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Understanding the short-range structure of an amorphous material is the first step in predicting its macroscopic
properties. Amorphous strontium titanate (a-STO) presents a unique challenge due to contradictory experimental
findings regarding the local oxygen environment of titanium, concluded to be either tetrahedral or octahedral. To
elucidate the discrepancy, 72 models of a-STO with density ranging from the crystalline value 5.12 to 3.07 g/cm?
were prepared using ab initio molecular dynamics liquid-quench simulations and characterized by extended x-ray
absorption fine structure (EXAFS) for both Ti and Sr K edge. An excellent agreement between the calculated and
two independent experimental EXAFS measurements demonstrates that the discrepancy in the Ti coordination
stems from differences in the material’s density. Next, density-dependent structural characteristics, including
Ti-O and Sr-O coordination, distances, angles, polyhedral sharing, and vibrational density of states in a-STO are
thoroughly analyzed and correlated with disorder-induced changes in the electronic properties that are calculated
using a hybrid density functional. The obtained increase in the band gap and broadening of Ti-d e,-orbital
contributions in the conduction band are in excellent agreement with our x-ray absorption spectroscopy for
Ti L-edge spectra and optical absorption measurements for crystalline and amorphous STO grown by pulsed
laser deposition. The derived microscopic understanding of the structure-property relationship in amorphous

“perovskite” serves as a foundation for further investigations of a-STO and related materials.
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I. INTRODUCTION

Technological appeal and several functional properties
have driven the extensive research of strontium titanate, an im-
portant ABO3 perovskite. Crystalline SrTiO3; (c-STO) exhibits
fascinating properties including ferroelectricity, piezoelectric-
ity, ferromagnetism, superconductivity [1-7]. Accordingly,
thin film dielectrics of crystalline ABO3 have various practical
applications in electronic devices and memory cell capacitors
[8,9]. c-STO is frequently used as a substrate material for
fabrication of high-temperature superconducting materials,
multiferroics, and manganites with singly terminated TiO,
layer crucial to grow complex oxide heterostructures [10].
However, thin-films c-STO suffer several limitations such
as poor electrical properties as compared to bulk crystalline
materials and high sensitivity on deposition process or heat
treatment techniques [8].

Amorphous materials of ABO3; composition may provide
an alternative route to attain structural stability with smooth
surfaces while avoiding grain boundaries and internal lattice
strain, and are readily synthesized by low-cost deposition

“juliaem @mst.edu

2475-9953/2022/6(7)/075605(9)

075605-1

techniques [8,11,12]. Amorphous SrTiO3 (a-STO) thin films
have been used to show excellent resistive switching perfor-
mance for novel nonvolatile memory devices [13,14] and have
been utilized as gate dielectric [15,16] in field-effect transistor.
Additionally, amorphous and quasiamorphous phases of STO
[17-20] have shown to exhibit polarity, opening a wide range
of possible applications in electronic devices that prohibit uti-
lization of c-STO due to fundamental or technological barriers
[17,18].

Understanding how the local structure and morphology of
perovskite materials change upon amorphization is key to
establishing the structure-property relationships in the disor-
dered materials and may open up new research avenues and
opportunities [12,21-24]. For amorphous STO, the coordina-
tion of Ti remains under debate: while it is typically argued in
literature that the good properties of a-STO are due to the TiOg
(octahedral) coordination being maintained in the disordered
phase, two experimental studies that employed extended x-ray
absorption fine structure (EXAFS) measurements infer con-
tradictory results with octahedral [17] and tetrahedral [20] Ti
coordination. Importantly, in contrast to amorphous TiO, with
covalent metal-oxygen bonds [25-35] or to ionic amorphous
oxide semiconductors [36,37], a-STO is a mixed-metal oxide
with covalent (Ti-O) and ionic (Sr-O) bonds. The presence
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of weaker (ionic) bonding implies that structural disorder is
likely to manifest itself not only in a disrupted polyhedral
network on the medium- and long-range scales—as evident
from the suppressed EXAFS peaks beyond the first shell in
a-STO as compared to c-STO [17]—but also in distortions
within the individual metal-oxygen polyhedra, i.e., within the
nearest-neighbor structure that determines the metal coordi-
nation and ultimately governs the electronic properties of the
material.

In this work, first-principles density-functional approach
is employed to accurately describe how the structural and
electronic properties of STO change upon amorphization.
To aid this computationally intensive study, we prepare 72
amorphous models of substoichiometric Sty TipsO77 with 129
atoms per cubic supercell and with density ranging within
0.6-1.0p,, where p. = 5.12 g/cm? is the crystalline density of
pervoskite SrTiOs. The choice of the supercell size of about
11-13 A for a-STO models is sufficient to accurately capture
the structure in up to 5-6 shells in the disordered material,
whereas the experimental EXAFS measurements [17] showed
that the peaks beyond the first shell (Ti-O and Sr-O) are
suppressed as compared to the crystalline STO phase. The
amorphous structures are obtained using ab initio molecular
dynamics (MD) melt-quench approach [39], whereas the elec-
tronic properties of the relaxed structures are calculated using
hybrid density functional, as implemented in Vienna ab initio
simulation package (VASP) [40,41], see Appendix for details.
The density-dependent changes in the local structure of a-STO
are analyzed using pair correlation function, angle distribu-
tion, effective coordination and distances, polyhedral linkages
in the metal-oxygen network and compared to those in c-STO.
Moreover, we calculate EXAFS spectra for both Ti and Sr
K edge to directly compare our theoretical results with the
available EXAFS measurements to validate the models. Next,
the electronic, optical, and vibrational properties of c- and
a-STO are determined. The results are in excellent agreement
with our x-ray absorption spectroscopy (XAS) for Ti L-edge
spectra and optical absorption measurements performed for
STO grown by pulsed laser deposition at room temperature
(a-STO) with subsequent annealing at elevated temperatures
to attain c-STO.

II. RESULTS AND DISCUSSION

To obtain an adequate statistical representation of the struc-
tural properties of a-STO, ten separate MD liquid-quench
realizations with the same conditions (density, composition,
initial melting temperature, quench rate, equilibration tem-
perature) were performed for each density, resulting in 70
independent MD quenches. Two additional MD realizations
with density 0.6 and 0.9p, were obtained for completeness.
At room temperature, each of the realizations was found
to correspond to a stable solution with no energy drift and
small thermal fluctuations in the total energy that represent
a structure in equilibrium. The energy differences between
the realizations with densities 0.65-0.80p. are within only
0.02 eV/atom, implying that a-STO samples with a density
within this range may be obtained using the same deposition
procedure and parameters.

An ensemble of the individual stable realizations at a
given density represents a realistic sample of amorphous STO
structure and, despite the energy distribution within each den-
sity set, the calculated energy-density relationship in a-STO
follows a well-defined parabolic dependence, Fig. 1(a), left
panel. A minimum with respect to the total energy averaged
over ten realizations is observed at density p,/p. = 0.75 for
both the equilibrated at 300 K and the fully relaxed at zero K
models. In addition, the models obtained after 300 K equi-
libration are relaxed to attain zero pressure structures [42].
The results reveal that the higher-energy configurations at
either extremes of the initial density values fall close to the
optimal density value of 0.75p,, Fig. 1(a), right panel. Thus
the parabolic energy-density dependence obtained using a suf-
ficient number of realizations and zero-pressure calculations
predict the same optimal density of 0.75p. = 3.84 g/cm?
for a-STO. The resulting amorphous structures with density
0.75p, and 1.00p., along with a hypothetical structure of
¢c-STO at 0.75p, density, modeled to illustrate that perovskite
structure is completely destroyed at low density, are given in
Fig. 1(b).

The room-temperature models were first characterized by
evaluating the total and partial pair distribution functions
(PDF) [43] with each plot representing an average over 5,000
MD configurations at 300 K, Fig. 2(a). The first two peaks
of the total PDF are due to Ti-O bonds at ~1.90 A and Sr-O
bonds at ~2.50 A. The changes in total PDF as a function
of density are gradual [44]. The longer-range features are
destroyed in all amorphous structures as well as in the hy-
pothetical structure with 0.75 density, Fig. 2(a).

The vibrational density of states (VDOS) calculations pro-
vide crucial information about local bonding and an accurate
assessment of the dynamical stability of a structural model.
We find that the calculated normal modes for all amorphous
models are real, confirming the dynamical stability of a-STO.
The VDOS for a-STO and c-STO at 0.75p, are featureless,
Fig. 2(b), confirming the loss of perovskite geometry as den-
sity decreases. The partial VDOS reveal broader contributions
as compared to that for c-STO at crystalline density.

Next, the Fourier transform of the Sr and Ti K-edge
EXAFS calculated for the MD-simulated a-STO models at
several densities is compared to the available experimental
EXAFS data in Fig. 3. The computational details, including
the approach to calculate the spectra based on the amorphous
models at 300 K is given in Appendix. The comparison reveals
that the best agreement with experimental EXAFS [20] that
claims tetrahedral environment of Ti, is obtained for the a-
STO models with 0.85p,, Fig. 3, left panel. At other densities,
the first peak for either Sr or Ti K-edge shifts away from the
experimental EXAFS peak [44]. This is in accord with the
opposite trends in Ti-O and Sr-O distances with decreasing
density, discussed below. Repeating the same procedure for
the experimental EXAFS [17] claiming octahedral environ-
ment of Ti, the best agreement for both Sr and Ti K-edge
spectra is found for a-STO models at 1.00p., Fig. 3, right
panel. Thus the results suggest that the discrepancy in the
two EXAFS measurements stems from different density in the
experimental a-STO samples.

After the theoretical a-STO models were validated via
excellent agreement with both EXAFS measurements, the
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FIG. 1. (a) The average total energy for 72 melt-quench a-STO models after equillibration at 300 K for 5000 MD steps (A) and the total
energy after the fixed-volume atomic relaxation at 0 K (o). A second-order polynomial fit uses the average energies of 10 models at respective
density (4+ and x) to reveal parabolic energy-density relationship for a-STO with an optimal value at 0.75p.. On the right, the total energy as a
function of the density upon zero-pressure optimization (¢). The polynomial fit of O K relaxation at fixed volume is shown here for comparison.
The inset gives the distribution of zero-pressure densities. (b) 3D representation of simulation cells for a-STO at density 0.750. and 1.00p,
(left), and c-STO at density 0.75p, and 1.00p, (right). The Ti polyhedra are highlighted according to the effective coordination, [3,4): orange,
[4,5): pink, [5,6): blue, and [6,7): yellow. All Sr atoms are shown in green with a gray polyhedron. The plots are made using VESTA software
[38].

structures are studied in more detail. The O-Ti-O angle dis- densities, Fig. 4(a), left panel. For an accurate description
tribution provides key evidence that the symmetry of the Ti-O of the local (nearest-neighbor) environment in a-STO, the
polyhedra changes in a-STO as compared to c-STO. The peak  effective coordination number (ECN) and effective average
at 90°, that is characteristic of octahedral Ti in a perovskite distance (l.) are calculated (see Appendix) for all Ti and
structure, becomes much broader and gradually shifts toward Sr atoms in each a-STO model, Fig. 4(b). Compared to fixed
100°, whereas the peak at 180° is fully suppressed at lower  cutoff calculations, the weighted averaging in individual M-O
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FIG. 2. (a) Total and partial pair distribution function g(r) for STO at density 0.75p. and 1.00p, for two amorphous models (left) and
two crystalline models (right) at 300 K. (b) The calculated vibrational density of states (VDOS) for a-STO and c-STO at densities 0.75p, and
1.00p.. The VDOS is decomposed to elemental contributions with g (w) = Za 8o ().
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FIG. 3. The calculated Sr K-edge and Ti K-edge EXAFS spectra
for a-STO at density 0.85p, compared with experimental EXAFS
[20] claiming tetrahedral Ti (left) and a-STO at density 1.00p. com-
pared with experimental EXAFS [17] claiming octahedral Ti (right).
The lines represent the average spectra over ten realizations at the
respective density, and the shading represents deviation among the
realizations.

polyhedra represents a better approach to characterize the
local environment because it accounts for strong polyhedra
distortions represented by the tails in distance and angle dis-
tributions.

Figure 4(a), right panel, shows that the shorter Ti-O bond
length originates primarily from a larger fraction of the Ti
atoms with low effective coordination, ECN= [3, 4) and, to a
lesser extent, from those with ECN= [4, 5). The Ti-O distance
for the highly coordinated Ti, ECN= [5, 6), increases as the
density decreases to 0.85-0.75p.. At 0.65p,., the fraction of
octahedrally coordinated Ti atoms diminishes, pointing out
that a complete coordination transformation has occurred.
However, even at density 1.0p, for a-STO, rather than being
confined to a distorted octahedral environment [17], the Ti
atoms assume a wide range of coordination values, [4, 5.6],
as revealed from the plot of ECN as a function of [ for
individual Ti-O polyhedra, Fig. 4(b), and from the effective
coordination distributions [44]. Reduction in density leads to
a gradual shift of the broad ECN(Ti) distribution toward lower
values. The changes are comparable to those obtained for a
well-studied a-TiO, where a wide range of Ti coordination
values was reported [44].

Upon amorphization, Sr coordination is reduced by as
much as 49%, which is a greater change than that for Ti (28%).
This should be expected for the ionic and covalent bonding,
respectively. Our theoretical ECN(Sr) value at 0.85p, is in
a good agreement with the experimental value of 6.5 + 0.4
[20]. We find that both ECN and [l for Ti-O increase
with an increase in density [44], remaining well below the
crystalline ECN(Ti) of 5.5. An opposite trend is found for
Sr-O bond-length: it decreases with an increase in density,
while the ECN for Sr-O increases from 4.72 to 6.56, both

being much lower than the ECN(Sr) of 10.40 in crystalline
STO.

The opposite trends observed for the Ti-O and Sr-O dis-
tances as density decreases imply significant changes in the
polyhedra network in the disordered oxide. Importantly, while
the Ti-Sr face-sharing that is a signature of perovskite struc-
ture, is completely destroyed in the hypothetical low-density
¢-STO and all a-STO models, the number of corner-shared
Ti-Ti pairs is nearly unchanged upon amorphization, Fig. 4(b),
inset. The preserved corner-shared Ti-Ti network [44] may
explain the observed polarization in a-STO [17].

In c- and a-STO, the valence band is formed from the O
2p states and the conduction band is formed from the Ti 3d
states, Fig. 5(a). Ti-d—O-p orbital overlap governs the energy
splitting between the bonding and antibonding states and,
therefore, it controls the band gap of STO. Shorter Ti-O bond
length implies larger orbital overlap; accordingly, our HSE
calculated direct band gap at I" point increases from 3.48 eV
in ¢-STO to 3.55 eV at 1.0p. and to 4.20 eV at 0.75p. in
a-STO, Fig. 5(a), in agreement with our optical absorbance
measurements, Fig. 6(a). The calculated band gap for c-STO
is in a good agreement with previous studies [45,46]. The
band gap increase in a-STO is primarily associated with lower
density as evident from the comparison of the band-gap values
at densities 1.00p0, and 0.75p, for both c-STO and a-STO (the
calculated band gap for hypothetical c-STO at 0.75p, is 4.09).
Specifically, the decrease in density increases the band gap by
nearly 20% in both amorphous and crystalline (hypothetical)
STO. When the density is fixed to either value, disorder in-
creases the band gap only slightly, by 2%—3%. An increase in
bandgap value upon amorphization is also observed in a-TiO;
[26-28].

Furthermore, the strong dependence of the Ti-d density
of states on the Ti coordination, Fig. 5(b), helps explain the
observed broadening and shift of the Ti e, peak toward the 5,
peak in the XAS Ti L-edge spectra, Fig. 6(b). Charge density
distribution calculated within consecutive energy windows in
the conduction band, Fig. 6(c), reveals that the bottom of the
band is governed by the ,, states of edge-shared Ti-Ti pairs
that do not exist in perovskite structure and appear due to
disorder in a-STO. Importantly, ,, orbitals are found for six-,
five-, an fourfold Ti atoms within 1 eV above the Fermi level
(Efp) in a-STO, Fig. 6(c), top panel. The e, orbitals contri-
butions arise at 2 eV above Er in c-STO, whereas a region
with intermixed #,, and e, orbitals is found in a-STO within
1-2 eV above Ef, in accordance with the observed broadening
of the XAS peaks. At higher energies, at 2-3 eV above Ep,
the e, character is mainly associated with highly symmetric
four-coordinated Ti found in a-STO, Fig. 6(c), bottom right
panel.

III. CONCLUSIONS

In summary, our comprehensive first-principles investi-
gations aimed at establishing the role of disorder on the
short-range structural characteristics of STO, reveal a shal-
low parabolic energy-density dependence in a-STO with an
optimal density at 0.75 of the crystalline STO density. The
strong density dependence of the Ti effective coordination that
changes from 4.67 at the crystalline density of 5.12 g/cm? to

075605-4



STRUCTURE AND ELECTRONIC PROPERTIES OF ...

PHYSICAL REVIEW MATERIALS 6, 075605 (2022)

(@)

[3,4) [4,5)

[5,6) Total

(b)

11

A o i A Sr-o0 7ﬁ7 Pa/pc =0.85
/o= |3
i) p‘0.65 s iy O Ti-o Y% pa/pc=0.90 s ¢
:‘1 2 9 * Total Average Sk Pa/pc =0.95
E O | papc=0.60 Y& papc=1.00
— — - E‘, 7] 9% palpc=0.65 > *ppc = 0.75 /
H Il palpe= | @ _ e £ Y Palpc=0.70 € tpclpc = 0.75\_ .
0.75| ¢ - N
o T S 0 s Palpc = 0.75 pc/pc = 1.00
E _ﬁ E 5 B Y pa/pc=0.80
T A | eranal 'E g 3 ‘ b 100 ¥
» h ol = - o - , @ cornerTi-Sr p edge Ti-Ti i
5 Pa/p.=0.85 | & 5 'E 1 V cornerTi-Ti &= face Ti-Sr 1
g J‘{V N :_ — <) [l edge Ti-Sr 180
S 3 o o - +
m Q
2l BT I | Uss S X R
° - paspe=1.00 | 8| W i - 9 3 e
o Pa/Pc=1. & s 2 st ®e H40
@ i < % B a6 3 T .
d i < S T
i |j J : g o VVevvy"'y A\
3 Wse BN 1110 e 5 Lo
" ' T T RS (N B |
. PPN PPN PN
a : A NS
1 ' M| iy , , Pa/Pc ] 6C/Pc ,
60 120 180 ECN 18 20 18 20 1.8 20 18 20 1.75 2.00 2.25 2.50 2.75

O-Ti-O angle (°)

(%)

r (A)

M — O Bond length (le¢)

FIG. 4. Structural signatures of a-STO at 300 K across density range. (a) Left: O-Ti-O angle distribution for selected a-STO and c-STO at

selected densities. (a) Right: Ti-O bond length distribution of differently coordinated Ti at different density. (b) Effective coordination number
(ECN) as a function of effective bond length (/) of individual Ti (o) and Sr (A) atoms in a-STO and c-STO. The average values over ten
realizations at each density for amorphous (x) and crystalline (¢) models (T0.75 is for stoichiometric c-STO). Black arrows show the direction
of decreasing density, highlighting opposite trends for Sr-O and Ti-O bond lengths. The inset shows percentage of sharing environment for Ti
atoms.

coordination of Ti and Sr does not destroy the corner-shared
Ti-O network and does not lead to in-gap states in the disor-
dered phase—in accord with the observed unique properties
of amorphous STO, including polarity and excellent resistiv-
ity switching. The microscopic insights into disorder-induced

3.96 at 3.84 g/cm?, help explain two seemingly contradictory
experimental EXAFS observations. Moreover, the calculated
electronic properties of a-STO are in excellent agreement with
the observed increase of the band gap and broadening of the
Ti-d XAS peaks in a-STO. The results reveal that the reduced
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FIG. 5. Electronic and optical properties of STO calculated using hybrid density functional approach for the structures relaxed at

0 K. (a) Left: total and partial electronic density of states (EDOS) of a-STO with density 0.75p, and p.. No in-gap states appear in the
substoichiometric a-STO despite the large fraction of low-coordinate Ti atoms, cf. Fig. 4(b). (a) Right: EDOS of ¢-STO at densities 0.75p,
(hypothetical structure) and p.. (b) The EDOS (eV/states/atom) for specific Ti atoms with ECN [3,4), [4,5), and [5,6) are given for the
crystalline and amorphous STO structures with the density as shown.
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absorption spectroscopy for Ti L-edge spectra for as-grown and annealed STO samples. (c) Charge density distribution calculated at specified
energy ranges above the Fermi level (Er = 0 eV) and shown for select representative Ti atoms in a-STO with density 0.75p,. The calculated
Ti-O distances for the strongly distorted polyhedra with intermixed #,, and e, orbitals are shown. The structures and charge densities are plotted

with VESTA [38].

changes described in this work are instructive for further
investigations of complex properties of a-STO and related
amorphous “perovskite” materials.
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APPENDIX: THEORETICAL METHODS
1. Computational simulations and calculations

The amorphous models of STO are generated using first-
principles molecular dynamics (MD) “melt-quench’ approach
[39] as implemented in Vienna ab initio simulation package
(vASP) [40,41] with PBE functionals [47]. We have chosen
a crystalline STO supercell with 26 Sr, 26 Ti, and 77 O as
our initial structure; all a-STO models are substoichiometric
to avoid formation of O, defect during the quench process
[37,48]. This initial structure was melted above the melting
temperature of STO at 3600 K for 10 ps, and then subse-
quently quenched to 2500 K at a cooling rate of 100 K/ps.
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The structure at 2500 K was cooled to 100 K at a cooling rate
of 200 K/ps (the slower rate of 5 K/ps was also investigated
[44]); the final structure at 100 K was again heated and equi-
librated at 300 K for 10 ps in order to ensure the stable energy
solution and to capture the structure in the presence of room
temperature fluctuations. In addition, a slower quench rate of
5 K/ps was employed for a-STO with crystalline density to
determine the role of quench rate on the Ti coordination. The
results are included in Ref. [44].

We have prepared ten realizations for each density at
pa/pe = 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, and 1.0 as well
as one realization for densities p,/p. = 0.60 and 0.95 with
coordinates of the structure at 3600 K (without velocities)
used to create multiple realizations. The Nose-Hoover ther-
mostat [49,50] was used to control temperature oscillations,
with NVT ensemble and time step of 2 fs. In order to facilitate
computational efficiency, a low cutoff of 260 eV is chosen for
melt and quench step; a larger cutoff of 400 eV is used for final
equillibration at 300 K, and k-point sampling is restricted to I"
point only in all MD simulations. The electronic convergence
was determined by the energy difference of 10~*. A total of
31.5 ps simulation time was used which is a typical timescale
used to prepare amorphous models. We have modeled ten
independent MD realizations for each density; this number
appears to be sufficient to obtain parabolic nature of the
energy-density curve.

2. Zero pressure calculations

For the purpose of estimating an optimal density, a further
minimization of forces and energies of the 72 a-STO models
were performed. This relaxation is different from the finite
volume relaxation, because it consist of unconstrained volume
change and cell shape (lattice vectors allowed to change) to
attain zero pressure. This was carried out using “ISIF =3~
option with VASP package. We have implemented a higher
energy cutoff of 600 eV with energy difference of 10~ for the
electronic convergence and Hellmann-Feynman force criteria
below 0.005 eV/A on each atom for the ionic convergence.
The zero pressure minimization was carried out with a single
k point (I" point).

3. Effective coordination calculations

The effective coordination and effective bond length were
computed for individual Ti and Sr atoms in each of the 72
a-STO models using the definitions given in work of Hoppe
etal [51,52]:
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The effective coordination number (ECN) differs from
classical coordination number defined as the number of anions
surrounding a cation within a fixed cutoff distance which is
usually determined from the tail in the distance distribution
function and is the same for all cations in the structure. In

contract, ECN [Eq. (A2)] is calculated as a sum of weighted
contributions from each bond with respect to the effective
average distance in the given polyhedron [51,52]. As a re-
sult, it eliminates the contributions from long-distance bonds
that correspond to noninteracting metal-oxygen pairs. The
effective coordination number is a noninteger number and is
typically lower than a fixed cutoff coordination and accounts
for the strong Ti-O and Sr-O polyhedra distortions represented
by the wide angle distributions and variance in bond lengths
for each individual metal atom.

4. Hybrid calculations

Accurate prediction of the electronic properties requires
hybrid calculations, because PBE typically underestimates
the band gap. We have implemented hybrid Heyd-Scuseria-
Ernzerhof (HSE06) approach [53,54], with a mixing parame-
ter of 0.25 and a screening parameter o of 0.30 A consistent
with previous HSEQ6 calculation of c-STO [45,46]. The
HSEOQ6 calculations were performed for fully relaxed struc-
tures within converged PBE calculations. An energy cutoff
of 500 eV, electronic convergence criteria of 107 and eight-
irreducible k points were used for the HSE calculations.

5. Dynamical calculations

In order the compute phonons at I" point, ee rerelaxed out
models with energy cutoff of 600 eV, electronic convergence
criteria of 1078 and minimum force of 0.005 eV /A on each
atom for ionic convergence. The phonons were calculated
using finite-difference methods. The dynamical matrix was
computed by calculating forces on each atom followed by a
displacement of 0.015 A in six directions (+£x, 4y, £2). The
vibrational density of states (VDOS) were evaluated using

Gaussian broadening of 12 cm™.

6. EXAFS calculations

To compare the structural properties of a-STO with exper-
iment, we computed extended x-ray absorption fine structure
(EXAFS) spectra using ab initio code FEFFS-LITE [55,56] and
Fourier transformation was performed using the IFEFFIT soft-
ware [57]. The results are given in Fig. 3. The EXAFS spectra
was evaluated by taking cluster radius of 5.5 A centered at
the absorbing atom (Sr or Ti). The obtained K-edge spectra
from each cluster was averaged to get an average spectra.
The averaged spectra was used to carry out Fourier trans-
formation via IFEFFIT software [57]. We have used Hanning
window function with Fourier transformation range of 2.6-
11.6 [FFT(x (k))] and 2.0-8.5 [FFT(k? * x (k))] for Sr atoms
consistent with the experimental EXAFS [17,20]. Similarly,
Fourier transformation range of 3.45-10.3 [FFT(x(k))] and
2.5-9.0 [FFT(k? % x (k))] was used for Ti atoms in consistent
with the experimental EXAFS.

In order to capture room temperature fluctuations and to
smooth EXAFS spectra, we have considered 41 snapshots
from the 5000 ionic step MD at 300 K for single realization.
These 41 snapshots were chosen beginning from the 1000th
ionic step at an interval of 100 ionic steps. Similarly, those
densities which have ten realizations we have chosen 11 snap-
shots beginning from the 1000th ionic step at an interval of
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400 ionic steps. Thus the EXAFS spectra shown in this work is
an average over 41 snapshots (for density with one realization
only) and an average over 110 snapshots (for densities with
ten realizations).

7. Hypothetical crystalline STO calculations

A hypothetical crystalline STO with reduced density was
obtained by increasing the volume of the supercell (i.e., the
lattice parameter of the cubic supercell), while keeping the
same number of atoms in the supercell. The positions of all
atoms in the supercell with the increased volume were relaxed
via the total energy and atomic force minimization to allow
for the metal-oxygen distances to attain optimal values. The
short-range structural parameters (the pair distribution func-
tion, the average Sr and Ti coordination and distances as well

as vibrational density of states) of the hypothetical crystalline
STO and amorphous STO with 75% density were compared,
revealing a similar behavior.

8. Experimental STO growth and characterization

Amorphous STO thin films were grown by pulsed laser
deposition at room temperature on SrTiO3 (001) single crys-
tal substrate (TiO, termination). Subsequent annealing at
280°C, 446°C, 525°C, 562°C, 600°C, 670°C, and 727°C
was employed. X-ray absorption spectroscopy (XAS) for Ti
L-edge spectra are performed for select STO films to study
the evolution of the XAS spectra as a function of different
thermal treatments. Optical absorbance measurements were
performed for the room-temperature (as-grown) and annealed
at 600 °C STO films.
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