J. Korean Inst. Electr. Electron. Mater. Eng.
Vol. 37, No. 6, pp. 590-599 November 2024
doi: https://doi.org/10.4313/JKEM.2024.37.6.3
ISSN 1226-7945(Print), 2288-3258(Online)

Academic Progress Report

Quantum Computing Revolutionizing Materials Science:

Basic Principles and Trends in Applications for Nanomaterials

Jae-Hee Han' and Joonho Bae?

! Department of Materials Science and Engineering, Gachon University, Seongnam 13120, Korea

2 Department of Physics, Gachon University, Seongnam 13120, Korea

(Received September 23, 2024; Revised October 3, 2024; Accepted October 4, 2024)

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 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
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Fig. 1. A qubit represented on the Bloch sphere [3].
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2.2 2% X} A 0| E(quantum gates)

SOl A [8].

2.3 & X} =3 (quantum measurement)
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Fig. 2. Quantum parallelism compared to a conventional computer
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Fig. 3. Principle of VQE algorithm [23].
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Benchmarking HCN-isomerization
A particular task has been to calculate the ground-state energy surface of HON relevant for HON isomerization: H-CN
4 CN-H. A useful basic comparison involves the 10-clectron molecules Ny, CN-, HON, and several HON isomers
described with 12-15 qubits (Table 111}, We have calculated the ground-state encrgy with the STO-6G basis st at
0300056
H—C=N - My
1 : |
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— e g |
] = N
M
3 1 s
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-6G Weloctrom _ #quhits _ #gates  Wvarpar (vp) TS, (80 TTSa,, (min)_ # By TTS,m, (min)
OH X 6 492 1n 003 0,007 13 0039
OH™ (6-31G) 1 17 54200 ikt 74 50 10 S0
O 8 8 291 0 012 0.06 9 as2
HyO" flat kS 1o G060 (2
HiO 8 1 10900 106 u 2 12 504
OHOY 4 4 7478 (5.3 1 .15 129 148
O-HO 14 15 15089 130 (8.3 4 18 4an
HyO-OH™ straight 16 I 3 252 10 a2 0 120
Hy0-0H~ bent 16 9 102 3l 254 12 3048
HO-OH 1t 19 25 15 s7 9 s13
H0 (STO-316) 8 0 08 @ 0% 9 W37
HyO-HOH 16 n 460 65 108 0 1950
HyO-HOH 16 2 390 90 4888 0 48880
HyOHOH, [ 1 156 150 1068 [ 10680
HyOH-0H; 13 ] 96 B0 9744 10 7440
OHOHO 2 N 678 000 33900 100 34 10°
O-HO-HO p ] M 678 J9) 44070 100 44100
Hs0™ Rat i6-31G) 8 4 650 4200 45500 0 0ns . o
Hy0 (6-314G%) 3 8 1726
H20 (6-3144G*) 8 H M

* STO-64 in the deful basis unlews otherwise statond

Fig. 4. Simulation of polymers using VQE method [24].
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(a) FC1 5TO-3G
=1.70 HF 5TO-3G
CCSD STO-3G
VQE STO-3G
- FC1 STO-6G
=473 HF STO-6G »
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=
-3 . S
g -780 Yy "
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1{ =% HF STO-6G
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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).
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Ife=+1,0=-12>

\_/ fty=+1,0=+12>

K(t=+1)
2A

K'(ty=-1)
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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
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