Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

RGP R 5 BLAR R 1%
Fip® 3R FES KAK
Engineering of properties of low—dimensional materials via inhomogeneous strain

Wang Ya-Xun  Guo Di LidJian-Gao  Zhang Dong-Bo

55 &, Citation: Acta Physica Sinica, 71, 127307 (2022)  DOI: 10.7498/aps.71.20220085
TEZE [T View online: https:/doi.org/10.7498/aps.71.20220085
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FRFT BRI AR I HA SCEE

Articles you may be interested in

THEREVERT R R YIVERIT ST S PR RE R 5

Study on physical properties and magnetism controlling of two—dimensional magnetic materials

WAL 2021, 70(12): 127801 https://doi.org/10.7498/aps.70.20202146

MR EE R T 1
Methods of transferring two—dimensional materials

YIFI£4. 2021, 70(2): 028201  https://doi.org/10.7498/aps. 70.20201425

ERAKIURL 5 BB AT A4 1) St v P Ay B o

Interface modulation and physical properties of heterostructure of metal nanoparticles and two—dimensional materials

PP 2022, 71(6): 066801  https://doi.org/10.7498/aps.71.20211902

A B R AR UG MORIERAE | {5 S R
Second harmonic generation of two—dimensional layered materials: characterization, signal modulation and enhancement

PB4 2020, 69(18): 184210  hitps://doi.org/10.7498/aps.69.20200452

BRI U L TR e AR R 5T o 4 g
Applications of new exfoliation technique in study of two—dimensional materials

YrH2E 4. 2018, 67(21): 218201  https://doi.org/10.7498/aps.67.20181636

THERPRLBR A S A BT T

Research progress and device applications of multifunctional materials based on two—dimensional film/ferroelectrics heterostructures

WIBEAEAR. 2020, 69(1): 017301 https://doi.org/10.7498/aps.69.20191486



#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127307

T (REM BRI AT I iE

(R4ERT B T B3R5 5 M 3F R4

TwE

FHRE

KA K

(LU= SEORSBE, dbat 100875)

(2022 4E 1 A 12 BULE]; 2022 4F 2 A 10 AU EMEHH)

TR ARGERT L 1) 0 27 0 1 o 25 05 2R Ay BRI S ok o B A F 8 1) — S LI . I AR T AR AR L
BHPPER — A B 2T B A F T HRBDR, IR4ERDRHE B B A R0 1A R B, HF R B B R 254 - T
Wi 875G A%, DR b T Lo ok 45 R A JE X BB F P R AT A A . AR SO H RS A A Rl i AR 8
AR ARATHT A PR BT ST E . R B PR, B R 7 00 A il L AROR . B AR U, T BT S

SR | TH AN L K 7 3 S RN Y IV 45 D T

BT e . MR MR, TR

I AR IR T A AR EG R X R, BT R A 30 S A B T 0 A R R A — W SRR FEE . AR
AL T TRIRBLUAR Y 5 N AR B9 5 G307k, BRI SCAR I 75 1%, O 187 244 413% 07 1k i — S8 HLACR ]

SCHRIR: UERDRL, SRS, MRS, BRI, ) S ik

PACS: 73.22.-f 73.90.+f

ail%

1 5

THERPRHE SURA ST SO T R Y
JRIRGER. AEJZ N, 5 TRDE i i i 3AN B 4%
T AE JZ [, J5 18] A7 6 555 1) L 7 L H VR
P, s sh R E— > R inE
. XAERIR Y R S0 R T —4ERPRIF 28
AW, JEE AT L AL BB SR SRR T 5T
M ZMTR R, RN B2 e
Jm g SR A 12 R RIS I SR s A B,
AR R U AINAENR R O, LUK “HERETER R B
. TR S RIS HE N, 2R 4k
kAN JZ Z [ i T i 2 By R i X 254 S5
TR FUEL s, DRI A R i B AT TR
G- B T HEBRAE ©100 5 0 A 1 B H AT S A A
(FEanXUZ LA 2 JR LR 45 ) AH LT =454,
HA T 52 2 S D A e 4 vl 7 P o (=180 oy

DOI: 10.7498/aps.71.20220085

THERPRUH T USRI M B 2 R R,
LA KRR Al 5 O L, e AT e —
TR AR PF BT Al 77 fif 0019), S g e g 160 5%
PR 07 55 T B AR H A TS

VENJZARGEHE , —HE Rt BAT 1 75
A, RBAE AN L. fETm SN, th TACRA
BRSO T R R R, T AERPRLER S R A T A
IS AT . LA il B R sl ol LA A
W 8 R A5t AR T 081, SRRy, I AMETE X
THERLRL T DAY DT 22 ] Y 5 L 2 B A T
RN, T EAT /N B i, R
AP BATEH Y 27 e 1020, SR P
YRR A s 0 T LUK 32 35 25% A Sk i AR 21,
2L 5 T AR B BB 4 A P BE 7R 52 B B
AR B R AR, DL AERRE AR Y
TR LT T AR AR G AR A 2 i Y A T
AR LSO FTBE, JFE M T — DR 1180
Ik, RV AE TR 229,

*ERE SRR (S 2007YFA0303400) ., B A RFREFE S (HEAES: 11674022, 11874088) Hlvh Je i i T ARl 55 9

LI 4 (HEHES: 12000-310432101) 5 B
t BfE1E#H . E-mail: dbzhang@bnu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

127307-1


http://doi.org/10.7498/aps.71.20220085
mailto:dbzhang@bnu.edu.cn
mailto:dbzhang@bnu.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127307

AR, 38 R AT DU AR AR . L
n, g B R PSS (AR B 4i) n] LTS
R RERH BT REA S A QAR DA S BN L
S R DA S CHABAH S B S5 A8 A RO . I AE X
PR PSR B A 2 2, n] DA 3 e e
G, IR R 22 L S A s 7 A 2
Wi, WSEPRFAETR (USRS AR ), —4Ebt

52 2] (4 B AR AR Z2 g AR 2T 1Y, WA sh |

b G | A BE A5 R 3R S IR Al R R A =27 TR B
BB 7 T, B e R B S R 25 h
ST AR MR 25291, S S R A S IR 2 Y AN [
FHRLZ IR RS SRS, DT 3 EOR AR A AR 1 2 B
3. AN, Yy EAATRIETE S T AR A AT
TR, AR TT DAL 4G A RHEE DY AR A1 Ak it
INAERI S G ARTE . AR X A7 1, — MR
TIEWERE RN B0 3@ R4 B AR T A
St WA AT, Hoz Bl ik e 28 b J sk,
FURE I IR I RETE A X RE B Y IR R 7 58
R TS A RE S S B R A R

THERPRL R AR SR AR A P BB T
ZANRITHT T, JH AP O 1 S 55 0 R i L AR Y
AN BT SR AR S R AR T I WE T
s BEh R AR AR S RS AR A B AR
BBIETT 1] AR AL, fEARES S AR M R B T
Forf, EEA T B AT BIE | SCR AT S AT
B, ASSCRE X 3 A7 I S g Ae o
T AT BE R . e fie i — R o), iR T IR A 1Y
WFFEHERE, fa 2 48—l H T AR S AR T Y
TWRITE, B AT ITI5.

2 JEm Ik

T AR RUERR S, “AEpRHn £ 5546
TEZ RSN 75 5 K A AR A IS AR IE . L
A SR B, BRI LR DE S B3 S A R AR
il J3E (3535561 ] DL B eSS M R AR .
TARS SRR B RN, A1 80 T A LRGSR
JOLH) BIE A, RO IR RE S R00E. My BE L IR
GOl LIGE s ML 75k B 3k 15799 BLACR 3,
R4 5 R AR AT PSR e S KA KT W AR
Jr R, I A RO A, RS BUE R 0
A ARSI, R BA MR AT,
XL 0 T R IR 1 20 - BT R A 3504 R A I

JF1) J52 3 Xt e

O B 3 80 1 35 | RS AT % 3 2 5 i A ]
T R BV 0. BFIE 5 B BRI R T L
ARG YT 10 T AR o, EEG
B A A BRI R LIRS Rk 1000 T (g7 142
AR, IR RS A T sk, thAr7e T HoAth
W AR ZE AR B A R AN 4k I 4 TR iR AL
B (MXo) B ROk, ASCH BB 1T
R, S FN R X 4 A5 TR A v
BN BIFE N2 S E e

2.1 IFipiERy

TEFAJZ A1 806 vp 1)) Gl 1 2% JE S - AR
PEHT, AT LA b 3 A T Xoh 197 1) I s S I 5K
1EZ BN ARG, f1 8806 KRR e 12855
B T T AR SR TRAIE, N e

H = —ilwpo(V — i1A), (1)
X, RRAEBE R, KN b/ (2n); o it
FUFERE; vp TR SOKEE; VEBBERAT; K
A WA

A= 1), (20
A, = %(tz s — 2t), (2b)

Hp ot 6, ta BRIE TS5 3 AN 4B 2 18] 1) fL 7 BR
S (hopping), MRYESCHk [44], 2R FHi % L
¥ BUNPIRHE, A

t; :t+%pl(ul — up). (3)
X o &S E R ¢ RTCN AN T B9 falr 2Bk
BRZH WALk eV p s T B ER, 8 R
HL ¥ Griineisen 3%

s
TEESNR T, A

w —ug x (pV)u(r), (5)
Horp o (r) RAEAT 245 THOE A2 I 7 A (9 Ji 500 7%
Hi L, 7T LIS B SR R i A

t
Az = C% (uzm - uyy)a (6&)
253t
4y =, (6h)

HA, gy wyy, g, AAFR 3 AAF DT 18] B AE 5K

127307-2


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. 71, No. 12 (2022) 127307

i, c 2 —PMUEN T, W14 ¢ = 1. B
KNEI
B=—8,A, +0,A,. (7)

AR R E AR T ARG K&
RVLH), X TH—8 K, 134180 (6) =X
AR S AR I, SR AT I ] S T AN AR M R ESR

MG LAY, WFFERIINT 3 A TR A7
] SRR REAS 1 2 k7 191, 1E 4 (6) 5K
A7) RFTEIW, ik wy, vy, T u,, X 3 DS
HIBCH 3 4> B S AT 0] BRI RAE Y, A8 A4 RhE
FHRIRENS T I RES O 1, MiniAS 21 HA R N5
JEBINE ).

2.2 TEE

A1 S0 P IR RS U 1 SR R R IR S
2010 4, Guinea 2 149 BEi = M 4 B P 7 AR AR 4B
13—~ 10 T 4 WS kR, it it AR
7 ) IR 3 TT RE L8R 3 28 B i R R AN
(QHE) ML 4. Guinea 553 11 19 N AR 38 1 1 &
[001], [010], [100] 3X 3 AR AY A IA Ty ) 2EA T fif
SEARASH], JinEX 3 4~ F 25 L2
AR 1 BRI i As T, NTTE A 380 b AR RS
SINEAE. A ARSI R AR B A BE M AR T — A rp
YSRGS, 51 kT E R T,
A PHIERED. Guinea SEHIBFITIR KB, A1 380711 BE
WESFIEAMAT TR TN AE T 32 8] T 4%, sk
151N AR T B I RESAFT F e i BRSO T RE. (R
4F, Low 1 Guineals) ] F 11 P 25 iy i A5 X 4E 3415
o AR TE A S s S IR R AT T RS, TRIAE
UESE T 38 5 AR FE A B0 B | R (4 IR 3
Low M Guinea | F i A8 A5 2] T 9 T 5 EE 1Y
JEE fd Y, LT P9 AR LA 7R B RN A 1R, Aib
I T4 BIEHE 9 T SEPRAMINEE S 5 R AR s S
9 T IEREH G O T i S e €5 5L ) 8 W
125 1 ARk, 25 RN 2 FR.

B1 SR RN SR 50% 14 1 AR JLART 7% 35 J&] 146l
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Fig. 2. Plot of typical energy dispersion as a function of mo-
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Fig. 5. Structures of the studied materials: (a) Graphene al-
lotropes; (b) nitrides XN, X = B, Al, Ga; (¢) graphene ana-
logues of group-IV elements X, X = Si, Ge, Sn; (d) trans-
ition metal dichalcogenides XS,, X = Cr, Mo, W. For
(a)—(c), h refers to the buckling height, while in (d), #; and
hy refer to intralayer distances!®l.

2.42%42.42

2.4242.42

K6 MoS2 Aiy (a) RIEALL (b) BN Y J5L - Fo B1 1%
Fig. 6. Atomic configurations of MoS2 sheet under (a) un-
deformed and (b) deformed!*.
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Table 1.

for group IV atomic monolayers!®.

Transversal flexoelectric coefficient ur[e]

Zigzag Armchair
LDA PBE LDA PBE

Graphene 0.22 0.22 0.22 0.22
Silicene 0.19 0.19 0.19 0.19
Germanene 0.28 0.28 0.28 0.27
Stanene 0.27 0.26 0.27 0.26
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Fig. 7. Flexoelectric polarization induced in a cantilever
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Fig. 8. The G/hBN lateral heterojunction (a) under twist-

ing deformation and (b) its unstrained statel''sl.
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Fig. 9. Graphene (a) under bending deformation and (b) its

unstrained statel!8].
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Fig. 10. Band structures (upper) and density of states
(lower) of a 170 nm wide zigzag graphene nanoribbon at
(a) no strain and (b) twist rate = 0.61(°)/nml/*?0.
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Fig. 11. Band structures (upper) and density of states
(lower) of a 176 nm wide armchair graphene nanoribbon at
(a) no strain and (b) twist rate = 0.66(°)/nml'20).
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Fig. 12. (a) Grapheme/hexagonal boron nitride lateral het-

erojunction and (b) its structure under in-plane bending/''®l.
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Fig. 13. Electronic band structures of the grapheme/hexa-

gonal boron nitride lateral heterojunction with the bending
angle of (a) 0°, (b) 0.3° and (c) 0.6°18],
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Engineering of properties of low-dimensional
materials via inhomogeneous strain’

Wang Ya-Xun  Guo Di  Li Jian-Gao  Zhang Dong-Bo'
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Abstract

Low-dimensional material represents a special structure of matter. The exploring of its novel properties is
an important frontier subject in the fundamental research of condensed matter physics and material science.
Owing to its small length scale in one or two dimensions, low-dimensional materials are usually flexible in
structure. This feature together with the prompt electronic response to structural deformations enable us to
modulate the material properties via a strain way. The main purpose of this paper is to introduce the recent
research progress of obtaining novel physical properties by inhomogeneously straining two-dimensional
materials, with focusing on two effects, i.e., pseudomagnetic field effect and the flexoelectric effect. Of course,
the influence of inhomogeneous strains on electrons is not limited to these two effects. Fundamentally, an
inhomogeneous deformation breaks the symmetry of crystalline structure. This may serve as a start point to
delineate the structural-properties relation. First, the symmetry breaking can eliminate the degeneracy of energy
levels. Second, the symmetry breaking will also cause the heterogeneity of electronic and phonon properties in
different parts of the material.

In the paper, we also introduce a special method named the generalized Bloch theorem that is suitable for
dealing with the inhomogeneous strain patterns at an atomistic level. From the perspective of atomistic
simulation, due to the breaking of translational symmetry, the standard quantum mechanical calculations
encounter fundamental difficulties in dealing with an inhomogeneous strain, e.g., bending and torsion. The
generalized Bloch method overcomes such an obstacle by considering rotational and/or screw symmetries given
by bending and/or torsion in solving the eigenvalue problem. As such, quantum mechanical calculations can be

still conducted with a relatively small number of atoms.

Keywords: two-dimensional materials, strain engineering, pseudomagnetic field, flexoelectricity, generalized
Bloch theorem
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