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• Quantisation

• Quantum tunnelling

• Zero-point motion

Antiferromagnets
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Quantum effects in classical simulations

Semi-quantum thermostatsTemperature rescaling
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Post-hoc methods
Include quantum effects 

systematically/rigorously?
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Quantum effects in classical simulations

J. Anders, New J. Phys. 24 033020 (2022)

• More systematically quantum

• Thermostat but by inferring stochastic 
equations of motion for thermostat and 
coupling to spin system

How to include quantum effects systematically?



Simulation techniques

• Fully quantum simulation
very small scale

• Quantum Monte Carlo
large scale
quantum
access to dynamics

à Much too expensive

à Sign problem for antiferromagnets

Systematic method to include quantum effects in classical model?
Do not need all the quantum accessible information



Finite temperature atomistic modelling
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• Landau-Lifshitz-Gilbert Equation

• Stochastic field with fluctuation dissipation theorem

B. Skubic, J. Phys.: Condens. Matter 20 315203 (2008)
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Thermodynamical properties

• Hamiltonian

• Partition function

• Expectation value
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• Hamiltonian operator

• Partition function

• Expectation value
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ClassicalQuantum

Continuous vs. discrete basis
How to get classical object without going to classical limit



Magnetisation with temperature
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How to recover quantum expectation values from classical model ?



Quantum effects in molecular dynamics

H.E. Sauceda, Nat. Com. 12, 442 (2021)

• Dynamics through position and momenta

• Temperatureà stochastic fluctuations thereof

• Low temperature à arbitrary precision for both

Breaking Heisenberg uncertainty principle



Path Integral Molecular Dynamics

From scalar to operator:

Partition function:

From quantum to classical: 
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Each particle…

… 𝑃 beads coupled by harmonic springs:

Quantum Molecular Dynamics



• Eigenstates of operators

• Continuous quantum description

Molecular dynamics vs Spin dynamics
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Ŝ2
<latexit sha1_base64="5N+vvWtKc8wwQgeDDqniRYfShVU=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjRLJIMoafTkzTp7hm6a4Q4zFcInvRPvIlX7/6IZzvLwSQ+KHj1qh5UvSAW3IDrfju5peWV1bX8emFjc2t7p7i7VzdRoimr0UhEuhkQwwRXrAYcBGvGmhEZCNYIBtejeeORacMjdQ/DmPmS9BQPOSVgpYd2n0B6l3WeOsWSW3bHwIvEm5ISmqLaKf60uxFNJFNABTGm5bkx+CnRwKlgWaGdGBYTOiA91rJUEcmMn44PzvCRVbo4jLQtBXis/nWkRBozlIHdlAT6ZmYWyGy212TAIJv3j4z/+VsJhJd+ylWcAFN0ckyYCAwRHiWEu1wzCmJoCaGa238w7RNNKNgcCzYobz6WRVI/KXvn5bPb01LlahpZHh2gQ3SMPHSBKugGVVENUSTRM3pFb86L8+58OJ+T1Zwz9eyjGThfv3fen6k=</latexit>

Ŝz
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• Eigenstates of some operators

• Discrete quantum description

Need mapping to classical magnetisation vector
Need to approximate matrix elements
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Spin coherent states

• Continuous basis

• Mapping onto unit sphere: magnetisation unit vector

• Converge to classical limit (but not only the classical limit)

à Enables calculating quantum expectation values, classically
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Contains information about non-commutativity of operators



Visualising spin coherent states

Y. Loh, American Journal of Physics 83, 30 (2015)



• Single spin in magnetic field

• Constant field, along z-direction

• Writing spin coherent state as a sum

Zeeman Hamiltonian

<latexit sha1_base64="poI0lFn0srRWptKA1o7j9qXLm7g="></latexit>

Ĥ = �gµBB · Ŝ
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Ĥ = �gµBBzŜz
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A little bit of maths…
<latexit sha1_base64="b9BcgFxUAlRHC6n16moZyvCAfsQ="></latexit>

Z =

Z 2sX
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dµ(z) hz| e
�gµB

~ BzŜz |pi hp|zi .
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Mapping from spin state to unit vector

<latexit sha1_base64="3i/So+OdTmJyI1VQSfn6foIsvFQ="></latexit>8
>>>>>>>><

>>>>>>>>:

nx =
z + z̄

1 + |z|2

ny =
1

i

z � z̄

1 + |z|2

nz =
1� |z|2

1 + |z|2
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1� nz

1 + nz

z =
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2
(nx + iny)

z̄ =
1 + nz

2
(nx � iny)

Clear interpretation of quantum states in terms of classical vector
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Quantum correction energy surfaces

First correction

Second correction

First correction

Second correction

Field and temperature dependent anisotropies



Quantum ASD, spin 2, field along z-axis

Above 1K, accurate quantum expectation values from enhanced ASD

Extra numerical cost very small
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Higher order corrections
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Higher order increase accuracy but not for arbitrary low temperature



• Python source to reproduce all figures from paper

• For now single spin in magnetic field along z
Working on exchange and general field

Conclusion

• Quantum expectation value from effective classical model
• Easy to confront to experiment and computationally cheap
• Necessary for low temperatures/small scales and complex materials

• Currently working on general field and exchange
• Exchange dictates the relevant temperature scales in magnets

• Aiming to include for quantum effects in antiferromagnets
• Including exchange in our formalism should enable describing 0 point 

fluctuations.



END

Thank you for your attention


