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Introduction

Quantum tunneling of the magnetization

Mn12 (S=10) ”Giant spin” model
H = −DS2

z + gµBSz

large spin and large easy-axis anisotropy =⇒ bistable system with slow relaxation of
magnetization, limited by quantum tunneling of magnetization
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Introduction

High spin molecules as quantum processors
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Introduction

Low spin molecules as spin cluster qubits

Meier, Levy, Loss, Phys. Rev. Lett. 90, 047901 (2003)
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The model and the calculation

Single molecule Cr7Ni

Crystallographic structure of Cr7Ni ”green”
obtained from X-ray diffraction

diameter ∼ 1 nm
7 Cr (green), 1 Ni (purple), 8 F (yellow),
32 O (red), 80 C (black), 144 H (-)

Well studied system

NMR: Micotti, et al., PRL 97, 267204 (2006)
EPR: Ardavaran et al., PRL 98, 57201 (2007)
XMCD: Corradini et al., PRB 77, 014402 (2008)

...

Robust magnetic core

SCr = 3/2, SNi = 1

Sketch of the spin arrangement in the molecule
(from the Phd thesis of G. Lorusso)
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The model and the calculation

The electron spin degrees of freedom

He =
8∑

i=1

Ji si · si+1 +
8∑

i=1

di [s
2
z,i − si (si + 1)/3] +

8∑
i<j=1

si ·Dij · sj + µB

8∑
i=1

giB · si (1)

Well separated degenerate ground state.
∆(0) ' 13K .

Well resolved ground state.

Optimal operating point at around 2 T.
∆(B0) ' ∆(0)− 2gµBB0 ' 9.4K .

The ground state degeneracy behaves like a S=1/2 spin system.

| ⇑>≡ |S = 1/2,M = 1/2 >

| ⇓>≡ |S = 1/2,M = −1/2 >

F. Troiani, A. Ghirri, M. Affronte et al., Phys. Rev. Lett. 94, 207208 (2005)
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The model and the calculation

The model

Projected electron spin Hamiltonian

Hχ=A,B
Z = µBgχSχz

HAB
ex = JABSASB

JAB ≈ 0.16K

Jk ≈ 23K

=⇒ for the single molecule Hamiltonian
the inter ring coupling is perturbative

hyperfine

Hen =
∑
l

∑
k

Eαβkl Sαk Iβk

nuclear spins

Hn = −
∑
k

Bγk Ik +
∑
k<l

Dαβkl Iαk Iβl

Timco, et al. Angewandte Chemie 47 9681
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The model and the calculation

Effective Hamiltonian

Hχ=A,B
Z � |Hen|

Applying high external magnetic field =⇒ Energy relaxation is strongly inhibited

=⇒ |S ,M〉 (with S = SA + SB) is a good quantum number

Effective Hamiltonian

obtained by a standard canonical transformation

the second-order correction of the off diagonal terms is reduced

keep only momentum conserving terms of the Hamiltonian

Heff = σe
z ⊗H

(e)
n + Ie ⊗H(i)

n , (2)

where

σe
z ≡ |S1,M1〉〈S1,M1| − |S2,M2〉〈S2,M2| Ie ≡ |S1,M1〉〈S1,M1|+ |S2,M2〉〈S2,M2|

H(α)
n =

Nn∑
k=1

A
(α)
k I zk +

Nn∑
k,l=1

[
B

(α)
kl I zk I

z
l + C

(α)
kl I+

k I−l

]
, (3)
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The model and the calculation

Pure dephasing of the electron state

Hamiltonians:
H = HS + HSE + HE

HS = E0
1 |ψ1〉〈ψ1|+ E0

2 |ψ2〉〈ψ2|

HSE = |ψ1〉〈ψ1| ⊗ H1
SE + |ψ2〉〈ψ2| ⊗ H2

SE

HSE 6= 0, [HS ,HSE ] ≈ 0, [HE ,HSE ] 6= 0

Time evolution:
|Ψ0〉= |Ψe0〉⊗|Ψn0〉−→ |Ψt〉

1
√

2
(|S1,M1〉+|S2,M2〉)⊗|I〉 −→

1
√

2

[
|S1,M1〉⊗|I1(t)〉+e iφI(t)|S2,M2〉⊗|I2(t)〉

]
The electron-spin decoherence is induced by the correlation between the electron-state and
nuclear bath.

ρe(t) = Trn {|Ψt〉〈Ψt |} =
1

2

∑
k=1,2

|Sk ,Mk 〉〈Sk ,Mk |

+
rI(t)

2

[
|S2,M2〉〈S1,M1|e iφI(t) + h.c.

]
, (4)

rI = |〈I1|I2〉|, φI = arg{〈I1|I2〉}
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Results

Inhomogeneous broadening

Initial electron state: |Ψ0〉 = 1√
2

(|T+〉+ |T−〉) (Bell state)

Semiclassical picture:

from R. B. Liu, Department of Physics,

The Chinese University of Hong Kong

Decoherence on the nanosecond
timescale

Possible to fully recover with Hahn
echo

Free induction decay

The effect of a π pulse: Hahn echo
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Results

Coherence decay rate

Initial electron state: |Ψ0〉 = 1√
2

(|T+〉+ |T−〉)

Exponential decay r(t) = exp{−(t/τd )α}

Two distinct regimes can be clearly identified:

I. t . 1µs, α = 3.31 and τd = 1.65µs

II. t & 1µs, α = 1.46 and τd = 3.24µs

The origin of the two regimes is the existence of
the different types of nuclear pairs

I. very few closely located pairs
II. huge number of pairs located far from each
other
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Results

Chemical elements dependence of the decoherence

Initial electron state: |Ψ0〉 = 1√
2

(|T+〉+ |T−〉)

Which chemical elements dominate the decoherence?

the few fluorines that located close to the electron spin

the numerous hydrogens that located far away (> 4Å) from the electron spins

The decoherence is dominated by the hydrogens.
However practically all the decoherence is originated from the intra molecular couplings
and not from the inter molecular ones.
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Results

Entanglement properties

concurrence
between the two qubits (for the density matrix ρe):

CAB(ρe) = rI. (5)

the von Neumann entropy
between electron and nuclear spins:

Sen(ρe) = −
1

2

∑
µ=±1

(1 + µrI) log2

[
1

2
(1 + µrI)

]
. (6)

Mutually exclusive nature of electron-nuclear and intermolecular entanglement
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Results

Singlet Triplet decoherence

Different linear combination of the electron states:

|Ψ0〉 =
1
√

2
(|S〉+ |T0〉)

Fundamentally different features compared
to the Bell state ⇒ much slower
decoherence rate compare to the Bell state

The time-evolution of r is strongly
dependent on the intermolecular exchange
JAB

The decoherence is caused by the fluorines

The decoherence rate decreases for
increasing energy difference between the
singlet state and each of the triplet states

Decoherence free subspace for the system

The density matrix in this case is always factorizable into the states of SA and SB : CAB(ρe) = 0.

A. Szallas and F. Troiani, Phys. Rev. B 82 224409 (2010)
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Results

Dynamical decoupling

Partial recovery of the electron spin coherence

The effect on decoherence by entanglement of a flip of the electron spins Sχ=A,B at a time t = τ
that can be induced by an EPR π-pulse.

Maximum recovery at t '
√

2τ

Stronger electron - nuclear correlation at t = 2τ (red squares) than those obtained in the
absence of the π−pulse (brown curve)
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Conclusions

Conclusions

Bell state decoherence is driven by the interplay between intrinsic nuclear interactions (H
nuclei) and electron-spin induced magnetic field

singlet-triplet decoherence has longer timescales, and is driven by second-order processes
involving F nuclei

electron and nuclear spins can be partially disentangled by spin-echo sequences

Köszönöm a figyelmet!
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