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U Why using magnetic molecules in QT?
U Controlling decoherence

U How to exploit multilevel structure

U Toward molecular qugates

U Advanced manipulation techniques



Qubit T The Quantum Bit

From Classical to Quantum Computation
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Quantum Bit
two states quantum system able to be
placed in a state of coherent
superposition of these two states
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Classical Bit
two states system

V Faster computation and data searching capabilities
V Quantum systems can be simulated
V Novel paradigm for cryptography



UNIVERSITA

,FT """:-1:3;’-

| iz Di Vincenzods Cr
A aubit AAddressable
ml?st ALong coherence time
AAllow initialization
be/have :

AScalable
AAble to devise quantum gates

Photons

/dj/

J Molecular
spins

Quantumdots Impurity spins




Paramagnetic molecules as qubits
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U The electronic spin is a quintessential two -level quantum system
U They can be produced identically in a large number
U Properties can be rationally tuned through chemical design
U They can be assembled into periodic arrays

U Multilevel structures easily achievable
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aenze What can we tune In molecular magnets ?

The paramagnetic center Coordination symmetry
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Addressabillity of molecular spin qubits
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Low temperature Scanning Tunnel Microscopy & Spectroscopy under mw

b) 1.8 :
5 1.6
1.4 |
1.2

1 L

o.aw

0.6} .
47T

0.4

0.2F -
]

OL 1 1 1
-400 -200 O 200 40u
f—fo (MHz)

Andreas Heinrich @ IBM (Almaden) and Institute of Quantil@anoSciencgSeoul)
Science2018, 362, 336, Hyperfine detection
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Spin Qubits Figures of Merit

Spin - Lattice Relaxation Time Spin - Spin Relaxation Time
(T,: Pulsed EPR Spectroscopy) (T, or T, : Pulsed EPR Spectroscopy)
(¢. Alternate Current Susceptometry) (T,, = Quantum Coherence Time)
T,ort
o 4 e
The time for the magnetization The time during which the spins retain the
to relax back once perturbed memory of the phase induced through

specific EPR pulses
V T, limits T,, especially at high T

V T, should be at least 200 ms long to perform quantum
logic operations



4 2. Long living )

The first VO

2* complex as qubit

gl | ™
E \\\\h__ —a—T4
& ' =0=Tm
C : good
. S~ Cudtc:Ni
- 105 - \A\ o—0o-0-00-0-0 D_A._Ep._g\ﬁ\ Hate
10° T N *
bad Ap CuPc:H,Pc
10_7 \ AA VO dpm) l_
Fe, »
10° - . .
100 1 2
[VO( dpm )] T
Good coherence times despite non -optimized structure

L. Tesi, E. Lucaccini , € , Sorhce , R. Sessoli, Chem. Sci. 2016 , 7, 2074



VO( dpm ), - UHV sublimation

IRENZE

( 4. Scalable R

I‘ @ ________ Scanning Tunneling Microscopy

V Patches of regularly packed
molecules on Au(111)

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

X-ray Photoelectron Spectroscopy

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

Counts (a.u)
Counts (a.u)

i — .V Peak position indicate intact
290 288 286 284 282
Binding Eneray (V) molecules on surface

5é5 Eéﬂ 5ﬁ5 I Eéﬂ I 545
Binding Energy (eV)

L. Tesi, ELucaccini , € Sordce , R Sessoli Chem . Sci. 2016, 7, 2074



ms Quantum Coherence times at RT

2. Long living
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Coherence

A Isostructural diamagnetic
analogue (TiO 2*)

A VoPc is a semiconductor

A High thermal stability

A Highly processable

Normalized Echo Intensity (a.u.)

0 100 200 300 400
Nutation pulse lenght t, (ns)

Atzori et al. J. Am. Chem.Soc. 2016, 138, 215471 2157



Factors affecting
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Nuclear spin Coupling to nearby Methyl group
diffusion electronic spins rotation
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spin T lattice
relaxation ( T,)

spin diffusion
barrier

Chem . Mater. 2017, 29 18851 1897



Effect ofthe coordination environment
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nint Effect ofthe coordination environment

® Oxovanadium(lV)
B Vanadium(lV)

3 5 710 30 50 70100
T (K)

Atzori et alJ. Am. Chengoc, 2016, 11234



con Effect  of the coordination environment
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Integrated Echo Intensity (a.u.)

T,=0.7 ms!

300

U Deuteration and
dilution in Ni(ll)
brings T,, close to
100 ns

Nature Commb, 5304(2014)

ACS Central Science 201
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FIRENZE The spin -diffusion barrier
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7.5- « N U Nuclear spins are ineffective
7.0- - 0 et .. ) .
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Airseage V-H Listanos () i - the electronic spin

Freedmaret al. JAC3017,139, 8, 31963201



The Importance  of calculations

Exploring the Organometallic Route to Molecular Snin Qubits:
The [CpTi(cot)] Case  angew: Chem. int. Ed 2021, 6o, 2588 —2503
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The Importance  of calculations
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vz Scalability  through  spatial — organization

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

BUT
Does this guarantee retention of long quantum
coherence?

If the resulting network is porous, this IS
equally relevant for qguantum sensing J. Am. Chem. Sa2018 140,12090¢ 12101



Normalized Intensity (a.u.)

-------------------------------

20 30 40 50 60 70 80 90 100
Frequency (cm™)
TV = g T* 4 g expl i/ &k, T')

Ylir

e (explha /L, T) — 1)

x 3D porous network retains spin coherence up to
room temperature.

x Potential for coherent magnetic sensing of
potentially adsorbed species
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e Scalability @ molecular  spins as qudits

U High spin molecules Mn,, S=10

U Quditis a multlevel computational unit \ e :
U Quditprovides a larger state space to store and @
process information wﬂ.s\\ / \\ /{:—s
U Reduction of the circuit complexity, simplification B Vs
of the experimental setup and enhancement of i a Jlifes
the algorithm efficiency Nature2001,410,789793
U Exploiting forbidden transitions Gd*s=7/2 S
? __— - 17) =101}
A+, 40 _—
< 200 /lﬁ)=llfﬁ'}
é - _1;2 (E uéﬂ |5) =110}
S 8 2 —0 j4)=Jon0)
™ c 0 1) |3} =|011)
%»@ | 40 |2) =(o01)
t%\ -60 (1} =|000)
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HoH (T)

J . Am. Chen%oc2016,138, 1344;1348 Phys. Rev. B017,95, 064423



Molecular Qudit -qubit systems

U Exploiting nuclear spins for QEC

J t ; C S @ Cite This: J. Am. Chem. Soc. 2018, 140, 9814-9818
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Coherent Manipulation of a Molecular Ln-Based Nuclear Qudit
Coupled to an Electron Qubit

Riaz Hussain,’ Giusepﬁc Allodi,” Alessandro Chiesa,-:- Elena Garl;ltti,-:-‘::: Dmitri Mitcov, !
Andreas Konstantatos," Kasper S. Pedersen, 15 Roberto De Renzi,’ Stergios Piligkos,‘“

3\? 173y, S, =1/2, 1=5/2

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

(i) Bectronic and nuclear coherence times much longer than the time required 1
manipulate the system;

(i) the capability to coherently control thepudit dynamics



Molecular Qudit -qubit systems

U Nuclearspins relaxslowerthan electronones
BUT
U Nuclearspinsmanipulationis alsoslow

U Speed up ohuclearmanipulationviahyperfinecoupling
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U Quadrupolannteraction mmmmm) Individuallyaddressabléransitions
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U Possibilityto embedQuantumErrorCorrection
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ocn - An - organometallic V(IV) version of qudit -qubit

Vo, 1=7/2 :8-level nucleagudit
-V di, S=1/2 : 2 spin qubit
V Chemicallystable

a 180 b 180
a 3¢, EDFS X-band (9.70 GHz) b 3¢, CW Q-band (33.7 GH2) 160 160
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g, = 2.0010(5) A= Z
=145 L= I&)F2ABQMre | .
g,= 1.9721(5) IA z .




Wt An organometallic  V(IV) version of qudit -qubit

[lxt‘\JZL

V 2, 1= 7/2 :8-level nucleaqudit
V di, S 1/2 : 2 spin qubit
V Chemicallystable

Intensity (arb. unit)
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izt Coherent manipulation of both qubit and qudit
EPR - NMR
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(R Simulation  of nuclear system evolution

U Only the populations of the
targeted levels undergo a
significant change

U Calculated Rabi frequencies
match the experimental ones

U Individual addressability of the
nuclear transitions

Atzori,GarlattiU Y U ~ }igérg Qhem.2021,60,15,1127311286



