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Fig. 1. Top, oblique and side views of the structure of two-dimensional ice I. H and O atoms in the top water layer are denoted as
white and red spheres, respectively. H and O atoms in the bottom water layer are shown by dark blue and light blue spheres, re-
spectively.
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Fig. 2. Radial distribution functions (gop, gon and ggy) of
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Fig. 3. Radial distribution functions of two-dimensional ice
I at different temperatures from ab initio simulations. The
insets show elaborations of the goy plots within the
0.95-1.05 A distance range.

3.2 HTFETEH

THEVKAH TR ASTRIIZ R L T BB 45 4 R
N PDOS Q& 4 FR. FATLINT PBE, vdW-
DF-0b86, SCAN Fll SCAN + rVV10 iZ ik, REHR MY
B FE7H B 40 R 5.730, 5.582, 6.325, 6.266 eV. H:
o1, PBE il vdW-DF-0b86 2 ] f g f 7 B AH 2218
/N, [ARE SCAN 1 SCAN + rVV10 HyRERHHFBAH
ZAARIN. B, ATLUAEITESE T vdW /BRI, fig
T BRI T A, FATTA L SCAN Fil SCAN +
rVV10 {ZRYRERR BT PBE il vdW-DF-0b86
Z PR BERR. X FTREt 2 H T SCAN iZ pRA B (1)
SR 2RO T2 X B, FRATAS B0 —4EVKAH 1Y
AERR . HLT-RENFLE R RN PDOS 5 HoAth — 4k ik 167
45 M AR, X B R 4R vkAE T RN2
TSR, SO B L A PKARRS K 0.2 eV 24T

BEAR, fE HEVKAH T, O JRFH H JRFAE
]2 sp? Ak, & b w2540, I F e I
AR AT, FERUZ ZHEvk T, B2 ARV 1 22 18]
Y AH EAE R A AR 55, 1 an S AT vaW A BLAE
XN HEKHE T AR, IAEL 4 AT, Sl
EIRRK. LB b, AEH RS, X REH h I A
OTE RN, AR R R, Az RE Y B R L
R e EE, XrT LLE s PDOS 45 R .

133101-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 13 (2021) 133101

Energy/eV

Energy/eV

Energy/eV

Energy/eV

K DOS/(state-eV—1)

4 “HEDKAR TN [R)Z pR Y AL 5 BRI S5 4. 4 IR 7R 1 AR, A A B X
Fig. 4. The electronic band structure of the two-dimensional ice I in different functionals. The insets show the corresponding

Brillouin zones.
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Fig. 5. The real (a), (c), (e) and imaginary (b), (d), (f) part of dielectric function of the two-dimensional ice I in different function-
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers

Electronic and optical properties of two-dimensional ice I’

Wang Dan  Qiu Rong  Chen Bo  Bao Nan-Yun
Kang Dong-Dong! Dai Jia-Yu
(Department of Physics, National University of Defense Technology, Changsha 410073, China)

( Received 14 April 2021; revised manuscript received 8 June 2021 )
Abstract

Two-dimensional ice is a new type of atomic-scale material obtained by typical atomic manufacturing
techniques. Its structure and nucleation growth play an essential role in many fields such as material science,
tribology, biology, atmospheric science and planetary science. Although the structural properties of two-
dimensional ice have been investigated extensively, little is known about its electronic and optical properties. In
this paper, the main electronic, optical, dielectric properties and infrared spectra of two-dimensional ice I at zero
temperature are calculated by density functional theory and linear response theory. The study reveals that the
two-dimensional ice I is an indirect band gap and its optical properties show anisotropic lattice. And the
absorption energy range for the two-dimensional ice I is in the ultraviolet region of the spectrum (> 3.2 eéV) and
the visible region of the spectrum (between 2 and 3.2 eV), respectively. Secondly, the radial distribution
function and the vibrational density of states of the two-dimensional ice I at a finite temperature are simulated
by ab initio molecular dynamics method. For the structure of the two-dimensional ice I, whether SCAN or PBE
functional, after considering the vdW effect, there is almost no effect on the atomic distance, while by
comparison, the SCAN functional and the PBE functional are quite different. Therefore, it can be seen that the
main reason for affecting the distance between atoms in the structure is due to the consideration of the strong
confinement effect of SCAN. In terms of the vibration characteristics of two-dimensional ice I, comparing with
PBE and vdW-DF-0b86, the first two peaks of the IR spectrum of SCAN + rVV10 functional show blue shift,
and the two peaks in the high frequency region present the red shift. Therefore, considering the strong
confinement effect of SCAN, the intermolecular tensile vibration of two-dimensional ice I becomes stronger,
while the intramolecular H—O—H bending vibration and O—H bond tensile vibration become weaker. The
effect of van der Waals action on vibration properties is not obvious. Furthermore, we investigate the
temperature effects on the vibration spectra of two-dimensional ice I. It is found that with the increase of
temperature, the intermolecular librational mode weakens at a low frequency, the intramolecular bending and
stretching bands gradually broaden, and the intramolecular O-H stretching peak presents the blue-shifts with
temperature rising. The results of this paper reveal the electronic structure of atomic-scale two-dimensional ice
I, and demonstrate its unique optical absorption mechanism, which is helpful in further experimentally
characterizing and manipulating the two-dimensional ice on an atomic scale. Since the two-dimensional ice on
the surface can promote or inhibit the formation of three-dimensional ice, it has potential applications in
designing and developing the anti-icing materials. In addition, two-dimensional ice itself can also be used as a
unique two-dimensional material, providing a brand-new standard material for high-temperature

superconductivity, deep-ultraviolet detection, cryo-electron microscopy imaging.

Keywords: atomic-scale two-dimensional ice I, electronic structure, optical properties, theoretical simulation
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