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Amorphous tantala and its relationship with the molten state
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The structure factors of molten Ta,O5 and Nb,Os have been measured by high-energy x-ray and pulsed neutron
diffraction. These are compared to transmission-mode x-ray diffraction through a self-supported 15-4m ion-beam
sputtered amorphous tantala film. Atomistic models derived from the diffraction data by means of empirical
potential structure refinement reveal that tantala and niobia liquids are very close to isomorphous, as confirmed
by measurement of a molten mixture, Tay gNb; ,Os. Nonetheless, peak Nb-O bond lengths are about 1% shorter
than those for Ta-O, at temperatures, T* = T/ Tyer, scaled to the melting points. Mean coordination numbers are
nyo == 5.6(1), noy =~ 2.23(4) in the liquid state, and n,o >~ 6.6(2), nor, = 2.63(8) in the solid. The liquids are
built from five- and six-fold M-O polyhedra which connect principally by corner sharing, with a minority of edge
sharing; a-Ta,Os on the other hand has a local structure more akin to the crystalline polymorphs, built primarily
from six- and seven-fold polyhedra, with a larger degree of edge sharing. The structural differences between
liquid and amorphous Ta,0Os, coupled with observations of increasing peak bond lengths upon cooling, are
consistent with the interpretation that the amorphous film reaches a supercooled liquidlike metastable equilibrium
during deposition. In other words, the amorphous film shares a common progenitor state with a hypothetical
glass quenched from a fragile melt. In addition, we show that recent classical interatomic potentials do not
fully reproduce the diffraction data, and infer that inclusion of attractive (non-Coulombic) Ta-Ta interactions is
important, particularly for obtaining the correct degree of edge sharing, coordination numbers, and densities.
Nanoscale inhomogeneity of the amorphous film is confirmed by the observation of small-angle x-ray scattering.
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I. INTRODUCTION

The structure of an amorphous solid can often be influenced
by its synthesis method [1-3]. Such distinct amorphous forms
of a given substance are often termed polyamorphs [2], in
analogy to polymorphs in the crystalline state, with perhaps
the most famous example being the different forms of amor-
phous water ice [3]. Conversely, amorphous oxides of similar
structure, obtained via different, high-energy, synthesis routes
have led to the idea that a common metastable equilibrium
state is reached at some point in their thermal histories
[4-6]. Furthermore, this metastable state may resemble the
deeply supercooled liquid, as is the case for melt-quenched
glasses. Here we use high-energy x-ray diffraction (XRD)
and neutron diffraction (ND) to study liguid Ta,Os and its
putative isomorph—molten Nb,Os. Direct comparison is then
made to the x-ray-diffraction pattern of ion-beam sputtered
(IBS) a-Ta,0s obtained in transmission geometry through a
15-pum film. Such a comparison enables us to speculate on
the structural relationship between the amorphous solid and
hypothetical melt-quenched glass, two states often tacitly con-
flated in simulation studies [7-9]. Furthermore, the scattering
data allow for direct testing of pair potentials used in classical
molecular dynamics (MD) modeling, both in the equilibrium
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high-temperature liquid as well as for the non-equilibrium
amorphous solid.

Amorphous tantala films have been used in the successful
detection of gravitational waves, where they act as high index
layers within the multilayer mirror coatings of large-scale
interferometers [10-14]. For this application, among others,
understanding the structural properties is key to reducing
the internal friction and thermal noise and thereby increas-
ing instrument sensitivity [14]. Amorphous transition-metal
oxides, including those of tantalum and niobium, are also
prime candidates for use in resistive random-access memory
[15,16] as well as electrochromic [1] and energy storage
applications. As such, the structure and properties of a-Ta,Os
have been studied quite extensively [6,17-25]. From a glass
science perspective, a-Ta, Os is an intriguing material, being an
“intermediate” oxide composed of high-field-strength cations,
which has not been melt quenched to form glass, but is
typically formed by ion-beam sputtering. Nonetheless, glasses
containing large molar amounts of Ta,Os have been formed
by melt quenching [26-31], with compositions including
60Ta,0s - 10Ga,03 - 30La 03 [31], 50Ta,0s - S0Li,O [26],
and46Ta, 05 - 54A1,03 [28], suggesting that Ta likely partakes
in network formation. Understanding the structure of high-
temperature melts ultimately facilitates fundamental under-
standing of glass formation (and crystallization)—how and
why it occurs in certain compositions and not in others.
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A second aspect of this paper concerns the structural
similarity, or isomorphism, of molten tantala and niobia. Nb>*
and Ta>* have identical Shannon radii (0.64 A for M-O octa-
hedra [32]), and very similar bond-valence (BV) parameters
[Rnvo = 1.911(2) A, Rpo = 1.920(5) A [33]] and Pauling
electronegativities (xnp = 1.6, x1a = 1.5). The melting points
of the M,0Os oxides differ significantly, T,y = 1760 K (M =
Nb) and 2145 K (M = Ta), and both are strongly polymorphic
[18,34-36], in part due to the possibility of nonstoichiometry,
oxygen deficiency, and reduced M** states, which can lead
to superlattice formation. The Tay,O5-Nb,Os phase diagram
is rather complex [37]. While wide (Ta,Nb),Os solid-solution
regions exist, these have different structures at either end of
the phase diagram. Furthermore, a mixed NbsTa,;0;5 phase,
of unknown structure, exists over a limited temperature range
above T =~ 1680 K, with a narrow solid-solution range. The
known structures of ambient temperature M,0Os polymorphs
typically contain M-O octahedra [38—42], but these are often
distorted and may have additional, much longer, bonds. In
coexistence with these octahedra, sevenfold sites are also
found, e.g., in high-temperature Ta,Os [43], and even four-
fold tetrahedral sites are found, at low abundance, in high-
temperature Nb,Os [44].

Given the above information, one might expect similar,
though not necessarily identical, structures for liquid and even
amorphous tantala and niobia. How similar they are is an open
question addressed herein. Notably the surface tensions of the
two liquids are identical, and they have similar atom number
densities [45].

II. METHODS
A. Sample synthesis

A 15-um-thick layer of amorphous Ta,Os was deposited
at Laboratoire des Matériaux Avancés, Villeurbanne, France,
with a dual ion-beam sputtering coater. The coating was
deposited on a silicon substrate, an area of 1.4 x 1.4 mm
of which was later removed by etching in order to obtain a
freestanding layer.

Ceramic beads of Ta;O5 and Nb,Os, 2—4 mm in diameter,
suitable for use in an aerodynamic levitation furnace, were ob-
tained by laser melting of powders in a copper hearth open to air
[46]. Starting reagents were 325 mesh Nb,Os (Materion,
99.95%) and <20-um TayOs (Aldrich, 99.99%). In or-
der to obtain mixed oxide beads, the two reagents were
first baked at 873 K in Pt crucibles inside an elec-
tric furnace overnight. The dried powders were then
weighed into a polyethylene bottle in proportions appro-
priate to the desired 2Ta;0Os - 3Nb,Os molar composition.
The 1.3-g batch was then tumble mixed with a single
Al,O3 mixing bead. The powder mixture was then formed into
beads within the laser hearth as for the single oxides.

B. Density

The density of molten niobia has been measured by Ikemiya
et al. [45] over the 1810 < T < 1934-K temperature interval,
with result

om = 4.280 — (4.09 x 107*}(T — Tiner) (D

in units of grams per cubic centimeter and Kelvin, and
with Ti,e;r = 1760 K. A contactless measurement on the more
refractory liquid tantala yielded a density of 6.55gcm™ at
the melting point [47]. This translates into an atom number
density 93% of that for liquid niobia at Ty [45]. In lieu of
more accurate experimental data we derive an equation for the
density of molten Ta,Os based on the assumption of identical
atom number density to liquid Nb,Os, at temperatures, T* =
T / Tiert, scaled to the melting points. This procedure yields

om =T7.116 — (5.58 x 107*}(T — Tperr) 2

where Ther = 2145 K.

Densities of amorphous tantala films have been measured
between 7.30 and 7.68 g cm ™3 [19,24,25,48]. For our analyses
herein we have used the larger value of 7.68 gcm™> [24,25].
Note that our proposed Eq. (2) for the density of molten Ta,Os
extrapolates to a room-temperature density of 8.15gcm™>,
higher than measurements on amorphous films. This is exactly
as should be expected because a hypothetical tantala glass,
derived by quenching the melt, would have a smaller thermal
expansion coefficient than the liquid, and therefore a lower
density than the extrapolation of the liquid curve. In addition,
a-Ta;Os films could be measured to have lower than their bulk
densities if any porosity is present.

C. X-ray diffraction

High-energy x-ray-diffraction experiments were performed
at beamline 6-ID-D of the Advanced Photon Source (APS),
Argonne, IL, USA. Pair weighting factors for the different
sample compositions are given in Table I. Cation-cation pair
scattering typically dominates, followed by metal-oxygen and
only a small contribution from O-O. Initial experiments used
an x-ray energy of 100.315 keV (1 = 0.123595 A), with beam
cross section 200 um high by 500 um wide. X rays were
detected by an a-Si Perkin-Elmer XRD1621 (2048 x 2048
pixels of a 200 x 200-um Tl-doped Csl scintillator) at a
distance of 345.05 mm from the sample, calibrated with a
cerium dioxide powder standard, giving access to a maxi-
mum Q = (4 /1)sin ¥ of Qpnax =~ 24 10\71 at scattering angle
2Umax = 27.3°. Only the above plane scattering was analyzed,
owing to the increased absorption below the plane arising from
the alignment of the x-ray beam at the top of the spheroidal
sample. For Ta-bearing samples, a 1.5-mm-thick sheet of brass

TABLE 1. Pair weighting factors for M,0s materials based on
the bound neutron coherent scattering lengths bo = 5.803(4) fm,
br, = 6.91(7) fm, and byp, = 7.054(3) fm [100]. X-ray weightings are
calculated at Q = 0, where f;(Q =0)~ Z; and Zp =8, Zy, = 73,
and ZNb =41.

Pair weighting
Material Radiation M-M M-O + O-M 0-0
Ta, 05 X-ray 0.616 0.338 0.046
TaggNb;,05 X-ray 0.531 0.395 0.073
Nb,Os X-ray 0.452 0.441 0.107
Ta, 05 Neutron 0.104 0.437 0.459
Nb,Os Neutron 0.107 0.440 0.453
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TABLEII. Summary of 100-keV x-ray and spallation neutron-diffraction measurements on the a-Ta,Os IBS film and molten Ta,05-Nb,Os
liquids. The densities shown are derived from measurements on molten niobia by Ikemiya et al. [45], and on the amorphous phase by Bassiri

[25].

Material Radiation Gas T (K) Tere (K) T/ Tierr (K) Density (gcm™3) Density (atoms 10\73) r (A)
Ta, 05 X-ray 0, 2287(10) 2145 1.066 7.0363 0.067124 1.910(8)
Ta,0s X-ray 0, 2339(18) 2145 1.09 7.0073 0.066847 1.913(11)
Ta,0s5 X-ray 0, 2400(32) 2145 1.119 6.9732 0.066522 1.910(8)
Ta, 05 X-ray 0, 2458(17) 2145 1.146 6.9409 0.066214 1.907(8)
Ta, 05 X-ray 0, 2504(26) 2145 1.167 6.9152 0.065969 1.908(8)
Ta,05 X-ray 0, 2538(32) 2145 1.183 6.8963 0.065788 1.907(8)
Ta, 05 X-ray 0, 2595(26) 2145 1.21 6.8645 0.065484 1.905(7)
TaggNb; ,0s5 X-ray 0, 2145(10) 1941 1.105 5.3186 0.066680 1.893(3)
Nb,Os X-ray 0, 1820(11) 1760 1.034 4.2556 0.06749 1.892(2)
Nb,Os X-ray 0, 1870(11) 1760 1.063 4.2352 0.067166 1.891(1)
Nb,Os X-ray 0, 1975(21) 1760 1.122 4.1922 0.066485 1.891(2)
Nb,Os X-ray 0, 2081(13) 1760 1.182 4.1489 0.065797 1.890(2)
Ta, 05 X-ray Ar 2234(16) 2145 1.041 7.0659 0.067406

Ta, 05 X-ray Ar 2378(23) 2145 1.109 6.9855 0.066639

Ta,0s X-ray Ar 2478(19) 2145 1.155 6.9297 0.066107 1.924(18)
Nb,Os X-ray Ar 2071(30) 1760 1.177 4.153 0.065862 1.888(1)
a-Ta, 05 X-ray Air 298(2) 2145 0.139 7.680 0.073264 1.957(6)
Ta,0s5 Neutron Ar 2423(25) 2145 1.130 6.9604 0.066400 1.919(4)
Nb,Os Neutron Ar 1923(25) 1760 1.093 4.2135 0.066822 1.912(5)

was used in front of the detector to selectively filter out
fluorescence x rays from the Ta K edge. Samples were held
within the converging-diverging conical nozzle of an enclosed
aerodynamic levitation furnace [49]. Either pure O, or Ar gases
were used to levitate the samples, at flow rates of ~0.5 L/ min.
The different gases allow for comparison of measurements at
different oxygen partial pressures to check for any influence
of reduction of M>* — M** at high temperature. Heating
and melting were achieved using a 500-W, 10.6-um, CO,
laser impinging onto the top of the sample bead, where the
x-ray beam also passes, and where sample temperature was
measured by optical pyrometry in the 0.9-um near-infrared
region. Apparent temperature was corrected using Wien’s dis-
placement law approximation [50] with a spectral emissivity
value of 0.87 estimated from the Fresnel losses for a material
with a refractive index of 2.1 [51,52]. Correction was also
made for reflection losses from a silica window and lens that
were in the optical path. Measurements were made at fixed
laser power, and were close to isothermal (see Table II). After
initial melting, the temperature was typically lowered in 100-K
steps, with measurements of 1-min duration (three captures
using 0.2-s exposures averaging over 100 frames) at each step.
Background measurements of the empty furnace were made,
with either argon or oxygen gas flowing into the chamber.

The mixed oxide, Tay gNb; »Os, sample was measured later
with a slightly different setup. X-ray energy was 100.250
keV (L = 0.123675A), with beam cross section 200 um
high by 400 um wide. The sample-to-detector distance was
378.49 mm. The molten sample was measured in O, for 10 min
in total during a single run (30 captures using 0.2-s exposures
averaging over 100 frames).

Repeat measurements were made at the higher x-ray energy
of 131.737 keV (x = 0.0941149 A), with beam cross section

200 um high by 500 um wide and sample-to-detector distance
of 654.04 mm. The use of higher-energy x rays reduces
the absorption and fluorescence problems associated with
tantalum, but comes at the expense of greatly reduced x-ray
beam intensity. Oxygen was used as the levitation gas, and
measurements lasted 5 min (15 captures using 0.2-s exposures
averaging over 100 frames).

Sample masses changed very little during each run,
typically remaining within the measurement uncertainty of
+0.1 mg, orabout +0.1%. The largest change was observed for
a Ta;Os sample run several times in O,, at Am = —0.21 mg,
or —0.25%.

The amorphous tantala film, with self-supported area of
1.4 x 1.4 mm, was suspended vertically and measured at nine
points on its surface using an incident beam cross section
of 250 x 250 um. The x-ray energy was 100.315 keV (A =
0.123595 A), and sample-to-detector distance was 329.76 mm.
Of the diffraction patterns obtained at different locations, all
showed some Bragg spots arising from residual Si substrate.
The measurement with the smallest Si contribution was chosen
for analysis, and the Bragg spots masked out of the data. A
comparison of masked and unmasked data is given in Fig. S1
in Supplemental Material [53]. The silicon contribution is very
small, and any remaining diffuse scattering can be neglected
in the data analysis. Later measurements for comparison were
also made at 131.737 keV (A = 0.0941149 A), and sample-to-
detector distance of 682.81 mm, as well as at 60.0673 keV (A =
0.206409 A), which is below the Ta K edge (67.416 ke V). Here
the sample-to-detector distance was 469.46 mm. This final
setup extended the measurement to lower Q, with concomitant
reduction in Qax.

Two-dimensional diffraction data were reduced, integrated,
and corrected using FIT2D [54], additional angle and energy
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TABLE III. Details of EPSR and MD models. Maximum amplitude of the empirical potential, Ug; minimum cation-cation separation,
rimin: metal-oxygen and oxygen-metal coordination numbers with standard deviations of their distributions in parentheses; and goodness-of-fit
parameters, R . Values are given for the MD model for a-Ta,Os of Ref. [9], while the 2400-K liquid was modeled using the refined potentials

derived herein.

EPSR MD

Model a-Ta,05 A a-Ta,05 B a-Ta,05 C  Ta,052458 K Nb,O5 1975 K  a-Ta,05 [9] Ta, 05 2400 K
U (kJ/mol) 547 912 547 534 534

rimin (A) 2.9 2.9 2.5 0.9 0.9

a0 (rew = 2.75A) 6.58(88)  6.74(97)  6.29(79) 5.52(63) 5.57(63) 5.72 5.84
Rom (Few = 2.75A) 2.63(59)  2.70(62)  2.51(56) 2.21(49) 2.23(47) 2.29 2.34
Rx(1.2 < rew < 8.0A) XRD (%)  3.86 3.36 2.57 3.26 1.57 22.53 10.97
Ry(1.2 < rew < 8.0A) ND (%) 2.50 2.63 7.47

dependent corrections according to Ref. [55], and finally
GUDRUNX [56] to obtain the x-ray structure factors. Residual
background intensity varying slowly with Q was removed

using the top-hat convolution method (6.O-A71 top-hat width)
and real-space intensity below 1.0 A was suppressed [56]. This
amounts to an aesthetic correction which is nonetheless helpful
for direct comparison to modeled functions.

D. Neutron diffraction

The coherent neutron-scattering cross sections for Ta and
Nb are similar to that for oxygen, in contrast to the case for
x rays where the heavy metal atoms dominate (see Table I).
As such, combined neutron and x-ray scattering from tanta-
lum and niobium pentoxide are highly complementary, and
allow access to information from all three pair terms, M-M,
M-0O, and O-O. Moreover, the close similarity of the bound
neutron coherent scattering lengths of Ta and Nb means that
measurements on both of the M,Os liquids make for a direct
test of their putative isomorphism.

Neutron-diffraction measurements were made at the
NOMAD beamline [57] of the Spallation Neutron Source
(SNS), Oak Ridge, TN, USA. A reentrant well containing
an aerodynamic levitation furnace similar to that described
in Ref. [58] was used. Argon was used to fill the well and
as levitation gas, on account of its reduced neutron scattering
compared to air or oxygen, and thereby background scattering
was reduced. The neutron beam was collimated and aligned to
pass above the top of an Al nozzle within which the sample was
floated. Measurements of vanadium beads of varying diameter,
placed in the levitator nozzle, were used for normalization
to absolute units. Each liquid was measured for a total of
60 min. After background subtraction, absorption corrections,
and normalization, a further small renormalization, following
the procedure in Refs. [59,60], was applied. This procedure
forces the low r slope of D(r) to be consistent with that
expected based on the melt density. Finally, a Fourier filter was
applied to reduce high-frequency noise and a small remaining
low-frequency background. Comparisons of the data before
and after this procedure are given in Fig. S2 in Supplemental
Material [53].

E. Empirical potential structure refinement

Structural models were derived from the diffraction data
using empirical potential structure refinement (EPSR) [61,62].

For the liquids, neutron and x-ray data were both used as
input simultaneously, while for the amorphous solid only x-ray
data were available. Initial random configurations of 4900
atoms were equilibrated using Monte Carlo under Coulombic
plus Lennard-Jones 12-6 reference potentials to give reason-
able starting points for the refinements. The reference force-
field parametrizations were based on the Lorentz-Berthelot
mixing rules and the following atomic parameters: go =
0.92kImol™!, 60 = 3.16 A, go = —e, &3 = 2.23kImol !,
oy = 1.48A, and gm = +2.5e, where e is the proton charge.
Temperatures and densities were fixed at 2458 K, 6.941 gcm 3
for Ta,Os; 1975 K, 4.192gcm™3 for Nb,Os; or 298 K,
7.680 g cm ™~ for a-Ta,0s. Following equilibration, empirical
potential refinement was used to progressively modify the
atomic configuration such that the experimental scattering data
were reproduced. Once the goodness of fit parameter was mini-
mized, statistical structural data were collected over ensembles
of >2 x 103 configurations. It was necessary to enforce a mini-
mum Ta-Ta separation in the models of a-Ta; Os, and ultimately
three models were produced with different 77t | or maximum
energy amplitudes of the empirical potential (see Table III).

F. Molecular dynamics

Pair potentials for Ta,Os have been developed by Trinastic
et al. [8] and used by those authors [7] and others [9] to predict
the structure and properties of a-Ta,Os. Trinastic et al. [8]
based their potentials on the O-O pair potential for BKS (named
for van Beest, Kramer, and van Santen) silica [63], which takes
the Buckingham form. An additional Morse interaction term
was included for Ta-O, while Ta-Ta pairs interacted solely
via Coulombic forces. The Ta-O pair potential was fitted to
lattice and elastic constants of 5-Ta;Os derived from density
functional theoretic calculations [34].

Herein we compare existing models of a-Ta,Os [8,9] to
our x-ray-diffraction data, and use the Trinastic et al. [8]
potentials, and derivatives thereof, to model molten tantala.
The simulations were conducted using the DL_POLY classic
code [64] in the isothermal-isobaric (N-P-T) ensemble at
2400 K and 1 atm pressure. An initial configuration of 1400
atoms was derived using a Monte Carlo procedure under the
EPSR reference potentials described above. An equilibration
period (forces capped) of 25 ps was followed by a 50-ps
production run from which results were derived. A time step
of 1 fs was used throughout.
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A modified set of potentials was derived, starting from those
of Trinastic et al. [8]. These were based on the as-published
Ta-O pair potential, an increased O-O Buckingham interaction
amplitude Agp = 2110.935eV, and inclusion of an attractive
Ta-Ta pair interaction of the form

—r Cror. D
Pramal(r) = ATaTanp( > _ TZTd . TZTa 3)
PTaTa r r

with Apm = 2.4 x 10*eV, prmn = 0.25A, Cpn = 1.6 x

103 eV AS, and Dpyr = —1.6 x 103 eV A®. The modified po-
tentials were derived in order to obtain the correct system
density, as given by Eq. (2), and to improve the agreement
with diffraction data, primarily in terms of the nearest-neighbor
Ta-Ta distance distribution.

III. RESULTS

A. Reciprocal-space functions

Comparison of the Q-weighted structure factors, or in-
terference functions, plotted in Fig. 1, reveals a number of
insights. First, the great similarity between the two neutron-
diffraction measurements lends strong support to the idea that
the tantala and niobia liquids are isomorphous. The bound
neutron coherent scattering lengths (see Table I) of Ta and
Nb differ by only ~2%, and as such the structure factors
are expected to differ beyond this level only if the atomic

arrangements themselves do so. The similarity carries over
into the x-ray scattering functions, but in this case the larger
number of electrons of the Ta atoms (Zr, = 73) leads to a
larger weighting of the M-M pair scattering compared to Nb
(Zxp = 41) (see Table ). Therefore there are clear differences
in the modulation of the relative peak heights between the
Ta;05,Nb,0Os, and Tay gNb; »,Os liquids in the x-ray scattering
curves.

A second insight garnered from Fig. 1 is that the effect
of temperature, at least over the ~300-K range explored, is
small for both molten tantala and niobia. Although the structure
factors at this scale are barely distinguishable between different
temperature points, some subtle systematics do exist and will
be explored in the discussion.

Third, the a-Ta,Os x-ray-diffraction data reveal a much
greater degree of ordering compared to the liquids, as is
expected from the greatly reduced thermal disordering at room
temperature. The first peak also becomes clearly split into two

peaks at 1.87 and 2.42 A_l, something not observed in related
materials such as a-Hf O, [65].

It is also evident in Fig. 1 that the x-ray data for liquid
tantala are somewhat noisier than for liquid niobia. This is a
consequence of the greater absorption cross section of Ta;Os
compared with Nb,Os. The measurements were made using
x rays with energies greater than those of the K edges of Nb
(18.986 keV) and Ta (67.416 ke V). At 100 keV, the absorption

L—X-ray

Neutron

FIG. 1. Interference functions, Q[S(Q) — 1], for the a-Ta,Os IBS film and molten Ta,0s-Nb,Os liquids. Measurements (open points) in
O, gas using 100-keV x rays and in Ar gas using spallation neutrons are shown. The solid curves (red or cyan) overlaid are derived by EPSR.
In the case of a-Ta,0s, only the predicted neutron function is shown. Seven liquid Ta,Os and four liquid Nb,Os datasets obtained at different
temperatures are shown overlaid in different colors. For the Tag sNb, ,Os molten solution, two solid curves are overlaid, obtained by reweighting
and summing the partial structure factors derived by EPSR for the Ta,0Os (red) and Nb,Os (blue) end members, assuming isomorphism. Vertical

offsets have been applied for clarity.
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100 keV X-ray

Neutron

6 8

r(A)

o —1
FIG. 2. The total correlation functions obtained by sine Fourier transform of the data in Fig. 1. In all cases a Qn.x = 20.0A  was used,
without any additional window or modification function. Vertical offsets have been applied for clarity.

length of molten TayOs (0.40 mm) is almost an order of
magnitude smaller than for molten Nb,Os (3.03 mm) and the
fluorescence energy (~57 keV) and yield are correspondingly
greater. This results in an attenuated signal as well as a
fluorescence background for the Ta,O5 measurements, which
increase the uncertainty in the result.

Comparison of x-ray-diffraction measurements made in
oxygen and argon atmospheres (see Fig. S3 in Supplemental
Material [53]) reveals negligible changes due to the change
in oxygen partial pressure, from 1 atm down to ~107% atm
in ultrahigh-purity Ar. This implies that thermal reduction of
pentavalent M>7 to lower valence states can be neglected in our
structural analyses. Nonetheless, while materials processed in
O, appeared white on recovery, those melted in argon were
blackened, implying a small abundance of M** defects, suffi-
cient to strongly influence the optical properties. The slightly
larger changes observed for molten Ta,;Os compared to Nb,Os
are attributed to the lower signal-to-noise ratio of the former
measurements, rather than any difference in redox behavior.

X-ray-diffraction measurements were conducted at 100 and
132 keV and direct comparisons are plotted in Fig. S4 in
Supplemental Material [S3]. The higher-energy measurements
were undertaken in order to reduce the absorption and flu-
orescence associated with tantalum. However, despite this
advantage, the incident x-ray flux is also lowered by almost
two orders of magnitude, which could not practically be fully
compensated for by increasing the measurement times. As
such, the 132-keV measurements have a lower signal-to-noise
ratio, and serve mainly to verify the 100-keV measurements,
without improving upon them.

The structure factor of a-Ta,Os is plotted in Fig. S1 in
Supplemental Material [53], where it can be seen that at

008 10\71 the intensity increases from a minimum value.
This can be seen more clearly in the 60-keV data (see Fig. S5
in Supplemental Material [53]), which extend to lower Q
by virtue of the lower energy and longer sample-detector
distance. This small-angle x-ray scattering (SAXS) implies
inhomogeneity within the amorphous film, possibly nanoscale
porosity built in during the deposition process. A much larger
SAXS signal has recently been observed in a-HfO, grown by
gas phase condensation [65].

B. Real-space functions

Total correlation functions are plotted in Fig. 2. Again,
a comparative inspection reveals a remarkable amount of
information, even beyond that gleaned from the reciprocal-
space data plotted in Fig. 1. Perhaps the most striking feature is
the split Ta-Ta nearest-neighbor peak in a-Ta,Os, with clearly
resolved peaks at 3.312(2) and 3.750(1) A. The area ratio of
short to long Ta-Ta distances is approximately 1:2 and they
are loosely ascribed to edge- and corner-sharing TaO,, poly-
hedra, respectively. The shorter metal-metal distance remains
present as an unresolved shoulder in the x-ray data for the
Ta;05-Nb,Os liquids.

The M-O nearest-neighbor peaks are clearly asymmetric,
with modal distances of ~1.9A and a tail, or shoulder, to
higher r. This asymmetry of the M-O bond-length distribution
is common to many molten and amorphous oxides [65-68],
with the exceptions being the highest-field-strength network-
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FIG. 3. Peak (modal) bond lengths for a-Ta,Os IBS film and
molten Ta,0s and Nb,Os liquids, as a function of 7" = T /Tpe-
Solid lines are linear regressions of the XRD data collected in O, gas.
Crystallographic mean bond lengths for H-Ta,Os [43] and 8-Ta,0s
[40] are shown for comparison. Also shown to the right-hand side
are bond-valence derived bond lengths for four-, five-, and six-fold
pentavalent cations, relevant to ambient temperature and calculated
assuming equivalency of all bonds within the polyhedron. Note
that this equivalency of bonds does not exist in the liquids or the
amorphous film, where the mean and modal bond lengths differ
significantly. Nonetheless, the bond-valence derived values serve as
a useful reference point.

forming cations such as Si** and B3*. Notably the peak
position is slightly larger in a-Ta,Os compared to the liquids,
possibly indicative of a higher average M-O coordination.
Analysis of the full bond-length distributions is made by EPSR
(see below). The modal peak positions have been extracted
using PFIT [69], by fitting the leading edge up to 1.95 A, and
these are recorded in Table II and Fig. 3. The shorter distances
in the liquids compared to the solid film are clear, and indeed a
larger cutoff radius of 2.0 A was required in fitting the data for
the solid. Also revealed is a difference between the niobia and
tantala liquids, whereby the Nb-O peak bond length is slightly
shorter compared to Ta-O, by about 0.02 A. The reasons for
this are discussed below in Sec. IV A.

C. EPSR models

The EPSR method derives ensembles of atomic configu-
rations at fixed density that are consistent with diffraction
data. The solid curves overlaid on the data in Figs. 1 and
2 demonstrate that EPSR has been successful in deriving
chemically feasible atomic arrangements in all cases. Note
that for the liquids the models are more highly constrained,
by both neutron and x-ray data, whereas for the a-Ta;Os only
x-ray data were available, and the predicted neutron data are
given at the bottom of each plot.

S T
< 1 b Nb,O, —— XRD —- — ND
2 Ta,0,—— XRD— — ND
154 Ta, ;Nb, ,0,—— XRD (Ta) 1
] Ta, Nmzos XRD (Nb)

-XRD

_ a-Ta,0---
10

FIG. 4. Goodness-of-fit parameters as a function of summation
cutoff radius for various EPSR models.

The real-space goodness of fit can be calculated using [70]

172

)

2
o Texp(ri) = Tmoa ()]

k, max o
k, min Texp(rk)

Rx(rk,max) =

where subscripts “exp” and “mod” denote experimental and
modeled functions, respectively. This parameter is plotted
as a function of ry max in Fig. 4 (rg min = 1.2 A) and given
numerically for rx max = 8.0 A in Table I11. The molten N b,0Os5
XRD data are most well reproduced, followed by the ND data,
molten Ta,Os XRD, and finally a-Ta,Os XRD. The ordering
of the XRD datasets can be rationalized based on the higher
quality of the Nb, Os data compared to Ta, Os where absorption
and fluorescence have a greater effect. The a-Ta,Os is least
well reproduced, despite the lack of constraint by neutron-
diffraction data, likely because it is more ordered—it is always
easier to reproduce a highly disordered (high temperature, high
entropy) structure than an ordered one.

EPSR derived partial pair distribution functions g;;(r) are
plotted in Fig. 5, coordination number distributions are plotted
in Fig. 6, and bond angle distributions are plotted in Fig. 7. Itis
quite clear that the independently derived structures of molten
tantala and molten niobia are very similar; they are essentially
the same—isomorphous—within measurement uncertainties.
Amorphous tantala, however, has a structure quite distinct from
the high-temperature melts. Indeed, the melts have mean M-
O coordination numbers (see Table III) of 5.6, compared to
nt0 = 6.6(2) in the amorphous phase. Figure 6(a) shows that
the melts are largely composed of five- and six-fold Ta or Nb,
with most oxygen being twofold, bridging oxygen, at shared
corners of M-O polyhedra. By contrast a-Ta;Os is composed
largely of six-, seven- and some eight-fold Ta, and there are
more threefold oxygen than twofold, indicating a higher degree
of edge sharing of polyhedra than in the melts.

IV. DISCUSSION

A. Isomorphism of molten Ta,Os and Nb,Os

Molten tantala and niobia appear to have very similar
structures at the level of the atomic arrangements, and can
therefore be considered as isomorphs. An additional test of
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FIG. 5. Partial pair distribution functions derived by EPSR for
the a-Ta,0s IBS film and molten Ta,Os and Nb,Os liquids. Vertical
lines correspond to cutoff radii for which coordination number and
bond-angle distributions were calculated.

this comprises the simulation of the x-ray data for the mixed
molten oxide, Tap gNb; ,Os, using the appropriately weighted
partial structure factors derived from EPSR of the end-member
oxides. Figures 1 and 2 demonstrate that the diffraction data are
predicted reasonably well in this manner. In fact, the real-space
goodness-of-fit parameters are better than those of the pure
Ta; 05 melt (see Fig. 4).

The g;;(r) for the two liquids (see Fig. 5) are very similar.
The largest difference apparent here is in the first peak of
goo(r). Considering that this difference is not observed in the
experimental neutron data, it is not considered a feature of the
real liquids. Similarly, the small differences in coordination
number distributions (see Fig. 6) and the 1% difference in mean
coordination numbers (see Table III) are considered below the
detection limit inherent in the experiments.

A true, subtle, difference in the structures does appear in
the peak bond lengths (see Fig. 3 and Table II). Specifically,
the peak Nb-O bond length is shorter than the Ta-O by about
0.02 A, across the whole range of temperatures accessed.
Although the Shannon radii for Nb>* and Ta" are identical to
the two significant figures they are given [32], a difference is
apparent in the BV parameters of Nb>* [1.911(2) A] and Ta’*
[1.920(5) 10\] [33] at the level of the third significant figure.
What this means is that, for identical coordination geometries,
one would expect niobium-oxygen bonds to be slightly shorter
(by ~0.5%) than tantalum-oxygen bonds. Indeed, since the
difference in BV parameters of Argy = 0.009(5)108 is very
similar to the difference observed experimentally, Aryq =
0.018(8) A, it can be ascribed to the intrinsic bonding dif-
ference alone, without invoking any difference in the mean

1.0 : , . |
Ta,0, liquid a-Ta,0,
1() Nb,O, liquid & & aTa,0_MD |
0.8 O-M VO |
\ o |
S 06 |
ks
©
L
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0 2 4 6 8 10

Coordination Number n,
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FIG. 6. Coordination number distributions for a-Ta,O5 IBS film
and molten Ta, 05 and Nb,Os liquids. (a) O-M and M-O distributions
for a fixed cutoff radius of 2.75A. Results from the MD study of
Damart et al. [9] are also shown. (b) As a function of cutoff radius
for the two liquids. (c) As a function of cutoff radius for liquid and
solid-amorphous tantala.

coordination numbers or geometries. Again, differences in
mean coordination environments at or below the 1% level
cannot be ruled out.

Aleshina et al. [71] measured x-ray-diffraction patterns
from amorphous Ta;Os and Nb,Os obtained by anodic
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FIG. 7. Bond angle distributions for a-Ta,Os IBS film and molten
Ta, 05 and Nb,Os liquids.

oxidation. Those authors found very similar bond lengths of
oo = 1.98(2) A and rro = 1.97(2) A, and a small differ-
ence in mean coordination number of Anyo = 0.4(3), where
nnvo = 7.1(2) and np,o = 7.5(2). These results are slightly
inconsistent, in that » and n typically scale together (logarith-
mically), and the slightly smaller BV parameter for Nb>* [33]
implies rNbo < T'Ta0, fOr nNbo < 0. The discrepancy may
simply be a result of the low real-space resolution obtained by
the conventional x-ray-diffraction technique, using relatively
low-energy x rays from Fe, Cu, and Mo K, transitions.
Nonetheless, the results suggest similar structures for the
amorphous solids, as well as for the liquids measured herein.

B. Structure of amorphous tantala

X-ray-diffraction data presented herein reveal an amor-
phous tantala structure distinct from that of the high-
temperature melt. Beyond the decreased thermal disorder at
ambient temperature, the denser solid phase also possesses
more highly coordinated ions, the polyhedra of which link
together by edge sharing as well as corner sharing, the latter
being predominant in the melt phase.

The structure of a-Ta,Os derived herein is not as well
determined as those of the liquids. This is because only x-ray
data were available, the unsupported area of the film (~2 mm?)
being too small compared to beams typically used for neutron
diffraction. Partly as a consequence of this, it was necessary to
enforce a minimum Ta-Ta separation during EPSR modeling.
a-Ta,Os models A and B (see Table III) were derived with
pon =29 A and differ only slightly on account of the larger
maximum amplitude allowed for the empirical potential in
a-Ta,O5 B. In model C, however, with rﬂi{‘a =2.5 A, a large
change is observed in the g;;(r) (see Fig. 5), whereby the
peak of ~2.6 A, which manifests in gr.0(r) in models A and
B, is replaced by short Ta-Ta distances in gp,r.(r) in model
C. Such short Ta-Ta distances are considered unlikely in the
real material given that they are not found in the crystalline
polymorphs of Ta,;0Os, while Ta-O bonds in this region are
common.

The well-resolved split Ta-Ta peak observed in real-space
x-ray-diffraction data for a-Ta,Os (see Fig. 2) is a striking

feature. It is not something that is observed in ambient-pressure
glass-forming oxides such as V,0s [72], P,Os [73], SiO, [74],
GeO, [75], B,O3 [76], or even As,O3 [77]. Common to all
of these glass formers is that their metal-oxygen coordination
numbers are all low enough that an open network of corner-
sharing polyhedra can be built up, within which oxygen bonds
to an average of only two cations (or fewer in the case of
phosphorus pentoxide). Stated concisely, for glass formers,
now = o < 2. 5)
co
where ¢y /co is the metal-to-oxygen ratio. Equation (5) rear-
ranges as

nio < 2. (©)
974

In amorphous but non-glass-forming oxides the above
inequality does not hold and the introduction of oxygen
coordinated to more than two cations leads to mixed edge as
well as corner sharing. This leads to two distinct populations of
metal-metal distances, which are often resolved as a split peak
in gpm(r). Such splitting is observed not only for a-Ta,Os
but also for a-Hf O, [65] and a-TiO, [66,78], as well as glassy
oxides (e.g., GeO,) compressed to sufficiently high pressures
that the M-O coordination increases above the 2(co/cp)
threshold [79,80]. Exceptionally, Al-Al distances in a-Al,O3
associated with edge and corner sharing are too similar to be
resolved, but do lead to a clearly asymmetrical peak in gaja1(r)
[81-83].

Note that in related materials such as amorphous hafnia
[65] the ratio of short to long metal-metal distances is rather
different, being approximately 2:1 in a-HfO,, as opposed to
1:2 in a-Ta,0Os. This is primarily a consequence of the higher
oxygen-to-metal ratio, co/cyy, in tantala. A slightly lower M-O
coordination numberin a-Ta;Os, ny,0 & 6.6(2) (see Table I11),
compared with nyro & 6.8(6) in a-Hf O,, would also contribute
to this observation.

a-Ta;Os is therefore more similar to the glass-former oxides
than is a-HfO,, inasmuch as it has a higher proportion of
corner-sharing M-O polyhedra. It might therefore be expected
that tantalum could partake in oxide network formation in
glasses, to a greater degree than hafnium, under the right
circumstances, and in suitable compositions. This is borne out
in observations of glass formation, with as much as 60 mol %
Ta,0s being incorporated into glassy LazGaTagO,; [31], 50
mol % in LiTaO; [26], and many other examples of tantala-rich
oxide glasses [27-31,84]. Meanwhile HfO, shows far less
solubility in oxide glasses [85-87]. Niobium oxide can be in-
corporated into glasses even up to 75 mol % Nb,Os in LaNbz Og
glass [31,88], which, like the equilibrium Ta;Os5-Nb,Os phase
diagram, is suggestive of subtle differences between Ta and
Nb. Similarly, ZrO; tends to be incorporated to slightly higher
levels in glass [30,89,90], as compared to HfO5.

Our data are compared directly in Fig. S6 in Supplemental
Material [53] to those of Shyam et al. [20], who employed
a rather different approach for obtaining the x-ray structure
factor of a-Ta,Os. Those authors used a grazing-incidence
(GI) technique which does not require any substrate removal,
probing only the top 50—-100 nm of the film. Overall the results
are very similar. The transmission measurement has a higher
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signal-to-noise ratio, which might explain the more clearly

resolved split in the first diffraction peaks at 1.87 and 2.42 f‘:l .
The reduced Q range of the grazing-incidence measurement
means that it is not clear if small-angle scattering is present, as
for the transmission measurement, although the lowest-few-Q
data points do show a slight upturn. In real space the differences
in the T(r) are at the noise level. A slightly longer Ta-O
peak bond length is observed in the GI data (see also Fig. 3).
However, this may come down to systematic uncertainties, e.g.,
in calibration of the scattering geometry, rather than any real
difference in structure arising from slight differences in thermal
history. As such, the liquid-amorphous comparison in Fig. 3 is
better made between our measurements which use very similar
experimental setups. Since the GI measurement is sensitive to
a depth of many tens of nanometers, it is a bulk probe, as
is the transmission measurement through the 15000 nm film,
and differences on the grounds of different bulk or surface
sensitivities are not expected.

Shyam et al. [20] did not quote numerical coordination
numbers, but they cite a similar short-range structure to the
crystalline phase also measured, likely 8-Ta,0Os, with sixfold
Ta coordination. However, based on the great similarity be-
tween the GI and transmission x-ray-diffraction measurements
(see Fig. S6 in Supplemental Material [53]), we can conclude
that our models with nr,o &~ 6.6(2) are consistent with both
datasets. Using a combination of first-principles MD and
electron diffraction, Bassiri et al. [24] obtained an average
coordination number in IBS amorphous tantala of n,o = 6.53,
in excellent agreement with the present findings.

Aleshina et al. [71] found n,0 = 7.5(2), somewhat higher
than the value obtained herein. The difference could arise
from the synthesis method of the anodic films, which is
rather different from that for IBS films, and could lead to
incorporation of water and/or hydroxyls. Furthermore, the
conventional x-ray-diffraction technique could be subject to
larger uncertainties than those quoted. Indeed, nm,o = 7.5(2) is
closer to the sevenfold Ta sites found in high-pressure Z-Ta;Os
[91,92] than to any ambient pressure polymorphs. Notably
Maeng et al. [93], based on extended x-ray-absorption fine-
structure (EXAFS) data, suggested a similar local structure
for anodic a-Ta,Os as for the -Ta, 05 polymorph containing
sixfold Ta. This does not completely refute the findings of
Aleshina et al. [71], however, given that EXAFS has also
yielded comparatively low n,o >~ 5 in IBS a-Ta,Os [18],
which can be at least partially attributed to the difficulties and
uncertainties associated with extraction of quantitative coor-
dination numbers from EXAFS data. Studies using '’O NMR
[94] suggest an O-Ta coordination number nor, = 2.43(12),
as derived from the relative areas of resonances assigned to
two- and three-fold oxygen. The corresponding nr,o = 6.1(3)
is only slightly smaller than found herein by high-energy x-ray
diffraction and EPSR.

Finally, the presence of inhomogeneity in the IBS film is
implied by the observed rise in SAXS (see Figs. S1 and S5
in Supplemental Material [53]), which specifically suggests
scattering density fluctuations on the nanometer length scale.
The same conclusion has recently been reached by Hart
et al. [21] using fluctuation electron microscopy and virtual
dark-field imaging. Those authors found inhomogeneity on
the 5-nm length scale, and furthermore that it increased with

thermal annealing. Structure on this scale is difficult to capture
in atomistic models, given that even a 5 x 5 x 5-nm cube
contains more than 9000 atoms. To capture any fluctuations
would likely require an increase in linear dimension of an
order of magnitude, which is 103 in volume, or a total atom
count on the order of 107. Simultaneously modeling atomic to
nanoscale (or larger) structure clearly poses a general problem
in the computational modeling of materials.

C. Temperature dependence of the liquid structure
and relationship with a-Ta,Os

The changes in liquid x-ray-diffraction patterns with tem-
perature are very small, partly due to the relatively small
temperature ranges of A7 =~ 300K accessed. Nonetheless,
Table II and Fig. 3 reveal subtle, systematic trends toward
shorter peak M-O bond lengths at higher 7. In other melts,
this phenomenon has been associated with a reduction in
coordination number with increasing temperature [49,95]. The
gradients obtained by linear regression are —1.8(5) x 107>
and —0.6(2) x 1075 AK~"! for Ta-O and Nb-O respectively.
These correspond to negative bond-length thermal expansion
coefficients of —10(3) x 107 and —3.2(9) x 107 K~!. These
are imperfect measures, owing to the asymmetry of the M-O
bond length distributions (see also Ref. [96]), but nonetheless
can be compared instructively to the magnitude of changes
observed in other systems. For example, in molten BaTi,Os,
atio = —8(2) x 107 K~! (from the mean rrio, not the mode)
[49], and, in Na,B407, ago = —23(3) x 10°°K! (mean is
approximately equal to mode) [95,97]. Therefore the values
found for a1,0 and anpo are entirely reasonable, and imply a
reduction in nm,o and nnpo With increasing temperature. Note
that in liquid B, O3 a positive B-O bond expansion is observed,
with ago = +3.7(2) x 107 K~!, owing to the constancy of
the B-O coordination number (ngo = 3) [76].

A coordination number which increases during cooling is
exactly what would be expected from the structural differences
between liquid and amorphous tantala, i f a-Ta,Os is consid-
ered an analog for a hypothetical melt-quenched glass. If this
is indeed the case, then the Ta-O bond length and coordination
number would have to increase more rapidly during cooling in
the supercooled regime, as opposed to the equilibrium liquid
regime accessed experimentally herein. The reasoning behind
this statement is that the extrapolation of the linear trend in
Ta-O bond length in the melt does not reach that measured for
the solid, even at 0 K, let alone at a putative glass transition in
the vicinity of 900 K (based on crystallization during annealing
above this temperature [6,10]). A qualitatively similar result
was found in molten BaTi,Os [49]. This type of behavior
is associated with fragile melts—those that display super-
Arrhenius temperature dependence of the liquid viscosity.

The idea that amorphous materials can attain a super-
cooled liquidlike metastable equilibrium structure is often
tacitly assumed in their computational modeling. Identical
MD modeling methodologies involving melt quenching are
often applied for both amorphous materials as well as glasses
(materials which experimentally melt quench without crys-
tallization). This concept has been advanced by Kim et al.
[4-6,94], who have shown that amorphous materials obtained
by different synthesis routes often converge upon a common
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FIG. 8. Total correlation functions for liquid and solid-amorphous
tantala. The experimental data are repeated from Fig. 2, along with
the a-Ta,Os EPSR model, while the remaining solid curves represent
MD models derived herein for the liquid and by Damart et al. [9] for
the solid, in both cases using the potentials of Trinastic et al. [8], or
refinements thereof.

structural arrangement. Notably these synthesis routes involve
high-energy processes, in terms of the ion kinetic energy in the
(dual-) IBS technique, or the thermal energy supplied during
annealing of sol-gel materials. We therefore expect liquid
and amorphous tantala and niobia to display a phenomenol-
ogy common with other single oxides. That is, coordination
numbers which decrease during cooling of the liquid until
frozen at a “glass transition,” engendering a denser amorphous
phase constructed from more highly coordinated ions. This has
recently been demonstrated experimentally for some binary-
oxide glass formers [49,95] and explicitly in MD models
of liquid and amorphous TiO, [66]. We have chosen not to
perform an analogous MD study herein, based on the inability
of existing, and modified, classical interatomic potentials to
adequately reproduce the diffraction data, as discussed below.

D. Need for improved interatomic potentials

The a-Ta, Os model derived by Damart et al. [9] is compared
directly to real-space x-ray-diffraction data in Fig. 8. The
position and asymmetry of the Ta-O peak are well reproduced.
The fact that the model peak is somewhat narrower can be
partially attributed to the temperature difference between the
0-K model and the room-temperature x-ray measurement.
However, an additional factor is the smaller Ta-O (and O-Ta)
coordination numbers in the MD model [see Fig. 6(a)]. The
mean nr,o = 5.72 and nor, = 2.29 of the MD a-Ta,05 are
more similar to our experimental findings for the liguid than
for the amorphous solid (see Table III). Larger differences
are evident in the Ta-Ta peaks (see Fig. 8). Although both
model and experiment show a split Ta-Ta peak, the MD model
has a much larger proportion of the Ta-Ta distances falling
under the higher separation, “corner-sharing,” peak. This is
consistent with the lower coordination numbers found for the

MD model, as compared to the experiment and EPSR models
[see Fig. 6(a)].

A similar situation is observed in the liquid state. The
position and asymmetry of the Ta-O peak are nicely repro-
duced, but the Ta-Ta peak appears biased to longer corner-
sharing distances. The neutron-diffraction data show a less-
sharp O-O peak as compared to the MD model. Notably the
coordination numbers do not differ greatly between the liquid
and amorphous solid states in the MD model, having mean
values of nt,0 = 5.84 and nor, = 2.34 in the melt. This is in
stark contrast to our findings, whereby a-Ta;Os contains more
highly coordinated ions than the melts (see Table III).

At this point the densities of the various models should be
discussed. The MD potentials yield densities of amorphous
tantala of 7.96 [9] to 8.10gcm’3 [8] that are higher than
the experimental values of 7.30 to 7.68gcm_3 [19,25,48].
While a degree of porosity in the amorphous films might lower
their measured densities below the intrinsic bulk value, such
a situation cannot be expected in the liquid state. At 2400 K,
the molten tantala MD model obtained herein converged to
a density of 7.86 gcm™3. This is only slightly lower than the
solid phase MD model, and much higher than the liquid tantala
density of 6.97 g cm ™~ predicted on the basis of measurements
on molten Nb,Os [45] [see Eq. (2)]. Indeed, the MD liquid is
denser than a-Ta;0Os5, as measured.

Therefore it can be concluded that the MD potentials lead to
models of liquid and amorphous tantala which are more dense
then expected experimentally, that underestimate the thermal
expansion, and that underestimate the coordination numbers
and possibly their changes upon melt quenching as well.

It should not be too surprising that the Ta-O peak is well
reproduced while the Ta-Ta peaks are not. After all, the Ta-O
potential was refined in order to reproduce the structure and
elastic constants of 8- and §-Ta;Os, as predicted from density
functional theory, while the Ta-Ta interaction was not [8].

In order to improve on the set of interatomic potentials for
tantala, it seems highly likely that attractive non-Coulombic
interactions between Ta-Ta pairs are necessary, in order to
promote a larger degree of edge sharing of polyhedra. Such
interactions have been shown to be important in a number of
other molten oxides [66,67]. Results of a preliminary refine-
ment, including non-Coulombic Ta-Ta interactions, are plotted
in Fig. 8. The final density of the system was 6.98 gcm ™3,
in excellent agreement with the predicted 6.97 gcm™> [45],
by construction. While there is also improved agreement
with the x-ray- and neutron-diffraction data, further room for
improvement remains. It is possible that alternative forms
of the Ta-Ta potential are necessary, or else polarizable or
many-body potentials may be required. Indeed, differences in
the polarizability of niobium and tantalum [98,99] may be the
key to explaining many of the observed differences between
niobite and tantalate materials.

V. CONCLUSIONS

Neutron and x-ray scattering data have been used to test
existing molecular dynamics models based on classical inter-
atomic potentials, and to derive models by empirical potential
structure refinement of liquid and amorphous tantala, as well
as molten niobia, leading to the following conclusions.
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(i) Molten Ta;Os and Nb,Os are isomorphous, with any
differences at or below the 1% level. Their short-range struc-
ture comprises a mixture of five- and six-fold metal-oxygen
polyhedra which are linked primarily by corner sharing, with
a minority of edge sharing.

(ii)) The main difference observed between the two melts is
a Nb-O bond length 1% shorter than for Ta-O, at temperatures
T* = T /Ther scaled to the melting points.

(iii) Amorphous tantala is denser than the liquid, and has
higher coordination numbers, being built primarily from six-
and seven-fold Ta-O polyhedra which link by edge sharing as
well as corner sharing.

(iv) Ta-O and Nb-O peak bond lengths contract slightly
with increasing temperature, implying a coordination decrease.

(v) The structural differences between the solid amorphous
and liquid states are consistent with the phenomenology
observed for some other molten oxides, both glass-forming and
non-glass-forming, whereby coordination numbers increase
during melt quenching to form an amorphous glassy phase.
This in turn is consistent with the idea that a common
progenitor metastable state is obtained during certain high-
energy synthesis routes for amorphous solids, and that this
may be identified with the supercooled liquid state from which
traditional glasses are formed.

(vi) Existing classical interatomic potentials for tanta-
lum oxide fail to completely reproduce the scattering data
and expected densities. It is suggested that attractive (non-
Coulombic) Ta-Ta interactions are important, particularly for
obtaining the correct degree of edge sharing.

(vii) Ion-beam sputtered amorphous Ta,Os causes small-
angle x-ray scattering, consistent with other measurements
which imply inhomogeneity on the nanometer scale. This poses

another, separate, challenge for molecular dynamics modeling,
since very large numbers of atoms, ~ 107, are required to
capture such density fluctuations.

Future work should include development of improved inter-
atomic potentials for tantalum and niobium pentoxides which
reproduce experimental data, including the observed differ-
ences between analogous tantalate and niobate systems; mod-
eling of the structural changes accompanying melt quenching;
detailed measurements and understanding of the nanometer
scale inhomogeneity in a-Ta,;Os; and neutron scattering from
a-Ta; 05 to further constrain models and to test the predicted
structure factor derived herein.
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