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Fluorine-oxygen substitution in MgO-doped lead
zirconate titanate ceramics: diffractometric
and dielectric studies
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A fluorine-oxygen substitution has been realized in a PZT material with a composition
Pbg.ge(Ba, Sr)o.11(Zro52Tio.48)O3 thanks to the introduction of Mg?* ions in the B-site of the
perovskite. Oxygen vacancies may exist in the anionic sublattice if the fluorine rate is lower
than the required one for a stoichiometric PZT-type ABQOs. The F-O substitution makes the
relative amount of rhombohedral phase in the MgO and F-doped PZT samples decrease
and a drastic increase of the Curie temperature is observed. Minimum values of dielectric
constant, high level dielectric losses and piezoelectric coefficient are obtained for a fluorine
concentration close to the stoichoimetric PZT one. © 2000 Kluwer Academic Publishers

1. Introduction ethyl alcohol fo 1 h and dried at 100C for 5 h. The pre-
Ferroelectric PZT ceramics Pb¢dri;_»)Os have been cursors powder was then calcined at 6GGor 10 h and
studied intensively owing to their electromechanicalreheated at 80TC for 4 h toensure complete reaction.
properties. Itis possible to modify these properties and The PZT powder was mixed with an appropriate
obtain specific characteristics for precise applicationsmount of PVA binder and then pressed into discs
by making different cationic substitutions in the ABO and cylindrical rods under 1000 kg/émAfter binder
type PZT perovskite structure. A lot of studies haveburnout (600C, 4 h), the samples were sintered at
been made on the influence of different dopants on th&230°C for 4 h.
crystalline network and the piezoelectric properties. Disc-shaped ceramics (16 mm diameter, 2 mm thick-

On the other hand, few works have been realized omess) and cylindrical ceramics (6.35 mm diameter,
the anionic substitution in the PZT materials, like the1l5 mm length) were then poled in a silicone oil bath at
fluorine oxygen substitution. Eyrawd al. showed that  150°C with an applied field of 2.5 kV/mm for 1 min.
the F—O substitution changed greatly the electromeThe room temperature ratio of both rhombohedral and
chanical properties of the PZT ceramics and improvedetragonal phases as well as high temperature unit cell
their stability under high electric field and uniaxial volume in the paraelectric (cubic) phase of the sintered
stress [1, 2]. samples were determined by powder X-ray diffraction

In this paper, a diffractometric and dielectric study (Siemens diffractometer) using CpKadiation after
of ceramics with a nominal composition §g(Ba, crushing the ceramics. The amount of rhombohedral
Sro.11(Zros2Tio4s)O3 doped with M@ in the B site  phase was calculated measuring the areas of the reflec-
of perovskite and F is proposed. tion lines using amonophasic tetragonal PZ§ &(Ba,

Sr.11(Zro.48Tio52)O3 as standard specimen [4].
The (01 3)and (31 0)reflection lines of the tetrag-

2. Experimental onal phase and the (3 1,0flection lines of the rhom-
PZT powder was prepared by coprecipitation in anbohedral phase were used in preference to the (Q02)
aqueous solution of oxalic acid. The starting mate<{200}and (20 0)linesin order to get a better precision
rials used were high purity lead acetate, barium ac{Fig. 1).
etate, strontium acetate (Merck), tetrdutyl titanate Dielectric and piezoelectric properties of PZT ceram-
(Ti(OC4Hg)4) and tetran-butyl zirconate (Zr(OGHg)s  ics were measured 24 h after poling using a LCR meter
(Huls). Experimental details are given elsewhere [3].(HP4284A) for the dielectric constastof disc-shaped
The precipitate so obtained contains metal hydroxidesamples, a Schering Bridge for the dielectric losses un-
and lead oxalate. Magnesium acetate (Merck) and suler high electric field (400 V/mm) and a Piedes
micrometer sized lead fluoride powder were then adde®erlincourtmeter for the piezoelectric coefficiemys
to the dried precipitate. The total amount of lead in theof cylindrical samples. The Curie temperature corre-
precipitate-Pbf included-corresponds to 0.89 mol in sponds to the maximum valuegfmeasured at 10 kHz,
the final PZT. The mixture was stirred and crushed inwith an accuracy of1°C.

0022-2461 © 2000 Kluwer Academic Publishers 101



L All the PZT samples have a majority of tetrago-

@ ® nal phase because of the chosen Zr/Ti ratio and the
(3103t \(310)t small amounts of magnesium and fluorine introduced.
However, the quantity of rhombohedral phase is ap-

roughly the same one as in the initial PZT.

The F-O substitution modifies the symmetry of the
MgO-doped PZTX = 0.01) since the amount of rhom-
bohedral phase is lower in the F-doped PZT materials.
This variation may be related to the change of the distor-

55 86 8785 69 90 91 9293 85 86 87 85 §9 90 01 92 93 tionsin the perovskite lattice, e.g. in the BGctohedra
20 (deg) 26 (deg) and in the AQ planes.
In the case of the MgO-doped PZk (= 0.01),
Figure 1 Profile of (013), (310} and (310j) reflection lines of: (a)  the anionic sublattice contains oxygen vacancies which
Monophasic tetragonal PZT Biy(Ba, Srp11(Zro4sTios2)Os and (b)  tend to shrink the cell and so make the O-O and A-O
biphasic PZT Phso(Ba, Srp11((Zros2 Tio.4z)o.99Mgo.01]02900.01- distances vary creating rhombohedral distortions [5].
Whereas in the F-doped PZT specimens, the amount of
oxygen vacancies is lower or even almost equal to zero.

This hypothesis is confirmed by the high tempera-
ture XRD diagrams study which shows that the unit
cell volume in cubic phase of the MgO-doped PZT is
smaller than in the F- doped PZT and in the initial PZT

Phy go(Ba, Srh11[(Zro.52Ti0.48)1-xM0y]O3—2xFox (Table ).

z proximately three times higher in the MgO-doped PZT
g without fluorine than in the initial PZT. Concerning the
£ O3 @10y F-doped PZT, the rate of rhombohedral phase varies
5 013yt slightly with the molar percentage of fluorine and is
]

3. Results and discussion

The theoretical stoichiometric formulation of the PZT
doped with an equal amount of MgO and BRIk mol)

is:

If the quantity of PbE (y mol) is lower than the quantity

of MgO (x mol), then it is possible to write a new theo- 3.2. Dielectric and piezoelectric studies

retical non-stoichiometric formulation showing extrin- Fig. 3 shows the evolution of the Curie temperatdig (
sic oxygen vacancies due to the introduction of magneWwith the fluorine content for two different MgO rates

sium in the lattice: (x = 0.0075 and 0.01). The Curie points of both initial
PZT and 3%F-doped PZT are also given. For both series
Phy.so(Ba, Srp 11[(Zros2Tio.a8)1-xM0y] of materials,T; varies in the same way: large increase

for 2y = 0.01, then slight decrease foy 2= 0.015 and

Os_y_yOy_yF . .
$x-y oyt finally reincrease up toy2= 0.03.

3.1. lefr_aCtomet”C StUdy . TABLE | Variation of the unit cell volume of the PZT samples in the
The variation of the amount of rhombohedral phase inupic phaseT = 440°C) with Mgo and fluorine content

the MgO-doped PZT samples & 0.01) with increas-

ing fluorine content is given Fig. 2. The PZT without X 0 0.01 0.01 0.01 0.01
X . ; A 2y 0 0 0.01 0.015 0.02
dopant in B site and in anionic site-initial PZT-was also”” 5
: V(A 67.750 67.720 67.788 67.754 67.774
studied.
& 35
N 320
2
= 30t 3154
§ 25 3 310t
2 3
g S 305}
£ 20t &
s £
2 2 300t
g 151 &
% A S 2951
ER 200}
=
[0
=5 : ; : : 285 — .
0 1 1.5 2 x10-2 0 1 1.5 2 3 x1072
2y 2y

Figure 2 Relative amount of rhombohedral phase with fluorine contentFigure 3 Evolution of T; with fluorine content for two different MgO
for MgO-doped PZT @) x = 0.01. (A) x =0,y = 0. concentrations) x = 0.0075 and @) x = 0.01. (A) x =0,y = 0.
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These results are difficult to interpret. A F—O substi- 4 X
tution associated with a cationic substitution to ensure
electrical neutrality without oxygen vacancies leads to
a decrease of the lattice anisotropy and sdobe-
cause the M—F bond (M Ti, Zr) is less covalent than
the M—O bond [6].

For both series, the slight decrease fgr2 0.015
may correspond to the F-doped PZT with a composition
close to the stoichiometric one

w

125 (%) (400V/mm)
[\

—_
T

Ply.go(Ba, Sr}11[(Zro52Tio.48)0.9925Mg 0075

O2.985F0015 and

. n | ' . . -2
Plygo(Ba, Sr) 11[(Zro52Ti0.48)0.99Mg,01102.98F0.02 0 ! 12y5 2 3 x10

and consequently to a less important distortion in therigure 5 Evolution of tg with fluorine content for two different MgO
perovskite. concentrations) x = 0.0075 and @) x = 0.01. (A) x =0,y = 0.

The variation of the dielectric constast versusy
for x = 0.0075 andk = 0.010 is represented Fig. 4. ] ] N ]

Both series follow the same evolution: large decreas&€ancies (V) which stabilize the spontaneous polariza-
of & up to 2 = 0.010-0.015 and thesy becomes ap- tion Ps within each domain by volume effect or domain
proximately constant for high fluorine concentration. Wall effect [8]. In the case of volume effect, the dopant
In the same way, dielectric losses tgnder high elec- M9 fqrmS_M92+_V0 associates with adipole momentin
tric field (400 V/mm, 1 kHz) show a similar evolution th_e direction of the associate axis. T_hes_e defect dipoles
(Fig. 5): significant decrease ofsgip to &y = 0.015 orient themsel\{es in the e>_<|st|r1g5 direction and sta-
and above this value, igemains the same. High level bilize the doma!n wall conflgura.tlor). But under. strong
measurements (400 V/mm, 1 kHz) were used in Ioref_e>_<ter_nal excitations such as unlaX|aI_ stre_ss, high elec-
erence to low level standard measurements (1 V/mndric field and temperature, a nef direction devel-
1 kHz) [7] because the increase of dielectric losses wittPPS, anisotropic associated defects may be activated
the amplitude of the electric field allows a more marked@nd reorient themselves in the néydirection. Con-
comparison between the various samples. §equently, 'the domain wall conflguratlon is no longer

So, whenx = 0.0075 andx = 0.01, ¢ and tg flxgd. The increase pf the QOmaln wall mqblllty causes
keep approximately constant minimum values after thén iIncrease in the dielectric and mechaljlcal losses.
significant decrease fory2< 0.015, corresponding to On the other hand, as oxygen vacancies are the only

a Mg and F-doped stoichiometric PZT without oxygenlattice defects in the perovskite structure that have a
vacancies: significant mobility [9], when fluorine is introduced in

the anionic site, defect dipoles ¥tg-F~ are much less
mobile than Mg*—V,. So, they stabilize the domain
wall configuration more, even under high external con-
ditions.

These results clearly show the preponderant role of flu- This idea is confirmed by the evolution of the piezo-

orine in the stabilization of ferroelectric domain wall gectric coefficientlss with increasing fluorine concen-
configuration. AMgO-doped PZT contains 0xygen va-ration (Fig. 6). Under the same conditions—aging of

Ply.go(Ba, Srp11[(Zrgs2Tio.48)1-2M3,]O32-F2;
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Figure 4 Evolution of &, with fluorine content for two different MgO  Figure 6 Evolution ofdsz with fluorine content for two different MgO
concentrations) x = 0.0075 and @) x = 0.01. (A) x =0,y = 0. concentrations) x = 0.0075 and @) x = 0.01. (A) x =0,y = 0.
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the ceramics after poling, temperature, applied polindow a more precise understanding of the mechanism

field—a drastic decrease df3 for F-doped PZT sam-

of fluorine—oxygen substitution.

ples can be observed, owing to a stabilized domain con-
figuration by anisotropic defects which cannot easily

orient themselves in the direction of the poling field.

4. Conclusion
The introduction of acceptor Mg ions in the B site of
the PZT materials allowed fluorine—oxygen substitu-
tion in the anionic site.

Oxygen vacancies may exist if the fluorine rate is

lower than the fluorine rate corresponding to the stoi~

chiometric PZT.
The diffractometric study of MgO and F-doped PZT
solutions showed that-FO substitution decreases the

amount of rhombohedral phase in the sample; it is alsé-

accompanied by a decreasesgftgs (400 V/mm) and
dsz making the material “harder” than the only MgO-
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