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Abstract

The discovery of magnetism in two dimensional materials, first found in CrI3 and
Cr2Ge2Te6, has opened up many possibilities to explore, concerning novel phe-
nomena and potential applications in spintronics. Prior to these discoveries, it was
thought that magnetism in two dimensions was impossible due to the conditions
of the Mermin-Wagner theorem. In this work, the ferromagnet CrI3 is examined
in the monolayer to understand how its magnetism may be utilised, potentially
in racetrack memory. Ab initio methods provides a way to study CrI3’s nature by
calculating individual exchange values and using them to find an appropriate spin
model. In the initial literature, CrI3 was identified as an Ising magnet based on
experimental data. By using a Monte Carlo atomistic simulation approach, the
Curie temperature (TC) of the material can be calculated. Thus, the suitability
of the Ising model can be assessed. The atomistic spin model shows that the Ising
model overestimates the TC , and we show that by using a modified Heisenberg
model, a value of TC much closer to experiment can be calculated. Using this
model and our calculated exchange parameters, the spin dynamics in monolayer
CrI3 can be examined with the Landau-Lifshitz-Gilbert equation. Spins in mono-
layer CrI3 appear to fluctuate in zero-field cooling simulations, seemingly as a
result of the system’s high anisotropy. Zero-field cooling simulations are also per-
formed on bulk CrI3 revealing a multi-step transition in the material. To consider
CrI3’s potential in domain wall motion based technology, simulations of a moving
domain wall are carried out on a short section of nanowire to assess domain wall
motion under applied field and with the use of a spin-transfer torque, applied
current. High velocities of 1020 m/s are reached under applied current. At this
point the material undergoes a Walker breakdown collapse of the domain wall,
so the limits of CrI3 domain wall motion capabilities are shown.
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Introduction

1.1 2D materials

Ever since the isolation of graphene and the large number of other reported 2D

van der Waals (vdW) materials following swiftly on its heels, there has been a

lot of interest in the capabilities of these materials for the purpose of engineering

them into future devices. Over 150 families of 2D materials are known so far,

giving rise to a large suite of mechanical, eletronic, photonic, magnetic, catalytic

and thermal properties. [6]

These properties can be tuned for a desired purpose by doping to engineer the

material and select, for example, a particular bandgap or carrier mobility. [7]

Particular properties make them attractive for very specific functionalities. For

example, 2D materials with large binding energies and bandgap energies in the

visible light region are sought for light emission device and other optical and

photonic devices. [8] Thermal conductivities and phonon transport are sought

for phonon driven applications including thermoelectric and thermal transistor

devices. As these devices scale down in size, it is important for components to

efficiently dissipate heat to prevent hot spots forming leading to performance

degradation, and so materials with a high thermal conductivity are required. On

the other hand, materials with a low thermal conductivity have a high efficiency in

thermoelectric energy conversion, and so this trade off can be managed depending
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on the desired use. [9] The nature of a 2D material means they have an extremely

high surface area, so this can make them efficient, high capacity materials in bi-

ological treatments for drug loading and transporting biological macromolecules.

[10] 2D materials can be functionalised for uses as diverse as catalysis,[11] su-

percapacitors,[12] batteries,[13] storage devices,[14] molecular separation[15] and

sensing[16].

These vdW materials can then be combined and stacked into heterostructures,

with layers of different materials coming together like building blocks to form

devices. Solar cells [17] and field effect transistors [18] have been created from

heterostructure based devices. Also, related to the topic of this thesis, there

have been magnetic heterostructures formed, for example of the ferromagnetic

insulator Cr2Ge2Te6 (CGT) and graphene. Proximity to CGT opens up spin

transport channels in graphene, inducing magnetism. [19] A magnetic graphene-

based material could be useful in spintronics, in addition to graphene’s electrical,

thermal, optical properties and its mechanical strength.

The work on CGT, along with published experiments on other magnetic het-

erostructures [20, 21], follows the first reports of intrinsic ferromagnetism in 2D

materials. It is CrI3 of these newly discovered materials that will be the focus

of this work. [22] CrI3 has been found to exhibit magnetism at the single layer

and so provides an excellent opportunity to study magnetic 2D materials. CGT

by comparison, for example, does not have the stability to be examined at the

monolayer and so its magnetism has only been detected in two or more layered

samples. The magnetic nature of CrI3 and its chromium trihalide neighbours

CrBr3, which is also ferromagnetic, and CrCl3, which is antiferromagnetic, have

been long known in their 3D crystals. Hence CrBr3 and CrCl3 could also be po-

tentially exfoliated and exhibit magnetic order at the monolayer. However, CrI3

shows stronger intralayer coupling, leading to a higher Curie temperature and

therefore promises to be more workable. [23] As many experimental and com-

putational groups are looking into CrI3, it seems logical to use it as a starting

point for investigation into 2D magnetism. The discovery of magnetism in two
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dimensions has opened up many areas of research, split between understanding

the fundamentals behind magnetism in 2D, quantum and spintronic devices, and

also discovering new, novel features that may be unique to 2D. The work in this

thesis addresses questions in each of these areas of 2D magnetism and spintronics

by focussing on CrI3.

1.2 Spintronics

The term spintronics, a truncation of ‘spin electronics’, covers both devices that

use the property of spin electronic transport, and the physics itself concerning

them. This has been demonstrated best so far in spin-dependent conductance

in the giant magnetoresistance (GMR) effect and spin-dependent tunnelling in

tunnelling magnetoresistance (TMR) effect.

The GMR effect is one of the most common commercially used discoveries in

spintronics at present. It is used in reading information in hard disk drives

(HDDs) and other sensing devices. [24] The GMR effect comes about by creating

a resistance between two magnetic electrodes which are separated by a thin, non-

magnetic metal spacer. One electrode is pinned to an antiferromagnetic layer to

keep its magentisation fixed. The other is free to have its magnetisation altered.

This set-up is known as a spin-valve. At zero field, the two electrodes are aligned

antiparallel and so there is a significant electrical resistance between them. Upon

the application of an external magnetic field the magnetisation of the free layer

reverses so that it is now aligned in parallel with the other layer, the fixed layer,

which keeps its magnetic configuration in place throughout. This reduces the re-

sistance between the two electrodes. Once the external magnetic field is removed

again, the free layer’s magnetisation returns to its initial state, and thus the resis-

tance rises back. The change in resistance works as a controllable spin-dependent

property, leading to GMR’s use in sensing.

The other key current commercially present discovery in spintronics is the TMR
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Figure 1.1: Density of states demonstrating the TMR effect. The two ferromagnets are aligned
a) antiparallel, so the probability of tunnelling is low and b) parallel, so the probability of
tunnelling is greater.

effect, which uses spin dependent tunnelling instead of electrical resistance to pass

information.

Here, the spacer separating the electrodes is a very thin insulator. The analogous

TMR device to the GMR’s spin valve is the magnetic tunnel junction (MTJ). In

the absence of a magnetic field, the probability of electrons tunneling from the

emitter electrode to the detector electrode is very small, as the majority of spins

have a low number of accessible states to tunnel into, giving a high tunnelling

resistance. When the free layer’s magnetisation flips in alignment with the fixed

layer, there is now a much greater number of available spin states for tunnelling

to the detector electrode.

Figure 1.1 illustrates the two MTJ arrangements for the TMR effect, where FM1

is the emitting ferromagnet layer and FM2 is the detector ferromagnet layer. In

a) the two ferromagnets have opposing spins and so neither spin band in the

density of states (DOS) has many accessible states available to them if they

tunnel through, provided the electrons keep their spin during tunnelling. In b)

the detector ferromagnet’s spins are now aligned with the emitting ferromagnet

and so a majority spin channel is available for tunnelling.
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MTJs can be found in memory storage devices, in particular hard drisk drives but

also in newer memory types. They form both the read- and write- technologies

in MRAM devices currently.[24, 25] They also feature in the proposed racetrack

memory device.

Figure 1.2: Spin-polarised current used to move domain walls in racetrack memory. The
nanowire can be stacked vertically as in a) or horizontally in plane with the substrate as in
b). The walls pass over c) read-heads and d) write-heads which can read in and modify the
racetrack respectively. Vertical racetracks can provide dense data storage by being stacked into
a 3D array, as in e).[1]

Racetrack memory works on another feature of magnetic materials, the domain

walls between magnetic domains. The racetrack memory device stores informa-

tion as a sequence of domain walls in a long strip of a ferro- or antiferro-magnet.

[26] These function as dense, high performance and nonvolatile storage devices

operated by a magnetic field or current. Figure 1.2 [1] illustrates racetrack devices
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pulsed by a spin-polarised current. The distance between two domain walls are

the data bits, and as the racetrack passes over read- and write-heads, illustrated

in Figures 1.2 c) and d), the domain wall is “read” by measuring the tunneling

magnetoresistance and “written” by a current pulse at the writehead which nu-

cleates a new domain. Figure 1.2 e) shows how vertical racetracks can be stacked

into a 3D array to provide extremely dense data storage. The most common

methods to shift the domain walls employ non-uniform local magnetic fields to

prevent domain wall annihilation by neighbouring domain walls moving in oppo-

site directions and spin transfer torque by current pulses through the racetrack.

[27]

Domain wall motion has been studied in thin films over the last few decades for

such applications. [28] Domain walls have been successfully controlled by mag-

netic fields [29, 30], electric currents [31], microwaves [32] and the spin Seebeck

effect [33]. Spin-polarised current induced domain wall motion has been per-

formed on permalloy nanowires, moving up to 100 domain walls on one track. A

major drawback is the current threshold needed raises the nanowire temperature

increases significantly.

Perpendicular magnetic anisotropy devices have been found to possess a much

greater energy efficiency than parallel magnetic anisotropy, which loses a lot of

its energy through Joule heating. [34] They also have a shorter write/read delay,

and so provide a faster performance. Domain wall motion has also been achieved

in the ferromagnetic semiconductor alloy of Mn and GaAs, hinting that other

nonmetals could be used as a racetrack nanowire. [35]

Existing MTJs based on CoFeB/MgO are not suited for domain wall motion.

Whilst they give a high TMR effect and can operate at low currents, the measured

domain wall motion speed is low, plateauing at around 5 m/s after what is known

as a Walker breakdown. [36] The Walker breakdown is an event resulting in the

collapse of the domain wall at high applications of field or current. Furthermore,

it is difficult to manufacture these stacks as it requires a complicated series of
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etching. [37] There is much interest in finding a material that can deliver high

speeds and therefore be compatible with racetrack memory devices.

1.3 Magnetism in the 2D

Thin film magnetism has been studied for decades and used in many devices

today, particularly data storage and sensors. [38, 39] These films are less than 50

nm thick of Fe, Co or Ni deposited onto metal substrates. Ultrathin structures of

these films with thicknesses close to the monolayer have been studied, although

magnetic moment has been found to greatly decrease as thickness decreases. [40,

41]

2D vdW materials possess numerous advantages over thin films: they have high

surface area to volume ratios, are flexible and strong, possess the ability to access

and manipulate their spin states, are easier to perturb and tune, and exhibit van

der Waals bonding between layers so they can be interfaced well into heterostruc-

tures when engineering devices. [42]

Whilst there have been partially successful attempts in inducing magnetism in

2D materials, for example through defects or adatoms in graphene [43], it has

only been with the discovery of intrinsic ferromagnetism in exfoliated CrI3 and

CGT that fundamental and technological exploration in 2D materials has really

begun. These materials have been known in their bulk as magnetic, layered vdW

crystals, but it was only in 2017 the magnetism in these materials was proven to

be present in two dimensions. [22]

The intersection between spintronics and 2D materials is now truly beginning to

open up. Advances so far have been based on inducing magnetism in graphene,

hexagonal boron nitride (hBN) and transition metal dichalogenides (TMDCs),

creating spin currents by doping or proximity effect by interfacing with a ferro-

magnet. [44] Few layered CrI3 is of particular interest as, under zero field, the

layers are antiferromagnetically aligned, although they are ferromagnetic in bulk.



Introduction 8

These alternatively stacked layers means the material itself has potential to work

as a spin filter, without the need of interfacing to a spacer material. A spin fil-

ter amplifies the TMR effect by using multiple layers, and so the difference in

resistance between the antiferromagnetically aligned layers and the ferromagnet-

ically aligned layers will be very large. The vdW gap is effectively the spacer,

eliminating the need for interfacing with another material. [45]

Figure 1.3: Spin filter effect in 4-layer CrI3. Setup shown in inset, with 4 layers of CrI3 in an
electrical circuit. The tunnelling current, It, increases in magnitude as a field, µ0H⊥ is applied.
Several transitions occur due to different arrangement of magnetism in the layers as applied
field is increasing. Tunnelling current plateaus at 15 nA once the layers are ferromagnetically
aligned with each other. [2]

Figure 1.3 is an example of an experiment showing CrI3 to demonstrate the spin

filter effect. [2] Four layers of CrI3 are placed between hexagonal boron nitride

(hBN)/graphene contacts on V/Au electrodes and a bias voltage is applied to one

of them. The tunnelling current, It, is measured as a function of the applied field,

µ0H⊥. At zero field, the layers are antiferomagnetically aligned. It can be seen

that as µ0H⊥ increases in magnitude, there are stepwise increases in It. These

correspond to one of the four layers flipping to align with the field. The greatest

increase in It happens when all four layers are aligned in the same direction.

Spin polarised DFT calculations show that due to a fully spin-polarised con-

duction band there is a smaller bandgap for majority-spin electrons than for

minority-spin electrons, leading to significant tunnelling, with the vdW gap be-

tween layers the insulator to be tunnelled through. [46] The AFM arrangement
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of layers in CrI3 at zero field means tunnelling at zero field is highly improbable,

and so when a significant enough out-of-plane magnetic field is applied to mag-

netise the layers so the layers are FM aligned the tunnelling percentage will be

considerably high. A value of 1000000% TMR effect has been measured as proof

of this concept. [47] Few layer CrI3 has also been designed into MTJ-type devices

based on this spin-filter effect, controlled by varying the voltage under a constant

magnetic field. [48, 49]

1.3.1 Mermin-Wagner theorem

Whilst CrI3 and CGT were both known in their bulk form as exfoliable, layered

ferromagnets, their single and bilayer exfoliations were still discoveries of interest,

in light of the Mermin-Wagner theory. Mermin and Wagner proved that at finite

temperatures, for a low dimension (d = 1, 2) system, there is a forbidden break-

ing of symmetry which prevents a spontaneous magnetisation in an isotropic,

Heisenberg model. [50]

Magnons, defined as excitations of spin waves, in the system cause a reduction

of spontanteous magnetisation, meaning that even at infinitesimal temperatures

above 0 K, the thermal motion by these magnons in a 2D crystal would disrupt

any short range ordering, preventing magnetisation.

Magnon
  DOS

Energy

D = 0 D ≠ 0

a) b)

Figure 1.4: Spin gap not present in magnon density of states case a) with zero uniaxial magnetic
anisotropy and present in b) case with a uniaxial magnetic anisotropy (shown by green arrow)
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The absence of a spin wave excitation gap allows a collective excitation of magnons

to occur easily, and so overcome the weak, long-range isotropic order. The energy

for spontaneous magnetisation ∆E(MT ) is proportional to the integral of the

dispersion component k:

∆E(MT ) ∼
∫ ∞

0
kd−3 dk (1.1)

At low temperature, this integral diverges logarithmically for low dimensions d =

0, 1, 2 meaning the spin waves are infinitely easy to excite and therefore destroy

magnetic order at any temperature above 0 K. A uniaxial magnetic anisotropy

breaks the rotation symmetry and so now there is an energy barrier for magnon

excitations to overcome.

The spin wave excitation gap is

∆E(MT ) ∼
∫ ∞

0
(A+Dk)d−3 dk (1.2)

By introducing a direction with anisotropy, represented in Equation 1.2 by D and

a constant A, the dispersion form is changed and so the integral no longer diverges

at the dispersion component k, giving spontaneous magnetisation. Figure 1.4

shows the spin wave gap opening up once there is an anisotropy, D, present. The

size of the gap will relate to the finite, critical temperature for the material, and

so this depends partly on the magnetocrystalline anisotropy but also on exchange

and other interaction present. [51] The magnetocrystalline anisotropy stabilises

the magnetic order in the system.

1.3.2 Modelling the 2D magnet

Despite the large volume of work already published on CrI3 both experimental

and computational — around 1500 published papers for “2D CrI3” since 2016 —

the understanding of the material’s fundamentals does not yet seem to be clear.

Ising [52], Heisenberg [53], Kitaev [54, 55] and XXZ [56] models have all been
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proposed by different groups for the single layer ferromagnet. Understanding the

model is crucial to understand the magnetic phase transitions and spin states

particular to not only CrI3 and similarly behaving ferromagnets, but the nature

of 2D magnetism itself. Gibertini stated the need for more sophisticated models,

suggesting extending the model to include more neighbours, alternative types of

coupling such as DMI, or higher order interactions.

CrI3’s layer dependent ferromagnetism makes it a particularly exciting material

to look at. [22] Whilst the bulk crystal is ferromagnetic, and ferromagnetism is

retained in the monolayer, in few layer samples it has been measured that the

magnetisation varies with the number of layers. This is because the interlayer

coupling in few layered CrI3 is antiferromagnetic, with each layer itself an out-of-

plane ferromagnet.

1.3.3 2D magnetic devices

It is envisaged vdW magnetic materials will replace thin film magnets in the

devices mentioned earlier. In addition, they could result in new technologies, as

the magnetism in these materials becomes more understood, as their spin may

be controlled and manipulated in ways thin films cannot.

In MTJs, the uniform thickness of vdW magnetic materials means the tunnelling

current barrier itself will be uniform across the material. Resistance depends ex-

ponentially on barrier thickness, and so for a less homogenous material, resistance

and therefore tunnelling current will vary across the material. These local, thin

barrier regions are known as “hot spots”, and are a common problem for thin film

MTJs, as they can wear down the devices by causing a reduction in resistance,

leading to a lower TMR effect. [57] VdW heterostructure MTJs could promise

to be longer lasting devices. Also, the vdW gap acts as a sufficient tunnelling

barrier, reducing the need to use a spacer layer in between. [58] This both keeps

the interfaces atomically sharp, maintaining the uniform barrier thickness, and

simplifies device fabrication.
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The 2D magnet can behave as a spin filter, as has been speculated and experi-

mentally observed with CrI3, giving huge TMR effects.

Incorporating 2D materials into spintronics could be a way to downscale MTJ

devices. [59, 60] The ability to stack vdW material monolayers into heterostruc-

tures could be a sensible way to achieve this, and has advantages over interfacing

a a 2D nonmagnetic material with a 3D magnet, particularly that the layers in a

vdW heterostructure do not need to be chemically altered to form a stack.

2D magnetic materials could be the answer for racetrack memory, as a thinner

material could mean operating at lower magnetic fields and currents. This could

solve the issue of high operating current densities overheating the system, as well

as being more energy effiecient. Implementing 2D magnets into such technologies

will mean designing new devices. This will require controllability of the domain

wall motion. Also, it is critical to understand how to detect information from and

how to cause a change in the spin system; these are needed to read and write data

in. Therefore, knowledge of the spin-dependent properties of these materials will

be necessary for using 2D magnetic materials in new and downscaled spintronics

devices.

1.3.4 New discoveries for 2D magnetism

In addition to improving and developing new technologies, studies in 2D mag-

netism could unveil undiscovered magnetic phenomena. A novel electronic state,

a type-II Weyl ring, has been determined in monolayer ScCl. Examining new

fermions such as this could lead to discovering new magnetic and electronic prop-

erties. [61] A heterostructure of CrI3 and WSe2 has shown valley splitting at zero

field. These methods could be used to investigate 2D magnetic domains in close

detail. [62]

Machine learning aided materials discoveries are helping 2D magnetics catch up

with the other classes of 2D materials [63]. Already there have been around 150
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2D ferromagnets identified from such specialised screening, including half-metals

and a novel electronic state. [61, 64] However, despite the continual number

of magnetic materials being discovered by these screening techniques and the

excitement to fabricate them into devices, the fundamentals of their magnetism

still requires attention.

.

1.4 Thesis outline and project aims

This thesis focuses on the material CrI3 to examine the physics of 2D magnetism,

both to understand the fundamentals behind it and to consider possible applica-

tions. In particular, the work will address the characterisation of the magnetism

in monolayer CrI3 and investigate its behaviour under applied magnetic field or

electric current for use in domain wall technologies.

The research motivations are: first, to characterise the magnetism in monolayer

CrI3, chosen particularly as it behaves very differently in two dimensions to how

it does in three dimensions, and second, to investigate the effects of an applied

magnetic field or electric current to monolayer CrI3 domains.

The next chapter is concerned with the atomistic spin model that will be used

for CrI3. The Ising and Heisenberg models, which are the two main models

researchers working on CrI3 appear to be split between, are introduced as they will

be used in this work in order to determine the magnetism of CrI3. The terms found

in the spin Hamiltonians are then explained: the exchange interaction, the unaxial

anisotropy, the applied external magnetic field and the dipole-dipole interaction

term. The computational methods used in this work will be introduced: ab-initio,

namely DFT, for calculating the parameters for the spin Hamiltonians, and an

atomistic spin code, based on these spin Hamiltonians, to model behaviour of

CrI3. The various simulations used by the atomistic spin code will be detailed.

These are Monte Carlo simulations for the calculation of the Curie temperature,
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field cooling of a large sample to contrast magnetism in bulk and monolayer CrI3

and application of an external field or current.

The following three chapters constitute the results component of this thesis.

Chapter 3 aims to understand the nature of monolayer and bulk CrI3 as a mag-

netic material. The parameters needed for the spin Hamiltonians are calculated

from DFT calculations. For the pairwise interactions, the isotropic and anistropic

exchange parameters, these values are extracted for up to the third nearest neigh-

bour. The Ising model is then applied to calculate the Curie temperature using

Monte Carlo simulations and its limitations discussed. The Heisenberg model

is then chosen as a better fit, but more considerations are found to be needed

to model CrI3, particularly higher order exchanges. The importance of the bi-

quadratic exchange is thus discussed. The inclusion of higher order exchange

mark the nature of CrI3 as being significantly non-Heisenberg, but not fitting

other models which the literature often assigns to the material.

Chapter 4 looks further at some of the novel behaviour in CrI3, showing the

disordered magnetic states below the Curie temperature. Zero-field cooling simu-

lations show distinct disordered and ordered magnetic states just under the Curie

temperature. The work in this chapter is in collaboration with an experimental

group who have noticed surprising features in their observations with bulk CrI3,

such as a rise in magnetic susceptibility considerably below the Curie tempera-

ture, and so the simulations are an investigation to whether these behaviours can

be seen in the atomistic spin simulations in both bulk and monolayer CrI3.

The idea behind using 2D magnets in spin based devices relies on the control

of magnetic domains. Chapter 5 will look at the magnetisation dynamics in

monolayer CrI3 in the cases of an applied external magnetic or electric field, and

looks to see if the Walker breakdown found in applying high fields can be shown

in CrI3. An atomistic spin code is used to apply an external field to a nanostrip

of CrI3 and the velocity of the domain wall is measured as a function of field. The

domain wall profile is observed as it has been seen in the literature that the type



Introduction 15

of wall profile can implicate the domain wall motion. At high fields nanobubbles

begin to appear, rather than the expected Walker breakdown expected to occur.

A similar approach is taken for applying an external voltage perpendicularly along

the nanostrip. High speeds are achieved but at high currents nanobubbles form

on either side of the domain wall. These are thought to be caused by the Spin

Cherenkov-effect. There will be a comparison with one of CrI3’s close relatives,

CrBr3, to examine its domain wall motion activity. To take in consideration real

world working conditions, defects in the material will be further considered to see

how these may affect domain wall motion.

The three chapters of theoretical approaches on CrI3 are then tied up. Along with

a review of literature on the material given in the introduction, the intention of

these results chapters are to give a fuller picture on the material: both on its

physics and on hows its magnetic properties could be potentially used. There

are, however, still more questions that have been raised by the work carried out

in these projects and these will be addressed in the final chapter, as well as a final

broader look at the area of research at the current moment.



Methods

Discovery of new materials is often quickly followed by atomistic modelling: in

order to characterise behaviour and predict properties, accurate models and a

solid understanding of the physics of these materials are required. As computing

power increases with the advance of technology and more efficient machines, the

number of computational methods continues to grow. Within DFT alone there

are several hundreds of functionals, all with their own strengths and capabilities.

[65] This provides opportunities to study strongly correlated materials such as

CrI3.

This chapter consists of two main parts; the first concerns the atomistic spin

model on which the calculations on CrI3 in this work are based on. This includes

the terms in the spin Hamiltonian, as well as the different spin models that will be

considered in Chapter 3 in understanding which fits CrI3 best. The second part

of the chapter introduces the computational methods in this work: DFT which

will be used in the calculation of parameters for the spin model, and various

modelling methods using an atomistic spin code to examine the behaviour of the

material.
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2.1 Atomistic spin model

2.1.1 Origin of ferromagnetism

The magnetic moments in a ferromagnet spontaneously align at temperatures

below the material’s Curie temperature. Contribution from both the orbital and

the spin angular momenta give rise to a magnetic moment, with each resulting

from the properties of the electron. In addition, these two behaviours can couple,

giving the spin-orbit interaction.

2.1.2 Spin Hamiltonian

The spin Hamiltonian is the model at the core of systems that possess a quantum

spin. The Heisenberg spin Hamiltonian gives the following relationship between

two classical spin vectors S1 and S2 and the exchange constant J :

H = −J · S1 · S2 (2.1)

By taking into account the degrees of freedom along the x, y and z axes, this

equation can be expanded into the Heisenberg XYZ model:

H = −(JxS1xS2x + JyS1yS2y + JzS1zS2z) (2.2)

Significant values of J in any particular x, y or z direction represent an anistropy

in the system.

To examine different spin models, we need to consider the dimensionality of the

spins in the system. In some spin systems, the spins are allowed to rotate freely in

three-dimensional space; in others, the rotation is confined to a particular plane

in space.
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For a classical spin vector of dimensionality n there are three main possible spin

systems: Ising (where n=1,), XY (n=2) and Heisenberg (n=3). Therefore Ising

has one dimension in which the spins can orient.

Figure 2.1 demonstrates the orientation of spins in these three models. The

Ising model reflects a magnet with uniaxial anistropy, where the magnetisation

is aligned to +z or -z, which are commonly referred to as “up” and “down”. As

there is only one dimension along which the spins can orient, the values of Jx and

Jy would be zero. The XY model allows magnetisation in two directions: x and

y, and therefore spins are allowed to orient in the XY plane. As there are two

dimensions along which the spins can orient, the value of Jz would be zero. The

Heisenberg model is magnetisation in any x,y,z direction and so a spin can align

in any way in the 3D sphere.

z

y

x

a) Ising b) XY c) Heisenberg

Figure 2.1: Comparison of spins arranged a) along z axis in Ising, b) in plane of z axis in XY
and c) along any component in Heisenberg models.

For a complete spin Hamiltonian there are further terms that can be added beyond

the exchange constant.

2.1.2.1 Exchange

The exchange constant J is the complex relationship between two spins that

decides on their ordering, and ultimately the magnetic ordering in the whole

system.

To consider the nature of the exchange energy we can look at a simple two

electron system, for example electrons 1 and 2 in a molecule of H2. The total

wave function, Ψ, of the exchange of two electrons must be antisymmetric. This
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results in the Pauli exclusion principle, which says that two fermions cannot share

quantum states.

Ψ(1, 2) = −Ψ(2, 1) (2.3)

The total wave function of electrons 1 and 2 can be split into its spatial coordi-

nates Φ(r1, r2) and spin coordinates χ(s1, s2).

We can think of the molecular orbitals in a H2 molecule to demonstrate exchange

between orbitals.

antibonding

bonding

Figure 2.2: MO orbitals for H2: a spatially symmetric bonding orbital and a spatially antisym-
metric antibonding orbital

There are two molecular orbitals, as shown in Figure 2.2: a bonding orbital,

which is spatially symmetric so will be represented by the coordinates Φs and

χs, and an antibonding orbital, which is spatially antisymmetric and so will be

represented by the coordinates Φa and χa.

From Equation 2.3, either the total spatial wave function or the total spin wave

function must be antisymmetric to give a total antisymmetric wave function. The

two possibilities for the wave function therefore are:

Ψ =
{ Φs(1, 2)χa(1, 2)

Φa(1, 2)χs(1, 2)
(2.4)

This can be seen in Figure 2.2. The electrons in the spatially symmetric bond-
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ing orbital are spin antisymmetric, or antiparallel, whilst the electrons in the

spatially antisymmetric antibonding orbital are spin symmetric, or parallel. The

symmetric state is a triplet state, T, as there are three degenerate combinations

for the electrons, and the antisymmetric state is a singlet state, S, as electrons

can only be arranged in one combination.

We can write the overall wave function for each of these states as:

ΨS = 1√
2

[φa(r1)φb(r2) + φa(r2)φb(r1)]χS (2.5)

ΨT = 1√
2

[φa(r1)φb(r2) − φa(r2)φb(r1)]χT (2.6)

with the respective energies as:

ES =
∫
φ∗

SHφSdr1dr2 (2.7)

ET =
∫
φ∗

T HφTdr1dr2 (2.8)

If we take the difference between these, we get:

J = 2
∫

Ψ∗
a(r2)Ψ∗

b(r1)H(r1, r2)Ψa(r1)Ψb(r2)dr1dr2 (2.9)

where the definition of J is

ES − ET = 2J (2.10)

From equation 2.9 we can take the energy between states as

E = −2( J
~2 )s1 · s2 (2.11)



Introduction 21

The consequence of this is that the energy, and most importantly, the sign, of the

final state depends on whether the spins are arranged parallel or anti-parallel.

s1 · s2 = 1
2[(s1 + s2)2 − s2

1 − s2
2] (2.12)

The value of s1 · s2 is -3
4 for a singlet state (where the value of S = s1 + s2 is 0)

and +1
4 for a triplet state S is 1). We can therefore write the Hamiltonian as:

H = 1
4(ES + 3ET ) − (ES − ET )S1 · S2 (2.13)

with classical spin operators Ŝ1 and Ŝ2, although by convention these are often

written without hats.

Heisenberg obtained a many-electron Spin Hamiltonian by generalising Equation

2.11 to spins S1 and S2:

H = −2JS1 · S2 (2.14)

The exchange integral is a unit of energy, as it includes the 1
~ term from Equation

2.11.

From this, we can see that when J > 0, ES > ET and therefore the triplet

state is favoured, meaning spins S1 and S2 are aligned in parallel. This is the

ferromagnetic state. J < 0 gives ES < ET , leading to the singlet state, where the

two spins are aligned antiparallel. This is the antiferromagnetic state. Therefore,

as the higher energy state, for the parallel arrangement to be realised there needs

to be another factor in play. The antisymmetric spatial wavefunction weakens

the Coulomb repulsion and so ET is minimised and J is positive giving parallel

spin.

Of course, for a system containing more than two electrons this Hamiltonian needs
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an adjustment, simply by summing over all atoms to give us an approximation:

Hisotropic_exchange = −
∑
i,j

JijSi · Sj (2.15)

Under this notation, every i and j pair of spins is counted twice, and so the

factor of 2 has been removed. The other common notation seen in textbooks and

literature is:

Hisotropic_exchange = −2
∑
i>j

JijSi · Sj (2.16)

Here, the indication of i > j prevents any double counting. The Hamiltonians

displayed in this work will use the first notation.

The exchange constant J concerns the isotropic exchange between i and j, but

is not necessarily the whole attraction between the two spin centres.

2.1.2.2 Anisotropic exchange

Included in the total exchange is an anisotropic exchange which we can isolate in

the spin Hamiltonian. Similarly to J, it is present between two spins i and j.

This is in the form:

Hanisotropic_exchange = λ· S1 × S2 (2.17)

The origin of anisotropy is spin orbit coupling (SOC). This interaction occurs

through a super-exchange mechanism involving a third spin centre, mediated

through SOC.
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2.1.2.3 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy is the intrinsic magnetism in the system that has

the spins oriented along a particular direction, again as a result of SOC. The

easy-axis is the term given to the axis which the magnetisation orients before any

external magnetisation is applied.

In 3-dimensional magnets of high symmetry, the magnetism can be isotropic, and

so there is no specific direction along the lattice which spins will align. In this case,

the shape of the material itself may then influence the spin direction, as unless

the material is perfectly spherical there will be some resultant shape anisotropy.

Mechanical stresses or defects can also introduce a shape anisotropy by altering

the ordering of magnetic atoms which will then affect the overall orientation.

For a 2-dimensional magnetic material, this anisotropy is crucial as it is needed to

stabilise the long range magnetic order in the system, according to the Mermin-

Wagner theorem.

The uniaxial magnetocrystalline anisotropy can be given by

HMCA = −
∑

i

ku(Si · êu)2 (2.18)

where êu is the unit vector and the constant ku gives the magnitude. The sign

of ku determines whether the spins in the material will have a preference to lie

along the z-axis or easy axis in the case of ku > 0, or whether it will lie in the

plane perpendicular to the z-axis in the case of ku < 0.

2.1.2.4 Zeeman energy

The Zeeman energy is the energy change when a field is applied to the system.

It is calculated as the sum of energy of interaction of each spin with the external

magnetic field. This term will depend most greatly on whether the spin is in
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alignment or not with the direction of the field.

HZeeman = −µs

∑
i

Si ·HZeeman (2.19)

2.1.2.5 Dipole-dipole interaction

The dipole-dipole interaction is a long-range, direct interaction between two spins

Si and Sj over a distance rij where mi is the magnetic moment of Si and mj is

the magnetic moment of Sj.

Hdipole_dipole = −µ0µ
2
s

4π
∑
i<j

3(Si · r̂ij)(Sj · r̂ij) −mimj

r3
ij

(2.20)

With all the terms, we now have an extension of the Heisenberg Hamiltonian

to be used in the atomistic spin model. We also have the information needed

to calculate the individual exchanges from the relevant Hamiltonians by working

out the energy difference between certain spin orientations, as will be done in

Chapter 3.

H = Hisotropic_exchange + Hanistropic_exchange + HMCA + HZeeman + Hdipole_dipole

(2.21)

2.2 Magnetic modelling methods

The most exact method of calculating magnetism in a system is by using ab initio

quantum mechanics methods. These allow us to calculate the energies of a system

from its electronic wavefunction. This tends to be very expensive computationally

so it is best suited for simulations on the nanoscale, < ∼ 50 atoms, meaning it is

not appropriate for large crystal structures or looking at features such as magnetic
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domains. It works well for determining properties that depend on fast quantum-

mechanical processes, for example, anisotropy and exchange. We refer to these

as the intrinsic magnetic properties.

Extrinsic magnetic properties, for example hysteresis and domain wall stabilisa-

tion, involve the dynamics of the magnet’s real structure, and so require both

longer time and length scales. It would be impractical to use ab initio techniques

to determine them.

Traditionally, micromagnetics has been used for such purposes. Micromagnetics

is based on classical field theory, a branch of magnetic modelling that deals with

features on the nanoscale, typically between 1 nm and 1 µm. Individual moments

are not counted but rather included as part of a continuous magnetisation. The

distribution of magnetic moments can be approximated by a continuous vector

density. As it takes information from the average, this model is limited as it

cannot give information on an atomic level, nor does it work with very short time

scales.

Atomistic spin dynamics presents an intermediary approach, using a spin Hamil-

tonian with inputs taken from ab initio, to average over many atoms in a way

analogous to micromagnetics.

2.2.0.1 Density Functional Theory

Density Functional Theory (DFT) attempts to calculate the ground state density

by solving the Schrodinger equation for one-electron systems. From this, any

property of the system can then be calculated as a functional of the density. DFT

originates from Kohn and Sham’s approach to find a system of non-interacting

electrons that can have an equivalent electronic density to a system of interacting

electrons and can hence be used in its place and be solved completely. However,

this is not an exact solution. There is a missing correlation contribution in many-

electron systems which has to be accounted for separately. This is referred to as
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the exchange-correlation term, EXC [n].

The exact energy functional, E[n] is given as a functional of the density n(r):

E[n] = Ts[n] +
∫
d3rVext(r)n(r) + EH [n] + EXC [n] (2.22)

where Ts[n] is the kinetic energy of a non-interacting system with N-electrons, Vext

is the external potential or the potential of the nuclei and EH is the self-interaction

Hartree term corresponding to the electrostatic interaction of the charge density

with itself.

For a thorough explanation on the development and methodology behind DFT,

there are many electronic structue textbooks available, such as those by Kohanoff

or Martin. [66, 67]

In this work DFT will be used to calculate the exchange parameters for the

complete spin Hamiltonian. This is done by calculating the ground state energies

of different spin configurations. The complete method will be detailed in Chapter

3.

2.2.0.2 First principles techniques for strongly correlated systems

In order to perform ab initio techniques on CrI3, we must consider how to ap-

proach treating strongly correlated systems. This is a class of materials that

usually have incomplete d and f orbitals, as is the case with CrI3, that have

valence electrons which interact together in a non-trivial manner. [68, 69] This

deviation from the usual manner of interaction gives materials that have quite

different properties and are often susceptible to many phase transitions.

These materials are often harder to understand and electronic structure methods

can do a poor job of describing them. The electrons in these systems there-

fore cannot be treated by mean field theory, a simplification which treats each
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electron-electron interaction as an average of all the electron-electron interactions.

One-particle theory, for example using the local density approximation (LDA),

is not able to account for these interactions between the electrons well and so

the electronic structure is not well described. [70, 71] In current research, the

common treatment for such materials is to introduce a Hubbard U term which

models these interactions, namely the electron-electron repulsion. [72, 73] This

needs to be input into the simulation so is often calculated beforehand or found

in the literature.

In this work the projector augmented waveform (PAW) method will be used.

This method combines two DFT approaches: localised basis sets, which uses

atomic orbitals for each nucleus represented by a function such as a Gaussian

function, and plane wave augmentations, which treats wavefunctions as a linear

combination of plane waves. PAW uses localised atomic orbitals close to the core

of each nucleus, which describes the system well as it is an all-electron method,

and in the interstitial regions where an all-electron wavefunction is not necessary,

it uses plane waves, which is computationally cheaper.

2.2.0.3 DFT+U approaches

The local density approximation (LDA) and the related generalised gradient ap-

proximation (GGA) exchange functionals are well known to be underbinding, a

consequence of the self interaction error. [74, 75] This leads to an underestimation

of band gaps, which can lead to poor estimations of many kinds of properties,

including bond dissociation energies [76], electronic excitation energies [77] and

magnetic coupling constants [78]. A particularly severe example is the underes-

timation of a band gap which predicts semiconductors as metallic. [79] This is

particularly consequential for strongly correlated systems, as explained earlier, as

the Coulomb repulsion between electrons is not accounted for. There is no single

easy solution that fixes the problem of the self interaction error; corrections are

approximate and can introduce an error themselves. [80]
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Hybrid functionals use an exchange produced from Hartree-Fock theory. They

give a much greater accuracy but are computationally highly demanding. A

solution to avoid the use of hybrid functionals is to introduce a Hubbard model

which takes into account the interaction between localised on site electrons.

The new functional can be calculated by:

ELDA+U [n] = ELDA[n] + EU [nσ
i ] − Edc[nσ

i ] (2.23)

where n is the atomic orbital occupancy number. The first term is the previous

LDA functional, the second is the Hubbard correcting term, U , which localises

the electrons, and the third is a double counting term which removes the energy

contribution of any orbitals included in the Hubbard term that were in the LDA

functional. The Hubbard term and double counting term depend on the orbital

occupation nσ
i of these states with spin σ at lattice i.

This Hubbard model requires just two parameters: U , the strength of the Coulomb

interaction, and J , the strength of the exchange interaction. These terms are of-

ten simplified by instead working with a single term as suggested by Dudarev

[81], Ueff , where Ueff = U - J . Ueff can be calculated by the linear response

approach, [82] although a common approach is to vary the value systematically

and optimise to give a Ueff which gives an accurate band gap for the energy of

a particular atom or compound. The alternative method for DFT+U developed

by Liechtenstein [83] is to treat each parameter separately, and choose a value for

each U and J .

2.2.0.4 Spin-orbit coupling

Spin-orbit coupling (SOC) involves the interaction between the spin and orbital

angular momentums of an electron. In other words, it is the magnetic moment

of the electron interacting with the magnetic field which it is in. This magnetic

field is created by the nucleus, which exerts a Coulomb force on the charge e of
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the electron along with a weak force on the magnetic dipole moment µ and the

electric dipole moment P. [84]

One important consequence of it in correlated electron systems is the effect it has

on the exchange interaction. [85]

The one-electron orbitals ψn needed in DFT can be calculated by:

|ψn〉 = |ψ̃n〉 +
∑

i

(|φi〉 − |φ̄i〉)〈p̄i|ψ̃n〉 (2.24)

where ψ̃n are the pseudo orbitals used in the PAW method. Between the PAW

spheres, these pseudo orbitals are identical to the exact one-electron orbitals ψn.

φi and φ̃i are the all-electron and pseudo wavefunctions, and p̃i the projector

functions, which is needed to transforms the pseudo orbital into the desired all-

electron orbital, by including the all-electron wavefunction and subtracting the

pseudo wavefunction.

2.2.0.5 Spin-orbit coupling implementation in VASP

To reflect on the transverse components of non-collinear magnetism, there needs

to be a method which treats each one-electron state as a spinor function, rather

than as a fixed spin as in a collinear case. [86] Using collinear systems limits

magnetism to the Ising model. SOC allows the magnetic moments to couple to

the crystal lattice, resulting in anisotropy.

SOC is implemented in the PAW method, in the ab initio code VASP by treating

the spin-up and spin-down components, α and β respectively, as spinor wave

functions: [87, 88]

|ψ̃α
n

〉
=

∑
αβ

H̃αβ
SO|ψ̄β

n〉 (2.25)

where ψ̃n are the pseudo orbitals used in the PAW method with a non-collinear

formalism. This gives a mixing of spin components in a material and so is nec-

essary in calculations of materials where spin is important, such as correlated
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electron materials. This allows a spin to be coupled to a set spatial direction

in the crystal structure, so the energy of the system, represented by the PAW

Hamiltonian H̃, will depend on the direction of the magnetic moment.

2.2.0.6 Spin dynamics

The Landau-Lifshitz-Gilbert (LLG) equation describes the precessional motion of

a magnet and is the most widely used equation in spin dynamics. The equation

of motion proposed by Landau and Lifshitz is:

∂Si

∂t
= − γ

(1 + λ2) [Si × Bi
eff + λSi × (Si × Bi

eff)] (2.26)

where γ is the gyromagnetic ratio, λ is the damping parameter introduced by

Landau and Lifshitz in an earlier equation, and Beff is the effective field, a term

which includes the external field but also magnetic noise proportional to
√
T . [89]

The magnetic field B is related to the effective magnetising field Hthroughthemagneticpermeabilityinvacuum,µ0.

B(t) = µ0H(t) (2.27)

A free electron under a magnetic field with a spin angular momentum operator

S can be described by the Hamiltonian

HS = −gµB

~
S · B(t) (2.28)

where g and µB are the gyromagnetic ratio and Bohr magneton. Here the mag-

netic field B(t) = µ0H(t).

We can treat the spin expectation by following Ehrenfest’s theorem, which relates

the expectation value of a quantum mechanical operator, A, with the expectation

value of the Hamilton operator commutator, [H ,A]
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d

dt
〈A〉 = 1

i~
〈[A,H ]〉 (2.29)

By treating the spin angular momentum commutator with the angular momentum

commutation relations where [Sx,Sy] = i~Sz on equation 2.28 we obtain:

d

dt
〈S〉 = −gµB

~
〈S〉 × B(t) (2.30)

As the magnetisation vector and angle of the precessing spin remain constant,

the spin can be written as:

dS
dt

= −gµBµ0

~
[S(t) × H(t)] (2.31)

A damping term is included to account for relativistic effects, such as energy

dissipation, and thermal effects from magnon-phonon coupling.

∂Si

∂t
= − γ

(1+λ2) [Si × Bi
eff + λSi × (Si × Bi

eff)]

(2.32)

To calculate the net magnetic field on each spin, we use an atomistic LLG equation

on the form of:

H i
eff = − 1

µs

δH

δSi

(2.33)

where µs is the local spin moment.
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2.2.0.7 Monte Carlo for determining Curie Temperature

Whilst the LLG equation gives a detailed representation of the magnetisation

in the system, for Curie Temperature determination, a simple Monte Carlo al-

gorithm converges much more rapidly as it is a more basic calculation. Figure

2.3 shows that the LLG and Monte Carlo simulations agree very strongly on

a temperature-dependent magnetisation calculation of a simple cubic structure.

The difference in computational efficiency, however, is considerable: the LLG sim-

ulation requires a greater number of equilibriation and averaging steps as well as

a lower time step, taking roughly 20 times as long as the Monte Carlo simulation.

[3] So, for calculating TC , Monte Carlo is commonly adopted for its efficiency.

The spin code VAMPIRE uses the Monte Carlo Metropolis method, again using

the spin Hamiltonian as above and proceeds as follows:

• In a system of N spins, randomly pick a spin i with a initial spin direction

Si.

• Randomly change Si to a new trial position, S′
i.

• Calculate the change in energy between the initial and new states ∆E =

E ′ − E.

• Evaluate probability of accepting trial move P = e
− ∆E

kBT . If P > 1, trial

move is accepted.

• Repeat until N trial moves have been attempted.

2.2.0.8 Spin transport

To calculate spin dynamics of a material with a current of electrons applied

through it, we need to include a spin torque into Equation 5.6. The spin transfer

torque (STT) is the phenomenon occurring when a conduction electron interacts

with a local magnetic field. [90] This alters the spins in the ferromagnet and
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Figure 2.3: Comparative simulation of Curie temperature estimation using LLG and Monte
Carlo simulations, showing good agreement between the two methods. [3]

causes them to realign. A spin torque effect is generated by the electron aligning

with the magnetic field, and this is known as the adiabatic, or Slonczewski, spin

torque. An additional, non-adiabatic spin torque effect is present, the origins

of which are not fully understood, although it has been seen to be greater with

narrower domain walls. It has been measured that the non-adiabatic spin torque

is the main driver to current driven domain wall motion. [91] The presence of the

non-adiabatic spin-toque is important as it implies there can be current driven

domain wall motion in the absence of a magnetic field.

The Slonczewski torque, τA is given by

τA = (∂M
∂t

)ST T = γaM × (M × Mp) (2.34)

where M is the normalised magnetisaion, a is the adiabatic spin torque parameter,

a = ~P I
MsV e

, I is the electric current, P is the spin current polarisation parameter,

P = N↑−N↓
N↑+N↓ , Ms is the saturation magnetisation, V is the sample volume and e

is the electronic charge. N ↑ is the number of spin-up channels and N ↓ is the

number of spin-down channels.

The non-adiabatic spin torque, τNA, can be given by
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τNA = b(M × Mp) (2.35)

where b is the dimensionless non-adiabatic spin torque parameter and Mp is the

magnetisation of the previous layer.

The non-adiabatic spin torque is often referred to as the perpendicular spin

torque, as it orients perpendicular to the magnetisation.

To calculate the individual torques we can break down the total spin torque where

τtotal = τA + τNA (2.36)

and so

τtotal = −γaM × (Mp × M) − γbM × Mp (2.37)

To describe the spin transport we can use a spin accumulation model, based on

drift-diffusion equations.

The spin current, jm can be written in terms of the charge current density je and

the gradient of the spin accumulation m. [92]

jm = βjeM − 2D0[
∂m
∂x

− ββ′M(M · ∂m
∂x

)] (2.38)

The spin accumulation is the difference in chemical potential between up and

down bands in the DOS. β is the conductivity spin polarisation parameter and β′

is the diffusion constant spin polarisation parameter. Both parameters are taken

from the difference between spin-up and spin-down channels.

β = σ↑ − σ↓

σ↑ + σ↓
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β′ = D↑ −D↓

D↑ +D↓ (2.39)

where σ is the conductivity and D is the diffusion constant.

The spin accumulation is split into the following components over the distance of

the spin accumulation, x:

m‖(x) = [m‖(∞) + [M‖(0) − m‖(∞)]e− x
λ )]b1

m⊥,x(x) = 2e−k1x[u cos(k2x) − v sin(k2x)]b2

m⊥,y(x) = 2e−k1x[u sin(k2x) − v cos(k2x)]b3 (2.40)

with

(k1 ± ik2) =
√
λ−2

trans ± iλ−2
J (2.41)

This is based on the basis coordinate system where b1 is the direction of local

magnetisation, and so the longitudinal component of magnetisation m‖ is along

b1, and two transverse components m⊥,x and m⊥,y are along b2 and b3 respec-

tively.

The total torque can then be calculated:

τtotal = 2D0

λ2
J

(−m⊥,yb2 + m⊥,xb3) + 2D0

λ2
Φ

(−m⊥,xb2 − m⊥,yb3) − 2D0

λ2
sf

(m⊥,xb2 + m⊥,yb3)

= 2D0[(− m⊥,x

λ2
trans

− m⊥,y

λ2
J

)b2 + (m⊥,x

λ2
J

+ m⊥,y

λ2
trans)b3](2.42)

We can then isolate the b2 term to give us τA and the b3 term to give τNA:

τA = − 2D0

λ2
Jλ

2
trans

(λ2
Jm⊥,x + λ2

transm⊥,y)b2 (2.43)

τNA = 2D0

λ2
Jλ

2
trans

(λ2
transm⊥,x + λ2

Jm⊥,y)b3 (2.44)

We can include the torque as a component of the total effective field, Beff :
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Bi
eff = − 1

µS

∂
∂S + Bth + aJ (S × p) + bJp (2.45)

where aJ is the adiabatic spin torque equivalent to τA in Equation 2.43 and bJ

is the nonadiabatic spin torque equibalent to τNA in Equation 2.44. Bth is the

stochastic Langevin thermal field and p is the electron spin polarisation vector.

This vector is defined per cell as the magnetisation from the previous cell along

the current flow direction.

The current flow is computed from the sum of all resistances in all cells parallel

to the current path. We calculate this resistance by summing pairwise cell in-

teractions between neighbouring cells i and j where the cells in the material are

discrete 1 nm3 units. The total resistance can be given by the summation of all

pairwise cell resistances.

R =
∑
i,j

Ri,j (2.46)

Each individual resistance between the two cells i and j, Ri,j, can be given by

the TMR formula:

Rij = Rep + Res

2 (1 − mi · mj) (2.47)

where Rep is the resistance arising from electron-phonon scattering and Res is the

resistance arising from electron-spin scattering due to the s − d interaction, and

mi and mj are the reduced magnetisations m for cells i and j.

The current I flowing through the material can then by computed using Ohm’s

law I = V
R

where V is the inputted applied voltage.



The non-Heisenberg nature of
CrI3

3.1 Background

We have already seen that the discovery of magnetism in monolayer CrI3 has shed

new understanding on the Mermin-Wagner theorem. However, from experimental

data so far it has been difficult to assign the magnetisation in CrI3 to a magnetic

model. In this chapter we will look at monolayer and bulk CrI3 to understand the

nature of the material by performing DFT calculations to obtain the parameters

for the spin Hamiltonian as was shown in Chapter 2. Then, the Curie temperature

can be calculated with Monte Carlo simulations and allow us to compare spin

models.

With the discovery of magnetism in exfoliated monolayer CrI3, many experimen-

talist and theoretical groups are keen to discover or predict its properties and

behaviour. In order to make sense of the experimental results on a material such

as CrI3, and predict further behaviours, it is important to have an appropriate

model to work on.

In its discovery, CrI3 was identified as an Ising magnet. [22] This was suggested as

the material was shown to possess out-of-plane spin polarisation, demonstrated

using magneto-optical Kerr effect (MOKE) microscopy. However, a recorded out-

of-plane spin polarisation does not guarantee an Ising model of magnetism, and
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so further investigation is needed.

3.2 Building a model for monolayer CrI3

3.2.1 Exchange parameters

From Chapter 2, we can define the spin Hamiltonian in terms of a magnetic

material’s anistropy and exchange interactions:

H = −
∑

i

Di(Sz
i )2 −

∑
i,j

JijSi · Sj −
∑
i,j

λijS
z
i S

z
j (3.1)

where D is the onsite anisotropy, J and λ are the isotropic and anisotropic ex-

change coefficients between atoms i and j. S is the spin quantum number. For

Cr in CrI3, S = 3/2.

It has been found in CrI3 that the interaction between a Cr atom and its third

nearest neighbour is significant for the material’s magnetisation, and so has been

taken into consideration here for constructing an accurate model. [46] The third

nearest neighbour exchange interaction is reported in Zhang’s study to be antifer-

romagnetic, whilst the first and second nearest neighbour exchange interactions

are ferromagnetic. However, one limitation of this study is that all DFT calcula-

tions are collinear and therefore the spin of the Cr atoms are limited to pointing

either direction along the z axis, as in an Ising magnet. In turn, only the isotropic

exchanges have been calculated.

The spin Hamiltonian used by Zhang is based on the following, expanding the J

exchange to the third nearest neighbour:

H = −J1
∑
〈i,j〉

Si · Sj − J2
∑

〈〈i,j〉〉
Si · Sj − J3

∑
〈〈〈i,j〉〉〉

Si · Sj (3.2)

To compute up to the 3rd nearest neighbour for a honeycomb structure such as
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CrI3, an extended, 4 atom supercell is needed. Figure 3.1 shows the structure of a

honeycomb magnetic material such as CrI3 . The exchange interactions J1, J2 and

J3 are illustrated within the honeycomb. These interactions also extend outside

the honeycomb, so each magnetic atom has a total of 3 nearest neighbours (NN),

6 next nearest neighbours (nNN) and 3 next-next nearest neighbours (nnNN),

shown by the red, blue and purple lines respectively.

J1

J2

J3

Figure 3.1: Coupling interactions on a honeycomb lattice J1 between NN (red solid) J2 between
nNN (blue dashed) and J3 between nnNN (purple dotted). Circular nodes to represent magnetic
atoms, non-magnetic atoms not included.

Figures 3.2 and 3.3 shows the four spin configurations that can be used to extract

each of the nearest neighbour interactions, by considering an extended 4 atom

supercell and imposing spin directions appropriately. These comprise of a ferro-

magnetic (FM) configuration, where all spins are oriented in the same direction,

either all in-plane or out-of-plane, and three antiferromagnetic configurations:

Neel (AFM), stripy (sAFM) and zigzag (zAFM). The FM configuration repre-

sents CrI3’s magnetic ground state, which is confirmed in the DFT calculations

as being the lowest energy state. This is to be expected, as CrI3 is a proven

ferromagnet. The distinctions between the antiferromagnetic configurations are

best seen in the extended schematic in Figure 3.3. Neel AFM has every other
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spin pointing in the opposite direction, sAFM has the spins in alternate stripes

and zAFM has the spins in alternate zigzags.

With non-collinear DFT calculations, the energies of each state can be deter-

mined along, orienting the spins either along the z axis or the x/y axes. The

spins are fixed in the appropriate directions and the simulation ran as a spin po-

larised calculation. This means the in-plane and out-of-plane contributions can

be separated, which will be important for separating the J and λ values. Hence

the ferromagnetic (FM) energy for the out-of-plane z configuration represented

in Figure 3.2 will be given as Ez
F M extracted from the Hamiltonian:

Ez
F M = −

∑
i

Di(Sz
i )2 −

∑
i,j

JijSi · Sj −
∑
i,j

λijS
z
i S

z
j

FM AFM

zAFMsAFM
Figure 3.2: Out-of-plane magnetic orderings of CrI3 : Ferromagnetic (FM), Neel antiferromag-
netic (AFM), striped antiferromagnetic (sAFM) and zigzag antiferromagnetic (zAFM).
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FM AFM

zAFMsAFM

Figure 3.3: In-plane magnetic orderings of CrI3 : Ferromagnetic (FM), Neel antiferromagnetic
(AFM), striped antiferromagnetic (sAFM) and zigzag antiferromagnetic (zAFM). Blue atoms
chromium and grey atoms iodine.

As there are N magnetic atoms in the unit cell and D is summed over all i atoms,

each term has N values. An atom i has Z1 NN interactions, Z2 nNN interactions

and Z3 nnNN interactions. Atoms i and j have equal spins in CrI3 and so the
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moment components are given by S2. By collecting the terms the equation can

be written as:

Ez
F M = −NDS2 −(J1 +λ1)NZ1S

2 −(J2 +λ2)NZ2S
2 −(J3 +λ3)NZ3S

2 −NKZ1S
4

(3.3)

The same can be done with the remaining configurations, and then the exchange

parameters can be isolated by solving the equations. Treatment of these is shown

in Appendix 1.

3.2.2 Biquadratic exchange

A biquadratic contribution, K, can be included in the previous spin Hamiltonian

to include the second order exchange coefficient. As a higher order term, it can

be worked out separately from the bilinear contributions.

H = −
∑

i

Di(Sz
i )2 −

∑
i,j

JijSi · Sj −
∑
i,j

λijS
z
i S

z
j︸ ︷︷ ︸

bilinear

−
∑
i,j

Kij(Si · Sj)2

︸ ︷︷ ︸
biquadratic

(3.4)

The scalar product of spins Si and Sj with an angle of θ relative to the surface

normal in Equation 3.4 is defined as:

Si · Sj = S2cos(2θ) (3.5)

assuming |S|i = |S|j = S. This is a general approach where the definition of θ

can vary relative to the studied system [93].

The biquadratic exchange occurs due to one or more electrons hopping between

two adjacent sites [94] We can determine Kij calculating the energetic variation

of the spins Si at each Cr site at different rotation angle θ including spin-orbit

coupling as in Figure 3.4.



Non-Heisenberg nature of CrI3 43

The biquadratic term in Equation 3.4 can be written as:

Hbiquadratic = −
∑
i,j

Kij(SiSjcos(2θ))2 (3.6)

To calculate Kij we compute the total energy of the system when the spins at the

magnetic atoms are rotated away from an initial ferromagnetic collinear state,

as seen in Figure 3.4. This procedure provides that any higher-order exchange

contribution to the total energy can be extracted. It is worth mentioning that

the rotations of the spins without such relative angle remove any higher-order

exchange interaction contribution to the energy as they cancel out. [93]

z
x

y

θθ

Figure 3.4: Four atom CrI3 unit cell. Cr atoms grey, iodine atoms purple. Blue and orange
arrows to show alternatively rotating spin moments to calculate biquadratic exchange.

By considering only the nearest neighbours for the biquadratic exchange, the

expression for the monolayer can be written in terms of the lowest biquadratic

exchange energy K1 as:

Hbiquadratic = −NZK1(SiSj)2 (3.7)

where N is number of magnetic atoms in unit cell, Z is the number of interactions

for atom i and S is the spin number. Therefore K1:

K1 = − EBQ

NZS4 (3.8)

where EBQ is the quadratic coefficient. EBQ can be obtained by fitting the total

energy of the system as the spins at the Cr atoms rotate relatively to each other
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from 0 to 180o with:

E(θ) = A0 + A1cos(2θ) + A2cos2(2θ) (3.9)

The strength of the biquadratic term EBQ can be determined by the fitting pa-

rameter A2, and the sum of the bilinear contributions by A1. This is illustrated

in Figure 3.5 for in-plane and out-of-plane rotations for monolayer CrI3. Simi-

lar variations of the energy versus θ for in-plane and out-of-plane rotations were

observed. This indicates isotropic biquadratic exchange interactions in CrI3. In

the case of a plain Heisenberg model the A2 coefficient becomes zero since no

biquadratic interactions are taken into account.

It is clear from Figure 3.5 that the spins in CrI3 deviate from the conven-

tional bilinear Heisenberg behavior expected with a linear dependence on cos(2θ),

Jij|Si||Sj|cos(2θ). The energy of the spins however follows a quadratic depen-

dence with Kij|Si|2|Sj|2cos2(2θ) giving the best agreement with the calculations.

A comparison with other models such as Ising and Kitaev [95, 55] is unfruitful as

no angular dependence of the spins is observed for the former, and no quadratic

terms on θ are present for the latter. Contributions from biquadratic on-site

anisotropy are very small to account for this effect.
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Figure 3.5: Variation of the total energy versus θ for the spin moments in monolayer CrI3
between 0 and 180o. Energies are relative to the ferromagnetic solution for both situations.
Dashed lines for both in-plane and out-of-plane spin rotations show a fit to a bilinear (BL)
equation of the form E(θ)BL = A0 + A1cos(2θ). Solid lines in their turn use a fit equation of
the form E(θ)BQ+BL = A0 + A1cos(2θ) + A2cos2(2θ) where biquadratic (BQ) are added on top
of the bilinear interactions.

3.2.3 Curie Temperature

Figure 3.6 shows the simulated temperature dependence of the magnetisation

of monolayer CrI3 relative to the experimental data using both an Ising and

a non-Heisenberg approach which takes in higher order terms in form of the

biquadratic. Here, non-Heisenberg refers to the non-classically Heisenberg terms

added to the Heisenberg model, in this case, the biquadratic exchange. It is

clear that the Ising model grossly overestimates the measured Curie temperature

(TC) by around 60 K. Ising gives TC ∼ 102 K for monolayer CrI3 which is in

disagreement with previous experimental studies[22, 96, 97]. This suggests that

a global quantization axis where spins are allowed to take values parallel or anti-

parallel to the surface is not accurate enough to represent the magnetic properties

of CrI3 magnets. Conversely, the non-Heisenberg model gives a sound agreement

with the measurements resulting in Curie temperatures of 44.4 K for monolayer

CrI3.
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Figure 3.6: Comparison of measured and calculated temperature dependent magnetisation
(M/Ms) of monolayer (1L) CrI3 using Ising and non-Heisenberg models. The Ising model leads
to large over-estimation of the Curie temperature (TC) relative to the experiments.

We found that a consistent description of magnetism in CrI3 is obtained using

up to third nearest-neighbors for Jij (J1, J2, J3) and λij (λ1, λ2, λ3), and the

first nearest neighbor for Kij (K1). For an accurate application of this extended

spin Hamiltonian to CrI3, we have determined all parameters from our Hubbard-

corrected first-principles calculations taking into account the correlations of the

Cr atoms.
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Figure 3.7: Temperature dependent magnetisation of monolayer CrI3. Comparison between
a-c, Heisenberg (without including biquadratic exchange interactions) and d-f, Ising models
at different magnitudes of Hubbard U = 1.8, 2.8, 3.8 eV. The number of nearest-neighbor (NN)
included in each simulation is shown in each panel: black (1st NNs), red (1st+2nd NNs) and
blue (1st+2nd+3rd NNs). The Curie temperature (TC) obtained at each level of accuracy is
included. Vertical bars at the x-axis shows the position of TC in the temperature range. Note
that even with the inclusion of up 3rd NNs in a Heisenberg model the calculated TC does not
reach the experimental value of 45K for monolayer CrI3.

Figure 3.7 shows the results of the magnetisation versus temperature for mono-

layer CrI3 at different: i) magnitudes of the Hubbard term U =1.8, 2.8, 3.8

eV; ii) number of nearest-neighbors included into the calculations (1st, 1st+2nd,

1st+2nd+3rd); iii) models using Heisenberg and Ising for the spin description.
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Biquadratic exchange interactions were not included at this level of theory as

the main goal was to separate them from the bilinear contributions. It is ob-

served that the different magnitudes of U have a minor effect on TC either using

a Heisenberg or an Ising model. The large modifications come from the number

of nearest-neighbors included into the Monte Carlo simulations which change TC

by several tens of Kelvins.

The Heisenberg model in these calculations, without the biquadratic corrections

estimation of the TC in Figure 3.6 labelled as non-Heisenberg, underestimates for

all values of U , even when the full set of nearest neighbours is included.

It is noteworthy that λij and Kij in monolayer CrI3 have similar magnitudes but

are slightly smaller than Jij. In some materials adopting a biquadratic exchange

into the spin model describes the magnetism better. For ferropnictides for exam-

ple, the model was found to preserve symmetry in the lattice and be consistent

with both experimental evidence and electronic structure calculations. [98] Rea-

sons the exchange can be weak include the competition between ferromagnetic

and antiferromagnetic exchanges. [99] Biquadratic exchange has a particularly

strong influence as observed for several different compounds. [100, 101, 102]

3.3 Bulk CrI3

3.3.1 Bilinear exchange parameters

Interactions between magnetic atoms in adjacent layers can be included in the

spin Hamiltonian for the bulk material:

H = −J1

intralayer∑
i<j

Si · Sj−I1

interlayer∑
i<k

Si · Sk−I2

interlayer∑
i<l

Si · Sl−I ′
2

interlayer∑
i<m

Si · Sm

(3.10)

where J is the NN intra-layer exchange parameter, In is the nNN (nth NN) in-

terlayer exchange parameters for equivalent site and I ′
n is the nNN exchange
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parameters for non equivalent sites, illustrated in Figure 3.8. In this figure and

the corresponding equations listed in the Appendix FM will be referred to as F

and AFM as A. We can obtain the energy of the six spin configurations in Figure

3.8 from Equation 3.10.

J

I1 I2

I'2

F,F,F F,-F,-F

F,A,F F,-A,-F

A,-A,-AA,A,A

Figure 3.8: The six spin configurations in a bulk unit cell of CrI3 required to calculate J , I1,
I2 and I ′

2. Chromium atoms in blue, iodine atoms in grey and red arrows indicate chromium
spin orientation. Arrows pointing out of plane of crystal.

The energy for each configuration given in Figure 3.8 can be split into the nearest

intra-layer exchange parameter J (only J1 is considered here) and the interlayer

exchange parameters I1, I2 and I ′
2. Each component of the equation is summed

over the total number of interactions for a particular exchange parameter for a

1x1x3 (6 magnetic atoms) unit cell.

The exchange parameters are solved in the same manner as the monolayer pa-



Non-Heisenberg nature of CrI3 50

BQ 1 BQ 2

a) b)

BQ 3

K
1

c)

K
3

K
3

K
3

K
1

K
2

K
2

Figure 3.9: Three configurations required to extract the three nearest neighbour biquadratic
exchanges, K1, K2 and K3.

rameters were earlier, with full details in Appendix 1.

3.3.2 Biquadratic exchange in bulk CrI3

As the biquadratic contribution in monolayer CrI3 is critical for the model, it

was calculated for the bulk system as well. In bulk CrI3, the biquadratic part of

the spin Hamiltonian was extended to included up to the third nearest neighbors

taking into account interlayer interactions:

H = −NZ1K1(SiSj)2 −NZ2K2(SiSk)2 −NZ3K3(SiSl)2 (3.11)

where K1 is the NN biquadratic exchange parameter, (Figure 3.9a), K2 is the

nNN (nth NN) biquadratic exchange parameters (Figure 3.9b) and K3 is the

nnNN biquadratic exchange parameters (Figure 3.9c). The three configurations

BQ1, BQ2 and BQ3 given in Figure 3.9 are used to calculate K1,2,3. They were

selected to isolate specific contributions of the exchange interactions into the total

energy. For instance, the BQ1 configuration includes K1 (the in-plane component

of the biquadratic interactions) and K3 (an interlayer interactions generated by

the rotations of the spins in one of the layers). Similar analysis also applies

for BQ2 and BQ3. The total number of each biquadratic interaction in each

configuration in a 1x1x3 (six magnetic atoms, N = 6) unit cell is summarized in
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the following equations:

EBQ1 = −18K1S
4 − 2K2S

4 − 30K3S
4 + ξ2

4
EBQ2 = −18K1S

4 − 6K2S
4 − 18K3S

4 + ξ2

4
EBQ3 = −4K2S

4 − 36K3S
4 + ξ2

4 (3.12)

where EBQ1,2,3 are the quadratic coefficients extracted of the fit of the total energy

versus 2θ for the corresponding spin configurations, and ξ2 is the biquadratic on-

site anisotropy contribution to the fit. The treatment is the same as for the

monolayer and is shown in full in Appendix 1, giving biquadratic parameters K1,

K2 and K3.

Figure 3.10 shows the computed total energies relative to their respective ground

states (e.g. ferromagnetic) for configurations BQ1, BQ2 and BQ3 in bulk CrI3.

Table 3.1 gives the isotropic exchange, anisotropic exchange, onsite anistropy and

biquadratic exchanges for both monolayer and bulk CrI3 systems.

Material Nearest-

Neighbors

J(meV)

(±0.05)

λ(meV)

±0.05

D(meV)

±0.05

K(meV)

±0.05

1L 1NN 1.47 0.16 0.17 0.21

2NN 0.27 0.002 - -

3NN 0.04 -0.063 - -

Bulk 1NN 1.46 -0.022 0.17 -

1NN’ 1.01 0.05 - K1 =0.21

2NN’ 0.24 0.02 - K2 =0.06

2NN” 0.14 0.0075 - K3 =0.04

Table 3.1: Calculated exchange parameters for bulk and monolayer CrI3.

Figure 3.11 shows the mismatch between using the Ising model for estimation of

the TC and the experimental values. The Ising model overshoots the experimental

value of 63 K greatly, giving a TC of around 200 K. The non-Heisenberg approach
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Figure 3.10: Variation of the total energy versus θ for the spin moments in bulk CrI3 between
0 and 180o. Energies are relative to the ferromagnetic solution for both situations. Dashed
lines for both in-plane and out-of-plane spin rotations show a fit to a bilinear (BL) equation
of the form E(θ)BL = A0 + A1cos(2θ). Solid lines in their turn use a fit equation of the form
E(θ)BQ+BL = A0 + A1cos(2θ) + A2cos2(2θ) where biquadratic (BQ) are added on top of the
bilinear interactions.

however, using a set of biquadratic terms on top of the Heisenberg Hamiltonian,

provides a much more accurate result, achieving a TC of 63 K which matches the

experimental value. As the results from the monolayer indicate, it is clear that

the Ising model poorly represents the magnetism of bulk CrI3.

As the spins are treated classically using a non-Heisenberg Hamiltonian, which

follows the Boltzmann distribution, the curvature of the measured M(T ) deviates

from the classical behavior due to infinitesimal thermal fluctuations of the spins

at the low temperature regime. These fluctuations of the magnetisation have

a quantum origin that are better represented using quantum statistics within

the Bose-Einstein distribution. By fitting the Curie-Bloch equation m(T ) =
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Figure 3.11: Comparison of measured and calculated temperature dependent magnetisation
(M/Ms) of bulk CrI3 using Ising and non-Heisenberg models. The Ising model leads to large
over-estimation of the Curie temperature (TC) relative to experiment.

(1 − (T/TC)α)β to the bulk experimental data with the critical exponent βbulk ∼

0.25 initially extracted from the classical simulation we obtain excellent agreement

between the scaled and measured M(T ) for T < TC at α = 1.70. For the

monolayer data we follow the same process as for the bulk, computing β1L = 0.22

from first principles and Monte Carlo calculations. These β values are lower than

the universal critical exponent of 1
3 so the method of fitting needs to be taken

into consideration. [103]

The analysis for the importance of the biquadratic exchange in monolayer CrI3

can also be applied to bulk CrI3. The intra-layer interaction K1 is close in mag-

nitude to the monolayer K1 but smaller for the interlayer counterparts. These

results indicate that higher-order exchange processes involving two or more elec-

trons are important in CrI3 magnets despite the dimensionality.

3.4 Summary

The exchange parameters for CrI3 were calculated from using the spin Hamilto-

nian and DFT calculations. A significant contribution was found from a higher
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order biquadratic exchange and so this was included into the model as well. Using

a non-Heisenberg model gave a Curie temperature much closer to experimental

values than the classic Ising model for both bulk and monolayer CrI3.

Uncertainties in this approach come from dealing with a strongly correlated sys-

tem and relying on a Hubbard U term however as Figure 3.7 shows, the calcula-

tions appeared to be unaffected by the U value in the range chosen. Also, any

other interaction between spin centres, such as exchange interactions beyond the

third nearest neighbour or higher order terms than the biquadratic exchange have

been assumed to be negligible.

Using this model, we can now look closer at the behaviour of the spins in CrI3 to

understand the material further.



Thermal disorder in monolayer
and bulk CrI3

4.1 Experimental findings

Initial published work using magneto-optical Kerr effect spectroscopy on CrI3

simply showed a transition at the Curie temperature.1 Using a muon spin rotation

spectrometer, it has been found that bulk CrI3 shows a three-step transition, at

60 K, 50 K and at 25 K. [5]

4.1.1 Muon spin relaxation

Muon spin relaxation (µSR) is a magnetic resonance technique that can be used

to probe a material with spin positive muons. These muons act as extremely

sensitive local microscopic probes, able to detect effects such as local magnetic

fields. One unique feature of µSR is its ability to provide information about the

magnetic volume fraction, VM , of a system, including the size and distribution of

magnetic moments within a magnetic domain. [4]

This is done using the Weak TF (Transverse Field) µSR technique, in which a

very weak external magnetic field is applied 90◦ to the muon beam, as shown

in the schematic in Figure 4.1. A positron detector is positioned in line with
1Experimental work in this section was carried out by Zurab Guguchia and Grigol

Tanashshvili as described in Ref. [5]
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the muon beam and thus also orthogonal to the external magnetic field. The

pulsation frequency ωµ of the muon is given by γµBloc where γµ is the muon

gyromagnetic ratio and Bloc is the Larmor precession. The moment precesses

in an elapsed time t by an angle γµBloct, shown by the solid and dashed curves

around the sample. Muons have a lifetime of 2.2 µs, and as the beam in this case

is made of spin positive muons, they decay into positrons. The solid and dashed

lines show how positrons may be emitted from these decaying precessing muons.

The material’s magnetic field can then be calculated by the positrons detected at

the detector and the elapsed time taken.

Figure 4.1: Transverse field µSR set up. An external magnetic field is applied orthogonally to
the muon beam which is fired at the sample. [4]

4.1.2 Results

As Figure 4.2 shows, there are 3 distinct transitions in VM . It gradually increases

below the first Curie temperature, TC1, at 62 K, reaching a VM of 0.8 at the second

Curie temperature, TC2. An additional increase of VM occurs at TC3 at 25 K.

These increases suggest the presence of distinct magnetic states in CrI3. Between

these distinct transitions, frequencies can be organised as belonging to specific

components of CrI3. Between TC1 and TC2 there is Component I. Between TC2

and TC3, along with component I there is another component present, Component

II. Below TC3 there is an additional component, Component III. These show a
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coexistence of magnetically ordered phases at particular temperature ranges.

Figure 4.2: Thermal evolution of various magnetic phases in CrI3, which can be separated into
three components (Comp I, Comp II, Comp III). The temperature dependence of the total
magnetic volume fraction, VM , determined from precise weak transverse field (weak-TF) µSR
measurements. In this weak-TF experiment, a small magnetic field of 30 G is applied nearly
perpendicular to the muon spin polarisation. [5]

Spin state phase separations, or transitions between multiple magnetic phases,

have been observed in layered transition metal oxides [104] and alloys. [105]

Multiple phase transitions can be found in materials with PM, AFM and FM

phases [106] or multiple AFM phases. [107]. These occur for example in the case

of FeTe6 by structural distortion seen by changes in lattice parameters at the AFM

to FM transition, giving spin canting which results a weak magnetic moment.

These multi transition state systems are often a result of multiple competing

factors but the presence of such phenomena has not so far been reported in VdW

materials.
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4.2 Zero field spin dynamics

4.2.1 Bulk CrI3

To characterise these transitions and states in CrI3 we can look at the macroscale

spin dynamics in the system. By cooling a sample of bulk CrI3, features in the

domains can be observed. The system chosen for simulation measures 400 nm by

400 nm in the x and y directions and 200 nm in the z direction, or a thickness

of 200 nm. The system is equilibriated at 80 K and then cooled over 2 ns by a

linear cooling function using the LLG equation down to 0 K at zero field. The

simulation is stopped as soon as the temperature reaches 0 K. This cooling time

was chosen to give the optimum range to observe features, as below 1.5 ns the

and above 2 ns the magnetisation profile has converged and there are no new

features to see.

Figure 4.3 shows snapshots of zero-field cooling simulations of bulk CrI3 between

80 K and 0 K. The colours represent the spin orientation of individual chromium

atoms. Black or white show an out of plane spin with a Mz corresponding to +1

or -1 respectively. Shades of purple indicate a spin with a Mz value in between +1

and -1, therefore with some contribution from Mx or My. It can be seen clearly

that the majority of the organisation of spins occurs between the 70 K and 64 K

panels, and whilst the domains have not fully formed at 64 K the structures have

begun to form. This agrees with the TC of 62 K, as spins are aligning along the

easy axis.

Figure 4.4 and Figure 4.5 show the corresponding snapshots from the same sim-

ulation using Mx and My respectively to colour code the spins. These values are

useful for determining the domain walls, as spins at the centre of the domain wall

have zero Mz component, and therefore some Mx or My. In these, organisation

of the domain walls can be seen very clearly at 50 K. This corresponds with TC2

found in the µSR experiment. The increase of VM below TC2 in the experiment

also corresponds with the increase of Mz, as fewer domain walls means less in-
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plane magnetisation. This is in contrast to the ordering into domains along the

out of plane at 64 K, showing a slight break in the magnetisation process giv-

ing these distinct phases. These show that whilst the bulk of the magnetisation

occurs at TC1, there is organisation occurring at lower temperatures.

80.0 K 70.0 K 64.0 K 60.0 K 50.0 K

45.2 K 40.0 K 35.2 K 30.0 K 25.2 K

20.0 K 15.2 K 10.0 K 5.2 K 0.0 K

-1 +10

Mz

Figure 4.3: Zero-field cooling simulations on a 400 x 400 nm sample of bulk CrI3. System
equilibrated and temperature lowered from 80 K to 0 K. Colours representing magnetic moment
at Cr atoms along Mz, showing out of plane magnetisation.
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80.0 K 70.0 K 64.0 K 60.0 K 50.0 K

45.2 K 40.0 K 35.2 K 30.0 K 25.2 K

20.0 K 15.2 K 10.0 K 5.2 K 0.0 K

-1 +10

Mx

Figure 4.4: Zero-field cooling simulations on a 400 x 400 nm sample of bulk CrI3. System
equilibrated and temperature lowered from 80 K to 0 K. Colours representing magnetic moment
at Cr atoms along Mx, showing in plane magnetisation and highlighting domain walls.

80.0 K 70.0 K 64.0 K 60.0 K 50.0 K

45.2 K 40.0 K 35.2 K 30.0 K 25.2 K

20.0 K 15.2 K 10.0 K 5.2 K 0.0 K

-1 +10

My

Figure 4.5: Zero-field cooling simulations on a 400 x 400 nm sample of bulk CrI3. System
equilibrated and temperature lowered from 80 K to 0 K. Colours representing magnetic moment
at Cr atoms along My, showing in plane magnetisation and highlighting domain walls.
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Figure 4.6: Proportion of orientations of spins of bulk CrI3 in a field cooling simulation. Each
spin in the simulation is assigned into one of three categories depending on its |Sz| value at every
timestep: Ordered (blue), Disordered I (purple), Disordered II (pink). Thus the distribution
of spins as the temperature is reduced is shown. Each category is split into three ranges, with
the central line showing the median value and the outside lines showing the upper and lower
bounds. Ordered includes spins that are considered ‘out of plane’ with a high |Sz| value, either
>0.80, >0.90 or >0.99. Disordered I includes spins that are considered neither greatly ‘out
of plane’ or ‘in plane’. The ranges for this category are 0.20–0.80, 0.10–0.90 and 0.01–0.99.
Disordered II includes spins that are considered ‘in plane’ with a low |Sz| value, either <0.20,
<0.10 or <0.01. The shaded areas represent the intermediary values in each range: blue for
’Ordered’, purple for ’Disordered I’ and pink for ’Disordered II’. The overlapped areas represent
spins that fit into two categories. The values for TC1, TC2 and TC3 are shown to highlight the
proportion of spin categories at each transition.

Figure 4.6 shows the magnetic fractions of bulk CrI3 split into three main phases:

Ordered, Disordered-I and Disordered-II. These are arranged by the percentage

of spins possessing a |Sz| value in a particular range as the temperature is cooled

from 80 K to 0 K. The |Sz| value for each spin is given at each timestep of the

simulation and so the proportion of spins in a particular range of |Sz| value can

be calculated at a particular temperature. The Ordered phase contains spins that
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can be considered pointing ‘out of plane’, with a |Sz| greater than 0.90. Upper

and lower bounds are included to show the proportions of spins with |Sz| values

greater than 0.99 and 0.80 respectively. The Disordered-I phase concerns spins

with |Sz| values between 0.10 and 0.90. These represent spins that cannot be

considered ‘out of plane’ as they contain too much |Sx| or |Sy| component to

align along the z axis, but enough |Sz| that they can not be classed as ‘in plane’

either.

Surprisingly, the number of spins in the volume of CrI3 with |Sz| > 0.99, corre-

sponding to full orientation along the easy-axis, is largely a minority at the first

(TC1 = 62 K) and second (TC2 = 50 K) transitions. Most of the sites have a sub-

stantial amount of disorder with spins not completely aligning along the easy-axis

of the CrI3 but rather stabilising orientations with in-plane orientations (|Sx| and

|Sy|). Such contributions only become negligible as the temperature drops down

below 10 K where |Sz| increases, coinciding with the antagonistic response of the

Disordered-I phase. Spin sites with larger amount of disorder (e.g. Disordered-II)

tend to disappear as the system cools down below 40 K. This shows that mutually

exclusive spatial magnetic regions exist in a wide temperature range, which is in

agreement with µSR results. However, in µSR the inhomogeneous and mutually

exclusive spatial regions exist even at the base of 5 K, while the calculations show

a sharp increment of the homogeneous z-axis oriented structure below 10 K. These

results suggest that the magnetic structure of bulk CrI3 is markedly composed

by thermal disorder with no apparent formation of interlayer anti-ferromagnetic

phases.

4.2.2 Monolayer CrI3

The domains in monolayer CrI3 were also examined by a similar cooling simula-

tion, on a 400 nm by 400 nm sample of single layer CrI3. The cooling time to

bring the system from 80 K to 0 K after equilibriation was 1.5 ns. Figure 4.7

shows the results from the simulation viewed using Mz, Mx and My to colour
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code the magnitude of the spins in each direction. In contrast to bulk CrI3, the

domains are still forming as the system approaches 0 K, and still evolving after

the 1.5 ns cooling period as can be seen in the rightmost two columns. Again,

the Mz row shows the structure of the magnetic domains as CrI3 has a z easy

axis, and Mx and My show the structure of the domain walls.

45 K, 0.67 ns 35 K, 0.86 ns 22 K, 1.10 ns 0 K, 1.53 ns 0 K, 3.03 ns

Mx

My

Mz

-1 +10

Mx,y,z

Figure 4.7: Zero-field cooling simulations on a 400 x 400 nm sample of monolayer CrI3 . System
equilibrated and temperature lowered from 80 K to 0 K. Colours representing magnetic moment
at Cr atoms along each of Mx, My and Mz.

An observation raised in the experiments is that a macroscopic magnetic mo-

ment exists in monolayer CrI3 after zero-field cooling. It is known that magnetic

anisotropy overcomes the limit of the Mermin-Wagner theorem by symmetry

breaking, but it would be expected that the magnetic domains are stable, and

would reach a ground state at 0 K.

Figure 4.8 a) shows the snapshot of the system at 2 ns once the temperature had

reached 0 K. Panels b - d show the fluctuations in Mx, My and Mz along the

labelled path in a between the times of 2.20 ns to 3.80 ns, with shaded bars to

represent the domain walls encountered at points A, B and C.

Figure 4.8 b) shows that the domains are moving. This can be a seen by shifts
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in Mz values. For example, the domain wall at point A is at 40 nm across the

path at 2.20 ns, but has moved to 20 nm by 3.80 ns. Figures c and d also

show fluctuations in Mx and My. The same domain wall at point A can be seen

moving across the path in d through the My values, but it can also be seen that

the orientation of My flips multiple times. This occurs at domain walls B and C

too, and also with Mx. This shows the spins at the domain wall are constantly

fluctuating.
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Figure 4.8: Monolayer CrI3 cooling at zero-field. a) Snapshot of monolayer CrI3 obtained
through zero-field cooling process after 2.00 ns and reaching 0 K. The magnetisation along of
the easy-axis (Mz) is displayed showing the domain formation. Bright (dark) areas correspond
to Mz=±1, respectively. A path (dashed line) connecting three points A, B, and C at the
boundary between different magnetic domains is showed. b–d) Variations of Mz and the out-
of-plane components of the magnetisation (Mx, My), respectively, along the path A−B−C at
different times (2.20–3.80 ns) after 0 K is obtained.

The magnetic domains here are metastable, with the domains still evolving be-
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yond 0 K. The metastability of the domains prevent the wall profiles from reaching

a ground-state configuration. These observations suggest that magnetic domains

are not intrinsically stable in CrI3, which indicates a macroscopic magnetisa-

tion throughout the surface even in zero-magnetic field. The interplay between

metastability and large magnetic anisotropy could be responsible for the coex-

istence of different domain wall types that can be seen in CrI3. This will be

followed up by investigating domain wall motion in the material.

4.3 Field cooling simulations on monolayer CrI3

To observe the effect of applied field on CrI3 domains, field cooling simulations

were repeated with applied fields of 0.05 T and 5 T to see the effects of a low and

high field. Figure 4.9 shows the snapshots at these fields in comparison with the

0 T results from before. It can be seen that at 0.05 T domains form significantly

faster than under no field, with domains at a visually larger size even at 35 K.

However, even at 0 K there is the presence of domains. At the much higher field

of 5 T, by 0 K the whole system is single domain.
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45 K, 0.67 ns 35 K, 0.86 ns 22 K, 1.10 ns 0 K, 1.53 ns 0 K, 3.03 ns

0.05 T

5 T

0 T

-1 +10

Mz

Figure 4.9: Field cooling simulations on a 400 x 400 nm sample of monolayer CrI3 at 0 T, 0.05 T
and 5 T. System equilibrated and temperature lowered from 80 K to 0 K. Colours representing
magnetic moment at Cr atoms along Mz, showing in plane magnetisation and highlighting
domain walls.

4.4 Summary

To summarise, bulk CrI3 zero-field cooling simulations show stages of thermal

disorder, with spins arranged in three main states. This is in agreement with

µSR results which also indicated transitions between distinct states, correspond-

ing to intermediate TC values. Analysis of the spins from the zero-field cooling

simulations shows how the magnetic structure of CrI3 is composed by thermal

disorder. In addition, the simulations showed fluctuations at zero-field cooling

in the monolayer, a metastability which could have consequences in the domain

wall formations of the material.

The field cooling simulations on monolayer CrI3 show stable domains at 0 T and

0.05 T. The next piece of work involves applying fields to manipulate a domain

wall and so it is useful that CrI3 has a high coercivity to withstand magnetic

fields.
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5.1 Background

The field of spintronics concerns applications that use spin electronic transport.

For example, the ability to transfer information through spins could be used in

racetrack memory devices. The premise is to control bits, which are formed by

encoded spin patterns, by moving magnetic domain walls using applied magnetic

fields and spin-polarised currents.

5.1.1 Set up

There are many examples in the literature of domain walls being manipulated in

magnetic materials, typically permalloy using both field [108] and current [109].

Figure 5.1 illustrates a basic set up for domain wall motion. The domain wall, the

boundary between two domains, can be seen to ‘move’ as one magnetic domain

is pushed along by an applied field or current. The starting configuration is at

equilibrium, but if a field is applied in the direction of the domain on the left,

labelled ‘spin up’, then the atomic spin moments at the domain wall gradually

reorient themselves to be parallel with the direction of the applied field. The spin

moments in contact with this enlarged domain reorient themselves to form a new

domain wall. The illustrations in Figure 5.2 demonstrate this for a material with

out-of-plane magnetisation. As the external field is applied, the domain wall gives
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the appearance of moving away from the ‘spin up’ domain as the spin moments

reorient themselves to align with the field.

applied
external
magnetic
field

applied current

domain wall

x

y

z

resulting domain wall m
otion

spin up

spin down

Figure 5.1: Set-up showing how field or current can be applied to drive domain wall motion.
To move a domain wall along the x axis as shown, an external magnetic field can be applied
along the z axis, to align with the ‘spin up’ domain shown here, or a current can be applied
along the x direction.

applied
external
magnetic
field

spin up domain wall spin down

Figure 5.2: Schematic of a moving domain wall in an out-of-plane material. Nanostrip of
magnetic monolayer viewed as a cross-section. As an external magnetic field is applied in the
direction of the ‘spin up’ domain, the spins at the domain wall reorient themselves to point in
the same direction, creating a new domain wall further along.

For high-density requirements and optimum usability, devices for solid-state data

storage technologies should have narrow domain walls in the range of 1 - 10

nm and achieve domain wall velocities of the order of 100 m/s to achieve rapid

operating speed on increasing areal density. If operating with current, low cur-

rent densities of in the range of 106 - 108 A/cm2 are important for lower power

consumption and to avoid potential damage to electronics due to Joule heating.

A further consideration is the effect of pinning on the material. Pinning sites,



Domain wall simulations 69

likely as a result of defects in the material, can interrupt domain wall motion.

The minimum applied field or current required to achieve a moving wall is pro-

portional to the pinning strength. [110] The critical field or current can therefore

be controlled by engineering pinning sites along the track. For calculating the

maximum velocity and looking for the Walker breakdown, the simulations for this

investigation will use a smooth defect-free strip.

As Figure 5.1 indicates, the application of current is slightly different. Here, the

current is applied in the direction of the desired domain wall motion; in this case

it is along the x axis. The current is driven through the material by a flow of

spin-polarised electrons along the x axis, the direction the domain wall is intended

to move. As this flow of electrons passes through the material, it reorients the

spins in the material so they are ‘spin up’. The origin of the spin transfer torque

was detailed in Chapter 2.

5.1.2 Walker Breakdown

It is known from previous work on magnetic nanowires that under a high enough

applied field, the domain wall collapses in what is known as the Walker break-

down. [111]

Generally, the velocity of the domain wall is linearly proportional to the strength

of the applied field. It can be described to contain two linear flow regimes: a

steady-state regime, which begins from the initial application of field, and an

oscillatory regime. In addition there is a non-linear, transient regime. These can

be seen in Figure 5.3. In the steady regime, the domain wall moves at the normal

to the magnetisation vector, which lies parallel to the applied field. The steady

regime ends when the field is high enough to cause the Walker breakdown, and

this threshold field can be referred to as the Walker field, HW . The magneti-

sation vector is now no longer parallel to the applied field, and so the domain

wall changes configuration. In the transient region between the two linear ve-

locity regimes, the domain wall still responds to the applied field, but as the
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magnetisation vector has changed the velocity is slower. The cause of this is that

the torque of the external field, the Zeeman torque, is greater than the damping

and demagnetising torques which at low fields are able to preserve the stability

condition. The Zeeman torque tries to cause the spins to move in a precessional

motion but an equilibrium between the Zeeman torque and the damping and de-

magnetising torques cancels this effect. The second linear regime, the oscillatory

regime, this precessional movement of the domain wall continues but the applied

field is strong enough to maintain a constant velocity. Understanding the nature

of the Walker breakdown in a material is critical in its application, in order to

give a reliable and functional performance.

A similar effect to the Walker breakdown can be seen under zero applied field

when a current density is applied, giving a critical Walker-like current density

value at which a domain wall exhibits a collapse. [112]

steady oscillatory

Velocity

H
HW

Figure 5.3: Effect of applied magnetic field, H, on the velocity of a domain wall. The Walker
breakdown that occurs at field HW splits the two linear regimes of steady-state velocity and
oscillatory flow velocity with a transient period between the two linear regimes

The Walker field for field driven motion and the analogous Walker-like current

for current driven motion can be determined from the following equations:

HW = 2παMs|Ny −Nz| (5.1)
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JW = 4παM2
s

gµBP

γ∆
|β − α|

|Ny −Nx| (5.2)

where Ms is the saturation magnetisation, Nx, Ny and Nz are the demagnetising

factors in the x, y and z directions and P is the polarisation factor of the current.

Beyond these values, domain wall motion is no longer steady. Equations describ-

ing the individual torque components for the wall velocity and the conditions for

steady motion can be found in A. Mougin’s paper. [112]

5.1.3 Domain wall

There are two main types of domain wall: Neel and Bloch. Figure 5.4 illustrates

the difference between them. In the Neel domain wall, the spins orient perpen-

dicularly to the y axis, meaning only the x and z spin components change. When

|Sz| is 0, |Sx| is 1. In the Neel domain wall, the spins orient perpendicularly to

the x axis, meaning only the y and z spin components change. When |Sz| is 0,

|Sy| is 1. A domain wall along which all three spin components change is a hybrid

domain wall. The width of the domain wall is controlled by the balance between

the material’s anisotropy and exchange.

Neel

Bloch

z

xy

Domain wall

z

xy

Figure 5.4: Neel and Bloch domain walls. The spins in the Neel domain wall orient perpen-
dicularly to the y axis, along the x and z axes. The spins in the Bloch domain wall orient
perpendicularly to the x axis, along the y and z axes.
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5.2 CrI3 simulations

Following on from the observation of magnetic domain structures in CrI3 under

applied magnetic fields in cooling simulations in Chapter 4, a system was designed

to investigate controlling a domain wall in CrI3 using an external field using the

code VAMPIRE through the LLG implementation detailed in Chapter 2.

A 400 nm by 50 nm strip of CrI3 was used for simulations, as in Figure 5.5. The

strip is split into two domains with the domain wall at 100 nm along the x axis.

Before applying any field, the system is allowed to equilibrate so the domain wall

can form. This is done by running the LLG simulation under zero field until the

wall has stabilised.

x

y

50 nm

0

Mz

-1+1

Figure 5.5: Schematic of set-up for magnetic monolayer domain wall simulations. A strip of
CrI3 measuring 400 nm by 50 nm is split into two domains, and the system is equilibriated to
activate the domain wall.

The domain wall width, σ can be measured by fitting the positions of the Cr

atoms to the equation

Mj = 1
cosh(π(j − j0)/σ) (5.3)

where j = x or y, and the equation

Mz = tanh(π(z − z0)/σz) (5.4)

using Mz. j0 and z0 indicate the position of the domain wall.

Figures 5.6 and 5.7 show the profile of a domain wall at equilibrium under zero

field. By plotting the magnetisation of the spins along the strip, equations can
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be fitted to extract the domain wall width. As all three spin components undergo

change along the domain wall, unlike either of the domain wall profiles shown in

Figure 5.4, the domain wall is hybrid.

Using equations 5.3 and 5.4, σ can be calculated as 5.30 nm. This narrow width

is to be expected for a high anisotropic material such as CrI3 as domain wall

width is inversely proportional to the anisotropy value.
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Figure 5.6: In plane domain wall width measured using Mx and My, showing contributions of
each at the domain wall. By fitting to Equation 5.3 the domain wall width can be calculated
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Figure 5.7: Out of plane domain wall width measured using Mz. By fitting to Equation 5.4 the
domain wall width can be calculated

5.2.1 Applied field

Under the presence of an applied field, the domain wall along the x direction,

with the ‘spin up’ domain travelling across. The motion can be described using

the LLG equation as in Chapter 2. By tracking the centre of the domain wall as

it moved along the strip over the simulation time, the domain wall velocity could

be calculated. Up until 4.8 T, the behaviour was as expected: a steady increase

in velocity as the strength of the applied field increased. Beyond this value of

field, spin bubbles were observed nucleating in front of the domain wall.

These spin bubbles formed primarily from the centre of the strip, although as

the simulations progress they begin to form from the edges as well. There are

three possible edges for a material with a honeycomb structure to form: zigzag,

armchair and dangling bond. An investigation into simulations on different edges

revealed that a dangling bond edge introduced bubbles earlier than a zigzag

edge. Figure 5.8 shows a system with two different edges: the top is a dangling

bond edge and the bottom is zigzag edge. It appears this is because of the

undercoordinated dangling atoms having a resulting lower number of exchange
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interactions with other atoms and so are more likely to flip spin direction. This

makes them a good centre for nucleation of such spin bubbles. It is clear that the

dangling bond side provides more nucleation sites for the spin bubbles to form.

By rotating the zigzag edge 90 degrees an armchair structure is given, which

behaved similarly to the zigzag edge.

Figure 5.8: Snapshot of spin bubbles appearing in a CrI3 simulation at a high applied field
where the long edges of the nanostrip consist of two different bond edges: dangling bond (top)
and zigzag (bottom).

Despite the formation of the spin bubbles, the velocity of the domain wall con-

tinued to increase at a steady rate, with the domain wall structure remaining

perpendicular to the direction it moves in. However, as the spin bubble domains

grew in size during the simulation, they began to interfere with the domain wall

motion. Beyond 5.3 T, the spin bubbles formed too quickly and too large a size to

be able to track the movement of the domain wall. Due to this, the Walker break-

down was not observed as the effect of the spin bubbles prevented the domain

wall being able to travel at a field high enough to cause it to buckle.
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Figure 5.9: Domain wall velocity of CrI3 as a function of applied magnetic field. Velocities form
a steady state regime, increasing linearly with At 4.8 T, the presence of spin bubbles is noted.

Figure 5.9 shows the recorded velocities. As the increase of velocity remains

linear, it can be seen that it is in the steady state regime throughout, even

between 4.8 T and 5.3 T when the spin bubbles form.

The highest velocity reached is 98 m/s which could be suitable for magnetic

devices, however the high field of 5 T would be impractical. As current tends

to achieve higher velocities, it is worth looking at current driven domain wall

motion.
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5.2.2 Applied current
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Figure 5.10: Domain wall velocity of CrI3 as a function of applied current. Velocities form a
steady state regime, increasing linearly with increased current, until a current density of 1.2
x 1010 A/cm2 is applied. Beyond this point, the velocities fall, fitting a Walker breakdown
regime. Spin bubbles form from 5.8 x 109 A/cm2.

To model behaviour under an applied current, a spin transfer torque needed to be

included in the LLG equation and this was implemented into VAMPIRE. Details

of this are in Chapter 2.

The current density j is given by:

j = V

L(ρ+ ρspin) (5.5)

where ρ is the resistivity, ρspin is the spin resistivity, L is the material length and

V is the applied voltage.

As with magnetic field, the velocities follow a steady state regime, increasing in

magnitude as the applied current density is increased. Again, the presence of spin

bubbles is noted, these appear at around 5.8 x 109 A/cm2, and again these do
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not affect the domain wall velocity. The domain wall is able to achieve a velocity

of 1020 m/s at the end of the steady state regime under an applied current

density of 1.2 x 1010 A/cm2. Beyond this point, the wall begins to distort. The

velocity begins to decrease as current density increases beyond this point, and

by simulating and plotting the velocities of these domain walls until an applied

current density of 15 x 1010, A/cm2, this regime can be fitted as a Walker regime.

Figure 5.11 shows snapshots of CrI3 at several timesteps over a simulation con-

trasting the behaviour of the domain wall between the steady state regime and

the Walker breakdown regime. The zoomed in cross section shows the domain

wall at each of these timesteps. In the steady state regime, the wall moves along

the strip evenly, and the domain wall remains at a constant width. In the Walker

breakdown regime, the wall becomes distorted, with the domain wall width vary-

ing in size. The formation of spin bubbles can also be clearly seen. These appear

to form ahead of the domain wall, seen at 0.04 ns and 0.06 ns.

As a note, these higher current densities are achieving drift velocities around the

speed of sound which could result in mechanical breakdowns. Other current-

induced effects such as Joule heating, electromigration and instability formation

could become significant at such high current densities.

Steady state regime Walker breakdown regime

0.02 ns

0.4 ns

0.6 ns

0.8 ns

1.0 ns

0.2 ns

0.04 ns
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0.10 ns

7.83 x 108 A/cm2 1.22 x 1010 A/cm2
a) b)

Figure 5.11: Snapshots of current driven domain wall motion simulations in CrI3 in a) the
steady state regime at 78.3 x 108 A/cm2 and b) in the Walker breakdown regime at 1.22 x 1010

A/cm2. Images of whole nanostrip and zoom in on the domain wall
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5.3 CrBr3

These simulations were repeated with another magnetic monolayer in the same

family: CrBr3. Exchange values were extracted from DFT calculations and the

methods outlined in Chapter 3 for CrI3.

CrBr3 behaved in the same way to CrI3 for both applied field and current simu-

lations. The maximum velocities were lower than for CrI3, reaching 67 m/s with

magnetic field and 530 m/s with current. CrBr3 has lower exchange values than

CrI3 which will account for the lower velocity, although it has comparable mag-

netic anisotropy. Figures 5.12 and 5.13 show these results. Spin bubbles appeared

in both sets of simulations and as for CrI3, the wall underwent Walker breakdown

after a threshold value for applied current. A Walker breakdown regime was ob-

served with velocities falling and then beginning to rise, but the presence of spin

bubbles made it too difficult to determine domain wall motion beyond 6.65 x 109

A/cm2 and so an oscillatory velocity regime could not be found.
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Figure 5.12: Domain wall velocity of CrBr3 as a function of applied magnetic field. Velocities
form a steady state regime, increasing linearly with At 1.2 T, the presence of spin bubbles is
noted.
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Figure 5.13: Domain wall velocity of CrBr3 as a function of applied current. Velocities form a
steady state regime, increasing linearly with increased current, until a current density of 4.87 x
109 A/cm2 is applied. Beyond this point, the velocities fall, fitting a Walker breakdown regime.
Spin bubbles form from 1.72 x 109 A/cm2.

5.4 Magnon dispersions

Magnon spectra can be used to calculate the maximum velocity of motion in a

material, by calculating the group velocity. [113] The magnon spectra can be

obtained from the spin Hamiltonian. Details for this calculation are provided in

the Appendix. Figure 5.14 shows the magnon dispersions for CrBr3 and CrI3.

The degeneracy seen for CrBr3 is not present in CrI3, possibly as CrI3 has a

greater anisotropy.

The group velocity, vg, can then be obtained directly from the magnon dispersion,

by taking the derivative of the eigenvalue k:

vg = dω

dk
(5.6)

Calculated vg for CrBr3 and CrI3 can be seen in Figure 5.15. Maximum vg values
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within the range of 584–891 m/s are obtained along the Brillouin zone for CrBr3

and 1326–6400 m/s for CrI3. These values are close but slightly larger to the

ones computed from the atomistic simulations: 530 m/s for CrBr3 and 1020 m/s

for CrI3. This is likely due to the damping of the domain wall motion by the

emission of spin-waves not taken into account.

Figure 5.14: Calculated magnon dispersion, ω, along Γ-K-M-Γ path in the Brillouin zone of
CrBr3 and CrI3, respectively.
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Figure 5.15: Calculated group velocity from the magnon dispersion for CrBr3 and CrI3. For
CrBr3, the maximum group velocities are vmax

g1 = 891 m/s between Γ and K, and vmax
g2 = 584

m/s around K. For CrI3, the maximum group velocities along the Brillouin zone are vmax
g1 =

6400 m/s and vmax
g2 = 1326 m/s along Γ−K and vmax

g3 = 1539 m/s along K-M.

5.5 Pinning defects

As mentioned earlier, defects can introduce pinning sites in a magnetic material

during domain wall motion. These can be atom vacancies or foreign non-magnetic

atoms, either as a result of doping or in the form of impurities during isolating

the material. [114] Impurities have been found to occur readily in 2D materials.

Defects in graphene have been well documented, including purposely engineered

modifications, to tweak its chemical, electronic and magnetic properties. [115]

Currently, whilst defects have been imaged in CrI3, little experimentation has

been reported. [116]
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Figure 5.16: The effect of different sizes and concentrations of defects on domain wall motion
in CrI3. A green background indicates the domain wall was able to push past the defects, a red
background indicates the domain wall was stuck

Figure 5.16 shows the results of a trial investigation to see the effects of defects

on domain wall motion. A domain wall was set to move along a nanostrip, as

before, however this time a number of defects of variable size were introduced in

the nanostrip at random. Hole size varied between 3 to 20 atoms, and number of

defects in a nanostrip varied between 5 to 20. The strips with green backgrounds

indicate the domain wall pushed past the defects, whilst red backgrounds indicate

the domain wall was hindered completely by the defects. The highest concentra-

tion of defects, at 20 defects, hindered the domain wall at each hole size, whilst

the lowest concentration allowed all domain walls through. It appears defect con-

centration has a greater effect on stopping the wall from passing, most likely as

this greatly increases the surface area at which pinning can take place.

A DFT-based study on defects in CrI3 reveals a vacancy defect of a whole CrI3

unit can significantly alter the exchange constant between the magnetic atoms.

[117] The Cr atoms surrounding the vacancy now have only two nearest neighbour

Cr atoms and experience a slightly antiferromagnetic coupling towards them.

This could affect the domain wall motion, as it is possible these vacancy defects

will slow the motion even further than in the attempted simulations, which only

account for the subtraction in exchange energy of a removed magnetic atom.

Instead, new exchange energies should be used for the atoms surrounding the

vacancy to fully take in account the effect of the defect.
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5.6 Summary

To conclude the investigation on domain wall motion, both CrI3 and CrBr3 were

found to show domain wall motion behaviour by controlling either an external

field or current. There was no Walker breakdown found in the two materials

under a higher applied field, as large spin bubble domains formed, likely from the

strength of magnetic field. A Walker-like breakdown was found in the applied

current simulation for the two materials, with the domain walls buckling in shape

and the velocity regimes following expected behaviour. Maximum velocities of

530 m/s and 1020 m/s were observed for CrBr3 and CrI3 before the breakdown

occurred. Furthermore, these velocities were close to the values calculated from

taking the group velocity from the magnon dispersions.

Further work on domain wall motion in these materials involve examining the

effect of defects and how they might be used to pin the domain walls. This would

provide more controllability as domain walls could be engineered and tailored

precisely for a particular purpose. Examining consequences of the high current

densities on the materials could be of interest.
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6.1 Summary

This thesis has attempted to answer several questions regarding CrI3: what makes

it possess magnetism in the 2D, which model fits its magnetism and can it be

used in racetrack memory applications. Through answering these we have been

able to explore the emerging world of 2D magnetism, learning the behaviour of

the material and also methods that can be used to model it. This work started

with the fundamental calculations of exchange parameters needed for putting

together a spin model and identifying the non-Heisenberg nature of the material’s

magnetism, and moved on to observe the dynamics within the magnetic domains

and how the domain walls could be controlled.

6.1.1 The non-Heisenberg nature of CrI3

Chapter 3 set out to determine the model to fit CrI3’s magnetism. Since the

discovery of magnetism in the material in 2D, CrI3 was labelled as an Ising magnet

based off an interpretation of its response to MOKE microscopy. However, this

was an assumption and so gave a starting point to the investigation on CrI3.

Exchange parameters for CrI3 were successfully obtained using DFT simulations.

An expanded supercell was required to isolate exchanges between the magnetic

Cr atoms up to 3 nearest neighbours. This allowed the isotropic and anisotropic
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exchange parameters to be calculated.

By substituting these values into a model Hamiltonian and using the Monte

Carlo program VAMPIRE, the Curie temperature, TC , for monolayer CrI3 could

be calculated. The TC was computed using both Heisenberg and Ising models to

compare the effectiveness of the models to the experimental value of 45 K. The

Ising model was found to greatly overestimate the TC , obtaining values above

100 K when up to three nearest neighbour exchange interactions were included.

The Heisenberg model gave a much closer estimate of 37 K. However, this is still

significantly smaller than the value from experiments, so further interactions were

considered. A biquadratic exchange was shown to increase TC to 44 K. From this,

it appears a non-Heisenberg fit is a more accurate descriptor for the magnetism

shown in CrI3.

A similar approach was taken with bulk CrI3. The bulk material was a particu-

lar point of interest as examining the interaction between Cr atoms in adjoining

layers could reveal a better understanding in what makes CrI3 magnetic in 2D.

The results matched those of monolayer CrI3: by using a Heisenberg model with

an added non-Heisenberg feature of biquadratic exchange, a TC close to the ex-

perimental value was calculated.

6.1.2 Thermal disorder in monolayer and bulk CrI3

In Chapter 4, in agreement with µSR results from experiment, several distinct

phases of disorder were found in bulk CrI3. These were found by carrying out

cooling simulations at zero field, using the LLG equation in the atomistic spin

code VAMPIRE. It was seen that at the Curie temperature of 62 K, the majority

of the spins are disordered. Two more transitions occurred before the majority

of the spins were classed as ordered, with a |Sz| value greater than 0.9. These

additional transitions had not been observed prior to the µSR experiment, and

the spin dynamics cooling simulations are able to identify the extent of disorder

at each transition.
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Monolayer CrI3 was then also examined using the same zero-field cooling simu-

lation setup. Observations of the domains in monolayer CrI3 even at 0 K showed

that the spins at the domain walls were constantly moving, suggesting the do-

mains are not intrinsically stable. This is important information for domain wall

manipulation, as it indicates CrI3 domain walls can take different forms.

6.1.3 Domain wall simulations

Chapter 5 saw monolayer CrI3 domain walls controlled by using applied field

or current. The main aim of this investigation was to see if the domain walls

would undergo Walker breakdown at high enough fields or current, in line with

observations in domain wall motion in other materials. As domain wall motion

could be used in spintronic devices to read and store data by passing domain

walls over read/write heads, it is important to understand what field or currents

can be applied before the domain wall is affected by Walker breakdown.

No Walker breakdown was found when applied field was increased in either CrI3

or CrBr3. It appeared that large spin bubble domains forming as a result of the

high strength of the magnetic field interfered with the simulations before a domain

wall collapse could be seen. For both materials, Walker breakdown was observed

when current was applied. CrI3 reached a high velocity of 1020 m/s before the

breakdown occurred, and for CrBr3, 530 m/s. These velocities were in line with

values obtained from calculating the magnon dispersions of both materials. CrI3’s

high velocity moving domain wall could give it a use in spintronics.

6.2 Future work

To conclude this work on CrI3, there are plenty of ideas worth investigating that

have come to light. CrBr3 has been looked at as a similar material to CrI3, also a

2D ferromagnet and has responded well to domain wall motion, and so the other
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chromium trihalides could be of interest. The trial defect simulation could be

extended further as this would give further knowledge on the workability of CrI3

if it were to be used in spintronic devices for domain wall motion. In addition,

the question of the nature of antiferromagnetic interlayer coupling in few layer

CrI3 but why bulk CrI3 has a ferromagnetic interlayer coupling remains. This

could prove useful in the formation of vdW heterostructures.

The calculation of exchange parameters in Chapter 3 dealt only with monolayer

and bulk CrI3. The next step in this investigation of TC and magnetism as a

function of layers would be to investigate thin multilayers of CrI3. Experimental

results show an antiferromagnetic coupling between layers in few-layered samples,

suggesting the interlayer exchange constant I1 changes sign when changing from

bulk CrI3 to few-layered CrI3. This would be of particular interest for using CrI3

as a spin filter.

The work on domain wall motion has sparked many points of interest to examine

further. The preliminary simulations on domain wall motion on a sample of CrI3

with defects in Chapter 5 show a good setup and starting point for investigating

pinning effects. The maximum sized defect for a domain under 1.2 x 1010 A/cm2,

which was the current at the Walker breakdown threshold, could be investigated

to see how defects during manufacturing could potentially affect CrI3 domain wall

motion.

These defect-based simulations could be advanced further to consider the effect

of rough edges on domain wall motion. Also in Chapter 5, the difference between

zigzag and dangling bond edges was highlighted. Dangling bond edges provide

more nucleation sites for spin bubbles to form, and this was observed with spin

bubbles forming earlier from a dangling bond edge than a zigzag edge. However,

these are regular arrangements so it could be important to look at rougher edges.

A further investigation leading on from the domain wall simulations and the spin

effects seen at high current densities could be to look at coupled spin-phonon

dynamics.
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6.2.1 Review on 2D magnets in the last few years

Since this work was started, there has been other studies of note on CrI3 and other

2D magnetic materials. Kong et al have looked at how the stacking in bilayer

CrI3 determines the interlayer magnetic ground state. [118] Previously it had

been known that bilayer CrI3 exhibits an antiferromagnetic interaction between

layers. Ground state energies of 3 different stacking configurations were measured,

along with the energies when one of the layers in each stacking configuration was

rotated by 180◦. This rotation appears to reverse the magnetic ground state

of each stacking configuration. Understanding the effect of geometry on the

magnetic ground state is crucial for working with bilayer CrI3.

Another phenomenon found in bilayer CrI3 is a coexisting ferromagnetic-antiferromagnetic

state that occurs on twisting the sample by around 3◦. [119] Both ferromagnetic

domains and antiferromagnetic domains form, showing again the competition be-

tween the two magnetic states in bilayer CrI3 and how they can be manipulated

by a change in geometry.

Bulk CrCl3 is a known antiferromagnet and there have already been a few studies

looking at few layered samples, for example in the paper published by Z. Wang

et al on measuring tunnelling conductance through thin layered CrCl3. [120]

NiPS3 has been studied as an XXZ antiferromagnet, and it was discovered that at

low temperatures it follows the behaviour of an XY Hamiltonian. [121] This is an

exciting development as other 2D magnets so far follow the Ising or Heisenberg

Hamiltonians, new types of magnetic ordering in the 2D could show novel features.

6.3 Outlook

Finally, it has only been in the last 5 years that the breakthrough in 2D magnetism

took place, and so we are only at the beginning of working with 2D magnetic

materials. Over the next years, doubtless many more 2D magnetic materials will
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be identified and examined, and the approaches in this work may provide helpful

perspectives for assessing their capabilities, and working them into devices.



Appendix 1

These equations concern extracting the energies to calculate exchange coefficients

in Chapter 3.

Monolayer bilinear

The remaining configurations required to calculate the exchange coefficients, rep-

resented in Figures 3.2 and 3.3 are treated likewise:

Ex
F M = −J1NZ1S

2 − J2NZ2S
2 − J3NZ3S

2 −NKZ1S
4

Ez
AF M = −NDS2 + (J1 + λ1)NZ1S

2 − (J2 + λ2)NZ2S
2 + (J3 + λ3)NZ3S

2 −NKZ1S
4

Ex
AF M = J1NZ1S

2 − J2NZ2S
2 + J3NZ3S

2 −NKZ1S
4

Ez
sAF M = −NDS2 + (J1 + λ1)NS2 + 2(J2 + λ2)NS2 − (J3 + λ3)NZ3S

2 −NKZ1S
4

Ex
sAF M = +J1NS

2 + 2J2NS
2 − J3NZ3S

2 −NKZ1S
4

Ez
zAF M = −NDS2 − (J1 + λ1)NS2 + 2(J2 + λ2)NS2 + (J3 + λ3)NZ3S

2 −NKZ1S
4

Ex
zAF M = −J1NS

2 + 2J2NS
2 + J3NZ3S

2 −NKZ1S
4 (6.1)

where J1,2,3 is the symmetric exchange and λ1,2,3 is the anti-symmetric exchange

for the 1st, 2nd, 3rd nearest neighbor. The difference in energies between config-

urations can then be used to isolate each parameter. First, by subtracting the

relevant equations in Equations 3.3 and 6.1 the differences are given as:
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∆Ex
1 = Ex

AF M − Ex
F M = 2J1Z1NS

2 + 2J3Z3NS
2

∆Ex
2 = Ex

zAF M − Ex
sAF M = −2J1Z1NS

2 + 2J3Z3NS
2

∆Ex
3 = Ex

sAF M − Ex
F M = J1(Z1 + 1)NS2 + J2(Z2 + 2)NS2

∆Ex
4 = Ex

AF M − Ex
zAF M = J1(Z1 + 1)NS2 − J2(Z2 + 2)NS2

∆Ez
1 = Ez

AF M − Ez
F M = 2(J1 + λ1)Z1NS

2 + 2(J3 + λ3)Z3NS
2

∆Ez
2 = Ez

zAF M − Ez
sAF M = −2(J1 + λ1)Z1NS

2 + 2(J3 + λ3)Z3NS
2

∆Ez
3 = Ez

sAF M − Ez
F M = (J1 + λ1)(Z1 + 1)NS2 + (J2 + λ2)(Z2 + 2)NS2

∆Ez
4 = Ez

AF M − Ez
zAF M = (J1 + λ1)(Z1 + 1)NS2 − (J2 + λ2)(Z2 + 2)NS2

Thus, we can isolate each exchange parameter as a combination of the energies

of the four different magnetic configurations:

J1 = ∆Ex
1 − ∆Ex

2
2N(Z1 + 1)S2

J2 = ∆Ex
3 − ∆Ex

4
2N(Z2 + 2)S2

J3 = ∆Ex
1 + 3∆Ex

2
2N(Z1 + 1)Z3S2

λ1 = (∆Ez
1 − ∆Ez

2) − (∆Ex
1 − ∆Ex

2 )
2N(Z1 + 1)S2

λ2 = (∆Ez
3 − ∆Ez

4) − (∆Ex
3 − ∆Ex

4 )
2N(Z2 + 2)S2

λ3 = (∆Ez
1 − 3∆Ez

2) − (∆Ex
1 − 3∆Ex

2 )
2N(Z1 + 1)Z3S2

D = (Ex
F M − Ez

F M) + (Ex
AF M − Ez

AF M)
2NS2 − λ2Z2 (6.2)
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Bulk bilinear

EF,F,F = −18J1S
2 − 6I1S

2 − 36I2S
2 − 18I ′

2S
2

EF,−F,−F = −18J1S
2 + 2I1S

2 + 12I2S
2 + 6I ′

2S
2

EF,A,F = −6J1S
2 − 2I1S

2 + 12I2S
2 + 18I ′

2S
2

EF,−A,−F = −6J1S
2 + 6I1S

2 + 12I2S
2 − 6I ′

2S
2

EA,A,A = 18J1S
2 − 2I1S

2 + 12I2S
2 − 6I ′

2S
2

EA,−A,−A = 18J1S
2 + 6I1S

2 − 36I2S
2 + 18I ′

2S
2 (6.3)

The exchange parameters can then be calculated from the energies:

J = 2(EA,A,A − EF,F,F + EA,−A,−A − EF,−F,−F ) − (EA,−A,−A − EF,F,F − (EA,A,A − EF,−F,−F ))
144S2

I1 = (EA,−A,−A − EF,F,F ) − (EA,A,A − EF,−F,−F ) + 2(EF,−A,−F − EF,A,F )
32S2

I2 = (EF,−F,−F − EF,F,F ) − (EA,−A,−A − EA,A,A)
96S2

I ′
2 = (EA,−A,−A − EF,F,F ) − (EA,A,A − EF,−F,−F ) − 2(EF,−A,−F − EF,A,F )

96S2

(6.4)

Biquadratic bulk

The biquadratic coefficients K1,2,3 can then be isolated and calculated as shown:

K3 = −4NK2S
4 − EBQ3 + 0.25ξ2

36NS4 (6.5)
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Substituting K3 in EBQ2:

K2 =
−18K1S

4 + ξ2
8 + EEQ3

2 − EBQ2

4S4

K3 =
18K1S

4 + ξ2
8 − 3EBQ3

2 + EBQ2

36S4 (6.6)

Substituting K2 and K3 in EBQ1 we get K1 that is function only of EBQ1, EBQ2,

EBQ3. Substituting K1 in the previous two equations, one gets:

K1 = 3EBQ3 − 3EBQ1 − EBQ2 + 0.25ξ2

72S4

K2 = 3EBQ1 − 3EBQ2 − EBQ3 + 0.25ξ2

16S4

K3 = EBQ2 − EBQ1 − EBQ3 + 0.25ξ2

48S4 (6.7)
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The following details for calculating magnon spectra from the spin Hamiltonian

are taken from Ref. [113].

6.4 Magnon model

The XXZ spin model with biquadratic exchange and Dzyaloshinskii-Moriya in-

teraction (DMI) included is considered. [122]

The following equation is the spin Hamiltonian used in Chapter 3 with the DMI

included:

H = −
∑
i,j

Ji,j(Si · Sj)−
∑
i,j

λi,jS
z
i S

z
j −

∑
i

Di(Si · ei)2−
∑
i,j

Ji,j(Si · Sj)2+
∑

〈〈i,j〉〉
Ai,j · (Si×Sj)

(6.8)

where Aij is the DMI between spins Si and Sj. The easy-axis is taken along the

z-direction, giving a vector A of νi,jA
zz, where νi,j = ±1 for hopping between i

and j.



96

Equation 6.8 can be expanded to give:

H = −D
∑

i

(Sz
i )2 − J1

2
∑
〈i,j〉

(S+
i S

−
j + S−

i S
+
j ) − (J1 + λ1)

∑
〈i,j〉

Sz
i S

z
j

−J2

2
∑

〈〈i,j〉〉
(S+

i S
−
j + S−

i S
+
j ) − (J2 + λ2)

∑
〈〈i,j〉〉

Sz
i S

z
j − J3

2
∑

〈〈〈i,j〉〉〉
(S+

i S
−
j + S−

i S
+
j )

−(J3
∑

〈〈〈i,j〉〉〉
(Sz

i S
z
j ) + Az

∑
〈〈i,j〉〉

νi,jz· (Si × Sj) −K
∑
,j〉

(1
2(S+

i S
−
j + S−

i S
+
j ) + Sz

i S
z
j

)2

(6.9)

There are two different sublattices in a honeycomb lattice which we can name as

A and B. By performing the linear Holstein-Primakoff transformation for Ji > 0

we get:

Sz
i = (S − x†

ixi)

S+
i

∼
√

2Sxi

S−
i

∼x†
i

√
2S (6.10)

where x = a for i ∈ A and x = b for i ∈ B and x†
i and xi are the magnon creation

and annihilation operators. A Fourier transform is performed on the operator to

give

x†
i =

√
1
N

∑
k
x†

ke
ik · ri

xi =
√

1
N

∑
k
xke

ik · ri (6.11)
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These result in the following:

H0 = −2DS − 3(J1 + λ1)S2 − 6(J2 + λ2)S2 − 12KS4

h0(k) = ε0 − 4
√

(J2S)2 + (AzS)2C(k)

ε0 = 2DS + (J1 + λ1)Z1S + 6KS3 + 6(J2 + λ2)S + 3J3S

hx(k) = −(J1 + 2KS2)S
3∑

j=1
cos(k · τj) − J3S

3∑
j=1

cos(k · (uj + τj)

hy(k) = −(J1 + 2KS2)S
3∑

j=1
sin(k · τj) − J3S

3∑
j=1

sin(k · (uj + τj)

hz(k) = 4
√

(J2S)2 + (AzS)2S(k) (6.12)

which allow the eigenvalues to be evaluated that provide calculation of the magnon

spectra.

E± = h0(k) ±
√
hx(k)2 + hy(k)2 + hz(k)2 (6.13)
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