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Since knowledge of the structure and elastic properties of Ta at high pressures is critical for addressing the recent
controversies regarding the high-pressure stable phase and elastic properties, we perform a systematical study on the high-
pressure structure and elastic properties of the cubic Ta by using the first-principles method. Results show that the initial
body-centered cubic phase of Ta remains stable even up to 500 GPa and the high-pressure elastic properties are excellently
consistent with the available experimental results. Besides, the high-pressure sound velocities of the single- and poly-
crystals Ta are also calculated based on the elastic constants, and the predications exhibit good agreement with the existing

experimental data.
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1. Introduction

Tantalum, as an important pressure standard, is always
largely compressed under very high pressure. To have an in-
sight into its phase transition mechanism and mechanical sta-
bility under extreme conditions, investigations on the high-
pressure structure and elastic properties of Ta are essential.

Although a great deal of effort both in experimental!~1°!
and theoretical ' '=13] fields has been put into the high-pressure
structure of Ta, discrepancies on the stable structure at high
pressures remain inconclusive up to now. For example, the
shock wave experiments!!=3! indicated the body-centered cu-
bic (bcc) structure would transform into the hexagonal phase
at 45 GPa, while recent first-principles simulation!!! showed
this phase transition occurred above 70 GPa. Surprisingly,
the diamond-anvil cell (DAC) experiments!*~7! showed the bce
structure remained stable up to 135 GPal*! and 174 GPa,l>"!
respectively. Besides, other shock experimental®-!9 and

1[12-15]

theoretica research indicated that the bcc phase was

still stable under pressure up to 500 GPa. In addition, many

experiments!!6-18]

were also performed to determine the high-
pressure elastic properties of the Ta since the ultrasonic ex-
periment first measured its elastic moduli at pressure up to
0.5 GPa.["! For instance, the impulsive stimulated light scat-

tering (ISLS) measurement carried out by Crowhurst et al. [

DOI: 10.1088/1674-1056/25/12/126103

gave the results up to 30 GPa and radial x-ray diffraction mea-
surement (RXRD) fulfilled by Cynn and Yoo!!”! yielded the
data up to 105 GPa. Furthermore, inelastic x-ray scattering
(IXS) accomplished by Antonangeli et al.!'®! provided the re-
sults up to 120 GPa. Simultaneously, the high-pressure elas-
tic constants of Ta were also predicated by several theoretical

calculations.[20-26

| Unfortunately, we find that some disagree-
ments exist among the results of the elastic constants above
20 GPa.

us to further investigate the high-pressure stable structure and

All these discrepancies described above motivate

elastic properties of the Ta.

In the present paper, we perform a systematical investiga-
tion of the high-pressure structure and elastic properties of the
Ta by using the first-principles calculations. The rest of this
article is organized as follows. In Section 2, we present the
details of the calculations. Results and discussion are given in

Section 3. Conclusions of this work are drawn in Section 4.

2. Computational details
2.1. Total energy calculations

The zero-temperature energies of the bcc, fcc, and hep
structures of the Ta in the pressure range of 0 GPa—500 GPa are

calculated by the Vienna ab initio simulation package VASP

[27-30

code. | The generalized gradient approximation (GGA) in
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the Perdew—Burke—Ernzerhof parameterization (PBE)3!=341 is

chosen to treat the exchange—correlation effects. Specifically,
the projector augmented-wave (PAW) potential > with 11 va-
lence electrons 5p®6s25d? is used.

In addition, energy convergence (1 meV per atom) tests
at 0 GPa are performed to determine the cutoff energy and the

number of k-points. As displayed in Fig. 1, all the energies

converged well for the bec, fcc, and hep phases after the cut-
off energy reached 500 eV. From Fig. 2, we can clearly see
that the all the energies show a good convergence when the k-
points mesh size reaches 18 x 18 x 18 for the bce and fcc phases
and 15x15x11 for the hep phase, respectively. Besides, simi-
lar energy convergence tests are also performed at 500 GPa to

guarantee the correct predictions at high pressures.
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Fig. 1. (color online) Energy convergence tests of the cutoff energy at 0 GPa and 500 GPa respectively for the bcce, fce, and hep phases.
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Fig. 2. (color online) Energy convergence tests of the k-points respectively at 0 GPa and 500 GPa for the bcc, fcc, and hep phases.
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As presented in Figs. 1 and 2, the cutoff energy 500 eV
and k-points (18x18x 18 for bec and fcc, and 15x15x 11 for
hcp Ta) ascertained at 0 GPa are also suitable for those of
the high pressure. Therefore, the reasonable cutoff energy
500 eV and rational k-points (18x18x 18 for bcc and fcc,
and 15x15x11 for hep Ta) are used in the present calcula-
tions. Based on the total energies at various volumes, the
equation of state of the bcc Ta at 0 K can be determined by

fitting the fourth-order Brich-Murnaghan equation3%! E(V) =
4
Y a,V~2"/3_ Then the P-V data can be obtained directly from

rll;lz —(dE/9V);_,, which is the basis of the elastic constants
calculations at different pressures. In addition, the bulk mod-
ulus can be calculated from By = V92E / dV?, and its pressure
derivative can be obtained by B}, = dBr/dP.

2.2. Elastic properties calculations

In the present work, the single-crystal elastic constants
C11, C12, and Cy4 of the Ta are calculated by taking the second
derivatives of the free energies with respect to strain tensor.
To determine the elastic constants Cj; and Cj, we adopt the
volume conserving deformation gradient matrix (1), which is
ensured by det[o;;] = 1.

1+ 0 0
o= 0 1-6 0 s (D)
0 0 1/(1-8%)

where 0 is the strain magnitude, and it is set from —0.006 to
0.006 in steps of 0.001. The corresponding energies can be

expressed as
E(8)=E(0)+(Ci1 —Cip —2P)V&* +0(8°),  (2)

with E(8) and E(0) respectively representing the energy of the
deformed and undeformed unit cell, V denoting the volume, P
standing for the pressure applied on the reference state. Then
the value of Cy; — Cj, can be deduced from a least-squares fit
of formula (2). To calculate the Cy; and Cj; respectively, the

relationship between the elastic constants and bulk modulus

_ C +2C+P

Bt 3

3)

is used.
In addition, the volume conserving deformation gradient

matrix (4) is used to calculate the Cy4

1 0 )
aji=| 0 1/(1-8% 0 |. 4)
) 0 1

The corresponding energy expression is

E(8) = E(0) + (2C44 — 2P)V 8% +0(5%). (5)

Since the stress—strain coefficients defined as the first deriva-
tive of the stress with respect to strain are the felicitous quanti-
ties which describe the elastic properties of a system under the
isotropic pressure, the elastic constants are transformed into
the corresponding stress—strain coefficients by the following

expressions 37!
Biy1=Ci1—P, Bip=Cpp+P, and By =Cyu—P. (6)

For polycrystalline materials, the isotropic average bulk and
shear moduli can be determined according to the Voigt—
Reuss—Hill approximations!*¥! By = (By + Bg)/2 and G =
(Gy 4+ Gg)/2, where By, Bg, Gy, and Gy are expressed re-

spectively as

B 2B
By =Br= 10, ™
1
Gy = 5(311 — B2+ 3Bys), (8)
and
Gr = 5(B11 — B12)Bus ©)

3(Bi1 — Bi2) +4Bus’

Based on the values of the isotropic average bulk and
shear moduli, we also calculate the Young’s modulus Y and

Poisson’s modulus v by the following formulas

3B-2G 1 Y
dv=—" " —_(1-2). (10
V=268 16) 2( 3B> (10)

_ 9BG .
" 3B+G

2.3. Sound velocities

Sound velocities of the single-crystal Ta can be obtained
through the Christoffel equation>"!

det|Bjjun;n — pV*8y| =0, (11)

where p is the mass density, n; and n,; represent the direction
cosines of the sound wave, V' denotes the sound velocity, B; i
stands for the stress—strain coefficients tensor under isotropic
pressure, and 0y, is the Kronecker delta. For [110] wave propa-
gation direction in the single-crystal Ta, the longitudinal sound
velocity can be obtained by the following formula

ci1+ci2+2c4a
=y . 12
Vit =4/ 2 (12)

Its two transverse sound velocities respectively along [001]
and [110] directions can be calculated by the equations

Viooi] = %“ (13)

feir—cin
Viio = T (14)

and
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For the polycrystalline Ta, the isotropic average aggre-
gate velocities can be calculated through the following three

expressions
1/2
Vo — (BT+4G/3> 7 (15)
p
1/2
Vg = (BT) ) (16)
p
and
G\ /2
Vs=1| — . 17)
’ (p>

Where Vp, Vs, and Vp respectively represent the com-
pression, shear and bulk sound velocities, Bt and G are the
isotropic average bulk and shear moduli of the polycrystalline
Ta.

3. Results and discussion
3.1. Equilibrium structure and equation of state

To verify the accuracy of the present calculations, we list
the calculated equilibrium lattice parameter a, bulk modulus

By and its pressure derivative B6 of the bcc Ta in Table 1, to-

gether with the available experimental results.[!7:40:41]

Table 1. Calculated equilibrium lattice parameters a (in unit A), bulk
modulus By (in unit GPa) and its pressure derivatives B6, together
with the experimental results.l!7#04!l GGA-PBE: generalized gradi-
ent approximation-Perdew—Burke—Ernzerhof, XRD: x-ray diffraction,
DAC: diamond anvil cell.

Method alA Bo/GPa B
Present work (GGA-PBE) ~ 3.322 195 3.47
Ta Expt.[7l (XRD in DAC) 3.304 194 3.55
Expt.[*) (XRD in DAC) 3.304 194 3.52
Expt.[*!l (XRD in DAC) 3.304 195 3.40
LOR —— Crynn, et al.l"]
0.9 . Dewaele, et al.[41]]
0.8 - present work
§ 0.7}
0.6
051
0.4}
0 100 200 300 400 500

Pressure/GPa

Fig. 3. (color online) Relative volumeV /Vj as a function of pressure,
compared with the existing experimental results. 7421
From Table 1, we can clearly see that the calculated lat-
tice parameter of the bce Ta is in fair agreement (within 0.5%)
with the experimental data. [17.40.41] 1y addition, the bulk mod-

ulus and its pressure derivative are also in good agreement

with the existing experimental results.[**#!1 Besides, the pres-
sure dependence of the relative volume V /Vj is also displayed
in Fig. 3, together with the available experimental data.[”:4?]
From Fig. 3, we find that the agreement of the P-V /Vj curve

7421 s rather satisfactory. The

and the experimental results!
agreement mentioned above indicates that the choice of the
PAW pseudopotential and GGA-PBE approximation is reason-
able for the current study and the present calculations are reli-
able.

To decide the stable structure of the single crystal Ta at
high pressures, we calculate the enthalpies H = E + PV as a
function of pressure for the bcc, fcc, and hep phases at zero-
temperature and display the enthalpy differences relative to the
bee structure in Fig. 4. The positive of the enthalpy differ-
ences shown in Fig. 4 implies that the bcc structure of the Ta
is the most stable structure in the studied pressure range of
0 GPa to 500 Gpa. This is consistent with the experimental

discoveries!®~1% and other theoretical results.!!>~15]

0.8F
>
o
CHE
&
= o6t
<
+~ -
G
S 04
2 AI—Ifcc—bcc
e ]
g 0.2+ — AI—Ihcp—bcc

0 L - L L
0 100 200 300 400 500

Pressure/ GPa

Fig. 4. (color online) Pressure dependence of the enthalpy differences
AH of the fcc and hep structures with respect to the bee phase of the
single crystal Ta.
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Fig. 5. (color online) Phonon dispersion curves of the bcc phase of the
Ta single crystal respectively at 450 GPa and 500 GPa.

To further test the dynamic stability of the bcc structure

of the Ta single crystal at high pressures, we also calculate
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the phonon dispersion curves of the bcc phase respectively
at 450 GPa and 500 GPa by using the method described in
Refs. [43] and [44]. As displayed in Fig. 5, the imaginary fre-
quency is not presented in the whole pressure range. This in-
dicates that the bcc structure of the Ta is dynamically stable up
to 500 GPa at 0 K. Therefore, the following results and discus-
sion are fulfilled only based on the bcc phase of the Ta single
crystal. Based on the conclusion, we list the high-pressure lat-
tice constants and corresponding volumes of the bcc structure
obtained in the present work in Table 2, and hope that the pre-
dicted results can serve as a valuable guidance or reference for
further related investigations which will be conducted some-
day.

Table 2. Predicted high-pressure lattice constants a and corresponding
volumes V of the bce phase of the Ta single crystal.

Pressure 0 100 200 300 400 500
alA 3322 3.009 2862 2767 2697 2.642
V/A3 18330 13.622 11.721 10.592 9.809 9.221

3.2. Elastic properties

The pressure dependence of the calculated stress—strain
coefficients describing the elastic properties of materials under
isotropic pressure are displayed in Fig. 6(a). From Fig. 6(a),
we find that the calculated stress—strain coefficients B, Bia,
and Ba4 not only show an upward tendency with pressure in-
creasing, but also reveal good agreement with the available
experimental values!!”*! at high pressures. In addition, we
also find that the effect of the pressure on Bj; is much larger
than that on By, and Ba4. This may originate from the fact that
the stress—strain coefficient By representing the elasticity in
length changes with longitudinal strain, while B, and Ba4 are
related to the elasticity in shape. A transverse strain causes a
change in shape at a constant volume. Therefore, By, and Ba4
are less sensitive to pressure than that of the By;.
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Fig. 6. (color online) (a) Calculated stress—strain coefficients of the bcc
Ta versus pressure at 0 K, together with the corresponding experimental
results.l!7*31 (b) Bulk, Young’s, and shear modulus of the polycrys-
talline Ta versus pressure at 0 K.

Since the bulk and shear modulus respectively represent
the resistance to fracture and plastic deformation of a mate-
rial, they are calculated and displayed in Fig. 6(b). Figure 6(b)
shows that both the bulk and shear modulus present an increas-
ing change tendency with the enhancement of pressure. Based
on the calculated bulk and shear modulus, we analyze the high-
pressure ductility or brittle nature of the bee Ta according to
the Pugh criterion.[**) Generally, materials become more and
more ductile with pressure increasing. Moreover, the material
behaves in a ductile manner when B/G is above 1.75; other-
wise it exhibits a brittle nature. In the case of the bce Ta, Fig. 7
shows that each value of the B/G is larger than 1.75. Conse-
quently, the bce Ta can be regarded as a ductile material in the
whole studied pressure range.

Young’s modulus Y and Poisson’s ratio v characteriz-
ing the elastic properties of a material are important physical
quantities. Specifically, Young’s modulus often provides a cri-
terion of stiffness of a solid, i.e., the larger the value of Y,
the stiffer is the material. Poisson’s ratio reveals the brittle-
ness and ductility of a material. According to Frantsevich’s
rule, 7! the critical value of Poisson ratio of a material is 1/3.
For brittle materials, the Poisson ratio is less than 1/3. Other-
wise, materials are ductile. As clearly displayed in Fig. 7, all
the calculated Poisson ratios of the bce Ta are larger than 1/3
in the studied pressure range, so the bcc Ta is regarded as a
ductile material. The result is excellently consistent with the
conclusion obtained from the Poisson ratio.

3.0 T T T T T T T T

2.5 .
2.0
1.5 .
1.0 .

0.5

0 [k —de—k— kA —k—he—k k]

0 100 200 300 400 500
Pressure/GPa

Anisotropy factor, Poisson’s ratio and B/G

Fig. 7. (color online) Pressure dependence of the anisotropy factors Az
and Aygry, Poisson’s ratio v, and B/G ratio.
On the basis of the elastic properties described above, we
further probe the mechanical stability of the bce Ta under high
pressure by using the generalized elastic stability criteria

B11+2B1; >0, Bss >0, Bi1—Bjp>0. (18)

Obviously, all the above restrictions are satisfied in the stud-
ied pressure range, which again implies that the bce structure
of the Ta single crystal is mechanically stable at least up to
500 GPa.
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3.3. Elastic anisotropy

Elastic anisotropy of a crystal is the orientation depen-
dence of the elastic moduli. Essentially, the elastic properties
of all single crystals are anisotropic. Therefore, it is neces-
sary to explore the anisotropy of crystals when we study their
elastic properties. The anisotropy factors

2C4

=% and Avpy = LR 19
ci_cn and Avry (19)

A
z Gy +Gg

respectively introduced by Zener*®! and Chung et al.*! are
usually used to quantify the elastic anisotropy of cubic crys-
tals. For an isotropic crystal, Az equals 1, otherwise the ma-
terial is anisotropic. The magnitude of a deviation from 1 is
a measure of the degree of elastic anisotropy possessed by the
crystal. Simultaneously, a material is isotropic when Ayry
equals 0, otherwise it is anisotropic. From Fig. 7, we can
clearly see that the value of the anisotropy factors Az and Ayry
respectively approaches 1 and 0. Moreover, both of them vary
very slightly with pressure, which suggests that the Ta is nearly
isotropic in the whole studied pressure range.

3.4. Sound velocities

According to Egs. (12)-(14), we calculate the longitudi-
nal and transverse sound velocities V1gj, Vjpo1], and Viiio) of
the [110] wave propagation direction in the single crystal Ta.
Meanwhile, the compression, shear and bulk sound velocities
Vp, Vs, and Vp of the polycrystalline Ta are also calculated by
using formulas (15)—(17). To explore the tendency of these
sound velocities of single- and poly-crystal Ta with pressure
increasing, the pressure dependence of these sound velocities

17.19.45,50,511 i displayed in

and available experimental results!
Fig. 8. From Fig. 8, we can clearly see that all the sound
velocities increase monotonously as the pressure increases in
both cases of the single- and poly-crystal Ta. In addition, it
is worth pointing out that the compression and bulk sound ve-
locities Vp and Vp of the polycrystalline Ta are in good agree-
ment with the existing experimental results obtained respec-
tively by the radial x-ray diffraction measurement (RXRD),!!7]
ultrasonic experiment,!'®! impulsive stimulated light scatter-
ing (ISLS) experiment, ! and inelastic x-ray scattering (IXS)
method.’%3!1 Only little division between the experimental
data and theoretical values may be originated from the tem-
perature effect, for the experimental results were obtained at
the 300 K and the theoretical data is calculated at 0 K. Fi-
nally, it should be pointed out that the corresponding theoret-
ical values calculated by other authors are not referred to in
the present work, for the results obtained by different numer-
ical procedures and forms of exchange—correlation functional
have different accuracy. We deem that it is insignificant to

compare our data with other theoretical results.

10 T T T T T T T T

W~

[\V]

T T T T T T T
| —— IXRS Expt., Antonangeli et el.
ISLS Expt., Crowhurst et al.

|—*— RXRD Expt., Crynn and Yoo.
| —@— ultrasonic Expt., Katahara et a

—_
en)
1

Sound velocities/(km/s)
® S

Vs

() 7
200 300 400 500

Pressure/ GPa

Fig. 8. (color online) Pressure dependence of the sound velocities of

the single crystal (a) and polycrystalline (b) Ta, together with the exper-
imental results.[17-1945-50,51]

L 1
0 100

4. Conclusion

Investigations of the structure, elastic properties and
sound velocities of the Ta single crystal at high pressures
are performed by using the first-principles calculations in the
present work. It is found that the initial bce structure under
ambient condition remains stable up to 500 GPa at 0 K and the
high-pressure elastic properties of the cubic Ta single crystal
show excellent agreement with the available experimental re-
sults. In addition, the high-pressure mechanical stability of the
bee Ta is also confirmed by the elastic stability criteria of the
elastic properties. Finally, the sound velocities of the single-
and poly-crystal Ta are also calculated based on the results of
the elastic constants. Furthermore, the sound velocities of the
polycrystalline Ta are in good consistency with the existing ex-
perimental results obtained by various diamond-anvil-cell ex-
periments.
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