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This thesis investigates a number of novel magnetic materials and high temper-
ature superconductors using high-field magnetometry and muon spin spectroscopy
(uSR). The main measurement techniques are briefly described and a study of the
dimer material [Cu(pyrazine)(glycine)]ClOy is presented to demonstrate the use of
the proximity detector oscillator as a susceptometer in high magnetic fields.

1SR is a highly effective tool for probing magnetic order, spin freezing and spin
dynamics. However, in some circumstances its performance may be impaired by the
extent to which it perturbs the material under study. Using uSR, density functional
theory and crystal field calculations, I identify an experimental situation in the family
of candidate quantum spin ices Pro BoO7 (B = Sn, Zr, and Hf), in which the measured
response is dominated by a muon-induced distortion of the local structure. This
issue is also addressed in a study of the spin dynamics in the canonical spin ice
Ho,TisO7. Although computational work indicates a similar muon-induced effect in
both Ho,Ti,O7 and Dy, TisO7, the uSR data is not dominated by this perturbation.

The remainder of this thesis is concerned with studying the superconducting prop-
erties of a number of Fe-based materials, including LiFeP which is found to have an
enhanced superfluid stiffness in relation to its transition temperature. Also reported
is the effect of structural disorder on the superconducting state in recently discov-
ered Srg3(NHs),(NH;s);_,FesSes. Pulsed magnetic field measurements are used to
probe the temperature dependence of the upper critical field, giving a maximum
value of pgH(0)~33(2) T. I also investigate the effect of intercalating additional
ammonia, via reversible adsorption and desorption in the related superconductor
Li,[(NHz),(NHs)1_,].FesSes (2 = 1,2). These reactions were carried out in situ on
the muon beamline so that the superfluid stiffness could be measured using transverse-
field uSR on a single sample.
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Chapter 1

Introduction

There is much current interest in novel materials that show unusual magnetic ground
states which cannot be described by semi-classical models. Exotic behaviour may
result, for example, from complex crystal structures, magnetic frustration, or a close
proximity to a superconducting ground state. Recent developments have included
the discovery of frustrated materials that realise the spin ice ground state [1, 2], as

well as new Fe-based compounds that exhibit high-T, superconductivity [3].

This thesis is concerned with studying these new compounds using state-of-the-art
techniques that extract magnetic information. One powerful technique is muon spin
spectroscopy (uSR), which is especially suited for studying weak magnetic moments
and slow dynamics. In these measurements, spin-polarised muons are implanted into
the sample and used as a local probe of internal fields. Example applications in-
clude measuring an order parameter as a function of temperature, studying magnetic
fluctuations, and mapping internal magnetic field distributions for the study of vor-
tex lattice properties. Pulsed field systems are another effective tool as the ultra
high magnetic fields that they produce can be used to push materials through their
field-temperature phase diagrams and allow an estimate of exchange interactions in

magnetic samples and critical fields in superconductors. Combining these techniques



with SQUID magnetometry allows a consistent picture of the underlying physics
which gives rise to these new and exciting phenomena. In certain circumstances, it
is also important to assess whether the probe in operation is disturbing the system
under study and this issue will form the basis of another key result of this thesis.
This will be addressed in chapter 3 in which I will demonstrate how a muon-induced

perturbation can occur in a particular family of quantum spin ices.



Thesis outline

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Experimental techniques The techniques of muon spin spectroscopy,
pulsed-field magnetometry and low-field susceptibility measurements are
introduced. A study of the dimer material [Cu(pyz)(gly)]ClOy is used to
demonstrate the application of the proximity detector dynamic oscillator

in high magnetic fields.

Pr-based pyrochlore oxides pSR is employed to investigate a family
of candidate quantum spin ices. Using density-functional theory and
crystal field calculations, it is shown how the observed behaviour results

from a highly anisotropic distortion field induced by the implanted muon.

Muon states in classical spin ice Spin dynamics in HoyTiyO7 are
investigated using SR and compared to those observed in Dy,TisOr.
Computational work indicates a muon-induced distortion of the crystal
field levels that is similar to that found in the Pr-based pyrochlores. In
this case, the muon perturbation does not appear to alter the measured

response of the uSR technique.

Fe-based superconductors A combination of pulsed-field magnetom-
etry, SR and low field susceptibility measurements are used to explore
the superconducting properties of several Fe-based high-T; superconduc-
tors. Studies discussed include the role of ammonia in Li-intercalated
FeSe, and the effect of structural disorder on superconductivity in the

recently discovered Sr-intercalated FeSe.

Conclusion An overview of the key results obtained in this thesis.



Chapter 2

Experimental Methods

This chapter details the two main measurement techniques used in this thesis, that is:
microscopic measurements in the form of muon spin rotation/relaxation (uSR), and
bulk measurements in the form of pulsed-field magnetometry. The uSR experiments
described here were carried out the ISIS muon facility, UK and the Swiss muon
facility at the Paul Scherrer Institute, Switzerland (PSI). Pulsed field measurements
were conducted in-house at the Nicholas Kurti Magnetic Field Laboratory, Oxford
(NKMFL).

2.1 Muon Spin Spectroscopy

2.1.1 Basic principles

Muon spin rotation/relaxation (uSR) is a technique that utilises muons as extremely
sensitive local magnetometers [4, 5]. In contrast to other techniques such as neu-
trons and x-rays, puSR does not involve any scattering. Instead, an ensemble of
spin-polarised muons are implanted into the material where they remain until they

decay. An analysis of the decay positrons allows one to measure the time-evolution of

4



2.1. Muon Spin Spectroscopy 5)

the muon polarisation from which one can infer the spatial distribution and dynamics
of the local moments. In principle, both positive and negative muons may be used,
although for most condensed matter research, and for the purpose of this thesis, it is
the positive muon that is of interest. This is due to the positive muon being attracted
to areas of negative charge such as regions of high electron density. By contrast, the
negative muon is attracted to the atomic nuclei, thus rendering it less sensitive to the

physical properties of interest (namely magnetism and superconductivity).

e M P
Charge e e e
Spin 1/2 1/2 1/2
Mass Me 207 m, 1836 m,
v/2m(MHZT1) 28025 135.5 42.58
Magnetic moment 657 iy 3.18 Ip
Lifetime > 4.6 x 10% yr 2197 us > 2.1 x 10 yr

Table 2.1: Properties of the electron, muon and proton, including their gyromagnetic
ratios 7.

1SR offers several unique capabilities as a measurement probe owing to the prop-
erties of the muon itself (listed in Table2.1). Firstly, its large gyromagnetic ratio
enables measurements of fields down to 107> T, making it highly suitable for sens-
ing moments on the atomic scale. This is advantageous for systems with weak or
randomly ordered moments for which there is often no other measurement technique
available. It can also be a complementary technique to other measurements because
of its unique time-window. With a lifetime of 2.19us, the muon is capable of mea-
suring magnetic fluctuation rates in the range of 10* to 102 Hz, bridging the gap

between those observed by NMR and neutron scattering.
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2.1.2 Muon production

1SR requires low-energy spin-polarised muons that are produced in a synchrotron
or cyclotron via a two-stage pion decay. Firstly, pions are produced by high-energy

proton collisions, usually with a graphite target;

p+p—=1 +p+n,
p+n—at+n+n, (2.1)

p+tp—m +p,

and these pions decay into muons and muon-neutrinos;

= ut 4+, (2.2)

Conservation of angular and linear momentum and parity violation ensures that the
muons are spin polarised as follows: consider a pion with spin 0 decaying from rest
in the target; the decay is a two-body process thus the muon and neutrino must
have equal and opposite momentum/spin and, as the neutrino has negative helicity,
it follows that the muon spin must also be anti-parallel to its own momentum. The
muons described here are termed surface muons, as they are produced close to the
surface of the target and typically have energies of ~ 4MeV [6]. In some cases
the pions escape the target and decay in flight, producing so-called decay muons
of higher energies and a reduced polarisation. Normally, such particles would pass
straight through a typical size sample and do not contribute to the measured data.
However, there are cases in which decay muons are needed to increase the muon
momentum, such as in high-pressure measurements for which higher energies are

required to penetrate the walls of the pressure cell and reach the bulk of the sample.

A series of steering and quadropole magnets focus the muons into a high intensity
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beam which maintains 100% spin polarisation. The beam is bent in some magnetic
field B around a given radius r = p/(¢B), where ¢ is charge and p is momentum,
such that only particles with a particular momentum (or p/q) reach the sample. Any
other contaminate particles, including positrons from early muon decay, are filtered
off by a Wien velocity filter, which utilises crossed magnetic B and electric F fields
to select particles of a certain velocity. In this system, all charged particles that have
a velocity v # F /B will experience a Lorentz force and be diverted off course. With
the momentum already selected, the fields may be calibrated such that their ratio
E/B = v, selects particles of mass m,, thus ensuring that only muons are filtered

through.

Both continuous wave and pulsed beams may be produced using the processes
described above. Muons in continuous wave sources, such as that at PSI, are delivered
to the sample one at a time. A clock is triggered with the arrival of a single muon and
stops with its decay and detection of an emitted positron, an event. This technique
allows for a better time resolution and detection of larger magnetic fields compared
to pulsed-sources. However, the measurement window is limited by the muon lifetime
as long-lived particles can lead to ambiguity if a muon arrives at a sample before its
predecessor has had enough time to decay. Thus consecutive muon events that occur
over a certain number of muon lifetimes must be rejected, making continuous beams
unsuitable for studying slow relaxation rates [4, 5]. Pulsed sources, such as that found
at the ISIS facility, use beams containing widely separated bunches of muons and each
event is calculated with respect to the arrival of the pulse, allowing one to measure
comparatively long-lived particles. A lower background is achieved as the detectors
remain active only after the detection of a pulse thus reducing the ratio of detected
background to signal events during a series of runs. Pulsed sources are limited by the

finite width of the pulse which is usually on the order of 70 ns.
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2.1.3 Muon interactions and decay

In the first 0.1-1 ns following implantation the muons will partake in ionisation events
with host atoms and scattering with electrons until the energies are reduced to a few
keV. Crucially, these processes are Coulombic in nature so the polarisation of the
particles remain virtually intact. An implanted muon may also produce vacancies in
the lattice during thermalisation. However, as this can only occur above a threshold
energy only a small fraction of the initial muon trajectory is affected and the muon
will typically propagate another ~ 1 um to settle in interstitial sites of high electron
densities and remain well separated from any induced defects [4, 6]. In one scenario,
a muon and electron may enter a bound hydrogen-like final state called muonium,
which will eventually lose all of its energy through inelastic collisions with the host

atoms.

Figure 2.1: Angular distribution of emitted positrons from muon decay (shown for
different positron energies). The black horizontal arrow denotes the direction of the
muon spin. Larger energies result in a more anisotropic distribution.

The muon will decay into a positron, electron-neutrino and muon anti-neutrino

pr=et v+ 7, (2.3)

Like pion decay, this process involves the weak interaction and therefore parity vio-
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lation which results in the positrons being emitted preferentially along the direction
of the muon spin. The angular distribution of emitted positrons with respect to the

muon spin at time of decay is given by
N(0) = No(1+ S cosh), (2.4)

where § = 1 for the maximum possible positron energy (52.8 MeV) and 5 = 1/3
when averaged over all possible energies [7]. Thus, by observing a substantially large
number of decay events, the time-dependence of the spin-polarisation of an ensemble

of muons may be deduced.

2.1.4 Muon precession and relaxation

The quantity of interest in a SR experiment is the time-dependent muon polarisation.
Consider a muon initially polarised along the z-axis in a magnetic field B . Its spin will
precess around B with Larmor frequency w = v, B, where v, = 27 x 135.5 MHz T~ is
the muon gyromagnetic ratio. Note how w depends on the magnitude of B, and not its
direction with respect to the muon polarization which only affects the amplitude of the
frequencies. This makes uSR a powerful technique for both single and polycrystalline

samples. The time evolution of its zcomponent of polarization P,(t) is then given by
P,(t) = cos? 6 + sin” § cos wt, (2.5)

where 6 is the angle between B and the zaxis (see Fig.2.2). Taking the powder
average yields

1 2
P.(t) = 3 + 3 cos(y,Bt), (2.6)

where the 1/3 denotes the fraction of spins that are parallel to the initial muon

polarisation and therefore do not precess (this is the origin of the ‘1/3-tail’ often
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observed in ordered polycrystalline samples).

P(0) sin’0

>

0

P(0) cos™®

Figure 2.2: Larmor precession of muon polarisation around a local field B.

An arrangement of scintillation detectors are placed around the sample space to
track the direction of emitted positrons. There are two possible geometrical configura-
tions for these detectors; longitudinal and transverse, as shown in Fig. 2.3. The former
is used for zero-field (ZF) and longitudinal-field (LF) measurements (muon spin re-
laxation) whilst the latter is used for transverse-field (TF, or muon spin rotation). A
more detailed discussion of these types of measurements and their applications will
be addressed in the following sections, although for the purpose of this discussion
one needs only to consider the LF arrangement. This involves placing one bank of
detectors behind the sample (the forward detector) and the other to intersect the
muon beam in between the sample and the entry window (the backward detector).
The polarisation is measured directly by observing the relative counts of the forward

and backward detectors via the time-dependent asymmetry function

NB(t) — OéNF(t)
Ng(t) + aNgp(t)’

A(t) = (2.7)

where Ny and N denote the number of counts in the forward and backward detec-
tors, respectively. The constant « is experimentally determined to account for any

difference in detector efficiency. Note how without the normalising denominator, A(t)
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would reflect the radioactive nature of the muons as an exponential decay curve. It
is the asymmetry spectrum that carries information on the internal field distribu-
tion. Oscillations in that spectrum will dephase with any spatial or time-dependent
variations in the local field, which is observed as a relaxation of the ensemble spin
polarisation. In a SR experiment, one interprets the data by fitting the asymmetry
to a proposed model for the internal field distribution of the sample using a least-
squares fitting routine. For this project this was done using the WIMDA (Windows
Muon Data Analysis) package [8]. There are many different functions that are used
to describe a wide range of physical scenarios that may be studied with ©SR, each
with their own approximations. The following sections will discuss some of the cases

relevant to the research presented in this thesis.

(@) Electronic clock (b) EleCtrniC clock

Positron

Spin-polarized detector

muon beam

Backward
positron
detector

Spin-polarized
muon beam

Forward
positron
detector

Figure 2.3: Experimental setup in a (a) ZF/ LF geometry and (b) TF configuration
(modified from [9]).

2.1.5 Zero-field and longitudinal SR

Weak internal magnetism may be be studied using ZF pSR. This is the simplest setup

in which the local B originates from intrinsic magnetic (or nuclear) moments near
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the muon site. If long-range magnetic order is present, a significant number of muons
will stop in sites of equivalent local fields and this results in a coherent precession
of muon spins which manifests as a cosinusoidal asymmetry function. Typically, the
maximum value of A(t) is ~ 25% which results from the intrinsic asymmetry of the

muon decay and the finite solid angle subtended by the detectors.

If the local field has an inhomogeneous distribution and thus varies from site
to site, the signal is damped (relaxed) as muons oscillating at different frequencies
dephase over time. In the ordered case, there may be a slight variation in field at each
muon site which will result in weakly damped oscillations. Another common example
is one that arises from nuclear moments, in which the variation between muon sites is
so large that no oscillations are observed. Instead, the asymmetry may be described

using a Gaussian Kubo-Toyabe relaxation function Gkg(A,t) [10, 11].
L2 2,2 2,2
Gxp(A,t) = 3T gexp(—A t°/2)(1 — A%t?). (2.8)

This is observed as an initially Gaussian depolarisation which recovers to a constant
long-time ‘1/3 tail” as shown in Fig.2.4(a) (note that is not 1/3 of the total asymmetry,
as mentioned earlier, but 1/3 of its normalised value). This model is based on the
central limit theorem; that is, in a statistically disordered system the magnetic field
sensed by the muon at any given point would take a random value and this may
be approximated by a normal distribution of width A/~, about the mean (in this
case zero). Note that this distribution is appropriate for concentrated moments.
Dilute distributions are better modelled by a Lorentzian function, giving rise to the

Lorentzian Kubo-Toyabe function, as first predicted by Walstedt and Walker [12].

So far, all of these examples have involved static moments. Another cause of
damping is from a time-dependent field distribution that arises from either fluctuating

moments or muon diffusion (muon hopping) and this manifests as an exponential time
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(a) v,B. /A= (b)

1 T T T
5
2 2/3 F b
) A v = 10A
0 13 F LA 0A
0.1A
0 . | 0.5A
0 2 4 6 8
t/A t/A

Figure 2.4: The Gaussian Kubo-Toyabe function in (a) applied longitudinal field By,
and (b) the dynamic case in ZF for a range of fluctuation rates v. Black curves
correspond to the static Zero-field Kubo-Toyabe function of Eq.2.8. The quantities
are given in units of the field width A. It can be seen that v > A results in the
fast fluctuation limit for which the relaxation takes the form of an exponential decay
curve (modified from [13]).

relaxation [4]. The effects of muon hopping on the measured relaxation are shown in
Fig' 2.4(b) for a range of fluctuation (or hopping) rates v. In the case of v = 0, the
relaxation takes the form of the zero-field Kubo-Toyabe curve described by Eq.2.8.

If the dynamics are comparatively slow (v < A), then this is observed as a relaxation

in the 1/3 tail at late times, and the form of the tail may be approximated by
1 2
P.(v,t) = 3 exp(—gyt). (2.9)

If the dynamics are fast (v > A), the asymmetry is dominated by the exponential
relaxation and, rather counter-intuitively, the relaxation rate decreases as the fluctu-
ation or hopping rate increases. In this case, the relaxation is well represented by a

simple exponential

P,(t) = e, (2.10)

in which the relaxation rate is given by A = 2A%/v.

Of course, these are simplified examples and often the spectra display a range of
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both static and dynamic phenomena. One of the ways of distinguishing between these
is to use LF uSR, in which a magnetic field By, is applied in the initial direction of
muon polarisation [4]. Initially, the muons precess in both applied and internal fields,
but with increasing By, the vector sum of the local and applied field becomes increas-
ingly aligned until the muons are completely decoupled from the intrinsic moments
(the applied field pins the muon spin along its initial direction). The polarisation
is restored, which in the case of a Kubo-Toyabe relaxation, for example, means a
recovery of the 1/3 tail to its maximum value (see Fig.2.4a). Since static moments
decouple in much lower fields, a combination of ZF and LF uSR can be used to infer

the origin of the relaxation.

2.1.6 Transverse-field SR

In TF uSR (also known as transverse-field muon spin rotation), the detectors are
placed around the sample and the field is applied perpendicular to the initial muon
spin. In this case, the ensemble spin rotates around the applied field Brr and on
implantation, any variation in the local field distribution is observed as an envelope

in A(t). A typical relaxation function has the form;

A(t) = Apcos(wt) f(t), (2.11)

where Ay is the initial asymmetry, w = v, Bioc is the angular frequency of the oscil-
lations which are dependent on the local transverse field Bj,., and f(t) is a function

describing the relaxing envelope.

One of the principal applications of TF uSR is for studying type-II superconduc-
tors. These systems form vortex lattices when cooled to their Shubnikov state in
an applied field, and the magnetic field distribution inside the vortex lattice can be

mapped out using uSR. Depending on the superconducting penetration depth, the lo-
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Figure 2.5: (a) The field distribution P(B) with mean field (B) in an ideal type-
IT superconductor as measured by an ensemble of muons. The vortex lattice with
contours of B is shown in (b). The arrows indicate muon sites that contribute to
the extreme parts of the field distribution; the maximum and minimum fields at the
vortex cores and furthest from the cores, respectively, and the most probable value
By at intermediate sites (figure taken from [4]).

cal field measured by each muon can range from zero in the superconducting regions to
Brr in the normal vortex cores. Muons will settle in any set of crystallographically-
equivalent sites but as the vortex lattice is, in general, incommensurate with the
crystal lattice and of a significantly larger scale, the full range of field distribution
is sampled. It is broadened slightly by nuclear spin contributions, as well as any
disorder in the vortex lattice, for example due to pinning. A typical field distribution

is shown schematically in Fig. 2.5. In these instances TF uSR can be used to extract

the penetration depth and its temperature dependence [4].

2.1.7 Experimental considerations: background terms

Samples are usually wrapped in silver foil packets and placed on a silver backing plate.
The sample thickness and surface area are maximised to ensure that most muons will
stop in its bulk, with few being captured by the backing plate. Silver is often used
because it is very weakly diamagnetic, has very small nuclear moments (~ —0.1uy)

and does not superconduct under normal conditions, thus it does not induce any
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appreciable effect on the precession or depolarisation of the muon spins. In some cases,
a haematite mask (FesO3) may be used to remove an unwanted background signal as
its large, randomly oriented magnetic fields ensures that any muons implanted into
the material would depolarise too rapidly to contribute to measure asymmetry. Thin
samples may require a ‘degrader’ (usually some sheets of silver foil) which is placed
in front of the sample to slow down muons and ensure that they stop in bulk of the

sample.

For smaller samples a ‘fly-past’ holder may be used to further increase the signal-
to-background ratio. This consists of a pair of prongs that allow the sample to be
suspended in the beam such that any muons missing the sample ideally pass straight
through. In continuous muon sources, this is detected by a veto counter and any
subsequent decay event is discounted. In a pulsed source, the muons pass through a
hole in the backward detector bank and collected at the end of a flypast tank where

the decay positrons are not detected.

To account for the small number of muons that do stop in the sample holder or
walls of the cryostat, a background term, A, is often included in the relaxation
function. This adds a temperature-independent baseline to the spectra. However,
the background can sometimes vary slightly over the course of an experiment, for
example due to varying applied or stray fields which alter the path of incoming muons
and decay positrons. In these cases, the quasi-static background may be modelled
by the phenomenological term Apze *v=f which is allowed to vary slightly between
experimental runs. The background relaxation rate A,g is usually small (~ 0.01 ps)

compared to that of the material of interest and therefore normally disregarded.
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2.1.8 The spectrometers

The experiments presented in this thesis involved several different instruments, in-
cluding the MuSR and EMU spectrometers at ISIS, and GPS, LTF, and HAL-9500 at
PSI. As described earlier, a pulsed source such as ISIS provides a longer time window
(around 30 us as opposed to 10 us at PSI) that is better suited to slower dynam-
ics (down to 0.03 MHz compared to 0.1 MHz). However, due to a greater number of
muons arriving at any given time, it is also more susceptible to the electronic deadtime
that is experienced by each detector after the detection of a positron, usually lasting
around 10ns. To minimise these effects, the detectors at ISIS are highly segmented
into individual banks which can be regrouped into several different configurations
depending on the type of measurement. For example, the MuSR detectors consists of
64 scintillator segments that are usually grouped into forward and backward banks
for longitudinal configuration, or 8 individual groups for TF mode. The latter is
accessed by rotating the instrument through 90° with respect to the beamline. Avail-
able sample environments include TF fields of up to 0.25T and variable-temperature
cryostats which allow temperatures down to 40 mK. The EMU spectrometer consist
of 96 detectors and is optimised for ZF or LF measurements in fields of up to 0.45T

and temperatures down to 50 mK.

The General Purpose Spectrometer (GPS) at PSI consists of 6 positron detectors;
with respect to the muon beam, these are the forward, backward, up, down, right,
and (more recently) left. In addition, a forward veto detector is used to reject muons
that have not stopped in the sample. Available sample environments include fields
of up to 0.6 T (applied parallel to the beam) at temperatures down to 1.8 K, and
TF measurements can be made via a ‘spin rotator’. The spin rotator is a beamline
device consisting of mutually perpendicular electrical and magnetic fields that rotate

the muon spin upwards by 50° (used as a separator to filter out certain velocities
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Figure 2.6: Schemtic of the MuSR detector banks at ISIS, from [14]. 64 scintillator
tubes are arranged in two circular arrays.

in longitudinal mode). The instrument may be used simultaneously with the Low
Temperature Facility spectrometer (LTF), with which it shares a beamline. This is a
4-detector spectrometer optimised for low temperature measurements (11 mK-10K)
in fields of up to 3T. The new high-transverse field instrument HAL-9500 will be

addressed in detail in chapter 3.

In summary, it can be seen that SR has a wide range of applications in condensed
matter physics. However, until now we have assumed that the muon is an innocent
probe in all of these processes. A crucial question for these experiments is to what
extent, if any, the presence of an implanted muon might perturb its local environment
and if it does, whether the measured response reflects the nature of such distortions
as well as the intrinsic magnetic behaviour. This is one of the main questions which

will be addressed in this thesis in the context of frustrated magnetic materials.
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2.2 Pulsed-field magnetometry

2.2.1 Basic principles

The previous section was concerned with microscopic measurements of magnetic prop-
erties using uSR. This section will now discuss a bulk technique; high-field magnetom-
etry. Magnetic fields may be generated by either direct-current (DC) or pulsed-field
electromagnets. DC systems provide continuous fields using either resistive or super-
conducting solenoids, or a combination of the two (hybrid systems) [15]. However,
magnetic fields of the order of 40 T and above can only be achieved using pulsed-field
magnets that consist of resistive wires, usually made from some highly conductive
copper alloy, which are energised with short pulses of extremely high currents. These
systems offer higher fields at lower operational cost, although they are limited by
their generally smaller bore size, amount of resistive heating and, as with all electro-
magnets, the stress exerted by the Lorentz-force (proportional to the square of the
magnetic field strength, and often several GPa [16]). There are also magnets capable
of producing even higher fields, in excess of 1000 T using destructive single-turn coils,

although these will not be discussed in this thesis.

The measurements presented in this thesis were taken at the NKMFL using mag-
net HJ45, capable of producing pulsed fields in excess of 45T, currently the highest
available in the UK for condensed matter experiments [16]. The magnet consists of
a hardened copper coil with a bore of 1.5c¢m and is strengthened with epoxy resin
impregnated with Zylon fibre. The system is powdered by a 32mkF, 7kV capacitor
bank that is subdivided into quarters and the system is connected in series to a high
voltage thyristor. Initially insulating, the thyristor acts as a fast-acting, high current
switch that, once triggered, turns conducting and remains in this state as long as the
applied voltage is not reversed. During each measurement, the capacitors are charged

to a desired voltage at which point the thyristor is triggered by a laser, closing the
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circuit to allow current to flow through the magnet and inducing a field. A diode
and a ‘crow-bar’ resistor is placed in parallel with the capacitor banks and magnet
to prevent the system, which is essentially an underdamped LCR circuit, to resonate
past the first half-oscillation. The pulse-width v/LC' /27 may be adjusted by changing
the number of capacitors used to supply the current and hence capacitance C' (see
Fig.2.7). This is useful for when the sample is sensitive to resistive heating effects
from eddy currents, which are more apparent with higher dB/dt. By changing the
number of capacitor banks used for each run, dB/dt may be reduced from 18 to
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Figure 2.7: Typical time profile of pulsed magnetic field. The pulse length is length-
ened with increased capacitance of the energy supply system.

The pulsed-field work in this project has involved several different measurement
probes, which will be described in detail in the following sections. In each case, the
probe is fitted with a set of pick-up coils, a heater, and a thermometer. The sample
is mounted in a pick-up coil on the tip of the probe which is then inserted into a 3He
jacket with a non-metallic tip. This is lowered into a *He cryostat that positions the
coil in the centre of the magnet bore [see Fig. 2.8]. The magnet itself is immersed in a
liquid nitrogen bath, separated from the cryostat by a vacuum layer, to dissipate the

resistive heat generated in the magnet from each current pulse (for example a 32 mF,
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45T pulse requires up to one hour of cooling time in between pulses). Reducing the

pressure of the *He/*He baths allows for base temperatures of around 300 mK.

2.2.2 The Magnetisation probe

Under an applied field H, a magnetised sample will have a time-dependent mag-
netisation M proportional to the induction B given by B = po(H + M). This is
measured with a compensated coil magnetometer consisting of three coils; a 1500-
turn gradiometer, a single-turn compensation coil and a 10-turn ‘B-dot coil’. In this
set-up, the sample is mounted in an ampoule made from polychlorotriuoroethylene
[17] which can be moved in and out of the gradiometer coil in between each measure-

ment. During a field pulse, a voltage will be induced across the coil

dH  dM
Vo L Y 9.12
@ T ar (2.12)

where the first and second components relate to that produced by the applied field

dH
dt

and magnetised sample, respectively. The gradiometer is designed such that is
minimised; this is done by using two concentric pick-up coils of 50 gauge high-purity
copper wire which are connected in series and wound in opposite directions (1000 turns
in one direction and 500 turns in the other) [18]. The purpose of this configuration
is to reduce the induced voltage produced by any field with a near-uniform spatial
distribution in the region probed by the pick-up coils, thus ensuring that the signal
resulting from the applied field is suppressed whilst maintaining that produced by

sample. The compensation coil signal is then used with a predetermined weight to

subtract the remaining %—If. This is calibrated using 10T pulse performed on an
empty coil; the signals are amplified and added/subtracted such that the combined
gradiometer and compensation signals give zero voltage. Any additional background

is omitted by repeating each measurement (i.e. of equivalent temperature and field)



2.2. Pulsed-field magnetometry 22

with an empty gradiometer coil and subtracting this from the corresponding sample

data. Thus the signal becomes

dM dB
— X — 1
V T RATE (2.13)
where % may be calculated by the voltage induced in the B-dot coil, given by V =

—NAYE (where N = 10 is the number of turns of area A). The magnetisation M (B)
is found by dividing V' by % and integrating with respect to B. The large % makes
this technique highly sensitive to small changes in M (B) and thus is highly suited for

mapping out magnetic phase transitions.

2.2.3 The PDO probe
Basic principles

Most radio frequency (RF) contactless conductivity techniques utilise an LCR circuit
in which either the capacitance or inductance of the circuit is coupled to the sample.
Changes in its physical properties, such as magnetic, dielectric or electronic properties,
cause a shift in the resonance frequency of the tank circuit. Thus, by measuring
the changes in resonance frequency one may directly probe the physical response
of the material. One advantage of RF techniques is their high sensitivities (due to
high quality factors), which have recorded signals down to 1 part in 10° [19]. Their
contactless nature makes them suitable for materials with poor surfaces or highly
reactive samples that cannot be exposed to atmosphere (such as in the case of the
Fe-based superconductors, as demonstrated in Chapter 5). Moreover, they provide a
high speed data acquisition rate that is required for pulsed-field experiments (pulse
lengths typically up to tens of ms) at frequencies of ~ 10 MHz, and hence sample

response rates of ~ 0.1 us may be digitised directly [20].
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Figure 2.8: Diagram of the cryostat and PDO probe design (taken from [20]).

The PDO probe utilises a relatively new RF circuit, the Proximity Detector Os-
cillator (PDO), based on the widely available proximity detector chip that is used in
modern metal detectors (first reported by Altarawneh et al. [21]). The set-up involves
placing a single crystal (or ampoule filled with sample, in the case of polycrystalline
samples) in a small sensor coil which is inductively coupled to the PDO with a coax-
ial cable. A typical coil of diameter ~ 1 mm consists of 5—10 turns of copper wire
of minimum diameter 25 pum. One advantage of this system is that it requires very
little space within the cryostat itself as the PDO components are placed on top of the
probe, far away from the sample space, making it highly suitable for use in pulsed-
field systems, pressure cells, and in conjunction with angle rotators where there is
limited probe/sample space available. The PDO is also capable of operating across a
wide range of temperatures and inductances with a broad dynamic frequency range
that is insensitive to bias change (and hence voltages that may be induced by large

% in pulsed-fields) [21]. To ensure maximum coupling, the coil is made to match the
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size and shape of individual sample as closely as possible and it is the changes in the
resonator filling factor (the ratio of the volume of the sample penetrated by the RF
field to the total volume of the sensor coil) that allows one to probe the material’s
transport properties. In metals, the filling factor is determined by the skin depth,
and in superconductors it is representative of penetration depth, thus any changes
of the filling factor and hence the PDO resonance frequency can be used to observe

magnetic or superconducting phase transitions.

Recently, it has been found that in insulating materials,the PDO circuit response
is dominated by magnetic susceptibility [20, 22]. The next section will present a
brief description of this technique, which will be used in Chapter 5. A more detailed

explanation may be found in Ghannadzadeh et al. [20, 22].

Experimental set-up

A schematic of the PDO probe circuitry is shown in Fig.2.9 [21, 20]. The PDO
operates as a negative resistor that compensates for any loss in the tank circuit to
maintain oscillations in current. The sensor coil, with inductance Lg, is inductively
coupled to pins 3 and 7 of the circuit and the load impedance (Rs_7) measured
across 3 and 7 is compared to that measured across pins 2 and 4 (Ry—4). When the
circuit experiences an extra inductive load such as that sensed from a metal object,
the change in Rs;_; with respect to Ry_4 will modify the current drawn from pin
1, which in turn modifies the metal detector read-out signal. In the PDO probe
setup, terminals 2 and 4 are short-circuited to establish a constant resonance in the
circuit (it will oscillate only if |R3_7|>R2_4), and Ry and Cj are included to ensure
a stable operating voltage. The capacitors C; and (5 are used to tune the resonance
frequency w and this is read out across the coupling capacitor Cy. Recall that the
PDO technique relies on detecting changes in the penetration depth A, which therefore

must be smaller than the sample radius. As the frequency and penetration depth are
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inversely related via A = wi”#o (where p is the sample resistivity) the PDO remains

sensitive to small samples if w is maximised, and thereby A is minimised [21, 20].

For this set-up, the PDO circuit is coupled to the sensor coil using a coax cable
such that it is electrically isolated from the probe jacket and placed outside of the
cryostat. It is connected by an SMA cable to a separate box containing the capacitor
Cy and a 9V battery to power the tank circuit. To remove high-frequency noise, the
output signal is amplified and passed through a two stage mixing and filtering process
and recorded using a fast data-acquisition card. A fast Fourier transform is used to
extract the shift in resonance frequency, which is correlated with the applied field to

give the field-dependent behaviour.

He-3 Cryostat
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E ; Sample
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I
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Local Oscillator
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Figure 2.9: Schematic diagram of the PDO probe circuitry, taken from [20]. The
sensor coil with inductance Lg is coupled to the PDO chip via inductances L; and
Lo.

For our measurements, The resonance frequency was tuned to w ~ 30 MHz. As

the probe forms an LCR circuit, this is given by

(2.14)
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where C'is the total capacitance of the circuit and L.g includes contributions from Ly,
L1,Ls, the sensor coil, and the coaxial cable [20]. A change in magnetisation of the
sample will modify the coil inductance and the relative change in resonance frequency
is calculated by differentiating Eq. 2.14. Assuming that C' is fixed, this gives

Aw

w

. (2.15)

o ALeff
|20 C

By applying circuit theory to Fig.2.9, and after some differentiation and substitu-
tions, one can obtain a direct relationship between Aw, A and the samples magnetic

permeability p, (see Ghannadzadeh et al. [20]);

Aw = 2ap, (1 — N)AX + a(2r — M)AAp, — bAR. (2.16)

Here, Ry is the coaxial resistance, r is the sample radius, a and b are positive constant
functions of Ry, w, C', inductances L » and coil dimensions. As mentioned earlier, in
metals (superconductors) the skin (penetration) depth is small (r, R > \) such that
all terms containing A drop out and the PDO signal becomes dominated by changes

in the skin/penetration depth AX;

Aw = —d' A\ — DAR,,
(2.17)

/
a = afLemptya

where f = r?/R? is the coil filling factor and Lempty is the empty coil inductance. For
insulators, the RF field penetrates the whole of the sample volume (AX = 0, = r)
and the PDO behaves as a susceptometer. By substituting the susceptibility x =
ur — 1, Eq.2.16 becomes

Aw = —a'Ax — bARy. (2.18)

To isolate x, the background Ay, = —bAR, is measured with an identical empty
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coil and subtracted from the sample measurements. Setting Ay = x(H) — xo with

constant yo gives the dynamic susceptibility;

1
X(H) = E(Awbg - AWsample) + Xo- (219)

2.3 Example: [Cu(pyz)(gly)|ClO,

To illustrate the use of the PDO as a susceptometer, I shall now describe in brief some
experiments that were carried out in order to study the H-T phase diagram of the
dimer [Cu(pyz)(gly)]ClOy4, the results of which were published as part of collaborative
work between Oxford, Durham, Warwick and Los Alamos National Laboratory [23].
This study illustrates one popular avenue of research in magnetism which is geared
towards gaining control of and understanding chemical building blocks in order to
achieve desirable magnetic behaviour [24]. In this context, coordination polymers such
as these have generated a lot of interest in recent years due to their low dimensionality
which makes them easier to treat theoretically than other three-dimensional materials.
Applying a magnetic field to these and other dimerised systems has led to novel long-
range magnetic phases. In this case, I shall show how an applied magnetic field will
drive the system from a quantum disordered ground state via a quantum critical
point into a magnetic phase reminiscent of the Bose-Einstein condensation (BEC) of

magnons [25, 26].

2.3.1 Material characterisation

Coordination polymers are self-organising materials consisting of arrays of metal ions
that are linked together via molecular ligands. The structure of [Cu(pyz)(gly)]ClO4
(space group P2;/n) is based on a lattice of alternating Cu*" dimers shown in

Fig.2.10. The dimers are formed by two S = 1/2 Cu®" ions that are coupled via
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a pyrazine (pyz) ligand and tethered together with glycine (gly) bridges. This forms

a quasi-two-dimensional structure with non-coordinating ClO; lying in between.

(a) (b)
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Figure 2.10: Cu-(gly)-Cu dimers (shaded) viewed along the a-axis (a) and c-axis (b)
in [Cu(pyz)(gly)]ClO4 (ClO4 ions and H atoms omitted for clarity). Brown spheres
are Cu atoms, red spheres are oxygen atoms, purple spheres are nitrogen and grey
spheres are carbon.

Sample growth was done by J. L. Manson and students. Static magnetic sus-
ceptibility and heat capacity measurements were carried out by L. Huang and J.
Wosnitza and are shown in Fig.2.11 with a magnetic field applied along the c-axis.
The susceptibility data are well described by the Bleaney-Bowers model [27] which
gives the susceptibility of a system of isolated antiferromagnetically coupled dimers.
ZF pSR measurements on a polycrystalline sample were performed by T. Lancaster,
J.S. Moller, P. J. Baker, F. L. Pratt, and S. J. Blundell using the HiFi spectrometer at
ISIS, RAL. These data do not show any signature of magnetic order or any detectable
relaxation due to fluctuating electronic moments, but instead show typical relaxation
due to disordered nuclear moments down to 32mK [23]. These findings suggest that

the spins interact via the Hamiltonian described by

H=Jy Z S-Sy + Z JrniiSmii - Snj — Q#BHZ Sois (2.20)

(mnij)

where H is the applied magnetic field, Jo = 7.5(1) K is the antiferromagnetic in-



2.3. Example: [Cu(pyz)(gly)]ClO,4 29

tradimer exchange coupling, and ¢, j are dimers occupying the XY plane, with mag-
netic sites m, n = 1,2 [25]. The first two terms represent the intra-dimer and inter-
dimer exchange couplings, respectively, and the third is the Zeeman splitting term.
If Jonij are weak compared to Jy, then the system forms a network of S = 0 spin
singlets, and the groundstate remains quantum disordered down to absolute zero in

the absence of an applied field.
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Figure 2.11: (a) Static magnetic susceptibility data for [Cu(pyz)(gly)]ClO4 measured
in a field of 5mT applied along the c-axis. A fit is shown to the Bleaney-Bowers
model of non-interacting dimers (see text). (b) Heat capacity measurements showing
magnetic transitions in various magnetic fields strength applied along c.

2.3.2 Dynamic susceptibility measurements

Our sample was a single crystal mounted with the field H applied in two different
orientations. These were confirmed by x-ray diffraction to be close to the normal to the
(122) and (110) crystal planes, the latter being parallel to the a—b plane that contains
the dimers. When compared with ©SR and heat capacity data, previous pulsed-field
measurements by colleagues at Los Alamos National Laboratory were found to be
affected by an unknown amount of heating of the sample due to the magnetocaloric

effect, in which the sample temperature changes in a varying magnetic field. This
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was brought about by a large dB/dt generated during the short magnetic pulse,
whose time scale lends a degree of adiabaticity to the measurement, which resulted
in a difference between the measured and actual sample temperature that cannot be

easily corrected.

(a) ! T ! T ! T T (b) T T ! T T ! r_T 0,.%8 K

M (arb.)
X (arb)

B | | | 1 | | | IOS§ K7

01 2 3 4 5 6 7 8 910
uoH (T)

Figure 2.12: Magnetisation at 0.58 K (a) and dynamic susceptibility xq (b) for
[Cu(pyz)(gly)]ClO4 with the applied field H normal to (110) at various tempera-
tures measured using the PDO technique. Kinks in y indicate the magnetic phase
transitions (data are offset for clarity and with background subtracted). Inset to (a)
shows the sample mounted on the double-axis rotator at the end of the probe.

To resolve these issues, we have repeated the measurements using the PDO de-
scribed in section 2.2.3 inside an Oxford Instruments 16 T DC superconducting mag-
net !. These measurements were performed by myself with the assistance of S. Ghan-
nadzadeh and P. A. Goddard. The pick-up coil consisted of 8 turns of 75 um-thick
Cu wire, with a diameter of 0.8 mm and was placed on a custom-designed double-axis
rotator to allow measurements in the two different orientations. Example dynamic
susceptibility xq = dM /dH data and the resulting magnetisation integral is shown

in Fig.2.12. The background signal was measured using an empty coil in both ori-

L Additional analysis of the heat capacity and measurements of the magnetocaloric effect on this
material has shown that the pulsed magnetic field measurements on this and related materials
approach the adiabatic limit, while the DC-field susceptometery experiments described above are
isothermal.
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entations and subtracted from the data. Sharp features in yq indicate a magnetic
transition into a long range ordered (LRO) phase which, when measured over the full
temperature range, results in the phase diagram shown in Fig. 2.13(a). This transition
is also observed in heat capacity measurements on a single crystal, which show sharp
peaks in scans across the temperature range 0.4 < T < 1.4K (see Fig.2.11b), and in
TF pSR measurements on a polycrystalline sample. The latter is observed as rapid
rise in relaxation [23], similar to that observed for field-induced transitions in other
molecular magnets of this kind [28]. Note that the phase diagram is plotted in units
of gusuoH,. as phase boundaries for different measurements showed some variation
due to dependence on crystal orientation, which reflects the g-factor anisotropy. The
g-factor in case of the dynamic susceptibility measurements for the field applied nor-
mal to (110) was measured by electron spin resonance and found to be g9 = 2.18
[23]. Scaling the value of guppoH. such that all boundaries coincided allowed an
estimate of ¢ for the rest of the measurements. These were ¢('?%) = 2.15 for dynamic
susceptibility with applied field normal to (122), g"5® = 2.20 for uSR and ¢g"¢ = 2.30

for heat capacity.

2.3.3 Discussion

This behaviour can be explained by considering a singlet-triplet energy level system
for a spin-1/2 dimer with antiferromagnetic exchange. In zero field, the system is
spin-gapped with a singlet S = 0 ground state and a triply degenerate S = 1 excited
state. At temperatures well below the intradimer separation, Jy, the ground state is a
quantum-disordered paramagnet formed from a sea of singlets [29, 30]. If a field H, is
applied, for example along z, this splits the excited state into triplets via the Zeeman
effect and consequently reduces the spin gap of the lowest S* = 1 excited state (see
2.13b). However, in a system such as this, the weak inter-dimer interactions allow

the triplet states to behave as delocalised quasi-particles which are able to hop from
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Isolated dimer system
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Figure 2.13: (a) The H-T phase diagram of [Cu(pyz)(gly)]ClO4 showing results from
dynamic susceptibility measurements (solid and empty black circles), heat capacity
(red circles) and pSR (blue circles). The dashed lines indicate fits to T = (H — H¢;)?
and T = (He — H)?, which map a long-range ordered phase (LRO) flanked by
a quantum disordered state (QD) and ferromagnetic regime (FM). Quantum critical
points are observed at guguoH. = 2.5(1) K and 9.0(2) K. The fitted exponent ¢ = 2/3
agrees with that predicted by the BEC of magnons model. (b) Schematic energy level
diagram for a system of isolated spin-1/2 dimers showing Zeeman splitting of the
S, = 1 triplet state. (c) The equivalent energy levels for the case of weakly coupled
dimers, as in the case of [Cu(pyz)(gly)]ClOy , with energy bandwidth .J'.
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one dimer to another and form a dispersive energy band, as shown in 2.13(c). For
fields H.y < H < H. the triplet and ground states overlap and the system enters
into an X'Y-ordered antiferromagnetic long-range ordered phase at low temperatures.
In this regime, further increasing the field cants the spins in the z-direction, which is
observed as a sudden increase of magnetisation until saturation at H.s, at which the
system enters a z-polarised ferromagnetic phase. Evidence for this can be seen in the
magnetisation data at temperatures 7" < Jy, which show zero magnetisation below
H., and a steady increase in M as the field is increased above H; (in the XY phase)

before reaching saturation at He (see Fig. 2.12a).

Dimer systems such as these are often described as an approximate realisation of a
Bose-Einstein condensate [30, 26]. In this analogy there is an exact mapping between
hard-core bosons and S = 1/2 spins: interacting “S=1/2" spin systems can then be
treated as gases of bosons with hard-core repulsion. The singlet groundstate (S = 0)
of each dimer in the spin picture is interpreted as the absence of a hardcore boson,
and the lowest triplet excited state (S =1, S, = 1) is interpreted as the presence of a
hardcore boson, that is, a triplon. Note that the hard-core constraint is included to
account for each dimer accommodating a maximum of one triplon at a time. Thus at
H < H_. the system represents a vacuum of triplons. The spin-gap is closed in applied
fields of H.y < H < H_ 9, which enables the formation of triplons, and a linear increase
in H causes a linear increase in the boson density. Therefore the magnetic field in the
spin picture plays the role of a chemical potential in a traditional BEC. One way of
verifying the BEC state in these dimerised systems is via the critical exponent of the
phase boundaries [31]. Specifically, we expect T, o< (H — H¢;)? and T, oc (Hey — H)?
with ¢ = 2/d (d being the dimensionality of the system) near the quantum critical
points H.; and H.o, respectively [25]. We find that the LRO boundary fits well to

this power law with o = 2/3 which supports this model for a 3D BEC.
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2.3.4 Conclusion

To summarise, in this section I have demonstrated the use of the PDO as a sus-
ceptometer in DC fields for probing the H-T phase diagram of the spin-1/2 dimer
material [Cu(pyz)(gly)]ClO4 . By combining these data with heat capacity and uSR
measurements, I have shown how the quantum disordered ground state may be tuned
via an applied field through a quantum critical point H.; to an XY antiferromagnetic
phase. Upon further increase of field to H > H.y, the system enters a ferromagnetic
phase as it is fully polarised by the applied field. Fits of the phase boundary close to
the quantum critical points return exponent values of 2/3, as expected for a BEC of

magnons.

2.4 Low-field magnetic susceptibility

Samples may be characterised prior to uSR or pulsed-field measurements using low-

field susceptibility measurements. The static molar susceptibility is given by
\(H) = TN (2:21)

where p is the magnetic moment, m is the mass of the sample and my is its molar
mass. The behaviour of x can provide information on the nature of the magnetic
interactions, the size of the average magnetic moment, and the critical temperature
of any phase transitions. For the studies presented in this thesis, the susceptibility

measurements were performed using a Quantum Design Magnetic Property system

(MPMS) [32].

The MPMS utilises a DC superconducting magnet that provides a field of up to
7T and sample temperatures in the range 1.8 K < T < 400 K, which are adjusted

by a variable temperature insert and heater. Samples are mounted inside a gel cap-
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sule using Apiezon N grease, and placed in the centre of a drinking straw. This
is mounted in the MPMS with the straw inserted coaxially inside a magnetometer
coil. The magnetometer coil itself consists of four loops of superconducting wire with
the outer loops wound in the opposite direction to the central two loops so that the
magnetometer is insensitive to linear gradients of the external field [33]. The coil
is coupled to a Superconducting QUantum Interference Device (SQUID) which con-
sists of a superconducting current loop containing two Josephson junctions and whose

critical current is proportional to the flux passing through the loop.

When a sample is moved through the detection coils, its magnetic moment induces
a current that is proportional to the total flux passing through each loop and, since
the detection coils and SQUID form a closed superconducting circuit, any change
in flux from a moving sample will produce a change in the persistent current of the
SQUID. A measurement of the SQUID output voltage is then used to calculate the
magnetic moment of the sample at various temperatures and fields. The voltage
takes the form of a sin z/z curve, where z is the sample position within the detection
coils. The most accurate results are obtained for samples that produce a dipolar field
distribution, thus samples that are sufficiently smaller than the detection coils but

large enough to produce a good signal are desired.



Chapter 3

Pr-based Pyrochlore Oxides

3.1 Introduction: Frustrated systems

Frustration occurs when a system possesses competing interactions whose energies
cannot be minimised simultaneously. It is ubiquitous in the sciences, from protein
folding to the structure of liquid crystals, but in condensed matter it is mostly ob-
served in the context of magnetic materials. Frustration may be either the result of
site disorder in the system, producing a ‘random’ type of frustration that is observed
in spin glasses, or it may arise in an ordered material whose lattice imposes particu-
lar constraints on the interacting spins [34]. This chapter will address the latter case

which is known as geometrical frustration.

Geometrically frustrated systems normally have a high symmetry with competing
interactions resulting in highly degenerate groundstates. Consider the simplest exam-
ple; Fig.3.1(a) shows a set of spins with antiferromagnetic interactions arranged on
the vertices of a triangle. The energy is minimised when nearest-neighbour spins are
aligned antiparallel to each other. This is possible with the first two spins, but the
third is left frustrated as it cannot simultaneously satisfy all of its local interactions.

Its two possible orientations, up and down, give the same energy and as this holds

36
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for each spin in the system, it follows that the ground state is six-fold degenerate.

A three-dimensional case is also shown in Fig. 3.1 for a set of ferromagnetic spins
arranged on the corners of a tetrahedron. This time, the spins are not collinear
but oriented along the easy axis such that each spin must point in or out towards
the centre of the unit. With ferromagnetic coupling, the lowest energy configuration
occurs with the ‘two-in, two-out’ arrangement as illustrated in Fig.3.1(b), which
results in a three-fold degenerate ground state. If this frozen-in disorder remains
down to near-zero temperatures, the system is said to have residual entropy. This
property is common to all frustrated systems and was key in the identification of the

first frustrated system: crystalline ice.

(a) (b)

Figure 3.1: Geometric frustration in (a) a 2D triangular lattice of antiferromagnetic
spins. The spin denoted with a ‘7" cannot simultaneously satisfy all of its local
interactions. (b) Frustration in 3D for a tetrahedral arrangement of ferromagnetic
spins in the ‘two-in, two-out’ configuration. (c) The equivalent arrangement of protons
(black circles) that are covalently bonded to oxygen ions (white circles) in crystalline

1ce.

The residual entropy in ice was originally measured by Giauque et al. in 1933
[35, 36] and later explained by Pauling, who postulated that it was the result of
the intrinsic disorder of the protons in the HoO molecules [37] (a theory originally
proposed by Bernal and Fowler [38] and later confirmed by neutron diffraction exper-
iments). To visualise this, one must consider the oxygen ions in the cubic phase of
ice, which form tetragonal units as shown in Fig.3.1(c) in which each oxygen ion is

linked to four hydrogen ions. To maintain the HyO structure, two of the surrounding
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hydrogen protons must reside close to the oxygen ion and form covalent bonds, and
two sit further away to form covalent bonds with neighbouring oxygen ions. We can
see that these conditions, termed ‘ice-rules’, are equivalent to the ‘two-in, two-out’
configuration seen earlier in the tetragonal arrangement of spins, where the position of
the protons with respect to the tetrahedron correspond to the orientation of the spins.
The real magnetic analogue of this proton disorder was first observed in crystals of
Ho,Ti507 [1, 2], which led to the discovery of a new type of frustrated material called
spin-ice. In 2008, it was found that fundamental excitations of the spin-ice ground
state resembled magnetic monopoles [39], which has since generated a huge interest

in the broad family of cubic pyrochlore oxides [40].

In general, the term ‘pyrochlore’ is used to describe a compound with formula
A9 B507, whose A and B ions reside on interlocking lattices of corner-sharing tetrahe-
dra. When either the A or B ions (or both) are magnetic, there is geometric frustra-
tion, often giving rise to new and exotic magnetic phenomena such as the magnetic
‘monopoles’. Part of this thesis will address the classical spin ices, DysTisO7 and
Ho,TisOr, as well as other pyrochlore oxides. The main technique used in these stud-
ies is SR, whose local nature and extreme sensitivity makes it highly suitable for
measuring weak disordered moments. However, as with any measurement techniques,
one must also consider the possibility of the probe, in this case the implanted muon,
not being a completely passive or ‘innocent’. There exist some scenarios in which the
muon may perturb its local environment to such a degree that the measured response
no longer reflects the intrinsic properties of the system under study. This issue will

be addressed in the following section in the context of Pr-based pyrochlore oxides.
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3.2 Previous studies

The work described in this section was initially motivated by the possibility of ex-
ploring a new type of quantum spin ice. In the classical spin ices, Ising-like spins
are constrained by the crystal field (CF) to point along the local (111) axes, which
remain static down to near-zero temperatures. By contrast, the magnetic moments
in quantum spin ice do not freeze out at low 7. Candidate spin liquids include the
pyrochlores TbyTiy07 [41] and YbyTipO7 [42]. Recently, it has been suggested that
quantum spin ice [43] may be realised by replacing the A ion by a lanthanide with
fewer f electrons and a smaller magnetic moment, such as Pr’" [44, 45]. As the
4f wave function is spatially extended, it has a greater overlap with the oxygen 2p
orbitals and the weaker moment leads to a weaker magnetic dipolar interaction (pro-
portional to the square of the moment size) between nearest-neighbour sites. The
result is a reduced Ising barrier that allows tunnelling between different ice config-
urations, converting the material from a spin ice to a quantum spin liquid. Like its
classical counterpart, the most notable feature of this new state is that it is predicted
to host unconventional excitations. These are linearly dispersive magnetic excitations
(magnetic photons), which offer the possibility of constructing a real lattice analogue

of quantum electromagnetism [46, 47].

The compound PrylraO7 has been identified as a highly correlated metallic spin
liquid [48, 49] and a previous pSR investigation by MacLaughlin et al. found be-
haviour that was interpreted as being induced by the muon electric field [50, 51],
although the extent of the role of screening by the conduction electrons was not clear.
In this section, I will demonstrate that this effect can also be found in the insulating
compounds PryB;O7 (B = Sn, Zr, and Hf), which are also candidate quantum spin
ice systems. In these systems, the intrinsic magnetic behaviour is that of a quantum

spin ice originating from the magnetic moments of Pr3* (4f2) ions. However, the
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ground state doublet of this non-Kramers ion due to the high symmetry of the Pr3*
site is particularly susceptible to modification by the implanted muon (in contrast, a
Kramers ion must have a doublet ground state, whatever the site, and this doublet
cannot be split by any perturbation that does not break time-reversal symmetry).
By using density-functional-theory (DFT) and crystal-field (CF) calculations, I shall
demonstrate that the observed behaviour results from a highly anisotropic distortion

field induced by the implanted muon on the crystal lattice.

3.3 The Experiment

3.3.1 Experimental methods

This Chapter is based on work published in Ref.[52]. Samples were grown by D.
Prabhakaran, who also performed low-field susceptibility measurements. All data
analysis was performed by myself. Samples were synthesised using standard solid-
state reactions and confirmed by x-ray diffraction to be single phase. The uSR mea-
surements and relevant analysis were performed by myself, with the assistance of F.
Lang, J. S. Moller, T. Lancaster, F. L. Pratt and S. J. Blundell. LF and ZF uSR
measurements were carried out mainly using the EMU spectrometer at the ISIS muon
facility, Rutherford Appleton Laboratory. An additional set were carried out on the
GPS spectrometer at the Swiss Muon Source, PSI. Data were taken in the temper-
ature range 0.05-280 K using a *He cryostat and *He—*He dilution refrigerator. The
polycrystalline samples were wrapped in 12.5 ym silver foil and, for the GPS measure-
ments, mounted on silver backing plates. A ‘fly-past’ holder was used for the EMU

experiments to minimise statistical noise and background.

High-field magnetisation measurements were performed by myself using the mag-

netisation probe at NKMFL as described in Chapter 2. Single crystal x-ray diffraction
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measurements were performed by myself using a SuperNova (Rigaku Oxford Diffrac-
tion) spectrometer, which showed that no detectable impurity phases were present
down to the percent level. Crystal field (CF) calculations were performed by A. T.

Boothroyd, density-functional-theory (DFT) calculations were done by F. Lang.

3.3.2 ZF and LF uSR

Representative raw spectra from pSR measurements taken in zero applied field at
1.5 K and 40 K are shown in Fig. 3.2. There were no muon oscillations observed in the
forward-backward asymmetry across the whole temperature range in any of the com-
pounds, which would have otherwise indicated some long-range order. Instead, the
data fit to the product of a Kubo-Toyabe function and a weakly-relaxing exponential,

with an additional background component;

A(A, )\, t) = ArelGKB(A, t)e_)‘t + Abge_Abaset, (31)

where A, and Ay refer to the signal and background contributions, respectively. The
function Gkp is the Gaussian Kubo-Toyabe described by Eq. 2.8 with an exponential
term that takes into account some slow dynamics of the magnetic moments. The
background contribution corresponds to muons stopping in the silver foil and sample
holder. Initially, all parameters were allowed to vary. The fits were then refined
by fixing the baseline asymmetry Ap, and its relaxation rate Ap.s at their average
values. This fit function can be used across the entire temperature range studied and
the temperature dependencies of the static width A and dynamic relaxation rate A
are shown in Fig. 3.3. A longitudinal field was applied to help separate the static and

dynamic contributions in the system and example spectra are shown in Fig. 3.4.

A missing fraction is observed in all of the samples (the initial asymmetry is

lower than expected at ~ 0.2) and this can be interpreted as muonium formation. In
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this phenomenon, there is a strong spin-exchange between the muon and a captured
electron. As the electron is unpolarised it randomises the spin orientation of the
muon, resulting in a rapid depolarisation of the muon spin. If this process is too fast
to measure, it manifests as a missing fraction in the total asymmetry. Note that this
effect is not seen in sufficiently large longitudinal fields, as the applied field aligns
the static electron spins and decouples the muon from its environment. Hence, we
observe a recovery of the initial asymmetry with increasing LF field (see Fig. 3.4). It is
uncertain why there is some negative curvature in the asymmetry at early times, which
might relate to some small fraction of muons experiencing a hyperfine coupling. The
samples were remeasured at the Swiss Muon Facility, PSI to further investigate this
as the continuous muon source offers a better resolution for measuring fast relaxation
rates, and the small, missing fraction was still observed in the data. In the subsequent

discussion, we will focus on the majority fraction.

3.3.3 Discussion

No magnetic transition can be seen throughout the measured temperature range; both
relaxation rates evolve smoothly, increasing steadily as the samples are cooled, and
the increase in A can be interpreted as magnetic moments that grow with decreasing
temperature. The two parameters A and A roughly track each other (see inset to
Fig. 3.3), suggesting that the dynamics are related to these growing moments. The
background term also displays some weak dynamics, although the relaxation is small
(~ 0.01 us™!) and temperature independent, as expected from a silver background.
This can occur if the assumed field distribution does not fully describe the real physical
distribution (for example due to some defects in the sample) as sensed by the muon.
Thus some relaxation that should be attributed to the sample may manifest in the
background fitting component. For these data, a Gaussian distribution is used and the

fit worsens with a Lorentzian Kubo-Toyabe. In any case, there will always be some
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Asymmetry (%)

Figure 3.2: ZF pSR spectra at 1.5 K and 40 K. Fits are to a weakly relaxing Kubo-
Toyabe function given by Eq. 3.1

discrepancies as the Gaussian function assumes a continuous distribution of fields,
whereas in a pSR measurement the values are discrete due to the muons occupying

particular crystallographic sites.

The Gaussian lineshape implies that the data are dominated by nuclear moments.
However, the values of the rms field width B, = A/7, extrapolated to zero tem-
perature (see Table3.1) are found to be an order of magnitude larger than expected
from !'Pr nuclear moments [50, 51] and are larger for smaller lattice constants a. In
these quantum spin ice systems, one does not expect any static electronic moments
at any temperature. Nuclear moments are expected to give a small temperature-

independent A, but the observed behaviour in Fig. 3.3 is both strongly temperature
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Figure 3.3: Temperature dependences of (a) A and (b) A in the Pr-based pyrochlores
extracted from ZF pSR measurements (helium cryostat, filled symbols; dilution fridge,
open symbols). The two data sets for ProHf;O7 were taken with the same sample but
in separate experiments to check reproducibility. The insert shows the correlation
between the A and A. The data for ProlryO7 are taken from Ref. [50].

dependent, and at low temperatures, very large. A likely explanation comes via a
hyperfine enhancement of the Pr nuclear moments (as proposed for PrylraO7 [50, 51]
and discussed in more detail below), but this mechanism requires a non-magnetic
(singlet) ground state. In the pyrochlore structure, the Pr3* (4f2) ground state is a
well isolated non-Kramers doublet (confirmed in PrySnyO7 and PryZraO7 by neutron
spectroscopy [53, 54]), however this could be split by the distortion introduced by
the muon. A muon-induced perturbation of the CF has been suggested previously in
Pr-based intermetallics [55, 56|, although in those cases the ground state is already a

singlet due to lower symmetry and the effect is only on the excited CF levels. Since

the data in the insulating pyrochlores look very similar to those in metallic PrylroO7,
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Figure 3.4: Sample uSR spectra taken in a longitudinal field of 100 mT (green points),
10mT (red points) and in zero-field (blue points). PrySnyO; and ProHf;O7 data were
taken in the He cryostat at 1.5 K and and 1.7 K, respectively, and PryZr,O; data
taken in the dilution fridge at 1.0 K.

we conclude that this mechanism is not very sensitive to conduction-electron screen-
ing effects. In fact, the carrier density in Prslro,O7 is found to be rather low (estimated
to be 2.6 x 102 cm ™3, i.e. ~ 0.02 conduction electrons per Pr, from Hall effect mea-
surements [48]). Moreover, PrylraO7 is believed to have a Fermi node at the I" point
[57], so that conduction electrons can only screen effectively at very long wavelengths.
However, PrylrsO7 has the largest B, in Table 3.1, which as explained below is re-
lated to the smallest doublet splitting and distortion, hence screening effects may play

some role.

Although there has been previous evidence for a muon-induced effect in Pr-
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containing systems with a non-Kramers doublet [50], the nature of the effects has
not been explored in detail. To address this issue, DF'T calculations have been used
to determine the muon location and assess the effect of the muon on the local crystal
structure and the CF of nearby Pr ions. Note this thesis will not cover a detailed

account of density-functional theory. For a comprehensive introduction to DFT see

Ref. [58].
Compound VA Hf Sn Ir
a (A) 10.7386(2) 10.7177(2) 10.6055(2) 10.3940(4)
Bis (mT) 3.76(6) 4.4(1) 5.65(5) 8.9(4)
€1 (meV) 3.1(5) 2.1(7) 6(1) 0.5(1)
€s (meV) 0.6(1) 0.3(2) 0.6(1) 0.1(1)

Table 3.1: Lattice constants a (extracted from single crystal x-ray diffraction at 300
K), rms field width B, and fitted energy gaps €; (see later) for PryBoO7 (B = Zr,
Hf, Sn and Ir). ProlrsO7 data are taken from Refs.[48, 50].

3.3.4 DFT calculations and CF levels

DFT calculations were conducted with the plane-wave QUANTUM ESPRESSO [59]
program utilising the generalised gradient approximation exchange-correlation func-
tional [60]. Ions were modelled using ultrasoft pseudopotentials and the muon was
modelled by a norm-conserving hydrogen pseudopotential. This technique is known
to give reliable results for muon sites in condensed matter systems [61, 62, 63]. Two
different Pr pseudopotentials were used, with the 4f electrons either in valence or in
the core. The resulting muon stopping sites and bulk lattice parameters were found to
agree in both cases, probably due to the muon forming an OH type bond (see below)
making it insensitive to the modelling of the Pr 4f electronic configuration. Hence,
a Pr pseudopotential with the 4 f electrons in the core, which is less computationally
demanding, was employed for the calculations described below. The calculations were

performed for ProSnyO7 in a supercell consisting of a single conventional unit cell con-
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taining 88 atoms, and with the total energy converging to at least 1 x 107® Ry/atom
(where Ry is the Rydberg constant). A convergence test yielded the suitable wave
function and charge density cutoffs of 50 and 300 Ry, respectively, on a 2 x 2 x 2
Monkhorst-Pack k-space grid, which were then used in all subsequent calculations.
The calculated atomic positions and lattice parameter of the unperturbed bulk were
within 2% of the experimental values reported in Ref. [64]. Part of this discrepancy
stems from the fact that DFT calculations are limited by a small supercell of unit
cells that is used to model a real infinite bulk system, and so under these conditions
we believe 2% indicates a good level of agreement with experimental observations.
A muon was introduced on a grid of low-symmetry positions and the system was
allowed to relax until all forces were below 1073 Ry/a.u. and the change in energy
between iterations was less than 10~* Ry. The calculations presented here focus solely
on the diamagnetic muon state, for which the unit cell has a total charge of +1. The

final relaxed positions were found to be the same in spin-polarised and non-polarised

calculations.
Fract. Coords. x Y z WP
PrySn, O -0.0125 0.0471 0.2028 96¢g
PryZry,0 -0.0115 0.0465 0.2035 96¢g

Table 3.2: Fractional coordinates of the muon sites and their Wyckoff positions (WP)
calculated by DFT. Unit cells are taken to be the experimentally measured cubic ones
(lattice parameters ag, = 10.6 A and az, = 10.69 A). The origin of the unit cell was
chosen such that the fractional coordinates for the different atoms were Sn/Zr:(0, 0,
0), Pr:(1/2, 1/2, 1/2), and for the two oxygen sites 02:(3/8, 3/8, 3/8), Ol:(x, 1/8,
1/8), where zg, = 0.33148(5) for Sn, and zz, = 0.335 for Zr. For more details, see
Ref. [65]

Three potential stopping sites were identified. However, as two of these required
configurations that were ~ 0.45 and ~ 0.9 eV higher in energy than that of the lowest
state we conclude that the latter is the most plausible stopping site in our real system.

In this scenario, the muon forms a OH type bond of length ~ 1 A. It is bonded to an
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O?~ ion, which also bonds to two Pr ions, labelled Prl and Pr3 in Fig.3.5 (the Pr
ions in Fig. 3.5 are numbered in order of separation from the muon, with Prl being
the closest). The implanted muon results in an anisotropic distortion of the crystal
lattice as follows. The muon pulls an O?~ away from the ion Pr3, resulting in a
greatly extended Pr3-O bond. The Prl1-O bond is only slightly changed in length,
but is bent round, resulting in an anisotropic distribution of O% ions around Prl.
As shown below, the largest change in the CF ground state is found for Pr3, but note
that the environment around the ions labelled Pr2, Pr2’, Pr4, and Pr4’ is more gently

modified.

Figure 3.5: Muon stopping site (white sphere) and atomic positions in PrySnyO7 as
calculated by DFT. Oxygen sites are shown in red, Pr ions are shown in yellow, and
bonds are shown as solid black lines. Bonds of the unperturbed lattice (yellow lines)
are included for comparison. Pr ions are numbered in order of separation from p with
Prl being the closest. The pair Pr2 and Pr2’ is equidistant from the muon, as are
Pr4 and Pr4’.

The relative distortion of a PrOg unit may be quantified as the rms of the dif-
ferences in Pr-O bond lengths between the perturbed and unperturbed lattice and
these are listed in Table 3.3 for each of the nearest sites in ProSny,O;. The CF levels
for all nearby PrOg environments were calculated by taking into account the spatial

arrangement of the eight nearest-neighbour oxygen anions around each Pr ion. The
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electrostatic field due to the muon itself was also included initially, but it was found
to make little difference, and so was neglected for the calculations described here.
The calculations utilised a point-charge model, with effective charges on the O1 and
O2 sites chosen to reproduce the measured CF spectrum [53]. For each Pr site, the
muon-induced distortion splits the non-Kramers ground state doublet into two sin-
glets (see Fig.3.6). These calculations show that the most perturbed Pr ion is not
that nearest to the muon (there are three closer Pr ions that are significantly less
perturbed), reflecting the highly anisotropic nature of the induced distortion field.
Thus we conclude that the muon is surrounded by a number of close Pr ions in which

the CF splitting varies considerably.

Pr atom 1 22 3 44
Py separation (A) 2.7 32 41 47
Relative contribution 0.45 1.0 0.05 0.10
Distortion of PrOg unit (A) 0.23 0.07 0.56 0.09
€ (meV) 48 1.3 114 4.0

Table 3.3: Parameters derived from DFT calculations of muon-induced lattice pertur-
bations in PrsSnyO7 including the relative coupling of the dipole-dipole interaction
between the muon and each Pr moment (assuming a r— dependence and the induced
moment o< € 1). Values are shown for the four nearest-neighbour Pr ions.

3.3.5 Nuclear hyperfine enhancement

I now turn to the hyperfine enhancement of the Pr nuclear spins caused by these
altered CF levels. One can model the system as a two-state one (see Bleaney [66])
in which the non-Kramers doublet is split into two singlets |G) and |F) by a small
energy €. For such a system involving a nucleus with spin I the Hamiltonian takes

the form

H = Hx + gyus(B - J) + Ay(J - I) — gus(B - I). (3.2)
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Figure 3.6: Calculated CF levels of Pr®* with and without muon-induced lattice
distortion in ProSnyO;. Energies are calculated for the three Pr3+ sites with varying
degrees of distortion (see Table3.3) as determined by DFT calculations. Bold red
lines indicate doublets; plain black lines are singlets.

Here, the field B is applied along the z direction and H x denotes the interaction with
the CF which causes the splitting of the groundstate doublet. There is an electronic

matrix element o = (E|J,|G), where J, is the electronic angular momentum. This

model allows an estimate of the magnetic moment m = kgT (%‘}BZ )T where 7 is the

partition function, and yields

€
— grupl. inftanh [ ——— |, 3.3
m = grusl, + gyupasin @ tan (QCosekBT) (3.3)

where tan 6 = 2a(g;upB. + AsIL.) /€. In zero-field uSR we take B, = 0 and hence the

magnetic moment is reduced to

€

m = mg + Ztanh (kBLT) : (3.4)
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where mg = grupl., n = gyupa®Asl, and € = \/(¢/2)? + (e A 1,)? (where o* < J?).
Taking A o« m with A;/h = 1.093 GHz [66] and I, = g allows an estimate of the upper
bound of e. The muon is coupled to many neighbouring moments by the dipole-dipole
interaction, which is proportional to =3 (the relative contribution of this coupling for
each site is listed in Table 3.3, assuming a 2 dependence and the induced moment
o € 1). For simplicity, we choose a model in which there are dominant contributions
to A from two nearby moments, which act in quadrature. We note that Eq. 3.4 implies
that (neglecting the mg component and for € > a?A;Iz) the enhanced moment is
approximately inversely proportional to € at low temperature, and therefore we expect

the response to be dominated by nearby sites with small splittings.

We now turn to the zero-field muon data and its behaviour with respect to this

two-component model. The data are fitted using the function

B €1 ? Ba € ?

where the free parameters Ay, Ag2 and Sy, By correspond to scaled values of mg and

7, respectively, and the fitted values of €1, €& may be used to estimate the splittings
of the non-Kramers doublet. The field widths for all compounds are found to fit well
to this two-component model (see Fig.3.7) and the extracted values of ¢; and ¢, are
listed in Table 3.1. Note that these values are within the same order of magnitude
as the estimated splittings for the nearest neighbour sites Prl, and Pr2 or Pr2’ for
PrySnyO7. Given the sensitivity of the calculations to the precise distortion field,
the restriction to two components, together with the limitations of the point-charge

model of the CF, we believe this agreement is well within the inherent uncertainties.
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Figure 3.7: Static relaxation rate A from ZF upSR fitted with the Bleaney model
described in the text (Eq.3.5). The symbols are the same as in Fig. 3.3.

3.4 Conclusion

In conclusion, the observations of this section show that, in certain circumstances,
1SR experiments can measure a response that is dominated by the local distortion
resulting from the implanted probe rather than the intrinsic behaviour of the sample.
The particular case of Pro B,O7 is unusual since the effect relies on a splitting of a
non-Kramers doublet in high symmetry Pr3*. This mechanism would be inoperable in
systems in which the ground state degeneracy was protected from such perturbations,
such as in Dy,TisO7, where a similar anisotropic distortion field will nevertheless be
induced but will only serve to modify the excited CF levels and will not split the
Kramers doublet ground state. This work implies that in any oxide there will always
be an anisotropic distortion field around the implanted muon (which I have shown can
be modelled using DFT) and its effect should always be considered. In magnetically
ordered materials these distortions will have minimal effect because the coupling of
the muon to the local magnetic field dominates. If frustration or low dimensionality
leads to a less robust ground state then particular care is needed, and especially
in the case of high-symmetry non-Kramers doublet ground states, which are most

susceptible to these muon-induced effects.
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3.5 Further work: TF SR

We have now seen that in the case of Pr-based pyrochlores the implanted muon is
coupled to a range of nearby Pr moments whose CF values have a range of perturba-
tions and hence splittings. To further explore the role of CF splitting in masking the
intrinsic behaviour of these systems, single crystals of ProSnyO; and polycrystalline
samples of PryZr,O; were measured using the new HAL-9500 spectrometer at the
Swiss Muon Facility, PSI. This high-field instrument is optimised for TF measure-
ments via a ‘spin-rotator’, used to rotate the muon spin direction by 90°, and provides
a means to study a previously inaccessible range of the B-T' phase diagram with uSR.
Available sample environments include a dilution refrigerator for temperatures in the
range 0.02-20 K, a He flow cryostat (3-300 K) and a high-homogeneity/short length

superconducting magnet providing fields of up to 9.5 T [67, 68].

The aim of the experiment was to use high fields to further perturb the low-lying
energy states of different nearest-neighbour ions. As described previously, the max-
imum CF splittings of the lowest energy levels in these compounds are of the order
of 20meV, with many well below this value. Thus, it was expected that the available
fields would be large enough to induce a substantial mixing of states that is observable
via the transverse field linewidth measured as a function of field. However, as one
of the first experiments performed on this spectrometer, there are still some unre-
solved features in the data and thus a more detailed understanding of the instrument
response is needed for a complete interpretation. Nevertheless, I will present our

current understanding of these results in the following section.

Observations

As many pyrochlore oxides require extremely high temperatures, and in some cases

pressures, to achieve high-quality single crystals, only polycrystalline samples were
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initially available for study. Following the SR experiments described previously, we
have improved growth methods to synthesise high-quality single crystals which were
confirmed by x-ray diffraction to be single-phase. The samples were placed in packets
of 50 um thick Ag foil and mounted onto a silver sample holder with GE varnish for
TF measurements in fields of up to B,pp = 8 T in the temperature range 2-100 K. The
PrySny O crystals, which were octahedra of the order of several mm, were mounted on
the foil in a mosaic using Apiezon grease and aligned by eye such that the octahedral
faces lay flat against the sample mount (i.e. the muon beam was parallel to (111)
axis). This was done to ensure that the spins were magnetised along a particular axis
throughout the sample, resulting in a better resolved lineshape. Single crystals of
PryZr,0O7 were mounted in the same way. However, the sample size was not sufficient
to produce a strong enough signal, hence the original polycrystalline sample was used
instead. Example Fourier spectra in the frequency (i.e. field) domain are shown in
Fig. 3.8 and Fig. 3.9 for various applied fields at 5 K, with the spectra plotted against
the field shift B = Bio, — Bapp-

Two distinct peaks are observed in all data sets, including a narrow peak centred
close to B=0, whose linewidth oy, and peak position By, is temperature and field
independent. We attribute this to the silver background contribution from the sample
cell, and it is larger in the case of PrySnyO7 due to the smaller sample size. The data

were initially fit to a sum of two Gaussians, but improved slightly with an asymmetric

function;
if B < Bpka
(B — By)? (B — By,)?
Atot(B) = Asa €xp (—2pk) + Abg €xp (—2bg)
20'1 2Ubg
(3.6)
if B > Bpk,

_ _ 2 . . 9
R e e el
02

Qabg
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Figure 3.8: Fourier spectra of ProSn,O; measured at 5 K. The amplitude is plotted
against the shift in measured field. Fits (red line) are to Eq.3.6. Due to the smaller
sample volume, a higher silver peak is observed compared to that of the Zr data.
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Figure 3.9: Fourier spectra of PryZroO7 at 5 K. Fits (red line) are to Eq.3.6. The
smaller, narrow peak indicates a weak silver background from the silver sample holder.
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Figure 3.10: a) The total field measured by the muon is a summation of the local
field By, and applied field B,,,. b) Dipolar fields of a grid of spins aligned ferromag-
netically. The direction of Bj,. with respect to B,y varies depending on the muon
site. T'wo possible sites, 1 and 2, are shown with a positive and negative contribution,
respectively.

where Ag, and Ay, are the amplitudes corresponding to the sample and background
contributions, respectively. The model assumes an asymmetric Gaussian distribution
of fields within the sample only, with an average field Bk and field widths oy and
0y. The asymmetry parameter is calculated as A = % and its temperature de-
pendence, along with other parameters is shown in Fig.3.11. Both samples show a
significant amount of broadening in the field width. Whilst the raw data (Fig. 3.8
and Fig. 3.9) do suggest some degree of asymmetry in the local field distribution, the
fitted asymmetry parameter does not show any field-dependence (Fig.3.11), and it is

unclear at present whether this feature is of sample or instrument origin.

There is a negative shift in average field B, and its magnitude increases with
increasing field. To interpret this, one must first consider the effect of large B,p, on

the local moments. The total field measured by the muon is a summation of the local
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Figure 3.11: Field-dependence

of the average field shift By, calculated average field

width (014 03)/2 and asymmetry parameter from fits of a) PraSnyO7 and b) PryZr, Oy
at 5 K (red cirles) and 20 K (blue circles). The fitting function is described by Eq. 3.6.

and applied field and its magnitude is given by

Biot| = \/(Bapp + B

where B! and BL
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are the parallel and perpendicular components of the local internal
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field with respect to B,p,,. A series expansion gives

2
1 (2Bl Bl BL\?
|Biot| = Bapp |1+ 3 loc | < loc | < loc) 4o

Bapp Bapp Bapp (3 8)
2 2
B” 1
~ Ba + Blnoc + loc 4 loc 4o
oP Bapp Bapp

which for B,,, > Bioe gives |Biot| & Bapp + BIHOC. Thus we see that the field shift
B is a measurement of the parallel component of the local field. With the moments
aligned parallel to B,,,, any muons close to the dipoles along a direction parallel
to the applied field would detect a positive contribution to the total field. Those
lying in a direction perpendicular to B,,, would detect a negative shift. This is
illustrated by the schematic in Fig.3.10(b) for a simple ferromagnet. Therefore, a
negative By indicates that most of the muon sites experience a dipolar field that has
a component antiparallel to B,p,. Due to the spin ice ground state and multiplicity of
crystallographically, but not magnetically equivalent, muon sites (DFT calculations

indicate 96 equivalent muon implantation sites per conventional unit cell), we expect

a range of BlnOC and hence a broad peak in field distribution, as observed.

We expect By to scale with the average magnetisation along B,,;,, and hence ex-
hibit the same behaviour as the measured low-field magnetisation shown in Fig. 3.12.
These measurements show a linear trend at 20 K which becomes non-linear on cool-
ing to 2 K (see Fig. 3.12a-b). Moreover, neither compound reaches saturation in fields
of up to 7T. In fact, pulsed-field measurements of a single crystal of PrySnsO7 (see
Fig.3.13) carried out using the technique described in section.2.2.2 indicated that
saturation would require an applied field of well over 40 T, which is beyond the scope
of what is currently available at NKMFL. All of these measurements are consistent

with the behaviour of By in the ©SR data.

Powder averaging may account for some of the broadening in PryZr,O7, although
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Figure 3.12: Low-field magnetisation (per formula unit) of a) single crystal PraSnyO5
in an applied field H || (111) at 2K (filled blue circles), and at 10K with H ||
(111) (filled red circles) and H || (100) (empty red circles). b) Magnetisation of
polycrystalline PryZr,O; at 1.8 K (blue circles) and 20K (red circles). Inverse DC
susceptibility of ¢) ProSnyO7 in a field of 10mT applied parallel to (100) and d)

PryZrsO7 in 100 mT.
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Figure 3.13: Magnetisation of single crystal ProSny,O; measured in pulsed magnetic
fields applied parallel to a) the (100) and b) the (111) crystallographic directions.
The saturation field exceeds those available at the NKMFL.
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the observation that the field width is slightly higher in single crystal ProSnyO7 sug-
gests that the majority broadening comes from other effects, such as the Ising-like
nature of the spins mentioned previously, as well and the fact that each muon is
coupled to several Pr3* moments. Due to the novelty of the instrument, one of the
difficulties in interpreting these data is that there has been little published work to
date for comparison, and so it would be useful to repeat these measurements on
another system such as a simple ferromagnet. A detailed understanding of the in-
strument response is crucial for differentiating between a true sample response and
an instrumental artefact. For example, the focussing of the muon beam as a function
of field can lead to a change of beam spot size as field increases and hence a different
ratio of sample to background. Furthermore, in high field there may be issues relat-
ing to the demagnetising fields from the sample residing in the silver sample holder
which can cause additional relaxation, thus it is important to have a large total sam-
ple area to minimise these effects. In the previous section I have demonstrated how
DFT calculations were successful in identifying the muon implantation site in these
pyrochlore oxides. Our next step would be to calculate the corresponding internal
dipolar fields, taking in account the muon-induced distortion, to compare with these

muon measurements and clarify this interpretation of the dipolar fields.



Chapter 4

Muon States in Classical Spin Ice

4.1 Introduction

Spin ice is the name given to a family of ferromagnetic pyrochlores whose spins exhibit
a highly degenerate and short-range ordered ground state down to zero temperature.
Although there has been an extensive search for new spin ices, very few have been
found to date, including the titanates A;Ti,O7 [1] and stannates A;SnyO7 [69] (A =
Ho, Dy). Their frustration results from the interplay between crystal fields, magnetic
exchange and dipolar interactions, which produce two key effects. Firstly, a strong
single-ion anisotropy is produced by the local crystal field (CF) at the rare-earth sites
that occupy the corners of the pyrochlores, which constrains the Ho** and Dy3* ions
to lie along the local (111) axes. Secondly, an effective ferromagnetic coupling arises
from long-range dipolar interactions that dominate over antiferromagnetic nearest-
neighbour exchange. These mechanisms are well described by the dipolar spin-ice
model [70, 71] and the result is a ‘2-in, 2-out’ spin configuration setting in at 7' < 1K

that is analogous to the proton arrangement in water ice.

There have been extensive neutron scattering experiments down to 50 mK to deter-

mine the spin-spin correlations in the frozen regime (it is characterised by extremely

63



4.1. Introduction 64

short correlation lengths that are comparable to the size of the tetrahedra) [71, 72, 73],
as well as magnetisation studies that map out the field-dependent behaviour along
the three cubic symmetry directions [74, 75, 76], all of which agree well with the
dipolar spin ice model. Spin ice does not involve a fixed phase transition, but rather
a continuous slowing down of spin fluctuations via a two-stage freezing process. The
ground state of Ho*" and Dy** is known to be an almost pure CF doublet which
is separated from the first excited state by > 200K in zero field [77, 78, 79, 80, 81].
Take a single tetrahedra; there exists a range of possible spin configurations each with
a certain energy cost, including a ‘three-in, three-out’, all-in/all-out or the familiar
‘two-in, two-out’ arrangement. At very high 7', a whole range of CF levels are ac-
cessible and the system exhibits a combination of many different spin configurations.
Upon cooling, the development of energy barriers limit the possible CF level tran-
sitions and spin arrangements. Just above ~ 16 K the system exhibits thermal spin
relaxation involving transitions to/from the lowest lying excited doublet. As it cools,
it crosses into a quantum tunnelling relaxation regime (the slow-fluctuation regime),
in which the system tunnels between two degenerate states in the ground state dou-
blet. At these temperatures, the system is populated by a finite density of magnetic
monopoles in which some spins are arranged into a ‘three-in, one-out’ (and vice versa)
configuration. The excitations persist down to &~ 1K below which the spins settle
into a frozen groundstate [77, 78, 82]. Note that in regime most tetrahedra occupy
the ‘two-in, two-out’ configuration, although there may be some tetrahedra where the
local spin ice rules are broken. The key difference is that the spins are now frozen out
into what is essentially a short-range ordered ground state, as observed in the time
scale of most measurement techniques. The spin ice state can be disrupted either by

heating, or by applying an external magnetic field to induce individual spin flips.

Any substantial spin dynamics below 1 K have been mostly discounted with neu-

tron scattering measurements down to 50 mK by Ehlers et al. [82] (although their
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neutron spin echo measurements on Ho,TisO7 do suggest that a small proportion of
spins remain dynamic at frequencies that lie out of the experimental time window at
> 10 Hz) and with bulk measurements below ~ 7K [83, 84]. However, this only
rules out dynamics within the time domains of neutron and ac-susceptibility measure-
ments, which have characteristic times of 107%-107!4s and 10°-10~*s, respectively.
1SR offers another time scale that bridges the gap between the two techniques, al-
though for HoyTisO7 there have been some contrasting findings. A study by Harris
et al. on a single crystal of Ho,Ti,O7 showed an almost identical asymmetry spectra
in ZF at 4K and 40 mK; that is, a loss of ~ 1/3 of the ¢t = 0 asymmetry to the instru-
mental dead time, which the authors attribute to a very high, mostly static field of
the Ho** moments, and an exponential decay in long-time asymmetry, which suggests
some weak dynamics that persist into the spin-ice regime [85]. In contrast, a later
study by Dunsiger et al. on similar single crystals reported a complete depolarisation
of the muon beam at early times in a weak longitudinal field (3mT) at low 7', and

this was attributed to rapid Ho®*" spin fluctuations rather than static local fields [86].

In this section I will present a uSR study on the dynamic spin processes in
Ho,TiyO7 that has been motivated by another SR study on polycrystalline Dy, Tis O
by Lago and co-workers [79]. In agreement with other work, their data show that at
high 7' (T" > 70K) in a small LF of 5mT (used to decouple the nuclear moments
without perturbing the electronic spins) there is a fast relaxation that increases upon
cooling. This corresponds to the slowing down of thermally-activated fluctuations
until the beam is almost completely depolarised within ¢ < 1us at T =~ 60 K. In-
terestingly, the ¢ = 0 asymmetry recovers again, but to 1/3 of its original value (as
measured at high 7') when further cooled below 40 K and the observed relaxation
rate is seen to decrease with T before levelling off at 12 K. The authors interpret this
as a combination of the slowing down of the electronic fluctuations and the devel-

opment of a local dipolar field, which is static in the pSR time window [79]. The
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observed relaxation, which is not exponential in form, is assumed to correspond to a
relaxing ‘1/3-tail” of a Kubo-Toyabe-like function in which only the LF components
are resolved (the static transverse component being too large and thus lost in the
instrumental dead time). Moreover, the study reveals some electronic fluctuations
with a characteristic time of ~ 107%s that persist well into the spin-ice regime. This
is attributed to a hyperfine coupling with the Dy nuclear moments, whose thermal
fluctuations at low 7' induces a slight ‘wobbling of the electronic spin’ about the
(111) axes. The purpose of the experiment described in this chapter was to examine
whether similar behaviour is observed for HosTi5O7 for which the rare earth ion is a

non-Kramers ion (rather than a Kramers as is the case for Dy, Ti,07).

4.2 Experimental methods

The pSR experiments reported here were performed by myself, T. Lancaster, F.
Lang and S. J. Blundell. Measurements were carried out on the GPS and LTF
spectrometers at the Paul Scherrer Institute, Switzerland. All data analysis was
performed by myself. The sample was prepared by D. Prabhakaran. A single crystal
was grown using the floating zone technique and the resulting single crystal rod was
sliced into thin discs. For the LTF measurements, two discs were fixed onto a silver
backing plate with a small amount of vacuum grease and covered with silver foil. For
the GPS experiment a single disc was fixed directly to a fly-past holder using kevlar
tape to minimise background. Crystal field calculations were performed by A. T.

Boothroyd.



4.3. The Experiment 67

290K

Asymmetry (%)

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

t(us?)

Figure 4.1: Example puSR spectra of HoyTisO7 in zero field. Fits are to a stretched
exponential described by Eq.4.1. As the system is cooled, the relaxation increases
with more asymmetry being lost in the instrumental deadtime.

4.3 The Experiment

4.3.1 Observations

The ZF data show a relaxation that increases on cooling as expected (see Fig.4.1),
which signals a slowing down of spin fluctuations from room temperature down to
the spin-ice ground state. On cooling, full beam polarisation is lost at a similar
temperature (=~ 50K) to Dy,TiyO7. However, unlike that of the Dy compound, the
initial asymmetry does not recover upon further cooling but remains flat down to base
temperature. Note that the LTF data (7" < 1K) include an extra, non-relaxing term

from background contributions which results in a non-zero baseline (see Fig. 4.2).

The data are fit to a power exponential function;

A(t) = Arexp(—Mt)? + Ay, (4.1)
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Figure 4.2: Example ZF spectra in the spin ice regime at 750 mK and 20 mK (LTF
data). GPS data measured at 1.6 K (green circles) are shown with an added LTF
baseline of 12.8% for direct comparison. Fits are to Eq.4.1 (see text).

where A, is the initial relaxing asymmetry and Ay, is the background term due to
a fraction of muons that stop in the sample surroundings. A more accurate estimate
of the relaxation rate (which would have otherwise been affected by the large missing
fraction) was achieved by fixing the total initial asymmetry at its maximum value. For
the high 7" points (GPS data), fitting the spectra at 290 K gave A, + Apg = 25.2%,
which was kept fixed for all subsequent fits. Note that for the GPS data, there
is almost no baseline (as the experiment could be run in flypast mode) and all of
the polarisation is lost in the electronic dead time upon cooling, in agreement with
previous studies of Dy, TisO7 at high 7" [79] and HooTioO7 [86]. At low T (LTF data),
the total initial asymmetry was fixed at 26.9%, which was the fitted value in a LF of
25T at 750mK (i.e. when the full asymmetry was recovered). For these data, the
background term included a weakly relaxing exponential Apze*s to account for the

higher silver background from the cryostat tail and sample holder, with fixed values

Ape = 12.8(1)% and Apg = 0.0543(9) (averaged from all low-T fits).

The thermal behaviour of the relaxation rate A and the exponent [ is shown in

Fig. 4.5 (note the log scale). At high 7', 5 is close to 0.9 and upon cooling to 50 K,
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Figure 4.3: Example uSR spectra of Ho,TisO7 in longitudinal fields measured at 750
mK on the LTF spectrometer. A field of more than 1 T is required to recover the full
asymmetry.

it decreases steadily to 0.63. Over the same 7' range, A increases more rapidly from
~ 1ps™! to ~ 100 us~t. The data become difficult to fit at T < 50 K due to the rapid
muon depolarisation that occurs at ¢ < 1 us, hence A appears to flatten out with
large error bars (on a linear scale). A LF of up to 2.5T was applied at 750 mK (see
Fig.4.3) and the sample was also measured in a TF of 50mK at 5 < T < 280K (see
Fig.4.4). At high T, we observe clear oscillations from the applied transverse field,
with significant damping from internal spin dynamics. The relaxation increases upon
cooling until the TF signal essentially disappears at ~ 5K. At these temperatures
the muons are strongly coupled to the local moments which have effectively frozen
in the time scale of the experiment. This is consistent with our ZF observations and
in contrast to the findings by Bramwell et al. who observed a clear TF signal down
to 100mK [87]. In the present data, one could argue that there are still some weak
oscillations visible at 5 K, although we attribute this to a small fraction of muons
stopping in the silver prongs of the sample holder. Thus the data suggest that any

previously observed oscillations in spin ice were likely due to stray muons stopping in
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silver cryostat or sample holder and not the sample itself.
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Figure 4.4: Muon asymmetry in transverse applied field of 5 mT measured on the
GPS spectrometer. Data are offset for clarity. Lines are guide to the eye only.

4.3.2 Discussion

The most apparent difference between this and the previously measured Dy, TisO7 is
that there is no recovery of the t = 0 asymmetry upon further cooling, which rules
out any quasi-static spin dynamics within the time frame of the experiment. The
only dynamics observed are too fast to be measured directly and thus manifest in the
missing asymmetry at early times. The temperature dependence of S suggests that
there is a range of relaxation rates probed by the muons, for example due to a range
of implantation sites that are crystallographically but not magnetically equivalent,
as in the case of the Pr-based pyrochlores. Fig.4.2 shows ZF spectra measured at
750 mK and 20 mK on the LTF spectrometer, and GPS spectra measured at 1.6 K (an
LTF baseline was added to the latter for direct comparison). A noticeable increase in
relaxation is observed in the LTF data, although it is unclear whether this behaviour
is intrinsic to sample or purely an artefact of the instrument. The relaxation may

have reappeared as a result of cooling into the frozen regime, although there are no
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Figure 4.5: Temperature dependence of exponent  and relaxation rate A from fits
of ZF uSR. White circles, GPS data; filled circles, LTF data. Inset shows high-T
behaviour of X\. The linear fit gives a measure of the activation energy (see text).

intermediate temperature measurements to confirm this. Alternatively, given that
the relaxation is larger than expected from regular silver background (an exponential
background term was included in the fitting function to account for this) and that
the Ho®>™ moments are relatively large (10.6ug), the relaxation is likely to be from
stray fields picked up by muons in the sample holder or cryostat walls. The GPS

measurements would have been less susceptible to these effects as they were performed

on a ‘fly-past’ holder.

For high T, the thermally activated fluctuation regime, the relaxation rate is fit

to an exponential \ oc e®2/#87" (see Fig. 4.5 inset) in which E,/kg corresponds to the
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Figure 4.6: Calculated CF levels of Ho?t in Ho,TiyO7 with and without muon-induced
distortion (calculated using DFT, see section 3.3.4). These crystal field states deter-
mine the size and anisotropy of the Ho*™ magnetic moment. Bold red lines indicate
doublets, plain black lines are singlets.

energy gap between the ground state and first excited CF level. This gave an acti-
vation energy of E,/kg = 540(10) K (46.6(9) meV) for 7" > 180 K. A deviation from
the linear trend shown for In A\vs 7! for decreasing 7T signals a change in relaxation
channels as the higher energy levels become inaccessible with cooling. Note that E, is
the energy of the crystal field level that mediates the spin relaxation process. These
measurements show that at high 7', the energies are of the order ~ 10 meV, that is,
much larger that the measured values of A, which correspond to a Zeeman energies
of < 1peV. This implies that relaxation mechanism is likely some kind of Orbach
process [88] in which the small energy to flip the muon spin (and relax it) stems from

the difference between the larger energies of two crystal field transitions. To compare
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Figure 4.7: The calculated CF levels of Dy** in Dy;Ti,O7 with and without muon-
induced distortion as determined by DFT.

these with theoretically calculated CF levels, one must also consider any possible
muon perturbations, particularly as the groundstate in Ho®" is a non-Kramers dou-
blet and therefore highly susceptible to these effects. Thus we employ the usual DFT
method described in section 3.3.4 to identify the muon stopping sites. The muon site
in this case is found to be essentially identical to that calculated for ProSnyO7, and
consequently produces a similar distortion of the crystal lattice due to the muon elec-
tric field. As in the case of the Pr-based pyrochlore oxides, this results in an alteration
of the CF levels in the neighbouring Ho ions. These have been calculated for the four
nearest Ho?* ions and are shown in Fig.4.6. The calculations were also performed
for the case of Dy, TisO7 and are shown in Fig.4.7. In both compounds, the effective

activation energy (the energy difference between the first excited state and the ground
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state) of all four nearest neighbour ions decreased significantly with the introduction
of a muon. In the case of Ho?" the energy gap was reduced from 21.9meV, which was
already under half of that observed in SR measurements, to as little as ~ 0.1 meV
due to the splitting of the ground state doublet. In Dy3*, the difference is less pro-
nounced as the energy gap is reduced from 41.9 meV to 12.3-18.9mV for various ions.
To compare with SR, the data from Lago et al. in Ref.[79] were reanalysed using
Eq. 4.1 for consistency (as in the Ho case, the initial total asymmetry was fixed at
its maximum value of 28.23 %, as measured at high 7') and the results are shown in
Fig.4.8. Fitting In A\vs T~ at T > 180 K (Fig. 4.8 inset) gave E,/kp = 46.5(1.7) meV.
(Note that the original paper gave a value of 18.1meV (210 K) although it was later

found to contain an error in In \).

One complication arises in that each muon is coupled to a range of ions, whose
CF levels span a range of energy gaps as demonstrated by the DFT and subsequent
CF calculations. However, We see that in the case of Dy3*, the measured activation
energy is in agreement with that calculated for the unperturbed case, which implies
that the muons are dominated by ions that are situated further away from the im-
plantation site, and whose crystal environments are largely unaffected by the muon
electric field. In contrast, the observed activation energy in the case of Ho?T is of
a similar scale to that expected from Dy3*, but almost twice as that calculated for
unperturbed Ho?". This may simply highlight a high-T" bias in these measurements,
particularly as the fits for the activation energy assumes a 2-level system. In reality
this is true only at low T, and as T" increases the systems gains access to additional
excited states which results in the curvature that is observed in the graph of In A
against T~!. Therefore the reason we do not observe the smaller energy level split-
tings is likely due to a combination of the large far away spins dominating the signal,
and the fact that these measurements are insensitive to smaller scale splittings. To

summarise, previous studies have shown how the low-temperature regime of spin ice
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Figure 4.8: Temperature dependence of exponent [ and relaxation rate A in
Dy, TisO7. Data are refitted from ZF measurements in Ref. [79]. Inset shows high-T
behaviour of X\. The linear fit gives a measure of the activation energy (see text).

is dominated by monopole physics with an energy barrier of the order ~ 1K (5.64 K
for Dy, Ti,07 and 8.52K for HoyTi,O7 according to Debye-Huckel theory [89]). In
this study we see that as the temperature increases to 7' > 40 K, the system gains
access to the higher crystal field states, thus altering the size and anisotropy of the
Ho®*T /Dy3* magnetic moments. A subject for future work would be to obtain a full
quantitative agreement between the crystal-field energy levels and the observed A\(T")
and B(T), however this may involve a more detailed calculation of all the excited
state crystal field functions and allowed transitions between them, which is beyond

the scope of this thesis.
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4.4 Conclusion

In conclusion, I have demonstrated that unlike Dy, Ti;O7, there appears to be no
residual electronic fluctuations in the frozen regime of HoyTioO7 as measured in the
time frame of puSR. I have also presented a first attempt to systematically relate
the ZF relaxation rate in both compounds to the calculated crystal field levels after
muon implantation, which through DFT calculations are shown to be altered in a
similar way to that seen in previous pyrochlore oxides due to the muon electric field.
The data show an effective activation energy that increases with temperature, which
demonstrates that the system can access more excited crystal field levels with higher
T'. One surprising result is that the relaxation of the muons is not dominated by the
nearest neighbour Ho** and Dy?* ions, but by those further away which experience
less perturbation from the implanted muon. This may be due to the large moments
of Ho*" /Dy3* which allows the muons to couple strongly to those further away and
therefore allowing those unaffected by the muon implantation to dominate the signal.
Lastly, we see that the nuclear spin mechanism that was so dominant in the Pr
pyrochlores does not appear to operate in the spin ices, even for the case of the

non-Kramers ion Ho?t.



Chapter 5

Fe-based Superconductors

5.1 Introduction

In 1911, H. R. Onnes was able to show how electrical resistance in pure mercury
disappeared completely below 4.2 K thus demonstrating superconductivity for the
first time. Two decades later, W. Meissner and R. Ochsenfeld introduced another
intrinsic property of the superconducting state called the Meissner effect, in which a
material will expel any external magnetic field when cooled below T, [90, 91]. Some
superconductors (type-I) are found to exhibit the complete Meissner effect below a
critical field, above which the superconducting state is destroyed. Another type of
superconductor (type-II) was experientially identified by L.V. Shubnikov in 1936 [92,
93] when he observed an intermediate phase, the ‘mixed state’, characterised by two
different critical fields H.; and H.. These materials differ to type-I superconductors
in that there is only a partial Meissner effect in the mixed state and superconductivity

is gradually destroyed as the strength of the external field is increased.

A microscopic theory for superconductivity was thought to have been solved in
1957 by J. Bardeen, L. N. Cooper and J. R. Schrieffer (BCS) [94], who proposed

that electrons could overcome their mutual electrostatic repulsion and form pairs of

7
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opposite spin and momentum, called Cooper pairs, via electron-phonon interactions.
Crucially, this pairing leads to the formation of an energy gap with the electrons con-
densing to a single coherent ground state that is capable of carrying current without

loss of energy.

BCS was widely accepted as the general theory of superconductivity until another
major breakthrough in 1986 by J. G. Bednorz and K. A. Miiller, who discovered a
novel superconductor in Las_,Ba,CuOy4 [95]. This triggered a renewed surge of in-
terest in the field and led to the discovery of an entirely new class of unconventional
high-T; superconductors known as the ‘cuprates’. They were unconventional in that
their behaviour could not be described by the BCS model, with many of them having
impressively high transition temperatures in excess of that predicted by conventional
BCS theory (up to =~ 30 K), such as in the case of a Hg-based ceramic with T, ~ 133 K
[96]. Although the superconducting mechanism was not fully understood, it was as-
sumed that the presence of copper was essential to high-T, superconductivity since
the current was mediated by Cu-O planes in all of the recently identified compounds.
However, another discovery by Takahashi et al. in 2008 dismissed this idea when he
observed superconductivity in fluorine doped LaFeAsO with a T, of 26 K [3]. The
presence of iron was surprising since ferromagnetism was considered destructive to
superconductivity, and this ignited huge interest in a new series of Fe-based supercon-
ductors with critical temperatures of up to 55K [97]. These compounds show unique
features that are leading to the development of new theories of superconductivity in

close proximity to magnetism.

In this chapter, I shall first introduce a brief overview of Fe-based superconductors,
including their general structure, properties and phase diagram. I shall then present
a study of the superconducting properties of a recently discovered Fe-based supercon-
ductor Srg3(NHs),(NH3);_,FesSey, before moving on to describe the role of ammonia

intercalation in the related compound Li,[(NHs),(NHj);_,].FesSes (2 = 1,2). Lastly,
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I present a short SR study on the properties of the ‘111’ superconductor LiFeP.

5.2 Overview: Fe-based superconductors

The Fe-based superconductors consist of a layered structure, similar to that of the
cuprates, in which superconductivity is mediated by layers of edge-sharing Fe- X tetra-
hedra, where X maybe be a pnictogen such as As, P, or chalcogen such as Se, Te (see
Fig.5.1). A key challenge has been to find ways of modifying the iron-containing layers
to enhance superconductivity, with one way of achieving this being via intercalation.
For example, the tetragonal phase of FeSe with layered structure is a superconductor
with a relatively modest T, of 9 K. However, intercalation can be used to enhance
the transition temperature by a considerable degree. As a result, several families
of Fe-based superconductors have been identified and are categorised based on their
structural types. These include; the simple ‘111" systems, which contain no spacer
layer (AFeX, A =Li, Na), the ‘122’ family (AFey X5, A =Ca, Sr, Ba, Eu, K) and the
‘1117 family (AOFeX, A =La, Ce, Pr, Nd) [98], as well as other complex compounds
such as SrzSceOsFesAsy [99].

A comparison of the generic phase diagrams for cuprates and Fe-based super-
conductors is shown in Fig.5.2. In both cases, there is a transition to an anti-
ferromagnetic (AF) phase below a temperature Ty at zero-doping, and superconduc-
tivity emerges only upon doping with holes or electrons. Other methods of inducing
superconductivity include applying mechanical pressure [101] or, as described above,
by modifying the crystal structure via isovalent chemical substitution (i.e. applying
a chemical pressure) [102]. There are also some clear differences between the two
types of compounds. Firstly, in their underdoped form, cuprates are Mott insulators
whereas the Fe-based systems show poor-metallic behaviour. Both families undergo a

magnetic transition at low temperature, although in the cuprates, the magnetic order
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Figure 5.1:  a) Crystallographic structures of the Fe-based superconductors. The
universal iron layer responsible for superconductivity is shown in b) viewed in-plane
(red speres are iron ions; gold spheres are pnictogen /chalcogen anions). An alternative
view is also shown from above with the ordered antiferromegntic structure indicated
by arrows. From Ref. [100].

is conventional AF, whereas the Fe-based compounds feature a stripe-like ordering
[103] with alternating ferromagnetic and AF arrangements in adjacent layers (see
Fig.5.1b). In addition, the magnetic transition in the Fe-based compounds is often
accompanied by a tetragonal to orthorhombic structural transition, although these

transitions do not always occur simultaneously.

One important area of investigation is the pairing symmetry of the bound elec-
tron pairs. This refers to the symmetry of the superconducting gap, a measure of
the energy required to break Cooper pairs, whose properties could offer insight into
the underlying pairing mechanism. Although once thought to be incompatible, the
close proximity of the AF and superconducting phases observed in all uncoventional
systems has long suggested that magnetism could play a key role in high-7. supercon-
ductivity. Current studies identify magnetic spin fluctuations as the driving mecha-
nism, with d-wave pairing in the cuprates and primarily s-wave pairing in Fe-based

materials [105, 106].
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Figure 5.2: Generic phase diagrams for a) the cuprates and b) the Fe pnictides as
a function of electron or hole doping (exact details/phases vary depending on com-
pound). There is magnetic ordering in the parent compounds with superconductivity
emerging via doping, and in the case of the pnictides also by applying pressure.
Whilst most cuprates display conventional antiferromagnetism, many of the Fe pnic-
tides show a stripe-like magnetic ordering [103] that is accompanied by a tetragonal
to orthorhombic structural transition. Another noticeable difference is the presence
of a pseudogap in the cuprates that is not common in the pnictides. Ref. [104].

Much of this research is driven by the desire to further increase critical tempera-
tures and ultimately synthesise materials with room-temperature superconductivity.
To this end, it is essential to identify the limiting factors in these systems. One fun-
damental measure of superconducting strength is the upper critical field H.o, whose
temperature dependence can provide a valuable insight into the origin of field—induced
pair breaking, as well as a means to extract other significant parameters such as co-
herence length and penetration depth. In the rest of this chapter I shall present
high-field and pSR studies on a range of recently discovered Fe-based superconduc-
tors and demonstrate how key parameters are affected via modifications of the crystal

structure and intercalation species.
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5.3 Superconductivity and structural disorder in

SI‘O‘g (NHg)y (NHS) 1_yF62862

5.3.1 Introduction

Increasing the inter-layer separation in FeSe has been found to give rise to a dra-
matic effect on the superconducting transition temperature T.. Studies show that
pure FeSe (T, = 8.5K [107]) can be intercalated with alkali metal ions and ammonia
[108, 109, 110] or other organic molecules [111, 108] to produce new superconductors
with transition temperatures of up to around 45 K. Similar high-7, behaviour can be
induced using metal hydroxides as the spacer layer [112, 113, 114, 115]. This trend
of increase in T, with increasing layer separation does not continue indefinitely [111],
and this effect can be rationalised through first-principle calculations [116]. However,
one factor that has not been so closely examined is the effect of controlled structural

disorder on 7.

This section is based on work published in Ref.[117] as part of a collaborative
effort. We have identified an intercalated FeSe compound Sr,(NHs),(NHj);_,FesSes
(x=0.3,0.2 < y < 0.6) in which random stacking of well-defined layers results in a
paracrystalline structure. Paracrystalline materials are defined as having short and
medium range structural ordering in their lattice, but lacking long-range ordering
in at least one direction. This compound belongs to a family of layered interca-
lates Ax(NHj),(NHj3);_,FesSes (A = Li, Na, K, Rb, Cs, Ca, Sr, Ba, Eu and Yb),
in which bulk superconductivity occurs in anti-PbO-type FeSe layers composed of
edge-sharing FeSe, tetrahedra that are separated by metal ions, amide ions and am-
monia molecules [109, 118, 110, 119]. Figure5.3 shows the various structures and
the conventional unit cell with a = b ~ 3.8 A and ¢ = 16.5-17.4 A. These compounds

remain tetragonal down to low temperatures and do not exhibit orthorhombic dis-
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tortion. Neutron scattering and X-ray diffraction measurements have revealed some
structural differences related to the size of the cation used; when it is small (A = Li),
Fe ions in adjacent layers occupy the same primitive tetragonal sublattice [109], as
shown in Fig.5.3(a). For larger cations (A = K, Rb), the arrangement of Fe and Se
ions is unchanged, but the larger electropositive cations share the same sites as the
amide and ammonia moieties in the body-centred position of the primitive Fe sub-
lattice (see Fig.5.3b). As I will describe in more detail in the following sections,
the Sr case presents a scenario in which there is a random stacking of adjacent FeSe
layers along the c-axis, which may be described as paracrystalline. In this case, there
is long-range ordering within individual layers that occupy the a-b plane, and the
structural disorder exists along the c-axis due to the random stacking arrangements
of these layers. I shall demonstrate through SQUID magnetometry, pulsed magnetic
fields and muon spin rotation (uSR) measurements that, despite this unusual struc-
tural disorder, superconductivity remains robust with a T, ~36 K that is significantly

higher than that of the parent compound.

5.3.2 Experimental methods

Sample synthesis and characterisation, including powder x-ray diffraction and bulk
susceptibility measurements, were performed by S. J. Cassidy, S. J. Sedlmaier, J.
D. Wright and S. J. Clarke. In an argon filled glovebox, finely ground FeSe powder
(1.970 g, 14.611 mmol) synthesised from the elements as described elsewhere [109]
and pieces of strontium metal (0.640 g, 7.304 mmol, ALFA) were placed in a thick-
walled glass Schlenk tube capable of withstanding an internal pressure of over 15 bar.
The tube was evacuated and cooled to —78 °C with an isopropanol/dry ice cooling
bath. Around 50 ml of liquid ammonia was condensed into the Schlenk tube and the
Sr metal was dissolved in the liquid ammonia to produce a blue solution. The valve

on the Schlenk tube was closed, isolating it from the line and the reaction mixture
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Figure 5.3: Crystal structure of the FeSe intercalates family in which the spacer
layer consists of ammonia with (a) Li, (b) Rb, or (¢)—(f) Sr atoms (hydrogen omitted
for clarity). In the Li and Rb intercalates the Fe atoms (grey spheres) in adjacent
layers occupy a primitive agyp, X sup X Csup Sublattice, where cgy, = ¢/2 is the distance
between adjacent Fe layers (~ 8.3 A for the Li intercalate). In the Rb case, the metal
ions and ammonia molecules share the same site with 50% occupancy (split pink/blue
spheres). In the Sr case, the Fe sublattice is a body-centered tetragonal unit cell that
is elongated by a factor of two in the ¢ direction and the structure contains random
stacking faults. The stacking faults are illustrated in Figures (c¢)—(f) as follows. The
dotted lines indicate where the stacking faults occur, with the section below the
lower dotted line being identical in all four diagrams. Above the lower dotted line,
the Fe-Se units are translated relative to those in the lower layer by half a unit cell
along either the a or b direction. At the upper dotted line, the same translation
along a or b occurs again, so that with n dotted lines there would be 2" possible
configurations. With the two dotted lines shown, Figures (¢)—(f) demonstrate the
four possible stacking combinations when starting from an identical base layer. The
position of the Fe sublattice relative to the unit cell in a single layer, as viewed along
the c-axis is shown in (g).
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was allowed to warm to room temperature and stirred for 24 h. After the reaction, it
was recooled to —78 °C, allowing the valve to the line to be opened. The ammonia
was evaporated off via a mercury-filled bubbler while letting the Schlenk tube slowly
warm to room temperature. At the end of this process the Schlenk tube was placed
under dynamic vacuum for 2 min and brought into the glovebox. The product was
isolated as a very fine black powder. Samples were prepared using both normal and
deuterated ammonia. The following measurements focus on the former, and involve
two different samples from separate syntheses (note that the samples were synthesised
under the same conditions and are therefore expected to exhibit the same physical
properties). For clarity, I shall refer to them individually as sample A and sample
B. Due to their air-sensitive nature, all samples were handled under an inert gas

atmosphere at all times.

ZF, LF and TF uSR measurements were carried out by myself using the GPS
spectrometer at PSI, and the MuSR spectromter at ISIS, RAL, with the assistance
of S. J. Blundell J. D. Wright and T. Lancaster. The powdered samples were placed
inside a Ag-foil packet (~ 12.5 um foil thickness) under argon, crimped closed and
mounted a silver backing plate. For the TF experiments, heamatite was placed on
the backing plate to ensure any muons missing the sample did not contribute to the

measured relaxation.

Pulsed magnetic field measurements, and relevant analysis, were carried out at
the NKMFL by myself with the assistance of S. Ghannadzadeh and P. A. Goddard.
Initially, the sample was prepared as a pressed pellet under argon atmosphere to
maximise packing efficiency and hence improve the signal. To prevent oxidation, the
sample was covered in degassed Apiezon grease before being transferred to a pre-
wound sensor coil consisting 8 turns of 75 um thick copper wire (~ 1 mm diameter)
and quickly mounted inside the He? jacket. However, no superconducting transitions

were observed upon cooling in fields of up to 35T, suggesting that the powder may
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have been exposed to air during/after the pressing process, or reacted with the grease
itself. The measurements were repeated with the powder mounted in an ampoule of
I mm diameter (0.15 mm walls), again under argon, which was sealed with a layer of
degassed Apiezon grease, teflon tape and GE varnish. A pick-up coil (10 turns, 25um

copper wire) was wound directly onto the ampoule.

5.3.3 Structural characterisation

The crystal structures of the products were analysed using synchrotron X-ray powder
diffraction on beamline [11 at the Diamond Light Source, or beamline ID31 at the
ESRF. Samples were sealed under an argon atmosphere within 0.5 mm diameter
borosilicate glass capillaries. The diffractograms revealed a series of extremely sharp
reflections that could all be indexed on a body centred tetragonal unit cell with
lattice parameters ag,, = 2.7A andc=174A (see Fig.5.4a). The intensities of these
reflections were accounted for by the model shown in Fig.5.4(b)—(c) in which the
familiar square planar Fe nets found in all the iron selenide superconductors with Fe—
Fe = agp, ~ 2.7 A are related by the body centering translation. This model was also
obtained using a charge flipping algorithm implemented within Topas Academic [120],
and was consistent for all the samples investigated. However, it failed to account for

regions of weak structured diffuse scattering as evident in Fig. 5.4(c).

An improved fit was found with a a = b = v/2ag,, basal expansion of the tetrago-
nal unit cell. In order to satisfy the coordination requirements of the ions (shown in
Fig. 5.4f-g), the FeSe layers formed a random stacking arrangement along the c-axis in
which adjacent layers were constrained to be translated relative to one another by a /2
or b/2. This captured the key features of the diffuse scattering seen in Fig. 5.4(d)—(e).
The resultant interatomic distances and the coordination environments were chemi-

cally realistic with N-H...Se distances (3.7 A) similar to those found in the analogous
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Li/NHj intercalates. Note that some discrepancies remain in quantitatively modelling
the intensity distribution in these parts of the diffraction pattern (decomposition of
the samples in the electron bean ruled out transmission electron microscopy as a
means to further explore the diffuse scattering). This description of the structure
in which well-defined layers are stacked in a disordered manner may be described as

paracrystalline [121].

The refinements produced a Sr:Fe ratio of 0.15:1 and an N:Fe ratio of 0.5:1, how-
ever the measurements conducted so far did not allow the N:H ratio to be deter-
mined with certainty. Thus we use the formula Srq3(NHs),(NH;s);_,FesSes. Since
the Sr/ammonia solution is reducing, the upper bound on y is 0.6 yielding an Fe
oxidiation state of +2. An Fe oxidation state of +1.8 which is found for other iron
selenide systems would require y = 0.2. In what follows we refer to the mixture of

amide and ammonia moieties as NH, (2.4 < z < 2.8).

5.3.4 Disorder in Se

From the foregoing work we arrive at one key difference between this intercalate and
the previously described intercalates containing alkali or alkaline earth metal ions and
ammonia molecules/amide ions. That is, the square arrangement of iron atoms in
one layer is related to that in the neighbouring layers by a basal plane translation
of half a unit cell in either the a or b direction, resulting in the 2.7 x 2.7 x 17.4 A3
body centered tetragonal arrangement of Fe atoms (see Fig. 5.3c—f). In contrast, the
arrangement of adjacent Fe layers in all other iron-based superconductors are related
by the ¢/2 lattice vector and thus describe a primitive 2.7 x 2.7 X ¢y, sublattice.
Figure 5.3(c)—(f) demonstrates how the nature of these translations, represented by
dotted lines, result in a paracrystalline structure as follows: Consider starting from

an identical base layer (the region below the first dotted line), in which the Fe, Se
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Figure 5.4: Refinements against 111 powder diffraction data showing experimental
(green) and calculated (red line) patterns as well as the difference (gray line). The full
pattern is shown in (a) with magnifications of the diffractogram showing calculations
from two different models in (c¢) and (d) (magnifications are shown with the same
horizontal scale as (a) but with a logarithmic intensity scale to emphasise the weak
features in the data). The full pattern is dominated by sharp Bragg reflections which
can be accounted for by the disordered average structure shown in (b) with space
group I4/mmm with unit cell ag,, X asup X ¢. This model assumes full occupancy of
the Fe sites that describe a body centered tetragonal unit lattice, but 50% occupancy
of the selenide sites and also partial occupancy of the N and Sr sites. However it fails
to account for regions of diffuse scattering, as shown in (c¢). (d) shows an improved
fit to the diffuse scattering (ringed) when using a model in which chemically realistic
layers (boxed region in diagram (e)) with basal lattice parameters a = b = v/2 X agp
are translated by either a/2 or b/2 relative to their neighbours, as described in the
text and Figure5.3. Both fits employed the same background function. Hydrogen
atoms attached to the nitrogen atoms were not modelled, but assumed to be directed
towards the selenide ions as described in related systems [109]. (f) and (g) show the
local coordination environments around the Sr and N, respectively.

and intercalated species occupy the same crystallographic sites as those found in the
Li case. To construct the next layer, each atom must be translated by either a/2 or
b/2. In each case the Fe sites are the same but the positions of the Se, ammonia and
metal species change depending on the chosen direction. As the translation occurs
along a randomly chosen direction with the addition of each layer, it follows that for n
layers there would be 2" possible configurations. Our interpretation of the structural
data is that despite the random stacking, the well-separated FeSe layers themselves
remain well ordered, which helps to explain our findings, described below, that robust

superconductivity is preserved in these systems.
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5.3.5 SQUID magnetometry

Magnetic susceptibility measurements were recorded using a Quantum Design MPMS-
XL SQUID magnetometer. Samples of the Sr/NH, intercalate (sample A, 30.2 and
29.8 mg) and the Sr/ND, intercalate (34.0 and 30.2 mg) were filled and immobilized
in gelatin capsules. Measurements were conducted in D.C fields of 5mT in the tem-
perature range 2-150 K after cooling in zero applied field (ZFC) and in the measuring
field (FC).

The magnetometry measurements performed directly after the synthesis (Fig. 5.5)
indicate bulk superconductivity with a noticeable sharp drop to negative susceptibility
values at T, = 36(1) K for sample A (~ 35 K for the second sample). There is no effect
of H/D substitution on 7. Although the superconducting volume fraction is larger
in the case of D, the difference is consistent with the natural variability of volume
fractions achieved in different syntheses. Even after nine months, the superconducting
volume fractions and the sharp drop at 7. were found to be unchanged. A small
reduction in T (of 2-3 K) was detected, although this was not found to be correlated
with any significant change in structure. In the remainder of this Chapter, I shall

present magnetometry and pSR data on the Sr/NH, intercalate.

5.3.6 The upper critical field

The upper critical field H., of sample A was measured using the PDO dynamic
susceptometer. As described in Chapter 2, the sensor coil is inductively coupled to
the PDO circuit, which is essentially an LCR circuit with resonance frequency f that is
measured as a function of field and temperature. For normal metals/superconductors,
f is highly dependent on changes in the skin/penetration depth, thus when sweeping
in field or temperature the onset of superconductivity is observed as a large change of

f, at Hey or T, due to the difference in skin and penetration depth of the two states.
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Figure 5.5: (a) Volume susceptibility x of Sr/ND, and Sr/NH, (sample A) interca-
lated iron selenide after synthesis. (b) Measurements showing a slight decrease of T,
after 14 weeks and 9 months for the Sr/ND, and the Sr/NH, intercalate, respectively.
Data were taken for temperatures in the range 4.2 —40 K in fields of up to 38 T with a
measurement at 40 K serving as a normal-state reference. The data measured at each
T is then offset such that the frequency in the normal state matches that measured at

40 K. Below T the onset of superconductivity is marked by a sudden rise in frequency

and a deviation from the normal-state signal (see Fig.5.6).

Additional heating can occur due to eddy currents that are generated in the mixed
or normal state by the applied field. In some cases this produces hysteresis in the
data and a shift in Hy, with the effect being more pronounced with a larger dB/dt

(a shorter pulse length for the same maximum field). In this case, the samples were
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Figure 5.6: (a) Down-sweep portion of pulsed magnetic field data for
Sro.3(NHs),(NHs);_,FesSes (sample A) at various temperatures 77 < 40 K. Data
are offset so that the frequency in the normal state matches that measured at 40 K
(blue line). Inset: sample mounted on the end of the PDO probe before lowering into
cryostat. (b) Close-up showing the intersection of two slopes used to determine H.s.
(c) Second method for calculating H., as the peak position in d*f/dH?2. (d) Typical
38 T field pulses demonstrate how dB/dt varies with pulse length when using one or
four banks of charging capacitors, each providing an energy of up to 0.2 MJ.

found to be insensitive to these effects as no difference in f was observed between

varying pulse lengths between 7ms and 14 ms (see Fig.5.6(d) for field profiles of the

pulses).

Note that due to the broadness of the phase transition, the value of H., is partic-
ularly difficult to determine at low T'. This may be due to the critical field anisotropy

between the in-plane and out-of-plane directions increasing as the system is cooled
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Figure 5.7: Phase diagram for Srg3(NHs),(NH3);_,FesSe, using the slope and deriva-
tive methods as described in the text. The transition is too broad for a reliable
estimate of H.o at 4.2 K.

and so for a powdered sample there is a more gradual change in frequency. To ensure
H., is correctly measured, I define two different methods for extracting its value.
Firstly, I take Hg as the peak in d?f/dH? and its uncertainty as the half-width at
half-maximum (see Fig.5.6¢). Secondly, one may perform a linear extrapolation of
the curve on either side of the transition and define H., as the point of intersection
of these two slopes. In this case, another criterion is the point at which the line
extrapolated from the curve below the critical field crosses the normal-state signal.
I take the uncertainty as the difference between these two points of intersection (see
Fig.5.6b). Both methods give similar results with Hs increasing steadily as the sam-
ple is cooled, with the curve exhibiting a concave form (see Fig.5.7) that has been

observed in multi-band high 7T, superconductors [122].

5.3.7 TF uSR

TF pSR was used to probe the internal field distribution in the vortex state. In this

configuration, the measured asymmetry is proportional to the spin polarisation as
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Figure 5.8: Example raw spectra (sample B) measured by a single bank of detectors
on the MuSR spectrometer in a transverse field of 10mT at 40 K (black points) and

2K (red points). The increase in broadening below T, signals the development of the
vortex lattice.

measured by individual detector banks (see Fig.5.8). This experimental situation

can be modelled using a fit function;

A(t) = Apg cos(7uBappt + ¢) eXP(_(Ubgt)2/2) (5.1)
+ Ay, cos(7, Bpit + ¢) exp(—(oyit)?/2),

where the phase ¢ results from the detector geometry, and Ayy, and Ay, are the re-
laxing asymmetry due to vortex lattice and background contributions, respectively
(the latter originates from muons stopping in the non-superconducting fraction of the
sample or silver sample holder). This model assumes a symmetric Gaussian distribu-
tion of local fields with a peak value Bpy (Bapp) and standard deviation, or damping
factor, ovy, (ong) corresponding to the vortex lattice (background) contributions. Ini-
tially, data in the range T" > T, were fitted with the background component only,

with all parameters kept free. The average values of the temperature-independent
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parameters (B, 01, and ¢) were calculated and the whole data range was refitted
using Eq. 5.1 with these variables fixed. The output values of Ay, and Ay, from this
second fitting routine were also found to be temperature independent in the range
T < T.. Their calculated averages were Ayy, = 6.46(6)% and A,, = 19.8(9)% for
sample A, and Ay, = 6.2(1)% and Ay, = 4.6(5)% for sample B. This allowed for a
further, final refinement of the fit using these fixed values of Ay, and Ayy,. The width
of the field distribution is given by Byms=0vr /7, and its temperature dependence is

shown in Fig. 5.9.

T(K) T(K)

Figure 5.9: Temperature dependences of field width B,,s and peak field Byx from TF
1SR measurements of a) sample A (GPS data) and b) sample B (MuSR data). Fits
(red lines) are to the Eq.5.4 and Eq.5.5, with the former used to extract absolute
values of Byys(T = 0) and A\p (T = 0).

We observe a broadening of the field distribution (increase in Bins) when the
samples are cooled through 7, in an applied field of 10mT that can be attributed
to the formation of the vortex lattice with superconductivity setting in at around
36.3(2) K and 35.2(2) K for sample A and B, respectively. These slight differences
are to be expected from sample variation, particularly as sample A was measured

in considerably less detail in the vicinity of the superconducting transition (the TF
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measurements were performed primarily to confirm the sample quality prior to the

LF and ZF measurements, which are discussed in the following sections).

As the material enters the superconducting state, the applied field is partially
screened resulting in a diamagnetic shift in By for T'<T.. For powdered samples, the

effective penetration depth A.g is related to the field width via

v0.00371®

By = 5.2
0 )\gﬁ ) ( )

where ® is a magnetic flux quantum and By is the vortex lattice contribution to By
[123]. Note that g is a powder average over all orientations, therefore it contains
contributions from both the in-plane and out-of-plane components denoted by A,
and ., respectively. However, for strongly anisotropic superconductors such as these
(in the limit A./Aap > 5), Aegr is known to be dominated by A, and approximated by

Aot = 37 \ap [123]. Thus Eq. 5.2 becomes

1/0.00371D,
(31 )2

0:

(5.3)

For these data, it is assumed that the only other contribution to B, is from nuclear
dipole fields, which are temperature independent and add inquadrature. We fit our

data to the phenomenological functions:

Boa(T) = { B} [1 - (%)a} 74 thp}é (5.4)
By(T) = Bapp — Bain [1 - (%)a} . (5.5)

where By, is the maximum diamagnetic shift of the peak field, and By and By, are the
widths corresponding to the vortex lattice (at 7' = 0) and nuclear dipole contributions,

respectively. For the fits shown in Fig. 5.9 the fitted parameters are § = 0.18(4) and
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B =0.7(1) for sample A, and § = 0.33(3) and 8’ = 0.43(3) for sample B, both with
fixed @ = o = 1. Using a weighted average of the extracted values of By (considering

the measurements of sample A were less detailed) we calculate a penetration depth

of Aap(T = 0)=292(3) nm.

5.3.8 ZF and LF uSR

ZF puSR was used to further probe the intrinsic magnetism of the system. These
measurements were performed on sample A only. No spontaneous oscillations were
observed in the forward-backward asymmetry across the whole temperature range,
nor was there any discontinuous change in amplitudes or recovery of the baseline
asymmetry at low temperatures (see Fig. 5.10a). Together these make the presence of
any long-range magnetic order unlikely. Given that the spectra do not follow a Kubo-
Toyabe relaxation, it is also unlikely that the relaxation is caused solely by nuclear
moments. The lack of recovery of the baseline asymmetry at late times suggests
dynamic fluctuations and we therefore attribute the ZF signal to relaxation caused

by disordered, fluctuating electronic moments. The data were fitted to the function

A(t) = AI“EI eXp<_)\t) + Abasea (56)

where A, is the relaxing asymmetry with relaxation rate A and Ayase 1S a non-relaxing
background. A, can be considered as the lower bound for the superconducting
volume fraction, which for this sample was around 1/3. As previously mentioned,
exponential relaxation is often used to model dense spin systems that are dynamically
fluctuating, where the relaxation rate A is proportional to the variance of the local
magnetic field distribution and also to the fluctuation time, or a dilute spin system in
the presence of dynamic fluctuations. Upon cooling, the relaxation rate A (Fig.5.10b)

begins to increase gradually with decreasing temperature. Once cooled below T¢ it
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increases far more rapidly, suggesting that the relaxation rate is in some way coupled

to the superconducting order parameter.
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Figure 5.10: (a) Example asymmetry spectra from ZF SR measurements taken on
sample A (GPS data). Fits are to Eq.5.6. (b) Temperature dependence of relaxation
rate A measured in zero-field. Below T, the data points deviate sharply from the
linear trend (red line).

LF measurements were made at 5 K and 100 K in fields of up to 200mT (see
Fig.5.11). For data measured at 5 K (Fig.5.11a) the sample was cooled below T, in
zero applied field. At both temperatures the relaxation is decoupled at relatively low
fields (= 5 mT at 100 K and ~ 20 mT at 5 K), suggesting that the relaxation is due to
fairly dilute and/or static spins with residual dynamic fluctuations. One scenario is

that there is a sizeable contribution to the ZF relaxation from static nuclear moments,
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with dilute, fluctuating electronic moments providing additional relaxation. The lack
of any peak in \ suggests the absence of any freezing of the dynamics of the moments
(as one would expect in a spin glass due to magnetic interactions), supporting the
interpretation that these are dilute and not strongly interacting with each other.
The fact that the relaxation rate is coupled to the superconducting order parameter
implies that the moments are embedded in the superconductor, rather than in phase-
separated pockets. At high temperatures compared to T, the moment size and/or
fluctuation rate increase slowly upon cooling. Upon cooling below T, the muon spins
likely experience a combination of slower fluctuation times, larger moments and an
increased width of the field distribution. The latter could arise in a manner analogous
to the increase in B, in the TF measurements. Specifically, if the moments are
locally in a normal (rather than superconducting) region and sufficiently numerous
that there is a degree of overlap of their magnetic fields in the superconducting regions,
then the decreasing penetration depth upon cooling would lead muons, which decorate
all of the sample, to experience a broader distribution of local fields. Taken together,
the ZF measurements therefore suggest the presence of a small concentration of dilute
magnetic moments dispersed in the superconducting volume, but whose presence does

not seem to adversely affect the presence of superconductivity.

5.3.9 Discussion

Pulsed-field measurements indicate an upwards curvature in H., vs temperature (see
Fig.5.7), which may be indicative of a multiband nature. This type of behaviour
has been observed in other layered two-band superconductors such as the FeAs-based
systems [124, 125], and the parent compound FeSe using resistivity measurements
[60]. Fits of the Werthamer-Helfand-Hohenberg (WHH) model [126] for a one-band
superconductor in the dirty limit did not converge. Instead we use a model developed

by Gurevich that is based on a weakly-coupled two-band BCS superconductor [127,
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Figure 5.11: Example LF pSR spectra at (a) 5 K and (b) 100 K (sample A). Above
T. the spins are decoupled at relatively low fields (=5mT).

128]. This includes scattering from non-magnetic impurities, orbital pair breaking,

strong electron-phonon coupling, and spin paramagnetism (note that unlike the WHH
model, it does not account for spin-orbit effects). The model parameters are the band
diffusivities Dy and Dy, and the intraband (A;; and Agg) and interband (A2 and Agy)
coupling constants.

Assuming that the non-magnetic impurity scattering does not

affect T, the upper critical field is given in reduced natural units h = He.oDq/2¢0T
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and t = T/T, by

ag[lnt + U(h)][Int + U(nh)]

(5.7)
+ as[lnt + U(nh)] + a1[Int + U(h)] = 0,
where
) =0+ o+ L) - ), 58)

in which ¢(z) is the digamma function, n = D5/ D is the ratio of band diffusivities,

and the constants ag, a; and as are functions of the coupling constants.
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Figure 5.12: Fits of H. using the two-band Gurevich model (Eq.5.7) with either a
fixed w or fixed intraband coupling constants A;; and Mgy (H.o determined by the
slope method). Dotted line shows a fit to the single-band WHH model.

In any case, the model is difficult to fit due to overparameterisation; at high
temperatures, H.y is strongly dependent on D,/D; and weakly dependent on the
coupling constants, which contribute significantly only in the mK temperature range.
Consequently, fits to the data converge only when one set of coupling constants (either
interband or intraband) are fixed. Fits are shown in Fig.5.12 for various values of
A1, Agg and w = A1 A2 — A2 A91. The Gurevich model was successful in modelling the

upwards curvature of H. which stems from the difference in diffusivities of the two
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bands i.e. g—f < 1 [128]. However, we found that it was possible to fit for both a strong
(when w < 0) and weak (w > 0) interband coupling and fitted parameters varied
considerably depending on the values of the chosen coupling constants and the method
for finding H.o. This is particularly noticeable when extrapolating Heo(T') to absolute
zero. When using H., values extracted by the slope method as described earlier, we
find poHc2(0)~33(2) T to be fairly consistent across various different scenarios (see
Fig.5.12). The derivative method for calculating H.s could not be extended to the
lowest temperature datum and hence produced a poorly constrained estimate, thus

this method was deemed less reliable.
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Figure 5.13: The Uemura plot of T, against superfluid stiffness ps = ;TQ shows that
ab

the intercalates Ay (NHs),(NH;s);_,FesSes (A = Sr, Li) fall close to the main scaling
line.

The Uemura relation [129] is a scaling relation between 7. and the superfluid stiff-
ness ps which seems to hold well for many exotic superconductors [130]. It is known
to break down for overdoped cuprates [131] and may be an over simplification [132],
and other scaling relation behaviours have been explored [133, 134, 135, 136]. Never-
theless, the Uemura plot of T, against ps provides a convenient means of exploring the

energy scale to break up pairs as a function of the strength of the order parameter,
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2

v, where c is the

and our TF SR data allow us to extract an estimate of p; = ¢*/\
speed of light [137]. As shown in Fig. 5.13, we find that the Sr intercalated compound
is close to the main scaling line on the Uemura plot, as is the Li intercalated ma-
terial [109], and this behavior correlates with underdoped cuprates and many other
iron-based superconductors. Note that there is also another, lower line in this plot,
which is common to electron-doped cuprates [138, 139] and LiFe; _,Co,As [140, 141].
For those materials, it is found that although the superconducting state is reasonably

robust (the superfluid is stiff) the strength of the pairing is significantly suppressed,

but these considerations do not seem to apply to our intercalated compounds.

5.3.10 Conclusion

In this section I have presented a study on superconducting properties of a recently
discovered superconductor Srg3(NHs),(NHs)1_,FesSe, using pulsed-field magnetom-
etry and pSR techniques. The upper critical field was shown to increase upon cooling
and exhibited a concave form that is reminiscent of other multigap high-temperature
superconductors, which when extrapolated to absolute zero gives a maximum upper
critical field of poHe2(0)~33(2) T. TF uSR measurements show a clear diamagnetic
shift and a broadening of the field width that is highly reproducible between different
batches of sample, with the onset of superconductivity at ~ 36 K. ZF uSR did not
reveal any long-range magnetic order but indicated dilute electronic moments with
some residual dynamics and whose behaviour is coupled to the superconducting order
parameter. We find that intercalation of Sr atoms together with amide and ammonia
introduces intrinsic stacking disorder that results in a paracrystalline state. The sys-
tem nevertheless retains complete structural order of the Fe sublattice, and thus these
results demonstrate that robust superconductivity does not rely on perfect structural

coherence along the c-axis.
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5.4 The role of ammonia in

Lix[(NHg)y(NHg)l_y]zFegseg (Z = 1, 2)

5.4.1 Introduction

[ now turn to the case where Li and ammonia are used as the intercalated species. This
compound was initially characterised by Burrard-Lucas and co-workers who reported
a T, of 43(1) K [109]. I will henceforth refer to this compound, Li,[(NHs),(NHs)1_,]-
FeySes, as the ‘ammonia-poor’ intercalate (or NHs-poor, z = 1). A later study which
monitored the intercalation reaction in situ on a synchrotron beamline indicated an
intermediate intercalated superconducting phase that is much richer in ammonia [97]
(see Fig.5.14), with a slightly lower critical temperature of 39K (z = 2). Following
these findings, this ‘ammonia-rich’ (or NHs-rich) phase Li,[(NHj),(NH3)1_,]2FesSes
has been synthesised in bulk by co-workers S. J. Clarke et al. and its structure
refined [97]. In this section I report on an experiment to measure the penetration
depth and volume fraction of the two phases and confirm whether these reactions
result in superconductors that track the Uemura scaling line or show anti-correlating
behaviour. The previous study in [109] has shown a means to probe these reactions
in situ using powder x-ray diffraction in which the measured product is obtained by
reaction of iron selenide with liquid ammonia solution of Li and subsequently exposed
to 1 bar of ammonia at 250 K. Here, I now combine this technique with SR in order
to measure the internal field distribution in situ as one phase is converted to the

other.

5.4.2 Experimental methods

This work forms part of a collaboration with S. J. Clarke and co-workers [142]. Syn-

thesis and characterisation were carried out by D. N. Woodruff and S. J. Cassidy.
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Figure 5.14: The reaction of NHz with FeSe (left) to produce the NHs-poor phase
(right) via an NHj3-rich phase (middle). The interlayer spacing d is indicated. Adapted
from Ref.[119].

1SR experiments were performed on the MuSR spectrometer by myself and D. N.
Woodruff with the assistance of F. L. Pratt, P. J. Baker, T. Lancaster and S. J. Blun-
dell. Time-domain fitting of the data was performed by myself. Fourier transform

spectra were also generated by myself and analysed by S. J. Blundell to provide an

independent estimate of the superfluid stiffness.

For the experiment, the ammonia-poor sample was initially prepared via the pro-
cedure previously reported in [109]. Due to its air-sensitivity the sample was isolated
and transferred to a He filled glovebox where it was loaded into a muon TiZr sample
holder with TiZr foil windows which was mounted in a *He bath cryostat. To ‘charge’
the sample with ammonia a modified procedure similar to that previously reported in
Ref.[119] was used; the sample holder was attached to an in-house built gas handling
set-up and placed under dynamic vacuum before being cooled to 250 K. Once the
temperature had equilibrated, the dynamic vacuum was removed and the sample was
exposed to a buffer volume of ammonia gas, which was at a pressure of 1bar. The
amount of ammonia absorbed by the sample was monitored by monitoring the pres-

sure of the ammonia inside the buffer volume; once the pressure had stabilised, the



5.4. The role of ammonia in Li, (NHs),(NHs);_,FesSe, 105

holder was sealed and the sample measured. Discharging ammonia from the sample
was done by evacuating the buffer volume and warming the sample to 250 K. It was
then exposed to the ‘static’ vacuum of the buffer volume and slowly warmed to room
temperature. Finally the sample was placed under a dynamic vacuum for 2 hours to
produce the ‘ammonia-poor’ phase, which was then released and remeasured. The
sample was cooled in a transverse magnetic field of B,,, = 10mT and data were
collected in the temperature range 1.5 K to 50 K using the MuSR spectrometer at
the ISIS muon facility, RAL. Note that B, is estimated to be well above the lower
critical field B, given that it is of the order ~ 3mT [143] in the parent compound
and that values of 3-8 mT have been reported in other intercalated FeSe compounds
[118, 144]. We shall see in the next section that due to the pressurised cell, the data are
contaminated by an unavoidable larger background signal from muons stopped within
the apparatus but outside the sample. Nevertheless, this technique of performing the
chemical transformations in situ ensured that both phases were accessible to study
while all details of the background from the sample holder and cryostat remained

unchanged.

5.4.3 Results

Two independent methods were used to analyse the data and extract a value of the
superfluid stiffness ps. Firstly, the data were fitted in the time-domain assuming a
Gaussian distribution of local fields with mean value Bk in the applied field By,
described by Eq.5.1. As in the previous case, the normal state was initially fitted
with the background component only to calculate the average values of By, ope and
¢, which are temperature independent, and then the whole data range refitted with
the complete function using these fixed values. Further refinement was achieved by
a final fit using averaged values of Ay, and Ayr,. The width of the field distribution

Bims = ovyi/v, is shown in Fig.5.16. As the sample is cooled below T, an increase
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Figure 5.15: Example raw spectra of NHs-rich sample measured by a single bank of
detectors on the MuSR spectrometer in a transverse field of 10mT at 52 K (black
points) and 5K (red points).

in broadening and a diamagnetic shift are observed in both phases, which signals
the development of the vortex lattice. The lower bound for the superconducting
fraction Ayy, is found to be virtually unchanged following de-absorption (= 0.53 for
the NHj-rich phase and ~ 0.48 for the NHs-poor phase). A small peak is visible
at 38 < T < 42K in the NHj-rich phase, however these data were found to be
contaminated by dynamic stray fields from a nearby spectrometer and hence were not
included in the subsequent fits (none of the remaining data were affected). Again,
assuming the only other contribution to to B, is from nuclear dipole fields, the field
width and diamagnetic shift are fit to the usual phenomenological functions described
by Eq. 5.4 and Eq. 5.5, the results of which are shown in Table 5.1 and Table 5.2. The
field distribution widths were found to be similar in both cases (By =~ 0.54mT,
Biip ~ 0.19mT for NHj-poor and By ~ 0.58mT, By, ~ 0.19mT for NHjs-rich)
but the fitted values for 7. varied slightly at 42.8(9) K and 38.5(3) K for the NHs-
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poor and NHj-rich phases, respectively. These extracted values of T, are in excellent
agreement with the previous study, demonstrating that the charging and discharging
of ammonia acts exactly as found previously [109, 119] and that there are two distinct
superconducting phases with different bulk responses, although we note that the

transition in the NHs-poor phase appears some-what broader.

1.0 T T T T T 1.0 T T T T T

T, =42.8(9) K

30
T(K) T(K)

Figure 5.16: The mean field width B,,s and diamagnetic shift By, — Bapp of the a)
ammonia-rich sample and b) the ammonia-poor sample, as measured in a transverse
field of 10mT. Fits are to the usual phenomenological functions Eq. 5.4 and Eq. 5.5.

Using Eq. 5.3, the values of the in-plane penetration depth at 0 K extracted from
these data are A,,(0) = 0.364(3) um and A, (0) = 0.354(3) um for the NHjs-poor
and NHs-rich phases respectively, where the quoted errors are statistical. Note that
Eq. 5.3 is valid in the range 0.13/k? < b < 1, where b = B,,,/ B and £ = A\ap/Eap
is the Ginzburg-Landau parameter [145]. In this case, we expect the upper critical
field B.o to be extremely high given that it is =~ 18 T in the parent compound FeSe
[146, 147], and reported to be ~17 T [148] in some intercalated FeSe compounds or, as

we have seen in the previous section, as high as 33 T for the Li/NHj intercalate [117].
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Phase T. Aab(0) By Baip « o]
(K)  (m)  (mT) (uT)

NHz-poor 42.8(9) 0.364(3) 0.54(1) 0.73(2) 6.0(5) 1.6(4)

NHjrich  38.5(3) 0.354(3) 0.58(1) 0.38(1) 2.3(4) 0.44(6)

Table 5.1: The critical temperature, in-plane penetration depth and fitted parameters
with statistical errors extracted from time-domain data using Eq. 5.4 to model B,s.

Phase T By, af ox
(K)  (mT)

NHs-poor 42.8(9) 0.73(2) 2.9(2) 1.54(9)

NHjrich  38.5(3) 0.38(1) 4.5(7) 1.3(2)

Table 5.2: The critical temperature and fitted parameters with statistical errors ex-
tracted from time-domain data using Eq. 5.5 to model Bg;, (with T, fixed from fits of

Bins(T)).
Thus with B,p, = 10mT the limit b < 1 is satisfied. Furthermore, the coherence
length is given by &1, = 1/ ¢0/27 Bea, which for these values of By gives ~3-6 nm and

hence we expect x & 100, which satisfies b > 0.13/x%.

Previous studies show an increase in B,,s below ~10 K [109] that has been linked
to two-gap behaviour. However, data for the NHs-poor phase below 10 K were omitted
due to a reduction in amount of ammonia exchange gas in this configuration, which
made it difficult to establish thermal equilibrium at low 7". Thus we cannot confirm
or rule out any multiband behaviour with the current data, although we note that
the NHjs-rich phase appears to show single band superconductivity with the average
field levelling off down to 5 K. Nevertheless, it is interesting to observe a difference
in sample response, particularly as the sample was obtained from the same batch of
synthesis as previously measured by Burrard-Lucas et al. One possibility is that the
low T feature is of magnetic origin, although no extra features have been observed in
susceptibility measurements to confirm this [109]. As tetragonal FeSe is a supercon-
ductor of T, = 8.5 K [107], the increase in B,,s may have indicated some traces of the

non-intercalated parent compound. However, this seems unlikely as neutron scatter-
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ing data in the same study [109] reported a minority phase of only 1.4%. Furthermore,
whilst B, is roughly the same between the two phases, the total diamagnetic shift
for the NH3-poor case (=~ 0.73mT) is considerably larger than that of the NHjs-rich
phase (=~ 0.38mT). For a perfect vortex lattice, theory predicts that there is a precise
numerical relationship between By, the rms field width due to superconductivity, and
B,pp — Bpk, the separation between the applied field and the field at which the field
distribution peaks. This relationship is given by (Bapp — Bpk)/Bo =~ 0.6 [149], but our
experiment shows that this holds approximately only for the NH3-rich phase. These
discrepancies are most likely an artefact due to the difficulty in reliably separating the
superconducting signal from the unavoidable large background in the time domain
fitting using Eq. 5.1. Thus, the analysis was repeated using an alternative method in

the frequency (i.e. field) domain, which is described in the following,.

5.4.4 Field domain fitting

Fourier spectra for the NHs-poor and NHjs-rich samples in the superconducting phase
are shown in Fig. 5.17(a), both at 7" = 11 K. This temperature was chosen as it
was the lowest common value between the two phases. The main maximum centred
at 10mT is the background signal, dominated by muons in the sample holder and
cryostat, while the shoulder on the left-hand side of this central maximum represents
the superconducting signal from the sample. The data are fitted using a function
comprising a sum of a Gaussian (i.e. the background component, shown by the blue-
dashed line in Fig. 5.17), and a field distribution calculated for a triangular flux lattice
[150] which was broadened by a Gaussian to model the effect from nuclear dipole fields.
The fitting parameters used for the flux lattice were the peak field, field width (By) and
width of the Gaussian broadening function; and for the background component, the
field width and applied field. The value of the in-plane penetration depth (related to

By via Eq. 5.3) was adjusted and the rest of the parameters refitted to minimise x? (see
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Fig.5.18). The best-fit flux lattice distribution is shown in the inset in Fig.5.17(a).

(a) superconducting NHs-rich
\“ NHs-poor

(¢c) normal =z

7.5 10 12.5
B (mT)

Figure 5.17: (a) The Fourier spectra at 11 K for the NHs-poor and NHs-rich phases.
The largest peak is the background, the fit to which is shown as the narrow blue
Gaussian curve. The remaining data are fitted using a broadened superconducting
lineshape (unbroadened lineshape shown in the inset). (b) Spectra with the fitted
backrgound subtracted for both of the low temperature data (11 K). (¢) The unsub-
tracted data in the normal state (at around 48 K).

The spectra corresponding to the superconducting sample (data points) and best
best fits (solid lines) are shown again in Fig.5.17(b), but with the background signal
subtracted. The corresponding spectra for the normal state (taken at around 48 K) are
shown in Fig.5.17(c) without background subtraction for comparison. This method

gave a value of \,p(11K) = 0.34(1) pum for both compounds.

For a direct comparison with the time-domain fitting method, the penetration

depth was recalculated for T'= 11 K. Using Eq. 5.4, we take the flux lattice contribu-
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Figure 5.18: Reduced x? values for the NHs-rich (black points) and NHs-poor (red
points) data fitted in the field-domain using various penetration depths.

tion to the field width as B(T') = By [1 — (%)ar, with fitting parameters as listed
in Table5.1. and Table 5.2.; and substitute this as ‘By’ in Eq.5.3. This gave a value
of Aap(11K) = 0.36(1) pum for the NHs-rich phase and A, (11 K) = 0.37(5) pm for the
NHj3-poor phase. Calculating the superfluid stiffness using ps(11K) = ¢?/\? (11 K),
we see that the field-domain analysis yields a value of ps(11 K) for the NHs-rich phase
that is &~ 12% larger (or ~ 18% for NHs-poor) than that obtained by the time-domain
method. This demonstrates that the two approaches give results that are broadly
consistent. However, the field-domain method does separate the contributions of the
sample and background more accurately and hence we calculate the superfluid stiff-
ness at 0 K, using ps(T") obtained using the first method, but scaled up by a factor of
1.15. This gives values of ps(0) = 9.2(2) um =2 for NHs-rich and py(0) = 8.7(1) pum—2
for NHz-poor. A plot of the temperature dependence of ps(T") (See Fig.5.19a) shows
a clear difference in T, between the two phases and an apparent small difference in
the fitted ps(0), although this may be due to the dataset in the NHz-poor sample
extending down to 11 K only. Given the current data, it is reasonable to assume an
average value of ps(0) = 8.9(2) pm~2, which corresponds to a penetration depth of

Aab(0) = 0.335(3) pm. This is slightly longer than that measured by Burrard-Lucas
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et al. at 0.25(1) pm for the NHs-poor phase [109].

The results of these measurements are shown on the Uemura plot of ps against
T. in Fig.5.19(b). We observe that both phases fall close to the main scaling line,
similar to that observed for the Sr-intercalate described earlier, and many other iron-
based superconductors [117, 151, 152, 153, 154, 155], as well as the cuprates and heavy
fermion compounds [129, 130], although note that the LiFe; _,Co,As compounds have
enhanced fluid stiffness and fall on a different line [140]. However, both phases display
a reduced superfluid stiffness than what would be expected for their high values of
T.. This may indicate some degree of ‘dirtiness’ as strictly speaking, ps is multiplied
by a factor (1+4&/1)~" where [ is the mean-free path. Usually [ > ¢ (clean limit), but
in this case if [ ~ &, which is likely a few nanometres, it could lead to the observed
reduction. By comparison, we see that the Sr-containing NHj intercalate described

in section 5.3 falls closer to the main scaling line.

Studies have shown that if superconductivity is controlled by the two-dimensional
superfluid stiffness within the superconducting layers, in this case FeSe, one would
expect T, o< d/N?, [156] where d is the interlayer spacing. Fig.5.19(c) demonstrates
that this relationship is only approximately held for the FeSe-containing compounds,
indicating that there are clearly other factors at play. Also shown is the behaviour
of T, as a function of d (Fig.5.19d). We observe an initial increase in 7. as d in-
creases, although this saturates at higher interlayer spacings, as found in previous
FeSe-containing superconductors [111, 157]. Furthermore, the NHs-rich phase is ob-
served to have the lower T¢, but larger d-spacing (1.06 nm compared to 0.83 nm for
the NHy-poor phase) which is contrary to the general trend. This demonstrates that

changes in the electron doping level of the FeSe layers are also very important [116].
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Figure 5.19: (a) The temperature dependence of the superfluid stiffness ps = ¢?/\2,.
(b) The Uemura plot correlates T, with ps for a variety of superconductors [117,
151, 152, 153, 154, 155, 158, 159, 160]. Compounds with FeSe layers (including
X:Rb0.77F81_61862 [159], *:SI‘O.g(NHg)y(NHg)l_yFegseg [117], A:Li(C5H5N)O.2FeQSGQ
[160]) are also plotted as a function of (c) d/)\?, (shaded area indicates region of
approximate correlation) and (d) layer spacing d (dotted curve is a guide to the eye).

5.4.5 Conclusion

In this section I have presented a study on the superconducting properties in ammonia-
poor and ammonia-rich intercalated Li,[(NHsy),(NHj)1_,].FeaSes (2 = 1,2). The re-
actions were carried out in situ on the muon beamline so that the superfluid stiffness
could be measured using TF pSR on a single sample. The charging and discharging
of ammonia was found to produce two distinct superconducting phases with different
bulk responses, but a similar superconducting fraction of ~ 0.5. In agreement with

previous measurements by Burrard-Lucas et al., the critical temperatures were found
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to be 42.8(9) K and 38.5(3) K for the NH3-poor and NHjs-rich phases, respectively. The
temperature dependence of Byns(T') as measured by puSR can give some indication of
the type of band structure in these materials. Unlike previous compounds, neither
phase exhibit a further increase of B, at low T, although this could not be ruled
out completely in the case of the NHs-poor phase as data at T' < 10 K were omitted
due to poor thermal stabilisation. This suggests single-band rather than multiband
behaviour, as previously measured, although a definitive conclusion about the band
structure must await a detailed study of the temperature dependence of H., in these
materials. The data indicate similar penetration depths between the two phases, and
a combination of analysis techniques in both the time and field domains has allowed
a more accurate approximation of the superfluid stiffness (ps(0) = 9.2(2) um—2 for
NH;-rich and p4(0) = 8.7(1) um~2 for NHz-poor phases, respectively). Whilst these
values do generally agree with the Uemura trend line, the superfluid stiffness is slightly
lower than expected, which may indicate some degree of ‘dirtiness’. It is clear that
repeat measurements at low 1" are necessary to gain a better understanding of these
superconducting properties and in particular to further investigate the possibility of

two-gap behaviour.

5.5 Superconductivity in LiFeP

5.5.1 Background

LiFeP is another Fe-based layered material in which superconductivity is mediated
by FeP layers with a T, of up to 6 K [161]. It was the first ‘111’ type iron pnictide
found to contain no arsenic and shares the same crystal structure, as well as similar
Fermi surface shapes as its higher transition temperature analogue LiFeAs [162, 163]

(T. ~ 18K). However, in addition to the significantly lower T, LiFeP is found to
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exhibit several important properties that are different from other materials in the
‘111’-type family of superconductors. For example, magnetotransport measurements
indicate weaker electronic correlations than that of LiFeAs [164], which although con-
sistent with the observed smaller H.y (LiFeP has a factor of 70 smaller H., than its
arsenic counterpart), its behaviour is inconsistent with the general consensus that
stronger correlations favour unconventional superconductivity. One of the most sig-
nificant findings is the difference in the superconducting gap structure. For LiFeAs,
penetration depth measurements indicate a 7% temperature dependence [165], which
is characteristic of fully gapped behaviour. On the other hand, studies indicate a
linear temperature dependence in LiFeP down to T'/T. = 0.03 which is evidence for a
nodal superconducting gap [166, 167]. The diversity across the pnictides is in contrast
to the cuprates, which are all found to have the same type of nodal pairing state. It is
believed that understanding the non-universality of these superconducting gap struc-

tures is key to unearthing the mechanism of this unconventional superconductivity.

1SR has been successfully applied to LiFeAs and its derivative compounds to
measure their superconducting properties [140, 141, 168]. Studies indicate enhanced
superfluid stiffnesses over that which would be expected on the basis of transition
temperatures, which on the Uemura plot places them away from the general scaling
relation (unlike that observed in the FeSe derivatives described previously). Further-
more, ZF pSR has also proven useful in ruling out or confirming candidate theories
for the superconducting mechanism, such as triplet pairing. This phenomenon may
be associated with spontaneous time-reversal symmetry breaking which can induce
small magnetic fields that are detectable in ZF pSR. Whilst this has been observed
in some materials such as SroRuO, [169] and LaNiC, [170], a recent study on LiFeAs
[168] shows no signatures of triplet pairing. In this section I shall present a uSR
experiment to measure the penetration depth and hence superfluid stiffness of LiFeP

to confirm the superconducting behaviour in relation to the Uemura scaling line.



5.5. Superconductivity in LiFeP 116

5.5.2 Experimental Method

Sample synthesis and characterisation were carried out by S. J. Clarke and co workers.
1SR measurements were performed on the MuSR spectrometer by myself with the
assistance of S. J. Blundell, F. Lang and P. J. Baker. The powdered sample was placed
inside a Ag-foil packet of ~ 12.5 um foil thickness and mounted onto a silver backing
plate surrounded by a heamatite mask. The sample was cooled in a transverse field
of 10 mT and the data were collected in the temperature range 0.3-13 K. Preliminary

TF measurements were also carried out on the GPS spectrometer at PSI.
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Figure 5.20: Example raw spectra of LiFeP measured by a single bank of detectors
on the MuSR spectrometer in a transverse field of 10mT at 5K (black points) and
1K (red points).

5.5.3 Results

The data were fitted in the time-domain assuming the usual Gaussian distribution of

local fields described by Eq.5.1. As in the previous case, temperature-independent
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values of By, o and ¢ were extracted first by fitting the normal phase with the
background component only, before a final fit was performed using averaged values
of Apy and Ayy,. The lower bound for the superconducting fraction is found to be
Avr/(Ayr + Ayg) = 0.4. The results of these fits are shown in Fig. 5.21 and we ob-
serve a clear diamagnetic shift below a critical temperature of 7, = 3.9(1) K. This
is slightly lower than that reported by other studies, although this is likely due to
sample variation. The field width and diamagnetic shift are fitted by the usual phe-
nomenological functions given by Eq. 5.4 and Eq. 5.5 and these results are shown in

Table 5.3 and Table 5.4.

T(K)

Figure 5.21: The mean field width B,ns and diamagnetic shift Byx — Bapp of LiFeP
measured in a transverse field of 10 mT. Fits are to the usual phenomenological func-
tions Eq.5.4 and Eq.5.5. Inset shows the temperature dependence of the in-plane
penetration depth A,

Interestingly, the in-plane penetration depth A\, (0) = 0.218(3) nm is significantly
higher than that reported by Hashimoto et al. (=~ 150 um) [167]. Additionally, this

same study suggests a T-linear dependence of the superfluid stiffness, whereas these
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Figure 5.22: The Uemura plot; LiFeP (red circle) exhibits an enhanced superfluid stiff-
ness in relation to its transition temperature, similar to that of the arsenic conaining
pnictides (purple circles).

Sample T. Aab(0) By Baip o 1G]
(K)  (pm) (mT)  (mT)
LiFeP  3.9(1) 0.218(3) 153(5) 0.207(6) 2.7(8) 0.69(23)

Table 5.3: The critical temperature, in-plane penetration depth and fitted parameters
of LiFeP with statistical errors. Values are extracted from TF data using Eq.5.4 to
model Bis.

measurements suggest a non-linear 7' behaviour. These differences may simply be due
to sample variation, for example due to these compounds being polycrystalline and
not single crystals, as in the study by Hashimoto et al.. Furthermore, for our data we
find that the relationship (B,p, — Bpk)/Bo =~ 0.6 [149] does not hold, and instead we
observe a ratio closer to ~ 1, although the reason for this is not yet clear. Discrep-
ancies could also arise due to difference in measurement technique. In this case, uSR
is a bulk measurement, whereas the tunnel diode oscillator (TDO) technique used in
Ref. [167] utilises microwave penetration and hence is potentially more sensitive to

surface effects. Note that the TDO technique cannot directly measure A(0) and so
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Sample T, Bgia af 5
(K)  (mT)
LiFeP  3.9(1) 1.67(1) 4.9(7) 2.8(6)

Table 5.4: The critical temperature and fitted parameters of LiFeP with statistical
errors extracted using Eq. 5.5 to model Bg;, (T¢ is fixed from fits of Bs(T)).

the value reported in [167] is estimated from the known value for LiFeAs (measured
using small angle neutron scattering) which is scaled according to the difference be-
tween the effective mass of the two superconductors. Therefore, one could argue that
these SR measurements could provide a more accurate estimate of A(0) and hence
the superfluid stiffness. A Uemura plot of ps against T, in Fig.5.22, indicates an
enhanced superfluid stiffness, as in the case of the LiFe; ,Co,As compounds [140],

with a significantly lower 7.



Chapter 6

Conclusion

Condensed matter physics is a highly diverse area of research that is often driven
by the search for new materials with unexpected properties. In this thesis I con-
centrate on two of its most active areas of interest in recent years, namely, high-T
superconductivity and unconventional magnetism. In particular, I have investigated
a range of novel materials using a combination of uSR and pulsed-field magnetometry
techniques. These experiments have been motivated by the desire for improving our
fundamental understanding of these materials, as well as the prospect of advancing a

range of technological applications. The key results are summarised in the following.

Chapter 2 describes the main measurement techniques used in this thesis. 1
have demonstrated the use of the proximity detector oscillator as a susceptometer
in high magnetic fields for probing the H-T' phase diagram of the dimer material
[Cu(pyz)(gly)]ClO4. This work formed part of a study published in Ref. [23] which
showed how the system undergoes a field-induced phase transition to an XY antifer-
romagnetic phase that is reminiscent of the Bose-Einstein condensation of magnons.
These findings demonstrate the potential of using coordination polymers as a means
of probing exotic magnetic phenomena of quantum mechanical systems that are rarely

observed in more conventional materials.
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Chapter 3 presents a SR study of a family of insulating candidate quantum spin
ices ProByO7 (B = Sn, Zr and Hf), whose Pr®" ion contains a non-Kramers doublet
ground state. This work has been published in Ref. [52]. Instead of dynamic electronic
behaviour, our measurements indicate a relaxation that is typical of static nuclear
spins, albeit with a strong temperature dependence. Furthermore, the measured
moment at low temperatures appears to be much larger than expected for *'Pr
nuclear moments. We attribute this to a hyperfine enhancement of the Pr nuclear
moments, as in the case of the metallic spin liquid PrylroO7 [50, 51], which requires
a singlet ground-state. Using DF'T and CF calculations, we have identified the muon
implantation sites in these pyrochlores and demonstrate how the non-Kramers doublet
of nearby Pr ions is split by a highly anisotropic distortion field of the implanted
muon, and provide a quantitative relationship between this effect and the measured

temperature dependence of the muon relaxation.

Although there has been previous evidence for a muon-induced effect in Pr-
containing systems with a non-Kramers doublet, this is the first time the nature
of these effects has been explored in a detailed, quantitative way. Thus, this work
presents a definite contribution towards the advancement of the puSR technique in
the context of pyrochlore oxides, which will enable future work in the area to be
carried out with a better understanding of the physical processes involved in these
experiments. Here, we have identified a worst-case scenario in which the measure
response is dominated by the muon-induced distortion of the local structure and its
effect on the crystal field levels of nearby magnetic ions. Our work implies that in any
oxide there will always be an anisotropic distortion field around the implanted muon
and its effect should always be considered, particularly in the case of high-symmetry

non-Kramers ground states, which are most susceptible to these perturbations.

In Chapter4 I present a uSR study on the classical spin ice HoyTisO7. These

results show that unlike in the case of Dy, Ti,O7, there is no recovery of the ¢ = 0 muon
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asymmetry when cooling down to 20 mK. This rules out any quasi-static electronic
fluctuations in the frozen regime within the time frame of puSR. I also demonstrate
a first attempt to systematically relate the ZF relaxation rate in both compounds
to the calculated crystal field levels after taking in account the effect of a muon-
induced perturbation in the nearest-neighbour Ho*" /Dy3* ions. DFT calculations
show these levels to be altered in a similar way to that observed in the Pr-based
pyrochlore oxides. The effective activation energy which is extracted from ZF uSR
measurements shows that the muon relaxation is dominated by ions that are situated
further away from the implantation site, and whose crystal environments are largely
unaffected by the muon electric field. This is facilitated by the large moments of
Ho** /Dy** which allow muons to couple more strongly with distant ions. Although
more work is needed to obtain full quantitative agreement between the CF energy
levels and observed muon relaxation rates, this study does highlight a key result;
namely that the muon-induced distortion in these compounds has minimal effect on

the measured response, even for the non-Kramers ion Ho?".

Finally, in Chapter 5, I present a series of studies on three Fe-based superconduc-
tors. SR measurements on LiFeP indicate a T, = 3.9 K and an in-plane penetration
depth A,,(0) = 0.218(3) nm that is significantly higher than that reported by previ-
ous work [167]. This places LiFeP on the Uemura plot with an enhanced superfluid
stiffness similar to that observed in the LiFe; _,Co,As family. I also discuss the super-
conducting properties of recently discovered Srgs(NHs),-(NHs);_,FesSe; measured
using pulsed-field magnetometry and pSR. This work formed part of a collaborative
effort that is published in Ref. [117]. We show how intercalation of Sr atoms together
with amide and ammonia introduces intrinsic stacking disorder in this compound due
to a random stacking of the FeSe layers along the c-axis, which is not present in
other intercalates of the same family. Our interpretation of the structural data is

that despite the random stacking, the well-separated FeSe layers themselves remain
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well ordered, which preserves the superconducting state in these systems. In pulsed
magnetic fields, the upper critical field was found to increase upon cooling with an
upwards curvature that is commonly seen in other type-II superconductors of a multi-
band nature. Fitting the data to a two-band model, we extract a maximum upper
critical field of poHc2(0)~33(2)T. TF pSR measurements indicate a clear super-
conducting transition with diamagnetic shift at T, ~ 36 K. This work demonstrates
that robust superconductivity does not rely on perfect structural coherence along the

Cc-axis.

Lastly, SR measurements were also performed on Li,[(NHs),(NHs)1_,].FesSes
(z = 1,2) to study the effect on the superconducting properties of intercalating ad-
ditional ammonia, via reversible adsorption and desorption. The charging and dis-
charging of ammonia was found to produce two distinct superconducting phases with
different bulk responses, but a similar superconducting fraction of ~ 0.5. These reac-
tions were carried out in situ on the muon beamline such that the superfluid stiffness
could be measured using TF uSR on a single sample. We extract transition tem-
peratures of 38.5(3) K and 43(1) K for the ammonia-rich and ammonia-poor phases,
respectively, which agree well with previous magnetic measurements. However, unlike
previous compounds neither phase show evidence of multiband behaviour at low T,
although this could not be ruled out completely in the case of the NHz-poor phase,
and repeat experiments of low T" behaviour are needed to further investigate this. A
subject for further study includes a detailed measurement of the upper critical field
H. using the pulsed magnetic field technique described in this thesis, which will allow
a more definitive conclusion about the band structure in these materials. Overall,
this in situ technique provides a valuable contribution to the field of uSR and it is
hoped that it will be applied more widely to study other in situ solid-state reactions,

intercalation processes or even spin crossover phenomena.
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