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Fa TR (0 A BR FH 5 R M2 s 191, BIVEE 45
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JEF b5 20 % Bl LA A SR S 25 2 ]
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U PSCC Jy ¥ Jie el i 3 — M R 3, RAS
SRR L g st TR 25 AL B o 17 B FE PR St P 43 ey ke
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2.3 YIEEHETERZ
T A R A5 a8 S R R RIS F DFT,

i#1F VASP(Vienna ab-initio simulation package)
B4 108 SE L THRCR B Z0mE (PAW) 7
12 19 ST AT RE B R 600 eV, A1 FLIKIX £ 53
W% KSPACING = 0.1 At {8l fF58
e TR RE AL R T SRR BE AL (GGA),
PBE iZ # B, JFFI ] DSCC J5 i B9 & 1E 38 S Xk
B, Au Al Cu JTER M BLH) UAE7M514 2.62 eV
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F16.24 eV, JIHA 4 0.75 eV Al 1.12 eV. 4554
St R AR LB A FE SR, A B A A | A
TEAR B AR Al (he) e 20 TT A E 1 A5 Re A4
LI TR S AR b, St R USSR S ST ek
ZH/NF 0.01 eV /A, SR A EEE 100 2.

3 H#XR5iH0
3.1 ¥EEdBEFEEMIISGEHES

AT 345 Au-Cu A2 BAEIELHEE, R A
F&ER DSCC Jrikxt Cu-3d #1iE M Au-5d Hil
HHTENECIBIE, HiA#E Hubbard U5 Hund
A JH. XF Cu-3d HUBETFAL RIS U, J{E 5%
F6.24, 1.12 eV, X} Au-5d 3B PEAE 51 U,
JIEY K 2.62, 0.75 V. [N, iPA% T A [F 4 5
T Cu-3d #LiE Al Au-5d HLIEXT R Y U5 T34,
HAE LA, Gngk 1 fndl. i —2 23 #r Au, Cu
1 d B FRUR I, A Au SR, d 4
W LA TS5 RS R, R AR BEAR N (I
K1), XUEHH Cu, Au i d HL 7 5 ISR 1
AR, BIRE WA KRR ENN AL, i,
XEITA ) Au-Cu A4 2R H F A PEAG 1S 2 1) [
U, JAERI RN ZRE .

#1  AuCufB&TAFAEYN Hubbard U

Hund #§4 J4UE

Table 1. Hubbard U and Hund’s coupling J para-

meters used for different compounds in Au-Cu alloys.

Cu Au
Compounds
U/eV J/eV U/eV J/eV
CuzAu 6.25 1.12 2.64 0.75
CuAu 6.24 1.12 2.62 0.75
CuAug 6.23 1.12 2.62 0.75
10.00
—a— Cu-3d
9.75 —o— Au-5d
o 9.50F
& —a—8—*#
5 925
o
'Té 9.00
5 85| —°
=
T 850}
8.25
8.00

Cu CuzAu CuAu CuAu; Au

Compounds

K1 CulyAuilyd i 7B
Fig. 1. d-partial charge of Cu and Au.

N DSCCEIE &, vl DL 5 52 56 — B0
Au-Cu & JE L AW REE. RS T RS
ML (AN 2), e ihLk f SRR E 4R Y
TR RERIEE, 7 TR &R Rk &Y R e
0. AT LLR I, LT PBE & Au-Cu B HEY]
i TR, O H A U Culdug ATEMNA
b BRif, PBE+ UPSCC IR RS HERA TR A
g, L AER B P i BB A CuAu,. H
TS g M ARAFAY Culuy TEREER A — P AR5E4
H P 2548 19, S8R S i R 28 26
07, AL, BRSZE B 3 AMEE A, PBE+ UDPSCC
THEIEEE] 2 M FE M CuAuy(B), CuyAus(LPS).
X AT B2 TSI AR E AR A f AR R (A
), TS R B T 2 PR IR AN, AT 25 B
R AR AT SRR s B RIR S, XA
Au S BMARESEER RN L, 5505045
%%ﬁ[ [17]_

* Experimental (320 K) PBE PBE+UPSCC
PBE (convex hull) —#- PBE+UPSCC (convex hull)
0

7

g C

S —20r

&

>

=

i —40r CusAu (L13) o °

>

&0

-

g —60 CuAu'(L1)

;’ B CuAu, (8)

S

pel CuyAuy (LPS

s —80f \

g

-

Lg CuAu (L1g)
7100 1 1 1 1

0 0.2 0.4 0.6 0.8 1.0

Au concentration

2 & PBE, PBE+ UPSCC BJE Bk ™ A 1B (K 7R 5
B %), Hoh LPS Fom KR 4544

Fig. 2. Convex hulls of formation energies calculated using
the PBE and PBE+ U PSCC. The star symbols (%) denote
experimental values?¥. LPS denotes the long-period struc-

ture.

EA SCHk [17) BHE T d WA E X Au-Cu %5 Cu
A& RETH R I EE . 752k PBE 12 M)
DFT i, Cu-3d #1 Au-5d [A] 1 d 45 oot B 25
WA, B 3d-5d ZRAiEs, T RLRE M T SL S0 E.
SR, T ZEUL Bl 2, 783 2% Au-Cu R RifE 4T
DFT+U 5, USSR BRI &5, 1A SC
R A AR TR U, J1A.

W 3 FroR, X Cu-3d #iE Ml Au-5d #iE I
BB IE G, Cu-3d W AL E 7] F B2 0.9 eV, i
Au-5d [0 E 7] F #8129 0.3 eV, Cu-3d 75 Au-
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5d T RERIEIT. 1T LLEL RN CuAu & 4T &
B IE RS Au—Cu KA AR TEIE
7 DFT H8.45% 0.004 A, iXHE7R T Cu 1 Au [A]
HRASEAVER. 2D AT T AL RS A

(a) [ Cu-3d | DFT
1
[ Au-5d i

DOS/arb. units

—10 -5 0 5
Energy/eV

(b) [] Cu-3d
[ Au-5d

1
| DFT4+DSCC
|
1

DOS/arb. units

—10 -5 0 5
Energy/eV

& 3 X DFT (a) fil DFT+DSCC (b) 713 & Cu /R
B9 3d LB, Au BABTHY 5d HUE A8, B H 4 RR
K AES

Fig. 3. Density of states of the Cu-3d orbital and Au-5d
orbital for elemental Cu and Au calculated using DFT (a)
and DFT+DSCC (b). The vertical dashed line indicates the

Fermi level.

5

[] PBE
[] PBE+UPSCC

ICOHP = —0.291
ICOHP = —0.293

Energy/eV

—10 . . . .
-0.3 —-0.2 -0.1 0 0.1 0.2 0.3

— COHP

4 3T PBE 5 PBE+UPSCC MY Cudu &M HLIE
FH 9 & 203 v 25 05 A i (COHP) 43 #
Fig. 4. Crystal orbital Hamilton population (COHP) analys-

is of the Cu-Au bonding interaction in CuAu calculated us-
ing PBE and PBE~+ UPS¢C,

J& (COHP) 73 #fr, LIWFSE SR . CuAu Hr Cu il
Au Z A EAEHZERE 4 T JER. -COHP HIEfH
B, FRAELE AR, TN TUE T, R R
FEVEH. ATLAEMTHEE ), A3 T PBE 15, DSCC
1& 1E FTE Fermi [ 37 1Y) S5z 6 06 (6 00 55, 1 7
~7 eV FfFIE i B Ig( BT 58 . X R W], DSCC &1
SRAE T RO, [RIRH T R A, F 3 Au-Cu 1]
HATRMEEER, X 22E Av-Cu HAH
IO B RE A TROURHIL ]

3.2 ASMETREINZHIESE

NIZIIET A5 AR REIUEIERY CE 2R, A
A TCAME N AR RE &, M T Au-Cu A R4
SIS REN AR . 2 A AR S v] I T
BT A5 A8 RE R R by 23 (6] CE A, [a) it i
T MSCE, MBCE # 8. 5 /5E 8 6 A~ [001],
[011], [111], [201], [221], [311], i@ id 26—k R EL I
SR A ) N A TR RE - R G R X L
i ) X 2H 23 AR BERY DTHR o7 32 S, BB S
(235 AN 20 3 107 7% i () R AR TR 25 SR 7 A S B
;ﬁ@ [44,50]

el Cu M4l Au fysbigaT B, &1
i f A% BB 9 R acy = 3.618 A, ap, = 4.151 A
a1 S R T O RN T ) | N [ S
TEIE FL T i [0 0% T 4 T 52 7 1) i 00 45 204 14 T 1A )3
AR TP B S 36 o SME S A2 BRI 2R ¥ 1) A
H R PRSI, X T Auon®, HimH g2
BN acy/an, = 087 ELHR 2 1.12, X F Cuit
KM 0.86 FIH5 2 apu/acy = 1.15, M SERETE 15
T HAME A AT RE ST R 5 4 AR R
A AERA SR I AITTER T AR D[R] B4 2 B
B 11 AN IBORE A, DATE DR UE R 22 RE 1 T 23 BE A 1Y
7 o 42 ] 265 — A D B B30 P A I T2 U 2
28N REAE 3 E A A2 BERE A A% S BB ALy
TS T E m N S B o AT, B 4h
T F7E [0 08 — 0.12, 098 + 0.12] X [a] 25 %
B, JFEIEC 1145 BEJS, g — 2 [ A
RS AR B Ak ) AR BE S AR S EOC R R
=R ZWAGATING, I B s MRS i E
Xof IO ) i AT 28 B K APk [ i S48, 1AL B
M TAESME LA X g m) [ i AT 7840
SFE. 2, RAN[E] R A R O LR H Tk
ZWABATRARIUS, TR REE T NG — 0 &
wARRE R, RATIELL . 6 HAY B — B0y 410
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Fig. 5. Equilibrium constituent strain energies as a func-
tion of Au concentration along six low-index crystallograph-

ic directions.
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Table 2.  RK coefficients along six crystallographic

directions.

k Lo Ly Lo L3 Ly

[001] 0.0573  0.0469  0.0504 0.1345  0.1221
[111] 0.2815  0.1394  0.0750  0.0547  0.0309
[011] 0.1922 —0.0441 0.0547 0.0088 —0.0184
[201] 0.1709 -0.0406 0.0395 0.0140 -0.0205
[221] 0.2745  0.0740  0.0331  0.0237  0.0133
[311]  0.2002  0.0168  0.0119 0.0171  0.0045

3.3 HIERFAERIINGER
3.3.1 KW HEEFER
A SCHY AT FE R T AR RUAL 2 JL T ICET
SEM P FER MRS HCT , R Rk Ts
LA B PR TR, FLR R AR b A3 7 AR IR 22
(root mean square error, RMSE) A 4.85 meV/
atom, XA AIPRAE R EL R? 7 0.958. MKl 6 FT LAY
A F], KZH CE B HEGE DFT 715041,
e RS TR RE A% FEAS 71 I 20 — 1 SO BT R B A O A
RITE JRE.
60
10} 0;%9' ’

o
20 R

—20 F
—40 F

(meV-atom~1)

—60 F

DFT formation energy/

—80F $°
—100 e L L L L L L
—80 —40 0 40
Real-space CE predicted
formation energy/(meV-atom—1)

6 FHIIE e A B — P R B B 4 R 5 sEAs ] CR AR
YT AE Y X L
Fig. 6. Comparison between first-principles calculated form-

ation energies and real-space CE model predictions.
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Fig. 7. Prediction error distribution of the real-space CE

model.

WAk, 205 TSN 2E R 34 (18] 7),
e K26 X 1R 2% (maximum absolute error, MAE)
4 19.80 meV /atom. 454Kl 8 ' DFT 1435 CE
T A AR I AR LL S R AT Y, SE2s 1] CE fig
I CusAu, CuAu iX 2 FPacss O HIERE A, ARE
P CuAug B2 EAH, HE Cu s fr7E B2 1500 i
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2. SEINE Cu s SR8 e, T fi 22415 R A%
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Fig. 8. Comparison of the formation energy convex hulls of
the Au-Cu system constructed from first-principles calcula-
tions (orange) and real-space CE model predictions (blue).

LPS denotes the long-period structure.
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Fig. 9. Cutoff distance test results: (a) Second-order

(a) B HIAE; (b) =B HTAE;

clusters; (b) third-order clusters; (c) fourth-order clusters.

F 3 AN REE IE AR B AR BE L

Table 3. Comparison of model fitting accuracy for the Au-Cu system before and after constituent strain energy correction.

Optimal cutoff distance/A

Training-set Validation-set

CE type Number of RMSE/ RMSE R (validation)
nonzero ECls Pair Triplet Quadruplet (meV-atom')  (meV-atom )
Real-space CE 40 15.0 7.5 5.0 3.65 4.92 0.958
Strain-corrected CE 30 13.5 6.0 4.5 3.37 3.97 0.968
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Fig. 10. Cluster order test results. Curves with the same

color represent the same neighbor shell at different cluster

orders.
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Table 4. Key parameters for the strain-corrected CE.

Parameters Value
Primitive
Au (F
structure u( CC)
Cluster order 2 3 4
Cutoff
distance/A 13.5 6.0 4.5

Detailed in Supplementary Material 3,
Complete ECIs Science Data Bank
Strain energy

RK coefficients, see Table 2
parameters

14
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Order 1
Order 2
Order 3
Order 4
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K11 R REIE IE RS L= 4R % BCIs 1A (a) K
BIE S22 AR ECTs; (b) W AR IF 5 895228 [ 4E & ECTs
Fig. 11. Comparison of nonzero real-space ECIs before and
after constituent strain energy correction: (a) Uncorrected
real-space ECISs; (b) strain-corrected real-space ECIs.
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Fig. 12. Comparison of the formation energy convex hulls of
the Au-Cu system predicted by PBE+ UPSCC (blue), the
real-space CE model (orange), and the strain-corrected CE

model (green).
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SPECIAL TOPIC— Atomic, molecular and materials properties data

Construction of formation energy dataset and cluster expansion
for Au-Cu alloys
JIA Yuru!  LIU Beilei?t GAO Xingyu?! CHEN Huajie VT SONG Haifeng ?
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2) (National Key Laboratory of Computational Physics, Institute of Applied Physics and Computational
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Abstract

This study presents a dataset construction method for the cluster expansion (CE) of Au-Cu alloys. To
construct the formation energy training dataset, the PBE+ U PSCC method is employed to correct the energy
levels of the Cu-3d and Au-5d orbitals, where the U and J parameters are self-consistently evaluated using the
doubly screened Coulomb correction (DSCC) method. This improves the calculation accuracy of the formation
energy for the Au-Cu alloys to allow the prediction of three experimentally observed stable compounds, namely
CusAu, CuAu, and CuAus. To construct the constituent strain energy training dataset, we use the PBE+ U PS¢C
method to calculate the epitaxial strain energies of pure Au and Cu along different crystallographic orientations,
thereby fitting the constituent strain energy of Au-Cu alloys. Based on these two datasets, a CE model
corrected by constituent strain energy is established, in which the long-range elastic strain effect arising from
the significant atomic size mismatch is separated from the short-range chemical interactions. Compared with
the pure real-space CE model, both the fitting accuracy and the prediction accuracy of the convex hull are
improved. The datasets presented in this paper are openly available at https://www.doi.org/10.57760/
sciencedb.j00213.00207.
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