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VARIATIONS IN THE FERROELECTRIC AN~ PIEZOELECTRIC 
PROPERTIES OF LEAD ZIRCONATE TITANATE CERAMICS CONTAINING Cr2o3 ADDITIONS 

John Francis Dullea, Jr., 

Materials and Molecular. Research Division, Lawrence Berkeley Laboratory 
and Department ·of Haterials Science and Engineering, 
Unive~sity of California, Berkeley, California 94720 

ABSTRACT 

The effects of Cr2o3 additions to Pb(Zr0 . 52 ,Ti
0

_48) o
3 

(PZT) were 

investigated by doping with 0.05 wt% Cr2o
3 

and 0.20 wt% Cr 2o
3 

and 

measuring dielectric, ferroelectric, and piezoelectric properties 

before an~ after poling under different conditions for time and 

temper~ture. The effects of Cr2o
3 

were also studie~ by recording 

the current in a poling circuit as a function of an applied de field 

increasing at a constant rate. 

The piezoelectric planar coupling coefficient, k , was found to 
p 

be increased at the low doping level, and decreased slightly at the 

higher doping level relative to the unmodified PZT. The addition of 

cr
2
o

3 
was found to have the reverse effects on the mechanical quality 

factor, QM. The results did not agree with tho~e reported in the 

literature. The reason was determined to be a PbO deficiency in 

compositions due to the sintering technique used in the earlier study. 

The variation of piezoelectric properties resulting from the 

addition of cr2o
3 

is postulated to be due to the solution of chromium 

+6 in PZT primarily as Cr , a lead vacancy generator, at the low doping 

+3 level, and as Cr , an oxygen vacancy generator, at the higher doping 

level. Dielectric and ferroelectric properties of the modified PZT 

relative to the unmodified PZT corroborated this conclusion. 
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Polarization-field hysteresis indicated a domain wall pinning 

mechanism was operative in the modified PZT and is concluded to be 

a result of an increased vacancy concentration along domain walls. 

Increased poling time or temperature resulted in higher values of 

k and significant changes in dielectric and ferroelectric properties 
p 

of each composition studied. The poling time and temperature dependence 

of electrical properties is believed to be due to the rate of diffusion 

of vacancies, and domain wall mobility, bath increasing as the 

temperature is raised and resulting in higher saturation and remnant 

polarizations. The current-field relationships measured during poling 

at 25°C and 100°C and polarization reversal at 25°C supported this 

supposition. 
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I. INTRODUCTION 

Shortly after the discovery of ferroelectricity in lead zirconate 

titanate (PZT) ceramics, it was found that their electrical properties 

were extremely sensitive to impurities introduced during processing. 

Since that time, numerous investigations into the variation of these 

properties with the addition of different oxidei have been condutted. 

The results of these stud;ies have shown that PZT ceramics may be 

tailored to better suit specific applications through the addition 

f d . 'd 1 o op1ng ox1 es. 

There are many electrical properties required to totally characterize 

a piezoelectric material. With PZT, these properties are very sensitive 

to composition and defect structure. Lead zirconate titanate is a 

cubic solid solution of lead zirconate (PZ) and lead titanate (PT) 

above the Curie temperature. In the PZ-PT system there is a morphotropic 

phase boundary between a tetragonal and rhombohedral phase below the 

Curie temperature. This phase boundary is defined as the compositions 

and temperatures at which both phases are present in equal amounts. 

The boundary occurs at 53.5 mole% PZ + 46.5 mole% PT
2 

and vanishes 

above the Curie temperature (~380°C) where a phase transformation to a 

cubic phaseoccurs. Lead zirconate titanate compositions with less 

than 53.5 mole% .PZ exhibit a. tetragonal crystal structure. As PZT 

compositions approach this boundary from either side, the electrical 

properties are improved,
2 

somewhat more so on the tetragonal side. 

The increase in the piezoelectric coupling coefficient, k , results 
p 

from higher remnant polarizations which can be developed by poling 

ceramics with compositions near the phase boundary. Poling causes 
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more efficient reorientation of spontaneously polarized domains 

developed when cooled through the Curie temperature. In the 

rhombohedral crystal structure, the pole axis lies along a (111) 

direction. When a field is applied, the pole axis can be switched 

by 180°, 109° or 71° to align more favorably. In the tetragonal 

crystal structure, the pole axis lies along the (001) direction and 

reorientation of the pole axis may occur through a 180° or 90° change. 

If bath phases are present, polarization can be induced by the 

application of an electric field through the orientation of spon-

taneously polarized domains by a change in their pole axis of 180°, 

109°, 90° and 79° and a higher polarization can be attained. 

Although a quantitative theory of the electrical behavior of PZT 

ceramics containing doping additions is not yet available, it has 

been proposed the variations in electrical properties are due to 

alterations of the defect structure developed when. the dopants are 

k . 1 . 2-5 ta en 1nto so ut1on. The driving force for modifying the defect 

concentrations is the maintenance of electroneutrality within the 

crystal lattice. A charge imbalance occurs when the valence of a 

solute ion differs from the valence of the ion normally located on 

the lattice site at which the solute is placed. The tetragonal 

PZT phase has a perovskite structure, the tetragonal distortion 
r 

increasing as the PZ content is lowered. 6 TheA sites are occupied 

Pb+2 , 
0 z +4 0 

by radius 1.20A, and the B sites by either r , radius 0.79A, 

or 
.+4 T1 , radius o.68A.

2
' 7 The lattice sites at which an additive 

cation will go into solution will be determined by its valence and 

ionic radius, assuming, of course, that a finite solubility exists. 
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If the additive ion is deficient in positive charge oxygen vacancies 

serving as +2 changes will be generated. If the additive is excess 

in positive charge lead vacancies serving as -2 charges will be ,. 

generated. 

The effects of several additives have been studied. Takahashi8 

reported a strong dependence of piezoelectric activity on the amount 

of cr2o3 added to a PZT composition near the morphotropic phase 

boundary on the tetragonal side. The dependence of the piezoelectric 

planar coupling coefficient, kp, on the amount of Cr2o
3 

added as 

'determined by Takahashi is shown in Fig. 1. The valence of Cr is +3 

0 7 
in Cr

2
o

3 
and the ionic radius is 0.68A. This indicates its solution 

on a B site creating a deficiency in positive charge and generating 

oxygen vacancies. The unusual behavior depicted _in Fig. 1, and the 

lack of material characterization, suggested a more comprehensive study 

was needed to define the effects of cr2o
3 

additions on PZT. The. strong 

poling temperature dependence suggested that a study of the current-

field relations in both modified and unmodified ceramics during the 

application of a poling field at different temperatures would yield 

a better understanding of how these effects are developed. The 

results of su~h ~ study are reported in this paper. 
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II. EXPERIMENTAL 

A. Haterials ., 

The PZT investigated in this study was of the same composition 

as that studied by Takahashi, 8 Pb(Zr
0

_
52

,Ti
0

_
48

) o
3

. Chrome oxide, 

Cr2o3 , was added in two concentrations, 0.05 wt%, and 0.20 wt%. These 

concentrations were chosen because they showed maximum and minimum 

effects on the material at bath poling temperatures (Fig. 1). The 

modification on a stoichiometric material containing these additive 

levels should develop the following compositions: 

Pb(Zr
0

. 52 ,Ti
0

_
48

)o
3 

+ 0.05 wt% Cr
2
o

3
-+ 

Pb [ (Zr0.52 'Tio. 48) o. 9978cro. 0022 102.9989°0.0011 

and 

Pb(Zr
0

.
52

,Ti
0

_
48

)o
3 

+ 0.20 wt% Cr
2
o

3
-+ 

Pb[(Zr0.52'Ti0.48)Cro.oosal 02.9956°0.0044 

where 0 denotes vacancies. Materials were prepared with high purity 

(;;:.99.9%) regeant grade powders. It should be noted that every 

reasonable attempt was made to duplicate the processing procedures 

reported by Takahashi. 8 

B. Processing 

Powders were mixed in the appropriate proportions \vith distilled 

water for 24 hr in a rubber lined ball mill using teflon balls. The 

slurry was then dried in air at95°C for 48 hr. The dried powder 

was sized (-62 mesh), remixed briefly by hand, and isostatically 

pressed at 30,000 psi into 200 gram slugs. The slugs were calcined 

in a closed platinum crucible in air at 850°C for 4 hr. X-ray 
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diffraction analysis showed traces of unreacted zirconia and lead 

oxide after calcination. 

The calcined slugs were easily reduced to -20 mesh by placing 

them in a thin walled plastic tube and crushed with a broad-faced 

hammer. Equal weights of this powder and distilled water were mixed 
> . 

and milled in a polyurethane lined jar in a vibratory mill using high 

density zirconia balls. Prior to milling, 2 wt% excess lead oxide 

was added to enhance sintering, and 0.5 wt% polyvinyl alcohol was 

added as a pressing aid by adding an appropriate volume of a 4 wt% 

solution of PVA in distilled water. Milling time was 4 hr, after 

which the material was dried in air at 95° for 48 hr. 

The dried powder was prepared for pressing by forcing it through 

a 200 mesh screen. Five grams of powder was pressed into a 1 in. 

diameter disc in a steel die using a low viscosity oil as a lubricant. 

Discs of this weight were found to have a sintered thickness to 

diameter ratio less than 0.1 ("='0.08), thus reducing error in subsequent 

. 1 . 9 p1ezoe ectr1c measurements. Green density was calculated from 

geometrical measurements to be "='60% theoretical. 

Sintering was for 16 hr at 1200°C in an oxygen atmosphere obtained 

by evacuation and backfilling of a controlled atmosphere furnace. A 

lead zirconate +1 wt% zirconia packing powder was used to control 

.• 5 stoichiometry at the sintering temperature. The packing powder was 

mixed and calcined as previously described, and crushed to1 pass a 

42 mesh screen. 

The bottom of a 4.5 in.x2.5 in.x0.75 in. platinum boat was 

covered with a layer of packing powder "='0.25 in. thick. The surface 
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was leveled, and 8 discs were laid fl~t on it. These discs were 

then covered with a slightly thinner layer of packing powder, the surface 

leveled, and 8 more discs laid flat on it. The remaining volume of 

the boat \vas then filled with packing powder such that any disc would 

come in contact with only the packing powder. The boat was then 

covered with a high density alumina lid and placed in a horizontal 

Kanthal would alumina tube furnace. The furnace,after establishing 

an oxygen atmosphere, was heated to the sintering temperature at 4.6°C 

per min, held at temperature for the proper length of time, and then 

allowed to tool under its own inertia taking ~10 hr to reach room 

temperature 

C. Material Characterization 

The crystal structure was determined by X-ray diffraction analysis 

of finely ground powders using CuK~, radiation. The diffractometer 

was calibrated with a polycrystalline quartz standard. A scanning 

rate of 1° 28/min and a time constant of 3 sec was used to qualitatively 

detect the presence of any secondary phases. Lattice parameters were 

calculated from the (200) and (002) peaks obtained using a scanning 

rate of 1/4° 28/min and time constants of 3 and 10 sec. 

The apparent density was determined from dry and suspended 

weights in isopropyl alcohal relative to a nickel standard disk. 

Calculations were made using; 

psample [nWDW SW]sample X ["w :WSW]Standard X pnickel 
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where psample = density of sample 

D = dry weight w 

s = saturated suspended weight w 

Pnickel 8.91 gm/cc 

This method gave better reproducibility between sets of samples 

because the effects of temperature variations on the density of the 

suspending medium could be neglected. Measurements made using metal 

balls of accurately known volume as standards and ethyl alcohol as 

the suspending medium confirmed the accuracy of this technique. The 

theoretical density of PZT was taken as 8.00 gm/cc. 

Grain size was determined from scanning electron micrographs of 

polished and chemically etched surfaces using the line intercept 

method10 and.calculated from; 

L 
Average G.S. = NM 

where L = length of line on micrograph 

N = number of grain boundary intercepts 

M magnification 

The reported grain size is 1.5 times the average calculated from the 

above. 

D. Dielectric, Ferroelectric, and Piezoelectric Measurements 

0 

Samples were electroded by sputtering approximately lOOOA of gold 

on the surface. The capacitance and dissipation factor at 1 kHz 

was measured before, and 24 hr after poling using a General Radio Corp. 

type 1650-A impedance bridge. The dielectric constant was then 

calculated from; 



K 
cQ, 

E A 
0 

-8-

where K = dielectric constant 

c = capacitance 

A = electrode area 

Q, = sample thickness 

E = permitivity of free space 
0 

Ferroelectric properties measured were the saturation polarization, 

renmant polarization, and the coercive field. Values were determined 

from polarization VS field hysteresis loops obtained by placing a 

sample in a "Sawyer-Tm.rer" circuit and recording the voltage across 

an 80 ~f standard capacitor as a function of an applied field of 

±3.0 kV/rnrn (~±75 volts/mil) with a frequency of 0.1 Hz. 

The samples were poled in a high dielectric silicon oil at 3 kV/rnrn 

for 15 min at 25°C or 100°C. The applied voltage was increased at a 

constant rate of. 15 volts/sec. The current in the poling circuit was 

recorded as a function of the applied field. The poling field was 

removed at the same rate. 

The piezoelectric planar coupling coefficient, k , and the mechanical 
p 

quality factor, QM, were measured 24 hr after poling by the resonance 

method in accordance with I.R.E. standards. 9 Values were calculated 

from; 
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derived for a paissan's ratio of 0.27, and; 

. where F resonant frequency, Hz (minimum impedance) 
r 

F antiresonant frequency, H (maximum impedance) a z 

~ = resistance at resonance 

C = low field capacitance measured 24 hr after poling at 1 kHz. 

The switching characteristics were studied by reversing the 

polarity.of the poling field, and recording the current in the poling 

circuit as a function of the applied field. The electric fields were 

applied at the same rate as that during the original poling operation. 
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III. RESULTS 'AND DISCUSSION 

A. Unpoled Ceramics 

The electrical properties of PZT are determined primarily by 

composition, 4 but porosity and grain size effects are significant, and 

too often neglected. Fine grains tend to increase dielectric properties, 

but inhibit ferroelectric properties by retarding spontaneous polorizati~l 

and ·domain wall mobility. This leads to higher coercive fields and 

1 1 
. . . 12-14 

ower remnant po ar1zat1on. The resulting difficulty in poling 

leads to inefficiency in developirig piezoelectric properties, and aging 

rates are accelerated by residual mechanical strains. It should there-

fore be common practice to characterize a PZT material by more than just 

its composition. 

The properties of the unpoled ceramics are su~~arized in Table I. 

The lattice parameters determined by X-ray diffraction analysis indicated 

a tetragonal crystal structure for each material, \"ith a c/a ratio close 

to that of the desired composition. 6 Measurement of lattice parameters 

was difficult due to peak broadening at the relatively low angles chosen 

for analysis. Values of the lattice parameters were calculated from the 

angles at half-peak intensity. No secondary phases could be detected in 

any of the compositions. 

The 0.05 \"t.% cr
2
o

3 
modified PZT showed the highest density and 

finest grain size. The 0.20 wt.% Cr
2
o

3 
modified PZT showed the lowest 

density and an intermediate grain size. Grain growth was highest in the 

unmodified PZT and density was intermediate. The grain growth inhibition 

exhibited in the modified PZT relative to the unmodified PZT is similar 

to that shown by Atkin and Fulrath4 in a similar PZT composition doped 
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with either Nb 205 or Al2o
3

. These results indicate a solute segregation 

h . b d . . d d . b d b "1" 15 •16 to t e gra1n oun ar1es caus1ng a re uce gra1n oun ary mo 1 1ty. 

The effects of Cr on grain growth in the 0.05 wt.% cr
2
o

3 
modified 

PZT relative.to the 0.20 wt.% cr
2

03 modified PZT are similar to the 

effects of Nb+5 relative to Al+J shown by Atkin and Fulrath. 4 Both of 

these additives go into solution on B sites. Al+J is an oxygen vacancy 

generator and Nb+5 is a lead vacancy generator. This suggests t!H~ solu-

+6 tion of Cr as a lead vacancy generator, Cr , at the lower doping level. 

The enhanced densification,
4 

higher dielectric constant,
2 

and higher 

dissipation factor
2 

of the unpoled 0.05 wt.% Cr
2
o

3 
modified PZT relative 

to the other compositions further supports this possibility. 

The microstructures of the unpoled materials are shown in Fig. 2. 

Excess PbO was added to the composition~ after calcination to aid in 

sintering by the formation of a small volume fraction of a PbO rich 

1 . "d p . d" 5 h h h h" h . b d 1qu1 . rev1ous stu 1es ave s own t at t 1s tee n1que may e use 

without altering stoichiometry. The effects of this technique (inter-

locking and rounded grains) are most evident in the unmodified material 

(Fig. 2a), and least evident in the 0.20 wt.% cr
2
o

3 
modified PZT (Fig. 2d). 

This may be due to an·y undisclosed cr
2
o

3 
from the calcing operation re

acting with the liquid to form an intergranular lead chromate second 

phase. The lowered density of the 0.20 wt.~~ cr
2
o

3 
modified material may 

be a result of this type of reaction. At these low doping levels, how-

ever, any secondary lead chromate phase would not be present in sufficient 

quantity to be detectable by X-ray diffraction analysis and would probably 

be dissolved into the PZT grains at the latter stages of sintering. 
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The domain structures revealed within the grains show a definite 

trend. As the concentration of cr
2
o

3 
increase~, the domain structure 

changes from one of entirely 180° domains (as evidenced by the wavey, 

randomly oriented walls) in the unmagnified PZT (Fig. 2a), to a pre-

dominance of 90° domains (sharp, well defined chevron pattern) in the 

0.20 wt.% Cr
2
0j modified PZT (Fig. 2d). This same pattern is seen by 

doping with Al
2
o

3
.
4 

The mechanical energy required to form a 90° domain 

wall in a tetragonal lattice is much higher than that required to form 

a 180° domain wall. This is due to the larg~ me~hanical strains associa-

ted with the (110) twin required to form the wall. 

The ~rystal structure of PZT is cubic at high temperatures, and no 

polarization exists. In compositions with a lead zircortate content of 

less than 53.5 mole %, a phase change occurs on cooling through the 

curie temperature (~3ao~c) to a tetragonal crystal structure. This 

phase change is accompanied by a spontaneous polarization. Domains form 

with their pole axes (c axis) oriented such that ~lectric fields genera-

ted by the domains are mutually canceled, and no net external fields 

exist. If the lattice is strained due to lattice defects above the 

curie temperature, formation of 90° domains may be favored on cooling 

through the curie temperature to relieve these strains. Oxygen vacan-

cies in the perovskite structure will have the greatest strains associa

ted with them.
2 

The addition of Cr 3 or Al+J will increase the oxygen 

vacancy concentration, thereby enhancing the for~ation of 90° domains. 

The tetragonal distortion (as measured by the c/a ratio) increases as 

the temperature is lowered further below the curie temperature, and 
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the strains ~ccompanying the 90° domain walls become greate~. The 

increased strain may be relieved by the diffusion of oxygen vacancies to 

the domain walls. This results in the growth of stable 90° domains on 

cooling. This effect has been observed in barium titanate. 17 

Vacancies will have a pinning effect on the dol!lain walls in that any 

other position the wall is moved to, as by the application of an electric 

field, the mechanical strain in the lattice will increase. This increase 

in strain will increase the energy of the system. Thus, an energy bar-

rier to the movement of the domain walls is created. 

The microstructure and dielectric properties of the unpoled 0.05 

+6 wt.% cr
2
o

3 
modified PTZ give strong indications of solution of Cr at 

the lower dopant level. The domain structure indicates the presence of 

Cr+3 by the 90° domains found in the domain structure. It then appears 

that both valences are present at the lower dopant level. This polari-

zation vs. field hysteresis loops of the unpoled ceramics shown in Fig. 3 

also support the bi-valent solution of Cr at the lower dopant level. 

The 0.05 ·wt.% cr
2
o

3 
modified PZT shows the highest satur~tion and 

remnant polarizations (Fig. 3D). The squareness of the loop relative 

to the unmodified PZT (Fig. 3A) is indicative of the lead vacancy gene-

. d h r +6 1 2 rat1on ue to t e presence or Cr at this dopant leve . The 0.20 wt.% 

cr
2
o

3 
modified PZT shows the lowest saturation and remnant polarizations 

(Fig. 3G). A low field pinching of the hysteresis loop the magnitude of 

which increases with the cr
2
o

3 
concentration occurs in all three materi

als. This pinching is due to the oxygen vacancy pinning of the 90° ~amain 

walls. 
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The random orientations of the polarization directio~s of domains 

formed by spontaneous polarization will require two thirds of these 

domains to switch their pole axis by 90° to align favorably with any 

.. 2 
applied field. The domain structure of the unmodified material consists 

entirely of 180° domains (Fig. 2a). ~fuen an electric field is applied, 

the nucleation of 90° domains must occur to reorient domains with the 

field. Since 180° domains have no mechanical strains associated with 

them, mechanical strains will have to be introduced into the lattice by 

the nucleation of 90° domains. This will make their nucleation difficult, 

and a lower polarization results. In the modified material, these 90° 

domains are already present in the lattice (Figs. 2c and d) and the 90° 

reorientation of 180° domains can be accomplished by the growth of these 

domains. This will be difficult in the 0.20 wt.% modified PZT because 

of the strong pinning of the 90° domain walls by the oxygen vacancies 

along them. Consequently, a very lo~ polarization is developed. The 

90° domains can grow in the 0.05 wt.% cr
2
o

3 
modified PZT because the 

domain walls are more mobile due to the lower concentration of oxygen 

vacancies, and a higher polarization results. 

B. Properties of Poled Ceramics 

The electrical properties of the poled ceramics are summarized in 

Table II. The results of this study do not show the decrease in the 

planar couplirig coefficient, kp, resulting from the addition of Cr
2
o

3 

with a poling temperature of 25°C as shown by Takahashi8 (Fig. 1). The 

values of k obtained by poling at 100°C are also higher for the un
p 

modified and 0.20 wt.% cr
2
o

3 
modified PZT in this study. The explana-

tion for the differences in results lies in the differences in processing 
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techniques used in each study. 

. 8 
Takahashi reported his sintering procedure as placing his samples 

on a platinum sheet and covering the samples with a packing powder of 

the same composition. The samples and packing powder were covered with 

an alumina crucible and sintered at 1290°C for 1 hr. ~o information was 

given concerrting the sintering atmosphere. This procedure would lead to 

wide stoichio~etric variations for two reasons. The first is that, while 

the activity of PbO in the sample \vill be the same as in the packing pm.·-

der, it cannot remain constant throughout the sintering operation. On 

heating to the sintering temperature, both the samples and packing pow-

der will lose PbO to establish an equilibrium PbO activity in the sin-

tering atmosphere. If the sintering container is not sufficiently seal-

ed, PbO vapor can escape. This process will continue throughout the sin-

tering period and lead to a PbO deficient composition. The second reason 

is that lead is soluble in the platinum on which the samples were placed 

18 and several lead-platinum alloys are reported. The reaction of 

Pb(v) ~ Pb(Soln. in pt.) would remove PbO from the atmosphere and the 

sample. PbO depletion has been shown to reduce the planar coupling co-

19 efficient by a significant amount. 

The effects of this sintering procedure were confirmed by using it 

to sinter a set of 8 undoped samples. The resulting microstructure is 

sho\.'11 in Fig. 2b. The PZT pOwder used was the same material sintered 

by the procedure used in this study, including the 1 wt.% excess PbQ, 

Significant microstructure changes are ob~erved. by comparing Figs. 2a 

and 2b. The grain size was almost doubled, and the domain structure 

changed from entirely 180° domains to almost entirely 90° domains. The 
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planar coupling coefficient developed by poling using the procedure 

previously outlined (3kV/mm, 15 min, 25°C) was found to be as low as 

0.20 and no higher than 0.25 for all 8 samples. The platinum surface 

which had the discs in contact with it showed dark circular areas. X-ray 

fluorescence, using tungsten radiation and a LiF analysing crystal, con-

firmed the presence of Pb in the darkened area. A portion of the pattern 

obtained from a platinum piece unexposed to Pb is shown in Fig. 4a, and 

that from a darkened area formed during the sintering a PZT sample is 

shown in Fig. 4b. The PbLa, peak is clearly visible. Diffraction 

analysis proved fruitless due to the difficulty in remaining a sufficient 

amount of the darkened material from the, piece, and a positive identifica-

tion of the phases present could not be made. The average density of the 

8 samples was ~ 95% the theoretical density. Oxygen vacancy pinning 

was strongly evident by the almost closed polarization vs. field hyster-

esis loop, similar to those shown in Fig. 3G. 

The values of kp in the unmodified and 0. 20 wt·. ~~ Cr 
2
o

3 
modified PZT 

obtained by poling at 25°C were lower than those reported by Takahashi8 

(Fig. 1) for the same compositions. This was found to be a result of the 

different poling procedures used. , Samples were poled for 15 min. in this 

study as opposed to 1 hr. reported by Takahashi.
8 

The time dependence 

was confirmed by poling samples for an additional 30 min. and observing 

a significant iQcrease in kp as well as changes in other electrical pro-

perties. The properties of samples poled at 25°C for 45 min. are sum-

marized in Table III. The changes in properties are observed by compari-

son with values in Table II. 
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The dependence of k on both poling time and temperature can be 
p 

explained either totally or partially by the time arid temperature de-

pendence of vacancy diffusion. The magnitude of the coupling coefficient 

will depend upon the remnant polarization in the ceramic due to poling. 

If a field is applied to saturate the polarization and held for a long 

enough time to allow a significant diffusion of oxygen vacancies to the 

domain walls formed, the vacancies will pin the walls in the positions 

they are at. ~1en the field is removed, there will be little polariza-

tion reversal and the. remnant polarization will be high. \Vhen poling at 

a higher temperature, the mobility of the vacancies is higher and diffu-

sian can occur in a much shorter poling time. 

Another factor which influences the remnant polarization when 

poling at a higher temperature is the decrease in the tetragonal distor-

tion of the. lattice as the temperature is raised. The mechanical strains 

associated with a goo domain wall are a result of the tetragonal distor-

tion of the lattice, and decrease as the c/a ratio approaches 1.00. The 

majority of polarization realignment must occur by goo reorientation of 

domains, as previously discussed. A lower c/a ratio caused by an in-

crease in the temperature lowers the mechanical strains which accompany 

the goo domai1i reorientation and a higher saturation polarization can be 

attained. The rapid diffusion of vacancies to the domain walls tl1cn 

pins them to a greater extent than when poling at the lmver tertperature, 

and a higher remnant polarization occurs when the poling field is re-

moved. These changes are quite evident in the polarization vs. field 

hysteresis loops in Fig. 3, particularly in the 0.20 wt.% Cr
2
o

3 
modified 

PZT which has the highest concentration of oxygen vacancies (Fig. 31). · 
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C. Poling and Switching Characteristics 

The current-field relationships were measured during !JOling by 

recording the current as a function of the applied field while increas-

ing it at a constant rate. Typical poling curves otltained are shmvn in 

p 
Fig. 5~ and values of the maximum current (I ), the voltage at which 

max 
p 

it occurred ~ ), and the power dissipated during poling (area under 
max 

curve) are summarized in Table IV. 

The current at low fields is governed primarily by the resistance 

of the samples as indicated by the linear dependence on the applied 

field. The samples were similar in dimensions for each composition and 

the slopes of the poling curves at low fields qualitatively represent 

the differences in res~stivity between compositions. The deviation 

from linearity as the field increases results from bound charge moving 

to the surface of the sample as domain reorientation occurs. The shape 

of the current peak reflects the rate at which polarization is occurring 

and the number of domains which are changing their polarization direc-

tion. The peak is sh~rpest fo~ the 0.05 wt.% Cr
2
o

3 
modified PZT indi

cating the higher polarization and mobility of the domain walls. The 

rounded and flat peaks of the unmodified PZT and the 0.20 wt.% cr
2
o

3 

modifi~d PZT show the difficulty in domain realignment. The peak cur-

rent in the 0.20 wt.% cr
2
o

3 
modified PZT occurs at the highest voltage 

indicating a strong pinning effect while the unmodified PZT shows the 

peak current at a lower field indicating more of a difficulty in the 

90° polarization swit~h due to the mechanical strains involved. 

The switching characteristics of the poled ceramics further 

exemplify the pinning effects of the oxygen vacancies. Typical switching 
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current curves obtained at 25°C are shown in Fig. 6 and summarized in 

Table V. vfuen a field is applied to 0.05 wt.% cr
2
o

3 
modified PZT sample 

in the opposite (opp) direction to that of the original poling field 

immediately after poling at 25°C, the maximum S\-litching current (I 0 
) 

max 

is observed at 1125 volts (V 
0 

). Hhen the field is reversed and applied max 
s once again in the poling direction, the maximum switching current (Imax) 

is observed at the same vottage (V s ) as when S\olitched in the opposite 
max 

direction. If the same procedure is applied to a sample of the same 

0 composition poled at 100°C I is observed at a considerably higher max 
s voltage-1675 volts, and I occurs at 1350 volts. The higher voltages · · max 

needed to reverse the polarization result from a stronger pinning of the 

domain walls due to the enhanced diffusion of vacancies at the higher 

poling temperature. Higher switching currents result from the increased 

number of domains which were poled and can be switched. The difference 

in V 
0 

and V s which developes is due to the difficulty in moving· the max max 

domain walls very far from the positions where they are pinned. 

If any further diffusion of oxygen vacancies under the influence 

of the internal field generated by poling can occur after the poling 

.field is removed, the separation of V 0 

max 
s and V · 

max 
should increase. This 

is observed in the 0.05 wt.% cr
2
o

3 
~odified PZT poled at both 25°C and 

100°C. The effect is greater in the material poled at the higher temp-

erature due to the higher internal field. These same switching and 

aging effects are observed in all three compositions, but are most pro-

nounced in the unmodified ~nd 0.20 wt.% cr
2
o

3 
modified PZT. 

The effects.of oxygen vacancies on domain walls is further shown 

in Fig. 7. Curve A is the poling curve of a 0.2 wt.% Cr
2
o

3 
modified 
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PZT sample. The sample was poled for 25 min. at 25°C. The value of kp 

was measured as 0.36. The sample then was heated rapidly to 425°C. At 

this temperature any ferroelectric polarization will be eliminated due to 

the phase change to an anti-ferroelectric at the Curie temperature. The 

sample was held at this temperature long enough to be sure it had reached 

equilibrium with the furnace, but short enough so that any vacancy diffu

sion would be minimal. The sample was then cooled rapidly to room temp

erature. The value of kp was measured again and found to be 0.20 indica

ting a remnant polarization in the sample. The sample was then poled 

again in the same direction. Curve B in Fig. 7 is the poling curve ob

tained. Curve B is much changed from curve A. The much lower current 

in the poling field area indicates fewer domains were poled and domain 

wall mobility was much lower. It is suggested that ferroelectric do

mains which formed when the sample was cooled through the Curie tempera

ture after thermal depolarization did so by forming domain \valls in the 

same positions as those formed by the original poling. This results 

from the high concentration of oxygen vacancies along the old domain 

walls influencing the spontaneous polarization. If this was the reason 

a sample with a much lower oxygen vacancy concentration should not ex

hibit this effect. This was observed by applying the same thermal de

poling procedure to a 0.05 wt.% cr
2
o

3 
modified PZT sample which was 

solid at 100°C. A value of kp could not be detected after thermally de

poling. Curve C in Fig. 7 is the poling curve obtained for this sample 

when it was repoled at 25°C; Comparison with Fig. 5 shows little change 

in the shape of the curve from that obtained with a virgin sample indi

cating the little influence on spontaneous polarization by the lower 



0 d:l ., l 6 

-21-

oxygen vacancy concentration. This effect was so strong in the 0.20 wt.% 

cr
2
o

3 
modified PZT that depoling at 460°C did not eliminate the remnant 

polarization formed when the sample was spontaneously polarized cooling 

through the Curie temperature. The electrical properties measured after 

poling and thermally depoling are summarized in Table VI. 
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IV. CONCLUSIONS 

The electrical properties of PZT are sensitive to nlicrostructure as 

well as composition and material characterization should always accompany 

reports of electrical behavior. The dependence of the planar coupling 

coefficient, kp, on the amount of Cr2o
3 

added to PZT does not agree with 

previously reported results (Fig. 1). This is due to refined processing 

techniques giving a better control of stoichiometry in this study. A 

dependence of kp on cr
2
o

3 
content was found to exist, but is believed to 

be due to the solution of chromium in two valence states. At loH dopant 

+6 
levels, Cr appears to be present primarily ·as Cr.· , and at higher dopant 

+3 levels as Cr . Both physical and electrical properties of the two modi-

f ied compositions seem to support this. ·The 0. 05 wt% 

PZT exhibits properties more characteristic of a lead vacancy generator 

and the 0.20 wt% Cr
2
o

3 
modified PZT exhibits properties characteristic 

of an oxygen vacancy generator, similar to additions of Hb+S or Al+3 

respectively. 

The presence of large numbers of 90° domains in spontaneously 

polarized 0.20 wt% Cr
2
o

3 
modified PZT indicate an influence of oxygen 

vacancies on the forr.tation of ferroelectric domains. The high remnant 

polarization indicated by a planar coupling coefficient found after 

thermally depoling a poled s~mple of the same composition supports tltis 

interpretation. Ferroelectric behavior, particularly the pinching of the 

polarization vs. field hysteresis loop at low fields, suggest a pinning 

mechanism on domain walls in operative. It is postulated that this is 

due to the diffusion of oxygen vacancies to 90° domain walls to relieve 

strains associated with them. The poling and switchinz characteristics 



1- 0 0 i>. 0 iJ ~. 0 
·.; J 

I 3 ·"·~(·' • ~ I 0 

-23-

of the materials also indicate an operative pinning mechanism. The higher 

k found in the 0.05 wt% modified PZT is believed to be due to the 
p 

greaterdegree of 90° reorientation of domains due to the higher mobility 

of 90° d6main walls resulting from a lower concentration of oxygen 

vacancies. 

A poling time dependence of electrical properties at 25°C was found, 

and is believed to be a result of the slow diffusion of oxygen vacancies. 

The poling temperature dependence of kp was confirmed and \.:as shown to be 

du~ to higher remnant polarizatiqn resulting from the higher mobility of 

90° domain "'alls. T'h.is results from a decreased tetragonal distortion 

and greater diffusion of vacancies at the increased temperature. Aging 

effects on the switching cutrents of poled PZT indicate a diffusion of 

vacancies under the influence of the internal field generated by p6ling. 
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Table I. Properties of unpoled ceramics. 

* * * 
Sample Density Average c Ps PR Ec QE 

Grain K tano Composition g /cc a 2 "IJ.C/cm 2 kV/mm (1/tano) 0 Size "~J.G/cm 

c 
Pb(Zr0.57'Ti0.48) 03 7.91 13.5"1J. 1.022 21.3 12.0 0.70 1238 0.0095 105.3 ,t'"' 

(98.9%) 
to~...,., 

c 
Pb(Zr0.52'Ti0.48) 03 7.99 6.2"1J. 1.021 23.4 18.7 0.65 1346 0.0103 97.1 

+ 0.05 wt% cr2o
3 

(99.9%) .t: 

-~; 

Pb(Zr0.52'Ti0.48) 03 7.77 9.6"1J. 1.024 16.1 6.9 0.48 1088 0.009 111.1 c 
+ 0.2 wt% Cr2o

3 
(97.1%) 

I ,,.,, 
N 

-...! 
I ·0'-

* Taken from P vs E hysteresis loop of an unpoled sample. 

0~ 



Table II. Properties of poled ceramics, poling time= 15 min. 

I I I 

I 
I I 2 2 

~ i ~ K I tano I P
5

-'fl.C/cm PR-'fJ.C/cm E -kV/rnm Sample I I c I I 

Composition 25°C 100°C ! 25 °C 100°C 25°C 100°C 1 25°C 100°C I 25°C 100°C I 25°C 100°C 25°C 100°C I . I I I ! I 

i I ! j 
I 

Pb(Zr0.52'Ti0.48)03 0.30 0.54 329 229 914 901 ! 0.0046 0.0043: 23.3- 37.4 16.6 33.5 I 0.82 0.96 
i 

I I 

i i 
Pb(Zr0.52'Ti0.48)03 0. 35 0.57 285 150 906 906 1 o.oo56 0.0065 i 28.4 42.8 I 22.1 40.1 ! o. 78 0.86 

I l 

+ 0.05 wt% Cr2o3 
I I 
I I I I 

I j I 0.94 I o.oo58 
' 

Pb(Zr0.52'Ti0.48)03 0.29 0.51 297 300 884 826 0.0072: 23.4 39.3 17.8 33.7 1.09 
I I 

I I I 
+ 0.2 wt% Cr2o3 

I 
I 

! I 
! I 
I I 

I 
N 
CXl 
I 
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Table III. Properties of poled ceramics, poling time 45 min at 25°C. 

------

Sample ~ QH K tano 
Composition 

Pb(Zr0.52'Ti0.48) 03 0.40 257 1066 0.011 

Pb(Zr0.52'Ti0.48) 03 0.42 181 1077 0.012 

+ 0.05 wt% cr2o3 

Pb(Zr0.52'Ti0.48) 03 0.39 278 911 0.011 

+0.20 wt% cr2o3 
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Table IV. Poling characteristics of PZT ceramics. 

Power Ip vP 
Sample Poling Dissipated max max 

Composition Temperature (watts) (pamps) (volts) 

Pb(Zr0.52'Ti0.48)03 25°C 3.41Xl0-3 0.92 2600 
100°C 9.9Xl0-3 * * 

Pb(zr0 _ 52 ,Tio.~s>o3 25°C 1. 73Xl0-3 o. 71 2280 
100°C 4.07Xl0-3 1.24' 2590 

+ 0.05 wt% cr
2o3 

Pb(Zr0.52'Ti0.48)03 25°C 1.53Xl0-3 0.5 3280 
100°C 3.75Xl0-) * * + 0. 2 wt% cr2o

3 

* Not Measureable 



l 

Table v. Switching characteristics of PZT ceramics at 25°C, poling time = 15 min. 

Measured After Poling I Measured After 1 Week Aging 0 
\ 
' .... ~ 

Is Io vs o· Is Io vs vo "'-' v 
Sample max max max max I max max max max I Poling ! ~ ., 

' 
'{ori:.P 

Composition Temperature lJamps lJamps volts volts i lJamps lJamps volts volts 
' r---I 

Pb(Zr0.52'Ti0.48)03 I 25°C 1.35 0.94 1150 1750 l 2.85 2.35 1200 2000 ... 
' -~ 

100°C 7.3 3.6 1350 2000 12.9 5.3 1100 2000 
..t;;. 

Pb(Zr0.52,Ti0.48)03 25°C 1.63 1.63 1125 1125 I 3.3 2.85 1100 1350 i c 100°C 7.2 4.9 1350 1675 I 8.1 6.3 1250 1725 + 0.05 wt% Cr2o3 
I 
I 
I I ""-,,, 

Pb(Zr0.52'Ti0.48)03 25°C 1.12 1.12 1500 1900 i 1.85 1.55 1425 2150 w 
I t-' 

100°C 6.85 5.75 1825 2175 ' 7.4 7.2 1750 2150 I 0"" +0.20 wt% cr2o
3 

I 

-
'-.! 
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Table VI. Effects of thermal depolarization. 

Operation* k ~ K tano ~~ p 

Poling-25°C 0.36 306 902 0.008 35.1 
3 kV/mm, 25 min (A) 

Depoling-425°C, 0.20 318 1156 0.008 91 10 min 

Poling-25°C, 0.40 309 902 0.009 28 
3 kV/rnrn, 25 min (B) 

Depoling-460°C, 0.10 257 114 0.009 786 
10 min 

Poling-25°C, 0.40 313 874 0.010 29 3 kV/rnrn, 25 min 

* Heasurements made 25°C after operation. at 
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FIGURE CAPTIONS 

Fig. 1. Variations in the planar coupling coefficient, kp, with Cr
2
o

3 

content in Pb (Zr 
52

, Ti
58

)o
3 

as determined by Takakashi. 8 Tempera-

ture indicates the poling temperature. 

Fig. 2. Microstructures of unpoled PZT ceramics; (a) unmodified, (b) 

unmodified, sintered by an alternate sintering procedure, (c) 0.05 

wt. % cr
2
o

3 
modified, and (d) 0.20 wt. % Cr

2
o

3 
modified. 

Fig. 3. Polarization vs. field hysteresis loops of PZT ceramics; 

unmodified; (A) unpoled, (B) poled at 25°C, (C) poled at 100°C; 0.05 

wt. % Cr2o
3 

modified; (D) unpoled, (E) poled at 25°C, (F) poled at 

100°C; 0.20 wt. % Cr
2
o

3 
modified; (G) unpoled, (H) poled at 25°C, 

(I) poled at 100°C. 

fig. 4. X-ray fluorescence pattern of platinum; (a) unexposed to Pb, 

(b) exposed to Pb during sintering. 

Fig. 5. Poling characteristics of PZT ceramics measured at (a) 25°C 

upper figure and (b) 100°C lower figure. 

Fig. 6. Switching current curves of PZT ceramics measured at 25°C on 

samples poled at (a) 100°C, and (b) 25°C. 

··Fig. 7. Poling curves obtained at 25°C of unpoled and thermally depoled 

modified PZT ceramics. (A) original poling curve; (B) after ther-

mally depoling 10 min. at 425°C both for 0.2 wt. % cr
2
o

3 
modified 

material. Curve C for a 0.05 wt. % Cr
2
o

3 
modified material after 

poling and thermally depoling. 
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disclosed, or represents that its use would not infringe privately 
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