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Abstract

Neutron scattering is an important research technique that has furnished a
wealth of information about condensed matter systems ever since Ernest O.
Wollan and Clifford G. Shull first demonstrated its ability to probe the struc-
ture of polycrystalline samples, such as NaCl, on the Clinton Pile—a graphite
moderated nuclear reactor built for research purposes at Oak Ridge, Tennessee.
Since those early successful demonstrations, the experimental technique has
been continuously improved such that it is now regularly used as a research
tool by scientists in a plethora of different fields to glean information about
the structure or dynamics of their samples. An example of these advances in
the use of neutron scattering came when Bertram N. Brockhouse invented the
triple-axis spectrometer, which was an instrument that facilitated the study of
lattice dynamical behaviour within condensed matter systems. Without this
innovation it would be much more challenging to study phonons—the quasi-
particles representing the collective vibrations of atoms—within the perovskites
and iron chalcogenides that were researched for this thesis.

This thesis details how neutron scattering has been used as a tool to
study the structure and lattice dynamical behaviour of the relaxor ferroelec-
tric, PbMg; ;3Nby /303, and the iron-based chalcogenide, Fe;,Te. The study of
PbMg;/3Nby/303 was to investigate the structure of the higher energy phonon
modes, complementing previous research that successfully characteristed the
lower energy acoustic and optical phonons of this crystal, and to use informa-
tion obtained from neutron spectroscopy data to compare the lattice dynamical
behaviour of this crystal with ordered perovskites, such as SrTiOs. An interest
in studying the higher energy phonons has been aroused because the disorder
within PbMg;/3Nb, /303, such as the presence of short-range polar nano-regions
between the ferroelectric Curie temperature and the so-called Burns temper-
ature (the temperature at which the short-range polar order emerges), leads
to the energy broadening and dampening of the transverse optical phonons
and triggers their precipitous collapse into the acoustic phonon branch. Pre-
vious neutron scattering studies suggested that the band of phonon scattering
located at energy scales where the higher energy longitudinal and transverse
optical phonons were predicted to be present were due to the occupancy disor-
der on the B-site of the perovskite between the Mg and Nb atoms. However, in
this thesis investigations of the longitudinal and transverse scattering channels
revealed lattice dynamical behaviour similar to those expected in Sr'TiOs, which
has no occupancy disorder on the B-site. The hypothesis of disorder within the
higher energy modes is further negated by studying the structure factors at
various reciprocal lattice vectors that reveals a close agreement with a model
for the lattice dynamics that involves the motion of the oxygen and B-site ions.
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The second study within this thesis investigates the softening of the trans-
verse acoustic phonons within the Fe;;,Te system using time-of-flight neutron
spectroscopy. This iron-based system has a complex structural, magnetic and
electronic order that depends on the concentration of interstitial Fe atoms within
the crystal structure and is often compared with other iron-based systems that
share similar physical properties, such as FeSe, underdoped Ba(Feg 94Coq.03)2Ass
and optimally doped Ba(Fegg4Coq.06)2Ass. Studies of these systems revealed
softening of the acoustic phonons close to the Brillouin zone centre (q~ 0) that
is indicative of the role that nematic order of the electronic charge has on the
lattice dynamics within their crystal structures. However, investigations into
the softening of the transverse acoustic phonon within low-y Fe;,,Te reveal
that the softening within this system is mostly contained to the Brillouin zone
edge and that the entire phonon branch is being driven to lower energies by
scattering channels that open up as the tetragonal-monoclinic phase transition
temperature is approached. The origin of the scattering channels is unknown,
but the electronic nematic order could still be playing a role, albeit one that
differs in effect to that observed in the other iron-based systems.

The final study is a theoretical investigation into the origin of the bicollinear
double stripe antiferromagnetic order that is observed in Fe;,,Te with a low
interstitial iron concentration. The hypothesis is that this complicated magnetic
ground state comes about due to the interplay between the spin and orbital
degrees of freedom within the crystal due to the Jahn-Teller effect and the
small energy scale associated with the splitting of the dx, and dy, orbitals in
the magnetic (S=1) Fe atoms. This builds on previous theoretical studies which
proposed models of the magnetic interactions within the FeTe single crystals
that negated the possibility of an interplay between the spin and orbital degrees
of freedom and hoped to explain the double stripe magnetic order by a model
that included either the spin or orbital physics but not both. A Rayleigh-
Schrédinger perturbative model has been developed that includes the second
and fourth order virtual hopping of the electrons on neighbouring magnetic Fe
atoms surrounded by tetrahedra of non-magnetic Te atoms. A domain space for
each of the Fe atoms in the S=1 spin state has 3 degrees of freedom for the spin
projection and 2 degrees of freedom for the orbital projection meaning that the
resultant Hamiltonian that couples two neighbouring magnetic Fe atoms has a
36x36 matrix structure. This effective Hamiltonian leads to interactions that
include spin-only terms, orbital pseudo-spin only terms and terms that describe
the interaction between both the spin and orbital physics. The spin operators
include single-ion anisotropy, an Ising term that correlates spin projections, an
Ising-like term that correlates “mid-planeness” and a spin exchange term. The
orbital pseudo-spin operators include a single-site “orbital transverse field” term
and a two-site “orbital transverse field” term. The interplay between the spin
and orbital degrees of freedom is produced by the multiplication of the spin-only
and orbital pseudo-spin only terms in the effective Hamiltonian.
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Lay Summary

This thesis aims to study the properties of materials using neutron scattering.
In this technique, a beam of neutrons is directed towards and scatters from
a sample made from the material to be studied and the scattered neutrons
are detected. Information about the scattered neutrons, viz., the position of
detection with respect to the sample, their energy and momentum, can be used
to study the material and reveal information about its structure and the way
in which atoms move within it. For this thesis, neutron scattering data was
analysed in order to understand the collective motion of atoms within lead
magnesium niobate crystals (PMN) and whether their motion is dominated by
the irregular structure inherent in the crystal. This irregular structure comes
from the fact that one of the sites in the lattice structure is irregularly occupied
by different atoms—it is occupied by Mg and Nb atoms with probabilities of
one-third and two-thirds respectively. This is an important research question
since the collective vibrations of atoms over a long length scale would indicate
that certain properties of these crystals can transcend the short length scales
more commonly associated with disordered structures.

Neutron scattering data has also been analysed to investigate the properties
of iron telluride, Fe;;,Te. 1 + y in the chemical formula of Fe;,,Te indicates
that the crystal has a ratio of Fe to Te atoms of 1-+y:1, and therefore increasing
y increases the number of Te atoms relative to the number of Fe atoms in the
crystal. This iron-based system has been studied close to a critical temperature
at which it transitions from a higher temperature structure to a lower tempera-
ture structure. This structural change can be summarised as the atoms within
the crystal changing positions to lower the overall energy of the crystal. The
neutron scattering data revealed that the collective vibration of the constituent
atoms within the crystal responded to the instabilities triggered by the approach
of this critical transition temperature. With reference to previous studies on
similar iron-based systems an attempt was made to see if the neutron scatter-
ing data, and specifically the observed energies associated with the vibrations of
the crystal, could be explained by the emergence of a difference in the physical
properties of the system along two perpendicular directions in the plane of iron
atoms in the crystal. This hypothesis, at least to the extent described by pre-
vious studies, could not be supported by the neutron scattering data meaning
that the exact behaviour of the crystal continues to allude us. Nonetheless,
there were enough qualitative similarities in the neutron scattering data with
the previous studies to suggest that the basic idea behind the hypothesis was
approaching the true cause of the observed behaviour of the crystal.
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The final substantive chapter of the thesis contains the work carried out
for a collaborative theory project. This had the objective of investigating the
magnetism and electronic structure of Fe;;,Te by developing a model derived
from first principles classical and quantum mechanical forces and seeing whether
the results of this model produces the experimentally observed properties of the
crystal. An implicit assumption within the model is that the magnetism and
electronic structure of the crystal is believed to derive from the geometrical
distortion of the crystal structure and the relative displacement of the Fe-Te
bonds, including both their re-orientation and extension or contraction.
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in the 2D plane with the Q-dependence clearly visible. Bottom:
the resultant scattering intensities when the background has been
removed- this attempts to isolate only the coherent inelastic neu-
tron scattering processes that are important for our analysis of
the phonons. . . . . . . . . . ...
Improving statistics of data by combining symmetric directions
and mirroring about zero momentum transfer. Left subplots:
transverse phonon scattering along (4, K, 0), (H,4,0) and (4,0, L)
and respectively. The first three columns of subplots, (a)—(c) and
(e)—(g), are the inelastic neutron scattering data for three differ-
ent Q planes, namely from left to right: (H,0,0), (4, K,0) and
(4,0,L). The columns on the far right represent the resultant
scattering after adding together the scattering in the three equiv-
alent datasets- this is possible because of the cubic symmetry of
the PMN crystals. . . . . . . ... ... 0 o
The inelastic neutron scattering plots along the [010] in the (000)
Brillouin zone (left) for the E;=150meV (a) and E;=75meV (b)
incident neutrons. On the right side is plotted the integrated
intensities along lines of constant energies: this is representative
of the density of states of the phonon branches in PMN crystal.
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tensities, , which help to locate the positions in energy
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A plot of S(Q,w) along the [010] direction in the (400) and (500)
Brillouin zones taking advantage of the Q? scaling for phonon
inelastic neutron cross sections. E=75meV neutrons are used for
the (400) Brillouin zone and E=150meV neutrons are used for
the (500) Brillouin zones. There is the same lattice dynamical
response at the higher energies as there is in the (000) Brillouin
zone. Furthermore, the agreement between the experimental
data and the density function theory calculations for SrTiOj3 re-
veals that the lattice dynamical response at high energies closely

resembles the chemically ordered classical perovskites. The side
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Tiq
(a) Phonon dispersion of the highest energy mode (E~100meV)

starting from the I'-point in the (000) Brillouin zone and the
islands of coherent phonon scattering lower in energy. (b) The
same highest energy mode characterised within the (400) Bril-
louin zone and the islands of scattering corresponding to the pre-
dicted LO and TO phonon modes. (c) The light blue shaded
zones are the continuous neutron scattering excitations found in
previous research by Dorner et al. [65]. . . . ... ... ... ..
(a) Constant energy scan integrated over E=[90meV, 110meV] of
the inelastic neutron scattering data for PMN. (b) Theoretical
structure factor of PMN assuming that it has the same ordered
perovskite structure of others in the same class, i.e., KTaOs,
BaTiO3 and SrTiOj. Similarities between the constant energy
scan from the neutron scattering data and the theoretical struc-
ture factor for PMN show that the lattice dynamical response is

panels plot the normalised integrated intensities,
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like the other ordered perovskites with the chemical formula ABO3.145
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Chapter 1

(zeneral Introduction

1.1 What is the neutron?

The objective of this thesis is to study the structural and dynamical proper-
ties of condensed matter using neutrons as the probe. However, before delving
deeper into the theoretical and experimental studies undertaken for completion
of this thesis, it would be conducive for the reader to have a basic understanding
of the neutron. It should be appreciated that without understanding the par-
ticle used as a probe it is impossible to understand how it interacts with other
materials. It will also help the reader to understand the differences between the
neutron and other particles used for probing materials, e.g., X-rays, and why
an experimentalist might want to choose one over the other and vice versa. As
with all fields of research it also helps to understand the historical developments
and achievements because without their effort there would not be the means for
carrying out the work that we do today.

1.1.1 A composite particle with no net charge?

Before the discovery of the neutron by James Chadwick in 1932, it had long been
suggested that there existed a small particle with no net electrical charge, but
the question as to its composition perplexed scientists for a long time [1|. For
example, Walther Nernst suggested that a proton and electron could combine to
form a particle with no net charge and that it would have the properties of the
so-called @ther- the fifth element that was believed to be the medium through
which light travelled. It was also erroneously suggested by Louis de Broglie
that the y-radiation that emanated from radioactive substances was composed
of small electrically neutral particles and that these particles would break up and
give off electrons. Our knowledge about the existence of a neutral subatomic
particle, which was later to be called the “neutron”, was brought much closer
when Ernest Rutherford, a New Zealander whose work in Montreal, Manchester
and Cambridge, culminated in his theorising that under certain conditions the
electron and proton in an hydrogen atom might combine to form a particle
which possesses an external field that is practically zero, except for very close
to the particle, and that this particle would be difficult to contain in a sealed
vessel. His theorising was especially prescient in his remarks about the difficulty
with which these particles with no net charge would be able to enter deep into
the bulk of materials:
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“Its presence would probably be difficult to detect by the spectroscope,
and it may be impossible to contain it in a sealed vessel. On the other
hand, it should enter readily the structure of atoms, and may either
unite with the nucleus or be disintegrated by its intense field”

In this quotation it is already possible to appreciate the advantages and
disadvantages of using these electrically neutral subatomic particles for probing
materials: owing to the low cross section of neutrons for interactions via the
Coulombic force they are able to penetrate deep into the bulk of materials, and
therefore permit the study of bulk properties of materials, but, on the other
hand, it makes detecting them, after they have interacted with materials, much
more challenging. It was further prescient of Ernest Rutherford to surmise that
the particle’s external field would not be exactly zero, and non-negligible at
very small distances from the centre, as this preceded the discovery of quarks
by many decades. He clearly understood that this particle with net neutral
charge must be composed of other particles whose electrical charges cancel each
other out. In fact, this is exactly the case with the neutron: it is composed
of one up quark and two down quarks with their charges being %e and —%e
respectively, thus combining to produce no net charge.

As mentioned in James Chadwick’s Nobel Prize lecture [1], he began to
think about the experiments carried out, amongst many others, by Frédéric and
Iréne Joliot-Curie. They experimented with radiation from a beryllium sample
that passed through a thin window into an ionisation chamber composed of
air. When paraffin wax, a material containing a lot of hydrogen, was placed
in front of the window the ionisation within the chamber increased, which the
Joliot-Curies proved to be protons being ejected from the wax. James Chad-
wick experimented with other materials placed in front of the thin window to
the ionisation chamber (e.g., lithium, beryllium and boron etc.) and observed
that the ejected particles had varying ranges. The differences in the ranges of
the ejected particles indicated to him that these were recoiling from a collision
with a massive particle emanating from the beryllium source. By comparing
the ranges of recoiling particles from the paraffin wax and when the ionisa-
tion chamber was filled with nitrogen, he found that the radiation coming from
the beryllium source must have a mass that is approximately the same as the
proton’s mass. Furthermore, since this radiation penetrated deeply into materi-
als—as opposed to protons which only penetrated into the surface of materials
owing to its electric charge—this particle must be electrically neutral. This
discovery culminated in his being awarded the Nobel Prize in Physics in 1935
and started a chain of research into how this particle might be used for other
research purposes.

1.1.2 Properties of the neutron

In the previous section the reader was introduced to the history of the search for
the neutron by scientists such as Ernest Rutherford and James Chadwick. Some
of the properties of the neutron, such as it being electrically neutral but being
composed of charged quarks, have already been broached. In this section the
reader will be introduced to some other fundamental properties of the neutron
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and it will be explained why these properties make the neutron appropriate as
a probe for studying the properties of materials and, in a lot of cases, better for
studying the structure and dynamics of materials than when using X-rays (i.e.,
photons).

Up till now we have been implicitly discussing the properties of the neutron
in terms of the classical physical picture, but as quantum theory teaches us
particles can also be represented as spatially localised waves travelling through
space, i.e., the wave-particle duality in physics. As a wave the neutron’s wave-
function is represented by a wave packet, as illustrated in figure 1.1, with the
wavelength being approximately equal to the distance between two wave crests
or troughs. As described by Louis de Broglie in 1924 [2|, the energy, E, and
momentum, p, of particles, in the wave description of quantum mechanics is
related to the wavelength, A\, and frequency, v, through the following equations:

h2
h

where h and A are Planck’s constant and the reduced Planck’s constant
respectively, k is the wavevector given by k = 27“, and m is the particle’s
mass—which, in the case of the neutron, will be represented as m,, forthwith.
Supposing that we have neutrons that have reached thermal equilibrium at
room temperature, i.e., T=300K, then the average energy of these neutrons will
be E=300K g, and, using the relation above in eq. 1.1, their average de Broglie
wavelength will be approximately 1.8 x 1071m. The de Broglie wavelength of
neutrons at thermal temperatures is therefore approximately the same as the
lattice spacing in condensed matter, i.e., the spacing between atoms on adja-
cent sites of crystalline materials. The consequence of this is that neutrons with
thermal energies can be used to probe the structure of materials in condensed
mater physics—this is highly convenient for experimentalists because it means
that facilities can work at normal temperature ranges and do not need to expend
a lot of energy in changing the temperature of a moderator substance.

What about some other properties of the neutron? One property of the
neutron, which prima facie could be slightly perplexing, is that the particle
has a magnetic moment and an intrinsic spin. This would appear to contra-
dict the electrical neutrality of the particle since both a magnetic moment and
spin come from a particle with an electrical charge. However, this is premised
on the neutron having no internal structure but, as has been aforementioned,
the neutron is composed of three quarks which have either a charge of %e or
—%e. The non-homogeneous electrical structure of the neutron means that on
spinning these quarks can produce both magnetic moments and intrinsic spins
that combine to produce a non-zero magnetic moment and spin of the neutron.

These have been calculated as ji,—-1.913uy and s, = 1

5 respectively [3] where
(i is the nuclear magneton.
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FIGURE 1.1: The quantum description of the neutron is an oscil-
latory wavefunction that is localised about a point in space where
it is most probable to be located after measuring its position.
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One might ask the question why does the neutron have a spin of % when
the three quarks, which are fermions, could combine to form a spin of % or %
The quarks, like electrons in an atom, have bound states in the nucleus and
have to obey Pauli’s exclusion principle, which states that no two particles can
have the same quantum state. As each state of the quark has a degeneracy of
two—the quark can have up or down spin—the ground state is formed by two
down quarks being in the same quantum state with opposite spin, which leads
to the total spin of the particle being % It is possible that a particle is formed
in a higher energy state in which case the spin of this particle could be % (a
so-called delta particle) but the energy scales between the ground and excited
state of nucleons is much greater than the energy scales within an atomic nucleus
meaning that this is only possible on earth within large particle accelerators.

Since the neutron has a magnetic moment and intrinsic spin, it is able to
interact with other particles with moments and spins meaning that it can probe
both the structure and dynamics of magnetic materials in a similar way as its
nuclear interaction with nuclei enables the determination of structure and dy-
namics of lattices in condensed matter. The interaction mechanism is rather
complicated because there are many contributions to the magnetisation of ma-
terials, i.e., the intrinsic spin of electrons and electron currents, but it should
at least be appreciated by the reader that having a moment and spin leads to
the neutron being an excellent experimental probe for condensed matter physics
and, in fact, it was only because of magnetic neutron scattering that the antifer-
romagnetic state was proven to exist in 1951 by Clifford Shull [4]—experiments
for which he was awarded the Nobel Prize in Physics in 1994 [5].

Some of the properties of the neutron discussed here give an explanation as
to why it might be preferable to use neutrons as a probe for studying the struc-
ture and dynamics of condensed matter. For instance, having no net nuclear
charge means that neutrons can penetrate much more deeply into the bulk of
materials as opposed to X-rays, which probe the surface layer of crystals. Fur-
thermore, the magnetic moment and intrinsic spin of the neutron means that it
has a large magnetic scattering cross section and is able to be used for studying
physical phenomena such as antiferromagnetism, chiral magnetic structure and
spin waves. As a technique, the use of neutrons in inelastic neutron scattering
also provides access to a larger range of energy and momentum compared with
techniques that rely on the use of photons to probe condensed matter systems.
This is clearly demonstrated in Fig. 1.2 that shows the energies and momenta
that are able to be accessed in inelastic neutron scattering and other popular
experimental techniques, including Raman scattering and inelastic X-ray scat-
tering. There are some overlapping energy and momentum ranges for different
techniques (e.g., there is the overlap between inelastic neutron and X-ray scat-
tering), which means that for those wanting to probe within this range it is
possible to choose between the techniques. In this case, the choice of which
technique to use might be decided by comparing the cross sections of neutrons
and X-rays with the sample. Note that in Fig. 1.2 the energy scale is in units
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FIGURE 1.2: One of the several advantages of inelastic neutron
scattering experiments is that it is possible to access a large range
of both energy and momentum compared with some of the other
techniques that are regularly used for probing condensed matter
systems, such as Raman scattering and inelastic X-ray scattering

[6].

of meV, which is a natural energy scale to use for studying phonons and spin
waves in condensed matter systems. However, it is possible to also see the unit
THz being used in the scientific literature, which has the conversion of 1'THz =
4.1meV.

1.2 Neutron scattering

In this section, the reader will be introduced to some of the basics of neutron
scattering. It will cover enough material for the general physicist to be able
to understand the experimental techniques practised in this thesis for studying
the structure and dynamics of condensed matter. If the reader would like to
understand a certain topic herein discussed, it would be recommended that
they read some of the seminal general purpose and applied textbooks in the
field of neutron scattering- these have been heavily relied upon to produce this
introductory summary |3, 7, 8.

The best approach for understanding neutron scattering is to first compre-
hend how a neutron might interact with an isolated bound nucleus that is fixed
to a point in empty space (meaning that no energy transfer can take place dur-
ing the interaction of the neutron with the isolated nucleus). It was shown in
the preceding section that a neutron’s wavelength at thermal energies is of the
order of 107'%m, but the strong nuclear force, one of the fundamental forces
that a neutron experiences, with the other being electromagnetic forces, only
acts on length scales up to roughly 10~°m. Hence, when a neutron impinges on
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an isolated bound nucleus, in a quantum mechanical picture of particle inter-
actions, it would appear that the incoming neutron is a plane wave interacting
with a point particle in space. Since the probability of interaction between the
neutron and the nucleus is so small (a corollary of the penetration depth of
the neutron being so large) the outgoing neutron can be represented by the
unaffected plane wave and a spherical wave centred at the nucleus resulting
from the interaction between the two particles. The wavefunctions of the plane
wave that impinges on the isolated bound nucleus, v;, and the spherical wave
created by the interaction between the incoming neutron and the nucleus, ¥y,
are given by the following:

; = exp (ik - r), (1.3)

wsph = _S exp (Zk ’ I‘), (14>

where k is the wavevector of the plane wave and b is the nuclear scattering
length parameter representing the strength of interaction between the incoming
neutron and the isolated nucleus. The minus sign is arbitrary and simply means
that the scattering potential is repulsive rather than attractive. The outgoing
wave is a sum of the initial plane wave and the spherical wave in the asymp-
totic limit, i.e., ¥ — oo. This explains the breakdown of the conservation of
probability close to the centre of the scattering potential.

To physically interpret a real nuclear scattering length it is conducive for
the reader’s understanding to first determine the cross section for scattering
using the ratio of scattered neutron flux to the ratio of incoming flux at a
constant distance from the isolated bound nucleus, i.e., the neutron scattering
cross section, o.q¢. If the speed of the neutrons is v then the incoming flux is v
and the scattered flux through the same sphere of radius r is 47?2 x bQT%, giving
a scattering cross section of the following:

Osear = 47D, (1.5)

The real part of the nuclear scattering length thus contributes to the nuclear
scattering cross section. Without proving it in this thesis (the reader may wish
to consult one of the aforementioned texts on neutron scattering) the nuclear
absorption cross section is proportional to the imaginary part of the nuclear

2
47rbimag

scattering length, i.e., o = —**¢, and is greater when the neutron is travel-
ling at a slower speed (when ignoring the absorption resonance peaks). Hence,
by looking up nuclear scattering lengths of isotopes it is possible to know which
ones strongly scatter or absorb neutrons. It should be noted that there are
often large differences between isotopes of the same element- an example being
between the most abundant isotope of He with an absorption cross section of
0.00747(1) barn (for neutrons travelling at 2,200m/s) and *He with an absorp-
tion cross section of 5333.(7.) barn for the same speed of neutrons [9]. The
difference in absorption cross sections can be explained by the stability of the
nucleus and whether absorbing the neutron will increase its stability.
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1.2.1 Neutron scattering for condensed matter

The field of condensed matter is much more interested in how neutrons scat-
ter from structured materials rather than from isolated bound nuclei. It will
therefore be much more useful to give a brief description of some of the types of
interactions that can occur when neutrons interact with structured materials,
which can be categorised into elastic and inelastic scattering and coherent and
incoherent scattering and by the force that mediates the interaction (e.g., strong
nuclear force or magnetic interactions).

For the benefit of the reader the concepts of coherent and incoherent scat-
tering will be explained in the case of elastic scattering. Elastic scattering, as
the name suggests, refers to an interaction process in which there is no net gain
or loss of energy of the neutron. In inelastic scattering processes, on the other
hand, energy is transferred between the incoming neutron and the particle with
which the neutron is interacting with the force being mediated by a strong nu-
clear force or electromagnetic forces due to the magnetic moment and intrinsic
spin of the neutron. For an elastic scattering process in which neutrons scatter
from an ordered condensed matter sample with atoms at positions r;, the dif-
ferential cross section (i.e., the ratio of the scattered flux of neutrons into a solid
angle to the incident flux per unit solid angle) can be written in the following
form:

d
0= 12 bep Q) (16)

where Q is the scattering vector given by Q = k; — ky, the incoming and
scattered neutron wavevectors respectively, and b; is the scattering length of the
atom positioned at site r;. This expression comes from the constructive and
destructive interference between scattered waveforms from neutrons interacting
with the plurality of atomic sites—the same as for Bragg X-ray diffraction within
a crystal. The plane formed by the scattering triangle, which is formed by this
relationship and shown in Fig. 1.3, is called the scattering plane. In general,
k; and ky do not have to be the same magnitude (i.e., if it is not restricted to
the case of elastic scattering) and the plane formed by the scattering triangle,
which is formed by the aforementioned relationship and shown in Fig. 1.3, is
called the scattering plane.

To explain the concept of coherent and incoherent scattering it is necessary
to remind the reader of the isotopic dependence of the scattering lengths, b. In
condensed matter physics there is often a high degree of order within crystalline
compounds and at any atomic site the element situated at that site could be in
its isotopic form ¢ with a probability of p;. Assuming that there is no correlation
between there being one isotope on one site and another isotope on another site,
the entire crystal can be assumed to have a random distribution of isotopes at
each atomic site. For a large flux of neutrons targeting a large sample, the
scattering described in eq. 1.6 can be simplified as the statistical average of the
scattering lengths at sites j:
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dQ be/exp (iQ - (r; —rj)), (1.7)

where ;b is the statistical average of the scattering lengths of isotopes at
the two indexed sites. Splitting this expression into one part containing the
same site and another part containing different sites:

Q berexp iQ - (r; —rj) —1—2 (1.8)

J#J’

and since there is no correlation between the 1sot0pes on different sites this
can be reformulated as:

bibjrexp (iQ - ( Y+ ) b2
~2 Z
J#7 (19)

—be/exp iQ- (r; —rj) +Z

where the coherent and incoherent scattering are the first and second part
of the second line of eq. 1.9 respectively. As can be seen the coherent scattering
relates to the relative position of the atoms within the structured material
and can therefore give the experimentalist information about the structural
composition of the sample being investigated. On the other hand, the incoherent
scattering does not contain information about the structure of the sample but
does give some information relating to its isotopic composition.

From the coherent scattering formula it is possible to derive Bragg’s law for
the constructive interference of scattered waves. This constructive interference
occurs in periodic crystals (i.e., crystals that possess translational symmetry)
when the scattering vector, Q, is equal to one of the reciprocal lattice vectors,
7, as is the case in Fig. 1.3. Since 7 must be equal to an integer number of 27
multiplied by an inter-planar distance, d, the Bragg law equation, n\ = 2dsin 8,
can be recovered.

This can also be applied to inelastic neutron scattering with the coherent
scattering depending on the product of the statistical averages of the scattering
lengths on two sites and the incoherent scattering depending on the variance of
the scattering lengths on one site. The incoherent inelastic scattering is often
seen as the background to the coherent inelastic scattering events but there is
still some information that is able to be extracted about the dynamics of the
system: in phonon scattering, for instance, it is possible to extract information
about the density of phonon states from this incoherent inelastic background
scattering.

Before proceeding to inform the reader about phonon and magnetic scat-
tering by neutrons, it would be remiss to finally add that there is another
dependence of the scattering length on the total spin of the interacting neutron
and nucleus. These have spins of s, = % and s; = [ respectively meaning that
the total spin of the combined system can be either I — % or [ + % The prob-
ability of the system being in each of these spin configurations is proportional
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FIGURE 1.3: The scattering triangle formed by the scattering
vector, Q, and its relationship with the momentum vectors of
the incoming and scattered neutron. The scattering plane is con-
structed such that its normal vector is perpendicular to both the
incoming and scattered momentum vectors (denoted as ko and
k in this schematic diagram [10]). Bragg’s law occurs when the
scattering vector is equal to one of the reciprocal lattice vectors.
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to the number of spin projections meaning that the system has a probability of
57T [ ) of being in the lower spin state and 2[;;11 of being in the higher spin state.
These probabilities can be used to calculate the cross sections for coherent and
incoherent neutron scattering using the formulae disclosed in eq. 1.9.

How are inelastic scattering processes dealt with in the quantum mechanical
picture of particle interactions? The assumption in the previous section that the
scattered wave is small compared to the incident plane wave can be viewed as
that the interaction potential, V', is a small perturbation to the physical system
composed of the travelling neutron and the particle. Being a small perturbation
this interaction can be treated using standard quantum perturbation theory
with the rate of transition, 7;_,, of the neutron from an initial state, ¢, to a
final state, f, given by Fermi’s golden rule:

g

Ty = IV (1.10)

if the scattering process obeys energy and momentum conservation and zero
otherwise. It is superfluous for the reader’s understanding of this thesis to
know the derivation of the complete double differential cross section for inelastic
neutron scattering from this transition rate, instead it would suffice to simply
know that this can be written as:

d*o
dOdE; 27rh2 ZPA Z| (A1 V(Q) [oi)i) P6(Ex, — By, — hw),

(1.11)

where the |o)) are the quantum states of the neutron including its spin,

momentum and wavelength; p,, is the probability of being in the initial neutron
state and V' (Q) is the Fourier transform of the interaction potential:

V(Q) = | V) k) = [ Vi) exp (Q-x). (112

The interaction potential depends on the force mediating the interaction
between the incoming neutron and the particle participating in the scattering
event. In the case of nuclear scattering and magnetic scattering these will be
described to the reader in the following two sections with enough detail being
disclosed so that the reader can fully comprehend the experiments that have
been done for completion of this thesis.

1.2.2 Principle of detailed balance

One of the important results in scattering theory, which is often used in the
analysis of experimental neutron scattering data, is the principle of detailed
balance. This relates the scattering of the neutron in energy gain mode to
the scattering in energy loss mode and is due to the different occupancies of
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the energy levels of a system when the system is in thermal equilibrium. The
relationship between the two types of scattering can be derived starting from
the expression for the double differential scattering in eq. 1.11, which can be
reformulated as the following:

d*o _ﬁ
dQdE; — k;

where S(Q, w) is called the scattering function and measures the probability
that a neutron imparts an energy of iw and a momentum change of hQ to the
system whilst maintaining the conservation of energy and momentum. This
is a conditional probability equal to the probability that the neutron gains
or loses both energy and momentum by making a transition from an initial
state to a final state whilst the system does the reverse, i.e., whatever the
neutron gains or loses in energy the system does the reverse change. Since
the transition probability of the neutron going into a lower energy state or a
higher energy state (where the difference in energy is equal to fAw) is assumed
to be the same, the only differences in the scattering function must come from
the difference in the probability of the system starting from a higher or lower
energy state. Assuming that the crystal’s symmetry means that the probability
the creation or annihilation of a phonon mode with momentum of either +AQ is
the same, then the only difference in the scattering function must come from the
different occupancies of the energy levels of the crystal when it is at thermal
equilibrium. These occupancy probabilities are governed by the Boltzmann
distribution (phonons have no spin and are therefore Bosonic particles) meaning
that the ratio of the probabilities of the crystal being in one state or a higher
state where the difference in energy between the two states is hw is exp (—fhw),
i.e., the probability that the excited state is occupied is this factor smaller than
the probability that the lower energy state within the system is occupied. This
leads to the following relation between the scattering functions with the system
losing or gain energy:

(Qw), (1.13)

5(Q, —w) = exp (—=fhw)S(Q,w), (1.14)

where the left and right hand side of the equation represent the system losing
energy and gaining energy respectively. The result of this is that in inelastic
neutron scattering experiments the broadened peaks appearing in a constant-Q
scan at +hw will differ in their peak height by the factor in eq 1.14. This relation
will be used in this thesis when analysing the inelastic neutron scattering data
collected from the constant-Q scans when investigating Fe;,Te single crystals.

1.2.3 Phonon scattering by neutrons

This thesis focuses a lot on the lattice dynamical behaviour of condensed matter
and therefore it would be remiss to not explain how neutrons interact with
phonons within these systems and what information about their dynamics can
be extracted from the different types of neutron scattering that have already
been discussed.
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What are phonons? They are quantised particles representing the collective
excitation of atoms which are arranged in a periodic structure. The name
phonon comes from the Greek word phone for sound or voice, which is apt
because long-wavelength longitudinal acoustic phonons are responsible for the
mediation of sound. Depending on the collective motion of the atoms within a
lattice the phonons can be either longitudinal or transverse (or a combination
of the two as will be discussed in due course) and acoustic or optical. The
difference between longitudinal and transverse phonons is that the displacement
of atoms from their equilibrium positions within the lattice is along the direction
of propagation of the wave or perpendicular to the direction of propagation. The
direction of propagation is given by the direction of the wavevector, k, of the
collective motion with its magnitude being equal to 27” Acoustic phonons are
when all the atoms are moving in phase with one another whilst optical phonons
label the collective motion described by atoms moving out of phase with each
other.

Neutrons interact with phonons principally through the strong nuclear force
with the moving nuclei within the excited periodic structure. It is possible
for neutrons to extract information about the lattice dynamical behaviour by
measuring the magnetic inelastic scattering due to the coupling between the
phonons and local magnetic moments or electron spin densities; however, it is
often much more simple and effective to directly measure the inelastic neutron
scattering due to the strong nuclear interaction. This section will therefore
give a brief outline of the strong nuclear force interaction potential and any
formula that will be useful for understanding the inelastic neutron scattering
experiments looking at phonons.

As was mentioned in passing in Sec. 1.2, due to the short range of the strong
nuclear force (on the order of 1fm) compared to the typical wavelengths of neu-
trons in thermal neutron scattering experiments, which are on the order of 1A,
the nucleus appears to the incident neutron as a point particle. Without loss of
understanding, it is therefore possible to ignore the fact that the exact behaviour
of the strong nuclear force is currently unknown and make the assumption that
the interaction potential for these interactions is proportional to a Dirac delta
function centred at the nucleus:

B 2 h?

my

V(r) bo(r), (1.15)
where the pre-factor ensures agreement with the known elastic scattering
cross section for an isolated bound nucleus (i.e., 3—6 = 0?).

For a periodic arrangement of atoms within condensed matter, the interac-
tion potential will be a sum over all the atoms within the sample—this would
be a sum over all the atoms in the basis and all directions within the lattice.
When dealing with phonons the atoms are being displaced meaning that the
position vectors within eq. 1.15 are time-dependent. When a neutron interacts
with the lattice that is undergoing collective motion it can interact inelastically
and either create or annihilate one or more phonon modes. Due to the lower-
ing of the degrees of freedom when more phonons are created or destroyed in

the scattering event (see the diagram in Fig.1.4 that shows the creation of two
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FIGURE 1.4: Diagram of neutrons scattering and producing a

phonon with the constraint that the energy and momentum im-

parted to the phonon balances the loss of both the energy and
momentum of the incident neutron.

phonons) one-phonon events are much more likely to happen. Without proving
the result, since it is not a prerequisite for understanding the experimental neu-
tron scattering data within this thesis, suffice it to know that the one-phonon
coherent and incoherent scattering have the following double differential cross
sections:

d? k
(dgdigf)lphcoh _f ZZ|Z—Q egs exp (—Wy) exp (z’Q-d)|2

;U

()@ + Q — G+ )
+ {n(ws) +1}0(Q — Q — G)d(w — w));
(1.16)
(dgd%f)lph,mc — Z Z UZ; - 7; |Q - eas|” exp (—2W))
! (1.17)

o (n(ws)d(w + wy)

+ {n(ws) + 1}d(w — ws));
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where v is the volume of the unit cell of the lattice, G are the reciprocal
lattice vectors, s are the phonon modes, d are the equilibrium positions of the
atoms within each unit cell, ey are the atomic displacement vectors for atom d
of mode s (the atomic displacements will differ for longitudinal and transverse
phonon modes and whether they are acoustic or optical phonon modes), n(ws)
is the Bose-Einstein distribution for bosonic particles with an energy of wsg (i.e.,
particles not obeying the Pauli exclusion principle), and W is the Debye-Waller
exponent that accounts for thermal motion of the particles. More informa-
tion about the Debye-Waller factor and how it might affect the magnitude and
isotropy of the neutron scattering can be realised by writing its exponent as an
expansion of creation and annihilation operators and independently averaging
over vibration modes, as is done by [§]:

h - es)’ 1
2N = 2MN; Q w‘zd) coth (5 ws ) (1.18)

It ought to be noted that even at absolute zero temperature the Debye-
Waller factor is finite due to the zero point energy fluctuations owing to the
Heisenberg uncertainty principle. This states that the position and velocity of
the particle can never be simultaneously known to absolute precision and there-
fore it is possible to have random fluctuations of the kinetic and potential energy
of the crystal even at absolute zero. At very high temperatures, the average
magnitude of the vibrational displacements of the atoms increases. This results
in a much larger exponent that makes the Debye-Waller factor, exp (—2W),
tend towards one. This means that even if the crystal creates an anisotropy
in the scattering due to the Debye-Waller factor its effect reduces at greater
temperatures. This anisotropy comes from the fact that modes along different
directions in the crystal may have different atomic displacements owing to the
symmetries of crystal structure. This would not be the case, for instance, in a
cubic crystal structure because distortions of the crystal in all three directions
of the lattice are symmetric. This is the case for ordered perovskites such as
SrTiOs.

The Dirac delta functions relate to the conservation requirements in the
one-phonon scattering including both physical constraints that the energy and
momentum of the system are conserved during the interaction. Both the coher-
ent and incoherent one-phonon scattering include the possibility for the creation
of destruction of a phonon as indicated by the change of signs in the two for-
mulae. In a real inelastic neutron scattering experiment the intensity peaks are
broadened around a central peak value. Why might this be happening? There
are a several reasons for this broadening with an in-exhaustive list of possible
causes being the resolution function of the neutron scattering instrument (which
is a function of both £ and Q), the mosaicity of the crystal, which indicates
that there is a spread of the axes around a mean orientation, and most inter-
estingly that the interatomic forces between the atoms are anharmonic. The
anharmonic forces might be due to the scattering of the phonons by localised
or conduction electrons or phonon-phonon scattering to name but a few.
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The reader should be aware that inelastic neutron scattering is only sensi-
tive to phonons when there is a component of the scattering vector, Q, along
the displacement vectors of the atoms within the lattice, ess, which is due to
the dot product in the two equations. Hence, neutron scattering cannot probe
phonon modes with displacements that are only perpendicular to the scattering
vector. It should also be recognised that more information about the phonons
can be obtained from the coherent inelastic scattering due to the presence of
the phonon scattering structure factor in eq. 1.16 (this is the summation over
d), which is why the incoherent scattering is often seen as the background to
the coherent scattering intensities in neutron scattering experiments. However,
there is some information about the phonons that can still be extracted from
the incoherent inelastic scattering: it can be shown that eq. 1.17 is proportional
to the density of state of phonon modes, g(w), which is helpful for determin-
ing the phonon energies and degree of phonon damping, which can be due to
a multitude of reasons such as phonon-phonon interactions due to the anhar-
monicity of the lattice potential energies, electron-phonon coupling in metallic
compounds, and scattering from magnetic excitations. Phonon dampening is
a critical phenomenon that can tell you lots of information about condensed
matter and the reader should be aware of this when reading, later in this thesis,
about the softening of phonon modes in one of the studied compounds, Fe;, Te.

1.2.4 Transverse and longitudinal phonon modes

It has already been stated that phonon modes can be categorised depending on
how those atoms within the crystal that are involved in the collective excitation
are displaced, and specifically the direction that they are displaced in compared
with the direction of the wave propagation. In summary, in the case of longitu-
dinal modes the atoms are displaced perpendicular to the plane of propagation
whereas in transverse modes they are displaced parallel to the plane of propaga-
tion (parallel and perpendicular to the wavevector respectively). In reality, the
propagation of these collective waves is not so simple and waves cannot often
be entirely classified as one or the other type meaning that a phonon mode has
atomic displacements with components parallel and perpendicular to the plane
of propagation of the wave. The classification of phonon modes, like linear
elastic waves in continuous media, needs to be split into further sub-categories
such that waves are either pure or quasi-longitudinal or transverse. In the case
of a pure longitudinal or transverse mode, as the name suggests, the atomic
displacements have components solely perpendicular or parallel to the plane of
wave propagation. Quasi-longitudinal or quasi-transverse modes mean that the
components of the atomic displacements are to a large extent either perpendic-
ular or parallel to the plane of wave propagation. In most materials, phonon
modes will not be pure modes due to the anisotropy of the crystal and in par-
ticular along the direction of the propagation of the measured wave. However,
there are a few exceptions to this when one pure longitudinal and two pure (and
degenerate) transverse modes are observed: this is when the crystal is isotropic
in general or the phonon modes are being measured along one of the so-called
high symmetry directions of the crystal, which are directions along which the
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propagation of the wave is isotropic. Certain labels are often used in the field
to denote the pure and quasi-transverse modes: T1 is used to denote a pure
transverse mode and T2 is used to denote a quasi-transverse mode. In general,
there are always three normal modes in any direction but observing a splitting
of the degenerate transverse modes gives information about the symmetry of
the crystal.

If there are N atoms in the unit cell of a crystal, then there will be a total
of 3N phonon modes. Hence, along one of the high symmetry directions of
the crystal there will be a total of 2N degenerate phonon modes because N of
these will be pure longitudinal modes and 2N will be doubly degenerate pure
transverse modes. In this thesis, the PbMg; 3Nby/303 and Fe;,Te crystals are
studied. PbMg;/3Nb,,303 has a cubic lattice and therefore has three equivalent
[100] symmetry directions, four equivalent [111] symmetry directions and six
equivalent [110] symmetry directions. On the other hand, since Fe;,,Te has
a tetragonal lattice, it has one [100] symmetry direction, two equivalent [100]
symmetry directions and two equivalent [110] symmetry directions [11]. Hence,
in order to measure the pure longitudinal and pure transverse phonon modes
within these two systems it is necessary to choose the appropriate axis along
which to measure the dispersion curves.

1.3 Inelastic neutron scattering instruments

In the previous section, the theory of neutron scattering was considered with an
eye to the application of neutrons for studying lattice dynamics and magnetism
within condensed matter. In particular, the reader should now have a basic
understanding of how neutrons can be used to investigate phonons in condensed
matter and how the coherent inelastic scattering can be used to characterise the
phonon dispersion curves for either longitudinal or transverse and acoustic or
optical modes. In this section, the reader will be introduced to the practical
implementation of neutron scattering experiments such as the production of
neutrons, the experimental apparatus and the detection of scattered neutrons
in a phase space volume element defined by the points (F, Q) and (F + 0F,
Q+Q+ 6@) A short, but more detailed, description of the MERLIN and
EIGER instruments at ISIS and the Paul Scherrer Institut (PSI) will then be
given since the experimental neutron scattering data contained within this thesis
was obtained here.

1.3.1 Production of neutrons

The production of a sufficient flux of neutrons is critical for carrying out neutron
scattering experiments. Historically, the method for generating neutrons for
experimental purposes was by inducing nuclear fission in a nuclear reactor. In
this process heavy nuclei are bombarded with neutrons and split into lighter
nuclei with more neutrons given off as a product to the reaction. The reason
why these neutrons are released is that lighter nuclei require a smaller fraction
of their nucleons to be neutrons for stability and so in producing lighter nuclei
more neutrons must be emitted. To be a self-sustaining chain reaction the
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facilities are designed such that on average one of these neutrons causes the
fission of another nuclei. The neutrons that do not contribute to further fission
reactions are allowed to escape from the nuclear reactor for use in neutron
scattering experiments. An example of a nuclear fission reaction with 25U as
the fissile material is shown below:

on 425U — 2 Ba + 32Kr + 3¢n, (1.19)

which would mean that on average (assuming that this is the only allowed
nuclear decay path for %5U) two of these neutrons would be allowed to escape
from the nuclear reactor and be used for neutron scattering experiments.

Unfortunately, the neutrons produced as products to the nuclear fission re-
action have energies that are far in excess of those required for studying con-
densed matter. They have energies of approximately 1MeV rather than the
energy scales seen in condensed matter, i.e., I1meV to 1eV. To obtain the latter
energies these neutrons need to be cooled down, or moderated, by repeated col-
lisions with particles within another medium. After several collisions within the
so-called moderator the neutrons will have a Maxwellian distribution of energies
equal to that of the moderator. The principle choices for nuclear moderators
are light and heavy water (H,0 and D,0 respectively) and solid graphite rods.
For this thesis, it is unnecessary to understand the reasons for choosing one
over the other, but it is salient to understand that the temperature of the mod-
erator is critical for selecting neutrons with energies on the scale of phenomena
within a material that an experimentalist wishes to study. Neutrons are often
categorised into three broad temperature ranges: thermal, epithermal and fast
neutrons (see Fig. 1.5). Since phonon modes in condensed matter have energies
less than 100meV, moderators that produce thermal neutrons are chosen for
neutron scattering experiments.

An alternative source of neutrons that is increasingly replacing the nuclear
reactor sources is a spallation source. The spallation of neutrons works by first
accelerating protons to energies in the range of a few GeVs in synchrotrons,
cyclotrons or linear accelerators and using them to bombard a heavy element
target to cause the ejection of several neutrons. The noun spall comes from the
mining industry and is used to describe the chips that flake off minerals when
they are put under pressure or crushed. The similarity between this process
in the mining sector and the use of protons to cause the ejection of neutrons
is why the reaction is called neutron spallation. The accelerated protons cause
the heavy nuclei to go into an energetically unstable excited state which quickly
decays into lighter nuclei along with the ejection of several neutrons. These
neutrons can be transported to the neutron scattering experimental instrumen-
tation using beam tubes and guides.

What are the benefits of using nuclear fission or neutron spallation as a
source? One of the reasons to choose nuclear fission as a source for neutrons is
that the flux achieved by nuclear reactors is often higher than the flux that can
be obtained from spallation sources. Higher neutron fluxes have the advantage
that the neutron scattering scans of a sample can be achieved in less time and
the statistics are much improved with coherent scattering peaks more clearly
defined and statistically significant. The neutron flux from spallation sources
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FIGURE 1.5: An illustrative guide to the terminology used for

particular incident neutron energies within the field of neutron

scattering. The neutron moderators allow the instrument to have

an incident flux of neutrons within a particular energy range

because of the thermal equilibrium reached within the moderator
medium.
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is commonly pulsed (e.g., the ISIS Neutron and Muon Spallation Source has a
pulse frequency of 50Hz [12]) which helps in determining the incident neutrons’
energies and wavelengths and therefore in carrying out time-of-flight measure-
ments. The benefit of being able to do time-of-flight measurements can reduce
the time needed to carry out experiments and mitigate the difference in neutron
flux with nuclear reactor sources.

1.3.2 General features of neutron scattering instruments

The reader has now been introduced to the common types of neutron sources,
i.e., the nuclear reactor and spallation sources. In this section there will follow
a discussion of how the neutrons are used in practice for carrying out neutron
scattering experiments and how instruments are set up to measure the inten-
sities of scattered neutrons at specific energies and scattering vectors. There
will be a review of the general features of both time-of-flight (ToF) and triple-
axis spectrometers (TAS) because not only are these techniques used in this
thesis but they are also the most common techniques used in all neutron scat-
tering experiments. It is therefore critical for understanding the studies within
this thesis that the reader has a sufficient degree of knowledge on these two
innovative techniques.

In time-of-flight spectroscopy, the source of neutrons is trains of pulses and
the neutron detectors form pixellated arrays in order to detect a large range
of energies, Aw, and momentum transfers, Q, of incoming neutrons. As such
ToF spectrometers can survey large regions of (hw, Q) space and do so quickly.
The time from when the neutrons are ejected from the heavy nuclei target to
being detected by the pixellated array is used to determine the energy and
momentum of either the incident (direct geometry ToF') or scattered (indirect
geometry ToF) neutrons depending on the set up of the ToF apparatus. In
either the direct or indirect geometry ToF there are two length scales measur-
ing the distances between the neutron source and sample and the sample to
the detector respectively. The time to traverse one of these distances is fixed
by setting either the incident or scattered neutron energy using choppers or
monochromator crystals. In common to both geometries a background chopper
(often called a to chopper) that is made from materials with high absorption
properties is placed in front of a beam aperture at the moment of proton impact
(this is the reason why it is named a tq chopper) to block out fast neutrons and
gamma rays that would otherwise spoil the experiment by contributing to back-
ground radiation [13]. This is necessary because fast neutrons and gamma rays
do not obey Bragg’s law and will interact with the nuclei in the sample forming
resonance peaks in the neutron cross section. The resonances occur because
fast neutrons have enough energy for them to combine with target nuclei and
form composite nuclei in an excited state. The resonance peaks in the neutron
cross section occur above ~eV meaning that it is essential for the ty choppers
to be designed such that they block out neutrons with energies greater than
this lower threshold [14]. In some designs of time-of-flight instruments a disc
chopper is also used after the tq choppers to block out neutrons with energies
higher than ~100meV.
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FIGURE 1.6: A schematic diagram of the indirect geometry in-

elastic neutron scattering instruments. Each pulse contains neu-

trons of varying wavelengths that scatter from the sample to-

wards the analyser crystal, which selects neutrons of a particular

wavelength from the Bragg reflections. Higher order Bragg re-

flections can be filtered out of the scattered beam using neutron
filters.

As has already been mentioned, in direct geometry ToF the incident neutron
momentum, k;, and thus energy, is fixed. This is done using a Fermi chopper
that rotates at integer multiples (the integer is called the repetition rate) of the
source frequency so that only neutrons of particular energies can pass through
to the sample and not be blocked from the neutron beam (see Fig. 1.6) [3].
The multi-repetition mode can also be achieved with disc choppers rather than
Fermi choppers. The difference between these two types of choppers being that
the former is a large, thick cylinder made from a material with a high neutron
absorption cross section and has slits along the outer edges in order to allow neu-
trons to pass through it. This is in contrast to a Fermi chopper that has curved
slits that run through the chopper from one side to the other. The repetition
rate gives the number of different incident neutron energies that are permitted
to pass through to the sample and scatter into the pixellated array of detectors.
These incident energies need to be chosen in order to avoid neutrons from one
pulse overlapping with neutrons in another pulse within the instrument, which
would make time-of-flight measurements impossible. An alternative method
for reducing the constraints on the energy choices for avoiding any overlapping
pulses of neutrons is to further the distance between the source and sample
with respect to the other distance between the sample and the detector array,
which is thought about in the designing of ToF instruments before construction.
For the experimentalist who is constrained by the instrument they are using,
they must consider what combination of neutron energies will be allowed. A
considerable advantage in using a higher repetition rate is that more data can
be collected in less time as multiple experiments are in essence being carried
out at the same time.



22 Chapter 1. General Introduction

For an indirect geometry ToF (i.e., the configuration of a ToF neutron scat-
tering instrument that fixes the final energy of the scattered neutrons using
an analyser crystal) a neutron filter is placed colinear with the axis pointing
from the analyser crystal, which Bragg diffracts the scattered neutrons from
the sample, and the detectors. When the scattered neutrons Bragg diffract in
the analyser crystal this selects neutrons with a wavelength of A, but as has
been stated previously, higher order Bragg scattering happens at A/2, /3, A\/4,
etc. An ideal neutron filter would therefore be constructed from materials with
a high transmissibility of neutrons at a wavelength of A but a low transmis-
sibility, and therefore a high absorption and scattering cross section, at the
higher order Bragg scattering. Depending on the cut-off requirements to sup-
press these higher energy neutrons various materials can be used as filters. For
instance, on EIGER at the Paul Scherrer Institut (PSI), which is discussed in
further detail in Sec. 1.3.4, the (002) Bragg reflection of pyrolytic graphite is
used to filter higher energy neutrons out of the beam (see Fig. 1.9) [15]. Py-
rolytic graphite is a material in which all the crystallites (also called the grains
of a quasi-ordered crystal that meet at grain boundaries) have a high degree of
orientation preference. Since it is a hexagonal crystal system it can be described
in that the basal axes (a;, a; and ag) are all aligned but the hexagonal c-axis
have a random orientation but preferentially along one direction. This means
that there is a spread about a preferred axis with a mosaicity that is defined by
the distribution of the angular spread of the c-axes. Pyrolytic graphite is chosen
as a neutron filter because a single crystal attenuates both the lower order and
higher order Bragg scattered neutrons whereas pyrolytic graphite provides a
sufficient degree of higher order filtration without a large reduction in the lower
order neutrons.

As described in Sec. 1.2, in order to calculate the scattering probabilities
it is necessary to normalise the scattered intensities by the incident neutron
flux. To do this in neutron scattering experiments a monitor is placed before
the neutrons scatter from the sample. This monitor is a detector that can
measure the time-integrated neutron intensities because the signal that it gives
is linearly proportional to the incident flux. The monitor will have its own
resolution function because the probability that the neutrons will interact with
the atoms within the monitor will be dependent on the incident energy of the
neutrons. Correcting for the resolution of the monitor and the detectors placed
after the sample (along with the other elements of the time-of-flight instrument)
allows the user to determine the scattering function as a function of both the
energy and momentum transfer and use this information to help understand
the condensed matter system being studied.

In neutron scattering experiments the important information is contained
within the scattering function, S(fiw, Q), which is related to the double differen-
tial scattering cross section presented in Sec. 1.2.3 using the following relation:

d%o B ﬁ
dQdhw — k;

S(hw, Q). (1.20)
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However, in ToF spectroscopy the intensity is measured in the time domain
(i.e., it is measuring the differential cross section per unit time) rather than
directly being able to access the differential cross section per unit energy as
shown in eq. 1.20. It can be demonstrated that for direct geometry ToF (a
similar approach can be applied to indirect geometry ToF) the two differential
cross sections can be related by the total time it takes for the neutrons to
traverse from the target to the detector array, tr, the time for the neutron to
reach the sample from the source, ¢, the distance from the source to the sample,
L, and the distance from the sample to the detectors, L4:

o (tr —t,)® dPo
dQdhw my,L?3  dQdtr

(1.21)

Removing the Z—f factor from the above expression, it can be demonstrated
that the scattering function, S(Q,w), is proportional to the fourth power of the

difference in the two times, t7 and t,:

Ly(tr —ty)* d%c
tsm, L3 dQdtr
The same analysis can be done for the indirect ToF geometry, which gives

a similar expression for converting the double differential cross section in the
time domain to the scattering function:

S(hw, Q) = (1.22)

td(tT — td)Q dQO'
ansLd detT

ToF instruments at neutron scattering facilities, such as on EIGER at the
PSI, often have software for the conversion of the double differential cross section
in the time domain to the energy transfer domain or the scattering function.
This will have to be done for each pixel of the neutron detectors because the
length from the sample to the detector will be different for each scattering
vector, Q.

In a direct geometry ToF instrument the maximum neutron energy loss that
can be observed (due to the energy-momentum conservation laws) is equal to
the incident energy, whereas the maximum energy gain in an indirect geometry
ToF instrument is equal to the final selected energy by an analyser crystal.

What are the advantages and disadvantages of having a direct or indirect
geometry ToF instrumental set-up? One aspect to consider for the direct geom-
etry ToF instruments is that the energy resolution of the instrument increases
with increasing incident neutron energy. This is, however, not necessarily a
problem because the incident energy can be chosen so that the resolution suits
the excitations that one is observing. For instance, if there is an experiment
measuring both low and high energy phonons, it is possible to have a repetition
rate of p = 2 selecting one incident neutron energy for measuring the lower
energy modes and another energy for measuring the higher energy modes. In
this way the higher resolution when using the lower incident neutron energy
allows for better characterisation of the lower energy phonon modes whilst still
enabling the determination of the higher phonon modes with the higher inci-
dent neutron energy. In this thesis, this technique (using a repetition rate of

S(hwaQ) =

(1.23)
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FIGURE 1.7: The energies and momenta of the incident and
scattered neutrons are constrained by the conservation of energy
and momentum for the scattering process.

p = 2 with incident neutron energies of E;=75meV and FE;=150meV) could
have been utilised in order to characterise the lower and higher energy phonon
modes in PbMg; ;3Nb, /303, but, in the end, these experiments were undertaken
separately. An issue with using the indirect geometry ToF instrument is that
in selecting the final neutron energy after being scattered by a sample with
an analyser crystal there will be spurious peaks associated with higher order
Bragg scattering, i.e., %, % etc. For this reason, a direct geometry ToF in-
strumental set-up is often preferred when weak scattering signals are present
owing to the improved background scattering. The weak signal observed for
the highest energy phonon modes, which is due to the inverse proportionality
of the differential nuclear scattering cross section with phonon frequency, is one
example of a phenomenon that would benefit from the use of a direct geometry

ToF instrument.
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The other fundamentally useful neutron scattering instrument is the triple-
axis spectrometer (TAS). This is different from the ToF instrument because both
the incident and final neutron energies are selected using a monochromator and
analyser crystal, which is often made from a pyrolytic graphite crystal using
the (002) Bragg reflection. The sample is placed on a goniometer which can
rotate about an horizontal and vertical axis meaning that, along with the ability
to independently set the two angles that select the incident and final neutron
energies, the TAS can access any trajectory in the Brillouin zone and energy gain
or loss by carefully setting these angles (see Fig. 1.7). The ability of the TAS to
perform constant-energy or constant-Q scans (whereby the energy transfer or Q-
vector is fixed) is also very useful because scans can, for instance, be performed
along high-symmetry directions to compare with theoretical calculations, e.g.,
density functional perturbation theory for phonon modes, that are often carried
out along these directions.

Having introduced the reader to the practical implementation of neutron
scattering for studying condensed matter, in the following sections there will
be an explanation of the instruments used to carry out the studies within this
thesis, namely the MERLIN and EIGER instruments at ISIS in Oxfordshire
and the Paul Scherrer Institut (PSI) in Switzerland respectively.

1.3.3 MERLIN

The MERLIN instrument at ISIS is based on the time-of-flight direct geome-
try spectroscopy technique that was addressed in the previous section. It was
utilised in this thesis for characterising the longitudinal and transverse higher
energy phonon modes in PbMg;/3Nby /303 and for studying the displacement
disorder of atoms within the perovskite structure; hence, it will be conducive
for the reader to have some basic understanding about the MERLIN instrument
before proceeding to the sections pertaining to the experiment and the inelastic
neutron scattering data. The information that will be described here can be
complemented by externally cited material [16].

The ISIS Neutron and Muon Source currently has two target stations (target
station 1 and 2) that are separately providing neutrons and muons to several
neutron scattering and muon spectroscopy instruments. The neutrons are pro-
duced when bunches of protons, which have been accelerated around a fixed-
loop path within a magnetic field of a synchrotron, collide with a heavy tungsten
target. The highly energetic collisions induce neutron spallation reactions pro-
viding a pulsed source of neutrons to the neutron scattering instruments within
a particular target station. Before being channelled into the neutron scatter-
ing instruments these fast neutrons are moderated by one of four moderators
depending on the neutron energies required by an experiment: one uses lig-
uid hydrogen at 20K, two comprise water at room temperature and the other
utilises methane at 100K [17]. To reduce the neutron flux loss through the
walls of the moderators, a beryllium reflector is placed around the moderators
to reflect neutrons back into the moderator so that they can continue scattering
with the molecules within the moderator medium in order to achieve thermal
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FIGURE 1.8: The MERLIN time-of-flight instrument on the ISIS

Neutron and Muon Source with the sample environment seen

with respect to other principle component parts of the direct
geometry neutron scattering instrumental set-up [16].

equilibrium while maintaining sufficient neutron flux for neutron scattering ex-
periments. The reflection of neutrons back into the moderator has the same
theoretical principles as optical reflectivity but with different refractive indices
for the incident neutrons that depend on their de Broglie wavelength and the
real part of the neutron scattering length of the material used as the reflector.
Beryllium is thus chosen as a reflector for the moderators due to its favourable
neutron refractive index.

Using a combination of beam guides and neutron super-mirrors, which are
multi-layered neutron mirrors with varying layer thicknesses to produce maxi-
mal neutron reflectance, the moderated neutrons are guided to one of the in-
struments on the target stations. MERLIN is located on target station 1 and
was constructed to complement another spectrometer called MAPS—which is
also located on the same target station in the ISIS Neutron and Muon Source.
Being a direct geometry time-of-flight neutron scattering instrument, MERLIN
fixes the incident neutron energies using a Fermi chopper that can be set to
multi-repetition mode as was broached in the previous section (see Fig. 1.8). Tt
has a detector array beyond the sample mount that spaces a scattering angle
range of between -35° and 145° in the horizontal plane and £+30° in the verti-
cal plane. The detector array comprises 3m long position sensitive detectors
(PSDs) that are able to tag scattered neutrons by their position and time of de-
tection (this enables the time-of-flight instrument to be in event mode whereby
the experimentalist can choose the bin sizes rather than being pre-set for the
instrument). The ability to access a large range of (w, Q) space is one of the rea-
sons for why the MERLIN instrument is chosen for studying complex condensed
matter phenomena.
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FiGure 1.9: The EIGER triple-axis spectrometer on SINQ at
the PSI has a sapphire filter, pyrolytic graphite monochromator
and analyser crystals and *He-tube detectors [18].

1.3.4 EIGER

In contrast to the MERLIN instrument, the EIGER instrument at the PSI is
a thermal neutron triple-axis spectrometer. It is located on the Swiss Spal-
lation Neutron Source (SINQ) at the PSI that provides a steady-state source
of neutrons from a neutron spallation reaction- the only one of its kind in the
world. It has been used for this thesis for studying soft phonons in Fe;,Te
and for understanding the lattice dynamical behaviour close to the structural
and magnetic phase transitions of the single crystal. In SINQ, a 1.5mA current
of fast protons in a 600MeV beam is used to spall neutrons from a heavy lead
target releasing on average about 10 neutrons from each collision event. In this
way a total flux of 10'7/s neutrons is produced by the cyclotron accelerator
putting the SINQ in the category of a medium neutron flux source. If the de-
sire is to have thermal neutrons or liquid deuterium for cold neutron scattering
experiments, the neutrons produced by the spallation reactions are moderated
by heavy water (D50). In a similar manner to the MERLIN instrument these
moderated neutrons are channelled to the neutron scattering instruments using
a system of neutron guides, which are glass conduits coated in a material with
a high neutron reflectance (these neutron guides can be observed in Fig. 1.10
which shows the neutron guide to the EIGER instrument).
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FIGURE 1.10: A panoramic view of the neutron guide hall in
the Spallation Neutron Source, SINQ, from the viewing platform
[19].

Once the thermal or cold neutrons have been transported along the neutron
guides to the triple-axis spectrometer instrument, these pass through a fast
neutron filter, which is made from sapphire crystals, i.e., AlyO3, as shown in
Fig. 1.9. These fast neutron filters work because the crystals have a wavelength-
dependent transparency to neutrons such that fast neutrons have a much greater
probability of being absorbed or scattered out of the beam than neutrons with
slower neutrons. Since there is a conflict between the desire to reduce the back-
ground to the scattering intensities and to maintain a high incident neutron flux,
a balance is needed when introducing fast neutron filters to a neutron scatter-
ing instrument. After passing through the fast neutron filter, the neutron beam
Bragg reflects from the monochromator crystal that selects the incident neutron
momentum, k;. Higher-order Bragg reflections also mean that faster neutrons
with wavelengths of % V n > 2 scatter in the same direction towards the sample,
which is positioned in the goniometer, thus contributing to the background. The
neutrons scatter from the sample and those with a final momentum of ky are
selected by an analyser crystal (both monochromator crystals in the EIGER
triple-axis spectrometer are made from pyrolytic graphite and use the (002)
Bragg reflection) and diffract towards neutron detectors made from tubes filled
with 3He.

How do these 3He-tube detectors function? 3He has a high neutron absorp-
tion cross section with this nuclear reaction producing the charged by-products
of a proton, 'H, and a tritium ion, 3H:

on + *He — *H + "H + 0.764MeV, (1.24)

with the nuclear energy released in this reaction being shared between the
reaction products. A voltage is applied across the 3He-tube detector and the
charged particles move towards a stopping gas in proportional counters with a
charged cloud inducing a current that is proportional to the number of detected
neutrons (assuming that the counter is in the linear proportionality regime of
the 3He-tube detector).
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1.4 What has been studied?

In this section, the reader will be introduced to the solid-state crystals studied
for this thesis, namely PbMg;/3Nby/303 and Fe;;,Te. Their structure, and in
the case of Fe;,,Te, magnetic phases will be presented from previous scientific
studies and review articles in order for the reader to have an appreciation for the
context with which these crystals are to be studied for this thesis. Although this
is not a thesis studying their industrial applicability (for instance in the solid-
state electronic sector) it will nonetheless be mentioned for the general interest.
This is because the objective of condensed matter research is ultimately to
understand how solid-state compounds can be used to produce better and more
efficient devices and improve the total factor productivity of society.

1.4.1 Brief introduction to PbMg; ;3Nb, /303

PbMg; /3Nby /505 (PMN)—and the related compound PbZn; ;3Nby /303 (PZN)—is
a prototypical relaxor ferroelectric (the unit cell in the cubic phase is shown in
Fig. 1.11) that displays temperature and frequency broadened peaks in the di-
electric response |20, 21]. Relaxor ferroelectrics are a type of ferroelectric (ma-
terials that display a spontaneous polarisation that can be reversed in direction
by the application of an external electric field) that possesses the property of
high dielectric constants and large electrostriction. Having large electrostriction
means that these materials can change shape on the application of an external
field, which, since they are ferroelectrics, can also simultaneously act to change
their polarisation. Electrostriction is different to piezoelectricity in that the
strains of the crystal lattice in the former phenomenon change with the square
of the applied electric field as opposed to linear changes with the latter. PMN
is specifically a lead-based relaxor ferroelectric with a simple perovskite struc-
ture—it has a general chemical formula, PbBOs, where the B site is occupied
by two different cations with differing valences [22-25].

Why might a relaxor ferroelectric be an interesting material to study? These
materials display exceptional dielectric and electromechanical properties [26]
making them of particular interest for industrial applications. Some unusual
opportunities exist in piezoelectric devices made from relaxor ferroelectrics such
as the possibility to switch the device on and off by the application of a bias
voltage. In general, the large response of the crystal to the applied electric
fields means that devices made from relaxor <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>