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Amorphous zirconia-alloyed-tantala (ZrO2:Ta2O5) is of interest as a prospective coating material to make
the highly reflective mirrors used in gravitational wave detectors. We study the atomic structure of thin films
of ZrO2:Ta2O5 by making realistic computer models using force enhanced atomic refinement. The models are,
by construction, in agreement with measured x-ray scattering functions. The models made with x-ray scattering
data on as-deposited and 800 °C-annealed samples showed clear structural differences, particularly in their metal-
metal correlation. The ratio of corner-shared to edge-shared polyhedra increased as a result of annealing. The
electronic band gap and the density of states of ZrO2:Ta2O5 are found to be similar to that of pure Ta2O5 and
remained unchanged upon annealing. We used the Hyed-Scuseria-Ernzerhof hybrid functional to estimate the
band gap of ZrO2:Ta2O5 to be ≈ 4 eV, which is close to the experimental band gap of pure Ta2O5. The refractive
indexes calculated from the models were in reasonable agreement with the experiment. Vibrational modes at high
frequencies involve highly localized bond stretch modes associated with a corner-shared O atom connecting two
metal-oxygen polyhedra.
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I. INTRODUCTION

The sensitivity of interferometric gravitational wave detec-
tors such as LIGO and Virgo can be limited by Brownian
thermal noise associated with the dielectric coatings that
make up the highly reflective mirrors used in the interfer-
ometer [1–3]. These coatings consist of alternating layers
of high and low refractive index materials. In the cur-
rent generation of LIGO and Virgo, silica (SiO2) is the
low index material and titania-doped tantala (TiO2:Ta2O5)
is the high index material [3]. The measured mechanical
loss angle for the state-of-the-art ion-beam-sputtered SiO2

coatings is 4×10−5 rad [4,5] while that for TiO2:Ta2O5 is
2.4×10−4 rad [6,7]. Hence, the dominant contributor to the
coating thermal noise is high index TiO2:Ta2O5 layer. One of
the ways of reducing coating thermal noise and increasing the
sensitivity of future upgrades of these detectors is to find a
low-mechanical-loss replacement for the high-index layer.

Zirconia-alloyed tantala (ZrO2:Ta2O5) has been studied as
a promising candidate to replace the high index layer [1,3]. In
addition to having a higher refractive index (>2 at 1064 nm)
compared to silica (1.45 at 1064 nm), ZrO2:Ta2O5 appears
to remain amorphous after annealing up to temperatures of
800°C while most other Ta2O5-based coatings could be an-
nealed without crystallization only up to 600 °C. This is
significant because postdeposition annealing is a standard pro-
cedure to reduce room-temperature (RT) mechanical loss of
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amorphous oxide coatings. Measurements have shown this to
be true for ZrO2:Ta2O5 as well—measured values of RT loss
are seen to decrease monotonically as these coatings are sub-
jected to higher and higher annealing temperatures before the
crystallization starts [1]. Since annealing the low index layer
SiO2 also drives down its mechanical loss, this recipe could
form a potential route to low thermal noise high-reflection
coating.

To understand the origin of mechanical loss in the thin
films of ZrO2:Ta2O5 and possibly find ways to reduce the loss,
it is important to study its atomic structure and the ways two-
level systems (TLSs), which are thought to be responsible for
loss processes, could form in its structure. Furthermore, since
the RT mechanical loss values of ZrO2:Ta2O5 continuously
decrease upon annealing [1], it could be especially infor-
mative to probe the annealing-induced effects on its atomic
structure and how those changes in atomic structure might
relate to an observed decrease in RT mechanical loss.

In an earlier work published by Prasai et al. [3], x-ray
grazing incidence pair distribution function (GIPDF) mea-
surements carried out on differently annealed thin films
of ZrO2:Ta2O5 are reported. These measurements are then
employed to generate structural models of ZrO2:Ta2O5. Gen-
erating several sets of models based on GIPDFs measured on
differently annealed samples allowed the study of annealing-
induced effects on atomic structure. The modeling method
employed in this work is force-enhanced atomic refinement
(FEAR) [8,9]. FEAR uses force-based energy minimization
to constrain the solution space of reverse Monte Carlo (RMC)
modeling so the resulting models are simultaneously in agree-
ment with scattering data as well as low-energy configurations
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respecting the chemical and topological order required by the
chosen force field.

In this paper, we revisit the atomic modeling part of
Ref. [3] employing density functional theory (DFT)-based
calculations for energy minimization instead of two-body em-
pirical forcefield used in Ref. [3]. We gain significant accuracy
in modeled atomic interactions by using DFT-based calcula-
tions compared to the simple two-body empirical forcefields.
Furthermore, electronic and optical properties of the models
could be calculated using the DFT-based calculations. How-
ever, the size and number of instances we could model the
system are significantly limited in the present work compared
to Ref. [3] and hence our ability to resolve small differences
between differently annealed systems is poorer in the present
paper compared to Ref. [3]. Based on the models we generate,
we report on several characteristics, including coordinations,
polyhedral connections, bond angle distribution, voids, elec-
tronic and phonon density of states (DOS), and refractive
index. The optical properties are of special interest to LIGO
and VIRGO applications.

The rest of the paper is organized as follows: Section II
includes discussions about computational methodology and
models, Sec. III outlines the results and discussion, and
Sec. IV summarizes our conclusions and indicates future re-
search directions.

II. METHODOLOGY AND MODELS

We prepare 416-atom FEAR [8,9] models at experimental
density (6.53 g/cc) [3]. Atomic coordinates from a well-
equilibrated melt from a building block [10] model (cooling
rate of 0.1 K/fs) at 4000 K was taken as the starting model.
This configuration was then refined iteratively with partial
RMC [11] and energy minimization carried out with conju-
gate gradient algorithm using the ab initio plane-wave DFT
theory package VASP [12] with the projector augmented
wave (PAW) [13] method and the Perdew-Burke-Ernzerhof
(PBE) [14] treatment of the exchange-correlation functional.
The ab initio minimization step in each FEAR iteration en-
sures that the interactions and chemistry are well represented,
and the system does not produce chemically unrealistic struc-
tures which usually arise from conventional RMC. This
process was repeated to produce five independent models with
each of the annealed and as-deposited data, and the energy per
atom on various models were within 2% of the average value.
Each model, after the FEAR convergence, were relaxed with
conjugate gradient relaxation in VASP until the system attains
a DFT minimum of energy. After this relaxation, the final
energies per atom in the as-deposited and annealed models
were almost the same. In particular, it would be interesting
to get a measure of the difference between as-deposited and
annealed models fitted to the two experimental results.

For validation and comparison purposes, we created a melt
quench (MQ) model of ZrO2:Ta2O5 with 312 atoms. The
final force/energy relaxed model showed weaker agreement
with the experimental data for as-deposited films compared
to the FEAR models. Since creating models of as deposited
and annealed ZrO2:Ta2O5 is rather complicated with tradi-
tional MQ, it would be difficult to study annealing induced
changes with the MQ models. Although post-treatment of MQ

models to model annealing effects have been established and
tested [15,16], FEAR seems to be the go-to direction for our
material.

Furthermore, an x-ray scattering amplitude from a sample
depends on the atomic number of the species present [17],
therefore being less sensitive to O atoms relative to the Zr and
Ta atoms. RMC alone with x-ray diffraction data could thus
result in unexpected O behavior in such O rich stoichiometry.
This shortcoming could be ameliorated by a FEAR simula-
tion technique, where accurate interatomic potentials for each
atomic species are used to refine the models.

The electronic structure of the models have been studied,
in addition to the usual PBE functional, using the Heyd,
Scuseria, and Ernzerhof (HSE06) hybrid functional [18–20],
which has been quite successful in handling the DFT band-gap
problem and predicting optical properties. In this class of
hybrid functional, the exchange potential is divided into short-
and long-range parts. For our system, we used the standard
screening parameter (ω = 0.2), with ω being related to the
characteristic length, 2/ω, which defines the range separa-
tion. We have used default mixing parameters: 25% of the
nonlocal Hartree-Fock exchange is mixed with 75% of the
semilocal exchange in the generalized-gradient approximation
of PBE [14]. The long-range part and the correlation are
determined using PBE. Also the ion-core and valence electron
interactions were calculated with the PAW potentials.

III. RESULTS AND DISCUSSION

A. Structural properties

The structure factor S(Q) and the pair distribution func-
tion (PDF) obtained from the models are shown in Fig. 1,
along with the experimental data for comparison. The re-
sults were averaged over five independent models for both
the as-deposited and annealed data. Both as-deposited and
annealed models agree reasonably well with the experiment.
The PDF of both as-deposited and annealed models show
amorphous nature indicating that ZrO2:Ta2O5 does not crys-
tallize upon 800 °C annealing. As previously reported, this
phenomena arises due to the competing structural phases of
zirconia interfering with the alignment of tantala polyhedra
and thereby suppressing crystallization without generating
a separate zirconia crystalline phase [21]. Additionally,
Tewg et al. has also reported a 200 °C increase in the
amorphous-to-polycrystalline transition temperature of tan-
tala with the right amount of zirconia doping [21].

To understand the annealing-induced changes in the struc-
ture, we plot the S(Q) and G(r) of as-deposited and annealed
models together with the difference between them in Fig. 2.
The differences in S(Q) are prominent at the first and second
peaks while the differences in G(r) manifest mostly in the
region between 3 Å–4 Å. This region of G(r) carries infor-
mation regarding the connection of the various metal-oxygen
polyhedra and therefore the figure suggests that annealing pro-
duces significant changes in these connections. The difference
between the as-deposited and annealed models are subtle, and
it is difficult to reliably pinpoint the differences in our models
because the effects are so small. However, we calculated the
standard error arising from the averaging over five models and
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FIG. 1. Comparison of models with experiment: Experimental S(Q) and G(r) compared with that obtained from the models. The results
are averaged over five models.

verified that the differences in the G(r) and S(Q) between the
as-deposited and annealed models were higher than the error.

To understand the real-space correlations of the atoms, the
structure of the material can be thought of as a collection of
metal atom centered polyhedra with O atoms at the corners.
The correlation between the metal and the O atoms within a
polyhedra give rise to the first peak in G(r) at 2 Å. Metal-metal
(M–M) correlations arising from different types of connec-
tions between the polyhedra, shown in Fig. 3 (left panel),
give peaks in G(r) at different distances: edge-shared (ES) and
face-shared (FS) connections combined show up as a peak at
3.5 Åwhile corner-shared (CS) connections give rise to a peak
at 3.80 Å. These findings are in good agreement with similar
calculations made previously on zirconia-alloyed tantala [3]
and on pure tantala [22,23].

Figure 3 (left panel) presents a comparison of G(r) from
as-deposited and annealed models, with the lines thickened to
show standard errors. It shows that the M–O correlation is ro-
bust and unaltered by annealing. Low values of standard errors
below 3 Å in both as-deposited and annealed models show
that all the models taken for averaging purposes had almost
the same M–O correlation in them. The M–M correlations,
however, are modified significantly as a result of annealing.
Annealed models tend to have a larger concentration of CS
polyhedra and a lower concentration of FS polyhedra com-
pared to the as-deposited models. The comparison of different
polyhedral connection are shown on the right panel of Fig. 3,
suggesting that annealing increases the number of CS connec-

tions while decreasing the ES and FS connections between
metal atoms in the network. As the measured RT mechanical
loss of these thin films decrease upon annealing [3], this
result supports the notion that TLSs contributing to the RT
mechanical loss may involve ES and FS connections.

The bond angle distribution function obtained from the
models is shown in Fig. 4. The most obvious change in
the bond angle occurs in the Ta–O–Ta connections. This in-
crease in the peak around 130° for the annealed model is due
to the increase in the CS Ta–Ta connections upon anneal-
ing. This finding has already been pointed out in our earlier
work [3].

The coordination statistics of each atomic species are sum-
marized in Table I. The bond cutoffs were taken from the first

TABLE I. Coordination statistics for as-deposited and annealed
models using 2.9 ÅM–O bond cutoff distance along with the fluctu-
ations in the total coordination number over different models.

Model Atoms Ta O Zr Total

Ta 6.07 6.069 ± 0.038
As deposited O 1.35 1.41 2.759 ± 0.003

Zr 6.35 6.346 ± 0.031

Ta 5.90 5.896 ± 0.031
Annealed O 1.31 1.41 2.718 ± 0.007

Zr 6.34 6.342 ± 0.053
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FIG. 2. Comparison of as-deposited and annealed models: Comparison of S(Q) and G(r) from as-deposited and annealed models. The
difference curve has been shown at the bottom.

minima of the PDF and the coordination statistics are not too
sensitive to this choice. Homopolar bonds are absent in all the
as-deposited as well as annealed models and the only bonds
present are the M–O bonds. The Ta–O coordination values for
the as-deposited and annealed models are in agreement with
results from NMR studies on pure Ta2O5 [24,25]. Annealing
did not produce a major change in the Zr–O coordination
number but the Ta–O was significantly reduced as a result of

annealing causing a major reduction in the O–Ta coordination
number and the average O coordination by metal. As seen
in Fig. 5, this reduction in O–M coordination number arises
from a drop in fraction of three- and four-coordinated O atoms
as a result of annealing. This finding is complemented by an
increase in fivefold Ta-atom due to annealing. Reduction in
O coordination by metal upon annealing has previously been
reported in similar measurements [3]. A significant change

FIG. 3. Effect of annealing in M–M correlation and polyhedra sharing fashion. Left panel: Comparison of G(r) from as-deposited and
annealed models. The curves are thickened to show the standard error present in the data. Right panel: Comparison of the fraction of CS, ES,
and FS polyhedra connections in the as-deposited and annealed models.
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FIG. 4. Bond angle distribution function for the as-deposited (dashed line) and annealed model (solid lines).

in Ta–O coordination compared to Zr–O upon annealing
suggests that the Zr–O ionic bond is stronger than Ta–O, a fact
also backed up by their electronegativity values. The ratio of
twofold to threefold coordinated O atoms in zirconia-alloyed
tantala is ∼1 : 2. Thus, zirconia doping modifies the bonding
environment of oxygen significantly by producing more three-
fold coordinated O atoms in the network. Figure 5 also shows
that annealing reduces the fraction of higher coordinations
across each species.

1. Voronoi analysis

The local environment around each atom is studied with
Voronoi analysis. A Voronoi tesselation is defined by associ-
ating a cell of space to each atom that is closer to that atom
than any other [26]. In general, a Voronoi cell for an atom
can be constructed by drawing perpendicular bisector planes
between the atom and its near neighbors.

The Voronoi radius (VR) for an atom can be obtained
from the cell volume within the atomic sphere approxima-
tion that approximates the cell with a sphere equal to its
volume. With this construction, atoms with closer neighbors
distributed symmetrically have smaller VR while atoms with
neighbors further away have larger VR. Furthermore, if an
atom has a void near it, the Voronoi volume and hence the

radius is higher. Distribution of the VR in the sample has
been shown in Fig. 6. The peak arising from Ta atoms is a
clear signature of the Ta–O bonds because it is the shortest
bond present in the network. The decrease in the peak height
for Ta atoms upon annealing is a consequence of decrease
in the O–Ta coordination. Since the range for the VR for
Ta atoms is the smallest, the Ta atoms have the most com-
pact nearest-neighbor environment. Detailed analysis of the
bonding environment showed that the tail of the Ta atoms are
contributed by undercoordinated (fivefold) Ta atoms while the
lower end is contributed by overcoordinated Ta atoms. An-
other peak due to Zr atoms lies in the intermediate region of O
and Ta atoms because the bond length of Zr–O bonds is greater
than that for Ta–O [3]. Low values of VR for both Zr and
Ta atoms compared to O atoms highlight two key structural
details of the models. First, the environment around metal
atoms are more organized than the O atoms as most metal
atoms have a M–O polyhedral environment. Second, there is
always an O atom closer to a void than any metal atoms. The
VR associated with the oxygen atoms are the largest among
the three which can be attributed to various factors. First,
O atoms have the smallest number of nearest neighbors with
no clear three=dimensional picture of its environment: its
neighbors are not arranged symmetrically. Second, they lie

FIG. 5. Change in coordination accruing from annealing.
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FIG. 6. Frequency distribution of Voronoi radius. The sum of the frequencies for each atom type is equal to the number of atoms of that
particular type in the sample. The jagged oscillations are artifacts of the model size.

in the boundary separating voids and the dense matrix of
atoms and have large unoccupied volumes included in their
Voronoi cells.

2. Voids

We begin by partitioning the system into a large number of
small spherical cells centered at the points of a 180×180×180
grid and checking the distance of each sphere from all the
atoms in the network. A cell is called isolated if it is further
away than the covalent radius (1.70 Åfor Ta, 0.73 Åfor O,
and 1.75 Åfor Zr), plus a tolerance, from all the atoms in
the network. We have used a tolerance of 0.9 Åto get rid
of the inclusion of the cells lying along the M–O bonds,
with a 2.90 Åcutoff, in the set of isolated cells. The collec-
tion of these isolated cells defines the region in real space
in the network that is empty/void. We define void size as
the combined volume of all the isolated cells within a void.
The void sizes in the models are presented in Fig. 7. The
fluctuations of void sizes among various models were within a
few percent of the void size. The distribution of the void size
shows that the as-deposited models, on average, have larger
voids than the annealed models. The annealed models have
a few large voids and a higher fraction of uniformly sized

smaller voids. Annealing thus annihilates the larger voids into
smaller sizes which can be thought of as the bonded O atoms
being pushed further from the metal atom, thereby reducing
the coordination, although subtly, as shown in Table I. This
fact is also corroborated by the decrease in the fraction of
highest coordinated metal atoms upon annealing, as seen in
Fig. 5, which can be thought of as the O atom being pushed
toward the void, thereby annihilating the void. This is true not
just for the 312-atom models but also for 2600-atom model.

For visual interpretations, the voids present in one of the
as-deposited and annealed FEAR models are shown in Fig. 8.
It shows that voids in the annealed sample are uniformly
distributed and with a narrower range of sizes than the as-
deposited models.

B. Optical and electronic properties

The frequency-dependent complex dielectric function,

ε(ω) = ε1(ω) + iε2(ω), (1)

for the as-deposited and annealed models were calculated
within the PAW method, where the imaginary part is derived
by summing over conduction bands and the real part using the
Kramers-Kronig relation [27]. Both refraction and absorption

FIG. 7. Void size in the 416-atom (left) and 2600-atom (right) models. Both show annihilation of the voids upon annealing.
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FIG. 8. Distribution of voids in real space for as-deposited and annealed models. Different colors denote different voids in the system.

of a medium can be described by a single quantity called
complex refractive index defined as

ñ = n + ik. (2)

The real part is the normal refractive index while the imag-
inary part is called the extinction coefficient and is directly
proportional to the absorption coefficient of the medium. Both
quantities are calculated using the complex dielectric function
with these definitions [28]:

n =
⎛
⎝

√
ε2

1 + ε2
2 + ε1

2

⎞
⎠

1
2

, k =
⎛
⎝

√
ε2

1 + ε2
2 − ε1

2

⎞
⎠

1
2

. (3)

The frequency dependence of the refractive index, calculated
with the PBE and HSE06 functionals, has been shown in

Fig. 9. The refractive index for both as-deposited and annealed
models, obtained using the hybrid functional (HSE-06), were
much closer to the experimental results. The experimental
value of the refractive index at 1064 nm is reported to be
2.08 ± 0.01 [1]. From Fig. 9, the value calculated with HSE
is much closer to the experimental value compared to that
calculated with PBE.

The electronic density of states of the models evaluated
with the Kohn-Sham eigenfunctions obtained from VASP us-
ing PBE and the HSE06 hybrid functional have been plotted
in Fig. 10. Since tantala is an insulator with a experimental
band gap of 4.22 eV [29], introduction of zirconia (with band
gap of 5.50 eV [30]) to the network does not change the insu-
lating nature of the compound in contrast to the results seen
in Cu-doped tantala [31], where space-projected conductivity
calculations have shown that the phase-segregated Cu atoms

FIG. 9. Refractive index as a function of photon energy for as-deposited and annealed models.
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FIG. 10. Comparison of the electronic density of states (EDOS) between as-deposited and annealed models calculated using PBE (left
panel) and HSE06 (right panel) approximations.

form a conducting active region. The band gap observed in our
models (≈ 2.3 eV) calculated with the PBE approximation is
lower than reported, a discrepancy which can be associated
with the well-known band-gap underestimation by DFT [32].
However, the band gap calculated with the hybrid functional
(HSE06) shows a band gap ≈ 4 eV which is close to the
experimental band gap of tantala. The band gap for crystalline
tantala and zirconia calculated using density-functional calcu-
lations have been reported to be 2.2 eV [33] and 5.34 eV [34],
respectively. Figure 10 also shows that the gap in the DOS is
robust with respect to annealing.

C. Vibrational properties

The analysis of the vibrational properties of amorphous
materials not only serves as a tool to validate (or invalidate)
computer generated models but also provide a useful insight
to the local bonding environment. Vibrational properties of the
models were studied using the harmonic approximation. The
analysis begins with a zero-pressure relaxation of the models
which resulted in a slight change in volume (∼ 1%) with no
significant changes in network topology. The Hessian matrix
is then computed by displacing each atom in six directions
(±x, ±y, ±z) by 0.015 Å. The three lowest frequencies aris-
ing form rigid supercell transitions were removed from the
calculations of the vibrational density of states (VDOS). The
VDOS is defined as

g(ω) = 1

3N

3N∑
i=1

δ(ω − ωi ), (4)

with N and ωi representing the number of atoms and the
eigenfrequencies of normal modes, respectively. This math-
ematical definition suggests that any frequency that has a
higher number of eigenfrequencies in its neighborhood will
have higher VDOS. The delta function is approximated by a
Gaussian with a standard deviation of σ = 1.8 meV.

The extent of localization of the vibrational frequencies are
studied using vibrational inverse participation ratio (VIPR)
defined as

V (ωn) =
∑N

i=1 |ui
n|4( ∑N

i=1 |ui
n|2

)2 , (5)

where ui
n is displacement vector of ith atom at normal mode

frequency ωn. Low values of VIPR indicate a vibrational
mode evenly distributed among the atoms while higher values
imply only a few atoms contributing at that particular eigen-
frequency. This quantity helps us determine what atoms share
the vibrational mode at any particular frequency.

The VDOS for the as-deposited and annealed models have
been shown in Fig. 11. A detailed analysis of the contribu-
tion from individual atomic species showed the dominance
of metal atoms at low frequencies while O atoms dominated
the mid and high regions of the vibrational spectrum. The
VDOS looks qualitatively similar in the as-deposited and the
annealed models at low frequencies. However, there are cer-
tain regions where they differ significantly as we move higher
in frequency, for example, near ≈57.5 meV. The insets show
that the discrepancy arises because of the difference in the
number of the vibrational modes present in the as-deposited
and annealed models in that region.

The VIPR for the O atoms, decomposed onto different
O coordinations, is plotted in Fig. 11. Low values of VIPR
throughout the vibrational spectrum for the fourfold O atoms
indicate that the vibrational eigenmodes these set of atoms
contribute to are highly delocalized. The normal modes to-
ward the higher end of the spectrum are mostly localized
on the twofold O atoms and on the threefold O atoms to
some degree. A detailed investigation of these localized high-
frequency modes show that they are localized on a CS O atom
connecting two M–O polyhedra and the vibrational mode is a
bond stretch mode of the CS O atom between the two metal
atoms. This localization at high frequency is important for
thermal application because localized modes play a signifi-
cant role in determining thermal conductivity in amorphous
chalcogenides [35] and polymers [36].

IV. CONCLUSIONS

New models of both as-deposited and annealed
ZrO2:Ta2O5 were created and models showed good agreement
with the experimentally measured x-ray diffraction data.
However, since the differences in G(r) and S(Q) are subtle,
one must be careful in making sure that the errors in
these functions are not greater than the difference between the
as-deposited and annealed models. As deposited and annealed
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FIG. 11. Left panel: Vibrational density of states (arbitrary units) in as-deposited and annealed models. The insets show, in the energy
range of interest, the energy associated with the normal modes in the as-deposited and annealed models. Right panel: Vibrational inverse
participation ratio (VIPR), calculated for an as deposited model, projected onto different coordination of the O atoms.

models of zirconia-alloyed tantala showed differences in
structure in relation to the M–M correlations, coordination
statistics, VR, void size, and distribution. Despite the subtle
differences in the experimental x-ray diffraction data for
as-deposited and annealed samples that manifests mostly
in the polyhedral linking fashions, our models clearly
capture them.

The effect of annealing on the coordination number is most
prominent on the Ta atoms. Analysis of the VR showed that
there is always an O atom closer to a void boundary than any
metal atom. The void distribution highlights the presence of a
greater number of larger voids in as-deposited models than in
the annealed models. The electronic DOS shows that neither
annealing nor zirconia doping significantly alters the band
gap of the tantala host. PBE functional calculations produce
incorrect band gap for Zr-alloyed tantala and the inclusion of
hybrid functional to the DFT calculation in inevitable to get
a good agreement with experimental results. The computa-

tional efficiency facilitated by FEAR helps us create 416-atom
models, at DFT level, which would otherwise have been
highly expensive using the traditional MQ method.

The results presented in this paper provide an increased
understanding of the atomic structure of ZrO2:Ta2O5 coatings
and the effect of annealing on the structure—these results
could be helpful to understand the origin of mechanical loss
observed in these coatings so coatings with lower losses, as
required by future generations of gravitational wave detectors,
could be designed.
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