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Original Research Article
Synthesis of polar dielectric barium magnesium niobate at low sintering
temperature: dielectric relaxation and ac conductivity study

ABSTRACT

Ba(MgisNb,3)O3 is an important microwave polar dielectric material. However, the large
leakage current and losses due to defects incorporated during high temperature processing
restricts its use in microwave devices. We have synthesized phase pure perovskite
Ba(Mg1,sNb,3)O3 by controlling the cooling rates during calcination and sintering, using two
stage columbite method at relatively low sintering of 1150°C. X-ray diffraction has been used to
determine the structural details. Ceramics stabilizes in hexagonal perovskite structure with
lattice constant a=5.7803A", c=7.0780A". Sintered ceramics with density > 93% exhibit surface
morphology having homogeneous grain distribution with average grain size is =1.0-2.0 um.
Temperature and frequency dependent dielectric response has been analyzed to understand
the dielectric dispersion. Dielectric response is temperature independent up to =180°C. Beyond
this temperature dielectric dispersion is observed which is more pronounced at lower
frequencies and associated with significant electrical conductivity. Impedance spectroscopic
formalism has been used to separate out the contributions from gains and grain boundary using
equivalent circuit approach, whereas, electrical modulus approach has revealed the role of
conductivity relaxation. The frequency/ temperature dependent ac conductivity suggests
conduction being thermally activated process. AC conduction activation energies are estimated

from Arrhenius plots and conduction mechanism is discussed.

Key words: Dielectric relaxation; Polar dielectrics; X-ray diffraction; impedance analysis

1. INTRODUCTION

Niobium-based complex perovskite oxides A(B'13Nb,3)O3 have attracted attention due to their
promising electrical and electro-mechanical properties [1—4]. These oxides crystallize either in a
disordered cubic structure or in a hexagonally ordered structure. The ordered structure stems
from the 1:2 ordering of B-site cations along the [111] direction of the cubic perovskite cell. In

many of these complex perovskites, dielectric loss depends on the degree of ordering [5].
1
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Recently, dielectric properties of niobium based ceramics [6-10] are reported as lead free
compositions for polar dielectric applications.

Barium magnesium niobate (BMN) is a polar dielectric and a potential material for microwave
dielectric applications due to its high Q factor and high dielectric constant at microwaves
frequencies [12-13]. BMN based ceramics have been targeted to find alternate for the Ta-based
complex perovskite ceramics such as Ba(MgisTazs)O; because of the expensive Ta,Os.
However, BMN has been reported to have comparatively higher dielectric loss than
corresponding tantalate Ba(Mg13Nb23)Os (BMT) [14]. Another major problem in using BMN has
been the high sintering temperature to reach a satisfactory final density [4, 5]. Thus, reducing
sintering temperature and dielectric losses in the material remains a challenge. Further, low
frequency dielectric dispersion observed in the ceramics could not be understood through
impedance formalism due to marked electrical conductivity. The use of the electric modulus
formalism gives insight into the bulk response and is effective in case of ceramics with
significant electrical conductivity. This is due to the fact that the local behavior of the defects can
be separated from electrode effects in electric modulus representation [10, 12]. Such an
approach allowed us to overcome the difficulties caused by high electrical conductivity, which
can mask the dielectric relaxation processes.

We have recently synthesized ceramics with smaller dielectric loss by reducing the sintering
temperature in a number of phase pure perovskites by optimizing the process parameters [15-
17]. It is thus expected that process parameters optimization during synthesis may lead to

phase pure BMN at relatively lower sintering temperature, in turn reducing the dielectric loss.

In this work, we report the synthesis of Ba(MgisNb,3)Os; in pure perovskite phase with
reasonably high density (>93%) at relatively low sintering temperature of 1150°C without using

any additives/sintering aids. This has been achieved by simply controlling the rate of cooling
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and heating during sintering. Structural, dielectric and electrical properties have been probed
using impedance and electrical modulus approach.

2. EXPERIMENTAL DETAILS

Ba(Mg1/3Nb2/3)O3 ceramics was synthesized by two steps solid state reaction (columbite
route). In the first step, pre-reacting Nb205 (99.9 % Loba Chemie Pvt. Ltd., India) with MgO
(99.5 % Loba Chemie Pvt. Ltd., India), forms columbite phase MgNb206 [18]. The calcination
was performed in an alumina crucible at 1100°C for 6 h. Phase formation in calcined powder
has been is checked by x-ray diffraction. The prepared columbite phase is then reacted with
BaCOS3 in an alumina crucible at 1125°C for 6h. The ceramic powder so obtained was
structurally analyzed using x-ray diffraction (Rigaku Miniflex). The fine and homogeneously
calcined powder was pressed into cylindrical pellets of 10 mm diameter and 1-2 mm thickness
under a uniaxial pressure of 3x10° N/m? using a hydraulic press. Polyvinyl alcohol (PVA, 1 mole
% solution) was used as a binder to reduce the brittleness of the pellets. The pellets were fired
first at 500°C to remove the binder and then sintered at 1150°C for 6 hours. The heating and
cooling rates were controlled during sintering by varying temperature ramp from 3°C/min to
1°C/min in a microcontroller controlled muffle furnace. Phase purity and densification were
simultaneously checked after each sintering carried at different temperature ramp applied during
cooling and heating cycle of sintering process. Experimental density was measured using
Archimedes method and verified by direct pellet weight measurement.

Finally, the phase pure ceramics having experimental density >93% were obtained when
sintered at 1150°C with lowest ramp rate. The sintered pellets were electroded with silver paste,
heated at 500°C for 1 hour and cooled down to room temperature before electrical
measurements were performed. The dielectric and impedance data were measured in the
temperature range 30-350°C using HIOKI 3532 LCR Hi TESTER. The temperature was
measured with an accuracy of +1°C using a pP controlled temperature controller interfaced with

3
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the LCR Hi-Tester. Microstructural features were studied using scanning electron microscopy

(SEM, Carl Zeiss).

3. RESULTS AND DISCUSSION

3.1 Structural and microstructural characterization

Fig. 1 depicts the room temperature X-ray diffraction (XRD) pattern in the 26 range from 20-80"

of sintered BMN pellet that shows the highest percentage density.

100
Calcination-1125'C qqp Cuka
Sintered-1150°C
= 211
= 002
o
= 202 310
a10 212
ol -. , . . . . .
20.00 an.00 EO.00 =000

Ztheta [deq.]

Fig. 1: X-ray diffraction pattern of BaMg;,3Nb,303; (BMN) at room temperature.

All the observed peaks were indexed using a least-squares method with the help of a standard
Powder X-ray diffraction interpretation and indexing program (POWD). The unit cell is selected
for which the observed and calculated d-values XAd = X(dops-dcar) iS minimum. Good agreement
between the observed and calculated inter-planar spacing (d-values) is obtained for perovskite
hexagonal phase. The refined lattice parameters values (a=5.7803A°, ¢=7.0780A") and X-ray
diffraction pattern are in close agreement with earlier report (JCPDF No-17-0173). X-ray
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diffraction data confirms the formation of single phase. The results of indexing are summarized

in table 1.

Table 1. Observed and calculated d- values in (A) of some reflection of BMN at
room temperature with observed relative intensity (I/lo).

101
d-spacing(obs.) d-spacing(cal.) Intensity h k 1
4.0804 4.0800 9 1 0 %nz
2.8930 2.8930 100 1 0 203
2.3571 2.3570 20 2 0 1
2.0445 2.0450 42 2 0 204
1.8273 1.8270 10 1 1 3
1.6681 1.6680 52 1 0 305
1.4450 1.4450 29 2 0 4
1.3619 1.3620 9 1 0 %06
1.2325 1.2320 26 2 0 307

We have varied sintering conditions by varying the sintering time and cooling rates after
sintering. Even though XRD patterns observed remains same, the microstructure varies
significantly as the sintering time is varied. Fig. 2 (a-c) shows the SEM micrographs of the gold
coated pellets sintered for different duration and at different cooling rates after sintering;
changing the sintering duration changes the microstructure showing different types of grain

distribution and grain packing, porosity and agglomeration.
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Fig. 2: SEM micrographs of sintered powders of BMN calcined at 1125°C and sintered at
1150°C (a) sintered for 8 hours and cooling rate 2°C per minute after sintering, (b)
sintered for 16 hours with cooling rate 1°C per minute after sintering and (c)
sintered for 30 hours with a cooling rate of 1°C.

The best microstructure is achieved for material having the highest value of percentage density
of 5.767gm/cm?® (=93% of theoretical density) under the conditions; sample sintered for 30 hours
at 1150°C and keeping the cooling rate of 1°C/min after sintering. Average grain size is =1.0-2.0
um as estimated by linear intercept method. Percentage experimental density is measured by
Archimedes method at different sintering temperatures; the densification is very sensitive to
sintering temperature. Relative density of the material decreases when sintered above 1150°C
(density variation with sintering temperature not shown for the sake of brevity). This may be due

to the defects generated (mainly oxygen vacancies) during high temperature processing may



127

128

129

130

131

132

133

134

135
136
137

138

leads to anion deficient phase and / or produce distortion in B/B'Og octahedron reducing the

densification.

3.2

Dielectric studies

The ordered perovskites are characterized by a temperature-independent dielectric response in

the low frequency

range (< 10° Hz). Figure 3 exhibits the temperature variation of dielectric

constant (¢’) and tangent loss (in the inset) at representative frequencies. Material shows

frequency independent- very low loss (tand) dielectric response up to = 180°C.
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Fig. 3. Temperature variation of dielectric constant (¢’). Inset shows temperature

dependence of tangent loss.
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The values of dielectric permittivity increase with further increase in temperature. The increase
in dielectric response, particularly at high temperature and low frequencies may be due to
interfacial polarization [19]. At low temperatures, the molecule cannot orient themselves in polar
dielectrics. As the temperature rises, the dipoles reorient and contribute to dielectric response.
Thus, at higher temperatures, the dielectric loss due to the dipole mechanism increases and
reaches to a maximum value as the degree of dipole orientation increases. The increase in both
components of dielectric permittivity at temperatures > 180°C may be associated to this
phenomena [20].

The frequency dependence of real (¢) and imaginary (¢") parts of dielectric permittivity at

different temperatures are shown in figure 4(a) and 4(b) respectively.

80 4 —I—1DDCC 25 +'1UDcC
(a) —s—150°C ] (b) e 150°C

200°C o0 200°C
- o
i —¥—280C ] —v—250°C
300°C 15 300°C
—a4—350°C

80 +

log(e")

T T T T T T T T T
5

log(a) log(m)

Fig. 4. Frequency dependence of (a) real (¢’) part of dielectric constant and (b) imaginary
() part of dielectric constant on a log-log scale.

Dielectric constant (¢') gradually decreases as the applied ac filed frequency is increased from a
value of 55 at 0.5 kHz. The dispersion increases with increasing temperature suggesting that ac
conductivity in BMN is due to bulk effect [21]. The low frequency dispersion in fig. 4(a) indicates

the absence of any inhomogeneity arising owing to Maxwell-Wigner polarization.
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Complex dielectric response as a function of the frequency w has been explained by Jonscher’s
universal power law [22] as
e* = g'-e"= g0+ G /eg W+ ((T)/ & )1 D! (1)

where €~ is the high frequency value of the dielectric constant, n(T) is the temperature
dependent exponent and o(T) determines the strength of the polarizability arising from the
universal mechanism in question. Experimental data were fitted in equation (1) to obtain the
values of parameters n(T), and o(T), at different temperatures. The o(T) value increases from
6.7x10™ to 2.7x10%, whereas n(T) value decreases from 0.82 to 0.19 as the temperature
increased from room temperature up to 350°C. The interaction between the charge careers
contributing in the polarization process is characterized by n(T); its value decreases with
increase in temperature indicating strengthened dipolar interaction at higher temperatures.
Frequency dispersion of €" gives two slopes, almost close to -1 in the low frequency region (DC
conduction) and the one with a slope (n-1) in the high frequency region associated with hopping
assisted localized conduction (fig. 4(b)). In the present case, the range of frequency region
having slope (-1) increases as the temperature is increased indicating that at higher
temperatures dc conduction dominates the conduction process.

3.3 Impedance Studies

In order to understand the role of extrinsic factors in the charge transport process and to
separate out grains and grain boundaries contribution to the conduction, complex impedance
analysis is performed. Impedance spectroscopy may be a better tool to understand the
relaxation process than the dielectric analysis. The grains and grain boundaries may be
represented in terms of series combination of two equivalent circuit of parallel RC network,

each giving rise to semicircular arc in complex impedance plane, Z* [22] where

Z¥=7"-7" )
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.Therefore, in the impedance formalism, grains

and grain boundaries contribution could be separated out.

Figure 5 shows the variation of real part of impedance (Z’) with frequency at representative

temperatures.
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40 -
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Z'x10°Q
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10 -

—=—100'C %] 300G
——150°C e 325°C
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—v—250C |
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5
\v ',
3 4 5 6 ;
log(w)
I T T r . :

Fig. 5. Frequency variation of real part of impedance (Z’). Inset shows the frequency

dependence of Z”.

The magnitude of Z' decreases with the increase in both frequency as well as temperatures;

above 60 kHz it becomes temperature independent. This may be due to the release of space

charge [23, 24]. Inset of fig. 5 shows the variation of Z" with frequency at different

temperatures. Impendence loss (Z") peak starts appearing at temperatures = 300°C with

asymmetric broadening. The peak shifts towards higher frequency with increasing temperature

10
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due to the spread of relaxation times and increasing loss in the sample. The (Z”) peak heights

are proportional to bulk (Ry) according to equation:

T

7' =R, [m] "
Probably, high temperature triggers grain boundary relaxation process as evident from the
asymmetric broadening of the peaks [25]. The relaxation frequency (frequency at loss peak
maximum, o) obeys the Arrhenius relation given by wn, =w, exp[-ET/kgT], where wy is a pre-
exponential factor, kg is Boltzmann constant and T is temperature in absolute Kelvin. The
calculated activation energy for the corresponding relaxation process is 0.43 eV.

Complex impedance plots (Z" vs. Z')) at different temperatures are shown in fig. 6, it could be

fitted with double semicircle inferring that the impedance contribution arising from both gains

and grain boundaries.

m  300°C,Observed =
. 300°C,Calculated from model _| ! —Cltl_
3250C,Observed

7

3.2x10° 4 325°C,Calculated from model
350°C,Observed

——— 350°C,Calculated from model

4.0x10"

0.0 4

; ! L ) L T T T T
0.0 8.0x10°  1.6x10° 24x10°  32x10"  4.0x10’
Z'Q
Fig. 6. Nyquist plot (Z’ vs. Z”’) along with the non-linear least square (NLLS) fitting results

(solid lines), using equivalent circuit model as shown in the figure.
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Estimated values of equivalent circuit parameters considering representing resistance and
capacitance of grains (Ry, C4) and grain boundaries (Rg, Cqp) Using non-linear fitting program
(Zsimpwin) are shown in table 2.

Table 2. Grain and grain boundary parameters from NLLS fitting, using series
combination of parallel RC equivalent circuit model for BMN.

Temperature(OC) R, (Q) C, (Farad) Rgh(Q) Cyp (Farad)
100 2.0x10’ 1.9x10"° 4.8x10° 4.9x107"
125 5.4x10° 9.4x1071° 4.6x10° 1.5x10°%3
150 6.9x10° 9.4x1071° 3.9x10° 4.5x10"
175 1.4x10° 9.4x107"° 1.2x10° 1.6x107"2
200 3.3x10° 8.0x107"° 2.3x10° 3.5x107!!
225 3.5x10° 9.3x1071° 1.4x10° 1.8x1071°
250 1.3x10° 4.3x107 9.1x10° 1.1x1071°
275 2.5x10° 9.2x10” 9.5x10° 1.1x107"°
300 6.4x10" 2.2x107 4.2x10" 1.4x1071°
325 1.1x10* 5.3x10® 5.2x10* 1.6x1071°
350 9.8x10° 9.2x10°® 3.9x10* 1.8x1071°

From the table, it is clear that the ceramic possesses highly resistive grain boundaries at room
temperature; the transport through grains and grain boundaries is thus thermally activated
since Ry and Ry, both decreases with increase in temperature. The material shows negative
temperature coefficient of resistivity like semiconductors.

3.4 Electric Modulus study

In the modulus formalism, bulk response is highlighted and electrode effect is suppressed.
Therefore, the formalism is useful in understanding the relaxation phenomenon occurred in

grains. Electric modulus M’ is defined in terms of the complex dielectric permittivity by [26]

* _ _°° —jor d¢(t)
M*(w) _M{l {e [—dl Jdt} (4)

12
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Where the function ¢ (t) gives the time evaluation of the electric field within the dielectrics. The

electric modulus data can be fitted with the Cole—Cole expression defined as [27]:

M_M M A+(M_—M_)cosg}A
M A* +2AM_ —M M  cosg+(M_—-M.)

M = (5)

M= M_MA{(M_—M,)sinp}A )
M A* +2AM_ —M M  cosg+(M_—M.)

Where A and ¢ are given as
A= [1 + Z(wr)l_a sin(a'ﬂ'/z)+ (M)Z(l—a) ]1/2 o

¢ = tan " (r)"* cos(ax /2)/1+ (wr )~ sin(ar 12)| ®)

Thus, circular arcs are expected in electric modulus also. The frequency dependence of M ‘(o)
are shown in figure 7(a); value of M’ decreases as the temperature increases. Above 300°C, M’
starts from origin at low frequencies, value increases with increase in frequency and gets
saturated at higher frequency. This behavior of electric modulus confirms an appreciable
electrode and / or ionic polarization contribution to dielectric response [28]. Saturation of M’
values at higher temperature may be related to a lack of restoring force governing the mobility of
charge carriers. Data exhibit a pronounced relaxation peak for M"(w) (Fig.7(b)) that moves
towards higher frequencies with increase in temperature. It can be inferred that the process is
associated with a single relaxation and further that the relaxation rate for the process increases
with increasing temperature. The behavior of observed M" peak can well be associated with a

transition from short range to long range mobility of charge carriers as the frequency decreases.

13
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Fig.7. Frequency dependence at representative temperatures of (a) real part of electric
modulus (M') and (b) imaginary part of electric modulus (M") for BMN.

Towards low frequency side, ions perform hopping successfully between the equivalent
neighboring sites, whereas towards high frequency side, ions are confined to the potential wells

and execute only localized motion [29-30]. The characteristic relaxation time, the inverse of

frequency of the maximum peak position, i.e.7, =@ ! satisfies Arrhenius law. From the

numerical fitting the value of the activation energy comes out to be 0.22 eV. The different values
of activation energies obtained impedance (0.43 eV) and electric modulus data (0.22 eV)
indicates that different mechanisms are operative in relaxation process.

In both the impedance and electric modulus formalism, complex plots exhibit peaks, which are
broader than predicted by Debye relaxation and have significant asymmetry. Thus, the
observed relaxation is non-Debye type. The associated activation energy for electric modulus
and impedance relaxation processes have different values; normalized plots of M" (@) and Z"
(w) peaks show only partial overlapping (figure not shown). These facts suggest the presence

of both long range and localized relaxation in the material.

3.5 AC electrical conductivity study

14



258 The ac conductivity o(0) = wee, has been calculated from impedance data. The frequency

259 spectrum of the ac conductivity for BMN is shown in Fig. 8.
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- 20000 MM
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>

o
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1 —

3.0 3.5 4.0 4.5 5.0 55 6.0
260 log(w)

261  Fig. 8. Frequency spectra of a c electrical conductivity plotted as function of (logw) for
262 BMN.

263 The conductivity shows dispersion which shifts to higher frequency side with the increase of
264 temperature. It is seen from figure that o decreases with decreasing frequency and becomes
265 independent of frequency after a certain value. Extrapolation of this part towards lower
266 frequency limit gives o4. The real part of conductivity spectra can be explained by the power
267 law defined as [31, 32]:

268 6(M) = G4+ AQ" 9)

269 Here A is a thermally activated quantity and n is the frequency dependent exponent that takes
270 values < 1. Equation (9) is used to obtain the values of o4, A, n by non-linear fitting of ac

271 electrical conductivity data and the results are shown in table 3.
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Table 3. Non-linear fitting parameters obtained by fitting a ¢ conductivity data in

equation (9) for BMN.

Temperature(°C) O ac A n
50 6.2x107° 6.4x10™" 0.49
100 2.2x104 2.3x10™" 0.47
150 5.3x10 7.6x10° 0.20
200 7.9x10° 5.9x10° 0.19
250 1.3x10°® 9.7x10° 0.13
300 2.1x10°8 2.6x10° 0.23
350 1.8x107 1.8x10° 0.29

The values of o4, as shown in table 3 are plotted in Arrhenius plot as shown in fig. 9 which

follows Arrhenius law. The linear regression gives activation energy value of 1.1 eV.

-7.5

-8.0

-8.5 1

log(o,,)

-9.0 H

-9.5
1.6

2.0

T
2.4

10%T°K

2.8

3.2

Fig. 9. Arrhenius plot (log(o4) vs. 10%T) for BMN. The dots are the experimental points

and the solid line linear regression fit.
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Significantly different values of activation energies for relaxation and conduction reveals that

the charge species involve in transport are not the one relaxing.

Oxygen vacancies are

generally considered as major defects in perovskites especially when synthesized through solid

state high temperature route. The activation energies for conduction through oxygen vacancies

(defect) is typically 0.4-0.5 eV. Thus, very high activation energy involved in DC conduction

clearly reflects that DC conduction probably occurs through cation vacancies.

Temperature dependence of ac conductivity at representative frequencies is shown Fig. 10.
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Fig. 10. Temperature dependence of a c electrical

frequencies.
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1000/(T%)K

conductivity at representative

As is clear, the ac electrical conductivity is almost temperature independent in the low

temperature range; the range becomes smaller as the frequency decreases.

However, it

increases with increase in temperature and shows significant frequency dependence; an

17
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increase by three order of magnitude from kHz to MHz range (= 10™%/cm at 1 kHz to = 10°
’s/cm at 1MHz). The temperature dependent conductivity shows NTCR (negative temperature
coefficient of resistance) behavior like semiconductors, which is related to the bound carriers
trapped in the material [33]. The activation energy values for ac conduction process have been

calculated from the slope of the graph (Fig.10) as shown in table 4.

Table 4. Activation energies values at different frequencies calculated by linear fitting of
temperature dependence of AC conductivity for range of temperature in which
the variation is linear.

Frequency in Temperature Range
(KHz) Activation Energy Activation Energy
(eV) (eV)
100°C to 175°C 200°C to 350°C
1 0.15 0.20
10 0.06 0.24
100 0.07 0.22
1000 0.08 0.17

The different slop of the plots in the considered temperature range suggested that different
mechanisms are operative. In the temperature range (100-175°C), the activation energy varies
from 0.15- 0.08eV, whereas at higher temperatures (200-350°C) the activation energy varies

from 0.20-0.17 eV.
4, CONCLUSIONS

BMN ceramics, prepared by columbite method, stabilizes in hexagonal perovskite phase with
lattice constant a=5.7803A°, c=7.0780A" and average grain size of 1.0um. By controlling the
sintering optimization, ceramics with almost homogeneous grain distribution and relatively
dense packing (>93%) are obtained at significantly low sintering temperature. The observed

dielectric dispersion above 180°C is attributed to bulk effect. Dielectric loss spectrum indicates
18
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the thermally activated nature of the dielectric relaxation in the system. The relaxation frequency

obeys the Arrhenius relation. The activation energy associated with Z” relaxation is 0.43 eV,

whereas for electric modulus (M”) relaxation it is 0.22 eV, suggesting two different relaxation

processes operating in the system. AC conductivity exhibits dispersion at low frequencies and

follows Jonscher’s power law. o4 follow Arrhenius law with activation energy is 1.1 eV.
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