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Universality of Polarization Switching Dynamics in 
Ferroelectric Capacitors Revealed by 5D Piezoresponse 
Force Microscopy
 Ferroelectric polarization switching is sensitively affected by phenomena on 
multiple length scales, giving rise to complex voltage- and time-controlled 
behaviors. Here, spatially resolved switching dynamics in ferroelectric nano-
capacitors are explored as a function of voltage pulse time and magnitude. A 
remarkable persistence of formal macroscopic scaling laws for polarization 
switching based on classical models down to nanoscale volumes is observed. 
These observations illustrate the persistence of the return point memory in 
the material and allow the thermodynamic parameters of defects controlling 
switching to be estimated. 
  1. Introduction 

 Ferroelectric materials are broadly explored for multiple cur-
rent and emergent applications including non-volatile ferro-
electric memories, [  1–3  ]  tunneling elements, [  4  ,  5  ]  transducers and 
actuators. [  3  ,  6  ]  Many of the information technology applications 
are underpinned by the presence of spontaneous polarization 
which can be hysteretically switched by an external electric 
fi eld. [  2  ,  3  ,  5  ,  7–16  ]  In the electromechanical and energy harvesting 
applications, reversible and irreversible domain wall dynamics 
is an important contribution to enhanced electromechanical 
and dielectric properties. [  17–19  ]  Finally, the coupling between 
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polarization and strain, magnetic, and 
transport properties enables functional 
ferroelectric device structures. [  9  ,  11  ,  16  ,  20  ]  

 For all these applications, knowledge 
of polarization dynamics as controlled 
by fundamental materials properties and 
defects is key step towards knowledge-
driven materials and device develop-
ment. On the atomistic level, polarization 
switching is well-understood through fi rst-
principle and molecular dynamic simula-
tions. [  21–23  ]  However, practical applications 
necessitate understanding of fundamental 
mechanisms of polarization switching in 
real device structures and role of local (e.g., structural defects) 
and non-local (e.g., long-range strain interactions) effects. 

 The complexity of the mesoscopic switching phenomena can 
be illustrated by a simple example of polarization switching 
in polycrystalline material. First, nucleation occurs at prede-
termined locations and grows vertically along the thickness 
direction. [  24  ]  Subsequently, domain grows sideways. These 
processes are strongly affected by material imperfections, i.e., 
defects can lower the nucleation barrier. At the same time, 
defects (in general case, different subset) can hinder domain 
wall motion resulting in a broad spectrum of collective pin-
ning phenomena. [  11  ,  25  ,  26  ]  For materials with multiple ferroe-
lastic variants, the long range-interactions between incompat-
ible domains can result in collective jamming transitions. [  27  ]  
Finally, in disordered materials, collective reversible and irre-
versible domain wall dynamics mediated by long-range interac-
tions, frustration, and pinning, are possible. [  17  ]  Depending on 
the nature of the processes involved in polarization switching, 
the time scales can vary over many orders of magnitude from 
sub-nanoseconds for domain nucleation to milliseconds for 
domain wall dynamics and even slower wall creep and aging 
phenomena. [  28  ,  29  ]  

 Traditionally, switching dynamics in ferroelectric capacitors 
is explored by macroscopic current-based electrical measure-
ments. Probing switching polarization as a function of mag-
nitude and length of voltage pulse provides insight into the 
switching kinetics, as explored by multiple groups. [  25  ,  30–32  ]  
However, these measurements lack spatially resolved infor-
mation. Furthermore, miniaturization of the capacitor size 
below sub-micrometer limit is hindered by detection limits of 
current amplifi ers. [  33  ,  34  ]  The alternative approach for probing 
3971wileyonlinelibrary.com
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polarization dynamics is offered by scanning probe microscopy 
(SPM) techniques. Recently, several groups explored polariza-
tion dynamics in capacitor structures using piezoresponse 
force microscopy (PFM). [  25  ,  35–37  ]  These studies are largely based 
on the sequential imaging of domain state evolution as a func-
tion of bias pulse parameters, [  25  ,  35–38  ]  or spectroscopic imaging 
using switching spectroscopy PFM. [  39–43  ]  However, these 
approaches probe only a very narrow parameter space (e.g., 
only time or voltage) and have not yet allowed full energy-time 
scale of polarization switching to be explored. 

 Here, we develop a comprehensive picture of local switching 
phenomena in ferroelectric capacitors in a full time-voltage 
parameter space. Specifi cally, we develop the multidimensional 
spectroscopic method that allows to probe switching at each 
spatial location as a function of both time and bias magnitude, 
i.e., generate  P ( x , y , V , t ) data sets. This allows to explore actual 
domain wall motions, including domain wall velocity and direc-
tions, within ferroelectric capacitors. In particular, this also 
allows to explore both local and global switching dynamics 
at the nanoscale, i.e., local switching dynamics of the local 
area underneath the SPM probe at a single point, and global 
switching dynamics (that can in principle be probed through a 
probe station) over an entire capacitor area of a single capacitor 
can both be simultaneously analyzed. We call this novel 5D 
spectroscopic method as a switching dynamics spectroscopy-
PFM (SDS-PFM). Using this SDS-PFM, we observe remark-
able persistence of macroscopic scaling laws for polarization 
switching based on Kolmogorov-Avrami type models down to 
nanoscale volumes in a single capacitor. This universality of 
switching behavior in a single capacitor manifests as a persis-
tence of dominant microscopic switching pathway in voltage, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     a) Topography, b) BE-PFM amplitude, and c) BE-PFM phase ima
d) Piezoresponse hysteresis loop of PZT nanocapacitors. Scale bar is 500 n
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time, and space. Finally, we illustrate that the nucleation 
kinetics and orientation dependence of domain wall velocities 
can be explored using a level set method (LSM), providing a 
comprehensive picture of domain dynamics as a function of 
pulse parameters.   

 2. Results and Discussion  

 2.1. Multidimensional PFM for Exploring Switching Dynamics 

 In order to explore switching dynamics, we have chosen 
Pb(Zr 0.2 ,Ti 0.8 )O 3  (PZT) nanocapacitors as shown in 
 Figure    1  a as a model system. The preparation and overall 
switching behavior of these structures is discussed else-
where. [  37  ,  44–46  ]  The as-grown domain structures and the 
switching behavior can be further illustrated in the band-exci-
tation (BE) PFM images and BE piezoresponse spectroscopy 
(BEPS) spatial maps illustrated in Figure  1 . [  45  ]  The BE tech-
niques allow rapid acquisition of the full frequency response 
at each spatial location and, in particular, can also be used 
as a basis for spectroscopic measurements of local materials 
responses. [  47  ,  48  ]  As shown in Figure  1 b,c, as-grown fi lm pos-
sesses uniform polarization and piezoresponse amplitude 
inside and outside capacitors is uniform, indicative of the 
high quality epitaxial thin fi lm. The typical BE-PFM hysteresis 
loop is shown in Figure  1 d, illustrating well-defi ned switching 
behavior manifested in square-shaped hysteresis loops. How-
ever, all the information on the voltage and time dependent 
switching dynamics is hidden in the narrow voltage interval 
between 1.7 V to 2.0 V. The BEPS spatial maps of both positive 
mbH & Co. KGaA, Weinheim

ges and BEPS spatial maps of e) positive and f) negative coercive voltages. 
m.  
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     Figure  2 .     a) Schematic of  x – y  grid measurement, b) full pulse sequence of each point for SDS-PFM measurements and c) enlarged schematic of wave-
form. First, the set pulse is applied to form background polarization state. Then, the switching pulse is applied to switch back from the background 
polarization state. After applying every pulse, the piezoresponse is measured through a BE waveform.  
and negative coercive voltages and other parameters quanti-
fying switching behavior also exhibit high uniformity across 
the fi lm surface (see Figure  1 e,f). These observations clearly 
show that switching events inside capacitors occur within a 
very narrow voltage window for both signs of applied biases. 
However, these data do not contain any time-resolved informa-
tion on the switching process and in particular do not allow a 
localization of nucleation sites and domain growth dynamics 
within the capacitor to be established. To explore hidden 
switching dynamics in the full voltage-time,  V – t , domain, we 
have extended the PFM to probe switching dynamics in the 
full physical parameter space based on the  x - y  grid meas-
urement in  Figure    2  a. The switching waveform is shown in 
Figure  2 b. The expanded segment is shown in Figure  2 c. The 
changes in local polarization state are probed using the BE 
detection after the application of bias pulses. Such a waveform 
is applied at each spatial location over a 2D spatial grid, giving 
rise to SDS-PFM. Since switching information ( P  dependent 
on the voltage  V  and time  t ) is obtained at each spatial loca-
tion over the  x – y  grid ( x   ×  y ) in the BE mode (  ω  ), SDS-PFM 
yields fi ve dimensional data sets  P ( x , y , V , t ,  ω  ). This data set can 
be reduced to 4D data set describing voltage- and time-depend-
ence of polarization dynamics at each location  P ( x , y , V , t ) using 
standard BE data processing. The BE data processing allows to 
avoid possible artifacts at the capacitor boundary. which can 
provide more accurate switching information.   

 In comparison, in classical PFM approach for studying 
polarization dynamics, the images are taken after applying 
each pulse. The imaging typically takes  ≈ 10 min/image, which 
makes it diffi cult to observe a metastable status using clas-
sical PFM. However, for SDS-PFM implemented here, since 
the polarization state is probed directly after applying the bias 
pulse, the present approach allows us to explore even meta-
stable switching information and to acquire both voltage and 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3971–3979
time dependent switching dynamics similar to the macroscopic 
measurements. Note that, in principle, polarization can also be 
probed in the bias-on state; however, the considerations of rapid 
data streaming to the external storage preclude continuous cap-
ture of bias-on and bias-off polarization states. Furthermore, 
grid measurements allow the perfect spatial correlation of data 
with fl exible balance between number of spaces, voltage, and 
time pixels. 

 To explore the  V , t  dependent switching dynamics in the 
PZT nanocapacitors, the following measurement sequences 
were developed. A –4 V, 4.4 ms pulse is applied as set pulse 
for the background poling. Then, pulse amplitudes from  + 1 V 
to  + 2.75 V with the pulse widths varying from 4.4 ms to 1.14 s 
are applied as a train of switching pulses. After each pulse, BE 
waveforms [  47–49  ]  are applied to check their background and then 
probe the polarization states induced by switching pulses. This 
pulse sequence is rather similar to the classical pulse sequence 
in the macroscopic electrical measurements. [  32  ]  

 Shown in  Figure    3   is a sequence of SDS-PFM phase images 
describing the polarization evolution in the PZT nanocapacitor. 
The SDS-PFM phase image after the application of the –4 V set 
pulse shows complete switching of polarization to the positive 
state, Figure  3 a. The SDS-PFM phase images for  + 2 V pulse 
of different length illustrate that the fi rst nucleation event 
occurs at the capacitor boundary, whereas the second and the 
third nucleation events occur at the center of the capacitor. On 
increasing pulse time, the switched area progressively expands 
in lateral directions. Note that a single SDS-PFM data set con-
tains a sequence of images similar to that in Figure  3  for mul-
tiple voltage levels (see Supporting Information Figure S1).  

 Experimentally, the nucleation sites were shown to be the 
same for every measurement, suggesting general universality 
of microscopic switching behavior as discussed in detail below. 
These pre-determined nucleation sites can be observed through 
3973wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     SDS-PFM phase images after applying of a) a set pulse: –4 V with 4.4 ms and b–h) switching pulses: b) 4.4, c) 11, d) 20, e) 60, f) 117, g) 173, 
and h) 344 ms, respectively, of  + 2 V. The green line in (a) represents the PZT nanocapacitor. White arrows in (b–d) show nucleation sites. Scale bar 
is 100 nm.  
all of SDS-PFM phase images. [  26  ]  At the end stage of domain 
growth, separately nucleated domains, which are from fi rst, 
second, and third nucleation sites, are merged (see Figure  3 h). 
Interestingly, domain wall velocity seems to be dependent on 
the wall orientation (facet of domain), e.g., the domain wall 
from the second nucleation does not further grow along the 
 +  y  axis. This effect can be due to the intrinsic crystallographic 
dependence of wall growth, [  50  ,  51  ]  or mediated by local crystal 
lattice imperfection. [  24  ]  For instance, the moving domain walls 
are caught by dislocations (stop effect), [  24  ]  and their interactions 
depend on the applied fi eld.   

 2.2. Universality of Global Switching Dynamics 

 The SDS-PFM data contain the information on the polariza-
tion dynamics in the 2D V , t  parameter space. Notably, the infor-
mation can be derived from these data in terms of average 
and spatially-resolved descriptors. In particular, the multiple 
studies of polarization switching actively explore the univer-
sality of switching behavior for properly chosen renormaliza-
tion of time by voltage-dependent function. [  25  ,  30      .  32  ,  52  ,  53  ]  Here, 
we explore whether a similar universality holds globally (i.e., 
averaged over the capacitor) and locally (i.e., at each location) 
for switching in capacitors. To obtain the global switching 
information over the entire capacitor, the total switched polari-
zation change is calculated from the SDS-PFM piezoresponse 
images. This average switching dynamics is then analogous to 
the conventional polarization switching obtained by electrical 
measurements. [  25  ,  32  ]  Here, the switching data were analyzed by 
a Kolmogorov-Avrami-Ishibashi (KAI) ( Figure    4  a) model [  25  ,  31  ,  32  ]  
and the veracity of the fi t was compared to another switching 
model, i.e., nucleation limited switching (see Supporting Infor-
mation Figure S2). [  32  ]   

 The KAI model is the classical switching model which 
describes the switching behavior as a phase transformation in a 
fi nite system and can be described as:
74 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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where  P ( t ), t  0 , and  n  are the volume fraction of the switched 
polarization at time  t , characteristic switching time, and the 
geometric dimension of the domain growth, respectively. The 
direct application of the KAI model to the SDS PFM data 
yielded the geometric dimension  n  in Figure  4 b being much 
lower than 1. This behavior is not unexpected, since KAI 
dynamics is expected to be applicable to macroscopic systems, 
whereas in the present case it should be considered as a nom-
inal stretched-exponential (SE) type law. [  54  ,  55  ]  

 Despite this limitation, the fi tted curves in Figure  4 a can 
be used to defi ne the characteristic switching times for each 
bias level. These correspond to a switching fraction of 1/2. For 
each  P ( t ) curve, the time axis can be further normalized by the 
determined characteristic switching time. We note that the 
characteristic aspect of macroscopic polarization switching is 
universality, namely the fact that the growth kinetics d P   =  f ( V , t ) 
can be represented as a universal function of a single scaled 
time d P   =  g ( t  ′ ), where the normalized time depends on the 
pulse magnitude. Hence, a small pulse amplitude with a long 
pulse width gives similar switching as a large pulse amplitude 
with a short pulse width (see Supporting Information Figure 
S1). Here, the data sets of Figure  4 a are rescaled by a  n  log( t / t  0 ) 
factor obtained from the SE type law of  Equation 1 . As shown 
in Figure  4 c, the rescaled data sets fall on a universal curve even 
for the nanocapacitors, [  25  ]  suggesting that the domain growth 
follows the same behavior as in macroscopic structures despite 
the fact that only three nucleation centers are active. [  25  ,  30  ,  52  ,  53  ]  

 We further have explored the activation electric fi eld using 
an empirical equation based on the SE parameters. It is well 
known that in macroscopic systems the switching time depends 
on the electric fi eld as

 
τ (E ) = τ0 exp

[(
Ea

E

)α]
 
 (2)
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     Figure  4 .     a) Time-dependent switched polarization under different amplitude. The dots are obtained from sum of piezoresponse over an entire capac-
itor and the solid lines correspond to fi tted results using SE model. b) SE switching parameters of  n  and characteristic switching time  t  0 . c) Rescaled 
switched polarization using SE fi tting parameters.  
where   τ   0  is a characteristic switching time constant,  E  a  is the 
activation electric fi eld, and  α  is an exponent. [  29  ,  32  ,  56  ,  57  ]  Here, 
we have found that this behavior is observed both locally and 
globally. This local behavior of the nanocapacitor is clearly vis-
ible in  Figure    5  a and the areas near the nucleation sites show 
low switching time coeffi cient and activation electric fi eld. We 
further note that these parameters are phenomenological and 
likely correspond to biases required to move a domain wall 
in the disorder potential. The results show that the empirical 
relationship of  Equation 2  can be explored by the present SDS-
PFM technique.    

 2.3. Universality on the Confi gurations of Domain Growth 

 The universal curve in Figure  4 c represents only the macro-
scopic state of the system, i.e., the average polarization. Each of 
these states can correspond to multiple possible domain confi g-
urations. However, the universal curve does not show whether 
each domain confi guration is really correlated to each other and 
how the spatial localization of nucleation and growth processes 
compare between different fi eld histories. The correlations 
of each domain confi guration can provide further informa-
tion on the local switching behavior. For instance, if there are 
strong correlations between intermediate states, we can predict 
nucleation and subsequent domain wall motion at any given 
pulse conditions. For each bias-fi eld history, the system starts 
in the completely un-switched state and ends in the completely 
switched state. The domain structures in these limiting states 
are identical. However, the intermediate states can correspond 
© 2013 WILEY-VCH Verlag Gmb

     Figure  5 .     Spatial maps of a) characteristic switching time coeffi cient log(  τ   0 ), b
tric fi eld  E  a , and c) exponent   α  . Scale bar is 100 nm.  
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o different domain confi gurations,  P ij    =  P ( x , y ), even for iden-
ical average polarization  P   =   <  P ( x,y ) > . 

 To get insight into microscopic mechanisms,  i.e.  the simi-
arity of domain confi gurations corresponding to each degree 
f transformation (return point memory), [  58  ]  we explore the cor-
elation for the present data set defi ned as.

cor rx,y = E [(Pmean − μ1) × (Px,y − μ2)]

Px,std × Py,std   (3)   

here  P   x , y  ,  P  mean ,  P   x ,std ,  P   y ,std ,   μ   1 , and   μ   2  are  P ( x , y ), mean of 
 ( x , y ), standard deviation of  P ( x ), standard deviation of  P ( y ), 
P  mean , and  EP   x , y  , respectively.  E [ X ] is the mathematical expec-

ation which is the probability-weighted average of the values 

aken on by  X  and it can be defi ned as  E [X ] =
n∑

i=1
ti pi    for a 

andom variable  X  with values  t  1 , t  2 ,  ⋅ ⋅   ⋅ , t n   and corresponding 
robabilities  p i  . 

 If the correlation parameter is 1 for a fi xed degree of transfor-
ation, this means that the domain confi gurations are identical, 
hereas 0 means that the domain confi gurations are unrelated. 
he dependence of the switched fraction on pulse parameters is 
hown in  Figure    6  a, illustrating a gradual increase of switching 
raction from zero for low voltages/small times to unity for large 
oltages/long times. At the same time, the corresponding corre-
ation map of Figure  6 b is nearly unity everywhere in the  V , t  
arameter space nearly independent of the degree of switching. 
his indicates that the microscopic domain confi gurations 

ollow the same universal dependence, i.e., the microscopic 
tate corresponding to the same degree of transformation does 
ot depend on which combination of pulse magnitude and time 
H & Co. KGaA, Weinh

) activation elec-
was used to establish it. Hence, we conclude 
that in this case nucleation starts from prede-
termined sites and domain growth always fol-
lows the same patterns.    

 2.4. Local Switching Dynamics 

 Once the universality of macroscopic and 
microscopic switching behavior is estab-
lished, we further explore the functional form 
of switching at each point by performing a 
phenomenological fi t of the polarization at 
each spatial location  P ij  ( V,t ) by  Equation 1 . 
Shown in  Figure    7  a are spatial maps of the 
3975wileyonlinelibrary.comeim
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     Figure  6 .     a) Switched fraction as a function of pulse voltage and width. 
b) Correlation as a function of pulse width over the entire measured area.  
characteristic switching time  t  0  obtained by the SE model for 
each pulse amplitude. The shortest switching time at each 
pulse amplitude can be found at the same capacitor boundary. 
In the characteristic switching time maps at  + 2.00 and  + 2.25 
of Figure  7 a,ii,iii, a somewhat darker region can be found at 
the center of the capacitor which corresponds to the second 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  7 .     Spatial maps of a) characteristic switching time  t  0  and b) nucleatio
and vii)  + 3.25 V. The characteristic switching time is obtained from SE switc
c) Corresponding topography image. Scale bar is 100 nm.  
and third nucleation sites. The fi rst nucleation event thus 
occurs at the capacitor boundary while the second and the third 
ones occur inside the capacitor. Subsequently, three nucleated 
domains gradually grow laterally. This is identical to the results 
in Figure  3 . In addition to the piezoresponse change, we fur-
ther directly analyzed the phase change which can show when 
exactly the phase change occurs. As shown in Figure  7 b, the 
switching behavior is rather similar to that of Figure  7 a, which 
means that the present SE approach reasonably well describes 
the switching behavior.  

 From these observations, we can estimate the energetic 
parameters of defects controlling switching. Under a low pulse 
voltage, domain wall motion is signifi cantly infl uenced by the 
existence of defects. For example, under  + 1.75 V, a red colored 
un-switched region passes through the middle of the nanoca-
pacitor as shown in Figure  7 a,i, and nucleation sites were sep-
arately observed in upper and lower parts, respectively. Then, 
domains grows into the rest of half nanocapacitor from the 
nucleation sites. However, under a high pulse voltage, domain 
mbH & Co. KGaA, Weinheim

n time: i)  + 1.75 V, ii)  + 2.00 V, iii)  + 2.25 V, iv)  + 2.50 V, v)  + 2.75 V, vi)  + 3.00 V, 
hing parameters and the nucleation time is extracted from phase change. 
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     Figure  9 .     a) Velocity and b) orientation of domain wall motion for PZT 
nanocapacitors under  + 2 V in Figure.  3 . The white regions and green solid 
lines represent nucleation sites or non-switched regions and capacitors, 
respectively. Scale bar is 100 nm.  

     Figure  8 .     Position of domain wall motion for PZT nanocapacitors under 
 + 2 V in Figure  3 . The domain wall motion was analyzed from SDS-PFM 
phase images by LSM. Scale bar is 100 nm.  
wall motion is not affected by the existence of defects. For 
example, under  + 2.50 V of Figure  7 a,iv, there is not any cor-
related region with the red-colored region shown in Figure  7 a,i. 
These observations clearly show the energetic aspect of defects 
on the domain wall motion.   

 2.5. Multidimensional Domain Wall Motion 

 Finally, the SDS-PFM data can be used to achieve real-space 
probing of domain growth dynamics. As mentioned before, the 
switching process is universal in that virtually the same micro-
scopic domain confi gurations correspond to fi xed degrees of 
transformation. This allows application of LSM for the visualiza-
tion and analysis of the SDS-PFM data in Figure  3 . The LSM is a 
numerical technique for tracking interfaces and shapes, [  59  ]  and, 
particularly for the ferroelectric switching, can allow tracking 
domain wall motion under the aspects of velocity and orienta-
tion. Hence, domain wall motion was explored using LSM. 
 Figure    8   shows the position of domain wall motion, which can 
show how the domains grow. The nucleation sites can be iden-
tifi ed as blue colored peaks. Then, nucleation sites gradually 
grow sideways, and then these domains are eventually merged 
as identifi ed in red colored roots. Basically, the LSM provides 
multi dimensional information on the nucleation and sub-
sequent domain wall motion inside the capacitor at one fi gure.  

 In addition to the position of domain wall motion in 
Figure  8 , LSM also provides velocity and orientation of domain 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3971–3979
wall motion.  Figure    9  a,b show more detailed information on 
the domain wall motion. The white regions represent nuclea-
tion or non-switched regions under application of the pulse 
sequence. The velocity and orientation of domain wall motion 
from the nucleation sites are very different inside the nanoca-
pacitors. In particular, domain wall orientations are very dif-
ferent even inside capacitors which can be relevant to the “stop 
effect” observed in macroscopic systems. [  32  ]  As shown in the 
black arrow in Figure  9 b, the domain wall cannot cross a certain 
region. That is why the velocity in this region is relatively much 
slower than in the surrounding regions as shown in Figure  9 a.     

 3. Conclusion 

 In summary, we have explored spatially resolved voltage and 
time dependent switching dynamics in PZT nanocapacitors 
using 5D PFM, so called SDS-PFM. The obtained results are 
analogous to macroscopic electrical switching results. The 
nucleation and subsequent domain wall motions were spa-
tially visualized and analyzed. A universality of ferroelectric 
switching was observed to hold both on the spatially averaged 
level and also locally, suggesting the universality of polariza-
tion switching pathway independent on details of time-voltage 
history. 

 Overall, the SDS PFM approach presented here offers a 
powerful tool for probing polarization switching in complex 
systems at high resolutions and can be further adapted for tip-
electrode and liquid-electrode PFM. Given the ubiquitous pres-
ence of electromechanical responses in other functional oxides 
including batteries, fuel cells, memristors, etc., this approach 
can be further used to explore nanoscale phenomena in these 
systems.   

 4. Experimental Section 
  Materials : A 90 nm thick (001) oriented epitaxial PZT thin fi lm was 

prepared by pulsed laser deposition on SRO(001)/STO substrate. First, 
the SRO layer was grown at  T   ≈  655  ° C,  P  O2   ≈  0.1 Torr,  f   ≈  5 Hz and 
 E   ≈  0.7 J cm  − 2  (KrF excimer laser,  λ   =  248 nm). Then, the PZT thin fi lm 
3977wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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was grown at  T   ≈  600  ° C, P  O2   ≈  0.15 torr,  f   ≈  5 Hz and  E   ≈  1.3 J cm  − 2 . 
After deposition of the PZT thin fi lm, the sample was cooled down in a 
1 bar O 2  atmosphere. 25 nm thick Au/Cu was deposited on top of the 
thin fi lm through an ultrathin anodic aluminum oxide (AAO) mask by 
thermal evaporation. [  44  ,  46  ]  After removing the AAO mask, fi lm-type Au/
Cu/PZT/SRO nanocapacitors with a diameter of around 380 nm were 
successfully obtained. The detailed fabrication information of the thin 
fi lms and AAO masks can be found elsewhere. [  60  ]  

  Measurements : SPM studies were performed with a commercial 
system (Asylum Research Cypher) additionally equipped with a Labview/
Matlab based BE controller. [  48  ]  BE-PFM, BEPS, and SDS-PFM were 
carried out with  ≈ 300 kHz of 0.4 V  pp  BE signal applied to a Pt/Cr-coated 
probe (Budget sensors Multi75E-G). [  43  ,  45  ]  SDS-PFM piezoresponse was 
obtained from digitized SDS-PFM phase times SDS-PFM amplitude. 
Then, noisy spikes of SDS-PFM piezoresponse were fi ltered to reduce 
the error on the SDS-PFM piezoresponse.   

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