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ABSTRACT Combining the One-Atom (OA) theory with Debye-Griineisen model, adopting the lat-
tice stability parameters determined by CALPHAD method, the temperature dependences of the atom
states, atomic potentials and vibrating energies, atomic volumes, bulk moduli and linear thermal ex-
pansion coefficients of fcc- and metastable hep- and bee—Cu metals in SGTE database of pure elements
have been studied, and the results show that the calculated electronic structure is accordant with that
of first principles; the electronic structures of fcc—, hep— and bee—Cu are very close and the single bond
radii of them are very close as well; the order of atomic volumes of them is Va(bce)>V, (hep)>V, (fec),
that of concentration of covalent electrons is n.(fcc)>n.(hcp)>nc(bec), that of atomic potential en-
ergies is ep(fec)<e,(hep)<ep(bee), and so the lattice stability is AG({fee)>AG(hep)>AG(bee); the
increasing amplitude of atomic vibrating energy is 2 to 3 times higher than that of potential energy
during the elevation of temperature.
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AR, X—HERU S FETHEERR 67 Siewsor
2 B RS i 010 A s e R R R
SR R Ag—Cu[“_“], Ti—A]l15-17] # Au_Cul18—20]
FHEROETIRE, FTHee FETah6e. BrEi., &
R R D A 7 P 2R 0 P O B W A B AR AL AR
AT T RAWR. fEX R, mERN TERAE SRR
F (one atom, OA) Fip 67100 #82RK | 3 & FAR ] &k
& A2 BRSO IR S A I B TR B B AR A T ST,
TAE# A Debye-Grineisen ¥iAIF1 CALPHAD J7i%8Y
PR E SR, IRl T SGTE 4 R i fec,
hep— #1 bee-Cu # B F-45 ¥4 LA B 4y P24 57 Bl VLR A8 1L 1y
1 FB5h5%
1.1 @4eRBFEFER

L11 R¥HkE44& SREMEHFETHEL, 8K
SEBPHETREINFRESGH. B, BRI
2 HL T M B T LAY s A e A 2 Y H
JRFANE AR B -3 il LAG el B AR,
e T (FPRIRRERT) WY RA A&
SEH. H, B TFRSSREEEER, AHET
TS, SRANE MR EEAE.

# OA i, UBEFFRTE o(k=1, 2, -
n) AT J Ak BT AR BN AE L 7 5 BB 8L (quasi-electron—
occupation, QEO) FEIERTIRE 9.

V=) ckpr (1)
k=1

ick =1 (2)
k=1

A, o MRARY, B-EAR o) #FYHE Pauli R
AR, W&R Cu, s, pp M d§ SHIHE & AHA
FEaF s, p M d SuBEmRMBE T s hEER s
ETHG d) vk d TS R840k 0.1 nm)
KT # Pauling #sgk% 23 ng, ne f ny S
BRFE T, B TR TR O kgl 75
% 3, M Cu (R RSSO TAFE

Se = ) CkSj, Pe = CkD5,
de =Y cxds, dy =3 cpd}
Re =0.1352 — 0.0256, R =S ccRy
Ne = S¢ +pe +de ng = s¢
| v =N +7g
(3)
L1.2 &iF4#742 SBREEoraREmT:

a=(1/G1){2R — B Igln./ Y I, x 10(G:=C=)a/0]}

r, = Gsa
ns = ny x 1001=7:)/8
(4)
A, TR s BIBMEN 1, 2, - -+, TRFILAN, RIT4ER,
S BN G, A EIEERERRENERS RN
BgkfE, 0.1 nm; § % Pauling fy@ss 22, 1, B3
s ATARERAYEFEF AL v M ong AIREE s ILAYIRT
[¥] B A0 AR PR
1.1.3 #Zéfededdl  ZRTHEER (many-
atom-interactions, MAT) 3% W(r) LA TR FEk:
1o\ m/ (n=1) o\ ™
W(r) = B, [(n - 1)(7) - n(—) ] (5)

;
X, ro M r DHAFHEMEBREWELRK n
frm 25108 MAD & S8 Hhaaae
ISTLS ne v
Ee=a[ YT+ 3]

S

(6)

A, A RS T T T A R0
WG TN E TR TR, BT = Y L,/ S L;

FOAf A BIRFES N A B TSR A sREE Sy, BT
f=Va+ 3B+ By (Ed, a=sc/ny), B=pc/nv,
y=de/ny), [ = V2d (Hh, o =ng/ny).

114 R5RMAEFfo S AWM A2 ARIE AR
i B#EY (B=-ViL) Bt W 5IE& p MXR
(p=4%) ATLAEH

42w
-V (7)
Ao, (R VB 48 fk AT LA Debye—Griineisen
1 123 g i R BIK ARL o0 ST
_ CV
 3Qu[t - k(U/Qo))?

B =

)

(&)

U= /OT Cydo (9)

g, EERE Cyv(J/(molK)) URRERsIE U
(kg/mol) g Debye Fit#ix, Griineisen EE(FHAYH
¥k Qo HISRBEARLL S 55
1.2 #HHERF
121 %AKRFA  Eckardt % 21 gyprsrxm,
HF AR sp 24k, &8 Cu SERLER p 8
REFFOHFRT s iR, Eik, p BRI A
s B BTG E, ALEHET 10 fEs
JET-AS BT X R AN ] R R S i R i i RO S S Re (b
hep Z5¥IRISRLEL o/ a & yFEAELL 1.633), ZRNE 1.
1.2.2 iHE %% HEARTEHEZG, ¥ OA
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Table 1 Lattice constants and cohesive energies of fcc—, hcp— and bee— Cu with different basic atom states

Atom Electronic Lattice constant Cohesive energy
state structure a, 107! nm E., kJ/mol
fcc hcp bee fcc hep bee

P1 (3dn)®(3de)* (4sc)* (4s¢)° 3.573 2.526 2.841 416.4 416.6 419.9
P2 (3dn)®(3dc) (4sc)° (4s¢)* 3.655 2.584 2.907 280.5 284.2 284.9
w3 (3dn)8(3dc)3(4sc)? (4s¢)° 3.713 2.625 2.954 387.3 387.5 390.7
¥4 (3dn)®(3dc)3(4sc)  (4s1)? 3.795 2.683 3.019 293.2 296.7 297.8
s (3dn)%(3dc)? (4s:)°(4s1)? 3.997 2.826 3.104 194.9 204.0 206.9
w6 (3dn)%(3d.)® (4sc ) (4s¢)° 3.410 2.411 2.724 610.5 611.1 610.8
w7 (3dn)9(3dc)® (4sc)° (4s¢)! 3.466 2.451 2.756 448.2 451.7 453.6
w8 (3dn)%(3dc)%(4sc)? (4s¢)° 3.510 2.482 2.806 587.6 588.1 587.6
P9 (3dn)4(3dc)® (4sc)! (4s1)? 3.567 2.522 2.836 476.2 479.5 481.9
P10 (3dn)?(3dc)® (45 )0 (4s¢)? 3.633 2.569 2.890 350.6 359.2 358.3

Note: subscripts n, ¢, f represent nonbonding, covalent and free electrons, respectively
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Fig.1 Calculating procedure for determining variations
of atomic states and properties of fcc—, hcp-

and bcc- Cu with temperature (6p—Debye tem-

10-! nm; R—

FE:.—cohesive en-

perature, K; a—lattic constant,
single bond radius, 107! nm;

ergy, kJ/mol; y—electronic structure; ep—atomic
potential, eV/atom; e,—atomic vibrating energy,
eV/atom; B—bulk modulus, MPa; cp—isobaric
heat capacity, J/(mol-K); G—Gibbs energy, kJ/mol;
H—enthalpy, kJ/mol; S—enthalpy, J/(mol-K) (*—

experimental data, Phase—hcp or bcc)

298.15 K B, R4E fec-Cu Ry R #EE *a P4, B
Debye—Griineisen #AH OA #ipiH3L fcccCu 0K T
Y R RO B AR

2% £ 0K, UEEEH o« MERMESRE
*E 28 ShHE, A 1 heEARFSETRE, 108
BERTEEZ P, w2, o7 fl pr0 LA S KT
4 o f *E. FIRESRATE T4 o, B4 AREITHE
E. SRR THEE ep, BAARERECR H EMHAEE B, &
J518%] 0 K T fcc—Cu &9 Debye iR, St ek, sbek
2, BERE. BTN, R Saef s, B (Yp,
a, R, *E., ¥, e, B) HF 5,

83 SE—FIERFE AL B9 KT
FESERRIT L 0 K By T AR DR S L P EREE
R TFEE, FHREERER TS, fee-Cu fyBF4H
Y BREAT, RIEFEFREHBEEELEHEEEK, &
Jait58%) (*6p,a, R, Ec, ¥, 6,6y, B, ¢y, G,H,S) %
HRFERE R MER (Kd, FER e, ¢, G, H
1 S ABIRETIRTIRShAE, HIERZ., Gibbs g8, 44
FUREE RS2 R);

4 4. 7 298.15 K, f4E CALPHAD HiEME
R faE S8 PIAGPhese—foc 85|41 F hep- & bee—
Cu fy Gibbs £:

GPhase — chc + AGPhase—fcc (10)

B TiX—2%5 Gibbs 885 & BMIRETIE, T

A (10) FHSEATFLL 0 K B4 H hET h 2550
5. WA H(0 K)=—E.(0 K)?®, B

GPhase (29815 K) N HPhase (0 K) "

G (298.15 K) He (0 K) (11)

SE RA TAERFSCHR (9] ST KR 1HEE hep-
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5 bee— Cu & Debye &

) EPhase (0 K)
Phase __ pfcc c
0 = E oK) (12)

AR R (11) 453

ephase ~ efcc GPhase (29815 K)
° D\ G (298.15 K)

(13)

55 3. R4 oFhase 1 GPhase(298.15 K), AWk ik
A4k, EHA Debye-Gruneisen #AI3+4L hep— 5 bec-
Cu 0 K BI#4E & 68 EFP°(0 K), F-1E AT 4 LH 5>
SR AER B &, BU%s R SRRk E abhae
FE/ME abhose fiTTARTEH Y, LIRS hep— B bee- Cu
0 K BHABIR SR H L o™ (= (aphds + apii**)/2),
BB (0p,a, Ee);

%64 5% 2 4840, 0K, ## hep-
bee— Cu S HE a MELAE B, W% 1 hEAR
FASHFTIRE, M 02, 07 F @10 BIZ AL B R0 0
EEBERHSS T ERNRTEN o, REHES
B B BRFTHEE cp, dRaERNOR MR B,
§:578 (Op,a,R,Ec,,¢p, B) %158,

87 % 58 3 5%, WEBEAR, hep- X
bee- Cu fHL FL6H ¢ T, Mk 55 E A
kg ik, B4/8%) (Op,a, R, Ec, ¥, €p,&v, B, ¢p, G, H, S)
o R B,

2 SCIELER
2.1 EIHRSE

LLS R RO S BT HE, TEZe L = AT R e %
a % E. KI5 H, IFRERAREBRRS, &
R R PR, R 2. 8248 TSR
MR

ARIBA L Z AL RSN 53 BB E fee—, hep— #1 bee— Cu
HIsT4EH o FIZAERKS R T

wfcc — [Ar](3dn)4'956(3dc)4'743(43f)1'301,

R=1.152 (10"! nm)

whcp — [AI‘](3d“)4'988(3dc)4'674(43f)1'338,
R =1.154 (107} nm)

e = [Ar](3dn)5‘056 (3, )*627 (455) 1317,
R =1.154 (107! nm)

Hedt, (Ar] REREFETHBHRTEM; TAn, clR{y
IRBAANPUE NIRRT, B TFUXEHET.
2.2 IR

221 P& W(r) fce—, hep— il bee— Cu
W W (r) ME30NE 3 MR 3 Fir.

000 025 0.50 075  1.00
Content of state 1

: Gl ~——>0,
0.00 0.25 0.50 0.75 1.00
Content of state 1
0.00, 1.00

o 6 N 0.00
0.00 0.25 0.50 0.75 1.00
Content of state 1

B 2 fcc—, hep— il bec— Cu SAFALRAT R
Fig.2 Composition positions of three states hybridization
of fce—, hep— and bee— Cu
(a) fcc=Cu  (b) hep—Cu  (¢) bee—Cu
#& 2 fcc—, hep— F1 bee— Cu =B Mb A MR
Table 2 Hybridization compositions and properties of fcc—,

hep— and bee— Cu

Structure Composition Cohesive Lattice
cr, % energy constant
w2 24 ©®10 E. a
(State 1) (State 2) (State 3) kJ/mol 107! nm
fcc 47.8 22.1 30.1 336.6 3.603
hep 49.4 16.8 33.8 335.7 2.555
bee 52.8 15.5 31.7 332.4 2.876

222 HMWHK LK o ki EF B Debye-
Griineisen #AISHIRA K 3. B da—c 45 TERY
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PERESRAE © fecm, AR hep— #1 bee- Cu HYJR-FIRZS A FEVERBE IR AL 69 b6 £
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AR ARL o, EIEHEL o, RV, Bt R ik
YEMEE B HERE T dA izt (RO S ighk R 20

LR R R B 3k (23]).

223 RF#hk ey oYt g

% 3

BN RILE 4d.
AT AU EERETE R E, LA 4 # 0 Ml

298.15 K DA K& & (1358 K) HBIB#EIT A 1L, 2580

FromemmsaeE R4

fce—, hep— #l bee— Cu BIHEE W (r) 8IS HLL & Debye—Griineisen #EIE ST 8%

Table 3 Parameters in potential function W{r) and Debye—Griineisen model for fcc—, hcp— and bee— Cu

Structure W(r) Debye—Griineisen model
n m To E. Qo k ép
10~ nm kJ /mol kJ/mol K
fcc 1.343 2.570 2.548 336.6 482.432 2.6168 343.0
hep 1.144 1.280 2.555 335.7 479.927 2.4186 342.7
bece 1.192 1.632 2.491 332.4 480.507 2.4693 341.2
600
(a) (b) (c)
400} - -
n=1343,m=2570 n=1.144, m 1.280 n=1.1921,m= 16315
g0 ro=2.548x10" nm F | ro=2555x10"m [ | ro=2491x10" nm
3 oL Ee=3366kimol Ec = 335.7 kJimol E. = 332.4 kJ/mol
3 -200 [ r F
-400 - (ro, -E) ' (fo. - c) B (f o - Ec)
600 . L L L L L . s L : < P
2 4 . 6 8 10 2 4 6 8 10 2 4 6 8 10
£, 10" nm £,10" nm r, 10" nm
B 3 fcc—, hep— 1 bee— Cu ) W(r) $#gEmI4R
Fig.3 Potential energy curves of fcc—Cu (a), hcp—Cu (b) and bec—Cu (c)
30 3.8 13.00 1.19
(a) S (b)
25 o o 136 1275} L
= - {118
i 13.4
20t wlE §1250
T « Experimental data #*!| 32 S = £
@ -— fcc-Cu o | -
9 15 ""th'CU . £1225 117 5
O beC-Cu _30 % g ©
10 b = 12,00
12.8 > {1.16
- ——fcc-Cu
5 IV SRS E L — 1286 1.78 ---- hep-Cu
------- bee-Cu
0 : . . . 24 11.50 ' s - 1.15
0 300 600 900 1200 1500 0 400 800 1200 1600
T.K T, K
@ 04 _ 330
140 1
oal _J -3.35
5 5
£ 5s) 2408
[ [
3 iy
0.1} {-345
132y — fee-Cii ——rf\g(;.%z
----hep-Cu -+ bee-Cu
130 L s - o bee-Cu 0.0 ‘ . LI -3.50
0 300 600 900 1200 1500 0 300 600 900 1200 1500
T, K T.K
B 4 fec—, hep— Ml bee— Cu HYEREMRE. SBHE. FETHRBL B4R, Aot RIR T SrEfof AekE
R BRI AL

Fig.4 Temperature dependences of linear thermal expansion coefficients a; and lattice constants a (a), atomic
volumes V' and single bond radii R (b), bulk moduli B {c), atomic vibration energy ev and atomic potential

energy ep {d) of fcc—, hcp— and bee— Cu
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Table 4 Properties of fcc—, hcp— and bece— Cu at 0, 298.15 and 1358 K
Structure Temperature ) a Vv R B Ev Ep
K 107 K71 107! nm 1073 nm3/atom 107! nm MPa eV/atom eV/atom
fee 0.00 0.00 3.603 11.693 1.152 137.45  0.0000 -3.489
298.15 16.99 3.615 11.811 1.156 136.99  0.0489 -3.477
1358.00 24.75 3.695 12.612 1.181 134.02  0.3190 -3.402
hep 0.00 0.00 2.555 11.791 1.154 136.35  0.0000 -3.479
298.15 17.02 2.563 11.911 1.158 136.34  0.0489 -3.467
1358.00 24.19 2.620 12.711 1.183 133.42 0.3190 -3.393
bce 0.00 0.00 2.876 11.897 1.154 135.20  0.0000 ~3.446
298.15 17.03 2.886 12.018 1.157 134.74  0.0490 -3.434
1358.00 24.34 2.949 12.828 1.183 131.85 0.3191 -3.360

3 ShFNTiE
3.1 EFRRE

TR OA BT EITIIME RIS —)K
8 CASTEP (Cambridge Sequential Total Energy
Package) ¥ K&t ® ThHiEE LRC(linear rigorous
cell) 241 HHETRLERIEFT T AL (3% 5). 4RKH: OA
BT R 5B — R A I A R AR R, fec,
hep— Ml bee— Cu W HLFEMERIAK. B TH 4R
SERERELD, FTIL 3 MR R AR R R

® 5 AREFBEIHILHE feem, hep- Ml bee— Cu /Y 0 K Iy
R

Table 5 Electronic structures of fcc—, hep— and bee— Cu at

0 K calculated by various methods

(e/atom)
Structure ~ CASTEP OA LRC [24]
d s p d s+p d s P
fee 9.70 0.52 0.78 9.699 1.301 9.645 0.671 0.614
hep 9.73 0.57 0.70 9.662 1.338 - - -
bec 9.71 0.51 0.79 9.693 1.371 - - -

bEEREA A, dEBETHA R TERRS
e, PRECHERE LAMEEK. ERKIRZ
3 R IR T B AR K /MU L AR R
R(hcp)>R(bec)>R(fec). HEIR hep 5 bec e
RIEFET, {52 hep 1 fec # AR HELH, W bee
MR HIRFHRBARUWATHE X ERES, SREiT
THIERRKNE R Va(bee)>Va(hep)>Vy(fee). X5
Fl 4d f13 4 FRER—3. XFRH: 283 L gER
TR, BRFHE L EH R AR B S iR fn g
feItlF g,
3.2 YIEtR

RTHE—F AT REER, Xt 4 T E R
PR H e SR AR R 45 4T 7 Xd b A TR O K
it OA Bt 54 R 5% — 73 CASTEP fl VASP 12
W LR 2 mit g REIT & 6 .

ML EXT TR A TR EFE &R, OA L5
CASTEP 45 &%k, 520 ARG EREr, ms
VASP 5 R MERK; A FRTHAE, OA &5 VASP

& 6 REFHEL N fec—, hep— Fl bee— Cu 0 K i) — 4 ik
Table 6 Some physical parameters of fcc—, hep— and bee—- Cu at 0 K calculated by different methods

Structure a 14 €p B Method
107! nm 1073 nm3/atom eV/atom MPa

fee 3.603 11.693 ~3.4888 137.45 OA
3.608 11.743 -4.3665 137.46 CASTEP
3.631 11.968 ~3.6379 140.00 VASP (4]
3.620 11.859 Ref.[29]

hep 2.555 (c/a=1.633) 11.791 -3.4790 136.35 OA
2.542 (c/a=1.652) 11.743 —4.3684 170.26 CASTEP
2.558 (c/a=1.652) 11.973 -3.6325 - VASP [4]

bee 2.876 11.897 -3.4455 135.20 OA
2.871 11.827 —4.3285 141.21 CASTEP
2.886 12.019 -3.6082 - VASP [4]
2.870 11.820 Ref.[29]




6 # FIREHR 4 © foc—, IEE hep— Ml bee- Cu fYETIRE R B RHER E R ALk R 571

—B, BIHKMNH:  ep(fec)<ep(hep)<ep(bee), MR
FHFURTFHR, X—ERIRETRERTE 3 #%H Cu il
B IR HOEMRTR T, dRTRRERSIEY. XN
g, & (I EFRE T = ne/V MEHEFKRE T =
ng/V, IXE D FEEETH L (3R 7). AERAIR, To
LB Ty $5ANBIFA . T (fec)> T (hep)> Te(bec)
UK Ti(hep)>Ti(fec)>Ti(bee). T, FTERBTHS
BRI R/, Ty FERMTHEERGER. Hit, #
# To [HE A/ LA & A8 B e R R /MR -

AG(fec)>AG(hep)>AG(bee), SFRFHEERK/MGE
(ep(fec)<ep(hep)<ep(bec)) MR, XIER T Lk HEm.

# 7 fecc—, hep- # bee— Cu mS s TH BRI H

Table 7 Concentrations of bonding electrons in fce—, hep~

and bee— Cu
(e/nm3)
Structure T. D T; 2
fec 405.627 111.263
hep 396.404 113.476
bee 388.922 110.700

1) Te(=nc/V)—covalent electron concentration,

2) T¢(=ng/V )—free electron concentration

MEBE LFH, 3 MEMOEEERE B Buh. K
B B A/NMEFH:.  B(fcc)>B(hep)> B(bee), 5FKF
EBURFEHER. BT Debye REMHZER/D, FFLUEER
Debye-Griineisen #EREE, 3 MEHQILMEK A
AR FohEEA ZR /N WA 4d 1%k 4 7150 3 Fhéty
B IR T Bh R B 1R B 0B 24 2 IR - 0 REBE IR B 3B A 3—4
&, XRALERE AR F R F IR T K T %68
AL,
4 g

ESERPHBIE (SSA) ERT, #HAUERERT
(OA) #ig#1 Debye-Griineisen #7%, i CALPHAD
JFrigxt fec, hep #1 bee~ Cu B B F 451 R Y84 K
TTHR. &ERH:

(1) OA HERUHABFEHMNLERESE - RE
CASTEP i+ HERIEHHE, H 3 kst
HEMERRK, 3 Rk REeed B K
FHRIKMRFS:  Va(bee)>Va(hep)>Va(fec).

(2) OA HE®RITH 3 HAGEHRTHENERS
B—RELR VASP BF—E. MEFHEX/DEF
X ep(fec)<ep(hep)<ep(bec), T BENT A:
AG(fcc)>AG(hep)>AG(bec). RHFEFRER 3 M4
Mg FIREFERKER.

(3) Debye-Griineisen ##{f1 OA MitH it R
K. 3 RSN IR F-Sh RERE IR R i e B LY B BRERY
3—4 fF, B LATEPRTFHENTILT KT,
KWk ZBAREFHREENR/D, HEEREET 3 #
£549%3 Debye & ZEMIR/.
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