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WFFEA R T Crou R BT ALCLLL), Cu(111),
Ag(111) 5 diamond (111) ST 2 B 21 5 454 1952
Wiy, s SR AL S BEAROC &, Ao 200
S8 1WA R R R S AR e 4R B 5 BT
Wi

1 W&

S T 2 ok BB (DFT) 76 38 7 51 254 |
Gk S5 DT T A H, ASWESE R 4 T DFT Y
5 — P JE B, 38 5 Vienna Ab Initio Simulation
Package (VASP) JAPFEATAS LA . S imi e B K fig
AT X TR TR T Z R A ELAERT, AT
7% K 52 28 -1 181 3 (projector-augmented plane
wave, PAW) J7 i 0 HEATH IR . 5848 JCHK pR £i ik
T SR I Bl (generalized gradient approximation,
GGA) I ) Perdew-Burke-Ernzerhof (PBE) iz P JE
L AL L AE R R 450 eV, HL T
FIR TR AR B E N 1 x 107 eV, KA N
1x 10" nm, FKAEH]F17450.002 eV/nm,

2 HREW®

21 SEEBE

R TR TR AR, X AL Cu. AgHil
diamond AR M BT HEAT TWFFE. #F AL, Cu. AgHll
diamond FHEFEAT5E g, [ HGARIRERE, K
15 e AR B Y A 5k, O B 5 A s
IR AR LA, AR
TR AR B A SCHERZE AR 28/, W 2

N T By diamond 75 - i A= 4 25 7F R 18 W &
B HT(001) FICITL) & 1A 2 [7] 44 B Y 7S -\ T AR T
PURHIE, XS5 R FRARE , REHS UK diamond A A
(9 PE B, T diamond {111} 1] A4 55 18 AE 1K, H 5
AL, Cu. AgHhpl A mRE A It B TR ) A S B R
(<1.5%). Al. Cu. Ag¥JJ& T HL.OL 7450, %HEH
FC111) 1, B A1) f . Cu(111) T, Ag
(111) 1f Fl diamond (111 ) Jfj & 37 BT , LR IE
VAL SR DR 1

SRR S TS 1R A0 B A S R AL T 1)
AR BT, PT343 3R Tt 7R i i 2 A ARk ok

%1 Al Cu, Ag¥ diamond BEEHHITEESLRE

Table 1 Calculated and experimental lattice constants of
bulk Al, Cu, Ag and diamond

Yyt AT Sl R /A
This work 4.044
4.039""
Al Calculation }
4.040™"
Experiment 4.045"
This work 3.635
3.629 [20]
Cu Calculation o
3.631
Experiment 3.615 >
This work 4.146
Calculation 4130
Ag b
4.145™
Experiment o
4.085 ">
This work 3.567
Calculation 3.566
Diamond
3.570 [27]
Experiment i
3.567

B2 AL(111) T, Cu(111) Tij . Ag(111) T Y J58 B8,
DI diamond( 11 1) T 1 e/ NIFR 280 AR .

0

d —d°
A =—1 7 x100% (1)

y 0
i

L A CHIZEBEAR S, d i a5 i 2R
JEZ RIS, d) 2 s R A s 2 MR R AR R
AR LR 2,

MG 2 T4 R 04, AL(111), Cu(111),
Ag(111) [T f J2 ) 5th 75 3% B0 o b 325 04 B Tk
fiEs MIETFZEN=30F, AT 2 A AR R
Ad<0.7%, %W MR 3% 1 2500 280 2 i Sl &= 1R A1
o SH—20(A ) B R K(-4.91 £ 0.08%), iX
FEIR T LN A RSO ER, 55 )20MCA,)
B T4 B 55 (—0.53 £ 0.07%), FBIARAHZSE M 2K
i, T EBN= 60, KFIKkBZEIEL

VSRR S TR SY < Yred O AT =2 U &y RULLRZ W £
AL SRR FNAHIE ST BE 25 A I e, ASBIEFE XA TR
EEGFR IR T T FEReTHA, HEACY:

E,  —nk .
E‘Surf — slab 2;: bulk it(z)

ERERE, E, X LAY ERERE, n T S
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K2 AEEHAAI(111), Cu(111), Ag(111) X diamond

(111) ERERE FHKER
Table 2 Atomic relaxations on Al(111), Cu(111), Ag(111)
and diamond(111) surfaces with different atom

layers

JEEU(N)

3 5 7 9 11
0.057  1.174  -0.132 0.506 1.750
-0.685 0214 -0.433 0.589

-0.354  0.116  0.832

-0.016  0.563

4.630
-1.498 0708 -0.921 -0.994 -0.789
-0.611 -0.380 -0.360 —0.366

0.146  0.099  0.157

0303  0.197

0.049

-0.671 0248  —0.042 -0.013 0.104
-0.181  -0.174 -0219 -0.262

0.124 0157  0.098

KM JZIH]

AI(111)

2

&

2

5

Cu(111)

&

2

2

Ag(111)

2

i e T N e e

s -0.002 0.095
s6 -0.039
2 4 6 8 10
A, 0.000 -5.006 —4.907 -4.851 -4.967
A, -0.632 0452 -0.494 -0.595
diamond
(1) A, 0.179  0.110  -0.004
A 0.171  -0.060
A -0.029

A REFE, A RFRE R E AL, THELE R RS,

MG R 3T EE R, AL(111), Cu(111), Ag
(111) T8 [ E,, 3010 R 20N ) 19 55 08 7
HASBIRE AE, (N)<0.1 Jim’ (Y N=30F), X T
diamond (111) i, 45250 4, FKHHEM 1L
W ERL, RURRCBETRERES, X —M0E
5%2%&¢Fﬁ%ﬁ%ﬁ% BRI R AP —3
P, DI UE T T AR TR JEL R B A A 5 A R
%Mﬁﬂwr

St EE e e M HARIBO AR, AT
WS 2 IR FJE M AICILL), Cu(111), Ag(111) Taf
16 )2 I F J2 1) diamond (111) T #4 8 T AI(111)/
diamond(111), Cu(111)/diamond(111), Ag(111)/
diamond(111) F Al | 2 )2 1 I LA IE [a] )2 5
BUARARRRE, IR ORISR HER PR . [RIEE, X5t
TSRS T T 7 A% A IE AR AR FE . R S50 85 o 10
88

&3 Al(111), Cu(111), Ag(111) % diamond(111) EHIE
HEEITEE
Table 3 Calculated surface energies of Al(111), Cu(111),
Ag(111) and diamond( 111 ) surfaces

Al(111) Cu(111)
JZH(N) FHAE/(Jm®)  JEE(N) FHHE/(J/m®)
3 0.749 3 1.346
5 0.775 5 1.340
7 0.765 7 1.345
9 0.723 9 1.362
11 0.726 11 1.365
Ag(111) diamond(111)
JZHU(N) FAE/(Jm’)  JEE(N) FIHHE/(J/m®)
3 0.799 2 5.694
5 0.798 4 5.836
7 0.786 6 5.810
9 0.792 8 5.804
11 0.786 10 5.802

PE SR R B AR Y BB (G AR ELAE T, T
77 T () 0 T IR R 15 A ELas 2, =Rt
TSRS AN AT 1 7 o

(a) © (e)

(b) (d) ®

¢ Cu
a b Ag

BT AL(111)/diamond(111) SR (a) FHLEIAN(D) Hf
HLEL; Cu(111)/diamond (111) FHEIRAIRY (¢ ) FARIEF
(LA Ag(111)/diamond (111) FIERAL )

(e) FHLEFNCO) PALE]

Fig. 1 Front view and top view of (a, b) Al(111)/diamond(111),
(¢, d)Cu(111)/diamond(111)and
(e, ) Ag(111)/diamond( 111 ) interface model

AT RS — T SRR T i T — &5
CrB 2219 Al(111)/diamond(111). Cu(111)/diamond
(111), Ag(111)/diamond(111) FHEALAL, W& 2 i
7%, PLAICITD)/diamond (111) i R 8 4 4], 1 %%
VERE IL RIS — )2 mAS A B A S 5T, BlS R
BiPE I LA — I 2 (R<2.5 A) NI AR R 155
4 Cr, MITSEIE CriB 28k R 12.5%~62.5% K
R . AW E BERR &R ITE Al Cufl Aglh)
(111) 5 diamond (111) S T8 Z A [w] v 5 3ok 9 4
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Fig. 2 Interface models of A1(111)/diamond(111)with
different Cr doping concentrations: (a) 12.5%; (b)25%;
(¢)37.5%; (d)50%; (e)62.5%

J& Crif FHRIRARION , —FMA R @R —3, Btk
SR A — R AR R T, R YR
B ERRE N 12.5% . 25% . 37.5% . 50% . 62.5%.
22 REFMEE

T 45 A o B AT SE b B I G B2 (work of

(a) 0.8
—a—0%
—o—12.5%
—A—-25%
—v-37.5%
0.4 —-50%

—4-62.5%

W /(Jm?)
(=)

1 1
1.6 2.0 2.4 2.8 32
Interfacial distance/A

adhesion, W,,) ERAE, Y PIA B2 K A T R
SIS A H SR T PR B AT T, RO
SRS G R B, SRR . THRARA
- £ +E§b -E,, X(3)
Kb, W MBI, EFCRLE™ 5y 51 ALCILL), Cu
(111), Ag(111) 5 diamond(111) F W W fE . E,,
9 Al(111)/diamond(111), Cu(111)/diamond(111),
Ag(111)/diamond (111) Ft LAY 1) S RE I &1 3 i
7R KR TR e BE CrdB 4% A(111)/diamond (111), Cu
(111)/diamond(111), Ag( 111)/diamond( 111 ) FL1HHY
UBER (universal binding energy relation) ffi£k, #3#i
UBER [ 2k ] LU H d5e A 1) 5 1o B 2 A e A ) 26l
BT, A SR &4,
CriBZ-EIZ R R RV E ] 2RI X & A
G R HOR S04, ) ansE kI R R A5
SR AN T, R R A A RE T, G

b) 0.4
(b) 0%
- 12.5%
—A—25%
- 37.5%
0.3 - 50%
4 62.5%
E
S 02t
o
0.1
0 1 1 1 1 1
1.6 2.0 2.4 2.8 32

Interfacial distance/A

(c) 0.6

03F

—=— 0%
——12.5%
—4—25%
-~v37.5%
—-50%
—4-62.5%

1.6 2.0

2.4 2.8 32
Interfacial distance/A

F3 AR Cri32=(a)Al(111)/diamond(111), (b)Cu(111)/diamond(111). (¢)Ag(111)/diamond(111) 5L [fif¥) UBER £k
Fig. 3 UBER curves of (a) Al(111)/diamond(111), (b) Cu(111)/diamond(111) and (¢) Ag(111)/diamond(111) interfaces with

different Cr doping concentrations

89



Total 199

ook TR

JEE 199 1

X4 AECrisZ-iRE T Al(111)/diamond(111), Cu(111)/diamond(111), Ag(111)/diamond(111) REMREREEESH

Ftzh

Table 4 Optimal interfacial distance and adhesion work of Al(111)/diamond(111), Cu(111)/diamond(111), Ag(111)/

diamond( 111 ) interfaces with different Cr doping concentrations

UBER
BRI 575350 Al Cu Ag

dJA W,/(J/m®) dJA W./(Jim*) dJA W,/(Jim®)
Cr-0% 2.049 0.278 1.799 0.206 2.249 0.019
Cr-12.5% 1.917 0.284 1.878 0.209 1.917 0.212
Cr-25% 1.943 0.285 1.865 0.231 1.969 0.232
Cr-37.5% 2.039 0.287 1.852 0.243 1.996 0.240
Cr-50% 2.000 0.292 1.813 0.250 2.039 0.239
Cr-62.5% 2.013 0.293 1.839 0.265 2.065 0.254

2 AL(111)/diamond (111 ) FLTrIAS AL R T DO Bt 5 2%
Y E BN A B T AR BR . 1M Croe R B 2% Cu
(111)/diamond(111) F1 Ag(111)/diamond (111) F* [f]
BT 5 2 vk BE A 3G I, S 25 5 e ) ST 1
ARG BE AP R 35 5 Yamanaka 25 Al
Qiu 25" (1 S 46 WL 2% 75 E W 4, BV il 26 R Cr B
%4[0.05%~0.1%( J57 & 53 HO1 55 F F , Cu/diamond #*
45 G PERE T AR5 W s, 3R] Cron g X AL 4
G e HA m R R
2.3 HFLEH

ST H, 5 0 1 EE AL SR DR E 45 B R A L o
VT 4 388 3o SR [ A5 1 s 2 5 T B 8 %) 2 4 LAy
FEAM A, EWEI T 12.5% F162.5% (5T 4350 i
Fl Cr8 22 e FE R A1(111)/diamond(111), Cu(111)/
diamond(111), Ag(111)/diamond(111) % i {1 #, 1
SYARIE, L R AR I (R A X)) 5 Lk
IR IX) o0 25 57, B O 1 S 5]
BEAAE FSR EE J CraB 2 IR kN . BLAT &
AVEZRE ALS C B B e i LA B, P25 44
TR, AN[A] CriB v B R FU 18 26 43 v A 285 B 43 A1 G
W22 5%, CriB (B AT T = I, i Cr
B SR DR A AR, X 522458 —
] CulkFRm P, B 2Z)E, BEE CrkETHR, B
FAESHZ A & AR R 2, &l 4(b, e) T
TN, IR LT R AR D R IR,
M, Cr5 CZ a7tk 2E R R (A, ~0.89), LT
0] CJEF O 5%, B CofE RV 48 HAa K7
9 3d B, REAE S C Y 2p B & ARG A B pd B
90

Z=4k, MIMiHE5E Co/C AU A EAEH o X F Ag(111)
/diamond(111) /R FR , JHLFL5H AL LA 5 Cufk
Rl 25 HAT R BT R, B CriB AR T
Ag/diamond FLIHI AL (1Y) HE ¥ SEFRFE W] b 3, M
TN i 2 R AE T Cr-CHE A X3k, 036 T AgHL T 1Y
PP, MR e TR, Wik, G
% Ag/diamond 7 3 H 5 1f1 2 B 21 B Cor Ve B2 482 3 5
2 LT, S22 I AR S G
24 BDEE

SRtk —2 L B0 2 B R CriB 4t AL imsh
BRI R TARIALE, B SRR T RE Crig 4k g T
FHHAL Cr )55 CIFEF 1Y 73 A% B (PDOS ) . HoHr,
Bl5(a, c) %R 12.5%( 5T 380 IR E B RIE R,
E5(b, d) xR 62.5% (T 50 mk BB AR
TOKREH LRI R/R

X T Cr i B BB STk [ B 5(a, b)), Cr-3d#
B ih 20) 76 2 OR BE LI 2 B B i O A 2%
WA, R Cr-3d HL -2 LI s 1Y) 3 2 DTk .
MIELZ R, Cr-3s fil Cr-3p BB 1Y STk /N, Bl Cr
B 2 e B N 12.5% (J5F 53550 14 0 = 62.5%(J5
S3H0), Cufll Ag R 2 b Cr-3d BILIE 15 2 K fiE 9 Ff 3T
(R UAETE JRE T LS B 1 i, 3R T4 R CriB vk i
N, Cr 18] S H 5 ] Bl A A PR R, A5 R
FIU B AR 1 4 - R

X CIRFRYPE TR [ 5(c, d)], C-2p il
(LI Zk) 7610 eV EFOKRELGE BN A8 £ 5
Mo, S WA 2 5 B R A O BLE . X
ARG EERER, XFAUKRR, C2pHlBifEdhK
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@ cooo cooD
©0OD OO0

OQOM
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©

© cmoomd Oal
o000 OO O«

T BE ] 5 62.5% (54380 CriB 24 (d)AL(111)/diamond (111), (e)Cu(111)/diamond(111),
(£)Ag(111)/diamond (111 ) S )2 43 ff % i €]
Fig. 4 Charge density difference maps of (a, d) AI(111)/diamond(111), (b, e)Cu(111)/diamond(111)and
(c, ) Ag(111)/diamond( 111 ) interfaces doped with atomic fraction of 12.5% Cr and 62.5% Cr, respectively

K4
@ 5,0 —AL:Cr-3d
—~ —AL:Cr-3p
i 12k —AlL:Cr-3s
o -
S 24t —Cu:Cr-3d
) — Cu:Cr-3p
8 1.2} —Cu:Cr-3s
Z 0
° 24 —Ag:Cr-3d
= 12 —Ag:Cr-3p
5 0 —Ag:Cr-3s
(@)
0 .
-5 0 5
Energy/eV
© 0.16 F E —AILC-2s
~ 5 ——ALC-2p
2 0.08F !
8 0.161 5 —Cu:C-2s
3 , —Cu:C-2p
8 0.08F '
8 f
E 0.16 . —Ag:C-2s
= 1 —Ag:C-2p
5 0.08 i
o) 1
A .
0 —
-10 0
Energy/eV
K5

10

P~

S

2
N

—_

—Al:Cr-3d
—ALCr-3p

: —AlL:Cr-3s

N

— Cu:Cr-3d

— N

' E — Cu:Cr-3p
2 ! — Cu:Cr-3s

E —Ag:Cr-3d
' —Ag:Cr-3p

ngr-?ﬁs

Density of states (electrons/eV)
j© b Rro b Rro b &

0 5
Energy/eV

—~
o
=

0.16 -
0.08 -
0

E — AL:C-2s
E — AL:C-2p

~A

0.16 -
0.08 -

— Cu:C-2s
—Cu:C-2p

0

Density of states (electrons/eV)

0.16 I —Ag:C-2s
—Ag:C-2p
" A
0

-10

10

Energy/eV

(€)12.5%C F1(d)62.5%C 173255 (PDOS )
Fig.5 Projected density of states (PDOS) with atomic fraction of (a) 12.5% Cr, (b) 62.5% Cr, (c) 12.5% C and (d) 62.5% C in the
AI(111)/diamond(111), Cu(111)/diamond(111)and Ag( 111 )/diamond( 111 ) systems

AEZR BRI B A9 R IR, HLS Cr-3d LB Y & IX
G WA A B RE 2 B
X5 2.3 P AL R SR 25 5 5 B B THAT BRI 2518

AR, B AlCY 4

12.5%(J5F43 50 Cri52%(a) AL(111)/diamond (111). (b)Cu(111)/diamond(111). (c)Ag( 111)/diamond( 111 ) FHHi 2551,

ALC111)/diamond(111), Cu(111)/diamond(111), Ag(111)/diamond(111) 14 F& HEF 4380 (a)12.5%Cr . (b)62.5%Cr

—F, MXT Cu5g Agihk R, C2p#ifY Cr-3d HLiE

TE-5~0 eV BERIEHE NAFAE B E M E S, Fih
TE62.5% ik FEB 42 T [E 5(d)],

2

X AL IE A

91



Total 199

ook TR

JEE 199 1

HEE NI, SIESE T Cr-3d 5 C2p i 2 m) &4 T
SRE pd HLiE 22k

25 BTk, PDOS /AT NBILIE J4 Ak FA BEIESE T
CriB 2L . Cr I8 i HoR FEi i) 3d fhiE
5 CIEF 1 2p PUBETE BUA BN A G . X Fh Cr-C
BB A Co Fl Ag IR Rty i, ELBE Crifk B
TR R, DT AE LT A5 R 2 R T 2.2
WL E {1 5 B ) B AR T IR
25 it i

AR, MR R N T4 s/
SN R T . Han %" REIE T 2M a4
JCE(Ti, Zr, Cr. Mo, W%5) X} Cu/diamond(111)
T PSEIR, &I Cro s smfbon &, (B4
T BB AR T, RIETTR R RLN . Gusg ™
HRAZHT T diamond(001)/Cr,C,(001 ) 1 ) Al sH AR
JT, #R T Cr-CHERysm A bR, (HILARSE TR
SERRALY 1 A NI B, AR A S /4 NI B AR
WS CriBZR R . Zhe %57 38 5 5 5256
454, RGHIFE T Al/diamond FHT A AE 454, {H
KW BV 4 TR AB A= I520

ARG RGN L T CraB it = Fh 4 JE B (AL,
Cu. Ag) 75l 5 &WIA R Zs&HERe. HIREIA
WA B (12.5%~62.5% ) fE R CHEAR |, X — ik
R FARAEB AR B BRI T SRS, A T
TR R — PS5 5 0 B — VR B AP 1) S8 A

3 %

AR — MR, R T g
72(12.5%~62.5%) ¥} Al Cu., Ag'54: WA F s &
PERERRZ I, EEESIBUR

1)Cr32% 0] i 2 $2 F+ Cu/diamond Fl Ag/diamond
FTH S5 o BE b B DI B Cre e BE TR T I
62.5% B LT, Cu Fl Ag iR 2 B ZE R 2051k 3
0.265 J/m’ F10.254 J/m’; i Al/diamond & T P A< fiF
AL-CHEA R, CriB 4o BT L T8 R A B .

2) 25 AT B RE AP TR B, Cu Ml AgiR b Cr
BAEd 7 R R, G CIR %,
TE R AL s AL R IR H 2540 H T
H1, CrdBZR IR E AT
92

3) BB EATIESS, Crif 3d#E 5 CH2p 8L
T TE TR BB K A Ak, TE B Cr-C 3Gy
B, XAVELEZRILTE Cu M Ag AR o B3, H
B Co ¥ BT s o, ML P 2540 )2 T 1 A iml
S AL AL o

4) ARWFFE G T CriB 2% 5 5 sk AL ML) K 3
G @ IEIRAME, AR/ SR 2 A ARG A
AL BETHR AL T B IR IE , SHEAM RIFERE B,
TFE R U N A 1R 2 8 X

SE Lk
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First-principle Study of Cr Doping on Cu/Al/Ag-diamond Interface

Ma Rui', Sun Jingjing', Li Wenna', Li Lin', Li Meng', Huang Hai’
(1. School of Physics and Opioelectronic Engineering, Zhongyuan University of Technology, Zhengzhou 450007,
China; 2. Department of Physics, Zhengzhou University, Zhengzhou 450001, China)

Abstract: Metal/diamond composites with excellent thermal and mechanical properties are promising materials for thermal management
applications, but the weak interfacial bonding between metals and diamond restricts industrialization processing. In this study, first-
principle calculations based on density functional theory were employed, focusing on the (111) planes of three face-centered cubic
(FCC) metals (Al, Cu, and Ag) and the (111) plane of diamond. A series of Cr-doped interface models with a concentration gradient
of 12.5%~62.5% were constructed to systematically investigate the regulatory effect of Cr doping on interfacial bonding performance.
Combined with calculations of surface relaxation, surface energy, and interfacial adhesion work, as well as analyses of charge density
difference and partial density of states (PDOS), the microscopic mechanism of interfacial strengthening was revealed. Results showed
that Cr doping exhibited a significant strengthening effect on Cu/diamond and Ag/diamond interfaces: adhesion work presented a distinct
increasing trend with the rise of doping concentration, reaching 0.265 J/m’ and 0.254 J/m’, respectively, at a concentration of 62.5%, both
significantly higher than those at 12.5% concentration. In contrast, due to the strong intrinsic Al-C polar covalent bonds and saturated
electronic structure at the Al/diamond interface, Cr doping only slightly improved adhesion work to 0.293 J/m’, showing low sensitivity to
concentration changes. Analysis of interfacial electronic structure confirmed that introduction of Cr can form stable Cr-C covalent bonds
through strong hybridization between Cr-3d orbit and C-2p orbit, thereby reconstructing interfacial electronic structure. However, Al
formed saturated covalent bonds with C, making it difficult for Cr to participate in effective hybridization. This study provided an important
theoretical basis for optimization interfacial design of metal/diamond composite materials and offered guiding significance for promoting
their applications in fields such as thermal management.

Key words: interfacial strengthening; metal-diamond interface; chromium doping; charge density difference and density of states;
doping concentration; first-principle
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