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Shear softening in tantalum at megabar pressures
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We have experimentally and theoretically investigated the aggregate elasticity of tantalum to pressures
exceeding 1 Mbar. Our inelastic x-ray scattering measurements show a softening in the aggregate shear
velocity in the 90-100 GPa range with typical pressure dependence above 120 GPa. Our calculations suggest
that, in analogy with theoretical predictions on vanadium and niobium, this anomalous behavior is likely due
to the intraband nesting of the Fermi surface that leads to an electronic topological transition and a concomitant

transverse-acoustic-phonon mode softening.
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Since the pioneering works of Bridgman in the 1950s,! it
has been known that yield strength and ductility, as well as
the elasticity of metals are strongly affected by even moder-
ate pressures. Understanding the physics underlying in-
creases in material strength under compression is important
to and broad range of scientific fields such as material sci-
ence, solid-state physics, and geophysics and planetary phys-
ics.

Consequently, a great deal of effort has been put into the
experimental investigation and theoretical descriptions of the
mechanical properties of materials under extreme conditions.
Tantalum, which is bcc at room pressure and temperature, is
predicted to retain the bcc structure over a very large pres-
sures and temperature range.”> Thus, it is one of the most
widely used benchmarks for the study of yield strength and
for testing theoretical predictions of elastic and plastic be-
havior under extreme conditions.’® However, both experi-
mental and theoretical descriptions of plasticity, from the
atomistic scale to the macroscopic stress-strain conditions,
require accurate descriptions of the elastic properties at high
pressure (cf. Ref. 7).

Further interest in the elastic properties of Ta under com-
pression comes from theoretical predictions'®!! of an elec-
tronic topological transition'? that drives an anomalous be-
havior of the elastic modulus C4 above megabar (Mbar)
pressure. Conceptually similar phenomena have been in-
voked to explain the observed rhombohedral distortion that
occurs in vanadium'3 and the temperature dependence of the
elastic moduli of niobium.'* However, while theory suggests
that this is a general feature of group VB elements,'’!>17 no
experiments have indicated the presence of an anomalous
softening of the transverse-acoustic phonons in Ta.

At present, there exist ultrasonic determinations of the
elastic moduli of tantalum up to 0.5 GPa,'® impulsive stimu-
lated light scattering (ISLS) results to 30 GPa,' radial x-ray
diffraction measurements (RXRD) to 105 GPa,?° and theo-
retical calculations.>!'%!1:2! Partial information on the elastic
properties can also be inferred from the experimentally de-
termined equation of state (EOS).?>?* Unfortunately, at pres-
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sures above 20 GPa, there is significant disagreement be-
tween these determinations and likely the most reliable
results are provided by extrapolation of the ultrasonic work.
However, a simple extrapolation of low-pressure data results
in uncertainties of ~20% at 1 Mbar,” and a clear hindrance
to the search for any anomalous mode softening.

Here we present experimental and theoretical constraints
on the elasticity of Ta at pressures exceeding the Mbar,
mainly focusing on the aggregate properties. Indeed, while
inelastic x-ray scattering (IXS) has been proven a powerful
tool for the investigation of single-crystalline elasticity at
high pressure and high temperature,>> as well for the in-
vestigation of the electron-phonon coupling,’®?” the exten-
sion of IXS measurement on single crystals to Mbar pres-
sures is greatly limited by the severe constraints imposed on
the sample size and quality. Accordingly, to be able to cover
the largest pressure range, we performed our measurements
on polycrystalline samples. The samples consisted of com-
mercially available, high-purity (99.999%) tantalum powder
loaded without pressure-transmitting medium in a
membrane-driven  diamond-anvil cell equipped with
300/150 um single bevel diamonds and a rhenium gasket.

The experiments were carried out at the high-energy res-
olution inelastic x-ray scattering spectrometer (HERIX) at
sector 30 at the Advanced Photon Source. The synchrotron
beam was monochromatized by a diamond double-crystal
monochromator to 1.6 eV at 23.724 keV, and then to 1 meV
bandwidth using a six-reflection crystal inline monochro-
mator. The energy scans were performed by rotating crystals.
The beam was focused by a Kirkpatrik-Baez mirror to a spot
size of 35 m horizontally and 15 m vertically and the scat-
tered radiation from the sample was collected at 9 m distance
by silicon analyzers in backscattering geometry using the Si
[12 12 12] reflection. The overall energy resolution was 1.5
meV full width at half maximum. Spectra have been col-
lected in transmission geometry, with the x-ray beam im-
pinging on the sample through the diamonds, along the main
compression axis of the cell, and hence probing exchange
momenta g almost perpendicular to the cell axis. In parallel
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FIG. 1. IXS spectrum collected at ambient temperature and 120
GPa, for g=6 nm~'. The experimental data and their statistical er-
ror bars are shown together with the best fits.

to the IXS measurements we also collected Ta diffraction
lines to directly determine the density p and thus the pressure
by using tantalum EOS.?* We collected data at 0.4, 1, 43, 68,
88, 96, and 120 GPa, constraining the aggregate longitudinal
phonon dispersion by 4-5 IXS spectra collected in the
4—16 nm™! range. The energy of the phonons was extracted
by fitting a set of Lorentzian functions to the IXS spectra,
utilizing a standard y?> minimization routine. An example of
the IXS spectra and fit obtained at 120 GPa is shown in Fig.
1.

We determined the aggregate longitudinal sound velocity
V, by fitting a sinus function to the experimentally deter-
mined phonon dispersions (Born—von Karman lattice-
dynamics theory limited to the first neighbor interaction),?
with typical indetermination of =2-3 %. Combining our
measurements of V; and p with the adiabatic bulk modulus K
(~1% correction to the isothermal values}), we can obtain
the aggregate shear sound velocities Vg from the relation
Vy=[3/4(V;-K/p)]"2. This approach results in somewhat
larger uncertainties (typical errors ~4-5 %, up to 7%) in Vg
due to error propagation. Detailed discussion on the link be-
tween the longitudinal-acoustic-phonon dispersion probed by
IXS technique in polycrystalline materials, the aggregate
macroscopic velocities and the average of single-crystal
moduli, in particular, on textured samples, can be found
elsewhere 393!

Our computational method is based on the first-principles
density-functional theory and yields the total energy of a
periodic system without any experimental input. In principle,
this only involves one approximation, namely, the assumed
form of the density functional for the exchange and correla-
tion energy of the electrons, which here is the generalized
gradient approximation.’> However, in practice other ap-
proximations are often included with any actual computa-
tional method. In the present work, we have made a special
effort to remove such additional approximations. Specifi-
cally: (i) the electron charge density and the one-electron
potential are allowed to have any geometrical shape; (ii) all
relativistic terms, except the spin-orbit coupling (which has a
small effect?!), are included; and (iii) the numerical basis set
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FIG. 2. Aggregate longitudinal sound velocity as a function of
density. Solid circles, IXS measurements; open triangles, ISLS
(Ref. 19); open squares, RXRD (Ref. 20); and open diamonds,
shock-wave compression (Ref. 34). The solid line is the extrapola-
tion of the ultrasonic measurements (Ref. 18) [relative uncertainty
~20% at 1 Mbar (Ref. 7)]. Inset: computational results (Voigt-
Reuss-Hill average).

used is extended to a so-called “double basis” set in order to
minimize truncation errors in the expansion of the one-
electron wave functions. The present method incorporates
nonsphericity to the charge density and potential by repre-
senting the crystal with nonoverlapping spheres (of a vari-
able, optimum size) surrounding each atomic site and a gen-
eral shaped interstitial region between the spheres. Inside the
spheres, the wave functions are represented as Bloch sums of
linear muffin-tin orbitals and are expanded by means of
structure constants. The kinetic energy is not restricted to be
zero in the interstitial region and the wave-function expan-
sion contains Hankel and Neumann functions (depending on
sign of the kinetic energy) together with Bessel functions.
The analytical expressions for these expansions can be found
elsewhere.?? In order to represent the wave functions in Ta as
accurately as possible we have defined here, in a single en-
ergy panel, 5s, Sp, and 4f semicore states and 6s, 6p, 5d, and
5f valence states. The aforementioned “double basis set” is
applied, i.e., two kinetic-energy parameters (x) appropriate
for the tails of each state.

The experimentally measured aggregate longitudinal and
shear sound velocities are shown as a function of density in
Figs. 2 and 3, together with previous determinations obtained
by different techniques. In the case of V;, all results are in
overall good agreement with the values obtained from radial
diffraction measurements?’ being somewhat slower than the
other data sets. In particular, the IXS results are in excellent
agreement with ultrasonic determination at low pressure'
and the shock wave determination at high pressure.>*

For Vg, our experimental results compare favorably with
ultrasonic low-pressure values. The ISLS results are only
somewhat slower than IXS while the deviation of the RXRD
results from the other data is quite significant. This discrep-
ancy likely arises due to the limitations in the model used to
derive the elastic moduli from radial diffraction results. In-
deed the assumption that there exists a single uniform mac-
roscopic stress applied to all grains in the polycrystal is vio-
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FIG. 3. Aggregate shear sound velocity as a function of density.
Solid circles, IXS measurements; open triangles, ISLS (Ref. 19);
open squares, RXRD (Ref. 20). The solid line is the extrapolation of
the ultrasonic measurements (Ref. 18) [relative uncertainty ~20%
at 1 Mbar (Ref. 7)]. Inset: computational results (Voigt-Reuss-Hill
average).

lated in cases where there is plastic deformation, so that the
“apparent” elastic moduli deduced from x-ray diffraction un-
der Reuss or geometric averages consistently differ from
those measured on single crystals.»3¢ Up to about
21.05 g/cm’«> 68 GPa, the extrapolation of the ultrasonic
measurements holds suitably well. Above this density, in the
relatively narrow density (pressure) range between 22.11 and
22.45 g/cm® (88-96 GPa), we observe a distinct softening
of Vg, that is almost completely recovered by p
=23.55 g/cm®« 120 GPa. We note, that even if much
smaller in magnitude and within the experimental error bars,
the same qualitative behavior can be seen in V; over this
density (pressure) region.

The effects of texture alone can account for differences
between IXS results on polycrystalline samples and
orientation-averaged single-crystal moduli but only up to few
percent even in case of highly anisotropic materials.?®3° We
point out, that the high crystal symmetry of Ta (bcc) makes it
a quite favorable case and that the observed softening of Vg
is more than 9%, an amount significantly larger even than the
3% expected as a consequence of the developed preferential
alignment at similar pressures for the critical case of
hcp—Co.30 Moreover, the effect of texture is either a continu-
ous smooth function of pressure’® or levels out when texture
saturates.>>37 Thus, it is highly unlikely that developed pref-
erential alignment can account for the localized softening
over a narrow pressure range that we document.

The qualitative agreement between the IXS measurements
and the calculations (see insets of Figs. 2 and 3), which well
capture the small anomaly in V; and the distinct softening of
Vs (although at higher density), suggest that at the origin of
the observed density/pressure evolution there is the progres-
sive intraband nesting of the Fermi surface that eventually
leads to transverse-acoustic-phonon mode softening. Indeed,
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with increasing pressure, the s-derived bands shift higher in
energy relative to the d-derived bands (s-to-d transition’®). At
a critical pressure, specific features in the electronic band
structure move into close vicinity of the Fermi level. The
reduced symmetry of the C44 shear distortion splits degen-
eracies associated with these features in the electronic bands,
leading to an energy gain as a function of the distortion. This
energy gain at least partially counterbalances the standard
elastic strain energy cost, resulting in an anomalous soften-
ing of the elastic response. As the pressure is increased fur-
ther the relevant features in the band structure shift away
from the Fermi level, restoring the standard behavior as a
function of the shear distortion.

This volume-dependent softening of the transverse-
acoustic phonons has been predicted by theory as a general
feature of all group V metals'l15-1739-41 but had not been
experimentally documented for Ta. Indeed, as the topology
of the electronic band structure near the Fermi level is very
similar for each of the group V transition metals, theoretical
considerations suggest a common origin for the pressure-
induced shear softening reported here for tantalum, the
anomalous softening of the elastic moduli of niobium at high
temperature'4 and the bce-to-rhombohedral phase transition
in vanadium.'®> The effect is present in all the group VB
elements, but most pronounced in period 4 (V), and de-
creases in magnitude to period 6 (Ta). Thus, only in the case
of vanadium the energy gain seems large enough to produce
a structural phase transition.

Finally, with the exception of the relatively narrow pres-
sure range where the electronic topological transition occurs,
the single-crystalline elastic tensor of Ta at very high pres-
sure is well described by the relation

dcC.. Vv 1/3
Cif(P)=C;(P=0) + d—P’l(P = O)P(VJ

with the values of the individual C;; at P=0 (ambient) and
the pressure derivative dC;;/dP fixed to the ones obtained by
ultrasonic techniques.'® Such a good agreement, although a
priori nonobvious, does not come totally unexpected, as a
quite remarkable agreement between the extrapolation of the
volume-pressure relation determined by ultrasonic and
shock-wave isotherm (at 300 K) has already been
observed.!® These considerations reinforce the notion of tan-
talum as prototype metal for the investigation and calibration
of equation of state and material strength at extreme thermo-
dynamics conditions.
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