05) using samples from the
same source as used in the study of Ref. [5].
Similar to the findings of Matsumura et al. [4]
we observed a decrease of the integrated
spectral intensity for both Cu sites with increas-
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Figure 8.4: Wipe-out of spectral intensity at the
plane copper site Cu(2) of YBa222(Cu111−xxxFexxx)444O888+++δδδ.

ing x (wipe-out effect). The intensity from Cu
nuclei that are neighbors (n, n.n or higher or-
der n.n) to a Fe atom disappears from the
observed spectra. Fig. 8.4 shows this fact
for plane Cu(2). However, with growing x
the intensity decrease is much stronger for
Cu(2) than for Cu(1) in contrast to the case
of Fe substituted YBa2Cu3O7−δ [4]. We per-
formed various model calculations for a spec-
tral wipe-out differing in site arrangements of
Fe substitution and range of Cu neighbor or-
der. The comparison with the observed x-
dependent loss of spectral intensity for both
Cu sites led us to the conclusion that Fe
predominantly substitutes plane Cu sites es-
pecially for low Fe doping. We obtained
additional strong support for these findings
from the x-dependence of the spin-spin re-
laxation of the two Cu sites: whereas plane
Cu(2) shows a remarkable growth of relax-
ation rate with increasing x, the relaxation of
chain Cu(1) is independent of x. Furthermore,
we observed in our investigation an influence
of the extra oxygen introduced by Fe substi-
tution on the long term microscopic structural
stability of YBa2(Cu1−xFex)4O8+δ.
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143.

[4] M. Masumura et al., Physica C 185-189, 1135 (1991).

[5] T. Akachi et al., Physica C 301, 315 (1998).

8.3.3 Study of charge transfer processes in
Cr-doped SrTiO3

During exposure to an electrical field (forming
process), the resistance of Cr-doped SrTiO3 is
reduced by several orders of magnitude and
a conductive state is reached. In this state
electrical pulses of opposite polarity switch
the resistance reversibly between a high- and
a low-conductive state [1]. We investigated
the photocurrent induced at different wave-
length in Cr-doped SrTiO3. The illumination
with photon-energy above 1.8 eV produces
free electrons due to the ionization of Cr3+.
Such a valence state is possible in our crystals
thanks to annealing in reducing atmosphere,
and it explains why this charge transfer pro-
cess is not visible in oxidized samples where
the valence state of the Cr is 4+ [2]. The
photon excitation of one electron to the con-
duction band was observed by EPR measure-
ments, which show a decrease of the Cr3+

amount due to the light exposure. This process
is fully reversible, and as shown in Fig.8.5(a),
after 20 min in the dark the signal of Cr3+ re-
covers to the initial value.

A completely different effect is visible by ap-
plying a bias of 100 V (Fig.8.5(b)). Even after
removing the bias voltage and the light, af-
ter 20 min the signal does not recover. This is
a clear effect of the bulk change induced by
the electric field, which modified the recovery
process of Cr3+. By combining EPR, with in-situ
I-V measurements we found that the increase
of the electrical current is correlated with the
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Figure 8.5: EPR signal of Cr3+ in Cr-doped SrTiO3 at different photo-excitation (white light).

decrease of the Cr3+ EPR signal. The expo-
sure to white light produces a photocurrent
that decreases the forming time. One pos-
sible explanation is that the photo-ionization
of the Cr3+ enhances the current which pro-
duces some avalanche processes leading to
the insulator-to-metal transition.

[1] A. Beck et al., Appl. Phys. Lett. 77, 139 (2000).

[2] S. A. Basun et al., Ferroelectrics 183, 255 (1996).

8.3.4 Oxygen isotope effect of the spin-
lattice relaxation of Yb3+ in Yb substi-
tuted YBa2Cu3O7−δ

Recently we performed a detailed study of
the temperature dependence of Yb3+ relax-
ation in YBa2Cu3Ox by measuring the Yb3+

EPR linewidth [1]. It was found that both elec-
tronic and phononic processes contribute
to Yb3+ relaxation. We were able to sepa-
rate these processes and studied their rela-
tive contributions to relaxation as a function
of oxygen doping. As expected, the elec-
tronic contribution decreases with decreasing
oxygen doping, while the phonon contribu-
tion is practically doping independent. Note
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Figure 8.6: Temperature dependence of the Yb333+++ EPR linewidth (relaxation rate) for 111666O and 111888O samples of
underdoped Y000.999888Yb000.000222Ba222Cu333O666.666 (left panel) and optimally doped Y000.999888Yb000.000222Ba222Cu333O666.999555 (right panel).
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that traditional Raman and Orbach mecha-
nisms involving acoustic phonons cannot ex-
plain the temperature dependence of the
Yb3+ EPR linewidth. Instead, it appears that
a Raman process via the coupling to high-
energy (∼ 500 K) optical phonons is respon-
sible for the phononic part of Yb3+ relaxation
in YBa2Cu3Ox. In this case one can expect
an oxygen isotope effect (OIE) on Yb3+ relax-
ation. We checked this possibility by studying
the Yb3+ EPR linewidth in YBa2Cu3Ox with dif-
ferent oxygen isotopes (16O and 18O).

Two samples with different oxygen concen-
trations, x=6.6 (under-doped) and 6.95 (opti-
mally doped) were studied. Figure 8.6 shows
the temperature dependence of the EPR
linewidth of these oxygen exchanged (16O
and 18O) samples. In the under-doped sam-
ple there is a clear OIE on the EPR linewidth.
On the other hand, no OIE is observed in the
optimally doped sample. Surprisingly, the OIE
on the Yb3+ EPR linewidth behaves very similar
as the OIE on Tc, which is large in the under-
doped regime and very small at optimal dop-
ing.

[1] Annual Report 2005/2006,
www.physik.unizh.ch/reports.html.

8.3.5 µSR study of the non-
centrosymmetric superconductors
Li2(Pt, Pd)3B

Recently, the non-centrosymmetric supercon-
ductors Li2Pd3B and Li2Pt3B were discov-
ered [1; 2]. Some experiments indicate a
parity-mixed superconducting state, in par-
ticular a significant spin-triplet contribution in
Li2Pt3B [3; 4], while others suggest both com-
pounds to be BCS-type superconductors with
an isotropic gap [2]. Further evidence for s-
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Figure 8.7: λλλ−−−222(T)/λλλ−−−222(0) versus reduced tempera-
ture T/Tccc for Li222Pd111.555Pt111.555B (left panel) and Li222Pt333B
(right panel) at different applied fields. The solid
lines correspond to a theoretical fit as explained in
the text.

wave superconductivity in Li2Pd3B stems from
our previous studies [5]. In order to elucidate
this controversy, we investigated Li2Pd1.5Pt1.5B
and completely Pt substituted Li2Pt3B by
means of the transverse-field µSR technique.

Figure 8.7 shows the temperature depen-
dence of the magnetic penetration depth λ

normalized to the value at zero temperature
λ(0), i.e. the quantity λ−2(T )/λ−2(0), for the
samples studied. λ−2(T )/λ−2(0) saturates at
low temperatures for Li2Pd1.5Pt1.5B (left panel),
which is expected for an isotropic supercon-
ductor, whereas in Li2Pt3B (right panel) the
slope of λ−2(T )/λ−2(0) is nonzero in the low-
temperature regime, probably suggesting the
existence of nodes in the superconducting
gap.

In general the lack of inversion symmetry in-
duces an antisymmetric spin orbit coupling
(ASOC), which is not destructive to special
spin-triplet states. As a consequence an ad-
mixture of spin-singlet and spin-triplet states
are allowed. The ASOC lifts the energy de-
generacy of the spin states and results in a
two-gap function where nodes may exist in
one gap depending on the weight of the spin
triplet contribution. We analyzed our µSR data
based on these ideas (solid lines in Fig. 8.7) us-
ing the BCS expression for λ−2(T )/λ−2(0) un-
der the assumption of two anisotropic gaps



54 Physik-Institut der Universität Zürich

whose expression was elaborated in Ref. [3].
We obtain a dominant spin triplet contribution
in Li2Pt3B in agreement with Ref. [3], whereas
Li2Pd1.5Pt1.5B seems to be a fully gapped su-
perconductor like Li2Pd3B [5]. These findings
are also consistent with an increasing spin-
orbit coupling with growing Pt content [6].
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8.3.6 Investigation of the two-gap behavior
of La2−xSrxCuO4

It is mostly believed that the order param-
eter in cuprate HTS has pure d−wave sym-
metry, as indicated by e.g. tri-crystal exper-
iments [1]. There are, however, a wide va-
riety of experimental data that support s or
even more complicated types of symmetries
(d + s, d + is, etc.) [2]. In order to solve this
controversy Müller suggested the presence of
two superconducting condensates with differ-
ent symmetries (s− and d−wave) in HTS [3].
This idea was generated partly because two
gaps were observed in n−type SrTiO3 [4], the
first oxide in which superconductivity was de-
tected. In addition, it is known that a two-
order parameter scenario leads to a substan-
tial increase of the superconducting transition
temperature in comparison to a single-band
model [5].

Important information on the symmetry of
the order parameter can be obtained from
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Figure 8.8: Temperature dependence of the
µµµSR relaxation rate σσσsssccc∝∝∝λλλ−−−222

aaabbb of single-crystal
La111.888333Sr000.111777CuO444 measured at 0.02 T, 0.1 T, and 0.64 T
(field-cooled). Lines in the main figure and in the
inset represent the fit with the two-gap model [6].
In the inset the contributions from the large d-wave
gap and the small s-wave gap at µµµ000H=0.02 T are
shown separately.

magnetic field penetration depth λ mea-
surements. Recently, we performed a
study of the in-plane magnetic penetra-
tion depth (λab) in slightly over-doped single-
crystal La1.83Sr0.17CuO4 by means of µSR [6].
At low magnetic fields (µ0H < 0.3 T), λ−2

ab (T )
exhibits an inflection point at T ≈10-15 K
(see Fig. 8.8). We interpret this feature as a
consequence of the presence of two super-
conducting gaps, analogous to double-gap
MgB2 [7]. It is suggested that the large gap
(∆d

1=8.2(1) meV) has d− and the small gap
(∆s

2=1.57(8) meV) s−wave symmetry. With in-
creasing magnetic field the contribution of ∆s

2

decreases substantially, in contrast to an al-
most constant contribution of ∆d

1. Both the
temperature and the field dependencies of
λ−2

ab were found to be similar to what was ob-
served in double-gap MgB2 [7; 8].
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8.4 Magnetic properties of novel elec-
tronic materials

8.4.1 Study of the upper critical field
anisotropy of Al0.16Mg0.84B2

It is now well accepted that MgB2 is a con-
ventional phonon mediated superconductor,
with the peculiarity to have two separate
gaps, whose interplay strongly influences the
physical properties of the material. The tem-
perature dependence of the upper critical
field anisotropy γH=H ||ab

c2 /H ||c
c2 , first observed

by [1], can be understood as the changing
interplay of the two bands by varying the tem-
perature.

Recently, much progress in understanding the
superconducting properties of this two-band
superconductor was made by doping alu-
minum into MgB2 single crystals. Whereas
Tc decreases by replacing the Mg ions with
aluminum, point-contact spectroscopy stud-
ies show that the two-gap behavior remains
up to 20% doping [2].

By using the combination of a magnetic
torque magnetometer with highly sensitive
piezo-resistive sensors and a commercial
SQUID (Quantum Design MPMS XL) we stud-
ied how the anisotropy evolves with tempera-
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Figure 8.9: Upper graph: Temperature dependence of
Hccc222

||||||ccc and Hccc222
||||||aaabbb of MgB222 and Al000.111666Mg000.888444B222 mea-

sured by torque and SQUID magnetometry. Lower
graph: Temperature dependence of upper critical
field anisotropy γHHH of MgB222 and Al000.111666Mg000.888444B222. The
anisotropy of Al000.111666Mg000.888444B222 is clearly reduced and
almost temperature independent.

ture and heavy aluminum doping. In Fig. 8.9
the measured temperature behavior of γH

and the upper critical field Hc2, which strongly
depends on the direction of the field relative
to the crystallographic axes, of Al0.16Mg0.84B2

and pure MgB2 is shown. While γH of
MgB2 is strongly temperature dependent, the
anisotropy of Al0.16Mg0.84B2 is much reduced
compared to MgB2 and is almost temperature
independent. This suggests that the two-gap
behavior becomes less important with higher
Al doping.
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8.4.2 Low-energy µSR experiments on multi-
layers

Proximity effects in multilayers have been sub-
ject of intense research in recent years due to
the variety of phenomena resulting from the
interplay (competition and coexistence) be-
tween the two orderings in hetero-structures.
For instance in super-lattices consisting of one
unit cell thick layers of YBa2Cu3O7 (YBCO)
separated by PrBa2Cu3O7 (PBCO) layers of
variable thickness, the critical temperature of
the heterostructure has been found to contin-
uously decrease as the PBCO thickness is in-
creased, indicating that some sort of coupling
persists over distances of ∼10 nm [1].

Polarized low energy muons implanted in
a YBCO(75nm)/PBCO(50nm)/YBCO(75nm) tri-
layer were used to investigate the local su-
perconducting and magnetic properties of
this structure. For comparison we investigated
also single layer films of the constituents. Fig-
ure 8.10 shows the internal field measured by
zero-field µSR in the PBCO layer as single film
(50nm) and embedded in the two YBCO lay-
ers. Both samples show similar internal field
distributions. If an external magnetic field is
applied parallel to the surface (and perpen-
dicular to the c-axis), by scanning the im-

plantation energy, one can probe the field
distribution of the YBCO layers in the Meiss-
ner state and the local magnetic field inside
the PBCO layer. Superconductivity of YBCO
manifests itself in a screened diamagnetic sig-
nal. In PBCO, the microscopic field measure-
ments show two components. The first com-
ponent reflects the magnetic order and ap-
pears at fields corresponding to the superpo-
sition of the internal and external fields. The
second component displays a sizeable dia-
magnetic shift below the critical temperature
of YBCO. The depth profile of the diamagneti-
cally shifted component exhibits a monotonic
decay in the YBCO layer and reaches the
maximum shift in the PBCO layer (Fig. 8.11).
Moreover, it is close to the field profile inside
the 200 nm YBCO single layer in the Meissner
state plotted for comparison. This result may
present the signature of a large proximity ef-
fect not expected in this material on the base
of conventional proximity models.

[1] J.M. Triscone and Ø. Fischer, Rep. Prog. Phys. 60 1673
(1997).
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8.4.3 µSR study of magnetic semiconductors

Recently, high temperature ferromagnetism
was observed in chalcopyrite semiconduc-
tors doped by Mn, namely in CdGeP2:Mn,
ZnGeP2:Mn, ZnGeAs2:Mn, and CdGeAs2:Mn
[1], where the record Curie temperature of
350 K was reported. These novel diluted fer-
romagnetic semiconductors (DMS) are be-
lieved to be promising for room temperature
spintronics. Our first µSR measurements at PSI
of CdGeAs2 polycrystalline samples doped
with Mn [2] confirmed that the ferromag-
netism detected in these samples is a bulk
phenomenon, and revealed a big shift of the
magnetic field seen by the muon. To under-
stand the nature of this shift one has to ap-
preciate the origin of the net magnetic field
seen by the muon in a ferromagnetic medium
according to the concept of a Lorentz sphere
[3]:

Bµ = Bext −Bdem +BL +Bc +Bdip,

where Bext is the external magnetic field;
Bdem = 4πNm (N - demagnetization factor
of the sample, m - magnetization) and BL =
4π
3 m are demagnetization fields from the fi-

nite sample and the empty Lorentz sphere
(Nsphere = 1

3 ), respectively; Bc is the contact
hyperfine field at the muon and Bdip is the net
magnetic field from magnetic dipoles inside
the Lorentz sphere. In the case of a rectangu-
lar sample (8x8 mm2, thickness 0.82 mm) [2],
the uncertainty of N introduced a large sys-
tematic error in the determination of the phys-
ical term Bc +Bdip.

To eliminate this uncertainty experiments must
be performed with spherical samples (N = 1

3 ),
where the Lorentz field and demagnetization
field cancel each other. This year we were
able to get a big polycrystalline sample of
CdGeAs2:3%Mn and to machine it to an al-
most spherical shape (diameter 3.30(5) mm).

Figure 8.12: Temperature dependence of the field
shift seen by the muon in CdGeAs2 doped with 3%
Mn. The applied field is H=6400 Oe. Different sym-
bols correspond to the different orientations of the
sample. Circle - original position; triangle - sample
rotated 60◦◦◦; square - sample rotated 180◦◦◦; stars -
sample rotated -60◦◦◦.

Fig. 8.12 shows the difference between the
field seen by the muon and the applied
field of 6400 Oe as a function of tempera-
ture. To eliminate the systematic errors due
to unideal shape, several measurements with
different sample orientations have been con-
ducted. At room temperature the data points
are scattered with an average value dB =-
1.6±1.5 G. The measured value of Bc + Bdip is
about 3-4 orders of magnitude less than that
in ferromagnetic metals Fe, Co, Ni, Gd etc.
[3]. This value has to be set against theoretical
estimates using recent calculations [4; 5; 6].
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8.5 Electric field effects in perovskites

8.5.1 Resistive memory effects in Cr-doped
SrTiO3

Resistive memory effect (resistive switching) in
some selected perovskites are under intense
investigation because of their potential tech-
nological applications for non-volatile mem-
ory devices. We report on a study of sin-
gle crystals of Cr-doped SrTiO3 as a model
system [1]. By comparing the EPR signal
in the insulating state and the conducting
state obtained after exposure to an electri-
cal field (forming), a broadening of the line-
shape of the Cr3+ signals was detected af-
ter the forming process. Such changes in-
dicate that the forming procedure affects a
volume fraction of ≤10% of the entire bulk.
By optical measurements during the forming
process, while applying positive and negative
voltage pulses, we were able to detect a lu-
minescence band centered at 790nm. This lu-
minescence is known as the Cr R-line [2] re-
sulting from a recombination of electrons at
the Cr4+ center, and is a clear signature of
a charge transfer process involved during the
insulator-to-metal transition. A broader band
was detected at the same spectral region
during the memory switching from the high
to the low conductive state which indicates
that a carrier recombination process occurs
during the resistance increase. Additional in-
vestigations are required to assign the broad
luminescence line to well defined energy level
of the Cr-doped SrTiO3.

[1] Y. Watanabe et al., Appl. Phys. Lett. 78, 3738 (2001).

[2] T. Feng, Phys. Rev. B 25, 627 (1982).

8.5.2 µSR study of conductive Cr-doped
SrTiO3

Knowledge about the role of oxygen va-
cancy doping in SrTiO3 is essential in order
to understand the physics of the insulator-to-
metal transition in the material. Muon-spin
rotation experiments (including µSR in elec-
tric fields) proved to be a powerful tool to
study muonium (muon + electron) and other
muon charge states in semiconductors and
insulators. Usually muonium is detected in
insulators or slightly doped semiconductors,
whereas bare muons are observed in heav-
ily doped semiconductors and metals. Mon-
itoring the ratio muon to muonium signal in-
tensity can yield an estimate of the metal to
insulator volume ratio. Transverse magnetic
field µSR measurements on a single crystal of
Cr-doped SrTiO3 shows a change in the muon
signal (asymmetry) due to a different anneal-
ingprocedure of the virgin materials (Fig.8.13).

We found the largest muon signal in the virgin
oxygen vacancy enriched sample (black).
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Figure 8.13: Temperature dependence of the asym-
metry parameter of single crystal SrTiO333:Cr0.2%.

black: virgin reduced
(annealed in H222/Ar:5% at 1150◦◦◦C for 8h)

red: virgin oxidized
(annealed in O222 at 1150 ◦◦◦C for 8h)

blue: reduced conductive
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The two annealing procedures affect both the
Cr valence state and the oxygen vacancy
content due to a charge compensation. By
comparing the two virgin samples one can
conclude that in the virgin oxygen vacancy
enriched sample the larger muon signal re-
flects a larger metallic volume fraction. On
the other hand, a decrease of the muon sig-
nal in the conducting state obtained after
the electric field forming procedure is in con-
tradiction to the idea of an increase of the
fraction of metallic regions. This observation
requires more experimental investigations.

8.6 New developments in instrumenta-
tion and data handling

8.6.1 Implementation of the flip-coil tech-
nique at the Avoided Level Crossing in-
strument at PSI

In avoided level crossing (ALC) experiments
the integral muon decay asymmetry

Asy = (F −B)/(F +B)

(where F and B are the total number of
positron events in the forward and backward
counters, respectively) is measured as a func-
tion of applied magnetic field. One princi-
pal limitation of a standard ALC technique lies

Figure 8.14: Typical examples of a clean (green) and
a noisy (red) raw ALC spectrum.

in the systematic fluctuations due to the vari-
ous beam line instabilities (noise of the power
supplies, fluctuation of the primary proton
beam, small HV discharges in the separator).
Typical clean and noisy raw ALC spectra are
presented in Fig. 8.14. To average out sys-
tematic errors the so-called flip-coil technique
was introduced at TRIUMF [1]. A similar ap-
proach (Red-Green mode) is used at ISIS.

Here we report the first implementation of
the flip-coil technique at the ALC instrument
at PSI. A small coil capable to produce a
square-wave modulation field (amplitude up
to ∆H '20 Oe) was attached to the stan-
dard ALC cryostat and placed inside the
warm bore of the superconducting magnet.
The modulation field was alternated at a fre-
quency of 1 Hz by an external generator and
two separate ALC spectra were collected

Asy± = (F± −B±)/(F± +B±),

where ± refers to the direction of the modula-
tion field. Finally, one can construct the differ-
ential asymmetry

Asydiff = Asy+ −Asy−

or

Asy(H)diff = Asy(H + ∆H/2)−Asy(H −∆H/2).

Figure 8.15: ALC spectra measured in Al222O333 at
T=15 K in an electric field E=+11.32 kV/cm.
Red - Asydddiiiffffff of “clean” data (shown shifted by -0.01
for clarity).
Blue - noisy original raw signal.
Green - Asydddiiiffffff made of the original noisy signal.
One can see that the noise is absent in the flip-coil
presentation.
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For low frequency fluctuations (fnoise < 1 Hz)
the noise contribution to Asydiff is subtracted.
These features are illustrated in Fig 8.15. In
conclusion, the flip-coil technique was imple-
mented at the ALC instrument and is ready
for further experiments.

[1] R.F. Kiefl et al., Phys. Rev. A34, 681 (1986).

8.6.2 Setup for simultaneous observation of
EPR, luminescence and current-voltage
measurements

In order to study changes in the valence
states of transition metal ion dopants (Cr, Fe,
Co, Mn) in SrTiO3 during current voltage (I-
V) measurements, a special sample holder
and special electrodes were developed. Si-
multaneous measurements of EPR, I-V curves,
and luminescence are now possible with a re-
producibility of the EPR signal improved from
10% to 1%, which is an essential prerequi-
site to study small changes in the entire bulk.
The new setup (Fig.8.16 ) consist of a spe-
cial enlarged hole window in the wall of the
EPR cavity which is aligned with a series of
two optical lenses. The sample position co-
incides with the center of the cavity and the
focal point of the first lense. With such a
system it is possible to collect light emitted
by the sample and couple it to an optical
fiber connected to a Single Photon Count-
ing Module (SPCM of Laser Components) with
a dark count of 25 cps. The SPCM is then
connected to a ratemeter (Canberra Lin-Log
Ratemeter 1481LA). For the I-V in-situ measure-
ment stripe-like electrodes of platinum are de-
posited on two opposite faces of the SrTiO3

single crystal. Such stripe-like platinum layers
being transparent to the EPR microwave al-
low to apply an electrical field and give ac-
cess for the optical luminescence detection.

Figure 8.16: EPR cavity modified for optical lumines-
cence detection.

8.6.3 Calculation of the magnetic field distri-
bution in type-II superconductors

Analysis of µSR data for type-II superconduc-
tors with a high value of κ = λ/ξ, like cuprate
HTS, is a demanding task. In this case the
second moment of the magnetic field distri-
bution in the mixed phase depends on sev-
eral parameters: the penetration depth λ,
the coherence length ξ, and the degree of
the vortex lattice disorder [1]. Several meth-
ods were proposed to calculate µSR spec-
tra as a function of these parameters (see
for example [2]). However, most of them
fail to describe precisely experimental data
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Figure 8.17: Spatial distribution of the magnetic
field in a type-II superconductor calculated using the
Ginzburg-Landau model for λλλ = 200 nm, ξξξ = 20 nm,
average field 0.02µµµ000Hccc222 = 16.45 mT, and inter-vortex
distance 380.9 nm.

as the applied magnetic field approaches
Hc2. The magnetic field distribution in a flux
line lattice (FLL) can be calculated using the
Ginzburg-Landau model. Brandt described
an algorithm for numerical calculation of the
magnetic field distribution in a type-II su-
perconductor for hexagonal and rectangu-
lar geometries of the FLL by minimizing the
Ginzburg-Landau free energy [3]. Based on
this algorithm we wrote a program in MATLAB
to simulate and to fit the field and time do-
main µSR spectra.

As an example, Figs. 8.17 and 8.18 show the
spatial distribution of the magnetic field and
the order parameter of a type-II supercon-
ductor, calculated by our program. The corre-
sponding field domain µSR spectrum is shown
in Fig. 8.19. Compared to other models the
program is able to analyze type-II supercon-
ductors with small values of κ and in fields
close to Hc2. It also allows the exact calcula-
tion of the reversible magnetization in type-II
superconductors.

Figure 8.18: Spatial distribution of the normalized
absolute value of the order parameter in a type-II su-
perconductor calculated using the Ginzburg-Landau
model for λλλ = 200 nm, ξξξ = 20 nm, average field
0.02µµµ000Hccc222 = 16.45 mT, and inter-vortex distance
380.9 nm.
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Figure 8.19: Field domain µµµSR spectrum correspond-
ing to the spatial distribution of magnetic field
shown in Fig. 8.17
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