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Abstract

In recent years, antiferromagnets have become one of the the primary classes
of magnetic materials studied for spintronic device applications. The devel-
opment of new experimental techniques has made these materials easier to
study, though challenges remain as the compensated order makes it difficult
to resolve the dynamics of individual sublattices, and their multi-sublattice
structure means the magnetic symmetry is typically lower than their fer-
romagnetic counterparts, permitting more complicated Hamiltonians and
making the development of physical models difficult. As a result, compu-
tational techniques are playing an increasing role in advancing research on
antiferromagnets. Proper parameterisation of these computational models
is vital for realistic and reproducible research.

This work aimed to better understand the thermodynamics of the pro-
totypical easy-plane antiferromagnet NiO. NiO is considered to be a simple
antiferromagnet, yet there are several conflicting models which have been
used to explain different phenomena in this material. No model thus far has
been able to describe all aspects of this material. In order to understand
complex antiferromagnetic materials, it is vital that we have a complete
understanding of the simplest examples.

In this work, a combination of analytic and numerical calculations are
used which are compared to the best available experimental measurements
throughout. Analytic calculations of the finite temperature behaviour of an-
tiferromagnets are primarily based on Linear Spin Wave Theory (LSWT).
Numerical simulations are a combination of spin dynamics calculations us-
ing the Landau-Lifshitz-Gilbert (LLG) equation and Monte Carlo methods
applied to atomistic models of magnetic materials. A stochastic Langevin
term is used to augment the LLG equation which allows modelling at finite
temperatures.

In Chapter 4 of this work, we develop a framework of tools to cre-
ate an atomistic model of NiO which hasn’t been used previously in the
literature and is consistent with both neutron scattering experiments and
advanced ab-initio calculations, has the correct ground state, and is con-
sistent with the magnetic symmetry of the crystal. In Chapter 5, we use
constrained Monte Carlo and analytic calculations to show that the tem-

perature dependence of the easy-plane anisotropy in NiO—from magnetic
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dipole-dipole interactions—deviates from the Callen-Zenner scaling for a uni-
axial magnetocrystalline anisotropy. Further, we derive new expressions for
the temperature dependence of the sublattice magnetisation and spin wave
stiffness using linear spin wave theory, then compare this to atomistic sim-
ulations implemented with a thermal Langevin field which is consistent
with Bose-Einstein statistics, as well as experimental measurements. From
this, we are able to quantify at which temperature the first order expan-
sion of Holstein-Primakoff operators breaks down, and we show that the
temperature dependence of the Kittel mode is approximately the same as
the sublattice magnetisation. Using atomistic simulations, we calculate the
temperature dependence of the magnetic damping (magnon scattering) and,
by comparing with experimental measurements, we show that damping due
to magnon-electron and magnon-phonon scattering is negligible at low tem-
peratures. In Chapter 6, we show that all experimentally observed resonant
modes in NiO appear using our model but that many of these modes are
non-linear in origin so cannot be understood using the linear spin wave ap-
proximations which have been used previously. This gives new insight into
the physics of NiO which helps the interpretation of dynamical experiments,
and resolves the discrepancies between previous models and the observed
phenomena in NiO. In the final chapter, we develops a new method for
calculating the finite temperature value of macroscopic parameters in any
magnetic material. This leverages the fundamentals of thermodynamics and
statistical mechanics, and has broad applications for the multiscale model-

ling of magnetic materials.
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CHAPTER 1

Introduction



Modern computers use semicondutor transistors to do computation. At the time of
writing, the Taiwan Semiconductor Manufacturing Company (TSMC) uses a 3nm litho-
graphy processes to produce computing chips, and Intel has a roadmap which includes
plans for a 2nm lithography node which corresponds to less than 10 silicon atomic
spacings. Single atom control of semiconductor manufacturing will mark the end of
semiconductor innovation in both speed and power usage. To combat the slow-down
of performance improvements for computing devices, companies are increasingly using

specialist accelerator cards such as:

o Graphics processing units (GPUs)
o Neural processing units (NPUs)
» Tensor processing units (TPUs)

» Application specific integrated circuits (ASICs),

as well as traditional central processing units (CPUs). Each of these have architec-
tures (configurations of transistors and memory technologies) which are optimised to
perform specific tasks. These accelerator cards are used in everything from internet of
things (IoT) devices to supercomputers. But, they suffer from the physical limits of

semiconductor technologies.

Moving data between dynamic random access memory (DRAM), static RAM (SRAM),
and the CPU itself uses a huge amount of energy (over 50% for a microprocessor in
2012 [1]). So, another technique to improve efficiency is to use new, innovative comput-
ing architectures called non Von Neumann architectures such as in-memory comput-
ing [2] which combines the role of random access memory (RAM) and CPU to improve
energy efficiency; others are exploring completely new models of non-deterministic com-

puting (probabilistic computing) [3].

Memory storage manufacturers are struggling with similar problems. Semiconductor-
based solid state disks (SSDs) are now sold in greater quantities than magnetic hard
drive disks (HDDs), though hard drives still dominate in the total storage produced [4].
Technologies like heat assisted magnetic recording (HAMR) are being developed to im-
prove the performance and storage capacities of hard drives but SSDs have the same

difficulties innovating as CPUs because of the physical limits of near single atom control



of semiconductor manufacturing. Other technologies like phase change memory were

promising, but have now been abandoned by all large companies.

For all of these applications, magnetic materials offer a new path to innovation.
These are spintronic devices which combine the control of spin degrees of freedom
with conventional electronics. Magnetic random access memory (MRAM)-a spintron-
ics technology—is already used in low power devices [5]. MRAM uses ferromagnetic
tunnel junctions to encode information in the relative orientation of two ferromagnetic
layers which can be controlled electrically using bit lines and word lines, as with SSDs.
But, MRAM devices are much more energy efficient and are resistant to data corruption
from rare events like cosmic rays, so create fewer errors in data sensitive applications
like space and banking [2, 6]. MRAM is a large part of TSMC’s technology roadmap for
embedded devices [5] with new spin-orbit torque (SOT) switching mechanisms driving
innovation. Ferromagnets have the problem of stray fields, slow dynamics, and poor
integration with complementary metal oxide (CMOS) manufacturing processes which
are ubiquitous in the semiconductor industry. Stray fields limit the density of bits in
MRAM devices, slow dynamics limits the operational frequency of these devices, and
poor compatibility with CMOS makes adoption by private companies slow. Yet mag-
netic materials can be used to make accelerator cards discussed above; probabilistic
computing devices, and compute-in-memory devices, so are a viable route to post-
silicon computing. The emerging field of quantum computing promises exponential
improvements in computing performance for specific applications like catalysis, medi-
cine, and AI [7]. Magnetic materials can also be used as storage devices for quantum
processors [8, 9] which is one of the most significant problems for the long-term scalab-

ility of quantum computers.

Antiferromagnets don’t suffer from the same drawbacks as ferromagnets because of
their compensated order, so are being explored as a class of materials which could be
used in next generation computing and memory storage devices. They're fast (THz
resonant dynamics), and have no stray field. But, they still suffer with poor CMOS
compatibility. Compensated order means these materials can be difficult to measure
experimentally. So, to better understand these materials, and to aid the design of

devices, computational simulations—like those used in this work—are an important tool



to advance the field. Even some of the most well studied antiferromagnets like NiO are
still poorly understood. It’s very difficult to create useful devices from these materials
until we understand them at a fundamental level. The work carried out here aims to do
just this; using fundamental physical laws including symmetry and thermodynamics,
and applying multiscale parameterisation using cutting edge methods, we study NiO
and resolve the discrepancies in the literature of this material. In this work, we show
that its dynamics are more complex than have been considered in previous works, that
the thermodynamics requires careful consideration, that magnetocrystalline anisotropy
isn’t needed to fully explain observations of NiO, and we are able to separate different
sources of energy losses from the magnetic system. The final chapter develops a new
framework for studying thermodynamics in magnetic materials to ensure correct para-
meterisation of finite temperature theoretical and continuum models which is applicable

to both ferromagnets and antiferromagnets.
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2.1 The Spin Angular Momentum of an Electron

2.1 The Spin Angular Momentum of an Electron

Electrons carry angular momentum. For electrons bound to atoms, there are two
sources of angular momentum: orbital angular momentum and spin angular momentum.
Orbital angular momentum, given by the quantum operator L or the classical vector L,
is simple to understand. It arises from the motion of electrons around the nucleus of an
atom which creates current loops and induces magnetic fields by Faraday’s law. Spin
angular momentum has no classical analogue; it is predicted by quantum mechanics
and is an intrinsic property of the electron, rather than emergent from its motion in
space. Spin can be derived from the Pauli exclusion principle of fermions, and the first
experimental confirmation that subatomic particles carry spin was the Stern-Gerlach

experiment in 1921 which led to Stern winning the 1943 Nobel prize in physics [10, 11].

The spin of an electron is represented by the total spin angular momentum |S| =
V/S(S +1)*, where S is the spin quantum number (equal to % for an electron), or as
a classical magnetic moment g = pgS, where pg is the spin magnetic moment and
S is the classical spin vector of unit length. Since electrons are spin—% particles, the
measurement of an electron’s spin along a quantisation axis is either —i—% or —%. Mag-
netic order arises because of the interaction of electron spins with their environment.
Each spin is a dipole moment which has an associated magnetic field. When the spins
of electrons in matter are correlated, there is magnetic order. In crystalline materials,
electrons orbiting an atom can have an effective (spin) magnetic moment which isn’t an
integer multiple of %, either because of the delocalisation of electrons (so atoms don’t
have an integer average number of electrons) or because of the orbital contribution to
the total magnetic moment (due to spin-orbit coupling). The approximation of repres-
enting quantised spins as classical vectors is valid in the limit of large spin S > % In
this limit, there are many spin states that a particle can occupy and the quantum spin
state can be thought of as occupying an approximately continuous set of states (ie a
vector). Under this approximation, all information about quantum states is lost and

quantum effects such as superposition and the exclusion principle are lost.

In the rest of this chapter, we introduce and/or derive the interactions between

electron spins and their environment in crystalline materials which will be used in this

*We choose to drop factors of i for simplicity.



2.2 Origin of Exchange

work. Other interactions exist in different materials, but we limit ourselves to those
found in NiO.

2.2  Origin of Exchange

The classical Heisenberg Hamiltonian is the most common model for exchange in three-

dimensional materials with localised charges. Heisenberg exchange is written as*
1
H= —§ZsiJijsj, (2.1)
ihj

where the sum is over all spins, J;; is the exchange tensor which permits anisotropic
terms such as Dzyaloshinskii-Moriya interaction (DMI) and two-ion anisotropy, S are
classical spin vectors of unit length, and the factor of % accounts for the double counting
of interactions in the summation. This choice of classical Hamiltonian is an approx-
imation. Spontaneous magnetic order is a purely quantum effect which is most clearly
shown by the Bohr-van Leeuwen theorem [12]. It proves the net magnetisation of a clas-
sical electron gas, which is held in a constant magnetic field and in thermal equilibrium,
must be zero. So, any Hamiltonian model of a magnetic material should be composed of
quantum operators (not classical vectors), and may not necessarily take the same form
as Heisenberg exchange!. The approximation of Heisenberg exchange is most valid for
insulating magnetic materials’ and at low temperatures; though scientists have long
been surprised by the close agreement of analytic theories and computational models

with experiments when using this very simple Hamiltonian.

To understand the origin of exchange, first consider the magnitude of different
energies for electrons in solids (see Fig. 2.1). The energy of magnetic dipole-dipole
interactions—in units of the Boltzmann constant kp—is of the order of 1K for unpaired
electron spins on neighbouring atoms. This is much too low to account for ferromagnets

with Curie temperatures of ~ 1000K. Electrostatic interactions within an atom are of

*Technically this is an augmented Heisenberg model. The typical definition Heisenberg exchange
isH=—5,.JiSiS;.

THigher order model Hamiltonians like biquadratic exchange can be important in certain material
systems [13].

#Under the Born-Oppenheimer / adiabatic approximation—electron dynamics are much faster than
spin dynamics, and lattice dynamics are much slower, so can be separated—Heisenberg exchange can
still be used.



2.2 Origin of Exchange
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Figure 2.1: Comparison of energy scales for electrons in solids.

the order 10°K which is too large to account for magnetic behaviour. Instead exchange
lies in between these energy scales and electrostatic interactions between unpaired elec-
trons on neighbouring atoms must be responsible for magnetic ordering. In the first
theories of bonding between atoms, the repulsion of unpaired electrons was ignored
as a perturbation. Including this perturbation leads to magnetic order in many-body

electron theories.

By the Pauli exclusion principle, overall antisymmetry of electron wavefunctions
must be preserved. This, combined with Coulomb interactions between electrons,
means ferromagnetic and antiferromagnetic exchange interactions can be derived in
a variety of model systems. In Appendix A, we derive a very simple model of both
ferromagnetic and antiferromagnetic direct exchange in a hydrogen molecule. The com-
bination of Coulomb interactions between electrons and the Pauli exclusion principle,
which couples the kinetic and spin degrees of freedom, leads to Heisenberg exchange
in all solids and molecules. Table 2.1 gives some microscopic theories of exchange and
the materials they apply to. An analytic expression for the exchange interactions can-
not be obtained because the many-body problem is usually incalculable. In this case

ab-initio methods such as density functional theory (DFT) can be used to numerically



2.2 Origin of Exchange

approximate the solution of the many-body Schrédinger equation, from which exchange

interactions can be extracted.

Table 2.1: Common models of the exchange interaction in solids.

Type of Exchange Materials Key Concepts

Electrons which give rise to
. magnetism are localised and have
Direct Exchange [14, 15] N/A

non-zero covalency. Examples

include Fe, Co, Ni, EuS, EuO.

Mott and
Tonic bonding, non-magnetic

Superexchange [16] Charge-Transfer
atoms mediate the coupling.
Insulators

High oxidation atoms have
Double exchange [17] Mixed Valence Metals unoccupied states which are

coupled by non-magnetic atoms.

Coupling between itinerant
electrons and nuclear magnetic
RKKY [18-20] Heavy Metals moments or localised electron
spins. Dominant in rare-earth

metals and alloys.

DMI-bonds between neighbours

. . lack an inversion centre. Mediated
Antisymmetric exchange [21, 22] N/A

by relativistic spin-orbit coupling

at non-magnetic sites.

2.2.1 Superexchange Interaction

We give additional qualitative consideration to the superexchange interaction as it is
the dominant mechanism for exchange in NiO. In many materials of scientific interest
within antiferromagnetic spintronics, there is very little overlap of orbitals between
nearest atoms—species are ionically bonded. Early models of the electron structure in

3d transition metal salts struggled to reconcile the conflicting properties of a antiferro-



2.2 Origin of Exchange

magnetic exchange and their insulating nature®. This is remedied by considering both

next nearest neighbour electron tunnelling and direct exchange [16, 23].

Consider a MnO crystal, the Mn?* cations have a single valence electron and the
O? anions have a filled 2p orbital. Non-zero overlap of orbitals only occurs over 180°
bond angles (see Fig. 2.2). Electron transfer events from one manganese ion to another
permits an indirect exchange interaction via the oxygen ligand over a 180° bond. An
antiferromagnetic exchange interaction of the form (A.5) is recovered. For exchange
over a 90° bond angle, there is zero overlap of electron orbitals so a purely ferromag-

netic, direct exchange Hamiltonian governs the interactions between these spins.

3d, 2p

N

a y/‘
[

\
s,

|

3
2

Figure 2.2: Representation of superexchange in MnO. The exchange interaction over
a 180° bond is antiferromagnetic due to non-zero overlap of orbitals (left). Over a 90°

bond, exchange is ferromagnetic due to direct exchange (right).

These effects are most concisely expressed by the Goodenough-Kanamori rules [24—

27] which state the following:

e When there is a non-zero overlap of orbitals both direct exchange and electron

transfer events occur (antiferromagnetic exchange).

o When there is no overlap of orbitals only (ferromagnetic) direct exchange can

occur.

*Only theories of direct exchange existed during this period. Antiferromagnetic direct exchange

requires large hopping integrals (delocalisation) as can be seen in Appendix A.

10



2.3 Magnetocrystalline Anisotropy

e The interaction has a higher energy when there is a greater overlap of orbitals.

This gives a qualitative argument why transition metal salts are almost exclusively

antiferromagnets with small ferromagnetic interactions.

2.3 Magnetocrystalline Anisotropy

Exchange couples spins in crystals and molecules such that there is a quantisation
axis along which all electron spins are aligned. Considering only exchange, the choice
of quantisation axis, Z, is free; there is continuous symmetry of the magnetisation
vector around the unit sphere. Magnetocrystalline anisotropy breaks this continuous
symmetry so that there are well defined preferred directions for the magnetisation vector
with respect to the crystal axes. Magnetocrystalline anisotropy requires both crystal
field splitting, which gives preferred directions for orbital moments, and the relativistic
spin-orbit interaction which couples the preferred directions of orbital moments to the
spin moments. In Appendix B, we derive the relativistic Hamiltonian which gives rise
to spin-orbit coupling and derive expressions for the magnetocrystalline anisotropy in
rare earth elements (limit of strong spin-orbit coupling), and in a lighter transition
metal with hexagonal crystal symmetry (limit of strong crystal field splitting). Here,
we state these results and give a qualitative discussion for a cubic 4f material. The
first order relativistic Hamiltonian for a single electron orbiting an atom in a magnetic
field with hydrogen-like electron orbitals can be written as

a2 a4 2 e

7 _ P p h 2 3 &
_p ~ f.+28) B
" 2me  8m2c? Ve 8m§cQv v 2mec( +25) (2.2)
K2 PN e2 ’
—55VV(L-S A?
+ 2m§(32V ( )+ 2mec?”

where P is the momentum operator, m, is the electron rest mass, c is the speed of light
in a vacuum, V is the electric potential due to the atomic nucleus, L= lefc+13yy+£ ./
is the vector orbital angular momentum operator, S =5,%x+ S*yy + 8.2 is the vector
spin angular momentum operator, B is the applied magnetic field, & is the reduced
Planck constant and A is the vector potential of the magnetic field. The most relevant

single electron terms for studying magnetic systems are

e

(L+2S)-B+ J;vvu)@. S) + V(r). (2.3)

,}:Z:

2mec

11



2.3 Magnetocrystalline Anisotropy

The first term is the Zeeman energy for an electron in a magnetic field, the second
is the spin-orbit coupling and the final term is the electric potential. Next, a simple
phenomenological description of the origin of magnetocrystalline anisotropy is given
for 4f elements where spin-orbit coupling is the dominant energy term. For the 3d

elements, see Appendix B.

To minimise the energy of an atom in free space, spherically symmetric orbitals
with unquenched angular momentum ((L) # 0) are occupied. The electron density

(probability amplitude of the wavefunction) of this orbital is shown in Fig. 2.3.

Figure 2.3: Electron density for a 4f electron with m = +3 (n =4, [ = 3).

In the absence of other atoms, this orbital can be rotated freely with no change in
energy. Inserting this atom into a periodic lattice introduces an additional energy term
due to the Coulomb repulsion of neighbouring electron densities. To add this to the

Hamiltonian (2.3), we make a transformation to the electric potential
V(r) — Vo(r) + Vep(r). (2.4)

The additional term is the crystal field potential. It is periodic as each atom experi-
ences the same potential due to identical neighbour displacements in the static state
(neglecting phonons). This introduces an angular dependence to the energy of this
electron orbital with hard and easy axes. The angular dependence of the electron

orbital is coupled to the spin degree of freedom by the spin-orbit interaction; in the
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2.4 Magnetic Dipole-Dipole Interactions

limit of large spin-orbit coupling, the spin angular momentum is rigidly coupled with
the orbital moment (known as spin-momentum locking). So, when changing the mag-
netisation direction of a crystal by applying an external magnetic field, the electron
density is rotated in the same manner. The shape of the magnetocrystalline anisotropy
depends on the lattice structure and its magnitude depends on both the strength of

the spin-orbit interaction and the strength of the crystal field*.

Qualitatively, the shape of the anisotropy can be determined for a given system by
a thought experiment considering only the symmetry of the crystal and the sign of the
effective charge density at other lattice points. In Fig. 2.4, a magnetic ion is located
at the origin which is embedded in a simple cubic crystal field with negative effective
charges at lattice points. The Coulomb repulsion between the electron density of the
central atom and its crystal field is maximised when the orbital lies in the planes of
minimum nearest-neighbour distance (the zy, yz and xz planes) which corresponds to
hard spin directions along the z-, y-, and z-directions. The repulsion is minimised when
the spin moment is parallel to the (111) directions. So, the (111) are easy axes. This
corresponds to a cubic magnetocrystalline anisotropy. Moving from Pauli operators to

classical spin vectors, the first two cubic anisotropy terms are given by
e = —K1 [(SeSy)* + (SyS)% + (8:5:)%| — K2 [8,5,S:)%, (2.5)

where ¢ is a single spin energy, K; are anisotropy constants, and S, = S -1 is a
component of the classical spin vector. Assuming only one anisotropy constant is non-
zero, the negative point charges in Fig. 2.4 mean that either K7 < 0, or Ko > 0.
This simple thought experiment can be applied to any magnetic material if the site
symmetries of the crystal, and electron valences are known. A rigorous symmetry-based
framework for determining permitted magnetocrystalline anisotropies is discussed in
Chapter 4.

2.4 Magnetic Dipole-Dipole Interactions

As discussed in Section 2.2, the exchange interaction is a many-body electronic effect

mediated by the Coulomb interaction. The most fundamental purely magnetic inter-

*These are highly dependent on the nuclear charge, the magnitude of the screened charge of the

crystal field, and the interatomic distance.
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2.4 Magnetic Dipole-Dipole Interactions

Figure 2.4: Crystal field interaction of an |l = 3, m = +3) electron orbital with nearest
neighbour cations along the principal axes. (left) High energy state, and (right) low
energy state. Arrow represents the spin magnetic moment which remains parallel to

the orbital moment in the limit of strong spin-orbit coupling.

action is the magnetic dipole-dipole interaction. Every magnetic moment has a dipole
field, with which it interacts with other magnetic moments. This is the reason two bar
magnets repel or attract dependent on their orientation. For discrete localised magnetic
dipoles, the interaction is given by the following Hamiltonian

1 @3(% Bi) (g - Big) — (B )

H=—= , (2.6)
2 itj 47 |rij|3

where p9 is the permeability of free space, pu; is the vector dipole moment of the
magnetic dipole at site ¢, rj; = r; —r; is the displacement vector between the moments
at sites ¢ and j, and the factor of % accounts for the double counting of interactions
in the summation. The dipole-dipole interaction is dependent on both the distance
between two moments, as well as their alignment. In solid state systems, the magnetic
moments are unpaired electron spins which are assumed to be localised on an atomic
site. In this case, the magnetic moment is written as p; = ps;S; where pg; is the spin
magnetic moment and S; is the spin vector. The discrete dipole-dipole interaction is

then

_ 1 popsits,g 3(Si - £ij) (S, - £ij) — (Si - S5)
H = 2% - o . (2.7)

In crystals, the dipole-dipole interaction has two contributions; intrinsic dipole-dipole

interactions and extrinsic dipole-dipole interactions. Intrinsic dipole-dipole interactions
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2.4 Magnetic Dipole-Dipole Interactions

are dependent on the symmetry of the magnetic crystal and give rise to a dipolar
anisotropy which is distinct from magnetocrystalline anisotropy. Extrinsic dipole-dipole
interactions are dependent on the size and shape of a sample of a magnetic crystal. In

the next sections, these two sources are discussed.

2.4.1 Shape Anisotropy

Shape anisotropy is dependent only on the geometry of a magnetic material of finite size.
In ferromagnets, the stray dipole field stores energy. This leads to preferred directions
of magnetisation which reduce the free energy of the system. The theory of shape an-
isotropy in ferromagnets is well known and will not be reproduced here (see [28] or [29]
for further reading). Modern research on magnetic materials for spintronic applica-
tions almost exclusively uses thin films of magnetic material. Assuming a continuous
description of the magnetisation (rather than discrete, as above), the shape anisotropy

of these near two-dimensional systems is given by the following energy functional

1

E = o2 /V im(r) - )2 &, (2.8)

where M is the finite temperature saturation magnetisation of the uniform ferromag-
net, the integral is over the whole volume V' of the ferromagnet, m(r) is the continuous
reduced magnetisation field, and z is the out of plane direction of the film. The shape
anisotropy is minimised when the magnetisation lies in the plane of the thin film and

takes the same form as a uniaxial magnetocrystalline anisotropy with K = %MOM 2,

In infinite antiferromagnets there is no stray field; magnetic moments are com-
pensated. But, in finite sized antiferromagnets, both compensated and uncompensated
magnetic surfaces and interfaces introduce an extrinsic contribution to the total dipole-
dipole interaction. These are not strictly shape anisotropies but deserve discussion here.
The case of uncompensated surfaces is easiest to understand; if a layered antiferromag-
net is cleaved such that there is a layer of spins which are ferromagnetically aligned,
then there is a small net magnetisation at the surface (see for example figure 1la of [30])
which has an energy contribution of the form of equation (2.8). Compensated interfaces
are conceptually more complicated; naively these surfaces have a vanishing magnetic
dipole field everywhere. But, by symmetry, a non-zero surface magnetisation can be

induced because of the broken symmetry (see figure 1lc, d of [30]), and must be induced
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2.4 Magnetic Dipole-Dipole Interactions

in linear magnetoelectric materials [31]. The small induced surface magnetisation leads
to an additional extrinsic contribution to the dipole-dipole interaction—just like an
uncompensated interface—which can be used to read and write the state of an antifer-
romagnet [32, 33]. This can explain why exchange bias occurs with similar magnitude

at both compensated and uncompensated antiferromagnetic interfaces [30, 34].

2.4.2 Dipole Anisotropy

In addition to the extrinsic contributions to the dipole-dipole interaction discussed
above, (infinite) magnetic crystals with non-cubic magnetic site symmetries have an
anisotropic energy contribution from dipole-dipole interactions (see Fig. 2.5). We call
this a dipole anisotropy to distinguish this intrinsic contribution from the extrinsic
shape anisotropy. In ferromagnets, this is usually small compared to magnetocrystalline
anisotropies and single sublattice ferromagnets typically have a magnetic symmetry
which is close to cubic. In ferrimagnets and antiferromagnets, the changing direction
of spin vectors at different sites means the symmetry is often far from cubic, and the
dipole anisotropy can be large—even in the ground state. Additionally, since dipole-
dipole interactions are long-range pairwise interactions, rather than local interactions
(as with magnetocrystalline anisotropy), an easy-plane dipole anisotropy can break the
degeneracy of antiferromagnetic spin wave branches and change their polarisation, in
addition to introducing a gap in the spin wave spectrum [35]. No single-ion energy can
introduce a similar effect, so calculating the discrete dipole-dipole interaction explicitly

can be important when studying dynamical effects.
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2.4 Magnetic Dipole-Dipole Interactions

-4 @ N

Figure 2.5: (left) Depiction of an antiferromagnet which has cubic crystal symmetry
and non-cubic magnetic symmetry. (right) Depiction of a ferromagnet which has both
cubic crystal and cubic magnetic symmetry. The antiferromagnet (left) has negligible
shape anisotropy but has a non-zero intrinsic dipole anisotropy whereas the ferromagnet

(right) has a non-zero shape anisotropy but the intrinsic dipole anisotropy vanishes.
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3.1 Scales of Modelling

3.1 Scales of Modelling

In modern science, simulations of physical systems are increasingly playing a large role
in research. Simulations aid in understanding complex phenomena that are difficult to
study analytically, enable high throughput material screening without expensive exper-
iments, and are used to help interpret experimental results. As such, there are many
computational tools available to researchers which range from small scale ab-initio
methods, through device-scale continuum methods. The idea of multiscale modelling
is to parameterise more heavily approximated methods using less approximate meth-
ods to reduce the loss of information when going from a less- to more-coarse grained

simulation.

The inclusion of temperature in most computational models is not simple. Stat-
istical mechanics tells us that temperature is only well defined by the averaging of
microscopic thermal fluctuations (ie in atomistic simulations). Temperature can be
included in ab-initio methods such as time-dependent DFT (TD-DFT). But, the addi-
tional computational cost means that it is difficult to obtain good statistical sampling
so these simulations have limited value. At the other end of the spectrum, stochastic
thermal fields have been included in micromagnetic models to include the effect of
temperature. But micromagnetism is only strictly valid at zero temperature. Micro-
magnetic formalisms such as those which use the Landau-Lifshitz-Bloch equation [36]
attempt to resolve this but still require finite temperature values for material paramet-
ers such as the magnetisation m(7"), exchange stiffness A(7T'), and transverse x (7") and
longitudinal susceptibilities x| (7') which must be calculated using other methods [37]
(mean-field approximation, atomistic spin dynamics, etc). The inclusion of stochastic
fluctuations in micromagnetism should instead be thought of as a tool which introduces
randomness to ensure that the micromagnetic system doesn’t get stuck in local equilib-
ria. The temperature of a micromagnetic simulation is not the same temperature that
appears in statistical mechanics. The loss of microscopic degrees of freedom means the
entropy of a micromagnetic simulation is distinct from the entropy of an equivalent
supercell which is simulated using atomistic spin dynamics or Metropolis Monte Carlo.
This is why the micromagnetic energy is usually written as a free energy which doesn’t
include the energy that cannot be extracted due to entropy (F' = U — TS, T'S is not

available to do work). Atomistic methods like spin dynamics and Monte Carlo are
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3.2 Metropolis Monte Carlo

the most useful tools for calculating finite temperature properties of materials as these
simulations can contain millions of atoms in an ensemble and thermal averaging can
occur over nanosecond time periods. These atomistic ensemble methods are the tools

used in this work.

There are three main assumptions in these atomistic methods:

1. Spins are localised on an atomic site by the Born-Oppenheimer / adiabatic ap-
proximation. This assumes that electron dynamics and spin dynamics occur on

separable timescales, orders of magnitude apart.

2. Spins are approximated as classical unit vectors rather than quantum states. This
means that purely quantum effects cannot be included and the method is valid at

intermediate temperatures (ie incorrect at very low and very high temperatures).

3. Statistical averaging by importance sampling closely approximates the full parti-

tion function.

The above approximations are best applied to insulating magnets. The problem of
quantum versus classical thermal distributions can be partially mitigated when using

a quantum thermostat in spin dynamics simulations (discussed in Chapter 5).

3.2 Metropolis Monte Carlo

In principle, the whole partition function must be known to determine the thermody-
namic averages. In reality, this is only calculable in very small systems. For a discrete
lattice of N spins represented as classical unit vectors, the partition function is given
by 2N integrals

Z = / e AHOLOLINON) 40, dpy ...dONdD i, (3.1)

where § = 1/kpT, and 0;, ¢; are the azimuthal and polar angles of each spin vector.
The Metropolis algorithm is an example of importance sampling. The algorithm ensures
that highly probable states are sampled more frequently by always accepting trial moves
which are lower in energy, and higher energy moves are sampled using a Boltzmann
factor to calculate the acceptance probability. States which have low probability (high
energy) contribute very little to the partition function so have a low probability of

being sampled. In the limit of a large number of sampled states, the set of sampled
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3.2 Metropolis Monte Carlo

states—which is a subset of the total states of the system—converges to the expected
Boltzmann distribution of energies and represents the distribution of the complete
partition function to arbitrarily high accuracy (by increasing the number of Monte
Carlo steps). The degree of convergence can be measured during simulations but a fixed
number of steps is usually used in practise (> 10° steps is sufficient for most systems at
most temperatures). The Metropolis-Hastings algorithm can be summarised into the

following steps
1. Choose a random spin S;.
2. Choose a trial state S..

3. Calculate the energy difference between the old state and the new state AE =
E(S)) — E(S;).

7

4. Pick a random number r € [0, 1].
5. If r < exp(min{0, _%})’ accept the trial state. Else, reject the trial state.

The initial state of a Monte Carlo simulation is perfectly ordered. Since the system
is coupled to a thermal bath of fixed temperature, energy and entropy are exchanged
until the system reaches thermal equilibrium*. So, the first few steps (~ 10%) of a
Monte Carlo simulation are discarded for equilibration, and the remaining steps are
used for statistical averaging. In a single simulation the temperature is kept fixed, so
the system is known as a canonical ensemble and the free energy is minimised. This
method is useful but doesn’t allow access to dynamical effects, and doesn’t allow the
use of different thermostats; classical statistics is built into the algorithm by using a
simple Boltzmann factor. For these functionalities, we need to use a dynamical method
such as atomistic spin dynamics. In this work, Monte Carlo methods are used because
the Metropolis algorithm can be altered to give access to the temperature scaling of
macroscopic parameters. The algorithm we use in this work is called constrained Monte
Carlo [38] which is discussed in Chapter 5.

*The thermal bath is identical to an infinitely large environment, so the decrease in energy and

entropy of the thermal bath due to the magnetic system is effectively zero.
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3.3 Atomistic Spin Dynamics

Atomistic spin dynamics calculates the time evolution of localised classical magnetic
moments on a discrete crystal lattice by the stochastic Landau-Lifshitz (LL) equa-
tion* [41], which includes a precessional torque consistent with quantum mechanics
and a phenomenological damping torque. The Landau-Lifshitz equations for a canon-
ical ensemble are written

0S;
ot

= —|y[[Si x B; + S; x (S; x By)], (3.2)

where v = gup/h is the gyromagnetic ratio of a free electron, «; is the dimensionless
damping constant (Table 4.5), and the local field B; = §; — (1/5:)Vs,H contains all
interactions from the Hamiltonian (4.17) and a stochastic thermal field &;. The LL or
Landau-Lifshitz-Gilbert (LLG) equation can be used at the atomic level, as well as at
the micromagnetic and macrospin levels. The equation is very successful at modelling
magnetic materials, primarily because the local field B;, and the applied torques, can
be augmented to include the effect of magnetic field pulses [42], laser pulses (using

LLB) [43], as well as spintronic effects such as spin-transfer and spin-orbit torques [44].

Just like Metropolis Monte Carlo, atomistic spin dynamics samples the most prob-
able states of the system. The formal connection with statistical mechanics can be found
in work by Gyorfly [45] and standard textbooks [46]. In addition, spin dynamics can be
used to study the relaxation of a system from non-equilibrium states so experiments can
be replicated in a simulation, as well as allowing non-classical thermal statistics to be
used (of particular interest is the Bose-Einstein thermostat, discussed in Section 5.1).
The spin dynamics algorithm is a simple numerical integration of many coupled partial
differential which is very easily parallelised on a computer. The implementation used in
this work uses a fourth order stochastic Runge-Kutta integrator which can be deployed
on both CPUs and GPUs. The ease of parallelisation means that atomistic spin dy-
namics can be much faster than Monte Carlo simulations when implemented on GPUs,
allowing larger systems to be simulated for longer integration times, which gives better

thermal statistics and higher quality results—often better than the most cutting edge

*We choose the Landau-Lifshitz form of damping, rather than the Gilbert damping [39], because
the latter changes the frequency of spin waves by a factor 1/(1 + o). We want spin wave frequencies

to be consistent with the ab-initio calculations [40].
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3.3 Atomistic Spin Dynamics

experiments [47]. The stochastic thermal field, &, must obey fluctuation-dissipation
theorem. The fluctuation-dissipation theorem which gives Boltzmann statistics means

the thermal field must have the following properties

(&'(t)e =0

o 3.3
() X)) = /f 33

0ij0a30(t — kT

S,i Vi

where «, § are Cartesian components. The damping is included phenomenologically and
its value is taken from experiments. There are many sources of damping in magnetic
systems (see Fig. 3.1) but these are almost impossible to quantify without simulating
the magnetic, electronic, and lattice simultaneously. So phenomenological damping

parameters must be used. In most cases, this is sufficient.
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Figure 3.1: Energy transferred to and from the uniform (k = 0, resonant) modes of
magnetic system excited by an external EM source. Sources of losses (damping) can
be broadly separated into direct and indirect processes. Direct sources of damping are
spin-lattice and spin-electron scattering processes where energy immediately leaves the
magnetic system. Indirect sources of damping are mediated by spin-spin processes.

Figure reproduced from [48].
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CHAPTER 4

Developing Material Specific Models Using

Symmetry and Multiscale Parameterisation
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4.1 Outline

4.1 Outline

In this chapter we develop a framework of tools needed to create realistic models of
magnetic materials. Since high performance computing is easily accessible in most uni-
versities, tools like atomistic spin dynamics and micromagnetics are commonly used
by researchers as a quick and easy way to model magnetic materials and devices—a
trend which has been accelerated due to the COVID-19 pandemic. The problem is
that, while many different models can be tuned to match experimental results (some
atomistic models even have a different crystal lattice to the material being modelled!),
predictions from unrealistic models which include highly idealised interactions or in-
clude interactions which do not obey the symmetry of the magnetic crystal, will always
be incomplete or incorrect when used in different contexts. Despite this, tools like
atomistic spin dynamics are very important in understanding the underlying physics
of antiferromagnets as the dynamics can be very complex, there can be many mechan-
isms which can explain a given observed phenomenon, and the microscopic degrees of
freedom are not accessible experimentally due to the zero net magnetisation (though
are accessible in atomistic simulations). As an example, for many-sublattice antiferro-
magnets, some resonance modes (eigenfrequencies) cannot be experimentally observed
using macroscopic measurements of antiferromagnets because of phase cancellation of
the different sublattices [49]; microscopic techniques that employ light scattering can
observe these. So, these modes cannot be measured using typical experiments (without
applying a forced oscillation) yet they can carry spin currents and impact the per-
formance of antiferromagnetic devices [49]. It is therefore important that models of
antiferromagnets do not alter this physics. The importance of fundamental principles
such as symmetry in magnetism has been made clear by the recent discovery of alter-
magnetism, a new class of magnetic materials which have symmetries which are distinct
from both ferromagnets and antiferromagnets. Altermagnets have zero net magnetisa-
tion like an antiferromagnet, yet the Fermi surface is spin polarised like a ferromagnet.
These materials permit giant magnetoresistance (GMR), and have a strong anisotropic
(k-dependent) spin Hall effects which aren’t mediated by weak relativistic spin-orbit

coupling—something which cannot exist in ferro-, ferri-, or anti-ferromagnets [50-55].

The rest of this chapter is outlined as follows. First, we give an introduction to

NiO, an antiferromagnetic material which is usually modelled using extremely simpli-
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4.2 Introduction to NiO

fied interactions that don’t always obey the symmetry of the magnetic crystal, despite
the fact that symmetry uniquely determines the microscopic interactions which are
required to stabilise its equilibrium state. Second, we describe the constraints that
lattice and magnetic symmetry imposes on permitted spin Hamiltonians. Then, we
discuss the use of point charge models of crystalline materials and show how it can be
used to determine the dominant contributions to the magnetic anisotropy. Finally, we
discuss best practices for parameterising exchange interactions in a magnetic material.
Throughout this chapter, these tools will be applied to NiO, but these processes should

be used to develop magnetic models of all materials.

4.2 Introduction to NiO

Above the Néel temperature, NiO has the space group Fm3m. Below the Néel tem-
perature the magnetic space group is C.2/c [56, 57] and the corresponding magnetic
point group is the non-magnetic (type I) group % At low temperature, a magneto-

strictive distortion reduces the non-magnetic space group to R3m [58]. The antifer-

romagnetic order has propagation vector q = (%, %, %) with spins lying perpendicular
to the propagation direction [57]. This means spins form alternating ferromagnetically
aligned (111) sheets which are antialigned with neighbour (111) sheets (see Fig. 4.2).
Within the (111) plane, spins have three-fold symmetry [59] and lie close to one of
the (112) directions [60-62]. The above details have a long and complicated history.
Schron [63] attempted to clarify this with a very comprehensive literature review but
complicates things further because their ab-initio results gives the wrong sign of the

anisotropy, which gives a magnetic space group which contradicts modern experiments.

The ordering into sheets is a direct result of the exchange interaction. In idealised
theories of superexchange (Goodenough-Kanamori rules [24, 64]), the nearest neighbour
interaction (J1) is small and ferromagnetic in sign because the interaction is between
a Ni orbital ionically bonded to an oxygen p, orbital, and a Ni orbital bonded to an
oxygen p, orbital (orthogonal orbitals). Whereas the next nearest neighbour inter-
action (J2), is large and antiferromagnetic in sign due Ni sites attached to the same
oxygen orbital (180° bond angle). The analysis of experiments and theoretical studies

have often relied on two sublattice macrospin approximations which cannot include
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4.2 Introduction to NiO

the nearest neighbour coupling. At the atomic level however, neglecting the nearest
neighbour interactions leads to four uncoupled, interpenetrating simple cubic antifer-
romagnetic lattices (see Fig. 4.1). This produces a model with four uncoupled Néel
vectors which can deviate from one another. So, any Hamiltonian which ignores Jj is
paramagnetic as there is no global order. Including the nearest neighbour coupling is

therefore essential in modelling at the atomic scale.
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Figure 4.1: A NiO supercell. Oxygen sites are omitted. Dark atomic sites denote ‘up’
sites, lighter coloured sites denote ‘down’ sites. Red bonds show atoms connected by
next nearest neighbour (.Jz) exchange from a corner site (2 of the 8 sublattices). Many

atoms are uncoupled.

Another nuance is that the nearest neighbour interaction couples both parallel and
antiparallel pairs of spins. Because these are different sublattices, J; can be further split
into J14+ and Ji— (see Fig. 4.2). Jj4 denotes the exchange coupling between aligned
nearest neighbours, and J;_ denotes the exchange coupling between antialigned nearest
neighbours. In some works a single value is used for both nearest neighbour exchange
couplings [65-67]. However, due to the equal strength coupling of the 4 pairs of sub-
lattices, the nearest neighbour exchange energy is constant for all configurations of the
four Néel vectors. This case is equivalent to excluding the nearest neighbour coupling
because there is no energy penalty for moving one of the Néel vectors relative to the

other three. Detailed analysis of the magnon spectra measured by neutron diffraction
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experiments [59] and state of the art electronic structure calculations [40] show that
there is a considerable splitting of the nearest neighbour exchange AJy = J14+ — Ji—
with AJ1/(Ji+ + Ji—) ~ 25%. The splitting of the nearest neighbour exchange is
small compared to the antiferromagnetic next nearest neighbour exchange interaction
Jo (AJ1/J2 ~ 1%) but it is still significant. Ji4 and Jj_ are two orders order of mag-
nitude larger than the magnetic dipole anisotropy energy, and the splitting AJy is a
factor of ~ 30 larger than the dipole anisotropy. Therefore the effect of this exchange
splitting on spin waves is larger than the effect of dipole effects at finite k vectors.

Despite this, the splitting is usually neglected [68].

The origin of the splitting is often stated to be a small (~ 0.1% [59]) magnetostricit-
ive contraction of the (111) planes that vanishes at the Néel temperature and sets the
direction of the antiferromagnetic ordering within a domain. This is often justified by
stating that a splitting of the J; interaction is forbidden in a perfectly cubic crystal [69].
It is true that the non-magnetic crystal point group (m 3m) does not permit this split-
ting. But, the magnetic point group of the magnetic crystal depicted in Fig. 4.2 (2/m)
does permit the splitting of J;. This means that the splitting cannot be mediated by the
crystal. Instead the local change in the electronic structure due to the onset of magnet-
ism introduces the splitting. The splitting of J; due to the magnetic symmetry being
less than cubic is seen in advanced ab-initio calculations even when the non-magnetic
symmetry is cubic [40]. Simpler methods, which are known to be poor approximations
of Mott insulators® such as NiO, do not observe the splitting of J; for the cubic atomic
lattice (monoclinic magnetic symmetry) and must add the structural distortion, which
reduces the non-magnetic symmetry from m 3 m to 3 m, by hand to observe the splitting
of Ji1 [69] which is required for antiferromagnetic ordering. To further complicate this,
it has been shown—using modern experiments which simultaneously measures magnetic
and structural properties—that the magnetostrictive distortion occurs at 471K, far be-
low the Néel temperature Ty = 523K [58]. This differs from the often quoted view
that the distortion vanishes at the Néel temperature. There are now two cases; above
471K there is splitting, or there is not. If the splitting of J; persists above 471K, it

will be reduced by the increase in crystal symmetry (accompanied by an increase in

*In modern literature NiO is classified as a charge-transfer insulator which differs slightly from a

Mott insulator, though the difference is unimportant here 70, 71].

28



4.2 Introduction to NiO

Ja due to the bond angle returning to 180°), but remains sufficiently large to maintain
the antiferromagnetic state. If the Jj splitting vanishes above 471K, biquadratic ex-
change must stabilise the antiferromagnetic state [69]. It is likely that the difference
between the two cases is smaller than the precision of any experimental data available
(though biquadratic exchange was shown to be negligible in MnO, a very similar an-
tiferromagnet [72]). Additionally, we expect the reduction of the splitting above 471K
to have the same order of magnitude as the distortion (~ 0.1%). So, for our atom-
istic model, we choose the simplest case of vanishing biquadratic exchange, negligible

structural distortion, and constant splitting of J; through the whole temperature range.

Figure 4.2: Magnetic structure of NiO. Oxygen sites are grey without vectors. Ni sites
are darker spheres with spin vectors. Spins are aligned parallel within the [111] plane,
which are antiparallel to neighbour planes. Green and yellow bonds show a nearest

neighbour interaction, the purple bond shows a next-nearest neighbour interaction.

While the antiferromagnetic ordering into sheets is uniquely determined by ex-
change, the preferred direction of the spins is due to anisotropies. The ground state

configuration was the subject of debate for many years [73-81], with several competing
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theories [82-84]. It is now well known that the easy-plane anisotropy is due to magnetic
dipole-dipole interactions. For our model of NiO, we calculate magnetic dipole-dipole
interactions between distance spins without mapping the resulting dipole anisotropy
onto a single-ion magnetocrystalline anisotropy. For many-ion interactions like the
dipole-dipole interaction, correlations between distant spins plays an important role in
the temperature dependence of the resulting anisotropy and leads to different dynam-
ical phenomena. Analytic theories like Callen-Zener theory can, in principle, be used to
calculate the temperature dependence of many-ion interactions by considering partial
and full rotations of the spin system. But, this is intractable in practice. Mapping this
onto a single-ion energy is an assumption that trivialises the complexities of dipole-

dipole interactions.

In the next sections, we will discuss single-ion anisotropies in detail. For this, we
choose to name anisotropies by the rank of the anisotropy tensor and the class of point
groups which the term is unique to (uniaxial is not unique to any, this is a special
case). This helps clarify the nomenclature of anisotropies. For example, a first order
cubic anisotropy becomes a rank-4 cubic anisotropy (4th order in direction cosines),
and a first order uniaxial anisotropy becomes a rank-2 uniaxial anisotropy (quadratic
in direction cosines). In NiO, there is an additional anisotropy that breaks the degen-
eracy of the easy-plane. Various magnetocrystalline anisotropy terms have been used
to account for the preferred (112) directions within the plane including a rank-6 cubic
anisotropy [68], a rank-6 hexagonal anisotropy [66], and a rank-2 easy-plane anisotropy
which is perpendicular to the (111) plane [59, 85]. Neumann’s principle states that the
symmetry of any physical property or interaction—any Hamiltonian term—must contain
all the symmetry operations operations of the crystal point group. Additionally, if the
crystal is magnetic, any Hamiltonian term which is mediated by the magnetic moments
(dipole-dipole interaction, J; splitting, etc) has reduced symmetry constraints and must
only contain the symmetry operations of the magnetic point group (in older literature,
these non-magnetic energies are called static [86] as they are time independent). These
magnetism mediated terms are often treated perturbatively [86]. In some cases, for
reasons other than symmetry, these energy terms are not small and cannot be treated
perturbatively. This is the case for NiO—-the magnetocrystalline anisotropy is very small

because the mediating oxygen ions have low nuclear charge implying vanishingly small
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spin-orbit coupling but the magnetic dipole-dipole contribution is orders of magnitude
larger. Magnetic dipole-dipole interactions in bulk crystals cancel whenever the mag-
netic symmetry is cubic, but the monoclinic magnetic point group % has much lower

symmetry, so the dipole contribution must be non-zero.

In any magnetic material, the symmetry of magnetocrystalline anisotropy is determ-
ined by the symmetry of the crystal field and must contain the symmetry operations
of the crystal point group. The symmetry requirements of the magnetocrystalline an-
isotropy differs from exchange since the symmetry of exchange is determined by the
symmetry of the local electronic structure which includes spin-splitting in magnetic ma-
terials. Similarly, the dipole-dipole interaction is mediated only by magnetic moments
so its symmetry must contain the elements of the magnetic point group. The magnetic
space group allows another magnetostrictive reduction in symmetry so that the crystal
point group is %1' , but this has never been observed. Excluding crystalline aniso-
tropies by symmetry is discussed in the next section. But, we will state an important
result here. From Hartmann’s definitions of point group generating matrices [87], and
applying Neumann’s principle to even rank tensors of magnetocrystalline anisotropy
constants [86]*, one can show that both the rank-6 hexagonal anisotropy and rank-2
uniaxial anisotropy are forbidden for crystal point groups m 3m and 3m'. Despite be-
ing able to reproduce certain experiments, these models must be incomplete and cannot
represent the real system. This is justified by the difficulty in measuring the in-plane
magnon mode; if this is due to a simple crystalline anisotropy, it should be measurable
in all samples of similar quality, yet this is not the case. The ability to measure the
low frequency mode is highly dependent on the experimental method, and the choice
of experiment geometry. The 3m generating matrix IMjo forbids the hexagonal term

and both generating matrices for m 3 m forbid the hexagonal term.

*Some ferromagnets and all ferri-/antiferro-magnets have point groups which lack spin reversal
symmetry. These can permit crystal anisotropies which are given by odd-rank tensors of the direction
cosines [86, 88]. These cannot be magnetocrystalline in origin (magnetoelastic coupling, dipole-dipole,

etc) and generally we expect their contribution to be small in NiO.
'3 m permits a [111] rank-2 uniaxial anisotropy but the (110) easy-plane term seen in the literat-

ure [59, 85, 89]
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4.3 Symmetry

4.3.1 Point Groups

A crystal point group P is the set of rotations and reflections (operations P € P) which
preserves all points in the crystal. This is a global property of the crystal and these
operations can have a single, or many points in space where these operations can be
applied and the crystal is preserved. Such sites are called centres of symmetry c. We
shall only consider crystals with centres of symmetry which are also atomic sites; these
crystals are named centrosymmetric. Not all atoms in a crystal must be a centre of
symmetry. The point group of a site may differ from the point group of the crystal.
But, we only consider magnetocrystalline anisotropy (which is invariant under spin in-
version) in NiO. In this case, the magnetic site symmetries and the crystal symmetry

give the same permitted terms.

The point groups of non-magnetic crystals are split broadly into seven categor-
ies of decreasing symmetry (minimal symmetry given in parentheses): cubic (12-fold),
hexagonal (6-fold), tetrahedral (4-fold), trigonal (3-fold), orthorhombic (2-fold), mono-
clinic (2-fold) and triclinic (1-fold / none). In total there are 32 unique non-magnetic
point groups. Point groups are represented by a combination of numbers and letters
which tells us directly what operations can be applied to the crystal. For example %
is the symbol for one of the monoclinic point groups. 2 denotes a two-fold rotation (a
180° degree rotation around some axis W), m denotes a mirror plane (a reflection in the
plane perpendicular to w) and % means that m can be applied to the crystal after 2 has
already been applied. The only additional symbol needed to define the international
symbols is an overbar (ie 2) which means the operation must be accompanied by space
inversion, multiplying by —1. The point group % therefore has four elements: the
identity 1, 180° rotation about W Ry(7), a reflection in the uv-plane My, and space
inversion —1 = Ry () o My, where @, ¥, W is a basis, R is a rotation matrix, and M is

a mirror matrix.
Any point group can be generated from one, two, or three matrices which we call

generating matrices IM. The list of generating matrices for the 32 point groups are

given in Table 4.1 and the list of generating matrices are given in Table 4.2.
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4.3 Symmetry

These 32 non-magnetic point groups do not consider spin reversal symmetry (often
called time reversal symmetry, though this is debated). If spin reversal symmetry is also
considered there are 122 point groups which can be derived from the 32 non-magnetic
groups. Only certain point groups are compatible with ferromagnetic, antiferromag-
netic and ferrimagnetic crystals. Magnetic point groups are much more diverse than
their non-magnetic counterparts and a more detailed description is out of the scope
of this work. Interested readers are directed to the following sources for further read-
ing [56, 86, 91-93]. In practice, when classifying the symmetries of magnetic crystals,
the point of greatest importance is that including magnetic symmetry can only reduce
the number of elements of the non-magnetic point group—it is not possible for a trigonal
lattice with three-fold symmetry to have a cubic magnetic point group with four-fold

Symmetry.

The lattice point group of NiO is either the cubic group m3m, or the trigonal
point group 3m dependent on the temperature (a reduction in symmetry occurs at
471K [58]). In both cases, the magnetic point group is the monoclinic point group %1’

which includes spin reversal symmetry 1’*.

4.3.2 Neumann’s Principle

Classifying the symmetry of crystals is of great importance. Symmetry can uniquely
determine the physical effects that are permitted in a material; static properties like
magnetocrystalline anisotropy, strain tensors and thermal expansion coefficients, dy-
namic properties like spin Hall effects, Peltier effect tensors and thermal conductivity,
or optical properties like birefringence, Kerr effects, and second harmonic generation.
To make use of the point group, we need to use Neumann’s principle which states that
any symmetry operation in the point group must also be a symmetry operation of
any physical property of the crystal (this is also true of individual site symmetries at
a microscopic level too). In maths, this means that the tensor describing a material

property such as the magnetocrystalline anisotropy p;; must be invariant under the

*Sometimes % is quoted but the magnetic space group contains all the elements of % as well as

all the time reversed elements when combined with a translation. It is therefore accepted that the

magnetic point group should be %1' .
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4.3 Symmetry

Table 4.1: List of non-magnetic point groups and some of their properties. Reproduced

from [87] and symbols are corrected using the Bilbao Crystallographic Server [90].

Symmetry Class|Symbol|Generating Matrices|# Elements of P| Basis Vectors
Triclinic 1 My 1
1 M, 2
Monoclinic 2 M4 2
m M3 2 es3||2 or e3]|2
2 My, M3 4
Orthorhombic 222 My, My 4 e1|2 or e1]|2
mm 2 My, M5 4 €2 or ey]|2
mmm M3, M5, Mg 8 es||2
Trigonal 3 My 3
3 Mo 6 e1]|2 or eq]|2
32 Mg, M, 6 e L 20rey | 2
3m M5, My 6 es||3 or e3]|3
3m M5, Mg 12
Tetragonal 4 M- 4
4 Mg 4
422 My, M7 8 e1]|2 or eq]|2
4 M;, M7 8 e]|2 or e3]|2
dmm Ms;, My 8 es]|4 or es||4
42m My, Mg 8
4220 My Ms, My 16
Hexagonal 6 M1 6
6 M2
6m2 M;, My 12 e1||2 or e]|2
622 My, My 12 e L 20rey L2
5 M3, My, 12 es||6 or es]|6
6mm M5, M, 12
£.22 0 Mg Ms, My 24
Cubic 23 M,, M3 12 e1]]2
3m Ma, M4 24 e2/|3, es||2
432 M,, M3 24 e1||4 or e|]4
43m Mg, M3 24 es||4 or es||4
m3m M7, My 48 e3[4 or e3||4
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4.3 Symmetry

Table 4.2: The generating matrices for the non-magnetic point groups and a description

of its effect.

1
Mo= 1|0
0
-1
My=10
My=10
Mg =

0

0

IMgZ 1
0

1

2

Mo = §
0

_1

2

My = @
0

0
Myy=10
-1

Identity

Two-fold rotation

about es

Two-fold rotation

about e

Reflection in

ejes-plane

Four-fold
inversion-rotation

about es

Three-fold
inversion-rotation

about e3

Six-fold
inversion-rotation

about e3

Three-fold rotation

about the [111]

direction
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-1 0
Mi=]0 -1
0 0 -1
1 0 O
Ms=1]0 1 0
0 0 -1
-1 0 O
Ms=]0 1 0
0 0 1
0 -1 0
M;,=1]1 0 0
0O 0 1
_1 _ B
2 2
My = @ -3 0
0 0
1 V3
z —2 0
=[5 )
0 0

Space inversion

Reflection in

e eqz-plane

Reflection in

ezes-plane

Four-fold rotation

about es

Three-fold rotation

about es

Six-fold rotation

about es

Three-fold rotation
about the [111]

direction



4.4 Symmetry Constraints on the Magnetic Hamiltonian

application of all the elements of a point group
pij = Pigpjr, VP €P. (4.1)

Finstein summation of repeated indices is assumed. Often physical properties can
have non-negligible higher order contributions which must obey the same symmetry

requirements by tensor products of the elements of the point group
Pijkl = Pim Pinprimn , VP € P. (4.2)

For some material properties, the lattice point group may be used; for others, the mag-
netic point group must be used. Magnetocrystalline anisotropy is entirely determined
by the lattice crystal field. This crystal field is invariant under spin (time) reversal
symmetry so the magnetocrystalline anisotropy must also be invariant under spin re-
versal. This means odd rank tensors vanish. This can be seen by writing an odd rank

contribution in terms of the direction cosines «
E = pijragojay. (4.3)
Each of the direction cosines must be invariant under the operation P, so
Pijk Qi = Pijik Pi10q Pl Ot Prp oy (4.4)

Since there is an odd number of copies of the point group operation P on the right
hand side, and time inversion is a point group operation, we have that p;jro;a;0 =

(—1)3pijriajou so pijr = 0.

4.4 Symmetry Constraints on the Magnetic Hamiltonian

4.4.1 Permitted Magnetic Anisotropies in NiO

The dominant source of magnetic anisotropy in NiO is due to dipole-dipole interactions.
The result is a uniaxial easy plane anisotropy [80, 82, 83] which is very long-range (see
Section 4.5.4). Whenever the magnetic symmetry is less than cubic, a non-zero dipole
anisotropy exists even in infinite systems. Spin-orbit coupling is small in this material
because the interstitial oxygen atoms are very light—even if the crystal field is large, the
small spin-orbit coupling means the resulting magnetocrystalline anisotropy is small.

The crystalline anisotropies are determined solely by the lattice symmetry, rather than
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4.4 Symmetry Constraints on the Magnetic Hamiltonian

the magnetic symmetry. But, since the anisotropy is due to the configuration of mag-
netic moments, the resulting anisotropy must obey the symmetry of the magnetic point
group %1’ . NiO is an antiferromagnet, yet the magnetic point group is a paramagnetic
point group which contains spin reversal and implies no magnetic order. The reason
for this seemingly contradictory classification is because the half of the magnetic space
group elements contain rotations with spin inversion (ie 2') must be accompanied by a
translation to preserve the crystal (denoted in Seitz notation by {2'|v}). The other half
of the space group elements do not contain time inversion so don’t need a translation
from one magnetic sublattice to another (ie {2|0}). Since the space group contains
elements with both the point group operations 2 and 2/, then the global magnetic point
group must also contain both of these elements. This means there is more than one
unique nickel site and these sites will have different point groups. The simplest case is
two magnetic sublattices (Niy, Nij) whose point groups are separated by spin inversion
Py = 1'P, though more than two sublattices are possible. Unlike for magnetocrys-
talline anisotropy, we will not give all the permitted terms here as the dipole-dipole
interactions are calculated explicitly rather than being mapped to an effective aniso-
tropy, since dipole-dipole interactions allow complex spin wave modes [35] and have
unexpected temperature dependences [94]. The symmetry does not need to be prede-
termined. Instead we only draw attention to the fact that a (111) easy-plane anisotropy

is forbidden by the lattice point group but is permitted by the magnetic point group.

4.4.2 Permitted Crystal Anisotropies in NiO

Using equation (4.2), the permitted anisotropies can be constructed using symmetry
arguments. The non-magnetic lattice of NiO has point group m 3 m or 3 m which are
generated by matrices M7 and M4, and My and M4 respectively. The space group
(point group operations + translations which generate the crystal) of NiO in both of
these cases contains only two unique sites; one nickel site and one oxygen site which are
separated by translation. This means each of the distinct magnetic sites in the mag-
netic crystal have identical crystal fields and experience the same magnetocrystalline
anisotropy. Additionally the oxygen and nickel site have the same site point symmetry.
In this case, we can use the lattice point group m 3m without further analysis. For

rank-2 magnetocrystalline anisotropy, we must solve the following system of matrix
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4.4 Symmetry Constraints on the Magnetic Hamiltonian

equations

pij = M pjp, (4.52)
pij = M{ipjp. (4.5b)

This reduces the allowed components of p;; such that the only allowed anisotropy is
poo(af + a3 + a3). By the definition of direction cosines we have o3 + a3 + a3 = 1. So,
the only permitted rank-2 magnetocrystalline energy Fso is an isotropic energy offset
FE5 = pgo. Constant energy offsets can be discarded, so rank-2 magnetocrystalline an-
isotropies (quadratic in «) are forbidden in cubic crystals. After applying the symmetry

constraints, the permitted fourth order anisotropy energy for m 3m is
Ey = ko(a] + a3 + a3) + ki (ada3 + a3ai + aal), (4.6)

where k; are anisotropy constants (lower case to show the index is not related to the

order). For rank-6, the permitted magnetocrystalline anisotropies are

Eo = ka(af + a§ + af) + kz(a1asaz)? (@
+ k(ajad + adal + adad 4 afad + adas + a3ad). .

Using simple crystal symmetry arguments, the number of magnetocrstalline anisotropy
constants to be determined has been reduced from 34 to just 5. m 3m has the highest
number of symmetry elements, each of which gives an additional (and distinct) equation
which the anisotropy tensor must obey, so the anisotropy tensor has the fewest non-
zero terms. The deviation from m 3 m for NiO is very small, even at zero temperature.
The angles of the axes of conventional cell go from being perfectly orthogonal (90°)
to making a ~ 90.1° angle with one another [59]. So, the anisotropy constants of the
magnetocrystalline anisotropies which are permitted by 3 m but forbidden by m 3 m will
also be negligibly small. For completeness, the allowed anisotropies for the point group
3m are given in Table 4.3. The direction cosines of 3 m which appear in Table 4.3 are in
a different basis to the direction cosines of m 3 m which appear in Table 4.6, so cannot
be compared without applying a transformation to a common basis. An example basis

transformation is given below

(102)? + (wa3)? + (azaq)? Mi [(a% + a%)z} + % {aé} s
4.8
— \f [alag(Sag - 012)} .
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4.4 Symmetry Constraints on the Magnetic Hamiltonian

Table 4.3: Permitted magnetocrystalline anisotropy terms for the non-magnetic point

group 3m in the basis where e; = [112], ey = [110], e3 = [111].

Anisotropy | Rank | Anisotropy | Rank | Anisotropy | Rank | Anisotropy | Rank
ol 2 % 4 adadas 6 araeas 6
(a? + a?) 2 adaz 4 ajagad 6 103 6
af 4 ada? 4 adad 6 a$ 6
aag 4 gl 4 alaj 6 ajas 6
adasz 4 % 4 adajag 6 ajad 6
a?a? 4 af$ 6 a?ada? 6 adad 6
ajaas 4 ajas 6 aFagad 6 adad 6
a2a? 4 adas 6 ataj 6 Y] 6
1o 4 atad 6 araj 6 a$ 6
ar1adas 4 ajasas 6 aragag 6
1003 4 ata3 6 ara3a? 6
103 4 adal 6 a3l 6

Most of the literature states that the spins lie in the {111} planes, with preferred
(112) axes within these planes [59, 66, 95, 96]. Ignoring the crystal distortion, no com-
bination of the (111) easy-plane dipole anisotropy and magnetocrystalline anisotropies
which are permitted by symmetry (Table 4.6) give preferred directions of exactly (112)
(six-fold symmetry), and it is inconceivable that a 0.1% change in conventional bond
angles could introduce a non-negligible in-plane crystal anisotropy (further justifica-
tion in Section 4.5.3). This is in agreement with observations [61, 62, 97] and previous
models [68], where there is a non-zero component of sublattice magnetisation parallel
to [111]. The component of sublattice magnetisation parallel to [111] doesn’t change
the magnetic symmetry [57]. Both experimental papers and the theoretical model find
non-zero out of plane components of the sublattice magnetisation. The observed de-
viation from (111) is incredibly small so none interpret this as having a ground state
which is not (112). Instead this is discarded as an artefact or experimental error. There
are two additional experiments which show the three-fold symmetry more convincingly.
First, Qiu et al [98] measured the THz emission from a (111) grown single crystal film
of NiO by the inverse spin Hall effect (ISHE) signal generated in a Pt capping layer.
The THz emission has three-fold symmetry upon rotating about the [111] direction
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4.4 Symmetry Constraints on the Magnetic Hamiltonian

(figure 3 b-g). A similar THz time domain ellipsometry experiment [99]-which gives
access to the orientation of induced dynamics—shows that, when applied to the ~ 1THz
mode, the induced magnetisation dynamics have three-fold symmetry, confirming the

presence of a non-zero [111] component of the Néel vector.

The choice between a rank-4 cubic anisotropy, a rank-6 cubic anisotropy, a rank-6
hexagonal anisotropy, and a rank-2 easy-plane anisotropy may seem unnecessarily par-
ticular, especially when the values of the anisotropy constants can be arbitrarily chosen
so that the resonant frequencies match the experimental measurement [66, 68, 85].
But, the choice of magnetocrystalline anisotropy changes the character (eigenvectors)
of the magnon modes®, determines whether certain optical coupling mechanisms or
magnetic transport phenomena are allowed by symmetry [99-101], and imposes cer-
tain constraints on which experimental geometries are required to observe certain
magnon modes. All pump-probe experiments which measure the in-plane, ~ 100GHz
magnon mode have pump incidences which are not perpendicular to the [111] dir-
ection [89, 102, 103]. In work by Kampfrath [104], both pump and have propaga-
tion vectors along the (111) surface normal and the 100GHz mode is absent, and Tz-

schaschel [89] shows additional light polarisation selection criteria for the modes.

The choice of anisotropy also changes the relative amplitudes of known magnon
modesT, it can introduce additional modes which may, or may not exist, and the choice
breaks the continuous symmetry of the easy-plane in different ways introducing different
possible soft modes which are no longer zero energy oscillations. So, the choice of
anisotropy is important to predict which resonance modes can feasibly be measured
in bulk (most modes vanish due to phase cancellation / destructive interference of
the eigenoscillations) as well as to predict which experimental methods—and in which

geometries—these modes can be measured.

*Only a uniaxial anisotropy appears in a linearised macrospin model. All other proposed magneto-

crystalline anisotropies are highly non-linear.
TThe amplitude is affected by different levels of non-linearity; a rank-2 (110) easy-plane anisotropy

will give a much larger amplitude for the 100GHz magnon mode than a rank-6 hexagonal anisotropy
because the amplitude of the mode is first order in the sublattice deflection amplitude compared to

fifth order for the rank-6 anisotropy
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4.4.3 Permitted Exchange Terms in NiO

The exchange interaction is complex. It is an emergent interaction in many-body sys-
tems from the combined effect of the Pauli exclusion principle and electron-electron
Coulomb interactions. Exchange is also constrained by the symmetry of the crystal.
Since the electron band structure is spin-split in magnetic materials, and the band struc-
ture gives information about the Coulomb interactions, then the exchange interaction
must obey the symmetry of the magnetic point group. Despite this, it is generally ex-
pected that the deviation from the symmetry of the lattice is small as the contributions
compatible with the magnetic symmetry are a back action on the electronic structure.
Mott insulators such as NiO are an exceptional case. Electronic structure calculations
such as density functional theories (DFT) which approximate electron correlations in
crystals as free-electron-like (LDA, LSD, or GGA) cannot qualitatively describe Mott
insulators, where deviations from free-electron behaviour creates a gap in the electronic
structure. This shows that electronic correlations (magnetism) have a strong effect on
the electronic structure and the magnetic back action contributions to the exchange
interaction will be considerable. The reduction in (spatial) symmetry constraints by
using the magnetic point group cannot introduce DMI—-this requires that the interac-
tion vectors between three neighbouring sites do not have an inversion centre [105]-but
it can split the value of exchange for neighbours of different magnetic sublattices with
the same interaction distance. This is the case for NiO. The next nearest neighbour
interaction (J2) couples pairs of spins which are on opposing sublattices (J2S4 - S)),
whereas the nearest neighbour interaction couples both pairs of opposing sublattices
(J1S4 - S)) and the same sublattice (J1S4 - Sy and J;1S| - S|). The magnetic symmetry
allows the value of exchange for interactions like Sy -S| and S4 - Sy to take different
values. The cubic symmetry of the lattice in NiO is sometimes used as an argument
to forbid the splitting of J; into Ji4 and Ji— [69]*. This is not true, however, as the

magnetic symmetry determines the allowed exchange interactions.

*A problem with reference [69] is that they say that type A and type B magnetic crystals have
different lattice symmetries but have not realised that their type A and type B crystal also have
different magnetic symmetries. Their depiction of type B cannot be a commensurate magnet (multiple,

non-integer magnetic propagation vectors are required for order).
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4.5 Parameterising the NiO Hamiltonian

Now the magnetic Hamiltonian terms that must be considered have been reduced only
to terms which are permitted by symmetry, we must parameterise the Hamiltonian

constants. The most important parameters for magnetic Hamiltonians are:

o Lattice parameter, a

« Spin magnetic moments, g

» Exchange interaction vectors and their strength, r;; and J%ﬁ
 Anisotropy constants, K,

o Magnetic damping, «;

Where the Latin subscripts ¢, and j are used to index spins in a supercell, the subscript
n indexes the anisotropy constants (which can be different for each spin), and the
Greek superscripts «, and § denote the tensor components of exchange (for symmetric
Heisenberg exchange this is a scalar multiplied by the identity matrix). The next
sections will describe the experimental measurements and theoretical calculations which

yield the most accurate values of the above parameters®.

4.5.1 Experimental Measurements

The most accurate and reliable methods for determining lattice constants are x-ray
scattering techniques. X-ray diffraction equipment exists in most experimental re-
search groups and even tabletop apparatus is accurate enough for most applications,
including measuring the 0.1° distortion in NiO. Measuring magnetic properties of anti-
ferromagnets can be difficult but inelastic neutron scattering (INS) is a very powerful
technique which gives access to structural properties (though the resolution is not as
good as XRD) as well as high resolution information about the magnon spectrum.
In principle, the magnon spectrum contains all the magnetic information of a system
including anisotropies but the magnon gap at the Brillouin zone centre is too small
to resolve in the available INS data for NiO [59]. Resonant inelastic x-ray scattering
(RIXS) is another method which gives information about the magnon spectrum but
its energy resolution is not as good as neutron scattering. Both of these techniques

require highly specialised synchrotron facilities, but inelastic neutron scattering allows

*We exclude magnetic damping as this can vary by orders of magnitude between samples.
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Table 4.4: The microscopic parameters for NiO from experimental measurements [59,

111]. Units are listed and may be different from the original reference.

Parameter Value
a 4.17A
Jo -1.91 meV
Ji+ 1.35 meV
Ji— 1.39 meV
ILS 1.60pp

exchange interactions and anisotropies to be determined with much greater accuracy
than RIXS. The magnetic moment can also be difficult to measure experimentally. In
principle, it can be measured using INS but this isn’t available for NiO. Paramagnetic

resonance techniques allow the magnetic moment to be estimated at high temperature.

In the case of NiO, there is a range of measurements available in the literature to
work from: inelastic neutron scattering [59, 106, 107], RIXS [108], spherical neutron
polarimetry [97], neutron diffraction [58, 74, 75, 109-111], x-ray photography [112, 113],
XRD [114, 115]. Only Hutchings [59] and Betto [108] directly measure the magnetic
dispersion and fit this to a magnetic Hamiltonian. Of these, only Hutchings is able to
resolve the splitting in the nearest neighbour exchange-required to give the measured
ground state—because of the higher energy resolution of INS. Ressouche [97] uses spher-
ical neutron polarimetry to give the most precise confirmation of the magnetic structure
of NiO (which has a small component perpendicular to the (111) plane). And, Bal-
agurov [58] uses specialist high-resolution neutron diffraction to simultaneously measure
the temperature dependence of the structural distortion and magnetic ordering, and
finds that they have different transition temperatures. The magnetic moment is diffi-
cult to measure directly so is typically inferred from fitting neutron scatting data [111]
and in NiO, the spin is expected to be non-half-interger because, despite being an in-

sulator, there is significant covalency and the orbital moment is not quenched [116-118].
Using these experimental measurements, we can neglect the crystal distortion (<

0.1°) and an experimentally parameterised magnetic model of NiO should use the para-

meters listed in Table 4.4.
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4.5.2 Ab-initio Calculations

NiO is a Mott insulator; spin correlations cause a strong Coulomb repulsion which cre-
ates a gap in the electronic structure. This is a problem for most DFT based methods
which cannot accurately represent these systems. Some DFT methods allow a value of
the Coulomb repulsion to be inputted but this requires information to be known about
the system a priori. Quoted values for the band gap vary. An open access database
using DFT states 2.30eV [119], whereas experiments range from 2.5 — 4.3eV [120, 121].
Additionally, DFT methods which do not include the screened Coulomb interaction—
including those which add in repulsion phenomenologically-do not consistently give
the splitting of the nearest neighbour exchange interaction [122, 123]. These used cubic
crystals but it has been known for many years that the distortion cannot completely
explain the exchange splitting, so must exist even in its absence [124]. Others claim
that the distortion is needed to create the splitting [69] even though their type B mag-
netic crystal (depicted in figure 2d) does not have the same symmetry as NiO-their
magnetic crystal cannot be described by a single magnetic propagation vector so it

cannot be collinear.

Instead of inferring the Coulomb repulsion (by using methods like LDA+U), it is
preferable to use methods which include the effect of charge screening and correla-
tions without this approximation. It avoids many of the problems described above.
The quasi-particle self-consistent GW (QSGW) method is an ab-initio method which
doesn’t have to rely on DFT* and is parameter free [40, 125]. This method gives very
good agreement with experimental measurements for parameters like spin magnetic
moments, spin wave energies, and the dielectric function without artificially adding
additional parameters such as the screened Coulomb interaction into the calculation,
though it does not calculate lattice parameters, instead this is taken from neutron scat-
tering experiments. Such methods are the most reliable (free of bias by the arbitrary
choice / tweaking of parameters) for estimating magnetic parameters. For NiO, the

values calculated using QSGW are given in Table 4.5.

At the time of writing, there are no ab-initio methods which include both relativistic

effects and screened Coulomb interactions with sufficient accuracy to calculate realistic

*The implementation of QSGW in [40] uses LDA+U DFT.
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Table 4.5: Microscopic Hamiltonian parameters for NiO. All parameters are taken

from [40]. For exchange nn means nearest neighbour and nnn means next nearest

neighbour.
Property Symbol Value
Spin magnetic moment s 1.71up
Exchange (nn 11) Jit —0.77 meV
Exchange (nn 1) Ji— —1.00 meV
Exchange (nnn) Ja —14.7 meV
Lattice parameter a 4.17A
Cubic anisotropy constant K 0.001 meV
Dimensionless damping Q 0.005
Dipole cutoff radius Reut 5a

values of the magnetocrystalline anisotropy constants in highly correlated materials
such as NiO. So, we chose an ab-initio method which gives accurate parameters for
exchange interactions, as these are more important than magnetocrystalline anisotropy

constants.

4.5.3 Point Charge Model of Magnetic Anisotropy in NiO

In Section 4.4, we eliminated magnetocrystalline anisotropies which are forbidden by
symmetry in NiO. There are no experimental measurements nor theoretical calculations
which give a reasonable value for a magnetocrystalline anisotropy that isn’t forbidden
by symmetry, though there are cases where a crystal field with the correct symmetry
has been considered. For example Battle [126] discusses a trigonal field due to nickel
sites in CoO:Ni alloys and Low [127] similarly measures the trigonal crystal field split-

ting of nickel sites in MgO:Ni to estimate the spin-orbit coupling of nickel ions.

Without adequate measurements or calculations, the best we can do to calculate the
non-negligible anisotropy terms is to use a point charge model of the crystal field. Point
charge models are infrequently used because many magnetic materials of interest are
metallic, so the large screening of the Coulomb interaction and highly non-local electron

wavefunctions means point charge models give poor agreement [128]. Additionally, in
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4.5 Parameterising the NiO Hamiltonian

rare-earth materials where spin-orbit coupling is much larger than the crystal field, a
point charge calculation of the crystal field is not representative of the eigenstates of
the system. NiO, however, is a large band gap insulator with low spin-orbit coupling
between nickel and oxygen sites so electronic and spin-orbit effects are small. There-
fore we expect a point charge model to give a good estimate of the relative strength of

different permissible anisotropy terms.

For our point charge model, we use a (111) oriented cubic crystal (initially with no
distortion, space group F'm 3m), with spins lying in the (111) plane. The non-magnetic
point group m 3m has five anisotropy terms which are permitted by symmetry. These

are given in Table 4.6.

Table 4.6: Permitted magnetocrystalline anisotropy terms for the non-magnetic point

group m 3m in the basis where X = [100], y = [010], z = [001].

Anisotropy Term Rank
(of + a3 + ) 4
(efod + ajaf + a3ad)
(af + a3 + af)

(anas)?

o I e N &

(afa3 + adad + aja? + a?aj + a3ajs + adai)

The rank-4 anisotropies are equivalent (within a constant energy offset) and can
related by using the identity o2 4+ a3+ a3 = 1. We expect that the rank-6 contributions
are small in comparison, but the term (ajasas3)? has been used in the literature [68].

So, we choose to fit two anisotropy terms given by the following Hamiltonians

H=—Kad [(SES!)?+ (SYS7) + (5787)?] (4.92)

i

H=—Keoy [SISIS]. (4.9b)

In the (111) oriented basis the Cartesian axes are given by the following crystallographic

directions % = [1/v/6, 1/v/2, 1/V3], ¥ = [1/V6, —1/v/2, 1/V/3], % = [-2//6, 0, 1//3].
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4.5 Parameterising the NiO Hamiltonian

In this basis, the rank-4 and rank-6 cubic anisotropies are

— R S [ avECSE) + osTS
: (4.10a)
BRTNGT sw)( P2(87) +3(S)" + 4(57)1].
15264 l(xf 6S7 — V/357)2(V6S] — 3v2SY +2V/357)?
(4.10D)

x (V6SY + 3v2SY + 2\/35;)2] .

For the point charge model, we choose to only include the effect of the six interstitial
first neighbour oxygen atoms—further shells of neighbours will adjust the amplitudes
by a small amount and introduce additional higher rank anisotropies. The next shell
consists of twelve nickel sites. The crystal field potential due to the twelve nickel sites is,
at most, half the size of the potential due to the six nearest oxygen sites, and the shape
of the potential due to nickel sites is inherently higher order due to a larger number
of sites. Including the shell of nickel sites would introduce unnecessary complexity to
a crystal anisotropy which is already very small. The displacement vectors between a

nickel site at the origin and the six nearest oxygen sites are

1
ry = §(V3 +V1)
1
ry = §(V3 - Vl)
rz = §(V3 — V] — 2V2)
(4.11)
ry = §(V3 +v1)
1
r; = §(V3 — Vl)
1
g = 5( 3— V] — 2V2),

where vi = a(‘[ 0,0), vo = a(—%,@, ), vz = a(0, %, ?) and a = 4.17A is the

lattice parameter. Assuming the sites have opposite charge (Ni?*T, O%), we can write

the effective crystal field interaction as a Coulomb potential

Vor(x Z

The crystal field here is unitless. One could approximate the magnitude of the crystal

(4.12)

|rl - X|

field splitting by using the ionic charges Ni2* and O~ but this neglects the effect of
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4.5 Parameterising the NiO Hamiltonian

charge screening by the nuclei. To estimate the strength of the resulting magneto-
crystalline anisotropy, the strength of the spin-orbit coupling and the magnitude of
the orbital angular momentum of unpaired (but strongly correlated) electrons must be
known. To avoid this complexity, we are only interested in the shape of the resultant
anisotropy (which has the same shape as the crystal field), and the relative contribu-
tions of the permitted anisotropies. Ignoring the distortion, the point charge model
gives a rank-4 cubic anisotropy (see Fig. 4.3) with a small rank-6 contribution (~ 2%

of the rank-4 energy).

Figure 4.3: Polar energy surfaces for (left) a (111) oriented cubic NiO crystal from the
point charge model, (right) the difference between the point charge model and optimised
anisotropy Hamiltonian. The crystallographic (111) plane is depicted in orange and the
axes on the right plot are 200 times smaller than the left.

Additionally, we created a point charge model which includes the contraction of
crystallographic (111) planes. Hutchings [59] gave a low temperature change in bond
angles of 6’ which is equivalent to 0.1°. We chose a much larger contraction; a 5%
(~ 0.8°) reduction in the distance between (111) planes so that any change in the
point charge model could be resolved. The contraction was implemented by the trans-
formation vs : a(0, */Té, ‘/Tg) — a(0, \/Té, 0.995‘/?5). The expressions for the displacement
vectors remain the same but their numerical value changes due to the change in basis

48



4.5 Parameterising the NiO Hamiltonian

vector vs. This does not preserve the volume of unit cell but, for the purpose of determ-
ining the change in magnetocrystalline anisotropy, this is unimportant as the lattice is

frozen and magnetoelastic coupling is ignored.

As an aside, it may, at first glance, seem that the trigonal point group 3m does
not permit a rank-4 cubic anisotropy. It does not appear directly in Table 4.3 because
the direction cosines have a different basis; «a; = [100] for the cubic anisotropies in
Table 4.6, and oy = [112] for the trigonal anisotropies in Table 4.3. But, with an
appropriate rotation, the rank-4 cubic anisotropy can be written in terms of the trigonal

direction cosines as

mrm Orm 1 1
(a1a2)2 + (a2a3)2 + (a3a1)2 m3mto3m, - [( % + a%)ﬂ + = {aé}
4 3 (4.13)

— \gﬁ |:051043(30é% - aQ)} .

Comparing with Table 4.3, each term in square brackets on the right hand side is ad-
missible by 3m. So a rank-4 cubic anisotropy is a special case of the permitted 3m

terms.

Including the trigonal contraction in the point charge model is expected to introduce
additional uniaxial anisotropy contributions along the [111] direction. We chose to add
both a rank-2 and rank-4 uniaxial anisotropy as well as a 3m compatible trigonal

anisotropy which, in the (111) basis, are given by

H=—Kua) (5) (4.14a)
H=-Kua) (5) (4.14b)
H=—Ku) [SESFB(SY)? - (S)7].- (4.14c)

i
Linear regression was performed, by hand, on the values of the rank-4 and rank-6 cubic
anisotropies k¢1 and kco for the cubic cell, and rank-2 uniaxial k.1, rank-4 uniaxial ks
and rank-4 trigonal k; anisotropies for the distorted cell until the difference between
the point charge model and Hamiltonian energy surface was ~ 0.01%. The optimised
values are given below in Table. 4.7*. The table includes the maximum energy dif-

ference Apax between the point charge model and the anisotropy Hamiltonian. The

*Another set of optimised anisotropy constants was obtained which have similarly small difference
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4.5 Parameterising the NiO Hamiltonian

energy surface for the point charge model and the difference between the point charge
model and anisotropy Hamiltonian for the distorted crystal are shown in Fig. 4.4 (no
difference between the model and Hamiltonian can be observed by eye). Both visually
and numerically this is almost identical to the cubic point charge model in Fig. 4.3,

even though the distortion has been exaggerated by nearly an order of magnitude.

Figure 4.4: Polar energy surfaces for a (111) oriented NiO crystal including the trigonal
contraction. (left) The point charge calculation, (right) the difference between the point
charge model and the optimised anisotropy Hamiltonian. The crystallographic (111)
plane is depicted in orange and the axes on the right plot are 200 times smaller than

the left.

The anisotropy terms for the distorted crystal were chosen as the reduction in sym-
metry is expected to be very close to cubic with additional anisotropies compatible with
the trigonal point group 3m. All values are normalised such that k.; = 1. Lowercase
constants k are used as they are unitless. Hamiltonian anisotropy constants must have
units of energy per spin which can be estimated from experimental measurements of

the spin dynamics and crystal field splitting.

from the point charge model. These are not presented here but have a non-zero ky2. It has previously
been pointed out that the anisotropies here are not orthogonal, and that using spherical harmonics can

be beneficial to uniquely specify the magnetocrystalline anisotropy in a material [129].
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4.5 Parameterising the NiO Hamiltonian

Table 4.7: Unitless anisotropy constants determined from the point charge model of
NiO. The maximum difference A .y between the point charge model and the anisotropy

Hamiltonian is also included.

Anisotropy Constant Cubic Value (k¢1) Trigonal Value (k1)
kel 1 1
keo 0.168 0.168
ku1 0 -0.107
k1 0 0.005
kuo 0 0
Ammax 0.0014 (~ 0.1%) 0.0055 (~ 0.6%)

The point charge model shows that the anisotropy constant for rank-6 cubic aniso-
tropy Ko is ~ 17% of the rank-4 cubic anisotropy constant K.;. This may not seem
negligible at first glance. But, the energy difference between maxima and minima for
these two anisotropies is not 17%. The single spin energies of these anisotropies are

given by
Eor = —Ke1 [(S2Sy)* + (SyS:)% + (5:5.)?] (4.15a)
Eeo = — c2(SzSySz)2- (4'15b)

The pair of crystallographic directions [001] and [111] are an easy and hard axis for a
spin with either a rank-4 cubic anisotropy (Fc¢;) or a rank-6 cubic anisotropy (Fc2).

The energy difference between these two directions for each anisotropy is

AE, = % (4.16a)
Ke

AEg = =2, 4.16b

> o1 (4.16)

So, a rank-6 cubic anisotropy would need to have an anisotropy constant 9 times lar-
ger than a rank-4 anisotropy to have the same energy barrier between easy and hard
directions. Taking this into consideration, for the cubic NiO crystal with space group
Fm 3m, the energy contribution of the rank-4 anisotropy is |AFE.1| = 0.3 and the rank-
6 anisotropy contribution has |AE.| = 0.0062. The effect of rank-4 anisotropy is ~ 50

times larger than the effect of the rank-6 term.

o1



4.5 Parameterising the NiO Hamiltonian

4.5.4 Convergence of the Dipole-Dipole Interaction

In atomistic simulations, we calculate the magnetic dipole-dipole interaction between
discrete magnetic moments directly. This is computationally very expensive and, in
principle, the interaction of a magnetic moment with every other magnetic moment
in the ensemble should be calculated. For a supercell which contains 24,576 magnetic
moments (this is small for a simulation), there are over 600,000,000 dipole interactions
which must be calculated. Since the strength of the dipole-dipole interaction is propor-
tional to |rij\*3, we reduce the computational overhead of the dipole-dipole term by
using a spherical cutoff radius; neighbours outside this radius are omitted from calcula-
tions. Fig. 4.5 shows the energy difference between the hard axis and easy plane in NiO
as a function of the cutoff radius R in units of the lattice parameter a = 4.17A. The
cutoff radius for all simulations was chosen to be Ry = 5a, unless otherwise stated™.
This is equal to Reyt = 20.85nm. This value of the cutoff radius has good convergence
of the energy difference, which means the dipole-dipole interaction in simulations of

NiO has 2,122 nearest neighbours per spin (compared to 18 for exchange).
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—0.046 Il .
_ ' -0 g _—0-—"0--
E -0048 4 !
= H
E’ ~0.050 - ,’/
S | 1
3 ~0052
1
-0.054 -/
b
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1 2 3 4 5 6 7 8 9 10
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Figure 4.5: Dipole anisotropy energy difference between the Néel vector lying along [112]

and [111] against the maximum interaction distance in units of the lattice parameter.

*In very thin films and nanoparticles of NiO, the ground state is not necessarily an easy-plane, or

even collinear. But in bulk-like systems, the ground state is always a collinear easy (111) plane.
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4.5 Parameterising the NiO Hamiltonian

4.5.5 Summary of the Magnetic Model of NiO

We choose the ab-initio parameters for the all atomistic simulations of NiO. These
parameters give the best agreement with experiments and are the least sensitive to
choices made in experimental measurement and/or fitting. It is also much newer than
the best neutron diffraction experiments by Hutchings in 1972 [59]. The total magnetic

Hamiltonian is

1
’Hz—Q%:Jijsi-sj

1 pops,ites,j 3(Si - 145)(S; - #45) — (Si - Sj)
Y J )5 Ty j (4.17)

7 Ar ;|

= 3K [(SS)? + (SYSE)E+ (ST

where the unit vectors @1, ¥, W are given by @ = [1/v6, 1/v/2, 1/V/3], v = [1/1/6,
—1/v/2, 1/V/3], and W = [~2/1/6, 0, 1/4/3]. The microscopic material parameters used

in all atomistic simulations are given in Table 4.5.

By considering both the lattice and magnetic symmetries of NiO, we have created
a spin Hamiltonian which obeys Neumann’s principle and is commensurate with global
antiferromagnetic ordering. The material parameters and exchange interactions were
then parameterised using both high resolution experimental measurements (Table 4.4)
and carefully selected ab-initio methods (Table 4.5)-the difference in material para-
meters between these two are small so we can be confident that the model accurately
reflects reality. The relative strengths of the magnetocrystalline anisotropy constants
were estimated using a point charge model of the crystal field which unequivocally
shows that there is a non-zero (albeit very small) out of plane component of the sub-
lattice magnetisation. Since no reliable measurements or calculations of the strength
of the leading order magnetocrystalline anisotropy are available in the literature, a
simple order of magnitude estimation from the magnitude of the measured out of plane
sublattice magnetisation is used* [60]. Aside from this, the model presented has no

parameters which are altered to agree with experiment. The tools presented above

*In Chapter 6, we analyse the eigenfrequencies of NiO in the linear approximation and find that the
magnetocrystalline anisotropy doesn’t introduce any additional eigenmodes so the anisotropy constant

cannot be estimated from the low frequency mode.

93



4.5 Parameterising the NiO Hamiltonian

are very powerful and a similar process should be used to create models of magnetic
materials to ensure the model is realistic, is not forbidden by symmetry, and can be
used to confidently predict the microscopic behaviour of magnetic materials which is

especially important in antiferromagnets.
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CHAPTER 5

Thermodynamics of NiO
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5.1 Thermostats

In atomistic spin dynamics calculations, the stochastic thermal field must obey fluc-
tuation dissipation theorem. The stochastic thermal field &;(¢)-which is often called a

thermostat—is defined by its correlations. These are

(& @)e=0 (5.1a)
€ (1) EX(1)) = —2 51, )6 (cr, B)6(t, ol £, T), (5.1b)
MS,iVi

where a, 3 are Cartesian directions and ¢(f,T) is the power spectrum of the thermal
noise. Most atomistic spin dynamics codes use classical, white thermal noise. This
means that there are a similar number of k = 0 spin waves and Brillouin zone edge spin
waves. Since magnons are approximately bosons*, the power spectrum of the thermal
noise should follow a Bose-Einstein distribution, even when spin is not quantised [131,
132]. This method was first applied to molecular dynamics [133] and has since been
applied to spin dynamics [132]. By using Planck statistics, we populate thermal spin
waves such that the there are many more low energy spin waves than high energy ones.

The white and Planck power spectral functions ¢(f,T) are given by'

o Classical pu(f,T) = kpT
o Semi-classical ¢ (f,T) = hf/exp(hf/kpT).

When ¢4 is used, as in Fig. 5.1, analytic theories such as Bloch’s law [130, 134, 135]-
which shows that the decrease in the saturation magnetisation due to temperature in a
ferromagnet is proportional to T%/2-are recovered in simulations without any fitting or
temperature rescaling as seen in other work [131, 136]. When temperature is rescaled,
Bloch’s law can be recovered from simulations with white noise, but the incorrect pop-
ulation of spin waves across the Brillouin zone will have strange effects on spin wave

interactions and the temperature dependence of other observables such as the spin wave

*Magnon states (Holstein-Primakoff operators) are not perfectly orthogonal so cannot be perfectly
bosonic [130]. The truncation of the binomial expansion of Holstein-Primakoff operators to linear in
boson operators is an approximation ie \/ﬁ (1 — %&Idi)lp a; ~ V/2Sa;

tThere are many equivalent nomenclatures for these two cases. For classical statistics, one will
often see the following terms used; white noise, Boltzmann statistics, Maxwell-Boltzmann distribution,
equipartition, Gaussian thermal noise, Johnson-Nyquist noise, Rayleigh-Jean law. For quantum boson
statistics, the following are used; coloured noise, Planck statistics, Bose-Einstein distribution, energy

quantisation, etc.
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5.1 Thermostats

stiffness, anisotropy and damping. In Fig. 5.1, the breakdown of Bloch’s law can be
seen at high temperature and is discussed in Section 5.2. As predicted by quantum
theory, the thermodynamics of a simulation using a quantum thermostat becomes de-
pendent not only on the values J;;, but also on the spin magnetic moment pg (or the
spin quantum number S for truly quantum systems). This additional degree of free-
dom means it is even more important to carefully parameterise the Hamiltonian of the

system when using a quantum thermostat.
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Figure 5.1: The temperature dependence of the magnetisation of a simple cubic ferro-
magnet with uniaxial magnetocrystalline anisotropy (J; = 3 x 10721J, K = 1 x 10723,
ps = lup and a = 3A) using atomistic spin dynamics. Calculations using both the
classical and quantum thermostat are included. The curve is the analytic expression
for Bloch’s law (5.3).

This is not a perfect method. In the limit of low damping, this implementation
of coloured noise breaks fluctuation-dissipation theorem. A different implementation,
which requires two magnetic damping parameters [137], introduces a ‘memory’ of pre-
vious states to ensure fluctuation-dissipation theorem is obeyed—though the idea of a
memory in the thermal fluctuations of quantum systems isn’t new [138-140]. In prac-
tice, & > 1073 is sufficient to ensure fluctuation-dissipation theorem is obeyed-this is

small for most metals but is large compared to insulators like YIG [141] and NiO [142].
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5.2 Sublattice Magnetisation

It is important to discuss the limitations of using coloured thermostats to introduce
quantum effects into classical systems. By using a quantum thermostat we have ex-
cellent quantitative agreement with experiments for temperatures away from absolute
zero and away from the critical temperature. Since this is a classical method, purely
quantum effects such as superposition, tunnelling and zero point fluctuations are not
observed. And, since this is still a three-dimensional Heisenberg model, we have not
changed the universality class, so observe a classical scaling exponent [143, 144]*. When
using methods like atomistic spin dynamics for multiscale materials specific modelling
we are often working on time-, temperature-, and length-scales where these quantum
effects are not important. Instead, we care about macroscopic observables such as the
magnetisation, or thermodynamic effects like spin wave softening, and linewidth broad-
ening so that we can explain and/or predict the behaviour of devices at this scale. In
this case, correctly populating the spin wave spectrum so that the magnetisation and
magnon-magnon scattering cross-sections are quantitative compared to experiments is
sufficient. If quantum effects must be included then quantum Monte Carlo simulations
must be used which are limited to ~100 atoms (this is a nondeterministic polynomial
complexity problem [146]) or two-dimensional models [147], instead of the hundreds of
thousands or millions of spins that can be accessed using three-dimensional atomistic

spin dynamics.

5.2 Sublattice Magnetisation

The sublattice magnetisation of an antiferromagnet has a different temperature de-
pendence to ferromagnets. Ferromagnets have quadratic dispersions so follow Bloch’s
law [134]. Bloch’s law has a very simple premise—each magnon is a delocalised spin flip
so the finite temperature magnetisation is related to the total number of magnons. The
number of occupied magnon states can be calculated analytically by a small k approx-
imation and using Bose statistics to estimate the magnetisation. Though the theory
was originally derived by Bloch, Dyson [130] created the modern spin wave theory of
magnetic materials, giving very comprehensive consideration of the effects of spin wave
occupations, the shape of the spectrum and the non-orthogonality of magnon states

(non-bosonic contributions); a second article was published at the same time applying

*Though the critical exponents of real materials can be closer to the 3-dimentional Heisenberg

model than the 3-dimensional Ising model (see figure 7 of [145], for example).
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5.2 Sublattice Magnetisation

this theory to a simple anisotropic ferromagnet [135]. This is a generalised Bloch’s law
and introduced a number of higher order terms, but these are rarely used. For a bulk
isotropic ferromagnet with conventional lattice parameter a, spin magnetic moment
per atom ug, and only contains nearest neighbour exchange of strength J in a small

magnetic field applied H = Hyz, the Hamiltonian is
1
H= —52Jijsi -8, — pops Y, S§ Ho, (5.2)
i, i
and, assuming the applied field is small, Bloch’s law is given by

_ 2\ o gkB VwsT(3/2)C(3/2) kgT
mz<T) - <zz: Sz> =1 s 42 (JNSGQ/Q,UB> (5.3)

where g is the Landé-g factor®, I is the gamma function, and ( is the Riemann zeta func-
tion. This comes from a direct evaluation of the magnon number operator ((fix)x)7 in
the low temperature limit. The number operator for magnons is related to the thermal
noise power by (fix)r = (pq(f,T))r. The noise power is evaluated numerically and we
do not take the low temperature limit (as in Bloch’s law). Therefore, simulations using
a quantum thermostat include all higher order effects, and results are quantitative to
higher temperatures where the quantisation of spin plays determines the critical expo-
nents of the system; since the spins in our simulations are continuous unit vectors, these
still belong to the classical Heisenberg model universality class. For antiferromagnets,
however, the linear dispersion means that the low temperature approximation of the
magnon number (7 )i has a different expression. This is a little known fact in the field
and researchers either assume Bloch’s law is valid in antiferromagnets, or a Brillouin
function is used to estimate the sublattice m,(T)" [142]. The antiferromagnetic ana-
logue to Bloch’s law was derived by Kubo [148] which gives a quadratic temperature
dependence of the sublattice/staggered magnetisation. In Appendix D we derived the
exchange magnon Hamiltonian for NiO including both nearest and next nearest ex-

change, and the exchange splitting. We reproduce a few steps here for the derivation

*This form of Bloch’s law is for classical spins. For the quantum case, S;-S; — S'fé'f —|—S'f5';’ —&—S’fé’j
so one must multiply the second term by S (not S(S + 1)).

"We use m,(T) to distinguish between the absolute value |m(T)| = (Zl(—l)lsz) . (Zl(—l)lsl)
and by taking some quantisation axis (ie 2) to measure the saturation ms(T) = > (—1)"(S; - 2). Both
Bloch’s law and Kubo’s expression for antiferromagnets are only valid with respect to a quantisation
axis because of the uncertainty principle’s stipulation that S*z, S’y and S, cannot simultaneously be

measured in a quantum system.
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of a modified Kubo T2 law. Ignoring zero point fluctuations (atomistic simulations are
classical so we do not observe this), we begin with the following form of the the second

order magnon Hamiltonian operator

A =3 Ay (afar + byt ) + Bic (anchic +aldl.) . (5.4)

K

where

A = =Sz[N (3 = 1) + Ji- + Jal, (5.52)
By = —Sz[ T + I, (5.5b)
Y%= é [cos (;(km + ky)) + cos (g(kzy + kz)) + cos (g(km - kz)>] : (5.5¢)
= % {cos (;L(k:x - k:y)> + cos (;(ky - kz)> + cos (;(k + kx)ﬂ L (554
71({2) = % [cos (kza) + cos (kya) + cos (k.a)], (5.5e)

J = S—JQ are the exchange interaction strengths®, z = 6 is the number of neighbours for
each exchange interaction, &L and BL are the creation operators for bosonic excitations
which are localised on the 1 and | sublattices respectively, ax and Bk are the correspond-
ing annihilation operators. All other material parameters are given in Table 4.5. There
are off-diagonal terms in the above Hamiltonian which means the localised magnons of

the two sublattices are coupled. We wish to rewrite this in the form
HP = hfi (6 ane + Bl ), (5.6)

where h fy are the linearised magnon energies, dL and BA;L are the creation operators of
the two linearised magnons, and &y and Bk are the corresponding annihilation operat-
ors. The excitations described by «, 8 are not localised on a sublattice. Instead these
are linearised/diagonalised using a Bogoliubov transformation which is k-dependent.

We choose the following form of the Bogoliubov transformation

ak | | uk k| | Gk
AR -

where uy, = [(Ax + hfi)/2hfil] V2, v = [(Ax — Rfi)/2hfi]V/?, and hfy = \/A} — B2.

To calculate the reduction in sublattice magnetisation due to temperature, we must

*We write the exchange like this to ensure agreement with our classical definitions of the exchange

Hamiltonian. In other chapters calligraphic exchange constants are used for macroscopic parameters.
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5.2 Sublattice Magnetisation

find expressions for the S, operators on the 1 and | sublattices in terms of a and 3
operators. Using the above transformation and the canonical commutation relations,

these are given by
Sl = NS =Y afae = NS =Y (ufafan + B, Bx) (5.82)
k k
3= NS =Y blb= NS =Y (gl ya + g BlA) - (5.8b)
k k

Since the magnon Hamiltonian (5.4) can be written as a symmetric matrix, both sub-
lattices have the same energies and occupations. So, the sublattice magnetisations
and the Néel vector have the same temperature dependence (this is not true for ferri-
magnets) which can be calculated by counting the number of thermal magnons. We
now want to move back to classical spins while retaining the boson number operators
>k d;r{&k> = Oy BALﬁAk) = (> "y i) which, in combination with ignoring zero point
fluctuations, becomes equivalent to numerical atomistic spin dynamics with a quantum
thermostat. Moving from quantised magnons to classical spin waves looks like a simple
transformation but has a few consequences which aren’t often made explicit. We of-
ten think of the Heisenberg model in terms of classical spin vectors of unit length S
but in atomistic spin dynamics these are actually magnetic moments g = ugS. So,
the (quantum) spin angular momentum S must be transformed to a classical magnetic
moment using gupS = ug*. This means that classical spin waves carry spin angular
momentum fu,,, = pg, and we retain the normalisation factor 1/N.S in Bloch’s law
(ms(T) =1 — (1/NS)(ny)), even in the classical case. Moving to classical magnetic
moments from quantised spins also justifies the absence of zero point fluctuations since
a classical equation of motion with a classical Hamiltonian and classical spins always

has the trivial ground state of perfectly aligned moments with no fluctuations.

Returning to the derivation of a modified Kubo T2 law, the finite temperature Néel

vector for classical magnetic moments (quantum operators become functions) is given

*One may initially think the transformation should use the total spin angular momentum |S| =
v/ S(S 4 1) but we have intentionally used the operator S% which is given (with respect to some ground
state |0)) by $%]0) = S|0). Therefore the transformation from quantised spin to classical spin angular

momentum is given by S — us/gus.
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1 ; 1/1 1/ 1

—1- %f [2]1\7T <<u12<01;r(01k + Ve 1Bk — it (dLB*k T é‘kB*k>>> (5.9)

+ 21% <<U12(04T_k047k + Uiﬁlﬁk — UkUk (é‘kB*k + @kB*k> >>}

S 2 () )

where N = N3 + N is the total number of magnetic moments, the quantisation axis
s for NiO is the easy plane*, ui + v = |Ax/hf(k)|, and the inner and outer angle

brackets denote the sum over k and thermal average, respectively.

Using equations (5.5), (5.6), and (5.7), the classical spin wave spectrum for our
model of NiO isf

gﬂif\/ww(%r(k) — 1)+ S+ Jo)? = [Ji7- (k) + e (k)]?,  (5.10)

hfk) =
where z = 6 is the number of neighbours for all three exchange interactions, and (k)
are the continuous structure factors in the limit of an infinite crystal. The remainder
of the derivation is very similar to Bloch’s law; take the small-k limit for spin waves
to obtain a linear spin wave spectrum (quadratic in Bloch’s law), then compute the
generalised Watson integral [149] using substitution. The above expression is more
complex than those used previously as it includes the nearest neighbour interaction

(and its splitting). The additional mathematical complexity in our final expression

for I4(T) is expected to give better agreement with experiments and our numerical

*Since the temperature dependence is independent of the anisotropy we were free to choose the
z-direction as the quantisation axis but in practise the quantisation axis can in fact be a plane. The
only requirement by the uncertainty principle on the derivation is a pair of orthogonal measurements

which are usually taken to be S, and |S|? = S(S +1).
tIn addition to removing the quantisation of spin, we have also removed the quantisation of k which

is equivalent to the assumption of an infinite system. In an atomistic simulations we have a discrete

lattice with a finite number of atomic sites so k is, in fact, quantised.
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5.2 Sublattice Magnetisation

simulations. In the small-k limit the spectrum becomes

hf(k) ~ ‘JZL‘—;@ 205 (Jo + J1 K[ + Ji— (Jo + Ji) (K| = koky — kyks + koky)
12 (5.11)

+ J1 (Jo + Ji) (K| + koky + kyk, — Kok

The inclusion of the split nearest neighbour interaction introduces some anisotropy to
the dispersion relation. But, we can safely ignore this since terms like k;k, are odd

and vanish in the generalised Watson integral. Now we have

hfk) = TEE [ gy + 1) (200 + Ji- — Jiy)|Ela
Hs (5.12)
= DIk,

where D = %\/(Jg + J1-)(2J2 + Ji— — J14+) is the spin wave stiffness. The factor
ui + 1)12{ in equation (5.9) was introduced by the Bologliubov transformation and is
k-dependent; in the classical, small-k limit it is proportional to 1/|k|. So, we define the
constant A by the relation uf + v2 =~ A/|k|. In the small-k limit, X is

V6| Jy + J1_|
av/(Jo+ J1-)2J2 + Ji— — Ji1)

~

(5.13)

The reduction of the staggered magnetisation at finite temperature Al (T) = 1—14(T),
can be calculated by substituting uf + vZ ~ A/[k| into equation (5.9), and replacing

the number operator with a generalised Watson integral. This gives

gMB V max Slne
AL(T) = / / / ( ) - o do dk
(T) Lis =0 Jo—oJo—o oDk/kpT _ 1 ¢

k
_ guBV max ksin@
B WS /k /9 o/¢> o eDk/ksT 1 d¢d9dk

where v, = a®/4 is the Wigner-Seitz volume. By using the substitution = Dk/kgT

(5.14)

and integrating from x = 0 to oo, the staggered magnetisation is given by

g:uBsz)\ kBT>2
(T)=1-— . Nl
(1) o ( = (5.15)

Including all three exchange terms, the reduction in staggered magnetisation is Al4(7") ~
5.08x 1077 T2. By neglecting the J; contributions in the analytic calculation, the reduc-

tion in staggered magnetisation is Aly(T) =~ 5.31 x 10~7 T2, For a two sublattice model
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5.2 Sublattice Magnetisation

(ignoring the problem of four uncoupled sublattices), the nearest neighbour interactions
stabilise the magnetisation against thermal fluctuations. Though the difference is small
(~ 4%). But, as discussed in Chapter 4, the nearest neighbour splitting is required for
an antiferromagnetic state to be the equilibrium state at all temperatures. Similar to
Dyson’s treatment for ferromagnets, there are higher order corrections that can be in-
cluded into the theory. For ferromagnets, the first order approximation is proportional
to T3/2 higher order corrections due to the shape of the spectrum are proportional to
T3/247 where n indexes the correction to the shape of the spectrum, and the lowest
correction due to spin wave interactions is proportional to 7%. In antiferromagnets,
the series can be written in a similar way, but is both qualitatively and quantitatively
different; the first order approximation is proportional to T2, corrections due to the

1+n)

shape of the spectrum are proportional to T2 , and the first correction due to spin

wave interactions is proportional to 76 [150].
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Figure 5.2: Comparison of Kubo’s T? scaling from Eq (5.15) including both nearest
neighbour and next nearest neighbour exchange and atomistic spin dynamics with a
quantum thermostat. Both (|1|) and I,(T) = ((1/N) Y ;(—=1)'S}) are plotted, and L

denotes the in-plane component of the spin moment.

In older literature, there were various discussions and speculations on the applic-
ability of magnon theories on antiferromagnets because of zero point fluctuations in
addition to the typical problems of non-orthogonal states and truncation of Holstein-
Primakoff operators [148, 150, 151] which led to the use Schwinger boson mean-field
(SBMF) theory which writes spin operators exactly Schwinger bosons instead of an

approximate Taylor expansion of Holstein-Primakoff operators [152]. This theory is
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5.2 Sublattice Magnetisation

applicable throughout the whole temperature range and doesn’t require an ordered
equilibrium state. But, the theory is applied numerically using Green’s functions so
doesn’t yield easy to use analytic power laws in temperature. This means it is usually
confined to highly anisotropic low dimensional systems [152] and systems with complex
equilibrium states such as spin glasses, which aren’t well described by spin wave the-
ories [153].

Using linear spin wave theory, we now have an analytic expression to compare our
numeric results with. We can’t comment on the applicability of magnon theories on
truly quantum systems, but we can compare the first order theory with the calculated
temperature dependence from spin dynamics simulations using the quantum thermo-
stat*. The simulations evaluate the full spin wave Hamiltonian—not simply the second
order contribution—and includes the full shape of the spin wave spectrum instead of a
linear approximation. In general, we expect first order theories of antiferromagnets to
be slightly worse approximations than for ferromagnets because the system is inherently
more ‘quantum’ (ie zero point fluctuations). It can be seen from the low temperature
data of Fig. 5.2 that, at low temperatures, both (|1|) and I4(T") lie above the analytic
theory. This is in contrast to Fig. 5.1 where the simulation calculated m(T") for an
isotropic ferromagnet always lie below the analytic expression for Bloch’s law. This is
likely due to the relatively strong anisotropy in NiO. The effect of anisotropy can be in-
cluded in the theory [148, 154]; the effect on the spin wave stiffness is negligible. But, at
very low temperatures, the > 1THz magnon gap introduced by the anisotropy prevents
the occupation of low-k magnons, stabilising the sublattice magnetisation from thermal
fluctuations. The effect of magnon freezing persists to temperatures much greater than
the effective temperature of the gap (see figure 1 of Eisele [154]). The deviations from
the simple theory are small enough that calculating a more complex expression will
give no new insight into the system. Even if the effect of anisotropy was included in the
theory, it is expected that (|1|) will still lie above the theory because of the requirement

from quantum mechanics that a quantisation axis/plane must be chosen.

Since the numerical calculations and analytic expression are derived from identical

models of NiO, we can confidently say that the first order approximation of the tem-

*NiO is expected to be well described by spin wave theories.
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5.2 Sublattice Magnetisation

perature dependence of staggered magnetisation should only be used for temperatures
less than ~ 40% of the Néel temperature—in metals, the agreement between experi-
ments and spin wave theory is expected to break down at lower temperatures. In a
typical ferromagnet, Bloch’s law to first approximation can be applied up to ~ 60%
of the Curie temperature (at least for our generic simple cubic ferromagnet 5.1). For
completeness, a comparison between the classical and quantum thermostat is given in
Fig. 5.3.
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Figure 5.3: The temperature dependence of the staggered magnetisation calculated
using atomistic spin dynamics. Calculations using both the classical and quantum

thermostat are included.

Comparing with experimental measurements of the magnetisation is of more prac-
tical interest so that material and device properties can be predicted. The exper-
imentally measured Néel temperature is Ty = 523K [58]. Our model gives excellent
agreement, the Néel temperature of the semi-quantum simulation is Ty ~ 535K—typical
spin dynamics simulations, which use Boltzmann statistics, have Néel temperatures of
around half the experimental value. Fig 5.4 shows the mg(T") curves for both single
crystal and powder samples. As expected, the powder samples are significantly differ-
ent from the semi-quantum simulation. Here the simulated supercell is larger than the
average particle sizes of the powder samples. Since the dipole-dipole interaction is very

long range (convergence for Rey > 20A), and spin-lattice coupling is large [155, 156],
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5.2 Sublattice Magnetisation

finite size effects are more prominent in the experiment than the simulation. For single
crystals (Fig 5.4 (left)), there is a lack of data at cryogenic temperatures and the
deviations from the simulation at these temperatures highlights the failure of thermo-
stating at high temperatures. In Section 5.5, we show quantitative agreement through
the temperature range 50 — 450K. The experimental data used in Section 5.5 is shown
in Fig 5.5. Despite the data of Moriyama and Van Doorn being taken over 40 years
apart, and on different single crystal samples, the shapes of the temperature depend-

ences are almost identical.
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Figure 5.4: Temperature dependence of the sublattice magnetisation in NiO. Both in-
clude the semi-quantum atomistic simulation in addition to neutron diffraction experi-
ments on (left) single crystal samples, and (right) powder samples. Experimental data

is taken from Roth [75], Van Doorn [107], Rinaldi-Montes [157], and Negovetic [158].
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Figure 5.5: Comparison of the temperature dependence of resonant frequency (Mor-
iyama) and the Van Doorn. Data from Moriyama is a private communication, the

method and crystal details can be found here [142].

5.3 Anisotropy

5.3.1 Callen-Zener

Callen-Zener theory [159, 160] has been very successful in both experiments and nu-
merical models at describing the temperature dependence of macrospin single-ion an-
isotropy constants in magnetic materials [38, 161-163]. The theory is applicable to
both ferromagnetic and antiferromagnetic ordering in any material where the aniso-
tropy can be considered as a perturbation to the exchange Hamiltonian. In materials
where the anisotropy is two-ion, or is of the same order of magnitude as the exchange,
and in metallic magnets where the anisotropy is highly non-local, the theory breaks
down [164-168]. The paper of H. Callen and E. Callen [159] gives a comprehensive
overview of the complicated history of finite temperature theories of anisotropy and
generalises Zener’s 1954 derivation [160] which rewrites magnetocrystalline (single-ion)
anisotropies with anisotropy constants K; in terms of spherical harmonics Y;™ (0, ¢)
(effectively a different basis) where [ is the azimuthal quantum number (quanta of or-
bital angular momentum), m is the magnetic quantum number (projection of [ along a
quantisation axis) with anisotropy constants «;.  can only take even values because of

spin inversion symmetry of the mediating lattice (as in Section 4.4). Zener shows that
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5.3 Anisotropy

the temperature dependence of these anisotropy terms can be written as the thermal
average of equilibrium spin fluctuations ms(7T) about the spherical harmonic (Y;°(6)).
This is independent of the shape of ms(T'), and it is independent of whether the un-
derlying physics is classical or quantum—it simply accounts for the curvature of the
anisotropy Y, (6, ¢) by calculating integrals of the form

K(T) _ [ Y"(0,6) e /kT dfdg
k(0) [ e H/ksT dody

(5.16)

The integrals can, in principle, be calculated in the basis of K;. But, the mathematical
evaluation does not have an obvious analytic solution. The purpose of Chapter 7 is
to create a new framework where the curvature of anisotropies (and even exchange)
can be calculated in numeric simulations using simple thermal averages of functions of
the order parameter, in equilibrium, and free from constraints or complicated sampling
methods. The inability to work in the basis of Cartesian magnetocrystalline anisotrop-
ies with constants K; means Callen-Zener theory is rarely used outside of the often
quoted m? and m!Y scaling of rank-2 uniaxial anisotropy and rank-4 cubic anisotropy

respectively.

5.3.2 Constrained Monte Carlo

The constrained Monte Carlo (CMC) method is a specialist Monte Carlo algorithm
which calculates the temperature dependence of anisotropies in magnetic systems [38].
The method constrains the direction of the order parameter using a biased Metropolis
Monte Carlo algorithm; there is no fictitious field imposing the constraint so the shape
of free energy landscape and the scaling of the pseudo-equilibrium free energy are
preserved®. The constraint leads to a persistent (non-zero) torque, T, on the order
parameter 1, T = —1 x F / Ol. The free energy difference along a path between two

staggered magnetisation states can then be calculated as

HD:f®y%f@xT)ﬁ, (5.17)

Ip

where 1 = % ZzN R;m; is the staggered magnetisation. The staggered magnetisation

applies a rotation R; to each magnetic sublattice m; in the system so that all sub-

*The pseudo-equilibrium requires that the anisotropy is sufficiently small such that the temperature

dependence is dominated by exchange. This is the same requirement as Callen-Zener theory.
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5.3 Anisotropy

lattice magnetisations align parallel; for a collinear antiferromagnet this is the Néel
vector. 1y is the direction of the order parameter at some initial direction, the easy axis
for example, and T = T(i’ ) is the torque acting on the staggered magnetisation. The
anisotropic contribution to Hamiltonian energy has the same scaling as the torque, so
the thermal average of the torque is calculated at a point of maximal torque for mul-
tiple temperatures to determine the anisotropy scaling. For an easy-plane anisotropy
maximum torque is 45° from the easy-plane. The anisotropy scaling is usually written

as a power law of the order parameter I5(T),

K(T) _ (ll((g))y’ (5.18)

We apply this method here to calculate the torque 7; experienced by the magnetisation

m; of sublattice 7, due to the dipole anisotropy, for a given microstate by the following

sum over magnetic moments

N
- oH
Ti=-)_ 8S;X 35 (5.19)
j J
where j are indices for spins in sublattice ¢*. The total torque on the order parameter
7 for a microstate in NiO is then 7 = Y°%_,(—1)*7; and the expectation value of the

torque T is given by the thermal average T = (7).

This Monte Carlo method cannot use the quantum thermostat—in fact there is no
thermostat. Instead a classical Boltzmann function determines the thermodynamics so
it is equivalent to spin dynamics with white noise. But, since in Section 5.3.1 we noted
that the Callen-Zener theory is independent of the details of the thermodynamics used,
the magnetisation scaling of the effective macrospin anisotropy constant is still valid ie

K (my) is valid for any m(T)T.

We apply constrained Monte Carlo to the dipole anisotropy in NiO and fit a power
law of the saturation sublattice magnetisation. The dipole anisotropy is found to scale

as the second power of the sublattice magnetisation, Kgip ~ m%(T), where Kgjp, is

*In systems with multiple sources of anisotropy, like NiO, the torque is calculated per Hamiltonian

term.
fWe also show later in Fig. 7.8 that the constraint in constrained Monte Carlo changes the shape

of ms(T') compared to a system without any constraints using Metropolis Monte Carlo.
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the effective macrospin uniaxial anisotropy constant (see Fig. 5.6). Deviations from
Kaip ~ m%(T) can only be seen using logarithmic axes and occur for ms(T) < 0.1, at
which point the observed magnetisation is likely a remanent of the constraint rather

than true magnetic order.
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Figure 5.6: The effective dipole anisotropy strength in NiO as a function of the finite

temperature sublattice magnetisation. (right) has logarithmic axes.

The dominant dipole anisotropy in NiO is very non-local. Holstein and Primakoff [169]
showed that—using magnon theories similar to those used in Section 5.2—-in the absence
of correlations between distant neighbours, and to second order in magnon number op-
erators, the dipolar anisotropies scale as m?. The absence of correlations permits the
splitting of the thermal average of a pair of localised magnon number operators (7;7;)
into (7;)(n;). This requires that localised magnons are distant from one another—or
that only & = 0 modes are appreciably occupied. In NiO, since the four interpenetrat-
ing simple cubic antiferromagnetic sublattices are only weakly coupled by the nearest
neighbour splitting AJ; ~ 0.7meV /spin, correlations between the sublattices will be
small. This magnetisation scaling is the same as shape anisotropy in non-spherical
ferromagnets where the long range dipole interactions are uncorrelated. If correlations
are important, then (7;7;) < (7;)(7;) and the magnetisation scaling exponent is less
than two, as is the case for CroO3 [94]. To further justify the m? scaling, we calculated
an analytic expression for the dipole-dipole interaction in the limit of an infinite system
by applying a Poisson summation to an infinite two-dimensional (111) sheet of NiO,
then sum over neighbouring sheets. The expression is derived for spin vectors aligned

along [111], and along directions within the (111) plane. The difference between an in
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plane, and out of plane, direction is taken to evaluate the zero temperature anisotropy
strength. The detailed derivation is given in Appendix C. The final expression for the

zero-temperature energy difference between the hard-axis and easy-plane is

1 2 2 oo o .
AFE = _W Z (_1)”[2 k cos (kbl X RTL) e—Ck‘Rn‘z‘
k=1

n=—oo

8 X . 2%kt k412
=y by - R,,) e~ ClRn2| S
i = Leos (1B - Rn)e " k2 + k1412 (5.20)

+ k=1

« cos ((kby % Ibs) - Ryy) ewmpm]

where C' = 8y6m/(3a) with a as the lattice parameter, jo is the permeability of
free space, n indexes the layers of [111] ordered sheets, k and [ are harmonic indices,
R,, = nvjs is the vector position of an atom in the n-th sheet, v3 = a(0,1/6/6,v/3/3),
and by = (47/a)(1/v/2,1/1/6), by = (47/a)(0,2//6) are reciprocal lattice vectors.
The sum over harmonics in reciprocal space converges very quickly. Summing over

€ [-3,3], k,l € [1,3] compared with summing over more than 10 layers (above and
below) and 10 harmonics gives a difference of only 0.001%. The value for the energy
difference using equation (5.20) is AE = —0.04652 meV /spin, and the direct summa-
tion over spins within a radius of 5a gives AE = —0.04695 meV /spin. The difference

between these two methods is less than 1%.

The prefactor in equation (5.20) contains ,u?g and its coefficient is a sum over
k-vectors®. At finite temperature, we take the mean-field approximation such that
(n%) = [psms(T)]?, where each magnetic moment is reduced by the value of the re-
duced magnetisation, we reproduce the scaling we find numerically. This means that
the dipole anisotropy in NiO behaves in a similar way to the shape anisotropy in a
thin film ferromagnet. Intuitively this makes sense. The magnetic structure of NiO
is composed of antialigned two-dimensional ferromagnets (an atomically thin synthetic
antiferromagnet), each of which has a stray dipole field that interacts with neighbouring

ferromagnetic sheets.

*For the case of Cr20s3, because of symmetry, it is unlikely that the dipole-dipole interaction can

be written in such a simple way.
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5.4 Spin Wave Stiffness

The spin wave stiffness, D, was introduced in Section 5.2. It is the k-independent
coefficient of the magnon spectrum in the small-k limit. The spin wave stiffness is tem-
perature dependent—at finite temperatures the spin wave spectrum is said to soften.
This is true of other quasiparticle excitations like phonons, plasmons, and excitons.
Softening due to temperature is often ignored outside of magnetism because its effect

is very weak (see [170] for phonons).

Similar to the magnetisation, a first approximation of the temperature dependence
of the spin wave stiffness can be derived analytically by using non-linear magnon the-
ories. Dyson’s rigorous non-Holstein-Primakoff theory of spin waves briefly discusses
this (see equation (111) of [130]) but the complicated theory makes any physical inter-
pretation of the results difficult. The first simple explanation of softening instead came
later from Keffer and Loudon [171]. They realised that the softening of the spin wave
stiffness due to temperature must be related to the total energy of magnons per spin
angular momentum* (‘per spin angular momentum’ implies we retain the normalisa-
tion of 1/N S like in Bloch’s law). We make a small adjustment to this interpretation
here (in line with modern understanding) by saying that the whole magnon spectrum
is renormalised, rather than simply the spin wave stiffness!. In other research fields
this is called a magnon pressure, an attractive force between magnons, or the temper-
ature dependence of the effective chemical potential (magnochemical potential) which

includes kinetic energy®. For a ferromagnet, the finite temperature spin wave spectrum

*Since the Hamiltonians considered in this project contain only magnetic terms (frozen lattice and
frozen electrons), the change in internal energy due to temperature is only due to spin waves ie the
total magnon energy €(7') is equal to AU(T) = U(0) — U(T).

TKeffer and Loudon [171] give a very clear classical interpretation using localised spin waves; it is
easier to add a spin wave to a magnetic site when the instantaneous non-equilibrium position deviates
from the ground state due to an existing spin wave. This picture is the same as pushing a broken down

car—it’s easier to push along the road once it is already moving.
iThe intrinsic chemical potential of magnons is zero because its rest mass is zero. But, thermal

magnons have an average kinetic energy which is temperature dependent because of their number
and their interactions; this is the extrinsic chemical potential. Examples of other external chemical
potentials include gravitational potential energy, the energy at the Fermi level (electrostatic energy)

for electrons, or the energy of mobile magnetic particles in magnetic fields[172].
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is given by

(hfie) = hfi 1—%}2«1—%)7@ : (5.21)

where the single angle bracket is a thermal average. This expression, and the idea of
magnon softening, is well known in the neutron scattering community as it is used to
extrapolate low temperature measurements of exchange interactions to zero temperat-
ure values [173]. The derivation of the above expression is very involved, so we will
not reproduce it here [174-178]. But, the simplest case is of a Hartree-Fock renor-
malisation where four-magnon operators can be approximated by two non-interacting
pairs, or equivalently a one-loop self-energy Feynman diagram (no scattering) [179].
Evaluating the above magnon renormalisation for a simple cubic ferromagnet is easy.

Transforming to classical magnetic moments, we have

0109 = 10 |1 - s HO/5/2) (s 52

s 4m? Jusa?/gup

The above T°/2 scaling only applies for insulating ferromagnets. In conductors, there
is an additional term proportional to 72 which can be dominant at very low temper-
atures [180, 181]*. Just like Bloch’s law, the temperature dependence of the spin wave
softening in an antiferromagnet is different due to the linear dispersion. The algebra for
an antiferromagnet is much more complex. But, in the end, the only adjustment mov-
ing from a one-sublattice ferromagnet to a two-sublattice antiferromagnet is to include
the Bogoliubov transformation. For a two sublattice antiferromagnet, the first order

approximation of the finite temperature spin wave spectrum is then [150, 182, 183]

(hFR) = hf(k) [1— 9115 < s >] (5.23)

2Npg \ (ui +od)

where the factor 2 accounts for the double counting of magnons. Evaluating this for

NiQO, and moving to classical spin waves, we get

(hf(K)) = hf(k) [1 gBYysT ( ’“BT)W , (5.24)

©15(2m)2usA \ D

*Izuyama and Kubo [181] derive magnon, phonon, and electron contributions to the softening in
ferromagnets. The T2 term is electronic in origin and two terms are proportional to T3/2: one electronic
and one magnetic. Stringfellow [180] shows that this leads to an increase of the stiffness proportional
to T°/2.
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where D = gig‘“\/(JQ + J1-)(2J2 + J1— — J14+), and X is again given by

_ V6| Jy + Ji_|
CL\/(JQ + Jlf)(QJQ + Ji- — J1+)

(5.25)

We can test the validity of this theory by running numerical atomistic spin dynamics
simulations of NiO using the quantum thermostat. The spin wave spectrum is the space
and time Fourier transformation of the spin correlation function. This representation is
often called the dynamic structure factor S®(k, f) (o and /3 denote Cartesian directions
of spin components). For a large system in thermal equilibrium, the dynamic structure

factor is often written as

o0
S8 (k, elkrw/ iRm0t {8 (x;,0), 88 (r;,t) ) dt 5.26
(k %N;JZ# e (5%(x3,0), 57, 1)) (5.26)
where N is the number of localised magnetic moments, r;; = r; — r; is the dis-

placement vector between magnetic moments ¢ and j, S% is the a component of
the classical spin vector, and angle brackets denotes the thermal average of correla-
tions, (5%(r;,0), 8%(r;,1)) = (5°(r:,0)8%(x;,1)) — (S$%(xi, 0) )( S (x;, 1)) [184, 185].
To avoid the confusion of thermal (time) averages inside a time integral, we prefer the

following definition [186]

1 tmax

. 1 tmax
o (2 f)r o 3

where p®(k,t) = YV, T §2(¢). Since the above definition is a convolution integral
and includes the limit that tnax — 00, rather than an explicit integral over infinite
time, the connection with numerical methods is clear; convolutions are easily calcu-
lated in discrete time numeric simulations using fast Fourier transforms or periodogram
methods used in signal processing. Additionally, the limit makes the requirement of

well-converged thermal statistics clear.

Figure 5.7 shows two finite temperature spectra of NiO. The spin wave softening
can be seen by the bare eye. To extract the temperature dependence of the spectrum,
we take the peak intensity of the spectrum at each point in k-space and fit the resultant

spectrum to equation (5.10), using temperature dependent exchange parameters. The
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fitting equation is

hfi(T) = 9"5f [(JH(T)(V; — 1)+ (T) + JQ(T))Q

(5.28a)

2

— (A0 + b(T)va)Z] ,

1
fyf{r =3 [cos <;(kx + k:y)> + cos <;(ky + k:z)) + cos <;(kx — kz))} , (5.28Db)
1
Y = 3 [cos (g(kx — k:y)> + cos (g(ky — kz)> + cos (g(kzz + kﬁ)] , (5.28¢)
1
71({2) =3 [cos (kza) + cos (kya) + cos (k.a)] . (5.28d)
100 it 100 N
% o 80
£ o0 E
= 40 = 40
20 ¥ - \ 20
. i N (
r X M X T L T r X M X r L r

Figure 5.7: Thermal spin wave spectra at T = 40K (left) and T' = 500K (right) for
NiO calculated using atomistic spin dynamics. I' is the Brillouin zone centre, M is the
point k = [0, 27”, 0], and L = [Z, %, 7] with respect to the primitive lattice vectors. The

magnetic Brillouin zone is twice the size of the non-magnetic zone because the primitive

cell contains two magnetic Ni atoms. Orange curves are the finite temperature fitting

The temperature dependence of the extracted curves is given in Fig. 5.8. The data
chosen for fitting was taken along the path I' — M as this is sensitive to Ja, Ji—,
and Ji—. The path I' — L is independent of Jy4, so J14+(T') cannot be determined
using this path. All three effective exchange terms have the same temperature de-
pendence. The spin wave spectrum is very weakly temperature dependent; at ~ 95%
of the critical temperature we have hfy(500K) ~ 0.76hfi(0K). The thermal spin
wave spectrum from atomistic spin dynamics includes all elastic and inelastic spin
wave interactions, and conserves the total length of spin vectors (total angular mo-

mentum) so includes a kinematic interaction®, not simply the Hartree-Fock renorm-

*The connection with the kinematic interaction in Dyson’s quantum treatment is not clear.
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5.4 Spin Wave Stiffness

alisation given by equation (5.24). So, it is surprising that the leading order approx-
imation from spin wave theory, (5.24), gives such close agreement with the numeric
calculations. Additionally, if the J; terms are not included in equation (5.24), the
spin wave stiffness is predicted to drop off much quicker than is observed; including
J1, equation (5.24) gives hfyx(T)/hfi(0) = 3.69 x 1072 T4, Whereas ignoring .J; gives
hfi(T)/hfi(0) ~ 4.40 x 10712 T4, Fig. 5.9 shows a spectrum above T. The spectrum
can still be observed, but the peak extraction of the spectrum becomes difficult. No
extra information would be gained by fitting above T, though correlations have been
measured experimentally in ferromagnets [187]. The expression derived for the temper-
ature dependence of the spectrum agrees to very high temperatures ~ 95%Ty. This is
in contrast to the expression for the magnetisation which only agrees to ~ 40%*. Since
the spin wave interactions are weak—demonstrated by the weak temperature dependence
of the spectrum—then the additional terms which have a non-negligible contribution to
the temperature dependence of the sublattice magnetisation must be the corrections
to the spectrum shape, as well as the kinematic term which limits the total angular
momentum carried by classical spin waves in the system to zﬁN (up to 2N S magnons

in the quantum case).
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Figure 5.8: The temperature dependence of the thermal spin wave spectra for NiO.

Both panels show the same data with different axis limits.

*Self-consistent methods have been shown to obtain very close agreement with experiments for both
the magnetisation and spin wave energies in MnO, another antiferromagnet which is described by the

same spin Hamiltonian [177].
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Figure 5.9: A spin wave spectrum of NiO above T at 600K. The spectrum is not flat

so magnetic correlations persist above T .

5.5 Resonance and Damping

The work of this section was carried out while the author was a JSPS (Japan Soci-
ety for the Promotion of Science) summer fellow in collaboration Takahiro Moriyama
at the group of Teruo Ono in the Department of Materials Chemistry, Kyoto Univer-
sity. Moriyama provided experimental measurements of the temperature dependent
frequency of the ~ 1THz resonance mode, as well as the temperature dependence of
its linewidth (effective macrospin Gilbert damping) in a 0.45mm thick single crystal
slab of NiO. The sample and method are identical to those in the reference [142]. Ex-
perimental details will be briefly discussed here—a thorough discussion on experimental
measurements of AFMR is discussed in the next chapter. Modern experimental meas-
urements of magnetisation dynamics in antiferromagnets use THz time-domain spec-
troscopy (THz-TDS), and various pump-probe spectroscopy methods [89, 100, 103];
Raman scattering, Brillouin light scattering (BLS) and infrared (IR) absorption tech-
niques are used in older literature on antiferromagnets [68, 188-190]. These methods
measure slightly different phenomena in an antiferromagnet, and the distinction can
become important when studying the fundamental properties of a material. The data
presented here uses a continuous wave (cw) THz spectroscopy measurement; this is
simply infrared absorption by NiO (which is sensitive to free oscillations), but the cre-

ation of the THz radiation uses photomixing [191] instead of a tuneable laser source*.

*At the time of writing, there are very few THz lasers, none are commercially available. Ad-
vances have been made using semiconductor lasers [192], otherwise free electron laser sources which

use expensive particle accelerators must be used [193].
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5.5 Resonance and Damping

A pair of tuneable lasers operating at different frequencies (in the near-infrared range
~ 350THz) are combined to produce a laser with a tuneable beating frequency in the
far-infared range (0THz-2THz). After the photomixed radiation is passed through the
sample, absorption is detected by a second photomixer and detector which is sensitive
to the change in frequency mixing of the incident and output radiation. For single
crystal samples, interference between the incident and backscattered beam, known as
Fabry-Perot interference, must be removed to obtain the magnetic absorption [142].

The processed data provided by Moriyama is shown in Fig. 5.10.
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Figure 5.10: The temperature dependence of the resonant frequency (left) and its
linewidth (right) in a bulk single crystal of NiO measured experimentally by continuous

wave THz spectroscopy.

The resonant dynamics of antiferromagnets can be difficult to measure in bulk
samples. Microwave resonance experiments on thin films, or surface sensitive spin-
pumping experiments can be used. But, as seen in section 5.2, the temperature de-
pendence of magnetic properties of thin films and nanoparticles can be significantly dif-
ferent from bulk samples. Light scattering techniques have been used on bulk samples
of NiO, but the large amplitude of lattice dynamics makes analysis difficult [188, 189].
Similarly, optical absorption techniques have been used [190]. But, until recently, high
resolution and low noise measurements of dynamics in the THz gap have been absent.
Despite this, the temperature dependence of resonance in NiO has been of scientific in-
terest for decades [190, 194]. Studying thermal magnetisation dynamics is much easier

using computational methods. The calculation of the dynamic structure factor in the

previous section gives access to the resonant dynamics of the system. But, the con-
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5.5 Resonance and Damping

volution methods used to calculate the spin wave spectrum in simulations don’t give
sufficiently high energy resolution to accurately extract the gap at k = 0. Instead, we
use a much simpler method. The atomistic simulations contain eight sublattices (a pair
for each coupled simple cubic antiferromagnet). The magnetisation of each sublattice
a at time ¢, given by mq(t) = (1/Na) D eq Si, is written to a file at a given interval
At. The time between writing to the file is chosen to balance frequency resolution and
total time of the simulation*. The Nyquist frequency, fuax, is the maximum frequency
that can be sampled for a given At, and is given by

1

max = —— - 2
f SA7 (5.29)

To choose At, we need to know the frequency that we wish to sample. The resonance

frequency for a two sublattice macrospin model of NiO at zero temperature is given

byt
_ 2h|
fo=——y/2(J2+ J1-) Ky, (5.30)
Hs
where |y| = 2.80 x 10%~!T~! is the gyromagnetic ratio of an electron, and K, =

—0.04695meV is the effective strength of the dipole anisotropy at zero temperature for
the atomistic model. This gives a resonant frequency of fy =~ 1.19THz. Therefore we
choose At = 125fs giving a Nyquist frequency of finax = 4THz > 1.19THz. The
power spectrum of resonant dynamics is calculated from the magnetisation time series
using Welch’s method. Welch’s method is a periodogram method for estimating the
power spectral density of a signal. Welch’s method is advantagous over a windowed
FFT; a windowed FFT is insensitive to signals at the edges of the window, so useful
information is lost. Welch’s method splits a signal into smaller overlapping subsets of
the original signal. A windowed FFT is calculated for each overlapping segment, then
Welch’s method averages these segments. The overlap ensures that the data at the
edges of the window of each segment are well sampled, reducing the loss of informa-
tion. This method sacrifices some frequency resolution for an increased signal to noise
ratio. The reduced noise is not due to smoothing, but is a result of the geometrical
averaging of the time series, and the noise/resolution are tuned by changing the length

of the segments. The lineshape of the resonance mode is expected to be approximately

*These simulations run on GPUs and the process of writing to file requires slow memory synchron-

isation between the GPU and CPU, so minimising the number of file writes speeds up computation.
tThe result is stated here, it is derived in the next chapter (Chapter 6). The effect of J14 is ignored

in a two sublattice model so the resonance in atomistic simulations differs from this result.
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Lorentzian since the lineshape of the dynamic susceptibility is Lorentzian [142]; though
the lineshape of the resonance becomes asymmetrical in systems where the magnon
lifetime is frequency dependent (as with the quantum thermostat™) [140, 195, 196].
In addition to the resonance peak, spectral leakage from the thermostat can be ob-
served in the magnetisation dynamics which is given by the Bose-Einstein distribution.
Therefore, we choose a fitting function for the Fourier transform of a component of a
sublattice magnetisation m(f) := FT[m(t)], which includes both a Lorentzian peak
and a Bose-Einstein background. The fitting function is given by
Aq o Ao hf
- 7 (f— fo)2—o? + ohf/ksT _ 1’

where A; is the Lorentzian amplitude, 20 is the full width at half maximum (FWHM)

m(f) (5.31)

of the Lorentzian and 0 = Af is the linewidth, fj is the peak centre of the Lorentzian,
Ao is the amplitude of the Bose-Einstein background, T is fixed to the temperature
of the simulation being fitted. Fig. 5.11 shows an example of the fitted magnetisation

dynamics.

The lowest temperature measurement of the resonant mode by Moriyama was
1.07(91)THz at 77K; at 50K the resonant frequency extracted from a simulation was
1.16(22)THz. The Néel temperature of the sample used by Moriyama wasn’t measured
and the Néel temperature of the simulation model using the quantum thermostat was
between 530K and 540K. To compare the shape of temperature dependence of f, we
want to ignore the small differences in low temperature values of f and small differences
in the Néel temperature. So, we show normalised in the next figures. Fig. 5.12 shows
the temperature dependence of the resonant mode measured experimentally and from
simulations using a quantum thermostat when both frequency and temperature are
normalised. Both curves show excellent agreement through the measured temperature
range. And, unlike the experimental measurements of m(7T) (Fig. 5.4), these meas-
urements of f(7') aren’t complicated by finite size effects or limited by experimental

accuracy.

The resonant frequency in NiO has a very similar temperature dependence to the

sublattice magnetisation. The reason for this can be shown simply using Eq. 5.30.

*In spin dynamics simulations with a classical thermostat, asymmetry is still observed, though

smaller than when using the quantum thermostat.
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Figure 5.11: Example power spectral density (PSD) of the magnetisation dynamics
of NiO from an atomistic simulation at 7" = 50K. The orange curve is fitted using

equation (5.31). Asymmetric deviations from the fitted Lorentzian lineshape can be

seen by eye.

Replacing zero temperature macroscopic constants with finite temperature constants,

we have

1) = 20 o) + () ). (5.2)

As shown in the previous section, the spin wave stiffness is very weakly temperature de-

pendent, so can be ignored. K,(T), however varies as m(T)?. Making the substitutions

{Jo(T), J1_(T), Ku(T)} =~ {J2(0), J1_(0), Ku(0)m(T)?} then

_ 2im(1)
ns

£(T) VAT2(0) + J1-(0) Ku(0), (5.33)

Or f(T)/f(0) ~ m(T). Fig 5.14 shows the normalised temperature dependence of both
the resonant frequency and magnetisation, and confirms that they have the same tem-

perature scaling.
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Figure 5.12: (blue points) Spin dynamics calculated resonant frequency normalised to
the estimated Néel temperature (540K) and the resonant frequency at 50K (1.16THz).
(orange points) Experimental measurements of the resonant frequency normalised to

the estimated Néel temperature (500K) and the resonant frequency at 77K (1.08THz).
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Figure 5.14: Curves normalised to Ty = 540K for: (blue points) spin dynamics cal-
culated resonant frequency normalised to the resonant frequency at 50K (=1.16THz),

(orange points) spin dynamics calculated sublattice magnetisation against temperature.

Now we have confirmed the semi-quantum model of NiO gives quantitative in-

formation about the temperature dependence of the resonant frequency, we can use
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Figure 5.13: (blue points) Spin dynamics calculated resonant frequency. (orange points)

Experimental measurements of the resonant frequency.

it-in combination with the experimental measurements—to discern new information
that isn’t accessible in either observation alone. In the simulations, only the magnetic
degrees of freedom are modelled; in experiments every degree of freedom (magnetic,
lattice, electronic, environment) can influence magnetic measurements. In particular,
non-magnetic (direct) sources of damping are almost impossible to disentangle from
magnetic (indirect) sources of damping in experiments. By comparing both measures
of the linewidth, we can distinguish the direct and indirect sources of temperature
dependent damping in NiO. The direct sources of damping in NiO are quite simple.
Spin-electron losses are small because of the large band gap in NiO, so direct damping
is dominated by spin-lattice processes. To begin, let oim(T) and cexp (1) denote the
effective (macrospin) finite temperature Gilbert damping measured in simulations and

in experiments, respectively. We can write the simulation Gilbert damping as

asim(T) = aOfM(T)a (534)

where ag is the microscopic Gilbert damping (temperature independent) and fas(T")
is the temperature dependence of losses due to indirect damping processes (magnon-
magnon interactions). The experimentally measured temperature dependent damping

can be written as

Qexp(T) = an fu(T) + apfp(T) + apfe(T), (5.35)
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where ajs is the zero temperature value of Gilbert damping due to indirect magnon-
magnon processes, ap is the zero temperature damping due to magnon-phonon inter-
actions, ag is the zero temperature damping due to magnon-electron interactions, and
fp(T), fe(T) are their temperature dependences. Since NiO is a large band gap insu-
lator, below the Néel temperature, we can make the approximation ag = 0 (3eV band

gap~ 35,000K). This reduces (5.35) to

exp(T) = ant fu(T) + ap fp(T). (5.36)
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Figure 5.15: Curves for the effective (macrospin) temperature dependent Gilbert damp-
ing extracted from the linewidth of the resonant mode measured using (blue) semi-

quantum simulations, and (orange) experiments.

Fig. 5.15 shows the temperature dependence of the effective Gilbert damping cal-
culated from both simulations and experiments. Up to ~ 400K both sets of data show
excellent agreement. Below 400K, both experiments and simulations show a weak lin-
ear increase in the effective damping with temperature. Since the linear increase is
observed in both data, we attribute this to indirect magnon-magnon losses (far(7));
magnon-phonon are approximately constant below 400K. Therefore, at low temperat-
ure, we can say that fy/(T) = C1T and can estimate the magnitude of ajs from ay.

The fit is shown in Fig. 5.16.
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Figure 5.16: Data shown in Fig. 5.15 including linear fits to values below 400K.

The values of the fit give agim(7T < 400K) = 1.76a0T and agim (7T < 400K) =
2.78 x 1074T. The assumption that the constant C; = 1.76 is applicable to both
simulations and experiments requires that magnon-magnon interactions are calculated
quantitatively in simulations when using the quantum thermostat, and that magnon-
phonon contributions to the temperature dependence are negligible in this temperature
range. Given the quantitative agreement of all other temperature dependent parameters
with experimental values shown in this chapter, the former assumption is valid; the
latter assumption will be discussed shortly. We can then equate the ratio of the damping

constants aps and «g with the ratio of the fitted gradients,

2.78 x 1074
oM _ 210X (5.37)

(67 17.60[0 ’

which gives ajr =~ 1.6 x 107%. The remainder of the damping in experiments is due
to direct magnon-phonon losses, such that ap ~ 3.4 x 10~*. We will not attempt to
estimate fp(7T), but this simple analysis is the first estimation of direct and indirect

sources of damping in a single crystal sample of NiO.

There are two phonon modes in NiO; the transverse optical (TO) and longitudinal
optical (LO) modes. Aytan et al [197] measured the TO and LO phonon modes at 12.1
and 17.6THz, respectively®. Disentangling the losses through each of these phonon

modes is outside the scope of this work but it is worth noting that the effective temper-

*Data reproduced in the following reference which is easier to extract the relevant frequencies [198].
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atures of the TO and LO mode are approximately 580 and 850K, respectively. Given
the high effective temperatures of these modes, we postulate that the reason we are
able to ignore magnon-phonon losses below 400K is because the phonon population is
sufficiently low at these temperatures that the magnon-phonon interaction cross section
is negligible. At 400K, the phonon population rapidly increases as the exponent in the
Boson number operator approaches unity and is accompanied by an increase in the

magnon-phonon interaction cross section.

5.6 Conclusion

In this chapter, it has been shown that by using the carefully parameterised model of
NiO from Chapter 4 and specialist semi-quantum spin dynamics, it is possible to gain
a quantitative understanding of complex magnetic materials without post-processing.
The very close agreement between experiments, semi-quantum simulations, and ana-
lytic theory for the thermodynamic parameters presented here validates the use of
Bose-Einstein thermostats in numerical calculations to predict the finite temperature
behaviour of magnetic materials. All implementations of spin dynamics should use
Bose-Einstein thermostats as a standard tool to better align the results of simulations
with experiments. It has been shown that the dipole anisotropy has a temperature
scaling consistent with shape anisotropy, which differs from the scaling expected from
Callen-Zener theory when using a magnetocrystalline anisotropy with the same shape.
New equations have been derived for the temperature dependence of the spin wave stiff-
ness in NiO, which show excellent agreement with both simulations and experiments.
The most significant result from this chapter is that we have used high precision exper-
iments and simulations to separate direct and indirect contributions to the magnetic
damping in NiO which allows a more thorough understanding of losses in magnetic
systems which can be used to guide device engineering and has been missing from the

literature.
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Dynamics in NiO
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6.1 Fundamentals of Antiferromagnetic Resonance

Before discussing antiferromagnetic resonance (AFMR), it is useful to first understand
how ferromagnetic resonance (FMR) is measured. In thin film ferromagnets, the most
common FMR experiments [199, 200] use a vector network analyser (VNA) to generate
and detect radio frequency (RF) AC electrical currents which are passed through a
metallic co-planar waveguide (CPW) to generate propagating EM radiation (B-field
and FE-field) which is selectively absorbed by the ferromagnet. There are then three
modes of operation; the first has no static external magnetic field, whereas the other
two have a uniform static applied magnetic field from a Helmholtz coil or split-pair

superconducting magnet. The three modes are

1. The frequency of the RF radiation is swept through some range and the absorbed
power is measured. The peak absorption corresponds to the natural frequency of

the ferromagnet.

2. The external field strength is held constant and the RF current is swept to find
the peak absorption.

3. The frequency of RF radiation is held fixed and the magnetic field strength is
swept through some range. Peak absorption occurs when the natural frequency

of the ferromagnet is equal to the RF frequency.

The first case of external field-free measurements requires two anisotropies in the
ferromagnet to create a gap in the magnon spectrum [201], and the ferromagnet is not
necessarily saturated, so allows non-equilibrium switching dynamics to be studied [202].
For simple ferromagnets, an external magnetic field is required to introduce a gap. So,
the second or third operating modes must be used to observe a peak. VNA-FMR
experiments are limited by the maximum frequency that the VNA can generate and
detect; typically they have maximum operating frequencies of ~ 100GHz [203]. An-
other common FMR technique uses an optical cavity rather than electrical contacts,
and the experimental equipment is identical to electron spin resonance (ESR) / electron
paramagnetic resonance (EPR). Instead of using a CPW to electrically generate RF
EM radiation, a sample is inserted into a cavity which spatially confines EM radiation
of specific frequency (often a few fixed frequencies [204]) that is shone onto it. This

method requires an external magnetic field which is swept through a range of field
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strengths. For a given magnetic field strength, some optical radiation is absorbed by
the ferromagnet, the rest is reflected, and the absorbed power is measured. This optical
method can operate at higher frequencies than VNA-FMR (~ 270GHz [205]) but has a
poorer signal-to-noise ratio [200]. Pulsed inductive microwave magnetometry (PIMM)
is a another non-equilibrium driven technique [199, 202]. Because of the frequency
constraints, FMR techniques cannot be used to measure AFMR in antiferromagnets of
technological interest which have high Néel temperatures®, and high natural frequen-

ciest.

Experimental techniques used to measure AFMR are usually optical, rather than
electrical?, because of the THz gap non-linear crystals such as GaAs can be used to
generate and detect THz EM radiation but electrical technologies cannot reach these
frequencies. Experimental techniques which measure the dynamics of an antiferromag-
net can be broadly separated into two categories; those that measure free oscillations,
and those that measure driven oscillations. Driven experiments can then be further di-
vided into near-equilibrium and non-equilibrium measurements’. A summary of these

techniques is given in Table 6.1.

Experiments which directly measure the free dynamics of the system (also called the
normal modes, natural frequencies, or eigenfrequencies) include techniques which are
similar to conventional FMR measurements where the absorbed power of EM radiation
is measured, as well as optical scattering techniques where individual photons create
or absorb thermal magnons. Driven dynamics are measured by inducing—sometimes
large—perturbations to the antiferromagnetic order, and measure the relaxation from
the perturbed state to the equilibrium state. Fundamentally, these two categories are
measuring different properties of the material; non-driven experiments are measuring
the thermal eigenstates of the system, and driven experiments measure the relaxation
of forced oscillations which, by definition, are not eigenoscillations. This difference is

clear in macrospin theories of magnetic resonance which yield different expressions for

*Some examples of ESR measurements of AFMR are given here [206, 207]
fSome techniques can be used at very high frequencies but these can only be used on powder

samples [208]
¥ Although the first measurement of AFMR used ESR [209, 210].
$Zhang [211] gives a good summary of of near-equilibrium and non-equilibrium pump-probe tech-

niques in the context of ferroelectrics.
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Table 6.1: Experimental techniques used to measure AFMR. The methods are separ-
ated into those that measure free and driven oscillations. Driven techniques are further

divided into near-equilibrium and non-equilibrium techniques.

Driven Oscillations

Free Oscillations

Near-Equilibrium

Non-Equilibrium

IR absorption [190]

THz-TDS [99, 103]

Pulsed field, optical
detection [94, 212]

Raman

scattering [68, 189]

OPOP [89, 102, 103]

OPOP [89, 102, 103]

Quasi-optical

BLS [188] VNA-AFMR [213] backward-wave-
oscillator [214, 215]
cw-THz THz pump Faraday THz pump Faraday
spectroscopy [142, 216] probe [217] probe [217]
OPTP [218] OPTP [218]
TPOP [100]

ISRS® [99, 219, 220]

“ISRS is sometimes called THz-TDS [219] but the excitation is highly non-equilibrium stimulated
Raman scattering [220].

the frequencies of free and forced oscillations [221, 222]. The differences in frequencies
are negligible for small driving amplitudes, but can vary drastically above a threshold
amplitude (see for example figure 9.2 of [222]). Here we will state the result for a zero
temperature two sublattice macrospin model of NiO, the result is derived in Section 6.2.
For a two sublattice (n = 2) fcc antiferromagnet with only next nearest neighbour
exchange interactions (Jy, z = 6 neighbours) and easy-plane anisotropy of strength
K, the frequency of free oscillations is given by fo = %\/m , whereas the
frequency of forced oscillations using an out of plane, linearly polarised AC magnetic
field is given by fac = %\/Ku (z[J2 + J1—] — K,). The zero temperature material
parameters for NiO are Jo = —14.7meV, K,, = —0.04695meV, and ug = 1.71up which
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gives the following frequencies

fo ~ 1.1887THz (6.1a)
fac ~ 1.1884THz. (6.1b)

A difference of less than 0.03% is indeed negligible*. But, in antiferromagnets with
many sublattices and highly non-linear energy terms like a cubic anisotropy, this differ-
ence can determine which characteristic frequencies of the system can be measured by
a given experimental technique, and in which geometries (see for example section 3.2.1
and 3.2.2 of [49]). Other complexities like parametric excitations and frequency mix-
ing become important in driven experiments which use broadband THz pulses or large
driving amplitudes, where non-linear oscillations couple to resonant modes [222, 224—
226].

For NiO, the most comprehensive experimental measurements of free oscillations are
by Grimsditch [68, 188, 189], where both Raman and Brillouin light scattering (BLS)
were used to measure the magnon modes. A total of five modes were measured: 30GHz,
120GHz, 390GHz, 1.14THz, and 1.29THz. It is important to note that the 1.29THz
mode was attributed to surface magnons in earlier work [227-229]; in Section 6.3 we
argue this mode can exist in bulk, however. Light scattering techniques are very use-
ful for studying the free oscillations of antiferromagnets as all magnon modes can be
measured by using a combination of two techniques, one of which is sensitive to Raman
active modes, and the other to infra-red (IR) active modes. Aside from the compre-
hensive measurements of Grimsditch, the literature on resonance in NiO is convoluted.
Take, for example, articles by Kampfrath et al [104] and Satoh et al [102] (the papers
have some shared authors and were published in the same year). Both Kampfrath and
Satoh use a pump-probe technique but Kampfrath measures a single magnon mode at
~ 1THz, whereas Satoh measures two modes at 1.07THz and 140GHz. There were

three difference between these pump-probe experiments:
1. Kampfrath used a THz-frequency pump; Satoh used an optical-frequency pump.

2. Kampfrath used linearly polarised pump and probe beams; Satoh used circularly

polarised pump and a linearly polarised probe.

*In metallic or half-metallic magnets, electron heating in OPTP experiments results in electron

heating and far from equilibrium spin dynamics which is not included in the above equatioins [223].
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3. The experiment of Kampfrath had pump and probe co-propagating along the [111]
direction. In Satoh’s, the probe propagated along [111] but the pump propagation
vector had a 7° angle with [111]. Additionally, Satoh chose a T-domain where
spins are aligned within the (111), not aligned perpendicular to the sample surface
(111).

Any of these differences could feasibly create the necessary conditions for exciting and
observing the lower frequency mode. We neglect the first difference immediately be-
cause the difference in frequency only changes the absorbed power; Kampfrath calcu-
lates that the absorbed power will heat the NiO volume by less than 10uK, and Satoh
justifies a non-thermal origin by showing that both modes reverse the rotation angle
of the beam upon reversing the pump helicity (a unidirectional dependence must be
magnetic in origin), as well as estimating that one pump photon is absorbed per 10*
Ni atoms in the 100um spot (we estimate this to be ~ 1K per Ni site). We can also
neglect the difference in pump polarisation as the origin; THz absorption measure-
ments using circularly polarised light by Moriyama et al*, which had a propagation
vector along [111] did not observe any modes between 98GHz and the high frequency
mode at 1.09THz for both single crystal, and polycrystalline, samples of NiO [142].
A low frequency mode was also missing from thin film measurements using the same
method [216]. From this, we can assume circularly polarised light propagating along
[111] cannot excite the mode at ~ 140GHz. The mode at ~ 140GHz must’ve been
observable by Satoh because of the chosen propagation vectors of the pump and probe
with respect to the spin orientation. T-domains in single crystals of NiO have di-
mensions ~ 100um and S-domains, which originate from the small magnetocrystalline
anisotropy, have dimensions < 1um [230]. The probe spot size of 40um in Satoh’s ex-
periment will cover many S-domains so samples spins which point along [121] (almost
parallel to the pump propagation vector [111]), and spins aligned with [101] (perpen-
dicular to [111]). By conservation of momentum, the absorbed optical radiation must
include a component out of the (111) plane which excites the ~ 140GHz mode. It is
likely that this mode is thermally excited but the destructive interference of the amp-
litudes on different pairs of sublattices means it cannot be observed by an excitation

propagating perpendicular to the easy plane!.

*This is a free oscillation method, cw-THz spectroscopy.
tBossini [231] reaches a similar conclusion, though the 140GHz mode is an eigenfrequency of the
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6.1 Fundamentals of Antiferromagnetic Resonance

There are other similar cases where different numbers of modes have been ob-
served using the same technique. An inexhaustive collection of experiments is given in
Table 6.2.

Table 6.2:

urements [68, 188, 189] are used to label the resonances f; through f5. Experiments

Some experimental measurements of AFMR in NiO. Grimsditch’s meas-

are ordered by the dynamics they measure: free oscillations, near-equillibrium driven
oscillations, then non-equilibrium driven oscillations. Pre-2000 measurements of free
oscillations using IR absorption [190, 194] and Raman spectroscopy [227] are included

last because of the low resolution and sensitivity of the experiments.

Measurement technique(s) f1 fo f3 fa f5 f6
BLS! + Raman? [68] 30GHz! | 120GHz! — 390GHz! | 1.14THz* | 1.29THz?
OPTP? + THz-TDS* [103, 232] — 100GHz? — 500GHz* | 1.10THz** | 1.30THz?

OPOP [89, 102] — 140GHz — — 1.07THz —

TPOP [100] — — 230GHz* — 1.00THz —

TPOP [104] — — — — 1.00THz —

ISRS [99] — — — ~ 400GHz" | 1.00THz —

ISRS [219] — — — — 1.00THz —

ISRS [233] — — — — 1.00THz —

ISRS [234] — — — — 1.00THz —

IR Absorption [194] — — — — 1.10THz —

IR Absorption [190] — — — — 1.09THz —
Raman [227] — — — — 1.13THz | 1.31THz

“Inferred from the sum-frequency and difference-frequency signals at 0.77THz and 1.23THz.
*Not reported but visible in figure 3c.

From the above table, it is clear that the further from equilibrium the system is, the
fewer magnon modes are measurable. Though, this is likely a combination of the relative
amplitude of f; being much larger than other modes far from equilibrium because of the

higher density of states of the Kittel mode compared to other non-linear modes, as well

system (we disagree) using a magnetocrystalline anisotropy which is fobidden by symmetry and requires

multiple T domains to be observed (see discussion below figure 4).
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6.2 Linearised Macrospin Models

as the phase cancellation of sublattices with opposite deflections for fy. Additionally, as
the distance from equilibrium in a measurement increases, the frequency of f; decreases
due to the reduction of the effective macrospin exchange and dipole anisotropy field in
the non-equilibrium state*. This is not a new idea, Stremoukhov et al [236] have shown
analytically that the measured resonance in THz pump-ISHE probe experiments is
dependent both on the pump frequency and the oscillation amplitude (see also [237]). In
the rest of this chapter we use the model developed in Chapter 4 in both the macrospin
approximation, and numerical calculations of the thermal dynamics using atomistic

spin dynamics to elucidate the origin of the measured modes f1, ..., fs.

6.2 Linearised Macrospin Models

The coupled Landau-Liftshiz-Gilbert equation for multiple magnetic sublattices, in-

dexed by i, in an effective magnetic field is typically written in the following form

M, = —vM,; x H; + (Mz X Mz) ) (6.2)

%,8

where My p is the sublattice magnetisation vector of sublattice A and B, M, is the
saturation magnetisation (with My s = Mps = M,), v is the gyromagnetic ratio of
an electron, H; is the effective field, o is the dimensionless damping parameter. We
use the LLG equation here because it is simpler to manipulate algebraically, and the
linewidth takes the typical Lorentzian form. The atomistic calculations use the LL
equation, however (a simple transformation of v and « moves from one equation to
the other). To simplify calculations, we choose to rewrite the LLG equation such that
parameters are normalised to single spin values, rather than per volume typically used

in experiment. This reduced form of the LLG equation is

~y .
mypxhap—a(mapXiyg), (6.3)
S

myp=

where m are the unit magnetisation vectors, and h = —pgusHeg = g—ﬁ is the reduced
field, which has units of Tesla. We repeat the atomistic Hamiltonian here for easy

comparison

*Bowlan [235] shows, in sections 3.1 and 3.2, that the induced THz dynamics in OPTP experiments
on antiferromagnetic insulators is by spin-lattice thermalisation (phonons initially excited) which mod-

ulates the exchange interactions.
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1
’Hz—Q%:Jijsi-sj

B }Z pops,its,j 3(Si - £ij)(S; - £ij) — (Si - S;)
2 itg 4 ‘rij|3

= DK [(SESY)2+ (SFSE)? + (SYSE

(4.17)

where the unit vectors 1@, ¥, W are given by @t = [1/v/6,1/1/2,1//3], v = [1/V6, —1//2,1//3],

W = [-2/1/6,0,1/4/3]. The microscopic material parameters used in all atomistic sim-

ulations, unless otherwise stated, are given in Table 4.5.

6.2.1 Two Sublattice Model

The free energy functional for a two sublattice macrospin model of NiO from the

Hamiltonian 4.17, plus an external driving field is

F=—(J+ A)m; -my
. (1 - 2)*
i=1,2

— Ko Y [mim)? + (mimi)? + (mymi)?]
i=1,2

(6.4)

— 15Bext(t) - [y + 1hy] ,

where m,; are sublattice magnetisation vectors of unit length, J is the next nearest
neighbour exchange coupling, A is the antiparallel nearest neighbour exchange coupling
(related to Ji_), K, is the easy-plane energy (must be calculated from the atomistic
dipole-dipole interaction), K. is the cubic anisotropy energy, Bexi(t) is the external
driving field, the unit vectors @, ¥, w and the magnetisation components m}', mj', m;
have the same definition as the atomistic Hamiltonian (4.17). The zero temperature
value of these parameters are given in Table 6.3 (notice that the parallel nearest neigh-

bour exchange Ji4 does not appear in the free energy functional).

In the absence of an external AC magnetic driving field and assuming equilib-
rium (no damping) and choosing the equilibrium sublattice magnetisations as m; =

[m¥, my,m¥] = [(=1)", mY(¢t),m¥(t)]. The matrix representation of the linearised
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6.2 Linearised Macrospin Models

Table 6.3: Algebraic and numeric values of the parameters found in the two sublattice
free energy functional for NiO when mapped from the atomistic Hamiltonian. z = 6
is the number of neighbours for the atomistic exchange interactions given by exchange

constants Jo, Ji4+ and Jj_.

Symbol Atomistic Expression Numeric Value

J zJo —88.2 meV
A zJi_ —6.0 meV
P zJ1+ 4,62 meV
K, — —0.04695 meV
K, K 0.001 meV

coupled LLG equations are given by

iy 0 J+A+EepeK, 0 T+A my

my | 0 | —g-A 0 —J-A 0 my (6.5)
sy 0 ~J-A 0 -J-A-Ec oK, my ‘

. & ns 3 2

M2 T+A 0 T+A 0 may

The components of sublattice magnetisation containing v are in the easy plane, whereas
those containing w are out of plane. From the above matrix equation, the resonant
frequencies are given by the eigenvalues of the resonance matrix. Solving for these gives

a single mode with eigenfrequency

V67 /(T + A) (K. + 6K,
B 3us

f5 ) (66)

with two eigenvectors (polarisations of the eigenmode) which are given by

[ivV64/(T+A) (Kc4+6Ky) T
6(T+A)
1

V1= BT A) (Kot 6Ky) | (6.7)

6(T+A)
-1

and
[iv64/(T+A)(K+6Ky) ]
6(J+.A)

-1

Y2 = e (TTA) (Ko t6Ky) | (6.8)

6(J+A)
1
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6.2 Linearised Macrospin Models

The numeric values are f; = 1.19THz, v; = [-0.022i,1,—-0.022i,—1], and vy =
[—0.022i, —1, —0.022i, 1]. These are left- and right-handed elliptically (almost linearly)
polarised AFMR modes. In the absence of the cubic anisotropy, these are identical to

two decimal places and the expression for the resonant frequency reduces to 27;%

6.2.2 Eight Sublattice Model

To show, unequivocally, that there is only a single resonant mode in a linearised model
of NiO, we repeat the calculation in the extreme case that all eight magnetic sublattices
have distinct dynamics. The free energy functional for an eight sublattice model of NiO

is given by

74 AL
F=— 2 i ] - oo ZZ (g - xi) + (riy - xinyy )]

i=1 =1 j#i
P 4
19 Z [(ri ¢ m]+) + (- m]*)] - Ky Z Z(mzi 2)2 (6.9)
i=1j#i i=1 +
4
— K.Y [(mfamiy)? + (mimiL)? + (miimiy )’
i=1 £

where fractional coefficients account for the overcounting of microscopic exchange in-
teractions in the macrospin model; overcounting is necessary to couple the sublattices
correctly. The resulting matrix form of the coupled LLG equations must be represen-

ted by a square matrix of dimension 16. The matrix was calculated using a computer
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algebra system (SymPy), rather than by hand. The matrix is given below
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(6.10)

where C = % + % + % + % — % Computing the eigenvalues and eigenvectors of this
matrix symbolically would take a very long time and is unnecessary for our purpose.
A numeric calculation is sufficient to show that, in the linearised approximation, there

are no eigenfrequencies below 1THz. Using a numeric solver in SymPy, the following
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6.3 Spin Dynamics

eigenfrequencies are obtained

fs = 1.19THz
A = 5.06THz (6.11)
N = 5.19THz,

Indexed frequencies like f5 correspond to experimentally measured modes in Table 4.4,
other eigenvalues are denoted by A. The eigenvectors of the 1.19THz mode are almost
identical to the numeric values of the two sublattice model. As before, no resonance
frequencies below 1THz are calculated. Since the 140GHz mode has been observed
using experiments which measure free oscillations, this mode must arise from the non-
linear terms in the LLG equation; either due to the nonlinear nature of the cubic
anisotropy, or it is a second order term due to exchange/dipole interactions mediated
by damping*. This highlights the failure of first order, linear approximations to the
dynamics of simple antiferromagnets. Instead of introducing arbitrary anisotropy terms
so that additional modes appear in the solutions of linearised equations of motions,
more advanced analytic techniques [222, 226] or numerical spin dynamics simulations
(Section 6.3 should be used. Additionally, linear model should be used with caution

when studying more complex materials.

6.3 Spin Dynamics

By using atomistic spin dynamics, rather than linearised macrospin models, we can
observe all linear and nonlinear modes of the system; it isn’t possible to determine an
analytic expression for the modes. But, by comparing with the analytic expressions
above and other similar Hamiltonians, it’s possible to infer the origin of these modes. In
this section three Hamiltonians are used, all of which include the splitting of the nearest
neighbour interaction, and all of which use a = 5 x 10~*this is an order of magnitude
lower than in the previous chapter to ensure nonlinear modes are not overdamped. The
first Hamiltonian omits the cubic anisotropy and replaces the dipole-dipole interaction
with a single-ion uniaxial magnetocrystalline anisotropy of the same strength as the

easy-plane dipole anisotropy (AE = —0.04695 meV /spin). This Hamiltonian is labelled

*The coupled macrospin LLG equations for an antiferromagnet inherently give rise to inertial

dynamics of the Néel vector, even in the absence of damping [238].
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H, and is given by
1 u
Hy = — §ZJijSi‘Sj -Y K, 7%, (6.12)
i, i

The next Hamiltonian, labelled Hgqip, omits the cubic anisotropy, and includes the
dipole-dipole interaction with a reduced cutoff radius Rc.; = 3a, rather than 5a. Haip
is given by
Haip = — %Z JijSi - S;
" (6.13)

B }Z popsifis,g 3(Si - £ij)(S; - #ij) — (Si - S;)
2~ 47 ‘I‘l‘j’3
i#j

The final Hamiltonian, Hgjp  includes the dipole-dipole interaction with reduced cutoff

9

radius of 3a, and the cubic anisotropy. It is given by

1
Haipe =~ 5 > JijSi- S,
2%

_ }Z pops,ihs,j 3(Si - £ij)(S; - Tij) — (Si - Sj)
2 itj 4 ’rij|3

= R[S+ (SYSE)E+ (ST

(6.14)

For H,, the omission of the cubic anisotropy allows us to determine whether any of the
modes fi, ..., f¢ are mediated by the cubic anisotropy. If all modes can be observed
in a simulation using H,, then the modes which aren’t predicted by the linearised
macrospin models must arise from nonlinear processes involving exchange and the easy-
plane anisotropy which are mediated by damping. In this case, an analytic derivation
of these modes must include damping in a macrospin model but can ignore the small
magnetocrystalline anisotropy. Additionally, the choice of a uniaxial magnetocrystalline
anisotropy was made to reduce the computational cost of simulations; including dipole-
dipole interactions with Rcyt = Ha for a large supercell of [32 x 32 x 8] unit cells each
containing 24 Ni atoms® meant that a 48 hour simulation using a Tesla V100 GPU
had a total integration time of ~ 0.045ns. Such a short integration time doesn’t give
sufficiently low noise to resolve the low frequency modes (100GHz corresponds to an
oscillation period of 0.01ns). Using a magnetocrystalline uniaxial anisotropy means

that the temperature dependence of the observed modes will be incorrect—especially

*This equates to 196,608 spins. Typical spin dynamics simulations contain at least 10,000 spins to

eliminate finite size effects [239].
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those which are strongly dependent on the effective macrospin anisotropy constant (ie
the 1.19THz Kittel mode). But, at low temperature, this is sufficient to determine

whether a mode can be observed without the cubic anisotropy.

6.3.1 Hamiltonian Validation

The full Hamiltonian (4.17) has complex k& = 0 dynamics, and it has been shown that
the dipole-dipole interactions affect both k = 0 and k # 0 spin waves [35]. To ensure
that substituting the dipole-dipole anisotropy with a uniaxial magnetocrystalline aniso-
tropy of the same strength is valid, we must first compare the dynamics of simulations
using Hamiltonians Hqi, and H,. Fig. 6.1 shows the power spectrum of the total in

IP

plane magnetisation m™ using Hy, Haip, and Haipc. The time series of the total in

plane magnetisation is calculated by the following equation

8 8
i) = 5 Y mi" ) = ¢ 3 om0 + ot (O, (6.15)

The sublattice magnetisation at a given time is calculated by the usual sum over the
ensemble. The three plots of Fig. 6.1 are almost identical; all modes are present in all
three, and their relative amplitudes are very similar. Although H, has much lower noise
and there are small deviations in the peak centres due to the poor convergence of the
dipole-dipole interaction when using R¢yt = 3a. Nevertheless, for studying fixed, low
temperature dynamics, Hy, Hdip, and Hgip,c can be used interchangeably. This simple
comparison shows that we are able to reproduce all modes of interest using any of
IP)

these three Hamiltonians (at least for m™); the £ = 0 dynamics are robust against the

addition of the small cubic anisotropy, and exchange-dipole spin waves are unimportant.
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Figure 6.1: Power spectra of the total in plane magnetisation of NiO at 100K using
Hamiltonians H,, Haip, and Haipc. Due to the difference in computational difficulty of

the Hamiltonians, the total simulation times were 101ns, 7.7ns, and 9.2ns respectively.

6.3.2 Discussion

In this section, we aim to show that all of the experimentally measured modes in
Table 6.2 can be observed in simulations which don’t include a cubic anisotropy. And,
we aim to show that the combination of components of sublattice magnetisations re-
quired to observe these modes are available experimentally (experiments are not sens-
itive to single sublattice magnetisation dynamics, for example). Modes will be indexed
using the same frequencies as in Table 6.2 (fi, ..., fs), plots will be shown on a log-
arithmic scale to ensure low amplitude modes are not overlooked, all simulations use
the quantum thermostat to ensure the relative amplitude of kK = 0 and k # 0 modes
is large (as expected in a real sample), and all simulations output the magnetisation

every 0.125ps giving a Nyquist frequency of 4THz.

A natural starting point is to consider the characteristic frequencies of a single sub-
lattice m;. This is not experimentally measurable, but gives information about the most
fundamental characteristic frequencies of the system. Fig. 6.2 shows the spectral dens-
OOP
1+

ity of the out of plane component of a single sublattice magnetisation, m . There are

two characteristic frequencies at 1.19 and 2.81THz; all eight sublattices have the same
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peak centres. The in plane dynamics (shown in Fig. 6.3) are much more complicated.
To reduce noise in the spectral density, Fig. 6.3 shows the average spectral density of
all sublattices; the average of the magnetisation time series (m®(t) = %27,8:1 mg(t))
causes interference between modes of different sublattices (which have different po-
larisations, even for the same frequency mode). But, the average in frequency space
(% 8\ FF T{m$}) does not. This spectral averaging increases signal-to-noise and en-
sures that observed peaks in the spectrum are characteristic frequencies of the system,
rather than noise. The characteristic frequencies of the in plane sublattice dynamics
(up to 2.5THz) are: ~ 310GHz, ~ 675GHz, ~ 1.04THz, ~ 1.62THz, ~ 2.38THz. These
characteristic frequencies don’t correspond to the frequencies observed experimentally

but strongly indicates that the dynamics of NiO (even when excluding the cubic aniso-

tropy and exchange-dipole spin waves) cannot be understood by linearised models.
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Figure 6.2: The spectral density of the out of plane component of a single sublattice

magnetisation for a simulation using H,,.
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Figure 6.3: The spectral density of the in plane component of sublattice magnetisation
(averaged across all sublattices) for a simulation using H,. Vertical red lines are placed

at 310GHz, 675GHz, 1.04THz, 1.62THz and 2.38THz.

The simplest, highest amplitude mode in NiO is the Kittel mode; this is the
frequency at which the out of plane component of the total Néel vector (ZOOP =
%Zle(—l)illoop) oscillates. In the previous chapter we showed that, at zero tem-
perature, our atomistic model of NiO gives f; = 1.19THz. Fig. 6.4 shows that the out
of plane component of the total Néel vector only has a single mode and that the out of
plane component of total magnetisation has no modes in equilibrium; well calibrated
experiments in geometries which are only sensitive to out of plane dynamics can only
measure one mode (such as those by Moriyama [142]). The absence of any modes in
the power spectrum of m®°F means that both the 1.19THz and 2.81THz modes seen
in a single sublattice (Fig. 6.2) destructively interfere in the summation of sublattices;
inter-sublattice coupling via the split nearest neighbour exchange determines the relat-

ive polarisation of these modes which leads to the constructive/destructive interference

for the total magnetisation and total Néel vector, respectively.
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Figure 6.4: The spectral density of the out of plane component of the total Néel vector

(left) and total magnetisation (right) for a simulation using H,,.

Now we consider the in plane dynamics of the total Néel vector. All contributions
from the total Néel vector and total magnetisation are experimentally accessible. But,
the dynamics of the total Néel vector have much higher amplitude than the total mag-
netisation because, in equilibrium, real samples will be almost perfectly compensated.
Fig. 6.5 shows the PSD of I''. Two modes are immediately identifiable at 1.19 and
2.26THz. If this were a nonequilibrium or driven experiment which included a large
field pulse or tuneable AC driving field similar to Baierl [100], we may ascribe the
2.26THz mode to the second harmonic of the Kittel mode. But, in this equilibrium
spin dynamics simulation, there is no mechanism for the second harmonic to be excited
so this must be a £k = 0 spin wave whose amplitude is too low to be measured exper-
imentally. This is irrelevant to device applications, but may need to be considered in

very high sensitivity light scattering experiments.
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Figure 6.5: The spectral density of the in plane component of the total Néel vector for
a simulation using H,. Vertical red lines are placed at 1.19THz, and 2.26THz.

The low frequency peaks in Fig. 6.5 require more detailed consideration; Fig 6.6
shows the low frequency data, four modes can be resolved: ~ 20GHz, 110GHz, 160GHz,
and 280GHz. The lowest frequency mode is consistent with f; measured by Grims-
ditch [68], though this mode could be due to spectral leakage. Due to computational
constraints, it isn’t possible to more clearly resolve such low frequency dynamics. Al-
though spectral leakage from the thermostat always appears in simulations as a mono-
tonic decrease in amplitude except for PSD(f = 0) (see m©°F in Fig. 6.4). The
amplitude at f = 0 is lower than the first frequency bin because Welch’s method re-
duces the sensitivity to constant time offsets (ie at f = 0); this is a severe limitation
of a typical FFT method. Since Fig. 6.6 shows a monotonic increase between f = 0
and f = 0.05THz, we deduce that there is a mode at low frequency. But, the resolu-
tion at low frequency is not high enough to obtain a good estimate of the frequency.
A similar conclusion could be drawn from the two modes at 110GHz and 160GHz.
Rather than two distinct peaks, it’s possible that these are a single broad peak of
frequency 135GHz because of the poor sampling of low frequency dynamics. Discount-
ing this technicality, these two modes are consistent with the low frequency mode fo
(measured experimentally between 100 and 140GHz) which is often associated with an

additional magnetocrystalline anisotropy. There is no additional anisotropy present in
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this model, so previous interpretations miss key physics in this material (leading to the
use of forbidden Hamiltonian terms). Further, the mode at 280GHz can be mapped
onto f3 which has been inferred from the sum- and difference-frequencies measured by
Baierl [100].

lIP

1.0

0.8

0.6 - e

04

PSD Amplitude (a.u.)

02 4

.

0.0 T T T T T T
000 005 0.10 015 020 025 030 035

f (THz)

Figure 6.6: The spectral density of the in plane component of the total Néel vector for
a simulation using H,. Vertical red lines are placed at 20GHz, 110GHz, 160GHz, and
280GHz.

We have now identified the measured resonance modes fi, fo, f3, and f5 in a simu-
lation of NiO which includes only a uniaxial anisotropy and exchange. Aside from the
Kittel mode, f5, these resonant frequencies are due to nonlinear dynamical processes
which are mediated by the intersublattice coupling and damping*. The remaining
modes can be observed by considering the in plane component of the total magnetisa-
tion seen in the Section 6.3.1. The spectral density of the in plane component of the total
magnetisation is shown in Fig. 6.7. Five low amplitude modes are highlighted which
have frequencies: 385GHz, 680GHz, 1.04THz, 1.38THz, and 1.68THz. The 1.68THz
peak is likely fg, which is strongly temperature dependent and has been measured to

merge with the Kittel mode at ~ 250K [68, 103]. The present model slightly overestim-

*These modes disappear in simulations which have small supercells, when damping is large and
when the classical thermostat is used. This strongly suggests a highly nonlinear process which is very

easily damped.
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ates the frequency of the Kittel mode and has a large splitting of the nearest neighbour
exhange Ji. It is likely that this mode is mediated by the splitting which, in the present
model, may be larger than in real samples. Alternatively, the coupling of spin waves
in different S-domains within a T-domain, or the domain dynamics, at elevated tem-
peratures could explain the observed merging of f5 and fs. The 1.04 and 1.38THz
peaks are evenly spaced at either side of the Kittel mode (—0.15GHz and +0.19THz,
respectively). Baierl [100] noted that their nonequilibrium measurement of the Kittel
mode (1.00THz) had shoulders at 0.77 and 1.23THz which they ascribed to the mixing
(sum-frequency and difference-frequency) of in plane and out of plane modes. It is
reasonable to assume that the shoulders observed in the experiment are the same as
those measured here, and the mixing is between the Kittel mode f5 and the nonlinear
f2 mode at ~ 160GHz (1.19—0.16 = 1.03THz). We do not observe the mixing frequen-
cies in the spectrum of the Néel vector because the amplitude of the Kittel mode is
orders of magnitude larger than the mixing frequencies in equilibrium, but experiments
which strongly excite the system out of equilibrium are able to measure this. The peaks
at 385 and 680GHz are not easily reconciled with experimental measurements, though
f4 has been measured in a wide frequency range, anywhere from 390GHz to 500GHz
(see Table 6.2). In particular, Kohmoto [103] measures a very broad feature in the
THz-TDS transmittance which is centred around 500GHz*. Taking the mean of the
two frequencies, 385 and 680GHz, we arrive at a centre average of ~ 440GHz which is

near the middle of the experimentally measured values.

*The lowest frequency measurable in their THz-TDS experiment is around 300GHz. So, it is possible

that two modes are present but the experiment doesn’t have sufficient sensitivity at low frequency.
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Figure 6.7: The spectral density of the in plane component of the total magnetisation
for a simulation using H,. Vertical red lines placed at 385GHz, 680GHz, 1.04THz,
1.38THz, and 1.68THz.

In an experimental measurement, the sample will contain inhomogeneities and the
sample area which is probed by the measurement will contain multiple domains*, as
considered experimentally by Higuchi [99]. We can apply some simple post-processing
to our simulation data to emulate sublattice mixing in neighbouring domains. The eight
sublattices are labelled m;4, m;_, ms;, my_, m3y, m3_, myy, and my_. In a two
sublattice model all + sublattices are equivalent and the — sublattices are antiparallel.
The calculation of the Néel vector time series is

8

1(t) = %Z(—l)imi(t). (6.16)

i=1
Having multiple domains within the spot size of an experiment means there is an
unequal mixing of these sublattices. We can include a multiplier to each sublattice,
ensuring there is an equal mixture of + and — sublattices so the sampled dynamics are
compensated. Four random multipliers were chosen between 0.9 and 1.1 which sum to

four. These are applied to the sublattices. The equation for the mixed Néel vector is

*Even if a single T-domain is chosen, there is no known procedure to produce an S-domain large

enough to measure a single domain.
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then

V() = = [1.07my 4 (£) — 0.93m;_(t) + 0.90my (t) — 1.10my_(£) 4 1.07ms, (£)

| —

(6.17)
—0.90m3_ (t) + 0.93m4+(t) — 1.10my_ (t)] .

This is a crude approximation of the effect of domains. But, in our case, we are only
interested in the interference of the eigenoscillations of the eight sublattices, so this
simple convolution of the sublattice dynamics is sufficient. The spectral density of the
in plane component of 1’ is shown in Fig. 6.8. Modes f1, fa, f3, f5, and fg can be seen
on the plot which doesn’t use a logarithmic scale, so these modes have a large (experi-
mentally accessible) amplitude. The missing f; mode has very low amplitude and can
be seen in Fig. 6.9. It is surprising that this mode has been measured experimentally
given its small amplitude but we can attribute this mode to a non-zero magnetisation,
suggesting that experimental methods are highly non-equilibrium. Higuchi [99] meas-
ured two modes in addition to the Kittel mode at ~ 400GHz and ~ 800GHz (sece figure

3c) using stimulated Raman scattering but these were not discussed in the main text.

fa
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Figure 6.8: The spectral density of the in plane component of the convoluted Néel vector
for a simulation using H,. Vertical red lines placed at f; = 20GHz, fo = 100GHz,
14 = 160GHz, f3 = 285GHz, f5 = 1.19THz, and fs = 1.62THz.
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Figure 6.9: The spectral density of the in plane component of the convoluted magnet-
isation m’ for a simulation using H,. Vertical red lines placed at f; = 385GHz and
f1 = 680GHz.

The convolution carried out here shows that under realistic experimental conditions,
where inhomogeneities and unequal numbers of domains leads to imperfect mixing of
sublattice magnetisations, all of the modes which have been reported in the literature
can be understood by a simple model containing only exchange and uniaxial anisotropy
but which must include nonlinear dynamics through damping. Including additional

anisotropies is an incorrect interpretation of the physics of this material.
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Thermodynamic Stability
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7.1 Introduction

The finite temperature parameterisation of micromagnetic and macrospin models of
magnetic materials is often approached in an ad-hoc manner. Material parameters such
as the exchange stiffness A, anisotropy constants K, and DMI strength are tweaked so
that simulations and analytic models agree with a single reference point of the physical
system, such as the domain wall width* Usually this tweaking doesn’t involve any sanity
checks against experimental values of material parameters, or calculating other metrics
(such as resonance frequencies). This leads to computer simulations which are said
to be representative of samples which have been measured experimentally, but uses
unrealistic input values for material properties. There are a few reasons why the finite
temperature parameterisation of continuum models—specifically exchange stiffness and

DMI strength—from atomistic models and experiments isn’t treated rigorously:

1. Direct experimental measurements of exchange stiffness and DMI are difficult and
require complex multi-step experimental procedures which requires a large degree

of approximation in the analysis of experiments [240-244].

2. The experimental method chosen to measure the same macroscopic parameter in
the same material can heavily influence the measured temperature dependence.
Niitsu [245] has collected temperature dependent exchange stiffness measurements
from the literature in elemental Fe and Ni (figures 2 and 3) which highlights this

issue.

3. There are many publications which report conflicting expressions for the same
parameter in similar materials. For example, see Niitsu [245] for exchange stiff-
ness or the the following references for the helicity modulus (discussed in Sec-
tion 7.3.2) [246-255].

4. There are insufficient computational methods to directly investigate micromag-
netic quantities. Constrained Monte Carlo [38] is a very useful tool but can only
measure anisotropic terms, not leading order energies like the exchange stiffness.

Some publications, such as Moreno [256], resort to fitting domain walls which

*Often domain walls are too small to resolve using microscopy techniques so the width of a domain is

used which has a stronger and more complex dependence on material parameters and inhomogeneities.
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are forced into the system by including antiperiodic boundary conditions*, un-
der the assumption that K(7') exactly follows the Callen-Callen scaling within
the domain wall. In atomistic simulations, all microscopic degrees of freedom
are accessible so it should be possible to evaluate finite temperature macroscopic

parameters without this type of inference.

5. Naming conventions in magnetism means that distinct material properties such
as exchange stiffness A and spin wave stiffness D, are used interchangeably. This

means their temperature dependences are also confounded [145, 257].

6. The fields of thermodynamics and statistical mechanics were established before
modern magnetism, so a lack of magnetism-specific language and literature means
the barrier to entry is highf-most literature is written in terms of fluids and
gases so astronomers, biophysicists, and engineers benefit from well developed
frameworks for studying thermal properties in their fields. Additionally, magnon
theories such as those used in Chapter 5 are often thought of as complete theories

of the thermodynamics of magnetic materials.

7. The increased availability of computing resources within universities (especially
GPUs) means tools like micromagnetism are widely used by both researchers
experienced in magnetism, and those new to the field. Coupled with the in-
creased pressure from academic journals to include computational modelling in
publications, it is easy (and often encouraged) to include micromagnetic models

regardless of how realistic the are.

These problems become very important in complex systems with many compet-
ing energy terms which can lead to spin reorientation transitions [258], Morin trans-
itions [259], and multiple magnetic phase transitions in chiral magnets [260]. A thermo-
dynamic understanding of magnetisation textures like skyrmions is vital for material

exploration and device engineering, but the complexity of the Hamiltonians of skyrmion

* Antiperiodic boundary conditions are expected to introduce strange artificial interactions because
of spin waves propagating across these mirror boundaries, and pinning introduced at the supercell edges
is already known to change m(7T"). In general, forcing domain walls into a computer simulation has

unknown effects the on free energy landscape.
tEven the most fundamental ideas such as the difference between free and internal energy are poorly

understood and evoke strong opinions in the magnetism community.
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hosting materials means computational methods must be able to deconvolve the tem-
perature dependence of these competing energy terms to gain useful insights. Methods
currently available to researchers do not have the specificity for these use cases. In
the case of exchange, some efforts have been made to use atomistic numerical models
to calculate these macroscopic properties of magnetic materials [38, 256, 261-264] but
these methods often require fitting and the use of assumptions. In this chapter we
aim to solve some of these issues by developing a theoretical framework for calculating
the temperature dependence of macroscopic magnetic properties (effective anisotropy
constants, effective exchange constants, etc) from simple thermal averages which are
independent of the method used to evaluate them—analytic mean field approximations,
spin wave theories, or numerical atomistic models (both quantum and classical). We
name these parameter-specific thermal averages stability coefficients after the work of
Debenedetti [265]. Stabilty coefficients are derived from the fundamental principles of
thermodynamics, and are independent of magnetism. The underlying principles are not
new, but the connection between stability coefficients and multiscale parameterisation

from statistical ensembles has never been made.

The chapter is outlined as follows. First, we describe some specific cases in mag-
netism where the above problems have led to inaccuracies in the literature. Next, we
rewrite main postulates and results of classical thermodynamics using language which
is independent of liquids, gases, and molecules, as well as giving key examples applied
to modern magnetism*. Then, we discuss the geometric interpretation of thermody-
namics and state some results from differential geometry. Finally, we derive stability
coefficients which allow us to express the finite temperature internal energy of any para-
meter, from any macroscopic/mean field description of a thermodynamic ensemble, in
terms of simple expectation values of microscopic parameters. The internal energy
stability coefficients are related to the free energy stability coefficients by a simple in-
tegral (the Gibbs-Helmholtz equation). We derive the stability coefficients for a rank-2

uniaxial magnetocrystalline anisotropy and the exchange stiffness in a micromagnetic

*Modern magnetism here means mesoscale magnetic devices; thin films of ferromagnets, ferrimag-
nets and antiferromagnets which can be used for computing and memory devicese. This is in contrast
to other literature on the thermodynamics of magnetic materials which typically describes bar magnets
in electric fields, hysteresis of permanent magnets in terms of reversible and irreversible processes, and

which completely fails to describe antiferromagnets.
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model of ferromagnetism.

7.1.1 Measuring Exchange Stiffness

Without rigorous theoretical language and tools, experiments cannot be designed to
measure the thermodynamic property that was intended. A perfect example of this is
exchange stiffness, A. The spin wave stiffness, D, is the coefficient of the spin wave
spectrum in the small-k limit (hf) ~ D(T)k? (for a ferromagnet). A spin wave is a
dynamical excitation with an instantaneous (in time) deviation from the magnetisation
direction which is neither fixed, nor an equilibrium value. It is a free eigenoscillation
of the system. The exchange stiffness A, on the other hand, is related to the energy
required to twist the magnetisation (not individual spins); it is a static solution of the
free energy functional which is a stable equilibrium state of a ferromagnet. The exist-
ence of domain walls, or twists in the magnetisation, do not require dynamics. Despite
this, researchers often compare the temperature dependence of these two distinct prop-
erties [145, 257]. This comes from the comparison of the zero temperature expressions

for these properties™®:

1
AT =0) = 3 Z 4NVWS ZJ | (7.1a)
a=T,Y,z 1,]
ol 2
D(T=0)= 3NZ s lJ ilriil? (7.1b)

where the summation is over all spins in the lattice, IV is the total number of spins, v
is the volume of the Wigner-Seitz cell, v is the gyromagnetic ratio, and r;; = r; —r;
is the displacement vector between two spins. For a simple cubic ferromagnet with a

single magnetic sublattice, these reduce to

AT=0)=7 (7.22)
D(T =0) = 2M|ZJa2. (7.2b)

*Note that we differ from other references because we explicitly use a classical Hamiltonian for both

calculations.
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The zero temperature relationship between these two parameters is then

1 Do MS}
Ag=-—|= 7.3

0 4 h/| |:CL3 ) ( )
where Ag = A(T = 0), and Dy = D(T = 0). The term in square brackets is equal
to the zero temperature saturation magnetisation, though these are purely microscopic

expressions; no coarse graining has been included. The final relationship is then

1 Do M,
Ag = - 2970
4

where Mo = My(T = 0) is the zero temperature saturation magnetisation. This result

, (7.4)

is very useful for calculating the exchange stiffness at zero temperature. But, this is
often used incorrectly at finite temperature. There is no derived relationship between
these parameters at finite temperature. Yet, in the absence of a simple expression for
A(T) written in easily measured finite temperature parameters, researchers improvise
by making all parameters temperature dependent in that hope that it gives a reasonable
guess without any further thought on the assumptions made. In practice this means

that the following relationship is used

A(T) = yR (7.5)

We reiterate that equation (7.5) has no theoretical justification. Any theoretical res-
ult, computational model, or experiment using the temperature dependence of spin
waves as an analogue for the exchange stiffness is missing some information about the
underlying thermodynamics of the system. Readers may see this as nit-picking but
the micromagnetic free energy for exchange and the linearised magnon Hamiltonian
have different curvatures, so relate to the thermal averaging of different functions of
spins in the ensemble. Some carefully designed experiments such as those which use
perpendicular standing spin waves (PSSW) [266, 267] are more directly probing the
exchange stiffness but these often neglect to include finite size and interfacial effects or
rely on tweaking micromagnetic simulations to verify their analysis [268]. So, PSSW
methods have similar problems to computational methods that force domain walls into

the system.
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7.1.2 Anisotropy

Section 5.3.1 briefly describes the Callen-Zener theory of the temperature dependence
of magnetocrystalline anisotropies due to the thermal fluctuations of spins*. We will
not discuss this theory further but there are a few things which suggests this is not
the most general form of the theory. First, calculating the scaling of non-local interac-
tions such as exchange, the dipole interaction and two-ion anisotropies is difficult using
this theory. Both partial rotations and full/isomorphic rotations must be considered
separately which increases the complexity of calculations [159]. Second, the theory is
limited to the spherical harmonic representation of crystal anisotropies. Antiferromag-
nets can permit non-crystalline anisotropies of odd rank (a unidirectional anisotropy
of the form cos®#, for example) but the scaling of these anisotropies aren’t known,
and aren’t easy to calculate using Callen-Zener since time reversal no longer preserves
energy. Next, deriving magnetisation power law scalings from spherical harmonics is
unintuitivel because very few researchers express magnetocrystalline anisotropies as a
series of spherical harmonics with anisotropy strength given by coefficients x;,, (I and
m are the usual orbital and azimuthal momenta which indexes spherical harmonics).
Instead, the anisotropy is usually written using expansions of the direction cosines with
coefficients K. The temperature dependence of a given K contains a convolution of the
spherical hamonic coefficients x; ,,, which leads to some articles misquoting the results of
Callen-Zener theory. As an example, consider a cubic ferromagnet with non-negligible

first and second cubic anisotropy constants
E = K [(mamy)? + (mym.)? + (mamy)?] + Kea[mgmym.)? (7.6)

where mg, my, m, are Cartesian components of the magnetisation, and K.1, K¢ are
the cubic anisotropy constants. This can be rewritten in terms of spherical harmonics
as [86]

E = ko + k4,020 + Ka,4Ys4 + K6,0Y6,0 + K6,4Y6.4, (7.7)

with the following values of x*

*Changes to the crystal field splitting and spin-orbit coupling are negligible over the temperature

range of magnetic ordering.
TThough it has been argued that spherical harmonics are preferable because they form an orthonor-

mal basis, whereas direction cosines have considerable overlap leading to ambiguity in the values of
K [129].
In general, the spherical harmonic transform (similar to a Fourier transform) calculates numeric

values of the coefficients.
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Table 7.1
K Value in terms of K Table 7.2
21K1+ Ko
K0,0 105 K1 (T) : &(T)
R1(0) Value in terms of (0]
11K+ Ko
K4,0 ——
: 55 Ki(T) ka(T) 1 ke,o(T)
Kl(O) /64,0(0) 11 /66,0(0)
11K+ K>
K44 9240
K»(T) ra,0(T)
Ko (0) K4 0(0)
2K. ,
K6,0 531
__K>
K6,4 11580

The values in Table 7.2 are approximations which are calculated by inspecting
Table 7.1 and choosing to include only x40 and xg. The theory of Callen-Callen and
Zener shows that terms with the same value of the total angular momentum [ have the

. o T T T . )
same anisotropy scaling (ie ,Zi?)((o)) = ':iz((o)) = ,Z((O)) ), and gives the following result

ra(T) ~ (m. )10 a
r6(T) ~ (m.)2!

From the relations in the table on the left, this implies that
11K,(T) + Ko(T) N

R0 T 50 = ™) (7.9)
Ko(T) ~ K5(0)(m,)** (7.9b)
This is usually approximated to
K,(T) ~ [K1(0) + %KQ(O)sz)lO - %Kg(O)(Tnz)Ql (7.10a)
Ko(T) ~ K5(0)(m,)** (7.10b)

This creates a problem. Considering equation (7.9) in the limit that K; ~ 0, we
have

Ky (T)

K5(0)

~ (m )10, (7.11a)
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Ko(T)
K>(0)

~ (m,)?". (7.11b)

This is a contradiction; K9 cannot scale as both the 10th and 21st power of the mag-
netisation. This simple calculation shows the theory is not rigorous when transforming
from coeflicients x to constants K—whether the contradiction is a real effect or due to
an approximation wasn’t investigated. Another issue is that there is often confusion
between Akulov’s derivation [269], and the general Callen-Zener theory [160]. This is
because Akulov’s derivation is reproduced in the Callen paper before the Callen-Zener
theory is derived [159]. The general theory requires good knowledge of crystal symmet-
ries, and has a high barrier to entry for those studying magnetic phenomena at micro-
magnetic length scales because the relationship between coefficients x and constants
K is rarely considered in this context. Akulov’s derivation is much more intuitive but
fails for higher order local anisotropies (the author finds it only works for K; and K1)
and can’t be applied to any multispin interaction (exchange, magnetic dipole-dipole
interaction, etc). Finally, the connection between the microscopic description and the
free energy difference is not well established by this theory; a partition function is never
manipulated yet the finite temperature anisotropy is called the free energy F' [159, 269]
even though this is not true; expectation values over using the Hamiltonian are always
internal energies. Above, E has been used simply as the energy. This is acceptable for
a macroscopic/continuum energy; since there is no entropy, the free energy and internal
energy coincide. But, when parameterising macroscopic models from microscopic ones,
the internal energy scaling is often used for exchange but the free energy scaling is
used for anisotropies. In the rest of this section, we discuss a very general method of
calculating the temperature dependence of continuum and mean-field parameters from
a canonical ensemble based on the partition function which can be used for any energy

term.

Akulov [269] made a simple conjecture; the equilibrium (easy direction) thermal
fluctuations of spins can be projected onto a hard direction to measure the reduction of
the potential barrier (due to crystal anisotropy) between adjacent easy directions. The
equilibrium fluctuations are also applied to the easy direction to measure the finite tem-
perature potential well. The energy difference between the finite temperature potential
well and potential barrier is the energy required for the magnetisation to transition

between two easy directions. The scaling of the transition barrier is precisely the tem-
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perature scaling of the macrospin anisotropy constant. This is a simple, and very
powerful insight which recovers the Callen-Zener power scaling for uniaxial and cubic
magnetocrystalline anisotropies. This caused the author to think about the thermody-
namics of magnetic systems from the viewpoint of geometry and curvature, ultimately
leading to this chapter of work. In addition to the work of Akulov, Zener, and the
Callens, this chapter has been heavily influenced by the following works [265, 270-278].

7.2 Classical Thermodynamics

7.2.1 Introduction

Thermodynamics—in the most abstract sense—is a quantitative description of how energy
(heat, work, etc) can be added to—and extracted from—a system. Here, a ‘system’, is
some macroscopic amount of physical material such as a tank of water, a vial of a
chemical, a ferromagnet, or a package in a warehouse that needs to be moved. In
this section, a brief and general description of thermodynamics will be given with
the understanding that we will later discuss equilibrium statistical mechanics which
focuses on the thermodynamics of states rather than thermodynamic processes. This is
to prevent confusion with traditional literature which often describes the specific case

of the thermodynamics of fluids and gases.

7.2.2 State Variables, Total Energy and Conjugacy

The state of any physical system is described mathematically by variables. In typical
literature on the thermodynamics of gases, the named state variables are the temper-
ature of the environment 7', entropy S, the pressure of the environment p, volume V,
the chemical potential of the constituent particles u, and the number of particles V.
In general, a system can be described by many other parameters besides these but we
will use these as a base point to generalising the description of a system.

The internal energy of a system U is the total energy. It is the sum of all energies in
the system; all kinetic and potential energies of the microscopic degrees of freedom. In

the description of gases, the internal energy is

U= / TdS — pdV + pdN. (7.12)
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Temperature and entropy are special variables which are not specific to a given system,
but the other terms are specific to the way work can be done by a container of gas
molecules which can change volume and exchange particles with the environment. In

general, we can write the total energy as

U= /TdS +)YidX;, (7.13)

where {Y;} are intensive variables and {X;} are extensive variables. The definition
of intensive and extensive are not very strict but the name is often used in literature.
Instead, we prefer to call these variables thermodynamic fields {Y;} and thermodynamic
displacements {X;} (or macroscopic fields and macroscopic observables) which gives a
physicist a better intuition of how these variables work. If a sealed piston in an engine
is displaced by changing expanding, then the conjugate field (pressure) will decrease
to push the system towards equilibrium. Each X; is conjugate to the variable Y;, this
means that each Y; is given by a partial derivative

U

Y; = .
YOX;

(7.14)

For the classical Heisenberg model of a ferromagnet, examples of thermodynamic fields
are the effective magnetic field pioH*, skyrmion chemical potential g, and domain
wall chemical potential pupw. Their conjugate thermodynamic displacements are the
magnetisation M, topological charge ng, and domain wall momentum Kpw. An equi-
valent thermodynamic description of a classical Heisenberg ferromagnet can be written
in terms of spin waves. This description has distinct thermodynamic fields; the chem-
ical potentials for spin waves with a specified k-vector {ju,} and the corresponding

thermodynamic displacements are the spin wave numbers of different k-vectors {ny, }.

In Eq 7.13 we have written the total internal energy in integral form. Computing
the integral-assuming ground state values of the thermodynamic displacement variables

are zero—gives U = T'S—pV 4+ N. We can also write the total change in internal energy

*The literature usually states this is the applied magnetic field. We make this generalisation because
we are studying magnetism on crystals at the mesoscale which have complex interactions (as well as an
applied magnetic field) instead of the limiting case of idealised isotropic ferromagnets. This also shows
the link between classical Heisenberg model more clearly, and helps reduce confusion when considering

thermodynamics.
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as a differential which follows directly from Eq 7.13

dU =TdS + ) YidX; (7.15)
i
We now have enough information to define the four laws of thermodynamics.

7.2.3 The Zeroth Law

The zeroth law is a statement about equilibrium. It states that if two thermodynamic
systems (vials of fluid, domains in a ferromagnet, etc) are both in equilibrium with a
third system, then the first two systems must also be in equilibrium with each other.
Equilibrium between two systems means that they are connected by some boundary
which allows the flow of heat (but nothing else) and that there is no net heat flow from
one system to the other. In simple terms; they have the same temperature.

In maths, this is formulated by the following. Let Uy, Us, Us be the internal energies
of three systems which are functions of T, Ss, { X}, {Ys:} where s € {1,2, 3} denotes

the number of the system. The zeroth law can then be written mathematically as
(Tl = Tg) A (T2 = Tg) <~ (Tl = Tg), (716)

where the wedge symbol A is the logical AND operator.

7.2.4 The First Law

The first law is a mathematical statement of conservation of energy. Before writing
this, we first need to introduce work W and heat (). Similar to the discussion of ther-
modynamic fields/displacements, the expression for work is dependent on the degrees
of freedom of the system considered. Heat is independent of the system. Heat Q is the

total change in thermal energy of a system and is written
Q =TAS. (7.17)

Work is how a thermodynamic system can affect other systems through its macroscopic
variables. The typical description is in terms of mechanical work which interacts with
other systems by changes in pressure and volume, for example a human metabolises
sugars in the body to move muscles which allows them to lift a heavy box. The human

applies mechanical work to the box which changes its gravitational potential energy.
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But many forms of work exist dependent on the system, it could be the work done by a
change in direction of the stray field of a ferromagnet on an adjacent paramagnet, how
a blackbody experiences radiation pressure, or how an apple falls from a tree due to
the work done by the gravitational field of the Earth. The work done by the system W
is the total change in energy due to the change in thermodynamic fields, but excluding
the energy unavailable due to entropy (7'S). Again inspecting Eq 7.13, each conjugate
pair of fields/displacements gives a unique type of work that the system can do to its

environment W;

W, = / Y;dX. (7.18)

These forms of work could be mechanical (windmill), electromagnetic from mechanical
(dynamos/alternators), electrochemical (batteries), thermomechanical (combustion en-
gines, refrigerators/heat pumps), etc. The first law of thermodynamics states that any
change in internal energy is the difference between the thermal energy added and the
work done by the system

AU =Q - W. (7.19)

Instead of defining W as the work done by the system, one can define the work done
on the system. The work done on the system by the environment leads to a change in
sign of Eq 7.19 so it reads AU = Q + W.

7.2.5 The Second Law

We have already partially stated the second law. The definition of the internal energy
U given by Eq 7.13 is part of the statement of the second law. The second part of the

second law can be formulated in many ways. Here are a few

o Heat can never pass from a colder to a warmer body without some other change

(work), connected therewith occurring at the same time. - Clausius 1854 [279]

e It is impossible for a self-acting machine, unaided by any external agency to con-
vey heat from one body to another at a higher temperature. - Kelvin/Thompson
1851 [280]

e Every process occurring in nature proceeds in the sense in which the sum of the
entropies of all bodies taking part in the process is increased. In the limit, i.e.

for reversible processes, the sum of the entropies remains unchanged. - Planck
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1897 [280]

e In every neighbourhood of any state S of an adiabatically enclosed system there

are states inaccessible from S. - Carathéodory 1966 [281]

Some of these statements are equivalent, some only partially describe what is known
as the second law in modern thermodynamics. The definition we will use is that the
entropy of an isolated system will always increase over time. To fully understand this,
we need to define reversible and irreversible processes.

A reversible process is one which no energy is lost as friction, magnetic damping,
or used to change the chemical state of a system. And, a process where the system
is in equilibrium throughout the process. The statement of constant equilibrium is
the same as a quasi-static process ie. so slowly that incremental changes to thermody-
namic displacements X are small enough that the thermodynamic fields Y are constant.
Examples are isothermal expansion of a gas, angular rotation of the magnetisation dir-
ection by an external magnetic field (hysteresis is irreversible, only processes where
domain walls do not move are reversible). An irreversible process is any other process.

For reversible processes, the loop/contour integral of the thermal energy change at

constant temperature is zero

0Q
- 0. 2
T 0 (7.20)
But for irreversible processes, this must be less than zero
0Q
— . 21
j{ T <0 (7.21)

In Equation 7.13, the thermal energy is the first term
0Q =TdS (7.22)

So the entropy is defined by the irreversibility of a process. The entropy of a system is
a measure of disorder. The contour integral of reversible processes, states that there is
no change in entropy. For an irreversible process, there must be an entropy increase.

This is the second law.

7.2.6 The Third Law

The third law is a weaker statement and is not often considered part of classical ther-
modynamics. It is, however, important in the statistical mechanical view of thermo-

dynamics. The third law states that, in the limit that temperature goes to zero, the
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entropy reaches a constant value
S(T — 0) — Sop. (7.23)

The value of Sy is given by the number of degenerate ground states. That is, given the
number of microstates W (sets of {X;,Y;}) such that U(T = 0,{X;},{Y:}) = Up the

ground state energy, then the entropy at zero temperature is
So = kpIn(W). (7.24)

If the system has a single ground state then Sy = 0. The above is valid for both
discrete and continuous systems but W is not always countable. Take for example,
a classical Heisenberg ferromagnet with uniaxial anisotropy. There are two ground
states; S; = zVi and S; = —2Vi so W = 2. But the isotropic Heisenberg ferromagnet
has infinitely many ground states, so W = oco. In general, for continuous systems at

finite temperature, the entropy is given by the H-theorem [282, 283]

S — —kp / p(X) In(p(X))dX, (7.25)

where p(X) = e #HX) is the probability of a microstate X.

N

7.2.7 Thermodynamic Potentials

Thermodynamic potentials are fundamental equations. A fundamental equation is any
equation from which we can obtain all knowledge about a system [284]. All thermo-
dynamic potentials are equivalent as they can all be derived—under certain constraints,
called natural variables—from the internal energy U which itself is a thermodynamic
potential. The internal energy is the total energy of the system; it includes heat en-
ergy as well as all thermodynamic fields present in the system and its expression has
already been given above in Eq 7.13. A new thermodynamic potential is constructed by
turning one or more thermodynamic fields into an independent variable by a Legendre
transformation. For example, the Helmholtz free energy is a Legendre transformation
of the internal energy with respect to temperature. This constrains the temperature
(a thermodynamic field) to a fixed value and the entropy now becomes an independent
variable ie U(T,{X;}) — F(S,{X;}). The number of thermodynamic potentials which
can be constructed is only limited by the number of thermodynamic fields. The typical

thermodynamic potentials in the literature for chemical systems are the Helmholtz free
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Table 7.3: Expressions for the partition function Z for quantisation of energy (columns)
and coordinates (rows) assuming there are only two three-dimensional variables p and

q which describes the state of an object i (i € 1,..., N) in the ensemble.

Potential Differential Constants (Natural variables)
U=TS+Y,Y:X; | dU=TdS+Y,YidX, (X}
F=Y,YX; |dF=dU—(TdS + SdT) T, {X;}/S
H=U-pV dH = dU + pdV + Vdp p, {Xi}/V
G=U-TS—pV | dH =dF + (pdV + Vdp) T, p, {X;}/{S,V}

energy F', enthalpy H, and Gibbs free energy G. Each is relevant for a thermodynamic
process (where work is done) for a constant thermodynamic field (ie 7') and all thermo-
dynamic displacements held constant, except the conjugate to the constant field (5).
The expression for each potential is given in Table 7.3.

We are not studying processes, however. We are studying (equilibrium) states in

canonical ensembles, in which case all displacements are constant [285, 286].

7.2.8 Equilibrium States in Thermodynamics

In Section 7.2.5, the second law of thermodynamics was written in terms of a ther-
modynamic process. It states that the entropy of any closed system will increase over
time. A consequence of this is that, at equilibrium, entropy will be maximised—this is
the principle of maximum entropy. By taking a Legendre transformation of the internal
energy, we can write the entropy as a function of the thermodynamic displacements
S = S(U,{X;}). The maximum entropy principle for an equilibrium state (the point
Ry = (Up, {Xio})) imposes the following mathematical constraints

25
X7

oS

=21 =0
0X, ’

Ro

<0 Vj (7.26)
Ro

The vanishing first derivative ensures there is no thermodynamic field acting on the
system, this ensures the state is a local extremum of the entropy but doesn’t determine
whether this is a maximum or minimum. The second requirement for equilibrium is
that the second derivative is negative. This ensures that the entropy surface is concave

ie. for any infinitesimal change in a thermodynamic displacement X; from the value

128



7.2 Classical Thermodynamics

X10, given by X1 = X9 + 0X; then the entropy at the displaced point must be less
than the equilibrium value, S(X; 4+ 6X1) < S(X1).

S(z)

| |
~\

Hop)

Figure 7.1: A 1-dimensional entropy surface. The points x1, x2, x3 are stationary
points. The point z; is a local maximum (S’(z1) = 0, S”(z1) < 0) which is sometimes
called metastable. The point x9 is the global minimum (S’(x2) = 0, S”(xz2) > 0). The
point z3 is the global maximum (S'(xz3) =0, S”(x3) <0, S(x3) > S(z1)). This is the

most probable state of the system at this temperature.

We can reframe the principle of maximum entropy as a principle of minimum in-

ternal energy. Partial derivatives have the following property

@)= (&)./ (), rm

ou

which, along with the relation 3z =T allows us to write
ou oS oS oS
- _ _ =-T(=— ) 7.28
<5X1>R0 (3X1>RO/(3X1>X1 <3X1>R0 (7.28)

A similar processes can be applied to the second derivative with the the negative sign

changing the inequality. The principle of minimum energy is then

o*U
o ox?

g
0X,

>0 Vj. (7.29)
Ro

Ro
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We can immediately write this as the principle of minimum Helmholtz free energy.
Since all displacements are held constant except X;*, any derivative of the internal

energy is equal to the derivative of the Helmholtz free energy

ou 0
— = —-——1|TdS Y;dX; d ,
0X1|r,  0X, ( 2 an )
i Ro
OF 0 . (7.30)
—| = ——1|-8dT Y;dX; th
OX1|r, | 0K < t2 ) e
) Ro
dS=dT =dX; =0, Vi#1l
which simplifies to
ou oF
= _— | =V, 7.31
0Xilr, 0Xilg, (7.81)
For the free energy, the conditions for equilibrium are
OF O*°F
— = —| >0 Vj. (7.32)
. ’ 2
0X; R, 0X; R,

Note that, although the second derivatives of the internal and free energies are equal
when all other quantities are fixed (denoted by Ry), this assumes that the system is
completely isolated. In practice, we are interested in a system which is coupled to a
heat bath. When the temperature of the heat bath varies, entropy and other energies

are exchanged, so that the second derivatives no longer equate.

7.2.9 Limits of Stability and stationary points

In the above section, the condition for equilibrium was that the second derivative of the
bulk free energy with respect to a bulk thermodynamic variable was positive definite.
Stable points on the internal energy (temperature not fixed) surface are a very similar
concept to equilibrium points. In perfectly isolated systems at fixed temperature, all
equilibrium points are stable. But, in general, not all equilibrium points are stable.
The concept of stability allows small local fluctuations in macroscopic observables due
to the thermodynamic contact of a system with its environment—even in equilibrium as
defined by the first law. When close to a phase transition, these fluctuations can cause

the spontaneous transition from one phase to another; passing sound through water

*Sometimes we are interested in non-equilibrium states where dS is considerable. Other methods
must be when the entropy of the state is large. For magnetic anisotropy, any change is low entropy

since exchange brings order to the system.
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supercooled to below the freezing temperature 0°C locally changes molecular spacing
(even if the global average spacing is constant) which causes the water to spontaneously
freeze [287]. The macrostate parameters of the total system were held constant but the
transition still occurred because of the local changes. Supercooled water is an example

of an unstable equilibrium position.

We can formally derive the condition for stability by a thought experiment. Con-
sider a thermodynamic system which is prepared in some state (a point on the free
energy surface, F'({X;})) and suppose it is then immediately isolated (parameters {X;}
fixed). Now suppose the system is separated into two identical subsystems A and B
which are isolated from one another—the typical thought experiment is partitioning a
sealed box of gas molecules into two Fig. 7.2 but an equivalent magnetic version is given
in Fig. 7.3.

. -
A N
! ~
~ :
/ /:1\/

Figure 7.2: A depiction of the stability thought experiment. The grey region is a
vacuum, the white region is a perfectly isolated container, points with arrows are in-
distinguishable gas molecules and their velocity. The black dashed line separating the
two sides of the sealed container is a fictitious partition separating the system into two

subsystems A (left) and B (right).

Since the subsystems are identical they have the the same macrostate which implies:

1. Both subsystems and the total system are described by the same bulk free energy
functional Fu({X;}) = Fp({Xi}) = F({Xi}),
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Figure 7.3: Stability thought experiment in a ferromagnet. The grey region is a vacuum,
the white region is a perfectly isolated container, arrows are indistinguishable thermal
classical magnetic moments (precession given be dashed line). The black dashed line
separating the two sides of the sealed container is a fictitious partition separating the

system into two subsystems A (left) and B (right).

2. Both subsystems have the same values of macroscopic observables {X; 4} =
{Xip}={Xio},

3. Both subsystems have the same value of the free energy Fy = Fp = F({Xio})

and,

4. The total free energy of the system is F({X;}) = F{X;a}) + F{XiB}) =
2F({Xio}).

Now suppose a process p transfers a small amount of a macroscopic parameter X €
{X;} from subsystem A to subsystem B (volume by moving the partition, chemical
potential /temperature by Maxwell’s daemon, magnetisation by spin current, etc); we
can write this process mathematically by p: (X4, Xp) — (X4 —0X, Xp + 6X). Since
the subsystems are initially identical then X4 = Xpg = Xy, by applying p to the pair of
subsystems (X4, Xp) we can write p: (X4, Xp) = (Xo—0X, Xo+X). If the system
is stable then, by the second law, the sum of the free energies of the subsystems after

the process must be greater than or equal to the total free energy before the process:
F(X() — (5X[)) + F(X() + 5X0) > 2F(X0) (733)

If this inequality is not met then removing the partition between the two subsystems
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would cause process p (ie crystallisation of HoO molecules) to continue until a stable
equilibrium point is reached (ice). A lack of stability close to phase boundaries is the
reason for coexisting phases (ie coexistence of steam and water at 100°C, coexisting

hep and fee grains in a Co crystal, etc).

Equation (7.33) is the 1-dimensional condition for stability and, in the limit of small

fluctuations X — 0, can be written as any point Xy which satisfies

OF 0*F

— = d — > 0. .34

X |, 0 an 0X2X >0 (7.34)
0

These conditions are satisfied for any equilibrium macrostate (F'(X) =0, F"(X) > 0)
and any stationary inflection point (F'(X) = 0, F”(X) = 0). For any non-isolated
system at the limit of stability 0,,F = 0, heat and work can be exchanged with the
environment which allows the system to fall into the energy well depicted in Fig. 7.4.
Any point R’ such that 9,, F(R’) = 0 is a stationary point and indicates a phase trans-

ition.

7.2.10 Energy as a Regular Surface

In the previous sections, the entropy and free energy were called surfaces without jus-
tification. A surface is a two-dimensional object in three-dimensional space, higher
dimensional surfaces are called manifolds—throughout we will use the term surface to
describe a manifold of any dimension for brevity. Writing the bulk internal and free
energies as regular parameterised surfaces (sometimes called a Monge patch, or the
graph of a function with two variables) allows us to state and apply powerful tools
from differential geometry to thermodynamics without proof. A regularly paramet-
erised surface (RPS) M, is a continuous and smooth subset of R? which can be written
parametrically in the form M = [u,v, G(u,v)]. Here, continuous means that there are
no holes in the surface and smooth means the surface is infinitely differentiable with

respect to u and v at every point r = (u,v).

The constraint that surfaces must be continuous and continuously differentiable

means polar coordinates are usually used so that the graph G can be written in terms
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Figure 7.4: The free energy surface of a system that undergoes a first order phase
transition at T3. T} is the lowest temperature, the corresponding curve is coloured dark
blue, T}y is the highest temperature, the corresponding curve is dark red. Temperatures
T, Ty, and T3 have two equilibria (stationary points) but 7y only has one. The second
equilibrium position is added as a point on the curve. The second equilibrium position

at T3 is an inflection point so it is unstable.

of trigonometric and exponential functions (which are continuous and continuously dif-
ferentiable). We can write the bulk internal energy of macrospin models of magnetic
materials in this form. Let us restrict our thermodynamic system to a canonical en-
semble (fixed temperature) of ferromagnetic classical magnetic moments localised on
fixed lattice sites (no mechanical degrees of freedom). The order parameter is the
magnetisation M (or sublattice magnetisations M;) and the thermodynamic displace-
ments are the polar ©,, and azimuthal ®,, angles of the reduced magnetisation vector
(m = M/|M])*. The thermodynamic field is the effective magnetic field H (which
can include many energy terms). The internal energy surface can be constructed from
a single spin Hamiltonian, H; = S; - (%) = H(0;,¢;) (the case of spin-spin interac-
tions will be considered later). We can replace the microscopic spin angles 6; and ¢;

with bulk order thermodynamic displacements when take the Hamiltonian expectation

*We use the reduced magnetisation as we do not want to convolute the scaling of mean field

parameters and the scaling of M, (T')
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value. That is, we can write the bulk internal energy as
U(©1r, Bl = (M)l (Oar, Byn). (7.35)

The bulk internal energy surface at fixed temperature is then My = [0, ®,U (O, ®)|r].
Some results from differential geometry will now be stated for an n-dimensional sur-
face M = (x1, ..., xp, G(21, ..., zy)). For results which are written for two-dimensional

surfaces (ie G = G(x4,x;)), it is assumed that all zy, k # 4, j are fixed.

The connection with constrained Monte Carlo is now clear. Since CMC fixes the
magnetisation directions ©; and @y, it allows the direct evaluation of (H)|e,, ®,,.7-
In the original paper by Asselin [38], the torque is connected with the free energy.
In Fig. 7.6 we clearly show that, by using CMC, the temperature dependence of
the internal energy difference between an easy and hard axis for a uniaxial ferro-
magnet (AU(T) = (H)le,=r/2,0r=01 — (H)|oy=01) is identical to the temperat-
ure dependence of the torque. The most obvious direction to investigate the dis-
crepancy, is to carefully consider whether the partition function can be written as
Z(q) = > o exp (—BH(&asq)) (equation C1 of [38]). By definition, the partition func-
tion is the sum over all possible microstates for all possible macrostates. Z(q) is a
subset of the true partition function Z = [dqZ(q), Z(q) is the sum over all microstates
which are in the macrostate g. We make no further attempts to reconcile this contra-
diction, but the author is confident that the macroscopic torque measured in CMC is
related to the internal energy, not the free energy (see Fig. 7.6). Next, we state some

properties of surfaces from geometry.

Curvature

Consider a point ro = (zg,yo) on an RPS which is given by the graph of G(z,y). The

curvature of G(x,y) at the point ry along the z-direction is

0°G
ke (ro) = [Wl (7.36)
ro
The curvature of G(x,y) at the point ry along a generic direction n is
InYnn — TnnYn
kn = ["} (7.37)
L @) g
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First Fundamental Form
The first fundamental form I of an RPS which is given by the graph of G(z,y) is

(1+G2)  G.Gy
G.Gy  (1+G2)

(7.38)

The determinant of the first fundamental form is det(I) = 1 + G2 + G2.

Second Fundamental Form

The second fundamental form IT of an RPS which is given by the graph of G(x,y) is

M= —— Y (7.39)
\/1+G%+G§ Gy Gyy
The determinant of the second fundamental form is
1 2 1 2
det(IT) = [(GreGy) — G2, ] = Taem e (7.40)

V1+G2+GE

where |D2G]| is the Hessian determinant of G.

Principal Curvatures

The principal curvatures k1, k2 of G(x,y) at a point ro = (2o, yo) are the maximum and
minimum values of the curvature. The principal directions e, e; are the directions of
principal curvature. The principal curvatures and principal directions at an equilibrium
positions are given by the eigenvalues and eigenvectors of the second fundamental form
IT.

Gaussian Curvature

Consider a point ro = (z¢, y0) on an RPS which is given by the graph of G(x,y). The
Gaussian curvature IK(rg) is the product of the two principal curvatures K(rp) = Kk1rK2.
Its value is the ratio of the determinants of the second and first fundamental forms
which can be simplified to

_ det(I) _ [(GraGuy) — (Gay)®
det(I) (14 G+ Gy)?

K (ro) (7.41)

If K(rg) = 0 then one or both of the principal curvatures are zero.
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Mean Curvature

The mean curvature H is the average of the two principal curvatures H = %(m + K2).
For a Monge patch, this is given by the following expression
1 Tr(L o IT) — Tragym (I o IT)
H=_-
2 det(I)
14 G2)Ger + (1+ GGy — 2G.Gy Gy
2 (1+G2+G2)3/2

(7.42)

7.2.11 Calculating Principal Curvatures

In general, if we are not at an equilibrium position—either by a constraint in an atomistic
simulation, or by applying (and then removing) a small magnetic field in an experiment—
then the principal curvatures are given, in terms of the mean and Gaussian curvatures

K, H, by the following expression

k1 =H+VH2 - K
Ky =H— VH2 — K

This contains both first and second derivatives of the free energy surface so any con-

(7.43)

straint of the system from equilibrium requires the free energy scaling to take into

account effective thermodynamic field.

Point on a Surface

Points on a surface can be classified by the gradient and principal curvatures at that
point. When studying thermodynamics, the classification of points on an energy sur-

face determine whether that state is an equilibrium state and its stability.

A stationary point is a point vecry on a surface G(z,y) which has vanishing gradient
VGy, = 0. In this case, the first fundamental form reduces to the identity matrix and
the second fundamental form reduces to the Hessian matrix. Points on surfaces can be
further classified by the values of the principal curvatures. We are only interested in a

few cases
Case 1: k1 <0, ko<

Points where both principal curvatures are negative are called concave—if you

travel along the surface in any direction, the value of VG(z,y) will decrease.
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Additionally if the point is a stationary point VG = 0, then the point is a
maximum. Moving along any direction will decrease the value of G. If the
point is stationary and both principal curvatures are negative and of equal size
K1 = K2, then the maxima are symmetric ie G(zo £ €,40) = G(xo F €,y0) =
G(wo,yo £ €) and the same is true of the gradient, an example is the [111] dir-
ection (= (0 = cos™'(1/v/3), ¢ = 7/4)) on the surface of a first order cubic
anisotropy f(6,¢) = sin?# cos? § + sin* § sin? ¢ cos? ¢.

Case 2: k1 =0, ko<O0

This point has constant gradient along the e; direction and the gradient decreases
along the e direction. If the point is a stationary point, then G(z,y) is constant
along e; and decreases along e;. This is the case for any point on the outer surface

of a tube.

Case 3: k1 =0, ko=0

This point is either any point on a surface which can be parameterised as a plane

ie the surface of a sphere.

Case 4: k1 >0, ko=0

The classification of this point reads the same as Case 2, replacing ‘decreases’

with ‘increases’. An example is any point on the inner surface of a tube.

Case 5: k1 >0, ko>0

These points are convex. The gradient along any direction increases. If the point
is also stationary, this is a minimum point. On a free energy surface, these points
are local equilibria. An example is any point r = (0¢) on the surface a first order

cubic anisotropy.

Case 6: k1 <0, ko>0
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When the principal curvatures have opposite sign, the gradient increases in one
direction and decreases in another. If this point is also a stationary point, then
this is a saddle point (minimum in one direction, maximum in the other). An
example is the [110] direction ([110] = (§ = 0,¢ = 7/2)) on the surface of a first

order cubic anisotropy.
These are summarised in Table 7.4

Table 7.4: Classification of points on a surface by their principal curvatures.

k1 <0 k1 =0 kK1 >0
Ko < 0 Concave ellipsoid Concave cylinder Hyperboloid
ko =10 Concave cylinder Plane Convex cylinder
Ko >0 Hyperboloid Convex cylinder Convex ellipsoid

7.3 Bulk Internal Energy Scaling

The literature in magnetism has never been very clear on what is meant by the ‘free
energy scaling’ of material parameters, primarily because the thermodynamics of mag-
netism is difficult*. From thermodynamics we understand that entropy prevents us from
extracting all of the available (internal) energy in a steam engine and that the energy
which can be extracted is the free energy, but this doesn’t translate well to magnetic
systems. It is plausible to imagine extracting energy from domain walls or skyrmions
in a ferromagnet by converting the time dependent dipole field into an electric cur-
rent, so the extracted electrical power must be related to the free energy of a domain
wall. However, the thought experiment doesn’t translate well to spintronic devices that
make use of quasiparticle excitations like magnons. The question of whether domain
wall widths are related to free energies or internal energies is even more confusing.
Regardless, we derive expressions for the internal energy scaling of macroscopic prop-

erties in Section 7.3.1 and by using the Gibbs-Helmholtz equation (7.73) we can easy

*The author has been dissuaded from this avenue of study at more than one conference
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calculate the temperature dependence of free energies from internal energies.

Akulov’s simple method of projecting equilibrium fluctuations around the z-direction
of a cubic ferromagnet onto the maxima along [111] and [101] gives us a hint about
something more fundamental about the free energy scaling of bulk material properties
using the fluctuations (entropy) calculated from microscopic considerations. Akulov’s
method is attractive because simple expectation values are easy to calculate and are
independent of the numerical method used. This would mean we can use advanced
semi-classical dynamical methods [132] (Section 5.1) which more accurately calculates
the temperature scaling of the order parameter so the validity of using a Callen-Zener
magnetisation scalings and Bloch’s law can be verified. These dynamical methods are
very attractive from the view of computation as well; they are embarrassingly parallel
algorithms that work best on GPUs. Constrained Monte Carlo, on the other hand,
cannot be parallelised so calculating the bulk free energy scaling of any large system
with dipole-dipole interactions is computationally very difficult. It also means we can
calculate the temperature scaling of non-local interactions such as exchange, DMI and
dipole-dipole interactions which cannot be written as a simple power of the magnet-
isation. As we will show in this section, Akulov’s method doesn’t work for most cases,
only first order uniaxial and first order cubic anisotropies coincide with the stabil-
ity coefficients and Callen-Zener theory. Outside of magnetism, the use of stability
coefficients is commonplace [265, 270, 288-290] but the connection between stability
coefficients and statistical mechanics (ie simulations) in any field has been missed. We
develop this here so that no complicated sampling methods are required to calculate

the temperature dependence of macroscopic models.

7.3.1 Stability Coefficients

There have been many attempts to calculate the scaling of micromagnetic and mean-
field properties of magnetic materials from ensemble methods. But these methods don’t
employ the standard tools from thermodynamics which are used in other areas of physics
(molecular dynamics, astrophysics and fluids) [273, 291-293]. This is because thermo-
dynamic theory isn’t usually written in terms of magnetism. The literature which does
consider magnetism is in the context of macroscopic ferromagnets—bar magnets in solen-

oids, the effect of bulk magnetostriction on mechanical properties—or focuses on Landau
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theory which does consider microscopic degrees of freedom and is only applicable near
the critical temperature. None of these are very easily applicable to modern magnetism
thin film ferromagnetism or multisublattice magnetism. Additionally Landau theory is
of little interest to modern researchers that want to investigate properties of devices far
below the critical temperature. So, much of the knowledge of the applicability of ther-

modynamics in magnetism has been lost, or is considered niche in the wider community.

The tools which are used extensively in molecular dynamics and astrophysics come
from thermodynamics and statistical mechanics, and can be used on any system of any
arbitrary constituent objects. In addition, the description of curvatures of the preced-
ing section did not limit which points on the surface we were considering. This means
we can use those expressions to calculate both equilibrium and non-equilibrium thermal

stability of different bulk internal energies.

Thermodynamic stability measures more than simply the point at which a phase
transition occurs, it also measures the relative stability of an equilibrium state-the in-
ternal energy scaling of a mean-field parameter in an equilibrium position. The second
derivative of the internal energy with respect to an order parameter is known as a
stability coefficient [265]. For equilibrium states at zero temperature, it has a singular
positive value and decreases monotonically until the critical temperature. At the crit-
ical temperature, the bulk internal energy landscape becomes flat with respect to the
mean-field parameter and increasing the temperature further has no effect because the
order parameter vanishes. These properties are the exact requirements for a ‘proper’
metric with which to parameterise a macroscopic description of a microscopic system

(macrospin models, micromagnetism, etc).

In general, stability coefficients can be measured with respect to an arbitrary num-
ber of variables. To calculate multi-variable stabilities, we must use the framework
developed in section 7.2.11. A multivariable stability coefficient is given by the equa-
tion for the principal curvatures (7.43). Sometimes, we do not want the scaling along the
direction of maximum curvature. Instead, transitions between different magnetisation
states are usually along paths of minimum curvature. For a rank-4 cubic anisotropy,

switching occurs via the (110) directions, not the (111) directions because the energy
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barrier (and curvature) are lower. In general, the scaling along different directions
are not equal-the internal energy landscape does not scale uniformly when thermal
fluctuations are added to the system. In condensed matter, we parameterise the mag-
netisation by the the angles © and ® on the unit sphere. So, for now, we will limit
ourselves to the two-variable stability coefficients. The bulk internal energy scaling of
a macroscopic parameter K(7T) is given by the ratio of the stability coefficient Y* at

temperature 7' and temperature T'= 0

T 0 (7.44)

where angle brackets denote thermal averaging and the subscript K means that Y g is
the stability coefficient of the bulk internal energy term which contains K. All stability
coefficients can be written as the expectation value of magnetic moments in equilibrium.
Using an atomistic method based on a canonical ensemble, the vectors of all spins can be
accessed. So a stability coefficient can always be measured—the internal energy scaling
with respect to temperature. Although, for studying the temperature dependence of
mean-field parameters in textures like domains which are non-equilibrium states with
respect to exchange (they minimise the stray field in FMs so are equilibrium states
of real systems) then the internal energy difference must be calculated using different
methods. This is because the entropy of a twisted state and a homoegeneous state
differ. This is not included in the calculation of a stability coefficient. Instead the
internal energy difference AU(T') due to the thermodynamic displacement X; between

the equilibrium position ry and a non-equilibrium position r’ is given by

AT (0, X)) P2X, P2X, (7.45)

AU(T, X)) _ |9*U(T,x')  9*U(T,ro) &*U(0,r')  9*U(0,ro)
92X, 02X,

As an example, consider the case of an easy-axis uniaxial ferromagnet which has the

following Hamiltonian
1 N
H==5> JiSi-Sj— Koy (Si-2)*, (7.46)
i,j i
where J;; is the exchange interaction, S; is the classical spin unit vector of spin ¢, and K

is the uniaxial anisotropy constant (the subscript 0 denotes the microscopic parameter).

*The symbol Y is chosen to match the helicity modulus used in previous literature and originates

from the symbol for surface tension () used in older thermodynamics literature [288].
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7.3 Bulk Internal Energy Scaling

For a macrospin model, the bulk internal energy only has one term—a macrospin can
only have a single value of the magnetisation vector (unlike micromagnetism). The

bulk internal energy is then
U©,8,T) = (H)(0,®) = —K(T) cos*(0). (7.47)

The second derivative of the internal energy with respect to ©—assuming the magnet-
isation is in equilibrium so the first derivatives can be ignored—is then
0*U
57 = 2K (1) [cos?(©) — sin*(0)], (7.48)

which can be written in terms of the microscopic variables as

2
% = 2Ky <[C052((9) — sin2(9)}>

= 2Ky ([(S-2)* — IS x 2] (7.49)
= 2K {((8-2)* ~ [(S-%)* +(S-9)?]).

The final step shows that we must to choose from two orthogonal paths. This is import-
ant because, at the microscopic level, a magnetic moment given by S = [%5, %5, 1-6,]
contributes equally to the path which passes through x and the path which passes
through y. Ignoring the orthogonality of the directions X and § would reduce this
3-dimensional energy surface to a 2-dimensional one—even though fluctuations are 3-
dimensional. Now, using the Cartesian basis, let’s choose the path from +Z to —2
which passes through %X (® = 0) so the term (s - §) does not contribute to the internal
energy scaling along the orthogonal path. The stability coefficient T along the path
® =0 is then

Y(T)| gy = 2Ko <(s 2)2—(S- &)2> . (7.50)

Since the ferromagnet is isotropic in the xy-plane, the stability coefficient along any

path is given by

1
T(T) = 2K, <(s DR z|2> . (7.51)
This is then normalised to zero temperature giving
K(T) o2 Lo s 2>
(S22 — = . 52
20 <(s 2)? — 518 x 3l (7.52)
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— —t
N2 N

Figure 7.5: Illustration of internal energy surface of a uniaxial anisotropy at various
temperatures. The anisotropy is given by the internal energy function (7.47) where
© is the polar angle of the order parameter. The two minima are the points © = 0
and © =7 (orm=zandm=-2). 71 =0, Ty =~ T, and Ty < Th < T3 < Ty.
The curvature of the internal energy surface is greatest for T = 0 and becomes flat

(vanishing curvature) at T = T..

We can now calculate the bulk internal energy scaling of the uniaxial anisotropy
in terms of expectation values of the microscopic parameters which accounts for the
curvature of the uniaxial energy surface. This should be calculated in equilibrium
using common tools like Metropolis Monte Carlo or atomistic spin dynamics and
doesn’t require the use of complex methods like constrained Monte Carlo or meta-
dynamics [38, 294]. We can now see the connection with both Akulov’s method (see
Section 7.1) and the Callen-Zener theory. In the former, the equilibrium fluctuations
((cos? 0)) are projected onto a hard direction ({sin? §)) and the difference between these
energies is taken as the bulk internal energy scaling. Callen-Zener theory integrates the
equilibrium fluctuations over the anisotropy surface. Since these both use equilibrium
fluctuations, there is no change in entropy so they are calculating the internal energy
scaling of the equilibrium position. We reiterate that Akulov’s approach this is a crude

approximation of the curvature and only works for specific edge cases like this one.
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7.3 Bulk Internal Energy Scaling

7.3.2 Exchange

Unlike magnetocrystalline anisotropy, there is some literature on the stability coefficient
of exchange. In older literature, this is called the helicity modulus or spin stiffness [246—
255]. Each of the previous references use different definitions of the spin stiffness and
obtain different expressions for the same quantity. It was noted in 1999 that there
are two definitions of the helicity modulus [295]. The original definition of the helicity
modulus is described in the language of Bose superfluids in equilibrium. Bose super-
fluids are uniform boson gases in which have undergone condensation. This exactly
describes a uniform ferromagnet in which all magnons are in the k = 0 state. The
requirement of uniformity and Bose-Einstein condensations means this cannot describe
a ferromagnet with antiperiodic boundary conditions. A ferromagnet with antiperiodic
boundaries would contain both $ = 1 and § = —1 magnons on either side of the domain
wall, violating the requirement of a Bose condensate. Instead it measures the collective
phase of the Bosons at low temperature—it is the second derivative of the Hamiltonian
with respect to the wavevector of a boson (magnon), in the limit that the spin wave

9 (hfk
vector goes to zero 6(>k;2 )

o [246]. This is, by definition, the spin wave stiffness.
The authors of the original paper weren’t consistent in their definition of the helicity
modulus as they didn’t consider this distinction. So, the superfluid density was used
to describe the difference between periodic and antiperiodic boundary conditions. This
mistake created the confusion and conflicting expressions for the helicity modulus in
the literature. It was also a large source of confusion for the author while developing
the above thermodynamic methods for magnetism. So, while the helicity modulus is
often used to describe the free energy penalty due to exchange of adding a domain to
the spin system, in most cases, the expression is simply the spin wave stiffness. This
is not the quantity that many set out to measure-the finite temperature scaling of the
exchange stiffness is distinct from this. The temperature scaling of the spin wave stiff-
ness describes a macrospin model of dynamics with a fundamentally different internal
energy functional. In this picture, the stability coefficient for spin wave stiffness is a
chemical potential for spin waves, it answers the question “How much energy will it cost
to create a k = 0 spin wave in a uniform ferromagnet which contains (ny)r thermal

spin waves?”. This macroscpin model does not allow twists which are static textures
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7.3 Bulk Internal Energy Scaling

in magnetisation in space so cannot represent the temperature dependence of exchange

stiffness.

Instead, the energy functional which is used in continuum methods like micromag-
netism, and which defines the exchange stiffness, is a second order multipolar (Taylor)
expansion of the exchange interaction® which introduces the required spatial degrees of
freedom into the space independent Heisenberg Hamiltonian®. The relevant stability
coefficient answers questions like “In a uniform ferromagnet magnetised along z, how
much energy does it cost it to add an infinitesimal twist to the magnetisation from
the z-direction towards the y-direction which propagates along the xz-direction?”. The

energy function due to exchange in a continuum model is given by

B(T) = /V dr A% (T) (83;(;)) . (8;(;‘)) (7.53)

where r is the position in the continuum field, o and g are Cartesian indices, the integral
is over the volume V of the magnetic system, m(r) is the unit magnetisation field, and
A®B(T) is the finite temperature exchange stiffness. Einstein summation of Cartesian
indices is assumed. The zero temperature expression for exchange stiffness can be
found by taking the second order multipolar expansion of the Heisenberg exchange
Hamiltonian. The first step is to rewrite the dot product of two spins, which is defined
by four angles 6;, ¢;, 0;, and ¢;, as a single vector which corresponds to the angular

deviation of the two spins from parallel
1
H= —2%:Jijsi -S;
_ ! Jii(S; - S
—QZZJ_ ij(Si - 8;) (7.54)

= 3 Yl - 5(ASy) - (ASy)L,
ij

*The first order multipole expansion uniquely vanishes in equilibrium everywhere except at inter-

faces and surfaces.
fInteraction vectors are not necessary to completely define the Heisenberg Hamiltonian, only a

set of interaction indices is required and the magnetic moments can exist anywhere in space without

changing the Hamiltonian energy. Of course, real systems must be crystalline.
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where AS;; can be written in a few different forms

AS;; =(S;-8S;)
= [sin(ai;), sin(bi;), sin(cij)] (7.55)
=[%-(S; x8;), ¥ -(Six8Sj),z-(S; x8Sj)],
and, a;;, b;j, and ¢;; are the yaw, pitch, and roll angles between spins S; and S;*. This

is an exact expansion of the dot product. The next step is to add the interaction vector

for the second order multipole expansion of the discrete system

1 1 881 881 a B
H= 9 Z Z Jij |1 - 9 <<9T-OZ> : ; TigTij | (7.56)
ij

5
7 af=ay.e Irij

where r;; = r; — r;. The derivatives in the above equation are simple finite differences
due to the discrete nature of the system. We retain them here because it makes the
process of coarse graining when moving to micromagnetism clear. The above Hamilto-
nian contains a constant energy offset. We can remove this and write the interacting

part of the exchange Hamiltonian as

1 o 08S;;
Hint - Z Z Z Jij rijriﬂj <8rf‘;> .

i a,f=x,y,z

8Sij
81"5

(7.57)

Information about thermal fluctuations, and magnetisation textures like domains and
other nonuniformities is contained within the spin vectors S;. In micromagnetism, the
Hamiltonian is replaced with a temperature-free energy functional (F', U, or simply
E), summations over spin vectors are replaced with integrals over the volume of the
magnetic material V', and derivatives of the discrete spin vectors are replaced with the
derivative of a continuous magnetisation field g%;? — 8%179) which allows the coarse
graining required for simulations of pum devices. Applying this transformation from

microscopic Hamiltonian to macroscopic energy functional gives

E(m(r)):/vdr?’ 3 ﬁZJijrg;rfj (agir>>.<8§;r)>, (7.58)

auB:m7y7Z WS /I’J

where IV is the number of spins in the system, and v, is the Wigner-Seitz volume. The

factor in square brackets contains a summation over the discrete lattice. This allows

*These angles are loosely related to direction cosines by a1 = cos (E#), o2 = COS ( bij ), and

laij [b55]
o
a3 = o (\eﬁ?\)
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the macroscopic energy to be parameterised from the zero temperature microscopic
model; it defines the zero temperature exchange stiffness tensor A“?(T" = 0) which is

written as

A%8(0) =

4NV ZJZJ T rw (7.59)

WS 5

Replacing the lattice sum in the free energy function for the exchange stiffness tensor

/ dr AoB (8;ir)) : (83;(;)) , (7.60)

gives

We can now use the continuum energy functional and interaction Hamiltonian to calcu-
late the stability coefficient of the exchange stiffness for Bloch-type twists*. Since the
exchange stiffness measures the energy cost of putting a twist into a continuous mag-
netisation field, the stability coefficient calculation must include both the propagation

vector and the twist angle. So, instead of applying simple derivatives, we instead wish

ko
to apply operations of the form ‘k%:?;'ﬁ where k is the unit propagation vector of
1, Z]

Q.

kore
the magnetisation twist of interest. The prefactor ﬁ
ij

allows us to distinguish between pairs of spins which have a displacement vector parallel

is unitless and normalised. It

to the propagation vector from those which are perpendicular (so shouldn’t contribute
to the observable). The derivative % measures the deviation between neighbour
ij

spins in the direction parallel a. We can rewrite the prefactor using delta-like functions
k®Are
d(a) = |k_r?n?f. Using this, the stability coefficients for the exchange stiffness tensor
ij

which are sensitive to the temperature dependence of Bloch walls are given by

2

The simplest micromagnetic models use diagonal exchange stiffness tensors so we give
these terms here. We choose to write the stability coefficients in terms of the spin

deviation angles a;j;, b;j, c;;

2 2
T*(T) = <828A7;Z’3> = <§2;‘z> <Z Jijo(x [sm (asj) — cosQ(aij)}> . (7.62)

*Néel twists have different expressions for the exchange stability coefficients because the propagation

vector and twist direction are perpendicular. In simple magnets without DMI, these will coincide but

is an important detail for skyrmion research.
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The temperature dependence of the diagonal components of the exchange stiffness

tensor are then

AT(T) § r B ) )

Amm(o) - <%: sz(s(ﬂf) _San(aU) - COSQ(CLU)} >/ (%: JU(S(:L'))

fiz((g; - <%: Jijo(y) :SinQ(bij) - COSQ(bij):|>/ (%: Jij5(y)) (7.63)
A(T) N M. B ) )

Azz(o) - <%: sz(S(Z) _San(Czj) - COSQ(CW)} >/ (%: JZJ(S(Z)) .

It is more intuitive to work with spin vectors rather than spin deviation angles. Trans-

forming back to spin vectors, these are

Az (0) - Zij Jij0(z) <%: Jijo(x) [(S?Sj - 5; S]y)Q — (5 Sj + 5; Sj )2}>
Ayy(T)_ 1 B car cran? g ey

Avy(0) ;i (y) <%: Jij6(y) [(Si Sj = 5i Sj)2 (5787 +S; Sj)2}> (7.64)
Azz(T) B

L € T T QT
Az%(0) o Zij Jij0(2) <%: Jij0(2) [(Sz Sgy - SZij )2 — (55 Sj + SE’S;,/)Q}>

These expressions explicitly measure the finite temperature scaling of the exchange stiff-
ness in ferromagnetic systems which host Bloch domain walls in the equilibrium state.
Similar expressions can be obtained for Néel-type twists to the magnetisation where the
propagation vector and magnetisation twist direction are perpendicular. This is strictly
valid for domain walls of infinite length. For very tight domain walls, the contribution to
the free energy scaling due to the non-equilibrium entropy difference between the twis-
ted and homogeneous states (dS) will be large. Using the Gibbs-Helmholtz equation to
calculate the temperature dependence of the free energy allows the entropy difference
in the homogeneous state at different temperatures to be inferred; it cannot calculate
the entropy difference between a homogeneous state and highly non-equilibrium state
(unless the internal energy difference between these states is measured). The approx-
imate entropy contribution can be investigated by measuring the magnetisation within
a domain wall, an idea which is similar to the work of Atxitia [261]. The magnetisation
is a very good proxy for the entropy. The Boltzmann entropy expression, S = kg In(2),
includes the number of microstates for a given macrostate, 2. And, although € is in-

finite in a classical three-dimensional Heisenberg model, it is proportional to the radius
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of the cone that the magnetisation makes with the quantisation axis. So, the difference
between the saturation magnetisation of a homogeneous ferromagnet m,(7") can be
compared with the average saturation magnetisation within a domain wall which can
be calculated using a rotating reference frame m,(T) = >, m(x;) - u(z;), where z; are

the discrete positions in the ferromagnet along the propagation vector of the domain,

m(z;) is the magnetisation of the layer of spins located at z;, and u(x;) = |$E§3\ is the

quantisation axis for the magnetisation in the layer of spins at x;*.

7.3.3 Comparison with constrained Monte Carlo

Constrained Monte Carlo (CMC) [38] calculates the temperature scaling of internal
energy differences between different points on the internal energy surface by calculating
average macroscopic torques (proportional to the first derivative of the internal energy)
by fixing the order parameter direction to a non-equilibrium direction. CMC can be
used for all constraints on the order parameter but in equilibrium positions the torque
vanishes at all temperatures. The macroscopic torque surface is flat (zero torque for all
order parameter constraints) above the critical temperature in systems which undergo a
second order phase transition. When applied to magnetism, CMC is almost equivalent
to the stability coefficient method of calculating bulk free energy parameters for all
single-ion, local Hamiltonian terms (magnetocrystalline anisotropies), and any non-
local Hamiltonian terms which do not induce magnetic order on their own (dipole-dipole
interactions, two-ion anisotropies). But constrained Monte Carlo cannot calculate the
temperature scaling of Heisenberg exchange, DMI or higher order exchange terms (such

as biquadratic exchange).

There is another way of using constrained Monte Carlo. Instead of running a single
simulation along a direction of maximum torque, you can run two simulations, one
which constrains the order parameter along an easy direction, another along a hard
direction. This is a direct calculation of the barrier between two adjacent easy axes (ie

a numeric verification of Akulov’s method). A visualisation of the different points on

*In simulations |m(7)| is not the correct magnetisation. Bloch’s law and the quantum nature of
magnetism requires a quantisation axis along which the magnetisation must be measured. So, m.(T)

should be used in the bulk and m,(T") should be used in the domain walls.
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Figure 7.6: Comparison of the finite temperature scaling of the effective anisotropy in a
mean field model of a uniaxial ferromagnet using two different methods of constrained

Monte Carlo, and the stability coefficient method here.
the internal energy surface that each of these methods samples is given in Fig. 7.8.

Fig. 7.6 shows the extracted magnetisation scalings of the uniaxial anisotropy con-
stant K (m) for the three methods. The calculations give identical temperature de-
pendences of the macrospin anisotropy constant. This is further verification that CMC
measures internal-not free—energies. All three methods are taken from simulations us-
ing the same temperature range. Despite this, the stability coefficient method, which
uses Metropolis Monte Carlo, doesn’t have the same values as the two CMC methods.
All three methods measure the same magnetisation scaling of the anisotropy constants
(K(m)), but the constraint in CMC changes the magnetisation curve m(7T) compared
to Metropolis Monte Carlo (see Fig. 7.7). In CMC, m(T') is independent of the con-
straint direction but the difference compared with Metropolis Monte Carlo is clear.
The constraint doesn’t allow the system to fully relax so m(T') is always higher than
the value calculated using Metropolis Monte Carlo. This means the entropy is lower
(and the free energy is higher) in CMC simulations. The use of the Gibbs-Helmholtz
equation, which integrates the internal energy difference (AU(T) = N x K(T')), should

only be used to calculate free energy differences when using the stability coefficient
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method because Metropolis Monte Carlo allows the system to fully equilibrate.

We have now verified the validity of the stability coefficient method (for uniaxial
anisotropy) by comparing with the well established CMC method. Stability coefficients
allow the finite temperature scaling of any macrospin parameter (including the exchange
stiffness) to be calculated in the equilibrium state of the system. Stability coefficients
are trivial to extend to antiferromagnets and avoids the additional complications in
CMC where users can choose to constrain a single sublattice or all sublattices. Stability
coefficients can also be calculated using dynamical methods like atomistic spin dynamics
which can be augmented with a quantum thermostat to obtain quantitative information
about the finite temperature scaling of material parameters. This is expected to be very
important for exchange stiffness which can’t be written as a simple power law of the
magnetisation. In materials where there are multiple exchange interactions, stability
coefficients can separate their contributions to the exchange stiffness tensor as well as
their temperature dependences. Comparisons of the temperature dependence of the
spin wave stiffness D(7T') and exchange stiffness A(T") are of great importance to verify,

or disprove, the commonly used finite temperature relationship in equation 7.5.
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Figure 7.7: Comparison of the magnetisation curves using Metropolis Monte Carlo
(V2U), and constrained Monte Carlo when the constraint is 45° from the easy axis

(CMC 7) and when the constraint is along the easy axis (CMC AE).
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Figure 7.8: Visual representation of the points on the energy curve where the temper-

ature scaling of anisotropy is calculated using different methods.

7.3.4 Connecting the Internal and Free Energies

We have shown that constrained Monte Carlo and stability coefficients allow the tem-
perature scaling of material parameters used in macrospin and continuum models to
be determined according to the internal energy of the ensemble. Oftentimes, we do
not want the internal energy scaling. But, as discussed in many statistical physics
textbooks [143], the free energy cannot be accessed easily from a canonical ensemble
because it cannot be calculated by thermal averaging of microscopic degrees of freedom.
Instead, the partition function must be known, which is incalculable in most systems
of interest. This means various complicated Monte Carlo and ensemble methods have
been developed to calculate the free energy scaling of macrosopic parameters [38, 296].
Here, we show that the free energy scaling of macrospin/continuum material paramet-
ers can be obtained from the internal energy scaling using only the definition of the
free energy,

F=U-TS§, (7.65)

And the definition of the internal energy in statistical mechanics,

U= (H). (7.66)
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First, we note that if the Hamiltonian of a system is composed of N terms—as is the
case with magnetic materials—such that H = va ‘H;. Then, the internal energy can be
separated into contributions from individual Hamiltonian terms

N N
U= <Z ’H> = (Hi). (7.67)

1
Now, we return our attention to equation (7.65). The differential form of this equation
is
dF =dU —TdS — SdT, (7.68)
Taking the partial derivative of U with respect to 7', and keeping all other parameters

constant, we get
oF

_87U'

We can then substitute this expression for the entropy into the definition of the free

S =

(7.69)

energy (7.65), dropping the evaluation at constant U (as Eq. (7.65) satisfies this) giving

oF
F=U+T|=). 7.70
+7(57) (7.10)
We can rearrange this to 5
F
U=F-T|— 7.71
(57)- (7.71)
which is an expansion of the chain rule. By reversing the chain rule, we can simplify
this to
0 (F
=T (=). 72
v=-T*2, ( T) (7.72)

This is the Helmholtz free energy equivalent of the Gibbs-Helmholtz equation. It
is a linear partial differential equation which allows the free energy to be calculated
self-consistently with the internal energy. The solution of the free energy from equa-
tion (7.72) is

F(T) - F(0) = -T /0 IO -UO),, (7.73)

-
where 7 is a dummy variable for temperature. This equation gives a very simple rela-
tionship between free energies and internal energies, and the integral can be calculated
numerically using computer simulation measurements of U(T'). In the field of molecu-
lar dynamics, the term ‘thermodynamic integration’ can refer to one of many methods
of estimating free energy differences from internal energy differences, including this

one [297]. By equation (7.67), the quantity inside the integrand can be separated such
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that the free energy difference is a sum of contributions from different Hamiltonian
terms. First we replace the internal energies with sums of Hamiltonian terms under

thermal averaging

AF(T) = -T /0 U0 -V,

_ 7 /0 ! m [fj () — %-,@] dr,

where ;o is the zero temperature (ground state) value of the i-th Hamiltonian term.

(7.74)

We are free to move the summation outside of the integrand such that

AF(T) = —Tfj [ /0 ' (G‘)_HO) dT] . (7.75)

T2

Now, we write the free energy difference AF(T') as a sum of contributions AF(T) =
SN AF(T), where each AF;(T) is given by

AF(T) = —T/OT (W) dr. (7.76)
By definition (7.67), this means that the entropy of a composite Hamiltonian can also
be separated into contributions from each Hamiltonian term. This does not mean that
the behaviour of the system as a whole can be separated into contributions from each
Hamiltonian term. In fact the opposite is true; it is well known that competing energy
terms in a system can lead to complex equilibrium states that couldn’t be predicted
from any Hamiltonian term alone. The nuance here is that complex effect that com-
peting Hamiltonian terms have on the surfaces F', U, and S are hidden in the thermal
averages; the thermal averages are handled by numerical calculations on the composite
system. This is not mutually exclusive with separating the contributions of individual
Hamiltonian terms to the free energy difference. As with constrained Monte Carlo,
this means that the same macrospin parameter may have a different temperature de-

pendence in systems composed of different Hamiltonian terms (for example, see figure
1 of [298]).

The stability coefficients used earlier in this section can be used to calculate the
temperature dependence of macrospin and continuum material parameters from the
free energy, rather than the internal energy, as in Fig. 7.6. Previously, the stability

coefficients Y(7') were normalised by their zero temperature value to calculate the
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temperature dependence of material parameters. Here, we first calculate the free energy
scaling before normalising. To distinguish from the internal energy stability coefficients
Y (T), we denote the free energy stability coefficients by Z(T"). In the derivation of the
Gibbs-Helmholtz relation 7.73, we assumed that, at zero temperature, the free energy
and internal energy were equal (F'(0) = U(0)). Thus, the zero temperature value of =

—_

is equal to the zero temperature value of T (Z2(0) = Y(0)). Z(7T) is calculated by

av—rmy—TAT(ﬂﬂjfm”)m: (7.77)

T

[1]

There are large differences between internal energy differences Y and free energy dif-

ferences =. To illustrate these differences

We can replace the internal energy with the thermal average of the Hamiltonian
F(©,®)|r = (H)le,or —TS5(0,®)|r (7.78)

By taking the second derivative with respect to the © direction of the order parameter

_<m%>
0,8,T 06°

From Eq. 7.79, it is clear that the calculations of Akulov, Callen, Zener, which cal-

we arrive at

92F (O, D)

0?5(0, ®)
00?2 -1

2
0,8, 90 0,,T

(7.79)

culates the temperature dependence using equilibrium thermal fluctuations, as well as
constrained Monte Carlo don’t include the temperature dependent curvature of the

entropy, despite calling the derived energies free energies.
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Direct Exchange in a Hydrogen Molecule
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Consider two hydrogen nuclei (protons) separated by some fixed distance (Born-Oppenheimer

approximation), with two orbiting electrons. The electron field Hamiltonian is
2

H=Ho+ - /ﬁn/HWE:Trl, — o (ra)en (), (A1)

471'60|r2 — 71|

where Ho = [drY, cl (r) {% + V(r)} ¢o(r) is the non-interacting electron Hamilto-
nian, V(r) is the potential due to the hydrogen nuclei, ¢} (r) and c,(r) are electron
field operators, o = {1,]} is the spin state of an electron field, e is the magnitude of
the electron charge, ¢y is the permittivity of free space, r is the position. By making
the tight-binding approximation, we can treat the electron-electron interaction as a
perturbation such that the solutions of the interacting two-electron problem are linear
combinations of the non-interacting electron orbitals of hydrogen. We can also choose
the lowest energy orbitals of the hydrogen atom—an s-orbital which can contain a spin-
up electron and/or a spin-down electron. The creation and annihilation operators for

electrons with spin ¢ in s-orbitals localised on nucleus ¢ are given by
il = [ o) (A.22)
Gio = [ dr ()6 (), (A.2D)

where 1);(r) is the wavefunction of an electron in an s-orbital localised at the nucleus

1. Removing constant energies, the Hamiltonian is then

= Z Z tij &ylior + 3 Z Usjia 58110t (A.3)

i, o,0’ ijkl oo’
where
tij = <¢z’m0|¢j> (A.da)
o2
Uiia =5 [ dry [ anaglr)uf(ra) e ounlrapintr). (A4D)

t;; is the energy cost for an electron to tunnel from site i to j, and Ujjy, is the Cou-
lomb repulsion of the electrons. This is the Hubbard Hamiltonian. Labelling the two
hydrogen nuclei A and B, and removing small terms (assuming the overlap of electron

wavefunctions is small), the interacting Hamiltonian is reduced to

H= —tz [ TCerlT +é ¢Cl+1i}

-U Z [SZSZ+1 + — (Rpiy + ﬁiﬁm)] ;
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where

t = (YalHolts) = (valHolva) (A.6a)
U= 1 [an [ amhevhn) e e vatn(), (AGD)
5 1 2P (1)WY p(re rn —— A(r2)vB(r1), .

Nig = é;'aéw is an electron number operator, and S’f = %(ﬁﬁ — ;) ) is the Pauli-z spin
operator. t is usually called the hopping integral, and U is the Coulomb repulsion. In
the tight binding approximation, the hopping integral is negligibly small (not valid for
hydrogen but the model is still useful) and we can assume that each hydrogen orbital

is half filled (7; = 1) and the Hamiltonian reduces to
H=—2J5%5%, (A7)

which is the familiar Ising model where we have set the exchange coupling J = U.
The above Hamiltonian has an additional factor of 2 compared to our definition of the
Heisenberg Hamiltonian in (2.1). This is the definition typically used in the ab-initio
electronic structure community and is a large source of confusion for researchers in
magnetism*. Outside of this section we will use the definition given at the beginning
of the chapter (2.1).

Since a hydrogen molecule only has a pair of spin-1/2 electrons, we did not derive
Heisenberg exchange—more complex systems are required for this [300]. Direct exchange
in insulators can only be ferromagnetic in sign. U is the Coulomb repulsion so can only
be positive in sign, giving a ferromagnetic Ising Hamiltonian. If take the opposite limit
where electron states are highly covalent, rather than ionic (U — o0), then the full
Hamiltonian is not diagonalisablef. Instead we must reduce the Hilbert space to only
covalent states of interest. This can be achieved by downfolding [269, 302] the matrix

form of the Hamiltonian. Suppose a 4 x 4 operator IE is written in the form

A B
E = , A8
Bt (A.8)

*For example here [299] the exchange interactions have been doubled which is why the critical
temperature is close to experimental values despite using classical Monte Carlo methods which should

give a T, which is approximately half the experimental value.
tThe Hamiltonian cannot be written as a Slater determinant. DFT methods such as LDA, LSD,

and GGA assume linearised electron wavefunctions are given by a single Slater determinant, this is

why they show poor agreement in correlated materials [301].
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where A, B, and C are 2 x 2 operators. The operator can be partitioned from the full

Hilbert space by computing

-1
G(E) = (E]];A E?@) (A.9)

We can then choose quasideterminant of G(E) which corresponds to the block of interest
ie G(E)oo ~ A. Then we have G(E)g = E — [A + B(E — C)"'B], and #' = A +
B(E — C)~'Bf. This is an approximation but in the limit the the coupling terms BB
are small compared to the states of interest then we can replace the variable E with a
constant Ey. Writing the Hubbard Hamiltonian (A.5) in matrix form (# = X[H]XT)

gives

U 0 -t t

. 0o U -t t
H] = A.10
] —t —t 0 0 ( )

t t 0 0

which is written in the basis X = (éLTéZ L éLTé; L é%ég I éTA f}LBT) or in Dirac notation
X =(14,0), [0,1), [T.4), |4, T)). We are interested in the states in the bottom right
quadrant (block). The partitioned Hamiltonian is then

-1
. —t —t\ (E-U 0 —t t
Heﬁz
t ot 0 E-U —t t
_ 22 (1 —1
U\-1 1)’

where we have set E = 0 and the reduced basis is X' = (|1,]), [{,71)). Diagonalising

(A.11)

this Hamiltonian gives two eigenstates

4
U

By =0 W—%mw+WM-

B = ngmm—wm

(A.12)

The first is the lowest energy state and corresponds to antiferromagnetic alignment of
electron spins in covalent orbitals (singlet); the second is the high energy ferromagnetic

. . : __2t?
(triplet) state. We can relate this to the exchange coupling by J = —%+.
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APPENDIX B

Microscopic Origin of Magnetocrystalline

Anisotropy
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B.1 Outline

B.1 Outline

In this appendix we first derive the relativistic Hamiltonian for electrons localised on
an atomic site in an electric potential V' and an applied magnetic field B. The electric
potential includes both the periodic crystal field potential and the potential from the
atomic site. Then, in Section B.3, we consider the crystal field as a perturbation of the
real spherical harmonics to show splitting of valence electron energies in crystals. Next,
in Section B.4, we discuss the difference between real and complex spherical harmonics.
Finally in Sections B.5.1 and B.5.2, a qualitative expression for the anisotropy in a 4f
material is derived (B.5.1), and a quantitative expression is derived for the uniaxial

anisotropy in a hexagonal 3d material (B.5.2).

B.2 Relativistic Origin of Spin-Orbit Coupling

Following Skomski [303], the relativistic energy of an electron in motion is given as

2
v
E = m.c? 1—{—6—2, (B.1)

where me is the rest mass of an electron, v is the electron velocity measured in an
inertial reference frame, and c is the speed of light. This can be expanded in a power
series
2 1 o 1 54
E =mec” + gMet” — gmeu’. (B.2)
The first term is the rest energy of an electron, the second term is the non-relativistic
kinetic energy, the third term is the first relativistic correction to the kinetic energy. If

v

we naively equate the electron momentum p = 7 we can rewrite Eq B.1 as

m2et = (B — &), (B.3)

p should be a three-vector p so this relation isn’t valid. Pauli remedied this by using a
property of the Pauli matrices (o - a)2 = |a|?. The use of Pauli operators separates the
electron wavefunction into two components which are the spin resolved states. This can
then be used in the Dirac equation which is the relativistic analogy to the Schrodinger
equation, where the wavefunction is now a Dirac two-spinor which can be thought of
as a two component wavefunction in complex space. The Hamiltonian for a particle in

an electromagnetic field is given by
1

H =
2me

ci- [6-(p—CA)]* +mec?B+ V1, (B.4)
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B.2 Relativistic Origin of Spin-Orbit Coupling

where 6 is the triplet of Pauli operators ¢ = (64,6y,6,) defined by 6 - a = a6, +
ay0y+ a0, p is the momentum operator and A is the vector potential of the magnetic

field. The operators &, B are given below

. f(o&) . (10
‘- (& 0) B_(o ]1) (B.5)

The Hamiltonian can be simplified further by using the vector identity
(6-a)(6-b)=(a-b)l +ic-(axDb). (B.6)

Now the Hamiltonian can be decomposed into the form

ﬁ:( mec® +V  co-(p— ¢ ))' .

€

c6-(p—SA) —met+V

By defining the Dirac spinor as 1) = (¢4, 3)", we can decompose the Hamiltonian into

two coupled equations

(mec® + V)thg +c6 - (p— SA)Yy, = By, (B.8a)
6 - (p— EA)Yy — (mec® = V)b = By (B.8b)

If we rearrange the second equation of Eq B.8 and define W = E + mc?, then the

solutions are given by the self-consistent equation

1

= Gy 0 (6~ £A)] v, (B.9)

We will now skip the derivation of the zeroth order relativistic correction which includes
Zeeman interactions between electrons and the magnetic field. We can express the first
coefficient of equation (B.9) as a constant K by computing the partial fractions giving

1 1 V-w\!
W +2mec2 -V 2m, ( 2mec? ) (B.10)

By defining p = (p — £A) we can eliminate the wavefunction 1. Substituting into the
coupled equations (B.8), we obtain a single solution

(0 -p)K(o-p)

o T V] Vo = Wihy. (B.11)

1, is no longer correctly normalised, but this equation is exact and relativistic. To nor-

malise, we must choose take a Taylor expansion of K and move any terms proportional

163



B.2 Relativistic Origin of Spin-Orbit Coupling

to W terms to the right hand side. The first order relativistic correction in the Taylor
expansion is

1 V-Ww
K= 1 B.12
2Me < + 2mec? ) ’ ( )
and the solution to the Dirac equation becomes
(6-p)° (6-p)V(6-p) (6-p)°
— V- 7 =11 Wb, B.13
[ 2me * 4m2c? Va * 4m2c? Va ( )

Now define the normalisation factor N

1
(@-p)*\* P
N:<1+4m202 ~ 1

- — B.14
S22’ (B.14)

such that 1), — N~1). The problem becomes

N-1 [(U-ﬁ)Q Ly @DV

5 W] N~y = N2Wp. (B.15)

The Hamiltonian, wavefunction and energy have been remornalised for consistency.
The normalised Hamiltonian now takes the form

(o) -4 - )

4m2c? 8m2c? (B-16)
Expand the first term, this becomes
~ 2 ~ ~ € 2
@97 = o~ a)]
(B.17)
9 € e Ay

where L = P X r is the electron total orbital angular momentum operator and S =
%6 is the total spin angular momentum operator. Keeping terms up to (v/c)?, the
Hamiltonian simplifies to

o) 4 2
A= P . ¢ A2 _° (}125).B
2me  8m2c¢?  2mec? 2mec (B.18)
5 V(D '
bl oy (D)
* 8m2c? {p ’ } * 4m2c?

where curly braces denote the anticommutator. Let’s now consider the final two terms
to first order
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B.3 Crystal Field Interactions and Quenching

—
Q>
=l
~—
<
—
Q>
=
Il

(BV) -5+ VP* +i6 - (3V) x p—  {p*,V}
L. . . R
= =5 0°V) = (V) - p— VP
The final term of the first line is the spin-orbit coupling & - (VV') x p which can be

(B.19)

simplified into the usual form for V' = V(7). All but two terms cancel giving the total

Hamiltonian
B2 A4 72 R
=t L vy © vv__° (14+29)B
2m. 8mZic 8mzic 2mec
2 .2 (B.20)
——5VV(L-S A?
+ 2m2c? ( )+ 2mec?

The first term is the non-relativistic kinetic energy of the electron, the second term
is its first order relativistic correction, the third term is the Darwin term responsible for
the hyper-fine structure of the atom, the fourth is the Zeeman energy for an electron
in an atomic orbital, the fifth term is the spin-orbit coupling under the approximation
of a spherical potential which is commonly used in most density functional theories,
and the final term is a relativistic correction to the kinetic energy due to the magnetic

potential.

B.3 Crystal Field Interactions and Quenching

We derived the above Hamiltonian for an atom with hydrogen-like (spherical) potentials
in free space to arrive at the spin-orbit coupling (SOC) term. This is an approximation
and SOC has a general more general tensor form. However, we will continue using the
approximation of orbitals expressed as spherical harmonics. In materials research, we
are not considering single atoms. Instead, our atoms are embedded in crystals with
periodic structures. Other atoms in a crystal change the energies of valence electron.
This is the crystal field splitting. Crystal field splitting can be made explicit by taking
the electric potential V' in equation (B.11), and separating the single-atom potential
and the crystal field potential by the substitution V' = Vy(r) + Vor(r), where Vp(r) is
the Coulomb potential for an electron orbiting a single atom and Vop(r) is the Coulomb
potential due to other atoms in the crystal. Vg allows interactions between the electron

orbitals of neighbouring atoms. Fig. B.1 shows some of the real (R?) 3d electron orbitals
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B.3 Crystal Field Interactions and Quenching

which are described by three quantum numbers: n the principal quantum number, [

the orbital quantum number, and m the magnetic quantum number.

BErkE

3d1‘2*y2 3d.: Ty Tz Yz

Figure B.1: The 3d atomic electron orbitals (n = 3, [ = 2) in the basis of real spherical
harmonics. Colour indicates the sign of the wavefunction. The expressions for the

orbitals are given in terms of spherical harmonics in Table B.1.

Table B.1: Expressions for some of the real 3d orbitals given in terms of the real and

complex spherical harmonics.

Orbital | Real Harmonics | Complex Harmonics
3dy2_ Y32 %(Y{Q +Y3)
3d2 Y30 vy
3day Y32 (Y52 = Y§)
3y Y31 (¥ =Yy
3dy Y31 ﬁ(yza_l +Y4)

Intuitively, if we add in the nearest neighbour atoms from the crystal, the electron
density will experience an attractive force from the nuclei of other sites because of
electron charge screening. This change in potential lifts the degeneracy of the real
electron orbitals. The position of these atoms will determine which of the five orbitals in
Fig. B.1 has the lowest energy. Consider the orbitals 3d,2_,2 and 3d, if this is inserted
into an fcc lattice with one species, there will be sites along the twelve diagonals given
by [#£1+10], [f1£10], [0+ 1+1], [0 F1+1], [£10=+ 1], and [F10 + 1]. The atoms
have a net positive effective charge which favours the 3d;, orbital since the electron
This

density is, on average, closer to the positive effective charges than the 3d,2_,2.

can be seen in Fig. B.2.
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B.3 Crystal Field Interactions and Quenching

3dx2_y2 3dmy

Figure B.2: Real spherical harmonic orbitals of an electron embedded in an fcc crys-
tal lattice. (left) 3d,2_,2 orbital and (right) 3dy, orbital. Grey points represent the

effective point charge of neighbouring atoms.

The lifting of electron orbital degeneracy is usually depicted as an energy-level
diagram, so we will also do this here. Fig. B.3 shows the energy level diagram for
an atom in an fcc crystal. The energy-level diagram would differ in a tetragonal or
hexagonal crystal. In general, the localised electron wavefunctions in a crystalline
material will not be described by either the real spherical harmonics, nor the complex

ones. Describing the crystal field with energy level diagrams like Fig. B.3 is still useful.
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B.4 Quenching of Orbital Angular Momentum

E |x2— 2
¥y Le
— e

|xy)
N |ZX) tZg
lyz)

Figure B.3: Energy level diagram for the 3d shell of an atom in free space (left) and
in an fcc crystal (right). All energy levels on the left are degenerate, crystal field
interactions breaks this degeneracy on the right. In a simple cubic lattice, the |xy) and

|x2 — y2) states would switch places.

B.4 Quenching of Orbital Angular Momentum

The derived Hamiltonian shows that the origin of spin-orbit coupling, and as we will
later see, the magnetocrystalline anisotropy arises due to the existence of a persist-
ent orbital angular momentum. In 3d transition metals, it has been shown that the
magnetic moment arises almost exclusively from the spin moment. So, an important
question remains—if the orbital moment is quenched, why is magnetocrystalline aniso-

tropy non-zero?

The answer lies in our choice of basis for electron orbitals. If we limit ourselves to
spherical harmonic orbitals, we have the principle quantum numbers n, [ and m. The
spherical harmonics are independent of n as this affects the radial component of the
wavefunction only. The resulting spherical harmonics Y, have both real and imaginary
components—an example is given below (Eq B.21)

Y, 2= EM, (B.21)

&1 r
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B.5 Magnetocrystalline Anisotropy

This is the valid picture when relativistic effects are ignored. If spin-orbit and
crystal field interactions are included, a superposition of states | +m) is favourable. By
taking the expectation value of this state, we find that the average (measurebale) orbital
moment is zero. We can now construct a new orthonormal basis set which exists in real
space where m is no longer a ‘good’ quantum number ie these quantum numbers do not
describe the eigenstates. These are the states we saw above (Fig B.3), an example of
the new states is given by equation (B.22). In reality the exact wavefunctions will be
none of these - a mixing of appropriate orbitals takes place so a small remnant orbital

moment is measured.

(—1H

Y = CAES D (B.22)

We can now quantify what is meant by quenching. When spin-orbit coupling is large
compared to crystal field interactions, electrons have a lower energy when in orbitals
with spherical symmetry (ie s-like orbitals) and the orbital moment is unquenched
(non-zero). When crystal field interactions dominate, orbital momentum is quenched

so the eigenstates are given by the real spherical harmonicsz

B.5 Magnetocrystalline Anisotropy

We will now look at the origins of anisotropy for two types of materials; 3d transition
metals and the 4f rare-earths. The rare earths are easier to understand as it involves
unquenched orbitals (large spin-orbit coupling) so the anisotropy can be considered as
the energy difference between the energy levels given in Fig. B.3. The transition metals
are described by almost completely quenched orbitals so the single-ion anisotropy arises
as a perturbation due to spin-orbit coupling. This is the reason that rare-earths usually
have a much higher anisotropy than the 3d transition metals. The problem may seem
complicated but, in reality, when studying spin-only Hamiltonians the magnetocrystal-
line anisotropies have the same expressions and obey the same symmetry requirements
irrespective of the basis of electron orbitals. This is only a problem for chemists and
physicists which calculate electronic structures, and the relative strength of the crys-
tal field and spin-orbit coupling determines which part of the electronic structure is

diagonalised first.
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B.5 Magnetocrystalline Anisotropy

B.5.1 4f Rare-Earths

In these metals, the spin-orbit coupling is the dominant energy term in the single spin
Hamiltonian (exchange is a many-spin effect). This means [ and m are good quantum
numbers and the complex basis [¢4¢) € {|m)} describes the electron density. The high

orbital angular momentum state |m = £3) can be seen below

(m = 43|m = £3) = |Y573(0, ¢)|* = ——sin%(9) (B.23)

Figure B.4: Electron probability density for a 4f electron with m = +3.

This electron density can be recast as an electric quadrupole with ellipsoidal charge
density. The figure above would be represented as an oblate ellipsoid (truncated at
the poles), whereas |m = 2) and |m = 1) would be prolate ellipsoids. The circular
shape of the probability amplitude minimises the SOI and is unquenched. As the SOI
dominates, the spin degree of freedom and the electron density are tightly bound. This
means, when changing the spin orientation, we are in fact moving both the spin ori-
entation and electron density of the 4f shell. The energy barrier between the easy and
hard axes is then the difference in electrostatic energy due to the crystal field potential.

There are many models to approximate this energy difference for various systems.

We can now qualitatively consider what form of magnetocrystalline anisotropy vari-
ous materials should have. Nd?* ions have a charge distribution as in Fig. B.4. Suppose
this is in a lattice where its nearest neighbours are cations along the principle cartesian

axes (cubic crystal). The negative crystal field interaction means these are the hard
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B.5 Magnetocrystalline Anisotropy

axes and that the (111) directions are the easy axes as they are the points furthest
away from the 6 nearest neighbour atoms (see Fig. B.5). From the phenomenological
equations for MAE, we infer that this lattice must have cubic anisotropy. To ensure
the (111) directions are easy, the constant K; must be less than zero, or Ko must be
greater than zero (see equation (B.24)). This simple argument can be applied to any

magnetic material if the lattice symmetry and electron valence is known.

B = —K) [(SeSy)? + (8y5:)* + (5:5,)%] = K2 (8,5,S.)° (B.24)

Figure B.5: Crystal field interaction of a |n = 4,1 = 3, m = 3) electron orbital with
nearest neighbour cations along the principle axes. (left) High energy state; (right)
low energy state. Arrow represents the spin magnetic moment which maintains a fixed

direction with respect to the spatial distribution of charge.

B.5.2 3d Transition Metals

The 3d elements are much lighter than the 4f elements so the SOI is small. Now,
crystal field is large and spin-orbit coupling is a perturbative effect. The orbitals in
these elements are almost completely quenched so can be approximated as the real space
wavevectors in the form of Eq B.22. These are static, unlike in the 4f elements where
SOC cannot be broken by the crystal field interaction and the electron density moves
with the spin orinetation. If spin-orbit coupling was zero, the energy of the magnetic
system would have no angular dependence (zero anisotropy). If we now consider the
magnetic Hamiltonian for a single electron in a 3d element with the inclusion of a
uniaxial crystal field and spin-orbit coupling with respect to the two zy plane orbitals

|v1) = |xy) and |i9) = |22 — 32), the energy is given by
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B.5 Magnetocrystalline Anisotropy

Eoilt) = (‘g ! A) ) + 2\ cos (_0 0) ) (B.25)

Where 24 is the crystal field alignedting - the difference in orbital energies see Fig
B.3, A is the spin-orbit coupling constant, [¢) is the Dirac spinor (mi) and @ is the
angle between the spin direction and the z-axis. By diagonalising this matrix, we obtain

the eigenvalues

Ey=—VA2+4)\%2cosf

(B.26)

Ei=+vVAZ +4)2cosf

Given we assumed only one valence electron, the lower energy state Eg will be
occupied. We can estimate the anisotropy constant by taking the difference between

the easy and hard axes § = 0° and § = 90° giving

Ky =VAZ+4)2 -4 (B.27)

We can take an expansion for small A which yields

2)2

This approximation is specific to a uniaxial system, but this can be generalised for

other anisotropies.
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APPENDIX C

Analytic Calculation of the Dipole Anisotropy
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C.1 Preamble

Figure C.1: A single plane of (111) textured NiO with Ni sites represented as grey
spheres. Oxygen sites have been removed for clarity. Primitive intraplane vectors are
denoted vi and vo. Vectors p, R, and r are labelled. p is position of an atom relative
to the origin and is equal to nvi; + mvy where n, m are integers. R is the position in
space we choose to calculate the effective field. r = R — p is the vector between a spin

at position p and the point in space R.

C.1 Preamble

Following Tsymbal et al [304] we will show that the dipole anisotropy can be written as
AEgip, ~ m?(T). The total dipole anisotropy of bulk NiO can be split into two contri-
butions; intraplane dipole interactions (triangular ferromagnetic film one atom thick)
and interplane dipole interactions. The intraplane contribution is well known from
magnetostatics—shape anisotropy. Interplane contributions from antiparallel planes of
spins cannot be calculated in this way, but its energy contribution will be a sum over
atomically thin ferromagnets (which must also scale as m?(T')). We can calculate both
inter- and intra-plane energies on the same footing by transforming the infinite sum-
mation of spins in the magnetic scalar potential to the Fourier components (a Poisson
sum) from infinite 2D triangular sheets of spins (see Figure C.1). Using this, we can cal-
culate the magnetic field from the 2D lattice at any arbitrary point in space (including
at other lattice sites) to calculate the total effective field from all neighbouring sheets.
This sum in 2D k-space and another sum over neighbour planes should converge faster

than the calculation in real space, and we can express the energy in terms of m?(T).

For a single (111) oriented sheet of NiO, there is only a single magnetic site in
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C.2 Calculating By,

the primitive cell, located at the origin. The intraplane vectors (see Figure C.1) are
vi = (1/2,0,0)a’ and vy = (—1/4, V3/4, O) a’ in units of a’ = v/2a, a is consistent with
the main text. The interplane vector which connects this sheet of spins to neighbouring
antiparallel sheets is v = (0, V3 /6, V6 /6)a’. We are applying a Fourier transform on a
2D plane, so we only need to calculate the intraplane recirprocal lattice vectors. These
are by = 4n/d’ (1, 1/\/3) and by = 47 /d (O, 2/\/§> The magnetic scalar potential
at some point in space R = (z,y, z) for a system of discrete magnetic moments p,; at

positions p, is given as
1 pi- (R —p;)

P(R) = — —_
=2 R-pp

(C.1)

This scalar potential is consistent with the definition of the dipole-dipole interaction
given by equation (2) in the main text. For the next steps, we defining ® = 47 ® to
make calculations simpler. For the 2D film of NiO, the sum over atomic sites p; can
be written as a sum over integers n and m, and p,,, is a linear combination of the

intraplane lattice vectors

1 1 3
Prm = V1 +mvy = | —na’ — ~mad’, £ma/,O (C.2a)
2 4 4
1 1 3
ri=R-—p,= (m - ina' + Zma',y — [ma', z) (C.2b)

C.2 Calculating B,

The ground state of NiO is spins lying in the (111) plane, we can choose the magnetic
moments lying in the y-direction. At finite temperature, and in thermal equilibrium,

we can write
Ky = Py, Y (nvm) (C3)
Substituting r; and p,,,, into the reduced magnetic scalar potential gives

-« s (v fma)

@/(JU,y,Z) = Z

e m—lna’+lma’2+ y—‘/gma’Q—i-ng
(== gna’+ §ma’)"+ (3 - Ema’)

We make use of Poisson’s summation formula to apply a Fourier transform. For a

function f(na) in 1D this is

3 f(na):é 3 /Oo fla)ei R dy, (C.5)
k=—00"” "

n=—oo

(C.4)
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C.2 Calculating By,

where %’T is the reciprocal lattice vector. This can easily be generalised to two dimen-

sions:

n,m=—0oo

Z f(na,ma) Z / / flz,y) e iake ﬂflydxdy (C.6)
kl——

Our function is an implicit function of na, ma. We have something of the form f =
V3

flx — %na + ima, y — ¥"ma). Translations in function variables transform have the

following property when applying a Fourier transform

Z g(na —x) Z e_lzlkx/ g(a') ek 4y (C.7)

n=—oo [ee]

A dummy variable 2’ has been introduced. There is another consideration for the
magnetic potential as the lattice vectors vi, vy are non-orthogonal. In Eq C.6 the
coefﬁment > must be replaced with the area subtended by the in-plane vectors |vi X va].

The Fourler transform of @' is
1 oo
Z e—i(kb1~R+lb2-R)
kl=—o0

/
X /OO /Oo da'dy’ 15y el (FPrRIFIbRY) (3 g)
—o0 J— [x/2+y/2+22]§

& (2,y,2) = ————
(w,y,2) X val

where by, by are the intraplane reciprocal lattice vectors, and k, [ are the Fourier
coefficients. Substituting the reciprocal lattice vectors and the area of a single atom

into the potential, we have

o sdm 1 2
& (2 )= 8ls efly(kﬂH»\/gker\/gly)
H=—00

0o o0 / —’,T kx' k l
></ / da'dy’ Y Fe ( +\[ y+\[y) (C.9)
— 00 J—00 [x’Q +y/2 + 22]2

The double integral in the above equation can be calculated analytically. Taking the

result from Tsymbal [304] the integral is,

o0 o0 .27 . 27 B ™
/ / dady——— e T AT — oo EVATPIEL (0110
S (& + 9 + 2%) A*+ B
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C.2 Calculating By,

with A =2k and B = %(k + 2l). After substituting A and B, the integral simplifies

to

/ / / ™
/00/00 y'da’dy 3eﬁ(kx+\[ky+\/ly)
—00 J—00 [m’2+y’2+22}5

o (B420) svEr e
—Wlme 3a (C].].)

Substituting this into ®" and collecting coefficients gives

8 psm Z (k420

P’ =
($ Y,z \/g CL’2 12 TR+ 12

. 1 2
8v/3m —idm (kz+—k +-==1 )
o s VRIHRELE T\ EY ) (c19)

The summations can be reduced from k,l € (—o0,0) to k,l € [0,00) by splitting
terms of the form °7° ke %% into 332, (l{:e_ikf‘ - k:e““‘) which can be further sim-

plified into trigonometric functions. Splitting the first term of ® with k as a prefactor,

Z Z L k 71 ,(kx+\[ky+\/»ly) .
o VER KL+ z°
Z{ 1[ _ 2e 8£wm|z‘ —1 (kxﬁ—fky-i-fly)
i Ui VRS + R+
k sﬂwm —jdr (kzx—l—iky—lly)
4 e 3a —kl+ |Z\e a V3 V3
k2 — kI + 12

b s o 147 (et k)

+ e

k|

o) 2

_Zl o ST VETRIA|2 ( k= f’f?ﬂr%@)

N2 kl+l

k _syEs . (ka: gy 2ly)

+ ™ VEZ R 2] 3B
VkZ + kl + 12

_j4r ( _ x—i
_|’;’e—8£ﬁ|k|z|e (- \/?iky)} (C.13)
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C.2 Calculating By,

noting that the k£ = 0 and [ = 0 coeflicients are zero. This can be further simplified to

i i ; k e—it—’f (kx-l—%ky-‘r%ly) B

k2 + Kkl + 12

k=—o00l=—00
o (4T 1 2 — 83 /R R 12) 2|
2;;1121 e kl+l2 m(a’ <km+ﬁky_ﬁly)>e "
o A 1 2 —85r R RIA 2|
+2ZZ k;2+k;l+l2sm<a’(kx+\/§ky+\/§ly))e 3a

11=1
1 — 83 |||
+2 E sin (kx—i— fk:y) 3a (C.14)

Next, we evaluate the second term of ®' (with 2 as a prefactor)

00 00 - _idnm 1 2
Z Z o _ 2 Sﬁﬁmme i <k1+\/§ky+\/§ly) _
= =V +kl+l
o) ) _i4m A, 2
el W k2+k:l+l2

ar (o 1,2
S 22:[ — e—%\/ktkm?lz\e—l% (’Wr\/gky—\/gly)]

4 1, 2
+lev k;z+z:2e g3 R (e gt )

k2 + ki + 2

12 sfﬂl _idr 2, 9] _ 8By, idr 2,
+Zl[z Ml VA e SEET Y| (cas)

which can be simplified to

0 0 LAr 1 2
DD P S — o BT VRERIT 2] (’“*ﬁkﬁﬁly) _
= .- k +k:l+l
k=—o00l=—00
Am 1 2 o~ BBV kP2
—2’;; . kl+l2 n( (k:aH— k‘y— l
— 2l : 1 2 oSBT VIR P2
+2};; k2—|—kl+l281 ((ll(k:er k‘y+ l

) =S (c16)

+4Zsm<
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C.2 Calculating By,

Combining equation C.14 and C.16, the reduced potential is

8 ugm 4 1 9
/
P (l',y,Z) - 3 a/2 kZl; k2 ol L l2 sin (a/ (k‘x + %ky — \/gly))
) o SR g3 S R (AT gy 2 )
TS VR R+ 12 a vard sty

7

s (4T 1 2 83 T RITI2)
_ZkleZlmSLn <a/ (kx‘i_\/gky_\/gly))e 3a

« o VIR Z|+2Zsm< (ka + 1ky)> -2

o (4T 1 2 — 83 R RIT 12 2|
+2ZZ 5 +kl+128m<a’(kx+\/§ky+\/§ly))e 3a

h=11=1
+4ZSm (8 5T >e_83f;””21 (C.17)

which simplifies to

NE
hE
i
| ol
=l
Nt
i
&
/T

t (kaH— \lfk‘y—\/gly)>

=1
an [elNe ) 2 47
w o= SEEVIT=RIFP | Y % sin </ (k:ac + \}k‘y + }w))
a

< e —8en \/k2+kl+l2\z| Z sin <47/T (k;x + 1k:y>> efsgﬁ”lklld
a

° . 8\/§7T VAL 1
+ 225111 ( 3 ly | e 34/ [7]| 2] (0.18)
Now we must transform the reduced potential back into a magnetic field. The field is

written

B(:U,y,z) = _Mon(xvyvz) = _Z%V(I)/(xaya Z) (019)
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C.2 Calculating By,

First calculating %ﬁ

0D 16 pgT | o —21) A X ,

w3 a? l§§m< ’“)CO (af (’““Wg’fy—ﬁly))

"\/m\z|+ (k+20) <4wk>
kleZ: k2 + kl + 12

4 3
X cos (7; (/m + Lky+ 2ly)) o~ S VET R 22|
a

X e

V3 V3

> 47T 47T 78\/§7r 5
+ Z (a’k> Cos <a’ (k?fU + ﬁky)) e sar Il 1 (C.20)

which can be simplified to

99" _ 64 psT [ZZ k—20)k (47r )
T (kw + ky—ly)
al‘ 3 CLIS k=11 IW a’ ( \[ \[ )

— 83 \/RZRI+12)2| (k+20)k ( . ) )
e + ka + Lky + 21
kzllz; RSN (ka + Jgky + F5l)

o 4 \3x
w o= SEEVIRIFRIFP 2| Z k cos (7 (;m n \}gky)) % |k||z] (C.21)
a
k=1

Then calculating %i

09" 16 pgm > (k- 20) (47T ) )
By /3 a? [Zzlc?—k:lﬂ (5% =~ )

47T _8\/§7\' 2 k+2l
cos | — (kx + Lky — 21 )e S VRE=RIR 2|
(“,( ) kzllz; K2+ kil + 2

4 4 Vir
X (T(lkj + 2l)> cos (7:- (k:ﬂ + %/{:y + \%ly)) 6783;’)/ VETFRTE|2|
a a
S~ (V3 4 _8/3n
5 (B s (4 o+ )

> 8\/g 8\/?:77 _8\/371' o
+ 22 ( W l) cos (?m’ly> e~ 3ar Ul ] (C.22)
=1
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C.3 Calculating By

which can be simplified to

2 _
53 vieirem (7 (e )
‘o Mwmw};;\/% (4 (k:n%—\l[ky%— }w))
e*%‘/mM + Zl k cos <a7/r (lm + %ky)) 678?\’?’”"{”2‘
+ 2§:2lcos (8\/;7T ) Sf’””ﬂ (C.23)
=1
We want to calculate B,. Using equation C.19, this is
B, = 16 NSNOT" kz:llz; \/% <Zi;r (k;x + %ky - \%ly))
oI VPRI |+;;¢% (‘Z,’ (kx+;§ky+jgw)>

_8V3r /13 2] ™ _8V3Br
x e 3 VRIFRIHE] + Z k cos (l (k::L‘ + %ky)) e sar [Klll
a
k=1

8v3 V3r
+222lcos< ;)gﬂly> e ZHZ] (C.24)

I=1
For this to be useful, the harmonics must be summed over, and the coordinates of an
atom in another film by inputted as R = (z,y, z). This gives the dipole field due to a
(111) sheet of NiO at arbitrary distance. The same procedure needs to be undertaken

for a film magnetised out-of-plane to calculate the energy difference.

C.3 Calculating By

For consistency, we can check the anisotropy is easy plane by calculating B, and check-
ing its value is equal to B,. For completeness, we include the derivation of the dipolar

field for spins lying in the x-direction here. The reduced magnetic potential is

Sug & _lf ka:—f— 219
& (z,y,2) = e /
(0.0:2) = 225 MZ_OO i

00 272 +y’2 4 22]%

ko ky | 2ly
X e ‘/5“’( TVt )d:L"dy' (C.25)

181



C.3 Calculating By

The integral is identical to the one in C.9 upon relabelling x and y giving

_idn k+k7y+2liy> xR
o — TE (AR e O (C.26)

167ws
Z \/k+2l +3k2

Unlike C.9, when separated, k = 0 gives are no terms

, 16mpg | 1 f’,“(kr-&-\f) (km—l- ky) k
Y= [ZQi <e " Z 20VRZ + ki + 12

k=1

ky 2y ky 2y

(éff(’““ﬁf) e ’(’”‘*f*f)>e Vo VREEREEE |

2Vk? — kl + 12

This can be reduced to

& IGWS[ZS ( (:c+f)> Ty Z {\/m

(4T 2 ) VEETRIT2|2]
k 1)) e~ ver
X sin ( o ( T+ f + \[) e

x ky 2ly ky 2ly -
k ( 45 (ke B R) _ i (ke f)) Vi VRERREEL (o)

fg’;/v’“”l“”'H (C.28)

k . [4m 2y _
+ e (o (ke - 2)) e
As before, reintroduce a factor ﬁ and differentiate to get the dipolar field

Z (jrk) cos <Z:/rk‘ (3: + \%)) ef%km + 2_: { <ZZ/TI€>

k=1

dpops
By = — a2

k am ky 2ly T E2 Rl 2
Xﬁ2+kl+l2cos<a’(kx+\/§+\/§) o Via
-2 \/de (C.29)

4 k 47 ky 2ly
+ (a’k) mcos <a/ (]fl'—i- % - %) (]
Collecting %r terms we have

_ 16M0MS y k2| k2
e T ) > T
C08(47T (kx_i_ky_i_2ly)>e I,MH

o NI

k? S RE— R H (C.30)

am ky 2ly -
+k:2_kl+l2(308<a/<k‘$+\/§—\/§) e V3
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C.4 Calculating B,

C.4 Calculating B,

The reduced magnetic scalar potential for an out-of-plane spin configuration is given
by

[e.9]

(I)/(x’y’ Z) B Z 552 ; % (031)
nyM——00 [(:C _ %na/ 4 %ma’)) + (y - @ma’) + 22]

Upon applying a Fourier transform this becomes

0o 2ly

_j4r ky 2y 00 0o ! 3,,!
Blayz)= By (ke £+ 2%) / / zdz’dy
V3a? —oo /oo [g/2 4 y/2 4 2]

jam (oo by 2y
xe® (k +\/§+\/§) (C.32)

3
l=—o0 2

The double integral can be simplified by letting the exponential function take the form
i@ ) where a and b are now dummy coefficients. The following integral can be

calculated analytically

[e%S) ) iax ,iby
/ / dody — =% (C.33)
—o0 J—0 [LUQ + y2 + Z?]E
Rewriting in cylindrical polar coordinates this becomes
oo 2w ir(asin 0+b cos 0)
/ dodr 21° i (C.34)
o Jo [r? + 22]2

The integral over 6 be factorised to give
o P 2w .
/ dr . / ezr(a51n0+bcos 0) d6 (C35)
0 [r2 + 22]2 Jo

To compute the inner integral, we need the following result from the definition of the

zeroth order Bessel function of the first kind

o Jo(x) — /0

Extending this result to the case when the exponent is a sum of trigonometric functions

o2 2r
el sin 6 de = / ezxcos@ de (C.36)
0

gives
2 .
/ ezx(asm9+bc0s9) do = 27TJO(Q?\/m> (C37)
0

Our simplified integral is therefore

0o 2 . o0 d
/ dr#/ gir(asinf+beost) qg _ / _Erar [27rJ0(7“ \/m)} (C.38)
0 2

[r2 + 22]% 0 0 [r2+ 22
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C.4 Calculating B,

The integral over r is a standard result, its derivation is more detailed than required

for this calculation. The result is

oo 27 Joy (r\/ a? + 62) 5 o—VaT+b2|z|
2 / _gr=opt (C.39)
0 (12 + 22]2 K

Now we can return to the reduced potential, upon substitution this yields

\/857;,\/142+kl+l2|z\ (C.40)

1 —i27 (& k l
& (1,y,2) = Ompis sign(z Z e (:H\[ y+\fy)e

As with the in-plane calculation, the sum can be split into trigonometric functions.
Explicitly for the case when [ = 0, we have a term

[e.e]

)y

k=—oc0

— 43 (ko + = ky) e ~ k2
a V3 e I I 2] 2ZCOS ( (kx_f_\/»ky))e V3a |2 (041)
=0

Expanding the summations we obtain

P = 167T'ussign(z) [i (eigk<x+\%> +e_ii7k(x+\%)> e_%k\ZI

\/§ a’?

\/k2+kl+l2|z‘| (C42)

The final term inside the double summation can be rewritten as

oo 2ly 2ly -
3 { <e (k:}cherf) Lo (kx+f+f)> — S VR

k=1

{4m 21y 2ly -
n (e o (kx+f+f) +e (kx+f+f)> e—f‘/g\/k2+kl+l2|z} (C.43)
We can rewrite this as
32mps = (477 ! ) T <87T > 12|
P = sign(z cos | —(kx + Z£) ) e V3" N cos [ ——Iy | e Vi
V3 )[Z a7 et s) 2o\ gt

+ Z {Cos( (k:c+f+f}g)>e Vow VEARLE

+ cos (4 (kx—l—\[—%}y))e Voo VIR RAE: |H (C.44)
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C.5 Calculating the Dipole Anisotropy

By reintroducing the factor ;- and differentiating, we yield the effective field

o0

Buops . 8t . 4 k — I k|2
B,=-— 302 sign(z) LZI <_\/§M’k s1gn(z)> cos (d(kw + 7%) e Via

+Z( l51gn( )) cos (\/8313/)6 Taarllz |+klzl{(\_/§8)2,

X V2 +kl+ ZQSign(z)) cos ( (kx + \[ + ?)) o Vaar VIR =l 4 (\/?Tl
a

X k2 —k:l—l—l?sign(z)) cos( (kx + XY e f}g)) o Vo VIR ZlH (C.45)

Factoring ou \/857;, sign(z) gives

64mpops
3 a/3

l|z VK244 |2
x ¢ Vad l—i—klzl{\/kQ—i-kl—i-chos( (kx—i—\[—i-?}g))e V3a i

B, =

_ 8T kil i s
chos( kx—l—f))e V3al l—i—Zlcos(\f /ly)

=1

+VE2 — ki + 2 cos ( (ko + 2 — 2}')) o Vaa V’“Q’“””Z'H (C.46)

C.5 Calculating the Dipole Anisotropy

Now both the in-plane and out-of-plane magnetic field from an atomic film of (111)
textured NiO have been derived, the above equations are analytic and only the first
few (~ 10) harmonics will have to be summed for the field to converge to sufficient
precision. The energy can then be calculated by taking the dot product of the field

with a spin direction which is parallel, or antiparallel to the spin direction considered.

The position vector R = (z,y,z) does not have to be close to the origin as all
terms are periodic with the reciprocal lattice vectors. Recalling the intraplane transla-
tion vectors vi = (1/2,0,0)a’ and vo = (—1/4, \/5/4,()) a’, and the interplane lattice
vector vz and is v3 = (0,/3/6,v/6/6)a’ where a’ = \/2a as defined at the beginning.
The displacement vector between the origin and an atom in the nth layer is given by
substituting R,, = nvs, where n is an integer, into the analytic form of the dipolar field
(this is not the closest atom, but this is irrelevant for infinite systems). The out-of-

plane dipole-dipole energy for a single spin at the origin due to an ensemble of spins in
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C.5 Calculating the Dipole Anisotropy

thermal equilibrium assuming the zeroth layer of spins is pointing in the +z-direction

can be calculated by summing over layers. The energy is given by
E.=—pg» (-1)"B.(Ry) (C.47)
n

where the factor (—1)™ accounts for the antiparallel alignment of neighbouring sheets.
We are free to choose the thermal sublattice magnetisation because we assume the
anisotropy—and the external applied field strength in an experiment to force this state—
is small enough not to affect the thermodynamics of the sublattice magnetisation. The
same approximation is made in the calculation of Bloch’s law, and Kubo’s extension to

antiferromagnets [148]. The dipole energy with the spins lying in the z-direction is

00 2
B, = - SS S | S os (kb - Ry Z {;Hkm

n=-—oo k=1

VEERRIFE | k?
k2 — kL + 12

fga,\/mz|H (C.48)

x cos ((kby + b)) -Ry)e Vaar
x cos ((kb; —lba) -Ry)e

The dipole energy with spins lying in the z-direction is

647 o ° s L gy 8
EZ = 34/ —3 Z Z k cos (kb]_ . Rn) e V3a 121 —+ Z l cos (lb2 . Rn)
k=1 I=1

n=—oo
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x e Vel L 7 {\/k2+k:l+l2 cos (kb + Iby) - Ry,) ¢ vawr VFFREELE

k=1
‘ H (C.49)

k2 —kl+12

+ VIZ — K + 2cos ((kby — Ibg) -Ry))e 5

Let’s define @fl = Vk? + kl + [? to write this more succinctly, this gives

E, = 8,uo,u5 Z lecos (kb1 -Ry) k‘z|+ Z {x

n=-—00 k=1 k=1 SOkl

R <1 S o P k2 _ 8T |y
cos ((kby + Iby) - Rp) e var#il 1 B cos (kby — Iby) - Ry) e Vaw #ul H (C.50)
Pk
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C.5 Calculating the Dipole Anisotropy

and
6471',[1,0,[1,3 n - — 8 kl|z| >
Ez - 3(1/3 n;m kgl k cos (kbl ' Rn) e V3a + lzzl lcos (lbg . Rn)
8w 0 8w
x e Va4 > {gogl cos ((kby + [b) - Ry,) e vaa #ril?!
k=1

_ 87 =
+ o cos ((kby — Iby) - Ry,)) e vaw #hil? H (C.51)
We can calculate the effective uniaxial anisotropy energy difference by K(7T') = (AE) =

E, — E,, remembering that all calculated energies thus far are for a single atom. The

thermal energy difference is

887‘(”01“ ’I’L > 787‘”/],”_ 2
AE = 3073 — = ; kz_:lk‘cos (kby-Ry)e Vaa |21
4 e / k,2
+%Zlcos(lb2- )e Vi +Z o +
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—8777<p+‘z| B kQ
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ot o y = 2 2 2 2 (C.54)
Y P k2 —kl+1 k2 —kl+1

We can simplify this to

0 81
_ 88muopg Z )"|'S kcos (kb - Ry,) e vaar el

AFE =
3
3a’ W= =
4 & 2 2k2 + Kkl + 12
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x cos ((kby — Iby) - Ry))e V3 ‘ H (C.55)

187



C.5 Calculating the Dipole Anisotropy

Remembering that a’ is not the cubic lattice parameter, substituting a = a’/v/2

gives

176\/577-”0/”‘?9 - n - —%k z
AB=-———3—F ST (=)™ > kcos(kby - Ry) e 5o I

n=—oo k=1

4 > - © 2k + kKl + 17
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pim1 (VE2 +kl+12
sy s | 2k% — K+ 12
X e 3a m‘ | —|— m COS ((k’bl - le) ° Rn))

y e_%@rmzl}] (C.56)

Rewriting z in terms of R,, gives

1 2 2 e oo : R
AE(T) = _W 3 (_1)n[ZkCOS (kby - Ry) o~ e HRn-2l
k=1

n=—oo

64 & 8v6r 1R 4 2k +KI+12
+ — lcos(lby-R,)e  sa URn-z| 4 —————————cos((kby +1bs) - R,
83 ; (tbz - Ro,) k% e o (b +1b2) Ra)

_ 8V6r TR 2 R 2 2k% — kl + 12
e 3a + ————~cos((kb; —lbo) - R,
g o (kb1 = b2) - Ra))

y e_sggr\/mm-z}], (C.57)

This concludes the derivation. We have derived an analytic expression which shows
the dipole anisotropy can be written as proportional to u%.ln the thermodynamic limit
we can write this as (%) ~ p%[m(T)]?. The expression was calculated numerically for
finite ranges in the summation and we obtain a zero temperature value for the effective

uniaxial anisotropy constant of K, = —0.4695meV /moment.
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APPENDIX D

Exchange Magnons in NiO
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Following the standard methods given in [148], we will calculate the linear magnon
Hamiltonian for NiO assuming a two sublattice model-an eight sublattice model is
possible but is unnecessarily complicated for our use of the magnon Hamiltonian. First,
we want to write the classical Hamiltonian (4.17) of the main text in terms of quantum
mechanical Pauli operators. We distinguish operators from functions by using a hat so
the Hamiltonian function H becomes the Hamiltonian operator H, for example. The

Hamiltonian operator for NiO is an XYZ model

H= s 3 [S757+ 8150 + 5753 (D.1)

where J;; = Jij/SQ, S is the spin quantum number, and S’m, S’y, S7 are the Pauli
operators. Next, we rewrite this in terms of the spin ladder operators St = §%4i8¥ and
S~ = 8% —iS§¥ which can be inverted to give S — % [5’* + S'*} and SY = % [5’* — S’*]

The Hamiltonian is now
N 1 At & A &
= 22; [ 5+ 3 (5 S+ 57 5; )} (D.2)

We now introduce Holstein-Primakoff boson creation and annihilation operators for
both the ‘up’ and ‘down’ sublattices. These are af, a, BT, b. If we index spins on the
‘up’ sublattice by 1 and ‘down’ spins by |, then the Holstein-Primakoff operators are
related to the spin operators by

S =S —alay (D.3a)

ta o\ 12
N a,a
St =28 ( - ”) ar (D.3b)

St 12
A~ R a aT
Sy = v2Sa] (1 — ) (D.3¢)

25
Sf=—-S+0blb, (D.3d)
aia N 1/2
. bih .
=25 ( - ;;) b, (D.3¢)
ara N\ 1/2
bib
— V2Sb! ( zi;) . (D.3)
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We want a magnon Hamiltonian which is bilinear in boson operators (linear in magnon
number operators), H® . The above can then be simplified by a Taylor expansion

about &L% =0or lA)pA)T = 0 giving

Si =8 —alay (D.4a)
S¥ =V28ay (D.4b)
S¢ = v2Sal (D.4c)
Si=-S+0blb, (D.4d)
=V28Sb; D.4e)

YN |
S = 25’b¢.

Now we separate the Hamiltonian operator into sublattices giving

1
= _= Z J1+0(|rsj], [v1l]) { i+ 2

1,j€T

1 /aa A
~ 5 3 Fudleshbvib [$78; + 5 (378 +8787)]
2 ) (D.5)
= X bl b 385+ 5 (378 + 578)
iet. jel
5 G254+ (8785 + 8787
> Fd(fryl lval) 5785 +5 (885 +57°5))
iet. jel

where ¢ are Kronecker deltas, r;; = r; — r; is the displacement vector between spins 7
and j, |vq| = ﬁa is the nearest neighbour distance, and |vy| = a is the next nearest
neighbour distance. The final two terms don’t double count interactions so there is no
factor of % Further splitting into Hamiltonians for each exchange term H = 7:[1+ +

Hi_ + Hso and substituting the Holstein-Primakoff operators, we get

oy = —5 3 Fundlleyl \vﬂ)[( ~ ala;) (S—d}aj)w(ai%@?&j)]

5,JET

- 5 S Jio(lryl, |V1!)l(b b — ) (Bb; — 8) + 5 (b} +1318j)],

1,JEL

= 3 Fib(ryl i [(5 - alai) (86 - 8) + 5 (aid; +afdl)] . oo

et jel
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and,
Ho=— > FBadlleylval) [(S —alai) (b1 — S) + 5 (aib; +aldf)].  (pg)
et jeL
Again, we only wish a linear theory. Ignoring constant energy terms and those with

more than two boson operators we have

7:l1+ =—z Z J1450(|rijl, [va]) [ala _'_aTa] CA‘;‘T&%’ - &;dj}
2 o (D.9)
— = Z T14S6(|eiyl, [va) [Bib] + bb; — blb; — blb; |,

,Jei

= > FiSo(feyl, Ival) [aib; + afb] — afa; — by (D.10)
et jel
and,

> BaSo(|ryl, [val) [aib; +alb] — ala; - bl . (D.11)

i€t jel

Since Hi— and Ho have the same expressions of magnon operators we can combine

them. The total magnon Hamiltonian is then H = 7'2@ + 7:[“. So,

Hy =5 > ieS8(val) [aia] + afa; —afa; — ala, |
A S (D.12)
1 Z JisS8(|v1)) [b !+ blb; — bib; — j.bj},
5,J€l
=5 Y (o(val) + Fioo(val) [aidy +aldl —alai—8lb] . (pg)
iet. ]Gi

Now we can take a Fourier transform so we can work with delocalised excitations. The

fourier transformation is given by

1 e

a; = ———= » axe™™ (D.14a)
V2N zk:

al — af etk (D.14b)

k

~ 1 ~

bi — bye kT (D.14c)
VN Ekj

~ 1 ar s

R N o (D.14d)
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The Fourier transforms of a; and b; differ in sign of the exponential. This is because
they carry angular momenta of opposite sign. By imposing orthonormality, we replace

terms like &i&} by NT7 ! >k &klee_ik‘rij. Or, by applying the canonical commutation

relation {dk, &H = O™, this becomes &id; — N{l Yk dL&ke*ik’rU. By the conserva-

tion of moment, terms like &igj- transform as &ilA);- — (NpN) V250 Gyl l;ikei(_k)'rﬂ'.
Applying these conditions, we have
= — — Z Zj1+(5 |V1| [dka elk'r” + @Ldkefik'r”’ - Z&Tk@k}
k
M i (D.15)
Z j1+(5 ’V1’ [bkb;r(e_lk'rij + b;r(bkelk‘rij — QbLbk] s
i,J€L

Hr = Y Y (ZRd(Ival) + Ti-6(vi])) |aacbie
\/71@ Jjel k { (D,16)

+af bl — alay — bb|.
Since the sum over k is symmetric, this can be written as
= Z ZJHS(S [vi]) [a ak( keri —l—e_ik'r"j) 2adek}
ZJET k

4N > i So(val) [BLbic (™ e er) — 2blhy]
L,jed

(D.17)

A 1 ) . |

We can then identify trigonometric functions giving

A

H) = Z Zj1+55 (Iv1]) [2akak cos (k - rjj) — ZdL&k}
jeT k

i Z \71+S($ ’V1’) [2?);&?}1{ COS (k : rij) — QZ)LZA)k} s
1,JEL

(D.19)

7:[N S NN, Z Z (J20(|va]) + J1=d(|v1])) &kl;kcos(k-rij)
? NT bietjel k [ (D.20)

+&Ll§;f( cos (k- rj;) — &Ldk — IA)LIA)k}

—|—
>
—+
>

*We do not care about offsets so this becomes axa, = a, i
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We can now evaluate the sum over spins but must also ensure we sum over the expo-

nentials correctly. First we must introduce the structure factors v, which are given by

M= (2) 7Y cos (k- 61y (D.21a)
51+

e = (7)) cos (k- 81-) (D.21b)
61—

N = ()" > cos(k-d2), (D.21c)
&2

where z is the number of neighbours for a given exchange interaction. In our case

z,_ =z, = %z, = 6. The summations over spins are given by
> Jid(|val)cos (k- ri;) = 2Ny Jigz, % (D.22a)
i,j€T
Z Ji—0(|vi|)cos (k- ri;) = 2(Ny + N))Ti—2,_ e (D.22b)
€T, jel
Z J26(|va|) cos (k- ri5) — 2(Ny + Ni)j2z271((2) (D.22¢)
€T, jel

Now assuming Ny = N| = N/2, we can write the Hamiltonian terms as

Ty = 1128 Y (afa + bibe) (1 - 25) (D.23)
k

Hyy=—-52> {(\72 + 71 ) (L + b by) + (j271({2) + T ) (achy + &L?)L)] -

§ (D.24)
The bosonic excitations a', b are not linearised; the excitations are coupled. It’s more
convenient to work in an orthonormal basis of the excitations so that we can calculate
the energies of these independent excitations. This means that the linearised magnons
are not localised to a single sublattice. The process of linearising magnons is called a
Bogoliubov transformation but this is exactly the same procedure as diagonalising a
matrix by calculating eigenvalues and eigenvectors (though with a non-trivial metric for
compatibility with commutation relations [85, 305]). Choosing the basis X = (ay, b’ i)

then we can the Hamiltonian as H = XTHX where H is the following matrix

Ax B
By Ax

(D.25)
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where Ay = Sz (j1+(1 %) —Ji- — JQ) and By = —Sz (\71—’)’;—: + jzvlgz)). Intro-

ducing linearised /diagonalised boson operators dL, dy, BIT(, and Bk, which are related

dk _ Uk — Uk @k
BT_k —Uk Uk BT_k

The eigenvector components are ux = /(Ax + hfx)/2hfx, ve = /(Ax — hfx)/2h fx.
The Hamiltonian can now be written as H = YT(hf,l)Y with ¥ = (A, BAT_k)T The

eigenfrequency is then hfx = /A2 — BZ which can be expanded to

by the transformation

(D.26)

2 2
hfi = ;\/<J1+(1 — ) =D = k) = (ho + ) (D.27)
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