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Different approaches for different scales
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Multiscale modelling

Large scale dynamics using 
advanced micromagnetics

(Landau-Lifshitz-Bloch)

Ab-initio calculations
(spin, exchange, anisotropy)

Experimental measurements
(neutrons)

Dynamical response solved 
with Langevin dynamics (LLG + 

stochastic term)

Static properties used using 
Monte-Carlo or overdamped

Langevin

Free energy sampling using 
constrained Monte-Carlo

Classical spin Hamiltonian



Atomistic spin dynamics (ASD)

Heisenberg Hamiltonian
Classical spin model: S is a unit vector

H = �

X

ij

SiJijSj

Landau-Lifshitz-Gilbert
Equation of motion for a classical spin in a local field.

@Si

@t
= � �i

(1 + ↵2
i )

(Si ⇥Hi + ↵iSi ⇥ Si ⇥Hi)

Simplest spin-spin Hamiltonian
Many more terms can be included

Inclusion of the heat bath allows thermodynamic calculations

Heat Bath
(electrons, 
phonons)



ASD – Heisenberg Hamiltonian

Heisenberg Hamiltonian
Classical spin model: S is a unit vector

Ab initio parameterization means this can 
be long ranged. 

H = �

X

ij

SiJijSj
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Anisotropic Exchange

Example: two-ion exchange in FePt
J. Barker et al. APL 97, 192504 (2010)

Dzyaloshinskii-Moria Interaction

Example: antiferromagnetic Skyrmions
J. Barker et al. arXiv:1505.06156 [cond-mat.mes-hall]

HDM = Dij · (Si ⇥ Sj)



ASD - Additional Terms
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Magneto-Crystalline Anisotropy
Temperature dependence of anisotropy is important for applications. Can also 

cause reorientation transitions.
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Dipole-dipole interactions
Computationally expensive and usually more relevant on a micromagnetic scale. 

Can be important to calculate in non-cubic systems.



Atomistic spin dynamics

ATOMISTIC SPIN 
DYNAMICS

Temperature
Phase transitions
Thermal stability
Non-equilibrium
Quantum statistics

Disorder
Spin wave scattering
Amorphous materials
Rough interfaces
Impurities

Spin waves
Intrinsic damping
Temperature dependence

Multiscale
Realistic unit cell
Complex materials
Parameterization from ab initio



GPUs

When is a GPU faster?
The speed depends on the algorithm and the memory access requirements.

Vector processor
Same operation on large arrays
Large memory bus
Acts as a coprocessor
Branching is bad

Optimized for floats
Fast intrinsic functions
Integer ops can be slow

Not just a drop in accelerator!



GPUS – Thread/memory arrangement
Thread

Thread block

Shared

Register

Texture 
memory

(RO)

Filter 
pipeline

Grid

Global 
memory

(RW)



GPUs – Host / Device relationship

Host (CPU) Device (GPU)

Small bandwidth

High latency

High bandwidth

Async computation

Async transfer



GPUS – Exchange calculation

Different storage strategies
Large performance difference exist depending on how data is stored and the 

algorithms used.
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GPUS – Parallel streams

Exchange Exchange

Thermostat Anisotropy

Heun (1) Heun (2)

Anisotropy

Stream 1

Stream 2

Thread sync
Thread sync

Thread sync

Memory access can be hidden with streams
Overlapping computation keeps the multiprocessors busy while some kernels are 

waiting for memory access operations to complete.



GPUS – Coprocessing

Heun Integration (GPU)

Data analysis

G
PU

C
PU

Memory transfer



Experiments
Bloch’s 3/2 law

Atomistic Spin Dynamics

Simulations (ASD or Monte Carlo)

Linear Heisenberg critical 
behaviour β=1/3

Körmann et al. Phys. Rev. B 83, 165114 (2011)



Magnon specific heat capacity

Only measurable at low temperatures
Measurement only possible where the magnons can be frozen by an external field

Boona et al. Phys. Rev. B 90, 064421 (2014)
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Quantum thermodynamics through T 
rescaling
Evans et al. Phys. Rev. B 91, 144425 (2015)
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Woo et al. Phys. Rev. B 91, 104306 (2015)
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• The opposite of ab initio

• Does not work for most  
thermodynamic quantities

• Requires good approximation of 
spin wave spectrum

• May still have issues with 
magnon populations and 
lifetimes



Thermostat
PSD

Thermostat
PSD
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Quantum statistics in ASD
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⇥(!) / kBT

Overpopulation of high frequency / high wavenumbers

~|!| ⌧ kBT Classical limit is only true for part of the spectrum

10-100 THz
100-1000 K

Atomistic spin dynamics does not work well at “low temperatures”.
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General Langevin equation

Hi(t) = �
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dt0 + ⇠i(t)

Markovian process - damping is local in time'(|t� t0|) = �(|t� t0|)

Friction NoisePotential

Classical limit – fluctuation dissipation theorem

White noise – independent of frequencyh⇠i,a(t)i = 0

h⇠i,a(t)⇠j,b(t0)i = 2⌘⇥(|t� t0|)
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Quantum mechanics

Colored noise – frequency dependent



Semi-Quantum Spin Dynamics

Savin et al. Phys. Rev. B 86, 064305 (2012)

Approximate coloured spectrum with multiple stochastic differential equations 

1 random number per degree of 
freedom

2 random numbers per degree of 
freedom

2 second order differential 
equations per degree of freedom
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Classical through equipartition

Broken equipartition

Barker et al. arXiv:1902.00449 (2019)



Validation for a simple ferromagnet
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Magnon heat capacity
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S-dependence of Curie temperature
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Quantum from high temperature series expansion - Oitmaa, et al. J. Phys. Condens. Matter 16, 8653 (2004)

In classical systems Tc depends only on Jij

In quantum systems Tc depends also on S



Be very careful with factors of 2 (and the sign)

Know which Hamiltonian you are using for input!
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Cherepanov et al. Phys. Rep. 229, 81 (1993)

k2

300K

Very large unit cell
20 Fe atoms in primitive cell in two different environments

Gilbert damping
α = 0.00001

Fe3+ (tetrahedral)

Fe3+ (octahedral)

(dodecahedral) Y

O2-

S=5/2

S=5/2

Yttrium Iron Garnet



New YIG Exchange Parameters

Princep et al. npj Quantum Mater. 2, 63 (2017)

up to approximately 55 meV (14 THz), but crucially there are a total
of 20 distinct modes for a given wave vector and they are
predicted to extend up to approximately 90 meV (22 THz).3 There
is a large cluster of poorly understood modes in the region of
30–50meV which are known to soften substantially (of order 30%)
by room temperature, owing largely to the reduction in sublattice
magnetisation. This places many of these modes at energies
where they are expected to have an appreciable thermal
population at 300 K, and so their precise distribution must be
known to enable calculations of thermal magnetic properties.

RESULTS
Data were collected (see Methods) as a large, 4-dimensional
hypervolume in energy and momentum space, covering the
complete magnon dispersion over a large number of Brillouin
zones. Figure 2 shows two-dimensional energy-momentum slices
from this hypervolume with the wave vector along three high-
symmetry directions, with scattered intensities normalised to a
measurement on vanadium (see Methods). A large number of
modes can be seen up to an energy of 80 meV, whilst data in
other slices show modes extending up to nearly 100meV. The
spectrum is dominated by a strongly dispersing and well-isolated
acoustic mode at low energies (the so-called ‘ferromagnetic’
mode), and a strongly dispersing optical mode separated from this
by a gap of approximately 30meV at the zone centre. Intersecting
this upper mode is a large number of more weakly dispersing
optical modes in the region of 30–50meV.
The magnetic order in YIG is driven by exchange interactions,

which are the result of the quantum mechanical requirement that
the electronic states are antisymmetric under particle exchange.
We model these using a Heisenberg effective spin Hamiltonian,
which is appropriate as YIG is both a good insulator and the Fe3+

ions (S = 5/2, g = 2) possess a negligible magnetic anisotropy due
to the quenched orbital moment:

H ¼
X

ij

JijSi " Sj ; (1)

where the summation is over pairs of spins. As a check, we also
evaluated models which included anisotropic terms in H but
found these terms to be vanishingly small, consistent with
previous results.
The spin Hamiltonian was diagonalized using the SpinW

software package22 and the calculated magnon dispersion was
fitted by a constrained nonlinear least squares method to 1D cuts
taken through the 2D intensity slices (see Supplementary
Information). We do not include any scaling factors for the
magnon intensity, so the agreement between the model and the

data in terms of absolute intensity is indicative of the quality of
the model. Our final/best-fit model includes isotropic exchange
interactions up to the 6th nearest neighbour, labelled J1–J6 in
Fig. 1b. The parameters in this work can be mapped to the
exchanges commonly considered for YIG as follows: Jad = J1, Jdd =
J2, and Jaa = {J3a, J3b}, where the subscript refers to the majority
tetrahedral (d) and minority octahedral (a) sites. The inclusion of
interactions up to the 6th nearest neighbour is guided by previous
experimental results and ab initio calculations which indicate that
the magnitudes of J4–J6 could be as much as 5–10% that of the
dominant exchange interaction J1.

21,23 Due to the extremely large
number (20) of magnetic atoms within the primitive cell, and the
consideration of so many exchange pathways, this analysis would
be impossible without the use of sophisticated software such as
SpinW as the construction of an analytic model would be
prohibitively time consuming. During the fitting process, features
in the spectrum were weighted so that weak but meaningful
features in the data were considered as significant as strong
features. The SpinW model output is then convoluted with the
calculated experimental resolution of the MAPS spectrometer,
including all features of the neutron flight path and associated
focussing/defocussing effects, as well as the detector coverage
and effects from symmetrisation (see Supplementary Information
for details). The final fitted values of the exchanges are listed in
Table 1, alongside values obtained from the two studies by Plant,
and the calculations performed in recent ab initio work.

DISCUSSION
An important difference between our results and those of
previous authors23 is that there are two symmetry-distinct 3rd-
nearest-neighbour bonds (the so-called Jaa in the literature, which
we label J3a and J3b) which have identical length but differ in
symmetry. The J3b exchange lies precisely along the body-
diagonal of the crystal, and thus has severely limited symmetry-
allowed components owing to the high symmetry of the bond

Fig. 1 Crystal structure and magnetic exchange paths in YIG. a
Conventional unit cell of YIG, with the majority tetrahedral sites in
green and the minority octahedral sites in blue. Black spheres are
yttrium, red spheres are oxygen. b First octant of the unit cell of YIG,
indicating the two different Fe3+ sites, with the tetrahedral sites in
green and the octahedral sites in blue. Exchange interactions
included in the Heisenberg Hamiltonian developed in this work are
labelled

Fig. 2 Neutron scattering intensity maps of the magnetic excitation
spectrum of YIG. a–c Measured magnon spectrum along (H,H,4), (H,
H,3), and (H,H,H) directions in reciprocal space, recorded in absolute
units of mb sr–1 meV–1 f.u.–1. d–f Resolution-convoluted best fit to
the model presented in the text, currently the basis for theoretical
models of YIG. No intensity scaling factors were used in the model

Magnon spectrum of yttrium iron garnet
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SpinW as the construction of an analytic model would be
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features in the data were considered as significant as strong
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Exchange Energy (meV)
J 1 6.8(2)
J 2 0.52(4)
J 3a 0.0(1)
J 3b 1.1(3)
J 4 –0.07(2)
J 5 0.47(8)
J 6 –0.09(5)



Temperature dependent 
magnetization

classical

Experiment
Anderson, Phys. Rev. 134, A1581 (1964) Barker et al. arXiv:1902.00449 (2019)



What happens to the spectrum with 
quantum noise?
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The role of magnon polarization in the 
spin Seebeck effect

Barker et al. Phys. Rev. Lett. 117, 217201 (2016)
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Magnon specific heat capacity

Quantitative agreement
Simulations and experiments are entirely independent of one another

Boona et al. Phys. Rev. B 90, 064421 (2014)
Rezende et al. Phys Rev B, 91, 104416 (2015)

Barker et al. arXiv:1902.00449 (2019)



Magnon specific heat capacity

Specific heat at higher temperatures
The assumption of a ferromagnetic k2 dispersion is wrong

Ignoring the optical modes is also wrong 

Rezende et al. Phys Rev B, 91, 104416 (2015)
Barker et al. arXiv:1902.00449 (2019)



Non-local spin transport

Cornelissen et al. Nat. Phys. 11, 1022 (2015)

Long range magnon spin transport
Non local signal of spin transport in YIG over microns

Spin 
injection

Spin 
detection

Spin transport through
YIG by magnons



Magnon transport properties

Cornelissen et al. Phys. Rev. B 94, 014412 (2016)

Onsager Matrix

Boltzmann theory of magnon spin transport
Theory makes many assumptions about timescales and transport properties

magnon spin conductivity
magnon heat conductivity
bulk spin Seebeck coefficient

Problem: the transport coefficients are very difficult to measure in an experiment



Magnon spin conductivity

Boltzmann assumptions + COMSOL + fitting

Very difficult to extract from experiments

Cornelissen et al. Phys. Rev. B 94, 180402(R) (2016)



Kubo formula

�↵�µ⌫
m =

Z 1

0

1

AkBT
hJ↵�

s (t)Jµ⌫
s (0)idt

µ-component of spin current in the ν-direction

Requires very long integration times

�zzzz
m =

atc
AkBT

a · et/tc

Jzz
s = �

X

i<j

Jij (ẑ · rij) (ẑ · (Si ⇥ Sj))

100,000,000 timesteps

Conductivity can be calculated from current correlations



Magnon spin conductivity

Quantum thermostat calculation

Temperature dependence from simulation



Magnon spin conductivity

Experiment
Cornelissen, et al. Phys. Rev. B 

180402(R) (2016)

Quantum thermostat calculation

Excellent quantitative agreement
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