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Prediction of the local structure of liquid and supercooled tantalum
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We report first principles molecular dynamics simulations to predict the short-range order of liquid and
supercooled tantalum. The results give support to characterize the transitory phase which occurs during solidi-
fication from highly undercooled tantalum liquid, as observed in ultravacuum drop tube experiments. The local
short range order determined in the supercooled liquid displays a complex polytetrahedral type order, very
close to that of the A15 phase. We have also determined the melting temperature of the A15 phase in fine
agreement with the experimental melting temperature of the transitory phase, which represents a first step in
the understanding of the solidification path.
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[. INTRODUCTION tory transition metals such as Ta in the liquid state is still out

Upon supercooling, a liquid becomes metastable with reOf re.ach. First-princip!es base.d simulgtiqns appear then to be
spect to solid state. Under these nonequilibrium conditionsSrucial to predict their SRO in the liquid and supercooled
the free energy difference represents a driving force whictgtates. Particularlyab initio MD provides a very accurate
leads to the formation of various metastable phases. Thedeol to study consistently structural, dynamic, and electronic
can be crystalline structures different from those of the stabl@roperties of system containirdrelectron elements® The
solid as well as amorphous solids with kinetically arrestedaim of this paper is to elucidate the nature of the SRO of Ta
liguid-like structure. Investigations of undercooled melts arein the liquid state and its evolution in the supercooled region.
therefore of great importance not only for a better underUsing an approach similar to the one used to determine the
standing of fundamental phenomena such as nucléaion  structural properties of undercooled Zr liquidse investi-
also for the subsequent design and engineering of new higlyate the structural properties of Ta and especially the under-
performance materials. lying inherent structurésby means of common-neighbor

Recently, experimental containerless methods have emnalysis? In this manner, we have access to a detailed three-
abled the observation of a double recalescence phenomengiimensional image of the local atomic arrangements. It is
for Re and Ta metal giving experimental evidence of an geen that the fivefold symmetry dominates in the stable lig-
undercooling-induced metastable phase transformation iiq and grows upon supercooling. By comparison with the

pure transition metals. Unfortunately, the metastable phasegy,ctyral and energetic features of the Frank Kasper phases,

of pure refractory metals induced by the supercooling cond!we show that there is a reinforcement of the A15-type SRO

tions are transitory during the solidification process, and thel(Nhen the liquid is undercooled. We have also determined the
melting temperature is the only signature. For Ta, total en-_ . | '
ergy calculations aT=0 K coupled with a simple thermody- melting temperature of the A15 phase and we found a fine

namic model have been propodédo determine the melting agreement with the experimental melting temperature of the

temperature of candidate structures. The metastable phaselj@nsitory phase. Such a study may be considered as a first

then determined by comparing the calculated melting temSt€P towards the understanding of the solidification path.
peratures of candidate structures to the experimental melting " Sec. I, we present details of first-principles MD simu-
temperature. For Ta, the A15 phase, which is energeticallfgtions. Section IIl contains the results and their discussion.
very close to the bcc crystalline structure, represents a plas? brief summary and conclusions are given in Sec. IV.

sible structure for the metastable phase observed in the ultra-

vacuum drop tube experimeht.However, the proof is quite Il COMPUTATIONAL DETAILS
indirect since it is based on the use of candidate structures
chosen intuitively. We have performed first-principles simulations, using the

Another way would be to study the structure of liquid Ta most recent version of the Vienrad initio simulation pack-
as a function of temperature above and below the meltingige (vasp),'%, based on the density functional theqBFT)
point. In this case, the concept is to relate the local structuraithin generalized gradient approximati6cBGA).!* The in-
of the supercooled state to that of the transitory phase. It iteraction between the ions and electrons is described by the
based on the similarity of the short-range ord8RO of  projector augmented-wav@AW) method implemented by
liquid and solid phases, which leads to a low solid—liquidKresse and Joube¥t.In the present PAW potential, thes6
interfacial energy and consequently to a low activationand 5 orbitals as well as the semi-corep Hrbitals are
threshold for nucleatiof. treated as valence orbitals with a plane-wave cutoff of
Due to an extremely high melting temperature, the direc224 eV (only theI" point was considered to sample the su-
experimental observation of the atomic structure of refracpercell Brillouin zonég.
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The phase-space trajectory of the liquid is generated using [ll. RESULTS AND DISCUSSION
molecular dynamics in th&lVT ensemble, by means of a
Nosé thermostat to control the temperature, with a time step ) ) ) _ )
of 3fs. Three temperatures were considered, naniely [N Fig. 1, we display the pair-correlation functigir) for
=3500 K in the stable liquid well above the experimental@ll the thermodynamic states as described in the preceding
melting point of 3287 K andT=2900 and 2600 K in the Section. Figure @& shows the evolution of(r) with tem-
supercooled regime. perature when the density is kept constant. In quenching the

At these three temperatures, a cubic cell of volukhe system, it is seen that the flrs_t peak narrows and its _helght
containing N=256 atoms, subject to standard periodic'ncreases: This is a_characterlstlc fez_iture accompanying the
boundary conditions was used. The size of the simulatior?uPer,COOl'ng' feve"?‘"”g gsharper-defmed str_ucture_. The peak
box was set td.=17.24 A in order to reproduce the experi- remains asymmetric, which may be compatible with a bce-

. S : like structure’ In Fig. 1(b) the effect of the density is exam-
mental density of liquid tantalud®. However, it has been . ~ . :
showrt* that using the density of the liquid state to describeIned atT=2600 K, and a shift of the different peaks towards

. : lower distances is seen when the density is increased. This is
the structural properties of the supercooled state is a rath?ﬁore visible on the second and third peaks that show a
crude approximation. Therefore, d=2600 K, two other

! - ' change in their shape as well as a shift of their position
simulations were performed to study the influence of theq\ards lower. This is the first signature that changes occur
temperature dependence of the atomic density. The first ong SR in the supercooled regingas an indication we plot
has been done with a 216-atom- computational cell with the positions of the atoms in the A15 and bcc structures as
=15.93 A, which corresponds to a density of the supercooledglid and dashed vertical bars, respectiyely

liquid obtained by assuming a temperature dependence of the Taking the first minimum ofy(r) as the radius, defining
atomic density in the supercooled regime similar to that obthe first coordination shell, we find an increase of coordina-
served above the melting temperattité.et us mention that tion number from N.=13.2+0.1 at T=3500 K to N,
such an assumption has been very recently confirmed by13.5+0.1 afT=2600 K for the density of the supercooled
Paradiset al® The second simulation has been done with aliquid.'®5 This increase is directly related to the change in
250-atom-computational cell with=16.60 A, which corre- density since a coordination numbét,=13.3+0.1 atT
sponds to the experimental density of the bcc phase at this2600 K is obtained when the system is quenched at con-
temperature. Such a density may be considered as the phystant volume.

cal limit of the density of the supercooled state. We have Figure 2a) shows the bond-angle distributigii6) at the
estimated the pressure for this density which is 2.75 GPdhree temperatures, with the density of the stable liquid. The
This relatively moderate value represents the upper limit fotemperature effect leads to a better defined two-peaks struc-
all the simulations considered here. We mention that thdure. These two peaks are located/ats5° and 105°, respec-
number of atoms have been chosen in order to allow eithdiVely, and a hump occurs also @t 150°. The density effect
Al15-type long-range order or bce-type long range order i@t T=2600 K, which is shown in Fig. (D), leads to a stlll_
develop. more pronounced two-peaks structure and a more defined

The typical duration of the runs is 7.5 ps. The proceduré"u'ﬁnp ar_ound9: 150°. These re_sults indicate again a change
of the simulations is the following: starting at 5000 K from a In SRO in the supercooled regime. They can be compared to

- : . the angle distribution of the bcc crystal, naméky55°, 71°,
well equilibrated state, the system is quenched mstantagoo 1890 and 125° and to that ofythe more chpIex distri-
neously at 3500 K at constant volume. This procedure ig ... ¢ the A15 crystal, namely=48°, 57°, 66°, 100°

repeated for other temperatures and other densities. For eaﬁm and 156°. Let us also mention that the icosahedral sym-

run, after an equilibration period of 2 ps, a number of 100metry gives angles, namel§=63.5° and 116.5° not so far
configurations were extracted to produce averaged structurglym” our results. A’S these distributions have most of the

quantities. Among 100 configurations, ten selected configuangles close to each other, it is difficult to distinguish be-

rations regularly spaced in time are saved. The steepesiyeen them in our results.

descent energy-minimization procedure with the conjugate The preliminary conclusion for liquid Ta is that changes

gradient method is imposed on each of these configurationsccur in SRO in the supercooled regime. However, if the

to extract their inherent structurgsin which atoms are pair-correlation functiom(r) and the bond-angle distribution

brought to local minimum in the potential-energy surface. are adapted to detect the structural evolution, they are not
We have determined the self-diffusion coefficiénfrom  accurate enough to analyze this structural evolution.

the velocity autocorrelation function, which takes the value

D=0.69x 10 cn?/s atT=3500 K. Upon quenching at con- _ _ _

stant volume we find>=0.41x 107* cn?/s at T=2900 K, B. Pair-analysis technique

and D=0.38x 10 cn?/s at T=2600 K. Then, increasing In order to obtain a more detailed three-dimensional de-

the density af =2600 K results in an additional lowering of scription of SRO, we resort to the common-neighbor

D, namely,D=0.2x 10°* cn?/s. Nevertheless, the diffusion analysi€ in which the first two peaks of the pair-correlation

remains significant even at the lowest temperature and higHunction are decomposed. This method is able to characterize

est density, attesting that the system keeps a liquid-like bethe local environment surrounding each atomic pair that con-

havior. tributes to the peaks af(r), in terms of the number and

A. Pair-correlation functions and bond orientational order
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05 - FIG. 1. Pair-correlation functiomg(r) of Ta:
' (a) for the quench at constant volume in the lig-
uid at T=3500 K (dashed ling and supercooled
0.0 melts at T=2900 K (dotted line$ and 2600 K
(@) 0 (solid line); (b) in the supercooled region &t
=2600 K with a density corresponding to that of
the stable liquidRef. 13 (solid line), the density
of the supercooled liquid(Ref. 13 and 1b
2.5+ (dashed ling and the density of the bcc structure
at the considered temperatuf@otted ling. The
solid and dashed vertical bars represent the posi-
2.0 1 tions of the atoms for the A15 and bcc lattices,
respectively.
154
i<
1.0 -
0.5
0.0
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properties of common nearest neighbors of the pair under This method is able to distinguish between various local

consideration. The positions of the first and second minimatructures like fcc, hep, bee, and icosahedral environments.
are used as a cutoff distance to define the nearest- and secdn@r example, four bonded pairs are represented in a bulk fcc
nearest-neighbor atoms, respectively. To avoid the thermdrystal: 1421, 2101, 2211, and 2441. A bulk hcp contains the
noise, we use the “inherent structure” concept which is a Wa?ame pairs but not with the same weight and additional pairs
to resolve observable order in the liquid into the vibrationallike 1422 and 2331 pairs. The 1441, 1661, 2101, 2211, and
and inherent structural parts. In the inherent structures, thé441 are typical pairs of the bulk bcc crystal. On the other

atoms are brought to local minima of the potential energy?@nd, the 1551 bonded pairs represent the two root pair at-
surface using a steepest-descent energy-minimization proc@MS With five common neighbors that have five bonds, thus
dure with the conjugate gradient method. For each temperd®'Ming @ pentagon of atoms in contact. Let us emphasize
ture, ten selected configurations are used to generate the imgtntth; rt]rl:?tc)jirgrogelgfslicgggﬁggrgﬁlcrj dgriﬁgdlrlgg: mg,?:’#gg'
ggﬁ]r;é f)tz;lijrcrzlz)rr?tsri.bﬁt;f; tc:)f t?eurpg]iglggrsrellsa t?;:'?unnecc:i&?u €aC[4cal order built on a 13-atom icosah_edron leads to the oc-
the first index denotes to what peakgif) belongs the pair currence of 1551, 1321, and 2331 pairs,

) o ! ; In Table I, we have gathered the relative abundance of the
under consideration, i.e., the root pair 1 for the first and 2 fofgjeyant pairs of our simulations af=3500 K and T

second peak ofi(r)--; (ii) the second index represents the =600 K (as a function of densijyas well as those of the
number of near neighbors shared by the root p@irj the ~ A15 and bcc lattices. The microscopic analysis emerging
third index is for the number of nearest-neighbor bondsfrom the data of Table | indicates that the SRO of the liquid
among the shared neighbox$;) a fourth index is used to at T=3500 K is quite different from the nucleating bcc-type
distinguish configurations with the same first three indicesstructure since it is dominated by icosahedral and distorted
but with a different topology. Figure 3 shows the most fre-icosahedral inherent structures. Indeed the 1551, 1541, and
guent configurations corresponding to pairs of the first peakl431 bonded pairs are preponderant, the last two 41
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and 143} being formed when regular 1551 structurescharacterized by a SRO that is more complex than the one
deformedt® However, although the 2331 pairs are relatively found in the 13-atom icosahedron. The 1441 and 1661 pairs
numerous, the absence of the 1321 pairs and the high val@e also of importance. These two pairs may contribute to a
of the 2101 ones is a strong indication that the liquid isbcc-type local structure since the 2101, 2211, and 2441
bonded pairs have a non-negligible weight. However, when
associated with the 1551 and 2331 bonded pairs, the 1661
pairs are in favor of Frank—KaspéFK) polyhedra of high
coordination, namely Z14, 715, and Z16. As already dis-
cussed above, the icosahedron is formed by a central atom
which has twelve nearest neighbors, all these being joined to
it by twelve 1551 bonded pairs. Similarly, if the central atom
has fourteer{for more neighboring atoms, i.e., Z1¢r Z15,
Z16), twelve are joined to the central one by twelve 1551
bonded pairs and tw@r 3, 4 by two (or 3, 4 1661 bonded
pairs. Therefore, an increasing of the ratio 1661/1551 is a
strong indication of an increasing complexity of the Frank—
Kasper based-polytetrahedral symmetry.
Upon supercooling at constant density, changes are very
small and do not show any evolution of SRO. However,
1661 pair taking into account the density introduces noticeable
changes. At the density of the supercooled ligidi#} the

1551 pair

FIG. 3. (Color onling Main atomic pairs of type 1, contributing number of 1551 increases at the expense of the 1431 and
1541 which indicates that defective icosahedra are less nu-

to the first peak ofy(r).
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TABLE I. Analysis of theab initio MD simulations in bonded pairs fofF=3500 K, in the liquid, and
T=2600 K for the undercooled melfa) same density as in the stable liqu{}) density of the supercooled
liquid (Refs. 13 and 1 (c) density corresponding to the bcc structure at the considered temperature, as well
as for the bcc and A15 structures. The absolute error bars of the abundances is 0.01.

Bonded pairs T=3500 K T=2600 K& T=2600 Ko T=2600 K° Al5 bcc

1551 0.54 0.53 0.55 0.55 0.89 0.00
1541 0.12 0.13 0.10 0.10 0.00 0.00
1431 0.09 0.09 0.07 0.07 0.00 0.00
1421 0.01 0.01 0.00 0.00 0.00 0.00
1422 0.01 0.01 0.00 0.01 0.00 0.00
1201 0.00 0.00 0.00 0.00 0.00 0.00
1211 0.00 0.00 0.00 0.00 0.00 0.00
1301 0.00 0.00 0.00 0.00 0.00 0.00
1311 0.00 0.00 0.00 0.00 0.00 0.00
1321 0.01 0.01 0.00 0.00 0.00 0.00
1331 0.00 0.00 0.00 0.00 0.00 0.00
1441 0.06 0.06 0.08 0.08 0.00 0.57
1661 0.13 0.14 0.16 0.17 0.11 0.43
1771 0.00 0.00 0.00 0.00 0.00 0.00
1881 0.00 0.00 0.00 0.00 0.00 0.00
2101 1.57 1.59 1.59 1.56 1.67 1.57
2211 0.75 0.74 0.73 0.75 0.33 1.71
2321 0.03 0.03 0.01 0.01 0.00 0.00
2331 1.21 1.20 1.21 1.20 1.70 0.00
2441 0.17 0.18 0.20 0.21 0.00 0.86

merous in the supercooled state. However, the competition C. Melting temperature of the A15 phase

between fivefold symmetry and the bcc-type symmetries is

reinforced since the number of 15%With 1541 and 1431 In addition to the structure of the supercooled liquid, we

bonded pairs decreases while the number of 1441 and 1661ave also explored Ta solidification since it is experimentally
pairs increases. Thus these two simultaneous variations suppown that the solidification path of the highly undercooled
port the occurrence of a more pronounced bcc-type structur liquid involves a transitory metastable phas@ur simu-
as well as an increasing complexity of the Frank—Kaspetations in this regard were done at a constant volume from a
based-polytetrahedral symmetry in the supercooled regimeupercooled Ta liquid obtained dt=2600 K. The simula-
Such a trend is confirmed by the results obtained using &ons have been done with the 250-atom computational cell
density which corresponds to that of the bcc structur@ at and with the 216-atom cell which allow the occurrence of
=2600 K(see column 5 of Table lIn this case, the bcc-type long-range orders of bcc-type and Al5-type, respectively.
SRO becomes more pronounced. In addition, the evolutiofror the first cell, the calculated bcc volume has been chosen
of the unbounded pairs shows a simultaneous increase of thwhile for the second cell, the calculated A15 volume has
2441 and 2211, which is in favor of a growing degree of thebeen usedsee Fig. 4. At both volumes, thermal quenches
bce-type ordering. lead to a glass structure which displays local characteristics
Among the Frank—Kasper phases, the A15 phase is knowsimilar to both the bcc and A15 phases. Even if these simu-
to present the smallest percentage of icosahedraPsita$  lations are unable to reproduce a recrystallization path due to
consequently the most important polytetrahedral SRO. Ashe smallness of the simulation celfsthey clearly demon-
already discussed above, the ratio 1661/1551 can be used d$trate the close competition between the two phases. Such a
discuss quantitatively the degree of the Frank—Kasper basedesult can be related to the small energy difference between
polytetrahedral symmetry. This ratio can be calculated in théhe two phases @=0 K (see Fig. 4. Indeed, such calcula-
liquid and supercooled states by subtracting the bcc-typéons atT=0 K can be used to evaluate the melting tempera-
contribution from the 1661 pairs. The calculated ratio variedure of the metastable A15 phase and provides a first indica-
from 0.115 in the liquid state to 0.131 in the supercooledtion of the solidification path.
state while it is equal to 0.125 in the A15 phase. Then, we In this work, we use a more elaborate method than that of
can see that the effect of supercooling via the density variaRef. 2. The melting temperaturg,, of an element can be
tion is to give a polytetrahedral SRO with a symmetry whichcalculated from the knowledge of its Helmholtz free
is very close to that found in the A15 structure. energy*’;
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m IR2 In summary, we have investigated the SRO of liquid Ta

and its evolution upon supercooling layp initio MD simu-
lation. The identification of inherent structures obtained by
the common-neighbor analysis indicates that the SRO is

Wigner—Seitz radius of the atom. The Helmhotz free energ homi?ag:edl_by'gtrurc]:'turrlal tunitstl’\lN ith the fivefold sylr_nmegy irr:

F(V,T) can be written as a sum of three contributions, the' '€ StaPl€ fiquid which strengthen upon supércooling. such a

total enerav afT=0 K. the vibrational free enerav of the result gives an unambiguous proof that the SRO of liquid Ta
9y A 9y is independent of the nucleating bcc solid phase. In the un-

lattice and the free energy FJue to the thermal exmtaﬂqn OHercooled state, the classification of inherent structures
ele_ctrons. When the magnetic and the e_lectron_—phonon 'nteE'IearIy points out a polytetrahedral SRO very close to that
actions are neglected, the last term is obtained from the,nd'in the A15 structure as well as a reinforcement of the
knowledge of the electronic density of staté§o calculate bce-type SRO. This competition gives strong support to the
the vibrational free energy of the lattice, we use the Debye-scenario in which supercooling of Ta is accompanied by the
Gruneisen theory in which the Debye temperature is relateghrmation of a metastable A15 phase as observed in the re-
to the calculated bulk moduld8 Therefore, the only param- cent experiments by a double recalescence phenonféien.
eter to calculate the melting temperature is the consfant calculate the melting temperature of the metastable A15
which is simply determined from a fit to the experimental phase which can be considered as the first step in the under-
melting temperature of bcc Ta, i.e., 3287 K. Keeping thisstanding of the solidification path.

value of C for the metastable A15 phase leads to a melting

temperature of this phase equals to 2910 K, in fine agree- ACKNOWLEDGMENT
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where C is a constant for a given element amdis the

Ref. 2. LPMMC for computational resources on the PC cluster.
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