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1 Introduction

The physical properties of materials are fundamentally influenced by temperature, applied mag-
netic fields and pressure. In particular pressure is capable of modifying the ground state of
matter [1].

To gain new insight into materials, it is therefore of considerable interest to carry out ex-
periments under varied pressure conditions. In the case of condensed matter systems like high
temperature superconductors or simple metals, significant changes occur at relatively high pres-
sures on the order of 10 kbar (10000 times the atmospheric pressure) or higher. Such extreme
conditions are often only achievable in so called gem anvil cells that squeeze a tiny sample,
confined by a metallic gasket, between the tips of two extremely hard gem anvils.

Nuclear magnetic resonance (NMR) is a powerful analytical tool that is widely used to probe
the electronic and chemical properties of materials on an atomic scale by observing transitions
between nuclear spin states [2]. Over the past 25 years a variety of experimental designs have
been developed for the observation of NMR in gem anvil cells [3-7|. However, due to their
insufficient sensitivity they have been scarcely used in the investigation of high pressure effects
in condensed matter systems.

In the present work, a novel approach to high sensitivity NMR in gem anvil cells is pursued
which extends earlier work during my diploma thesis [8]. By placing a small microcoil as the
detection coil in the high pressure region of a gem anvil cell, a tremendous increase of sensitivity
is achieved. Using this setup, NMR experiments are successfully carried out up to 101 kbar, the
second highest pressure at which NMR, has been observed thus far.

One set of experiments presented here explores the effect of pressure on the electronic density
of states in the metal aluminum. In these measurements a decrease of the density of states
under pressure is revealed that is inconsistent with a free electron behavior. Based on numerical
calculations, a pressure induced Lifshitz-transition is identified as the origin of this decrease.

In the second set of experiments presented, the effect of pressure on the enigmatic pseudogap
in the high temperature superconductor YBaoCuyQOyg is investigated. This peculiar electronic
gap was discovered early on in the research on the superconducting cuprates [9,10] and has been
extensively studied at ambient and lower pressure in particular via NMR. Yet, its origin and
relation to superconductivity remain unclear. Due to a prior lack of suitable electronic probes,
little was known about its response to high pressure [11]. In the new experiments presented
here, the pressure range of previous comparable experiments [12-14] is significantly extended

and evidence for the closing of the pseudogap in YBagCuysOg at high pressure is found.






2 Basics

In this chapter some essential information on nuclear magnetic resonance (NMR), the design of
an NMR probehead and the generation of high pressure in gem anvil cells will be presented. At
the end of the chapter, the state of the art in gem anvil cell NMR will be reviewed.

2.1 Nuclear magnetic resonance

This section covers the basic principles of NMR relevant for the experiments performed during
this thesis. Unless stated otherwise, the information presented here is based on the NMR
textbooks by Abragam [15] and Slichter [2].

Many atomic nuclei have a non-zero spin angular momentum I in their ground state. In
quantum mechanics I is treated as an operator. Its components I, . do not commute among
one another but it is possible to orthogonalize one component, e.g. I, with the operator I?.

Hence a common set of eigenvectors |I'm) exists and the eigenvalues are defined by

’|Im) = I(I+1)|Im) (2.1)
L|Im) = m|Im) (2.2)

where I takes values of 1=0,1/2,1,3/2,... and m=—1,—I+1,...,1—1,1. Associated with I

is a magnetic moment
w = hyl (2.3)

with v denoting the gyromagnetic ratio that is specific for each type of nucleus. If a nuclear
magnetic moment p is exposed to an external magnetic field B it will interact with it due to

the Zeeman interaction, its Hamiltonian 7 given by

Hy = —wu.B
= —mI.B. (2.4)

It is conventional to assume that a static magnetic field B = (0,0, By) is applied along the z-
direction. In this case the Hamiltonian of eqn. (2.4) can be simplified to 7 =-hyByl, and its

eigenvalues are then

E,, = —mhyBy. (2.5)

11



2 Basics Nuclear magnetic resonance

The degeneracy of the ground state is broken by applying an external static magnetic field By
and the energy difference between adjacent levels is AE = hyBy. A Boltzmann distribution
describes the population probabilities of the energy levels, i.e. p,, xexp{—FE,,/kgT}. Thus an
assembly of spins exposed to a static magnetic field By will, after a characteristic time, populate

the energy levels according to

hB
Pmt1 _ exp {’Y 0} . (2.6)
Pm kBT
As a result, a net magnetization (M) along the axis of By establishes due to the population dif-

ference in thermal equilibrium. In the high temperature limit, usually realized since vhBy/kpT

is small®, (M) is given by
_ NAPRAI(T +1)
Vo 3kpT

where N/V denotes the spin density. It should be noted that (M) from nuclear spins is very

<Mz> B(), (2'7)

small, as the ratio of population of the different levels p,,11/pm is on the order of unity®. This

is the origin of the intrinsic low sensitivity in NMR experiments.

The 7 /2 and m-pulse

In pulsed NMR experiments one takes advantage of the fact that the equilibrium magnetization

(M) can be manipulated by a high frequency magnetic field B¢

B, = 2B coswt (2.8)
perpendicular to By, if the resonance condition

w = 2mvy, = vDBy (2.9)

is met. The resonance frequency vy, is called Larmor frequency and is typically on the order of
10...1000 MHz and therefore in the radio-frequency (rf) range. In most cases, Byt is generated
by a rf-coil.

The amplitude of 2B in eqn. (2.8) originates from the fact that the linearly polarized By¢-field
can be decomposed into two components with magnitude B; that rotate clockwise and counter-
clockwise at +w in the zy-plane, respectively. One of these components however is irrelevant
for the analysis here and is generally neglected.

Depending on the duration 7 of the perturbation, the initial magnetization (M, ) is flipped by

an angle o = yB7 around an axis of the coordinate system rotating at w around the direction

#For example for aluminum nuclei at room temperature (300 K) in a magnetic field of By=11.7 T,
yhBo/kpT =2.085 x 107°.

PFor the aluminum example (Bo =11.7 T,T = 300 K) pmi1/pma1 -+ 1/50000. Therefore for every 5x 10*+1
spins in the m = 1/2 state there are 5x 10* spins in the m = —1/2 state to almost completely cancel out with,
leaving only that 1 extra spin to contribute to (M.).

12



2 Basics Nuclear magnetic resonance

of By.

Of particular interest for experiments are the durations 7, /o and 7, for the so-called 7 /2-pulse
and m-pulse. They are defined through the conditions vB17, /o =7/2 and yBy7, =n. Following
a m/2-pulse the magnetization perpendicular to By is maximized as the initial magnetization
(M,(0)) is turned completely into the laboratory zy-plane. It then precesses at w around By and
can be detected by Faraday induction in the same rf-coil. After a duration of 7, on the other
hand the initial magnetization is inverted, i.e. (M, (7)) =—(M,(0)). After such perturbations,
the spin system will relax back to its equilibrium state given by eqn. (2.7) by processes described

in sec. 2.1.2.

2.1.1 Perturbation of the Hamiltonian J7;

The general interest in NMR, especially in condensed matter physics, is based on the fact that
the nuclear spin does not only interact with the external magnetic field but also with other nuclei
and electrons in its vicinity. These interactions are in most cases small compared to the Zeeman
Hamiltonian and can therefore be treated by perturbation theory. As they affect the energy of
the spin system, these interactions can be detected by a change of the resonance frequency v
in comparison to the Larmor-frequency vz and/or by their influence on relaxation processes.

Below, the relevant interactions will be briefly mentioned.

Dipolar coupling

Two nuclear spins interact with each other due to the dipolar coupling of their magnetic moments
py=71hI, and py="y2hls. With r as their displacement, the interaction Hamiltonian is given
by

Ir _gridar) (I”)] . (2.10)

Hp = 1172h° 1. [73 —3—
In absence of rapid motion of the magnetic moments relative to one another, which is the case
in the rigid lattice of a solid, the dipolar coupling causes a Bp-independent broadening of the

resonance frequency which can be quite complex even in simple systems [16].

Hyperfine coupling

The different magnetic interactions of the nuclear spin with the surrounding electrons are com-

prehensively called hyperfine interactions. Taking into account their different contributions, the

hyperfine interaction Hamiltonian is given by

r(sr) 8
5

+ gﬂsé(r) , (2.11)

l s
T T r

where pp denotes the Bohr magneton and I and s are the orbital and spin angular momentum

operators of the electron. Eqn. (2.11) contains three distinct interaction terms, namely an orbital

13



2 Basics Nuclear magnetic resonance

interaction (1% term), a dipolar interaction similar to eqn. (2.10) (2" and 3™ term) and a so-
called s- or Fermi-contact interaction (4" term). These interactions can typically be detected
by a shift in resonance frequency vy as they affect the local magnetic field at the nucleus. In
general, the contribution of the different interactions to the change in local field and therefore
the shift of 1y is of the form

_AB vy —ug

K = A, (2.12)

- By Z9
where x is a susceptibility that is attributable to the different terms in eqn. (2.11) and Ays is

called a hyperfine coupling constant.

Quadrupole coupling

Due to the fact that atomic nuclei have finite dimensions, their electrical charge cannot be
described by a point charge. Nuclei with spin I > 1 posses a quadrupole moment ) and will
interact with an electrical field gradient (EFG) eq caused by electrons in the vicinity of the
nucleus. Taking X, Y, Z to denote the principle axes of the tensor V;; describing the EFG®, this

quadrupole interaction Hamiltonian is given by

e?qQ

o= AI(21 — 1)

313 — I + %n(ﬁ +1%)|, (2.13)
where n=(Vxx — Vyy)/Vzz is the asymmetry parameter which can take values of 0...1 and
I+ =1, +il,. It should be noted that the quadrupole interaction can be quite large compared to
the Zeeman interaction?. The following discussion will restrict itself to the case of I < H7 and
cylindrical symmetry of the EFG (7=0). Furthermore only half-integer spins will be considered
as the observed nuclei 170, 27Al and 936°Cu have spins of 5/2, 5/2 and 3/2 respectively.

If 6 denotes the angle between By and the EFG and vg is

3¢%qQ
= — 2.14
YO hor(2r — 1y’ (2.14)
the frequencies of the transitions (m — 1) «+m are shifted in 15* order by
1Y 3cos?f — 1
D = —vq (m— 3 ) 2 (2.15)

From eqn. (2.15) it is clear that in first order the central transition —1/2+<>1/2 is not affected by
the quadrupolar interaction. The frequencies of the other transitions (m—1) <> m however are
shifted, which manifests itself in the presence of additional satellite lines in an NMR spectrum,

see fig. 2.1 for illustration. The intensities of the transitions are proportional to |{m/|I,|m—1)|?

It is assumed that the coordinate system describing the EFG tensor V;; is chosen, so that [Vzz| > |Vyy|>|Vx x|
dThis fact is utilized in the observation of nuclear quadrupole resonance (NQR).

14



2 Basics Nuclear magnetic resonance
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Figure 2.1: Illustration of the effects of the different interactions. (Top) The Zeeman interaction
causes a resonance at a frequency vy, that is broadened by the dipolar interaction of nuclei among
each other. (Middle) An additional hyperfine interaction of the nuclear spins with electrons in
their environment gives rise to a shift of the resonance frequency by Kvy. (Bottom) The effect of
quadrupole interactions for the case of a spin-3/2 system assuming By is applied perpendicular
to the EFG: In first order perturbation, the single transition line is split into three lines with
intensities 3 : 4 : 3. The satellite transitions —3/2 <> —1/2 and 1/2 <+ 3/2 are observable at

1+ K)v £ vo/2. In second order, the central transition —1/2+<»1/2 is shifted b 5% o2 vy,
( Q Y OV o X Vg
while the satellites are unaffected.

and hence have the ratios 3:4:3 for spin 3/2 and 5:8:9:8:5 for spin 5/2.
For 2" order, only the change of the central transition —1/2 < 1/2 shall be considered here
as the —3/24>—1/2 and 1/2+4+3/2 transitions are unaffected and other transitions are of minor

interest. The second order frequency shift of the central transition is given by

2
v 3
51/(;) = —ﬁ [I(I +1)— 4} sin’ 6 (9 cos® ) — 1). (2.16)
It is inversely proportional to vy and therefore can be determined by field-dependent measure-
ments even if vy and/or the orientation of the EFG is unknown.

Fig. 2.1 illustrates the effects of the different interactions on the energy levels of the spin

system as observed experimentally in NMR, by the resonance frequency vy.

2.1.2 NMR pulse sequences and relaxation processes

Assuming the equilibrium magnetization (M,(0)) is established, the simplest NMR experiment
is performed by applying a 7 /2-pulse. The equilibrium magnetization (M, (0)) will then precess
in the xy-plane of the laboratory frame and induce a signal voltage in the rf-coil. However,
with time the magnetization both dephases in the xy-plane, e.g. due to a distribution of the

resonance frequencies, and relaxes back to its equilibrium value in the z-direction. Consequently,

15



2 Basics Nuclear magnetic resonance

the signal in the rf-coil decays and it is therefore called free induction decay (FID).

The return of the z-component of the magnetization to its equilibrium value is described by
the characteristic time constant 77, called spin-lattice relaxation time. Yet, the detectable signal
in the coil often decays on a much shorter time scale due to the dephasing of the zy-component
of the magnetization. This process is characterized by the spin-spin relaxation time 75. Both

effects may be different in nature and yield information on the effective interactions.

Ty-relaxation

Th-relaxation processes are usually not related to an energy exchange with a lattice and can
therefore be faster than Tj-processes. For example, a dephasing of the xy-magnetization occurs
because of the dipolar-interaction of the nuclei among each other. In the case of a rigid lattice,

it was shown by van Vleck [17] that the FID at short times then has a Gaussian shape

2
I(£) = I exp {;Tg} . (2.17)
However, it is worth mentioning that the long time behavior of the FID may be very different
for this dipolar interaction induced signal decay [16].

A large distribution of resonance frequencies, e.g. due to anisotropy of the hyperfine coupling
constant Ay, also affects the dephasing of the xy-magnetization and may cause the FID following
a 7 /2-pulse to decay too quickly to be detectable because of the inherent dead-time of an NMR-
spectrometer. In this case, the signal can often be refocussed with the spin-echo sequence
w/2— 7—m. The echo will then refocus at the time 27 after the initial 7/2-pulse. It should be

noted though, that a dipolar decay cannot be refocussed with this kind of echo sequence.

Ti-relaxation

Ti-relaxation processes on the other hand are associated with an energy transfer to a lattice. This
is due to the fact that an energy transfer between the nuclear spins and a reservoir, commonly
referred to as the "lattice”; is required in order to align the spins along By initially. The same
processes are responsible for the relaxation back to the equilibrium state following a perturbation
by rf-pulses.

Generally, multiple interactions contribute to the spin-lattice relaxation. However, in the
systems of interest the spin-lattice relaxation is dominated by the spin part of the hyperfine

interaction. In that case, the relaxation rate is given by [18|

S Ae g L) (2.18)
3

w
q 0

1 kT
Tl,a M%

where « indicates the direction of By with respect to the crystal axis, £ the directions normal

to it and summations are performed over g-space and the two directions of £. In eqn. (2.18),

16



2 Basics NMR-signal detection with a resonance circuit

A¢(q) denotes the g- and ¢-dependent hyperfine coupling constant, x”(g,wo)=Im {x(g,wo)}
the isotropic, g-dependent dynamic spin susceptibility and wg = 271y the NMR observation
frequency.

Experimentally, T} can be determined using the inversion recovery sequence m—t—m/2 or the
inversion recovery echo sequence m—t—m/2—7—m in the case of a quickly decaying FID. The
initial m-pulse inverts the magnetization and the system is then left to relax for the time ¢ before
the signal is recorded with the 7/2-pulse or echo-sequence.

The intensity of the signal then depends on wether all transitions are excited by the rf-pulses
or not. In the case of non-selective excitation, i.e. if all transitions are excited, the intensity is

given by

() = I [1—rexp{—zf}], (2.19)

1

where Iy denotes the equilibrium intensity at ¢t > T) and I' represents the quality of inversion
and should be close to 2.

2.2 NMR-signal detection with a resonance circuit

So far, the essential laboratory equipment for performing NMR experiments, i.e. a magnet to
supply the static magnetic field By, an NMR spectrometer to generate defined rf-pulses and
record small signal voltages and the NMR probehead have not been described. While the
magnet and spectrometer are crucial components, they shall be treated as black boxes here. In
this section however, the generic design of an NMR probehead will be described and its relevant
properties discussed. Basically, the probehead is a resonant LC'-circuit with the coil placed in
the center of the static magnetic field produced by the magnet. For experiments in high pressure
cells, such as the gem anvil cell, it is a non-trivial task to construct this LC-circuit which was

an important task of my work.

2.2.1 Solenoidal coil

The centerpiece of any NMR probehead is a radio frequency coil containing the sample. It is used
to generate the perturbation B, =2B; coswt, necessary to manipulate the equilibrium magneti-
zation (M,(0)), and to detect the precession of the magnetization in the xy-plane. Furthermore,
while the pre-amplifier of the spectrometer also plays an important role, the sensitivity in NMR
experiments depends predominantly on the rf-coil design. It should be mentioned here that the
rf-coil has to be aligned so that B¢ is perpendicular to By in order to be able to perturbate the
spin system and detect the signal with high efficiency.

In the experiments to be discussed, solenoidal microcoils were used as they are simple to
prepare, offer a good homogeneity of B,y and superior sensitivity for volume limited samples

[19,20]. The relevant properties of these solenoids will be characterized below.

17



2 Basics NMR-signal detection with a resonance circuit

Inductance

The inductance L of a coil relates the current flow ¢ through it to the energy stored in the resulting
magnetic field Byt; its value affects the resonance frequency and the quality factor @ (eqn. (2.29))
of the resonant circuit. For a finite empty solenoid, L is given to a good approximation by [21]

Lot = 218D (2.20)

1+22(5)

where N, D [cm] and [ [cm] denote the number of turns, the diameter and the length of the coil
respectively. If the coil is filled with a sample, its inductance is modified due to the magnetic
susceptibility xm of the material, i.e. L,=L(1+nxm), where 1 denotes the filling factor (ratio
of filled coil volume to total coil volume). In the case of non magnetic materials, i.e. the typical
NMR sample, xm, &~ 0. However superconducting materials display perfect diamagnetism, i.e.
Xm = -1, below their critical temperature. This can be used to detect the superconducting

transition of materials by changes in L as discussed in sec. 3.3.

Sensitivity

Because of Faraday induction

dd

Uin - 5,
d dt

(2.21)
with ® = [ B.dA, a magnetization precessing in the zy-plane, such as that produced by the
rotating spins after a 7/2-pulse, will induce a voltage in a coil that can be detected at its
terminals. In general, thermal noise generated by the coil and the sample will overlay the signal
voltage however. Therefore the quantity defining the sensitivity of the rf-coil is the signal-to-
noise ratio (SNR)
SNR = %. (2.22)
Un

The noise voltage Uy, is given by U, =+/4kgTr,Af [21], where r,, is used to represent the generic
combined losses and the noise is measured over a defined spectral bandwidth A f. Experimen-
tally, it can be determined by analyzing a recorded FID. Assuming sufficient signal, the induced
voltage Ujpq can be estimated from the amplitude of the signal following the 7 /2-pulse directly.
U, on the other hand can be determined from the root-mean-square value of the signal at times
much longer than 75 as the fluctuations at long times are caused by thermal noise only.

Hoult and Richards [22| showed, based on the principle of reciprocity, that the SNR following
a m/2-pulse is given by

K (B1/i)Vswo (M)

SNR =
SkpTrnAf

(2.23)

18



2 Basics NMR-signal detection with a resonance circuit

where V; denotes the sample volume and K is a scaling constant to account for inhomogeneities
of By. The factor (B;/i) is the effective field over the sample volume produced by a unit current
flowing through the coil and is given for a solenoid (N >>1) by [22]

B N
et N (2.24)

i T DI+ DR

where [ and D are the length and diameter of the coil. Eqn. (2.24) in conjunction with eqn. (2.23)
already indicates that smaller coils may be advantageous in the case of volume limited samples.

In the case of solenoidal microcoils of fixed coil geometry, it was demonstrated that sensitivity
per unit volume increases with decreasing coil diameter with a factor between 1/v/D and 1/D
depending on the ratio of the coil wire diameter and skin depth at the operation frequency [19].
Thus, in terms of sensitivity, one should use the smallest rf-coil possible that can actually contain
the sample, in the case of size limited samples. This on the other hand implies a filling factor of
the coil of n =~ 1.

It is however necessary to consider the potential sources of noise. In the case of microcoils, it
is predominantly the resistance r of the coil wire whose dc-value is given by (assuming a circular

cross section)

_Ap ly
 owd?

(2.25)

where p is the specific resistivity of the wire material and [,, and d denote the length and diameter
of the wire. Decreasing the coil dimension eventually leads to an increase of the coil resistance,
and hence noise, as the wire diameter has to be reduced at some point. Furthermore it is pointed
out that the legs of the microcoil cannot be arbitrarily downscaled as they must have a minimum
length in order to be able to electrically contact the microcoil. Their contribution to the coil
resistance therefore becomes increasingly important if the microcoil is very small.

For phase sensitive signal detection, the SNR can be further improved in an experiment
by accumulation of the signal. Sensitivity then increases with the square root of the number of
accumulations®. Nonetheless, it is necessary to wait about 3. .. 5xT} in order to ensure recovering
of the equilibrium magnetization (M.(0)). As an increase in the number of accumulations by a

factor of 100 improves the SNR only by a factor 10, time quickly becomes the limiting factor.

Duration of the 7 /2-pulse

In sec. 2.1 the 7/2- and 7-pulses have already been introduced. The flip angle of the magnetiza-
tion, given by ae=~B;7, for a given nucleus depends only on the amplitude of By produced by
the coil and the duration of the rf-pulse 7. One therefore expects to be able to predict 7/ and

T based on knowledge of the coil parameters. It can be shown in fact that (see app. 9.2), under

°The signal voltage increases with the number of accumulations while the thermal noise only increases with
square root of the number of accumulations.
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2 Basics NMR-signal detection with a resonance circuit

I

I\

G, 5

Figure 2.2: Circuit diagram of a capacitively coupled resonant circuit, containing a coil and two
capacitors, commonly used in NMR experiments. A coil of inductance L and resistance r is used
to manipulate the magnetization of the sample (inside the coil) and detect the NMR signal. The
two variable capacitor C; and Cb, are used to match (Cy) the resonant circuit to the 50 € of
the NMR-spectrometer and tune (C7) the resonance frequency of the circuit.

the assumption that all the energy of the pulse is stored in the magnetic field of the rf-coil of

[ m2rV,
=y —C 2.26
Tr/2 QMO’YQLP7 ( )

where v denotes the gyromagnetic ratio of the nucleus investigated and P is the power of the

volume Ve, 7 /5 is given by

rf-pulse. For a given coil, the parameters r, V. and L are fixed. It is clear that the flip angle
« can be varied changing 7 (fixed P) or, from eqn. (2.26), by adjusting P (fixed 7). Varying P
has the benefit that the spectral excitation width is kept constant!. One should keep in mind
however that any additional source of inductance stores energy in its magnetic field and 7

therefore usually is somewhat longer.

2.2.2 Resonant circuit

By integrating the rf-coil into a capacitively coupled resonance circuit, a circuit commonly used
in NMR experiments and shown in fig. 2.2, it can be matched to the input impedance of 50 €2
of the NMR equipment and at the same time be operated at a desired resonance frequency fy.
The resonant circuit itself is typically not directly connected to the NMR spectrometer but via

a 50  coaxial cable.

The properties of the resonant circuit are determined by the inductance L and resistance r

of the coil and the capacities C1, C5 of the two variable capacitors. As shown in app. 9.1, the

fThe spectral excitation range is inversely proportional to 7, i.e. Afox1/7.

20



2 Basics Generation of high pressure: the gem anvil cell

resonance frequency of the capacitively coupled resonant circuit in fig. 2.2 is given by®

1
~ . 2.27
Jo 27T\/L(01 +02) ( )
The input impedance, i.e. Z,,=Re{Z}, in resonance is (app. 9.1)
Cy +Cy\?
Zymr 2122 (2.28)
Ch

The resonant circuit has to be impedance-matched to 50 € in order to optimize the power
transfer from/to the spectrometer. From eqn. (2.28) it is obvious that the variable capacitor C;
is primarily used to match the impedance, while Cy allows the tuning of the resonance frequency
of the resonant circuit, since the inductance L is fixed.

Experimentally, L and especially r are not well accessible. While the dc-resistance r can be
easily measured externally, i.e. Bo=0 and at room temperature, its value can be affected by the
magnetic field and cooling. Furthermore, L might change dramatically if the sample becomes
superconducting. However, the quality factor @, defined as Q =27 E/AFE, where E and AFE
denote the energy stored in the resonant circuit and the energy dissipated in it during one period,
can be used to determine r instead. ) can be measured with a reflection bridge as Q= fo/Af
where Af is the bandwidth at which the reflected power is 7 dB below the incident power [23].

In the case of a matched and tuned capacitively coupled resonant circuit, @ is given by [24]
1
Q= -Lwy (2.29)
r

and therefore offers information on L and r. Losses in the sample, for example by eddy currents,
can further influence the value of Q.

While in the case of microcoils the ohmic resistance r in the resonant circuit is completely
dominated by the wire of the rf-coil, other parts of the resonant circuit may contribute to
the total inductance L as well and therefore store energy in their respective magnetic fields,
increasing the measured . In this respect, in particular wires and the leads of the coil can

contribute.

2.3 Generation of high pressure: the gem anvil cell

A variety of different techniques is available for the generation of high pressure [25]. Static
pressures above about 30 kbar however are usually not easily accessible in large volume pressure
cells like the clamp cell and are most commonly generated using gem anvil cells (GAC) which

shall be described in this section.

&The circuit shown in fig. 2.2 is in resonance if the imaginary part of its impedance Z vanishes, i.e. Im{Z}=0.
Additionally, the real part of Z has to be matched to the input impedance of the NMR-equipment, hence
Re{Z}=50 Q. For further details see app. 9.1.
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2 Basics Generation of high pressure: the gem anvil cell

To be able to achieve very high pressures, one has to use extremely hard materials that are
able to sustain such pressures. It is a natural choice then to use the hardest materials available,
i.e. diamond or similar gems. The highest static pressures can be achieved in diamond anvil cells
(DAC) which are capable of generating pressures above 4 Mbar [26,27], exceeding the pressure
at the center of the earth. Other GACs using cubic-zirconia, sapphire or moissanite anvils can
generate pressures close to 170, 260 and 600 kbar respectively [28,29].

The basic principle underlying all high pressure vessels is the generation of pressure p by

applying a force F' on an area A

P= (2.30)
In order to achieve very high pressures one is thus interested in applying a very large force over
an area as small as possible. This already points to the fact that one has to reduce sample size
for high pressure experiments. For the purpose of illustration, it shall be mentioned here that
a pressure of 100 kbar corresponds to a weight of 1000 kg applied to an area of 1 mm?. Such
conditions are not easily generated.

GACs are a powerful tool as they can be used to investigate materials under extreme conditions
otherwise not accessible. However, this is achieved at the cost of sample size. While a variety
of techniques are frequently used at high pressure [30,31], NMR in GACs is not well established

as discussed in sec. 2.3.2.

2.3.1 Principle of a gem anvil cell

The principle of a GAC shall be explained on the basis of the piston-cylinder DAC shown in
fig. 2.3. The information presented here is based on reviews by Jayaraman [30,31] and Dunstan
and Spain [32,33].

In a very simple manner, a GAC generates high pressure by squeezing the sample between the
culets" of two gem stones while confining it by a gasket as shown in fig. 2.3. By filling up the
sample space with a pressure transmitting medium, e.g. helium or glycerin, the uniaxial force
applied is converted into a hydrostatic or quasi-hydrostatic pressure.

Typically brilliant cut or Drukker' design gem stones are used as anvils with culet diameters d
of about 1.0 mm or less. The ultimate pressure limit ppax of a GAC is determined by the culet
diameter. Empirically, pmax is found to be inversely proportional to d2. In the case of diamond

anvils, pmax 18 given by [32]

125

Tl (2.31)

Pmax [kbar] =

Exceeding this value will likely cause failure of the anvil and a DAC should be operated well

below this value. For other gem stones similar relations apply, albeit with smaller numerators.

" Culet: Flat face of a gem stone.
'This is a special gem cut invented for high pressure experiments, refer to [31] for details.
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2 Basics Generation of high pressure: the gem anvil cell

Figure 2.3: Left: schematic diagram of the two diamonds and the gasket in a DAC. Pressure
is generated by squeezing the sample between the culets of the diamond anvils while the gas-
ket prevents its extrusion. Often a pressure transmitting medium is used to achieve (quasi)
hydrostatic conditions. Right: in a piston-cylinder DAC the force on the anvils is applied by
pushing the piston through an external drive. The parallel alignement of the culets is fixed by
the piston-cylinder assembly while the xy-alignement can be achieved by moving the xy-plate.

The gasket is usually made from a high strength metal sheet, e.g. stainless steel or rhenium,
with a hole of diameter of less than d/2. Its initial thickness should be about 1/6th of d or
less) and will reduce further under pressure. Therefore, the available sample volume decreases
significantly for increasing pressures. A metallic gasket has the benefit that it can flow while
pressure is applied, sealing the sample chamber and preventing the pressure medium to leak.
However, soft metals like copper are unsuitable as the gasket thickness will decrease rapidly with
increasing pressure.

To prevent damage to the anvils it is necessary to align the culets of the two diamond anvils
very precisely. In the piston-cylinder DAC shown in fig. 2.3, the piston fits tightly into the
cylinder preventing a tilt of the anvil in order to guarantee parallelism of the culets. The xy-
plate on the other hand is used to align the tips of the anvils. Pressure is generated by pushing
the piston down with an external drive. Both, the piston and the xy-plate have to be sufficiently
hard to support the diamond anvils to prevent misalignement and successive failure of the anvils.
One usually uses very hard backing plates for the direct support of the anvils. If a gem anvil cell
is operated correctly, either the hardness of the backing plate or the culet dimensions determine
the pressure limit of the cell.

Unfortunately, unlike the anvils, many materials commonly used for the construction of the
cell body or as gaskets are not suitable for the use in NMR experiments as they are magnetic.

It is possible to build non-magnetic DACs from high strength beryllium-copper (BeCu) and the

JUsually the gasket is pre-indented to the desired thickness. Depending on the initial thickness of the gasket,
the hole diameter will increase, stay or decrease upon application of pressure. High pressure work should be
performed only under the latter condition. For further details see [32,33].
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2 Basics Generation of high pressure: the gem anvil cell

titanium alloy Ti-6Al-4V. These materials are not as hard as materials conventionally used, e.g.
stainless steel or tungsten carbide, however. This is a problem in particular for the backing
plates of the anvils as they might fail because of overloading. As gasket material, BeCu and

rhenium are in principle suitable unless a high spectral resolution is required (see sec. 2.3.2).

Pressure determination

For the purpose of pressure calibration Ruby fluorescence is commonly applied in gem anvil cells
as the anvils are transparent to visible light. A small ruby chip (10...20 um diameter) is placed
in addition to the sample inside the high pressure region. Its fluorescence can be excited by
irradiation with a green laser. The fluorescence wavelength of the R-lines (R; and Ry at 6927 A
and 6942 A at ambient pressure [31]) is pressure dependent and well calibrated. Using the Ry

line, the pressure can be determined via [31]

5
p[Mbar] = 3.808 [<69§§A + 1> — 1] : (2.32)

where A\ [A] denotes the observed change in wavelength. It should be noted that the wavelength

is also temperature dependent and splits in the presence of magnetic fields.

2.3.2 State of the art of GAC-NMR

Already in 1987, the first GAC-NMR designs were introduced by Lee et al. [34] and many more
were introduced since [4-7,35-37|. In this section the previously used designs will be briefly
reviewed and discussed in respect to the pressure achieved and sensitivity. It should be noted
that diamonds have been used exclusively as anvil material previously as other suitable gem
stones became available only more recently [28,29]. The choice of anvil material does not affect
a design however.

Due to the low intrinsic sensitivity of NMR and the limited sample space of usually less
than 0.5x0.5x0.2 mm? NMR is difficult to observe in GACs. Additionally, the setup of the
anvil cells constricts the placement of the rf-coil. Therefore, a variety of different designs have
been developed over the last 25 years to detect NMR signals in GACs, including the gasket
resonator [34|, the split pair coil design [5,34], the hairpin resonator [4, 37|, the split gasket
resonator [6] and the single solenoid design [7]. With the exception of the gasket resonator,
which uses the gasket itself as the coil, previous designs place the coil outside the high pressure
region. Therefore the sample makes up only a small fraction of the rf-coil volume causing a
poor sensitivity. An additional problem of such an external coil arrangement is that it is also
sensitive to spurious signal from outside the pressure volume [38].

Furthermore, the fact that metallic gaskets have to be used complicates things substantially.
A metallic gasket shields the gasket hole because of the skin-effect if the high frequency By¢-field
is applied perpendicular to the gasket. Experimentally, this is usually avoided by applying the
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(a) Split gasket resonator (b) Single solenoid

Figure 2.4: (a) Split gasket resonator by Pravica and Silvera (figure taken from [6]). The rf-field
generated by the one-turn cover inductor can enter the sample space through the slit of the
gasket. A non-magnetic chip capacitor is soldered to the cover inductor to fix the resonance
frequency. Fine-tuning and matching is performed outside the magnet via conventional variable
capacitors. (b) Single solenoid design by Okuchi et al. (figure taken from [7]). The coil is wound
around both anvils and only a fraction of = 3x 1074 is filled with the sample.

By¢-field parallel to the gasket and having it ”dip” into the hole [4,5,7,34,37].

Certainly, sensitivity is the most important attribute of a GAC-NMR, design. The highest
reported sensitivity is achieved in the design by Okuchi et al. [7] shown in fig. 2.4(b). Here the
coil is wound around both anvils resulting in a large inductance of L. = 350 nH. Using this
setup, a SNR of ~2 for a single scan in 'H-NMR has been achieved at 27 kbar on a sample of
20 nl methanol (CH3OH) in a magnetic field of 4.7 T using a 10 kHz filter®. This is remarkable
given the low filling factor of n = 3x 1074,

Another key attribute of GAC-NMR, designs is the pressure that can be achieved while data
acquisition is possible. In this regard, the split gasket resonator by Pravica and Silvera, shown in
Fig. 2.4(a), is of particular interest since the highest pressure NMR-datum was recorded using
this setup. It is an interesting approach as the slit in the gasket enables the Bys-field of the
cover inductor (L = 1.8 nH) to enter the gasket hole. The slit itself is sealed by a mixture
of diamond and sodium chloride powder, confining the sample and preventing the gap to close
upon application of pressure. It was shown that the split gasket can be pressurized at least up
to 260 kbar [6] and NMR data was acquired up to 128 kbar [39]. For comparison, the second
highest pressure achieved is about 80 kbar [40,41] using the split pair coil design [5].

Application of before-mentioned GAC-NMR designs at higher pressure however is limited
by the requirement to further reduce the sample space accompanied by a smaller filling factor
of the coil resulting in an insufficient sensitivity. Nonetheless, it was feasible to perform 'H-

NMR experiments!' up to 128 kbar on materials such as solid and liquid Hs [3,39,42], organic

kUnfortunately, no statement about the temperature was made. However, it is safe to assume that the experiment
was performed at room temperature as the methanol would be solid at lower temperatures.

"Protons yield a strong NMR signal because of their large gyromagnetic ratio v and almost 100% natural
abundance.
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liquids [35-37,43] or hydrogen hydrates [44,45]. It should be noted that a common problem
encountered in '"H-NMR in GACs is that spurious ' H-signals from the environment can be picked
up, hampering an interpretation of the data.

Another noteworthy problem is that the magnetic susceptibilities of the different GAC com-
ponents, in particular the gasket, often do not match the susceptibility of the sample causing
undesired line-broadening making it difficult to resolve functional groups [34]. Using a gas-
ket made out of a high conductivity beryllium-copper alloy rather than the conventional high
strength beryllium copper, Okuchi et al. achieved a spectral resolution as good as 0.8 ppm in
methanol [46].

In other GAC-NMR experiments by Bertani et al. [40] and Kluthe et al. [41] alkaline metals
such as lithium and sodium were investigated up to ~ 80 kbar. Although these metals have
smaller gyromagnetic ratios, the short 77 in metals allows for a faster data accumulation.

It is worth mentioning that a lot of progress has been made recently in the development of high
pressure cells for NMR/NQR experiments that offer a larger volume compared to GACs [47-50).
However, their design and fabrication is far more complex in comparison to GACs. One also
has to keep in mind that their size has to be considerably larger in order to sustain the pressure
which can make their operation in conventional magnets impossible. Furthermore, while the
pressures achieved in NMR and NQR experiments using such large volume pressure cells match
those in previous GAC-NMR experiments, their ultimate pressure range is far inferior compared
to GACs.

As we intended to perform high-sensitivity NMR experiments under such extreme pressure
conditions, these circumstance