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Perovskite phase developments
in Pb[(Mg,Zn)4,3Ta,;3]103 system
and dielectric characteristics
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Stabilization of a perovskite structure was attempted by replacing Mg for Zn in
Pb(Zn,,3Ta,3)03. System powders were prepared using a B-site precursor method by
reacting PbO with separately-prepared precursor compositions. Effects of the substituent
Mg concentration on perovskite phase developments and subsequent changes in dielectric
properties were investigated, as a function of measurement frequency. Phase transition
modes reflected in the dielectric constant spectra were analyzed in terms of diffuseness
exponent and degree of diffuseness. Internal microstructures of the ceramics were
examined, and correlations with perovskite phase contents and dielectric properties are
discussed. © 2000 Kluwer Academic Publishers

1. Introduction So far, dielectric, crystallographic, and microstruc-
Lead zinc niobate Pb(ZmNb,,3)O3 (PZN in short) tural studies on PMT have been reported [13-20]. In
is a disordered perovskite relaxor ferroelectric com-contrast, little attention has been paid to PZT yet, due
pound with diffuse phase transition (DPT) behaviorsto extreme difficulties in stabilization to a perovskite
[1-3]. Perovskite PZN, however, can not easily be synstructure. Nevertheless, it would be interesting to in-
thesized by conventional calcining-mixed-oxide pro-vestigate the pseudobinary system PMT-PZT, as per-
cesses at ambient pressure, but only under very higbvskite structure developments in PZT (by solid-state
pressures [4], with the aids of fluxes [1, 3, 5-7], or veryreactions at atmospheric pressure) is expected to be pro-
recently via mechanochemical reactions [8]. In con-moted by PMT substitution. Besides, the low dielectric
trast, it was reported that preparation of lead zinc tantamaximum temperature of PMT is also expected to be
late Pb(Zn,3Tap/3)O0s (PZT; It should be remembered increased by the influence of PZT, considering grad-
that PZT in this paper does not stand for Pb(Zr,E)O ual increases in the dielectric maximum temperatures
in a perovskite structure is virtually impossible [9, 10], with composition change from PMN to PZN [21]. In
even by the methods used in perovskite PZN. It isthe present study, therefore, perovskite structure sta-
interesting to note that perovskite PZN is synthesiz-bilization in Pb(Zn,3Tay3)O3 by substitution of Zn
able, while PZT is not, even though Nb and Ta pos-by isovalent but smaller-sized (0.074 versus 0.072 nm
sess the same ionic radii of 0.064 nm at 6-fold co-[11]) and more oxygen-affinite [12] Mg ions was at-
ordinations [11]. The reason behind such difficultiestempted. The greater electronegativity difference be-
in the formation of perovskite PZT seems to be duefween magnesium and oxygen would help favoring for
in part at least, to a smaller value of electronega-an ionic-bonded perovskite structure.

tivity difference [12] between tantalum and oxygen Syntheses of monophasic perovskite in
(as compared with that between niobium and oxy-Pb(Bz+1/3B’2’/3)03(B”=Nb or Ta) by traditional solid-
gen), as the smaller difference would lead to more-state reactions are known to be greatly interfered by par-
covalent pyrochlore structures. Lead magnesium tanasitic pyrochlore phase(s) of PbO4®BD)-(Nb/TayOs
talate Pb(Mg,3Tap,3)O3 (PMT), a tantalum-analog of composition. In order to increase the perovskite phase
a prototype relaxor Pb(MgNby/3)O3 (PMN), is also  yields by suppressing the formations of such py-
a disordered perovskite ferroelectric relaxor [13—15].rochlore(s), a B-site precursor method [22, 23] (most
Like PZN and PMN, PMT exhibits DPT behaviors [15— well-known of which is the columbite process [24])
17]. It was also reported that PMT substitution to PZNwas adopted in the present study. The process in
by only 20 mol% partially stabilized (up to 40%) the the present PMT-PZT system, therefore, involves
perovskite structure [17]. prereactions of MgO, ZnO, and J@s to form B-site
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2. Experimental

The system under investigation is Pb[()Mon1_y)1/3
Tap3]03  (i.e., yPb(Mgi/3Ta/3)Os-(1-y)Pb(Zny3
Tayp/3)03 or yPMT-(1-y)PZT), with values ofy rang-
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ing from 0.0 to 1.0 at regular steps of 0.2. Commercial M‘“ﬂq&ﬂ
oxide powders of PbO (purity 99.5%), MgO (99.9%), y=0.2 ﬂ A
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closely to the nominal compositions as possible, mois- . ) ; .
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ture contents of raw chemicals and synthesized pre 20 30 40 50 60
cursor powders were measured and introduced to the 26 (), CuKa
batch calculations. @
Required amounts of B-site forming chemicals were ' "o O Perovskite '
weighed, wet-milled under alcohol (using Zr®all in o y=10 J\ . o .

a polyethylene bottle), dried overnight, and calcined
at 1100-1250C for 2 h toform precursor oxide sys- y=0.8 J
tem of yMgTa,Os-(1—Yy)ZnTea,Og. Prepared powders
were reacted with PbO f@ h at800-1000C, also in y=06 4 A oa
stoichiometric proportions (i.e., without any addition or
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in short) system compositions. During the syntheses® ﬁ VPO 2ZnO

of B-site precursors and PMZT system powders, cal- YL Qv fa k
cination processes were repeated once, with introduc y=00 , o O Fyrocniore i
tion of additional milling and drying steps, to assist - i . L . i
the phase formations, which were examined by pow- % %0 20 (°)40CuKa 50
der X-ray diffraction (XRD). Perovskite phase contents (e’l) 1

were calculated by comparing intensity maxima of ma-

i i i . Figure 1 X-ray diffraction patterns of (a) B-site precursgvgTay,Og-
Jorpdjlf;atf[ggg Sgilt)slje r;?r(ca\_/éllr?fr(nl F;artali(élr%);elfr’%zé?m E}la;i())/ZSHTBQOG and (b)yPMT-(1—y)PZT systems (after second calci-
thickness) were uniaxially pressed using the PMZT sys- '
tem powders (added with polyvinyl alcohol binder of
2 wt% dilute solution for ready dispersion) and wereyq siryctures coexisted at intermediate compositions
further compacted |§ostat|cally at 100 MPa. To sup-ys y=0.2 and 0.4, implying limited solubility in the
press lead loss at high temperatures, the pellets weig gjre precursor system. The limited solubility is due
embedded in atmosphere powders of identical comyapaply to dissimilar structures of the end compo-
position and were fired in a double-enclosure setup,ants On the other hand, only #PbQ; or trirutile
(with PbZrQ; powder used as crucible sealant [17]) oyisted aty=0.0 or at 0.6< y < 1.0, respectively, in-
at 1150-1300C for 1 h, afte 1 h hold at 600C for  gjicating that the trirutile structure has a wider compo-
binder burn-out. Optimum sintering conditions Were gjion range of solid solubility. Meanwhile, very small
determined by considering the perovskite phase yieldgpiss in diffraction angles of the trirutile to lower val-
and fired densities. Bulk densities were evaluated using ¢ \vith decreasing (i.e., Mg concentration) were

geometrical dimensions, after grinding and pOIiShingdetected, which can be explained by gradual replace-

to make the surfaces parallel. Major faces of the pely,ant of Mg by Zn of larger ionic size: 0.072 versus

lets were covered with sputtered gold as electrodesy 974 nm [11].

Weak-field ¢-1.0 Vim/mm) radio-frequency (1, 10, |5 Fig. 1 are the phase development results in the
100, and 1000 kH_z) dielectric constants and losses gbp17T system. Even by the B-site precursor method, no
the system ceramics were measured using a COMpUtGfce of a perovskite structure was detecteyl €100
interfaced impedance analyzer ovel75-230C on 4t gigichiometric PZT composition. Instead, only py-
cooling. Hysteresis responses were monitored using g,chiore, with negligible amounts of PbO and Zn0, ex-
ferroelectric test system. Microstructures of the frac-isted. The two oxides could possibly be the leftover
tured specimens were examined by scanning electrogynnonents after the formation of cubic pyrochlore

0

microscopy. Pbl.gg(znolngaljl)Oegg (JCPDS #34-395) from stoi-
chiometric mixtures of PbO:ZnO:F@s=3:1:1by
3. Results and discussion mol (intended for perovskite development). The sit-

XRD spectra of the B-site precursor system powdersiation was not improved even after replacement by
are shown in Fig. 1la. Whereas a&rbO, structure 20 mol% Mg = 0.2). With further substitutions by

(ZnTa06: JCPDS #39-1484) was observed at up toMg, then, a perovskite structure started to develop at
y = 0.4, trirutile (MgTa0s: JCPDS #32-631) was de- y= 0.4, butthe pyrochlore was still the major phase. At
tected down toy =0.2. Hence, mixed phases of the y=0.6 and 0.8, intensities of the perovskite increased
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Figure 2 Perovskite phase yields after calcinations and sintering.
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at the expense of pyrochlore (along with leftover PbO oo |

and ZnO). Finally aty =1.0 of stoichiometric PMT P T T
composition, only a well-developed perovskite struc- Temperature (°C)

ture was observed. Meanwhile, no superlattice reflec-

tions were detected at intermediate compositions, imFEigure 3 Dielectric constant and loss spectrayet 0.8 at different fre-

plying lack of any macroscopic ordering among theduencies:

B-site octahedral species, similar to the disordered
states at the end components. bilized than PZT, which supports the inability of the
Perovskite phase yields of the system powders (afsynthesis of perovskite PZT yet.
ter first and second calcinations, and after sintering) Fig. 3 shows frequency-dependentdielectric constant
are plotted in Fig. 2. The contents after sintering wereand loss spectra of representative composijien0.8
estimated using the atmosphere powdersyAt0.0  (0.8PMT-0.2PZT), where the perovskite phase content
(i.e., PZT), however, sintering was not accomplishedvas 97% (after sintering). Maximum dielectric con-
properly due to the appearance of liquid phase, so thetants and dielectric maximum temperatures were 7,100
perovskite content after sintering could not be included(—62°C), 6,700 £57°C), 6,400 50°C), and 5,900
It should be noticed that the abscissa is drawn in a de—42°C) at 1, 10, 100, and 1000 kHz, respectively.
scending scale in order to conform to the idea that théeanwhile, magnitudes of the maximum losses were
composition with a lower dielectric maximum temper- ~11% (~—79°C), 13% (77°C), 15% (74°C), and
ature be located at lefthand side of the compositiorl9% (—68°C) at the same frequency decades. Hence,
axis. As was discussed in Fig. 1b, the perovskite conthe dielectric spectra showed typical relaxor behaviors
tentswere 0% at < 0.2. The contentsincreased rapidly of gradually decreasing maximum dielectric constants
to 33% (after sintering) ay = 0.4, increased further and increasing dielectric maximum temperatures (to-
with more substitutions by Mg, and finally became sat-gether with increasing maximum dielectric losses and
urated aty = 1.0. Therefore, threshold Mg concentra- corresponding temperatures), as the measurement fre-
tion of perovskite structure development seems to liequency increased. Peak temperatures of the loss spec-
at 0.2< y < 0.4. Meanwhile, for a given composition tra were somewhat lower (by 17-Z8) than those of
above the threshold concentration, the perovskite corthe dielectric constants, which is usual in relaxor fer-
tent increased somewhat after sintering, as compareaelectric compositions. Similar dielectric relaxations
with the values after first and second calcinations. Atwere observed at other compositions as well, except for
y = 0.4, however, the content decreased after the seqr=0.2.
ond calcination (36%> 33%). The decrease seems to Dielectric constant spectra (@ 1 kHz) of the system
be resulted from the lead loss, occurred preferentially ateramics are compared in Fig. 4. At the composition of
Mg-poor compositions (i.e., low valuesyf, wherepy- y=0.2 (0.2PMT-0.8PZT; perovskite contea%),
rochlore formations would have produced leftover PbOonly ever-decreasing values were observed, with room
Similar cases were also observed at other pyrochloregemperature dielectric constant and temperature coeffi-
rich compositions in a PMT-PZT-PZN system [25]. cient of approximately 75 and0.035/K, regardless of
Meanwhile, it was reported that only 40 mol% PMN frequency. In contrast, the dielectric spectra of 9.y
substitution was sufficient to stabilize the perovskiteshowed dielectric maximum peaks with DPT behaviors.
structure (up te-98%) in PZN [21], whereas perovskite With increasing Mg substitutions, the maximum dielec-
content of 72% was resulted by the same amount ofric constant increased steeply, whereas the dielectric
PMT substitution [17], implying that lead-based tan- maximum temperatures decreased rather slowly.
talate composition is more refractory in the perovskite Composition- and frequency-dependent maximum
stabilization. Besides, by comparison with the presentlielectric constantsKna) and dielectric maximum
results, it can be deduced that Mg substitution is lessemperaturesi,ay) are replotted in Fig. 5, where those
effective in tantalate system, as in the niobate systenof y = 0.2 could not be included due to unavailability
It can also be concluded that PZN is more easily staof corresponding data (Fig. 4). A very low maximum
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Figure 5 Dependences of maximum dielectric constants and dielectric Log(T-Tmax)
maximum temperatures upon measurement frequency and composition. (b)

Figure 6 Log(1/K — 1/Kmax) versus logl —Tmax), as functions of (a)

: : measurement frequencyyat= 0.8 and (b) composition at 1 kHz. In the
dielectric constant value of330 (@ 1 kHZ) at the insets are shown the variations of diffuseness expongnarid degree

composition ofy =0.4 (just above the threshold Mg gitfusenesse/Kuma).
concentration), where perovskite content was 33% af-
ter sintering, increased rapidly to 8,700 wt 1.0. ) ) )
On the other hand, a dielectric maximum temperatur¢’ are separately plotted in the inset. The slight decrease
of —49°C (@ 1 kHz) aty=0.4 decreased continu- In the values ofy with increasing frequency implies
ously to—50°C (y = 0.6), —62°C (y = 0.8), and—8e°C  that the phase transition modes at lower frequencies
(y=1.0). From the dielectric maximum temperatures@r® more close to diffuse ones. Also plotted in the in-
in the composition range of 04y <1.0, that of Set are relative degrees of diffuseneSgKmax [28],
perovskite PZT (i.e.y=0.0) could be extrapolated Which were estimated from the values®{read from
to be —50—40°C. Meanwhile, ATma(=Tmaximnz —  Ntercepts in Fig. 6a at 10§(— Tmax) =0) divided by
Tmax1khz) Were 16, 18, 19, and 2C aty=0.4, 0.6, corresponding values &4« The four data sets in the
0.8, and 1.0, respectively, which are quite insensitive td®!0t, however, are so closely spaced that they could not
the composition change throughout the whole systenf?as”y be resolved, hence giving only slight dlffe_rences
Likewise, Kmax ratios &Kmax1 mhz/ Kmax1knz) were 1N the values ny _and subseque_r_ﬁ:/KmaX. Similar
actually 92, 85, 84, and 83% for the same composiplOtS for examination of composition dependence are
tions, which are also rather insensitive to the composi-
tion change, even though the absolute values of differ- 19 . ; . ; — —
ence between 1 kHz and 1 MHz increased substantially
with increasingy.

Dielectric constant spectra in the paraelectric tem-
perature range are widely described by an empirical
power form [26, 27] as

(&)}
T

1 1 (T~ Tmad”

K Kax C ’

Polarization (uC/cm?)
(=)

]
<
T

wherey is a diffuseness exponent, varying between 1
and 2 for typical (first-order) sharp and (second-order) -10 . : ' : ; ' ; '
diffuse phase transitions. The valuesyotan be ob- o 'SEIeCtric Figkj (kV,cm)s 10
tained from gradients in the plot of logt/1/Kmax)

versus logl — Tmax), Fig. 6a §f = 0.8). Such-obtained Figure 7 Ferroelectric hysteresis loop pi= 0.8 at—103°C.
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presented in Fig. 6b. With increasiggthe values off  with the gradients steadily decreasing, due to reduction
andC/Knaxdecreased in general, indicating compara-n the dielectric constant values.
tively sharper dielectric spectra athigher Mg concentra- Fracture micrographs of the system ceramics are con-
tions. C/Kmax of y=0.4, however, was much higher trasted in Fig. 8. Only submicrometer-sized grains of
than those of the other three compositions, which igyrochlore were present at a PZT-rich composition of
mainly due to the very small value &fmax (Fig. 5). y=0.2, whereas larger perovskite grains crystallized
Nevertheless, the values ¢f changed only slightly, locally in the pyrochlore matrix ay = 0.4. With fur-
similar to the variations with frequency change (Fig. 6ather increase in Mg concentration, perovskite grains
inset). increased in volume ratio and became predominant
InFig. 7 isdisplayed &-E hysteresisloopof=0.8 at 0.8 <y at the expense of pyrochlore. Finally at
monitored at-103C (well below the phase transition y=1.0 (PMT), only multi-faceted perovskite grains
temperature of-62°C at 1 kHz), where a ferroelectric (up to~10umin size) were observed. The microstruc-
character is well demonstrated. Remnant polarizatioture examinations were in consistent with the per-
and coercive field were 1.2C/cn? and 1.9 kV/cm, ovskite phase content data (Fig. 2), verifying the thresh-
respectively. Gradual disappearance of the hysteretiold Mg concentration of 2 < y < 0.4. Variations in the
nature with increasing temperatures (up to the phasdielectric constant data (Fig. 5) are also in consistent,
transition temperature) was observed. In the paraeledn that the larger the portions of the perovskite phase
tric temperature range, in contrast, linear relationshipgi.e., the higher the Mg concentration), the higher the
between polarization and electric field were maintainednaximum dielectric constants.

(© (d)

Figure 8 Microstructures of the system ceramics ofya} 0.2, (b)y =0.4, (c)y=0.6, (d)y=0.8, and (e)y = 1.0 (PMT). scale bae 1 .m (a)—(c)
and 10um (d) and (e).
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4. Summary

In the B-site precursor system, diphasic mixtures were
observed at intermediate compositionsyet 0.2 and
0.4, implying limited solubility between the end com-

ponents of MgTaOg (trirutile structure) and ZnTDg 7.

(tri-aPbQy structure). In the PMZT system, only a

pyrochlore structure was detected yak 0.2. With 8.

increase in Mg concentration, a perovskite structure
started to develop at= 0.4, increased in contents, and
finally became the sole phaseyat 1.0 (PMT). Typical

dielectric relaxation with DPT behaviors were observed
at 04 <vy. As the composition changed frogn= 0.4

to y=1.0, a very low maximum dielectric constant o
~330 increased rapidly to 8,700, whereas a dielectrig,

ponent and degree of diffuseness at a fixed composition
of y=0.8 decreased gently with increasing frequency.

Onthe other hand, the former parameter decreased onw'
slightly, whilst the latter decreased rapidly then slowly, 1s.

with increasing substituent Mg concentration, indicat-

ing more broadness at Mg-poorer compositions. Ferrol®-

electric hysteresis loops were observed at temperatur 3

below the phase transition. Phase constitutions fromthg, " C L AE N.-k. KIM . J.-3.

fracture micrographs showed good consistency with the

results of perovskite phase contents and dielectric core.

stant spectra.

23.
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