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Abstract—(Pbl _XLnx)(Zr0.53Ti0_47)O3 and (Pbl _XLnx)(Zr0‘65Tio_35)O3 (.x = 002, 006, Ln = La, Pr, Gd, Yb)
solid solutions have been prepared by modified solid-state synthesis using organic-ligand precursors. The solid
solutions have been characterized by thermal analysis, IR spectroscopy, x-ray powder diffraction, and atomic
force microscopy. All of them have a rhombohedrally distorted perovskite structure (sp. gr. R3c).
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INTRODUCTION

Lead zirconate titanate (PZT) solid solutions are
noted for their advantageous physicochemical proper-
ties. Owing to the morphotropic transition in the PZT
solid-solution system, the morphotropic phase bound-
ary (MPB) compositions exhibit a stronger piezoelec-
tric response. The study of MPB solid solutions is not
only of scientific interest but also of technological
importance in creating novel memory devices [1]. PZT
solid solutions are commonly prepared by solid-state
reactions [1]. Considerable research effort has been
concentrated on the MPB and dielectric properties of
PZT ceramics [2, 3]. Of particular interest are materials
doped with donors, such as La**, Nb**, Bi**, Nb>*, and
W¢* which typically increase the remanent polariza-
tion, dielectric permittivity, piezoelectric sensitivity,
and pyroelectric coefficient of PZT-type materials. On
the other hand, acceptor doping (e.g., with Mg>*, Fe?*,
K*, Mn?*, or Mn**) reduces the dielectric loss and
impairs the mechanical and electrical properties of
PZT. In view of this, use has been made of codoping
with two or more elements [4]. The properties of PZT
can be controlled both by varying the Zr/Ti ratio and by
overstoichiometric doping. In a number of recent stud-
ies, the physicochemical properties of PZT-based mate-
rials were investigated in greater detail and attempts
were made to optimize the synthesis of PZT-based
polycrystals and films [5-7]. Efimov et al. [7] studied
phase relations in the lanthanum-doped PZT system
(Pb, _,La)(Zry5Tiy35)0;5 (X/65/35 PLZT). Roy et al.
[8] described a single-step synthesis of ultrafine PLZN
powder from polymer precursors.

In this work, rare-earth-doped PZT solid solutions
were prepared by a modified solid-state technique. As
precursors, we used a combination of inorganic and
organic metal derivatives that are widely used in thin
film technology. In our opinion, particular attention

should be paid to modified solid-state synthesis from
mechanically activated raw materials, with no addi-
tional solvents, which makes it possible to considerably
reduce the formation temperature of the resulting solid
solution and the reaction time. To produce multicompo-
nent heteronuclear compounds, we took advantage of
several synthetic approaches: solid-state synthesis
using both inorganic and organic metal derivatives or
only organic metal derivatives.

The main purposes of this work were to select con-
ditions for the preparation of rare-earth-doped PZT
ceramics with various Zr/Ti ratios, to clarify the mech-
anisms underlying their formation, and to study the
structure and microstructure of the solid solutions.

EXPERIMENTAL
Synthesis

Rare-earth-doped PZT solid solutions were synthe-
sized from reagent-grade lead carbonate, PbCOjs; pure-
grade lead acetate trihydrate, Pb(CH;COO), - 3H,0;
pure-grade zirconium acetylacetonate, Zr(CsH-0,), -
10H,0; titanium dichlorodiacetylacetonate; lanthanum
acetate trihydrate; praseodymium acetate; gadolinium
acetate trihydrate; and ytterbium acetate tetrahydrate.
The solvents were dehydrated and purified in an argon
atmosphere. The starting reagents n-hexane, acetic
acid, pure-grade and reagent-grade acetylacetone,
pure-grade benzene, and petroleum ether were purified
as described in [9]. After distillation, they had standard
physicochemical properties.

Zirconium acetylacetonate was synthesized as
described in [10], with a 57% yield and standard melt-
ing point: 194.5-195°C.

Synthesis of titanium dichlorodiacetylacetonate.
To a 500-ml two-neck flask were added TiCl,
(0.105 mol), acetylacetone (0.45 mol), and anhydrous
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benzene (300 ml). The mixture was refluxed for 3 h,
and then two-thirds of the benzene was distilled off.
The resultant orange-red precipitate was filtered off,
washed with petroleum ether, and vacuum-dried to a
constant weight. Quantitative yield was achieved, and
the softening temperature was 230°C [10].

Synthesis of the rare-earth acetates (general pro-
cedure). To a 500-ml four-neck flask fitted with a reflux
condenser, dropping funnel, and stirrer were added a rare-
earth (lanthanum, praseodymium, gadolinium, or ytter-
bium) oxide (0.159 mol), glacial acetic acid (250 ml), and
water (40 ml). The reaction was stirred while heating to
80-90°C until complete dissolution of the rare-earth
oxide. After all of the rare-earth oxide was dissolved in
acetic acid, the reaction mixture was cooled, and the
rare-earth acetate was collected on a filter. The filtrate
was boiled down to near dryness in a rotary evaporator,
and the rare-earth acetate thus obtained was added to
the precipitate. Next, the rare-earth acetate was washed
with hexane, filtered off, and dried, first on the filter and
then under a dynamic vacuum of 1 Pa for 3 h (to remove
the residual acetic acid).

The Ln(CH;COO); - xH,O acetates (x = 3 for La,
x =0 for Pr, x = 3 for Gd, and x = 4 for Yb) were iso-
lated with a 70 to 80% yield. Their compositions were
checked by chelatometric titration [11].

Synthesis of Pb(Zr,Ti,_,)O; solid solutions. The
Pb(Zr, 53Tig47)O3 and Pb(Zry¢sTig35)O5 solid solutions
were synthesized from reagent-grade lead carbonate,
PbCOj;; pure-grade zirconium acetylacetonate decahy-
drate, Zr(CsH;0,), - 10H,O; and titanium dichlorodi-
acetylacetonate, Ti(CsH-0,),Cl,. To more rapidly pulver-
ize and homogenize the raw materials, these were ground
in the agate mortar of a Retsch micromill at 40 rpm for
12 min.

Synthesis of the Phbygglingg(Zrys3Tiy47)0s. 5
PhyggLng (210 65Ty 35105 . 55 Pby.ggLingo6(Ziry 53Ty 47)O03, 5,
Pby gsLng g5(Zry 65Ty 35)03, 5 (Ln = La, Pr, Gd, Yb) solid
solutions. The solid solutions were prepared by a modified
solid-state technique. The starting chemicals used were
reagent-grade lead carbonate, PbCO;, or reagent-grade lead
acetate, Pb(CH;COO); - 3H,0, and presynthesized zirco-
nium acetylacetonate, Zr(CsH,0,), - 10H,O; titanium
dichlorodiacetylacetonate, Ti(CsH;0,),Cl,; lanthanum(III)
acetate, La(CH;COQ); - 3H,0; pure-grade praseodymium
acetate, Pr(CH;COO);; pure-grade gadolinium(III) acetate,
Gd(CH;COO); - 3H,0; and pure-grade ytterbium acetate,
Yb(CH;COO); - 4H,0.

Appropriate starting mixtures were ground into fine
powder in a Retsch micromill. The powders were fired
in Nabertherm furnaces in several steps. The first step
was performed at temperatures from 180 to 250°C.
Next, the powders were fired in the range 400-650°C.
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At each temperature, the firing time was 2 h. The heat-
treated powders were ground and pressed at 10 MPa
into 10-mm-diameter pellets. The final firing step was
performed at 750°C for 3 h.

Thermal analysis| of the powders was carried out
using the sample holder of a Netzsch STA-409 system.
The samples were heated from 290 to 1020 K at a rate
of 10 K/min in air.

IR spectra were measured on a Specord M82 spec-
trophotometer in the range 600—4000 cm™ after each
firing step, using KBr pellets.

X-ray diffraction (XRD) studies were performed
on a DRON-3 diffractometer with CuK, radiation.
XRD patterns were collected in step-scan mode
between 10° and 100°. The phases present were identi-
fied using ICDD PDF-4 data.

Surface morphology of ceramics. The surface
morphology of ceramics was examined by contact
mode atomic force microscopy (AFM) on an NT MDT
SOLVER-PRO47, using an NSG 10/20 crystalline sili-
con cantilever probe.

RESULTS AND DISCUSSION

The (Pb; _ Ln)(Zry53Ti47)0; and
(Pb, _,Ln)(Zry6sTiy35)03 (x = 0.02, 0.06; Ln = La, Pr,
Gd, Yb) solid solutions were prepared by modified
solid-state synthesis using inorganic and organic metal
derivatives as precursors. Carboxylates and some other
organic metal derivatives are attractive precursors
owing to their good solubility and the ability to form
homogeneous mixtures and decompose at relatively
low temperatures without metal volatilization or release
of toxic substances. These requirements are met by zir-
conium acetylacetonate and lead acetate. Modified
solid-state synthesis included the use of various powder
reagents: metal oxide mixtures and organic and inor-
ganic salts. Mechanical activation made it possible to
enhance the reactivity of the starting reagents owing to
the water of crystallization.

The initial stage of thermolysis in the range 70—
180°C was represented by endothermic peaks due to
dehydration and decarboxylation processes and also to
the formation of intermediate carbonates, which decom-
posed above 500°C. Heating led to structure breakdown,
which was caused by both the dehydration of metal-
hydroxide groups (above 200-250°C) and the decomposi-
tion of carboxylates and other inorganic derivatives. These
processes follow a complex mechanism, with active
release of CO,, CO, CH,, C,H, and other gaseous spe-
cies in the range 300-470°C. Endothermic peaks with no
weight loss are due to the crystallization of an oxide phase
from the amorphous matrix formed through the decompo-
sition of the starting mixture.
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Fig. 1. AFM images of undoped and

rare-earth-doped PZT
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The processes that took place during firing were also
elucidated by IR spectroscopy. In the spectra of the
organic precursors to the solid solutions, the intensity
of the absorptions due to carboxyl and OH groups drops
sharply above 200°C. In particular, the IR spectra of the
thermolysis products demonstrate that raising the
decomposition temperature markedly reduces the
intensity of the absorption bands at 1605-1620
(-COO0,,), 1385-1395 (—-COOy), and 3400-3600 cm™!
(—=OH). This points to the decomposition and removal
of both the organic and metal-hydroxide components.
After the final firing step, the IR spectra show a strong
background absorption, characteristic of a metallic
state.

The solid solutions were phase-pure as determined
by XRD: no peaks from impurity phases were detected
within the accuracy limits of this technique.

The surface micro- and nanostructure of several
ceramic samples were examined by AFM. Polished pel-
lets were treated with a 1 : 1 water—alcohol mixture in
order to remove insoluble impurities. Next, the pellets
were purified in ether and hexane.

Figure 1 shows AFM images of ceramic samples of
undoped and rare-earth-doped solid solutions:
Pb(Zry53Tig47)O3 and  PbggsLng ps(Zro53Tip47)03 4 5
with Ln = La and Yb.

The surface layer of the undoped sample (Fig. 1a) is
composed of two types of grains: anisotropic micro-
grains of different habits, on the order of 1 X 4 um in
size, and agglomerated nanograins ranging in size from
100 to 200 nm. No substructure was detected in the
micrograins.

Rare-earth doping influences the surface morphol-
ogy of the ceramics (Figs. 1b, 1¢). We observe micro-
grains ranging in size from 1.5 to 2.5 um in
Pby 94 YD 6(Zr( 53Ty 47)O5 . 3 and nanograins on the order
of 300-500 nm in size in Pb0_94LaO.06(Zr0453Ti0.47)03+5,
evenly distributed over the surface layer. In both samples,

INORGANIC MATERIALS  Vol. 45

No. 3 2009

O v
0 500 1000 1500 2000 nm

Fig. 2. AFM image of the Pb0.94La0.06(Zr0'65Ti0_35)03 +9
solid solution.

there is a substructure: the micrograins consist of 200- to
500-nm nanograins (Fig. 1b), and the nanograins, in turn,
consist of finer nanograins, 30 to 100 nm in size (Fig. 1c).
The doped samples are identical in grain habit.

For comparison, we also examined the surface of a
ceramic sample of the Pbyg,Lay o6(Zry 650 35)O5 4 5 solid
solution (Fig. 2). The grain size in this ceramic is nearly
the same as in Pby gsLLag o6(Zr) 53Ti47)O5 , 5, and there is
also a substructure, but the ceramics differ in grain habit.
Moreover, the grains in the Pbyg,Lag o6(Zrg 65 i035)O05 4 5
ceramic are partially oriented.

Thus, rare-earth (La and Yb) doping has a signifi-
cant effect on the surface morphology of ceramic sam-
ples of the Pb(Zr, 55 Ti 47)O5 and Pb(Zr 45Ty 35)O05 solid
solutions: it reduces the grain size (by a factor of 2—8
and 3 for La and Yb doping, respectively), changes the
grain habit, and results in a substructure and partial
grain orientation.

The lattice parameters of our samples are listed in
the table. All of the compounds studied have a rhombo-
hedrally distorted perovskite structure.
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Rhombohedral cell parameters of (Pb, _ ,Ln)(Zr; 53Tij 47)O03
and (Pb; _,Ln )(Zry ¢5Tig 35)O5 solid solutions

Composition a, A o,deg | V, A3
Pb(Zr( 65T 35)03 49764 | 89.326 |123.214
Pbg g4lag 06(Zro 65Ti035)03 45 | 4.9343 | 88.733 |120.047
Pbg ggLlag 02(Zry 65Tin35)03 4+ 5 | 4.8756 | 88.948 | 115.844
Pbg 94 Ybg 05(Z19 65Ti935)03 15 | 4.9719 | 88.746 |122.817
Pb 93 Ybg 02(Zrg 65Tip35)05 4 5 | 4.8453 | 88.916 | 113.692
Pb(Zry 53Ti47)04 4.9339 | 88.828 [120.031
Pby g4lag 06(Zro 53Tiga7)O05 45 | 4.8695 | 87.798 | 115.215
Pbg gglag 0o(Zrg 53Tig47)05 45 | 4.8679 | 89.094 | 115.309
Pbg 94 Ybg 06(Z19 53 Ti947)03 15 | 4.9162 | 88.910 | 118.758
Pb o Ybg 02(Zr 53Tip47)03 4+ 5 | 4.9017 | 88.371 [117.633
CONCLUSIONS
(Pb, _,Ln,) (Zrg.53Tig 47)03 and

(Pbl _anx)(Zr0.65Ti0_35)O3 (x = 002, 006, Ln= La, P,
Gd, Yb) perovskite solid solutions were prepared by
modified solid-state synthesis. Doping with La and Yb
produces significant changes in the surface morphology
of ceramic samples of the Pb(Zrys3Tip4;)O; and
Pb(Zr, ¢5Tiy35)O5 solid solutions: it reduces the grain
size, changes the grain habit, and results in a substruc-
ture and partial grain orientation.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
for Basic Research, grant no. 06-03-32362.

REFERENCES

1. He, Z. and Ma, J., Constitutive Modeling of the Densi-
fication of PZT Ceramics, J. Phys. Chem. Solids, 2003,
vol. 64, pp. 177-183.

2.

10.

11.

KORCHAGINA et al.

Soares, M.R., Senos, A.M.R., and Mantas, P.Q., Phase
Coexistence Region and Dielectric Properties of PZT
Ceramics, J. Eur. Ceram. Soc., 2000, vol. 20, pp. 321-
334.

. Yimnirun, R., Wongsaenmai, S., Ananta, S., and Lao-

siritaworn, Y., Stress-Dependent Scaling Behavior of
Dynamic Hysteresis in Bulk Soft Ferroelectric Ceramic,
Appl. Phys. Lett., 2006, vol. 89, pp. 242 901-242 903.

Kozielski, L., Lisinska-Czekaj, A., and Czekaj, D.,
Graded PZT Ceramics for Piezoelectric Transformers,
Prog. Solid State Chem., 2007, vol. 35, nos. 2-4,
pp- 521-530.

. Rende, D., Schwarz, K., Rabe, U., et al., Combinatorial

Synthesis of Thin Mixed Oxide Films and Automated
Study of Their Piezoelectric Properties, Prog. Solid State
Chem., 2007, vol. 35, nos. 2—4, pp. 361-366.

Park, H., Jung, J., Min, D.-Ki., et al., Scanning Resis-
tive Probe Microscopy: Imaging Ferroelectric Domains,
Appl. Phys. Lett., 2004, vol. 84, no. 10, pp. 1734-1736.

. Efimov, V.V., Efimova, E.A., Iakoubovskii, K., et al.,

EXAFS, x-Ray Diffraction, and Raman Studies of (Pb, _
La)(Zry¢5Tip35)03 (x = 0.04 and 0.09) Ceramics Irra-

diated by High-Current Pulsed Electron Beam, J. Phys.
Chem. Solids, 2006, vol. 67, pp. 2007-2012.

. Roy, S., Bysakh, S., Goswami, M.L.N., et al., Single-

Step Synthesis of Ultrafine PLZT from Polymer Gel
Precursor: Synthesis, Consolidation, and Dielectric
Properties, Chem. Mater, 2007, vol. 19, no. 10,
pp- 2622-2629.

Weissberger, A., Proskauer, E.S., Riddick, J.A., and
Toops, E.E., Jr., Organic Solvents: Physical Properties
and Methods of Purification, New York: Interscience,
1955, 2nd ed.

Handbuch der pr'aparativen anorganischen Chemie,
von Brauer, G., Ed., Stuttgart: Ferdinand Enke, 1978,
3rd ed. Translated under the title Rukovodstvo po neor-
ganicheskomu sintezu, Moscow: Mir, 1985, vol. 4,
p. 1487.

Shapiro, S.A. and Shapiro, M.A., Analiticheskaya
khimiya (Analytical Chemistry), Moscow: Vysshaya
Shkola, 1963.

INORGANIC MATERIALS  Vol. 45 No. 3 2009




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


