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Pinning of the ferroelastic-ferroelectric domain walls on randomly distributed defects in ferroelectric ceram-
ics leads to a field dependence of the piezoelectric coefficient that is analogous to the Rayleigh law for
magnetic susceptibility. It is shown in this paper that the piezoelectric coefficient of a lead zirconate titanate
ferroelastic-ferroelectric system depends linearly on the logarithm of the frequency of the field. Both the
reversible and irreversible components of the piezoelectric coefficient are found to be frequency dependent. A
similar type of frequency dependence due to domain-wall pinning has been predicted for the magnetic sus-
ceptibility in disordered ferromagnets and dilute antiferromagnets. The presented results offer experimental
evidence that the theoretical approach developed for domain-wall pinning effects in magnetic materials is
generally valid for pinning processes in all ferroic systems, ferromagnetics, ferroelectrics, and ferroelastics.
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Effects of the domain-wall pinningor more generally,
pinning of moving interfaceson magnetic and dielectric x(w)~
properties have been of substantial interest for many years.
An example is the contribution to the magnetic susceptibilitywhere exponent® is related to the roughness of the
from interaction of the domain walls with randomly distrib- interfacé andt, is a time constant.
uted pinning centers in disordered ferromagriétSeveral Although magnetic system$erromagnets, antiferromag-
other examples and a detailed theoretical consideration of theets, and spin glasseare most often treated in the literature,
problem may be found in work by Nattermamtal® The  mechanisms of the domain-wall pinning should, as pointed
theoretical treatment of the domain-wall pinning in magneticout by Nattermannet al, be similar in other physically
systems has led to two general results. One is the field deequivalent systems, including ferroelectrics. This was re-
pendence of the magnetic susceptibilityjn the form of the  cently confirmed by showing experimentally that the weak-
classical Rayleigh la?> field displacement of ferroelastic-ferroelectric domain walls
in ferroelectric ceramics leads to field dependence of the lon-
gitudinal piezoelectric coefficient which is identical to the
x(H)= xipic+ vH, (1) Rayleigh law? That study suggests that the Rayleigh law is
universal and valid for pinning effects of all types—
ferromagnetic, ferroelastic, and ferroelectric—of ferroic do-
where xin;; is the reversible component of the susceptibility, mains. In the present paper, this result is extended to show
vis the Rayleigh coefficient, artd is the magnetic field. The that a relation analogous to E@) is valid for a piezoelectric
irreversible, field-dependent component of the susceptibilityresponse of a ferroelectric system. This result indicates that
vH, is due to domain-wall pinning and is responsible fortheoretical predictiorts' for the frequency dependence of
weak-field hysteresis. The other important result is the logadomain-wall pinning processes in magnetic materials are
rithmic dependence of the susceptibility on frequemcyf  also valid for pinning of ferroelectric-ferroelastic domain
the field!* walls. It is further shown that the frequency dependence of
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FIG. 1. The longitudinatl;; piezoelectric coefficient of PZT-Nb FIG. 3. The reversible and irreversible Rayleigh parameters,
as a function of the frequency of ac pressure-atMPa amplitude  dine @nda, of ds; of PZT-Nb, as a function of the frequency of ac
of ac pressure. The solid line is the best fit to ). pressure. The solid lines are best fits to E&.and (6), with fit

parameters shown in the text.

the piezoelectric coefﬁuentlls due to_ Iogar|thm|c frequencycoefficient decreases monotonically with the logarithm of the
dependgnce of b.Oth reyersuble and |rreyer5|ble Componenﬁequency and may be well represented with the linear equa-
of the piezoelectric coefficient. Finally, it is shown that in the tion
case of the piezoelectric coefficient, the exponent of the loga-
rithmic term is~1. 1

The directds; longitudinal piezoelectric coefficient of a dax(w)=Fy+FIn —), ()]
soft lead zirconate titanate ceramic is measured by a method @
described in more detail in Ref. 5. Composition of the ce-whereF,=289.6+0.1 pC/N andF~4.00+0.01 pc/N. The
ramic is PIZrq sTio 490.078N00 02603 (PZT-ND). Information  uncertainties include only linear regression errors. The linear
on sample preparation and poling may be found in Ref. 5correlation factoR is 0.9987, and it may be concluded that
The composition lays on the morphotropic phase boundarthe exponent of the logarithmic term-isl. The piezoelectric
between rhombohedral and tetragonal phases which coexisbefficient shows the same type of frequency dependence as
in the ceramic due to local variations in the composition ofpredicted for magnetic susceptibility i@nti)ferromagnets
the solid solution. The grains of the ceramic contain threedue to domain-wall pinning?
types of piezoelectrically active non-180° domain walls: It is next shown that the frequency depende(®eof the
109° and 71° wallls in the rhombohedral phase and 90° wallpiezoelectric coefficient is due to frequency dependence of
in the tetragonal phase. These domain walls are simultaboth reversible and irreversible Rayleigh parameters for the
neously ferroelectric and ferroelastic walls. The ferroelectricpiezoelectric effect. As discussed in detail in Ref. 5, weak-
paraelectric phase transition of this composition is at 650 Kfield dependence of the piezoelectric coefficient of ferroelec-

The piezoelectric coefficient is first measured as a functric ceramics may be described by a relationship analogous
tion of the frequency of ac pressure, at ac pressure amplitude the Rayleigh law(1):
~3 MPa. The results are shown in Fig. 1. The piezoelectric

d33(Ximax) = init + @Xmaxs (4)

where d;,; and « are reversible and irreversible Rayleigh

320 parameters® for the piezoelectric effect, and,.,is the am-
310t plitude of ac pressure.
300k The piezoelectric coefficient is measured as a function of
Xmax @t frequencies ranging from 0.02 to 40 Hz. Results are
Zz 290r shown in Fig. 2. As expected, for each frequendy; vs
2 280} Xmax May be written in the form of the Rayleigh relationship
< 270l (4). It is clear from Fig. 2 thad;,; and « depend on the
frequency of the ac fielde andd,,; are calculated for each
2601 frequency by fitting the data in Fig. 2 with the Rayleigh
250k relation(4). The results are shown in Fig. 3. Both reversible
240 and irreversible Rayleigh parameters show a linear depen-
0 1 2 3 5 dence with In(1#), and can be expressed as
X __ (MPa)
FIG. 2. The longitudinati; piezoelectric coefficient of PZT-Nb dinit( @) =dg+dIn %) 5)

as a function of the amplitude of ac pressure, at different frequen-
cies. The solid lines are best fits to E@), with fit parameters
plotted in Fig. 3. All measurements were made under an external dc

. =ap+aln
bias pressure of 19 MPa. a(w)=2ag
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FIG. 4. The longitudinati,; piezoelectric coefficient of PZT-Nb FIG. 5. Parameter§, andG of ds3 vs In(1liw) curves in Fig. 4,
as a function of the frequency of ac pressure, at different amplitudegs a function of the amplitude of ac pressure. The error bars indicate
of the average ac pressuxg,.,. Because for each pressure level in €rror due to averaging of the pressure amplitude as explained in the
Fig. 2 Xmax varies slightly with frequency, the average values of text and in the caption for Fig. 4. The solid lines are best fits to Egs.
Xmax fOr €ach pressure level in Fig. 2 are taken to generate plots forl0) and(11), with fit parameters shown in the text.
this figure. The solid lines are best fits to Eg), with fit parameters

shown in Fig. 5. where Gy and G are parameters which depend &h,.-

Gy andG are calculated for each pressure by fitting the data
where dy=249+1 pCN!, d=1.9+0.2 pCNL, in Fig. 4 with Eq.(9): Bqth parameters depend linearly on
a,=12.9+0.5 pCNMPa !, and a=0.50+0.05 Pressure, as shown in Fig. 5, and may be written as
pC N 1 MPa L. Errors in each linear regression analysis step
are very small (the linear correlation coefficients —

R>0.994). Indicated uncertainties are estimated accumu- GolXmax) =Go* foXmax (19
lated errors from all fitting steps.
The Rayleigh law(4) for the piezoelectric coefficient can G(Xma = 9+ f Ximaxs (12)
be written in the following form, with frequency-dependent
parameters: where gy=249+1 pC N}, f,=13.2-0.4 pC Nt MPa},
g=1.8+0.2 pCN?, and f=0.59+0.02 pCN!*MPal
dag(@, Xmax) = dinit( @) + (@) Xax. (7) " The indicated uncertainties include estimated accumulated
errors from successive fitting steps and the error introduced
by averaging the amplitude of the ac pressure. By inserting
Eqgs.(10) and(11) into Eq.(9) one obtains

By inserting Eqs(5) and(6) into Eq.(7), one obtains

1
d33( 0, Xinax) = Do(Xmax) + D(Xmax)|n<;) ) (8)
33 @, Xma) = A1) + a®(©) X max: 12
where Do(Xmad=to+8Xmax aNd D (Xad = d+aXmax. 3@ Xima) = A @) F () Ximax 12
Therefore, it follows from the Rayleigh lay4) and the fre-

guency dependence of the Rayleigh paramef@rand (6),

that for a given ac field, the piezoelectric coefficient de- X -
frequency-dependent parameters. By comparing coefficients

creases linearly with logarithm of the frequency of field. . .
For completeness, it is next shown that the Rayleigh law" Egs. (5) and (6) and (10) and (11), it follows that
P L 1S next Show yielg G, ding=dS,, Do=~Go, and D~G. Therefore, under

may likewise be derived from the frequency dependence off ™ ¢

the piezoelectric coefficient. Data shown in Fig. 2 are repret® conditions where Eq¢5) and (6) and (10) and(11) are

sented in Fig. 4 ag; vs the logarithm ofw, for each am- valid, the classical Rayleigh relationship) may be derived

plitude of the ac pressure. As seen from Fig. 2, at each levd[°M Ed: (9), and vice versa. Equatiorig) and (9) are two
of the ac pressureX, ., slightly changes as the driving fre- '€Presentations of the same relationship. ,
quency is varied. The pressures indicated in Fig. 4 are the The logarithmic frequency dependence @fs is thus

average values$X,,,) over all examined frequencies. The shown to be due to the frequency dependenceath the

largest error introduced by taking the average amplitude O;eversible and irreversible Rayleigh parameters. It is interest-
9 . y zaxing 9 'p . ing that Prejean and Souletibave shown that in the CuMn
ac pressure is about 1.9% f&,,,—=4.02 MPa. For simplic-

spin glass, the reversible component of the magnetic suscep-

where dﬁit(w)=go+ gin(l/w) and a®(w)="fq+fin(l/w).
Equation(12) has the form of the Rayleigh law4), with

ity, Xmax is hereafter written aX . _ tibility (xini) iS proportional to Ini), wheret is the measure-
For eachXmay, d33 decreases linearly with In(@), and  ment time. The same temporal dependence was observed by
can be written as Leitao et al® for the quadratig(irreversiblé component of

thermoremanent magnetization in the, g, :Cl, antifer-
romagnet. Moreover, Leitad al. have shown experimentally
that the exponent of the logarithmic term ingE®Ig, sCl, is

1
d33(w’xma"):G°(XmaX)+G(Xma>‘)ln(5)’ © 21 This is in disagreement with the theoretically pre-
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dicted valué but agrees with the value of the exponentthe similar effect on the field and frequency dependence
which is obtained experimentally faks; in the present work. of the piezoelectric coefficient, as the pinning of magnetic
The value of the exponent is not discussed in this papeldomain walls has on susceptibility ifant)ferromagnetic
however, it has been a subject of several studies in the pastaterials. These results present evidence in support of the
and may be of particular importance for testing the results ofheoretical model of interface pinning in random systems by
theoretical models of interface pinnidg:’ Nattermannet al. and show that the same theoretical ap-

In conclusion, it is shown that the pinning of ferroelectric- proach may be used for description of domain-wall pinning
ferroelastic domain walls in a ferroelectric system hasprocesses in all ferroic systems.
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