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Aurivillius oxides with general formula (Bi,O5)(An,_1B,O3m.1) are being extensively investigated for
room-temperature multiferroism and magnetoelectric coupling. The chemical design strategy behind
current investigations is the incorporation of magnetically active BiMOs units (M: Fe**, Mn®*, Co®"..)) to
the pseudoperovskite layer of known ferroelectrics like BisTisO1,, increasing m. The percolation of
magnetic cations at the B-site sublattice is required for magnetic ordering and thus, phases with m > 5
are searched. Alternatively, one can try to directly substitute magnetic species for Ti** in the perovskite
slab, without introducing additional oxygen octahedra. We report here the mechanosynthesis of
Aurivillius BisTiz_oxNbsFe,O1, phases with increasing x values up to 1. A maximum magnetic fraction of
1/3, surpassing the threshold for percolation, was reached. Preliminary structural analysis indicated a
continuous solid solution, though hints of structural changes between x = 0.25 and 0.5 were found.

Received 7th July 2020, Ceramic processing was accomplished by spark plasma sintering of the mechanosynthesized phases,

Accepted 31st July 2020 including those with high-x ones with reduced thermal stability. This has enabled us to carry out full
electrical characterization and to demonstrate ferroelectricity for all phases up to x = 1. Magnetic

1. Therefore,
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measurements were also carried out, and weak ferromagnetism was found for x =

rsc.li/materials-c BisTiNbFeO; is proposed to be a novel room-temperature multiferroic.
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1. Introduction

Magnetoelectric multiferroics are compounds that show coexis-
tence of magnetic and electric ferroic orders.”> They can present
large magnetoelectric coefficients,” and coupled magnetic and
ferroelectric domains.> This opens the possibility of achieving
electrically driven magnetization reversal. A range of potentially
disruptive related technologies have been proposed, which would
make use of the ability to control electric polarization with a
magnetic field, and conversely magnetization with an electric field.
Examples are magnetoelectric memory devices combining low-
power, fast electrical-writing with non-destructive magnetic-
reading operations,’ and electrically tunable spintronics.’
However, and in spite of extensive research during the last
decade, compounds capable of enabling these technologies
have not been developed, and the challenge lies in the design
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of alternative material single-phase approaches that result in
targeted functional magnetoelectric responses.®

A very active line of research focuses on spin-driven multi-
ferroics. These are magnetic ferroelectrics, in which spontaneous
polarization develops during magnetic transition involving
complex magnetic orders.” The first reported compounds
were orthorhombic manganese oxides, such as TbMnO; and
TbMn,0;.%° Large magnetoelectric effects, basically changes
and even reversal of polarization, are observed when the
magnetic order is tuned with high fields. However, complex
magnetic orders result from competing spin interactions and
thus, usually develop at very low temperature. Exceptions are a
number of hexaferrites like Z-type Sr;Co,Fe,,044, for which
nonlinear magnetoelectric effects have been reported at room
temperature.'® A novel non-volatile memory concept has been
demonstrated based on the electrical switching of the sign of
the magnetoelectric coefficient.""

A second major line of research focuses on perovskite
oxides. The best known example, and the most topical multi-
ferroic material, is antiferromagnetic/ferroelectric BiFeO;, whose
Néel and Curie temperatures are above room temperature.'>*?
Spin canting and weak ferromagnetism can be achieved by
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doping,"* nanostructuring,”® or in strained films.'® Indeed,
electrically driven deterministic switching of weak magnetiza-
tion has been demonstrated for epitaxial layers.'”” Similarly,
room-temperature coexistence of ferroelectricity and weak ferro-
magnetism, and distinctive magnetoelectric effects have been
reported for 0.85BiTi, ;Fe, sMgp 105-0.15CaTiO;.'® This compound
is placed at a morphotropic phase boundary (MPB) between ferro-
electric phases with rhombohedral and orthorhombic symmetry,
respectively. A first-principles study has anticipated a large phase-
change magnetoelectric response at MPBs in multiferroic perovs-
kite solid solutions,'® which has been experimentally observed
for the BiFeO3;-BiMnO;-PbTiO; ternary compound, chemically
engineered to be placed at one such MPB.*

Perovskite solid solutions showing self-assembling of mag-
netic chemical clusters within highly polarizable matrices are
also being actively investigated. Magnetically induced reorien-
tation of ferroelectric domains has been demonstrated for
PbZr, 53Tiy.4705-PbFe, ,Ta,,,03, associated with the interaction
of unidentified spin clusters with a high sensitivity piezo-
electric matrix.>® Multiferroic clusters embedded within a
relaxor matrix have been investigated for BiFeq¢Cog 03—
Biy,K;,TiO;3. Ferrimagnetism was proposed, and local electri-
cally induced reversal of the magnetization, along with the
direct magnetoelectric effect, was demonstrated.

An issue common to all these material approaches for
multiferroism is that the achieved room-temperature magneti-
zations are consistently low, either because they originate from
spin canting within an antiferromagnetic order, or from nano-
sized magnetic clusters self-assembled in non-magnetic matrices.
Recently, saturation and remnant magnetizations as high as
~24 and 10 emu g ', respectively, have been reported for
BigTi, 00Fe; 46Mng 55015 epitaxial films.>® This is a bismuth
layer-structured Aurivillius compound with general formula
(Biy05)(An_1BmOzm+1), which have been extensively studied
for ferroelectric random access memories, and as high tem-
perature piezoelectrics.>**® Multiferroism in these materials
was devised by the incorporation of magnetically active BIMO;
layers, where M is Fe**, Co®>" or Mn*", to the perovskite slab of
the ferroelectric Aurivillius Bi,TizO4, (7 = 3), to obtain [(Bi,O,)-
(Bi,Tiz0; + nBiMO;)] compounds.>® Indeed, local ferroelectric
switching under high magnetic fields has been reported
for textured Biy,sLags5TizFey5C0050,5 bulk ceramics and
BigTi, gFe; 5,Mng 63015 thin films with n(m) = 1(4) and 2(5),
respectively.?”?® The magnetic order requires a threshold frac-
tion of magnetic species at the B-site,?® and then high n, and so
m values are targeted. However, high-m Aurivillius phases are
difficult to prepare and have a tendency to form intergrowths of
compounds with alternating m values.*°

Alternatively, one can try to introduce magnetic species by
directly substituting for a B-site cation in the perovskite layer,
while maintaining m. This has been done by substituting
Fe*" for Ti*" in Bi,Ti;O,,, which requires the simultaneous
incorporation of a 5+ cation like Nb or Ta to maintain charge
neutrality.”® A recent paper explored the system Bi Tiz_,-
Nb,Fe,O;, and carried out its synthesis and ceramic processing
by conventional means.** Aurivillius single phase materials
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could only be obtained up to x = 0.5, for which ferroelectricity
persisted, yet the magnetic order did not develop.** The issue
was probably the fraction of magnetic species that was only 1/6
in this case.

We report here the successful synthesis of Bi Tiz .-
Nb,Fe,O;, phases with x values beyond 0.5 and up to 1 by
using a mechanochemical technique, after a previous study on
Bi4Tiz01,.**** Ceramic processing was accomplished by spark
plasma sintering (SPS) of the mechanosynthesized oxides,
and dense materials suitable for electrical characterization
were obtained for all compositions. The results of this charac-
terization, along with magnetic measurements, showed the
persistence of ferroelectricity up to x = 1, and the appearance
of weak ferromagnetism above x = 0.5, so that both Bi,Ti, s-
Nb, ;5Feo.7501, and BiyTiNbFeO,, might be room-temperature
multiferroics.

2. Experimental

2.1. Preparation

The mechanosynthesis of Aurivillius Bi,Ti;_,,Nb,Fe,O,, phases
was achieved by mechanical treatment of precursors in a high
energy planetary mill. Six compositions with x = 0, 0.1, 0.25, 0.5,
0.75 and 1 were addressed. First, stoichiometric mixtures of
analytical grade Bi,O;, TiO, anatase, Nb,Os and Fe,O; were
thoroughly ground in an agate mortar, and 4 g were placed in
an 80 cm’® tungsten carbide vessel, along with five 20 mm
diameter balls of the same material. Mechanical treatment was
then carried out with a Fritsch Pulverisette 6 planetary mill
operating at 300 rpm. Cumulative cycles of 30 min milling and
10 min break were used, which was necessary to prevent over-
heating, and also small amounts of samples were retrieved to
monitor the mixture evolution during the treatment. Phases were
controlled by X-ray powder diffraction (XRD) with a Bruker AXS D8
Advance diffractometer. Patterns were recorded between 12 and
60° 26, with 20 increments of 0.05 and a counting time of 0.2 s per
step. The Cu-Ka doublet (2 = 1.5418 A) was used in the measure-
ments. Aurivillius phases were obtained for all cases, and milling
was stopped when neither traces of precursors nor secondary
phases were observed. Lastly, the product morphology was charac-
terized by field emission scanning electron microscopy (FEG-SEM)
with a Philips XL 30 S-FEG FE-SEM apparatus.

Synthesis completion and phase stability under subsequent
heating were studied by carrying out cumulative thermal
treatments at increasing temperatures in a conventional furnace,
while controlling phases up to the appearance of secondary ones.

Ceramic processing was accomplished by spark plasma
sintering. Experiments were carried out with a SPS-212Lx Dr
Sinter Lab Jr. system, dies of 8 mm diameter and ~1.2 g of
material. Graphite dies and temperatures just below the onset
of phase decomposition, as determined in the previous cumu-
lative heating experiments, were initially tested. A pressure of
60 MPa was selected. In a typical process, the temperature was
linearly increased up to a temperature of 100 °C below the
target one in 4 min, and at the same time the pressure was

This journal is © The Royal Society of Chemistry 2020
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increased until 50 MPa. The final temperature and pressure
were then attained in another 2 min step, conditions at which
the system was maintained for 5 min. Finally, the temperature
was reduced to 300 °C in 2 min while the pressure was
unloaded down to 50 MPa. Full unloading followed in another
minute, and at the same time, room temperature was reached.
The complete experiment lasted for a total of 15 min. The
attained densification was measured after the experiment by
the Archimedes’ method, while phases were controlled by
XRD with the same equipment used to monitor the synthesis.
Secondary phases appeared for x > 0.5 under the initial
conditions, so the final temperatures and pressures were
tailored until they disappeared, while maintaining high densi-
fication (>90%). For x = 0.75 and 1, a combination of very low
temperature and high pressure is required, under which
graphite dies fail, so tungsten carbide ones were used instead.

2.2. Characterization

The crystallographic symmetry and cell parameters of the
obtained Aurivillius phases were investigated by XRD. This was
carried out on samples with enhanced crystallinity, prepared by
heating the mechanosynthesized oxides at the maximum tem-
perature phases they can withstand before secondary ones appear.
Patterns in this case were also recorded between 12 and 60° 20,
with a reduced 20 increment of 0.02 and an enlarged counting
time of 2.7 s per step. Refinements were accomplished using a
least-square method (CELREF).

Ceramic capacitors for electrical characterization were pre-
pared by painting silver electrodes on opposite faces of the
sintered discs, and their subsequent sintering at a temperature
equal to the maximum one to be attained during permittivity
measurements, selected to surpass that of the ferroelectric
transition. This was known to be 675 °C for Bi,Ti;O;,>> and
thus, 750 °C was chosen for this composition. This temperature
had to be decreased as x was increased to avoid phase decom-
position, so that 650 °C was used for x = 1. In the first step, the
temperature dependences of the dielectric permittivity and
losses were measured between room temperature (RT) and
the selected maximum temperature with an Agilent E4980A
LCR meter. Measurements were dynamically carried out during
the heating/cooling cycle with £1.5 °C min~" rate at several
frequencies between 100 Hz and 1 MHz. In the second step, the
RT high field response was recorded under voltage sine waves
of increasing amplitude up to 10 kV with frequencies between
1 and 10 Hz, obtained by the combination of a HP 3325B
synthesizer/function generator and a TREK 10/40 high-voltage
amplifier, while the charge was measured with a homebuilt
charge to voltage converter and software for loop acquisition
and analysis.

Ceramic microstructures were characterized after polishing
one surface of the sintered discs with alumina suspensions of
decreasing particle size down to 0.1 um, followed by thermal
etching and quenching at a temperature equal to that attained
in the electrical measurements. Note that the actual values were
above SPS temperatures for x = 0.75 and x = 1 and thus,
the occurrence of some additional grain growth cannot be

This journal is © The Royal Society of Chemistry 2020
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disregarded in these cases. A Philips XL 30 S-FEG FE-SEM was
also used in these studies. Additional experiments were carried
out for x = 1 with a Nova™ NanoSEM 230 microscope equipped
with an Oxford INCA 250 energy dispersive X-ray spectrometer
(EDXS), in order to control chemical homogeneity.

Piezoresponse force microscopy (PFM) experiments were
also accomplished for x = 1. This is a contact mode scanning
probe microscopy for characterizing ferroelectrics, based on the
measurement of the local surface deformation under an alter-
nate voltage (converse piezoelectric effect) applied between the
tip and the sample. This is done as the tip is scanned to reveal
polar domains, and at a fixed position as voltage is increased in
steps to obtain piezoresponse hysteresis loops when polariza-
tion is locally reversed.*® The details of the experimental set-up
and protocol for bulk ceramic samples can be found in ref. 37.

Finally, the magnetic response was evaluated on SPS discs.
Two types of measurements were carried out. First, room
temperature magnetization was measured with a KLATencor-
EV7a vibrating-sample magnetometer (VSM) and fields up to
18 kOe. Accuracy is estimated as 0.5 x 10~ ° emu. Second, ZFC
and FC responses were recorded with a Quantum Design 6000
physical property measurement system (PPMS) and a VSM
between 5 K and RT under an applied field of 50 Oe. For this
equipment accuracy is £0.5%. In these measurements, the
sample was previously demagnetized at RT under an alternat-
ing magnetic field, followed by cooling down to 5 K with no
field. Then, a magnetic field of 50 Oe was applied, and
magnetization was measured as the temperature increased up
to RT (ZFC curve). Once again, the temperature was reduced
until 5 K, but this time under an applied field of 50 Oe, the
temperature was raised again for measuring magnetization
(FC curve).

3. Results

3.1. Mechanosynthesis

As already pointed out, Aurivillius single-phase nanocrystalline
phases were obtained for all cases, including x = 0.75 and 1 that
had not been synthesized by high temperature solid state
reactions.*” No significant differences in the mixture evolution
during mechanical treatment or in the required milling times
for completing the synthesis were found among samples, and
24 h was established as a suitable time to stop mechanical
treatment for all cases. Phase evolution during milling is
illustrated in Fig. 1 for x = 1 as an example. Severe particle size
reduction takes place during the first hour of mechanical
treatment, and amorphization is mostly attained after three
hours, but with traces of nanocrystalline precursors. An Aurivillius
phase appears on further milling, so that it is basically isolated
after 18 h. No further evolution is found when mechanical
treatment is prolonged up to 24 h, time at which the reaction is
considered complete. The XRD patterns of all mechanosynthe-
sized phases are provided in the ESIt (Fig. S1). The final powder
consisted of submicron-sized, tight agglomerates of nanometric
primary particles, as shown in Fig. 2a.
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Fig.1 XRD patterns showing the evolution of precursors during
high energy planetary milling up to the synthesis of the Aurivillius
Bi4sTiz_>Nb,Fe, O, phase with x = 1.
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Fig. 2 Morphology of the mechanosynthesized Aurivillius BisTiz_oy-
Nb,Fe,O1, phases: (a) x = 1, (b) x = 0.5 after thermal treatment at
850 °C, (c) x = 1 after treatment at 660 °C (SEM images).

Neither residual precursors nor secondary phases appeared
when the nanocrystalline powders were heated at increasing
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temperatures until Aurivillius phase decomposition, which
confirmed the synthesis completion. XRD patterns of Bi,Ti; 5-
Nb, ;5Feq.7501, after thermal treatments at increasing tempera-
tures up to 700 °C, the limit above which this specific phase
decomposes, are given in the ESL,T as an example (Fig. S2). This
limit was not the same for all phases, but a distinctive trend
with composition was observed, which decreased from 900 °C
for x = 0, 0.1 and 0.25, down to 850, 700 and 660 °C for x = 0.5,
0.75 and 1, respectively. Note the step-like decrease of thermal
stability between 0.5 and 0.75. We will come back to this point
in the discussion.

Extensive particle growth takes place during heating, and a
platelet-like morphology typical of Aurivillius phases develops.
Dimensions scale with temperature and thus, maximum sizes
attainable are limited by decomposition temperatures, so that
particle diameters of 0.5-1.5 um (and thickness of 0.2-0.4 pm)
were obtained for x < 0.5, while values as small as ~0.2 um
(and below 0.1 pm within the nanoscale) resulted for x = 1
(see Fig. 2b and c).

3.2. Crystal structure

XRD patterns for all Aurivillius phases with enhanced crystal-
linity are shown in Fig. 3.

Temperatures of the thermal treatments were the maximum
ones, above which each phase decomposes, as explained
before. The particle and thus, the crystal size then changed
with x, so that it abruptly decreased between x = 0, 5 and 0.75
down to the verge of nanoscale. All patterns can be indexed to
the Aurivillius phase with m = 3, isostructural with ferroelectric
Bi,TizO;, that crystallizes in the non-centrosymmetric mono-
clinic B1a1 space group.*® Nonetheless, and as classically done
for powdered samples when crystallinity is not high enough
and the monoclinic distortion becomes unobservable, phases
have been indexed to orthorhombic B2ch.>® The progressive
shift of the peak towards smaller angles is noted, which
indicates a continuous evolution of the crystal lattice, and
strongly suggests the formation of an Aurivillius solid solution
all across the compositional range investigated.

The cell parameters for the different phases are given in
Table 1. Lattice parameter ¢ continuously increases with x, and
the same trend is found for parameters a and b up to x = 0.25.
Beyond this value, b shows a step decrease at x = 0.5, above
which it maintains a constant value. Regarding a, it still
increases for x = 0.5, and shows the step decrease at x = 0.75,
but increases again for x = 1. The calculated cell volumes are
also given in the table. A continuous increase with x forms the
main trend, but for x = 0.75, this shows an anomalously
low value.

3.3. Spark plasma sintering

The as-mechanosynthesized phases without any subsequent
thermal treatment were used in the first set of experiments.
These types of nanocrystalline powders are characterized by
nanoscale chemical homogeneity and have been shown to
facilitate densification and phase control during sintering.*®
Aurivillius single-phase ceramic materials with densifications

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD patterns of the mechanosynthesized BisTiz_oNbyFe,O1z
phases after thermal treatment at the maximum temperature they with-
stand without decomposing. Indexation of BisTizO1, (x = 0) as ortho-
rhombic B2cb is provided (JCPDS No. 35-0795).

Table 1 Lattice parameters and volume of the Aurivillius orthorhombic
B2cb crystal cell for the BisTiz_oNbyFe,O1, phases. Temperatures of the
thermal treatments are indicated

x 0 0.1 0.25 0.5 0.75 1
T(°C) 900 900 900 850 700 660
a(A) 5.410(2) 5.4210(8) 5.430(1) 5.455(5) 5.41(1) 5.46(2)
b(A) 5.449(2) 5.4561(6) 5.463(1) 5.444(2) 5.443(3) 5.442(5)
c(A)  32.848(7) 32.906(3) 32.977(5) 33.17(2) 33.41(3) 33.9(1)
V(A®) 968.2(6) 973.3(2) 978.2(3) 985(1)  984(2)  1008(6)

between 90 and 94% were obtained for x = 0, 0.1 and 0.25 by
SPS of the nanocrystalline powders at 60 MPa and 900 °C. XRD
patterns are given in the ESI} (Fig. S3). The microstructure for
x =0.25 is shown in Fig. 4a, as an example. Anisometric grains
typical of Aurivillius phases with long dimension between 2 and
5 um and submicron short dimension between 0.3 and 0.8 pm
were obtained. These values can be compared with the dia-
meter and thickness of the single-crystal platelets, obtained by
thermal treatment of the nanocrystalline phases in a conven-
tional furnace at the same temperature. Note that larger values
are attained for the ceramics in spite of the short processing
time, which highlights the highly effective mass transport
taking place during the SPS. Indeed, a bimodal grain size
distribution was apparent for x = 0, which showed very large

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Microstructure of the Aurivillius BisTiz_>Nb,Fe, O, ceramics
processed by SPS of as-mechanosynthesized phases under tailored
parameters: (a) x = 0.25 (900 °C/60 MPa), (b) x = 0.5 (800 °C/60 MPa),
and (c) x = 1 (500 °C/200 MPa) (SEM images).

grains with long and short dimensions as high as 20-60 um and
2-4 um, respectively. Exaggerated grain growth also occurred
for x = 0.1 and 0.25, though the percentage of large grains
drastically decreased with x. Low magnification images illus-
trating this effect are given in the ESI} (Fig. S4).

Secondary phases appeared after SPS of the mechanosynthe-
sized phases with x = 0.5. x = 0.75 and x = 1 at 850, 700 and
660 °C and 60 MPa, respectively, so processing was tailored.
Aurivillius single-phase ceramic materials with x = 0.5 could be
obtained at 800 °C and 60 MPa, while materials with x = 0.75
and 1 required a further decrease in temperatures down to
600 and 500 °C, respectively, and an increase of pressure up to
200 MPa (see Fig. S3 for the XRD patterns, ESIt). Final densi-
fications ranged between 91 and 94% but for x = 1, for which
99% was obtained. Microstructures for the ceramic materials
with x = 0.5 and x = 1 are shown in Fig. 4b and c. Grain
dimensions decreased with temperature, as well as anisometry,

J. Mater. Chem. C, 2020, 8,12457-12469 | 12461
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so that long and short dimensions of 1-1.5 pm and ~0.25 pm
resulted for x = 0.5, and as small as 0.15-0.25 pm and ~0.1 um
for x = 1. Exaggerated grain growth was not observed above
x =0.25.

A highly homogeneous microstructure with no indication of
secondary phases was found for all Aurivillius phases including
x = 0.75 and 1 as illustrated in the ESIL ¥ for the latter case
(Fig. S5). No significant difference between the average
chemical composition and that of individual grains was found,
and a Bi/B ratio of 1.35 and Ti:Nb:Fe relationships of
0.95:1.15:0.9 were obtained that are the nominal ones within
typical uncertainties of 5-10% for standardless EDXS. Note
however that point analysis still averages several grains because
of nanostructuring. A mapping is provided in Fig. S6 (ESIY).

Microstructural localized textures in the form of bunches
of aligned anisometric grains were consistently observed for
materials with x < 0.25 (see Fig. 4a), which suggested the pre-
sence of a certain level of preferred crystallographic orientation.
Indeed, SPS is a well-known method to obtain highly textured
Aurivillius ceramic materials. This is due to the reorientation
of typical platelet-like particles perpendicular to the loading
during the SPS, so that a fiber-type c-preferred orientation
develops.”>*” However, low Lotgering factors*® of x0.35 were
obtained by SPS of the mechanosynthesized Aurivillius phases,
most probably due to the equiaxial morphology of the initial
nanoparticles. In order to explore the possibility of obtaining
textured materials, a second set of SPS experiments was carried
out starting from powders that had been thermally treated at
the maximum possible temperature before phase decomposition,
and that presented the platelet-like morphology. Same processing
conditions were used, and very high densifications of 99%
resulted for all compositions. Note that this implied using SPS
temperatures that were equal to those of the previous thermal
treatments of powders for x = 0, 0.1, 0.25, and even lower (with a
difference that increased with x) for x = 0.5, 0.75 and 1. It is not
unexpected then that similar microstructures to those obtained
with as-mechanosynthesized phases resulted for x < 0.25,
along with a limited additional crystallographic texture that
decreased with x: Lotgering factors of 0.47, 0.39 and 0.37 were
found for x = 0, 0.1 and 0.25. Slightly coarsened microstructures
were obtained for x > 0.5 that actually were determined by the
initial particle size (diameters of 0.15-0.2 pm and a thickness of
~0.1 pm for x = 1). SEM images are provided in the ESIt (Fig. S7).
The ability of the technique to fully densify the submicron-sized
platelets with hardly grain growth in these two latter cases is
remarkable, in which no additional texturing developed. This is
probably a consequence of the reduced aspect ratio of the initial
particles with x = 0.75 and 1, in turn caused by the decreasing
temperature used to obtain them. All SPS conditions and attained
densifications are listed in Table 2.

3.4. Electrical properties

The two sets of ceramic samples, processed from either
as-mechanosynthesized nanocrystalline phases or thermally
treated crystalline ones, were characterized. The temperature
and frequency dependences of dielectric permittivity and losses
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Table 2 Ceramic processing of the Aurivillius Bi4Tiz_>,Nb,Fe, O, compounds:
final SPS parameters and attained densifications starting from either
as-mechanosynthesized nanocrystalline (MS) or thermally treated crystal-
line (TT) phases

x 0 0.1 0.25 0.5 0.75 1

T (°C) 900 900 900 800 600 500

P (MPa) 60 60 60 60 200 200

d (%) MS 94 90 90 91 94 99
T 99 99 98 99 99 99

were first recorded, and significant differences between the two
sets were not found. Permittivity and loss tangent values
irreversibly changed during the first thermal cycling, so mea-
surements were repeated until a reversible response was
obtained, which usually required between two and three cycles.
A reduction of dielectric losses resulted, which is thought to
reflect the partial re-oxidation, redistribution and homogeniza-
tion of oxygen vacancies introduced during the SPS.

All compositions showed significant dispersion above room
temperature. This is illustrated in Fig. 5 for Bi;Ti;0;,, whose
dielectric properties have been extensively investigated, and
reflect the high conductivity.'** Indeed, this compound
shows mixed electronic-ionic conduction, the latter an oxygen
anion contribution that dominates above 600 °C.** At moderate
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Fig. 5 Temperature dependence of the (a) dielectric permittivity, and
(b) loss tangent for the BisTizO;, ceramic processed by SPS of the
as-mechanosynthesized nanocrystalline phases, at several frequencies.
Inset in (a) shows thermal hysteresis at one frequency, while inset in (b)
shows imaginary permittivity. Two dielectric relaxations (I and Il), and the
ferroelectric transition (T,) are indicated.
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temperatures, from ~100 °C onwards, p-type conductivity is
observed to be associated with compensation of Bi vacancies by
holes, or the presence of acceptor impurities.** Note the inset
of Fig. 5b, where the imaginary permittivity is provided at
five selected frequencies directly reflecting the presence of
this conductivity. Dielectric losses are proportional to the dc
conductivity and scale with the reciprocal frequency.

Besides conduction, Bi,Ti;O;, shows two successive dielec-
tric relaxations before the ferroelectric transition at ~675 °C,
labelled as I and II in the figure. They are present in single-
crystals®>*® and ceramics,*® and have been related to the short
range movement of oxygen anions within the crystal lattice.*®
Analogous relaxation phenomena are found for all the Aurivillius
Bi,Ti;_,,Nb,Fe,O;, phases with increasing x up to 0.75, as shown
in Fig. 6. The main compositional effect is the decrease of the
height of the step signaling the first relaxation phenomenon with
x. This takes place at the same time when conductivity signifi-
cantly decreases, as it is reflected by the imaginary permittivity
shown in Fig. 7 at 100 Hz. Note the distinctive shift of the onset
of conduction losses, which exponentially increase with tempera-
ture, towards higher temperatures when x is increased from
0 up to 0.1 and 0.25. This trend is reversed for high x, though
conduction losses for x = 0.75 are still lower than those for x = 0.
This indicates the reduction of the concentration of charge
carriers, namely holes, with the Fe’"/Nb®* co-substitution.
An analogous effect has been described for Nb doped Bi,Tiz04,.%

Back to Bi,Ti;O;,, and above the two dielectric relaxations,
the dielectric anomaly associated with the first order ferro-
electric transition can be observed at ~675 °C (labelled
with T.), though overlapped with a conduction contribution.
This background decreases with conduction losses as frequency
increases, so that a typical ferroelectric transition peak is basi-
cally isolated at 1 MHz, as shown in the inset of Fig. 5a for the
complete heating/cooling cycle illustrating thermal hysteresis.
Analogous dielectric anomalies were found for all Aurivillius
phases up to 0.75, as shown in Fig. 6 and 7a for the ceramic
materials processed from as-mechanosynthesized nanocrystal-
line powders. A distinctive evolution is found between 0.25 and
0.5, so that sharp dielectric anomalies similar to that of Bi,Ti;O;,
are obtained for x < 0.25, while a depleted and broadened one is
found for x = 0.5 and 0.75. Shifts of maxima with frequency are
not found for any composition, which seems to rule out the
appearance of relaxor states with increasing x.*” Note that x = 0.5
is the first composition, for which SPS was carried out at a
decreased temperature and thus, ceramic shows a refined micro-
structure. A coarsened ceramic of this composition was obtained
by SPS of thermally treated crystalline phases. Indeed, the height
of the dielectric anomaly increased up to values comparable to
those of x = 0.25. However, sharpness was not recovered, but the
anomaly remained broadened. This shows that broadening for
x > 0.5 is not a microstructural but a truly compositional effect.
It indicates the presence of a distribution of Curie temperatures,
not necessarily associated with chemical inhomogeneities, and
it is usually referred to as diffuse phase transition. Permittivity
curves for the set of materials processed from thermally treated
phases are provided in the ESIt (Fig. S8).

This journal is © The Royal Society of Chemistry 2020
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frequencies. Insets show the corresponding loss tangent.

Electrical characterization of the materials with x = 1 turned
out challenging, as the dielectric anomaly associated with the
transition was not observed when heated up to 650 °C. Recall
that 660 °C was the maximum temperature, at which this phase
could be heated before phase decomposition. Measuring runs
at increasing temperatures searching the transition were done,
but the anomaly was not found and a progressive, irreversible
decrease of the room temperature permittivity resulted that
reflected the formation of secondary phases. Their presence
was confirmed by XRD after the last run. The experiment,
in which a maximum temperature of 725 °C was reached, is
summarized in the ESIt (Fig. S9).

Room-temperature high field characterization, aimed at
obtaining ferroelectric hysteresis loops, was also carried out
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for the two sets of ceramic materials, though those processed
from as-mechanosynthesized nanocrystalline phases consistently
showed a low dielectric strength, so that breakdown typically
occurred at ~6 kV mm ™', Not surprisingly for an Aurivillius
phase typically characterized by high coercive fields, no ferro-
electric switching was observed (see Fig. S10 in the ESIt). Much
higher fields up to 10 kV mm™" could be attained for materials
processed from thermally treated crystalline phases, and the
results are shown in Fig. 8a. Unsaturated ferroelectric hyster-
esis loops were recorded for x = 0 and x = 0.1. A remnant
polarization of ~5 puC cm > was obtained for x = 0 that
decreased down to 3.5 pC cm ™2 after the Fe*"/Nb>* substitution,
while the apparent coercive field remained at 4.5 kV mm ™. The
dielectric strength decreased for materials with x > 0.25, and
ferroelectric switching was not observed. It is remarkable that
switching was not found for x = 0.5 under an electric field as
high as 9.5 kv mm ™. This suggests a coercive field above this
value and would indicate a significant increase of this para-
meter with x. Indeed, materials with x = 0.25 and 0.5 showed an
effective permittivity that linearly increased with the field (see
Fig. S11 in the ESIY). This is a Rayleigh-type behavior, typical of
ferroelectric materials in the subcoercive regime.*® Note that all
materials showed dielectric anomalies typical of ferroelectric
phase transitions, and that all phases apparently remained
orthorhombic B2¢h at RT (even though a more detailed
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(b) local piezoresponse hysteresis loops for BisTiz_»Nb,Fe,O1, with
x = 1. Inset in (b) is a topographic image showing locations, where
measurements were carried out.

structural analysis is required; see Discussion). Therefore, they
could be expected to be ferroelectric.

To confirm the latter point, namely that all phases are
ferroelectric but a coercive field is higher than the dielectric
strength for x > 0.25, local ferroelectricity at the microcrystal
level was studied by piezoresponse force microscopy (PFM) for
the ceramic material with x = 1. Indeed, the technique readily
confirmed that the ceramic material was piezoactive and
revealed polar domains. Besides, local piezoresponse switching
could be obtained. Note that quite large bias voltages were
required, even if local fields at surface grains below the tip are
highly enhanced in contact mode. These results unambiguously
demonstrate ferroelectricity. Amplitude and phase images
showing the presence of ferroelectric domains, along with a
piezoresponse loop, are shown in Fig. 8b and in the ESIT (Fig. S12).

3.5. Magnetic properties

ZFC and FC magnetizations are shown in Fig. 9a for the
Bi,Ti;_,,Nb,Fe,O;, materials with x = 0.5, 0.75 and 1 from
5 K up to room temperature. Measurements were carried out on
the sintered ceramic samples processed from thermally treated
crystalline phases. No irreversibility was found for x = 0.5 that
showed paramagnetic behavior from ~125 K up to RT. Below
this temperature, an increasing magnetization develops that

This journal is © The Royal Society of Chemistry 2020
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thermally treated crystalline phases (TT).

progressively deviates from the extrapolated paramagnetic
response, suggesting the onset of a canted magnetic order
(note in the inset the reciprocal magnetization that becomes
zero at a negative temperature). Irreversibility is found for
x = 0.75 and 1 up to room temperature, and a paramagnetic
regime cannot be identified in the measuring range. This
indicates magnetic ordering that sets out above RT. Additionally,
a magnetic anomaly takes place at about ~250 K for both
compositions that might be associated with some rearrangement
of the magnetic order.

High-field magnetizations supported the proposed scenario.
The RT response up to 18 kOe is given in Fig. 9b for the same
three materials. A very linear response with no hint of hysteresis
was found for x < 0.5, while a distinctive weak ferromagnetism
developed for x = 0.75 and x = 1. Remnant magnetization
increased from 0.45 x 102 up to 3.2x x 10 ° emu g~ ' when
x is increased from x = 0.75 up to 1, while the coercive field
increased from 95.5 up to 616 Oe.

A ceramic material with x = 1, processed from as-mechano-
synthesized nanocrystalline powders, was also investigated
for comparison. The results are given in the ESI (Fig. S13).
A reduced weak magnetism is found. Note that this set of
ceramic materials has a refined microstructure as compared
with the former one, consistent with the lower preparation
thermal budget, and also higher conductivity. One can assume
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them to have a larger concentration of defects and thus
disregard the possibility of weak ferromagnetism being related
to the defects.

4. Discussion

The first result of this research is the mechanosynthesis of
Aurivillius Bi Tiz_,,Nb,Fe,O;, phases beyond x = 0.5, namely
Bi,Ti; sNbg 75Feo 75015 (x = 0.75) and Bi,TiNbFe;0,, (x = 1) that
had not been obtained by high temperature solid state reactions.
This latter compound has a magnetic-cation fraction at the B-site
of 1/3, above the threshold for percolation. Mechanochemical
techniques are a powerful means of preparing nanocrystalline
functional oxides, which have been extensively applied to the
preparation of ferroelectric perovskites.*® Specifically, mechano-
synthesis in high energy planetary mills has been shown suitable
for obtaining most topical multiferroic perovskite oxides,**°
encompassing a number of high-pressure phases.*>**> Mechano-
chemical activation techniques have also been applied to ferro-
electric Aurivillius oxides,> and in particular to Bi Tiz0;,.>*?*
High energy planetary milling was also used in these precedents,
for which highly reactive amorphous powders*® and a nanocrystal-
line Aurivillius phase® were obtained, respectively. The different
products related to the specific milling conditions can be ratio-
nalized with the Burgio’s model®* that provides the ball-impact
energy AEg and frequency v, for given parameters, from which the
released weight-normalized cumulative kinetic energy can be
readily calculated as a function of time.>* This model has been
previously used to construct milling maps for the mechanosynth-
esis of perovskite NaNbO;.>> When applied in a previous study on
BiyTi;O0y,, it suggested that a threshold ball impact energy was
required to achieve the mechanosynthesis, because amorphous
powders resulted in ref. 33 with AEg ~ 20 m] hit™*, while
nanocrystalline Aurivillius phases were obtained in ref. 34 with
~110 mJ hit ', Note that time was not the issue, as the final
weight-normalized cumulative kinetic energy was higher in ref. 33
than in ref. 34: 1728 kJ g~ against 1395 k] g~ '. Therefore, and
aiming at obtaining Bi,Ti;_,,Nb,Fe,O;, phases beyond x = 0.5,
milling parameters were selected to have a high ball impact
energy of 520 mJ hit ', All targeted phases up to x = 1 were
mechanosynthesized, and a cumulative energy of 7440 kJ g~ was
necessary to complete the synthesis.

The second result is the ceramic processing of all Aurivillius
phases, which is challenging because of their tendency to
decompose when heated. Recall that the maximum tempera-
ture at which phases could be thermally treated decreased as x
increased, so that it was only 660 °C for x = 1. Indeed, ceramic
processing for x > 0.5 was only possible by the combination of
SPS and the highly reactive nanocrystalline powders obtained
by mechanosynthesis. This approach had been previously
demonstrated for the ceramic nanostructuring of a range of
ferroelectric perovskite oxides,”® including high-sensitivity
piezoelectric low tolerance factor ones,’” and it has been shown
here suitable for Aurivillius phases with reduced thermal
stability. Ceramic materials with submicron size microstructures
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were obtained, which were the key to accomplishing sound
electrical characterization, and to demonstrating the persistence
of ferroelectricity in the new phases.

Besides, the evolution of the Aurivillius crystal structure
of the Bi,Ti; ,,Nb,Fe,0;, phases with x has been preliminary
described. Though all phases have been assigned to the non-
centrosymmetric orthorhombic B2ch space group, the lattice
parameters suggest a change of behavior between 0.25 and 0.5.
For Aurivillius phases with x between 0 and 0.25, all cell para-
meters and thus, volume increase with x. This is the expected
trend according to the evolution of the average cationic radius
at the B-site, if high spin configuration is assumed for Fe*" as
illustrated in Fig. 10a. The ionic radius for Ti'*, Nb>* and Fe®"
in octahedral coordination was taken from Shannon’s data.’®
For x > 0.5, errors in cell parameters progressively increase due
to peak broadening (associated with the decreasing crystal
size), and some scatter is evident, yet the tendency is to
approach a saturation volume even if cell parameter ¢ keeps
increasing. Temperatures of phase decomposition significantly
reduce for high-x values. A more detailed structural character-
ization would be required to gain further insight into this
behavior, and a change of symmetry cannot be disregarded,
yet always to a polar group because ferroelectricity persisted up
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Fig. 10 (a) Comparison between the cell volume of the Aurivillius

BisTis_>xNbsFe,O1, phases, and the average cationic radius at B-site
for high-spin and low-spin configurations of Fe**, and (b) ferroelectric
transition temperatures of the Aurivillius BisTiz_»,Nb,Fe, O, compounds,
determined from dielectric measurements along a heating/cooling cycle (on
h/on c). Results for ceramics processed from both as-mechanosynthesized
(MS) and thermally treated (TT) phases are given.
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to x = 1. However, it is worth noting that a reduction in average
cationic radius is obtained, and thus a decrease in cell volume
is expected, if Fe** ions were in low spin configuration (see also
Fig. 10a). Therefore, results might alternatively indicate a
change of Fe*" spin configuration as x increases. Indeed, ZFC
and FC magnetizations at 5 K unexpectedly decreased when x
was increased from x = 0.5 to 0.75, i.e. when the amount of Fe
increases, which is consistent with this scenario.

Ferroelectric ordering temperatures 7. also suggest the
occurrence of structural changes between x = 0.25 and 0.5.
The evolution of T. with x, as obtained from the temperature
dependence of permittivity and the position of the dielectric
anomaly associated with the ferroelectric transition, is given in
Fig. 10b for the two sets of ceramic materials, processed from
either the as-mechanosynthesized nanocrystalline powders
or the thermally treated crystalline ones. No significant differ-
ences between the two sets were found, and a distinctive
change in trend was found above x = 0.25. From x = 0 up to
0.25, T, linearly decreases with x, from a value of ~675 °C for
x =0, in good agreement with the literature, down to ~650 °C
for x = 0.25. These are values on heating, and the thermal
hysteresis typical of first order transitions is found for all
compositions. Sharp dielectric anomalies are characteristics
of this low-x range. For x > 0.5, T, clearly deviates from the
extrapolation of the former linear behavior, so that anoma-
lously high values are found. Indeed, the trend with x is
reversed, and T, is higher for x = 0.75 (645 °C) than for
x = 0.5 (~638 °C). Moreover, the T, of x = 1 was not reached
during measurements up to 725 °C. Note that PFM unambigu-
ously demonstrated ferroelectricity at room temperature. This
indicates that the hypothetical transition temperature of
Bi,TiNbFes0;, is above the maximum one reached during the
electrical measurements, and actually that this phase decom-
poses before undergoing the transition. Broadened dielectric
anomalies typical of diffuse phase transition are found in the
high-x range.

Note that the reversed trend in T, for x > 0.5, along with the
appearance of diffuseness in the transition, cannot be under-
stood as a microstructural effect. This possibility was studied by
processing a ceramic material in the low-x range (x = 0.25) by
SPS at 600 °C and 200 MPa (the conditions used for x = 0.75),
and characterizing its electrical response. The microstructure
was highly refined as pretended, but the transition temperature
did not change, and the anomaly remained sharp. Dielectric
anomalies for materials with x = 0.25 and tailored microstruc-
tures are given in the ESIt (Fig. S14). This clearly demonstrates
changes to be a truly compositional effect. Chemical inhomo-
geneities were not observed by EDXS, as anticipated for ceramic
materials processed from phases obtained by mechanosynthesis.
This technique is well known to provide nanoscale chemical
homogeneity when applied to complex oxides, and specifically
to perovskite solid solutions.*® Therefore, a different source of
disorder must be responsible for diffuse phase transitions
at high x-values, such as a fraction of Fe** having low spin
configuration. It is worth noting that if the modification of the
ferroelectric ordering characteristics was actually driven by the

This journal is © The Royal Society of Chemistry 2020
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change of the Fe*' spin configuration, it would reflect the
presence of magnetoelectric coupling.

Last but not least, room temperature weak ferromagnetism
developed for x = 0.75, and strengthened for x = 1, which have
been shown to be ferroelectrics with high ordering tempera-
tures. Therefore, both Bi,Ti; sNbg5Fey 75012 (x = 0.75) and
Bi,TiNbFe50;, (x = 1) might be novel room temperature multi-
ferroics, chemically designed and synthesized for the first time
in this research. The magnetic order in Aurivillius oxides is
known to require a threshold fraction of magnetic species at
the B-site.>® This is related to the short-range character of
the superexchange interactions, and the necessity of having
percolation of magnetic species at the B-cation sublattice,
i.e. that each magnetic species had at least one magnetic
nearest neighbor. The minimal average occupation of simple
cubic lattice for percolation is 0.312.>° In the case of the
Bi, Ti;_,,Nb,Fe,O;, phases, this figure was surpassed when x
was increased from 0.75 up to 1 (with magnetic fractions of 1/4
and 1/3, respectively). Ordering could then be anticipated
for the latter material. Note that the magnetic order is most
probably antiferromagnetic, as expected from Fe’'-0® -Fe**
superexchange coupling. Weak ferromagnetism might arise
from spin canting, as that described for BiFO; that is linked
to magnetoelectric coupling.® Weak ferromagnetism is already
observed for x = 0.75 that is below the threshold for percolation.
This might indicate a role of next nearest neighbours,> the
presence of magnetic clustering, or even partitioning phenomena.
The preferential presence of Fe and Mn in the three central layers
has been reported for BigTi,Fe,Mn,0,4.%

The possible effect of magnetic second phase impurities
at trace levels must be considered before weak ferromagnetism
can be ascribed to the Aurivillius oxides. Indeed, a weight
fraction as small as ~0.00016 of spinel Fe;O, could account
for the remnant magnetization found for x = 1. In ref. 28,
Keeney et al. carried out a statistical analysis of a large number
of HR-SEM and TEM images at different magnifications for
Aurivillius BigTi, gFe; 5,Mng 65015 thin films prepared by sol-
gel, which showed no Fe;0,, and concluded that contribution
to remanence from hypothetical unobserved inclusions would
be <0.0028 emu g~ with a confidence level above 99.5%.
We have to accept then that we cannot unambiguously assign
the obtained value of 0.0032 emu g~ ' to the Aurivillius phase.
Note however, that overall results show a continuous evolution
of the structural and ferroelectric parameters with x, and that
no secondary phases were detected by XRD or FEG-SEM/EDXS.
Therefore, the synthesis of the novel Aurivillius phases with
increasing magnetic cation fraction until surpassing percola-
tion was achieved, and magnetic ordering is expected for the
material with x = 1.

The objective for future work is to develop strategies to
enhance magnetization, Ferromagnetic superexchange inter-
actions could be promoted by partial substitution of Fe*" by a
second magnetic species like Co®* or Mn®", approach that has
been successfully applied to Aurivillius phases with m = 4 and
5.232% The ferroelectric coercive field must be also decreased,
and at the same time, the dielectric strength improved.

This journal is © The Royal Society of Chemistry 2020
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Substitution of La*" for Bi*" in Bi,Ti;0;, is known to decrease
both the coercive field and conductivity, so that Bi; 55La075Ti3012
thin films have been extensively investigated for memories.*
Both approaches were recently combined in ref. 61, where
Bij 25120 75Ti2.5Nbo 25(F€0.5C00.5)0.25012 prepared and
characterized. Low temperature ferromagnetism was observed,
even though the magnetic fraction was only 1/12. This supports
the possible role of magnetic clustering, as already suggested
for Bi,Tiy 5Nbg 75F€0.75015.

was

5. Conclusions

Mechanical treatment in high energy planetary mills has been
shown to be an adequate technique to mechanosynthesize
nanocrystalline Aurivillius Bi,Ti; ,,Nb,Fe,O;, phases with x
increasing up to a value as high as 1, which has not been
obtained before and corresponds to a magnetic fraction at the
B-site of 1/3. This is above the threshold for percolation of Fe**,
and magnetic ordering is anticipated. XRD patterns were
preliminary indexed to Aurivillius orthorhombic B2¢b for all
phases, though the evolution of the lattice parameters with x
indicates a structural modification between 0.25 and 0.5 that is
consistent with a change in the Fe** spin configuration. High-x
phases are unstable under moderate heating, and ceramic
processing was only possible by spark plasma sintering of the
nanocrystalline phases obtained by mechanosynthesis. Dense,
submicron-structured materials with low crystallographic tex-
tures were obtained, suitable for carrying out a full electrical
characterization. All phases were found to be ferroelectric with
high ordering temperature. Its evolution with x was obtained,
and a distinctive trend change was revealed for x > 0.5. Weak
ferromagnetism was found for Bi,TiNbFeO;, (x = 1), which is
proposed to be a novel room temperature multiferroic.
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