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Abstract

Strong influence of niobium admixture added to the lead—barium-zirconate—titanate ceramics of a chosen composition Ba/Zr/Ti 25/70/30
on grain structure, dielectric, and pyroelectric properties was confirmed. The Nb-modified ceramics exhibit classical relaxor ferroelectric
behaviour similar to other complex lead perovskites such as lead—lanthanum—zirconate—titanate-type ceramics. Additional ar{falies in
curves in low frequency range were observed in the paraelectric phase for undoped ceramics. These anomalies and some disturbances i
regularities typical for the relaxor ferroelectric behaviour in the vicinity of diffuse ferroelectric—paraelectric phase transition in undoped
PBZT ceramics are eliminated by the Nb admixture. An attempt at a quantitative explanation is presented in the paper.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction electric order (FE, AFE and PE) and also dielectric, pyroelec-
tric, piezoelectric, electro-optic and other parameters. This,

The (Pb,Ba)(Zr,Ti)Q, (PBZT) ceramics exhibit, similarly  in particular, concerns the Nb doped Zr-rich Pb(Zr, G5 )@-

haw take place in some of lanthanum doping PZT ceram- ramics and also PbZi3~" It was shown that the Ni®s

ics, the properties characteristic for relaxor ferroelectrics. dopant concentration smaller than about 1 mol% is the most

The properties concern PBZT ceramics with Zr/Ti ratios favourable, from the properties and application point of view,

and also barium content located there nearly boundary be-whereasits higher contentleads to deterioration of these prop-

tween ferroelectric (rhombohedral and tetragonal) and para-erties. Based on the presented results we make investigations

electric (cubic) phases. The PBZT 25/70/30 ceramics belongconcerning influence of niobium dopants on properties of

to the mentioned above system, which was also confirmedPBZT 25/70/30 ceramics. We have focused on analysing of

in our previous paperd® On the other hand, it is commonly  the ceramics microstructure and relaxor properties. Changes

known, that modification of PZT ceramics by substitution of pyroelectric and thermally stimulated depolarisation cur-

of a small amount of isovalent or heterovalent elements for rents were also investigated and discussed.

the Pb or Zr/Ti sublattices caused significant improvement of

their properties. Especially profitable dopants are lanthanum

and niobium. Abundant literature on the subject indicates that

these dopants influence on the temperatures of the structural- Sample preparation

phase transition between the phases of various types of the
The PBZT ceramics of the composition Ba/Zr/Ti 25/70/30

pure and doped by 1-4 at.% Nb, were prepared by using the
* Corresponding author. Tel.: +48 32 2588211x1134: conventional mixed-oxide processing technique. The proper
fax: +48 32 2588431. amounts of reagents: PbO, Bag,QiO2, ZrO, and NipOs
E-mail address: madamczy@us.edu.pl (M. Adamczyk). were weighed and mixed. The content ofJddlg was varied
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from 0 to 2mol% (i.e., the concentration of Nb in ceramic the mentioned paper, used the TEM microscope and EDX
samples was running from= 0 tox =4 at.%). ltwas assumed analysis, affirmed differences in composition of smaller and
thatthe substitution of Nty ions for Z#*/Ti**ionsisthemost  larger grains. As the authors claimed these differences could
likely phenomen&. Thermal synthesis of mixed and pressed consequently appear, in large concentration of the niobium,
oxides was carried out at 92& for 2 h then the crushed, new chemical compound, for example, Pbg. It is very
milled and sieved materials were pressed again into cylindri- probably, that the similar behaviour appears in the case of
cal pellets and sintered at 1250 for 4 h. The latter procedure  ceramics discussed in this paper.
was repeated before the final sintering, carried out at 1300 The samples of appropriate size were prepared for dielec-
for 7h and 1360C for 10 h, respectively, for undoped and tric and pyroelectric measurements. The cut and polished
Nb-doped ceramics. The final sintering was carried out as fol- samples were coated with silver electrodes, by using silver
lows: the material was placed in a double crucible with some paste, without thermal treatment.
amount of PbO and Zr®in order to maintain the established
composition, and especially to avoid the loss of PbO caused
by its sublimation. The weight losses are smaller than 1%. 3. Dielectric measurements
The Archimedes displacement method with distilled water
was employed to evaluate sample density. Sample bulk den- Samples 0.6 mm thick were used for measurements of
sity for undoped ceramics was 6.8 gimvhich was equal  dielectric constant as a function of temperature. Measure-
to 88% theoretical density. The density increased linearly ments were performed in a field of several frequencies in the
with the growth content of niobium increased and for ce- range 0.1-20 kHz by using a computerised automatic system,
ramics PBZT 25/70/30 with 4 at.% Nb density was equal to based on a Tesla BM-595 LRC meter. They were performed
7.9glcny. in successive heating-cooling cycles with a constant rate of
The scanning electron microscope JSM-5410 with an en- 2 K min—1. The samples were deaged by thermal treatment
ergy dispersive X-ray spectrometer (EDS) was used for inves-at 450°C prior to measurements. Part of the frozen defects,
tigating structure and composition of the obtained ceramics. formed during the sintering process, recombined and the ten-
The grain size measurements were performed on structuresions caused by mechanical treatment relaxed. The charac-
surface of the ceramics. The imagines of microstructure of teristicse’(T) for a number of frequencies of the measuring
PBZT 25/70/30 ceramics with Nb content 1 and 4 at.% are field are shown as an example fig. 2 The two groups
shown inFig. 1, as an example. The average grain size of of ¢/(T) curves presented for the undoped and Nb (4 at.%)
undoped ceramics was larger thanukB. In the case of ce-  doped ceramics, show o strongly diffused character of FE-
ramics doped by Nb could not precisely determine the averagePE phase transition. The temperatufgs corresponding to
grain size, because when the content Nb was equal to 1 at.%he broadened maximum in ti&(7) curves andey,,, are
in ceramics appeared two kinds of grains, significantly differ
with size. Their quantity was larger in the case of a higher 6000 ———————————————————————
concentration of Nb. The similar behaviour was observed in
the case of PbZr@and PZT 92/8 ceramic&The authors of
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Fig. 2. Dielectric constant as a function of temperature measured on heat-
Fig. 1. Scanning electron microscope images of the fracture surface of PBZT ing at various frequencies of measuring field, for undopedQ) and Nb-
25/70/30 ceramics with Nb contents 1 at.% (a) and 4 at.% (b). modified ¢ =4) ceramics.
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strongly dependent on Nb content and frequency of the mea-0.1 kHz and that measured at 20 kHz) ah@, (defined in
suring field. It should be noted that undoped PBZT 25/70/30 the similar manner). The value dfs/,,,, and ATy, increased
ceramics show two kinds of dispersion. One of them was with niobium concentratiorHg. 4). The observed frequency
connected with diffuse phase transition occurred in the rangedependence of, was empirically evaluated by using the
of Ty temperature. This behaviour is characteristic for fer- Vogel—Fulcher relationship, adopted from the theory of mag-
roelectric relaxor. The second dispersion occurred in tem- netic relaxation in spin glass systems:
peratures’>300°C, i.e., in the PE phase. It is more visible _E
for lower frequency and gradually disappears when the fre- w = wgexp {a]
guency is in excess of about 10kHz. Insert ion of the Nb k(Tm — 1)
doped to ceramics caused complete loss of the second kindvhereEj is the activation energyy is the freezing tempera-
of dispersion, whereas at the same time the first kind of dis- ture of polarisation fluctuation, ana} is the pre-exponential
persion increased. Similar results were described in the casdactor. The values ofz, increased with niobium doped,
of ceramics PBZT 25/70/30 doped by lanthanum idiihie whereas the temperatufewas on the decrease (Jéig. 5).
comparison of the/(T) curves, measured at 1 kHz frequency, The £/'(T) curves presented for undoped ceramics show
for all studied ceramics, is shown kig. 3. The addition of a strongly diffuse character of FE-PE phase transition. Dif-
niobium caused increased maximum value of dielectric con- fusion increases insignificantly for annealing ceramics. The
stant €r,,,,)- Additionally, increase of niobium concentration quantitative assessment of the diffusior (0 the paraelec-
led up to reduction of temperatuf@,, which had a linear  tric phase was evaluated by using the expression given by
character from 2at.% of niobium (see the inserted plot in Martirena and Burfoot?
Fig. 3). Similar character of changes was observed in the 1 1
, (T — Twm)”

case of PZT ceramids. - = 5

All the investigated PBZT 25/70/30 ceramics (undoped &  ©max 25
and Nb-modified) show the behaviour typical for ferroelec- wherey ands$ are constants. It is known that the valueyof
tric relaxors. Namely all the’(7) curves measured at vari- (1 <y < 2) is the expression of the degree of dielectric relax-
ous frequencies show the reductioneff,, and shift of the  ation in the ferroelectric relaxors. The coefficigrincreases
corresponding temperatufg, with the frequency increase. really insignificantly with the content of niobium (from 1.94
This behaviour is more distinct for Nb-modified ceramics. In to 1.97 for undoped and ceramics with 4 at.% Nb, respec-
this material we made an attempt of describing the degreetively). The Curie-Weiss lawy(= 1) was observed only at
of frequency dispersion through the valuedd; ., (was de-  temperatures much higher tha, (above the temperature
fined here as the difference between thg, measured at  7g). The observed behaviour g{7) in the range of paraelec-

tric phase can be also described by the Curie—-Weiss formula,
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Fig. 3. Dielectric constant as a function of temperature, measured at fre-
quency 1kHz, for PBZT 25/70/30 ceramics with various Nb contents. The Fig. 4. Degree of frequency dispersion &7m=7Tm (20kHz)—Tn
dependence of temperatufg, corresponding t@’'max on the Nb concen- (0.1kHz) andA&’max=&"max (0.1 kHz)— &’ max (20 kHz) as a function of
tration is shown in the inserted plot. Nb concentration.
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Fig. 5. Activation energyKs,) and freezing temperaturé] as a function
of Nb content for PBZT 25/70/30 ceramics. Fig. 6. Remanent polarisation as a function of temperature, determined on
heating from histeresis loop measurements at field of strength 10 kV/cm for
the PBZT 25/70/30 ceramics with various Nb content.

modified by Sherrington and Kirkpatric:
4. Pyroelectric and thermally stimulated

depolarisation currents
,__Cll—g(D) P
= T 6@ o(T) © | i
—0{(1 - q(T)} The measurements of pyroelectric and thermally stimu-
lated depolarisation currents (TSDC) were carried out for
whered is the Curie—Weiss temperatucgis the Curie-Weiss  better understanding the unusual behaviour of dielectric char-
constant and(7) is the temperature-dependent local order acteristics, shown above. The samples were first polarised at
parameter, which is equal to zero at the temperature whereDC field applied for 10 min at temperatuf =200°C and

the polar clusters begin to appear on coolifig)( The tem- then cooled in the field te-20°C at which the field was
peratureTg calculated on the basis of the E@®) did not switched off. The samples were then heated with constant
reveal any systematic changes. For the ceramics wtl2 rate of 5 K/min. through the diffuse FE-PE phase transition
the temperaturd increased, but for larger concentration to the temperature 45C€. The both currents were recorded
of niobium theTg decreased to the value 6 =330°C for numerically as a function of temperature and time during
x=4. heating. The temperature changes of these currents, in the

The temperature dependence of remanent polarisdtipn (  case of undoped ceramics, were widely discussed in our pre-
was determined from the histeresis loop measurements in thevious pape? It is worth noting that in the undoped ceramics
field of frequency 50 Hz and strength 10 kV/cm. TR&T) we observed great value of thermally stimulated depolari-
curves are shown iRig. 6. These curves differ significantly  sation current with broadened maximum occurred at tem-
from the ones for normal ferroelectrics with the first order perature on range 250-270 (depending on the tempera-
FE-PE phase transition. It concerns both the surroundings ofture Tp) in which background appeared the distinct peaks
the temperatur&y,, and temperature range below the maxi- of pyroelectric current. This peak occurred in temperature
mum in P(7) curves. The behaviour & (7) in the range of T; calculated from Vogel-Fulcher relationshipéddition
low temperatures points to the strong influence of screening 1 at.% of niobium to investigated ceramics caused increased
processes aPs by ion and electron—hole space charges and value of pyroelectric peak, which also was less broaden
associated with ageing process. Itis observed in all the inves-(seeFig. 7). Moreover, the value of maximum of TSDC
tigated ceramics. In the case of undoped PBZT ceramics the(Jmax) reminded unchanged. The both peaks are separated
maximum value ofP; is relatively small P; ~ 6 wClcn?).3 by wide minimum. For both (doped and undoped) ceram-
This value, with change of niobium concentration firstly in- ics Jmax Was range of 10° A/cm2. When the content of
creases tP; ~ 19u.Clen? (for ceramics withy =1 at.% of niobium increased, the value of peak of pyroelectric cur-
Nb) and then gradually decreased. rent decreased as well as the thermal depolarisation cur-
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Fig. 7. Pyroelectric and thermally stimulated depolarisation currents vs.
temperature, for Nb modifiede € 1) ceramics pre-polarised by applying
electric field of various strength at constant temperafigre200°C.

rent. In the ceramics with 4 at.% of Nb the TSDC disappears
completely.

5. Discussion

The obtained experimental data show that the Nb dopant
strongly influences on all the investigated characteristics of
PBZT 25/70/30 ceramics. The undoped and Nb-modified ce-
ramics show the features typical for the relaxor ferroelectrics
such as reducing,,, and shift of the corresponding tem-
peraturelyy, towards higher temperatures with the increasing
of frequency of the measuring field. Admixture of niobium
caused not only a shift in the temperatdtg (Fig. 3 but
also a considerable improvement of the relaxor properties
(Fig. 4). It can be understood based on the well-known inter-
pretation models describing the dielectric properties of the
relaxor ferroelectricd?

It is commonly known that the dielectric behaviour of Pb
containing the relaxor ferroelectrics are generally explained
in the literature in terms of small regions of local spontaneous
polarisation (so called polar-regions) with a nanometer scale
sizel?16 The regions appear on cooling at the temperature
Ts, much higher tharf,, and their density increases with

decreasing temperature. The decreasing temperature causes

the increase of both: the number of polar-regions, as well
as their size. Distribution of the relaxation times depends on
the distribution of the size and polarisation strength of the
polar-regions. The Nb-dopant probably reduces not only the
grain size Fig. 1) but also the size of polar-regions. Itis very

possible, that the size of regions is diverse. It leads to the

335

broadening of relaxation time and increases the degree of
frequency dispersiorHg. 4).

Origin of the mentioned regions is caused by the struc-
tural disorder. In lead containing relaxor ferroelectrics of the
perovskite structure (AB§) two kinds of the structural disor-
der are taken into consideration: chemical disorder of A- and
B-sites and A-site dynamical disorder, caused by the anhar-
monic motion of the Pb atoms.The NB°* addition to PBZT
ceramics changes both types of disorder. It has already been
shown that the substitution of Rbions for ZA**/Ti** ions is
the most likely phenomerfaDue to the large difference be-
tween the coordination numbers (coordination numbers for
Nb®* and PB* are 6 and 12, respectively), it is unlikely that
Nb®* ions substitute for P. This process should be accom-
panied by the effect of an increase of Pb-position vacancy
concentration. In our previous papéwe have shown that
the degree of frequency dispersion for PBZT 25/70/30 ce-
ramics also depends on the Pb-vacancies.

The presence of Pb and O vacancies exerts a strong influ-
ence on the balance of charge carriers transport process. As it
is known from earlier studi€ghe PZT ceramics exhibit elec-
tric conductivity of p-type caused by Pb vacancy, which act as
the acceptor centres. The &bons substituted for Zr/Ti play
the role of donors. This leads initially to the decrease of elec-
tric conductivity, due to compensation of the already existing
holes by electrons from donor dopd&mdditionally, we in-
vestigated DC electric conductivity for Nb-modified PBZT
25/70/30 ceramicsHig. 8). In fact, it was noticed that the
value of the electric conductivity decreases significantly from
9x 107 (at360°C) to 9x 1019 Q1 cm~1for the undoped
and Nb (3 at. %) doped ceramics, respectively. The additional

Inc( Qmcm)

1.6
10%T (K")

1.7

1.8

Fig. 8. Temperature dependence of DC electric conductivity asIff1/T)
measured on heating for undopad-(0) and Nb-modifiedx= 3) ceramics.
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low frequency dielectric dispersion which appears in the PE 5. Fritz, I. J. and Keck, 1. D., Pressure—temperature phase diagrams for
phase range in undoped ceramics, described in greater de- several modified lead zirconate ceramigsChem. Solids, 1978,39,
tail in our earlier paperé24 depends on ion defects and 1163. ,
lectron-hole carriers which compensate. by screening. the 6. Chang, VY., ATEM study of crystal and domain structures of Nb-doped

el comp » Oy g 95/5 PZT ceramics. Appl. Phys., 1982,29, 237.
d!p0|e moments Of polar-reglons. Aﬂer the dlsapp_earance_ Of 7. Duan, N., Cereceda, N., Noheda, B. and Gonzalo, J. A., Dielectric
dipole moments of polar-regions the liberated carriersandion  characterization of the phase transition in Bp(Zr1—Tix)1—yNby O3
defects give rise to the observed anomalieg ahd TSDC in (0.03<0=<0.04, 0. 02<y=<0.05). J. Appl. Phys., 1996, 82(2),
the PE phase. The screening process plays much smaller role_ 77
inthe case of Nb-modified PBZT 25/70/30 ceramics, with the 8 Uima, Z., Szymezak, L., Halerek, J., Szot, K. and Penkalla, H. J.,
n . . U Dielectric and pyroeletric properties of Nb-doped Ply(@Tip.08)O3
electric conductivity reduced by thre_e or_ders of magnitude.  ceramicsJ. Eur Ceram. Soc., 2000,20, 1003.
Therefore, the low frequency dispersion is not observed and 9. Adamczyk, M., Ujma, Z. and Hualerek, J., Relaxor behaviour of
the wide maximum of TDS current gradually disappeared for ~ La-modified (Pl.75Ba0.25)(Zr0.70Ti0.30)Os ceramics./. Appl. Phys.,
Nb-modified ceramics. 2001,89, 542. o .

It is worth mentioned. that admixture of niobium causes 10. Martirena, H. T. and Burfoot, J. C., Grain—size effects on properties

! of some ferroelectric ceramics. Phys. C: Solid State Phys., 1974,

also the change of the temperatdigand the markedly de- 7, 3182.
crease of thé&. It leads to widening of the temperature range 11. Kirkpartick, S. and Sherrington, D., Infinite ranged models of spin-
in which the relaxor properties occur. The similar influence glassesPhys. Rev. B, 1978,B17, 4384.

on dielectric behaviour was observed for La-modified PBZT 12 204?55' L. E., Relaxor ferroelectricsferroelectrics, 1997, 76,

25/70/30 Ceramlcg' 13. Bovtun, V., Petzelt, J., Porokhonskyy, V., Kamba, S. and Yakimenko,
Y., Structure of dielectric spectrum of relaxor ferroelectri¢sEur.
Ceram. Soc., 2001,21, 1307.
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