#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023) 126201

BT TRHER A1 MR [ RE

=29

e A

FLIF X

(T TIRERFYH S TR ARYGE, KiE  116029)

(2023 4E 1 A 16 HUkE]; 2023 4F 3 A 22 AU EIEHH)

WA 2 —FhopT LA — 2 p SRR, AR AS B TS E TR T O JE 5 o T 3 ) S AL X B AR AR
BTYIEAE T 09 J1 2 MR EPEREHEAT T R GUHRST. WA I B U0 g 2 B B 4% 1 o) R A9 R o0, I Bk T 5 4 0 7
1] B B IR 1 29 0 22 GPa. Wi 14 BT 2L 068 FEE 1R, R A8 368 3 B2 7 BURR, e T 2 2 35 1 S i s e 5 DB A
(49 BE 7. JIC R A% B WA ¥4 0 A7 5 1K T 77 1) A S R A 45 16) S M LU O 2,83, 25 0T Wl s it i 59 170 7 AR 5 0 4
PR 5 1) B AR A A 5 7D A A 94 DT Dk /) (L B ) IO A T WA 0 147 5 1) A R A 50 DU A X
0 o A AR 4 P T A BT B, B U A 3 O R A TR A iR Sl R AT R R R (e A T
B T ALK TR, BT U AR B A7 A 2 E O AR A AR IS IR 3l R TR A R R b ) Wl A 8] A O
7 TR S W P T A LAY AR AR R T IO T T A AR A SR Rl e T AR BT DR AR TR B SRR

KEBIA: WHE, BYUIRAE, TR STali )i
PACS: 62.23.Kn, 62.25.—g, 44.10.+i, 65.80.—g

1 5 =

2004 4F, £ 2B W IR B G T 46kt
(AR SR (31, ARSI, SO BARE 1 3 8 4
BRALd) O RN O, 8500 O Fnlelds 78) 26— 251 — 4k
R AR AR £ k. st g — AL R
JZJEEBE I 4R RHEAT AR 22 SR A B T A 2%

AIDLSERE, AR AR B a8 L T-a8 8

TR L R A RS Us ELA T L O A5 1919
Wi I e ph 9l I sp? 22 A0 R A i) LAl AR e
SERA —HERT R, 2014 AESEER N BE A <F BT
BB R BB AR R oA . 5T R, Bk
e HAT B B AR RL, A B/ T LR
12RO T (B2 2.0 eV, HAZ) 0.3 eV) 1,
FN, BEE R TR R S T OC H A
ik 1000 em2 VLt 5 105 54 16, Bk 2 &0

DOI: 10.7498/aps.72.20230084

KA PERE (PR (Z718) b 1—2.5)07. 5
A, WS e E 081 191 g 20-28] 1A 24.25] i i A
ST 2 AR B AR EL T ) B R W 4
] Sk, Bl AR 2 PR REAS 21 T HFse 4T
)32 6, FEEA N AT RN S50 A a AL AR
B RN R, S — TPl ELse 5 T T — GEphRt (79,

1E 1 P REAF 9T 5 1T, Jiang Al Park20) % F
S — PRI AT BRI AR T R AR T S
W7 ) A% ERASE R 4 1R 41.3 GPa 5 106.4 GPa,
e BRI A2 43 34 0.48 55 0.11. Sha % 2 R 4> T
Sl AT AN R R B AP e, =R
T, BRI AR RTS8 U5 1] 1A% ERARE A 43 Ry
20.9 GPa 5 90.5 GPa, Wridsm 530k 2.52 GPa
5 4.45 GPa, RN 4253510 0.127 5 0.058, Jf
HSIREE 0 K T2 450 K i, B i by 20
SR PR AR S EAR T 24 65%. 46, Sha 25 22 144t
BT S O AR PR, S5 R, FE R

O TAREIT S B4 (S 2021-BS-200) . KEHRHE GRS (HEES: 2022JJ12GX023) FL T IHE K2 2022 4

st RO B B (HEHES: 22GDL002) BB IR .

t BIEYEE. E-mail: tingli430@Innu.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

126201-1


mailto:tingli430@lnnu.edu.cn
mailto:tingli430@lnnu.edu.cn

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023) 126201

T 2% F a5 e T LA B O 1 T S iR R BRI 2
40%. Li Al Yang® SR+ 8 J1241 A T B
TRLA /45 0 A8 B 1 725k, S5 SRR, R4
(PrAd) TR A8 AT LS5 (55 ) B4 1) 71 24 PR R,
It EHLPR T 7 1 B4 TS A8 %o Wi b ) 24 M e 1 3 5
RS AR 1 77 o) B Ry i 3

FERREEVERERF T Oy I, 3T AR — R R EL T
Qin 55 PO 5@ 1 il 75 1 PR 4% 2 AL T RS B = IR
T T A O AR T T ] AR IR E 0
30.15 W-m LK f1 13.65 W-m LK L. % 3L P-4
Iy FBh J12 057, Hong 45 B 1) 1 )RFJERR KA
W 0 RN T R AR 53T 1 B(E
A5 1107 Wm LK ! 5 63.6 W-m LK L. 5H4b,
o7 725 %o Tl Jes A A 1 VR 5 R R T 1) %35 )
FHOG. AR U5 7 Wit bz A N AR IS, B 15 (4R T
FRF) T Ta) B4 A0 S5 B 02 A8 1 358 R 86 i (0N )5 24
FE AR TR J7 1) Tt 0 Rt 1 AR B, B0 O RR TR
T 1) AR 22 B o 1 A 1) 38 R T /s 1281, SR FH o
Bl )15 715 Zhang S5 19 B % 5N W A 0 8% U5 A
T4 7 1) i BT 2R 5000 R 42,553 Weom LK R
9.891 W-m K1, 7E 2 AT 07 ] I 1) #1 5
R Bt 2 s 4 o7 AR 1 185 T R AR 290 X6z A g
A% R TR ] (R AR SR B o TN A 13 DT S
R 1 7 1] () B SRR 1 25 174 1 R 22 R S 1
K B ARG 1) B 129301,

H T, A SRR AR T Bl 10 1 2 fdhei g
9T O A 20l , (HIE W TE L R far AR
R B FEAT SR oA R B30 AR SCR A4y T
B 12T, W B BT D) )2 R RE DL I B
iz () 5 U R AR PR HERT T RGEIRGT, %5
AT DA — 204 O B ) L AR T B, AT
Tl 1) 2 b 6 4 1 S A T 5% A AR B FH
HEEEL Rl 2EAKE.

2 EA 5%

BRI B L2 An 8] 1 s, b () Sl
B, (b) MR 5 s ik T4 5 i,y R
W7 18], BERTCHIN o F1 y 7 18] b )
k1 4.57 AR 3.34 AR FEBEIE BT S 2E ST R,
TR PR R S 5 nmx 5 nm. 7E3 B g4y
PERS, AR SEE A 10 nm, KA 40100 nm. A<
SCH B R 5.24 AR,

@ = NNNANNNANNANN
L

x

(b)

1 BERMEFER (o) fURLIEL (b) ML
Fig. 1. Atomic configuration of phosphorene: (a) Side view;

(b) top view.
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Fig. 2. Stress-strain curves of phosphorene at different temperatures for shear deformation: (a) Armchair direction; (b) zigzag direction.
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Table 1.  Mechanical properties of phosphorene under shear loading.
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Fig. 3. Shear properties of phosphorene at different temperatures: (a) Fracture strength versus temperature; (b) ultimate strain

versus temperature.
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Fig. 4. Thermal conductivities of phosphorene in the armchair or zigzag directions: (a) Thermal conductivities versus length; (b) in-

verse of thermal conductivities as a function of inverse of length.
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Fig. 5. Thermal conductivities of phosphorene in the (a) armchair and (b) zigzag directions under shear strain.
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Fig. 6. In-plane (upper panel) and out-of-plane (lower panel) phonon density of states of phosphorene under shear deformation:

(a) Armchair direction; (b) zigzag direction.
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Abstract

Phosphorene, a new two-dimensional material beyond graphene, has received increasing attention in recent
years owing to its superior physical properties of significant utility. Herein we carry out molecular dynamics
simulations to systematically study the mechanical and thermal properties of phosphorene under shear loadings.
It is found that the shear modulus of phosphorene is about 22 GPa in both the armchair direction and
zigzag direction. The fracture strength and ultimate strain of phosphorene can be significantly reduced owing
to stronger thermal vibrations of atoms at a higher temperature. The thermal conductivity of pristine
phosphorene at room temperature is obtained, specifically, it is 18.57 W-m-K' along the armchair direction and
52.52 W-m L. K™ in the zigzag direction. When either an armchair- or a zigzag-oriented shear strain is applied,
the armchair-oriented thermal conductivity decreases monotonically with the strain increasing. Whereas the
zigzag-oriented thermal conductivity exhibits a non-monotonic behavior. The strain-induced redshift occurs in
the high-frequency phonons of out-of-plane flexural modes in the phonon density of states of the sheared
phosphorene. In addition, the buckled structure of phosphorene will lead the deformation characteristics under
the shear strain differ from those of the planar structure such as graphene, which has a significant influence on
the lattice anharmonicity and phonon scattering. It is believed that the interplay between the shift of phonon
density of states and the change of phonon scattering channels results in the unique thermal transport behavior
of phosphorene under shear deformation. The findings provide an insight into the understanding of the
mechanical and thermal properties of phosphorene, and have significance for the future applications in

phosphorene-based novel devices.
Keywords: phosphorene, shear deformation, thermal conductivity, molecular dynamics
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