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Abstract: Quantum computing is set to transform the field of materials science, offering computational methods that could far

surpass conventional approaches for tackling intricate material design challenges. This review introduces the foundational

principles of rapidly growing quantum computing and its application trends in the design and analysis of nanomaterials. We

explain how quantum speedup, achieved through quantum algorithms utilizing qubit superposition and entanglement, is applie
plain how q peedup, achieved through q lgorith: ilizing qubit superpositi d gl is applied

to material design. Additionally, the principles and research trends of quantum variational methods, including the Variational

Quantum Eigensolver (VQE), which has recently gained attention as a quantum algorithm simulation technique, will be discussed.

By combining new techniques based on quantum algorithms with the quantum speed-up, the quantum computing is expected to

offer new insights into data-intensive materials research and provide innovative methodologies for the development of new

functional materials. With the advancement of quantum algorithms, the field of materials science could enter a new era, enabling

more precise and efficient approaches in materials design and functional analysis.

Keywords: Quantum computing in materials science, Qubit superposition and entanglement, Quantum algorithm, Variational

quantum eigensolver (VQE), Nanomaterials

1.ME
Atpehip ot A4} & HolE oA TiE e A
ofi= Lol ARt 22 ARH 7e9 =2 U

B3 Joonho Bae; baejh2k@gachon.ac.kr
Copyright ©2024 KIEEME. All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Ao we dolelod 4778 S s 4g o golst
A Qro] £9ick ZFE ) WAL o] T3] Hoje] )
24 ol 717 stag ol doleo) fEg Anz
ol i BRste GAdIA ol23ct ARES o] &
gt el Aol A 2 e TPs S Helit 2o Hop
b Sgstad) vte Ot ARE X gAY 712
olct. o] Yt Y 7]ao]l Aot ARE A AR A

T 7REe) $8 Qoslw

olct.



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 6, pp. 590-599, November 2024: Han and Bae 591

PR} ABE L Destl DelA Frteisto] 7]
AR 0|t [1-3]. Gt HBH 7]40] E3] 22,
A= setolAe) e-go] Be g Bot Ze,
2Alot Alzo] SajA stera 4ol ylEAoR
sto 7]&w ojof Aaslr] Throlnt. Hxjo
2] o] ES-e oRfolste] WAl 2w 9ix|

Aol 93t AAte ol2igt TEAQ §

o8 bk
2o a9 wlo
Do)

a.
&

o) ot
dH
)
o k119 18 T oxE2 [n

J
r
i

2
o,

2
A

1o ulels) Al A S We R she
o},

=

o 2R
o 4> 3o
) o
8
° >,
o, .
)
i)
2
ol
ok
)
rlr
>
[~
o
i)
|U
~
N
)
_\‘L_J‘
|1}
Mo 4>

:
)
r

o
=

o2

>

>,

k.
ox M R K

o o
i)
o

4 T 3
fu)
o 2
5 2
v
\O oz
2
==
T
w2
rlr

o8 o
i)
s
=
or

of¥

30 O 4o MM o 10

M 30 X
= o kT Sh ooy 19 ok Ry

o
bt o

Me
>
D)
o 2 41 o

oL@ oo A
m
% J
+ =2 o |o

Mo ™
o

uu rlo

E o2

fol

o

s

2 rr

ot

Mo 2 o
D

T Mo -
oft
:C’)g
o
2

RN
o
rlo
Kl
2a)

ahsix 5
SEES P LR

g2 T4 [4.5] 9

g L2
o o
Mo M
= un
L
=,
tu
ro

wx M9
)

&

T 0.

o 2 nd
o
=
=
ng
Lo
P
N
i
==
=
X

CUR-TRC)
00 MY fo Ml
309 R
—v—‘lo\l
m‘?‘l'ﬂ.lm'h
By &
E—;r\r
|>15;r-|n
flo -m 2
(o=
e o
L3
l:ol’zu_‘
< oo oo M0
m\oig
(AT
e
i
*mElﬁ
Dl
BZEQE
% = op

oo =
>
1
oM g
fo
2
12 1%
e
rlo
I
>

[T
!

ey
Tl ooz
o JE

o
ol

o my
O Ao @ mo p g

>
Moy B
30
o
o &
.i

o |
ofr ) ol

o
4
i
=)
ru
X
=2
)

o 1o iR o N oo o i Y 42 mo oo X

alu)

1=

od

o>
fir hu

>

i) Jlm
N
o
ot
—_
)
S
ol
=
olr
-
)
~

d J

=
o oZ

ol

E)

o,

I‘\l‘

i

1o ot
b}
ofo
o
e

g

44 oX

=

i

ko

I

a
==
Y
==}
19
=
=2

o
o
-

P>z
X
i)
a

in)
©
o
u

E')_l:
o

i

1}

djm
o
o2
A
)
o
0,

i)

2l

2
ﬂJIO B
[

1o
. =2
O
Ba)
ox N
b %

~ oo rlo
to 4 Ll opt

2

ol

o

2
‘N

N

ofr

!
rO o o

ox | %
M
=
Yy r2
ofm
i)

=2
M
ol
rlr
i)
4R 2
r =
off
o

Me o au U
N
N
Ir
o 3%
i
= op A0
afn
o
ol
=

i 0 rfo
g 1%
>
paS)
=
o
o

o
19
Mo

ox J
ol o

E oZ

g
2 e &

olelgt xt ¢
L RERERREE
A RE 2, o
qFeE 9Eg 4
2 2R A: 52
2)9f Lhe 4R] 479}
ot #ule A
2mEio] AMa A l
ojt}. EIF, & FAF dare]F A& o]
H9k= VQE (variational quantum eigensolver)
PRt Aol Welet A S Hoict

L

ku gy o
)

)
NP
—_
ofr tot
]
o

M
-
U oo

o2
ol
o
zo JE
i
off
S
B

2 oo o©.
of
no oo o

oo o
i)
rr
)
uju

X

OIO I‘lr .
=l
)
o
N

ol
==}

ey U
2 ﬂJIO X ox ‘|>‘ r
ol
ol
ol

ofd
Y

1)
Lo

o =
oo
<
=
ol
o
S R b

o

k1 o
G
o

g 1o

M
rx
N,
rE
wp |o m

2. U HFE2 7|2 AE

R} ABmYL telste] dels ARE Telo] AR
g 7122, 14 ARG o) OF2 A4 delet wale
ALgSE B 2l Hol A Al & BHatolo] okxt HEHS of
Ssl7] 15t 71 2R Ql kAt BT Rt Al B o]
A 71%o) dal s Has) 2o

1A AREE HEQ L D2 RS At v
YA} ZABE S A U E(RY, qubin@ AHEsicH [2.3]

(e} v O
FEl2 0 E= 19] AJEfRTE ofy 2t & AJEi7E
Ef(superposition) 2 = £x]& 4 Qict. 27
stoldl = & Al(F8De JES 3AH
(Bloch sphere)] @& 2 YEU+= 7[5t B3-S U
W Zio]t.

’

=

S|

e

l'ﬂJ o o

o 3 rin
441 18 ox

rlo o

—_

0,

o] 2oi3l ot AElol UG 4 9100, o5 £}
ol2] A4S #e8st= o] 715ttt

Fulo] Agl(entanglement): & F810] A5i(entangled)
9lo®, g 7ol A7t ke A3 efo] 522l
g2 o)Atk ol2fd QiR Rt ARAoA 1 Fod

o=
a2 gk PAS Fo) A= Ae) Woid glojw Ty
Zre] el AAstol WY A4S Th5aA gk,

Fig. 1. A qubit represented on the Bloch sphere [3].
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2.2 21} A 0] E(quantum gates)

FAE A0l E= 8l A8E = Aibs YT 1A
AREEQ] =2] A0]E(AND, OR £)9 GA5HA|QE, kxRt

AlolEx Fulo) FAT el AHgatel W AALS 2
P 4 Yok OEAA PR AolERE sjrtuie
(Hadamard), CNOT, Pauli-X, Pauli-Y, Pauli-Z A|o|E
5ol At [8].

2.3 %%} =™ (quantum measurement)

O] el S5 A7 3w dElol ot &
go] o] ZofAX|H FA JHl= 0 £+ 12 24, o] 7
oA FEIT A 4 Qo). AR AL A = AL 5
2t AubE F45HA] oL E7HA] AL /A5 Aol B
Qi

2.4 24X} H (quantum parallelism)
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Fig. 2. Quantum parallelism compared to a conventional computer
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Qubit Hamiltonian H
Choice of ansatz
Initial parameters 90

593

New set of (@ values

|
A J v

Energy Evaluation

1

State
preparation

Expectation
estimation

Classical Optimizer

E©) = <y H |y >

Fig. 3. Principle of VQE algorithm [23].
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Benchmarking HCN-isomerization
A particular task has been to caloulate the ground-state energy surface of HON relevant for HON momerization: H-CN
++ CN-H. A useful basic comparison involves the 10-clectron molecules N, CN™, HON, and several HCN isomers
described with 12415 qubits (Table 1) We have calculated the ground-state encrgy with the STO-6G hasis set ot
030005-6
H—C==N -~
1 |
N c
e Ses
I | i
N =" MBS m
— e g
] = N
"
3 4 5
FIGURE 3. (1) Hydrogen cyanide, HON; (2) HONH'; (3) Cyanogene: (4) Acrylonitrile; {5) Diaminomaleonitrile
TABLE 1. H30 and relased molecules representing clements of water chisters and water chains: Execution times
STO-6C Welectroms_ Wquhits  #gates  Wvarpar (vp) TS0, (30 TTSuy (min)  # Eayw  TT5,.m (min)
OH kS 6 492 1n 003 T 13 0039
OH™ (6-31G) 1 17 54200 ikt 74 50 10 S0
Hy0 % 8 291 30 012 0.06 9 052
HyO" flat .3 1o G060 (2
Hi) % 1 10900 106 u 2 12 504
OHOY 4 4 7478 (5.3 1 .15 129 148
O-HO 14 15 15089 130 18 4 1% an
Hy0-0H" straight 16 I 36112 253 10 42 10 120
Hy0-0H - bent 16 19 68162 492 3l %54 12 3048
H0-0H; 16 19 36342 228 15 57 9 513
HL0 (STO-31G) % 0 08 &0 0% 9 W37
HyO-HOH 16 20 460 [ 408 10 S8R0
H:O-HOH 16 21 390 0 4588 10 ABSED
HyOHOH, "% 1 156 150 1068 (] 10680
HyOH-0H; 13 2 96 B0 9744 10 7440
OHOHO 2 4 678 000 33900 100 34 10°
O-HO-HO p ] M 678 J9) 44070 100 44100
H30" Aat (6-31G) 8 3 650 4200 45500 0 0ns . o
Hy0 (6 ) % i 1726
Hy Ii{t IleaG*) 8 H M
* STO-60 in the defaull batis unlews ofherwise stated

Fig. 4. Simulation of polymers using VQE method [24].
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grere ot gmelEel Y 2H 02 ALgHc o] 43
A e ot 2o MEvhe o) U] 9k [2).

o] A1) FL Pt HWEEE BT AR B} AA
=o] U3t of 289 2 9t 32 £70]

ES
of [26]. QPE= A FHE 2 FES ol&dl 574 &4t

, Aspuru-Guzik 9] | [26]=
} ‘30] A U Al g sgde g ALtste o of
A AHEE 4 Al AR Aot AT F shpolnt.
], QPE €112 &3 7|¥to & st A} o | A] Al4tof| A
sict. o A7 9
2xto]
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(2)

FC1 5TO-3G
=7.70 1 HF 5TO-3G
CCSD STO-3G
VQE STO-3G
- FC1 STO-6G
=435 HF STO-6G »
- €CSD STO-6G e
Y VQE STO-6G J,J”
=
e < —
z =1.80 g
&
-1.8%
b o P
-7.90 =
1.0 1.2 14 16 18 2.0 2.2 24
Bond Length (A)
(b) 6
5 ““‘
4
8
v
323
4
&
3{ =+ HFSTO-3G
+- CCSD STO-3G
X VQE STO-3G
1{ =% HF STO-6G
—4— CCSD ST0-6G
VQE STO-6G
0s 10 15 2.0 25 30 1s 40

Bond Length (A)

Fig. 5. (a) Lithium hydride anion: its potential energy curve and
(b) dipole moment curve using VQE algorithm [25] (This is an
open access article distributed under the terms of the creative
commons CC BY license, which permits unrestricted use,
distribution, and reproduction in any medium, provided the
original work is properly cited. No permission required).

BES e oA S AAtshs WEe AEK o A8
olMst: TS HoiFdr) 3 A29 ApolHL
QPES Zgsfof Br} 2 2ap A28 oA S AArE
B ol A QB PHS AVNRC [27). AR G 5
Sool(RFE FU)S AT AE ABN A7, LiH
wAte] oA AXE Al skt

3.4 Quantum machine learning (QML) for

materials design
QML Jat A HEIS] 014l 2] L2 5g B4l A
2] 542 ol 50, M2 AEg At o AHgd
o5 gAt 2

of. 53] ARt Mg A AU A
2 A
E

wA5te], AlaA] o] 282 4 Aot [28]. QML
A ARBY oS 7 stgoll A&ste, ST Al
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AA AESIZ2E 2 A A8 a2 2591 Q0. of olux] FX] 7iE & ReHd Fouf /i Sofl & 71 E
S3], A2 Betof o] QML YA A ABI0] B S o BhaL Y
2UME Rf2o] 2o, seld E4S o w2l G 8A
02 |58 4 e AMBS ALk vl gt of 3.7 YA eBIFS S Lhx 27 M
At dae]E5-S 2T QML of[|A] XA; AR, F0f, gt
EA 5 oget Al = 1feh Zofo| A &ds] AL Tk AL G| &2 AlLteletar A2 8f Zopo| A H4lA QI
g AFoM =, 282 AHESto] AL stel AlMEE 7HSy S8 754 S AlAlSHY, S8 B BAF & A& 5ot
stob= A2HEZ AlAISHY, 55] 4 24T R A8l §  oFE AA oA Fash 93hs gidsict o5 Sof,
g &0 F-Z w0 AE AAA 717 st 2H2o]  VQE (variational quantum eigensolver)e} 22 FAt
At ghet AlAte] H] 8-S FOlUME £ HEES 9 WP GuEe 7|E0] AEA AL Wo] vls) BAE
& 2 Q&S BT [29] EAF AJARS] o | x| RS A w21 FJshA ALt
& 2t} [21]. o] & &oll &4 steA 445 7H 24T
3.5 Quantum monte carlo (QMC) methods 2122 ggxoz AAGIAY NES oFE S5 E B
k=gl 71 4 o). Eot, A A EA1F Z2 1
A 2HZFE = WH(QMC)S AT ARE S AMEsto]  ©o] AAFshA A|ARIOA A da]E&2 54 AT A
ZEI7IER Al EEo]dS a8 o Aisto =, AR EE WA Ao =M, FAF BEST} Als AA
T2 A ¥ A 595 Algdoldo] E8E 1 Ty Ao udE FA) s Ao 3 ast TS et oj2{gt gL
[30]. o] A& tehofA a0l 2HZIER Yol A/ 254 AdH2 Ais oMz Aoz &= 4
2517] & S A8 A i r O wh Qlon], A ARE S S0l Bt JUst &5 Als
27 siZ2E 2 o). A SHZIER UH2 JAXF 2 B4 #40] 755ttt
=AoA A =9] getst o|HR| & AlLtshe o] 783 5
M w202 ofxloiatA A|AEI0] EAIYS 2 & 3.8 UA AT SEEEM Y SR AT
ol gt o]tk 53] QMCE JEAHgohe RALS
o] kgt oy Aot 22dA §4& ol &oh= ol BA=Z 7t A A= A 4, Aot AR g AAA dE 5
AW, o] A& A0 28 ATZ ottt A QMC =53t 2218 E48 ol 7189 Ajlgetes 22802
+ A 249 A Het A% 12 A 5 S e & O 45S Alesitt ol & S0], ¥APE(quantum dots,
Aol A&t QMC &2 ol &all A 2429  QDs)t 22 U AX= MRS A} L4 gupa QIs|
RAAF F2E AlLtehs o] weh A Q] 2] 7RI HarE o] o]Atstd o yx] £S5 ZHA] Tof, R g A9t 2] & S}oj
A0 [31], QMCO] thefst W WR(VMC, DMC )& A 5Q3F 93-S et E3, 2 AFtoa = 2d 7]
AYsta, QMCIT JARL 5282 gdetor 233 o vt Fapgo] AR W] AJEj'S o] g3tof Fule 3
98-S A|H5tD], Yte A9} 24 7o R gof A &Sttt B sl 9ol AA|EQT} [34]. o] =T oA £ Rs}]o]
Ot 2] 9] AFoA], QMCY] AXt {25 A7 =W Wu 931E-e 73 69 U Z1a} 2ol o]& 12 A}
= A5, dit 2 Al g Al AR oA 2] QMC Aledlold  HE Esl A S 245t DC/AC AYS 2As5}
= B0 gagAos £8 2 Qe 7HE ARtetth o] 1, whaba] J2jW 79k FAPE O] Wie] A2l 9 ER]EE]
=2 59 1A Aig AAA QMCPT e A& S Edf =28 01 1 AES UERE 4 32 2
2 29SS BoET [32]. o} ol YA BE A2l g Y MEF Al s Al5st
ot ol2f gt A} A= A AR Algelol oA A
3.6 Quantum simulation of chemical reactions O] At 25 1 & 2 JUsSHA sjAst= ¢ B4Rl &
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HAYEZ olalistAY, A&l AAMA 2 12 54 FAEL AR Al Alojstil 483 2T o
Bop A5 o &S 4 Q. o]2igh Al gefo] d2 ANl Qe 55T 224 EA4S AleT =M, 78l o] s
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Fig. 6. The double QD qubit structure (The QDs are electrostatically defined. Gate V' is used to tune the potential barrier and, hence, J. Gates
VL and VR are applied for DC/AC tuning) [34].
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