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Fig. 1. Structure, band structure, and comparison of d1T with c1T: (a) Trimerization of Mo atoms
in the distorted low symmetry 1T form with a v/3 X v/3 unit cell and (b) electronic structure of d1T
MoSz2; (c) displacement vectors (green arrows) of the d1T phase with respect to the c1T phase; (d) an

isosurface of the difference in charge densities of ferroelectric d1T state with up polarization and the

c1T state; green color (light grey) denotes negative charge and blue (dark grey) denotes positive

charge; the broken inversion symmetry in the charge density difference confirms ferroelectricity in

the cell-tripled ground state structure (301,
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Fig. 2. (a) Top view of group-V elemental monolayer; the rectangle with black dashed lines indicates the
unit cell; (b) side views of the two energy-degenerate distorted non-centrosymmetric structures (phases A
and A’) and undistorted centrosymmetric structure (phase B, corresponding to the phosphorene structure);
the height differences between red and blue colored sites in upper and lower atomic layers are labeled as

htu and hr, respectively; (c) free energy contour for As monolayer versus the buckling heights (hy, hy,); the

phases A, A’ and B are marked [34].
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Fig. 3. Structure and lattice distortion of SnTe film

o Te

© x=si Ge, sn)

(35

B4 BJZ XTe (X = Si, Ge, Sn) kLI (a) LKA (b) LK (B7)
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Sn), respectively 137
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Fig. 5. Structure of monolayer group IV monochalcogenides (M X) and their ferroelastic and ferroelectric orders [

42]

157701-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 2 R  Acta Phys. Sin. Vol. 67, No. 15 (2018) 157701

6 (a) H)= AgBiP2Ses A5 MALIE, ForiRta b S G (/RS IR Se, P, Bifll Ag JiF, AL tIEL
JeTeML; (b) BIASBAT A RIBRAL 7 [6] e AR 2k AR (b ) AR s e ARG R AR (e ) 5 g M40 ), G e 58 R R
Hi kA AR BidY B TR Agt BT TTMMIRAL, SEF LR AZ AgBiPaSes MMRAL; (c) MM Ag MK\
i () R Bi (0 )\ (47) DL B

Fig. 6. (a) Top-view of the structure of monolayer AgBiP2Seg; the brown, pink, purple and blue balls
represent Se, P, Bi and Ag atoms, respectively; the red dashed line is the unit cell; (b) schematic side-views
of the two distorted ferroelectric phases with different polarization directions (upper and lower images) and
the high symmetry paraelectric phase (centre image); the purple and blue arrows represent the polarizations
contributed by the Bi®T and Agt ions, respectively; the green arrow represents the total polarization of

monolayer AgBiP2Ses; (c) schematic side-views of the distorted selenium octahedral with the Ag (left) and
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Bi (right) ions inside [
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() (b)

—CHs
—CH,0OCH3

—COOH

7 (a) FEEE G/ B IAELIE; (b) Sn(P, As, Sb)—CHoOCH; UL R, Hork it 3 Sk R on il pk
#¥%; (c) —CHzF, —CHO Ml —COOH B (¥ 45 4 / S AL B A AL (d) —COOH M (e) —CONH;
B 2 MoSa ML [55]

Fig. 7. Side and top views of (a) methyl-terminated germanene/stanene and (b) Sn(P, As, Sb)—CH2OCHs3,
where the blue arrow denotes that the polarization is switchable; side and top views of (c) germanene/stanene
functionalized by —CH2F, —CHO, and —COOH, respectively; side view of MoS2 monolayer functionalized
by (d) —COOH and (e) —CONHz, respectively 7],

(a) (Top ) o e
electrode [ 0 ] [ ! ]

"

I D s S
Bottom [ W
electrode )

8 (a) ML HEZ BB IE LU, Forh B R B AR BRI B (b) 4k 2 B RN S R B
FUA T 2B B IR AR A 40t 555 Sk R R 18 B R AL 77 1) 156

Fig. 8. (a) Design of high-density two-dimensional multiferroic tunnel junction array, where top and bottom
electrodes are metals with significantly different screening lengths; (b) design of two-dimensional multiferroic
field-effect transistor, where only the bottom phosphorene layer is attached to the source and drain electrodes.

Red arrows denote the direction of vertical polarizations [°6].
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-
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a
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BREPEREAT 7 HENRHE T, RIL=A AT AT Tk
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A —MlH BE TR 3dEUIES O J57 11 2p BLiE
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HLPE, AL 5 T an B 9 (b) BT [110] J5 1), FRONER
L 110-P AH, FLEK F P ol o 8 52 ) Ol /N T AR 55
Iy T ) 2 H ST RON SR Bk F M, a9 (c)
Fras, #ROELH FE-100-S AH. AUBHLAHAH L, 2kl
100-S AH¥T A [100] 75 MG KB AR, BRI T B R I
AR AN Nk P 7 A2 e 42 15 I T T 1) i/ T
WK, KT SrSiOs 5 A AR EZH T HAESE
3Ad BRI SR, ARG AN Rk B AR, (HAE RS
B LR FH R T 51 2k I, AR A 2 o v
NG K.

FE110-P

O
A4

FE100-S

K9 TiOo B3 H 2- 55 B BaTiO M (a) IR (b) 4k f8 110-P AR (c) 4k H8 100-S AH J LA 25 Fa0fF0L B A
PRI ; W5 iy Sk AR F AL 5 1), R AR AR EL, &% A 100-S MY [100] 77 A BERIEAS; Hr AR Ti—O #mE K

(Bt A) B8]

Fig. 9. Top and side views of the geometrical structure of the 2-UC BaTiO thin film with TiO2 termination for
the (a) paraelectric (PE), (b) FE 110-P, and (¢) FE 100-S phase. The blue arrow represents the polarization
direction. Compared with the PE phase, the FE 100-S phase has a big distortion along the [100] direction.
The numbers denote the Ti—O bond lengths (in A) 58],

FAb, X TN ZE R [ CaSnOgs S5 41 RHTT
&, HATHUZ SnOy M IS A M XU= WAL 5 17 4
) CaOq J=, BITBA B HLE, EMEEUZ SnO, (1

M S B EZ CaO, 2, R B Y [110)
77 e ek AR Ak, AN 10 (a) A, %8k N IEA
HE R BT, FRONERHE 110-IPAH. BT RAE —A
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IP ZU%k e AN A RS kb, FLIFY 8 B M)A 3 35 ok
F .

Side view

(a) Top view

(¢}
Sn

b

ICa
Cc a

(b) rs MT My
0 _ 0 ('Y
O e ® |
c c c
f e f
b o b
¢ a ] b
a
FE mode Rotation mode Tilt mode

10 (a) SnOg ¥ 19 2-82 70 /£ JF CaSnO # &k H
110-TP AR {7 RE &l 5 000 10 B, gt € i Sk AR R A Ak T 17
(b) Bk HL 110-IP 25 AH % T MG R 785 1 Bk rRLBE L i 2 A A1 it
R E R 8

Fig. 10. (a) Top and side view of the 2-UC SnOas-
terminated CaSnO thin films with the FE 110-IP state;
the green arrows represent the direction of polariza-
tion; (b) schematic illustration of the FE, rotation and
tilt modes presented in the FE 110-IP state relative to
the PE state (58]
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FeAZ Sy Prm2y XEFRPE, Pb Al Te Ji A A~ A AH
XL, MTIOAE T N 7 A2 E R AL, 15 27T A
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109K s v AT DL A 0 2 B R 3 1 4 S B
BT 7 WAL T T BR L, ARA R A R
B AN 3 T BT (A2 3, JF B XUZ B8k
(WA 388 B 5 4 8 T 5 B Bk r A AR 22 (600 37
b, BATIEWTTT T R 6 ) v A 1 & rhid it
HLAT 15 2% S NBRHLPE AT REVE. AL AL IR & )8
KAV, 1 CrBrs, HI T @R FRIE (Dsq) HIS5HET
ARG BATRHT TR, 85 2% Li %R
17 AE CrBrs d A% o 5l N5 B0 L7, AR AT
Cr-Brg 1 5l 51 K SCH HIAEXTFR Jahn-Teller B4z,
NP 11 s, W AR [N TR T AR R R A BB
S, MG R E N BR AR AL, OF HiZ ik &R
i AR AL S AL BT BRI SRR, NGRS &
Jo 4 2 BRIEM R R SRR AL T T 5 61,

KR AR R LA, BAE ERR R A
REAE IR, EREEDTFURIRN, AT

11 fEALHIR (a) CrBrs A (b) CrBrd®~ LMoL, JEdvk G RNE Gt/ BR 40 IR E Br Al COr LT, 357

HELAR A A (O]

Fig. 11. Top view of the optimized CrBrs (a) and CrBrg‘s_ (b) monolayer. Brown and cyan balls represent

Br and Cr atoms, respectively. Dashed rhombus represents the primitive cell [61].
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Fig. 12.

dimensional polar metal, (b) two-dimensional polar

The schematic diagrams of (a) three-

metal with an in-plane polarization and (c) two-
dimensional hyperferroelectric metal with an out-of-

plane polarization [64]
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Research progress of low-dimensional ferroelectric
materials”
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Abstract

Ferroelectricity, which exhibits a spontaneous electrical polarization under Curie temperature, is of potential value
for sensors, photonics and energy-efficient memories, solar cell, and photoelectrochemical applications. With the rapid
development of high-density electronic devices, miniaturized and integrated ferroelectric devices have been a development
tendency for ferroelectric materials. However, the size effect and surface effect restrict the applications of traditional
bulk ferroelectric materials on a nanometer scale. Therefore the ferroelectric properties of low-dimensional nanomaterials
have become an extensively studying subject in the field of material science. In this article, we review the theoretical
and experimental researches of low-dimensional ferroelectric materials in recent years, including two-dimensional van der
Waals layered ferroelectric materials, covalent functionalized ferroelectric materials, low-dimensional perovskite materials,
external regulation and two-dimensional “hyperferroelectric metal”. We first give a concise outline of the basic theory,
which relates to the existence of ferroelectricity. And then, we introduce the intrinsic ferroelectricity into two-dimensional
materials. Many samples have been predicted, and the origin of ferroelectricity can be attributed to the soft modes
of phonon, which leads to the ion displacements. Further, we discuss the ferroelectricity in covalent-modified two-
dimensional materials. In such structures, the modified groups produce spontaneous electric dipoles, and lead to the
macroscopical ferroelectricity. Therefore, we focus on how to design such structures, and the consequent ferreoelectricity.
Considering the big potential of perovskite structures in ferroelectric family, we also discuss the recently reported low-
dimensional perovskite structures, indicating several competitive mechanisms in such complex compounds. Additionally,
we also introduce the research progress of other aspects in this field, including charge-polar induced ferroelectricity, two-
dimensional ferromagnetic ferroelectrics, and hyperferroelectric metal. The reported new physical mechanisms are also
provided to explain the low-dimensional ferroelectrics. Thus, such results not only mark the research of low-dimensional
materials entering into a new stage, but also provide abundant physics in this area. Finally, the development prospects

for low-dimensional ferroelectrics are also discussed.
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