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Category of quantum computer

Quantum computer

|

Analog type Digital type (Ising machine)
\ | i
( Quantum gate ) Quantum annealing Quantum neural network
(QNN)
© Versatility @ Not versatility @ Not versatility
\_® Not commercialization ) ® Low temperature © Room temperature
© Commercialization (D-wave) ® Not commercialization
Quantum gate Quantum annealing QNN
Principle Unitary rotation of Adiabatic process of Quantum phase
P state vector Hamiltonian transition
# of bits 72 bit (Google) 2000 bit (D-wave) 2048 bit (NTT)
Applications RO ZEHSh, Al, Factorization Al

Quantum simulation

*Ref : https://www.slideshare.net/masayukiminato/jan-2018-85514793



History of quantum computer(/7 /X 7 /N )

Year Event Quantum bit Algorithm

The first guantum mechanical
model of a computer.

Feynman (1981)
Proposed a basic model for a
quantum computer

Wotters, Wojciech, and Dieks (1982)
No-cloning theorem

1990 Deutsch-Jozsa algorithm (1992)
Shor's algorithm (1994)
Cirac (1995) Steane (1996)
Proposed an experimental realization Quantum Error Correction
of the controlled-NOT gate Grover (1996) Database search algorithm

Cory, Fahmy, and Havel (1996)

First report realizing gates for quantum computers
based on NMR

Kitaev (1997)

The principles of topological quantum computation Jones, Chuang (1998) Experimental demonstration of

Kadowaki and Nishimori (1998) Loss (1998) Grover's algorithm by NMR '
Quantum annealing in the transverse Ising model Chung (1998) Experimental demonstration of D-S

Quantum computation with quantum dots algorithm by NMR

Kane (1998) Proposed a silicon based nuclear

2000 spin quantum computer . Vandersypen (2001)
v Nagimura (1998) Invented superconducting demonstrated Shor's algorithm to factor 15 using a 7-qubit
qubi

NMR computer.



Golden age on NMR quantum computation

In 1998, many new phenomena and algorithms were demonstrated

Phenomena:

guantum teleportation’
guantum error correction®#
“Schrédinger Cat” states?

Quantum bit size:
NMR quantum computers have also grown in size, with three®, five’ and seven?
qubits

Algorithms:

Deutsch—Jozsa algorithm®’

Quantum counting?® (an extension of Grover's quantum search)
Simple example of order finding?

. Linden et al, Chem. Phys. Lett. 296, 61 (1998).

A. Nielsen et al, Nature 396, 52 (1998). N
G. R. Marx et al,, Rhys. Rev. A 62, 012310 (2000).
J.
L.

1. M. 6.
2.D. G. Cory et al, Phys. Rev. Lett. 81, 2152 (1998). 7.
3. D. Leung et al, Phys. Rev. A 60, 1924 (1999). 8.
4. E. Knill et al,, Phys. Rev. Lett. 86, 5811 (2001). 9.
5. E. Knill et al,, Nature 404, 368 (2000)

A. Jones et al, Phys. Rev. Lett. 83, 1050 (1999).
M. K. Vandersypen et al, Phys. Rev. Lett. 85, 5452 (2000).
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History of quantum computer

Event: * Citations
P. Benioff, Journal of Statistical Physics 22 563 (1980). *934

R. Feynman, International Journal of Theoretical Physics 21 467 (1982). *7379

W. K. Wootters and W. H. Zurek, Nature 299 802 (1982). *5034

D. Dieks, Physics Letters A 92 271 (1982). *1385

T. Kadowaki and H. Nishimori, Phys. Rev. E 58 5355 (1998). *891

Algorithm:

D. Detsch and R. Jozsa, Proc. of the Royal Society A 439 1907 (1992). *2634

P.W. Shor, Proc. 35" Annual Symp. on Foundations of Computer Sci. 124 (1994). *5831

A. Steane, Proc. of The Royal Society A Mathematical Phys. and Eng. Sci. 452 1954 (1996). *1421
L. K. Grover, Proc. of the 28™ annual ACM symposium on Theory of Computing 212 (1996) *5027
. L. Chuang et al,, Phys. Rev. B 80 3408 (1998). *874

J. A. Jones et al, Nature 393 344 (1998). *665

. L. Chuang et al., Nature 393 143 (1998). *830

Quantum bit:

J. 1. Cirac and P. Zoller, Phys. Rev. Lett. 74 4091 (1995). *4473
A. Y. Kitaev, Annals of Physics 303 2 (2003) *4531

B. E. Kane, Nature 393 113 (1998). *4392
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Quantum supremacy

. I F. Arute et al, Nature 574, 505 (2019). . -
ABrltgleneWS' (2019/10/23) https://arxiv.org/abs/1910.11333 Twitter® fe i,

Twitter demographics

Quantum supremacy using a programmable | ,
superconducting processor -
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Principle

Classical logic gates RS Flip-Flop
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Principle

Quantum gates

X gate (NOT gate) 4 Y gate / gate N
— X = Y= —ZF
__in_|_out [ -

|0> 11>
1> 0>

Hadamard gate (77X ~—JL7T — 1)

H B Input D KENEEZ | y> % & D FRRd HH 7

__in_|__ Out

|0> (|0>+]1>)/¥2

OL1EzENREDHS 212 IREEZES
11> (|0>-[1>)/v2



Bloch sphere 14

Quantum bit : Superposition of 0 and 1
W) = al0) + b|1) then |a|? + |b|? = 1

ZI7Ta bIZERBUSDTRYA B 0,  ZHVTETEY My>ZRmd 2 &
) = Aei®a|0) + Bei®»|1) then |A|? + |B|? = 1

A2+ |B|?=1 £ YA=cosf,B=sinf&BNT|y>=FES 5 &
) = efacos 6 10) + ePbsin 0 |1) = e%(cos 0 |0) + ' (P»~9a)sin 6 |1)) = e'%2(cos 6 |0) + e'Psin O |1))
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Quantum gate E

Quantum bit : Superposition of 0 and 1
|Y) = a|0) + b|1) then |a|? + |b|? = 1
CIT0sE[ISIHETT AN R LS |0) = ((1)) 1) = ((1’)

X gate (NOT gate)

_ X E— SYT - heBLR KEIBEZICED ST — MM ZEFR

| Out xioy=x(1)=(%) =1 -

0> 11> - oy .
11> 0> X|1) = X(g) ((1)) = |0) 1 O)

Il
~ N\

Hadamard gate (77X ~— L7 — 1)
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Quantum gate

BTy FORE [P) = COS%((I,) +et? Sing(g)
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Quantum gate 17
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Quantum gate 18

BTy FORE [Y) = Cosg(g,) +et? sin?((f)
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How to describe quantum algorithm 19

Generating the entanglement state Note:
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IBM Q Experience

IBM Q Experience is N
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Grover's algorithm
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Grover's algorithm
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Grover's algorithm

3g-bit7z &
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Grover's algorithm
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Grover's algorithm 25
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Toffoli's gate

JREH BT — b
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Summary
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How to realize the quantum bits/gate 29
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Criteria for g-bit

Grover's algorithm

> —
21 fol{ » o © [ B3 -
U . - = | = _
A - L/ LS LS L/ L | k‘. J_ |
Initialization A Readout — gawrssites = T M iming
Fldehty measurement

dererred)

Coherence Time

Google Nature ™ %53 qubits, 1,113 single-qubit gates, 430 two-qubit gates

Criteria for qubit :
Initialization - g-bit O FIEA LAY Al BE
Readout - g-bitdFEAH L H¥ Al 8e
Coherence time -EFJb—L > XEHEIRT — MREFEL YKL
Fidelity(D52 ) - @WKBETET T — MEIFEDRIAE
Scalability - q-bitDFIEEAIEERITHT L. WA R~ — ZPE T X R HPBEAYICEE R L7 Uy
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Nitrogen-Vacancy center in diamond



NV center 32

. o antibonding
NV center (Nitrogen-Vacancy center in diamond) —
Energy level : s T l
Dangling bond of Cand N
— G5, point group (ey, ey @, ) bonding

_— 1.945ev N : 2 unshared electrons (lone pair)
o e

ex'$_ "I i 6 electrons :

C : 3 electrons
a‘* * + 1 trapped electron
— Triplet grand state :
T PRI
m,=1-1-[{!>
0— (Ti>+[1T>)/V2

Applications :
Nanoscale sensors of magnetic, electric fields, and temperature
Quantum bit

Nuclear memories and registries
F. J. Heremans et al,, Proceedings of the IEEE, 104, 2009 (2016).



NV center

(b) (c) Ol S=0
= ISC
3 . )
B T ae
Y MO a1
ES R L T HTripletlc 2 2 (1172 134 3) : i

\ 1.945 eV 637 nm 1042 nm
55eV

: E
- - non-radiative i e | 5
h 4 o ] 5
3A - Intersystem
% crossing
(ISC)

R S
4—*- — radiative and
phonon assisted e isssssil bl Siiiiin ¢

33

m. = =1« 0: crystal field splitting (D)
+1 o -1: Zeeman split

£ A0 Ef157
- EEKEDOM =0%0>, £1HY1>

A

F. ). Heremans et al,, Proceedings of the IEEE, 104, 2009 (2016).



NV center (Initialization & Readout) 34

i, P S=0
ot
3E . . < 3‘/0/79 ISC
Wegi ™o
k H1A1
1042 nm
RV
= B -
3 : " Intersystem
2 crossing
—*"0 (ISC)

F. J. Heremans et al,, Proceedings of the IEEE, 104, 2009 (2016).
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Silicon quantum dots
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Superconducting quantum bit —
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Heading towards implementation
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Demonstration of a quantum error detection code
using a square lattice of four superconducting

qubits

A.D. Cércoles'*, Easwar Magesan'*, Srikanth J. Srinivasan™*, Andrew W. Cross', M. Steffen!, Jay M. Gambetta'
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Spin-Spin relaxation time T, : Coherence time of quantum state
Measurement methods : Hanh-echo, FID

Diamond NV center : ~0.63 ms (3C 1.1%, I-=1/2)

donor spins in Si: 0.5~0.8 ms (*°Si 4.7%, 1.,=1/2)

Mn:ZnO : 0.8 ms (°/Zn 4.1%, I, = 5/2)

SiC : 1.3 ms (¢S, BQ)

— SiC was able to host qubits with a much longer T, time than those of NV center,
in spite of having a higher nuclear spin density than natural diamond.
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Quantum decoherence dynamics of divacancy
spins in silicon carbide

Hosung Sea', Abram L. Falk'2, Paul V. Klimov', Kevin C. Miao', Giulia Galli"3® & David D. Awschalom'
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heterogeneous interactions between 3C and 2°Si
—No effect on T, coherence time (not T,*)

homogeneous interactions between nuclear spins of the
same kind

—Essential interactions for coherence time
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Interactions with spin-cluster determine the coherence time

H. Seo et al, Nat Commun 7, 12935 (2016).
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ARTICLE
Spin coherence in two-dimensional materials

Meng Ye()', Hosung Seo'*" and Giulia Galli'**

Spin defects in semiconducting solids are promising platforms for the realization of quantum bits. At low temperature and in the
presence of a large magnetic field, the central spin decoherence is mainly due to the fluctuating magnetic field induced by nuclear
spin flip-flop transitions. Using spin Hamiltonians and a cluster expansion method, we investigate the electron spin coherence of
defects in two-dimensional (2D) materials, induding delta-doped diamond layers, thin 5i films, MaoS,, and h-BM. We show that
isotopic purification is much more effective in 2D than in three-dimensional matenals, leading to an exceptionally long spin
coherence time of more than 30ms in an isctopically pure monolayer of MoS,.

npi Computational Materials (2019)5:44 ; httpsy/doi.org/10.1038/541524-019-0182-3
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