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UNIVERSITA INTRODUCTION

FIRENZE WHAT 1S A QUBIT?

y
o1
— Classical bit Quantum bit
Richard Feynman, 1982 W) = |0) or |1) lY) = al0) + B|1)
‘If you want to make a
simulation of nature you'd better Two possible states Superposition state

make it quantum-mechanical’

Faster computation and data searching capabilities;

a Quantum systems can be simulated.




INTRODUCTION

PROTOTYPE OF QUANTUM COMPUTER

Quantum
Computing

M eet I B M Q IBMQis a-n im-justry-ﬁrst-initiative to builfi co-mmercially available .un-iversal quantum computers for .busin-ess and sFience. While
technologies like AI can find patterns buried in vast amounts of existing data, quantum computers will deliver solutions to
important problems where patterns cannot be found and the number of possibilities that you need to explore to get to the
answer are too enormous ever to be processed by classical computers. We invite you join us in exploring what might be possible
with this new and vastly different approach to computing.

www.research.ibm.com

But also Google, Nasa, USA Energy Department, Alibaba, etc...



UNIVERSITA INTRODUCTION
DEGLI STUDI

FIRENZE WHAT IS A QUBIT?

Ionic Traps

Nature 453, 1008-1015
Quantum Dots Photons

Nature 453 1043-1049 Nature 409, 46-52

POTENTIAL
QUBITS a s

Nuclear Spins

Electronic Spins
Nature 496, 334-338

o Nature 503, 504-508

Superconducting Circuits
Nature 453, 1031-1042




INTRODUCTION

ADVANTAGES AND DRAWBACKS

v
Spin-lattice
Relaxation Time T,
Classical
Information
Memory
M¢ =+

a

v'  Easily Interacting
v' Scalable
Easy quantum error correction

BUT short coherence times

LIMITING FACTOR

Pulsed EPR

T1, T, (ns)
3

3 10 30 100 300

Am; =—1 |d_) <&

Am; =0 |D) S\
Amy = +1 |D,) \_a
5 3 1
m; -z —= -
2 2 2
Phase

Memory Time T,
(or Coherence Time)

Quantum
Information
Memory

Bl

) = al0) + BI1)

We need to identify the ingredients to lengthen the relaxation times!
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FIRENZE OUTLINE

Part 1
l I’ Spin-lattice Relaxation
Theoretical inputs

Part IT
An example of
Molecular Spin Qubits

' Part IV
a Quantum MOF

CONCLUSIONS
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DEGLI STUDI PART 1

FIRENZE  SpIN-LATTICE RELAXATION THEORETICAL INPUTS

o Spin levels of S=1/2 200 Lattice structure
I 1 VO(acac)2 —
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External magnetic field B(7) X r Y r Z
Main relaxation processes iR B
One-phonon Two-phonons The efficiency of spin-
‘ l9? N> AN lattice relaxation is given
2V PN L by the spin-orbit
\ ling.
(R l9) cOUpPHng
Direct. —l»p)

7 Raman.
J. H. van Vleck, Physical Review, 1940, 57, 426-447
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FIRENZE  SpIN-LATTICE RELAXATION THEORETICAL INPUTS

- = - -l

Main relaxation processes

One-phonon Two-phonons

%lr:ul
' 1,‘:’} lg)
Direct. 2
Raman.
3 9 2
13 (5pq) coth(,,/2kT) ., 1 g (kT) WR?( 2V )
TP 27\ & phu® b T, h) A2 \4r2MoP

Temperature dependence Direct Temperature dependence Raman

L ar
T, ¢

Magnetic field dependence of T,

a
J. H. van Vleck, Physical Review, 1940, 57, 426-447



UNIVERSITA
DEGLI STUDI PART 1

FIRENZE  SpIN-LATTICE RELAXATION THEORETICAL INPUTS

- = - -l

Main relaxation processes

One-phonon Two-phonons

s l
' () lg)
Direct. 2
Raman.
3 9 2
13 (5pq) coth(,,/2kT) ., 1 g (kT) WR?( 2V )
TP 27\ & phu® b T, h) A2 \4r2MoP

Temperature dependence Direct Temperature dependence Raman

L ar
T, ¢

Magnetic field dependence of T,

1 Bt 4 d 1 + eB?

— = —_—

T, 1+ fB?

direct Brons-van
Vleck

a
J. H. van Vleck, Physical Review, 1940, 57, 426-447
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PART |

SPIN-LATTICE RELAXATION THEORETICAL INPUTS

Main relaxation processes

One-phonon

Direct.

13 (5pq)3coth(5pq/2kT) 2

ﬁ_% h phv? b

Temperature dependence Direct

L ar
T, ¢

Magnetic field dependence of T,

1 Bt 4 d 1 + eB?

— = —_—

T, 1+ fB?

direct Brons-van
Vleck

a
J. H. van Vleck, Physical Review, 1940, 57, 426-447

- = - -l

Two-phonons

%/—W

lg)
1p)

Ramﬂn.

Temperature dependence Raman

1 (kT) TW2

— ~ 8
T, h) A2

Debye model Local modes model

1 T 91 0,
Tl_aRam o, s\

exp(hw)

1 —
R (1) 1)
exp | 7 -1

0p o0 x8expx
() [ L,
T o exp(x—1)
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DEGLI STUDI

FIRENZE MULTITECHNIQUE INVESTIGATION

(3 LAMM.

Laboratorio di Magnetismo Molecolare

.. UNIVERSITA \

DEGLI STUDI lens

/;;2' DI TORINO European Laboratory for

Non-Linear Spectroscopy

_ A
CONTINUOUS-WAVE C PuLsep EPR THz SPECTROSCOPY
EPR SUSCEPTOMETRY
Static Magnetization Spin-Lattice Low-energy
Magnetic Relaxation Relaxation Time T}; vibrational spectrum
Properties Time 1 Phase Memory Time T,

Al |
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DEGLI STUDI

FIRENZE A NI1cE EXAMPLE OF MOLECULAR SPIN QUBIT

M. Atzori, L. Tesi et al., JACS, 2016
S=1/2 1=7/2

H=ugg-S-B+S-A-1
9:=9y 9. A=A, A

1.987(1)  1.966(1) 167.9(1)  476.7(2)
MHz MHz  Spin levels composition
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UNIVERSITA PART 11

DEGLI STUDI

FIRENZE A NICE EXAMPLE OF MOLECULAR SPIN QUBIT

M. Atzori, L. Tesi et al., JACS, 2016

TN Quantum > Rabi oscillations

\*\ W manipulation

Pulsed EPR

VOPc 0.1% ]
in TiOPc 1 04 .

Direct + Raman
Processes

alT+bT?

Normalized Echo Intensity (a.u.)

0 20 40 60 80 100
Nutation pulse length t (ns)

T 0.83 pus
; t 300 K
= T :
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DEGLI STUDI

FIRENZE A NICE EXAMPLE OF MOLECULAR SPIN QUBIT

Room Temperature *
coherence of UNIMORE
VOPc drew attention et cou Do

for other applications...

Al |

I. Cimatti et al. Nano. Horizons 2019
L. Malavolti et al. Nano Letters 2018
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FIRENZE - Npw EVIDENCES FROM TERAHERTZ SPECTROSCOPY

AC susceptometry and
THz spectroscopy
of the pure compounds

l

Evidence of the role of low
energy phonons in spin
dynamics

'VO(Et,dtc),]

[VO(acac),]

[/ (Et,dtc = Ethyldithiocarbammate)
d M. Atzori, L. Tesi et al., JACS, 2017 (acac = acetylacetonate)
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NEwW EVIDENCES FROM TERAHERTZ SPECTROSCOPY

AC susceptometry — B dependence of t

Te 7=s50Kk" |
] solution 3‘:“ "
. | r
10°-
o T=10K @
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. 10742~ T=175K
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0.1 03 1 3 10 N —
B (T) 003 0.1 0.3 1 3 10

2/
ﬂ M. Atzori, L. Tesi et al., JACS, 2017 B (T)
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FIRENZE Npw EVIDENCES FROM TERAHERTZ SPECTROSCOPY

’k‘ Direct + Brons-van Vleck model
1+ eB?

-1 4
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~ 1/TK)
M. Atzori, L. Tesi et al., JACS, 2017
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NEwW EVIDENCES FROM TERAHERTZ SPECTROSCOPY

Direct + Brons-van Vleck model

1 + eB? 1 + eB?

—r— T 1 - B4+ d—— -
] \ ] T "= cb™ + +9
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M. Atzori, L. Tesi et al., JACS, 2017
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FIRENZE Npw EVIDENCES FROM TERAHERTZ SPECTROSCOPY

Correlation between the activation energy and phonon frequency: hw,
From: A. Lunghi et al., Nature Comm. 8, 14620 (2017) Aeff — 2

experimental THz spectra

g0l — [VO(Etdtc)] (1)
5 —— [VO(acac),] (2)
@©
T ol 10K
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IS
= 40 - ll
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N .
R l
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<
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T T 1 |
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Frequency (cm™)

[/
M. Atzori, L. Tesi et al., JACS, 2017




DEGLI STUDI PART 1V
D
FIRENZE - QuaNTUM METAL ORGANIC FRAMEWORK (MOF)

TOHOKU

UNIVER SITY

In collaboration with
Prof. M. Yamashita
and T. Yamabayashi

[VOTPP]
2% in [TiOTPP]

[VO(TCPP-Zny-bpy)]
5% in [TiO(TCPP-Zny-bpy)]

(VOTPP = tetraphenylporphyrinate)

28 (TCPP = tetracarboxylphenylporphyrinate)
(bpy = 4,4 -bipyridyl) T. Yamabayashi, M. Atzori, L. Tesi et al., JACS, 2018
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PART IV

NZE QuaNTUM METAL ORGANIC FRAMEWORK (MOF)

(e(hw/kBT) — 1)2

_1 _ X
Tl _ adirT + Aioc

3D Aw = 184(2) cm™?

0D 0D Aw = 67(0) cm~! + Aw = 303(35) cm™?

Pulsed EPR

— 3D

103—§ — oD
10”4
10" -
100‘; ____________
lo--—--@- @ - @ - 0-31:\.\\
\‘:s

10™ 3 .

5 10 50 100 300

THz spectroscopy

T(K) 591 — 3D
68 67 - 0D

Normalized Intensity (a.u.)

50 60 70 80

Frequency (cm’)

Normalized Intensity (a.u.)

20 30 40 50 60 70 80 90 100
Frequency (cm'1)
T. Yamabayashi, M. Atzori, L. Tesi et al., JACS, 2018
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QUANTUM METAL ORGANIC FRAMEWORK (MOF)

Pulsed EPR

— 3D
— 0D

inorganic
structural node

~

metal-organic

strut

Echo intensity (a.u.)

300 '

T. Yamabayashi, M. Atzori, L. Tesi et al., JACS, 2018

analyte S~y
O

;’

L'?
- 71
b

"N

" Y

A .5

h

"N A

\

Y B

qubit

A."NEA

\
bl
\"P —e—2dB
| "‘- ()
s || S AAAMAAAAAA
N
lo ¥
'H‘ 10dB
1
13dB

0 200 400 600
Nutation pulse fength t, (ns)

y

P
o

S

'4"

b

SUOTYR[[10SO 1qeY

800

control of
interqubit
distances



UNIVERSITA
DEGLI STUDI PArRT V

DEVELOPING A THEORETICAL FRAMEWORK

& Spin system

100 : ; | . : 200
, 1 VO(acac)z —
]
150 ="
o —~ —_— =
= < ]
. S ol ——
5 K ———
g ]
&5

50 . ]
Mt = —gupS+ 50 -@
_100 | I | 1 | :W
0 1 2 3 4 0

External magnetic field H(T) X r Y r z

A. Albino, S. Benci, L. Tesi et al., ArXiv, 2019
A. Lunghi, S. Sanvito, ArXiv, 2019

Spin-phonon
coupling

by ab initio methods
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 Vanadyl phthalocyanine shows long coherence times also
at room temperature. This, together with the possibility to
easily deposit it on surface makes it an interesting MSQ
system; Y ~ s & 2 sasm,2

3 10 30 100 300
T(K)

[VO(Et,dte),] (1)
— [VO(acac),] (2) "
|
|
[

604 10K |

i

404 \,’|

v 1
20 ‘u‘n "J/\‘\\"\‘ m
G—WLF/

a 10 20 Z}D 40 50 60 TU 80 90 100 110 120

* We have evidenced the role of low energy vibrational
modes in spin dynamics by combining the results of ac
susceptibility ( tvsB ) and pulsed EPR ( TyvsT )
measurements with THz spectroscopy;

Freguency (cm™)

- 3D

— 0D

Normalized Intensity (a.u.)

 Ab initio calculations can be used to simulate the spin-

20 30 40 50 60 70 80 90 100

phonon coupling, this is an important step toward a better o Frequeny (em')
understand of the spin-lattice relaxation mechanisms. It is e

important to check the quality of the simulation in the E‘:’::fﬁ:”‘”" 1
THz range. "

Abs. intensity [a.u.]

= woo 120 100 80 60 40 20
' :;Q: -1
ﬂ LA feaueniian’)
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