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Structure and energetics

Using the VASP code, we have tested various xc functionals to decide which one provides the

most accurate (or balanced) description of the structural parameters for TaO3. The GGA-

PBE, PBEsol and self-consistent nonlocal van der Waals force (vdW)-corrected optB88 xc

are used to perform the structural optimization for different structural configurations of

TaO3 structures. In the comparison of an optimized vertical distance between the levels of

upper and bottom oxygen atoms (dO−O′) of layered structure (Figure 1(c) of the main text)

with that value of experiment, PBEsol and optB88 xc show the most good agreement within

5.30% difference with respect to experimental value.1 The computed structural properties

of TaO3 with optB88 xc and with PBE and PBEsol xc are listed in Table S1.

Figure S1: Crystal structures and atomic geometries of (a) β-Ta2O5, (b) R-TaO2, (c) T -
TaO2, and (d) TaO. The O and Ta atoms are denoted by the red and khaki colored spheres,
respectively. The connecting polyhedrons are shown in khaki and the unit cells are depicted
with yellow lines.
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Table S1: Lattice properties (a, b, c, and dO−O′, in Å and α, β, γ, in ◦), space
group, and energetics (∆H f , in eV/atom) for various Ta-O compounds. Our the-
oretical values are calculated using the PBE, PBEsol and optB88 xc functionals
as implemented in the VASP code. Other theoretical and relevant experimental
values are also listed.

Structure a b c α β γ dO−O′ Space group ∆H f

PBE α-TaO3 3.95 3.95 3.95 90 90 90 - Pm3m −2.59
β-TaO3 9.80 8.92 5.37 90 98.3 90 6.94 C2/m −2.63

PBEsol α-TaO3 3.92 3.92 3.92 90 90 90 - Pm3m −2.81
β-TaO3 9.70 8.81 5.28 90 97.7 90 6.92 C2/m −2.87

optB88 TaO 4.50 4.50 4.50 90 90 90 - Fm-3m −1.35
R-TaO2 4.98 4.98 2.89 90 90 90 - P42/mnm −3.16
T -TaO2 4.69 5.20 5.72 90.1 87.2 95.7 - P -1 −3.20
β-Ta2O5 3.70 3.89 6.49 90 90 90 - Pmmm −3.10

ref. R-TaO2
2 4.71 4.71 3.07 90 90 90 - P42/mnm -

T -TaO2
2 4.70 5.20 5.72 90 87.3 95.7 - P -1 -

β-Ta2O5
3 3.67 3.86 6.43 90 90 90 - Pmmm -

α-TaO3
4 3.95 3.95 3.95 90 90 90 - Pm3m −2.77

exp. TaO5 4.43 4.43 4.43 90 90 90 - Fm-3m -
TaO2

5 4.71 4.71 3.07 90 90 90 - P42/mnm -
β-Ta2O5

6 3.68 3.90 6.22 90 90 90 - Pmmm -
TaO3

1 9.60 8.43 7.33 90 94.5 90 6.62 C2/m -
RbTaO3

7 9.85 8.51 8.14 90 94.9 90 6.62 C2/m -
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Table S2: Lattice properties (a, b, c, and dO−O′, in Å and α, β, γ, in ◦), space
group, and energetics (∆H f , in eV/atom) for various TaO3 polyphases. Our the-
oretical values are calculated using the PBE, PBEsol and optB88 xc functionals
as implemented in the Quantum-ESPRESSO package.

Structure a b c α β γ dO−O′ Space group ∆H f

PBE α-TaO3 3.94 3.94 3.94 90 90 90 - Pm3m −2.65
β-TaO3 9.77 8.96 5.27 90 97.1 90 6.94 C2/m −2.68

PBEsol α-TaO3 3.91 3.91 3.91 90 90 90 - Pm3m −2.96
β-TaO3 9.66 8.80 5.26 90 98.0 90 6.92 C2/m −3.01

optB88 α-TaO3 3.92 3.92 3.92 90 90 90 - Pm3m −3.45
β-TaO3 9.73 8.84 5.34 90 99.1 90 6.92 C2/m −3.49

For cross-checking, DFT calculations using periodic supercell model are also performed

with the Quantum-ESPRESSO package.8 Here, ultrasoft pseudopotentials were used with

the plane wave kinetic energy cutoff of 50Ry.9 A Γ-centered k-point mesh with a spacing of

0.2 Å−1 is used to sample the Brillouin-zone, which is same as our detail with VASP code (as

detailed in the main text). For the energetics of various tantalum oxide structures, we have

tested a few semi-local approximations to the xc functional – namely that due to Perdew,

Burke, and Ernzerhof (PBE)10 and its revised form for solids (PBEsol),11 as well as the

self-consistent van der Waals (vdW) corrected xc functional, optB88.12,13
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Elastic and dynamical stability

Table S3: Calculated elastic constants Cij (in GPa) for α-TaO3, β-TaO3 and β′-
TaO3 using the optB88 xc functional. Other theoretical values4 are included for
comparison.

α-TaO3 β-TaO3 β′-TaO3 α-TaO3
4

C11 480.1 162.1 18.5 487.6
C22 - 115.2 19.3 -
C33 - 133.8 - -
C44 35.6 11.3 6.4 34.6
C55 - 42.6 - -
C66 - 20.8 - -
C12 47.3 43.5 4.9 52.7
C13 - 70.0 - -
C23 - 52.2 - -
C15 - −23.1 - -
C25 - −3.8 - -
C35 - −47.8 - -
C46 - 1.4 - -

For α-TaO3 or cubic system, the stability criteria is as follow,

C11 + 2C12 > 0, C44 > 0, C11 − C12 > 0 (1)

For β-TaO3 or monoclinic system,

C11, C22, C33, C44, C55, C66 > 0, (2)

[C11 + C22 + C33 + 2(C12 + C13 + C23)] > 0,

(C33C55 − C2
35) > 0, (C44C66 − C2

46) > 0,

(C22 + C33 − 2C23) > 0,

[C22(C33C55 − C2
35) + 2C23C25C35 − C2

23C55 − C2
25C33] > 0,
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2[C15C25(C33C12 − C13C23) + C15C35(C22C13 − C12C23) + C25C35(C11C23 − C12C13)]

−[C2
15(C22C33 − C2

23) + C2
25(C11C33 − C2

13) + C2
35(C11C22 − C2

12)] + gC55 > 0

(g = C11C22C33 − C11C
2
23 − C22C

2
13 − C33C

2
12 + 2C12C13C23)

For β′-TaO3 or 2D system,

C11C22 − C2
12 > 0, C11, C22, C44 > 0 (3)

S6



Figure S2: Phonon dispersion plots (as shown on the left panel) with the corresponding
projected phonon density-of-states (as shown on the right panel) for (a) α-TaO3, (b) β-
TaO3, and (c) β′-TaO3. These are calculated using the optB88 xc functional as implemented
in the VASP code.
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For cross-checking, density functional perturbation theory (DFPT) calculations using pe-

riodic supercell model with the Quantum-ESPRESSO package8 are also performed. For the

lattice dynamics with β-TaO3, phonon frequencies are calculated within the DFPT frame-

work. 2×2×3 q-point grids are used for the β-TaO3. We also consider the LO-TO splitting

in our final phonon dispersion plot as shown in Figure S3.

Figure S3: Phonon dispersion plot of β-TaO3 calculated using the optB88 xc functional as
implemented in the Quantum-ESPRESSO package.
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Chemical bonding analysis

Figure S4: Electron localization function (ELF) line profiles for α-TaO3 (red line), β-TaO3

(yellow line) to 2 different oxygen (namely O1 and O2 in Fig. 4), β′-TaO3 (green line) and
β-Ta2O5 (blue line), and (b) between O1 and O2 for β-TaO3. Dotted horizontal line located
at the 0.5 of ELF value indicates the covalent nature.

Optical responses

Using the independent-particle approximation (IPA) approach,14 we calculate the optical

responses for the polymorphs of TaO3 studied in this work. Despite of neglecting the excitonic

and local-field effects, the IPA approach seems rather successful in providing a qualitative

picture of the dielectric properties of many metal oxides.15–17

Briefly, for the interband transitions, the imaginary part of the dielectric function, ϵαβ2 (ω)

is obtained upon the summation over the empty states as follows,

ϵαβ2 (ω) =
4π2e2

Ω
limq→0

1

q2

∑
c,v,k

2ωkδ(ϵck − ϵvk − ω)× ⟨uck+eαq|uvk⟩⟨uck+eβq|uvk⟩∗ , (4)

where Ω, q, c, v, α, and β are the volume of the unit cell, the Blöch vector of incident

wave, the states in the conduction bands, the states in the valence bands, and two Cartesian

factors, respectively. Also, the periodic part of the Kohn-Sham orbitals (ψk
i (r)) at the k-

point, k is represented as uck = e−ik·rψk
i (r). The real part of dielectric function, ϵαβ1 (ω) is
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Figure S5: HSE06 computed the real and imaginary part of the dielectric function (ϵ1, ϵ2)
with Drude-like corrections and the reflectance (R) with IPA for (a) α-TaO3, (b) β-TaO3

and (c) β′-TaO3.

then derived via the Kramers-Kronig transformation, yielding

ϵαβ1 (ω) = 1 +
2

π
P

∫ ∞

0

ϵαβ2 (ω′)ω′

ω′2 − ω2
dω′ . (5)

For the metallic intraband transitions, we add a Drude-like correction term to both the

imaginary and real parts of dielectric functions, following Reference 18,

ϵDrude
2 (ω) =

Γω2

ω(ω2 + Γ2)
, (6)

and

ϵDrude
1 (ω) = 1− ω2

ω(ω2 + Γ2)
, (7)

where Γ is taken as the lifetime broadening in the Drude model. Here, we adopt a lifetime

broadening value of 0.1 eV which is commonly used for most elemental metals.19

From the Drude-corrected total dielectric function, we compute and obtain the refractive
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index (n), the extinction coefficient (k) and finally, the reflectance (R) from,

n =

√
ϵ1 +

√
ϵ21 + ϵ22√
2

, (8)

k =

√
−ϵ1 +

√
ϵ21 + ϵ22√

2
, (9)

and

R =
(n− 1)2 + k2

(n+ 1)2 + k2
. (10)
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