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Abstract

The dielectric permittivity of NagoKo.20NbOs ceramic was investigated by impedance spectroscopy. The dielectric char-
acterization was performed from room temperature to°&)0n the frequency range 5 Hz—13 MHz. The bulk permittivity was
derived by the variation of the imaginary part of the impedance as a function of reciprocal angular frequency. The permittivity
values as a function of temperature showed two maxima. The first maximum is very similar°a& 20d the second one
positioned at around 40@, which was associated to Curie’s temperature. The evolution of the complex permittivity as a
function of frequency and temperature was investigated. At low frequency dispersion was investigated in terms of dielectric
loss. The NagoKo,20NbOs showed a dissipation factor between 5 and 40 over a frequency range from2kidzL0
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction a host structure, which is known to be antiferroelec-
tric, belonging to the orthorhombic system at room
The solid solution Na_,K,NbOs is considered an  temperature. Optical studies and X-ray diffraction of
advanced ferroelectric material for high frequency ap- this material have revealed seven phase transitions
plications[1]. Studies based on the alkaline niobates as occurring between—110 and 640C [3]. On the
new dielectric materials have been carried out to attain other hand, KNb@ presents only two phase transi-
suitable materials for high applications performance, tion between the room temperature and 4004].
which require a combination of advanced characteris- The first one is centered at around 2@being as-
tics, such as low dielectric loss, low aging coefficient, sociated with an orthorhombic—tetragonal phase tran-
high permittivity and planar coupling coefficieff]. sition, while the second one is positioned at around
Several investigations of the physical properties of 400°C. This transition is correlated to the tetragonal—
alkaline niobates with perovskites type structure have cubic phase transition. This one has been assigned to
been reported. As a whole, NaNp® considered as  Curie’s temperaturgs]. At room temperature, KNo®
is ferroelectric exhibiting a orthorhombic structure.
* Corresponding author. Present address: Faculdadeineigs e The permittivity properties of the sodium niobate
Tecnologia de Presidente Prudente, Universidade Estadual Paulistashows a maximum at 36@. At this temperature,
UNESP, C.P. 467, CEP 19060-080, Presidente Prudente, SP, Brazil. 5 change of symmetry occurs being accompanied of
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a ferroelectric—antiferroelectric or antiferroelectric—
paraelectric transition. Despite of NaNb@resents
ferroelectricity only at temperature underl10°C,
the addition of KNb@ to NaNbQ;, even small

amounts, leads to ferroelectricity properties phase de-

velopment at room temperatuje]. The variations of
Curie’s temperature of NaNkQwith the formation of
solid solutions due to the addition of KNh@ndicate
that piezoelectric, pyroelectric and eletrooptic appli-
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nium hydroxide solution. After stirring for 10 min, a
0.7 mol! niobium salt solution was added, leading
to a final solution of pH equal to 2. This solution was
refluxed for 3 h at 80C. After refluxing, the solution
was maintained at 7GC until the point of complete
evaporation and formation of the precursor powder.
This precursor was triturated in a agate mortar and
calcined in air atmosphere at temperatures between
250 and 700C. Crystalline and single phase powder

cations may be expected. Despite these promising of NaggoKo.20NbOs was obtained with the calcina-
properties, few studies have been reported on the hightion of the precursor powder at 70C for 5h. An

temperature dielectrical properties of polycrystalline
Na;_,K,NbOs systems synthesized via a chemical
route.

The ac analysis technique has been widely used

to investigate the dielectric behavior of amorphous
and polycrystalline material§8,9]. This technique,

whether applied to ceramics, allows to separate the

electric and dielectric properties of the grain (bulk
contribution) from those corresponding to the grain
boundaries and their interface with electrodes. This

paper reports the newest results from studies on the
electric and dielectric properties of dense ceramics
of sodium potassium niobate using impedance spec-

troscopy. The NggoKp20NbOs solid solution was

synthesized by chemical route using the thermal de-
composition of the precursor salt, which was prepared

by the evaporation solution methgi0]. An inves-
tigation is presented here for the dielectric behavior
of NaggoKo20NbOs solid solution, with controlled
stoichiometry, at high temperature.

2. Experimental procedure
2.1. NagoKo.20NbOs synthesis

The precursor of NggoKp.20NbO3 was synthesized
by a chemical evaporation methdd0,11] Potas-
sium nitrate, sodium nitrate and a soluble niobium
complex salt, NHH2[NbO(C204)3]-3H20, provided
by CBMM (Companhia Brasileira de Metalurgia e
Mineracéo, Araxd-MG—-Brazil), were used as start-
ing reagents. A saturated solution of oxalic acid was
added to a solution of sodium and potassium nitrate
in deionized water, monitored by a digital pH-meter,
until the pH to reach a value equal to 1. Then, the
pH was adjusted to 3 by addition of a 1:1 ammo-

X-ray powder analysis showed only the diffraction
lines of the orthorhombic phase of sodium niobate
(JCPDS—Card 33-127@).2].

2.2. Structural characterization

The thermogravimetry and differential thermal
analysis were performed using NETZSCH Simul-
taneous Thermal Analyser—STA 409 from room
temperature to 900C under dry air. The heating rate
was fixed at 10C/min. The X-ray powder diffraction
pattern was obtained using CuxKadiation (D5000,
Kristalloflex-Siemens) in the2range from 5 to 75°.

2.3. Chemical analysis

The chemical analysis of the dlgoK o 20NbOs solid
solution was carried out by inductively coupled plasma
emission spectroscopy with a Thermo-Jarrel-Ash
atomscan 25 instrument. The NaKo.20NbO3 ob-
tained by heating of the precursor at F@revealed
55.50wt.% Nb, 11.15wt.% Na and 4.49wt.% K,
which corresponds to a Nb/Na mole ratio of 0.81 and
the Nb/K mole ratio of 0.19. Theses values are in
an excellent agreement with the expected theoretical
ones: 55.58 wt.% Nb, 11.01 wt.% Na and 4.66 wt.% K.

2.4. Compaction and sintering procedure

Powder calcined previously was deagglomerated by
dry milling in an agate mortar, followed by the addition
of 2wt.% of polyvinyl butiral used as a binder. This
mixture was pressed in disk form under a 10 kPa uni-
axial pressure followed by a 100 MPa isostatic pres-
sure obtaining pellet with a 1.1 mm thickness and a
12 mm diameter. This pellet was heated at S0Gor
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Fig. 1. SEM micrograph of the fracture surface oflNeKo.20NbO3
sintered at 1100C for 2h.

5h to the complete burned out of the binder. The sin-
tering was performed in air atmosphere at 1100
during 2h. A 10C/min heating rate was used, while
the cooling rate was fixed by the thermal inertia of the
furnace. A density of 97% of the theoretical density
(4.51 g/cnd) was reached.

2.5. Microstructure

The final microstructure of NgoKg.20NbO3 sin-
tered at 1100C for 2h in air atmosphere is shown
in Fig. L The micrograph was taken on the fracture
surface. The microstructure consists mainly of exten-
sive sintered regions. Large voids can be identified
being due to the grain pulled out during fracture pro-
cess. Throughout careful visual inspection small solid
regions or grain can be distinguished. The fracture
mode is essentially intragranular being the grains with
qualitative average size at around 4f. Based on
the large number pulled grains during fracture pro-
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electrical measurements were performed in the fre-
quency range 5Hz-13 MHz, using a Hewlett-Packard
HP 4192A impedance analyzer controlled by a per-
sonal computer. A 500 mV ac signal was applied.
The samples were placed in a sample holder with
a two-electrode configuration. The ac measurements
were taken in several stages from room temperature
to 800°C in 50°C steps. The temperature of mea-
surement was held for 1 h prior to each measure. All
the measurements were carried out in a dry air flow.

The impedance dataZf(w)) were plotted in the
complex plane, a representation based on the plot of
the real componentZ((w)) vs. the imaginary com-
ponent Z’(w)). Z*(w) is represented by the equation
Z*(w) = Z'(w) + ] Z"(w). The data were normalized
by the geometric facto®| beingSthe area and the
thickness of ceramic sample, respectively. This proce-
dure leads to an alternative and unequivocal represen-
tation of the impedance data, i.e}(w), according
to equationp*(w) = (S/Z*(w) = p' (@) + jp" (®),
wherep*(w) is the complex resistivity, j is the imag-
inary operator/—1.

Despite of the normalization, the’(w) against
0" (w) plot is typically termed as impedance dia-
gram plot rather than the resistivity diagram plot.
Theoretical fitting of the impedance data recorded at
temperature above 40C was realized using soft-
ware developed by Kleitz and Kennefl§3], which
permits to determine some electrical parameters as
resistance, capacitance and relaxation times with a
precision better than 3%.

3. Results and discussion
3.1. Thermal analysis

Fig. 2 shows the thermal decomposition of the

cess, we can expect that some part of fracture modeprecursor. The overall weight loss was equal to 59%

might exhibits a intergranular component. Further-
more, there is a slight residual porosity, which is in
essence of intergranular nature.

2.6. Electrical characterization

from room temperature to 90C. The TGA curve
shows a 14% weight loss between 25 and Z0D0In
the same temperature range, the DTA curve shows
two endothermic process positioned at around 83 and
139°C, which are associated to the departure of water
molecules during the thermal decomposition of the

Platinum electrodes were deposited on both faces precursor (oxalato-niobium complejd4]. According
of the sample by a platinum paste coating (Demetron to TGA curve, the highest weight loss attain values

308A), which was dried at 80@ during 30 min. The

at around 33%, occurring between 200 and 300
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Fig. 2. TGA/DTA curves (10C/min) of Na goKo 20NbO3 precur-
sor powder.
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None weight loss and another thermal effect was ob-
served above 45 indicating an absence of further
decomposition above this temperature.

3.2. X-ray diffraction analysis

Fig. 3 shows the XRD pattern of NaKo.20NbOs
precursor powder calcined at 700 for 5h. The
Nag.gKo.2o0NbO3 pattern is characteristic of the or-
thorhombic phase of NaNkJ12]. However, a slight
displacement of the @ position to higher values is
observed with relation to the positions of NaNpO
(JCPDS card number 33-1270). Uncalcined precur-
sor powder and calcined at 250 (data not shown
here) exhibit an amorphous state. In this temperature
range, the precursor powder is brownish. However,

These losses were correlated with the endothermic with the increase of the calcination temperature oc-

peak at 253C, in accordance with DTA curve. This

curs an increasing of the crystallinity accomplished

endothermic process can be related to the elimination by increase of the diffraction peak intensities and a

of water molecules, ammonium ions and CO and
CO, molecules originated from the decomposition
of an oxalate group. The elimination of these groups
leads to the formation of an intermediate mono (ox-
alato) oxoniobate comple} 0,11] Between 300 and
400°C, the TGA curve shows a weight loss of 12%,
which can be assigned to the elimination of CO,
from the mono(oxalato) complex decomposition. As
a matter of fact, the thermal decomposition of simple
or complex oxalates occurs with the formation of
CO and CQ, which can remain in the intermediate

phase, adsorbed on the surface of the solid products

[15]. The crystallization of the sodium potassium
niobate was observed at 440 in the DTA curve.

simultaneous decreasing in their breadths. The crys-
talline and single phase is obtained at 70Q0being

of white color. The XRD results showed that during
the course of the calcination, the formation of another
crystalline phases does not occur. The lattice param-
eters of NagoKo.20NbOs powder were calculated
via the least squares method. The results indicate
an orthorhombic unit cell with lattice parameters:
a="5591Ab=15545Ac =5496A.

3.3. Impedance analysis

The impedance diagrams for j&Ko 20NbO3 ce-
ramic presents a typical semicircle respofisg 17],
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Fig. 3. XRD patterns of NggoKo 20NbO3 precursor powder calcined at 700 for 5h.
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Fig. 4. Impedance diagram of dgoKo.20NbOs ceramic at 650C.

Two parallel RC equivalent circuits are shown in the inset, cor-
responding to the electric and dielectric response of the solid so-
lution. Numbers 4, 5 and 6 give the lgg(signal frequency) for 1.5x10°F
the corresponding point.

Z(w)

1.0x10°F
as shown irFig. 4. An equivalent electric circuit and
its respective resistive and capacitive components were
determined by theoretical adjustment, according to 5.0x10°
Section 2.6 The points on the diagram represent the
experimental data, while the continuous line is the the-
oretical fitting. Both the electric and dielectric proper-
ties of the solid solution are further represented by two P ——
parallel RC equivalent circuits, as shown in the inset 107100 10" 107 10" 10" 107 10
of Fig. 4. An excellent agreement between the experi- log f (Hz)
mental PO!”tS a.nd theqretlcal curve was attained. The Fig. 5. Real part of impedance as a function of frequency at: (a)
first semicircle, in the high frequency range (>10kHz), 350, 400, 450C and (b) 500, 550, 60.
corresponds to an behavior of the intragranular of the
material or bulk properties. The second semicircle rep-
resents the grain boundary contribution. This paper is Both characteristic are a function of the temperature.
exclusively focused on the bulk properties. In the temperature range investigated, two inflections

Fig. 5showsZ (w) component as a function of fre-  are identified. The first inflection is shown at low fre-

quency at different temperatures. Great variation on quency (0.1-1 kHz), while the second one is observed
the resistance is observed between 350 and°@00 at around 10 kHz. However, at temperatar&00°C,
(Fig. 5@)) and 500 and 55 (Fig. ¥b)). Fig. 6 only an unique inflection is apparent at high frequency
showsZ”(w) component as a function of frequency, region &10%kHz). According toFigs. 4—6 the first
at several temperatures. The curves show broad andpolarization phenomenon at low frequency is corre-
asymmetrical peaks, at around the frequency of max- lated to grain boundary contribution, while the second
imum. Maximum and inflection points are observed. one is correlated to bulk or grain response. In addition,

0.0t
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Fig. 6. Imaginary part of impedance as a function of frequency
at: (a) 350, 400, 450C and (b) 500, 550, 60TC.

the curve shapes suggest that there are two distribu-
tions of relaxation times with most frequent value at
very similar frequency. Moreover, the frequency for
the maximunty, relaxation frequency, shifts to higher
values with increasing temperature.

3.4. Electric modulus analysis

An alternative approach to investigate the electri-
cal response of a materials is to use the complex

M.A.L. Nobre, S. Lanfredi/Catalysis Today 78 (2003) 529-538

electrical modulus\*(w) = M'(w) + jM"(w). This
formalism is particularly suitable to detect phenomena
as electrode polarization and bulk phenomenon prop-
erty as average conductivity relaxation times[18].
Complex modulus can be represented by the follow-
ing equation:

M*(w) =

= jwCoZ" (») @)

1
e*(w)

wheres*(w) is the complex permittivity, = +/—1 and
Co is the vacuum capacitance of the cell.

Fig. 7(a) and (b) shows real pak’(w) and imagi-
nary partdM” () of the electric modulus as a function
of frequency logarithmic for NggoKo.20NbOs at sev-
eral temperatures, respectively. Accordingrig. 7(a),
at all temperature investigatehl' (w) shows a maxi-
mum at high frequency and it tends to zero at low fre-
guencies suggesting negligible or absent of electrode
polarization phenomendd.8]. The M”(w) parameter
shows a slightly asymmetric peak at each temperature,
as can be see iRig. 7(b). The peaks frequencidg
shift to higher frequencies region with increasing tem-
perature. Considering the parameWf(w), a shift in
fp suggest a variation of resistance. On the other hand,
changes in the values of the maximumMA () with
no variation infy suggest a change of resistance and ca-
pacitancg19]. However Fig. 7(b) shows variations in
both parameters magnitude afacbf M”(w) that indi-
cate a variation of capacitance. Nevertheless, the com-
bined representation of impedance and modulus spec-
troscopy permits to visualize better these phenomena.
In Z”(w) representation, a polarization phenomenon is
highlighted with the largest resistance, whergl$w)
representation permits to observe those of the smallest
capacitance. IiZ’(w) (Fig. 6) and M”(w) (Fig. 7(b))
curves, the asymmetric development of both param-
eters provide additional evidence of two polarization
phenomena, as mentioned previously. These polariza-
tion can be correlated to the grain and grain bound-
ary contributions. Furthermore, bafi(w) andM” (w)
curves show at high frequency region (3H¥) an
overlapping in all temperature range investigated be-
ing characteristic of long-range conductivity process
[19]. As expected, this effect is accompanied by an
increase of the tah at low frequencies, as shown in
Fig. 10
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3.5. Dielectric behavior
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a semicircular shap0]. In high frequency regions,
the diagram gives typically information on the bulk
properties of the electroceramics. The semicircle
diameter from the intercept with the real axis corre-
sponds to the bulk resistance contributid®).(Thus,
the bulk capacitanceCy, called geometric capaci-
tance can be derived from the relaxation timg (
determined by relaxation:

ot =1 2

wherew is the angular frequency £2). The relaxation
time can be alternatively derived by the equattos
RC, whereR is the resistance and the capacitance.

However, a non-ideal situation is typically observed.
The Debye’s expression is modified by introduction of
ann factor. This modification leads to the Cole—Cole
empirical behaviorf21] described by the following
equation:

A S— 3)

1+ (jo/wo)t—"
The equation above shows that the center of the semi-
circle obtained by data plotting in the complex plane is
located below of the real axis. Sometimes, the sample
displays high resistivity behavior as occurs normally
at low temperature and/or at room temperature. In this
case, a typical theoretical fitting process is inadequate,
since it leads to a gross error. Thus, an alternative ap-
proach to derive the dielectric permittivif#2] can be
used considering the electrical response in the high
frequency range using the following equation:

1
—Im(2) = 4
m(2) Coznt (4)
where —Im(Z) is the opposite of th&’(w), j is the
operatory/—1.

Based ortg. (4) the capacitanc€y of the sample
is given by the slope of the straight line determined by
the variation of—-Im(2Z) as a function of 1/2f. Since,
the C, parameter was determined, the permittivity,

Considering an ideal case, the impedance diagramcan be derived by the equatien= Cpl/e0S, where
is represented by Debye’s expression, where the elec-¢g is the vacuum permittivity.

trical response is simulated by a parallel circuit with
a resistor R) and an ideal capacitoC}j, wherewg =

Fig. 8 shows the evolution of the permittivity
of Nag.goKo 20NbOs solid solution as a function of

1/RCis the characteristic frequency of the equivalent temperature. Two maxima were observed. The max-

circuit.

ima in the permittivity vs. temperature curves for

When, the data representation is given in the NaNbG; [23] and Na_,K,NbOs [5] have been as-
impedance diagram plot, the curve exhibits commonly cribed to phase transitions. According to Francombe
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8000 - . . . can be associated with Curie’'s temperature. However,
—®— Heating cycle in this system, Curie’s temperature is characterized
7000¢ —O—Cooling cycle 1 by tetragonal—cubic phase transitig&. In this paper,
6000 - | at this temperature, the permittivity value is equal to
6000.
5000 - i Considering Na_,K,NbOs system, Curie’s tem-
w perature rises with potassium concentration. Then, the
4000 - 1 temperature of the tetragonal—cubic phase transition

shifts to below of Curie’s temperatuf@]. It is interest-

3000 - ing to note that NggoKp,20NbOs solid solution does
2000 - o | not exhibit significant thermal hysteresis on the per-
\ mittivity curve during the heating and cooling steps.
1000} o O\Q 1 As a matter of fact, a very slight hysteresis is observed
o Q00 at temperature below the maximum permittivity indi-
00 200 200 800 800 1000 cating that the transition is not a pure first-order phase

transition.
The dielectric constant can be expressed by com-
Fig. 8. Permittivity as a function of temperature for one thermal plex permittivity in conventional way being*(w) =
cycle. &' (w) — j&’(w), whereg’'(w) and ¢’ (w) are the real
and imaginary parts of the dielectric constant. Both
and Lewis[6], Na;_,K,NbOs system is ferroelectric =~ parameterss’(w) and ¢”(w) can be extracted from
for x > 0.1. Below this value the coercitivity appears impedance in a conventional way, according to the fol-
to be very large, while ferroelectric behavior cannot lowing equations:
be observed. Curie’s temperaturgc] for NaNbQ;

Temperature (°C)

"
determine the temperature of transition between a ¢’ (w) = Z—Z (5)
non-polar paraelectric state and an antiferroelectric 2n feoGilZ|
state. However, Thél¢ in potassium sodium nio- 7/
bate corresponds to the ferroelectric—paraelectric e (w) = (6)

. ; . : 2 Gt|Z)?
transition. Furthermore, the sodium potassium nio- 7fe0Gt|Z]

bate, where the coordination sites A are occupied by whereG; is the geometric factor given by relati@
sodium and potassium, which present atomic radii (Sthe electrode area anidhe sample thickness) and
equal to 0.98 and 1.38 A, respectively, Curie’s tem- |Z]? is the impedance modulus. These equations have
perature increases from 360 to 4@ This suggests  been previously reportef5]. However, some me-
that the electronic configuration may be a significant chanics deficiencies has altered bettw) ands” ()
property in the value of Curie’'s temperature. This parameters representatif?b]. By completeness, the
may be effective through a change of polarizability. data in Ref[25] were adequately derived, according
Thus, according td-ig. 8 the first maximum in the  to Egs. (5) and ()

shoulder form positioned at very similar to 200 can Fig. 9 shows the evolution of the'(w) and &’ (w)

be associated with an orthorhombic—tetragonal phaseparameters as a function of frequen€lg. 9a) shows
transition, while the second one positioned at around a log—log plot ofs’(w) as a function of frequency,
400°C, well-defined and of high intensity is assigned at several temperatures. A high degree of dispersion
to the tetragonal—cubic phase transition. The dielec- of the permittivity is identified at low frequencies
tric permittivity curve of undoped NaNb{ceramics (<10%kHz) with increasing temperature. In general,
during the heating step shows a maximum at 380 this behavior is found for dielectric materials, in which
equal to 100Q24]. This maximum is attributed to the a mechanism conduction of the hopping type is present
tetragonal—cubic phase transition, which is correlated [26].

to the material Curie’s temperatuf6,23]. Thus, in Depending on the temperature, the degree of the
Nao.goKo.20NbO3z ceramic the maximum at 40C dispersion decreases with frequencies up tokH,
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Fig. 9. Evolution of the complex permittivity as a function of
frequency and temperature: (a) real part and (b) imaginary part.

between 18 and 18 kHz non-frequency dependence
was observed. The plot of thé(w) as a function of the
frequency for Na.goKg.20NbO;3 is shown inFig. b).
The parameter”(w) decreases with increasing fre-
guency.

Fig. 10 shows the tangent losses, tan=
" (w)/e'(w), as a function of temperature for fre-
quencies of 1, 10, and 100 kHz and of 1 MHz. All the
curves show a similar behavior at temperature below
500°C. However, at temperatures above 500 an
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Fig. 10. tars as a function of temperature for several frequencies
of measurement.

intense increase of dielectric loss was observed for
all frequencies of measurement. Generally speaking,
the losses at high frequencies are much lower than
those occurring at low frequencies. This kind of de-
pendence of the tahlosses on frequency is typically
associated with losses by conduction. Thus, at the
measured permittivity value and owing to its low
losses at high frequencies, theg¥aK o 20NbO;3 solid
solution demonstrates a potential for applications at
high temperatures and microwave frequencies.

4. Conclusion

Stoichiometric, single phase and fine powder of
Nap s0K0.20NbOs was obtained by chemical route us-
ing the evaporation solution method. An alternative
approach applied to the dielectric characterization of
Nap 80K 0.20NbO3, based on the geometric capacitance
deriving, allowed the determination of the bulk per-
mittivity with a high precision. The true dielectric per-
mittivity is determined being eliminated any eventual
contribution of the dc conduction process within the
ceramic matrix that represents a strong advantage over
fixed-frequency measurements. None of the signifi-
cant thermal hysteresis was detected during the heat-
ing and cooling steps in the permittivity curve being
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a further evidence of low susceptibility of dielectrical

behavior with thermal processing.
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