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Fig. 1. (a) The side view of CulnP,S; (CIPS)BU; (b) structure of three-dimensional 1 T'WTe,*l.
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Fig. 2. (a) Top view of the structure of monolayer group-IV monochalcogenides; (b) the schematic side views of the two distorted

degenerate polar structures (B and B') and the high symmetry nonpolar phase (4)B4; (c) the top view along the vertical direction

and side views of the VOCI, monolayer!*.
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Fig. 3. (a) Three-dimensional crystal structure of layered InySes; (b) top view of the system along the vertical direction; (c¢)—(h) side

views of several representative structures of one quintuple layer (QL) InySes!*?.
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Fig. 4. (a) Schematic and (b) optical image of the device; (c), (d) FV curves of the ferroelectric diode with switchable rectifying

behaviorl4),
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Fig. 5. (a) Schematic diagram of a two-dimensional ferroelectric tunnel junction (2D-FTJ) device based on homostructure; (b) the

schematic diagram (shaded regions) of 2D-FTJ In:SnSe/SnSe/Sb:SnSe; (c) asymmetric potential energy profile as a function of

ferroelectric distortions in the 2D-FTJ In:SnSe/SnSe/Sb:SnSel*.
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Fig. 6. (a) Honeycomb lattice and its Brillouin zone; (b) electronic dispersion in the honeycomb latticel; (c)—(e) the schematic

band structures at valleys K, and K_ of representative 2H-phase TMD monolayers: (c) without SOC effect, (d) with SOC effect

and (e) with SOC effect and a positive exchange field, that is, the valley-polarized casel.

TR, FoUE RS 52 Gy, 1 Oy, LSS B
SEHEFIAN RS B (ik - plj) # 0T RF IS 21
B TEHLZE GeSe 1EAC A& 4 tb , HH 30AE = X B
LR V, BV, 5 RN A 00 43 ) e A
AR p, 58 p, 25 540, JEBEIN o A1y J7 ] 98k
HRALTE R V, ALV, PR AARAR S . AR A ARG
()27 S B W), AT LATE Ff By B 1Y) Sl
e, SRS B R IE 23S S T A (R ERAE
RIS S AR BIAR T L FRR 5 A Ay, Ak
AP L ZFRR, WA ST 2y
FRMH AR ERIEX A, @ A, TS HKE
KEWARTT AR A, BB FAB R BR AT B h
MECASE TR, B FIEIZMIL T RIS AL H Y
R A B R L. TR S GeSe 17
s B p, 1 p, BUE RS, XFF o iy J5 10 T
WAL, X T4 R By v, fl Vv, BEs R
— RIS ASHEBE. HI, fEIEsC AR,
AAER L 5 LA A 2 (] S sOe PR pl TR, IF
SERER A RES R IR W IR BLS, 7o v R R
AR TR 1 F R AR A, SCE R IR b
RIRTHLEL. anlEl 7(a) RO 7(b) B7R, BEAY V, F1 V,
HAARNMHER IR, tribid A RS ™A 8
ALY 2 7 a5 AR BT y 7 A, ERaE iR
W o BABUE. B e BT, Rl 7(c) Fl

Bl 7(d) Fim, B H R EUE TR IR 2o 1 yy R
MG B U] T REA RIATIR R JTAk, JF Bk
HLM A 10 S 7 2 RS PR S 1O SRS . AT
REAF 3B 17 I B 2 s i D MRS 1) D' 2ty Bt ) AR
BT 7 — g i) —4E R A E. anlEl 7(e) FR,
TR AR R i b, St e 37 i 45 T BT D
TREIR MRS A Ak, 3F 1T B Ve PR R M 3RS A
6] 77 ] 9 S SRR IO R . 5L S ALK St (i
A AH LL, IR Y Y AR i i AN O BEHEIR AR 7545
SE T SRR, T HL L REBE MRS 22 K
AR m ARG, SE—PHR 0 TR RS B o
FeH T4 .

Haldane 584 & — i J0 75 MM S0 fn o s 37 7
A I RGN S T SR R AR g A, o
s 1) S5 5 AN T A R A R 1 s T
{HEEA R G0 b By SE T B OG AR N E . SRl
R AR Sl 7 o  Ra 0B VWa i | DAL S L PR /N 4
PR AT LA T F R BRI 1™ Az Hu 55 PO I T3
WH T B, s CIPS/MnPS; Wil 5L H
W e BT A L, SEBL T R R SRR S Y L Bk
AR AN, JB T P3 ZS IR CIPS HA 2%
PN AT B IX, R/ IN RS 8 T 7 A 14 R
F, i R X AR A, [RIRERTE K M K
Abr=rE ETEBF R REAR IRARAS, RIAR 25 #3

217710-7


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 21 (2020)

217710

3 - 3
a e o BEe B ¥ 7 . b % ~ r y = o
@ °f ﬁzg.; " B NN I \ N
3 '.C _Fhw'. .‘E‘-' .'- t ".““‘-? ' °'g 2 ¥
ik "t et L B~ "t
®Ge-p Se-p ®Ge-p Se-p
> olk..... . ®Gepy|8Sepy | ... > ok ...2Gep,|88ep, ...
o © Rl
= | . > a8
8 1 541 .
3 5}
a | a |
—2F —92 -_.o—\ -~
-3k A1
F % vl oo = -y
. = A -
—4 - —4 :
r Ve, X K Y r Ve X K Y V, r

% 10

Imaginary parts of dielectric function:

8
6
4
2
10 =
8
6
4
2
i)

sacaadll, " . ki I
.08 1.10 1.12 1.14 1.16 1.18 1.20 1.22

x-polarized light

4

Energy/eV

7 BRHL GeSe BJZ (a) p, AAAI (b) p, ABIREHF S5 () p, AN (d) p, A GeSe BJZ P, 75 T F1 § Ll dROCHUK T 8924 L bR
B e; (e) FTHRAT GeSe BJZ 52 M AY HL A8 D 4% T AT I B 25 1 B9

Fig. 7. The band structure of ferroelectric phase GeSe monolayer in (a) p, and (b) p, state; the imaginary parts of complex dielec-

tric function ¢, excited by linearly 2-polarized light and y-polarized light of ferrovalley GeSe monolayer of (c) p, and (d) p, state;

(e) proposed electrically tunable polarizer based on the ferrovalley GeSe monolayer.
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Fig. 8. (a), (b) Structure configurations of CulnP,S;/MnPS; heterostructures; (c)—(e) band structures of CulnP,S;/MnPS; hetero-

structures; the imaginary parts of complex dielectric function &, for CulnP,Ss/MnPS; heterostructure with (f) downward and

(g) upward ferroelectric polarization; electrical switch of valley degree in CulnP,Ss/MnPS; heterostructures in (h) upward ferroelec-

tricity and (i) downward ferroelectricity!™.
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Fig. 9. (a) Electronic band structures of the WFE WO,Cl, monolayer in the PBE and HSE06 approximations with SOC; (b) DFT
energy profiles for the CBM outer (top) and inner (bottom) branches of the [110] Dresselhaus-type spin split bands; (c) out-of-plane

and in-plane spin component distributions with different ferroelectric polarizationon the constant energy contours corresponding to

a cut at 0.2 eV above the CBMI%7],
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Fig. 10. (a) Heterostructure side views with the In,Se; ferroelectric dipole moment directed upward and downward (

P, and Py,),
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respectively; (b) calculated magnetocrystalline anisotropy of CryGeyTeg in the heterostructure versus the van der Waals interlayer
distance; (c) projected spin density of states for the surface (Sel) and subsurface (Inl) atomic layers close to CryGe,Teg; (d) inter-
layer distance dependence of the proximity-induced Sel and Inl spin moments!™.
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SPECIAL TOPIC—Centennial ferroelectricity: New materials and applications

Recent research progress of two-dimensional intrinsic
ferroelectrics and their multiferroic coupling”
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Abstract

Ferroelectric materials have become a research focus of condensed matter physics because of their electric
polarization state which can be regulated by external field and has potential applications in sensors,
optoelectronic devices and information memory devices. With the rapid development of microelectronic
integration technology, electronic devices are becoming more and more miniaturized, integrated and
multifunctional. Due to the size effect and interface effect, the traditional bulk ferroelectric materials are
difficult to meet the requirements for this development. Therefore, low-dimensional ferroelectric materials have
received extensive attention of the academic circle. In recent years, stable room temperature intrinsic two-
dimensional ferroelectric materials have been successfully prepared. The prediction and design of new materials
in theoretical method such as first principles calculation also promote the development of two-dimensional
ferroelectric materials. At the same time, the multiferroic coupling effect of two-dimensional ferroelectricity,
ferrovalley and magnetism can be used to realize the electronic valley polarization, electronic magnetic control
and other regulatory mechanisms. The coupling of multiple degrees of freedom will produce strange physical
properties such as optical selectivity of circular (linear) polarization between energy valleys and quantum spin
Hall effect, which is of great significance for developing spintronics, valley electronics and optics. In this paper,
the recent progress of theoretical and experimental research of new two-dimensional ferroelectric materials is
introduced, and the applications of two-dimensional ferroelectric materials in two-dimensional ferroelectric
devices such as ferroelectric tunnel junctions and ferroelectric diodes are presented. Secondly, the multiferroic
coupling effect of two-dimensional electrically controlled ferroelectric valley and electronically controlled
magnetism and their derived new physical phenomena and mechanisms are described. Finally, the rich physical
connotation and broad application prospects of coupling two-dimensional ferroelectric materials with other
physical properties are analyzed and discussed.

Keywords: two-dimensional ferroelectric materials, two-dimensional ferroelectric devices, multiferroic

coupling, first-principles caculation
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