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Construction of n-body potentials for hcp-bcc metal systems
within the framework of embedded atom method
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An effective fitting approach together witlib initio calculation is proposed for construction ofbody
potentials for hcp-bcc metal systems under the framework of the embedded atom method. In two representative
systems, i.e., the miscible Co-Nb and immiscible Sc-W systems, the potentials so constructed are proven to be
relevant in reproducing some static properties. Moreover, applying the potentials, molecular dynamics simu-
lations using solid solution models predict that the glass-forming ranges of Co-Nb system are within 18—84
at. % of Nb, and reveal that amorphous alloys can be formed with Sc-enriched compositions and the critical
solubility of W in the Sc-based solid solution is 15 at. %. Interestingly, the predicted composition ranges
favoring metallic glass formation are in good agreement with the experimental observations.
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I. INTRODUCTION energy to embed the atom into the electron density of the

Atomic-scale simulations based on empirical interatomic€ighboring atoms, and supplemented by a short-range dou-
potentials of solids/materials have been proven to be useflly screened pair interaction, which accounts for the core-
in understanding some important issues in the field of concore repulsiond? Consequently, the total energy can be ex-
densed matter/materials physics and construction of realistieressed by
n-body potentials is of necessity prior to perform the simu-
lations. In the literature, there have been three major methods
together with some modified versions proposed for construc- 1
tion of n-body potentials, i.e., the embedded atom method Etm:z Fi(pi)+§_ 2 ii(Ti). (1)
(EAM),! the Finnis-Sinclair(FS model? and the tight- ' LD
binding (TB) formalism? Generally speaking, the EAM and
FS potentials have widely been used for studying the cubi . . iy
metals}® whereas the TB potentials have extensively bee %vhereF(pi) Is the energy rgquwed to embed atorimto the

rbackground electron densigy, and p;=2;.f;(r;;). f;(r;j) is

used for studying the hcp and fcc metals, because of the X 4 . ,
suitabilities for the metals of respective crystalline structurestn® lectron density at the site of ateroontributed by atom
ij) and r; are, respectively, the short-range pair

Concerning the binary metal systems, there are naturally; ‘f’ij(_r _ i

three possible combinations among the three major crystaRotential and the separated distance between atand

line structures of bce, fec, and hep. To relevantly describe thétom |- The electron density function is commonly taken as

interactions in the systems, the EAM and TB potentials havén exponentially decreasing functibh,and at a first

frequently been used for the bee-feg., the Cr-Ni systeji ~ @pproximation, the atomic electron densifyr) takes a

and hcp-fcc systemee.g., the Zr-Ni systejy respectively, ~function form of f(r)=f. exg—x(r/re—1)] for both hcp and

and the remaining hcp-bcc systems have been less studied Rgc metals, wherd, is a scaling factor determined by the

far than the bce-fec and hep-fec systems, though there havéohesive energye; and the atomic volumed. r is an

been a few examples using EAM potentials to describe th@quilibrium nearest distance, ang is an adjustable

interactions of the pure hcp met&l&° In order to develop a Parameter to be fitted. The embedding function adopts a uni-

complete computational methodology for further modelingversal form suggested by Banerjea and Sthigmd Cai and

and simulation studies, much effort is necessary and shoule-** Accordingly, the embedding function can be expressed

be paid to the hcp-bcc metal systems. The present study BY

accordingly undertaken and the main objectivélisto con-

struct n-body potentials for some representative hcp-bcc

metal systems under the framework of EAM, &4 to ap- F(p)=—F {1 ~ In<&> :|<&>n o (&) -

ply the proven real|§t|cn-body potentials in molt_acglar dy—. : 0 Pe Pe ! pe)’

namics(MD) simulation to study one of the basic issues in

the field of metallic glasses, i.e., the glass formation ability/

range(GFA/GFR of the systems. whereFo:EC—E\,f and E\,f is the vacancy formation energy.

F, is an adjustable parameter for the hcp metal and it is set to

be zero for the bcec metage is the host electron density at an
In the EAM, the total energ¥,,, which can be written as equilibrium state. According to Banerjea and Sntitla de-

a unique function of the electron density, is mainly the  creasing exponential curvature function combining with the

Il. MODEL AND METHOD
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universal embedding function could yield the model function Onepr) = — a1+ B(rlre—D]exd - B(rire-=1)].  (3)

of Roseet al!® Consequently, the function proposed by Cai

and Yé?2 for the fcc metals is adopted and a little modified Meanwhile, the function proposed by Johnson and“G

for the pair potentiakp(r) of the hcp metals in the present used for the pair potential of the bcc metals in the present

study study
|
D) =Kot Ky(r/re= 1) +ko(r/re= 1)? + ka(r/re=1)3, re<r=<ry
oedl) = {<ba<r> = (1) + kD) - DT 12 r<re @

wherer is the interatomic distance, is an equilibrium first- (=37 kJ/mo} and a positive formation enthalpy
neighbor distancek, is a constant in the form ok, (+14 kJ/mo},'"18 respectively, are selected in the present
=4.91+4/(A,-0.1)] depending on an anisotropy rath,  study to demonstrate the feasibility of the proposed fitting
and the cutoff distancéromrgstor) is set to be between the approach in construction of-body potentials and the
second- and third-neighbor distan¢ésn construction of relevance/applicability of the potentials in reproducing the
n-body potentials for the pure hcp metals, the present authorstatic as well as the dynamic properties of the hcp-bcc metal
propose the following fitting approach, i.e., using the averagaystems through MD simulations.

bulk and shear moduli, instead of five independent linear

elastic constants, together with the cohesive energy, vacancy  A. Construction of n-body potential and simulation
formation energy and equilibrium lattice constants to fit the of the Co-Nb system

potential parameters, and after fitting, five independent linear .
elastic constants are reproduced by the fitted potentials, thus For the Co-Nb system, the experimental data of the cohe-

confirming the relevance of the fitting as well as the param—s"ve energy and elastic constants of the equilibrium Co-Nb

eters. It turns out that the proposed fitting approach is fairlyg Z?:;)ig?ndoi ?Lee né)rt st?”?:g'bslfr’ug&?e?eofot?glix'%”%?iﬂr;m'
effective, though, in principle, it is also possible to use five y y q

independent linear elastic constants in fitting the potentiaF OTN.b compounds also 9°”§§ra'” the use of these properties
parameters in fitting the cross potentidf1° For the Sc-W system, there

The hcp-bee cross potential takes a simplified form,is not even an equilibrium compound and therefore no physi-

, al property could be used for fitting the cross potential. In
which was recently proposed for the fcc-bcc metal systems . .
by Gonget al, 16 to)(/:opmbri)ne the hcp-hep and bee-bec goten- is regard, there have been some regbrisshowing that
tials ? the first-principles calculations are of significant help in ac-

quiring some useful physical properties of the alloy phases
Dhepbodh) = Al dne(r +B) + dpedr + C)], (5) necessary for deriving-body potentials. Accordingly, apply-
. ) ing the Viennaab initio simulation packagé’ the total ener-
whereA, B, andC are three potential parameters to be fltted.gies and the lattice constants of the two possiblecShys
and CggNbsy nonequilibrium compounds with1, and B2
Ill. MOLECULAR DYNAMICS SIMULATION structures, respectively, are first calculated and then used in
deriving then-body potential of the Co-Nb system. Concern-
Two representative systems, i.e., the Co-Nb andng the details of the calculations and the fitting procedure,
Sc-W systems, which are characterized by a negativéhe readers are referred to the recent publication from

TABLE |. Fitted parameters for the Co-Co, Nb-Nb, and Co-Nb potentials.

Co-Co Nb-Nb Co-Nb
X 7.659 19 X 10.403 652 A 1.677 400
a(eV) 0.291 56 ko(eV) -0.393 145
B 3.34178 ki(eV) -0.642 187 B(A) -0.682 548
ra(A) 2.496 84 ko(eV) 3.593 435
Fi(eV) 0.447 19 ks(eV) -3.787 160 C(A) 1.117 879
r(A) 3.6 ro(A) 3.4
re(R) 4.4 re(R) 4.4
n 0.82517 n 0.440 653
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TABLE II. Comparison between calculated and experimealaihitio values of cohesive enerdy,,

lattice constant andc, average bulk moduB, average shear modu@, vacancy formation ener@f), and

structure stability(see Refs. 23-25

E(eV/atom  a) c(A)  B(Mbarn E'(eV)
Co Experimental 4.39 2.507  4.069 1.948 1.46
This work 4.39 2.507 4.069 1.948 1.46
Nb Experimental 7.47 3.301 1.730 2.75
This work 7.47 3.301 1.730 2.75
Co;eNbys Ab initio 5.472 43 3.64
(L1y) Fitted 5.489 08 3.60
CosoNbsg Ab initio 6.016 72 3.07
(B2) Fitted 6.077 79 3.00
Structure stability
Epcc—Ejfec(eV/atom Ehcp~ Ercd(€V/atom Reference
Co Ab initio 0.0852 -0.0231
Hu et al. 0.0164 -0.0062 5
Fitted 0.0356 -0.0029
Nb Ab initio -0.3334 -0.0319
Johnsoret al. -0.27 0 14
Fitted -0.2812 0

authors’ groug8 After the fitting and optimization, the po- elastic constants for both pure metals and compounds can
tential parameters are obtained and Table | lists the fittethdeed be reproduced reasonably. In addition, the energy dif-
parameters for the Co-Co, Nb-Nb, and Co-Nb potentials, references between the three major crystalline structures for
spectively. Table Il and Table Ill list the comparison betweenpure metals Co and Nb are also calculated by the present
some physical properties reproduced by the constructed pgotentials, by Johnson and Hu’s potentials and obtained by
tentials and from the experimentl/ initio calculated values ab initio calculation, and are listed in Table Il. Take the en-
used initially for fitting the potential$®>-2° Evidently, the ergy difference between the bcc and fcc Nb as an example,
constructed potentials of the Co-Nb system work reasonablgne can see from the table that the presently calculated value
well in terms of reproducing some physical properties of theE,..—E;..=—0.2812 eV/atom is quite comparable wHj..

pure Co and Nb as well as those of the possibleslSb,;  —E;..=—0.27 eV/atom calculated by Johnson’s potential,
and CggNbsg nonequilibrium compounds. It should be noted and is smaller thark,..—E;..=-0.3334 eV/atom obtained
that the elastic constants of both pure metals and compoundy ab initio calculation. Apparently, all the calculated results
are necessary to be acquired for testing the many-body p@onfirm that the most stable structure of Nb is of bcc. It is
tentials. Accordingly, the comparison between the calculatedlso true for the Co that all the calculated results confirm the
and experimentalab initio values of independent second- most stable structure is hcp. Experimentally, an intermediate
order elastic constants of hcp-Co, bce-Nld,-Co;Nb, and  L1,-Co;sNb,s phase has been obtained and its lattice con-
B2-CoNb are listed separately in Table Ill. From the table, itstant was determined to be 3.66%which is consistent with
can clearly be observed that the independent second-ordére results of 3.60 and 3.64 A deduced from the present

TABLE Ill. Comparison between the calculated and experimerdal ihitio values of independent
second-order elastic constants of hcp-Co, bccdNB;Co;Nb, andB2-CoNb (see Ref. 2b

C11(Mbar) C1x(Mbar) C13(Mbar) Cs3(Mbar) Cy4(Mbar)
Co Experimental 3.195 1.661 1.021 3.736 0.824
This work 3.275 1.350 1.178 3.569 0.728
Nb Experimental 2.5270 1.3320 0.3097
This work 2.5270 1.3320 0.3097
L1,-Co;Nb Ab initio 3.6834 1.6395 1.5996
This work 3.1614 1.9878 1.3774
B2-CoNb Ab initio 2.5094 1.7299 0.6044
This work 2.3931 1.7280 0.2374
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FIG. 2. The projections of atomic positions @j Co,;Nbgo, and
FIG. 1. The projections of atomic positions @ CoxgNbyg, and (b) Co,gNbgg bee-solid solution models, respectively, after anneal-

(b) CoggNb,g hep-solid solution models, respectively, after anneal-iNg @t 300 K for 2 ns. Open circles: Co. Filled triangles: Nb.

ing at 300 K for 2 ns. Open circles: Co. Filled triangles: Nb. . . . . .
g P g solid solubilities, below which the solid solution would re-

. . I ) tain its crystalline state, while beyond which the solid solu-
n-body potential and obtained byb initio calculation, re-  tjon \would transform into a disordered/amorphous stte.

spectively. Obviously, all the above results lend further SUPaccordingly, in the hep solid solution model, the amount of
port to the relevance of the newly constructed potentials.

The fitted potentials should also reproduce dynamic prop- 9
erties of the rF:wateriaIs studies. Here v?/e have alyso perfgrm%d 6 A Co-0 at.%Nb Co-60 at.%Nb
some important tests. For example, employing the con- ANA AN
structed potentials for Co and Nb, the melting points of pure 6] Co-10 at.%Nb Co-70 at.%Nb
Co and Nb were determined by means of MD simulations to 31 /\_‘/\_\_A P ]
be about 1910 and 2850 K, respectively, which are in rea- 2_ Co-20 at.%Nb Co-80 at.%Nb
sonably good agreement with the mean experimental values g 3]
(i.e., 1768 K for Co and 2741 K for Nb, respectiveljt can 0 = f\—/\;"‘“
therefore be considered that the constructed Co-Nb potentials 6 Co-30 at.%Nb Co-90 at.%Nb
are capable of describing the atomic interaction expediently g' /L/—\,,_\ AN .
even when inharmonic effects play a major role for the two 6 Co-40 at.%Nb Co-100 at.%Nb
metals. . . . 3— /\-——If_v—l—'—'— /\/\ : /\/\: /\/\/

Employing the constructed Co-Nb potentials, MD simula-
. . . . . 2 4 6 2 4 6 8
tions using the hcp and bec solid solution models are carried r (0.1 nm)
out, respectively, to study the crystal-to-amorphous transition
in the Co-Nb system. Concerning the details of the MD  FiG. 3. For the Co-Nb system, the calculated total pair correla-
scheme and the structural characterization methods, the reagbn functions of the solid solution models upon annealing at 300 K
ers are referred to recent publication from author’s grup. for 2 ns. (Note: the left five lines are for the hcp solid solution
As it has been shown that the GFR of a binary metal systermodels and the right five lines are for the bcc solid solution
is the composition range bounded by the two terminal criticaimodels)
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TABLE |V. Fitted parameters for the Sc-Sc, W-W, and Sc-W potentials.

Sc-Sc W-W Sc-W
X 6.417 256 % 6.155 980 A 1.108 85
a(eV) 0.311 282 ko(eV) -0.547 671
B 1.226 141 ky(eV) -2.130 315 B(A) 0.698 26
r (A) 2.662 559 ko(eV) 16.808 946
F.(eV) 0.712 605 ks(eV) -8.503 413 CA) 0.307 02
r(A) 3.4 ro(A) 3.2
re(R) 4.4 re(R) 4.4
n 1.25 n 0.44

Nb solute atoms is gradually increased until reaching a critimeasure to confirm a disordered state. Figure 3 exhibits the
cal value, at and beyond which the solid solution becomesalculated total pair correlation functions of the Co-based
energetically unstable and collapses into a disordered stathcp and Nb-based bcc solid solution models upon annealing
thus determining the critical solid solubility of Nb in Co. at 300 K for 2 ns. In Fig. 3, the left five lines are for the hcp
Similar simulations are also performed to determine the critisolid solution models and the right five lines are for the bcc
cal solid solubility of Co in Nb. As a typical example to solid solution models. One sees clearly that in the Co-rich
show the determination of the critical solid solubility of the side, beyond 20 at. % of Nb, the hcp solid solutions have
Co-Nb system, Figs. 1 and 2 exhibit the projections oftransformed into amorphous states, and that in the Nb-rich
atomic positions of the GgNb,g, CoggNb,y, Co,oNbgg, and  side, beyond 80 at. % of Nb, the bcc solid solutions remain
Co;oNbgyg solid solution models after annealing at 300 K for in crystalline states. We further study in detail the two com-
2 ns, respectively. It can be seen vividly that a uniform dis-position ranges, i.e., within 10-20 at. % of Nb and within
ordered structure is formed in the g&Nb,; and CgyNbg,  80-90 at. % of Nb, respectively, and the simulations deter-
solid solution models, while the GgNb,; and CqiNbyy  mine the two critical solid solubilities of the Co-Nb system
solid solution models still remain in a partially ordered state,are 18 at. % of Nb in Co and 16 at. % of Co in Nb, respec-
indicating that the critical solid solubility to trigger the tively. Consequently, the GFR of the Co-Nb system deter-
crystal-to-amorphous transition is between 10 and 20 at. %mined directly from the interatomic Co-Nb potential through
of Nb for the Co-rich side and 80 and 90 at. % of Nb for theMD simulations is within 18-84 at. % of Nb, which is in
Nb-rich side, respectively. Besides, it is recognized that thexcellent agreement with the experimental observatipes

total pair correlation functions are considered as a decisiv@0-80 at. % of Nbreported in the literaturé3°

TABLE V. Comparison between the calculated and experimexitaiiitio values of cohesive enerds,
lattice constant andc, average bulk moduB3, average shear modu@, vacancy formation ener@,ﬂ, and
structure stability(see Refs. 23-25

EleV/atom  aA)  c(A)  B(Mban  G(Mban E'(eV)
Sc Experimental 3.90 3.308 5.267 0.558 0.3067 1.15
This work 3.90 3.308 5.267 0.558 0.3067 1.15
W Experimental 8.66 3.165 3.1029 1.599 3.95
This work 8.66 3.165 3.1029 1.599 3.95
S6eWos Ab initio 4.9244 4.34
(L1y) Fitted 4.9471 4.28
SeWso Ab initio 5.8245 3.31
(B2) Fitted 5.9148 3.39
Structure stability
Epcc—Ejcc(eV/atom Encp~ Erc(€V/atom Reference
Sc Ab initio 0.1084 —-0.0409
Hu et al. 0.0501 -0.0010 5
Fitted 0.0261 —-0.0001
W Ab initio —-0.4585 0.0187
Johnsoret al. -0.07 0 14
Fitted —-0.0295 0
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TABLE VI. Comparison between the calculated and experimetiatiitio values of independent second-
order elastic constants of hcp-Sc, beccMl,-SeW, andB2-ScW (see Ref. 2b

C11(Mbar) C1x(Mbar) C13(Mbar) C33(Mbar) Cy4(Mbar)

hcp-Sc Experimental 0.9926 0.3968 0.2932 1.0701 0.2723
This work 0.9359 0.3436 0.3324 1.1326 0.2859
bce-W Experimental 5.2239 2.0453 1.6072
This work 5.2239 2.0453 1.6072
L1,-SeW Ab initio 1.1785 0.7126 0.5536
This work 1.2616 0.9780 0.4642
B2-ScW Ab initio 1.0184 1.5630 0.4643
This work 2.3483 2.1033 0.4899
B. Construction of n-body potential and simulation Sc-W potentials, respectively. Table V list the comparison
of the Sc-W system between some physical properties reproduced by the con-

Similar ab initio calculations and potential fitting are also Structed potentials and from the e;xperimeraﬂali’ni_ti%gsg:éalcu—
conducted for another representative hcp-bcc metal systerfft€d values used initially for fitting the potentiais™ and
i.e., the immiscible Sc-W system with a positive heat of en-1able VI lists the comparison between the calculated and
thalpy, and anmn-body Sc-W potential is thus constructed. experimentaklb initio values of independent second-order

Table IV lists the fitted parameters for the Sc-Sc, W-W, andf!astic constants of hcp-Sc, bee-M,-SeW, andB2-ScW,
respectively. Evidently, the constructed potentials of the

Sc-W system also work reasonably well in terms of repro-

20 X . .
ducing some physical properties of the pure Sc and W, as

15 1 @FRCEP O FRED 65 BB 0 ©O well as those of the possible §&/,5 and SgyWs, nonequi-

10 1 b op dg@ librium compounds in the system. One may note from the
values listed in Table VI that the independent second-order
elastic constants { and G, of B2-ScW determined by the

N0 - present potential is about two times higher than that obtained
S S o009 from ab initio calculations, which, to the author’s view, may
-5 1 O WY generally be acceptable for an empirical many-body poten-
210 1 ks tial. In addition, the energy differences between the three
° Dpamsd BBy e Ee e Bae e @0 major crystalline structures for pure metals Sc and W are
(15 { ©COTIVRTARRIL L FO S0weS also calculated by the present potentials, by Johnson and
20 Hu’s potentials and obtained k&b initio calculation, and are

listed in Table V. Take the energy difference between bcc

20 -5 -0 -5 05 1015 20 and fcc W as an example, one sees from the table that the

{a) X
20 g_‘ Sc-0 at.%W A Sc-60 at.%W
3]
15 1 a ) o] Q o) ] /\_/\/\/\/' J\_/\/\_/\-»J
&&Qﬁ%%%mﬁﬁ% 2_— Sc-10 at.%W Sc-70 at. %W
101 & o B2, BB BB 40K da” N
> Q’D@é % % 08 q Oé 0 1 /\/\/\/\,_/‘
5 1 0 Qo Wkt 6] Sc-20 at.%W Sc-80 at.%W
5 | g_ Sc-30 at. %W ]\ Sc-90 at.%W
- 2
101 o : A s Sc-40 at %W Sc-100 at.%W
i D05 S & ]
15 % : AN Ak
- . : : : : . . 2 4 2 4 6 8
20 r (0.1 nm)
20 -15 -10 -5 O S5 10 15 20
(b) X FIG. 5. For the Sc-W system, the calculated total pair correla-

tion functions of the solid solution models upon annealing at 300 K
FIG. 4. The projections of atomic positions @ ScoWq and  for 2 ns. (Note: the left five lines are for the hcp solid solution
(b) SgggW,g solid solution models, respectively, after annealing atmodels and the right five lines are for the bcc solid solution
300 K for 2 ns. Open circles: Sc. Filled triangles: W. models)
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presently calculated valuB,..—E;..=—0.0295 eV/atom is for 2 ns. One sees clearly that in the Sc-rich side, beyond 10
comparable withE..—E¢..=—0.07 eV/atom obtained from at. % of W, the hcp solid solutions have transformed into
Johnson’s, and is smaller thaB,..—E;.=-0.4585 eV/ amorphous states, and that in the W-rich side, the bcc solid
atom obtained byab initio calculation. One may also solutions remain in crystalline states. We further study in
note that the values dE..—Ep, of Sc determined by the detail the composition range of 10-20 at. % of W and deter-
present potentia(0.0001 eV/atom and by Hu's potential mine that the critical solid solubility of W in Sc is 15 at. %.
(0.001 eV/atomis about 40 and 4 times, respectively, lower it js therefore deduced that amorphous alloys can readily be
than that obtained frorab initio calculations. In this regard, formed in the Sc-rich Side, whereas in the W-rich Side, amor-
such kind of discrepancy has been frequently observed, gshous alloy can hardly be obtained. In order to validate the
one could not expect that the empirical many-body potentialy egiction, we performed ion beam mixing experiments us-
could reproduce all the related properties precisely. Nonethqf1g Sc-W multilayered samples with various overall alloy
less, the above result, at least, correctly suggests that the hEBmpositions. Interestingly, in the Sc-rich side, two amor-
structure is energetically lower than the fcc structure for Scphous alloys were indeea obtained in the755’9¢25 and

Similarly, it is also true for W that the most stable structure 'SSc60W4O multilayered samples upon 200 keV xenon ion irra-

of bcc. These results could serve as convincing evidence. > By ot : :
confirming the relevance of the newly constructed potentials.a'gt'on oa dose of 9;]101 Xeh/ e, whereat[s w;)the V\Grlc_:h h
Before employing the constructed Sc-W potentials to per>!@€: UNIGUe amorphous phase was not observed in the

form the MD simulation for studying the GFR of the Sc-W SsWos a“‘?' SGoWeo multilayergd iamples upon irrqdiation
system, the melting points of pure metals Sc and W are eg!P {0 the highest dose 0P410'°Xe”/cn? conducted in the
timated to be about 2020 and 3850 K, respectively, which ar@resent study. Apparently, these experimental results are in
in reasonably good agreement with the mean experimentgupport with the above simulation results.

values(1812 K for Sc and 3680 K for W, respectivelyit

can therefore be considered that the constructed Sc-W poten- IV. CONCLUSION

tials are capable of describing the atomic interaction expedi-
ently even when inharmonic effects play a major role for the
two metals. The constructed Sc-W potentials are then applie
to perform MD simulations to determine the GFR of the
Sc-W system. As a typical example to show the determina
tion of the critical solid solubility of W in Sc, Fig. 4 exhibits
the projections of atomic positions of the o9&/, and
SeoW, solid solution models after annealing at 300 K for 2
ns, respectively. It can be seen vividly that a uniform disor-
dered structure is formed in the g@/,, solid solution

model, while the SgW, solid solution model still remains ACKNOWLEDGMENTS
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In summary, we have developed an effective fitting ap-
roach for construction afi-body potentials of the hcp-bcc
etal systems under the framework of embedded atom
method. The constructeatbody potentials are proven to be
relevant in reproducing the static properties and some dy-
namic properties of the systems as well as in determining the
composition ranges favoring the formation of amorphous al-
loys of the systems through molecular dynamics simulations.

* Author to whom correspondence should be addressed. E-mait®S. M. Foiles, Phys. Rev. B2, 3409(1985.

dmslbx@tsinghua.edu.cn 1A, Banerjea and J. R. Smith, Phys. Rev.33, 6632(1988.
IM. S. Daw and M. I. Baskes, Phys. Rev. Lefi0, 1285(1983. 123, Cai and VY. Y. Ye, Phys. Rev. B4, 8398(1996.
2M. W. Finnis and J. E. Sinclair, Philos. Mag. BO, 45 (1984. 133, H. Rose, J. R. Smith, F. Guinea, and J. Ferrante, Phys. Rev. B
3D. Tomanek, S. Mukherjee, and K. H. Bennemann, Phys. Rev. B 29, 2963(1984).
28, 665 (1983. 14R. A. Johnson and D. J. Oh, J. Mater. Rds.1195(1989.
4D. J. Bacon, J. Nucl. Materl59, 176(1988. 15A. M. Guellil and J. B. Adams, J. Mater. Reg, 639 (1992.
SW. Y. Hu, B. W. Zhang, B. Y. Huang, F. Gao, and D. J. Bacon, J.1®H. R. Gong, L. T. Kong, W. S. Lai, and B. X. Liu, Phys. Rev. B
Phys.: Condens. Mattet3, 1193(2002J. 66, 104204(2002.
6J. K. Chen, D. Farkas, and W. T. Reynolds, Jr., Acta Madéx. 17R. F. Zhang and B. X. Liu, Appl. Phys. Let81, 1219(2002.
4415(1997). 18F R. deBoer, R. Boom, W. C. M. Mattens, A. R. Miedema, and
7C. Massobrio, V. Pontikis, and G. Martin, Phys. Rev4B 10486 A. K. Niessen,Cohesion in Metals: Transition Metal Alloys
(1990. (North Holland, Amsterdam, 1989
8D. J. Oh and R. A. Johnson, J. Mater. R&471(1988. 19T, B. Massalski,Binary Alloy Phase Diagramg$ASM Interna-
9M. I. Baskes and R. A. Johnson, Modell. Simul. Mater. Sci. Eng. tional, Materials Park, OH, 1990
2, 147 (1994. 20D, E. Luzzi, M. Yan, M. Sob, and V. Vitek, Phys. Rev. Le7,

214102-7



ZHANG, KONG, AND LIU PHYSICAL REVIEW B 71, 214102(2009

1894 (1997). Press, Cambridge, 1971

2IM. Yan, M. Sob, D. E. Luzzi, V. Vitek, G. J. Ackland, M. Meth- 28V. V. Kokorin and K. V. Chuistov, Fiz. Met. Metalloved6, 375
fessel, and C. O. Rodriguez, Phys. Rev4B, 5571(1993. (1968.

22@G. Kresse and J. Hafner, Phys. Rev.4B, 558(1993. 21W. S. Lai and B. X. Liu, Phys. Rev. B8, 6063(1998.

23C. Kittel, Introduction to Solid-State Physi¢®viley, New York,  28B. X. Liu, W. S. Lai, and Q. Zhang, Mater. Sci. Eng., R44, 1
1976. (2000.

24E. A. Brandes and G. B. Broo§mithells Metals Reference Book 2°Z. J. Zhang and B. X. Liu, J. Phys.: Condens. Mat6r2647
7th ed.(Butterworth-Heinemann, Oxford, 1992 (1994.

25G. Simmons and H. Wanggingle Crystal Elastic Constants and 30J. Gfeller, A. Blatter, and U. Kambli, J. Less-Common M&4#5,
Calculated Aggregate Properties: A Handbodnd ed.(MIT 105(1988.

214102-8



