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by Sean Kentaro Sullivan TAKAHASHI

The rare-earth pyrochlore oxides are the prime example of three-dimensional frustrated
magnetism. Pyrochlores are of the chemical form A,B,0, where the A site is a rare-
earth metal and B is a non-magnetic ion. The A and B sites separately form a network
of corner-sharing tetrahedra which are interwoven with each other. The geometric frus-
tration of the pyrochlores make them extremely interesting as it introduces new and
complicated behaviour that has not been studied before. It is typically difficult to con-
duct NMR experiments on such materials as many of the more well studied pyrochlore
materials do not have appropriate nuclei for NMR. YbyPt,0- is an exception as plat-
inum is an excellent atom for NMR experiments. Yb,Pt,0; is considered an effective
S=1/2 XY pyrochlore, meaning that the magnetic moment on the Yb ion is anisotropic.
we performed 5Pt high field NMR measurements on a powder sample of the pyrochlore
YbyPt50- in fields from 1 T to 8 T. The NMR frequency shift increased rapidly at low
temperature until it was saturated due to the magnetic field strength. The spin-lattice
relaxation rate, 1/7, showed exponential behaviour from 20 K down to 1.8 K for the
higher fields of 2 T, 4 T and 8 T. The rapid decrease in 1/7} indicates that the low
frequency spin fluctuations freeze out at temperatures well before the known zero-field
transition to a ferromagnetic state at 0.3 mK. We fitted the 1/7 data to an exponential
e /T to extract an energy scale A. Alternatively, we also used the peak of the 1 /T
data as a function of temperature and scaling analysis to determine an energy scale.
All three methods showed semi-quantitatively the same behaviour with magnetic field
strength, where A decreases linearly as the field strength is lowered. Low field NMR

experiments are being planned to determine if this behaviour continues below 1T.
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Chapter 1

Rare Earth Pyrochlore Oxides

1.1 Motivation

Of all the research fields in science, there is perhaps no better field than condensed matter
physics that demonstrates the interplay between theory, experiment and technology.
Experimental discoveries have driven theorists to develop intricate and elegant methods
of explaining physical phenomena, while theorists have force experimentalists to hone
their techniques in order to observe predicted behaviour in many systems. Technology
has benefitted greatly from the discoveries in the field, which has, in turn, aided the

developement of increasingly advanced experimental equipment.

Condensed matter physics is a vast and deep field of study that has driven science and
technology forward over the past century. The theory behind semiconductors, was devel-
oped in the wake of the discovery of quantum mechanics. Bardeen et al. created the first
semiconductor transistor in 1948 [1] which brought a revolution to computing and elec-
tronics. Shortly after in 1957, one of the triumphs in modern physics occured: Bardeen,

Cooper and Schriefer laid the groundwork for a microscopic theory of superconductivity

2].

The study of magnetism in materials eventually led to the creation of magnetic storage

devices such as hard drives in computers. In the 1960s and 70s, critical phenomena

and the renormalization group were rigorously developed which now plays an important

role in both condensed matter physics and quantum field theory [3]. The discovery of

the high T¢ cuprate superconductor Ba,Las  Cu;O5 (3. in 1986 by Bednorz and Miiller
1
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[4] was a major boost for the field, as people imagined the possibility of eventually
reaching room-temperature superconductivity. Since that time, although modifications
have been made to reach higher T.’s, we are still a long ways off of reaching the ultimate
goal of room temperature superconductivity. In order to attempt to explain the high

temperature superconductors, studies of many different materials have been undertaken.

At about the same time the high T, superconductors were taking the physics world by
storm, another phenomena was gathering steam in condensed matter: magnetic and ge-
ometric frustration. Although frustration had already been theoretically discussed [5],
[6] [7], a very special class of frustrated materials, the pyrrochlore oxides, had yet to be
analyzed in depth. The pyrochlore oxides epitomize 3-dimensional geometric frustration
and have now been rigorously studied. They have become an entirely separate research
field for the study of magnetism. Pyrochlores have already made important discoveries
for condensed matter discussed briefly in the next section, with more discoveries poten-
tially on the way. We will gain a greater understanding of condensed matter systems

and physics overall by understanding the complex behaviour of pyrochlores.

1.2 The Pyrochlore Structure

The pyrochlore oxides are crystal structures of the form A,B,0O,. Both the A and B
sites form sublattices of corner-sharing tetrahedra which are interwoven with each other;
as shown in 1.1. The oxygen atoms sit between the atoms of the A and B sub-lattices.
When mentioning the pyrochlore structure from this point onward, it will be referring to
the pyrochlore oxide structure as a whole. Pyrochlore oxides can exhibit many physical
states including insulating, metallic and superconducting states, depending on the atoms
occupying the A and B sites [8]. Pyrochlore lattices are particularly interesting in
magnetism because they exhibit geometric frustration when one of the A or B sites
contains a magnetic ion. Geometric frustration occurs when the configuration of the
magnetic moments in the lattice affects the ground state energy of the system, such
that neighbouring spins cannot align in their most energetically preferred position in
their ground state [5], [9]. In the pyrochlore oxides, magnetic frustration leads to some
exotic physical phenomena such as spin ices in HoyTi,0, [10] [11] and Dy,Ti,O, [12],
cooperative paramagnetism in ThyTi,O, [13], spin glass state in YbyMoy,O, [14] and
TbyMo,0- [15] as well as others which have been studied extensively [16].
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FIGURE 1.1: Pyrochlore network of A and B sites from [17]. Another way of thinking

about the structure is alternating layers of kagome and triangular lattices for both the

A and B sites. The kagome layers of the A site are in the same plane as the triangular
layers of the B site.

Figure 1.2 from reference [18] a) shows two corner-sharing Gd tetrahedra from Gd,Pt,05.
The center gadolinium ion is surrounded by 8 oxygens and a hexagon of platinum ions.
In figure 1.2 b) the platinum site is surrounded by a hexagon of oxygens which are
bonded to a hexagon of gadolinium. It is not always the case that the oxygen atoms sit
perfectly in plane with the b-site. In fact, in Yb,Ti,O; the oxygen ions are alternating

above and below the plane [19].
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FIGURE 1.2: a) Two corner-sharing tetrahedra of gadolinium in Gd,Pt,0,. b) View
down the local [111] axis of platinum site in GdyPt,0,. The structure will be discussed
in more detail in the next section. Figures taken from [18].
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F1cURrE 1.3: A triangle of antiferromagnetic Ising spins. When two of the spins align
antiferromagnetically, the third spin is in a frustrated state.

The typical example of geometric frustration is three antiferromagnet Ising spins forming
an equilateral triangle. There is no configuration where all three spins are satisfied as
if two spins point opposite to each other, the third spin will not have a preference to
point up or down. It is in a frustrated state as seen in 1.3. This introduces a degeneracy
in the lowest energy (ground) state. Expanding the frustrated triangle to a lattice can
produce a triangular lattice (edge-sharing triangles) or a kagome lattice (corner-sharing
triangles). Generalizing to three dimensions, the base unit is a tetrahedron which can
also be edge-sharing which makes a face-centred cubic lattice (FCC) or corner-sharing

which makes the pyrochlore lattice.

Since there is geometric frustration in a network of triangles, there should also be frustra-
tion in the more generalized 3-dimensional network of corner-sharing tetrahedra. This
frustration can lead to the celebrated spin ice state, so called because the behaviour of
the magnetic moments on the tetrahedra sites resemble the disorder of hydrogen atoms
in water ice as shown in figure 1.4. The "ice rule” of water ice states that each oxygen
will be bonded with four hydrogen atoms, but that two of these bonds will be weak
and two will be strong, 7.e. two hydrogens sit close to the oxygen, while the other two
sit further away [21]. This introduces a degeneracy in the ground state as there are
many combinations of bonds which minimize the energy of the system. Thus, there is

residual entropy, i.e. non-zero entropy in its ground state [22]. In a two state system
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a)

FIGURE 1.4: a) Arrangement of protons (red) in water ice relative to oxygen (blue)

[20]. Two protons are close to the centre of the structure, but two are closer to the outer

oxygens. b) Example of how frustrated spins may arrange themselves on a tetrahedra.

Two of the spins point into the tetrahedra and two of them point outwards. This is the
2 in 2 out ice rule.

this becomes S = RIn(2) per site where R is the gas constant. In a pyrochlore spin
ice, the geometric frustration leads to two of the spins on a tetrahedra pointing into
the tetrahedra while two of the spins outwards (also known as the two in two out rule)

which also leads to residual entropy [23].

In recent years, the ytterbium and erbium based pyrochlores have garnered a great
amount of interest and academic resources due to their XY spin nature. It has been
shown that for the ytterbium and erbium based pyrochlore oxides, the anisotropic g-
tensors have a larger perpendicular component than parallel (g > g) [24] [25] [26] [27]
[28] [29]. For example, in the case of YbyTiyO7, g1 = 3.6940.15 and g = 1.92+0.20 as
measured by Gaudet et. al. [27]. The XY anisotropy arises from the crystalline electric
field (CEF), which is originates strongly from the oxygen sites. The XY pyrochlores have
led to some interesting discoveries such as the continuous phase transition to an ordered
stated of Ery,Ti,O, [30] [31] which is thought to be achieved via the order-by-disorder
mechanism. In addition, if spin ices exist on XY pyrochlores, they will potentially be
quantum spin ices which differ from the classical spin ices of Ho,Ti,O, and Dy,Ti, O

previously mentioned, as they are driven by quantum fluctuations.
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1.3 YbQPt207

The YbyPt,0, powder sample was synthesized under high pressure and high temper-
ature (HPHT) by Alannah Hallas, and is thermally stable once it is formed [32]. The
ionic radii of Yb3* and Pt** are 0.868 A and 0.625 A respectively [33], so that their
ratio is, IR4/IRp = 1.39. This is within the range of stable pyrochlore materials of
1.36 < ITR4/IRp < 1.71 at ambient temperature and pressure [34]. The structure is as
shown in figure 1.7 where corner-sharing tetrahedra lattices of Yb and Pt are interwoven

with each other.

The Yb3* site is pseudospin S = 1 /2 with XY anisotropy perpendicular to the local
[111] axis [35]. Since this is defined on the local axis, the XY spins are not necessarily

in the same plane.

In the absence of dipolar interactions, the nearest neighbour exchange Hamiltonian can

be written as the following from reference [36]

1
H=3) JiSISy —usH" )y gt"Sy, (1.1)
i

ij

where Ji’;-” are matrices which describe the exchange couplings between sites ¢ and j,

H* is the magnetic field strength and direction and ¢! is the g-tensor for the spin S
at site i. There are four independent exchange coupling constants (J1, J2, J3 and Jy).
Since the ytterbium site has strongly localized f-electron states, only considering nearest
neighbour interactions is justified [36]. Equation 1.1, in the zero field case, may be

rewritten for spins quantized in the local [111] direction as the following:

H=> [J..S78; — Jo (S Sy + 87 SF) + Jaw (78 ST + 15587 85)
(i.4)

+ LaSE (ST +€557) +i— 4] (1.2)

In equation 1.2, there are four independent exchange constant: J,,, J4+, J1+ and J,4.

These are related to Ji, Ja, J3 and Jy by the following relations [36].
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Jee =~ 20— 4 205 + 274)], (13)
Jo =gl — o~ Jy 2 (1.4)

Jiy = %[Jl + Jo — 2J3 + 2J4), (1.5)
Tt = T+ Jat Js — . (1.6)

3v2

The S¥ are local spin coordinates and 7;; and &; are unimodular matrices of complex
numbers. In the case of YbyTiyO7, Ji++ and Ji have been estimated to be on the order
of ~ 0.5 meV and J,+ ~ 0.15 meV [36] [37]. Ross et al. quote J,, = 0.17 £ 0.04 meV
while Thompson et al. quote it as J,, = 0.026 & 0.03 meV. In any case, the exchange

interactions are generally quite small at below 1 meV.

r7

Jo/lJal

Io Y3

J1/1Jsl

F1GURE 1.5: Phase diagram of the spin configurations of pyrochlores with anisotropic
exchange from [17]. The exchange parameters for Yb,Ti,O, were determined by [36]
and Er,Ti, O, were determined by [38].

Figure 1.5 from reference [17] shows the phase diagram for the spin configurations of
anisotropic exchange in XY pyrochlores. The exotic magnetic properties are thought
to arise from phase competition [39]. Although YbyPt,O;, which is the subject of this
thesis, has not had its spin configuration determined, it is known to be ferromagnet at

low temperatures, much like YbyTiyO5.
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FIGURE 1.6: a) view of platinum site (blue) surrounded by a hexagon of ytterbium ions
(green). The oxygen ions (red) are situated in between the platinum and ytterbium
sites. b) view along the local [111] axis of the same platinum site.

195Pt is an excellent nuclei for NMR with many advantages. First, it has a relatively
high gyromagnetic ratio of 9.153 MHz/T. On the other hand, the more well studied
titanates would require NMR on “7Ti or °Ti, both with gyromagnetic ratio of about
2.40 MHz/T [40]. To achieve the same signal to noise ratio as 1%Pt, we would need a
field almost 4 times larger. As will be discussed in chapter 2, the resonance frequency of
a nuclei is proportional to the magnetic field applied. The low field NMR frequency of
titanium is too low for NMR experiments. Second, since Pt has nuclear spin I = 1 /2,
it does not have a nuclear quadrupole moment, and thus there is a single NMR line
peak. *"Ti and *°Ti are I = 5/2 and I = 7/2 nuclei respectively, which would result in
5 peaks in the "Ti NMR lineshape and 7 in the *°Ti Lineshape. As a sidenote, another
previously studied pyrochlore YbyGeyO; has germanium with nuclear spin I = 9/2 s0 9
peaks in the NMR lineshape. The third advantage of Pt NMR is its relatively high
natural abundance of 33.7% compared to 5.5% and 7.3% for 4"Ti and *°Ti respectively.
Metallic pyrochlores such as the ruthenates [41] [42] and rhenates [43] have been studied
via NMR, however, insulating pyrochlore oxides such as the titanates, germanates and

platinates have not been examined in depth with NMR as far as we know.

The Pt** site is surrounded by a hexagon of Yb®' ions, separated by oxygen ions as

6

shown in figure 1.6. It is in a low spin (¢35,

eg) state and is nonmagnetic. This is good
for our NMR experiments as we would like to determine how the Yb3t moments behave

by probing the Pt nuclei. It is, in principle, possible to conduct ytterbium NMR as
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YD is nuclear spin I = 1/2 and vy = 7.52 MHz/T [40]. However, since ytterbium
is in a magnetic environment [35], the hyperfine coupling constant (Apy) will be quite
large. As will be seen in chapter 2, the NMR frequency shift is proportional to Ay
and the spin-lattice relaxation rate is proportional to Aif /J. Thus, highly magnetic
sites require an extremely large frequency range and incredibly fast resolution in order
to conduct NMR, experiments, unless J is quite large as well. It is therefore much easier

to work with the non-magnetic %Pt site.

a) by ©
OGP0 O

O

O

O™ 0O

FIGURE 1.7: a) The corner-sharing tetrahedra of the magnetic A site (green) in relation
to the nearest oxygen atoms (red) and the non-magnetic B sites (blue). b) View down
the local [111] axis of two corner sharing ytterbium tetrahedra.

Figure 1.7 shows that the B sites make a hexagon around the joining of two A site
tetrahedra. Oxygen atoms are in between the platinum and ytterbium sites as well
as near the middle of the tetrahedra. The moment from the ytterbium site can be
transferred to the platinum by hybridization. This results in hyperfine coupling between

the ytterbium magnetic moment and the platinum nuclear spin.

Previous studies of YbyPt,O, have shown that it is paramagnetic with a transition to
long-range ferromagnet order at 0.3 K as noted in figure 1.8. Cai, et al determined
fcw = 0.91 K and pepr = 3.08up [35]. Both YbyPt,0; and Yb,TiyO; have a specific
heat anomaly which occurs around 2 K as seen in figure 1.8. This specific heat anomaly
is generally not well explained, but could be linked to the spin configuration of the

system.
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FIGURE 1.8: Zero field specific heat measurements for Yb,Pt,0, as reported in [35].

The red data points are the total specific heat, while C), is the magnetic specific heat

and the black line is the lattice contribution to the specific heat. There is a broad

bump in the total specific heat centered around 2 K which is clearly not the transition

to long-range order that occurs 0.3 K. The green data points are calculated entropy
from the specific heat measurements by integrating over C,, /T

Figure 1.8 also shows that the the entropy levels off at 11.42 J mol~! K1, almost exactly
the ideal value for the entropy in a spin S = 1/2 system of S = 2RIn(2). This confirms
that the Yb?* moment can be treated as a pseudospin S = 1 /2, which is the same as
other previous studies of ytterbium pyrochlores with different non-magnetic sites, such
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Yb,Ti,0,8.51 mg Cg vs T || <110>

0.020 |-

0.016

0.012

(J/K*g)

Cg

0.008

0.004

0.000 |-

FIGURE 1.9: Specific heat measurements of Yb,Ti, O, at different fields as completed
by D’Ortenzio [47]

The location of the peak of the broad specific heat anomaly in the sister compound
Yb,Ti,O; scales roughly linearly with magnetic field above 1T, as mentioned in Robert
D’Ortenzio’s thesis (see figure 1.9). More recently, Thompson et al. extracted an energy
scale from the specific heat data by fitting it to a Schottky profile for a two level system.
This was completed at low fields and they argued that this scale changes monotonically
with magnetic field [37]. The energy scale does not show linear behaviour below 0.4
T however, but decreases more quickly with decreasing field. It should be noted that
Thompson et al. applied the field in the [001] crystallographic direction while D’Ortenzio
applied the fields in the [110] and [100] directions. D’Ortenzio found that there was no
difference in the specific heat between the [110] and the [100] directions.

Along with this unexplained specific heat anomaly, rare-earth pyrochlore oxides can
theoretically exhibit properties of quantum spin liquids (QSL) as predicted in [36]. QSL
is a highly sought after exotic state and examining Yb,Pt,0; via NMR will shed light
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on the magnetic properties of the XY pyrochlores as a family to hopefully understand

the complex behaviour of XY pyrochlore systems.

(’]ll;lﬂlllll’l
critcal

FiGUurRE 1.10: It is theoretically possible for a pyrochlore to become a QSL when
J1/J.- is sufficiently small [36]. Phase diagram from Ross et al. [36].

In this thesis, we examine the high field (1T and above) behaviour of YbyPt,0, using
NMR. As mentioned previously, some of the more studied pyrochlore oxides such as the
titanates and germanates are not ideal for NMR and as a result, there are very few
NMR studies on these particular pyrochlores oxides. This NMR study is the first of its
kind on the pyrochlore oxides and aims to understand how the specific heat anomaly
is related to the magnetic properties, among other things. Since NMR is a low energy
probe, it is perfect for investigating low energy excitations that other probes may not
be able to achieve. NMR thus makes an excellent complimentary tool for higher energy

probes such as neutron scattering and muon spin relaxation puSR.



Chapter 2

NMR Basics

2.1 Resonance Theory

In the classical picture of spin, a spin is a magnetic moment pointing in a certain
direction in space. Consider an isolated magnetic moment g in an external magnetic
field Bg = By x 2, where Z denotes the unit vector in the direction of z. Vector quantities
are defined with bold font. The magnetic field exerts a torque 7 on the moment given

by the following.

T = p X By. (2.1)

In this simple model, the magnetic moment would want to align with the magnetic field,
leading to Larmor precession about the field direction (if the moment did not already
start pointing along the field direction). These oscillations obviously die out if there is

some damping term.

A nucleus with an odd number of neutrons and/or protons possesses an angular mo-
mentum I. Since the rate of change of angular momentum with respect to time is the
torque, we may equate this to equation 2.1 and obtain the equation of motion for the

magnetic moment.

dI

14
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The convenient fact that g and I are either parallel (pn > 0) or antiparallel (pun < 0)
allows us to relate them with a constant scalar such that g = yyI where vy is the

nuclear gyromagnetic ratio. Then we can eliminate I from equation 2.2.

dp
- = B 2.
di B X YNDo (2.3)

An important consequence of this equation is that the instantaneous change in p is
always perpendicular to the applied field and p. For the time independent zero damping
case, p will then trace out a cone around By of a constant angle. In reality, there will

be damping coming into the system which will be discussed later.

In general, we can move into a rotational frame where the system coordinates rotate at

constant angular velocity 2. It is then not hard to show that equation 2.3 becomes

0
a*l: =p x (ywBo + Q) (2.4)

This means that we can treat the rotational frame the same way as the static frame as

long as we replace the magnetic field with an effective field Beyy = Bo + % Choosing

B.sy = 0 requires %—’; = 0 so that p rotates with angular velocity 2 = —ynyBygzZ. We

can use this to define a characteristic frequency of the system.

wr, = YnBo (2.5)

wr, is the Larmor frequency, which is the frequency at which the magnetic moment

precesses about the magnetic field in the rotational reference frame.

Using a quantum mechanical description of a spin in the static field, the magnetic

moment interacts with the magnetic field by the Zeeman interaction.

H = - BO = —’yNhBDIZ. (26)

The allowed energies of the system are therefore just the Zeeman levels.
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E = —’}/NhBom, (27)

where m = I, I —1,...,—I. Magnetic dipole transitions are allowed between adjacent
energy levels. We can probe the system by applying a field at a frequency such that

hw = AFE to induce a transition between the levels.

2.2 NMR Experiments

NMR experiments are versatile, and there are many ways one can utilise NMR. In this
thesis, we will report pulsed NMR experiments completed in an external field. The sim-
plest experiment one can perform with these conditions is a free induction decay (FID).
In this scenario, the sample is exposed to an oscillating magnetic field B7, perpendicular
to the external magnetic field, By. Thinking of the nuclear spins classically, when Bj is

turned on, they will precess around the effective magnetic field [48]:

Beps = (Bo— )2+ B (2.8)

N
Equation 2.8 assumes that By is in the z-direction and Bj is in the x-direction in the
rotational frame. When the resonance condition is exactly met, i.e. w = By, then the
nuclear spin will rotate in the y-z plane. This is convenient, as we can now manipulate
the direction of the nuclear spin as we please. In order to flip the spin from the z-
direction to the x-y plane, we simply need to turn B; on for a specific duration of time

to flip the spin 90°.

= wltgo = ’YNBthO (2.9)

ol 3

tgo is typically on the the order of 3-8us for our condensed matter experiments. Upon
turning off the pulse after time t,,, the spins would be pointing in the y-direction and
precessing around the z-axis. As the spins precess, the net magnetization of the sample
precesses as well. This precession takes place in a coil perpendicular to the external mag-

netic field. Since the precession induces an oscillating voltage in the coil, a measureable
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a) B, b) B, c) By
4 N A
* f - =
) - -«

FIGURE 2.1: a) The sample is placed in a solenoid. In thermal equilibrium, the net
magnetic moment will point along the By direction. b) A 90° pulse is applied, flipping
the spins into the x-y plane. c¢) The spins precess perpendicular to By causing the net
magnetization of the sample to precess. In accordance to Farraday’s law, this induces
a measureable oscillating voltage in the solenoid at the Larmor precession frequency.

signal (called the FID signal) is produced. This simple experiment, in principle, can be
completed using solenoid for both applying By and recording the precession of the net
magnetization as shown in figure 2.1. The signal oscillates at the resonant frequency of
the sample which is on the order of tens of MHz (period of ~ 0.1us). This is quite short
in the time domain, so we only record the envelope function of the signal and use that

for analysis.
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Ringdown

FID

0 T 2'[ Time

90° Pulse 180° Pulse Spin Echo

FIGURE 2.2: Spin echo pulse sequence. It should be noted that the pulses contain the
desired NMR RF within the pulse width.

The lineshape and NMR frequency shift experiments in this thesis use a more sophisti-
cated method called a spin echo. This method applies two pulses, a 90° pulse followed
by a 180° pulse after time 7. Spin echo pulse sequences are used to minimize problems
caused by ringdown. Ringdown is caused by the high voltage radio frequency (RF)
pulses persisting in the tuned RLC circuit due to the finite Q value of the circuit. It will
usually take upwards of 10us for the voltage to dissipate, and some of this high voltage
will end up in the preamplifiers. The leaked voltage will be overlayed on any FID signal
produced, which is problematic if the FID signal only lasts for 10us. In this case, the
ringdown will render the FID signal unuseable. The spin echo pulse sequence rectifies
this problem as can be seen in figure 2.2. Since the spin echo occurs time 7 after the
second pulse, much of the ringdown will have been eliminated by the time the spin echo

is produced.

Additionally, phase cycling destructively adds ringdown, but constructively adds the
spin echo signal, further enhancing the signal to noise ratio. Specific selection of phases

for both the 90° and 180° pulses eliminates the ringdown, but keeps the spin echo signal.

The spin echo pulse sequence also eliminates effects from the inhomogeneity of the field,
which results in spins precessing at different rates at different spatial points in the
sample. Refer to figure 2.2 to see the pulse sequence and figure 2.3 for explanation of

how this eliminates some dephasing.
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FIGURE 2.3: The spin echo procedure as viewed from a nuclear spin in the rotational

frame (at wo about the z axis). a) Nuclear spins initially point along the z’ axis. b)The

90° pulse is applied to flip the spin into the y’ direction. c¢) dephasing occurs and the

spins "fan out”. d) the 180° pulse is applied, mirroring the spins about the y-z plane.
e) spin echo is seen when spins realign in the negative x’ direction.

2.3 NMR Electronics

Figure 2.4 shows a schematic diagram of the NMR setup. A computer program called
TNMR allows us to vary the pulse sequence parameters. These parameters are sent to
the Apollo, which is the control center of the NMR spectrometer. Apollo comes with a
built in frequency generator. Once it receives commands from the computer, it creates
the desired pulse sequence which is amplified by about 60dB by the power amplifier.
The back to back diodes following the power amplifier are arranged to ensure only RF
pulses of high enough voltage are allowed through to the NMR probe. This eliminates

white noise that may have been amplified by the power amplifier.

The amplified pulse sequence then goes to the NMR probe which consists of an LC
circuit with two variable capacitors in parallel. The resonance frequency of this LC
circuit goes as wg = \/ﬁ with L the inductance of the solenoid (coil containing
sample), Cy, the matching capacitance and Cy the tuning capacitance. Varying C; tunes

the NMR probe resonant frequency to the incoming frequency of the pulse sequence. If

this is not done, the high voltage pulses will be reflected and potentially damage the
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power amplifier. Cp, is used to match the impedance of the LC circuit to 50 €2 and is
often quite small (on the order of picofarads). Impedance matching ensures that the

maximum amount of power will travel from the amplifier to the LC circuit in the probe.

The pulse sequence goes into the coil and generates an NMR signal from the sample as
described previously. This signal goes into the RF preamplifier box. The A\/4 cable is
1/4 of the wavelength of the amplified RF pulse and is there to short out the high voltage
RF pulses from the power amplifier as it creates a standing wave with a node at the
end. This allows the NMR signal to go to the preamplifiers without being overwhelmed
by the high voltage pulses. The NMR signal then goes from the preamplifiers to the
Apollo where the signal is digitized, amplified digitally, recorded and then sent to the

computer.
Computer
( Power
> Apollo e
L P Amplifier
RF Preamplifiers :
H /I A/4 cable E W
\I back to :
= back diodes i
RF Preamplifler BOX .......................................
ZMatchlng
apamtor
Coil with Tun|ng
Sample Capamtor

; NMR Probe

FIGURE 2.4: Schematic diagram of NMR electronic setup.
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2.4 The NMR Frequency Shift

In the most general sense, the NMR frequency shift represents how different the local
field at a nuclear site is from the applied field. It measures the static susceptibility at the
nuclear site. The NMR frequency shift a.k.a. the Knight shift modifies the resonance

condition from fy = 3 By to

f= ;—];Bo(l +K), (2.10)

where K is the Knight shift. The spin contribution to the Knight shift is proportional
to the static electron spin susceptibility at g = 0, x'(¢ = 0) spin.-

There are other terms involved with the Knight shift but can be shown to be temperature
independent, meaning they simply act as a constant background. There is an electron
orbital component, which is also known as Van Vleck paramagnetism. Second order
perturbation theory is used to estimate the effect of the orbital susceptibility and is

found to be the following [49]

2u%N — [(0[(L + goS:|n)|?
_ . 2.11
Xorb % g En _ EO ( )

In most cases, Yo, may be considered effectively temperature independent as long as
E, — Ey, the energy difference between atomic orbitals is much larger than the temper-

ature ranges our NMR experiments, which take place at less than 300 K.

Additionally, there is a diamagnetic contribution to the susceptibility, x4, caused by
the inner core electrons response to the applied external field By. The diamagnetic
contribution to the frequency shift in general may be quite small, so it may not affect

the frequency shift very much.

Thus, Knight shift can be related to the static electron spin susceptibility

Ap
K = Z23(q = 0)spin + Kort + Kaia, (2.12)
guB
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where the term Ay has been introduced as the hyperfine interaction strength between
the electrons and the nuclei. K, and Ky;, are the orbital and diamagnetic Knight
shifts, which will usually be temperature independent in the case of K, or small in
the case of Kg;,. If this is the case, then the only temperature dependence of the total

Knight shift will arise from the first term in equation 2.12.

In order to determine the lineshape and Knight shift for Yb,Pt,0O,, the integrated spin
echo intensity was measured as a function of NMR frequency. This produced a lineshape
with a main peak from which the Knight shift could be deduced. Due to the anisotropy

of the system, there was also a shoulder which will be discussed in section 2.5.

2.5 NMR Lineshapes

For an isotropic, spin-1/2 powder sample, the NMR lineshape would often take the form
resembling a truncated Lorenztian or a Gaussian. For axial symmetric interactions with

the NMR nuclei, the resonance frequency may be written as [50].

1
w=wo+ 503 cos? 0 — 1), (2.13)

where 6 is the angle between the axial axis and the magnetic field and « is a term which
is proportional to the Knight shift. This form assumes exclusively dipolar interactions.
We can now define g(w) as the intensity of the signal, where g(w)dw is the number of
nuclear spins that are at resonance between w and w + dw. It is essentially the density

of states.

Using this definition of g(w) along with equation 2.13 we find an equation for the intensity

as a function of frequency.

1
B V3a(2(wo — w) +a)’

9(w) (2.14)

with the condition of o < w — wy < —%a.

It should be noted that g(w) diverges when w = wyp — a in this form. In actual

experiments, sources of broadening such as inhomogeneous broadening (nuclear spins
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experience different magnetic fields at different points in space), coupling to the lattice
(broadening on the order of 1/77) and broadening due to the spin-spin interactions
between nuclei ensure that we do not see the divergence in actual experiments [51].

Figure 2.5 shows the theoretically predicted lineshape and the broadened lineshape.

2_0 T T T T T T
1.5F . i
E - - . Theoretical -
< 10} — Broadened 0 .
i
5
05F .
[]_[] |, L |, 1 1 — 1 1 L _
B0 g3 0.0 03 10.0 10.5 11.0 11.5

Frequency (MHz)

FiGURE 2.5: Theoretically predicted lineshape with divergence with wy = 10MHz,
a = —1 and broadened lineshape that one may see in an actual experiment.

2.6 Spin-Lattice Relaxation Rate

The spin-lattice relaxation rate, 1/77, is the rate at which the nuclear spins return to
thermal equilibrium (nuclear spins pointing along magnetic field) after a perturbation

by an RF pulse at resonance frequency. From [52]

T~ 9,2 Z(AL,I(Q)Q + A1 2(9)%)S(g,w) (2.15)

q

A (q) is the hyperfine form factor which is perpendicular to the applied magnetic field.
S(g,w) is the dynamic structure factor which is related to the imaginary part of the

dynamic electron spin susceptibility by
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x"(q,w
Slgw) = 7 _(e_,w)ﬁ, (2.16)

where 3 is the usual Boltzmann factor 1/ksT. The dynamic structure factor is defined

in the following way [53].

q.w) =5 Z / S(ri, t))elami=wt gy, (2.17)
Y

where 7; is the position of the i electron spin relative to another atom with spin located
at  =(0,0). From this form of the dynamic structure factor, it is the space-time Fourier

transform of the spin-spin correlation function (S(0,0)S(r;,t)).

Since NMR is a low frequency probe we can approximate equation 2.16 from [54]

XH(‘L WNMR)

WNMR

S(q, wyyir) x T (2.18)
Where wyyr is the NMR frequency the system is being probed at. Using equation 2.18

along with 2.15 we see that we can find a form for 1/777.

IS Z’A (q)PXD ) (2.19)

WNMR

Where the hyperfine form factors in equation 2.15 have been condensed for the sake
of notation. A simple explanation of 1/T1T is that it measures the magnitude of the
low frequency spin fluctuations perpendicular to the quantization axis of the observed
nuclear spin, which is generally in the direction of the applied field in high field NMR

experiments.

T} measurements are similar to the spin echo measurements, except that a 180° inversion
pulse is applied before the spin echo sequence. The pulse sequence is shown in figure 2.6.
The inverted spins are allowed to relax for time called the long delay time (LD) before
the spin echo sequence measures the NMR signal. The longer the spins are allowed to
relax, the closer they get back to their equilibrium position. For example, there will be

a time LDg such that there will be no NMR signal as the spins will have relaxed into the
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x-y plane. Thus, a spin echo pulse sequence would flip them into the -z direction, then
to the 4z direction, which will not allow for any precession about the magnetic field
direction. If the spin echo pulse sequence was applied immediately after the inversion
LD = 0, the NMR signal intensity will be equal and opposite to if all the spins were
allowed to relax to equilibrium LD — oco. LD is varied and follows and can be fit to an

exponential relaxation curve to determine T7.

Ringdown

SN
\ FID

Time

0 LD LD+t LD+2t

180° Inversion 90° Pulse 180° Pulse Spin Echo
Pulse

FIGURE 2.6: Pulse sequence used to determine 1/7.
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Results

3.1 Lineshape

We conducted lineshape measurements using the spin echo method and integrating over
the spin echo intensity. In figure 3.1 below, we present representative lineshapes observed
at 2 T applied field at temperatures 5K, 30K and 63K. We normalized the integrated
intensity with respect to temperature using the Boltzmann factor oc e~/ /ksT 1 /T.
The lineshape broadens dramatically at low temperatures. As can be seen from figure
3.1, the lineshape is assymetrical where there is a main peak and a shoulder. This is

analogous to the axially symmetric case with dipolar coupling as discussed in chapter 2.

26
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FIGURE 3.1: Normalized lineshape measurements at 2 T with varying temperature.
The lineshape at 5 K has been multiplied by 3 so that its features can be observed on
the same level as higher temperatures.



Chapter 3 Results 28

300 T T T T T ‘ T T T

r 2000 : 1
_— 2 1000 - - OOOQ 1 il
-lg L2 9 O") oo ° ° 8
= L2 o+ \ ° 1 y =
C 250 = L 0.
:_ [ % 1000 |- o ° 1
S -8 e o .
— "8 2000 < ° ) 1
) = . o 1
- 200 g a0 o 4 o _
= I g 4000 - ©o ] L4 |
2 [ o] e ]
2 -sooqlﬁ‘l 18‘15 18.2 15‘25 15‘3 18‘35 1!;4 15‘45 18.5 L4 7
£ 150 ~ Frequency (MHz) ° N
o I . * ]
c [ ® i
o L |
L0 — . ® —
8 100 i ° ® 7
N — ° ]
% L ° ® . i
g 50 — ° -
2 [ . ]

L ® |

| . -

0 * ! ! ! L. .% e
18 181 18.2 18.3 184 18.5 18.6

Frequency (MHz)

FI1GURE 3.2: The main figure is the normalized lineshape at 2 T at 30 K. The inset
is the first derivative of the lineshape. The black arrow shows where the shoulder is
defined.

The position of the main peak at 18.44 MHz was found simply by fitting a Gaussian
to the peak region and extracting the peak from the fit. This method was followed
cautiously at low temperatures with the broadened line, as including/excluding one or
two fringe points could change the position of the peak by ~ 0.03 MHz, which translates
to about 0.3% in frequency shift at 1 T. This is what contributes to the large errors at

low temperatures as seen in the next section.

Figure 3.2 above gives an example of how the shoulder was defined for each lineshape.

The first derivative of the lineshape was taken. The point at which there was a local
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minimum in the2 first derivative describes an inflection point. This inflection point was
used to define the position of the shoulder. This was obviously an increasingly difficult
task as the lineshape broadened, which is why the errors at lower temperatures are so

much larger than at higher temperatures in the next section.

3.2 Frequency Shift and Susceptibility

We summarize the NMR frequency shift of the main peak 9 K .i, in figure 3.3. As can
be seen, 195 p¢ o increased as temperature was decreased. In contrast, the frequency
shift of the shoulder 5 K, ouqer displayed the opposite behaviour and decreased to lower
frequencies with decreasing temperature as seen in figure 3.4. The anisotropic magnitude

b3+

of the frequency shifts is related to the anisotropy of the Y moment polarization in

the XY plane and the shoulder is related to the Yb3T moment in the z-direction.
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FIGURE 3.3: 'K . for different fields. The frequency shift begins to level off for
higher fields at low temperature.

In8T,4 T and 2 T "5 K, ., saturated in the lowest temperature range because of
the strength of the magnetic field. In high magnetic fields, a complete spin polarization
can be achieved which in turn saturates the internal fields seen by the nuclei. The
saturation of the internal fields causes the frequency shift to become saturated below
a certain temperature as well. This did not occur at the lower 1T field. The reason
that % Kghoulder Was not found for temperatures above 200K was that it became too
difficult to decipher the shoulder from the main peak. At this high temperature region,
the frequency shift of the main peak and the shoulder converge to each other within

experimental resolution.
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FIGURE 3.4: ' Kgouder as a function of temperature. There is no shoulder data for

4 T because the shoulder was cut off due to the probe not being able to be tuned to

those frequencies. There are error bars at high temperatures, but the are very small
because the shoulder was relatively narrow so easy to distinguish.

Using the idea that the frequency shift of the shoulder ' Kjouider corresponds to the

parallel component of the frequency shift, 19 K ., corresponds to the perpendicular.

We can then we can define Kgpouider = K| and Kpnain = K. From this, the isotropic

frequency shift is K;g, = %(QK L + K). This is plotted in figure 3.5 below. It closely

resembles the frequency shift of the shoulder. One surprise is that the 2T data does not

seem to diverge any faster than the 8T data, however, the error here is relatively large.

K5, does decrease quickly in the 1 T case.
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FI1GURE 3.5: Isotropic frequency shift as a function of temperature. The isotropic shift
is defined by K,z = (2K + K)).

A DC SQUID was used to determine the molar susceptibility of YbyPt,0O;. The data is
shown below in figure 3.6 along with the inverse of the molar susceptibility. This data was
compared to previously measured values of YbyPt,0, from [35], which quantitatively

matches very well.
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FIGURE 3.6: Susceptibility per mole of ytterbium (red, left axis) and inverse suscepti-
bility (blue, right axis) as a function of temperature. The data was taken at 0.5 T with
a DC SQUID.

Figure 3.7 below is a Curie-Weiss fit of the molar susceptibility data as a function of
temperature for temperatures in the range of 2-19K. The ji.rs obtained from this fit
was 3.2 + 0.3up which is within range of the value of 3.08up reported in [35]. The
transition temperature for Yb,Pt,0O; is around 0.3K which means that the Curie-Weiss
approximation seems still valid for this region. Cai et al. also reported a bulk of T, ~ 0.3

K while T, = 0.64 £ 0.06 K from our fit.
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FIGURE 3.7: Curie-Weiss fit of the susceptibility data below 20 K. This gives a Curie
temperature of cw = 0.64 £ 0.06 K and perr = 3.2+ 0.3up.

Figures 3.8 and 3.9 are plots of 5K .in and ° Ky oulder versus the magnetic moment
per mole of ytterbium for the main peak and shoulder respectively. As mentioned

previously, the main peak frequency shift corresponds to the perpendicular direction

and the shoulder corresponds to the parallel.
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FIGURE 3.8: The frequency shift of the main peak as a function of the susceptibility
per mole of ytterbium. The straight line represents the best fit.
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FIGURE 3.9: The frequency shift of the shoulder as a function of the susceptibility per
mole of ytterbium at 1 T. The straight line represents the best fit.

195 [\ ain increases linearly with magnetic moment, whereas the shoulder shows opposite
behaviour. From the K-x plots we can deduce the hyperfine field constants Ay, and
Apy|- This is done by taking the slope of the line of best fit and multiplying by Naup.

The results for the main peak are plotted as a function of field below.
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FIGURE 3.10: The experimental Ay, as a function of field.

10



Chapter 3 Results 38

-1.5

hf

A, (kOelu))

-2

0 2 4 6 8 10
Field (T)

FIGURE 3.11: The experimental Ay as a function of field.

From figure 3.10, it appears that Ay is relatively constant with field as it should be. It
appears that A,y has deviation at 1T as seen in figure 3.11, however this is still within

error of the 2 T and 8 T data.

3.3 T} Measurements

As explained in chapter 2, the long delay (LD) of a 1/7; measurement is the time
between inverting the nuclear spins to align in the negative direction of the applied field
and the spin echo sequence that probes the net magnetization. This is plotted along the

x-axis and the integrated intensity of the spin echo is plotted along the y-axis. This can
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be fit to an exponential recovery curve to determine 1/77 where it is a fit parameter. A

sample set of data along with the corresponding fit curve is shown in figure 3.12.

e

10 10° 0.0001  0.001 0.01 0.1 1
Long Delay (s)

Integrated Intensity (arb. u)

F1GURE 3.12: Example of a 77 measurement at 4.2 K in 2 T external field. The data

isfittoy=A— Be "P*7r where y is the integrated echo intensity, A, B and T} are
the fit parameters and LD is the long delay. The solid line is the curve fit to the data
points.

The temperature dependence of 1/T} was qualitatively similar for all magnetic fields.
There was a broad peak between 50 K and 100 K, then 1/77 began to slowly decrease
with decreasing temperature. Below about 15 K, exponential behaviour clearly began
developing for the three higher fields. 1/T} still decreased rapidly with temperature at
1T, but it is debatable about whether the behaviour is exponential. Refer to figure 3.13

for data.
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FIGURE 3.13: 1/T) measurements as a function of temperature for the different fields.
In all 4 field strengths, 1/7T; begins to quickly diminish at low temperatures.
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FIGURE 3.14: 1/T; as a function of inverse temperature, plotted on a semi-logarithmic

plot. This shows the exponential behaviour of 1/7T} at lower temperatures. The 1/T}

data was fit to an exponential of the form e~2/T where A is a fit parameter and
represents an energy scale. The dashed lines represent the fit curve.

Figure 3.14 above shows 1/77 measurements as a function of inverse temperature 1/T.

At 8 T, 4 T and 2 T, we clearly observe exponential behaviour, which suggests a field-

induced gap. At 1 T, the exponential behaviour is less clear. Qualitatively, the same

behaviour exists at 1T when compared to the higher fields, but the reduction of 1/7

in the low temperature regime is not nearly as extreme. This brings up the question of

whether or not there is a gap. This data was fit to e 2/7

in order to determine the fit

parameter A. This is an energy scale associated with the system. The fits are shown in

figure 3.14.
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3.4 Energy Scale

As mentioned in the previous section, one method of defining an energy scale with the
system is by fitting the 1/7} vs 1/T plot with an exponential and defining the energy
scale as the fit parameter A. This method is somewhat crude as there are limited data

points that show exponential behaviour at the two lower fields.

Determining the peak of a 1/77T vs temperature plot also displays an energy scale. Since
1/T1 T essentially measures the spin fluctuations perpendicular to the magnetization axis,
the position of the peak corresponds to the temperature where these fluctuations are
maximal. One can also note from figure 3.15 that the fluctuations clearly die out at 2
T, 4 T and 8 T although the temperature range of our measurements is not low enough
at 2 T. Lower temperature measurements are necessary to determine if the fluctuations
also die out at 1 T. The advantage of this method over the previous is that the peaks
can be clearly seen at all field values. Even though the 8 T peak is quite broad, it still

clearly follows the trend that the peak moves to higher temperatures with higher fields.
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FIGURE 3.15: 1/T1T as a function of temperature. The energy scale A can be estimated
by the peak of the plot for each field.

A third way of estimating the energy scale is through scaling analysis. This was done
using a modified 1/T vs 1/T plot. For each of the four sets of data, 1/77 was multiplied
by a constant so that all of them were normalized to the same height. Then, 1/T was
multiplied by a constant A, which again represents the energy scale. A/T was modified
for each of the four of the data sets until they were overlayed on top of each other as
shown in figure 3.16. The results of scaling analysis also showed that A is linear with

magnetic field strength.
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FIGURE 3.16: Modified Log(1/T1T) vs 1/T plot. Before modification, the peaks for

the different fields were different heights and in different positions. After modification,

the data from each field lies over each other. The constant multipying the 8T data set

was set at 1 and the lower fields data sets were multiplied by 0.8, 0.6 and 0.4 for 4 T, 2

T and 1 T respectively so that all four data sets lined up properly. A was then varied
for the three lower fields until they all lined up with the 8 T data.
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Figure 3.17 above shows that down to 1 T, A behaves linearly with temperature. This is
consistent with the peak of the broad specific heat anomaly seen in previous experiments

(figure 1.9 [47]), which suggests that the spin fluctuations may be influencing the specific

heat.

Lower field measurements must be completed to determine the behaviour of A in the

Field (T)

FIGURE 3.17: All the methods used to analyze the behaviour of A showed that it goes
linearly with magnetic field down to 1 T. The lines show the associated line of best fit

for each set of points.

crucial low field region.
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Conclusion

4.1 Summary

High field NMR experiments were conducted on a powder sample of the pyrochlore
YbyPt,07. The spin fluctuations tended to die out at low temperatures (below ~20
K) as shown by the rapid decrease in 1/77 with temperature. At 2 T and higher, the
behaviour of 1/T} with temperature is exponential, which suggests a field-induced gap.
All indications are that 1T results are still similar to 2 T and higher, however, it is not

definitive. We are unsure about 0.5 T and need to complete further experiments.

Three methods were used to determine an energy scale A: exponential fit of 1/7; data,
determination of the 1/77T peak of the data when plotted against temperature, and
scaling analysis. All three of the methods showed the energy scale varied linearly with
magnetic field, althought this may not be the case in fields below 1 T. However, the high
field behaviour of A is the same behaviour of the broad specific heat anomaly seen by
D’Ortenzio [47] in the sister compound YbyTi,O,. It is possible that the bulk specific

heat and the magnetic spin fluctuations of the Yb3* ions are related.

4.2 Future Work

We are currently working on low field NMR experiments of the YbyPt,O,. Experiments
down to ~0.3 T may be possible with the current equipment, but lower fields will require
more specialized equipment such as a new power amplifier with lower frequency range of

46
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operation. In addition, lower temperature measurements would aid in the analysis of the
spin fluctuations. In order to complete more definitive experiments, lower temperature
measurements may be attempted in the low field cases. With these experiments, it will
be easier to determine the relationship between the spin fluctuations of the system, the
energy scale A and the specific heat anomaly. This will deepen the understanding of

the pyrochlores and geometrically frustrated systems.
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