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The second nearest-neighbor modified embedded atom méweaAM) [Phys. Rev. B 62, 85642000],
developed in order to solve problems of the original first nearest-neighbor MEAM on bcc metals, has now been
applied to all becc transition metals, Fe, Cr, Mo, W, V, Nb, and Ta. The potential parameters could be deter-
mined empirically by fitting to {B/dP), elastic constants, structural energy differences among bcc, fcc and
hcp structures, vacancy-formation energy, and surface energy. Various physical properties of individual ele-
ments, including elastic constants, structural properties, point-defect properties, surface properties, and thermal
properties were calculated and compared with experiments or high level calculations so that the reliability of
the present empirical atomic-potential formalism can be evaluated. It is shown that the present potentials
reasonably reproduce nonfitted properties of the bcc transition metals, as well as the fitted properties. The effect
of the size of radial cutoff distance on the calculation and the compatibility with the original first nearest-
neighbor MEAM that has been successful for fcc, hcp, and other structures are also discussed.

DOI: 10.1103/PhysRevB.64.184102 PACS nunider61.50.Lt, 62.20.Dc, 64.70.Dv, 64.70.Kb

[. INTRODUCTION Recently, the present authors solved the above-mentioned
problems of the MEAM for bcc metals by modifying the
Semiempirical atomic potentials enable large-scale atomeriginal MEAM formalism to partially consider the second
istic simulation(molecular dynamics or Monte Carlo simu- nearest-neighbor interactions as well as the first nearest-
lation) useful in the study of solid-state phase transformaneighbor interaction$ The second nearest-neighbor interac-
tions. In order to apply the technique to alloys, it istions could be taken into consideration by adjusting the
convenient to describe the atomic potentials of various elescreening. A potential in this formalism successfully repro-
ments with various crystal structures using a common forduced many physical properties of Fe.
malism. The modified embedded atom metfibiEAM) po- The purpose of the present work is to apply the second
tential proposed by Baskes and coworfefsnay be said to nearest-neighbor MEAM to a large number of bcc elements
be unique among empirical potentials in that it can reproduc@nd to show that the improvements obtained fot &&n be
physical properties of many elements with various crystafransferred to other bcc metal€r, Mo, W, V, Nb, Ta. In
structures including hcp and diamond cubic as well as fcSec. I, the formalism of the second nearest-neighbor
and bcc using the same formalism. MEAM (2NN MEAM) will be described paying attention to
However, when being applied to an atomistic simulationthe difference from the original first nearest-neighbor
on some bcc metals, the MEAM reveals some critical shortMEAM (INN MEAM).® In Sec. Il the procedure for deter-
comings. First, for many bcc metals, the surface energy ofination of parameter values will be given. Comparisons
the (111) surface is computed to be smaller than that of thebetween some calculated and experimental physical proper-
(100 surface, which is contrary to experimental restifts. ties of the bcc metals will be given in Sec. IV. Applicability
Second, more seriously, a structure more stable than thend limit of the present 2NN MEAM will also be discussed
original bce is created during a molecular dynamics simulain this section, and Sec. V is a summary.
tion of some bcc metalé~e, Cr, Mo, etd. This newly cre-
ated structure has quite_d_ifferent elastic properties co_mpared Il. FORMALISM
to the metals with the original structure. Simply changing the
model parameters cannot solve these problems without com- A. First and second nearest-neighbor MEAM for elements
promising the descriptions for other physical properties. In the original INN MEAM!~*the total energy of a sys-
The MEAM was formulated to consider only nearest-tem is approximated as
neighbor interactions by wusing a strong screening
function®”® However, in the bcc structure, the second 1
negrest-ne!ghbor distance is larger than tr_le f|rst.nearest— E:Z F(Pi)+§, . d(Ri)) |, (1)
neighbor distance by only about 15%. The interactions be- [ i(#1)
tween second nearest-neighbor atoms in bcc may not be neg- o
ligible even with the screening. It could be thought that thewhere F is the embedding functiorp; is the background
failure of the MEAM in reproducing the surface energies ofelectron density at site and ¢(R;;) is the pair interaction
low-index surfaces in correct order originates from the factoetween atomsandj separated by a distan&g; . Concern-
that only the nearest-neighbor interactions are considered img Eq. (1), what is actually done in atomistic simulations is
the model. the calculation of energy using the expression on the right-
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hand side of Eq(1), based on given positions of individual where 8(" are adjustable parameters angdis the nearest-
atoms. For this, the functional forms for the two terfAignd  neighbor distance in the equilibrium reference structure.

¢ should be given. Now, the embedding function can be computed. What
The embedding function is given as follows: should be done next for the energy calculation is to compute
. L the pair interaction terms. For this, the functional form of the
F(p)=AE(p/p°)In(plp°). (2)  pair interactiong(R) is necessary. However, in the MEAM,

Here, A is an adjustable parametdt, is the sublimation no specific functional expression is given .d.'re.Ctly(M)R)'
2 i Instead, the energy per atom for the equilibrium reference
energy, ancp" is the background electron density for a ref- gy cyre is given a value as a function of atomic volume

erence structure. The reference structure is a structure Whe{ﬁearest-neighbor distanc&hen, the value of(R) is com-

individual atoms are on the exact lattice points without de+,, yoq from the known values of the total energy and the
viation. Normally, the equilibrium structure is taken as the

embedding function, as a function of nearest-neighbor dis-
reference structure for elements. The background electrop \~or

density p; is composed of a spherically symmetric partial  The value of the energy per atom for the equilibrium ref-

electron densitypi(o) and the angular contributionﬁi(l), erence structure is obtained from the zero-temperature uni-
pt?, and p{®. Each partial electron density term has theversal equation of state by Rostal'* as a function of
following form, nearest-neighbor distané®
2 ok
EY(R)=—E.(1+a*+da*3)e? 8
(,,50))2:[; p?“’)(Rij)} , (3a ~ BR=—Ed : ©
7 whered is an adjustable parameter, and
R 2 a* =a(RIr,—1) (9)
(=2 | X R—f?pf‘“)(Rm} , (3b) ¢
a |j# T and
a 2 — 1/2
(p.(z))zzz E RLR{TP.&(Z)(RH) _E E p2@(R) ’ a=(9BO/E,) ™ (10
! ok | 7 Rizj ! . 3= e HereEY(R) is the universal function for a uniform expansion
(3c)  or contraction in the reference structuBeis the bulk modu-
lus, and(} is the equilibrium atomic volume.
RﬁRﬁRy 2 In the INN MEAM, only the first nearest-neighbor inter-

>

j#i R.?’.

(pf2= >

i
P P(Ry)
ap.y

actions are considered as already mentioned. The summation
of pair interaction terms in Eq.l) is performed over only

a 2 nearest-neighbor atoms. Here, it should be noted that the
> Jp?@)(R”)} ) (3d  bonding directions among neighbor atoms are fixed in a ref-
7 R erence structure and the embedding function becomes a func-
tion of only nearest-neighbor distané® Therefore, for a
reference structure, the energy per atom can be written again
as follows, as a function of only the nearest-neighbor dis-
tanceR.

3
£

[e3

Here,p?™ represent atomic electron densities frpatom at
a distanceR;; from atomi. R is the « component of the
distance vector between atopandi (e¢=X,y,z). The ex-
pression for p{*)2 [Eq. (3d)] is a recent modification to
make_the partial ele_ctron densities orf[hogoquéll'he way of EYR)= F[;O(R)]+(le2)¢(R), (11)
combining the partial electron densities to give the total

background electron density is not unique, and several exvhereZ, is the number of nearest-neighbor atoms. The ex-
pressions have been propodeimong them, the following pressions for the embedding functiBrand energy per atom

form is used in the present work. EY(R) are now availabldfrom Egs. (2) and (8), respec-
- tively]. The expression for the pair interaction between two
pi= pi(O)G(Fi) 4) atoms separated by a distanced®R), is obtained from Eg.
(112) as follows,
where
_ u _er. 0
and The key difference of the 2NN MEAM from the 1NN

MEAM is that second nearest-neighbor interactions are par-
3 tially considered during the procedure of determinipgR)

ri= > tMpM™yp0)12) (6) values. In the INN MEAM, the neglect of the second
h=1 nearest-neighbor interactions is made by the use of a strong
t(M are adjustable parameters. The atomic electron density [§any-body screening function. In the same way, the consid-
given as eration of the second nearest-neighbor interactions in the

2NN MEAM is also made by adjusting the many-body

pPM(R)=exd — BM(RIr,—1)], (7)  screening function so that it becomes less severe.

184102-2



SECOND NEAREST-NEIGHBOR MODIFIED EMBEDDED . . . PHYSICAL REVIEW B4 184102

The amount of screening of laatom to the interaction Now, ¢(R) can be calculated from E@15) as a function of
between andj atoms is determined using a simple geomet-R. Then, the pair potentiap(R) is calculated using the fol-
ric constructior.® Imagine an ellipse on anx(y) plane, lowing relation, also as a function &,
passing through atonisk, andj with the x axis of the ellipse

determined by atomsandj. The equation of the ellipse is
given by $R=Y(R)+ X (~1)"(Z:S/Z)"W(@R).  (17)

2
x2+(1/C)y2=(£Rij) (13  Here, the summation is performed until the correct value of
2 energy is obtained for the equilibrium reference structure.
It should be noted here that at low values ©f,;,

relative distances among the three atdrjs andk. EachC (<0.47 for bcg, even third nearest-neighbor interactions are
: not completely screened. If such interactions are included in

value defines an ellipse with its owraxis length. The basic T . . .
P 9 the calculation, it will cause an inconsistency and an error in

idea for the amount of screening is as follows. Two Values’ener calculations, because only the interactions between
Cmax @ndCpin (Chax>Cnmin) are given, so that two ellipses gy ’ y

with different length ofy axis can be defined. If k atom is first and second nearest-neighbors are considered when de-

located outside of the larger ellipse definedQy,,, that is, fining the pair interaction in Eq$14)_—(17). T_he size of such _
: . . an error is small because the interaction between third
if Cvalue for ak atom is larger thai,,,.x, it is assumed that

the k atom does not give any effect on thg interaction. In nearest-neighbor atoms is small due to the many-body

s case, the screening facior s 100l forskatom s ST, For Sampe 1 P05 wme Te G
smaller thanC,,;,, then it is assumed that theatom com- T q P

. 0 0 .
pletely screen thé-j interaction. In this case, the screening ergies are 0.004% and 0.02%, respectively. In the present

factor becomes zero. Between the t@ovalues Cqy, and study, this inconsistency is accepted because the error is neg-
C,.), the screenin .factor chanaes araduall TT1an resultanI'gibly small. The effect of such third nearest-neighbor inter-
min/» g ges g Y- ctions are minimized by using a radial cutoff function with

fT‘a”V'bOdy screening function bet_vveen atdnasd] is de- a cutoff distance between second and third nearest-neighbor
fined as the product of the screening factors due to all othe istances

neighbor atomsk. The screening function is then multiplied
to the atomic electron densities and pair potential. o

In the original 1NN MEAM? C,,,=2.8 andC = 2.0 B. Application to alloy systems
were chosen so that the first nearest-neighbors are com- The above is a brief review of the 1NN and 2NN MEAM
pletely unscreened for reasonably large thermal vibration iformalism for elements. The application of the MEAM is not
the fcc structure and the interactions are still the first neighconfined to descriptions of elements, but can be extended to
bor only even in the bcc structure. In the present 2NNdescriptions of alloy systems. A method to describe binary
MEAM, the second nearest-neighbor interactions are takegnoy systems has been presented for the 1NN MEA®-
into consideration by giving a lower value than 2100) to  ing to the importance of describing alloy systems, it will be
Chin for bee(fee) structure. Consideration of second nearestshown here that the same method can be applied for alloy
neighbor interactions does not change thg formalls_m in Egsdescription using the 2NN MEAM, even though alloy sys-
(1)—(10). However, for computation of pair interactions the tems are not covered in the present paper.
summation should be extended to the second nearest- To describe an alloy system, the pair interaction between
neighbor atoms. Taking the second nearest-neighbor interagifferent elements should be determined. For this, a similar
tions into consideration, the energy per atom for a referencgchnique that was used to determine pair interaction for el-

For eachk atom, theC value can be computed from the

structure is now expressed as follows: ements, Eq(11) or Eq.(14), is applied to binary alloy sys-
_ tems. In the 1NN MEAM a perfectly ordered binary inter-
EY(R)=F[p°(R)]+(Z1/2)$(R) +(Z,S/2) p(aR). metallic compound, where only one type of atom has

(14  different type of atoms as first nearest-neighbors, is consid-

Here, Z, is the number of second nearest-neighbor atomsS'€d as a reference structure. TB& (NaCl type or B2

and a is the ratio between the second and first nearest(CSCI typg ordered structures can be good examples_,. For
neighbor distancesSis the screening function on the second SUCh @ réference structure, the total energy per atéons
nearest-neighbor interactions. It should be noted that th@0M+ zj atom, Ejj(R), is given by

screening functiots is a constant for a given reference struc- L

ture, if a value is given ta&C,,,, and C,i,. By introducing Uiy e (o o i

another pair potentialy(R), Eq.(14) can be written again as Eij(RI=5[Filp) +Filp) + 224 (R, (18
follows:

i

whereZ' is the number of nearest-neighbors in the reference
EY(R)=F[p°(R)]+(Z1/2) (R) (15)  structure. Equatioril8) can be written forg;;(R) as
where 1
H(R)=—[2EY%(R)—Fi(pi)—Fi(p)]. 19
W(R) = $(R)+(Z,5Z,) H(aR). (16) d’l]( ) ZIJ[ Ij( ) i(pi) j(pj)] (19
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TABLE I. Parameters for the second nearest-neighbor MEZRMN MEAM) potential of Fe, Cr, Mo, W,
V, Nb and Ta. The units of the sublimation eneigy, the equilibrium nearest-neighbor distangeand the
bulk modulusB are eV, A, and 18&dyn/cnt, respectively.

E. M B A ,3(0) B(l) 3(2) B(3) t @) t(®) Cmax Cmin S d

Fe 429 2480 173 056 415 10 10 10 26 187.2 280 0.36 0.9112 0.05
Cr 410 2495 190 042 681 10 10 10 03 59104 280 0.78 0.8193 0.00
6.81 2.725 265 046 703 10 10 10 05 3%75 280 0.64 0.8590 0.00
8.66 2.740 3.14 0.40 654 10 10 16-06 0.3 -—-87 280 0.49 0.8905 0.00
530 2625 157 0.73 474 10 25 10 33 3220 280 049 0.8905 0.00
Nb 7.47 2860 173 0.72 508 10 25 10 17 2816 280 0.36 0.9112 0.00
Ta 8.09 2860 194 067 449 10 10 10 1.7 2432 280 0.25 0.9251 0.00

<§§

The embedding function§; and F; can always be com- [ll. DETERMINATION OF THE PARAMETERS

puted. To obtain the value cﬁi‘}(R), the universal equation . _
of staté! is considered once again for the reference phase The formalism2NN MEAM) for elements was applied to

(intermetallic compound Assumed values or experimentally évaluate the MEAM parameters for the bcc transition metals,
measured values @&, r. (or ) andB for the reference F?’ cr, MO.’ W Vi Nb, and Ta The.parameters were deter-
phase is given. Then the pair interaction betwéeand | m_med by f|tt!ng to physical propert!es of each glement, as
atoms is determined as a function of interatomic distance. Will D& described. The parameters finally determined for in-

The above method can be equally applied in the onpdividual e]ements are listed in Tablg |. Here, the reference
MEAM. In the 1NN MEAM, the reference binary alloy structure is bcc for all elements. In this section, the procedure
structure was a structure where the first nearest-neighbors & the determination of these parameter values is presented.
an atom are all different type. The additional condition thatis 1h€ 2NN MEAM formalism gives 15 model parameters
given to the reference structure in the 2NN MEAM is that @S Shown in Table | Here, the amount of screening between
the second nearest-neighbors should all be of the same typeecond nearest-neighbor ato®ss not an independent pa-
This condition is satisfied in both of tH&1 andB2 ordered ~'ameter, but is uniquely determined if t&,ax, Crin val-

structures. Considering the second nearest-neighbor intera€S, and the reference structure are given. The values of the
tions, Eq.(18) is now rewritten as sublimation energyE., nearest-neighbor distancg, and

the bulk modulusB are given experimentally. Therefore, the
actual number of adjustable parameters is 11.

Of the 11 adjustable parameteithose listed in Table |
1 exceptE,, re, B, andS), C,,ax Was given the same value

. i 3 1) 32 and 8D it was

+2ZU(h:(aR) + b (aR) ! 20 (2.9 asin the INN MEAM? For g%, B'“) an B

2 2($i(aR) + 4;(aR)) (20 also intended to keep the same val(@1.0) as in the 1NN
Zll is the number of second nearest-neighbor atoms in thEAM (Ref. 3 because the effect of those parameters on
reference structurep; and¢;; are pair interactions between the physical properties considered here was )mez(il;lew-
i atoms and betweenatoms, respectivelya is the ratio be-  €ver, some different values had to be .glverﬁfé for some
tween the second and first nearest-neighbor distances. TigéemMents[Nb and V] as will be mentioned later onBy

i — i 1 5@ (3) i -
procedure of computing; andp; is not different from that in fixing the values of5™, £, and ™7, the adjusta_ble pa-
1NN MEAM except that the é:ontribution from the second rameters whose values should be actually determined by fit-

i i i 0) ()
nearest-neighbors should also be considered. The pair inte‘ilg)g to physical properties becomes only sevéng™, T,

(3) :
actions between the same type of atoms can be computed At I C"a'“' andtq. d th lid-state oh ¢ ¢
from the descriptions of individual elements. The value of s aready mentioned, the solid-state phase transiorma-

E}}(R) is obtained using the same procedure as in the 1Nl\tllon is a good research field where the atomistic simulation

- : . using semiempirical potentials can be a powerful technique.
e oy e AESPECY. e i) stage f phase vansomatoncle
sion. as a function of interatomic distance ation stagg cannot be quantitatively described by any other
' ' analytic approaches. The three important terms in nucleation
1 " — — kinetics are the driving force, interfacial energy, and the mis-
¢ij(R)= 7 2Ejj(R)=Fi(pi) —F;(p;) fit strain energy. Therefore, in order to be practically appli-
N cable, it is believed that the semiempirical atomic potentials
1 should be able to reproduce at least the above three kinds of
_522[¢ii(aR)+¢Ji(aR)] : (2D properties of elements correctly. In the present study, the
adjustable parameters are determined numerically so that the
Though more computing effort is necessary, the 2NNstructural energy differencésnergy differences between bcc
MEAM does not cause any additional difficulty in the de- and fcc, and fcc and hcp structuyedefect energietsurface

scriptions of alloy systems, compared to the 1NN MEAM. energy and vacancy formation energand elastic properties

1 — — -
Ej(R)= > Filpi) +Fi(p))+Z"¢;;(R)
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TABLE II. (9B/dP) at 0 K by the first-principles calculation, at 0 . . .
RT from experiments and 2NN MEAM valu@ K) obtained using 024 N
d=0 andd=0.05 for individual elements. The FP calculation val-
ues are those obtained in the present study using the VR8P 14 0.4+ B
and the experimental data are from Ref. 11. - 0.6 |
o
FP Experimental 2NN MEAM g 08+ i
(0 K) data(RT) d=0 d=0.05 2 1.0 =
N
Fe 4.63 5.29 4.44 4.95 g 1.2 -
Cr 4.08 4.72 5.28 S 44 -
Mo 4.25 a4 4.89 5.48 -1.6- OFP caleulation -
wW 4.20 4.5 4.79 5.36
Vv 3.68 4.21 4.69 -1.84 -
Nb 3.64 4.1 4.23 4.71 2.0 | | |
Ta 3.8 4.28 478 0 0.5 1.0 15 2.0

normalized volume

FIG. 1. Calculated normalized energ¥/€.) vs normalized
volume (V/V,) for Fe, by the present 2NN MEAM. Symbols are
|Iirst-principles calculations.

(elastic constanjsare reproduced.

It should be noted here that thka*3 term was newly
introduced into the present formalism for the energy pe
atom of the reference structuf&q. (8)], compared to the
INN MEAM. Actually, this term had been included in the material-dependent parameter. However, it was possible to
original universal equation of statewith a value of 0.05 for  judge which of the two 2NN MEAM values, one based on
d, which was fixed from the thermal expansion of Cu. How-d=0 or the other based o= 0.05, would be closer to the
ever, generally, almost the same degree of agreement, and fiaal (9B/JP) -, value. Therefore, it was finally decided to
some elements, even better agreement between calculatsélect the value ofl for each element between 0 and 0.05,
and experimental pressure-volume relation could be obtainegiccording to FP calculation or experimentaB(JP) value
without this term. This term has always been ignored in thdf available. By this, the selected value of Fe was 0.05
1NN MEAM formalismt—* and even in the initial formula- while it was zero for other bcc metals considered. Figure 1
tion of the 2NN MEAM? However, during the present study, shows the normalized energf/Ec) vs normalized volume
it was found that the ignorance of tli* term can cause (V/V,) for Fe. The curve is by the present 2NN MEAM and
somewhat large disagreement with the experimentathe symbols are first-principles calculations also by the
pressure-volume relation for some elements. It was finallypresent authors using the VASP.
decided to takel as a material-dependent parameter. The determination ofl value is done at the beginning of

The value ofd could be determined separately from otherthe parametrization procedure. Then, theg©®, t@), (@)
adjustable parameters, using thiB(JP) value from either  t(®) andC,,, values are determined looking at the structural
first-principles (FP) calculation or from experiments. Be- energy differencesAEycc .cc,AEfce .nep), Surface energy
cause experimental data fofB/JP) were not always avail- E ., vacancy formation energl, and elastic constants
able, first-principles calculation could yield this information (C11, C1p, Cu), as already mentioned. Generally, the effect
for the determination ofl. The present authors have per- of each parameter on individual properties is complicated,
formed theab initio pseudopotential calculations within the and it is impossible to relate one property to one parameter.
generalized gradient approximatiéBGA)'>*?using the Vi-  However, the effects of some parameters are certainly con-
ennaab initio simulation packag€VASP).'* The atoms are fined to only few properties, and the evaluation of param-
represented by ultrasoft Vanderbilt-type pseudopotentials asters can be done systematically. Table Ill shows the rela-
supplied by Kresse and HafrerThe FP calculated and ex- tionship between parameters and properties discovered
perimental ¢B/dP) values for each element are compared
with the 2NN MEAM values calculated fod=0 andd
=0.05, in Table 1.

The FP calculation reproduces the trend of experimentai
(6B/9gP) values among the elements correctly, even though
the absolute agreement with experimental data is not very

TABLE lll. Effect of parameters on individual properties for bcc
lements. The plus sign means the effect is significant, the minus
ign means the effect is minor, and no sign means no effect.

A gO @ ® Crin

good. Of course, a very good agreement could not be ex

pected because the FP values were0f&k while the experi- Ci;andCy, + + - +
mental data were usually for room temperat(Rf). How-  Cu4 + + - +
ever, the differences were much larger than those betweenBs + - + - - -
K and RT values calculated in the present study using th&' + - + + + +
2NN MEAM. (These were smaller than 0.1 for Fe and)Mo AE, . . cc + + +
The large differences between the FP calculation and experie; ., + + + +

ments made it impossible to evaluate tbevalue as a
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during the fitting procedure for bcc elements. Here, the plus TABLE V. Calculated and experimental elastic constants
sign means the effect is significant, the minus sign means th@.0'? dyn/cnf). Experimental data are from Ref. 16 except for Mo

effect is minor, and no sign means no effect. which are from Ref. 17.

C,; and C4, are not independent from each other for a
given bulk modulus. First, an arbitrary value is given to Cn Ci Caa
Cumin- Then, the values oA and 8(©) are determined fitting MEAM  expt. MEAM expt. MEAM  expt.

Cy1 and Cyy exactly. This procedure does not necessarilyg, 2430 2431 1.380 1.381 1.219 1.219
give a correct value for the bcc/fcc energy differenceCr 3909 3910 0897 0896 1.034  1.032
AEp.c.tcc- Changing theC,,;, value, this procedure is re- Mo 4649 4647 1655 1615 1088  1.089
peated until satisfactory values are obtained A&t . fcc W 5326 5326 2050 2050 1631  1.631
as well as the elastic constants. Na{¥) can be determined ' 2'324 1'194 1'194 0'460 0'460
exclusively looking atAEqce .hep. Then, t®) and t? are 2.323 ' ' ' ' '
determined fitting the surface energies and vacancy- 2527 2527 1331 1332 0319 0310
formation energy. The last step can cause a change in thé 2664 2663 1581 1582 0875 0874
elastic constants of the model element because of the new

value oft®). This change can be removed by slightly chang-will be presented. The reason why different valuggé® has

ing the A and 8(”) values and repeating the procedure. Fi-to be given to Nb and V will also be presented here. Then
nally, a molecular-dynamics run is performed in order toeffect of radial cutoff distance on the calculated property
check whether the parameter set stabilizes the bcc structuggues will be discussed.

until melting. Table IV shows the calculated and experimental elastic

Using the relationships in Table IlI, it was usually pos- constants C,;, C;,, andC,,) for individual elements. The
sible to exactly reproduce the target value of a propertyelastic constants were given the highest weight during fitting
However, it was generally impossible to reproduce the targeind could be reproduced almost exactly.
values of all properties, simultaneously. Among all properties  The calculated structural energy difference and volume of
considered, it was believed that the elastic constants argarious crystal structures are listed in Table V. Among the
those most accurately measured. Therefore, the determingems, only AE, .. .c. and AEfcc .nep are those used for
tion of parameters was done so that the elastic constants afiting, and others are predicted. The experimental data being
exactly reproduced, and so that the other property values agmpared to the computeNEy .. .. and AEfce hep are
reasonably reproduced considering their accuracy. In thghermodynamically assessed values using the calphad
INN MEAM, the fitting to the elastic constants has beenmethod!® Here, the calculation on the hcp structure was
performed using room-temperature data, giving RT value ofjone for a fixed ideal value af/a, 1.633. For Fe, Cr, Mo,
bulk modulus toB.>* However, in the present work, a value and W, the exact target values could be gived Bxcc .ncp,
at 0 K or at a lowtemperature closetO K was used foBin  whjle for V, Nb, and Ta, they were sacrificed in order to
order to calculatedB/JP) more accurately and determide  petter fit to both of the vacancy formation energy and surface
value more correctly. Therefore, the fitting to the elastic conenergy. The experimental information for the simple cubic
stants was also performed ugi@l K orlow-temperature data. and diamond structures is not available. A density-functional
Concerning the surface energy, it was impossible to changga|culatio® predicts that the energy of simple cubic and
the order among individual surface energifer (100,  diamond structures of & metals are on the order of eV'’s
(110, (111) surface$ by adjusting the parameters, without gpove the bec structure, which is in good agreement with the
severely losing good agreements for other properties. It wagresent prediction. The high-level calculatidgives the ra-
only intended to make the calculated lowest surface energyos of the simple cubic to bce, and diamond to bee atomic
[E(110)] close to the average experimental value for poly-yolume as about 1.1 and 1.4, respectively. For most ele-
crystals. ments, these ratios could be reproduced by the present 2NN
MEAM. However, for V and Nb, the atomic volumes of
simple cubic and diamond structures are somewhat too
small.

The potentials determined by the above procedure were The next property looked at was point defects. Besides the
used to compute various physical properties of individualvacancy-formation energy, which was used for fitting, the
elements in order to evaluate the reliability of the 2NN activation energy of vacancy diffusidifvacancy formation
MEAM. As well as the properties that have been used forenergy + (vacancy migration energjcould be calculated.
fitting, the energy and equilibrium volume of simple cubic As another type of point defect, the formation energy of a
and diamond cubic structures, the activation energy of vaself-interstitial and its structure were also calculated. Table
cancy diffusion, the energy and structure of self-interstitialVI shows the calculated point-defect properties in compari-
atoms, the relaxation of th@00), (110 and(111) surfaces, son with experimental data for the vacancy-formation energy
and thermal propertie@hermal expansion coefficients, spe- and activation energy of diffusion. Here, the calculated acti-
cific heat, melting point, heat of meltipngvere calculated and vation energy of vacancy diffusion is being compared with
were compared with experimental data or high-level calculaexperimental data on the activation energy of diffusion as-
tions. In this section, some comparisons between the presestiming the vacancy mechanism of diffusion for transition
calculation and experimental data or high-level calculatiormetals. Generally, the vacancy formation energies could be

IV. CALCULATION OF PHYSICAL PROPERTIES
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TABLE V. Calculated structural energy differencesk (eV) and atomic volumes;/n (A3%). The energies are relative to bce except for
hcp, where the energy is relative to fcc. The atomic volume of bcc, experimental data for théclbhaand fce—hcp energy differences are
also presented for comparison.

bcc fcc hcp Simple cubic Diamond

v/n AEpce fec expt. v/n AEfcchep expt. v/n AEpcc . sc v/n AEpcc . dia vin
Fe 11.74 0.069 0.082 11.78 -0.02% -0.023 1177 0.99 13.74 1.82 17.53
Cr 11.96 0.070 0.075 12.24 —-0.029 —-0.02¢" 12.22 1.32 13.79 1.50 16.14
Mo 15.58 0.167 0.158 1591 -0.03¢ —-0.038 15.89 1.97 17.63 2.37 21.43
wW 15.84 0.263 0.200 16.16 —-0.047 —0.047 16.14 2.61 18.15 3.70 22.65
\% 13.92 0.084 0.078 14.02 —0.017P —0.036¢ 14.01 0.78 14.06 1.22 16.65
Nb 18.01 0.176 0.140 18.11 —0.012 —0.036¢ 18.10 0.90 17.70 1.44 19.96
Ta 18.01 0.148 0.166 18.14 —0.02% —0.04F 18.12 1.32 19.21 2.51 24.10

aThermodynamically assessed valifesom temperature datd®
bCalculated for the ideal value of c/a, 1.633.

reproduced in good agreement with experiments, while th€110) surfacd becomes close to the polycrystalline data. The
vacancy-migration energies and thus the activation energiesrder among the low-index surface energies, E(110)
of diffusion were somewhat smaller than experimental data< E(100)<E(111) is now in agreement with experimental
Concerning the self-interstitials, it is experimentally known jnformation®® even though no action was made to fit the
that the self-interstitials form dumbbell pairs along fi&0]  order. The relaxations in Table VII are for unreconstructed
direction in the case of Fe and MB.According to the gyrfaces. The available experimental information or the first-

present 2NN MEAM, the self-interstials form a dumbbell ynciples calculation results for the relaxations are also pre-
pair along the samgl10] direction for all bcc elements con- sented for comparison.

Sid_TfLed' ‘ . ‘ . Finally, the properties calculated using the present 2NN
e surface propertigsurface energy, energy anisotropy, \je=Am potential are the thermal properties such as thermal-

and _re_laxatloinar_e a good test bed, where the reliability of an expansion coefficient, specific heat, melting, point, heat of
empirical potential can be evaluated. The surface energies °, . ;
. : fnelting and volume change on melting. The results are com-
and the surface relaxations of the three low-index surfaces : . ; .
(100, (110, and (111) are presented in Table VII. The ex- pared W|_th ava_|lable experimental data in Table VIII. He_re,
perimental surface-energy data included in Table Eg’;f’;, the melting points are those roughly estimated by heatmg,
are for polycrystalline solids. All of these are extrapolated‘p’mld tr?r((ajfore,ltshouldl t;e r_(raﬁarﬁedt an an lltJ_ppe.r l't?:'t oflthe
values, directly from high-temperature experimental Hata citcyag tth]k? Ingl pcilrl Sd (Tt' eat o tm? Inghlsl € V"’: ue
or through some modeling approaches on temperature depe?]— :me a b € calcula eT g]le ml%/ p$/||r|1| otheac € en:e;'\.lN
dencies of surface ener§y?° As has been mentioned, the E:Mcant et' sleen md a Eif] ; L | N pref_en f th
fitting to the experimental surface-energy data was simpl potentials reproduce the physical properties of the

cc transition metals fairly well, solving the problems that
done so that the calculated lowest surface enétigt of occured in the INN MEAM(Ref. 3 as mentioned in the

Introduction. In the case of the properties where fitting was
: | = made, the agreement with experimental data is almost per-
the relaxed vacancy-for_matlon e_ner&y (e\{) and _the activation et The calculations on the energy of simple cubic and dia-
energy of vacancy diffusio@ (eV) in comparison with correspond- ) 4 strictures, on the self-interstitials, on the surface re-

ing experimental data, the formation energy of a self-interstjal laxations, and on the thermal properties are also reasonably
(eV), and its structure. The experimental vacancy-formation ener- ’ . . . .
ood. The point that is not satisfactory is that the 2NN

gies and the experimental activation energies of diffusion are fro EAM calculati di h )
Ref. 21 and Ref. 22, respectively, except for the activation energy o ' caicu ation according to the pr_eser_lt parameters un
diffusion for Cr, which is from Ref. 23. derestimates th_e energy of vacancy migration for most of the
elements considered. Further, concerning V and Nb, the
Ef Q Self-interstitial melting points are too low and atomic volumes of simple
MEAM expt. MEAM expt. E, Structure cubic and diamond structures are relatively too small. Gen-
erally, for V and Nb, the performance of the present 2NN
Fe 1.75 1.79 2.28 2.5  4.23[110] dumbbell MEAM seems to be worse than for the other elements.
Cr 1.91 1.80 261 3.1 3.90[110] dumbbell Initially, it was intended to determine the potential param-
309 310 422 45 5097[110 dumbbell  eters of the bcc elements keeping the valuegdf, g,
395 395 556 55 8098[110 dumbbell and B to be 1.0 as in the INN MEAM.However, with
209 210 247 3.2 2.49 [110] dumbbell ~ these values, the calculated vacancy-migration energy and
Nb 275 275 3.32 3.6 2.56[110] dumbbell ~ melting points for V and Nb were even worse than the
Ta 2.95 205 3.71 4.3  4.88[110] dumbbell present values. More decisively, it was found that h@0
surface of Nb undergoes a reconstruction intolhieduced-

TABLE VI. Calculated point-defect properties. Values listed are

<§§
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TABLE VII. Calculated surface energies (ergfmand relaxations (%) of the low-index surfacésd;; mean the change of interlayer
spacing between thi¢h andjth layers, relative to corresponding bulk spacing. The experimental values are for polycrystalline solids and are
those extrapolated from high-temperature experimental data tgRefs. 24 and 2bor to RT (Ref. 26. Values in the second or third row
(if any) for each element are experimental or high-level calculation data for corresponding surface relaxation.

(110 (100 (111
ES)SFyL Eq10) Ady, Adys E(100) Ady, Adys Eqai Ady, Adys Adg, Adgs  Adsg
Fe 236@,2939D 2356 —1.5 +0.1 2510 -—-11 +1.1 2668 —10.5 -—-165 +122 +05 -6.0
0° -0 +1.%F -16.¢ —9.8& +42¢ -2.%F
-15  +o0.0¢f
Cr 2200,2056 2198 —2.6 +0.4 2300 -—-0.8 -0.7 2501 -10.3 -—16.7 +6.8 +3.0 —-53
Mo 2900F,287F 2885 —3.3 +0.6 3130 -—-3.3 +0.3 3373 —-140 -164 +55 +35 —-43
-1.6 -119  +3¢
W 299(?,346§’ 3427 —-3.0 +0.4 3900 -—-3.2 -0.3 4341 -—-13.2 -—17.0 +7.2 +24 —40
-31" +o0.0" -59 -1514 -153 +9.1
-3.0¢ +0.2k
\Y 26005,2876’ 2636 —4.2 +0.9 2778 —17.3 +3.8 2931 —-340 -—-120 +126 —-57 -—-3.1
-0.3 -67 +1.0
Nb 2306,298% 2490 -7.3 +2.2 2715 -125 +3.0 2923 —-355 127 +26 +0.7 —-22
Ta 2786,3018 2778 —3.5 +0.6 3035 —-5.9 +0.8 3247 -—-19.2 -—-17.2 +124 -06 —49
3Reference 24. 9Reference 3Qcalc).
bReference 26. PReference 31.
‘Reference 27. Reference 3Zcalc).
dreference 28. IReference 33calc).
®Reference 25. KReference 34.
fReference 29. 'Reference 35.

type structurd® during an energy-minimization procedure, results for the vacancy-migration energy and melting point
leaving the simply-relaxed (21) structure unstable. Even could be obtained also by giving the same value 2.50
though it was known that thé€100) surfaces of some bcc of V. Therefore, the3?) parameter of V was also given the
metals undergo a reconstructithit was believed that the new value. It was confirmed that such a chang@ét value
simply-relaxed (Xx1) structure should be at least does not give a beneficial effect to the calculated properties
metastabl® against any reconstruction. In the present studypf other elements considered.

some efforts were made in order to make th@0) surface of It has been mentioned already that according to the
Nb not to reconstruct directly from the ideal X11) struc- present formalism the interactions between third nearest-
ture, during energy minimization. It was found that such aneighbor atoms are not completely screened in the reference
reconstruction does not occur when a value greater than 2€ructure when the value o, is low (<0.47 for bcg,

is given toB®), and the best overall results are obtained withwhile the pair potential is defined considering only the first
a value of 2.5. Even though such a reconstruction did noand second nearest-neighbor interactions in all cases. This
occur on the(100) surface of V, it was found that improved inconsistency causes an error in energy calculations even

TABLE VIIl. Calculated thermal properties. Values listed are the thermal-expansion coeffieient
(107 %/K), specific heaC, (J/mol K), melting point(K), heat of meltingAH,, (KJ/mol) and volume change
on melting AV,,/Vsoiiq (%). The experimental data for thermal expansion coefficient, specific heat and
volume change are from Ref. 22 and others are from Ref. 18.

€(0-100°C) Cp(0-100°C) Melting point AH, AV Vsolid
MEAM  expt. MEAM expt. MEAM  expt. MEAM expt. MEAM  expt.
Fe 12.4 12.1 26.1 255 2200 1811 13.2 13.8 3.4 3.5
Cr 9.0 6.5 26.8 24.0 2050 2180 18.8 21.0 4.4
Mo 5.3 5.1 25.9 24.1 3100 2896 20.1 37.5 3.0
W 4.2 4.5 25.4 25.4 4600 3695 33.0 52.3 3.2
Vv 8.7 8.3 26.1 25.4 1800 2183 11.7 215 1.3
Nb 6.4 7.2 26.1 24.9 1900 2750 13.5 30.0 1.0
Ta 5.8 6.5 25.7 25.7 3200 3290 22.3 36.6 21
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though the amount is negligible. It has been also mentionethnces of all structures considered is selected.
that a radial cutoff function with a cutoff distance between In the present study, the smaller values of the radial cutoff
second and third nearest-neighbor distances was used in tdestances as described above were used for individual ele-
present study in order to minimize the effect of such thirdments. This was to keep consistency with the pair potential
nearest-neighbor interactions. Actually, all calculations predefined considering only first and second nearest-neighbor
sented in this section are those obtained using such radiaiteractions, and also to save computing time by decreasing
cutoff distances for individual elements. These are 3.6 A foithe number of neighbor atoms for each atom. However, it is
Fe, Crand V, 3.8 A for Mo and W, and 4.0 A for Nb and important to know how the results would differ for indi-
Ta. However, it is impossible to keep a value of the cutoffvidual properties when a different radial cutoff distance, say
distance for each element, especially when dealing with athe one larger than the third nearest-neighbor distance, is
alloy system where each element has its own value of radialsed. Radial cutoff distances larger than the third nearest-
cutoff distance. Further, the calculations using empirical poneighbor distances (4.5 A for Fe, Cr, Mo, W, and V, and
tentials are known to be significantly dependent on the se5.0 A for Nb and Taaffect the calculated elastic constants
lected value of radial cutoff distance.Therefore, it is of of Fe, Nb, and Ta, the elements who€g,;, values are
practical importance to see how much the present 2NNsmaller than 0.47. The change of tig; of Ta was largest,
MEAM formalism is dependent on the selected radial cutoffand was from 2.664 to 2.649, which is not significant. The
distances. large radial cutoff distance also changes the calculated ener-
In empirical potentials, radial cutoff functions are used ingies of all metastable structures, due to the inclusion of sec-
order to confine the number of neighbors of an atom to and and/or third nearest-neighbor interactions. The changes
reasonable value, considering the stability of calculation refor Cr, Mo, W, and V are negligible, while those for Fe, Nb,
sults and computing time. Without any many-body screenand Ta are significant. For example, the energy difference
ing, it is natural to obtain different results depending on thebetween fcc and bccAE,.. ... changes from 0.069 to
radial cutoff distance, that is, depending on the number 00.048 eV, from 0.176 to 0.144 eV and from 0.148 to 0.104
interacting neighbors of an atom. In the case of the presergV, for Fe, Nb, and Ta, respectively. Even though the
2NN MEAM that uses the many-body screening, such a deehanges are not small, it is thought that the changes are still
pendence on the radial cutoff distance is small compared temaller than the error range of first-principles calculations.
other empirical potentials, as long as the cutoff distance i$or Fe, the change is comparable to the error range of em-
larger than the second nearest-neighbor distance. Actuallpirical thermodynamic assessmeffthe effect of the large
such a dependence is absent when @Qg, is larger than radial cutoff distances on the point-defect energies, the for-
0.47, and is negligible even when tiig,;, is smaller than mation energy of a vacancy and of a self-interstitial, was
0.47 as already mentioned. However, this is not the onlyelatively small. The vacancy-formation energy of Fe, Nb,
source of the dependency on the radial cutoff distance imnd Ta was decreased by 0.05, 0.07, and 0.16 eV, respec-
empirical potentials. The existence of the radial cutoff itselftively, by the use of large radial cutoff distances. The
can cause a dependence®@K calculations on the cutoff changes in the formation energy of a self-interstitial were
distance. This normally originates from relaxations, as exsmaller than those in the vacancy-formation energy. How-
plained below. ever, the changes in the activation energy of vacancy diffu-
When the size of the radial cutoff distance is betweension was significant. For Fe, Nb, and Ta, they were decreased
second and third nearest-neighbor distances, the thirdy 10-15%. This makes the agreement with experimental
nearest-neighbor interactions are not included in the calculadata even worse, because the calculated activation energies
tion even when they exist due to no or incomplete many-of vacancy diffusion are already smaller than the experi-
body screening. However, in a structure with defects, relaxments for most of the elements considered, as shown in Table
ations can occur in a way to reduce some of the third neares¥l. The effect of radial cutoff distances on the surface relax-
neighbor distances near the defects. Such third nearesations was negligibly small. This is because the number of
neighbor interactions may be included in calculationsthird nearest-neighbor interactions on surfaces is smaller
depending on the size of radial cutoff distance. This meanghan that in bulk. It was confirmed that the low-temperature
that there can be a dependence on the radial cutoff distan¢keermal propertiese and C, at 0—-100°C are not affected
even when the cutoff distance is smaller than the thirdsignificantly by the radial cutoff distances. On the other
nearest-neighbor distance. On the other hand, with thband, there seems to be some certain effect of the radial
present values o€, for individual elements, the second cutoff distances on the calculated melting points. For ex-
nearest-neighbor interactions and sometimes even thirdmple, the calculated melting point of Fe changes from about
nearest-neighbor interactions are not completely screened BR00 K to 2060 K under the same heating rate when the large
fce, hep, and other structures considered. Therefore, the emadial cutoff distance is used. However, these changes were
ergies of these structures also depend on the selected radradt investigated in more detail because the calculated melt-
cutoff distance. The present radial cutoff distance for eacling points listed in Table VIII were already quite approxi-
element is smaller than the second nearest-neighbor distanosate.
of the fcc structure of corresponding element. The depen- Now, it should be said that changing the radial cutoff
dence on the radial cutoff distance is largest for the elemerdistance gives certain effects on the calculated property val-
with smallestC,,;, value, but completely disappears if a ra- ues. However, in most cases, the changes due to using dif-
dial cutoff distance larger than third nearest-neighbor disferent cutoff distances are well within uncertainty ranges of
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the experimentally measured or FP-calculated property valeompletely screened by adjusting tig,;, value. Letting
ues. Any radial cutoff distance greater than the seconéach element have its owdy,;, value, the two MEAM for-
nearest-neighbor distance can be used without reducing thealisms can easily be combined to describe alloy potentials
reliability of the present 2NN MEAM potential. The only among elements with various equilibrium structures, without
exception is that the activation energies of diffusion that arechanging the readily available parameters for elements with
lower than experimental values for most of the elements conether structure$?*
sidered will become even lower if larger radial cutoff dis-
tances than those used in the present study are used. For
example, if the larger radial cutoff distance is used, the cal-
culated activation energy of Fe is decreased from 2.28 to The second nearest-neighbor MEAM formalism has now
2.03 eV, which is lower than experimental value of 2dy  been applied to all of the bcc transition metals. The potential
about 20%). The low activation energy of diffusion would parameters were determined systematically by fitting to
give effect on the kinetics of phase transformations though i 9B/dP), elastic constants, structural energy differences
would not on the local equilibria. This should be kept in among bcc, fcc and hep structures, vacancy-formation en-
mind during practical applications of the present 2NNergy, and surface energy. It was shown that the atomic po-
MEAM. tentials for the bcc transition metals according to the present
Finally, it should be noted that several different methods2NN MEAM reproduce structural properties of simple cubic
to include the second and more distant nearest-neighbor irand diamond structures, activation energy of diffusion, for-
teractions were tested during this work; including secondmation energy and structure of self-interstitials, surface re-
nearest-neighbor interactions without many-body screenindaxations, thermal-expansion coefficient, specific heat, melt-
and including even third nearest-neighbor interactions withing point, and heat of melting satisfactorily, as well as the
out many-body screening were tested. However, using theg@operties where fitting was made. It was also shown that
methods, satisfactory results could not be obtained. For exhough there exist certain effects of the size of radial cutoff
ample, in the former case, tH&10 surface energy, which distance on the calculation, they are not so severe as to de-
should be the lowest became the highest among the thremease the applicability of the potential. The formalism is
low-index surfaces, and in the latter case the energies of hapompletely compatible with the original first nearest-
structures became too higheveral tenths of eMcompared neighbor MEAM that has been successfully applied to fcc,
to those of fcc structures. These problems could not bdécp, and other structured elements, does not give any addi-
solved by simply changing the parameters. It was found thational difficulty in alloy descriptions, and, therefore, can be
the correct order in the surface energies and overall agreesed to describe wide range of elements and alloy systems.
ments with experiments for all properties considered can be
obtained only when the second nearest-neighbor interactions
are partially included by adjusting the many-body screening,
as has been done in the present study. The present 2NN This work has been financially supported by the Korea
MEAM formalism becomes exactly the same as the originaMinistry of Science and Technology and the U.S. Depart-
1NN MEAM if the second nearest-neighbor interactions arement of Energy, Office of Basic Energy SciendbHB).

V. SUMMARY
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