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Ab initio study of transition paths between (meta)stable phases of Nb and Ta-substituted Nb
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Although niobium is a well characterized material, it still shows some anomalies that are not yet understood.
Therefore, we revisit its metastable phases using density functional theory. First, we systematically compare
energies and ground-state volumes of chosen crystal structures and discuss possible transition paths to the
bce ground-state structure and the energy landscape for tetragonal distortions. Furthermore, we discuss their
stability by means of their phonon spectra and vibronic free energies. Second we analyze the impact of tantalum
impurities on phase stability. We find additional aspects of the energy landscape of the material: A local energy
minimum on the bce to w transition path, a flat energy landscape with respect to uniaxial strain along [111], and
a considerable stabilization of the o phase by tantalum substitution.
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I. INTRODUCTION

Niobium (Nb) is one of the best-studied elemental metals.
Nevertheless, and surprisingly, several properties of this
material remain unexplained. For instance, it has the highest
superconducting transition temperature of all elements at
normal pressure [1], but there is still debate about the
character of its superconductivity [2] and its anomalies in
different pressure ranges [3]. Nb is one of the few transition
metals that exist in a bce ground state. However, depending
on the boundary conditions, there are many different
metastable phases, especially under high pressure [4,5] or in
nanostructures [6,7], but their relative stability and potential
transition pathways are not yet fully understood. Remarkably,
Bollinger et al. [8] experimentally found a change of the
slope in the linear thermal expansion coefficients of the bcc
state by high-resolution calorimetry at 208 K and related
this to a potential martensitic phase transition. However,
the signatures of this phase transition were smaller than the
detection limit of x-ray diffraction, and hence the nature of
this phase transition remained poorly understood.

Martensitic phase transitions are only possible if there is
a diffusionless transition path with a moderate energy barrier
connecting both the ground-state structure and the metastable
phase. Especially in metals, such phase transitions with their
complex interplay of phononic, electronic, and microstruc-
tural properties have been a rich source of research for decades
[9], but the question of the driving force of such a transition
has not yet been fully resolved. In Nb, however, some of
the typical precursors that usually occur at martensitic phase
transitions were evidenced. This includes the occurrence of
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Kohn anomalies [10-14], anomalies in the elastic constants
for different pressure ranges [12], and Fermi surface nesting,
producing a Van Hove singularity in the electronic density
of states closed to the Fermi level [15]. Potential metastable
states that may be involved in martensitic phase transfor-
mations have been investigated for Nb in several theoretical
studies, as this element is often used as prototype material to
test simulation methods [11,16-18].

The best-studied metastable phase of Nb is fcc [6,7,19].
Other experimentally found metastable phases include
hexagonal-w (C32) [4] and Pnma [5]. Moreover, the
o structure is observed in Nb under high pressure at
temperatures around 77 K [4] and in thin films [20]. These
phases have been characterized by density-functional theory
(DFT) [4,5] and, in addition, a metastable w-like structure
with vacancies has been discussed [20]. Further studies in
the literature have used DFT to calculate the energies of bcc,
hcp, and several topologically complex phases (TCP), such
as AlS, Laves phases, and o structures [18]. In particular,
the A15 phase in Nb-based intermetallic phases, such as
NbsSn, is famous for the occurrence of both martensitic
phase transitions [21], the associated instabilities [22], and
the occurrence of superconductivity. It is therefore worth
examining this TCP phase in elemental Nb in more detail.

Diffusionless transition paths of martensitic transforma-
tions among these phases have been studied, particularly the
transition from bcc to fcc (Bain path) [23-25], and from bec to
hep [26]. Complex indirect transition paths have been reported
from hep and bece to intermetallic phases, such as Laves phases
[27,28], and by means of kinetic Monte Carlo simulations
from bce to A15 [29]. For Nb, however, other metastable

©2024 American Physical Society
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phases are lower in energy and the possible transition paths
are as yet unknown.

A peculiarity of Nb experimental works is that Nb crystals
are usually contaminated with Ta. The reason is that Nb and
Ta have common natural occurrences and that their separation
is costly. Both elements are chemically similar, including their
crystal structure [30]. Similar metastable phases occur in Nb
and Ta, e.g., Pnma [31]. Such additions of Ta have been found
to lower the formation energy of metastable TCP phases of Nb
[18] while the influence on other known metastable phases of
Nb is still unknown.

Within this work, we systematically revisit and compare
the energies of metastable phases and the details of the dif-
fusionless transition paths connecting these to bcc, both for
Nb and the solid solution of Nb(;_,)Ta,. We find that Pnma,
Al5, and o phases are lower in energy than the body-centered-
tetragonal (bct) phase and also the energy barrier for the bcc
to Pnma transition is 0.2 eV lower than the transition barrier
from bct to fcc. Furthermore, the bee to w path shows an ad-
ditional local energy minimum if extrapolated to larger values
of strain. This configuration turns out to correspond to an easy
deformation, but it is not stable against the relaxation to a bcc
structure strained along [111].

II. METHOD
A. Technical details

DFT simulations are performed with the ABINIT pack-
age [32]. All calculations are done with primitive cells and
Ta substitution is determined with the smallest possible cell
up to a size of 2 x 2 x 2, which is sufficient for analyz-
ing short-range effects. Long-range ordering effects are not
the focus of this work. The results are determined with
the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [33] in connection with optimized norm-conserving
Vanderbilt pseudopotential (ONCVPSP) from PSEUDODOJO
[34] with the valence electron configuration 4d*5s' for Nb
and 4f'45d%6s> for Ta. The stopping criterion for the self-
consistent calculations is a difference in total energy of
2.72 x 1077 eV. The volume and ionic positions of all struc-
tures are relaxed simultaneously with a tolerance on the
maximal force of 2.5 x 1073 eV/A and a smearing parameter
for the energy cutoff of 95 eV, considering a temperature of
smearing of 0.272 eV. The k-mesh is 14 x 14 x 14 and a
cutoff energy of 1088.45 eV results in an energy convergence
of 0.172 eV.

Density-functional perturbation theory (DFPT) is used to
determine phonon spectra and the phonon density of states.
As an insufficient sampling of g-space for bcc Nb results in
the extrapolation to imaginary phonon modes [35], we choose
a grid of 8 x 8 x 8 (corresponding to the same supercell size),
which is sufficient to correctly reproduce the experimental and
theoretical data from the literature. Furthermore, we raise the
threshold to a difference in potentials up to 10718, we raise
the k-mesh to 16 x 16 x 16, and we decrease the temperature
of smearing to 0.136 eV. The k-mesh and the g-grid for the
other structures are scaled according to their lattice vectors.
The phonon contribution to Helmholtz free energy, Fphon, is

calculated according to Lee and Gonze [36] as

hw
kgT

Fopon(T) = 3nNkBTf 1n<2sinh2 )g(w)da), 1)
0

with the number of atoms per unit cell n, the number of unit

cells N, the Boltzmann constant kg, and the temperature 7.

wy, is the largest frequency in the phonon spectra. Without an-

harmonic effects and thermal expansion, the total free energy

Fioa1(T) is approximately given as

Fowa(T) = Eio(T = 0K) + Fppon (T). )

For comparison we compute selected properties also with
the VASP package [37-39] using the high-throughput environ-
ment from Ref. [18]. We use the PBE functional [33] as in the
ABINIT calculations but we use the projector-augmented-wave
method [40] and pseudo-potentials with s semicore states for
Nb and p semicore states for Ta. With a plane-wave cut-
off energy of 500 eV and a k-point density of 0.018 A3,
a convergence to 1 meV/atom for energy differences is
reached.

Besides the bcc, bet, w, Pnma, A13, Al5, and o phases
shown in Fig. 2, we also consider the Laves phases C14, C15,
and C36 and the structures i and y . Ordered binary structures
based on fcc or hep are excluded due to the expected compara-
bly high formation energy [18]. For the considered phases, all
occupations of Nb and Ta on the Wyckoff sites are included
in the DFT calculations, e.g., 25 = 32 DFT calculations for
the o phase with five Wyckoff sites. We assess the relative
stability of the different structures and stoichiometries based
on the heat of formation

Etot - NNbE]‘\II\Ib - NTaETa ’ (3)

with Nxp (M) and Eny, (Ety) being the number of Nb (Ta)
atoms and their energies in the bcc phases. For pure systems
this equation reduces to the energy difference of a structure to
the bee ground state, i.e., AE in Table I.

AH; =

B. Transformation paths

We study potential martensitic transition paths from bcc
to fcc, w, and Pnma using a linear interpolation of the lattice
constants a; to the final state as

a[(A) — (1 _ A)a}nilial + Aafmal (4)

with varying A from O to 1 (see Fig. 1). The bcc to fcc
transition is fully characterized by the lattice constants [see
Fig. 1(a)]. For the bcc to Pnma and w transition paths, we
additionally interpolate the internal atomic degrees of freedom
linearly. The interpolation along the bcc-w path [Fig. 1(c)]
corresponds to an antiparallel shift of two of three atoms along
the z direction from A, = 0 for bec to A, = £1/6 for the w
phase. Only in the @ phase are both these atoms in the same
z plane of the hexagonal lattice (i.e., the same [111] plane of
bee), and the symmetry is P6/mmm while the symmetry is
reduced to P3m1 on the path [41,42].

Note that the transition from bcc to Pnma contains two
unit cells of bee, and ay. consequently must be doubled
[see Fig. 1(b)]. Two atoms shift by A, and one atom each
shifts by A, and A;; and another by A,. For the relaxed
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TABLE 1. List of labels, space groups, lattice parameters
a, tetragonal ratios c/a, and energy differences to bcc of the
(meta)stable phases of interest. Available values from the literature
are added for comparison. Pnma,,,, and o’ refer to extrema from
calculated transition paths (see Sec. III B). All values are based on
PBE (f: ABINIT, *: VASP), except Refs. [16,23], which are based
on LDA. If not noted in brackets a = b. The tetragonal ratios of
Pnma, w, and o' in a pseudocubic unit cell are 1.73, 0.83, and 0.89,
respectively.

Space c¢/a a \4 AE
Label group (b/a) A) (A3 /atom) (meV /atom) Ref.
bce Im3m 1 3.30 0.0 [24]
1 331 18.11 0.0 This work*
1 330 18.09 0.0 This work
o P45 /mnm 0.53 10.18 18.57 82 This work*
0.53 10.18 18.55 83 This work?
AlS Pm3n 1 529 104 [17]
1 529 18.56 103 This work*
1 529 18.60 105 This work?
Pnma Pnma 0.88 5.11 —2 [5]
(0.52)
0.90 5.39 18.36 111 This work*
(0.52)
0.89 541 1832 119 This work"
(0.51)
[0} P3ml 051 5.02 18.60 121° This work?
bet 4/mmm 1.8 2.74 180 [23]
1.79 2.74 18.45 143 This work*
1.77 271 18.48 143 This work"
w P6/mmm 0.547 4.88 201 [17]
0.548 4.88 18.45 199 This work*
0.550 4.88 18.47 202 This work"
Al3 P4,32 1 - 286 [16]
1 721 18.69 210 This work*
1 7.14 1877 223 This work"
Pnma,,x Pnma 0.67 6.02 18.72 234 This work"
(0.50)
hep P63 /mmc 1.82 2.86 297 [17]
1.83 2.85 18.64 294 This work*
1.82 2.87 18.66 294 This work?
fce Fm3m 1 421 324 [17]
1 421 1874 323 This work*
1 421 1877 323 This work?

“Note that only a rough estimate of the energy has been reported
(200 meV /atom) in Ref. [5].

"Note that this phase is a minimum on the transition path, but not
(meta)stable.

Pnma structure we find values of A, =0.01, A;; = —0.2,
and A, = 0.04, respectively. The atomic environment of the
Pnma phase is thereby similar to that of the bcc state, but the
eightfold coordination (with a distance of 2.86 A) splits into
four nearest neighbors with average distances of about 2.80 A
and four nearest neighbors with average distances of 2.97 A.
Further we extrapolate the range of A to smaller or larger
values to explore the energy landscape around the given states
and we analyze the A15 phase under tetragonal distortion in
the range of 0.8 < ¢/a < 1.2.

(e (f)

FIG. 1. Schematic representation of (a) the unit cell of the bcc
ground state of Nb and the diffusionless transition paths to (b) fcc
(c/a= V2, light blue) and bct (gray) as well as (c) Pnma (red) and
(e) hexagonal w (green). Panels (d) and (f) show the unit cells of the
relaxed Pnma and w phases, respectively.

III. RESULTS

A. Comparison of metastable phases

We consider all Nb structures listed in Table 1. Figure 2(a)
shows their energy differences to the ground state, AE, as a
function of the volume V per atom. In agreement with the
literature, we find bee as the ground-state structure while fcc
is the least favorable of all tested configurations and about
330 meV higher in energy. Still this phase has been observed
in experiments underlining the importance of metastable Nb
phases with lower energies. Although the energy of the fcc
phase is reduced by tetragonal distortion to the bct phase, the
A15 and Pnma structures are even more favorable with energy
differences of about 105 and 119 meV, respectively, relative
to bce only. The w, Al3, and hcp phases are energetically
between bct and fcc.

Our calculations show that the o phase is even more favor-
able, being only slightly less than 80 meV above the ground
state. As we discuss in Sec. III B, the bcc to @ phase shows
an additional local minimum, which we have added as @’ for
completeness. This configuration shows a minimum of the
energy vs volume curve only 121 meV higher in energy than
bee. As discussed below the structure is, however, not stable
against atomic relaxation.
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FIG. 2. (a) Energy-volume curves of the (meta)stable phases of
Nb of interest. The energy per atom is given relative to the bcc
ground state and (b) a reduced graphical representation with the
minima for the selected structures only. The thick red horizontal line
in panel (b) marks the melting temperature (7,, = 2741 K) of Nb
[43], according to the second axis with an estimation for 7' using
E = kgT. The black line represents a linear fit of the data.

The same data are reduced to the minima of the E(V)
curves in Fig. 2(b). The energy of the metastable phases scales
approximately linearly with the volume. Although Pnma and
w have been predicted as high-pressure phases, their ground
state volumes without pressure are larger than the ground state
volume of bcc. The bee structure is not only the energetic
ground state for its equilibrium volume but also is in the
studied volume range of 15 to 22 A3, Under lattice expansion
between 21 and 22 A3 the energy differences between bec
and o and AlS5 are, however, systematically reduced. Fur-
thermore, in this volume range, w and A13 phases, as well as
Pnma and bct phases, are close in energy. On the other hand,
none of the phases comes close to bee for reduced volumes,
while the energy differences among «’, Pnma, Al5, and o
phases are reduced.

B. Transformation paths

To depict possible diffusionless phase transitions of Nb,
we study the energy landscape for a continuous deformation
from bce to metastable structures. The energy maxima on
theses paths give an upper bound for the energy barriers of the
transitions. Note that the real energy barriers can be smaller
due to their dependence on temperature or more complex
transition paths. As a reference, we start with the classical
Bain path from bcc to fce (solid lines in Fig. 3). In agreement
with the literature, we find that fcc is a local maximum on
the transformation path, and the second minimum, the bct
structure with c/a = 1.768, is 143 meV higher in energy than
bece (see Table 1).

In the following we restrict ourselves to the low-energy
structures shown in Fig. 1: (a) bec, (d) Pnma, and (f) w. The
dotted lines in Fig. 3 show the bce to Pnma path. On this path,
only the two energy minima related to bcc and Pnma occur,
and both states are separated by an energy barrier of 234 meV,
which is about 89 meV lower than the fcc state. Surprisingly,
the w phase is not even a local minimum of energy on the

0.3
g
3 0.2
>
L
=
< 0.1

4
0.0
0.8 1.0 1.2 1.4 1.6 1.8
ratio c/a

—@—bcc bee* —W—Pnma —@—’ bet —@—@ ——Pnma,,,, fee Al5

FIG. 3. Energy landscape for the deformation of the bcc struc-
ture with ¢/a =1 along (a) the Bain path to fcc (solid line with
diamonds), (b) the path to Pnma (dotted line with triangles), and
(c) the path to w (dashed line with circles). The lattice parameters
of Pnma and w are given in a pseudocubic unit cell. All colored sym-
bols indicate structures whose volumes and positions of atoms are
relaxed, unlike the other data points. For bec in the hexagonal w cell
(bee*), furthermore the energy landscape for tetragonal distortion is
shown in light blue and for A15 in turquoise.

bce to w path, but rather is a local energy maximum. By
extrapolation of A, we find an energy minimum (') with
Az =0.28 and c/a = 0.832, only 121 meV higher in energy
than the bcc ground state. Note that this anomaly has not
been found for a variation of Az with fixed tetragonal ratio
[42] and the structure differs from the modulated w structure
with vacancies discussed in the Supplemental Material from
Ref. [20]. Although this monoclinic configuration also shows
the typical energy volume curve of a metastable state (see
Fig. 2), the atomic positions are not protected against atomic
relaxation by symmetry. Only the w phase with P6/mmm
symmetry is a metastable state, while the atomic positions
relax to the bce-like structure with z = 0 for all other initial
values of z.

The distorted bcec state at ¢/a = 0.832, which we call bec*
in the following, is only 85 meV higher in energy than bec and
may thus be a favorable distortion of the bcc phase. For this
reason, we sample the energy for the tetragonal distortion of
the bee* to the bec state as shown in Fig. 2. Our calculations
show that the energy penalty for the distortion along the [111]
direction is considerably smaller than that for the bcc to fcc
path.

Given the lack of information on transition paths among
the metastable states, we additionally verified if tetragonally
distorted structures are possible for other metastable phases of
Nb. Particularly the cubic A15 phase is low in energy and we
also studied its tetragonal distortion (see Fig. 3). But even with
a fine resolution of Ac/a =2 x 107*, we could not observe
any additional local minima or higher-order extrema under
tetragonal distortion. The increase of energy with tetragonal
distortion is similar to the classical Bain path.

C. Phonon spectra

For a comprehensive picture of the low-energy phases, we
analyze the phonon spectra of bcc, bee* (bee phase distorted
along [111] with ¢/a = 0.832), ', and Pnma. While the
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FIG. 4. (a) Phonon spectra of the ' phase (gray), bcc* (light
blue), and bec (dark blue). The dots mark g-points used in the
DFPT framework and lines are interpolations. (b) Comparison of the
phonon densities of state (DOS) per atom for «', bec*, Pnma (red),
and bcc.

phonon spectra of the bcc and Pnma structures calculated
by us correspond to those published in the literature [5,44],
we are not aware of calculated phonon spectra of (distorted)
w phases which are summarized in Fig. 4(a). As a refer-
ence, we also added the phonon spectra of bcc in the same
representation.

Indeed, the ground state, bcc, only shows stable phonon
modes. However, there are indications that the structure is
close to an instability. Particularly, we can reproduce the Kohn
anomaly at (0.142, —0.142, 0.142) predicted by Landa et al.
[12]. Note that in the representation in Fig. 4(a) this point is
located on the I' — M path. Furthermore we can reproduce
the decrease of the transversal acoustic branch in the phonon
spectra at (1/3,0, 1/3) in the [111] direction associated with
the bec to w transition [42,45].

The metastable Pnma phase also shows no soft phonons
[see Fig. 5(a)]. Compared to bcc, the change in slope on
the I' — Z path is reduced. Furthermore, due to the lower

Zz U R T Z

250 250{| ®
2001 ™, 2001

‘%-\ !

5 15047 150
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504 504

0.0.0)¢,0,0) ¢.2.0) 0.2.0) (0.0.0) 0.0.9)G.0.) G.3.9) 0.5 0.0  0.00 0.05

DOS (states/cm ~!)

FIG. 5. (a) Phonon spectrum of the Pnma phase. The dots mark
g-points used in the DFPT framework and lines are interpolations.
(b) The phonon densities of state (DOS) per atom.

symmetry of Pnma, one has to distinguish X, Y, and Z di-
rections, and for the former two we see no change in slope on
the corresponding paths with the given resolution. Analogous
to bee and Pnma, also bee* does not show soft phonon modes.
Under the hexagonal distortion the change of the slope on
the ' — M path vanishes, both for bec* and o', while the
lowest I' — A branch shows a similar feature. Moreover, for
all high-symmetry points except M, the transversal branches
are lowered in energy if going from bcc to o’ and bec*. As
discussed in Sec. I B, the o’ structure, although being a local
energy minimum on the bcc-w path, is not a stable structure
and thus the phonon spectrum shows negative frequencies at
A (0,0, 1/2).

Figure 4(b) compares the resulting phonon density of states
of all four structures normalized with the number of atoms
in the system. Over a large frequency range from 125 to
200 cm™', the bce phase shows the largest density of states
with two pronounced peaks around 135 and 190 cm™~!. With
decreasing symmetry going from bcc to bee* and o', the
degeneracies of the modes in the [100] direction are lifted
and the peaks in the DOS are broadened. The distortion of the
structure to @’ furthermore results in two additional peaks at
80 and 230 cm™! and a low-frequency tail. Below frequencies
of 125 cm™!, the o' phase thus exhibits the highest density
of states. A lifting of degeneracies in the modes in the [100]
direction can also be seen for the Pnma phase. Also here, we
find higher frequencies in the spectrum and less pronounced
peaks in the DOS. For the Pnma phase the largest DOS is
found at about 210 cm~! and the increase of the weight of the
low-frequency tail of the DOS is slightly larger than that for
.

However, none of the phases has a substantially larger
phonon DOS in a suitable frequency range and the low-
frequency tails of the DOS are not sufficient to reduce the free
energy and to stabilize one of the phases relative to bcc at
finite temperatures. Note that we calculated the free energies
within the harmonic approximation, and thus higher-order
effects are not accounted for in this estimate.

D. Ta substitution

In order to enable a close comparison of our results with
experimental works, we additionally consider the influence of
Ta on the metastable phases of Nb, the most common impurity
in Nb samples for experiments.

Figure 6 compares the energy landscapes of pure Nb
(black) and Ta (light green) along the classical Bain path
[panel (a)] and the paths connecting bcc [panel (b)] and Pnma
[panel (c)] and w phases. In all cases, the energetic ground
state is the bce state with ¢/a = 1, and the other local energy
minima are not considerably lowered by Ta. The ratio of the
lattice constants c¢/a is smaller for Ta compared to Nb (—0.07
for bet, and —0.13 for Pnma), but slightly increased for «’
by 0.02. For bet [Fig. 6(a)] and Pnma [Fig. 6(b)], the energy
barriers for the transformation are 91 and 24 meV smaller for
Ta compared to Nb. However, the changes of the energy land-
scapes under partial substitution are small. Exemplary results
for 25% Ta are added in Figs. 6(a) and 6(b) in dark green. Even
for this large concentration, the energy differences between
the pure and substituted materials are below 16 and 4 meV at
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FIG. 6. Impact of Ta-substitution with a concentration of x =
0.25 on (a) the bee-bet Bain transition path, (b) the bec to Pnma
transition path with two bce unit cells and a random Ta substitution,
and (c) the bce to w transition path. Note that volume and atomic
positions have been fixed on the transition path (solid symbols)
and open symbols indicate the energy of the energy maximum after
corresponding relaxation.

the transition barrier. For the bcc to w transition, the barrier is
not smaller for Ta compared to Nb and for both elements the
structure at the second minimum is not stable against atomic
relaxation.

The influence of Ta on the structural stability of all
phases of interest across the complete range of chemical
compositions is shown in Fig. 7 in terms of the formation
energies AHy. The relative stability for pure Nb is identical
to the sequence of minima observed in the energy-volume
curves in Fig. 2. The variation across the Nb-Ta chemical
range is consistent with previous DFT calculations [18] using
a local-density approximation (LDA) exchange-correlation
functional although PBE shows slightly lower formation ener-
gies AH;. Comparing pure Ta to Nb, the phase sequence bcc,
o, Al5, Pnma, bct, and w is still present. However, the A13,
o, and A15 phases are considerably lowered in energy. The
o phase is very close to bce, in line with the experimental
characterization of §-Ta as a o phase. [46] The formation
energies of the Pnma phase depend only weakly on the Ta
concentration. For completeness, also the formation energies

AHy (eV/atom)

0.0 0.2 04 0.6 0.8 1.0
concentration x in Nb(j _yTa,
® > Cl5 V Poma * o
® 4 < C36 ® o Al5
A Cl4 ® bee bet % Al3

FIG. 7. Structural stability of Nb-Ta phases obtained by DFT
with permutation of Nb and Ta atoms on Wyckoff sites of bcce, bet,
C32, A13, and the topological complex phases (TCP): phases A15,
C14, C15, C36, i, x, and o. The lines represent the convex hulls of
the individual phases to guide the eye.

of the Laves (C14, C15, C36), x, and i phases are shown in
Fig. 7. For Nb, all these phases are higher in energy than bct.
There is no sizable stabilization of the Laves and u phases
by Ta, while the xy phase becomes more favorable than the
Pnma phase. The throughout positive values of AH indicate
that there is no stable ordered structure, in line with the bcc
solid-solution region in the phase diagram.

Thus, Ta indeed reduces the energy barrier for the bec to
bct or Pnma transitions, but quantitatively the effect is small.
We would furthermore expect that alloying Nb with small
amounts of Ta may foster the formation of A13 or o phases
while an enhanced formation of Pnma is unlikely.

IV. SUMMARY AND CONCLUSIONS

The question of potential metastable phases in Nb was
raised anew by high-resolution experimental data suggesting
a martensitic phase transition [8]. To better understand the
energy landscape of Nb, we determined the ground states for
chosen metastable phases using DFT and analyzed possible
transition paths connecting these with the bcc ground state.
We found that the metastable o and A15 phases are lowest
in energy followed by Pnma, bct, and A13. Both the bce to
Pnma and bcce to w paths are more favorable than the more
commonly discussed Bain path to fcc. Additionally, straining
bce along the hexagonal [111] direction, we found a potential
deformed state @’ being low in energy. In addition, there
may be other metastable phases that were not considered in
this work, but which could explain the experimentally found
martensitic phase transition.

Since Ta impurities are common in Nb, we also investi-
gated the role of Ta on the energy landscape of the metastable
phases. The energy barriers for the bcc to bet and Pnma
transitions were reduced. In pure Ta, the o phase is practi-
cally as low in energy as the bcc phase. Thus, for high Ta
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concentrations, this is important and should be further inves-
tigated in the future.

In view of our DFT study, we suggest that further investi-
gations could be carried out to investigate effects that could
originate from the microstructure and were not detected here,
such as the stabilization of a metastable phase in transition

metals by twinning [47,48], as these could also trigger phase
transitions.
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