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Abstract

Engineering materials with tailored physical properties is central to advancing tech-
nology. Multi-state logic memory concepts remain the most promising route to sur-
pass the storage limits of conventional binary memory devices. However, realizing
such a multi-domain configuration in a single phase material remains challenging.
This thesis explores chemically substituted lithium orthophosphates, (LIMPO4, M =
Mn, Fe, Co, Ni), where the frustration introduced by the substitution of ions with
mismatched anisotropy modifies the antiferromagnetic ground state of the mixed
compounds. The resulting symmetry lowering due to the rotation of spins away
from the easy axes of the parent compounds and stabilization of an oblique antifer-
romagnetic ground state, generates multiple domains for intermediate composition
ranges. By utilizing the ferrotoroidal nature of the domains, this thesis demonstrates
the selective poling of these domains, paving the way to development of multi-state

memeory concepts using single phase antiferromagnetic materials.

Using neutron powder diffraction experiments the complete composition-tempera-
ture phase diagram for the mixed anisotropy series LiCo;_,Ni, PO, and LiNi;_,Fe, POy,
were established. These studies confirm the existence of oblique antiferromagnetic
phases with distinct symmetry in both series, consistent with the theoretical pre-
dictions for mixed-anisotropy antiferromagnets. The powder diffraction work iden-
tifies the composition range where symmetry lowering generates four antiferromag-
netic domains. In the present work, the particular composition LiNiggFeqoPOy
for which the symmetry lowering driven by anisotropy-competition generates four
antiferromagnetic domains, was investigated using spherical neutron polarimetry.
This technique allows to differentiate each domain. The study successfully demon-
strates the selective population of four different domains using appropriate combi-
nations of applied magnetic and electric fields exploiting the ferrotoroidal ordering

of the system, thereby establishing non-volatile, controllable four domain states in

111



Abstract

a single-phase antiferromagnetic system. Finally, contradicting reports concerning
the existence and symmetry of minor magnetic structure components in the end
compounds LiCoPO, and LiFePO, were revisited using a combination of spherical
neutron polarimetry and single crystal neutron diffraction. Overall, the thesis estab-
lishes chemically tunable mixed-anisotropy antiferromagnets as a highly promising
route to design controllable multi-domain states, offering a path towards antiferro-

magnetic quaternary memory concepts.
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Resumé

Evnen til at udvikle materialer med skrseddersyede fysiske egenskaber er central
for teknologiske fremskridt. Med henblik pa at opna hgjere datalagringsteetheder
er hukommelses-koncepter, der baserer sig pa N-bit tilstande snarere end de kon-
ventionelle bingere (N = 2) lgsninger iblandt de mest lovende. Det er dog fortsat
udfordrende at realisere de ngdvendige multi-domaene konfigurationer i et enkelt-fase
materiale. I denne afhandling udforskes kemisk substituerede lithium-orthofosfater
(LiMPOy4, M = Mn, Fe, Co, Ni), hvori den magnetiske frustration, der introduceres
nar ioner med forskellige enkelt-ion anisotropier blandes, fgrer til sendringer af den
antiferromagnetiske grundtilstand. Den symmetri-seenkning, der resulterer ved rota-
tion af de magnetiske momenter bort fra de foretrukne akser i moder-forbindelserne,
forer til eksistensen af fler-domeene tilstande i mellemliggende kemiske komposi-

tioner.

Ved hjalp af neutron pulverdiffraktions blev komposition-temperatur fasedi-
agrammerne for de blandede anisotropi-serier LiCo;_,Ni,PO, og LiNi;_,Fe,POy4
bestemt. For begge serier bekreaftede disse undersggelser eksistensen af antifer-
romagnetiske faser med symmetrier, der er distinkte fra dem, der observeres i
moder-forbindelserne LiFePO,, LiCOPO, og LiNiPOy4. Disse observationer stem-
mer overens med teoretiske forudsigelser for antiferromagneter bestaende af ioner
med distinkte anisotropi-energier. Pulverdiffraktions-eksperimenterne tillod identi-
fikation af de kompositioner, hvor symmetri-seenkning genererer fire antiferromag-
netiske domeener. Den specifikke komposition, LiNiggFeq2POy, hvori fire antifer-
romagnetiske domeener eksisterer, blev undersggt ved hjeelp af sfeerisk neutron-
polarimetri. Denne teknik ggr det muligt at differentiere hvert enkelt domeene.
Undersggelsen demonstrerede at det er muligt selektivt at populere de fire forskel-
lige domeener ved hjeelp af en passende kombinationer af patrykte magnetiske og
elektriske felter, hvorved der etableres stabile, kontrollérbare domaene-tilstande i et

enkeltfaset antiferromagnetisk materiale. FEndelig blev eksistensen og symmetrien



Resumé

af sub-dominante komponenter af den magnetiske struktur i moder-forbindelserne
LiCoPO4 og LiFePO, undersggt ved hjelp af en kombination af sfeerisk neutron-
polarimetri og én-krystal neutrondiffraktion. Samlet set etablerer denne athandling
kemisk justérbare antiferromagnetiske materialer indeholdende ioner med forskellige
enkelt-ion anisotropier som en yderst lovende rute imod design af kontrollérbare

multidomaene-tilstande, hvorved N-bit hukommelses-koncepter ggres mulige.

vi
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Introduction

Magnetism has been known to humankind for millennia, with accounts dating back
to ancient Greek civilizations. Over time, magnetic phenomena have played a cen-
tral role in technological progress, from enabling navigation with the compass in
historical times to contributing to ultrafast spintronic devices that have revolution-
ized modern information technology. Although the practical aspects of magnetism
have been familiar since antiquity, the quantum mechanical origins of the magnetic
ordering remain an area of active research. For centuries, technological applications
of magnetism were almost entirely realized using ferromagnetic materials, whose
macroscopic magnetization provide an easy handle for detection and manipulation.
In contrast, antiferromagnetic materials were not detected until the twentieth cen-
tury. At the time of discovery, although its importance as a scientifically intriguing
class of materials was recognized, they were deemed to be technologically irrelevant.
This perspective has changed dramatically, now antiferromagnetic materials are at
the forefront of emerging technologies especially in data storage applications owing
to the additional advantages of ultra fast spin dynamics, robustness against external
magnetic fields and absence of stray fields.

The ever increasing demand for data storage has driven the search for novel concepts
to increase data storage density such as spintronic devices. Magnetoelectric mate-
rials are a particularly interesting class of materials in this context, as the coupling
between magnetic and electric degrees of freedom enables more energy-efficient data
storage devices. Moreover, magnetoelectric materials have been utilized in devices
that exploit multi-state logic, where more than two stable states can be manipulated
by appropriate external fields in contrast to the conventional memory devices that
use binary logic states and as a result increase data storage density.

Within this context, the family of isostructural antiferromagnetic compounds lithium
orthophosphates (LIMPO4, M = Mn, Fe, Co, Ni) has attracted scientific interest due

to their ferroic and magnetoelectric properties. In particular, LiCoPQy is one of the



Introduction

few materials that hosts the fourth ferroic order, known as ferrotoroidal order. Gen-
erally in the discovered magnetoelectric and ferrotoroidic compounds one of the
factors hindering their practical usage is the small magnitude and the low operating
temperatures. Therefore a method to engineer the materials in order to tune these
properties hold significant technological implications. In the LIMPO, family of com-
pounds, the dominant magnetic structure is identical, except for different transition
metal ions possessing distinct easy axes of the spin alignment, therefore presenting
a controlled system for studying the effect of competing single-ion anisotropies.
This thesis explores the possibility of tuning the antiferromagnetic ground states of
the compounds in the LiIMPO, family through chemical substitution on the transi-
tion metal site. Introducing ions with mismatched single-ion anisotropies modifies
the balance between single-ion anisotropy energies and exchange interactions alter-
ing the stabilized magnetic ground state and spin direction. Demonstrating and
characterizing these effects of competing anisotropies in the family LiMPO, pro-
vides a way to engineer technologically relevant physical properties.

This thesis progresses from chemically tuning the antiferromagnetic ground state
to demonstrating controllable multi-domain states in the mixed-anisotropy com-
pound of the LiIMPO, family and ends by utilizing the domain selection procedure
developed in the present work to resolve the long debated magnetic structure com-
ponents in the stoichiometric compounds. It establishes that chemical substitution
of the transition metal sites with ions of mismatched easy axis direction reshapes
antiferromagnetic ground states by lowering the magnetic structure symmetry and
generates non-volatile controllable multidomain states in the mixed anisotropy com-
pounds of LiMPQO,. This provides a rare account of multi domain state in a single
phase antiferromagnetic material in the literature which has significant implications
for next generation spintronic devices that rely on multi-state memory. Therefore,
this thesis establishes chemically tuning antiferromagnetic ground states by utiliz-
ing the competing anisotropies as a route to realize the quaternary memory concepts.
The thesis explores the mixed anisotropy systems LiCo;_,Ni,PO4 and LiNi;_,Fe, PO,
series, investigating the magnetic structure across the entire composition phase di-
agram using neutron powder diffraction. These experimental phase diagrams are
compared with theoretical predictions for the mixed-anisotropy antiferromagnets.
The work on the LiNi;_,Fe, POy series provides the experimental verification of the
previously published phase diagram from Monte-Carlo simulations [1]. The detailed
phase diagram reveals the composition ranges where the anisotropy-driven spin ro-

tation stabilizes multiple domains. One such mixed compound LiNiggFeq,POy is
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investigated where domain resolved studies were carried out using spherical neutron
polarimetry. This work demonstrates the existence of four antiferromagnetic do-
mains and more importantly demonstrates successful selective stabilization of these
domains using appropriate combinations of external electric and magnetic fields.
Finally, the domain selection mechanism developed in this work was exploited in
combination with single crystal neutron diffraction to revisit the contradicting re-
ports of the minor magnetic moment components in LiCoPO, and LiFePO, which
govern the toroidal moment direction and magnitude as well as the non-zero mag-
netoelectric tensor elements in these compounds.

Chapter 1 of the thesis presents the theoretical concepts of magnetism that is used
in this thesis. It briefly reviews key concepts such as crystal field effect and magnetic
interactions, before shortly discussing the magnetic and crystallographic symmetry
considerations that are used throughout the later chapters. The chapter also intro-
duces the ferroic orders relevant to this thesis.

Chapter 2 provides an overview of the lithium orthophosphates, describing the crys-
tal structure, magnetic structure and known physical properties of the stoichiomet-
ric end compounds. The chapter further discusses the experimental and theoretical
work on mixed anisotropy antiferromagnets which present a framework for under-
standing the behaviour of the chemically substituted systems explored in the later
chapters.

Chapter 3 briefly discusses the basic concepts of neutron scattering which builds the
foundation for the analysis and interpretation of the experimental results presented
in this thesis.

Chapter 4 outlines the experimental techniques employed in this thesis. It includes
a short review of the solid-state synthesis procedures reported in the literature for
the LIMPO, family, along with bulk characterization methods. Further, the chapter
describes the X-ray and neutron diffraction techniques used to determine the crystal
and magnetic structures of the systems studied in this thesis and provides a brief
introduction to the spherical neutron polarimetry technique which was utilized to
characterize domain distributions in the result chapters.

Chapter 5, describes the synthesis routes attempted to produce phase-pure samples
of the LiCo;_,Ni,PO4 and LiNi;_,Fe, PO, series, motivated by previous literature
reports. It details the synthesis procedure for obtaining phase pure LiCo;_,Ni, POy
and discusses the challenges faced in the synthesis of LiNi;_,Fe, PO, series within
the scope of this thesis.

Chapter 6 and Chapter 7 present the detailed investigation of LiCo;_,Ni, PO, and
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LiNi; _,Fe, PO, respectively using neutron powder diffraction. Chapter 8 discusses
the controllable domain distribution and confirmation of toroidal order in
LiNiggFepoPO4. Chapter 9 details the attempts made at resolving the minor mag-
netic structure components in LiCoPO,4 and LiFePOy,.

Finally, chapter 9 includes a brief discussion and conclusion of the results presented
in this thesis along with an outlook mentioning the possible avenues for future stud-

1es.



1

Theoretical Concepts

This chapter provides an overview of the theoretical concepts essential in the context
of the results presented in this work. The discussion builds upon the treatment
of magnetism, magnetic interactions and symmetry presented in references [2-8|,
which serve as general sources and are used without further citation throughout this
chapter.

1.1 Magnetism

Magnetism is a quantum mechanical phenomenon whose fundamental entity is the
magnetic moment. In an atom, both the electrons and the nucleus possess mag-
netic moments. However, since the electronic and nuclear magnetic moments are
expressed in the units of Bohr magnetons (up) and nuclear magnetons (uy), respec-
tively, which differ by the ratio of mass of electron to proton, the electron magnetic
moment is orders of magnitude higher than the nuclear contribution. Therefore the
electron magnetic moment constitutes the primary source of magnetism in solids.
The magnetic moment of the electron has two contributions. The intrinsic spin an-
gular momentum, characterized by the quantum numbers s = % and m, = i%, is
associated with a magnetic moment of pug = —gsupS, where gg is the electron spin
g-factor (= 2 for a free electron) . The orbital angular momentum associated with
the motion of an electron around the nucleus, characterized by the quantum numbers
[ and my; (where m; = —[,--- | +1), gives rise to a magnetic moment py, = —pupgrL
(91 = 1). These two contributions combine (p = —pg(g L + gsS) to give the mag-

netic moment of an electron in general.

A typical atom consists of many electrons, which adopt a configuration that
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minimizes the total energy of the system. For a many-electron atom, the atomic
Hamiltonian contains contributions from the kinetic energy of the electrons, the
Coulomb interaction between the nucleus and electrons and the electron-electron
repulsion. In the central field approximation, each electron is assumed to move
in an average spherically symmetric potential generated by the nucleus and the
screening effect of all other electrons. From these considerations, we get energy
states characterized by principal and orbital quantum numbers n and /.

For a realistic many-electron atom, at least two additional perturbations to the
Hamiltonian must be considered. (i) Electron-electron interaction beyond the central
field approximation that are not spherically symmetric and (ii) relativistic spin—orbit
interaction, which causes the weak coupling of electron spin and orbital angular
momenta. In the rest frame of the electron, the positively charged nucleus appears
to move around it, producing a magnetic field at the position of the electron. The
interaction between this effective magnetic field and the magnetic moment associated
with the spin of the electron gives rise to an additional energy term, proportional to
the scalar product of L-S. This coupling is known as the spin-orbit coupling. When
electrostatic interactions of the electrons dominate over the spin-orbit effect, LS
(Russell-Saunders) coupling is followed. The angular momenta of unpaired electrons
are combined to give the total orbital angular momentum L and total spin S. The
electrons from the completely filled shells do not contribute to the total angular
momentum. Because by Pauli’s principle, only electrons with opposite spin can
occupy an orbital, giving S = 0. In a filled subshell, all m,; states are occupied
symmetrically, giving L = 0.

When the weak perturbation of spin-orbit coupling—which scales as Z* (Z = atomic
number )—is taken into account, L and S are no longer conserved individually;
instead, the total angular momentum J = L+S is conserved. The LS multiplets
(degenerate states with same L and S) are hence split into states characterized with
different J values ranging from |L — S| to L + S. Each J state has a degeneracy of
2J + 1, which can be lifted in the presence of a magnetic field (Zeeman splitting).
Since different combinations of angular momenta lead to different energies, to find

the ground state of an atom, Hund’s rules can be applied.

1. For a given electronic configuration, that is, for a given number of electrons
in a partially filled subshell characterized by the quantum numbers n and [,

maximize the total spin 5.

2. For the states of maximum .S identified by Hunds first rule, maximize the total
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orbital angular momentum L.

3. For a given value of S and L, the lowest-energy multiplet has J = |L — 5] if
the shell is less than half-filled, and J = L 4+ S if it is more than half-filled.

The first two rules work by lowering the energy by minimizing the Couloumb repul-
sion, in accordance with Pauli’s exclusion principle, while the third rule lowers the

energy from spin-orbit interaction.

For example, consider the Fe?t ion, which has six electrons in the 3d subshell
(3d®). According to Hund’s first rule, S must be maximized. To achieve this, the
five degenerate 3d orbitals are singly occupied with parallel spins and the remaining
one electron is filled in one of the 3d orbitals. This results in 4 unpaired electrons,
corresponding to S=2. According to Hund’s second rule, for this maximum S con-
figuration, L should also be maximized. The possible m; values of the 3d orbitals
are -2,-1,0,+1,+2. The electrons are distributed in these orbitals so as to maximize
the sum of my,resulting in L=2. Finally, since the subshell is more than half-filled
according to Hund’s third rule the total angular momentum quantum number of
the ground state is J = L+S=4. Similarly the ground states for Co?* and Ni**

determined using the Hund’s rules are summarized in tablel.1.

Ion Electronic configuration S L J
Fe?t 3d° 2 2 4
Co*™ 3d" 3/2 3 9/2
Ni+ 3d8 1 3 4

Table 1.1: Ground-state quantum numbers of relevant transition-metal ions deter-
mined from Hund’s rules.

1.1.1 Crystal field effect

In a crystal lattice, each magnetic ion occupies a well defined position, where it
is surrounded by neighbouring ions. The electrostatic field created by this local
environment, known as the crystal field, acts as a perturbation to the atomic Hamil-
tonian, lifting the degeneracy of the multiplets and thereby modifying the ground
state. Among the atomic orbitals only the s orbital is spherically symmetric while
the p, d and f orbitals have electron charge density distributions with an angular

dependence. Consequently, the effect of crystal field is dependent on the symmetry
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a)

b) .

Figure 1.1: Schematic representation of crystal field splitting in an octahedral en-
vironment. a) The figure represents an ideal octahedron formed by oxygen anions
shown in red and a metal ion shown in blue. b) Illustration of the spatial orientation
of the d;2_,» and d,, orbitals on the metal site with respect to surrounding oxygen
p orbitals. c¢) The crystal field splitting of the five degenerate d orbitals of the free
ion into a lower-energy o, triplet and a higher-energy e, doublet, seperated by the
crystal field energy A.

of the local environment.

In lithium orthophosphates (LiMPQ,), the magnetic ion M?* (M= Mn, Fe, Co,
Ni) is surrounded by six oxygen anions arranged in a distorted octahedral coordi-
nation. The five-fold degeneracy of the 3d valence electrons of the metal ion can
be lifted by the crystal field effect depending on the interaction of 3d orbitals with
the 2p orbitals of the surrounding oxygen atom. To lower the Coulomb energy, the
orbitals that minimize d-p overlap are favoured. In an ideal octahedral environment,
this results in the splitting of 3d shell into a lower energy triplet to, (duy, dyz, dy2)
and a higher energy doublet e, (d,2, d,2_,2), as illustrated in the figure 1.2. The
balance between the crystal-field splitting energy A and the electron pairing energy
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b= ¢

Figure 1.2: Distorted MOg octahedron in LiMPQO,.The distortion plays an impor-
tant role in lifting the degeneracy of the d orbitals in LiMPOy.

P, i.e. the energy cost of double-occupancy of an orbital determines the orbital oc-
cupation. If A < P, it is energetically favorable to maximize the spin multiplicity by
occupying the higher-energy e, orbitals, leading to a high-spin state. Conversely, if
A > P, it is favorable for electrons to fully occupy the lower-energy ¢, levels before
the e, orbitals, resulting in a low-spin state. In LIMPOy, the oxygen octahedra are
distorted, which further lifts the degeneracy and results in non-degenerate singlets
as reported for LiCoPO, by Kornev et al. [9]. Table 1.2 summarizes the octahedra
distortion reported for the LiIMPO, compounds.

Compound M-O range (A) (d) (A) & (x1073)
LiMnPO, 2.160 — 2.246 2.202 0.347
LiFePO, 2.061 — 2.253 2.157 1.447
LiCoPOy4 2.056 — 2.192 2.123 0.743
LiNiPOy4 2.042 - 2.140  2.0897 0.339

Table 1.2: M-O bond length ranges, average bond length ((d)) and the calculated
2
distortion of the MOy octahedra. The distortion is defined as 6 = ¢ Z?zl <d"_<d>> :

(d)
where d is the individual M-O bond lengths. The values are taken from references

[10-13].

Because 3d orbitals are more spatially extended compared to 4f orbitals, the
crystal field effects in transition metal ions are much stronger than the spin-orbit

coupling. Consequently, Hund’s third rule, which considers spin-orbit coupling as
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the dominant perturbation, does not generally apply in these systems. A major
consequence of the dominance of the crystal field effect over the spin-orbit coupling
is orbital quenching: in the non-degenerate orbital ground state resulting from crys-
tal field splitting, the expectation value of the orbital angular momentum operator
vanishes. Hence in transition metal compounds, the magnetic moment is predomi-
nantly spin derived. Nonetheless, quenching is not always complete. The spin-orbit
coupling mixes excited crystal field levels into the ground state, partially restoring
the orbital contribution. This transfers the local symmetry of the environment onto
the spin degree of freedom, giving rise to single-ion anisotropy—an energetic pref-
erence for spins to align along specific crystallographic directions. In the effective

spin Hamiltonian this contribution is written as,
Hani - Z Z D;LVSi,p,Si,V (11)
TR

Where o and v represent cartesian coordinates. In most cases this can be diagonal-
ized to give D, =~ diag(D,, Dy, D.), i.e.

Hoi = (DuS}, + DyS}, + DeS?,) - (1.2)
The signs and magnitudes of D,, Dy, and D, determine the easy and hard directions
of spin alignment. Since the total spin magnitude is fixed and can be written as
S? = S§+S§+S 2_one of the diagonal component of the anisotropy parameters can be
absorbed into an energy shift. This leaves only two independent parameters without
altering the physical description of the system. Hence, the anisotropy hamiltonian

can be expressed as
Hani = DS? + E (57 — S5)

where D represents an axial anisotropy and E represents the orthorhombic in-plane

anisotropy.

1.1.2 Magnetic interactions

In this section, the interactions between the magnetic moments across the lattice
that may give rise to long-range order and determine the type of ordering are ex-
plored. Even though dipole-dipole interactions between the localized magnetic mo-
ments exist, they are too weak to account for the long-range order observed at the

characteristic temperatures of many magneic systems. Therefore, to explain long-

10
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range ordering in these systems, it is necessary to consider exchange interactions of

quantum mechanical origin.

Classically, the Coulomb interaction depends only on the electronic charge and
spatial separation and is independent of the spin. However due to Pauli’s exclusion
principle, total wavefunctions should be anti-symmetric under particle exchange.
This couples the spin part of the total wave function to the spatial part. If the spin
wave function is symmetric corresponding to a triplet state (parallel spin), then
the spatial part must be anti-symmetric. Conversely, when the spin part is anti-
symmetric corresponding to a singlet state (antiparallel spins), then the spatial part
must be symmetric.

These two possibilities differ in energy due to the competition between potential
and kinetic energies (i) In the anti-symmetric spatial state, the Coulomb repul-
sion is minimized by reducing the probability of two electrons being close together,
favouring the parallel-spin state. (ii) In the symmetric spatial state, the overlap
between the orbitals is maximized, which lowers the kinetic energy by increasing
electron delocalization. This spatial state is compatible with the antiparallel spin
state. The balance between these two contributions determine whether the parallel
or antiparallel alignment is preferred. The energy difference between these two states
is encoded in the exchange integral J, which is defined as the difference between the
energy of the singlet state and triplet state. If J > 0, parallel alignement of spins
are prefered while J < 0, favours antiparallel alignment of spins. In many electron

atom, this can be expressed as an effective Heisenberg Hamiltonian:

Hex - — Z Jij S,L : Sj. (13)
(@.3)

Here J;; is the exchange constant between " and ;" spin.

The simplest exchange interaction in solids is the direct exchange, where the elec-
tronic wavefunctions of the neighbouring magnetic ions overlap directly. However
in magnetic solids with localized electrons, the direct overlap between the orbitals
of the neighbouring magnetic ions is insufficient for direct exchange to produce the
long-range ordering observed at typical ordering temperatures for these systems.
Hence indirect exchange interactions also known as superexchange must be consid-
ered.

In superexchange, the interaction between two magnetic ions are mediated by non-

11
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Figure 1.3: Schematic illustration of superexchange interaction between two metal
cations (represented by M?") | mediated by oxygen anion (O?7). The virtual hop-
ping of electrons (dashed arrows) between metal and oxygen orbitals enable delo-
calization over the entire M — O — M unit. The coupling illustrated here results in
a AFM coupling characteristic of 180° superexchange pathway.

magnetic ions such as oxygen. Here the electron is allowed to virtually hop from
one cation to intermediate anion orbital, and then to the neighbouring cation (fig-
ure 1.3). This delocalizes the electron over the entire M-O-M unit and lowers the
kinetic energy of the system. When the half filled cation orbitals overlap with the
same oxygen orbital, superexchange stabilizes antiparallel alignment of spins giving
rise to a strong antiferromagnetic coupling. However, superexchange can also give
rise to a ferromagnetic coupling depending on the symmetry of the orbitals. If the
cation orbitals couple via orthogonal oxygen orbitals, superexchange stabilizes par-
allel arrangement of spins, resulting in a ferromagnetic coupling, even though this is
less common. The strength and sign of the superexchange interaction are therefore
highly sensitive to the M—O-M bond geometry and orbital orientations as described
by the Goodenough Kanamori rules.

The anisotropic exchange interaction that arises when the excited state of one ion
mixes with the ground state of another ion via spin orbit coupling is known as

Dzyaloshinskii-Moriya (DM) interaction. The DM interaction can be expressed as

Here D;; is the DM vector. The allowed direction of the DM vector is determined
by the space group symmetry of the crystal. All the symmetry operations that leave

12
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the bond between the sites ¢ and j, must transform the DM vector into itself. In
particular, if there is an inversion center at the midpoint of the bond between S;
and S then D15=0. The magnitude of the DM vector is dependent on the strength
of spin-orbit coupling. Unlike the Heisenberg interaction discussed above, which
favours collinear spin arrangements, the DM interaction stabilizes spins that align
perpendicular to each other in the plane normal to the DM vector. In most cases
this manifests as a small canting of otherwise collinear antiferromagnetic structures,
producing a weak ferromagnetic moment [14,15].

The combination of direct exchange, indirect exchange and DM interactions defines
the microscopic mechanisms that couple localized moments in solids. Their com-
bined action is responsible for stabilizing long-range magnetic order and determining
its character. The next sections address the role of symmetry in constraining these

ordered states and subsequently ferroic orders.

1.2 Crystallographic and magnetic symmetry

Symmetry plays an essential role in condensed matter physics, as it defines how the
atoms are arranged in the space and constrains the physical properties of the ma-
terial. An ideal crystal is defined as an infinite periodic arrangement of a group of
atoms which can be generated by a basic structural unit called the unit cell, through
translations along three independent directions spanned by lattice vectors in three
dimensions.

A symmetry operation of a crystal is a geometric operation that leaves the crystal
invariant. The complete set of symmetry operations that leave the crystal invariant
is called a space group. For a set of symmetry elements to constitute a group, the
following conditions should be fulfilled.

(i) There must be an identity element present for all the elements in the group

(ii) There must be an inverse present for all elements in the group

(iii) The product of two elements in the group must also be contained within the
group.

(iv) Associativity of the elements in the group

In a crystal all symmetry operations can be generated from three fundamental op-
erations: rotation about a specific axis, reflection about a mirror in a plane, and
translation with a specified translation vector. A crystallographic point group is the
set of symmetry elements of a crystal that leaves at least one point fixed. They

include rotation, reflection and inversion but exclude translations. A space group

13



1. Theoretical Concepts

combines the symmetry operations described by the point group with the trans-
lational symmetries and include symmetry elements such as screw axes (rotation
followed by fractional translation along the rotation axis) and glide planes (Reflec-
tion followed by fractional translation). There are 230 unique space groups that
allow the complete classification of all possible 3D crystals with different symme-
tries.

The LiIMPO, compounds belong to the space group Pnma (62). The allowed sym-

metry operations in this group are:
e 1: Identity : (z,y,2) — (z,v,2)
e 2/: 2-fold screw axis at (x,0.25,0.25) : (z,y,2) — (z+ 0.5, 0.5 —y, 0.5 — 2)
e 2,: 2-fold screw axis at (0,y,0) : (z,y,2) = (=7, 0.5 +y, —2)
e 2/ 2-fold screw axis at (0.25,0,2) : (z,y,2) — (0.5 —z, —y, 0.5 + 2)
e [: Inversion in (0,0,0) : (z,y,2) = (—x, —y, —2)
e m,,: Mirror plane at y = 0.25 : (x,y,2) — (x, 0.5 — ¥, 2)

e m/,: Glide plane at z = 0.25 with glide vector (0.5,0,0) :
(x,y,2) = (x4 0.5, y, 0.5 — 2)

e m;_: Glide plane at x = 0.25 with glide vector (0,0.5,0.5) :
(x,y,2) = (0.5 —z, y+ 0.5, z+ 0.5)

LiMPO, belongs to the point group Dy = {1, 2,, 2, 2., I, my,, my,, my, }, from
which the symmetry operations discussed above can be generated.

Understanding the crystallographic symmetry of the compounds LiMPO, is funda-
mental in order to describe the magnetic ordering of the system. The introduction
of magnetic moments, introduces a new degree of freedom into the crystal symmetry
and requires the extension of crystallographic symmetry to account for time reversal
effects, making the concept of magnetic space groups relevant, which are discussed

in the following section.

1.2.1 Magnetic symmetry and irreducible representations

As explained in the section above, crystallographic symmetry describes how the

atomic positions are arranged. The magnetic symmetry determines how the spins

14
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transform under the spatial operation combined with time reversal. Therefore, 3D
magnetic space groups are built by combining 230 crystallographic space groups with
time-reversal symmetry, resulting in 1651 unique magnetic space groups (Shubnikov
groups) [16]. Analogous to the crystallographic case, magnetic point group is ob-
tained by retaining only the rotational, reflection and time reversal operations of
magnetic space groups, while removing the translational elements.

To describe the arrangement of spins, it is convinient to express the spin configura-
tion in reciprocal space. The Fourier transform of the spin operator can be expressed

as
1 .
Sij (k) = N E Sij (Rn)e kR

where S;;(R.,) is the j™ cartesion component (j = x,y, z) of the spin of the i"" atom
in the n'® unit cell. k is the propagation vector which describes the periodicity of
the magnetic structure.

In LiMPOy, the propagation vector is reported to be k = (0,0, 0), meaning that the
crystallographic unit cell and magnetic unit cell are identical. There are 4 magnetic

ions at the 4c Wyckoff positions in the unit cell [17, 18], with position vectors.

ri=(3+e¢ 5, 1-9), n=03+¢ 1, 3+9)

r3:(%_€a %76)7 r4:(%_67 %7%_6)

(1.5)

where € and 0 are the displacements of the magnetic ions from the face-centered
position. Each ion here has 3 independent spin components. The system therefore
posses 4 x 3 = 12 degrees of freedom, corresponding to 12 components of S;;(k) that
spans the 12 dimensional vector space . To describe how these spin components
transform under symmetry operations in the magnetic space group G, the concept
of a representation is introduced. All symmetry operations g in the group G, act
as a linear operation on the magnetic vector space . The set of all such linear
operations on ¥ forms a group denoted by L(X). Here the representation of the

group G is defined as a map I' between the group G and L(X);
I':Gx — LX)
if I' is a group homomorphism: i.e. for all g1, g € Gy,

['(g9192) = T'(91)'(g2)-

15



1. Theoretical Concepts

Irreducible representations | Basis vectors | Magnetic space group
I Gy Pnma
Iy C,, A, Pn'm’d
I's G, F, Pn'm'a
Iy Cy Pnma’
I's F, Pn'mad’
[g A, C, Pnm’a
I, F,, G, Pnm/a
I's A, Pn'ma

Table 1.3: Irreducible representations, corresponding basis vectors and magnetic
space groups for LIMPO,4 with crystallographic space group Pnma.

Since the representation space . is 12-dimensional, each symmetry operation g is
represented by a 12 x 12 matrix I'(g). The symmetry operations of the group
G mix the spin components on different atomic sites. By forming suitable linear
combination of such components, the representation can be reduced to independent
parts, each acting on a subspace of ¥ Thus a representaion I' can be reduced by
dividing the representation space Y into subspaces spanned by new set of basis
vectors. If the representation cannot be decomposed further into smaller invariant
subspaces, it is called irreducible representaion (irrep). Physically, each irreducible
representaion corresponds to a distinct symmetry allowed magnetic mode. Hence
experimentally determined magnetic structures corresponds to one of these irreps
or a linear combination of the irreps.

Irreducible representations in LiMPO, The detailed representaion analysis for
LiMPO, is presented in [19]. The results relevant for this work are summarized
below.

In LiMPQy, the parent group Pnma with k& = 0, gives rise to eight one-dimensional

irreps. The representation subspace of these irreps are spanned by the basis vectors
A, G,CandF:
Aj = 51]' — ng — ng + S4j,

C; = Sij + S95 — S35 — Suj,
Gj = Sij — Soj + S35 — Suj,
Ej = Sy; + Sy; + Ss; + Suj.
The basis vectors corresponding to each irreps are given in table 1.3. Here the

basis vectors A,G and C corresponds to a antiferromagnetic arrangement of spins

along the j axis where as F' corresponds to a ferromagnetic arrangement of spins.
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Together they describe all 12 possible arrangements of the spins within the unit cell.

1.3 Ferroic orders

Landau theory provides a description for a phase transition, where a spontaneous
long range order occurs below a critical temperature (7). The free energy of the

system can be expanded in even powers of the order parameter 7 as
F=F+aTn®+bm*+cn’+... (1.6)

Where a(T) = o(T — T,). Above T,, the free energy is minimized when n = 0,
corresponding to disordered high-symmetry phase. Below T, the free energy mini-
mum is attained with a finite 7, corresponding to a lower symmetry ordered phase.
The phase transition is said to be ferroic if it involves loss of one or more point-
symmetry operations of the high symmetry phase. Such transitions are generally
second order, indicating that the order parameter grows continuously below T..
There are four primary ferroic orders: Ferromagnetism, ferroelasticity, ferroelectric-
ity and ferrotoroidicity. Each of these involves the spontaneous appearance of a
distinct order parameter below 7., namely magnetization, spontaneous strain, elec-
tric polarization and torroidization respectively. They can be classified according
to their symmetry behaviours under spatial inversion and time reversal as shown in
table 1.4.

Ferroic order | Order parameter | Spatial inversion | Time reversal | Conjugate field
Ferromagnetism | Magnetization (M) | Even Odd Magnetic field (H)
Ferroelectricity | Polarization (P) Odd Even Electric field(E)
Ferroelasticity | Strain (¢) Even Even Mechanical stress (o)
Ferrotoroidicity | Toroidization (T) | Odd Odd Curl of magnetic field (V x H)

Table 1.4: Classification of primary ferroic orders based on their symmetry behaviour
under spatial inversion and time reversal, and their corresponding conjugate fields.

A characteristic feature of ferroic materials is domain formation. Domains are
energetically degenerate regions that have different orientation of order parameter
and are separated by domain walls. These domains can be switched by the appli-
cation of an appropriate vector or tensor field that transforms in the same way as
the order parameter under spatial inversion and time reversal. For a ferroic order

characterized by the order parameter 7, in the presence of an appropriate external
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field A, there is a contribution to free energy of the form —n - A. Therefore under
the external field,the domain with the order parameter parallel to the field is ener-
getically preferred. Microscopically, the domain switching under the application of
external field occurs through the motion of domain walls rather than by a collective
rotation of entire domain. However, this motion of domain walls can be hindered
due to the pinning effects caused by the presence of defects or impurities. Any ferroic
order that only needs a single conjugate field is called primary ferroic order. Ferroic
material that require two fields to manipulate the direction of the order parameter
is called secondary ferroic where the contribution to free energy is —n2 - A1 As.
Where A; and Aj represent two fields. Similar extension can be applied to define

ferroics of higher order. [20,21].

Multiferroic materials posses more than one ferroic order — most commonly
ferromagnetic and ferroelectric — coexisting in a single phase as illustrated in figure
1.4 . In multiferroics, different ferroic orders may arise from independent mecha-
nisms, often resulting in separate transition temperatures and weak coupling be-
tween them. Electric and magnetic orders in BiFeO3 and YMnOg3 are examples for
this type of ferroic materials [22,23|. Conversely, if they are caused by the same
microscopic mechanism they are strongly coupled and often have a single transition

temperature as observed in ThMnOj3 and NizV,Og for example [24-26].

Magnetoelectric materials constitutes a class in which magnetic and electric
degrees of freedoms are coupled. Here an applied magnetic field can produce a
electric polarization (P) and an applied electric field can produce a magnetization

(M). The free energy of such materials contains coupling terms of the form

Where the Einstein summation over repeated indices ¢ and j are implied. Minimizing
free energy with respect to the fields F; and H; yields linear constitutive relations

of the form

OF
*/ H

OF
== (0Hi>E = pijHj + by + - - -

where the first term of the both equation €;;F; and p,;; H; represent the induced
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— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== Ferroelectric

X Multiferroic

2 Magnetoelectric

Figure 1.4: Schematic illustration of the relation between different categories of ma-
terials. The large black circle represents magnetically polarizable materials, and
the thick black circle corresponds to ferromagnetic materials. Similarly thick green
circle represents ferroelectric materials, while the light green ellipse encloses all elec-
trically polarizable materials. The overlapped region shaded in red colour indicates
multiferroic materials and the blue shaded area represents magnetoelectric mate-
tials. As shown in the figure, magnetoelectric materials do not necessarily need to
be ferromagnetic or ferroelectric. The figure taken from [27]

electric polarization due to applied electric field and induced magnetization due to
the applied magnetic field respectively. The second term represents the linear mag-
netoelectric coupling [28].Where «; is the linear magnetoelectric tensor that couples
(P) and (M). The magnetoelectric effect is only allowed in systems that break both
time and space reversal symmetry. The symmetric part of «;; satisfying o;; = oy
represents the magnetoelectric response where applied magnetic field produces P
and applied electric field produce M. The presence of an antisymmetric part of a;
satisfying the condition o;; = —a;;, indicates the toroidal contribution to magneto-
electric tensor. However the presence of antisymmetric component of a;;, does not

necessarily indicate the presence of a ferrotoroidal order [29,30].

1.3.1 Ferrotoroidicity

Ferrotoroidal order, which is relevant to the present work, is discussed in this section

following the framework presented in references [21,28,31].

Ferrotoroidicity is the fourth ferroic order which is expected from the categoriza-

tion of the three well-established primary ferroic orders based on their symmetry
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Figure 1.5: Schematic representation of spin arrangements giving rise to toroidal
moments. a) Clockwise (red) and anti clockwise (blue) head-to-tail arrangement of
spins produce toroidal moments of opposite directions. The minus sign indicate the
toroidal moment pointing into the plane, while the plus sign indicate the toroidal
moment pointing out of the plane. b) Examples of opposing arrangement of spins
that can give rise to toroidal moment in realistic magnetic systems.Figure adapted
from reference |28]

behaviours. As illustrated in table 1.4, ferrotoroidicity breaks both time reversal
and space inversion. It is defined as a spontaneous long-range order of toroidal mo-
ment. A toroidal moment can arise from head-to-tail arrangement of spins or from
orbital currents. If we consider the spin-only contribution to the toroidal order, a
head-to-tail arrangement of spins is often realized in real systems by two or more
spins opposing each other as illustrated in figure 1.5. Consequently, ferrorotoroidal
systems are often realized by antiferromagnetic materials sometimes exhibiting weak
ferromagnetic component due to slight spin canting. From this, ferrotoroidic order
can be visualized as an array of spin vortices of the size of one unit cell. The de-
tailed derivation of toroidal moment t from the multipole expansion of a vector field

is presented in [21,31]. It can be expressed as
b= r x (1.8)
= 3 r; m;, .
2 i

where r; is defined as the position vector of individual magnetic moments m;. In
analogy with magnetization, which is defined as the density of magnetic moments,

the toroidization T is defined as the toroidal moment per unit cell volume T = t /(2.
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For systems with non-zero net magnetization such as canted antiferromagnetic
strucutres in which the deviation from perfect antiparallel alignment may give rise to
an uncompensated component, the magnetic moment distribution can be seperated
into a fully compensated part, with zero net magnetization, and an uncompensated
part corresponding to the total magnetization of the system. The contribution to
the toroidal moment from the compensated part is origin independent, whereas that
from the uncompensated part is not. This follows from the fact that toroidal mo-
ment is defined as a cross product of r; and m;. The shift of origin by a vector
a produces a change in position vectors by r; — r; + a. For an uncompensated
structure with a net magnetization >;m; = m, this change produces an additional
term in toroidal moment proportional to the magnetization %a X m making it origin
dependent. The uncompensated part can contribute to the toroidal moment only
when the magnetic moments are positioned in a non-centrosymmetric manner, since
the time reversal is automatically broken due to the presence of a non-zero net mag-
netization m. As will be discussed later, only changes in toroidization are physically
meaningful. Therefore, in the case of an origin dependent toroidal moment arising
from the uncompensated part of the magnetic distribution, the change in toroidal
moment is well-defined, provided that the choice of origin remains fixed between the

two configurations considered.

In a bulk periodic system with infinite periodic arrangement of spins, translation
of a magnetic moment m; by a lattice vector R,, leaves the system invariant, but

changes the toroidization by a discrete increment,

AT, ,; = % R, x m;, (1.9)
here €2 is the unit cell volume. This leads to a multivaluedness of toroidization analo-
gous to multivaluedness of polarization in ferroelectric materials. Hence the absolute
value of toroidization is not physically meaningful. In analogy to the treatment of
polarization, the difference in toroidization between different domain states of ferro-
toroidic phase or between a ferrotoroidic state and its non-ferrotoroidic counterpart
where both spatial and/or time reversal symmetries are conserved, is uniquely de-
fined and represents a physically observable quantity.

Since ferrotoroidic order is a primary ferroic order, it also exhibits the characteris-
tics common to all ferroic states, such as domain formation and domain switching.

Hence a ferrotoroidic system has a term in the free energy ' = —T - G where G
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is the conjugate field that couples to the order parameter T and facilitates domain
switching. Because free energy must remain invariant under all symmetry opera-
tions of the system, the conjugate filed G must transform in the same way as T,
and break both time reversal and space inversion symmetry. A magnetic field with
non-zero curl, V x H, satisfies these symmetry requirements. The most practical
way to create such a conjugate field is the application of perpendicular electric and
magnetic field (E x H) where the order parameter couples to the cross product of
these two fields.

Toroidal order is one of the most intriguing ferroic states, offering numerous opportu-
nities to explore its functionalities in next generation spintronics devices. It provides
a unique possibility for selective domain population, since a toroidal field only affects
toroidal domains and the non-toroidal domain structures remain invariant. Hence
there is an intersting possibility to manipulate domains with different space-time
symmetry behaviours independently, in ferrotoroidic materials. In addition to this,
due to the inherent magnetoelectric effect associated with the ferrotoroidic order,
it is possible to electrically control magnetic degree of freedom, making it more

appealing for applications such as data storage |21, 31].
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Overview on lithium orthophosphates

This chapter summarizes the established facts about the family of compounds lithium
orthophosphates, LIMPO,, where M denotes the transition metals Fe, Co, Ni and
Mn. The crystal structures , magnetic structures and the relevant magnetoelectric
and ferrotoroidic properties already reported in the literature for these compounds
are described briefly with emphasis on aspects relavant for this work. In addition,
the theoretical and experimental studies on mixed-anisotropy antiferromagnets are
discussed.

2.0.1 Crystal structure and magnetic structure of LIMPO,

The compounds LiMPO, are isostructural and crystallize in the olivine type or-
thorhombic crystal structure with the space group Pnma (space group no. 62). The
unit cell contains four transition metal ions occupying the 4c Wyckoff positions with
position vectors rq,ra,r3, 4, as defined in section 1.2.1. Each transition metal ion
is surrounded by six oxygen atoms forming a distorted MOg octahedron. These
octahedra shares corners to form a network interconnected through LiOg octahedra
and POy tetrahedra as illustrated in figure 2.1. The lattice paramters at room tem-
perature reported for all stoichiometric compounds are summarized in table 2.1.

The four magnetic ions in the unit cell give rise to three possible AFM and one
FM spin arrangement as described in chapterl. The three AFM arrangements are
denoted by A, G and C , while the FM spin arrangement is denoted by F with sub-
scripts denoting the spin direction (x, y, z). The magnetic interaction between the
ions is governed predominantly by super-exchange pathways. The nearest neighbour
couplings occur through Metal-Oxygen-Metal (MOM) pathways, while longer range
interactions are mediated by Metal-Oxygen-Phosphorous-Oxygen-Metal (MOPOM)
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2. Overview on lithium orthophosphates

M a (A) b (A) c(A) | Ty (K) | Easy axis
LiMnPO, | 10.4367(3) | 6.0959(2) | 4.7417(1) | 34.9 STa
LiFePO, | 10.3273(1) | 6.0071(3) | 4.6917(2) | 50.0 S| b
LiCoPO, | 10.2001(6) | 5.9199(4) | 4.6899(2) | 21.6 S| b
LiNiPO, | 10.0317(1) | 5.8530(1) | 4.6768(1) | 20.7 S|c

Table 2.1: Reported lattice parameters, Néel temperatures, and magnetic easy-
axis directions for LIMPO, (M = Mn, Fe, Co, Ni), where the lattice parameters

are taken from references [32-35]. The ordering temperatures are taken from the
references [17, 18, 36]

pathways through POy, tetrahedra as illustrated in figure 2.2. The interplay between
these interactions and single ion anisotropy determines the magnetic structure and

magnetic phase diagram for each compound in the LiMPO, series.

Figure 2.1: Crystallographic unit cell of LIMPO,. M Og4 octahedra and PO, tetra-
hedra are shaded in red and green, respectively. For clarity, LiOg octahedra are not
shown.

The following section provides a brief overview of the experimentally determined
magnetic structures and properties of individual stoichiometric compounds in the
series LIMPQy, that are discussed in this work.
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Figure 2.2: Superexchange interactions in LiNiPO,. Within the bc-plane Ni spins
are coupled by nearest neighbour interaction .J,. and two next nearest neighbour
interactions J, and J.. The coupling between the bc-plane is given by the nearest
neighbour interactions Jy, and J,..Figure taken from [37].

2.0.2 LiFePOy,

LiFePO, orders magnetically at Ty ~50 K, with a commensurate antiferromagnetic
structure predominantly described by C, basis vector (I'y irreducible representation)
corresponding to an AFM state with moments along the b axis [18]. In addition to
the major magnetic moment component along the b-axis, small finite components
are observed along both a and ¢ axes (mu, = 0.067ug, . = 0.063ug). These
correspond to a rotation towards a axis described by C, and a spin canting along c
axis described by A,. The total deviation of the magnetic moment from the b axis
of 1.3° is observed [38]. The magnetic moment of ;1 ~ 4.2up is reported which is
slightly higher than the spin-only moment expected for high-spin Fe?* ( 3d®, S = 2),
indicating a small orbital contribution [10]. The magnetic structure can therefore
be represented by a combination of irreducible representations I's + I'y which is not
allowed under the symmetry constraints of Pnma group and suggests lowering of
the magnetic symmetry .

LiFePOy exhibits a linear magnetoelectric effect with non-zero o, and o, tensor
elements, consistent with the magnetic symmetry described by I'y irrep and magnetic

point group mmm’. Recent studies report the existence of an additional diagonal
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tensor element a,, , consistent with the lowering of symmetry in the mixed-irreps
magnetic state. The corresponding magnetic point group is proposed to be 2,/m/,
[39].

The inelastic neutron scattering studies on this compound, reports the b axis
as the easy axis and ¢ axis as the hard axis. This follows from fitting the magnon
dispersion curves to a spin-wave model and determining the single-ion anisotropy
parameters. The extracted anisotropy parameters are consistent with the energy
minimum for spins along b-axis. The reported parameters are summarized in table
2.2. The spin dimensionality lies between the ising and XY-type limits, with com-
paritively small single-ion anisotropy compared to other members in the LiMPO,
series.

Inelastic studies reports strong exchange interactions and mild frustration due
to competing interaction in the be-plane [38] where all interactions in the be-plane
(figure 2.2) favour antiferromagnetic alignment. A spin-flop transition is observed
at H ~ 31T, for magnetic field along b-axis. Above this field, the spins reorient
towards a-axis, while remaining commensurate with C,, and A, as minor magnetic
moment components. In this phase, the magnetoelectric tensor o, is suppressed

and «, is activated [40] which is expected for Pnma structures.

LiMnPO, | LiFePO, | LiCoPO, | LINiPO,
Joe | 0.48(5) 0.77(7) - 1.04(6)
J, | 0.200(4) | 0.30(6) - 0.670(9)
J. | 0.076(4) | 0.14(4) - -0.05(6)
Joe | 0.062(3) | 0.05(2) - ~0.11(3)
T | 0.036(2) | 0.14(2) - 0.30(6)
D, 0 0.62(12) - 0.339(2)
Dy, | 0.009(1) 0 - 1.82(3)
D. | 0.007(1) | L1.56(3) - 0

Table 2.2: Exchange constants and single-ion anisotropy parameters for LiMPO, (M
= Mn, Fe, Co, Ni), compiled from inelastic neutron scattering studies [36-38],Values
are reported with the precision given in the source literature. Reliable inelastic
studies on LiCoPQO, is unavailable.

2.0.3 LiCoPO,

LiCoPQy4 orders magnetically below Ty ~ 21.6K with a commensurate antiferro-

magnetic structure described by C, with spins predominantly along b-axis [17|. The
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ordered magnetic moment of 3.6up is reported for LiCoPQy, which indicate a par-
tially unquenched orbital angular momentum contribution to the magnetic moment
(high-spin configuration of Co®* ;3d", S = 3/2 ) [41]. In addition to the major com-
ponent along b-axis represented by I'y, a rotation of magnetic moment away from
b-axis of 4.6° was observed by Vaknin et al. lowering the symmetry and resulting in
a magnetic point group of 2/ /m, [42]. Other than that a weak ferromagnetic com-
ponent was observed further lowering the magnetic point group to 2! [43]. However,
a recent study reports a spin canting of 7° described by A, which suggest the that
magnetic point group is 2/ /m,, which combined with the ferromagnetic component

results in a m/, magnetic point group [44].

The magnetic phase diagram of LiCoPO, has been mapped for magnetic fields
along the b-axis and along the a-axis. For H || b, the saturation field at 1.7 K was
determined to be 28.3 T. Two distinct phase transitions at ~ 12 T and ~ 22 T were
first reported by Kharchenko et al. based on the magnetization measurements [45].
Subsequent neutron diffraction studies by Fogh et al. established a detailed mag-
netic phase diagram for magnetic fields up to 25.9 T along the b-axis. A series of
transitions at 11.9, 20.5 and 21.0 T were reported.

Above 11.9 T, phase transition to an incommensurate phase with propagation
vector Q = (0, %, 0) is reported, corresponding to a magnetized elliptic cycloid with
spins in the be-plane and major axis aligned along b axis. In the field interval 20.5
- 21.0 T, the propagation vector remains the same Q = (0, %, 0) but the spin ori-
entation changes. Above 21 T, LiCoPO, becomes commensurate again, exhibiting
a ferromagnetic component along b-axis and an antiferromagnetic component along
c-axis [46].

LiCoPO, exhibits the strongest magnetoelectric effect among the LiIMPO, series.
In LiCoPOy, the non-zero components of the magnetoelectric tensor observed are
0y and oy, which is the same non-zero elements allowed in LiFePO,. This is ex-
pected because the form of magnetoelectric tensor is determined by the symmetry
of magnetic structure and both compounds exhibit magnetic structure with spins
along b-axis. However the magnetoelectric effect disappears in the incommensurate
phase above 11.9T and re-emerges above 21 T, in the commensurate phase, where
the tensor elements oy, and «,, are active but their magnitudes are 5 times smaller
than in the low-field phase below 12 T [47,48|. However from the symmetry con-

siderations for a predominantly C, type magnetic structure, the expected non-zero
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elements are o, and o, .

For H || a, the DM interaction couples the induced ferromagnetic component along
a to an additional spin canting component of G, [44|. An upper limit of DM interac-
tion strength was estimated to be comparable to the single-ion anisotropy constant

along the c-axis.
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Figure 2.3: Hysteretic poling of toroidal moment in LiCoPO, achieved by the ap-
plication of conjugate field. Figure taken from reference [49]

From symmetry considerations, LiCoPQy, is a potential host of the ferrotoroidic
order. In the space group Pnma’ (corresponding to the magnetic moment aligned
along b-axis), the symmetry operation include combined space and time inversion
but not the pure time and space inversion individually. The symmetry group also
constrains the allowed ferrotoroidal moment to be oriented along the c-axis. How-
ever, the rotation of magnetic moment within the bc-plane lowers the symmetry
to 2'/m, allowing an additional toroidal moment component to exist along b-axis.
For a compensated antiferromagnetic structure of LiCoPO, (ignoring the suggested

ferromagnetic component), the toroidal moment takes the form
t = 2puea (cos@z +sindy) (2.1)

where p is the ordered magnetic moment, € is the small displacement of the magnetic
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ions from high-symmetry positions along the crystallographic a axis as indicated in
equation 1.5, and @ is the angle between the magnetic moment and the b-axis [31].
The existence of ferrotoroidic domains in LiCoPO,4 was confirmed by Van Aken
et al. wusing optical second harmonic generation. They directly observed ferro-
toroidal domains that are independent of the antiferromagnetic domains, thereby
demonstrating LiCoPOy to be a ferrotoroidic material [50]. In a followup study by
Zimmermann et al [49], hysteretic poling of toroidal moment was demonstrated as
indicated in the figure 2.3. This confirms the switchability of toroidal domains- one
of the characteristic behaviour of ferroic orders-and verifies the status of ferrotoroidal

order as the fourth ferroic order.

2.0.4 LiNiPO,

Unlike LiCoPO, and LiFePO4, LiNiPO4 exhibits an incommensurate magnetic
phase in a narrow temperature range below Tic = 21.7 K. This incommensu-
rate magnetic structure is characterized by a propagation vector q = (0, ¢,0) with
0.07 < ¢ < 0.155. Below Ty = 20.8K, LiNiPO, transitions from the incommensu-
rate magnetic structure to a commensurate antiferromagnetic structure. The com-
mensurate phase is described by the C, basis vector with spins primarily aligned
along c-axis [51,52]. A minor magnetic component of A, symmetry has also been
reported in the zero-field structure, corresponding to a non-collinear spin rotation
of about ~ 8° towards a-axis.

The magnetic phase diagram of LiNiPO,, has been mapped for magnetic fields ap-
plied along the a,b and ¢ axes. No phase transitions were observed for magnetic
fields along a and baxes. However, for the magnetic field along c-axis the compound
undergoes a series of field-induced phase transitions as illustrated in fig 2.4 [53]. For
magnetic field below 12 T, LiNiPO4 remains in the commensurate antiferromagnetic
phase, which exhibit linear magnetolectric effect with active tensor components ..,
and o, [54].

For magnetic fields above 12 T, the system undergoes a phase transition into a
an incommensurate spiral phase with propagation vector along b and spins within
the ac-plane [51]. Upon further increasing the magnetic field, the modulation grad-
ually locks into a spiral structure with ¢ = % In the field interval between 19 -
21 T, LiNiPO,4 becomes commensurate again, with the spins rotating away from c

axis towards the a-axis. This phase exhibits a magnetoelectric effect, whereas the
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Figure 2.4: Magnetic field vs. temperature phase diagram for LiNiPO4 reported by
Fogh et al [53], illustrating the field induced phase transitions for applied magnetic
field along c-axis.

incommensurate phases are non-magnetoelectric [55]. Above 21 T, a new incom-
5
T. In the narrow field interval of 37.6- 39.4 T, a similar incommensurate structure

mensurate phase with propagation vector (0, z,0) develops which persists upto 37.6
with a longer magnetic period is observed. Beyond 39.4 T, another commensurate
phase is established which exhibits quadratic magnetoelectric response [53] .

Inelastic neutron scattering studies on LiNiPO,, revealed a strong antiferromag-
netic next-nearest-neighbour interaction along b-direction which competes with the
nearest-neighbour antiferromagnetic coupling, leading to mild frustration in the sys-
tem. The competetion between these exchange interactions places LiNiPO, on the
verge of instability between commensurate and incommensurate structures, thereby
explaining the emergence of the incommensurate phase below T7-. The additional
single-ion anisotropy energy gained in the commensurate phase at slightly lower tem-
perature below T}, stabilizes the commensurate ground state against the frustrated
incommensurate structure [37]. The high temperature incommensurate phase is a

spin density wave where the magnitude of the spins modulated.
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2.0.5 Mixed anisotropy magnets

The stoichiometric compounds of the family LiMPO, described in the preceeding
subsections exhibit different single-ion anisotropy energies and corresponding mag-
netic easy-axis directions. When ions with different anisotropies are combined in
solid solutions such as LiNi;_,Fe, PO, or LiCo;_,Ni, PO, , the competition between
their single-ion anisotropies give rise to complex magnetic phase behaviours charac-
teristic of mixed-anisotropy magnets.

The theoretical framework for mixed-anisotropy magnets with orthogonal easy axes
was developed from the renormalization-group methods. In this approach, the quar-
tic coupling term that quantifies the coupling between the two order parameters
determines the nature of the multicritical point. Depending on the sign and mag-
nitude of this coupling, the two order parameters may either exclude each other,
producing a bicritical point with a first-order transition seperating the two ordered
phases, or coexist to form a mixed phase where second order transitions seperates
the three possible phases producing a tetracritical point [56,57]. The same physics
can be captured through Landau free energy expansion for two order parameters ¢,
and ¢z,

1 1
G =Go+ 5 (a@% + ayb%) + 1 (bn¢£1l + 2b12¢7 05 + b22¢§) )

For the phase transitions determined by this free enrgy to be stable, the following

conditions must be satisfied.

b1 > 0, bes >0 and

b1 > —(511522)1/2-

Taking into account these constraints and minimizing G with respect to ¢; and ¢o,
yields three solutions in addition to the trivial solution ¢; = ¢y = 0 , indicating
disordered state,
(I) Pure ¢, phase: stable when a; <0
a1
@7 = ¢2 = 0.

2= ——
b’

(IT) Pure ¢, phase: stable when ay; < 0

az
bao’

ng ¢ = 0.
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Figure 2.5: Phase diagram of a mixed anisotropy antiferromagnet showing the case
where a mixed phase called oblique antiferromagnetic phase is present and the case
where a mixed phase is absent. Figure taken from [57]
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A mixed phase exists and is stable only if by1bgs > 6%2.
Therefore, a tetracritical point is present in the phase diagram if this condition is
satisfied [58]. However, if the condition is not satisfied, then the phase diagram

exhibits a bicritical point as indicated in figure 2.5.

When the critical fluctuation of the order parameter become strong near multi-
critical region, the mean-field predicted fixed point is destabilized and the second
order transition becomes fluctuation induced first order. In the case of a real mixed
system, where local exchange and anisotropy parameters vary from site to site, this
first-order transition is further broadened into a smeared crossover between the dif-
ferent phases [59].

Matsubara et al. developed a mean-field model for a mixture of antiferromagnets
with different orthogonal uniaxial anisotropy, which predicted the existence of an
oblique antiferromagnetic phase arising from the competition between anisotropy

and exchange energies. In the oblique phase the magnetization is rotated away from
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the easy axes of both parent compounds, forming a finite angle within the plane
defined by the two orthogonal easy directions. This oblique phase is bounded by
two second-order transitions to the two collinear phases, which meet at a tetracriti-
cal point in the temperature-composition phase diagram [60]. This framework was
later extended to include the orthorhombic antiferromagnetic systems. This lead
to the prediction that depending on the relative anisotropy strengths, the shared
intermediate anisotropy axis of the parent compounds can become the effective easy
axis of the system within the oblique antiferromagnetic phase [61]. For example for
the mixture of two ions, A with x, y,z axes as easy, intermediate and hard axes
respectively and B with z, y,r axes as easy, intermediate and hard axes , an oblique
antiferromagnetic phase with spins along y-axis can be stabilized based on the rel-
ative anisotropy strengths.

The predicted appearance of an oblique phase and multicritical behaviour seperat-
ing regions of distinct spin orientation has been experimentally verified in a wide
range of magnets where ions with orthogonal anisotropies are randomly mixed.
The quasi-two dimensional compound KsMn;_,Fe, F, provides a clear experimental
realization of the theoretical x — T phase diagram. Mn?* ions are nearly isotropic
Heisenberg like spin systems, where as Fe?" ions possess strong planar (XY-type)
anisotropy. The competition between these anisotropies gives rise to two successive
transitions corresponding to Mn-type and Fe-type ordering, seperated by an oblique
antiferromagnetic phase and a tetracritical point where the four second-order tran-
sition lines meet [62,63].

The hydrated chloride Fe;_,Co,Cl;.2H50 also exhibits a phase-diagram consistent
with theoretical predictions. Here both parent compounds are uniaxial ising anti-
ferromagnets but with orthogonal easy directions. Two distinct second-order tran-
sitions and a well defined mixed phase and a tetracritical point is observed in this
series of compounds [64]. In contrast, the anhydrous Fe;_,Co,Cly exhibits signifi-
cant deviations from the theoretically proposed phase-diagrams. In this system, the
Fe* moments exhibit ising-like behaviour and align along c-axis and Co** moments
show XY-type anisotropy in the ab plane. Although a mixed phase and a tetracriti-
cal points are observed, the transition lines do not cross each other smoothly. There
is a change in the slopes of the transition lines near the tetracritial point and the
lower transitions are broadened instead of the predicted sharp second-order tran-
sitions. These deviations are attributed to the off-diagonal coupling terms in the
Hamiltonian excluded in theory. These terms may have different origins, such as

anisotropic exchange, dipolar interactions and magnetostriction effects. While such
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Figure 2.6: a) Phase diagram of Fe;_,Co,Cly [66]. b) Phase diagram for

Fe; ,Co,Brs [67].

terms average to zero macroscopically, the local variations give rise to a site random

magnetic field, which smear the phase boundaries [65,66].

The bromide analogue Fe;_,Co,Bry exhibits even stronger suppression of the
lower transition. Here Fe** ions have an ising type anisotropy along c axis and Co?"
ions have a XY-type anisotropy in the ab-plane. However, only one lower transition
corresponding to the ising-like order is observed while the lower transition corre-
sponding to XY-type order disappears entirely. The mixed phase region is either
extremely narrow or replaced by a continous rotation of the spins [67] .

These experimental observations of rich and tunable magnetic phase diagrams of
mixed-anisotropy magnets provide an essential framework for this thesis as it ex-
plores multiple such systems.
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Neutron scattering theory

This thesis relies on X-ray and neutron scattering to probe the nuclear and magnetic
structure of the studied compounds with a focus on elastic (diffraction) measure-
ments. The theoretical concepts used in this work is briefly presented here detailed
account of which can be found in references [3,68-71| and is used without further

reference through out the chapter.

3.1 Basic properties of neutrons

Neutrons are electrically neutral particles that carry a finite magnetic moment with
their de Broglie wavelength in the angstrom range.

Unlike X-rays that interact with the electron cloud of an atom, because of their
electrical neutrality neutrons interact only weakly with matter providing large pen-
etration depth making it suitable for bulk measurements. The neutrons interact
directly with the nuclei of the matter through strong nuclear interaction therefore
providing excellent sensitivity to the isotopes and atoms with close atomic numbers.
Since their de Broglie wavelength is comparable to the inter atomic distances in typ-
ical experimental conditions, neutrons provide ideal tool to probe crystal lattices.
More importantly for this thesis, the intrinsic spin of the neutorn give rise to a mag-
netic moment which can interact directly with the magnetic moment of the unpaired
electrons in a magnetic material through dipole interaction. This makes neutrons
an ideal direct probe to determine the magnetic structure.

For the scattering experiments neutrons are produced in two ways

e Nuclear reactors: Neutrons are produced through the fission of a heavy
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mass, m., 1.675 x 1072 kg
charge 0

spin, S, %

magnetic moment, pu, —1.913 uy = —0.0010 up
mean lifetime, 7, 880 s

Table 3.1: Basic properties of the neutron. Table adapted from reference [68]

nuclei such as 25°U in a self sustaining chain reaction. The heavy nuclei splits
into lighter nuclei with the release of, on average 2.5 neutrons per fission event.
The energy of a neutron produced through such a fission reaction is ~ 2MeV
which is then cooled down to the desired wavelength for scattering experiments

by using moderators of different temperatures.

e Spallation sources: In spallation sources, heavy nuclei (tungsten, mercury,
lead) are bombarded with high energy protons. The excited heavy nuclei
decays by emitting ~ 30 neutrons per incident proton. Similar to the nuclear
reactors, moderators are used to tailor the neutron energies for scattering

experiments

All the work presented in this thesis was carried out at the nuclaer reactor facility
Institut Laue Langevin at Grenoble.

3.2 Scattering cross section

In a typical scattering geometry the incident neutron beam is characterized by the
wave vector k; and energy E;. After interacting with the sample, neutron is scattered
to a final state with wave vector k¢ and final energy F;. The momentum transfer

during the scattering process is defined as
Q=ki;— ke

where the Q is known as scattering vector and is respresented by the scattering
triangle presented in figure 3.1. The angle 26 represents the scattering angle which
is two times the Bragg reflection angle defined in section 3.3 . The energy transfer

during the scattering process is defiend as
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b)
ke
a) Q
26
L ki
Direction
ds / 0.0
[kel = |kil
c)
ks
Incident
——
neutrons ) 20
——> z axis

Figure 3.1: a) Geometry of a neutron scattering experiment. Figure taken from [72]
b) Scattering triangle for elastic scattering where |k;| = |k¢| ¢) Scattering triangle
for inelastic scattering where |k;| # |ky|

Elastic scattering corresponds to the case where no energy exchange takes place
between the sample and neutron (w = 0) where |kf| = |k;|. Elastic scattering
(diffraction) allows the structural study of materials. All works presented in this
thesis utilizes neutron diffraction. In inelastic scattering a non-zero energy transfer
takes place between the sample and the neutrons and such inelastic scattering ex-

periments allows to determine the dynamic properties of the material.

In a typical scattering geometry defined above, the concept of scattering cross
sections allows to connect the underlying arrangement of atoms and magnetic mo-
ments to the absolute intensity which is the number of counts per second recorded
at the detector. The total scattering cross section is defined as the total number of
scattered neutrons per unit time divided by the incident neutron flux (®y). This
measures the probability of neutrons being scattered from the target irrespective of
direction and energy. Usually in an experiment, the interest is to measure scattered
neutrons in a particular direction and within a particular energy interval. For this

we define a partial differential cross section which is defined as

number of neutrons scattered per second
into solid angle df2 about a given direction
d?o with final energy between E; and Ey 4 dEy
dQdE; Oy dQdE;

37



3. Neutron scattering theory

Under the Born approximation, where the neutron only interact weakly with the
sample and the neutron is assumed to scatter only once from the sample, the partial

differential cross section can be written in its general form as

d? k n O\ 2
0d7 = 1 (aem) 2o Mo VQIaA6(By, — By, — i)
¢ A Af

Here the interaction matrix element |[(opAs |V (Q)|o:\)|* denotes the coupling of
neutron to the sample through the interaction potential V' (Q), which contains a
nuclear part arising from the scattering from atomic nuclei and a magnetic part
arising from the scattering from the interaction between neutron magnetic mo-
ment and the magnetic moment of the unpaired electrons. The dirac delta function
5(E a — B — hw) ensures the conservation of energy. In the elastic scattering pro-
cess considered in this thesis E, = E),, with iw = 0. The summation over Af
represents the summation over all final states of the sample, while the summation
over all initial states )\; is performed by taking a thermal average weighted by the

Boltzmann population.

3.3 Nuclear scattering

The interaction between neutron and atomic nuclei arises from strong nuclear in-
teraction and is extremely short ranged. Therefore nuclei can be treated as point
scatterers and the interaction potential corresponding to the nuclear part can be

replaced with Fermi pseudo potential given by

2
V() = 25 3ot ).
J

where b; is the scattering length of the nucleus and the r; is the position of the
nucleus inside the unit cell.
In the crystalline solids, neutrons are scattered from a periodic array of atomic nuclei
giving rise to a distinct diffraction pattern. Inserting the Fermi pseudopotential into
the equation for scattering cross section and taking into account the translational
symmetry of the crystal lattice, the coherent elastic nuclear cross section can be

written as,

e PN (Q)P ) 6(Q-G),
G
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Here N is the number of unit cells and V is the unit cell volume. The e 2" denotes
the Debye-Waller factor which accounts for the thermal vibrations of atoms. In this

equation Fiy(Q) is defined as the nuclear structure factor given by

FN(Q) = Z bj GiQ.rj.

3.3.1 Diffraction condition

The delta function in the equation indicates the fact that the diffraction intensity is

non-zero only when the momentum transfer is equal to the reciprocal lattice vector
Q=G
This is known as Laue condition. where the reciprocal lattice vector is defined as
G=ha"+kb"+Ic"

Therefore Laue condition states that the non-zero intensity is achieved only for a
discrete set of momentum transfer Q.

While Laue condition describes diffraction in the reciprocal space, Bragg’s law offers
an equivalent description in real space. Considering a set of lattice planes seperated
by a distance dyy;, the Bragg’s law states that constructive interference takes place
only when the path difference between the two waves reflected from the two adjacent
planes is equal to the integer multiple of the wavelength of the neutron wavelength

expressed as

thklsz'ne =nA

where n is an integer, A is the wavelength of the neutron and 6 is the Bragg angle,
double of this angle represents scattering angle. This equivalence follows from the
identity G = % together with the elastic scattering constraint Q = 2ksinf.
Ewald sphere construction

Ewald sphere is a geometrical construction that helps visualize and analyse the
diffraction condition and is particularly useful for single-crystal experiments. In
clastic scattering, |k;| = |ks| = k = 2*. Here Ewald sphere represent a sphere in the
reciprocal space as represented in the figure 3.2. The point O represents the origin

of the reciprocal space. The incident wave vector k; is drawn starting at point A
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Figure 3.2: Ewald sphere represented in 2D as a circle. The points represents the
reciprocal lattice points and the point O represent the origin. k; and k¢ represent
incident and final wave vector respectively. Q is the scattering vector.

and terminating at the point O. The Ewald sphere is drawn with a radius of k£ with
the centre on the point A. With this geometry, all the reciprocal lattice points that
intersect the Ewald sphere satisfies the Laue condition and a Bragg peak can be
observed if the detector is aligned in the direction of k¢ as indicated in the figure for
the case of point B. To access different reflections with a fixed neutron wavelength,
the crystal can be rotated which represents the rotation of Ewald sphere with re-
spect to the origin O.

Debye-Scherrer cone

Powder samples contain a large number of crystallites that are randomly oriented.
Therefore, there is always a fraction of crystallites oriented at the correct angle to
satisfy the Bragg’s law for any set of lattice planes (hkl). As aresult the diffracted
beam is produced along the surface of a cone with opening angle 26 as illustrated in
figure 3.3, instead of being produced in a single direction as in the case of a single
crystal. This is known as the Debye-Scherrer cone. When these cones are intercepted
by a 2D detector, each cone gives rise to a Debye-Scherrer ring, where each ring cor-
responds to a particular (hkl) reflection . The intensity of each ring is governed by
the corresponding nuclear or magnetic structure factors. The powder diffraction,
therefore represents a orientational average of the Ewald sphere condition, because
the random orientation of crystallites is equivalent to rotating the crystal to access

different reflections corresponding to different orientations.
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di diffracted
cone

dadiffracted

Debye-Scherrer
rings

Figure 3.3: Neutrons are scattered from a set of crystallites that satisfy Bragg’s
law for a particular set of lattice planes is represented in colour red giving rise to a
Debye-scherrer cone corresponding to scattering angle 26; and the crystallites that
satisfy Bragg’s law for a different set of lattice planes is represented in colour green
giving rise to a Debye-scherrer cone corresponding to scattering angle 26,. The
figure is taken from the reference [73].

3.4 Magnetic scattering

The neutron magnetic interaction potential can be written as
Va(r) = — fun - B(r),

where the neutron magnetic moment g, couples to the magnetic field produced by
the unpaired electrons including both spin and orbital contributions. Analogous to
the considerations in nuclear scattering section 3.3, the elastic magnetic scattering

cross section can be written as

do

0 gf(Q)]2 G ‘QWDF m)?8(Q = Gn),

- [Wz
Where N, is the number of magnetic unit cells and the v,, is the volume of the
magnetic unit cell which can be different from the nuclear unit cell depending on
the propagation vector. Magnetic scattering occurs as a result of interaction with
the electron cloud, which is an extended object. Therefore the magnetic form fac-
tor f(Q) representing the spatial distribution of the magnetic electron density is
included in the scattring cross section. The v, r, and g represents the neutron

gyromagnetic ratio, electron radius and Lande g-factor respectively. The magnetic
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structure factor appearing in the cross section is given by
Fa(Q) =) Qx (s x Qe'¥™
J

where s; is the spin magnetic moment on the site 7 and r; is the corresponding
position. the Q represents the unit vector along the scattering vector.

The vector Q x (s; x Q) is known as Halpern-Johnson vector and as consequence
of this term, only the spin components perpendicular to the scattering vector con-
tributes to the magnetic scattering and thereby allows the determination of direction
of ordered moments presented in the result section of the thesis from the recorded
diffraction pattern.

For a commensurate magnetic structure that can be represented as a linear combina-
tion of basis vectors R corresponding to an irreducible representation of a magnetic

space group, the magnetic scattering intensity can be written as
1u(Q) o< (9)* f(Q)* Y_IFR(QIPY_IE(Q),
R i

where (S) represent the thermal average of ordered magnetic moment for structure
R. The observed intensity also depends on the polarization factor P;(Q) along
2

crystallographic directions i = x,y, z. Therefore the factor |P;(Q)|* determines how

strongly a given spin component along ¢ contribute to the observed intensity.

3.5 Polarized neutron scattering

So far, only unpolarized neutron scattering has been discussed, where the incident
beam has no preferred direction for neutron spin and the only the total scattered
intensity is measured. Such measurements do not allow the seperation of nuclear
and magnetic contributions and are sensitive only to the magnitude of the magnetic
structure factor.

Polarized neutron techniques overcome these limitations by producing an incident
neutron beam with a well defined neutron spin state along any chosen direction and
analysing the spin state of the scattered neutron. This allows to seperate the scat-
tering cross section into spin-flip (SF) and non-spin flip (NSF) channels. Since the
nuclear scattering does not couple to the neutron spin, nuclear scattering produces
NSF scattering.
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On considering the the magnetic scattering, only the magnetic moment components
perpendicular to the neutron spin produce SF scattering while the components par-
allel to the incident neutron spin give rise to NSF scattering. By controlling both
incident and outgoing neutron polarizations and analyzing them along all three
spatial directions, the different scattering cross sections can be detected seperately
thereby providing full directional information of the magnetic structure. This is

achieved by spherical neutron polarimetry which is discussed in detail in section 8.3.
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Experimental methods

In this chapter, the experimental techniques utilized in this work are discussed. The
solid state synthesis methods, magnetization measurements and neutron diffraction

techniques employed in the result section are discussed briefly.

4.1 Sample preparation and characterization

The following section details the reported solid-state synthesis procedures in lit-
erature which served as a foundations for the optimization attempts discussed in
the chapter 5. Then the bulk characterization techniques used in this thesis are

discussed.

4.1.1 Synthesis

Numerous synthesis methods have been reported in the literature for lithium or-
thophosphates, largely due to their established use as cathode materials in lithium-
ion batteries. Among these approaches, solid state synthesis remains the widely used

method to obtain polycrystalline samples due to its simplicity and cost effectiveness.

In this project, optimization of solid state synthesis methods is explored to pro-
duce pure samples of LIMPO, (M= Fe, Ni, Co) as well as solid solutions LiNi;_,Fe, POy,
and LiCo;_,Ni,PO4. A wide range of precursors are used in the reported synthesis
procedures. LioCOgs, LiH,POy, LisPO4 and LiOH.2H,O are the most commonly
used precursors for Li, whereas carbonates(eg.CoCOs3), acetates(eg.Fe(CH3CO,)),
oxalates(eg.FeC20,4.2H,0) and oxides(eg.NiO) are used as transition metal sources.
NH4H;PO, and (NH4)2HPO4 are the widely used precursors for phosphates [41,
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74-77]. For example, the total reaction of the olivine synthesis for LiFePO,4 using

oxalate precursors for Fe is given by

LigCOg + 2 NH4H2PO4 + 2 FGCQO4 — 2 LIFGPO4 + 3 COQ

(4.1)
+2NH; + 2CO + 3H,0

The first step in all reported synthesis procedures involves the mixing of pre-
cursors. The two reported approaches are ball milling and manual grinding in an
agate mortar with or without dispersing the precursors into a solvent. Ball milling
in particular is reported to enable mechanochemical activation and intimate mixing
of the starting materials. Additionally, dispersing the reagents into a solvent enables
thorough mixing and improves the homogeneity of the reaction mixture, which en-
sures the phase purity of the sample since the homogeneity of the reaction mixture
has been emphasized to be crucial to obtain a pure phase sample and to lower the

reaction temperature |76, 78-80].

Most reported solid-state synthesis procedures employ multiple heat treatment
steps to produce pure-phase samples. Typically, the initial step involves evapora-
tion of the solvent after mixing, performed at temperatures 70-100°C depending on
the solvent used. This is followed by the first heat treatment in the temperature
range 250- 400 °C. During this step, the precursors are decomposed and the gases
according to the precursors, and reaction pathways are expelled. The second heat
treatment is reported to be in the temperature range 600- 850°C, which facilitates
the complete progression of the solid state reactions. In some procedures, the pow-
der is pressed into pellets before the high-temperature heat treatment to shorten
the diffusion path and ensure the completion of the reaction [75,80-82]. While mul-
tiple heat treatment steps are the most commonly employed approach, single-step
heat treatments in the temperature range 700- 800°C are also reported to produce

phase-pure samples [83-85].

The atmosphere in which the heat treatments are carried out has been widely
recognized as a critical factor influencing the phase purity of the final product.
Inert(Ar) or reductive (Na, 3%Hs+Ar) environments are reported for LiFePOy to
prevent the formation of Fe?T impurities. In contrast, studies report that pure
samples of LiCoPO, and LiNiPO, can be obtained under both air and inert atmo-
spheres [74-76, 80, 81,84, 86].
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In addition to the temperature used in the heat treatment, the cooling procedure
has also been highlighted to be important in avoiding the formation of impurities.
Minakshi et al. reported the formation of LizPO4 and NiO impurities in LiNiPO,
samples when it is rapidly cooled down to room temperature after the final treat-
ment, whereas a phase-pure LiNiPO4 sample was obtained when a slow cooling rate
of 0.5°C/min was employed [74,79]. The other reported impurities include metal ox-
ides( NiO,, Co30y4, FeO, Fe;O3, Fe30,4), metal phosphides(NizP,FeyP FesP), metal
pyrophosphates( NisP2O7, FeaP2O7) | LisP2O7 and LisNiz(PyO7)s. [78,81,82,87-89).

Guided by these reported synthesis strategies and findings, this work investigated
synthesis procedures incorporating ball milling using a vibrating ball mill equipped
with stainless steel jars. Different atmospheric conditions for heat treatments were
tested using a tube furnace, while the heat treatments conducted under air were
carried out in a muffle furnace with alumina crucibles. The details of the synthesis

attempts, along with the challenges faced, are discussed in chapter 5.

4.1.2 Bulk characterization

Characterization of macroscopic properties, in particular magnetization, is an essen-
tial first step in obtaining an overview of the magnetic behaviour of the materials.
In this work, the temperature and field dependence of the magnetization of powder
samples were determined. These measurements allow the determination of magnetic
ordering temperatures, effective magnetic moment and In addition to this Curie
Weiss temperature provides an initial idea about the dominant interaction type.The
bulk characterization serves as a guideline to conduct further studies to determine
microscopic properties, including magnetic structure, using other techniques such as

neutron scattering.

Magnetization measurements were carried out using the Vibration Sample Mag-
netometry (VSM) option of Quantum Design Physical Property Measurement Sys-
tem (PPMS) at DTU Chemistry. The operational principle of the VSM is Faraday’s

law , which states that a change in magnetic flux induces a voltage in the pickup

dd do dz
Veoil = y (E) (%) ; (4.2)
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Where @ is the magnetic flux enclosed by the pick up coil, z is the vertical
position of sample with respect to the pick up coil and ¢ is the time. In practice,
the VSM option of the PPMS works by sinusoidally vibrating the sample near the
pickup coil at a frequency of 40 Hz and with an amplitude of 1-3 mm. The mag-
netic flux change due to this periodic motion induces a voltage in the pickup coil.
The induced voltage is then processed in the VSM detection module which only
extracts the component of the voltage that is in-phase with the sample motion, that
is proportional to the magnetic moment of the sample. The conversion of detected
voltage to manetic moment is obtained by instrument calibration using a standard
of known magnetic moment. The PPMS is equipped with a cryostat that enables
cooling down to 1.5 K and allows the application of a magnetic field of up to 9 T

along the vertical direction. [90]

In this work, powder samples with an average mass of 30 mg were sealed in
standard Quantum Design VSM powder sample holders (polycarbonate capsules).
The temperature-dependent susceptibility was measured under a applied magnetic
field of 1 T in the temperature range 1.5 K - 300 K. In addition, field-dependent

magnetization curves were collected up to & 9 T at selected temperatures.

4.2 Neutron and X-ray scattering

Following section describes the X-ray and Neutron diffraction techniques used in
this thesis.

4.2.1 X-ray powder diffraction

X-ray powder diffraction data obtained in this work were acquired using an in-house
Panalytical diffractometer equipped with a Cu K, radiation source (A = 1.5406 A)
shown in figure 4.1 . The instrument was operated in Bragg-Brentano geometry, in
which the source and detector are mounted on a goniometer circle with the sample
fixed at its centre. The source and detector move symmetrically along this circle so
that the Bragg condition is always satisfied. The diffraction patterns were collected
in the 20 range of 5-90°. The finely ground powder sample was mounted on a flat
Si sample holder to minimise background scattering.

Rietveld refinements of the collected diffraction patterns were performed using
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the Mag2Pol software [91] to verify the phase purity of the samples and to provide
a primary structural characterization prior to detailed neutron diffraction studies.
In the Rietveld refinement, the peak positions, profile functions and instrumental
parameters are taken into account to produce a caluclated intenity profile which

is fitted to observed intensities, where it uses a weighted least square method to

Xz _ Z (yobs,i; ycal,i>2 '

i

minimize the quantitiy

where y.,1 and y.,s are observed and caluclated intensity . The crystallographic Rg
factor is given by

ZQlFobs,Q - Fcal,Q
ZQ Fobs,Q ‘

Rp =100 -

EMPYREAN

Figure 4.1: Image of the PANalytical Empyrean X-ray diffractometer used for the
measurements presented in this work at DTU Chemistry.
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4.2.2 Neutron diffraction

The following section discuss the different neutron diffraction techniques used in
this work. It includes powder diffraction , single crystal diffraction and spherical
neutron polarimetry . These techniques are used in combination with each other to

address the scientifc questions of the current work.

Powder diffraction

The neutron powder experiments in this thesis were conducted using the D1B,D2B
and D20 powder diffractometers at the Institut Laue Langevin (ILL). A schematic
of the D1B diffractometer illustrating the layout of a typical powder diffractometer

is shown in figure 4.2.

Neutron Guide

Monochromator
Shutter

Graphite filter

Slit

Evacuated flight tube

. 44°

Monitor
Adjustable slts
Sample

Radial oscillating
collimator

Beam stop

3He
multidetector

Figure 4.2: Diagram of powder neutron diffractometer D1B. Figure taken from
Ref [92]

The first optical element in such diffractometers is a monochromator, which is
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used to select a single well-defined wavelength from the broad distribution of in-
cident neutron wavelengths. When a polychromatic neutron beam impinges on a
single crystal, different lattice planes satisfy Bragg’s law for different wavelengths
and give rise to reflections in corresponding directions. By exploiting this principle,
single crystals with well-known lattice constants such as Germanium and Pyrolytic
graphite are aligned at a particular orientation ( Ge|311],PG[002]...) with respect to
the incident beam so that only the desired wavelength allowed by Bragg’s law is re-
flected towards the sample. A filter is placed after the monochromator in some cases
to eliminate higher order harmonics of the desired wavelength allowed by Bragg’s
law (A/2,A/3...), depending on the choice of the monochromator. For instance, if
the chosen monochromator is a Germanium single crystal, its diamond structure
leads to systematic absence of second order reflections from lattice planes with all
odd miller indices, there by eliminating \/2 contribution in the reflected beam. Slits
are used to define the size of the beam at the sample position and to reduce the
background. The monitor before the sample counts the neutrons arriving at the
sample position. The diffracted beam is then collected by the detectors, producing
a diffraction pattern representing scattered intensity as a function of the scattering
angle. [93]

Approximately 3g of sample was loaded into a cylindrical vanadium sample holder,
which was mounted in a cryostat, enabling diffraction measurements in the temper-
ature range 1.5 K to 300 K .

In this thesis, the complementary strengths of the three mentioned powder diffrac-
tometers were utilized to determine both the nuclear and magnetic structure of the
mixed anisotropy compounds. Data collected on the high-resolution diffractometer
D2B provided accurate structural refinements, while the higher wavelength modes
in high flux diffractometers D20 and D1B were used to determine the magnetic
structure, as they offer better resolution at lower scattering angles, where magnetic

peaks are expected.

Single crystal diffraction

While powder neutron diffraction provides information on average nuclear and mag-
netic structure, it is limited due to peak overlap and loss of directional information.
Single-crystal diffraction allows precise measurement of individual Bragg intensities,
which enables unambiguous determination of weak magnetic reflections and detailed

structural information. The four-circle diffractometer D9 at ILL was used for the
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single-crystal diffraction experiments in this work. In this instrument sample is
mounted on an Eulerian cradle, which provides three independent rotation angles
X,p,w for the sample and free movement of the detector arm (26) as illustrated in
figure 4.3, thereby allowing access to a wide range of reciprocal space. The sample is
aligned in the required orientation for the diffraction to occur by adjusting the three
angles y,p and w. Then the 2D detector is rotated by an angle 26 calculated for the
specific Bragg reflection. The intensity for the specific Bragg reflection is recorded
while the sample is rotated around the vertical axis, and the process is repeated for
numerous Bragg reflections. The integrated intensity is then used to determine the

magnetic and nuclear structure. [94]

Monitor| wond26 |  Eulerian Beam stop

cradles
. &
=1 1110

[

| =T
i

Area detector

Monochromator  [Filters Collimator! (bhmm x4 ma) ‘P’,‘.? ,

Monochromatic

neutron beam o ik
Eurelion cradle 2D-Detector

Figure 4.3: Diagram of the hot-neutron diffractometer D9 with the Eulerian cradle
shown in the bottom right. The diagram highlights the four adjustable angles that
allow access to specific Bragg reflections. The figure is taken from Ref. [94]

Accurate determination of the orientation of the crystal is essential for any single-
crystal experiments where measurements along specific crystallographic directions

are required. The Laue method is used to determine this, where a polychromatic
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neutron beam impinges on the single crystal sample. Multiple lattice planes fulfil
Bragg’s law at different wavelengths, scattering the beam at characteristic angles to
a 2D detector. This produces a Laue diffraction pattern consisting of a set of Bragg
spots, which is characteristic of the symmetry and orientation of the crystal. In
this thesis the Orient Express neutron Laue diffractometer at the ILL was used to
align crystals in the required crystallographic direction. The sample is mounted on
a 2-stage tilt goniometer that allows w rotation. The instrument operates in back-
reflection geometry and records the diffraction pattern using a scintillator coupled
to CCD cameras, allowing the measurement of the Laue diffraction pattern in a very

short time [95].

4.2.3 Spherical Neutron Polarimetry

Spherical neutron polarimetry allows the measurement of all three components of
scattered neutron polarization independent of the initial polarization direction. This
allows measurement of all 9 elements of the polarisation matrix, which gives access
to different scattering cross sections and hence allows complete determination of
both magnitude and direction of magnetic moment and also helps in distinguishing
otherwise non-distinguishable structures such as chiral or 180-degree domains. In
this work, a Cryogenic Polarization Analysis Device (CRYOPAD) was used on the
hot neutron diffractometer D3 at ILL to realize the conditions needed for spherical

neutron polarimetry.

Figure 4.4 represents the top view of the CRYOPAD. Here, the sample is placed
in a zero-field chamber achieved by the inner Meissner shield provided by supercon-
ducting material. This zero-field chamber ensures that all components of neutron
polarization are preserved after scattering from the sample, and that the polariza-
tion remains unchanged between the entry guide field and the sample position. The
incident neutron beam is polarized along the direction of motion. Nutators posi-
tioned on both incoming and outgoing positions of the CRYOPAD provide axial
guide fields perpendicular to the direction of the neutron beam. In this region, a
gradual change in the guide field allows the neutron spins to rotate towards the guide
fields adiabatically. The neutrons coming out of the nutator then pass through the
outer Meissner shield, designed to isolate the magnetic fields of the nutator from

the precession coils. The primary precession coil is a toroid wound from super-
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Figure 4.4: Schematic diagram of the CRYOPAD. The combination of nutators and
the precession coil allows analysis of all 3 directions of incident and outgoing neutron
polarizations. Figure taken from Ref. [96]

conducting wire, and the secondary precession coil is a part of the toroid wound
over the primary coil only in the incoming path of the neutron beam. The abrupt
magnetic field change in the precession coils causes a non-adiabatic spin rotation
around the new field direction, which is precisely controlled by the applied magnetic
field, the neutron wavelength, and the path length, thereby defining the incident
polarization state of the neutron coming out of the inner Meissner shield to the zero
field chamber. So the combination of field change at nutators and the rotations in
precession coils defines the direction of polarization of the incident neutron beam.
After scattering from the sample, the neutron polarization is modified according to
the spin-dependent scattering cross-sections. The polarization state of the outgoing
beam is then selected through a combination of rotations in the precession coil and

the outgoing nutator, and analyzed using a polarized *He spin filter. [3,96]
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Synthesis

In this chapter, the attempts made to optimize reported solid-state synthesis routes
to produce phase-pure samples of LiFePO,, LiCoPO,, LiNi;_,Fe, PO, and
LiCo;_,Ni, POy are described. The optimisation involves varying the key parameters
of the synthesis procedure, including atmospheric conditions, reaction temperatures,
and cooling rates, to identify a suitable synthesis route to produce pure phase sam-
ples. The optimization trials builds upon the synthesis procedures reported in the
references cited in section 4.1.1 and is used without further citation throughout this
chapter.

Powder X-ray diffraction (P-XRD) was used as a tool to assess the success of each
synthesis attempt. The impurity phases were identified by matching the experimen-
tal peaks against reference patterns in the PDF-4 database using Highscore Plus
software [97]. Rietveld refinement was employed to quantify the phase composition,
where relevant.

The synthesis attempts made to produce pure samples of LiCo;_,Ni, PO, is dis-
cussed here. More successful attempts are discussed in detail, while the unsuccessful
and inconclusive trials are summarised in Table 5.1. The chapter concludes with a
summary of key insights on the influence of synthesis conditions and an outlook on

potential strategies to attain better phase purity for these compounds.

5.0.1 LiCoPO, and LiCo;_,Ni, PO,

The starting materials used were Li,CO3, NH4;HoPO,4, CoCy04-2H50 and NiO. The
initial synthesis procedure was conducted under an air atmosphere. All of the
reagents were weighed and ground in ethanol in a mortar and pestle. Then the

resulting mixture was dried by keeping it in the muffie furnace at 80°C for 1 hour.
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After regrinding the powder, it was then precalcined at 375°C for 12 hours with a
ramp rate of 10°C/min. After cooling down to room temperature, the powder was
again reground and sintered at 800°C with a ramp rate of 10°C/min. It was then
cooled down at a rate of 0.5°C/min. The PXRD pattern of the product was then
recorded and analysed, confirming the formation of a phase-pure compound. The
Rietveld refinement of the diffraction patterns was performed, and the results are
discussed in Chapter6. The same procedure was repeated to produce samples for 7
compounds in the series LiCo;_,Ni, PO, with x = 0, 0.15, 0.3, 0.4, 0.5, 0.6, 0.75.

XRD Patterns of LiCoj _ \Ni,PO4

— x=0.00
— x=0.15
— x=0.30
. — x=0.40

i — x=0.50
— x=0.60
x=0.75

Normalized Intensity (a.u.)

20 30 40 50 60 70 80
20 (Degrees)

Figure 5.1: Observed P-XRD patterns for compounds in the series LiCo;_,Ni,POy
with x = 0, 0.15, 0.3, 0.4, 0.5, 0.6 and 0.75. All samples exhibit diffraction patterns
consistent with olivine-type orthorhombic structure. No secondary phases were ob-
served, indicating successful synthesis of phase-pure compounds across the series.

Several synthesis procedures involving different combinations of synthesis pa-

rameters were tested before arriving at the successful synthesis procedure described

above. The failed synthesis procedures are described in the table 5.1.
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5.0.2 Conclusion and outlook

A series of solid-state synthesis trials were conducted to optimise the production of
phase pure LiMPO4 and their solid solutions. The trials tested different synthesis
conditions within the guidelines provided by the synthesis procedures reported in the
literature. Although the end members are isostructural, the energy scales control-
ling their redox equilibria and phosphate condensation reactions differs [80, 88, 89].
This leads to different sensitivity to synthesis conditions.

The oxalate precursor, (eg:FeCy04-2H50 ) is better for LiFePO, since the decompo-
sition step of oxalates include evolution of CO and CO, gas, the possible pathways
for this decomposition is given in [88]. This can produce a transient reducing atmo-
sphere locally before being diffused away and this prevents the oxidation of Fe?* to
Fe?" |88]. But for LiNiPQy, this is not favourable since the local pockets of decom-
posed CO would promote the reduction of Ni?* to Ni® or Nil!* which can trigger
the condensation of phosphates to form phosphides or pyrophosphates. Since these
are stable at 700-800°C, once formed they remain in the product. This can also be
attributed to the observation that under the inert atmosphere of Ar flow, LiNiPO,
is not pure. Hence slightly oxidising atmosphere is optimal for LiNiPO,.

This explains the observation from the synthesis trials which show that nearly phase
pure LiFePO, was obtained with a reducing atmosphere Ny and profit from the self
reducing property provided by the oxalate precursors. Whereas nearly phase pure
LiNiPO,4 was obtained with a oxidising reaction environment (air) with NiO as pre-
cursor. These two contrasting tendencies existing in the mixture LiNi;_,Fe, POy,
adds a degree of difficulty to the synthesis.

Ball-milling was reported to promote homogeneity and lower temperatures for re-
action completion than manual grinding. But in the tests for LiNi;_,Fe, POy,
very modest improvement in phase purity was observed with ball-milling while for
LiCo;_,Ni, POy, phase pure sample was obtained with manual mixing. Hence, be-
yond a certain mixing threshold, attainable by manual grinding in a solvent, mixing
does not play a significant role in phase purity.

The influence of pelletising where the powder is pressed together to shorten the
diffusion pathway was also tested. This produced no significant improvement in the
phase purity. This suggests that the reaction is thermodynamically limited rather
than limited by diffusion. The observation that the impurities are secondary inter-
mediate phases rather than the unreacted precursors also supports this conclusion.

Different heating profiles with single-step sintering and multistep calcination were
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tested. The two step calcination, with a pre-calcination step intended to decompose
the precursors and release gases and then a final sintering to complete the reaction,
provided the best results accross all compounds in LIMPO,. Even though literature
reports phase pure samples with single-step process [84], this was reproducible only
for LiFePO, (Nearly phase pure) while for the mixed compounds, it consistently pro-
duced pyrophosphate impurities. This could be associated with the local reducing
environment formed with the evolution of gases from the decomposition step of the
precursors as discussed earlier. In addition to this we would also like to highlight the
importance of slow cooling rates in producing phase pure samples as reported in the
literature. In addition, the results from the synthesis trials confirm the importance
of slow cooling rates in agreement with literature reports |74].

The observed pyrophosphate impurities could also originate from lithium defficiency
caused by volatility of Li reported in the literature for the temperatures and dwell
time required to obtain a crystalline end product, in combination with the oxygen
deficient environment.

From the unsuccessful attempts to produce phase-pure samples of LiNi;_,Fe, POy,
the contrasting redox requirements for Fe?* and Ni?* is the main challenge in solid
state synthesis of these materials. The Fe component is prone to oxidation to Fe?,
where Ni component is susceptible to reduction under oxygen deficient environment.
In addition to the appropriate choice of precursors discussed earlier, future synthe-
sis attempts could employ a controlled oxygen partial pressure environment such as
small Oy mixed with Ar flow in the range that it stabilize both cations in the +2
oxidation state. Further the influence of flow rate of the gas on the phase formation
needs to be explored further. The current heating profile at 800°C which resulted
in the better phase purity causes significant Li volatility [88]. Using a slight excess
of Li precursor beyond the stoichiometric ratio could compensate for this loss and
mitigate Li deficiency that drives pyrophosphate formation. A slow cooling rate was
employed in the present work. However, the heating rate was not closely controlled.
A slower heating rate could be employed to avoid the fast release of the gaseous

species during the precursor decomposition.
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6

Magnetic Structures and phase

transitions in LiCo{_,Ni,POy

6.1 Motivation

As discussed in chapter 2, the stoichiometric lithium orthophosphates have attracted
scientific interest due to their magnetic and magnetoelectric properties. By con-
trast, the non-stoichiometric compounds in this family remain comparatively less
explored. Since all compounds in this family crystallize in the same olivine struc-
ture with nearly collinear antiferromagnetic order only differing in the orientation of
the ordered moments, they offer an ideal platform for investigating the effect of com-
peting single-ion anisotropy through chemical substituion. In such mixed systems,
the combination of Ni?* with Co?* or Fe?* is highly interesting, as these ions possess
orthogonal single-ion anisotropies. As discussed in section 2.0.5, mixed anisotropy
magnets are predicted to host chemically tunable and potentially complex magnetic
phase diagrams. The competition between anisotropy combined with exchange in-
teractions is expected to give rise to oblique antiferromagnetic phases, in which the
ordered moments rotate away from the easy axes of both parent compounds. Such
magnetic symmetry changes carry significant implications for the physical properties
that are governed by the symmetry of the magnetic ground-state. In particular, the
magnetoelectric effect in LIMPO, is highly sensitive to the symmetry changes of the
magnetic structure. A recent study of LiNi;_,Fe, PO, have reported the emergence
of an oblique antiferromagnetic phase in the low temperature region, as explained in
detail in chapter7. Notably, this study reports a change compared to the parent com-

pounds LiFePO, and LiNiPOy in the non-zero components of the magnetoelectric

63



6. Magnetic Structures and phase transitions in LiCo;_,Ni, PO,

tensor of the oblique phase, accompanied by an increase of two orders of magnitude
in the dominant magnetoelectric coupling element when compared to the parent
compounds [1]. These findings further highlight the potential of mixed-anisotropy
systems, demonstrating that chemical substitution can be used to tune the magnetic
ground state and thereby engineer associated physical properties for future applica-
tions.

This chapter focuses on the series LiCo;_,Ni,PO,. The symmetry lowering expected
from theory and associated changes in magnetoelectric tensor elements are worth
exploring, as it can provide deeper understanding of how the symmetry changes
influence the magnetoelectric effect in these systems. In addition to this, existence
of ferrotoroidic order in LiCoPOy, is experimentally verified as reported by Vaknin
et al. [50] and LiNiPO, fulfills the symmetry requirements to support ferrotoroidic
order. The ferrotoroidal order is highly dependent on the magnetic symmetry of the
system. Hence the possible symmetry lowering in the mixed system is expected to
influence the ferrotoroidal order as well.

Understanding how the magnetic structure evolves with Ni substitution is there-
fore the prerequisite for eventually tuning ferrotoroidicity in these materials. For
LiCo;_;Ni POy, structural studies exist in the literature for the Ni rich side of
the phase diagram with x > 0.5, based on X-ray and Raman scattering tech-
niques [98]. These studies report the formation of a single phase solid solution,
where Ni?* and Co?" occupy the 4c Wyckoff site. The magnetic structure study
reported for LiCog1NiggPQOy, reveals a commensurate antiferromagnetic phase and
a narrow incommensurate phase in the temperature range 20.2 to 21.0 K similar
to LiNiPO,. In the low-temperature commensurate phase the magnetic moment is
aligned along the c-axis. The incommensurate phase is described by the propagation
vector Kic = (0, k,0) with k increasing from 0.10 to 0.12 r.l.u between 20.2 and
21.0 K. The presence of a small percentage of Co is reported to narrow the temper-
ature range in which incommensurate order exists in LiCog 1 NigoPOy4 [99] compared
to LiNiPO4. The magnetic structure of the mixed compound LiCoy5Nig5POy is
also reported in the literature. Semkin et al. report the existence of an oblique
antiferromagnetic structure for this composition, where the spins are oriented in the
be-plane and a reduced ordering temperature of 14.1 K was identified with neutron
diffraction, magnetometry and heat capacity measurements [100].

Although these isolated studies hint at interesting phase evolution within the se-
ries, a systematic investigation of the magnetic structure of the LiCo;_,Ni POy

across the full phase diagram remains unexplored. Thus this chapter examines the
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6. Magnetic Structures and phase transitions in LiCo;_,Ni, PO,

complete composition-temperature phase diagram of the mixed anisotropy magnet
LiCo;_,Ni, POy, as a preliminary step to explore the interesting physcial properties

of the system such as magnetoelectric effect and ferrotoroidic effect.

6.2 Rietveld refinement of X-ray patterns

As mentioned in section 5.0.1, X-ray diffraction measurements for LiCo;_,Ni, POy
were performed to verify the phase purity and to monitor the structure evolution
with increasing Ni substitution. The Rietveld refinements provide the framework
required for the analysis of magnetic and structural neutron diffraction results.
The diffraction patterns were collected at room temperature. The patterns were
refined starting from the Pnma olivine structure model reported for LiCoPO, [17].
Lattice parameters, scale factor, peak shape parameters, isotropic displacement pa-
rameter and atomic positions were refined keeping the site occupancy of Ni and Co
fixed to the nominal percentage since XRD is not sensitive to differentiate between
Ni and Co. This is due to the fact that X-ray scatter from the electron cloud. For
the atoms such as Ni and Co,differentiating them based on the X-ray diffraction is
not possible.

The lattice parameters from the refinement of XRD pattern are summarized in
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Figure 6.1: Plot of refined lattice parameters against x in LiCo;_,Ni, POy.

table 6.1. The lattice parameters exhibit systematic evolution with increase in Ni

content in accordance with Vegard’s law [101]. Both a and b decrease monotonically
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while the change in ¢ is minor with increasing Ni concentration. XRD is not sensitive
enough to determine the oxygen positions accurately, since in the presence of heavy
atoms , the scattering is dominated by these heavy elements and the scattering from
light atoms such as oxygen is minimal. The accurate determination of oxygen posi-
tions was carried out using neutron diffraction data discussed in the later sections
6.4.

LiCor_.Ni, PO, a (A) b(A) c(A) | V(A%
0 10.203(1) | 5.921(1) | 4.699(1) | 283.88(1)
0.15 10.164(2) | 5.905(1) | 4.691(1) | 281.55(9)
0.3 10.137(2) | 5.895(1) | 4.687(1) | 280.09(9)
0.4 10.116(2) | 5.888(1) | 4.684(1) | 278.96(9)
0.5 10.109(3) | 5.886(2) | 4.686(1) | 278.80(9)
0.6 10.089(1) | 5.878(1) | 4.683(1) | 277.72(6)
0.75 10.069(2) | 5.872(1) | 4.682(1) | 276.79(8)

Table 6.1: Refined lattice parameters and cell volume from the room temperature
XRD measurements.

The refinements confirmed single-phase behaviour for all compositions. The
refinement of all compositions fit with the Pnma space group without any detectable
symmetry change or additional peaks. The absence of peak splitting or broadening
across the series confirms the formation of a single-phase solid solution without phase

segregation. Figure 6.2 illustrates the Rietveld refinements for all LiCo;_,Ni,PO,.

6.3 Magnetization measurements analysis

Field dependent and temperature dependent magnetization measurements were car-
ried out to characterize the evolution of magnetic order in LiCo;_,Ni PO, to act
as a guide for the neutron diffraction studies. The measurements were perfomred
at DTU Chemistry using a 9T Physical Properties Measurement System (PPMS)

from Quantum Design. The results are discussed in the following sections
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Figure 6.2: Observed (red points) and calculated (black line) X-ray diffraction pat-
terns of LiCo;_,Ni,POy4. The green markers denote Bragg peak positions. The blue
line represents the difference between the observed and calculated patterns.

6.3.1 Temperature dependent magnetic susceptibility

Temperature dependent magnetic susceptibility can be expressed as

where M(T) is the magnetization of the sample at temperature T and H is the
applied magnetic field. The susceptibility represents the magnetic response of a
material to an applied magnetic field. The measurements were performed under
an applied magnetic field of 10000 Oe. The figure 6.3 illustrates the temperature
dependent magnetic susceptibility for all compositions. All compositions exhibit a
cusp in magnetic susceptibility at the Néel temperature and exhibit a curve charac-
teristic of an antiferromagnetic ordered state with a slight low-temperature upturn
reflecting a small amount of paramagnetic impurities [102]. The Néel temperature
was determined from the maximum in the first derivative of the magnetization. The
ordering temperature decreases monotonically with increasing Ni concentration up
to x = 0.5, and then increases up to = 0.75. This trend is consistent with the frus-
tration arising from the competition between different anisotropy energy preferences
with increasing Ni concentration. However the second low-temperature transition

expected for mixed anisotropy systems as explained in chapter2, was not observed
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for any composition. This absence could be a result of directional averaging in the

powder measurements.

©

o

=

o
T

50 100 150 200 250 300
Temperature (K)

Figure 6.3: Temperature dependent magnetic susceptibility for LiCo;_,Ni,POy.

Although the Ty values exhibit the trend expected for mixed anisotropy systems
across the compositions and remain reproducible across different synthesis batches
for a given composition, the magnitude and slope of the susceptibility curve ex-
hibit considerable variations. Moreover, these variations do not follow a systematic
trend with increasing Ni content. Since the Ty remains reproducible across different
batches, deviations from the intended composition can be ruled out as the cause
for the observed irregularities. These deviations could result from the experimental
uncertainities such as error in sample mass calibration, variations in sample packing,
background contributions and factors such as preferred crystallographic orientation

and grain size.
The temperature dependent susceptibility curve in the high temperature para-
magnetic region is decribed by the Curie-Weiss law [2].

C

—_— 1
e (61)

X =Xo+

Where C' is the Curie constant, Ocw is the Curie-Weiss temperature and yq is the
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LiColillillimP04 Inv(K) | Oow | pery (pis)

0 51(1) | -89.6(2) | 5.64(1)

0.15 20(1) | 8Li(1) | 5.19(1)
03 18(1) | -74.9(d) | 491(1)
0.4 5205) | -68(1) | 4.90(2)
05 TA(1.00) | -76(1) | 4.64(3)
0.6 15.705) | -42.7(1) | 4.86(1)

0.75 T7(1) | -104.4(2) | 5.16(1)
1 53 79

Table 6.2: Magnetic ordering temperature of LiCo;_,Ni,PO, determined from the
maximum of first derivative of magnetization with respect to temperature. Curie-
Weiss temperature (6cw) and effective magnetic moment obtained from the Curie-
Weiss fit of reciprocal magnetic susceptibilities. The values for LiNiPO, are taken
from reference [17].

temperature independent contribution to the susceptibility including diamagnetic
contributions from sample and sample holder. The parameters determined from the
Curie-Weiss fitting of the susceptibility curve in the paramagnetic region and the
Néel temperature for all the compositions are summarized in the table 6.2. The
effective magnetic moment ;¢ was calculated from the fitted value of C' using the
relation fi.r; = v/8C in the CGS units [103]. The values of fcyw are negative across
all the compositions indicating the dominant antiferromagnetic interaction in the
system. However, the magnitude of Ocw does not exhibit any systematic trend with
increasing Ni concentration. The fcw determined for LiCoPOQOy is consistent with
the previously reported value. The value of the effective moment p.sr, decreases
approximately with increasing z up to x = 0.5 and exhibits an upturn for further
increase in Ni concentration. The value for the parent compound LiCoPO, agrees
with the previously reported value in the literature [17]. The fitted value of p.ss is
larger than the calculated spin-only values indicating the possible non-zero orbital

contribution to the magnetization.

6.3.2 Field dependent magnetic suceptibility

The field dependent magnetization isotherm was measured in the field range of +£9 T
at selected temperatures. Since the measurements were performed on polycrystalline
samples, the data represent the directional average of the anisotropic magnetic re-

sponse expected in the LiCo;_,Ni, PO, system.
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At all compositions, the M H curves do not exhibit significant hysteresis, confirm-
ing the absence of signficant ferromagnetic contributions. None of the compositions
exhibits saturation up to the highest applied field, and no sharp anomalies are ob-
served that indicate a field induced magnetic phase transition.

For LiCoPQy, the M H curve remains linear, consistent with the AFM structure. In
contrast to the single-crystal measurements with magnetic field applied along b-axis,
that reports a weak hysteresis loop attributed to ferromagnetic contribution [43], the
powder data in this study show no such contribution. For x=0.15 the magnetization
shows a similar linear dependence with the applied field. However, for x=0.3, 0.4
and 0.5 the M H curve measured at low temperature below Ty exhibit nonlinear
increase in magnetization with applied field. Such nonlinearity has been reported
for canted antiferromagnetic materials indicating the onset of canting of magnetic
moment in these compositions [104]. At higher Ni concentrations at x = 0.6 and
0.75, the M H curve becomes linear again. At x = 0.5, the magnetization at highest

fields shows slight divergence between different field sweeps.

x=0 x=0.15 x=0.3
0.4 0.4
0.4 3K 3K 3K
50 K 50 K 50 K
0.2 0.21 0.2
0.0 0.01 0.01
—0.2 -0.21 -0.2
-0.4
—0.41 —0.4 4
-50 0 50 -50 0 50 -50 0 50
x=0.4 x=0.5 x=0.6
0.4 5K 0.41 3K 0.41 5K
100 K 50 K 100 K
S 0.2 0.2 0.2
g 0.0 0.0 0.0
= -0.2 -0.21 —0.2 1
—0.41 -0.41 —0.41
-50 0 50 -50 0 50 -50 0 50
%=0.75 H (kOe) H (kOe)
3K
0.2 50 K
0.0
-0.2
-50 0 50
H (kOe)

Figure 6.4: Field-dependent magnetization curves of LiCo;_,Ni, PO, measured at
selected temperatures. Each panel presents a representative low temperature mea-
surement (3 or 5 K) and a high temperature measurement (50 or 100 K) with blue
and red symbols respectively.
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6.4 Neutron diffraction data and analysis

Neutron powder diffraction experiments were performed to determine the crystal
and magnetic structure of LiCo;_,Ni,PO,. The nuclear and magnetic structure

were determined by Rietveld refinement using the Mag2Pol software [91].

6.4.1 Nuclear structure analysis

The neutron diffraction pattern collected on the instruments D2B ( A = 1.59 A) and
D20 (A = 1.54 A) at the temperature 300 K were analyzed to determine the crys-
tal structure of the compounds LiCo;_,Ni,PO,. Compared to XRD measurements
neutron diffraction allow a direct refinement of the relative Co/Ni occupancies on
the transtion metal site due to the distinct scattering lengths of Co (2.49 fm) and Ni
(1.03 fm). Furthermore, neutron measurements provide greater precision for oxygen
position. The starting model corresponds to orthorhombic olivine structure (space
group Pnma, no.62) and the starting parameters were taken from the refinement of
XRD patterns.

The peak shapes were described using the profile function Thompson-Cox-Hastings
(TCH) pseudo-Voigt and asymmetry corrections were employed while the back-
ground was defined manually. For all compositions, refinements yielded excellent
agreement factors with Rp < 2.5. The refined lattice parameters, atomic positions
and the relative occupation of Co?* and Ni?*t at the transition metal sites from the
refinement are summarized in table 7.2. All compositions were confirmed to crystal-
lize in the same orthorhombic olivine structure as the stoichiometric end compounds
LiNiPO4 and LiCoPO,. All the compositions exhibit sharp Bragg peaks with no
additional peaks or diffuse features confirming the phase purity and crystallinity of
the samples consistent with the XRD results. No peak broadening was detected
across the different compositions indicating the absence of Ni and Co clustering and
confirming the formation of a solid-solution. Similar to the XRD refinement results,
the lattice parameters decrease monotonically with increasing Ni concentrations in
accordance with Vegard’s law as illustrated in figure 6.5. This contraction is con-
sistent with the difference between the ionic radius of Co®*(0.74 A) and Ni?*(0.69
A) The observed contraction is anisotropic with most pronounced contraction along
the a-axis (1.24 % from x= 0 to 0.75). The contraction along the b-axis is around

0.79% and the least decrease is observed along the c-axis (0.32%). The results agree
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Figure 6.5: Composition dependence of lattice parameters from the refinement of
neutron data collected at 300 K

well with the literature reported for LiCo;_,Ni, POy from z= 0.9 to 0.5 [98]. The

refined occupation closely agrees with the nominal concentrations.
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x Lattice constants [A] | Atom X y z Occ. Rp
0 a=10.20594(9) Li 0 0 0 1
Co/Ni  0.2771(3)  0.25 0.9793(7) 1 /0
b=5.92409(5) P 0.0042(2) 0250  0.4188(4) 1
01 0.0983(1) 0.250 0.7413(3) 1 2.52
c=4.70127(4) 02  04545(1) 0250  0.2044(3) 1
03 0.1664(1) 0.0445(1)  0.2821(2) 1
0.15 a=10.17862(8) Li 0 0 0 1
Co/Ni  0.2769(2)  0.250  0.9826(4)  0.841(2)/0.159(2)
b=5.91491(5) P 0.0948(1) 0250  0.4183(3) 1
Ol  0.0984(1) 0250  0.7416(3) 1 2.15
c—4.69812(4) 02  0.4540(1) 0250  0.2046(3) 1
03 0.16629(9) 0.0440(1)  0.2815(2) 1
0.30 a=10.15296(7) Li 0 0 0 1
Co/Ni 0.2765(1)  0.250  0.9828(3)  0.687(2)/0.313(2)
b=5.90505(4) P 0.0048(1)  0.250  0.4183(3) 1
01 0.0987(1) 0.250 0.7414(3) 1 1.90
c—4.69497(4) 02  04536(1) 0250  0.2037(3) 1
03 0.16623(9) 0.0439(1)  0.2805(2) 1
0.40 | a—10.13473(7) Li 0 0 0 1
Co/Ni 0.2765(1)  0.250  0.9835(2)  0.586(2)/0.414(2)
bh—5.89847(4) P 0.0043(1) 0250  0.4177(2) 1
01 0.0987(1) 0.250 0.7420(2) 1 1.67
c¢=4.69272(3) 02 0.4533(1) 0.250 0.2030(2) 1
03 0.16610(8) 0.0431(1)  0.2800(2) 1
050 | a—10.11986(7) Li 0 0 0 1
Co/Ni 0.2763(1)  0.250  0.9830(2)  0.506(2)/0.494(2)
bh=5.89431(4) P 0.0045(1) 0250  0.4176(3) 1
Ol  0.0991(1) 0250  0.7425(3) 1 1.84
c—4.69136(3) 02  04525(1) 0250  0.2027(3) 1
03  0.16625(9) 0.0434(1)  0.2798(2) 1
0.60 a=10.10232(8) Li 0 0 0 1
Co/Ni 0.2759(1)  0.250  0.9830(2)  0.400(2)/0.600(2)
bh=5.88610(4) P 0.0948(1) 0250  0.4183(3) 1
Ol  0.0988(1) 0250  0.7417(3) 1 1.90
c=4.68903(3) 02  04523(1) 0250  0.2032(3) 1
03 0.1659(1) 0.0428(1) 0.2791(2)(3) 1
0.75 a=10.07956(8) Li 0 0 0 1
Co/ Ni  0.2756(1)  0.250  0.9827(2)  0.249(3)/0.751(3)
b=5.87749(5) P 0.0950(2) 0250  0.4168(3) 1
O1  0.0991(2) 0250  0.7428(3) 1 2.37
c—4.68639(4) 02  04509(1) 0250  0.2019(3) 1
03 0.1663(1) 0.0428(2)  0.2788(2) 1
1 a—10.0317(1) Li 0 0 0 1
Co/ Ni  0.2756(1)  0.250  0.9825(3) 0/1
b=5.8539(1) P 0.0043(2) 0250  0.4167(5) 1
Ol  0.1008(5)  0.250  0.7427(10) 1 N/A
c—4.6768(1) 02 0.4492(5) 0250  0.1978(10) 1
03 0.1668(4) 0.0439(6)  0.2783(7) 1

Table 6.3: Structural parameters for LiCo;_,Ni, PO, at T'= 300 K. Values for = 1 are taken from
Ref. [32]. Those of x = 0.50 and = = 0.60 agree with Ref. [98].
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6.4.2 Magnetic structure analysis

The neutron diffraction patterns for magnetic structure analysis were collected on
the instruments D1B ( A=2.52 A) and D20 (A= 2.41 A). The ordering tempera-
tures obtained from the susceptibility measurements were used as guidelines and
the diffraction patterns were collected at different temperatures below the ordering
temperature. The low-temperature diffraction patterns exhibit additional intensity
at scattering angles corresponding to (h,k,1) integer Miller indices. No extra satellite
peaks or peak splitting was observed within the instrument resolution. This is con-
sistent with a commensurate magnetic ordering which means magnetic and crystal
unit cells are of the same period. For all compositions the magnetic propagation
vector was fixed to k = (0,0,0) for all the refinements which is consistent with the
magnetic ground state reported for all lithium orthophosphates LiMPO, [17,18].
The magnetic respresentation for the 4c site under the parent group symmetry Pnma
is decomposed as I' = I'y + 2y + 2I'3 + 'y + ['5 + 21'g + 21" 4+ I's with each irreducible
representation corresponding to a specific magnetic space group and basis vectors
as listed in 1.3.

The crystal structure for all compositions was fixed to the parameters refined from
the neutron data collected at shorter wavelength. The magnetic refinements were
performed on the low-temperature diffraction patterns at 2 K. Each of the symmetry-
allowed models, defined by a single or combined irreps of the Pnma space group was
tested systematically. The model yielding the best agreement between the observed

and calculated patterns was selected as the solution.

x = 0, 0.15, 0.3:

For compositions with x = 0, 0.15 and 0.3 all observed magnetic reflections could
be indexed using the I'y irrep, which corresponds to an antiferromagnetic arrange-
ment of spins along the b-axis (C,). This is consistent with the magnetic structure
reported for the parent compound LiCoPOy, [41].

The weak spin canting components reported from the single-crystal studies for
LiCoPOy as explained in section 2.0.3 were not observed in the present powder
diffraction data. The spin rotation of 4.6° away from the b-axis, corresponding to a
C', component as reported by Vaknin et al. [42] would give rise to non-zero intensity
at the (010) peak. As illustrated in the table 6.4, the (010) peak has non-zero struc-
ture factor only for C-type structure. Since neutrons scatter only from the magnetic

moment component perpendicular to the scattering vector, the (010) peak acts as a
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Figure 6.7: Observed (red points) and calculated (black line) neutron diffraction
pattern of LiCo;_,Ni,PO4. The (a) panel denotes =0, (b) denotes =0.5 and (c)
panel represent x= 0.75. The green markers denote the symmetry allowed nuclear
Bragg reflections and red markers represent the magnetic Bragg reflections. The blue
line represents the difference between observed and calculated diffraction patterns.
The dotted black line is the nuclear diffraction intensity. The diffraction patterns
presented here were measured at 2K at D1B.

fingerprint for the presence of C, and C, component.

For the reported spin rotation of 4.6° degrees, the expected intensity of the (010)
peak is ~0.46% of the intensity of the strongest peak (101). If we consider only
the reflections with net intensity exceeding three times the signal to noise ratio as
unambiguously observable, such a weak signal lies at the boundary of the sensitivity
of the analyzed data where the signal to noise ratio is defined as the ratio between
intensity of the peak and noise which is defined as \/Fkg where Ipy, is the intensity
of the background. No intensity was observed at the (010) position in the current

experiment.

Similarly, for the canting of 7° with basis vector A, reported by Fogh et al.,
would produce a finite (100) peak intensity. The resulting intensity of the (100)
peak would be 22.3% of the (101) intensity, Under the sensitivity of the collected
data explained earlier this is observable. However, neither the (100) nor the (010)
peaks were observed in any of the diffraction pattern for x= 0, 0.15 and 0.3. There-
fore based on the absence of these specific peaks and the refinement of the data

which accounts for the full set of magnetic reflections, the magnetic structure for

76



6. Magnetic Structures and phase transitions in LiCo;_,Ni, PO,

SrR(Q)|? |P(Q)
HKL) | A4 G C F
U | aud) [ar) famn | © Y] ?
(301) 0.06 0.19 11.83 3.92 0.34 | 1] 0.66
(100) | 1552 | 0.48 0 0 0 [1] 1
(010) 0 0 16 0 1 [0 1

Table 6.4: Calculated squared structure and polarization factors for the basis vectors
of the key reflections used to distinguish magnetic orders in LiCo;_,Ni,PO,. The
values are normalized to unit spin length.

T in Ha 22 He Mtot Rfmag TN (K)
LiCo;_,Ni POy

0 - 325(2) | - [ 325(2) | 3.40 | 22.45(0.01)
0.15 - 12922) | - | 292(2) | 3.85 | 20.60(0.03)
0.3 - 1 258(2) | - | 2.58(2) | 3.94 | 18.56(0.10)
0.4 0.3(1) | 2.28(2) | 0.96(3) | 2.49(2) | 2.71 | 15.96(0.04)
0.5 0 | 1.31(4) | 1.40(2) | 1.92(3) | 4.05 | 14.94(0.03)
0.6 0.38(8) | 0.80(7) | 1.87(2) | 2.06(4) | 2.17 | 15.85(0.03)
0.75 0.4(1) - 1 1.94(2) | 1.98(3) | 5.60 | 18.40(0.02)

1 0.3 - 2.2 2.22 - 20.8

Table 6.5: Refined low-temperature average magnetic moments on the transition
metal site for LiCo;_,Ni PO, given in units of Bohr magnetons, up along with the
corresponding R values of the Rietveld refinements and the ordering temperatures
extracted from the power law fits to the neutron diffraction data. The refined mag-
netic moment value for the x= 0.4 is for the low-temperature magnetic structure.The
values quoted for LiNiPO, (x=1) are taken from Ref. [51].

these three compositions are best described by the I'y model without any detectable

spin canting, with magnetic moments completely along the b-axis.

The temperature-dependent neutron data collected between 2 K and 50 K were
analyzed by fitting the integrated intensity to a power law function to determine the
Néel temperature for each of the compositions as illustrated in figure 6.8 for x =0.4.
No additional phase transitions were observed below the Néel temperature for any
of the three compositions. The refined value of magnetic moment and corresponding
reliability factor Rp,,., are summarized in the table 6.5. Figure 6.7 illustrates the
refinement of LiCoPQy as a representation of fit quality and the corresponding spin

configuration is illustrated in figure 6.9.
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x =04 :
For = 0.4, The magnetic order is first observed at Ty ~ 16.0 K, as determined from
the temperature dependence of magnetic reflection intensities. At 77 ~ 9.8(4) K, a
second magnetic phase transition is observed. In the temperature range Ty > T > T}
the observed diffraction pattern is best described by the irrep I'y consistent with the
Cy-type antiferromagnetic structure of x = 0,0.15 and 0.3 where the spins are aligned

along the b-axis.

For temperatures below T}, an additional magnetic peak appears at 20= 23.8°
corresponding to the peak (010). The temperature evolution of the intensities of
the (301) and (010) peak is indicated in the figure 6.8. The (301) peak contains
a minor nuclear contribution which remains constant with temperature. The addi-
tional magnetic intensity below Ty for the (301) peak indicate an antiferromagnetic
ordering of the C-type. The (301) peak has non-zero intensity for all spin directions
of C-type structure as presented in table 6.4. In contrast, the (010) peak is purely
magnetic and is non-zero only for C-type structures with spins aligned along a or
c axis. Hence the absence of the (010) peak above T} combined with the presence
of magnetic intensity on the (301) peak, confirms that the spins are aligned along
b-axis in the temperature range Ty > 7' > T;. The appearance and growth of
the (010) peak intensity below T} signifies the emergence of a spin rotation away
from the b-axis described by C, or C, model. Thus, the different onset of magnetic
intensities at the (301) and (010) peaks mark two succesive transitions upon cool-
ing: first the C), type order in consistant with the parent group magnetic structure,
and second a spin reorientation, where the spins rotate away from the easy axis of
the parent compound forming an oblique antiferromagnetic structure. The ordering
temperatures Ty = 15.96(4) and 7= 9.8(4) K were determined by fitting the inten-
sities of the (301) and (010) peak to a power-law equation as illustrated in figure 6.8.

The low temperature diffraction pattern below 77 is best described by a combina-
tion of irreps I'y+I'¢ which corresponds to the non-standard setting of magnetic space
group P2i/c (—c,—a,b+ ¢;0,0,0). The refined magnetic structure in this oblique
antiferromagnetic structure comprises a dominant €, component of 2.28(2)ug, a C,
component of 0.96(3)up and a very small A, component 0.3(1)ug. The reliability of
the A, component of the structure is uncertain, as constraining it to zero or allow-
ing it to vary freely does not alter the refinement quality. Hence an unambiguous

conclusion on the existence of a magnetic moment component along a axis cannot
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Figure 6.8: Temperature evolution of the observed intensities for (a) the (301) and
(b) the (010) reflections. (c) Temperature dependence of the integrated intensities
of the (301) and (010) reflections. The nuclear contribution to the (301) reflection
has been subtracted, and the red and blue lines represent power-law fits for (010)
and (301), respectively.
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be drawn from the current data.

x=0.5, 0.6:

For x = 0.5 and 0.6, the diffraction patterns are best described by I'y + I'g for all
temperatures below Tx. The refined model for z=0.5 yields excellent agreement with
the observed diffraction pattern as shown in the figure 6.7 and the spin configuration
of the refined oblique magnetic structure is represented in figure 6.9. The refined
magnetic structure of x=0.5, closely agrees with the reported magnetic structure by
Semkin et al. Although the present powder diffraction results indicate a statistical
distribution of Co and Ni at the 4c Wyckoff site, were the literature report demon-
strates a ordering of Ni and Co [100].

x=0.75
For x=0.75, the magnetic structure is best described by the irrep I'g, for all tem-
peratures below Ty. The refined spins are oriented predominantly along the ¢ axis
described by the C, model with a minor A, component. This structure is consistent
with the magnetic structure reported for the parent compound LiNiPO,, which ex-
hibits a dominant C,-type structure and a minor spin component described by A,
model, derived from single crystal studies [51]. The refined magnetic structure for

x=0.75 is illustrated in figure 6.9 and corresponding refinement results are repre-

sented in figure 6.7.

Figure 6.9: Refined magnetic structures for a) LiCoPOy, b) LiCog5Nig5PO, and
¢) LiCog 25Nig75PO4. The figure shows the evolution of magnitude and orientation
of the magnetic moment with increasing Ni content. The red arrow represents the
magnetic moment. The length of the arrow represents the magnitude of the magnetic
moment
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6.5 Discussion

The composition-temperature phase diagram for LiCo;_,Ni PO, determined from
the neutron diffraction data is illustrated in figure 6.10. The evolution of the mag-
netic structure upon mixing ions with the ising like anisotropy of Co?" in LiCoPQOy
with ions with XY-anisotropy as Ni** in LiNiPO, exhibits many features predicted
in theory for such a mixed system with few key anomalies that require further dis-
cussions. With increasing Ni content, the magnetic structure of the system evolves
from the I'y structure of LiCoPOQy, in which the moments are parallel to the crys-
tallographic b axis, to an intermediate oblique antiferromagnetic phase described by
'y 4+ T'g, where the magnetic moments are predominantly in the be-plane and finally
to the I'g structure of the LiNiPOy,, with the magnetic moments along the c-axis.
The rotation of the spin direction away from the respective easy axes of the parent
compounds reflects the competition between the single-ion anisotropies of Co?* and
Ni?*. The reduced value of of magnetic moment at z =0.5 further indicates the

frustration arising from the competing anisotropy energies.

To add to the interpretation of the experimental magnetic phase evolution from
this work, Monte Carlo simulations were performed as a part of the bachelor project
of M. C. Larsen and M. Ravn-Feld under the supervision of N. B. Christensen at
DTU Physics [105]. The simulations were based on the spin-Hamiltonian incorpo-
rating five exchange interactions (Jy., Jy, Je, Jap, Jac) as illustrated in figure 2.2 and
single-ion anisotropy energy contribution charactrerized by D; = (D,,, Dy,, D.,).
The two non-zero components of D; define the intermediate and hard axes, while
the zero component defines the easy axis. This Hamiltonian has previously been
reported to accurately describe the spin-wave spectra of LiMnPQO,, LiNiPOy4, and
LiFePOy, systems [36,37,1006].

H = Zjijsi‘sj‘i‘ZD?(Sia)z
(i,5) b,a

For LiNiPOy, the exchange and anisotropy parameters were taken from the reported
values [37], while those for LiCoPO4 were obtained from a preliminary analysis of
spin-wave dispersion data recorded for a LiCoPO, single crystal as summarized in
table 6.6. In the mixed system LiCo;_,Ni, POy, the 4c Wyckoff site is randomly
occupied by the Co?* and Ni?T ions. The Co-Co and Ni-Ni exchange interactions

and anisotropy parameters were assumed to be the same as the parent compound
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whereas the Co-Ni exchange coupling parameters were taken to be the average of
corresponding Co-Co and Ni-Ni terms. These simplifications have been shown to re-

produce experimentally observed magnetic phases in the LiNi;_,Fe, PO, system [1].
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Figure 6.10: Experimental phase diagram of LiCo;_,Ni,PO,. The observed points
are represented by blue markers. The phase boundary between I'y + I'g and I'g is
not experimentally observed but is indicated in the phase diagram to indicate the
tetracritical point. The true nature of I'y+1'¢ to I'g boundary needs to be determined
in future studies. The value for = 1 is taken from reference [17].

The simulations reproduce the key qualitative features of the experimentally ob-
served phase diagram. The simulation produces three magnetic phases described by
'y, I'y+T'¢ and I'g mirroring the experimental observations. The Monte Carlo results
predict a second transition below Ty from I'y to I'y 4+ I'g in the composition range
x ~ 0.2-0.5. This is consistent with the experimental obervation of a second-order
low-temperature transition for the = 0.4 composition, which exhibits a transition
to the oblique I'y + I'g phase at 77=9.8(4) K. In contrast the predicted I's to I'y +T'g
low-temperature transition on the Ni-rich side is significantly less pronounced as
illustrated in figure 6.11.

The theory outlined in section 2.0.5, predicts a tetracritical point in the composition-
temperature phase diagram of a mixed anisotrpy magnets, where four second-order
transition lines meet. However, in the current experimental phase diagram 6.10, only
three well-defined second-order phase boundaries are detected. The low-temperature

second order transition from the Ising-like structure (I'y) to the oblique (I'y + I's)
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Figure 6.11: The magnetic phase diagram from the Monte Carlo simulations taken
from the Bachelor thesis of M. C. Larsen and M. Ravn-Feld [105]

phase is clearly observed for x = 0.4 and is unambiguously identified through the
appearance of purely magnetic (010) Bragg reflection. In contrast, the expected
low-temperature transition from I'g to I'y + I's on the Ni-rich side of the phase dia-
gram was not detected in the powder data.

The absence of an observable I'g to I'y +I'g transition can be interpreted in terms of
the experimental limitations associated with this symmetry change. While the I'y
to I'y + ['g transition can be detected by the appearance of the purely magnetic key
reflection (010), the transition from I's to I'y + I's does not generate a similar easily
detectable pure magnetic transition. Hence the refinement is based on the Bragg
reflections that have both nuclear and magnetic contributions and is limited by the
correlations between nuclear and magnetic parameters, such as atomic positions,
absorption etc. reducing the sensitivity to the weak reorientation effects. More-
over, while the data collected at the base-temperature is of high statistical quality
to determine the ground-state structure unambiguously, the data sets collected for
the temperature evolution, originally collected to identify Ty, have low statistical
quality. Thus the subtle intensity changes associated with a weak oblique to planar

transition may be below the detection threshold of the current powder data.

83



6. Magnetic Structures and phase transitions in LiCo;_,Ni, PO,

S ch Jb Jc Jab Jac Da Db Dc
LiNiPO,4 1 1.04 0.67 -0.06 030 -0.11 0.339 1.82 0
LiCoPO, 3/2 0.34 0.15 -0.11 0.15 0 1.3 0 0.65

Table 6.6: Spin quantum numbers, exchange constants, and single-ion anisotropy
parameters (in meV) used in the Monte Carlo simulations [105]. The values for
LiNiPO, is taken from literature [37]. The LiCoPO, values are from the preliminary
spin-wave analysis. D, was set to zero to reflect the known easy axis direction and
Jae was set to zero to reduce the number of parameters.

Beyond the experimental limitations, similar discrepancies in oblique-to-planar
phase transition in mixed anisotropy magnets of an Ising-like anisotropy and XY-
type anisotropy energies have been reported in systems such as Fe; ,Co,Brs,
Fe;_,Co,Cly and KoMn;_,Fe,F, as discussed in section 2.0.5. These studies high-
light the site-dependent random field generated by the local compositional disorder
and off-diagonal exchange terms, resulting in smearing of the planar-oblique phase
transition into a broadened crossover instead of a sharp transition. In contrast, the
Ising to oblique transitions remain comparitively robust under the effect of random-
field effects [59,107]. The absence of a well defined second-order transition between
the I's and I'y + ' phases may therefore be consistent with the mixed anisotropy
systems reported previously.

To resolve the nature of the phase transition and determine the phase diagram more
accurately, high-quality single crystal experiments, especially polarized neutron ex-
periments which allow the seperation of different magnetic moment components

should be utilized in future works.

The refined magnetic moment decreases with increasing Ni content, reaching a
minimum at x = 0.5, before increasing slightly for further increase in Ni content.
This behaviour paralles the minimum observed in ordering temperature indicating
the enhanced frustration derived from the opposing anisotropy energies in the sys-
tem.

The confirmed existence of toroidal order in LiCoPQy, together with its strong de-
pendence on the magnetic symmetry, suggests that the symmetry changes verified in
the present work may have significant consequences for the ferrotroidal order across
the series. The evolution of the toroidal moment was calculated by following the

equation presented in section 2.0.3 for LiCoPQOy, where 6 denotes the angle between
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the magnetic moment and the b-axis.

t = 2pea (cos@z+sinfy) (6.2)

3.5
a) | 80
3,
60 —~
B 3
< o
= 1402
I 25¢ S
520
2,
o -4 : : 0
0 0.2 0.4 0.6 0.8 1

xin LiCo, Ni PO,

0 B : :
0 02 0.4 06 08 1

xin LiCo, Ni PO
1-x X 4

Figure 6.12: a) Compositional dependence of total magnetic moment magnitude and
the canting angle 6. b) Compositional dependence of calculated toroidal moment
component along b-axis(red) and c-axis(blue).

Figure 6.12 (a) illustrates the composition dependence of 6, demonstrating the
increasing rotation of the magnetic moment from the b-axis towards the c-axis as
Ni is introduced. This collinear rotation of magnetic moments produces a corre-
sponding rotation of torroidal moment, illustrated in Figure6.12 (b). With increase
in the Ni content, the component of the toroidal moment along the b axis increases,
where as the component of toroidal moment along the c-axis decreases. Within the
oblique phase, the toroidal moment lies in the be-plane. This results in four symme-
try allowed ferrotoroidal domains with different direction of toroidal moment. These

results highlight the potential for domain manipulation and suggest possibilities of
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exploring the toroidal domain poling in this system, which could be of interest for

multi-state memory systems.

The influence of this symmetry change of the system with chemical substitu-
tion on the magnetoelectric effect also warrants further investigation. In the similar
mixed system of LiNi;_,Fe, POy, 100-fold increase in the magnitude of magnetoelec-
tric effect together with the appearance of magnetoelectric tensor elements that are
prohibited by symmetry in both parent compounds are reported by Fogh et al. [1].
Similar studies on focusing on LiCo;_,Ni, PO, could therefore provide important in-
sight into how anisotropy driven symmetry lowering and emergence of oblique phase
influence the magnetoelectric effect.

In summary, the LiCo;_,Ni PO, series, demonstrates the chemical tunability of
the magnetic ground state and the experimental confirmation of the existence of
oblique antiferromagnetic phase at the intermediate concentrations. The associated
rotation of toroidal moment with composition present broader potential to explore
competing anisotropies as a route to chemically tune physical properties governed

by symmetry.
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Magnetic Structures and phase

transitions in LiNi;_ ., Fe, POy

7.1 Motivation

In contrast to the mixed anisotropy system LiCo;_,Ni, PO, examined in the previous
chapter, substituting Ni?* ions with Fe?* ions in LiNi,_,Fe,PO, provide interest-
ing platform with the two parent compounds representing the orthogonal limiting
cases within the lithium orthophosphate family: Ni?* possesses an easy axis along
¢, which coincides with the hard axis of Fe?", while easy axis of Fe?* along b-axis
coinciding with the hard axis of Ni**. Exploring the composition phase diagram in
LiNi;_,Fe, POy, therefore provides a potential to explore magnetic moment rotation
perpendicular to the easy axes of parent compounds and associated rich phase dia-
gram predicted by theory in such mixed-systems.

Earlier experimental works on LiNi;_,Fe, PO, for LiNig g9Feq 0 PO, from Mossbauer
spectroscopy results and second harmonic generation (SHG) studies on

LiNig g4Fe 0sPO4 reported a magnetic structure similar to LiNiPO4, with spins
aligned along the c-axis and identified an incommensurate phase analogous to that of
LiNiPOy [108,109]. The significant motivation for the present work, however arises
from the the neutron diffraction and magnetoelectric study reported by Fogh et al.
for LiNiggFeq2POy [1]. The study reports two distinct magnetic phase transitions
from magnetic susceptibility measuremements and from polarized neutron experi-
ments. A transition at 25 K into a antiferromagnetically ordered state with spins
aligned along b-axis, followed by a second transition at 21 K to an oblique antiferro-

magnetic phase, where the spins rotate towards a-axis.Note that given the hard and
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casy axes of Ni2* and Fe?" ions, the rotation towards a is the best compromise from
an energy perspective [1]. Moreover, the study reports an enhancement of magneto-
electric response by two orders of magnitude and the emergence of magnetoelectric
tensor elements that are forbidden in both parent compounds, highlighting the sen-
sitivity of the magnetoelectric effect to symmetry lowering induced by competing
anisotropies. Monte Carlo simulations from the same study further predict a compo-
sition phase diagram for LiNi;_,Fe, PO, with an extended oblique antiferromagnetic
phase where the spins are within the ab-plane.

These observations demonstrate the possibility and high impact of chemical tuning
of the magnetic ground state on the physical properties such as the magnetoelectric
effect. Importantly, the authors concluded that while the symmetry lowering alters
magnetoelectric tensor and even though the magnetoelectric tensor is still governed
by the symmetry of the magnetic structure in the oblique phase, the precise way
the symmetry properties apply to the magnetoelectric effect remains unresolved.
Hence mapping the exact evolution of magnetoelectric effect across the phase dia-
gram could prove useful in providing insights on these key questions. A necessary
first step in this direction is to determine the magnetic structure evolution across
the composition phase diagram of the LiNi;_,Fe,PO4. The present chapter aims to
address this gap by exploring the compositional dependence of magnetic structure
across the entire substituion phase diagram of LiNi;_,Fe,PO,4. The results from this
chapter tracking the anisotropy driven magnetic symmetry changes through chemi-
cal substitution could provide a basis for the future studies on evolution and tuning

of the symmetry governed physical properties such as magnetoelectric effect.

7.2 Temperature dependent magnetization measure-

ments

The samples for this study was obtained from the collaboration with the research
group of Prof. Efrain. E. Rodriguez at University of Maryland. LiNi;_,Fe, PO,
single crystals used in this study was produced by the PhD students Hector Cein
Mandujano and Cecilia Machiko Wheeler using a two step process. First step con-
sisted of the solid state preparation of the precursors Li,COz, NH;H,PO,, FeCy04
and NiCOgs by mixing in ethanol. Then the mixed powder was subjected to a heat
treatement at 250°C' under Ar flow to decompose the ammonium phosphate and
then it was rapidly heated to 780 °C' to produce LiNi;_,Fe,PO,, which contain
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minor oxide impurities. The next step consisted of a LiCl flux growth, where the
powder sample from the first step was mixed with LiCl in the molar ratio 1:3. The
heat treatment was performed at 800°C' under Ar. After cooling down, this proce-
dure produced millimeter sized crystals of LiNi;_,Fe,PO, which was obtained by
dissolving the flux in water and manually seperating the impurity LisPOy.

The powder samples studied in this chapter was synthesized as single crystals and
ground into powder form for x =0, 0.1, 0.2, 0.3, 0.5, 0.6 and 0.7. The temperature
dependent magnetization for x =0.1, 0.2, 0.3, 0.5 and 0.6 was measured in the tem-
perature range 2 - 300 K for powder samples at an applied magnetic field of 10000
Oe. These measurements were performed by. S. Guchhait and M. A. Dunstan us-
ing a Quantum Design Physical Properties Measurement System (PPMS) at DTU

Chemistry. Figure 7.1 illustrates the measured susceptibility curves.
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Figure 7.1: Temperature dependent magnetic susceptibility curves for

LiNi; _,Fe,PO,, x =0.1, 0.2, 0.3, 0.5 and 0.6. The measurements were per-
fomed in an external magnetic field of 10000 Oe.

The overall magnetic susceptibility in LiNi;_,Fe,PO,, does not exhibit a mono-
tonic trend from x = 0.1 to 0.6. All of them exhibit a cusp at the ordering tem-
perature, characteristic of antiferromagnetic systems. A broadening of the cusp is
observed for x =0.5 compared to other compositions. From the first derivative of

the susceptibility the ordering temperatures were extracted and are summarized in
table 7.1.
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x in LiNi;_,Fe, PO, Ti Ty
0.1 20.4(2) | 22.2(2)
0.2 19.6(2) -
0.3 20.0(2) | 22.2(2)
0.5 25.0(2) -
0.6 - 36.0(2)

Table 7.1: Ordering temperatures obtained from the first derivatives curve of the
temperature-dependent magnetization.

7.3 Neutron diffraction data and analysis

Neutron powder diffraction measurements were employed to determine the nuclear
and magnetic structure across the LiNi;_,Fe, PO, series. Rietveld refinement results
and associated interpretations are explained in the following sections. The nuclear
structure refinements were carried out using data collected on the instrument D2B
with a wavelength of 1.59 A, whereas magnetic structure analysis was performed

using data acquired on the instrument D1B with a longer wavelength of 2.52 A.

7.3.1 Nuclear structure analysis

Neutron diffraction data for the six compositions of LiNi;_,Fe, PO, were recorded
at 100 K and 2K. The refinements were carried out with the structure defined by the
orthorhombic space group Pnma, which is the established structure for the stoichio-
metric compounds in the lithium orthophosphate family [18]. The atomic positions
and lattice parameters of the samples were refined with a manually defined back-
ground. The peak profiles were modelled using the TCH Pseudo-voigt function and
asymmetry corrections were applied. The resulting lattice parameters and atomic

positions from the refinements are summarized in table 7.2.

The refinement revealed the existence of a non magnetic secondary phase Li3sPO,
for all compositions except for x = 0.5, for which no impurity peaks were detected
above the noise level. For Ni rich compositions, additional unidentified weak impu-
rity peaks were observed in the 26 range of 40 to 50°. The site occupancies of Ni
and Fe at the transition-metal site were fixed to the nominal composition, because
the similar scattering length of Ni (1.03 fm) and Fe (0.94 fm) prevents the reliable

refinement of the individual occupancies.
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The refined lattice parameters across the series is plotted in figure 7.2. Although
the lattice parameter variation does not follow Vegard’s law strictly, a general ex-
pansion of the unit cell with increse in Fe content is observed. The deviation from
the linear behaviour could be attributed to the change from the nominal concen-
tration of Ni and Fe. From z = 0.1 to 0.7, a increases by approximately 0.83%
and b increases by 0.78%, whereas the increase in ¢ is only 0.02%. This suggests an
anisotropic expansion predominantly within the ab plane of the olivine structure,
while the ¢ axis remains largely unaffected by Fe substitution. The observed and

calculated diffraction patterns from the refinements of the 100K data are illustrated

in figure 7.3.
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Figure 7.2: Composition dependence of the orthorhombic lattice parameters from
the refinement of diffraction data collected at 100 K.
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Figure 7.3: Observed (red marker) and calculated (black line) diffraction patterns
from rietveld refinement of LiNi;_,Fe,PO,. The first row of green ticks represents
the Bragg peak positions for LiNi;_,Fe, PO, and the second row represents the
Bragg positions for secondary phase LizPO;,.
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x Lattice constants [A] [ Atom X y z Occ. Ry | Impurity (Normalized weight %)
0 a=10.0317(1) Li 0 0 0 1
Fe/ Ni  0.2756(1)  0.250  0.9825(3)  0/1
b—5.8539(1) P 00043(2) 0250  0.4167(5) 1
Ol  0.1008(5) 0250  0.7427(10) 1 | N/A
c—4.6768(1) 02  0.4492(5) 0250  0.1978(10) 1
03 0.1668(4) 0.0439(6)  0.2783(7) 1
0.1 a—10.0852(3) Li 0 0 0 1
Fe/Ni  0.2770(2) 0.250 0.9812(5) 0.1/0.9
b=5.8818(2) P 0.0954(4) 0250  0.4182(8) 1
Ol  0.0088(4) 0250  0.7415(8) 1| 548 3.9(5)
c=4.6783(1) 02 04517(4) 0250  0.2035(8) 1
03 0.1660(3) 0.0421(4)  0.2780(5) 1
0.2 a—10.0749(5) Li 0 0 0 1 -
Fe/Ni 0.2768(4) 0250  0.9822(9) 0.2/0.8
b=5.8764(3) P 0.0942(8)  0.250 0.417(1) 1
Ol  0.0987(7)  0.250 0.740(1) 1 |535 10.6(6)
c—4.6781(3) 02 04508(6)  0.250 0.205(1) 1
03 0.1659(5) 0.0416(7)  0.2788(9) 1
0.3 a—10.0813(4) Li 0 0 0 1
Fe/Ni 02772(2) 0250  0.9818(6) 0.3/0.7
b=5.8796(2) P 0.0044(5) 0250  0.4183(9) 1
Ol  0.0990(5) 0250  0.7396(9) 1| 307 22.4(4)
c—4.6761(2) 02  04515(4) 0250  0.2032(9) 1
03 0.1672(3) 0.0419(5)  0.2781(6) 1
0.50 a—10.1543(4) Li 0 0 0 1
Fe/Ni  0.2788(2) 0.250 0.9750(5) 0.5/0.5
b—5.9178(2) P 00950(4) 0250  0.4179(8) 1
01 0.0945(4) 0.250 0.7450(9) 1 5.16 -
c=4.6779(2) 02 04532(4) 0250  0.2041(8) 1
03 0.1652(3)  0.0420(4)  0.2785(6) 1
0.60 a=10.163(1) Li 0 0 0 1
Fe/Ni  0.2786(5) 0.250 0.972(1)  0.6/04
b=5.9259(7) P 0.096(1) 0.250 0.424(2) 1
Ol  0.090(1) 0.250 0.736(2) 1 8.60 26.7(7)
c=4.6733(5) 02 04524(9)  0.250 0.204(2) 1
03 0.1637(8)  0.041(1)  0.276(1) 1
0.70 a=10.1640(2) Li 0 0 0 1
Fe/Ni  0.2782(1) 0250  0.9781(3) 0.7/0.3
b=5.9277(1) P 0.0940(3) 0250  0.4179(5) 1
Ol  0.0979(2) 0250  0.7438(5) 1|22 5.0(2)
c—4.6798(1) 02  04539(2)  0.250  0.2049(5) 1
03 0.1659(2) 0.0440(3)  0.2808(3) 1
1 a=10.32731(5) Li 0 0 0 1
Fe/Ni 0.28218(2) 0250  0.97473(4)  1/0
b=6.00707(3) P 0.00482(3)  0.250  0.41824(6) 1
Ol  0.09695(3)  0.250  0.74267(4) 1 | N/A
c—4.69175(2) 02  045714(3) 0250  0.20568(7) 1
03 0.16550(2) 0.04682(3) 0.28506(4) 1

Table 7.2: Refined Structural parameters for LiNi;_,Fe, PO, at T' = 100 K. Values for x = 1 and
x = 0 are from the structures reported in Refs. |32, 33]
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7.3.2 Magnetic structure analysis

Neutron diffraction data were obtained at base temperature to determine the mag-
netic ground state of the system. In addition, temperature dependent diffraction
data were recorded to determine the ordering temperatures and to track the mag-
netic structure evolution with temperature. At the base temperature, additional
magnetic intensities appear at the integer (h,k,1) positions, consistent with the prop-
agation vector k = (0,0,0) for all compositions. This is consistent with the low
temperature magnetic structure reported for the stoichiometric compounds and for
the mixed compositions of x =0.06 and 0.2 [1,18,51,109,110].

For the refinement of the low temperature data, the crystal parameters were taken
from the results of Rietveld refinement of diffraction data collected on D2B with
shorter wavelengths. Each of the symmetry allowed irreducible representation was
tested to determine the magnetic structure model that yield the best agreement

between observed and calculated diffraction patterns as described in 6.

x = 0:
For the parent compound, LiNiPOy4, temperature dependent measurements were
carried out to probe the reported existence of commensurate to incommensurate
transition at 20.8 K represented by the appearance of satellite peaks at (010) re-
ported by Vaknin et.al [52]. They reported the appearance of satellite peaks in the
range of K=0.9-0.92 and K=1.08-1.1, at the temperature 20.99 K. In the present
work the satellite peaks are expected to appear in the 26 range of ~22.3°-22.9° and
at ~26.9°-27.5° with the wavelength of A = 2.52A and b—5.8539A. However, in
the neutron powder diffraction experiment, the reported satellite peaks were not
observed as represented in figure 7.4. A single magnetic phase transition from para-
magnetic to antiferromagnetic transition was observed at approximately 21.47 K.

x = 0.1, 0.3, 0.5, 0.6 :
For the compositions x = 0.1, 0.3, 0.5 and 0.6, two magnetic phase transitions are
observed upon cooling. This is consistent with the expected behaviour of mixed
anisotropy antiferromagnets, where the competing single-ion anisotropies stabilize
an oblique antiferromagnetic phase at intermediate concentrations. The above men-
tioned compositions first orders at the temperature Ty, identified by the appearance
of magnetic Bragg intensities consistent with the irreducible represesentation I'y,
where the magnetic moment are aligned along the b axis (C}). This magnetic struc-

ture is similar to the dominant magnetic component in the end compound LiFePO,.
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Figure 7.4: The (010) peak intensity evolution near the transition temperature. The
diffraction patterns are shifted in intensity for clarity.

An ordering of this type give rise to magnetic intensity at reflections such as (101)
and (301).

As the temperature is lowered further, a second magnetic phase transition is ob-
served, signalled by the emergence of intensity at the (010) peak. The appearance
of this peak indicates the introduction of a magnetic moment component perpendic-
ular to the b axis, corresponding to the C, or C, basis vector, as discussed in detail
in chapter 6. Since the (301) and (101) reflections possess non-zero structure factors
for all C-type magnetic moment orientations, whereas the (010) is sensitive only to
C, and C, (table 6.4), the different onset temperatures of (010) and (301)/(101)
peaks clearly mark the phase transition driven by the rotation of spins away from
the b axis in these compositions.

The ordering temperatures associated with the two magnetic transitions were ob-
tained by the power law fit of the integrated intensities of the relevant peaks over
a temperature range extending from base temperature to the paramagnetic region.
The lower transition temperature, at which the system enters an oblique antiferro-
magnetic phase is denoted by T7.

For all compositions exhibiting two transitions, refinement of the diffraction pat-
terns in the intermediate temperature region 77 < 1" < Ty confirm that the mag-
netic structure in this range is of the I'y type. In contrast, the refinements of the

base temperature data (7" < T}) yield the best agreement with the combination of
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irreps I's + I'y. The I'y representation allows C), and A, components, however in
the refined structures, A, is close to zero. The resulting oblique antiferromagnetic
structure thus consists of magnetic moments collinearly rotated away from the b axis

and confined to the ab-plane.

It is important to note that powder diffraction data of the current data qual-
ity cannot unambiguously distinguish between the mixed representations I'y + 'y
and I'y + I'g, the latter corresponding to a rotation of magnetic moments in the
be-plane. The refinement using both combinations produce fits with similar quality.
In this work, however the I'y + I'g structure is considered less possible on the basis
of single crystal polarized neutron diffraction and magnetic susceptibility results for
LiNij.8Fey.2POy4 reported by Fogh et al. [1|. This study unambiguously demon-
strated the existence of a significant component of magnetic moment along a-axis
and contradicts the magnetic moment rotation towards c-axis suggested from SHG

measurements reported by Zimmermann et al. [109].

The two transitions observed for each composition are indicated in figure 7.5
thorugh the different onset temperature of the peks (010) and (301)/(101). From
this a clear trend in ordering temperatures can be identified, with increasing Fe
content, the upper transition temperature increases and the separation between the
two phase transitions grows correspondingly. The refined magnetic moment and the

the transition temperatures for all compositions are summarized in table 7.3.

x = 0.7:
For the composition x =0.7, only a single magnetic transition is observed at Ty
= 38.0(1) K. Below this temperature, the system orders with magnetic moment
along b-axis, and the magnetic structure at all temperatures is described by TI'y.
The magnetic structure refinement at base temperature yields a good quality fit as

represented in figure 7.6.

x = 0.2
For the composition x =0.2, the behaviour in this study contrasts with previous
reports. Two magnetic transitions, one at 25 K, below which the system orders with
spins along b axis, and the second at 21 K below which the magnetic moment rotates
towards a axis as described by irrep I's + I'y were reported for this composition. In

the present measurements only one transition at Ty = 20.0(1) K was observed. For
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Figure 7.5: Temperature dependence of magnetic Bragg intensities for four compo-
sitions, x = 0.1, 0.3, 0.5 and 0.6.

all temperatures below Ty, the (010) peak exhibits considerable intensity which
indicates the absence of reported I'y only intermediate phase. The refinement of
neutron powder diffraction data at base temperature, yields similar quality of fit for
I'g structure, identical to that of the end member LiNiPO, and for the combination of
irreps I's + I'y, corresponding to the oblique antiferromagnetic phase observed in for
other compositions and also the reported for x =0.2 in literature. In additon to these
models, the combination of irreps I's+1'g yields a slightly improved fit for the powder
diffraction data with non-zero C, and C, components. This suggests a rotation of
the spins within the ac-plane, a scenario that contradicts both the experimentally
established magnetic structure for the compositionally accurate =0.2 sample and

the proposed antiferromagnetic phases in the phase diagram from

Monte Carlo simulations in LiNi;_,Fe, PO, reported by Fogh et al. [1|]. Owing
to this ambiguity, the magnetic structure of £=0.2 composition is further discussed

in the next section using the spherical neutron polarimetry technique.
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Figure 7.6: Refined powder diffraction pattern recorded at 2K. a) top panel illus-
trates the observed and calculated pattern for x = 0.3, representing the refinement
result for I'y + I'y model structure observed in the system. b) Observed and calcu-
lated pattern for = 0.7 for the base temperature I'y model. The green ticks on the
first row represent the nuclear Bragg peak positions whereas red ticks on the second
row represent magnetic Bragg peak positions. The dotted black line represent the
calculated pattern for nuclear contribution.

7.3.3 Spherical neutron polarimetry of LiNijgsFey2PO,

To further investigate the magnetic structure of the x = 0.2 composition, spher-
ical neutron polarimetry (SNP) measurements were performed on a single crystal
selected from the same batch used for the powder diffraction studies. SNP mea-
surements allows different components of the magnetic moment to be distinguished.
In antiferromagnets, the sign and magnitude of the off-diagonal elements of the
polarization matrix provide a characteristic fingerprint of the magnetic moment ori-
entation, if there is a population difference between the symmetry allowed domains.
The mechanism responsible for domain selection and the detailed interpretation of
the polarization matrix elements are discussed in chapter 8 in detail. This section
focuses on the magnetic structure refinement of the x=0.2 crystal used for the pow-
der diffraction and the reason for the deviation from the reported behaviour for the
r=0.2 compound studied in Ref. [1].

The crystal was aligned with b-axis along the vertical direction and ac-plane in the

scattering plane. According to the SNP coordinate convention, the vertical direc-
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X Ha L Lotar | REnag Ty Tn
0 0.3 - 2.22 - - 20.8
0.1 | 1.74(6) | 1.5(1) [2.30(8) | 14.23 | 19.7(4) | 22.4(6)

)
0.2 | 1.40(4) | 1.46(9) | 2.03(7) | 8.21 - (1)
0.3 | 1.30(9) | 1.4(2) | 1.9(2) | 7.67 | 182(2) | 25.9(6)
) 1 2.73(7) | 2.81(7) | 6.18 | 16.0(1.0) | 35.0(1)
(2)
(1)

0.5 | 0.66(9

0.6 | 0.8(2) | 2.9(1) | 3.0(1) | 12.53 | 19.0(1.0) | 38.0(2
07| - 3.0(3) | 3.0(3) | 3.59 - 38.0(1
1 | 0067 | 409 | 4.09 - - 50

Table 7.3: Refined magnetic moment values and the ordering temperature deter-
mined from the temperature dependency of Bragg peak intensities. The refined
magnetic moment values correspond to the structure observed at base temperature
(2 K) . The values for = 0 and 1 are taken from references [38,51]. The values
indicated for =0.2 is for the I'y + I'y magnetic structure which gave reasonable re-
sults for the refinement of the powder diffraction data. The structure and magnetic
moment components of x=0.2 is discussed further in section 7.3.3.

tion is defined as the z axis, the scattering vector () defines the = axis, and the
y axis completes the right-handed coordinate system. The field cooling procedure
that has successfully demonstrated to generate reproducible domain imbalance in
LiNig gFeq2POy (See Chapter 8), was applied to the present crystal to preferentially
populate one of the symmetry allowed domains. Where an electric field is applied
along b-axis and magnetic field is applied at an angle of 30 ° to the a-axis in the
ac-plane.

For the reported structure [1] of a z = 0.2 sample, the expected oblique structure
at the base temperature is described by I's + I'y, with the moments in the ab plane.
With the present alignment of the crystal, and in case of domain imbalance, a mag-
netic moment along the b axis produces a non-zero P, term in polarization matrix
which is sensitive to the z component of the magnetic moment, while a magnetic
moment in the (ac) scattering plane produces a non-zero P,, term which is sensitive
to the y component of the magnetic moment. The full polarization matrices for the
reflections (101), (201), (202),(301) and (400) were recorded at 2K and refined in
correlation with the powder diffraction data.

Even prior to the refinement, the measured polarization matrix exhibited a small
P,, with a significantly non-zero P, ., as illustrated in table 7.4, which compares the

polarization matrices measured at 30 K (paramagnetic region) and at 2K for the
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reflection (101). This indicates the absence of magnetic moment along the SNP z
direction which is along the crystallographic b-axis and the existence of a magnetic

moment component in in the ac-plane.

T =2K T =30K
0.686(4) —0.027(4) —0.099(4) 0.929(4) —0.038(5) 0.002(5)
(101) | 0.021(4) 0.932(3) 0.017(4) —0.038(5)  0.926(4)  0.007(5)
0.078(4)  0.008(4)  0.695(4) —0.008(5)  0.005(5) 0.931(4)

Table 7.4: Observed polarization matrix measured at the (101) reflection at 2K and
at 30K (paramagnetic region)

Figure 7.7 illustrates the temperature dependence of diagonal elements of the
polarization matrix elements measured at the (101) reflection. In the paramagnetic
regime, all three elements approach unity as there is only a nuclear contribution. As
discussed in section 8.3, P,, is sensitive to the total magnitude of the ordered mo-
ment whereas P, and P,, are sensitive to the magnetic moment direction. Through-
out the measured temperature range, P,, remains nearly temperature independent,
close to the nuclear value, consistent with the absence of magnetic moment com-
ponent along z axis. In contrast, P,, and P,, exhibits almost similar temperature
dependence. Upon cooling from the high temperature to the base temperature,
P, and P,, drop rapidly below 25 K, indicating magnetic ordering, reaching values
of approximately 0.70 at the base temperature. The temperature independence of
P,, and the nearly identical magnitude and temperature dependence of P,, and
P, indicate that the magnetic interaction vector is nearly entirely perpendicular to
the z-axis (crystallographic b-axis). The dominant trend in the measured diagonal
elements is consistent with the temperature dependence of magnetic Bragg peak
intensities observed in the powder diffraction data. A more finely resolved temper-
ature measurements in the range 18-25 K is needed to unambiguously rule out the
existence of a pure I'y high-temperature phase, although no indication of such a

intermediate phase is observed in the present data set.

Correlated refinements of the polarization matrices and the powder diffraction
data were tested for the structure models that provided the best agreement with
powder diffraction data: I'g, I's+ 1"y and I's +1'¢. Compared to the I's model, better
agreement factors for the correlated refinements were obtained for the I's+1"y model,

in which the €}, component associated with I'y is driven to zero. The resulting mag-
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Figure 7.7: The temperature dependence of diagonal elements of the polarization
matrix at the reflection (101)

Il"l"eps Ha Hb He Htotal Rfmag
T, +TDg | 1.62(7) | - | 1.11(5) | 1.96(9) | 8.59
T,+0, | 3.044) | 0] - |3.04(4) | 10.83

Table 7.5: Refined magnetic moments from correlated refinement of SNP and powder
diffraction data (Figure 7.8) and the corresponding agreement factors for x=0.2

netic structure therefore reduces to I'y with only non-zero component of C,-type,
consistent with the observed large P,. and near absence of P,,. The I'; + I's model
provide the best agreement factor among the three considered models. For this
model, C, and C, are non-zero agreeing with the powder diffraction results. This
model also agrees with the absence of magnetic moment component along b-axis and
accounts for the observed non-zero P,. term of the (400) reflection which possesses

non-zero structure factors for C,, and C, components better than the pure I'y model.

For a fully unambiguous determination of magnetic structure, SNP measure-
ments can be complemented by single crystal neutron diffraction experiments to
better model extinction parameters and for better determination of magnetic mo-
ment magnitude. Figure 7.8 presents the results of the correlated refinements for
'y + 'y and T'; + I'g model for the x=0.2 sample.
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Figure 7.8: Results from correlated refinement of powder diffraction and spherical
neutron polarimetry data for z = 0.2. The top panel represents the fit for I's + I'g
model and bottom panel the fit for I'; + I'y model. The polarization matrices for
the four observed reflections are represented in the figure. The left and right part
of each matrix elements represent the observed and calculated values according to
the color code from the bar represented next to the matrices.

7.3.4 Discussion

The composition-temperature phase diagram for LiNi;_,Fe, PO, reveals a rich evo-
lution of magnetic structures arising from the competition of single-ion anisotropies
and exchange interactions. Mixing LiNiPO, with ¢, a and b as easy, intermediate
and hard axes respectively, with LiFePO, where b, a and ¢ are the easy, interme-
diate and hard axes, produces a phase-diagram that exhibits characteristic features

expected for the mixed anisotropy antiferromagnets.

For compositions x = 0.1, 0.3, 0.5 and 0.6, two magnetic phase transitions are
observed upon cooling: a high temperature transition to a LiFePO, like Iy structure
and a lower temperature second order phase transition to a oblique antiferromag-
netic phase described by I's + I'y. For x=0.7, a single magnetic phase is observed
with I'y structure similar to LiFePO,4. Refinements below the ordering tempera-
ture for the end compound LiNiPO, confirm the stabilization of the I's magnetic
structure on the Ni rich side of the phase diagram. These observations mirror the

qualitative trends predicted by the Monte Carlo simulations of Fogh et al. [1], while
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also exhibiting important deviations.

While the MC simulations for x=0.1 predicts an initial transition to the oblique
phase at high temperature followed by a second transition to I's upon cooling, ex-
perimentally the z=0.1 sample undergoes a transition to I'y first, followed by a
transition to the oblique antiferromagnetic phase where the spins are rotated in the
ab-plane. This could indicate a possible deviation of the composition of the mea-
sured sample towards higher Fe content, on comparing with the MC phase diagram.
In addition, the previously reported narrow incommensurate phase of LiNiPO, was
not detected. This may be attributed to the resolution limitations. However no peak
broadening indicative of incommensurate structure were observed near the transi-

tion temperature.

The most significant deviation from earlier reports is observed for the nominal
x=0.2 composition. Contrary to the previously published study by Fogh et al, our
sample exhibit only one magnetic transition at 20.0(1) K and a pure I'y phase is not
observed for this compound. Comparison with the MC phase diagram suggest that
the ambigous magnetic structure of this sample is likely rooted in a deviation from
the intended concentrations (z < 0.2). However, according to the MC simulations,
for a deviation of this type (Ni-rich composition), the magnetic structure would be
a narrow [y phase followed by a second transition to the ab-plane oblique antifer-
romagnetic phase or for an even high Ni concentrations, a transition to oblique and
then to a I's phase is expected. In the present case, the analysis from spherical
neutron polarimetry data and powder diffraction data, indicate that the magnetic
structure with I'y + I'g provides slightly better result than I's + I'y model and I'g
model. This phase is not predicted in the MC phase diagram.

Theoretical considerations for mixed-anisotropy systems by Oguchi and Ishikawa
[61] provides predicted phase diagrams for such systems. Their model treats a mix-
ture of an antiferromagnet A with easy, intermediate and hard axes x, z and vy,
with another antiferromagnet B with easy, intermediate and hard axes y, z and x.
The model predics two types of phase diagrams. The first phase diagram (Type 1)
contains a single oblique antiferromagnetic phase where the spins rotate within the
xy plane, i.e. the plane formed by the easy axes of A and B. The second phase
diagram (Type 2) features three distinct oblique antiferromagnetic phases where

the spins lie in the xz and yz planes and along z-axis. The balance between the
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Figure 7.9: Monte-Carlo phase diagram for LiNi;_,Fe,PO,.Figure taken from [1]

anisotropy energies determine the type of phase diagram realized in a given sys-
tem. The phase diagram for the system Ni,Co;_,Cly.6H>0 is an example for the
type 2 phase diagram (figure 7.10) [61]. In LiNi;_,Fe, POy, a I's + I'y oblique phase
is already predicted by MC simulation and validated by the experimental work in
Ref. [1] and by the present experimental observations. The observation of I'y + I'g
which contradicts with the MC simulation results, is validated from the theory mod-
els for similar systems as seen in reference [61]. However in comparison with the
theoretically predicted model, the expected third oblique phase described by I'y was
not observed in the system. In the experiments and in simulations by Fogh et al.,
an extended oblique antiferromagnetic phase without a stabilization of a long-range
a-axis phase at any concentration of Fe is indicated. intermediate a-axis phases,
predicted by theory can be suppressed or be entirely absent in experimental systems
due to factors such as local anisotropy fluctuations, chemical disorder, exchange
frustration and site dependent interactions.

The experimental phase diagram with the exception of x=0.2 is illustrated in
figure 7.11, where the indicated phase boundaries are obtained by interpolating ex-
perimentally determined transition temperatures. The indicated tetracritical point

is obtained by extrapolating the experimentally observed transitions for x=0.1 and
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Figure 7.10: Theoretically predicted phase diagrams of mixed anisotropy magnets
where a) Represent type 1 phase diagram where a single oblique antiferromaagnetic
phase is present with spins in the plane spanned by the easy axes of parent com-
pounds b) Type2 phase diagram where three oblique antiferromagnetic phases are
present. Figure taken from [61]. ¢)Magnetic phase diagram of Ni,Co;_,Cly.6H50
taken from Ref. [61].

previously reported phase transitions for x=0.06 [110]. A central source of uncer-
tainity in the experimental phase diagram arises from the inability to determine the
relative concentration of Ni?* and Fe?* using neutron diffraction. Small deviations
from the nominal stoichiometry can modify the phase diagram, in particular for
small values of . To eliminate this ambiguity in future studies, techniques such
as inductively coupled plasma optical emission spectroscopy (ICP-OES), Méssbauer
spectroscopy and X-ray fluorescence spectroscopy should be employed to accurately

determine the Ni:Fe ratio.

Magnetic and toroidic moments: For the mixed compounds the magnetic
moment magnitude increases with Fe content, with the exception of z=0.2 and 0.3
samples. Figure 7.12 illustrates the compositional dependence of magnetic moment
magnitude and orientation. As the Fe content increases, the component of the mag-
netic moment along the a-axis decreases and the angle, 6, between the magnetic
moment and b-axis within the ab-plane drops to zero.

The toroidal moment in LiNi;_,Fe, PO, can be derived following the microscopic
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Figure 7.11: Experimental phase diagram of LiNi;_,Fe,PO,. The experimental
points are marked by circle markers with error bars. The value for x=1 is taken from
the reference [38|. The phase boundaries indicated are obtained by extrapolating
the line between the experimentally observed points. The indicated tetracritical
point is obtained by extrapolating the measured transition temperature for x =0.1
and the previously reported transition temperature to the commensurate phase for
x=0.06 [110], indicated by black triangle markers. The phase observed for x =0.2 is
excluded in the illustrated phase diagram due to the ambiguity regarding its precise
composition.

theory developed by Ederer et al. [31] for LiCoPOy, as discussed in the section 2.0.3,
with the modification that in the present system the magnetic moment rotation is
within the ab-plane. Since LiNi;_,Fe, POy is a fully compensated antiferromagnet
with zero net magnetization, the derivation presented in Ref. [31] for the compen-
sated part of the magnetic structure is valid for the entire magnetic moment. For a

set of localized magnetic moment m; at positions r;, the origin-independent toroidal

+0) — %Zrz X m;
7

For the oblique antiferromagnetic structure of LiNi;_,Fe,PO, described in figure

moment is defined as

7.11, where the magnetic moment is rotated by an angle 6 from b axis this gives

4dea cos@ — bsin 0

The macroscopic toroidization (T) is defined as the toroidal moment per unit
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Figure 7.12: Compositional dependence of the angle, 6, between the magnetic mo-
ment and b-axis within the ab plane and the magnitude, pu, of the refined magnetic
moment.

cell volume (©2). But different lattice translations generate multiple allowed values
of toroidization and the set of possible toroidization branches possible for a general

translation (n,m,[) from equation 1.9 is

0 0
T, = % cos —lc + sin 6 le
(4e +n)a —(m+1)b

Only the difference in toroidization between two such branches is physically
meaningful and the only non-trivial part of the toroidization is the component along
the c-axis. Although the expression for T,,,,; contains a term proportional to -bsin @,
this contribution is branch-dependent and can be eliminated by an allowed trans-
lation of m = -1. Hence the spontaneous toroidization following the decomposition

provided by Ederer et al. is given by

_ 2pea
S Q

Importantly, in contrast to the change in direction of calculated toroidal moment

Ty

cosf ¢, (7.1)

with chemical substitution in LiCo;_,Ni,POy4 (equation 9.1), the chemical substi-
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tution in LiNi;_,Fe, POy, only affects the magnitude of the toroidal moment. In
LiNi;_,Fe, POy, the symmetry allows two toroidal domains while the chemical sub-
stitution induced rotation towards a-axis produces two orientation domains. The
domain manipulation and its potential in this system is further explored in the next

chapter.

The strong sensitivity of the magnetic ground state in LiNi; _,Fe, PO, to chemical
composition highlights the delicate balance of competing anisotropy and exchange
interactions in the system. The additional deviation observed for the composition-
ally ambiguous x=0.2 sample, further motivates a future study combining precise
compositional characterisation with single crystal neutron diffraction and SNP to
validate the existence of the I'y 4+ I'¢ phase. The previously reported magnitude in-
crease and modification of magnetoelectric tensor in =0.2 is linked to the symmetry
lowering associated with the oblique antiferromagnetic phase. With the detailed in-
sight into the magnetic structure evolution across the composition phase diagram
obtained in this work, a systematic investigation of magnetoelectric effect across
the phase diagram would provide an oppurtunity to clarify how symmetry lowering
due to chemical substituion influence the magnetoelectric tensor, which could prove

useful for future application-driven developments in mixed-anisotropy materials.
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Selective poling of toroidal domains
in LiNioogFeOOQPOgL

8.1 Motivation

The increasing demands for faster and higher density data storage drive research
interest into magnetelectric materials to be utilized for next generation spintronic
devices. Magnetoelectric coupling provides the prospect of a more energy efficient
alternative to the traditional data storage methods. In addition to this, magneto-
electric and multiferroic materials provide access to multistate logic that allows the
increase in data storage density by allowing the stabilization of more than two states
that can be controlled externally. Several multiple state logic systems have been re-
alized in the literature. However, all the established multi state systems to date
utilizes composite heterostructures in which at least one of the component is ferro

or ferrimagnetic. As a consequence, they remain vulnerable to stray fields [111-117].

This motivates the investigation for an antiferromagnetic system that exhibit
multiple domain states that can be selectively populated. In this work, an antifer-
romagnetic system that is a potential host to ferrotoroidal order is considered. As
discussed in sections 1.3.1 and 2.0.3, the existence of toroidal order has been demon-
strated in LiCoPQy, where the toroidal domains can be manipulated using the cross
product of electric and magnetic fields as a conjugate field [49]. Such control has
also been reported in systems such as LiFeSi;Og [118|. These examples highlight the
potential of toroidicity as an additional handle for domain manipulation. The mixed

anisotorpy lithium orthophosphate series discussed in chapter 7, provides an ideal
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platform to explore these concepts. In LiNi;_,Fe,PO,, the competing anisotropies
of Ni?* and Fe?t drives the rotation of magnetic moment away from the crystallo-
graphic b-axis. This generates four distinct antiferromagnetic domains in the low
temperature phase compared to the two domain states in parent compounds. The
symmetry considerations further indicate the possibility of existence of a macro-

scopic toroidal moment making the system a potential host for ferrotoroidal order.

The ability to control the four different domains individually is a fundamental
step towards realizing a multistate antiferromagnetic system. This chapter therefore
aims first to confirm the existence of ferrotroidal order in the specific composition
LiNip gFeqoPO,4 and subsequently to explore the possibility of selectively populat-
ing the four antiferromagnetic domains using suitable conjugate fields. The single
crystal used in this study is the same as that used in the study reported by Fogh et
al. [1], where the rotation of magnetic moments away from the b-axis is reported at
21 K and the first antiferromagnetic ordering at 25K, where the system orders with
magnetic moment along b-axis. The demonstration of selective poling of four differ-
ent domains in a single phase antiferromagnetic material represents an important
step for spintronic devices that use multistate logic as it offers robustness against

stray fields and ultrafast spin dynamics.

8.2 Magnetic symmetry and domain multiplicity in
LiNiO.gFeo‘QPOgl

As discussed in chapter 7, upon cooling below the Néel temperature T, = 25K,
LiNiggFegoPOy is reported to enter a collinear antiferromagnetic structure with
spins aligned along b-axis. A second transition occurs at temperature Ty = 21 K,
below which the spins collinearly rotate towards a-axis. The rotation angle is re-

ported to increase continuously upon cooling and reach the value of 60° at 2 K [1].

In the temperature interval T, < T <73, the magnetic symmetry is described
by the magnetic space group Pnma’ as denoted in table 1.3. This group preserves
all spatial symmetry elements of the crystallographic space group Pnma and breaks
only the time inversion symmetry (1’) associated with the magnetic ordering. Mag-
netic domain formation is allowed whenever the magnetic space group symmetry is

lower than that of the paramagnetic phase and the number of distinguishable do-
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mains are given by p/m where the p and m denote the orders of the crystallographic
and magnetic space groups respectively. Breaking time reversal alone, allows two
magnetic domains known as the 180° domains. These two domains are related by the
reversal of all spin direction and are otherwise structurally identical [3]. Through-
out this chapter, the two 180° domains in the temperature range 7, < T" <75, are
labelled {as, by}

Below T}, the onset of collinear rotation of spins towards a-axis further lowers
the magnetic symmetry by breaking additional spatial symmetries of Pnma as indi-
cated by the combination of 2 irreps. The resulting magnetic structure is described
by the monoclinic magnetic space group P112;/a’, which contains only four sym-
metry elements as indicated in table8.1. Since the paramagnetic space group Pnma
contains 16 symmetry operations when time reversal is included, the reduction to a
magnetic space group of order 4 implies that four distinct magnetic domains exist

in the low-temperature phase.

Symmetry operators

Magnetic space group

1 21z 21|ly 21l 1 alz mly nlx
Pn'm’a 1 1 1 1 U 1 1 1
Pnma’ 1 1 1 g g 1 1 1
P112,/d’ 1 1 1 1

Table 8.1: Symmetry operators of the magnetic space groups involved in the low
temperature phase of LiNipgFeyoPO,4. 1 and 1’ represent the symmetry operations
with and without the time inversion respectively.

In addition to the two 180° domains discussed earlier, breaking of the 2; screw
axis along y give rise to orientation domains. According to the domain classifica-
tion in reference [3], orientation domains form when the magnetic ordering breaks
rotational or mirror symmetries present in the parent crystallographic space group.
For the collinear magnetic arrangement of spins in the interval T, < T < T, the
spins are aligned parallel to the b axis. This magnetic structure retains the screw
axis parallel to y. However, once the spins collinearly rotate away from the b axis
below T}, the inclination of the ordered moments breaks 2; || y symmetry. This loss
of rotational symmetry give rise to two opposite directions of a-axis component of

the magnetic moment, generating two orientation domains related by the lost 2, || y
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rotation operation as indicated in figure 8.1 from reference [3|. Thus below T}, the
system possess two orientation domains and two 180° domains giving rise to four
domain states denoted by

{ay, af, b, by}
where the a/b indicate the time reversal domains (180°), whereas the primes distin-

guish the two different orientation domains. The four domains realized in LiNig gFeq 2 PO4

system are visualized in figure 8.3.

>

bty

B
(a) (b) B (c)

Figure 8.1: Schematic representation of orientation domains arising from the loss of
rotational symmetry about the axis AB. Figure taken from reference [3|

8.2.1 Ferrotoroidal order and domains

Following from the equation 7.1 presented in the section 7.3.4, the collinear spin
arrangement in LiNiygFeq POy, produce toroidization along the ¢ direction arising
from the cross product of the individual magnetic moments and their position vec-

tors as expressed by equation 1.8.

In the temperature range T < T' <75, two 180° domains, related by the time re-
versal symmetry operation is allowed. Since the toroidal moment is odd under time
reversal, these two 180° domains give rise to two toroidal domains with toroidal
moment along +¢ and —¢ directions. Therefore in this case, the 180° domains are
the same as the toroidal domain. However, this is not a general result and is specific

to this system. In all cases 180° need not be always ferrotoroidal domains.

Below T}, the spin rotation towards the a axis preserves the collinearity of the

spin arrangements. As derived in section 7.3.4, the rotation of spins modify only
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the magnitude of the toroidal moment, leaving the direction of toroidal moment
unchanged. Hence the direction of toroidization remains fixed along the ¢ direction
throughout the temperature driven phase changes in the system and allows only
two toroidal domains with toroidization either along the positive or negative ¢ axis

determined from the configuration of spins as indicated in figure 8.2.

8.3 Spherical neutron polarimetry

To explore the domain manipulation in LiNiygFeq POy, it is necessary to employ
an experimental technique that can differentiate between the domains. To do this
it is necessary to access the full vectorial information of magnetic interaction vec-
tor (M L) which is defined as the component of the magnetic structure factor M
perpendicular to the scattering vector Q. Normal diffraction experiments probe
only the magnitude of the magnetic structure factor. But the symmetry allowed
magnetic domains differ only in the direction of magnetic interaction vector. Spher-
ical neutron polarimetry (SNP) provides access to both magnitude and direction of
magnetic interaction vector and hence allows to discriminate between the antiferro-

magnetic domains discussed in section 8.2.

The transformation of the neutron spin through the scattering process can be
explained through the Blume-Maleev equations which express the scattered neutron
spin polarization in terms of the incident neutron polarization and the nuclear,
magnetic and nuclear-magnetic interference scattering cross-sections |3, 119, 120].

This can be written in matrix form as
Pf = Pg + P].:)l

Where P is the matrix describing the rotation of polarization in the scattering pro-
cess known as the polarization matrix. Fj is the term that describes the polarization
created during scattering. In SNP a right-handed set of orthogonal axes are defined,
where x axis is defined to be parallel to the scattering vector Q, z axis is the vertical

axis and y completes the right-handed set. A general polarization matrix is given

by
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bl|z

— a az ML = Z(OOZ)

Figure 8.2: Two 180° domains represented by as or by in the temperature range
T, <T < T,. The corresponding direction of toroidal moment in each domain are
indicated by the arrow on top.

al : M| =i(0yz2)

b||z

a bfl ‘M, = z(Oyé) bZ M, = z(()gji)

Figure 8.3: Four antiferromagnetic domains in the low temperature phase T' < Tj.
The 180° domains are represented by the labels a/b. The different orientation do-
mains are represented by primed or double primed domains. The magnetic interac-
tion vector corresponding to each domain is also represented.
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piI(NZ_MJQ_)_JyZ 7pianz*Jyz Pizdny—Jyz
Ptz Is pfcc2 2[y , Ptz 1.
P, = PizJnz+Rny piy(N*+M7 —M7 )+Rny PizRyz+Rny
fri Pfy I Pfy I, Pfy I,
—Piz J7Ly+an piyRyz+an piZ(N27Miy+Miz)+R"Z
Pfz Ts Pfz I, Pfz I,
Where
2 2
I, = N°+ M7 + piaJy-
I, = N>+ M? +pyR
y = 1 T Piyliny
I, =N?*+ M7} +p.R
z 1 pzz nz
with

R, =2Re(NM?7,)
Jni = 2Tm(NM?,)
Jyz = 2Im(M 1, M7 )
R,. =2Re(M, ,M7,)

Here N is the nuclear structure factor and M is the magnetic interaction vector
defined as M, (Q) = Q x (M x Q) and M (Q) is the magnetic structure factor given

by M(Q) = ¥, 5,/,(Q)e ™.

For the magnetic structure of LiNiggFey2POy4,the magnetic moments related by
the inversion center are antiparallel and this leads to purely imaginary magnetic
structure factors. As a result, many contributions from different scattering cross
sections becomes zero such as R,; = J,. =0and I, = [, = I, = N? + M?. These
considerations simplifies the polarization matrix to the form of a pure rotation matrix

which can be expressed as

P; = PPi
(NP T Tuy
P=c| e NEME - M R,.
_Jny Ryz N2 _MJ2_y+MJZ_z

Experimentally, for a specific Bragg reflection, SNP measures how the neutron

spin evolves during a scattering process using the CRYOPAD setup explained in
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section 4.2.3. This is done by measuring all 9 elements of the polarization matrix
corresponding to the incident polarization along x,y, z and scattered neutron po-
larization directions x,y, z where each matrix element Py; is obtained from the spin

parallel (n;ff) and antiparallel (n}“z_) to the analysis direction:

++ +—
Py = Mg — Ny

i T —-
Ny Ny

8.4 Experimental setup

The crystal was aligned with b-axis along the vertical direction corresponding to the
z axis in the SNP coordinates, while the scattering plane (h0l) was accessible for
measurements. As discussed in section 8.2.1, the toroidization in LiNiggFey POy is
along the crystallographic c-axis. The two toroidal domains correspond to toroidiza-
tion either along +c or —c directions. To selectively populate one of these domains,
it is necessary to apply a conjugate field to toroidization that breaks both time and
space reversal symmtery simultaneously as described in section 1.3.1. The simplest
experimental realisation of such a field is a configuration of perpendicular electric
and magnetic fields where the toroidization couples to the cross product E X H.

Thus in order to confirm the existence of ferrotoroidal order and to explore the
selective domain population, the experimental setup must allow the simultaneous
application of electric and magnetic fields with their cross product aligning along

positive or negative c-axis during the cooling of the sample.

8.4.1 Field cooling protocols

To achieve a cross product of electric and magnetic field, along the crystallographic
c axis, an electric field stick and electromagnet setup available on the D3 instrument
at the ILL were utilized. An electric field was applied using the electric field stick
which allows the application of electric field in the vertical direction. The single
crystal (5 X 5 X 5 mm?) was glued diectly onto the bottom capacitor plate. The
distance between the capacitor plates were about 5.5 mm. The electric field was
applied between these capacitor plates while the sample chamber of (&~ 2cm?) was
continuously pumped to reduce the arcing when applying high voltages. The electric
field stick was inserted into a cryostat capable of reaching temperatures down to 2K.

The thin tail of the cryostat was positioned within the bores of an electromagnet
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that provided magnetic fields up to 1T, either within the scattering plane or per-

pendicular to it.

In the present work, The electric field was applied parallel to the b axis by apply-
ing a voltage difference of up to £ 7 kV. Althogh the application of a higher electric
field was allowed by the setup, a voltage above 7 kV could not be applied due to
electric arcing. The magnetic field was restricted to the ac-plane with a magnitude
of £ 1 T, as illustrated schematically in figure 8.4. This results in a conjugate field
poH E of magnitude of up to 13 T kV /em. Figure 8.5 shows the original crystal and
the electromagnet setup at D3.

Because the Cryopad environment used for SNP cannot tolerate external mag-
netic fields, as it perturbs the neutron polarization direction, the sample was cooled
in perpendicular fields ex situ. The field cooling protocol employed through out this
work was to apply the electric and magnetic field in the paramagnetic state and
then cool the sample down to the desired temperature range. At the desired tem-
perature, all fields were turned off and the cryostat was transferred into the cryopad

to perform SNP measurements in the zero-field environment.

Figure 8.4: Experimental setup at D3 illustrating the sample with the b-axis aligned
along the vertical direction and glued to the bottom capacitor plate. Applied electric
field along the b-axis is represented with the blue arrow and the magnetic field in
the ac -plane is shown in green arrow.
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Figure 8.5: a) LiNipgFep2POy single crystal glued onto the lower capacitor plate.
b) The magnetic field setup at D3

8.5 Magnetic structure factor and M

To interpret the SNP measurements, it is necessary to understand the form of mag-
netic interaction vector for the accessible reflections in the (h0l) plane. In this
chapter, we adopt the definition of scattering vector Q as Q = k; — k; where k¢
and k; are the final and incident wave vectors respectively. With this choice the

magnetic structure factor is given by
M(Q) =) S;f;(Q) exp(—iQr;) (8.1)
J

where S; is the magnetic moment vector of the jth atom at position r; in the unit

cell and f;(Q) is its magnetic form factor.

The magnetic ions in LiNiggFey2POy, occupy 4c¢ wyckoff position with fractional
coordinates given in equation 1.5. Here the metal ions at r; and r3 are related
by inversion symmetry, and similarly r,and r; form another inversion pair. The
experimentally established magnetic structure in LiNig gFeq POy [1], follows the sign
pattern (+, +, -, -) for both the a and b components of the magnetic moment. Thus
each inversion related pair contribute terms of the form S exp[—2mi(r* 4 r*)] and

1

—S exp[—2mi(r® +r*)], where S = (5%, 5°,0). Approximating r* ~ } and 7* ~ 0

and summing over all four sites, the magnetic structure factor for the Bragg peak
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(101) simplifies to the purely imaginary form
M(101) = —44f(101)(S*, S, 0)

Only the component of M perpendicular to the Q contributes to magnetic neutron
scattering. The projection of the magnetic structure factor known as magnetic
interaction vector is given by M, (Q) = Q x (M x Q).

For the (101) reflection the nuclear structure factor is less than zero(N < 0).
The scattering vector corresponding to this reflection @Q lies in the ac plane. In the
SNP coordinates z || Q, while the vertical z-axis is parallel to crystallographic b-axis
and the y axis completes the right handed set. Hence the projection of the structure

factor results in a magnetic interaction vector of the form
M, =i(0,£M,,,+M,,)

where M, is sensitive to the a component of the magnetic moment yielding a
positive M, for positive S and M| , is sensitive to the b component of the magnetic

moment yielding a positive M . for positive S°.

8.6 SNP fingerprints of magnetic domains

As discussed in section 8.2, the magnetic domains that arise in LiNiggFey POy below
T, are related to each other by two symmetry operations of time reversal (1') and
a screw axis 27 || y. These domains differ only by the direction of the magnetic
moment components. So that each domain corresponds to a distinct combination
of signs of the y and z component of the M. The off-diagonal nuclear-magnetic
interference terms in the polarization matrix 8.3, depend linearly on M, and M ..
Since these components reverse sign for different domains, the sign and magnitude
of off-diagonal elements provide unambiguous fingerprints of the different domains

and their relative population.

8.6.1 Time reversal domains

In the temperature range 7y < T' < T5, the ordered moments are aligned strictly
along the b axis. Consequently, the only non-zero component of magnetic interaction
vector is M .. In this phase, symmetry allows two domains as, by, which are related

by the time-reversal symmetry. Since this results in the reversal of all magnetic
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Domains M, Py, P,
ay i(0,M,,,M,.) | negative | positive
aly i(0,—M,,,M,,) | negative | negative
bly i(0,M,,,—M,,) | positive | positive
bl i(0,—M,,,—M,.) | positive | negative

Table 8.2: Magnetic interaction vectors and signs of the off-diagonal terms for the
(101) Bragg peak (N < 0) for the 4 domains present below T}.

moments, it transforms as
MJ_Z — _MJ_Z

The off-diagonal polarization matrix element P,, = —P,, = —J,, = 2Im(NM7,),
probes the sign of M, , and hence reveals which one of the 180° domains (toroidal

domains) is populated.

8.6.2 Orientation domains below T}

Below T} the ordered magnetic moment possess a non-zero component along a axis,
which gives rise to a non-zero component of magnetic interaction vector along y
(My,). The orientation domains related by the 2; || y operation changes the com-
ponent of magnetic moment along a from S% — —S¢, while keeping S® unchanged.

This results in a rotation of the magnetic interaction vector in the yz plane by
M, =0, My, M,,) —i(0,—M,,, M,,)
In contrast the 180° domains result in a reversal of both M, components as.
M, =i(0, My, M,,) —i(0,—M,,, —M,,)

The off diagonal term P,, = —P,, = J,, = 2Im(N ij) is sensitive to the sign
changes of M, and therefore reveals which of the orientation domains are popu-
lated. The four different sign combination of P,, and P,. , uniquely identify all four

magnetic domains in the low temperature phase as summarized in table 8.2

8.7 Control of toroidal domains at 22K

The SNP measurements were first carried out at T = 22K (7, < T = 22K < Ty),

where the system is expected to exhibit two domains, as and by, giving rise to oppo-
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site orientation of the toroidization and two different toroidal domains as discussed in
section 8.2.1. The measurement at 22K therefore provide direct insight into whether
LiNig gFeg oPOy4 hosts ferrotoroidal order. All polarization matrices presented in this
chapter are corrected to the initial polarization on D3, py =~ 0.92, and to the decay
of 3He spin filter efficiency which was tracked at regular time intervals by measuring

the P,, element of the (002) nuclear Bragg peak.

Zero field cooling: To establish a reference state, the sample was cooled to
22K without any applied field and a polarization matrix of the Bragg reflection (101)
was measured. The diagonal elements P,, and P, exhibit small deviations from 1,
which indicates the presence of magnetic ordering. The observed polarization matrix
is given by

0.9130(7) —0.038(1) 0.004(1)
0.025(1)  0.9148(7) 0.005(1) (101)
—0.012(1) —0.003(1) 1.0000(6)

The measured matrix exhibits an off-diagonal term P,, which is zero within the
instrumental sensitivity window of +0.02, indicating equal population of the two
domains. This is consistent with the characteristics of a classical antiferromagnetic
material with two degenerate 180° domains. The zero field cooling polarization ma-

trix is presented in figure 8.7.

Crossed field cooling (E X H # 0): The field cooling protocol explained in
the section 8.4.1 were followed with a E =7 kV parallel or antiparallel to the b axis
and H = 1T parallel or antiparallel to the a-axis. The four different field cooling
protocols yield E X H || £ec.

The resulting matrices for the four different protocols are presented in figure 8.7
for the Bragg peak (101). The measured polarization matrices exhibit a non-zero
P,, term for all four field treatments, indicating a domain imbalance. Furthermore,
it can be seen that the P,, term changes sign depending on the direction of E X H,
and not with the polarity of E or H independently. Specifically

e +tEx +H = —E x —H || —c yield P,, < 0, corresponding to preferential

population of the a; domain.

e +E x —H = —-E x +H || 4c¢ yield P,, > 0, corresponding to by domain.
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As expected at this temperature from the magnetic structure with spins aligned
entirely along the b-axis, the P,. and P,, terms are zero within the sensitivity of the
instrument in the observed matrices.

E only and H only field cooling: To demonstrate that the electric field nor
the magnetic field acting alone act as the conjugate fields to the toroidal order,
measurements were conducted following field-coolings in an electric field only, and
in a magnetic field only field protocol. The observed matrices for the E only mea-
surements exhibit zero off-diagonal elements indicating equal population of domains
as and by. These results demonstrate that the individual E field have no effect on
toroidal domain selection. The magnetic field only measurements produce a much
smaller P, term compared to the crossed field treatments. The origin of this effect

is discussed in section 8.8.2.
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Figure 8.6: Observed polarization matrices for the Bragg peak (101) after different
field cooling procedures. All data were obtained at 22 K. The majority domain
corresponding to each observed matrix is labelled below the matrix.

Refinement of domain populations: The precise domain populations were
obtained by refining the polarization matrices collected for different field treate-
ments using the software Mag2POl. The magnitude of ordered magnetic moment
was refined using the polarization matrices of (101), (103), (201) and (202) collected
under the +E X —H field cooling, starting from the previously reported nuclear

122



8. Selective poling of toroidal domains in LiNijsFey POy,

and magnetic structures [1,18|. The refinement results are illustrated in figure8.7.
The refinement yields an ordered magnetic moment of 0.84(2) pup along the b-axis.
The magnetic moment magnitude was then fixed for the other field treatments of
(101) and the domain populations were refined. The resulting domain populations

for (101) under different field cooling protocols are summarized in table 8.3.
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(101 (103) (201) (202)

Figure 8.7: Refined polarization matrices under the +E X —H field cooling at 22
K. Observed polarization elements are represented by left half of the circle and the
calculated elements are represented by right half of the circle.

It is worth noting that the first attempt at producing a domain imbalance by
applying perpendicular fields with +E X —H were carried out using an applied
voltage of only 2 kV (attempts to increase the voltage difference lead to arcing).
The magnetic field magnitude was 1 T. This produced a small non-zero P,, and
a refined majority domain population of 58(1)%, whereas the same field treatment
with a voltage of 7 kV produced a 86(2)% domain imbalance. This suggests that the
efficiency of domain selection increases with the strength of the applied fields. As-
suming linear dependence of the domain population on the conjugate field, the figure
8.9 represent the linear fit of the observed domain population at the three conjugate
field points. The conjugate field is calculated as the product of applied electric field
and magnetic field , where the electric field is calculated by dividing the applied
voltage by capacitor plate distance in centimeters. The extrapolation of the linear
fit suggests the domain population saturation at a conjugate field of 18.7TkVem ™
which correspond to an applied electric field of 10.3 kV. This magnitude of voltage
can be achieved with the current experimental setup if arcing can be avoided. This
warrants further investigation, particularly to identify the minimum and maximum

field thresholds to stabilize and saturate the domain population respectively.
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Figure 8.8: Majority domain population as a function of conjugate field. The grey
line represent the equal population and the red line represent the linear fit. The
refined domain population is shown with red markers.

In summary, the observations at 22K demonstrates that LiNiggFeq2PO,4 hosts
ferrotoroidal order, and the toroidal domains couple to EE X H. This is demonstrated

by the change in sign of P,, term only upon change in sign of the cross product not
individual electric or magnetic field.

8.8 Selective poling of four domains at 2K

At 2K< T, the magnetic moment possesses a non-zero a component and there can
be four domains as explained in section 8.6.2. Zero field cooling measurements sim-
ilar to those described in 8.7 were carried out at 2K for the reflection (101). The
diagonal elements P,,, P,, and P,, are significantly smaller than 1 at 2K indicating
well-developed magnetic ordering. However, the off-diagonal elements P, and P,,

are zero indicating equal population of the expected four domains as illustrated in
figure 8.11

Crossed field cooling with magnetic field along the a axis: A magnetic
field along a-axis does not introduce an energy preference between the two orienta-
tion domains. Hence applying crossed field with the electric field along the b-axis
and the magnetic field along the a-axis, selectivey populates toroidal domains but
not orientation domains. This results in non-zero P,, values while the P,, value

remain close to zero as illustrated in figure8.9.

124



8. Selective poling of toroidal domains in LiNijsFey POy,

(0&3 ®00

000|000 m
00e/ \0oe
@00\ /000\ N ,
1 000] |00
00®/ \0O®

by az

Figure 8.9: Observed polarization matrices for (101) under different field protocols
as indicated by the labels.

8.8.1 Domain selection under rotated magnetic fields

In an effort to selectively populate the orientation domains, the magnetic field was
rotated away from the a axis by an angle ¢ towards either the positive c-axis(¢, ) or
negative c-axis (¢_) as shown in figure 8.10. The resulting two components of the

magnetic field H, and H,, influence the domain population in two distinct way.

e H, combined with an electric field along the b axis, depending on the direction

of cross product stabilizes one of the toroidal domains labelled as a or b.

e H,_ lifts the degeneracy between two orientation domains by minimizing the
Dzyaloshinskii-Moriya energy as discussed in section 8.8.2. This stabilizes

either primed or double-primed domains.

For all results discussed in this section, the magnetic field was rotated by ¢ ~ 20°.
Using the two different handles for domain population control, the selective popula-
tion of four different domains using four different combination of the applied fields
were achieved as illustrated in figure 8.11, which shows the full polarization ma-
trix for (101) under corresponding field coolings. As summarized in table 8.2, the
selective population of four domains in the low temperature phase can be identi-
fied by the four different sign combinations of the off-diagonal matrix elements P,
and P,.. In the current set of field cooling procedures, £E X —H, parallel to +c
were used to stabilize one of the toroidal domains in {a}, af, b}, b/}, as indicated
by the sign of P,,. The signs of P, are consistent with those observed at 22K for
the same direction of E X H. The component, =H,, of the magnetic field along

¢ now determines which of the two orientation domains arising from each toroidal
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domain is being stabilized i.e. selects between a}-a} or between b)- 0. This is indi-
cated by the sign of P,,. The sign of P,, follows from the sign of —(E x H,) - H.
Hence from the four different sign combinations of P,, and P,, achieved through
four different combinations of applied fields, the selective poling of four domains in
the low-temperature phase is demonstrated. Note that all the SNP measurements
were recorded in zero field conditions after the ex-situ field cooling of the sample,

confirming the non-volatile nature of the four state domain distribution.

—C C

Figure 8.10: Rotated magnetic field setup used for the four domain selection below
T,. The magnetic field is rotated in the ac-plane, where it makes an angle ¢ with
the -a-axis.
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Figure 8.11: Observed polarization matrix under different field coolings for the
reflection (101). The corresponding domains are labelled below the matrix.

Refinement of domain populations: The magnetic structure was refined
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using polarization matrices of the reflections (101), (103), (201) and (202) recorded
under the +E X +H field cooling protocol at 2K. The refined magnetic moment
magnitude yields 2.28(2)up and a spin rotation of angle 60.4(6)° away from b-axis.
This value is in good agreement with the angle ~60° obtained by Fogh et al. [1].

The refinement results are illustrated in figure 8.12.
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Figure 8.12: Refined polarization matrices corresponding to +E X +H field cooling
protocol at 2K. Observed polarization elements are shown by the left half of the
circles and the refined polarization matrix element is represented by the right half
of the circle.

The SNP refinements obtain the best results with the C, symmetry of the a-
axis magnetic moment component confirming the magnetic structure defined by the
combination of irrep I'y + I'y below T;. The magnetic structure was then fixed to
the value obtained from this refinement and the relative populations of the four
domains were refined for the (101) polarization matrices recorded under the four
different field-coolings. The results from the refinement is summarized in table 8.3.
The toroidal domain imbalance is calculated as nr = (a} +aff) — (b +b]f). The most
efficient toroidal domain selection was up to 92% for the —E X —H,,  field protocol,
while the most efficient orientation domain imbalance (ng = (afj + 0}) — (a} — b))

of 40% was achieved with the same field configuration.

8.8.2 Dzyaloshinskii-Moriya interaction and domain selection

The theoretical considerations concerning the role of the Dzyaloshinskii-Moriya
(DM) interaction presented here are in analogy to the ones presented for LiCoPOy
[44] and LiNiPO,4 [51]. The magnetic susceptibility tensor elements yxq, and Xqe
associated with the non-zero magnetoelectric tensor elements ay;, and «,. reported
in LiNig gFeo POy, allows the coupling of S® and S® and S® and S°¢ respectively. To
capture the dominant contribution, only the nearest neighbour interaction between

the spin pairs S1-S4 and S3-55 are considered

H?M = D14 . (Sl X S4) + D32 . (Sg X Sg) (82)
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Since the midpoints between these spin pairs lie on general position of the space
group Pnma, all components of the DM vector D are allowed. Furthermore, since

the midpoints are related by inversion operator,
Dy = —Dsg

Thus the two symmetry allowed DM interactions are

HPM = D¢, (SfSX — SbSy — 5485+ Sé’Sg) . (8.3)

HPM = Db, (5955 — 589 — §955 4 S559) . (8.4)

In the two-domain state in the temperature interval Ty < T' < T3, the ordered
moment lies along b-axis. However,an applied magnetic field along the +a-axis in-
duces a small ferromagnetic component along +a of the magnetic moments on all
four sites. Then if Df, > 0 in the allowed DM interaction 8.3, it couples the field-
induced S° to the ordered moment S® and stabilizes the (+,+,--) sequence of spin
component along b axis thus selecting one of the two 180° domains. Hence this
explains the domain selection observed, even in the absence of an electric field in
section 8.7 with an applied magnetic field H || a. The magnetic field only poling
results in a domain imbalance of 67(2)% which is less efficient than the crossed-field

poling as seen in table 8.3.

Applying the same logic to the T" < T} region, an ordered moment component
along a exists and a ferromagnetic moment along ¢ due to an applied magnetic
field along H || £c is induced. Then DM interaction vector along b-axis8.4 couples
these two spin components. The induced ferromagnetic component along +c¢ axis,
stabilizes a (-,-,+,+) sequence of spins on the a axis component if D%, > 0 , hence
lowering the energy for one of the orientation domain and explains the selection of

one out of the primed and double primed domains.
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Figure 8.13: The figure illustrates the Dzyaloshinskii-Moriya interaction vectors D4
and D3z in LiNig gFey2PO,4. The figure shows four magnetic ions (red), the oxygen
atom (yellow) mediating the DM-interaction and the displacement, x, of the oxygen
away from the lines connecting magnetic ions.

The magnitude of individual component of DM vector is determined by the geom-
etry of the superexchange pathway. The orientation of D is proportional to ri4 X x
where ry4 is the unit vector between the spins 1 and 4 and x is the displacement of
oxygen ion from that line [121]. The projection of D14 onto the bc plane makes an
angle of 35°angle with the ¢ axis. Therefore, D® < D¢ and this in combination with
the experimental condition of H. < H, results in a slightly less efficient selection
of orientation domains of upto 66(2)% compared to the selection of 180° domains

using magnetic field only.

8.9 Temperature dependence of magnetic moment ro-

tation

The temperature evolution of magnetic structure was investigated using the mea-
surements of selected polarization matrix elements of the (101) peak with +E x —H
field cooling. The diagonal elements P,,, P,,, .. were measured because they probe
the square of the magnetic interaction vector and therefore allowing the characteri-
zation of magnetic structure independent of the domain distribution.

The magnetic structure for each temperature point was refined while keeping the
structural values fixed to the values determined in reference [1]. The magnetic mo-

ment magnitude and the spin rotation angle # from b axis was refined. The magnetic
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space group of Pnma’(I"y) was used for the T, < T' < T3 region while the monoclinic
group P112;/a’ (I'y + I'y) was employed below the temperature Ty. The observed

and refined values of the diagonal elements are illustrated in figure 8.14.
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Figure 8.14: Temperature dependence of the diagonal elements of the polarization
matrix of the Bragg peak (101) recorded for the field cooling procedure with +E X
—H. The markers denote the observed value while the dotted line follow the refined
value of the diagonal elements evaluated from the polarization matrix observed at
specific temperature points.

As discussed in the polarization matrix 8.3, P,, is sensitive to the total magni-
tude of the M, while P, probes the spin flip channel contribution from the M ,
which is sensitive to the magnetic moment component along b-axis. The P,, element
has spin flip contribution from the M, component, which is sensitive to the a axis
component of magnetic moment. As illustrated in figure 8.3, in the paramagnetic
region (T > Ty), all three diagonal elements approach unity corresponding to the

nuclear only contribution which does not alter the neutron spin state.

In the temperature region T, < T' < T}, the increase in the magnitude of ordered
magnetic moment along b axis is reflected in the identical decrease in P,, and P,
upon cooling, which indicate that the only magnetic contribution is from magnetic
moment along b -axis. In this region, P,, remain close to 1 consistent with the

absence of M ,. Below T}, the onset of spin rotation towards a axis is reflected in
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Figure 8.15: a) The magnetic moment magnitude and the magnetic moment rotation
away from b axis () from the refined polarization matrices at different temperature
points. b) Calculated toroidization using the refined magnetic structure at each
temperature point.

the decrease of P,, due to the increase in M,,. The P,, decreases monotonically
with decreasing temperature below T}, indicating the overall increase in magnitude
of ordered magnetic moment. P,, first decreases below T} reaching a minimum at
20K, due to the increasing contribution from M, then increasing with further in-
crease in M ,. The ordering temperatures observed from the SNP data, agrees with
the Ty and T} reported by Fogh et al. [1].

The magnitude and the angle of spin rotation from b axis of the ordered moment
extracted from the refinements are plotted in the figure 8.15. Below T}, the angle
increases continuously, reaching 60° at 2K, in good agreement with the previously
reported value [1].

The calculated toroidization from the refined magnetic structure using the equa-
tionl.8, in the direction c¢ is plotted in figure 8.15. The toroidization increases
monotonically below T, due to the increase in ordered magnetic moment. Below
Ty, the toroidization decreases slightly due to the onset of spin rotation 6 before

stabilizing.

8.10 Temperature dependence of domain imbalance

The off-diagonal elements P, and P,, were measured for the same temperature

points were the diagonal elements were measured under the field cooling configura-
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tion of +E X —H. The domain imbalances were refined together with the ordered
magnetic moment magnitude and direction which can be refined using the diago-
nal elements as explained in the section 8.9. The +E X —H field treatement with
magnetic field strictly along a axis does not produce significant orientation domain
imbalance as indicated by the P,, value which is within the instrumental sensitivity
to exact zero values (£0.02). The large P, values produced by this field treatement
indicated the successive poling of toroidal domains. The refiened and observed value
of P, and P, is illustrated in figure 8.16.

0.6 ‘ :

E Pyx

05 r Pzz T
¢ P.(+Ex—-Hy) .00..

04+ e e B

0.3+ . 1

0.2

T
-
1

0.1 \ 7

=

=
T
.
1

5 10 15 20 25
T (K)

Figure 8.16: Temperature dependence of the Py, and P,, elements of the polarization
matrix of the Bragg peak (101) recorded for the field cooling procedure with +E X
—H. The Temperature dependence of P,, under the field treatment +E X —Hgy_
is also illustrated in the figure. The markers denote the observed value while the
dotted line follow the refined value of the diagonal elements evaluated from the
polarization matrix observed at specific temperature points. The grey zone indicate
the SNP sensitivity.

The toroidal domain imbalance nr and ng extracted from the refinements are
plotted in figure8.17. The toroidal domain imbalance ny remain stable throughout
the temperature range below 7T;. With increase in temperature above Ty, 1y con-
tinuously decreases reaching zero at 75 when system becomes paramagnetic. The
refinement of orientation domain, results in oreientation domain imbalance that is

close to zero within the zero polarization window below T}, exhibiting large fluctu-
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Figure 8.17: Temperature dependence of toroidal domain imbalance (nr) and the
otrientation domain imbalance (ng) under the field treatment +E X —H from the
refinement of polarization matrices. The orientation domain imbalance under the
field treatment +E X —H,_ clearly indicate the selective population of orientation
domains.

ation just below T}, as the significance of M, and in turn the term P,, becomes
negligible as the spins approach b-axis.

An additional temperature dependece of P,, element is illustrated in figure8.16 for
a different field configuration of +E X —Hy4 as described in section 8.8.1. This
produces large P,, values and correspondingly result in large ni values from the
refinements. This observed domain imbalance is stable in the whole temperature
below T}, independent of the variation in magnetic moment rotation angle.
Domain response to temperature cycling: Figure 8.18 illustrates the tem-
perature dependence of P, and P,, with an applied magnetic field of —Hy_ with
¢ = 10°. As shown in figure the sample exhibits a reproducible domain imbalance
when it is heated to temperatures just below T, as represented by the identical
values of P,,. In the illustrated data, the sample was first cooled down to 2K and
the temperature dependent F,, and P,, were measured when the temperature was

increased upto 19 K, then cooled down again while measuring the matrix elements.
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Figure 8.18: P, and P., temperature dependence under the field cooling with —H,,_

The figure illustrates the reproducibility of P, and P., in turn indicating the
reproducibility of domain population distribution when the temperature is cycled
under T}

8.11 In-situ switching trials for toroidal and orienta-

tion domains

In-situ switchability of the domains, where the domain selection can be switched
without heating above the ordering temperature is highly interesting in the perspec-
tive of future application-oriented research. Such in-situ switching has been demon-
strated in the compound LiCoPO, using second harmonic generation techniques
unambiguously, where the full hysteresis loop of toroidal moment as a function of
the conjugate field E X H have been reported [49]. These measurements reveal a
ferrotoroidal moment switching at a well defined coercive field. A key observation
from this study was that the coercive threshold decreases rapidly as the tempera-
ture approaches transition temperature. With an increase in temperature by 0.7 K,
the threshold field decreases by nearly two orders of magnitude reaching a value of
0.25T.kV cm™!. This motivates switching attempts closer to the transition temper-
ature.

In the present work, switching attempts were carried out at 19K, 2K below T} which
corresponds to half the temperature difference from the transition temperature in
the LiCoPOy study. The conjugate field strength of 13 T.kV cm™! was used for the
switching.

Electric-field driven switching: The switching was attempted by reversing the
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8. Selective poling of toroidal domains in LiNijsFey POy,

conjugate field direction by reversing the electric field direction. The system was
first cooled down to 2K under a field configuration of —E X —Hy4_ with ¢ = 20°.
Upon heating to 19 K, the measured P, and P,, were positive identifying the a)
domain as the populated state in this configuration. The switching was attempted
by applying a +E X —H,_ followed by rotation of the magnetic field to ¢, . Reversal
of the toroidal domain would manifest as a sign change in P, while same sign of P,
is expected. However, the measurement after the application of switching fields does
not reveal any change in the signs of both P, and P,, indicating a failed switching.
Magnetic field driven switching: Together with the attempts to switch the do-
main population under the transition temperature, attempts were made to improve
the orientation domain selection from the observed population of 66% for the ma-
jority domain.

To maximize the orientation domain imbalance, the sample was first cooled to
T, < T = 228K < T, with —E X —H magnetic field along —a axis. At 22.8
K, the electric field was removed and the magnetic field was rotated by 90° towards
+c axis. The sample was further cooled down to 2 K. However this field protocol did
not succeed in producing a better domain imbalance. The orientation domains were
nearly equally populated (49(4) %), indicating that the complete removal of toroidal
poling field may introduce fluctuations that could destabilize the orientation domain
imbalance. However a toroidal domain imbalance of 89(4)% is observed. With this
initial configuration, an attempt to switch the toroidal domains were made by heat-
ing upto 19K and reintroducing a crossed field setup —E X +H with magnetic field
along +a. No change in P,, was observed indicating failed switching.

In the next field protocol, In order to maximize the orientation domain imbalance,
the sample was cooled to 23.5 K under +E X —H with magnetic field along —a
axis. After which the magnetic field was rotated 45° towards —c axis in order to
increase the poling field for orientation domains (H,.), while keeping a finite toroidal
poling field and the sample was cooledd down to 2 K. This field cooling protocol
was successful in achieving the most efficient orientation domain selection observed
in this work with P,, = 0.457(1). The refinement of the polarization matrix with
this field cooling procedure yields a majority domain population of 78(2)% for the
b, domains. Hence indicating that the increase in H. with a presence of toroidal
poling field incresese the orientation domain selection efficiency. Notably, repeating
the same field cooling procedure with appropriate signs for the field configuration,
did not yield comparable efficiencies for other domains.

Switching attempts were made with the high efficiency domain selection field pro-
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cedure discussed, with +E X —H along —a down to 23.5 and then rotating the
magnetic field to 45° towards +c axis. At 2K the P,,=-0.325(1) and P,, = 0.076(1)
was observed identifying the populated state as b domain. At 19 K, switching of
the orientation domain was attempted by rotating the magnetic field 45° towards
—c axis. The measurment after the application of switching field, showed no change
in P, and P, indicating failed switching.

Despite the several switching attempts with the 13 T.kV cm™! strength of conju-
gate field, no switching of toroidal domains or orientation domains were observed.
Considering the higher transition temperature for the toroidal domain of 75, the
attempts to switch the toroidal domains below T} in the four domain state might be
too low in temperature. The orientation domain switching attempts also failed with
the current field magnitude of =~ 0.7 T. Eventhough robust domain populations can
be selected with cooling under combined fields, domain switching was not possible
in-situ proving the domain population distribution under 7} to be resistant against

stray fields.

8.12 Discussion

The results presented in this chapter unambiguously demonstrate the controllable
four-domain state in LiNiggFeq POy, originating from the spin rotation away from
the b-axis. Moreover, this chapter provides direct experimental evidence for the
existence of ferrotoroidal order in the mixed anisotropy lithium orthophosphate sys-
tem LiNiggFe2POy4. The ferrotoroidal nature of the system provides two different
handles for toroidal and orientation domain manipulation. In particular, the cross
product of electric and magnetic field allows the manipulation of toroidal domains,
while the magnetic field along c-axis provide the handle for orientation domain ma-
nipulation. Together with the demonstrated non-volatility and the robustness of
the domains, these results position LiNiygFeq2POy , to the best of our knowledge,
as the only single phase antiferromagnet where controllable four-state domains have
been realized.

Further insight into the domain behaviours is provided by the results from different
field cooling procedures discussed in this chapter. The high efficiency procedure
explained in section 8.11 achieves the orientation domain selection with majority
domain population of 78(2)%. However, the pronounced domain dependency of
the efficiency suggests possible local anisotropy variations due to the Ni/Fe occu-

pancy and domain pinning effects that makes certain domains easier to stabilize
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than others. A systematic investigation of how the selection efficiency depends on
the magnitude of the conjugate field would be valuable for establishing poling pro-
cedures and exploring the switching behaviours more efficiently in this compound
and in other related memebers of the lithium orthophosphate family.

Attempts to switch the domain states within the ordered phase exhibited a clear con-
trast with the reported behaviour of LiCoPOy [49]. In LiNipgFeq POy, even higher
conjugate fields from that reported for LiCoPQ, , was unsuccessful to induce domain
switching at comparable temperature window with respect to the transition tem-
perature. This absence of switching is consistent with the enhanced pinning effects
due to chemical disorder and local anisotropy variations. Thus eventhough selective
poling of toroidal and orientation domains are achievable in LiNijpgFeq POy, the
domains remain relatively rigid compared to the LiCoPO,. Switching behaviours
of the system should be further explored using different field stregths especially for
the orientation domain switching to assess whether the switching threshold can be
achieved. Further compositions within the LiNi;_,Fe, PO, series, that exhibit sim-
ilar spin rotation as discussed in chapter 7 should be investigated to determine if
the absence of switching arises from sample specific pinning or from intrinsic effects
associated with mixed anisotropy disorders.

The high degree of controllability combined with the non-volatility implies borader
significance for the four domain state in LiNiggFeq2POy4. A robust four-state anti-
ferromagnetic ground state is of considerable interest for device development that
require multiple stable logic states such as quatenary memory concepts. Further,
the lithium orthophosphate family offers a tunable platform where chemical substi-
tution works as a handle to control the competing anisotropy driven spin rotation
and therefore giving rise to a spectrum of contollable magnetic structure governed
physical properties as discussed in chapter 6 and 7. The multi domain states can
be developed further in such systems and their toroidal nature can be utilized as an
additional handle for domain control. The behaviour demonstrated here therefore
present proof of concept for engineering controllable multi domain antiferromagnets

by exploiting anisotropy competition.
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Table 8.3: Observed and calculated values of P,,, P,. and refined domain popula-
tions for the different field coolings. The upper part of the table corresponds to field
coolings carried out at 22K, while the lower part corresponds to the field coolings
carried out at 2K. The polarity of the applied electric and magnetic fields are repre-
sented by "+" or "-". For the 2K field cooling procedures, the third polarity entry
denotes the direction of magnetic field rotation ¢
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9

Single crystal studies of LiCoPOy
and LiFePOy

9.1 Motivation

The lithium orthophosphate family has been extensively studied. Its members are
generally described as collinear antiferromagnetic compounds with propagation vec-
tor k=0 [17,18]. However, the literature contains a large amount of contradictory
evidence for deviations from the collinear structure for LiCoPO, and LiFePO,. Even
subtle deviation from collinearity of the magnetic structure carry significant impli-
cations for the symmetry governed properties, such as magnetoelectric effect and
toroidal order.

Within the collinear antiferromagetic structure with compensated magnetic moment
reported for LiCoPO, with €, basis vector, the allowed magnetoelectric tensor el-
ements are oy, and ay,. Notably, LiCoPO, exhibits the largest reported magneto-
electric coefficients among LIMPO, family. Rivera et al. [122], while confirming the
expected magnetoelectric tensor form, also revealed the unusually large absolute
value and the existence of a strong butterfly type magnetoelectric loop for fields
along b-axis. These features are inconsistent with the collinear antiferromagnetic
order with compensated magnetic moment and hints at possible symmetry lowering
existing in this compound.

Later Kharchenko et al. reported the possible existence of a weak ferromagnetic
component along b-axis, based on SQUID magnetometry measurements on a high
quality single crystal. They observed a spontaneous magnetic moment of the order

0.1G along b-axis at 15 K. This also suggests the lowering of symmetry from the
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original structure suggested for LiCoPOy [43].

Further, neutron diffraction studies of LiCoPO, suggest the existence of transverse
magnetic moment components. Vaknin et al. [42] reported a weak magnetic peak at
the (010) position, that is forbidden under the collinear C, structure. They inter-
preted this as the evidence for collinear rotation of magnetic moment in the be-plane
by an angle of 4.6° away from the b-axis. This lowered symmetry magnetic structure
is described by the combination of basis vectors Cy+C.,.

More recent neutron studies by Fogh et al. [44], identified a zero field magnetic
ground state where in addition to the dominant magnetic structure described by
C, an additional minor component described by the basis vector A, is reported.
They reported the canting angle in the be-plane to be about 7(1)° by comparing
the intensities of the Bragg reflection (301) (indicating C, structure) and the (100)
reflection which indicates an A, component and is forbidden under the collinear
magnetic structure.

LiFePOy4 presents a similar case. As in LiCoPQy, the dominant magnetic struc-
ture has been established to be of (), type. However, neutron diffraction studies
by Li et al. [106] revealed a non-zero intensity at the symmetry forbidden reflection
(010). Based on the intensity ratio of the reflections (210) and (010), they inferred
a rotation of the ordered magnetic moments by an angle 7.5(5)° towards c-axis, or
equivalently about 3 ° towards the a-axis. In a later neutron diffraction and mag-
netoelectric study, Toft-Petersen et al. [38] reported a significantly smaller canting
angle of about 1.3° with components along both the a and ¢ axes described by the
combination of basis vectors C, + A, in addition to the dominant component of C,
type.

This chapter is motivated by these long-standing unresolved questions regarding the
minor canting components of the LiCoPO, and LiFePOy,. In the present work, the
existing ambiguity surrounding the symmetry and existence of canting components
is addressed by utilizing a combination of single crystal neutron diffraction and
spherical neutron polarimetry measurements. Having demonstrated the ability to
selectively pole the four antiferromagnetic domains in a mixed-anisotropy compound
in the chapter8, this chapter explores the same logic in order to test the existence
and symmetry of orientation domains which arise from the existence of deviations
from the strict collinear antiferromagnetic structure. Although the proposed canting
components are small in magnitude, they represent a lowering of magnetic struc-
ture symmetry and therefore influence the symmetry governed properties of these

materials. For example, in the ferrotoroidal material LiCoPOy,, the spin rotation
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proposed by Vaknin et al., generates a finite component of the toroidal moment
along b-axis, as expressed in equation 9.1 [31,50]. Similarly, recently reported exis-
tence of a weak finite diagonal magnetoelectric tensor element «,, in LiFePO, also
indicates a symmetry lowering [39]. These observations highlight the importance of
confirming the symmetry and existence of such canting components. This chapter
therefore attempt to resolve the canting components comprehensively to establish
a solid foundation for understanding the implications of this symmetry lowering on

the physical properties.

9.2 Single crystal neutron diffraction of LiCoPO,

Single crystal diffraction measurements were performed at the four-circle hot neu-
tron diffractometer D9 at ILL Grenoble with a neutron wavelength of A= 0.835A. A
high quality LiCoPOy single crystal was glued on to the sample holder with b-axis
vertical. Integrated intensities were collected at 50 K and 2K over a wide set of sym-
metry allowed and nominally forbidden reflections to enable a precise determination
of both nuclear and magnetic structure. The integrated intensity for each Bragg
peak is collected following the method described in section 4.2.2. The integrated
intensity represent the area under the omega scan for each Bragg peak. The figure

9.1 shows the 2D detector image for the (101) peak at a specific omega step.

Figure 9.1: 2D detector image for the (101) peak at a specific omega step
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9.2.1 Nuclear and magnetic structure refinement

A comprehensive refinement of the nuclear structure was carried out using the 50
K data, which is well above the reported Néel temperature (Ix ~ 21K [17]), A
total of 307 unique reflections were measured, corresponding to 166 symmetry in-
equivalent reflections. The crystal structure was refined in the space group Pnma.
The scale factor, extinction parameters as well as atomic positons and anisotropic
displacement parameters for all atoms were refined. Refinement with Pnma space
group resulted in an agreement factor of Rp = 1.93. As illustrated in the figure 9.2,
indicative of an internally consistent structural model.The result of the refinement
is summarized in table 9.1. The correlated refinement combining D9 data and the
powder diffraction data from D2B, similarly exhibits excellent agreement factors,
demonstrating the consistency across techniques. The fit quality for the correlated

refinements are illustrated in figure9.3.

Atom Site x Y z Oce.
Li 4a 0 0 0 1
Fe e 0.27788(9) 1/4 0.9793(2) 1
P 4e - 0.09394(5) 1/4 0.41815(9) 1
01 4e¢ - 0.09726(4) 1/4 0.74212(9) 1
02 dc 0.45425(4) 1/4 0.20544(8) 1
03 8d 0.16619(3) 0.04403(5) 0.28189(6) 1

Table 9.1: Refined atomic position of LiCoPOy4 from the refinement of single crystal
neutron diffraction data collected at 50 K. The refinement yields an agreement factor
of Ry=1.93

Magnetic structure refinement: Magnetic structure refinement was per-
formed at 2 K, including the forbidden peaks under the crystallographic structure
described by the space group Pnma. Particular attention was given to weak purely
magnetic reflections that could indicate canting of the magnetic moment. The re-

finements were attempted for 3 different models

o 'y +1I'y - Tests the presence of magnetic moment canting of the type A, along

the c-axis as discussed in table 1.3, previously proposed in the reference [44].

e ['y - This model corresponds to the widely accepted main component of the

magnetic moment along b-axis and absence of any canting.
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Figure 9.2: a)Crystal structure refinement result for single crystal data collected at
50 K b) Magnetic structure refinement for I'y + I'y model at 2K. Both data were
collected on D9 instrument with wavelength of A= 0.835 A

e [y + I's- This model incorporates a canting of the type C, along the c-axis

reported in reference [42].

Each magnetic model was refined against the full data set including the symmetry
forbidden reflections. The best agreement factor was achieved for the I'y +I'y model
with an Rp of 3.21 while the strictly collinear I'y model yields an agreement fac-
tor of Rp= 3.49. The refinements yield a dominant C, component of 3.51(2)uz,
consistent with previously reported values for LiCoPOy [17,42-44]. In addition a
small canting of A, = 0.37(2) up is obtained. This corresponds to a canting angle of
0=6.0(3)° from the b-axis. The value is in close agreement with the canting angle of
7(1)° reported for the same symmetry in reference [44|. Refining the C, component
allowed by the I'y irrep improves the agreement factor slightly and yields a value of
0.29(3)uup.

Both I'y + I's and I's + I'y improve the quality of the refinement compared to the I'y
model with magnetic moments strictly along b-axis. The refined magnetic moments
within each magnetic model and the corresponding agreement factors are summa-
rized in table 9.2. The figure 9.2 shows the refinement results for I'; + I'y. Notably,
the I'y + ' model produces an angle § = 3.8(7)° with non-zero minor component
of the type C., while the previously proposed canting angle with this symmetry

component was 4.6 ° [42].

Although both 'y 4+ I's and I'; + I'y improve the quality of the fit compared to

the collinear model I'y, the extracted canting component must be interpreted with
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Figure 9.3: Correlated refinement result for single crystal data collected at 50 K on
D9 instrument with wavelength of A= 0.835 A and the powder data collected on
D2B with A= 1.594 A.

Magnetic structure J U e Utotal Ry

Iy +1y 0.29(3) 3.51(2) 0.37(2) 3.54(2) 3.21
Iy - 3.45(2) - 3.45(2) 3.49
I'y+ g 0.38(3) 3.46(2) 0.23(4) 3.49(2) 3.31

Table 9.2: Refined magnetic moment and corresponding agreement factors for the
three tested magnetic structures of LiCoPQOy

caution. The symmetry forbidden peaks that lead to finite canting components in
the refinement could have considerable contribution from multiple scattering and
background artefacts. In the next section, the temperature dependence and 1) scans

of key reflections are discussed to interpret their true nature.

9.2.2 Temperature dependence and i-scans of key reflections

To further assess the validity of the refined magnetic structure and to search for
possible signatures of weak canting-related intensity contributions, temperature de-
pendent measurements were carried out on the reflections (3 0 0), (0-3 0), (0-1-2),
(30 1) and (1 0 1). The relevant magnetic structure factors for the basis vectors
and corresponding polarization factors contributing to these peaks are summarized
in table 9.3. The temperature dependence of the reflections (3 0 0), (01 2), (30
1) and (1 0 1) were measured in the temperature range 4-300 K, while the (0 -3

0) reflection was recorded in the temperature range 9 to 26 K. The temperature
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dependence for all the peaks in the range 4 to 80 K is visualized in figure 9.4.
Magnetic reflections (1 0 1), (30 1) and (0 -1 -2) :

The reflections (1 0 1), (3 0 1) and (0 -1 -2) are allowed magnetic Bragg peaks
for the I'y model, which contains the basis vector C}, and therefore corresponds to
a magnetic moment aligned strictly along the b-axis. All three reflections exhibit
a temperature dependence characteristic of magnetic ordering. The reflection in-
tensities drop rapidly above 20.5 K, reaching background level in the range 20.5 -
25K. This behaviour is consistent with the established Neél temperature of LiCoPO,
(Tx =~ 21.6 K).

The absence of additional anomalies above Ty indicates the well-defined magnetic
ordering for the Bragg reflections that correspond to C, basis vector in the reported
ordering temperature range. This validates the existence of Cy- type magnetic or-
dering.

Symmetry forbidden reflections (3 0 0) and (0 -3 0):

Both (3 0 0) and (0 -3 0) are forbidden by symmetry under the Pnma space group
and therefore have zero nuclear structure factor. Any intensity at these positions
must therefore originate from a secondary basis vector if the magnetic symmetry
is lowered due to the rotation of spins away from the b-axis or from effects such as
multiple scattering.

As can be seen from table 9.3, the reflection (3 0 0) has a non-zero intensity if
the magnetic structure possess components of the type A, or A,. Therefore, the
intensity of this reflection is expected to show an order-parameter like temperature
dependence where a clear ordering temperature is visible if the minor magnetic mo-
ment components of the type A, exist. However the observed scattering at (3 0 0)
position is extremely weak and exhibit random intensity fluctuations comparable to
statistical uncertainity. The absence of any anomaly at the ordering temperature
implies that the intensity at this position is originating from the instrumental back-
ground or multiple diffraction contributions. Hence the temperature independent
behaviour of (3 0 0) indicates the possible absence of a A, type minor component
within the detection limits of the instrument.

A similar argument applies to the (0 -3 0) reflection position, which exhibits non-
zero intensity only for magnetic structures containing components of the type C,
and C,. Therefore if the finite C, minor components suggested from the refinement
results exist, then the temperature dependence should exhibit an order-parameter
dependent temperature evolution with a drop to background level at Tx. However,

the measured intensity at this position consists of a very weak signal with large un-
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1Sr(Q)[* 17(Q)?
HKL|[ A G C F
(TL) | (1414) | (11d) | (111
(301) | 0.06 | 0.19 | 11.83 | 3.92 | 0.34 | 1.00 | 0.66
(101) 0 02 | 153 | 05 |0.80 ] 1.00 | 0.20
0-1-2) | 0 0.99 | 15.01 1.00 [ 0.86 | 0.14
(300) | 12.02 | 3.98 0 0 |1.00 | 1.00

Y| 0 0 16 1.00 [ 0 |1.00
(1-20) | 15.52 | 0.48 0 0.92 | 0.08 | 1.00
(201) | 1.83 | 13.92 | 022 | 0.03 |0.54 | 1.00 | 0.46

X y Z

ololololo

Table 9.3: Calculated squared structure factor and polarization factors for the re-
flections on which temperature dependence was measured. The structure factor and
the polarization factor are discussed in section 3.4.

certainities and random fluctuations, with no drop in intensity observed at Ty. This
indicates the possible absence of a C, type spin rotation away from b-axis. Similar
to (3 0 0), this indicates the origins of intensity at this position not being magnetic
diffraction.

The following section discusses the 1 scans of two symmetry forbidden reflections
to evaluate the possibility that the canting components inferred from the refinement

originate from multiple scattering.

U scans of (0 -3 0) and (1 -2 0):
The measurements on D9 were performed using a short wavelength (A= 0.835A).
Such conditions produce a large radius of Ewald’s sphere and consequently increase
the possibility of mulitple reciprocal lattice points intersecting the sphere simul-
taneously. These conditions enhance the probability of multiple diffraction events
significantly. Multiple diffraction occurs when the diffractometer is setup to measure
a specific reflection of (hkl), and a second refection (hkl)" lies on the Ewald’s sphere.
The incident neutron with wave vector k; is then diffracted by this secondary reflec-
tion (hkl)’, producing an intermediate wave vector k’. This wave vector may fulfill
the Bragg condition for a third reflection (hkl)grr = (hkl)-(hkl)" and result in final
wave vector ky which is detected at the same angular position as the original re-
flection (hkl). The resulting intensity is much smaller than the intensity of a Bragg
peak, however, this contribution becomes significant when the original considered
Bragg peak is weak or extinct by symmetry [123-126]. This is particularly relevant

in the present case, where the reflections that suggest weak canting components in
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Figure 9.4: Temperature dependence of the Bragg peaks in the temperature range
4-80 K recorded on D9 instrument with wavelength of A= 0.835 A

the refinement are symmetry forbidden under the I'y model, making them suscepti-
ble to contamination from multiple diffraction.

1 scans are one of the methods that can be utilized to differentiate intrinsic diffrac-
tion from multiple diffraction. In a ¢ scan, the crystal is rotated about the scattering
vector of the selected reflection. For a true Bragg reflection, the integrated intensity
is independent of v as it does not alter the diffraction condition for that reflection.
In contrast, multiple diffraction occurs only for specific geometric alignments. As a
consequence the intensity contribution from multiple diffraction varies strongly as a
function of 1. This forms the basis for analysing the weak canting components of
LiCoPOy allowing to distinguish multiple diffraction intensities that exhibit strong
1 dependence from weak intensity from magnetic diffraction due to symmetry low-

ering.

Figure 9.5 illustrates the -scans for the (0 -3 0) and (1 -2 0) reflections. As
discussed earlier, these reflections acquire non-zero intensity in the presence of weak
canting components of type C, and A., respectively. For both reflections 1 scans
were performed at 2 K in the magnetically ordered phase and at 50 K, well above
the Néel temperature of LiCoPO,.

The integrated intensity of the (0 -3 0) reflection exhibits pronounced variations
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Figure 9.5: t-scans of (0 -3 0) and (1 -2 0) recorded on the instrument D9 with
wavelength of A= 0.835 Aat 2K and at 50K temperatures illustrated by blue and
red markers respectively.

with 1. Moreover, the integrated intensity recorded at 2K and 50K overlaps almost
perfectly. Notably, no reduction in intensity was observed on heating above the or-
dering temperature. This behaviour indicates that the observed signal at (0 -3 0) is
dominated by multiple diffraction rather than by a true C, magnetic contribution.
Similarly for (1 -2 0), the integrated intensity exhibits i) dependency and the signal
is almost temperature independent between 2K and 50 K. This likewise indicates
the possible multiple diffraction origin for (1 -2 0).

The combined temperature dependence and the -scans results rule out the presence
of weak canting components associated with C, and A, within the sensitivity limits
of the D9 experiment. The non-zero canting components obtained in refinements
therefore most likely arise from multiple diffraction contribution rather than from
real symmetry lowering. The intensity on the (0 -3 0) in bisecting condition (i.e.
Y = 0) is contaminated by the additional intensity that is roughly the difference
between intensity at ¢ = 0 and the minimum intensity in the i curve. Therefore,
LiCoPOy adopts a purely C,(I'y) magnetic structure within the detection limits of
single crystal neutron diffraction at D9. Nevertheless, single crystal neutron diffrac-
tion is fundamentally limited in its ability to resolve small canting components. In
contrast, SNP provides better sensitivity to weak canting components as it allows
to distinguish between different magnetic moment directions. Therefore, the next
section discusses the SNP measurements for LiCoPO, to unambiguously determine

the weak canting component of the magnetic moment.
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9.3 Spherical neutron polarimetry of LiCoPOy,

9.3.1 Experimental setup

Spherical neutron polarimetry measurements were carried out on the same single
crystal of LiCoPOy, as the one used for single crystal neutron diffraction experiment
on D9. The crystals was glued to the bottom capacitor plate with the b-axis along
the vertical direction. The experimental setup follows the configuration described
previously in section 8.4.

As discussed in section 6.5, LiCoPQy is a ferrotoroidic material and the toroidal

moment in LiCoPQy is given by the equation
t = 2puea (cos@z +sindy) (9.1)

Where, 6 represents the angle of collinear rotation of the type C, away from the
b-axis. The dominant component of the magnetic moment in LiCoPQOy4 corresponds
to spins aligned along the b-axis of the type C, producing a toroidal moment along
the c-axis. Therefore, to selectively populate one of the toroidal domains the cross
product of E x H should be along the +c axis, following from the discussion in the
section 8.2.1.

To populate one of the toroidal domains in LiCoPQy, the sample was cooled be-
low the Néel temperature with an electric field along +b axis and a magnetic field
primarily along —a axis in order to achieve the conjugate field E x H along c. Mo-
tivated by our successful poling of orientation domains reported in chapter 8, we
have further applied a ¢ component of the magnetic field by rotating the magnetic
field in the a-c plane, which is the only degree of freedom in the current exprimental
configuration. Depending on the symmetry and existence of canting components,
the magnetic field component along c-axis can induce a potential orientation domain
imbalance, which can be detected using the off-diagonal elements of the polarization

matrix.

9.3.2 SNP analysis of LiCoPO,

The I'y structure of LiCoPOQy yields a magnetic interaction vector component M .,
corresponding to spins aligned along b-axis. Any weak spin canting, away from the

b-axis, produces an additional magnetic moment component in the ac-plane gener-
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ating a non-zero magnetic interaction vector component M ,. Therefore, even if an
equal population of the orientation domains suppress the off-diagonal element P, .,
which contains terms linear in M, the presence of canting components can still be
detected. This is because the diagonal elements of the polarization matrix contain
terms that depend on the square of the magnetic interaction vector component M,
which is independent of the domain distribution as can be seen from the polarization
matrix 8.3. The deviations of diagonal elements from their value corresponding to
the I'y structure, therefore allow the detection of canting components in this exper-
imental configuration.

The full polarization matrices were measured for selected Bragg reflections that
exhibit non-zero structure factors for the canting basis vectors C, and A,. The cal-
ibration of the cell efficiency was done using the nuclear peak (0 0 2).

The field cooling was carried out with an applied voltage of 7 kV and a magnetic
field of 1 T with ¢ = 30°, where ¢ is the angle between magnetic field and a-axis in
the ac-plane. The polarization matrix observed for field cooling with +E x —H,_
for the selected peaks is represented in figure9.6. As can be seen from the figure,
for all measured reflections, the P,. term remains zero within experimental uncer-
tainity. This can arise either from the absence of canting components or from equal
population of orientation domains in the presence of weak canting. Therefore, the
decisive elements are the diagonal elements. Refinement results of the full polar-
ization matrices at 2 K are represented in figure 9.6. The refinement was carried
out using the structural parameters obtained from the D9 single crystal neutron
diffraction measurements. For both proposed models (I'y + I'y and I'y + I'g), the
canting components, A, and C,, converge to zero within the error bars, upon refin-
ing the SNP data indicating zero canting. However, it is important to emphasize
the scale of the expected signatures. The proposed canting angle of 4.6° for C, type
produces a difference between P,, and P,, of ~ 0.01 for the measured reflections in
this geometry, and an even smaller signature is expected for A.-type canting for the
selected Bragg reflections. Such a difference approaches the limit of detectability
under the current experimental configuration.

Tilted scattering plane: In this section instead of aligning the b-axis along
the vertical direction, a tilted configuration is adapted. The reciprocal space vector
(00.990.10) is aligned parallel to the vertical direction, resulting in a ~ 6.7° tilt of
the b-axis relative to the vertical with (1 0 0)-(0 1 -6) plane in the scattering plane.
The electric field is applied along the vertical direction with an applied voltage of
10 kV along with a magnetic field of 1 T along the a-axis. This configuration allows
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Figure 9.6: Refined polarization matrices for selected Bragg reflections at 2 K. The
left half of the circle represent the observed value and the right half represent the
calculated value for the magnetic structure model I's + I'y.

a cross product of E x H along the b-axis in addition to the major component along
c-axis. An increased voltage was used for the electric field to increase the component
of cross product along b-axis. This additional conjugate field along the b axis can
preferentially stabilize one of the toroidal moment components along the b-axis and
thereby stabilize one of the orientation domains in the case of collinear rotation of
C, for which the toroidal moment calculation is carried out in equation 9.1. A full
polarization matrix was measured for the reflection (2 0 0), which possesses non-zero
intensity for the C, type canting. The nuclear peak used for calibrating the cell effi-
ciency over time was (216). As in the previous configuration, the refinement of the
polarization matrix yields a vanishing canting component. The refined polarization
matrix for the (2 0 0) peak is shown in figure9.7.

Across both geometries, the SNP analysis detects no measurable canting within the
instrument sensitivity. The combined results from single crystal diffraction and SNP
measurements on LiCoPO, carried out in this work, therefore did not detect any
canting component that has been previously reported in the literature for LiCoPO,
within the detection limits of the discussed data. However, the expected signatures
for the canting in the measured geometry and selected reflections are small and
improved sensitivity to the canting components could be achieved using specialized
experimental geometries aimed to produce a preferential population between the
orientation domains and can be optimized for peaks that exhibit the largest signa-

ture within the diagonal elements. In the first configuration explained in this work,
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Figure 9.7: Refined polarization matrix for the reflection (200) at 2 K. The left half
of the circle represent the observed value and the right half represent the calculated
value for the magnetic structure model I'y 4 I's.

the biggest signature for the canting A, is observed for the peak (2 0 1) among the
measured peaks which corresponds to P,,-P,,—0.008. Similarly for C, canting, the
biggest signature among the observed peaks is for the reflection (6 0 0) correspond-
ing to Pp,-F,,—0.01.

9.4 Single crystal neutron diffraction of LiFePO,

The single crystal diffraction measurements for the LiFePO, compound were carried
out at the D9 instrument at the ILL with a wavelength of A =0.835A. The LiFePO,
single crystal was glued to the sample holder with the b-axis along the vertical
direction. Integrated intensities of both symmetry allowed and symmetry forbidden
reflections were recorded at 2 K, 80 K and 300K. The following section discusses the

nuclear and magnetic structure refinements from these measurements.

9.5 Nuclear and magnetic structure refinement

The nuclear structure refinement was performed using the data collected at 300 K
and 80K, above the reported ordering temperature Ty = 50 K [18]. Integrated in-
tensity of a wide range of reflections were recorded including 1074 unique reflections
of which 616 are symmetry inequivalent, in addition, 124 symmetry forbidden re-
flections were measured.

The nuclear refinements were carried out within the orthorhombic space group

Pnma. The atomic positions, extinction parameters, scale factor and anisotropic
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displacement parameters were refined. Absorption correction for the data were ap-
plied using the 3D model of the sample implemented in the Mag2Pol software using
a series of 360° images of the crystal mounted on the instrument. The LiFePO,
crystal was bigger and deviates from near spherical shape of the LiCoPO, crystal.
Therefore the absorption correction accounts for the geometric absorption effects.
The nuclear refinements at 300K yielded an agreement factor of Rp= 7.83 for 300K
and Rp = 9.67 for 80 K. The refinement failed to fully reproduce the observed inte-
grated intensities. Noticeable deviations between observed and calculated intensities

are present in the refinement results at 300 K and 80K as illustrated in figure 9.8.
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Figure 9.8: Refinement of single crystal data collected on D9 with wavelength of A=
0.835 Aat 300 K , 80 K and at 2K with magnetic structure I'y + I’y

Magnetic structure refinement: The magnetic structure refinement was per-
formed under the crystallographic space group Pnma, using the 2 K dataset in which
all forbidden reflections under Pnma are included. In LiFePOy, recent studies have
suggested additional minor spin components in addition to the dominant b-axis mo-
ment. Toft-Petersen et al [38] proposed minor spin components with C, and A, basis
vectors described by the model I'; 4 I'y, where the spin rotation away from b-axis is
around 1.3(1)°. In contrast, Jiying Li et al [106] suggest a larger spin rotation either
towards the c-axis or the a-axis with an angle of 3-7° depending on the direction of
spin rotation.

This study therefore compares three models - I'y model with no canting, I'y + 'y
with minor components described by the basis vectors C,+ A, and I'y + I' which
allows canting with basis vectors A, and C..

Among the three tested models, both I's + 'y and I'y + I'¢ models yield comparable
agreement factors of Rp=9.56 and 9.57 respectively. The refined magnetic moments

and the agreement factors for all three models are summarized in table 9.4. Both
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Magnetic structure lha b Lhe tiotar 5

I'h+1Yy 0.6(1) 3.7(2) 0.5(1) 3.7(2) 9.56
| - 3.7(2) - 3.7(2) 9.87
I'y+1T% 0.6(1) 3.6(2) 0.6(1) 3.7(2) 9.57

Table 9.4: Refined magnetic moment and the corresponding agreement factors for
magnetic structure models I's +1'y, I'y and 'y 4+ [

models that permit non-zero canting components improve the fit quality compared
to the I'y model where spins are aligned strictly along the b-axis (Ry= 9.87).

The refined magnitude of the magnetic moment p = 3.7(2) up is consistent with
the previously reported values [76,106,127|. The refined canting components result
in a rotation of the magnetic moment away from the b-axis by approximately 12°,
which is significantly higher than previously reported values. Even though the re-
finement stabilizes the magnetic structures with lowered symmetry with non-zero
canting components, as discussed in section 9.2.1, the contributions from multi-
ple diffraction and background contributions can generate apparent intensities at
the forbidden reflection angle positions. Such artefacts can artificially stabilize the
canting components in refinements. Therefore, the validity of such reflections must
be verified using 1 scans and temperature dependent measurements before reaching

a conclusion regarding the presence of canting components.

9.6 Temperature dependence and ) scans of key re-

flections

The temperature evolutions of the three reflections (012), (300) and (030) are illus-
trated in figure 9.9 and their corresponding structure factors are listed in table 9.3.
The reflection (012) is dominated by the intensity contribution from the Cy-type
structure. The integrated intensity of this reflection exhibits a pronounced temper-
ature dependence, where it drops to background level on heating above the Néel
temperature of 50 K, which is consistent with the previously reported ordering tem-
perature. The peak exhibits a characteristic second order disppearance of long-range
ordered magnetic moment associated with the dominant C), basis vector.

The reflection (030) possesses a non-zero structure factor for both C, and C,-type
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canting components and is forbidden under Pnma space group, therefore possess-
ing zero nuclear structure factor. Although this reflection exhibits a considerable
intensity at 2 K, the integrated intensity does not vanish upon heating above the
ordering temperature. The integrated intensity exhibits a monotonic decrease from
2K to 300 K instead of a sharp transition associated with an ordered magnetic mo-
ment component of the symmetry type C, or C,. The absence of critical behaviour
strongly suggests that the signal observed at this position is contaminated by mul-
tiple diffraction or other instrumental effects rather than originating from a true
canting component.

A similar behaviour is observed for the (3 0 0) reflection, which is sensitive to the A,
canting component and possess zero nuclear structure factor. The observed signal
for (3 0 0) is extremely weak at 2 K and does not exhibit a sharp transition at Ty
expected for a magnetic ordering. Instead it exhibits a weak temperature depen-
dence, gradually dropping to background levels at 300 K.

The weak temperature dependence of these intensities could be due to the change in
Debye-Waller factor and cast significant uncertainities regarding the canting compo-
nent stabilized in the refinements. The behaviour is more consistent with the con-
tribution from multiple scattering or other experimental backgrounds rather than

with genuine canting components.
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Figure 9.9: Temperature dependence of the Bragg peaks in the temperature range
9-300 K recorded on D9 instrument with wavelength of A= 0.835 Afor LiFePO,
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The figure 9.10 illustrates the ¢ scan recorded for (030) at 300 K and at 80 K. At
both temperatures, the integrated intensity is dependent on the angle v indicating
the presence of possible multiple diffraction at this reflection position. To determine
the canting components of the LiFePO, unambiguously, SNP measurements were
carried out for LiFePO, at the D3 instrument.
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Figure 9.10: t-scan of the reflection (030) of LiFePO, recorded on D9 instrument
with wavelength of A= 0.835 A

9.7 Spherical neutron polarimetry of LiFePQO,

Spherical neutron polarimetry measurements for LiFePO, were carried out using
the same experimental setup described in section 9.3.1. The LiFePOy, single crystal
used for the D9 measurements was glued on to the lower capacitor plate with the
b-axis oriented along the vertical direction. An electric field was applied along +b
axis with an applied voltage of 9.3 kV, while the magnetic field was applied within
the ac plane at an angle of 30° to the a-axis. In the current configuration the mag-
netic field was applied along negative a axis with 30° rotation towards positive c-axis
(+H,_ ). Analogous to the considerations for LiCoPOy in section 9.3.1 and for the
mixed anisotropy system LiNiggFeq POy in chapter 8, the major magnetic moment
component in LiFePO,4 belongs to the I'y model with spins aligned along the b-axis.
This component gives rise to toroidal domains with a toroidal moment along =+c,
which can be in principle selectively populated with a conjugate field of E x H
along +c axis. However, the formation and detectability of the orientation domains

depends on the presence and symmetry of the proposed canting components.
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Following the arguments presented in section 9.3.2, full polarization matrices for se-
lected Bragg peaks were measured at 2 K after field cooling. The nuclear structural
parameters for the refinement of the observed polarization matrices were taken from
the single crystal diffraction measurements on D9. For all measured reflections, the
P,. value was close to zero indicating that if canting components exist, the corre-
sponding orientation domains are populated nearly equally.

Refinement of the observed matrices yielded the best agreement factors for the
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Figure 9.11: Refined polarization matrices for the selected Bragg reflections for the
model 'y 4+ 'y with canting components C, and A,

Iy + I'y model, with canting components of C, =0.6(1)up and A,=0.4(3)up while
the dominant component is C;, = 4.17(6)u5. The refined magnetic moment and the
agreement factors for the three considered magnetic structures are summarized in
table 9.5. The resulting magnetic moment magnitude 4.23(7)up is comparable to
the value reported in reference [38]. However, the refined canting angle of 9.8(2.5)°
is significantly higher than the value reported. In interpreting this result, it is im-
portant to note that the SNP refinements utilize the structural parameters from
the D9 single-crystal refinement, which failed to achieve a satisfactory agreement
with observed and calculated intensities. The error in atomic positions or extinc-
tion parameters extracted from D9 data can introduce deviations in the calculated
nuclear structure factor in SNP refinement, which it compensates for by artificially
enhancing the canting components and the magnetic moment magnitude in general
as can be seen from the refined values of magnetic moment magnitude from D9 and

SNP. Therefore the large canting angle obtained from the refinement is unlikely to
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be intrinsic to LiFePO4 and is most plausibly arising from the limitations of the
underlying structural model.

Combining the single crystal diffraction and SNP results, although both refinements
stabilize non-zero canting components, the evidence for the canting is not robust.
The limitations of the structural model derived from the single crystal measure-
ments significantly influence the interpretation of SNP results. In order to obtain a
more reliable determination of the canting components in LiFePO,, a more accurate
structural model need to be established, especially in light of the previously reported
canting angle of 1.3°. A single crystal diffraction experiment could be attempted
with another crystal to determine if the poor structure modelling in this work arises
from the imperfections in the single crystal used here. In addition, specialized SNP
experimental geometries need to be investigated that is optimized to unambiguously

determine the canting components in LiFePO,.

Ilg L Le ftoy ~ Domain population (%) X2
Magnetic
model aly ay by b
Ty +Ty  0.6(1) 417(6) 0.4(3) 4.23(7) 46(3) 52(3) 0(3) 2(3) 233.39
I, ~ 0 416(6) - 4.16(6)  98(2) 2(1)  256.00

Ti+Te  05(3) 4.16(6) 0.6(2) 4.23(7) 46(3) 52(3) 2(3) 0(3) 250.70

Table 9.5: Refined magnetic moments, domain population and x? value for the tested
magnetic structure models of LiFePO, using the polarization matrices of reflections
indicated in figure 9.11. For the model I'y, the indicated domain population is for
the two 180°domains as the orientation domains does not exist in this model.

9.8 Discussion

The combined single crystal neutron diffraction and spherical neutron polarimetry
investigations presented in this chapter provides a reassessment to the differing re-
ports of existence and symmetry of the minor magnetic moment compponents in
the LiCoPOy4 and LiFePO,. This chapter highlights the strong susceptibility of key
reflections that have been interpreted as signatures of canting in the previous reports
to the contaminations from multiple scattering and the limitations introduced by a
poor structural model.

This is particularly evident in the case of LiCoPO,, where the initial single crystal
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refinements with an excellent agreement factor stabilize canting components with
angles consistent with those reported in the literature. However, further verifications
using the temperature evolution of intensities and ¢ scans demonstrate that these
reflections are dominated by the contaminations from multiple diffraction rather
than by the magnetic reflection from canting, within the detection limits of the
instrument. This is further confirmed by the SNP experiments. The ability to se-
lectively populate the orientation domains should be investigated in future studies
to determine the existence of canting as this study rules out the existence of canting
above the magnitude that can be resolved through the refinement of polarization
matrices which rely on the signature of canting on the diagonal elements alone.
The results from LiFePO, are less robust than the results from LiCoPO, owing
mainly to the poor structural model from single crystal diffraction refinements even
with extensive abosorption corrections. Even though, both single crystal and SNP
measurements stabilize canting components, dedicated temperature evolution stud-
ies on key reflections undermines the reliability of these results. In addition, sig-
nificantly higher canting angles resulting from both techniques point towards the
possibility of artificial stabilization of the canting angle in the refinement to com-
pensate the errors originating from underlying structure parameters.

In conclusion, this chapter demonstrate the comprehensive attempt to resolve the
minor canting components in LiCoPO,4 and LiFePOy, that are of particular interest
due to their influence on the assoicated physical properties such as magnetoelec-
tric effect and toroidal order. This work explores the combination of single crystal
diffraction and SNP measurements as a pathway to resolve the minor spin canting
components. Even though the diagonal elements of the polarisation matrices are
sensitive to the magnetic moment magnitude for different components, for canting
angles of the magnitude reported for these compounds, higher focus should be given
to the selective poling of orientation domains that arise when the canting is present,

as demonstrated in chapter 8.

159



9. Single crystal studies of LiCoPQO, and LiFePO,

160



Conclusions and outlook

This thesis investigates chemical substituion in LiIMPO, antiferromagnets as a tool
to tune the magnetic ground state through competing anisotropy and exchange
interactions. The chemical substitution phase diagrams of LiCo;_,Ni,PO, and
LiNi; _,Fe, PO, were investigated using neutron powder diffraction, revealing the
emergence of oblique antiferromagnetic structure in the mixed-anisotropy regime.
Within the stabilized oblique antiferromagnetic structure in LiNi;_,Fe, POy, the
identified composition hosting a four domain state was explored using spherical
neutron polarimetry, through which the control of four domains were demonstrated
and there by establishing the system as a single phase antiferromagnetic system
that provide conceptual basis for quaternary memory systems. Finally, leveraging
the domain selection mechanism developed in the mixed-anisotropy system, the par-
ent compounds LiCoPQO,4 and LiFePO, were revisited to determine the existence and
symmetry of the canting components.

Chapterb details the different synthesis strategies undertaken to synthesize phase
pure polycrystalline samples of LiCo;_,Ni, PO, and LiNi;_,Fe,PO,, motivated by
the numerous synthesis procedures reported in literature. For the LiCo;_,Ni, POy
series, the synthesis procedure was successfully optimized to produce phase pure
samples whose purity was confirmed by X-ray diffraction measurements. In con-
trast, the synthesis for LiNi;_,Fe, PO, did not yield a phase pure material, indicat-
ing additional challenges for this series that could not be fully resolved within the
scope of this work.

Chapter6, presents a comprehensive investigation of the evolution of the magnetic
structure in LiCo;_,Ni PO, as a function of Ni content, using neutron powder
diffraction and bulk magnetization measurements. Introducing Ni?**, which has
an easy axis along c, into the LiCoPQy, where the easy axis of the Co*" is b axis,
leads to a rotation of spins across the compoisition range. The competing single-ion

anisotropies and exchange interactions stabilize an oblique antiferromagnetic phase
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in the intermediate compositions, which is a characteristic of mixed anisotropy an-
tiferromagnets. Although, the powder results clearly indicate the spin rotaion and
symmetry lowering, further single crystal neutron diffraction measurements are re-
quired to determine the phase boundaries accurately in this series. The calculations
of the toroidal moment for the refined magnetic structures in this series clearly
indicate the emergence of four toroidal domain states arising in the oblique antifer-
romagnetic regions of the composition phase diagram. Highlighting this compositon
range as a promising platform to explore controllable multidomain states in a single
phase antiferromagnetic system.

Building on the observations from the LiCo;_,Ni, POy, series, the investigation of
mixed anisotropy systems in LIMPO, family of compounds was extended to the se-
ries LiNi;_,Fe,PO,, in chapter7. This series, presents a different case of anisotropy
competition compared to the LiCo;_,Ni, PO, series. Here the easy axis of the Ni%*
coincides with the hard axis of the Fe?* and vice versa. This offered an oppurtunity
to assess the generality of spin rotation and the characteristics of the composition
phase diagram for the LiIMPO,4. Neutron powder diffraction reveals an extended
oblique antiferromagnetic phase in which the spin is rotated away from the b-axis
towards the a-axis within the ab-plane. This is in contrast to the LiCo;_,Ni,POy4
system, where the oblique antiferromagnetic strucutre possess spins in the plane
spanned by the easy axes of the end compounds. The major oblique magnetic phase
identified in LiNi;_,Fe, PO, agreed with the previous experimental and theoretical
observations reported in the literature. However, for the nominal composition x
=0.2, the present work indicates a magnetic structure with spins in the be-plane,
which is different from the major oblique antiferromagnetic phase observed in this
series and also contradicts experimental observation reported in literature for this
composition. As neutron diffraction alone does not conclusively determine the pre-
cise occupation ratio of Ni and Fe compositional variation is a plausible explanation
for this deviation. The major oblique antiferromagnetic phase described by the
'y + I'y model, is identified as a magnetic structure which host four symmetry al-
lowed antiferromagnetic domains and also satisfies the symmetry conditions to host
ferrotoroidal order. These characteristics makes this series a promising candidate
for domain engineered functionalities.

The insights gained in chapter 7 directly motivated the investigations presented in
chapter8, where the specific composition LiNijgFeq,PO, was examined using spher-
ical neutron polarimetry to verify the existence of ferrotoroidal order and to explore

selective poling of the four domain states in the LiNiggFey2POy. At low tempera-
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tures, this composition exhibits a magnetic structure with spin components along
both b-axis and a-axis as established in literature. In this structure, two 180° do-
mains which correspond to the toroidal domains in the case of existing ferrotoroidal
order and two orientation domains are allowed by symmetry. In this work, the exis-
tence of ferrotoroidal order was confirmed by the high efficiency selective population
of toroidal domains using the conjugate field E x H. Moreover, the orientation
domain selection were also demonstrated by exploiting the Dzyaloshinskii-Moriya
coupling between the induced magnetic moment along c-axis, arising under an ap-
plied magnetic field along c-axis and the ordered spin component along the a-axis.
The combination of these two mechanisms, enable the selective and non-volatile sta-
bilization of four antiferromagnetic domains through four different combinations of
applied fields. These results establish a concrete physical basis for quaternary mem-
ory concepts using a single phase antiferromagnetic material, thereby positioning
mixed-anisotropy systems as an important model platform for multistate antiferro-
magnetic spintronics.

Motivated by the successful domain selection mechanisms demonstrated in the mixed-
anisotropy systmes, the long standing questions regarding the minor canting com-
ponents in LiCoPO, and LiFePO, were addressed in the chapter 9. This chapter
explores the debated canting components using a combination of single crystal neu-
tron diffraction and spherical neutron polarimetry. In LiCoPQOy, no evidence of the
proposed canting components were detected within the sensitivity of SNP experi-
ment, whereas in LiFePQy, a definitive conclusion regrading the canting components
was hindered primarily by the limitations of the structural model developed in this
work.

A natural next step following the results presented in this thesis is to study the mag-
netoelectric response across the substitution phase diagram of both LiCo;_,Ni,POy4
and LiNi;_,Fe,PO,. In the substitution series LiNi;_,Fe, POy, the significant mag-
nitude increase and the modification of magnetoelectric tensor form have already
been demonstrated for the z=0.2 sample in the literature. With the additional
insight gained in this work regarding the magnetic ground state across the substitu-
tion phase diagram of the LiNi;_,Fe, PO, series, magnetoelectric response for other
compositions could provide a deeper understanding of the influence of symmetry
lowering on the magnetoelectric response. In the LiCo;_,Ni POy, the symmetry of
the oblique phase differs from that of the LiNi;_,Fe, PO, therefore furute studies on
the magnetoelectric behaviour in the oblique antiferromagnetic phase of this series

could provide insight into how the symmetry lowering tunes the magnetoelectric re-
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sponse. Such investigations would clarify the extent to which chemical substitution
can be used as a method to tailor the magnetoelectric response.

The successful demonstration of selective poling of four domains in LiNiggFeq POy,
motivates further research into the in-situ switchability of these domains which was
only briefly explored in the present work. Further studies could employ higher
field magnitudes and measurements of different samples to rule out the effect of
domain pinning due to the presence of impurites. Moreover, switching experiments
should be attempted for different composiitons to determine whether the domain
rigidity is introduced by the chemical disorder inherent to the mixed-systems. Fur-
ther, the powder diffraction study have identified suitable compositions within the
LiCo;_,Ni, POy, where four toroidal domains are allowed by symmetry . These com-
positions allows the exploration of toroidal domains with similar domain selection
mechanisms using different directions of crossed electric and magnetic field.

The results presented in this thesis demonstrate that the chemical substitution in
LiMPOy, provides a powerful route to engineer competing anisotropies and thereby
stabilize distinct magnetic ground state. This tunability, in turn enables a control
on domain structure and other symmetry governed physical properties. Beyond the
established scientific relevance of the LiMPO, family as magnetoelectric materials,
this work establishes the mixed-anisotropy series of this family as a potential rare
platform for pursuing future research into multistate logic systems based on single

phase antiferromagnetic materials .
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We investigate the magnetic structure and magnetoelectric(ME) effect in the high-field phase of the anti-
ferromagnet LiFePO, above the critical field of 31 T. A neutron diffraction study in pulsed magnetic fields
reveals the propagation vector to be q = 0 for the high-field magnetic structure. Pulsed-field electric polarization
measurements show that, at the critical field, the low-field off-diagonal ME coupling o, is partially suppressed,
and the diagonal element o, emerges. These results are consistent with a spin-flop transition where the spin
direction changes from primarily being along the easy b axis below the transition to being along a above. The
persistence of off-diagonal ME tensor elements above the critical field suggests a lowering of the magnetic
point-group symmetry and hence a more complex magnetic structure in the high-field phase. In addition, neutron
diffraction measurements in low magnetic fields show no observable field-induced spin canting, which indicates
a negligible Dzyaloshinskii-Moriya interaction. The observed spin-flop field supports the Hamiltonian recently
deduced from inelastic neutron studies and indicates that the system is less frustrated and with a larger single-ion
anisotropy than originally thought. Our results demonstrate the effectiveness of combining pulsed-field neutron
diffraction and electric polarization measurements to elucidate the magnetic structures and symmetries at the

highest attainable field strengths.
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I. INTRODUCTION

Multiferroics and magnetoelectric (ME) materials carry
the prospect for applications, such as electrical-field con-
trol of skyrmions and low-power-consumption logic devices
[1-6]. To date, the vast majority of realized devices adopts
alternating layers, e.g., of piezoelectric and magnetostrictive
materials, where the mechanical coupling between layers cre-
ates an artificial ME material with the desired functionality.
However, some of these innovative designs employ distinct
ME layers, and a fundamental understanding of single-phase
ME:s is crucial for progress in the field. The allowed ME
coupling tensor elements «;; between an applied magnetic
field H; and electric polarization P, = «;;H; are dictated by
the magnetic point-group symmetry [7]. In this respect, the
magnetic phase diagrams of ME materials serve as testing
grounds for model spin Hamiltonians since distinct ME cou-
pling tensors may be realized within the same compound by
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temperature and magnetic-field control of the ground state
[8,9].

The lithium orthophosphates are a well-studied family
of orthorhombic ME materials [10] of chemical formula
LiMPO4 (M = Mn, Fe, Co, Ni), all ordering antiferromag-
netically(AFM) below Néel temperatures in the range Ty =
20-50K [11-18]. The single-ion anisotropy in the system
depends on the transition metal ion M in question. Thus,
different magnetic point-group symmetries are realized in the
AFM ground state depending on M, which in turn results in
different ME tensor forms [10,19,20]. Two mechanisms for
the physical origin of the ME coupling have been proposed
in this class of materials, based on exchange striction [21-24]
and orbital magnetism [25].

LiFePOy, the focus of this paper, orders with spins pre-
dominantly along the easy b axis below Ty = 50K with
intermediate axis a and hard axis ¢ [17]. The zero-field mag-
netic ground state has been determined in detail (see Sec. II)
and has a lower symmetry than what was initially expected.
This may be explained by a recent observation of strong
magnetostriction peaking at 7y in LiFePOy, as measured by

©2024 American Physical Society
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dilatometry [26]. The excitations have been investigated in
great detail using both neutron spectroscopy [8,12,23], elec-
tron spin resonance (ESR) spectroscopy [27], and terahertz
absorption spectroscopy [28]. Recently, the latter revealed a
veritable zoo of excitations, including electromagnons and
other ME active modes [28]. Extensive work on modeling
the exchange interactions and single-ion anisotropy constants
of LiFePO, has been undertaken [8,20,23,27,28]. While the
different models agree on the order of magnitude of the in-
teractions, the level of exchange frustration in LiFePO, is
debated.

Neutron spectroscopy measurements reveal mild ex-
change frustration in all the different lithium orthophos-
phates [15,16,23,29]. The competition between exchange and
single-ion anisotropy governs the magnetic phase diagrams,
which vary in complexity for the different family members
[8,15,18,20,21,26,30,31]. The Mn analog LiMnPO, has the
simplest phase diagram with a spin-induced transition to an
incommensurate, elliptic spin cycloid at ~12 T applied mag-
netic field [13]. This is followed by a spin-flop transition
at higher magnetic fields, where the system becomes com-
mensurate again. LiNiPOy, on the other hand, first exhibits
a spin-density phase upon cooling down in zero field before
entering the AFM ground state at low temperatures. Upon
applying a magnetic field, LiNiPO,4 undergoes a succession
of transitions between commensurate and incommensurate
phases. Intriguingly, in LiNiPOy, the same ME coupling ten-
sor «;; is observed in the high-field commensurate phases as
in zero field. These phases also have the same q = 0 propaga-
tion vector, which indicates that the high-field commensurate
phases are magnetized variants of the zero-field commensu-
rate phase rather than a spin-flop phase.

The behavior of LiFePO, differs somewhat from these
two sister compounds. From the similarity of the XY-like
anisotropy in LiFePO, to that of LiNiPO4, one might also
expect to observe incommensurate (spiral or spin-density
wave) phases in LiFePO4. However, unlike LiNiPO,4, with
its multiple phase transitions as a function of magnetic
field, magnetization measurements on LiFePO, reveal only
a single clear field-induced phase transition at uoH >~ 32T
[26], demonstrating the robustness of the zero-field structure
against the application of a magnetic field. The transition is
speculated to be of the spin-flop type, but this has not yet been
verified experimentally [26-28].

In this paper, we combine neutron diffraction and electric
polarization measurements, both performed with pulsed mag-
netic fields, to determine the high-field magnetic structure in
LiFePO,4. We find the phase transition at 31 T to be of the spin-
flop type with spins reorienting to point dominantly along the
a axis. However, the high-phase ME tensor components im-
ply a more complex magnetic structure than a colinear AFM
structure with magnetic moments oriented along the a axis.
Furthermore, in a different neutron diffraction experiment,
we find no further field-induced spin canting, which indi-
cates a negligible Dzyaloshinskii-Moriya (DM) interaction.
Finally, we perform mean-field(MF) calculations to deter-
mine the phase diagram based on previously estimated sets
of exchange parameters to compare with the experimentally
obtained phase diagram and find that the less frustrated set of
exchange parameters, with larger spin anisotropies, provide a

FIG. 1. (a) The basis vectors of LiMPO, for q = O structures in
the Pnma space group. Only the lattice of magnetic ions is shown.
The arrows represent the spin orientation on the four magnetic sites
labeled 14 as shown. (b) Projections onto the (b, ¢) and (a, b) planes
for the zero-field magnetic structure of LiFePO,, [C, 4 C, +A.].
Canting angles are exaggerated for clarity.

better description of all data. This demonstrates that studies
of magnetic phase diagrams are complementary to studies
of magnetic excitations, when the magnetic Hamiltonian is
complex.

II. MAGNETIC STRUCTURES AND THE ME TENSOR

The crystal structure of the lithium orthophosphates has
historically been assumed to belong to the Pnma space group
[11]. The four Fe>* ions are located on the Wyckoff posi-
tionde:r =G +xi -2 n=C+x i n=0C-
X, %, z), and ry = (}1 — X, %, % —z), where x = 0.03 and z =
0.025 in the orthorhombic unit cell [23]. The spin struc-
ture can be described by the four irreducible basis vectors:
A=, C=11), G=(111]), and F = (1111).
Here, 1 and | denote the relative orientation of the four spins
in a unit cell which are enumerated 1-4, see Fig. 1(a). The four
basis vectors combined with magnetic moment orientations
along the three perpendicular crystallographic axes (a, b, and
¢) then allow for a full description of the magnetic structures.
There are eight irreducible representations (IRs) for Pnma,
denoted I'; for i = 1,...,8, see. e.g.. Ref. [23]. Only some
of these are realized in the lithium orthophosphates. The
main magnetic structure element for all the compounds in
the lithium orthophosphate family is of C type with major
spin components along either a (LiMnPOy), b (LiCoPO4 and
LiFePOy), or ¢ (LiNiPQOy), see Table I for a summary.

The ME properties depend intimately on the magnetic
point group in the ordered ground state. Of all the 122 possible
magnetic point groups, only 58 allow the linear ME effect.
The specific point-group symmetry dictates the form of the
ME tensor, see, e.g., Ref. [7]. The resulting ME tensor for the
point groups relevant to the lithium orthophosphates are listed
in Table I.
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TABLE I. IRs for the Pnma space group and the allowed tensor
forms for the linear ME effect in the lithium orthophosphates. The
first two columns list the IR(s), the second column gives the point
group symmetry, andthe third the ME tensor form. Small dots indi-
cate vanishing tensor elements, and large dots show elements that
may be finite. The last column specifies which (if any) lithium or-
thophosphate displays the corresponding low-temperature, zero-field
structure.

IR No. 1 IR No.2  Point group ME tensor Compound
e - .
[s(Cy, A,) m'm'm’ Y LiMnPO,
.. e
. [ ]
I'7(C,, Ay) mm'm . - LiNiPO,
° .
. e -
Ig(Cy) mmm’ ° -
° .
I's(C)) I's(Ci, Ar) 2./m. o : LiFePO,
. [ ]
LiCoPOy4
L] [ ]
FS (va Az) F7(Cza A)L) 2v/’ni : L4 :
] [ ]
. [ ] [ ]
I's(C)) I'7(C., Ay) 2, /my o -
* - -

It was previously shown that the dominant component of
the magnetic structure of LiFePO, is C, but that there are
additional subdominant components Cy and A, corresponding
to the spins rotating off the crystallographic b axis. The re-
fined moment along the b axis is w, = 4.09(4) up (from the
C, component), while the refined canted moments are p1, =
0.067(5) up along the a axis and p, = 0.063(5) g along the
¢ axis, corresponding to an overall rotation of 1.3(1)° off the b
axis [23]. The structure is shown in Fig. 1(b) with exaggerated
canting angles [23].

The major component C, belongs to the I's IR under the
Pnma space group. The minor components C, and A, belong
to I's, meaning that two different IRs are involved, and hence,
the magnetic point-group symmetry is lowered from mmm’
(purely I's) to 2;/m (I's ® I'g). This in turn relaxes the con-
straints on the ME tensor (Table I). Indeed, a recent study of
the ME couplings at low fields found a weak but finite signal
corresponding to the diagonal element «,, [22], consistent
with 2 /m symmetry. This highlights the strength in using
the ME coupling tensor to support magnetic structure deter-
mination and indicates that the crystal structure of LiFePOy at
zero field is of lower symmetry than Pnma [23].

In Ref. [26], a spin flop was suggested at the 31 T transi-
tion. Assuming that the symmetry of the dominant structure
component remains C, the ME tensor form above the critical
field would follow that of point group m'm'm’ (C,) or mm'm
(C,). Given that the ¢ axis is the hard axis of LiFePQ,, it
seems most likely that the system would flop to a structure

dominated by C,. For a structure exclusively described by the
C, basis vector, one would expect the ME tensor to change to
contain only finite diagonal elements («;;, i = a, b, c), while a
structure involving a linear combination of sizable C, and C,
would also give rise to finite off-diagonal elements («,;, and
op,) in addition to the diagonal elements (cf. Table I).

III. EXPERIMENTAL DETAILS

LiFePO, single crystals were grown via the standard flux
growth technique, using LiCl as the flux and a stoichiometric
mixture of high-purity FeCl, and LizPO,4. The composition
and structure were confirmed via x-ray powder diffraction
(XRD) [12].

To probe the structure of the high-field phase with neutron
diffraction, pulsed magnetic fields are required to reach suffi-
ciently elevated fields. Neutron diffraction in pulsed magnetic
fields has become an established technique within the last
decade [32-39] and was already used to elucidate the field-
induced phases in LiNiPOy4 [21,39]. However, the low duty
cycle of the magnet coils and the resulting long counting times
as well as the limited scattering geometry imposed by the coils
present a number of experimental challenges linked to this
technique. To align the magnet and neutron pulse, the time
delay At between the two pulses must be adjusted such that
the maximum field coincides with the desired scattering vec-
tor Q. The principle of the technique is illustrated in Fig. 2. So
far, these pulsed-field experiments have all been performed in
forward-scattering geometry [21,32-39]. In the case at hand,
however, it is necessary to probe scattering vectors Q parallel
to the field H, i.e., Q || H, which for solenoids can only be
done in backscattering geometry. This was challenging for
a number of reasons. First, longer wavelengths are needed
in backscattering than forward scattering for any given Q.
The Japan Proton Accelerator Research Complex (J-PARC)
moderator has lower brilliance at these wavelengths [40]. In
addition, the Q range covered in the time span of a field pulse
is significantly smaller in backscattering geometry, necessitat-
ing many different field settings and hence many more magnet
pulses to cover the desired region in (Q, H) than experiments
performed in forward scattering.

To directly probe the magnetic structure of LiFePO, at high
magnetic fields, a time-of-flight (ToF) neutron Laue diffrac-
tion experiment was performed at NOBORU, the Neutron
Source Diagnostic & Test Port, at J-PARC [40]. A pulsed
polychromatic neutron beam was incident on the sample and
the scattered neutrons captured by a position sensitive area
detector. The detector was operated in integration mode with
a 30 us bin size. The pulsed magnetic field was generated by
recently developed wide-angle magnet coils with a maximum
field strength of Bp,x = 35T and pulse duration of 5 ms [41].
The coils have maximum and minimum scattering angles 26
of 42° and 138°, for forward and backwards scattering, respec-
tively. The coil is immersed in liquid nitrogen. The sample
in vacuum was attached to a 7-diameter single-crystalline
sapphire rod connected to a closed-cycle refrigerator with a
base temperature of 4.5 K.

A 60mg (2.6 x 2.2 x 3.0 mm?) single crystal was oriented
with the crystallographic b axis (easy axis) parallel to the di-
rection of the applied magnetic field and with Q = (HKO0) in
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FIG. 2. (a) Schematic of the neutron Laue diffraction backscat-
tering setup at NOBORU. The incoming beam is polychromatic
with wave vector k, scattered wave vector k/, and scattering vec-
tor Q = k — Kk’. The pulsed magnet coils (gray) allow a maximum
260 = 42°. The magnetic field is parallel to the b axis of the sample.
(b) Position-sensitive detector image for a pulsed-field measurement.
The detector has 16 vertical tubes, each with 60 pixels. The color
represents the neutron intensity integrated over 148 pulses and all
neutron flight times. The high-intensity pixel enclosed in the black
rectangle corresponds to neutron momentum transfers along Q =
(0KO0). (c) Neutron intensity vs time of flight for the high-intensity
pixel shown in (b). The top axis shows the corresponding value of K
along Q = (0K0). The magnetic field strength (gray line) is indicated
on the right-hand axis. The time delay between the neutron and
magnet pulse has been adjusted to reach the maximum field strength
of 34T at Q = (030).

the horizontal scattering plane, see Fig. 2. This setup allowed
us to reach momentum transfers along (0K0) in backscat-
tering geometry. The ToF can be converted to Q = (0KO0)
following K = 2«L sin @/ ToF, where o = 252.7usm™~' A,
0 is half the scattering angle, and L = 14.9m is the distance
from the neutron target via the sample position to the detector.

Electric polarization measurements with pulsed magnetic
fields were performed at the Institute for Materials Research,
Tohoku University. The samples used for these measurements
were three LiFePOy, single-crystalline plates of size ~1 x 1 x
0.5 mm?, which were cut from the same crystal as used for
neutron diffraction. They were aligned within 5° with respect
to the magnetic field direction. The pulsed-field coil delivered
a field pulse with a total duration of 6.3 ms. The magnet pulse
is split into two parts, each with a full with at half maximum
(FWHM) time length of 2.1 ms. In the first part, the maximum
field is reached at 35T followed by an opposing pulse of
magnitude 21 T. See Appendix B for details.

We probed each combination of directions of electric po-
larization and magnetic fields, here denoted by P;H;, where
{i, j} = {a, b, c¢}. The measurement procedure was as follows:
For each P;H;, the sample was cooled down to base temper-
ature of 4.2 K in zero applied magnetic field. Note that no
poling was possible with this setup. The electric polarization
was then measured during a magnetic field pulse at consec-
utively increasing temperatures. During such a measurement
series, it is assumed that the sample remained in the same do-
main state. However, for repeated measurements, we observed
a slight shift in the measured polarization, likely due to the
system settling into a different domain state upon the initial
cooling below Ty. The consequence is that temperature and
field dependencies may be regarded as reliable within a single
measurement series, but absolute values of the electric polar-
ization will vary between separate datasets. Data collected at
60 K were used for background subtraction (except for P,H.,).

To obtain an estimate for the size of the DM interaction,
neutron diffraction with static magnetic fields was performed
at the thermal triple-axis spectrometer EIGER at SINQ at the
Paul Scherrer Institute [42]. EIGER was operated in elastic
mode with incoming and outgoing energy E = 14.64 meV,
and 40" collimation both before and after the sample. A py-
rolytic graphite filter was placed between the sample and the
analyzer to suppress higher-order scattering. Two different
experiments were performed, one with magnetic field along
the a axis and another along the c¢ axis. The first experiment
with H||a was performed on the same 30 mg single-crystal as
used at NOBORU. It was aligned with (OK L) in the horizontal
scattering plane and placed in a vertical “He cryomagnet with
a maximum field of 12 T. The second experiment with Hj|c
was performed on a 140 mg single-crystal aligned with (HK0)
in the horizontal scattering plane and placed in a vertical *He
cryomagnet with a maximum field of 10 T.

IV. RESULTS

A. Magnetic structure in the high-field phase

The intensity of a Bragg reflection depends on the nu-
clear and magnetic structure. The intensity arising from the
magnetic structure is proportional to the neutron magnetic
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TABLE II. Squared structure factors (F2) and polarization fac-
tors (P?) and nuclear structure factors for selected Bragg reflections
in LiFePOy,, see Egs. (1)-(4).

q [Fel> |Eal® |Fel® Fe? IFvP PP IR PP

(020) 0 0 0 16 5300 1 0 1
(030) 16 0 0 0 0 1 0 1

scattering cross-section:

Me(q) o £(@ Y _(Sr) 1@ Y IP@P, (1)

R

where f(q) is the ion-dependent magnetic form factor, and
(Sg) is the thermal average of the magnetic moment for the
structure R = {A, G, C, F}, as explained in Sec. II. The mag-
netic structure is represented through the squared magnetic
structure factor |Fg(q)|> and spin polarization |Pi(q)|> for
i = {x, y, z}, which are defined as

Fr(q) = )_ mfexp(iq - r,), )
d

P(q) =q x (& x q). 3

Here, mff is the magnetic moment at site d = 1, ..4 for the
structure R, and € is the unit vector for directions {x, y, z}. The
intensity arising from the nuclear structure is proportional to
the nuclear structure factor:

Fy(@) =) bjexp(iq - 1)), “)
j

where the sum runs over all j atoms in the unit cell (both
magnetic and nonmagnetic) with scattering length b; at posi-
tion r;. Table II shows the squared structure and polarization
factors for a few selected magnetic Bragg reflections for the
different possible structures R. Note that, while a given re-
flection may have a finite structure factor for a specific basis
vector, the intensity can still be vanishing due to the polariza-
tion factor.

Figure 3(a) shows the diffraction data obtained in zero field
at 4.5 K. The nuclear Bragg reflections are identified as the
high-intensity peaks and indicated in the figure. These are
present at all applied fields and are a good indication that
the sample stayed in position for the duration of the experi-
ment. Lower-intensity peaks are observed in the region 6 — 16
ms [corresponding to K = 2.5 — 6 in Q = (0K0)], stemming
from aluminum and copper in the sample environment, see
Appendix A for a detailed treatment.

Data combined from 148 magnet pulses collected at 4.5 K
and with B, = 34T are shown in Fig. 3(b) together with
the scaled zero-field measurement. The high-field data clearly
contain a peak at Q = (030), which is not present in the zero-
field phase to be commensurate with propagation vector q =
0. To understand the further implications of this new magnetic
signal, we turn to Table II. The (030) Bragg peak has finite
neutron intensity exclusively for a C-type structure with spins
oriented along either the a or ¢ axis.

Due to the low flux and the backscattering geometry, the
pulsed-field setup employed here is unable to detect weak
magnetic Bragg peaks. The observed (030) peak is ~2.5 times
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FIG. 3. Neutron diffraction measurement of LiFePO, with
pulsed magnetic fields. (a) Diffraction intensity as a function of K
along Q = (0KO0) in zero applied magnetic field. Green lines indi-
cate nuclear Bragg reflections. Inset focuses on the (020) reflection.
(b) Diffraction intensity along Q = (0K0) in pulsed magnetic fields.
Zero-field data from (a) has been scaled to use as background. A
Gaussian (yellow) line has been fitted to the pulsed-field data as a
guide to the eye of the (030) reflection. The strength of the magnetic
field pulse is shown on the right-handside in gray.

weaker than the strong nuclear (020) reflection, demonstrating
the ordered C, moment to be of a similar order of magnitude
to the zero-field C, component and therefore likely the main
structural component.

B. The magnetoelectric effect

Figure 4(a) shows all nine combinations of the electric
polarization along i induced in applied magnetic field along
J,» PH;, {i, j} = {a, b, c}, at different temperatures. The ME
coefficients «;; may be extracted from the slopes of P; as a
function of H;. Three nonzero tensor elements are observed:
For fields along a, a linear ME effect is seen for P, for all
field strengths and temperatures, while the other polarization
components are zero. For fields along b, a clear phase transi-
tion takes place at Bsp = 31 £ 1 T and 4.2 K, where P, of the
low-field phase shows a dip, and simultaneously, P, appears.
This value of the transition field is in accordance with previous
observations [26,28,43]. For fields along ¢, no ME signals are
observed within the experimental sensitivity.

The data for H||b are shown in greater detail in Fig. 4(b),
where P,H; and P,H;, measured at 4.2 K are compared. For
P,H,, a linear ME effect is observed at low fields, followed
by a sudden drop at Bgg. It is worth noting, however, that
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P,H, remains finite above the critical field. For P,H),, no
ME signal is observed at low fields, but there is a steep
increase at the transition whereafter a linear behavior with
field is established up to the highest probed field strengths
of 35 T.

The temperature dependence of the ME coefficients o;;
may be estimated from the experimentally determined electric
polarization by fitting a linear function P, = Py + «;;H; to the
linear parts of the data in Fig. 4(a). The results obtained for
the three finite tensor elements (o, ®yp, and «,) are shown in
Fig. 4(c). It should be noted that, while «,;, appears to be finite
and nonzero above the phase transition, the field interval from
Bgp to our maximum field is insufficient to distinguish if there
is a linear or superlinear field dependence. It should be consid-
ered whether this finite o, could stem from a misalignment
of the sample. However, assuming that the domain structure
is comparable between measurements, a misalignment of the
sample of ~10° would be needed to account for this nonzero
signal in P,H, above Bsr. We are confident of the sample
alignment within 5°, and hence, the finite P,H), above Bsp is
most likely a real signal.

The ME coefficients for «;, and o, in the low-field regime
have previously been measured [19,22]. Figure 4(c) compares
these results with our measurements. While, as already men-
tioned, the absolute values of «;; cannot be compared directly,
the temperature dependencies are still meaningful, and the
values obtained for our unpoled setup are smaller than the
literature values, as expected. Our temperature dependencies

of oy, and o, agree well with previously published results
[19,22].

For the ME coefficients appearing for fields >31T, we
only have data at two temperatures. From these, it appears that
app in the high-field phase increases slightly with temperature
but is otherwise lower than the ME coefficients present in the
low-field phase.

We note also that, although a recent study found a weak but
distinctly nonzero «,, component in the low-field phase [22]
for a poled LiFePO4 sample, it is beyond our experimental
limit to corroborate these findings. This is due to the exper-
imental uncertainty connected to the pulsed-field technique
as well as the fact that our sample is not poled. Without
poling, multiple domains may be present, which will lower the
measured polarization and therefore «;; compared with poled
measurements.

C. Possible field-induced spin canting

In both LiNiPO,4 and LiCoPQy, a field-induced spin cant-
ing caused by the DM interaction occurs for magnetic fields
applied in the transverse direction [15,44]. Measurements of
the field dependence of relevant Bragg peaks reflecting such
structure deviations have been used to estimate the strength of
the DM interaction in these compounds. Likewise, here, we
investigate whether any field-induced spin canting also occurs
in LiFePO, and thus probe the strength of the DM interaction.
We have probed five different Bragg peaks that reflect all
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TABLE III. Squared structure factors (F2) and polarization
factors (P?) and nuclear structure factors for Bragg reflections in-
vestigated with EIGER, see Eqgs. (1)—(4).

q \Fel? R R FeP IR IR IR IR
010) 16 0 0 0 0 1 0 1
©01) 029 0 16 0 0 1 10
Oy 0 16 0 029 260 1 062 038
21 029 0 16 0 0 1 02 071
(110) 0 049 16 0 0 075 025 1

possible field-induced cantings, as shown in Table III. The
Bragg peaks (010), (001), (011), and (021) were investigated
for fields along a, B||a, while the (110) peak was investi-
gated for B||c. Figure 5 shows the difference in the neutron
intensity for zero and finite magnetic fields. No intensity
difference is observed for any of the peaks. This is in stark
contrast with the Ni and Co compounds, where the intensity
of the relevant Bragg peaks increases significantly in applied
magnetic fields. This indicates a negligible DM interaction in
LiFePOy, to within the limits of sensitivity of the experiment.

V. DISCUSSION

A. Magnetic structure beyond 31 T

The appearance of the (030) Bragg peak >31T in our
pulsed-group symmetry 2./m_. These observations rule out a
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FIG. 5. Sample rotation @ scan of different Bragg peaks at low
and high magnetic fields. All scans were performed at 2 K. Scans
(a)—(d) are with magnetic fields along a, while scan (e) is with field
along c.

possible C; structure, and the only structure to satisfy both
observations is a high-field phase with a dominant C, struc-
ture and minor components C, and A.. This confirms the
suggestion of a spin-flop transition put forward in Ref. [26],
where the spins reorient from being predominantly along the
b axis to being predominantly along the a axis with critical
field Bsgp = 31 T. Interestingly, this is the same point group
as in the low-field phase but with a different distribution of
the major and minor structure components. In the low-field
phase, the system has major component C, with minor C,
and A, and a total spin canting away from b of 1.3(1)° [23].
In the high-field phase, the major component is now C, and
with smaller components of C, and A,. We cannot determine
the relative weights of these smaller structure components in
the high-field phase and thus cannot speculate on the size
of the spin canting. However, such components may explain
the anomalous magnetization curve above the critical field
observed in Ref. [26]. Furthermore, magnetization measure-
ments in the spin-flop phase [26,28] show a magnetization
jump to %% of the saturation magnetization at the spin-flop
transition, meaning that a sizable F, component has been in-
duced. The resulting inferred spin-flop structure is illustrated
in Fig. 6(b) for a magnetic field immediately above the transi-
tion. The magnetic structures below and above the transition
are illustrated in Figs. 6(a) and 6(b).

B. Phase diagram and Hamiltonian

Figure 6(c) shows the phase diagram obtained of
LiFePO, by combining the magnetization measurements
from Refs. [26,28] with our neutron diffraction and electric
polarization measurements. Based on anomalies in the mag-
netization, Werner et al. [26] reported a precursor phase just
below the spin-flop transition at 1.5 K. We see no evidence
of the AFM’ phase in the electric polarization measurements
down to 4.2 K. The magnetic structure has now been es-
tablished in both the low-field phase (cf. Ref. [23]) and the
high-field phase (this paper). Combined with the realization
that the DM interaction is of negligible size, based on the
lack of any field-induced spin canting as seen in our neutron
diffraction measurements, we now try to consolidate our un-
derstanding of LiFePOy by use of MF calculations.

The Hamiltonian of LiFePO, can be written as =
525 0iiSi -8+ Yy i Du(SF)?, where Jj; are the Heisen-
berg exchange interactions, and ®, is the single-ion
anisotropy constant for o = {a, b, c} [8,23,28]. A num-
ber of different estimates of the exchange interactions and
anisotropies of LiFePO,4 have been published [8,12,23,27,28].
However, of these studies, only Refs. [8,23] incorporate all the
leading exchange interactionsand assume the DM interaction
to be negligible. In Refs. [8,23], the couplings were obtained
from fitting dispersion relations from linear spin-wave theory
to the excitation spectrum measured by neutron spectroscopy.
One notable difference between the two studies is that the
estimate of Ref. [8] renders LiFePO, more frustrated in
the (b, c) plane than Ref. [23] and with a larger value of the
single-ion anisotropy ©..

Using these two sets of parameters, we calculated the phase
diagram and magnetic structures using a MF calculation as
implemented in the program McPhase [45]. The calculations
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FIG. 6. Magnetic structures of LiFePQ, in (a) the spin-flop and (b) the low-field phase. (c) Experimental phase diagram of LiFePO, for
magnetic fields along b. Figure includes results from our neutron diffraction and electric polarization measurements as well as magnetization
data from Refs. [26,28]. (d) and (e) Phase diagrams as determined from mean-field calculations with two different sets of parameters [8,23].

consider only the spin moments. We find an insignificant dif-
ference if we include the orbital moments and the full crystal
field Hamiltonian as was used by Ref. [8], with a slightly
lower spin-flop and saturation fields and lower Ty. The result-
ing phase diagrams are shown in Figs. 6(d) and 6(e). For both
sets of parameters, we find C, AFM order at low temperatures
and low fields, as well as a spin-flop transition to C, AFM
order at elevated fields before saturation is reached at yet
higher fields. We note that neither set of exchange couplings
predict any AFM’ phase at low temperature, as observed in
Ref. [26].

It is evident when comparing Figs. 6(a) and 6(d) that the
phase diagram for the values in Ref. [8] match the experimen-
tal phase diagram well. In fact, the spin-flop and saturation
fields obtained using the exchange and anisotropy parameters
from Ref. [8] are within ~5% of the experimental values,
while the critical fields for the parameters from Ref. [23]
are significantly higher. The Néel temperatures and spin-flop
and saturations fields obtained from the MF calculations are
summarized in Table IV and compared with the experimental

TABLE IV. Sets of estimated exchange interactions and single-
ion anisotropies (in meV) from previous publications [8,23]. Also
shown are the predicted MF values of critical temperature and fields
at 4 K [see Figs. 6(d) and 6(e)] compared with the experimental
values.

Toft-Petersen et al. Yiu et al.
(2015) [23] (2017) [8]
N/ 0.77(2) 0.46(2)
Jy 0.30(2) 0.09(1)
J. 0.14(2) 0.01(1)
Jab 0.14(2) 0.09(1)
Joe 0.05(1) 0.01(1)
D, 0.62(1) 0.86(2)
D, 1.56(4) 2.23(2)
MF theory Measured
Ty (K) 73 62 50
Bsr (T) 40 33 31
Bsa (T) 110 57 56

values. Thus, we conclude that the parameters obtained by Yiu
et al. [8] provide a better description of the phase diagram of
LiFePOy,.

With regard to the DM interaction, LiFePO,4 seems to be
distinct from the two relevant family members LiNiPO4 and
LiCoPQy4 with much smaller zero-field canting. ESR [27] and
terahertz [28] spectroscopy estimate the DM interaction to
be <0.05 meV, and our neutron diffraction results confirm
this, using the same method of investigation used on the
other two family members. This is significantly smaller than
the DM interactions in the Ni and Co compounds, being
0.4 meV [31] and 0.7 meV [44], respectively. The Pnma-
allowed DM interaction has the form Fpyv = D%, (SiS5 —
S18%) + D5,(S5S% — $3S%). However, the distorted octahedra
surrounding the magnetic ions give rise to a low crystal-ion
terms of the form [15] Hlo = —D(SiS} — 585 + 585 —
§353). The two terms have a similar origin as higher order
orbital processes, and are hard to distinguish experimentally.

VI. CONCLUSIONS

Motivated by the discovery of a phase transition in
LiFePOy, at high fields along the crystallographic b axis [26],
we have combined pulsed-field neutron diffraction and elec-
tric polarization measurements. Our results show that the
phase transition is of the spin-flop type with Bsgp = 31T at
4 K. Above the transition, a ME active phase exists with
finite o, and «p, ME tensor elements. By combining the
results from pulsed-field neutron diffraction and electric po-
larization measurements, we argue that the high-field AFM
structure is dominantly C, with magnetic moments along the
a axis but also that further subdominant C, and A, compo-
nents are required to explain the nonzero «y,. This indicates
a lower-symmetry magnetic point group than a simple spin-
flop phase. Furthermore, neutron diffraction experiments in
magnetic fields along ¢ and a showed no field-induced spin
canting in LiFePO,, which demonstrates a DM interaction
of negligible strength. Phase diagrams calculated using MF
theory indicate that the coupling parameters determined by
Yiu et al. [8] match well the observations for LiFePOy,.
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FIG. 7. Identification of powder lines arising from the sample en-
vironment (cryostat wall and magnet coils) and nuclear Bragg peaks
from the sample. (a) Experimental geometry showing the position of
the cryostat wall, magnet coils, and sample. Note that the sketch is
not to scale. (b) Neutron diffraction data collected at zero field as a
function of pixel number and time of flight(ToF) for detector tube No.
9. Color contours represent the neutron counts. Nuclear Bragg peaks
(020), (040), and (060) are observed as high-intensity spots around
pixel No. 20. Powder lines have intensity spread out homogeneously
over all pixels. (c) Neutron counts as a function of ToF collected at
zero field and 4.5 K in detector tube No. 9 and pixel No. 20. Nuclear
Bragg peak positions from the sample are marked with red lines.
Powder lines from the cryostat wall (aluminum) and magnet coils
(copper) are marked with, respectively, gray and blue lines.
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APPENDIX A: POWDER LINES
AND BACKGROUND AT NOBORU

In addition to the Bragg peaks arising from LiFePOy, our
pulsed-field neutron diffraction data contained multiple addi-
tional high-intensity peaks. To investigate the origin of these
features, we considered scattering from the sample surround-
ings. Two main sources of polycrystalline elastic scattering
were identified: the cryostat wall in aluminum and the mag-
net coils in copper, positioned as shown in Fig. 7(a). The
quantities indicated in the sketch are L; = 14 m, L, = 0.9m,

(a) IV conversion  Amplifer

A fD——0

PreAmplifier

Magnetic field (T)

-100

-200

Displacement current (nA)

-300 1 1 L 1 1 1 1

Electric polarization (uC/m?)
o

-5

-10 .

sl P.H, 4.2K |
0 2 4 6 8 10 12 14

Time (ms)

FIG. 8. (a) Experimental setup for polarization measurement. (b)
Two consecutive magnetic field pulse of duration 6.1 ms. (c) The
measured displacement current during the time of the pulse. (d) The
deduced electric polarization. As evident, the electric polarization
along a has a plateau in the spin flop phase, for field applied along
the b axis, as discussed in the main text.
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260 = 150°, and AL in the range [—15, 0] cm, where nega-
tive AL corresponds to a position before the sample. Bragg
peaks from the sample are distinguished from the powder
lines as high-intensity spots on the detector, see Fig. 7(b). The
cryostat contains several aluminum shields, but most peaks in
the diffraction pattern are well accounted for by including a
single wall of aluminum positioned 7 cm before the sample
and copper at the sample position as shown in Fig. 7(c),
considering the second cryostat wall after the sample does
not yield any additional insight. Most important for our data
analysis is the identification of the lines ~15 ms, which are
close to the location of the (030) Bragg peak. It is clear that
these arise from the sample environment, and any additional
intensity in this area at high magnetic fields must find its origin
in the sample itself.

APPENDIX B: POLARIZATION MEASUREMENTS

Lastly, we elaborate on the pulsed-crystal plate is con-
nected to two electrodes, and as the magnetic field changes

with time, the ME effect induces a change in bulk polarization
and thereby a change in the surface charge on the electrodes.
This gives rise to a so-called displacement current in the
circuit. A diagram of the circuit is given in Fig. 8(a). For I/V
conversion, a LI-76 converter from the NF Corporation was
used, and the low-noise voltage preamplifier was a SR560
model from Stanford Research Systems. For obtaining the
electric polarization, the displacement current is integrated
over time:

T
P(T1)=P(To)—l/ I(T)dT
A T
= P(T; Lt V(T)dT B1
= (o)—K/T0 —& T (BD)

where I(T) and V(T) are the current and voltage, respectively,
A is the crystal electrode area, and R is the resistance.
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The interplay of magnetic correlations, crystal electric field interactions, and spin-orbit coupling in low-
dimensional frustrated magnets fosters novel ground states with unusual excitations. Here, we report the
magnetic properties and crystal electric field (CEF) scheme of a rare-earth-based square-lattice antiferromagnet
NdKNaNbOjs investigated via magnetization, specific heat, electron spin resonance (ESR), and inelastic neutron
scattering (INS) experiments. The low-temperature Curie-Weiss temperature Ocw =~ —0.6 K implies net antifer-
romagnetic interactions between the Nd** ions. Two broad maxima are observed in the low-temperature specific
heat data in magnetic fields, indicating multilevel Schottky anomalies because of the effect of CEF. No magnetic
long-range order is detected down to 0.4 K. The CEF excitations of Kramers’ ion Nd*" (J = 9/2) probed via INS
experiments evince dispersionless excitations characterizing the transitions among the CEF energy levels. The
fit of the INS spectra enabled the mapping of the CEF Hamiltonian and the energy eigenvalues of the Kramers’
doublets. The simulation using the obtained CEF parameters reproduces the broad maxima in specific heat in
zero field as well as in different applied fields. The significant contribution from J, = +1/2 state to the wave
function of the ground-state doublet indicates the role of strong quantum fluctuations at low temperatures. The
magnetic ground state is found to be a Kramers’ doublet with effective spin Jo = 1/2 at low temperatures.

DOI: 10.1103/PhysRevB.110.144434

I. INTRODUCTION

Frustrated magnetism has been at the forefront of con-
densed matter research for decades since frustration compels
the spin systems to resist magnetic long-range order (LRO)
and to exhibit a variety of disordered ground states [1].
In a two-dimensional (2D) square lattice, frustration arises
because of competing nearest-neighbor (NN) (J;) and next-
nearest-neighbor (NNN) (J,) interactions along the edges and
diagonals of a square, respectively. Based on the frustration
ratio, « = J»/J1, a series of fascinating phases are predicted
theoretically for the spin-1/2 J; — J, model. The two most
exciting ones are quantum spin-liquid (QSL) and spin-nematic
phases that are predicted at the critical regimes o ~ +£0.5,
respectively [2,3]. However, to date, no experimental verifi-
cations of the existence of these phases have emerged. Most
of the frustrated square lattice (FSL) systems experimentally
realized so far are based on 3d transition metal ions, but
none of them fall within the quantum critical regimes [4-10].
Unfortunately, none of the compounds feature a perfect square
lattice, as the underlying crystal symmetries are lower than
tetragonal [11].

*Contact author: nbch @fysik.dtu.dk
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Recently, rare-earth (4f)-based antiferromagnets (AFM)
with strong spin-orbit coupling (SOC) and crystal electric
field (CEF) interactions offer an alternate route to realize
exotic quantum phenomena [12]. In such systems, CEF is
typically weak compared to SOC and splits the spin-orbit en-
tangled ground state into different singlet and doublet states.
A system with an odd number of 4 f electrons (Kramers’ ion)
forms Kramers’ doublets and often behaves as an effective
spin-1/2 system at a temperature that is low compared to the
energy gap between the ground and first excited state doublets.
The CEF controls the single ion ground-state properties and
determines the size and anisotropy of the magnetic moment.
Further, from the wave functions of the CEF ground state
and excited states, one can extract information about the role
of quantum fluctuations, quantum tunneling, and anisotropic
spin interactions of the system [13—15]. For instance, if the
CEF ground state has significant |/, J.) components with a
large |J;|, quantum fluctuations are suppressed and classi-
cal states are stabilized [13]. Here, J is the total angular
momentum and J; is the z component of the angular mo-
mentum operator. On the other hand, if the CEF ground state
has significant |/, J;) components with a small |J,|, it would
facilitate quantum tunneling and leads the system to host
exotic quantum phenomena, such as QSL [16,17]. Thus, in
order to understand the nature of the magnetic ground state,

©2024 American Physical Society
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FIG. 1. (a) A section of the NdNaNbOs layer (square plane)
in the ab plane highlighting the interactions J; (along the sides of
the square) and J, (along the diagonals of the square). (b) Crystal
structure of NdKNaNbOs projected in the bc plane that shows the
stacking of two adjacent layers along the ¢ axis and their interlayer
connectivity via NbOs and NaOs square pyramids.

especially for rare-earth-based systems, it is essential to an-
alyze the CEF scheme. From the material perspective, while
many rare-earth-based frustrated magnets are studied [12,18—
29], systems featuring FSL have not yet received much at-
tention because of the unavailability of model compounds.
Recently, NaYbGeOy, is reported to be a distorted square-
lattice compound, showing magnetic LRO at 0.21 K [30].
Similarly, another compound Bi, YbO4Cl displays a perfect
square lattice and does not order down to 0.09 K [31].

The family of compounds, LnKNaNbOs (Ln = rare-earth)
exist with a tetragonal structure (space group: P4/nmm,
i.e., a perfect square lattice), without any structural dis-
order, making them favorable candidates to explore FSL
model. NdKNaNbOs (NKNNO) belongs to the above fam-
ily where distorted NdOg cubes are edge-shared with the
basal edges of NbOs and NaOs square pyramids and form
a layered structure in the ab plane, as depicted in Fig. 1(a).
Two adjacent NdNaNbOs layers are interconnected via a
common apical oxygen of NbOs and NaOs units along
the ¢ axis [see Fig. 1(b)]. K* ions occupy the intersti-
tial space. In each layer, Nd** ions form a perfect square
lattice with NN exchange interaction (J;) arising through

Nd-O-Nd pathway while the NNN interaction (J;) oc-
curring via Nd-O-Nb-O-Nd or Nd-O-Na-O-Nd pathways
[see Fig. 1(a)] [32]. Nd3* is a Kramers ion with 4 f 3 configura-
tion (L =16, S =3/2,J =9/2, and Landé g factor g = 0.73)
for which one expects five doublets with quantum numbers
J.==+1, :i:%, +32, £, and :t%. The low-temperature mag-
netic and CEF properties of this compound have not been
studied yet. In this paper, we report a comprehensive study of
the low-temperature magnetic properties and CEF excitations
of Nd** in NKNNO by means of magnetization, specific heat,
electron spin resonance (ESR), and inelastic neutron scatter-
ing (INS) measurements. No conventional magnetic LRO is
detected down to 0.4 K. We could successfully model the INS
spectra using the CEF Hamiltonian and extract information
about the CEF energy levels. Finally, the specific heat calcu-
lated using the CEF parameters replicates the experimental
specific heat data.

II. SYNTHESIS AND METHODS

Polycrystalline samples of NKNNO and the nonmagnetic
isostructural compound LaKNaNbOs (LKNNO) were syn-
thesized by the conventional solid-state reaction method.
Stoichiometric amount of Ln,O3 (Ln = Nd and La) (Aldrich,
99.9%), Na,CO3 (Aldrich, 99.9%), K,COs (Aldrich, 99.8%),
and Nb,Os (Aldrich, 99%) were ground thoroughly inside
an Argon-filled glove box and pressed into pellets. Prior to
grinding, preheating was done at 1000'C for one day for
LnyOs and at 120°C for overnight for Na,COs and K,COs.
The pellets of LKNNO and NKNNO were heated for several
hours at 760'C and 800 C, respectively with intermediate
grindings. In each intermediate grinding step, we added an
extra amount (5% excess) of Na,CO3; and K,COj3 to com-
pensate the loss of Na and K during the heating process.
The phase purity of the samples were checked by room-
temperature powder x-ray diffraction (XRD) measurement
using a PANalytical powder diffractometer with Cu K|, radi-
ation (Aaye >~ 1.5418 A) (see Fig. 2). Rietveld refinement of
the powder XRD patterns were performed using the FULL-
PROF software package [33], taking the initial structural
parameters from Ref. [32]. The refined atomic coordinates
are tabulated in Table I. The lattice parameters and unit
cell volumes (V) obtained from the refinement are [a =
b=5.8032(3) A, ¢ ~82713(4) A, and Ve =~ 278.5 A3]
and [a =b=5.7367(2) A, ¢ =8.2422(1) A, and Vcey >~
271.3 A3] for LKNNO and NKNNO compounds, respec-
tively. These values are in close agreement with the previous
report [32].

Magnetization (M) as a function of temperature (7') was
measured in the temperature range 0.4-380 K in different
magnetic fields using a superconducting quantum interference
device (SQUID) (MPMS-3, Quantum Design) magnetome-
ter. Isothermal magnetization (M vs H) was measured at
T =0.4,0.6,1,1.8,3, and 5 K from O to 7 T. Measurements
below 1.8 K were performed using a *He insert (iHelium3)
to the SQUID magnetometer. Temperature-dependent spe-
cific heat at different fields (0-9 T) was measured on a
sintered pellet in a large temperature range (0.4 K < T <
200 K) using the thermal relaxation technique in PPMS. A
3He insert to the PPMS was used to measure specific heat
below 2 K.
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FIG. 2. Room-temperature powder XRD patterns of (a) NKNNO
and (b) LKNNO. Black circles denote the observed intensity and the
red-solid line represents the Rietveld fit. Green small-vertical bars
at the bottom show the Bragg peak positions and the blue-solid line
represents the difference between observed and calculated intensi-
ties. x? represents the goodness-of-fit of the refinement.

Electron spin resonance (ESR) experiments were per-
formed on the powder sample using a standard continuous-
wave spectrometer in the temperature range 3K < 7 < 30 K.
We measured the power P absorbed by the sample from a
transverse magnetic microwave field (X-band, v = 9.4 GHz)
as a function of an external static magnetic field. To improve
the signal-to-noise ratio, a lock-in technique was employed.
The final data were recorded as the derivative of the response

TABLE I. Structural parameters of (Nd,La)KNaNbOs obtained
from the Rietveld refinement of the powder XRD data at room
temperature [structure: tetragonal; space group: P4 /nmm (No. 129)].
Listed are the Wyckoff positions, refined atomic coordinates, and
occupancies of each atom for NdKNaNbOs (upper lines) and
LaKNaNbOs (lower lines).

Atom Wyckoff X y b4 Occ.
position
Nd/La 2b 0.75 0.25 0.5 1
Nb 2c 0.25 0.25 0.254(1) 1
2c 0.25 0.25 0.253(6) 1
Na 2c 0.25 0.25 0.761(3) 1
2c 0.25 0.25 0.751(3) 1
K 2a 0.75 0.25 0.00 1
2a 0.75 0.25 0.00 1
(0] 8j 0.017¢5)  0.017(5)  0.317(9) 1
8j 0.023(7)  0.023(7)  0.326(3) 1
02 2c 0.25 0.25 0.024(2) 1
2c 0.25 0.25 0.019(2) 1

signal % as a function of the field. The ESR g factor was

calculated using the resonance condition, g = m :Ijm, where
h is Planck’s constant, ug is the Bohr magneton, v is the
resonance frequency, and H, is the corresponding resonance
field.

For the zero-field inelastic neutron scattering (INS) ex-
periment, we used the direct geometry time-of-flight (TOF)
spectrometer MARI at the ISIS Facility, Rutherford Appleton
Laboratory, United Kingdom. Powder samples with total mass
3.5 g of NKNNO and LKNNO were packed in an annular ge-
ometry inside Al cans, which were cooled using a top-loading
closed cycle refrigerator. Data were recorded at 6 and 200 K
using incident neutron energies E; = 14, 40, and 100 meV and
Gd chopper frequency 400 Hz. The three configurations gave
elastic energy resolutions 0.3, 0.9, and 3 meV, respectively.
The raw data were processed using the Mantid software [34].

III. RESULTS

A. Magnetization

Figure 3(a) presents the temperature-dependent magnetic
susceptibility y[= M/H] of NKNNO measured at uoH =
0.05 and 1 T. No indication of magnetic LRO is observed
down to 0.4 K. The inverse magnetic susceptibility, 1/, in
the high-temperature region was well fitted by the modified
Curie-Weiss (CW) law

x(T) = xo+ ey

T —fcw
Here, xo is the combination of temperature-independent core
diamagnetic (x4i,) and Van-Vleck paramagnetic (xvyy) sus-
ceptibilities. In the second term, C is the Curie constant and
Ocw is the CW temperature. The CW fit for 7 > 100 K
yields xo 2~ 5.14 x 10~* cm?/mol, CHT ~ 1.63 cm*K /mol,
and va{, ~ —66 K. From the CHT value, the effective mo-
ment ulf [= /(3kgCHT /Ny ) s, where Ny is the Avogadro’s
number, up is the Bohr magneton, and kg is the Boltzmann
constant] is calculated to be ~3.61ug, which is close to the
expected value 3.62up for a free Nd3* ion. Here, the large
negative value of 954, does not indicate the presence of strong
AFM interactions. It rather reflects the effect of CEF excita-
tions at high temperatures. At high temperatures, all Kramers
doublets get thermally populated and contribute to Ocyy.

At low temperatures, 1/x changes its slope because of
depopulation of crystal field energy levels. A CW fit to
1/(x — xvv)inthelow-T (9 K < T < 22 K) region results in
C'T ~ 0.55 cm® K/mol and 65}, ~ —0.6 K. The value of xyv
is obtained from the magnetization isotherm analysis (dis-
cussed later). The negative value of 655, suggests a weak AFM
net interaction among the Nd>* ions. The obtained CT value
corresponds to an effective moment of uLf ~ 2.1up. The re-
duced value of effective moment et = ga/Jett (Jetr + 1)uB]
at low-T's corresponds to pseudospin Je = 1/2 with g~
2.45, suggesting that the lowest Kramers’ doublet is the
ground state. As we shall see below, this g value matches with
the one obtained from the ESR experiments at low-T's.

In order to estimate the energy splitting between the
ground state and first excited Kramers’ doublets in the CEF
scheme, 1/x(T) was also fitted by the effective two-level
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FIG. 3. (a) x vs T of NKNNO measured at uoH = 0.05and 1 T. (b) 1/x vs T at uoH = 0.05 T. The red dashed line is the high-77 CW
fit and the solid blue line indicates the two-level CEF fit. (Inset) 1/(x — xvv) vs T and the solid line is CW fit in the low-T region. (c) M vs
HatT =0.4,0.6, 1, 1.8 3, and 5 K. The dashed line represents a linear fit to the high-field data for T = 0.4 K. The solid lines represent the
Brillouin function fits with Jei = 1/2 Nd** moment. (d) (M — Myy) vs uoH, /T to visualize the scaling of magnetization curves.

CEF expression [35,36]

_A
T

n 1 Ieteo + Méff,1e( 8 )
8(T — Ocw)

x(T) = xo )

1 +e(_kBAT)

Here, A/kg is the energy difference between the ground
state and the first excited CEF levels. pefro and g, are
the effective moments of the ground state and first excited
CEF levels, respectively. The two-level CEF fit for T <
20 K yields xo =~ 7 x 1073 cm?/mol, fiesr.0 = 2.06up/Nd>*,
tefr1 =~ 2.2up/Nd*", A/kg ~ 18 K, and fcw ~ —0.32 K.
It should be noted that this is a simple two-level model fit
that neglects higher-lying Kramers doublets for a tentative
estimation of the energy difference between ground and first
excited states. Nevertheless, as we shall see the obtained g
matches with xyyy and A/kg matches with the estimated gap
between the ground state and first excited state doublets from
INS data.

Isothermal magnetization curves (M vs uoH) measured
at T =04, 0.6, 1, 1.8, 3, and 5 K are shown in Fig. 3(c).
The magnetization at 0.4 K almost saturates in a low field of
around 2 T, which is consistent with the low G(Ij\TV value. A slow
increase of magnetization in higher fields can be attributed to
the Van-Vleck susceptibility (xvy). From the linear fit of the
curve in the high-field region (uoH > 5.5 T), we obtained
a slope of around xvy =~ 0.0125 ug/T = 0.007 cm3/mol,
which was used in the low-T x (T") analysis presented above.
The fit is extrapolated down to zero field and from the

y-axis intercept, we obtained the saturation magnetization
Mg ~ 1.24 g, which points towards Jegr = 1/2 ground state
with g >~ 2.48. This value of g is also in close agreement with
the ESR results, which will be presented below.

Magnetic isotherms at slightly higher temperatures
(T > 1 K) can be modeled by the following expression [37]:

M(H) = xvvH + NagupJess By (x). 3

Here, Bj,, (x) is the Brillouin function, which can be written
as By, (x) = W“%”coth[%x] — #ﬁﬁcoth(ﬁ“) and x =
gupJereH /kgT [38]. For this ﬁt, we fixed Jegr = 1/2, xyv =
0.007 cm?/mol, and g ~ 2.47 (obtained from ESR). For high
temperatures (T = 1.8, 3, and 5 K), Eq. (3) fits well to the
isotherms while below 1 K, the fit deviates significantly from
the experimental data, signaling the emergence of magnetic
correlations. To illustrate this feature more clearly, we plotted
the Van-Vleck corrected M (i.e., M — Myv) vs uoH scaled
with respect to the temperature in Fig. 3(d). For T > 1 K, all
the M — Myvy vs noH/T curves collapse onto a single curve,
reflecting the paramagnetic nature of the spins. However, for
T < 1 K the curves show clear deviation from this pattern,
demonstrating the development of magnetic correlations on a
temperature scale comparable to the low 6y, value.

B. Specific heat

The temperature-dependent specific heat Cy(T) of
NKNNO measured down to 0.4 K and in different applied
fields is shown in Fig. 4. In a magnetic insulator, the total
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FIG. 4. (a) C, vs T of NKNNO measured in different applied magnetic fields. The blue-solid line represents the phonon contribution (Cyp,)
of the nonmagnetic compound LKNNO. The horizontal-dashed line stands for the Dulong-Petit value 3nR (n is the number of atoms per
formula unit). (b) Cae vs T in different magnetic fields. The solid line is the Schottky fit using Eq. (4) to the 2 T data. (Inset) A; vs H along
with the linear fit. (c) Entropy change (AS) vs T in different magnetic fields. Inset: AS vs T associated with the broad maximum at 7** for the
2 T data. (d) Calculated Ccgr vs T in different magnetic fields, as discussed in the text. The solid lines represent Ccgp With contributions from
the ground state and first excited state doublets in the CEF scheme. The dash-dotted lines and open circles separately show the contributions
from ground-state excitations and excitations between the ground state and first excited states, respectively in zero field and uoH =2 T.

specific heat C,(T') is the sum of the lattice contribution
[Con(T)], which dominates in the high-temperature region
and the magnetic part [Cpae(T)], which dominates in the
low-temperature region. We estimated C,, (1) by measuring
the zero-field specific heat of the non-magnetic isostructural
compound LKNNO [see Fig. 4(a)] down to 2 K. The
low-temperature specific heat data of LKNNO is fitted by
BT? and further extrapolated down to 0.4 K. The estimated
lattice specific heat of LKNNO was scaled with respect to
NKNNO by taking the ratio of their atomic masses [39] and
then subtracted from the total specific heat of NKNNO. The
obtained Cyq (T') at different fields is plotted in Fig. 4(b).
The zero-field Cyae shows a broad maximum at around
T* ~9 K and an upturn at T < 1 K. The low-temperature
upturn can be attributed to the buildup of short range magnetic
correlations, since the value of Qé‘\T,v is of the same order of
magnitude. With increasing field, the position of the high-
temperature maximum remains almost unchanged and another
broad maximum (7**) appears at low temperature. The latter
peak shifts to high temperatures with increasing field. Both
peaks are also found to broaden with increasing field. In high
magnetic fields (uoH > 6 T), the T* and T** peaks merge and
form a single broad high-temperature peak. Similar behavior
is reported for some Er’* and Yb**-based compounds and
ascribed to a multilevel Schottky effect due to the CEF levels

and their splitting in applied fields [40-42]. As discussed
later, the broad maximum at 7** corresponds to the transition
between two Zeeman levels of the ground-state doublet while
the peak at 7* represents the transitions between the ground
state and first excited state doublets as well as among the
excited state doublets [see Fig. 9(b) below].

The magnetic entropy [AS(T )] released at different fields,
estimated by integrating Cy,,g/T over the entire temperature
range is presented in Fig. 4(c). In zero field and 1 T, AS(T)
could not be estimated reliably as our measurements down
to 0.4 K could not reproduce the entire low-temperature
anomaly. However, at uoH =2 T where two broad max-
ima are distinctly visible, AS(T') features a plateau with
AS ~ 5.7 J mol™! K~ in the low-temperature regime be-
fore it attains a tendency of saturation to AS ~ RIn4 ~
11.5 J mol~! K~! (R is the universal gas constant) at high
temperatures. Indeed, the value of AS ~5.7J mol~! K!
matches with RIn2, expected for a Jo = 1/2 system. This
further endorses that the ground state is governed by the
lowest Kramers’ doublet with Jois = 1/2 [36]. The AS ~ 12]
mol~! K~! value at 50 K is still smaller than the expected
value for Nd** (~RIn10 =19.14 J mol~! K~') ion with
J =9/2.

In order to further confirm the J.¢r = 1/2 ground state, the
broad maximum at 7** in Cyae(T') was fitted by the two-level
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FIG. 5. (a) g factor as a function of temperature for NKNNO.
(Inset) ESR spectra at T = 3 K. The solid line is a Lorentzian fit.
(b) Temperature dependent ESR linewidth (1o AH ). The solid line is
the fit using Eq. (5).

Schottky function [38]

Csen(T.H) = fR(B— “)

Here, f is the molar fraction of free spins contributing to the
Schottky anomaly and A;/kp is the energy gap between two
Zeeman levels of the ground-state Kramers doublet. The fit of
Cmag at 2 T in the temperature range 0.6-1.6 K yields f >~ 1
and Ay/kg >~ 2.4 K. We then extrapolated the fit from 0.4 to
30 K, as shown in Fig. 4(b). The calculated entropy corre-
sponding to the maximum at 7** saturates to a value ~RI[n2
at around 6 K [see the inset of Fig. 4(c)], reflecting Kramers’
doublet ground state with Je = 1/2. The value A;j/kg ob-
tained in different fields is shown in the inset of Fig. 4(b). As
expected, Ay/kp varies linearly with field and a straight line
fit (A; = A + gusH) [43] yields g >~ 2.3, consistent with the
ESR results. A fit using Eq. (4) to the second broad maximum
at T* results in no change in the gap (A ~ 21 K) value with
field.

C. ESR

The results of ESR measurements on NKNNO are pre-
sented in Fig. 5. The inset of Fig. 5(a) illustrates a typical
ESR spectrum at 7 = 3 K. We fitted the spectra at different
temperatures using a powder-averaged Lorentzian line shape.
The fit reproduces the spectral shape very well at T = 3 K,
yielding an average low-temperature g-factor of g~ 2.47.
As shown in Fig. 5(a), the g value decreases slowly with
increasing temperature and attains a constant value of 2.32
above 30 K. Figure 5(b) presents the ESR linewidth as a
function temperature. It depicts a broad maximum at ~10 K

that matches with 7* observed in specific heat, mimicking the
crystal field excitations.

Below the broad maximum, the relaxation (AH) can be
fitted by [44]

AH o — 5)

oA /ksT _ |
Here, A®"/kg represents the energy gap in the CEF scheme.
This exponential behavior implies the spin-lattice relaxation
process is dominated by an Orbach process due to the CEF
[45]. Through SOC, this process involves a phonon absorption
to and emission from a CEF energy level. The fit in the
low-temperature regime (2.8-5 K) returns A®" /kg >~ 22.2 K,
which is consistent with the energy gap (2.1 meV) between the
ground and first excited doublets observed in the INS data.

D. Inelastic neutron scattering

Figure 6 presents the color plots of the INS spectra of
NKNNO and LKNNO measured using neutrons of incident
energy E; = 40 meV at temperatures 7 = 6 and 200 K and
E, =14 meV at T = 6 K [46]. For NKNNO, we observed
a broad band of excitations around 20 meV, which are more
pronounced at low temperature (7 = 6 K) than at elevated
temperatures and decrease in intensity with increasing Q, as
we shall show below. Furthermore, no low-Q excitations are
observed for the nonmagnetic analog compound LKNNO.
These observations are consistent with a magnetic origin for
the 20 meV excitation band in NKNNO. Given that the en-
ergy resolution for the chosen experimental setup is 0.9 meV,
which is smaller than the width of the excitation band, we
interpret it as arising from a group of closely spaced crys-
tal field excitation, each of which is dispersionless, because
CEF excitations are single-ion properties. In order to ex-
tract these high-energy CEF excitations from the background
due to phonon scattering, we subtracted the INS spectra of
nonmagnetic LKNNO in which the excitations are purely
phononic, from the spectra of NKNNO. Figure 7 depicts the
resulting phonon-subtracted INS spectra of NKNNO at 7 = 6
and 200 K. The intensity of the CEF excitations near 2 and
20 meV decreases with increasing Q (= |Q|), as expected
because of the magnetic form-factor [F(Q)] in the neutron
scattering cross section. We calculated F2(Q) for Nd** ion
using the dipole approximation (see Appendix A for details
on the magnetic cross section and the magnetic form fac-
tor) and compared with the experimental INS intensity in
Fig. 8(a). The calculated intensity decreases monotonously
with increasing O and reproduces the experimental data very
well at T = 6 K. The intensity of the CEF excitations fur-
thermore diminishes with rising temperature due to thermal
broadening and because of depopulation of the ground-state
Kramers’ doublet.

For a clear visualization of the CEF modes and to fit the
INS data, we created a 2D plot of intensity versus energy
transfer by integrating the phonon subtracted INS data in the
wave vector 0 < Q0 < 3 A~! regime, as shown in Figs. 7(c)
and 7(d) for T = 6 K and 200 K, respectively. The observed
strong signal at 7iw = 0 meV corresponds to the quasielastic
neutron scattering. In addition, we observed four CEF excita-
tions for T = 6 K at around 2.3, 19.2, 20.9, and 22.6 meV
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FIG. 6. Raw INS spectra S(Q, w) of (a), (b) NKNNO and (d), (¢) LKNNO (intensity as a function of energy and momentum transfers) at
two different temperatures for E; = 40 meV. The red arrows indicate the high-energy CEF excitations in the NKNNO spectra. Raw INS spectra
of (¢) NKNNO and (f) LKNNO at 7 = 6 K for E; = 14 meV. We note that for both these data sets, there is a feature at Q ~ 0.37 (A)~! and
hiw ~ 3 meV, which is ascribed to a spurious instrumental artefact. The red arrow marks the faint CEF excitations at around 2.1 meV, discussed

in the text.

with the 2.3 meV excited Kramers doublet appearing as a
weak but distinct shoulder on the dominant quasielastic sig-
nal [see inset of Fig. 7(c)]. There exists a weak low-energy
mode in the spectra obtained with E; = 14 meV for which
the energy resolution is 0.3 meV [see Fig. 6(c)]. The inset of
Fig. 7(c) shows the low-energy peak cleanly separated from
the 7w = 0 peak. The momentum dependence of the low-
energy excitations shown in Fig. 8(a) confirms its magnetic
origin. In the low-temperature spectrum (7 = 6 K), no peaks
are observed near —20 meV in the negative energy trans-
fer regions (reflecting transitions from excited state Kramers
doublet to the ground-state doublet) at low temperatures. On
the other hand, in the high-temperature (7' = 200 K) spec-
trum, the increasing thermal population of excited CEF levels
implies that such transitions become allowed and are ob-
served as low-intensity peaks at negative energy transfers [47].
Figure 8(b) was produced using neutrons with higher incident
energy E; = 100 meV and shows that at 7 = 6 K there are
no additional high-energy CEF transitions for energy transfers
up to iw = 65 meV. Therefore, we used only the INS spectra
corresponding to E; = 40 meV for the CEF analysis.

E. CEF analysis

The INS intensity versus energy transfer data can be ana-
lyzed using the CEF Hamiltonian. According to the Stevens
convention, the CEF Hamiltonian can be written as [48]

Heer = Y Bl'O]. (6)

IL,m

Here, O;" are the Stevens operators [48,49], which are related
to the angular momentum operators (see Appendix B). B are
the multiplicative factors called CEF parameters, which are
related to the electronic structure of the rare-earth materials
(see Appendix B). Here, the even integer / varies from 0
to 6 for f electrons and the integer m ranges from —/ to
[. In NKNNO, Nd** ion has a Cu, symmetric crystal field
environment, which indicates that only five CEF parameters
(BY, B, BY, B}, and B}) are nonzero [49]. Therefore, the CEF
model Hamiltonian can be expressed as

Hegr = BYOY + BYOY + B3O3 + BYO2 + B{O;. (1)

As presented in Figs. 7(c) and 7(d), we fitted the 6 K and
200 K data simultaneously using the above CEF model with
the help of Mantid software [34,50]. For this fit, we used the
starting CEF parameters of the point-charge model where we
assumed that the surrounding ligands are electrostatic point
charges [49]. The obtained best-fit CEF parameters that deter-
mine the correct CEF Hamiltonian of this system are tabulated
in Table II.

Next, we diagonalized the Hamiltonian and obtained the
CEF energy eigenvalues of the compound. The obtained en-
ergy eigenvalues are 0, 2.11, 19.22, 20.92, and 22.7 meV,
corresponding to five doublets, as depicted in Fig. 9. The
peaks observed in the INS data at T = 6 K [Fig. 7(c)] corre-
spond to the transitions I, II, III, and TV, respectively between
the ground state and excited states [51].
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FIG. 7. INS spectra S(Q, w) of NKNNO at (a) 7T =6 K and
(b) T = 200 K, after subtracting the phonon scattering contribution
as discussed in the main text. The red arrow indicates the high-energy
CEF excitations. The INS spectral intensity as a function of energy
transfer at (c) T = 6 K and (d) T = 200 K, obtained by integrating
intensity in the low wave vector 0 < Q < 3 A~ regime. The arrows
point to the CEF modes (I, II, III, and IV). Black solid line is
the corresponding fit using the CEF Hamiltonian. Blue-solid line
represents the difference between the observed and fitted intensities.
Inset of (c): INS intensity vs energy transfer data at 7 = 6 K for
E; = 14 meV after subtracting the phonon contribution. The arrow
marks the CEF excitations at around 2 meV.

From the CEF Hamiltonian [Eq. (7)], the wave func-
tions corresponding to all the Kramers’ doublets can be
expressed as

9
2

[V, & Z Cyr|J

_7m.]>' (8)

(ST}

Here, C,’fli are the weighted coefficients of the eigenstates.
The full list of energy eigenvalues and the corresponding co-
efficients (C;*) of different eigenstates for NKNNO are listed
in Table III. The wave function of the ground-state doublet

(lowest-energy doublet) is obtained to be

1 7 9
[V, £) = j:0.749‘:|:5> F 0.045‘j:§> F0.661 ’:F§> ©)

TABLE II. Fitted CEF parameters for NKNNO.

B}' (meV) Values

BY 8.087x 1072
BY -1.772x1073
B -5.451x1073
B -3.835x107°
B} 1.766x1073

003 (@ Nd T=6K o (19<ho<23mev)

O (1.5<hw<3 meV)]
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FIG. 8. (a) Q dependence of INS intensity at 7 = 6 K, obtained
by integrating in the transfer energy range 19-23 meV and 1.5-3 meV
for the E; = 40 meV data. The red-solid lines are the square of
magnetic form-factor [F2(Q)] of Nd** ion. (b) The INS intensity
versus energy transfer spectrum of NKNNO with E; = 100 meV at
T = 6 K, after subtracting the phonon part for the wave-vector range

<O<3A

Similarly, one can obtain the wavefunctions of the higher-
energy doublets by inserting the appropriate coefficients from
Table III into Eq. (8).

In the absence of magnetic correlations, the thermody-
namic properties at low temperatures are expected to be
influenced significantly by the low-energy CEF excitations. In
NKNNO, because of a small energy gap between the ground
state and the first excited states, these CEF levels are expected
to dominate the low-temperature specific heat as observed in
NaYbSe, [42] and KErTe, [41]. To study the effect of CEF
excitations on specific heat, we calculated single-ion specific
heat [Ccgp(7)] at different magnetic fields (see Appendix C)
using the energy eigenvalues in Table II and taking into ac-
count the Zeeman splitting of the CEF levels [see Fig. 9(b)].
Here, we have taken g ~ 2.47. The calculated results are pre-
sented in Fig. 4(d). In zero field, there is only one transition
from ground-state doublet to the first excited state doublet,
and the calculations yield a broad maximum in Ccgp at around
~9 K. The CEF contribution to the specific heat approaches
zero below about 2.4 K in contrast to the low-temperature
upturn observed in the experimental Cy,e. This suggests that
the low-temperature upturn in zero-field Cy,,e originates from
spin-exchange interactions.

When the magnetic field is applied, the ground state and
the first excited state doublets split further and become a four-
level system. All the possible transitions between the energy
levels are shown in Fig. 9(b). The calculated Ccgr results in
two broad maxima reproducing our experimental Cpag(T). At
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TABLE III. Energy eigenvalues and the coefficients (C,’j;f) corresponding to different eigenstates of the CEF Hamiltonian for NKNNO.

E (meV) ) | =3 |- 3) =3 3) 13) 13) 13) 13) 13)
0.00 -0.661 0 0 0 0.749 0 0 0 -0.045 0
0.00 0 0.045 0 0 -0.749 0 0 0 0.661
2.11 0 0 0 -0.764 0 0 -0.644 0 0
2.11 0 0 -0.644 0 0 -0.764 0 0 0
19.22 0 0.973 0 0 -0.117 0 0 0 -0.1982
19.22 -0.1982 0 0 0 -0.117 0 0 0 0.973 0
20.92 0 0 -0.764 0 0 0.644 0 0 0
20.92 0 0 0 -0.644 0 0 0.764 0 0
22.70 0 -0.225 0 0 -0.652 0 0 0 -0.723
22.70 -0.723 0 0 0 -0.652 0 0 0 -0.225 0

noH =1 T, the low-temperature maximum at 7** ~ 0.5 K
is caused by the transition between the Zeeman levels in
the ground-state doublet. The high-temperature maximum at
T* ~ 9 K can be attributed to the superposition of transitions
between the ground state and the first excited state doublets as
well as the transitions among the split excited state doublets.
With increasing field, the maximum at 7** moves towards
high temperatures while the one at 7" remains temperature
independent but with an increasing line broadening, consistent
with the experimental Cpae(7T') data. In Fig. 4(d), we have
also separately shown the contributions from excitations of
the Zeeman split ground-state doublet and superposition of
excitations among the Zeeman split ground state and first
excited state doublets at toH = 2 T to highlight that they cor-

@) 24
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FIG. 9. (a) Schematic representation of CEF excitation energy
levels (0, 2.11, 19.22, 20.92, and 22.7 meV) obtained from the zero-
field INS data. The arrows indicate the CEF transitions between the
states corresponding to the peaks observed in the INS data at T =
6 K. (b) Zeeman splitting of the ground and the first excited Kramers’
doublets. (c) Distorted NdOg cube formed by Nd** ion that generates
CEFE.

respond to the low-7T and high-T broad maxima, respectively.
Please note that the remaining CEF energy levels (19.2, 20.9,
and 22.7 meV) are much higher in energy than the ground
state and first excited state. Therefore, the contributions from
these higher CEF levels are negligible within our measured
temperature range.

For a comparison with the experimental data, we made a
2D contour plot of Ccgr(T', H) and plotted 7* and T** vs H in
Fig. 10. The magnetic field variation of 7* and 7** obtained
from the calculations match with that obtained from the ex-
perimental Cpae(7') data. A small difference in the values of
T* and T** from the experiment and theory could be caused
by the presence of a weak magnetic exchange interaction
between the Nd** ions that is neglected in our calculations.

IV. DISCUSSION

We studied the ground-state properties of an unexplored
rare-earth-based FSL system NKNNO through thermody-
namic and INS measurements. The low-7 value of 5% ~
—0.6 K indicates a weak AFM interaction between the

C

CEF (

J/mol-K)
0.000

A o E;<perim'ent
— — - —-—-Calculation

0.9000

1.800

2.700

I 3600
4.500
5.400

6.300
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0 3 6 9

FIG. 10. 2D contour plot of Ccgr with field and temperature. On
top of this plot, 7* and T** obtained from the experimental Cp,,
(symbols) [from Fig. 4(b)] and calculated Ccgr (dashed line) [from
Fig. 4(d)] are shown.
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Nd** ions. The dipolar magnetic interaction of the system
272
is calculated to be Egp = % ~ 0.015 K [52]. Here,

d= a/ﬁ ~ 4.05 A is the distance between NN Nd>* ions,
Wo is the permeability of free space, Jog = 1/2, and g >~ 2.47.
This value of dipolar coupling is about one order of magni-
tude smaller than 6, suggesting that the magnetic exchange
interaction dominates over the dipole-dipole interaction. No
magnetic LRO sets in down to 0.4 K possibly because of
the magnetic frustration and/or two-dimensional geometry
of the spin lattice. The magnetization and specific heat data
indicate that the ground state is pseudospin-1/2 (Jeir = 1/2).
Typically, for compounds with Je = 1/2 ground state, the
dimensionless ratio should have a value R = ("“‘r )2 = 3. This
squared moment ratio for NKNNO in the low T regime is
estimated to be Rex, >~ 3.06, which confirms that the lowest
Kramers’ doublet with Jo = 1/2 is the ground state [53].
From the CEF energy diagram, the energy gap between the
ground state and first excited state doublets is found to be
about ~25 K (~2.1 meV). Hence, it is indeed expected that
below this temperature scale, the lowest Kramers’ doublet
with Jer = 1/2 should be manifested as the ground state of
the compound.

As discussed above, the wave functions [Eq. (9)] of the
ground-state doublet are the linear combinations of |:|:%),
|:l:%), and |:|:g) states. The weight factors of |:t%) and |:I:g)
are found to be larger compared to that of |:|:%). Thus, the

obtained large coefficient of |:|:%) in the CEF ground-state
wave function implies that the raising (/) and lowering (J_)
operators set a very high probability of quantum tunneling be-
tween these two states. At the same time, a significant value of
the coefficient of |+ (23) also indicates the classical nature of the

ground state. Nevertheless, the sizable contribution from |:|:%)
to the ground-state doublet might facilitate strong quantum
effects in NKNNO and hence QSL at low temperatures. Our
findings are similar to that reported for the other rare-earth-
based magnets (Na,K,Cs)Er(S,Se), [16,54].

V. SUMMARY

We present the experimental study of an Nd**-based FSL
compound NKNNO via magnetization, specific heat, ESR,
and INS measurements. It shows the development of magnetic
correlations below ~1 K in zero field though no magnetic
LRO is detected down to 0.4 K, consistent with the low CW
temperature obtained from the x (7') analysis. Zero-field spe-
cific heat data manifest a single broad maximum at 7* >~ 9 K
because of CEF excitations and a low-temperature upturn,
reminiscent of magnetic correlations. An external magnetic
field suppresses the weak-magnetic correlations and produces
two broad maxima in the low-temperature regime, mimick-
ing the excitations among the Zeeman split low-energy CEF
doublets. INS experiments reveal transitions between the CEF
levels, enabling the fitting of CEF parameters to the energies
and intensities of these modes. The ground-state doublet has a
significant J, = £1/2 component in the wave function, which
indicates the strong quantum effects in this compound at low
temperatures. The small energy gap between the ground state
and first excited state of the CEF levels favours Kramers’

doublet with Jg = 1/2 ground state at low temperatures,
consistent with the findings from magnetization and specific
heat data. Finally, using the CEF energy eigenvalues obtained
from INS and g value from ESR experiments we computed
Ccer(T) in different fields, which reproduce the positions
of the broad maxima in experimental specific heat. This is
a clear demonstration of the effect of CEF excitations in
the low-temperature specific heat data. To determine whether
NKNNO develops magnetic LRO or displays more exotic
QSL or spin nematic behavior at 7 = 0, measurements at
temperatures lower than 0.4 K are required.
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APPENDIX A

The intensity recorded in a neutron scattering experiment
is simply the partial differential scattering cross section dijsz
convolved with the instrumental resolution function. For a
powder sample, the contribution from CEF level transitions
from an initial state |v;) of energy EFEY to a final state |v/)
of energy E]?E F can be written as [47]

0 _ Y50,
dodQ ~ &~ ¢
where k; and Ky are the wave vectors of the incident and

scattered neutrons and the dynamic structure factor is given
by

(A

S(Q, @) =CFX(@)e ™ @ 3" " pil (v al¥i)?

a=x,y,2 i,f

x 8(hw + E; — Ey). (A2)

Here, C is a numerical constant, and the transitions between
the CEF levels are caused by angular momentum opera-
tors J, (¢ = x, y, z) giving rise to peaks in the spectrum
when the neutron energy transfer to the sample E/' — E} =
hw equals the dlfference between CEF levels Ef — E;. The

factor p; = e T /> e & reflects the thermal occupation
probability for the initial CEF state. The factor F(Q) is
the magnetic form factor reflecting the spatial extent of
the spin density. In the dipole approximation [47], one can

write F(Q) = (jo(Q)) + £ (j2(Q)) = [¥;Ae~ 2" + D] +
LY A[Q% 9 + D'Q?), where, A, A}, a;, a}, D, and D/
are the magnetic form factor coefficients. These coefficients
for Nd** ion are tabulated in Ref. [55]. Finally, e >V is
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the Debye-Waller factor coming from the thermal motion of
the magnetic ion. At low temperatures, the thermal motion
of the ion is negligible. Therefore, one can neglect the Q
dependence of the Debye-Waller factor at low temperatures
[ie., e V@D ~ 1].

APPENDIX B

Steven operators in Eq. (7) can be expressed in terms of
angular momentum operators J, J_, and J; as [56]

0) = [377 — X].
0} = [357} — (30X —25)J2 4+ 3X* — 6X].

Oy = s17E+ 721, (B1)

0) = [231J¢ — (315X —735)J; (B2)
+ (105X> — 525X + 294)J2 — 5X* + 40X* — 60X |,

(B3)

Og = 1[UL +TH(11J7 — X —38) + (B4)

(1177 =X = 38)(J7 +J)]. (B3)

Here, X =J(J + 1).

According to the point charge model, the CEF parameters
(B}") in Eq. (7) can be written as [34,57]

A LB S e g, (B6)
20+ 1 0 A

B = —_

! dmeg < it
where g; is the charge of the ith point charge, r;, 6;, and ¢; are
the relative polar coordinates of the ith point charge from the
magnetic ion. ag is the Bohr radius and (r!) is the /th order
expectation value of the radial wave function of the magnetic
ion.

APPENDIX C

Specific heat (Ccgr) for a N level system can be written as

N
1 —(E+E,
Copr(N) = RE? 3 ) (E; — Eye”®H500, (€1

j>i

where R is the universal gas constant, S = 1 and

Y

E;
Z(=); ¢ W7 ) is the partition function. For NKNNO, in zero
field, the ground-state doublet is separated from the first ex-
cited state doublet by an energy gap A (~2.11 meV). In the
presence of a magnetic field, these doublets are split into
four energy levels. Therefore, in the calculations shown in
Fig. 4(d), we have taken N = 4.
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