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Molecular Spin Clusters: Single Molecule Magnets
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Molecular Spin Clusters: AF molecules
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Spin Hamiltonians

H = ZN:JI 419 “Sis1 +Z(d Si:T5 e (S 2i,)j+zsi . [_)ij.sl

i= i<j

 Direct diagonalization of the Hamiltonian (dimension (2s.+1)N)

Irreducible Tensor Operator (ITO) formalism
block matrix (exploiting symmetries, conservation of S and M)

non-local basis: successive coupling scheme is adopted
15,5, (5,)55(5,)-+-Sy 1 (Sy 1)y SM > (S)SM >

 Reduced density matrix at finite temperature in the local basis
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Entanglement Detection

An observable W is an entanglement witness if:

(W) =W" for all separable states p,

W =inf (y W|y)

w isseparable

v knowledge of p is not required

\/macroscop|c properties are informative each witness is selective for a

of microscopic quantum correlations specific kind of entanglement

v’ thermal entanglement



Exchange energy as a witness in AF systems
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2

Factorizable state 1

v)=|p)®|p,) :><H>:J <¢1‘Sl‘g01>-<g02‘82‘¢2>Z—JSZ

M.R. Dowling, A. C. Doherty and S. D. Bartlett, Phys. Rev. A 70, 062113 (2004).
G. Toth, Phys. Rev. A 71, 010301 (2005).
C. Brukner and V. Veedral , arXiv quant-ph:0406040 (2004).



Exchange energy as a witness in AF systems

H=Js,-s, ‘
Factorizable state 2
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(H)<—Js* = spin-pair entanglement
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Exchange energy as a witness in AF systems

H=Js, s, ‘
Factorizable state é 2
v) =|) ®|e,) =><H>Z@

(H)<—Js* = spin-pair entanglement

Singlet
v =) =G
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Exchange energy as a witness in AF systems

H=Js,-s, ‘
Factorizable state . 2

) =|e)®|0,) =><H>Z@

<|‘ > < —Js? = spin-pair entanglement
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H =J§1:Si°8i+1 1‘ 2& 3‘ N&

<H> <—JNs* = spin-pair entanglement
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Spin pair entanglement modulation
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Homometallic rings: Crg
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Homometallic rings: Crg
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Heterometallic rings: Cr-M

entanglement modulation 0.5

@ T=0

* oscillations damped with
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Heterometallic rings: Cr, Cu,
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* spin impurities
combine modulations
on spin-pair
entanglement

e small
antiferromagnetic
coupling acts as small
spin impurity
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Exchanged coupled dimer
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Multi-spin entanglement
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k-spin entanglement
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Energy as a witness of k-spin entanglement

spin-pair
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Energy as a witness of k-spin entanglement

# # § H:H123+H345+H567+H678

<Hijk = B

fully separable or biseparable

* ‘ % (H) >4E,
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Energy as a witness of k-spin entanglement

H = H123 + H345 + H567 + H678

(Hy) =E,
fully separable or biseparable

(H) >4E,

3-spin entanglement

<H> <4E,

22



Example: 3-spi n entanglement

E” =(®,, |H|®D,,)

H=s,-s,+S,-S,

<§01|51|¢i>'<§023 |32 |§023>+<¢23 |32 '33|§023>

— |

biseparable ‘(Dbs> = ‘ ¢1> ®‘ ¢23>
E™ =(Hy )= <— S,S,” +5, -53>
fully separable Ef — —S, (31 + 33)

E<E®=E"=(-55,"+5,"S,;)
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Homometallic ring: Crg
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* spin-pair entanglement T<T,=1.51J
* 3-spin entanglement T<T;=1.02J
* 5-spin entanglement T<T.=0.72 J
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k-spin entanglement in spin rings
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k-spin entanglement in spin rings

314F — 4 -10.10f - [ ]
| 2104 4 | MNalNe)
"’ -3.16F . 10.12 ! i — (1:7)
318k ] -1012F A — — (2,6
T 2'; | 2108 4 | gs;
e -10.14F A ' 1 | — 44
-3.22+ . _ | 2112} -
324 - _— _—
0.50 1.00 1.50

26



Heterometallic rings: Cr-M
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Conclusions

* chemical substitutions induce strong spatial modulation of spin-pair entanglement
* modulation at finite temperature is detected by spin-pair correlation function

* exchange coupled dimers: local spins and collective spins entanglement coexist

* exchange energy is a witness also of k-spin entanglement

* single spin separariblity criteria: access to local features through global observable
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Heterometallic rings: Cr-M

finite temperature
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N-spin entanglement in spin rings
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