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Abstract

Antiferromagnetic spintronics is a complex and valuable field of ongoing research, critical
for the development of beyond-start-of-the-art ultrafast, low energy computing and memory
devices. Since they are largely unaffected by external magnetic fields, laser excitation, applied
currents, and dynamic temperature changes represent the only methods for spintronic control
in antiferromagnets. With the vast range of conducting, semi-conducting, and insulating
antiferromagnets available to materials science, along with limitless multilayer combinations,
there is a crucial need for advanced simulation techniques applicable to time and size scales
orders of magnitude faster and smaller than ferromagnets. MnyAu is of high interest to the
spintronics community due to the presence of an intrinsic spin-orbit torque allowing for field-
free spintronic control. Likewise, MnjyAu presents an ideal platform for advanced atomistic
spin dynamics model development: a high Néel temperature, high conductivity, and ordered
collinear magnetic and metallic structure make it especially appropriate for highly physical
simulations with minimal compromises to model integrity.

Here, we use atomistic spin dynamics to model and simulate Mn, Au magnetic domain and
domain wall control using existing and novel spintronic control methods. A chief result of this
thesis is the implementation from ab initio theory of a novel laser induced torque using linearly
polarised light to switch single domains and drive domain walls. The symmetry of this torque
can be leveraged to produce robust toggle, preferential, and deterministic all-optical switching,
even under conditions of extreme transient laser heating. This torque is also applied to domain
walls, with the symmetry allowing for efficient, ultrafast domain wall motion, domain wall
pinning, and domain wall contraction. An additional result with our domain wall simulations
is the redescription of the model Hamiltonian used for Mn; Au in atomistic modelling. This
Hamiltonian allows for calculation of the temperature-dependent anisotropy and exchange
scaling for use in micromagnetic simulations. Lastly, we expand the drift-diffusion formalism
for spin transport to include the current-induced spin polarisation generating the intrinsic Néel
spin-orbit torque, calculating directly the correlated effect of non-linear spin accumulation

through a domain wall with the intrinsic current-induced spin accumulation of Mn,Au.



iv

Thus, this thesis presents advances in model development for atomistic spin dynamics
simulations and spintronic control methods for antiferromagnets. With spintronics poised as the
foundation for next generation computing devices and hardware, advances to antiferromagnetic
modeling capabilities are highly relevant to fundamental, developmental, and applications
focused research. As such, it is the hope of the author that this thesis will prove useful for a

variety of groups and fields beyond the atomistic modeling community.
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Motivation

The current decade has seen many landmark moments for the computing and data industries:
the inevitable failure of Moore's law for data storage, the exponential growth of both power
and data storage requirements for the machine learning industry, and, more optimistically, the
commercial release of devices making use of heat assisted magnetic recording (HAMR) media
for ultra-high density memory storage. While HAMR devices have entered the market with
an already impressive energy improvement of 50% over traditional HDD storage media, the
lifetime and scope of the technology is limited by the storage medium itself. The problems
affecting HAMR technology has often been referred to as a "quadrilemija"HAMR
technology requires high thermal stability, low error rate, high bit density, and minimal external
elds. Even with an ideal material, however, HAMR would always remain a technology
which is ef cient butslow, with a bit recovery time on the order of nanoseconds and write
time limited to microseconds, HAMR does not lend itselttrafastmemory storage. This,
perhaps, extends our quadrilemma into a pentalen#nanpt only must our ideal storage
media be stable and high density, it must be fast. Faster, at least, than conventional HDD
storage techniques.

In the push taultrafast memory storage, speedup is not measured in percentages, but
orders of magnitude. While state-of-the-art memory devices can read and write up to 20 GB/s,
the theoretical limit for magnetic-based operations exists in the range of 383k [The

base rational for this drastic difference in operation timescale comes from a change in the



2 Motivation

fundamental physics used to read and write memory. In general, operatiorfengthagnets

are limited to the nanosecond (ns) range (GBg§) $imilar to how the tension of a piano wire
determines its frequency, the energetic coupling in a ferromagnet (FM) operates at frequencies
in the GHz (ns) range Antiferromagnets, however, operate at an entirely different set of
frequencies, from the high GHz to low THz (picosecond, ps) raigerhus, platforms using
antiferromagnets (AFMs) for their devices could see orders of magnitude speedup, saving costs
in ef ciency and drastically improving performance.

But this opportunity is not without physical limitations. Since AFMs emit no stray magnetic
elds, control options are limited to the other available nanoscale forces: electric elds, current,
lasers, pressure, temperature, and structure. Thus, development of AFMs for commercial
storage and computing use requires research into not just device fabrication, but also control
schemes able to read and write AFMS on their ultrafast timescale. In general, any singular AFM
control method, alone, invariably fails to satisfy a condition of the 'pentalemma’ from above.
The solution, perhaps, takes inspiration from HAMR: seek combinations of control methods to
satisfy our criteria. Just as HAMR utilises local changes in temperature to increase the density
of storage bits accessible to a magnetic eld, combinations of AFM control mechanisms could
allow ultrafast dynamics without compromising on storage density or power consumption.

One promising development in the eld has been the discovery of AFMs which respond
asymmetrically to electric elds, either in the form of an applied potential to generate current
or the electric eld directly. This response has been known for AFMs for nearly twenty years,
but in the form of laser excitatior8]. Its use, however, was restricted to insulating AFMs,
and only for very low temperatures (< 80K). The direct control of an AFM using an electric
eld from an applied potential would take another deca@le The distinction of an electric
eld generated by an applied potential is made from an applied current due to a nuanced
distinction in the mechanism of control: up until recently, applied currents to AFMs were
used as a transfer medium for spin injection, either from a heavy metal layer (called spin-orbit
torque (SOT)) or from a reference FM layer (generally called spin-transfer torque (STT)).
The details of these mechanisms will be covered later, but they of course form the basis for

the eld of spintronics the coupling of the electron's charge and spin nat@te While a



changing electric current will generate a magnetic eld through Faraday's Law, spintronics uses
instead the intrinsic effect spin-polarised charge currents can have to interact with materials.
Useful for both measuring and modifying FMs and AFMs, the spin-polarised charge current
already represents a combined control method from those listed above; except for very speci c
cases, the charge current requires a structure of multiple materials in order to become spin
polarised. Two materials, however, have recently been discovered to be spintronically-active
without the need for multilayered heterostructures to spin polarise charge currents. CuMnAs
[9] and MpAu [10]-both metallic AFMs stable at room temperature—respond asymmetrically
to applied electric elds generating a current induced spin polararisation (CISP) which exerts
torque on the AFMs depending on the direction of the applied &l 12]. This effect has

been used experimentally to switch the magnetic domains of ARB|SLE] and inject spin
currents to other magnetic material$], and predicted computationally to drive domain walls

[16, 17].

The distinction of magnetic control between current and electric eld is hardly a semantic
one. For clarity, in this thesis control of AFMs using current will reference the moving charge
of electrons which cagaina spin polarised component, while control from an applied eld
refers to the CISP caused by the intrinsic nature of the material iisglfBoth control methods
will generate torque with the right symmetry to switch AFM domains and drive domain walls
[18, 19] (more detail in Chapter 4), and Chapter 6 details the modelling of both processes
simultaneously). But while the intrinsic CISP is traditionally activated through a DC applied
potential, recent experiments have also excited AFM dynamics using THz frequencies to drive
AC currents which generate a CISP [20, 21].

This brings in another control method mentioned earlier, laser excitation. Once again, the
distinction between torque generated by an electric eld and a laser excitation is not a semantic
one, and is in fact the main result of this thesis: laser excitations, even at an optical frequency,
can generate dynamics distinct from those caused by CISPs, spin injections carried by current,
and rapid changes in temperature. This torque—so called the laser optical torque (LOT) due to
its similarity to SOT—nonetheless has its own set of symmetry rules affecting swit@#hg [

and domain wall drivingZ3]. The source of this control stems from th& ®rder coupling of



4 Motivation

the electric eld to the susceptibility tensor of the electronic structure of the material, generally
described in [24, 25] as:
dS = cjjEj(t) + cijkE;j(t)Ex(t) (1.1)

where the term linear i&;j(t) corresponds to the SOTZ], even if driven by a THz electric

eld. This makes a 29 order excitation distinct from the CISP generated by an applied potential
or a THz electric eld supplied by laser excitation. And indeed, the electric eld from THz
excitation likewise carries a substanti@f ®rder coupling term in addition to the CISPH.
While this effect has been known for insulating AFNE] 8], it has not been applied to metallic
systems useful for spintronics.

The goal of this thesis, therefore, is to present the use of this novel LOT—in combination
with traditional control measures for metallic AFMs—as a control method ipAvruseful for
spintronic devices. MgAu provides an excellent material platform for modelling and model
development of magnetic control using atomistic spin dynamics simulations. It has a very
high Néel temperature (above 1000K))] and strong metallic characte2(], and its collinear
structure allows relatively straightforward analytic descriptidng P7], at least compared to
non-collinear systems such as 38n [28]. And, unlike complex non-collinear systems such as
Mn3Sn, dynamic modelling of system sizes approaching nanoscale devices does not require
simpli cation of the physics. This thesis presents results on the use of a LOT for single domain
switching (Chapter 3), domain wall driving at OK (Chapter 4), and domain wall driving at nite
temperatures (Chapter 5) in Igfu. As a step towards combined spintronic control, this thesis
also presents development integrating a drift-diffusion spin accumulation model with the CISP

generated from an applied potential (Chapter 6).



Background and Theory

2.1 Atomistic Spin Models

At the atomistic level, magnetism is intrinsicallygaantumphenomena. The fundamental
magnetic momentyg, is quantised directly in the angular momentum part of the solution to
the Schrédinger equation ag = € =2me = 9:274 10 24J=T. Fortunately for us, while each
electron has an intrinsic magnetic momentgf 1.8 L of water with its timed4.:08 1077
electrons does not have a momentl6f6  10°J=T. Otherwise, in Earth's gentle magnetic

eld of 50 mT, we could boil our pasta—or ourselves—with nothing but a mechanical stirrer. In
fact, it was this very conundrum—the discrepancy between the electrons' magnetic moments
and the correspondingly minimal saturated magnetic moments displayed in materials—that
contributed to early push-back of the intrinsic spin-moment of the electron. The competition
between spin order and disorder is thankfully resolved by the Pauli exclusion principle and
Hund's rules: unpaired electrons are to be found only in the valence band (generalising without
any photoexcitation or other transient effects). This is not to say, however, that only valence
spins contribute to the magnetic landscape of a material. Fig. 2.1 demonstrates a general
transition metal material with an unequal density of states (DoS) between "spin up” and "spin
down" electrons in the valence band (the Fermi level for metallic materials). While the Fermi
level is dominated by spin down states, the total spin of the states from zero energy to the Fermi

level would give a net up value.
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Fig. 2.1 Majority and minority picture of density of states for a generic transition metal.
The narrow in energy bands represent the d-orbitals and the wide bands are the sp-orbitals.
Figure from [29].

Multiple phenomena compete at the quantum level to dominate this trend, both inside the
atom and between atoms, requiring robatsinitio theory which often gives results counter to
our intuition. Atomistic spin models serve as the in-between scale for quantum mechanical
ab initio calculations and experimental laboratory results. To do this, Fig. 2.2 illustrates the
separation of the multi-scale dynamics of the magnetic system: the basic magnetic material is
composed of ordered spins, xed in place, which represent the subatomic magnetic structure of
the material. For materials suitable for ASD modelling, the magnetic texture inside the atomic
volume is highly localised and static.

From the experimental side, information about the atomistic magnetic moment is informed

by measurements utilising the dipole nature of magnetism:

gives the energy for a magnetic momemin the presence of an external ekl The moment
relates to thesaturated magnetisatioof the systemMs, throughm = MgV. With a known

crystal geometry to give the ratio of atoms to volume, the atomic spoan be reasonably
calculated fromms = MgV=ngoms More complex materials can have multiple contributing
spins in a unit cell. Since these speci ¢ contributions can be measured and calculated separately,

we can represent the magnetic contribution from spe@ssus; = Ms;iV=Natomsi- Unusual
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Fig. 2.2 Schematic illustration of multi-scale spin model$rom subatomic to bulk material.
The homogeneous region between the atoms contains no (or static) magnetisation compared to
the highly localised magnetic texture inside the atomic volume. Figure from [30].

cases of magnetism correspond to a loss of the ability to represent the magnetisation of a
material as arising from an orientation of spins con ned to a non-periodic volume, such as
a highly dispersive charge-density wave. But for transition metal magnets, nearly all of the
moment is localised to the orbitals. Ab initio methods can indeed match closely with the
experimentally measuren; [30], but beyondm, there are few easily comparable variables
accessible to botab initio and experimental methods. Instead, we must rely on the simulation
and modelling of magnetic systems usailginitio constants to compare with experimental

measurements. Thus, we turn to the background behind ASD constants.

2.1.1 First Principles Background

First principles calculations are especially important for atomistic modelling, as rarely are
we interested in the bulk case of a material with only simple ferromagnetism. In such a
case, the relationship for,; above becomes less useful: while we may know the individual

moment of each magnetic species, it can be dif cult to assign energetic preferences between
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them. On the rst principles scale, more sophisticated methods than the Stoner model allow
for calculation of complex systems with strong spin polarised states above and below the
Fermi level, anisotropic preferences for orbital and spin density, and multiple spin species
with varying magnetic moments. Much work must be done, however, to reach the appropriate
atomistic constants from the quantum mechanical models. The full many-body Hamiltonian
for a quantum mechanical system lattice of electrons and nuclei requires a description of all

nuclei-nuclei (;J), electron-electroni{j), and electron-nucleijl) interactions [30]:

2o N2 1o 1 223 }2 5 o o

H= L3 1+>3 . EA N2+
2 Sll | 2|§J4peojR| Rjj 2ma|a|‘ : -
o 1 4 1 Z€ 2.1)

a - YT .

Since there is no exact solution to the many-body equation, and brute-force numerical methods
are computational impossible for even the largest computing systems, numerous mathematical
approaches have been explored to simplify the problem. Often, only the electron-electron
interactions are important for magnetism (though this is not always the case). The Kohn-Sham
eqguation provides a method for calculating these interactions by optimising the wavefunction of
the electrons according to a reduced Hamiltonian containing only the electron kinetic operator

N2 and a parameterised electron potentiai(r):

2P+ Ver(n) ¥i(0) = ayi(n) 22)

which gives a one-electron solution to the many-body Hamiltonian by simplifying the full
electron-electron and electron-nuclei Coulomb potential into more solvable solutions given
by Ver. The eld of Density Functional Theory (DFT) simpli es the problem of variationally
optimising the wavefunction by operating on the electron density, given as the sum of the
probability density of the occupied wavefunction(g) = &;jyi(r)j>. We can introduce an

additional degree of freedom by considering the spinnup&nd spin downr?) electrons (as
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diagrammed in Fig. 2.1), resolving the probability densityd®(r) = &;jy. *(r)j2. The

magnetisation density is then de ned as:

m(r)=n(r) n*(r): (2.3)
and the magnetic moment can be the integrated magnetisation density:

m; = ‘ m(r)dr: (2.4)
W
The problem, of course, is that the Kohn-Sham equation written above does not allow for spin
up and spin down electrons. Two separate versions ofZ8g) can be written—one for each
electron channel-but without an energetic distinction between spin up and spin down electrons,
they will give identical solutions. The integral above gives the entire magnetic moment, but
sometimes it can be useful to decomposgento thespinandorbital contributions by summing
the spin and orbital operators over the occupied wavefunctions [30]:
Ms= &;hYikjsjYiki 25)
m = a;xhYikjljYiki
Fundamental to the DFT process is identifying the necessary changes to the effective
potential in Eq.(2.2) to give a one-electron solution based off many-electron interactions.
Hartree-Fock formalism models the electrons interacting with a "mean eld" approximation,

and gives a Hamiltonian:

%N?+Vext(r)+ 8 d (X )y.( ) vi(% Oy,( %y.(()

i(X)di; X

(2.6)
Vext IS the electron-nuclei interaction, and the rst integral is the Coulomb potential. But the
second integral is the purely quantum mechanical result of exchange energy arising from the
Fermion description built into the Slater determinate of Hartree-Fock theory: the electrons have

an energetic reason to be in different orbitals with their spin aligned. This obvious preference
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towards materials having a magnetic moment is a result of the mean eld approximation; it is a
limitation of the one-electron wavefunctions that it cannot take into account the response of the
other electrons when evaluating its operators. This so named electron "correlation” can result
in, among other things, reduction of the magnetisation in a similar manner as lattice orbital
guenching. Methods to introduce correlation to the Hartree-Fock method exist (e.g. multi-
con gurational SCF and coupled-cluster theoB4]), but are untenable for lattice systems

and even but the smallest molecules. Instead, the Kohn-Sham Hamiltonian is used, with a less
severe restriction to the wavefunction than Hartree-Fock's Slater determinate. Rather than use
the "exact exchange" present in E§.6) (which contains no correlation), a modi ed—and often
phenomenological-functional is used to enforce a mix of exchange and correlatioveslihe

EqQ. (2.2) can now nally be de ned:

z

Ver(1) = Vea(n)+ ) en(r)]

jr 9 fin(r)

whereVey is still the electron-nuclei interaction, the integral is the Coulomb potential, and

d3rO% en(r)]+ n(r) (2.7)

the last two parts are the exchange and correlation functionals, respectively. Two versions of
Eq. (2.7)get de ned for spin up and spin down electrons, nally allowing for self-consistent,
variational calculations to be made to the electron density representing our magnetisation.
Multiple forms of functionals exist, constructed and optimised for different elements, phenomena,
and operators, but the motivation remains the same: to calculate something useable by the
sciencist.

For the atomistic spin-dynamicist, ab initio constant is more important than the Heisenberg
exchangel;; between two interacting spin moments. To describe this system, the Hamiltonian
usually avoids dealing with changes to the local magnetic demsitsom Eq. (2.4), and instead
holds the local magnetisation magnitusieconstant to deal with the magnetidentationS:

H = %é JiS; S; (2.8)
i6 ]
Numerous methods exist to extract this energy, but the precise calculation of these constants

is rmly in the realm ofab initio rather than ASD. Instead, we acknowledge the limitations
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working with the Heisenberg Hamiltonian places on ASD: while all methods to calculate the
exchange constant seek to quantify the energetic relationship between spinsiarsitgs
the Heisenberg exchangeirger-atomic. Sites; j for Jj; are differing atoms, rather than
differing electrons, orbitals, or even nuclei location. This is a true approximation only in the
sense that the above corrections are usually small compared to the Heisenberg constant, but do
express themselves in crucial physics (s32-36]). In metals the full calculation can take a
complex arrangement due to induced-polarisation of the d-orbitals acting non-locally through
the conduction band. This so named RKKY theory (for additi@tmeinitio background beyond
[30] see B7, 38]) explains the AFM ordering typical of layered metals: in general, metals
in-plane order parallel; metals out-of-plane order antiparallel. But this is less of a correction to
the Heisenberg Hamiltonian than it is an analysis technique.

The largest correction necessary to the Heisenberg Hamiltonian—on the basis of energy
rather than fundamental approximations—is the directional variatidn at sitei independent
of j. Often called the magnetocrystalline anisotropy energy (MAE) or magnetic crystalline
anisotropy (MCA), this anisotropic preference for the moment is usually treated as a property
independent of exchange (i.e., using its own condtardther thanj,). This is especially true
for models dealing with larger systems simulating shape effects. For materials with symmetric,
strong spin-orbit coupling, it is possible instead to build the anisotropic contribution into an

exchange tensor. This adjusts the Heisenberg Hamiltonian slightly to:

1, o
H= 5asSJsS ak(s e)" (2.9)
i6 j i

WhereJiTj is the exchange tensdg, is the MCA constant depending purely ospins, and

n is the so-called "anisotropy order" exponent representing the energetic scaling of the
anisotropy and spin. Anisotropies which are truly "single-ion" and which belong in the
exchange tensor can be dif cult to differentiate, even with rst principles formalidrorbital
projections to Cartesian space can introduce additional directional components to the magnetic
preference beyond the exchange splitting of interatomic bands. This can take the form of

crystal eld splitting—localised charge polarisation around the magnetic moment breaking the
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orbital symmetry—or spin-orbit coupling. Both sources of anisotropy have a strong lattice
symmetry component, allowing for decomposition of the anisotropy const&at9jinto a
phenomenological description combining both the crystal- eld and spin-orbit contributions
dependent on symmetry orde9]. For metals with weak ionic potentials the crystal eld
splitting is less important than the spin-orbit coupli2§]f the spin-orbit coupling strength

is proportional tadVeg(r)=rdr, and can be on the order of exchange interactions for transition
metals (or larger for rare-earth element)][ The spin-orbit interactiom| smust enter into

the Kohn-Sham equation effective potential (EE2}.7))—usually from a perturbation approach.
Then, the spin-orbit coupling (SOC) strength along direcfidar spinss;s°, on occupied and
unoccupied statds| (respectively), wavefunctoik, and orbitald;|°on atomq from other

atomsq®is [30]:

. Holsxd SA%hdxd 0%
ESS.(7) 1 888 Maxl 99 Ahxgl sig

(2.10)
kij @ | &j &i

The value ofej & weights the contribution of the MAE towards states on opposite sides
of the Fermi energy but still close in energy. The MAE is then the difference of orientation

energies for all atoms and spins:

Emae M & ESieg(fD)  ESseq(f2) (2.11)
gs¥

For systems with strong, ordered spin-orbit interactions or strong applied 2E]sthe
exchange splitting gets enhanced when aligned to certain directions, making the perturbation
approach less-accurate and requiring self-consistent approaches talgQO@ this case, the
anisotropic contribution is considered "two-site" [41], and should be considered as part of the

exchange tensor [39].

2.1.2 Atomistic Spin Dynamics

Modelling the spin on the atomic scale uses the Landau-Liftshitz-Gilbert (LLG) equation of
motion (Eq.(2.12) for the local moment to describe the precession and damping path in the

presence of the local moment's effective eld. This motion is a classical derivation, requiring
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minimal quantum mechanical routes of energy transfer out of the atomic moment (e.g. through
intra-atomic spin transitions). The damping term for the LLG equatgmepresents the atomic
preference for the magnetic moment to align with the effective eld, rather than precess around
it, and is an intrinsic property of materials relating to interactions with the phonon lattice,
conduction band, and other magnetic moments. Various theories exist to describe the damping
term, but in the LLG equation it is a phenomenological, dimensionless quantity representing
the ratio of precession to damping in the system. For metals of high crystalline order and
quality, the value can be on the orderldf 3. The LLG equation combines the precession of

the moment in the effective eld as well as the damping of the spin:

dt = (1+a?

s Bff+as s Bff (2.12)

The effect of temperature on the motion of the atomic spin is a topic of rich analysis, with
ongoing research for many theory and computation grodips3p, 43, 44], and the full details
are beyond the scope of this thesis. The inclusion of temperature into the LLG equation is done
by linking the conduction band heat bath to the effective eld of each moment according to
dissipation-diffusion theory so the so called Langevin thermostat. The uctuations of the eld
from moment-to-momer(®.13)have a Gaussian distributi@{t) with width determined by
the size of the momemty, Gilbert damping parameter, effective temperatur&y, and the

time-stepDt, averaging out to zero for each spin (2.14).

s
Biherm= (1) % (2.13)
hBt"e™Mt)i = 0 (2.14)

This thermal eld is then added to the effective eld from the derivative of the Hamiltonian:

198
Bff= —_—+Bem 2.15
l mﬂ's 1 ( )
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To solve the LLG equation, we utilise an expligi® order Runge-Katta integration scheme
with predictor-correction step (i.e. the Heun integrator) due to its computational performance
and convergence with the uctuation-dissipation formulation of the stochastic thermal elds
[30]. This involves a two-step solution to the EoM with a normalisation step between each to

preserve the spin length [45]:

1a0§= xS Bffvas S B

1b: = S+ DSDt

lc §'= 555

NG — G ®ff eff
2a DS = T+ ad S B*+as? & B
2b: §+H:S+%DS+D§Dt

2c §*P = §T 55D

A well-known phenomenon of the Langevin thermostat is to overestimate the thermal
activation at low temperatures. Corrections to this effect are varied, and likewise outside the
scope of this thesigip, 46]. We use the method by Kuz'min to adjust the effective temperature
of the spin activation by the ratio of the material temperature relative to the Néel temperature.
This rescales the Curie-Bloch law to include an additional exponent term, \ahglie the
phenomenological rescaling exponent (different from the atomistic Gilbert damping term in
the LLG equation above]y is the Néel temperature, ahdis the usual Curie-Bloch critical
exponent for a 3D Heisenberg sp#i/]. This rescaling is performed for all simulations with

nite temperature:

(2.16)
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whereTes is the rescaled thermodynamic temperature for the Jpis the Néel temperature,
and T,e4 the desired simulation temperature, which differs from the effective temperature
of the spin bath. This approximates the correction to the system necessary for quantum
thermodynamics without the need for the magnon spectra of the ma#8jalq]. This
introduces an additional exponent for the standard Curie-Bloch law:

Treal 28 P

me(T)= me(0) 1 —= (2.17)
N

2.1.3 Energy Landscape

The energy landscape of the spin system can be further explored using a Monte Carlo (MC)
Metropolis simulation. There, the temperature enters into the Boltzmann energy of the move-
step—rescaled by E@R.17)-and the state of the system is revealed through sampling of the MC
simulation after suf cient time-steps have passed to ensure equilibrium has been re&ghed [
The MC simulation makes direct use of the Heisenberg Hamiltonian to calculate the energy
difference between two spin positioBE = H(S) H (S)). The probability for switching is

then:

DE
kBTefr

P=exp (2.18)

Generation of the trial spin sta® is determined through a modi ed Hinke-Nowak
algorithm which combines spin- ip, random-spin, and small-angle changes to ef ciently
sample the full phase space, including an adaptive angle rate to speed up convergence for high
temperature system49]. The small-angle change is proportional to the effective temperature
of the system:

S+sG

wheres is the cone width scaled by a Gaussian distribu@®iThe cone width can be adjusted
by an additional multiplicative factor such that, if the total rate of success of the Boltzmann

probability in Eq.(2.18) R differs from50%, the widths can be scaled by = 0:5=(1 R).



16 Background and Theory

This has been shown to improve the MC performance for systems operating near 0} and
regions [49]. The width o then is given as:

2 kgTe

25 my

(2.20)

The MC algorithm can also be used to sample the energy landscape of constrained systems
in order to explore high-energy con gurations. The so-called Constrained MC (CMC) technique
establishes thermodynamic equilibrium for the system at the simulated temperature and
constraint con guration$0, 49|, and is especially useful for modelling the torque response
at certain spin angles for a range of temperatures in order to calculate the anisotropy scaling
effects with increasing temperature. Likewise, the CMC simulation is also used to calculate
the effective torque response over a range of temperatures on a constrained spin-spiral. This
method gives a value of the exchange scaling with temperature. There, the spin steps in Eq.
(2.19)are evaluated by an additional criteria that the total magnetisation for a given subset of
the full spin systerer a;jSjga;Sj MJCO”Strai”F Spins outside the subsgare evaluated
using the standard criteria EQR.18)and spins inside the subsgtinder a new probability
criteria [50]:

|
MO “iS| DE

Pj: ——

—~ ex —_— 2.21
M JS?J P K Teff ( )

This allows microscopic equilibrium of the subset for a given temperature. Speci c details for

the subsets and constraints in the CMC simulations utilised in Chapter 5 are given there.

2.1.4 Dynamic Temperature

Dynamically, laser excitation causes changes to the temperature of the magnetisation heat bath
on the ultrafast timescale. This is included through the use of the "two temperature fnodel"

applicable for transition row metals. Since the heat bath coupling to the magnetic spin in metals

A popular microscopic model of ultrafast demagnetisation from thermal processes is the three temperature
model, which adds an additional degree of freedom for the magnetisation coupling through the spin temperature
of the system$§1, 52]. For atomistic simulations, the need for a microscopic spin bath is replaced by the natural
excitation of the LLG equation by the Langevin thermostat.
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occurs through the electron system, which has a much lower heat capacity than the phonon
lattice, the magnetisation experiences a transient temperature peak before cooling to match the
phonon temperature. Often, this transient heating can raise the temperature above the Néel
temperature—on the order of picoseconds—causing sharp reduction in the system magnetisation
without fully causing a phase change to the paramagnetic state. For longer timescales—on the
order of tens of picoseconds—the metal thin Im cools to the temperature of the insulating
substrate through phonon coupling.

The energy added to the system from a laser excitation of a Gaussian temporal pro le with
full width at half heightt is [53]:
4in2 % ?

F
t)= 2—p———=6x
Y tpd  p=In2 P

(2.22)
whereF is the uence of the laser pulse in Jrandd is the thickness of the Im. A full
description of the laser heating includes a height-dependence impacted by the attenuation of
the laser. Provided the thermal conductivity of the material is high and the Im is thin, the
temperature of the system can be assumed independent of depth. For complex relationships
between the intensity of the laser pulse and the heating of the electron thermostat, a more
involved expression fo§(zt) andF is required.

The time-dependent temperature of the system is given in the coupled differential equations
for energy transfer between the electron temperafy@nd phonon temperatuiig (with
cooling to the substrate temperaturg by the electron-phonon coupling const@htand
characteristic cooling times. In general, these values begin to become temperature-dependent
near the Fermi temperature, but in metals this is far above the heating from ultrafast laser
excitation. The differing heat capacities for the electrGgs gTe and phonon€, link the

temperature of the two systems in thermodynamic equilibrium through their energy:

.
Corle= G(Te Tp)+ )
1'1”} M. (2.23)
Coel=G(Te Tp) ——

qt ts
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2.2 Atomistic Modelling of Mn,Au

Mn,Au is an ordered, bimetallic material with single or multigrain struct@@ $54]. The full
Hamiltonian used for MpAu in this thesis contains the exchange tensor, a uniaxial out-of-plane
anisotropy term of % order, and an in-plane rotational anisotropy term'8fotder. This gives

a strong in-plane spin preference, with the four spin easy axes Bldfg(see Fig. 2.3b)q
describes the polar angle from theoordinate, andl the azimuth angle from thecoordinate.
Then, theab initio Hamiltonian from DFT calculations in Shieit al. [41] and Khmelevskyet

al. [55] is given as:

1 . . .
H= éé- JiS Sj K3 &sifqg Kg dsintq Kg sin*qcos4 (2.24)
i< [ i [

A thorough discussion of this Hamiltonian and the consequence of its trigonometric descriptions
in the anisotropy components is given in Chapter 5, but for now we note there are nuances
involved with the above description. The parametrised macroscopic conK%ﬂt(sl? , andKy

in Eq. (2.24)we use in our atomistic LLG and MC simulations is given here for immediate

reference, with more details in Chapter 5:

H= 8SIS kd S 5% k(S 68, Sy (2.25)
i8 |

The exchange constant in E@.25)is now a tensor containing thég anisotropic contribution

leading to the easy-plane orientation of the spins. This anisotropy is of the two-ion type. The

4 order anisotropies have been written in an orthogonal Cartesian form parametrigethds

K4 to distinguish from the macroscopic constants in Eq. (2.24) (more details in Chapter 5).
The exchange interactions for the unit cell from Khmelevskyi consist of two antiferromagnetic

inter-species and one ferromagnetic intra-species term, consistent with RKKY metals. This

gives a total of 9 interactions per atom. The groups of Oppeneer and Novak provide long-
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Fig. 2.3 Unit cell with exchange interactions(a): The tetragonal unit cell has lattice constant

a= 6:291along thex andy Cartesian coordinate armd= 16:142 along thez coordinate.J;

andJ, are the antiferromagnetic inter-species exchange interactiond amterromagnetic
intra-species interaction. (b): in-plane orientation of spin vectors aibhg easy axes. Strong

AFM coupling ensures a collinear Néel vector along the same. Grey arrows show the Néel
vector with 90 degree rotation, equivalent in energy to the starting dark arrows. Cartesian axes

X;y are hard axes.
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(a) DoS (b) Exchange Constants

Fig. 2.4ab initio DoS and exchange constantga): Atom resolved DoS in the AFM ground

state (top) and the disordered local moment (DLM) state (bottom). (b): exchange constants as
function of inter-atomic distance for two DFT methods: (1) relativistic torque method (RTM)
and (2) spin-cluster-expansion (SCE) from the DLM reference state. The SCE corresponds to a
high-temperature phase (without phonon interactions or lattice expansion). Both gures from
[56].

range RKKY exchange up 8" order ( 1 nm) (Fig. 2.4b)p6], but MC and switching
simulations show minimal impact of including these interactions. The SCE constants in
Fig. 2.4b correspond to the high-temperature (fully disordered) magnetic phase, and shows
the rigidity of the Mn local spin moments (3.7 vs. 3.74ng) [56]. Likewise, the high-
temperature DLM DoS in Fig. 2.4a shows minimal qualitative change compared to the collinear
AFM ground state beyond loose thermal broadening. This supports the use of the constants in
Table 2.1 even for high-temperature simulations, though no work on spin-phonon coupling or
thermal lattice expansion has been done so far opAMnThe work done by Shickt al. nd
an orbital moment on the Mn sublattices 00:013ng (antiparallel to the spin contribution of
the moment). For our atomistic simulations we approximate this to zero [41].

With the Néel temperature of MAu being above the ordered crystalline point of the
material, estimates to the exchange constants are made from a combinatipmibio and
experimental calculations. Two AFM THz modes (E{&26)), as well as single domain wall

widths, have been measured, providing upper and lower bounds for the Néel temperature and
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rotational anisotropyq7]. We use the exchange values calculated originally by Khmelevskyi
[55], though other groups %B, 56]) have published a range of values consistent with the
experimental results. The rotational anisotropy constants from &higk (ks ) [41] tin the
middle of the range measured by experiment in Sapozéirgk [57]. In simulations we also
make use of lower bound values froBi7] (k). Both values are used for simulations. Our

complete table of values is provided in Table 2.1.

Interactions Jux Jyy Jzz Unit
A -1.46923 -1.46923 -1.45932 1€P J/link
) -1.09430 -1.09430 -1.08691 1€P J/link
I3 0.31826 0.31826 0.31826 1% J/link

Parameter Value Unit
m 3.72 s
koo 1:9727 10 % J/atom
Ky 3:710 10 % J/atom
Kak 1:855 10 2° J/atom
Ky 8:0255 10 2° J/atom
TN 1225 K
a,c 6.291, 16.142 A

Table 2.1 Hamiltonian constants

To determine the Néel temperature of our system, we simul@dt@rmm)3 computational cell
with periodic boundary conditions using a standard Monte Carlo Metropolis for calculation of
me(T). We determine the Néel temperature of 1227 K by performing a Monte Carlo Metropolis
simulation and tting to the modi ed Curie-Bloch expression (E(.17) for the average
sublattice magnetizatiome = ( M + mp)=2, whereb = 0:332 0:02is the high temperature
critical exponent and the Bloch exponent 1 in the classical limit$9, 10]. We then apply
the spin temperature rescaling methé8][for acg = 2 as derived from spin wave theory for
antiferromagnets and recover a temperature-dependent sublattice magnetisation curve from our
semi-classical simulation in very close agreement with neutron scattering measuret@ents |
As shown in Fig. 2.5 the ts and data in the quantum cases are in excellent agreement, with the
Curie-Bloch equation accurately describing the temperature dependent orderingAui Mn

the full temperature range.
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Fig. 2.5 Ty from Monte Carlo simulations. (Classical): sublattice magnetisation with
temperature using the unscaled Langevin thermostat. (Quantum): phenomenological
temperature rescaling in Eq2.17) with acg = 2 showing excellent agreement with the
experimental trend over the traditional Lanvegin thermostat.

For simulations with dynamic temperature effect, we utilise the TTM in@®3) For
simulations where cooling from the substrate is far longer than the timescale of the simulation,

we settsin Eq. (2.23)to 0. Constants are fron®Q] and are consistent with experimental

results in [20, 61].

Symbol Value Unit
g 1 100 JK*m3
C, 6934 10° JKm?
G 25 107 JKmd
ts 20 ps
Table 2.2 Two temperature model parameters

Of great interest to spintronics is the advent of readily-accessible THz devices and emitters.

As a collinear AFM, MrAu has two well described THz modes [62, 63]:

f§ = pm[2IMd ]  0:85THz

al2)™(dy 4] 2:9THz

(2.26)

8
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Fig. 2.6 THz modes for collinear, easy plane AFMsEigure from B2] with coordinate scheme
adjusted for speci c MpAu symmetry.

wheredyy andd, are theks andky, anisotropy constants. The two modes scale with the
anisotropy and AFM exchange energies. The lower frequency mode oscillateinplamne

(a in Fig. 2.6), while the higher frequency mode has an additional boost from the out-of-plane
component activating,. In Chapter 5 the presence of a DW shows thermal activation of the
anisotropy breathing mode (see Fig. 5.7). ASD simulations have also shown activation of the
THz modes in Eq(2.26)[63, 64]. Experimentally, MRAu THz emissions have been measured

from THz excitation [20] and FM bilayer optical excitation [65].






Laser Optical Torque Switching

3.1 Introduction

The potential for fast, deterministic control of the order parameter in metallic antiferromagnets
(AFMs) at room-temperature without heavy-metal spin injection is highly promising for
spintronics research and device applications. Currently, the most understood method for
controlling the AFM order parameter in MAu devices is the application of spin orbit torque
(SOT) [66, 19, 67, 68]. But also of interest is the use of spin transfer torques (STd%) [

63, 70, 71] and THz excitations to drive AFM switchin@{]. However, limitations to these
novel methods provide challenges for practical implementation: SOT control using applied
currents requires either precise timing to prevent over-switciMagdo, 18], weaker elds

for longer duration 27], or repeated short pulse$d, 73]. STT driven switching requires
complex heterostructure$3, 18, 65], and over-shooting beyond 90-degrees is still a risk
[69, 63]. THz driven dynamics represent the most precise method of control, but have not been
shown to switch the AFM Néel vector with the current experimental THz excitation strength
[20]. The ultrafast control of magnetism using laser excitation started with the seminal work of
Beaurepaire and Bigot and their demagnetisation of/M].[Since then, all-optical control has
been demonstrated in a host of systems using ultrafast heating to switch FM dom&in$)[

to cite only a few). For ultrafast control of AFMs using optical frequency laser pulses, domain

switching has been limited to classes of insulating rare-earth orthoferrites at extremely low
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temperaturesg, 77, 26]. So far for metallic AFMs, optical control has been limited to THz
excitations [20, 78-80].

Recentab initio work [25] has presented a new option for direct manipulation of the order
parameter in metallic MpAu AFM: the induction ofstaggeredelds using direct optical laser
excitation. The production of staggered elds is crucial for ef cient switching in AFMs, as
it cants the AFM sublattices, generating a much larger in-plane torque which switches the
Néel vector, rather than relying on the laser induced torque itself to switch the magnetisation.
The experimental evidence for these torques in metals has been seen in ferromagnetic (FM)
materials 1, 81], but only recently has the same theoretical formali@4 peen applied
to AFMs [82] (and speci cally MnpAu [25, 83]). The frequency dependence of the induced
staggered magnetic elds is calculated for optical and THz excitations, and is shown to generate
a net non-staggered torque (see Fig. 3.1). We demonstrate through atomistic spin simulations
that this torque could potentially switch the AFM order parameter.

This chapter presents atomistic spin dynamics simulations of an optical frequency excitation
from ultrafast laser pulses on MAu using the coupling scheme suggested in Freinatth
al. [29]. To distinguish between other laser induced torques acting through spin transfer
techniques or THz frequency excitation, we call this generated torque a laser optical torque
(LOT). Recently, experiments using ultrafast THz pulses have demonstrated indugAd Mn
dynamics, with modelling predicting the potential for coherent domain switclaiélg Unlike
THz pulses, which are predicted to induce both LOT and SOT eld§, the optical frequency
is too far above the AFM frequency (1 15THz [20, 65, 63)]) to excite SOT dynamics. Thus,
we focus our work here on demonstrating the possibility to switch the Néel vector in AFMs
using purely LOTs in optical frequencies. Additionally, we provide a method using the LOT
symmetry to preferentially control the switching direction of the Néel vector, allowing for

deterministic, non-toggle all-optical switching (AOS) in AFMs.
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Fig. 3.1 Diagram of net torquesfrom Eq. (3.8) with linearly polarised light parallel to the
azimuthal angl¢ from x and fourth order in-plane magneto-crystalline anisotropy (MCA)
alonghl1G. (brown/green): magnetisation vector for MiMn,) sublattice, (gold): induced

eld, (blue): resultant torque. (blue curve): relative magnitude and sign of LOT, (dashed line):
guide to eye for maximal torque location. (a): electric eld of laser polarised ajoags.

(b): electric eld polarised alongg = 5p=8 axis. (c): electric eld polarised along = 5p=8

with Mn magnetisation sublattices further along rotation path. Note: an electric eld of the
laser polarised alongwill produce equal and opposite torques to the polarisation in (a). For
consistency we use the polarisation in (a) in easy axesimulations.

3.2 Methodology

3.2.1 Atomistic System

We perform atomistic spin dynamics simulations ina AFM based on the Landau-Lifshitz-
Gilbert (LLG) equation using the open source code VAMPIRHE vhere we included new
LOT torques. Unless speci ed, for the majority of simulations we use a cubic crystal lattice
of 1600 spins with periodic boundary conditions (10 x 10 x 4 unit cells). Fig.2.3 illustrates
the Mnp,Au unit cell implemented in the atomistic simulations. The effective Heisenberg
spin Hamiltonian (Eq(2.25) includes the ferromagnetic (FM) and antiferromagnetic (AFM)

exchange interaction terms, two-ion anisotropy mediated by the Au sublayers, fourth-order out-
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of-plane anisotropy, and the fourth-order rotational in-plane anisotropy (easy axes orientated
along thehl1G directions).

The local magnetic moment directions are given by unit vec®mith lengthm. q
gives the polar angle of magnetisation, dnthe azimuthal angle of magnetisation from the
x-coordinate. Table 2.1 summarizes the parameters used in the simulationsetSii¢k 1]
discussed situations where thin Ims of Misu have an additional, in-plane, uniaxial strain
anisotropy creating a preferential 180-degree orientation alorg th@( or [0 10] directions
(depending on the strain vector). While SOTs/STTs have been simulated to switch 180-degree
domains in MRAu [72, 63], we con ne our simulations to 90-degree domains without the

additional strain anisotropy.

3.2.2 Torque Constant from Susceptibility Tensors

Optically-induced torques show strong crystal symmetry and frequency-dependent coupling to
the polarised electric eld components of the laser. A full analysis of the symmetry requirements
in the MmpAu bulk crystal was previously presented by Freimathal. [25] based on the
Keldysh non-equilibrium formalism. There, a linearly or circularly polarised laser pulse was
shown to be capable of inducing a torque acting on the Néel vector pardmetestaggered
magnetic elds induced by the second order electric eld coupling, which act on the Mn spins

in the distinct sublattices of the AFM. The magnitude and spatial symmetry of the predicted
torque depend both on the local orientation of the Néel vdctas well as the electric eld

e direction of the applied optical pulse. Both in-plane and out-of-plane torques are allowed
by symmetry, but only the out-of-plane torque takes advantage of exchange enhancement to
drive precessional switching. To achieve magnetic switching using an in-plane torque, the
induced eld must be at least equal to the in-plane rotational anisotropy eld val@&:8mT

[72]. Assuming a constant linear relationship between torque and laser intensity, this would
require pulses on the order of 2000 mJ#cmhich would damage and ablate the sample. Thus,
this work seeks to apply out-of-plane torques to take advantage of the exchange enhancement

characteristic of antiferromagnetic switching [72, 18].
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The second order optical effects are generated by oscillating electric eld with frequency
and polarisatiore. Then, the corresponding perturbation to the Kohm-Sham Hamiltonian is
[24, 25]:

dH(t) = en A(t) (3.1)

wheree is the elementary charge,is the velocity operator, and

Eopee iwt

A(t)= Re |w

(3.2)

Ep is assumed to be real valued, but the light polarisation vextoay be complex, describing

circularly polarised light. The electric eld of the laser is then:

TA(t) _
T

In general the time varying second-order susceptibility of the Spia the electric eld is:

E(t) = ReEqee " (3.3)

dSi(t) = cijkEi(t)Ej(t) (3.4)

where j;k indices on the right-hand-side are the vector components of the electric elds.
Already, this suggests the possibility for a time-constant component to the susceptibility

through the expansion:

2 _ .
E(t)Ej(t) = %[eiej + g e+ aee M+ g e (3.5)

In the Keyldish nonequilibrium formalism, the torqiigs then:

B 2

W

0|2
—

T = Im & Cijkimej&cLiLm (3.6)

jkim
whereag = 4peg} >=(me) is the Bohr radiusgy the vacuum permittivity} the reduced
Plank's constantm the mass of the free electroathe speed of lighte the fundamental

electron chargd,= eocE§:2 the laser intensity calculated from the electric eld comportgt
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B4 = €2=(4peyag) the Hartree energy; the jth Cartesian component of the electric eld and
L; the jth Cartesian component of the Néel vector, andm the corresponding susceptibility
components. The torque value in E§.6) above follows the same format as the second-order
susceptibility in Eq(3.4), but with the additional degree of freedom depending on the direction
of the Néel vector. Importantly, the induced torque sums as the square of the vector components
for ej andLp, so the resultant symmetry of the torque can be non-trivial for laser polarisations
not along the Cartesian basis vectors or the magnetisation easy axes. The Cartesian vector
components oé andL = ( singqcod ;singsinf ;cosy)T (we will usej as the azimuthal angle
from x for the laser polarisation and the azimuthal angle of the Néel vecfoy.as

Freimuthet al. [25] present thirty susceptibility tensogjm which are allowed by
the MmpAu orbital symmetry and which produce a torque perpendicular to the Néel vector
(i.e., induce a eld not parallel to the sublattice magnetisation). SinceAdrhas in-plane
magnetisation, we disregard tensors corresponding to an out-of-plane Néel vector component to
good approximatiofim,=ng < 10 2evenduringcanting Since we are interested in exchange
enhanced precessional switching, we choose a laser geometry with the generated torque to be
out-of-plane; Freimutlet al. nd that light incident normal to the AFM plane with electric
eld linearly polarised parallel to the in-plane angleproduces the largest torque values. This
geometry reduces the set of thirty tensors to two (tensors 4 and 24 in Frestralth(Table
3.1). The remaining two tensors calculate an identical magnitude, with the total torque being

the sum of each tensor.

Tensor C3jkim

4 32212 h 31112

24 131211 h 32122
Table 3.1 8" rank susceptibility tensors Note: thei index for the susceptibility tensa@rjuim
is shown here as 3, corresponding to an out-of-plane torque to take advantage of the ef cient
exchange enhancement switching.

The different polarisation and Néel vector dependencies are parametrised according to the

Cartesian vector components, such that
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4 T 3(M82212 h 31112) T 3 sin(j )2cogf)sin(f) cogj )?cof )sin(f)
= %cos(Zj ) sin(2f )
24 T 3(M81211 h 32122) T 3 sin(j )cogj )cogf)? sin(j )cogj )sin(f)?> (3.7)

Ts . .
73$In(21 ) cog(2f )
3

4+ 24 T?sin(Zj 2f):

This allows the full Keyldish expression in E(B.6)to be parametrised using trigonometric

relations for the laser polarisation angleand Néel vectof as:
1 . A
Hior= ET(I)sm(ZJ 2f)z S (3.8)

The torque constant(l) used in Eq. (3.8) represents the combination of material and
experimental constants given in H§.6) (which are not affected by the laser intensity, laser
polarisation, and Néel vector orientation) and the calcualted value of the susceptibility tensor
Cijuim itself, taken from 5]. For a laser intensity of 10 GW/chwith photon energy 1.55 eV,

the torque constarit; 12 10 2*J, for a eld value of 145 mT on each spin.

For comparison, we can also consider a sub-optimal switching polarisation geometry with
the laser polarisation rotated further along the polar angle: an electric eld polarisation along
[101], photon energy of:55eV, intensity of 10 GW/crf, and Néel vector alongLOG produces
anin-planetorque on each magnetic site of10 2* J(H. ot = 0:05 mT) [25].

The directions of the induced elds for various light polarisation angles are illustrated in
Fig. 3.1. The staggered elds then lead to a non-staggered effective torque. Fig. 3.1a shows
the laser polarisation directions corresponding with the maximal torques useful for switching.
Fig. 3.1b shows the light polarisation along= 5p=8, producing a maximal torque when the
Néel vector is off the easy axes. Fig. 3.1c maintains the same polarisation, with the example

Néel vectors progressed further along the rotation pathway.
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Eq. (3.6) provides a linear relationship with laser intensity. Thus, to simulate the in uence
of the LOT generated by an ultrafast laser pulse, we scale the laser intensity following a
Gaussian time-dependent pro le, with the pulse duratjo? [0:02; 6] ps giving the time at
full-width at half-height of the pulse intensity [53]:
t L5t 2

T@)=T()exp 4In2 n ; (3.9)
p

This value is then used to calculate the spin-dependent eld i(E&)which is then added to

the effective eld in the LLG equation (2.12).

3.2.3 Discussion on the Origin of the LOT

In the Kohn-Sham framework, the electric eld in E.3)will induce a change to the spin
polarisation quanti ed by:
Z
dsS= d°ds(r) (3.10)
whereds(r) is the non-equilibrium spin density. To calculate the resultant torque, the non-
equilibrium spin density is crossed with the spin ve&or
2ng z A
T= T d3rwe(r)ds(r) S (3.11)
However, sincals(r) and the exchange eldV*“(r) vary strongly on the atomic scale, it is
usually not feasible to calculate the torque directly from the non-equilibrium spin density.
Instead, the torque is calculated via lesser Green's fun@fothrough the operator (r) =
medS  SW(r), giving T = iTr[T G<] [24].
Quialitatively, the torque operator only measureséfiectof the non-equilibrium spin
density, not the phenomena itself. Thus, while the Keyldish formalism can calculate the
resultant torque generated by the laser pulse, the physical origin for the LOT phenomena is

still undetermined. Several mechanisms have been discussed: i) optical intersite spin transfer
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(OISTR), ii) local ultrafast demagnetisation, iii) SOT induced by charge photocurrents, iv) STT
induced by spin photocurrents, and v) inverse Faraday effect (IFE).

While the OISTR can be a critical effect in AFM84], in Mn,Au the LOT excitation
energy}w = 1:5 eV is too small to interact with the bulk of treeorbitals responsible for
the magnetisation (< -2 e# Eg). As discussed in Chapter 2, the magnetic moment and
exchange splitting are highly resistant to the high-temperature, disordered local moment (DLM)
calculations §6, 559]. Likewise, the LOT in R5] uses a constant broadening param&ew
simulate the steady-state temperature, rather than comparing between the ground state and
DLM. This suggests that OISTR and local ultrafast demagnetisation do not contribute to the
LOT.

The spin and charge currents induced by linearly polarised optical excitationiAwMn
have been investigated in a follow-up study to the work in Freineathl. [83]. There, the
inducedchargephoto currentspin photo current, and inverse Faraday effect are analysed
for their symmetry properties. The photo currents for charge (propagating ialand spin
(propagating alongwith polarisationj) are both effects second-order with the electric eld

polarisation and rst-order in the Néel vector:

3= el EE L
j (55D (3.12)
Q' = Cjjm ExEl Lm
where the tensorsi(jﬁa) andci(jifrﬁ’]) include the designation fourth-order staggered axial and

fth-order staggered polar, respectively. This can be compared to the tensor symmetry for
the LOT found in R5]: fth-order axial. Thus, while the charge photo currents and spin
photo currents do have allowed torques by symmetry, they do not match precisely the torque
symmetries for the LOT.

Lastly, [83] calculate the IFE resulting from laser pulses as the overall induced spin moments
in the unit cell. This is reported as the sum of all induced spin monu®itsand the staggered
component of the spin momendS = %[dS(MnA) dS(Mng)]. For a linearly polarised
optical frequency}(w = 1:5 eV) excitation and Néel vector along the easy 4%, dS;

gives a response which changes sign upon 90 degree rotation of the laser polarisation between
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ekXandeky, withdS, = 0. WhenekNore? N,dS} = 0, exactly in line with the symmetry

of the LOT in Fig. 3.1. This measurement gives the direct change to the spin moments resulting
in a canted state, rather than the induced STT or SOT elds generated by the spin photocurrents
or charge photocurrents, respectively, in E§3.12) In other words, the torque response
calculated in Eq(3.6) measures the torque necessary to genei@te rather than the torque
generated by the canted moments.

The lifetime of thedS] spin polarisation—represented as the effect of increasing broadening
G-shows a log(G) decay with increasing, rather than the inverse relation seermlfﬁg N and
dS:N (i.e., the in-plane components of the spin polarisation). This indicates the potential for a
separate band-dependence excitation for the out-of-plane component of the IFE compared to
the in-plane components.

Thus, while the symmetry analysis of the IFE, charge photo currents, and spin photo
currents suggests that the IFE is responsible for the LOT, more work remains to be done on the
effects of the photo currents on the AFM sublattice.

An additional comment can be made on the torque generated by the non-equilibrium spin
density: namely, that it is thepindensity only contributing to the torque, with no contribution
from the orbital moment. Recently, a similar symmetry analysis to the worR5hvjas
performed for the metallic altermagnet Ru[33] which did include the laser induced orbital
contributions, as well as a single element calculation of the laser induced orbital contributions
for transition row metalsd6]. Both showed large orbital responses to optical frequency light.
However, no calculation was performed for the torque generaf&jl egtimates the torque
from the orbital contribution of the SOT in MAu (more details in Chapter 6), with the orbital
eld around ve times larger than the resultant spin eld. This suggests the orbital component
of the non-equilibrium density could have important contributions to both the LOT and orbital

photo current excitations.

3.2.4 Laser Heating Temperature Effects

The thermal effects are modelled in the LLG Eq. using the TTM equations detailed in Sec.

2.1 with constants in Sec. 2.2. Fig. 3.2 gives example electron and phonon temperatures and
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Fig. 3.2 Transient TTM electron and phonon temperature for Fig. 3.9.Inset: corresponding
dynamic sublattice magnetisation length. Solid lines are the electron temperature, while the
dashed lines are the corresponding phonon temperature (several omitted for clarity).

sublattice magnetisation values for various laser intensities and pulse durations used in the
simulations.

The switching probability for simulations above 0 K are calculated using 10 random seed
LLG simulations with lattice siz&5nm 75nm 10nm(periodic boundary conditions alonxg
andy) to simulate a thin Im single domain structure. The application of the LOT for domain
wall driving is studied in Chapters 4, 5, but multi-domain, multi-grain switching with LOT is
an area for future research.

The Keyldish formalism inZ4, 25] uses a constant broadening param&é&s simulate
disorder and nite lifetimes from thermal broadening witth=Grelationship in the susceptibility
tensor. AG= 25 meV approximates a clean metallic sample at room temperature, though
recent experiments suggest tBaralue for MnpAu may in fact be lowerZ0], leading to a
larger torque constant. This value takes into account the non-equilibrium disorder from the
laser excitation, so we hold it constant during the simulation. This is a suf cient approximation
provided the laser torque is faster than the predominant electron thermalisation (< 1 ps). For

longer pulse durations (> 1 ps), a time-dependent broadening parameter may be necessary.
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Fig. 3.3 Trace of sublattice magnetisation vectorswitching from[110 to [ 110 with
e k01G. (Opaque): initial orientation. (Bar): precession axis. (grey)y 400 fs,| = 2
GWi/cn?, (gold): t, = 400fs, | = 4 GW/cn?, and (blue)tp = 3 ps,| = 5 GW/cn?, a = 0:001
(zmagnetisation scaled for visibility).

Since a direct relationship betwe@&and temperature is unknown, we hold it constant for all

simulations.

3.3 Results

3.3.1 Toggle Switching

The LOT modelled by Eq(3.8) produces 90, 180, and 270-degree precessional switching of
the Néel vector in MpAu by exchange enhancemegenerated by the out-of-plane canting
as also seen in simulations of the SOT switchiiig, b6]. Fig. 3.3 provides example of
sublattice magnetisation traces for 90 (grey and blue) and 180-degree (gold) switching. The
initial laser induced eld causes an out-of-plane canting of the magnetisation, generating a
large non-staggered torque on the magnetisation sublattices to rotate the Néel vector.

We model the action of the LOT using four sequential pulses 400 fs long and 8 ps
apart for laser intensitidls= 2 GW/cn? (Hmax= 42 mT; blud andl = 4 GW/cn? (Hmax=

84 mT; gold. Each consequent pulse produces switching, as shown in Fig. 3.4. Note the
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absence of the; component; i.e. the Néel vector is rotated in-plane as also typical for the SOT
switching R0]. Unlike the SOT considered i7, 27], the LOT has the additional feature of
changing sign during the switching: the intrinsic spatial symmetry de ned in(&E&) ensures
the induced LOT changes its sign for any 90-degree rotation of the Néel vector. This allows
for both clockwise and counter-clockwise switching by means of the same laser polarisation,
i.e. toggle switchingsee Fig. 3.4) reminiscient of the AOS switching seen from ferrimagnetic
thing Ims [75]. In contrast is the SOT torque, where the direction of the applied current needs
to be constantly inverted to change the handedness of rotation for 90-degree switGhiz(@.[
180-degree switching is possible with LOT for the same laser polarisation used to generate
90-degree switching, but with strong enough intensities capable to induce larger out-of-plane
canting, providing more exchange enhanced torque for the Néel vector rotation (compare the
magnitude of the torques in (b) and magnetisation in (d) of Fig. 3.4). The 180-degree switching
events are in the same direction, consistently inducing an out-of-plane magnetisation with the
same sign.

Fig. 3.5 presents the switching phase diagrams as a function of laser intensity and duration
for two Gilbert damping parametees= 0:001anda = 0:01. The colour variation shows
intervals of 90-degree switching, typical for precessional switching. Importantly, the switching
can be produced by ultrafast laser pulses of several picosecond duration and even below. The
absorbed uence of the sample is approximately linear with intensity and pulse dur24i@§.
Remarkably, we observe an absorbed uence of 0.5 mA(tm 0:3 GW/cn?; Herit = 6:34 mT)
is suf cient to induce switching on the sub-picosecond timescale for the smaller damping value
of a = 0:001 Increasing the damping parameter shows a linear dependence in the critical eld
(see Fig. 3.5b), commensurate with the theory of SOT switching [27].

Analytically, the dynamic behaviour of collinear AFMs under staggered in-plane SOT elds
is discussed in12). Here, the critical eld Hcit) for switching has been shown to depend on
the characteristic exchange, anisotropy, and induced magnetic elds. Following the method of
[72] - modi ed for the LOT induced eld - the dynamics of the Néel vector in theplane can

be described by the following equation:
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Fig. 3.4 Toggle switching of the Néel vector with multiple optical pulsega): laser intensity

of the pulse (400 fs) 8 ps apart. (b): total torque. Note thafiiies been scaled 100x for
visibility. (dashed):Ty; (dot-dashed)Ty; (solid): T,. (c): x andy Néel vector components =

(M mp)=2. Ls=ng. (dashed): ; (dot-dashed)y. (d): Net magnetisatiom; = ( My + my)=2.

ms = ng. (dashed):m, = m,; (dash-dot):m, (scaled 200x for visibility). Blue lines show
90-degree toggle switching for four sequential pulses. Gold shows 180-degree toggle switching
for four sequential pulses.
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Fig. 3.5 Switching phase diagram in terms of laser intensity and durationColours represent

the end change of angle from starting orientation aldid). The corresponding maximum

eld strength for the laser intensity is given on the second y-axis. Solid colour lines show the
analyticHgrit values from Eq(3.15)(a) fora = 0:001 Black line: Heit = wa=(2g) = 5:16

mT. (b)a = 0:01 Black line: 1& Heit .
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2 .
f+ WTRcoséf gv\ét(l’w)

sin(2j 2f)+ 2awef =0 (3.13)

wherewe = j5(J1 + 4J)jg=my is the AFM exchange frequency (ignoring the 2-ion anisotropy
term to good approximationyvy = 2gkarot iS the fourth order in-plane anisotropy frequency,
a is the atomistic damping parametgis the gyromagnetic ratio, amak = P 2WeWy,. The
parametet (I;w)=m; corresponds to the amplitude of the LOT eld. If the Néel vector is only
considered in the interval of its azimuthal angl@ [0; p=4], the critical eld for in nitely long
pulse lengths islqit = wa=(2g): a factor of 2 larger than for SOT’R, 27], due to thesin
dependence of the LOT eld. Analytically, our constants predictHgni = 5:16 mT, matching
well with our simulations (see horizontal line in Fig. 3.5a).

For short pulse lengths the critical switching eld can be evaluated as

2t
coth t P = . (3.14)

wherete p=(2we) is the timescale of the exchange interaction (characteristic precessional
time for the Néel vector for rotation over 90-degrees), which is then scaled i{E¥)
by P 2p=2 to account for the Gaussian pro le of the laser pulse. Thercan be called the
characteristic pulse duratidi = 2tewe=Wg such that cot{2) 1[72, 27].

Importantly, only for high intensities and short pulse duration is the inertia generated by
the exchange torque susceptible to overshooting, either fo the 10] (180-degrees) or even
[1 10] (270-degrees) states (orange and light blue colour in Fig. 3.5). Qualitatively, this is
illustrated by the gold track in Fig. 3.3 For pulse lengths beyond 1 ps: rather than continually
drive the precessional switching using exchange enhancement, the long pulse duration has
the Néel vector precessing along the laser polarisation axis (blue curve in Fig. 3.3). The
timing of these precessions follows the characteristic exchange period, and can be modelled
by modifying Eq. (3.14) to take into account the additional precessions around the LOT
polarisation vector: fon precessions, the minimum pulse time to switch the Néel vector at
high intensity is proportional to the exchange precession timescale and precession number,

ant ep 2p. This gives a rough approximation to the critical eld and laser pulse time:
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!
2thpWR 4nt ep %
nt erJ 2pWe tp

Herit (t;n) = nHY; ¥ coth (3.15)

The analytical estimates of elds and pulse durations are presented in Fig. 3.5a), showing
a good agreement far 3 with the lowest damping value, especially considering the
approximations made. Since the precession frequency of these excitations are determined
by the exchange and anisotropy values, it represents an activation of the in-plane AFM THz
mode—an unusual opportunity to activate a THz mode using optical excitation. Importantly,
this represents an opportunity for all optical toggle switching where the driving mechanism is
predicted to be induced elds, rather than thermal activation (see Sec. 3.3.4 for temperature

simulations).

3.3.2 Preferential Switching

Eq. (3.6) shows that the quadratic reliance on the electric eld polarisation of the generated
torgue in Eq.(3.8) allows a shift of the maximum torque away from the easy axis by rotation
of the laser polarisation vector. Contrary to the toggle switching causg¢dkly 10Q or

[0 10 displayed in Fig. 3.4, shifting the azimuthal angle of the laser polarisation will create
an asymmetric torque pro le, in uencing the Néel vector dynamical path from the four easy
axes (see Fig.3.6).

Thus, the magnetisation will experience a larger torque when starting from only two of
the four easy axis directions, giving a preference between clockwise and counter-clockwise
switching (Fig. 3.6). This breaks the four-fold degenerate easy axis into "large" and "small"
generated torques.

Fig. 3.7 shows the phase diagram of laser pulse intensity and duration which distinguishes
between non-toggle (preferential) switching and toggle switching for starting orienttibls
(Fig. 3.7a) and 11Q (Fig. 3.7ab). The switching area labelled "toggle" switching in Fig. 3.7
is the region where both starting orientations switch either 90 or 180 degrees. Furthermore,
Fig. 3.7a has preferential right-handed switching for[#i]) orientation at low uence, with

toggle switching for both orientations at higher uence and middling pulse duration. A 45
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Fig. 3.6 Magnetisation trace of preferential switching under asymmetric torque(Dark blue

line): relative size and direction of the out-of-plane torque as a function of the magnetisation
direction for electric eld polarisation k 5p=8. Opaque shows comparable torque and eld
sizes further along the path of motion from the easy axis. Note the unequal torque generated
between clockwise and counter-clockwise motion. (Faded blue line): the sainé for2.

Gold vectors denote relative eld size and direction.
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Fig. 3.7 Switching phase diagram for off-easy axis laser polarisationga)) = 5p=8 and (b)

] = 3p=8showing (a) preferential right-handed switching for starting magnetisation vector
orientation[110 vs (b) preferential left-handed switching for starting orientatipn$1(Q.
White spaces correspond to a lack of switching.
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