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The critical dimension for reverse domain nucleation in the ferroelectric polarization switching of
Pb�Zr0.4Ti0.6�O3 �PZT� thin film was estimated experimentally from a coercive voltage estimation in
Pt /Al2O3 /PZT / Ir ferroelectric thin-film capacitors with various Al2O3 thicknesses and switching currents. The
critical nuclei dimension for reverse domain formation in a 300-nm-thick PZT was only 4.5�0.4 nm, which
is in agreement with theoretical predictions of the critical nucleus size. Almost all the coercive voltage was
applied to the nucleation layer thickness during ferroelectric switching. The classical Merz’s exponential law
for the domain velocity description and Laudauer’s paradox of an implausibly large nucleation energy barrier
were understood in terms of the charge-injection limited domain motion described by thermionic field emission
at the Pt /Al2O3 interface or Fowler-Nordheim tunneling at the Pt/PZT interface.
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I. INTRODUCTION

Polarization reversal in ferroelectric thin films under a
reverse electric field is generally understood by the nucle-
ation of oppositely polarized domains, preferably on surfaces
or at defect aggregates in the films, and its propagation
throughout the film thickness.1–8 Experimentally, nuclei form
thermally with an activation energy on the order of a few
tens of kBT,3,4 where T is temperature and kB is the Boltz-
mann constant. The activation energy consists mainly of the
depolarization energy, Wd, due to the divergence of the spon-
taneous polarization on the edge of the reversed nucleus �do-
main� wall, and the domain-wall energy Ws. According to
Landauer’s calculations, the two values are �108kBT and
106kBT, respectively, which are far larger than the experi-
mentally determined value.5 This is called Landauer’s para-
dox. When the Wd was neglected by, for example, free-
charge compensation, Merz derived an exponential law of
domain velocity ��� as a function of the electric field �E�
with ��exp�−� /E�,9 where � is the thermal activation field.
However, most oxide ferroelectrics are highly insulating, and
the process of free-charge compensation must be extremely
slow compared with the high speed of domain penetration.
Therefore, Molotskii et al. suggested the possibility of rapid
charge compensation through electron tunneling from the
electrode into the region where spontaneous polarization
fluctuates.10 This conception can resolve the Landauer’s
paradox; i.e., when the depolarization field �Ed� is high
enough, carriers can be injected into the domain wall through
a fast transport mechanism, which largely reduces the Wd
and makes nucleation possible. As polarization reversal is a
nucleation and growth process, there must be a critical nuclei
dimension over which the stable nuclei present and subse-
quently grow. Although this critical dimension has been es-
timated theoretically by molecular-dynamics simulations,7

no clear experimental evidence for this dimension and the
charge injection has been reported. It is expected that direct
observation of this critical nuclei dimension by any micro-
scopic method is extremely difficult on account of its nm-
scale dimension and fast moving speed.

One promising way of experimentally estimating this di-
mension is to estimate the amount of switching charge �Qsw�
necessary to initiate reverse domain nucleation. This assumes
that Qsw corresponds to the charge necessary to mitigate Wd
during nucleation of the critical reverse domain. The switch-
ing current �Isw, where Qsw=�Iswdt, t is switching time� can
be controlled by varying the load resistance �Rl� connected to
the ferroelectric capacitor and the coercive voltage �Vc� of
the ferroelectric capacitor is also controlled by the Rl. The
threshold field for the charge injection �Eth� can be acquired
from the Vc, and the Eth can be used to extract the critical
dimension for reverse domain nucleation. This is from the
relationship of Eth=Vfc /df, where Vfc is the coercive voltage
of the reverse domain with the critical dimension of df. In
addition, the relationship between Isw and Eth can be used to
confirm whether the acquired parameters are reasonable.
There is one more independent parameter that can control Vc,
which offers another dimension for achieving Eth. It was re-
cently reported that an ultrathin dielectric layer �Al2O3� in-
terposed between the ferroelectric Pb�Zr,Ti�O3 �PZT� layer
and Pt electrode works as a tunnel switch that opens up dur-
ing ferroelectric switching.11 Therefore, the Vc of the
Al2O3 /PZT stacked layer can be controlled for a given Rl
with different thicknesses of the interposed Al2O3 layer.
Therefore, the appropriate combination of Rl and Al2O3 layer
thickness offers a unique opportunity to examine experimen-
tally the critical dimension of ferroelectric domain reversal
and the switching kinetics.

II. EXPERIMENTAL PROCEDURE; THE SAMPLE
PREPARATION, STRUCTURAL CHARACTERIZATIONS,

AND ELECTRICAL MEASUREMENTS

Details of sample fabrication, including the metal-organic
chemical-vapor deposition �MOCVD� of PZT thin films,
atomic layer deposition �ALD� of Al2O3 layer on top of the
PZT, are reported in the on-line supporting information of
Ref. 11. Pt /Al2O3 /PZT / Ir stacked ferroelectric capacitors
were fabricated with varying Al2O3 layer thicknesses �dAl
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=1–6 nm, grown by ALD at 250 °C� deposited on a 300-
nm-thick PZT �Zr:Ti=4:6� film grown by MOCVD at
620 °C on an Ir bottom electrode. The PZT films have a
�111�-preferred growth behavior and deposition of the Al2O3
layer does not influence the structure or chemical properties
of the PZT films. The structural characterization results are
also included in the on-line supporting information of Ref.
11. For the electrical measurements, 80-nm-thick �111� Pt
electrodes, with an area of �6.1�10−4 cm2, were deposited
by electron-beam evaporation at room temperature using a
metal shadow mask. The accurate area of each measured
capacitor was determined by optical microscopy. The
polarization-voltage �P-V� loops were checked using the
Aixacct TF-2000 ferroelectric analyzer and a Radiant Preci-
sion Materials analyzer with a triangular wave form at a
frequency of 1 kHz in the virtual ground mode. The ferro-
electric switching kinetics and parameters were investigated
using the pulsed domain switching experiment. Before the
measurements, all the films were prepolarized negatively on
the top electrodes and left for 2–3 months to reduce the im-
print uncertainty of prepolarization history on the measure-
ments in different films as much as possible. After each mea-
surement, the final polarization was always returned into this
direction. Two sequential square pulses with opposite polari-
ties for domain switching measurements were supplied by an
Agilent 81150A arbitrary wave form generator with a maxi-
mum voltage of 20 V and an internal resistance of 50 �. The
domain switching current Isw across the total loading resistor
in the circuit was monitored using an oscilloscope �LC WR
6200A� with an internal resistance of either 50 � or 1 M�.
Voltage �Vl� across Rl was calculated from this measurement.
Each measurement was averaged three times, and each da-
tum had high reproducibility during the measurements.

For the Vc determination from the P-V hysteresis loops at
different temperatures the Isw was determined mainly by the
measurement frequency. Compared to the pulse measure-
ments, the estimation of the Isw is not an easy task from the
P-V loops directly. Therefore, the shortcoming of this char-
acterization should be obvious. However, as the temperature
was decreased, the Vc became larger than the maximum volt-
age �20 V� of the pulse generator. Due to this difficulty, it
was not possible to use the pulse-switching tests to calculate
the Vc with different Rl at low temperatures.

III. RESULTS AND DISCUSSIONS

Quantum mechanical electron/hole tunneling can occur
with a high probability in very thin films with a thin Schottky
barrier below a few nanometers or in thicker films under an
extremely high field. An extremely high electric field is nec-
essary ��15 MV /cm for �001� PbTiO3 as �Ps /�0�f, with
Ps=0.76 Cm−2 and �f=60, where �f is the dielectric constant
along the �001� direction of PbTiO3� if charge injection is
essential for the stable nucleation of the reverse domain. This
suggests that Ed is applied over a very small thickness of df
�in order of only a few nm�.

In the early stages of ferroelectric switching in thin films,
the domain grows by nucleation with a critical size. Once the
nucleus reaches a critical length �lcr� in the direction perpen-

dicular to the film surface, the domain can penetrate into the
film thickness, where the field is practically zero.12 The driv-
ing force in the latter stage of domain penetration is the
dissipation of depolarization energy to compensate for the
formation of a newly formed domain wall. The theoretically
estimated lcr value in PbTiO3 at 220 K under an electric field
of 0.5 MV/cm is 5.3 and 1.2 nm for triangular and square
shaped reverse domains, respectively.7 The voltage dropped
over the ferroelectric layer is maintained at Vc during polar-
ization switching.11,13 In addition, Vc is mostly dropped
across the critical nuclei at the beginning of domain nucle-
ation. When a voltage, Va, is applied, Va=Vc+Vt, where Vt is
the voltage drop over all the parasitic in-series resistance Rt.
Rt consists of the contact resistance between the electrode
and dielecric film, and the total loading resistance Rl. Rl con-
sists of the externally inserted resistance and the internal re-
sistances of the voltage source and the oscilloscope for the
pulse-switching set-up.11,13 Therefore, the voltage across Rl
during domain switching is as follows:

Vl =
Rl

Rt
�Va − Vc� , �1�

with the relationship of Isw=Vl /Rl= �Va−Vc� /Rt. This type of
domain switching is a current limited process with �� Isw.�
can be smaller in magnitude by more than five decades if Rl
is increased from 100 � to 11 M�. With Eq. �1�, Vc can be
determined accurately from the measurement of Vl as a func-
tion of Va for a given Al2O3 thickness and Rl. Actually, the
switching current Isw=Vl /Rl also changes with Va so that Vc
is no longer a constant. However, if the change in Va is
small, such as 1–2 times in this measurement, the Vc varia-
tion is small enough for the above assumption to be valid.

The Al2O3 layer is a typical insulator under low fields but
conducts current fluently under high fields through either
Schottky emission or thermionic field emission.11 This is be-
cause during polarization switching, a huge field is applied to
the dielectric Al2O3 layer and the domains within the
Al2O3 /PZT bilayers can be switched but with a higher ap-
parent Vc due to the voltage drop across this layer.11

Figure 1�a� shows the typical pulse-switching behavior,
where the voltage transients �Vl� over the Rl �from 100 � to
11 M�� with time are shown when dAl=6.0 nm. Details for
the pulse-switching measurement are reported elsewhere.11,13

Transient Isw as a function of time can be achieved by
dividing Vl with Rl. After initial capacitor charging
�peak near t=0�, Vl �or Isw� shows a plateau up to a certain
time �polarization switching time�. The area under each Isw
curve at a given Rl excluding the pure capacitor charging
component corresponds to Qsw, which must be independent
of Rl. The plateau height is proportional to Va, as shown in
Fig. 1�b�. Vc at different Rl was derived from a linear fit of
the plateau heights to Eq. �1�. Vc increases rapidly with de-
creasing Rl due to the increasing voltage sharing of the ferro-
electric capacitor with decreasing Rl. However, it should be
noted that Vc is nonlinearly dependent on Isw. Vc at different
Rl and dAl was achieved from a fit of the data shown in Fig.
1�b� to Eq. �1�. The results are plotted as a function of dAl for
a given Rl �Fig. 2�a��.
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The Vc of the Al2O3 /PZT bilayer consists of a coercive
voltage Vfc for the domain switching of PZT and the thresh-
old voltage Vth for the Al2O3 layer for it to be sufficiently
conducting.11 Therefore, Vc=Vfc+Vth. With Vth=dAlEth, Eth
across the Al2O3 is acquired from Eq. �2� as follows:

Eth = 	 dVc

ddAl
	

Isw=const
. �2�

As Fig. 2�a� shows a linear dependency of Vc on dAl when
dAl	0 nm, Eth can be calculated at each Rl. Apparently,
there is a large deviation of the data from the linear fits at
dAl=0, suggesting that the threshold field for the Pt/PZT in-
terface is different from that for the Pt /Al2O3 interface. The
most important finding from the linear fits is that the line of
best fits intercepts the x axis exactly at the same point �df

Al�
with df

Al=−2.2�0.2 nm. This 
df
Al
 value is believed to cor-

respond to the Al2O3 equivalent critical nuclei dimension of
the reversed domain of PZT under a switching field. This can
be explained by the following: when Vc=0, Vfc=−df

AlEth.
Since there is no Al2O3 layer when dAl
0, the term df

AlEth
should be replaced with dfEth� , where Eth� is the threshold field
for charge injection for the Pt/PZT interface. Since the
critical amount of charge injection, Qsw, necessary to induce
the formation of stable nuclei should be irrespective of the
presence of an Al2O3 layer, CAlVAl=CPZTVPZT �or �AlEth
=�PZTEth� , where �Al and �PZT are the optical dielectric con-
stants of Al2O3 and PZT layers, respectively.�, where CAl and
VAl are the capacitance of the Al2O3 layer and voltage ap-
plied to the Al2O3 layer during switching, respectively. CPZT
and VPZT have the same meaning as the polarization reversed

PZT region with the dimension of df. Since the carriers are
moving rapidly through either the Al2O3 or PZT layer, the
optical dielectric constant must be the proper dielectric con-
stant that determines the capacitance,14,15 which are 2.9 and
5.6 for the Al2O3 and PZT thin films, respectively. Therefore,
Eth� =0.52Eth, and df=1.93dF

Al. This suggests that the critical
dimension for a reversely polarized domain is 4.2�0.4 nm.
The critical dimension is along the depth direction of the
PZT film estimated from the electrode/PZT �or Al2O3 /PZT�
interface.

Switching-charge-injection-dominated polarization rever-
sal can also be checked by measuring the P-V hysteresis
loops at different temperatures under a given Rl value but
with a different dAl, because charge injection can be con-
trolled thermally. This is the third variable that can be used to
determine df. For the Vc determination from the P-V hyster-
esis loops at different temperatures, as shown in Figs. 3�a�
and 3�b� for dAl=3.0 and 6.0 nm, respectively, the Isw is
determined mainly by the measurement frequency. Since the
same frequency was used for all measurements at different
temperatures, the Isw was almost identical in all the extrac-
tions of Vc from the Va-Vl plots at various temperatures, even
though a slight difference in the applied voltage can cause a
slight change in Isw.

Figure 2�b� shows the change in Vc as a function of dAl at
different temperatures obtained from the P-V loop measure-
ments shown in Fig. 3. All the data except for those at dAl
=0 show a linear dependence, and all linear fits intercept the

FIG. 1. �Color online� �a� Voltage transient across different Rl

during domain switching under V=13.0 V for an Al2O3 /PZT bi-
layer with dAl=6.0 nm. The time scale was magnified by a factor
shown in the parenthesis in the legend so that all wave forms at
different Rl can be plotted together. �b� Voltage dependence of the
step height across different Rl for an Al2O3 /PZT bilayer with
dAl=2.0 nm. The solid lines are the best fit of the data to Eq. �1�. FIG. 2. �Color online� �a� dAl dependence of Vc for the

Al2O3 /PZT bilayer with different Rl. Vc was derived from pulse
measurements at T=290 K. �b� dAl dependence of Vc for the
Al2O3 /PZT bilayer at different temperatures, where Vc was derived
from the P-V hysteresis loop at 1 kHz.
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x axis at df
Al=−2.5�0.3 nm �df=4.8�0.4 nm� at tempera-

tures ranging from 78 to 320 K. This 
df
Al
 is slightly higher

than that determined from previous measurements but still
within the limits of experimental error. These results clearly
show that the critical nuclei dimension for a PZT film is
4.2–4.8 nm, which is in very good agreement with the theo-
retical calculation results.7

As Isw is controlled by the Rl, Eth is also dependent on the
Rl. Therefore, there must be a physical relationship between
Isw and Eth. Figure 4�a� shows the change in switching cur-
rent density �Jsw�, which was taken at Vl=4.0 V at each Rl

�Jsw=4V /RlA, A is the electrode area�, as a function of Eth
when the Va was properly adjusted. Eth was taken from the
slope of Fig. 2�a�. The Jsw-Eth variation was well fitted �solid
line� with the Schottky emission described by the reported
equation.16

Jsw � T2 exp�− �0 + �sEth
1/2

kBT
� , �3�

where �0 is the Schottky barrier height �SBH� at the
Pt /Al2O3 interface, �s= � q

4
�0�Al
�, q is the unit charge of an

electron, and �0 is the vacuum permittivity. An �Al of
3.7�0.4 was obtained from a fit of the data in Fig. 4�a� to
Eq. �3�. Hence, the refractive index �nAl� was 1.9�0.2,
which is in good agreement with the nAl of 1.7 obtained from
optical measurements.17,18 This suggests that carrier injection
at the Pt /Al2O3 junction occurs through Schottky emission.
�0 can be estimated from the temperature dependence of the
Eth shown in Fig. 2�b�. Figure 4�b� shows the change in Eth
as a function of T. Since Jsw�Eth ,T�=Jsw�Eth

0 ,T0�, where
Eth

0 =14.0 MV /cm at T0=290 K, the Eq. �4� can be obtained
from Eq. �3� as follows:

Eth
1/2�T� =

2kBT0

�s
� T

T0
�ln�T0

T
� +

�0

�s
�1 −

T

T0
� + � T

T0
��Eth

0 �1/2.

�4�

The best fit of the solid line in Fig. 4�b� to Eq. �4� gives
�0=1.1�0.2 eV. This value is far lower than the expected
SBH from the work function of Pt and the electron affinity of
amorphous Al2O3, even though the theoretical SBH at the
Pt/amorphous Al2O3 junction is unclear due to the lack of
precise data for amorphous Al2O3 films. However, the lower
�0 suggests that carrier emission occurs through thermionic
field emission near the location �1.1 eV from the Fermi
level of Pt. This might be related to the relatively high con-
centration of imperfections in amorphous Al2O3. The SBH
and barrier thickness are too large for field emission �such as
direct tunneling or Fowler-Nordheim �F-N� tunneling� to oc-
cur. This is somewhat different from that for the Pt/PZT in-
terface, as shown below.

For the Pt/PZT interface, df=4.2 nm and Vc �=Vfc� at
dAl=0 were used to calculate the Eth� . Again, the same Jsw
when Vl=4 V was taken and the Jsw vs Eth� plot is also
shown in Fig. 4�a� �blue closed symbol�.

The data fits the F-N tunneling mechanism �solid line�
well, which is given by Eq. �5� �Ref. 16�

Jsw � E2 exp�−
2

3

���0
3/2

E
� , �5�

where E=Eth� , ��=��m� /m0�1/2, �=4
�2m0q�1/2 /h, m� is the
effective mass for the carrier, m0 is the mass of the static
electron, and h is the Plank’s constant. The best fit of the data
to Eq. �5� by the solid line in Fig. 4�a� yields
�m� /m0�1/2�0

3/2=1.43. Reported m� of ferroelectric materials
has the value ranging from 0.06m0 �Ref. 19� to 6.0m0.20

Therefore, �0 value could range from 3.24 to 0.70 eV de-
pending on the m�. Therefore, it is difficult to accurately
define �0 from the fitting due to the large uncertainty in m�.

FIG. 3. �Color online� P-V hysteresis loops at different tempera-
tures for �a� dAl=3.0 nm and �b� 6.0 nm,

FIG. 4. �Color online� �a� Field dependence of the switching
current density at T=290 K across the constituents, PZT and
Al2O3, in the Al2O3 /PZT bilayer with the data fitted by the solid
lines to Eqs. �5� and �3�, respectively. �b� Temperature dependence
of the threshold field across the Al2O3 layer. The solid line is the
best fit of the data to Eq. �4�.
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With work functions of 5.76�0.04 eV for �111� Ir and
5.80�0.06 eV for �111� Pt �Refs. 21 and 22� and an elec-
tron affinity of 3.5�0.2 eV for PZT,20 the theoretical SBH
for the Pt/PZT was found to be 2.3�0.2 eV for the electron
if there is no contribution from the interface traps to the
determination of the SBH. However, there is usually a high
density of interface traps which alters the SBH. Therefore,
the experimentally determined SBH from Jsw vs Eth fitting
according to the F-N mechanism can be regarded as a rea-
sonable value.

Figure 5�a� shows the results reported by Miller and Sav-
age on the velocity of domain motion as a function of the
reciprocal field �Fig. 6 in Ref. 23� in single-crystal BaTiO3.
According to Merz’s law, � should have been proportional to
exp�−� /E�.9 However, this can barely be true if the domain
velocity changes over eight decades, as shown by the
doubled-line fitting of the data in Fig. 5�a�. This suggests that
� is not a constant. In comparison, � is proportional to
E2 exp�−� /E� using the equation developed in this study
from Fowler-Nordheim tunneling. This removes the previous
problem of Merz’s law, as shown in Fig. 5�b�, where � is a
constant. Using Eq. �5�, where ��E2 exp�−� /E�, the data
can be fitted perfectly with a single constant, �= 2

3���0
3/2

even for a BaTiO3 single crystal. Nevertheless, it should be

noted that the electrical field used for this modified model is
the field over the reversed nuclei with the critical dimension.

The Landauer’s paradox can be resolved by considering
two facts. First, the driving force �electric field� that initiates
the critical nucleus is actually quite large because the Vfc was
applied over a few nm of the critical nuclei. Second, the
extremely high Wd in the reversed regions of the nuclei can
be compensated for by the by-electrode charge injection. At
the initial stages of domain motion, the area for the critical
nucleus is small, and Ws can be neglected compared with
Wd.7 When Va was smaller �or Rl was larger�, Jsw becomes
smaller so that a longer time will be needed to accumulate
sufficient compensation charges around the critical nucleus.
Therefore, the domain motion is current limited in nature and
the domain speed can be described by either Eqs. �3� or �5�.
In this sense, there is no well-defined down bound of Vfc in
ferroelectrics, which is in agreement with previous
studies.6,23 Once the nucleus reaches a critical size, it grows
in a stringlike path through the region where the external
field is quite small.13

Finally, the physical �qualitative� mechanism for the
charge-injection controlled polarization switching that was
assumed in this study is explained in detail using the sche-
matic diagram shown in Fig. 6. This also provides the physi-
cal reasons for maintaining a constant voltage over the ferro-
electric layer during the ferroelectric switching and the
application of the Vfc over only the reverse domain nuclei.
Figure 6�a� shows the charge distributions when the metal-
insulator-ferroelectric-metal �MIFM� structure is under the
short circuit condition after the sample was prepolarized up-
ward. Here, the positive ferroelectric crystal charge �+Qf� is
�partly� compensated by the negative insulator charge �−Qi�

FIG. 5. �Color online� �a� The wall velocity as a function of the
field reversal for single-crystal BaTiO3 plotted over a broad velocity
range �Fig. 6 in Ref. 23�. The double lines are the lines of best fit of
the data according to the Merz’s law of ��exp�−� /E� at high and
low-field regions with a different �. �b� The � /E2−1 /E semiloga-
rithmic plot fitted linearly by a solid line according to the equation
of Fowler-Nordheim tunneling with a constant �.

FIG. 6. �Color online� Schematic diagram showing the polariza-
tion and charge distribution �a� after the sample is prepolarized
upward and the two electrodes are short circuited, �b� when a re-
verse domain nucleus is formed by approximately thermal fluctua-
tion but the system is still under the short circuit condition, and �c�
metal bound charge �of negative sign� is injected to the head-to-
head domain boundary which is accompanied by the flow of �ap-
parently� switching charge �of positive sign� from the voltage
source to the electrode.

RESOLVING THE LANDAUER PARADOX IN… PHYSICAL REVIEW B 80, 024119 �2009�

024119-5



at the insulator/ferroelectric �I/F� interface. It is obvious that
the positive insulator charge �+Qi� is compensated for by the
negative metal bound charge �−Qb� at the M �top electrode,
TE�/I interface. At the F/bottom electrode �BE� interface the
−Qf is compensated for by the positive metal bound charge
�+Qb�. The charge compensation should not be complete due
to many reasons so that there must be some depolarizing
field �Ed

i � which will eventually decrease the Ps. However,
this Ed

i must be far less significant compared to the depolar-
izing field that is operating at the moment of the reverse
domain formation shown in Fig. 6�b�. Therefore, Ed

i is not
considered in Fig. 6�a�. At a certain moment, due to the
thermal fluctuation of the ferroelectric lattice a small reverse
domain nucleus �embryo� is formed at the I/F interface
where a certain defect �or even some residual unswitched
domain� may act as the nucleation site as shown in Fig. 6�b�.
This temporary reverse domain nucleus formation may be
related to the soft-mode lattice phonon so that its temporal
formation time must be�a few ns. However, as shown in
this figure, this reverse domain nucleus is very unstable be-
cause the huge accumulation of the +Qf at the head-to-head
domain boundary. The uncompensated +Qf at the domain
boundary would produce a huge Ed �shown in Fig. 6�b�� of
which direction is from the domain boundary to the I/F in-
terface. This Ed destabilizes the reversed domain nucleus so
that the embryo will disappear very quickly. In order to avoid
this situation, an applied voltage, which is now applied posi-
tively to TE, is necessary to counteract the Ed. While the
disappearance of the reverse domain nucleus �embryo� is in-
hibited by the applied voltage, charge injection �under this
circumstance, it is −Qb that has been present in the TE� oc-
curs to the domain boundary to stabilize the reverse domain
nucleus. This circumstance is shown in Fig. 6�c�. When this
happened, Ed almost disappears and the reverse domain
nucleus becomes stabilized. As described in detail above and
in Ref. 11, at the moment of domain reversal the Al2O3 in-
sulator layer becomes conducting and the charge injection
readily occurs. According to this model it can be understood
that the voltage is necessarily applied over the nucleation
layer �including the insulator to make it conducting enough,
please see Ref. 11� while the charge injection occurs. The
rest of the column where the original Ps remained �in lower
part of Fig. 6�b�� also becomes to have a depolarizing field,
Ed�, before the charge injection occurs due to the uncompen-
sated +Qf. However, it is obvious that the direction of this Ed�
must be same as that of the externally applied field. The Ed�
actually accelerates the domain reversal of the unswitched
part of the ferroelectric material column. Once the charge
injection has occurred, Ed� may also be largely decreased.
Therefore, it is not necessary to apply a large portion of the
applied voltage to the unswitched column where the original
Ps remains. In this sense, the propagation of the reverse do-
main �reverse domain growth� corresponds to the progressive
shift in Ti/Zr ions within a unit cell in one-unit-cell-by-one-
unit-cell manner which is accompanied by the progressive
transport of the injected charge �−Qb� across the column also
in one-unit–cell-by-one-unit-cell manner. This may readily
and rapidly occur compared to the nucleation so that this
again does not require a large voltage and long time. Con-
trary to this, the charge injection across the interfacial layer

�a few nm thick� +reverse domain �also a few nm thick�
requires a much larger voltage and longer time. This consti-
tutes the basic idea for the “nucleation-controlled” ferroelec-
tric switching. It is also noted that the applied voltage to TE
to switch the domain was positive but the injected charges
are of negative sign. This suggests the following: the −Qb is
considered to adhere to +Qf. As +Qf moves away from the
I/F interface to the head-to-head domain boundary by the
shift in Ti4+ and Zr4+ ions, the −Qb is accordingly moved to
that boundary too. As the −Qb is transported to the domain
boundary, the positive voltage source supplies the TE with
the positive compensating charge �+Qb�� through the load re-
sistance Rl. This newly supplied +Qb� must correspond to the
+Qsw of this domain region. As the Rl increases, switching
current decreases so that a longer time is required to provide
the TE with the necessary +Qb�. The overall ferroelectric
switching process can be understood as the progressive in-
crease in the reversed domain area with time. It can be imag-
ined that the region with locally lower Vfc would be reversed
first. Therefore, the whole switching process may be under-
stood as the process of the transport of a certain amount of
charge �−Qb� across the whole film. As the −Qb move across
the whole film, the counter charge +Qb� is flown into the TE.
Therefore, it should be obvious that the whole MIFM sample
works as a resistor during the switching and a constant volt-
age drop is achieved over the ferroelectric sample during the
ferroelectric switching.

Similar enlargement of switching time was previously re-
ported. Jullian et al. observed almost same scale of switching
time �from 10−7 to 101 s� in ceramic modified ferroelectrics
by controlling the applied field from over to below of the
coercive field of the samples.24 Therefore, such a long
switching time does not suggest that the single nucleation
domain waits for such a long time to achieve the huge
amount of switching charge. In fact, the actual reverse do-
main nucleation time by thermal fluctuation must be of order
of ps �phonon vibration time scale�. However, most of the
experimental results have shown that at least a few ns is
required even without any external load resistance. This must
be due to the involvement of some unavoidable parasitic
resistance components even for the high-speed measurement
set-up.

IV. CONCLUSION

In conclusion, the critical nuclei dimension for polariza-
tion reversal of PZT thin films was determined experimen-
tally by measuring the Vc of Pt /Al2O3 /PZT / Ir stacked ferro-
electric thin-film capacitors as a function of the Al2O3 layer
thickness with various serially connected load resistors using
the pulse-switching and P-V measurements. The critical nu-
clei dimension was 4.2–4.8 nm, which is in very good agree-
ment with recent molecular-dynamics simulations.7 To the
authors’ knowledge, no experimental verification of the criti-
cal dimension for the ferroelectric switching has been re-
ported. Ferroelectric switching is a current limited process,
where charge compensation through by-electrode charge in-
jection largely mitigates the depolarization energy of the
critical nuclei. Thermionic field emission for the Pt /Al2O3
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interface and F-N tunneling for the Pt/PZT interface were
also confirmed experimentally, which further strengthens the
suggested switching mechanism. The classical Merz’s
exponential law for the domain speed in most ferroelectrics
can be modified properly using the F-N tunneling mecha-
nism. With the model suggested in this article, the
behavior of the ferroelectric capacitor acting as a resistor not
a capacitor during polarization switching can also be
understood. With this model, the classical Landauer’s para-
dox was also resolved. A qualitative physical model for the
domain nucleation and voltage distribution during the ferro-
electric switching based on the charge injection is also pro-
posed.
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