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ABSTRACT

The prospect of creating ferroelectric or high permittivity nanomaterials provides motivation for investigating complex transition metal
oxides of the form Ba(Ti, M")Os, where M = Nb or Ta. Solid state processing typically produces mixtures of crystalline phases, rarely beyond
minimally doped Nb/Ta. Using a modified sol-gel method, we prepared single phase nanocrystals of Ba(Ti, M)Os. Compositional and ele-
mental analysis puts the empirical formulas close to BaTipsNbgs50;_s and BaTip5Tags03_s. For both materials, a reversible temperature
dependent phase transition (non-centrosymmetric to symmetric) is observed in the Raman spectrum in the region 533-583 K (260-310 °C);
for Ba(Ti, Nb)Os3, the onset is at 543 K (270 °C); and for Ba(Ti, Ta)Os, the onset is at 533 K (260 °C), which are comparable with 390-393 K
(117-120 °C) for bulk BaTiOs. The crystal structure was resolved by examination of the powder x-ray diffraction and atomic pair distribution
function (PDF) analysis of synchrotron total scattering data. It was postulated whether the structure adopted at the nanoscale was single or
double perovskite. Double perovskites (A;B'B" Og) are characterized by the type and extent of cation ordering, which gives rise to higher sym-
metry crystal structures. PDF analysis was used to examine all likely candidate structures and to look for evidence of higher symmetry. The
feasible phase space that evolves includes the ordered double perovskite structure Ba,(Ti, MV)06 (M = Nb, Ta) Fm-3m, a disordered cubic
structure, as a suitable high temperature analog, Ba(Ti, MV)O3 Pm-3m, and an orthorhombic Ba(Ti, MV)O3 Amm2, a room temperature
structure that presents an unusually high level of lattice displacement, possibly due to octahedral tilting, and indication of a highly polarized
crystal.
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PREFACE

Dear Louis, on behalf of the authors, we wish you a very Happy
80th Birthday. Some years ago, you and some of your colleagues
posed the question as to whether barium titanate, BaTiOs3, could be
synthesized as nanoparticles with uniform and variable sizes. The
scientific question to be answered was what happened to the ferro-
electric behavior in nanocrystals as a function of size. Many years
and papers later, the answer to the first question appears to be, yes,
it is possible to make nanocrystals of BaTiO3 and, indeed, other
perovskites.'” In addition, the answer to the scientific question
appears to be that, while atomic distortions giving rise to polariza-
tion are retained, the ferroelectric behavior is (not surprisingly) quite
diminished and not as stable’ " (please excuse the non-exhaustive
set of references). The quest continues then, for nanoparticles that
might exhibit even more pronounced remnant polarization, for
future technological applications, and for stimulating yet more intel-
lectual inquiry regarding these fascinating materials. We are grateful
for your contributions to this field and for your overall exemplary
leadership in nanoscale materials research.

INTRODUCTION

Synthetic nanochemistry can offer a pathway to the prepara-
tion of metastable states that represent a divergence from the true
thermodynamic equilibrium, providing novel compounds of sig-
nificant interest, which exhibit distinctive electronic or chemical
behavior, and demonstrating an expanded range of compositions
or structures previously thought to be unobtainable. In the case of
complex metal oxides, using nanoscale synthetic techniques to target
metastable phases can circumnavigate the large amounts of initial
bond breaking associated with the oxide/carbonate precursors used
in traditional solid state or ceramic processing, arriving at novel,
stable compounds under ambient conditions."””"” The approach
can essentially situate the material in a local thermodynamic min-
imum under specific constraints (e.g., temperature, pressure, sol-
vation environment, and chemical doping) that can be quenched,
enabling kinetic trapping of metastable atomic configurations.'® **
We posited as to whether double perovskites can be made at the
nanoscale, because exploring compositional options is potentially
more extensive than the bulk. Exploring novel synthetic approaches
to perovskite oxides continues to excite: the wide range of struc-
tural and compositional variations encompassed by the perovskite
family causes it to be widely researched as a source of materials
with combined dielectric, electronic, and magnetic properties.” '
Structural characterization at the nanoscale often requires additional
techniques and modeling due to the physical lack of long-range
crystallographic order.

Ordered transition metal double perovskites comprise a large
group of fascinating materials based on the formula A;MM’Og.”*"
The wide range of interesting properties stems from the excep-
tional structural and compositional flexibility.”’** Recently, a class
of Nb-based barium double perovskites of the form Ba;MNbOg
(M (3d) = Sc, Ti, V, and Cr) have been postulated for theoret-
ical analysis.”® These hypothetical compounds are intriguing for
magnetic/spintronic applications: self-consistent full-potential lin-
ear muffin-tin orbital (FP-LMTO) calculations predict Ba, TiNbOg
to be half-metallic ferromagnetic in the ground state. We targeted
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synthesis of nanoscale Ba-Ti-Nb-O and Ba-Ti-Ta-O, the goal
being to attempt to make nanoscale double perovskite versions of
these compounds, which has proven elusive in the past when rely-
ing solely on traditional solid-state synthesis. The systems were of
particular interest in the context of their theoretically calculated fer-
roic properties,” potential for magnetodielectric response, and use
in devices.

In the Ba(Ti, MV)O3 system, the ideal double perovskite rep-
resents the aristotype: Ba;TiNbOg and Ba,TiTaOs presumed upon
Fm-3m transition metal sublattice order, whereas Ba(TiM")Os3
(M = Nb,Ta) might adopt a number of lower symmetries (hetto-
types). Cation disorder and octahedral tilting account for deviations
to a lower symmetry and have been well documented by expert crys-
tallography in solid state chemistry.”* Using a molecularly driven
sol-gel synthesis approach in anhydrous polar organic solvents,*”
we can influence the adoption of certain cations onto the B-site.”®
This pathway can introduce electronic complexity into the system
and alter the band structure, based upon the occupation and inter-
mixing of the p/d-orbitals in the formation of t, s, tig, and tzg*
molecular orbitals.”””” While the structure and stoichiometry nom-
inally dictate an A**/B*"/30%" formula, aliovalency at the B site can
be accommodated through cation charge balancing, oxygen vacan-
cies, and defects. This is, in theory, easier to obtain at the nanoscale,
which can support a larger number of undercoordinated sites. How-
ever, the introduction of differently sized, differently charged B-site
ions that interfere with charge neutrality can induce reorganization
of the underlying structure, leading to the observation of perovskite-
like structures with differing levels of order/disorder. Here, we ask,
and attempt to answer, the question on whether double perovskites
of Ba(Ti, M")Os can be synthesized at the nanoscale.

EXPERIMENTAL
Synthesis

Nanocrystalline samples of Ba(Ti, Nb)O3 (BITNO) and Ba(Ti,
Ta)O3 (BTTO) were synthesized using a hydrothermal, sol-gel
hybrid synthesis known to our group as gel collection. Barium metal
99.5% was purchased from Alfa Aesar; Ti(OCH2(CHs3)2)s 99.99%,
Ta(OCH>CH3)5 99.95%, and Nb(OCH,>CH3)s 99.95% were pur-
chased from Sigma Aldrich; and 200 proof ethanol was purchased
from Decon Laboratories Inc. All chemicals were used as purchased
without further purification. The initial part of the synthesis was
performed under an inert nitrogen atmosphere in a glovebox. Ba
metal was dissolved in 200 proof ethanol to make a 6 wt. % solution.
1.68 mmol of the Ba solution was placed in a beaker with 0.25 ml
(0.84 mmol) of Ti(OCH,(CH3)2)4 and 0.21 ml (0.84 mmol) of
Nb(OCH,CH3)s or 0.22 ml (0.84 mmol) Ta(OCH,CH3)s (depend-
ing on whether BINO or BTTO) and magnetically stirred for
20 min. A solution of 0.5 ml H,O and 5 ml 200 proof ethanol was
prepared and then added in 0.5 ml additions to the magnetically
stirred solution. The clear yellow solution became slightly cloudy
and was stirred for an additional 5 minutes. The solution was trans-
ferred to a 50 ml centrifuge tube and capped and left in the glovebox
overnight (12 h) to begin the aging process. The next day, the solu-
tion was more viscous as it had begun to form a gel-like network.
The solution was then transferred to a 50 ml Teflon lined stain-
less steel autoclave. The autoclave was sealed and heated to 200 °C

J. Chem. Phys. 160, 134702 (2024); doi: 10.1063/5.0192488
Published under an exclusive license by AIP Publishing

160, 134702-2

€G:1€1L L $202 udy G0


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

for 48 h without stirring. A nanocrystalline white gel rod formed
at the bottom of the solution containing 100% of the nanocrystal
products. The gel rod was easily separated from the mother solu-
tion by pouring off the excess ethanol. It was then washed three
times with ethanol and water. The gel rod was then dried overnight
under vacuum at 100 °C to produce a white nanocrystalline pow-
der. Alternatively, the gel (prior to drying) can be suspended in
200 proof ethanol for up to 48 h. ICP-OES was performed on
the obtained powders of BTNO and BTTO, following a sulfuric
acid/nitric acid digestion procedure relying on Optima grade acids
(ultra-tracer metals) and the Perkin Elmer Optima 7300 DV (Hunter
College, CUNY). Based upon the data and reliability of the digestion
process, a Ti/NDb ratio of 0.97 + 0.5 and a Ti/Ta ratio of 1.09 + 0.1
were obtained.

Characterization

The nanocrystalline powders were characterized using pow-
der x-ray diffraction (XRD), synchrotron x-ray pair distribution
function (PDF) analysis, Raman spectroscopy, transmission electron
microscopy (TEM), energy-dispersive x-ray spectroscopy (EDS),
and x-ray photoelectron spectroscopy (XPS). The XRD measure-
ments of the dried BTNO powders were performed on a PANalytical
X’Pert pro (Cu Ka radiation). XPS measurements were recorded on
the BTNO powder samples on a Physical Electronics Versaprobe II
XPS. The XPS peaks were fitted using the MultiPak, version 9.6.0.15,
software. Samples for the TEM were prepared by dispersing the
nanocrystalline powders in 200 proof ethanol and placing 5 ul of the
resulting solution on a carbon coated copper TEM grid. TEM and
EDS measurements were recorded on a JEOL 2100 microscope.

Raman spectroscopy was performed in a backscatter configu-
ration, utilizing a linearly polarized 532 nm laser diode excitation
source focused on a spot size ~10 ym in diameter. Scattered light
was dispersed using a micro-Raman spectrometer (Horiba Jobin-
Yvon XploRa One), light below 100 cm™! was filtered out, and the
remainder was collected using an air-cooled CCD detector. Sam-
ples were housed in a heating stage (Linkam THMS600) purged
by high purity nitrogen gas, and temperature-dependent spectra
were obtained for T = 290 K to T = 625 K. Spectra were collected
as three 30-second scans averaged together. Due to the ceramic-
like orientation of the particles in these samples, all polarizations
of Raman-scattered light were collected. It is immediately apparent
from the Raman spectra that both BTTO and BTNO exist in a non-
centrosymmetric structure at room temperature, reminiscent of the
BaTiO; end member (P4mm).”>”” Room temperature Raman spec-
train BTTO and BTNO (Fig. S4) show strong but broadened E(TO3)
and E(LO4) modes at ~300 and ~750 cm ™, respectively, both strong
indicators of the tetragonal phase. Significant structural distortions
are not expected with a B-site replacement in this case, since the
ionic radii of both Nb and Ta are nearly the same as that of Ti.
The higher energy broad formations in the A1(LO3)+E(LO4) mode
can be attributed to the changes in the deformability of the BOg
octahedra due to the substitution of Ti with Nb or Ta. In addition,
the Al mode at low energies are broadened by these substitutions
as they represent the motion of the Ba sublattice against the BOg
octahedra, with the increased masses lowering the frequency.”” **
Finally, despite sample synthesis in an inert atmosphere, exposure
to ambient air when moving from synthesis to the experimental
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chamber caused the formation of BaCO3, as evidenced by the spec-
tral features at ~150 and ~1050 cm™'.**** Temperature dependent
Raman spectra (Fig. 4) highlight the non-centrosymmetric (tetrago-
nal/orthorhombic) to cubic phase transition in BTTO and BTNO.
Spectra were collected at 10 K increments, allowing 1 minute for
the sample to equilibrate at each temperature before collection.
The phase transition occurs at ~550 K in BINO and ~540 K in
BTTO, compared to ~390 K in BaTiO5.""*° The spectra remain-
ing at high temperatures can be attributed to defects (~250 and
~500 cm™! band)®* and remnant local disorder (~800 cm),
of which both are seen in similar off-stoichiometry systems with
ceramic-like disordering.

Determining the precise structure of crystalline nanoscale com-
pounds can prove difficult, due to the Scherrer broadening of the
Bragg peaks in the powder diffraction pattern. This can be attributed
to a consequence of atomic disorder, especially at the crystallite sur-
face, the limitation of the crystallite size in providing coherent scat-
tering, and also, to some extent, the instrument configuration (slits,
x-ray intensity, etc.). We applied pair distribution function (PDF)
analysis, examining all likely candidate structures based upon the
perovskite crystal group. PDF provides a level of certainty in struc-
tural elucidation that exceeds basic powder XRD diffractometers
and powder spectrum analysis for local structures of nanocrystalline
materials. The x-ray total scattering measurements on the BINO
and BTTO samples were carried out at the XPD beamline (28-ID-2)
of the National Synchrotron Light Source II (NSLS-II), Brookhaven
National Laboratory. Multiple batches of BTNO and BTTO were
prepared and measured. Some samples were also heated to calcina-
tion temperatures to test the thermal stability of the compounds and
to ascertain any differences in the total scattering following ther-
mal treatment. The nanocrystalline powders were sealed in 1 mm
diameter polyimide capillaries, and the data were collected at room
temperature using the rapid acquisition PDF (RAPDF) method.*’
The experimental setup was calibrated by measuring the crystalline
nickel as a standard material. A large area 2D PerkinElmer detector
was mounted behind the samples with a sample-to-detector distance
of 203.39 mm. The incident x-ray wavelength was \ = 0.1901 A. The
instrument resolution is explained by two parameters in modeling,
Quamp and Qproads” " which were determined as Qudamp = 0.038 A

and Qproaq = 0.012 A7! by fitting the PDF from a well crystallized
sample of Ni. The detector exposure time was 0.1 s for all the sam-
ples to avoid detector saturation, and the number of frames taken for
the sample was adjusted to be 600 for sufficient counting statistics
on the data, so the total exposure time per sample was 60 s. The col-
lected data frames were summed, corrected for polarization effects,
and masked to remove outlier pixels before being integrated along
arcs of constant Q, where Q = 4msin 0/ is the magnitude of the
momentum transfer on scattering, to produce 1D powder diffrac-
tion patterns using the PyFAI program.’! Standardized corrections
and normalizations were then applied to the data to obtain the total
scattering structure function, F(Q), which was Fourier transformed
to obtain the PDF, using PDFgetX3°? within xPDFsuite.’* The max-
imum range of data used in the Fourier transform was chosen to
be Qmax 23.0 A™! s0 as to give the best trade-off between statisti-
cal noise and real-space resolution. For consistency, all PDFs were
transformed with the same settings. The PDF modeling program
PDFgui was used for structure refinements. In these refinements,
Uiso (A?) is the isotropic atomic displacement parameter (ADP),
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and in multiphase fits, the ADPs of the same type of atoms are con-
strained to be the same in different phases; 81 (A) is a parameter that
describes correlated atomic motions;”* and SPD (A) is a parameter
that accounts for the finite size of the particle, or more correctly,
the domain of coherent scattering in the particle, which gives the
diameter of the domain in angstrom units, assuming it to be spheri-
cal. Qgamp and Qproqq Were refined to a nickel dataset collected under
the same experimental conditions and then fixed in the nanoparticle
refinements.

RESULTS AND DISCUSSION

We had set out to determine whether the nanoscale offered the
possibility of developing new phase space, substitutional capability
and cation ordering in oxide perovskites of Ba-Ti-(Nb/Ta)-O. The
(1:1) M-cation ordered transition-metal double perovskites cover
a vast range of crystalline inorganic solid-state compounds. Some
effort has been made both experimentally and computationally to
explore the substitutional capability and transition metal solubility
for the chemical formula A,M'M"” O¢ but tending toward systems
demonstrating substantive properties of interest. The A-site is well
documented for A = Ca, Sr, Ba, La, and Nd.”*” In addition, fre-
quently, M'M” sites can be exchanged with M’ = Cr, Fe, Co, and Zr
and M”’ = Mo, Re, W, and Os.”* °® The compounds include magne-
toresistive varieties of Sr,FeMoOg’' and Ba;MMoQOg (M = Fe, Co,
and Mn),”” which are also attractive for solid oxide fuel cell research
and spintronics.”*"” The presence of oxygen vacancies is consid-
ered critical when understanding the electrochemical and electronic
behavior.®' In the case of A, M'M”Og or A(M’, M"")O3, where
A =Baand M’ = Ti, there is limited reporting on M” = Nb or Ta,
not least because the reasonable assumption has been that M’ would
be a better fit as a 3+ ion, such as La or Y.’

Physical characterization

Two single phase nanomaterials were prepared based upon
Ba(Ti,M")O3, where M = niobium (Nb) or tantalum (Ta), referred
to as BTNO and BTTO, respectively. Nanocrystal powders can be
produced from solvothermal treatment. Size and morphology, as
well as the elemental composition of the samples, were studied
through the use of a JEOL 2100 TEM equipped with an EDS probe
(see Fig. 1). All samples were observed to be nanocrystalline pow-
ders. The particle size distribution is observed with average particle
sizes of ~20 nm and a range of 10-50 nm. The nanocrystals are
considered to be fully crystallized: all samples are polycrystalline as
shown by the selected area electron diffraction (SAED). While some
aggregation of the particles is observed, the particles can be stably
suspended in 200 proof ethanol for up to 1-2 days with sufficient
sonication. An initial powder x-ray diffraction allowed a preliminary
investigation of the underlying crystal structure. The recorded XRD
powder patterns of the BTNO and BTTO nanopowders [Fig. 1(¢)]
show a primary phase resembling a primitive cubic perovskite of
the Fm-3m space group, common for double perovskites, such as
Ba,YTaOs and SraFeMoOg.””"” If one is to suppose the double per-
ovskite unit cell and index the reflections accordingly, a good match
is given, with lattice parameter a = 8.03 A for BTNO from the cubic
symmetry [Fig. 1(a)], in reasonable agreement with Saad et al.’s pre-
diction of the lattice parameter a = 8.052 A, using an all-electron
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full potential linear muffin-tin orbital (FP-LMTO) computational
method.”® As expected, this lattice parameter is nearly double that
of cubic BaTiO3 (BTO), 4.033 A,%* and by DFT calculations and
measurements on nanocrystals of BaTiOs, such as those verified by
Rabuffetti et al.,%" it was found to be 4.01 A. A lattice parameter twice
the size of a cubic perovskite derivative is consistent with the classifi-
cation of an ordered mixed transition metal double perovskite. This
is due to the rock salt ordering of the B and B’ site transition metals
being part of the same unit cell. A slight shoulder on the 220 peak
is observed and is indicative of minor BaCOj3(s) impurity formed
on the surface of the nanoparticles under ambient conditions pre-
sumed to be following synthesis. The observation of some BaCO3
is expected when analyzing high surface area Ba-based perovskite
titanates under atmospheric conditions, due to the reaction of atmo-
spheric moisture/CO, with surface Ba atoms. The use of purified,
carbonate-free H,O in the synthesis is necessary for this reason.
Residual carbonate can also be removed by washing with purified
water or acidified water, making this impurity removable from sam-
ples that show some accumulation, and avoidable if the samples
are handled under moisture/CO,-free conditions. Energy disper-
sive spectroscopy (EDS) data prove the presence of the expected
elements, distributed evenly across sample sections [Figs. 1(g) and
1(h)]. Together with the ICP-EOS data, the ratios of Ti/Nb and
Ti/Ta were concluded to be 1:1 within error margins. Composi-
tional and elemental analysis puts the compound empirical formula
at BaTipsMo505_s.

Advanced structural characterization of BTNO
and BTTO: Pair distribution function analysis

While a preliminary assignment of space group and atomic
organization of the nanoscale Ba(Ti,M")O; was possible from
TEM/XRD alone, the precise structure of these novel crystalline
nanoscale compounds is difficult to pinpoint, due to the Scherrer
broadening of the Bragg peaks in the powder diffraction pattern.
Crystal building and powder XRD simulations allow for an overview
(excellent resources, such as VESTA,°® are available for three-
dimensional visualization and structural analysis) and illustrate how,
for nanoscale crystalline materials, basic laboratory powder XRD
is often insufficient in the discernment of the correct space group
and structure. Some proposed structures and simulated powder pat-
terns together with the raw data (see Fig. S1 of the supplementary
material) show how similar structures typical for known perovskites
cannot be ruled out. We applied room temperature Pair Distribution
Function (PDF) analysis™**’ to examine likely candidate struc-
tures based upon the perovskite crystal group. PDF is an excellent
way to resolve structure at the nanoscale while taking into account
exact particle diameters when performing structural refinements for
a specific space group, symmetry, and site occupancy. We sought
to examine the crystalline nature of both BTNO and BTTO sam-
ples and determine site occupancy of both Nb and Ta within the
crystalline lattice. PDF analysis was performed instead of Rietveld
or Le Bail analysis for obtaining structural parameters since it is
better suited for determining short range order within a crystal for
nanoscale ordering.””*" "’ In addition, we utilized an auto data min-
ing algorithm to robustly show local off-centering in long-range
cubic perovskite materials.”*
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- (E) —&mo

Intensity (a.u)

400 nm

FIG. 1. Structural characterization of nanocrystalline Ba(Ti, MY)Os3, where M = niobium (Nb), “BTNO,” or tantalum (Ta), “BTTO.” (a) BTNO, low mag TEM with SAED, (b)
high mag showing lattice images of nanocrystals, (c) BTTO, low mag TEM image with SAED, (d) high mag showing lattice images of nanocrystals, (€) indexed XRD powder
diffraction patterns of BTNO and BTTO, (f) model of an ordered double perovskite cubic structure, (g) EDS of BTNO, and (h) EDS of BTTO. Scale bars for (g) and (h) are
shown in the oxygen box.
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FIG. 2. X-ray PDFs of Ba(Ti,Ta)O3 (BTTO) and Ba(Ti,Nb)O3 (BTNO). BTTO and BTNO are superimposed with the difference curve shown beneath in green. Full-r (a)
and low-r (b) regions. The two structures resemble each other very closely, due to the virtually identically observed size of VI-coordinated Nb®* and Ta®* ions, while the
differences can be attributed to the difference in atomic form factors. (c) X-ray powder pattern of BTNO together with Vesta simulated powder patterns of perovskite lattices
proposed from the PDF data, illustrating a consistent envelope of potential fits.
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TABLE |. Summary of structural models used for the PDF BTNO/BTTO fitting
procedure.

Model names OoC DC OR

Crystal system Ordered Disordered ~ Orthorhombic
cubic cubic

Centrosymmetry Yes Yes No

Space group Fm-3m Pm-3m Amm?2

Ba position (0.25,0.25, 0.25) (0,0,0) (0,0,0)

Ti position (0,0,0) (0.5,0.5,0.5) (0.5,0, 2)

Nb position (05,0505  (0.5,0.5,05)  (0.5,0,2)

Ta position (0.5, 0.5,0.5) (0.5,0.5,0.5) (0.5, 0, 2)

O position (0.254, 0, 0) (0.5, 0.5, 0) 0,0, 2)

The experimental PDF data are shown in Fig. 2, and analysis is
shown in Fig. 3. Overall, the BTTO and BTNO samples have very
similar structures and are well crystallized, as indicated by the PDF
signals extending to the high-r region. Multiple batches were mea-
sured to confirm consistency, thermal stability of the samples, and
reproducibility in the total scattering measurements (Fig. S2). By
plotting them superimposed (Fig. 2), it can be observed that BTTO
and BTNO have a very similar average and local structure, except
some peak intensity difference as a consequence of the different ele-
ments present. A small shoulder at r = 4.46 A is observed in the data,
as indicated by the vertical dashed line [Fig. 2(b)], characteristic of a
peak attributed to trace BaCOs. Initially, three candidate perovskite
models were put forward (Table 1): ordered cubic (Fm-3m), disor-
dered cubic (Pm-3m), and orthorhombic (Amm?2), and fitted to the
experimental PDFs to determine structure through refinement. The
three models overall fit the PDF data well, confirming a perovskite
structure. The three models were also simulated by VESTA and
compared with the x-ray powder pattern of BINO [Fig. 2(c)], illus-
trating that these models are also consistent, since the space group
and lattice parameter derived simulations fit under the Bragg peaks.
The refined spherical particle diameter (SPD) values indicate that
the crystalline sizes of these nanoparticles are in the range 6-10 nm,
in reasonable agreement with TEM. In all cases, the refined lattice
parameters of BTTO and BTNO are close, explained by the fact that
Ta(V) and Nb(V) ions with coordination VI have identical reported
Shannon ionic radii of 0.64 A.”

For the ordered cubic (OC) model, the initial lattice parameters
and atomic positions for fitting are a = 8.052 A and oxygen at (0.254,
0, 0) and the parameters mirror that of the computational work per-
formed by Musa Saad et al.”® Given no published work available for
tantalum or models similar to Ba;TiTaOg, simply replacing the Nb
atom with the Ta atom was done. The initial lattice parameter for
the disordered cubic (DC) model was a = 4.026 A. The orthorhom-
bic model was created with half occupancy of Ti and Nb or Ta at the
B site of the perovskite with initial lattice parameters of a = 4.0147 A,
b =5.6863 A, and ¢ = 5.7141 A, as depicted in Fig. 3. The initial fit
using the ordered cubic model (OC), shown in Fig. 2, confirms that
both BTTO and BTNO samples have assumed an underlying per-
ovskite structure. Structural refinement results are tabulated in Table
S1 of the supplementary material. The OC fit of BTTO resulted in an
R, = 0.231, while the OC fit was marginally better for BINO with
an R, = 0.177. However, the low-r difference signaled a somewhat
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higher than satisfactory R,,, which prompted further modeling. This
was also motivated by considerations of other acquired data, notably
the Raman spectroscopy (Fig. 4), in which both BTNO and BTTO
samples exhibit strong modes at room temperature (and up to 550
and 540 K in BTNO and BTTO, respectively). The Raman spectra
strongly suggest polarizable phonon modes in the crystal lattice at
RT, inconsistent with a centrosymmetric cubic crystal structure.

A refinement of a disordered cubic (DC) model was per-
formed on the experimental data yielding similar results to the
OC model (Fig. 3). The refinement results (Fig. 3 and Table S2 of
the supplementary material) indicate the model was a close fit but
show some deviation from the true crystalline structure because the
Ba-Nb, Ba-Ta, and Ba-Ti distances were found to be slightly smaller
to match the 3.54 A data peak (Fig. 3). This led to the consideration
of using cation displacements to improve the model. To introduce
cation displacements with a non-centrosymmetric model, a refine-
ment was performed using an orthorhombic Amm?2 space group, in
which Ti and Ta/Nb occupy the same site in the perovskite struc-
ture. The refinement results (Fig. 3 and Table S3) show a noticeable
improvement in R,, values in both cases, with 0.194 and 0.160 for
BTTO and BTNO, respectively. The refinement coordinates indi-
cate that the B site occupancy shared by both Ti and Nb/Ta is
off-center. The data point to the existence of a possible ferroelec-
tric phase at room temperature, due to the non-centrosymmetric
nature of the crystal. Other space groups (P4/mmm, P4mm, and
R3m) were also attempted and modeled. The results of R,, values and
Ti (Nb/Ta) ADP factors, while reasonable, continue to support the
theory of the Amm2 space group (see Table S4 of the supplementary
material). Finally, the degree of octahedral tilting > "* was considered
and modeled for these systems. While nothing conclusive was deter-
mined, some degree of Glazer tilting is certainly a possibility in these
nanocrystals (see Fig. S3 of the supplementary material).

Raman spectroscopy

Raman spectroscopy was performed on powder samples of
BTTO and BTNO. Initially, spectra were recorded at room tem-
perature and subsequently heated up to around 650 K. The Raman
was recorded multiple times over temperature cycles. Spectra were
collected at 10 K increments, allowing 1 minute for the sample to
equilibrate at each temperature before collection. The data (Fig. 4)
show a reversible, temperature dependent phase transition in both
BTNO and BTTO. The regions of interest in which a phase transi-
tion is concluded to occur can be readily identified. Trace BaCOs
was also identified, and vibrational modes assigned to this phase
are shown in Fig. 4. In the case of BTNO [Figs. 4(a) and 4(c)],
the spectra remain the same up to 503 K, and further to 543 K. At
these temperatures, vibrational modes attributed to phonon modes
in the structure due to the crystal lattice can be assigned, includ-
ing A;(TO;), 180 cm™; A;(TO,), 260 cm™"; B +E(TO3), 300 cm™;
A1(T03), 510 cm™'; and Ay (LO3)+E(LOy), ~720 to 850 cm™'. After
543 K, the onset of a phase transition occurs, in which these modes
begin to soften until 583 K at which point the peaks are significantly
reduced and completion of a phase transition can be inferred. In
the case of BTTO [Figs. 4(b) and 4(d)], a similar set of observa-
tions can be made for a different temperature range. From room
temperature and in the range 493-533 K, a closely matching set of
vibrational modes attributed to phonon modes in the structure due
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FIG. 4. (a) Temperature dependent Raman shift of BTNO with assigned modes; (b) temperature dependent Raman shift of BTTO with assigned modes; (c) temperature
dependent heat map of Raman shifts in BTNO; and (d) temperature dependent heat map of Raman shifts in BTTO.

to the crystal lattice can be assigned, including A;(TO;), 180 cm™l
A1(TO,), 260 cm™; B1+E(TO3), 300 cm™'; A (TO3), 500 cm™'; and
A1 (LO3)+E(LOs), ~710 to 830 cm™'. In the case of BTTO, it is
observed that an almost flat line spectrum is recorded after 553 K,
strongly indicating completion of the transition.

The room temperature spectra of BTTO and BTNO
(supplementary material, Fig. S4) show strong but broadened
E(TO3) and E(LO4) modes at ~300 and ~750 cm ™', respectively,
strong indicators of a distortion in the lattice that would give rise
to a non-centrosymmetric unit cell at RT. The observation of the
completion of a phase transition at higher temperatures (583 K for
BTNO; 553 K for BTTO), and mode softening to an almost flat line
spectrum indicates that, at these higher temperatures, the lattice

may well become centrosymmetric, and phase transition from a
distorted structure to centrosymmetric structure (e.g., Pm-3m) is
complete. The behavior is reminiscent of BaTiO3**" and suggests
that both BTTO and BTNO exist in either an orthorhombic or
tetragonal structure at room temperature and lower temperatures.
For the Raman spectra, the difference between the tetragonal
vs orthorhombic phase is hard to distinguish. PDF structural
refinement gave strong evidence for the orthorhombic phase from
optimized R,, and ADP values, which resulted in lattice parameters
of b =5.7766 A and ¢ = 5.6943 A for BTNO and b = 5.7768 A and ¢
=5.7033 A for BTTO, while tetragonal space groups P4/mmm and
P4mm gave comparable R,, values, but ADP less so (supplementary
material, Table S4). Being that these values are close to each other
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(0.0823 A for BTTO and 0.0735 A for BTNO), it can be concluded
that Raman may also support the hypothesis of an underlying
orthorhombic phase. Significant structural distortions are not
expected with a B-site replacement in this case, because the ionic
radii of both Nb and Ta are identical to each other (Nb°*/Ta’*,
coordination VTI: ionic radius 0.64 A) and closely resemble that of Ti
(Ti3+, coordination VI: ionic radius 0.67 A; Ti**, coordination VI:
ionic radius 0.61 A). The higher energy broadening in the A;(LO;3)
+ E(LO4) mode can be attributed to changes in the deformability
of the BOs octahedra due to the substitution of Ti** with Nb>* or
Ta’*. In addition, the A; mode at low energies are broadened by
these substitutions as they represent the motion of the Ba sublattice
against the BOs octahedra, with the increased masses lowering the
frequency.w"l'l‘:‘m We can conclude, therefore, that the Raman
spectra (Fig. 3) highlight the lower symmetry to cubic phase
transition in BTTO and BTNO. The onset of the phase transition
occurs at 543 K in BTNO and 533 K in BTTO, compared to ~390 K
in BaTiOs;."”"” The spectra remaining at high temperatures are
attributed to defects (~250 and ~500 cm™! bands)’”** and remnant
local disorder (~800 cm™),”® of which both are seen in similar

—_—
Q
~

Nb®* 3ds,
206.3 eV

Intensity (a.u.)

T T T T T T T
212 211 210 209 208 207 206 205 204
Binding Energy (eV)

—_—
(@)
~—

Intensity (a.u.)

32 30 28 26 24 22
Binding Energy (eV)

—
S

Intensity (a.u.)

(d) TiinBTTO

Intensity (a.u.)

ARTICLE pubs.aip.org/aipl/jcp

off-stoichiometry systems with ceramic-like disordering. It is
interesting to contemplate that a double perovskite ordered cubic
structure of the form Fm-3m Ba;TiNbOg or Ba,TiTaOg may exist
above the phase transition temperature and in the ranges 583-623 K
(BTNO) and 553-573 K (BTTO), respectively.

X-ray photoelectron spectroscopy

An important problem to address in the nanocrystals of BINO
and BTTO was the determination of the likeliest valence states of
the jons present. For this reason, the materials were studied by
X-ray Photoelectron Spectroscopy (XPS). XPS data were recorded
on a Physical Electronics Versaprobe II XPS, and the peaks were
analyzed and fitted using the MultiPak, version 9.6.0.15, software.
The spectra presented (Fig. 5) are from a surface analysis survey
and referenced to the standard protocol C 1s-signal at 284.8 eV.”’
Additional XPS data regarding alternate fitting of Nb/Ta and the
Ba and O spectra are presented in the supplementary material
(Figs. S5 and S6). The Nb XPS [Fig. 5(a)] shows two peaks in the
204-212 eV region that correspond to the Nb 3ds;, and Nb 3ds,

Tiin BTNO

T T T T T T T
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T T T T T T
468 466 464 462 460 458 456 454
Binding Energy (eV)

FIG. 5. X-ray photoelectron spectroscopy (XPS) of BTNO and BTTO. (a) Nb 3d3;, and 3dsp; (b) Ti 2p4;; and Ti 2ps, in BTNO; (c) Ta 4fso and 4f;p; and (d) Ti 2py;, and Ti

2p3/2 in BTTO.
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peaks at 209.0 and 206.3 eV, respectively. These peaks are com-
monly seen in the Nb,Os spectra'”‘s[J and is conclusive evidence that
Nb>* is incorporated into the perovskite structure, with the con-
current consideration that only one crystalline phase is observed
in the x-ray diffraction pattern in Fig. 2. In the Ta XPS [Fig. 5(¢)],
there are two peaks that were readily identified to be the Ta 4f7,
and Ta 4fs/; peaks in the 22-30 eV region. The peak positions were
25.4 and 27.3 eV, respectively, and correspond to Ta*, which is to
be expected and is in good agreement with the literature reported
values.” Similarly, this is conclusive evidence that Ta’* is incorpo-
rated into the perovskite structure for BTTO, with the concurrent
consideration that only one crystalline phase is observed in the x-
ray diffraction pattern in Fig. 2. From the XPS, strong evidence is
provided that both metals, niobium and tantalum, were present in
the (V) oxidation state. We tested this hypothesis further by pos-
ing the question as to whether additional oxidation states might
be present and how that would affect the XPS fitting in Multipak.
In particular, we postulated whether Nb or Ta might be present
in the +4 oxidation state. Fitting of the XPS data using some por-
tion of Nb (IV) or Ta (IV) coupled with Nb (V) or Ta (V) was
attempted (Fig. S5). The fits are unsatisfactory compared to fitting
solely with Nb(V) or Ta(V). The conclusion was that Nb or Ta is
present in these nanomaterials as predominantly the +5 oxidation
state. However, this would also lead to the conclusion that, for charge
neutrality, titanium must be coexisting in predominantly the +3 oxi-
dation state. The presence of some oxygen vacancies, common for
perovskites could compensate for the existence of some Ti' ions
while still allowing for charge neutrality. The existence of Ti** in
complex metal perovskite oxides is commonplace, for example in
YTiO; and LaTiO3.*"*” In our recent report on the synthesis and
characterization of EugsBagsTiO3, including XPS analysis, we pro-
vide an in-depth discussion of XPS characterization and simulation
of titanium according to the proposed existence of certain oxidation
states.®” The XPS of titanium in these compounds show the pro-
files of the Ti 2p1/2 and Ti 2p3, in BTNO [Fig. 5(c)] and in BTTO
[Fig. 5(d)]. The Ti2pi/2 and Ti 2p3/» spin—orbital splitting photoelec-
trons for both samples are located at binding energies of 463.5 and
457.7 eV, respectively, consistent with previously observed data.*
Multipak fitting supported the observed predominance of Ti*" in
both cases combined with the presence of some Ti*.

The barium XPS was also recorded (supplementary material,
Fig. S6). A broad peak in the 777-783 eV region and a broad Ba
3ds,2 line were observed and fit to two peaks at 778.95 and 779.75 eV,
respectively. This fitting agrees well with other BaTiO;3 solids of
similar size and morphology.‘\' 55 The Ba 3ds2 peak has been decon-
voluted into two peaks showing the bulk and surface species of Ba**.
Because these are nanoparticles, there is a significantly high ratio
of surface/bulk Ba, evident in the XPS from the 779.75 eV peak.
In the XPS of O (Fig. S6), the O 1 s peak was observed in the
526-536 eV region of the spectrum. A well-defined peak at 529.75 eV
was observed, characteristic of metal oxide phase, with a shoulder
at 531.35 eV, which is characteristic of a metal carbonate phase. A
shoulder is also observed on the 220 peak in the XRD pattern in
Fig. 2, indicating the presence of BaCO3, which this shoulder in the
XPS confirms. The O 1s peak was fit similarly to the BTNO XPS;
however, it was observed that the shoulder at 531.5 eV was lower in
intensity, indicating that less BaCO3 is formed in the BTTO sample
than in the BTNO sample.
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In conclusion, XPS data provide compelling evidence that Nb
and Ta are present in Ba(Ti,M")O; (M = Nb/Ta) in predominantly
the +5 formal oxidation state, with subsequent implications regard-
ing the formal oxidation state and coordination of Ti, and potential
oxygen vacancies. Further XANES characterization combined with
DFT studies seeded by the structural models would serve as suit-
able future work to more closely examine the electronic structure
implications of these conclusions.

CONCLUSION

Using a modified sol-gel method, we were able to prepare sin-
gle phase nanocrystals of the form Ba(Ti, M)Os (M = Nb, Ta).
BaTipsNbgsO; was called BINO, and BaTig5Tags03 was called
BTTO. We conducted a thorough investigation into the structure
of nanoscale BINO and BTTO through x-ray powder diffraction,
electron microscopy, elemental analysis, and pair distribution func-
tion analysis. Previous computational calculations had postulated a
double perovskite structure, incorporated into our analysis. Double
perovskites (A;B'B”’Og) are characterized by the type and extent of
cation ordering, which give rise to higher symmetry crystal struc-
tures. XPS data provide compelling evidence that Nb and Ta are
present in Ba(Ti, MY)O3 (M = Nb/Ta) in predominantly the +5
formal oxidation state, with subsequent implications regarding the
formal oxidation sate and coordination of Ti. Raman spectroscopy
shows a clear, reversible phase transition from non-centrosymmetric
to symmetric, with an onset of this transition occurring at 543 K
for BTNO and 533 K for BTTO. The crystal structure was resolved
by examination of the powder XRD and Pair Distribution Analysis
(PDF) of synchrotron data. PDF analysis was used to examine all
likely candidate structures and to look for evidence of a higher sym-
metry. The feasible phase space that evolves includes the ordered
double perovskite structure Ba,(Ti, MV)06 (M = Nb, Ta) Fm-3m,
a disordered cubic structure, as a suitable high temperature ana-
log, Ba(Ti, MV)O3 Pm-3m, and an orthorhombic Ba(Ti, MV)O3
Amm2, a room temperature structure that presents an unusually
high level of lattice displacement, possibly due to octahedral tilting,
and indication of a highly polarized crystal. This article focusses on
the synthesis, structural, and spectroscopic characterization of the
Ba(Ti, MY)O;3 (M = Nb/Ta) system, with electrical characterization
to be released in a sequel report in the future.

SUPPLEMENTARY MATERIAL

See the supplementary material for a comparison of postulated
candidate structures for Ba(TiNb)Os: XRD diffraction patterns
were compared with XRD simulations performed using VESTA
(Fig. S1). Total scattering measurements (synchrotron data) of
Ba(Ti,Nb)Os and Ba(Ti,Ta)O3 are shown in Fig. S2: the experimen-
tal PDFs indicate consistency across samples and thermal stability.
Tables S1-S4 show PDF structural refinement results of the can-
didate structures. Octahedral tilting was explored and is shown
in Fig. S3, and single RT Raman spectra are shown in Fig. S4.
Supplementary XPS data are provided in Fig. S5 and S6, together
with Multipak fitting for BINO and BTTO with included amounts
of Nb**/Ta** and XPS of Ba 3ds2, Ti 2p lines, Ta 4fs;2, Ta 4fy, lines,
and O 1s.
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