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Fig. 1. (color online) (a) The relationship between the total number of chemical bonds and the different
bonding Cutoff and ELF Threshold values; (b) the relationship between the total number of chemical bonds
and the different bonding cutoff when the ELF threshold was selected to 0.63.
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Fig. 2. (color online) (a) The number of different chemical bonds as the ELF Threshold was selected to
0.58-0.63; (b) the distribution of the ELF minimum for GeTe, Ge—Ge and Te—Te bonds, simultaneously
ELF = 0.63 is guided by the red dotted line; (c¢) ELF map of the GeTe crystalline structure; (d) the profile

of ELF between the bonded Ge and Te atoms.
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Fig. 3. (a) The coordination number of Ge atoms when cutoff = 3.05 A, ELF threshold = 0.58; (b) the
coordination number of Ge atoms when cutoff = 3.05 A, ELF threshold = 0.63.
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Fig. 4. (color online) (a) The bond angle distribution of Ge with 3-fold and 4-fold when cutoff = 3.05 A,
ELF threshold = 0.58; (b) the bond angle distribution of Ge with 3-fold and 4-fold when cutoff = 3.05 A,
ELF threshold = 0.63; (c) the sketch map of the location structure of 3-fold Ge; (d) the sketch map of the

location structure of 4-fold Ge, where red balls correspond to Ge atoms and green to Te atoms.

173101-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 17 (2016) 173101

HHGe R Tl TR N4, TN AS
PR, DR H B 5 B AL Ge SR T OBE R AN K. A
B3 (b) s a] LLAE H, 24 ELF B {8 B 0.63 i 5 i {7
1) Ge B A 2%, {H 2 [RIIS 3380 1 — 3 43 2 |E Az
(R, X053 2 FOAL 9 J5 - (0 H B E Tk
3HC AL AN 4 B AL —EB 43 5 P A S8 AL A B X
B 24 R A KT 16 B 3.05 A, ELF BB HX 0.63 I i fs
B 25 T & A T S R O L

BATE— DX Z A Ge JE T (1) B £ 3 A
BAT T 0. B 4 (a) FToR, 249 BEAT K B L
3.05 A, ELF Bt H2 0.63 i}, 37 Ge J& 1 )
£ AT EEAETE 90° M, Shi I R Eh # BN
Bk N RS R 071 DLEE 4 (c); T 4 BE AT ) Ge J&
TR AR 0 AT R AR LE 109° BRI, AN (1) R A4
Py F PO AR g R 07 i 4 () Fior. B 4(b)
SR 0.58 1 K4 0.63 I, BEIRE M T —8k
Ge—Tef, (H2 B4k I Ge Ji T I8 M i H % H
RAE BB AR, X N TR B T d i 3 in ELF
] L T 28 T 11 TS AL £, 25 ot — AR A 55 () 4
B TR BT X S A B 2 R R A SR T
I EAE IR TS, BT LAA A X Ge i 7 1 Js 48 45
P gz, Rk, 76 GeTe B 45 T, Ge JA 1
IECALE L 3, A FEA R, FHodt 3EALI Ge Ji T
B BRI\ TR 1) T2 A7 AE, T4 FL ALK Ge I 5E
& 1) T DY Thi A 45 44

4 % #®

I K A B T A ELF W Fh 5 v AH 455
TR T — B 7 50 Hr A o 205 460 B A o 6 3L ) e
VIR K B A ELF B 073 sk, 3K
A8 T TE GeTe A iy 45 14 Hp 21 W7 s 11 & 2 2% A4
Jy: WA KK B EL3.05 A, ELF HI{EEL 0.63. X
GeTe JEdn &5 1 1) 43 MR W, 4 ELF I{H H 0.58 1%
o 38 R 22 0.63 I, i A BRI PR A4 2 B K 4 2 5
BRI BRI Ge—Te 8, M58 E R Ge—Ge
R LR, X Ge R 7B A7 SR g
AN MESEHE RSN, EREHGeEFLL3, 4
Be A A, Hor 3EAAL ) Ge JE 7 35 LBk I )\
T SRAFAE, 10 4 FR A7 ) Gee JU) 32 2 DA DY I 44 ) 7
AFAE. BT K B e RS BRI 72 20 F3h )
SR AR R B AR AL T ARIIE, EAME
AL A K ERTHE SR, 11 HLIE RE1S B R — i 4

HE) B HE A 1) S 1) B A U T s A L A A
ELF 45 & 193 5 AT EAHERR B AT i S R
FZBUE NN TR A, 1 Bk w] DU T HoAb 3
Wi ZR AR B S R T 7 A

SE3CH

[1] Zallen R 1983 The Physics of Amorphous Solids (New
York: Wiley) pp10-16
[2] Ziman J M 1979 Models of Disorder: The Theoretical
Physics of Homogeneously Disordered Systems (Cam-
bridge: Cambridge University Press) pp51-56
[3] Yonezawa F, Ninomiya T 1983 Topological Disorder in
Condensed Matter (Berlin: Springer) pp30-39
] McGreevy R L, Pusztai L 1988 Mol. Simul. 1 359
[5] Parrinello M, Rahman A 1981 J. Appl. Phys. 52 7182
| Akola J, Jones R O 2007 Phys. Rev. B 76 235201
] Xu M, Cheng Y Q, Wang L, Sheng H W, Meng Y, Yang
W G, Han X D, Ma E 2012 Proc. Natl. Acad. Sci. U. S.
A. 109 E1055
[8] Xu M, Cheng Y Q, Sheng H W, Ma E 2009 Phys. Rev.
Lett. 103 195502
[9] Hughbanks T, Hoffmann R 1983 J. Am. Chem. Soc. 105
3528
[10] sSilvi B, Savin A 1994 Nature 371 683
1] Ovshinsky S R 1968 Phys. Rev. Lett. 21 1450
[12] Yoon S M, Choi K J, Lee NY, Jung S W, Lee S Y, Park
Y S, Yu B G, Lee S J, Yoon S G 2008 J. Electrochem.
Soc. 155 H421
[13] Wang K, Steitner C, Warnwangi D, Ziegler S, Wuttig
M, Tomforde J, Bensch W 2007 Microsyst. Technol. 13
203
4] Welnic W, Wuttig M 2008 Mater. Today 11 20
5] Wuttig M, Yamada N 2007 Nat. Mater. 6 824
6] Kolobov A V, Fons P, Frenkel A I, Ankudinov A L,
Tominaga J, Uruga T 2004 Nat. Mater. 3 703
[17] Caravati S, Bernasconi M, Kiithne T D, Krack M, Par-
rinello M 2007 Appl. Phys. Lett. 91 171906
(18] Lee T H, Elliott S R 2011 Phys. Rev. Lett. 107 145702
[19] Zhang W, Ronneberger I, Li Y, Mazzarello R 2013
Monatsh. Chem. 145 97
[20] Kresse G, Furthmuller J 1996 Comput. Mater. Sci. 6 15
[21] Rao X, Wang R Z, Cao J X, Yan H 2015 Acta Phys. Sin.
64 107303 (in Chinese) [%5, FndE, Bk, ™ 2015
YA 64 107303)
(22] Ernzerhof M, Scuseria G E 1999 J. Chem. Phys. 110
5029
[23] Tuckerman M, Berne B J, Martyna G J 1992 J. Chem.
Phys. 97 1990
[24] Nonaka T, Ohbayashi G, Toriumi Y, Mori Y, Hashimoto
H 2000 Thin Solid Films 370 258
[25] Lencer D, Salinga M, Grabowski B, Hickel T, Neuge-
bauer J, Wuttig M 2008 Nat. Mater. 7 972
[26] Welnic W, Botti S, Reining L, Wuttig M 2007 Phys. Rev.
Lett. 98 4

173101-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1080/08927028808080958
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1103/PhysRevB.76.235201
http://dx.doi.org/10.1073/pnas.1119754109
http://dx.doi.org/10.1073/pnas.1119754109
http://dx.doi.org/10.1103/PhysRevLett.103.195502
http://dx.doi.org/10.1103/PhysRevLett.103.195502
http://dx.doi.org/10.1021/ja00349a027
http://dx.doi.org/10.1021/ja00349a027
http://dx.doi.org/10.1038/371683a0
http://dx.doi.org/10.1103/PhysRevLett.21.1450
http://dx.doi.org/10.1149/1.2903749
http://dx.doi.org/10.1149/1.2903749
http://dx.doi.org/10.1007/s00542-006-0156-5
http://dx.doi.org/10.1007/s00542-006-0156-5
http://dx.doi.org/10.1038/nmat2009
http://dx.doi.org/10.1038/nmat1215
http://dx.doi.org/10.1063/1.2801626
http://dx.doi.org/10.1103/PhysRevLett.107.145702
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.7498/aps.64.107303
http://dx.doi.org/10.7498/aps.64.107303
http://dx.doi.org/10.1063/1.478401
http://dx.doi.org/10.1063/1.478401
http://dx.doi.org/10.1063/1.463137
http://dx.doi.org/10.1063/1.463137
http://dx.doi.org/10.1016/S0040-6090(99)01090-1
http://dx.doi.org/10.1038/nmat2330
http://www.ncbi.nlm.nih.gov/pubmed/17677924
http://www.ncbi.nlm.nih.gov/pubmed/17677924

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 17 (2016) 173101

Bonding nature of the amorphous structure studied by a
combination of cutoff and electronic localization
function”

Wang Xin-Yang! Chen Nian-Ke? Wang Xue-Peng? Zhang Bin!) Chen Zhi-HongV
Li Xian-Bin? Liu Xian-Qiang"?

1) (Institute of Microstructure and Properties of Advanced Materials, Beijing University of Technology, Beijing 100124, China)
2) (College of Electronic Science & Engineering, Jilin University, Changchun 132000, China)

( Received 9 April 2016; revised manuscript received 24 June 2016 )

Abstract

The analysis of the local structure of covalent glass is one of the major challenges for analyzing the amorphous
structure. Usually, people use a cutoff distance to determine the coordinated atoms and relevant structural information,
such as coordination number and bond angles. Recently, the electron localization function (ELF) has been used to
analyze the local structure of amorphous GezSbaTes. But how to determine the EFL threshold and cutoff distance has
not been reported. Here, according to the ab-initio calculations, we systematically investigate the relationship between
the bond number and the ELF threshold, and also the cutoff distance in amorphous GeTe. The reasonable value of the
ELF threshold and the cutoff distance are determined according to the inflection point and slope change of the bond
number with ELF value respectively. Furthermore, the minimal ELF value distributions of Ge—Ge, Ge—Te and Te—Te
bonds are presented. The comparison shows that the majority of removed bonds in structural analysis are weak Ge—Te
bonds due to the low localization degree of electron. In contrast, the stronger Ge-Ge bonds are almost unchanged when
changing the ELF threshold value from 0.58 to 0.63 because of the high localization degree of electron. The average
minimal ELF value of Ge—Te bonds in crystalline GeTe is calculated, and it is close to the ELF threshold that is
determined by the inflection point. It is easy to find that the Ge—Te bonds which are removed by increasing the ELF
threshold are relatively weak. Therefore, these weaker bonds should be removed in structure analysis, which also means
that the ELF threshold determined by the inflection point are reasonable value. Finally, based on the EFL threshold
value, the coordination number and bond angle distribution of Ge in amorphous GeTe are obtained. The analysis of
the coordination number of the Ge atoms shows that as the ELF threshold increases from 0.58 to 0.63, the 5-fold Ge
atoms almost disappear because they are against the (8-N) rule. Furthermore, when the ELF threshold value is 0.58, the
bond angle distribution analysis of Ge atoms shows that the local structure is a configuration that is mainly defectively
octahedral (3-fold Ge) and distorted tetrahedral (4-fold Ge), but it remains unchanged when the threshold value increases
to 0.63. It further demonstrates that all the removed chemical bonds are weaker ones as the ELF threshold increases.
This approach is useful to improve the accuracy of amorphous structure analysis by obtaining the more reasonable

inter-atomic bonding information. And it should be applied to the structural analyses of other systems generally.
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