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The valency of the ions Fe, Cr, Cu, Sb, incorporated in PZT 95/5 ceramics, is evaluated from the
viewpoint of a correlation between the mean radius of the ions at the octahedral site and the two
parameters: the temperature of the antiferroelectric-ferroelectric phase transition, and the volume of
the unit cubic cell. It is found that Fe and Cr enter as Fe?* and Cr?* at the B site. Experiments suggest
that Cu is incorporated at the B site as Cu* and Cu?* and that Sb enters partly at the A site as Sb** and

mainly at the B site as Sb**.

1. Introduction

Some oxide additives acting as accep-
tors, such as Fe,03, Cr;,04, . . . are added
to Pb(Zr Ti)O; solid solutions to obtain
hard or stabilized ceramics. A common
characteristic of such metal ions is that
they exhibit various valency states. The va-
lency of these ions, when incorporated in
the perovskite type structure ABOs;, has
been evaluated by some authors using dif-
ferent methods of investigation: electron—
spin Resonance and thermogravimetry (1),
Mossbauer effect (2), molecular weight de-
termination (3). In the case of Fe doping, a
majority of papers assumes that it enters, as
a trivalent ion, at the B site (4-06); however
some authors suggest a possible incorpora-
tion of the Fe?* ion at the A site (7) and
also, in part, as Fe3* at the A site in PbTiO;
(I). A change of the Fe valency (Fe’*t —
Fe?* or Fe’* — Fe**) has also been re-
ported in BaTiO; ceramics, according to
the annealing treatments (2).
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This work was undertaken to evaluate
the valency of the ions Fe, Cr, Cu, Sb,
when incorporated in PbZrg 95Tig 0503 (PZT
95/5) from the viewpoint of a correlation,
previously reported (8, 9), between the
mean radius of the B ion and the two fol-
lowing parameters:

(a) the temperature of the antiferroelec-
tric—ferroelectric (AF — F) phase transi-
tion.

(b) the volume of the unit cubic cell (10).

These previous studies allow certain con-
clusions to be drawn.

(i) If the doping ion decreases the average
volume of the A (La3*, Sr?*) or B (Nb’+,
W6 ions, the unit cell volume is de-
creased; the reverse effect is also observed.

(i) The dopants, such as rare earth ox-
ides, whose ionic radii are greater than
Rz4+ are distributed in various proportions
between the A and B sites. Such a distribu-
tion is favored because the A ion is ferroac-
tive in the PZT 95/5 structure, the Gold-
schmidt factor t = (R4 + R0/ V2(Rp + Ro)
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of this composition being smaller than
unity.

(iii) The temperature of the AF — F tran-
sition increases when the factor ¢ decreases

(whether R, diminishes or Rz increases).
Depending on the valency of the ion X

incorporated at the B site, the more likely

chemical equations may be written as

X%t Pb; [0(Zr,Ti;-.X,)O31+y (A vacancies hypothesis) (1)
X* Pbyay(ZrTii—X,)Os1 1) 2)
X Pbiay(ZeTii-X,)0s 5,20 3)
X Pbiy(ZrTii_X,)05:2,0, 4)
Xt Pbisy(Zr,Ti1— Xy)Os43p0L l3yn. (5)

In every case the mean cubic radius Rp of
the B ions is calculated from

(1 + y)R} = xRy, + (1 — X)R%: + YR (6)
where
Rzu+ = 0.87 A Rpa+ = 0.64 A.

(11

and

2. Experimental Procedures

The preparation of the ceramic speci-
mens was carried out by a conventional
mixed oxide technique (9): mixing of the
raw materials (PbO, ZrO,, TiO,, and the
doping oxide), followed by calcination at
970°C for 3.5 hr in a closed alumina crucible
under air with a PbO atmosphere, and
grinding in an agate jar, and finally sintering
for 3 hr at 1300°C under air with a PbO
atmosphere in a covered Al;O; crucible.
The AF — F transition temperature is mea-
sured as the temperature rises by recording
the dielectric permittivity.

The X-ray determination of the lattice
constants in the cubic phase at various tem-
peratures is performed with a diffractome-
ter, using a CoKal radiation source.

3. Size Effects of B Ions and Vacancies

3.1 Shifting of the AF — F Phase
Transition and of the Lattice Parameters
with the Titanium Content

Figure 1a shows the variations of the
measured AF — F phase transition temper-
ature (Tap—r) as a function of the mean ra-
dius Rj, calculated according to Eq. (6) for
various Zr/Ti ratios near 95/5: it is apparent
that Tar.r increases with increasing
Ry(ATxr # 20°C for ARg = 0.0010 A).

The changes of the unit cell volume in the
cubic phase are plotted as a function of
temperature in Fig. 2 (dashed lines) for var-
ious Zr/Ti ratios. The values of the volume
at 350°C (Vis) are used to draw the curve of
the Fig. 1b: this curve shows a linear rela-
tion between the volume of the unit cell and
the mean radius Rp(A Viso = 0.057 A3 for
ARg = 0.001 A).

3.2 Shifting of the AF — F Phase
Transition Temperature and of the Lattice
Parameters with the Vacancies Content

To ascertain the vacancies effect, some
of the compositions with nearly the same
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FiG. 1. (a) Temperature of the AF — F phase transition as a function of the mean radius R; at B site.
(b) Volume of the unit cubic cell at 350°C as a function of the mean radius Rp.

mean ionic radius Rg, but with different va-
cancy states, were investigated.

- PbO nonstoichiometry

A PbO deficiency is obtained by anneal-
ing the ceramics for 2 hr at 1000°C in air.
The loss of PbO is measured by gravimetry.

Molar PbO
Rz A deficiency TarC Vig A®
PZT 94/6 0.8594 0 58 71.465
PZT 94/6 annealed 0.8594 2.6% 69 71.445

The small decrease of the unit cell volume
is similar to the one observed by Takahashi
(12) on PbTiO; with Pb and O defects.

v A3

4
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F1G. 2. Temperature dependence of the unit cubic
cell, V, of PZT 95/5 specimens doped with different
additive oxides (2 at.%)
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- A site vacancy composition

The PZT 94/6 undoped composition is
compared with the PZT 95/5 + 1% WO,
composition containing 1% A site vacan-
cies (Eq. (1)).

Vacancy

Rg A content TapaFC Vi A?
PZT 94/6 0.85940 0 59 71.465
PZT 95/5 + 1% WO, 0.85946 1% 71 71.495

The A vacancies produce a small increase
of Txp_r but do not significantly alter the
volume of the unit cell.

- O site vacancy composition.

A PZT 95/5 + 1% SnO, is compared with
a PZT 95/5 + 1% NiO having nearly the
same Rj value, but containing 1% O site
vacancies (Eq. (4)).

Vacancy

Rg A content TirFC  Vig A?
PZT 95/5 + 1% SnO, 0.8601 ¢ 88 71.510
PZT 95/5 + 1% NiO 0.8605 1% 95 71.545

The slight increase in Tar.r and in Visg is
probably due to the small difference be-
tween the Rz values of the two composi-
tions, rather than to the O site vacancies
which generally produce a small shrinkage
of the lattice (according to the results of
Section 3.1, ARz = 0.0004 A leads to
ATupr = 8°C and A Viso = 0.023 A%).

Jaffe et al. (4) reports a volume contrac-
tion of 0.04 A3 for 4% Sc3* introduced in
BaZrO;. This variation of the unit cell may
be due to the 2% O site vacancies, and also
to the size of the Sc3* ion, which should be
a little smaller than the Zr** ion, according
to the Goldschmidt values.

In conclusion it can be seen from Fig. 1
that the points A to E, corresponding to
various doped PZT 95/3, are close to the
curves drawn for the undoped composi-
tions, taking into account the uncertainty of
the volume measurements (AV = =0.02

A%), Therefore it appears that the vacancies
present a smaller disturbance with respect
to Tsp—r and to the lattice than a doping
ion, incorporated on the B site, with a ra-
dius sufficiently far from the one of the un-
doped composition.

4. Evaluation of the Valency State of Fe

To clarify the valency of the Fe ion, the
two methods of investigation previously
mentioned Section 1(a,b) have been used.
The Fe ion is introduced as Fe’* by means
of the ferric oxide Fe;O0;. The solubility
limit of iron in PZT is about 3 mole% (7).

(a) The mean radii Rg are calculated in
the case of a 2 at.% Fe addition, with re-
spect to the two following cases and are
designated on Fig. la as.

Fe}* Rg,, = 0.67 A Ppoint, correspond-
ing to a ferroelectric
material

QO point, correspond-

ing to T4p_r = 90°C.

Fe?* Rg.,, = 0.82 A

Since the measured value of T4p_r is 92°C,
it may be concluded that the Fe ion is diva-
lent. The comparison with some of the
T4 reference values observed for PZT
95/5 compositions doped with ions having
only one valency state confirms this result
(Table I).

(b) The volume at 350°C of the composi-
tion PZT 95/5 + 0.02 Fe, reported in Fig.
Ib, yields a value of Ry closely related to
the one calculated assuming Fe?* to be

TABLE 1
Rs (A)

PZT 95/5 Calculated T, (°C)
Composition + Ry (A) from Eq. (6) Measured
Undoped 0.8612 105
0.02 Nb’+ 0.69 0.8584 Always F

3+ 0.67 0.8582
0.02Fe 0.82 0.8604 9
0.02 Sc3+ 0.83 0.8606 90
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present, but far from the one calculated us-
ing the Fe?™ model.

In summarizing, these two methods of in-
vestigation confirm that the iros is incorpo-
rated at the B site as a divalent ion under
the present experimental conditions of ce-
ramic preparation.

5. Evaluation of the Valency of Other Ions
(Cr, Cu, Sb)

PZT 95/5 Doped with Chromium

Chromium is introduced as Cr3* by
means of the oxide Cr,0;. The solubility
limit of chromium in the PZT is about 1.1
mole% (13, 14). Experimental investiga-
tions show that the Cr doped PZT 95/5 ce-
ramics have the same temperature T, p_p
and the same unit cell volume as the Fe
doped specimens (Figs. 1, 2). Taking into
account the ionic radii (Rc2+ = 0.83 A =
Rrez+ and Re3+ = 0.64 A), it may therefore
be concluded that the chromium enters the
B site as a divalent ion.

PZT 95/5 Doped with Copper

Copper is introduced as Cu*, by means
of the oxide Cu;0. The T4r_f and the unit
cell volume measurements lead to a mean
radius Rz ~ 0.8620 A, intermediate be-
tween the radii calculated with the extreme
hypothesis:

(1) Cu™ at 100% at the B site (Rcy+ =

0.96 A)
Rs = 0.8638 A
(i) Cu?* at 100% at the B site (Rc2+ =
0.72 A)
Ry = 0.8588 A

The most likely assumption is that the
copper ion enters the B site with both va-
lencies +1 and +2, because a distribution
of the Cu* ion between the A and B sites
would raise T,rr and decrease the unit cell
volume with respect to the undoped PZT
95/5 (this behavior being similar to the one
observed with Tb** or Ho?>" ions having ra-
dii close to that of Cu* (9)).

PZT 95/5 Doped with Antimony

Antimony is introduced as Sb** by means
of the oxide Sb,0,;. The experimental ob-
servations (Fig. 1, 2), lead to the following
conclusions.

(i) The hypothesis concerning the pres-
ence of Sb** (Rgp3+ = 0.90 A) at the B site is
ruled out.

(i) The hypothesis that Sb exists solely
as Sb’* (Rgs+ = 0.62 A) at the B site,
agrees well with respect to the volume of
the unit cell, but conflicts with the value of
T4rr (64°C), since the composition should
have remained ferroelectric.

(iiiy The hypothesis that Sb?* is distrib-
uted between the A and B sites (a behavior
similar to the one obtained with PZT 95/5 +
0.02 Yb** (Ryp3+ = 0.92 A) (9)), would in-
volve TAF—»F = 115°C.

It is therefore probable that Sb ion en-
ters the B site mainly as Sb** and that the
last portion enters the A site as Sb3*. Some
experimental data provide support to this
assumption.

First, the PZT 95/5 + 0.02 Sb,03; compo-
sition presents a lowered Curie temperature
(T, = 208°C), while the other doped PZT
95/5 (N1, Sc, Sn, Fe, Cr, Cu) have nearly
the same value of 7, (232 = 3°C) as the
undoped material. Such a shift of T, is char-
acteristic of PZT doped with cations on the
A site having a smaller radius than Pb2*(4),
), (15).

Second, the properties of the Sb doped
samples are typical of cationic vacancy ce-
ramics (yellow color, high electrical resis-
tivity =10 () ¢cm at 280°C). On the other
hand, the Fe, Cr, or Cu doped composi-
tions present all the experimental features
of O position vacancy ceramics (dark color,
low electrical resistivity <107 Q cm at
280°C).

6. Discussion and Conclusion

The formation of Fe?*, Cr?*, and Cu* at
octahedral sites is surprising in the sense
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that the number of oxygen vacancies is in-
creased in spite of the sintering conditions
under a PbO atmosphere. Such a formation
may be explained by taking into account the
small amount of doping ion incorporated
and assuming a preponderance of the size
effects over the electrical effects which are
balanced with lattice vacancies. Fe and Cr
are in a divalent state because the radius of
the divalent ion is close to the radius Rop of
the undoped composition (Rog = 0.86 A).
Copper enters the B site as a mixture of
divalent and monovalent ions so that the
mean radius is close to Rpp. With such an
hypothesis, antimony would enter the B
site mainly as trivalent ion, but this con-
flicts with experimental results. It is then
proposed that the Sb>* ions at the B site
create A vacancies, which facilitate the in-
corporation of Sb** ions at the A site.

Further investigations might involve two
studies.

(i) The study of the valence changes as a
function of the preparation procedures or
after an annealing treatment, in a wide
range of O, partial pressure.

(ii) The study of the valency and the dis-
tribution of the doping ions between the A
and B sites as a function of the mean radius
Rog, as, for example, near the morphotro-
pic phase boundary in PZT and near Pb
TiO;. However, the lack of the antifer-

roelectric—ferroelectric phase transition, as
an element of comparison, would involve a
more complex investigation.
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