#33% 1M T3 R 27 2 i C SRR 24 WD Vol. 33 No. 1
2020 4E 2 A Journal of Liaocheng University(Nat. Sci. ) Feb. 2020

CEG S 1672-6634(2020)01-0035-06 DOI 10.19728/j. issn1672-6634. 2020, 01. 007

T-PE 0K 9 K 45 6 0% 1 25 16 % K e 28BS F 58
EEMA EXRE

AR TR A ToeBe . INAR I 255049)

i B OBAREREA G —fAH, ERE B AAEE E R AL, IR I T AR AR A
RE R A A TR e X B e R R IR IE R AN SRR R P GW
7 % #» Bethe-Salpeter 42,7 E 7 FH e (6, ) BM KT WM BRI E, A E s PR T
A% Fe Stone-Wales AP KAE BTG B RE v, FH5EF RO (n, ORI RLETHRTHE, B
TTHEAREFTAS T 2% Z AN XELINARARETELE THRBRGEARBET — 28
B2E L AHE T NAL,

FHn FHBALRE; ZABKRBHKIEL;GW F ik ;Bethe-Salpeter 7 42 ; K AL 424

W RS Q644,11 SCHR bR LA A

0 5la

R 2 B A AR oK 5 WA B KA A a0 2 LA R IR B0 25 0 L 718 22 05 T 3R B UG S TR] 7 LA R}
8 DIE 7 P o Y O 7 L 2 O ol B R A L R R K T B A TR AN OR L S MDOE A A 1R R RO E B D
FUE L BRAORAE A g — AR RS BB ML LA, B 1991 4E 4 S, Tijima R BLLORS 518 T 9 B2 58 Ak 2 5K
FIAEW 2 G AR )2 R R U 23 102 s B R B R A B S R Y 2 5 BE ik 44 0K A8 7D
A7 'y BT Sl 2 R 2 A B T BB s 2 KA ) W WA i S Ol 1 A A R T A R B R R
A I T3 i G o) 5 BOR AL L 2 T A 40 K AT vh A F -2 OO LA T (45 5 BB He G b 28 AL it )
SRl AR D R R FL - O A (455 BB 2R — SO 0, 1 S8 R 14 1R SO 6 T — 4 e AR e 23
R AL SN g XoF LG FEE AR N Y o e e

SCHTT T A HEAT 1O A AR L DL IR A MBI SRR 0 K A A Al s MOE A B R L O 1 51 SRR Ok
BT RAT S 2R G2 L AR SR B AT RE SR E S A AR e E R Sy A K b YT e R A Y S
(SV) Al Stone-Wales [ 2 P Fft 3= B2 9 #1052 52 W) B BE Bl 48 K 4 119 HL 1 45 4 b i 3 BCHDE 22
PR 2 AL, Harutyunyan PL(5,4) F1(6,4) P BRE i 90 KA g 0 R, WF ST 1 Bk 94 KR A8 AR BRFE T 590627 1
J5T s e W3 o s BB A LA 0. e B B oA SR ALY 45 2R L a0 4B 2 DT UG L AP BE D RE AL AE L 2T A
CLR NG T 0, 20 3 4k 80 TR Wt IO DR T = I AR R R e B 2 A B A K T L
REAT 45 F b A BT RE G IX BERE R T RE S Lk i e sk BB 21 B R W Y i BT A e 2 b T o iy T —
BRI (Y 1 T RO A R 2L AR I Y 7 A D PR AR AR T A A

B 299 oK A8 A S A BB T T TAE R B 21 I, IWIROW R b ) 41 0 2 05 YR 0T 52 1 44 oK A5 19 16 F P o
ST ST B E B B T B NERE b TG R A5 AL OGS M B AT B T D S B B A B B AR A Y
7 2 AR T LA — A>3 5 7 B A0 R AR A L 2 R R A DR AT B AL AR A Y Bk A 0K A Y T
B Crmm) REWE 3 BB R ANOR AT B2 B T A L ol 0 O o 5 DAL AR 20 DU O~ S A, LA B A AR R L. 3%
BT RE RS 18 T RHR 70 e 4 KA L SR T 30 20 4 R A8 e T8 A KN 2 S EOMAT L 1 Bl i S8 Ak, o —

1‘:‘—»
S

B
TE
ap
He

1=
H

o

I #& HH5:2019-06-01
BEL2WAB :BXAKRFELTH (2170312 % )
BINES RS, 58, D05 R0, 5 5 1 BRE 58 4L 2% , E-mail . watfros@sdut. edu. cn.



36 L7 SN S S A= I S = 1))

PR SR, (5, 00 BRAAKAE TE N % e 4 @ M. e Ah il T it 3 A0 5 e, — 26 G P B AR 40 K B
AT REAFAE AR B /Al B2 R 2 X Bl N KA 1 FL S R 7 A SR S I, Choi 45 A 114 318 BF 52 E ]
e B 175 5 25 5 BB HE A1) 4 DDA OC

IR LTS5 BT ST © AR 2 (B O Ak 2 FOL ) 31 72 () S IF TR AR A Tretiak % AR
VIR 43 F A5 B30 1 I X Bk 290 DK A O i 114 5 L SR Tk 8 O A 1Y J] 30 A SR B — 1 iR
AT VI 22 PRA% AR e I 18 R F ) SO R A R A B — PR SBT3k, T G GW O LA Bethe-Sal-
peter J5 FRAIFFE JE 1R 1A AR A H 2 RO A P B A8 Z H Y AR R RATTAE S T — R AR TR (o, 045 I i
BT OGS AR AL DL A 1 25% JBT e B X DI 1% F 52 1200 L ORI S 3 b B 22 SR ) - P e A K L HG
R X A T B 4 K A S I A A, FRATTRE LA (6 ) TR AR S 1] T 5 T PE B 4 KA 50063 L I 05 A [) ke s 14
SO 4R T PR AR AN KA R 2R TR A Y 7 AR ML B

1 PS5k

FATRA T FHER 6, 4) BRANK A MBI IEAT ST, JEBRFA 0 (6., 4) B RIS A 152 s 1. 51 AR
BB £ 45 23 L Al Stone-Wales SRFE. 2 F AY AT 5T R WY, A8 BE | B 23 37 ol B B B0 ) = > AN A0 A It 1 O S B
SE 3 Fe P PN AN AR R J5E - 2 AH LS I B B B 0 BRI — A S R Bl 5L 9 B 45 44 Stone-Wales
WA I Fh B Bk B 1) T8 B T 1 19 7 ) T8 B R -E T B B S5 A BT I S5 A AL SR T T Perdew-Burke-
Ernzerhof 3Z BE™  Troullier-Martins # 95 -5F 8 & #4051 i xy ¢ R4, FEAE SIESTA 27 sz B TRl
AT 1) — 4 FEL S A T R o SR P TR SO 0 R AR O O AR B 4 KA (4 TR BE R T 100 AL KA R T A
HR 223k s B D DR IE S SR HEO V. M B AL A A BT 1 i s, G b i 6098 03 3R 75 B T 7 Y L

23R Stone-Walesiff
Bl 1 TFPEC6,4) B K 55 1 455 B2 BB (SV) Rl Stone-Wales BB (SW) 755 2 Bl , 5t BF3 B 300 189 6% D51 85 fa ok

Z0 VRS AR R B HR R B T 5 DL 232 oA BRE (DET) B9 3 55 W0 46 i i3 5 GWam fBL 3 5 4 by i
i il 7T Bethe-Salpeter J i (BSE) 155 3 & g (B T BB 5D » o5 45 2 A HL ok AI0RY JE 341 BV IR WO 3% 72 GW
R E T GW 5

{—va +V,. () +Vu, () }gbffWA (M2 G JES" )" G dr’ = ES" ¢S (1) @y

Zm
Ho ARESA 2 G E) il GW I, B X =iGW 13 8. 8 % (9T 5 . GW I BE A2 i DFT #UiE fig
() — B AL 3 Rl oKk A3
E =EM 42, (@ | ZEM) = Ve gl ). (2)
i B9 DL BSE S L Y, BSE B3R 2 1N SR A B R AR A R IR IR ER AT, DL K Bl A R AR
GARR, — A £ JA R 4 4 0 T 58 v 3K 7 ) BT RRAR /1N L 1T L2 5 250 AT Tamm Dancoff 3 U
(TDA) T BSE J K
(E"* —EM)H A, +5 KB 0'c'Ay =QA, . (3)
o EY — EQY R BRIEBUIE 8] (0 R F RE 4k 25, AL R BUE LA R KE oo R BUE AR BRI, Q 2 R
AE. 458 GW A1 BSE B 22 A b ok £ IS 7E RE AT RGBS 58w S T R A Bl

2 HFiRH5itig

2.1 (6,4) BB AR A 0 45 25 M OB OO %
T GW 78k A 6, 4) B 40 KA RO T R 5 0 P 2. o R (6, ) A0 2 T B A Bk &



%1 W BRI, GF TR AR A IS 1 2 AHE AR R B AT Y 37

PRAL AR5 FATZ B0 AR TR G, 0O B AN K A5 WS AT AN TH] S Gy OO B 40 K A5 1 5l IS A0 Al TR 6 F T
S T (65 4) 55 1 52l TS RO 1 TOURES A O % , 3 D % 1 3l ok DX Sl 47 28 i L AT i R DFT F GW 3+ &Y
(6. D BAKAT W B BN 1. 07 eV Fil 2, 20 eV, R T 45 B X DFT 118 245 5B /2 1 (35 162 8) A 1. 03
eV, 5 2ZH1(8,0) FIC10,0) B 48 A (1 1 3025 R A — 3000, Bl 99 K A8 19 85 T 03 B8 A 4 T = 48 A 0 R AR R
Cln SRR BERAR 2, W] LAk SRy 2 ol 1 LU RE 1 o — R AR 800 51 k2 1

1@ b A
i B
P
5 i
L
5o
g A
i3l i
0 A
i ; T T T T 1
r X 1.0 1.5 2.0 25
Energy/eV
.. Y L P T
‘ Y = t 2l 73
?? ;:1 ".8 PITTINT
r'el - A
‘ ' I : ¥ oL LA

g;.,g il A c’,::;";:if;
T () TR BT Sk A SRR B 90K A8 55 — WU A BR AT L B IEL () T i AL
Pl 2 (6,4) 845K & MGEN (a) , WG (b) Pl 15 i (o)

P 2Cb) M6 14 R T Bethe-Salpeter JrFRHBEN (6. TRAIR T 00622 WO, th T B4R AT 19 5
AR IS 5 1 0 6 6 0 T8 R 26 2 A oy
B £ 7 by ML 16 5 R M50 0 B S 24 0 SRt B 53 A8 I o 1

BT R A L8 A 1T 0 P R o 6040 H 5 )y o 502y 15 B0 K 4 0
FLRIIFL, T 2Ch) Foue A 18 B 5 P A K 55— O A5 — W I e 00 4 53 312 0
Wi EAS E A E TR M R A LIRS, PR A O RER D910 1. 41 oV 1 2,05 eV,
S 8 R AR A KR T WK B S A 04 L6 R AL 4 T 7 31
BT ACALE o T2 TR FTRE) 90 0.7 V. AR A0 M T 12 MG A1 200 B L4 A 1
T PR 0 KA TR AT — 52 T B
2.2 BRIRRE 6, 4) B0 K 00 R A 55 B K % 9 5

PR 5 Cad B Cho) 4611 T 9 7 I C6 ) B0 K5 9 R 4540 15352 20 K 0 40 A L S 2

M A A . 7 5 B BT TR AR A R 21 T 4080 O B T — 26 K R R AR L 515 291 1%
R T AT L0 ML T 25 4015 1 2 R TR T T BB . 1 T A o 5
075 1 25 (BRI BRAYK S HO A B B M 2. 20 oV FEE) 1. 50 V. Stone Wales BRIGHEAYA 5 19 4 2
S K R4 R SR B 25 FUAR B 2. 0 V. 008 25 o U T B0 5 JL A 0 02 1 % Bt
B P LS 47 T 4 9 51 AR B 025 s 5 40 K 2 10 R 1.

MR T B R AT L TATTH ST T BRI 77 16 I B K B0 OB 1L 3o B () B, 552 B
SR 6 T W T TS5 3 T4 2205 06 TR EL R 1 5 5 W 6 3 5
P 6. 008 75 (P T T 0 R R K o 28 02 A0 R0 8 1 420 9 S BB 52 AR i

I AL 5l — S 0 257555 ot DTS T2 W T g S0 K 7 5 )2 0 A




38 L7 SN S S A= I S = 1))

Se (B 2 Ry A B Ul s, WROAC e iR J3E AR AIG. A 4 L ik B A7 A I R IR B I Wi A BE R D 0. 80 eV I
e 14 BB T R A0 405 T o g R o 285 ) IR 2 T+ Sk T 7R HG R s R A I AT 3 ) HP G A7 P 9T, v
LLETR o R R T R A R R 2 R A T LR L R B o A R SR B L 5 RE A A T A R —
#. Stone-Wales BB fi 9 KB OCTE 19 & A= T 28U 22 AL R AR WIS g 9 BE 1O 1. 25 eV, Harutyunyan
SF RS20 T, (6, 4) B 28 K A7 11 IR BFa 2188 MR AT 0 L 5 S8 B 40 K 4 1) B AR I W WA IR 29 0. 11-0. 19 eVHHL 3K
AT EE R 0. 16 eV, 5505 — 2 72 Z AT TAEH  RATHIIE T 8B 22 B BRANUK A OL 2V I If 45 1 B
Fe S REAT Y 20 2, R I R AR DI , 9K T AR AIE e o e 29 oK A7 oy o 200 R A e T 22 ke 9T Bk i S T R R Ol
BRI 2 AL,

Energy/eV
Energy/eV

r X r X
(6,4)SV (6,4)SW
() B (d B N
&, &, A
A
s 1o 15 20 12 ' 14 ' 1'6
Energy/eV Energy/eV

TE G TE Y S — Rl AR R ZS 0 BRGE J 2X A0 RE A R Sk O 1) BT R L BT 0 AR AN BT A9 48 T TR .
Bl 3 SR BF(SV) Stone-Wales 5t B B% 29 5K 45 [ BEF (2) . (b) Tl O % (o) . (d)
3 #Z

AR SR Z2 VA B PR pR B IR B O T TR (6, ) B G OK A B RE AT R SO T TS T 48 A6 B R
Stone-Wales [ Xt H 2w, 5 4B FHE 102 SRR (o, 0) BANK B HLEE 22 (R % AR oR B0 38 31 380 1 F 1k e 4
ORAE 1R B AL o R A — B3, {ELOE PR R AR, DG RE A 19 17 52 tho AR L I8 A, L BT ) 90 2 TOUA 407 JE S 1402 17
A BLIH DO B9 T g kb, SEIE v B s T, T (6, O SRR A 5 AE T4 (o, 0O 8 B OGS BROT e it — IOt
T B A B S R S 0 S MAC A o T 3R Y R OR LA T RE AT 0 A L A — B (H T RO BR
TEALE AR 25T BREE T, R rb 0 R 0 e o 285 ok 4 I 25 2 SURE B A oK A Y RO s 1 T o BT
P 19 W S 06 3k 2835 i 25 SR 5 SR S R A WD 45 R T S 6 T AR I ik A R A 0 R TR e 1) 5 AR AL B O AT
S8 M) P 2o ol I R 9 R e A R A D1 L A B 1 .



%1 W BRI, GF TR AR A IS 1 2 AHE AR R B AT Y 39

(1]
(2]
(3]
[4]
(5]
(6]
(7]

(8]
9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]
[22]

[23]

[24]

[26]

Z % X W

Stoller M D,Park S,Zhu Y, et al. Graphene-based ultracapacitors[ J]. Nano Letters,2008,8 (10):3498-3502.

Stankovich S,Dikin D A,Dommett G H B, et al. Graphene-based composite materials[J]. Nature,2006,442 (7100) ;282-286.

Geim A K. Graphene:status and prospects[J]. Science.2009,324 (5934):1530-1538.

Schwierz F. Graphene transistors[ ] ]. Nature Nanotechnology,2010,5:487-493.

Krueger A,Lang D. Functionality is key:recent progress in the surface modification of nanodiamond[ J]. Advanced Functional Materials.
2012,22 (5):890-906.

Schrand A M,Hens S A C,Shenderova O A. Nanodiamond particles: properties and perspectives for bioapplications[ ] ]. Critical Reviews In
Solid State and Materials Sciences,2009,34 (1-2):18-74,

Ferrari Andrea C,Robertson J,Ferrari Andrea C,et al. Raman spectroscopy of amorphous,nanostructured,diamond-like carbon and nano-
diamond[ ] ]. Physical and Engineering Sciences,2004,362 (1824):2477-2512.

lijima S. Helical microtubules of graphitic carbon[J]. Nature,1991.,354:56-61.

Lu X,Chen Z. Curved pi-conjugation, aromaticity,and the related chemistry of small fullerenes (<ZC60) and single-walled carbon nano-
tubes[J]. Chemical Reviews,2005,105 (10) :3643-3696.

Laird E A, Kuemmeth F, Steele G A, et al. Quantum transport in carbon nanotubes[ ]J]. Reviews of Modern Physics,2015,87 (3):703-
764.

Chen J,Perebeinos V,Freitag M,et al. Bright infrared emission from electrically induced excitons in carbon nanotubes. Science[ ] ],2005,
310 (5751):1171-1174.

LiJ,Hu L,Wang L,et al. Organic light-emitting diodes having carbon nanotube anodes[]J]. Nano Letters,2006,6 (11):2472-2477.
Ferguson A ], Blackburn J L, Holt ] M, et al. Photoinduced energy and charge transfer in P3ht: SWNT composites[ ] ]. The Journal of
Physical Chemistry Letters,2010,1 (15):2406-2411.

Harutyunyan H,Gokus T,Green A A.et al. Defect-induced photoluminescence from dark excitonic states in individual single-walled car-
bon nanotubes[ J]. Nano Letters,2009,9 (5):2010-2014

Ju S Y,Kopcha W P, Papadimitrakopoulos F. Brightly fluorescent single-walled carbon nanotubes via an oxygen-excluding surfactant or-
ganization[ ] ]. Science,2009,323 (5919):1319-1323.

Ghosh S,Bachilo S M, Simonette R A, et al. Oxygen doping modifies near-infrared band gaps in fluorescent single-walled carbon nanotubes
[J]. Science,2010,330 (6011) :1656-1659.

Ghosh S,Bachilo S M, Weisman R B. Advanced sorting of single-walled carbon nanotubes by nonlinear density-gradient ultracentrifugation
[I]. Nature Nanotechnology,2010,5 (6):443-450.

Amori A R,Rossi ] E,Landi B J,et al. Defects enable dark exciton photoluminescence in single-walled carbon nanotubes[ J]. The Journal
of Physical Chemistry C,2018,122 (6):3599-3607.

Mu J,Ma Y.Yin H,et al. Photoluminescence of single-walled carbon nanotubes: the role of stokes shift and impurity levels[ J]. Physical
Review Letters,2013,111 (13):137401-137409.

Mu J,Ma Y.Liu H,et al. Optical properties of semiconducting zigzag carbon nanotubes with and without defects[]J]. Journal of Chemical
Physics,2019,150 (2):024701-024708.

Saito R, Fujita M, Dresselhaus G, et al. Electronic-structure of chiral graphene tubules[ J]. Physical Review Letters,1992,60:2204-2206.
Blase X, Benedict L X, Shirley E L,et al. Hybridization effects and metallicity in small radius carbon nanotubes[ ] ]. Physical Review Let-
ters,1994,72 (12) .1878-1881.

Ouyang M, Huang J L,Cheung C L,et al. Energy gaps in "metallic" single-walled carbon nanotubes[]]. Science,2001,292 (5517):702-
705.

Matsuda Y. Tahir-Kheli J, Goddard W A. Definitive band gaps for single-wall carbon nanotubes[ J]. Journal of Physical Chemistry Letters,
2010,1 (19):2946-2950.

Choi H J.Ihm J,Louie S G,et al. Defects,quasibound states,and quantum conductance in metallic carbon nanotubes[ J]. Physical Review
Letters,2000,84 (13):2917-2920.

Gifford B J.Kilina S, Htoon H,et al. Exciton localization and optical emission in aryl-functionalized carbon nanotubes[ J]. Journal of Physi-

cal Chemistry C,2018,122 (3):1828-1838.



40

L7 SN S S A= I S = 1))

[27]

(28]

[29]

[30]

[31]
[32]

[33]

[34]
[35]

[36]

Gifford B J,Sifain A E,Htoon H,et al. Correction scheme for comparison of computed and experimental optical transition energies in func-
tionalized single-walled carbon nanotubes[ J]. Journal of Physical Chemistry Letters,2018,9 (10):2460-2468.

Dinadayalane T C,Murray ] S,Concha M C,et al. Reactivities of sites on (5,5) single-walled carbon nanotubes with and without a stone-
wales defect[J]. Journal of Chemical Theory and Computation,2010,6 (4):1351-1357.

Sammalkorpi M, Krasheninnikov A,Kuronen A, et al. Mechanical properties of carbon nanotubes with vacancies and related defects[ J].
Physical Review B,2004,70 (24) :245416-245422,

Perdew ] P,Burke K,Ernzerhof M. Generalized gradient approximation made simple[]J]. Physical Review Letters,1996,77 (18):3865-
3868.

Troullier N,Martins ] L. Efficient pseudopotentials for plane-wave calculations[ ] ]. Physical Review B,1991,43 (3):1993-2006.

José M S,Emilio A,Julian D G. et al. The SIESTA method for ab initio order- N materials simulation[ ] ]. Journal of Physics: Condensed
Matter,2002,14 (11):2745-2751.

Onida G,Reining L, Rubio A. Electronic excitations: density-functional versus many-body Green’s-function approaches[]J]. Reviews Of
Modern Physics,2002,74 (2):601-659.

Ando T. Excitons in carbon nanotubes[ ]J]. Journal Of The Physical Society Of Japan,1997.66 (4):1066-1073.

Bachilo S M, Strano M S, Kittrell C, et al. Structure-assigned optical spectra of single-walled carbon nanotubes[]]. Science. 2002, 298
(5602):2361-2366.

Strano M S,Doorn S K, Haroz E H. et al. Assignment of (7,m) raman and optical features of metallic single-walled carbon nanotubes[J].

Nano Letters,2003,3 (8):1091-1096.

Many-body Perturbation Theory Calculations on
Optical Properties of Chiral Carbon Nanotubes

MU Jing-lin PEI Yong-hu

( School of Chemistry and Chemical Engineering,Shandong University of Technology.Zibo 255049 ,China)

Abstract Carbon nanotubes (CNTs) are typical one-dimensional materials, which have potential ap-

plications in optoelectronic devices. The existence of defects in CNTs can tune the electronic properties,

leading to red-shifted satellite peaks in CNTs spectra, but the origin of these redshift peaks is not clear. U-

sing the GW method and the Bethe-Salpeter equation within the ab initio many-body perturbation theory,

we calculate the band structures and optical spectra of chiral (6,4) CNTs. Based on this,two kinds of de-

fects,single vacancy and Stone-Wales defects are taking into account. The results of (6,4) tube is compared

with that of achiral (2,0) CNTs. These findings reveals the mechanism of red-shifted satellite peaks in

CNTs and provide inspirations for the application of CNTs in the field of optoelectronics.

Key words chiral carbon nanotubes; many-body perturbation theory; GW method; Bethe-Salpeter e-

quation;intrinsic defects



