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First-principles Calculation of Promoting the Formation of Oxide
Film on AuCuNi Alloy Surface by In Doping

CHEN Jing-chang, ZHANG Hui-meng, FU Rong, LI1U Xue-yuan, WANG Yuan

(School of Mechanical Engineering and Transportation, Southwest Forestry University, Kunming 650224, China)

ABSTRACT: Au is difficultly satisfied with work in the extreme environments such as high friction, high wear and strong
corrosion due to it hardly reacts with oxygen to form a dense oxide film. Therefore, the formation mechanism of In doping in
AuCuNi alloy to form the surface oxide film was calculated by First-principles in order to provide a theoretical basis for
promoting the formation of surface oxide film by doping elements in the Au-based alloy in this paper. A crystal structure model
with Au:Cu:Ni=9:5:2 suitable for First-principles calculations was constructed to calculate the stability, bias properties and
adsorption properties of AuCuNi system with In doping. The results show: the doping formation energies of all new forming
AuCuNiln surfaces with In doping substitution for each element in AuCuNi (111) face are negative, this indicates that the
stability of the AuCuNi surface can be promote by In substitution for any element in the AuCuNi (111) face, and when In
substitution Ni atom in the first layer on AuCuNi surface, the greatest stability enhancement occurs with a doping formation
energy of —1.326 eV. The maximum doping formation energy is —0.503 eV when In atoms substituting for Ni atoms in the third
layer, which indicates that the increasing of the stability of the system is minimum at In atoms locating on the site. The bias
energy calculation indicates that the doped In has a tendency to bias towards other sites and most easily towards the site of Ni
atom with the lowest bias energy with value of —0.739 eV so the most stable AuCuNiln surface structure is obtained when In
substitute for a Ni atoms on the first layer. In addition, it is found that the adsorption energies are relatively high when In is
adsorbed in the top position by the calculation of the adsorption energies, this indicated that Au, Cu and Ni atoms aren’t prone to
adsorbing oxygen atoms in the top position, as well as the adsorption energy at 75 (Au) site is positive with value of 0.034 eV to
explain Au on the top site don’t spontaneously adsorb oxygen atoms. All the oxygen atoms at the lowest adsorption energies in
the surface atoms, H; (-3.571 eV), H, (-3.462 eV) and B, (-3.021 eV) are bonded to In atom to suggest that oxygen atom is
more readily adsorbed near In atoms. Finally, it is found that O atom obviously transfers charge with the other surrounding
atoms, and forms bonds with In, Cu and Ni atom by the charge differential density map and population analysis, i.e., a chemical
reaction occurs between the O atom and the surrounding atoms, which improves the stability of the material and confirms the
accuracy of the adsorption energy calculation. Based on the above calculation and analysis, it is concluded that the formation of
oxide films on the AuCuNi surface can be effectively promote by In doping. In addition, the effects of doping element on surface
properties were predicted by first-principles calculations, which provided a certain theoretical reference for promoting the
formation of oxide films by doping element in the surface of materials in this paper.

KEY WORDS: gold-base alloy; oxide film; first-principles calculation; adsorption characteristics; doping formation energy
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FIHSE—VEEIE T Au(111)3 2L Y 45
My REaE M, UEH T &AL Au TEGUKR &ML TITT N
HORT LR FEAE TR UL A o X Bh S 0TI T NATI
(110 ) FETa 451 AW B R4 Jie b, 255 % W, o
JRFAE Ti LW AR, 878 T NiTi &4 R 1™
A TiO, MR . BN IT IR B4 E A= A 1)
LR T —2 5%,

T LT, ARSCRA In $87% AuCuNi, 55
— PR AB A B RE . IR ATRE . R RRESE, &
BBFSET In 76 AuCuNi FFIIRARIRES, 598 In 842
Jei AL R T A AL R A T B LEE
1 HEAFEREE
WEFE
SR B R T % 57 sk B (DFT) s
— B g5 ik, Al MaterialsStudio  #X £
CASTEP RPN AT, 76T B EEIT L ( GGA ) B
HEZRR, SRA PWOL iz pRJE i i 58 # SC 156 pRE
Ni JTCRENWEMETCER, I TR . By B8RS H
VEFAXT AT RIS A . BE R AOSE R, AR SCHE B AS TR
JF T Spin polarized Hifig. R HHE FE A4 A 4 1 5~
H5EFLZ MM EIEN, ik RWaE R 351 eV,
AN Pulay IRA D, WSO A 2.0x
107 eV/atom, e 5% M sE—A HLIHIX k o5 M4
BRI 3x3%3, R BFGS 53X i i 647 I LA 42
Ak (LRGSR IRS BRI T A bR ), BRI 1k
Zfgi/NT 2.0x107° eV/atom, K Hellmann-Feynman
JHMET 0.5 eV/nm, JE+ & KAmF8 /N T 0.000 2 nm,
R R E KN SI/NT 0.1 GPa,

1.2 HE&EE

T AuCuNi Z2AEfL2 455, TS In
Xt AuCuNi RIHBIRZ R, W2 e HASE 4 . iR

1.1

AR CHk R, T Au: Cu: Ni=9 : 5 : 2
i, HESHEONRE ., FIt, ASGEREBIRTECH 32
A, R4 LR AR E TR T Au @ Cu : Ni=
915 2 YRR AN 1 FTUR , S $2 0=0.815 6 nm,
0=90° . fILFE H5 & 1A T — PR TS 5 A v 1 A T
KO ke e R, Fr AR T AuCuNi 2544
FRFE BT (111) AR S, T AR R
Au., Cu I Ni JCEWE 2ZIHE K, Au, Cu, Nitx
W BE B KA 2245518 25.00% . 12.50%F1 12.50%, A
WG T B R A AR Lk o e T A RE I O, LA B
A sm . IR T 6 Fhy 25T E AR Eg
JE - HEF I AN [ (ks R T a5 4, ] 2a—F ik
s R Au: Cu: Ni4ralh 7:6:3, 11
4:1,11:4:1,7:6:3,7:6:3,11:4:1, &
SRR 22, [ 2d, K 2e BRI P EEAMIE, #
1R 2b, B 2¢, K 2f WR R TR, [HEH
JE - B 43 AR L B A AS AR, Wi A 6 Rk . A
ARSI 4 2240, 82 16 MET,
Io64 ANMEF, HEZEREN 1.2 nm, S
a=b=1.153 5nm, ¢=2.206 3 nm, a==90°, y=60°

1  AuCuNi g5 R
Fig.1 AuCuNi structural model
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Fig.2 AuCuN:i surface structure models at different cutoff ends
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fasett, Rmbe y AP (1) 4,
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7*E(Eslab = Nyputtay = Nyittni = Neyley) (1)

e Ega A FRTE ) EEE s So W3R X Y
T (nm?); Naw. Nai 1 New 259K ZF A, Ni
1 Cu JEFHIANEG waws pou BT pey 5391388 Au, Ni
Fl Cu JEF I fb i

O — P D PRI AR BT A5 A ) 48 Lk v Y 2% TR B A T
P 1o 1 AT g0, R e AR B IMK K RS (d)
1.019 J/m*># 1k 3 £)1.015 J/m*>#1E 37 ( ¢ )1.009 J/m*>
Bk (a) 1.007 Ym*># 1% (b) 1.003 J/m*># 1l
i (e) 0.984 J/m*, HP#kikdG (e) AYS5HY LA 1k
S B ANAE S , AuCuNi A (111) 1 55 25 5 T8 s 1k 3 e )
MYRTEEEA . T #km (o) SR H oI,
T LAAE J5 22 9T 5 A2 b DL 13 (e ) R 4B i
RUEATRESE o

&1 TEBEHREAE
Tab.1 Surface energy of different ends
J/m?
a b c d e f
1.007 1.003 1.009 1.019 0.984 1.015
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KT In JRFBZ)55%T AuCuNi & 4 1
I B R, AR SCH R T In JRFHB A5
AuCuNi &4 R 2RI EN &SRR, T
THBIIL BRI . B4 MR B 2 MR B 4t
2 F, HTHBRBATEBRIEF LR/, 1 In
JEFHERE R, 5 Au. Cu, Ni BT RERHBIAE
BB S, HOE In SR LU T B 4R F)
AuCuNi I HE 5 e fs e i AULE I (e) o, B2 A9
AN 3 s, HAE 3a, | 3b, © 3¢ rniit RSB
FEE1, 2,0 3, BIIAERE Au, Cu, NifE 3 )2
ik In BACHALE
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°cy® ©
°©®®
e o o

c
C ONC)
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Fig.3 Schematic diagram of doping sites
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Ei=Epm ~Egw +E, " E, (2)

HHF: Egm N In BAERREEE; Egp NAESE
7% In MERER; EAH In BHMEFHRERE; En
7 In JEFHURE &

BR In JiFHBREMN—ZP0 1 ANERT, 8
ARG, WO NBIE R EEEA 9 FEDL,
SIFFR2, 1, 2, 3/RERBEMZL, Au. Cu.
Ni fCEREAC AT 2KR, MBI R e N T (E R,
Vi B AL R P HLTE T R R BB A AR e R T, Y
T BCRE R IE AL, DU 50 BF A T A e M 4 TG T R R 1B
TR REEVERRAR, PR 2 7, B In 5, FrAEE
B AL A A TUE, I In BIE R E R In
KBImttae, FFal A BB BIRE —Z0 Ni
5T AR /N N —1.326 eV, W] In 5 UL
BRI 20 Ni JiT b, BRBIEREENE
i, BB — 20 Au JE B0 R AE RS
-0.503 eV, Ui In JR FHBRRE 2 Au 51
MR, AuCuNiln & &k R EM R . Zhang 5
W5 R P Au LS 4P A In TCERES A S0GE 54
(R TR O ZE 2RI o ARG TR sk R RN R, AP Tn B9
BIREAETE Au G SRR ErE, T T B
BETHA R M M . A5 S B AR AR T LA Kk
B, Y In JE TR BARE—Z W RETR, B Ni i
T B A L BE ek, B 1B 24 R 26 A i), B
FIFRTZEHE N, Ni {75048 2408 BUREZ W,
Au P B AL R RE TG BT, Cufifiis
ZIE RE N S T 5 R B [ )2 2 (RIS [R5 5 () 48
ZRIE M RE e KA 22 0.823 eV, [A I E T2 BUN [R5 42
W RE R KAHZE 0.552 eV, HI TH4IE BAEAH 2 5%
K, U In R FBRE e AWM. MTE In
2% GaAs ORI TiO,P R R BFFEH, In R P4
AR E AT YRR AT, XUl In JRTB
AR 21 R mAT

2.2 RiTEEHTHE

AE—ERIY In $B423] AuCuNi T ER_RGEH
) 22 WA AT B A, AR SO In W AT BESEAT T,
FHE LA (3) B

* o X Y
Eimp _El - EO + Ecrystal - Ecrystal (3)
_ X substrate
Eseg _Eimp - Eimp

A B, (% 1-Au, 1-Cu Al 1-Ni Z075)
J& In BURAS R AT S BATE LR ; Ewee N A1

£ 2 #In7 AuCuNi RTHEHIIB 2B 8t
Tab.2 Doping formation ener gy of In-doped AuCuNi surface

eV
Planes 1-Ni 2-Ni 3-Ni 1-Cu 2-Cu 3-Cu 1-Au 2-Au 3-Au
E; -1.240 -1.326 -0.503 -0.786 -1.169 -1.055 -0.908 -1.072 -0.587
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HTRE; Eo M E, 0 BIMC R Ll FLin ) Y 524 S )
BB El Al Egy PN BC BT Y T
RS A TP RE R E o In JRT
$B2=3) 3-Au (i B (BCERBARPNES ), 1R HAAL 25
TRATRER S % {8 En, 2 In RO R H AL A S
W IEF BB 2E RE o
In 5 FB ARG B WHTRES T35 3. IRATHEFm K
— 57 g5 A ) A7 SRS B R e, BT B /N 15
Bahniaidr ok, ZIES In JRTHB24 3-Au (S 05
FEMER2E H 3-Au i s FES SN, I 3-Au {7 5
TERS AL, R HABB I S (1-Cu, 1-Ni
2-Aufs) 5 3-Au BIIENAE, 1T LASKAS O BT RE 1)
KA HEFE 3 ATA, MWATARE N B K HEF A
1-Ni<1-Cu<2-Ni<3-Ni<2-Au<3-Cu<2-Cu<3-Au<l-Au,
XU In BT I 5 ) 1-Ni 7 S 30T RAT, IRATaES
-0.739 eV, HIK A 1-Cu. 2-Ni, 3-Ni, 2-Au. 3-Cu.
2-Cu. 3-Au. 1-Au SE0705, XUl R0 IR %12
i 1-Au IR 458 3-Au. 2-Cu. 3-Cu. 2-Au. 3-Ni,
2-Ni. 1-Cu, FZ& 35k 1-Ni fi & . [FRh S 755 5
EEE I, WPTREZETIE K, 514 1-Cu<3-Cu<
2-Cu. 1-Ni<2-Ni<3-Ni. 2-Au<3-Au<l-Au, [[IF5EF
Sy 1, 2 BIETFRAT, FERF 5 m Ni 7807
SURAT, PrLL In 8425 i By 01 55— 2 1) Ni JiF7
TR o AT BE A 45 9 5 2 A5 PRI 86 4518 (In
B2 8 oA R 5 2 m R T wm e ) —2

R3 InBFHBREBEEMRITE
Tab.3 Doping formation ener gy and segregation
energy of In atom

SitePlanes Impl;fti';};gf;/r:\llation Seeligerreg%tei%n
1-Cu -1.24 ~0.653
1-Ni ~1.326 ~0.739
I-Au -0.503 0.084
2-Cu —0.786 -0.199
2-Ni ~1.169 ~0.582
2-Au ~1.055 ~0.468
3-Cu -0.908 -0.321
3-Ni -1.072 ~0.485
3-Au -0.587 0

2.3 REWRMESE

2.3.1 WRHEEITE

HTFBEER In JEF5mRZ R, b THRE
AT T AuCuNiln E AT In fEREBEAY, XF In
B2 1-Ni 7 s BEATRRUE i 48 S B B AuCuNiln
RIMHAAT T O FetEryodr, KA (4) #47
W% B BE Y T3 o

E 4 =Egao = Eqa — Eoz /12 (4)

K Egao N O JEFIRFHE AR SHE: Ega
K O JEF A WL B i 4675 AuCuNiln R RE R, —
A 0y THIRER N Eo,, WIHWRME) O J5i1 Ry AEHR:
M 1/2E0,. O JRFW I+ AuCuNiln i, O JiT3k
A 18 FCREM B 25 . o Ty FORTE Au. Ni,
In Al Cu JEF-HYTRAZE Y, B WATALWR, H o 2 Fif
ANEM ) = TR

O JE-F AN A i i v B A s M Ak, tfb )
W B AL 4 s o AT RUR IR, M0 AR T B
Brfiff, O JRF4x F R =B s B s g, 1
=W AL SRR E PEECAT o 7R Cu J5 5 THUA W B
W, O 5+ A &M %2, B ER E
PEENL T AL . RIS, 2 O JE5- W fff T Au J5i
b, f LS O 523 F & g 2 H A s 5 1
YL Au JEFAR 5 5 RO sCHA s 1 v e T
Au 5§,

Kl 4 O BB M s E

Fig.4 Schematic diagram of O atom adsorption site

TR A5 W B RE T B4 SR LR 4., WFfERE/N T 0
B, RO REAS [ & MR, I8 B fE 8/ 8 7 2 W I
XFF AuCuNiln £, BR 75 (Au FEF TN ) 4k
JITAT W B e A U B RE 34 R (B, DEPHBR Au Ji £ T
AN W B A1 T A o A 34 e R R AU o B, LA
Hy W R fe /N, H-3.571 eV, £ O 5 F7Ei%
Rt 5y Wt o 1Y O SRR T Au JRF R T (T3 )
i, B B KB ARE (0.034 eV ), eI A B B
NGB O T HoANS: A AWM. HIE 4 TLIE
WM REAIC T3 eV 1 3 AMiirh, JAfiKim) 2 A~ s
W R, 3SR Hs 5 15 =3.571 eV )R H, {7 5( =3.462 eV ),
SRJG LI I B, 0 55, (=3.021 eV ), THAS A W% B it
ERELEE R, 433 Ty (—0.526eV ), T, (-1.659 eV ),
T5 (0.034 eV ), it WE H, . H, fl B, K0 BT LUA
W, W RERAREY 3 AN E TP ERE In JRFRY SR
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Tab.4 Adsor ption energy of oxygen atoms at unequal sites
eV
Sites T] T2 T3 B] B3 B4 BS BG B7
Energy —0.526 —1.659 0.034 -3.089 -3.021 -2.991 -2.606 -2.522 —2.754 —2.550
Sites Bg Bg BIO Hl H3 H4 H5 H6
Energy —-1.882 -1.950 -2.699 -3.462 -2.727 -3.571 -1.386 -2.754 -2.015

H O JF1E Hy Hy M1 By (7 i AR In J7 i, 15t
Wl In JRFB 523 T AuCuNi &4 R 5 A4
HHRET . mBHEPE AgSn TBS In K&
B, In AT ATt & 6 3R A AL A A2, Ik
Bl TSR — 1R TSR In 4278 AuCuNi BEfE #E2 1H 45
PRI LAY T AT 1%

2.3.2 BFHEHSTH

KT O FF BTSN, T
JEXT O JEFAE Hy A0 5 B F R HEAT T HLfof 25 50 3% B
BT RIAR J5 A3 AT o L A 25 %85 88 SR A% o8 B8 T i A . i
W22 5, LT R B BRI I AT L T S e 2
) 48 8 I 55 . L S RTRLE B, AR T AL T
B B, AR 25T 58 AR 71
fheg s, e T RmmRREt, X5 H; AL
FRFRETT 30 45 R — B, A v fr A0 R A AT RE RS T 45 R
FHAE L0 A RN L far RS, i D R %) s e
T FLMrAR RS AT & B O JRF 1Y charge NffE, &5
T-0.67 eV, XYLl O JEF153 T Z Ay fr, R
R A AN, A R AT R O (1) T
S5 Ni (3) J5F, Cu (18) ¥, In (1) J&T
A, BT EREC R 052, 0.47. 035, HARIEE
HB A IEAE XM O 75 Ni. Cu. In JFRUsEHR N
i, W TFAEMBET O JEF752 m Wi
TENLEE, SRR ZE R —2.
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Fig.5 Differential charge density diagram
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