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The influence of doping oxides on the PbZr,,,, Ti 0 composition is studied. A theoretical model allows ,,05 X 
the doping ion distribution between A and B sites to be established from its ionic radius. The tolerance 
factor I, calculated for each doped composition, has a minimum value when the antiferroelectric (AF) 
property is at its maximum. The experimental results agree well with theoretical calculations. 

It is known that the ferroelectric (F) or 
antiferroelectric (AF) state of a type ABO,- 
perovskite structure is related to its 
Goldschmidt or tolerance factor t (I): 

t= 
R.4 +R0 

fi@, + R,) ’ 

where R,, R,, R, indicate the ionic radius of 
the large cation, the small cation, and the 
oxygen ion, respectively. Generally, for a 
Goldschmidt factor above approximately 0.92, 
the AF property does not appear. More 
precise results were obtained while studying 
the doping effect on a given composition near 
the F-AF transition phase. 

The chosen compound is a lead zircon- 
otitanate PbZr,,,,Ti,,,O, (PZT 95/05) + 1 
mole% of oxide. In a general way the term 
dopant is used for atomic percentages less than 
5%; above this value, the compound is called a 
modified PZT. 

The conclusions of a recent study (2) where 
the dopant was supposed to enter either the A 
site or the B site are worth special attention: 

A dopant which decreases the tolerance 
factor produces an extension of the AF phase, 
that is, a temperature increase of the AF + F 
phase transition, The reverse effect is also 
observed. 

If the doping ion decreases the average 
volume of the A or B ions, the unit cell volume 
is decreased. The reverse effect is also obser- 
ved. 

The extension of the AF phase is caused by 
the increase of the hydrostatic stress on the B- 
ion sites. 

According to the rules of Goldschmidt, the 
position of the dopant in the A or the B site 
can be determined if the ion and the 
substituted ion radii do not differ by more than 
15% (.?). These rules cannot be applied for a 
dopant with an ionic radius very different from 
R, and R,. We propose to evaluate the 
distribution of a given dopant between two 
sites in relation to its ionic radius, taking into 
account the effect on the AF + F transition 
temperature. Most of the dopants used belong 
to the rare earth for they present two 
advantages-their homogeneity and a large 
range of ionic radii. 
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I. Ceramic Preparation and Experimental resistivity is measured, applying a dc field of 

Procedures 100 V/mm to ceramics, with the help of a 

1 o Material Preparation (4) 
Keithley electrometer. 

The X-ray examination enables us to 
The ceramics are made following the stan- measure the unit cell parameter and its 

dard techniques of sintering. The dopant is variation in relation to the temperature while 
added to the base oxides PbO, ZrO,, TiO, in using a controlled heated chamber. The X-ray 
order to facilitate its uniform incorporation equipment used for the powder diffraction is a 
into the basic solid solution. The oxides are diffractometer counter using a cobalt Ka, 
ball-milled in agate jars with agate balls and radiation; the measurements are made at large 
ethyl alcohol. The dried mixture is slightly angles (about 74O) starting from the (420) 
pressed and calcinated in an A&O, crucible peak. For X-ray examination a ceramic is 
closed with a platinum sheet for 3.5 hr at ground in a mortar, and the powder mixed 
950°C then reground and recalcinated. In the with paste is spread on a glass substrate. The 
crucible a PbO atmosphere is provided by a X-ray diagrams for different temperatures, 
small platinum container filled with PbO starting from room temperature, also confirm 
powder. Thus the PbO partial pressure is the F or AF state of the material. 
slightly greater than that of the PZT 95/05 (5). 
The material is ground for 4 hr, then dried; 
and collodion is added in order to facilitate 

II. Model Used 

pressing. The powder is pressed into small The ionic radii given by Zeeman (6) (Table 
disks and sintered in an A&O, crucible under a I) will be used for the No 6 coordination ion 
PbO atmosphere, as previously mentioned. (in the A site, 12-coordinated, the ionic radius 
The furnace is heated at 200Whr to 1300°C, will be multiplied by 1.12). 
and after a 3-hr soak time the furnace is shut 
down. 1 O Goldschmidt Factor Calculation 

The ceramic is then machined to a thickness A PZT 95105 composition doped with 1 
of 1 mm and silvered while hot on its two mole% of oxide will be considered. In order to 
faces. The density of the specimens was at write the chemical reaction equations, the site 
least 95% of theoretical density. which the doping cation will occupy must be 

known, as well as the possible positions of the 
2O Experimental Procedures vacancies in site A, B, or 0. It can be noted 

The transition temperatures AF + F + P that if the dopant is added to the basic 
are measured as the temperature rises by composition, a substitution mechanism occurs 
recording the dielectric permittivity. These during calcination and sintering because of the 
measurements are also made in an electric field high volatility of the PbO and because of the 
of 2000 V/mm. The hysteresis loops at low reaction taking place in a PbO atmosphere. 
frequency and the D.T.A. technique are also An important difficulty encountered is the 
employed to verify the correctness of the determination of the vacancies’ mean radius. 
transition temperatures AF + F -+ P. Specific In ionic crystals an elastic relaxation of the 
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TABLE I 

Ion Pb*+ O’- Ti4+ zr4+ Sc’f yb3+ ~~3+ Bi”+ TbJC Gdi+ En’+ Sml+ Nd’+ La’+ 

Ionic radius (A) 1.32 1.32 0.64 0.87 0.83 0.92 0.95 0.96 0.98 1.00 1.01 1.02 I .06 1.12 
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lattice around the vacancy occurs. A cationic 
vacancy behaves like a negative charge and 
the volume of the vacancy is slightly larger 
(about 10%) than the ionic volume of the 
cation. In covalent crystals the relaxation 
would be negligible (7). 

The average cubic radii are calculated with 
a vacancy radius equal to the ionic radius of 
the missing ion. In that case the t factor is 
substantially independent of the distribution of 
vacancies on the A or B site. The factor t is 
also nearly independent of the oxygen vacancy 
radius and slightly modified if the cationic 
vacancy volume and the cation volume differ 
by 10%. (See Example). 

Example 
PZT 95/05 + 1% Tb,O, 
Undoped PZT 95/05, t = 0.90720, 
Tb3+ at 100% B site (oxygen vacancies) 
PbZr,,,,Ti,,,,O, + 0.01 Tb,O, + 0.02 PbO 

-+ Pb,.o,(Zr,.,,Tio.,,Tb,.,,) 03.05~o.01~ 
where 0 = vacancy. 

0.95R;, + O.O5R;, + O.O2R;, 1’3 
R,= 

1.02 1 , 
R,= 

3.05R; + O.OlR:, “3 

3.06 1 > 
t = 0.906 10 with Ro = R,, 
t = 0.90623 with Ro = 0 (unlikely value). 

Tb3+ at 50% B site (no vacancy) 
t = 0.90571, 

PbZr,,,,Ti,,,,O, + 0.0 1 Tb,O, 
+ Pb,Th,.cu (Zr,,,%.o,T’~,m) 03(,+,,.01). 

Tb3+ at 200% A site (A-site vacancies) 
PbZr,,,,Ti,.,,O, + 0.01 Tb,O, 

~Pb,.,,Tb,.ozn0.,,(Z~,Ti,.o~) 0, + 
0.03 PbO, 

t = 0.9053 1 with Ro = R,,, 
t = 0.90547 with Rd = 1.1 R&. 
Tb3+ at 100% A site (B-site vacancies) 
PbZro.95%0503 + O-01 Tb203 + Pbo.985T&,2 

(Zro.,5%05~o.oo5) 03~l+o.oos~ + 0.015 PW 
t = 0.90531 with Ro = R, for undoped PZT 
95105, 
t = 0.90525 with RA = 1.1 R$ 
According to the firing conditions, B-site 

vacancy formation seems more likely than A- 
site vacancy formation (8). 

2O Distribution of the Dopant 

The Sc3+ ion, which has a smaller radius 
than the Zr4+ ion, certainly enters the B site. 
On the other hand the site occupied by the ions 
of intermediate ionic radius between those of 
Pb and Zr is difficult to determine directly. The 
cell parameter measurements coupled with the 
tolerance factor calculation can give useful 
indications. 

Figure 1 shows the unit cell volume 
variations for PZT 95/05 + 1% of oxide in 
cubic phase. 

Let us consider, for example, the PZT 95/05 
+ 1% Tb,O, composition. The unit cell 
volume, very near that of the undoped com- 
position, indicates that the Tb3+ ion enters 
neither the 100% B site (the unit cell volume 
would be greater than that of the undoped 
product because RTb > R,,) nor the 100% A 
site (the unit cell volume would be less than 
that of the lanthanum-doped PZT because RLa 
> R,,); also, in this last hypothesis the 
transition temperature AF, --) F, of PZT + 
1% Tb,O, would be greater than that of PZT 
+ 1% La,O, since the t factor of the first 
would be smaller than that of the second; this 
was not verified experimentally. 

In order to clarify the distribution of the 
dopant between the A and B sites we have 
calculated the PZT 95/05 t factor with 
different dopants and as a function of the 
occupation percentage of the dopant in the B 
site (Fig. 2). 

Let us assume that the doping ion enters the 
A or B site such that the t-factor value of the 
doped ceramic is as close as possible to that of 
the undoped ceramic: in this case all ions 
would enter the B site, except La and Nd, and 
the unit cell volumes would increase as a 
function of ionic radius from SC to Sm. Such a 
hypothesis conflicts with the X-ray measure- 
ments (Fig. 1). 

Assume now that a linear distribution 
occurs, depending upon the ionic radius (Fig. 
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FIG. 1. Unit cell volume variation of doped PZT 95/05 related to temperature. 

3). Two reference values are defined taking 
into account the following considerations: 

Figure 2 shows that a critical ionic radius 
(1.03 A) gives the same factor t (that is, the 
same distortion of the cell), whatever the 
distribution between the A and B sites may be. 
Consequently we admit that the value R = 
1.03 A corresponds to a 50% occupation in 
the B site (the ion enters the A and B sites 
equally). 

For t < 1, the A cation is ferroactive (9), so 
doping ions larger than the Zr4+ ion should 
enter the B site with difficulty. Thus R,,a+ = 

0.87 A corresponds to a 100% occupation in 
the B site. 

The t factor is then calculated for each 
composition (Fig. 4) taking into account the 
theoretical distribution between the two sites. 

III. Comparison with the Experimental 
Results 

It can be seen in Figs. 4 and 5 (curve a) that 
the compositions having the smallest t factors 
(95/05 + 1% Nd,O,, Sm,O,, Eu,O,, La,03 
show the greatest AF property since the AF + 
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FIG. 2. PZT 95/05 + 1% oxide. Tolerance factor 
vaeiations related to the doping ion distribution between 
the A and B sites. 

F phase transition no longer exists during a 
temperature rise. 

In order to distinguish these aforementioned 
materials, their AF + F transition tem- 
peratures under a 2000 V/mm applied electric 
field (Fig. 5, curve b) are compared. It can be 
seen that the composition with neodymium still 
does not exhibit an AF + F transition in 
accordance with its lowest t factor, whereas 
the other compositions exhibit an induced 
ferroelectric phase before the paraelectric 
phase. 

1 

ae 

AB 0 

H 

IG. 3. Theoretical dopant distribution between the A 
an B sites: PZT 95/05 + 1% oxide. 
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FIG. 4. Tolerance factor calculated from the distri 
bution between the sites given in Fig. 3. 

La and Gd dopants, which are assigned the 
same tolerance factor, present however a small 
difference between the AF -+ F transition 
temperatures under 2000 V/mm (respectively 
195 and 171OC). This small discrepancy may 
arise from the inaccurate valuation of vacancy 
radii or from a deviation with respect to the 
theoretical model. 
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FIG. 5. Phase diagram in a temperature rise experi- 
ment (the horizontal axis shows the dopant percentage at 
the B site): PZT 95/05 + 1% oxide. Curve a: T,,+, zero 
field; curve b: T,r+s under 2000 V/mm. 
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TABLE II 

PZT 95/05 + 1% L,O, 

L”+ Color 
Grain size 

b-4 

Resistivity 
at 278’C 
(10’ I-&n) 

La 9 
Nd Light 6.5 
Sm 8-15 4.5 
Eu 7 

Gd -------- 7 

Tb ____--__------- 1.6 
Ho Relatively 2-2.5 Inhibited 1.9 
Yb dark 2-2.5 grain growth 0.2 
SC <I 0.0002 

Table II shows that compositions doped 
with SC, Yb, Ho, and Tb present some 
experimental features of the O-position 
vacancy ceramics (3). 

Conclusion 

It appears that the change of the AF-F 
phase transition temperature by a doping oxide 
is directly related to the cation ionic radius of 
this oxide and the gradual distribution of this 
cation between the A and B sites. 

The distribution of an ion on the A and B 
sites seems to be a regular function of the ionic 
radius. A large ionic radius favors the A sites. 

Experimental measurements by different 
authors (10, 11) on BaTiO, and PbTiO, have 
already shown that a gradual distribution of 
the cation between sites A and B was likely. 

Our theoretical model predicts and ex- 
perimental evidence confirms that in a PZT 
95/05 composition the strongest stability of 
the AF phase is obtained with the ion Nd3+ = 
1.06 A. 

The above study can be applied to all 
doping oxides with cations of stable valency. 
We have, for example, verified that a given 
composition doped with 1% CaO or 0.5% 
Nd,O, presents a same-phase diagram (Rc$+ 
=R Ndx+ = 1.06 A). 

PZT 965/035 + 1% CaO 
T AF-tF = 185’C, 
T F+p = 228V, 

PZT 9651035 + 0.5% Nd,O, 
T AF+F = 183OC, 
T F+p = 229“C. 

These and previous results (2) indicate that the 
radius of the cation dominates the AF -+ F 
phase stability over the effects of charge, 
polarizability, and vacancies that must be 
introduced. 
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