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Dielectric characterization of the phase transitions
in Pby_»(Zr;_Tix)1-,Nb,05(0.03<x=<0.04, 0.02<y=0.05)

Ning Duan,® Noé Cereceda, Beatriz Noheda, and Julio A. Gonzalo®
Departamento de Fisica de Materiales, C -1V, Universidad Aotoa de Madrid, 28049 Madrid, Spain

(Received 26 November 1996; accepted for publication 15 April 1997

The Curie temperature and the ideal thermal hysteresis of pRtZr, ,Tiy);_yNb,O; (0.03
=<x=<0.04, 0.0xy=0.095 ferroelectric ceramics have been investigated as a function of
composition at theFr,—Pc phase transition. Experimental results are analyzed using the
generalized effective field approach and taking into account the composition dependence of the
dimensionless parametegsandh corresponding to the second and third terms in the generalized
effective field expansion. With this approach we can describe reasonably well the composition
dependence of o(X,y) at theFry—P transition and thermal hysteresisT(x,y) in the narrow

range of compositions investigated. The effects of the oxygen octahedra tilt in the dielectric constant
at the Fg —Fgry transition have also been investigated as a function of composition19%7
American Institute of Physic§S0021-89787)03614-]

I. INTRODUCTION the pyroelectric coefficient 107 wC/cn? °C, higher than
the usual value, which is around 19 wClcn? °C). Appli-

PHZr- TiO. (denoted PZ ; lectri X cations based on the above outstanding properties of the
b(. f1-xTh) 3 ( enote Tare EIToelectric ceramc ma- ¢ _p . nhase transition are, for example, direct energy
terials with perovskite structure which have important prac- . -

. L S . . . conversion from heat to electricity through they —Fgpy

tical applications in highe capacitors, infrared pyroelectric hase transitioh?2 and its use in infrared detectors. Re-
detectors, piezoelectric devices, and ferroelectric memorieg, tv. Zr-rich PZT thin fi thE - —F h i o
using their outstanding ferroelectric, piezoelectric, and pyro&" yr’] HLC mdl MS WItF g —Fry PNASse rans_|-|_ )
electric properties. tions have been reported to possess prospective potentialities

Early studies were focused on the morphotropic phas:én thg fields of IR detectors, energy converters, and uncooled
boundary(MPB), where the piezoelectric electromechanical'Maging systems?
coupling factor is very high and shows anomalous behavior. ~©On the other hand, the use of different dopants allows
In recent years, efforts have been devoted to the Zr-rich Pzthe enhancement of specific properties and therefore results
range of compositions, due to the abundant phase boundarigswider applications. In the case of Nb doping, for instance,
between phases, including orthorhombic antiferroelectricsubstitution of a small amount of Rb for zr*"™ (or Ti*")
(Ap), high temperature rhombohedral ferroelectriez(), increases the bulk resistivity and reduces aging effects, be-
low-temperature rhombohedral ferroelectridcg(), and cause of the difference in chemical valence betweeR*Nb
paraelectric Pc) phases™ In particular, the rhombohedral and Zf*, which creates a considerable amount of lead
ferroelectric region has attracted considerable interest. Thescancieg* 1’ The phase diagram of Nb-doped Zr-rich PZT
Fr.—Frn phase transition was first discovered by Barnett inhas been precisely measuréd?® The results show that
1962 The structures of th& gy andFg_ phases were later small amounts of Nb dopant shift the ferro-para phase

reported by Glazer and Mabddn these phases one finds boundary down, and displace tFey, —F r phase boundary
rotations and distortions of the oxygen octahedréiki( g the |eft.

phase and only distortions F gy phase, respectively, in ad-
dition to the cation shifts. Later, several studies in Fg Fri—Pc andFr —F gy transition temperatures and the ther-

and theF g structures were performéd® These results in- . . . .

. ; o mal hysteresis which accompanies the transitions have been
dicated that the increase of the spontaneous polarization neal ioatel o a set of compositions witk in the rande of
the Fgr —Fgry phase transition is related to the; @t cou- 9 P 9

pling to cation shifts along111) axis, and depends on the (0.03, 0.04 andy in the range 0f(0.02, 0.03. The results

composition(Ti contenj and the dopant content. Along with have been a”a'Yzeo' in terms of the gene.:r.allzed effective
the structural research, other physical properties at thE1€0ry used previously to study the composition dependence
Fr.—Fry phase transition have also been investigdfed. ©f T(x) for samples with a fixed small amount of Nb
was found that theFg —Fry transition has the following (Y=0.026). It may be noted that an important motivation for
featuresi(a) the transition temperature is close to room tem-this work was to investigate the changes in the transition
perature;(b) there are small variations in dielectric constanttemperature of Zr-rich PZT with varying content of Ti and
through the transformatiorig) there is a considerable pyro- Nb, since the latter substantially enhances the resistivity of
electric effect during the transitiom\P~2 uClcn?, being  the material, which has important consequences in connec-
tion with its use as an energy converter of thermal into elec-
40n leave from Shanghai Institute of Ceramics, CAS. trical energy. A larger internal resistance results in larger
DElectronic mail: julio.gonzalo@uam.es power output being obtainable. The range of Nb content has

Solid solutions of lead zirconate titanate

In this investigation, the composition dependence of the
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FIG. 1. Dielectric behavior vs temperature for various

Pby _yo(Zry_Tiy)1-yNb,O; compositions with 0.08x<0.04 and 0.02
<y=0.05 for theFg,—P¢ phase transition.

been chosen to géig —Fgry transitions in a narrow range
not much higher than room temperature.

Il. EXPERIMENT

Programmer with a high resolution ranfModel 903P/IS/
HDV) by means of an automatic Hewlett—Packard Precision
LCR Meter(Model 4248A with an accuracy of better than
one part in 16 at a frequency of 1 kHz. The field amplitude
was 8.0 V/cm. The heating and cooling rates were of the
order of 20 °C/h, between room temperature and 300 °C.

lll. RESULTS AND DISCUSSION

Figure 1 shows the behavior of the inverse dielectric
constant with temperature for different compositions around
the Fr —Pc transition. From these data the ferro—
paraelectric phase transition temperatdré, and the Curie
temperatureTc, can be obtained directly. The temperature
at which e~ ! begins to decrease nonlinearly upon heating is
defined asT*. The slope ofe ™! vs T aboveT* was fitted in
a narrow temperature range nddr. The Curie temperature,
Tc, is subsequently obtained extrapolating linearly
e }(T)—0. It can be seen thdi; andT* decrease with the
increase of Nb contenty. The experimental results for
T*, Te, andAT=T* T, corresponding to different nio-
bium contents, are presented in Table | along with the de-
pendence on Ti content. This notation for the extrapolated
Curie—Weiss temperaturel §) and the transition tempera-
ture (T*=T¢) is the same as that used in our previously
published work! but differs from that used by other authors,
which is Ty and T, respectively, for the Curie temperature
and the transition temperature.

We may note that there is some diffuse character in the
transition peaks, increasing with the Nb content, which may
be attributable to small inhomogeneities in composition:
However, measurements at different frequencies below 1
MHz show that the peak temperature is not seriously affected
by the change in frequency, which may be taken as an indi-
cation that the diffuse character is not very pronounced in
our samples. It allows us to determine the transition and
Curie temperatures within a moderate error range. Estimated
asymmetric error bars, which vary from composition to com-
position and are larger when the Nb content is large, are
given in the figures.

Figure 2 shows the dielectric constant and losses factor
for the Fr —FRry transition. The temperature corresponding

The samples were prepared by the conventional cerami the dielectric constant and the losses factor peak value
process in Shanghai Institute of Ceramics, China. They weres well defined as the low—high transition temperature,
calcined at 850 °C fo2 h and sintered at 1340 °C for 2 h, T4, but the correspondingg, —F gy “Curie temperature”,
then polished into thin disk&hickness of 1 mm, diameter of T.r, associated with a hypothetic Curie—Weiss behavior at
1.49 cnj for latter use. Dielectric constant data, capacitanceT>T,, cannot be obtained directly from our data. Taking
and dissipation factor, were measured at regular temperatuieto account thafl, ,; increases with the increase of Nb and
intervals separated by about 0.1 °C, being the temperaturBi content, Tt could be expected to increase with increasing
controlled by an Eurotherm Temperature Controller/Nb and Ti content, but this point needs further study.

TABLE |. Experimental data folf*, Tc, AT (all in K) for different PR _,»(Zr, _,Tiy);_,Nb,O5 (0.03<x=<0.04, 0.026<y<0.05) compositions.

2.6 3.9 5.0
y (mol %)—
(100—x)/x] T Te AT T Te AT T Tc AT
97/3 503.5 489.9 13.6 487.8 473.3 14.5 478.1 458.7 19.4
96.5/3.5 501.7 491.2 10.5 489.3 475.1 14.2 484.8 470.1 14.7
96/4 502.8 493.9 8.9 494.5 478.4 16.1 492.5 479.7 12.8
780 J. Appl. Phys., Vol. 82, No. 2, 15 July 1997 Duan et al.
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FIG. 2. Dielectric behavior and losses factor vs temperature for the same composition as in Fig. Egtthg, phase transition.

The behaviors described in Fig. 1 and Table | can beA. Composition dependence of the  Fgy— P phase
analyzed in the framework of the generalized effective fieldtransition

25 . . .
theory;™ using an effective field We have pointed out, just before E@®), that T¢ for a
3 s ferroelectric compound has a linear dependence on the num-
Ee=E+BP+yP + 0P+, (1) per of dipoles per unit volumay. So, for a mixed system, a

] ] o linear dependence df: on the molar content ory, of the
wherekE is the external fieldP the polarization, an@, 7, 6 components can be supposed, if we consider the parameters
are cqnstants, |.e.,'temperature-anepen.dent coefflqents. involved, {8;} and {4}, to be approximately constant in

With the substitution of the dimensionless variab&s rg|atively narrow ranges of andy. The compositions that
=E/BNp, normalized field;p=P/Nu, normalized polar- e have investigated in this work are so close to each other
ization;  Tc=BNu/kg; g=(y/B)N"n"  and h  nat this constancy can be reasonably assurfigds, then,

— 4 4 H H i
=(8/p)N"pu", whereN s the dipoles number per unit vol- gy pressed by means of linear relationships iandy. As a
ume, u the dipole moment per unit cell, arigs the Boltz- 5t approximatior?

mann constant, we get the following equation of state for a

pure system: Te(x,Y)=Tc(OY)[(1-x)+Ax] y=constant, (4)
T N Te(Xy)=Tc(X,0[(1-y)+Ay] X=constant, (5)
e=_|_—tanh p—p(l+gp°+hp*+---). (2) _ _ _ _
c wherex andy are fixed values ok andy, respectively. the

o coefficient A, is given by A,=T(1,0)/T0,0)
For e=0, p=p, (spontaneous polarizatipnthe above :IBTNTM?I'/BZNZM%- where the subscriptd and Z corre-

equation is rewritten as spond to pure PbTiQand PbZrQ, respectively. In such a
way we are sure to obtain thi. of the pure compounds in

T 1+gpi+hp? ; ;
T gpPs T NPs 3) the extremes of the phase diagraxi=0,1). No such simple

Tc tanh ! pg/pg relation can be written foA, due to the reasons commented
upon below. HoweverA, can be understood as a fitting
If we consider a mixed system, like Nb-doped PZI, parameter analogous #,. In Fig. 3a), the experimental
and h become composition dependent, as we will discussalues ofT(X,y) vsx are represented by different symbols,
below. Thus Eq(3) can be used to describe the compositionalong with the linear least-squared fits, plotted as full lines. It

dependence of thEgy—Pc phase transition temperature.  may be noted that the slopes are very similaryer0.026

J. Appl. Phys., Vol. 82, No. 2, 15 July 1997 Duan et al. 781
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(a) TABLE Il. The calculated values foA, and A, in Tc(x,y)=T¢(0,0)
500 T T T T T T X[(1=x)+AXI[(1-y)+Ay].

/,_I/”i’/’/i/ x(mol %) A, y(mol %) A,

3.0 1.84 2.6 -3.27
3.5 2.12 3.9 —3.36
4.0 4.78 5.0 —3.44

480

{ o -o0m TexY)=Te(0.0[(1-x) +AX][(1-y)+Ay].  (6)

460"

4 y=0050 -

We may conclude that Eq6) describes fairly well the
Txy)= TOMN(1-X)+AX] x andy dependence of the Curie temperature for Nb-doped
- Zr-rich PZT.

On the other hand, we have defined, just before(Eyg.
the dimensionless parametgfx,y), which determines the
(b) more or less pronounced first-order character of the
- " l - T transition?® and is dependent oN?, the squared number of
T(x¥)= Tx0[(1-y)+Ay] dipoles per unit volume. Then, in an analogous way to that
for Tc(x,y), we get

T T T T T
0.030 0.035 0.040
X

9(x,Y)=9(0y)[(1-x)*+B,x?], y=constant, (7)
X

9(X,y)=9(X,0[(1-y)?+B,y?],
and

9(x,y)=9(0,0[(1-x)?+Bx*][(1-y)*+Byy’]. (9)

Note thatx andy are small in all of our cases, so the
higher order terms involvingy, x%y, xy?, andx?y? in the
. ; . . . . expansion of Eq(9) are considerably smaller than the terms
0.02 003 0.04 005 in x andy, unless the coefficient8, andB, are unexpect-
y edly large. Neglecting terms of order higher than second or-
der inx and/ory we get

4804 =constant, (8)

Te(K)

m x=0.030
® x=0.035
A x=0.040

460 -

FIG. 3. Plot of the Curie temperatufig: vs X (a) andy (b). The full lines
are best fits to Eqg$4) and(5) which are combined into Eg6). Points with g(x,y)=g(0,0[1—2(x+y)+4xy+ (By+ 1)X2
different symbols are experimental data.
+(By+ 1)y -], (10)

which indicates that, as a first approximatigiix,y), unlike
Tc(X,y), should show a linear dependence an-§) in the
range of our investigation.

Similarly, for parameteh, we have

andy=0.039, which indicates that the coefficieyf is al-
most composition independent fgr<0.04. Table Il gives
numerical values foA, extracted from the experimental data
fits.

For A, we cannot confidently use E¢f) in the whole h(x,y)=h(0,0[(1-x)*+Cx*I[(1-y)*+Cyy*] (11)
composition rangdi.e., O0<y=<1) because it is known that zng
PbNB,Og has the tungsten—bronze structure, which is quite A
different from the perovskite structure. Above the transiton ~ h(GY)=h(0,0[1—4(x+y)+16xy+6(x"+y*)- -],
temperature, its paraelectric phase is not cubic but tetragonal. (12
This means that Eq(5) has no meaning in the high Nb which indicates that, as a first approximatitix,y) should
range. However, we may expect that small Nb constantshow a linear dependence oxy) for x,y<<1.
(<4 mol %, in our casedo not substantially change the We have used a set of d4tan a more extended range of
perovskite structure, and, consequently, that we can use E).03<x<0.09 at fixed y=0.056 to get g(0,0)
(5) to describe the dependenceTof(X,y) vsy inthe low Nb  =0.59, h(0,0)=-0.12, B,=1.04, andB,=—1.70 for a
constant range. The numerical values Agrobtained by fit-  reasonable fit to our present set of data. The resulting values
ting the experimental data are also given in Table Il, wheréhave estimated errors of at least 20%. The values for
we find this coefficient is not too composition dependent forg(0,0) andh(0,0) are fully consistent with those obtained
y<0.04. the experimental data fai-(X,y) vs y and their from hysteresis loops datd.We should make it clear that
linear least-squares fits are plotted in Figh)3y means of the different procedures used in previous wétké?8to de-
different symbols and full lines, respectively. termine the dimensionless coefficieigtandh, give consis-

If we take into consideration the effects mfandy, tently relatively well-defined values fay but lead to consid-
simultaneously, o the general expression fdiz(x,y) is  erable uncertainties fdr, and do not rule out the possibility
given, combining Eqsi4) and (5), by that higher order coefficients are needed. These higher order

782 J. Appl. Phys., Vol. 82, No. 2, 15 July 1997 Duan et al.
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(a)

1 0.05 O y=0.026 s
O y=0.039
] A y=0.050
0.04 + @ ref [21] (y= 0.026) |
calculated.
1 [¢)
I~ 0.034 4
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1 e
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J S
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~~~~~~ ) el x=0.10 x=005 =0 -
0.05 x=0.030 -
0.4+ Tl AL T 8 x=0.035
x= 0.040
. 03 | 0.044 ref. [21] y
& \\\ \\ \\ calculated.
N AN ~ o
0.2+ AN N R a = 003+ -
N \ N =
N Y N [3)
01 4 . t.'
R £ % ]
0.0 : . . r ‘ s
0.00 0.05 0.10 0.15 0.20
0.014 e
y
. . 0.00 T
FIG. 4. Calculated composition dependence of the normalized spontaneot 0.00 0.25 0.30
polarization,p? = P} /P, at theFg,—P¢ phase transition temperatur@)
p: vs x for several values(b) pz vs y for severalk values. Dashed lines y
are indicative because tlyevalue is beyond our expected range of approxi-
mation. FIG. 5. Plot ofAT/T¢ vs (x,y) from Egs.(3), (10), and(12) for different

compositionglines) together with the experimental data and those from Ref.
21: (a) AT/T¢ vs x for differenty values;(b) AT/T¢ vs y for different
x values. Dashed lines are indicative becauseythelue is beyond our
coefficients might result in highekT/T. at low x values, expected range of approximation.

where our theoretical curves depart most from the data.
Substituting Egs(10) and(12) into Eq.(3) at theFgy to

Pc transition temperatureT®) we get the relationship be- Ti and Nb content. What we are interested in is how the

tween ,y) andps , plotted in Figs. 4a) and 4b). Also we  composition,x andy, affects theAPg and the transition

can get numerically the calculated,§) dependence of temperature.

AT/T¢, which is plotted in Figs. & and 5b). Full lines Based on the generalized effective field approach, the

correspond to g(0,0)=0.59 and h(0,0)=-0.12, B,  spontaneous polarization change can be shown to be a func-

=1.04, andBy=—1.70 fory=0.026, 0.039, 0.050 and tion of ps (normalized spontaneous polarizatioand 7

=0, 0.05, 0.10, respectively. Also plotted are our experimen{normalized spontaneous tilt anpias follows?’

tal data and additional experimental data from Ref. 21.

Aps=(1+Pps7s) ~H(1—P2) 7s. (13
In this equation,ps and 74 are related to temperature
B. Comments on the Fg —Fgy phase transition throught®

As we have mentioned before a small amount of Nbo T  1+gp+hp

confcent can change signifigantly tﬁ@,_—_F ru transition be? T_c = m (14
havior and other characteristic properties such as the dielec-
tric constant, the spontaneous polarization jum@¢), and and
o . )
the phase transition order. It is known that the spontaneous 1+g, 72+ h
polarization discontinuity at th&gz, —Fgy phase transition (15

for 95/5 type PZT ferroelectric ceramics arises due to the Ter tanh ™ ns/7,
cation (Pb and Zr/Ti/Nb iong shifts along the(111) direc- respectively.

tion, because of the coupling effect between oxygen’s octa- In principle, T¢, Ter, 9, h, g¢, and h; could be
hedra tilt () and the spontaneous polarizatioRgJ. The  given in terms of the compositiow,andy, in a similar way
spontaneous polarization discontinuity can be affected by th& that discussed above for thg,—P transition. So, Eq.

J. Appl. Phys., Vol. 82, No. 2, 15 July 1997 Duan et al. 783
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300 T — ] — T the Fr—Pc transition can be described by means of higher
order coefficientsd,h,...), determinant of the phase transi-
Pc tion character. The experimental errors in the determination
'__/ y (% mol) < of AT are considerable due to the diffuse character of the
2.6 transition.
3.9 The behavior of the dielectric constant as a function of
5.0 Ti(x) and Nbfy) at theFg —Fgy transition has been char-
2.6 (ref.21) acterized experimentally in the narrow range G603
i — 0 (ref29) =<0.04, 0.026y=<0.05, and the data indicate that the
anomaly afl| ; becomes smoother and shifts toward higher
temperature as the Nb content increases. The amount of shift
in the phase boundary due to Nb doping {s equivalent to
that due to Tik) substitution, a fact which is related to the
secondary role of cation displacements in this transition. Our
results provides useful information for choosing composi-
tions for specific applications.

200 —

O & » @

100 —

Temperature (°C)
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