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Dielectric properties of (Nag5Big5)1_xMe,TiO3
ceramics near morphotropic phase boundary
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Ceramic samples of modified ferroelectric sodium-bismuth titanate

(NagsBips)o.g7 Meg.13TiO3 (Me =Pb, Sr and Pb + Sr), were prepared using conventional solid
state reaction techniques. The studies of powder X-ray diffraction of the obtained
compounds revealed their rhombohedral symmetry at room temperature, the increase of
lattice constant and the increase of rhombohedral lattice distortion (except for the material
with Sr dopand, where distortion decreases). Temperature (at room temperature to 400°C)
and frequency (at 20 Hz to 1 MHz) dielectric measurements reveal that A-site cations
addition of Pb and/or Sr have resulted in the increase of relative electric permittivity.
However, the temperature T,, (when the electric permittivity is a maximum) increases after
Pb or Sr doping and it decreases after (Pb + Sr) doping.The pyroelectric and current loop
measurements have shown that all samples were ferroelectric. The results of these
measurements also allowed us to determine the temperature variation of the remanent and
spontanous polarizations. The polarizations are found to decrease after Pb or Sr doping
and increase after (Pb + Sr) doping. The piezoelectric constants (ds3 and dz;) and
electromechanical coupling factors (k33 and k31) were obtained from
resonance-antiresonance measurements method. The best piezoelectric and
electromechanical properties have NBT doped by Pb. This ceramic may be good candidate
for device applications. The diffuse ferroelectric phase transition of the investigated
materials, similarly as for pure NBT, has been revealed. The properties of these materials
(especially in diffuse phase transition range) can be explained by the behaviour of polar
regions. © 2001 Kluwer Academic Publishers

1. Introduction can be obtained in normal atmospheric conditions.
The PZT-ceramics and its modifications are fundadn system (NasBios)1-xMexTiO3, where:Me=Cd,
mental materials used for constructing of piezoeleBa, Ca,..... , the MPB exists for 0.12 x <0.14
ments. Good piezoelectric properties of this materialx = 0.06 for Ba). These solid solutions seems to be
are connected with the occurrence of morphotropiattractive piezoelectric and pyroelectric materials.
phase boundary (MPB). However, it is difficult to ob- NBT has a perovskite structure and a rhombohe-
tain the desired composition due to of great volatilitydral symmetry with ferroelectric properties below a
of lead (Pb). In the process of obtaining of this mate-temperature of about 20C. In the temperature range
rial it is necessary to maintain the atmosphere enrichef40°C to 520°C a phase transition between cubic and
with the vapor of lead oxide (PbO). Compositions with tetragonal phases occurs. The maximum of electric per-
low-lead and free from lead could be of great interestmittivity occurs at aboull,, &~ 320°C. Simultanously
for applications. no changes in crystal structure, domain structure, spe-
Some new piezoelectric materials based on sodiumeific heat etc are observed about this temperature. A
bismuth titanate NgBigsTiOz (NBT) have been strong diffuse phase transition between tetragonal and
recently discovered, as it has been mentioned imhombohedral phases takes place in NBT in a wide
papers [1-8]. In contrast to PZT, these materialdemperature range (including,) in which both phases
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coexist[9-11]. It follows, from neutron scattering mea- half an hour. The temperature was stabilized with the

surements that already at high temperatures (albgye accuracy equal te-0.1°C.

the unstable polar regions arise [12]. Their correlation

radius increases with the decrease of temperature and

below the temperature of 28C these regions are sta- 2.3. Dielectric measurements

ble. They act as the nucleation centers of the ferroThe weak field (3V/cm) dielectric measurements were

electric state which occur below about 2@ Taking made using HP 4284A LCR meter for the frequency

into account the neutron scattering and another result@nge 20 Hz to 1 MHz and for the temperature

of measurements, the anomalies of some quantitiekange 30C to 400°C. The samples were previously

(electric permittivity, electrostrictive strain, pyroelec- electroded by silver paste or sputtered with gold.

tric coefficient etc.), which appear in vicinity of 32¢,  The temperature of samples was controlled by a

should be associated with relaxation processes, whicthermocouple with the accuracy &f0.1°C. Before

originate from electromechanical interacting betweerexperiments the samples were heated for at least

polar regions and nonpolar matrix [13, 14]. 0.5 hour at about 57C to release any strains both
In the literature there is scant information con-internal and those at the electrode/sample interface.

cerning the properties of (N8Bios)i_xMexTiO3.  The temperature dependence of permittivities was

Morever there are controversies concerning the ranggeasured while the temperature of the samples was

of x-values, for which the MPB exists in this system. increasing or decreasing at a rate of 130'hour.

In the present paper, measurements of the structural,

dielectric, piezoelectric and ferroelectric properties of o

(Nag5Big.5)0.57Meo.13TiO3 ceramics for Me= Pb or Sr 2.4. Polarization measurements

and (0.5Pb+ 0.5Sr) have been undertaken. It has beenfhe remanent and spontanous polarizations were ob-

also idicated for the possibility of applications of this tained from pyroelectric and from current loops mea-
family of ferroelectrics. surements, respectively. Pyroelectric measurements

were performed in quasistatic method on heating. In this
case, ceramics were preliminary polarized in the d.c.
] ] electric field strength up to 22 kV/cm applied at about
2. Experimental details 250°C and switched off atroom temperature. Inthe sec-
2.1. Preparation of the samples _ond case the method of low-frequency triangular signals
Ceramic samples were obtained by the conventiyescrined in paper [16] has been used. Such measure-
onal solid state reaction method in the same way ag,ents were performed for the electric field strength up
in case of NBT ceramics [15]. The following ceram- , 55 kv//cm and frequency 0.025 Hz. Under these ex-

ics have been prepared: (MNios)os7Pln.1sTiOs, perimental conditions the saturation state was achieved.
(Nag5Bio,5)0.87S10.13TiO3 and (N& sBio5)0.87(0.5 P+

0.5Sr)13TiO3. Three successive sinterings in closed
corrundum crucible were carried out, i.e. at 703- 3. Results and discussion

800°C, nextin the temperature range 9@-1100C, At room temperature, NBT has rhombohedral symme-
and again atthe temperature of about 12081300°C.  try, whereas PbTi@has tetragonal symmetry. On the
Thus the flrlng temperature is more than 100ower other hand SrT|@ has cubic Symmetry at room tem-
that for PZT. Ceramics obtained in these technologicaherature. Therefore, a MPB in NBT-based solid solu-
conditions were cream-coloured, small porosity, withtjons, with respect to composition, can be expected to
density greater than 95% of theoretical density and exgxist at room temperature. For (\NBios)1_xPb TiO3
hibited very good mechanical properties. system, MPB ak = 0.13-0.15 [4] and at = 0.26 for

(NagsBig5)1-xSKTiO3 system [7], have been found.

All samples reported in the present paper, similar to

2.2. X-ray diffraction measurements undoped NBT, have rhombohedral symmetry at room
X-ray diffraction measurements were performed bytemperature. The space group R3c have been postu-
a modified DRON 1.5 diffractometer and controlled lated. Substitution of Pb and/or Sr cations (13% mol)
by IBM computer. The Cu K radiation was filtered. to NBT has provided the increase of lattice constant
The powdered ceramics were investigated. The sanmat room temperature (Table ). Also the increase of
ples were pre-heated in the temperature €D@or a  rhombohedral lattice distortion (except for 13% mol

TABLE | Lattice constants, rhombohedral distortions, polarizations, piezoelectric constants and electromechanical coupling factors of
(Nag5Bip5)0.87 Mep 13TiO3 at room temperature

Rhombohedral

distortion Polarization  Polarization ds3 d31
Material Lattice constan®) (90°-«) (Pr, uClem?)  (Ps, uClen?)  (pCIN) (pCIN) ka3(%) ka1 (%)
(Nag5Bip5)TiO3 3.886+ 0.003 0.40 27 30 74 29 44 21
(Nag5Bio5)0.87S10.13TiO3 3.894+ 0.003 0.30 7 8 19 10 19 12
(Nag5Bip5)0.87Phn.13TiO3 3.902+0.003 0.54 19 21 89 30 52 20
(Nag5Bip5)0.87(0.5 Pb+ 0.5Sr) 13TiO3  3.904+ 0.003 0.53 38 42 37 28 44 30
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Figure 1 Temperature dependence of the electric permittivityof

(Nao5Bios)o.s7Meo13TiOs at frequencies of 0.1, 1, 10, 100 and of bump (near 200C) there is a fast increase of elec-
1000 kHz for Me= (Pb+ Sr) (1), Me=Pb (2) and Me= Sr (3) on cool-

ing. Insert shows, for comparision, the temperature dependence of ele

tric permittivity ¢’ for pure NBT [15]. The dashed line below th&T) ) . Lo
curve (for frequency 0.1 kHz) in insert is draw to show the bump neariNCrease of electric permittivity, but at about 28D

Sr substitution, where distortion decrease - Table ).
These results are in fully accordance with the recently
reported data [4, 7].

The temperature/frequency dependence of the elec-
tric permittivity ¢/ and the dissipation factor tarare
shown in Figs 1 and 2, respectively. The dissipation
factor tad for pure NBT (Fig. 2-dashed lines) is shown
only for one frequency (1 kHz) in order to make the
graph distinguishable. Comparing data from Figs 1
and 2 with the results for pure NBT one can notice that:

(i) relative electric permittivity increases after Pb
and/or Sr doping of NBT.

(i) the temperaturely,, in which the maximum
value of electric permittivity appears, decreases after
(Pb+ Sr) doping of NBT. However after dopping by Sr
or Pb, Ty, slightly increases.

(iii) the bump in the electric permittivity, which for
pure NBT occurs near 20 (insertin Fig. 1) [17] and
is related to the formation of the ferroelectric phase, is
transformed to local broad maximum and shifts to about
80°C (at 1 kHz) after Pb or Sr doping. This local broad
maximum seems to have relaxor character. Namely the
value of electric permittivity in this maximum decreases
and its temperature is shifted upward with frequency.

(iv) for sample with (Pbt Sr) dopping in the place

tric permittivity. After this fast increase of electric per-
fittivity there is a “diffuse region”. The similar sharp

200°C. (insert in Fig. 1), was observed for pure NBT and is
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Figure 2 Temperature dependence of the dissipation fact@dr¢&(Nay sBio.5)0.87 Meg.13TiO3 on cooling.
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connected with fast phase transition rate from the rhomloops seems to be connected just with the coexistence
bohedral phase to the tetragonal phase [17]. The sanmad phases with different symmetry (rhombohedral po-
situation we can expect for (PbSr) doping of NBT. lar regions in nonpolar tetragonal matrix) and would be
(vi) after (Pb+ Sr) doping, dielectric losses taare  the evidence of nonstabilities of local phase transitions
similar to pure NBT. Only local maximum at about induced by strong electric field [14]. Electric field both
200°C, which for pure NBT is diffuse, after doping is deforms and reverses the polar regions, which (due to
more sharp. their elastic properties) do not come back to their initial
(vii) After Pb or Sr doping, local maximum in tdn  shapes. In these case, the investigated sample behaves
which for pure NBT appears at about 2@, is shifted  as if it was under the permanent resultant mechanical
to temperatures below room temperature. Also thestress [14]. The similar situation is expected for our
value of tan( in this maximum seems to be larger. all materials. Indeed, the existence of polar regions in

NBT-based solid solutions (in NBT doped by Pb [5
Pb or Sr doping of NBT provides the decrease of ! Ut (i P y [5)

.9 e and nonuniform polarized islands (in NBT doped by Sr
remanent polarization and its disappearance at Iowem) have been postulated.

temperature (Fig. 3 and Table I). Simultaneously rhom- 3,4 doping of NBT by Pb leads to the improvement
bohedral lattice distortion for Sr dopping decreases bupy 15 piezoelectric and electromechanical properties

for Pb doping it increases. On the contrary, (PSr) (Table ). However the doping of NBT by Sr or ($rPhb)
doping causes the increase of remanent polarization a’]‘aakes these properties worse (Table ).

its disappearance at higher temperature and the incréaseryg \1yes of electronegativites (according to Paul-
of lattice distortion (Fig. 3 and Table ). The hystere-;, scaie) indicate to similar character of sodium and
sis loops obtained by low-frequency triangular signalsyntiym, and lead and bismuth bonding (i.e.ionic-
were typical for ferroelectric state for all measured saM4qyalent bond). On the other hand the values of ionic
ples. The spontaneous polarizati®g obtained from . o oftheseionsdifferslightly(from0.§HorNa+1
these measurements was about 10-13% larger than t Bd 1.13A for Sr+2). For this reason it can be expected
remanent polarizatiorPr obtained from pyroelectric that the differencé in values of ionic radius cannot
gza:#(;er:i:lt%tme; V\;‘\l}ﬁ:z ?ﬁ:ﬁ;&ongr;mrge.ﬁtgaesedisturb the structure the above mentioned impurities)
the h s‘relrels's loo s.are deformed gbo gCB(ﬁI‘Jr S Rave the polarizability of individual ions. The above
dooi y b : 9081‘ Pb dooi ( d \é 216 problem of determination of dependencies between
forp'g%’ asfvg o or Al ?p:ng ?n NgTogef rmed composition-structure and properties requires many
ho S[ - I) op% tg)'b soz&ﬁu € b eb?' ed different studies both experimental and theorethical.
YSIEresis ‘oops bult above ave been obtained 4 seems, that the NBT-based materials reported in
[14]. In NBT the presence of the deformed hystereS|sthe present paper, have similar to pure NBT diffuse

ferroelectric phase transition. These materials did not
Temperature (°C) show the typical for relaxor ferroelectrid,-shift as
100 200 300 a function of frequency, like for undoped NBT. From
, ) :
T . T . T . T ¢/(T) run, we can conclude, that diffuse phase transi-
tion for Pb or Sr doping begins on cooling at about of
320°C (where main maximum af occurs) and it stops
at about of 80C (where local maximum of of relaxor
character occurs). Inthe temperature range among these
a 1 maxima the polar regions in non-polar matrix exist.
“ Electromechanical interactions of these polar regions
and non-polar matrix have delivered dielectric disper-
sion and leads to the existence of the deformed hystere-
sis loops. Below temperature about’®the hysteresis
loops were typical for ferroelectric state, what can be
N the evidence that below this temperature a rapid growth
of ferroelectric ordering takes place. For NBT doped by
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\
l (Pb+ Sr) the diffuse ferroelectric phase transition stops
A ] at about 200C, where sharp decreases6fs observed.
N\ The main maximum of’ for the investigated materials
\ can be connected with the dynamic effect due to re-
i 7 laxation processes, which could be associated with the
4 oo, \ response of interactions (both electrical and mechanical
\7\7\7 °\ \ nature) of polar regions and non-polar matrix, similar
AN N ix\ N to pure NBT. Further detail studies are needed. These
0 , . VOB, el A studies are in progress.
300 400 500 600
Temperature (K) 4. Conclusions
Figure 3 Temperature dependence of the remanent polarization ofNBTCeramlc samples of NBT-based m"_ite”als with low-
(1) and (NasBios)0 87 Meo 13TiO3 for Me = (Pb+ Sr) (2), Me=Pb (3)  lead and free from lead favourable in the way of the
and Me=Sr (4). environmental protection were prepared. The structure,
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dielectric, pyroelectric, hysteresis loops and piezoelec-2.
tric data for these samples were reported. Analyzing3:

these data we conclude that:

4.

5
(1) all investigated materials have rhombohedral g
symmetry and are ferroelectric at room temperature like

Idem, Ferroelectrics106(1990) 375.

T. TAKENAKA ,K. MAUYRAMA andK. SAKATA,Jpn.J.
Appl. Phys30(1991) 2236.

S. E. PARK andK. S. HONG, J. Appl. Phys79(1996) 383.

. Idem, ibid. 79 (1996) 388.
. S. KUHARUANGRONG andwW. SCHULZE, J. Amer. Ceram.

Soc 79(1996) 1273.

the pure NBT, 7.S. E. PARK andK. S. HONG, J. Mater. Res12 (1997)
(2) substitution of Pb or Sr cations (13% mol)toNBT _ 2152
8.A. M. ANTONENKO, M. G. GAVSHIN and A. J.

provides the decrease of the existence of ferroelectric
state and the decrease of the value of polarization. Howyg
ever, (Pbt Sr) doping (13% mol) provides the increase
of the existence of ferroelectric state and the increase
of the value of polarization, !
(3) the substitution of Pb (13% mol) to NBT provides ,;
the improvement of its piezoelectric and electrome-1»
chanical properties. It should be expected that in the
range of MPB these properties undergo the futher im-

provement, what can make this material very interest*>

ing for applications (electronic ceramics as dielectrics, ,

(4) investigated materials seems to have the diffuse

ferroelectric phase transition similar as the pure NBT"

with wide region of phase coexistence (polar regions in
non-polar matrix).
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