Nanoscale

&
4

Nanoscale

Magnetic and Dielectric Property Control in the Multivalent
Nanoscale Perovskite Eug.5sBag.5TiO3

Journal: | Nanoscale

Manuscript ID | NR-ART-01-2021-000588.R1

Article Type: | Paper

Date Submitted by the

Author: 30-Apr-2021

Complete List of Authors: | Farahmand, Nasim; The Graduate Center of the City University of New
York, Ph.D. Program in Chemistry;

McGinn, CK; Columbia University,

Zhang, Qize; CUNY The Graduate Center, PhD Program in Chemistry
Gai, Zheng; Oak Ridge National Laboratory, CNMS

Kymissis, Ioannis; Columbia University, Department of Electrical
Engineering

O'Brien, Stephen; City College of New York, Chemistry

SCHOLARONE™
Manuscripts




Page 1 of 43

Nanoscale

Magnetic and Dielectric Property Control in the Multivalent Nanoscale Perovskite

EugsBaysTiO;

Nasim Farahmanda?<, Christine K. McGinn¢, Qize Zhang®<¢, Zheng Gaif, loannis

Kymissis? and Stephen O’Brien®b<*

aThe CUNY Energy Institute, City University of New York, Steinman Hall, 160 Convent
Avenue, The City College of New York, New York, NY 10031, USA.

b Department of Chemistry, The City College of New York, 1024 Marshak, 160 Convent
Avenue, NY 10031, USA

¢ Ph.D. Program in Chemistry, The Graduate Center of the City University of New York, New
York, NY 10016, USA.

d Department of Electrical Engineering, Columbia University, New York, New York 10027,
USA

¢ Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, NY 10065,
USA.

fCenter for Nanophase Materials Sciences and Chemical Science Division, Oak Ridge National

Laboratory, Oak Ridge, TN 37831, USA

Keywords: nanoscale, magnetic, dielectric



Nanoscale

ABSTRACT

We report nanoscale EujsBag sTiO3, a multiferroic in the bulk and candidate in the search to
quantify the electric dipole moment of the electron. Euy sBag sTi0O;, in the form of nanoparticles
and other nanostructures is interesting for nanocomposites integration, biomedical imaging and
fundamental research, based upon the prospect of polarizability, f~orbital magnetism and tunable
optical/radio luminescence. We developed a [non-hydrolytic]sol-[H,O-activated]gel route,
derived from in-house metallic Bay/Eu, alkoxide precursors and Ti{(OCH(CHj3),}4. Two
distinct nanoscale compounds of Ba:Ti:Eu with the parent perovskite crystal structure were
produced, with variable dielectric, magnetic and optical properties, based on altering the
oxidizing/reducing conditions. Eug sBa, sTiO5 prepared under Air/O, atmospheres produced a
spherical core-shell nanostructure (30-35 nm), with perovskite Eu,sBag sTiO3 nanocrystal core-
insulating oxide shell layer (~3 nm), presumed a pre-pyrochlore layer abundant with Eu3*.
Fluorescence spectroscopy shows a high intensity °Dy — 7F, transition at 622 nm and strong red
fluorescence. The core/shell structure demonstrated excellent capacitive properties: assembly
into dielectric thin films gave low conductivity (2133 G€C/mm) and an extremely stable, low loss
permittivity of e.¢ ~25 over a wide frequency range (tan & < 0.01, 100 kHz - 2 MHz).

EuysBay sTiO; prepared under Hy/Argon produced more irregular shaped nanocrystals (20-25)
nm, with a thin film permittivity around 4 times greater (. 101, tan 6 <0.05, 10 KHz-2 MHz, o
~59.54 kQ/mm). Field-cooled Magnetization values of 0.025 emu/g for EBTO-Air and 0.84
emu/g for EBTO-Argon were observed. X-ray photoelectron spectroscopy analysis reveals a
complex interplay of Eu/Ti'"V configurations which contribute to the observed ferroic and

fluorescence behavior.

INTRODUCTION

In recent years, EuTiO; (ETO) and certain substituted analogues, such as EujsBaysTiO; (EBTO)
have come into focus, due to potential magnetoelectric applications!? together with fundamental
interest in the search for the electric-dipole moment of the electron.>~ The Eu-Ba-Ti-O system
presents potential for large dielectric polarization and ferroelectricity, combined with spin

configurations that give rise to ferromagnetic order and emergent phenomena.® ETO, 278 a G-type

Page 2 of 43



Page 3 of 43

Nanoscale

antiferromagnetic below Ty (5.2K),> adopts the cubic perovskite structure at room temperature,
undergoing a structural phase transition to tetragonal at 282K. A large magnetoelectric coupling
has been reported: alongside a dielectric constant that increases with decreasing temperature but
drops dramatically at Ty.>'° The search for the permanent electric dipole moment (EDM) is
motivated by the Standard Model, in which a known issue, that of charge-conjugation/parity (CP)
violation, is theoretically supposed to exist in order to support matter-antimatter asymmetry, but
proves hard to detect. The matter-antimatter asymmetry problem, also called Baryon asymmetry,
is fundamental to physical cosmology as it attempts to address the observed imbalance in baryonic
matter (the type of matter experienced in everyday life) and antimatter in the observable universe,
for which neither the standard model of particle physics, nor the theory of general relativity can
provide an explanation.!! A promising means of EDM detection is based upon electric- field-
correlated magnetization measurements in solids, in which the orientation of the magnetization is
reversed when the electric field direction is switched, and could be detected by a SQUID
magnetometer.'? The experiment aims to detect the intrinsic magnetoelectric response associated
with the minute EDM of the electron, causing the design constraints to be stringent. Eug sBag sTi0;
is contemplated for EDM research, since the desired material should be ferroelectric, possess a
large dielectric polarization, and have a high concentration of heavy ions with local magnetic
moments (proportional to Z3). The Eu?" ion has seven unpaired localized 4f electrons, resulting in
a large spin magnetization of 7uB, and a large mean displacement of the Eu?* ion with respect to
oxygen (0.01 A) that contributes to a ~1 pCcm™ remanent polarization to create a large electric
field response.>!'% Such stringent criteria critically limit the range of available materials, hence the
focus on this rather unique and interesting compound.?

Magnetoelectric (ME) coupling is the enactment of a magnetic field (M) on an electric field
(E) or vice versa, and may exist in either a single phase material or in composites. Furthermore,
ME coupling can occur across different order parameters, for example between paramagnetic and
ferroelectric.!> ME coupling is described in (Landau) terms of polarization PH,) or magnetization
M,(E)), for with a linear magnetic coupling coefficient , al-jz < €0&jloltij> Where &, &; and py, p;
are the free space and relative permittivities and permeabilities respectively. Determining material
values of ¢ and u are very important. Coupling in composites is often via an indirect
magnetostrictive effect, in which change of shape or dimension from magnetization can induce a

change in polarization. Nanoparticle-polymer 0-3 composites can deliver magnetostriction, hence
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nanoparticles are very interesting in this context.!> True ME coupling within a single phase is rare,
much debated and highly sought,%!#-1® Europium barium titanate, EBTO, presents a compelling
case for study in the context of multiferroic complex oxides,!” since it’s bulk behavior is both
ferromagnetic/ferroelectric, and has notable values of u; and ¢;; with prospect for a high aijz. Janes
et al. originally reported magnetization values of 59 emu g-!' (1.8 K, 5 kOe), a Curie temperature
of 165K and a saturation polarization of 9.5 uC/cm? ( 15.7 kV/cm, 35 Hz).!® More recently,
sintered ceramics of (Ba,Eu)Ti0;, with 60% density, intended for EDM research were reported by
Sushkov et al. with high permittivity, a saturation polarization of 8.0 puC/cm? (remanent
polarization P, = 1 uC/cm?), and no magnetic hysteresis and magnetic susceptibility y values in

the range 0.01-0.06 emu g! Oe! (< 4K).310

While some bulk synthesis methods of EujsBajsTiO; have been researched, preparing nanoscale
synthetic analogues remain largely unexplored. The nanoscale offers the potential to control
properties when compared to the corresponding bulk material, due to strong interplay between
elastic, geometric and electronic parameters. While suppression of ferroic order parameters is
observed in perovskites at the nanoscale, there is strong evidence to support the retention of off-
center Ti distortions down to 5 nm, that can be the source of switchable dipoles, and ultimately
ferroelectricity.!®?? concurrently, the field of nanomagnetism has flourished, due in part to the
increasing sensitivity of the techniques developed for magnetic property-structure relationships.?
Our interest in EugsBagsTi0; extended to: (1) obtaining a multiferroic with metastable phases
unique to the nanoscale; (ii) measuring and controlling size dependent properties; and (iii) utilizing
nanoscale EugsBasTiO; as building blocks for hierarchically assembled structures or ferroic
nanocomposites.?* The opportunity to isolate metastable phases through nanoscale processing is
quite profound.?® It is particularly important to recognize the relationship between product
stabilization and thermodynamic pathway, as determined by the starting reactants,?® observing that
the molecular precursor based reactions can lead to scaffolding of initial phases or structural
motifs, which can have an exacting influence over the final product structure, provided
crystallization temperatures are kept below thermodynamic limits for the bulk phase diagram. The
synthetic pathway chosen here was partly motivated by previous observations that when perovskite
EuTiO; is heated in air, it is metastable, forming an amorphous perovskite-related intermediate

present around 500°C. At 750°C, a layered perovskite polymorph of Eu,Ti,07 begins to crystallize
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but this too is metastable until conversion to the pyrochlore Eu,Ti,O; polymorph from 900 °C
onwards.?” The addition of barium to the lattice via precursor synthesis was predicted to stabilize
the cubic perovskite structure, providing alternate vectors for the metastable phases.

The interconversion between Eu(Il) and Eu(Ill) can influence structure and properties,
including multiferroic behavior. Therefore, understanding how to chemically stabilize Eu(II)
and/or Eu(Ill) within the perovskite structure is of interest. Research into dilute/doping
concentrations of Eu3*/Eu?" incorporated BaTiO; have been reported,?®?° but structures in which
Eu is a dominant element with direct influence over phase stability are less well understood.
Recently, research has shown that controlling oxygen deficiency through Ti**/3d! creation in
(Eu,Ba)TiO; can influence multiferroic behavior.’? But, it has also become apparent that several
assumptions regarding the stoichiometry, oxidation state, and phase of Eu-based perovskite
compounds require further investigation, especially when regarding the relative concentrations of
Eu?* and Eu*. The standard partial molar Gibbs free energy of formation are quite close at room
temperature: AGy(Eu?") = 540.2 kJmol!; AGy(Eu*") = 574.0 kJmol-!, the redox potential
Eu*'/Eu?", E° = -0.35V. At elevated temperatures and pressures (including hydrothermal
conditions), the divalent state becomes more stable, helping to explain the presence of Eu?' in
barite.3! Luminescence data highlights how the electronic configuration for Eu**, 4%, is chemically
very stable,?? although Eu?’, while thought to be metastable,’® is often present. In Eu', f
electron transitions are shielded by the completely filled external 5s/5p orbitals. The Eu®* electron
configuration (417) is less localized and exhibits stronger phonon coupling. This leads to an f~d
transition subject to the influence of temperature dependent vibrations of the host lattice,
coordination and symmetry.3? It is additionally noted therefore, Eu?" in the A site of (Eu,Ba)TiOs,
while presumed geometrically suitable, may be chemically labile.** The band-width and relative
intensity of the photoluminescence (PL) spectra depends on the crystal symmetry of the host.

To prepare nanoscale EugsBay sTiO3, we relied on a modified sol-gel approach which has
proven successful for room temperature synthesis of oxide perovskite nanocrystals.’®37 Our
previous observations of Ti(\OPr)4 driven perovskite formation, combined with Ba?* stabilization
of the lattice suggested the ability to stabilize Eu in the cubic structure in the absence of Ar/H,,
which we pursued. This chemical solution processing method (gel-collection), developed for the
preparation of inorganic oxide nanomaterials and films, has been reported in detail previously.3¥-

40 More general motivation is that low temperature chemical methods may prove to be low-cost
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and easy to integrate within existing manufacturing frameworks, or prove compatible with a
disruptive approach like r2r fabrication,*' and R&D efforts can take advantage of low temperature
techniques toward materials discovery.*>#3

The combination of BaTiO; and EuTiOj; presents an interesting set of structure-property
outcomes: both EuTiO3 and BaTiO; have ABO; perovskite structure with Eu?* and Ba?" on the A
site and Ti*" on the B site.!” BaTiO; is a prototypical ferroelectric with a large room-temperature
polarization of 25 uCcm2. EuTiOs is reported to be a quantum paraelectric with a large dielectric
constant (¢ ~400),>* while electronic structure calculations show that ferroelectricity could be
induced from elongation (compressive or tensile strain)®. Synthesis methods for (Eu,Ba)TiO;
compounds have previously included ceramic solid state reactions>*¢4°, hydrothermal,>® vapor
diffusion,?® PLD,° and high temperature mechanochemical activation.!® Materials engineering of
nanoscale Eu-Ba-Ti-O could be attempted via bulk solid state processing and ball-milling, but this
presents drawbacks in terms of product fidelity and size control. Through an approach more akin
to molecular templating to drive crystallization, at lower temperatures and under variable redox
conditions, we attempted to realize the goal of controlling phase and oxidation state, based on

modified sol-gel chemistry techniques used by our group and others.36-31-33

EXPERIMENTAL

Synthesis. 6.5 wt% barium ethoxide (Ba(OCH,CHj3), was prepared in the lab by dissolving
barium metal pieces in pure ethanol (200 proof) after stirring magnetically overnight in nitrogen
glovebox. Barium metal pieces were purchased from Alfa Aesar, and pure ethanol (200 proof)
purchased from Decon Laboratories, Inc., titanium isopropoxide (Ti{(OCH(CHs),}4) and
europium metal pieces were purchased from Sigma-Aldrich and Alfa Aesar respectively. All
elements/chemicals were used as purchased. The EBTO nanoparticles were synthesized using the
gel collection method?®¢ under an inert nitrogen atmosphere in glovebox. In order to make
EuysBag sTi0;, stoichiometric amounts of europium metal (0.473 g or 3.125 mmol) was
dissolved in 40 mL of 200 pure ethanol and magnetically stirred until the metal pieces dissolved
and the colorless solution started to gain color. A dark brown solution was obtained after staying
overnight in the glovebox and then centrifuged for 15 min, 6500 rpm to form a clear yellow
solution. This solution was presumed to be Eu(OCH,CHjs),.>* Stoichiometric amounts of lab-

made barium ethoxide (3.125 mmol or 6.60 mL) was added to the europium solution and stirred
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magnetically for 20 minutes. Then 1.89 mL of Ti{(OCH(CHj3),}4) was added and the solution
immediately turned black upon addition of titanium isopropoxide. The absence of water at this
stage prevents the premature self-hydrolysis of the molecular precursors. After another 20
minutes of stirring, a 10 mL solution of 2.5 mL deionized H,O (4% DI water of total volume)
and 7.5 mL 200 proof ethanol was prepared and added dropwise to the solution under stirring
leading to form a black gel. The gel was transferred to a sealed container (e.g. a centrifuge tube
with a cap) and left to age overnight in the glovebox. Once formed, the gel was readily extracted
from the mother solution (ethanol) and could be removed, divided into parts and thermally
treated for crystallization. Portions of the gel were treated in two ways: (i) 650°C (1°C/min) for 8
hours both in air (upright furnace) and (ii) under Argon/Hydrogen Ar (95%)/H,(5%). For Ar/H,,
a sealed tube furnace with bubbler, connected to the Ar/H, tank was used. The resulting
Europium Barium Titanate (EBTO) nanoparticles were characterized using powder X-ray
diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron
Microscopy(TEM) and Energy Dispersive X-ray Spectroscopy (EDS). The XRD measurements
of the dried EBTO powder were performed on a PANalytical X’ Pert Pro using Cu Ka radiation.
XPS measurements were recorded on the EBTO powder samples on a Physical Electronics
Versaprobe II XPS. The XPS peaks were fitted using Multipak v. 9.6.0.15 software. TEM was
performed using a JEOL 2100. Samples for the TEM were prepared by dispersing the
nanocrystalline powders in 200 proof ethanol and drop-casting SuL of the resulting suspension
on a carbon coated copper grid. TEM and EDS measurements were recorded on a JEOL 2100
microscope. Diffuse reflectance (DR) spectra were obtained from UV to NIR (200-800 nm)
using a CARY 500 spectrophotometer equipped with a diffuse reflectance accessory (integrating
sphere). Room temperature photoluminescence (PL) emission spectra of the samples (230 nm

excitation) were collected using Spectramax id5 instrument (Molecular Devices).

The voltage tolerance and resistance of the EBTO-Air and EBTO-Argon samples was
characterized using a Keithley 2440 source meter. For EBTO-Air, the voltage range used was 0V
to 200V with steps of 4V. For EBTO-Ar, the voltage range used was OV to 10V with steps of
0.4V. At each voltage, the current observed by the Keithley was recorded. The resistivity was
calculated using the equation p = A/(m*L), where m is the slope of the linear I-V curve, A is the
area of the sample, and L is the thickness of the pellet. The area and thickness of the samples

respectively were 1 cm? and 0.1mm thick. To determine the voltage tolerance, each I-V curve
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was fitted linearly and the voltage tolerance was extrapolated as the point where the current

density crosses 10 pA/cm?.

Results and Discussion

Gel collection3® was applied to synthesize europium barium titanate and resulted in highly
crystalline, single phase perovskite crystal structures of the form EugsBay sTiO3, (referred to in
this article as EBTO), with the observation of the formation of multivalent versions dependent on
processing conditions. One initial concern, with a major influence over electronic/magnetic
properties, is determining whether lanthanide ions in ABO; occupies a single site (Ba or Ti) or
multiple sites (Ba and Ti). The Shannon ionic radius for Eu?>* (Z=63) ranges from 117 pm (C.N.
6) to 135 pm (C.N. 10), while the ionic radius of Eu** ranges from 95 pm (C.N. 6) to 112 pm
(C.N. 9). For BaTiOs; the ionic radii are assumed to be Ba*" (Z=56), 161 pm (C.N. 12), and Ti*"
(Z=22) 61 pm (C.N. 6). The Shannon ionic radius of Ti** is reported to be 67 pm (C.N. 6).
Europium is not typically observed to adopt a 12-fold coordination, and is nearly three times the
atomic number of titanium. In terms of europium as a fit for the ABOj; system, the Eu?* cation
size appears to present little problem (compare Ca®*, 135 pm (C.N. 12)). Shannon et al.>> predicts
that when Eu’* replaces Ti#" in the structure, the crystal lattice expands. The Goldschmidt
tolerance factor (¢) for BaTiOs, is £ = 1.06. For Eug sBag sTiO3 with Eu?* in the A site: 1= 1.01;
with a mixture of 50% Eu?*/Eu®" (neglecting the implication of charge): r = 0.98 (see
Supplementary Information). Since the radius of the Eu** ion is intermediate between the radius
of the Ba®" and Ti#", it could potentially occupy either the A site or B site depending on Ba/Ti
ratio.?®36 Generally, it has been reported that the larger ions occupy the Ba?* site predominantly
and present donor behavior, while smaller ions prefer the B site and exhibit acceptor behavior.>’
Fang et al,>® and Fuentes et al.>® reported Eu3" can be substituted into both Ba?* cation and Ti*"
ion sites, with some lattice distortion. A second, related concern is regarding oxidation state of
the lanthanide. This is especially relevant in the case of Eu, for which presupposing Eu in the
perovskite is solely Eu?* (as if it were replacing Ba®*), and that Ti would be solely Ti*", may not
be judicious., since the ionic model is less appropriate for strongly correlated oxides. The
classical model for titanium in ABQOj is with an oxidation state of IV, but there are cases for

which Ti is either solely or partially (III). For example, while maintaining near perfect integrity
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of the perovskite atomic arrangement, Jang et al. reported the ability to create RO line defects
(R=La, Sm, Nd) in between SrTiOs, for which Ti is formally in the 3+ oxidation state.®® YTiO; is
a spin-ordered ferromagnetic d’ orthorhombic perovskite (space group Pbnm) for which the
presence of the Til'/d! state accounts the majority of its properties.®! Fujimori et al. considered a
series of d’ transition metal oxides on the basis of a singleband Hubbard model, and explained
the opening of the band gap, from metallic VO, to insulating YTiO3/LaTiO3.? The contrast of
early and late transition metals can be characterized by firm differences in the electron
correlation effects and extent of orbital mixing. Early transition metal compounds, containing Ti
are characterized by a large extent of p-d orbital hybridization (pdo), and a concurrent strong
covalency, found to increase as the number of d-electrons decreases. While YTiO5; and LaTiO;
are d! (t,'e,”) compounds with a formal valence of 3+, a lower oxidation state is calculated, with
ng estimated to be 1.8/1.9, where n, = net d-electron occupancy.®? Treating Eug sBag sTiOs as an

orbitally mixed compound, as opposed to an ionic ceramic, is therefore considered appropriate.
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Fig. 1. Schematic for synthesis and crystal structure of nanoscale Euy sBag sTiOs.

Applying gel-collection as the synthesis method at room temperature allowed the

preparation of amorphous nanoparticles of Eu-Ba-Ti-O, and thermal treatment at 650°C was
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necessary to complete crystallization (see Fig. 1). The in-house prepared precursors of
(Ba(OCH,CHj3), and purchased (Ti{(OCH(CHs),}4), Ti((OPr),, reacted as anticipated. The in-
house prepared precursor for europium “dissolution” ethanol was assumed to be Eu(OCH,CHj),,
with divalent europium, according to previously reported Mossbauer spectroscopic
characterization.”* We can posit the mechanism, in the absence of water, is that loosely bound
transition metal oxide species of Ba(OR), and Eu(OR), form a homogenous mixture. The
addition of Ti(*OPr), to the mixture prompts a nucleophilic addition reaction as the M(OR),
molecules insert between Ti(*OPr),4, forming chains and commencing oxolation - the formation
of bridging oxygen between metal centers.5* With the addition of H,O, a more vigorous
hydrolysis is initiated, involving the formation of oxo-bridging groups and CH;CH,OH and
HOCH(CH3;), as leaving groups. The premixing and homogenization of the metal centers, paves
the way for the formation of chains (becoming a corner sharing network) of TiO¢ octahedra
amidst a charge balanced configuration of Ba/Eu ions. Alkoxy groups still remain within the
framework without complete condensation having occurred. At room temperature, the sol that
has been generated remains largely amorphous to powder XRD detection limits. The sol is
composed of relatively uniform nanoparticulates that can be isolated as a gel for further
processing - the gel is itself a solid object composed of a loose aggregation of nanoparticles (a
particulate gel monolith). Nanoscale crystallization at lower temperatures can then occur without
sintering. At 650°C, crystallization of the nanoparticle occurs through the process of framework
condensation, via thermal dihydroxylation and dealkoxylation. Viscous sintering, and ceramic
densification, driven by the energy gained in reduction in surface area, is not observed at 650°C:
temperatures for sintering transition metal oxides are typically 1100-1300°C, approximately
twice that of the nanoparticulate crystallization temperature used here.

Following reaction of the precursors and isolation of the black gel monolith, the gel was
divided into two parts, for either thermal treatment (650°C) in air/O,, or Argon/Hydrogen (95%
Ar:5% H,), an oxidizing or reducing environment respectively. These two pathways were chosen
to investigate stability/metastability of the nanoscale (Ba, Eu)TiO; oxide under these conditions.
As reported previously, bulk EuTiO; reverts to the pyrcholore polymorph above 900 °C,?’
whereas it was hypothesized that introduction of Ba into the structure would favor stabilization
of the cubic perovskite framework,?> even under ambient/air thermal treatment conditions. The

products formed can be described as a nanocrystalline powder in which free nanoparticles in the

10
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size range 20-40 nm are loosely aggregated. Sizeable batch quantities (> 500mg) are readily
produced. Sonication in ethanol produces a nanoparticle powder dispersion (Fig. 1). While
differently processed samples shared the same perovskite structure, there were very strong
observable differences in their physical properties, including color, magnetic properties, and
frequency dependent dielectric behavior. The sample sets are referred to as EBTO — Europium
Barium Titanium Oxide, with the affix EBTO-Air (prepared in air) or EBTO-Argon (prepared in
Argon/H,).

1. Physical/Structural Characterization

Powder X-ray diffraction shows the perovskite EBTO structures for both samples in air and in
reducing atmosphere, labeled with peak positions and identifiable Bragg planes. The initial gel
was heat treated in air and in Ar/H, to a series of temperatures, starting from 450°C, 650°C,
750°C, 850°C and 1000°C (see Supporting information, Fig. S1). The samples are named EBTO-
Air and EBTO-Argon. X-ray diffraction was carried out for each set of samples, both of which
were amorphous at 450°C, with complete crystallization > 650°C, at which point sharp Bragg
peaks of perovskite structure emerged in the XRD. The X-ray powder diffraction patterns for
650°C samples are shown in Fig. 2, together with representative electron micrographs and
images of the powder samples. The first striking difference is that, in spite of very similar X-ray
powder diffraction patterns and TEM images, one is black (EBTO-Ar) and one is white (EBTO-
Air). Indexing of the Bragg peaks in both cases (see Fig. 2) corresponds to a phase pure
perovskite. The Bragg reflections for the lattice planes in the powder diffraction spectrum of
EBTO-Air are systematically shifted to smaller values by 0.2° 26 when compared to those of
EBTO-Argon. There is evidence of a slight shoulder of the (110) peak at around 28° 26, in both
cases which can be attributed to presence of trace barium carbonate impurity occurring on
exposure to ambient conditions, due to moisture absorption on the nanoparticle surface. Previous
investigations of sub-10nm barium titanate nanoparticles have indicated that surface Ba?* is
susceptible, over time to reaction with moisture from the air to form trace quantities of BaCO3.37
To test the structural and chemical stability of nanoscale EBTO, samples were left on the bench
for 4 months, under conditions of ambient temperature, pressure and atmospheric moisture. In
both cases the EBTO perovskite structure was retained as determined by powder XRD, but with

a slight growth of an amorphous shoulder around 28° 20 (Supporting Information, Fig. S2). We

11
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conclude that the same reaction with the ambient surroundings is happening in this case. The

formation of trace BaCOj; can also be reduced by washing the sample with D.I. water.

—— EBTO-AIr
—— EBTO-Argon

110

Intensity (a.u.)

o
o
—
T
0 30

2

20

Fig. 2 a) Powder XRD and TEM images of EBTO (Eu, sBa, sTi03), together with TEM images of (b) EBTO-Air
(white) and (c) EBTO-Argon (black). Powders and ethanol dispersions also shown.

Closer analysis of the X-ray powder diffraction patterns of both samples show that the Bragg
reflections for the lattice planes in the powder diffraction spectrum of EBTO-Air are shifted
slightly to the left when compared to those of EBTO-Argon, corresponding to a slight difference
in lattice parameter (see Supplementary Information Fig. S3). Typically, in bulk samples the
FWHM of the X-ray peaks is sufficiently narrow to deduce tetragonal splitting, with focus on the
(200) peak. Here the (200) FWHM is 0.46° 20 (EBTO-Argon) and 0.38° 20 (EBTO-Air) as a
consequence of Debye-Scherrer broadening at the nanoscale. It is not possible to determine any
evidence of tetragonal distortion from this data alone. Pair Distribution Function analysis (PDF)
has been used previously to show strong evidence of tetragonal distortion in < 10 nm nanocrystals
of perovskite Ba(Fe,Ti)Os.3” Using the Scherrer equation, the 20 values correspond to nanoparticle
sizes of 19.6 nm (Argon) and 23.7 nm (Air) respectively, in reasonable agreement with the more
reliable determination of particle size by TEM. Assuming a cubic space group of Pm3m in both

cases, the unit cell parameter was calculated from the Bragg reflections to be 3.99 (EBTO-Air)

12
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and 3.97 (EBTO-Argon). This is consistent with typical cubic perovskite oxide structures, with the
observation of a slightly smaller lattice constant when compared BaTiOs, anticipated due to the

smaller size of the EulV! cations.

The size, morphology and relative composition of the nanoparticles was further analyzed
by TEM/EDS (Fig. 3). The nanoparticles disperse well in alcohols such as ethanol without the use
of surfactants allowing for, among other things, EM microgrid preparation. Selected area electron
diffraction indicates uniform crystallinity and that the samples are polycrystalline. Lower
magnification TEM analysis and particle size distribution (Supplementary Information, Figure S4)
show that the nanoparticle size distributions are in the range EBTO-Argon are in the range of 20-
25 nm and for EBTO-AIr is in the range of 30-35 nm. Lattice imaging further confirmed that the
nanoparticles when isolated were single crystalline and presented as perovskite, with clear
evidence of the (110) and (111) lattice planes in HRTEM. Electron microscopy at higher
magnifications also shows a distinction between EBTO-Air and EBTO-Argon, highlighting the
effect of the processing conditions. In EBTO-Air a thin amorphous layer ~2-4 nm in thickness can
be observed as a shell around the crystalline core, whereas in EBTO-Argon this layer is not present.
Energy dispersive X-ray spectroscopy (EDS) is capable of confirming and comparing relative
amounts of high Z elements in nanocrystals. Gel-collection has previously proven reliable in terms
of reactant stoichiometry being preserved in product stoichiometry.?® For EBTO samples, EDS
mapping analysis was performed in order to obtain a composition cross-section. The mapping
analysis confirms the presence of Eu, Ba, Ti, O elements in the samples with fairly reliable
stoichiometric ratio (for ratio table and additional TEM images see Supporting Information, Fig.
S4). The shell layer in EBTO-Air is thought to be an amorphous oxide layer composed of the same
elements Eu-Ba-Ti-O, based upon inferences from the EDS. This oxide layer can serve as a barrier
layer, and has been known to be created synthetically in various cases including ferroic
nanocomposite design.®* In order to determine stability of the perovskite phase, and to assess
whether metastable, EBTO samples were heated to 1000°C. In the case of EBTO-Argon the
persistence of the perovskite phase was observed >1000°C (Supporting Information, Fig. S5a).
However, the XRD pattern for EBTO-Air begins to reveal a mixture of phases 2850°C (Fig. S5b).
Bragg peaks that can be indexed to perovskite (Ba,Eu)TiO; and pyrochlore Eu,Ti,O; crystal
structures emerge, alongside some smaller peaks attributed to minor europium oxide Eu,0;

formation - shown in detail in Fig. S6. Thermal treatment in oxygen leads to increasing amounts
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of Eu**, which preferentially forms pyrochlore Eu,Ti,O; and some Eu,Os at temperatures high
enough (1000°C) for phase decomposition to occur, but at lower temperatures, preservation of
perovskite the Eug sBaj sTiO5 structure, even when heated in the presence of oxygen, is remarkably
stable. This may be kinetic stability promoted by the barrier layer, which inhibits further oxidation.

It is, in conclusion, interesting to observe the ability to synthesize stable nanoscale Eug sBag sTi0;

in oxidizing (air/O,) as well as reducing (Argon/H,) atmospheres.

Fig. 3. TEM/HRTEM images, clectron diffraction and EDS mapping of nanoscale EBTO, Eu,sBa,sTiO;: (a) TEM
(b) HRTEM and (c) EDS of EBTO-Argon; (d) TEM (e) HRTEM and (f) EDS of EBTO-Air. SAED patterns also
shown with crystallographic projections. EDS mapping of EBTO-Argon/Air shows the overlapping signal of Eu, Ba,
Tiand O.

2. Magnetic Characterization

The magnetic properties of the EBTO (EujsBa;sTiO;) samples were analyzed in order to
determine presence, extent, and type of magnetization. Magnetic measurements were performed
using a Quantum Design Magnetic Property Measurement System (MPMS) at the Center for
Nanophase Materials Science (CNMS) at Oak Ridge National Laboratory in Tennessee. The field

cooled (FC) and zero field cooled (ZFC) measurements were carried out on EBTO samples
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between the temperature range of 0-300 K. For the ZFC measurement, the samples were cooled to
5 K in the absence of an external magnetic field. Once at 5 K, an external magnetic field of 2000
Oe was applied and the magnetization was measured during the slow warming process to 300 K.
For the FC measurement, the samples were cooled down to 5 K in the presence of a 2000 Oe
magnetic field and the magnetization was measured during cooling under the same field. Magnetic
hysteresis measurements were taken with a maximum sweeping magnetic field of 40000 Oe on
the same instrument at 5 K by varying the magnetic field from -40000 Oe to 40000 Oe and
measuring the magnetization. The M-H curve obtained at 5 K and 0-40000 Oe which indicates that
neither of the samples reach full magnetic saturation at this magnetic field strength is shown in
Fig. 4a and 4b. Zero-field cooled (ZFC) and field cooled (FC) magnetization curves (M—T) were
obtained at a magnetic field of 2000 Oe, which are displayed in Fig. 4c and 4d. The highest values
of magnetization observed in the FC measurement were 0.84 emu/g for EBTO-Argon and 0.025
emu/g for EBTO-Air. As the temperature is increased the magnetization decreases as a result of
the randomization of the magnetic orderings within the nanoparticles due to the thermal energy.
The M-T curve data allowed for the calculation of Curie and Weiss constants, using a fit to the
Curie—Weiss law model according to y = (C/(T-6) + b.), where y is the magnetic susceptibility
(magnetization), C is the Curie constant, & 1is the Weiss constant, 7 is the temperature in Kelvin,
and b is a fitting parameter (Table 1). The Weiss constant generally allows for insight into the
short-range magnetic interactions within the compound. Here, the Weiss constant values are
indicative of potentially antiferromagnetic behavior which is largely obscured by paramagnetic
behavior. Lack of evidence for long range antiferromagnetic ordering is attributed to the nanoscale
nature of the compounds and a concurrent large number of surface spins, that contribute to spin
anisotropy.® Comparative analysis of the M-H data at low temperatures (Figure 4(c) and 4(d))
shows clear differences by more than an order of magnitude in magnetization. Since sample
particle size analysis (Figure S4) show that the nanoparticle size distributions are relatively narrow
and in the range 20-25 nm for EBTO-Argon and 30-35 nm for EBTO-Air, the observable
differences were attributed to composition of the two samples (particularly oxidation states of Eu)
as opposed to particle size difference. HRTEM also indicated the nanoparticles are single domain
in both cases. Multi-domain crystallinity would have an impact on magnetization and not observed
here. As the thermal motion of the electrons is reduced, the observed overall magnetization

increases proportionally to the increasing number of electrons. This can be interpreted that EBTO-
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Argon sample has more unpaired electron spins, due to the reducing environment maintaining

more Eu?" [Xe]4f’, compared to the EBTO-Air sample having less electrons, having been

subjected to more oxidizing conditions (and therefore a higher presence of Eu’', [Xe]4f®.

Table 1. Curie and Weiss constant values for EBTO-Air and EBTO-Argon samples

40000

Curie Constant (C) | Weiss Constant (¢) | Fitting parameter (b)
EBTO-Air 16.37+£2.09 -524.97+41.7 -0.012+0.001
EBTO-Argon -0.039+0.03 21.84+0.3 0.0544+0.006
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Fig. 4. a) and b) M-H curves, ¢ and d) M-T curves for EBTO-Air and EBTO-Argon samples

3. LCR Dielectric Measurements

T
300

Impedance analysis was performed on the EBTO samples (Air and Argon) using an LCR meter

(Inductance-Capacitance-Resistance meter) with the main goal of measuring frequency

dependent permittivity. Impedance/capacitance measurement of nanoscale samples is highly

dependent on the specific processing conditions of the film under measurement, due to grain

size, grain surface area and void space between the grains.®® The results can yield much

information about the dielectric behavior of the compound under investigation, but the absolute

value of permittivity (intrinsic dielectric constant) of nanoscale Eu,sBajsTiO; is more complex
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to determine, requiring an air-nanoparticle composite model.®”-%® Pressed pellet capacitors of
each compounds were prepared using a Cyky 12T Laboratory manual powder metallurgy press
machine to provide pressed and thin round disks. The pellets were prepared as simple parallel
plate capacitors using silver conductive epoxy (MG chemicals) as contacts and were kept in the
furnace at 60°C overnight. LCR measurements were performed on the samples to obtain the
frequency dependent effective permittivity, €.¢, and dissipation loss (tan d). Measurements were
performed over the frequency range of 100 Hz to 2 MHz using an Agilent E4980A Precision
LCR Meter. The frequency dependent behavior of the effective permittivity, €., and dissipation
loss (tan d) are shown for both samples in Fig. 5 (part a and b) and Fig. 5 (part ¢ and d)
respectively. For EBTO-Argon, the effective dielectric constant at low frequencies is ~130 (1
kHz) decreasing steadily to ~100 (1 MHz) and the dissipation loss is in the range of 0.05 shown
in Fig. 5 (part a and c). In clear contrast, EBTO-Air has a very stable &.¢ of 25 over the entire
frequency range (100 Hz-1 MHz), and shows a very low dissipation loss (~ 0.01) shown in Fig. 5
(part b and d). The EBTO-AIr is concluded to perform very well as a stable dielectric material
with a relatively high effective permittivity in pellet form. The frequency dependence of tan d is
shown in Fig. 5. For EBTO-Argon decreases from 0.09 (1 kHz) to 0.03 (1 MHz). This value of
tan J is quite typical of film or pellet processed nanoscale complex oxides in which low
frequency loss can partly be attributed to contributing space extrinsic charge effects at the
surface of the nanoparticles, while higher frequency loss is attributed to charge hopping due to
the presence of multivalent metals.*%-% The expectation of some leakage, and low to medium
resistivity/dielectric strength as a result of the presence of mobile carriers is anticipated in
voltage tolerance and conductivity measurements. In the case of EBTO-AIr, tan § is in the range
becoming of a dielectric material 0.03 (1 kHz) to 0.007 (1 MHz), with good stability and values
suitable for capacitance, energy storage applications.®® This is interesting because, owing to the
multivalent character of Eu, one would anticipate a lossier, lower resistivity film. The core-shell
structure of the nanoparticle presents an interesting case for potential applications because the
core retains some of the desirable behavior (magnetic, photoluminescent) unique to the europium
while the shell makes the material insulating and highly suitable for dielectric films. Voltage
tolerance and conductivity measurements were performed on the pelletized samples (Fig. Se and
5f). Voltage tolerance/resistance was performed using a Keithley 2440 source meter. Due to the

very different resistances of the two samples, the voltage ranges needed to observe the voltage
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tolerance were different (EBTO-Air, was 0V to 200V, step 4V; EBTO-Argon, 0V to 10V, step
0.4V). The EBTO-Argon was significantly more conductive than EBTO-AIr (resistivities of
59.54 kQ/mm and 2133.49 GQ/mm respectively). The terms breakdown voltage or dielectric
strength are often used interchangeably to mean the point at which an insulating material breaks
down or is shorted, allowing current to flow. However for nanomaterials and nanocomposites it
is more practical to consider voltage tolerance, and to more closely define the voltage at which a
specific level of current flow is reached which can be considered a tipping point, but may also be
reversible and/or be a cause of self-healing.”? Previous work by Yang et al. defines the
breakdown voltage for a dielectric as the applied voltage when the leakage current exceeds 10
uA/cm?.7%7! The Keithley 2440 could source up to 200V and measure up to 0.1 A. Each I-V
curve was fitted linearly and the voltage tolerance was extrapolated as the point where the
current density crosses 10 pA/cm?. The surface area of both materials was 1 cm? so the
breakdown voltage could be expected to occur at 0.1 pA. From the fitting, it was determined that
EBTO-Argon and EBTO-AIr have voltage tolerances of 0.0234 V and 220.42 V respectively for
100 um pellets. EBTO-Air is behaving like a conventional dielectric film with voltage tolerance
of ~22 kV/cm, (2.2 Vum!), promising for an unsintered, nanoparticulate film with no polymer
filler, and notwithstanding breakdown voltage (£3) would be considerably higher than this value.
For comparison, high electric fields are considered to be > 10 Vum-!, and commercial BaTiOs;

based MLCC capacitors typically have dielectric layers with Ep in the range 20-30 Vum.7?

Impedance spectroscopy (IS) is a powerful, non-destructive tool for the investigation of dielectric
materials and can help correlate the structural and electrical characteristics of nanocrystalline
materials as a function of frequency.®®”3 When contemplating a thin film composed of a nanoscale
ceramic-like oxide, factors that affect permittivity values at low frequency depend greatly on
processing conditions that influence grain size, grain boundaries and additional compositional
features created during processing that are not necessarily intrinsic to the chemical structure of the
compound. These are termed extrinsic effects. At low frequencies, typical polarization
mechanisms in thin films comprised of oxide nanograins can arise from interfacial (Maxwell-
Wagner-Sillars) and additional ionic space-charge effects.”* The . for this region is therefore
considered to be dependent on the texture of the pellet and interface between electrode and pellet;

and the intrinsic behavior of the film is only one of several contributions. The result of “space-
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charge” effects is that at low frequencies, €' is dominated by the extrinsic contact capacitance, often
higher than the intrinsic bulk capacitance. With increasing frequency, the intrinsic response
dominates.” In the EBTO films, very little extrinsic contribution is observed, and they are
behaving like true capacitors. The EBTO-Air reveals itself to be a very stable capacitor over the
full frequency range, yielding a frequency response of the permittivity that follows an insulating
dielectric, confirmed also by the voltage tolerance measurement. The response of EBTO-Argon is
also stable, with slight evidence of space charge effects < 200Hz. The effective permittivity, €.,
decreases by about 23% from 132 (1 kHz) to 101 (> 1 MHz). In the 1-100 kHz regime, internal
barrier layer capacitance can contribute to unusually large values of permittivity,’s’” but by 1
MHz, it is generally the intrinsic value that is under observation. Therefore we can largely rule out
contribution to &g due to extrinsic effects and conclude that EBTO-Argon possesses an intrinsic
capacitance that is 4-5x larger than the EBTO-Air counterpart. The EBTO-Argon sample also
shows a lower voltage tolerance and higher conductivity by several orders of magnitude, these
observations combined with the higher €. give an indication of mobile surface electrons that are

not present in EBTO-Air.
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Fig. 5. a) and b) Effective permittivity, ¢ and d) Dissipation measurements, e and f) Voltage tolerance and
conductivity measurements for EBTO-Argon and EBTO-Air respectively
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4. XPS Measurements
From the characterization performed, a distinctive variance in magnetic/electronic behavior was
observed as a function of redox processing conditions for nanoscale EujsBagsTiO;. X-ray
Photoelectron Spectroscopy (XPS) analysis, including peak fitting/modeling was performed on
EBTO-Air and EBTO-Argon samples in order to assess, as close as possible, the oxidation states
of the elements present. All spectra presented are from a surface analysis survey and referenced to
the C 1s-signal at 284.8 eV. Survey and referencing of XPS data to the C 1s-signal is, in-of-itself,
an issue discussed in the literature.”® However, given the C 1s method is standard protocol
performed by the manufacturers of the Physical Electronics Versaprobe II XPS, we elected to use
the referenced data as collected. Typical survey and high-resolution spectra are presented in Fig.
6 and Fig. 7, with additional data provided in the supporting information. The observed binding
energies and full-widths-at-half-maximum, together with some relevant literature values (FWHM)
are summarized in Table 2. XPS peaks were analyzed and fitted using MultiPak v. 9.6.0.15
software. XPS spectra for barium and oxygen in both EBTO-Argon and EBTO-Air samples
confirm Ba®* and O?. (See Supporting Information, Fig. S7) A broad Ba 3ds,, peak observed in
the 776-783 eV range and was fitted to two peaks at 779.4 and 778 eV for EBTO-Argon and 779.3
and 778 eV for EBTO-AIr, respectively and are shown in Fig. S7 (part a and b). These values agree
well with previously observed features in samples of BaTiOj;.”° The deconvolution of the Ba 3ds),
peak shows a a-bulk and B-surface species of Ba?*, respectively, as Ba?" is in a different chemical
environment depending on if it is within the nanoparticle or on the surface. The a peak is at
779.3/779.4 €V, and the B peak is at 778 eV these agree well with literature®. For O 1s there are
two peaks present in both argon and air samples; one at around 528 eV and a shoulder at around
530 eV respectively, as shown in Fig. S7 (part ¢ and d). The shoulder was attributed to the

formation of surface carbonate, as perceived by the powder XRD and confirmed by FT-IR (Figure

S11).
XPS EBTO-Air, EBTO-Argon, Fwhm BaTiO; and TiO,*? Eu:SiO,,
Photoelectron  observed FWHM  observed (eV) SrTi0;8081 Eu,05%
(with Fig. no.) binding energy (eV) binding energy
(eV) (eV)
Ti 2pyp 462.9 1.45 462.9 1.34 464.6 464.0 -
(Fig. 7) 463.9 0.86 463.9 0.97
Ti 2psp 457.4 1.44 457.4 1.18 457.7-459 458.2- -
(Fig. 7) 458 1.43 458 1 4593
Ba 3ds, 778- 1.56 778-1779.3 1.43 778.0-779.1 - -
(Fig. S7) 779.4 1.58 1.58
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O1ls 528.8 1.33 528.9 1.3 528.8-530.3  529- -
(Fig. S7) 530.2 2.18 530.3 243 532
Eu 3d3,, 1155.3, 6.05 1154 .4, 6.05 - - 11559
(Fig. 6) 1163.4 6.36 1163.6 6.36 1165.4
Eu 3ds), 1125, 5.73 1124.2, 35 - - 1126.1
(Fig. 6) 1133.8 5.12 1134.1 5.03 1135.8
Eu 4d;), 130 2.63 132.4 1.72 - - 134.2,
(Fig. 6) 140.6 4.38 140.9 3.95 142.9
Eu 4ds), 127.3, 1.94 127.6, 2.2 - - 128.4,
(Fig. 6) 135.1 3.36 135.3 3.85 137.3

Table 2. XPS peaks for Bay sEu sTiO; and comparison with literature values.

Europium 3d and 4d binding energy XPS spectra for both EBTO-Air and EBTO-Argon were
recorded (Fig. 6). The Eu 3d binding energies in the EBTO-Argon (Fig. 6b) are assigned to the
Eu?" 3ds,5(1124.3 €V), Eu’" 3ds,,(1133.9 €V), Eu?" 3d;,,(1154.8 ¢V) and Eu’* 3d3,(1163.6 €V). In
the EBTO-Air sample (Fig. 6a), the Eu 3d binding energies are assigned to the Eu?* 3ds»(1124.8
eV), Eu’" 3ds5»(1133.9 eV), Eu?* 3d35(1154.9 €V) and Eu’* 3d3,(1163.2 €V). The Eu 3d spectra
for both samples are almost identical and having a combination of Eu?>" and Eu**, however, the
majority is attributed to Eu3". The Eu?* 3ds; and Eu?" 3ds), spin orbit components are located at
30.5 eV and 30.1 eV for EBTO-Argon and EBTO-Air respectively which are in good agreement
(A=30 +1 eV) with Eu in the 2+ oxidation state.®* Similarly, the Eu** 3ds,, and Eu** 3ds, spin orbit
components appear at 29.7 eV and 29.3 eV for EBTO-Argon and EBTO-Air respectively which
attribute to Eu in the 3+ oxidation state.®3

The Eu 4d binding energies are also present in Fig. 6. For the EBTO-Argon sample (Fig.
6d), the peaks are assigned to the Eu®* 4ds,,(126.8 €V and 128.6 €V), Eu?" 4d;,(132.8 V), Eu?*
4ds,(135.4 eV) and Eu** 4d3/,(138.5 eV and 141.2 V). In the case of EBTO-Air sample (Fig 6c),
the Eu 4d binding energies are assigned to the Eu?* 4ds(127.5 eV and 130.7 eV), Eu?* 4d5,(134.6
eV and 136.2 eV) and Eu** 4d;,(140.8 €V and 141.7 eV). The Eu?" 4ds), peak in the Argon sample
and the Eu*" 4ds, in the air sample consist of two components which most likely is attributed to
the different oxidation process of europium either on the surface or the bulk. The Eu 4d graphs
show a vivid difference in the air and argon samples. The EBTO-Argon has an obvious peak for
Eu?* 4ds/, and 4ds, which is very tiny or almost absent in the case of EBTO-Air sample.

In the case of Europium XPS, we consider that it is likely more difficult to obtain fully
reduced Eu?*, based in part on our own experimental observations, those in the literature, and the

standard reduction potential of Eu’”Eu?". Furthermore, it has been reported that
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thermodynamically unstable Eu?* ions are prone to be easily oxidized by H,O and O,, particularly
under X-ray irradiation during XPS measurements®>. In some previous cases, such as
Eug sBaysTiO; prepared by PLD®, Ti** was observed by XPS, while predominantly Eu?" was
observed in the europium 4d XPS spectra. Very little evidence of the presence of Eu’" was
observed by XPS, suggesting no oxidation of Eu(Il) to Eu(III) had taken place, and the conclusion
was most likely EugysBaysTiOs5 with oxygen vacancies accounting for the difference and
suggesting charge neutrality was maintained solely between Ti**/Ti*" and oxygen, while Eu
remained +2. In this case we observe the presence of Eu’", commensurate with chemical solution
processing conditions and the data recorded. The observation of Eu’* is unequivocal, and observed
in both europium 3d and 4d XPS spectra. The ratio of Eu(II) to Eu(IIl) can be estimated, and there
is strong indication that the amount of Eu(IlI) is higher in the case of the perovskite derived from
air vs. Ar/H, ,which is to be expected. The ratio of Eu** and Eu*" in each compound was calculated
using the area percentage given in the Multipak software. However, since XPS is a surface analysis
technique the determination is imprecise and would likely suppress true values of Eu?*, since Eu?*
may be at more abundant at the surface. Estimations, based upon relative peak sizes and areas,
lead us to conclude the following preliminary estimations of stoichiometry/oxidation state: EBTO-
Air: Eu(ID)g.10Eu(Ill)g 40Bag s Ti(IV)o4Ti(I1I) 6O3.5; EBTO-Argon:
Eu(Il)o.1sEu(Ill)g 35Bag s Ti(IV)o sTi(I1I)y sO5.5, for which some O deficiency is incorporated, based

upon expectations for such compounds, and for which 6 <0.1.

The observation of a color change (from black to blue to white) when the material is opened
to air, within 10 minutes at room temperature provides immediate confirmation of the materials
sensitivity to environmental oxygen, and tendency of the surface Eu to be oxidized to Eu’*. But
interestingly, calcination to 650°C in either case allows for the crystallization of EugsBaj sTiO3 in
the perovskite phase, unlike EuTiO;.?7 In the case of EBTO-Air, the O, atmosphere likely
generates increased Eu™ at the surface but in an amorphous oxide format of approximately ~4nm
thick, that ultimately converts to Eu,Ti,07/ Eu,05 at 1000°C (see supporting information Fig. S6).
The observation for EBTO-AIr is that a kinetic barrier layer forms such that the majority core
perovskite structure is preserved, while in the case of EBTO-Argon the perovskite structure is well
preserved throughout. In both cases, however, the internal presence of Eu(Il) to Eu(IlI) is does not

cause destabilization of the potentially metastable perovskite structure, nor structural
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transformation until > 1000°C: the perovskite structure can be retained even with an unexpected

partial quantity of Eu’".
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Fig. 6. XPS spectra of Europium 3d and 4d for EBTO-Argon and EBTO-Air samples

Since the Eu XPS spectra clearly shows the presence of Eu?>* and Eu**, we rule out the supposition
that nanoscale EuBaTiO; has single oxidation states for the Transition/Lanthanide elements
present. The compound is postulated to be of the form (Eu!, Eu')(Ba)(Ti',Ti'V)Os;. Oxygen
vacancies cannot be ruled out, although they would favor the reduced states of the metal. In the

case of EBTO-Argon, such vacancies are more likely. In terms of the presence of multivalent states
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of Eu and Ti, the analogy can made with pseudobinary and pseudoternary transition metal oxides,
such as La;_,Sr,TiO3, in which an M and M is supported by mixed valence titanium.? Similarly,
in the (Li,La)TiO; system titanium is known to reduce its oxidation state from IV to III during
electrochemical Li* insertion.®” Analysis of the Ti core-level L, 3-edge is not straightforward, as it
includes both the 3s and 3d p-DOS (projected Density of States) from Ti and the initial 2p core
level is split into two levels, 2p,,, and 2ps,, produced by spin—orbit interaction. More sophisticated
methods going beyond the independent particle approximation are required for these
calculations.®® However, Ti L, ;-edge spectra are known to be quite distinct for Ti*" or Ti** in
perovskite oxides.5>368 The presence of Ti** results in the splitting off of a Ti t,, band from the
states crossing the Fermi level in LDA (Local Density Approximation).®®

The spectra for the Ti 2p peaks is shown in Fig. 7. The Ti 2p;, and Ti 2ps3,, spin-orbital
splitting photoelectrons for both samples are located at binding energies of 463.3 and 457.5 eV,
respectively. The peak separation of 5.8 eV between the Ti 2p;, and Ti 2ps; signals is in agreement
with previously reported literature values.®? The FWHM of the Ti 2p;,; and 2ps/, signals are shown
in Table 2. A review of published Ti 2p values for TiO,, show that the spin-orbital splitting
photoelectrons are generally located at binding energies of 458.2-459.3 eV (2p;2) and 464.1-465.2
eV (2ps5). XPS values for Ti 2p in perovskites are typically similar to those observed for TiO,.31-32

Auger and Core-level photoelectron spectroscopy of Ti,03, TiO, and BaTiO3 have shown
that ascribing the oxidation state to Ti tends to point to a range from +2.9 to +4, depending greatly
on processing history and oxygen content.?? Indeed, the interesting catalytic behavior of TiO, is
partially attributed to mixed valence character.’! Since the O 1s and Ti 2p core levels in BaTiOs
and TiO, have generally been observed to have identical binding energies and line shapes, it is
inferred that the Ti oxidation state is very similar in these two materials. We commonly tend to
assume the formal oxidation state of the Titanium is 4+, represented as a maximum valence for
charge neutrality in the formal stoichiometries. However, Ti-O bonding in both TiO, and BaTiO;
has a notable degree of covalency, and while Ba®* ionicity is easy to discern, it is not the case for
Ti. Ti photoemission resonances, and corresponding electronic structure calculations and Raman
data have previously confirmed charge density distortion around the Ti-cation in perovskites.3°
Electronic structure calculations in TiO, support O 2p 3d hybridization with Ti 3d contributing
significantly to the valence band, while the conduction band is also composed of both Ti 3d and O

2p states.”! Cluster model predictions®? for the net d-electron occupancy n, for the formally d°
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compounds SrTiO; , TiO,, yield n; = 1.0 —1.5, indicating a large covalency in the Ti with
considerable charge transferred from the oxygen sites to the metal sites. The strong covalency is
mainly due to the large value of pdo. This is in agreement with band-structure calculations
predicting a significant Ti-O hybridization for the Ti oxides. Recent calculations indicate that the
ferroelectricity in BaTiO; is driven by charge distortions around the Ti cation sites, which would
also support considerable charge transfer from the O sites.?? Similar hybridization calculations
(including ab initio Hartree-Fock) and comparison with experimental observations for X-ray
photoemission spectra have been performed for the series TiO, TiO,, Ti,0s3, for which n, is found
to range from 2.6 to 1.7/1.6, as ionicity decreases along the series.®> In TiO, with oxygen
deficiencies or Ti,03, an abundance of core holes, poorly screened final states (including surface
states) leads to the observation of lower photoelectron binding energies than the Ti 2p levels in
TiO,/BaTiOs, by ~1eV.3° This positive, initial-state chemical shift can be identified as a valence
of +3. We subsequently hypothesize, and model successfully a fitting of titanium that corresponds
to a mixture of valence states of between +3 to +4.

Ti 2p XPS spectra and fitting is presented in Fig. 7. This fit is an assumed combination of
Ti** and Ti*" in both EBTO air and argon samples, with different ratios of the Ti*"/Ti** (increased
in EBTO-Argon). The XPS spectra shows the Ti3" 2p;, peak at around 457 €V and the other peak
for the doublet Ti** 2p, ), at around 462 eV. For the Ti*', the Ti*" 2p;/, peak is present at around
458 eV and the Ti*" 2p;,, peak at around 463 eV. The Ti peak areas were calculated by Multipak
and compared with the Eu¥*/Eu?" ratio. The relative ratios of Ti*"/Ti*" are estimated to be : 50%-
50% for EBTO-Argon and 40%-60% for the EBTO-Air sample, leading to an average of oxidation
state of +3.4-3.5, and to proposed n, values of 0.5-0.6, well within range of other compounds with

known Ti-O covalency.
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Fig. 7. XPS spectra of Titanium 2p for EBTO-Argon(a) and EBTO-Air(b) samples

Optical Characterization

Complex transition metal perovskite oxides represent a wide range of electronic properties,
including the possibility of a tunable band gap?>3°4. Changes in the local environments and
control over the Eu valence states (Eu**/Eu?*) in phosphor materials to tune their activation have
been extensively investigated with the aim of improving the materials’ photoluminescence (PL)
properties.” Furthermore, the PL of lanthanide metals in ferroelectric perovskites has indicated
sensitivity to the polarization environment.’® For the evaluation of the optical features, diffuse
reflectance (DR) spectra of EBTO Air and Argon samples was obtained and had broad absorption
bands from UV to NIR (200-800 nm). The measurements, collected using a CARY 500
spectrophotometer equipped with a diffuse reflectance accessory (integrating sphere), shown in
Fig. 8a. The light absorption of EBTO-Air occurs below 430 nm, while, in contrast, EBTO-Argon
(black) shows an elevated light absorption across the entire range (Fig. 8b). The
absorbance/reflectance data confirm what is observable to the eye, that the EBTO-Argon sample
is strongly absorbing across the visible range while the EBTO-Air sample absorbs significantly
less light across the visible (400-800 nm) with much higher light scattering, giving rise to much
higher reflectance (65% vs < 10%). To obtain a quantitative evaluation of the visible absorption
profile, the indirect optical band gaps (E,) values were estimated by applying the Kubelka-Munk
function®’ by extrapolating the linear portion of (F(R)*hv)? versus hv plots to intercept the photon
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energy”® (Tauc plots in Fig. 8c) and were calculated to be of 3.31 eV and 3.42 eV for EBTO-A1/H,

and EBTO-air respectively. A higher band gap for EBTO-Air is commensurate with the

observations of lower absorbance and more insulating character. These values, suggestive of

potential photoactivity, are similar to reported values for Barium titanate nanoparticles,’> while

the differences might be considered interesting for possible variations in catalytic activity. In the

case of EBTO-Argon, a stronger light absorbance was revealed at around 390 nm, suggesting that

the differences in the surface chemistry affect the optical properties, supported by the slightly

lower in value E; of 3.31 V.
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Fig. 8. a) Reflectance, b) Absorbance and c) Tauc plot d) PL spectra for EBTO-Argon(blue) and EBTO-Air(red)

The room temperature photoluminescence (PL) emission spectra of the nanocrystalline EBTO (Air

and Argon) samples excited with 230 nm wavelength are shown in Fig. 8d. The spectra was

collected using Spectramax id5 instrument (Molecular Devices). 1 mg of the EBTO nanoparticles
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were suspended into 1 ml DI water through cup horn sonication. Then a 1 mg/ml of nanoparticle
solution was transferred into a quartz cuvette. Photoluminescence emission peaks observed in the
500-800 nm region are assigned to their transitions in Fig. 9 a. These transitions are emissions
from the typical °Dj excited state to the 'Fy (J=0-4) ground state levels which are the response from
Eu?* in both samples.”® The emission peaks are located at 602 nm, 622 nm, 657 nm and 703 nm
which are related to SDy—F;, ’Dy—"F,, ’Dy—"F; and °Dy—F transitions respectively. Our data
is in good agreement with previously reported values (with a slight variation of excitation
wavelength of around 20 nm).” Also, it has reported that by increasing the excitation wavelength
to 395 nm, another peak is found for the 5Dy —7F transition at around 610 nm.!% The most intense
transition in the luminescence spectrum is the SDy — F, at around 622 nm leading to a strong red
fluorescense.!01:192:50 This intense red luminescence of Eu’* transition is useful for photoelectric

devices and optical communications.®®
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Fig. 9. (a) Fitted curve of Photoluminescence (PL) spectra for the EBTO; (b) Comparison of PL spectra of EBTO-
Air and EBTO-Argon.

Fig. 9 presents the emission transitions in detail in Fig. 9a and the comparison of EBTO-Air and
argon samples in Fig. 9b. Eu’" emission is confirmed for both, and the amount of Eu?" is clearly
higher in EBTO-AIr, in agreement with XPS. There is a slight elevation at lower wavelengths for
EBTO-Argon the (Fig. 9b, green rectangle) which could be attributed to Eu?*. Eu?* has broad

emission bands in the visible and NIR regions originating from the 4f-5d transitions at around
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420 nm and 445 nm, corresponding to 4f°5d!'— 4f’(out of the range for this current
measurement).'% The relative intensities of Eu?*/Eu" vary with excitation wavelength: Baran.
A. et al'® showed that decreasing excitation energy can increase Eu?* emission, confirmed by
Xie, H. et al.'% In general, luminescence of Eu’" gives a red component to the blue/green
luminescence of Eu?". As a result, when Eu?" and Eu** coexist in a compound, these materials
can be promising candidates for white phosphors for LEDs.?>!9 The unique optical features of
Europium also make it promising as a label in nanocarriers for biomedical sensing and imaging
field applications, especially when utilized in a nanoparticle delivery platform.!%¢-198 The 5Dy —
F, transition has a narrow emission at 620 nm (Fig. 8d) which can penetrate tissue or
hemoglobin.!%-110 A second attractive feature is that the span of the absorption/excitation
wavelength is relatively large when compared to other lanthanide elements, making Eu an
excellent scintillator for radioluminescence.!!! Since perovskite oxide nanoparticles are being
developed for their potential as CT contrast agent nanocarriers,!!? the incorporation of Eu might
improve potential for imaging. The EBTO-Air sample has a stronger red-light emission
compared to EBTO-Argon. Overall, both EBTO-Argon and EBTO-Air nanoparticle suspensions
present promising luminescent opportunities properties in the context of nanocomposites for

phosphors and nanocarriers for biomedical applications.

Conclusion

In conclusion, nanocrystalline Eug sBay sTiO3 was prepared, based on a (Eu'l,,Eu'll;.

w2Bap Ty, TilV, »05.5) system. Starting from metallic Ba) and Eu(s), molecular Ba/Eu
alkoxide precursors were synthesized and reacted with Ti(OCH(CH3;),),4 in the absence of
0,/H,0. Creation of a gel monolith is initiated with the addition of a stoichiometric quantity of
H,0. The reactivity of Ti(OCH(CH3;),)4 rapidly drives the formation of an amorphous Eu-Ba-Ti-
O-OR network which serves as the template for TiOg octahedra oxolation and ultimate
perovskite (Eu,Ba)TiO; formation at 650°C, lower than anticipated solid state processing
temperatures and with retention of a nanoparticulate morphology. The relatively low
crystallization temperature enables the isolation of the nanoscale perovskite nanoparticles
suitable for suspension in alcohol solvents. Samples were treated in two different thermal
environments depending on the presence or absence of oxygen (EBTO-Air and EBTO-Argon

respectively). X-ray powder diffraction confirms the perovskite phase, stable up to 1000 °C,
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while TEM demonstrated the ability to prepare isolated nanoparticles in the 20-40nm size range.
EDS elemental mapping confirmed the presence of all elements and a uniform composition of
Eu, Ba, Ti and O. XPS analysis confirms the presence of Eu**/Eu?* in both samples. As a
counterpoint, we conjecture and model a complimentary charge balanced configuration of
Ti3*/Ti*". The amount of Eu*/Ti** was higher in EBTO-Air sample, compared to the EBTO-
Argon, to account for a charge compensated perovskite. Eug sBaj sTiO5 prepared under Air/O,
atmospheres produced a spherical core-shell nanostructure, with perovskite Eu, sBag sTiO;
nanocrystal core (~30 nm) - insulating oxide shell-layer (~2-4 nm), presumed a pre-pyrochlore
layer abundant with Eu3*. Fluorescence spectroscopy shows a high intensity Dy — ’F, transition
at 622 nm and strong red fluorescence. The core/shell structure demonstrated excellent
capacitive properties: assembly into dielectric thin films gave low conductivity (2133 GQ/mm)
and an extremely stable, low loss permittivity of . ~25 over a wide frequency range (tan 6 <
0.01, 100 kHz - 2 MHz). Eug sBa, sTiO; prepared under H,/Argon produced more irregular
shaped nanocrystals (~20 nm), with a thin film permittivity around 4 times greater but
marginally higher loss and much lower dielectric strength (e.¢ 101, tan & <0.05, 10 KHz-2 MHz,
G ~59.54 kQ/mm). Field-cooled Magnetization values of 0.025 emu/g (EBTO-Air) and 0.84
emu/g for EBTO-Argon were observed. Magnetic characterization by MPMS (both hysteresis
loops and zero field and field cooling measurements) showed higher magnetization for the
EBTO-Argon samples which has higher amount of Eu?* than EBTO-Air sample which mainly
consists of Eu*" and related to the higher number of lone pairs in the 4f7 electronic configuration
in the Eu?*. Both samples showed a decrease in magnetization by increasing the temperature.
Photoluminescence emission from the typical °Dy excited state to the "Fy (J=0-4) ground state
levels confirms the presence of Eu’" in both samples, but much higher in EBTO-Air. The
emission peaks are observed for the Dy—7Fy, SDy—’F,, *Dy—’F; and °Dy—"F, transitions, in

good agreement with previously reported values.
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