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(c) ICOg23

1 &4 9231 JRFH CUB (a), DEC (b) #1 ICO (c) %
MaABEE, a2 U RAmMAEmew, b
DEC Fll CUB Hi {111}A1 {100} 70 41 i, i ICO 4% i {111} 10
L

Fig. 1. CUB (a), DEC (b) and ICO (c) microstructure with
923 atoms. The three clusters are a non-crystalline struc-
ture organized in shells. The DEC and CUB consist of
{111} and {100} facets, and the ICO has only {111} facets.
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Fig. 2. For the ICO, DEC and CUB structures, the total
atomic number and percent of the surface atoms as a func-

tion of the shell number.
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Esurf =

£ 1 &lENMEE ALWRMEE (B 50 7 X0
SR —ME R (FP)S) 4

Table 1.
material of Ni and Al. For comparison, the first principle

(FP) calculations® are listed.

The surface energy (E,,;) for the two different

Esurf/ mJ-m?

TE R e e
(111) 1875 2011

Ni FCC (100) 1964 2426
(110) 2148 2368

(111) 933 939

Al FCC (100) 994 1081
(110) 1063 1090

F2mHlH T NIALA R i B2 45 14 fil
L12 #5892 R AL G YRR B, 55000 Y S 560 4
P — P R AR AR ) — S, B3
A B F ok B 6% I T AN [RD e 8 L A1) 1Y
NiAl &4, HIE A (A ) fi A R Bosu;

AH = [E(A,By) — (nEs+mEgR)]/ (n+m), (3)

XL n M m 3B ARIETH BRI
THEH, E(A,Bn) & EY A, B R RER,
Hrh EAM Eg 23 4/ AR B & 1 10 fE
LOJE R, AR RS S — U,
RREEG G,
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# 2  NALAREEEPIE SN (AH). BT E
FH T X RS — MR B2 (FP) FHAbERR A7 )
(EMP) LA R h 5B 45 5 B39 (EXP)

Table 2.  The calculated heat of formation (AH),
structural of NiAl in varying crystal structures. For
comparison, the first-principle (FP)?? and other cal-
culations with empirical methods (EMP)P and

available experimental values (EXP)B+30 are also lis-

ted.
AH/eV-atom !
&Y 45
KT FP EMP EXP
NiAl B2 -0.61 -0.67 -0.67

NiAl; L12  -0.26
NisAl L12 045 -0.44 —0.46,-048 —0.49,-0.43

3.2 B AlRF7E Ni BAfERRET 8
&R BOLH £ B NS, —ISE bk
BRATLTR, RIS B i1 DA P o 5 o] e i 22
HEA TS0 B AT WG 55—
ACHBLE, MR E R A i, Bkl G
WS IE SR R R s 7, S R
FSLR T A B i ST L R T L
TR IE Al JEFAE Ni SUIK (R CUBgys,

DECyy3 Fll ICOgy3) T Y 8T J, KB4 AL
TFERINE) Ni LI {110 i A4 b O R s
WAL, WE 3R, ATSA B T ALJEF7EAR R
Ni JLRR TP AU AL

3.2.1 Al B4 Ni CUBgyy & @EGT AT H

TE CUBgyy FUFETHT, AL W JF 5T REAS 8 5 32
P BRERAL R {111} HEE] { 100} ifi, SR
X AL MR EF {111} i B A A Y { 111 )
AR L s AL, X =R A A B AR
Kl 3(a)—&l 3(c) Pi7s.

AL T7E Ni CUBygyq HEJFE 91N FH AR 26 THI
ZIAAT = RE AP EO AR, X AR Y BE
LU 4(a) FIE 4(b) Fias, ER R AR E
AT T IH—fkAb 3, 0.0 F1 1.0 43 550% R F
W B S O A LR 7 B R A, B B A
L RGE R R AR T SR 0. % A
PP, Hd — AN A R TE B B I AR AE,
Bl Ehrlich-Schwoebel (ES) #4242 B4, X 0 fff )i+
ML} 503 { 100 } 11 38 4o Bk B A0 52 e AL il Xof
o ES #4451 0.79 1 0.38 eV. R L a] 4,

B 3 XFF Al W E F7E CUBgyg, DECyyg Fll ICOgyq 45 #4) (4 Ni 3 i 2 17 L, 38 53 Bk BR A0 32 e L il Mt B It 7 AN {111} i ) {100}

T o e {111} AL R AR

(a) Hopping CUB{m} — {100} (b) Exchange CUB{HI} — {100}} (c) Exchange CUB{m} — {111}

(d) Exchange DEC{m} — {100}} (e) Hopping DEC{m} — {100} (f) Exchange DEC{m} — {111} (g) Hoping DEC{m} — {111}} (h)
Exchange ICO{]H) — {111}; (1) Hoping ICO{]H} — {111} %@E@ﬁk%i‘%ﬁ%, Réﬁg}*%ﬁ%iﬁ?

Fig. 3. For the Al adatoms on the surfaces of the Ni CUBgy3, DECyy3, and ICOyys, the diffusion path of the adatom from the {111}
facet to the {100} facet or to the {111} facet via the hopping and exchange mechanisms: (a) Hopping CUByy11} - 100}; (b) Ex-

change CUByy11y - (100); (¢) Exchange CUByyyyy — 111y; (d) Exchange DECyy113 — 10035 (€) Hopping DECyy11y - 100); (f) Exchange

DEC{IH) - {111}; (g) HOplIlg DEC{IH} - {111}; (h) Exchange ICO{HI} — (111); (1) Hopmg ICO{Hl} — {111} The orange balls ShOW the Al

adatoms and the gray balls show the Ni atoms.
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BEBRAIL T B ES #4283 3 i T g e L, P g
B IS {11} a7 B0 { 100 i 1 3% e & AR A8
e, 40 BT DA {111} 1 3 A s e ML A
&8 {111 }iH B AF 7E — > B K ES # 2 B
(1.26 eV), & BB A {111} i w2 A7 218 1
{111} H A BETE il T A A

1.6

(a)

— BkER
12} — X

0 0.2 0.4 0.6 0.8 1.0
Pt

B4 AL B S F 7E Ni CUBgyy 551 2 T 180X B Y g
gL (a) {111} — {100}; (b) {111} — {111}. ¥ #k
A 3(a)—F& 3(c) i

Fig. 4. For the Al adatom on the surface of the Ni CUBygy;,
the system energies as a function of reaction coordinate cor-
responding to the diffusion path shown in Fig.3(a)-Fig.3(c):
(a) {111} — {100}; (b) {111} — {111}.

3.2.2 Al ¥/ Ni DECgyy & @E94HATH

mE 3(d)— I’ 3(g) Froas, AL B R 76 Ni
DEC g3 FEJE AR F 11 22 [8]75 DUFH AT BE AP L
AR, HOUT N R G R R AR MY B AR I R B
ZAEE 5 e . R 5 BT, W AR S Bt
Z \A{111 i BRI {100}, 52 45 Ak BR AL
i, H ES #2351k 0.52 1 0.78 eV, 455 51E
CUByys RIEY HAT MM, EPBRERARE R %2 5
Faeffedhdn, YIS & A A . SR, XTI B
JEFFE{ 111 IR S AR AR{ 111 ViR =2 M) B, A2l

% (0.87 eV) H TBEERIY#4 (0.54 eV). XFEE
ANV Z (] LA 2540 A O, FE 8 Bl A rh &5 B
S D kR &2l N . X T DEC 254, P H14B
{11 YA Z A A T8 A R T {111} 5 {100} Z [A] 1)
A, I LA R 22 R YOG R RE S A R AR T
AL E B

0 0.2 0.4 0.6 0.8 1.0

0 0.2 0.4 0.6 0.8 1.0
Pt

Bl 5 AL R F 7E Ni DECyy, 355K 32 16 3 UM R 1 A
wEHAMLE  (a) {111} — {100}; (b) {111} — {111}. I"#K
BEAR N 3(d)—1& 3(g) s

Fig. 5. For the Al adatom on the surface of the NiDECy;,
the system energies as a function of reaction coordinate cor-
responding to the diffusion path shown in Fig.3(d)-Fig.3(g):
(a) {111} — {100}; (b) {111} — {111}.

3.2.3 Al R4 NilICOgyy & @a9 5 4T H

i ICO Z5F{ i — AN {111 b4 ag, Kt
W B D H s AEAR AR A RGN {1111 = [l 4%, 4o
Pl 3(h) AL 3(1) B, XN R G0 i R i/ A i
PRAT I PR BT, QIR 6 B s, X T BEBRALE], @it it
EARF ES $2 K 0.52 eV, RN T 32 e L,
HES#28 0.73 eV. 41 L frik, X 1CO 254,
T AR B4 { 111} 2 18] 14 75 B AR HE 3573
1P W 86 D 2 R PG 2R 1A 0 Ao Bk BRATL A B
H .
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B 6 ALWZEE IR F 76 Ni ICOqgys 32 1 4 HO B 14 i it
AL, PR AR E 3(h) AE 33) iR

Fig. 6. For the Al adatom on the surface of the Ni ICOgy;,
the system energies as a function of reaction coordinate cor-
responding to the diffusion path shown in Fig. 3(h) and
Fig.3(i).

324 ¥VEATHERNR

WL Tk, AL R BT 3 2 32 o ol Bk R P el
B A3 7 = FPOAS[A] Ni L R, Sl
ES #4354 0.38 eV (Exchange CUB {11} (100))
0.52 eV (Exchange DEC{j1) »100y) Hl 0.52 eV
(Hoping ICO11y»q1113). HIBLAIKI, XFF CUB I
DEC PiFhELIE, AL W B 7 i IS ES #5422 i ot
AL RS e bL], SOREAHF Ni i AL SEiIE
B 38 3 L = A A5 R Y T ()4 A 2 TR, Y
AL W R D {111 T HC3 { 100 } T ERF, Xof 7 FY)
A A /INT R R & Y AE P A SR A {111 i
(4RI, HOOH I A Se 4t 3 22 T Bk BR A 42 X e
A2 IR T LR R U R, 846 5
Hh—AFEER SR, BIFE 5 B i Ak i) S e 06 4K
N Hodst {11 A {100} i Z 6], SRl
R ETF RSO 7, WX RS AR AR AY {111 ) i
Z I, GRih g LR TR ECN 8. I
/INTE H R T B 5 I ] 17 ke e
T ELFER MY R I D E POl Y I B T E R 28
{111} iH Z (B A T3S 1, D Re 24 TR T 2 11
i I 2 YRR .

W B 57 7E {100} 1T b A9 B A 22 K T
{1} E Y s . R FEENEFE, X T
FCC 4 J&, {111} AH b F {100} i HEAR 15 51 502,
DAL P {100} o S oS, X A ik R A A ARG 3l
T T I B T 76 AN [R) A R P R T Y R A
225, ATLAHIAE T CUB Fl DEC £,

1E ICO Z5 44 FL i i DT AN AL JE 755 HR A5 B bf
B STEE R

3.3 AlMRPHEF7E Ni E#ERHWEEEK

3.3.1  FUREEHMI A KGR

RGEHIFR T &R/ AR FAEARR Ni LR R
T HOHLE, 3 — 20 2 AT FEAS [R) N1 )5S 1% A1 7
ARAESRAER L. BRI Lges —14
KM ES #2283, SRy ilk — A58 AR R Ni B S
ALJEF A A AG B, TR B A 4 B AR
A=, B 300 K. MR 4E Baletto 55 B A fiit,
I FH 20 K ROk 2R ThT 450 (st ) PN - 4K
(Nl ) S R T 04 T A K SOk 25 0 1 AR K
o AR B 43 il 3 m B R T AE AR . N
1Ntk 0y 258 S SR A 5e B PR R B 2 (N et
HH UL, Nyep BN AL ST Z5 AR B O

wmE 7 s, T = RORFE R R R S A K,
NPT Nt A SR AR 5500 pRSC. DA AT R AE
HeRBY T AR B B, Nawrt bifi 5 19 AR5 0 38 i £k
PR A, T N R /NEE A Ry 0, Bl E HEFR Y
ALJEFHE— 251, NS TF LR 2202 14 . B4
M JE R EZ ok A WA I, B, MR EAN
AR TFHRACHAER Al b, HREAR
Al R R IR E - HYOR A T4 8 R m6E
54& &kne 1z mrysE 4, IR 277 LU J1
NiAl & &0 AR — A~ 8, MABE R 1Y A
I, NiAl 5 T RA 4. BEE AR Al JF 75 8T
BN, —#4 ALJEFIEA Ni RN Ni JEF
R R AL, BRI RS R R, X T
CUBgys 5 IK, NI I Ay 21 2 fe e, Bl S N
DECqy; Fil ICOgy; FEJE. HXFR A3 X E Nyop K/
43297 100, 80 A 30. FEAE K AL, 2
R I FE SRS R T ) 2R A T, An SR s 2k T
B R A U] 150 BF R 86 Do~ 2 A4 7 1T ) s A 5
5 Ni By bR 28 4w ok 8 i B R (a0
3 g bl ), PRI 2 S 30 Nk ) SR 1
X—45 05 Z AT AR 78 Ni LR H 73
Y #2257 E—E0, BITE 1CO ik I BkER
ML & OEHY, Wi7E DEC 1 CUB 3£ 32 e pL ]
AL

136601-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 13 (2020) 136601

400
— M"(1C0)  — NR*(ICo)
— N$(DEC) —— NR™(DEC)
300 — NW(CUB) —— Nii"(CUB)

200

JEF4L

100

0 160 260 360 460 500
DU AR 745

B 7 T =300K, 76 AR B9 Ni K% 2 1 A= 4, N3t

INDUIK 35 R AL TR B G

Fig. 7. On the different substrates of Ni core, the lel‘i“f and

NR‘lﬂk as functions of the deposited Al atoms at 7'= 300 K.
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Fig. 8. Growth sequence of Al atoms growth on the ICOgys
of Fe at T'= 300 k: (a) Ngep = 100; (b) Nye, = 200; (¢) Nyep =
300; (d) Ny, = 400; (e) Ngep = 500. The orange and gray
balls show the Al atoms and the Ni atoms, respectively.
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Fig. 9. At T = 300, 500, 700 and 900 K, for the growth of
Al atoms on the ICOgy3 of Ni, the lel‘]‘lrf and NX‘I‘“‘ as func-

tions of the deposited Al atoms.
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Fig. 10. The variation of hetero-coordination number (N ;)
with temperature, and the inset correspond to the final con-
figuration at each growth temperature. The orange and
gray balls show the Al atoms and the Ni atoms, respect-

ively.
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Abstract

NiAl nanoparticles possess high-energy density and good mechanical properties at elevated temperatures,
and are considered as an important material. However, the differences in the diffusion behavior of Al adsorbed
atoms on different Ni substrate surfaces and the effects of different diffusion mechanisms on the deposition
growth of Al atoms on the Ni substrate surface are highly desired to be clarified. Therefore, in the present work,
the diffusion behavior of single Al adsorbed atoms and nanoparticle cluster growth on the Ni substrate surface
of decahedral (DEC), cuboctahedral(CUB) and icosahedral(ICO) structures are systematically studied by
molecular dynamics (MD) throuh analyzing the embedded atom potentialand using the nudged elastic band
method. The diffusion barriers of Al adsorbed atoms on three different Ni substrates are calculated by nudged
elastic band methodand analyzed, showing that the diffusion barrier is greatly affected by the smoothness of the
step edge and the atomic coordination number of substrate as well. The diffusions of Al adsorption atoms on
the surfaces of three Ni substrates are realized by two mechanisms, namely exchanging or hoping, and the
lowest Ehrlich-Schwoebel (ES) barrier is 0.38 eV for exchange CUB{111} — {100}, 0.52 eV for exchange
DEC{111} — {100}, and 0.52 eV for hoping ICO {111} — {111}. The exchanging mechanismsupports Al
adatoms diffusing from {111} to {100} facet on the three Ni substrates, while the diffusion between two
adjacent {111} facets is mainly driven by the hoping mechanism. On this basis, atom-by-atom growth MD
simulation is used to study the structure of the Ni-Al cluster. The deposited Al atoms first tend to diffuse near
the edges of the steps and the vertices. The deposited Al atoms begin to aggregate into islands with the increase
of their number. For Al atoms on the Ni cluster, a good Ni-core/Al-shell structure can be obtained by
depositing Al atoms on the surface of Ni substrate at lower temperatures. In this core-shell structure, Al atoms
have a larger surface energy and atom radius compared with Ni atoms. For the ICO substrate, the
corresponding defect number of core-shell clusters is smaller than for the CUB and the DEC substrate, which is
in good agreement with the diffusion behavior of Al adsorbed atoms on the Ni substrate cluster surface. The
surface of Ni-Al bimetal is gradually alloyed with the increase of growth temperature. This study provides a

good insight into the diffusion and growth of Al adsorbed atoms on Ni substrates surface on an atomic scale.

Keywords: Ni substrate, surface diffusion, nanoparticle growth, core-shell structure, Embedded atomic
potential (EAM)
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