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Electronic structures and physical properties of Cu, Ag and Au
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Abstract: With the application of the One-Atom (OA) theory, the electronic structures of pure Cu, Ag and Au
with FCC structure were determined, respectively. The electronic structures of these metals with HCP and BCC
structure and LIQUID state were also determined. According to the electronic structure in natural state, the rela-
tionships between the differences of physical properties of Cu, Ag and Au and their electronic structures were ex-
plained qualitatively, and the lattice constants, cohesive energies, potential curves and the temperature dependence
of linear thermal expansion coefficient of FCC-Cu, Ag and Au were calculated quantitatively as well. According to
the electronic structure in unnatural state of HCP and BCC phases, the relationship between the electronic structure
and crystalline structure was explained qualitatively.
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ST AR ORI B, O B2 R A SO
MR AREE, AR BT E R G R 7R
S Mmag s P AR AR B AR IE
OA BHRTHEIME, S T A4 )8 Cu  Ag Fl Au 1)
L G A AN B R TE R, O HL 23 0] A S 56 B R
HEAT TR EE R34

1 £ Cu.Ag.AuHIERKREFE

7 OA HigH, 448 T4 DI A
JFFE @ ARMRRFS & PR T HAER
(QEO) KHfiik:

b= Do & (1)

A48 CuAg « Au JRFHISNE 2 R A7 A L
W T ne, 3 EHHET o AR T no . AERE—3E
AKIRFE&F, BFAMRM Pauli AAHZE R EE

B CuAg . Au SFIEEA R T 25 R 724 B
AR FRFAE R R (A W B o S B REE.) WTHE
HIL— RAN AR KRG R PIIA AR T
S ILFHR ) FCC 454 Ji% St AR (P RF AE T

2 BRZAS FCCGCu.Ag. Au BF4H
I E
AT, S LA M o FIG A B B X

AMNFFAE M, ERASHERB P KN
0. 001 AT ZAE T X 10 N IEAJR T AL B =237 4%

b ARG DL BN 45 G Re X AN B N 22
KYEREXS Cu v Ag « Au FTHUN =84 G i AR
2 Al

MR b2 € 1 HL 7 S5 44 40 0 A

$(FCC-Cu) = [Ar] (3da) > (3de)* ™ (4s.)*?
(431‘) 0.98

WFCC-Ag) = [ Kr] (4da)** (4de)* ™ (5s:)*
(sz) 0.91

W FCC-Au) = [ Xe] (5du)**(5de)*™ (6sc)"7
(651‘) 0.33

F3HH T FCC-Cu  Ag «Au WENIR FIRA
S CESEAEEER, P oo s o
na ~ns 73 R TR LM B A ( nm) FIIEAN HL XK.

3 JEB A7 HCP-Cu. Ag. Au
BCC Cu . Ag . Au #I7S$F1E SR R BY
B F 454

3.1 HCP-Cu.Ag.Au# BCCCu.Ag.AuB&4&
BE
TR T, 4481 Gibbs [ AR N b4
en(T) FNIESEAE

G(T)=- E.+ J:cpde— TJ: die (2)

X+ H(OK)=-E..
76 SGTE ¥¥a 2, Gibbs AE G MR 208
TR R A

R1 Cu, Ag Ml Au FCC JE AR A A 5t A5 RVRR AL 1 5

Table 1 Basic atom states and characteristic properties

of pseudocrystals of Cu, Ag and Au

Basic atom

Lattice constant, a/ (10~ ' nm)

Cohesive energy, E./(kJ* mol™ ')

Electronic structure

state Cu Ag Au Cu Ag Au
by (dn ) 1(s)° 3.5730 4.0336 4.0381 416. 355 369. 353 368. 937
b (dn )O(sn) ! 3. 6546 4.1153 4.1199 280. 511 249. 421 249. 141
b (dn ) 2(sf)° 3.7134 4.1817 4.1804 387.289 344.337 344. 435
by (da ) () ! 3.7950 4.2634 4.2622 293. 248 261. 305 261.374
s (du )O(sr)? 3. 9969 4. 4641 4. 4631 194. 855 174. 704 174. 740
s (dn ) (sr)® 3.4101 3. 8682 3.8743 610. 521 539. 189 538. 343
& (dn )O(s0) ! 3. 4664 3.9246 3.9307 448. 181 396. 498 395. 879
g (dn )2(s1)© 3.5102 3.9739 3.9759 587. 628 519. 885 519. 624
dy (dn ) (sn)! 3.5665 4.0303 4.0323 476. 201 422.008 421.794
$10 (da ) (1) 2 3.6332 4. 0970 4.0991 350. 633 311.313 311. 153
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Table 2 Hybridized concentration of
three states of noble metal Cu, Ag and Au

Composition of hybridization, Cx/%

Element
by ) dg dy
Cu 2.3 76.8 - 20.9
Ag - 43.7 9.4 46.9
Au - 10. 1 67.3 22.6

£3 FCC-Cu.Ag . Au AR FIRESH .
Bt 2 BORVRFAIE 1

Table 3 Atom state parameters, bond

parameters and characteristic properties

of FCC-Cu, Ag and Au crystals

Metal
Parameter
Cu Ag Au
5.58 4. 87 4.20
D. 4.21 4.56 4.90
8¢ 0.23 0. 66 1.57
St 0.98 0.91 0.33
R/nm 0.1158 0.1332 0.1338
ri/nm 0.2577 0.2882 0.2838
r2/nm 0.364 5 0.407 6 0.401 3
r3/nm 0.446 4 0.4992 0.4915
ni 0.3665 0.4325 0.5360
na 0. 006 1 0.004 4 0.0059
n3 0. 000 3 0.000 1 0. 000 2
a/ nm 0.364 5 0.407 6 0.401 3
Ec/ (k] * mol™ ‘) 336.6 285.0 368.6
a/ nm!?! 0. 361 509 0.408 641 0.407 86
E./(kJ* mol™ 1)|22J 336 284 368
G(T)= a+ bT + T'InT+ D,dT" (3)

R4 SGTE Ak te e 240 1531\ HCP A
BCC 44568870 ok :

E.(HCP-Cu) = 335.4 kJ/mol, E.(BCC-Cu)=
331.98 kJ/ mol; E.(HCP-Ag)= 283.7kJ/mol; E.
(BCC-Ag) = 280.6 kJ/ mol; E.(HCP-Au)= 367.76
kJ/mol, E.(BCC-Au)= 363.75kJ/ mol.

3.2 HCP-Cu.Ag.Au#1 BCCCu.Ag . Au B @& #&
B
T EEEBENZE HCP-Cu v Ag « Au I BCC-
Cu-Ag . Au FIERFE AL, WEARTT S AR X 8K
56 BERMIEAT R & ANE I T v ok Sk, Xt HCP 4544

%# CurGe . CurSh« AgAl . AgSb . Auwln. Aw
Sn 4 FR T HCP [V A X ) 5% W ok AT 2 1
LI A, FHAMER b S KB AR E KRS HCP-
Cu.Ag.Au B 55 EAH L 558 a( HCP-
Cu)= 0.25533 nm, ¢/a= 1.669; a( HCP-Ag) =
0.293 86 nm, ¢/a= 1.660; a( HCP-Au)= 0.296 2
nm, ¢/a= 1. 650, [FFEi%FE Cu-Sn . Cu-Zn . Ag
Mg . AgZn AuwCd.AuwZn 54 FT BCC [HEA
FHDC ) ik 55 BT 2 00 H G, R A 2 sk
FARSEEIME, P H BCG-Cu < Ag « Au BT 5L
2394 0.290 66 0. 332 A1 0.318 7 nm .

3.3 HCP-Cu.Ag .Auf1 BCCGCu.Ag.AuByEF

&

HHiE HRA FCC-Cu v Ag . Au [H T 454
R, YRS G RN Sk W H l OA BiR Uy ] A
E HCP-Cu . Ag . Au HIHL T & MK $(HCP-
Cu)= [Ar] (3da)®® (3de)*® (4se) " (4st)*®, &
(HCP-Ag) = [ Kr] (4ds)>™ (4de)>™ (5s.)"%
(5s0) %", O(HCP-Au) = [ Xe] (5da)*® (5d.)>*
(6s) " (6s1)""; BCC-CuAg . Au JH T 4K
Wk ¢(BCC-Cu) = [ Ar] (3da) 5. 26( 3d.) 4. 37
(4s.) 0. 08 (4st)"®, $(BCC-Ag) = [ Kr] (4d.)> 7
(34d.)>% (5s¢) "™ (5s1) ", ¢(BCC-Au) = [ Xe]
(5da) ¥ ®(5de) > "®(6se) 1.20( 65¢) 0.62

4 F7SiR LIQUID-Cu. Ag . Au By
B F 454

5 HCP 1 BCC HJAFFE A AR G BLR AL, i
SGTE #45 FE é 4% 12 i€ Z Hv] SR15 #1144 LIQUID-
Cu.Ag.Au Mg BRI E(L-Cu)= 323.035
kJ/ mol, E.(L-Ag)= 272.975kJ/ mol, E.(L-Au)=
355. 448 kJ/ mol .

i€ CuvAg « Au fEMME U RA FCC R fE
BIFE5M, WA YE H A 1540 5 o i B % o3&
FCC-Cu.Ag. Au M) ft& % B Al A L-Cu
Ag . Au KRS T B IX N: a(L-Cu) = 0. 366 75
nm, a(l-Ag)= 0.414 41 nm, a(l-Au)= 0.414 37
nm . SETETSEALL, A LA E A1 LIQUID-Cu « Ag
Au TH T 45 MR IR M. d(L-Cu) = [Ar] (3da)* ™
(3de)*® (4s1)*”, ¢(L-Ag) = [Kr] (4d)*"
(4de)**® (5sc) ¥, ¢(L-Au) = [Xe] (5d.)>¥
(Sdc) 3. 33( 680) 1A76( 681‘) 0.10 .

[
[
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5 Cu.Ag.Au BIAEMETHIBRF
SEMIRRTR

p PUEH T U vy Az S5 R RE, #im b
) FL X0 A FL AT ) B AR FH s ik, 1T 0 4 1) B i 4R
59, DRI AE Bl )T BT AN 59 DR T 1M R 4
A1 T7 I 7 [ R G0 110> 77 W] 56 — 7 [n)
ARG, AiE AL, 5 pe, p M p. BUERSKA
N 54, JEE RN, 5o, p Bop BUEM
KN A5 . R TIEAE—TT R G LR TR G
IR, WFER 7 I R GEDT W) ERHFIR G iRk .

Cu.Ag.Au JfFM p 522 &7, 1M p° 5%
JEHNE d BTN e Al by, EMNTEAAFHIEE
EANFRYE . e & d BF W Q1D T7 I (BPEE—T7
M RG) MRE, Tt 2 d HF U5 <1100 J5 ) ( BRI 2R
TR R d BT EEEARRBKN e
APE, AA1DJ7 e R, X EREE R
REAR T B FRHEAL T BCC g5 44 1) f 44T
FI, s = HA BN, A8 T8 B Bl fr
B AR SR . AT 5 R B T S A R AR
T Cu.Ag.Au 48 BCC™ HCP #2381 i rh i
RG], B de HL Pk (Cu: 4. 377 4. 00;
Ag: 3.2973.22; Au: 5.1873.02), s. HLFHN
(Cu: 0.0870.32; Ag: 1.8471.89; Au: 1.20°
1. 83), A% HL 2= 73 A1 (R0 Bk 38 0 11 7 1) 2R 95059
i 1A 45 ) [ PCAS7 B80S 0 B4 U7 1) A, AT B BCC
SERIEAL A HCP 454 .

6 Cu.Ag AuPIEBMHREFHBET
LEHIRRRE

HTHEBGERITHER, X—Haritig R
W HARBFCC 45K Cu  Ag  Au . &EIIMERM
A5 b U R 4 A A A R AR B . n] BLA
N, BRI n BE, A 00E, R RITE
K, B EEET o, WG, B
PEBR LT, BRI TT DL DL — AR A I R s )
LR ZE S, RN EARE R, iTEN TS5
S N TR Te= no/V A BB TIRET,
= n/V, V RRFURER . A 35 58 58 24 3 1) [T 4 vy
Fr?, HE X 0= n’VUm MG KK =
WnksTV3m, Hon HHFIE, e WHTFHE T
KRR, m TR &, ks AN Boltzman.

B, T AR L . A e VRS B I 8] T AR,
WILEHFIMEE T F, Cu.Ag.Au TR ol
MGREK AMBTFIRERX.

KA4FHET FCC 4544 CuAg .« Au IJH T
ESHRE P, S BR— RAPEO #1E
B, AR AT DR — AN e e AR 4G S 0 B A
R, KDY E R AR A I e, HL85 R 2 K
JEARS, BrUASRA O REBIIAR 3 . 45K
B Cu . Ag BT Au B 5  PABEPERE R | 5 %A
WFHRE T B —B, B3N BFIRERKR, B
TR, W tEE, iR R 745 e
BOR, PURRET s, HL SR AMAG R 55
—ANJ7TH, Cu, Ag A Au (50758 & FI4E B AT
5T A2, B, Bl POk, MR
AR A5 BB, BRI FIINZ 2] T 5 T, 115
W, HEXT CuAg Al Au, Hi4EFGHEEE 257 3
. IsE, DAL S -5 o e i R AR AL R AR

F4 FCCHM Cu.Ag. AuPRESRY
HLT- SR 1R K AR
Table 4 Relationship between differences of
physical properties of FCC-Cu, Ag and

Au and their electronic structures

FCC metal
Property
Cu Ag Au
nel (electrons * atom™ ') 4,44 5.22 6.47
ni/ (electrons * atom™ ') 0.98 0.91 0.33
V/(nm?® * atom™ 1) 0.01181 0.01706 0.01696
Tt/ (electrons * nm™ ) 375.953  305.979  381.486
T/ (electrons * nm™ ?) 82.981  53.341 19. 458
M elting point/ K% 1357.77 1234.93 1337.33
Tensile strength/ M Pal 27 209 125 103
Vid{?ﬁ ; f‘r:fef;l e 369 251 216
Bulk modulus/ GPal??! 137 100. 7 173.2
o ; vityl22]
peveern S S C IS
Thermal conductivity!??! 4,01 4,29 5 &

at 300K/ (W * em™ ' K™ 1)

7 B FCCCu.Ag. Au B R
HEEITE

DL B 5745 )8 Cu v Ag < Au I T4 5
A R G A B SR R HEAT 1 PERRE, AT
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KX HARA FCC-Cu « Ag « Au FFABE il 28 A2k 34
MK 2R BORE IR R AR AT . TR
&, ATHETSEE RN, AXMNEAHARS
FCC-Cu.Ag.Au [543,

7.1 IBibFEEEdh

P MAT AR 2L, THHASE] FCCGCu . Ag .

Au FUBRSAEER 2L, LA 1 s .

7.2 LRAEKARINFERERTL
45 Debye B FIZENEZ I R L Grilneisen 2>
AP, B MAT #EEREHE TS 00 2L Qo F k,

ghi4 SCHR[ 22] B9 Debye i % &, 15 2] FCC-Cu .

Ag « Au IIZ B2 A 2R H R IR 5 (1 AR A0 O 35 i 2
K 2 fros, HerpsEg s ok 52 2% 30k 21] .

8 4t

1) dmgi4)E R RIS OA FikitH T FCC-

600
(a) FCC-Cu
400+ E=336.6 kJ/mol!
_ 7¢=0.254 77 nm
s 200f
E
L
< 0
=
200
-400
0.2 04 0.6 0.8 1.0
r/nm
600 _(C) FCC-AU
E.=368.6 kJ/mol~!
400 ¥5=0.287 44 nm
=5 200F
E
= 0
B
=200+
=400 [
0.15 0.30 0.45 0.60 0.75 0.90
r/nm
1 548 Cu(a)

Cu.Ag.Au NHLTF4iN, KM AHIRTREE
B FCC-Cu Ag  Aultt, HANIRT2HAH 0. 21,
0.57, 0.90 4~ d L F#4k A s BT, i FCC-Cu .
Ag . Au IHLFEH AT IR IXF A Ry: (FCC-Cu) =
[Ar] (3da)” P (3de)™? (4s.)%% (4s0)*™, O(FCC-
Ag) — [Kr] (4dn)4A87(4d0)4A56(SSC)OA%( sz)(wl’ b
(FCC-Au) = [Xe] (5da)*® (5d)*™ (6s.)"7
(651')0‘330

2) WA ERA FCC-CuAg . Au I H F45H
ENEMRRE T R E R ST AMPCR; EE
TET mEER . 4588 Haeih LMLk R
EGHALRE 08 Ak, X BE P BT A B AL I AAE W) A
L3S

3) 4l SGTE 2 f 5 H 4l J 1 #h ) 2 B4,
ZiERIAMER A H R, B OA BT E TAER
IR T4k, JEE MR T diE 4t BCC Al
HCP [RER, Frifie B3E B AR & L1 454 45 350
Wk WHCP-Cu)= [Ar](3da)*®(3d)* % (4s.) "™
(4Sf)(l68’ ‘b(HCP'Ag) - [Kr] (4dn)578 (4dc)3'22

600 :
(®) FCC-Ag

400 E,~285.0 kJ/mol !

rg=0.287 74 nm
200

w/(kJ*mol1)
=3
T

-200 }
400753 0.4 0.6 08 1.0
r/nm
800
- 1 — FCC-C
L - -Lu
600 2 —FCC-Ag
a0} 3 —TFCC-Au
- i
: 200
20
=
200
400}
60035 0.4 0.6 0.8 1.0
r/nm

«Ag(b) Rl Au(c) FIEEE FAHE h 2 o0t L ( d)

Fig. 1 Theoretical potential curves of

noble metal Cu(a), Ag(b), Au(c) and their comparison( d)
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30 35
(@) » Exp. () = Exp.
- FCC-Cu — Theo. 30+ FCC-Ag — Theo. «
25} -
.20 -
M M 20F
P 15) 2
% 6])._.343 K % 15k o D:225 K
3 0t Q=482 510 J*mol! E ol 0p=454 888 J*mol~!
K=2.6166 K=2.91 02
5 I~ 5 =
0 200 400 600 800 1000 1200 1400 07" 7200 400 600 800 1000 1200 1400
T/K T/K
25 35
(©) = Exp. @ ] — FCC-Cu
FCC-Au — Theo. 30t 2—FCC-Ag 2
20 . 3 —FCC-Au ;
25+
v 157 = g0} 3
® RS
Z 1o} dp=165K & oas)
9 =619 175 J*mol™! =
Qi S o101
K=3.500 6
5 -
5 L
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
K T/K

2 4&JE Cu(a) - Ag(b) Fl Au(c) RN IK 5 B0 bE L 5 A2 Ak S HO6) LI (d)
Fig.2 Linear thermal expansion variation with

temperature of noble metals Cu(a), Ag(b), Au(c) and their comparison(d)

(5s.) 1.89 ( Sst) 0. 11’ b(HCP-Au) = [ Xe] ( 5dn)6~00 Atomic states, potential energies, volumes, stability
(5d.) 3.02 (6s.) 1.83 ( 651‘)0‘15; $(BCC-Cu) = [ Ar] and brittleness of ordered FCC TiAL type alloys[ J].
Physica B, 2005, 366: 17 ~ 37

(3 H)S 26(3d )437( gp)()A()8(4-Sf)lA29’ L‘)( BCC"’Ag): [3] PE};\;;(T?{ i . bENG o

> Kun, ou-qing, > Hao, et al. Struc
[ Kr] ( )5 » ( 4dc) > (5se¢) i (Ssr) o 13» d)( BCC- tures and properties of Sc and Y metals[ J]. Journal of
Au) = [ Xe] ( 5dn)4A ® (5d.) 18 (6sc) 120 (6sr)oe2; Central South University of T echnology, 2000, 7(3):
(L-Cu)= [ Ar] (3da)* P (3de)*® (4s1)*”, (L-Ag) 136 - 139.
= [ Kr] (4da) *7°(4d) “F(5s) ", $(1-Au) = [ Xe] [4] XIE Youqing, PENG Kun, YANG Xinxin. Elec
(5d. )5 8()( 5d. )3 33( 65¢) 1A76( 6sr) 0. 10 tronic structures and properties of Ti, Zr and Hf met-

als[ J]. Journal of Central South University of T ech-
nology, 2001, 8(2): 83~ §8.
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