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Abstract

We have performed time-of-flight neutron scattering measurements on two
polycrystalline samples of LiNiOg using the Disk Chopper Spectrometer at the NIST
Center for Neutron Research. These measurements reveal an absence of magnetic
Bragg peaks, indicating a lack of magnetic order down to 1.7K. In addition, we ob-
serve a significant narrowing in the width of the inelastic scattering at T, ~ 9K, which
is accompanied by a simultaneous increase in the intensity of the elastic magnetic scat-
tering. This provides direct evidence of a spin glass transition at T,, implying that
the low temperature magnetic state of LiNiOs is composed of frozen, disordered mo-
ments. Similar time-of-flight studies performed on NaNiQOg, the isostructural sister
compound of LiNiO,, have shown the existence of a simple magnetic structure below
Tx ~ 23K, consisting of ferromagnetic sheets of spin 1/2 moments stacked in an
antiferromagnetic fashion [1]. From the distinct similarities observed between the
inelastic magnetic scattering in LiNiO, and paramagnetic NaNiOs, it is implied that
the low |@| spin response in LiNiO, may originate from the collapse of short-lived
spin wave modes below the (0,0,1/2) position, the lowest wave vector of antiferro-
magnetic ordering. It is suggested that inherent chemical disorder in LiNiO,, caused
by the substitution of Ni** and Li* ions within the crystal structure, results in the
frustration of inter-layer magnetic interactions, thereby preventing the development

of a magnetically long range ordered state.
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Chapter 1

Introduction

The nature of the magnetic ground state in LiNiO, has been the subject of
considerable speculatior and debate for more than two decades. Over this period of
time, an impressively large number of novel, and often very contradictory, magnetic
ground states have been proposed for the system. LiNiO, has been described as a
spin liquid [2, 3, 4, 5], a spin glass [6, 7], a 2D Ising ferromagnet (8], a 2D Heisenberg
ferromagnet [9], a 2D frustrated antiferromagnet [10], a quantum disordered state [11],
a collection of ferrimagnetic clusters [12, 13|, and many other variations on these
scenarios [14, 15, 16, 17, 18]. It is the somewhat elusive character of the ground
state in LiNiOg which has largely been responsible for the continued interest in the
material.

Studies of LiNiO, were originally motivated by the proposal of Hirakawa
et al. [2] that the material might represent the first experimental realization of a
2-dimensional spin 1/2 triangular lattice antiferromagnet. This combination of trian-
gular lattice geometry end antiferromagnetically-coupled spins is known to give rise
to competition between the structural and magnetic constraints of the system. The

resulting phenomenon, commonly referred to as geometrical frustration, is widely ap-



preciated to be a potential source of unusual physics and exotic quantum mechanical
ground states [19]. In fact, it was the 2-dimensional spin 1/2 triangular lattice antifer-
romagnet which first led Anderson to suggest the possible existence of the resonating
valence bond (RVB) or spin liquid state [20]. While no direct evidence of an RVB
state has been observed in LiNiO, to date, spin liquid remains one of the descriptions
most frequently applied to the material [5].

To a large extent, widespread speculation about the nature of the magnetic
ground state has been fuelled by experimental measurements which indicate an ab-
sence of either magnetic or orbital long range order down to extremely low tem-
peratures [2, 21|. These observations are particularly intriguing in light of the fact
that NaNiQg, the isostructural sister compound of LiNiOg, is known to undergo both
orbital and magnetic ordering at temperatures of T jp ~ 480K and Ty ~ 23K respec-
tively [1, 22]. It remains an open question as to why there should be such profound
differences in the orbital and magnetic behaviour of two materials which are so closely
related in structure.

Both LiNiO, and NaNiQO, are quasi-two-dimensional quantum magnets, com-
posed of stacked triangular planes which alternate between layers of alkali metal (Li™,
Nat) and Ni®** ions. At high temperatures, the two materials are isostructural, with
rhombohedral crystal structures belonging to the space group R3m. At Tjr ~ 480K,
as noted above, NaNiO; undergoes a cooperative Jahn-Teller phase transition which
results in the formation of long range orbital order. This transition is also accompa-
nied by a distortion of the lattice, which reduces the symmetry of the crystal structure
to the monoclinic space group C2/m. While no equivalent global or long range or-
bital ordering has been observed in LiNiOz, both EXAFS and neutron diffraction
measurements have provided evidence of local Jahn-Teller distortions which arise at

approximately 400K [21, 23]. It has been suggested that these distortions correspond



Figure 1.1: The crystal structure of LiNiO2 and NaNiO,.

to the formation of small domains, ~ 10 nm in size, exhibiting a form of trimer
ordering between the 3d,2_,2/3 orbitals of the Ni** ion [23].

The unit cell of LiNiOy and NaNiO. (for T > 480K) is illustrated in figure
1.1. Note, in particular, the triangular geometry of the Lit/Nat and Ni** planes
stacked along the c-direction. Each Ni** ion sits at the center of a NiOg octahedron,
having six-fold oxygen coordination. The alkali metal ions form tetrahedrons, having
an oxygen coordination number of 4. The lattice parameters of this structure are a =
b=2.88 A and ¢ = 14.20 A for LiNiO, [6], and @ = b= 2.96 A and ¢ = 15.76 A for
NaNiO; [22]. As a result, it follows that the distance between neighbouring planes
of Ni** ions along the c-axis is ~ 4.76 A for LiNiOy and ~ 5.25 A for NaNiOs.

The magnetism in both materials is due to the spin 1/2 moments carried
by Ni®t ions. In NaNiO,, it is known that the intra-plane Ni-Ni interaction, J, is

ferromagnetic, while the inter-plane Ni-Ni interaction, J’, is antiferromagnetic. On



the basis of magnetic susceptibility measurements, the values of the intra-plane and
inter-plane exchange couplings have been determined to be J = 13K and J’ = -
1K respectively [24]. The nature of the magnetic interactions in LiNiO, meanwhile,
remains the subject of considerable controversy. Over the past twenty years, magnetic
susceptibility measurements have been interpreted to suggest almost any possible
permutation of inter-plane and intra-plane coupling schemes [2, 6, 12, 13, 25|. From
recent studies performed on high quality samples, there now appears to be some
general agreement that the intra-plane Ni-Ni interaction is ferromagnetic with J ~
8K to 10K [12, 25]. The magnitude and sign of J’, however, has yet to be firmly
established.

While anomalies in the low temperature susceptibility of NaNiO, had long
been believed to represent the onset of long range magnetic order [13, 26], the first
direct evidence of a magnetically ordered ground state was provided by recent neutron
scattering measurements performed by Lewis et al [1]. These measurements revealed
the presence of magnetic Bragg peaks and spin waves below Ty ~ 23K, consistent with
the development of a magnetically ordered structure. As predicted by Bongers and
Enz in 1966 [26], this structure is composed of triangular layers of ferromagnetically
aligned spin 1/2 moments, which are stacked in an antiferromagnetic fashion along
the c-axis direction. Similar neutron scattering measurements on LiNiO, suggest a
very different low temperature state, with no observable long range magnetic order
down to temperatures of ~ 1.4K [2, 27]. Evidence of diffuse scattering provided by
the small angle neutron scattering measurements of Yoshikawa et al. [14], implies the
existence of short-ranged ferromagnetic correlations between frozen spins, just as one
might expect to find in a spin glass.

When reviewing the results of previous studies on LiNiO, and NaNiQOo, it is

important to recognize that there are a number of significant experimental challenges



which potentially hinder any investigation of these two materials. One of the principal
difficulties is that neither LiNiO, or NaNiO; can be produced in single crystal form.
As a result, any study of these materials must be performed on polycrystalline or
powder samples, a restriction which imposes substantial limits on the nature of the
physical information which can be measured. In addition, since each formula unit
of LiNiOy or NaNiO, contains only a single spin 1/2 moment, the effectiveness of
measurements specifically related to the magnetic properties of these materials is
potentially limited by both the small size and low density of the magnetic moments.

Studies of LiNiO, are further complicated by the similar sizes of the Ni** and
Lit ions, which inherently leads to substitution between the Ni** and Li* sublattices.
In NaNiQ,, the relatively large size of the Na't ion, which has an ionic radius of ~
1.15 A, makes this form of ionic mixing quite unlikely. However, since Ni®* and Li*
have almost identical ionic radii of ~ 0.7 A, a certain degree of chemical disorder due
to Ni*t /LiT substitution is believed to be inevitable in LiNiO, [13]. As a result, the
compound LiNiQO, is more accurately described as Li;_,Ni;;,O2, where the parameter
x refers to the fractional deficiency of Li in the material. For the majority of the
samples reported in the published literature, the value of z lies between 0.4% [13]
and 10% [6, 15]. Systematic studies of the Li;_,Ni;; O, system for 0.004 < z < 0.36
[6, 21, 25, 12, 13| indicate that sample stoichiometry has a profound influence on the
resulting magnetic properties of the material. This would seem to suggest that it is
the inherent chemical disorder of LiNiO,, which is known to vary significantly from
sample to sample, that holds the key to understanding why so many conflicting and
apparently contradictory results have been reported for this material in the past.

It should also be noted that LiNiOs is a particularly difficult system to study
with neutron scattering. This is due to the presence of Li, or more specifically ®Li, an

isotope of Li which has an exceptionally high neutron absorption cross section. Even



with 8Li representing only 7.5% of natural Li, the resulting absorption cross section
of the element is more taan 15 times greater than that of Ni, and over two orders of
magnitude greater than that of Na [28]. While there are a number of ways to deal
with the problems whict: arise from a strongly absorbing sample, as will be discussed
in the following chapters, it should be relatively unsurprising that there have been
few detailed neutron studies of LiNiO, in the past.

In the following chapters of this thesis, I will describe the results of a recent
study of LiNiO, using time-of-flight neutron scattering techniques. Following a brief
introduction to the theory of neutron scattering and the time-of-flight technique, I will
discuss how the two samples used in this experiment were synthesized, characterized,
and studied by neutron scattering. I will describe a number of interesting experimen-
tal results which emerged from this study, drawing frequent comparisons between our
measurements on LiNiOy and those performed by Lewis et al. [1] on NaNiO,. To
conclude, I will attempt to explain the physical implications of our results and what

they may reveal about the low temperature magnetic state of LiNiOs.



Chapter 2

Experimental Detalils

As noted in chapter 1 during our review of previous experimental results,
the magnetic properties of LiNiOg exhibit a striking dependence on sample stoi-
chiometry and preparation conditions. Thus, before proceeding with any discussion
of experimental results, it is important to examine the methods by which the sam-
ples used in this experiment were synthesized and characterized prior to study. In
the following sections, | will describe the synthesis of the three samples which we
have studied using time-of-flight neutron scattering (LiNiO, (X), LiNiOg (D), and
NaNiQ;). Where appropriate, [ will discuss the results of the magnetic susceptibility
and x-ray diffraction measurements which have been used to characterize these sam-
ples, and I will provide a brief overview of the experimental details relevant to our

time-of-flight measurements.

2.1 Sample Synthesis

In this experiment, measurements were performed on polycrystalline sam-
ples of LiNiO,, referred to as (X) and (D), which were prepared using two different
methods of synthesis. LiNiO; (X) was prepared by Moli Energy (1990) Limited in
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Burnaby, British Columbia, while LiNiO2 (D) was provided by the National Research
Council (NRC) of Canada located in Ottawa, Ontario.

LiNiO, (X) was prepared from starting materials of LiOH e HoO and NiO.
These materials were mixed with a Li:Ni ratio of 1.1:1 in an effort to minimize the
substitution of Ni and Li ions. The mixture was then subjected to three bakings
at 650 C, for durations of 4.5, 12.5, and 4 hours respectively, with grindings of the
sample performed between each firing. The first and second firings of the sample were
performed in an atmosphere free of both moisture and CO,, while the third firing was
carried out at an absolute humidity corresponding to a dew point of -40 C.

The second sample, LiNiOg (D), was synthesized from an equal weight mix-
ture of LiOH e HoO and NiO, e Hy0O. As in the case of the previous sample, the
proportions of these starting materials were chosen to ensure the presence of excess
Li in the initial mixture. The mixture was ground and formed into pellets, which
were then heated for 3 hours at 200C in an Oy environment. This was followed by a
second heating at 800 C for 35 hours, after which the resulting sample was washed
with both water and ethanol, and then dried for several hours at 100 C.

As noted by Reimers et al. [6], the firing temperature of LiNiOg (D), while
similar to that of samples used in several previous magnetic studies [2, 8, 15], is sub-
stantially higher than that of LiNiOg (X). This point may be particularly significant
since it has been proposed by Hirota et al. [15] that such extended high temperature
heating may result in the progressive loss of Li from the sample and lead to enhanced
Ni/Li substitution. Thus, purely on the basis of preparation technique, one might
expect that of the two samples studied in this experiment, LiNiO (X) is likely to be
closer to optimal stoichiometry and possess a lesser degree of ionic mixing. The in-

terested reader is referred to Reimers et al. [6] for additional details regarding LiNiO,



sample preparation®.

The polycrystalline sample of NaNiO, used by Lewis et al. [1] was synthesized
at McMaster University by Hanna Dabkowska and Israel Crooks. It was prepared
from stoichiometric amounts of NagOq and NiO, which were mixed and formed into
pellets in the presence of an Ar atmosphere. These pellets were then annealed in O

for 70 hours at 700C, with one intermediate grinding.

2.2 Sample Characterization

The low-field dc magnetic susceptibility of the three samples, x(T), was
measured using a Quantum Design MPMS SQUID magnetometer. Data was collected
in the form of both zero field cooled (ZFC) and H=0.05T field cooled (FC) runs.
The resulting dc susceptibilities of LiNiOy (X) and (D) are shown in figures 2.1 and
2.2 respectively. Note that for both samples, there is clearly a visible peak in x(T),
indicating the presence of a magnetic phase transition. There is a noticeable difference
in the observed transition temperatures, with T, ~ 15K in LiNiO, (X) and T, ~ 9K in
LiNiOg (D). Similarly, both samples exhibit a pronounced gap between the measured
FC and ZFC susceptibilities. This form of history dependence and irreversibility
provides evidence of "glassy” behaviour, extending from base temperature to ~ 50K
and ~ 200K in samples (X) and (D) respectively. The fact that the gap between
FC and ZFC susceptibilities increases in magnitude below T, is consistent with spin
glass freezing, suggesting that the observed phase transition at T, is a glass transition.
The difference in the magnitudes of the FC magnetizations of the two samples may
be interpretted as an indication that the ferromagnetic interactions in LiNiOg (X) are

stronger than those in LiNiOq (D).

1Note that throughout this reference the sample which we have labelled as LiNiO5 (X) is described
as LiNiOy (B).
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In contrast, consider the plot of the dc magnetic susceptility of NaNiO, pro-
vided in figure 2.3. As before, we can observe that a peak in x(T) provides evidence
of a magnetic phase transition at Ty ~ 23K. Also note that a gap between FC and
ZFC susceptibilities emarges below approximately 10K, signifying that at low temper-
atures a degree of glassiness exists within the magnetically ordered state of NaNiOs.
It is clear, however, both from the magnitude of the irreversibility and from its far
smaller temperature range, that this glassy behaviour is far less dramatic than that
observed in either of the LiNiO, samples.

The high temperature dc susceptibility of LiNiO; was fit to a Curie-Weiss
law, as indicated in figure 2.4. The fit was performed using data collected over a
temperature range of 220K to 300K, thus avoiding the non-linearities in magnetization
which arise below ~ 215K. The Curie-Weiss constants calculated for samples (X) and

(D) were Ox = +55(2)K and 6p = +40(2)K respectively. It should be noted that
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these values fall well within the range of previously reported Curie-Weiss constants,
which extends from 6 = -65(20)K [2] to § = +79(5)K [15]. More importantly, however,
both values are close to the predicted Curie-Weiss constant of stoichiometric LiNiOs,
which has been suggested to lie between +26K and +35K based on recent studies of
high purity samples [25. 18, 13]. Since the Curie-Weiss constant is a measure of the
average sum of the exchange interactions on an atomic site, the fact that 6 is greater
than zero signifies that the dominant correlations in LiNiO; (X) and (D) must be
ferromagnetic in nature.

The stoichiometry of both of the LiNiOy samples used in this experiment
was previously determined from x-ray powder diffraction data using the Reitveld
method of structure refinement. These refinements were performed by Reimers et
al. in 1993 [6] and by van Duijn et al. in 2001 [27]. The original assessment of

sample stoichiometry by Reimers et al., indicated that samples (X) and (D) were
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Li;_zNiy 1,09 with xy = -0.02(1) and xp = +0.03(1) respectively [6]. Thus, (X)
was found to be slightly Ni deficient and (D) was found to be slightly Li deficient,
with (X) being the closer of the two samples to ideal stoichiometry. An additional
parameter, d, was introduced to the model to account for the substitution of Li and
Ni ions in the crystal structure. Refinements of § revealed ionic mixing on the level of
1.5(3)% in (X) and 3.2(3)% in (D) [6]. The second structure refinement of LiNiO; (X),
performed by van Duijn et al. nearly a decade later, suggested that the sample had a
very different composition, one which was deficient in Li rather than Ni, with xx =
+0.029(1) [27]. A comparison of the dc magnetic susceptibility measurements which
accompanied each structure refinement suggests that the present form of LiNiO; (X)
is more appropriately described by the refinement of van Duijn et al., while LiNiO,

(D) is still accurately represented by the initial refinement of Reimers et al®.

2.3 Neutron Scattering Measurements

The neutron scattering experiments described in this thesis were carried
out at the National Institute of Standards and Technology (NIST) Center for Neu-
tron Research, a 20 MW research reactor located in Gaithersburg, Maryland. Mea-
surements were performed using the Disk Chopper Spectrometer, or DCS, a direct
geometry time-of-flight instrument, and currently the only instrument of its kind in

North America®. The DCS is a cold neutron instrument, utilizing neutrons which are

This is based on a comparison of the observed glass transition temperatures (T, = 9K in 1993
compared to T, = 15K in 2001) and the calculated Curie-Weiss constants (6§ = 2(10)K in 1993

compared to # = 61K in 2001).
3It should be noted, however, that the construction of three additional direct geometry time-

of-flight spectrometers, CNCS, ARCS, and SEQUOIA, is nearing completion at the new Spallation

Neutron Source in Oak Ridge, Tennessee.
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produced by the reactor and then moderated to ~ 20K by a liquid hydrogen cold
source.

Before reaching the spectrometer, neutrons from the cold source pass through
two filters which remove fast neutrons and gamma particles from the beam. They then
travel through a system of seven choppers which are used to pulse and monochromate
the incident neutrons, el minate higher order wavelength contamination, and minimize
the effects of frame overlap. Three slits of varying widths are cut into the pulsing
and monochromating ckoppers, allowing the instrument to operate in three different
resolution modes (high, medium, and low). The choppers typically rotate at a master
speed of wy = 20,000 1pm or ~ 333 Hz, with the exception of the frame overlap
chopper which rotates &t wo/m (where m is a chopper parameter referred to as the
speed ratio). The incident beam is 10 cm tall, with a width that varies from 1 ¢cm to
3 cm depending on the choice of resolution mode. An oscillating radial collimator is
used to reduce scattering from the cryostat and other sample environment structures.

After interactinz with the sample, scattered neutrons are counted by an array
of 913 *He detectors. The detectors are arranged in 3 banks, which cover a range of
scattering angles extending from -30° to -5° and 5° to 140°. The distance from the
sample to the detectors is 4.010 m. The detectors are housed in an Ar-filled flight
chamber which minimizss the effect of air scattering along the neutron flight path. By
applying standard time-of-flight techniques, the time and position of every counted
neutron can be used to determine both the transfer of energy and momentum which
occurred during each scattering event. A labelled schematic of the DCS is provided
in figure 2.5. For a more detailed description of the instrument and its technical
specifications, the reader is referred to a recent publication by Copley and Cook [29].

There are four chopper parameters which must be carefully selected for any

experiment on the DCS. These include the incident wavelength, A, the resolution
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mode, 7, the speed ratio, m, and the time delay, tsp(min). The choice of these
parameters determines critical details such as the accessible range of energy and mo-
mentum transfer, the frequency and intensity of the incident beam, and the resolution
in E and Q. The effect of r and A on the intensity of the incident beam and the reso-
lution of the instrument is illustrated in figures 2.6 and 2.7 respectively. In both the
LiNiO, and NaNiQO, experiments, measurements were performed in the low resolution
mode of operation, with an incident wavelength of A = 5.5 A. For this choice of r and
A the intensity of the neutron beam at the sample position is 6.46x10% neutrons/s,
the flux is 3.23x10° neutrons/cm?/s, and the energy resolution of the instrument is
0.081 meV for the elastic scattering regime.

The speed ratio parameter, m, which is chiefly responsible for the elimination
of frame overlap, was set to 2. With m = 2 the pulse frequency of the incident beam is
approximately 167 Hz and the time interval between each pulse is 6000 pus. The delay

time, Tgp(min), was chosen to be 3500 ps. This restricted the range of measureable
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Figure 2.7: Elastic energy resolution as a function of wavelength for the DCS [Cour-

tesy of DCS User’s Guide [30]].

final neutron energies to between 0.93 meV and 6.8 meV. The kinematically accessible
region of energy and momentum space defined by this set of chopper parameters is

shown in figure 2.8.
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Figure 2.8: Kinematically accessible region for A = 5.5 A, m = 2, and tgp(min) =

3500 ps.

Measurements were performed on polycrystalline samples of LiNiO; (X) and
(D) with masses of 22 g and 28.5 g respectively. Due to the anticipation of absorption
problems caused by the presence of ®Li, the samples were mounted in aluminum cans
designed with a thin annular geometry. These cans were 10 cm in height, having
an annular sample thickness of 0.635 cm and an outer wall with an inner diameter
of 1.27 cm. The NaNiO, sample consisted of 30 g of powder material pressed into
the form of a rod. The sample was wrapped in Al foil, then secured in a cylindrical
aluminum can. The loading of all three samples was performed in the presence of
helium exchange gas to ensure proper thermal contact with the system.

The sample environment was provided by a 70mm ILL ”orange” cryostat,
designed with an operating range of temperatures from 1.4K to 300K. LiNiO. data
was collected at 11 different temperatures for each sample, ranging from base (T =
1.7K) to approximately 4 x T, (T = 60K). The counting times varied from between

4 to 6 hours per temperature. NaNiO; measurements were performed at 8 different

13



temperatures, running from base temperature (T = 5.5K) to approximately 2 x Ty

(T = 50K). Counting times for NaNiO, ranged from 5 to 15 hours per temperature.
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Chapter 3

Analysis and Results

In this chapter 1 will describe the analysis of our LiNiO; and NaNiO,
neutron scattering date, and discuss several of the interesting experimental results
which emerged from our measurements. I will begin with a brief discussion of the
methods which have been used to analyze the data, with a particular emphasis on
the determination of an appropriate background correction. This will be followed
by a comparison of the elastic and inelastic scattering measurements collected for
both materials, with an explanation of what this information can reveal regarding

the structure and dynamics of these two systems.

3.1 Background Subtractions and Corrections

The most challenging aspect of the analysis performed in this study in-
volved the process of developing a suitable method of background subtraction for the
raw data. After a period of extensive experimentation, what is believed to be the
optimal solution was achieved by applying a combination of four different forms of
background correction. The first of these corrections was performed to normalize de-

tector efficiency. This was accomplished using a vanadium run, a set of measurements
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collected with a cylindrical sample of vanadium in the beam. Due to its remarkably
high incoherent cross section (5.19 barns/atom) and low coherent cross section (0.02
barns/atom), the scattering from vanadium is almost perfectly isotropic. This makes
vanadium runs an ideal method of measuring relative detector efficiency of an instru-
ment. It should be noted that the vanadium runs used for detector normalization
were performed several weeks prior to the LiNiO, and NaNiO, experiments. While
this had no noticeable effect on the quality of the LiNiO, data, it is almost certainly
responsible for an arc of anomalously low scattering intensity, corresponding to a
single low efficiency detector, which is visible in the NaNiO, data.

A second correction was applied to the data to account for scattering from
the surrounding sample environment, and in particular, to compensate for scattering
due to the aluminum sample can. This can be accomplished with the aid of an
empty can run, a standard scan which is performed with an empty aluminum can
and no sample in the beam. In principle, the scattering contribution from the sample
environment can be removed by carrying out a simple subtraction of the form /,pmpie =
Lsampletcan — Lean, l€aving only the scattering contribution from the sample itself.

The empty can subtraction described above becomes far more complicated in
the presence of a strongly absorbing sample like LiNiO,. In this type of situation, it
is possible for the sample to effectively block or screen the far side of the aluminum
can from the incident neutrons, reducing the overall scattering contribution made by
the can. Thus, for absorbing samples, the empty can subtraction tends to provide
an overestimate of the effect of the sample environment. This phenomenon, known
as self-shielding or self-absorption, leads to the need for a third correction to the
raw data. This correction simply involves the addition of a weighting factor, ss, to
the empty can subtraction. Hence, with the inclusion of a self-shielding correction,

our previous expression for the empty can subtraction merely becomes Isgmpe =
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Isample+ca.'n — 88 X Ica.n

Unfortunately, determining the proper value of the self-shielding factor is
often less than trivial, especially since the calculations required for an absorption
correction have no analytical solution for samples with cylindrical or annular ge-
ometries [31]. Given the appropriate scattering and absorption cross sections, the
dimensions of the sample and can, the size of the incident beam, and the charac-
teristics of the radial collimator, it is possible to determine a theoretical value of ss
numerically. The results of such a numerical calculation, performed using the Data
Analysis and Visualization Environment (DAVE) developed by the NIST Center for
Neutron Research, are provided in figure 3.1. The average value of ss over the range
of scattering angles covered by the DCS is ~ 0.245, indicating that approximately
three-quarters of the scattering from the sample environment is effectively shielded
by the sample.

It should be noted that the self-shielding correction performed in DAVE is not
a perfect solution, but merely an approximation. While the true self-shielding factor
varies as a function of the scattering angle, 26, as shown by the calculations in figure
3.1, the current software will only permit a correction based on the average value of
ss. Specifically, this means that the |@Q| dependence of the self-shielding correction is
inaccurate, resulting in an oversubtraction of the empty can being performed at low
|@Q| and an undersubtraction being performed at high |@Q|. For NaNiOg, which has
a relatively small absorption cross section, no self-shielding correction was required
during the analysis of the data (i.e. the appropriate self-shielding factor was ss = 1).

The final correction made to the data was the subtraction of a background
scattering function. The need for this correction became apparent during the anal-
ysis of the inelastic scattering, which revealed the presence of a |Q|-independent

background which varied exponentially as a function of the sample energy trans-
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Figure 3.1: Calculated values of the self-shielding factor for LiNiO,. The average

self-shielding correction, ss = 0.245, is indicated by a dotted line.
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fer, E. This same form of background scattering was previously observed in several
other DCS experiments, including recent studies of HopTizO7 and ThyeTisO7 [32].
The exact form of the exponential background was determined by fitting the scat-
tering at large negative energy transfers (-4 meV < E < -1 meV) for the lowest
temperature dataset. Since the principle of detailed balance demands that there
be no real scattering intensity in this region at low temperatures, any signal must
be the result of the background function. In LiNiOg, this background was fit to
Tpackground = 0.014(4) + 0.079(4) x *82ME - Ag a possible indication of the validity of
this correction, the same results were yielded by two independent fits performed on
the base temperature datasets of both LiNiOs (X) and (D). Applying a similar proce-
dure to the large negative energy transfer regime in NaNiO; revealed an exponential
background described by lpackground = 0.032(4) x %%4©F,

A comparison of several different forms of background subtraction is provided
in figure 3.2, highlighting the difficulties created by strong sample absorption. With
no background subtraction, the raw data clearly shows strong background scattering,
particularly at large positive energy transfers and in the low |@Q| region. While the
empty can subtraction resolves the problem of the exponential background function,
it also creates a large region of negative scattering intensity in the elastic channel.
As scattering intensity less than zero is unphysical, this form of correction must
be disregarded. For similar reasons, the base temperature data subtraction is also
unsatisfactory. Here, however, there is not only a negative signal in the elastic channel
but also a violation of detailed balance, as the scattering for negative energy transfer
(sample energy loss) outweighs that of positive energy transfer (sample energy gain).
By combining the empty can subtraction with a self-shielding correction, we can
maintain a positive intensity in the elastic channel while considerably reducing the

background at large, positive E. This correction is not ideal, as it still requires the
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subtraction of the exponential background function described above, but it has the

benefit of being both physically reasonable and theoretically justified.

3.2 Elastic Scattering Results

We begin our discussion of the experimental results with an examination
of the elastic scattering data. As mentioned in section 2.1, elastic scattering mea-
surements reveal information which describes the structure and static behaviour of a
system. As the focus of this study is primarily concerned with the magnetic proper-
ties of LiNiO, and NaNiQs, it is specifically the magnetic contribution to the elastic
scattering which will be of interest to us. By taking advantage of the relatively weak
temperature dependence of nuclear scattering, we can effectively isolate the magnetic
signal by subtracting a high temperature dataset collected above the magnetic phase
transition.

A plot of the eastic magnetic scattering measured in NaNiOg is provided
in figure 3.3. Here the subtraction of a dataset at T = 50K (~ 2 x Ty) has been
used to eliminate the contribution of nuclear scattering. This plot clearly shows the
development of two magnetic Bragg peaks below the magnetic phase transition at
Ty ~ 23K. These two peaks, located at |Q| ~ 0.59 A~! and |Q| ~ 1.21 A~ can be
indexed as (0,0,1/2) and (0,0,1) respectively. The appearance of the (0,0,1/2) peak
is particularly significant, since it implies a doubling of the magnetic unit cell along
the direction of the c-axis due to a 7 phase shift between the magnetic moments of
Ni ions on neighbouring triangular planes.

It is worth noting that during the original analysis of the NaNiO. data it
was a comparison of the relative intensities of these and other magnetic Bragg peaks

that allowed Lewis et al. [1] to determine the structure of the magnetically ordered
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Figure 3.2: Possible background corrections for LiNiO,. Pictured here are E vs. [Q)|
slices and energy cuts for the T = 10K dataset of LiNiOy (D) with four different
background corrections. From top to bottom they are: uncorrected raw data, empty
can subtracted data, base temperature (T = 1.7K) subtracted data, and empty can

subtracted data with self-shielding correction (ss = 0.245).
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Figure 3.3: Elastic magnetic scattering in NaNiO,. The peaks at |Q| ~ 0.59 A~ and
|Q| ~ 1.21 A~! correspond to the (0,0,1/2) and (0,0,1) magnetic Bragg peaks which
appear below Ty ~ 23K. Subtraction of the T' = 50K dataset has been performed to

eliminate the contribution of nuclear scattering.

state below Tpy. This result, consistent with the magnetic structure first proposed by
Bongers and Enz in 1966 (26|, suggests that the magnetically ordered state of NaNiO,
consists of antiferromagnetically stacked layers of ferromagnetically aligned spin 1/2
moments.

The integrated intensity of the (0,0,1/2) magnetic Bragg peak is plotted as
a function of temperature in figure 3.4. These intensities were determined by fitting
the (0,0,1/2) peak shape to a Gaussian fit function. Since the intensity of a magnetic
Bragg peak is proportional to (S )2, the square of the order parameter, the behaviour
of the integrated intensity can convey valuable physical information about the nature

of the system. Specifically, the fashion in which the integrated intensity tends to zero
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Figure 3.4: Integrated intensity of the (0,0,1/2) magnetic Bragg peak in NaNiOj. A

power law fit to the data is provided in red.

near Ty indicates that the magnetic phase transition in NaNiO; is continuous. The
intensity of the (0,0,1/2) peak can be fit to a power law of the form I = A x (IATL;—T)%,
as illustrated by the red curve in figure 3.4. The parameters determined from this fit
were A = 0.313(6), Ty = 23.2(1)K, and 3 = 0.23(2). Given the low density of points
measured in the immediate vicinity of Ty, one must be cautioned not to put too
much emphasis on the value of the critical exponent 3. However, it is intriguing to
note that our fitted value of 3 = 0.23(2) does fall within the range of the theoretically
predicted critical exporents for both mean field theory tricritical behaviour, 8 = 0.25
(exact) [33], and the XY triangular antiferromagnet, 5 = 0.25(2) [34]. At the very
least, it seems likely thet the relatively low value measured for 3 reflects the quasi-two
dimensional behaviour of the system.

A very different picture emerges from a study of the elastic scattering in
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LiNiOg. Consider the plot of the observed magnetic elastic scattering from LiNiO,
(X) which is provided in figure 3.5. As before, a high temperature dataset collected
at T = 60K (~ 4 x T,) has been subtracted to account for the effect of nuclear
scattering. This figure clearly indicates that there remains a lack of either magnetic
or orbital long range order down to temperatures as low as T = 1.7K. This result
is consistent with the previous neutron studies of Hirakawa et al. [2] and van Duijn
et al. [27]. The absence of long range magnetic ordering is demonstrated by the fact
that no new magnetic Bragg peaks appear below the transition temperature, T, ~
15K. Similarly, the absznce of long range orbital ordering can be inferred from the
lack of any new structural Bragg peaks below T, which one might expect to arise due
to the lattice distortior which accompanies a cooperative Jahn-Teller distortion. It
is important to note that due to a lack of temperature dependence between 1.7K and
30K the visible peak at |Q| ~ 1.34 A" can be disregarded as either a new structural
or magnetic peak. Instzad, it is most likely the result of mismatching of the (0,0,1)
Bragg peak caused by & slight change in the c-axis lattice parameter between the low
temperature datasets and the 60K background.

Below T, ~ 15X, the measurements in Figure 3.5 also show the development
of broad magnetic scattering in the low-|Q| region, from approximately 0 to 0.6 A"
The fact that this diffuse elastic scattering appears to peak near |Q| = 0 is another
indication, like the suceptibility data presented in chapter 3, that the dominant cor-
relations in LiNiOy must be ferromagnetic. The broadness of the magnetic scattering
is also significant, since it implies that the nature of these correlations must be very
short-ranged.

Another interesting trend emerges from an examination of the integrated
intensity of the elastic scattering, as shown in figure 3.6. Here the elastic signal,

represented by the closed circles, has been integrated over energy transfers from -0.1
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Figure 3.5: Elastic magnetic scattering in LiNiO, (X). Broad magnetic scattering
develops in the low |Q| region below T, ~ 15K, however there is no evidence of
magnetic Bragg peaks. Subtraction of the T = 60K data set has been performed to

eliminate the contribution of nuclear scattering.
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to 4+0.1 meV and a range of |Q| from 0.4 to 1.1 A~1. For the purpose of comparison,
this plot also includes the integrated intensity of the inelastic signal, represented by
the open squares, which has been measured over energy transfers from +0.2 to +1.0
meV and the same range of |Q|. Notice that in the case of both LiNiOy (X) and (D),
as the temperature drops below ~ 10K there is a marked decrease in the intensity of
the inelastic signal accompanied by a simultaneous increase in the magnitude of the
elastic signal. This form of behaviour is typical of what one might expect from a spin
glass. At high temperatures, the majority of the spins in the sample are dynamic and
free to fluctuate, giving rise to strong inelastic scattering. As the temperature of the
sample drops towards T;, the motion of the spins will become gradually slower, until
ultimately spin freezing will begin to occur. As a growing number of spins become
static, there will be both a significant increase in the intensity of the elastic signal and
a corresponding decrease in the magnitude of the inelastic signal. From the data in
figure 3.6 this appears to be precisely what occurs at T, ~ 10K in the case of LiNiO,.
Despite a ~ 6K difference between the values of T, determined from the susceptibility
measurements described in chapter 2, the temperature dependence of the integrated
intensity of the two samnples is almost indistinguishable. This apparent discrepancy
almost certainly arises from the fact that dc susceptibility and neutron scattering
measurements are sensitive to two very different time scales. While dc susceptibility
measurements describe processes which occur over what is effectively an infinitely
slow period of time, the information conveyed by neutron scattering measurements
is associated with a coraparitively rapid time scale, typically on the order of ~ 10~1°
seconds. As a result, what appears to be static behaviour for one technique does not

necessarily need to appear static for the other.
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squares respectively. Data from sample (D) is shown in black, while data from sample
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3.3 Inelastic Scattering Results

As illustrated in the previous section, elastic scattering measurements can
be used as an effective tool to determine details related to the structure and static
properties of materials. However, in order to obtain information concerning the ex-
citations and dynamics of a system, it is necessary to examine the features of the
inelastic scattering. The time-of-flight measurements which can be performed on the
DCS are a particularly effective method of studying inelastic scattering, since they
allow extremely rapid collection of scattering information from a wide range of en-
ergy and momentum transfers. As a result, it is possible to map out the dispersion
relations of a system very quickly in the form of E vs. |Q)| slices.

Several representative E vs. |Q)| slices for NaNiO; are provided in figure 3.7.
These slices were collected at four temperatures ranging from base (T = 5.5K) to just
below the magnetic phase transition at Ty (T = 22.5K). At low temperatures, the
slices provide clear evidence of two different inelastic excitations. The first of these
excitations is a spin wave, or magnon, which is visible as a curved inelastic feature
near low |@|. The spir wave reaches a maximum energy of E ~ 0.8 meV near the
zone boundary at |Q| ~ 0.3 A~! and approaches zero energy at the (0,0,1/2) magnetic
zone center located at |@Q| ~ 0.59 A~!. The second excitation is a flat, dispersionless
inelastic mode found at E ~ 0.8 meV. While weaker in intensity than the spin wave,
this dispersionless feature stretches across the entire range of measured |Q)|.

These two inelastic modes are also clearly visible in energy cuts taken through
the data, as shown in figure 3.8. The two cuts displayed in this plot were taken from
the T = 10K dataset and performed over 0.49 < |Q| < 0.514~! and 0.79 < |Q| <
0.81A~1 respectively. At |Q| ~ 0.5 A~!, the energy cut shows four distinct peaks.
The two peaks at = 0.4 meV correspond to the spin wave mode, while those at +

0.8 meV are associated with the dispersionless mode. Further out in |Q|, at ~ 0.8
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Figure 3.7: Representative data for NaNiO;. Shown here are E vs. |Q)| slices collected
at T = 5.5K, 10K, 16K and 22.5K (~ Ty).
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Figure 3.8: Representative energy cuts for NaNiO, at T = 10K. These two cuts,
performed at |Q| ~ 0.5 A~' and 0.8 A~ respectively, show peaks corresponding to

both the dispersionless mode at + 0.8 meV and the spin wave mode at + 0.4 meV.

A~1, the only distinguishable peaks are those of the flat mode at & 0.8 meV. Note
that in both the energy cuts and the E vs. |Q)] slices, each of the inelastic excitations
can be observed for either positive or negative energy transfers. The intensity of the
signal on the negative E side of the inelastic spectrum is consistently weaker than the
intensity on the positive E side. This is due to the fact that the scattering associated
with sample energy loss (i.e. E < 0) is suppressed by the principle of detailed balance
at low temperatures’.

As the temperature of the system increases towards Ty, a marked change

1A second contribution to the apparent asymmetry also arises from the exponential background
function described in section 4.1, although this is typically a less significant effect than detailed

balance, particularly when the temperature is sufficiently low.
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in the inelastic scattering occurs. At approximately T = 16K, both the spin wave
and the dispersionless modes start to soften, and additional inelastic intensity begins
to develop within the envelope of the spin wave dispersion. By T = 22.5K, the two
inelastic modes have softened completely and collapsed. What remains of the spin
wave envelope has been entirely filled by new inelastic scattering, and the magnetic
order of the system has been almost totally destroyed. The evolution of the inelastic
scattering as the system approaches Ty is illustrated by the sequence of representative
slices in figure 3.7.

As noted by Lewis et al. [1], the presence of spin wave softening along the
c-axis direction suggests that the phase transition at Ty ~ 23K corresponds to a
loss of registry between adjacent layers of ferromagnetically ordered spin 1/2 mo-
ments. Thus, it appears to be disruptions of the antiferromagnetic correlations be-
tween planes, rather than the ferromagnetic correlations within the planes, which are
responsible for the destruction of the magnetically ordered state in NaNiOz. One
consequence of this result is that the type of magnetic structure observed in NaNiO,
is likely to be extremely vulnerable to the effects of stacking sequence frustration.

To provide a more quantitative description of the inelastic scattering in
NaNiO,, fits were performed to a series of energy cuts taken at |Q| ~ 0.5 A~ for a
range of temperatures extending from base (T = 5.5K) to just below Ty (T = 22.5K).
The inelastic spectrum was modelled using a combination of damped harmonic oscil-

lator (DHO) functions of the form: I(E) = N(E,T) x %E X [(E_E;)2+F2 o (E+E;)2+F2}-

Here the parameter A is the amplitude of the function, I' is the half-width at half-

maximum (HWHM), E, is the center of each Lorentzian component, and N(E,T) is
the Bose thermal population factor, defined as N(E,T) = i_—ejlm—f For T < 16K,
where the energy cuts display distinct sets of peaks for each of the two inelastic

modes, fits were performed using a two DHO fit function. For T > 21K, where the
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energy cuts show only a single broad peak centered at E ~ 0, fits were performed to
a one DHO fit function. At T = 17.5K, where the crossover between the two regimes
occurs, fits were performed with both one and two DHO fit functions. Also included
in the fit functions was a temperature independent exponential background function
of the form discussed in section 4.1.

As demonstrated by the representative fits provided in figure 3.9, The DHO
model describes the inelastic data quite well. The energy cuts displayed in this figure
correspond to T = 5.5K, T = 10K, T = 16K, and T = 22.5K. This is the same set of
temperatures used for the representative E vs. |@Q| slices shown in figure 3.7. A study
of the inelastic fit parameters, and in particular the behaviour of the peak position
and width as a function of temperature, can reveal valuable information regarding
both the magnitude and life-time of the excitations in the system. A plot of the
temperature dependence of the inelastic peak position is provided in figure 3.10. The
center of an inelastic peak, Fy, corresponds to the magnitude of the energy associated
with a given excitation. Figure 3.10 shows that in NaNiQO,, as the temperature of the
system increases, the position of the two inelastic excitations gradually moves towards
lower energies. This is equivalent to the softening of modes which was mentioned in
the discussion on the previous page. Note that as the temperature approaches Ty,
the softening of the modes becomes much more pronounced, ultimately leading to
a complete collapse between 17.5K and 21K when the energy of both excitations
drops to zero. The fact that the behaviour of the inelastic peak positions so closely
resembles that of the magnetic Bragg peak intensity (shown in figure 3.3) forms
another important link between the presence of mode softening and the magnetic
phase transition at Ty.

The temperature dependence of the inelastic width parameter is shown in

figure 3.11. The width parameter, or HWHM, of the inelastic peak, I, is proportional
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Figure 3.9: Representative fits of the inelastic spectrum in NaNiOq. Energy cuts were

performed at |Q| ~ 0.5 A~
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Figure 3.10: Inelastic peak position as a function of temperature in NaNiO..

to 1/7, where 7 represents the lifetime of the excitation. Therefore, a comparison of
the relative peak widths of the two inelastic modes in figure 3.11 indicates that the spin
wave mode has a significantly longer lifetime than the much broader dispersionless
mode. Similarly, as the temperature of the system approaches Ty, the widths of the
inelastic peaks appear to increase dramatically, indicating that the excitations are
becoming much more short-lived in nature.

We now turn to a discussion of inelastic scattering measurements on LiNiOs.
Representative E vs. |Q)| slices for both LiNiO, (D) and (X) are provided in figures
3.12 and 3.13 respectively. The temperatures of the representative slices have been
chosen to illustrate the inelastic scattering at base temperature, T ~ 1/2T,, T ~ T,
and T > 2 T,. In contrast to NaNiO,, there is no evidence of spin waves or other
inelastic excitations, and the temperature dependence of the inelastic signal is far

more subtle. On the basis of the representative datasets shown in figures 3.12 and
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Figure 3.11: Inelastic peak width as a function of temperature for NaNiOa.

3.13 there appear to be no qualitative differences between the inelastic scattering of
samples (D) and (X). Furthermore, in both samples the temperature evolution of the
inelastic signal appears to take place almost entirely below T,, with datasets at T,
and 3 x T, being almost indistinguishable.

The most striking feature which emerges from the E vs |@Q)| slices is the devel-
opment of broad inelastic scattering in the low-|Q| region. This scattering extends in
|Q| from approximately 0 to 0.6 A~!, reaching a maximum energy of ~ 0.8 meV. It
may be particularly significant to note that the end of the low-|Q| inelastic scattering
at |Q| ~ 0.6 A~! occurs quite close to the (0,0,1/2) position at |Q| ~ 0.65 A=, This
may suggest a natural comparison to the inelastic features of paramagnetic NaNiO,,
after the spin wave mode has collapsed and the dispersion envelope has been filled
with inelastic intensity. The low-|Q)| inelastic signal in LiNiOg is very weak at base

temperature, but steadily increases in intensity until the system reaches T,. This re-
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Figure 3.12: Representative data for LiNiO2 (D). Shown here are E vs. |Q| slices
collected at T = 1.7K, 6K, 10K (~ T,), and 30K.

sult is exactly complementary to the measurements of the magnetic elastic scattering
in section 4.2, which showed broad, low-|Q| scattering that began to develop below
Ty, and increased in intensity with decreasing temperature.

The temperature dependence of the inelastic scattering in LiNiO; is perhaps
more effectively illustrated in the form of colour contour maps, as shown in figures
3.14 and 3.15. Each of these maps is composed of a series of energy cuts, integrated
over 0.5 A~! < |Q| < 0.8 A=, which have been collected over a range of temperatures
from 1.7K to 30K. For display purposes, all of the scattering from the elastic channel

has been omitted from the colour contour plots, and a correction has been applied to
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Figure 3.13: Representative data for LiNiOy (X). Shown here are E vs. |Q)| slices

collected at T = 1.7K, 7.5K, 15K (~ T,) and 30K.
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remove the exponential background discussed in section 4.1.

At high temperatures, the spins of the system are free to fluctuate and be-
have dynamically. This is reflected in the measurements of the inelastic scattering,
which reveal a broad energy spectrum and significant scattering intensity at large
positive and negative energy transfers. As the temperature of the system gradually
decreases, the width of the energy spectrum begins to narrow, and the weight of the
inelastic intensity starts to shift towards smaller and smaller energy transfers. Spins
fluctuations become slower, and some of the spins themselves become static. This
process continues until the system reaches Ty, the glass transition, at which point
almost all of the inelastic intensity collapses into the elastic channel. Below T,, the
inelastic spectrum remains extremely narrow and little inelastic intensity remains,
even at very low energy transfers. This is the same spin freezing effect which was
demonstrated by the plot of the integrated intensities shown earlier in figure 3.6.

A value of T, can be estimated for each of the two samples based on the
shape of the inelastic spectrum shown in figures 3.14 and 3.15. Using the point
at which the strongest inelastic scattering appears to collapse fully into the elastic
channel, the colour contour maps suggest that T, ~ 8K for LiNiO; (D) and T, ~
7K for LiNiO, (X). Similar to our comparison of the integrated scattering intensities
in section 4.2, these colour contour maps seem to show very little difference in the
magnetic properties of LiNiOy (X) and (D). Once again, this stands in contrast to
the results of our dc susceptibility measurements, which indicated a substantial gap
between the transition temperatures of the two samples.

A more detailed analysis of the inelastic spectrum of LiNiO; was carried out
by fitting a series of energy cuts from samples (X) and (D). These cuts were collected
over the full set of measured temperatures, from 1.7K to 30K, and were integrated

over a range of |Q| from 0.5 to 0.8 A~'. This choice of |Q| was selected chiefly because
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it surrounds the (0,0,1/2) position at ~ 0.65 A=, the equivalent of the region in which
both magnetic order and spin wave scattering were observed in NaNiO,. A simple fit
function of the form I(F) = A x N(F,T) x arctan (%) was chosen to describe the
inelastic scattering intensity. As in the previous model for NaNiOg, the parameters
A and T refer to the amplitude and half-width of the fit function, while N(E,T) is the
Bose thermal population factor. It should be noted this model was selected for purely
phenomenological reasons. It is simply one of the simplest general forms which both
satisfies detailed balance and appears to describe the shape of the inelastic spectrum.
In the past, this model has also been successfully applied during the analysis of other
spin glass systems, such as YoMo,O7 [35]. An additional term was also added to the
fit function to account for the presence of the exponential background described in
section 4.1.

Several representative fits to the inelastic spectrum are shown in figure 3.16.
The energy cuts provided in this figure were taken from LiNiOy (D), for the same
choice of temperatures as the E vs. |@Q)| slices shown in figure 3.12. As indicated by the
quality of our fits, this choice of fit function provides a very reasonable description of
the data. The most interesting information which can be extracted from our model is
related to the behaviour of the width parameter, I', which describes the characteristic
relaxation rate of the spins. The temperature dependence of T' is described by the
plot in figure 3.17.

Note that in both LiNiO, (X) and (D), the characteristic relaxation rate
appears to decrease linearly as the temperature drops towards T,. This is very similar
to the behaviour of the relaxation rates observed in other spin glass materials such as
Y2Mo,07 and SCGO [35]. The relaxation rate remains constant below T, with only
very weak fluctuations occuring down to base temperature. Linear fits to the values

of I" above the glass transition suggest that the values of T, are ~ 9K and ~ 5K for
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samples (D) and (X) respectively. While these results are reasonably consistent with
the transition temperatares implied by the colour contour maps in figures 3.14 and
3.15, they only reiterate the previously observed discrepancy between the values of T,
observed through dc susceptibility and neutron scattering measurements. Although
bulk dc susceptibility characterization implies that there are significant differences
between LiNiOy (D) and (X), as far as the neutron time scale is concerned there
appears to be little, if any, distinction between the two samples at all. As a final point
of interest, comparisons of the temperature and fluctuation energy scales indicate
that kgT, > I' over the whole of the measured temperature range. This would seem
to indicate that the spin fluctuations in LiNiOy are classical, rather than quantum

mechanical, in nature for T < 3 x T,.
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Chapter 4

Conclusions

In the previous chapter, we demonstrated that a careful analysis of the
neutron scattering measurements performed on NaNiO; and LiNiOg could yield a
number of interesting experimental results. In NaNiOg, our measurements revealed
the trademarks of a magnetically ordered state below Ty ~ 23K. We observed the
growth of magnetic Bragg peaks in the elastic channel, accompanied by the devel-
opment of spin wave excitations in the inelastic channel. In LiNiOs, we found no
indication of long range magnetic or orbital order, but our measurements did pro-
vide evidence of a spin freezing transition in the vicinity of T, ~ 9K. This behaviour,
which is typical of a spin glass, was demonstrated by a significant narrowing of the in-
elastic energy spectrum and a collapse of inelastic scattering intensity into the elastic
channel. In the final chapter of this thesis, I will attempt to draw a number of these
results together, with the aim of explaining why the magnetic behaviour of LiNiO,
and NaNiO, should be so different for two materials which appear to be so closely
related in structure.
The key to understanding the origins of these two very different low tem-

perature magnetic states may lie in the role of chemical disorder. While the crystal
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structures of LiNiOy and NaNiQ; are identical at high temperatures, and are distin-
guished only by a small structural distortion even at low temperatures, the extent of
the chemical disorder present in each of the two compounds is dramatically different.
As noted in the introductory chapter, NaNiO, samples can be produced stoichiomet-
rically and synthesized at very high purity. LiNiO, on the other hand, cannot be
grown stoichiometrically and inherently contains disorder from the substitution of
Ni*t and Li* ions on reighbouring triangular planes. This form of ionic mixing is
present at the level of ~ 0.4% even in the purest LiNiOy samples reported to date [13].

The potential effects of ionic mixing on the magnetic structures of LiNiO,
and NaNiQO; are illustrated in figure 4.1. Shown in panel A is the observed magnetic
structure of NaNiO2, end what one might presume to be the hypothetically ideal
magnetic structure for 1LiNiOy. The magnetically ordered state in A consists of trian-
gular planes of ferromagnetically aligned spin 1/2 moments, which are stacked in an
antiferromagnetic fashion along the c-axis. The system can be described in terms of
two exchange couplings, J and J’, which refer to the intra-plane ferromagnetic inter-
action and the inter-plane antiferromagnetic interaction respectively. If a magnetic
impurity is added to the system, in the form of an additional Ni* ion substituted
onto a Lit or Nat site. then a third exchange coupling, J”, will be introduced. This
is the situation depicted in panel B of figure 4.1. It is important to note that J” will
result in frustration of the magnetic stacking sequence, regardless of whether it cou-
ples ferromagnetically or antiferromagnetically to the neighbouring spins. To make
matters worse, this frustrating interaction is likely to be just as strong or stronger
than J’ since it will act, over exactly half the distance between spins.

This argument appears to provide a natural explanation for the absence of
magnetic ordering in LiNiO,, which due to its intrinsic chemical disorder contains

magnetic impurities on the order of 0.4% or more. Thus, ionic mixing between the
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Figure 4.1: The effect of ionic mixing on the magnetic structure of LiNiO2 and
NaNiO,. Shown in (A) is the ideal structure of LiNiO, and NaNiO, in the absense of
ionic mixing. This is the observed magnetic structure in NaNiO; for T' < Ty. Shown
in (B) is the same structure, with a single Ni ion substituted onto one of the Li/Na
sites. Note that the addition of Ni magnetic impurities in (B) will lead to the creation

of a new exchange path, J”, resulting in stacking sequence frustration.

Ni*t and Lit sublattices can be expected to result in severe frustration of the inter-
layer magnetic interactions. It is this magnetic frustration, in turn, which prevents
the establishment of a magnetically long range ordered state at low temperatures.
One might expect from this conclusion that there should be clear similarities
between the neutron scattering measurements performed on LiNiO,; and paramagnetic
NaNiQO,, and indeed this appears to be the case. A comparison of representative E

vs. |Q| slices from the two materials is provided in figure 4.2. LiNiOy (D) and
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(X) are each shown for temperatures near their respective glass transitions, where
the broad inelastic feature in the low-|Q| region has become fully developed. The
NaNiO. data is shown near the magnetic phase transition at Ty, where the spin
wave mode has collapsed, and the remains of its dispersion envelope have been filled
with inelastic intensity. Beyond the obvious qualitative resemblance between the two
materials, there appears to be a very close relationship between the wide low-|Q|
features visible in each of the slices. Note that this broad inelastic scattering covers
an almost identical range of energy and momentum transfers, extending from |Q| =
0 to |Q| ~ 0.6 or 0.65 A~!, and reaching a peak of approximately 0.7 meV in E.
Furthermore, there is an excellent match between the shapes of the inelastic energy
spectra for each material. This can be demonstrated by the representative E cuts
provided in the bottom panel of figure 4.2.

It is the comparison of the |Q|-ranges which may be particularly significant,
since it indicates that in both LiNiO2 and paramagnetic NaNiOg the majority of the
inelastic scattering is bound between |@Q| = 0 and the (0,0,1/2) position. Admittedly,
this result is hardly surprising for NaNiO,, since we already know that the low-|Q)|
feature develops from the collapse of a spin wave mode which passes through the
(0,0,1/2) magnetic zone center. However, it is a fact that carries far more important
implications in the case of LiNiO,, since it suggests that the inelastic scattering in
the low-|@| region represents a collapsed spin wave, or perhaps more accurately, the
precursor to a spin wave that might have developed in the absence of ionic mixing.
This is one further piece of evidence which indicates that the difference between the
observed low temperature states of LiNiOp and NaNiO, can be explained by the
presence of magnetic frustration induced by chemical disorder.

There is still much about the magnetic behaviour of LiNiOy; and NaNiO,

which remains to be studied. However, in order for significant progress to occur, it is
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Figure 4.2: A comparison of neutron scattering measurements on LiNiO, and NaNiQO,.

Shown here are representative E vs. |Q] slices collected at T = 10K ~ T, for LiNiO,

(D), T = 15K ~ T, for LiNiO; (X), and T = 22.5K ~ Ty for NaNiO,. Also provided

is a comparison of E cuts taken through each data set, integrated over Q-ranges of

0.5 < |Q| < 0.84! for LiNiO, and 0.49 < |Q| < 0.51A4~! for NaNiO,.
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almost essential to obtain high quality single crytals of these materials. While it is
possible to gain a variety of useful information from measurements on polycrystalline
and powder samples (as the last chapter has hopefully demonstrated), ultimately
the information conveyed by such measurements can only describe the magnitude of
the momentum transfer, |@|, and reveals nothing about its direction in reciprocal
space. Having the ability to probe specific directions in H, K, and L would be a huge
advantage for future studies of LiNiO2 and NaNiOg, especially since both materials are
already known to exhibit behaviour which is anisotropic and quasi-two-dimensional
in nature.

While efforts to synthesize single crystal samples of LiNiO2 and NaNiO; have
proved unsuccessful in the past, it is heartening to note that considerable advances
have recently been made towards single crystal growth of other stacked triangular
ABOy compounds, such as CuFeOs [36]. The use of floating zone image furnace
techniques, in particular, seems to offer a great deal of promise for future attempts
at single crystal growth. In this respect, it is certainly fortunate that LiNiO; is a
material with potentially profitable commercial applications, as it means that the
system will likely continue to attract both scientific and industrial interest for many

years to come.
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