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Outline

üWhy using magnetic molecules in QT?

üControlling decoherence

üHow to exploit multilevel structure

üToward molecular qugates

üAdvanced manipulation techniques



V Faster computation and data searching capabilities

V Quantum systems can be simulated

V Novel paradigm for cryptography

Qubit ïThe Quantum Bit
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Quantum Bit
two states quantum system able to be 

placed in a state of coherent 
superposition of these two states

Classical Bit
two states system 
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From Classical  to Quantum  Computation



Di Vincenzoôs Criteria

ÅAddressable
ÅLong coherence time
ÅAllow initialization
ÅScalable
ÅAble to devise quantum gates

Ion traps

Impurity spins

Photons

Quantum dots

Superconductor circuits

Molecular
spins

A qubit
must 
be/have :



Paramagnetic molecules as qubits

üThe electronic spin is a quintessential two - level quantum system

üThey can be produced identically in a large number

üProperties can be rationally tuned through chemical design

üThey can be assembled into periodic arrays 

üMultilevel structures easily achievable 



Paramagnetic molecules as qubits

v
v



What can we tune in molecular magnets ?

The paramagnetic center Coordination symmetry

Ligands Environment



Addressability of molecular spin qubits

1. Addressable
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Single Spin Addressing by ESR-STM

Low temperature Scanning Tunnel Microscopy & Spectroscopy under mw

Andreas  Heinrich @ IBM (Almaden) and Institute of Quantum NanoScience(Seoul)
Science 2018, 362, 336, Hyperfine detection

Science 2019, 366, 509,  Coherence detection 
Nat. Chem. 2021, 14, 592, STM-EPR of molecules



Spin - Lattice Relaxation Time

(T1:  Pulsed EPR Spectroscopy)
(t: Alternate Current Susceptometry)

The time for the magnetization
to relax back once perturbed

mS = +½

mS = -½
T1 or t

Spin - Spin Relaxation Time

(T2 or Tm : Pulsed  EPR Spectroscopy)
(Tm  = Quantum Coherence Time)

The time during which the spins retain the 
memory of the phase induced through 

specific EPR pulses

Spin Qubits Figures of Merit

T2 or Tm

V T1 limits T2, especially at high T

V T2 should be at least 200 m s long to perform quantum 
logic operations
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[VO( dpm ) 2]

Good coherence times despite non -optimized structure

L. Tesi, E. Lucaccini , é, L. Sorace , R. Sessoli , Chem . Sci. 2016 , 7, 2074

good

bad

The first VO 2+ complex as qubit

2. Long living



VO( dpm ) 2 - UHV sublimation

V Patches of regularly packed 
molecules on Au(111)

V Height of the molecular layer in 
agreement with [VO( dpm ) 2]

Scanning Tunneling Microscopy

X- ray Photoelectron Spectroscopy

V Stoichiometric ratio consistent 
with [VO( dpm ) 2]

V Peak position indicate intact 
molecules on surface

L. Tesi, E. Lucaccini , é, L. Sorace , R. Sessoli, Chem . Sci. 2016, 7, 2074

4. Scalable



VOpc : ms  Quantum Coherence times at RT

Atzori et al. J. Am. Chem. Soc. 2016, 138, 2154ҭ2157

ÅIsostructural diamagnetic 
analogue (TiO 2+ )
ÅVoPc is a semiconductor
ÅHigh thermal stability 
ÅHighly processable

2. Long living

4. Scalable



Factors affecting T2

Nuclear spin 
diffusion

Coupling to nearby 
electronic spins

Methyl group 
rotation

spinïlattice 
relaxation ( T1)

spin diffusion 
barrier

Chem . Mater. 2017, 29  1885 ï1897



M. Atzori, E. Morra, é, L. Sorace , R. Sessoli, J. Am . Chem . Soc. 2016, 138, 11234

Effect of the coordination environment
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[VO(dmit)2]
2-@ [MoO(dmit)2]

2- 

[V(dmit)3]
2-@[Ti(dmit)3]

2- 

ÅSamemetal center

ÅSameligands

(nuclearspin free)

ÅDifferentgeometry

dz2

dxy, dx2-y2

dxz, dyz

dxy

dz2 

dxz, dyz

dx2-y2

üDifferentSOC contribution
üDifferent rigidity
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Effect of the coordination environment
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Effect of the coordination environment



Influence of spin - active nuclei on T 2

ü Deuteration and 
dilution in Ni(II) 
brings Tm close to 
100 ms

Nature Comm. 5, 5304(2014)

ACS Central Science 2015



The spin - diffusion barrier

ü Nuclear spins are ineffective
in inducing decoherence if

they are sufficiently close to 
the electronic spin

Freedmanet al. JACS 2017, 139, 8, 3196ς3201



The importance of calculations

TiIII, S=1/2

TiIV, S=0



The importance of calculations

Solid solution

Frozen 
solution

ü
1H protons on the rings bound to S=1/2 

do not have appreciable effect
üProtons bound to neighbouring

molecules have a dramatic effect on T m



Scalability through spatial organization

J. Am. Chem. Soc. 2018, 140,12090 ς 12101;

Building blocks with long decoherence can be 
organized in predesigned 3D architecture s

If the resulting network is porous, this is 
equally relevant for quantum sensing 

BUT
Does this guarantee retention of long quantum 

coherence?



3D arrays of vanadyl qubits

ÅThe manifold applications of Vanadium(IV) complexes for quantum 
information processing ς L. Sorace

×3D porous network retains spin coherence up to 
room temperature.
×Potential for coherent magnetic sensing of 

potentially adsorbed species



üHigh spin molecules

Phys. Rev. B 2017, 95, 064423

Gd3+S=7/2

Mn12 S=10

Nature2001, 410,789-793

J . Am. Chem. Soc. 2016, 138, 1344ς1348

üExploiting forbidden transitions

üQudit is a multi-level computational unit
üQudit provides a larger state space to store and 

process information
üReduction of the circuit complexity, simplification 

of the experimental setup and enhancement of 
the algorithm efficiency

Scalability : molecular spins as qudits



Molecular Qudit - qubit systems

(i) Electronic and nuclear energy level structure yielding well distinguished 
transitions; 

(ii) Electronic and nuclear coherence times much longer than the time required to 
manipulate the system;

(iii) the capability to coherently control the qudit dynamics

173Yb, Seff=1/2, I=5/2

üExploiting nuclear spins for QEC

Requirements: 



üNuclearspins relax slower than electron ones

üSpeed up of nuclearmanipulationvia hyperfinecoupling

‪ Ὄ ‪ ᶿὫ‘
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üPossibilityto embedQuantum ErrorCorrection

IndividuallyaddressabletransitionsüQuadrupolarinteraction

BUT 

üNuclearspins manipulation is alsoslow

J. Phys. Chem. Lett.2020, 11Σ усмлҍусмр

Molecular Qudit - qubit systems



V
51V,  I = 7/2 : 8-level nuclear qudit

Vd1, S= 1/2 : 2 spin qubit
VChemicallystable

gx = 2.0010(5)  |Ax| = 60(2)   MHz
gy = 1.9834(5)  |Ay| = 216(2) MHz
gz = 1.9721(5)  |Az| = 348(2) MHz

כֿ ‘ ╢ ▌ ║ ╘═ ╢ ╘╟ ╘ ‘ ╘Ὣ ║

An organometallic V(IV) version of qudit - qubit



An organometallic V(IV) version of qudit - qubit

V
51V,  I = 7/2 : 8-level nuclear qudit

Vd1, S= 1/2 : 2 spin qubit
VChemicallystable

gx = 2.0010(5)  |Ax| = 60(2)   MHz
gy = 1.9834(5)  |Ay| = 216(2) MHz
gz = 1.9721(5)  |Az| = 348(2) MHz

כֿ ‘ ╢▌ ║ ╘═ ╢ ╘╟ ╘ ‘ ╘Ὣ ║

px = 0.09(1) MHz

py = 0.09(1) MHz

pz = -0.18(1) MHz



Coherent manipulation of both qubit and qudit

EPR NMR

Ὅθ Ὡ ÓÉÎ“ɱὸ



Simulation of nuclear system evolution

üIndividual addressability of the 
nuclear transitions

üOnly the populations of the 
targeted levels undergo a 
significant change

üCalculated Rabi frequencies 
match the experimental ones 

Atzori, Garlatti�U�Y�U���^�}�Œ�������U��Inorg. Chem.2021,60,15,11273-11286


