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How can we model spin dynamic

CRANN

lons dynamics is conceptually easy

Forces may come
from QM (eg DFT)

Spins are “attached” to electrons !!
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How can we model spin dynamic:

CRANN

You can “simply” use time-dependent quantum mechanics
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How can we model spin dynamics
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M. Stamenova, J. Simoni and S. Sanvito, arXiv:1511.00864



How can we model spin dynamics
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M. Stamenova, J. Simoni and S. Sanvito, arXiv:1511.00864




How can we model spin dynamics

CRANN

Hund'’s (exchange) coupling saves the day
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How can we model spin dynamics

Time (fs)
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Single molecule magnets:
the relaxation puzzle




Single molecule magnets
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Single molecule magnets

H =DS:+E(S;-S?)

CRANN

Axial anisotropy D<0

Axial anisotropy D>0

Rhomboic anisotropy F £ 0



Spin relaxation

H =DS:+E(S:-S})

CRANN
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Magnetic\® @
Direct relaxation - quantum tunnelling of the magnetisation

Orbach relaxation - over barrier relaxation



The problem
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S — fOéUeff/k’BT

Ut = |D|S?
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1 Table 1 | Selected examples for zero-field splitting
-3 arameters.
107 - = P
E Compound D (cm™) U, (cm™) Literature
. (Ph4P)>[Co(C3Ss)-] -161 33.9 Fataftah et al.'
7 (HNEt3),[Co(pdms)s,] -15 N8 *
» 10%- i (Ph4P),[Co(SePh).,] -83 19.1 Zadrozny et al.%°
- ] : [Co(AsPh3);(1),] 747 326 Saber et al.”!
[ . [Co(salbim),] + 67 — Sebova et al.22
) (Ph4P),[Co(SPh),] -62 21.1 Zadrozny et al.2°
] [Co{NtBu);SMe},] -58 757 Carl et al.2
5 [Co(acac),(H,0),1] + 57 — Gémez-Coca et al.23
1 0 -E -E Reported zero-field splitting D-values with |D|>50cm ™ and relaxation energy barriers Ugg of
N n tetrahedral cobalt(ll) complexes.
- *Thi k —
e fIn :1%0(;0 Oe applied magnetic field. 8—3/2
10°® Nature Comm. 7, 10467 (2016)
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Co2+

Table 1 | Selected examples for zero-field splitting
parameters.

D (cm™) U, (cm™) Literature

Compound

-62 211 Zadrozny et al.
75f Carl et al.24
— Gémez-Coca et al.23

(Ph4P)>[Co(SPh)4]
[Co{NtBu)3;SMe},] -58
[Co(acac),(H,0),] +57

Reported zero-field splitting D-values with |D|>50cm ™ and relaxation energy barriers Ugg of

tetrahedral cobalt(ll) complexes.

fIn a 1,500 Oe applied magnetic field.

*This work
Nature Comm. 7, 10467 (2016)
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Microscopic picture

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



Interaction at play

H =|Ho|+ Hyn + Hy—p,
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H =DS;+E(S;-S?)
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Interaction at play

CRANN

H =DS:+E(S;-S})




Interaction at play

H = Ho + Hpp +|Hs—pn

CRANN

1
th = Z hwa (5 + na) + Z Va,B'yCIaQﬂqW

a,B,7y

H =DS+E(S;-S2)




Interaction at play

H = H() + th + Hs—ph

CRANN

1
th = Z hwa (5 + na) + Z Va,BanQﬂqW
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The dynamics

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



The dynamics
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dp(t) 1

In principle .... ——= = —|p(t), H
Lattice always in
thermal equilibrium TS > Tph

Redfield equation for spin density matrix
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The dynamics
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What can | do about phonon-phonon interaction ?

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



Orbach mechanism

o HS 2 CRANN
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The dynamics

What can | do about phonon-phonon interaction ?

CRANN




The dynamics

CRANN

What can | do about phonon-phonon interaction ?

1
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Stochastic treatment of lattice dynam
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R. Kubo, J. of Math. Phys. 4, 174 (1963)



Stochastic treatment of lattice dynam
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Non-resonant: Orbach mechanism

8 HS 2 CRANN
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Non-resonant: direct relaxation

2 CRANN
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Stochastic treatment of lattice dynami

Harmonic phonon
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T-dependent phonon linewidth
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First principles level




The case of Fe(ll)

[(tphPh)Fe] S=2
— D=-27.5 cm-’

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



General calculation scheme
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Phonons Hamiltonian Dynamics

From DFT atthe From post Hartee-Fock From Redfield
Gamma point (CASSCF) equation
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Hamiltonian

CRANN

(SMs|H|SMb) = (SMs|Hs|SM})

/ \

From an electronic structure Define Hs
theory: CASSCF

Same for spin-phonon coupling
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Spin dynamics

CRANN

M (t) = (M(0) — M(o0))e™"" + M(c0)

1.9
1.8 :
Hg eigenstate—
1.7 S, eigenstate—
1.6
oa)
= 1.4
N
= 1.3
t(ns) ° ”
1.1
1
0.9
© o = P2 NN e W A Ao
o o o ol o ol o (6] o ol o
@D (9] (¢)] @D ) @ @D D @ D @D
+ + + + + + + + + + +
o o o o o o o o o o o
(@] ol (o)) (@) (o)) (@) (@) (@)) (o)) (o))

t (ns)



Usg = 19.7cm !

—1 ' I | |
hwo = 36 cm e Total 1
0 ' | — Spin-phonon U,=55.7cm ¢
Ol — Direct |
" | A-A Experiments U ff=19,7 cm'l
Uet=26cm-!
—-10- — T T -
ol _
=7 o ©
_ £ -20p eoAll |
20k — == 5 modes || _|
I *+— 15 modes|{ |
/ sl ® 1 ]
0 002 004 006 008 0.1
i | | | 1/T(1/K|) I
0 0.1 0.2 0.3 04 0.5
1/T (1/K)
1 3

~ 5?%0() Ueff — 55.7CH1_1 ~ 57;%00



Which phonons matter?
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Tiny energy barriers
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The case of vanadiles

VO(acac)2 M. A:tzori, et al., JACS. 138, 11234 (2016)
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How can you relax at ~1 cm-




The case of vanad
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Ns
H, = Zﬁzﬁ - g(7) - §(Z) +

()

3x3x3 Supercell: 1620 Atoms

Energy (meV)

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



The case of vanadiles
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The case of vanadiles

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

Longitudinal " - Z b TransverseI' - Z Transverse I' - X TransverseI' - Y
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E. Garlatti et al., under review



The case of vanadiles
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The case of vanadiles
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Conclusion: design rules

CRANN

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

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