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Selbständigkeitserklärung:

Die hier vorliegende Arbeit wurde in der Zeit der Anstellung am Insitut für Experimentelle
Physik II, dem Felix-Bloch-Institut an der Universität Leipzig vom 01.08.2018 - 31.10.2021,
unter der Betreuung von Prof. Dr. Jürgen Haase, angefertigt.
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Referat

In dieser Arbeit wurde die Kupferoxidebene des Hochtemperatur - Supraleiters Yttrium-
Barium-Kupferoxid (YBa2Cu3O6+y) mit Hilfe von Kernmagnetischer-Resonanz (NMR -
nucleus magnetic resonance) unter Drücken von bis zu 4.4GPa untersucht. Es wurden
2 dieser Druckzellen gebaut, sie enthielten verschieden stark dotierte Einkristalle. Die
Änderungen der Ladungsverteilungen in der Kupferoxidebene abhängig von der Dotierung
und vom Druck lagen hierbei im Fokus der Untersuchungen.

Motivation dieser Arbeit war es YBa2Cu3O6+y Einkristalle bei höheren Drücken als zuvor
mit NMR zu untersuchen. Dabei wurde der alte Rekord von 1.8GPa (Steven Reichardt
2018) auf 4.4GPa erhöht (aktuelle Arbeit).
Da sich die Probenkammer in einer Druckzelle stark verformt, muss die Unversehrtheit der
Kristalle an jedem Druckpunkt überprüft werden. Dies wurde unter anderem mit Bildern,
welche mit dem Mikroskop durch die transparenten Anvils gemacht wurden, überprüft, als
auch durch aufwendige Höhenmessungen der Probenkammer mit speziellen Mikroskopen in
Verbindung mit einem Piezo-gesteuertem Probentisch. Durch die exakte Vermessung und
Positionierung der Einkristalle auf dem Anvil konnte in Verbindung mit den Höhen- und
Druchmessermessungen sichergestellt werden, dass sich der Kristall unter hydrostatischen
Druckbedingungen befindet und nicht linear entlang der Zellenachse komprimiert wird, was
zu einem Brechen oder einer Veränderung der Orientierung führen könnte. Eine allgemeine
Erkenntnis konnte dabei gewonnen werden, über die Stabilität, insbesondere der Höhe der
Probenkammer, welche zunimmt mit dem Durchmesser des Culets. Dies ist entgegen des
allgemeinen Prinzipes der Miniaturisierung zum erreichen höherer Drücke, für die Planung
der Zellenarchitektur für Einkristallmessungen in NMR-Anvilzellen aber wichtig.
Weiterhin mussten auch andere wichtige Parameter für NMR Messungen erfüllt werden.
Die Architektur der Mikrospule welche in der Probenkammer um den Kristall gelegt wurde,
mussten um den Füllfaktor zu maximieren an die Dimensionen der Kristalls angepasst wer-
den. Dazu wurde eine Methode entwickelt um elliptische Mikrospulen von Hand zu wickeln,
darin wurden die flachen Kristalle aufrecht platziert. Damit konnte das Signal auf eine an-
nehmbare Intensität gebracht werden um in endlicher Zeit Messungen realisieren zu können.
Mit den Messungen an Yttrium-Barium-Kupferoxid Einkristallen unter Druck konnte gezeigt
werden, dass mit steigendem Druck sowohl die zunehmende Dotierung der Kupferox-
idebene die Position am Sauerstoffatom bevorzugt, als auch eine Ladungsumverteilung
in der Kupferoxidebene induziert wird.

Weiterhin wurden NMR-Messungen am Indium Kern des Thermoelektrika Silber-Indium-
Tellurid unter Druck durchgeführt. 5 verschiedenen Druckzellen wurden gebaut und bei
Drücken bis zu 10GPa wurde gemessen. Bis 2.5GPa konnten Spektren aufgezeichnet
werden die einen Anstieg des elektrischen Feldgradienten nahelegten. Dieser anstiegt kon-
nte mit Nutationsexperimenten bestätigt werden. Die Echo-Experimente bei 4GPa und
5GPa wiesen einen starken Signalverlust auf und legten eine Quadropolaufspaltung des
Zentralübergangs zweiter Ordnung nahe. Über 5GPa wurde kein Signal mehr gefunden.
Nach dem Ablassen des Drucks zurück zu Umgebungsbedingungen wurde wieder ein Signal
bei der ursprünglichen Frequenz gemessen.
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Abstract

In this work the CuO2-plane of the high temperature superconductor yttrium-barium-
copper-oxide (YBa2Cu3O6+y) is investigated by nuclear magnetic resonance (NMR) under
pressures up to 4.4GPa. Two high pressure NMR cells were built and filled with differently
doped single crystals. The changes of the charge distribution in the CuO2 - plane depending
on doping and depending on pressure were the focus of the investigations.

The motivation of this work was to extend the NMR measurements of YBa2Cu3O6+y single
crystals in NMR anvil cells with pressures not achieved before. The old record (from Steven
Reichardt 2018) of YBa2Cu3O6+y single crystals up to 1.8GPa was increased to 4.4GPa
with this work.
Due to the large deformation of the sample chamber, the integrity of a single crystal has to
be checked at every pressure point. This was done by pictures, shot through the transparent
anvils as well as height measurements of the sample chamber with a special microscope
combined with a piezo controlled table. The exact measurements of the position of the
single crystals as well as the height and diameter measurements assured that the single
crystal is still in hydrostatic conditions or if it is tilted or pressurized linearly. A general
cognizance about the stability of the sample chamber was acquired, especially about the
stability of the height, which increases with the diameter of the culet. This is contrary to the
general principle of miniaturization to reach higher pressures, if single crytals are of interest.
The aim here is to have a stable sample chamber for good measuring conditions for NMR
under pressure. Further, other expectations for the parameters of a NMR experiment had
to be fulfilled as well. The architecture of a microcoil, which is placed around the crystal
in the chamber, had to match the flat crystal shape to increase the filling factor and with
this the signal to noise ratio (SNR) of the probe. For this, a method to wind elliptical
micro coils by hand under the microscope was developed. Thereby signal intensity could
be increased to an acceptable value which allowed more rapid measurements.

With the measurements on YBa2Cu3O6+y single crystals under pressure it was shown that
increasing pressure increase the hole doping in the CuO2-plane. Furthermore a redistibu-
tion of the charges in the CuO2-plane occurs.

In a second part of this thesis 115In NMR measurements on the thermoelectric AgInTe2
under pressure up to 10GPa in 5 different cells were preformed.
Up to 2.5GPa spectra were recorded which could be explained by an increase of the
quadrupole frequency. This increase was verified by a power dependent nutation spec-
troscopy experiment. The echo experiments of pressures between 3GPa and 5GPa showed
a high signal loss and pointed to an increasing disorder and a second order affected cen-
tral transition of a powder spectrum. No signal was found above 5GPa despite elaborate
searches in particular for a possible metallic component. After the pressure release a signal
was found again at ambient conditions frequency.
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“The task is not to see what has never been seen

before, but to think what has never been thought

before about what you see everyday.”

Erwin Schrödinger

0
Introduction

In this dissertation, at the front page of every chapter, a short text about the content and

structure is given.

This first chapter is an introduction to the field in physics of this dissertation, further the

motivation for this work is formulated.

1



0.1 Introduction

High Pressure NMR is a powerful probe for all phenomena that also influence the inter-

actions of a bulk of nuclei under pressure1. The change of the strength of the different

interactions of the nuclei can give us information about the nucleus surrounding and with

this about the interactions in the crystal structure. Pressure can change the surrounding,

for example, very weakly by changing the nuclear distances by compression, or enormously,

by changing the crystal structure by a phase transition. The interaction between the nuclei

and the surrounding electrons can gives us information about the band structure and the

density of states.2

The used high pressure NMR technique, based on a microcoil in the sample chamber of an

anvil cell was realized in 2009 by P. Alireza3 form the Cambridge University in cooperation

with the University of Leipzig, where the NMR measurements were made.

Till today, different types of anvil cells are invented and designed in Leipzig4. Which al-

lowed NMR measurements at different powdered samples under pressures up to 20.2GPa5.

As gasket material, copper-beryllium (CuBe) was used, due to its low magnetic suscepti-

bility and high strength.

For the investigation of Yittrium-Barium-Copper-Oxid (YBa2Cu3O6+y) single crystals un-

der pressure, a specialized set up was needed. Steven Reichardt6 put a micro crystal on

the top of an anvil and fixed it with epoxy resin. The gasket and the microcoil was added,

the chamber was filled with parafin oil and closed. The orientation of the crystal in the B

field was done by the observable resonance frequency dependence of the central transition

of the copper nuclei due to second order quadrupole effects.

Small crystals give small signal of course but it was possible to depict the whole copper

and oxygen spectra at pressures up to 1.8GPa6.

The biggest problem for a single crystal in an anvil cell is the deformation of the sample

chamber while pressure is increased. The single crystal is considered to be in hydrostatic

conditions as long the height of the sample chamber is higher then the crystal height and

the limits for the pressure medium, in this case paraffin oil, are fulfilled. From the point

when the height of the sample chamber goes below the height of the crystal, the crystal is

squeezed along the cell’s z-axis, changes it’s alignment or is even broken. To solve these

problems and realize the measurements at higher pressures then before was a central part

of this work.
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0.2 Motivation

The pressure phenomenology of the high temperature superconductors was investigated

with different methods7,8. But the open questions about the effect of pressure to the

charge distribution in the CuO2-plane remained unanswered in the past. NMR as method

allows a qualitative measurement of these charges, but high pressure combined with NMR

is a very challenging task. The fact that the signal intensity depends on the number of

nuclei in the receiver coil and the idea of a miniaturization of the setup to increase the

pressure oppose each other. A compromise had to be found. The setup with a microcoil

inside the sample chamber increases the signal strength but also set limits due to the

deformation of the chamber.

The first attempt, which provided a full set of data of a micro single crystal of YBa2Cu3O6+y

under pressure by Steven Reichardt9,6 unfortunately reached only 1.8GPa. The connection

wire to the coil broke when they compressed it further.

The motivation of this work is to extend the achievable pressures for YBa2Cu3O6+y single

crystals NMR investigation with the used high pressure NMR anvil cell. The limit is set by

the deformation of chamber, or more precise by the height decrease. The anvil cell could

break the single crystal if the height reduction of the sample chamber is to large. To reach

higher pressures and make these investigations possible, a technique for the observation of

the live sample chambers dimensions at every pressure was needed. Different approaches

were considered, the most promising, based on the relative comparison of two marked

references on the anvils was realized.

The signal intensity of such a small single crystal is challenging. To optimize the Signal

different ideas of coil architectures and changes at the cells were tested.

My motivation for this work was the challenging mixture of 2 experimental techniques,

the complex electronically NMR setup and especially the micro electronics of a NMR anvil

cell, soldered and build by hand under a microscope, combined with not clear theoretical

approaches to the very interesting field of cuprate superconductivity.
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“Quantum theory provides us with a striking il-

lustration of the fact that we can fully understand

a connection though we can only speak of it in

images and parables.”

Werner Heisenberg

1
Theoretical Basics

This chapter is written to repeat some theoretical aspects need for this thesis.

First, an introduction to nuclear magnetic resonance (NMR) is presented, followed by the

used NMR and microcoil setup. Then the parameter pressure is introduced and discussed.

How to achieve such conditions as well as which influence on experiments it can have. A

state of the art is given here. Further the deformation of the gasket is described theoret-

ically. A second state of the art focusing on NMR under pressure is given in this chapter

as well.
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1.1 Nuclear Magnetic Resonance (NMR)

A short conclusion of the relevant basics of nuclear magnetic resonance (NMR) is presented

here, based on the books from C.P. Slichter2, from D. Freude and J. Haase10 as well as

other important books11,12,13

1.1.1 Quantum Mechanical Description of Spin States

The quantum mechanical vector operator I describes the angular momentum I of the

nucleus. The vector operator I can be written in cartesian coordinates with it’s components

Îx,y,z, which are operators as well. I2 commutates with Îz. The common set of eigenvectors

|Im⟩ gives the corresponding eigenvalues:

I2 |Im⟩ = I(I + 1) |Im⟩ and Îz |Im⟩ = m |Im⟩ (1.1)

with I = 0, 1
2
, 1, 3

2
, 2, ... and m = −I,−I + 1, ..., 0, ..., I − 1, I.

The interaction of the magnetic moment of the nucleus with an external magnetic field can

be described by the Zeeman Hamiltonian:

HZ = −µB = −ℏγIB (1.2)

µ = ℏγI is the magnetic moment of the nucleus, γ is the isotope specific gyro magnetic

ratio.

By assuming the static B0 field exclusive in z-direction, B = (0,0,B0), the Hamiltonian

can be simplified to HZ = −ℏγB0Iz. The eigenvalues are given by Em = −mℏγB0. While

∆E = ℏγB0 gives the energy difference between the states. The spin precesses in the B0

field with the Larmor frequency ωLamor = ωL = γB, which is the resonance condition for

the excitation of a transition between the states. A energetic scheme proportional to ω is

presented in Fig. 1.1.
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Figure 1.1: Energetic States Scheme: A energetic scheme is presented here for the
Zeeman interaction as well as for quadrupole interaction of first and second order of a
nucleus with I = 3/2

1.1.2 Pertubation of the Hamiltonian

We are interested in a dominating Zeeman Hamiltonian. Other interactions are considered

as perturbations of Hz. Some important interaction for this thesis are discussed below:

Dipolar Coupling: HD

Dipolar coupling describes the interaction between two magnetic moments of two nuclear

spins µ1 = γ1ℏI1 and µ2 = γ2ℏI2 with a distance of r.

HD = γ1γ2ℏ2I1
[
I2
r3

− 3
r(I2r)

r5

]
(1.3)

The dipolar coupling causes a B0 independent broadening of the resonance lines.
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Magnetic Hyperfine Coupling: HHF

This coupling describes the magnetic interactions of the nuclear spin with the surrounding

electrons. There are different contributions in the magnetic hyperfine Hamiltonian

HHF = 2γℏµBI

[
l̂

r3
− ŝ

r3
+ 3

r(rŝ)

r5
+

8

3
πŝδ(r)

]
(1.4)

µB is the Bohr magneton, l̂ is the orbital and ŝ is the spin angular momentum operators

of the electron.

The surrounding electrons change the local magnetic field at the nucleus, which causes

a difference between the Lamor frequency νL of the undisturbed nuclei and measured

resonance frequency ν0 of the hyperfine coupled nucleus in a lattice.

Quadrupolar Couling: HQ

If I ≥ 1 the electronic hyperfine coupling has to be considered. The interaction between

the quadrupole moment Q and the electric field gradient (EFG) causes a energetically

difference between the energy levels which causes a spitting of the resonance lines.

The Hamiltonian can be described as followed. (X,Y,Z give the principle axes of the tensor

Vij describing the EFG if |VZZ | ≥ |VY Y | ≥ |VXX |)

HQ =
e2qQ

4I(2I − 1)

[
3I2Z − I(I + 1) +

1

2
η(I2+ + I2−)

]
(1.5)

the asymmetry parameter η = (VXX − VY Y )/(VZZ) can take the values between 0 and 1

(η ∈ [0,1]). Further, the ladder operators are given as I± = Ix ± iIy.

In this work the application of this formula will be limited to the case of HQ ≪ HZ further

only half integer spins are investigated. Copper 63,65Cu with a spin of 3/2, Oxygen 17O

with a spin of 5/2 and 113,115In with a spin of 9/2.

The quadrupole frequency νQ is given by

νQ =
3e2qQ

2I(2I − 1)h
(1.6)
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The formula10 for the orientation dependency of the 63Cu central transition affected by

second order effects used in sec. 5.2 for the fit in Fig. 5.6 is given here:

ν−1/2,1/2 − νL =
ν2
Q

6νL

[
I(I + 1)− 3

4

] [
1

5

(
1 +

η2

3
+ g(α, β, η)

)]
(1.7)

ν−1/2,1/2 is the transition frequency, νL is the Larmor frequency, νQ is the quadrupole

frequency, I the spin quantum number, g(α, β, η) is the orientation term, dependent on

the alpha and beta angles as well as the symmetry of the EFG. A detailed description of

all terms is given in the literature10.

1.1.3 Occupation of Spin States and Curie Temperature

A macroscopic magnetization of a sample is given by a sum over all quantum mechanic

magnetic moments in their stationary spin states per volume V .

M⃗0 =
N∑
i

µ⃗i

V
(1.8)

were M⃗0 is the magnetization of the sample, i is the number of the specific moment µ⃗i, N

is the total number of the moments.

The net magnetization ⟨Mz⟩ along the external B0 field is a result of the slightly unbalance

of parallel and anti parallel contributions of the states, due to occupation differences. The

magnetization at the temperature T is given by the Curie law:

⟨Mz⟩ =
Nγℏ2I(I + 1)

3kBTV
B0 (1.9)

The Boltzmann distribution can describe the population pm, in the level with the energy

Em, while pm ∝ exp(−Em

kBT
). The ratio pm+1

pm
gives the difference relation of the populations

of two neighboring states depending on the temperature in thermal equilibrium, if the high

temperature approximation (kBT ≫ γhB0)is fulfilled.

pm+1

pm
= exp

(
γℏB0

kBT

)
(1.10)

A change of this magnetization needs an external manipulation, from RF pulses, after

which it relaxes.
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1.1.4 Excitation and Relaxation

The B1 field of the excitation coil must have an alignment which is not parallel or anti

parallel to the external B0 field. The ideal orientation for excitation includes a right angle

between B0 and B1. B1 can be calculated by the following formula:

B1 =

√
µ0PQ

2ωVcoil

(1.11)

were P is the applied power of the pulse, Q is the quality factor of the circuit, ω is the

frequency of the pulse and Vcoil is the volume of the coil.

It is possible to flip the macroscopic magnetization by an angle θ, if a radio frequency

pulse (RF pulse) is applied. The angle θ is influenced by the field strength B1, by the gyro

magnetic ratio γ of the isotope and by the time τ of the pulse.

θ = γB1τ = γτ

√
µ0PQ

2ωVcoil

(1.12)

The most interesting angles are of course π and π/2. By setting an angle the time can be

estimated:

τπ/2 =
π

γ

√
ωVcoil

2µ0PQ
(1.13)

While B1 is applied on resonance the spins nutate around the axis of the coil’s B field.

After the excitation with an π/2 pulse the magnetization precesses in the x̂-ŷ-plane. A

precessing magnetic moment in a coil leads to Faraday Induction. So the same coil can

be used for the excitation and for the detection of the signal. After the excitation spins

decay back to the thermal equilibrium. This can be described macroscopic by the Bloch

equations.
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1.1.5 Bloch Equation, T1 und T2

Felix Bloch published in 1946 the so called Bloch equations. These equations are a set

of differential equations which describe the magnetization vector M⃗ in the 3 dimensional

space. This vector describes classically the change of the magnetization by time if its

deflected from the alignment in an external B field.

dM⃗

dt
= γ(M⃗ × B⃗0)−

Mxx̂+Myŷ

T̂2

− (Mz −M0)ẑ

T1

(1.14)

The magnetic field B⃗0 causes an angular momentum to the magnetization γ(M⃗× B⃗0). The

second and the third parts (Mxx̂+My ŷ

T̂2
, (Mz−M0)ẑ

T1
) are responsible for the exponential decay

of the magnetization by time. T1 and T2 are the exponential decay coefficients. If B⃗0 ∥ ẑ,

T1 describes the decay of the ẑ-component of the magnetization, while T2 describes the

decay in the x̂-ŷ-plane.

T1 describes the relaxation in ẑ-direction. It is called the longitudinal relaxation, longi-

tudinal to the external B0 field. Here the energetic decay is described, were the spins flip

until thermal equilibrium is reached. The energy in this relaxation mode is given to the

lattice, which results in a heating of the sample. Due to the small energies of these spin

flips the thermal heating effects can be neglected.

T2 describes the relaxation in the x̂-ŷ-plane it is called the transverse relaxation. This

relaxation mode is based on the phase relation of the different spins. Different interaction

can contribute to this mode, for example the dipolar interaction or field inhomogeneities.

In case of a pressure dependence of interactions or resonances, a pressure gradient in the

chamber of the anvil cell could cause a additional dephasing. For an uniform distribution

of all phases the magnetization in the x̂-ŷ-plane decays to zero. T2 is in general smaller

then T1, which means the dephasing is a faster mode then the reaching of the thermal

equilibrium.
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1.1.6 Free induction decay(FID):

The free induction decay (FID) describes the signal after a deflection of the magnetization

from the alignment along the external magnetic field B0, by a radio frequency pulse (RF

pulse). The x̂-ŷ-components of the rotating magnetization in the coil induce the measured

voltage. By using the rotating frame, which sets the perspective to the excitation/resonance

frequency, the alternating part can be compensated and only a exponential decay remains.

1.1.7 Nutation experiment:

A nutation experiment is done to determine the π/2 pulse. It is the first experiment one

checks for a new sample, based on a single pulse with the power P and the duration time τ .

The formula (1.12) in sec . 1.1.4, gives the rotation angle of the macroscopic magnetization

⟨M0⟩ if a pulse is applied.

A variation of one parameter, power or time, while holding the other, allows a determina-

tion. The measured intensity in the coil will have a maximum for a π/2 pulse and decrease

for larger angle again. Some systems can also be inverted or completely rotated. The

nutation follows an exponentially damped sine-functions.

Small inhomogeneities in the surrounding of the nuclei cause small differences in the Lamor

frequencies ωL, Which leads to a small bandwith where the pulse parameters vary. For

small angles the variation of the excitation is small but for large rotation angles these small

discrepancies sum up, while getting more nuclei out of phase which can not contribute to

the signal anymore. This leads to a damped signal.
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1.1.8 Nutations Spectroscopy:

The response of a solid state quadrupole spin system to a RF pulse is strongly dependent

on the relation between the RF-pulse and the strength of the quadrupole coupling. The

ratio ωQ/ωRF tells if the spectra is selective or non selective excited.

If ωQ ≪ ωRF the excitation is called non selective. In this case the quadrupole interaction

can be neglected during the excitation and the spin system acts like a spin 1/2.

If ωQ ≫ ωRF is applied the excitation is called selective. For powders only the the cen-

tral transition is accessible this way. The compare between the measured intensities and

frequencies and a simulation, allows a determination of ωQ by the variation of ωRF . The

relation of the intensities are given by10,14:

Iselective =
Inon

I + 1/2
(1.15)

while the relation of the frequencies are given by:

ωRF,selective = (I + 1/2)ωRF,non (1.16)

In the case of 115In, (I = 9/2), the relations go to Iselective = Inon/5 and ωRF,selective =

5 · ωRF,non. For more details about the mathematical descriptions as well as simulations

please see literature10,14.
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Figure 1.2: Basic NMR circuit: Here the basic circuit diagram is shown, the resonance
frequency is set by the tuning capacitor. The matching capacitor is used to match the
circuit to Z = 50Ω to realize a signal transmission free from reflections and standing
waves

1.2 NMR Setup

A typical NMR experiment needs beside a strong static B0 field a tune able resonance

circuit. Such a circuit consists basically of an inductive element like coil with it’s inductance

L and a capacitive element like a capacitor with it’s capacity C. The resonance frequency

is then given by:

f =
1√

L · (C1 + C2)
(1.17)

The approach which we use for NMR experiments is based on two adjustable capacitors

and a coil (see Fig 1.2). The tuning capacitor Ctune is used to tune the circuit to the

resonance frequency and is grounded parallel to the coil. The matching capacitor is needed

to match the circuits impedance Z to the 50Ω of the signal detection line to realize a signal

transmission free from reflections and standing waves.

Every resonance circuit is categorized by the quality factor Q.

Q = 2π
W

V
(1.18)

This ratio of the maximum stored energy (W ) and the dissipated energy per cycle (V )

of the system gives information about the damping. The energy oscillates between the

magnetic field (in the coil) and the electric field (in the capacitor), the system is damped

by the real part resistance of the used electrical elements and the wires, symbolized and

put together as R.
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Measure the Q-factor:

In the daily routine the Q-factor is measured with the help of a network analyzer. If the

circuit is tuned and matched to the resonance frequency ω0, two frequencies are defined

ω1 and ω2, above and below ω0, as the frequency were the intensity is −7 dB damped in

compare to the zero line. Q can be calculated using the followed equation:

Q =
ω0

ω1 − ω2

(1.19)

1.2.1 microcoil

It was shown in15,16,17, high resolution NMR with wide line excitation of broad NMR signals

is possible using a microcoil setup. The advantage to a regular sized coil is obvious. The

much smaller volume of a microcoil leads to a much bigger Radio Frequency (RF) field

strength:

B1 =

√
µ0QP

2ωVcoil

(1.20)

µ0 is the vacuum permeability, Q the quality factor, P is the applied power, ω gives the

resonance frequency.

The inductance of a flat solenoid microcoil, which was used in the high pressure NMR cells,

can be calculated by the following formula18:

L[nH] =
21.8N2dcoil

1 + 2.2 lcoil
dcoil

(1.21)

The number of turns of the coil is given by N , dcoil in [cm] is the diameter and lcoil in [cm]

gives the length of the coil. This formula would be valid for an empty coil.

The inductance of a coil filled with a sample would be influenced by the susceptibility χm

of the sample,

Lρ = L(1 + ρχm) (1.22)

with ρ as filling factor.

The relation between the magnetic susceptibility and the inductance of the coil can be

used to observe the transition of a material to the superconducting state by observing the

change of the inductance. If this coil is connected to a circuit the resonance frequency

changes over a temperature range.

For more information about the determination of the critical temperature by this method

please check sec. 5.1.1
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Noise and Signal to Noise Ratio

For our NMR experiments we concern mostly thermal (Johnson) noise. It was described

by Nyquist19,20

Unoise =
√
4RkBT∆f (1.23)

R denotes the resistance, kB is the Boltzmann’s constant, T the temperature and ∆f the

frequency bandwidth. In our case we use a micro silver wire (Goodfellow Cambride Ltd),

with a diameter of 25µm and an insulation of 5µm to wind the coil. This coil is considered

to be the main source of thermal noise.

A typical value of thermal noise voltage of a NMR cell at room temperature is Vthermal =

0.23µV. The quality of a signal is described by the ”Signal to Noise Ratio” (SNR)21.

SNR =
Pinduced

Pnoise

=
U2
induced

U2
noise

with Uinduced = ρNcoilAcoilω0µ0M0 (1.24)

The induced voltage, by the nuclei in the coil can be calculated by: ρ as filling factor, Ncoil

as the winding of the coil and M0 is the magnetization given by:

M0 =
Nnuclei

V
· γ

2
nℏ2I(I + 1)B0

3kBT
(1.25)

Here Nnuclei

V
are the number of spins per volume, γn is the gyro magnetic ratio. Low filling

factors ρ ≈ 0.1 for microcoils containing small single crystals is assumed. A typical voltage

value for the signal is around Uinduced ≈ 2 nV. This leads to SNR ≪ 1.

The repetition of a NMR experiment increases the SNR. While the Uinduced grows linear

by repetition, Unoise grows proportional to the square root, due to the normal distribution

of a random process.
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1.3 Pressure as Parameter

In this section different effects of pressure on matter are considered and discussed to get a

picture of pressure as parameter in physical experiments. The description in this section

goes back to the publication ”The Chemical Imagination at Work in Very Tight Places”

by W. Grochala, J. Feng, R. Hoffmann and N. Ashcroft in the year 200722.

For microscopic application, the common definition of pressure (eq. 1.26), can be inter-

preted as energy per volume.

p =
F

A
=

Energy

V olume
(1.26)

The consideration of pressure as energy density allows a thinking of the relations between

the energy differences between the states in a system and the influence of the surrounding.

While temperature changes the occupation of levels, described by the Boltzmann distri-

bution, pressure changes the levels it’s self. Four effects, which pressure can induce in

solids, dependent on the length/energy scales, in order to increase the energy density, are

mentioned here:

I The penetration of the repulsive region of inter molecular potentials (Van der Waals

potential). This results in elastic and plastic deformations of the crystal shape with

a large volume decrease.

II Electric transitions as well as phase transitions occur. The coordination is increased.

This means the number of direct neighboring atoms increased by changing the struc-

ture of matter.

III The distance of the nuclei decreases which affects the covalent bonds. More electrons

contribute to the bond, which increases the electron density. The increasing overlap

of orbitals can lead to a formation of a band structure.

IV Strong effect on the band structure occur. By decreasing the distance further, the

overlap of the orbitals increase which can lead to a decrease in the band gap. For the

highest pressures the band gap is closed the density of states increase rapid, which

leads to insulator metal transitions.

Of course the effects strongly depend on the individual atoms, structures and materials.
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1.3.1 State of the Art, History of Technical Realization

To realize such extreme conditions technically, a lot of ’know how’ about materials is

needed. P.W. Bridgman23 is known as the Inventor of the anvil cells. He developed a cell

architecture of two opposed anvils and a gasket in between, which are pressed together

by an outer structure that applies the force. Bridgman used tungsten carbide anvils, and

measured for different materials the electric resistance and the compressibility23,24, up to

a few gigapascal [GPa].

The basic principle remains the same, but single crystal diamonds are used as anvils for

their much higher strength, which today allows to achieve much high pressures with out

breaking.

However some important developments in the field shell be referenced here:

The usage of the diamonds as anvil by C. Weir25 and A.v. Valkenburg26 in 1959, pos-

sible due to quality improvements of diamonds, harder materials27 and further technical

progress, extended the pressure range immensely up to the megabar [Mbar] regime28,29,30.

In 197231,32 R. Forman introduced the ruby luminescence method to measure the pressure

optically with a laser through the transparent anvils (see 1.3.6). Nowadays this method is

extended up to 150GPa33. K. Goettel34 and W. Moss35 introduced beveled anvils as stan-

dard starting in 1985 for more stability which further increased the reachable pressures.

In 2015 the record pressure of 750GPa was measured in a DAC by L. Dubrovinsky36.

One of the most impressive works in the last few years, with an eye on high pressure and

superconductivity, was the work from the M. Eremets group37. They showed ’Supercon-

ductivity at 250K in lanthanum hydride under high pressures’. Lanthanum hydride LaH10

show superconductivity, predicted by BCS theory. High frequency phonons allow a strong

electron-phonon coupling combined by the pressures induced high density of states, the

superconducting state was achieved at ≈ 160GPa37. The isotope effect as well as the

Meissner effect confirmed the superconductivity near room temperature.
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1.3.2 Diamond Anvil Cell

Figure 1.3: Anvil Cell Structure:

The basic structure of a diamond anvil

cell. One can see the outer structure to

apply the force on the anvils and the

gasket. Between the anvils, inside the

sample chamber a ruby chip and the

sample is placed, surrounded by a pres-

sure transmitting media

The basic idea of an anvil cell was introduced by

P. W. Bridgman in 1905. In 1946 he received the

Noble Prize in physics for his work in the field

of high pressure physics, about the electric con-

ductivity of metals and crystal structures under

pressure. Bridgman used tungsten carbide anvils,

a stainless steel gasket and a lever arm device to

apply the force24.

A lot of changes from this early approach led to

the actual ”Diamond Anvil Cell” (DAC) tech-

nique30,38,39,40,41,42.

A ”Diamond Anvil Cell” is a high pressure device,

build of two opposing diamond anvils and a gasket

with hole in between. To transform uniaxial pres-

sure into hydrostatic pressure a pressure transmit-

ting medium is needed, such as Helium, Argon,

Xenon, paraffin oil or a mixture of methanol and

ethanol (4:1) are common. The pressure trans-

mitting medium is filled to the sample chamber

which is created by the gasket hole and the two

opposing anvils. Due to the optical transparent

anvils an optical access to the chamber is possible.

The outer structure applies the force on the

anvils, which focuses the force on the tip area.

A miniaturization of the anvil tips, and with this

the contact Area, follows the simple relation to

increase the pressure.
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1.3.3 Basic Architecture

In 2003 P. Alireza43 build a cell containing a microcoil inside the pressure chamber to do

susceptibility measurements under pressure. This approach was used by T. Meissner3 et.

al. to do high pressure NMR experiments in Leipzig in 2009. Later a serial of ”Leipzig

Anvil Cells” (LAC) were designed by T. Meier4,44. The detailed manual for the preparation

of a NMR anvil cell is given else were45. In this thesis only moissanite (6H-SiC)46 anvils,

and for the gasket copper beryllium (CuBe, alloy 2547,48), was used.

Figure 1.4: Leipzig Anvil Cells (LAC): This picture of the Leipzig Anvil Cells was
taken and published by T. Meier for his thesis44 in Leipzig between 2010 and 2016

In this actual work the LAC-TM1 and LAC-TM2 designs were used for NMRmeasurements

under pressure.

In general a DAC consist of three main components: the piston, the shell and a movable

backing plate. The piston is the movable part in the set up and holds an anvil. The shell

holds the other anvil and is important to guide and stabilize the piston while pressure is

applied. Pressing the piston in the shell presses the anvils together and generates between

the tips of the anvils the aimed extreme conditions. The movable backing plate is located

in the shell to be able to align the shell’s anvil in respect to the piston anvil.
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Outer Structure, Cell Bodies

Figure 1.5: Used LAC cells: This picture shows the used TM1 and TM2 cells a): closed
cylinder cell, one can see the two screws and the angle marks on the cell body of 5◦ distance
,b) a cylinder cell in the one axis goniometer, c): open cross cell,d): closed cross cell

The cell body, also described as outer structure, is important to apply force which is

guided trough the structure to the tips of the anvils. Our cell bodies are made from the

Ti64, grade23 alloy49. The Ti64, grade23 alloy is ideal for our uses due to its high strength

and low magnetic susceptibility. The main difference between the TM1 and the TM2

design is the outer structure.

The TM1 cell is a cylindrical cell (see Fig. 1.4 and Fig. 1.5 a) which fits in a goniometer

that also acts as ground contact on the probehead (see Fig. 1.5 b). This allows orientation

dependent measurements for single crystals. The TM1 cell was used for the single crystal

investigations of YB2Cu3O6+y. To apply pressure to the TM1 cell a hydraulic press is

needed. Two screws are used to hold the pressure. The pressure limit of this cell type is

around pmax ≈ 12GPa, due to the thin screws. Optical access is possible by two holes on

the top and on the bottom along the cylindrical z-axis. Additionally 3 equally distributed

holes are in radial direction in the x̂-ŷ-plane.
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The TM2 cell is a so called cross cell (see Fig. 1.4 and Fig. 1.5 d and c). It is designed

to reach higher pressures pmax > 25GPa. The pressure is applied by tighten up the four

screws simultaneously. The four thick titanium screws can hold much more load then the

two screws of the TM1 cell. It can be grounded by a small ground contact which do not

allow any changes of orientation. Which is the reason why these cells can only be used for

powdered samples or nano crystalline samples. AgInTe2 powder was investigated in these

cells. Optical access is possible by the two holes, one at the top and one at the bottom

and the openings at the sides.

Inner Structure

Figure 1.6: NMR Anvil Cell Inner Structure: Here the basic set up of the used NMR
anvil cells is shown, the RF coil inside the sample chamber contains the sample, the ruby
chip is placed to measure the pressure.

The inner structure is the characteristic element of a Diamond Anvil Cell. It contains the

seats were the anvils are placed. These seats are important for the alignment of the anvils

as well as for the transfer of the force to the tip. The seat in the shell part is movable by

three small screws, which allow the positioning in respect to the piston counter part. On

the piston part, three guide pins are distributed around the anvil to hold the gasket loose,

to allow movements to prevent breaking. The piston also contains the hot wire which is

strongly insulated from the grounded cell body. The preparation of the gasket including

the microcoil and the contact to the hot wire is done on the piston part. In Fig. 1.6 the

inner set up is depicted.

22



1.3.4 Theory of the Gasket

In 1989, D. J. Dunstan published the ”Theory of the gasket in diamond anvil high pressure

cells”50, which describes the deformation of the gasket with a hole between two anvils. In

1998 M. Eremets39 supplied a larger scaled discussion on the gasket behavior.

D. J. Dunstan described the deformation of the gasket based on the plasticity theory of the

continuum mechanic. In Fig. 1.7 the graphics from 1989 by D. J. Dunstan50 are shown.

Fig. 1.7 a) pictures the geometrical relations of the parameters. r0 gives the radius of the

culets, rg gives the radius of the hole in the center of the gasket, t0 gives the initial thickness

of the gasket before the pre indentation, t gives the actual thickness of the gasket.

He separated the pressure scale in a DAC experiment into two different pressure regimes.

At low pressures the ”thin” gasket regime and at higher pressure the ”thick” gasket regime.

The ”thin” regime is defined by a reduction of the radius while the height stays almost

constant. For small radii r slightly above rg the gasket flows in negative radial direction,

which decreases rg. The gasket at the outer edge near r0 flows in positive radial direction.

This predicts a radius rs in between , rg < rs < r0, with no favoring flow direction, which is

called stationary. Here the largest value for the normal strength occurs σn(rs) > σn(r ̸= rs).

The radius rs of stationary flow behavior depends on the height t and the normal strength

σn. While t stays almost constant in this regime rs decreases with increasing the normal

strength σn. In Fig. 1.7 b) the dependence of the normal stress σn/k is plotted as a function

of radius r/r0. One can see a decrease of r/r0 from a to d with increasing σn/k. In Fig. 1.7

c) the ”thin” regime is denoted below the dashed and the dotted horizontal lines.

The regime transition is reached when rs reaches the value of rg (rs = rg). Now the whole

gasket flows in positive radial direction, this is called the ”thick” regime. It is defined by

a decreasing height and an increasing radius. In Fig. 1.7 b) this is shown by e to g were

the radius increases dramatically. g denotes the finale state, the material is quickly pushed

out of the area between the anvils. In Fig. 1.7 c) the solid line (massive support: n = 0)

and the chain dotted curve (massive support: n = 3) denote the normalized thickness t/r0.

The intersection with the dotted or dashed curve denote the regime change. From this

point the height will decrease described by the curve.
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Figure 1.7: Theory of the Gasket graphics are a sketch from graphics made by D. J.
Dunstan50 a): r0 is the radius of the culets, rg is the radius of the hole, t0 gives the initial
thickness of the gasket before the preindentation, t gives the actual thickness of the gasket,
d is the size of the gasket plate. b): the normal stress σn/k is plotted as a function of
radius. One can see the radius decreases from a-d by while the load is increased. From e
to f and g the radius increases much. Between d and e the regime changes from ”thin” to
the ”thick” regime. In the thin regime the radius decreases in the thick regime it increases.
g illustrated a unstable region c): gives the decay of the height due to pressure, the solid
line and the dash dotted line is a plot of equation (1.29) for different values of massive
support. The dashed line and the dotted line symbolize the initial constant height in the
thin gasket regime.50

D.J. Dunstan50 introduced the following formulas for his description,

shown in 1.7 b) and c):

σn = (n+ 1)k +
2k√
3

(r0
t
− r

t

)
, rg ≤ r ≤ r0 (1.27)

σn = nk +
2k√
3

(r0
t
− rg

t

)
, r < rg (1.28)

and for the height reduction in the thick gasket regime shown in 1.7 c the following formula:

tmax =
2k√

3(p− nk)
(1.29)

Considering (1.28), the ratio of r0−rg
t

seems to be a characteristic ratio for the behavior of

the gasket under pressure. This ratio is calculated for all cells at every pressure to observe

their behavior (Fig. 4.6 in sec. 4.2.3)

For more details about the theoretical description and the derivation see the cited paper50

by D.J. Dunstan, or the book39 by M. Eremets.
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Working Regime For Single Crystals

Single crystals in a DAC need a special treatment. The observation of the chambers

dimensions are necessary to make sure that the crystal is not pressurized uniaxially. The

deformation of the gasket is important to observe while pressure is increased. Due to the

fact that the crystal is enclosed by a coil the relative small radial changes in the ”thin”

gasket regime do not disturb the alignment or the condition of the crystal.

This means the ideal regime for single crystal measurements is the ”thin” gasket regime.

Here one can observe a small reduction of the chamber diameter and an almost constant

height. This allows good measurements under good conditions.

In the ”thick” gasket regime the diameter increases while the height is reduced proportional

to∝ 1/p (eq. 1.29) (see Fig. 1.7 c). This leads to a maximal pressure, limited by the reduced

gasket height, shortly before the crystal is squeezed uniaxially by the two touching anvils.

To extend the working range of pressure as fare as possible, it is important to have an eye

on the ratios above. Furthermore a chamber monitoring is needed to prevent an uniaxially

squeezing, tilting or breaking of the crystal caused by the approximate anvils.

1.3.5 Pressure Medium

Hydrostatic conditions in the sample chamber can be achieved by adding a pressure trans-

mitting medium. Different types of liquids and gases can be used38,39. Gases for example

Helium, Argon, Xenon and liquids like paraffin oil a or a mixture of methanol and ethanol

are common. N. Tateiwa51,52 found a ratio of (4:1) of methanol and ethanol to be almost

perfect hydrostatic up to 10GPa.

For our uses in a NMR Anvil Cell paraffin oil is the most attractive pressure medium.

Alcohols could dissolve the epoxy resin or the cold temperature varnish which are used

to stabilize the micro RF coil. Paraffin oil is a good pressure transmitting medium up to

9GPa. Around ≈ 9GPa paraffin oil has a glass transition (amorphization)51,52,53 which do

not allow the use of it as hydrostatic pressure medium at higher pressures.

In NMR non hydrostatic conditions or pressure gradients would increase the linewidth of

a pressure sensitive transition52.
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Compressability of Liquids

The relation between pressure and the density of matter is described as compressability. In

the following section a short introduction to the compressability of liquids is shown based

on the book from D. Will54.

For hydraulic uses the model based on incompressable liquids is often used. But for high

pressures the volume reduction is not negligible. Especially for the pressure ranges of a

DAC, the reduction of the volume of the sample chamber is a parameter which has a big

influence on the planing of the experiments

The volume reduction depending on pressure can be described by the following formula:

κ = − 1

V

∆V

∆p
(1.30)

∆V denotes the change of the volume, V is the actual volume, ∆p is the corresponding

pressure difference and κ is the bulk modulus of the liquid.

In general the relation ∆V/V = f(p) is not a linear function in p, which means the bulk

modulus is not constant, and pressure dependent54.

By assuming the ∆ as continuous, a function can be derived by integration:

V (p) = Vi · exp (−κ · p) (1.31)

Vi is the initial volume, this formula is used as fit function for the volume reduction of the

anvil cell’s chamber, discussed in sec. 4.2.4.

For air free mineral oils, which paraffin oil is, the bulk modulus is given in literature with

κ = 1.4 - 1.6 · 104 bar54.
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1.3.6 Measure the Pressure

To measure the pressure, different approaches had been used in the past. First, a pressure

sensitive system is needed which can easily be read out by a simple measurement. Then

the change of the sensitive part of the system has to be gauged under the application of

pressure. In this subsection different gauged pressure scales are introduced. In our daily

routine with anvil cells the ruby scale was used.

P.W. Bridgman used for the first high pressure experiments resistance measurements. Later

he used the freezing pressure of liquid mercury23. P.W. Bridgman used tungsten carbide

anvils which did not allow an optical access to the high pressure chamber. In 1972 G.

Piermarini40 introduced the ruby scale. This became possible by using optical transparent

diamonds as anvils and a ruby chip. Ruby has two pressure sensitive optical transitions the

so called R1 and the R2 line. At ambient conditions R1 = 694.25 nm and R2 = 692.86 nm.

H.K. Mao41 and P.M. Bell30 extended the calibrations55:

P [GPa] = n
1904

B

[(
1 +

δλ[nm]

λ0[nm]

)B

− 1

]
(1.32)

With λ0 as wavelength of the R1 line at ambient conditions, and δλ its corresponding

position under pressure. B = 7.655 is a numerical coefficient which is valid for hydrostatic

conditions. B = 5 for quasi and non hydrostatic conditions.

In 1992 J. Yen56 investigated the temperature dependence of the pressure dependent R1

and R2 line and allowed with this also pressure measurements at low temperatures. In

2007 the calibration was extended by I. Silvera33 up to 150 GPa. Nowadays the ’Ruby

Scale’ technique is the most common in the middle to high pressure regimes.

In the year 2010 K. Kitagawa42 introduced the Knight shift of the nuclear quadrupole

resonance (NQR) of Cu2O of metallic tin as pressure gauge and provided temperature and

pressure dependent data up to 10GPa.

An new approach was made by A. Podlesnyak57 in 2018, using SrB4O7:Sm
2+ as pressure

sensor. The big advantage of the Sr-borate 0-0 line is the temperature independence of

the wavelength. Unfortunately these investigation reached only pressures up to 2GPa.
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1.4 NMR under Pressure

In this section NMR in an anvil cell is considered. A state of the art is presented as well as

a short discussion which influence pressure as parameter can have to a NMR experiment.

1.4.1 High Pressure NMR and State of the Art

High pressure NMR is a powerful probe to investigate interactions of nuclei depending

on varied energy densities3,17,45. Unfortunately the principle of miniaturization generates

difficulties in the sensitivity. M. Conradi58,59,60,61 discussed, various approaches of high

pressure NMR. Faraday induction in a coil depends strongly on the filling factor, precisely

on the number of rotating dipoles or nuclei contained in the coil’s volume Vcoil. A bad

filling factor is the result of winding the coils around the anvils. The small sample in the

anvil cell’s chamber in such a design is only a small fraction of the volume of the coil.

In general, a compromise between a large sample space and the maximum pressure influ-

ences the planing of such an experiment. Different architectures of anvil cells were tested

in the past. An example, a piston cylinder type cell62 (up to 4GPa) and a Bridgeman type

cell63,64 (over 10GPa) differ in sample size by a factor of 103.

I. Silvera65 and M. Pravica come up with the idea to use a split gasket as a single loop

resonator in 1998. 1H NMR spectra of molecular hydrogen were recorded at 12.8GPa and

20K. Even with the low Q factor of the used split rhenium gasket they reached a SNR of

about 10 after 1500 scans.

To increase the filling factor also other approaches were realized. A saddle shaped coil

around the anvils is a combination of two coils, split on two opposed sides of the sample.

This was used in a large number of studies66,67,68. Later, the SNR of a solenoid coil was

compared to a saddle shaped coil with equal radii by T. Okuchi17 in 2005, with the result,

the SNR of a solenoid coil is up to three times larger. A. Webb15 presented in 1999 a

multiple microcoil arrangement. One and two dimensional spectra of 1-butanol, galactose,

fructose and other molecules were recorded simultaneously. It was possible to reduce the

SNR from the coils by 50%, using a switch set up instead of a single microcoil with a

conventional receiver chain. In 2001 D.A. Seeber16 designed a set of different microcoils.

They varied the lead lengths, turn spacing and the resistance, to investigate the effects

on the SNR performance. In their smallest microcoil they reached an impressive SNR of

≈ 0.1.
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Bulk sensitive high pressure experiments in an anvil cell like NMR, AC susceptibility43

or Haas van Alphen69 measurements need a high filling factor for a good SNR. In 2003

P. Alireza placed a microcoil inside the sample chamber between the anvils to do AC

susceptibility measurements43. In the year 2009 this new approach, with a microcoil placed

inside, was tested in NMR experiments3,70. A cooperation of the Cambridge University

and the University of Leipzig led to NMR measurement under high pressure.

A microcoil with a diameter of 300µm enclosed the sample. The microcoil was connected

by the legs of the coil, which were placed in carved channels in the gasket sealed by epoxy

resin. A coil directly around the sample in the high pressure chamber increased the SNR

dramatically in comparison to the older approaches with coils outside. In Japan in 2010, K.

Kitagawa and H. Gotou71 presented a comparable NMR cell design. Their sample space of

a modified Bridgeman type cell had a large volume of 7mm3. Further, an apparatus to fill

the sample chamber with argon as pressure medium and an optical entrance by a glas fiber

were part of their cell design. A two axis goniometer, controlled mechanically, allowed a

precise alignment of single crystals. They introduced a pressure gauge depending on NQR

measurements of copper oxides to measure pressures up to 9GPa. In 2014 M. Takigawa

and K. Kitagawa72 used this NMR cell design to investigate the phase diagram and the

superconductivity of a single crystal of NaFeAs up to 7.3GPa. They recorded a rapidly

reduction of the transition temperatures by increasing pressure. In 2015 J. Haase und

T. Meier73 achieved a NMR experiment up to 30GPa. The composite gasket technique

was used, it combines the CuBe gasket with a nano crystalline powder (c-BN, diamond,

α-Al2 O3) surrounded with epoxy resin for more stability. In 2017 T. Meier74 used the

old approach with a saddle shaped coil around the anvils combined with Lenz lenses75,76

placed on the culets to focus the magnetic flux to the sample chamber. They reported

NMR data at a pressures up to 72GPa.
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1.4.2 Effects of Pressure to a NMR Experiment

Pressure can have different effects on a solid state NMR experiment. While temperature

changes the the population of levels, pressure influence the chemical as well as the electronic

structure. In the following some possible occurring effects on an NMR experiment under

pressure are presented.

The Knight shift2 is a shift of the resonance frequency due to the interaction of the nuclei

with the conduction electrons. By increasing the density of states at the Fermi edge the

amount of conducting electrons and with this, the conductivity increases23,77, which affects

the Knight shift, as well.

The quadrupole splitting2,13, is a splitting of transition lines due to a field gradient at the

nucleus (sec. 1.1.2). Pressure can change field gradient and with this the splitting.

A phase transitions, which can occur by the application of pressure23,24,78,44, can change

the complete surrounding of the nuclei. For example an insulator metal transition is clearly

observable by a jump in the resonance frequency caused by an incipient Knight shift44.

A phase change of the complete crystal structure for example, can change the linewidth

slightly or even broaden it significantly.
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“The good thing about science is that it’s true

whether or not you believe in it.”

Neil deGrasse Tyson

2
Samples

In this chapter the investigated samples, Yttrium-Barium-Copper-Oxid (YBa2Cu3O6+y)

and Silver-Indium-Telluride (AgInTe2) are introduced. The crystal structure, the NMR

relevant parameters, the preparation, and a short historical and scientific text is given.
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2.1 Yttrium-Barium-Copper-Oxide

Yttrium-Barium-Copper-Oxide also called YBa2Cu3O6+y or YBCO is a cuprate supercon-

ductor with a critical temperature (Tc ≈ 92K) above the boiling temperature of liquid

nitrogen (Tb = 77K). In this thesis is focused on YBa2Cu3O6+y, other YBCO mixtures

like YBa2Cu4O8 or Y2Ba4Cu7Oy are not considered in this work.

2.1.1 Discovery

G. Bednorz and K. Müller79 discovered in 1986 at the IBM in Zürich that some copper

oxides show a relative high critical temperature for superconductivity. Lanthanum-Barium-

Copper-Oxides showed a Tc = 35K. In 1987 Bednorz and Müller won the Noble Prize in

physics80.

In 198781 a team from the University of Alabama in Huntsville and the University of

Houston discovered YBCO with a critical temperature (Tc ≈ 92K) above the boiling

temperature of liquid nitrogen (Tb = 77K). The so called black phase82 was found at the

Carnegie Institution of Washington and is today known as YBa2Cu3O6+y.

The most remarkable thing here is the high critical temperature in this ceramic. The

BSC-theory can not explain the cooper pair building above temperature around ≈ 40K,

due to the high thermal energy of the lattice vibrations which should impede the cooper-

pair-building83.

Till today a giant number of investigations7,8,82,84 of these superconducting ceramics had

been done, but still a lot of questions remain unanswered.
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2.1.2 Crystal Structure

YBCO crystallizes into a layered defect perovskite structure85. A plane of square planar

CuO4 units define the boundary of each layer. The unit cell of YBCO is symmetric along

the ĉ-axis around the yttrium atom, which is enclosed by two CuO2-planes. The Yttrium-

Copper-Oxide plane section is enclosed by two BaO-plane and the CuO-chains above and

below. The lengths of the crystal axis are |⃗a| = 3.82Å, |⃗b| = 3.89Å |⃗c| = 11.68Å. A sketch

of the unit cell is shown in Fig. 2.1 a).

The CuO2-plane is the common feature of all high-temperature superconductors which

allows the assumption that this plane is a necessary puzzle piece of cuprate supercon-

ductivity7, while the CuO-chains could act as charge reservoir86. A large anisotropy in

conductivity is observes, along the â-b̂-plane it is about 10 times larger then along the

ĉ-axis8.

Figure 2.1: YBCO Crystal structure: a) A sketch of the crystal structure of
YBa2Cu3O6+y, marked are the different planes a well as the different copper and oxy-
gen positions in the unit cell85. b) A sketch of a twinned crystal, which occurs in YBCO
crystals along the â-b̂-plane.
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The designation of the different oxygen and copper positions:

� O(1): apex oxygen, oxygen position in BaO-plane

� O(2): oxygen position in the CuO2-plane, bond along the a⃗-axis

� O(3): oxygen position in the CuO2-plane, bond along the b⃗-axis

� O(4): oxygen position in the CuO chain

� Cu(1): copper position in the CuO-chain

� Cu(2): copper position in the CuO2-plane

In Fig.2.1 b) a sketch of the twinned orthohombic CuO2-plane is shown. This feature

occurs in the synthesis process of YBCO. The boundaries in between can be identified by

polarized light, and are called twinning lines. These lines are used to find the orientation

of the crystals under the microscope. The ĉ-axis is perpendicular to the CuO2-plan and to

the surface were the twinning lines optically occur7,9.

2.1.3 Material properties, NMR

The NMR relevant properties of the nuclei are shown in tab. 2.1. NMR experiments were

only done at the copper (63Cu, 65Cu) and oxygen (17O) isotopes. YBCO is a good candidate

for NMR investigations due to narrow NMR lines and clear spectra86.

spin I γ (107rad/sT) NA (%)
89Y 1/2 -1.316 100

135Ba 3/2 2.677 6.59
137Ba 3/2 2.992 11.23
63Cu 3/2 7.112 69.15
65Cu 3/2 7.604 30.85
17O 5/2 -3.628 0.038

Table 2.1: Properties of the NMR active Yittrium, Barium, Copper and Oxygen isotopes87
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2.1.4 Syntheses and Oxygen Exchange

A basic synthesis of YBCO can be done easily, but for high quality crystals a lot of

experience is needed. An oven that reaches and holds a temperature of T = 900 ◦C is

required. Yttrium nitrate, Barium nitrate, Copper nitrate and Oxalic acid are needed

for the chemical reaction at these temperatures88. The superconducting properties of

YBa2Cu3O6+y crystals depend strongly on the oxygen content which is varied with y.

Chemical doping with oxygen has an influence on the hole and electron doping in the

CuO2-plane.

The high quality YBCO single crystals used in this thesis were grown and annealed in a

BaZrO3 crucibles. A more precise description is given by A. Erb89 who made the high

quality crystals used in this thesis.

Fully oxygenated (y=0) single crystals, twinned in â-b̂-plane, were placed under elevated

temperatures in an 17O2 atmosphere for an isotope exchange. An exchange rate of about

25% was reached9. The doping content was adjusted by an annealing of the crystals to the

desired chain oxygen content. Later the crystal was cut along the crystal axis into small

micro-crystals which fit in a NMR anvil cells.
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2.1.5 Electronic Phase diagram and Superconducting Dome dependencies

Figure 2.2: Doping dependent Phase diagram: The variation of the chemical doping
content x in cuprate superconductors results in different electronic phases. The focus in
this thesis is on the right side, for hole doped samples.

It is possible to dope cuprate superconductors chemically and vary with this the charge

content in the CuO2-plane. High-Temperature-Superconductors (HTS) can be hole or

electron doped, the variable x gives the average planar chemical doping level deduced by

the stochiometry. For example by Lanthanum-Strontium-Copper-Oxide (LSCO) with the

stochiometriy La2−xSrxCuO4. In the case of YBCO, the oxygen doping in the plane can

not be deduced just by the stoichiometry, y is used here.

However, the variation of x shows different electronic phases, which are believed to occur

in all cuprates. The electronic phase diagram is given in Fig. 2.2. The undoped YBCO

is an insulator with an antiferromagnetic ground state. Two superconducting domes are

shown, colored in yellow, one for electron doping (x < 0) the other for hole doping (x > 0).

The hole doped dome shows a small plateau in Tc(x) at x ≈ 0.12590. In light red one can

see a charge order dome, above in light brown the pseudogap phase is depicted. The gap

and ordering phenomena were discussed in the past91,92. The antiferromagnetic phase is

shown in green, it is much more pronounced in the electron doped area (x < 0). Strongly

hole doped materials show a ”normal”-metal behavior.
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Figure 2.3: Tc-dependence domes: a) here the superconducting dome is shown. The
doping dependence of Tc(x) is depicted, b) the measured dependency of the critical tem-
perature on pressure on differently doped YBCO samples. The doping increass from A to
E. While A to C are strongly underdoped samples. D with the strongest pressure response
has the formula of YBa2Cu3O6.63. E denotes optimal doping. (This graphics are taken
from the ”Handbook of High-Temperature Superconductivity”7,8)

The doping level with the highest Tc is called optimal with a value of x ≈ 0.15. In Fig. 2.3

a) the superconducting dome doping dependence of Tc(x) is sketched. For values below and

above the optimal doping the critical temperature is below (Tc(xoptimal) > Tc(x ̸= xoptimal).

Doping is not the only variable which influences the superconducting dome, pressure as

well as an external magnetic field have influence to the shape7. The pressure effects were

investigated by J.S. Schilling8,93.

In Fig. 2.3 b) the pressure dependence of Tc for differently doped YBCO samples is

shown7,8. The doping increase from A-E. The samples A-C show the pressure depen-

dence of Tc for strongly under doped samples, a dome shaped dependence is depicted.

Sample D (YBa2Cu3O6.63) is underdoped as well, but shows the strongest increase in Tc.

It even surpasses the maximal Tc achieve able by doping. Sample E is an optimal doped

sample. Here Tc decrease by the application of pressure.
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2.1.6 Pressure dependence of Tc

Fig. 2.3 b) shows the effect of pressure to differently doped samples of YBa2Cu3O6+y. Tc

of underdoped samples tends to increase if pressure is applied. While optimally doped

crystals show a weak decrease in Tc. Usually, Tc of overdoped samples decrease by pres-

sure94,95. Conductivity and Hall measurements showed that the application of pressure to

YBa2Cu3O6+y crystals increase the planar hole doping94,96

The fact that some underdoped samples show a significantly higher Tc,max(p) than what

can be achieved by chemical doping points to an intrinsic pressure effect, a mechanism not

affected by doping. (
dTc

dp

)
total

=

(
∂Tc

∂x

)(
∂x

∂p

)
+

(
dTc

dp

)
intrinsic

(2.1)

The first part on the right side of equation (2.1) (∂Tc/∂x) describes the changes of Tc by

the change of doping x. The second part (∂x/∂p) describes the change of doping x by the

effect of pressure p. The last part on the right side (dTc/dp)intrinsic describes the intrinsic

effect on Tc by pressure. In this thesis these effects are considered.

2.1.7 selected YBCO investigations

In this section some selected NMR related investigations done in Leipzig shall be presented

as well as some formal relations.

It was shown that the charges in the CuO2-plane can be measured at an atomic level by

NMR84,97. The relation between the Cu and O quadrupole splitting along the respective

principle axes to the planar hole densities nCu and nO is given by84,97:

17νQ,σ = 2.453MHz · np +
17 Cc (2.2)

63νQ,c = 94.3MHz · nd − 5.68MHz · 4(2− np) +
63 Cc (2.3)

This allows the determination of the doping ζ measured by NMR. It follows the relation

given by97:

ζ + 1 = nCu + 2nO (2.4)

ζ adds a nominal hole to the already present in the parent compound. Here one has to

separate between the doping chemically x or y and the doping measured by NMR ζ.
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Figure 2.4: NMR Phase diagram of selected cuprates: a) Tc as a function of ζ. ζ
is the hole doping measured by NMR. b) Here the critical temperature Tc is given as a
function of 2nO. A proportionality between Tc,max and nO is revealed. c) A plane of nCu

and 2nO reveals the differences between the various cuprate families. It further relates to
the plots a) and b) above.

Fig. 2.4 a) shows a categorization of different cuprates by ζ, the doping measured by NMR.

Here the superconducting domes of the different families do not lay above each other like

the domes dependent on the chemical doping x do (xoptimal ≈ 0.15).

It was found97,98 a order of cuprates according to their maximal Tc depending on the oxygen

hole content 2nO of the CuO2-plane (see Fig. 2.4 b)). This was very recently confirmed by

a three-band Hubbard model with cellular dynamical mean-field theory done by the group

of André-Marie Tremblay at the Université de Sherbrooke99.
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By the combination of Fig. 2.4 a) and Fig. 2.4 b) a nCu-2nO-plane can be shown (Fig. 2.4

c)). The black diagonal ’parent’ line, for ζ = 0 is the boarder between hole and electron

doped materials, every family starts at an other point around ζ = 0. The different shar-

ing mechanism between the cuprate families influence the slope in the nCu-2nO-plane of

chemical doping. For YBCO (brown) it is ∆nCu/∆nO = 0.52.

2.1.8 YBCO NMR under Pressure

In this last subsection, two high-pressure NMR investigations which had been done in the

past at the University of Leipzig shall be presented.

Figure 2.5: Closing the Pseudogap: 17O

NMR shifts temperature dependency. The ar-

rows mark the measured critical temperature Tc

at the actual pressure. O(1) denotes the signal

of the apex oxygen position, which is unaffected

by the application of pressure. O(2,3) corre-

spond to the oxygen nuclei in the CuO2-plane.

This graphic was published by T. Meissner100

in 2011

In 2011 T. Meissner93,100 investigated

the electronic properties of YBa2Cu4O8

above the critical temperature. The

pseudo gap feature indicated by a tem-

perature dependent spin susceptibility

of the oxygen signals (O(2) and O(3))

in the copperoxid-plane were vanished

by the application of pressures up to

6.3GPa. The measured data are shown

in Fig. 2.5. One can see the ef-

fect of pressure which closes step by

step the pseudo gap for the O(2,3) sig-

nals while the spin susceptibility of the

apex oxygen O(1) is unchanged if pres-

sure is applied. The idea of a two

component spin susceptibility was dis-

cussed, where the first component dis-

plays the characteristic T-dependence

which is the dominant part at ambient

conditions. At elevated pressures this

component first component decreases,

while the second component increases

strongly.
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In 2018 S. Reichardt6,9 discovered a commensurate charge density variation in the CuO2-

plane by the investigation of an almost optimally doped single crystal of YBa2Cu3O6.9 up to

1.8GPa predicted earlier84. He observed the change of the double peak feature of his sample

and the effect of pressure at the temperature of 100K and 300K. S. Reichardt6 presented

a full set of NMR data of a YBa2Cu3O6.9 single crystal under pressures up to 1.8GPa. The

effect of pressure was interpreted to increase the strength of a bulk charge ordering and

that this is ubiquitous in the CuO2-plane of all cuprates. In 2019 I. Vinograd101 disagreed,

they investigated the effect of hydrostatic pressure on the charge density waves (CDW) in

YBa2Cu3O6+y under pressure up to 1.9GPa and found a slightly weakened.

For the evaluation in this thesis in sec. 5.2.2, concerning the charges in the 2nO-nCu-plane,

the data of the work from S. Reichardt for the sample Y-6.9 were also used.
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2.2 Silver-Indium-Telluride

Silver-Indium-Telluride (AgInTe2) belongs to the family of chalcogenides. The ternary

semiconductor has a non zero Seebeck coefficient which assigns it to the group of thermo-

electrics. The efficiency of a process, were waste heat is a decisive factor, and could be

increased by the generation of electric energy using a thermoelectric material102,103. Unfor-

tunately (AgInTe2) is not the ”best” thermoelectric material, nevertheless it is of interest

in the research.

A detailed description of the synthesis is given by Y. Aikebaier104. It was done by S.

Welzmüller and O. Öckler at the chemistry department at University of Leipzig105,106.

2.2.1 Material properties, NMR

The used AgInTe2 samples were only available as polycrystalline powder. For the usage

in the NMR anvil cells it was ground to a fine powder. Due to the low natural abundance

of the NMR active Te isotopes and the very low Lamor frequency of the Ag isotopes (see

tab. 2.2) combined with the extreme small sample volume and bad SNR only 115In NMR

was feasible. In table 2.2 the NMR relevant material properties are shown:

spin I γ (107rad/sT) NA (%)
107Ag 1/2 -1.087 51.82
109Ag 1/2 -1.25 48.18
115In 9/2 5.8908 95.72
113In 9/2 5.8782 4.28
125Te 1/2 -8.498 6.99
123Te 1/2 -7.049 0.87

Table 2.2: Properties of the NMR active Silver, Indium and Telluride isotopes87

2.2.2 Crystal Structure

The chalcopyrite structure78 of AnInTe2 is shown in Fig. 2.6 a). A detail structure analysis

of the samples used in this thesis was done by S. Welzmüller105,106. The chalcopyrite

structure appears at ambient conditions, with a high degree of local symmetry, it forms the

space group I-42d. Every atom is tetrahedrally coordinated by four next neighbors. The

lattice parameters are a = 6.45742(6) Å and c = 12.65146(17) Å. By the consideration

of 2a > c one can see a lack of symmetry, the unit cell is a little shrunk in ĉ-direction.
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Figure 2.6: AgInTe Crystal structure: a) A sketch of the chalcopyrite structure b) A
sketch of a cation-disordered orthorhombic structure with spacegroup Cmcm

2.2.3 Phase transitions

In 1969 K.J. Range78 investigated the structural changes if hydrostatic pressure is applied

by X-Ray diffraction. A structural phase transition in AgInTe2 at pressures above 1.5GPa

and a temperature of 350 ◦C was observed. At room Temperature the phase transition

occurs at 3 - 4 GPa107. The high pressure phase is a cation-disordered orthorhombic struc-

ture with spacegroup Cmcm shown in Fig. 2.6 b). The disordered rock-salt type structure

or a mixture of Cmcm- and NaCl-structure are discussed in literature78,107 as well. The

high pressure phase has a much higher conductivity of about 103. When pressure is re-

leased the high pressure phase stays stable for several weeks. Then it decays to a meta

stable zincblend-type structure. An annealing at 1 bar and 150 ◦C generates the highly

ordered chalcopyrite structure again. An ab initio study of the phase transitions was done

by Komsilp Kotmool108 in 2015.

� The chalcopyrite structure (AgInTe2-I) has a density of ρI = 6.15g/cm3

� The NaCl-structure (AgInTe2-II) has a density of ρII = 7.28g/cm3.

� The Cmcm-structure (AgInTe2-III) has a density of ρIII = 7.53g/cm3.

� The zincblend-type-structure (AgInTe2-IV) has a density of ρIV = 6.60g/cm3.
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“It doesn’t matter how beautiful your theory is,

it doesn’t matter how smart you are. If it doesn’t

agree with experiment, it’s wrong.”

Richard P. Feynman.

3
Experimental

In this chapter the experimental work with the NMR equipment as well as the different

details of cell preparation are discussed. Ideas to improve the microelectronic performance

of the microcoil setup are presented. Here first prototypes which were not tested system-

atically are shown.

The detailed standard process of preparing the Leipzig NMR anvil cells and building the

microcoils is described elsewhere45,44,100
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3.1 Spectrometer and Magnet

The two used magnets, Ascend 500 WB, made by the Bruker Corporation, which have a

magnetic flux density of 11.74T. The magnetic field generated by high currents circulating

in superconducting coils inside a cryostatic setup, which is cooled by liquid helium. Two

spectrometers, AVANCE III HD from the Bruker Corporation, were used for the measure-

ments. The program Top Spin 3.5.7 offers an easy user interface. The amplifier supplies

500W of power which is damped to the needed by a damping element. The pulse from the

amplifier goes through the damping element along a matched signal line, passing a coupler,

reaching the probehead. Then the coupler switches to the detection line.

3.2 Evaluation of the Measured Signals

For the evaluation of the measured data the Windows software Origin Pro 7.5 from Origin-

Lab Corporations, including the extension ONMR for NMR data, was used. Origin allows

an analysis of measured signals in time domain, as well as a numerical ’Fourier Transfor-

mation’ tool to extend the analysis to the frequency domain. Further a curve fitting tool is

integrated which is based on a nonlinear least squares fitter based on the Leven-Marquardt

algorithm. The Peak analysis tool allows an easy determination of intensity relations of

peak to noise ratios. All plots and data shown in this work are prepared by using this

program.

Some optical issues were processed with Inkscape afterwards. Inkscape is a vector graphic

editor from the open source supplier GNU for graphical editing and creation of scalable

vector images.
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3.3 Micro Electronics

In this section some improvements of the anvil cell design from daily routine are shown

and discussed. Unfortunately no more detailed investigations could be done, for example a

systematic series of measurements of the tested designs to make a clear scientific evaluation

possible.

3.3.1 Improvements of the Set Up

The basic idea to improve the performance of NMR set up is to reduce parasitic elements

in the circuit. The first step is a reduction of the resistance of the circuit and with this

it’s damping, which increases the Q-factor. The second step focusing of inductive and

capacitive elements to the sample chamber to reduce parasitic effects of cables, wires,

couplers etc.

Guide Pins made from Silver

I removed the old brass guide pins for the gasket and exchanged them for a silver wire

of the same diameter. Several methods were tested to improve the conductivity between

the silver pins and the titanium cell body. The attempt with silver epoxy paste for the

connection did not lead to the lowest resistance. The lowest resistance was reached with

five steps.

1. grinding the silver pins surface, to generate a rough surface and remove possible

surface oxidation.

2. grinding the guide pin holes from the inside by using a drill

3. putting a very small amount of solder inside the hole and stuff it to the bottom with

the silver guide pin

4. putting the cell body with the guide pins in the holes and the solder below in the

oven and heating it up to 250 ◦C for 20 minutes.

5. after the heating in the oven the solder iron is placed on the top of every guide pin

for at least 1 minute

Before heating up the cell the anvils should be removed, because heat effects, like the

difference of expansion of the different materials, could damage the anvils. A reduction of
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the resistance between cell body and guide pin from 1.2−1.5Ω to 0.2−0.3Ω could thereby

be reached.

For the future better contact would be possible by using a screw thread at the lower tip of

the silver wire and the titanium guide pin hole. This would increase the contact surface

dramatically, which leads to a better electrical contact.

Grounding Plate

Figure 3.1: Picture of the grounding plate: One can see the grounding plate above

the gasket. In the gasket hole a microcoil with twisted legs is placed. The connections of

the coil’s legs allow a parallel wire course and with this twisted legs.

The grounding plate (see Fig. 3.1) was added to realize a reduction of the effective resistance

of one guide pin by three guide pins in parallel.

Rtotal =
R1R2R3

R1R2 +R1R3 +R2R3

(3.1)

For R1 = R2 = R3 = 0.3Ω it results in Rtotal = 0.1Ω.

Further it allowed a reduction of the leg length and a parallel or twisted course of wires

from the hot wire to the cell chamber and back to the grounding plate. Of course the

resistance of the added ground plate also contributes to the total resistance.
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Twisted Legs

Figure 3.2: Coils with twisted legs: a) a coil with twisted legs on awl b) a coil with

twisted legs removed from the awl c) a coil with twisted legs in side the the gasket hole,

which create with the anvils the sample chamber. The red arrow marks the weakest point

were a possible short circuit most likely appears due to the deformation of the gasket

The effect of twisted pair cable to reduce the inductance and the influence from outer

interference has been known for long time18. The two relatively long legs of the used coil,

compared to the diameter of the winding, lead to a large influence of the course of these

leg wires. If they are perfectly parallel the inductivity should be canceled and have the

smallest parasitic effect.

To have a fixed value close to zero the concept of twisted legs was tested. This led to a

reduction of the hole inductance of the circuit, which shows the large parasitic effect of

the legs. An other advantage of twisted legs is that only one channel is needed to reach

the coil. But here is also the problem. Due to the deformations of the gasket, and with

this the deformations of the channel, containing the two twisted wires, the legs can cause

a short circuit inside the channel (see Fig. 3.2 c)). At ambient conditions very good values

were reached, but by applying pressure the signal was lost quickly even at low pressures.

The result was that two channels were scratched inside the pressure region and both lead

into a combined channel outside the pressure region, where the legs are twisted.

3.3.2 Special Coil design

Elliptical coils

The preparation of elliptical microcoils was necessary to increase the filling factor, due to

the extremely flat micro crystals which had to be placed upright in the chamber.
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Figure 3.3: Pictures of the preparation of elliptical coil: a) shows the two used

winding frame for the flat wires. At the top is the one which was produced by the workshop,

below is the first draft made of an copper wire with a large diameter b) Here one can see

the winding frame fixed in the drill chucks, which allows the rotation of the winding frame

c) shows zoom in cut out of the micro wires wounded around the flat wire d) shows one

axis of the cross section e) shows the other axis of the cross section f) one can see the

finished elliptical coil

To generate an bradawl with an elliptical cross-section, different wires were tested, pressing

them flat with different amounts of force, so different a and b radius of the ellipsis were

formed. The initial wire used finally had a diameter 100µm and was pressed to a ≈ 70µm

and b ≈ 130µm see Fig. 3.3 d) and e). This bradawl was now tightened in the winding

frame (See Fig. 3.3 a)- c)), which allowed a free rotation. To wind the microcoil the silver

wire with a diameter of 25µm and 5µm insulation was wound around the bradawl. Its

shape was fixed with cold temperature varnish. The most difficult part is to remove the

microcoil from the not perfectly smooth surface of the self-made bradawl. Silicon spray

was found to help to reduce the friction.
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3.3.3 New coil for the Y-6.50 cell (MC-2 Beta cell)

Figure 3.4: Cylindrical coil vs. elliptical coil: a) shows the first coil for the Y-6.5

cell (MC-2-Beta cell), a cylindrical coil. Due to the very flat crystal the filling factor was

only about 8 % b) shows the new elliptical coil from above and c) from below. Using

an elliptical coil increased the filling factor to about 13%. The red arrows point to the

very small crystal. d) Here the compare of the integrals in frequency domain of the old

cylindrical coil and the new elliptical coil is shown.

Due to the extremely flat micro crystal MC-2 Beta ( 40× 40× 90µm3) the realized filling

factor using a cylindrical coil was only 0.077 (see Fig. 3.4 a)). To increase this filling factor

and with this the SNR a method to prepare elliptical microcoils was developed. In Fig. 3.4

b) and c) one can see the elliptical microcoil from both sides of the gasket. The filling

factor was increased by almost the factor of two from 0.077 to 0.129.

The SNR of the old coil of 63Cu in c direction was ≈ 0.004, for the new coil it was increased

to ≈ 0.007. The difference is very clear with the graphic shown in Fig. 3.4 d), which shows

the integral in the frequency domain of the new coil.
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Double wound microcoils

The idea of a double wound coil came up to increase the inductance to be able to tune the

probe easier to the low oxygen frequencies. This was tested in the Y-6.85 cell.

Figure 3.5: Double wound coils: with twisted legs a) from the top, b) from the side

and c) inside the cell from the bottom view the red arrow marks the single crystal Y-6.85

(twisted legs were not used for the measurements)

In Fig. 3.5 a) and b) one can see a double wound microcoil with twisted legs. In Fig. 3.5

c) the double wound coil is placed in the sample chamber of the anvil cell. For the final

measurement setup the twisted leg technique was not used.
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3.4 Summary of the Chapter

In this chapter the setup is presented in more detail. The magnet, spectrometer as well

as the software for the analysis is introduced. Then some prototypes are presented where

ideas to improve the performance were realized. It was possible to show that a double

wound microcoil, an elliptic microcoil as well as twisted legs of these coils are possible to

build by the hand under a microscope.

An increase of the Q-factor was achieved by improving the grounding of the guide pins by

replacing the old brass pins with silver pins and solder them to the titan cell body. An

additional use of a grounding plate above the gasket to connect all three guide pins parallel

allowed to reduce the length of the legs as well as an improved grounding.

The first analysis of the twisted legs design were very positive in term of NMR performance.

Unfortunately the twisted legs tend to create a short circuit, if the twisted pair is placed

in only one channel due to the strong deformations. A compromise was found using two

channels inside the high pressure region and twisting the legs before connecting to the hot

wire and the grounding contact.

With a somewhat complicated procedure it was possible to build an elliptic microcoil which

increases the filling factor for very flat microcrystals and with this the signal of the Y-6.5

cell.

A double wound microcoil was realized to shift the tuning range of the circuit to lower

frequencies by increasing the inductance of the coil. The frequencies of the oxygen transi-

tions were reached. Unfortunately no further systematic investigations of the designs was

performed.
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“Measure everything that can be measured - and

make measurable that which is not yet measur-

able”

Galileo Galilei

4
Sample Chamber Monitoring

for single crystal NMR

in high pressure cells

The basic principles and the measurements of the sample chamber’s dimensions are pre-

sented in this section. First, the basics of height measurements, the arrangement of the

anvils and the idea behind is explained. The second part, considers the measurements of

the diameter and the transverse movement of the gasket material. In the third part, a

discussion according to the ’Theory of the Gasket’ by D.J. Dunstan50 is presented. Finally

the volume determination, the compressability and an error discussion is given.

The data presented in this section are published in the journal ”Review of Scientific In-

struments”109 in 2021.
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4.1 Necessity of Sample Chamber Monitoring

When pressure is increased, the sample chamber of an anvil cell runs through an extreme

deformation. This deformation is described theoretically by D.J. Dunstan50. It is described

in the theory part of this work as well (sec. 1.3.4).

Figure 4.1: Crystal between two anvils: a) The single crystal is in hydrostatic condi-

tions the distance of the culet surfaces of the anvils is larger then the height of the single

crystal. b) The culet surfaces of the anvils has contact with the crystals edges and pressur-

izes it uniaxial, causing tensions inside the crystal. c) The anvils broke the single crystals,

it is not possible to do the orientation of the crystal fragments

At single crystal experiments under high pressure, the dimensions especially the height

of the sample chamber is a limiting factor during the pressure increase. If the chamber

height is larger then the crystal height, and the conditions for the pressure medium are

fulfilled51,52,53, in this case paraffin oil (see sec. 1.3.5), we assume the conditions to be

hydrostatic. With a decreasing height of the sample chamber, near or below the single

crystal’s height, the crystal could be pressurized uniaxial or even break. (see Fig. 4.1)

The presented method is essential to push high pressure single crystal NMR measurements

to its limits.
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4.2 Measurements

4.2.1 Measure the Height of a Sample Chamber

Some works propose110,111,112, a measurement of the height of the sample chamber by

measuring two reference points at the anvils. Following this idea, an optically clearly

detectable edge between two of the anvils surface can act as visible reference under a

microscope. In Fig. 4.2, the visible edges at the anvils are marked. The deformation of the

anvils in the considered pressure range is small113 and is neglect in this thesis.

Figure 4.2: Reference edges of an anvil: The visible edges at the used anvils are

marked. The height hi gives the orthogonal distance between the culet-bevel edge and the

girdle-pavilion edge of the anvil i.

To measure the orthogonal heights of the anvils the distance between the girdle-pavilion

edge and the culet-bevel edge was measured. (see Fig. 4.2)

The height measurements of hi were done from three different angles at 120◦ distance

to one another, the average of the three values was defined as height hi. The whole

process was done while the anvils were already fixed in the seats of the cells, which allowed

reproduceable angles according to the cells orientation.
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Figure 4.3: Concept of height measurements: Optical visualization of equation
(eq. 4.1). By measuring X the distance between the two reference edges, the height hchamber

can be calculated if the heights of the anvils h1.anvil and h2.anvil are known.

If the heights h1.anvil and h2.anvil of two opposed anvils are known, the height of the sample

chamber which is effectively the distance between the two culet surfaces, can be calculated

by measuring the distance of the reference edges and deduct the two anvil heights. This is

pictured in Fig. 4.3.

hchamber = X − h1.anvil − h2.anvil (4.1)
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The experimental procedure of measuring the anvils and measuring the height of the cham-

ber was performed using a Toshiba digital microscope equipped with a piezo controlled

movable sample table. This table allowed a focusing on one reference edge and a move-

ment over several millimeters in a precision of ±2.5µm to an other reference edge. An

overview photo is given in Fig. 4.4 a) and b). For the final measurements a much higher

zoom level was used.

Figure 4.4: Pictures of the anvils under the microscope: a) Shows the two opposed

anvils with out a gasket in between. b) Show the same anvils with a gasket in between,

the reference edges remain visible and can be used to measure the chamber height. c)

Measurement of the diameter of the sample chamber, first the red circle was fitted to

the photo then the diameter was measured by the reference of the gauged scale in the

microscope. Also the microcoil and the micro crystal can be seen here. This photo shows

the Y-6.85 cell at a pressure of 5 GPa. (The final measurement was done with a higher

zoom level.

4.2.2 How to measure the Diameter

To measure the diameter, a photo was taken by a camera fitted onto the ocular of the

microscope. Additionally a measuring scale plate was added in this ocular. This scale was

gauged for the different zoom levels. In Fig. 4.4 c) an example for such a photo is shown.

The photos were taken through the transparent anvils which allowed a view in the sample

chamber. For the evaluation a red circle was fitted to the chambers edge. Then the

diameter of this circle was measured. For the evaluation the radius was calculate by the

diameter.

59



4.2.3 Results of the height and diameter measurements

In this section the measured values are presented, for more details of the theoretical back-

ground please check the sec. 1.3.4.

Y-6.85 Cell (AlphaCell) and Y-6.5 Cell (BetaCell)

In Fig. 4.5 the relevant parameters, the radius rg(p) in blue, as well as the values for the

height h(p) in red, of the sample chambers depending of the pressure for the Y-6.85 cell

and the Y-6.5 cell are shown.

Figure 4.5: Height and radius measurements: Left for Y-6.85 cell and right for the

Y-6.5 cell. The red squares show the measured values for the sample chambers height, the

blue circles show the measured radius. The green dashed lines mark the crystal heights.

The red lines depicts a linear function with a slope triangle ∆h/∆p. rg,0 is the inital

radius, h0 is the initial height and r0 is the radius of the used culet. The slope triangle for

height reduction of the Y-6.85 cell is −22.1µm/GPa. The slope triangle for Y-6.5 cell is

−32.96µm/GPa

While h(p) and rg(p) are the chambers height and radius depending on the pressure p, h0

and rg,0 are the initial height and initial radius of the sample chamber measured at ambient
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conditions before the pressure is increased. The crystal height is marked in green. For low

pressures (below < 2GPa) only a very small decrease of the the height is noted. This

can be seen more clearly for the Y-6.5 cell at 0.9GPa. For the values at higher pressures

(above > 2GPa) a decrease in height and an increase of the radius above the initial is

clearly observed for both cells. A clear boarder between the thin and thick - gasket regimes

is not observed. The transition between the regimes for these architectures occurs fluent

around 2GPa. For both cells one can see a decrease of the height above 2GPa. A line was

put through the height values for elevated pressures. The lines give the slope ∆h/∆p =

−22.1µm/GPa for the Y-6.85 cell and −32.96µm/GPa for the Y-6.5 cell.

The ratio r0/h(p) as well as the ratio (r0 − rg(p))/h(p) are considered by literature39,50 as

characteristic (sec. 1.3.4) . These ratios influence the behavior of the gasket under pressure

mainly, and can be set easily by the preparation process.

Figure 4.6: Cell parameters depending on pressure: The measured pressure (p) inside

the gasket is depicted as function of the cell parameters, r0 is the radius of the culet, rg(p)

is the radius of the chamber depending on the pressure, h(p) is the height of the chamber

depending on the pressure. (r0 − rg(p))/h(p) is shown in the main panel, r0/h(p) is shown

in the inset

By comparing the ratio of the initial radius of the hole in the gasket rg,0 with the ini-

tial height of the chamber h0, one will see, the initial shaped cylinder of the Y-6.85 cell

(rg,0/h0 = 1.13) is initially a much flatter cylinder then in the Y-6.5 cell (rg,0/h0 = 0.59).

While the radius for Y-6.85 cell is larger then the height, the radius for the Y-6.5 cell is

smaller then the height (see Fig. 4.5).
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The ratio between rg,0 and r0, for the Y-6.85 cell is rg,0/r0 = 0.5 and rg,0/r0 = 0.375 for the

Y-6.5 cell. This ratio influences the transition between the thin and thick -gasket regimes.

A gasket with a larger value for the ratio, has a larger hole radius proportional to the culet

radius, and will reach the pressure of extruding the material only, the thick - gasket regime,

earlier39,50.

So if we want to increase the range of the thin - gasket regime further to have more stability

while pressure is increased one should build the cell with that in mind: A large culet radius

r0 stabilizes the architecture and the flow behavior. And a gasket hole should be small,

better is 1/3 of the initial radius r0 then 1/239.

In Fig. 4.6 the pressure is plotted over the ratio (r0 − rg(p))/h(p) in the main panel. A

generic behavior is found for the higher pressure values. A linear slope of 7GPa was

determined, which appears too large for the sticking regime of the gasket (CuBe) between

the anvils (6H-SiC). This large value could be explained by a large friction coefficient

µ ≈ 0.5 which is unknown as well as the unknown massive support factor which also

influences the system.

The inset of Fig.4.6 shows the ratio r0/h(p). The initial ratio for the Y-6.85 cell is 2.27

and goes up to 3.29 at 5GPa. For the Y-6.5 cell it goes from 1.58 to 3.35 at 5.8GPa.
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4.2.4 Volume Determination, Compressability of Parafin Oil

Figure 4.7: Volume of Y-6.85 cell and Y-6.50 cell: The black squares depicts the
volume of the Y-6.85 cell. The black line is a exponential fit function with and decay
coefficient of κY−6.85=1.4703. The red circles depicts the volume of the Y-6.50 cell. The
red line is an exponential fit function with and decay coefficient of κY−6.5=1.4923

To be able to calculate the volume of the sample chamber the shape was approximated

as being cylindrical. By knowing the height and the diameter the common formula for a

cylinder’s volume V (p) = π · r(p)2 · h(p) was calculated at every pressure point. Then the

fit function (eq. 1.31) given in sec. 1.3.5 was used to determine the bulk modulus.

Here paraffin oil is the dominant material inside the sample chamber, only a small fraction

of the volume is occupied with the volume of the single crystal of YBa2Cu3O7−x. In Fig. 4.7

the volume reduction of the sample chamber is shown for the Y-6.85 cell as well as for the

Y-6.5 cell. The bulk modulus for the Y-6.85 cell is κY−6.85 = 1.4703, for the Y-6.5 cell it is

κY−6.5 = 1.4923. This is in good agreement with the values for air free mineral oil (κ = 1.4

- 1.6 · 104 bar) from literature54.
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4.3 error consideration

Here a brief consideration about the uncertainties of the measurements and the volume

determination of this method to monitor the sample chamber in a high pressure NMR

cell is given. The biggest uncertainties are the reading errors at the measurements of the

height and the diameter. Further a failure propagation for the calculated values of volume

is presented. The numerical failures from the plot functions are much smaller and are not

considered here.

Uncertainty of the Height Measurement

The precision of the measuring process with the piezo controlled table is considered as

±2.5µm.

Uncertainty of the Diameter Measurement

The diameter is measured by a picture taken through a microscopes ocular. Then the

fitted circle is measured by the scale in the ocular, then the values is divided by two to get

the radius. A realistic failure for this method is assumed as ±7.5µm.

Uncertainty of the Volume Determination

To calculate the failure of the volume determination a failure propagation was implemented.

Due to the formula of the cylinders volume the resulting failure of a failure propagation is
∆V
V

= 2 · ∆d
d

+ ∆h
h
. For example this results in a failure for the volume of ±0.63 nl at the

pressure of 2.8GPa. All failures are depicted in the Fig. 4.7.

Uncertainty of the Pressure Determination

The uncertainty of the pressure determination up to 10GPa is given by > 5% of the

measured pressure33,40.

Deformation of the Anvils

The deformation of the anvils in this pressure range is below ±1µm113
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4.4 Discussion

Previous works110,111,112 showed the possibility of measuring the distance of the anvils by

measuring the distance of two reference points. The method using a piezo controlled table

presented here to measure the height of the sample chamber is new. Here we used the

edges between the surfaces of the anvils which are optically clearly focus able as reference

edge. Additional diameter measurements allowed a determination of the volume which was

done before by L. N. Dzhavadov112 for helium. We show the compressability of paraffin

oil.

Furthermore our data show that the pressure dependent ratio (r0 − rg(p))/h(p) sets the

final pressure if the chamber’s height shall not go below the crystal’s height, were the

crystal would be pressurized uniaxial.

If this knowledge is used for the high pressure NMR cell preparation for single crystals,

higher pressures should be reachable. Never forgetting the limit which is set by the tensile

strength of the gasket material, CuBe in this case. But the recognition that a larger

culet provides more stability of the sample chamber, which is necessary for single crystal

measurements and the possibility to monitor the chambers dimensions are very important

for the planning of high pressure NMR anvil cells for single crystals in the future.
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“The combined results of several people working

together is often much more effective than could

be that of an individual scientist working alone.”

John Bardeen

5
Single Crystal NMR of YBa2Cu3O6+y

up to 4.4 GPa

In this chapter the measured data of two NMR anvil cells, equipped with two differently

doped single crystals, are presented and discussed.

First, measurements of the critical temperature for both cells Y-6.85 and Y-6.5 are shown,

explained and compared to literature data to determine the doping content. Next the

orientation of a YBa2Cu3O6+y single crystal in a magnetic field, depending on the second

order frequency shift of the central transition is shown. Then the measured changes with

pressure of the quadrupole frequencies and the calculated charges, are shown and discussed

in terms of the 2nO-nCu-plane.

The data presented in this section are under review and are published in arXiv114
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5.1 Doping Level and the Critical Temperature

5.1.1 Tc measurement

Figure 5.1: Temperature response of the circuit: In this figure the temperature

dependent change of the center frequency of the resonant circuit is shown. The diamagnetic

transition of the superconductor changes the inductance of the micro coil containing the

high-Tc sample. This example curve was recorded with the Y-6.85 cell at 4.4GPa.

In section 2.1.5 the dome like behavior of Tc from doping as well as from pressure is

discussed. In Fig. 2.3 b) in section 2.1.5 the pressure dependency or differently doped

samples is shown8.

It is possible to determine the doping content by measuring the critical temperature at

ambient pressure9. Using the Meissner effect, the change of a superconductors susceptibil-

ity below the critical temperature, and with this the inductance change of a coil containing

the sample is a practical tool for the determination of Tc in an NMR anvil cell. This

method was used by different groups in the past115,116,117. The superconducting transition

is accompanied by a sharp change of the magnetic susceptibility χ(T ) of the crystal. The

inductance of the microcoil can be described by L = L0(1 + ρχ(T )), were L0 is the induc-

tance of the empty coil and ρ is a factor which is influenced by different parameters like

the filling factor, the anisotopic penetration depth in a RF field and others. Furthermore

the proportionality between χ(T ) and the inverse square of the resonance frequency f−2
R
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allows the determination of Tc
9.

The process it self was simple. The cell was cooled down with a cryostat in zero field

conditions to around 120K, so above the critical temperature. The circuit was tuned and

matched at around 250MHz. A Hameg spectrum analyzer was used to obtain the frequency

response. A Lakeshore 332 module was used to drive a defined temperature sweep ramp

to a temperature of 50K, well below the critical temperature. With a python program the

resonance frequency of the circuit fR was plotted over the temperature (see Fig. 5.1).

Depending on the heat capacity of the probehead and the cell, which surround the sample,

a hysteresis between heating and cooling occurred. The temperature sweep rate influences

this effect dominantly. For very fast heating and cooling rates the hysteresis is large. So

these experiments were done with very low temperature sweeping rates of ≈ 0.1K/min.

The definition for Tc as upper temperature, where about 10% of the frequency shift oc-

curred was used9. An example of such an measurement is shown in Fig. 5.1.

Above and below the superconducting jump the change rate of the center frequency is

equal depending on the temperature response of the circuits components. Considering

the derivation of these functions reveals the inset very clearly. This is shown in the next

section, for the Y-6.85 cell and the Y-6.5 cell.
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Y-6.85 (MC-2 Alpha cell)

The derivative of the cooling curve shows most clearly the inset of the superconducting

transition. The constant change, which is an offset in the derivation was subtracted. This

is shown in Fig. 5.2 for the Y-6.85 cell.

Figure 5.2: Derivative of the temperature dependent center frequency Y-6.85:

The derivative of the circuits center frequency of the Y-6.85 cell is shown. Blue for a cooling

process. Red for heating. The aberration of the position at ambient conditions is caused by

a too fast sweeping rate, which was reduced for the following measurements. The change

of shape between the different pressures can be attributed to doping inhomogeneties which

induce a little variation in the pressure response.

The hysteresis at ambient condition comes from a high temperature sweeping rate. For

higher pressures it was reduced so almost no hysteresis appears. Further one can see the

changes of the inset areas differ for different pressures. At ambient pressure the change

is much steeper then at higher pressures. The change of the shapes can be attributed to

doping inhomogeneties which produce a wider variation of responses if pressure is increased.

10% of the frequency change was reached at ambient conditions at a temperature of 92K.

At a pressure of 2.8GPa the critical temperature is 96K and at 4.4GPa a decrease was

seen again to 93K. A summary of the values are presented in Fig. 5.4.
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Y-6.50 (MC-2 Beta cell)

The derivative of the cooling curve shows most clearly the inset of the superconducting

transition. This is shown in Fig. 5.3 for the Y-6.5 cell.

Figure 5.3: Derivative of the temperature dependent center Frequency Y-6.5:

The derivative of the circuits center frequency of the Y-6.5 cell is shown. Blue for a cooling

process. Red for heating. The change of shape can be attributed by doping inhomogeneties

which induce a little variation in the pressure response.

The difference between the ambient pressure response and the response at 4GPa is obvious.

By applying pressure the inset of the frequency change occurs at higher temperatures. The

difference in shape can be attributed to doping inhomogeneties, which widens the pressure

response. 10% of the frequency change was reached at ambient conditions at a temperature

of 54K. At a pressure of 4GPa the critical temperature is 69K. A summary the values

are shown in Fig. 5.4.
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5.1.2 Comparison to the Literature

Figure 5.4: Pressure dependence of the critical temperature: In this figure the

measured pressure dependencies of the critical temperature are shown. For the Y-6.5 cell

in red, the Y-6.85 cell in blue. The black data points belong to the crystal Y-6.9, these

measurements had been done by Steven Reichardt9. These data are plotted and compared

with the literature data in yellow7,8

In Fig. 5.4 the measured values for the two cells are presented and compared to the data

from literature7,8. In blue one can see the measured critical temperature of the Y-6.85 cell,

in red the critical temperatures of the Y-6.5 cell, dependent on pressure. In black are the

values measure by Steven Reichardt9. A compare of our data to the literature allowed a

doping content determination. The structural formula of the sample in the Y-6.85 cell is

YBa2Cu3O6.85, for the sample in the Y-6.5 cell it is YBa2Cu3O6.5.
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5.2 Orientation of the Single Crystal

The strong orientation dependence of NMR parameters make a precise alignment of the

single crystal with respect to B0 necessary. This was achieved by the grounding contact

of the cylinder cells which also acts as a one axis goniometer. By the rotation of the

cylindrical cell body in the holder (angle φ with φ ∈ [0,2π]) and the tilting of the cell

by the goniometer it self (angle β with β ∈ [−π
9
,π
9
]), an effective two axis positioning is

possible.

Figure 5.5: Sketch of the crystal on the culet surface: Here a single crystal fixed

on the culet surface is shown. It is experimentally not possible to fix the crystal perfectly

aligned to the culet surface. Which results in two angles needed for the alignment: the

angle φ and the azimuth angle β

In general four NMR copper signals are possible to distinguish86. First, the metallic cop-

per which is in a small percentage in the silver wire of the microcoil. Second, the metallic

copper signal from the copper beryllium gasket. These copper nuclei are outside the coil,

so no nutation is possible. The third and the fourth are the copper signals from the single

crystal inside the microcoil. The third is the signal from the CuO-chain site. Due to the

interest of CuO2-plane, this resonance was not studied systematically. The fourth is the

copper signal from the CuO2-plane.

For the alignment of a single crystal in the external magnetic field the orientation depen-

dence of the second order quadrupole shift on the central transition of the 63Cu nuclei of
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Figure 5.6: Orientation dependency of the 63Cu Central transition of the Y-6.5
cell: a) The measured orientation dependent frequency values of the central transition
are shown. Then the second order quadrupole effect on the central transition was used
as fit function to determine the quadrupole frequencies9. Black at ambient conditions,
red at 4GPa. The quadrupol frequency increases from νQ,ambient=29.43MHz ± 0.03MHz
at ambient conditions to νQ,4GPa=30.01MHz ± 0.05MHz at 4GPa . (These data were
recorded with the help of Stefan Zankov) b) Shows the orientation dependency of the
central frequency in a 3D plot of the azimuth angle β and the angle ϕ. (This graphic was
designed with the help of Michael Jurkutat)

the CuO2-plane was used. Due to its short T1 of around ≈ 1.3ms at ambient conditions

it was possible to do a lot of scans in an acceptable time. The resonance frequency of the

central transition, in dependence on the orientation angle, goes trough two maxima, at the

orientation of c∥B0 (φ = 0◦) and c⊥B0 (φ = 90◦)86. The measured frequency dependency

for the Y-6.5 cell is shown in Fig. 5.6. The azimuth angle βY−6.5 = 10 ◦ of this crystal with

respect to the cells body was determined by maximizing the frequency values of the central

transition by changing the other axis of the goniometer while the crystal is in the orienta-

tion of the maximum of c∥B0. The azimuth angle of the Y-6.85 cell was βY−6.85 = 5 ◦. A

very detailed description of this procedure as well as the derivation of the fitting function

is given in a previous work by Steven Reichardt9. The consideration of Euler angles were

used to correct the angles which were measured before the tilt of β was included. Then the

angle dependence of the second order quadrupole shift of the central transition was used

as fit function to determine the quadrupole frequency86. This is shown in Fig. 5.6.

The difference between the fitted functions (function is given in sec. 2.1.8, eq. (1.7) ) is due

to the change in the quadrupole frequency, which increased from νQ,ambient=29.43MHz ±
0.03MHz at ambient conditions to νQ,4GPa=30.01MHz±0.05MHz at 4GPa for the crystal
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Y-6.5.

To check that the crystal did not change its orientation after the pressure was increased the

same procedure was repeated at 4GPa. The positions of the maxima of both fits are at the

same angle in respect to the cells body (Fig. 5.2), in combination with the unchanged angle

β=10 ◦, this is a proof that the orientation of the crystal did not change while pressure was

increased.

5.2.1 Quadrupole Frequencies pressure dependency

In this section the measured values for the quadrupole frequencies are presented in Fig. 5.7:

Figure 5.7: Quadrupole frequencies, pressure dependency: The Y-6.5 cell in red,

the Y-6.85 cell in blue and the Y-6.9 cell, done and measured by Steven Reichardt9, in

black. a)63Cu, c∥B0 b)
17O, ab∥B0 c)

17O, c∥B0 , this graphic and data were designed and

evaluated with the help of Michael Jurkutat
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In Fig. 5.7 a) the measured quadrupol frequencies 63νQ,c of the 63Cu, the planar copper

nuclei in the orientation c∥B0, are presented. The quadrupole frequencies
17νQ,ab and

17νQ,c

of the 17O nuclei in the CuO2-plane, in the orientation ab∥B0 and in the orientation c∥B0

are shown in Fig. 5.7 b) and c).

In Fig.5.7 a) one can see, 63νQ,c increases for the underdoped sample Y-6.5, while it stays

almost constant for the near optimally doped Y-6.85 and the Y-6.9 crystal (Y-6.9 is part

of a previous work by Steven Reichardt9) and even decreases slightly at higher pressures.

This is consistent with previous investigations118. The quadrupole frequencies for the Y-6.5

cell were determined by the orientation dependency (see sec. 5.2). For the Y-6.85 cell and

the Y-6.9 cell, the relative position of the satellite transitions were recorded.

In Fig.5.7 b), 17νQ,ab shows the quadrupole frequencies of the 17O nuclei when the crystal

is oriented with the a-b-plane along the external B0-field (ab∥B0). One can see an increase

of 17νQ,ab for all samples. Unfortunately this splitting was not measurable with the Y-6.5

crystal filled cell, due to the bad SNR. The data for further evaluations of the Y-6.5 crystal

comes from literature data7,119. For the Y-6.85 and the Y-6.9 cell full spectra were recorded

at every predicted pressure value.

In Fig.5.7 c) 17νQ,c, the quadrupol frequencies for the c∥B0 orientation of the 17O nuclei are

shown. Here we also see for all samples an increase of the quadrupole frequencies which

is more pronounce for the underdoped sample Y-6.5 then for the near optimally doped

samples. Similar changes in underdoped crystals were also observed by Vinograd120. To

determine the quadrupole frequencies in this orientation, the effort to record full oxygen

spectra were done for the Y-6.5, Y-6.85 and Y-6.9 cell.

Some selected spectra of the Y-6.85 cell as well as for the Y-6.5 cell are shown in the

appendix (see sec. A.1). From all the quadrupole frequencies the local charges as well as

the hole content ζ can be determined84,97 (theory sec. 2.1.7), which is shown in the next

section.
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5.2.2 Charges in the CuO2-plane under Pressure

In the section above (sec. 5.2.1) the measured quadrupole frequencies are presented. The

charges in the CuO2-plane can be determined by the quadrupole frequencies84,97 (sec. 2.1.7)

and are presented in the following. The change with pressure (∆p) of the oxygen hole

content (2∆pnO) and of the copper hole content (∆pnCu) were calculated. This allows the

determination of the change of the general doped hole content (∆pζ) in the plane, measured

by NMR.

The values are plotted in Fig. 5.8 over different parameters. a) to c) over the applied

pressure. In d) and e) the value of 2∆pnO and ∆pnCu are plotted over the change in doping

∆pζ. In Fig. 5.8 f) nCu is depicted over 2nO which gives the planar charge distribution

(see sec. 2.1.7). The diagonals in f) represent lines of constant doping content ζ:

Figure 5.8: Planar Charges: Filled symbols denote the value at ambient conditions.

Empty symbols the values at elevated pressure. a) shows the change of ∆pζ dependent

on the pressure b) shows the change of ∆pnCu dependent on the pressure c) shows the

change of ∆pnO dependent on the pressure d) shows the change of ∆pnCu dependent on

∆pζ e) shows the change of 2∆pnO dependent on ∆pζ f) Shows the 2nO-nCu-plane and the

pressure induced movements of the different samples. This graphic was designed with the

help of Michael Jurkutat114
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Starting with Fig. 5.8 a): If pressure is increased, an increase in hole doping is clear for

all samples (∆pζ > 0). The change in doping is larger for the Y-6.5 sample in red, with a

slope of ≈ 5.8× 10−3 holes/GPa. The slopes for the near optimally doped samples in blue

for the Y-6.85 and in black for the Y-6.9 were ≈ 3.5× 10−3 holes/GPa in the low pressure

area, but it flattened at higher pressures.

In Fig. 5.8 b) one can see the change of ∆pnCu depending on the pressure. For the Y-6.5

(red) sample the slope is ≈ 1.3 × 10−3 holes/GPa. The nearly optimally doped sample

Y-6.9 (black) shows for low pressures a weak increase, but for higher pressures beyond

1GPa a decrease of the Cu hole content can be seen. The Y-6.85 (blue) sample shows a

clear decrease of ∆pnCu for elevated pressures.

In Fig. 5.8 c) the change of 2∆pnO with pressure is shown. For all cells one can see a clear

increase of 2∆pnO with pressure. The slope of this increase is ≈ 4× 10−3 holes/GPa. The

near optimally doped sample (blue) shows a flattening effect for higher pressures.

To compare the increase or decrease of the hole contents at the oxygen (2∆pnO) and copper

(∆pnCu) nuclei in the plane, the relation to the total change of the hole content (∆pζ) with

pressure, is presented in Fig. 5.8 d) for copper and e) for oxygen. The chemical doping

slope (+0.52 ∆nCu/2∆nO) is marked with the yellow line.

In d) one can see the change of ∆pnCu over ∆pζ. Here the changes is below the chemical

doping slope for all three samples. In e) the change of all samples of 2∆pnO is clearly above

the chemical doping slope. In combination these plots clearly indicate a pressure induced

intra planar charge redistribution. Were the oxygen hole doping is favored over the copper

hole doping. Which is more pronounced in the near optimally doped samples Y-6.85 (blue)

and Y-6.9 (black). For the Y-6.5 cell the slope is much nearer at the chemical. Here we

clearly observe a decrease of nCu and an increase of nO, compared to the expected changes

only from doping.

In Fig.5.8 f) the values are plotted in the 2nO-nCu-plane. The ambient values are marked

by a filled symbol while the direction of the movement in the plane if pressure is increases

is marked by a arrow.
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Figure 5.9: Movements in the 2nO-nCu-plane: a) a compass is shown, which explains
the effects which are behind the movements in the different directions in the 2nO-nCu-plane
b) shows the three effect I - III which can occur in the 2nO-nCu-plane at the example of
YBCO c) shows a cut out from the crystal structure and depicts the three effect I - III;
(These graphic were designed with the help of Michael Jurkutat)

Next, we consider movements in the 2nO-nCu-plane. In Fig. 5.9 a) a compass is shown

which indicates the direction of the movement in the 2nO-nCu-plane by two orthogonal

arrows. The one direction indicates the change of the doping content. Perpendicular is

the direction of a movement along a ζ = const. line. Such a movement would indicate a

charge redistribution, which means the single values of 2nO and nCu change, but the sum

is still constant.

In Fig. 5.9 b) and c), three different effects areas are marked with roman numbers to show

the three effects which been observed.

I, denotes the effect of doping holes in the CuO2-plane, if pressure is applied, which is

clearly observed (see Fig. 5.8 a) ).

II, describes the effect when charges enter the CuO2-plane, they favor the location at

oxygen atom over the location at the Cu atom. So the increase of 2nO is favored over nCu,

and more so than by chemical doping. This is observed for all samples by the deviation of

the chemical doping slope in Fig.5.8 f).

III, is an intra planar charge redistribution. This is observed for the higher pressures in

the nearly optimally doped samples.

In Fig. 5.9 c) all three effects I - III are shown in a sketch of the crystal structure.
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The 2nO-nCu-Plane :

To have a closer look on the 2nO-nCu-plane, a zoomed in graphic of Fig. 5.8 f) is given

Fig. 5.10. The filled symbols denote the ambient conditions, while the colored arrows show

the direction of the changes in the plane.

For the Y-6.5 (red) sample, one can see clearly an increase in doping. Furthermore the slope

(+0.29 ∆nCu/2∆nO) is below the slope of the chemical doping (+0.52 ∆nCu/2∆nO)

which indicates the favoring effect II of pressure on the plane. For the Y-6.85 (blue)

sample, one can see the I effect by the move direction away from the parent line (∆pζ > 0).

The II effect one can see by the deviation from the chemical slope. The slope here is is

even negative −0.25 ∆nCu/2∆nO which indicates the third effect III, the intra planar

charge redistribution. This is more pronounced especially for higher pressures. For the

Y-6.9 (black) sample almost the same behavior is shown. I shows an increase in ζ. II the

slope −0.26 ∆nCu/2∆nO is clearly below the slope of chemical doping. And even the III

effect, the charge redistribution is observable for higher pressures.

Figure 5.10: 2nO-nCu-plane: Here the measured values of the charge distribution of holes
between oxygen and copper are plotted in the 2nO-nCu-plane . One can clearly see a
deviation from the chemical doped direction, which is marked by the yellow arrow. In all
three samples the oxygen hole content increases stronger then the copper hole content; for
more information please check the text above (This graphic was designed with the help of
Michael Jurkutat )
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5.3 Discussion

I, The first effect, the pressure induced doping, depends clearly on the initial hole dop-

ing content. Some previous works found values of a doping change, up to ∂x/∂p ≈
2%/GPa121,122. Our data give a weaker slope of ∂ζ/∂p ≈ 0.58(5)%/GPa for the Y-6.5 crys-

tal and ∂ζ/∂p ≈ 0.36(5)%/GPa for the near optimally doped samples. Patricia Alireza123

estimated in 2017 for stronger underdoped YBCO samples a slope of ∂x/∂p ≈ 0.32%/GPa.

Different theoretical modeling approaches argue against these values120,124.

II, The second effect, describes the favoring of the entering hole to a location at the

oxygen atom over a location at the copper atom. Pressure increases 2nO more the nCu a

chemical doping would, which leads to a relative higher O hole content. Liangzi Deng125

found similar effects in Bi-based cuprates by first principle calculations. Their finding of

∂nCu/∂p ≈ −0.4%/GPa is a bit larger then ours.

III, the intra-planar charge redistribution induced by pressure is obvious by observing the

decreases nCu while the overall doping ζ increases. This redistribution from holes at the

copper atoms to oxygen atoms shows an increase in the copper oxygen bond covalency,

which can be seen as a decrease of the charge transfer gap. Oxygen increases its contri-

bution to the unoccupied bands while copper to the occupied. Other methods in several

studies found a decreasing charge transfer gap consistent with an increasing Tc,max
126,127,128.

The increase of Tc,max by applying pressure for different doping levels were in good agree-

ment with previous reports8. The slope of the critical temperature on the pressure, given by

our data is 0.84(1)K/GPa which is in good agreement with early values given by Sascha

Sadewasser et. al.129. They found for the intrinsic pressure effect of YBCO a slope of

1K/GPa. Comparing different cuprate families, here YBCO to La2−xSrxCuO4 (LSCO),

shows the mixture of effects differ. While in YBCO the chemical doping and charge re-

distribution, both is affected by pressure, is in LSCO the doping almost unaffected and

Tc increases for all doping levels130. This increase points to a mainly charge redistribu-

tion induced by pressure in LSCO which is for all doping levels consistent shown by a

pressure-independent Hall coefficient96.

In 2021 André-Marie Tremblay at the Université de Sherbrooke99 confirmed with a three-

band Hubbard model with cellular dynamical mean-field theory the observations done

by Michal Jurkutat97,98 which found a order of cuprates according to their maximal Tc

depending on the oxygen hole 2nO content of the CuO2-plane. The redistribution effect

of charges in the CuO2-plane affected by pressure could be part of models in the future

which consider the shrinking of the unit cell.
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“There is no adequate defense, except stupidity,

against the impact of a new idea.”

Percy Williams Bridgman

6
Silver-Indium-Telluride NMR

under pressure

In this chapter the pressure investigation of silver-indium-telluride powder (AgInTe2) is

presented. The phase transition78,107 between 3GPa and 4GPa was of interest. Unfor-

tunately no signal was found at pressures above 5GPa. Up to pressures of 2.5GPa an

increase of the quadrupole frequency was observed and proven by a nutation spectroscopy

experiment. The spectra at 4GPa and 5GPa point to a quadrupolar second order affected

central transition of a powder. The phase transition could not be proven by these NMR

experiments due to the signal lost at higher pressures.

The data presented in this section are published by the American Chemical Society131
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6.1 Introduction

Silver-Indium-Telluride (AgInTe2) is a chalcogenide with a tetrahedral coordination at am-

bient conditions. Chalcogenides are chemical compounds which contain chalcogen anions

(oxygen, sulfur, selenium, tellurium, ... ) and other, metallic or strong electropositive ele-

ments as cations. The indium atom has 4 nearest neighbors of tellurium in a tetrahedral

coordination.

With a non-zero Seebeck coefficient132, AgInTe2 is part of the thermoelectric materials.

These materials show a potential difference by a temperature difference of their surfaces

and reverse, electronically measurable by a voltage. While in most material these effects

are very small, too small to be useful in technical application, AgInTe2 is of interest of

the photovoltaics and optoelectronics research. But AgInTe2 it self is not a ”good” ther-

moelectric. The chemical flexibility of the chalcogenides allows the synthesis of a large

number of various solid solutions, with a wide range of energy band gaps and lattice pa-

rameters102,105,106.

For high pressure physics AgInTe2 is interesting due to its phase transition between 3 −
4GPa78,107. The structural phase transition of AgInTe2 was reported with X-ray diffrac-

tion (XRD) studies in 1969. From the chalcopyrite structure, almost perfectly order with

silver (Ag), indium (In) and tellurium (Te) atoms, to the high pressure phase, an un-

ordered NaCl-type structure or an unordered Cmcm structre, which are discussed in liter-

ature78,107. These observations are confirmed by ab-initio techniques108. The chalcopyrite

crystal structure (I 4̄2d) of AgInTe2 at ambient conditions, gives a surrounding of each

silver and indium atom by 4 tellurium atoms. The pressure-coordination rule22 expects a

phase transformation to a structure with a higher coordination number. The NaCl-type

structure as well as the Cmcm structure fulfills these conditions.

After decompression the high pressure phase slowly transforms back to the chalcopyrite

structure, with a disorderd sphalerite-type structure in between78. At elevated tempera-

tures this process can take over weeks. Recording this restructuring process with NMR,

to answer the question of the energy dissipation, was part of the motivation for the high

pressure investigation of the material. Unfortunately this question could not be answered

with this work.

For more detailed information about the crystal structures and phase transition, please

check the samples chapter, in sec. 2.2.
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6.2 Sample

The measured sample of AgInTe2 was prepared by Simon Welzmiller under the guidance

of Oliver Oeckler at the University of Leipzig (for more details please check105,106 or the

basic chapter, sec. 2.2).

The Silver (Ag 99.999%, Premion), Indium (In 99.999%, VEB Spurenmetalle Freiberg), and

Tellurium (Te, puriss., VEB Spurenmetalle Freiberg) were melted in stochiometric amounts

in a sealed silica ampule under a dry argon atmosphere. From 950 ◦C, the mixture was

quickly cooled, followed by an annealing procedure at 400 ◦C.

A X-ray diffraction experiment, using a Huber G670 Guinier diffrctormeter, suggests a

high level of purity and homogeneity. A Rietveld simulation based on a chalcopyrite-type

structure was fitted to the recorded XRD data. For the NMR experiments a fine powder

was grinded using an agate mortar and pestle. All the NMR experiments are made at

fields of at 9.3T and 11.7T at ambient temperatures.

6.3 Pressures Cells

Figure 6.1: Picture of a cross cell: a) the closed cross cell with markers to hold the

initially defined orientation, b) a opened cross cell, one can see the anvils in the center as

well as the screws for the alignment of the seats containing the anvils and the guide pins

for the gasket.

The pressure cells used in the experiments are cross cells (see Fig 6.1). Built and designed

at the University of Leipzig by T.Meier44. Only powdered samples can be measured in

these cells. Due to the unsymmetrical design no fitting goniometer for angle dependent

measurements was built. (for more details check the sec. 1.3.3)
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6.3.1 Signal to Noise Ratio

The signal to noise ratio (SNR) is a limiting factor of the experiments presented here. To

record one spectrum the needed time of signal averaging was ≈ 2 Days at ambient condition

and was even increased for elevated pressures. The experimental repetition time of 5 times

T1 resulted in trepetition,ambient=150ms. 106 scans for the echos at ambient conditions were

needed. At elevated pressures, the SNR decreases, and more scans are needed to resolve a

spectrum. One measurement could then take several days up to a week.

For the nutation experiments the FID signal was used, which needed a much lower number

of scans to resolve only the central transition. To avoid possible heating effects for high

power levels at the nutation experiments, the repetition times were increased. For example,

with a pulse power of 100W the repetition time was trepetition,100W = 700µs, which led to

a experimental time of one nutation experiment of 9 Days. Per pressure point and cell it

took around two weeks. The time for the measurement at all pressure points and in all

cells were in sum several months up to a year.

The SNR for the different pressure values are given below:

Cell 1:

� Ambient →0.05

� 1.4GPa →0.01

� 2.5GPa →0.006

� 3GPa →0.002

Cell 2:

� Ambient →0.09

� 4GPa →0.01

� 5GPa →0.002

� After pressure release →0.006
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6.4 Measurments

6.4.1 FID of Silver-Indium-Telluride at 11.7 T

Both natural occurring Indium isotopes are NMR active. 115In with an natural abundance

of 95.72% and 113In with an natural abundance of 4.28%. The FID of the 115In in AgInTe2

occurs at a frequency of 109.537MHz. This line is shifted by −481ppm with respect to

the reference material (In(NO3)3. Due to the low conductivity (1meV bandgap) the shift

is considered to be purely chemical. The resonance line of the second isotope 113In occurs

at the frequency of 109.305MHz. The spin quantum number for both isotopes is (I=9/2).

Small deviations from the cubic symmetry of the Indium environment occur102,105. The

powder spectra consist of a sharp central peak surrounded by a broad foot (see Fig. 6.2):

Figure 6.2: Spectrum of AgInTe2, at ambient conditions: Here the spectrum of

AgInTe2 is shown at ambient conditions. One can see the broad foot around the sharp

central peak of 115In. This can be caused by the small deviations from the cubic symmetry

of the Indium’s environment and quadrupolar interactions. The second peak shows the
113In resonance.

A simulation done by Robin Gühne, matching to the same sample, published in here133,

assumed the following parameters to describe the powder spectrum. The quadrupole fre-

quency νQ = 90 kHz, the asymmetry parameter ηQ = 0.3 and a Gaussian additional

broadening 2σ = 7kHz. This broadening effect is assigned to be a quadrupolar broadening

due to local variations of the Indium’s surrounding.
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6.4.2 Spectrum

Here the spectra at different pressures are put together in one figure, (see Fig. 6.3).

To record the spectra at ambient conditions, at 1.4GPa, at 2.5GPa and at 3GPa, solid

echos experiments (π
2
-τ -π

2
) were performed in Cell 1. For the spectra at 4GPa and 5GPa,

Hahn echo experiments (π
2
-τ -π) were performed in Cell 2. The spectra after the release

of pressure was recorded in Cell 2 after reaching a pressure of 10GPa, due to the large

deformation of the coil the signal had a bad SNR:

Figure 6.3: Spectra of AgInTe2, pressure dependent: The spectra of AgInTe2 are

presented at different pressures. Cell 1: in the left column the spectra from ambient to

3GPa is given. From Ambient to 1.4GPa the foot gets broader which could indicate an

increases of the quadrupole frequency. At 2.5GPa also the central transition is affected

and strongly broadened. At 3GPa a broad very noisy spectral distribution is recorded,

which hints to a second order quadrupole affected central transition. The worsening of the

SNR of Cell 1 led to the construction of a second cell with better SNR to carry out the

measurements at higher pressures. Cell 2: in the right column one can see the spectra

recorded at higher pressures in cell 2. At 4GPa one can see a signal distribution which

could depict a second order broadened central transition. At 5GPa the signal is vanished

almost completely. It was not possible to record a signal at higher pressures up to 10GPa.

But after the release of pressure back to ambient conditions, a 115In signal was recorded

again at the originally ambient position, due to the bad SNR after the expected deformation

of the coil, the broad foot could not be recorded. After 8 months the measurement was

repeated with more scans, but no significant change was seen.
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The ambient spectrum of Cell 1, in the left column in Fig. 6.3, shows clearly the resonances

of both isotopes 115In and 113In, and also a broad foot of the weakly perturbed satellite

transitions of a powder around the central transitions, like shown in section 6.4.1 in Fig. 6.2.

The second spectrum which was recorded at 1.4GPa also shows a narrow central transition

of both isotopes, but the foot of satellite transitions is much broader distributed, this

hints at an increase of the electric field gradient in the unit cell which results an increase

of the quadrupole frequency and with this a broader frequency distribution. The third

spectrum at 2.5GPa shows a slightly higher shift and a conspicuous broadening of the

central transition. The fourth spectrum at 3GPa was recorded with a large signal loss.

A broad signal distribution is recorded with no obvious sign of a central transition. The

second isotope 113In can not be resolved for the elevated pressures.

Due to the bad SNR a new cell was built to reach higher pressures. The fifth spectrum at

4GPa on the right side of Fig. 6.3 shows a broad distribution of resonances which could

be a second order quadrupole affected central transition of a powder. More details about

this effect is investigated in section 6.4.4. The sixth spectrum at 5GPa was the highest

pressure an echo was found, unfortunately the SNR was extremely bad. At pressures of

6.4GPa, 8.2GPa and 10GPa no signal was found in a broad frequency range. The seventh

spectra show the frequency distribution after the pressure was released. A signal was

found at the position of the ambient resonance. The bad SNR could be explained by the

large deformation of the coil and the chamber by reaching the 10GPa before. A second

measurement 8 months later, with much more scans to improve the SNR, confirmed the

spectrum, no broad foot was resolved.
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6.4.3 Nutation Spectroscopy

Here a nutation spectroscopy carried out in a NMR-Anvil Cell is presented. It was per-

formed to investigate the quadrupole interaction of the indium nuclei of the powdered

AgInTe2 sample for ambient, 1.4GPa and 2.5GPa. With increasing the pressure the fre-

quency range of the broad foot around the central transition increases as well. Nutation

spectroscopy confirms an increasing field gradient.

Figure 6.4: 115In nutation spectroscopy at different pressure a) The power values

between 100W for non-selective excitation and 0.0031W for the selective excitation are

equal for all pressures as well as the π/2-pulse length of 0.5µ. The intermediate power levels

show the tendency of an earlier bending for higher pressures, which proves an increase of the

quadrupole frequency with elevated pressure. b) The associated spectra at the considered

pressures, one can see the increase of the range of the foot around the central transition

with increasing pressure.

A final proof of an acting quadrupole coupling of a nuclei can be given by power level

dependent nutation experiment (see section 1.1.8 for theory). The response of a given

spin system to a perturbation, in this case a Radio-Frequency-pulse (RF-pulse), depends

strongly on the relation between the RF-pulse strength and the intensity of the quadrupole

coupling which is given by ωQ = 2πνQ.
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If the RF-pulse strength ωRF is varied, ωQ can be estimated. The excitation is called non-

selective if the RF-pulse is much stronger then the quadrupole interaction (ωRF ≫ ωQ).

In this case the contribution of the quadrupole interaction to the sum of Hamiltonians can

be ignored during the excitation, the RF-pulse is the dominant part. In the non-selective

case the system therefore acts like a spin 1/2 system.

The excitation is called selective if (ωRF ≪ ωQ), which can be described like the excitation

of a single transition10,14. The central transition of a powdered sample is the only transition

which can be treated almost independently. So the selective excitation is aimed on this

transition.

The quantum number I = 9/2 defines the ratio between the selective and the non-selective

case (see section 1.1.8).

Iselective =
Inon

I + 1/2
=

Inon
5

(6.1)

Moreover the RF-frequency of the non selective case is increased by this factor.

ωRF,selective = (I + 1/2)ωRF,non = 5 · ωRF,non (6.2)

The equation (eq. 6.1) and frequency (eq. 6.2) are fullfilled in Fig. 6.4.

The behavior of the spin system if excited with the intermediate power values (ωRF ≈ ωQ)

allow the determination of ωQ. Here it should be noted, the agreement of a simulation

and an experiment remains strongly limited. Due to the considerable uncertainties, the

determined values can vary. However, in Fig 6.4 one can see an increase of the quadrupole

frequency by the tendency of an earlier bending of the curves at the same power values at

elevated pressures.

To gauge the RF-coil excitation with a 1/2-Spin system metallic aluminum was added in

the sample chamber. Aluminum nuclei has a spin number of I = 5/2, but in it’s perfectly

cubic environment the electric field gradient is zero. Without a splitting all resonances,

the central transition and the satellites transitions are at the same frequency and act like

a spin 1/2 system. The nutation of 115In, with the highest power value of 100W, acts

exactly like the aluminum excitation, like a spin 1/2 system.

For a fixed set of power values, driven down from high (ωRF ≫ ωQ) to low (ωRF ≪ ωQ),

a higher quadrupole interaction will lead to an earlier reaching of the selective behavior.

The measured nutation maxima (π/2-pulses) occur earlier for higher pressures and similar
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power levels, implying an increasing quadrupole interaction by pressure. It proves the

observation of the spectra that the quadrupole frequency increases.
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6.4.4 Second Order Effect and Signal Loss Above 5GPa

After the pressure was increase up to 4GPa, in the pressure region of the expected phase

transition, the shape of the spectrum changed much. The intensity of the echo decreased

and the original sharp central transition of indium disappeared. To investigate this in more

detail Hahn echo experiments were employed.

Figure 6.5: 115In spectrum at 4 GPa with simulation: Hahn echo Experiment, with a

pulse length of 0.5µs at 4GPa. The measured spectrum is depicted by the black line. The

simulation of a second order quadrupole affected central transition of a powder is fitted

with a red line (This simulation was done by Robin Guehne)

(Fig. 6.5) shows the 115In spectrum of AgInTe2 at 4GPa. The sharp edges of this measured

spectrum (black line), combined with invisible satellite transitions, remind on a second

order quadrupole affected central transition of a powder. The graphic additionally shows

a simulation (red line) of a second order affected central transition of a powder done by

Robin Guehne. The parameters for this simulation are:

νQ = 2420 kHz η = 0.18 σ = 34 kHz

The quadrupole frequency increased from νQ,Ambient=90 kHz to νQ,4GPa=2420 kHz by the

factor of f=2420
90

≈ 37. This could point to a phase transition or a intermediate mixed

state between the two known phases78,102

Unfortunately it was not possible to investigate this spectrum at an other B0 field to prove

it is an second order affected central transition of the powdered sample.
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Figure 6.6: Second order affected spectra AgInTe2: The black lines show the mea-

sured spectra. The red solid line at 4GPa shows the simulation depicted in Fig. 6.5. This

simulation is drawn with a red dashed line also in the other spectra to show a conjecturer of

an under laying second order quadrupolar affected central transition which increases with

pressure and vanishes above 5GPa. The spectrum at 2.5GPa and 3GPa was recorded in

cell 1, The spectrum at 4GPa and 5GPa was recorded in cell 2.

In the Fig. 6.6 the spectra of AgInTe2 at different pressure values are shown. Around

the pressure range between 3GPa and 4GPa, were the phase transitions was identified by

XRD78, the spectral distribution of resonances changes strongly. The Spectrum at 2.5GPa

shows the first inset of a possible second order quadrupole effect. The central transition

(CT) is broadened while the horns left and right of the CT rise. For 3GPa one can see

the broad distribution of resonances which fit the width of the 4GPa and 5GPa spectrum.

Furthermore the central peak decreased. This could point to a coexistence of two phase in

this pressure range. The red solid line in Fig. 6.6 show a simulation of a second ordered

affected central transition of a powdered sample which fit to the spectrum at 4GPa. The

red dashed lines are the same simulation drawn in the spectra at the other pressures to

give an idea of the possible mixture.

The measurement at 5GPa show a massive signal loss in compare to 4GPa. At 6.4GPa up
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to 10GPa no signal was found. Different echo experiments were performed to find signals

at these high pressures. 5 − 10MHz broadband solid echos as well as narrow frequency

stepped Hahn echos at different frequencies in a band width of 3MHz with a large number

of scans were performed but no resonance were found.

6.4.5 T1 measurements

To measure the longitudinal relaxation in an external B0-field, recovery experiments of

Indium in AgInTe2 at different pressures were performed.

Figure 6.7: T1 measurements of Indium in AgInTe2 for different pressures: At

ambient conditions is T1 = 28.1ms, at a pressure of 1.4GPa is T1 = 20.6ms, at a pressure

of 2.5GPa is T1 = 15.8ms

To measure T1, an inversion recovery pulse sequence, defined by a π-pulse followed by a
π
2
-pulse and separated by a variable time τ , was used. The intensity as function of the

separation time τ is plotted in Fig. 6.7 over a logarithmic time scale. Identical pulse

sequence parameters were used for all measurements at the three pressure values.
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All the measurements were done under non-selective excitation conditions see sec. 6.4.3 to

allow an standard T1 evaluation with a single exponent decay fit function.

6.4.6 Shifts

Figure 6.8: Shifts of AgInTe2 pressure dependent: The resonance frequency of the

central transition is plotted as a function of pressure. The point at 4GPa is the simulated

center frequency of the second order affected central transition simulation of the powdered

sample.

Figure 6.8 shows the resonance frequency of the central transition as a function of pressure.

One can see a small increase of the shift with increasing pressure. The point at 4GPa is the

calculated center frequency of a second order affected central transition of the powdered

sample simulation.
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6.5 Discussion

At ambient conditions the material under investigation seems to be a well ordered chal-

copyrite structure. The very small field gradient at the indium nuclei can be understood by

the almost symmetric surrounding with 4 tellurium atoms (tetrahedron). The secondary

neighbors are 4 indium and 8 silver atoms with an average distance of about 450 pm105,104.

The additional quadrupolar broadening can be explained by a local distribution of EFG

caused by small irregularities or point defects134.

Thiti Bovornratanaraks107 showed in 2010 a detailed structural study with X-ray diffrac-

tion on AgInTe2 up to 6.2GPa. From ambient to 2.8GPa a small increase of the refection

spacing is indicated by the XRD patterns. This can be interpreted as a small deforma-

tion of the initial chalcopyrite structure, which could increase the quadrupolar interaction

strength. An increase is what we find in the spectra and which is proven with nutation

spectroscopy experiments.

The phase transition from chalcopyrite to NaCl or Cmcm between 3GPa and 4GPa is

observed by different groups78,107. This is exactly the pressure range were we find something

looking like a strong second order affected central transition. Thiti Bovornratanaraks

further finds a mixture of both structures at 4.2GPa. The spectrum (see Fig. 6.6) at

3GPa appears to show a mixture of both structure types. The narrow peak in the center

may represents the rest of the low pressure phase, while the broad resonance line may

then be the high pressure phase with a second order quadrupolar broadened CT. Even at

2.5GPa the first onset of this effect may be seen.

In cell 2 at 4GPa the peak in the center has almost disappeared. Due to the much better

SNR of cell 2 in the higher pressure range a fitting of a second order powder pattern

was possible (see sec. 6.4.4). The spectrum at 5GPa in Fig. 6.6 shows a signal loss.

Measurements at 6.4GPa, 8.2GPa and 10GPa in different pressure cells could not find a

signal in a broad frequency range. Due to the high unordered high pressure phase without

a clear definition of nearest neighbors to the indium nuclei78 one could expect a very broad

distribution of resonance frequencies which are too broad to resolve in a micro sample in

a finite measurement time.

After the pressure was released a signal was found at the same frequencies were the central

transition was measured before. The broad foot could not be resolved due to a bad SNR,

maybe caused by the large deformation of the coil and the chamber. The visible broadening

(≈ 50 kHz) in comparison to the initial line width of this peak could be an indication of

the intermediate phase with the sphalerite-type structure which will decay back to the
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chalcopyrite structure over time78(see sec. 2.2.3).

The T1 measurements with an decreasing longitudinal relaxation time, if pressure is in-

creased, would fit to the increase of the quadrupolar coupling. However, it is no proof, due

to the fact that the inversion of the signal decreases from ambient conditions to 2.5GPa.

The motivation for these experiments have been to reproduce the measurements of Thomas

Meier. He published in 20155 a insulator-to-metal-transition in AgInTe2 and showed spec-

tra up to 20GPa. A jump in resonance frequency, in the range of the phase transition

around 3GPa and 5GPa was found, interpreted as a Knight shift stemming from free car-

riers (metal). We did not find the signal of the high pressure phase, so our shift data do

not show this jump.

Our data show a signal loss above 5GPa, up to 10GPa no signal in a broad frequency

range was found anymore including the before published frequencies.
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“Not only is the Universe stranger than we think,

it is stranger than we can think.”

Werner Heisenberg

7
Summary and Outlook

In this chapter a summary of the chapters before is given. The order above is kept, so

starting with the sample chamber monitoring, then the investigation of the YBa2Cu3O6+y

single crystals under pressure followed by the investigation of AgInTe2 under pressure.

Finally an Outlook is given.

99



7.1 Summary

7.1.1 Sample Chamber Monitoring for Single Crystal NMR

The fourth chapter describes the technique to measure the height and the diameter insitu,

while the cell is closed. An observation of the chambers height reduction was needed to

increase the pressure range for single crystal measurements to its limits before the crystal is

pressurized uniaxially. Height measurements combined with measurements of the diameter

allowed an estimation of the volume and with this a determination of the compressability

of the pressure medium paraffin oil.

The height was measured by the compare of the distance between two references at the

anvils. As optically clear focusable reference line the edges between two surfaces at the

anvil were used. If the orthogonal distance between the reference edges of the two anvils

is known the distance between the anvils which is equivalent to the height of the camber

can be calculated. The diameter was measured by photos, taken through the anvils with

a microscope.

Finally the measured pressure dependence of the height, the diameter and the volume

confirmed the theoretical predictions by D.J. Dunstan50 in 1989, concerning the pressure

dependence of a sample chamber of an anvil cell.

Due to its almost constant height the thin gasket regime could act as working regime for

single crystal investigations under pressure. The cognizance, that a larger culet increases

the range of the thin gasket regime by stabilization of the chamber, is in contrast to the

basic idea of the miniaturization of the anvil tips to increase the maximal pressure, if the

chamber deformation is one of the limiting factors.
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7.1.2 Single Crystal NMR of YBa2Cu3O6+y up to 4.4 GPa

The fifth chapter presents the results of the high pressure NMR investigations of differently

doped YBa2Cu3O6+y single crystals up to 4.4GPa. Two high pressure NMR anvil cells

were prepared. The discussion also considers the results of a previous report by Steven

Reichardt9.

First, the measurements of the pressure dependence of the critical temperature are shown.

The temperature dependent center frequency of the probe head circuit was observed. The

inset of the diamagnetic response identifies the superconducting transition. These values

are discussed and compared to the literature data.

The next part shows how a YBCO single crystal in an external magnetic field can be

aligned by using NMR data and shift measurements. The orientation dependency of the

second order shift of the center transition allows, also for weak signals and weak satellite

intensities, a determination of the quadrupole frequency.

The quadrupol frequencies allowed the determination of the charges in the CuO2-plane

pressure dependent. Presented in terms of the 2nO-nCu-plane three induced effects were

observed by pressure:

I an increase of the hole doping

II a favoring increasing of the oxygen hole content over the copper hole content

III an intra-planar charge redistribution of the holes from copper to oxygen

These effects are differently strong pronounced depending on the initial doping of the single

crystal and the pressure. While for lower pressures and for the lower doped sample the

doping charges in the CuO2-plane effect was much more pronounced. The effect of the

redistribution of charges is more dominant for doping levels closer to the optimal doping

content and higher pressures.

The intra-planar charge redistribution opens a new way of thinking about pressure effects

in high temperature superconductors. This has to be considered in theoretical concepts of

the superconductivity in cuprates under pressure in the future.
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7.1.3 Silver-Indium-Tellurid NMR Under Pressure

The sixth chapter presents the results of the NMR investigation of AgInTe2 powder under

pressure. The earlier recorded phase transition78,107 was of interest, but was not con-

firmable by our 115In NMR data.

For pressures below 3GPa a slightly increase of the quadrupole frequency was observed,

which fits to a slightly deformated chalcopyrite structure at low pressures. The increase

of the quadrupol frequency was proven by a power dependent nutation spectroscopy ex-

periment. Several NMR anvil cell were prepared and filled with the AgInTe2 powder, but

no signal was found at pressures above 5GPa in a wide range around the initial lamor

frequency at 109.537MHz.

At pressures between 3GPa to 5GPa spectra were recorded which looked like a second

order affected central transition of a powder. The spectra would fit to a mixture of a

ordered phase, transforming to a strongly disordered high pressure phase.

In all cells no 115In signal was found above 5GPa up to 10GPa. After the release of the

pressure the signal was found again at the same frequency were 115In was found before at

ambient conditions.

The previously reported transition between 3GPa and 4GPa, given by literature78,107, was

not confirmable by our 115In NMR data. Furthermore the measurements of a spectrum

of the high pressure phase and the insulator-metal-transition, identified by an inset of the

knight shift, recorded before5 were not repeatable.
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7.2 Conclusion and Outlook

Different microcoil architectures were prepared by hand. The results for the prototypes

were good but a systematic study of these tests could be part of investigations in the future.

A method for the necessary height measurements as well as a method for the measurement

of the diameter of the sample chamber of a closed anvil cell are described. The determined

compressability of the pressure medium, paraffin oil, fits to the values reported in literature.

Further this method enables, by the analysis of the observed basic parameters of the cell

architecture, dependent on the pressure, a better understanding how the parameters of

the cell behaves under load. Which led to the cognizance, that a larger culet diameter

causes a more stable height of the sample chamber and increases the range of the working

regime, for single crystal measurements. The stability of the sample chamber especially the

observation of the height is essentially important for single crystal NMR. New approaches

with YBa2Cu3O6+y single crystals in an anvil NMR cell should consider these findings while

the cell architecture is planed, to maximize the pressure range of the working regime.

This thesis gives an important contribution to the increase of the reachable pressures with

the NMR anvil cell set up which is used by the Haase group at the University of Leipzig. It

allowed measurements of YBa2Cu3O6+y single crystals up to 4.4GPa. A prove of a charge

redistribution in the CuO2-plane induced by pressure is given. This has to be considered

by theoretical concepts which try to understand the pressure effects in the CuO2-plane of

cuprates.

André-Marie Tremblay from the Université de Sherbrooke99 confirmed with a three-band

Hubbard model with cellular dynamical mean-field theory the observations done by Michal

Jurkutat and Damian Rybicki97,98 which found an order of cuprates according to their max-

imal Tc, depending on the oxygen hole content 2nO of the CuO2-plane. The redistribution

effect of charges in the CuO2-plane affected by pressure could be part of models in the

future which consider the shrinking of the unit cell.
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A.1 Spectra

Y-6.85 Cell

Ambient conditions 17O: ab ∥ B0

Figure A.1: In this figure the Oxygen spectrum 17O of the Y-6.85 cell, ab ∥ B0 at ambient

conditions is shown.

28 kBar 17O: ab ∥ B0

Figure A.2: In this figure the Oxygen spectrum 17O of the Y-6.85 cell, ab ∥ B0 at 28 kBar.
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44 kBar 17O: ab ∥ B0

Figure A.3: In this figure the Oxygen spectrum 17O of the Y-6.85 cell, ab ∥ B0 at 44 kBar.

Ambient conditions 17O: c ∥ B0

Figure A.4: In this figure the Oxygen spectrum 17O of the Y-6.85 cell, c ∥ B0 at ambient

conditions is shown.
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28 kBar 17O: c ∥ B0

Figure A.5: In this figure the Oxygen spectrum 17O of the Y-6.85 cell, c ∥ B0 at 28 kBar

is shown.

44 kBar 17O: c ∥ B0

Figure A.6: In this figure the Oxygen spectrum 17O of the Y-6.85 cell, c ∥ B0 at 44 kBar

is shown.
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Mixed 17O: c ∥ B0, at 300 K and 100 K

Figure A.7: In this figure the oxygen spectrum 17O of the Y-6.85 cell, at ambient conditions,

28 kBar and 44 kBar for two temperatures is shown.
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Mixed 63Cu: c ∥ B0, at 300 K and 100 K

Figure A.8: In this figure the copper spectrum 63Cu of the Y-6.85 cell, at different pressures

is shown.
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Y-6.5 Cell

Ambient conditions: c ∥ B0

Figure A.9: In this figure the Oxygen spectrum of the of the Y-6.5 cell, c ∥ B0 at ambient

conditions is shown. (these data were evaluated by Stefan Tsankov)

40 kBar: c ∥ B0

Figure A.10: In this figure the Oxygen spectrum of the Y-6.5 cell, c ∥ B0 at 4 kBar is

shown. (these data were evaluated by Stefan Tsankov)
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content, charge-transfer gap, covalency, and cuprate superconductivity. Proceedings

of the National Academy of Sciences, 118(40), 2021.

123



[100] Thomas Meißner. Dissertation: Exploring Nuclear Magnetic Resonance at the High-

est Pressures. Universität Leipzig, Leipzig, 2013.

[101] I. Vinograd, R. Zhou, H. Mayaffre, S. Krämer, R. Liang, W.N. Hardy, D.A. Bonn,
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