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Universal Polarization Switching Behavior of Disordered 
Ferroelectrics
 Universal scaling features of polarization switching are established experi-
mentally in rather different classes of disordered ferroelectrics: in well-studied 
lead-zirconate titanate (PZT) ferroelectrics, in recently synthesized Cu-
stabilized 0.94(Bi 1/2 Na 1/2 )TiO 3 –0.06BaTiO 3  (BNT-BT) relaxor ferroelectrics, 
and in classical organic ferroelectrics P(VDF-TrFE). These scaling properties 
are explained by an extended concept of an inhomogeneous fi eld mechanism 
(IFM) of polarization dynamics in ferroelectrics. Accordingly, disordered fer-
roelectrics exhibit a wide spectrum of characteristic switching times due to 
a statistical distribution of values of the local electric fi eld. How this distri-
bution can be extracted from polarization measurements is demonstrated. 
Generally, it is shown that the polarization response is primarily controlled by 
the statistical characteristics of disorder rather than by a temporal law of the 
local polarization switching. 
  1. Introduction 

 Although fi eld-induced switching of polarization in ferroe-
lectrics is a key process for the functioning of many devices, 
its essential features still elude understanding. Global polariza-
tion reversal is described mostly in one of two ways: either as 
a uniform random nucleation of reversed domains according 
to the Kolmogorov–Avrami–Ishibashi (KAI) model [  1–3  ]  with a 
single fi eld-dependent switching time   τ   or as a superposition 
of responses of numerous regions exhibiting independent 
switching kinetics, [  4–8  ]  characterized by a broad distribution 
of switching times  g (  τ  ). From the microscopic point of view, 
local polarization reversal proceeds by few universal mecha-
nisms common for rather different ferroics. [  9  ]  These include 
polarization rotation or nucleation and expansion of reversed 
domains, which may occur in different regimes: creep, depin-
ning, or a sliding motion of domain walls, depending on the 
driving fi eld strength. Here, we demonstrate, by analyzing 
experiments, a similarity of global switching behavior in very 
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different ferroelectric material classes, 
whose universal properties cannot be 
explained by using the KAI approach. We 
show, on the other hand, that the uni-
versal switching behavior can be readily 
explained by applying statistical con-
cepts [  10–12  ]  whereby a certain law of local 
polarization switching does not play an 
essential role. Moreover, we show how the 
distribution of switching times is related 
to the statistical distribution of the local 
electric fi eld values and how the latter 
can be directly extracted from experiment 
without any preliminary hypothesis on its 
specifi c shape. 

 The KAI model suggests the following 
temporal dependence of the reversed 
polarization
 
p (t, τ ) = 2Ps

{
1 − exp

[
−

(
t

τ

)β
]}

  
(1)   

where  t  is the time elapsed after the application of the external 
fi eld  E , 2 P  s  is the amount of the reversed polarization reached 
at saturation, and   β   and   τ   are material parameters. In the clas-
sical KAI approach [  1–3  ,  13  ]  the Avrami exponent   β   depends on 
the dimensionality of a domain nucleus and takes only integer 
values, however, common experimental practice is to consider 
both   β   and   τ   as arbitrary fi eld-dependent fi tting parameters. 
Such interpretation does not rely on any theoretical concept 
but resembles for the cases with   β    <  1 [  14–18  ]  the fractional 
power relaxation law, often utilized to describe the response of 
dielectrics. [  19  ]  

 For the other parameter   τ   an empirical law [  20  ]  is often used:

 
τ (E ) = τ0 exp

[(
Ea

E

)α]
  

(2)
   

with   τ   0  the characteristic time,  E  a  the activation fi eld, and  α  the 
constant adopting values around 1. Experimentally,  Equation 
(2)  is confi rmed in numerous studies on single crystals, [  20  ]  bulk 
ceramics, [  10–12  ,  15  ]  thin fi lms, [  4  ,  6  ,  8  ,  17  ,  18  ]  and organic-ferroelectric 
composites. [  7  ]  Theoretically, the fi eld dependence of the nuclea-
tion process was investigated by many authors [  13  ,  21–23  ]  of which 
a dependence close to  Equation (2)  was derived for domain 
nucleation supported by tunneling of free charges for electric 
fi elds smaller than 0.1 kV mm  − 1 . [  21  ]  

 Only verifi ed in experiments on ferroelectric single crystals of 
triglycine sulphate, [  24  ]  the genuine KAI dependence in Equation 
(1) with integer   β   does not seem to hold for thin fi lms, [  4–6  ,  8  ,  25  ]  
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     Figure  1 .     Scheme of an inhomogeneous fi eld distribution in a ferroelec-
tric ceramic. A scanning electron microscopy image of a PZT sample is 
used as a background.  
organic-ferroelectric composites, [  7  ]  and bulk polycrystalline 
samples. [  10–12  ,  15  ,  26  ]  The KAI function has, for any choice of 
parameters, a step-like shape on the logarithmic time scale that 
is nearly symmetric with respect to its infl ection point. Polari-
zation reversal reported in literature [  4–8  ,  12  ,  15  ,  25  ,  26  ]  exhibits non-
symmetric curves with extended quasilinear tails on the loga-
rithmic time scale, which cannot be fi tted by a function such 
as  Equation (1) ; hence, such systems cannot be described by a 
unique relaxation time   τ  . In the spirit of the Preisach model, [  27  ]  
considering a ferroelectric sample as a collection of independent 
bistable units with distributed parameters, [  28  ]  the temporal 
response of a disordered system can be represented as that of 
an ensemble of elementary regions characterized by different 
switching times with a broad distribution of these times  g (  τ  ) 
covering many decades. [  4  ]  

 Such distributions of switching and relaxation times were, in 
fact, observed by spatially resolved piezoresponse force micro-
scopy on polycrystalline ferroelectric fi lms [  29  ]  and bulk ferro-
electric relaxors. [  30  ]  Broad time spectra were attributed to the 
distribution of activation energies  U  a  related to the relaxation 
time as  τ = τ0 exp (Ua/kT )    with the Boltzmann constant  k  and 
temperature  T . In conjunction with Equation (2), an expression 
of the energy barrier  U  a  through the local value of the electric 
fi eld  E  in the form  Ua = U∗ (E ∗/E )α   could be suggested, with 
 U  ∗    and  E  ∗    the constants, which ensues in turn the relation 
 Ea = E ∗ (U∗/kT )1/α   for the activation fi eld. These expected rela-
tions should still be proven by measurements in possibly wide 
temperature and fi eld regions. Theoretically, these fi eld and 
temperature dependences of the time   τ   are reminiscent of the 
theory of thermal creep of an elastic domain wall due to collec-
tive pinning by weak randomly distributed pinning centers. [  31  ]  

 The hypothesis of the fi eld-dependent activation barrier 
can simply explain the distribution of switching times in mes-
oscopically heterogeneous systems by the inhomogeneous fi eld 
distribution in them, as was suggested in the inhomogeneous 
fi eld mechanism (IFM) model of polarization reversal. [  10–12  ]  
This idea, qualitatively discussed previously, [  15  ]  was fi rst quan-
titatively implemented in ref.  [  6  ,  7  ]  where the statistical distri-
bution of values of the local electric fi eld in thin ferroelectric 
fi lms was modelled as a Lorentzian curve. On the other hand, 
for the virgin, as-prepared lead-zirconate titanate (PZT) bulk 
ceramics, this distribution can also be satisfactorily fi tted by a 
Gaussian function. [  11  ]  As will be shown below, it is not neces-
sary to assume any certain form of the fi eld distribution since it 
can be extracted directly from experiment. 

 In previous applications of the IFM concept to bulk ferro-
electric ceramics [  10–12  ]  the angle dependence of the local electric 
fi eld was neglected similarly to the case of thin fi lms, [  4  ,  6  ,  7  ]  which 
is a poor approximation. In the 3D case, the Maxwell equation 
 ∇ (ε̂E) = 0    holds inside a bulk dielectric, where  ̂ε    is a dielectric 
permittivity tensor. This means that the component of the elec-
tric fi eld parallel to the applied fi eld direction can only change 
when the perpendicular fi eld components change to the same 
extent, assuming the permittivity tensor to be macroscopically 
isotropic. Thus, a distribution of the values of the local electric 
fi eld in 3D solids implies inevitably a distribution of the fi eld ori-
entations. Therefore, in the following Section 2, we present an 
extended IFM model taking into account the angle dependence 
of the local fi elds and then, in Section 3, compare predictions 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2058–2066
of this model with experiments performed on different classes 
of ferroelectrics. Finally, the results are summarized and dis-
cussed in Section 4. Additional details on materials and experi-
mental procedures are given in the Experimental Section and 
in Supporting Information.   

 2. Extension of the IFM Model of Polarization 
Switching 

 We consider 3D disordered ferroelectrics composed of aniso-
tropic regions (grains) that are distributed and oriented arbi-
trarily in space ( Figure    1  ). The following polarization switching 
scenario is imposed: the system is fi rst polarized for a long time 
by an applied electric fi eld much higher than its coercive fi eld, 
then short circuited for an extended time and consequently 
the fi eld is applied into the opposite direction and switching 
is observed. As mentioned above, in this model the statistical 
distribution of switching times of different regions  g (  τ  ) is deter-
mined by the statistical distribution of local electric fi eld values 
 E  through an arbitrary relation   τ  ( E ). If the considered disor-
dered system is macroscopically homogeneous, isotropic and 
not textured, then the statistical distribution function for the 
electric fi eld vector  W ( E ) in the fi eld space becomes cylindrically 
symmetrical with respect to the direction of the applied fi eld 
 E  m . We assume additionally that the system is characterized 
by a permittivity tensor  ̂ε   which may spatially vary but is fi eld-
independent. This means that the local fi eld resulting from the 
spatial redistribution of the external fi eld scales at every point 
with the value of the applied fi eld  E  m . Then the statistical dis-
tribution of the local fi eld vectors in the spherical coordinate 
frame ( E ,  φ  ,  θ  ) can be reduced to the function  F ( E / E  m ,  θ  ) defi ned 
by the relation

 
F

(
E

Em
, θ

)
dE

Em
=

∫ 2π

0
dϕ

∫
E<|E|<E+dE

d |E| |E|2 W (E)
  

(3)
     

 where  φ  and  θ  are the azimuthal and polar angle of the local 
fi eld with respect to the applied fi eld direction  z , respectively. 
2059wileyonlinelibrary.combH & Co. KGaA, Weinheim
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According to its statistical meaning this distribution function is 
obviously normalized:

 

∫ ∞

0
ds

∫ π

0
dθ sin θ F (s , θ ) = 1

  
(4)

   

with  s   =   E / E  m  the normalized electric fi eld. One more normali-
zation condition arises from the fact that the mean electric fi eld 
in the direction of the applied fi eld,  <  E z   > , should be equal to 
 E  m :

 

∫ ∞

0
ds s

∫ π

0
dθ sin θ cos θ F (s , θ ) = 1

  
(5)

    

 The distribution of switching times can be restored from the 
distribution of fi elds using the relation

 
g (τ ) dτ = (dE/Em)

∫ π

0
d sin F (E/Em, θ )θ θ

  
(6)

   

if the fi eld dependence of the switching time   τ  ( E ) is known and 
applies in the whole volume of the system. From a physical 
point of view, the time   τ   may change between 0 and  ∞  because 
the switching mechanism is not exactly known. On the other 
hand, when using for   τ  ( E ) the dependence in Equation (2), it 
should be noted that the lowest switching time possible is not 
zero but   τ   0 . This, however, should not lead to an error since the 
involved measurement durations  t  of more than 10  − 6  s are by 
orders of the magnitude larger than typical values of   τ   0 . 

 In contrast to usual model considerations of thin fi lms, [  4–8  ]  
in bulk samples the local polarization may switch in different 
directions depending on the local fi eld and crystal axes orienta-
tions. We assume for simplicity that the polarization switches to 
the direction of the local fi eld and, thus, the contribution to the 
total polarization in the applied fi eld direction is proportional 
to  p [ t ,  τ  ( E )]cos   θ  . Herewith the parameter  P  s  in  Equation (1)  
should be reduced with respect to the corresponding single 
crystal values: in perovskite single crystals by a factor of 0.831 
in the tetragonal case and by a factor of 0.866 in the rhombohe-
dral case, [  32  ]  in polyvinylidene difl uoride (PVDF) ferroelectrics 
by a factor of 3/ π     . [  33  ]  Then, similarly to the nucleation limited 
switching (NLS) model of ferroelectric fi lms, [  4  ]  the polarization 
response of the highly polarized bulk ferroelectric medium to 
the reversed external fi eld  E  m  may be presented as a superposi-
tion of local KAI-like responses,

 
�P (Em, t) =

∫ ∞

0
ds

∫ π

0
dθ sinθ cosθ F (s, θ ) p [t, τ (Ems )]

  
(7)

    

 Maximum value of the local polarization in Equation (1) 
reached asymptotically at  t   →   ∞  is 2 P  s . This results in the max-
imum value of the total switched polarization

 

�Pmax = 2Ps

∫ ∞

0
ds

∫ π

0
dθsin θ cosθF (s , θ)

= 2Ps < cos θ >   
(8)

   

where  < cos   θ   >  as a characteristic of the average orientation of 
the local polarization was introduced. 

 The double exponential dependence in the function  p [ t ,  τ  ( E )] 
of  Equation (7)  results in the step-like dependence on the fi eld 
 E  or on time  t  (on logarithmic scale), which looks very much 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
like the Heaviside unit step function:  p ( t ,  τ  )  ≈  2 P  s  H ( t   −    τ  ), espe-
cially when   β    >  1. This allows one to roughly approximate the 
function  p [ t ,  τ  ( E )] by 2 P  s  H [ E  –  E  th ( t )], where  E  th ( t ) is the solution 
of the equation  τ ( E )  =   t , and to perform a truncation of integra-
tion in  Equation (7)  resulting in an approximate form

 

�P (Em, t) ≈ 2Ps

∫ ∞

Eth/Em

ds
∫ π

0
dθ sinθ cosθ F (s, θ )

= �Pmax

∫ ∞

Eth/Em

ds f (s )
  

(9)
    

 Here a weighted distribution function for normalized fi eld 
values was introduced as

 
f (s ) = 1

< cos θ >

∫ π

0
dθ sin θ cos θ F (s , θ )

  
(10)

   

which generalizes the statistical distribution of fi eld values in 
ref.  [  12  ] , where explicit angle dependence was not accounted 
for. By integrating this function over  s  one fi nds that, according 
to  Equation (8) , it is normalized:

 

∫ ∞

0
ds f (s ) = 1

  
(11)

    

 Besides, by multiplying  Equation (10)  with  s  and integrating 
over  s ,  Equation (5)  can be used to fi nd another normalization 
condition

 

∫ ∞

0
ds s f (s ) = 1

< cos θ >   
(12)

   

which is slightly different from one in ref.  [  12  ] , where the angle 
distribution of the fi eld was missing. 

 According to the approximate representation in Equation (9) 
the polarization response is expected to exhibit, similarly to 
ref.  [ 12 ] , certain scaling properties. Indeed,  Δ  P ( E  m , t ) appears to 
be a function of a combined fi eld and time variable  E  m / E  th ( t ) 
only. Moreover, it becomes possible to directly extract the dis-
tribution function  f ( s ) from the switched polarization. Namely, 
its normalized logarithmic derivative with respect to the applied 
fi eld acquires a scaling form

 

1

�Pmax

∂�P (Em, t)

∂ ln Em
= E th (t)

Em
f

(
E th (t)

Em

)
  

(13)
    

 The right-hand side of this equation is a function of the 
mentioned combined variable  E  m / E  th ( t ), hence, the left-hand 
side must also be a function of such a variable. All logarithmic 
derivatives exhibit a maximum at some time-dependent posi-
tion  E  max ( t ).  Equation (13)  means that logarithmic derivatives 
for different poling times  t  have to be of the same height at 
their maximum positions and scale to the same master curve 
 Φ [ E  m / E  max ( t )], which presents a fi ngerprint of the system. 
Thereby  E  max ( t )  =    γ E  th ( t ) must hold, with   γ   a constant. Finally, 
 Equation (13)  allows explicit determination of the distribution 
function  f ( s ) from the above master curve as

 
f (s ) =

1

s
�

(
1

γ s

)
  

(14)
    

 The constant   γ   is not arbitrary and can be found by substitution 
of  Equation (14)  into  Equation (12) , which results in the relation
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2058–2066
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     Figure  2 .     Model fi eld derivative of the local polarization  D ( s ) and the distribution function 
 f ( s ) for the cases when this distribution is a) much wider and b) much more narrow than the 
derivative peak. c) Model calculations of the logarithmic fi eld derivative,  Equation (17) , for the 
case in (a). d) The same calculations for the case in (b).  
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γ = < cos θ

∫ ∞

0

du

u2
Φ (u)>

  
(15)

   

deriving this constant from the form of the 
master curve   Φ  ( u ) and the average polariza-
tion orientation. The other normalization 
condition,  Equation (11) , is satisfi ed for arbi-
trary   γ   by substitution of  Equation (14)  due to 
the fact that  Δ  P ( E  m , t ) saturates by the value 
 Δ  P  max  at infi nite  E  m  for arbitrary  t . 

 The above analysis allows to a large extent 
the determination of the weighted statistical 
distribution of the local electric fi eld values, 
 Equation (10) , leaving, however, the angle dis-
tribution of the local fi elds hidden because the 
measurable total polarization,  Equation (7) , 
averages local vectorial contributions over the 
whole system. The only trace of the angle 
dependence is the average orientation  < cos   θ   >  
appearing in  Equation (15) . The latter para-
meter can only be roughly estimated if the 
maximum possible polarization for a certain 
material,  P  s , is known from independent meas-
urements. In this case  < cos   θ   >  can be valuated 
as  Δ  P  max /2 P  s  according to  Equation (8) . 

 Fortunately, the above uncertainty in the 
determination of the parameter   γ   and conse-
quently of the distribution function  f ( s ) has 

no effect on the evaluation of the total polarization response, 
 Equation (9) . Indeed, by substitution of  Equation (14)  into 
 Equation (9)  one obtains a simple expression

 
�P (Em, t) = �Pmax

∫ Em /Emax

0

du

u
Φ(u)

  
(16)

   

relating the reversed polarization directly to the measurable quan-
tities: the master curve   Φ  ( u ) and the maximum position  E  max ( t ). 

 Although validity of Equation (13) has been largely confi rmed 
on virgin and fatigued PZT materials [  12  ]  the question remains if 
neglecting the details of the local polarization reversal by intro-
ducing the step function instead of  p [ t ,  τ  ( E )] is well enough jus-
tifi ed. Indeed, this model assumption allowing for truncation 
of the integration in  Equation (7)  and consequently leading to 
 Equation (13)  completely ignores the temporal behavior of the 
local polarization by assuming simply that the local switching 
occurs instantly when the observation time reaches the local 
value of the characteristic time   τ  ( E ). We now investigate the 
effect of the elementary switching process on the overall 
response of the ferroelectric medium assuming that the local 
switching is controlled by  Equations (1)  and  (2)  with arbitrary 
parameters involved. 

 To this end we calculate the logarithmic derivative of 
 Equation (7)  and obtain

 

1

�Pmax

∂�P (Em, t)

∂ ln Em
=

∫ ∞

0
ds s f (s ) D (s )

with D (s ) = Em

2Ps

(
∂p

∂τ

∂τ

∂ E

)∣∣∣∣
E/Em=s   

(17)
    
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2058–2066
 The integrand presents a product of two peak functions, the 
second of which,  D ( s ), was, in fact, substituted by the Dirac delta 
function  δ ( s  –  E  th / E  m ) by the derivation of  Equation (13) . If, in 
contrast, the fi eld distribution  f ( s ) were assumed to be   δ  ( s  – 1), 
that corresponds to the uniform fi eld in the whole system, the 
total polarization, Equation (7), would be reduced to  Equation 
(1) . It is easy to check that in this case the scaling property of 
the logarithmic derivative, Equation (13), would not hold. To 
illustrate this fact, we display in  Figure    2   exemplary calcula-
tions of  Equation (17)  for two opposite cases using different 
parameters involved in expressions for  p ( t ,  τ  ) and   τ  ( E ) given by 
 Equations (1)  and  (2) , respectively. For the parameters chosen 
in Figure  2 a, the width of the derivative  D ( s ) is much less than 
the width  σ   =  0.2 of the normal Gaussian distribution taken for 
the function  f ( s ). Corresponding logarithmic derivatives shown 
in Figure  2 c all scale to the only curve, which is demonstrated 
by scaling of the widest curve to the dashed line coinciding with 
the narrowest curve. For the parameters chosen in Figure  2 b, 
the width of the derivative  D ( s ) is much larger than the width 
 σ   =  0.02 of the Gaussian distribution taken for the function 
 f ( s ). Corresponding logarithmic derivatives shown in Figure  2 d 
exhibit maxima rising with the increasing observation time 
 t , which makes scaling to the same master curve impossible. 
Transition between the two opposite cases is continuous, which 
may be observed by changing the relevant parameters indicated 
in Figure  2 a,b. Thus, the scaling relation, Equation (13), serves 
as a criterion for validity of the IFM model for a given mate-
rial. If scaling is fulfi lled then disorder dominates the polariza-
tion switching, if it fails then the system reacts as an effectively 
homogeneous medium. [  24  ]   

 To establish when Equation (13) is expected to be valid in 
terms of parameters involved we now evaluate the integral in 
2061wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     a) Switched polarization of PZT ceramic  Δ  P  as a function of applied fi eld  E  m  at dif-
ferent poling times  t  as indicated, b) its logarithmic derivatives versus applied fi eld, c) the same 
derivatives scaled to their maximum positions  E  max ( t ), and d) fi tting of  E  max ( t ) with an inverse 
logarithmic function.  
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Equation (17) beyond the   δ  -function approxi-
mation for  D ( s ). This can be performed in 
the spirit of Laplace’s method [  34  ]  assuming 
that  f ( s ) behaves smoothly near the sharp 
maximum of  D ( s ). Position of the latter max-
imum and its width are given by expressions

 
s0 = Ea

Em

α

ln (t/τ0)
and w = s0

β ln (t/τ0)   
(18)

   

respectively. If a condition of the peak 
sharpness,  w   <  <   s  0 , that is equivalent to 
 β  ln( t / τ  0 )  >  >  1, is fulfi lled, and  s  0  is far away 
from the maximum of the function  f ( s ), 
which is typically around 1,  Equation (17)  
can be evaluated as  

(√
2π /e

)
s0 f (s0)  , that is 

nearly the same as in the   δ  -function approxi-
mation for  D ( s ). The required inequality 
  β   ln( t / τ  0 )  >  >  1 is typically satisfi ed since the 
values of ln( t / τ  0 ) lie between 4 and 33 for 
 t  from the interval (10  − 5 ,10 2 ) s and   τ   0  from 
the interval (10  − 13 ,10  − 7 ) s, when the integer 
  β   is taken. [  1–3  ,  5  ,  24  ]  If, in contrast,  s  0   ≈  1 is real-
ized, then the ratio  w / D ( s  0 )  ≈  [  β   ln( t /  τ   0 )]  − 2   <  <  1 
holds, which again warrants the   δ  -function 
approximation for  D ( s ) provided that the 
width of  f ( s ) is larger than  w . This seems to 
be the case already for the virgin PZT mate-
rials [  11  ]  and even more so for fatigued ones. [  12  ]  

Thus, it is to be expected that the scaling relation, Equation (13), 
holds for a wide class of disordered ferroelectrics.   

 3. Experimental Verifi cation 

 The above discussed scaling properties will now be exper-
imentally verifi ed on three different systems: PZT ceramic-
Pb 0.975 Sr 0.02  [(Zr 0.5225 Ti 0.4775 ) 0.99 Nb 0.01 ]O 3 , [  35  ]  Cu-stabilized BNT-
BT ceramic 0.94(Bi 1/2 Na 1/2 )TiO 3 –0.06BaTiO 3 , [  36  ]  and classical 
organic ferroelectric 70/30 mol% copolymer of vinylidene-
fl uoride and trifl uoroethylene P(VDF-TrFE). [  37  ,  38  ]  All the meas-
urements were done at room temperature using equipment 
and procedures described below in Section 5. The polarization 
response was measured in the time window between 10  − 6  s 
and 10 2  s for a set of  E  m  values varied in between  ≈ 0.3 E  C  
and  ≈ 3 E  C , where  E  C  is the coercive fi eld for the respective 
material. Then the switched polarization  Δ  P  was represented as 
a function of  E  m  for different poling durations and the deriva-
tive in Equation (13) was computed. 

 This study was fi rst carried out on a series of the above men-
tioned polycrystalline PZT ceramics, prepared as cylindrical 
pellets with 10 mm in diameter and 1 mm in thickness and 
sintered at different temperatures between 975 and 1100  ° C 
so that they possessed different average grain sizes between 1 
and 3  μ m. [  35  ]  All materials investigated revealed large fractions 
of tetragonal crystal structure defi ned by the chosen composi-
tion on the tetragonal side of the morphotropic phase boundary 
(see Figure S3 in Supporting Information). Though PZTs with 
different grain sizes reveal different domain structures and 
consequently diverse polarization dynamics [  5  ,  35  ]  all the samples 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
studied exhibited similar scaling features. As an example, the 
results for the ceramic sintered at 975  ° C and possessing the 
average grain size of 1.06  μ m are presented in  Figure    3   (see 
also Figure S2a in Supporting Information). Logarithmic 
derivatives reach roughly the same level at maximum as is 
seen in Figure  3 b and can be scaled to the same master curve 
as displayed in Figure  3 c. Hence, in accordance with  Equa-
tion (13) , a ratio  E  max ( t )/ E  th ( t )  =   γ  remains constant. The para-
meter  < cos   θ   >   =   Δ  P  max /2 P  s  can be roughly estimated as 0.817 
by taking for  P  s  the maximum saturation polarization value of 
45  μ C cm  − 2 , known for this material in the form of bulk sam-
ples or thin fi lms, [  39  ]  assuming that by this value a virtually uni-
form fi eld distribution is realized. Then the parameter  γ  can be 
derived from  Equation (15) . Dependence of the maximum posi-
tion  E  max  on the poling time  t  can be well fi tted by the function 
 E0/ [ln (t/τ0)]1/α   as is shown in Figure  3 d. This means that the 
relation (2) is valid with  E  a   =   E  0 /  γ   for a wide interval of poling 
times utilized.  E  0 ,  α , and  τ  0  values obtained from the above fi t 
and the other IFM model parameters are presented in  Table    1  .   

 Numerically restored from the master curve   Φ  [ E  m / E  max ( t )] 
(see Figure  3 c) using  Equation (14)  the distribution function 
 f ( E / E  m ) is depicted in  Figure    4  a, while Figure  4 b relates the 
resulting IFM model calculations according to  Equation (16)  
(solid lines) to the experimental data shown by symbols. Note 
an asymmetric form of the distribution function in Figure  4 a, 
which can hardly be fi tted by a Lorentzian function as sug-
gested in ref.  [  6–  8  ] .  

 Another investigated example of perovskite ferroelectrics, 
the Cu-stabilized BNT-BT ceramic samples were prepared by 
a procedure described in ref.  [  36  ]  as pellets of about 7.2 mm 
in diameter and 300  μ m in thickness and possessed average 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2058–2066
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   Table  1.     The IFM-model parameters for different materials described in 
the text. 

sample  Δ  P  max  
[ μ C cm  − 2 ]

 E  0  
[kV mm  − 1 ]

  α     τ   0  
[s]

 < cos   θ    >   γ   

PZT 73.5 8.22  ±  0.75 1.56  ±  0.07 (1.85  ±  0.04) 

 ×  10  − 8 

0.817 0.903

BNT-BT 77.5 528.8  ±  6.8 0.65 (2.95  ±  0.58) 

 ×  10  − 13 

0.829 0.858

P(VDF-TrFE) 16.2 291.5  ±  34.2 1.67  ±  0.10 (2.70  ±  1.23) 

 ×  10  − 7 

0.848 0.808
grain size of 1  μ m (see Figure S2b in Supporting Informa-
tion). BNT-BT is one of the most widely studied lead-free pie-
zoceramics owing to its comparably good electromechanical 
properties and a number of peculiar features. [  40  ,  41  ]  Similar to 
PZT, BNT-xBT exhibits a morphotropic phase boundary where 
electrical properties peak. This boundary is at x  =  6% between 
the rhombohedral BNT and the tetragonal BT. However, other 
than PZT, BNT-6BT is believed to be a relaxor ferroelectric that 
shows a fi eld-induced transition from relaxor to long-range 
order state. [  42  ]  The BNT-6BT composition studied here at room 
temperature revealed predominantly rhombohedral crystal 
structure with some tetragonal phase present (see Figure S4 in 
Supporting Information) which both remained stable over the 
whole fi eld range investigated. As well as in the case of PZT 
materials the logarithmic fi eld derivatives of the switched polar-
ization could be scaled to the same master curve as displayed in 
 Figure    5  a. From this scaling procedure the dependence of the 
maximum position  E  max  on the poling time  t  was obtained and 
fi tted by the function  E0/ [ln (t/τ 0)]1/α   as is shown in Figure  5 b. 
Equation (2) was again valid in the whole region of the fi elds 
and poling times utilized with  E  a   =   E  0 /  γ  . Taking  P  s   =  54  μ C cm  − 2  
value from single crystal data for this material [  43  ]  reduced by the 
factor 0.866, the average orientation of the local polarization 
 < cos  θ  >   =  0.829 may be roughly estimated. Together with the 
master curve this parameter allows evaluation of the parameter 
  γ   using  Equation (15) . Numerically restored from the master 
curve, Figure  5 a, using  Equation (14)  the distribution func-
tion  f ( E / E  m ) is depicted in Figure  5 c, while Figure  5 d shows 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2058–2066

     Figure  4 .     a) The weighted statistical distribution of the local fi eld values 
extracted from  Equation (14) . b) Representation of the time dependent pola
PZT for different applied fi elds  E  m  with Equation (16) and respective experim
by symbols.  
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calculations with  Equation (16)  by solid lines and the respective 
experimental data by symbols.  

 The same analysis was applied to the experimental data for 
the ferroelectric copolymer P(VDF-TrFE) provided by PiezoTech 
S.A.S. (France) as 9  μ m thick fi lms. Model parameters obtained 
in the same manner as above are summarized in Table  1  
assuming the maximum polarization known for this composi-
tion [  33  ]  about  P  s   =  10  μ C cm  − 2  reduced by the factor 3/  π  , which 
entails  < cos  θ  >   =  0.848. The scaled logarithmic derivatives, the 
fi tting of their maximum positions, the distribution function 
 f ( E / E  m ) and resulting temporal dependences of polarization 
are displayed in  Figure    6  a–d, respectively. The scaling relation, 
Equation (13), is well confi rmed experimentally also in this 
class of ferroelectric materials exhibiting very different polari-
zation reversal mechanisms, [  38  ,  44  ]  namely, rotation of CH 2 –CF 2  
and CHF–CF 2  dipoles about the C–C main chain with domain 
wall progressing via molecular chain rotations in contrast to the 
deformation of a crystal cell in PZT and BNT-BT.  

 We notice a diversity of the parameters  E  0 ,   α   and  τ  0  character-
izing different materials in Table  1 .   τ   0  is usually interpreted as 
the characteristic time of some microprocess relevant to ferro-
electricity as, for example, the inverse of the soft-mode frequency 
 ≈ 10  − 13  s, [  4  ]  but it was also interpreted as the inverse depinning 
frequency for domain walls of  ≈ 10  − 11  s [  9  ]  or of  ≈ 10  − 6  s. [  45  ]   E  0  is 
comparable with the activation fi eld  E  a , which is expected to 
have an upper limit in the thermodynamic coercive fi eld of 
about 100 kV mm  − 1 . [  4  ]  The exponent  α  has no clear physical 
meaning, its reported values being around 1 in ref.  [  6  –  8  ,  20  ,  26  ]  
and between 1 and 2.5 in ref.  [  4  ,  46  ] . If the domain wall creep [  31  ]  
is assumed as the most likely mechanism of polarization 
reversal in the studied fi eld-time region, which is advisable 
observing validity of Equation (2), then drastic differences in  E  0  
and   τ   0  may be understood due to different pinning conditions 
and fragmentation of domain walls during the creep motion in 
the classical ferroelectric PZT and in the relaxor ferroelectric 
BNT-BT. Another remarkable feature is the extremely wide dis-
persion of the fi tting parameters for the latter material. Formally 
it is a consequence of the weak dependence of the fi tting func-
tion  E0/ [ln (t/τ0)]1/α   on  E  0  and  τ  0 , particularly, when  α  becomes 
small. This renders comparably good fi tting of the experimental 
data for  E  max ( t ) for rather different parameter sets. To reduce this 
multiplicity we have chosen from all values delivering a good 
data fi tting the value of the exponent  α  as close as possible to 
bH & Co. KGaA, Wein
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unity and optimize the other two parameters 
resulting in numbers shown in Table  1 .   

 4. Discussion and Conclusions 

 Three above considered examples of rather 
different ferroelectrics are well described by 
the IFM concept in spite of obvious diversity 
of microscopic mechanisms of polarization 
in them. In our statistical approach these 
mechanisms contribute in two issues: in a 
local polarization switching law  p ( t ,  τ  ) and 
in a fi eld dependence of the local switching 
time  τ ( E ). If the statistical distribution of 
(normalized) fi eld values  f ( s ) is much wider 
2063wileyonlinelibrary.comheim
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     Figure  5 .     a) The master curve   Φ  [ E  m / E  max ( t )] resulting from scaling of logarithmic derivatives 
of the switched polarization to their maximum positions  E  max ( t ) in BNT-6BT at different poling 
times  t  as indicated. b) Fitting of  E  max ( t ) with an inverse logarithmic function. c) The distribu-
tion function  f ( E / E  m ) derived from   Φ  [ E  m / E  max ( t )] using  Equation (14) . d) Time dependent polar-
ization reversal in BNT-6BT for different applied fi elds  E  m  evaluated with Equation (16) (solid 
lines) and respective experimental data shown by symbols.  
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     Figure  6 .     a) The master curve   Φ  [ E  m / E  max ( t )] resulting from logarithmic derivatives of the 
switched polarization versus fi eld scaled to their maximum positions  E  max ( t ) in P(VDF-TrFE) at 
different poling times  t  as indicated. b) Fitting of  E  max ( t ) with an inverse logarithmic function. 
c) The distribution function  f ( E / E  m ) derived from   Φ  [ E  m / E  max ( t )] using  Equation (14) . d) Time 
dependent polarization reversal in P(VDF-TrFE) for different applied fi elds  E  m  evaluated with 
Equation (16) (solid lines) and respective experimental data shown by symbols.  
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than the dimensionless fi eld derivative of 
 p ( t ,  τ  ) then the details of the local switching 
become unimportant for the total response. 
This is the case in all disordered ferro-
electrics studied by us whatever the micro-
scopic mechanism of switching they possess. 
On the other hand, the dependence   τ  ( E ) still 
bares witness to a certain microscopic mech-
anism at work. Unlike the NLS model, [  4  ]  
the IFM concept does not assume a priori 
a certain mechanism (e.g., nucleation) of 
local polarization reversal so that   τ  ( E ) may 
adopt different forms. [  9  ]  The fact that this 
dependence remains the same in the whole 
time-fi eld domain investigated is in favor of 
a unique switching mechanism dominating 
polarization reversal in our experiments, 
which is most likely creep of domain walls. [  31  ]  
Though particularly in PVDF family of ferro-
electrics the domain wall scenario of polari-
zation switching seems questionable, [  47  ]  the 
present consensus is that switching in these 
materials does involve domain walls at least 
at applied fi elds not much larger than the rel-
evant coercive fi eld. [  48  ,  49  ]  

 Thus, irrelevant to a specifi c microscopic 
mechanism behind the local polarization 
switching the total polarization response 
appears to be determined by some weighted 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
statistical distribution of the local electric 
fi elds values ( Equation (10) ) if a system is 
well disordered. This distribution can be 
determined from a master curve resulting 
in turn from the scaling of logarithmic fi eld 
derivatives of the total polarization. The 
scaling property of the latter serves itself 
as the validity criterion for applicability of 
the IFM model to a certain system. Note 
that the genuine distribution function of 
switching times  g (  τ  ),  Equation (6) , is deter-
mined by the complete distribution function 
of fi elds  F ( s ,  θ  ),  Equation (3) , which cannot 
be extracted from the polarization response 
(Equation (7)) alone. Accordingly,  g (  τ  ) cannot 
be derived from the weighted distribution 
function  f ( s ). On the other hand, the total 
response of a system,  Equation (7) , can still 
be represented as

 
�P (Em, t) =

∫ ∞

0
dτ Q (τ ) p (t, τ )

  
(19)

   

where a weighted distribution function of 
switching times was introduced as

 
Q (τ ) = 1

Em

∣∣∣∣ dτ

dE

∣∣∣∣
−1

f

(
E

Em

)
  

(20)
   

which can be directly derived from  f ( s ). 
Thus, Equation (19), used for description 
heim Adv. Funct. Mater. 2012, 22, 2058–2066
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     Figure  7 .     a) Schematic diagram of the experimental setup for measuring the polarization 
reversal. b) Pulse sequence utilized to measure the reversed polarization after application of 
the fi eld  E  m  during the time  t . During switching and forward cycles the temporal evolution of 
electrical displacement is recorded. The switched polarization  Δ  P ( t ) is calculated as difference 
between switching and forward poling displacement values taken at time  t  after application of 
the step voltage pulse.  
of polarization response of thin ferroelectric 
fi lms, [  4  ,  6  ,  8  ]  is applicable also to bulk ferro-
electrics, [  10–12  ]  however, the distribution func-
tion of times used in this formula is not the 
genuine distribution,  Equation (6) , but the 
weighted one,  Equation (20) . 

 The relevance of the observed universal 
features of polarization switching to the uni-
versal frequency response of different fer-
roics owing to the statistical distribution of 
pinning forces [  9  ]  has to be further investi-
gated, because, in contrast to the IFM case, 
quenched local random fi elds considered in 
ref.  [ 9,50 ]  are not supposed to scale with the 
external fi eld. The same remark concerns also 

random electric fi elds induced by dilute, randomly distributed 
and randomly aligned dipoles considered in ref.  [ 6,51 ]  predicting 
for the local fi elds the Lorentzian and “square of Lorentzian” 
statistical distributions, respectively. Both distributions are char-
acterized by half-widths independent of the external fi eld and, 
hence, do not agree with the scaling of this width proportionally 
to the applied fi eld observed in our experiments. 

 In conclusion, we have demonstrated that the polarization 
response of rather different disordered ferroelectrics is predom-
inantly determined by the statistical characteristics of the dis-
ordered materials as opposed to the local switching dynamics. 
This statement, however, may be valid far beyond the area of 
ferroelectrics since the scenario of fi eld-assisted polarization 
reversal seems to be common for wide classes of disordered 
media including ferromagnetics, ferroelectrics, ferroelectric 
relaxors and other ferroics. [  31  ,  50  ,  52  ]    

 5. Experimental Section 
 The PZT and BNT-BT samples were electroded with silver paste fi red 
at 600  ° C. For polymer samples electrodes of 50 nm thick gold and 
0.5 cm in diameter were evaporated on both sides by physical vapour 
deposition. 

 For measurements of the switched polarization  Δ  P  as a function of 
the applied electric fi eld  E  m  for defi nite time  t  a pulse switching method 
was employed using an electrical circuit displayed in  Figure    7  a. A high 
voltage/high current push-pull switch from Behlke Co. (Germany) 
including a buffer 1  μ F capacitor  C  B  as a voltage source was used to 
provide the voltage step  U  0  up to 3 kV. The pulse duration from 1  μ s 
to 100 s was controlled by a programmable signal source (Model 
8165A from Hewlett Packard). The temporal evolution of the electric 
displacement in the sample  C  s  was detected by a sensing capacitor 
 C  m   =  4.4  μ F connected in series with the current limiting resistor  R  s  of 
100  Ω . The voltage drop  U  m  across the series capacitor was registered 
by means of a digital oscilloscope (Tektronix TDS 510 A) connected via 
a high impedance amplifi er. The RC time constant of the experimental 
setup about 100 ns was shorter than the actual ferroelectric switching 
time of the investigated ferroelectric materials and shorter than the 
shortest voltage pulse (1  μ s) applied in this study.  

 To investigate the polarization switching phenomenon, the samples 
were at fi rst poled by applying the negative DC fi eld of  E  0   ≈  2 E  C  for 
300 s assuring that the maximum saturated polarization, – P  s , was 
reached after such poling procedure. A schematic diagram of the pulse 
sequence is shown in Figure  7 b. After complete poling in the negative 
fi eld direction, the positively directed switching fi eld  E  m  was applied to 
the sample during defi nite time  t . After switching experiment the sample 
was conditioned again, as shown in Figure  7 b, to restore its  +  P  s  state 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2058–2066
by applying a positive fi eld  E  0   ≈  2 E  C  for 300 s. At the forth step, forward 
poling was performed by applying the fi eld  E  m  to the conditioned sample 
in the same direction for the time  t  (see Figure  7 b). Since the sample 
was already polarized to its saturation at  +  P  s , the apparent displacement 
during forward poling contained all those components that existed in the 
switching experiment except for the switched ferroelectric polarization 
 Δ  P . Therefore, the switched polarization  Δ  P  was determined as the 
difference between the displacement values of switching and forward 
poling taken at time  t  after application of the step voltage pulse. The 
applied fi elds  E  m  covered the range from 0.3 E  C  to 3 E  C , while the duration 
of the switching pulse  t  was varied in the wide time domain from 1  μ s 
to 100 s.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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