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Abstract

Nuclear magnetic resonance—a bulk, local probe of materials’ electronic proper-
ties—has been significant for theories of high-temperature superconducting cuprates.
However, more recent NMR experiments revealed several contradictions in the early
interpretation of the NMR data. This cumulative thesis, comprised of six publica-
tions, aims to develop a new phenomenology based on the entirety of Cu and O NMR
shift and relaxation data.

The data revealed that a suppression of the Cu shifts is behind the failure of

the Korringa relation, while the Cu relaxation measured with one direction of the
field (¢LBy) is similar for all cuprates and is Fermi-liquid like. The Cu shift and
relaxation anisotropies could be explained by assuming two-spin components with
different doping and temperature dependencies. A later analysis of all planar O shift
and relaxation showed that a metallic-like density of states is ubiquitous to all the
cuprates, irrespective of doping and material, and carries a temperature-independent
but doping-dependent pseudogap, as similarly seen in the electronic entropy.
This temperature-independent pseudogap is behind the suppression of the Cu shifts,
but it has no influence on the Cu relaxation. Additionally, the Cu shifts measured
with ¢ || By direction of the field reveal a family dependence. We propose a two-spin
component model, explaining the family dependence in the Cu shifts, the complex
Cu shift anisotropy and relaxation, and the disparity in the temperature dependence
between the Cu and O shifts. This model also accounts for the missing negative shift
and the long-standing Cu orbital shift discrepancy.

While these conclusions are phenomenological, they must be explained by a de-
tailed theory of the cuprates

*S.: Seitenzahl insgesamt
TLit.: Anzahl der im Literaturverzeichnis ausgewiesenen Literaturangaben
Yin den veréffentlichten wissenschaftlichen Arbeiten und den Anlagen
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Preface

Nuclear magnetic resonance (NMR) is a bulk, local probe of materials’ electronic
properties, and given its importance for the Bardeen Cooper Schrieffer theory of
superconductivity, it has also been a benchmark probe for early theories of the high-
temperature superconducting cuprates dating back to their discovery by Bednorz
and Miiller in 1986. However, with an accepted microscopic theory lacking, the
early interpretation of the NMR data had to be questioned. In particular, since the
growing body of NMR data accumulated by many groups over the years revealed
more inconsistencies in the old phenomenology that was developed on just a few
systems.

In recent years, since discovering that NMR could quantify the charges in the Cu
3d(x? — y?) and O 2p, orbitals of all materials—information obtained from electric
hyperfine splittings—our group was involved in developing a different view of the
cuprates based on the sharing of charge in the CuO, plane that is ubiquitous in the
cuprates. Interestingly, this sharing of the charges sets the maximum 7, across all
families. Motivated by these findings, it seemed necessary to review all NMR shift
and relaxation data.

This cumulative thesis has its focus on the magnetic properties of the cuprates.
The six enclosed publications document how our thinking about the cuprates devel-
oped as we analyzed all data from extensive literature studies of the related NMR
parameters. The entirety of the magnetic data (shifts and relaxation) suggests a very
different NMR scenario of the cuprates.

When I entered the group, all Cu shifts had been collected and the family depen-

dent discrepancies were striking. Consequently, we focused on all Cu relaxation data
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PREFACE vii

and soon arrived at more notable observations, e.g., the Cu relaxation measured with
the field in one direction ¢ By is ubiquitous for all doping and materials. This also
means that where the famous Korringa relation fails, the shifts are suppressed, differ-
ent from the proposed enhancement of Cu relaxation from spin fluctuations. Hence,
we began looking at simple models that can explain Cu shift and relaxation. In the
next step, the focus had to be on planar oxygen shift and relaxation. The entirety
of the O data pointed to a temperature-independent pseudogap at the Fermi surface
of a simple metal, with states outside the gap being ubiquitous to all the cuprates,
irrespective of doping or family. We then realized that the suppression of the Cu
shifts had to be due to the temperature-independent pseudogap but while O could
be explained within a simpler scenario, the Cu data still warranted a two-component
description.

These phenomenological conclusions, based on the entirety of Cu and O NMR

shift and relaxation data, present a reliable framework for theory.

Over the last few years, I was also involved in NMR experiments studying rehy-
droxylation in ceramics, as well as experiments on Zn-modified zeolites, where the
aim was to understand the role of Zn species in the activation of particular C-H bonds
of alkane and its aromatization on zeolite catalysts. This resulted in two publications
and one currently in preparation. This experimental work contributed greatly to my
understanding of NMR and its broader applications in solid-state physics. These
topics will, however, not be discussed here and the mentioned publications are not

part of this cumulative thesis.
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Chapter 1
Introduction

It has been almost half a century since [Bednorz and Miller, 1986| first reported
on superconductivity in the Ba-La-Cu-O system. In search of Jahn-Teller polaron
formations, they investigated the metal-insulator transition in mixed perovskites.
This led them to the discovery of materials with the highest observed transition
temperature (7;) of superconductivity at the time. Hence, the race began for finding
ways to maximize T, and achieve room temperature superconductivity.

Motivated not only by the great intellectual challenge but also by the promise of a
wide range of applications, the discovery of the cuprate superconductors sparked an
extensive research endeavor both in experimental and theoretical physics continuing
to this day.

Over the years, well over a hundred cuprate superconductors were invented. Al-
ready within a year after the first discovery of high-7. in LaBaCuO, with a 7. = 30 K,
experiments with pressure led to the invention of the YBay;CuzO7_s compound—first
superconductor with T, above the boiling point of liquid nitrogen—discovered by re-
placing the larger La®" by the smaller Y** cation, [Wu et al., 1987]. Since then, the
highest known transition temperature has increased substantially. There are several
parameters that influence T.. It appears to be family specific, it depends on the num-
ber of CuO, layers, and more recently, it was discovered that 7. depends on the oxy-
gen hole content and the charge transfer gap size, [Rybicki et al., 2016/, Ruan et al., 2016].

The cuprate with the highest known 7T, is a triple-layered mercury system with a
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T. =133 K [Schilling et al., 1993|. Later on, its T, was enhanced to nearly 160 K, by
using high pressure, |[Gugenberger et al., 1994].

Nowadays, newer systems that show unusually high transition temperatures of
superconductivity attract a lot of scientific attention, e.g., iron-pnictides which are
structurally and phenomenologically quite similar to the cuprates, carbon-based or
organic superconductors, and hydrides which hold the record for highest T above
200 K at extremely high pressures of 160 GPa, |Li et al., 2022| |[Kong et al., 2021].
The cuprates, however, due to the large promise for applications with their high
transition temperatures—over the boiling point of nitrogen at ambient pressure for

most systems—remain in the spotlight of high-T, research.

Since the early days of cuprate research, nuclear magnetic resonance (NMR) has
been a widely utilized technique and played an important role in studying high-
temperature superconductivity. NMR is a local, bulk probe, and with it, various
nuclei can be probed. Since NMR is also sensitive to magnetic and electric ef-
fects, multiple sites can be distinguished (e.g., Cu sites in the planes or chains of
YBayCu307_s5). This makes NMR suitable for studying both the cuprates’ normal
and superconducting state, as they are Type II superconductors.

The early NMR studies provided important information about these materials’
chemical and electronic properties. The focus was largely on shift and relaxation
measurements and comparing the cuprates with normal metals and BCS supercon-
ductors. It was known for Fermi-liquids that relaxation is related to the shift through
the well-known Korringa relation, [Korringa, 1950/. It was found that the highly-
overdoped cuprates behaved as Fermi-liquids, while also obeying the Korringa law.
However, an important discovery came from 8°Y shifts from various doping levels
of YBayCu3O7_s, when it was shown that as doping was lowered, the shifts gained
a temperature-dependence and decreased far above T,. This was seen as the first
indication of a spin gap, [Alloul et al., 1989]. Furthermore, the shifts and relaxation
rates also rapidly dissipated below T¢, indicating spin-singlet pairing, [Yosida, 1958].

Since NMR can measure the electric field gradient (EFG) at a certain nuclear

site by measuring the quadrupole splitting, it can be used to determine the partial
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occupation of anisotropic orbitals. Many attempts were made to determine the local
hole densities at Cu and O in the CuO, plane. [Haase et al., 2004| introduced an
approach for determining the local hole densities by using the electric hyperfine
coefficients from atomic spectroscopy and accounting for the doping-independent
contribution to the EFG using the NMR data of the parent compound. They gave
the local hole distribution in the CuO, plane of Lay_,Sr,CuO, and YBayCuzO7_;
and found that in Lay,_,Sr,CuO4 upon doping, all the doped holes reside on oxygen,
but in YBayCuzO7_s, some holes go also on Cu.

Later on, |Jurkutat et al., 2014] determined the hole densities for all cuprate fam-
ilies where data on the quadrupole splitting was available for both hole and electron-
doped cuprates. They found that the variation of the hole content upon doping
between Cu and O is a family-specific property. Moreover, the materials with higher
T. have a larger np. Then followed the discovery by [Rybicki et al., 2016] that the
charge transfer of the copper hole to planar oxygen is what sets the maximum criti-
cal temperature. Very recently, [Kowalski et al., 2021 predicted these findings using
CDMFT cluster calculations in the three-band Hubbard model.

The understanding of the charges showed that one needs to look at the cuprate
NMR data in its entirety, across all families and doping. In the early days, the
NMR research focused mainly on YBayCuzO7_s, the stoichiometric YBa,Cu,Og, and
Lay_,Sr,CuQOy; hence theoretical frameworks were based mainly on those results.
Since then, sample quality has improved substantially, and NMR data for more
systems and doping levels has become available.

Since the very beginning, the single- versus two-component picture has been a
topic of debate. The idea of the single component picture is based on the works of
Zhang and Rice, who proposed that the Cu spin would couple with the O electron
spin into a singlet state, forming the mobile charge carrier produced with doping.
|Zhang and Rice, 1988, |Mila and Rice, 1989).

One year afterwards, NMR experiments on YBayCu3zO;_s verified the single com-
ponent picture and established the magnetic hyperfine scenario. Early experiments
showed the existence of a hole in the Cu 3d(z? —y?) orbital [Pennington et al., 1989].

However, while the shift associated with such a hole was expected to be negative,
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due to the well-known negative hyperfine coefficient |Pennington et al., 1989|, the
measured shifts were positive. This required the hyperfine scenario to include a
transferred hyperfine term in addition to the onsite. Surprisingly, the Cu shift
measured with the field in ¢ || By direction was found to be even temperature and
doping-independent. This was interpreted within the single-spin component picture
as an accidental cancellation of the Cu onsite and transferred hyperfine coefficients,
|Takigawa et al., 1989a) Takigawa et al., 1989b|. The Cu cLBj and O shifts also fol-
lowed the same temperature dependencies, |Takigawa et al., 1991]. This was further
proof of the validity of the single-component view.

Later measurements on Las_,Sr, CuQOy4 showed that the La,_,Sr,CuO,4 planar Cu
and O shifts did not have the same temperature dependence. This suggested that
the system may require a two-component description. [Haase et al., 2009]

As more compounds were being investigated, reconciling the single-component
view with the experimental data became more difficult. For example, some systems
showed a temperature-dependent Cu shift also for c¢ || By direction, putting into
question the accidental cancellation of the hyperfine coefficients. Also, more recent
experiments on HgBayCuOy, 5 [Rybicki et al., 2015|, showed temperature-dependent
Cu ¢ || By shifts and a specific shift anisotropy of 2.5. In a single-component view,
this would require significant changes in the hyperfine coefficients, which seems im-
plausible.

Additionally, in the early days, a different reference compound was used for the
Cu shift measurements. It was later found that this reference compound has a
significant Van Vleck contribution, [Renold et al., 2003|. Even after correcting for
the reference, there was still a disparity between the calculated and measured orbital
shifts for one direction, as well as the question of the mysteriously missing negative
shift for ¢ || By shifts. These discrepancies with the Cu shift data still needed to be
understood

Even though an increasing number of experiments showed the failure of the old
shift interpretation, the single-component view remained widely adopted. With the
intense focus on a few materials in the beginning and in the light of newer experi-

ments, it became clear that a new and unified shift phenomenology is needed.
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Hence in 2017 |Haase et al., 2017 did an extensive literature review and collected
all Cu shifts measured by groups from around the world. They corrected the shift
data where a different reference was used for the orbital shifts and focused on the
Cu shift anisotropy. They found that the calculated and measured orbital shifts for
¢ By were in agreement; however, the calculated ¢ || By orbital shift was too small
and the measured (T" — 0) values of the ¢ || By shifts appeared to be family specific.
Furthermore, they realized that most materials show a temperature dependence in
the shifts measured with ¢ || By. The data also showed a doping-dependent and
isotropic change in the shifts for both directions, which also behaved in a family-
specific way.

We later collected and analyzed all available cuprate shift and relaxation data
from planar %Cu, 70, and also #Y. From this endeavor, a new phenomenology

emerged. This thesis focuses on the insights gained from it.

In the first step, we focused on all available Cu NMR shifts. The analysis of
the Cu shifts revealed a suppression of the shifts for both directions of the magnetic
field in dependence on doping, i.e., smaller shifts as doping is lowered, with the
shifts for materials with the highest doping showing metallic behavior (for which the
Korringa relation also holds). To explain the data, we invoked a two-spin component
scenario, where one component is due to the onsite spin from the Cu 3d(z* — y?)
hole, and another due to planar O. In this scenario, the large discrepancy between
the calculated and experimental orbital shift for one direction of the magnetic field
(c || By), and the complex shift anisotropy, could be explained by a negative shift in
the ¢ || By direction. |[Avramovska et al., 2020}

We further collected and analyzed all Cu relaxation data. This revealed a very
simple phenomenology, namely ubiquitous relaxation across all families and all dop-
ing levels (for ¢ By only). The relaxation anisotropy differs between systems, how-
ever, it always remains temperature independent [Jurkutat et al., 2019]. Moreover,
the relaxation showed signature Fermi-liquid like behavior for all the systems. This
revealed that it is, in fact, the suppression of the shifts and not an enhancement of

relaxation that is behind the failure of the Korringa relation.
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The planar O data from all the cuprates also showed quite a simple scenario. A
temperature-independent pseudogap at the Fermi surface of a simple metal governs
O shift and relaxation data. The density of states outside this gap is the same for
all the cuprates, irrespective of doping and material, also true for highly overdoped
materials with no pseudogap. The O shift and relaxation anisotropies for all the
cuprates are in accord with theoretical hyperfine coefficients. The anisotropic O
orbital shifts also agree with what was expected from first principles calculations,
|Nachtigal et al., 2020/ |[Avramovska et al., 2022al.

The early #Y data, which marked the discovery of the pseudogap in the cuprates,
are also governed by the same temperature-independent pseudogap and a metallic
density of states. [Avramovska et al., 2022a/

Lastly, to reconcile the new insights gained from the analysis of all O data with
the complicated Cu hyperfine scenario, we compared O and Cu shifts. It became clear
that the suppression of the Cu shifts is due to the same temperature-independent
pseudogap as seen in the O data. Nevertheless, the family dependence of the Cu
shifts for ¢ || By direction could not be explained by assuming only a temperature-
independent pseudogap and a metallic density of states, pointing to a two-component
scenario. [Avramovska et al., 2022b]

The Cu relaxation, in contrast to O, is not influenced by the pseudogap. How-

ever, it is the only parameter that clearly shows the onset of T..

In the following chapters, I give an introduction into the topic of high-temperature
superconducting cuprates and introduce some basic concepts of NMR
(chapter 3). Then, in follows a presentation of six publications with
summaries at the beginning, where the details of the above mentioned findings are

laid out.



Chapter 2
High-7. superconducting cuprates

The successful efforts in liquefying Helium in the laboratory of Kammerlingh Onnes
in 1908 opened up a perfect opportunity to test the behavior of resistivity in metals
at low temperatures. At that time, several contradicting theories persisted; how-
ever, without the necessary technology to reach low temperatures, the theories re-
mained hypothetical. Elemental mercury was chosen to investigate resistivity at
low temperatures due to the possibility of purifying mercury with repeated distilla-
tions. In 1911 Kammerlingh Onnes made the unexpected observation of the resis-
tivity’s rapid drop to zero below 4.5 K. This marked the discovery of conventional
superconductivity, |[Onnes, 1911]. Shortly after, it was discovered that other metals,
like tin or lead, are also perfect conductors below a certain critical temperature T,
|de Bruyn Ouboter, 1987].

A great effort followed to explain the phenomenon of superconductivity. Still, it
wasn’t until 1957 that Bardeen, Cooper, and Schrieffer (BCS), [Bardeen et al., 1957]
would propose a microscopic quantum theory of superconductivity. It is based on
the idea that an interaction of electrons with lattice vibrations, phonons, leads to an
electron pairing mechanism and the formation of the so-called Cooper pairs—a pair
of electrons with opposite spin and momentum—with a total spin of zero. For their
theory, Bardeen, Cooper, and Schrieffer were awarded the Nobel Prize in 1972.

Finally, the explanation of superconductivity had been put forward, and re-

searchers worldwide were already thinking of ways to enhance T.. The goal was

7
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to invent a superconductor with a 7, above the boiling point of liquid nitrogen and
ideally room temperature. Many materials were invented; however, after some point
T. remained stagnant. The record T, was achieved in 1974—22 K in Nb3Ge thin
films, |Gavaler, 1973|. Moreover, the highest T;. that the BCS theory allowed for was
30 K. It was clear that in order to achieve superconductivity at high temperatures,
one needs to think of a different pairing mechanism. So 22 K remained the record
T, until the discovery of the cuprates.

Bednorz and Miiller thought of a different approach. They considered a lattice-
mediated pairing mechanism, however, not in terms of classic phonons but in terms
of the Jahn-Teller polaron mechanism |Bednorz and Miiller, 1986|. The idea behind
the Jahn-Teller effect is that lattice distortions can lift the degeneracy of electronic
states and lower the ground state energy, [Englman and Englman, 1972|. The Jahn-
Teller polaron describes the coupled electron-lattice mobile objects.

Since Cu?* is a strong Jahn-Teller ion, Bednorz and Miiller focused on cuprates in
their search for high-temperature superconductivity. In 1986 they reported their re-
sults on superconductivity in the cuprate La-Ba-Cu-O system, [Bednorz and Miiller, 1986].
Shortly after, the efforts in pressure experiments led to the discovery of YBayCuzO7_s,
the first cuprate with a T, above the boiling point of liquid nitrogen, [Wu et al., 1987].

Nowadays, dozens of cuprate superconductors have been invented; they vary
in composition and 7., but most of the underlying properties are similar across
all these materials. The highest known transition temperature has increased up
to 135 K and even up to 165 K under a pressure of 31 GPa in triple layered
HgBayCa,,—1Cu,, Ogpnro4s, |Gao et al., 1994).

Nevertheless, even after the intense efforts of more than half a century, both
experimental and theoretical, there is still no comprehensive theory explaining the

origin of high-temperature superconductivity in the cuprates.

2.1 Structure of high-7,. cuprates

The superconducting cuprates are perovskite-type ceramic materials. They have a

layered structure consisting of CuO,, planes stacked between charge reservoir layers
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which have insulating properties and ensure charge neutrality and crystal stability.
The composition of the charge reservoir layers can be varied, giving rise to a large
number of cuprate materials.

The CuO, planes are conducting and are responsible for superconductivity in
these materials. As an example, Fig. (A) shows the structure of Lay_,Sr,CuQOy,.
More details on the structure and structural phases of the cuprates can be found in
|Pickett, 1989| and [Cava, 2000).

The CuO, plane consists of Cu?* ions, with 3d° configuration and O%~ ions with
2p% configuration. Due to the crystal field, the degeneracy of the d orbital is lifted and
we have fully filled four d orbitals (zz,yz, zy and 322 — y?), whereas the orbital with
the highest energy 22 —y? is half filled. The Cu 3d(x?—y?) orbital hybridizes with the

2p, orbitals of the four surrounding oxygens forming a square planar arrangement

(see Fig. (B)) [Pickett, 1989].

(A) (B) ©)
. cu2+
° 0" A
@ La’/sr’*, Ba™t
(]
y y g Strange Metal
T E e -
‘ 3(1():2 —)’2) 2p(7 = y P ermi-Liqui
SC
Hole doping

Figure 2.1: (A) shows the structure of a single-layered, T-structured cuprate,
Las_,Sr,CuOy4. (B) shows the CuO, plane with the indicated bonding orbitals.
The Cu 3d(x? — y?) orbital hybridizes with the 2p, orbitals of the four surrounding
oxygens forming a square planar arrangement.(C) Sketch of the temperature vs hole
doping cuprates phase diagram based on Lag_,Sr,CuQy.

Depending on the composition of the charge reservoir layer, the cuprates can be

classified into several families, such as Tl-based, La-based, Y-based, or Hg-based.
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They can also differ in their layering schemes. In single-layered cuprates, e.g.,
Lay_,Sr,CuQy, each single CuO, layer is separated by two layers of LaO. The CuO,
planes can also be stacked on top of each other and embedded between two charge
reservoir layers, resulting in double or triple-layered systems. This way of layering the
CuO, plane was also found to affect T;, with maximum 7 arising for triple-layered

systems.

2.2 Basic phenomenology of the cuprates

The phase diagram of the hole-doped cuprates (in this case based on Lag_,Sr,CuQy)
is shown in Fig. (C). The undoped parent compound shows Cu-based antifer-
romagnetic, insulating properties, although according to band structure, the parent
material ought to be a metal. This is due to the strong Coulomb interaction between
electrons. As more holes—or electrons in the case of electron-doped cuprates—are
introduced, done by altering the charge reservoir layers, i.e., by replacing some of
the atoms in the charge reservoir layer with atoms with a different oxidation state
(in Lay_,Sr,CuQy, La*T is replaced by Sr?"), the antiferromagnetic state is broken
and we move along the phase diagram. For example, hole doping suppresses anti-
ferromagnetism and Ty, c.f., Fig. (C), rapidly decreases as doping increases.
In the underdoped regime, various phases appear, e.g., charge density waves, spin
density waves, nematic order, and the pseudogap. In the pseudogap regime, multiple
methods, including NMR, report the opening of an energy gap. Adding more holes
results in superconductivity, where the superconducting transition temperature has a
dome-like dependence, with materials at optimal doping (at = ~ 0.15) exhibiting the
highest T,. At temperatures above superconductivity is the so-called strange metal
phase since the materials show metallic-like properties. However, here the resistivity
is oc T', unlike oc 72, as it is in normal metals. Upon further doping, the materials
show typical metallic-like properties.

The orbital hole content on Cu and O had become available through NMR mea-
surements. The hole content on the Cu 3d(2? — y?) and O 2p, orbitals was shown

to be directly related to the experimentally measured NMR quadrupole frequencies



CHAPTER 2. HIGH-Tc SUPERCONDUCTING CUPRATES 11

%1 and v, with prefactors derived from atomic spectroscopy [Haase et al., 2004].
[Rybicki et al., 2016/ showed that a better way of looking at the phase diagram is
not in terms of average doping level but in terms of the oxygen hole content on
the 2p, bonding orbital, n,, and the Cu hole content on the 3d(z? — y?) orbital,
ng. Moreover, they pointed out that np o< T, i.e., T increases as the oxygen hole
content, np, increases at the cost of the Cu hole content n,;. The sharing of the
hole content between Cu and O appears to be a family-specific property, as shown
in [Jurkutat et al., 2014| and at ( = 0, i.e., in the parent materials, there are already

differences between families, while the relation:
1+(=nq+2n, (2.1)

holds for all materials, both hole and electron-doped. The parameter ¢ was intro-
duced in [Avramovska et al., 2019] and is the doping as measured by NMR. For
example, in Lay_,Sr,CuQOy4 ¢ = z, however, it is not always the case, as shown in
|Jurkutat et al., 2021, where the superconducting domes do not always fall on top
of each other in a 7' — ( phase diagram.

Adding or removing holes is not the only way to move along the phase diagram.
It can also be achieved by varying pressure. It was known long ago that T, in
the cuprates could be increased with pressure, [Schilling, 2007]. Recently, NMR
experiments at high pressure showed that pressure changes the local doping and also
the redistribution of planar Cu-O orbital hole content, [Jurkutat et al., 2021].



Chapter 3

Basics of nuclear magnetic

resornarnce

Nuclear magnetic resonance is a widely used and versatile technique that provides
important information about the properties of materials and it is especially powerful
for studying condensed matter.

This chapter is a brief introduction to the basic concepts of NMR, which are needed

to follow the results of this thesis.

Some of the strengths of NMR are that it is a bulk probe with which we can
investigate the full sample. It is also a non-destructive technique since only radio-
frequency pulses are used and power ranges remain low. NMR can probe any system
on the condition that it has nuclei with non-zero nuclear spin. Various sample sizes
can be investigated, ranging from a few pum to several meters. NMR is also site-
specific, so nuclei that are in different surroundings can be studied effectively. We can
also count the number of nuclei in a sample, making NMR a quantitative technique.
We can also study both magnetic and electric properties (for nuclei with nuclear spin
I > 1/2) of materials.

These strengths and the plethora of information that can be gained through
NMR, makes its applications widespread, ranging from medicine to material science

to even some applications in oil logging.

12
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The NMR setup is quite simple. One needs to place the sample in a large and
homogeneous magnetic field, in order to polarize the nuclear spins and make them
precess around this field. Furthermore, a perpendicularly placed coil of conducting
wire is wound around the sample. This is used in order to send RF pulses to excite
the nuclear spins and to pick up any signal arising from the induced voltage of the
precessing nuclear spins. Then this signal is recorded and analyzed.

The literature on NMR is quite abundant; therefore, in this chapter, I will focus
solely on brief explanations of basic concepts that are relevant for following the
results described in this dissertation. More detailed discussions can be found in
|Slichter, 1990|, [Abragam, 1961|, |Levitt, 2013|, [Walstedt, 2007], and this chapter

follows the work therein.

3.1 Nuclear magnetism

If the number of protons and neutrons in a given nucleus is odd, then they have
a nuclear spin larger than zero. Nuclei with spin posses a magnetic moment given
by i = hyf, where 7 is the gyromagnetic ratio which is a constant specific to each
isotope and I is the nuclear spin vector. Tisa typical angular momentum vector.
In a simple classical picture, one can think that once the nuclear spin is placed in a
magnetic field, the field would cause it to precess along its direction. The frequency

of precession is given by the Larmor frequency:
W = —’}/BO (31)

The Larmor frequency is fixed by the IUPAC convention for all the nuclei and gyro-
magnetic ratios |Harris et al., 2008| in the given external fields.

When placed in an external magnetic field, By, a nucleus with non-zero spin,
will experience Zeeman splitting into (27 + 1) energy levels (See Fig. (3.1). In a
quantum mechanical sense nuclei with spin can be in one of their (27 + 1) spin
angular momentum eigenstates, denoted by the wavefunctions |1, m), with I being

the nuclear spin quantum number and m the spin substates. The energy eigenvalues
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of the Zeeman Hamiltonian are given by:
E,, = —vhBym (3.2)
The energy levels are equally spaced with:
AFE = vhBy = hwy (3.3)

Typically, in NMR, an alternating magnetic field, perpendicular to the static field,
is applied. This field is applied at frequencies which match the transition energies
(wp) and it excites transitions between energy levels.

By applying an external magnetic field, the degeneracy of the energy levels is
lifted and the population of the energy levels follows the Boltzmann distribution,
i.e., pm x exp(—E,,/kgT). After a certain characteristic time, the spins placed in

an external magnetic field will develop the following population difference between

P exp { kBT} = exp { T (3.4)

Correspondingly, a net magnetization (M,) builds up along the axis of the exter-
nal field By, and we have (in the high temperature limit, iyBy << kgT) the Curie

energy levels.

law:
_ NAPRI(I+1)

V. 3kgT

The macroscopic net magnetization is probed with NMR and Eq. [3.5]shows that
the NMR signal is dependent on field, temperature, and the spin density. The signal

(M) By (3.5)

intensity is what gives us the quantitative information.

3.2 Perturbing the Zeeman hamiltonian

Nuclei in solids do not solely interact with the external magnetic field but also with

other nuclei and electrons in their environment. These interactions are small com-
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pared to the Zeeman Hamiltonian and can be treated with perturbation theory. They
can be measured as shifts of the resonance frequency when compared to the Larmour

frequency, or they can also influence the relaxation processes.

3.2.1 Hyperfine interaction

The interaction of the nuclear spin with the surrounding electrons is called hyperfine

interaction. The hyperfine Hamiltonian is given as:

|05 FAEF) 8
Hur = 2vhugpl - ﬁ_r_3+s p= +§7T35(7*) (3.6)

where [ and § are the orbital and spin angular momentum vectors, and pg is the
Bohr magneton.

The first term of the hyperfine Hamiltonian describes an orbital interaction, the
second, and third terms describe a dipolar interaction and the final term is the
Fermi-contact term. The Fermi-contact term (or s-contact term) describes dipolar
interaction for which 7 — 0, as is the case for electrons in s-wave orbitals.

These interactions affect the local field that the nucleus experiences, thus causing
a shift of the resonance frequency wy. The shift K can be expressed as:

K="2""_ Ay (3.7)
wr

where Aj,s is the hyperfine coupling constant and x is the susceptibility arising
from the different terms in .

3.2.2 Dipolar interaction

Another interaction that causes a magnetic field at the nucleus is the dipole-dipole
interaction between same or different nuclei. The interaction Hamiltonian is given
by:

Hp = nyphl; - [—3 —3—=
r r
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In the case of liquids, due to the rapid motion of the moments, the dipolar inter-
action is averaged; however, in solids the dipolar coupling causes a By independent
broadening of the linewidth. Since the dipolar interaction depends on the angle be-
tween the internuclear axis and the external magnetic field, it can vanish for angles

0 ~ 54.74°, called the magic angle.

3.2.3 Quadrupolar interaction

Nuclei with spin I > 1/2 additionally possess a quadrupole moment. The elec-
tric charge of the nucleus is non-uniformly distributed; this causes an electric field

gradient (EFG) with which the nuclear spin’s magnetic moment interacts.

The quadrupole Hamiltonian is written as:

e2qQ 1

=< B+t + 3.9
Where @) is the nuclear quadrupole moment, 7 is the asymmetry parameter,

(0 < p < 1). The quadrupole frequency can be expressed as vg = %, where

V57 is a principal component of the traceless EFG tensor, conventionally assigned

as |Vie| < [Vyy| < |Vzz| and the anisotropy is defined as: n = (Vxx — Vyy /Vzz).

Considering the case where Hz > Ho, and integer spin nuclei, there is a shift of
the frequency in 1st order for transitions m — m + 1:

1.3cos?0—1

dvg = —vg(m — =) 5

5 (3.10)

The central transition is not affected by the quadrupole interaction in 1st order,

however it is affected in 2nd order.
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Figure 3.1: Sketch of the Zeeman and the first order quadrupole energy levels for
an I = 3/2 spin system. The Zeeman interaction lifts the degeneracy of the energy
levels at By # 0, and the energy levels are uniformly separated. An EFG further
changes the energy levels producing first-order satellites in the spectrum.

3.2.4 NMR relaxation

In an NMR experiment the equilibrium magnetization in z-direction, (M (0).), is

flipped into the xy-plane by applying an alternating magnetic field:
Brr = 2B coswt (3.11)

depending on the pulse duration, the magnetization can be flipped by an angle
§ = vBy7. If ¥Bi7r/2» = /2, then the magnetization is flipped in the laboratory
xy-plane. After this pulse, the flipped magnetization, which now precesses in the xy-
plane and therefore induces a voltage in the RF-coil (which we detect), will dephase
and relax to its equilibrium state given in Eq. . Consequently, the signal decays,
and we have what is called a free induction decay (FID).

The characteristic time that describes the relaxation of the magnetization to its

equilibrium value is the spin-lattice relaxation time, or T7.

The longitudinal spin-lattice relaxation arises due to an interaction of the nuclear
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spins with the "lattice” which acts as a thermal bath. If we put a spin system in a
magnetic field, due to perturbations of the Zeeman term (through a coupling of the
spin system to the thermal bath; this can be the influence of phonons, impurities,
etc), we have a population difference given by Eq.7 and we have a build-up of

magnetization.

The magnetization follows:

M(t) = My(1 — /™) (3.12)

with 77 being the characteristic time it takes for the magnetization to build up.

For quadrupolar nuclei the situation is somewhat more complicated if v # 0,

and the magnetization can be described as:

M(t) = M, (1 —b- >y aie_’\it> (3.13)

The scenarios that lead to eq. (3.13) are described in [Suter et al., 1998| and the

references therein.

Another type of relaxation is the spin-spin or 75 relaxation. It arises due to a loss
of phase coherence of the nuclear spins in the zy plane, leading to a loss of measurable
signal. This type of decay is not a result of heat exchange with the lattice and is

usually shorter than 7.

After the spins have been flipped to the zy-plane they lose coherence depending
on the distribution of the local fields that the nuclei experience. If the distribution

is Lorentzian, then the FID has an exponential decay.

Sometimes, the dephasing of the magnetization after a /2 pulse is too quick;
hence, due to the NMR spectrometer dead time the FID can not be detected. In this
case, a Hahn-echo sequence is used and the magnetization is refocused following a 7

pulse.
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3.3 Shift and relaxation in metals and BCS super-

conductors

The shift of the resonant frequency is usually measured with respect to a reference
frequency of the same nucleus, resonating in a different material, but under iden-
tical conditions (and for which the real shift is known). It is usually expressed in
percentage.
K="l (3.14)
Wref
The measured shift is usually comprised of a spin shift part K, i.e., the shift
arising from the hyperfine interaction of the nucleus with the spins of the surrounding
electrons and orbital shift K —the shift arising due to the orbital angular momentum
of the electrons coupling to the nucleus.

The shift is expressed in field independent form as:
w="7By(1+ K) (3.15)

where K = K, + K, is the total shift.

For shift referencing, it is important to use a reference sample where the shift does
not contain a large paramagnetic (Van Vleck) contribution and is largely dominated
by core electrons.

From the hyperfine interactions, represented in Eq. , the Fermi-contact term
has the largest effect on the nucleus, in metals. It was measured for the first time by
W.D.Knight [Knight, 1949|, and is also called Knight shift.

For a metal, usually, Eq. is used where y is the conduction electrons’ Pauli
susceptibility and Ay; = & (|15(0)[?) g, Where (|1h5(0)|?) zg is the square of the wave
function at the nucleus averaged over the Fermi surface.

The magnetic interaction of the nucleus with the conduction electrons in met-
als also gives rise to the spin-lattice relaxation mechanism. Similarly, as for the
Knight shift, the Fermi-contact term dominates, resulting in a proportionality be-

tween 1/77 and T', known also as the Heitler-Teller relation for relaxation in metals
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|Heitler and Teller, 1936/, derived already in 1936, before the advent of NMR.
Korringa later proposed a relation between the Knight shift and relaxation, fa-

mously known as Korringa relation, [Korringa, 1950]:

R o 2
T\ TK? = £ 1
Y T dnkpT (%) (3.16)

Fig. MShows the dependence of the relaxation, (A), and shift, (B), in depen-

dence of temperature, for metals.

(A) (B) (C)

K

s

2
drkyT
Ut = 28 <y—> K2
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X, /, 1/T,T
. > Z >

0 + » 0

T '
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Figure 3.2: (A) In normal metals, the relaxation rate is proportional to temperature
(1/Ty < T'). For BCS superconductors, we observe a rapid drop of relaxation at T
due to spin-singlet pairing and the appearance of a coherence peak. (B) The spin
shift (K) for normal metals is temperature independent. For BCS superconductors,
we observe a rapid disappearance of spin shift at T, due to spin-singlet pairing.
(C) Shows the spin shift (K) and 1/777, with the indicated coherence peak at
T.. In metals, the shift and relaxation are related through the Korringa relation:
T\TK? = (h/4nksT)(ve/7n)?.

Before the invention of the BCS theory for classical superconductors, the ”two-
fluid” model was a popular way of thinking at the time. According to this model,
it was expected that the spin-lattice relaxation rate in classical superconductors,
given by the interaction with the conduction electrons, should decrease rapidly with
temperature due to the decrease of the electronic density of states. Hebel and Slichter

measured the temperature dependence of the relaxation rate of Al and found that
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quite the opposite was true. The relaxation rate increased right below 7, and then
decreased rapidly, [Hebel and Slichter, 1959]. A gap in the density of states at T.
could easily explain this increase. Shortly after, the BCS theory was invented, and it
was shown to be in perfect agreement with these NMR results. BCS predicted that
the density of states in superconductors has an energy gap and a peak at the edge.
Following the BCS theory, it is expected for 77, [Schrieffer, 2007|:

Til x e’:?A% (3.17)

Where Ay is the gap at T'= 0. The NMR results also provided information on
the type of pairing below 7, which was shown to be spin-singlet.

A more complete test of the BCS theory was done by [Masuda and Redfield, 1962]
using 77 measurements of Al.

The NMR shift in classical superconductors is expected to vanish as T" — 0,
i.e., x vanishes since there is no magnetic moment at 7" = 0. Yosida derived an
expression for the Knight shift, [Yosida, 1958], demonstrating the exponential decay
of the susceptibility due to spin-singlet pairing.



Chapter 4

Toward a new phenomenology of

the cuprates

4.1 Understanding Cu NMR shift and relaxation
data

This chapter focuses on the Cu NMR shift and relaxation data. Here, three published
papers will be presented.

The first publication deals with a subset of Cu shift and relaxation data (only
measured in ¢l By direction). An account of the full set of Cu shifts was published
earlier in 2017. It showed stark differences between the cuprates, i.e., most strik-
ingly, the Cu shift anisotropy assumed several characteristic slopes. Since the Cu
shift "K4(T') can be measured for different directions of the By field, d, and for
different nuclei, n, the requirement for a single component picture would be that
A"K4(T) o A"K(T). As this is not the case for most of the shift data, the expla-
nation using the old magnetic hyperfine scenario and a single spin component does
not suffice. These findings gave rise to an interest in relaxation and we began a
literature survey of all Cu relaxation data. The data revealed that Cu relaxation is
independent of material and doping and only influenced by T, where we observe a

sudden drop. Moreover, the Cu relaxation is Fermi-liquid like, i.e., proportional to

22
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temperature—in a certain range right above 7. —and the Korringa relation holds
for some cuprates—those with highest doping. With the relaxation being similar for
all systems, it could be concluded that the failure of the Korringa relation is due to
a suppression of the shifts and not due to an enhancement of relaxation, as assumed
early on [Walstedt et al., 1988|.

We proposed a simple model with two electronic spin components to explain the
shift data. One of the components couples through an isotropic hyperfine constant
with the nuclei, the other, as expected from the partially filled 3d(z? — y?) orbital,
is responsible for the anisotropic term. We also assume a coupling between the
components, already found in |[Haase et al., 2009|. Nevertheless, at that point, we
could not account for the outliers in the data—Las_,Sr,CuQO, is an outlier for both
shift and relaxation—and our model could not explain the Cu relaxation.

In the next paper, we presented a more complete phenomenology of Cu relaxation.
There, all literature Cu NMR relaxation data were collected and analyzed—both di-
rections of the magnetic field were taken into account. It was concluded that the
relaxation rates measured with ¢l By are indeed similar for all systems, irrespec-
tive of doping and family, apart from only a varying and temperature-independent
relaxation anisotropy, which seemed to be family and doping-dependent. For the
most overdoped systems, the hallmark Fermi-liquid behavior could be observed, i.e.,
1/Ty o« T, with rapid drops at T.. What is striking is that also systems with
lower doping exhibit a similar temperature-dependence, and 1/T1T reaches a value
of 1/INT ~ 21K/s for all systems. This value also seems to agree with the Kor-
ringa relation, using the shifts of the highly overdoped samples, as pointed out in
the previous paper.

In the third paper, we revisit the Cu shift and relaxation data, as well as provide a
model explaining Cu relaxation, while also accounting for the Las_,Sr,CuQOy4 outlier
data. Similarly as in the previous paper, we suggest a two-component model, where
the two components are due to the Cu 3d(z* — y?) spin density, which couples to
the nucleus through the anisotropic A, || hyperfine coefficient and another likely due
to O 2p,, coupling to the nucleus through an isotropic hyperfine, B. The charac-

teristic slopes in the shift anisotropy plots—including the Lay_,Sr,CuO,4 data—can



CHAPTER 4. TOWARD A NEW PHENOMENOLOGY OF THE CUPRATES24

be explained as changes in the individual spin components as a function of temper-
ature and doping. There is a substantial spin shift left for ¢ || By at T & 0, which
accounts for the discrepancy with the calculated orbital shifts for ¢ || By direction,
[Renold et al., 2003].

The relaxation can be explained in the simple fluctuating field model by assuming
fast electronic, Fermi liquid-like, and correlated spin fluctuations acting on the Cu
nucleus through two different hyperfine coefficients. The onsite 3d(z* — y?) spin is
much larger (about 10 times) than the spin due to its 2p, neighbor. The variations
in the Cu relaxation anisotropy can be explained by a change of the neighboring spin
density as a function of doping and material. The Lay_,Sr,CuQ, relaxation data

could also be accounted for in this model.
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Abstract

Nuclear magnetic resonance (NMR) provides local, bulk information about the electronic properties of materials, and
it has been influential for theories of high-temperature superconducting cuprates. NMR reported early that nuclear
relaxation is much faster than what one expects from coupling to fermionic excitations above the critical temperature for
superconductivity (7¢), i.e., what one estimates from the Knight shift with the Korringa law. As a consequence, special
electronic spin fluctuations have been invoked. Here, based on literature relaxation data, it is shown that the electronic
excitations, to which the nuclei couple with a material and doping-dependent anisotropy, are rather ubiquitous and Fermi
liquid-like, i.e., they are only affected by T, not the pseudogap. A suppressed NMR spin shift rather than an enhanced
relaxation leads to the failure of the Korringa law for most materials. Shift and relaxation below T support the view
of suppressed shifts, as well. A simple model of two coupled electronic spin components, one with 3d(x> — y?) orbital
symmetry and the other with an isotropic s-like interaction, can explain the data. The coupling between the two components
is found to be negative, and it must be related to the pseudogap behavior of the cuprates. We can also explain the negative
shift conundrum and the long-standing orbital shift discrepancy for NMR in the cuprates.

Keywords Cuprates - NMR - Electronic properties

1 Introduction

Nuclear spins are powerful quantum sensors of their local
electronic environment, so that the versatile methods of
nuclear magnetic resonance (NMR) can be decisive for
theories of condensed matter systems. However, decipher-
ing the nuclear response is usually not a straightforward
task if microscopic theory is missing, as is the case for
high-temperature superconducting cuprates. Nevertheless,
NMR contributed vital information for the understanding
of these materials, early, e.g., concerning singlet pairing
and the pseudogap [1, 2]. Through magnetic shift and
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nuclear relaxation, NMR can sense the field-induced elec-
tronic moments and local fluctuating fields, respectively,
both related to the electronic susceptibilities. In addition, the
electric quadrupole interaction, e.g., of Cu and O nuclei in
the ubiquitous CuO; plane, allows for the determination of
the local charge [3-5].

For useful conclusions, however, the hyperfine inter-
actions have to be known. For the electric interaction, a
convincing understanding could be achieved only recently
[6], which led to, e.g., the discovery of the correlation
between the sharing of charge between planar Cu and O,
and the maximum 7¢ [7], as well as the measurement of
charge ordering in the unit cell [8]. The fact that the charges
at planar Cu and O are shared quite differently between the
families that have different maximum 7. values suggests
that one might expect fundamental differences between
different cuprate families in terms of magnetic shift and
relaxation, as well.

The magnetic hyperfine scenario was established rather
early [9, 10], predominantly on the YBa;Cu30¢, family
of materials. Here, the consequences of the apparent
3d(x?> — y?) hole of Cu?>* were investigated, and indeed,
the quadrupole splitting of Cu was found to be in qualitative

@ Springer
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agreement with such a hole [3]. However, and surprisingly,
a related negative spin shift that must arise from such
a hole is not observed [3, 9]. Rather, the total shift
was found to be positive [9]. Moreover, at lower doping,
the shift is temperature (7')-dependent, even above the
superconducting transition temperature (7;), which marked
the discovery of a spin gap above T, [11]. However, this
shift was not T-dependent for Cu when the magnetic field
is perpendicular to the CuO; plane.

This mysterious behavior was interpreted as an acciden-
tal cancellation of the spin shift from a very anisotropic sum
of hyperfine coefficients A, +4B’, where A, is anisotropic
due to the 3d(x*> — y?) orbital and B’ an isotropic trans-
ferred coefficient from the neighboring four Cu atoms in
a single band scenario (B’ in order to distinguish it from
B as introduced later). With this explanation of the shifts,
a single electronic spin component could be salvaged and
was supported by measurements on two materials [10, 12].
One problem with the understanding of the shifts is the
separation of orbital and spin shift contributions, and one
adopts the following chain of arguments. Orbital shift is not
temperature-dependent, and since a temperature-dependent
component is observed, it is taken as the spin shift term. Fur-
thermore, since there is singlet pairing, the spin shift should
nearly disappear at low temperatures for all directions of the
field. The thus deduced orbital shifts fit the single ion esti-
mates for Cu orbital shift [3] but were not expected to hold
for the realistic chemistry of the CuO; plane [3].

Nuclear relaxation data, also mostly on the
YBa;Cu30¢4, family of materials, were hampered by
the assignment of Cu sites in the plain and chain. The Y
nucleus, situated between the two CuO, planes, showed
Fermi liquid relaxation, as well as one Cu site. Surprisingly,
it turned out later that the chain site, rather than the planar
Cu site was more Fermi liquid-like. More importantly, it
appeared that the Korringa relation did not hold and that
there must be an about 10-fold increase of relaxation [13].
With A +4B’ = 0in one direction, antiferromagnetic fluc-
tuations in a single band scenario would turn this term into
a large pre-factor |A] — 4B’| > 0 (correlations between
neighboring spins are negative), and one could explain the
data (but not in connection with other methods, e.g., neu-
tron scattering [14]). With most available measurements
for ¢ | By (aligned powders and NQR) and material and
sample-dependent rates, many approaches were developed
to understand shift and relaxation.

Over the last 10 years, it was shown with a set of
experiments on different materials that the adopted single-
spin component view does not hold, rather, two coupled
spin components appear to be necessary to explain the
NMR shifts [15-18]. Finally, a simple literature survey
of all Cu NMR shifts uncovered significant differences
between the cuprates, which points directly to a new shift
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phenomenology, at odds with the hitherto used hyperfine
scenario, and that cannot be understood with a single-spin
component [19].

These findings raised the interest in nuclear relaxation,
e.g., the apparently large isotropic hyperfine coefficient, and
we began gathering the Cu relaxation data. Here, we show
that the Korringa relation, (c.f Fig. 1) does nevertheless hold
for some cuprates, i.e., those with the highest doping levels.
And since the nuclear relaxation is rather similar for all
cuprates (only its anisotropy changes among the systems),
a suppression of the spin shifts for certain cuprates is
behind the failure of the Korringa relation for these systems,
not an enhancement of nuclear relaxation. In particular,
there cannot be substantial spin fluctuations, except for
rather low doping levels where there are no NMR data,
and for one outlier system, Lay_,Sr;CuQOy, that we find
has an additional relaxation mechanism. We propose that a
negative coupling between two electronic spin components
already found in 2009 [20] is behind the suppression of the
shifts, while hardly affecting a universal Fermi liquid-like
relaxation.

2 Observations from Shifts and Relaxation

We begin with an overview of results from literature shift
and relaxation analyses (for a full review of literature shifts,
see [19], and after the first submission of this manuscript, a
more comprehensive review of the relaxation was prepared,
as well [21]).

Throughout the manuscript, quantities measured with the
magnetic field (Bg) parallel to the crystal c-axis (¢ || Bo)
are labeled like K | (total magnetic shift), K (spin shift), or
1/ Ty (also the relaxation in NQR measurements carries the
same label since it is dominated by crystallites for which the
nuclear quantization axis is parallel to ¢ due to quadrupole
interaction). Measurements with the magnetic field in the
CuO; plane (¢ L Bg) are labelled like IQ_, Ki,or 1/T1;
note that measurements along special in-plane axes are very
rare since c-axis-aligned powders are most easily measured
and twinning can be a problem even for single crystals.

2.1 Magnetic Shifts

As mentioned in section 1, early experiments showed that
K | is T-independent, while K. (T) appears to have a Fermi
liquid-like spin component near or above optimal doping
in the sense that one observes a decrease as T is lowered.
This decrease is more abrupt when it occurs at T, but it
can also start far above T, (which is the assumed pseudogap
behavior). So it was argued that K | contains no spin shift
(K = 0), only orbital shift contributions (K| ~ 12”).
The spin shift was only extracted from K. by defining as
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Fig. 1 Fermi liquid shift and relaxation: the spin shift K is
temperature-independent above the critical temperature for supercon-
ductivity (7¢) and vanishes below it for spin singlet pairing. The
nuclear relaxation rate (1/77) is proportional to the temperature (7°)
so that 1/TT is temperature-independent above 7, and the Kor-
ringa relation holds roughly, where So = y,2/y24mkg /h contains only
fundamental constants, e.g., the nuclear (n) and electronic (e) gyro-
magnetic ratios. 1/71T vanishes below T for singlet pairing. In early
analyses of the cuprates, it was found that 1/7; T is much larger than
what was expected from K, and special spin fluctuations were invoked
to account for the discrepancy

spin shift K| = IQJ_(T — 0). Since the spin response
should be isotropic in the cuprates, this anisotropic behavior
was explained with anisotropic hyperfine coefficients, i.e.,
Ay +4B =0,A; + 4B’ # 0 (in the original literature, it
was B, not B) [2].

Later, materials were investigated that also showed
a significant temperature dependence for K (T') (for
references, see [19]); however, their shift anisotropy was
found to be temperature-dependent [17, 18], which is not
expected in a single-spin component scenario. Furthermore,
an explanation within the old scenario would require

rather different hyperfine coefficients (up to about 30%),
which appears to be unrealistic given the unique CuO;
plane.

A convenient and useful overview of both shifts can
be obtained by plotting kl(T) vs. I%H(T) [19]. This is
illustrated in Fig. 2 that should help understand the real data
plotted in the same way in Fig. 3. Note that the total shifts K
are plotted in order to avoid a biased analysis by subtracting
unknown orbital shifts.

Key features of such a plot are the following (cf. [19]).
There is a common low temperature shift for ¢l By,
K. (T = 0) ~ 0.35%. It agrees reasonably well with first-
principle calculations of the orbital shift that give 0.30%
[22]. Interestingly, K |(T — 0) can be very different for
different cuprates.

Different families have slightly different isotropic shift
lines (defined by changing doping at high tempera-
tures). New shift reference points are generated where
K 1 (T — 0) & 0.35% intersects isotropic shift lines. These
points could define Ky, but they are still in strong dis-
agreement with the calculated orbital shift of 0.72% [22]
(for the figure origin, we assumed Ky, as found from
first-principle calculations).

Different from changes due to doping, as the shifts
change as a function of temperature, their anisotropy
changes, i.e., the shifts depart from the isotropic shift line
in Fig. 3. However, the slopes with respect to temperature,
SrK1 /d1 K |. appear to be constant in certain ranges of
T, which causes the characteristic linear regions in that
figure. Characteristic slopes as a function of 7 are (1)
87K /87K ~ 1 (the same slope as the isotropic shift
lines, but here as function of T); (2) a rather steep slope
07K, /67K > 10; and (3) 67K, /67K ~ 5/2. This has
been discussed in more detail previously [19].

~ a ~ b . c
K, (T) Ky(T) K, (T)
12% 1 4 20%1
*
— %
0.35%| :lasiiesinessiiie T 12% |
200k T

Fig. 2 Sketch of cuprate total magnetic shifts, a, K 1(T), and b,
K | (T). Increasing the doping (blue arrow) increases the temperature-
independent shifts that extend to lower temperatures. Shifts become
temperature-dependent at lower 7 and head for a common value for
K 1, but not for K |- ¢, a useful overview of the shift is obtained by plot-

ting K 1(T) vs. K 1 (T). The high temperature shifts fall on a more or

less straight line with slope ~ 1, i.e., an “isotropic shift line” is created
by changes in doping, which demands a dominant isotropic hyperfine
coefficient. As the shifts become temperature-dependent, they depart
from the isotropic shift line with special slopes, but stay in the lower
right triangle
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Fig.3 Examples of ©*Cu NMR
shifts from ref. [19]. K | () is
plotted against K | (T;) (the hat
denotes the total magnetic shifts, 1.2+ 08

systems with highest T,

including orbital shifts). The /‘ # ’

plot origin reflects first-principle f -

calculations of the orbital shifts £

of Kpj =0.72%, Kp1 = 0.3% g {7 - ~TH212-OV-10K
[22]. Nearly isotropic shift lines £ 4 +TI1212-0V-70K

are indicated by dashed lines. . s - N ;:;ggfgx;gi
The maximum high temperature 9 0.4k . ﬁffw TI2201-OV-40K
shift increases with doping (x). —0.8f TI2201-OV-0K

The arrows indicate T, (OD, - 591331:8?\.’:33&
overdoped; OP, optimally e L3 - HS1201-UN»45K
doped; UN, underdoped ~Hg1201-OP-97K
materials, cf. Appendix). Inset: 0.8 1151221;:-;-05;113;((?)
Materials with the highest 7 Y1248-UN-92K
depart from the isotropic shift : ggg:;g:gﬁjggz(op)
line at the NMR pseudogap 04} Ba0223-OP-120K(IP)
temperature far above T, unlike Ba0212-OP-105K
strongly overdoped systems in . i L ) . ) )

the main panel, for which 7 0.8 1 1.2 1.4 1.6 1.8 2

determines the departure point

Perhaps the most surprising fact concerns the nearly
isotropic change in shift as function of doping, as this points
to a large isotropic hyperfine coefficient that has not been
discussed so far. In addition, since a variation in temperature
can lead to different slopes, one must conclude that different
spin components are at play that couple to the nucleus. We
do not see a possibility to account for the shift scenario
with a single temperature- and/or doping-dependent spin
component [19]. These are similar conclusions to those
deduced with very different shift experiments [16—18, 20].

2.2 Nuclear Relaxation

Clearly, given the different phenomenology that appears
from viewing all the cuprate shifts, one has to take an
unbiased look at relaxation data as well. After the first
presentation of our short relaxation summary here, we
prepared a more comprehensive account that is available
now, as well [21].

The few outstanding observations from viewing the
relaxation data are the following. First, the relaxation
rate 1/71) measured for ¢l By is rather similar for all
cuprates, above T¢. In particular below about 200 K, the
most overdoped system that is not superconducting has
a similar Fermi liquid-like dependence as an underdoped
cuprate (there are not enough data to conclude on strongly
underdoped systems). This is seen in Fig. 4 where we
plot typical examples (for more data, see [21]). Second,
1/Ty behaves differently, but as we show in the inset
of Fig. 4, both rates are nearly proportional to each
other, above and below T¢. Thus, it is only the relaxation
anisotropy that changes among the systems and with
doping, from (1/711)/(1/Ty) ~ 1 to 3.4. Since there was
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a clear emphasis on 1/77) measurements and since some
systems were investigated only later, this behavior was not
discovered (however, Walstedt et al. noted the anisotropy for
YBa;Cu3O7 [13]).

In particular, the relaxation just above T is very similar
for all (conducting) cuprates in terms of 1/77, 7T, ie.,
it is material-independent and it does not change very
much across the phase diagram. Just above T, we have
1/(Ti TY(T 2 Tc) =~ 17 to 25 /Ks, which gives a shift
of about 0.8% from the Korringa relation. Note that this is
the maximum shift observed in Fig. 3.

Third, if one includes the differences in anisotropy
among different families of materials, the relaxation rates
below T¢ are very similar, as well (see below).

2.3 Shifts and Relaxation

The fact that the nuclear spins are coupled to an
electronic thermal bath with relaxation rates that are nearly
independent on material and doping (in particular near 7;)
points to a very robust property. This special relaxation rate
with 1/T1, T =~ 20 /Ks is already present at the highest
doping levels for systems that must be rather close to a
Fermi liquid. It appears to be out of question, then, that
these excitations (this liquid) are present in all materials
and dominate relaxation above T; (at higher temperatures,
the rate lags somewhat behind, and 1/(777T) falls off in
a characteristic way for more or less all the systems).
This conclusion is not weakened by a doping- or material-
dependent relaxation for the other direction of the field
(c || Bop) since both rates are proportional to each other. It
rather points to an anisotropic coupling of the nuclear spins
to a unique fluid, which can depend on doping and material.
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——Y1248-UN-81K
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Fig.4 %Cu NMR relaxation rates for various materials. Main panel:
1/T, 1T is very similar above T for all systems (even those that do not
superconduct) and Fermi liquid-like, i.e., 1/71, T = const. above T,
and disappears below T from singlet pairing. From Korringa’s relation
and a Knight shift of 0.8% (cf. Fig. 3), one finds 1/(71T) =~ 20 /Ks.
Inset: (1/7T11)/(s - (1/Tyy) of the same materials with 7-independent

Interestingly, the anisotropy takes on only special values
(reminding one of selection rules, rather than a crossover).

Below T, the relaxation rates for both directions of the
field drop rapidly, probably from spin singlet pairing. Both
rates are nearly proportional to each other. Interestingly,
the perpendicular shift, K| (T'), that approaches a common
value for all cuprates appears to be nearly proportional to
1/(T1),.T). However, the proportionality factor depends on
the maximum shift for that material, as can be seen in Fig. 5.
This tells us that the shifts for materials that are located in
the lower left part of Fig. 3 are suppressed compared with
those in the upper right section of the plot that is reached for
certain families and at high doping levels.

It is not quite obvious whether it is just the doping level
that would bring all cuprates in the upper right corner of
Fig. 3. We also know that there is a correlation between the
sharing of the charge in the CuO; plane and the maximum
T., which is not apparent in terms of the total doping (the
sum of the planar Cu and O holes), which proves that doping
is not the key parameter for all properties. Therefore, we
introduce a parameter ¢ (that clearly depends on doping)
to be the cause of the changes of the uniform response, in
addition to T, i.e., we write xo(¢, T).

The question arises how one can reconcile a robust and
material-independent relaxation with a suppressed high-
temperature shift. Of course, the uniform response, xo(7),

TIK

proportionality factor s = 3.3,3.1,2.0, 1.9, 1.0, 1.5, 1.5, 1.7 for the
systems according to their appearance in the legend at the top. The
rates are proportional to each other above 7. where the orientational
dependence of the field is expected to be irrelevant for the fluid; even
below T¢, only a couple of strongly overdoped materials show a slight
deviation

can be very different from the wavevector (q)-dependent
imaginary part of the susceptibility, x” (g, T). For example,
a sinusoidal modulation of the spatial spin response will
reduce the uniform response of the system but can leave the
local fluctuations that set relaxation unchanged.

We do know from experiments on a number of different
cuprates [16—18, 20] that a single electronic spin component
cannot explain the shift data, rather at least two components
appear to be necessary, and couple to the nucleus with
different hyperfine coupling constants to the electronic
excitations. Therefore, a simple uniform yxo(¢, 7) is not
sufficient to explain the data, that is why we propose a
simple two-component model.

3 Simple Two-Component Description

In the most simple two-component model, the nuclear
spin couples to two electronic spin components with the
susceptibilities x4 and xp. These spin components will then
have different 7 dependences in general. We write,

Ky T)=B)1 -8, T)+ AL xa&, T) (D

In other words, the magnetic field (Bp) induces the two
electronic spin components (Sa) and (S) (yeh(S;) =
XjBo), which are not proportional to each other as a function
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Fig. 5 Comparison of K, and 1/(Ti1T) below T. for an under-
doped and overdoped material. The relaxation rates for ¢ || B (circles)
and ¢l By (diamonds) are plotted as a function of temperature for the
YBa;CuyOg (T, =~ 81 K) and T1Sr;CaCuyO7_s (T, ~ 52 K); note that

of temperature. The Cu nucleus experiences changes in the
local field through the corresponding hyperfine coefficients
Bjpand A ;.

Now, we denote with B the apparently isotropic
hyperfine coefficient that arises as a function of ¢ in Fig. 3
(we do not invoke the factor of 4, as opposed to the old
literature). Then, there must also be an anisotropic local
field contribution. In a minimalistic model, we seek this
component in terms of the partially unfilled 3d (x> — y?)
orbital. As in the early literature, we denote this coefficient
with Ay 1. It is also known from reliable estimates, as well
as experiment [3] that

|AH|Z6|AJ_|andA|| =—|AH|, (2)

i.e., the anisotropic hyperfine coefficient is negative and
must lead to a negative shift for a positive spin moment. We
will neglect the smaller | A} |, and we have with (1),

K (T)=B-(Sg)(T),

K(T) = B - (S)(T) + A - (Sa)(T), €)

where A = A). Again, we seek to explain the NMR shift
with these two equations that follow from the experimental
observation that §7 K (T') is not proportional to 87 K (T),
and the fact that we need two different hyperfine coefficients,
plus the assumption that one coefficient is isotropic and the
second is related to the partially filled 3d (x> — y?) orbital.
If two spin components are present, we must allow for a
coupling between them [20]. Thus, each spin component is
the sum of two terms, and we use the simplified notation,
(Sg) =b+ec,

(Say=a +c, 4

where the spin components are denoted by a(¢, T), b(¢, T)
and the coupling term by c(¢, T).
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1/ Ty is multiplied by the proportionality constants above 7. given in
Fig. 4 (1.5 for TISr,CaCuy07_s and 3.3 YBa;CusOg). The original
shifts shown in the inset are scaled in the main panel by a ratio of 15/4
to fit the relaxation curves

That is, we have to analyze the shifts in Fig. 3 with the
following two equations,

K. T) = B[b(. T)+c(. T)]
K. T) = Ala(¢. T)+c(¢. T)1+B[b(, T)+c(5.T)]. (5)

where T is the temperature, and ¢ takes care of the material-
related property.

We now investigate some consequences in this simple
picture, and we begin with the low temperature shifts for
c1 By. We remember that IQ_(T — 0) ~ 0.35% is rather
similar for all cuprates, and second, it agrees reasonably
well with first-principle calculations that predict 0.30%
[22]. Therefore, we make the fundamental assumption that
K (T = 0) = Ky is the orbital shift for this orientation of
the field, i.e., the spin shift is zero (singlet pairing). We then
conclude with (5),

b, T - 0)4+c(i, T— 0)=0. (6)

Note that we only know the sum (b + ¢) vanishes at low
temperature, not each component separately.

Next, we address the isotropic shift lines that appear at
high temperatures in Fig. 3. They demand that the changes
in the shifts induced by ¢, i.e., §; K, are nearly proportional
to each other, i.e.,

(S;KJ_%(S{KH, (7)
and it follows with (5),
dc(a+c)~0. (8)

That means, the material-related shift variations at high T
are given by 8; K| || = Bd;(b+c), i.e., for both orientations
of the field.

With (6), we assumed the orbital shift for ¢l By to be
given by K13 =~ 0.35% (as in the old model for the
hyperfine scenario). Since the orbital shift anisotropy of 2.4
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calculated from first principles is a rather reliable number
[22], we conclude that Ky ~ 0.84% is a reliable orbital
shift value for ¢ || By, as well. This is very different from the
old scenario where the orbital shift for ¢ || By was defined
by the YBayCu30¢4y low T shift.

In our two-component analysis, at the (virtual) intersec-
tion of an isotropic shift line with K1 ; =~ 0.35%, which
defines ¢ = ¢, we have,

Ky (Car Th) = Ala(Z, Th) 4+ c(&, Th)], ©))

where T;, was introduced to denote a sufficiently high 7,
i.e., T > T¢. This is the material-independent offset of the
isotropic shift lines in Fig. 3. Near the intersection {, we
have with (5) that K, (¢p, T) = B [b(a, T) + c(Ca, T)],
where K (T) is very small even at high T. Thus, c(¢p) =
—b(Zp) holds to a good approximation for all 7. We thus
have in addition to (9),

K @A, Tp) = Ala(a, Th) + c(&a)]

K @a, Th) = Ala(Ca, Tp) — b(ga)]. (10)
With K| = 0.84% we have,
K (A, Th) = 0.21%. (11)

Clearly, there could be differences between the materials
in terms of [a(¢) + ¢(¢)], but also the orbital shifts could
vary slightly. However, it must be the negative coupling term
c(¢, T) that is responsible for the positive offset in the spin
shifts of the cuprates for ¢ | By. In other words, there is
an effective negative spin in the 3d (x> — y?) orbital, while
component a itself is positive, and at high temperatures,
a + ¢ does not change with ¢.

We note that the maximum shift variation above the inter-
section defined by ¢ is about 0.8%, and we conclude that

B - (b({max: Th) — b(Ca, Th)) ~ 0.8%. (12)

Roughly, there is a factor of 4 between K |(¢a, Tj,) and the
maximum ¢ -related shift change. Note that an isotropic shift

relaxation rate just above T¢, i.e., it follows from Korringa’s
law for a simple Fermi liquid.

Based on the above discussion, we present in Fig. 6 a possi-
ble decomposition of the high T shifts, and the ensuing shift-
shift plot, inspired by a large b term from a robust Fermi
liquid-like fluid, a negative coupling c that tries to align
positive spin components a and b antiferromagnetically.

Now, we turn to the temperature dependence of the shifts.
The fact that basically all shift data lie below the isotropic
shift lines in Fig. 3 tells us that as the shifts depart from the
isotropic shift lines with 87 K | < &7 K. It follows with (5),

Sr[A(a+¢)]1 20

dr(a+c) S0, (13)

since A is negative. This says that by lowering the temperature,
A (a(T) + c(T)) becomes more positive so that K| stays
to the right of the isotropic shift lines in Fig. 3. The nearly
equal sign refers to points very near the isotropic shift line.

In Fig. 3, we pointed to certain slopes in the low-
temperature behavior of the shift anisotropies (for a more
detailed discussion, see [19]).

First, we have é7 K| /67 K| &~ 1, similar to the isotropic
shift lines, but now as a function of 7. We conclude 87 (a +
¢) ~ 0. This slope is observed, in particular, for overdoped
systems where, after an initial steep drop of K at T, the
system holds (a+c¢) = const. as T drops further (cf. Fig. 3).
We do know that (b + ¢) varies in this range of T since K |
changes.

Second, we find in Fig. 3 the steep slope, i.e.,
87K /ér K| 2 10.1It can be found for the strongly doped
systems at 7, for a given range of T, but also for other
materials, e.g., YBa;CuyOg in the whole range of 7. This
includes the variation in the NMR pseudogap region, but
not for all materials. For example, HgBa,CuO4 s takes on
the slope of &~ 5/2 as it departs from the isotropic shift
line at T¢, or in the pseudogap region. With é7 K ~ 0, we
conclude that

of about 0.8% is in agreement with the observed universal Bér(b+c)~ —Adr(a+c). (14)
Fig.6 Left, possible O S RO S S ]
decomposition of the high-T' b(Q 07
shifts as function of the ~.._a@ ’
material-related parameter ¢ and : Eakt 0.6
the spin components a, b, and S b(@+c(Q) 05
the coupling ¢ (cf. (5)). Right, 3
resulting shift-shift plot °: 0.4
accordlng to (5) for B — 1 and 0 ..................................................... ~ = 03
A=-3/5B >
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If only ¢ became T-dependent, A = —B would follow,
which is the known argument in the old literature (our
definition of B is that of 4B’ in those papers).

Third, we observe a typical slope of 57K | /d7 K| ~ 5/2.
This leads to the equation,

5
Bér(b+c) =~ —§A dr(a+c). (15)

For example, if we assume that only ¢ changes as a function
of T for those slopes, we conclude that B ~ —5/3A. This
is perhaps a reasonable conclusion, and the T-dependent
NMR pseudogap feature is caused by a T- dependent c(¢).
Then, in order to generate, e.g., the steep slope, we find
38Tb = 25]‘61 — (STC.

The behavior of the shifts at low temperatures is perhaps
more complicated. One must also be aware of the fact that
the measurements were not pursued with the appropriate
rigor since such behavior was not suspected. In addition, the
penetration depth of the r.f. decreases rapidly and signal-
to-noise can become a limiting factor, certainly for single
crystals. Perhaps, K1 | = 0.35% is somewhat higher than
the calculated 0.30%. We cannot be sure that all K 1T =
0) in Fig. 3 are the true low-T shifts for this orientation. If
so, we clearly need negative spina+c, i.e., K| = —|A|(b—
a) if ¢ = —b. For example, the single-layer HgBayCuOy4.5
[7]1 has a T = O shift of K| = +0.6%, and we conclude
that A(a + ¢) increased 3-fold compared with the {5 value
of 0.21 %.

How can one reconcile the variations of shift and
relaxation? First, we focus on the largest ¢ materials, which
show Fermi liquid-like behavior with an isotropic 1/ 7T of
about 20 /Ks. This value follows from the Korringa relation
for a simple Fermi liquid. Note that (1/T7,)/(1/Ty)) ~ lis
expected for relaxation dominated by fluctuations through
B. Thus, the largest ¢ systems are easily understood.

As ¢ decreases, the shifts decrease isotropically with
decreasing ¢, but remain 7T-independent above T.. The
relaxation is strictly proportional to 7 and even remains
very similar, except that the anisotropy changes to
(1/T11)/(1/Ty) = 1.5. By decreasing the temperature,
T: is encountered and the shifts suddenly drop. First, K|
begins to change, the initial steep drop in Fig. 3. It is
followed by a nearly proportional decrease of both shifts
along isotropic shift lines, now as a function of 7. The
initial drop can be rather large, followed by a short isotropic
shift line to reach Ky (0) &~ 0.35%. Systems with a small
initial drop have a longer isotropic shift line since it ends
at Kp . Consequently, in the latter case, a smaller shift
(K)(T = 0)) remains at the lowest 7. While the changes
in the shifts are more complex, both relaxation rates drop
almost proportionally to K| below T; (and they are nearly
proportional to each other). This is expected for singlet
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pairing, here as vanishing of b + ¢. 1/(T11,T) is nearly
proportional to K (T) below T¢ (cf. Fig. 5). We conclude
that the relaxation must be dominated by the isotropic spin
component, and only the coupling to the liquid has acquired
a small anisotropy.

As we move to lower ¢ and approach optimal doping,
the systems tend to depart from the isotropic shift line
with an initial slope of about 5/2, e.g., HgBa;CuOy44s. In
particular, materials with the highest 7, appear to have the
5/2 slope (cf. inset in Fig. 3). The changes of the shifts at the
lowest temperature are not well documented experimentally,
and they cannot be discussed with certainty (some details
are given in [19]). The nuclear relaxation remains rather
similar for cL By, but the anisotropy of the relaxation
changes.

It is obvious from Fig. 5 that K is nearly proportional
to 1/(TyL,T); however, while 1/(7,T) drops from about
17 /Ks and 25 /Ks to zero for both systems, respectively,
the shifts have to be rescaled. For TISr,CaCu;07_s, the
shift drops from about 0.6% to zero, cf. inset in Fig. 5,
and for YBapCusOg from about 0.1%. From the Korringa
relation, one would expect 1 /(771 T) of 9.6 /Ks and 0.26 Ks,
respectively, very different values. The used scaling ratio
between the two shifts in the main panel is 15/4, almost a
factor of 4. Again, we observe a further suppression of the
shifts compared with relaxation.

In a classical scenario, one expects that the relaxation
governing local field fluctuations are perpendicular to the
orientation of the magnetic field. Thus, in-plane fluctuations
set 1/Ty), while 1/77, (measured with the field in the
plane) is determined by both kinds of fluctuations, i.e.,
parallel and perpendicular to the plane. Of course, the mean
values of the shifts (proportional to xp) do not determine
their r.m.s. averages that are set by x” at the nuclear
frequency, but they might be a good first guess for seeking
a relation. For example, K is on average much larger than
K, but there are exceptions to that rule, e.g., in terms
of (1/T1.T)/(1/TyT) [21]. In addition, we do not see a
simple way to derive the special proportionality constants
for (1/T1,.T)/(1/ T T) that hint at matrix element effects,
so that we do not pursue this model any further.

In Fig. 7, we illustrate a scenario of two coupled spins
that we believe captures main elements observed.

There are very few systems that do not fit the general
shift scenario, among them La;_, Sr,CuOy4 [19]. This is also
true for the relaxation [21], where an additional mechanism
increases the relaxation above 7T, but both rates stay
proportional to each other. Therefore, we also do not pursue
these few outlier systems here.

The very low-¢ materials are in general not investigated
with great detail. It is known that the NMR signal can
be lost, probably due to spin-glass behavior [23]. Greater
material dependencies can be expected.
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Fig.7 Shift and relaxation scenario in the cuprates: two coupled (c(¢))
electronic spins (a(¢) and b(¢)) precess about the external magnetic
field and determine the nuclear spin shift (K (¢)). The parameter ¢
determines the high-7 shifts as a function of doping and material.
Near room temperature, c(¢) is found to be temperature-independent,
causing isotropic changes in the NMR shifts. The largest shifts
(~ 0.8%) are observed for the largest ¢, in agreement with Korringa-
like relaxation (~ 20 /Ks). While the relaxation is hardly affected

4 Conclusions

From literature analysis, an almost universal planar Cu
relaxation above and below 7 is found. It is Fermi liquid—
like and changes only in terms of its anisotropy and T¢. Its
doping independence rules out strong enhancement due to
spin fluctuations. It is contrasted to the drastic variations
of the Cu NMR shifts between different materials, as a
function of doping or temperature above 7. that were
reported recently [19]. Shifts for materials with the highest
doping obey the Korringa law when compared with their
relaxation. So it must be concluded that for most cuprates
that do not obey the Korringa law, the shifts are suppressed,
and it is not the relaxation that is enhanced.

The differences are explained with a simple two-
component model that has two electronic spin components,
a(¢, T) and b(¢, T) that depend on temperature (7)) and a
material parameter ¢ that depends on doping. One of the
electronic spin components, b(¢, T), couples through an
isotropic hyperfine constant, B, with the nuclei, while an
anisotropic hyperfine constant, A = —|A)|, A > AL,
as known for the 3d(x% — y2) orbital is responsible for
anisotropic term, a(¢, T). A negative coupling, c(¢, T),
between both spin components, a and b, leads to the
reduction of the shifts while allowing for a largely
unchanged relaxation above 7.. This negative coupling

by the coupling (only the relaxation anisotropy (1/T7.)/(1/Tyy)
changes), the shifts become increasingly suppressed for smaller ¢, thus
appear to violate the Korringa law. The coupled spins possess s- and
d(x* — y?)-like orbital symmetry, and with the corresponding hyper-
fine coefficients, the negative coupling explains the unexpected spin
shifts observed in the cuprates. Deep in the condensed state b + ¢ = 0
and relaxation disappears, but a + ¢ can be finite. The changes in ¢
must be related to the pseudogap

can also resolve the long-standing discrepancy between
calculated and presumed experimental orbital shifts.

For large ¢, we find a Fermi liquid-like fluid with
isotropic coupling to the nuclei, as given by the Korringa
relation with shift K(¢). As ¢ decreases, a(¢) increases,
but the magnitude of the negative coupling c({) suppresses
the shifts (while 7¢ increases). Thus, ¢(¢) must be related
to the pseudogap. In a possible scenario, c({) becomes
T-dependent above T. and causes the NMR pseudogap
phenomenon, i.e., it suppresses the shifts as a function of
T already above T¢. In this case, we can conclude for the
hyperfine coefficients that A ~ —3/5B.

We think it is established with NMR, now, that there
is a nearly universal fluid that is Fermi liquid-like in the
cuprates. This was found with NMR in 2009 [20], but also
with an increasing number of other probes, e.g., [24-26].
Then, the most simplistic scenario suggested by our data is
that the electronic spin of this liquid is coupled to the spin
component in the 3d(x? — y?) orbital. Of course, the latter
spin could be part of the nearly universal liquid, as well.
The term b + ¢ could be associated with quasiparticles in
the nodal region of the Fermi surface [27-30], while the
term a + c represents the antinodal region with perhaps
antiferromagnetic properties [31, 32]. For lower values of
¢, antinodal regions could be large [33] and below T¢
antiferromagnetic correlations could exist with pairing. This
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could explain the reduction of shift being more gradual,
in comparison with overdoped samples with a smaller k-
space region. Then, c is perhaps responsible for driving the
k-space anisotropy, seen by ARPES and other techniques.
Neutron scattering will mostly be determined by the a
component and its coupling to b, while the response from
b is likely to be distributed in reciprocal space and might
escape detection.

Perhaps, a Fermi liquid could reside in a separate band
and inter-band coupling is responsible for the high Tt [34].
The residual shift (that may be moments [19]) could be
related to time reversal symmetry breaking, but whether
loop currents [35] could be involved in the suppression of
the shifts has to be seen. A two-component model involving
hidden fermions [36, 37] should relate to our findings.

Finally, we would like to mention from an NMR point of
view that the evolution of the intra-unit cell charge ordering
that is now well documented also by NMR [8] could be
connected to the coupling scenario.
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Appendix

A collection of abbreviations used for the various com-
pounds is given in Table 1.

Table 1 List of abbreviations with full stoichiometric formula and
reference for the original data

Symbol System Ref.
Y1248-UN-92K YBa;Cuy Og [121*
Y1212-0OP-90K YBa;Cu30¢.02 [38]"
TI1212-0OV-10K,-52K - 70K TISr,CaCuyO7_5 [39]!
TI2201-OV-0K,-40K - 72K TI,Ba;CuOgy [40, 417}
TI2212-0OP-112K Tl,BayCaCuyOg_s [42]!
Hg1201-UN-45K,-74K HgBayCuOyy5 [18]
Hg1201-OP-97K ,-OV-85K HgBa;CuOy, 5 [18]
Hg1223-0P-133K(IP) HgBa,CayCu3Og. 5 [43, 44]!
Hgl212-0P-127K HgBa;CaCusOg. 5 (4511
Ba0223-OP-120K(OP), (IP) BayCar Cuz0g(F,0)2 [461':2:3
Ba0212-0P102K,-OP105K BayCaCu,Og(F,0), [46]"

IFor the corresponding shift corrections, cf. [19]

20P or IP in parentheses refer to the outer and inner plane of the
triple-layer systems, respectively

3In Fig. 3, the orange curve corresponds to (IP) and the yellow curve
to (OP), different from Ref. [46]
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Abstract

Nuclear relaxation is an important thermodynamic probe of electronic excitations, in particular in conducting and
superconducting systems. Here, an empirical phenomenology based on all available literature data for planar Cu in hole-
doped cuprates is developed. It is found that most of the seemingly different relaxation rates among the systems are due to a
temperature-independent anisotropy that affects mostly measured 1/77, the rate with an external magnetic field along the
crystal c-axis, while 1/ 77 is largely independent on doping and material above the critical temperature of superconductivity
(T,). This includes very strongly overdoped systems that show Fermi liquid behavior and obey the Korringa law. Below T,
the relaxation rates are similar, as well, if plotted against the reduced temperature 7'/ T,.. Thus, planar Cu nuclear relaxation
is governed by a simple, dominant mechanism that couples the nuclei with varying anisotropy to a rather ubiquitous bath
of electronic excitations that appear Fermi liquid-like irrespective of doping and family. In particular, there is no significant
enhancement of the relaxation due to electronic spin fluctuations, different from earlier conclusions. Only the Lay_ , Sr,,CuOg4
family appears to be an outlier as additional relaxation is present; however, the anisotropy remains temperature independent.
Also systems with very low doping levels, for which there is a lack of data, may behave differently.

Keywords Superconductivity - Cuprates - NMR - Relaxation

1 Introduction
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j.haase @physik.uni-leipzig.de Nuclear relaxation is a fundamental probe in condensed

matter physics [1]. In conducting materials, it is often
determined by the electronic excitations, as was predicted
[2] long before the techniques of nuclear magnetic
Marija Avramovska resonance (NMR) became available. The heat transfer that
marija.avramovska@hotmail.com establishes the (electronic) lattice temperature for a nuclear
spin system can be conveniently measured in an external
magnetic field, but also in zero field. It is characterized
by the spin-lattice relaxation rate 1/77. For Fermi liquids,
Daniel Dernbach this scattering of nuclear spin off electrons is not only
daniel.dernbach14@gmail.com proportional to the square of the electronic density of states
Danica Pavicevic and the hyperfine coefficients, but also proportional to the
danicas.dp@gmail.com temperature (7), i.e., 1/T7 o T. The famous Korringa
relation [3] is very useful for simple Fermi liquids since
the electronic Pauli susceptibility leads to the NMR Knight
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and h, are known, and p is introduced to account for slight
deviations (e.g., due to electronic correlations).

Another hallmark relation, of relevance here, comes from
the first proof of BCS theory of superconductivity [4].
The relaxation rate 1/77 was shown to disappear below
the critical temperature of superconductivity (7;), but the
opening of the gap also led to a coherence peak (Hebel-
Slichter peak of NMR [5]), both predicted by BCS for
singlet pairing.

Thus, nuclear relaxation, as a bulk sensor of electron
thermodynamic properties is a very important probe, and
the typical temperature dependence of 1/7; for a classical
superconductor is sketched in Fig. 1.

With the discovery of cuprate high-temperature super-
conductors [6], there was immediate interest in measuring
the nuclear relaxation rate, in particular for Cu and O nuclei
in the ubiquitous CuO, plane where the nuclei must cou-
ple strongly to the electronic degrees of freedom. Early
experiments focussed on the YBayCu3Ogy family of mate-
rials. The results showed more complicated dependences
above and below T., even for the apparently overdoped
YBay;CuzO7 that should be closer to a Fermi liquid. Nev-
ertheless, the relaxation did disappear even as 1/(717T) at
low T for the latter material in agreement with spin-singlet
pairing. The actual decrease of 1/(7T7T) as a function of T
below T, was weaker than what follows from a symmet-
ric s-wave gap. Furthermore, a Hebel-Slichter coherence
peak could not be found (it can can also be absent [7] or
broadened [8] for non-cuprate superconductors).

While relaxation measurements are quite robust, they can
be difficult in the cuprates. The large unit cell gives rise
to various resonances, and the 93-95Cu and 7O nuclei have
quadrupole moments. Not only does this lead to even more

Fig.1 Sketch of the temperature dependence of the nuclear relaxation
rate from coupling to a Fermi liquid. The relaxation rate is proportional
to temperature, above 7. Below T, the rate drops for spin-singlet
pairing and may show a Hebel-Slichter peak just below 7, (dotted line)
before it disappears as 7 approaches zero

@ Springer

resonances from angular dependent splittings but also one
finds large line broadenings that prove extensive variations
of the local electric field gradient (EFG) at Cu and O
nuclei, which are in fact charge density variations as proven
more recently [9-11]. In addition, there are many nuclear
reservoirs and quadrupolar relaxation could be present, as
well. Also, broad resonances that cannot be uniformly exci-
ted with radio frequency pulses can give misleading relaxa-
tion data if spectral diffusion takes place [12], which is per-
haps the case for Lay_, Sr,CuQOy4 (see below). Furthermore,
large single crystals were not readily available and difficult
to measure due to penetration depth effects. So, most early
measurements were performed on (c-axis aligned) micro-
crystalline powders with NMR or NQR (nuclear quadrupole
resonance), which is the reason that most studies focussed
on 1/Tyy, the rate measured if the crystal c-axis is parallel
to the external field, which is also measured with NQR.
The strongly underdoped systems were not investigated
very much. This is due to the fact not only that optimally
doped materials have been of greatest interest but also since
underdoped cuprates show Cu signal wipe-out [13], and
one cannot assure that the measured signal represents the
average material.

Nevertheless, while this all hampered rapid progress
with NMR of cuprates, the nuclear relaxation data can be
considered quite reliable for most systems.

In early NMR measurements on nearly optimally doped
YBa;Cu3Ogyy (y ~ 0.95), one had to assign the two
different Cu sites, in the chains and plains, to two sets
of NMR signals. Walstedt et al. in 1987 [14] showed
that one Cu site exhibited Fermi liquid-like relaxation
above T, while the other showed significant deviations
at higher temperatures. Then, since yttrium (Y) atoms
that are sandwiched between the two CuO; planes in this
double-layer material, and since Markert et al. [15] had
reported Fermi liquid-like relaxation above T, for Y, it was
reasonable to assume [14] that the Cu nuclei with Fermi
liquid relaxation must be located in the plane. However,
later, it was shown from various experiments [16, 17] that
the opposite assignment was correct, which was put forward
early on by Mali et al. [18].

Later, Walstedt et al. [19] discovered a nearly tempera-
ture independent anisotropy of relaxation (17 /TiL ~ 3.4)
for planar Cu in YBayCu3O; above and below T, (which
we will show to be a unique property of the cuprates, only
the proportionality factor can be material dependent). More
importantly, it was concluded [20] that the Korringa ratio
is violated by comparing with shift data, in the sense that
the relaxation is enhanced by an order of magnitude for pla-
nar Cu (and a factor of about 2.8 for planar O), which was
taken as proof for enhanced antiferromagnetic spin fluctua-
tions (that tend to cancel at planar O if the electron spins are
located at planar Cu).
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Despite the fact that only a very limited number of
systems was investigated [21-27], numerous models were
developed to understand the nuclear relaxation, which will
not be reviewed here. Note that the mysterious cancellation
of the Cu NMR shift for one orientation of the magnetic
field (c || Bp) was explained by an accidental cancellation
of the on-site and transferred hyperfine coefficients (A +
4B = (). Later, when systems were discovered that had
a substantial shift also for ¢ || By (as much as 30% of that
for ¢ L By), this explanation was not questioned widely,
while the corresponding changes in the hyperfine scenario
appear unrealistic given the ubiquitous chemistry of the
CuO; plane. With more thorough investigations of more
systems, the then prevailing explanation did not grow more
solid [28-32], rather, the failure of the hyperfine scenario
became apparent [33]. This questions, at the same time, any
quantitative discussion of nuclear relaxation, which hinges
on the hyperfine scenario that can filter out certain wave
vectors from fluctuating modes that are relevant to nuclear
relaxation.

Here we will take a fresh look at all available planar Cu
NMR relaxation data of hole-doped cuprates to establish
what we think is a new, but reliable phenomenology that
may change the way one views some properties of the
cuprates.

By only plotting literature data, we will establish that
the relaxation in the cuprates is surprisingly simple and
universal. It turns out that the large differences between
different systems concern predominantly the relaxation
measured with the external field along the crystal c-axis
(1/Ty)). However, since we also find that the relaxation
anisotropy (oani) is 7 independent for all cuprates, i.e.,
Qani = T11 /7T above and below T, it is predominantly
aani that changes between different systems, i.e., it is the
anisotropy of coupling to the electronic reservoir that varies,
not the reservoir itself. Other than that, relaxation is material
and doping independent and very similar to that for the most
overdoped systems that are very close to Fermi liquids. Also
below T, the relaxation is very similar if plotted against
T/T., the reduced temperature. Thus, there is no room
for relaxation enhancement from spin fluctuations (except
perhaps for the very underdoped systems for which we have
no data).

2 Results and Discussion

In Table 1, we list all cuprates, sorted by family, for
which we could find data for both directions of the field.
More information about data extraction and processing
are given in the Appendix, together with a discussion
of this representative selection of data. Throughout the
manuscript, data points are uniquely labelled as defined in

Table 1 Summary of materials used for this review [26, 34-46].
Materials are listed with reference (Ref.), the apparent doping level
(dop.), the T, the relaxation anisotropy (aani), and a colored symbol
that is used throughout the manuscript

| Material Ref. dop. Tc[K] of ;[Symb. |
Las_,Sr;CuOy 34 0.13 34 23 —o—
34018 35 23 —e—
YBazCuzOg.ty 35092 90 3.1 —=—
YBasCuszOr 26 UD 8 3.4 —m—
YBayCuyOg 36 UD 81 33 —a—
T1SrCaCusO7_g ST 0D 70 1.5
37 OD 52 1.5 —A—
3% oD 10 [/ @ —a—
TIQBaQCuO6+y 38 oD 72 1.7 —v—
3  OD 40 15 -—v
3 Ob 0 1.0 —v
TlsBasCasCugO1g 39 orP 115 1.7 —>—
TlaBazCaCusOg_; 06 UD 102 28 —>—
400 OopP 112 25 —p—
400 oD 104 24 —>—
HgBazCaCuzOg 1 s T 0OoP 127 20 ——
HgBasCazCu3zOgys 12 OP 133 19 —¢—
HgBazCuOy s BaUD 72 / /
43¢ OD 89 / /
Cug.¢Cag.4Bao- 1 UDb 117 / —o—
-CazCusO124y
BizSroCaCusOg T 0OP 8 1.8
Tlp.5Pbg.5Sra- e 01 70/ /
-Ca1—2Y;Cu2O7_s5 46¢ 0.25 107 / /
46c 05 80 / /

4Data contradictory to our own experimental data;

le 1 not measured, but deduced from spin echo decay;

€Ty determination unclear and/or limited spectral resolution to measure
site-specific T

“The error on oy; is typically less than % 0.08

Table 1. Furthermore, all displayed data points represent
experimental data points from the literature, except for
Fig. 3 where we had to interpolate data points to be able to
plot the data with T as an implicit parameter. A few sets of
data are excluded from our discussion; nonetheless, they are
listed in Table 1 (see Appendix).

Note that we assume magnetic, frequency-independent
spin-lattice relaxation, as data were taken at different fields.
This was proven a few times, but not for all data sets. We
could not find significant differences between zero-field
NQR and high-field 1/ 7 data (for the same system).

2.1 General Overview
An overview of all relaxation data as a function of tempera-
ture is given in Fig. 2, for two directions of the external field

with respect to the crystal c-axis: (a) upper panel, 1/77, for
¢ L By, and (b) lower panel, 1/ Ty for ¢ || By.
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Fig. 2 %3Cu nuclear relaxation rates as a function of temperature: a
1/Tyy and b 1/Tyy. For the used symbols see Table 1. Note that filled
symbols indicate data above 7, and open symbols data below 7. For
more explanations, see text

We would like to emphasize that it is more revealing to
plot the relaxation rates against temperature (7°), rather than
plotting 1/(77T) as a function of 7. For a Fermi liquid,
1/T1 o« T, and both plots carry the same information.
However, if other mechanisms are present, they carry a T-
dependent weight if one plots 1/(71T), which complicates
establishing a simple phenomenology.

While the plots are rather crowded, one can conclude
on some general behavior, already. (i) Except for a couple
of outliers (that will be discussed later), both panels show
similar dependences, i.e., starting from 7 = 0 where
relaxation has disappeared, the rates rise slowly below T.
Above T, the rates are similar and begin to lag behind a
Fermi liquid behavior, eventually. (ii) The data in panel (b)
for 1/Ty), while considerably smaller than for the other
direction, show greater variations for different materials,
which is somewhat surprising as the anisotropy of the
hyperfine coupling coefficients is not expected to change.
(iii) For 1/T7, (panel (a)), one can identify Fermi liquid-
like relaxation for many systems, without or with a 7.
In fact, one could imagine that if one would suppress T,
1/ Ty, is not far from Fermi liquid behavior, with deviations
mostly at higher temperatures (that can be caused by a more
complicated band structure and has been observed in Fermi
liquids [8]).

We will now discuss salient features observed in the data
in more detail.

@ Springer

[p-sw]e0TL/T ™,
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Fig. 3 Main panel: 1/7 plotted vs. 1/T) for each cuprate listed
in Table 1 (T is implicit parameter). Dotted lines are fits to the data
for each cuprate with slopes given by Eq. (1). The blue-dotted line
is a diagonal with slope aani = 1. Inset: 1/T71 - 1/aan; vs. 1/Tyy.
All relaxation data can be explained by a single dominant relaxation
process with a T-independent anisotropy

2.2 Temperature-Independent T; Anisotropy

A salient feature in cuprate nuclear relaxation is a rather
temperature-independent anisotropy,

Ty Ty

= = —. 1
/Ty Tio O

Cani

That is, if we plot 1/7T7 vs. 1/Ty) as in the main panel
of Fig. 3, we find straight lines intersecting the origin, with
slopes depending on the material. If one normalizes the
slopes by the material specific oy, that is given in Table 1,
all relaxation data collapse and fall on a single line as shown
in the inset of Fig. 3.

Interestingly, these slopes take on special values for
various materials and/or doping levels, and o,n; appears to
increase as the doping decreases, but this is by no means
a strict trend. The smallest «an; = 1 (isotropic behavior)
is observed for the highest doping levels, and the largest
of 3.4 for YBayCu3O5. For the underdoped, stoichiometric
YBayCuyOg, we find agni = 3.33 £ 0.02, with rather high
precision (this is one of the few cuprates that has very
narrow linewidths). Indeed, it appears that oy, takes on
special values rather than showing a smooth dependence.

Since both rates are proportional to each other, above and
below T, one concludes on a single, dominant relaxation
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Fig. 4 Temperature dependence of the spin-lattice relaxation rates
1/Ty, for differently overdoped Tl;Ba;CuOg,y materials with T, =
0, 40, and 72 K (arrows). The grey-dashed line has a slope of 21/Ks
which follows from Korringa’s law for the Knight shift of about 0.89%
for a simple Fermi liquid found for the highest doping level [33]

mechanism with excitations that are present at the highest
temperatures and that decrease as T is lowered, similar to
what happens for a Fermi liquid. Below 7, the changes
are more rapid but still show a rather fixed o, (note that
the field’s influence on 7 is anisotropic, as well, but those
effects are mostly within the error bars here).

One would argue that the electronic liquid behaves
quite similar in all cuprates and that it is the anisotropy
of the coupling of the nuclei to this electronic reservoir
that changes with doping and material. Furthermore, if the
anisotropic relaxation mechanism does not share the crystal
symmetry exactly, the differences in panel (a) of Fig. 2
could even be less.

Changes of the anisotropy of the hyperfine coefficients
could lead to such behavior, but it is difficult to understand
why this would produce only certain ratios and such large dif-
ferences. While the spin response in the cuprates is believed
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to be rather isotropic (except for strongly underdoped sys-
tems), dynamic correlations on short-length scales that can
exist (as one knows from other probes) can contribute to
such a behavior as well.

2.3 Fermi Liquid in Overdoped Tl;BazCuOg .y

We now turn to the most overdoped cuprates in our data
set, the TlBapCuOgy family of materials. In Fig. 4, we
plot 1/T7, as a function of temperature for different doping
levels with 7, of 0, 40, and 72 K (the same data are also
present in Fig. 2). The dashed line is given by 1/77
o x T, with 0 = 21 /Ks as for a Fermi liquid with a
Knight shift of 0.89% if one assumes p = 1 in Korringa’s
formula, which is close to what has been measured [33]. As
can already be seen in Fig. 2, the data lag behind the Fermi
liquid dependence only above about 200 K.

Clearly, this is hallmark Fermi liquid behavior for the
most overdoped system (below 200 K). This is also true
for the other two systems, except for a slight change in
the anisotropies (there is no a priori reason to expect
isotropic coupling). Below T,, we observe spin-singlet
pairing without a significant enhancement from coherent
scattering (Hebel-Slichter peak). Again, from these plots
one would assume that these three systems are well-behaved
Fermi liquids, at least below about 200 K.

If one revisits Fig. 2, panel (a), with this important
information, one is forced to conclude that the cuprate
relaxation behaves rather Fermi liquid-like below about
200 K apart from the differences due to 7, for all doping
levels and materials.

2.4 Doping Dependence of Nuclear Relaxation

In order to see how different doping levels affect the
apparent relaxation, we plot in Fig. 5 the same data as in
Fig. 2, but we emphasize in each of three panels a different
doping range: (a) underdoped, (b) optimally doped, and (c)
overdoped. Also shown is the dashed Fermi liquid line from
Fig. 4.

(c)

100 150 200 250 300
T[K]

50

200 250 300 O

Fig.5 Relaxationrate 1/77, vs. T (the same Fig. 2), with emphasis to three different regions of the phase diagram: (a) underdoped, (b) optimally
doped, and (c) overdoped materials. In addition, each panel shows the same dashed line according to a Fermi liquid with 0.89% Knight shift
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Apart form the differences in 7., we do not see a
particular trend in terms of doping dependence. It appears
that no matter what the doping level is, whenever a material
leaves the superconducting state, i.e., just above T, the
relaxation is quite unique and very similar to the Fermi
liquid value found for the very much overdoped systems.
Also independent on doping, at higher temperatures, the
relaxation rate starts to lag behind the Fermi liquid
temperature dependence. La;_, Sr,CuQO4 appears to be an
outlier independent on doping, as well.

Note that we do not have data for the very underdoped
materials so that the findings above may not be valid there.

2.5Lay_,SryCuOy4

A significantly larger 1/7;; compared with all other
materials is found for the Lay_, Sty CuO4 family. Such high
rates [47] of 1/T11 in Lap_,Sr,CuQOy4 have been reported
repeatedly. It was discussed that these rates show a doping-
dependent paramagnetic contribution, i.e., 1/T1(T) =
const., as well as an antiferromagnetic contribution, 717
(T + Tn).[48]

Also, it was reported that 1/ 77 converges at rather high T
(above 700K) to a doping-independent value consistent with
paramagnetic state of a Heisenberg antiferromagnet [49].

Given the additive nature of independent relaxation
channels, it appears that La;_, Sr,CuO4 may well have a
similar component as all the other cuprates, i.e., one that
is proportional to 7', but also a second contribution that
causes the special relaxation behavior. Also in terms of other
(NMR) parameters, Lay_, Sty CuO4 appears to be somewhat
of an outlier: local charges on planars O and Cu measured
by NMR clearly show that it has by far the least covalent in-
plane bonding, such that its inherent hole is almost entirely
localized in Cu 3dx27y2 [50].

In terms of Cu shift, it also shows a special phenomenol-
ogy, displaying no temperature or doping dependence of the
shift for ¢ || Bg, and a comparatively strong dependence for
¢ L By [33].

2.6 Relaxation Below T,

In order to see more clearly whether there is special
behavior below T, we plot in Fig. 6 the relaxation 1/(T1,.T)
as a function of the reduced temperature 7'/ T,.. We restrict
the plot to 7/ T, < 1.5 since one cannot expect the reduced
T to be meaningful at higher 7.

When one tries to evaluate this plot, one must keep in
mind that the reported T, which is used for the scaling in
Fig. 6, might not be the best choice for the actual, local
energy scale (kg 7). For example, T, could be suppressed
by sample quality, or it might differ due to different
definitions when measured with different techniques.
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Furthermore, any additional relaxation mechanism is scaled
by T, as well, and may introduce differences in samples
with very high vs. very low T.. Finally, since we use only
1/T11 a slight change in anisotropy could also affect this
value.

Despite possible uncertainties, inspection of Fig. 6 shows
rather unique behavior for 7 < T,. Just above T, almost
all cuprates come up to a similar relaxation rate, as we
recognized earlier. This points to the same mechanism in
the superconducting region independent on material and
doping. Also, within the small variation of dependences,
there is no clear trend as a function of the actual T, or
doping. Again, the most underdoped systems are almost
indistinguishable from the most overdoped materials.

Worth mentioning is also that no cuprate shows an
increased relaxation at the lowest temperatures in the
1/(TT) plot, where the low T rates are multiplied by
increasingly large inverse 7. So all excitations from this
dominant mechanism are becoming gapped, which is true
for d- and s-wave singlet pairing.

Whether the broad maximum in 1/(71 . T)(T > T.) seen
in many materials signifies a vastly broadened coherence
peak can unfortunately not be judged from the data
available.

3 Conclusions

A review of all available planar Cu nuclear relaxation data
in hole-doped cuprates offers a different understanding of
the relevant electronic excitations.

The nuclear relaxation, when the external field lies in
the CuO; plane, 1/T7,, is found to be rather independent
on family and doping—from the weakly underdoped to
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even those very strongly overdoped systems that are close
to an ideal Fermi liquid, for which Korringa’s law holds
and to which the nuclei couple isotropcially. The material
dependent and more often investigated 1/ Ty is proportional
to 1/T1,, above and below 7., and thus only defines a
material-dependent anisotropy of the nuclear coupling to
the electronic bath. Thus, the nuclei appear to experience
rather ubiquitous electronic excitations that begin to freeze
below T.. Therefore, the bath itself appears Fermi liquid-
like throughout the whole phase diagram for all systems. At
higher temperatures, the rates lag behind what is expected
from a simple Fermi liquid (similar for all systems).

We also find universal behavior below T, i.e., the
relaxation rates as a function of the reduced temperature
(T T,) are rather similar.

All this points to a single, dominant relaxation mecha-
nism due to electronic excitations that change significantly
only below T, due to spin singlet pairing.

In particular, no special electronic spin fluctuations
were found to enhance nuclear relaxation. Furthermore, the
pseudogap does not seem to affect the Cu relaxation, while
it was shown that it is important for the suppression of the
NMR shifts [51]. It was noticed before [52] that the Cu
relaxation is in disagreement with neutron scattering results.

While we cannot say anything about the behavior of
strongly underdoped systems, since there are no data
available, it appear that only the La;_,Sr,CuO4 family of
materials is an outlier to the discussed scenario, as it appears
to show additional relaxation for 1/77 .
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Appendix: Literature data processing

For the review of relaxation data, we have collected
all available literature data of %37y of planar Cu. That
means data for two orientations of the magnetic field with
respect to the crystal c-axis, ¢ || Bgp and ¢ L By, i.e. 1/Ty
and 1/Ty,, respectively. Furthermore, nuclear quadrupole
resonance (NQR) were gathered, as well. The set comprises
about 54 materials for 1/77 . The discussion in this
manuscript, however, is limited to the 24 systems listed
in Table 1, for which data for both directions of the field
are available. Nevertheless, this (significant) subset we

are discussing is representative of all the data in terms
of amplitude and different temperature dependences of
relaxation, as we can judge from all 1/77 data.

As remarked in the main text, the higher abundance of
1/Ty data is due to the use of c-axis aligned powders and
NQR.

We have excluded data on electron-doped cuprates where
1/T; in most cases is affected by rare earth magnetism in
the charge reservoir layer, data on antiferromagnetic inner
layers in triple and higher layered materials and data where
it was unclear what definition for the 77 was used [46]. We
have also excluded HgBa;CuO445, for which our data are
contradictory to results by Gippius et al. [43], as well as
TI,BayCaCu;y0g_gs, since 637, | was not actually measured
by Gerashenko et al. [40], but deduced from the spin-echo
decay.

The data were extracted using the online software
“WebPlotDigitzier”, for which screenshots from graphs
from the referenced papers were imported and the data
extracted using the software tools.

In Fig. 3, the temperature is an implicit parameter,
owing to the limited availability of 1/T14(7) data for both
orientations at identical temperatures, we used a linear
interpolation.

References

1. Slichter, C.P. Principles of Magnetic Resonance, 3rd edn.
Springer, Berlin (1990)

2. Heitler, W., Teller, E.: Proc. R. Soc. A Math. Phys. Eng. Sci. 155,
629 (1936)

3. Korringa, J.: Physica 16, 601 (1950)

4. Bardeen, J., Cooper, L.N., Schrieffer, J.R.: Phys. Rev. 106, 162
(1957)

5. Hebel, L.C., Slichter, C.P.: Phys. Rev. 113, 1504 (1959)

6. Bednorz, J.G., Miiller, K.A.: Z. Phys. B Condens. Matter 193, 189
(1986)

7. Kotegawa, H., Ishida, K., Kitaoka, Y., Muranaka, T., Akimitsu, J.:
Phys. Rev. Lett. 87(12), 127001 (2001)

8. Silbernagle, B.G., Weger, M., Clark, W.G., Wernick, J.H.: Phys.
Rev. 153, 535 (1967)

9. Rybicki, D., Haase, J., Greven, M., Yu, G., Li, Y., Cho, Y., Zhao,
X.: J. Supercond. Nov. Magn. 22, 179 (2009)

10. Jurkutat, M., Haase, J., Erb, A.: J. Supercond. Nov. Magn. 26,
2685 (2013)

11. Reichardt, S., Jurkutat, M., Guehne, R., Kohlrautz, J., Erb, A.,
Haase, J.: Condens. Matter 3(3), 23 (2018)

12. Singer, PM., Hunt, A.-W., Imai, T.: Phys. Rev. Lett. 88, 047602
(2002)

13. Hunt, A.W.,, Singer, PP.M., Cederstrom, A.F., Imai, T.: Phys. Rev.
B 64, 134525 (2001)

14. Walstedt, R.E., Warren, W.W,, Bell, R.F., Brennert, G.F., Espinosa,
G.P, Remeika, J.P,, Cava, R.J., Rietman, E.A.: Phys. Rev. B
36(10), 5727 (1987)

15. Markert, J.T., Noh, T.W., Russek, S.E., Cotts, RM.: Solid State
Commun. 63(9), 847 (1987)

16. Kitaoka, Y., Hiramatsu, S., Kondo, T., Asayama, K.: J. Phys. Soc.
Jpn. 57(1), 30 (1988)

@ Springer



3376

J Supercond Nov Magn (2019) 32:3369-3376

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Shimizu, T., Yasuoka, H., Imai, T., Tsuda, T., Takabatake, T.,
Nakazawa, Y., Ishikawa, M.: J. Phys. Soc. Jpn. 57(7), 2494 (1988)
Mali, M., Brinkmann, D., Pauli, L., Roos, J., mann, H., Hulliger,
J.: Phys. Lett. A 124(1-2), 112 (1987)

Walstedt, R.E., Warren, W.W., Bell, R.F., Brennert, G.F., Espinosa,
G.P, Cava, R.J., Schneemeyer, L.F., Waszczak, J.V.: Phys. Rev. B
38(13), 9299 (1988)

Walstedt, R.E., Warren, W.W.: Phys. B: Condens. Matter 163(1),
75 (1990)

Pennington, C.H., Durand, D.J., Zax, D.B., Slichter, C.P., Rice,
J.P,, Ginsberg, D.M.: Phys. Rev. B 37(1), 7944 (1988)

Imai, T., Shimizu, T., Yasuoka, H., Ueda, Y., Kosuge, K., Phys, J.:
Soc. Jpn. 57(7), 2280 (1988)

Pennington, C.H., Durand, D.J., Slichter, C.P, Rice, J.P,
Bukowski, E.D., Ginsberg, D.M.: Phys. Rev. B 39, 2902 (1989)
Takigawa, M., Hammel, P.C., Heftner, R.H., Fisk, Z.: Phys. Rev.
B 39(10), 7371 (1989)

Takigawa, M., Hammel, P.C., Heffner, R.H., Fisk, Z., Smith, J.L.,
Schwarz, R.B.: Phys. Rev. B 39, 300 (1989)

Walstedt, R.E., Warren, W.W., Bell, R.F., Espinosa, G.P.: Phys.
Rev. B 40(4), 2572 (1989)

Barrett, S.E., Martindale, J.A., Durand, D.J., Pennington, C.H.,
Slichter, C.P., Friedmann, T.A., Rice, J.P., Ginsberg, D.M.: Phys.
Rev. Lett. 66(1), 108 (1991)

Slichter, C.P.: In: Schrieffer, J.R., Brooks, J.S. (eds.) Handbook
of High-Temperature Superconductivity, pp. 215-256. Springer,
New York (2007)

Haase, J., Goh, S.K., Meissner, T., Alireza, P.L., Rybicki, D.: Rev.
Sci. Instrum. 80(7), 073905 (2009)

Meissner, T., Goh, S.K., Haase, J., Williams, G.V.M., Littlewood,
PB.: Phys. Rev. B 83, 220517(R) (2011)

Haase, J., Rybicki, D., Slichter, C.P., Greven, M., Yu, G., Li, Y.,
Zhao, X.: Phys. Rev. B 85, 104517 (2012)

Rybicki, D., Kohlrautz, J., Haase, J., Greven, M., Zhao, X., Chan,
M.K., Dorow, C.J., Veit, M.J.: Phys. Rev. B 92, 081115(R) (2015)
Haase, J., Jurkutat, M., Kohlrautz, J.: Condens. Matter 2(2), 16
(2017)

Itoh, Y., Machi, T., Fukuoka, A., Tanabe, K., Yasuoka, H.: J. Phys.
Soc. Jpn. 65, 3751 (1996)

Auler, T., Horvati¢, M., Gillet, J.A., Berthier, C., Berthier, Y.,
Carretta, P., Kitaoka, Y., Ségransan, P.,, Henry, J.Y.: Phys. C:,
Supercond. 313(3), 255 (1999)

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Zimmermann, H., Mali, M., Bankay, M., Brinkmann, D.: Phys.
C:, Supercond. 185-189, 1145 (1991)

Magishi, K., Kitaoka, Y., Zheng, G.Q., Asayama, K., Kondo, T.,
Shimakawa, Y., Manako, T., Kubo, Y.: Phys. Rev. B 54(14), 10131
(1996)

Fujiwara, K., Kitaoka, Y., Ishida, K., Asayama, K., Shimakawa,
Y., Manako, T., Kubo, Y.: Phys. C:, Supercond. 184(4-6), 207
(1991)

Zheng, G.Q., Kitaoka, Y., Asayama, K., Hamada, K., Yamauchi,
H., Tanaka, S.: Phys. C:, Supercond. 260(3—4), 197 (1996)
Gerashenko, A., Piskunov, Y., Mikhalev, K., Ananyev, A.,
Okulova, K., Verkhovskii, S., Yakubovskii, A., Shustov, L.,
Trokiner, A.: Phys. C:, Supercond. 328(3-4), 163 (1999)

Itoh, Y., Machi, T., Yamamoto, A.: Phys. Rev. B 95, 094501
(2017)

Magishi, K., Kitaoka, Y., Zheng, G.Q., Asayama, K., Tokiwa, K.,
Iyo, A., Ihara, H.: J. Phys. Soc. Japan 64(12), 4561 (1995)
Gippius, A.A., Antipov, E.V.,, Hoffmann, W., Liiders, K.,
Buntkowsky, G.: Phys. Rev. B 59(1), 654 (1999)

Tokunaga, Y., Ishida, K., Kitaoka, Y., Asayama, K., Tokiwa, K.,
Iyo, A., Thara, H.: Phys. Rev. B 61(14), 9707 (2000)

Walstedt, R.E., Bell, R.F.,, Mitzi, D.B.: Phys. Rev. B 44(14), 7760
(1991)

Bogdanovich, A., Zhdanov, Y.I., Mikhalyov, K., Lavrentjev, V.,
Aleksashin, B., Verkovskij, S., Winzek, N., Gergen, P., Gross, J.,
Mehring, M., et al.: Phys. C:, Supercond. 215(3-4), 253 (1993)
Ohsugi, S., Kitaoka, Y., Ishida, K., Zheng, G.Q., Asayama, K.: J.
Phys. Soc. Jpn. 63, 700 (1994)

Gor’kov, L.P,, Teite]’baum, G.B.: J. Exp. Theor. Phys. Lett. 80(3),
195 (2004)

Imai, T., Slichter, C.P., Yoshimura, K., Katoh, M., Kosuge, K.:
Phys. B Condens. Matter 197(1-4), 601 (1994)

Jurkutat, M., Rybicki, D., Sushkov, O.P., Williams, G.V.M., Erb,
A., Haase, J.: Phys. Rev. B 90(R), 140504 (2014)

Avramovska, M., Pavicevic, D., Haase, J.: Supercond. Nov. Magn.
(2019). https://doi.org/10.1007/s10948-019-05174-w

Berthier, C., Julien, M.H., Bakharev, O., Horvati¢, M., Ségransan,
P.: Phys. C 282, 227 (1997)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



Journal of Superconductivity and Novel Magnetism (2020) 33:2621-2628
https://doi.org/10.1007/510948-020-05498-y

ORIGINAL PAPER ( m ]
Check for
updates

NMR Shift and Relaxation and the Electronic Spin
of Superconducting Cuprates

Marija Avramovska' - Danica Pavicevi¢' - Jiirgen Haase'

Received: 24 March 2020 / Accepted: 28 March 2020 / Published online: 25 April 2020
© The Author(s) 2020

Abstract

Very recently, by inspecting large sets of data across all families of superconducting cuprates, it became obvious that the
prevailing nuclear magnetic resonance (NMR) interpretation of cuprate properties is not adequate, as it does not account
for the differences between the families, as well as common characteristics beyond simple temperature dependence. From
the most abundant planar Cu shift data, one concludes readily on two electronic spin components with different doping and
temperature dependencies. Their uniform response that causes NMR spin shifts consists of a doping-dependent component
due to planar O, and another due to spin in the planar copper 3d (x> — y?) orbital, where the latter points opposite the field
direction. Planar Cu relaxation was found to be rather ubiquitous (except for Lay_,Sr,CuOy4), and Fermi liquid-like, i.e.,
independent of doping and material, apart from the sudden drop at the superconducting transition temperature, 7. Only the
relaxation anisotropy is doping and material dependent. We showed previously that one can understand the shifts within
a two-component scenario, but we failed with a model to account for the relaxation. Here, we suggest a slightly different
shift scenario, still based on the two components, by introducing different hyperfine couplings, and, importantly, we are
able to account for the Cu nuclear relaxation and its anisotropy for all materials, including also Lay_, Sr,CuQOy4. The results
represent a solid framework for theory.

Keywords Cuprates - NMR - Electronic properties

1 Introduction

Nuclear magnetic resonance (NMR) is a powerful local,
bulk probe of material properties [1]. This concerns the
chemical as well as electronic structure of materials, which
can be studied locally at various nuclear sites in the unit
cell. The changes in the NMR shifts and relaxation from the
modification of the density of states due to the opening of
a superconducting gap in conventional superconductors are
famous examples [2, 3]. Not surprisingly, after the discovery
of cuprate superconductivity [4], NMR experiments focused
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in particular on planar Cu and O in these type II materials
(for reviews of cuprate NMR, see [5, 6]). However, with the
early focus on only a few systems and a lack of established
theory, the NMR data interpretation ceased to evolve with
a number of questions unanswered. Fortunately, more and
more NMR studies of different materials appeared in the
literature over the years.

During the last 10 years, with special NMR experiments
on LajgsS0.15CuO4 [7], YBayCusOg [8], and samples of
the HgBayCuOy5 family of materials [9, 10], a cornerstone
of the old interpretation was questioned and shown to
be not correct: a single temperature-dependent electronic
spin component, s(7'), that follows from the uniform spin
susceptibility, i.e., s(T) = x(T) - By, in an external field
By, is not capable of describing the temperature-dependent
NMR spin shifts, K 4(T) = "Hy - x(T). Since "K 4(T)
can be measured at various nuclei (n), or for any orientation
(d) of the external field with respect to the crystal axes,
with " H; being the corresponding hyperfine constant, one
demands from different experiments that A"K; o« A™K,,
which was clearly not observed in general, only in certain
ranges of temperature [7—10].
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Also during the last decade, the understanding of the
charge sharing in the CuO, plane advanced significantly
from a more qualitative [11] into a quantitative model
[12, 27]. It became apparent that, e.g., the maximum
temperature of superconductivity correlates with the sharing
of the inherent hole between planar Cu and O, the higher
the oxygen hole content the higher T; max [13]. Other
cuprate properties depend on the charge sharing, as well.
This mostly family-dependent behavior stimulated some
of us to inspect also a larger body of NMR shifts and
relaxation for material-dependent differences or common
characteristics.

In the first step, all available 63Cu NMR shifts that
are rather abundant and reliable were gathered [14]. And,
indeed, by just plotting these shifts a new phenomenology
emerged, and points immediately to a more complicated
uniform response that cannot be explained with a simple
x (T). In the second step, all available 63Cu NMR relaxation
rates were collected [15, 16] and, again, simple plots
revealed a surprisingly different scenario. Here, a rather
material- and doping-independent relaxation was revealed
with spin fluctuations similar, but not in excess to what one
expects from a simple Fermi liquid. Only the relaxation
anisotropy depends on the materials and decreases with
increasing doping.

Then, in a first attempt, we tried to reconcile these
findings [15]. We could show that a two-component
description, as introduced earlier [7] (with two spin
components that couple with two different hyperfine
coefficients, "H 14 and " H,4, to each nuclear spin, n), is
indeed sufficient to understand the planar Cu shifts (with
the Lay_, Sr,CuO4 family being some kind of outlier, cf.
Fig. 1). Two spin susceptibilities (x1, x2) demand a third
term from a coupling between the two electronic spin
components. That is, one has to write, 1 = x11+ x12, X2 =
x22 + x21 (x12 = x21), and,

nK”’J_=nH1H’J_'((1+C)+HH2”’J_'(b+C) (1)

with a = x11Bo, b = x22Bo, and ¢ = xi12Bp, and
the magnetic field parallel and perpendicular to the crystal
c-axis.

In order to independently test the important conclusion of
two spin components with different doping and temperature
dependencies, we investigated the planar O data [20], very
recently. We found that, indeed, planar O shifts demand
two spin components, as well, where one of them is
doping dependent. This encouraged us to search for a better
understanding of the very reliable Cu data, in particular of
the nuclear relaxation and its anisotropy, which we failed to
deliver previously [15].

By plotting a large set of literature Cu relaxation data
[15], we found generic behavior, as well, with the exception
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of just one family, Lay_, Sr,CuQy. In fact, all other cuprates
have rather similar relaxation rates, 1/7y; [16], i.e., if
measured with the magnetic field perpendicular to the
crystal c-axis, ¢l By, cf. Fig. 2. In particular, just above
T, the value of 1/T1,T. ~ 20/Ks for all cuprates,
while 7:. can be very different, or even close to zero
for strongly overdoped systems. There is no particular
doping dependence of 1/77 as one might naively expect if
electronic spin fluctuations beyond those of a more regular
Fermi liquid were to increase toward lower doping levels
(there are hardly data available at very low doping). In
fact, a value of 20/Ks follows with the Korringa relation
[22] from those cuprates with the highest shifts, i.e., the
upper right corner of the shaded triangle in Fig. 1 [15],
which suggests that the shifts have the tendency to be
suppressed if the Korringa relation fails, and it is not
due to an increased relaxation. The situation is somewhat
different for 1/7Ty) since for this direction of measurement
(c || Bg) the rates differ between families and have the
tendency to increase with decreasing doping. However, it
was demonstrated that the ratio, [1/ 711 (T)]/[1/ Ty (T)],
is temperature independent for all cuprates, and is the same
above and below T; i.e., both rates are proportional to each
other [15, 16].

Interestingly, the Lay_,SryCuOy4 family of materials is
the only outlier to this phenomenology, cf. Fig. 2. However,
the anisotropy ratio is also temperature independent and has
a value of about 2.3, very similar to that of some other
cuprates.

In our first attempt at reconciling shift and relaxation
[15], we could only explain the shift suppression, but
failed to present a microscopic model that also explains the
relaxation and its anisotropy. Here, we discuss and modify
our previously suggested two-component scenario [15] in
that we introduce somewhat different hyperfine coefficients,
together with a new notation, still based on the identification
of the two electronic components as being due to planar
Cu 3d(x?> — y?) and likely planar O 2p, spin densities.
Most importantly, we are able to present a simple, yet
fundamental, model of nuclear relaxation in terms of these
two components that fits all planar Cu relaxation data, even
including the outlier La;_, St CuOj.

2 Planar Cu Shifts

Dissimilar from our previous attempt to understand all
planar Cu shift data [15], we will be using a somewhat
different nomenclature and hyperfine coupling coefficients
here. Therefore, we repeat the basic arguments leading to
the description, now.

The total magnetic shift for planar Cu, 63K I,L, is the
sum of an orbital and spin shift component, and we have for
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Fig. 1 a Total ®3Cu shifts vs. temperature, k‘|,l(T), for 4 doping
levels of Lay_,Sr,CuO4 and two directions (c || By, ¢LBg) of the
external field By with respect to the crystal c-axis (adopted from [17]).
K| is T independent and similar for all doping levels. K| shows
a much larger spread with doping and decreases rapidly near 7.. b
Sketch of the spin shift K| (T') vs K (T') plot valid for other cuprates
[14], with real data from the 4 doping levels of Lay_, Sr,CuOy4 (with
temperature as an implicit parameter). The shaded area is where the
rest of the many cuprates can be found (the shaded triangle has a
hypotenuse of slope ~ 1), only typical data are shown by crosses. Data

the two orientations (c || By, cLBp) of the magnetic field
By with respect to the crystal c-axis,

Ie\l,J_(T) =Ky, + Ky, .(T). ()

It is of particular use to plot the total shifts K 1(T) vs.
K 1 (T) [14] with temperature as an implicit parameter, i.e.,
one does not make assumptions about K . Such a plot
brings out a number of remarkable trends [14, 15]. A sketch
of such a plot is presented in Fig. 1b, and we repeat some
conclusions [15], but also include new ones, below.

Fig.2 a Planar ®>Cu relaxation

lie on straight line segments (lines) with a few slopes only: a slope
~ | (dashed lines); a very steep slope (vertical lines); a slope of 2.5.
For example, a slope of 2.5 is typical for HgBa;CuOy44;s (at higher
T), a steep slope for YBa;CusOg, and for symmetry reasons we use
a slope of 1 for some Tl-based compounds, as well as for overdoped
HgBa;CuOy4s at low T. Lay_,Sr,CuOy is a clear outlier with only
the steep slope. In the simple two-component description, cf. (5), (6),
a change in one of the components a, b, or the coupling ¢ leads to the
indicated slopes in the middle of (b); for the subtraction of the orbital
shifts, see main text

A fundamental assumption is [14, 15],
Kii ~0.30%, 3)

since all cuprates show a rather similar low temperature shift
for ¢ By with K 1(T — 0) =~ 0.30%. Therefore, this value
appears to be reliable. It is the same assumption made early
on [5]. We note that this value is backed by first principle
calculations [19] (while this is not the case for Kz ).
Second, except for Lay_,Sr,CuQy4, all data points in
that plot are found in the lower right triangle that has

a b

rates of the cuprates (data from
[16]); 1/T11 of Lay_,Sr,CuOy4
in comparison is about twice as
high as that of other cuprates. b
1/T1y vs 1/T1”, which is &~ 2.3
for Lay_, Sr,CuOy4
(highlighted), is very similar to
what is found for other cuprates
(data [16]). It is mostly 1/ 77
that changes with doping and
material, but remains
proportional to 1/77 (at all 1
temperatures)
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as hypothenuse a line of slope 1, i.e., AIQL/AI%”(T) ~
1. This line points immediately to an isotropic hyperfine
coefficient, while the fact that K (T) > K (T) (all
data in the lower, right triangle) demands a second, very
anisotropic hyperfine coefficient that acts mostly for ¢ || Bo.
Very similar arguments as put forward in the old literature
let us choose A | and B: note that there must be spin
in the 3d(x? — y?) orbital, and it is very likely that there
will also be an isotropic coupling term. Then, the NMR
shifts demand, however, that the spin polarization in the
3d (x> —y?) orbital must be negative, as pointed out recently
[14, 15], for we know that A is negative, and [Aj| > A
[23].
Thus, we write with (1),

Kijp=A1-(@+4c;)+ B-40b; +cj). “4)

For symmetry reasons, we take (b; + c¢;) from each of
the 4 neighbors to be the same, i.e., from spin in the planar
O 2p, orbitals, cf. Fig. 3. As before [15], we will neglect
A and simply write:

Ky =Aj@+4cj)+ B-4(b; +c;) ®)
K, ~B-4(j +cj). (6)

This is a different notation from before [15] where we used
b=4b;.

By

Copper Oxygen

3dee - y?) [ b+

Fig. 3 In an external magnetic field By two spin components a and
bj appear, originating from the planar Cu 3d (x% — y?) and the four
surrounding O 2p, orbitals, respectively. Due to a coupling (c), the
effective components are (a + 4c;) and (b; + c;). While (b; + c;)
is positive for the cuprates, (a + 4c;) turns out to be negative. The
hyperfine coefficients A; and B lead to orientation-dependent (d)
NMR shifts Ky = Ag(a +4cj) + B(bj + c;) at the Cu nucleus

@ Springer

A zero spin shift, our first, fundamental assumption
means that ) j (bj + ¢j) = 0, and we have for the other
orientation:

K|(T = 0) = Kz + Aj(a +4c)). (7

In order to estimate the orbital shift, K, for this orientation
of the field, as before [15], the most reliable approach is
to use (3) together with calculations of the orbital shift
anisotropy, since the latter is mostly determined by matrix
elements involving the orbital bonding wave functions of Cu
and O [18, 19]. In fact, we use the suggested value of 2.4
from [19]:

Sk =248K, ~072%. (8)

Note that this value could vary between families, but since
the orbital shift for ¢1 By does not change significantly
between families, we do not expect a large effect for ¢ || By,
as well. This is important as it means that most cuprates have
a non-vanishing spin shift for ¢ || By from a negative spin
polarization in the 3d (x2 — y2) orbital, even at the lowest
temperatures.

As mentioned earlier, a few special slopes govern the
shift-shift plot presented in their figure 7 [14], and we
highlighted them in Fig. 2b, again. These are segments
defined by temperature or doping for which the ratio of
changes in both shifts is constant, AI%L(T)/AIQH(T) =k,
and one finds 4 slopes, « ~ 0, 1,2.5, co. For example,
k = 1 denotes isotropic shift lines and readily follows from
a mere change of b; only, as it enters both terms in (5) and
(6). Then, k ~ 0 in this approximation is realized by a
change in a, only, since we neglected the rather small A .
Note that term ¢ operates on both shifts, K| and K, and
must be involved in the special slopes k = 2.5 and k ~ o0.
While not favored before [15], we believe that k ~ o0 is
caused by a mere change in c. The reasoning is as follows:
not a single material in the shift-shift plot shows a negative
slope, i.e., a slope to the right of ¥ & oo. This is remarkable
and must mean that the component a cannot significantly be
involved in shift changes.

With this assumption that c¢; causes ¥ ~ 00, we note that
(5) and (6) require:

Ay~ —B, ©)]
and we have with (5) and (6):
K|~ B(4b; —a) (10)
K, ~ B4(bj + cj). (11)

Note that in this approximation, ¢ effectively acts only for
cL By. Then, the slope of k =~ 2.5 is given by a concomitant
change of b; and cj, e.g., Ab; = 1.5Ac; if both terms
change proportionally.

To summarize, in the above model, the individual
changes of a, b;, and c; correspond to slopes of x = 0, 1,
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and oo, respectively, in Fig. 1 (if all b; and c; are the same).
Even if this is not precisely what happens, we think that (10)
and (11) still capture the fundamental aspects of the planar
Cu shifts.

With these results in mind, we can look at the data for
Lay_, Sr,CuOy4 again.

The high temperature shifts for Lay_,Sr,CuO4, K |,
are much larger than what we expect from its K| =
B(4b; — a) values. In one scenario, a larger a and larger
bj could position this family at larger K, (for given
c¢;j). The action of a temperature-dependent c¢; then leads
to the k A oo slope. Alternatively, ¢; could be much
larger for Lay_, Sr,CuQy, i.e., much more positive, at high
temperatures. This also leads to a much larger B(b; + c;).
Again, a drop in c; then makes (b; + c;) disappear.

To conclude, while Lay_,Sr,CuQOy4 is an outlier in the
shifts, the position in Fig. 1 can be understood within the
two-component scenario, as well.

3 Planar Cu Relaxation

The nuclear relaxation rate 1/77; measures the in-plane
fluctuating magnetic fields, (hi), from electronic spin
fluctuations, while 1/T7, is affected by both, in-plane,
(hi), as well as out-of-plane, (hﬁ), fields (only fluctuating
field components perpendicular to the nuclear quantization
axis lead to nuclear spin flips, required for spin-lattice
relaxation).

Phonons will cause nuclear relaxation for quadrupolar
nuclei (I > 1/2, like Cu and O) as they modulate the
electric field gradient, but it has been shown that the
magnetic fluctuations dominate in most situations [24, 25],
and the recent analysis of all Cu relaxation data shows that
a simple magnetic mechanism appears to capture the overall
behavior quite well [15, 16].

In a straightforward approach, one would assume nearly
isotropic spin fluctuations filtered by the nuclear hyperfine
coefficients, which can then lead to a relaxation anisotropy.
The electronic correlation time (tp) of electronic spin
fluctuations is expected to be very fast compared with the
slow precession of the nuclei. Thus, the nuclear relaxation
rates can be written as [18]:

L322

7o =37 20 (12)
L3 51,2 2

7o =57 [0+ ] (13)

from which the relaxation anisotropy follows:

T, 1 ()
= ) 14
1/Tyy 2 + Z(hi) (14

Given that the shifts demand two different electronic spin
components coupled to the nuclei through an anisotropic
constant A | and an isotropic constant B, one should
allow for two different fluctuating spin densities « and
B=> j B j» as well. Furthermore, since the fluctuations are
caused by rapid exchange, the correlation time tp should be
the same for both components.
We thus write:

(h )~ (Z BB; + AL jo)?) (15)
~ BZ«ZBJ- —)?), (16)
J
(h) ~ BH(O)_Bj + fo)?), a7
J

where we introduced f = A /B~ —A | /A if AL« isnot
negligible (see below).

With these expressions for the fluctuating field compo-
nents, we seek to explain a rather doping- and material-
independent 1/77); (it only increases marginally with
decreasing doping) and a material- and doping-dependent
1/ Ty that explain the temperature-independent anisotropy
(14), as well as the exceptional behavior found for
Lay_,Sr,CuQOy.

In the first scenario, one might be interested to see
what would be the consequences of totally uncorrelated
spin fluctuations for the 5 spin components, i.e., (3;B;) =
(B3)8i;, and (Bjr) = 0, cf Fig 4. We then have (h}) =
4(Bg) and (hf) = 4(B3) + (@), thus with (12) and (13) for
uncorrelated (u) ﬂuctuatlons

V2B,

Tj,u 2 B BO (e
L ) 2

Tiiw 2Y B [8<BO> e >] 0 (1%

and it follows for the anisotropy:

/Ty (0?)
M4 .
1/ Ty 8(Bg)

(20)

Clearly, for (%) < ([3%), we find near isotropic relaxation,
and in order to explain the largest anisotropy of about
3.3 [16], we conclude (@?) ~ 18.4(B3). This implies,
however, rather large changes of « and [J for meeting the
experimental observations, i.e., the change in relaxation
between materials and different doping levels, which
appears to be difficult to meet in this approach (we do notice
that a large o could be present, which demands that we do
not neglect A for the modeling of nuclear relaxation).

In the second scenario, cf. Fig. 4, we assume that all
spins are aligned; i.e., the 5 fluctuating spin components are
correlated, with (3;B;) = (Bé) and (o) = £afo. We note
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Fig.4 Fluctuating spins « and
Bo, respectively located in the
Cu 3d(x% — y?) and O 2p,
orbital. a, all 5 spin components

fluctuate independently, i.e., ﬂO
(@Bo) = 0, (BiB;) = B3dij.
b, the fluctuations are fully
correlated, i.e.,

(aBo) = aPo, (BiB;) = P3

that the field fluctuations (h) ~ B*((3_; B; + fa)?) that
enter (12) and (hﬁ) ~ B> iBj — «)?) that determine
(13) are both quadratic in the resulting local spin densities.
Therefore, in order to find a rather flat dependence for the
relaxation for ¢_L By on P, as demanded by the experiment,
we need to be close to its minimum, while at the same time,
the parabola must be shifted by a negative « compared with
the other parabola in order to meet a smaller but varying
relaxation rate for ¢ || Bg. The results of simple calculations
according to (12), (13) with (16) and (17) are shown in
Fig. 5. We observe that there is only a special region with
solutions that fit the experiments, for Bo/a = 0.04 to
0.11 according to anisotropies ranging from 3.3 to 1.0,
respectively, cf. Fig. 5.

Furthermore, an increase of « by a factor of about 1.3,
at an anisotropy ratio of 2.3, increases the relaxation rates
in both directions by about a factor of 2, cf. Fig. 5, which
readily explains the data found for Lay_, Sr,CuO4. We thus
conclude that the two components By and « are crucial for
the cuprates, but appear to be very similar for most of the
materials.

4 Discussion

It seems out of question that a two-component scenario
describes the shifts and relaxation in the cuprates quite well.
It has spin density located in the Cu 3d (x> — y?) orbital,
which couples to the nucleus through the rather anisotropic
hyperfine constant A |, and, most likely, the planar O 2p,
orbital, leading to an isotropic hyperfine interaction given
by (4).

The spin density « is much larger than By, as one expects
from the overall material properties; however, the uniform
response of both spins is quite different, also due to the
coupling term c;.

The special slopes observed in the shift-shift plot,
cf. Fig. 1, are caused by changes of the individual spin
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a b

components as a function of doping or temperature, except
for the slope x ~ 2.5 that must stem from a concomitant
change of b; and c;. This leads to the simple conclusion
that Ay ~ —B (while A ~ 0.15A) [23]), and it leaves us
with a straightforward description of the spin shifts of the
cuprates in terms of (10) and (11), i.e., Ky & B(4b; — a)
and K| ~ B4(b;+c;) (in these equations, we also adopted
a different notation in terms of b; compared with our earlier
analysis [15]). We note that the conclusion that Ay ~ —B
has a similar origin as in the old interpretation.

4.0 r

20

0.10

Pol @

Fig. 5 a Calculated nuclear relaxation rates for c || By (1/Ty)) and
cL1 By (1/T7) as a function of the ratio of the two spin components
Bo = B; and o (Bo/a), according to (12), (13) with (16) and (17), in
arbitrary units. b The anisotropy of the relaxation (14) varies between
4 and 0.5 in the same range of y/«. Corresponding line segments for
Lay_, Sr,CuO4 with an anisotropy of about 2.3 are indicated, as well
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Looking again at Fig. 1b, the cuprates are sorted in this
shift-shift plot effectively by the high-temperature b;, the
component that grows with increasing doping (toward the
upper right in Fig. 1b). As the temperature is lowered, at
a given temperature, which can be above or at T, this
term begins to disappear due to the action of c¢; (both
components ¢; and b; can fall together, as well). It is
the coupling to a that sets c; (and effectively couples
different a terms, as well). The component a appears to be
temperature independent. It emerges that either b; or ¢; can
be exhausted independently indicated by changes in slope
at lower temperatures. However, all cuprates seem to reach
the same (b; + c;) = 0, which we define as zero spin shift.
Importantly, there is no evidence that there is a different
mechanism as one passes through Tt if the shift began to
change already far above 7. (NMR pseudogap), but ¢; can
traverse the region below T at a much higher rate for given
steps in temperature.

The earlier conclusion [14, 15] that the spin shift for
¢ || Bg does not disappear at low temperatures, here takes
the formulation that (4b; —a) # 0 and says that the positive
spin density b; and the negative spin density a; can remain
temperature independent for systems with k & 00, or b; can
also drop with c; as for the systems with slope ¥ ~ 2.5;i.e.,
it does not change in the condensed state, while relaxation
ceases.

In terms of a simple fluctuating field model, we can
explain the cuprate relaxation rather well. Fast electronic,
Fermi liquid-like spin fluctuations act through two different
hyperfine coefficients with two different electronic spin
densities on the Cu nucleus (or, these densities are part
of that ubiquitous fluid). The corresponding fluctuations
from the 5 locations must be correlated, as one might have
guessed due to the close proximity. The on-site 3d (x> — y?)
spin (&) is about 10 times as large as that due to one O
neighbor (Bg). The spin density o appears to be the same
for all cuprates; except for the Lay_,Sr,CuOy4 family, it is
30% larger. The spin By varies with doping and between
materials and leads to the change in 1/Tj) observed in the
data. For large doping the relaxation anisotropy is about 1
and it increases to about 3.3 for YBa;Cu4Og (corresponding
to a change in By of about 3). For Lap_,SryCuOy4 the
anisotropy is 2.3 and thus also Py is about a factor of two
larger.

Since the %3Cu relaxation begins to disappear only at
T¢, for all cuprates, the electronic, Fermi liquid-like spin
fluctuations freeze out and the relaxation disappears. Thus,
the pseudogap in the relaxation is just due to the correlations
that for planar Cu do not change « and B¢ spin alignment.
For planar O the situation is different as the nucleus couples
to two o spins at adjacent Cu nuclei and their coupling
changes, which leads to the pseudogap in the relaxation for
nuclei that are affected by different a spins [26].

The relation between the spin densities «, B and the
uniform response of the system in terms of a, b;, and c; is
not known. It appears that the response of « is rather small
compared to that of B, which may not be surprising since
different a should favor antiferromagnetic alignment (that is
somehow affected by B).

It appears that the doping dependent spread in K| varies
among the cuprates. This reminds us of the way the charge
carriers enter the CuO; plane [12]. For the Lay_, Sr,CuOq4
family, the doped charges x enter almost exclusively the
2pe orbital (n,) while for other systems the Cu 3d 2= y2)
(ng) is affected as well (x = Ang + 2An, [12, 27]),
and the spread in doping appears to grow with Ang. The
maximum achievable T, however, is set by the sharing
of the parent material’s hole content, i.e., n:, + 2n’1‘, =1
and T¢ max X n; [12, 13, 28]. Materials with the highest
T, appear to adopt k ~ 2.5, only. However, the jumping
between different slopes « in different regions of the shift-
shift plot that involves b; and/or c¢; below T is absent for
optimally doped systems, which probably means that b; and
¢ are matched at optimal doping.

Finally, one may argue that the intra cell charge variation
between neighboring planar O atoms that appears to be
ubiquitous and that can respond to the external magnetic
field [22, 29] could be involved in the two component
scenario.

5 Conclusions

Two spin densities were shown to reside in the planar
Cu 3d(x* — y*) and likely the planar O 2p, orbitals,
respectively, with hyperfine constants Ay, and B =~
—A). They connect the Cu nuclear spins with a rather
ubiquitous Fermi liquid-like bath. The relaxation anisotropy
is predominantly due to changes in the planar O spin
density that increases with doping. Near T, these electronic
fluctuations freeze out and the relaxation disappears.

The uniform response a and b; of the two electronic spins
on Cu and O is special in the sense that a is negative while
bj points along the field. The coupling term c; between a
and b; sets the temperature dependence of the shift above
(NMR pseudogap) and below T¢. Interestingly, at the lowest
temperatures, 4(b; + c;) approaches the same value for
all cuprates, probably zero, but a remains and most of b,
as well, resulting in a non-vanishing spin shift for ¢ || By,
K” ~ (4bj — a) ;ﬁ 0.

The coupling term ¢; must be related to a coupling
between different spin components a; on different Cu
nuclei, and it is argued that the pseudogap phenomenon
for planar O nuclear relaxation, and that of Y, is just a
consequence of the temperature dependence of ¢}, an effect
that cannot be there in the Cu relaxation data.
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This simple two-component scenario appears to fit all
cuprates, in particular also the only outlier family so far,
Lap_,Sr,CuOy4, which must make it a reliable framework
for theory.
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4.2 O NMR and the pseudogap

This subchapter presents two publications dealing with the O NMR data. The first
publication centers on O relaxation and shift data for one direction of the magnetic
field (c || Bo). The O relaxation data in its totality showed some notable observations,
e.g., the overdoped systems showed clear metallic behavior (1/7} o< T'), with a slope
~ 0.36/ K s intersecting the origin. As doping is lowered, we observe the same slope
but with an offset. This means that for the optimally doped and underdoped systems,
increasing temperature adds states in the same way as in the overdoped systems.
The offset points to the fact that low energy states are missing even at the highest
temperatures. This is the action of a temperature-independent pseudogap and is very
similar to what was pointed out also from electronic entropy, [Loram et al., 1998|.
As doping is lowered, more low energy states are missing, i.e., the pseudogap size
increases and shifts the parallel relaxation lines.

The O shifts similarly point to the presence of a temperature-independent pseu-
dogap. The overdoped shifts are Fermi-liquid like, and the Korringa relation holds,
but as doping is lowered we see the signature behavior where the shifts are offset and
gain a temperature dependence above T,. So, the O data could be explained by the
presence of a temperature-independent pseudogap at the Fermi surface, where the
states outside the gap are ubiquitous to all the cuprates, irrespective of doping and
material and are metallic-like.

We presented a simple model to fit the data, where we used the Fermi function
with a fixed density of states and calculated the NMR relaxation. Then we manually
removed states near the Fermi surface, by assuming a U- or a V-shaped gap in the
density of states. The model simulated the observed behavior in relaxation, i.e.,
parallel lines for different sizes of the pseudogap.

Similarly for the shifts, we find that using the same model, we are able to simu-
late the data, and even the hallmark pseudogap behavior—temperature dependence
above T, —seems to be a result of the temperature-independent pseudogap.

The second paper focuses on the O shift and relaxation anisotropy. We present

shift data measured with the field along the Cu-O-Cu o bond, K|, perpendicular to
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the bond, K., and along the crystal c-axis, K ,. Additionally, for the O relaxation,
we present only the anisotropy since the relaxation data are scarce with other field di-
rections. First, we find that the measured O orbital shifts are in good agreement with
theoretical predictions using first principle cluster calculations [Renold et al., 2003].

|Hiisser et al., 2000| calculated the O magnetic hyperfine coefficients from first
principles. If there is only a single spin component susceptibility, then the shift
anisotropies should follow from the ratios of the magnetic hyperfine coefficients,
which is indeed the case. We note that both shift and relaxation anisotropies are in
agreement with the calculated hyperfine coefficients. So, unlike the more complicated
Cu data, the O shift and relaxation can be fully explained by assuming a single-
spin component coupled to the nucleus with the theoretically predicted hyperfine
coefficients.

Lastly, we also analyzed Y data, which marked the early discovery of the pseu-
dogap [Alloul et al., 1989| as the characteristic temperature dependence well above
T.. This data also showed the typical features of a temperature-independent pseu-

dogap, similarly as the O data.
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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/T;) that is proportional to temperature (1/T; « 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

Condens. Matter 2020, 5, 66; d0i:10.3390/condmat5040066 www.mdpi.com/journal /condensedmatter
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and 70O, 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
1+ x = ncy + 2np, i.e., the charges measured with NMR in the planar Cu (n1¢,) and O (np) 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 'O 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/T7 ) 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 O 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;,CuzO7_;.
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 YBay,CuzO7_;
at optimal doping, but not for optimally doped Lay_,SryCuOy.

2. Planar Oxygen Relaxation and Shift for YBa;Cu30¢, 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/T7) vs. temperature (T). It is apparent that optimally and overdoped YBay;CuzO;_; (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 250K (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/T;)) 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;_; 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,Cu4QOs,
cf. Figure 1C, where the intercept of the high-temperature slope with the abscissa is about 70 K.

At lower temperatures, the rates for YBayCu3Oy7_; become rather doping-independent, below about
80K. 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 YBa;CuzOg 94 (full circles) and overdoped
YBa,Cu3Oy (diamonds) behave Fermi liquid-like above T¢ (dotted lines have slope 1/(T1T) = 0.36/Ks).
Underdoped YBap;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 8Y 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 HgBa,CuO,, ;s showed [15], the diamagnetic response measured at '*”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 8°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? = (v./vx)?1/(47kg) = Sp [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 YBayCu3Og g4 (circles) and overdoped YBa;CuzO; (diamonds) behave Fermi
liquid-like, but the underdoped materials YBay;CuzOy_; (triangles), and YBapyCuyOg (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., Yr p(E)[1 — p(E)], where
p(Eu) =1/ [1+exp(E—p)/kpT]. M)

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 YBayCusOsg.

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

as defined by,

Tye' = AEYY /kg, )

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
T = 300 K (T =~ 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 TIEIG (A), and TIYG (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



Condens. Matter 2020, 5, 66 7 of 19

(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 Tjy; &~ 200 K, Ty, ~ 400 K for YBa,Cu,Og.
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]

1

250 3000 50 100 150 200 250 300

1é0 260
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,Cu3zO;_; (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 Lay_,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_,SryCuQOy4 (x = 0.025) with TI[,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.

110

v

1.85
"0.05

v

90

v

v

80 -

v

v

70 -

*

Reven1991 La, 4.Sr; ,,Cu0, ¢
Reven1991 La, ,.Ca, ,.CuO, ,
Singer2005 La, oS CuO,
Singer2005 LamSSrOJSCuO4
Singer2005 La1.9658r0‘035CuO4
Singer2005 Le:11v8858r0.115Cu04
Thurber1997 La1_%58r0_0350u04
Thurber1997 La, 4,.Sr; 1,:CuO,
Walstedt1994 La, .Sr, ,.CuO,
Crocker2011 BiZSrZCaCUZOSM
Howes1992 B|28r20a2Cu3010 IP
Howes 1992 B|2SrzCa2Cu3010 OoP
Reven1991 B|28r2CaCu208+5
= Gerashenko1999 Tl,Ba,CaCu,0,
Gerashenko1999 Tl,Ba,CaCu,0O, .,
Gerashenko1999 Tl,Ba,CaCu,0q .,
Howes1993 TIZBaZCaZCu e}
= Kambe1993 TI,Ba,CuO,
Reven1991 Tl,Ba,CaCu,0q,
Zheng1996 Tl,Ba,Ca,Cu,0,,

1T, [s7]

50 )
8-51
40

3710-6

20 |-

10 +

T[K]

Figure 5. Planar O relaxation rates (¢ || By) as a function of temperature for other cuprates. The slopes
are rather similar to those observed for YBayCu3Oy_s and YBa,Cu,Oq 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,Cu3O7_; 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 g5Srp 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/T; T ~ 0.36/Ks). Samples with the largest pseudogap
(Laj.965510.035Cu0y4) 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 17O 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 Laj_ 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,CuzOy_s,

but it can be sizable as for Lay_,Sr,CuQOy.
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Figure 7. Planar 17O NMR shifts for c || 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 300 K), 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 La,_,SryCuQOy, while the pseudogap has
vanished for optimally doped YBa,CuzO;_;. For triple-layer materials, the pseudogap is much larger for
the inner layer. A plot of the pseudogap temperature for a U-shaped gap (TS,) is shown in Figure 9.
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Figure 8. Planar 170 NMR shifts for ¢ || 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 T.. 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—Ied 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 YBayCuzO;_; 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 Tt.

1500 T T
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Figure 9. Values for a U-shaped gap, TII,JG, as determined from the relaxation data, vs. the critical
temperature, T.. Optimally doped materials (denoted with circles) can have a vanishing pseudogap
as for YBayCu3Og 94 despite a rather high T, 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 7Y NMR of
YBayCu3zOy_s [42], and these data show a high-temperature offset in the shifts, as well. So we believe that
8Y 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 YBa,CuzO7_;
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/%T;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
3K a2 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 YBayCuzO;_; 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 TII,JG

YBa;CuyOg 82K Bankay1994 471  9.03T 350 K
YBa,CuyOg 82K Brinkmann1992
YBap;CuyOg 82 K Mangelschots1992
YBa,CuyOg 81K Suter1997
YBap;CuyOg 81K Tomeno1994
YBayCuyOg 74 K Zheng1992
YBa,;CuyOg 74 K Zheng1993
YBapCuyOg 74K Zheng1994

[
[
[
[
[
[
[
[
YBa,CuzOy 93K Hammel1989 [
YBa,CuzOy 92K Horvatic1989 [
YBayCu3zO4¢5 61K Kitaokal989 [
YBa,CuzOy 92K Kitaoka1989 [56] 5.75T
YBa,;CuzOy 91.2K Martindale1993 [57] 067T
YBa;CuzOy 912K Martindale1993 [57] 830T

[

[

[

[

[

[

[

[

[

[

[

[

49]  9.129T

33] 89945T 490K
50] 571T 290 K
511 11T

52] 11T

53] 43/11T 200K

541 70T
55] 5.75T
56] 5.75T

YBa,CuzOy 93 K Martindale1994 58] 0.67T

YBayCu;0; 93K Martindale1994 58] 830T 0K
YBayCu3Oge3 62K Martindale1998 59]  highfield 350K
YBayCu30g9¢ 92.2K Martindale1998 59]  high field
YBa;CuzO7 * 92K Nandor1999 32] 9.05T 0K
YBa,CuzO7 * 92K Reven1991 60] 845T
YBa;CuzOy 93K Takigawa1989 26] 0K
YBa;CuzOge3 62K Takigawa1991 34] 6/7T 280 K
YBayCusO060 60K  Yoshinaril990 61] 10T 410K
YBa;CuzOggp 84 K Yoshinari1990 61] 10T 22K
YBayCuzOg96 92K Yoshinari1990 61] 10T 0K
YBa,CuzOg06 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 g55rg.15CuOy 38K Haase2009 [12]  ap. 9T
La1.85Sr0,15CuO4 38 K Ishida1991 [63] a.p. 11T
Laj g55rg.15CuOy Kitaoka1989 [56] ap. 575T
La1,85Ca0,15CuO4+5 22K Reven1991 [60] a.c 845T 720 K
Laj g551r0.15CuQOy 4 38K Reven1991 [60] a.c 845T 140K
Laj 955r( 95CuOy ~10K  Singer2005 [64] a.c. 9T 1085 K
Laj 551 15CuOy 38K Singer2005 [64] a.c. 9T 140 K
Laj 965510,035CuOy 0K Singer2005 [64] a.c. 9T 1300 K
La1.885Sr0.115CuO4 ~32K Singer2005 [64] a.c. 9T 360 K
Laj 965510,035CuOy 0K Thurber1997 [65]  s.c. 9T 1290 K
La1,975Sr0.025CuO4 0K Thurber1997 [65] S.C. 9T 1450 K
Laj g5510.15CuOy 44 35K Walstedt1994 [66] ap. 260 K
Laj.975r( 0sCaCuyOg 177K  Williams1996 [67] rp. 845T
La1_84Sr0_16CaCu206 315K Williams1996 [67] r.p. 845T
Laj 7gSrg2pCaCuyOg 47 K Williams1996 [67] rp. 845T
Laj 76Srg24CuOy 25K Zheng1993 [16] a.c.
Laj gp55rg,975CuOy 20K Zheng1993 [16] a.c
HgBayCuOy4 41 61K Bobroff1997 [68] a.c. 75T
HgBa;CuOy 42 75K Bobroff1997 [68] a.c 75T
HgBayCuOy 53 87.8 K  Bobroff1997 [68] ap. 75T
HgBayCuOy 44 89K Bobroff1997 [68] ap. 75T
HgBayCuOy 55 95.7K  Bobroff1997 [68] ap. 75T
BiySr,CaCuyOg 5 82K Crocker2011 [69]  ap. 9T 0K
BiySrpCapCuzOqg 107 K Howes1991 [70] ap. 845T
BiySryCapyCuzOqg 107 K Howes1992 [71]  rp. 845T 1ip.870K
BiySryCapyCusOqg 107 K Howes1992 [71]  rp. 845T o.p.510K
BiySr,CaCuyOg 5 74K Reven1991 [60] rp. 845T 140K
BipSrpCaCuOg 5 56K Reven1991 [60] rp. 845T
Bi1,7Pb0,3Sr2_15Ca1.8Cu3.15O5 110K Trokiner1991 [72] r.p.
(T10_5Pb0,5)5r2CaCu207 65 K Bellot1997 [73] r.p. 7T
TI;Bap;CaCuyOg_41 112K Gerashenko1999 [74] a.c 290 K
Tl;BayCaCuyOg_ 4 104 K Gerashenko1999 [74] a.c. 220K
Tl,Bay;CaCuyOg_43 102K Gerashenko1999 [74] a.c. 430K
(TLPb)Sr,CayCuszOg_ s 124 K Han1994 [75]  rp. 845T
Tl,BayCuOy <42K Kambel991 [76] a.c.
TlpBayCuOy 85K Kambe1993 [27]  a.c. 12T 0K
T1;BayCayCuzOqg_s 125K Howes1993 [77]  s.c. 845T 870K
TI;BayCaCuyOg 5 95 K Reven1991 [60] rp. 845T 290K
leBﬁzCﬁzCU30lo 125K Zhengl995 [78] a.p. 11T
Tl,BayCayCuzOqg 125 K Zheng1996 [79]1 ap. 11T 410K
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Nuclear Magnetic Resonance (NMR) is a powerful local quantum probe of the electronic structure
of materials, but in the absence of reliable theory the interpretation of the NMR data can be
challenging. This is true in particular for the cuprate high-temperature superconductors. Over the
years, a large base of NMR data became available, which makes a review of the early interpretation
possible. Recently, it was shown that all planar 17O NMR shift and relaxation data available in
the literature point to a temperature independent but doping dependent pseudogap, very similar
to what was proposed from the electronic entropy. Here we analyze the anisotropy of the shift and
relaxation of planar O to establish whether a single electronic spin component is applicable, since
the planar Cu shift anisotropy clearly fails such a description. We find that the orbital shift terms
deduced from the data are in agreement with first principle calculations, and the shift data show
a temperature independent anisotropy also in agreement with hyperfine coefficients predicted by
first principles, which also account for the relaxation anisotropy. Furthermore, we show that the
original 8V shift and relaxation data are in agreement with the proposed temperature independent
pseudogap. This pseudogap depends on doping, but also on the family of materials, and the density
of states outside or in the absence of the gap is universal for the cuprates; this suggests that the

Temperature independent pseudogap from 7O and *Y NMR and the single

Y University of Leipzig, Feliz Bloch Institute for Solid State Physics, Linnéstr. 5, 04103 Leipzig, Germany

entropy should be similar for all cuprates, as well. Further consequences will be discussed.

I. INTRODUCTION

Nuclear magnetic resonance (NMR), as a bulk probe
of material properties with atomic scale resolution, was
an early touchstone of understanding cuprate high-
temperature superconductors [1], for reviews see [2, 3].
From the parent antiferromagnets to the overdoped con-
ductors, a number of features were discovered and dis-
cussed in terms of classical as well as new theory. For the
superconducting materials it was concluded that spin-
singlet pairing was behind the loss in spin shift and re-
laxation below the critical temperature of superconduc-
tivity (T¢), as known for classical superconductors [4, 5].
But it was also noticed that the shifts (K) and normal-
ized relaxation (1/77T), start to decrease at tempera-
tures far above T, cf. Fig. 1, which marked the discov-
ery of the pseudogap (with *Y NMR in YBa,Cuz0q, )
[6]. Note that in metals the spin shift (K, Knight shift
from the Pauli spin susceptibility above T¢), as well as
the normalized relaxation (1/777T) are temperature in-
dependent. This metallic behavior is found only for the
strongly doped cuprates. The decrease at temperatures
above T, seen in the lower doped materials was attributed
to the opening of a spin gap at that temperature. How-
ever, the characteristics of the pseudogap did not become
clearer as the experimental basis grew over the years, in
particular, the thus derived pseudogap temperature is
lower that what was found with other probes [7].

Very recently, a different definition of the NMR pseu-
dogap was proposed [9], which is the same as the one
based on the specific heat data of Loram et al.[8, 10].
Based on all available planar O data in the literature
(more than 35 independent sets of relaxation, and more
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Figure 1. A Sketch of entropy (S) vs. temperature (T') as
adapted from Loram et al. [8]. B Sketch of nuclear relax-
ation (1/71) vs. temperature for different doping levels [9];
overdoped systems behave metal-like above the critical tem-
perature for superconductivity T¢; at other doping levels the
high-temperature slopes remain unchanged. C Sketch of spin
shift (K') vs. temperature for different doping levels [9]. Note
that the model of the temperature independent pseudogap
proposed in [9] does not consider the superconducting gap.

than 45 sets of shifts) it was found that the high-
temperature slopes of the nuclear relaxation with respect
to temperature (A(1/T1)/A(T), cf. Fig. 1) are indepen-
dent on doping, in accordance with a temperature inde-
pendent pseudogap that opens at the Fermi surface and
causes loss of low-energy states. With other words, the
states that become available as the Fermi function opens
with temperature are metal like and even appear to be
ubiquitous to the cuprates [9], as the high-doping slope
is the same for all materials and the same as in the ab-
sence of the gap. Another simple consequence of such
behavior is that the NMR shifts, from excitations across
this gap, acquire a temperature dependence due to the



Fermi function, with the hallmark result that even at the
highest temperatures, the gapped, low-energy states are
missing. Thus, there is a high-temperature shift offset in
the spin susceptibility that depends on doping [9]. The
consequences of such a temperature independent pseu-
dogap are sketched in Fig. 1. The lower the doping the
more states disappear near the Fermi surface as the size
of the pseudogap increases.

Whether the average doping («, as in Lag_,Sr,CuQy),
is the best parameter to describe the pseudogap is not
clear. NMR can also measure the local charges at pla-
nar Cu (ncy) and planar O (np) and determine the
sharing of the inherent hole as well as the holes added
by doping [11, 12], and a simple relation was found:
1+ ¢ = ncu + 2no. Here, ( is the doping measured
with NMR and follows from ng, and no. (¢ is found
to be similar to x for Las_,Sr,CuQOy4. This is expected
since the equation describes the stoichiometry of the ma-
terials. However, there are slight differences between ¢
and what was concluded for other materials based on
estimates of doping. Interestingly, the sharing of the pla-
nar hole content, i.e. ncy/no, varies strongly among
the cuprate families and appears to set various material
properties [13]. Most notably, the maximum 7T, of the
hole doped cuprates is proportional to ng. This depen-
dence of cuprate properties on the hole sharing was very
recently proven by theory (cellular DMFT) [14], lending
strong support to the NMR findings and the importance
of (,no, ncu- These parameters may be of importance for
the understanding of shift and relaxation, as well. While
it is not new that doping plays an important role, there
are also family dependences that track those of sharing
the charges, such as the planar Cu shift anisotropy. This
behavior is at the root of the fact that these shifts can-
not be explained with a single temperature dependent
spin component [15, 16]. A two component behavior was
also proposed for O since the planar O shifts have a very
different temperature dependence than that of the shift
distributions [17].

It is therefore of great importance to investigate the
planar O shift and relaxation anisotropies, which could
not be accomplished with the first account of the tem-
perature independent pseudogap [9]. While the number
of datasets we could allocate for addressing this question
is more limited compared to what was measured with
the magnetic field along the crystal c-axis [9], the data
are representative for the cuprates. As we will show, the
planar O shift and relaxation anisotropies can be under-
stood fully within a single spin component scenario, with
the orbital shifts in agreement with what was predicted
by first principle calculations [18]. Even the anisotropies
follow from an anisotropic hyperfine constant that is in
agreement with what was calculated by first principles
[19]. Finally, we will show that the original ¥Y NMR
data [6] are in agreement with a temperature indepen-
dent pseudogap, and we discuss consequences.

II. DATA COLLECTION

We collected data for planar oxygen with all 3 direc-
tions measured in an intensive literature search and found
the materials listed in the Appendix. The planar O shift
tensor’s main principle axis is along the Cu-O-Cu o-bond
(denoted by K),). The other two axes are assumed to be
perpendicular to this bond, and along the crystal c-axis
(Y"K..) and a-axis (*"K,,). The relaxation was also
measured with the field along these axes. The tempera-
ture dependences of shift and relaxation were manually
extracted from the figures, including error bars. For the
sets of data that do not share the exact same tempera-
ture points for all three directions of the field, the origi-
nal data were interpolated using a linear fit between the
two respective data points. No explicit error bars were
reported for TlgBaQCuOy [20} and YBal_ggsr0.080u307
[21], and we assume they are similar to those of the other
cuprates. A source of systematic uncertainty across all
materials is the dependence on sample preparation pro-
cedures, in particular the fact that the doping level may
not be known with high precision and oxygen isotope ex-
change may not be homogeneous for single crystals or
even affect the actual O doping level. For example, ma-
terials from different groups can show somewhat different
shifts, as is the case for La; g55rp.15CuQ4 data from Ki-
taoka et al. [22], Ishida et al. [23], and Singer et al.
[24]. Interestingly, this is also the case even for the sto-
ichiometric compound YBa,Cu,Og (see figures 2 and 3
in [9]). If the shift reference is not stated explicitly we
assume it is water (a very convenient choice). As before
[9], we show the total, uncorrected shifts with respect to
this reference and determine the orbital shifts later to
keep data analysis transparent.

IIT. PLANAR OXYGEN SHIFTS AND
RELAXATION

1. Shifts

While we have only a limited number of shifts, the depen-
dences for 17K |, in Fig. 2 are quite representative of the
cuprates if one compares to the related much more abun-
dant plots in [9]. In Fig. 2 one finds high-temperature
doping-dependent offsets and an onset of the tempera-
ture dependence already far above T, for the underdoped
materials, and the shifts nearly vanish at the lowest tem-
peratures without showing special behavior at the super-
conducting transition temperature. The shifts for the
overdoped materials are nearly temperature independent
at high temperatures, and drop rapidly near T, to similar
low temperature values. For all 3 directions of the shift
tensor we observe this behavior.

We now use the data from Fig. 2 and plot the various
shifts against each other, with the results shown in Fig. 3.
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Figure 2. Temperature dependences of the planar oxygen shifts for different cuprate-families for all three directions of the
B K ,.(T), and C 'K Ilo(T). Optimally and overdoped systems behave metal-like. Underdoped
systems show the expected high-temperature behavior with a doping dependent shift offset. Some materials show a negative
spin shift at low temperatures. The highest shift range is observed for K|, with 0.40(5) %. Error bars are taken from the
literature. For K| .(T) only subset of the data from [9] is shown as no data for the other directions are available. For the
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Figure 3. Temperature dependences of the total planar O magnetic shifts from Fig. 2, plotted against each other. A Tk lo
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K 1Lc. If one subtracts the orbital shifts, the shifts are proportional to each

other in concordance with a single component picture. Note that one may not conclude with this certainty if considering only

a single material.

Given the error bars, one concludes on largely tempera-

ture independent slopes, i.e. the shift anisotropy appears
to be temperature independent. Furthermore, the slope
for the two perpendicular shifts is close to 1, while plots

involving the shift along the o-bond have a larger slope,

about 1.45.

The total magnetic shift can be written as,

17Xa(T) =

17KLa

+ 1K o(T),
where 7K1, is the orbital shift, and 7K, (T) denotes

(1)

the spin shift. For a single spin component susceptibility,



X(T), we have for the spin shift,
17Ka (T) = Ca : X(T) = (Ciso + Cdip,a) : X(T)7 (2)

where we assumed the hyperfine coefficient C\, to be the
sum of an isotropic term from the O 2s orbital and a
(traceless) dipolar term from the 2p orbitals. From the
symmetry of the O 2p orbitals one expects Cyip|ls ~
2|Cdipical- The question arises whether the low tem-
perature offsets in Fig. 3 are due to the orbital shifts.
Given the uncertainty from a diamagnetic response be-
low T, we verified with the high-temperature shifts for
those materials that have nearly temperature indepen-
dent high-temperature shifts, that the offset between the
shifts at high temperatures is the same as that found
from the low-temperature offsets. This means, a possi-
ble diamagnetic contribution below 7, can be neglected.
This is in agreement with the fact the the correction from
diamagnetism should be smaller than 0.01% [25]. Then,
one would argue with Fig. 3 that the orbital shift is only
significant for ¢ || By were it is appears to be negative.
Note that in panel A the slope is nearly 1 and the offset
is nearly 0, and any diamagnetic contribution should be
nearly isotropic in the plane.

Indeed, first principle calculations of the orbital shifts
for Lag_,Sr,CuQy4 [18] report "Kp. = —0.034(20) %,
YKy, =—0.011(10) %, and " K1}, = —0.004(5) %. Thus,
the straight lines observed in Fig. 3 are expected and
we deduce the following slopes: CTP/CTP =~ 0.90(15),
C’ﬁzp/C’j’;p ~ 1.45(10). These numbers are in very good
agreement with what we find for Lay_,Sr, CuO4 and even
the other cuprates. Thus this set of orbital shifts applies
to all cuprates to a good approximation.

One should note that the linewidths for planar O (that
limit the precision of the shifts) typically increase drasti-
cally as the temperature is lowered, even much in excess
of what is expected from the field variation in the mixed
state, making the low T shift values less reliable. Also the
penetration depth decreases while the relaxation slows
down drastically at low temperatures, making measure-
ment tedious. These are the likely reasons why we find
the most low-temperature points for the shifts 17K | . of
YBa,Cu30¢,, and YBay,Cu,Og, since these are also the
materials with smallest linewidths.

The magnetic hyperfine coefficients have been deter-
mined by first principle calculations, as well [19]. It
was found that ¢, = 1.3, caipje = 0.37 (in atomic
units), whence there is the factor of 1.5 for Cj,/ClLc a;
which is in agreement with what we find from experiment:
YKo/ K12~ 1.45(10) and 'K, /'K ~ 0.90(15).
As the plots in panels A, B of Fig. 4 show, there is no
other significant contribution to the shifts above T, (be-
low T, the shifts are small and the error bars for their
ratio becomes very large).

To summarize, the planar O shifts are fully accounted
for by a single spin component coupled to the nucleus

with predicted hyperfine coefficients and orbital shifts.
The dependence of the spin susceptibility on doping does
not affect the anisotropy of the shifts. This is also true,
as expected, for the orbital shifts and the hyperfine coef-
ficients.

2. Relaxation

Accounts of the planar oxygen relaxation anisotropy are
sparse. We found mainly data for YBa,CuyOg,, [26-28]
and the data are shown in panels C, D of Fig. 4. Above
T., the relaxation anisotropy measured perpendicular to
the o-bond is about 1, and the ratio of the values mea-
sured parallel to the o-bond and perpendicular to it is
about 0.7.

In a simple picture [29] the relaxation rates are given
by the field fluctuations perpendicular to the direction
of the quantization axis (the external field) and we have,
for example,

UTise= 572 hpo(07) + (a0 ()

where hj,(t) and hy.(t) denote the fluctuating mag-
netic fields and 7y is their correlation time. One can
write (hq(t)?) in terms of the hyperfine coefficients as
(ha(t)*) = C2 /vl - (5?), where v is the gyromagnetic
ratio of the nucleus and <SQ> is the expectation value
from the electronic spin. With CTP/CTP ~ 0.9 and
C|."/CT2 ~ 1.45 and expressions similar to (3) for the
other directions of measurements, we expect the relax-
ation perpendicular to the o-bond to be isotropic, but
(1/T5)/(1/T11c) = 0.62. This is again in good agree-
ment with the observations.

While the error bars below T, grow, it was shown for
YBa,Cu,Og below about 200K that quadrupolar relax-
ation is present, as well [30]. This additional term is still
within error bars of Fig. 4 C and D.

This leads us to conclude that also the relaxation for
the planar O nucleus is largely described by simple on-
site fluctuating spin (in the long wavelength limit) with
hyperfine coefficients very close to what is predicted by
first principle calculations. No special assumptions about
filter functions for transferred spin are necessary [19].

IV. PSEUDOGAP AND %Y NMR OF
YBaQCu307,5

The %Y NMR data that mark the discovery of the
pseudogap by Alloul et al. [6] were only taken above
T. so that low-temperature values are not available for
this nucleus (except for the near optimal doped material
[31]), and mostly only available for powders. We repro-
duce the data in Fig. 5. Despite the uncertainties, shift
and relaxation show the typical features of a tempera-
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Figure 4. Temperature dependences of the, A, B shift

anisotropies, and C, D of the corresponding relaxation
anisotropies. The experimentally obtained shift and relax-
ation ratios are in close agreement with the predicted hyper-
fine coefficients (see main text).
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Figure 5. Temperature dependences of the 5°Y shifts, A, and
relaxation, B, from Alloul et al. [6] are also in support of a
temperature independent pseudogap (see main text).

ture independent pseudogap, as well. Thus the recent
conclusions are in agreement with the 89Y data.

V. DISCUSSION AND CONCLUSION

We showed previously [9] that the oxygen shift and re-
laxation data, available in abundance as measurements
with the field along the crystal c-axis, can be modeled
by a temperature independent gap at the Fermi surface
of a simple metal (using a single spin component). The
density of states outside the gap is ubiquitous for the
cuprates, this includes the density of states when the
gap is fully closed. Since this behavior is similar to mea-
surements of the electronic entropy [8, 10] in a few mate-
rials, the same doping dependent entropy should govern
all cuprates.

We also know from recent Cu NMR analyses that
the observations in terms of NMR are more compli-
cated for this nucleus [15, 16], in particular, the Cu shift
anisotropy. Therefore, we focused here on the planar O
shift anisotropy that was not analyzed previously. We
present literature data where the shifts and relaxation
were measured for all three directions of the magnetic
field with respect to the Cu-O bond and look at the
anisotropies. We find that both, shift and relaxation
obey the same single spin component scenario, in agree-
ment with what is expected from the hyperfine coeffi-
cients calculated in [19], who report: C,,/C1. =~ 0.93
and C),/Clcq = 1.5 while the experimental shifts give
CTr/CTY ~ 0.9 and C7P/CTY, ~ 1.45. Furthermore,
we find the anisotropic orbital shifts to be rather indepen-
dent on doping and family, and also in agreement with
what was predicted from first principles [18].

For all oxygen relaxation data [9], independent of ma-
terial, the un-gapped relaxation rate for c | By has a
slope of 0.35 /Ks with temperature (this is also the rate
determined from relaxation outside the gap for all dop-
ing levels). In case of a simple Fermi liquid the Korringa
relation holds [32]: T\TK? = k(Ye/vn)*h/47kp. The
prefactor x is usually introduced to describe electronic
correlations. For the 7O shifts, where we know both,
the orbital shifts and the hyperfine coefficients, we ob-
tain that the Korringa law holds for the metallic density
of states with ko = 1.8, note that we are comparing, e.g.,
KA oc €3 with 1/77Ty ), o« [C2,+C2,]. In [6], it
was found that the 7Y data have ky = 5.3. Remember
that for the 89Y shifts the orbital contributions are not
precisely known.

It was also found that for some highly overdoped cu-
parates the Korringa law can explain the relation be-
tween Cu shift and relaxation [16]. This was taken as an
indication that, differently from what was believed ear-
lier, the relaxation is not enhanced over what one can ex-
pect from the shifts, as the doping and material indepen-
dent normalized relaxation rate of 1/%37T1, T ~ 21 /Ks
already indicates [33]. Rather, it was shown [16] that
the shifts must be suppressed in the underdoped materi-
als. An explanation for the Cu shift suppression could be



that the Cu shifts are affected by the pseudogap, much
like the O shifts, however the Cu relaxation rates are
not. Moreover, the universal Cu relaxation rate might be
connected to the ubiquitous density of states seen with
planar O NMR, that leads to 1/17T.T = 0.35 /Ks. This

normalized rate is proportional to [C’ia + Cﬁg] and if

we normalize it to C) . we have 0.21 /Ks. With a ra-
tio of 63y/17y ~ 1.96 we conclude that an effective hy-
perfine coefficient for Cu should be about 5.1 - C')., or
a spin shift of about 1.2%, which is significantly larger
than the high-temperature value of 3K ~ 0.7%. Note
that the Cu shifts have a large anisotropy that is family
dependent. Only for ¢l By the orbital shift appears to
be reliable [16]. Furthermore, since 1/%37, T ~ 21 /Ks
(caused by the sum of in-plane and out-of-plane fluctuat-
ing field components) is rather material independent in
contrast to 1/63T1H that varies among the materials, the
out-of-plane (c || By) hyperfine coefficient should domi-
nate the Cu relaxation, which is related to 63K”. A two-
component model that accounts for the relaxation was
proposed recently [34]. Nevertheless, work is underway
that addresses Cu shifts and relaxation and comparison
with the new results.

The size of the pseudgap was discussed in figure 9
of [9] and it showed a complicated family dependence.
Whereas YBay,CusOg, . has no sizable pseudogap at op-
timal doping, other cuprates do show a pseudogap. Inter-
estingly, optimally doped YBayCuzOg,, has the largest
¢ [35], meaning that it already on the overdoped side in
terms of the NMR doping ¢. Since the precise mean-
ing of this material dependency (ncy,no, () is not fully
understood, it is difficult to draw further conclusions on
relations with the pseudogap or Tt.

Earlier, a two component picture for the O shift was
invoked by comparing the different temperature depen-
dences of the shifts and linewidths [17]. The latter are
related to the spatial charge variation in the CuQO; plane.
Now, with the knowledge that a variation of doping must
lead to a variation of the pseudogap, an inhomogeneous
pseudogap easily explains the differences between shifts
and linewidths. It is the susceptibility that depends on
two parameters (temperature and doping).

Different temperature dependences of the O axial and
isotropic shifts were reported for YBa,Cu,Og by Machi
et al. [36]. This finding seems to contradict a single
susceptibility scenario, as well. We observe, similarly as
in [36] that the oxygen axial shifts, for all the available
data, are largely temperature independent, whereas the
isotropic shift (or K ¢) has a substantial temperature
dependence already above T.. However, we find the over-
all uncertainty in the axial shift data too large to confirm
this scenario.

To conclude, from the study of the anisotropies of pla-
nar O relaxation and shift we find that the data can be
explained with a single component susceptibility with hy-

perfine coefficients and orbital shifts very close to what
was predicted by first principles. Thus, the data fully
support the previously suggested picture of a susceptibil-
ity that appears to be that of a simple metal with a den-
sity of states universal to the cuprates in the sense that
all strongly overdoped materials have the same density
of states and as the doping decreases (in a family spe-
cific way) a temperature independent gap opens at the
Fermi surface while the states outside the gap remain the
same. Due to the temperature dependence of the Fermi
function, excitations across the gap lead to the deviations
of relaxation and shift (and entropy) from simple metal
behavior. It remains to be seen how these findings can
be reconciled with the planar Cu data that, e.g., show a
very unusual shift anisotropy and a relaxation rate not
affected by the pseudogap.
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Appendix A: Data Sources

Table I. Reference to literature accounts of data. Compounds
shown in figures, with critical temperature T, label and ref-
erence link.

Compound T. Label Ref.
BiaSroCaCu20sy, 82K  Crocker 2011 (37]
YBaQCuSOGﬁ 60K Yoshinari 1990 [38}
YBazCugos,ﬁg 62K Takigawa 19917 [39}

Martindale 1998 [40]
YBazCuzOg¢.8 84K Yoshinari 1990 [38]
YBazCuzOs.96 92K Yoshinari 1990 [38]

Martindale 1998 [40]
YBay.92510.0s8CuzO7 89K Horvatic 1993 [27]
YBazCusOs 81K Suter 1997 (28]
La1,7GSr0,z4CuO4 25K Zheng 1993 [41}
Tl2BazCuO, 85K Kambe 1993 [20]
leBaQCaQCugom 125 K Zheng 1996 [42}
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4.3 The pseudogap and a unified picture of Cu
and O NMR

In light of the newly developed conclusions regarding the O data where a single-
spin component and a temperature-independent pseudogap sufficed in explaining
the data, the question arose how does the Cu data relate to this simple picture.

It was shown earlier that the Cu shifts appeared to be suppressed, whereas re-
laxation seemed to be ubiquitous for all materials and doping levels. Unlike the O
data, the Cu shift anisotropy warranted a description with two-spin components.

In this final publication, we present a more coherent phenomenology of Cu and
O NMR shift and relaxation. We conclude that the Cu shift suppression discussed
earlier is a manifestation of the temperature-independent pseudogap; however, Cu
relaxation appears unaffected by it. Namely, the Cu shifts for one direction of the
magnetic field (cLBy) behave similarly to the O shifts, i.e., suppressed due to the
temperature-independent pseudogap, whereas the Cu shifts for ¢ || By direction point
to a more complicated scenario.

While the suppression of the ¢ || By shifts is also present (note that the shift range
across all families and doping is similar for both directions of the magnetic field),
there is a family dependence, where the YBayCuzO7_s and Lay_,Sr,CuQ, shifts show
a peculiar behavior—they are temperature and doping independent—meaning that
the pseudogap feature can disappear for some ¢ || By shifts.

We propose that this is due to the action of a second spin component residing in
the Cu 3d(z* — y?) orbital. While the pseudogap is present in both Cu and O shifts,
there is still a quantitative difference between the Cu and O shift data, pointing
out the fact that while some systems may show features of single-spin component
behavior (e.g.YBayCu3zO7_s and YBa,Cu,Oy), this is not true for the rest of the
cuprate families, where the Cu vs. O plot show no proportionality.

While O relaxation clearly shows the action of a temperature-independent, doping-
dependent gap, with a density of states common to all the cuprates and a relaxation
anisotropy in agreement with a simple hyperfine scenario, the Cu relaxation is quite

different. Cu relaxation rates do not show the pseudogap. Below T, all Cu relaxation
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rates behave similarly and there is a drop at T, different from the Cu shifts and O
shift and relaxation, which are all dominated by the effects of the pseudogap.
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Abstract: Recently, an analysis of all available planar oxygen shift and relaxation data for the cuprate
high-temperature superconductors showed that the data can be understood with a simple spin
susceptibility from a metallic density of states common to all cuprates. It carries a doping dependent
but temperature independent pseudogap at the Fermi surface, which causes the deviations from
normal metallic behavior, also in the specific heat. Here, a more coherent, unbiased assessment of all
data, including planar Cu, is presented and consequences are discussed, since the planar Cu data
were collected and analyzed prior to the O data. The main finding is that the planar Cu shifts for
one direction of the external magnetic field largely follow from the same states and pseudogap. This
explains the shift suppression stated more recently, which leads to the failure of the Korringa relation
in contrast to an enhancement of the relaxation due to antiferromagnetic spin fluctuations originally
proposed. However, there is still the need for a second spin component that appears to be associated
with the Cu 3d(x? — y?) hole to explain the complex Cu shift anisotropy and family dependence.
Furthermore, it is argued that the planar Cu relaxation which was reported recently to be rather
ubiquitous for the cuprates, must be related to this universal density of states and the second spin
component, while not being affected by the simple pseudogap. Thus, while this universal metallic
density of states with a pseudogap is also found in the planar Cu data, there is still need for a more
elaborate scenario that eludes planar O.

Keywords: NMR; cuprates; pseudogap

1. Introduction

Nuclear magnetic resonance (NMR) played an important role in high-temperature
superconductivity [1], in particular in its early days with the focus on the Lay_,Sr,CuO4 and
YBay;CuzOy_; families of materials. Important information about chemical and electronic properties
could be obtained, but an unchallenged interpretation was not achieved, as of today, due to conflicting
experimental evidence (for an early review see [2]). In particular the question of the description of the
cuprates in terms of a single spin component electronic susceptibility remained unanswered, as more
recent experiments had shown [3-5].

Two very recent publications [6,7] revealed that all planar oxygen NMR relaxation and shift
data available from the literature for hole-doped cuprates (more than 60 independent data sets in
total) are in agreement with a simple metallic spin susceptibility from a density of states that has a
temperature independent pseudogap at the Fermi surface. The pseudogap opens as doping decreases
from high levels and can be measured with NMR. The density of states outside the gap or in its
absence is universal to the cuprates, independent of doping and family [6]. This scenario is similar
to what was concluded from specific heat data [8,9]. Thus, lowering the doping opens the gap, and
the lost, low-energy states cease to contribute to shift, relaxation, or specific heat. As a consequence,
one observes the following in NMR: (i) a high-temperature, doping dependent offset in the relaxation
rate, 1/T, that remains metal like in the sense that A(1/T;)/AT = const., irrespective of material
and doping, and (ii) a high-temperature, doping dependent offset in the spin shifts, since electronic
polarization from the low energy states is still missing even at the highest T in the presence of the
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pseudogap. The states lost near the Fermi surface, in connection with thermal excitations across the
gap, cause the typical temperature dependence of the spin shift hitherto ascribed to the opening of the
gap (spin gap) at a given temperature. While the gap develops with doping as described, there are
family differences, as well. For example, for YBa,CuzOy_; the gap is almost closed at optimal doping,
while for Lay_,SryCuQOy the gap is still sizable at optimal doping. In fact, if one uses ¢, the doping
measured with NMR from the charges at planar Cu and O, with { = n¢y + 2no — 1 [10], this is not
surprising as optimally doped YBa,CuzOy;_; is found to have = 20%, significantly larger than what
is typically assumed. Again, this family dependence does not concern the density of states.

The question arises, how planar Cu NMR data relate to this picture. In fact, some of us began
collecting and reanalyzing the planar Cu data prior to the planar O data, and accounts have been
published [11-13]. For example, it was found that above T, there must be a suppression of the shifts
rather than an enhancement of the nuclear relaxation [12] since the Cu shifts vary widely while the Cu
relaxation does not (in terms of 1/T7T) [13]. This is contrary to what was believed to be the reason for
the failure of the Korringa relation between shift and relaxation [2]. With the new planar O analysis,
we recognize immediately that the shift suppression is due to the pseudogap, but it does not affect
the Cu relaxation. Here we set out to develop a more coherent assessment of all new findings. First,
we discuss the overall phenomenology of the magnetic shifts of planar Cu and O. Then, we take a
closer look at the assumptions about the hyperfine scenarios and orbital shifts, before we discuss
consequences. Thereafter, we turn to the relaxation data, and their explanation in the new scenario.

2. Planar Cu and O Magnetic Shifts

2.1. Overview

We begin with an overview of the experimental shift data, and in order to keep the discussion
transparent for the reader we present the bare magnetic shifts that still include, in particular, the van
Vleck orbital contribution (the shielding from the core is absent due to shift referencing, for more
details see [11]). The data are presented in Fig. 1 and one can draw some apparent, fundamental
conclusions: (1) All Cu and O shifts show similar temperature dependences. (2) The range of the
temperature dependence for the Cu shifts (panels A and B) is similar for both directions of the magnetic
field, about 0.75%. (3) For planar O, the two ranges are different, 0.24% and 0.35% perpendicular and
parallel to the o-bond, respectively (panels C and D). (4) The low temperature shifts for planar Cu are
large, 0.3% and 1.3% (supposed to be the orbital shifts), while they play a minor role for planar O.

Based on these observations one is inclined to conclude that one uniform spin susceptibility rules
the temperature dependent shifts for both nuclei, and that planar Cu is coupled to the related electronic
spin by an isotropic hyperfine coupling constant while that for planar O has an anisotropy of about
1.45. Given a partially filled Cu 3d(x* — y?) orbital that is c-bonded with four O 2p, the above findings
are expected for O, but not at all for Cu, for two reasons. First, one expects a large anisotropy for
the hyperfine coefficient for spin in the 3d(x? — y?) orbital (a factor of at least 6 [14], see also below).
Second, the orbital shifts, that follow from this in the low temperature limit, and their anisotropy
do not fit this bonding scenario. The hybridization with planar O should result in an orbital shift
anisotropy significantly less than 4, the single ion value [14] (see also below). Finally, a closer look
at Fig. 1B reveals that the planar Cu shifts measured with the By field parallel to the crystal’s c-axis
(c || Bo) show a distinct family dependence that violates the overall view. Some materials seem to have
a vanishing shift range for ¢ || By (Laz—xSryCuOy) while others occupy a different part of the panel
(this family dependence is similar to what was found based on the charge sharing in the CuO; plane
[10D).

Before we continue with a more detailed discussion, we remind the reader of the single spin
component picture.
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Figure 1. Total magnetic shifts for planar Cu and O as a function of temperature, (A) 63R, (T), (B)
63K\| (T), (C) 7K (T),and (D) 7K o(T). The vertical axis was adjusted in offset and scale so that the
temperature dependences fill about the same space. These are representative data sets of the recently
given full accounts [6,11]. The star (*) denotes samples where ®*Cu and 7O data had to be taken from
different publications and samples (slightly different T. were reported); an underlined legend entry
highlights a material (from [11]) for which oxygen data are available. Note that K |,L denotes the
planar Cu total magnetic shifts measured with the magnetic field parallel and perpendicular to the
crystal c-axis (the in-plane direction is often not known); for planar O the total magnetic shifts are
specified for the field direction with respect to the o-bonding between Cu and O: for 171%“ - the field
is along the sigma bond, while for 17K | .. the field is perpendicular to the o-bond and parallel to the
crystal ¢ axis; with the field along the o-axis K| , can be measured as a 2nd planar O peak.

2.2. Single Spin Component Picture

In case of a simple electronic spin susceptibility, x(T), that leads to a uniform electronic spin
component, (S;), in linear response to the applied external magnetic field, By, we have,

(52)(T) = x(T) Bo/eh- )

And all (non-trivial) spin shifts, Ky, observed at a nucleus, n, for different orientations, 6, of the
external magnetic field with respect to the crystal axes must then be proportional to (S;), and thus to
each other. The proportionally constants define the hyperfine coefficients, " Hyg. Note, however, with
NMR we measure the total magnetic shift (as given in Fig. 1),

"Ro(T) = "Kpg +"Hg - x(T), @)

where the orbital (chemical) shift term, "Kj g, follows from the orbital (van Vleck) susceptibility that
is expected to be temperature independent (but is very different for different nuclei, reflecting the
bonding). The spin shift is given by,

"Ko(T) ="Hg - x(T). ®)
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Then, if we plot one shift vs. another, for every measured temperature point, T;, (i.e. ”Kgl (T;)
vs. ngz (T})), we must observe straight lines with slope kH91 /" Hy,, with an offset given by the orbital
shifts, and with (2) and (3), we get,

n n

) Hy .. H,
"Kg, (T) = o L. KRy, (T) + |"Krp, — ﬁ KKig, | - 4)

62 P

2.3. Hyperfine Coefficients and Orbital Shifts

Before we discuss the shifts in more detail, we revisit the assumptions about the hyperfine
scenarios and orbital shifts.

First, we address the O NMR. Here, one expects from the bonding in the CuO, plane a (traceless)
dipolar hyperfine tensor, with principle values cg;p 9, and an isotropic term ciso, from the 2p and 2s
orbitals, respectively. The dipolar tensor will have its largest principle value along the o-bond and it is
expected to be symmetric with respect to the other two main axes, and one has for the spin shift,

7Ko(T) = [ciso + caipp]  X(T) = Co - x(T). 5)

The orbital shifts are expected to be small so that (2) should be well approximated by (5). This is indeed
the case [7] and by applying (4) one finds small orbital shifts that coincide with values predicted by
first principles [15]. From the slopes one infers hyperfine coefficients that are again in agreement with
first principle calculations [7,16].

For planar Cu the situation is more complicated. Early on, one expected a large but negative
6K | from spin of the partly filled 3d(x? — y?) orbital, as well as a large anisotropy due to the related
hyperfine coefficient, |A| | < |A|| |/6, the sign of A is not known with certainty [14,16]. However, the
shifts in Fig. 1 are positive. So it was suggested that a transfer of spin density from the 4 neighboring
Cu ions (in a single band picture) could be the reason for a positive hyperfine interaction [17], i.e.,

63HH,L = AHIL + 4B, (6)

where B is the related (positive) isotropic constant from transferred spin. With a single spin component
one concluded on,
Ok, (T) = [AH,L +4B} - x(T). @)

Then, since for Lay_,SryCuOy4 and YBa;CuzO7_ the shifts for ¢ || By are temperature independent,
the famous accidental cancellation was invoked,

AH +4B = 0. (8)

In view of Fig. 1B this is clearly not applicable for all cuprates, as K |(T) can be as large as BK, (T).
The assumption (8) has also consequences for the nuclear relaxation from field fluctuations parallel to
the crystal c-axis: only fluctuations near the antiferromagnetic wave vector can contribute. With
other words, any relaxation due to fields along the c-axis are interpreted as fluctuations at the
antiferromagnetic wave vector even if this is not the case.

If one reflects on this scenario with the data from Fig. 1, one may be inclined to conclude that the
hyperfine constant A” must be family dependent, such that AH ~ —4B for Lap_SryCuQy, a slightly
more positive value for YBa,CuzO7_;, and A = 0 for other families. These would be very large
changes of A” and we dismiss this explanation. Also, one would expect that B should be affected, as
well, if A changes significantly, but Fig. 1 does not support this, neither larger changes of the planar
O hyperfine term or Cu nuclear relaxation (see below).

The various expected contributions to the magnetic hyperfine constants were pointed out early
on [14,16]. Spin in the unfilled 3d(x* — y?) shell will interact with the nucleus through a (anisotropic)
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spin-orbit coupling, as,4, a (traceless) dipolar term, ag;p 9, and a (isotropic) core polarization of
the s-shells, acp. These various contributions add up to the traditional ‘core polarization” term,
Ag = 50,0 + adip,p + Acp, which is known to be negative for ¢ || Bo and [A||/[A | Z 6 for Cu?t ions
[14]. One would also expect that A | is independent on the materials.

First principle cluster calculations of the hyperfine interaction in Lay_,SryCuQOy [16] support
the above view. A is found to be negative and its magnitude is about 6 times larger than that of
A} . While |A| | is small, its sign may not be certain (the spin-orbit interaction is not well known
and does not follow from the calculations). A large isotropic and positive transferred term B (that
depends on the number of Cu atoms in the cluster calculations) is found to have, indeed, a similar
size but an opposite sign compared to A|. The following numbers were given (in atomic units)
[16]: ag,) ~ +2.405,a5,1 ~ +0.427,a4;, | ~ —3.644,a4ip, 1 ~ +1.82,ap ~ —1.78,4b ~ +2.86, thus
in our nomenclature A ~ —3.02, A, ~ +0.47, 4B = +2.86 so that A| +4B ~ 0 (®H| ~ —0.16,
BH | ~ 3.33).

Another early assumption concerns the orbital shifts for planar Cu. In view of Fig. 1A and B it was
assumed that it is given by the low-temperature shifts (since spin singlet pairing leads to the complete
loss of spin shift). As Fig. 1 reveals, however, there is only a common %Ky | ~ 0.3% while the low
temperature values vary between families for c || By. While this cannot be excluded, given the family
dependent charge sharing between Cu and O [10], the fact that it does not affect ®*Ky | is surprising
since the orbital shift anisotropy is expected to be given by matrix elements and the overall symmetry,
and both orbital shifts should be affected. In fact, first principle calculations for La;_,Sr,CuO4 do
predict the observed orbital shift for c | By, K | ~ 0.30%. However, for c || By the same calculations
predict 63KL” ~ 0.72%, which is much smaller than what is observed even for La,_,SryCuQy, cf. Fig. 1,
where 63KL” 2 1.3%. Also on general grounds, since the single ion orbital shift has an anisotropy of 4,
the hybridization with the planar O o-bond should lead to a much smaller anisotropy (in support of
the first-principle calculations [15]).

2.4. Two Spin Components

Before we enter a deeper discussion, we give a few definitions for the uniform response in a
two-component picture.

If a single spin susceptibility as in (4) fails to explain the data, it may be useful to introduce
another susceptibility. Thus, instead of (1), we have two spin polarizations in the magnetic field, which
can have different temperature and doping dependences,

(S12)(T) = x1(T) Bo/veh 9)
(S2,2)(T) = x2(T) Bo/eh. (10)

For the spin shifts one has instead of (2),
"Ka(T) = "Kyg + "Hig - x1(T) + "Hag - x2(T), (11)

since a nuclear spin couples to the two spin components with different hyperfine constants, " Hjg, (if
the two hyperfine constants were very similar, one would arrive at an effective single component
description in (11)). In general, the two spin components in (9) and (10) will have some sort of
interaction, so that,

X1 = X1+ X12 (12)
X2 = X22 + X12/ (13)

(note that an antiferromagnetic coupling )1, between the two spins with x1; and X2, could reduce
the overall uniform spin response, x1 + x2 = X11 + X22 + 2X12, significantly). We will simplify the
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Figure 2. The complex shift anisotropy of planar Cu (A) is contrasted with the simple behavior found
for planar O (B). The plot in (A) is adapted from Ref. [11] that also discusses the salient features. For
example, 3 different segments of slopes seem to be necessary to explain the data. The steep slope is
assumed by, e.g. Lay_SryCuQOy but also other materials in certain ranges of temperature; the "isotropic
shift lines" (grey lines) have slope 1, i.e., both shifts change by the same amount as function of doping
or temperature; finally, the slope 2.5 is assumed for a number of materials (only as a function of
doping, not temperature). All ®3Cu shifts for ¢ | By have similar low T shift values not far from 0.30%
calculated by first principles [15], however, the same calculations predict 0.72% for ¢ || By, very different
from what the experiments seem to show in (A). The planar O anisotropy is simple and the deduced
small orbital shifts have been calculated, as well [15], and a simple anisotropic hyperfine coefficient
explains the data (it is also in very good agreement with first principle calculations [16]).

nomenclature with the definitions: a = x11, b = x22, ¢ = x12 (as used before [12]). Then we have with
(11) the following formal expression for the (total) magnetic shift observed at a nucleus (1),

"Ro(T) ="Kyp +"Hig - [a(T) + c(T)] +"Hag - [b(T) +¢(T)]. (14)

2.5. Discussion of Cu and O Shifts

The planar O data, at all doping levels, are in agreement with a single spin component from
a metallic density of states with a temperature independent pseudogap at the Fermi surface. The
experimentally determined orbital shifts and hyperfine coefficients are in accord with first principles
calculations [6,7,15,16]. Despite this convincing, simple picture, we should point out that there is
scatter between different systems above as well as below T¢, cf. Fig. 2B and the discussion in [7]. As
pointed out previously [6,18], a spatial distribution of the planar O hole content, 1ng, that is often
observed as NMR quadrupolar linewidth may cause a spatial variation of the pseudogap. In such a
case the temperature dependence of the shift can change significantly as smaller gaps dominate at
lower temperature. This fact, and the notorious consequences of the 170 isotope exchange harbor
not well understood errors. Nevertheless, there is no obvious family dependence in terms of the
temperature dependence of the shift, while the size of the pseudogap determined from fitting the
planar O relaxation does depend on the materials to some extent [6].

The situation is very different for the planar Cu shifts. In view of Fig. 1 one is inclined to conclude,
as remarked above, that the planar Cu shifts appear to be dominated by an isotropic hyperfine coefficient
and a spin susceptibility with the temperature independent pseudogap that reigns the planar O data.
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The ranges of the shifts for both directions of the field are similar, A3K I, (T) ~ 0.75%, despite spin
in the 3d(x?> — y?), which should lead to a large shift anisotropy that is not found at all. A closer
look reveals that there is a peculiar family dependence for ¢ || By: Lag_,SryCuOy has the smallest
and temperature independent shift, YBa,Cu3Oy_; ranges a bit higher and has a slight temperature
dependence, while other materials fill in the larger shift range, also with large temperature dependences.
This family dependence bears similarities to that of how the inherent hole is shared between Cu (n¢,)
and O (np), and how doped holes enter the CuO; plane (Anc, /Ang) [10]. We argued above that this
cannot be caused by changes in A||. Consequently, an interplay between (at least) two spin components
has to be considered.

In fact, if we take both Cu shifts in Fig. 1 and plot them against each other, cf. Fig. 2A, we do not
observe a straight line as expected from (4) and seen in Fig. 2B for planar O [7]. Rather, for Cu we find
three different slopes as a function of temperature and/or doping, as was pointed out with the original
shift collection [11],

1 ~2> 10, x;=~1, x3=~25, with 15
o = ALK (T) /85K (T). o
Note that this behavior also argues for spin effects as cause for the shift anisotropy since the
three different slopes would require 3 different ratios of hyperfine coefficients in certain ranges
of temperature or doping.

Finally, there is the orbital shift conundrum which suggests that the old hyperfine scenario fails,
and some of us suggested this can be solved by a negative spin polarization of the 3d(x* — y?) orbital
(due to exchange with a second, positive component likely residing on planar O) [11,12]. In principle,
orbital currents [19] could represent or contribute to this shift. Since we see no clear scenario for this,
we discuss the missing shift in terms of spin shift for the time being. That is, we set out to analyze the
spin shifts in terms of (14),

[=}
@
=~
=
3
[

Ag - [a(T) +c(T)] +4B - [b(T) +¢(T)], (16)
YKo(T) = Co - [b(T) +e(T)]. 17)

While we can view the above equations as the defining equations for the hyperfine coefficients,
information about them can be drawn from Fig. 1. Since ®*K | (T) is similar to 1Ky(T), one concludes
that [A | [ must be small compared to |A|| and 4B (the transferred hyperfine coefficient should be
isotropic). Note that such A ; is expected from an unfilled 3d (x* — y?) orbital. Thus, the choice above
is reasonable.

With all planar O shifts and 3K | disappearing at low temperatures, (b + ¢) approaches zero at
low temperature: (by + cg) = 0. Furthermore, 63KH (T —0) = Ay(ao + cp) ~ 0.6% for a few systems
and perhaps a bit larger for some other systems, cf. Fig. 1, while the high temperature value of this
contribution is given by A (a + ¢) ~ 0.3%, as one infers from the intersection of the high-temperature
slope x, ~ 1 with the abscissa(cf. 2, A), *K; = 0.3%. Thus, (a + c) grows more negative as the
temperature is lowered, quite different from (b + ¢) that vanishes at low temperatures. Some of us
argued before [12,20] about plausible assumptions with regard to (16) and (17): x; = 1 would result
from a variation of b only, and a large slope (i1) results if 4B/ (A| + 4B) is large. A variation of a only
would result in a very small slope, observed for just one system at very low temperatures, cf. Fig. 2A.
Finally, the slope of x3 = 2.5 must involve more than one component.

Since first principle calculations support that |A| | ~ 4B, we will adopt this to approximate the
Cu shifts by (16) and (17),

8K (T) ~ 4B - [b—a] (18)
BK (T)~4B-[b+], (19)
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Figure 3. ®3Cu and 170 shift plotted against each other. (A), ®*K vs. 7K ., and (B), 63IZH vs. VR .
The differences between the two plots are in agreement with Fig. 2. Note that such plots were invoked
for to prove the single fluid picture, early on, as well as its failure more recently (see main text for
deeper discussion). The star (*) denotes samples where 63Cu and 170 data had to be taken from
different publications and samples (slightly different T, were reported)

and we note that since ¢ is missing in (18) its variation could be at the root of the interesting behavior
of the shift anisotropy in Fig. 2A. Unfortunately, one has three variables to explain the shifts in a
two-dimensional plot.

Finally, we notice that since 3K | (T) and 17Kq(T) are functions of [b + c] only, a plot of the two
shifts with respect to each other should result in a straight line with a slope given by 4B/C = 3.0, if one
uses the the calculated hyperfine coefficients [16]. This plot is shown in Fig. 3A, and holds a surprise.
First of all, there is no well defined slope, rather, the temperature dependences appear somewhat
erratic and lie between the two slopes of 4B/C ~ 2.0 to 3.9. Note that the plot in panel B does not
hold new information if one considers the plot in Fig. 2A, it is only shown for completeness. We must
conclude that (16) and (17) only describe the situation on average. We cannot offer a clear explanation,
but we would like to point to a few thoughts. In view of the behavior of planar O, cf. Fig. 2B (cf. also
discussion in [7]), the uncertainty in the planar O shift cannot explain the observation. For planar
Cu the linewidths can be very large, but even there we do not find a dependence that points to an
uncertainty in the determination of the average shift (or its meaning). Note that ®*K | follows after the
subtraction of the material dependent quadrupole shift (in 2nd order) that may harbor unexpected
errors, but the agreement with regard to the orbital shift, as well as the clear behavior in terms of only
a few slopes in Fig. 2A argue against this. Note that an overall change in spin density between O and
Cu as a function of temperature could explain the finding, and we do know that the intra unit cell
charger ordering seen with NMR [21] can respond to temperature, but there is no evidence for a large
change in the magnetic shift [21]. However, such short range variations can lead to a different shift for
Cu than for O (similar to the argument for charge ordering [22]). Obvious differences between Cu and
O arise from the two spin components. Apparently, planar O is not significantly affected by the Cu
3d(x? — y?) spin, only in terms of the description in terms of (b + c), i.e. the coupling to it. Perhaps,
the close proximity of both component on Cu do not follow such a simple description in detail (e.g.
slight changes in the transferred coupling).

It is important to remember, that such plots have been used, many years ago, to prove the so-called
single fluid picture for YBayCuzOg 63 [23] and YBa,Cu,Og [24]. For both systems the dependences in
Fig. 3 may be taken as such, but in view of the dependences for other families, this conclusion cannot
be taken as rigorous proof for all cuprates. Also, we now understand why similar plots for other
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systems, Lay_SryCuOy [3] and HgBayCuOy 5 [4,5], led to the opposite conclusion. We believe the
latter still holds in view of the data, but the shift anisotropies in Fig. 2 may be even more convincing.

3. Planar Cu and O Nuclear Relaxation

We pointed to the main facts about the Cu and O relaxation above, details have been published
[6,12,13,20]. The planar O relaxation of all cuprates follows from a density of states that is common to
all cuprates and a doping dependent gap, the relaxation anisotropy is in agreement with the simple
hyperfine scenario (5), as well. With the magnetic field along the o-bond we have 1/Ty,T ~ 0.23 /Ks
and this relates to a 7K | . ~ 0.2%, i.e. the Korringa relation holds as for a simple metal. For planar
Cu the situation is quite different, yet also simple. The Cu relaxation rates do not show pseudogap
behavior at all. But the planar Cu relaxation rate just above T is common to all cuprates, in the sense
that 1/T7, T = 21 /Ks (i.e. if measured with the field By in the CuO, plane). Lay_,SryCuOy is an
outlier as its relaxation rate is about 3 times larger (60 /Ks). However, all cuprates have a temperature
independent relaxation anisotropy (above and below T.) and it varies between about 1.0 for some
highly doped materials and about 3.4 for the YBa,CuzO;_s family (Lap_SryCuOy has an anisotropy
of about 2.4). Thus, the nuclear Cu spins are coupled by an anisotropic interaction to a metallic bath
with a fixed density of states, as well (but no pseudogap). Importantly, below T all relaxation rates
behave very similar in terms of T/ T, as in the classical case (yet without a coherence peak) [13]. In
fact, the planar Cu relaxation rate shows the sudden condensation at T very clearly, different from Cu
shifts and planar O shift and relaxation since these are all dominated by the pseudogap.

A model for the planar Cu relaxation was discussed recently [20] assuming two spin components
« and B that contribute to the fluctuating field at the Cunucleus (A | -« and 4B - p with A = —4B
and f = |AL/A)). It was found that if both components are fully correlated, («-g) = +1 and
(B-B) = +1, one can fit the planar Cu relaxation data and its anisotropy by varying 45/« from
about 0.2 to 0.4. This means, a dominating spin component « that is correlated with the neighboring
components 8 can account for the observed relaxation and its anisotropy. Note that a normalized
relaxation rate of 1/T; | T = 20 /Ks gives a planar Cu shift of about 0.89% if one invokes the Korringa
relation. This is approximately the shift range of planar Cu.

Finally, we note that an antiferromagnetic coupling between two a components on adjacent Cu
atoms frustrates the correlated spin 8, unless they overcome the effective exchange coupling. This
mechanism could be behind the observed pseudogap from the metallic density of states, and may not
influence the planar Cu relaxation beyond a change in anisotropy.

4. Conclusions

To conclude, the recent collection of all available planar O shift and relaxation data [6] uncovered
compelling arguments in favor of a simple metallic density of states with a temperature independent
pseudogap set by doping. Even the anisotropies of O shift and relaxation [7] support this simple
view. The density of states outside the gap is common to all cuprates (independent on the size of the
gap) and gives a metallic shift from the Korringa relation that is indeed observed. This raised the
question of how this spin susceptibility relates to the phenomenology of the planar Cu data that had
been published previously [11-13,20]. By comparing both sets of data we conclude that the planar Cu
shifts are dominated by the same pseudogap, in particular, the earlier postulated suppression of the
planar Cu shifts is a result of this pseudogap [12]. However, there is a significant family dependence
for the Cu shifts for one direction of the field (c || Bp), so that this pseudogap feature can disappear for
this direction of the field. As before, we endorse the conclusion that it is the action of a second spin
component, likely from the spin in the 3d(x* — y?) Cu orbital, that is behind the complicated and family
dependent planar Cu shift anisotropy. While the consequences of the pseudogap are obvious already
in the bare Cu shifts, there is a quantitative difference between O and Cu that seems to be outside the
expected uncertainties. It also carries a family dependence and explains why one can conclude on
a single component picture for some systems, but not for other. Striking is still the observation of a



10 of 11

doping and family independent metallic planar Cu relaxation that does not show a pseudogap at all
[12,13]. One would argue that this must be related to the metallic density of states observed for planar
O, perhaps as a result of antiferromagnetic coupling of the planar Cu spins, as argued before [20].
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Chapter 5
Conclusion

In this cumulative thesis, I presented six publications, which together form the genesis
of a complete phenomenology of Cu and O NMR shift and relaxation data of high-
temperature superconducting cuprates. From looking at the cuprate NMR data in its
entirety, across all families and doping, we reached conclusions that would otherwise
remain elusive by focusing on one material only.

The salient features of this phenomenology are as follows: the Cu shift data
revealed that most of the cuprate families do not behave according to the old hy-
perfine scenario, and that there is a need to introduce a second spin component to
explain the data. The Cu relaxation data, on the other hand, showed a ubiquitous
Fermi-liquid like relaxation common to all the cuprates, irrespective of doping and
material, while showing no signature of the pseudogap. Furthermore, we established
that since the nuclear relaxation is similar for all the cuprates, a suppression of the
Cu shifts is behind the failure of the Korringa relation, and not an enhancement of
the relaxation as assumed earlier.

The planar O data in their totality show a simpler scenario. We found that the
high-temperature slopes of the nuclear relaxation with respect to temperature are
doping-independent and point to a temperature-independent pseudogap that opens
at the Fermi surface and causes a loss of low-energy states. The states above the
pseudogap are metal-like and ubiquitous to all the cuprates. The magnetic hyperfine

coefficients seem to be in agreement with theoretical predictions from first principle
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calculations and the shift and relaxation anisotropies point to a simple explanation
using a single-spin component scenario.

From this recent inspection of O data, we could conclude that the temperature-
independent pseudogap is behind the suppression of the Cu shifts—only for one
direction of the magnetic field—and there is a significant family dependence in the
Cu shifts for ¢ || By direction. This is strongly reminiscent of the family dependent
way in which Cu and O share the charges in the CuO, plane. It is quite striking that
Cu relaxation remains unaffected by the pseudogap and is metallic-like.

Our model is an attempt to form a coherent picture of the cuprates based on all
these observations. Nevertheless, reconciling these findings has been like completing
a puzzle with some pieces still missing. It took roughly seven years after the discovery
that NMR could measure the total charge and the dependence of maximum 7, on
the O hole content, [Jurkutat et al., 2014], |[Rybicki et al., 2016], for these findings
to be substantiated by theoretical predictions, [Kowalski et al., 2021]. It is still not
clear what the consequences for NMR shift and relaxation are, and whether the
similarities in the family dependence of the Cu ¢ || By shifts and the charge sharing
between Cu and O are somehow related. A more detailed consideration of this was
done in [Haase, 2022|. The behavior of the Cu NMR linewidths also does not support
a single component view. However, it is not yet understood how the Cu and O NMR
linewidths fit into our new scenario.

The fact that theoretical predictions, ascribing superconductivity to superex-
change, [Kowalski et al., 2021], are in agreement with experiments, [Rybicki et al., 2016/,
|[Ruan et al., 2016], |O’Mahony et al., 2022|, is an immense step forward towards un-
derstanding the cuprates. We can only hope that our newly established phenomenol-

ogy of the NMR data presents a solid groundwork that theorists can build upon.
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