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Figure 4. Citation history of the next four highest cited articles of K. Alex Miiller besides the 1986
Zeitschrift fiir Physik paper. Note the unusual citation history characteristic of delayed recognition
of the Miiller and Burkhard article on quantum para-electric behavior of SrTiOs. For the detailed
references see Table 2.

6. The Co-Author Network—People

Figure 5 displays an overview (generated using the software VOSviewer [22]) of the co-authors with
whom Miiller published more than five papers. Above all, ranks J. Georg Bednorz from IBM Riischlikon
(58), with whom he shared the 1987 Nobel Prize. K. Alex Miiller continuously emphasized the amount of
competent work and inspiration he received from the constant and fruitful assistance of Walter Berlinger.
Even nowadays, it is by no means customary to include technical staff as a co-author in a scientific
paper. However, K. Alex Miiller never ceased to acknowledge Berlinger’s work and, consequently,
the number of joint publications with Berlinger (55) ranks almost as high as that with Bednorz. K.W.
Blazey, also from IBM Riischlikon, is another regularly named co-author. Other frequently appearing
co-authors are H. Keller and his postdoctoral fellow A. Shengelaya and their jointly supervised PhD
student G. M. Zhao, all affiliated with the University in Ziirich. E. Kaldis, K. Conder, and J. Karpinski
from the ETH Ziirich were frequent and highly appreciated sources of exquisite samples and crystals.
With colleagues from Germany and particularly the Max-Planck-Institute (MPI) for Solid State Research
in Stuttgart, K. Alex Miiller had a long-lasting collaboration, resulting in several joint publications
with A. Bussmann-Holder and A. Simon.

Figure 5. K. Alex Miiller’s main co-authors. The diameters of the circles correspond to the number of
joint publications. Only co-authorships with at least five joint papers are included.
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7. Countries

Not surprisingly, K. Alex Miiller’s main co-authors were affiliated with research institutions
in his home country Switzerland (see Figure 6, also generated using the software VOSviewer [22]),
which are by far dominating the co-authorship network. Outside Switzerland, the co-author network
comprised colleagues from 16 countries (one disconnected country, The Netherlands, was removed).
The immediate neighbors, France and Germany (note that Germany includes Western Germany before
the reunification), rank second followed by the USA. However, there are also substantial numbers of
co-authors from Russia (note that Russia includes the Soviet Union) and smaller countries like Georgia,
Slovenia, and Estonia

senbia
israel
italy
norway
greece
mexico  japan
poland
gerfiany frhce
edfgia russia
estenia gedbg slovenia

gh, VOSviewer

Figure 6. Country of affiliation of K. Alex Miiller’s main co-authors with whom he published at least
one paper. The diameters of the circles correspond to the joint publication record with the named
individual country.

8. Conclusions

The publication record and the citation history of K. Alex Miiller’s publications are exceptional
and, from the bibliometric point of view, very interesting: Before J. Georg Bednorz and K. Alex Miiller
published their seminal paper on possible high-T. superconductivity in Zeitschrift fiir Physik in 1986,
Miiller’s scientific work focused on phase transition-related topics with an emphasis on perovskite
materials, especially SrTiO3. Naturally, this changed after 1986 and the citation history of all his
publications, subtracting out the high-T.. papers, increased by about a factor of four. Since its appearance,
the Zeitschrift fiir Physik article itself has been cited more than 10,000 times. No other article on
superconductivity has been cited more frequently. Forty of the 311 articles published by K. Alex Miiller
received more than 100 citations each. Miiller’s h-index amounts to 64. Whereas most of his highest
cited articles exhibit a citation history with a sharp peak shortly after publication and a steady decay
thereafter (typical behavior), one noteworthy publication on SrTiO3 together with H. Burkhard,
displays an unusual, delayed recognition-type citation history. Currently, this publication continuous
to attract attention and reached approximately 70 citations in 2019.
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Abstract: Planar oxygen nuclear magnetic resonance (NMR) relaxation and shift data from all cuprate
superconductors available in the literature are analyzed. They reveal a temperature-independent
pseudogap at the Fermi surface, which increases with decreasing doping in family-specific ways,
i.e., for some materials, the pseudogap is substantial at optimal doping while for others it is nearly
closed at optimal doping. The states above the pseudogap, or in its absence are similar for all cuprates
and doping levels, and Fermi liquid-like. If the pseudogap is assumed exponential it can be as large as
about 1500 K for the most underdoped systems, relating it to the exchange coupling. The pseudogap can
vary substantially throughout a material, being the cause of cuprate inhomogeneity in terms of charge and
spin, so consequences for the NMR analyses are discussed. This pseudogap appears to be in agreement
with the specific heat data measured for the YBaCuO family of materials, long ago. Nuclear relaxation
and shift show deviations from this scenario near T, possibly due to other in-gap states.

Keywords: NMR; cuprates; pseudogap

1. Introduction

Nuclear magnetic resonance (NMR) provides important local information about the electronic
properties of materials [1], and it has played a key role in the characterization of cuprate high-temperature
superconductors [2,3]. However, different from when NMR proved Bardeen-Cooper-Schrieffer (BCS)
theory [4,5], for cuprates a full theoretical understanding is lacking, and thus, it is challenging to decipher
NMR data.

In classical metals and superconductors, NMR is known for the local measurement of the electronic
spin susceptibility [6-10], including the predicted changes in the density of states at the Fermi surface with
a coherence peak in nuclear relaxation [5]. In the normal state, the high density of states near the Fermi
surface leads to the distinctive, fast nuclear relaxation (1/Tj) that is proportional to temperature (1/T; o T)
since temperature increases the available number of electronic states for scattering with nuclear spins.
Quite to the contrary, the NMR spin shift that is proportional to the uniform electronic spin susceptibility
is temperature-independent, as the increase in temperature also decreases the occupation difference.

These elements of observation were the backdrop against which the cuprate NMR data were discussed,
early on. Unfortunately, the cuprates have large unit cells and the important nuclei in the plane, ®*%°Cu
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and 70, have electric quadrupole moments and thus are affected by the local charges, as well. This leads
to multiple resonances that have to be assigned to the chemical structure, and inhomogeneously broadened
lines in the non-stoichiometric systems are the rule. This complicates measurement and interpretation.
Fortunately, the cuprates are type-II materials and can be investigated in the mixed state below T at typical
magnetic fields used for NMR, which gives access to the properties of the superfluid, but also complicates
shift measurements from residual diamagnetism [11].

Early on, a number of more or less universal magnetic properties of the cuprates were derived, such as
spin-singlet pairing, the pseudogap, and special spin fluctuations (for reviews see [2,3]). Here, we will
not dwell on a more detailed discussion of previous conclusions, as we believe that while the data are
undisputed, the prevailing view needs to be corrected.

In recent years, some of us were involved in special NMR shift experiments that raised suspicions
about the description of the magnetic properties based on NMR [12-15]. During the same period of
time, a comprehensive picture of the charge distribution in the CuO; plane was developed [16-18].
It fostered the understanding of charge sharing in electron and hole-doped cuprates, as it was found that
14 x = ncy + 2np, ie., the charges measured with NMR in the planar Cu (n¢,,) and O (o) bonding orbitals
add up to the total charge, inherent plus doped hole (x > 0) or electron (x < 0) content. An astonishing
correlation appeared in this context, as the maximum T, of a curpate system (Tc,max) is nearly proportional
to np [18,19]. This explains the differences in T max between the various families that differ in charge
sharing considerably, and it calls into question the usefulness of what one calls the cuprate phase diagram,
rather, a phase diagram in terms of n¢,, and ng appears advantageous [20].

These findings suggested that some cuprate properties might be family dependent, and that a broader
look at NMR data might be useful, as well. Since planar O NMR requires the exchange of 10 by 70O,
which is not easily performed for single crystals and can have consequences for the actual doping and its
spatial distribution, the focus was on planar Cu data that appeared more abundant and more reliable.

Immediately, the overview of the Cu shifts across all families [21] demands different shift and
hyperfine scenarios, as the changes in the shifts are not proportional to each other (similar to what was
found with special NMR experiments before [12,14,15]). Likely, it involves two spin components, one that
has a negative uniform response and is located at planar Cu, coupled to a second component (presumably
on planar O) with the usual positive response. In the next step, all planar Cu relaxation data were
gathered [22,23], and from the associated plots, it became obvious that, surprisingly, the Cu relaxation
is quite ubiquitous, very different from what was concluded early on. It turns out that the relaxation
rate measured with the magnetic field in the plane (1/T; ) does neither change significantly between
families, nor as a function of doping, with 1/T;; T, ~ 21/Ks. Only the relaxation anisotropy changes by
about a factor of three across all cuprates. Thus, no enhanced, special spin fluctuations are present in the
underdoped systems. This leaves, as an explanation for the failure of the Korringa relaxation (discovered
early on [3]), only a suppression of the NMR shifts [22]. This also means that there is no pseudogap effect
in planar Cu relaxation, while the Cu shifts do have a temperature dependence above T presumably from
pseudogap effects. Finally, it was shown that the planar Cu relaxation can be understood in terms of two
spin components, as well [24], where a doping dependent correlation of the Cu spin with that of O explains
the relaxation anisotropy. Furthermore, the unusual planar Cu shift component that is a function of doping
and not necessarily temperature was found to be present in the planar O high temperature data [25],
where it causes the hallmark asymmetry of the total quadrupole lineshape, observed long ago [26-28],
but not understood.

Here, we present all temperature-dependent shift and relaxation data of planar 17O collected in an
intensive literature search (data points from about 80 publications were taken). The main conclusion
from the data will be that planar O relaxation, different from Cu, is affected by the pseudogap that
also dominates the planar O shifts. Here, the pseudogap represents itself as a loss in the density of
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states close to the lowest energies (at the Fermi surface) for the underdoped materials, and this gap is
temperature-independent, but set by doping, different from what is often assumed [29,30]. This scenario
is in agreement with early specific heat data [31] that also discussed such a pseudogap in YBa,CuzOy_s.
The largest found pseudogap is in agreement with a nodeless suppression of states of the size of the
exchange coupling, 1500 K. It rapidly decreases with increasing doping, e.g., it is closed for YBa,CuzOy_s
at optimal doping, but not for optimally doped La;_,Sr,CuOy.

2. Planar Oxygen Relaxation and Shift for YBayCu3 04, and YBa;CuyOg

Nuclear relaxation of planar oxygen shows strikingly simple behavior in these most studied materials,
and we will find the conclusions to be generic to the cuprates.

2.1. Planar Oxygen Relaxation

In Figure 1, next to a sketch of expected behavior for a Fermi liquid (A) we plot the relaxation
rate (1/Ty) vs. temperature (T). It is apparent that optimally and overdoped YBa;CuzO7_; (B) are Femi
liquid-like: above T, an increase (decrease) in temperature adds (subtracts) additional states for nuclear
scattering and even the density of states (DOS) seems to be rather constant up to about 250 K (above that
temperature the relaxation appears to begin to lag behind the expected value [32]).

It is important to note that at high temperatures, changes in temperature (AT) lead to proportional
changes in relaxation (A(1/T7)) with a slope of 0.36 /Ks that intersects the origin. In other words,
the proportionality of the rate to temperature is only disturbed by the opening of the superconducting gap
at T, below which relaxation drops more rapidly as pairing sets in (no Hebel-Slichter peak is observed).
Thus, planar O relaxation of optimally and overdoped YBa;CuzO;_s appears determined by Fermi
liquid-like electrons, turning into a spin-singlet superconductor.

The underdoped materials behave distinctively different, Figure 1B. Here we observe a rapid change
of relaxation with doping at a given temperature, but we find nearly the same high-temperature slope of
about 0.36 /Ks, i.e., increasing the temperature adds states at the same rate as for optimally or overdoped
systems. However, the shifted slopes signal an offset in temperature below which relaxation must
disappear. This means, even at much larger temperatures one is aware of the lost low temperature states.
This is exactly what one expects if a temperature-independent, low-energy gap in the DOS develops
with doping (a gap that remains open at high temperatures). The same scenario applies to YBa,CuyOg,
cf. Figure 1C, where the intercept of the high-temperature slope with the abscissa is about 70 K.

At lower temperatures, the rates for YBa,CuzOy_; become rather doping-independent, below about
80 K. It appears that the special temperature dependence due to the superconducting gap and pseudogap
merge, somewhat different from the behavior with YBa,Cu,Oyg, but still similar in the sense that the
relaxation begins to increase as it departs from the parallel lines.

Note, the relaxation ceases completely at the lowest temperatures for all materials. While electric
contributions (electric quadrupole interaction) to the relaxation have been shown to exist and contribute at
lower temperatures [33,34] their contribution vanishes, as well. The true magnetic relaxation dependencies
might be systematically shifted to lower rates at lower temperatures compared to what is seen in Figure 1.
Therefore, the apparent increase in relaxation could signal quadrupolar relaxation, as well. A thorough
study of these effects might be in order.
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Figure 1. Nuclear Relaxation. (A) (sketch), above the critical temperature for superconductivity, T, in a
Fermi liquid, the relaxation is proportional to temperature, i.e., the slope points to the origin of the plot;
only just below T, the BCS gap for spin singlet pairing leads to a loss of states and relaxation (after
the Hebel-Slichter coherence peak). (B), optimally doped YBayCuzOg 96 (full circles) and overdoped
YBayCuz0y (diamonds) behave Fermi liquid-like above T (dotted lines have slope 1/(T1T) = 0.36/Ks).
Underdoped YBa,;CuzOy_; (triangles) show identical high-temperature behavior in the sense that as a
function of temperature the relaxation increases with the same slope as found for optimally and underdoped
systems, i.e., as the Fermi function opens with increasing temperature, it adds states at the same rate.
However, the slope does not intersect the origin, which shows that even at high temperatures, low energy
states are missing. This is the planar O pseudogap effect that rapidly evolves when the doping is lowered.
(C), same as (B), except the relaxation data for the underdoped materials have been replaced by data for
YBayCuyOg (starred points); this underdoped, stoichiometric material displays a very similar temperature
dependence at higher temperatures. For the references see Appendix A.

2.2. Planar Oxygen Shifts

For planar O the orbital shift is almost negligible [26], making the spin shifts rather reliable with
uncertainties arising only from the diamagnetic response below T.. Shift referencing is simple, as well,
as ordinary tap water can be used for 7O NMR referencing (there is significant confusion about Cu
shift referencing in the literature [21]). Nevertheless, there appear to be deviations between the shifts
measured on similar samples, even for stoichiometric YBa,Cu,Og [35], and it is not always clear if shifts
were corrected for the diamagnetic response. We will show the bare shifts without correction, in order to
avoid introducing systematic errors. For example, it is possible that the uniform spin response from Cu?*
is negative [21,22] leading to a negative term for planar O at low temperatures.

Note that the diamagnetic response of the cuprates was experimentally determined with Y NMR,
early on [11], by assuming that this nucleus’ spin shift is negligible at low temperatures (4.2K). A value
of about 0.05% was derived [11]. This value appears to be rather large [36], and as experiments with
199Hg NMR of HgBayCuOy, 5 showed [15], the diamagnetic response measured at 1°°Hg is probably less
than 0.01% (note that ’Hg is located far from the plane and should not suffer from large spin shifts,
different from Y that might be affected by a negative term, as well).
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For a Fermi liquid with a fixed DOS near the Fermi surface one expects a temperature-independent
spin shift (K) above T, since an increase in temperature adds new states from an opening Fermi function,
but the occupation decreases at the same rate, cf. Figure 2A. Now, in view of the planar O relaxation,
a temperature-independent gap at the Fermi surface should be assumed. Then, qualitatively, we expect
a behavior shown in Figure 2A: at the highest temperatures, far above the gap, low temperature states
will still be missing, leading to a lower spin shift. As the temperature is lowered, the effect of the gap
will be more severe. This is in agreement with data in Figure 2B,C. Below T, we note that there is no
sudden loss of states as for optimally or overdoped materials, which one might naively expect if the same
superconducting gap opens on the states still available. Quite to the opposite, a less rapid decrease of the
shifts below T is observed (we noted a different low-temperature behavior for relaxation, as well).

Note that the Korringa relation is given by Ty TK? = (7./vn)?/(4kp) = So [8], and with Sy =
1.4 - 1075 Ks one estimates a spin shift of about K = 0.23% from the relaxation slope of 0.36 /Ks, not very
different from what is observed for optimally or overdoped systems in Figure 2.
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Figure 2. Planar 170 nuclear magnetic resonance (NMR) Shifts. (A), (sketch) Fermi liquid behavior
with spin singlet pairing at T. is shown with the full blue line. The dashed lines indicate what one
expects based on the relaxation data: above T, states are missing increasingly as the doping decreases,
and as a function of temperature these lost states become more pronounced. (B,C), literature shift
data. Optimally doped YBayCuzOg96 (circles) and overdoped YBa;CuzO7 (diamonds) behave Fermi
liquid-like, but the underdoped materials YBa,Cu3Oy_; (triangles), and YBa;CuyOg (stars) show the
expected high-temperature behavior. Below T, the shifts drop less dramatically for the underdoped
systems. Some materials appear to show a negative spin shift at the lowest temperatures. For the references
see Appendix A.

2.3. Numerical Analysis

The planar O relaxation data point to a pseudogap that is simply caused by missing low energy
states. This gap is not temperature dependent, but rapidly increases with decreasing doping. In a very
simple picture (that is very likely not to be correct, already in view of the planar Cu shift and relaxation
data [21-24]),we use the Fermi function with fixed DOS and calculate the relaxation as being proportional
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to the sum of the product of occupied states times empty states (the nuclear energy change is negligible for
the electrons), i.e., Y r p(E)[1 — p(E)], where

p(E,u) =1/ [1+exp(E —u)/kpT]. 1

As a result one finds the Heitler-Teller dependence [6], 1/T; « T, cf. Figure 3.
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Figure 3. (A), model relaxation calculations with a U- and V-shaped gap (TII,JéV) in the density of states. (B),
estimation of the pseudogap temperature by varying the gap size for YBayCuyOg.

Now, one can remove manually states near the Fermi surface with a width AE given in temperature

as defined by,
Te = AEYY /kg, 2

by assuming a U- or V-shaped gap in the DOS, respectively [31]. For the U-shaped gap all states within AE
are removed (exponential decrease), for a V-shaped gap a linear decrease in DOS is assumed, vanishing at
E = p. This simple scenario leads to the found behavior, i.e., we obtain nearly parallel high-temperature
lines for different sizes of this pseudogap, cf. Figure 3A. For a given offset, the cutoff temperature is
different for both gaps, cf. Figure 3B. With such an approach we find for YBa,Cu,Og a gap of about
Te ~ 300 K (Tpg ~ 650 K). Obviously, one cannot decide on the shape of the gap. Note that the BCS gap is
not included in the fit and that there are uncertainties from quadrupolar relaxation at lower temperatures.

Since the action of the gap is to cause a near parallel shift of the high-temperature dependence,
any spatial inhomogeneity of the gap will lead to similar lines, as well, very different from how it affects
the shifts that we will discuss now.

One can estimate what such a pseudogap will do for the NMR shifts (by assuming a slightly different
u for spin up and down). Examples are shown in Figure 4 for various Tjy, (A), and Ty (B). Clearly,
for small gap sizes the shift will approach the Fermi liquid value (normalized to 1). The V-shaped gap has
more total DOS and the action of the gap is weaker.

Above T, one should be able to fit the experimental shifts, and by comparing Figures 2 and 4 one
finds qualitative agreement. However, a more quantitative determination of the gap appears difficult since
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(i) there is a large spread in shifts already for similar samples, and (ii) at lower temperatures the shifts for
the underdoped systems appear larger, cf. Figure 2, pointing to gap inhomogeneity. Note that the dashed
lines in Figure 4 are the simple mean shifts of the shown temperature dependences. Thus, any spatial
distribution of the pseudogap will change the actual temperature dependence as smaller gaps will lift the
apparent shift at lower temperatures. We estimate gap sizes of TS, & 200 K, Ty ~ 400 K for YBa,Cu,Os.
These values are less than what relaxation shows, but sufficiently close for the assumed simple scenario
and perhaps inhomogeneous samples (see below).

K [arb. units]

150 200 250 300 0 50 100 150 200 250 300
TIK] TIK]

0 50 100

Figure 4. Model calculations of temperature-dependent shifts from a pseudogap at the Fermi surface
with the indicated gap temperatures. (A), for a U-shaped gap, and, (B) for a V-shaped gap. The simple
mean of the shifts is indicated by a dashed line, emphasizing that a gap inhomogeneity can cause a
different temperature dependence of the apparent magnetic shift. The magnetic linewidths will also behave
differently (the linewidths will grow as the temperature decreases, before it finally decreases).

An important feature of this pseudogap is a high-temperature shift offset. It arises from the fact
that even far above the pseudogap energy one still misses the low energy states. Even if the shifts are
temperature-independent, they can carry a doping dependence (as the pseudogap depends on doping),
i.e., two variables are needed to describe the shifts (K(x, T)).

3. Planar Oxygen Relaxation in Other Cuprates

In Figure 5 we plot relaxation data from the literature for all other cuprates. Note that only the
temperature axis is different (up to 600 K) compared to that in Figure 1B,C.

We note that the slope for optimally and overdoped YBa,CuzOy_s (left dashed line) is similar to
the dependencies found for the other overdoped cuprates. Thus, the CuO, plane appears to have this
upper bound on the DOS. However, if we look at optimally doped La,_,SryCuQy, it appears to still
have a sizable pseudogap, in fact, similar to that of YBa,Cu,Og. The largest gap is observed for the very
underdoped Lay_,SryCuQOy (x = 0.025) with TII,JG ~ 1450 K, the size of the exchange coupling in the
cuprates. A V-shaped gap appears to better fit the low-temperature behavior. It could be the states near the
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gap edge that are special (coherence peaks), also in-gap states could play a role in enhancing the relaxation
at low temperature. Again, the loss of parts of the inhomogeneous sample with a large gap favors states
from lower gap areas with increased relaxation. Quadrupolar relaxation plays some role, as well. Thus,
the shape of the gap cannot be deduced from the low-temperature behavior. The gap rapidly closes with
doping, as widely assumed.
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Figure 5. Planar O relaxation rates (c || Bp) as a function of temperature for other cuprates. The slopes
are rather similar to those observed for YBa,Cu3O;_; and YBa,Cu,Oyg in Figure 1 as the dotted lines
show. The U-shaped gap closes rapidly with increasing doping where all low energy states are recovered.
The maximum slope (DOS) appears to be a property of the CuO; plane, as well as the maximum size of the
gap. For the references see Appendix B.

Note that the high-temperature behavior is similar for all materials, which does support the idea of
a temperature-independent gap set by doping, and, importantly, very similar high-temperature Fermi
liquid-like states.

To conclude, planar O NMR relaxation appears ubiquitous to the cuprates, and it defines and measures
the pseudogap in a rather simple way (which is not the case for planar Cu relaxation and shift [22-24]).

4. Planar Oxygen Shifts in Other Cuprates

Shift data from all other materials are presented in Figure 6. The overall qualitative phenomenology
is similar to what was found for YBa,Cu3O;_s and YBa,Cu,Og. Except for a couple of overdoped
materials, the shifts increase monotonously with temperature. Overdoped systems have nearly
temperature-independent shifts, as for a Fermi liquid, and drop rapidly near T.. In the pseudogap
regime the shifts begin to show a temperature dependence above T, however, a temperature-independent
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shift as for Laj g55rp 15CuOy at high temperatures does not mean there is no pseudogap. Again, Fermi
liquid-like shifts can be suppressed in the cuprates due to lost, low-energy states [22].

The superconducting gap is hardly noticeable, as there are no rapid changes in the shifts near Te.
Despite the scarcity of data below T, it appears that a number of materials could show a negative shift at
the lowest temperatures.

The maximum observed shifts for overdoped materials are expected from the Korringa ratio by
using the dominant slope in the relaxation plots (1/T1 T ~ 0.36/Ks). Samples with the largest pseudogap
(Laj.965510.035Cu0y) also have the lowest high-temperature shifts. Obviously, the pseudogap can lead to
doping-dependent, but not necessarily temperature-dependent spin shift (K(x, T)) since the low-energy
states are still missing for small pseudogaps at high temperatures.
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Figure 6. Planar 170 NMR shifts for ¢ || By for the other cuprates. Note that the temperature axis extends to
500 K. For more detailed plots see Figures 7 and 8. Note that a high-temperature-independent shift may
still show lost states, as for optimally doped Lay_ ,SryCuQy. For references see Appendix B.
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The true temperature dependence of the shifts in the pseudogap region is difficult to assess as sample
inhomogeneity leads to a loss of the shift from areas that show a larger pseudogap as the temperature is
lowered, cf. dashed lines in Figure 4.

It is also clear that optimally doped materials may have almost no pseudogap as for YBa,CuzO7_,

but it can be sizable as for Lay_,SryCuQOy.
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Figure 7. Planar 7O NMR shifts for ¢ || By for the other cuprates from Figure 6, separated for clarity. (A),
La based cuprates, single and double layered. The doping ranges from x = 0.035, highly underdoped
(lowest point near 300K), to x = 0.24, highly overdoped. The shifts cover the range from 0.01% to 0.2%.
The highly overdoped sample has the highest shift (there is some discrepancy between optimally doped
data from different sources, probably due to inhomogeneity). (B), Tl based compounds. The overdoped
samples have the highest and Fermi liquid-like shifts and also show an abrupt decrease near T.. As doping
is lowered the shifts become more suppressed. In the triple layer compound the inner plane (IP) has a

larger pseudogap than the outer plane (OP).

5. Discussion and Conclusions

Planar O relaxation and spin shift data were collected and simple plots reveal that they demand
a temperature-independent pseudogap at the Fermi surface with a size set by doping. The pseudogap
rapidly opens, coming from the overdoped side by decreasing doping, and it approaches the size of the
exchange coupling, ], for strongly underdoped systems. The states above the pseudogap, no matter what
its size is, appear to be the same for all cuprates and carry even a more or less constant density, as perhaps
expected from a two-dimensional surface. In fact, in the absence of this pseudogap, shift and relaxation for
planar O are Fermi liquid-like and the Korringa relation holds. This supports the view that even in the
presence of the pseudogap, the available states above it are the same Fermi liquid-like states. The doping
level at which the pseudogap disappears can be different for different materials. For example, at optimal
doping, there is a substantial pseudogap already present for Lay_,SryCuQOy, while the pseudogap has
vanished for optimally doped YBa,Cu3Oy_;. For triple-layer materials, the pseudogap is much larger for
the inner layer. A plot of the pseudogap temperature for a U-shaped gap (T{(,) is shown in Figure 9.
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Figure 8. Planar 17O NMR shifts for c || By for the other cuprates from Figure 6, separated for clarity. (A),
single layer mercury based cuprates; the two overdoped samples have temperature-independent shifts.
The pseudogap becomes apparent at optimal doping (purple triangles). (B), Bi based cuprates; the two
double layered and overdoped samples have the highest and temperature-independent shifts, with an
abrupt drop near Tc. The outer plane shifts from the two triple layered compounds show Fermi liquid-like
behavior, whereas the inner plane (yellow and pink stars) show a large pseudogap.

An important consequence of the temperature-independent pseudogap is a doping dependent spin
shift. At high temperatures where the shifts can be nearly temperature-independent (Fermi liquid-like),
states can still be missing and thus the magnitude of shift can be suppressed. Consequently, the cuprate
planar O spin shifts must carry at least two independent variables, one related to doping and the other
to temperature, K(x, T). This is effectively a two-component description. Whether this two-component
description is sufficient is not clear (for planar Cu it is not [21]).

At lower energies, there are deviations from the simple behavior, but it is difficult to analyze given
the possible influence of inhomogeneity and quadrupolar relaxation. Likely, states in the gap or near the
gap edge are responsible for special behavior.

Very recently, it was shown from plots of literature shift data of planar Cu [21] that there is
a doping-dependent spin shift at high temperatures, and comparison with planar Cu relaxation
data [22,23]—that do not show a pseudogap—Iled to the conclusion of suppressed planar Cu spin
shifts [22,24], as well. Thereafter, it was shown that this doping-dependent planar Cu spin shift explains
the conundrum of the correlation of high-temperature spin shifts with the local charge [25], resulting
in the hallmark asymmetric total planar O lineshapes (that include the quadrupolar satellites) of the
cuprates [25,28].

Here, we argue that it is the doping dependence of the pseudogap that plays the dominant role
in these effects. Then it follows that it is the pseudogap that can be spatially very inhomogeneous [25].
This distinction could not be made earlier [28], but it is in agreement with STM data [37]. With a large
distribution of the pseudogap, shift and relaxation can be affected. An inhomogeneous broadening changes
the apparent temperature dependence of the shift, cf. Figure 4, as small pseudogap areas contribute more to
the shift at lower temperatures than those with large pseudogaps. For relaxation, the faster-relaxing regions,
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i.e., those with a smaller pseudogap, may dominate throughout the whole temperature range, if spin
diffusion is possible. Thus, one has to be very careful in analyzing shift and relaxation quantitatively [38].

The inhomogeneity of the pseudogap affects the apparent temperature dependence of the average
shift, as discussed with the dashed lines in Figure 4, but also the observed linewidths depend on it. In view
of Figure 4 one concludes that in case of inhomogeneity of the pseudogap the NMR linewidths grow
towards lower temperatures before they finally decrease again, while the shift is decreasing monotonously.
This is exactly what was found experimentally (for YBa,Cu3zOy_; and Lay_,SryCuQOy [28]), and what was
interpreted as proof for two different spin components [25].

The relation of this pseudogap to the intra-unit cell charge variation that was first proposed from NMR
data [39] and very recently shown to exist in the bulk of the material [40] is not clear. However, the response
of the local charge symmetry to an external magnetic field and pressure found with NMR [40,41], must bear
similarities to the discussed charge ordering phenomena and special susceptibilities associated with the
pseudogap [29,30], recently. The total charge involved in the ordering is small (1-2% of the total planar O
hole content) and may come from states within the pseudogap.

Note that the superconducting transition temperature T. appears to be not affected by this
inhomogeneity, as it is nearly proportional to the average planar oxygen hole density of the parent
compounds [18,19]. Then, with the size and distribution of the pseudogap set by doping, there appears no
simple relation to the maximum Te.
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Figure 9. Values for a U-shaped gap, TIEJG, as determined from the relaxation data, vs. the critical
temperature, T.. Optimally doped materials (denoted with circles) can have a vanishing pseudogap
as for YBapyCuzOg g6 despite a rather high Tc, but it appears that materials with the highest T. all have a
substantial pseudogap, and their T, increases with the pseudogap temperature. The inner layer of the
triple layer system (denoted with a square) has a significantly larger pseudogap than the outer layers.
These findings are in qualitative agreement with the shift data. The data can also be found in the tables in
the appendices.

The pseudogap behavior was first reported with measurements above T. for Y NMR of
YBayCuzOy_; [42], and these data show a high-temperature offset in the shifts, as well. So we believe that
89Y NMR data are in agreement with what we found for planar O here.
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A U-shaped gap in our simulation means that all states contributing to planar O relaxation vanish
suddenly within the gap. With such an assumption the largest pseudogap appears to be set by the exchange
coupling. Then, effectively, doping decreases the energy gap that needs to be overcome for electrons to flip
the nuclear spin for relaxation. Of course, the true shape of the gap and the nature of the states within the
gap are not known.

If the above scenario describes the essential electronic states involved in cuprate conductivity and
superconductivity, it should leave its typical signature in electronic specific heat. Indeed, the YBay;CuzO;_5
family of materials appears to fit the specific heat data by Loram et al. [31] rather well [43]. Loram et al. [31]
argue similarly in their specific heat investigations, as the specific heat is linear in temperature in the
pseudogap range. Additional states are added by the temperature at the same rate as for overdoped
systems where there is no gap. Thus, the specific heat of other materials should be similar in view of all
analyzed planar O data.

Planar Cu relaxation was shown not to be affected by the pseudogap, at all [22,23], its relaxation
is rather ubiquitous across all cuprates (1/%3T;T. =~ 21/Ks), independent on doping (the relaxation
anisotropy changes with doping [24]). With the cuprate specific heat being in agreement with planar O
relaxation, the heat involved with the states that relax planar Cu must be small (perhaps nodal particles).
Not surprisingly, the planar Cu shifts, as a uniform response, do see the pseudogap. The maximum shift
63K ~2 0.8% is also similar to what follows from the Korringa relation. The details of a comparison between
planar Cu and O NMR will be investigated in a forthcoming publication.

Unfortunately, we feel that it is difficult to conclude on the superconducting gap from the planar O
data. An inhomogeneous pseudogap dominates the shifts and the relaxation may be partly electric [44] in
the vicinity of T. The latter clearly points to the involvement of charge fluctuations [45,46], very different
from the relaxation of planar Cu [23], which is also rather ubiquitous at low temperatures in the
cuprates, when normalized by T. [23]. Naively, one might assume that the states not already lost to
the pseudogap disappear rapidly below T, further slowing down relaxation, but the opposite behavior
is found, i.e., the rate appears to increase at lower temperature before it finally decreases. This could
be due to additional quadrupolar relaxation, alternatively, the magnetic relaxation could show a special
increase, but perhaps the inhomogeneity of the pseudogap is most important as regions with fast relaxation
(small pseudogap) will dominate. Details of the spin shift, including the behavior below T, are difficult
to evaluate, as well, not only due to the inhomogeneity, but also because of the uncertainty of the
low-temperature data (loss of signal etc.). A small negative spin shift appears to be observed for a number
of materials, which would be expected from the suggested shift scenario [21,22].

To conclude, the planar O data in their entirety reveal a simple temperature-independent pseudogap
scenario. The gap can be as large as the exchange coupling and vanishes with increasing doping in a
family-specific way. The states above the pseudogap are unique and Fermi liquid-like for all cuprates and
have even constant density. This leads to a relaxation that increases at the same rate with temperature
for all cuprates above the pseudogap, and to shifts that become temperature-independent. However,
depending on the size of the pseudogap (located at lower energies), relaxation and shift can still be
suppressed at these higher temperatures. This leads to the otherwise unexpected behavior of shift and
relaxation found in NMR. The inhomogeneity of the pseudogap becomes apparent from comparison
with the total planar O lineshapes and the planar Cu shifts. No simple relation of the pseudogap to the
superconducting transition temperature is found. Note, however, that the planar Cu data do not fit this
simple scenario with doping-independent relaxation and a two-component shift [21-24], while similarities
exist and need to be explored.
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Appendix A

List of all references for YBa,CuzOy_s and YBa,Cu,Og. We found about 36 publications on these
materials, out of a total of about 80 papers on all cuprates. If the same data set appears in multiple papers,
typically from the same group, we only show the last published account.

Table Al. References for YBCO literature accounts with critical temperature T, label as shown in figures,
reference link, external magnetic field during measurement and the size of U-shaped gap from the numerical
analysis. All samples were aligned powders, if not stated otherwise *.

Compound T, Label Ref. Field Ty,

YBayCuyOg 82K Bankay1994 [471 9.03T 350 K
YBapCuyOg 82K Brinkmann1992 [48]
YBayCuyOg 82K Mangelschots1992  [49] 9.129T

YBayCuyOg 81K Suter1997 [33] 8.9945T 490 K
YBapCuyOg 81K Tomeno1994 [50] 5.71T 290 K
YBayCuyOg 74K Zhengl1992 [51] 11T

YBa,CuyOs 74K Zhengl993 [52] 11T

YBayCuyOg 74K Zheng1994 [53] 43/11T 200 K
YBa,CuzOy; 93K Hammel1989 [54] 70T

YBa;Cuz 0Oy 92 K Horvatic1989 [55] 575T
YBayCu3zOgg5 61K Kitaoka1989 [56] 5.75T

YBa;Cuz 0Oy 92 K Kitaoka1989 [56] 5.75T

YBa,CuzOy 91.2K Martindale1993 [57] 0.67T
YBa,CuzOy 912K Martindale1993 [57] 830T
YBa,CuzOy 93 K Martindale1994 [58] 0.67T
YBa,CuzOy7 93K Martindale1994 [58] 830T 0K
YBapyCu3zOg63 62K Martindale1998 [59] high field 350K
YBapyCu3zOg9¢ 922K  Martindale1998 [59]  high field

YBap,CuzO; ¥ 92K Nandor1999 [32] 9.05T 0K
YBap;CuzO; * 92K Reven1991 [60] 845T

YBa;Cuz Oy 93 K Takigawa1989 [26] 0K
YBayCuzOg3 62K Takigawa1991 [34] 6/7T 280 K
YBayCuzOgqp 60K Yoshinari1990 [61] 10T 410K
YBayCu3zOggp 84K Yoshinari1990 [61] 10T 22K
YBayCu3zOg96 92K Yoshinari1990 [61] 10T 0K
YBayCu3zOg96 87K Yoshinari1992 [62] 897T 0K

Appendix B

Here we list the references for other cuprates, about 44 publications with relevant data. If a data set
appeared in multiple papers, typically from the same group, we only show the last published account.
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Table A2. References to literature accounts of data, with critical temperature T, label as shown in
figures, reference link, sample type (a.p.(c.)—aligned powder (crystal); r.p.—randomly orientated powder;
s.c—single crystal), the external magnetic field for measurement, and the U-shaped gap size from the
numerical analysis (i.p.—inner plain; o.p.—outer plane in case of the triple-layer compound).

Compound T. Label Ref. Sample Field TII,JG
Laj g55r9.15CuOy 38K Haase2009 [12]  a.p. 9T
Lay g5Sr0.15CuO; 38K Ishida1991 [63] ap. 11T
Laj g55r9.15CuOy Kitaoka1989 [56]  a.p. 575T
Laj g5Cag15CuOy 45 22K Reven1991 [60] ac 845T 720K
Laj g5510.15CuOy 45 38K Reven1991 [60] a.c 845T 140K
Laj 95519,05CuOy ~10K  Singer2005 [64] ac. 9T 1085 K
Laj g5519.15CuOy 38K Singer2005 [64] a.c. 9T 140K
Laj 965510.035CuO, 0K Singer2005 [64] a.c. 9T 1300 K
La1.8855r0.115CuO4 ~32K Slnger2005 [64] a.c. 9T 360 K
Laj 965510.035CuO,4 0K Thurber1997 [65]  s.c. 9T 1290 K
Lay 975510,025CuOy 0K Thurber1997 [65]  s.c. 9T 1450 K
Laj g5510.15CuOy 45 35K Walstedt1994 [66]  a.p. 260 K
Laj 9751 08CaCuyOg 17.7K  Williams1996 [67]1  rp. 845T
Laj g4Srg 16CaCuyOg 315K  Williams1996 [67]  rp. 845T
Lay 7gSr22CaCuyOg 47K Williams1996 [67]  rp. 845T
La1_765r0_24CuO4 25K Zheng1993 [] 6] a.c.
La1_925 SI‘[)}075CLIO4 20K Zheng1993 [1 6] a.c.
HgBayCuOy 51 61K Bobroff1997 [68] a.c. 75T
HgBayCuOy 57 75K Bobroff1997 [68] a.c. 75T
HgBayCuOy 43 878K  Bobroff1997 [68]  a.p. 75T
HgBayCuOy 54 89K Bobroff1997 [68] a.p. 75T
HgBayCuOy 45 95.7K  Bobroff1997 [68] a.p. 75T
BiySr,CaCuyOg.4 5 82K Crocker2011 [69]  a.p. 9T 0K
BiySryCapCuzOqg 107 K Howes1991 [70]  a.p. 845T
BiySryCayCuzOqg 107 K Howes1992 [71]1  rp. 845T ip.870K
BiySryCapCuzOqg 107 K Howes1992 [71]  rp. 845T o.p.510K
BiySr,CaCuyOg.4 5 74 K Reven1991 [60]  rp. 845T 140K
BipSrpCaCuOg 15 56K Reven1991 [60]  rp. 845T
Biy yPbg 3Srp 15Ca; gCuz150s 110K Trokiner1991 [72]  rp.
(Tlo_5Pb0_5)SI‘2CaCUZO7 65 K Bellot1997 [73] rp. 7T
Tl;BayCaCuyOg_ 51 112K Gerashenko1999  [74] a.c. 290 K
TlyBayCaCuyOg_ 50 104 K Gerashenko1999  [74] a.c. 220K
TlpBayCaCuyOg_ 53 102 K Gerashenko1999  [74] a.c. 430K
(TLPb)SryCayCuzOg_s 124K Han1994 [75]  rp. 8.45T
Tl,Bay, CuOy <42K Kambel991 [76] a.c.
Tl;Ba,CuOy 85K Kambe1993 [27]  ac. 12T 0K
TlpBayCapCusOqg_s 125K Howes1993 [77]  s.c. 845T 870K
TlpBa;CaCuyOg 5 95K Reven1991 [60]  rp. 845T 290K
TlpBayCapCuzOqg 125K Zheng1995 [78] a.p. 11T
TlpBayCayCuzOqg 125K Zheng1996 [79] ap. 1T 410K
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Abstract: Superconducting domain boundaries were found in WO3_, and doped WOs3. The charge
carriers in WO3-type materials were identified by Schirmer and Salje as bipolarons. Several previous
attempts to determine the electronic properties of polarons in WOj; failed until Bousque et al. (2020)
reported a full first principle calculation of free polarons in WO;. They confirmed the model of
Schirmer and Salje that each single polaron is centred around one tungsten position with surplus
charges smeared over the adjacent eight tungsten positions. Small additional charges are distributed
further apart. Further calculations to clarify the coupling mechanism between polaron to form
bipolarons are not yet available. These calculations would help to identify the carrier distribution in
Magneli clusters, which were shown recently to contain high carrier concentrations and may indicate
totally localized superconductivity in non-percolating clusters.

Keywords: ferroelastic; WO3; polarons; polaronic superconductivity

1. Introduction and Some Historic Background

The discovery of polaronic states in WO3., is related to Alex Muller. I first met Alex in 1970 during
a trip to Zurich to visit my friend Fritz Laves. Fritz was then the most preeminent crystallographer in
Europe who was at the heart of rapid developments of diffraction tools and the theory of symmetry and
finite groups. I was introduced to him by my mathematics professor Heesch in Hannover, who solved
the essentials of the four-colour problem but was then discouraged to publish his work on magnetic
space groups by Fritz Laves and Raman because it would serve no good purpose’. A few years later
Shubnikov published his famous paper and Heesch took it stoically. I was just starting a PhD and
struggled to promote the message that perovskite structures would be a good example of structural
instabilities without compromising the macroscopic and chemical integrity of the material. The idea
was generally rejected in the solid state community for two opposing reasons: the first argument was
that anything beyond Si could not be understood properly because our theoretical framework was
insufficient, and, secondly, that the perovskite structure was far too simple to show effects of internal
structural instabilities where one would need structures of much greater complexity like garnets,
feldspars and boracites.

Fritz Laves had discovered the Laves-phases and I expected to get some support from him for my
PhD project. He did so enthusiastically and told me to see Alex Miiller in Ruschlikon who knew much
about the perovskite structures in ferroelectricity and in particular about SrTiO3. He had published
an excellent account of the phonon instability of LaAlO3 [1] and some years later he would publish his
famous paper on the quantum paraelectric state of SrTiO3 together with H. Burkhard [2]. I wanted
to extend the research of structural phase transitions to include electronic effects and guessed that
tungsten would be a good B atom in the perovskite structure for this purpose. A prototypic material
that I wanted to research was WOj3 and its derivatives like Na,WOj3. Alex agreed with these ideas
and not only encouraged me but also invited me to give a talk in the IBM lab some months later.
This was not bad for an early PhD student who had previously done rather little to sharpen his
argument and did not have any real data at that time. Thus, I was obliged to grow crystals, measure
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the electrochromic effects, solve a crystal structure and measure near-infrared absorption to confirm
the existence of polaronic states in WOj3 and its doped analogues [3,4]. It took three years to establish
a small laboratory for the investigation of perovskite structures in my home university in Hannover in
Germany, with results coming out after 1975 [5,6]. When I returned to see Alex, he introduced me to
Otwin Schirmer who was an expert in ESR spectroscopy. I worked with him for some years when he
moved to Freiburg to the Frauenhofer Institut. We firmly established that the charge carriers in WO3
are polarons [7,8]. Through Alex I met Harry Thomas in Basel with whom I worked on the quantum
version of the Landau potentials [9], which proved useful to derive the low-temperature saturation
effects and, ultimately, quantum fluctuations in SrTiOj [10]. I then spent time in the IBM lab and
observed how Alex created an outstanding, international laboratory, which combined a great number
of excellent people from different backgrounds. His leadership was very firm and helped me to a good
start in science (and several visits to the ‘Zunfthauser an der Limmat’). In 2020, Alex returned to the
investigation of superconductivity in reduced WO3 [11].

2. Results

While superconductivity in the WO3_ materials is well established, the most intriguing property,
which makes WO3 unique, is its closeness to the metal-insulator transition which allows for an unusual
phenomenon, as shown in Figure 1. The material undergoes a large number of phase transitions
whereby almost all of them are ferroelastic. The transitions generate characteristic twin-domain
networks [12-14]. These twin domains are separated by domain boundaries, which are simple twin
walls along well-defined orientations. In WO3, the domain boundaries persist in the € phase at low
temperatures [15]. When the sample is then cooled to ca. 3K, the domain walls—but not the rest of the
sample—become superconducting [16,17].

Figure 1. Structure of the tetragonal phase of the superconducting matrix.

The twin domain walls at higher temperatures are already highly conducting—much more so
than the surrounding bulk [18]. Similar phenomena were subsequently found in many perovskite
materials where the detailed conductivity mechanisms still remain obscure [19]. The effect in WO3 is
much clearer by being based on the conduction by bipolarons (the recombination of two polarons into
a bipolaron is shown in Figure 2). The domain boundary conductivity is more pronounced than in any
other material discussed so far, as displayed in Figure 3.
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Figure 2. Sketch of the time dependence of the recombination of two polarons to form a bipolaron.
Each polaron is marginally stable but does not represent the groundstate. The combination of two
polarons form by spin pairing a bipolaron with lower energy. The bipolaron can be split by optical
excitation. Once the bipolaron is split, it recombines over time (<60K).

Figure 3. Topology (left), conductivity (middle) and piezoelectricity (right) of WO3 at room temperature.
This tetragonal phase is shown in Figure 1 and is piezoelectric. The piezoelectricity is short-circuited in
the highly conducting domain walls, after [18].

First-principles investigations of bulk WOj3 [20] reproduce the essentials of the phase stability of
the various crystallographic phases of WO3. This work constituted a great step forward because it
demonstrates that the initially observed deformation amplitudes during phase transitions are indeed
related to specific properties of the interatomic bondings and the role of temperature in the form of
larger lattice vibrations and increased entropy. It is revealed how a very simple binary compound
possesses such a rich phase diagram and accordingly complex microstructures. Local polaronic
deformations were calculated in a similar approach. The results are in excellent agreement with the
free polaron electron density map of W5+ reported by Schirmer and Salje [7,8] from optical absorption
and electron spin resonance (ESR) measurements. A single polaron has a 2D disk shape extended on
a few neighbours. The possibility to stabilize this W5+ state allows us to characterize its electronic
and structural properties through real space spin density, density of states analysis and the symmetry
adapted mode analysis of the atomic distortion of the crystal. The first principle calculations by
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Bousquet et al [21] demonstrated how hard it is to capture polarons as physical objects of material
science from first-principles calculations. This makes WOj3 a paradigmatic system to study polarons.
Bousquet et al. [21] succeeded in calculating the energy and charge distribution of a single self-trapped
polaron in WO3; from density functional theory. Their calculations show that the single polaron is
at a slightly higher energy than the fully delocalized solution, in agreement with the experiments
where a single polaron is an excited state of WO3, as shown in Figure 4. The necessary stabilization
energy stems from the spin—spin coupling and the common deformation cloud of the bipolaron.
Bipolaron calculations in the first principle approach have still not been successful and are needed for
a better understanding of the detailed electronic structure of a bipolaron.
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Figure 4. (a): 3D visualisation of the calculated density (B1WC functional) of the polaron in the xy
plane of a WO3 supercell (W and O atoms are in yellow and green respectively, the charge density is in

purple); (b): 2D cut plane of the polaron density in the xy and xz planes passing through the central W
atom where the charge localizes [21] Note the close similarity with the sketch in Figure 2.

The symmetry-adapted mode decomposition of the polaron distortions shows that,
among numerous modes, a polar zone centre mode has the largest contribution and can be at
the origin of the observed weak ferroelectricity of WOj3.

To analyse the electronic structure of the calculated polaron in WO3, Figure 4 shows the total
density of states (DOS) of a supercell with a self-trapped polaron [21]. The localized state appears
in the gap of WO3 in the spin up channel. This state in the gap corresponds to the dxy state of W
that slightly splits from the conduction bands (by about 0.4 eV), and it spreads over 0.1 eV in the gap.
Hence, it is not fully localized, i.e., in agreement with what we observe from the real space density
where the electron density of the polaron is spread over a few W atoms. This means that calculations
simulate indeed a self-trapped single polaron in the P21/c ground state phase of WOj5.

Interestingly, Reich and Tsabba [22] reported superconductivity, possibly related to the sample
surface, at much higher temperatures (ca. 80K). Unfortunately, these observations could not be
reproduced and remained uncertain and largely ignored. Recently, Muller and collaborators did
indeed obtain some similar results. They reported that in samples with the composition WO, g,
the signatures of superconductivity with the same transition temperature T. = 80 K were registered
by means of magnetization measurements. By lithium intercalation, the T, was further increased to
94 K. The observed small superconducting fraction and the absence of clear transition in resistivity
measurements indicate that the superconductivity is localized in small regions. No current percolation
was found. In contrast, the earlier observation of W>*-W5* electron bipolarons in reduced tungsten
oxide samples was confirmed [23].

They proposed that bipolarons form and cluster within crystallographic shear planes which
exist in the Magneli phase of WO, ¢ (W59Osg) and represent charge-carrier rich quasi-1D stripes or
puddles [24]. The Magneli structural complexes are common not only in W»yOsg but are locally present
in pentagonal tungstate structures [24-26] and many other structures. It can hence be assumed that
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amuch wider class of materials with W-O corner-sharing clusters exist, which may show similar puddle
effects. This discovery clearly warrants substantially enhanced research to identify WO3-derivatives
where the coupling between the Magneli complexes in crystallographic shear planes (CS) percolate.
While there is no simple way to assess any superconductivity transition in these compounds,
an early attempt where the necessary condition was formulated to obtain metallic conductivity in the
normal state [23]. Polaronic systems often show metal-insulator (M-I) transitions as a function of the
carrier concentration [27,28]. The M-I transition occurs near the ‘overcrowding’ point where the packing
of polarons with diameters of around 0.5 nm reaches saturation. Geometrically, additional carriers
cannot be condensed into polaronic states because the necessary lattice deformation is exhausted and
carriers need to transfer to the conduction band. This ‘overcrowding’ point is possibly the critical point
for the formation of carrier into puddles and filaments, which, in turn, promote local superconductivity.

3. Outlook

Superconductivity related to domain boundaries, CS planes, or other structural singularities are
not just a simple addition to existing bulk properties, but represent a cornerstone of the emerging
field of domain boundary engineering [29] where the domain boundary is the device and the
bulk is simply the matrix to hold the domain boundary in space [30]. Novel device designs
become possible. An example is a Josephson junction detector where the junction elements are
the intersections of superconducting domain boundaries. As such domain boundaries can be
designed to appear in high densities [31,32], such devices would have unsurpassed sensitivities and
extremely small sizes. Similar effects appear in systems where mesoscopic inhomogeneities on the
metal-superconductor transition occur in two-dimensional electron systems, typically at the interface
between two perovskite materials. A model with mesoscopic inhomogeneities was considered [33]
as a random-resistor network in effective medium theory. Particularly space correlations between
the mesoscopic domains were found to dominate over random fluctuations. A typical example
is then to utilise the two-dimensional electron gas at the LaTiO3/SrTiO3 or LaAlO3/SrTiO3 oxide
interfaces, which becomes superconducting when the carrier density is tuned by gating. The measured
resistance and superfluid density reveal inhomogeneous superconductivity related to the percolation of
filamentary structures of superconducting “puddles” with randomly distributed critical temperatures,
embedded in a nonsuperconducting matrix. This scenario is similar to the Magneli phases while the
twin walls in WOj5 are, by definition, percolating over the distance of the length of the twin boundaries
(which are often spanning from surface to surface). Previously, interfacial superconductivity was
modelled using intrapuddle conductivity by a multiband system within a weak coupling BCS
scheme [34]. The microscopic parameters, extracted by fitting the transport data with a percolative
model, yield a consistent description of the dependence of the average intrapuddle critical temperature
and superfluid density on the carrier density [35]. Clearly many of these interfacial features are similar
in WOj3 twin boundaries and in LaAlO3/SrTiO3 oxide interfaces so that one can expect significant
progress in either field from the comparison with the other [36,37].
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Abstract: SrTiOj is an insulating material which, using chemical doping, pressure, strain or isotope
substitution, can be turned into a ferroelectric material or into a superconductor. The material itself,
and the two aforementioned phenomena, have been subjects of intensive research of Karl Alex Miiller
and have been a source of inspiration, among other things, for his Nobel prize-winning research on
high temperature superconductivity. An intriguing outstanding question is whether the occurrence of
ferroelectricity and superconductivity in the same material is just a coincidence, or whether a deeper
connection exists. In addition there is the empirical question of how these two phenomena interact with
each other. Here we show that it is possible to induce superconductivity in a two-dimensional layer at
the interface of SrTiO3 and LaAlO3; when we make the SrTiO; ferroelectric by means of 180 substitution.
Our experiments indicate that the ferroelectricity is perfectly compatible with having a superconducting
two-dimensional electron system at the interface. This provides a promising avenue for manipulating
superconductivity in a non centrosymmetric environment.

Keywords: ferroelectricity; superconductivity; SrTiOs; 180 isotope substitution; SrTiOs;/LaAlOs;
interface; heterostructure

1. Introduction

Karl Alex Miiller has numerous interests and passions. Most likely quite high in the list are
ferroelectricity, superconductivity and SrTiOz—a material that, we believe, he called the drosophila
of solid state physics. Known worldwide for their discovery of superconductivity in the cuprates, J.G.
Bednorz and K.A. Miiller explained in their Nobel lecture that their search for high T, superconductivity
in complex oxides had been partly motivated by SrTiOs, which, once doped, has a maximum T, of 0.5 K,
actually very high when compared to its Fermi energy [1].

Close to ferroelectricity and to superconductivity, SrTiOs is indeed an amazing material. By itself
it is an insulating cubic perovskite at room temperature. Below 105 K, an antiferrodistortive transition
makes the system weakly tetragonal. Electronically, SrTiOs is a quantum paraelectric—a compound often
seen as “failed ferroelectric” with its inverse static dielectric constant € versus T revealing a Curie-Weiss
behavior. Unlike for ferroelectric materials, however, € never diverges but saturates at low temperatures
as shown in 1979 by Miiller and Burkard [2]. When doped, SrTiO3 can be turned into a ferroelectric or into
a superconductor. To achieve the former, Ca can be partially substituted for Sr [3] or 1°O can be replaced

Condens. Matter 2020, 5, 60; doi:10.3390/ condmat5040060 www.mdpi.com/journal/condensedmatter

281



Condens. Matter 2020, 5, 60

by 180 [4]—in thin film form, strain also allows the ferroelectric state to be reached [5]. Superconductivity
can be obtained by partially substituting Sr with La, Ti with Nb or by reducing the oxygen content—in
all cases, the system is doped with electrons and the maximum T, is around 500 mK [6,7]. SrTiOj3 has,
over time, revealed other amazing properties including the emission of blue-light once irradiated with
Ar ions [8] or the electrolysis of water [9]. With the discovery in 2004 of conductivity [10] and in 2007 of
superconductivity [11] at the interface between LaAlO3 and SrTiO3, this "magic” perovskite was again at
the center of worldwide attention. More recently, it is the prediction and discovery of an increase of T, in
electron-doped and Ca or 180 substituted SrTiOj3 that triggered a lot of interest, discoveries marrying the
passions of K.A. Miiller—ferroelectricity, superconductivity and SrTiOs.

In this paper, we aim to discuss how the proximity of a ferroelectric state to the superconducting phase
may explain the Cooper pair coupling mechanism. We first review the properties of SrTiO3, presenting
a short summary of its phase diagram with the different ground states obtained by the various dopings
and substitutions. We then recall the different models proposed since as far back as 1964 that may explain
superconductivity in SrTiO; and we discuss in particular ideas allowing the recent observation of T¢
enhancement when SrTiOj is pushed toward ferroelectricity to be understood. Finally, we briefly introduce
the LaAlO3/SrTiO3 system and show some experimental results obtained on these superconducting
interfaces for which 100 was partially substituted by 180 in the SrTiO3 single crystal substrate used for the
growth of the LaAlOj3 layer. We end the paper with a brief conclusion.

2. SrTiOg3: Properties, Phase Diagram and Tuning Parameters

The centrosymmetric cubic perovskite structure (tolerance factor ¢ = 1) that SrTiO3 adopts at room
temperature reflects the perfect balance between the ionic radii of its cations: deviations from f =1 would
lead to various types of distortions, the most common ones being the oxygen octahedral rotations occurring
for t <1[12]. As mentioned above, at 105K SrTiO3 goes through an antiferrodistortive (AFD) transition
resulting in a tetragonal structure with oxygen octahedra rotated out of phase about the c-axis (a’a’~ in
Glazer notation) [13]. Lowering the temperature further produces a softening of the ferroelectric phonon
mode with a strong Curie-Weiss type increase of the static dielectric response, suggesting a transition
into a ferroelectric state at 20 K [14]. However, Miiller and Burkard discovered that the dielectric constant
saturates, reaching a value of 2 x 10* at 4K [2]: they interpreted this saturation as the signature of an
intrinsic quantum paraelectric state, i.e., an avoided ferroelectric state due to the quantum fluctuations of
the atoms about their centrosymmetric positions. Monte Carlo calculations have confirmed this scenario
and revealed the role of quantum fluctuations on the reduction of the AFD transition temperature [15].
Given such proximity to a ferroelectric state, several groups have explored different approaches to obtain a
polar state, applying mechanical [16,17] and epitaxial [5] strain or performing chemical—replacing Sr with
Ca [3]—or isotopic substitutions—'°O with 180 [4]. These different avenues have induced a ferroelectric
ground state with Curie temperatures exceeding, in some cases, room temperature [5]. Figure 1 shows
schematically how the ferroelectric state develops beyond the quantum critical point (QCP) for the case of
Ca-doping and '80-substitution.
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Figure 1. Schematic phase diagram of SrTiO3; showing the ferroelectric (FE) and superconducting (SC)
phases. Upon chemical substitution of Ca for S, i.e., Sry_,Ca,TiO3 with 0.002 < x < 0.02 [3], or by oxygen
isotope substitution, i.e., SrTi(mOymO1,y)3 with y > 0.33 [4], the material develops a FE ground state
beyond a quantum critical point (QCP). This FE phase occurs well below the structural transition from cubic
to tetragonal [18]. Charge doping turns the material from an insulator (I) into a metal (M) at a critical carrier

density (ny) of 10'® cm 3, while SC develops in a doping range n3p between 5 x 10'7 and 102! cm 3.

The large dielectric susceptibility is thought to be responsible for the fact that the electronic transition
from the insulating state to a metallic state occurs at an extremely low carrier density of 100 cm 3 [19].
Such doping can be induced by chemical substitution of La for Sr [20], Nb for Ti or by oxygen reduction [21].
At these low dopings the mean free path of the conduction electrons is about 100 times greater than the
Fermi wavelength [22]. One of the consequences is that quantum oscillations in the magneto-resistance are
observed [23,24], a feature that allows the topology of the Fermi surface to be determined as a function of
carrier density. At low temperatures (below 0.4 K), the metallic electron doped system undergoes a phase
transition into a superconducting condensate for a carrier density in the range 107-10%" cm 3 [24-26].
With 107 em ™3, doped SrTiOj is the lowest density superconductor and displays a unique broad range of
charge concentration over which the superconducting state is observed. The origin of the superconducting
state and the dependence of the superconducting temperature on carrier density have been subjects
of several studies [26,27]. An appealing proposition is that the two different order parameters may be
somehow coupled: according to certain models that apply to perovskite-type structures, the ferroelectric
instability is the condition necessary to pair electrons [28]. Such an idea has been explored recently,
leading to a clear prediction of the dependence of the superconducting critical temperature upon the
proximity to the ferroelectric state [29].

3. Superconductivity in Doped SrTiO3; from 1964 until 2020

Using the linear combination of atomic orbitals method, Kahn and Leyendecker predicted in 1964 that
the electronic energy bands in strontium titanate exhibit six conduction band ellipsoids lying along [100]
directions of momentum space with minima probably at the edges of the Brillouin zone [30]. In the same
year, Marvin Cohen predicted that the attractive electron—electron interaction arising from the exchange of
intravalley and intervalley phonons can cause these materials to exhibit superconducting properties [31].
In less than a year, Schooley et al. [6,25] reported superconductivity in electron-doped SrTiO3 with carrier
concentrations in the range from 108 to 10*! cm~3, and T, ranging from 50 mK at the lowest doping to
about 0.5 K for 1, = 10?0 cm~3. While these results confirmed Cohen’s prediction of superconductivity
in electron-doped SrTiOs3, it has been demonstrated by later band structure calculations [32] that there is
only a single valley, which is located at the Brillouin zone center for each of the three conduction bands.
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The three bands at the zone center are non-degenerate due to spin-orbit splitting and (below 105 K) a
weak tetragonal crystal field [22], causing the sudden onset of quantum oscillations [23] at the critical
dopings where the second and third band become occupied [24]. This also agrees well with the doping
dependence of the two superconducting gaps observed by Binnig et al. [33]. While the Fermi surface
properties agree well with the ab initio band structure predictions, the experimental values of the effective
mass are a factor of two higher than the ab initio predictions [34,35]. From the analysis of the mid-infrared
absorption in doped SrTiOj it has become clear that the factor of two for the mass enhancement observed
in the experiments is a consequence of the coupling of the conduction electrons to the longitudinal optical
phonons, and that the mid-infrared peaks originate from large polaron formation [36].

In the course of the more than five decades of research on SrTiO3 a variety of models have
been proposed for the pairing mechanism: intervalley scattering [27,31], bipolarons [37], two-phonon
exchange [38], longitudinal optical phonons [39], full dielectric function for longitudinal phonons and
screened Coulomb [40,41], acoustic phonons [42]. A possible role of ferroelectricity was proposed by
Bussmann-Holder [28], an idea that has gained momentum in recent years [43]. A detailed theoretical
prediction of a giant isotope effect on the superconducting T, [29] with an opposite sign from the BCS
prediction has spurred on a number of isotope-substitution experiments [44,45] and Ca-substitution
experiments, which are expected to have a similar effect on T, [46]. These experiments have confirmed the
theoretical predictions. The theory was based on the coupling of electrons to the soft transverse optical
phonon (the “TO1” mode). A problem has meanwhile been pointed out, that the coupling to this phonon
is far too small to account for T, on the order of several hundred mK [47]. A possible remedy is to couple
the electrons to pairs of transverse optical phonons of opposite momentum [38,48]. A recent analysis of
the optical oscillator strength of the TO1 mode has brought to light that this type of bi-phonon exchange
is indeed unusually strong in SrTiOs [49], strong enough in fact to account for superconductivity in this
material. In this scenario quantum ferroelectric fluctuations induce the pairing interaction that leads to
superconductivity [29,43]; however, the main channel of interaction is mediated by pairs of phonons rather
than single phonons as was originally proposed. In this context it is not an accident that superconductivity
occurs in proximity to a ferroelectric quantum critical point.

4. Superconductivity in Two Dimensions

Recent research on SrTiO3 has focused on the two-dimensional electron systems that emerge at the
crystal surface or in thin films. Mobile electrons can be localized at the surface of undoped SrTiOj3 crystals
by cleaving in vacuum [50,51], in é-doped SrTiOj thin films [52] or in SrTiOs-based heterostructures.
The well-known conducting interface between an insulating SrTiO3 substrate and a thin film of LaAlO3
belongs to the last class [10]. This heterostructure hosts a two-dimensional conducting system confined
in SrTiO3 within a few nanometers from its interface with LaAlOs. The electrons are transferred to
SrTiO3 to compensate for the polar discontinuity occurring between the two materials along the [001]
direction [53-55]. Similar to the bulk case, this system undergoes a superconducting transition when
cooled down below 300 mK. As-grown samples have a critical temperature of ~200 mK, and a 1D critical
current density of 100 #A/cm [11]. The superconductivity in this system has a two-dimensional character.
Indeed, the analysis of the critical magnetic field parallel, H‘*‘, and perpendicular, HY , to the interface yields
a Ginzburg-Landau coherence length, ¢, of 60nm at T = 0K, and a thickness of the superconducting slab
of 11 nm. As expected for a superconducting thin film (thickness < ¢) [56], Hﬁ is much higher than H', as
a 2D superconducting layer cannot accommodate a vortex parallel to the plane. Interestingly, the value of
HT‘ exceeds the paramagnetic limit set by BCS theory, yo - H "‘* = 1.84 - T, (with g - H, "‘* in T and T; in K),
by a factor of 4-5 [57], and this effect might be linked to the presence of strong spin-orbit coupling in the
system [58,59].
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In 2008, Caviglia et al. showed that the superconductivity is tunable by the electric field effect [60].
The phase diagram of LaAlO3/SrTiO3 resembles that of bulk SrTiOs, but it extends over a much smaller
carrier density range, between 1x10!° cm~3 and 4x10' cm~3 [61]. In the underdoped region of the
phase diagram, a quantum critical point separates the superconducting regime from an insulating phase,
related to the weak-localization effect [60].

5. 180 Isotope Effect

Following the ferroelectric quantum critical scenario proposed by Rowley et al. [43], Edge et al.
considered a specific scenario in which the ferroelectric soft mode is tuned by isotopic 80-substitution [29].
By tuning the 130 substitution level beyond the QCP, they predicted both an increase of the maximum
T¢ and a shift of the maximum of the dome to lower carrier densities. Experimentally, the increase of
T. was first observed by Stucky et al. on 35%-isotope substituted samples that were electron-doped by
oxygen removal [44]. In the BCS weak-coupling limit, T. is inversely proportional to the isotope mass M:
T &« M~* with an isotope coefficient & = +0.5. The experimentally determined increase of T of 50% [44]
leads, however, to a negative and much larger value of &« ~ —10, matching the theoretical prediction made
by Edge and coworkers, both in sign and order of magnitude [29]. In a later work an enhancement of T,
upon isotope substitution was further confirmed in isotope-substituted samples that were electron-doped
by substituting Sr with La [45].

In this context, we measured the electronic properties of LaAlO3/ SrTi(lSOfOl,yb heterostructures:
a system where a superconducting two-dimensional electron system is confined at the interface between
an insulating thin film and a ferroelectric substrate.

We optimized the isotopic substitution on commercial TiO; terminated SrTiO3 substrates provided by
CrysTec GmbH. Several crystals, 5 x 2.5 x 0.5 mm?3 and 5 x 2.5 x 0.25 mm? in size, are put in a standard
quartz tube, which is then sealed to fix the internal pressure of 180, at 0.4-0.7 bar. The sealed tubes are
placed in a tube furnace and heated up at temperatures between 700 and 1100 °C for 2040 days. Before the
LaAlOj3 thin film growth, we evaluated the effect of the substitution procedure on the substrate topography
using an atomic force microscope (AFM).

As-received TiO, terminated substrates have an atomically flat surface with a clear step-and-terrace
topography (see Figure 2a). AFM imaging revealed that after the thermal treatment the crystal surface
is completely reconstructed. Instead of the usual step-and-terrace structure, we found a “block-terrace”
structure (see Figure 2b). In order to restore a controlled TiO, termination, the crystals have been
re-polished and then treated in an HF (hydrofluoric acid) bath for 30 s, followed by a rinsing with
demineralized water. After this procedure, the substrates recovered the initial step-terrace structure
(see Figure 2c), with atomically flat terraces and unit cell-high steps, and were ready for the LaAlO3
deposition. The thin films of LaAlO3 were grown by pulsed laser deposition, following the recipe used for
standard LaAlO3/SrTiOs heterostructures [62]. Their thickness, typically 67 unit cells, was monitored
during the growth using reflection high energy electron diffraction (see Figure 2d). After the growth,
a 20 nm gold layer was sputtered on the back side of the substrate to be used as an electrode for
dielectric measurements.

We prepared and analyzed three LaAlO3/ SrTi(lSO;601,y)3 heterostructures with nominal #0
contents in the SrTiOs substrate of 35%, 45%, and 67%, respectively. Compared to pure SrTiOs,
the low-temperature dielectric constant, €, is strongly enhanced by the presence of 180 (see Figure 2e).
Aty = 35% the substrate is on the verge of the ferroelectric transition and €, saturates at roughly 4.7 x 10*
(compared to 2 x 10* for SrTiO3). For y=45% and 67%, the dielectric constant has a double peak structure,
with the maxima indicating the position of the ferroelectric transition. The first peak occurs approximately
at the Curie temperature of 12 K (17 K), which agrees well with the nominal 180 content 45% (67%),

285



Condens. Matter 2020, 5, 60

as indicated by the black arrow in Figure 2e. The second peak, which occurs at lower temperature
(gray arrows), may be due to inhomogeneities in the 180 content. It is worth noting that the substrates are
heated up to 800 °C in an 10O atmosphere during the growth of the LaAlOj5 film [62] and some 'O may
re-substitute part of the 80 present at the SrTiO3 surface. The second peak is visible at 6.9 K (8.1 K) and
corresponds to an 180 content of roughly 35% (40%) for a nominal content of 45% (67%).
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Figure 2. Growth and physical properties of LaAlO3/ SrTi(IBO;éol,yh interfaces. AFM images of the
SrTiO5 substrate (a) as-received, (b) after the 180y substitution process, and (c) after re-polishing and HF
treatment (the size of all AFM images is 4 um x 4 um). (d) RHEED signal during the growth of the LaAlO3
layer. One oscillation corresponds to the deposition of one unit cell of LaAlOj3. (e) Dielectric constant versus
temperature of a SrTiO; substrate (y = 0) and of LaAlO3/ SrTi(lSOfOl_yh samples for different values
of substitution. The dielectric properties have been measured in a homemade Helium cryostat using the
Agilent E4980A Precision LCR Meter. The electric field was applied between the back electrode and the
2DES used as a top-electrode. (f,g) Sheet resistance versus temperature of the 2D electron system for 80
substituted samples. The resistance jump visible in the curve for y = 35% at ~0.45 K is due to an electric
spike, which occurred in the measurement system during our study.

Figure 2f,g shows the sheet resistance (R;) as a function of temperature. Between 300 and 1.5 K,
the behavior of these samples is similar to that of standard LaAlO3/SrTiO3 heterostructures [63].
The resistance has a slight dip at ~95 K, which is presumably due to the antiferrodistortive transition
at 105 K [64-66]. For all investigated samples, the resistance shows a small upturn below ~15 K,
the origin of which is still under investigation. It should be noted that an anomaly/upturn has been
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observed in the low-temperature resistivity of bulk Ca-substituted SrTiO;_; samples and was associated
to a ferroelectric-like state still existing in metallic samples [46,67]. Similarly, a study performed on
heterostructures of LaAlO3 grown on top of Ca-substituted SrTiO3 substrates showed the presence of a
resistance upturn occurring just below the Curie temperature, possibly linked to the ferroelectricity of the
substrate [68]. If the temperature is further decreased, the samples undergo a superconducting transition
at T, = 340, 255, and 300 mK for y = 35, 45, and 67%, respectively. T. is defined as the temperature at which
the resistance is 50% of its value in the normal state (here at 800 mK). The transition temperature observed
for the three samples is similar to that reported in the 2D electron system confined in standard SrTiO3
substrates [11,60]. We note that a comparison between the phase diagram shown in Figure 1 and our data
for the LaAlO3/ ST(lSO;éol,yb interfaces is difficult due to the uncertainty on the equivalent 3D carrier
density of the 2DES, which has an exponential charge profile inside the substrate. This pilot study shows
that the presence of a ferroelectric SrTiO3 substrate is compatible with the formation of a conducting—and
even superconducting—system at the interface with LaAlO3, and opens the path to the exploration of its
effect on the electronic properties.

6. Conclusions

SrTiO3 plays host to a large variety of interesting physical phenomena. In particular, superconductivity
can be obtained in the bulk and at a two-dimensional interface. Following the idea that superconductivity
can be enhanced by 80 substitution in SrTiO3 we studied the properties of LaAlO3/ SrTi(lSOfOl,yh
heterostructures with different 80 concentrations (35%, 45%, and 67%) in the SrTiO; substrate.
The observation of superconductivity at the interface of LaAlO3 and isotope substituted SrTiOz with
T on the order of 300 mK demonstrates that it is experimentally possible to induce two-dimensional
superconductivity in a ferroelectric-like environment. Further investigations with different levels of doping
may reveal higher superconducting critical temperatures in this system that combines ferroelectricity,
superconductivity and SrTiOz—the passions of K.A. Miiller.
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Abstract: The temperature and magnetic field dependence of resistivity in WO, g was investigated.
The variation of resistivity with temperature displayed unusual features, such as a broad maximum
around 230 K and a logarithmic increase of resistivity below 16 K. In the temperature range 16-230 K,
we observed metallic-like behavior with a positive temperature coefficient. The combined analysis
of resistivity and magnetoresistance (MR) data shows that these unusual transport properties of
WO, 9 can be understood by considering the (bi)polaronic nature of charge carriers. In contrast
to magnetization data, superconducting transition below T. = 80 K was not detected in resistivity
measurements, indicating that the superconductivity is localized in small regions that do not percolate.
We found a strong increase in positive MR below 80 K. This effect is similar to that observed
in underdoped cuprates, where the substantial increase of MR is attributed to superconducting
fluctuations in small clusters. Therefore, the temperature dependence of MR indicates the presence of
non-percolating superconducting clusters in WO, g below 80 K in agreement with magnetization data.

Keywords: tungsten oxide; polarons; superconductivity

Preface

The authors of this paper have been fortunate and privileged to collaborate with K. Alex Miiller
over many years. This collaboration still continues and in this Special Issue of the journal dedicated to
his life’s work, we would like to present the recent results of a project that was initiated and supported
by Alex. Since the beginning of his illustrious scientific carrier, he has investigated a remarkable variety
of physical properties of oxide perovskites, and especially SrTiO3. This research culminated in the
discovery of high-T. superconductivity in copper oxides. We are grateful to Alex for uncovering the
fascinating world of the perovskite oxides, which continue to attract the attention of condensed matter
physicists and materials scientists for more than 50 years.

1. Introduction

It is remarkable that reduced SrTiO3;_, was the first oxide in which superconductivity was found in
1964 [1]. Only nine months after the SrTiO5 discovery, superconductivity was also reported for another
perovskite oxide, sodium-doped WOj3 [2]. Both SrTiO3;_ and NayWOj3 have a low T, below 1 K.
However, superconducting regions with unusually high critical temperature (T = 90 K) were observed
on the surface of Na-doped WOj crystals [3,4]. Unfortunately, the composition of the superconducting
regions could not be determined due to their small size. Another possible method to dope charge
carriers in a tungsten oxide is to reduce the oxygen content. Filamentary superconductivity below
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T. = 3 K was observed in twin walls of reduced WO5_, single crystals [5]. Despite the filamentary
characteristics of superconductivity and low T, an unusually large upper critical field poHe(0) above
15 T was found in WO5_y. This large 19H(0) violates the Pauli paramagnetic limit by a factor of three.
In our opinion, this interesting finding deserves further study.

The parent compound WOj3 has a perovskite-like structure with a vacant A site and consists of a
three-dimensional array of corner-sharing tungsten-oxygen octahedra. Pure WOj is insulating since
the Wo* (54°) has an empty d-shell. Creating oxygen deficiency in WOj3 leads to a strong increase in
conductivity as W5 (5d41) ions are induced, which are a source of the charge carriers. In the octahedral
oxygen coordination, W>* hosts one 5d electron in a triply degenerate orbital and therefore is a
Jahn-Teller (JT) ion. A number of experimental studies demonstrated that these charge carriers have a
polaronic character and form bipolarons in WO3_ [6]. The discovery of high-T. superconductivity in
copper-oxide materials resulted from the concept of JT polarons [7]. Subsequent experimental and
theoretical studies proved the validity of this concept by providing ample evidence of polaron/bipolaron
formation and their clustering in cuprates [8-11]. Therefore, high-T. superconductivity may also
exist in oxygen-reduced tungsten oxide. Recently, two authors of this paper, Alexander Shengelaya
and Kazimierz Conder, together with Alex Miiller, reported that in reduced tungsten oxide with the
composition WO, g, the signatures of filamentary superconductivity with T = 80 K can be registered
by means of magnetization measurements [12]. By lithium intercalation, the T was further increased
to 94 K. These results indicate that there is a potential for high-T. superconductivity in oxygen-reduced
tungsten oxide, which has not been sulfficiently explored.

Until now, not much was known about the low-temperature transport properties of the WO, g phase.
A few reports were published where the temperature dependence of resistivity was measured [13-15].
However, all these measurements were performed above liquid nitrogen temperature. Here, we report
results of combined magnetic, transport, and magnetotransport measurements of oxygen reduced
tungsten oxide WO, in a broad temperature range, including the previously unexplored low
temperature (T < 80 K) region.

2. Experimental Details

The polycrystalline WO;_, samples were prepared by the solid-state reaction method starting
from WO3 and WO, reagents in the powder form. Details on the sample preparation can be found
in [12].

The DC magnetization measurements were performed on a Quantum Design magnetic
property measurement system (MPMS) magnetometer. For the zero-field-cooled (ZFC) magnetization
measurements, the samples were first cooled to 5 K in a zero magnetic field, then the magnetic field
was applied, and the magnetization was measured with increasing temperature.

The transport measurements were performed on a Quantum Design physical property
measurement system (PPMS) via a four-probe technique. Electrical contacts were prepared by indium
wires and a silver paste. The magnetic field for magnetoresistance measurements was oriented
perpendicular to the current direction.

3. Results and Discussion

Figure 1 shows the temperature dependence of the ZFC magnetizations in WO3_, samples
measured in a magnetic field of 100 Oe. Among WOj3_, samples with different oxygen contents,
only one sample with the composition WO, g exhibited a clear decrease in magnetization below 80 K.
This diamagnetic transition is characteristic of the superconducting state. As was demonstrated in a
previous publication, various results obtained from magnetization measurements strongly support the
superconducting nature of the diamagnetic transitions below T, = 80 K in reduced tungsten oxide
WO, [12].
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Figure 1. Temperature dependence of the zero-field-cooled (ZFC) magnetizations in a magnetic field of
100 Oe for the WO3_, samples with different oxygen contents.

The magnetization data presented in Figure 1 demonstrate that the reduced tungsten oxide
(WO,y) is a special case as it has a high-temperature superconducting phase. To understand why
this composition is special, recall that the removal of oxygen from WOj; induces polaronic charge
carriers and also leads to structural changes. The lattice tends to eliminate single oxygen vacancies by
the crystallographic shear (CS) process. As the x value in WOj3_y increases, the usual corner-sharing
arrangement of octahedra is partially replaced by groups of edge-sharing WOg octahedra, which form
pockets of shear planes [16]. If these shear planes become parallel and equidistant, a crystalline
phase with a defined structure arises, as shown by Magnéli [17]. This is the case for the dark blue
modification of the tungsten oxide WO, g, which was the subject of the present study. It crystallizes
in a large unit cell containing 20 tungsten and 58 oxygens atoms. Therefore, its stoichiometry can
be represented as WOsg. It belongs to the family of the Magnéli-type oxides with the general
formula W,O3,-5 [18]. The W5yOsg phase is one of the most stable and ordered members of the
Wi Osn—2 homologous series, where blocks of 2D corner-sharing WOg octahedra are mutually connected
along CS planes formed by groups of six edge-sharing octahedra [17]. This phase also has a very
narrow stability range close to the theoretical stoichiometry value WO, ¢ with composition limits of
WO,.89-WO,9; [19]. This well-defined composition of the Wy(Osg phase explains why we observed
signatures of superconductivity only within very limited oxygen contents in the series of studied
WO3_, samples.

According to Salje and Giittler, WO, g is also a special compound among reduced tungsten oxides
since it is on the verge of the insulator to metal transition [15]. However, they only measured resistivity
in this compound down to 80 K. To better understand transport properties of WO, 9, we performed
resistivity and magnetoresistance measurements in a broad temperature range, including the previously
unexplored low temperature region. Figure 2 shows the resistivity as a function of temperature for
the WO, g sample. Metallic behavior (dp/dT > 0) was observed in the temperature range 16-230 K.
In contrast to magnetization measurements, the resistivity had no anomaly at T. = 80 K, indicating
that the sample had a low superconducting volume fraction. The estimation of the superconducting
volume fraction based upon the magnetization measurement shown in Figure 1 is ~0.01%. Notably,
this value is a lower limit valid under the assumption that the size of superconducting regions d
is larger than the London penetration depth A. If d << A, the volume fraction will be larger. Still,
the superconducting volume fraction in WO, g is small and is apparently below the percolation limit.
Therefore, the temperature dependences of magnetization and resistivity could be explained by the
formation of filamentary, non-percolative superconducting regions below T. = 80 K in Magnéli-phase
tungsten oxide WO, 9 (W2(Osg).
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Figure 2. Resistivity as a function of temperature for the WO, g sample. Colors indicate temperature
regions with three distinct transport regimes. Inset: Expanded view of the low-temperature region
shown with a logarithmic horizontal scale. Dashed line is a guide for the eye.

It was proposed that WO, 9 bipolarons can form and cluster in the edge-sharing WOg
octahedra within CS planes of the Magnéli phase [12]. According to this model, CS planes represent
charge-carrier-rich quasi-1D stripes. With decreasing temperature, the superconducting state can be
established locally in regions similar to cuprates [20]. However, CS planes are very narrow with a
thickness of only six edge-sharing WOg octahedra in the W5yOsg phase. The nanoscale bipolaron-rich
metallic regions in CS planes can be locally superconducting, but because of the small size and
limited coupling between them, global phase coherence and superconductivity are difficult to establish.
Therefore, in the absence of percolation between the CS planes, the superconductivity has a filamentary
character as indicated by magnetization and resistivity measurements.

Now, we discuss the temperature dependence of resistivity in more detail, as shown in Figure 2.
There are three distinct transport regimes in the p(T) dependence: (I) a semiconducting-like behavior
above ~230 K with a negative temperature coefficient, (II) metallic-like behavior in the temperature
range of 16-230 K with a positive temperature coefficient, and (III) resistivity upturn below ~16 K.

A broad maximum in the p(T) dependence, similar to that shown in Figure 2, was reported
previously for WO, g, but its origin was not discussed [13-15]. Notably, a similar crossover from
semiconducting-like conductivity at high temperature to metallic-like behavior at a lower temperature
was observed in the normal state of quasi-2D organic superconductors (BEDT-TTF), X (ET,X) with
X = Cu[N(CN),]Cl, Cu[N(CN);]Br, Cu(NCS); [21]. Various explanations have been proposed for the
different transport regimes and an anomalous resistance maximum [22]. Some models consider the
strongly correlated nature of the electrons in organic superconductors. A smooth crossover from an
incoherent “bad-metal” state at high temperatures to a coherent Fermi liquid below the resistivity
maximum was obtained within the framework of dynamical mean-field theory [17]. Other explanations
involve polaron physics to describe anomalous transport behavior. Optical spectroscopy revealed
polaron formation in (ET),Cu(NCS), [23]. In particular, the spectra reveal a crossover from a
small-polaron-dominated regime at high T to a large-polaron-dominated regime at low T. At high
temperatures, small polarons do not participate in a coherent motion and the conductivity emerges as an
activated hopping of self-trapped carriers. At low temperatures, the average size of polarons increases,
and a coherent motion of polarons with resulting metallic behavior appears [24]. Other authors also
considered an activated hopping of small polarons at high T, but low-temperature metallic behavior
was ascribed to tunneling conduction by small polarons according to the prediction of small polaron
transport theory [25]. In reduced tungsten oxides, strong electron correlations are not expected,
but polaron/bipolaron formation is well documented. Therefore, the observed broad peak in the
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T-dependent resistivity for WO, g can be explained as a result of a crossover from high T activated
hopping of small (bi)polarons to low T metallic transport due to their tunneling conduction or transition
to large (bi)polaron state.

Another notable feature in the p(T) dependence of WO, is a resistivity minimum and an
upturn toward semiconductor-like behavior, as shown in Figure 2. Interestingly, resistivity increases
logarithmically with decreasing temperature, as shown in the inset of Figure 2. Weak localization and
the Kondo effect could both lead to this dependence. A logarithmic divergence in the resistivity can
be found in Kondo systems, such as dilute magnetic alloys and dense Kondo compounds, where the
conduction electrons are scattered by magnetic impurities [26]. However, WO, g is clearly not a Kondo
system as the presence of magnetic impurities is not supported by our low-temperature magnetization
measurements. The logarithmic temperature dependence of the resistivity can also be observed due
to the quantum corrections to the resistivity, such as weak localization (WL). WL is a quantum effect
caused by constructive interference between the closed-loop trajectories of a diffusive electron. In 2D
systems, the WL effect results in a logarithmic rise in resistivity at low temperatures [27]. The WL effect
is sensitive to an applied magnetic field, which disturbs the wave coherence and the self-interference
effects [28]. Therefore, a magnetic field can destroy WL, which is revealed in experiments as a negative
magnetoresistance (MR) and the shift of the resistivity minimum Ty, to lower temperatures.

To obtain more information about the unusual transport properties of WO, 9, we performed
MR measurements. Figure 3 shows the temperature dependence of resistivity measured in 0 and in
7 T applied field. WO, g exhibits a significant increase in resistivity in a magnetic field in the whole
temperature range including the low-temperature upturn. In addition, the resistivity minimum T,
shifts toward higher temperatures from 16 to 23 Kby applying a magnetic field of 7 T. These observations
are opposite to what is expected for the WL. Therefore, based on the MR measurements, the WL effect
can be excluded in our WO, g sample.
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Figure 3. Temperature dependence of resistivity of WO, ¢ in zero and in 7 T applied field. Inset:
Magnetic field dependence of magnetoresistance at T = 15 K. Solid line is a guide for the eye.

Notably, a logarithmic low-temperature upturn in the resistivity, similar to that observed here for
WO, is a well-known feature of underdoped cuprates [29-31]. It was shown that such behavior can
be described remarkably well by resonance Wigner scattering of bipolarons by the random potential
in underdoped cuprates [32]. Due to the presence of bipolarons in reduced tungsten oxides, this
mechanism provides a very plausible explanation of the observed unusual low-temperature transport
properties of WOy .

As MR measurements in reduced tungsten oxides have not been reported before, the large positive
MR presented in Figure 3 is a new observation. The inset in Figure 3 shows MR as a function of magnetic
field at T = 15 K, with the conventional definition MR = [[p(H) — p(0)]/p(0)] x 100%, where p(H) and p(0)
are the values of resistivity at field H and zero, respectively. Above 1 T, MR increases linearly with the
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field without any sign of saturation. Such behavior is incompatible with that expected in conventional
metals, where a positive MR arises due to the Lorentz force when the electric and magnetic fields are
applied transverse to each other. This mechanism leads to the usual quadratic field dependence of the
transverse MR [33]. Even more surprisingly, we found that a positive MR with a similar magnitude
also exists in a configuration where a magnetic field was applied parallel to the current direction
(longitudinal MR). This isotropic MR excludes the possibility of resulting from the orbital motion of
charge carriers. Isotropic MR is usually related to spin scattering mechanisms, but in this case, MR is
expected to be negative rather than positive [34]. Therefore, we conclude that the unusual, isotropic,
and positive MR observed in WO, ¢ at low temperatures cannot be explained by known spin and
orbital mechanisms related to charge carriers in a normal state of metals.

Possibly the most interesting aspect of the MR is its strong temperature dependence, which is
presented in Figure 4. It shows that at high temperatures, the MR is small and increases very
gradually with decreasing temperature. However, it increases strongly upon cooling below ~80 K and
reaches a value of ~15% at low temperatures in a field of 7 T. This temperature coincides with the
superconducting transition observed by magnetization measurements (Figure 1). This suggests that
the substantial increase in positive MR below 80 K could be related to the onset of superconductivity
in WO,9. We note that a considerable positive MR with unusual temperature dependence was
reported recently in strongly underdoped La;_SryCuQy thin films [35]. For example, in a sample
where x = 0.05, a magnetic field of 45 T caused an excess resistivity of 10% at a temperature of 10 K.
With increasing temperature, the MR decreased to a constant value of ~2% around 40 K. This temperature
corresponds to the maximum T, observed in optimally doped La,_SryCuQOjy. Notably, the sample
with x = 0.05 did not show signatures of superconductivity in resistivity measurements down to 1.5 K.
The considerable excess positive MR observed at low temperatures, which depends non-quadratically
on the magnetic field, was attributed to superconducting fluctuations in underdoped Lay_SrxCuOy [35].
Magnetic field suppresses superconducting fluctuations, leading to an enhanced resistivity. In our
opinion, this scenario also applies to the present case and explains the resistivity and MR data obtained
in WO, . It also accounts for the isotropic character of the observed positive MR in this compound at
low temperatures.
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Figure 4. Temperature dependence of magnetoresistance of WO, ¢ in 7 T applied field. The solid
line is a guide for the eye. The arrow marks the superconducting transition observed in
magnetization measurements.

As discussed above, there are locally-superconducting bipolaron-rich regions in CS planes of
WO, 9, but because of the small size and limited coupling between them, global phase coherence
and bulk superconductivity are not established. Still, superconducting fluctuations might be present,
which are difficult to detect from resistivity measurements. A strong magnetic field would suppress
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superconducting fluctuations; as a result, resistivity increases. The resulting positive MR will have
a strong temperature dependence and should disappear above the T, of superconducting regions.
The positive MR detected in this work for WO, g and previously in strongly underdoped cuprates
seems to be a very sensitive indicator for the presence of small, isolated superconducting clusters
embedded in a nonsuperconducting matrix.

4. Summary and Conclusions

To summarize, we performed magnetic, transport, and magnetotransport measurements in
Magnéli-phase oxygen-reduced tungsten oxide WO, g (W2oOsg) in a broad temperature range. We found
that the temperature dependence of the resistivity is unusual and three different transport regimes
exist in WO, ¢: a semiconducting-like behavior above ~230 K with a negative temperature coefficient,
metallic-like behavior in the temperature range of 16-230 K with a positive temperature coefficient,
and resistivity upturn below ~16 K. The broad maximum can be explained as a result of a crossover
from high T-activated hopping of small (bi)polarons to low-T metallic transport due to either tunneling
conduction of small (bi)polarons or transition to large (bi)polaron state.

We observed for the first time that the resistivity of WO, 9 has a minimum with an upturn
toward insulator-like behavior below 16 K. We found that the resistivity increases logarithmically with
decreasing temperature. MR measurements showed that the observed low-temperature resistivity
upturn cannot be explained by known mechanisms, such as weak localization or Kondo effects.
One possible explanation of this effect is the resonance Wigner scattering of bipolarons by the random
potential in WO, 9. This mechanism was suggested previously for the low-temperature upturn of
resistivity in underdoped cuprates.

The superconducting transition at T = 80 K observed in the magnetization measurements was
not detected in the temperature dependence of resistivity. This indicates that the superconductivity
is localized in small regions that do not percolate. Interestingly, we found a strong increase in
positive MR below 80 K. This effect is very similar to that observed in strongly underdoped cuprates,
where the considerable excess positive MR was attributed to superconducting fluctuations in small
regions. Therefore, we conclude that MR measurements in agreement with magnetization data
revealed the presence of superconducting clusters in WO, 9 below 80 K. As suggested in a previous
publication, such superconducting clusters form within CS planes that exist in the Magnéli phase
of WO,9 (W3Osg) and represent charge-carrier-rich quasi-1D stripes [12]. These nanoscale clusters
can host superconducting pairs, but because of the small size and limited coupling between them,
global phase coherence and superconductivity cannot be achieved. Generally, the MR effect is a very
sensitive tool for detecting the presence of small, isolated superconducting clusters embedded in a
nonsuperconducting matrix.

The obtained results demonstrate that the Magnéli phase of the oxygen-reduced tungsten oxide
WO, 9 (W2Osg) has interesting normal and superconducting properties that warrant further studies,
especially using single crystal samples. We note that, at present, little is known about the electronic
band structure of this material. Recent theoretical studies have suggested that there are several flat
bands near the Fermi level [36] and that the electronic properties may be governed by the small number
of d-bands from the tungsten atoms located in CS planes [37]. So far, experimental studies of the band
structure in WO, 9 are lacking.

Especially promising, in our opinion, would be to study pressure effects on the normal and
superconducting properties of this compound. By applying hydrostatic or uniaxial pressure, the band
structure and coupling between CS planes can be tuned. A well-known example is the ladder
compound (La, Sr, Ca)14Cup4O41, which becomes superconducting under high pressure when the
interactions between the ladders are enhanced [38]. Another interesting and novel approach to achieve
bulk high-T. superconductivity in doped tungstates was proposed recently by Miiller [39]. Therefore,
by improving the coupling and percolation between CS planes, bulk superconductivity and zero
resistance state might be achieved in WO, 9.
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