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W IRF I KIEANFFHE(S, 0) 5 (4, 2) ARE
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(d=0.829 nm) SWCNT, FIJH%EZ RESTTAE T
Rh JEF7EH N AN W AT A B FLrL T HILTHI i
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T SWCNT AN [7) 4 77 3200 <6 i Jol 5 1R B 47 S 114

I,
2. HEHEA

VA TAE R R I T3 B sRBIE ) VASP 72
Fe 2 S . P ST ET i (PAW) i £
R -2 A EAE T, M 2e 40 OCI Bk
T XC#E B O L3 #) Perdew-Burke-Ernzerhof
(PBE){Z PR, Kohn-Sham H.HL 2%k H - 11 % 3 41
JEIT IR B AR BE N 400 eV. A BN X ANy & 5
HURE R F Monkhorst-Pack 5, Hoii (6, 6) f(10,
0) SWCNT B k JIXE N 1 x1 x6, (8, 4) SWCNT
Mk SEE N1 x 1 x3. HIETEER ISR fE N
1.O0x10 % eV, xR STEE N O0.1 eV/nm.

TR BE S ph 7 O R] 2298 0. 8 nm
(6, 6), (10, 0)Fl (8, 4)SWCNT, 77 153 5
Ha=B=90°, y=120° kT {HBE SWCNT [&] (4
HAEH, MHABERIBE B E 0 1 nm. R {HBRAH4E Rh
JE A AR, (6, 6) R 1 x1 x2 Hy#
JifL, (10, 0) F1(8, 4) E BB, AN[F SWCNT
Bl KB4 591 0.492,0. 426 11,127 nm. Rh J5
T7E SWCNT AN W A4 A an &l 1 frzs, B Rh
JEF Rl W B AE SWCNT P A1 8 9 A1 457 R S 1 A3
H—ATifr, 9k 1-H1,1-H2, I-B1, 1-B2, I-T,
0-H1,0-H2,0-B1 0-B2 #1 O-T.

#1 Rh JFF7E SWCNT [N MG B &

N

W RRE £, 8 SR IR BRI S 1A 2R AL RE A Y AR

k&, BP
Eads = E(Iube+Rh) - Etube - ERh’

HAE e oo N R JEF B AE AN ] SWCNT J5 4
R EREEL, B, Ey 70028 SWCNT FIHL~ Rh
R R RER. E, W RN ORI R, B (E RN
WG BRI BFF. ORI B A 246 (R, 3 BH I B 44y
RIS E .

3. R Ritit

3. 1. Wi+ 29 Fn 0% bt ge

ASCARAL T Rh JRFTE(6, 6), (10, 0) FI(8,
4) SWCNT PIAMASIRIR B0 & 1 0 v] e 2544, AH R
FOE RN 2 frs, WHHRE S Rh-C [H]FE dy, 5
TR

H & 1 WA, SWCNT 4 il 77 0K [, Rh R+
F I B RSE BRI TR]. X TFRiRL (6, 6) SWCNT,
Rh J5 7 Al W {76 SWCNT 45 N AMEY 6 4 C JR Ty
fRuls (T-H1 A1 O-HI1) & A0 A7 & (1-H2 il O-
H2) K& AN (O-B1) . T %425 7 (10, 0)
SWCNT H KA T Rh J&FAEE NS o ER s 1-H1
R AMmE T 0-H2 7 B FR g S5 1. xRk
(8, 4) SWCNT, Rh J&+ 7] W ft7E48 N Y 1-H1 F1 1-
H2 {37 ', JR0] W R SR 7S Je 3R ot (O-H1) Al
Wi (0-B1).

MIEHRER , R4 SWCNT % i1 7 2 A A, Rh
SRR MR B iR BE B TN, ARG
K SWCNT WA e B 2510 (6, 6) B Y 1-
H1,I-H2 #10-H2, (10, 0) SWCNT /9 I-H1 F1 0-H2
PIK (8, 4) SWCNT Ay 1-H2 F1 O-H1 ¥ 5 BN
siftetaE. M2 nTLIAEH, R4 Rh BT
F#E SWCNT 45 AN, {02 o F SWCNT 4 il 7
KA, T3 Rh T 52 C JRF1E IR A .
Hrp, HeFR (6, 6) SWCONT J2& 7 B IR T 45° %
MUY, Rh 50 fEAE A SMIR AL 5 A48 3 4> C
JRFHEER, W —1 dy, =0.2055 nm FIH 4>
dyc =0.2180 nm HYHE, AL FRES - 2.29 eV
BEIGRI(10, 0) SWCNT 2 A1 28 45 7K 4 il i B,
Rh JiiF7E SWCNT & 5N 5 4 M AHERE C R+
YER, 2 BB P dy,. =0.2090,0. 2288 nm F
B PR IR BT P e 5 (WG TRE S - 2. 48 eV ) 5
FE(8, 4) SWCNT &A1 880 44 A 1a) 25 i 1 g,
M T M, R Rh B0 B 7S 0 HR T ol
4b, Rh JEF5 6 4~ C JEF [ EE A H (0. 2199—
0.2461 nm), AH N W B A H B 55 (W2 BF RE S
~-2.06 eV).

4 Rh 5 W HEE SWCNT & IF, i T3 i
BN, H5(6, 6) SWCNT 12 4 € JRTIE e om
A EAER, dy, 530120 0.2148,0. 2161 nm, [F]A}
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5 HAM 4 4> Rh R FONAE— M EAEH], RKY
70.23 nm, FHN K FTRERE( —1.80 eV). [H4EiA
RVE A S KCEE TR, Rh 78 SWCONT 4
WSHISE 4 A C R FAHEAE 3 (dy,.. = 0. 2226
nm) , M55502 4 CJEFAEHIE S (dy,.c =0. 2473
nm) , FHNKIHER (6, 6) B, B -1.63eV. 5
EHMRIZEPL, Rh 5 (8, 4) SWCNT 4 N AHSE

(6,6) I-H1

(8,4) I-H1

(10,0) I-H1

6 A~ C JEF I FE ¥R, LW B e R84, 20K
-1.60 eV. 4 Rh J&L M f7E SWCNT & SMr i
BT Rh LS54 2 4 ¢ IFMEAEH, 545
TR, ML IAE (6, 6) 55 (8, 4) SWONT 4
SN RE ST, 29 - 2.0 eV. XL B —4Ff
FE U it 7 U6 Rh 76 AR [R] 2580 SWCNT W

M.

(6,6) O-H1

(6,6) O-H2

{2

(10,0) O-H2

(8,4) O-H1

®2  Rh JFEFWHIAEC6, 6),(10, 0) FI(8, 4) SWCNT 4 P it B A4 5Y

F 1 RhJEFLEARFE G M =00 SWCNT NAMYWAEFIRIEE dy,

SWCNT W B o7 W [ fie/ eV dipc(1)/nm dpy(2)/nm dpy(3)/nm diy(4)/nm dpy.(s)/nm Aic(6)/mm
1-H1 -1.80 0.2148 0.2333 0.2339 0.2161 0.2334 0.2329
1-H2 -1.80 0.2169 0.2232 0.2232 0.2169 0.2477 0.2477
(6,6) 0-H1 -2.14 0. 2447 0. 2255 0. 2275 0.2480 0.2275 0.2255
0-H2 -2.29 0. 2055 0.2180 0.2920 0. 3304 0.2920 0.2180
0-Bl1 -2.02 0.2918 0.2086 0.2086 0.2918 0.3272 0.3272
I-HI ~1.63 0. 2473 0. 2226 0.2226 0. 2473 0. 2226 0. 2226
(10. 0) 0-H2 -2.48 0. 2288 0. 2090 0. 2090 0. 2288 0.2985 0. 2985
I-HI ~1.60 0.2186 0.2328 0. 2408 0.2175 0. 2263 0.2354
1-H2 -1.61 0. 2389 0. 2154 0.2138 0.2214 0. 2750 0. 2868
8. 4) 0-H1 -2.06 0. 2424 0.2236 0.2334 0.2461 0.2199 0. 2257
0-B1 -2.01 0.3041 0. 2069 0.2099 0. 2989 0. 3442 0.3510
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3.2. BFEH

“hy IO £ JBE it AN [) 465 1t 7 U6 Rh Ji -7
SWCNT AN AT Ay 52 i 1) HL T BIL AR, 43l T 5
TR[A] SWCNT B HLfif 25 BE | Rh Ji W Fff7E SWCNT
PN A1 B e G5 ) 1) 2 3 HLAr 2 B2 A SRR 454
3.2.1. WiTEE
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0) SWCNT X Fx M b iy, Fa far 25 B2 40 A LL 45 3
575 (8, 4)SWCNT AR LA ik, Fi i 285 B AR T3
K, XHJEidE & Rh 57 7E A [ 288 SWCNT N 4k
W RREA T SRy 22 5 ) LR
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K3 AR SWCNT(100) THH) “4ERFAT L (a) (6, 6),(b) (10, 0),(c) (8, 4)

3.2.2. 2450 EE

Rh J5{ 1 W fff 7 (6, 6), (10, 0) F1 (8, 4)
SWCNT WA 22 55 L fr 25 i o LAY

Ap = pryswent = Pswent — Pri s

Hr prswonr AW Rh J7 -5 SWCNT (1) Hi, fif 25
JE, pevent T pr 2851 SWCNT FIFAS Rh AU
i 25 B

Kl 4 Rh Ji7E A [F] 25 R SWCNT W ff 9 22
IyHLAT A IR T 2 R Y Rh WA HL T
RGO HE 4 TRLE W, 24 Rh 707
SWCNT 4 NIt Rh /) d #HLESKHEFI1E M. H Rh
JEFI BT SWCNT 7SocHs, HERRFEEH C
JRF A ELAE ) d B0 R B A5 5% H 71 DL S AR AR
A, X572 # Rh i F7EAE SWCNT 48 P 9 H o
AEARK (1. 06—1. 14) (L5 A —3. 4 Rh 2+

W FffT SWCNT &40, i T& il =R F, 23
Rh &5 C A0 BAE F B 03 e AT, AH R
HL P15 R G LIS A 22 5%, X 53K 2 H3H Rh 78
SWCNT 48 Mz 5t iy L far A8 Ak IR0 — 2K
3.2.3. BIBABE

Rh J& W B 7E (6, 6), (10, 0) F1 (8, 4)
SWCNT 48 N M Jey 825 % B (PDOS) W&l 5 T 7.
Rh JEF R R ANZ M B FHEAG o 4d°5s, 2 LIt
TE SWCNT I, % E WA E A Z, 1B R T
5 SWCNT 24 T oM EAERH. MWE 5 (a) iTLAE
H, Rh HHE (6, 6) & P, HABEm E5 A jiem
T TSRS FR, MR REER . LS (b)
ATLAE Y HWAE (6, 6) &4t AlEn 5 A
JE ] B B LTI ARPE RN, AR, X 53k 2
25 W B RE AR R AE — 2. 24 Rh I AE (10, 0)
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(8, 4) 8 NAHNRE, o WA XARIE BN, #EE

(@) Ap

0.2
0.0
-0.2
©
0.2
@ -
0.0
-0.2

K4 RhJEFWHAE6, 6),(10, 0) (8, 4)SWCNT PN A 2243 B frf 235 &

WK, 2 1,

) Ap
é 0.2
0.0
-0.2
@
Ap
O 0.2
0.0
-0.2
(f) Ap
0.2
0.0
-0.2

(a) (6, 6)% M, (b) (6, 6)44h,

(¢) (10, 0)%MN,(d) (10, 0)FSh, (e) (8, 4)FM, () (8, 4) 4t

K2 Rh TN LE AR # 7 30 SWCNT A BERE S5 L 7

SWCNT d/nm RERE (BN /gy WERE (AN /g TR CEN) AR (AN
(6,6) 0. 814 0.29 0. 66 1.06 0.72
(10, 0) 0.783 0.99 0.92 1.07 0.68
(8,4) 0. 829 0.99 1.00 1. 14 0. 84
3.2.4. fearsEM HI, f# SWCNT 5ok i H i g ;A 403, E, AbfE

Rh B F W B 7E (6, 6), (10, 0) A (8, 4)
SWCNT WA REHT 4514 7 5 an &l 6 | 181 7 FEl 8 JiF
N BB ZE R B S R R OR H M) I RN A
BEm T, KT R PR AR E,. UL LA
i, SWCNT fE#KBESH E, MHIH LT Rh T3
Zetigns | HIRHS SWCNT BN T S i AR

WHIZ.

hE 6 ITLUEH, (6, 6) 24 mIE, WK Rh
)G, B2REW B ZE E,, SWCNT 1552 314 J@ 1.
BN B BER R A BER R REN AR E S, witE
BN EANREEE, B e 5 A Em T Re E S
B, BETERR K, X 5% 2 Frdl Rh JE 1 I B 7E A
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BHEE eV

®)

> > /\ g
<L < <
W R - i

r X
6 (6,6) SWCNT AR EAEAE ALK Rh TR MREH A (a) (6,6) %, (b) WMITE(6,6) 1, (o) WEHHTE(6,6) H54h
(0. 29, ) S AN (0. 661y, ) FRITE K 45 AR —2K. SWCNT i, B24Heii i %F E,, SWCNT 2348

ME 7 AT LU, 24 Rh I AE (10, 0) Pk 4 Rh JEF- B 7E SWCONT 44, His Bt i
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(10, 0) SWCNT 9 0.75 eV I/ >4 0.3 eV. Rh J§ M8 T LIA H, (8, 4) SWCNT R B K 0.8
T1E SWCNT AN FREEE, e b5 A RER F eV, Rh JEF7EE P AN B AT BRme A7 0/, 43500k
TREW RS /D AN R, 0908 0.994,  0.40 F10.60 eV. 5(10, 0) SWCNT #HEl, Rh J51-7&
F10. 92, (8, 4) SWCNT WNAMIZRMIRS, BEFEINEER, 2920 1uy,.

BE7 (10, 0) SWCNT KM M S 245 AN IFE Rh JET IR BUREHFSEH (a) (10, 0)4F, (b) WLFHFE (10, 0) &N, () Wk
(10, 0) & 4b

(a) | (b) | ©

K18 (8, 4) SWCNT AW S 7E % MIAMNK I Rh I TR FUBETFSS M (a) (8, 4) %, (b) WIHTE(S, 4) W, (¢) WIHHE
(8, 4)%&4b
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AR SCFI % B 17 sRBRE RGEMFE T Rh 78
R AT i 2UORE (6, 6), (10, 0) FI(8,
4)SWCNT AN AT A, dE A FA SWCNT HE fa
W Rh/SWCNT 2243 Hifaf 2% B DL Rl 454, 1%
YR TR [E i 5 2% Rh R F#E SWCNT P4
I B3 el ) R T BIL . F 55 26 B SWCNT A 45 T 2%
o fifi 45 A H g R LA N, F3K Rh JRTTE (6,
6),(10, 0)F1(8, 4) SWCNT &4 g HEaE. H
F SWCNT & 77 XK [E, T8 Rh B FFE(6, 6),
(10, 0)F1(8, 4) SWCNT PN &M AY W fff £2 1 # AU

A, AR 7R SWCNT 5 Rh JE T HEAEHAY C
JEFANE], B RETR AR

HLfr 9% B A3 BT 2 B, A A R A % R TR
W, AN 73 SWCNT H fof 25 AR (L AN [R]. 22
Sy BT 9% B B 6 7 SOR TR 580 Rh R 5 AH <0
C IR FAHEAE BB B AR ] 7525 i 1% LIS
A5 e 451 4 Hr R W1 Rh JE 1 W RS Y
SWCNT 7£ E, Ab BB A fgn, WS (6, 6)
SWCNT {5524 @M, 24 Rh 7£(10, 0) SWCNT &
W RMEE, SWCNT Hh 2 AR VERE S Sy & @ Pk, AEE
S BEEISE, SWCNT 7 B B AR Rh 5 W B S 9
(8, 4) SWCNT WM BT JEERY 0. 8 eV 43 il AR
0.4 F10.6 eV.
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Helicity effects on Rh adsorption behavior inside and outside the
single-wall carbon nanotubes”
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1) (Institute of Condensed Matter Physics, Zhejiang Normal University, Jinhua 321004, China)
2) (College of Chemistry and Life Science, Zhejiang Normal University, Jinhua 321004, China)
(Received 11 November 2010; revised manuscript received 11 April 2011)

Abstract

The curvature and the helicity of single-wall carbon nanotube (SWCNT) are the important factors which influence the
adsorption behaviors of metal atoms inside and outside carbon tubes. However, it is difficult to investigate the separate
effects of SWCNT helicity on the adsorption behaviors of metal atoms. In the present work, the armchair (6, 6), zigzag
(10, 0), and chiral (8, 4) tubes with similar curvature are selected, then the Rh adsorption behaviors inside and outside
the tubes are systematically investigated using the density functional theroy. Due to the different SWCNT helicities, the
stable configurations of Rh atoms on tubes are different. The neighbor carbon atoms interacting with Rh atoms vary with
tube helicity, therefore, the Rh adsorption energies for a similar configuration are also different. It indicates that the outer
charge density of SWCNT is higher than the inner one. Different helicities lead to different charge density variations along
the radial direction. Charge density difference shows that the orbital orientations of Rh adatom and the electrons obtained
and lost are slightly different due to the different helicities. The bandstructure indicates that the doping band appears near
the Fermi energy level. The (6, 6) tube with Rh adatom still exhibits metallicity. When Rh atoms are adsorbed inside the
(10, 0) tube, the nanotube transforms from the semiconducting into the metallic one. However, the band gap reduces

when Rh atoms adsorbed outside the tube. After the Rh adsorption, the (8, 4) tube band gap reduces.

Keywords: density functional theory, single-wall carbon nanotubes, Rh atom, helicity
PACS: 71.15. Mb
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