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Fig. 1. (a) Schematic diagram of CupZriz—, (n = 6-9) icosahedral clusters centered by Cu atom; the green block

diagram denotes the icosahedral configuration with minimum binding energy for a given chemical composition,

and the stable Cu-Zr icosahedral configurations are further illustrated in (b) diagram, the red balls and blue balls

represent copper atoms and zirconium atoms, respectively. Bonding between the central atom and shell atoms is

omitted for clarity. For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.
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Fig. 2. The partial density of electronic states (PDOS)
of Cu-centered CugZr7-A cluster (for interpretation of
the references to color in this figure legend, the reader

is referred to the web version of this article).

FLR, X CugZrg-A I Zeifi &, M1 (b) AT
A, Ze J5 7 B AL R IR S AN R, 3 EE 2
ZrA(Zx7), Zx8 VA J¢ Zr11 ) PDOS ith £ (1 53 41 BE A7
IR Z A, AR, R ZATET Ze JE T
PDOS #h Z8 &R 43 A fE —7—2.00 eV 2 [8], H.1E1%fE
X S AR Ze JE I PDOS A HEH % B S
X 35k, WiBH R AR Zr JE T A ANMEAZTE L0 A B
TER (B LAE —6 eV i, = ZE i s-p LTI,

£ —5——2.5 eV X [E N, HEZH d BRI, T
1E—2 eV 4b, FILM I 3= 202 s B A R, T HL
£ Ep M T (—2—2.00 V) B AZAE 1 4d HL I K
(AR BRI 4 B 8. IbAh, Zr 5 HOE A58 )2 Cu i
+ (Bltn Zr8 5 Cub) fEIE LA B (—6——2 eV) 1)
[FS, 7€ Ep T HIE R T 5S4 B8 (H Zr-d 5
Cup M), BATHRZEZrJ T 50 Culi 72
V]t B AFLEAS [F) R BE I LA BLAE Y ARl 2 Ak fE
T, 7£ —5.00——2.00 eV [REE X (AN, Zrd(Zx7) 5
Zr8 #RAE LA d TN, T Zrll HAE —3.5 eV AL d
HL -5 p B 3L [FDE B —/Mss i s g, AR
i Zr1l B d HLTAE —0.9 eV A i b s B R
T Zrd(Zr7) 5 Zr8 () d LT AEA R B TTER. 4
BE— 25 %% Bp ML (—2—2 eV) Zr J& T PDOS [
S AT R, Zrd(ZeT)Zr8 5 Zr11 R MHEZLLd,
p T NE, HZr8 5 Zrd(Zr7) I d L8 B T-7E Ex
AR — N B R, T Zr11 M d TS
p HT1E Ep TG —1] 70t 2 30— AN B RERR (%
H). AN TIX—BEXKZR AL CugZrr-A BliEFZ
R B R AT R B 2R UNAE Ze8 1 S <0
FJEN A Cu i T, H Zrd(Ze7) AR Cu i 7B
WZ. 52 MK, £ Ze11 A B A0 Cubh, 4k
Zr )R- AR, U MR R BN —ia
i, &EFX Bp B TTE RN T R 2R
R BB AR L, IR RO W, B s 3R B HR A
T AR TR R AR &K R AR A A% 9 oK i
T N (Bp) A4 /N T [ — 4 41 5 T 1 HAh
W AEAL 7 2O1 bl B A BRI A =R R
PDOS £k th#i /775 b, B2 5tk AL Bt
SRR BLH AT R IL R UL, 18 Cu-Zr — 1k
(1% i #E R b T 2R 0 - 2 T A E AN TR 72
JEE AN TR 2 B ) F T A LA FH OB B T AR 1 45
e S oK R (RS A e BdE S 7
KAE B M RO R BL), M58 1 AR 1A
SETE.

3.3 AERIBEBERFHESETFZEE

RSB B T Z 2270 BT
3 4 SR AR AE S [7] J - 22 T £ ple B s v, 290,
PEASTT R L CugZrr-A 9B, I 70 o1 3 (1 4
FERMWT TR T 2 [ IR EAE R, SRR A B —
77 T AT LA B AT 5 4 b B A Cu-Zr — 1 THI 44 ]
75 AR S IR L A R AILEE, 55— T AT BAMGE 1

132101-4


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 13 (2018) 132101

FT #1122 S W 41 75 1A 4 P AT 00 72 77 1) 5 R T
REEREIE P iR 92 599, O & SCH Mulliken A i
SIMTET R AR, B3 BTSRRI R
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%, 72K 3 1Y slice-1 /1, 58 )2 Cu i1
MU $5 72 J 2 A S PR o €8 DX 3 (3 B I Ak H 2
/N, TAEZE — 4R Cu i1 (83 L 2 (1 41
mh 2k, RE R FIX, WHAEHB Cui FE8 =
AR R R A B )R B, Bz X IR
BT R R B, 5 2 T A SR — 8L R
M, 7E slice-2 1, LA Z Ze [T B ZE 5 B3 E

K3 % CugZrr-A T THARRETZE CuJiT (slice-1).5%
= Zr [T (slice-2) LA K 10y Cu JRF (slice-3) (25 LT %
FER B (P At I L R R R iz A R G OR, Mgkt
RN ZAL BB FERN)

Fig. 3. The contour plots of difference electron densities

on sections across the central Cu atoms (slice-3), shell Zr
atoms (slice-2) and shell Cu atoms (slice-1) of CugZr7-A
cluster. Red solid line and green dash dot line represents
obtain and loses charge region, respectively (for interpre-
tation of the references to color in this figure legend, the

reader is referred to the web version of this article).
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K, U TR TA) B A AH B AR kR 5 (Fb Ik
EHERE» IARERRS S REE) P Qy
FEIT 0, Ui B 5 2 1] B A A B4R A s, 4
Qi; = 0 B, WA A LA AR EAEH B9 Q)
KNFIIE AR 8% “0” JR 7 1 8 B 1 199961,

M 11550, CugZrs-A, CuyZrg-A, CugZrs-A LK
CugZrs-A i) Qcu(s)-cu(e) 7+ 7119.0.340, 0.380, 0.370
50370, Qou(s)ze(s) 2 1 240330, 0.310, 0.310
50.320, Qze(e)-zes) 2 M1 90.530, 0.480, 0.510 55
0.530. AR KRR S =T A HIE R 572 2 Cu-
Cu. 7 )2 Cu-Zr A J 58 |2 Ze-Zr 2 18] (R FE 40 AH B
TERH58, H Qze(s)-ze(s) W2 KT QCu(s)-Cu(s) 5
Qcu(s)-zr(s)> X KT BT STHY 70 4518 2 — 2.
£ T Qcu(e)-cu(s) T Qcu(e)-zr(s) EIIUE, U]+
L Cu55¢ )2 Cu sl Zr JiF 2 A 7E S B 2.

#1 Ll CuH 0K Cu-Zr — T BIFEA R R FH ) Mulliken S ESME (“c” 5 “s” 4 ilER P L5 RER

1, IR R R LTI EH )

Table 1. The Mulliken bond overlap population Q;-; between i and j atoms in Cu-centered CuZr icosahedral

clusters (the subscript ¢ and s denotes the core and shell atomic, respectively. And the digital in parentheses

denotes the number of bonds).

Qij CugZrr-A CuyZrg-A CugZrs-A CugZry-A
QCu(s)-Culs) 0.340(5) 0.380(10) 0.370(12) 0.370(15)
QCu(s)-zx(s) 0.330(15) 0.310(10) 0.310(11) 0.320(10)
Qzr(s)-2x(s) 0.530(10) 0.480(10) 0.510(7) 0.530(5)
Qcu(e)-Cu(s) —0.220(5) —0.260(6) —0.270(7) —0.290(8)
QCu(e)-zx(s) —0.550(7) —0.580(6) —0.570(5) —0.580(4)

X} Mulliken J5F-fif, M 2 1551, CugZrr-A,
CurZrg-A, CugZrs-A L & CugZry-A W Qcy(e) 5
Quney WINIERL, T Qoo MBI N KL, X
i 78 43 i B AE Cu-Ze 1 TH K A 78 T Bl 72 el
G & MO Cu 5 72 Zr B 1 58 |2 Cu i ¥
Bi s Cu 5782 Zr Ji A6 26 “48HR7 WL, R FHES
T M5e)E Culi £G4 “e 2 i+, ZPET.
Cu-Zr 1SS 2 7 18) (13X — B A 4 4 77 1) ]
R Cu i UM (1.90) KT Zr(1.33) kA3 B 58 3
fiEke BT E Al Cu R PRI PR N %S —+
TR B JUARTRE s 0%, M e e AR S SO 22
TR (B3) b R 45 58— 3, 7ok i
W Cu-Zr — 1 4 131 4% b B2 1 SR B 5 L
MHEAEH RS FEAFER. TERE, RExh %G
H T CugZrr-A, CuyZrg-A, CugZrs-A LS CugZra-
A PUFH A% 5 Mulliken J5 5 far A7 5 38, (H52PR E
T EX FrA LA Cu A0 ) = Tk BT T
Giik oy PU, ROk BT E RS 7 A Cu-Zr 4 8 3%
B L Cu 0 B = A4 A1 7% (B 1) #2 1& A i,
e EE TR, BRAh, EAREA M, FRATTIE

REVH1IE 7 B AR R B 1 3 R v T T R — 2R A
e (1) M TFREZEEN, TRIERSE DS
7 CugZrr-A PAREFAEFEETHn=3,4,5
i, HEUERE TFH =0, 1, 2005 TANE TR
AR, FECACO S, S R RS AT R
RZ BT CH B I, S R H CugZrz-A
153 U1E Mulliken 23 T8, CurZre-A, CugZrs-A
DA} CugZry-A W VEANELHE 1355 7] 2 [ i 5% B). 7
ENDHTHT, "B TMEE Cu 588 ZIr RZH
FHAT ) — R, Cu A 1s22522p63s23p®3d104s!;
Zr N 1s225%2p®3s23p°®3d1°4s24p%4d?5s2. T 4%
JEF I 2 T —E DL T A S 5 R (2R b
F3PMEHE DU T IX — A%, W Cul 35 3p
HIE 5> B4 2.001 5 6.020 LT, S EH B Cu il Fs
Hp#HuBEFHH g2 — ), WA S Cu i1
W& 3s, 3p, 3d, 4s LA L 4p PUE I H 5, T X
Zr )R T A% B 4s, 4p, 4d, 5s 5 5p BLE A H T
M 3 AN, AR D Cu BT ZE Cu, FHET
355 3p HFHIARS 5. A5 HH Culi 11
B HEM A B, 2 3 Cu JE 110 3s 5 3p #LiE L)
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B HU LR K AEAR . AR 23k — 8% 5 Cu &
T 3d, 4s PA K 4p BUIE _F A EL I DU A I A8 A A
K, FFHF0EFR)ZR Cu JRFAERR R T I 2 5%
Eoe LIR30

#2  LhCu NP LI Cu-Zr —HHAE R T 19F 3 Mul-
liken [ T-H Qo) M (“c” 15 5" A HIRFrh 0 SRR
T AR ZE T RGN R, IEEARZETRE
SR ETE9)

Table 2. The average Mulliken’s charges Q;) of ¢
atom in Cu-centered Cu-Zr icosahedral clusters (the
subscript ¢ and s denotes the core and shell atomic,
respectively. Negative value denotes that this atom
obtains charges, whereas positive value denotes this

atom loses charges).

Q(i) CugZr7-A  CuyZrg-A CugZrs-A  CugZry-A

Qcu(ey 1400 1.520 1.540 1.630
Qousy  —0.570 —0.495 —0.460 —0.420
Qr(s) 0.200 0.240 0.340 0.440

B, MO Cu(l) T E, H3d, 4sBL K4p
HIE i H 7 i 9 9.607, 0.924 5 —0.949,
5B i Cu i 7% 4 s 7 HEAR (1s22522p°©3s23p°
3d104st) M LG, bR =R PE 4 0 2k 25 T 0.393,
0.076 5 0.949 > HL ¥, [F] I 5 J& 25 5 2p BLIE 19 40
A, AR £ 1397 N X UL AR
S AR O R A E G Cu i 3d 5 4s B

Ea ez Cu JRT#RHME 7o, 1M H I 4p $iE
M5 7Tl (Z TRERTES T TR
). AME CurZre-A (K B3), CugZrs-A(K B4)
PA K CugZry-A (R B5) FHAFERUUMIL R, %
S AE T 3% = Ff [ 7% 19 0 Cu J5 7 1 2R LT3
L., HIR M CugZrr-ARIRECu S, 5HMH
Cu J T4 BT 3d1%4st4p? A [H], 7% )2 Cu(2) &
T 19 3d, 4s LL S 4p FuiE E #7505 0 9 9.715,
1.358 5 0.501 4, B Cu(2) A 0.285 4 3d HLFikiT
EHG 4B, s H4ap g L2 B
RETFEELEPOCuFEFEHRE Zr B 3L F STk
X582 Cu(2) i+ & N PUIE TS K T H0dEAT
Giit e K, IR IR T 0575 N, 2
BB TR E. [ & X CurZrg-A (R B3).
CugZrs-A(FK B4 ) LK CugZry-A(FR B5 ) B 7% ) 52
JZ CulR T HAT 0 J5 KN, #A 5 CugZrr-A 1A
IR R, X CugZr-A 522 Zr R TS, &
HEFARPEMALE, (HINE2 5K 3P AT E1%
Zr ) Mulliken Ji5 ¥ faf F A5 & 2 AH T A, BTG A
LA Zr(3) JR - NI R AT U RE. R 3 T At 2
Zr(3) R 4s 5 4p FUE I T 45 A Ze Ji T
FHEC LR R A A, B8 Zr ) 4s 5 4p B FE —
THATE R R R 2 S . SR, kP
R 3 W Zr(3) I 4d, 5s BLJZ 5p Pl b 1) H 2T
R4 2.592, 1.171 5 0.037. B4R Zr(3) K

%3 CuglZro-APEFEFEHE AR =0, 1, 2 L) Mulliken JF75 4 &
Table 3. The Mulliken atomic charge Q(;) of 3s, 3p, 3d 4s and 4p of Cu and 4s, 4p, 4d, 5s and 5p of Zr

atoms in CgZr7-A cluster.

3s 3p 3d 4s 4p 4d 5s 5p Q)
Cu(1) 2.001 6.020 9.607 0.924 —0.949 — — — 1.397
Cu(2) 2.002 5.998 9.715 1.358 0.501 — — — —0.575
Cu(5) 2.002 5.998 9.716 1.359 0.497 — — — —0.573
Cu(6) 2.002 5.998 9.715 1.357 0.498 — — — —0.571
Cu(10) 2.002 5.998 9.713 1.358 0.496 — — — —0.568
Cu(13) 2.002 5.998 9.713 1.356 0.494 — — — —0.564
Zr(3) — — — 2.003 5.996 2.592 1.171 0.037 0.202
Zr(4) — — — 2.003 5.995 2.587 1.174 0.039 0.203
Zr(7) — — — 2.003 5.995 2.591 1.170 0.041 0.200
Zr(8) — — — 2.003 5.957 2.692 1.016 0.082 0.249
Zr(9) — — — 2.003 5.996 2.593 1.170 0.038 0.200
Zr(11) — — — 2.002 6.027 2.805 1.047 —0.085 0.205
Zr(12) — — — 2.003 5.996 2.593 1.171 0.043 0.194
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4d BUIER F] 7 0.592 N HLT, s HLiE R £ T 0.829
AN, 5p HUIE A3 $)0.037 AN L. SR E,
Zr(3) JR F 4L R % T 0.202 N B P, X 5 CugZrg-
A3 P AN Ze JE R4 0.20 MHT R
FEA—H. Wi CEIE, SRS RN Zr R
TRBTH BME (K Cu At KT Zr).
LA B M AT RE S 1) Ze3 JR T A4d BB
2 LT RUET W B 2 (] 65 - B e R HEA 1)
Zea g U AT AN, Ze SR T AR s BUIE 1) RE S S bR
bE 4d BUIE M BERAR, B HL 17 6300 s Ul 5, 4
SYHFRRE S S I 4d PO, X AR AT DR R E
Zr JE 1) 5s FUE SR L T 8, T 4d PUE AT R A
PN, ARILAE A SN 48, 52)2 Zr B+ 4d
Bl 5 5p P 2 W TR SR YR T I 5s Bl
BT IERE. B Ze3 AR AR R TR+
MRS, o S8 5s Hug L4t T 0.829 4
M, HA A 0.592 /4B RRIT 2 4d s, 0.037
L7 BRIE %2 5p Y, 53 /M) 42 16 0.20 AN HL 7 ) %
BE5HEIRA Culi 7. FREFRMEAET
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Fig. 4. The infrared spectra of Cu-centered Cu-Zr stable icosahedral cluster (for interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article).

132101-8


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 13 (2018) 132101

76.1 cm~tAb M HR B U5 0 9RO RS, N
0.58 km/mol; &k, M K4 (b)H Al &1, CurZre-
AR BN 2 AH = A X8, 53 AT 68.70—
83.78 ecm~!, 113.57—167.08 cm™! LA % 204.19—
216.07 cm~ ' N, HA RN 204.19 em ™~ ALY R
Bl 5 FE 7 A 4.04 km/mol, & P B A A& B 5%
B B, BRSO 2 A RO FR TR
B MR S, AR KON 100 et Bt
LA K 180195 em ™1 [ % L X (8] 1, CurZre-
AR B o 1 0 G B R AE I FEIR, M
Bl 4 (c) A AN, CusZrs-A [ 8% 20 06 1% 7E B H0h
146.16 cm™' 5 199.66 cm™! &b [ 9% 3 58 43 il
42.89 5257 km/mol, §I#E 1Rk £ F
= IR B0 AR S, 15 R ) R i Cus,
Cul BA J Zr12 ) B 28 S 06 B A 40 3% 2h 5 06t
FRFTH AN S iR G, HS5 TR — 3
AE ) CugZrz-A VL J Cur Zrg-A HFE IR 3N 1% AH B,
CugZrs-A [ 3015 06 B B30, e, MBI 4(d)
HAT A, CugZrg-A ML AMIE B 1% 78 3 208 141.06
em ! A IR B 58 A 1.118 km/mol, E 3 5
REEAS R R 2 10 32 oA h 4R 30, 9 0 203.87
em ™ (IRBN5RSE N 2.399 km/mol) &b IR R 5
CugZrs-A 7 199.66 cm ™t &b (I HR s 158 X Ak 284,
1M1 221.51 cm ™t Ab 1 4R 20 455 =X ) 2 B 28 (1) R % A
3], SRR F] 3.55 km/mol. W] UL, K4 H L AME
FEANCEERIM E L, IR aERER L, #H
ER A2, XS FEL AN [F B AR T —
Tl () L

4 % P

DL 37 bR RS N SR A, X Cu-Zr 4 8 Y 3
DL Cu N0 CugZrr-A, CurZrg-A, CugZrs-A K
CugZrs-A B 1458 5 L0 AMR BN IE #E4T 11t
5, g FEERWT.

1) F—f2H 0, SRR Y (1 2R 1 S
e R 2R SR AR IR RS, DL SRIE BOUR
A EEZ 1 Cu—Cuft 5 Zr—Zr 8, LR Al e/ 1
Cu—Zr 8. X Fa 2 H A [ Jy 805 1 1) 70 A
B (PDOS) #4743 J5 45 %1, Cuffy PDOS il &
(d L NE) FEA T PR AR DL BK AR X 45,
1M Zr ) PDOS # 2k (d HL 78 ) FE AR LE 7K
b, Zr B d B FiETERT Cu. BN AR 2 A —

FhoGH B A O S — IR A0, &R 7 X Bp 1
DOS B DT ERH W R/ T 7 2R 51 iU 1S T, X —
RS BPEE PRI S HE R N (Er) /N T HAth
WA BRI T IR = X RS

2) 455 225 T % B 5 Mulliken 7 J& 734 &
B, AMUFE)ZE Cu—Cu, Zr—2Zr LK Cu—2Zr Z[84F
ESL AR EAE A, 10 HL B Cu A0 1) Cu—Zr - 1H
RAE 4 R eI i # rh, bl Cu JR 71 3d 5
4s LB NIE AR 522 Culii 71 4s 5 4p LB Rt iy
¥, M5CE Zr JEF 1) 5s PUELE RN H & 1 HE i
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BT X TR TT A ANRE Cu-Zr &8 B —
T AR B2 5y S T S DL R T AR
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(for interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article).
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#B1 LLCu AL CupZrisy(n = 6789) —-1TH & B34 i T 455 68 By (eV /atom) 5 3 K FE g -1
T 4 THN (EBp)
Table B1. The binding energy per atom E}(eV/atom) and N(Eg) of Cu-centered CunZriz—n (n =6,7,8,9)

icosahedral cluster.

A B C D E F G H I J K

CueZry FEp, —3.694 —-3.68 —3.663 —3.639 —3.633 —3.633 —3.621 —3.616 —3.615 —3.592 —3.586
N(Er) 1.710 1.964 2.249 2452 2567 2457 2.259 2444 2.605 2.794 2.815
CurZr¢ FE,  —3.474 —3.451 —3.448 —3.440 —-3.430 —3.427 —3.425 —3.419 —-3.411 -3.392 —-3.375
N(Er) 1.855 1.870 2.136 1.866 1.903 1.981 2.082 2.126 1.963 2.244 2.211
CugZrs FEp —3.265 —3.241 —3.231 —-3.225 —-3.223 —3.212 —3.200 —3.188 —-3.174 —3.169
N(Er) 1.763 2.016 1.822 1.875 1.854 1.988 2.020 2.027 2.127 2.031
CugZry Ep, —3.066 —3.038 —3.026 —3.013 —3.011 —3.007 —2.995 —2.979 —2.967 —3.066
N(Er) 1.386 1.780 1.400 1.470 1.808 1.686 1.859 1.639 1.756

#B2 Ll Cu AP LIIFES Cu-Ze — HTHABIEA R R 78 8K (Yo 5 “s” R P05 RER T, 5
IR B AR LT E )

Table B2. The bond lengths L; ; between i and j atoms in Cu-centered CuZr icosahedral clusters (the
subscript ¢ and s denotes the core and shell atomic, respectively; and the digital in parentheses denotes the

number of bonds).

L;j/A CugZr7-A CurZre-A CugZrs-A CugZrs-A
Lu(s)-Cu(s) 2.604(5) 2.583(10) 2.523(12) 2.577(15)
LCu(s)-Zx(s) 2.712(15) 2.750(10) 2.746(11) 2.724(10)
Lz:(s)-Zx(s) 2.932(10) 2.937(10) 2.917(7) 2.933(5)
Lcu(c)-Cu(s) 2.460(5) 2.433(6) 2.445(7) 2.443(8)
Lcu(e)-zx(s) 2.747(7) 2.799(6) 2.799(5) 2.761(4)

# B3 CurZreA H&ETFIEIEMBIE ] =0, 1, 2 FHJ Mulliken 1 fi J&
Table B3. The Mulliken atomic charge QU) of 3s, 3p, 3d 4s, 4p of Cu and 4s, 4p, 4d, 5s and 5p of Zr atoms in
CrZrg-A cluster.

3s 3p 3d 4s 4p 4d 5s 5p Q)

Cu(1) 2.001 6.011 9.648 0.909 —1.079 — — 1.510
Cu(2) 2.002 5.998 9.742 1.329 0.431 — — —0.503
Cu(5) 2.002 5.998 9.742 1.328 0.430 — — —0.501
Cu(6) 2.002 5.998 9.741 1.328 0.431 — — —0.501
Cu(8) 2.002 5.998 9.797 1.281 0.424 — — —0.502
Cu(10) 2.002 5.998 9.740 1.328 0.430 — — —0.499
Cu(13) 2.002 5.998 9.739 1.327 0.423 — — — —0.489
Zr(3) — — — 2.003 5.994 2.508 1.173 0.079 0.243
Zr(4) — — — 2.003 5.994 2.504 1.178 0.081 0.241
Zr(7) — — — 2.003 5.994 2.506 1.173 0.079 0.244
Zr(9) — — — 2.003 5.994 2.507 1.172 0.077 0.247
Zr(11) — — — 2.002 6.026 2.854 0.987 -0.134 0.265
Zr(12) — — — 2.003 5.994 2.506 1.175 0.078 0.243
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Table B4. The Mulliken atomic charge Qs of 3s, 3p, 3d 4s, 4p of Cu and 4s, 4p, 4d, 5s and 5p of Zr atoms in CgZrs-A

cluster.

3s 3p 3d 4s 4p 4d 5s 5p Q)
Cu(1) 2.001 6.008 9.673 0.886 —1.109 — — — 1.542
Cu(8) 2.002 5.998 9.730 1.304 0.432 — — — —0.465
Cu(3) 2.002 5.998 9.721 1.290 0.427 — — — —0.438
Cu(4) 2.002 5.998 9.790 1.224 0.417 — — — —0.430
Cu(5) 2.002 5.998 9.751 1.332 0.405 — — — —0.487
Cu(10) 2.002 5.998 9.750 1.335 0.405 — — — —0.490
Cu(11) 2.002 5.998 9.720 1.291 0.426 — — — —0.437
Cu(13) 2.002 5.998 9.754 1.320 0.417 — — — —0.491
Zr(2) — — — 2.003 5.981 2.490 1.153 0.052 0.321
Zr(6) — — — 2.002 5.995 2.528 1.113 —0.001 0.364
Zr(7) — — — 2.002 6.006 2.714 1.037 —0.090 0.331
Zr(9) — — — 2.003 5.981 2.488 1.157 0.053 0.318
Zr(12) — — — 2.002 5.995 2.527 1.114 —0.002 0.364

#B5  CugZrg A FEETAEPEMZE L =0 1 2 L1 Mulliken J5 T4 4 &
Table B5. The Mulliken atomic charge Q(;) of 3s, 3p, 3d 4s, 4p of Cu and 4s, 4p, 4d, 5s and 5p of Zr atoms in
CgZry-A cluster.

3s 3p 3d 4s 4p 4d 5s 5p Qi
Cu(1) 2.001 6.005 9.691 0.856 —~1.179 — — — 1.626
Cu(8) 2.002 5.998 9.738 1.282 0.416 — — — ~0.436
Cu(4) 2.002 5.998 9.737 1.284 0.418 — — — —0.440
Cu(7) 2.002 5.998 9.738 1.283 0.417 — — — —0.439
Cu(9) 2.002 5.998 9.785 1.215 0.407 — — — —0.406
Cu(10) 2.002 5.998 9.741 1.308 0.364 — — — —0.412
Cu(11) 2.002 5.998 9.785 1.214 0.405 — — — —0.404
Cu(12) 2.002 5.998 9.740 1.306 0.364 — — — —0.409
Cu(13) 2.002 5.998 9.737 1.285 0.420 — — — —0.443
Zr(2) — — — 2.002 5.990 2.531 0.997 -0.037 0.517
Zr(3) — — — 2.002 5.990 2.533 0.995 —0.038 0.518
Zr(5) — — — 2.002 5.984 2.435 1.178 0.046 0.355
Zr(6) — — — 2.002 5.983 2.430 1.176 0.036 0.373
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Abstract

Cu-Zr alloy system, as a representative of transition metal-transition metal (TM-TM) metallic glass (MG), has
attracted considerable attention due to its high glass-forming ability in a wide range of compositions. Many researchers
have realized that the GFA of Cu-Zr alloy is intimately related to Cu-centered Cu-Zr icosahedral atomic cluster in super-
cooled liquid and rapidly solidified into amorphous solid. And lots of molecular dynamics simulations have shown that
Cu-centered Cu-Zr icosahedral clusters not only affect the thermo-dynamical properties of metal or alloy melts, but also
exhibit excellent structural stability and configuration heredity ability during the rapid solidification. Hereof a model of
the metallic glass structure based on like icosahedron has become widely accepted, which plays an important role in the
glass transition and its strong kinetic constraint on nucleation. However, though more and more standard and distorted
Cu-Zr icosahedral clusters have been found and reported in Cu-Zr metallic glass, the fundamental understanding of these
Cu-Zr icosahedral clusters of MGs is still lacking. More essential properties of Cu-centered Cu-Zr icosahedral cluster,
especially on the electronic structure are still unclear. Based on this, as a further step towards in depth understanding
the electronic structures of those icosahedral clusters, we will investigate the electronic structures of the stable Cu-
centered Cu,Zriz—n(n =6, 7, 8, 9) icosahedral clusters in this work, and consider all the possible atomic configurations
for given chemical composition in view of originate in theory And a DMol® molecular orbital package based on density
functional theory (DFT) is adopted to calculate the energetics and electronic structures of Cu-centered Cu-Zr icosahedral
clusters. During optimization and total energy calculation, electronic exchange-correlation energy functions in reciprocal
space with the Perdew-Burke-Emzerhof type under general gradient approximate are used. A double-numerical basis set
together with d-polarization functions (DNP) is chosen to describe the electronic wave functions of Cu and Zr atoms.
And only core electrons described by the DFT Semi-core Pseudopots are calculated. All atomic positions in Cu-centered
CunZriz—n (n =6, 7, 8, 9) icosahedral clusters are relaxed by geometry optimization under a root mean square (RMS)
force of 0.002 Ha/ A and RMS displacement of 0.005 A. The calculations of total energy and electronic structure are
followed by the geometry optimization with self-consistent field tolerance of 1 x 10~ Ha. It is found that homogeneous
atoms in the shell of clusters with low binding energy prefer to bond to each other. In this case, the results of electronic
structures reveal this segregation at low energy and stable configurations can be attributed to their low N(Er) at Er to
some extent. A further analysis of Mulliken’ population shows that these 4s and 4p of shell Cu atoms are all donees in
the formation of icosahedral cluster, different from the donations of 3d and 4s of core Cu atoms and 5s of shell Zr atoms,
and this charge transfer tendency does not change with order parameter nor chemical composition of Cu-centered Cu-Zr
icosahedral cluster. In addition, calculating the infrared vibration spectrum of Cu-Zr icosahedral cluster is a new idea

for accurately characterizing the cluster structure.
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