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Figure 1 (Color online) Properties of ferroelectric bilayer h-BN. (a)—(c) Geometric structures of the bi-stable polar states and a paraeletric state for
bilayer h-BN. (d) The corresponding switching pathways for bilayer h-BN under different interlayer pressures. (e) Ferroelectric polarizations of bilayer

h-BN and 2H-MoS, as functions of the applied pressure.

iRait, S B ) — N, JZES-Mo [AI¥ER
=5 EEh-BN B I, #1T J= [8] B Aif % # AN Jch-BN.

B TR B ), A — R RNE T LA n £
JEh-BNHARAL. B TR AGIR TR e 2 R HERE, @
I EXNUZh-BN_E PR HESE— Eh-BN, JERKABCHERE, 1]
DAKE Iih-BNAA & B AR AL, dnfE2(a) s, tHEA S =
JZh-BNH HLAR AL 92.18 pC/m, HEXUZh-BN i 144.94%.
B = Eh-BNEA KR AR, (AR RRE
22 K/ 1 2 X ATV E R ATAT PE 2 G E 2. NEB
R R, WMAREMAEZ250.42 meV/E T
(E1(d)), 5BN-Gr-Gr-BNf& R A0, 054K T 02
h-BNIA R, HAKTT S, b =ZEh-BN¥8k i [ i 445
HEABC—ABA—CBA K (E2(a)—(c)), 5=/Z3R
MoS i [A)P7, 3 Al ) S LR 5N T ABAME B
s, KR EREAGEL. REABAMESRE
= JZh-BNH [ A R e YA T AR S T ABCHEBE,
B4 50 B 3% AT F 5 AR 1 = 2 h-BN 3 BR 30 2k HE A Ak
S

B RORWEIT T 1 E K S5 = Zh-BNAI2H-MoS, [
M. 43 H R /1 91.22 GPal, XUZEh-BNAIHRALE0
JE 1 88 T 26.30%, ABCHEZ:Ih-BNFIHE Ak 1] 18 55

T16.97%, 1L £2.55 pC/m. {HAER N Z, —/Zh-BNH
WAk S5 2% 1) 6 2 [R] IR 48 0 £00.52 me V/JE 1. 1B T
(19 34845 = Eh-BN I AR AL FES8G 58,  M2.90 GPa
JE 1 FHI3.36 pC/m3f N #/4.58 GPalk /1 F 1
439 pC/m. Hik—FH L £6.26 GPalt, FMALIZETHE
5.72 pC/m, Sh-CeN#ZAHHY MR L SN
7.94 GPaltf, HLHRALHE L F]7.26 pC/m, Wtk [
229K F)1.2 meV/JET. BT ABCHEEEF)2H-MoS,, %43
LR J1 N0 B AL 38 SN0.45 pC/m, £1°8 = JZh-BNH
20.45%. 243 H K /1 N1.40 GPallt, =/Z2H-MoS, Ik
TR IEHR T 47.13%, £30.66 pC/m. % /1% T,
—JZ2H-MoS, HI#k b 58 E M 2.34 GPa R #10.81 pC/mifY
Tn#03.28 GPa F110.99 pC/m. 4% 17+ %5.16 GPali,
= JZ2H-MoS, It b iA % 1.40 pC/m, ELOJE 3 R4 Tn
T214.71%. M2 F, = JEh-BNTE6.26 GPalf T B &
JT AR AL L O ) R4 17162.19%. =2
2H-MoS, [ A 58 FE B ARVCA = Zh-BN 1/5%1/4,
EUGT i B g T 25 0 s

NT ARG R AL S B R D Z KR,
BAVES T — AR, BN ERS — 2
1) H A 7 7% 2 oK B A [ J2 IR B AN i 1 11 2p U 22 (]

254611-3



SRS, R WA J1h RO

2024 F sS4 S

(a)
(d)
15} -
E 10} -
[e}
= L
3 05} 4
£
= I
< 00Ff -
| —=—7.94GPa \y/ ——1.22GPa
_05 _l._458| GP.a 1 +(|) GPa 1
0 2 4 6 8

Reaction path

——h-BN model

MoS, model
6l ® h-BNDFT s
® MoS, DFT J10 TE
I Q
=
4r Q
—40.5
2
1 1 L
0 4 8

Pressure (GPa)

2 (MZROR IR L = Zh-BNEITE L. (a)—(c) = JZh-BNHIXURR AR AR A AH RIS A B i 545440, (d) AFJZ TEBE R =2
h-BNIFIAE SR AL R 55 26 4%. (e) = Zh-BNFI2H-MoS, 18k FUAK Ak 58 FE 8 2 B K ) ¥ 784

Figure 2 (Color online) Properties of ferroelectric trilayer h-BN. (a)—(c) Geometric structures of the bi-stable polar states and a paraeletric state for
trilayer h-BN. (d) The corresponding switching pathways for trilayer h-BN under different vertical pressures. (¢) Ferroelectric polarizations of trilayer

h-BN and 2H-MoS, as functions of vertical pressure.

ESF 5. BT P A pAUIE 2 18] 1 7 3
DATHE, ARV P ASs Bl 2 8] AR 4 B HE R T X,
Hlkde™, Horhd o Eh-BN2 8] (R 85, kRIEARIE
$. BT XUZh-BN ) H B A Bt 2 ) B2 5 F 388 it s/,
BB FELA A 1~ 1 B F A H e 2 T D 2 5 2 I B A
1/diI &, WA BATS 2 A Ab P55 2 AT BE B d 1) R R,
Blke™. 7EFE /7790 GPalffilr, Joid )2 1] BE B Kl
/N, h-BNAR R I RE ARSI 0. Rk, FRATAT DO P2
h-BNIJVU AL BAE FRR AT R BRI, 2T
B PRI 3 6o 3R S A A EL R P R 2 ) B
PRECR T, AT LIS R 2 2 8] 1 JIE N 2 8] B 1 bR
. Ek, FRATRT AR B ) 5 2 R R R R K R
NIE S ip A AL THTAR 18 70, B DA 9ith 5 J2 () B 2 R
PR R, FUk, ATLAS AR Ak 55 B PRI B Jip2
E PSS
P=ke™. (1)
X B 1(e) AT B2 (e) R AT 5, AT AXUZ AN
= )Zh-BNISH N—-0.16, %k 550.92F12.08;

XZEFA = JZ2H-MoS, IS 845y 7 8—-0.15F1-0.22, =
Hksy 550.13F10.46.

L b, HERPRLEA R IR, TR AN )k
ST RIS AR T, X — SRR ERATIR A
W 7025 i XUZh-BN [ J2 [0 7 2k A be il s 2 (1) &2
FHAHEAER. SEEBNGKE 1 LR 4549 an B3 T,
ALJE N N3.2 A, AME 1R N65 A, B XX
BRIRIER B, TEBNYKE H, By BJET-#1m P4,
MATAENR F# Ao, I AR 17 77 19 1 i)
S 3 @) PR LR, KU, ABHES S
HAZh-BNH R I AE 2877 W) BRIk, 5 bt
WHITEE M Pt oL—3. CLAB B, FhE
(B 5 TR A M 7 25 78 9 A R N 7 b, TAME R
NJET5WNENANLIEFOXFE, WE3b) TR, X
ot JLART 8 1 3E — 2B 7 ANE TR B R T 5 N N R
TR, R, J2 a8 B lr, W 548 2 18]
AT R, FEUZ B AR B R AN T 2
M, 3@ RN R FTR. TEIX MR 45,
J2 T) Bk LA A R e o 7= 2 A AR AR B ) — B, P[] 3
58 T4 I BNXUZ W IGF il R ez, 625 BN
JEHIABMES S5 1, N3 (c) s, SME T N 1 B 3%
HAIE N H IBIE T B 5, TAMNE A+ IBIR T HEBILE
WA IS0 B, T2 B a2k s AR Ak,

254611-4



ST, PERRE MBS 1% ROCE 2024 0 BS54k BB S

(@)

o
I
AN
o

-

L

——AB, 200 | (5.00@
—~ -15F ——AB, - ;
S R '
= S 160} -
£ 20} {4 £
Q >
5 i < Go)@
-25F i 120 -(12,0)@ (16,0) s
(20,0) _
I r(A) T k(A1)
_30 1 1 2 1 80 1 L 1 1 1 1 1
-10 0 10 016 020 024 028 0.32

3 (MZRORZ D XUZBNER AN il LR 5. (a) XUZBNARE 1R &1, KT Sk & Jit i S AL 7 18], /i h&os
RSB HBRAL T 1. (b) BNYRE (8,00@(16,0)FIMIALIE, P AR AUBIR 100 T AME /NI A0 R 7. () BNAKE (8,0)@(16,0)
FIUALEE, A PEINIE AL TAME AL L T 5. (d) BNAUKE (8,0)@(16,0)7EAB FAB, FI R HEE T #4568 (K142 7] 7347
(e) AN [F) J2= [ BEANF- 255 pHy 22 1 7o e e 2 1] ) 35 b v T 22

Figure 3 (Color online) Coupling of ferroelectricity with flexoelectricity in BN bilayers. (a) Cross-section view of a (8,0)@(16,0) double-walled BN
nanotube. The big arrows indicate the direction of buckling induced polarization while the small arrow indicates the direction of sliding ferroelectric
polarization. (b) Side view of (8,0)@(16,0) BNNT with B atoms in the inner tube located beneath the center of the hexagon of the outer tube. (c) Side
view of (8,0)@(16,0) BNNT with N atoms in the inner tube located beneath the center of the hexagon of the outer tube. (d) Plane-averaged radial
electrostatic potentials of the (8,0)@(16,0) BNNT with two distinct interwall stacking. (e) Flexoelectric potential difference induced by the interlay

sliding ferroelectric polarization in double-walled BN nanotubes with different interlayer distances and mean curvatures.
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Figure 4 (Color online) Tribological and electronic properties of double-walled BN nanotubes. (a) Relative potential energies as functions of
interlayer sliding distance for double-walled CNT (black rectangles) and (8,0)@(16,0) BNNT (red circles). (b) The corresponding interwall frictions
along the sliding pathway. Band structures of the (8,0)@(16,0) BNNTs with (c) AB, stacked and (d) AB, stacked walls.
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The recent discovery of sliding ferroelectricity in van der Waals (vdW) materials has attracted tremendous interest owing
to its potential for miniaturizing functional devices with atomic thicknesses. However, the practical applications of this
intriguing property are largely hindered by its inherently small electric polarization resulting from weak vdW coupling
between the component layers. Using boron nitride (BN) multilayers as a prototype, our ab initio calculations
demonstrate that vertical pressure can substantially enhance sliding ferroelectricity. Specifically, a moderate pressure of
4.63 GPa can increase the electric polarization by 125.58% in bilayers and 104.79% in trilayers. Furthermore, when the
multilayers are bent, the ferroelectricity can be further coupled with flexoelectricity to yield an amplified net polarization.
Notably, the pressure-enhanced electric polarization of ferroelectricity can narrow the band gap of bent BN multilayers
without requiring an external electric field. These findings present sliding ferroelectricity as a novel degree of freedom
for manipulating electromechanical coupling in vdW materials.

sliding ferroelectricity, vertical pressure, hexagon boron nitride multilayers, mechanical-electrical coupling
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