
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  2 4  ( 1 9 8 9 )  541  5 4 8  

Lead zinc niobate pyrochlore: structure and 
dielectric properties 

H. C. LING 
A T& T Be//Laboratories, Princeton, New Jersey 08540, USA 

M. F. YAN,  W. W. RHODES 
A T& T Be//Laboratories, Murray Hill, New Jersey 07974, USA 

In Pb(B~B~'_x)O 3 ceramic compositions, it is customary to find a mixture of cubic pyrochlore 
and perovskite phases after calcination. Based on X-ray diffraction analysis, we concluded that 
both phases are made up of the same structural unit of BOo octahedra. The B' and B" ions 
occupy the B sites randomly to the extent that local charge equilibrium is maintained. Thus 
a general formula for the pyrochlore phase can be expressed as Pb(B'xB~'_x)O 3 �9 Op where 
0 ~< p ~< 0.5. An extensive study of the Pb(ZnxNb ~ x)O3.5-1.sx pyrochlore system was made by 
varying the zinc concentration. We interpret changes in the X-ray diffraction pattern and the 
lattice constant as indicative of the changing occupancy of the seventh oxygen sites in order 
to maintain local charge balance. The best combination of the dielectric properties, with a 
dielectric constant of 130 and a Q factor greater than 1000 at 10 MHz, is achieved at a com- 
position of 0.3 ~< x ~< 0.4 and a sintering temperature of 980 ~ The temperature coefficient 
of the dielectric constant measures -0 .75  x 10 -3~ -~. It decreases to -0 .54  x 10 -30 C -1 
when 5 mol% of PbTiO3 was mixed with the nominal pyrochlore compositions and sintered. 
Thus, it may be possible to effect a larger change in the temperature coefficient by judiciously 
including selective amounts of a second phase which has the best compensating temperature 
coefficient. 

1. In t roduct ion  
The name pyrochlore originally referred to the min- 
eral NaCaNb206F. Later, it was found [1] that com- 
pounds such as Cd2Nb207, CdzTa2OT, Ca2 Ta207 and 
PbzSb207 all possess a similar cubic E81 structure to 
the pyrochlore. A great deal of interest was attracted 
to the pyrochlore structure when cadmium niobate was 
discovered to be ferroelectric [2, 3], with a Curie tem- 
perature of 185 K and a peak dielectric constant about 
1200. However, the formation of solid solutions 
Cd 2 (Nb, Ta)207 or (Cd, Pb)Nb207 invariably decreased 
the Curie temperature from that of  pure Cd2Nb2Ov. 
Subsequent investigations of  other systems did not 
reveal any new pyrochlore ferroelectrics. 

In a study on the multiple cation substitution for the 
Ti 4+ ion in the PbTiO3 perovskite structure, we 
reported [4] that two crystalline phases, the perovskite 
and the pyrochlore, may co-exist in the temperature 
range between 800 and 1100 ~ C. The perovskite struc- 
ture is susceptible to the ferroelectric transition and 
exhibits a high dielectric constant (>  1000) at the 
Curie temperature. In contrast, the pyrochlore com- 
pounds are non-ferroelectric and have small dielectric 
constants ( ~  100). In order to attain the maximum 
dielectric constant, the pyrochlore phase has to be 
eliminated completely. Otherwise, the dielectric con- 
stant will, to a first approximation, decrease pro- 
portionately with the volume fraction of  the pyro- 
chlore phase. 

0022-2461/89 $03.00 + .12 �9 1989 Chapman and Hall Ltd. 

In this earlier study [4], we observed that in nominal 
compositions Pb(BxB{' x)4+O3 where the B site has an 
average 4 +  charge and B" = Nb or Ta, the lattice 
constants of the pyrochlore and perovskite phases 
varied in a similar manner when the B' cation was 
changed (see Fig. 1). Since the lattice parameter of the 
pyrochlore phase changes with the B' cation, the 
pyrochlore cannot be represented by a simple chemi- 
cal formula of Pb2Nb2OT, which is rhombohedrally 
distorted at room temperature. Rather, the B' cation 
must be inherently incorporated as part of the pyro- 
chlore structure. Furthermore, the ratio of lattice 
parameters (apyr/aper) is remarkably constant, with a 
maximum variation of 0.6% among all the com- 
positions studied (Table I). Since the perovskite struc- 
ture is quite well established with a chemical formula 
Pb(B~B~' x)O3, this strongly suggests that the struc- 
tural unit in the pyrochlore phase is similar to that in 
the corresponding perovskite phase. Charge neutrality 
is maintained by the complete absence of  the seventh 
set of oxygen atoms. Consequently, the chemical for- 
mula for the pyrochlore phase can be written as 

l tt 4+ t it Pb(BxBi_,~) 03 " Op=0 or Pb2(BxBl_x)206. 
If the average charge on the B site differs from 4 + ,  

one can anticipate a corresponding change in the 
number of oxygen atoms occupying the seventh (non- 
essential) sites. From the foregoing discussion, it 
would appear that the total number of oxygen atoms 
can vary between 3 and 3.5 without affecting the 
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T A B L E  I Lattice constants of the pyrochlore and the perov- 1.061 
skite phases in compositions Pb(B'~B]' .,.)03 .* 

Nominal r (nm) a (nm) ape___Z r 
composition Pyrochlore Perovskite apyr 

Pb(Mgl/3 Nb2/3)O 3 0.065 1.0611 0.4047 2.6219 
Pb(Nil/3 Nb2/3)O3 0.072 1.0591 0.4030 2.6280 
Pb(ZnL/3 Nb2/3)O 3 0.074 1.0611 0.4040 ? 2.6265 
Pb(Fet/3 Nb2/3)O 3 0.076 1.0578 0.4014 2.6353 
Pb(Mnl/3 Nb2/3)O 3 0.080 1.0589 0.4024 2.6315 

Pb(Mgl/3 Ta2/3)O3 0.065 1.0603 0.4040 2.6245 
Pb(Col/3 Ta2/3)O 3 0.074 1.0595 0.4040 2.6225 
Pb(F%/3Ta2/3)O 3 0.076 1.0559 0.4008 2.6345 
Pb(Mnt/3 Ta2/3)O3 0.080 1.0568 0.4024 2.6262 
Pb(F%/2Tal/2)O 3 0.063 1.0575 0.4008 2.6385 

* From [4]. 
?Single crystal specimen, see [4]. 

stability of the pyrochlore structure.* However, 
changes in the lattice distortion and/or lattice para- 
meter might be anticipated. To study the phase 
stability and lattice distortion, we varied the charge on 
the B site by changing the number of B' and B" ions. 
A combination of Zn(B') and Nb(B") was chosen 
because Pb(Zn, Nb)O composition forms pyrochlore 

a s  the only stable phase in ceramic samples prepared 
by normal powder processing methods [4]? The 
general formula is written as Pb(Zn~Nbl ~)O35_~5~. 

2. Experimental procedures 
The nominal compositions of the compounds pre- 
pared are such that their chemical formulae should 
assume the form of Pb(ZnxNbl_x)O3.s_ l.Sx. The com- 
positions studied, the corresponding B-site charge and 
oxygen concentration are listed in Table II. 

High purity Nb205 (99.9% from Atomergic Chemi- 
cals Corp., Plainview, New York, USA) was used. 
Lead oxide and zinc oxide were of reagent grade (from 
Fisher Scientific, Fairlawn, New Jersey, USA). The 
oxides were mixed on the basis of 1 mole of PbO and 
ball-milled for 16 h in de-ionized water contained in a 
16oz (533ml) polyethylene bottle using 1000g ZrO2 
milling media. The mixtures were then filtered, dried 
and granulated. Each mixture was calcined in air at 
800~ for 4 h in covered platinum crucibles. Subse- 
quently, the powder was ball-milled for another 4 h to 
remove agglomeration. From these powders, approxi- 

T A B  LE I I Some characteristics of the pyrochlore compounds 
Pb(ZnxNbl-x)O3.s 15x. 

+ charge Number of  Melting Lattice parameter 
on B-site oxygen temperature (nm) 

(oc) 

0 5.0 3.50 1270 1.0622 (~ = 89.7 ~ 
0.1 4.7 3.35 1295 1.0609 + 0.0001 
0.2 4.4 3.20 1220 1.0604 __+ 0.0003 
0.3 4.1 3.05 1205 1.0607 __+ 0.0001 
0.33 4.0 3.00 1200 1.0611 __ 0.0002 
0.4 3.8 2.90 1190 1.0609 
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Figure 1 Lattice constants of  the perovskite and pyrochlore phase as 
a function of the ionic size of the divalent cation [4]. (o  Nb 5+ , 
[] Ta 5+ ) 

mately l0 g lots were heated in air at selected tempera- 
tures between 800 and 1300 ~ C to determine the melting 
temperature and lattice parameter. The products at 
selected temperatures were examined by powder 
X-ray diffraction. A Phillips Model 3100 automated 
powder XRD unit was used with copper radiation 
filtered through nickel. Identification of phases was 
based on diffraction peaks in the 20 range of 20 ~ to 
80 ~ . Unit cell lattice constants were obtained using the 
(666) peak of the pyrochlore phase, at a scanning rate 
of 0.01 ~ per step and a counting rate of 1 sec per step. 

To measure the dielectric properties, approximately 
0.5 g of the calcined powder was pressed into 0.65 cm 
diameter disc under 6.9 x 107pa (10000 psi) and 
sintered in oxygen for 2h at various temperatures. 
Electrical contacts were made by ultrasonically apply- 
ing indium electrodes on the two flat surfaces of the 
discs. The dielectric constant and dissipation factor 
(tan &) were then measured using HP4270A and 
HP4275A LCR meters (from Hewlett Packard, Palo 
Alto, California 94303, USA) at frequencies between 
1 kHz and 10MHz. Temperature dependence was 
obtained using a controlled-temperature chamber 
(Ransco Model 924) in conjunction with the LCR 
meters. 

3. Results and discussion 
3.1. I d e n t i f i c a t i o n  o f  phases 
In all the compositions examined, the pyrochlore 
phase has formed at a calcination temperature of 
800~ Occasionally there are some very weak, 
extraneous diffraction peaks with intensity less than 
1% of the strongest peak. At higher calcination tem- 
peratures, the diffraction peaks generally become 
sharper and there are less of the extraneous peaks. 

At the nominal composition Pb2Nb207 (x = 0), the 
X-ray pattern matches closely with that given in the 
X-ray powder diffraction data file s . This is shown in 

* If the formula is written as Pb2BxO s, the number of oxygen can vary between 6 and 7. 
~With suitable fluxes, single crystals of perovskite Pb(Zl/3Nb2/3)O3 can be grown. 
++ JCPDS Diffraction File 25-444. 
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Figure 2 X-ray diffraction patterns of  Pb(Zn,Nbl_~)O3.5_l 5. , com- 
positions (a) x - 0 calcined at 1250 ~ C and (b) x = 0,1 calcined at 
800 ~ C. 

Fig. 2a for powder calcined at 1250~ for 1/2hr. The 
intensity scales for both the X-ray pattern and the 
reference file, were expanded for a better comparison 
of the weaker peaks. While this card file describes the 
crystal structure as monoclinic, earlier work by Cook 
and Jaffe [2], Goodm an  [5] and Jona et al. [3], all 
characterized the structure as rhombohedral .  Assum- 
ing a rhombohedral  lattice, the lattice parameters 
were calculated from the (666)and (66()) diffraction 
lines yielding a = 1.06224 nm and e = 89~ These 
values are somewhat different from the constants 
reported by the previous authors.* 

As zinc was used to replace some of  the niobium, 
the X-ray pattern changes to that of  the cubic pyro- 
chlore structure. Both the d-spacings and the relative 
intensity of  the diffraction peaks correspond closely to 
the pattern of  Nd2Zr207.* This is shown in Fig. 2b for 
the x = 0.1 composition calcined at 800~ for 4h, 
and the X R D  intensity scale was also expanded for the 
purpose of comparison. Because there are no extra 
diffraction peaks, the zinc and niobium ions must 
occupy the B-site randomly. Contrary to the claim of 
Swartz and Shrout [6] the cubic pyrochlore that we 
observed does not match the X-ray pattern of  
Pb3 N b 4 0 1 3  .~ 

It is apparent  that the rhombohedral  lattice is 
limited to a narrow range near pure Pb2Nb207. This 
is not only true for substitution in the B-site. Jona 
et al. [3] studied the A-site substitution in the system 

T A B L E  I I I  X-ray diffraction peaks observed in compositions 
Pb(ZnxNbl-x)O3.5-15x calcined at 800~ for 4 h 

20 d spacing 
(deg) (nm) 

Relative integrated intensity 

x = 0.1 x = 0.33 

27.84 0.320 48 6.6 6.2 
28.60 0.312 15 0 13.3 
29.05 0.307 37 100.0 100.0 
31.73 0.28204 0 5.1 
33.66 0.266 31 36.8 36.2 
34.37 0.260 91 0 2 
35.67 0.251 75 0 2.6 
36.20 0.248 12 0 4.4 
36.85 0.243 90 10.0 8.8 
44.25 0.204 69 5.0 4.4 
45.61 0.19890 0 1.1 
47.44 0.191 65 2.4 3.2 
48.48 0.18779 58.6 58.1 
50.88 0.17948 4.3 3.8 
54.68 0.167 87 0.5 3.5 
55.99 0.164 25 1.4 1.6 
56.58 0.162 66 0 3.3 
57.49 0.160 30 60.8 56.7 
60.29 0.153 50 18.2 17.8 
62.33 0.148 97 1.4 1.4 
62.86 0.14785 0 2.0 
67.82 0.138 19 1.7 2.4 
70.92 0.13288 7.4 7.4 
72.85 0.129 84 1.0 1.0 
78.55 0.121 78 22.0 19.1 

(CdxPbz_x)2Nb207 and concluded that the phase 
boundary between the rhombohedral  and cubic struc- 
tures lies somewhere between x = 0.1 and x = 0. In 
this connection, it is of  interest to note that Cook and 
Jaffe [2] reported a cubic lead niobate with the com- 
position Pb~.sNb2065. Thus, substitution in either the 
A or B-site by a small amount  ( <  0.1 lattice site) of  
cations with different valencies and/or ionic sizes 
alters the crystal structure from the rhombohedral  
Pb2 Nb207. 

As the zinc concentration is increased above 
x = 0.1, there is a small change in the room tempera- 
ture X-ray diffraction pattern. Fig. 3 shows this 
change in the 20 range from 25 ~ to 65 ~ . While the 
X-ray patterns basically still match the cubic pyro- 
chlore structure represented by Nd2Zr~O7 t several 
new but very weak peaks come into existence at 
various zinc concentrations. These peaks are marked 
by arrows and numbered in Fig. 3 at the concentration 
where each first appears. For  some, the relative inten- 
sity changes with the concentration x, such as peaks 1 
and 6. In Table III ,  we compare all the X-ray peaks 
that are observed in the compositions x = 0.1 and 
x = 0.33. The relative intensities of  most peaks do 
not change significantly. However, there are eight 
extra peaks in the composition of x = 0.33. We shall 
assume that the pyrochlore phase remains cubic and 
that deficiency in oxygen ions with increasing x 
changes the extinction rule, leading to the appearance 
of the weak diffraction peaks. Remarkably,  the com- 
position with x -- 0.4 shows the same diffraction 
pattern as x = 0.33. This suggests that it may still 

*Cook and Jaffe: a = 1.0570nm, c~ = 89 ~ 15'; Goodman:  a = 1.064nm, ~ = 88~ Jona, et al. a = 1.0674nm, ~ = 88~ '. 
t JCPDS Diffraction File 17-458. In the 20 range scanned, only a very weak diffraction line at 47.44 ~ cannot be identified. 
$JCPDS Diffraction File 25-443. 
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Figure 3 X-ray diffraction patterns of Pb(Zn.,.Nb t _x)O3.5_ L.5.~ com- 
positions calcined at 800 ~ C. (a) x = 0.4, (b) x = 0.33, (c) x = 0.3, 
(d) x = 0.2, (e) x = 0.1, (f) Nd2Zr207. 

ma in ta in  the same pyroch lo re  crysta l  s tructure,  
t hough  Table  II  shows tha t  the number  (2.9) o f  
oxygen ions is less than  the n u m b e r  o f  3.0 required for 
the s tabi l i ty  o f  the oxygen oc tahedron .  

In  add i t i on  to the appea rance  o f  new diffract ion 
peaks ,  the lat t ice p a r a m e t e r  also varies with the zinc 
concent ra t ion ,  as shown in Fig.  4. A t  each com- 
posi t ion,  the scat ter  in the d a t a  represents  a var ia t ion  
between different samples  while the er ror  ba r  indicates  
the possible  var ia t ion  in an indiv idual  X- ray  scan. A t  
the s to ichiometr ic  compos i t i on  of  Pb2Nb2OT, x = 0, 
the s t ructure  is r h o m b o h e d r a l  with a = 1.06224nm 

and c~ = 89 ~ 432 The  lat t ice p a r a m e t e r  of  the cubic  
pyrochlore  decreases to 1.0609 nm at x = 0.1, and  to 
a m i n i m u m  of  1.0604 _+ 0.0003 nm at x = 0.2; then it 
increases to 1.0607 nm at x = 0.3 and  to 1.0611 nm at 
x = 0.33. Qual i ta t ively ,  one might  reason tha t  as the 
oxygen number  decreases ini t ial ly with increasing z i n c  
concen t ra t ion ,  there are more  oxygen vacancies at  the 
seventh oxygen site, resul t ing in a smal ler  oxygen -  
oxygen repuls ion.  Consequent ly ,  the lat t ice cont rac ts  
sl ightly to give a smal ler  lat t ice parameter .  However ,  
the repuls ion  between the posi t ive lead ions will 
prevent  the unit  cell f rom con t rac t ing  significantly.  On 
the cont ra ry ,  the P b - P b  repuls ion will g radua l ly  
become s t ronger  wi thou t  the mode ra t i ng  influence o f  
the negat ive oxygen ions in the seventh sites. Thus,  we 
observed a slight increase in the lat t ice p a r a m e t e r  
when the zinc concen t ra t ion  exceeds 0.2, or  when the 
oxygen number  d rops  be low 3.20 (Table  II).  This  
concen t ra t ion  represents  a vacancy  o f  60% in the 
seventh oxygen site. 

A t  a concen t ra t ion  o f  x -- 0.33, all the oxygen 
seventh sites are  vacant  and  the lat t ice pa r ame te r  
apparent ly  reaches a m a x i m u m  value. Fur the r  increase 
in x should  result  in oxygen vacancies  in the octahe-  
dral  sites. However ,  the X- ray  diff ract ion pa t t e rn  of  
x = 0.4 is ident ical  to tha t  o f  x = 0.33 (Fig.  3), 
suggesting tha t  a s imilar  crystal  s t ructure  is main-  
ta ined at  x = 0.4. The lat t ice p a r a m e t e r  appears  to 
remain  unchanged ,  f rom 1.0611nm at x = 0.33 to 
1.0609 nm at  x = 0.4. 

3.2.  M e l t i n g  t e m p e r a t u r e  
The mel t ing tempera tures ,  Tm, o f  the pyrochlore  
c o m p o u n d s  were de te rmined  by heat ing a small  
a m o u n t  o f  powder  at  t empera tu re  increments  o f  10 ~ 
Thus  the accuracy  is _+ 5 ~ The  results are l isted in 
Table  I!  and  p lo t t ed  in Fig. 5. There  is an increase in 
T m f rom 1270~ at  x = 0 to 1295~ at  x = 0.1, 
fol lowed by a mono ton i c  decrease as the zinc con- 
cen t ra t ion  increases above  x = 0.1. The  melt ing tem- 
pera tu res  are 1220~ at  x = 0.2, 1205~ at  x = 0.3 
and 1190~ at  x = 0.4. 

There  seems to be a cor re la t ion  between changes in 
the mel t ing t empera tu re  and  the crystal  s tructure.  The 
mel t ing po in t  increases between x = 0 and  0.1, when 
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Figure 4 Variation of the lattice constant with the zinc concentra- 
tion, x, in the Pb(ZnxNb~_x)O3.5_t.sx compositions (calcined at 
1100~ for 2 h static air). 
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Figure 6 Variation of  the dielectric constant,  K, as a function of  zinc 
concentration, x, at the sintering temperatures o f  980, 1020 and 
I075 ~ C. 

the structure changes from rhombohedral  to cubic 
pyrochlore. Between x = 0.1 and x = 0.2, a sharp 
decrease in T m is accompanied by the appearance of  
new and weak diffraction peaks. A further decrease in 
T m between x = 0.2 and 0.4 corresponds to additional 
changes in the X-ray diffraction pattern. These vari- 
ations in Tm reflect the change in the crystal cohesive 
energy, which is a function of  the various bond 
energies. The latter energies obviously depend on the 
crystal structure and environment, such as the zinc 
concentration or oxygen vacancies. 

3.3. Dielectric properties 
Samples with the compositions of x = 0 and 0.1 did 
not sinter to dense pellets at temperatures between 980 
and 1075~ Very often they cracked during the 
process of applying electrodes. Fig. 6 shows the dielec- 
tric constant measured at 1 kHz and at room tempera- 
ture as a function of  the composition. Data at three 
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Figure 7 Variation of the dielectric constant,  K, as a function of  the 
sintering temperature for different zinc concentrations, x. 
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Figure 8 The Q factor at I 0 MHz plotted against the zinc concentra- 
tion, x, at the sintering temperatures of  980, 1020 and 1075~ 

sintering temperatures are shown. The dielectric con- 
stant, K, increases monotonically with increasing zinc 
concentration and sintering temperature, with a maxi- 
mum value of  225 at x = 0.4. The same K values are 
plotted differently in Fig. 7 as a function of sintering 
temperature. When measured between 1 kHz and 
10MHz, variation in the dielectric constant is less 
than 5% for all the compositions. 

The Q factor, which is defined as 1/tan 6, behaves in 
a manner opposite to the dielectric constant. Fig. 8 
shows the Q factor at 10MHz plotted against the 
composition for the same three sintering tempera- 
tures. Q decreases with increasing zinc concentration 
and with increasing sintering temperature. A maxi- 
mum Q of 2000 is attained at 980 ~ C. 

Thus, we have to optimize two variables, com- 
position and sintering temperature, in order to arrive 
at a high Q dielectric material with a reasonably high 
K value. If  the major criterion is Q > 1000 at 
10 MHz, the logical solution is to pick a composition 
of Pb(ZnxNbi x)O3.5 f sx with 0.3 ~< x ~< 0.4 and 
a sintering temperature of  980~ The variation 
of Q with frequency is shown in Fig. 9 for two 
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Figure 9 Variation of the Q factor with measuring frequency for 
x = 0.3 (o,  K = 124) and 0.4 (o, K = 136) composit ions sintered 
at 980~ for 2h.  
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Figure 10 Temperature dependence of the dielectric constant at 
lkHz for the x = 0.3 composition sintered at 980~ for 2h. 
TC = -0.75 x 10-3~ -I. 

compositions, x = 0.3 and 0.4. Between 103 and 
10VHz, log Q increases linearly with log frequency, 
and the slopes for both compositions are quite similar. 

The temperature dependence of the dielectric con- 
stant is shown in Fig. 10 for the Pb(Zn0.3Nb0.7)O3 
composition. It shows a temperature coefficient of  
- 0 . 7 5  • 1 0 - 3 ~  - I  between 0 and 125~ For  the 
other compositions, the temperature coefficients are 
- 0 . 7 5  x 10-3~ ~ for both x = 0.2 and 0.33 and 
- 0 . 5 5  X 10-3~ -1 for x = 0.4. 

3.4. (1 - y)Pb(Znl/3Nbz/3)03 + y P b T i O  3 
c o m p o s i t i o n s  

In order to improve the temperature coefficient 
of a low K dielectric, it is customary to add a non- 
interacting second phase with a compensating tem- 
perature coefficient. Utilizing the logarithmic rule of 
mixing [7], the dielectric constant of the mixture is 
given by 

I n K  = Vi lnK1 + V21nK2 (1) 

and the temperature coefficient by 

(, (, d< 
K d T - V~ ~ d T J + V2 -~2 d-T J (2) 

o r  

'~" = VII ' [  1 -}- V2"[72 (3)  

where V~ and V2 are the volume fractions of the two 
phases, and ~1 and % are their temperature coefficients 
respectively. 

In an attempt to improve the temperature coef- 
ficient of the Pb(ZnxNbl x)O3.5_l.sx pyrochlore com- 
positions, we added varying amounts of PbTiO3, 
which has a Curie temperature at 490 ~ C. Because ;re 
is far above room temperature, PbTiO3 has a small 
positive temperature coefficient (2 x 10 3 0  C-I)  near 
room temperature for the-dielectric constant. Then it 
may be possible to reduce the temperature coefficient 
of the resultant mixture. 

PbTiO3 was added in the amounts of 2, 5 and 
10tool % to Pb(Znl/~Nb2/3)O3 pyrochlore. The mix- 
ture was ball-milled for 3 h in a plastic jar using ZrO2 
milling media. After filtering and drying, the mixture 
was granulated through a 20 mesh screen. Discs were 

pressed under 10 000 psi and sintered in oxygen. The 
phase composition was first analysed using X-ray dif- 
fraction. Both perovskite and pyrochlore peaks were 
observed in all three compositions, with the perovskite 
diffraction intensities increasing rapidly as more 
PbTiO3 was added. Table IV lists the intensity ratio 
for samples sintered at 1050~ for 2h. There is a 
dramatic increase in the volume fraction of the perov- 
skite phase as the mole fraction of PbTiO3 in the 
starting powder was increased from 0.05 to 0.10. 
Furthermore, the perovskite phase has cubic sym- 
metry, with a lattice parameter of 0.405 + 0.001 nm. 
This is different from the tetragonal symmetry that 
PbTiO3 would have assumed at room temperature 
(a = 0.3899 nm, c = 0.41532 nm). And the measured 
lattice parameter of 0.405 nm is very close to the value 
of 0.404 nm obtained for the Pb(Znl/3Nb2/3)O 3 perov- 
skite. Thus, one is led to suspect that at least some of 
the Pb(Zn~/3Nb2/3)O 3 pyrochlore phase in the starting 
mixture has transformed into the Pb(Znl/3Nb2/3)O3 
perovskite phase, the transformation being facilitated 
by the presence of  titanium ions. It is also likely that 
the perovskite phase incorporates titanium in the B 
sites, forming a compound of the form Pb[(Znl/3Nb2/3)a 
Til_6]O 3. More work is needed to identify the cause 
of the transformation. Furthermore, because of this 
reaction between PbTiO3 and Pb(Znl/3Nb2/3)O3 pyro- 
chlore, the dielectric constants and the temperature 
coefficients of the constituent phases are not preserved 
in the reacted sample. Thus the logarithmic rule of  
mixing no longer applies. 

The temperature dependence of the dielectric con- 
stant of the three compositions is shown in Fig. 11 for 
samples sintered at 980 ~ C for 2 h in oxygen. The y = 
0.02 composition exhibits a slightly smaller negative 
temperature dependence than the Pb(Znl/3Nb2/3)O 3 
compositions, with temperature coefficient, TC = 
- 0 . 6 6  x 10 3~ between 0 and 125~ When the 
PbTiO3 content is increased to 0.05, the negative TC 
becomes smaller and equals - 0 . 5 4  • 1 0 - 3 ~  -1 

between 0 and 125 ~ C. A positive temperature depen- 
dence begins to set in at temperatures above 140 ~ C. 
The dielectric constant is also larger than the y = 0.02 
composition. At a higher concentration of PbTiO3, 
e.g. y = 0.10, the dielectric constant increases mono- 
tonically with temperature between - 60 and 160 ~ C 
at an average rate of 2.9 x 1 0 - 3 ~  ~. The K value 
is also much larger, between 400-1000 for y = 0.10 as 
compared to K of 120-150 for the y -- 0.02 and 0.05 
compositions. 

Changes in the dissipation factor (tan & = 1/Q) 
with temperature are shown in Fig. 12. Data at 
measuring frequencies of 1 kHz and 1 MHz are 
presented. In general, tan 6 increases with the con- 
centration of PbTiO3. For the y -- 0.02 composition, 

T A B L E  IV Relative X-ray diffraction intensities in compo- 
sitions yPbTiO 3 + (1 - y)Pb(Znl/3Nb2/3)O 3 sintered at 1050 ~  

0.02 1.76 100 0.017 
0.05 8.6 l 100 0.079 
0.10 100 81 0.553 
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tan & is smaller than 0.004 at frequencies between 
103 and 106 Hz and in the temperature range of 

- 55 to 80 ~ C. At higher temperature, tan c5 at 1 kHz 
starts to increase, reaching a value of 0.02 at 140~ 
while at 1 MHz, tan 6 remains constant at 0.002. The 
y = 0.05 compositions follows the same trend, with a 
slightly higher 1 kHz tan 6 value of 0.006 between 
- 5 5  and 90~ and then increases to 0.03 at 140 ~ C. 
The 1 MHz tan 6 actually decreases from 0.005 at 0 ~ C 
to 0.002 at 140~ The y = 0.10 composition has a 
larger tan 6, which is between 0.015 and 0.012 at 1 kHz 
and between 0.024 and 0.016 at 1 MHz  in the tempera- 
ture range of interest. 

4. Conclusions 
In lead-based ceramics with nominal compositions 
Pb(B2B~'_~.)O3 where the B site has an average charge 
of 4 + ,  it is customary to find a mixture of  cubic 
pyrochlore and perovskite phases after calcination. 
Based on X-ray diffraction analysis, we concluded 
that both phases are made up of the same structural 
unit of  BO6 octahedra. The B' and B" ions occupy the 
B sites randomly to the extent that local charge equi- 
librium is maintained. In the pyrochlore structure, the 
BO6 octahedra share corners, with the two lead 
cations and an additional seventh oxygen site occupy- 
ing the open space in the network. However, the 
seventh oxygen ion is not needed for the stability 
of  the octahedra framework. Thus the general for- 
mula of  the pyrochlore phase can be expressed as 
Pb(B~B~'_x)O3 �9 Op where O ~< p ~ 0.5. 

003 

002 

0.01 

,.o 0 

g 0.03 

0.02 

0.01 

y = 0 . 1 0 ~  

(a) 

Y: 005 ~x_... 

y=O.02 

(bl / 

Y:~176 
I r I I I I I I I 

-40 0 40 80 120 
Temperature (~ 

1000 

600 K 

Figure 11 Temperature dependence of  the dielec- 
tric constant  in the (1 - y)Pb(Znl/3Nb2/3)O 3 + 
yPbTiO 3 composit ions sintered at 980~ for 2 h. 
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In the Pb(ZnxNbl x)O35 l.hx system, where p = 
0.5-1.5x, varying the zinc concentration x causes 
changes in the lattice constant as well as several new 
but weak X-ray diffraction lines to appear. We inter- 
pret this evidence as indicative of  the changing occu- 
pancy of  the seventh oxygen sites in order to maintain 
local charge balance. At x = 1/3, all the seventh oxy- 
gen sites are not occupied. 

In order to arrive at the desirable dielectric proper- 
ties of  high Q and a reasonably high K value, we have 
to optimize two variables: composition and sintering 
temperature. A composition of Pb(Zn x Nbl _.~ )03.5 _ J hx 
with 0.3 ~< x ~< 0.4 and a sintering temperature of 
980 ~ C give the best combination, with 125 ~< K ~< 135 
and Q > 1000 at 10MHz. The temperature coef- 
ficient of  the dielectric constant varies between - 0.75 
to --0.55 x 10 3~ for all the compositions 
studied. 

By adding 2 mol % of PbTiO3, which has a perov- 
skite structure and a positive temperature coefficient, 
to the Pb(Znl/3Nb2/3)O 3 pyrochlore, the tempera- 
ture coefficient is decreased from - 0 . 7 5  x 10-3~ -1 
to - 0 . 6 6  • 10 3~ I between 0 and 125~ At 
5 mol % PbTiO3 addition, the temperature coefficient 
decreases to - 0 . 5 4  x 10 3~ 1. Both the dielectric 
constant and Q do not change significantly. Thus, it 
may be possible to effect a larger change in the tem- 
perature coefficient by judiciously including selective 
amounts of  a second phase which has the best com- 
pensating temperature coefficient. 

Figure 12 Temperature dependence of  tan 6 ( =  1/Q) 
in the (1 - y)Pb(Znl/3Nb2/3)O 3 + yPbTiO 3 compo- 
sitions sintered at 980 ~ C for 2 h in oxygen. (a) l MHz 
(b) 1 kHz. 
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