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Abstract: K.A. Miiller took a long route in science leaving many traces and imprints, which have been
and are still today initiations for further research activities. We “walk” along this outstanding path
but are certainly not able to provide a complete picture of it, since the way was not always straight,
often marked by unintended detours, which had novel impact on the international research society.
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1. Introduction

After World War II, science started a new blooming period, especially in solid state
physics, which used to be the poor cousin in physics. In this early period, a number of novel
systems were discovered, mostly in the need of applications to support the reconstruction
of Europe. A lot of attention was devoted then to perovskite oxides, which, because of their

check for ferroelectric properties, were excellent ultrasound transducers, piezoelectric converters,
updates . . . . . .

and pyroelectric devices. The most prominent members of this material class are PbTiO3

Citation: Bussmann-Holder, A.; and its mixed ceramics with PbZrOj, still today installed in many applications, and being

Keller, H. From 5tTiO; to Cuprates necessary ingredient for many techniques. BaTiOj is similarly important, together with

and Back to SrTiO: A Way Along SrTiO3. Many other related compounds originated from this time, which all turned out to
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be of high scientific interest and relevant for new technologies (for a comprehensive review,
see, Reference [1]). It was this exciting period when K.A. Miiller started his research in
experimental solid state physics.
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In the early 1950s, the investigations of perovskites were enormously intense, since
their ferroelectric properties were relevant for novel industrial applications. Understanding
the background for the appearance of these phenomena intensified the experimental and
theoretical activities and lead to new tools, like neutron scattering, nuclear and electron
(para)magnetic resonance (NMR, EPR), and low-temperature techniques. These techniques
evidenced that the ferroelectric perovskites have unique properties related to their dynam-
ics, namely a distinct soft mode behavior of a long wave length transverse optic mode,
where the related frozen-in ionic displacement pattern determines the low temperature
structure and the magnitude of the polarization [2—4]. Thus, a unique characterization
of ferroelectrics was possible through the identification of a soft optic mode. Besides
the polar properties, further structural phase transitions were discovered, where, espe-
cially, SrTiO; [5], LaAlOj3 [6], and BaTiO3; were of uttermost interest. In the former two
compounds, phase transitions from cubic to tetragonal, cubic to R3¢, were observed and be-
lieved to be characteristic for oxide perovskites [5]. The origin of these transitions remained
conditions of the Creative Commons  UNknown, however, for a decade, as well as their precise transition temperatures. This issue
Attribution (CC BY) license (https:// ~ Was clarified by K.A. Miiller et al. in 1968 [7], who showed that the rotation angle ¢ of the
creativecommons.org/licenses /by / oxygen ion octahedra is the order parameter of these phase transitions (see Figure 1, where
40/). the perovskite structure and the rotation of the octahedra are schematically illustrated).
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Figure 1. (Top) Perovskite structure of SrTiO3. (Bottom) Oxygen octahedra rotated around the
tetragonal c-axis in SrTiO3 below the transition temperature Ts. The rotation angle ¢ represents the
order parameter of the structural phase transition below Ts. (from References [5,8]).

He identified this assignment via electron paramagnetic resonance (EPR) experiments
where tiny amounts of a magnetic ion (e.g., Fe as indicated in the lower part of Figure 1)
were implanted in the respective samples. By comparing the normalized rotation angles of
different perovskite oxides, he concluded that, indeed, a unique similarity between them
was present, since the temperature dependence of the rotation angle follows one single
law independent of the corresponding compound. Since the rotation angle continuously
goes to zero upon approaching the phase transition temperature, the transition has been
classified as second order type.

Prior to this well-known work, K.A. Miiller was interested in the Jahn-Teller effect,
which continued to remain in his focus throughout his career, also and importantly, in
the search for superconductivity. Already, in 1937, Jahn and Teller showed that, for a
polyatomic molecule, “All nonlinear nuclear configurations are unstable for an orbitally
degenerate ground state”. Using EPR to detect d’ impurity ions in Al,O3 and SrTiO3,
he showed that line broadening due to resonance relaxation occurs already above room
temperature. By determining the level splitting between the ground and excited levels, he
concluded that phonons are sufficient to overcome this splitting, thereby arriving at the
concept of the dynamic Jahn-Teller effect [9], which later turned out to be at the heart for
the discovery of high-temperature superconductivity.

The previous observations of a soft transverse optic mode at 4 = 0 gave rise to
speculations that a coupling to an acoustic mode initiates the phase transition. This could
rapidly be excluded, since the transition in LaAlOj3 has been related to the softening of
a transverse acoustic mode at (1/2,1/2,1/2) with no further evidence of any other soft
mode being present [10]. On the opposite side, in SrTiOs3, there is indeed a soft transverse
optic mode at g = 0. This observation led K.A. Miiller et al. to propose that a second zone
boundary soft acoustic mode must exist in SrTiO3. This idea was directly proven to be true
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by Raman scattering experiments and, shortly afterwards, additionally verified by inelastic
neutron scattering [11].

An interesting discovery was made by K.A. Miiller, as early as 1969, where he ex-
perimentally demonstrated the existence of a negative U-center in Ni-doped SrTiO3 [12].
At that time, this discovery did not draw much attention. However, six years later, PW.
Anderson [13], and, simultaneously and independently, R.A. Street and N.F. Mott [14],
introduced theoretically the negative U centers to account for the fact that most glasses and
amorphous semiconductors are diamagnetic. Obviously, they were unaware that this had
already been discovered before experimentally [12]. There are important consequences
from these centers for superconductivity, namely that there is an analogy between the exis-
tence of an effective attraction between electrons in a superconductor and the negative U
centers in an insulating glass. Since the origin of this electron-electron attractive interaction
stems from the lattice, it also bears a close resemblance to bipolaron formation, later on
proposed by Chakraverty [15], to give rise to superconductivity.

The increasing interest in SrTiO3 and other perovskite titanates successfully encour-
aged crystal growers to optimize their growth conditions, and it became possible to obtain
almost domain-free samples of SrTiO3 and LaAlOj in their low-temperature tetragonal,
R3c phase. These were the starting point to investigate in deep detail, and with much
improved resolution, the temperature dependence of the order parameter, the rotation
angle ¢(T), in the vicinity of the phase transition temperature (see Figure 1) [16]. While it
was long taken for given that Landau theory universally describes the behavior of ¢ by the
law: ¢ « P e= (Ts — T)/Ts, Ts being the phase transition temperature and § = 1/2, the
better sample quality enabled to measure § with higher accuracy, especially in the vicinity
of Ts. The new data evidenced deviations from this law close to Ts, thus questioning
the global validity of Landau theory (B = 1/2). From this work, it was concluded that
the temperature dependence of ¢ in SrTiO3; and LaAlOs3, below the second-order phase
transition temperatures T;, is described by an exponent p = 0.33(2) (critical exponent of
the order parameter) in the temperature region 0.9 <t = T/T; < 0.96 (critical region). For
t < 0.9, there occurs a change to Landau behavior (mean-field behavior), as indicated by
the solid line in Figure 2. This observation of static critical exponents near displacive phase
transitions confirmed the notion of universality classes in this field [16].
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Figure 2. ¢?(t) of SrTiO3 and crystal field parameter D of LaAlOj3 vs reduced temperature t = T/ T
between 0.7 and 1, showing the changeover from Landau to critical behavior at t ~ 0.9 (from
Reference [16]).
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The above comprehensive results on SrTiO; set off more detailed investigations on
the long wave length soft zone center transverse optic mode, which was speculated to
be related to a ferroelectric phase transition in analogy to other titanites. However, a
real transition had never been reported, but the extrapolation of this mode to zero led
to a transition temperature around 20-30 K. Since the transverse optic soft mode driven
phase transitions are related to a temperature dependent dielectric constant ¢(T) via the
Lyddane-Sachs-Teller relation, measurements of ¢(T) can uniquely clarify the occurrence of
a true phase transition. These were performed by Miiller and Burkard [17] in 1979 and had
the unexpected outcome that ¢(T) saturates below 4 K exhibiting extremely high values
there (Figure 3). The results have been interpreted in terms of quantum fluctuations which
suppress a true phase transition and coined the name “quantum paraelectricity” [17]. After
the Nobel Prize awarded paper, it is the most frequently cited paper of K.A. Miiller, as
noted in a bibliographic study by Kremer et al. in Reference [18].
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Figure 3. Comparison of the temperature dependent dielectric constant ¢ of SrTiO3 in the quantum
dominated temperature region with the mean-field theory; B1 adjusted to fit the crossover below
150 K; B2 adjusted to fit e at T — 0; CBR: effective acoustic mode coupling; MC dipolar mode
coupling with biquadratic electron-phonon interaction (from Reference [17]).

In the search for superconductivity in perovskites, Binnig and coauthors went back
to SrTiO3, which was already known to become superconducting at low temperature
(T: ~ 0.5 K) upon changing the oxygen stoichiometry [19-21]. Instead of manipulating
the oxygen content, they doped the compound with small amounts of Nb [22] in order to
enhance the superconducting transition temperature T, Even though this methodology
did not lead to a significant enhancement of T, they discovered that their compound
has two superconducting gaps and verified, thereby, the long known prediction that
superconductors can exhibit more than one gap [23,24]. The most amazing thing about
Nb-doped SrTiOs is, however, that it has an extremely low carrier concentration, such that
its Fermi energy is smaller or comparable to the Debye energy. This “strange” behavior has
very recently been taken up again and gave rise to new theoretical [25-27] and experimental
interest, results, concepts, and speculations [28] (also see Scheerer et al. in Reference [29]).
These will be discussed in more detail at the end of this paper.

For many years, the proximity of SrTiO3 to a polar instability has challenged re-
searchers to induce this order by different means. A first success was achieved by electric
field effects, where polar domains could be induced [30]. Pressure on the contrary proved
to be counter-productive, since the soft mode was observed to harden [31-33]. Similar
effects were observed with doping, where an increase in the carrier density reduces the gap
but also enhances the soft mode frequency [34]. It was up to J. G. Bednorz and K.A. Miiller
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to achieve a breakthrough by replacing tiny amounts of Sr with Ca in SrTiO3 [34]. Since
Ca is smaller than Sr, a spontaneous polarization appears in the basal planes and not
along the c-direction and is switchable between the two equivalent a-axes. This behavior
was named “XY quantum ferroelectric” and shown to vanish rapidly with increasing Ca
content [34]. An alternative approach has been undertaken by Itoh et al. by replacing O'°
by its isotope O'® [35]. Indeed, ferroelectricity was observed there, but soon shown to
be incomplete through theoretical modeling [36] and Raman spectroscopy [37]. By “in-
complete”, it is meant that ferroelectricity is not of long-range order, but appears locally
only. Kleemann et al., in Reference [38], focus exactly on the possibility to achieve a true
polar ground state in SrTiO3 but also strive through doping-dependent novel phenomena
achievable in this compound.

Even though the discovery of high-temperature superconductivity in the La-Ba-Cu-O
perovskite slowed down the work of K.A. Miiller with respect to oxide perovskites, he
continued beforehand existing collaborations and produced interesting new results. Here,
it is important to mention his work on BaTiO3, which exhibits three phase transitions with
decreasing temperature: the first from cubic to tetragonal at 408 K induces ferroelectricity,
the following at 278 K lowers the symmetry to orthorhombic and is accompanied by a
change in the polarization direction; at 183 K, the symmetry becomes rhombohedral and
again the polarization reorients. The mechanisms of all transitions remained controversial
for a long time, since experimental data testing different time and length scales suggested
different mechanisms to be at play. Local probe experiments were in accordance with
order-disorder type transitions [39,40], whereas long range testing experiments were in
accordance with purely displacive ones [41]. The puzzles could be resolved again by EPR,
where Mn** ions were doped in BaTiOj; to randomly substitute for the isovalent Ti**
ion. These experiments clearly showed that dynamic precursor clusters are formed above
the respective transition temperature, which signify a coexistence of order/disorder and
displacive features [42]. Depending on the testing tool, either of both appears dominant and
yields a corresponding interpretation. Note that, in the paper by Bishop in Reference [43],
similar aspects and beyond are addressed, and more detailed consequences are given.

A representative and comprehensive collection of the broad work of K.A. Miiller on the
properties of perovskites and other oxides (except cuprates) is presented in Reference [8]
and supplemented in the work by Kool in Reference [44].

The above described results have an important consequence, since they suggest that
perovskites are locally inhomogeneous with different coexisting time and length scales.
As will be shown below, this is also true for cuprate superconductors, where distinctive
properties stem from inherent inhomogeneity [45].

3. High-Temperature Superconductivity in Cuprates
3.1. Discovery of Superconductivity in the Cuprates

While K.A. Miiller was already famous for his work on oxide perovskites in the
eighties, he became inspired by the work on granular Al to move to superconductivity [46],
a field he had never been interested in before. Granular Al has an extremely short coherence
length, untypical for BCS superconductors, which later was shown to be also realized
in cuprate superconductors [47]. For more details on the physical meaning of a short
coherence length in unconventional superconductors, see the contribution of Deutscher in
Reference [48].

K.A. Miiller almost immediately turned to his favorite materials, the oxide perovskites,
since the observation of a low carrier density and a large Debye energy yielded aston-
ishingly high superconducting transition temperatures in oxides, incompatible with BCS
theory. The above described discovery of two-band superconductivity in Nb-doped SrTiO3
was the first result in that direction and actually was considered as very disappointing
from the perspective of ].G. Bednorz. However, he, together with K.A. Miiller, did not
give up, and, finally, they succeeded in their world famous discovery of the La-Ba-Cu-O
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compound, which was honored with the Nobel prize only a year later, the fastest Nobel
prize [49-52].

This discovery was inspired, as mentioned above, by the observation of the combi-
nation of low carrier density and a rather large superconducting transition temperature
and the knowledge of Jahn-Teller polarons [53]. From this observation, and theoretical
results of Hock et al. [53], K.A. Miiller concluded that the coupling between the ions and
the electrons /holes must be extraordinarily strong and unconventional, as suggested by
Chakravarty based on a (bi-) polaronic concept [15]. Indeed, the cuprates also have a
smaller carrier density than conventional superconductors, which is why they were named
“bad” metals. Already, in his Nobel prize award speech, K.A. Miiller depicted this scenario
with alternating CuO pyramids, being charge rich and charge poor (Figure 4) [52], which
was shortly afterwards verified experimentally by the group of A. Bianconi [54], suggesting
a stripe-like patterning consisting of alternating distorted (D) and undistorted (U) CuOg
octahedra with widths W and L (Figure 5). Having such a scenario in mind, it is obvious
from the very beginning that cuprates, being non-stoichiometric, cannot be homogeneous.
This is discussed in the next section.

Jahn-Teller polarons (1983)

Figure 4. Schematic representation of the Jahn-Teller polaron in a linear chain substitution of trivalent
La by a divalent alkaline-earth element would lead to a symmetric change in the oxygen polyhedral
in the presence of Cu®t (after Reference [52]).
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Figure 5. Pictorial view of the distorted CuOg octahedra, left side, of the “LTT (low-temperature
tetragonal) type” assigned to the distorted stripe (D stripes) of width W ~ 8 A and of the undistorted
octahedra, right side, of the “LTO (low-temperature orthorhombic) type” assigned to the undistorted
stripes (U stripes) of width L ~ 16 A. The superlattice of quantum stripes of wavelength L + W is
shown in the upper part (from Reference [54]).

As mentioned above, the discovery of high-temperature superconductivity in the
cuprates was not accidental but based on the idea that an unconventionally strong electron-
lattice interaction may lead to superconductivity at high T.. A possible way to achieve
such a strong coupling is the formation of Jahn-Teller (JT) polarons (bipolarons) in doped
perovskite oxides, as proposed by Bednorz and Miiller [49,50]. In order to test and support
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the polaron concept, K.A. Miiller made, from the beginning, several suggestions for key
experiments (see, e.g., References [55-57]). Some of his main proposals for experiments—
dealing with inhomogeneity, mixed oder parameters, and unconventional isotope effects
in cuprate superconductors—are discussed in the following sections.

3.2. Essential Heterogeneities and Mixed Order Parameters in Cuprate Superconductors

In spite of many efforts in understanding the electron (hole) pairing mechanism in
these materials, K.A. Miiller pursued his ideas which culminated - driven by not under-
stood experimental results—in his suggestion that two coexisting order parameters are
characteristic for these compounds [58,59]. In view of the majority line that cuprates have
a single d-wave order parameter (see, e.g., References [60-62]), he intensely pointed out to
a combination of s + d wave order parameters [58], thereby supporting his viewpoint of
intrinsic inhomogeneity [45] characterized by local and global features which are beyond
lattice periodicity. These ideas have subsequently been supported by detailed muon-spin
rotation (uUSR) experiments on various families of cuprate superconductors by the Univer-
sity of Zurich group [63-67]. The temperature dependence of the magnetic penetration
depth A, which can be extracted from the uSR relaxation rate 0. according to the relation
0sc < A72 [68], is sensitive to the gap symmetry.

As an example, Figure 6a shows the temperature dependence of the uSR relaxation
rate oy, for single-crystal Laj g3Srg 17CuOy measured in various external magnetic fields
perpendicular to the CuO; plane [63]. In this case, 05(T) o A&)Z(T), where A,y is the
in-plane magnetic penetration depth. Note that 0(T) shows an inflection point at low
temperature which is most pronounced in the lowest magnetic field of upH = 0.02 T.
By analyzing the uSR data within a two-component model with coupled s + d-wave order
parameters, a good agreement between experiment and theory was achieved [63,67], as
demonstrated in Figure 6b. In particular, it is evident from the analysis that the s-wave gap
contributes less to the superfluid density (32%) as compared to the d-wave gap (68%), but
that its contribution is essential in order to describe the uSR data consistently. The fact that
various cuprate families exhibit essentially the same behavior of the uSR relaxation rate
0sc(T) [63-65] suggests that this behavior is generic to all cuprate superconductors and
reflects also the intrinsic inhomogeneity of these materials [45,69].

3 T T T T T T T 3 T T T T T T T
a) b
L, g38r.17CUO, | La, g3Sr, 17CUO, ) |
2 e 2 _
= = ® ;1,H=0.02T
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Figure 6. (a) Temperature dependence of the muon-spin rotation (LSR) relaxation rate oy o /\;b2 of
single-crystal Laj g3Srg 17CuO4 measured at various magnetic fields, as indicated in the figure. The
solid lines correspond to results from a s + d two-gap model. (b) The green and blue lines represent
the contributions of d- and s-wave gap (after Reference [63]).

Testing the gap symmetry experimentally crucially depends on the experimental
technique involved. For example, ARPES (angle-resolved photoemission spectroscopy)
or phase-sensitive tunneling experiments on single-crystal samples probe the gap sym-
metry near the surface, whereas PSR experiments probe the gap symmetry in the bulk.
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Inconsistent results concerning the gap symmetry determined by different experimental
techniques [59], as well as group theoretical considerations inspired K.A. Miiller, to con-
clude that the gap symmetry may change from purely d-wave near the surface to more
s-wave, like in the bulk of the superconductor [69,70]. We investigated the temperature
dependencies of the in-plane (A,;) and out-of-plane (A.) magnetic field penetration depths
near the surface and in the bulk of the electron-doped superconductor SrpgLag1CuO; by
means of AC magnetization and pSR measurements [71]. These studies provide evidence
that the scenario of coexisting mixed s + d order parameters is indeed also realized in this
electron-doped cuprate superconductor, as proposed by K.A. Miiller [58,69]. The tempera-
ture dependence of /\a_bz was found to be consistent with a dominant d-wave component
(~96%) and only a tiny s-wave component near the surface of the sample, whereas A.(T) is
well described by a mixed s + d order parameter with an s-wave component of more than
50% in the bulk. A comparison of the magnetization (surface probe) and the uSR (bulk
probe) data for )\;72 reveals that the s-wave component of the superfluid density is strongly
suppressed by more than a factor of two near the surface of the sample, in accordance with
the proposal of K.A. Miiller [69]. For more details of this study, we refer to the contribution
of Khasanov et al. in Reference [71].

Since the involvement of the lattice is essential in this model of mixed s + d order
parameters, K.A. Miiller proposed to investigate isotope effects in the cuprate supercon-
ductors in order to highlight the important role played by the lattice. The most prominent
isotope effects observed in cuprate superconductors are summarized in the following.

3.3. Unconventional Isotope Effects in Cuprate Superconductors

The observation of an isotope effect (IE) on the superconducting transition temper-
ature T, in mercury in 1950 played a key role in the development of the weak-coupling
microscopic BCS theory of superconductivity, where the electron-phonon interaction leads
to the formation of Cooper pairs (two electrons with opposite spin and momentum) at T.
The isotope shift on T; is expressed by the relation

T.xcM™, a=—-dInT./dInM, 1)

where M is the isotope mass, and « is the IE exponent. Weak-coupling BCS theory predicts
T, o« M~1/2 with apcs ~ 0.5. Indeed, for many low-temperature conventional super-
conductors, values of « ~ 0.5 were found. The observation of an IE in conventional
superconductors is thus consistent with the BCS theory of superconductivity, where the
electron-phonon interaction is the pairing mechanism.

The discovery of high-temperature superconductivity in the cuprates by Bednorz
and Miiller [49] with transitions temperatures well above those found in conventional
superconductors raised the question of the electron/hole pairing nature of superconduc-
tivity in these novel systems. The observation of only a tiny oxygen (1°0/0)-isotope
effect (OIE) in optimally doped YBayCusOy_s [72] led many theoreticians to conclude that
the electron-phonon interaction, or, more generally, lattice effects, cannot be the pairing
glue in high-temperature superconductivity. Alternatively, several other models of purely
electronic origin were proposed, and a majority of scientists working in the field ignored
the role of the lattice in the cuprates. However, it is important to note that all cuprates show
a finite OIE on T, at all doping levels, increasing substantially with reduced doping [73,74].

From the very beginning, K.A Miiller was convinced that the IE plays a crucial
role to understand the microscopic pairing mechanism in the cuprates. The concept
of the Jahn-Teller (JT) polaron, which originally was his basic motivation to search for
superconductivity in perovskite oxides, involves local lattice deformations. Consequently,
strong lattice interactions and unconventional isotope effects are expected to be present
in the cuprates. In an early paper, K.A. Miiller reviews the importance of IEs in the
cuprates [75]. In 1990, K.A. Miiller, therefore, initiated a new project, Isotope Effects in
Cupate Superconductors, at the University of Zurich (see, e.g., References [76-78]), in close
collaboration with material scientists from the ETH Zurich and the Paul Scherrer Institute
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(PSI) (see the contribution of Conder et al. in Reference [79]). The main goal of this project
was to investigate which oxygen atoms (plane (p), apical (a), or chain (c) oxygens) in the
crystal lattice of YBayCuzOy_s contribute mainly to the OIE on T,. It was expected that,
within the JT concept, the apical oxygen ions should play a crucial role and give rise to a
pronounced OIE. Experimentally, this can be tested by the so-called site-selective oxygen-
isotope effect (SOIE) study on T; in optimally doped YBayCuzO7_; [80]. For this purpose,
fully 1°0 and '80 exchanged, as well as site-selective exchanged samples, were prepared.
In the site-selective samples, the planar sites were substituted by 80 (1°0) and the apical
and chain sites by 10 (180). Surprisingly, it was found that the planar oxygen atoms
contribute dominantly (>80%) to the total OIE shift on T;. This finding was later confirmed
for Y1 _,PryBayCusOy_s for various dopings (x = 0,0.3,0.4) [81,82]. All these SOIE results
on T for Y;_,PryBayCu3zOy_; are summarized in Figure 7. It is evident that the main
contribution to the OIE on T for all dopings originates from the oxygen atoms in the CuO,
planes, opposite to what was expected by K.A. Miiller in his original proposal, where
he assumed that the apical oxygen ion displacement is subject to strong anharmonicity
analogous to perovskite ferroelectrics [75,83]. Apparently, these assumptions did not meet
the experimental results, which he immediately accepted.

0.6 T 1 L] 1 T
Y,.Pr,Bas,Cus05_,

=p+ac

T:(K)

Figure 7. Total (t) and partial (p, ac) oxygen-isotope exponent ao as a function of T. for
Y1_,PryBayCuzOy_; (t = total: all oxygen sites, p: planar oxygen sites, ac: apex and chain oxy-
gen sites). Solid and dashed lines are guides to the eye (after Reference [78]).

In subsequent years, doping dependent unconventional OIEs on several physical
quantities (besides T.) were observed, including, for instance, the antiferromagnetic tran-
sition temperature Ty, the spin-glass transition temperature Ty, the spin-stripe order-
ing tempertaure T;,, the magnetic penetration depth A, and the pseudogap temperature
T* [67,76-78,84,85]. In the following, we will only focus on the OIEs on A and T*.

The BCS theory is based on the Migdal adiabatic approximation, in which the effective
mass m”* of the supercarriers is not sensitive to the mass M of the lattice atoms. However,
if the supercarriers interact strongly with the lattice as in a polaronic concept (JT represen-
tation), the adiabatic approximation is no longer valid, and m* depends on M (see, e.g.,
Reference [86]). A direct way to test this notion is to search for a possible IE on the magnetic
penetration depth A. In the simplest case of a spherical or ellipsoidal Fermi surface, the
zero-temperture in-plane magnetic penetration depth A,; may be expressed by the London

formula [78]:
1 my,
)\ab(o) - }1062 ns ()
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where 7; is the superconducting carrier density, and m, is the in-plane effective mass of
the carriers. The in-plane superfluid density p; is then given by the relation:

ps < 1/A2,(0) o ng/m, . (3)

This means that a possible OIE shift of the superfluid density ps arises from an OIE shift of
ns and/or m;‘h according to the expression:

AAZE(0)/A2(0) = Ang/ns — Ay, /m, @)

The first OIE experiments on the magnetic penetration depth in polycrystalline
YBayCu3Og 94 were performed by means of magnetization measurements [87], and, later on,
in fine-grained samples of Lay_,SryCuO; (0.06 < x < 0.15) [76,88]. For Lay_,SryCuQy, the
observed oxygen-isotope shift of )‘;bz (0) was found to decrease substantially with increas-
ing doping x [76,88]. For x = 0.105, an oxygen-isotope shift of AA_2(0)/A_2(0) = —9(1)%
was found [88].

In addition, we performed OIE studies on microcrystals of underdoped Laj_ ,SryCuOy
with x = 0.080 and x = 0.086 (volume =~ 150 x 150 x 50 um3) by means of high-
sensitive torque magnetometry [89]. A substantial OIE on /\u_bz(O) was observed, namely
AA_2(0)/A2(0) = —10(2)% for x = 0.080 and —8(1)% for x = 0.086, respectively, in
agreement with the results obtained for fine-grained powder samples [76,88].

The University of Zurich group carried out a uSR OIE study of A, in fine-grained
powder samples of underdoped Y;_,PryBayCusOy_s (x = 0.3 and 0.4) [90], which were
in line with those of magnetic torque data for underdoped Lay_,SryCuOy [89]. In order
to investigate which oxygen atoms in the lattice mainly contribute to the OIE on A, we
initiated a site-selective OIE uSR study of A, in underdoped Yg ¢Prg4BayCusOy_s [82].
A substantial total OIE of T, as well as of Ay, is observed. Moreover, the SOIE experiments
clearly indicates that the planar oxygens account within experimental error for 100% to both
OIE shifts, yielding AT./T. = —3.7(4)% and AA_2(0)/A_2(0) = —6.2(1.0)%, consistent
with the SOIE results on T, presented above.

In a further OIE study, the low-energy pSR (LEuSR) technique was applied, which
allows a direct measurement of the magnetic penetration depth by measuring the magnetic
field profile B(z) inside a superconductor in the Meissner state just below a distance z from
the surface [91,92]. From the measured B(z), the magnetic penetration depth A is then
extracted directly. This method was used to detect the OIE on the in-plane penetration
depth A, in a nearly optimally doped YBa;CuzOy_; thin film (600 nm thick) [92]. The
analysis of the LEUSR data for the 1°O and 80 substituted thin films yielded 101, (4K) =
151.8(1.1) nm and A, (4K) = 155.8(1.0) nm. Correcting for the incomplete 80 exchange
of 95%, one obtains for the relative OIE shift AAy;, /A = (BAz —10A0p) /1A = 2.8(1.0)%
at 4 K. This value is in good correspondence with the values reported for optimally doped
YBazCu307_5, Lal.g5Sr0~15CuO4, and Bil.éPbo.4Sr2Ca2Cu3010+5 evaluated indirectly from
magnetization measurements [78].

The OIE results on T; and A, presented in this chapter are summarized in Figure 8,
where the OIE shifts AA,;,(0)/A,,(0) versus the OIE shifts —AT. /T, are shown. In order to
discuss these findings, we use the OIE shift AA;;,(0)/A,;(0), instead of A)Lu_bz(O) / }\ﬂ_hz(o) =
—2 AAp(0)/A4p(0). Figure 8 clearly demonstrates that there is a correlation between the
OIE on T, and A, (0). At optimal doping, both isotope shifts are small, but finite with
AAgp(0)/Agp(0) = 10 |AT:/ Tc|. With decreasing doping (decreasing T;), AA;;,(0)/A45(0)
remains almost constant as underlined by the blue dashed line, then starts to increase,
and, in the underdoped regime, the two relative oxygen isotope shifts are almost equal
(AAp(0)/Agp(0) = |AT./ T¢|), as indicated by the red solid line. This behavior is apparently
generic for different families of cuprates, and, at first glance, one may speculate that this is
a direct consequence of the empirical Uemura relation [93,94]. In the underdoped regime,
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the simple relation )\[}72(0) ~ CT¥ with « ~ 1 holds, and C is a “universal constant”. With
this relation, one readily gets for the isotope shift on A, (0):

Adgp(0)/Agy(0) = —1/2a AT, /T, . (5)

For a ~ 1 (the Uemura relation), one obtains AA,;(0)/A4,(0) ~ —1/2 AT,/ T, as marked
by the dashed red line in Figure 8, which deviates from the experimental data. In the
underdoped regime, these are much better described by the red solid line with & ~ 2
(AA(0)/ Agp(0) ~ —AT,/T.:). However, the physical meaning of this factor 2 remains
unclear.
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Figure 8. Plot of the oxygen (10 /180)-isotope effect (OIE) shift AA,;(0) /A4 (0) versus the OIE shift
—AT./T;) for Laj_,SryCuOy and Y;_,PryBayCuzOy_; using different experimental techniques as
described in the text and various types of samples (SC: single crystal, FP: fine powder, TF: thin film).
The meaning of the dashed lines is explained in the text (after Reference [78]).

S. Weyeneth and K.A. Miiller [95] analyzed the doping dependence of the OIE on
T, for various cuprate systems in terms of a “polaronic model” proposed by Kresin and
Wolf [96,97], which was derived for polarons forming perpendicular to the superconducting
CuO; planes. It is important to note that, in References [96,97], polarons are not mentioned.
However, S. Weyeneth and K. A. Miiller [95] reinterpreted the model by them in terms
of a polaronic one. The doping dependence of the measured OIE exponent follows well
the predicted behavior, in agreement with previous results based on a purely empirical
model [98]. In addition, the OIE exponent of the pseudogap temperature T* with reversed
sign compared to that of T; is also described by this polaronic model. These findings
suggest that superconductivity in the cuprates is driven by polaron, or rather bipolaron,
formation in the CuO; planes [95]. In this model, it is assumed that the isotope effect
on T¢ is only determined by the isotope effect on the supercarrier density n;. The same
argument holds for T*. Since dT./dns > 0, but dT*/dns < 0, the two isotope effects are
sign reversed (see Figure 9). However, this concept underestimates the observed OIE
on Ay in the underdoped regime by almost a factor 2, as shown by the dashed red line
(« ~ 1) in Figure 8, and even closer to optimal doping where AT. /T, ~ 0. This suggests
the conclusion that the OIE on A,;,(0) must arise from an OIE on ns and m”,, according to
Equation (4).
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Figure 9. (a) The superconducting transition temperature T, and the pseudogap temperature T* of
Lay_,SryCuOy as a function of doping x for 160 (red symbols) and 180 (blue symbols). The solid
lines are obtained from a linear fitting. The dashed line is a guide to the eye. The data are results
from X-ray absorption near edge structure (XANES) and neutron crystal field spectroscopy (NCFS)
experiments (see Reference [99]). (b) Doping dependence of the isotope effect exponent a7, and a7«
for Lay_,SryCuOy. The data of a7+ are obtained by various XANES and NCFS experiments and data
of at, are from magnetization measurements (see Reference [99]). The dashed lines are a guide to the
eye (from Reference [99]).

In another project proposed by K.A. Miiller, we explored a possible OIE on the
pseudogap (charge-stripe ordering temperature) T* in cuprate superconductors. It is
generally accepted that T* plays a fundamental role in understanding the complex phase
diagram und the underlying physics of cuprates. However, from an experimental point
of view, the quantity T* is ill defined, depending on the experimental technique and the
corresponding time and length scales involved (see, e.g., Reference [99]). In addition,
the meaning of T* and its origin are controversely discussed. Here, we define T* as the
temperature where local deviations from the average structure occur (also named charge
ordering temperature) and where no direct magnetic effects are present. Thereby, it is
evident that OIE studies of T* are crucial to test lattice /polaron effects in the cuprates. Up
to now, only a few such studies have been carried out [99-105]. The first OIE on T* was
performed in underdoped Laj 94519 06CuO4 by means of Cu K-edge X-ray absorption near
edge structure (XANES) studies [100], yielding a huge and sign reversed OIE exponent of
aT+ o~ —5. Later on, similar XANES experiments on Lay_ ,Sr,CuO; as a function of doping
x (0.06 < x < 0.15) completed this result [99]. All XANES data, together with additional



Condens. Matter 2021, 6, 2

13 of 25

outcome from neutron crystal field spectroscopy (NCFS) studies of Laj 96— Hog 0451 CuOy4
[104,105], are summarized Figure 9. The observed OIE exponent at+ changes almost
linearly from ar+ ~ —0.6 for x = 0.15 to a7+ ~ —5 for x = 0.06. This is in contrast to the
doping dependence of the OIE exponent a1, which exhibits a characteristic anomaly at
x ~ 1/8 (Figure 9), which is absent in ar+(x), implying that there is no simple correlation
between a7+ (x) and at, (x), at least for Lay_ ,SryCuOy. Furthermore, NCFS experiments
on slightly underdoped HoBa,CusOg [101] revealed a7« = —2.2(6), in agreement with
values for Lay_,Sr,CuQOj,. Additional NCFS studies of the ®3Cu/%°Cu isotope effect show
a large negative isotope shift of T* for HoBayCuyOg [103], which was not observed for
optimally doped Laj g1 Hog 04510 15CuO4 [104]. A consistent explanation of this observation
was given by K.A. Miiller [104]. In both compounds, single-layer La; g1 Hog 04519 15CuOy4
and double-layer HoBa;CuyQOg, local oxygen and copper lattice JT-type modes have to be
considered. Whereas oxygen and copper modes are relevant for the bilayer compound,
the umbrella-type copper modes are absent in the single-layer compound, thus explaining
the observed oxygen and copper isotope effects on T* [104]. As shown in Figure 9a, the
pseudogap temperature T* decreases linearly with increasing doping x with pronounced
different slopes for 1°0 and '80. The limit T* = 0 K has frequently been interpreted as
quantum critical point (see, e.g., References [106,107]). However, since, in this limit, an
appreciable isotope effect is also observed, [xy, = 0.84(22)] [99], a purely electronic model
can be excluded as origin of this point.

A theoretical explanation of the above described isotope effects has been given in
References [67,108], where it was shown that the original idea as introduced by K.A. Miiller,
namely Jahn-Teller (bi-) polarons [50,52], indeed provide a consistent explanation of them.
Polaron formation occurs in the case of strong local electron-lattice coupling where the
individual particles lose their meaning to form a new quasi-particle. In such a case, the
electrons are renormalized by the lattice, and the lattice, in turn, is renormalized by the
electrons. This introduces an exponential slowing down of the electron (hole) hopping,
i.e., their kinetic energy, whereas the phonons are rigidly displaced. Upon adopting a
three band picture to capture the essential physics of cuprates, namely nearest t; and
next-nearest neighbor hopping t, together with an inter-planar hopping term t4, their
polaronic coupling consequences have been investigated. Interestingly, only the second and
inter-planar couplings are relevant for the isotope effects and describe the correct trends
as observed experimentally for all those compounds mentioned above. This observation
admits to draw conclusions on the local displacement involved in the dynamics, namely a
Qo-type phonon mode, as shown in Figure 10.
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Figure 10. The relevant ionic displacements in the CuO, plane dominated by the nearest (f;) and or
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second nearest (f) hopping integrals, giving rise to a Q>-type phonon mode visualized by the yellow
areas (from Reference [67]).
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On the other hand, the lattice renormalization caused by the polaron formation plays
a decisive role to understand experimental XAFS (X-ray absorption fine structure) data of
Lay_,SryCuOy4 [109]. These show two anomalies as a function of temperature, namely an
upturn at T* and a second anomaly at T. Both are consistently explained by the polaronic
approach [110], emerging in a picture where (bi)polarons become coherent at T*, being
gaseous above T*, to adopt a stripe-type dynamical pattern below T*, as illustrated in
Figure 11. At T, the superconducting pairing condensate symmetry becomes relevant,
since a divergence, as observed by XAFS, takes place only if the symmetry is s-wave-like
or has at least a substantial s-wave contribution. For a purely d-wave order parameter,
no divergence takes place. This substantiates the original suggestion of K.A. Miiller that
cuprates must have coexisting s + d order parameters [58].
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Figure 11. Disordered bipolaron gas above T* (left) and ordered bipolaron liquid below T* (right)
(from Reference [67]).

With these clear conclusions, we move back to SrTiO3; and one of the first famous
papers of K.A. Miiller, namely the introduction of quantum paraelectricity in this com-
pound [17].

4. S1TiO3—An Exotic Low Carrier Density Superconductor

One of the most frequently cited papers of K.A. Miiller is his work on the low-
temperature behavior of the dielectric constant in SrTiO3 [17]. The saturation of the
dielectric constant ¢ in this temperature regime has been termed “quantum paraelectricity”
(see Figure 3) and gave rise to numerous speculations of its role played for superconduc-
tivity in doped or oxygen reduced SrTiOz. When, in the 1960s, superconductivity in this
compound was first reported [19,20], the pairing mechanism was interpreted in terms of
intervalley scattering or soft mode induced. A typical BCS pairing scheme was excluded,
since the low carrier density does not support this. For a rather long period, the work on
superconductivity in SrTiO3; slowed down, essentially until Binnig et al. [22] discovered
multiband superconductivity in Nb-doped SrTiO3, inspired by K.A. Miiller. With the
discovery of high-temperature superconductivity in the cuprates, the majority interest
was devoted to these compounds, and, only after many years of hype, novel or formerly
discussed systems reemerged.

During the high-temperature superconductivity peak activities, SrTiO3 also gained
renewed interest, since its lattice parameters match extraordinarily well with those of many
cuprates, and, correspondingly, it was used as substrate material for the film growth of
these superconductors. Scientifically, focused interest appeared in 2004 with the discovery
of the two-dimensional electron (2DEG) or hole gas (2DHG) interface conductivity. In
particular, the discovery of 2DEG at the interface between two oxide insulators LaAlO3
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and SrTiO3 provided new opportunities for research and applications [111]. Especially,
superconductivity [112] and magnetism [113] have been observed at these interface 2DEGs,
which are not found in typical semiconductor interfaces. By using strain as an additional
tuning parameter, a variety of new research areas have been reemerged [114-116].

The low carrier density of doped SrTiO3; has been in the focus during the last 5 years,
since it was found that, even smaller than first thought, carrier densities support supercon-
ductivity [26,117]. These new findings gave rise to novel theories concentrating often on
the proximity of SrTiO3 to quantum criticality and its incipient polar properties [25,118].
Experimentally, the carrier density has been determined from macroscopic measurements,
namely conductivity, resistivity, and Hall measurements [117], thereby overlooking that all
perovskite oxides have an inherent tendency to inhomogeneity, meaning that the doped car-
riers are not homogeneously distributed in the respective sample. This is already reflected
in undoped perovskite oxides where finite size precursors occur, signaling locally distorted
regions in an intact matrix [42,119]. In addition, extended X-ray absorption fine structure
(EXAFS) [120,121], electron paramagnetic resonance (EPR) [8], atomic pair distribution
function (PDF) (for a recent review, see, e.g., Reference [122]), and similar data are strong
indications that the real space properties differ substantially from the momentum space de-
rived ones. For this reason, novel experiments have been carried out in order to arrive at a
clue for the understanding of the insulator /metal (I/M) and/or insulator/superconducting
(I/S) transition. Both of these are achieved by either introducing oxygen vacancies or by
doping the A or B site in ABO3; SrTiO3 by aliovalent ions. The data are interpreted by
theoretical modeling based on the polarizability model [123-125].

From the latter approach, the dynamics of SrTiO3 can be studied in detail when con-
centrating on local anomalies in the momentum dependence of the two lowest transverse
optic and acoustic modes, which represent the ferroelectric soft mode and the soft acoustic
mode responsible for the antiferroelectric rotational instability. Anomalies in these two
branches have already been analyzed previously and shown to be signatures for local
polar and piezoelectric nano-regions [126]. By calculating the phonon group velocities for
the two considered branches, the above described anomalies become very apparent and
define the momentum at which local, spatially confined soft modes occur. The decisive
momentum value is the one where the scattering between optic and acoustic mode is
strongest. The corresponding squared local frequency w%o(q) is shown in Figure 12 as a
function of carrier concentration, temperature, and momentum 4.
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Figure 12. The squared transverse local optic mode frequency w?, as a function of temperature,
momentum, and carrier concentration.
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As is obvious from the figure, this local mode softens with decreasing temperature and
simultaneously moves to lower momentum values but never reaches the long wave length
g = 0 limit. In addition, the softening slows down with increasing carrier concentration,
and its momentum space spread increases, highlighting the growing spatial confinement
of these polar nano-domains. In contrast to a long wave length “true” soft mode, it is
not linearly dependent on temperature but substantially nonlinear below ~ 150 K. Since
w35(q) = 1/¢, this mode is directly linked to the dielectric permittivity &9, which is
reduced by approximately 40% as compared to the long wave length limit, but still ex-
hibits an appreciable temperature dependence which is typical for an almost ferroelectric
compound [127]. From the calculated thermal average of the displacement-displacement
correlation function, a local dipole moment has been derived, which decreases with de-
creasing temperature and increasing carrier concentration (Figure 13), where the inset
shows the zero temperature limit of it in dependence of the carrier concentration.

6 H 2.4x10"7
1.2x10"
Sr 3.5x1019
> 7.8x10"
Sal & ol 1.18x102°
g / é 26t o
g L 4 3 22|
a 2+ a 2.0t o .
1.8}
1+ 16 . . . -
1E16 1E17 1E18 1E19 1E20
0 Caryier Concentration |

0 100 200 300
Temperature [K]

Figure 13. Temperature dependence of the local dipole moment for various carrier concentrations.
The inset shows the local dipole moment in the zero temperature limit as a function of the carrier
concentration.

Experimentally, the electrical properties of doped SrTiO3; depend on the volume
concentration of carriers which are, however, inhomogeneously distributed in the samples.
Self-doped samples exhibit different electronic, chemical, and structural properties in highly
doped regions as compared to the matrix, which is almost unaffected by doping [128].
According to References [129,130], the removal of oxygen preferentially takes place along
extended defects, thus giving rise to a local reduction, which cannot be detected by average
macroscopic property detecting methods, like, e.g., mobility and Hall measurements.
This argument is supported by local conductivity atomic force microscopy (LC-AFM)
data [131,132], which demonstrate that very low concentrations of oxygen deficiency
assemble along these dislocations. In order to prove that a random distribution of “defects”
is absent, a decisive experiment has been carried out, which underlines the important role
of dislocations and filament formation on the electrical transport properties of reduced
SrTiOs. As outlined above, even with increasing carrier density, mode softening persists on
a dynamic time scale of ps and length scale of nm. This can be confirmed experimentally
on the nano-scale by using, e.g., time-resolved infrared spectroscopy or scanning near-field
optical microscopy (SNOM). Alternatively, piezoelectric force microscopy (PFM) offers
the possibility of locally detecting a piezoelectric response which is an indirect probe of
mode softening through the creation of induced dipole moments. This has been shown in
Reference [133], where, in the vicinity of the core of edge dislocations in a SrTiO3 bicrystal,
a polarization of the order of 20 uC/cm? has been detected. This is shown in Figure 14,
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where, along a sharp step of a plastically deformed SrTiO; crystal, corresponding to a
broad band of dislocations, piezoelectric responses are observed.
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Figure 14. Topographic image of the exit of a dislocation bundle in thermally reduced SrTiOs: (a) the
topography variation is about 0—4.8 nm. In the area of the bundle (local conductivity atomic force
microscopy (LC-AFM)) (b) with metallic properties, the piezo response (c) is absent. This can be
observed at the cross sections of LC-AFM (b) and piezoelectric force microscopy (PFM) (c) responses.
The distribution of the resistance along the cross section (lower part of the figure) shows an anti-
correlation with the distribution of the piezo activity on the cross section of the PFM. The resistance
outside the bundle is much higher than on the cross section, which is related to the finite resolution
of the analog-to-digital converters (here, 4 decades), so that, using additional measurements (only in
this area), the resistance is higher than 1012-13 () (from Reference [127]).

As expected, this rapidly decreases with increasing carrier concentration and ap-
proaches a constant value for small densities, thus clearly supporting the polar character
of the matrix and the inherent inhomogeneity of doped SrTiO3. Correspondingly, in the
metallic and superconducting low carrier density limit of SrTiO3, metallicity is not globally
present but appears only in filaments which coexist with elastically and polar distorted
domains where the latter shrink in size with increasing carrier density and have completely
vanished beyond a critical carrier density 7. to give space for a homogeneous metal where
superconductivity is absent. In terms of the electronic band structure, highly localized
polaronic bands can be attributed to the matrix, whereas Luttinger liquid-type behavior
must be present in the filaments. With increasing carrier density, the localized band adopts
dispersion from the itinerant one, which corresponds to a steep band/flat band scenario,
where superconductivity is a consequence of interband interactions [134].

In conclusion, the dynamical properties of SrTiO3 have been calculated as a function of
carrier concentration. Up to a critical concentration 7, the lattice potential is of double-well
character, and strong transverse optic mode softening takes place [127]. This is linked
to the formation of polar nano-regions, which grow in size with decreasing temperature,
implying substantial sample inhomogeneity. The “insulating” nano-domains coexist with
the filamentary conductivity; hence, possible links to superconductivity are apparent. As
long as this coexistence persists, metallicity /superconductivity survives. Thus, its essential
origin must be associated with the polar character of the matrix and the two-component
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properties. Beyond 7., almost “normal” dynamics are observed with negligible mode
softening and nano-domain formation. Typical metallicity is expected there, as well as
homogeneous sample properties. The theoretical results are in agreement with experiments
which demonstrate the local metallic character and the insulating behavior of the matrix,
which are schematically summarized in Figure 15, where the change in the character of the
potential along a core of dislocations and the entry into the matrix is depicted.
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Figure 15. (a) Schematic representation of the structural and chemical development along a pathway
from A to B crossing a core of dislocations in SrTiO3. (b) The change of the local potential along the
same pathway where in the region I) an intact matrix is present, while, in II), a crossover region exists
with flat potential, which changes over to single well in III), where the metallic properties of the
dislocation core dominate. (c) Sizes of the polar nano-regions (uc: unit cell) (from Reference [127]).

5. Another Rather Mysterious Perovskite: WO3

WOs is a perovskite where the A-site ion is missing or only in part occupied by M=Na,
K, Rb, or Cs [135]. The dominating physics in these materials stem from the valence
fluctuations of W, which dominantly adopts a 3" or 5 valency. Structurally, depending
on the dopant atom M, carrier-doped tungsten oxides (M,WO3) are classified into two
different categories: perovskite or hexagonal. Both structures consist of WOy octahedra
that form a corner-sharing network, though, in many cases, each octahedron exhibits a
significant distortion [136-138]. Early on, it was discovered that these tungsten bronzes
become superconductors when small amounts x of M are added. Typical superconducting
transition temperatures for the three compounds are shown in Figure 16.

As is obvious from the figure, there are two superconducting regions in the K- and Rb-
doped compounds which adopt a dome or half-dome, like x-dependence. The highest Tcs
are observed for the Rb-doped system reaching more than 7 K. What is of particular interest
in WO; is the fact that charge accumulations occur around the W+ jon with the tendency
to localization, i.e., polaron formation [139]. Early on, detailed experiments by Salje and
Schirmer convincingly showed that these polarons pair to form bipolarons [140,141], which
yielded one of the first realizations for obtaining bipolaronic superconductivity, the original
concept behind the discovery of cuprates [49]. This connection was taken up by Reich and
Tsabba [142] to get back to WO3 and search for superconductivity in a WO3; sample with
surface composition of NagpsWOj3. These crystals showed a sharp diamagnetic step in
their magnetization at 91 K, and a magnetic hysteresis below this temperature. Transport
measurements below 100 K show a sharp metal to insulator transition, which is followed
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by a rapid decrease in the resistivity when the temperature is lowered to about 90 K.
These results point to a possible nucleation of a superconducting phase on the surface
of these crystals. The results of Ref. [142] initialized an EPR and magnetic susceptibility
study of Na-doped WOj3 samples, suggesting traces of possible superconductivity [143].
In a later investigation of a related compound, namely lithium intercalated WO,9, a
small superconducting fraction was observed [144]. The absence of a clear transition in
resistivity measurements indicated, however, that the superconductivity is localized in
small regions which do not percolate. EPR experiments showed the presence of W+ - W+
electron bipolarons in reduced tungsten oxide samples, thus rendering the compound as a
promising candidate for high-temperature superconductivity. More details with respect
to recent progress on superconductivity in WOj3-type compounds can be found in the
contributions of Shengelaya et al. [145] and Salje [146] in this issue.
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Figure 16. Superconducting transition temperature T; as a function of x for Rb,WOj3, Cs,WO3, and
K WOj3 (from Reference [135]).

6. Concluding Remarks

In our contribution to the special issue honoring K.A. Miiller’s life work, we tried
to walk along his scientific path, which is a long one and covers almost 7 decades. Since
his productivity and scientific activity was enormous, we certainly cannot follow all the
detours he made during his career, but we concentrated on the two uttermost important
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systems: SrTiOj3, his scientific favorite child, and the cuprates. In addition, we added an
outlook for the future research in the former where, again, superconductivity is in the
focus with emphasis on its inherent heterogeneous filamentary character, parallelizing his
viewpoints for cuprates. We both are deeply indebted to our friend, K. Alex Miiller, who
not only scientifically supported and inspired both of us, and never stopped encouraging
us in following even controversial scientific topics but also for his open minded attitudes
and his honest interest in our private life. His black humor has promoted us throughout
our collaborations and beyond and today also adds spice to our life.

- Thank you very much, Alex! -

In order to come back to the starting ideas leading to high-temperature superconduc-
tivity, we finish our conclusions with the final Figure 17, the Jahn-Teller bipolaron [55,147],
which is the essential ingredient and motivation for the discovery of high-temperature
superconductivity [49-52].

JT hole bipolaron
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" d hole on Cu2* ®Cu
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Figure 17. Schematic sketch of the inter-site Jahn-Teller (JT) bipolaron (from Reference [67]).
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