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Abstract

The structures and properties of Cu nanowires have been investigated using molecular dynamics simulations. Cylindrical
multi-shell Cu nanowires maintain their structures at room temperature and their structural properties are different from
the structural properties of nanowires with face-centered-cubic structure. The results from nanopillar and tensile testing
of cylindrical multi-shell Cu nanowire showed structures rerlated to pentagonal needle-like crystal structures. Since the
subunits of pentagonal nanowire with needle-like crystal are face-centered-cubic structure, pentagonal multi-shell nanowires
are stable one-dimensional structures in nanostructured materials.
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Structure Atoms/ Cross-section
layer shape
Arig | {100} 18 Rectangle
Arso | 100} 50 Rectangle
Arieo | {100} 169 Rectangle
Acis | {100} 18 Quasi-circle
Acs | {100} 49 Quasi-circle
Beis | {111} 13 Quasi-circle
Bese | {111} 54 Quasi-circle
Cms | CMS-type 4 4 Circle
Cms | CMS-type 5-1 6 Circle
Cw7 | CMS-type 6-1 7 Circle
Cmis | CMS-type 11-6-1 18 Circle
Cwms | CMS-type 16-11-6-1 34 Circle

AT A AL AlE, 2002



CMIS
(@) 300 Ko} 2

2
R
,

Q9T UHA| sfolols 2] 7

FAEAT &4 {111} 729 Bed %5
SEog sty A4 WIS uwEhr] <t
d FRER 445 Uk 2% 1) 4
250 WE Apso Ui9olole] 7 WHILE R
a1 9lek 300 Kol A< {100} #+25 f-A|8laL
U 600 Kol A= o 27t {111} 722 4
AL B 4 9ok T3 T o] 300 Kol Ae AL
gojglent 600 KoM= &g o2, 900 Kol =
Fo 2 HstE AU iEﬂ g wetd &
$HE HAE s WFgez 123 Wiy} o
Ae A& d T SLlE}. 28 74 2Eo4 R 1
BEE BT ok

Yresjolol5e] Hoix

A AN

o & rr B A Mu &R

o°“

v}

2

=5

LorE e Nt

rr

Journal of the Korean Vacuum Society, Vol.11, No.1, 2002

E 2. AlZH0|HE Li-olojofel EOIH. XE #0

A #9E Ueiiol 05 BojxIx| e AT
£ HERHCE
300 K 600 K 900 K

Aris 0 (0] X

Agso 0} 0 0

Acis 0 0] X

Ac o) O (¢)

Beis 0o X -

Bess o} (0] (0]

Cma X - -

Cwme o} X -

Cwmr (0] X -

Chmis (0] (0] X

Cumn (o) 0] X
9750 AE4E e LEAM idjolols} Hol
A AL ¢ F Atk 2 3™ 1)l M 2ol
25 mE 724 Hyo] dojuA| Rt A=
UisfolojEo] & Aod F2ES /M § Y

< As ¢ F U

F2oA 23 EAE ZHEY] 3t 72

-9}o]o 9] RDF(radial distribution function)@ ACF
(angular correlation function)=2 W®] W &}$3c}.

I¥ 2E £ 19 Ykoe]ojE9] RDFE RAE
o 1% 2004 Cwse A5 2R ZsE HFA4L
300 Kol 4 #=19] RDFS MojZeh Fe] Upestol
ole) 27] TAI WALYAR T2 A9 00 K
oA Y=golo]E9 RDF= =9 RDFS} A9
A48 Ag ¢ F doh e 959 B33
Ui-gjolole] A-9= HA RDFY F W] 3j=0|
A #o]& Welth Wz RDFe) % W) @t
AP AR ] AAGro|BR, AEY vF HA
Uhestolole] T27h WAYRAR 729 2 o

2ok A7 YAAT 95 OE 42 sl
ol RDEY] % W] WEE W RDEY 5 W) 3)
A8k A WA 93 AlojellM Vit 18 38 F 1
9] t=gjo]o] e ACFE B AFTh Cun - j-a]"“
T3® HHL 300 K ¥ ACFS Rojzt)
7| #27h BALEAA T2 ieslelolg &
a5t fARE ACFE HolFAW, 959 OFA4

g PN

i

61



ARig

Acig

Bcis

T

Radial distribution function (normalized unit)

Cmeé

CMi8

Radial distribution function (normalized unit)

f*

LN

1 2 3 4 5

r(A) ’ 3r (A)4
22300 KolM E 12| Lie2toloe] RDF.

Yi=sjolo] 7A$-9] ACFEL 60" S A93ln
AR g2 dadtAde B¢ afe] =2
b YEAIE, 9483 dEgd dimsolo] B¢
T F A9 sart vdepdth 489 o584 v
gtojofe] whigo] AAFE F wial =7} 1207 9
2 F2ske AL £ F oy A W gJas
T WA g3rtelg] Zte B¥IL M Frhehs A
&2 & 3

ojgk Zo] 2L FEH FA4& Ro]
o B A vgoloje Y=g qola g
AL, FLAME FFAHY F2E THA
HREGh ojAe thE wAYWAR d4
nlE [2021), § [11] 5°] 953 v5H4
= 2 & dAse Aol

rr

4F32

W ox

L
-

e to i
o )y oft

tlo 2

7}
3.2 8% £0| 1¥E O=AA ULIIS

7 98y o5 viedoloes g 953
04 Y] 5o 3 #o Txe oudt 12
2 /AEAE AHEgtt 19 4@9 2L 161161
T8 Jegolog ARG o, & E 4%

Edlo]dEd THHIALn, o) 24
U715 o2 q4Ad 4 itk 11 40, ¢, dE
= 300 K, 600 K, 900 KejJA] 100 ps %< MD A]
glo]dgt Artolrt. 300 K&} 600 Kol Al e7]F
z7] #&23 EA4L A8 Ao} 600 KellA

5
>
i

)

fo mu ro rio rlo

N
N

AR1s ARso

AN

Acq

Acis

Bciz -

1 N W i AV

CMmig

Angular correlation function (normalized unit)
]
[ 2

-

Angular correlation function (normalized unit)

3 60 9 120 150 180 30 60 %0 120 158 180
Angle (degrees) Angle (degrees)

T8 3300 KoM # 12| Li=etolo{2] ACF.

Fdo] Fdge] veid AS £ 4 3tk 900 K
e 988 Uxrlsol A Fob e
FEi7F HA. 458 s Ykrled €
9] P25 300 K, 600 K, 900 Koj|A 25 22448
£E o7 ok 53] 1d 4@ Y= 71T
2 10979 &9 FASITHIY 8() F=2).
g o g o] €& HAe 24 Hato
M FAEY 4594 AE A Aol AL
B, o]o] #3leiA = 339 34 Mol EQ F A
o|t}.

Y 425 E 458 udsgd Yol 29
4 (111 fAe BEE 45 RS ¢
At AT GFRE Yol  HEL A
AP eSS, S {111)EH A5z 5 e dojd &
A7) W, 45% UFEE Hindolole {111}
Hat g sk 2B {11EHd] o3l
E 9%% tedd Uxr15S 500 ps FSF MD
Algdoldstet {111} 7|8 vhere] s 3
AHed Yo g9 9L AFEA &5
S5 Stk 19 5= AlEdold F {111} B
458 U4 Unrise AAE AR UE 4
EoX BojFe adolth FAGHAN 45F
0EAE WHerlse 2749 gl {1722
HEH Ao UrA] d9ge 458 725 fAst
Atk oY Hoe 9F¥ BFHE Hxrlsol
AN AR 7o dAdFH EAY F Ad=
Ag BT

L orir oo

o to
ot

O:

FEA23)A AN A1E, 20029



Tal Lhcetolofel

ke

W
4y
>,
on
53
a
B

® ‘R e
atatals
ot

Col s
Hhdng
o

ATt

%, .
‘*
e
o

@

a2l 4. (@) 16-11-6-1 Tl L7, (b) 300 KoM 7| S 22k (o) 600 KoM L=2|S 2e: (d) 900 K

oM Le7lE 2 24 8%

% 5 300 Kol {111} eefoll MU= 16-11-6-1
Fa| ther|sol e M2 chE ZHEoA
Hi2tE T

3.3 CI= AE Lhcelolof &3 ZojAd
A2 458 OS54 Yool 723
EA #walo] Astgrt oW Hoxe I3ty
EAd #sto] A7 988 dEHE 74
ieglojoje] A3 moaldg old AMGE T
Uigtolo] sk WY EAdo] #g AT [27.33]
oA AHEE WS ARESte] AlEd ]8Tk SD
W MDY S AHESte) ASkGiT SD W 9
A%, A4 958 tE54A Yieglololo ¢F €
AAZL 001 A FFH T oix] g dAEL
SD W o2 olghgt}. FE3 olghd T2E A
stad ThA] Yislolole] kZ 2 001 A &FH
31 thA] SD HhH o ojgkEnt. ojeid HAAS v
Bajo] zt Wge] upe} vpmejojoje] ¢ Eof 2}
S5 ZEe ANSAT SD WH S A S
dE £xo WE 934 548 3L & W WE
o, 300 Ko|A MD ¥y o2 1hslolo] 48 AlE
goj4 stk thestolole] B4 &&= 0.1 mjs7t
HE=2 5}3 MD timestepS 10° fsZ 3}o] Z} MD step
v} 10" AZAHES STk MD A& o] el

Journal of the Korean Vacuum Society, Vol.11, No.1, 2002

Loyl 52| BEe Fxet & EoiTch

---------- Steepest descent method
6 ———— MD simulation (V= 0.1 m/s)
z
E
1
2
S
2
&
()
[_4
2} 1
- , L }
0 2 4 6 8 10 12 14 16 18 20 22 24
Stretch (A)
a2 6. 16-11-6-1 72| Lhcetolofe] &ao| we
Aol HiE|
o —

A ZFA&EE = STM(scanning tunneling microscope)
AgeIN FATE 10° mjs 2o} S Wtk @)
o AFE £E2 AT W SIMAFFH LAstE
zA08 AEFo)MsE AL ozl Fdow 1
#1} Mehrez$} Ciraci [35]1% STM A8 MD A&
glolA Abole] &3 £=9 FA Aoldx BT
131 MD Al E#o]d2 STM A A7} A 2
2 48 & ke A BoFHen, £ Azt
o)A T motolele] AsrH W] AuH AT
27334 M= o]z dAE B

a9 62 HAAel He o] WalE noF
3 gtk gEe 3 WA FE(ieldingo] Ao

i)

Aol A9 APHoz Friely HuF| =G
thed F43] 7423tk MD AlEH oA AsE

63



(quasi-elastic region)¥} F-&2 &}E(sub-yielding)E
2o} Uehith A% oAtk $BE ekt
Yol 729 PaE o) ABED 2 AN
[333437-41]. 3 WA FRME Ax=e] T
Pl nE AElip e e gont stolo]
PpEel Aol gy 7Rz WYE
o) Agol W) SEgel 449 A4
o %3 Plne A Fugel tate} nizhEgoe
A% vl1eio] WEAH oz Yegton, of
2% H4€ Fatel hesfolols] AL F)el
2 viegjololel ARe Fasidch BALUAR
o 7%, 9%el Yoz doife WAF v
AL {111} B A <110> sk} Burger vectors
(1/6)<211>E 7}A= FE E(partial dislocations)
QoA (1/2)<110>{111} HEFEZ dojdr} (42].
P} old RAAYRAA thestololBe) oty 1
ol @3t AFolA] [33,34,37-41], th=s}oloj= o
g3t v mnyd ANES EFe, Hag F
7HA Wl AYFo] =83tk A MAS {111} Aol
A9 @& vz d4oln o shie &4 %
ol digte A W] AXFE AlelolA B
g F% vlze| R (homogeneous slip)olth. o]& F
e @io] Mol ey theelolo] F4l
& qtAo] Ztagch & AdA ALER 4%
044 viegtolo] S wigdl met veh
rnEd G4EE o9 A9 9% WAUE
Bk a2y S3po] A meba {100
HEo] YElgeH, ol 499 dde 243
Atk o)A {100} EHE 7HA= Uiz ofojolg]
B {111) FHE 7HA= Yisfolo] 4
do] Yeht Ade ofE Zzlolu) [33,34,38]. 18
W Ay FxE {100) F&27F otk ¥ T()
210 A B4 A5 Udolo] 25 HAFE
o
o]

ol [

i

)

ool §L ot oS
o
N

Ot o rr ot

0
L3 T0E 22y 9o WakE tistol
o 71AE HelED A2 e de g dn
2 7hel71e B4 W Y B E TEolth @
29 72z WEE A9AE e A
ney @43 2o PEA WsE doi ¥

64

gt adEs 074y thestolol bgE T2
2 gA7 4 ok AlEdolA Fo¢F iesto]o)
I F dAFe] a1 Jerz 45Y J9
97138 ojdo] o] &AFFon, vwelolojr}
ZolA Fox o7d 1}9lolo] JYge FRE
S-A3katk 2 Lisiecki 5 [43] 20|z §dS
S o g 103A) 2dE Aggoxs 7y
274 Veetolol & 44381101, Hofmeister [44]
TE o7 %%‘(Ag) Lz glo]olE ek Gryaznov
T [45] d=TE BAAA e4¥4es gAY
= YAEH 2748 #Q) NLC(needle-like crystals)
o] HZ AFHARES ATEJT EI HId e
Ding $0] [46] MTB(multiple twin boundaries)Z 7}
A 22 vsjolols] By AL AV
ot ol2ig 2718 iglelole] FxE 1094 ¥
2084 U Axte] o w Mwg 4 Q)

i

3.4 25 LEx20lo) ¥ Le2E

329 3349 AHAES AMESle] 22 NLC Y
Sk ZE=(Nanorod)E Al EH A Stk 13 8@)=
329 3342 HE dojd ARE FAE Hit A%
o] 33 A9l 27} NLCo|t}h 18 8(b)= 300 Ko
A 500 ps MD AlE# o] o|F FXRE HoFA

g7 Aud AlE, 20024



T2| Ltzetojojel =

(100)

@
42t 17 79| 22 Rg THE

% 8 (@) 1¥
22t8 NLC (needle-like crystal) +=. b
T2 8(a)E 300 KollA{l 500 pss ot MD A
g
ol

FEE )
M

foldet Aot (o) I8 8la)el #&
H2Y Lte2e (d 38 8cE Td
ShE AMHA 2F AZEE.

a4 8@ ?Z«l %HE e é FA
FAez sie WMoz &= W Yehe 47
U=2Eg Bofth 19 809 44 U=
I8 8@ RAAE AFEA () A
2 FAHAN 1 809 A E YeRE

in
r\r

{24
=

NOH o mlo fr N YO

4

Journal of the Korean Vacuum Society, Vol.11, No.1, 2002

W% B 4 APAAZ ool An o] A
g Hido] "o aBE A
Hge 44Y Yrrs
=2EF 2714 NLC
8@ AFEA 9} AL
BE gl A & -
Slek. ol ¥ 4@l AR WEo (111) W
onl 19 Sahel YE L A WSo) BE
(s A3 dA ek F1EF (@419 HRTEM
(High-resolution transmission electron microscopy)Z 3}
SE 9% B WES (11Wg BFUG. =3
19 8 AHrEY A9, ‘é@ol {100} HolB =,
450l (100 Wo] Aer|= Fejz BAYE
Abzhmz o mAleubAzlel RS o & k. AR
Q4% NLC 72 J=gE9 BE F2E 844
ARz FARA gom, UrzEe 2 F
Aoz 59 vhg 77 (fivetime multiple twin-boundary)
E 7HAE TRen.

Agmlmrftizjg

4.2 &
esdlolols &% AAtaal, Bapial, FAA
5o &80 ZidHe] B #He T = =
Aelrk o)A Ustolo] Tz BF o]EHY A
FEL NEE YrTzEA 458 0584 72
2 K

g PFAos dvsagAn, 958 oF
T2 A%E gRE D70 & ey olge
AFo) A dgslojgon, UF e thgk MDA]
#ojdol =R g B AFdME 2%
g Yiojojojo] £ FEo] 97H¥ NLC 729 ¥
223 5T TRE AR, G5 WyHA
FZAHoZ A 2718 NLC FFE HE
He S Aungth dd4ez IF B‘Oﬂ*h
zAshE 4 UierlE o)de) thestelols] FxE
o7y F2E PHALH [434], o] 2%
g NLCO] 7R p2E BAQEAA 83 2204
o 7z9% 2 AT 1R B =72 Y
59l 9248 NLCHe] th=sfololrt AA] &4 2
THA S84 7154 7HAE A& MD AEe)

g Tt BRoFATh

ot i

_Z:

65



43

e

7

o

2 AFEs dFAskAy 54 7] 2d5-(R01-2001-
00308) A o2 FHFEYL.

gngs

Mo

{13 N. Agrait, J. G. Rodrigo, and S. Vieira, Phys.
Rev. B 47, 12345 (1993).

[2} 1. L Pascual , J. Mendez, J. Gomez-Herrero, A.
M. Baro, N. Garcia, and V. T. Binh, Phys. Rev.
Lett. 71, 1852 (1993).

[3] L. Olesen, E. Laegsgaard, I. Stensgaard, F. Besen-
bacher, J. Schiotz, P. Stoltze, K. W. Hacobsen,
and J. K. Norskov, Phys. Rev. Lett. 72, 2251
(1994).

[4] J. M. Kran, J. M. van Ruitenbeek, V. V. Fisun,
J. K. Yan, and L. J. de Jongh, Nature 375, 767
(1995).

[5] Y. Kondo and K. Takayanagi, Phys. Rev. Lett. 79,
3455 (1997).

[6] H. Ohnishi, Y. Kondo, and K. Takayanagi, Nature
395, 780 (1998).

[71 Y. Kondo and K. Takayanagi, Science 289, 606
(2000).

[8] V. Rodrigues, T. Fuhrer, and D. Ugarte, Phys.
Rev. Lett. 85, 4124 (2000).

[9] . W. Kang and H. J. Hwang, J. Phys.: Condens.
Matter 14, 2629 (2002).

[10] W. S. Yun, J. Kim, K. H. Park, J. S. Ha, Y. J,
Ko, K. Park, S. K. Kim, Y. J. Doh, H. J. Lee, J.
P. Salvetat, and Liszl6 Forrd, J. Vac. Sci. Tehcnol.
A 18, 1329 (2000).

[11] B. Wang, S. Yin, G. Wang, A. Buldum, and J.
Zhao, Phys. Rev. Lett. 86, 2046 (2001).

[12] G. Bilalbegoviz, Phys. Rev. B 58, 15412 (1998).

[13] E. Tosatti, S. Prestipino, S. Kostlmeier, A. Dal
Corso, and F. D. Di Tolla, Science 291, 288
(2001).

[14] G. Bilalbegovie, Solid State Comm. 115, 73
(2000).

66

. Hea

Ofor

15

[15] 1. A. Torres, E. Tosatti, A. Dal Corso, F. Ercolessi,
J. 1. Kohanoff, F. D. Di Tolla, and J. M. Soler,
Surf. Sci. 426, 1441 (1999).

[16] G. Bilalbegoviz, Comp. Mater. Sci. 18, 333 (2000).

[17] R. Tenne, L. Margulis, M. Genut, and G. Hodes,
Nature 360, 444 (1992).

[18] L. Margulis, G. Salitra, R. Tenne, and M. Tallenker,
Nature 365, 113 (1993).

{19] Y. R. Hacohen, E. Grunbaum, R. Tenne, and M.
Tallenker, Nature 395, 336 (1998).

{20] O. Giilseren, F. Erolessi, and E. Tosatti, Phys.
Rev. Lett. 80, 3775 (1998).

[21] F. Di Tolla, A. Dal Corse, J. A. Torres, and E.
Tosatti, Surf. Sci. 456, 947 (2000).

[22] O. Giilseren, F. Erolessi, and E. Tosatti, Phys.
Rev. B 51, 7377 (1995).

[23] G. M. Finbow, R. M. Lynden-Bell, and I. R
McDonald, Mol. Phys. 92, 705 (1997).

[24] B. Wang, S. Yin, G. Wang, and J. Zhao, J. Phys.:
Condens. Matter 13, 1403 (2001).

[25] H. J. Hwang and J. W. Kang, J. Korean Phys.
Soc. 40, 283 (2002).

[26] M. Menon and E. Richter, Phys. Rev. Lett. 83,
792 (1999).

[271 U. Landman, R. N. Barneit, A. G. Scherbakov,
and P. Avouris, Phys. Rev. Lett. 85, 1958 (2000).

[28] K. Michaclian, N. Rendon, and 1. L. Garzon,
Phys. Rev. B 60, 2000 (1999).

[29] F. J. Palacios, M. P. Iniguez, M. J. Lopez, and .
A. Alonso, Phys. Rev. B 60, 2908 (1999).

[30] L. Rongwu, P. Ahengying, and H. Yukun, Phys.
Rev. B 53, 4156 (1996).

(311 T. X. Li, S. Y. Yin, Y. L. Ji, B. L. Wang, G. H.
Wang, and J. J. Zhao, Phys. Lett. A 267, 403
(2000).

[32] H. Lei, J. Phys.: Condens. Matter 13, 3023 (2001).

[33] J. W. Kang and H. J. Hwang, J. Korean Phys.
Soc. 38, 695 (2001).

[34] J. W. Kang and H. J. Hwang, Nanotechnology
12, 295 (2001).

[35] F. Clert and V. Rosato, Phys. Rev. B 48, 22

S=ATeE A A1 A1z, 20029



2| Lhzetolofel 7

(1993).

[36] M. P. Allen and D. J. Tildesley, “Computer
simulation of liquids® (Oxford: Clarendon, 1987).

[37] H. Tkeda, Y. Qi, T. Cagin, K. Samwer, W. L.
Johnson, and W. A. Goddard, Phys. Rev. Lett.
82, 2900 (1999).

[38] H. Mehrez and S. Ciraci, Phys. Rev. B 56, 12632
(1997).

[39] U. Landman, Solid State Commu. 107, 693 (1998).

[40] M. R. Sorensen, K. W. Jacobsen, and P. Stoltze,
Phys. Rev. B 53, 2101 (1996).

[41] R. Komanduri, N. Chandrasekaran, and L. M.
Raff, Inter. J. Mech. Sci. 43, 2237 (2001).

Journal of the Korean Vacuum Society, Vol.11, No.1, 2002

=M EMo| B3

L Ro

o AP

[42] V. B. Shenoy, R. V. Kukta, and R. Phillips,
Phys. Rev. Lett. 84, 1491 (2000).

[43] 1. Lisiecki, A. Filankembo, H. Sack-Kongehl, K.
Weiss, M.-P. Pileni, and J. Urban, Phys. Rev. B
61, 4968 (2000).

[44] H. Hofmeister, S. A. Nepijiko, D. N. Ievlev, and
W. Schulze, G. Ertl, J. Cryst. Growth 234, 773
(2002).

[45] V. G. Gryaznov, H. Heydenreich, A. M. Kaprelov,
S. A Nepijko, A. E. Romanov, and J. Urban, Cryst.
Res. Technol. 34, 1091 (1999).

[46] F. Ding, H. Li, J. Wang, W. Shen, and G. Wang,
I. Phys.: Condens. Matter 14, 113 (2002).

67



