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 How can we model spin dynamics?

Ions dynamics is conceptually easy 

F
Forces may come 
from QM (eg DFT)

Spins are “attached” to electrons !!

Spins dynamics is 
electrons dynamics



 How can we model spin dynamics?
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You can “simply” use time-dependent quantum mechanics 



 How can we model spin dynamics?
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 How can we model spin dynamics?

M. Stamenova, J. Simoni and S. Sanvito, arXiv:1511.00864



 How can we model spin dynamics?

M. Stamenova, J. Simoni and S. Sanvito, arXiv:1511.00864

• Magnetic recording in ns range 
• Field-induced magnetisation reversal slower than ps 



 How can we model spin dynamics?

Hund’s (exchange) coupling saves the day

 S=2

 S=1



 How can we model spin dynamics?



Single molecule magnets: 
the relaxation puzzle



 Single molecule magnets
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INTRODUCTION

Single Molecule Magnets are complexes of paramagnetic ions which 
show slow relaxation of their magnetization vector 

due to intra-molecular interactions

SINGLE MOLECULE MAGNETS (SMMs)
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INTRODUCTION

SMMs implementa/on would lead to a
 x100 factor in Hard Drives capabili#es.

INFORMATION STORAGE

Spin as info carrier in spintronic devices

SPINTRONICS

0 1

Implementa/on of quatum logic opera/ons 
with superposi/on of spin states

M. Leuenberger et al. Nature, 410, 789-93, (2001)

QUANTUM COMPUTING

L. Bogani et al. Nat. Mat., 7, 179-186, (2008)

3

Conference on Non-equilibrium systems: Spin Relaxation in Single Molecule Magnets Dr. Alessandro Lunghi - Trinity College DublinSpin Relaxation in SMMs Dr. Alessandro Lunghi - Trinity College Dublin

INTRODUCTION

SMMs implementa/on would lead to a
 x100 factor in Hard Drives capabili#es.

INFORMATION STORAGE

Spin as info carrier in spintronic devices

SPINTRONICS

0 1

Implementa/on of quatum logic opera/ons 
with superposi/on of spin states

M. Leuenberger et al. Nature, 410, 789-93, (2001)

QUANTUM COMPUTING

L. Bogani et al. Nat. Mat., 7, 179-186, (2008)

3

Conference on Non-equilibrium systems: Spin Relaxation in Single Molecule Magnets Dr. Alessandro Lunghi - Trinity College DublinSpin Relaxation in SMMs Dr. Alessandro Lunghi - Trinity College Dublin

INTRODUCTION

SMMs implementa/on would lead to a
 x100 factor in Hard Drives capabili#es.

INFORMATION STORAGE

Spin as info carrier in spintronic devices

SPINTRONICS

0 1

Implementa/on of quatum logic opera/ons 
with superposi/on of spin states

M. Leuenberger et al. Nature, 410, 789-93, (2001)

QUANTUM COMPUTING

L. Bogani et al. Nat. Mat., 7, 179-186, (2008)

Data storage Quantum logic Spintronics



 Single molecule magnets

Axial anisotropy D<0

Axial anisotropy D>0

Rhomboic anisotropy



 Spin relaxation

Direct relaxation - quantum tunnelling of the magnetisation

Orbach relaxation - over barrier relaxation



 The problem



 

Inorg. Chem. 54, 7600 (2015)

Yb3+
Co2+

Nature Comm. 7, 10467 (2016)

Ueff

S=3/2
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Yb3+
Co2+

Nature Comm. 7, 10467 (2016)

WHY ?

Ueff

S=3/2



 

Microscopic picture

A. Lunghi, F. Totti, R. Sessoli and S. Sanvito, Nature Comm. 8, 14620 (2017)



 Interaction at play
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The dynamics

A. Lunghi, F. Totti, R. Sessoli and S. Sanvito, Nature Comm. 8, 14620 (2017)  



 The dynamics

In principle ….

Lattice always in 
thermal equilibrium

Redfield equation for spin density matrix



What can I do about phonon-phonon interaction ?

 The dynamics

R. Orbach, Proc. R. Soc. A 264, 458, (1961)



 Orbach mechanism

One phonon only

mS=0

mS=1 mS=-1



What can I do about phonon-phonon interaction ?

 The dynamics



What can I do about phonon-phonon interaction ?

 The dynamics



 Stochastic treatment of lattice dynamics

R. Kubo, J. of Math. Phys. 4, 174 (1963)



 Stochastic treatment of lattice dynamics



 Non-resonant: Orbach mechanism

One phonon only

mS=1 mS=-1

mS=0



 Non-resonant: direct relaxation

One phonon only

mS=1 mS=-1

mS=0



 Stochastic treatment of lattice dynamics

Harmonic phonon Anharmonic phonon



 T-dependent phonon linewidth
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First principles level 



 The case of Fe(II)

[(tphPh)Fe]- S=2

W. H. Harmann, J. Am. Chem. Soc. 132, 18115 (2010)

D=-27.5 cm-1



 General calculation scheme

Phonons Hamiltonian Dynamics

From DFT at the 
Gamma point

From post Hartee-Fock 
(CASSCF)

From Redfield 
equation



 Phonons

[(tphPh)Fe]- single crystal:

• Symmetry 

• 2 SMM per 

cell+2 

counterions 

• 228 atoms



 Hamiltonian

From an electronic structure  
theory: CASSCF

Define HS

Same for spin-phonon coupling



 Spin dynamics



 Results
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 Which phonons matter?

A. Lunghi, et al., Chem. Sci. 8, 6051 (2017) 



    

Tiny energy barriers



 The case of vanadiles

VO(acac)2

V(IV) S=1/2

B

E
a few cm-1

M. Atzori, et al., JACS. 138, 11234 (2016) 

How can you relax at ~1 cm-1



 The case of vanadiles

A. Lunghi and S.Sanvito, arXiv:1903.01424 (2019)  



 The case of vanadiles

Zeeman

Spin-spin Hyperf.

Zeeman+hyperf

Spin-spin



 The case of vanadiles
Experiments: L. Tesi et al., Dalton Trans. 45, 16635 (2016)

20 K

A. Lunghi and S.Sanvito, arXiv:1903.01424 (2019)  



 The case of vanadiles



 The case of vanadiles



 The case of vanadiles

E. Garlatti et al., under review 
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E. Garlatti et al., under review 



 The case of vanadiles



 Conclusion: design rules

Controlling the anisotropy barrier is not 
enough to control relaxation 

• Increase the first phonon frequency  

• Reduce spin-phonon coupling 

• Try to avoid phonon resonant conditions 

• Full design requires handling large number of 
degrees of freedom and dynamical quantities
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