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Effects of MgO on dielectric relaxation and phaseransition study of
the ceramic matrix BaBi;Ti4O15



Abstract

BaBisTi4O15 ceramics doped with magnesium oxide in the weiginicentration of 1 and 2 %,
were prepared by the solid-state reaction methodayXdiffraction analysis and impedance
spectroscopy measurements were employed to study itfluence of the structural
characteristics on the electrical properties. Toenation of the orthorhombic phase for all
samples with a decrease in the unit cell volume auesto insertion of Mg into Ti** sites. With
the increase of magnesium oxide amount there wdsceease in the value of the complex
impedance, both real ¢Z,), 4.75x10 Q to 6.68x16 Q, and imaginary (-%g), 2.13x10 Q to
2.22x16 Q, respectively for samples BBT - 0 and BBT - 2.1gsan equivalent circuit including
the contribution of grain and grain-boundariesydts observed activation energies of 1,169 and
0.874 eV for the grain and 1.320 and 0.981 eV lierdgrain boundary for samples BBT - 0 and
BBT - 2, respectively. The replacement of ¥Ignto Ti** sites promotes a shift of the
temperature of the dielectric constant maximdmm)( measured at a fixed frequency, to higher

temperatures.

Keywords: Doped BaBjTi;O;5 ceramics; dielectric relaxation; phase transitionpedance

spectroscopy; ionic conductivity



1. Introduction

Relaxor ferroelectric materials are interestinghtexogical materials due to properties
such as the diffuse phase transition, high dieepermittivity and strong electrostriction. These
properties enhance the potential to use this nahtieria wide range of device applications like
transducers or memory elements [1, 2, 3]. It i® &isown that the behavior of materials with
ferroelectrics properties features a strong depmelen frequency in the region of the diffuse
phase transition. However, the physical propertissociated to these systems are still not
completely understood [4, 5, 6].

The importance of studying the bismuth layer-sticed ferroelectric ceramics (BLSFs)
attracted considerable attention in the last yeaith the formation of materials with different
structures and with potential applications in natatile random access memory (NVRAM) and
high temperature piezoelectric devices. The barsmuth titanate ceramics (BBT) modified
with Ce[7], Nb [8], Sm §], La [9, 10]or with an excess of £); [4,11]have shown a relaxor
behavior, with strong dependence on the frequeiityese materials present quite different
dielectric constant values under the same measuatecoaditions, showing that the elements
inserted into the structure of BBT present a strimrilgience on this physical property. Studies
about the structural and electrical propertieswkeBBT have shown a diffuse phase transition
around 400°C and the maximum value of dielectric constant nsaeehigher temperatures with
increased frequency, showing a dependence on thlkectlic constant with temperature,

frequency and material preparation conditions [12,14].

The BBT structure follows a general formula of B)**(Am-1BmOsms+1)>, Where A
represents the ions with dodecahedral coordinaBotie cations in the octahedral coordination
and m is an integer representing the number of 8€ahedrons in the pseudo perovskite
(Am-1BmOsms1)? layers existing between the §Bk)?* layers. This material is polycrystalline and

belongs to the Aurivillius family.

The dielectric properties, analyzed by impedanaxispscopy, is a convenient tool to
characterize the different electrically active e and their interfaces, allowing the separation

of bulk, grain boundary, and electrode polarizatomtribution. Furthermore, it can be used to
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investigate the dynamics of bond or mobile chaigake bulk or interfacial regions of any kind
of solid or liquid material: ionic, semiconductingixed electronic-ionic and insulators. To
extract so meaningful information, it is essent@imodel the experimental data with a proper
equivalent electrical circuit. One example is tlosgble extraction of the relaxation frequency
(omay) Of the material, which, at a given temperatuseam intrinsic property of the material,
independent of its geometry. The analysis of thedediric properties was made using different
formalisms, impedances, modulus, permittivity, etag the achievement of the activation energy

related with the relaxation phenomena.

Moreover, and specifically to ceramic materials taoning grains and grain boundary
regions, which individually have very different @gal properties, can be filtered using those
formalisms. For example, in polycrystalline matksiampedance formalism emphasizes the
grain boundary conduction process, while bulk éffemn the frequency domain dominate in the
dielectric modulus formalism.

In this study we report the influence of MgO comtanthe structure and the dielectric
properties of BBT using these tools. This work shalat MgO concentration modifies the value
of a dielectric constant with frequency and phaaadition temperature. Simultaneous analysis
of the complex impedance, electric modulus and @pyate equivalent circuit models, two
values of relaxations were identified in the fregeyerange used at high temperatures. The value
of resistivity associated with grain and grain bdany was determined and the activation energy

obtained for both cases.

2. Experimental procedure

BaBi;Ti4O15 ceramics doped with magnesium oxide in concentrataf 0, 1 and 2 wt%
(named as: BBT_O, BBT_1 and BBT_2), were prepargdguthe solid-state reaction method.
The raw materials (high purity grade BaO (99.9%i),C8(99.9%), TiQ(99.9%) and MgO
(99.9%)), after weighted in the appropriate amouwtere homogenized in a planetary ball mill
system (Pulverisette 5-Fritsch) using reactors spiteres of zirconium oxide. The grinding was
performed at a speed of 360 rpm for 6hours and aftieined at 850 °C for 3hours in alumina
crucible in order to promote for the BBT formatiohhe samples were mixed with a small

amount of PVA (polyvinyl alcohol),then pressed ipigllets of about 1 mm in thickness and 12
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mm in diameter using a uniaxial pressure systempréssure of 346.8 MPa for 5 min was
applied). The pellets were sintered at 950 °C,irinfar 3hours (heating rate’6/min) and then

cooled to room temperature (cooling ratC#min).

The crystal phase identification and charactewzrativere done using a Bruker-D8
Advance powder X-Ray Diffractometer (XRD), opergtiwith CukK, radiation £ = 0.154 nm)
and using the @range from 20 up to 80°, with increment and tiroe step of 0.02 and 0.2,
respectively. The Rietveld refinement was perforrasohg software DBWS9807a, through the
interface DBWStools 2.4 [15].

For the electrical characterizations and tempeeatiependent dielectric properties a
Solartron 1260 coupled to a temperature programerfaibhace was used. For this measurement
the pellets were coated with silver paste on bmtéssof the circular surface and cured for 1hour
at 200 °C. The measurements were done in the fregueange of 1 Hz to 1 MHz and
temperature from 30 up to 530 °C. The complex inaped data [16] was analyzed in terms of
complex dielectric permittivity &), complex impedance (Z*) and dielectric modulud*),
which are related to each other as: Z&s#jZimg; M*=1/e*(®) = j(@Co)Z*=MRea + jMimg,
where (&ear Mrea) and (Zmg, Mimg) are the real and imaginary components of impeelamzl
modulus, respectively, j¥=1 the imaginary factor ané is the angular frequency= 2rt,
Co=€0A/d is the geometrical capacitan@g,is the permittivity of vacuum, A and d are theaare
and thickness of the pellets. The impedance speatra analyzed using ZView 3.1, fitting by
means of a complex, non-linear least squares #hgoriassociated to equivalent electrical

circuits.

Were realized the microstructural characterizatod energy dispersive X-Ray (EDX)
analysis in the samples fractured and polished Eamging a Shimadzu SSX-550 scanning

electron microscopic (SEM).

3. Results and Discussion

3.1 Structural properties
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X-ray diffraction is a powerful technique to studiructural properties of materials. In
this sense, Fig 1(a-c) shows the Rietveld refingnpatterns obtained for BBT_O, BBT_1
andBBT_2. The diffracted peaks of all samples az# iwdexed with the orthorhombic structure
with space group A2am (ICSD - 150928).

Aurivillius phase has highest diffraction and pealts(112m+1) [10, 12]. The intense
peaks about 30° (119), are an indication of the bemof perovskites layersn(= 4). The
difference between the BBT-0 and the calculated dedts close to zero (¥eerved- Y calculated @Nd
its statistical parameterg’(= 2.24) are in good agreement with the structated in previous
works [17,18]. Therefore, the refinement concluttest the structure of the BBT_O sample is
orthorhombic (A2am), and the lattice parametersasre5.45712(0) Ap = 5.45172(8) A and =
41.88594(0) A, as presented in Table 1.

Previous studies show that the substitution ofMigé” in the perovskites of the BaTiO
occurs at T4* site and not in the BAsite, since the difference between the ionic moiUB& it
is much higher that of M{[19, 20]. According to the data of Rietvield refinent presented in
Table 1, it is observed that the volume of unit decrease in function of the MgO amount. An
increase in volume of the unit cell should be exgeaevhich is assigned to the fact that the ionic
radius of Mg* (0.72 A) is higher than Ti (0.605 A) [19]. However, Wang, et al. [21] also
describes this behavior as due to the increaskemtimber of oxygen vacancies generated by

the incorporation of M ions.

3.2 Scanning electron microscopy

SEM images of the fractured and polished sampleslaown in Fig. 2 (a-c) for
samples BBT_O, BBT_1 and BBT_2.This analysis watop@ed to observe the contribution of
MgO in sintering properties of BBT. It is observaal increase in the density of the samples with
MgO concentration. The addition of Mg promotes rereéase in the sinterability of the samples,
how observed by Kai et al.[35]. For a pure samBBT_O), the resistance of the grain (bulk) is
lower than the grain boundary, and the additioMgfto the structure leads to a decrease of the
grain (bulk) resistance when compared with the @fniée grain boundary, as observed in table

2, these results are observed in the electricggstis. This effect can be attributed that additio
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of Mg promotes an increase in grain size, consdfjudecrease its resistance with increase of
Mg content. Fig. 2d shows the EDX spectra, wheeechmposition of samples BBT_O, BBT_1
and BBT_2 is qualitatively observed. With the irase of MgO, it is possible to observe the

presence of Mg, besides the elements Bi, Ba, Tind

3.3 Electrical Properties
3.3.1 Impedance analysis

Fig. 3 (a-c) shows the temperature dependenceeafetll part of impedance &) with
frequency at different temperature for BBT_O, BBTarid BBT_2.

The results clearly show that the addition of Mg&de decreases the value of the
impedance with increasing temperature and frequewtych indicates the possibility of an
increase in the ac conductivity of the materialewidver, there is a decrease of impedance
(approximately one order of magnitude) in all cenMaut it merges in the higher-frequency
region (>16Hz) independently on the temperature. The mergeeaifpart of impedance in the
higher-frequency domain suggests a possible relefasgace charge and a consequent lowering
of the barrier properties in the materials [22].

Fig. 4(a-f) shows the temperature dependence ofthginary part of impedance ()
with frequency at different temperature for BBT BBT_1 and BBT_2.The value ofi4 varies
with frequency and at a in a maximum value at diqdar frequency known as dielectric
relaxation frequency a(may), being more noticeable for temperatures above %50 The
normalization of the imaginary impedance compontadilitates to observe the dielectric
relaxation frequency (Fig. 4(d-f)).

The peaks position shifts towards higher frequenwaigh the increase of temperature and
the asymmetric broadening of the peaks suggest®-aefaxation time with two equilibrium
positions [23]. The absence of peaks in the lowpemture range (up to 34C) for all the
samples (BBT_O, BBT_1 and BBT_2) in the loss spmwotrsuggests the lack of current
dissipation in this temperature region. The pats&iows the presence of peaks at a particular
frequency that describes the type and strengtheatreeal relaxation phenomenon and it is a
clear proof of temperature dependent relaxatiomthiey, the magnitude of 4 decreases with

the increase of the temperature and increase of BlgGunt the peak frequency shifts towards
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higher frequencies, and normally converges to aesaaue in the high-frequency region (310
Hz), which indicates an accumulation of space ah§zd].

In the samples analyzed in this work it was obsmyat increasing the MgO content,
Zmg presents a maximum, whose frequency shifts to hidgregjuencies and in the higher
frequency region converges to a same value, whdicates the presence of space charge
polarization [25]. The value of igymax Shifts to higher frequency side on increasing MgO
concentration in the materials. A significant irese in the broadening of the peaks with increase
in doping concentration suggests the enhancemesetectrical relaxation phenomenon in the

materials.

3.3.2 Equivalent circuit analysis

Fig. 5(a-c) and its inset compares the variatiorcahplex impedance spectrunged
versus Zmg (called as Nyquist plot) with the fitted data fBBT_O, BBT_1 and BBT_2
compounds obtained at different temperatures (¥8j®ver a wide range de frequency (10 Hz
— 1 MH2).

The plots indicate the presence of two semicircld®se amplitude decreases with the
increase of the temperature. The semicircle atfieguencies is related with grain-boundary
relaxation and the high frequency semicircle witlikbrelaxation [26].The experimental data
was fitted using commercially available softwarei@V 3.1 for non-Debye response and the
results are show in Fig. 5(a-c) and Table 2.

The overlapping of the two semicircular arcs of ith@edance spectrum was adjusted to
an equivalent circuit shown in the Fig. 6.

It was assumed an ideal case where both grain r@na lgoundary characteristics follow
a non-Debye behavior. The equivalent circuit pregos analyze the experimental results, is
constituted by the following elements: bulk resista (R), constant phase element related with
the grain (bulk) (CPg, grain boundary resistanceqgR and constant phase element of the grain
boundary (CPgg). Using this circuit we managed to obtain a gobaffthe experimental data.
With the parameters used in the circuits and usimegadjustment program, was possible to

extract all the information from the material, &g tresistances, the capacitance, alphzagd



agp)and relaxation timestd andty,) these results are shown in the Table 2 for fiifterdnt

temperatures.

Analyzing the relaxation times values, one canaeotihat they decrease with the increase

of temperature and increase of MgO content (Table2)

3.3.3 Dielectric constant analysis

The analysis of the dielectric constant behaviomadsinction of the temperature is a
useful tool to identify phase transitions. Fig.-¢fjashow the temperature dependence of the
dielectric constantfge,) for several frequencies, revealing the preserice peak during the

heating stage.

It is also visible that the maximum value of theldctric constant, for each frequency,
decrease inEgea) With increasing frequency, and a small shififm (temperature at which one
has the maximum dielectric constant) is noted witlieasing frequency. It is also noted that the
maximum value of constant dielectric increases wittreasing concentration of MgO and the
peak shifts to higher temperature (Fig. 7d),whignifes the relaxor behavior of the present
ceramics. This result shows that the dielectricstamt exhibits a broad diffused transition
around the phase transition temperature, with angtrdependence on frequency and MgO
concentration. It is suggested that this can bégmeesd to the structural transformation that
promotes the formation of a ferroelectric phase,, iin the present case the structural
transformation from orthorhombic to tetragonal [1The MgO concentration leads to strong
variation of the maximum value of dielectric comstevhen compared to a pure sample of BBT,

which shows a dielectric constant value of addl80 and thdm value of 435°C, which are in

agreement with the literatur8,[L3, 7, 27].

3.3.4 Conductivity analysis
Fig. 8(a-c) show the conductivity profile (w) = weyemg)as a function of frequency at

several temperatures for BBT_O, BBT_1 and BBT_2@am Visible is a dispersion of the
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conductivity for all frequencies and all samplesl @m increasing with temperature and MgO

concentration.

In the low frequency region, the conductivity shoavérequency-independent behavior
(dc conductivity) and in the higher frequencies regibshows a dependence likedf” (ac
conductivity), where A is a constamd,is angular frequency and n(T) is a temperaturedeent
exponent (0<rxl) [28] representing the degree of interaction leetwvmobile ions with lattice.
This behavior indicates that the conductivity prese relaxation behavior associated to mobile
charge carriers. Considering the low-frequencyargit is possible by extrapolation to calculate
dc conductivity value. This value increase with therease of temperature and can be used to

estimate the value of the energy of the chargeezarr

3.3.5 Modulus analysis

The modulus formalism was used to better underdfamdelaxation mechanisms present
in BBT with different contents of MgO. It is knowthat in polycrystalline materials, impedance
formalism emphasizes the grain boundary conducpoocess, while bulk effects on the
frequency domain dominate in the electric modulmsnglism [29, 30]. The use of modulus
spectroscopy plot is particularly useful for: ipaeating the components with similar resistance
but different capacitance, ii). to detect electrqu#arization, iii) grain boundary conduction
effect, iv) bulk properties, v) electrical condwdty and vi) relaxation time. The main advantage
of the dielectric modulus formalism is that thectlede effects are suppressed because usually
they are related with high capacities active at fosgquencies, which are minimized with this

formalism.

The variation of the real part of electric modu{Mses) is very low in the low frequency
region (approaching zero). As frequency increases NMrey Value increases and reaches a
maximum at higher frequencies for all temperatusiesociated to a lack of restoring force

governing the mobility of charge carriers underalgon of an induced electric field [31,32].

Fig. 9(a-c) and its inset shows the variation ohgmnary part of dielectric modulus
(Mimg) versus frequency at different temperatures forTB8, BBT_1 and BBT_2 samples,

respectively.
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In all samples the curves present similar behawdrere is clearly visible thdm
temperature. At temperatures below #m, the maximum value of the peak decrease and the
peak position moves to higher frequencies with ease in temperature, indicating that the
associated capacitance is increasing. At tempesalvovdm, the peak height starts to increase
indicating a decrease in the related capacitanesul® in the literature show that the BBT is a
ferroelectric compound with a phase transition atbd17°C (at 100 kHz) [33,34]. The results
shown here are in full agreement with those dataB®T_ O sample. Before and aftém, the
relaxation frequency obeys the Arrhenius law, haveuvhere is an anomaly around this

temperature, as shown in Fig. 10.

3.3.6 Activation energy analysis

From the results presented in Fig. 8, for the dedaactivity, associated with the 1Hz
response, all temperatures follow the Arrheniuati@h © = o, exp [— E—;‘,]) in the two regions

before and aftefm, whereapis a pre-exponential factor,, kS the activation energy; k is the
Boltzmann constant; and T the absolute temperakuge.10 shows the results for BBT_1 of the
value of the activation energy, calculated from tenductivity (dc) in frequency 1Hz at

different temperatures. For other samples, thdtseate showed in Table 3.

From the results presented in Fig. 9 we found teguency of the peak corresponding to

each temperature in all samples and fitted thosaltee with an Arrhenius relationf £
f, exp [— %] where § is a pre-exponential factor, 8 the activation energy, k is the Boltzmann

constant and T the absolute temperature)in th@mediefore and after of the vallien. For the
sample BBT_1 the value of activation energy is ghow Fig. 10. For the other samples the
results are shown in Table 3.

From the results presented in Table 2 for all sam@t different temperatures, we
separated the values of, Bnd Ry, obtained from fittings and therefore we couldreate the
resistivity values before and aft&m, for grain and grain-boundary at different tempanes.
Fig. 11 shows the Arrhenius plot of the resistifity BBT_1 sample, from where the activation

energies for the electrical conduction processesldcdoe extracted. For the sample
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BBT_1,around 425C, there is a change in the activation energieg. (Fl). The difference
between those values is associated with the fected phase transition which takes place in

that temperature range.

The values of activation energy related with thairgrcontribution (Table 3) are
comparable with the ones obtained from the relaragieak frequency analysis (Fig. 10) and
should be assigned to the oxygen vacancies in iisfayered oxides that occurs from the
oxygen loss during the sintering process in ordebdlance the charge mismatch due to the

existence of bismuth vacancies.

These results show that activation energies reladectlaxation process (Fig. 10 and
Table 3) are slightly higher than those obtainednficonduction processes (Fig. 10 and Table 3)
in the temperature range and with different conegion of MgO. Generally, the relaxation
process does not govern the electrical conducfibhigh temperatures, different types of charge
carriers could contribute to the electrical conduct although these may not be related to the
dielectric relaxation or to the dielectric polatipa. For example, the electrons released from the
oxygen vacancy ionization are easily thermal atdstaand become conducting electrons,
however the dipoles form by the oxygen vacancies electrons on the grain boundaries can
easily trap those conduction electrons and bloekdhic conduction across the grain-boundaries
promoting an increase of the resistivity.

The Table 3 shown that value of activation energtaimed from all samples belovm
and abovem. The difference between values are in agreemehtamother results found in the
literature [12, 13].

4. Conclusion

The polycrystalline ceramic BBT was prepared byoaventional solid state reaction
technique at the sintering temperature of 980 Phase compound is confirmed by X-ray
diffraction analysis which shows that the BBT wstiucture orthorhombic and confirm by be

well fitted to a orthorhombic BBT structure.
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Also, the impedance studies exhibit the presencgrain (bulk) and grain boundary
effects, and existence of a NTCR in the materiathWhe increase of magnesium oxide amount
there was a decrease in the value of the compl@edance, both real £&), 4.75x10 Q to
6.68x16 Q, and imaginary (-%g), 2.13x10 Q to 2.22x16 Q, respectively for samples BBT - 0
and BBT - 2. The equivalent circuit was proposedmalyze the experimental results. It was
possible to extract all the information from thetenel as the resistances and capacitance of the
material before and after of phase transition. dsyossible separate the effects of grain (bulk)
and grain boundary. It was possible obtain thevattin energies of 1,169 and 0.874 eV for the
grain and 1.320 and 0.981 eV for the grain boundarysamples BBT - 0 and BBT - 2,
respectively. The modulus formalism shown a tramsitemperaturdm dependent on the MgO
content and frequency. This was confirmed by tlededtric constant versus temperature results.
The high phase transition temperature shifts tdhdrigemperatures with increasing of MgO
concentration. Moreover, complex impedance and tugdelectric showed that a dielectric
relaxation in the material of the non-Debye type ahase transition dependent of content of

MgO in the matrix ceramic of BBT is present.

The difference between activation energy of thepas) estimated from the frequency
peak (modulus) and resistivity for grain (fittedncbe explained because the modulus, consider
only effects associated with conduction proceskas @re thermally activated. The activation
energy obtained from contribution grain is lesstioltained from contribution grain boundary

in all samples. This values indicating that mater#n be used in electronics device.
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Table 1 <Crystallographic parameters obtained using Rietvedfinement for BBT_O.
BBT_1l1.andBBT_2 samples=3 =y = 90°.

LatticeParame a b C Volume
ters/(A) (A%
ICSD - 150928 5.4707(2) 5.4565(2) 41.865(1 1249.71
1)

BBT O 5.45712( | 5.45172( 41.8859( 1246.13
0) 8) 40)

BBT 1 5.45906( | 5.45226( 41.8231( 1244.83
5) 9) 20)

BBT 2 5.46186( | 5.44937( 41.7598( 1242.91

1) 9) 40)
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Table 2 - Extract parameters obtained using fitting procedamd circuit elements for BBT_O.
BBT_1.andBBT_2 samples.

BBT O
T(C) R, (Q) CPEs(F) aqq Rop(€2)  CPEg(F)  agp T4(S) Tgn(S)
370 5.9436E6 2.684E-10 0.9729  2.149E7 1.811E-9 90.54 0.0016 0.0389

410 1.6107E6 3.058E-10 0.98037 5.386E6 1.529E-9 514.6 4.925E-4 0.0082
450 5.372E5 2.767E-10 0.9876 1.754E6 1.374E-9 @.7091.486E-4 0.0024
490 2.557E5 2.141E-10 0.9906 6.353E5 1.653E-9 6.7205.475E-5 0.0010
530 1.746E5 1.494E-10 0.9931 2.776E5 2.639E-9 0.6922.609E-5 0.0007
BBT 1
T(°C) Ry(Q) CPEy(F) g Rgh(€2) CPEg(F) agp T4(S) Tyu(S)
370 1.817E6  3.226E-10 0.9705 5.806E6 2.877E-9 @.6005.863E-4 0.01671
410 5.089E5 4.331E-10 0.9754 1.511E6 4.178E-9 @.6242.204E-4 0.00631
450 1.743E5 3.738E-10 0.9871 5.061 E5 4.835E-9 8263 6.517E-5 0.00245
490 7.390E4 2.58E-10 0.9935 1.993E5 8.612E-9 0.5940.906E-5 0.00172
530 4.362E4 1.817E-10 0.9935 9.578E4 1.754E-8 (0.5487.925E-6 0.00168
BBT 2
T(°C) Ry(®) CPE(F) aq Rgn(©2)  CPEw(F)  ag 14(5) Te(S)
370 7.891E5 2.172E-10 0.97648 3.167E6 4.421E-9 4359 1.714E-4 0.014
410 3.587E5 3.512E-10 0.97472 9.874E5 7.239E-9 46.60 1.259E-4 0.00715
450 1.102E5 5.221E-10 0.97939 2.982E5 1.073E-8 00.63 5.753E-5 0.0032
490 3.840E4 5.433E-10 0.98509 1.097E5 1.607E-8 10.63 2.086E-5 0.00176
530 2.240E4  3.462E-10 0.98847 5.440E4 2.389E-8 58.60 7.756E-6 0.0013
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Table 3 -Values of activation energy in all samples obtdinéthefea(frequency peakdqc (dc
conductivity) pg(resistivity of the grain) angdgy(resistivity of the grain boundary)

Sample BBT O BBT 1 BBT 2
E.<Tm E->Tm E<Tm E>Tm E<Tm E->Tm
eV eV eV Y eV eV

foeu(Fig.8)  1.109 1.443  0.916 1416  0.814 1.415
o.(Fig.7) 1174  1.099 1.206 1.008 1.197  0.864
0g 1.169  0.788 1123 0941 0874  0.874
Pat 1.320 1.173 1.252 1.078 1.261  0.981
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(d) EDX spectra with composition of samples BBTBB,T_1 and BBT_2.



22

10 '“'! BBT O 10 BBT_1
H~H3 - ENEEn
i it
gy, @ | 0 iy, )
10%] = 350 o 370 ggga &104 gggé
> 390 & 410 é = 350 e 370 é
10°] * 430 a 450 EE 10°] » 390 o 410 ég
Jomem | s 5
101- 55 101- o 510 * 530°C ga
10 1 2 3 4 5 6 10 0 "4 "2 "3 "4 "5 6
10 10 10 10 10 10 10 10 10 10 10 10 10 10
Freque"Cy’ (Hz) Frequency (Hz)
10 ENEEEn
i%tt!tt s BBT_2
10° r*f?????????;&
AAAAAAAAAAAL
g wiitiiimg, (o
% .| = 350 e 370 gﬁi
2197 » 390 < 410 gﬁ
N * 430 A 450 3
10°1 = 470 e 490 i
@ 510 = 530°C !35
107~ ag
10’ ; ; ; : .
10° 10’ 10° 10° 10*  10°  10°
Frequency (Hz)

Figure 3 -Temperature dependence of the real part of impeddhe,) with frequency in
different temperature for (a) BBT_O; (b) BBT_1; &icdi BBT_2.



23

0-0 T T T o
10° 10" 10" 10° 10" 10 10° 10" 10° 10° 10° 10° 10°
Frequency (Hz) Frequency (Hz)

10° 10 e
BBT_0 L L BBT_1
10 I..:::=' s_ll'..o..:::b!
|... >>>>l§ 10 L] »>’ e ;
6} >>>°O°:2 gi (a) e > AP I ; (b)
o 107> "goT wr adgs 5 N P M ;;
* — 4
o 10° DO:*:A‘AO::::Eﬁigglﬂ G 10 rOG:**:A‘:Q::O::g* ;EAB
TxTata® ¢%0% ~ PV S °
£ Fa%a® 0%0%x B ** ah_e%g® 0] *
N s faeCeeseds” %5y E 10°{ 4000008022 U8
10 e8323* Qgg N e:,::ggﬁ*- 350 ® 370 » 390 Qg
2[°%" w350 © 370 » 390 & 410 ~B 1030 2%* © 410 x 430 A 450 gg
1073+ * 430 A 450 = 470 e 490 s ** ® 470 o :;’g; 510 !
@ 510 » 530°C i * °
10° 0 1 2 "3 4 5 6 10° ’ ' ' ' ’
100 10° 10° 10° 10° 10° 10 10° 10" 10* 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
10° BBT_2 1.4 0350 % 370 7 390 v 410 BBT O
auEEE _. 1.2 430 < 450 470 & 4%0
0] ey (© | & 1ol" i
o et I o PO G
> =] * A i [ ]
g 10 90003***AAA00022§ g) 0.8 ...A'..“'.iﬁt*.
% AT o7 g% 0 = L 20N
(=2 4r** AAA ee‘. 00*1& § N 0.6 aoA l‘.v < *'
£ | A o o *x ~ v * <
= A - ® o ® %
10 A e e o * o)) )
N ‘00020330"*** E 044 o " ‘.-:‘*' o*'.
b “ o * g r voed v <
103_:39221&’4" 350 @ 370 » 390 & 410 55 N - 'A"v 2 ‘i:“ <re o
P % 430 A 450 o 470 e 490 ; : A SotaWa'e, ®
, @ 510 * 530°C 0.0 B =
0 10 10T 100 10t 10" 10° “10° 10" 10 10° 10° 10° 10°
Frequency (Hz) Frequency (Hz)
140350 ¢ 370 7 390 v 410 BBT 2 1.4 5 —50 % 370 7 380 v 210 BBT 1
1.2]% 430 <« 450 470 e 490 - 4.2] ¢ 430 « 450 470 & 490 -
& “1% 510 @ 530°C a 471 % 510 @ 530°C
< 1.0 o904 .0.?0. < 1.0 wv 4 e
x .l.‘vni(:“*. * o (e) % .ol' “4 © % o (f)
s 0.8 A% e X o5 0.8 N L £l IR
PR / * = = A o
E’ ..Av< ¥'4 ®xe g’ -.AV"A'.*: .*'
N— 0.6 ...AAV < ‘I’" <oy N_ 0.6 .." L 2‘* < .*'
~o n® v, < O*"“<o* ~ AT Y ) PR
. o, *x Sgely * = l - * g
£ 0.4 -::AAvv: .o*'. ""2 .‘*. g 04 .'A‘,' : .l‘:v' <« Oxg
>*
N o2 o :%‘4 :“*:'S'S N 0.2 et iinTe it _2xaohue’ Yy 4‘4 X
. 0.0 .&

Figure 4 - (a-c) shows the temperature dependence of the maiggpart of impedance )
with frequency in different temperature and (d-§rmalization of the imaginary impedance
component for BBT_O, BBT_1 and BBT_2.



24

75 25
BBT 0 75 1 . 470 490 BBT_1 25, "l 470, 490
| 410 510.. 530 °C - 4004 510, 530°C
~ 430 10, . Fitting O 350 # 430 1

O 350
O 370
| © 390°c 45 7] esse 5 -
+ Fitting s r

LTI
hd L

25
BBT_2 1.5. 0 470 . 490

410 20 . 510.530°C

# 430 45| + Fitting
3%0 | 450 °C

]
O 370 Ll

390 °C # Fitting

0.05| % o
Fitting § "j \
0.00/

(MQ)

ZReal

Figure 5 - (a-c) Experimental and calculated (symbols +) usivegequivalent circuit to plots of
Zreal VEISUS 4mg at different temperature for BBT_O, BBT_1 and BRT_



25

CPEg
Rg CPEgb

Rgb

Figure 6 - Diagram of the equivalent circuit to analyze éx@erimental results.



26

5 7 7 .y
—-u— 102 Hz ._.,- . . BBT_O —l—103 Hz /.,l ", cann®
—e—10° Hz i . 6|~ 10"Hz -
4]——10'Hz LN — | 10'Hz o BBT_1
—%—10° Hz ./ .,o...o. u No 5 —%—10° Hz ./ ...o.\ -
S |e10thz .0’ o, "a| T |e10tHz S o .
- ) n . . ‘tta. o = 4. ; /.’ s KX
‘,‘_‘ 3 (a) /- o '.' | o\. 5 (b) b . ;*"i a 3 .t.
o * ®“. ° R A O 4 e ©. ®
oF ‘ ‘", 34 Pl ‘0.
2. ,l/.’ * ‘. Lt 2 ..\» N
:,.2*2* "' 2] l’:.;** ‘m'
** ;.'
1 T T T T T T T 1 T T T T T T T
300 330 360 390 420 450 480 510 540 300 330 360 390 420 450 480 510 540
o
Temperature ('C) Temperature ('C)
16
—=—10° Hz aimgy 12 = BBT 0 1 kHz
141 —e-10°Hz . BBT.2 10 * BBT1
—~ 12] ——10°Hz " 1 = BBT.2
‘© —*—10° Hz o .
= 10{ - 10°Hz n oo Ng | .
© 8- /./ ,. - ..‘. : 6 -
[ || [ ) N ) —_ e
o / Pig - o d 0e"%%0,
ol (C) I,’ ’./f:""t‘~ w§ 44 ( ) ...;lllll:....
4 a" e ,‘:t’ &, 'z_ul -...:.
I......’;':* * 2‘9"".. -
2 553:33"
. : . : . 0 T T T T T T T T T T T
300 330 360 390 420 450 %30 510 540 300 320 340 360 380 400 420 440 460 480 500 520 540
Temperature ( C) Temperature (°C)

Figure 7 - (a-d) — Temperature and frequency dependence ¢dctlie constant dgreq) for
BBT_O, BBT_1 and BBT_2.



27

10-2 m 350 e 370 10° m 350 @ 370 » 390 © 410 PBBT 1
» 390 o 410 BBT_O * 430 A 450 ® 470 @ 490
1031 ~ 430 A 450 f | @ 510 * ssocc ﬁ
® 470 e 490 10 **ﬁﬁﬁ***ﬁﬁﬁ* E
- 4|9@ 510 x 530°C 888 — ;...333§§§§g§§ gg
£1071 g8 £ (22244444hiddd
Ay a d -5 | ** o Pom
0 % w107 FAKAKAKXKKAXXZSOT ) >o.
- R o
© 12222222 2 ~ >>>>>>>>>>.. -
KA kX @) e00® "
10-6 Ezzé;ééééiiiggg 10'6_::::::...llll
Srppr Y H
.O L
jmanmnnnntt (a) (b)
107 . ' . : : 107 : ; . ' :
° ! 2 : 4 5 y 10° 10" 10* 10° 10* 10° 10°
10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)
2
10" T2 350 370 BT 2
» 390 ¢ 410 -
3 * 430 A 450
10°1 » 470 o 490 {
_— @ 510 & 530°C %
£ 553 gg
S ?w
c 9oeooeoeeoeeeo i
t AAAAAAAAAAAAAA o o?‘
© r*************:go ‘:3.l
10° Lecccccceses S Trreent
.»»»»»::::;:’:::--
essassaniae (c)
10 T T T T
10° 10" 10 10° 10° 10° 10°
Frequency (Hz)

Figure 8 - (a-c) Variation ofc as a function of frequency at different tempematior BBT_O,
BBT_1 and BBT_2.



28

3 m 350 @ 370 5 390
BBT_0 10 e © 410 % 430 A 450
__|= 350 e 370 » 390 2.01 . e o 10
% G 410 % 430 A 450 ., o o @ 510
© 2o 470 @ 4900 510% * i v | © 48] %% o v ow ‘{% ¥ % s30°C
S * 530°C -
vm -
E
1_
0 ..:’““.-;". o d 0.0 __ '2 |3 .4 : f""
B . j J ! 10 10 10 10 10 10 10
10° 10" 10*° 10° 10° 10° 10°
Frequency(Hz)
Frequency (Hz)
2'0 ] 350 10 430-10-510 °C e Dark Y.
e 370 " e
> 390 -"'-. e =
1.54{¢ 410 _e%" . i)
ﬂA * 430 N .. ‘s M:o’ 10’ 10° —
o A 450 e >»>:l
- e 3
VU') 1.0".
£ °
E *
0.5-
>e
(=)
0.0 . . .
10° 10" 10* 10° 10° 10° 10
Frequency (Hz)

Figure 9 - (a-c) Variation of Mng with frequency at different temperature for BBT_EBT_1

and BBT_2.



10 -9
1 . Infmax
9—_ E,=1.008ev Inc,. -10‘,7.\
g 8- / ——Fitting _11‘_E
) ] E =1.206 eV <}
s 7+ / ’ 12,
N ] / b'c
S 64 =1.416ev 13 -
] . —
5 . .\_\-\. 14
41 E =0.916 eV — -15
T 2 BBT_1
3 T T T T v '16
1.2 1.3 1.4 1.5 1.6 1.7

1000/Temperature (K)"

Figure 10 -The Arrhenius plots for BBT_1 shows dependesgeconductivity and fa{peak)

versus inverse of absolute temperature.



30

19 " p Eagb =1,252 eV
181 ® o,
—— Linear Fitting ~T_ \
17 - x
16| Bl = 10780V
= _
S5l N\ \\
§ 14 \ Ea =1,122 eV
~T
13- \ T
Eag = 0,941 eV BBT 1
12

1.2 13 14 15 16 1.7
1000/Temperature (K)"

Figure 11 -The Arrhenius plots for BBT_1 shows dependencestiggy (p) versus inverse of
absolute temperature.



ACCEPTED MANUSCRIPT

31




Resear ch highlights

BaBi4Ti4015 ceramics doped with magnesium oxide (1-5%)

Formation of the orthorhombic phase

Decrease in the unit cell volume was due to insertion of Mg®* into Ti** sites
Increase of magnesium oxide amount there was a decrease in the value of the
complex impedance

Equivalent circuit including the contribution of grain and grain-boundaries



