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Ferroic ordering needs no introduction; ferromagnetic, ferroelectric, and ferroelastic mate-

rials have had a significant impact on the materials science community for many years. While

these three main types of ferroic ordering are well known, there is a fourth and final, lesser known

ferroic ordering known as ferrotoroidicity. A ferrotoroidic material undergoes a spontaneous,

physical alignment of toroidal moments under a critical temperature. This study is focused on

broadening our current understanding of ferrotoroidics by studying two families of materials:

LiMPO4, and Li2MP2S6, where M = Fe, Mn, and Co. While these two materials initially appear

to be similar in some regards, many differences can be observed as a deeper dive is taken into

their crystallography and magnetic structures.

For a toroidal moment to exist, a specific orientation of magnetic moments is required,

because of this, only certain magnetic point groups are allowed. For example, LiFePO4 has

an “allowed” magnetic point group of m’mm, while it’s delithiated counterpart FePO4 has a



“forbidden” magnetic point group of 222. This work has found that by using a new selective

oxidation technique, lithium concentration can be controlled in the Li1�xFexMn1�xPO4 solid

solution series. Neutron powder diffraction and representational analysis were used to find the

magnetic point groups of each member of this series. In the end, each structure was solved and

the largest transition temperature to date was reported for a potential ferrotoroidic material. The

magnetic exchange interactions can be used to describe the magnetic phase changes that occur

across the Li1�xFexMn1�xPO4 series.

The second group of materials in this study is the lithium transition metal thiophosphates

of the formula Li2MP2S6, where M = Fe, Co. The structure of Li2FeP2S6 has been previously

studied but no magnetic properties of this material have been reported. In addition, neither

the structural nor magnetic properties have been reported for the cobalt analog. Single crystal

XRD was used to confirm the previously reported crystal structure of Li2FeP2S6 and to find the

novel crystal structure of Li2CoP2S6; both crystallize in a trigonal P31m space group. While

isostructural in some regard, there are some crucial differences between these materials. The site

occupancies are different, resulting in non-trivial charge balances and a unique thiophosphate

distortion. Originally, these materials were chosen because their nuclear structure was predicted

to host long-range antiferromagnetic order and potentially ferrotoroidic order. Contrary to expectations,

magnetic susceptibility and field dependent measurements demonstrated paramagnetic behavior

for both the iron and the cobalt sample down to 2 K. This result was further confirmed by a lack

of magnetic reflections in the time-of-flight neutron powder diffraction data.

While the phosphates and the thiophosphates demonstrated very different structural and

magnetic results, they both remain relevant materials for not only ferrotoroidics, but also magneto-

electrics, spintronics, quantum materials, and much more.
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Chapter 1: Introduction

1.1 Intrinsic spontaneous order of ferroic materials

Symmetry exists in every material, but it manifests in many different ways. Some materials

undergo a spontaneous change in symmetry when an external condition is changed. A simple

example of this is water turning to ice at a speci�c “critical” temperature where the only external

application to water was cooling. The process of freezing is a spontaneous breaking of directional

symmetry.[1] When a material undergoes a spontaneous, physical change below a critical temperature

thereby introducing some sort of long-range order, it is called a ferroic material.[2] Ferroics

have been closely studied by chemists, physicists, engineers, and materials scientists for many

years. The three primary types of ferroic ordering are ferromagnetism, ferroelectricity, and

ferroelasticity. These materials demonstrate an alignment of magnetic moments, an alignment

of electric dipole moments, and an introduction of strain, respectively.[3] These three ferroic

materials can be seen in Figure 1.1b-c.

Ferromagnet, ferroelectric, and ferroelastic materials can be applied to countless �elds and

have been studied for decades. The uniform orientation of magnetic moments (ferromagnetism)

forms what is more commonly known as a standard refrigerator magnet; which have have been

studied for thousands of years.[3] Even now, ferromagnetism is being applied in spintronics [4],

magnetoresistance [5], semiconductors [6], and so much more. The ordered magnetic moments
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are shown in blue in Figure 1.1b with the electrons shown in black. Many years later, ferroelectric

materials were discovered in the early 1920's when it was found that electric dipole moments can

spontaneously order with a net polarization (1.1c) [7]. Finally, years later ferroelastic materials

were de�ned as a material that has orientation states with different spontaneous strain tensors

(1.1d) [8].

Figure 1.1: The four ferroic orders: a) ferrotoroidics break time reversal and space inversion
symmetry, b) ferromagnetics break time reversal symmetry, c) ferroelectrics break space
inversion symmetry, and d) ferroelastics do not break either symmetry.

While each of these phenomena are fascinating on their own, the interplay between more

than one ferroic behavior quickly became of even greater interest to the materials science and

solid-state chemistry �elds. When more than one ferroic behavior exists in a material, it is known

as a multiferroic material. Any combination of the primary ferroic materials can be combined to

form a multiferroic. For example, in data storage technology, both ferroelectric and ferromagnetic

behavior are utilized from the multiferroic material in question.[9] These opposite orientations

are used to represent “1” and “0” in common computer storage language. When ferroelectric
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and ferroelastic behavior exist in a multiferroic, the material can be applied to piezoelectric

transducers.[10] There is a signi�cant bene�t to these multiferroic materials because one property,

such as magnetism, can be controlled by an another, like an electric �eld. This opens up a wide

range of possibilities that can and have been utilized.

While these three primary ferroics have been well studied for hundreds or even thousands of

years, there is a fourth and �nal, lesser known ferroic order known as ferrotoroidicity. We de�ne

a toroidal moment as the local moment that arises from a local vortex of magnetic moments.[11]

Another way of wording it is a “moment of moments”; an example of a toroidal moment can

be seen in Figure 1.1a. A ferrotoroidic state occurs when the toroidal moments of a material

spontaneously align at some critical temperature. Ferrotoroidic materials have a strong theo-

retical groundwork established [12, 13, 14], however, with the exception of our group at the

University of Maryland, there are few research groups exploring these materials experimentally.[12]

One of the main reasons as to why ferrotoroidics have not been studied experimentally is because

the toroidal moment is not trivial to directly observe via current characterization techniques. This

is discussed in further detail in section 1.3.

The best way to distinguish between and simultaneously relate the four types of ferroic

ordering is through the breaking of time-reversal and space-inversion symmetry. A helpful visual

summary of these symmetry operations can be seen in Figure A.1. Ferromagnets break time-

reversal symmetry; if you consider the movement of the electrons as based in time, if you reverse

this time, the magnetic moment will be facing the opposite direction because of the right hand

rule. Ferroelectrics break space-inversion symmetry; if you put a mirror plane in between the

positive and negative side of the dipole moment, it will �ip signs. Ferroelastics don't break

either of the symmetry operations. Finally, ferrotoroidic materials break both time-reversal and
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space-inversion symmetry due to the nature at which the electrical current controls the magnetic

moments that then produce a toroidal moment normal to the plane.

Because ferrotoroidic materials break both time-reversal and space-inversion symmetry and

can be controlled by both a magnetic and electric �eld, a ferrotoroidic material is intrinsically a

multiferroic. More speci�cally, it demonstrates what is known as the magnetoelectric effect.[12]

Magnetoelectrics can be manipulated by both a magnetic and an electric �eld; the magnetization

can be controlled by an external electric �eld and the polarization can be controlled by an applied

magnetic �eld. The unique thing about ferrotoroidic materials is that there is a linear response of

the magnetization to the applied electric �eld, meaning that ferrotoroidics express what is known

as the linear magnetoelectric effect. Because of the symmetry elements and the multiferroic

behavior, every ferrotoroidic material must consist of the linear magnetoelectric effect. This

proves useful because as mentioned, measuring a toroidal moment directly is very dif�cult, one

must instead measure a phenomena that is coupled to that of the toroidal moment.[15] This means

that measuring the linear magnetoelectric effect can be used to show evidence that a toroidal

moment exists.[15]

1.2 Toroidal moments

An example of a toroidal moment can be seen in Figure 1.2a. When enough magnetic

moments are produced by an electrical current and are spontaneously aligned, a torus is formed.

This torus will produce a magnetic �eld that in turn induces a toroidal moment normal to the

plane. The direction of this toroidal moment is fully dependent on the arrangement of the spins

and therefore the direction of the magnetic moments, following the right hand rule (Figure 1.2b).

4



Figure 1.2: The toroidal moment de�ned: this �gure is from a review article published by our
group in the Journal of Solid State Chemistry.[12] a) The toroidal momentT generated from a
solenoid of magnetic moments. The strength ofT depends on the radiusr . b) The direction of
the toroidal moment is completely dependent on the arrangement of the magnetic moments. c)
Toroidal moments can be generated from several con�gurations of magnetic moments.

Now, in a realistic “ system, there won't be an in�nite amount of magnetic moments to create

this ideal closed magnetic �eld loop seen in 1.2a. Magnetic moments can however form several

other con�gurations that still have the ability to form a toroidal moment, such as a “head-to-tail”

arrangement.[12] Figure 1.2c demonstrates some examples of when two or more spins can be

arranged in a simple way and still create a toroidal moment. The strength of the toroidal moment

vector is simply a cross product of the radius of the ringr and the localized spins. The equation

for the toroidal moment strength is

T /
NX

i=1

r i � si (1.1)
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This helps us in systematically pursuing materials that could demonstrate ferrotoroidicity.

Because the strength of the toroidal moment is directly proportional to the spin, we seek to choose

materials that have metal cations with large magnetic moments. Typically these would be �rst-

row transitional metals (at least with regard to the materials studied in this work). These metals

have strong magnetic moments, meaning the toroidal moment should be suf�ciently large enough

to measure.

As toroidal moments and then the importance of the alignment of these toroidal moments

become more clear, it becomes more and more apparent that the symmetry of the magnetic

moments in the lattice are absolutely crucial in determining if a material can host ferrotoroidicity

or even toroidal moments at all. The crystallographic lattice must allow the magnetic moments

to align in a way that can produce a toroidal moment. Because of this, when searching for new

ferrotoroidic materials, many “ materials can be completely removed as potentials just based off

of their crystallographic and magnetic symmetry. Schmidet al. went through the tedious process

of determining all of the magnetic point groups that allow magnetization (M), polarization (P),

and toroidization (T), as well as all of the overlapping groups that allow multiferroic behavior.[11,

15] The summary of his work is reproduced in a Venn diagram and shown in Figure 1.3.

Out of the 122 Heesch-Shubnikov point groups, 31 magnetic point groups allow ferrotoroidicity,

fourteen of which allow only toroidization, and seventeen of which allow toroidization with

polarization and/or magnetization. There are nine point groups that can host all three primary

types of ferroic behavior shown. The detailed breakdown of these 31 point groups can be seen

in Table A.2. This table proves to be very useful when deciding which materials to pursue with

regard to studying ferrotoroidics experimentally. Now, we know that the desired material should

have metal cations with large magnetic moments and we know what symmetry we are looking
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Figure 1.3: A Venn diagram reproduced from Shmidet al. [11] where the number of Heesh-
Shubnikov point groups are broken down into those that could demonstrate magnetization (M),
polarization (P), and toroidization (T). Those that are overlapping have the ability to demonstrate
multiferroic behavior. There are 122 Heesh-Shubnikov point groups total, 31 of which could host
toroidization.

for.

1.3 Characterizing ferrotoroidic domains

Before moving on to the types of ferrotoroidic materials that have been studied, it is

important to discuss the instrumentation that has been developed to characterize toroidal moments.

As mentioned, there is still not one all-encompassing technique that can simply observe a toroidal

moment. Over time, there have been three main types of characterization that have been used

to study ferrotoroidics: Second Harmonic Generation (SHG) spectroscopy, Spherical Neutron

Polarimetry (SNP), and magnetoelectric measurements. We will discuss brie�y how these instrumentation

techniques have been used to look at ferrotoroidic domains and toroidal moments.
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Second harmonic generation spectroscopy has many uses on a variety of materials [16, 17]

but is also a useful technique for visualizing ferroic domain structures.[18] In SHG measurements,

an electromagnetic light �eld denotedE has a frequency of! and is projected onto a crystal. This

induces a polarizationP with a frequency double that of the incident light (2! ). This expression

is represented by the equation [19]:

P(2! ) = � 0�̂ E(! )E(! ) (1.2)

The susceptibility of the material is denoted as�̂ and� 0 is the permittivity of free space.[19]

The susceptibility is arguably the most important, relating the polarization to the electromagnetic

�eld. Because this tensor relates these two parameters, it is therefore directly coupled to the

toroidization of the crystal. Becausê� will change signs depending on the direction of the

polarization, one can use SHG to visualize the domain structure of the ferrotoroidic material.[12]

The most practical example of observing ferrotoroidic domains experimentally was from

Van Aken and Fiebig in 2007 where they characterized the domain structure in LiCoPO4.[19]

They concluded from symmetry arguments that ferrotoroidic domains are allowed in LiCoPO4,

making this material the �rst to show direct experimental evidence for the existence of ferrotoroidicity.

The SHG image from the LiCoPO4 study can be seen in Figure 1.4. The �rst image shows the

antiferromagnetic domains when the� yyz component was taken. The dark and light contrast is

very clear in these images, showing the differences between the domains. Figure 1.4c shows the

image from the interface of the� yyz and� zyy components, representing the ferrotoroidic domains

(outlined in red).

While SHG has proven to be helpful in visualizing ferrotoroidic domains, there are still
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Figure 1.4: Second harmonic generation spectroscopy image of LiCoPO4 reproduced from Van
Aken et al. ([19]). Image down a (100) LiCoPO4 single crystal where a) raw image obtained
from light displaying the AFM domains. b) Clearly shows the domain structures and c) red lines
highlight the ferrotoroidic domain boundary walls.

limitations, it cannot directly observe a toroidal moment, the strength of the toroidal moment,

or even a distinct direction of the toroidal moment. The second major way to characterize

these materials is by using spherical neutron polarimetry (SNP). Neutron scattering is one of the

most useful and versatile techniques to study the structural and magnetic properties of materials.

Neutrons have an intrinsic magnetic dipole moment, meaning they can interact with the magnetic

moments within a sample. The majority of neutron diffraction measurements are unpolarized, this

technique will be described in more detail in Chapter 2. However, sometimes polarized neutrons

are needed to better understand more complicated systems or reveal additional information about

the system.[20]

Polarized neutrons have many additional capabilities, the most useful of these capabilities
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Figure 1.5: Spherical neutron polarimetry experiment set up of LiFePO4 single crystal. The
incident neutron beamk i has an initial polarizationPO . After the neutron scatters, the
scattered neutron beamk f has a �nal polarizationPS. This is the polarization that is analyzed.
The scattering vector (Q) is normal to the interaction. Depending on the alignment of the
magnetization and the response, the polarization is either a) counterclockwise or b) clockwise.

for this work is that spin-polarized neutrons can help detect antiferromagnetic (AFM) domain

population. Not only can it detect AFM domains, there is currently work being done in our group

to prove that the SNP can directly probe scattering from the toroidal moment itself. The details

as to how this method works is extremely detailed and only a summary will be presented here.

A con�guration of an SNP experiment on a LiFePO4 single crystal can be seen in Figure 1.5.

One of the unique capabilities of SNP is that there is no restrictions to the polarization of the

incident beam nor how the scattered beam is analyzed. This is contrary to uniaxial scattering

where the polarization of the neutron beam is restricted to being vertical to the scattering plane or
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alongQ in the plane.[21, 22] This means that SNP can analyze the magnetic interaction vector in

its entirety, no matter how complex it may be.[23] This ability to understand complex magnetic

systems like this makes SNP perfect for toroidal moments and ferrotoroidicity.

By using the polarized neutrons and having the ability to determine if the toroidal moments

are pointed up or down (Figure 1.5), SNP can be used to solve the domain population of a

ferrotoroidic material. Our group has performed a successful experiment on a LiFePO4 single

crystal where with no �eld, equal domain population of the up and down toroidal states were

observed. When a conjugate �eld is applied: E (electric �eld)� H (magnetic �eld), nearly

100% domain population was facing the same direction, indicating ferroic order of the toroidal

domains. This was observed by looking at the off-diagonal terms in the polarization matrix that

was produced during the SNP experiment. When the conjugate �eld was reversed, the other

domain can be populated. While there is still a lot of room to grow, it appears that spherical

neutron polarimetry is currently the best way to visualize toroidal moments.

Finally, the third way to characterize ferrotoroidic materials is through magnetoelectric

measurements. While SHG and SNP are clearly the better option to visualize ferrotoroidic

domain structure, they are expensive, non-trivial, and time consuming characterization techniques.

In addition, they require millimeter size crystals, which are not always readily available. The

bene�t of magnetoelectric measurements is that they can be performed on commercially available

magnetic property measurement systems (MPMS) such as a superconducting quantum interference

device (SQUID) that is much more readily available.[24, 25, 26] The magnetoelectric effect was

already discussed above and will not be discussed in detail here.

The speci�c aims for magnetoelectric measurements are twofold: �rst, to determine the off

diagonal components that develop as the material is cooled past the transition temperature. The
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off diagonal components will determine whether the material demonstrates the linear magnetoelectric

effect, which is essential for ferrotoroidicity to exist. The second aim is to be able to distinguish

between the antiferromagnetic domain contributions and toroidal contributions. Once this is

done, the symmetry and therefore the point group can then be determined.[27] These measurements

are best conducted on single crystals but are also possible with powders or polycrystalline samples.[28,

29, 30] As mentioned, this technique is not nearly as thorough in understanding toroidal domain

structure, but can serve as an affordable, ef�cient way to collect preliminary results on a potential

ferrotoroidic candidate.

1.4 Lithium transition metal orthophosphates

While it is important to understand our current capabilities to characterize toroidal domain

structure, the work presented here will have more of an experimental focus. The goals for this

research are to synthesize new potential ferrotoroidic materials that can be utilized in the future

when the characterization techniques are more sound and readily available. Our speci�c aim here

is threefold: �rst, to develop materials with higher transition temperatures so that ferrotoroidics

can eventually be studied and used in ambient conditions. Secondly, we hope to synthesis

materials that have large magnetic moments and therefore large toroidal moments that are easily

measured. Finally, we hope to synthesize new materials that may not even have been considered

for ferrotoroidicity in the past.

There are an in�nite amount of materials that could be chosen to study as potential ferrotoroidic

candidates. Lithiated transition metal orthophosphates of the formula LiMPO4 whereM = Fe, Co,

Mn, Ni were of particular interest to our group because LiCoPO4 was arguably the �rst material
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with concrete experimental evidence to be a ferrotoroidic. Instead of choosing to work with

cobalt, this study decided to approach the challenge with the iron compound LiFePO4. This is

because the Fe2+ radius is larger, the magnetic moment is stronger, and the Néel temperature is

higher; all three of these properties would probe a larger toroidal moment in the system.

These olivine orthophosphates offer a versatile platform for materials properties exploration.

Whether of physical[31, 32, 33, 34] or electrochemical interest,[35, 36, 37, 38] olivine phosphates

display a rich crystal chemistry by which one can tune their macroscopic properties. Early studies

of the olivine phosphates focused on their magnetic and magnetoelectric properties.[39, 40, 41,

42] Later, the groundbreaking work by Goodenough[43] and others[44, 45, 46, 47, 48] revealed

theM = Fe member to be an outstanding candidate as a cathode in Li-rechargeable batteries. Also

known as triphylite,[49] LiFePO4 displays a working potential of 3.45 V vs Li/Li+ on account of

the facile oxidation of Fe2+ to Fe3+ upon Li+ deintercalation.[50]

On a surface level, each LiMPO4 structure may seem identical, but the subtle changes

in nuclear structure and electron count of the transition metal have a signi�cant impact on the

magnetic ordering within the structure. Ultimately, every physical property stems from the

structural features: electrochemical, magnetic, surface properties, etc. The larger group of oxides

AB2O4 whereAO4 is a tetrahedral oxyanion can be broken down into many sub groups, one

of which is the olivine structure typeB2(AO4).[51] This work will refer to these materials as

olivines throughout the descriptions as a short hand for materials with theB2(AO4) type structure.

Generally speaking, theAO4 anion is either phosphates [52] or silicates [53, 54], although others

have been studied [55, 56].

The general LiMPO4 crystal structure can be seen in Figure 1.6 where the structure of

LiFePO4 is given as an example. Each member of the series crystallizes in an orthorhombicPnma
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Figure 1.6: LiFePO4 crystal structure as an example of an orthophosphate structure. The other
LiMPO4 structures (M = Mn, Co, Ni) strongly resemble this one. Top) View down the [001]-
direction showing the lithium layer that separates the metal phosphates. Bottom) View down the
[100]-direction showing the connectivity of the FeO6 octahedra via the phosphate anions.

space group which can be described as a pseudo-hexagonal close packed (hcp) sublattice of O2�

anions. The Li+ cations �ll in the interstitial positions in between the iron phosphate layers in

such a way that the LiO6 octahedra are all edge-sharing with one another. The FeO6 octahedra on

the other hand are corner-sharing; having direct consequences to how the metal cations interact

via exchange pathways (will go in depth on this in Chapter 3). The oxyanion framework that is

formed uses the distorted octahedra to facilitate lithium intercalation and deintercalation when

the metal site is oxidized and reduced. Lastly, it's important to not overlook the PO4 groups; the

short oxygen to oxygen bonds allow supersuperexchange interactions. This means a metal cation

can interact with another metal that is four atoms away, for example M1 can interact with M2 by
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the following supersuperexchange path: M1··O1··O2··M2.

Other orthophosphates can take on different structures. For example, when the lithium

cation is changed to sodium, there are a few key differences. In NaFePO4, the structure is similar

to that of LiFePO4 in that the phosphate groups are aligned in the same way and there is still a

layered nature to the unit cell. However, the M1 and M2 sites are completely swapped where

the Fe2+ ions are in between the layers and Na+ takes up the position in between the phosphate

groups; this gives rise to a maricite-type structure.[57] The difference between these structures

can be seen in Figure 1.7. This gives rise to varying connectivity differences across the lattice and

removes the ability to readily deintercalate the cation to form a rechargeable battery. This same

study found that when the transition metal is changed to manganese, both the M1 and M2 sites

are half occupied by Mn2+ and Na+ and is similarly electrochemically inactive. This manganese

structure also adopts a maricite-type structure instead of an olivine structure.[57]

It has been shown that one can change the cation from lithium to ammonia to form NH4FePO4-

•H2O; this material can be readily transformed back into LiFePO4 [58] or LiMnPO4 (using

NH4MnPO4•H2O). [59] The same group that conducted the study above used a similar approach

to synthesize NaMPO4 structures using a direct ion exchange with NH4MPO4 where the NH+4

cation exchanged with Na+ using molten CH3CO2Na•3H2O.[57] They also successfully substituted

Ca2+ and Mg2+ in place of Mn2+ to attempt to push Na+ out of the M2 site and into the layer

where it can be more mobile. It turns out that this method was successful in developing a new

sodium-ion battery: Na[Mn1� xMx ]PO4 whereM = Fe, Ca, Mg.[57]

These examples are just scratching the surface of the tunability of theB2(AO4) structure

type. Other studies have used potassium; KMnPO4•H2O has a dittmarite-type structure. This

material can actually be used as a way to synthesize NaMnPO4 with an olivine-type structure
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Figure 1.7: The crystal structures of a) LiFePO4 compared to that of b) NaFePO4. Just by
changing the cation, the structure undergoes a phase change from an olivine-type structure to
a maricite-type structure that is completely electrochemically inactive. This �gure comes from
Leeet al.[57]

instead of a mericite structure.[60] One method that can change the structure of the material is

by removing the cation altogether. Removing lithium from LiFePO4 has a large impact on the

structure of the material because the lithium provides a large amount of structural rigidity to the

framework of the lattice.[61] Upon removal of the cation, many orthophosphate materials are no

longer stable due to the loss of rigidity.

Giving a conclusive review of all transition metal orthophosphates with theB2(AO4) formula

would take an entire dissertation on it's own, but these examples do demonstrate how tunable

these materials are. By simply changing theB cation or substituting the metalA cation with
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another, or creating a solid-solution among two metal cations, or removing theB cation all

together, the structure of the material is greatly affected. This begins to show why these materials

have been studied for hundreds of years with no end in sight; the tunability and wide variety of

applications makes them one of the most versatile family of materials ever discovered.

Now that it is understood how versatile the structural properties of these materials are,

one can only imagine how much the structural changes can affect the magnetic properties of the

materials. For the sake of brevity, only the magnetism of each of the four prominent LiMPO4

materials will be discussed (whereM = Fe, Co, Mn, Ni). This will demonstrate that by simply

changing the electron count on the transition metal site, the magnetic properties can vary greatly.

First, the most well studied with regard to ferrotoroidicity: LiCoPO4 has Co2+ d7 ions and

demonstrates anm'mmmagnetic point group where the antiferromagnetic arrangement of moments

are aligned along the crystallographicb axis.[62] Several sources say that this cobalt phosphate

exhibits long range ordering and alignment of toroidal moments.[19, 57] These toroidal moments

would be aligned along thec direction.

LiFePO4 has one less electron with Fe2+ d6 ions, it has the same magnetic symmetry as

LiCoPO4 (m'mm) with a few distinct differences.[61] First, that magnetic moment is stronger due

to the larger ionic radii, which means that the toroidal moment will also be stronger. Secondly, the

Fe2+ d6 will more readily oxidize to Fe3+ d5, making the removal of lithium easier. Nonetheless,

the AFM moments are still aligned alongb and the toroidal moments are predicted to be alongc.

LiMnPO4 consists of Mn2+ d5 metal centers, making the magnetic structure unique from

iron and cobalt. The magnetic moments align antiferromagnetically along theadirection ordering

in anm'm'm' magnetic point group.[62] This material is unique in that it does not demonstrate off

diagonal terms in the magnetoelectric tensor, meaning ferrotoroidicity is not possible. However,
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recent studies in our group predict that this material will demonstrate anti-ferrotoroidicity with

a net toroidal moment of zero. This makes this material of particular interest, especially when

trying to characterize toroidal moments; having an anti-ferrotoroidic material to compare to a

ferrotoroidic material is very bene�cial.

Finally, LiNiPO4 is comprised of Ni2+ d8 ions, making it the orthophosphate with the

smallest magnetic moment (2.22� B ).[63] The antiferromagnetic moments align along thec

direction with a small contribution along thea direction with a �nal magnetic point group of

mm'm. The amount of research conducted on this material with regard to ferrotoroidicity is slim,

but the toroidal moments are predicted to align along theb axis.

A summary of the magnetic structure of these orthophosphate “backbones” can be seen in

Table 3.5. This introduction to the lithium transition metal orthophosphates has sought to show

how versatile, tunable, and multifaceted these materials can be. This work seeks to continue

studying these materials with the speci�c application of ferrotoroidicity. Chapters 3-5 will give

in depth descriptions and experiments on the structural and magnetic properties of these materials.

1.5 Metal thiophosphates - 2D magnetic materials

The second main family of materials that will be discussed in this work are the transition

metal thiophosphates of the formula Li2MP2S6 andM2P2S6 whereM = Fe, Co, Mn, Ni. The

lithiated thiophosphates had some preliminary structural analysis performed for electrochemical

applications with the hopes of making a new sul�de cathode.[64] However, no magnetic properties

had been published. Structurally, these thiophosphates resembled the orthophosphates but have

some key differences. An example of the general Li2MP2S6 structure can be seen in Figure 1.8.
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This material crystallizes in a layered-honeycomb like structure with trigonal symmetry and a

space group ofP31m.

Figure 1.8: General crystal structure of Li2MP2S6 whereM is a transition metal. (a) Layered
structure where the metal thiophosphate octahedra are separated by Li+ cations. (b) Perspective
down the [001]-direction, which shows the trigonal symmetry of the structure in space group
P31m. (c) Metal sublattice only, which better illustrates the honeycomb structure.

The distortedMO6 octahedra are connected via P2S6 groups in a similar way that the

metals are connected with the PO4 groups in LiMPO4. The metals are aligned in a honeycomb

structure which can be visualized when looking down the [001]-direction (1.8c). Similarly to

the orthophosphates, the lithium cations are positioned in the interstitial positions in between

the two layers; this makes it an attractive species for electrochemical interests. These are also

synthesized with �rst row transition metals, meaning the magnetic moment is expected to be

large and therefore an interesting candidate for ferrotoroidic applications.

To our surprise, after detailed analyses, it became apparent that these thiophosphate materials
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