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Using density functional theory (DFT) with generalized gradient approximations (GGA) and the projector-
augmented wave method, we have investigated the structure, energetics, elastic tensors, and mechanical properties
of four crystalline forms of Ta2O5 with exact stoichiometry as well as a model amorphous structure. We
have also constructed a virtual crystal potential to address partial oxygen occupancy and compared it to
models of explicit oxygen vacancies and of the oxygen-rich system. Our calculations show that mechanical
properties of these polymorphs are highly anisotropic. By comparison with experimental data, we find that all
crystalline phases and the simulated amorphous phase have a Young’s modulus higher than the amorphous thin
film that is probed experimentally, but the variation among crystalline structures is as high as a factor of 2.
Electronic properties of three Ta2O5 polymorphs have been calculated using a hybrid DFT and explicit exchange
functional method that improves the gap size compared to that obtained by GGA. We suggest that further
experimental measurements on tantala crystals are needed to understand the physical properties of this important
material.
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I. INTRODUCTION

Tantalum pentoxide (Ta2O5),1 or tantala, is a potential alter-
native to SiO2 because of its high breakdown voltage, high di-
electric constant,2 and excellent step coverage characteristics.3

In addition to its applications as dielectric films,4 this material
also has been used experimentally for optical coatings5 and
corrosion coatings.6 The inspiration for the work in this paper
arises from the need for optical coatings in ultraprecision mea-
surements. In ongoing experiments conducted by the laser in-
terferometer gravitational observatory (LIGO), alternating lay-
ers of SiO2 and Ta2O5 are used as coatings for the test masses
in gravitational wave detectors. It is predicted that the limiting
noise in wave detection will be the thermal noise that is closely
related to mechanical dissipation and properties of the coating
materials.7,8 For the SiO2/Ta2O5 coatings studied, the mechan-
ical dissipation appears to be associated with the Ta2O5 compo-
nent of the coatings.9 In addition, the film elastic properties of
SiO2/Ta2O5 coatings can significantly influence the expected
level of coating thermal noise.7 The structural and mechanical
properties of Ta2O5 films are thus of considerable importance.

Tantala has many crystalline forms, including those which
are oxygen rich and oxygen deficient. A phase transformation
in pure bulk Ta2O5 at ∼1360 ◦C was reported10 a long time
ago, but the nature of the structure for each phase continued
to stimulate research activity. At low temperature, various
polymorphs have been proposed because of the difficulty in
growing single-crystal low-temperature form Ta2O5 (L-Ta2O5)
using conventional high-temperature techniques. A variety of
L-Ta2O5 structures can be stabilized by adding certain amounts
of other oxides.11–17 The first one was reported by Stephenson
et al.16 in 1971. The group used the x-ray powder diffraction
method and proposed a crystal structure with an orthorhombic
unit cell that consists of 22 Ta and 55 O atoms with a large
number of oxygen vacancies. Those were then identified as
the main cause for a large leakage current.18 In a later study,
a vacancy-free L-Ta2O5 orthorhombic structure (β-Ta2O5)
which contains only four tantalum and ten oxygen atoms in
the unit cell was observed via x-ray diffraction,11 and verified

by calculations using density functional theory within the
local-density approximation (LDA) and generalized gradient
approximation (GGA).19 Besides β-Ta2O5, researchers also
had reported a hexagonal structure for the low-temperature
phase of Ta2O5 (δ-Ta2O5).20 Fukumoto et al.21 studied the
crystal structure of hexagonal Ta2O5, which has the space
group of P6/mmm, using first-principles ultrasoft pseudopo-
tential calculations. Interestingly, a very recent first-principles
study22 showed that both β-Ta2O5 and δ-Ta2O5 show some
instability and large supercells were used to optimize structure.

For the high-temperature form of Ta2O5 (H-Ta2O5), or-
thorhombic, tetragonal, and monoclinic models have been
proposed.17,23,24 Similar to L-Ta2O5, single-crystal H-Ta2O5

can be grown with the help of other oxides. Two types of
modulations have been proposed for TiO2-stabilized H-Ta2O5.
One was determined by Liu et al.25 in 2006 using the
conventional solid-state reaction method and the advanced
laser irradiation technique to hold the pure H-Ta2O5 structure
at room temperature. They identified the tetragonal structure of
pure Ta2O5 with the space group of I41/amd using transmission
electron microscopy (TEM). For the second high-temperature
tantala, Makovec et al.26 constructed a complicated structural
model from the analysis of the electron diffraction data and
high-resolution electron microscopy (HREM) electron images
of the solid solutions in the series (1−x)Ta2O5-xTiO2 with
x = 0.0–0.1. The proposed monoclinic crystalline structure is
based on edge sharing of an oxygen octahedron-hexagonal
bipyramid-octahedron molecule building block. This unit
block repeats four times in a unit cell of high temperature
of Ta2O5.

So far, experimental information is mostly limited to
structure determination. Crystal-structure-specific mechanical
and optical properties are yet to be determined. Compared to
the experimental work on Ta2O5 mentioned above, theoretical
efforts, in particular for the high-temperature phases of
Ta2O5, is even further far behind. We will see later that
even the low-temperature phases are not well understood.
In this paper, we present our theoretical results on tantala
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starting with the two relatively simple, low-temperature Ta2O5

polymorphs and followed by a high-temperature structure and
a complicated low-temperature structure. Both have partial
oxygen occupation issues that have been studied using the
virtual crystal approximation (VCA).27 In addition, we present
our results for a model amorphous structure.

The rest of the paper is organized as follows: In Sec. II,
we discuss theoretical methods. In Sec. III, we present our
results on structures (Sec. III A), cohesive energy and density
of states (Sec. III B), and elastic moduli (Sec. III C), and finally,
in Sec. IV, we discuss and conclude our investigations.

II. COMPUTATIONAL METHODS

Our structural and mechanical calculations were performed
using the plane-wave Vienna Ab-initio Simulation Program
(VASP) code28–30 based on self-consistent density functional
theory (DFT).31 We used projector-augmented wave potentials
(PAWs)32,33 in conjunction with plane-wave expansion. The
exchange and correlation potentials were calculated using
the generalized gradient approximation (GGA) with Perdew-
Wang 91 parametrization (PW91).34 The energy cutoff was
520 eV for wave functions. A Gaussian smearing of 0.1 eV was
used for the Fermi-surface broadening. Surface Brillouin-zone
integrations were performed on a Monkhorst-Pack35 k mesh
of 8 × 8 × 8 in the Methfessel-Paxton scheme36 for two low-
temperature crystal structures of Ta2O5, as well as 8 × 8 × 1 for
the high-temperature structure of Ta2O5. With these k meshes,
the total energies are converged to 0.01 eV. The equilibrium
lattice constants for different Ta2O5 structures were obtained
through total energy minimization. The force tolerance for
geometry relaxation was 0.02 eV/Å. For electronic properties,
the HSE06 hybrid exchange correlation37,38 also was used to
calculate the density of states and for comparison with results
obtained from PW91.

To simulate systems with partially occupied sites, we
constructed pseudopotentials within the framework of VCA.27

In VCA, partially occupied sites are assumed to be fully
occupied by pseudoatoms with the pseudopotential modified
by occupancy. Without VCA, many possible configurations
can be generated and hence a large supercell is needed to
investigate the system.

In the equilibrium state, the cohesive energy is calculated
as

Ec = (Etotal − nTaETa − nOEO)/(nTa + nO),

(1)

where Etotal is the total energy per cell of a configuration.
nA specifies the number of a particular element (A = Ta, O) in
that unit cell, and EA (A = Ta, O) is the energy of an individual
atom calculated with spin-dependent DFT.

Elastic properties can be obtained by calculating the elastic
tensor cij , which relates the stress with the strain for a given
system,39 that is,

σi = sumj=1,6cij εj , (2)

where σi are stress components and εj are small strains. We
used the ab initio calculation to relate stress response to strains,
and elastic constants can be obtained by solving a set of linear
equations of cij .40 For all crystalline systems we studied, 1.5%
strain is added in six strains (ε1 − ε6). To obtain sufficiently
accurate elastic constants, we adopted stricter convergence
and relaxation criteria than the ones used for total energy
determination. The force tolerance in relaxation in this study is
set to 0.01 eV/Å, and the stress values vary less than 0.02 kbar.

The number of independent elastic constants varies de-
pending on crystalline symmetry. In the case of orthorhombic
β-Ta2O5, nine independent elastic constants are involved
according to Ravindran et al.41 Both of the polycrystalline
bulk modulus (B) and shear modulus (G) can be determined
based on cij . Two methods, Voigt approximation42 (index
V) and Reuss approximation43 (index R), were proposed.
Hill44 proved that these two methods correspond to upper and
lower bounds of the true polycrystalline elastic constants. An
approximation can be made by taking average of Voigt and
Reuss method results,

G = 1
2 (GR + GV) and B = 1

2 (BR + BV). (3)

The average Young’s modulus Y and Poisson’s ratio ν can
be determined by

Y = 9BG

3B + G
and v = 3B − 2G

2 (3B + G)
. (4)

Reuss moduli (GR and BR) and Voigt moduli (GV and BV )
are written as41

BR = 1

(s11 + s22 + s33) + 2(s12 + s13 + s23)
, (5)

BV = 1

9
(c11 + c22 + c33) + 2

9
(c12 + c13 + c23) , (6)

GR = 15

4(s11+s22+s33)−4(s12+s13+s23)+3(s44+s55+s66)
,

(7)

GV = 1

15
(c11 + c22 + c33 − c12 − c13 − c23)

+ 1

5
(c44 + c55 + c66), (8)

where sij are the elastic compliance constants, and s is the
inverse of the elastic tensor c.

The directional dependence of Young’s modulus in an
orthorhombic crystal can be calculated by45

Y = 1(
l4
1s11 + l4

2s22 + l4
3s33 + 2l2

1 l
2
2s12 + 2l2

2 l
2
3s23 + 2l2

1 l
2
3s23 + l2

1 l
2
2s66 + l2

1 l
2
3s55 + l2

2 l
2
3s44

) , (9)
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where li’s are direction cosines to x, y, z, and sij ’s are the
elastic compliance constants. Young’s modulus along axis i
then becomes

Yi = 1

sii

, (10)

where i can be 1, 2, or 3.
For some systems, we have also computed directly the bulk

modulus according to second derivative of energy as

B = −V0
d2E

dV 2
, (11)

where V0 is the volume in the equilibrium state, and d2E/dV 2

denotes the second derivative of energy with respect to volume.
Young’s modulus and Poisson’s ratio are

Y =
(

L0

A0

)
d2E

dL2
, (12)

ν = −1

2

L0

A0

dA

dL
, (13)

where L0 is the original length of the material. A0 is the
original cross-sectional area though which the force is applied.
d2E/dL2 denotes the second derivative of the energy with
respect to length. Comparison of the direct approach and
approximated approach are made for some (001) direction
to confirm our results.

The primary reason for performing the direct calculations
is to check the validity of the VCA. The value of modulii and
Poisson ratio from Eqs. (11)–(13) are different from the ones
from Eqs. (2)–(10) because of some constraints applied during
calculations. To obtain mechanical properties, one should use
Eqs. (2)–(10).

III. RESULTS AND DISCUSSION

A. Structures

This section presents the four equilibrium structures of low-
and high-temperature tantala. In addition, an amorphous model
is also discussed in this part.

1. δ and β L-Ta2O5

The two low-temperature structures are δ-Ta2O5 and β-
Ta2O5, which crystallize in a hexagonal structure and an
orthorhombic structure, respectively [see Figs. 1(a) and 1(b)].
Both of them contain four tantalum and ten oxygen atoms
per cell; thus the Ta:O ratio is 2:5. The experimentally
reported space groups are p6/mmm for the δ phase and
pccm for the β phase, respectively. However, the optimized
structures show large distortions when the symmetry constraint
is lifted. This phenomenon was discussed in a recent work22

where large supercells were used. Similarly, negative phonon
frequencies were obtained if symmetry was kept, indicating
an unstable system. After structure optimizations without the
symmetry constraints, these two structures distort further and
the phonon frequencies at the gamma point become positive.
The optimized lattice parameters are listed in Table I. In the
hexagonal structure (δ-Ta2O5), the optimized lattice parame-
ters are slightly larger than the experimental values, leading

to a density 4% less than the experimental value. The results
with the symmetry constraint (Table I, numbers in parentheses)
are comparable to the values proposed by Sahu et al.,19 and
the density is 2% smaller compared to experiments. Note that
the calculated a and c parameters are larger than those from the
experiment, but the c/a ratio from both calculations remains the
same as the experimental ratio at 0.535. The fully optimized
orthorhombic structure (β-Ta2O5) has larger lattice parameters
a and b but a smaller c, compared to the experiments.20

Calculations with symmetry constraints show better agreement
with experimental data. In particular, the calculated c/a ratio
agrees well, again, with the experimental value 1.25. Densities
from our calculation are 4% lower than the measured values,
same as in δ-Ta2O5. Our results do show that δ-Ta2O5 has
higher density than β-Ta2O5, which is in agreement with
experiment. Tables I(a) and I(b) provide detailed descrip-
tions of the Ta-O bond length and Ta-O-Ta bond angle
before and after distortion, which are depicted in Figs. 1(a)
and 1(b).

2. H-Ta2O5

The H-Ta2O5 system (reported by Liu et al.25) has a
tetragonal structure with lattice parameters of a = 3.86 Å and
c = 36.18 Å and I41/amd space group, according to selected
area electron diffraction (SAED) patterns and high-resolution
electron microscopy (HREM) images. There are three basis
tantalum atoms and four basis oxygen atoms in a unit cell.
Based on the symmetry, one can reconstruct the unit cell with
12 tantalum and 32 oxygen atoms in a unit cell (as a reference
point, this structure has been studied). However, one of the
four basis oxygen atom sites in the unit cell has a fractional
occupancy of 75%, which makes the actual total number of
oxygen atoms 30. As a result, The O/Ta ratio is still 2.5. The
positions of the two missing oxygen atoms are random. To
address the partial occupancy issue, we have performed a num-
ber of calculations with different approaches, including using
an oxygen-rich crystal, VCA,27 and various combinations of
two selected vacancy sites. Note that we fully expect explicit
vacancy models to fail completely for electronic structure
characterization. However, for mechanical properties, they can
provide a reference point to check the results of VCA. In it,
a 0.75-factored modification of the oxygen pseudopotential
has been performed and applied to eight oxygen sites where
vacancy can possibly occur, so that the number of oxygen
atoms is effectively 30. In Table I, the crystal without oxygen
vacancies is denoted as O-rich, and two with two specific
oxygen vacancies are denoted as defect 1 and defect 2, which
are typical ones among 28 different combinations of vacant
sites. We have fully relaxed the lattice and internal atomic
positions for all four tetragonal models. Unlike the L-tantala,
this H-tantala crystal does not show visible distortion from an
experimentally proposed structure when oxygen sites are either
75% or 100% occupied. The optimized geometry parameters
are shown in Table I and structure in Fig. 1). Both tetragonal
structures, one with 32-O and the other with 30-O effectively,
maintain the tetragonal unit cell, whereas the two with explicit
vacancies do not. For O-rich case the optimized a and c are
3.91 and 35.82 Å, respectively, which leads to a density of
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TABLE I. The optimized lattice constants, a, b, c. Numbers in parentheses are calculated with symmetry constraints. All lengths are in
units of Å. (a) Comparison of bond lengths and angles of symmetric and optimized δ-phase structure. All lengths are in units of Å and angles
in degree. (b) Comparison of bond lengths and angles of symmetric and optimized β-phase structure. All lengths are in units of Å and angles
in degrees.

a (Å) b (Å) c (Å) Density (g/cm3)

L-Ta2O5 δ phase
Expt. 7.25 3.88 8.37
Sahu et al. 7.12 3.80 8.86
Ours 7.39(7.31) 3.90(3.91) 8.01(8.17)

L-Ta2O5 β phase
Expt. 6.22 3.68 7.79 8.29
Sahu et al. 6.19 3.63 7.66 8.59
Ours 6.38(6.30) 3.82(3.72) 7.58(7.89) 7.99(7.99)

H-Ta2O5

Liu et al. 3.86 36.18 8.23
O-rich 3.91 35.82 8.20
With VCA 3.85 37.45 7.95
Defect 1 3.85 3.96 36.23 8.02
Defect 2 3.85 3.96 36.21 8.02

77-atom L-Ta2O5

Expt. 6.20 40.29 3.89 8.37
Ours 6.74 40.37 3.84 7.79
Amorphous 11.92 12.88 13.14 8.79
With VCA 11.61 11.96 12.29 6.82

(a) Bond length (symmetric) Bond length (distorted)

Ta1-O2 1.96 1.99
Ta2-O1 1.99 1.95
Ta2-O6 1.99 1.94
Ta2-O4 1.96 1.94
Ta3-O7 1.99 2.23
Ta4-O5 1.99 2.10
Ta4-O9 1.99 1.90

Angle (symmetric) Angle (distorted)

Ta2-O1-Ta3 132.8 121.4
Ta2-O6-Ta4 132.8 157.9
Ta1-O2-Ta1 122.2 145.3
Ta3-O5-Ta4 180.0 121.9
Ta3-O9-Ta4 132.8 160.8
Ta3-O7-Ta2 132.8 157.2
Ta2-O4-Ta2 180.0 164.9

(b) Bond length (Å) (symmetric) Bond length in (Å) (distorted)

Ta1-O5 1.84 1.93
Ta2-O1 2.14 2.19
Ta2-O2 1.98 2.19
Ta3-O7 1.94 2.18
Ta3-O8 1.96 2.19
Ta4-O6 1.93 1.85
Ta4-O9 1.93 1.95

Angle (symmetric) Angle (distorted)

Ta1-O5-Ta1 180.0 138.7
Ta2-O1-Ta1 122.2 112.7
Ta2-O2-Ta1 122.2 177.5
Ta2-O3-Ta3 180.0 159.2
Ta4-O6-Ta4 180.0 138.7
Ta3-O7-Ta4 122.5 107.8
Ta3-O8-Ta4 122.5 180.0
Ta1-O9-Ta4 180.0 158.7
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FIG. 1. (Color online) (a) Structure of δ-phase Ta2O5. (b) Structure of β-phase Ta2O5. The gray (light) atoms are Ta and red (dark) ones
are oxygen. Yellow (light small) atoms are distorted Ta atoms and blue (dark small) ones are distorted oxygen atoms. Distorted atoms are
labeled with primes. (c) Structure of tetragonal phase Ta2O5. The blue (gray) atoms are partially occupied oxygen sites. (d) Structure of low
temperature phase 77-atom Ta2O5. Blue (gray large) are oxygen atoms with 75% occupancy and yellow (gray small) atoms are oxygen atoms
with 25% occupancy.

8.20 g/cm3 Ta2O5. The internal atomic coordinates do not
show substantial deviation from experimental data. When
VCA were used in calculations, the optimized lattice parameter
a (3.85 Å) is very close to the experiment result (3.86 Å), but

c is elongated that leads to a density 2.9% smaller than the
measured one. Systems with two randomly selected vacancies
also show lower densities than the nonvacancy O-rich model
according to our calculation. This trend indicates that VCA
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is not the reason of the discrepancy between calculations and
experiments.

3. 77-atom L-Ta2O5

With the capability of VCA and reasonable test results
from H-tantala, it is computationally feasible to study the
W2O5-stablized low-temperature Ta2O5 phase proposed by
Stephenson and Roth.16 In the unit cell, there are 22 Ta sites
and 62 O sites. However, due to oxygen vacancies, four
O sites have 75% occupancy and eight O sites have 25%
occupancy, which effectively makes 55 O atoms in a unit
cell and keeps the Ta:O ratio as 2:5. Experimentally, the unit
cell is determined as orthorhombic and the lattice constants
are a = 6.198 Å, b = 40.29 Å, and c = 3.888 Å. For the two
different occupancies of O vacancy sites, we have constructed
two types of VCA potentials, 75% and 25%, respectively. After
full relaxation without symmetry constraint, the orthorhombic
unit cell is maintained but the lattice constants change to
a = 6.74 Å, b = 40.37 Å, and c = 3.84 Å. The optimized unit
cell is shown in Fig. 1(d). (Different vacancy sites are in
different colors.) Density decreases from 8.37 to 7.79 g/cm3

after relaxation. Similar to the H-Ta2O5, the symmetry of
the structure is lower than for the other two L-Ta2O5, and
the internal coordinates have also been fully relaxed without
imposing any symmetry constraints.

4. Model amorphous Ta2O5

The last system we present in this paper is a model structure
for the amorphous phase of Ta2O5. Because there is no pub-
lished force field, we have not been able to perform a molecular
dynamics calculation to obtain amorphous structures. Instead,
we used a Monte Carlo method to assign positions to Ta and O
atoms randomly, with constraints on the range of interatomic
distance and coordination numbers. We constructed a cubic
unit cell, with 48 Ta and 120 O atoms. Full structure relaxation
was performed and an orthorhombic structure with lattice
constants a = 11.92 Å, b = 12.88 Å, and c = 13.14 Å was
obtained [see Fig. 2(a)]. To examine this amorphous structure,
we calculated the pair correlation, which reflects radial
distribution of Ta-O and Ta-Ta distances for Figs. 2(b) and 2(c).
Pair correlation shows quite good amorphous characteristics,
and in good agreement with experimental data.46 However,
the calculated density of this model (8.79 g/cm3) is much
higher than all other models. Therefore, we have to take oxygen
vacancies into consideration.

According to Cooks et al.8 and Penn et al.,9 the density of
Ta2O5 amorphous thin film ranges from 74% to 93% of bulk
density, depending on different experimental conditions. The
decrease in the density may come from the partial oxygen oc-
cupancy (or vacancy) in thin films (similar to the situation in the
tetragonal H-Ta2O5). To include vacancy effects, we followed
the same procedure for constructing amorphous structures,
but used 80%-occupied VCA potential for oxygen atoms. In
a unit cell of 32 tantalum and 100 oxygen sites, which gives
effectively 80 O atoms, they were positioned randomly. After
full relaxation, an 11.61 Å × 11.96 Å × 12.29 Å unit cell was
obtained, with density 6.82 g/cm3. It is 82.3% of the density of
β-phase L-Ta2O5, within the foregoing range of 74%–93%.

FIG. 2. (Color online) (a) Structure of amorphous Ta2O5. Ta
atoms are in gray (light) and oxygen atoms are in red (dark). (b) Pair
correlation function of Ta-Ta in a 2 × 2 × 2 super cell. (c) Pair
correlation function of Ta-O in a 2 × 2 × 2 super cell.

B. Energetics and electronic structure

We calculated the Ta-O cohesive energies for the models
mentioned above, relative to the energies of the isolated Ta
and O atoms. Results are listed in Table II. Cohesive energies
of the hexagonal δ-Ta2O5 (7.46 eV) and the orthorhombic
β-Ta2O5 (7.41 eV) are quite similar with only a 50 meV/atom
difference, indicating that the two phases are isomeric. Coin-
cidently, the difference between the two phases seems to be
the same regardless of whether or not one imposes a symmetry
condition on the crystal during calculations. Our results from
symmetry-constrained calculations agree with those of Sahu
et al. For tetragonal H-Ta2O5, tetragonal with a VCA structure
has a cohesive energy of 7.21 eV/atom, which is lower than
the two L-Ta2O5 phases as expected. Similar to the value
within VCA, the two structures each with two O vacancies
both have a cohesive energy of 7.26 eV/atom, indicating
that VCA is a reasonable approximation. Interestingly, the
orthorhombic 77-atom L-Ta2O5 calculated using VCA has the

TABLE II. Numbers of oxygen and tantalum atoms, cohesive
energy. Numbers in parentheses are calculated with symmetry
constraints. All lengths are in units of Å.

nTa nO O/Ta Ec (eV/atom)

L-Ta2O5 δ phase 4 10 2.5 7.46(7.20)
L-Ta2O5 β phase 4 10 2.5 7.41(7.15)
O-rich H-Ta2O5 12 32 2.67 7.18
With VCA 12 30 2.67 7.21
Defect 1 12 30 2.5 7.26
Defect 2 12 30 2.5 7.26
77-atom L-Ta2O5 22 55 2.5 7.33
168-atom amorphous 48 120 2.5 7.23
With VCA 32 80 2.5 6.77

144105-6



FIRST-PRINCIPLES STUDIES OF Ta2O5 . . . PHYSICAL REVIEW B 83, 144105 (2011)

second lowest energy, that is, 7.33 eV. Our amorphous model
without vacancy shows a 7.23 eV/atom cohesive energy, which
is even higher than for the tetragonal VCA model (not a
surprise). However, the cohesive energy of amorphous VCA
model is 6.77 eV/atom, which is lower than any other model
discussed here. One should not take the exact value of this
particular number too seriously, because it merely provides a
clue on how the cohesive energy decreases as the systems have
partially occupied oxygen sites, or equivalently, the energy
decreases when there are vacancies.

The densities of state (DOS) were calculated, including
δ-phase, β-phase, tetragonal H-Ta2O5, and the 77-atom low-T
model. To obtain a sensible band gap, which is known to be
underestimated by DFT with conventional LDA or GGA, we
used the HSE06 hybrid functional to calculate the DOS of the
first three systems. Figure 3 shows the DOS for L- and H-Ta2O5

structures. As shown in Figs. 3(a) and 3(b), GGA gives a 1.1-
and 0.1-eV gap for the δ phase and β phase, respectively,
both in a good agreement with Sahu et al.19 However, the
HSE06 functional widens the gaps to 2.0 and 0.9 eV for the
two phases. For tetragonal H-tantala, GGA predicts a metallic
system whereas HSE06 opens a gap of 0.9 eV, a substantial
improvement over the GGA results [Fig. 3(c)]. GGA with
VCA shows metallic property for tetragonal H-tantala, which
is the same as O rich [Fig. 3(d)]. Since we currently do not
have a VCA potential suitable for use with the HSE06 hybrid
functional, and construction and testing of such a potential

FIG. 3. (Color online) (a) DOS of δ-Ta2O5. (b) DOS of β-Ta2O5.
(c) DOS of tetragonal H-Ta2O5. (d) DOS of tetragonal H-Ta2O5 with
VCA. (e) DOS of low temperature 77 atoms. GGA is in blue and
HSE06 is in red. Green lines indicate the Fermi level, which is
adjusted to be zero.

would constitute a major separate effort, we do not have DOS
information on the 77-atom low-T systems [Fig. 3(e)].

C. Elastic moduli

In this section, we discuss the mechanical properties of
Ta2O5 models. Our focus is on the elastic moduli, including
bulk modulus, Young’s modulus, and Poisson’s ratio. All of the
calculations started with the equilibrium states for the Ta2O5

structures.
Table III presents elastic tensors and derived mechanical

functions using Eqs. (3)–(13). Because of symmetry, the
number of independent elements varies from system to system.
In this case, we remove symmetry constraints and allow all
six distortions for every system. Based on the elastic tensors
thus obtained, the symmetry is basically maintained in our
calculation, though some small deviations exist. For example,
c11 and c22 are different by 5 GPa for O-rich H-Ta2O5. All
elements of the elastic tensor are taken into the calculation
of elastic constants, which effectively is an average of those
elements corresponding to symmetry. Our calculations show
that the lower and upper limit of the shear modulus, GR and
GV , from all systems range 49–97 GPa, and those of the bulk
moduli range 105–221 GPa, Young’s moduli 152–233 GPa,
and Poisson’s ratio 0.25–0.34. We take this as an indication that
these crystals have moderately similar mechanical properties
when averaged over all directions. It can be seen that the
H-Ta2O5 (both for the O-rich and VCA model) has higher
elastic moduli and Poisson’s ratio than the three L-Ta2O5

structures, indicating that H-Ta2O5 is stiffer. The VCA makes
tetragonal H-Ta2O5 have a higher shear modulus and Young’s
modulus than the O-rich model, but a lower bulk modulus.
Among the three L-Ta2O5 crystalline structures, hexagonal
δ-Ta2O5 shows lower moduli and Possion’s ratio than the other
two. The last three rows in Table III are Young’s moduli along
the x, y, and z directions, respectively. We will compare Yz

with a direct approach below.

D. Technical remarks: VCA and direct approach

In the direct approach, the conventional way to compute the
bulk modulus using first-principles calculations is via Eq. (11).
The volume change for each Ta2O5 structure discussed above
was achieved by changing the lattice constants. For the two
L-Ta2O5 of small unit cells, all of the atoms were allowed
to relax in the cells with the selected volumes, while for all
large systems the internal coordinates scale proportionally to
the changes in lattice constants. The O-rich H-Ta2O5 is found
to have the largest bulk modulus, 246 GPa (Table IV). All
other vacancy-doped tetragonal H-Ta2O5 models, including
defect 1, defect 2, and VCA, are calculated to be 217–
227 GPa. Both moduli of two L-Ta2O5 structures are nearly the
same values (228 and 223 GPa), which are quite close to those
reported by Sahu et al.19 However, they are quite different from
the values obtained from the elastic tensor, especially in the
case of the δ phase (108 GPa). A possible explanation for the
discrepancy is that relaxation of the shape could lower the bulk
modulus, whereas we do not let the unit-cell shape relax in our
calculation. The bulk modulus of amorphous model is 234 GPa
and lowest bulk modulus is 163 GPa for the amorphous VCA
model.
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TABLE III. Elastic constants, bulk moduli, shear moduli, Young’s moduli, and Poisson’s ratio of different phases of Ta2O5. Yx , Yy , and Yz

are Young’s modulus along a, b, and c axes.

Orthorhombic Hexagonal Tetragonal Tetragonal VCA Orthorhombic
β-Ta2O5 (GPa) δ-Ta2O5 (GPa) O-rich (GPa) (GPa) 77 atoms L-Ta2O5 (GPa)

c11 290 175 379 445 224
c12 126 104 173 67 106
c13 52 169 131 130 44
c22 263 167 374 443 256
c23 115 3 130 132 42
c33 428 403 366 326 430
c44 78 47 65 64 51
c55 39 46 65 64 54
c66 52 57 62 62 36
GR 64 49 77 81 57
GV 80 72 84 97 76
BR 171 105 221 207 140
BV 174 110 221 208 144
Y 189 152 215 233 172
ν 0.32 0.26 0.34 0.34 0.30
Yx 229 108 283 392 179
Yy 188 97 280 389 204
Yz 378 398 304 259 418

Direct calculation of Young’s modulus involves much more
effort compared to the bulk modulus. We focus only on the
(001) direction for all systems for comparison with values
listed in Table III (Yz). To determine the ratio of tensile stress
over tensile strain, we have elongated and compressed the
lattice parameter c. For all systems, Young’s moduli have been
calculated statically. Our calculation shows that high Young’s
modulus (667 GPa for δ phase and 606 GPa for β phase) is
a characteristic of the two L-Ta2O5 crystals. These values are
much higher than the Yz (398 GPa for δ phase and 378 GPa for
β phase), which is caused by relaxation of internal coordinates.
The high Y values suggest that (001) is a very stiff direction,
which is consistent with results in Table III. The H-Ta2O5

structures show relatively lower Young’s moduli than L-Ta2O5

and agree well with Table III. A range of values has been
obtained for tetragonal H-Ta2O5 models. The O-rich system
has a value of 430 GPa, while the two specific vacancy-doped
models have 360 and 380 GPa, respectively. Young’s modulus
H-Ta2O5 with VCA is obtained as 345 GPa. The calculated
Young’s modulus of the amorphous phase is ∼320 GPa, which
is much higher than the experimentally measured 140 GPa
(no amorphous phase calculated in Table III). Our results
suggest that the amorphous VCA model may be useful for
systematically approaching the experimental value. Based on
our calculation, oxygen vacancies and disorder in crystals
cause the materials to soften.

Finally, Poisson’s ratios, the ratio of transverse contraction
strain to axial extension strain, of these systems, has been
computed. As seen in Table II, the values of Poisson’s ratios
in the (001) direction range from 0.09 to 0.23 in the low-
and high-temperature crystalline phases, which are lower
compared to polycrystalline-averaged values. Poisson’s ratio
of the amorphous system is determined as 0.27. Note that the
Poisson ratios calculated directly are in the z direction, so it can
be possible that the value is lower than the values in Table III.

The amorphous system with oxygen defects described by the
VCA structure has a Poisson’s ratio of 0.20. The experimental
value of 0.23 lies between 0.20 and 0.27, suggesting that fine
tuning the amorphous-VCA model can possibly improve the
agreement between theory and experiment.

Since results from VCA and explicit defect models yield
similar mechanical properties as listed in Table IV, the VCA
seems to be a good approach for modeling vacancies. However,
the values from the direct approach are quite different
from the ones obtained by using Eqs. (2)–(10). The reason
is the constraints applied during calculations: For example,
uniform lattice scaling in all directions is used for bulk
modulus calculations, and fixed angles (among three lattice
vectors) are assumed when loading the strain in one direction
for calculating Young’s modulus. These constraints lead to
inaccurate numbers for systems as sensitive as Ta2O5.

IV. SUMMARY

In conclusion, the calculated mechanical properties of
tantalum peroxide systems show that the Ta2O5 crystalline

TABLE IV. Bulk moduli, Young’s moduli, and Poisson’s ratio of
different phases of Ta2O5. Y’s are the Young’s modulus along the c
axis, calculated via direct method for validating VCA.

B (GPa) Y (GPa) ν

Exp. (amorphous thin film) 140 0.23
O-rich H-Ta2O5 246 430 0.23
With VCA 224 345 0.22
Defect 1 217 360 0.23
Defect 2 227 380 0.23
168-atom amorphous 234 320 0.27
With VCA 163 263 0.20
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polymorphs, and its derivatives have similar mechanical
properties but are highly anisotropic. The (001) direction of
the high-temperature phase is rather soft compared to all three
low-temperature phases, but the (100) and (010) directions are
stiffer. All L-Ta2O5 phases are energetically more stable than
the H-Ta2O5 and the amorphous phases. In systems such as
H-Ta2O5, 77-atom orthorhombic L-Ta2O5, and the amorphous
structure, oxygen vacancies (or partial occupancy) soften
the materials and lower the cohesive energy. Mass density
and Young’s modulus also decrease when the systems have
oxygen vacancies. By comparison with experimental data, we
conclude that the amorphous structure with oxygen vacancy is

a good structural model for investigation of a Ta2O5 thin film,
but a thorough investigation is needed in future studies. We
also suggest that more experimental measurements should be
carried out to understand various crystalline phases.
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