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An embedded-atom-method potential for tantal(ifa) has been carefully constructed by fitting to a com-
bination of experimental and density-functional the@yT) data. The fitted data include the elastic constants,
lattice constant, cohesive energy, unrelaxed vacancy formation energy, and hundreds of force data calculated by
DFT for a variety of structures such as liquids, surfaces, clusters, interstitials, vacancies, and stacking faults.
We also fit to the cohesive energy vs volume data from the equation of state for the body-centeréHecubic
Ta and to the calculated cohesive energy using DFT for the face-centereddrabi€a structure. We assess
the accuracy of the new potential by comparing several calculated Ta properties with those obtained from other
potentials previously reported in the literature. In many cases, the new potential yields superior accuracy at a
comparable or lower computational cost.
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[. INTRODUCTION a different physical basis. The original Finnis-Sinclair poten-
tial was improved later due to its unphysical behavior at
Tantalum(Ta) is used in a wide variety of applications small interatomic separatiofi:'> The gEAM is an EAM po-
ranging from microelectronics to nuclear power. It can formtential fit only to data from quantum-mechanical
a stable oxide and is a promising diffusion barrier for coppeicalculations:® The MEAM potential® adds an angular term
(Cu) metallization in very large scale integrated to the original EAM functional form. The bond-order
applicationd™* because Cu and Ta have very limited mutualpotential? also includes an angular term, which results in
solubility. Analysis of Cu-Ta castings prepared by adding Tadbout two orders-of-magnitude more computational cost.
to molten Cu indicated a Ta-in-Cu solubility of 0.025 wt% The MGPT (Ref. 13 Ta potential includes angular and
(0.0088 at. % at 1200 °C. Won@G et al. found that Cu fiims Mmulti-ion potential terms that reflect the partially filledl
grow heteroepitaxially on tetragonal Ta films with the crys-bands, thus it is computationally more expensive.
tallographic orientation of Gh1y220// Toozyaag - The het-  In this paper, we focus on developing an EAM Ta poten-
eroepitaxial growth of Cu enhances the formation of largetial which can be applied to calculating equilibrium as well
grains with a strond111) texture, which is expected to im- a@s nonequilibrium properties for Ta. We make use of the
prove the reliability of Cu interconnects. Sputtered Cu seedorce-matching method, which has previously been used to
layers on Ta typically have a strong@rll) texture than on develop potentials for At/ Mg,'® Al-Mg,™ Al-Cu,”® and
TiN.5>® With the advent of nanotechnology, atomic scaleAl-Pb.2! However, to ensure the reliability of our potential,
simulations of materials’ behavior are becoming increasinglyve have introduced an improved fitting scheme, which will
important. A reliable empirical Ta potential is important both be discussed later. The remainder of this paper is organized
for understanding the behavior of Ta in its pure form and foras follows: in Sec. II, we introduce our methodology; in Sec.
constructing reliable alloy potentials for application to sys-!ll, we assess the accuracy of our potential and make com-

tems such as Cu-Ta. parisons to other published potentials.
Empirical potentials for Ta have been proposed by several
groups, including Finnis-Sinclafra Johnson-Oh embedded- Il. METHODOLOGY

atom-method(EAM),® a Guellil-Adams EAM®? a MEAM . e
potential by Leeet al,’ a EAM potential based on quantum | e EAM was originally developed by Daw and Baskes

mechanical calculationéamed qEAM by Wanget al,™ a and has been widely used to calculate properties of various
bond-order potential by Mroveet al.'? and a model giener- metallic materials. The functional form of the EAM poten-

alized pseudopotential theofyIGPT) potential by Moriarty ~ U&lS is given by

et al'® An analytical EAM potential for Ta was constructed 1

by Johnson and Ohwhich was slightly modified by Guellil E== > V(i) + 2> F(py), (1)
and Adams and tested against properties such as the phonon 217 . [

spectrum (the Guellil-Adams potential is basically the same

as the Johnson-Oh potential except that some of the func-

tions were slightly changed to improve their fit to the va- Pi:; B(rij). 2
cancy properties However our recent test of the Guellil-

Adams potentials revealed that the calculated bulk modulublere E,y is the total energy/(r;;) is the pair potential, and
underestimated experiment by 27%. The Finnis-SinclailF(p) is the embedding functiong(r;;) is the electron-
potential has the same form as the EAM but is derived fromdensity contribution from atorito atomi. The total electron
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densityp; at an atom positiohis computed via a linear TABLE |. Structures for force calculation.
superposition of electron-density contributions from neigh-
Perp y 9 Structure Number of

boring atoms. Number Structure name atom$
Empirical potentials such as the EAM usually describe the

atomic interactions by several analytical functions. Arbitrary 1 BCC Ta,~2500 K 16
assumptions as to the form of the functions are often made » BCC Ta,~500 K 16
within the given analytical framework so as to reduce the 3 B-Ta, ~1000 K 30
number of parameters to a manageable level. These param- 4 B-Ta, ~2000 K 30
eters are usually determined by fitting to a set of experimen- g B-Ta surface at 500 K with adatoms 31
tal data at 0 K, with most of the data being for perfect crys- ¢ B-Ta surface at 500 K with more adatoms 32
tals such as lattice constant, cohesive energy, and elastic 7 BCC Ta, stacking fault 32
constants. BCC Ta,~1500 K, one vacancy 15

With the progress in computational methods based on

. ) L . . Ta cluster,~500 K 10
density-functional theoryDFT),?>?*it is possible to obtain o ’
. . . 10 Liquid Ta,~4500 K 19
atomic forces of high quality for a very large number of . iy
11 BCC Ta one interstitial, 1500 K 17

atomic configurations, including different geometries such as
defects, clusters, molgcules, and liquids. However, thes&rpis refers to the number of atoms in each structure used for DFT
methods are computationally much more expensive, and arg, e calculations.
therefore limited to small systen{undreds of atomsfor
short times(pico seconds conditions to ensure that no atoms are within 2.3@Acept
When constructing an empirical potential, it is beneficialfor the structure that contains an interstitidihis is a simple,
to include first-principles force data in addition to experi- approximate method to obtain a reasonable set of structures.
mental data because it provides for a more accurate anthe structures are not true equilibrium structures, but are
transferable potential. To these ends, the force-matchinguite adequate for providing a wide range of forces. The
method was developed by Ercolessi and Addntis obtain  structures are listed in Table .
realistic empirical potentials by making use of very large Our first-principles force database was calculated with the
amounts of information obtained by first-principles calcula-Vienna ab initio simulation packageévasp),*® a DFT code
tions. The numerical engine is based on trying to reproducéased on projector augmented-wave pseudopotetitidls
the first-principles forces and the experimental data withand a plane-wave basis set. We chose the generalized-
those calculated by the potential. The optimization is pergradient approximation exchange-correlation functional of
formed by carrying out a multidimensional minimization in a Perdewet al3° since it more accurately reproduces many
relatively large parameter spa¢ef the order of 60 param- experimental bulk propertigbulk modulus and equilibrium
eters. By explicitly including different atomic geometries lattice constantin comparison to the local-density approxi-
and different temperatures, one can construct a potential thatation(LDA).2* To ensure a high degree of precision, the Ta
fits DFT forces at different geometries and temperatures, thusp and 6 semicore states were treated explicitly as the va-
improving the transferability of empirical potentials. Indeed,lence in the pseudopotential. Convergence testing on a bulk
potentials constructed with the force-matching method havetructure revealed that a plane-wave cutoff energy of 280 eV
been used extensively and with much success in predictingias sufficient to converge the total energy to within 1 meV/
materials propertie®3* A similar approach was also atom. Since the convergence of atomic forces is generally
adopted by Mishiret al3 for Al, Ni, and Ni-Al alloys. slower than that for energies, we used dense samplings of
In this work, we use the force-matching method to de-space to obtain precise forces: up to 256 Monkhorst-fack
velop an EAM potential for Ta. The fitted experimental datapoints were necessary to converge forces to within abdut
and other material parameters from DFT calculations includeneV/A.
lattice constant, cohesive energy, unrelaxed vacancy forma- In addition, we also include energy data from the Rose
tion energy, bulk modulus, and elastic constais, Cio, et al. equation of stafé of bcc Ta for various contractions
andCy,. and expansions of the unit cell as shown in Table Il. These
For the force database, initial atomic structures were crevalues would be very similagwithin 0.85 e\) to our DFT
ated and short molecular-dynami@@D) simulations were data if they were slightly rescaled to the experimental bulk
performed to equilibrate each structure for different temperamodulus, cohesive energy, and lattice constant.
tures. In these MD simulations, we used the Guellil-Adams In the fitting process, an objective functiof({a)) is
analytical Ta potential. After equilibration, we extracted aconstructed and minimized. This function has three parts as
small part of the original cell and adjusted the boundaryfollows,

TABLE Il. Energy from Roseet al. (Ref. 40 equation of state for the potential fit.

alay 0.90 0.94 0.97 1.05 111 1.20 1.30
Roseet al. —6.636 —7.643 —7.990 —7.885 —7.291 —6.139 —4.869
energy(eV)
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This first partZ,c.{{a)) is from the difference between
DFT forces and predicted forces by the fitted potential; the
second parZesper((@)) is from the difference between ma- [, 1. Electron densitys(r) as a function of distance from
terial parameters and those predicted by the fitted potentiajhe center of an atom.

Fi({a)) is the predicted force by the potential for thih

atom in thekth structurefy; is the corresponding DFT force  splines were continuous. For each function, we chose 23 pa-
for the ith atom in thekth structure.N, is the number of  rameters, with a cutoff value of 3.987 A for both electron
atoms in thekth structureM is the total number of structures density and pair potentia|_ This distance is ha|fway between
used for the fitting.A;((a)) is the Ith material parameter the second- and third-nearest-neighbor distances and is rea-
predicted by the fitted potentiad is the corresponding ma- sonable for bce metals, for which the second-nearest neigh-
terial parameteW, is an assigned weight to tHéh param-  bors must be considered due to their nonclosely packed
eter used in the fittingP is the total number of material structure.
parameters we fitted to. One can find more information on

these two parts of the objective function from Ref. 17.

Z,({a)) is a term whose purpose is to minimize arbitrary

r(A)

III. RESULTS AND DISCUSSION

fluctuations in the potential functionJ;; is defined as fol- The final fitting result for each functiot(r), F(p), and
lows, V(r) is shown in Figs. 1-3, respectivelit’ (ppu) =0 at
1 pPruk=1 can be seen from Fig. 2 since we applied the invari-
A =3;—3;r, (7)

ance properties. Ta properties calculated with the new poten-

whereJ; andJ;. are function values at poitand its adja-  tial are compared with experimental and DFT data in Table
cent pointj’, respectively, where arbitrary fluctuation ap- |ll, where it can be seen that very good agreement is ob-
pears.W,; is the fitting weight for the arbitrary variations. tained, especially for the bulk modulus with a reduction of
The f in the Z,,((a)) term is the number of functions we error from 27% to about 8%, compared to the analytical Ta
have in the potential. In this work= 3 since we have three potential’ The lattice constant and cohesive energy are ex-
functions, namely, electron density, pair potential, and emactly the same as the experimental data.
bedding functionM, is the number of points in functiok
In our fitting, the downhill simplex method was used because o
it is efficient and robust.

In the EAM, potential functions for pure elements are
invariant under the transformation§) ¢(R)—A¢®(R),
F(p)—F(p/A) and (i) V(r)—V(r)+2Bp(r), F(p)

—F(p)—Bp. The two constanté and B are arbitrary and | 1

must be fixed by the external conditions. We chopggy %

=1 andF’'(ppu) =0 to fix A andB. The py, is the back- 3 ¢ | 1
=

ground electron density around an atom in a perfect crystal a {
equilibrium. A |

Each function is expressed with cubic splines. We believe "
that it is more flexible to express each potential function in
cubic splines than to express it in only one analytic form
within the simple EAM model. In other words, cubic splines
with their piecewise parts, each of which having its own -0 : :
coefficients, could describe materials properties better than :
single analytical function. In our fitting with cubic splines,
natural boundary conditions were imposed and the first two FIG. 2. Embedding functiorF(p) as a function of the local
derivatives at the common point of two neighboring cubicelectron density.

p (Arbitrary unit)
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4 X Al-Pb (~20%).2! This is presumably because the simple
| EAM does not contain an angular term, so it is limited in its
ability to describe bonding between partially fillddrbitals.
As pointed out by other investigators, the partially filldd
orbitals make the outer shell of the electron density deviate
from spherical symmetry, and the host electron density devi-
ates from the superposition of atomic electron density for bcc
\ metals***3 It can also be seen from Table IV that the fit of
! \H forces for bulk structures is better than that for other struc-
\\ tures such as clusters, surfaces, and liquids. This is further
ok S, o confirmed by our fitting the potential only to forces for bulk
\\«ww—“" crystal structures at temperature below 2500 K where we
find the force errors to be much small@bout 20%, while
s s 4 maintaining good agreement with the other bulk properties.
r(A) Therefore, it appears that the simple EAM model is reason-
ably correct for describing bulk properties of bcc metals at
FIG. 3. Pair potentiaV(r) as a function of the distanaebe-  moderate temperatures. Although including an angular term
tween a pair of atoms. could improve transferability, it would greatly increase com-
putational cost. Here we have shown that by performing a
The error in fitting to DFT forces is on average 32% ascareful fit, a Ta potential with reasonably good transferability
shown in Table IV, which is about a 12% improvement uponis possible, even within the simple EAM formalism.
the Guellil-F-Adams model.For comparison, Table IV also We performed some preliminary tests on the fitted poten-
gives the forces predicted by several other generated Ta ptial. We first examined the relative stability of the bcc, fcc,
tentials based on parameters taken from the literature. Thend 8-Ta phases by calculating their respective cohesive en-
improved Finnis-Sinclair potentii also yielded very good ergies(see Table Y. We find that the bcc phase is most
forces although it predicts incorrect interplanar distances fostable, having the greatest cohesive endesolute valug
the (100 surface(see below The gEAM potentidf gives  the fcc phase is least stable, and ghphase falls in between.
an overall error in the forces of 133%, and it only reproducesThis is consistent with experiment since the bcc structure is
the forces for the cluster better than the Guellil-Adamsfound to be the stable structure at room temperatgré&a
potential® being worse for the other structures. The MEAM hasP4,/mnmsymmetry and appears as a metastable struc-
potential also shows large errd76%) in predicting forces, ture in epitaxial growth of Ta films for Cu metallizatidn.
especially for the liquid-Ta structure; it also fails to repro- These calculations are also in agreement with our DFT cal-
duce forces for the other high-temperature and defect struculations in terms of the relative stability of these structures.
tures. The relatively large error in forces obtained for the For our next test, we calculated the relaxed vacancy mi-
gEAM and MEAM potentials suggests that these potentialgration energy and formation energi€gable VI). The mi-
may need to include more data in their input database that igration energy(1.24 e\} was calculated with a conjugate
commensurate with their relatively large number of functiongradient energy minimization since an atom was moved from
parameters. However, although the present potential doesame site into the neighboring vacancy site using a simple
good job of reproducing DFT forces relative to the otherdrag method. The relaxed vacancy formation eng)y6
potentials, the absolute value of error in fittitR2%) is still  eV) is in good agreement with experimental data (2.8
large in comparison to potentials generated fofAlL8%),”  +0.6 eV)* Likewise the sum of vacancy formation energy
Mg (~18%),'® Al-Mg (~22%),%° Al-Cu (~21%,%° and and migration energieg.00 eV} is in good agreement with

e
oo™

V(1) (eV)
R

TABLE Ill. Fitted results for experimental and calculated data by DFT. The data for &&piby the Guellil-Adams potential are
calculated from Ref. 9.

Data calculated Experimental data Error (%) by
by this and calculated data Guelli-Adams
Parameters potential by DFT Error (%) potential
Lattice constantA) 3.3026 3.3026
Cohesive energyeV) —8.089 —8.089
Bulk modulus(Gpa 179.2 194.2 8 27
C1:-C4, (Gpa 103.9 108.2 4 3
Cy4 (Gpa 86.5 87.4 1 4
Unrelaxed vacancy 2.94 2.95 0.3 1
Formation energyeV)
FCC cohesive energieV) —7.94 -7.81 2 1
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TABLE |V. Fit of forces. Data for error of prediction by the Guellil-Adams potential are calculated from Ref. 9. Data for the improved
Finnis-Sinclair potential are calculated using Ref. 14. Data for the gEAM are calculated from Ref. 11. Data for the MEAM are calculated
from Ref. 10.

Error of
prediction by Improved
Guellil- Finnis-
Structure Error of Adams Sinclair
number Structure name fit potential potential gqEAM MEAM
1 BCC Ta,~ 24% 32% 34% 111% 100%
2500 K
2 BCC Ta, 26% 28% 27% 152% 82%
~500 K
3 B-Ta, ~1000 K 24% 32% 28% 109% 113%
4 B-Ta, ~2000 K 23% 32% 33% 118% 124%
5 B-Ta, surface at 41% 57% 37% 160% 170%
500 K with
adatoms
6 B-Ta surface at 37% 55% 38% 135% 216%
500 K with
more adatoms
7 BCC Ta, 58% 41% 57% 173% 254%
stacking fault
8 BCC Ta, 35% 52% 52% 174% 122%
~1500 K, one
vacancy
9 10 Ta, atom 42% 91% 59% 79% 114%
cluster,~500 K
10 liquid Ta, 45% 61% 50% 150% 714%
~4500 K
11 BCC Ta, one 26% 39% 35% 115% 111%
interstitial,
1500 K
Average 32% 44% 39% 133% 176%

TABLE V. Difference in cohesive energies for different structures predicted by the potential with respect to that of BCC Ta.

Calculated cohesive

Predicted cohesive energy energy by DFT with respect to BCC
Structure with respect to BCC T&eV) Ta (eV)
BCC 0.000 0.000
FCC 0.137 0.277
B-Ta (30 atoms/ce)l 0.076 0.024

TABLE VI. Comparison of vacancy formation, migration, and self-diffusion data. Data for the improved Finnis-Sinclair potential are
calculated from Ref. 14. Data for the Guellil-Adams potential are calculated from Ref. 9. Data for the gEAM are from the potential used in
Ref. 11. Data for the MEAM are from Ref. 10. DFT-LDA data are from Ref. 47. Data for experiment are from Refs. 44—46.

Vacancy
migration Vacancy formation Vacancy diffusion
energy(eV) energy(eV) (relaxed activation energyeV)

This work 1.24 2.76 4.00
Improved Finnis-Sinclair 1.22 2.87 4.09
Guellil-Adams 1.15 2.76 3.91
gEAM 1.09 2.94 4.03
MEAM 0.76 2.95 3.71
DFT-LDA data 0.8 3.0 3.8
Experiment 2.80.6 3.8:0.3
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4 T " i TABLE VIII. Distances between the surface layers (00 and
* calcuiated mlrEAM (110 planes. Data for the Guellil-Adams EAM potential, the im-
T expermenta proved Finnis-Sinclair potential, and the gEAM are calculated from
3r 1 Refs. 9, 14, and 11, respectively. Data for experiment are from Ref.
s 9. DFT-LDA data are from Ref. 50.
/ ] ) .
g 2 o . (100 relaxation, % (110 relaxation, %
s e
¥ e Data source AR AZ® AR AP
= 1t ¢ .
o This work -23  +010 -0.99 +0.05
,,,./'/ Guellil-Adams EAM +2.4 —-1.2 -1.0 +0.03
ofe o ] Improved Finnis-Sinclair —3.5 -1.0 -2.8 +0.2
qEAM -1.1 -0.5 —-0.08 +0.007
DFT-LDA —-12 +4 -2 3
o 1000 2000 3000 2000 Experiment -11 +1
TK

_ _ _ aDistance between the first and second layers.
FIG. 4. Comparison of predicted data and experimental data fobpjstance between the second and third layers.

the linear thermal-expansion coefficient. The solid line represents

experimental data and the diamond points are the calculated data ) )
with our fitted potential. creasing with temperature up to a maximum error-&0%.

At very low temperatures, the potential has a small negative

. o P thermal expansion, which is incorrect.
the experimental activation energy for diffusion of 3.8 Moving next to surface properties, the relaxed surface en-
+0.3 eV** These data are also comparable to data calcu- 9 brop ’

lated using the improved Finnis-Sincfipotential, Guellil- ergy was calculated to be 2.03 J/for (100 and 1.77 J/

Adams potential, and the qEAM potentialt However, the for (110. The average experimental surface energy extrapo-

- : iy lated to zero Kelvin is about 2.78-2.90 J/t*° Previous
relaxed vacancy formation energies by these empirical pODFT data® for (100 and (110 surfaces are listed at 2.82—

tentials are lower than DFT ddfawhereas the vacancy mi- ) )
: P, 2.97 and 2.58 J/fin Table VII. As shown in Table VII, the
gration energy is higher than DFT détaThe reported datd EAM surface energies are about 12%—29% lower than the

calculated using the MEAM potential agree well with the —" . . \ . . %

DFT data?’ We also calculated the vacancy formation vol- estimates using Ty_sons population (jens_lty fa_ teased on

ume with a supercell of 432 atoms, and found a contractior‘?Xtrapplated experimental d"%ta’ Wh'Ch is typical fpr I.EAM

of 34% of equilibrium atomic volume\(s), which gives a potentials. The MEAM potential g|veesloa value that |s.h|gher

vacancy formation volume of 66%,. This is in good than the estimate for thel00) surface.” The qEAM gives
lower surface energy values for both00 and (110 sur-

agreement with (68 10)% V, predicted by DFT : , ;
: : . faces. The DFT dat8 agree well with Tyson’s estimate for
The calculated linear thermal expansion curve is shown 'r5100) but are higher than Tyson’s estimate fdn.0).

Fig. 4. The calculation was done by molecular-dynamics The reconstruction of thé100) surface of W was ob-

simulations with the present potential, to determine the lat- .
tice constants that correspond to zero pressure at differefit Tved by Altman, Estrup, and RobinsBrXu and Adamé?

temperatures relative to 298 K. The calculated data are iﬁggte?e(;ﬂtr;gz} th:s::?i%%r:ft{gc#]%n e?r: Stjgigis gr: Xgn?n%r'\élgs
reasonable agreement with the experimental*8auith dis- P Y 9 b '

: . . Our Ta potential does not produce a surface reconstruction

crepancy between the calculation and experimental data mon the Ta(100) surface. Table VIII shows the two near-
] ] surface interplanar distances f¢t00) and (110 planes,

TABLE VII. Comparisons of relaxed surface energies. Data fory,hich are in qualitative agreement with experiment data and
the Guellil-Adams potential, improved Finnis-Sinclair potential, DFT calculation<® The improved Finnis-Sinclair potent’rél

Baskes’ MEAM, and the qEAM are calculated from Refs. 9, 14, 10,and the qEAMl potential predict a contracted second inter-

and 11, respectively. Data for 0-K estimates are from Ref. 9. DFT- . 0
LDA data are from Ref. 50. planar distance at th€l00 surface. The Guellil-Adams

potentia? predicts an expanded first interplanar distance at
100 surface(J/nd (110 surface(J/n? the (100 sur_face. All three predlcthns contradict experimen-
(100 (9/nt) (119 (9/mt) tal observations and DFT calculatiohs.

This work 2.03 1.77 Including angular terms into the Ta potentials in practice
Guellil-Adams 1.99 1.80 greatly increases the computational cost. Xu and Adams
Improved Finnis-Sinclair 2.33 1.98 added the third and fourth moments in their EAM potentials
Baskes’ MEAM 3.04 2.78 for W, Mo, and V, which resulted in improved descriptions of
QEAM 1.75 1.47 surfaces properties but at the cost of a 100-fold increase in
DFT-LDA data 2.82-2.97 2.58 computational time.
0-K estimate? 287 202 Baskes modified the EAM by introducing an angular term
into the functional forr® to reflect the angular dependence
8 stimated based on Tyson's “population density factor.” present in the electron density of the same materials. The
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surface energies by such a MEAM Ta potential is closer tanal expansion is generally lower than the experimental value
experimental data than most EAM potentials. However, ouwith the largest error on the order 6f30%. The average
test of the potential shows that the MEAM Ta potential surface energies fdrl00 and (110 planes are about 12%—
shows relatively large errors in forces with respect to DFT30% lower than DFT data and Tyson’s estimates based on
forces. Zhanget al. introduced a different term, a modified experiments. The calculated interplanar displacement for the
energy term, into the total-energy expression of the MEAM(100 surface is also in qualitative agreement with both ex-
and obtained good results for reproducing experimental datperimental observations and DFT data. We recommend that
for Ta vacancy formation energy and migration enérgy. other researchers consider these Ta potentials or the revised
This MEAM potential is also in analytical form. It would be Finnis-Sinclair Ta potential over other current potentials due
useful to further test these potentials in more detail. to their good description of DFT forces and low computa-
tional cost.

IV. CONCLUSIONS
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