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Basic Ingredients of Quantum Computation

Entanglemen Interference

Applications:
T e v - * Quantum simulation
Superpggmismie=sseoN WM. § - Drug and material design
"<, R ——— ' « Traffic flow

* Protein folding

» Factorization

» Cryptography and security
« Search

* Optimization




Qubits are two-level qguantum systems and can be realized using a variety of physical objects.

Superconducting qubits and lon traps probably represent the most advanced platform.

LETTERS

https://doi.org/10.1038/541567-019-0437-4

F.Tacchino®2%5, M. Grossi®@?23, P.Santini', |. Tavernelli?, D.Gerace? and S.Carretta®™
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Molecular Nanomagnets

Molecules in which the magnetic core is constituted by a small number of exchange-coupled magnetic ions.

Cr7Ni
A. Chiesa, P. Santini, E. Garlatti, F. Luis, S. Carretta,
Reports on Progress in Physics, 87, 034501 (2024).
Phys. Rev. Lett. _ _ _
94, 207201 (2005) H=YJs(i) s + 1)+ > di[s2(i) — si(s; + 1)/3]
i i

Phys. Rev. Lett. + Zs(i) - Dy -8(j) + ,LLBZg,-B - s(i),
98, 167401 (2007). = :



Molecular Nanomagnets as Qubits: 1) computational basis

A. Chiesa, P. Santini, E. Garlatti, F. Luis, S. Carretta,
Reports on Progress in Physics, 87, 034501 (2024).
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Molecular Nanomagnets as Qubits: 2) single-qubit gates

Single-qubit logical operations in molecular qubits can be produced by resonant magnetic pulses

S

11 R

Room temperature coherence in a Vanadyl
Phthalocyanine

Normalized Echo Intensity (a.u.)

———————— 1+
0 100 200 300 400 Atzori et al., J. Am. Chem. Soc. 138, 2154 (2016)

Nutation pulse length t_(ns)



Molecular Nanomagnets as Qubits: 2) single-qubit gates

Coherence times can be very long!

Integrated Echo Intensity (a.u.)

Zadrozny et al, ACS Cent. Sci. 1, 488 (2015)



Molecular Nanomagnets as Qubits: 3) two-qubit gates

o The state of a qubit is changed in a way which depends on the state of another

CNOT
CNOT|00) |01) |10) |11)
(off1 0 0 O |00) + |10) \ |00) + |11)
(O1f 0 1 0 O 5 ’ 5
(0]l 0 0 0 1 V2 V2
ailo o 1 0 product entangled

It is still a 2-qubit state but cannot be written as product.




Molecular Nanomagnets as Qubits: 3) two-qubit gates

o The state of a qubit is changed in a way which depends on the state of another

Phys. Rev. Lett. 107, 230502 (2011).
Ardaglap Rgﬁl_.,dlp}&@rcmmformation 1,15012 (2015);
Nat. GRaMP114791961833)

Nat. Commun. 7, 11377 (2016).

When the switch is in the ground state, the switch-Q interaction act as a magnetic field -> Single-qubit gates

The excitation energy of the switch depends on the state of both Qubits -> Controlled Z gate

o A switchable interaction is mandatory to efficiently implement quantum computing algorithms



Molecular Nanomagnets as Qubits: 3) two-qubit gates

Ising in a transverse field
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The idea can work well even with limited coherence times



Molecular Nanomagnets as Qudits
MNMs are typically characterized by a sizeable number of accessible low-energy levels

l A. Chiesa, P. Santini, E. Garlatti, F. Luis, S. Carretta,

Reports on Progress in Physics, 87, 034501 (2024).

Quantum systems with d > 2 levels, called qudits, can enhance the power of quantum logic:

a) Integrate multiple quantum resources Quantum Error Correction

b) reduce the computational costs of some applications Quantum Simulations.

Programmable molecular Output:
quantum hardware dynamics of interacting
spin-photon systems

Quantum
simulation

£
- pd
\ &
%Mater. Chem. C 9, 10266 (2021).

J. Am. Chem. Soc. 144, 10266 (2022).




Quantum Error Correction

Many physical qubits to
encode a single logical
qubit.

Nature Nanotech. 9, 171-176 (2014)
€))

Large overhead of physical qubits and operations

Qudit-encoding: a single
multi-level object to
encode an error protected
qubit.

less demanding)!




Quantum error correction with spin S qudits

We design a code correcting main error occurring in molecular qubits: pure dephasing.

1071

1072

S, error
YY) =«a|0,) +B|1,) —> aley) + Bley)

M=-1/2
—_—M=1/2
—M=-3/2
—M=3/2
V313/2) - 1-1/2)
= 5 = |eg)
|1/2) —V3|-3/2) _
= = |91)

2

* Error brings |0.) and |1.) to
distinguishable states

» Preserves the superposition

A 4

Errors are detectable
and correctable

Chiesa, Macaluso, Petiziol, Wimberger, Santini, Carretta, J. Phys. Chem. Lett. 11, 8610 (2020)

Petiziol, Chiesa, Wimberger, Santini, Carretta, NP/ Quantum Information 7, 133 (2021)



Which are the best molecular qudits?
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Chiesa, Petiziol, Chizzini, Santini, Carretta,
J. Phys. Chem. Lett. 13, 6468 (2022)

T? / t_qate

Chizzini, Crippa, Chiesa, Tacchino, Petiziol, Tavernelli,
Santini, Carretta, Phys. Rev. Res. 4, 043135 (2022)



Optimal molecular qudits for QEC

Single spin or Antiferromagnetic
ferromagnetic interactions competing interactions
107 ip
— |
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A. Chiesa, F. Petiziol, M. Chizzini, P. Santini, S. Carretta, J. Phys. Chem. Lett. 13, 6468 (2022).



Error accumulation during correction and gates

Cu?* molecule (I = 3/2 qudit + S = 1/2 electron ancilla).
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Nat. Commun. 5, 5304 (2014) .
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* Dephasing acts also during detection/correction

* Error detection/correction bring the qudit state out of the protected subspace

The actual correcting power is largely reduced



Qudit Fault-Tolerant Quantum Computing

A methodology that allows us to tolerate faults, allowing QEC to remain effective while CORRECTION and

guantum GATES are being performed.

We can exploit all-all connectivity between spin levels and parallel pulses
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E.g., protected logical qubit gate with 4 levels
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Logical Tomography Errors
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Errors acting
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M. Mezzadri, A. Chiesa, L. Lepori & S. Carretta, submitted, du[ y-563:143 :94




Qudit Fault-Tolerant Quantum Computing

Error Suppression -Almost exponential suppression of the error with the
T T Ty number d of qudit levels
10°5 -Duration does not increase with d
_ -Strikingly error suppression, more than 5000 qubits are
Ee - needed by surface codes with the same elementary error
1 0-10 i | 100 Logiclzal C-¢ Errors
b T = 1005 \'
T, = 108 Ee
015 |=tt=T5 = 13 ) 107t
1 - I I I 1
2 4 6 8 10 12 Two-qubit logical gate
d
1072 103
1/Ts [ps™]

M. Mezzadri, A. Chiesa, L. Lepori & S. Carretta, submitted, du[ ly-563:143:94




Quantum Simulations

The simulation of quantum systems by a classical computer is intrinsically inefficient, because the
required number of bits and operations grow exponentially with the system size.

QUANTUM SIMULATORS: encode the information in a hardware which operates ik can safely say that

nobody understands quantum
according to quantum mechanics and whose dynamics can be controlled to mechanics.”

mimic the evolution of the target system.

U(t)
1(t=0)> — [¢d(t)> = ’? Target quantum system (e.g., interacting fermions on lattice)

Suitable mapping
v 0'(t)
ly(=0)>—> |y()> Controllable quantum system (e.g., MNMs under pulsed
fields)



Quantum Simulation of TunnelinginS=1

We map the target system (with S = 1) into 3 levels of a nuclear spin qudit Yb(trensal)

H = DSz + E(5%— S5)

-
X

7

M=S U€=P\/ M=-S

T 3

-

We implement a quantum simulation sequence using
2 different driving radio-frequencies

N\ e Bo012T - 1)
- |0)
250 300 350 400 > |—1) E ;
Frequency (MHZ) HyReSpect” NMR spectrometer

@UNIPR
B,=012T T=14K Rev. Sci. Instrum. 2005, 76, 083911



Initial state of the molecular qudit: pseudo-pure states

A

Norm. population difference

11)
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|—1)

Quantum Simulation of Tunneling in S=1
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purification sequence
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Echo detection_

S. Chicco, G. Allodi, A. Chiesa, E. Garlatti, C. Buch, P. Santini, R. De Renzi, S. Piligkos, S. Carretta, J. Am. Chem. Soc. 2023.
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Quantum Simulation of Transverse-field Ising model

A multi-spin system can be encoded into a single-qudit to reduce the number of error-prone two-body gates
H = b(syl + Syz) + /5,15,

We map the target system (two spin 1/2) into 4 levels of the
Yb(trensal) qudit

13) IT1)
% f3

2) ITL)
f2

1) 1)

0= 1l




Quantum Simulation of Transverse-field Ising model
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Scalability: the Molecular spin Quantum Processor

Scalable setup to: -perform gates on individual molecular qudits
-read-out the state of individual qudits

PHYSICAL REVIEW APPLIED 19, 064060 (2023)

Blueprint for a Molecular-Spin Quantum Processor

A. Chiesa,?3 S. Roca®,*’ S. Chicco®,'* M.C. de Ory®.® A. Gomez-Leon®,” A. Gomez®,°
D. Zueco,*? F. Luis,**" and S. Carretta®!-2:3:

Superconducting resonators with individual MNMs on constrictions (largely enhanced coupling) + auxiliary wave
guides. The resonator reads out the spin states and mediates an effective interaction between the qudits.



Scalability: the Magnetic Quantum Processor

Hs = ppB Z 9iSzi + Z D;S?;

i=1,2 i=1,2

Single-qudit gates Hy(t) = B10(|t — to| — 7)pp cos(wt + @) (91Sy1 + 925y2)

H, = hw,(t) (a'a +1/2)
Hsp = Y 2Gi(a+a')Sy

i=1,2

Switchable coupling between distant molecules through exchange of photons -> two-qudit gates

Chiesa, Roca, Chicco, de Ory, Gomez-Leon, Gomez, Zueco, Luis, Carretta, Phys. Rev. Applied 19, 064060 (2023).



Scalability: the Molecular spin Quantum Processor

0.06

0.04

0.02

Realistic design of resonators

Two-qudit controlled phase gate

O Q=10°%Ts =50 us

0.5
0
-0.5
1t
0 5 10
bt

Quantum Simulation of spin models

Chiesa, Roca, Chicco, de Ory, Gomez-Leon, Gomez, Zueco, Luis, Carretta, Phys. Rev. Applied 19, 064060 (2023).

S. Carretta, D. Zueco, A. Chiesa, A. Gomez-Leon, F. Luis, Appl. Phys. Lett. 118, 240501 (2021).



Chiral-Induced Spin Selectivity: a new tool

Interaction of molecular spins with magnetic (and electric) fields is weak

I I * Very low temperatures

* Difficult to perform a fast read out of single molecules

Possible solution: Chiral-Induced Spin Selectivity

Chirality

v Works at room T
X Not really understood

A. Chiesa, A. Privitera, E. Macaluso, M. Mannini, R. Bittl, R. Naaman, M. R. Wasielewski, R. Sessoli, S. Carretta, Adv. Mater.
2300472 (2023).



Chiral-Induced Spin Selectivity in electron transfer

Q A

Symplify the setup to distentangle the various ingredients:

A molecular Donor-Chiral Bridge-Acceptor system

By adding a qubit 0.5 INIT GATE | gAcx-sw;\p’ (b)
~ (s2)
= '
]AQ ~- (8z)
A _05 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

HI—~~~WW\\\WWwar—

0 10 20 30 40 50 60

X
<
o time (ns)

* High-temperature inizialization of the qubit

* Enables also two-qubit gates

A. Chiesa, A. Privitera, E. Macaluso, M. Mannini, R. Bittl, R. Naaman, M. R. Wasielewski, R. Sessoli, S. Carretta, Adv. Mater.
2300472 (2023).



Spin to charge conversion: readout

Q

Start: Qubit spin up

hv(mw) g

End: neutral Donor | End: charged Donor
D°+ ' Do+

The spin information has been transduced into a charge information, it can be readout by a single-electron
transistor

A. Chiesa, A. Privitera, E. Macaluso, M. Mannini, R. Bittl, R. Naaman, M. R. Wasielewski, R. Sessoli, S. Carretta, Adv. Mater.

2300472 (2023).



Spin to charge conversion: readout

Readout error

10 20 30 40
T (K)

A. Chiesa, A. Privitera, E. Macaluso, M. Mannini, R. Bittl, R. Naaman, M. R. Wasielewski, R. Sessoli, S. Carretta, Adv. Mater.
2300472 (2023).



Chiral-Induced Spin Selectivity in electron transfer?

The nature and the dynamics of spin states after ET can be investigated by Transient EPR

In the presence of an anisotropic dipolar DA interaction, characteristic features of CISS are already present in
the spectrum of an isotropic solution

(3) o No CISS CISS  (Sy)

ole 0 200 ) ’\ © N
......O 150 “
0 05e° 0 Zi00

0

)3505 349 p 73505

Ill

A. Chiesa, M. Chizzini, E. Garlatti, E. Salvadori, F. Tacchino, P. Santini, I. Tavernelli, R. Bittl, M. Chiesa, R. Sessoli, S. Carretta,
J. Phys. Chem. Lett. 12, 6341 (2021)

A. Privitera, E. Macaluso, A. Chiesa, A. Gabbani, D. Faccio, D. Giuri, M. Briganti, N. Giaconi, F. Santanni, N. Jarmouni, L. Poggini,
M. Mannini, M. Chiesa, C. Tomasini, F. Pineider, E. Salvadori, S. Carretta, R. Sessoli, Chem. Sci. 13, 12208 (2022).



Intramolecular CISS in EPR
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CISS in electron transfer!

RESEARCH Science

PHYSICAL CHEMISTRY
Direct observation of chirality-induced spin
selectivity in electron donor-acceptor molecules

Hannah J. Eckvahl't, Nikolai A. Tcyrulnikov't, Alessandro Chiesa®t, Jillian M. Bradley’,
Ryan M. Young', Stefano Carretta®*, Matthew D. Krzyaniak'*, Michael R. Wasielewski'*



Unveiling phonons in molecular qubits with IXS

Main source of relaxation in
‘ PHONONS
MNMs:

Inelastic X-ray Scattering High-resolution beamline - ID28 @ ESRF

[VO(TPP)]

First IXS measurements of phonons in a molecular qubit

E. Garlatti, A. Albino, S. Chicco, V.H.A. Nguyen, F. Santanni, L. Paolasini, C. Mazzoli, R. Caciuffo, F. Totti, P. Santini, R. Sessoli,
A. Lunghi, S. Carretta, Nat. Comm. 14, 1653 (2023).



Unveiling phonons in molecular qubits with IXS
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The critical role of ultra-low-energy vibrations
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We have found very-low energy optical phonon modes
—p they can deeply affect relaxation.

E. Garlatti, A. Albino, S. Chicco, V.H.A. Nguyen, F. Santanni, L. Paolasini, C. Mazzoli, R. Caciuffo, F. Totti, P. Santini, R. Sessoli,
A. Lunghi, S. Carretta, Nat. Comm. 14, 1653 (2023).



The critical role of ultra-low-energy vibrations

* IXS data validated DFT = calculations of spin-phonon couplings

* Resource- and time-consuming = neural networks approach

fiwe (em™1)
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E. Garlatti, A. Albino, S. Chicco, V.H.A. Nguyen, F. Santanni, L. Paolasini, C. Mazzoli, R. Caciuffo, F. Totti, P. Santini, R. Sessoli,

A. Lunghi, S. Carretta, Nat. Comm. 14, 1653 (2023).



Conclusion: MNMs are a viable path toward QIP

Molecular qudits can be used as qubits with embedded Quantum Error Correction
(in a fault-tolerant manner!)
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Chiral-induced spin selectivity: an enabling technology for quantum applications B =
< ]DA
>
Critical role of ultra-low-energy vibrations D o

unveiled by IXS and DFT

A. Chiesa, P. Santini, E. Garlatti, F. Luis, S. Carretta,
Reports on Progress in Physics, 87, 034501 (2024).
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