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We investigated the pinning dominated domain-wall dynamics under an ac field by studying the frequency
(f) dependence of hysteresis loops of a uniaxial ferroelectric (FE) system. We measured the fully saturated
polarization-electric field (P-E) hysteresis loops of high-quality epitaxial 100-nm-thick PbZr, ,Tiy3O5 capaci-
tors at various f (5-2000 Hz) and temperatures 7 (10-300 K). We observed that the coercive field E is
proportional to f8 with two scaling regions, which was also reported earlier in magnetic systems [T. A. Moore
and J. A. C. Bland, J. Phys.: Condens. Matter 16, R1369 (2004), and references therein]. In addition, we
observed that the two scaling regions of E vs f exist at all measured 7. We found that the existence of the two
scaling regions should come from a dynamic crossover between the creep and flow regimes of the FE domain-
wall motions. By extending the theory of Nattermann et al., which was originally proposed for impure magnet
systems [T. Nattermann, V. Pokrovsky, and V. M. Vinokur, Phys. Rev. Lett. 87, 197005 (2001)], to the
disordered FE systems, we obtained analytical expressions for the dynamic crossovers between the relaxation
and creep, and between the creep and flow regimes. By comparing with the experimental data from our fully
saturated P-E hysteresis loop measurements, we could construct a 7-E dynamic phase diagram with f as a

parameter for hysteretic FE domain dynamics in the presence of an ac field.
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I. INTRODUCTION

The electric polarization (P)-electric field (E) hysteresis
loop is a hallmark of ferroelectricity. By applying an alter-
nating (ac) E, we can obtain the P-E hysteresis loop. This
curve provides us with important ferroelectric (FE) informa-
tion, including the remnant polarization P, and the coercive
electric field E.. Therefore, many researchers perform P-E
hysteresis measurements to investigate FE materials. How-
ever, the strongly nonlinear characteristics of the hysteresis
loop still prevent some fundamental issues from being
clearly understood. One such issue is the frequency (f) de-
pendence of hysteresis loops: namely, how does the dynamic
process of P reversal depend on the sweep rate of the exter-
nal ac field? In addition, nowadays, understanding the f de-
pendence of hysteresis loops has also become important
technologically, since many nanoscale FE devices, such as
nonvolatile memories and data storage, require operations at
very high f.

In the P reversal process of a FE material, domains play
an important role. Without an external E, the free energy of a
FE material prefers the configuration consisting of domains,
each having the same P direction. Under an external E, the
volume of the favored domain state increases by the nucle-
ation and subsequent growth of the domains.! Consequently,
the detailed shape of the P-E hysteresis loop should be
strongly affected by the nucleation and domain-wall (DW)
motions. And time (¢)-dependent behaviors of nucleation and
DW motions should depend significantly on the experimental
conditions, such as f, amplitude of the applied E (E,,,,), and
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temperature 7. As expected, the shape of the P-E hysteresis
loop should be influenced by these experimental conditions.
In particular, the E value has been known to have a strong f
dependence.?? Therefore, the systematic studies on the f de-
pendence of P-E hysteresis loops might provide us a useful
way to obtain comprehensive understanding on the hysteretic
dynamics of FE domains in the presence of an ac field.
There have been some theoretical and experimental ef-
forts to understand the f dependence of P-E hysteresis
loops.>” Up to this point, two theoretical models have com-
monly been used to explain the f dependence of hysteresis
by using domain dynamics. Ishibashi and Orihara® developed
a phenomenological model which considered domain growth
as the key process. They calculated the 7-dependent frac-
tional volume of reversed domains based on the extended
Avrami theory.® According to their model, E. follows the
simple power-law relationship, E-f%. On the other hand,
Du and Chen® proposed a model to explain the f dependence
of E- which assumed that the limiting step is the nucleation
process. Later, Jung et al.® investigated experimentally the f
dependence of E. in various polycrystalline FE capacitors
and compared their data with the Ishibashi-Orihara and Du-
Chen models. They observed that both models fit the data
reasonably well but the Du-Chen model was somewhat bet-
ter at explaining their results. On the other hand, So et al.’
investigated the f dependence of E. in epitaxial
PbZr, 4Ti, O capacitors. They obtained the E f? relation,
following the Ishibashi and Orihara model. At this point, we
want to point out that the earlier works on the f dependence
of the P-E hysteresis loops paid little attention to the roles of
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quenched defects in FE disordered media, which are known
to govern the nucleation®!'" and growth'>"!” of domains.

In numerous materials, quenched defects will act as pin-
ning centers for the movements of elastic objects, such as FE
and ferromagnetic DWs, vortices in type II superconductors,
charge-density waves, and dislocation lines.!>!416:18.19 The
physics on the growth of such elastic object in a disordered
medium is known to be governed by the competition be-
tween the elastic energies and the pinning potentials of
defects.!>!% Due to such competition, DW velocity v can
have different E dependence. Depending on the magnitude of
the constant (dc) E, there exist three regimes at finite T:
pinned (v=0), creep (v has an exponential relationship), and
flow regimes (v« E).!®!819 Recent development of piezore-
sponse force microscopy (PFM) allowed us to measure the
v-E relations directly in FE materials. Tybell et al.'’> mea-
sured the DW velocities from the PFM images of epitaxial
PbZr, ,Tij gO5 films and demonstrated the existence of creep
regimes in FE DW dynamics. Paruch ef al.'# investigated the
static configuration of the pinned DW and obtained the re-
lated roughness exponent. Quite recently, Jo et al.'® showed
that the dc field driven DW dynamics, including creep, de-
pinning, and flow motions, occurs in the real FE system un-
der wide T and FE ranges. However, all of these works have
been focused on the DW dynamics under dc fields.!3-16

Up to our best knowledge, there has been no theoretical
prediction to consider the effects of quenched defects on the
f dependence of P-E hysteresis loop of the FE materials. On
the other hand, for ferromagnetic systems, Nattermann et
al.’” made theoretical studies on the magnetization
(M)-magnetic field (H) hysteretic dynamics at finite 7. They
showed that the ferromagnetic DW subject to an ac field
starts to move when the driving force exceeds an effective
threshold field, which is 7 and f dependent. They evaluated
the H, and H; values where the dynamic crossovers from the
relaxation to creep and from the creep to flow regimes, re-
spectively, occur.?’ By using the predicted H,, and H; values,
they made a 7-H dynamic phase diagram for the relaxation,
creep, and flow regimes of DW motion. Based on this pio-
neering work, there have been recent efforts to investigate
experimentally the ac dynamics of ferroic DWs in FEs, FE
relaxors, and ferromagnetics.?!=> In particular, Chen et al.?!
measured the ac magnetic susceptibilities of CoggFe,y/ Al,05
multilayers and showed experimentally that ferromagnetic
domains in a disordered medium experience the dynamic
phase transitions among relaxation, creep, sliding, and
switching. However, as pointed out in Ref. 21, it remains a
challenge to discover the predicted 7-H dynamic phase tran-
sitions from direct M-H hysteresis loop measurements. Con-
sidering the generality of the physics of domain growth in
disordered media, we should be able to extend the theoretical
work of Nattermann et al. to a FE system. If we build the
T-E dynamic phase diagram directly from our P-E hysteresis
loops, it can be an important step in obtaining full under-
standing of how elastic objects grow in a disordered medium
under an ac driving force.

In this paper, we report our investigations on how the
pinning dominated DW dynamics under an ac field will af-
fect the f dependence of the hysteresis loops of a uniaxial FE
system. In Sec. II, we describe experimental results on the
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P-E  hysteresis loops of a high-quality epitaxial
PbZr,,Ti; 303 (PZT) thin film at various f and T. In Sec. III,
by extending the theory of Nattermann et al. to the FE sys-
tem, we obtained corresponding equations for dynamic
crossovers between the relaxation and creep regimes, and
between the creep and flow regimes, in a disordered FE sys-
tem. We also discuss the case of the relaxation regime being
absent when P is initially fully saturated. Finally, in Sec. IV,
we discuss our experimental observations based on the
theory, described in Sec. III. From the experimental findings,
we constructed a dynamic 7-E phase diagram for hysteretic
ac domain dynamics, which agrees with the theoretical
predictions.!”

II. EXPERIMENTS AND RESULTS

We deposited a high-quality 100-nm-thick epitaxial PZT
film on a SrRuO;/SrTiO; (001) substrate by pulsed laser
deposition. A metallic STRuO; layer of 4 nm thickness was
used as a bottom electrode. A more detailed description of
the growth procedures has been published elsewhere.?® X-ray
diffraction studies confirmed that our film was composed of
purely c-axis oriented domains, i.e., it had uniaxial symmetry
and only 180° DW configurations.?® For electrical measure-
ments, we fabricated Pt top electrodes with a diameter of
100 um by using sputtering and photolithography lift-off
process.

To investigate the f dependence of P-E hysteresis loops,
we applied triangular waves with various f (i.e., 5-2000 Hz)
to the PZT capacitors by means of a TF analyzer 2000 (aix-
ACCT). We performed such measurements in a wide T
range, i.e., 10-300 K. We determined the values of E. to be
(|Ecy|+|Ec_|)/2, where E, and E(_ are the positive and
negative E in the P-E hysteresis loops, respectively. Note
that the detailed shape of P-E hysteresis loop can be changed
significantly depending on the magnitude of applied E. To
avoid any artifacts possibly coming from the incomplete
saturation, we always used E,,,, of a triangular wave at least
2.5 times larger than the corresponding E value for a given
T. From this method, we could obtain fully saturated P-E
hysteresis loops reliably.

Note that our epitaxial PZT films are very high quality
with little leakage currents, so they are ideal for systematic
ac measurements. Figure 1(a) shows the f-dependent hyster-
esis loops for the PZT film, measured at 300 K. At the lowest
f, the hysteresis loop looked almost like a square, manifest-
ing a high FE quality of our PZT film. They showed imprint,
which might come from the different top and bottom elec-
trodes. However, it is negligibly small, i.e., less than 0.04
MV/cm. As shown in the inset, the thin film is also highly
insulating with nearly zero leakage current.

We found that the P-E hysteresis loop experiences sys-
tematic f-dependent changes near E.. As shown in Fig. 1(a),
E increases and the slope at E- decreases with increases in
f. In other words, the squarelike loop at 50 Hz becomes very
slanted one at 2000 Hz. This systematic change indicates that
the DW dynamics around E should play a major role in the
f-dependent shape change in hysteresis loops.

To obtain further insights, we checked whether E - fB, as
predicted by the Ishibashi-Orihara model.> Figure 1(b) shows
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FIG. 1. (Color online) (a) f-dependent P-E hysteresis loops of
the PZT film at 300 K. The inset shows the switching current /-E
curve at f=1000 Hz. (b) The E values as a function of f at various
T. The f., indicates the crossover frequency where two scaling re-
gions are separated. The solid lines show the linear fitting results for
each f region. (c) T-dependent P-E hysteresis loops at f
=1000 Hz.

the plot of log E vs log f. As shown by the first bottom (red)
linear fitting line, the E data at 300 K can be fitted with the
relation of E. f# quite successfully. This agreement is con-
sistent with the earlier works that the DW movement, rather
than the domain nucleation, should play an important role in
the domain switching of epitaxial thin films.”!> Intriguingly,
the log-log plot of E- and f displays two scaling regimes.
Namely, the increase in E- becomes much stronger at the
higher f. And the crossover between two regimes occurs
around 200-500 Hz.

We found that 7 also significantly affects the shape
change in the P-E hysteresis loops. Figure 1(c) shows
T-dependent hysteresis loops for the PZT film at f
=1000 Hz. Contrary to the f dependence, the slope at E- did
not change significantly and the general shape of the P-E
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hysteresis loops remains similar. However, as 7T increased,
there were distinctive decreases in E.. This sharp decrease
suggests that the P switching in the FE film should be
strongly affected by thermal processes.

We also found that the behavior of two scaling regimes
does exist for all measured 7, as displayed in Fig. 1(b). For
all T between 10 and 300 K, we observed two scaling re-
gions with different B values. It should be noted that the
crossover frequency f., remains to be nearly constant, i.e.,
200-500 Hz, for all measured 7. This indicates the f,.. value
should have a rather weak 7T dependence. Although the two
scaling regimes of E vs f at room T were observed in epi-
taxial PbZr, 4Ti, 05 capacitors,’ their origin is still unclear.
On the other hand, for magnetic systems, there have been
reports on the behavior of two scaling regimes.”!*”-?8 They
explained that the two scaling regimes come from the com-
petition between different domain processes, such as DW
motion and nucleation,?'2728 or the crossover between ther-
mally activated and viscous processes driving the DW
motions.”’?® We argue that the existence of two scaling re-
gimes should be closely related to the ac FE DW dynamics.
In Sec. IV, we will show how the dynamic crossover between
the creep and flow motions can affect this f dependence of
EC.

III. THEORETICAL WORK ON THE ac DYNAMICS
OF DWS

As mentioned in Sec. I, Nattermann et al.'® developed a
theory which explains how the hysteresis loop of impure
ferromagnetic systems can be varied by the amplitude and f
of an external ac H field based on the quenched Edwards-
Wilkinson equation.”® Although their original description
was limited to the hysteretic motion of ferromagnetic do-
mains, it can be applied to other ferroic systems due to the
generality of the related physics. Therefore, in this section,
we will extend the theory of Nattermann e al. to the FE
system and obtain some related equations for ac FE DW
dynamics.

Figure 2(a) shows a dynamic phase diagram for the DW
hysteretic motions under an ac field at finite 7 and f, as
predicted by Nattermann et al.'® The vertical solid (red) E,
and (blue) E, lines indicate the dynamic crossover lines,
separating between the relaxation and creep, and between the
creep and flow regimes, respectively. The horizontal (green)
E(7) line shows the first 1/4f of E(¢) during the P-E hyster-
esis loop measurements. The f dependence of the P-E hys-
teresis loop measurements correspond to how fast the E(z)
line sweeps. The dotted (black) line separates the critical
depinning region from other dynamic regimes at low T.
However, in this paper, we will focus on two dynamic cross-
overs, i.e., between relaxation and creep, and between creep
and flow regimes.

A. Dynamic crossover between the relaxation and creep
regimes (Ez,,;,)

As displayed schematically in the bottom solid curve of
Fig. 2(b), when the DWs exist initially, there should be en-
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FIG. 2. (Color online) (a) The dynamic phase diagram for the
DW hysteresis under an ac field at finite 7 and f. The vertical solid
lines (red) E; and (blue) E, indicate the dynamic crossover lines
separating the relaxation, creep, and flow regimes. The horizontal
(green) line indicates the first 1/4f of E(r) during the P-E hysteresis
loop measurements. Schematic of energy landscapes ¢(x) (the solid
line) and various DW motions depending on the E in random media
during the first 1/4f, (b) when DWs exist initially and (c) when
they do not exist initially.

ergy landscapes ¢(x) which varies from place to place in a
disordered FE medium. The sites with the local energy
minima act as the pinning sites where quenched defects
probably exist. Due to the random nature of these pinning
sites, there is a wide distribution of energy barrier heights
Ug. Under the sweep of an external E(r), the ¢(x) should
change, resulting in the dynamic crossover of the DW mo-
tions.

In the creep regime, the thermally activated hopping will
induce DW movements from one local minimum to the next,
as shown by the (orange) arrows in the second top curve of
Fig. 2(b).!>!819 This creep motion should be governed by the
maximum energy barrier Ug,,,.. To overcome Ug,,, by
thermal activation, a certain hopping time 7 is required,"”

T= T CXp( UB,max/kBT) > ( 1 )

Upmax = U(Eco/ E)*(1 = E/Ecy)”, (2)

where 7;, U, and E, are a microscopic hopping time, a
characteristic pinning energy, and a depinning threshold field
at T=0, respectively. Note that u is a dynamical exponent,
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which mirrors both the dimension and the nature of disorder
(e.g., random bonds or random fields) of the system.'® And 7
is an exponent related to the E dependence of the energy
barrier.'> In order for the creep motion to occur, the hop-
ping time 7 should become smaller than 1/f.

On the other hand, under a very weak FE, called the relax-
ation regime, the creep motion cannot occur due to the long
7 value. In other words, since the effective Uy, (E) is quite
large and so 7 becomes very long, it is impossible to over-
come Ug,,,, during one period (i.e., 7>1/f). There will be
no effective DW motion, namely, v=0. In this case, the DW
segments oscillate between the metastable states, as shown
by the (purple) arrow in the second bottom line of Fig.
2(b).'® From the condition of 7f=1 and Egs. (1) and (2), we
can evaluate the dynamic crossover E,,;, between relaxation
and creep regime, !’

Edepin/ECO = [(U/kBTA)(l - Edepin/ECO) 7]]””’ (3)

where A=In(1/f7)). When the DW exists initially, the Ej,,,;,
plays the role of E;, as described in Fig. 2(b).

B. Dynamic crossover between the no nuclei and creep
regimes (Ey)

However, when P is fully saturated initially, there are no
existing domains of reversed P. Then, we should first con-
sider the domain nucleation process. Figure 2(c) shows a
schematic of how the DW motions will change when the
DWs do not exist initially. In this case, the energy landscapes
¢(x) for DW motion cannot be defined. Domain nucleation
with an opposite P will occur at a certain field Ey required
for overcoming the nucleation energy barrier Uy. Above Ey,
the Uy can be overcome by thermal activation,’! and so the
reversed domains are created. Note that the Ey value is gen-
erally larger than the E,,,;, value in the epitaxially grown
film with uniaxial symmetry.!” Therefore, for E> Ey, the re-
versed domain nucleates and moves by thermally activated
creep motion, as shown in Fig. 2(c). In this case, Ey plays
the role of E;, determining the initiation of creep motion.
There should be a no nuclei regime instead of a relaxation
regime for E<E].

C. Dynamic crossover between the creep and flow
regimes (E,)

With increase in E, the effective Uy, becomes smaller
and finally nearly negligible. Then, the DWs experience the
viscous flow motion, as shown by the (magenta) arrow in the
first top lines of Figs. 2(b) and 2(c). It is known that the
velocity in the flow regime is linearly proportional to the
external E, i.e., v yE, where vy is the effective friction
coefficient.!3:!° On the other hand, in the creep regime, the

average velocity v(E) should be linearly proportional to 1/7
s0!8:19

v = yE exp[— (UlkgT)(Eco/E)*(1 — E/E)7]. (4)

Therefore, we can obtain the dynamic crossover value E,,
separating the creep and flow regimes by comparing the v
« yE with Eq. (4),"°
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FIG. 3. (Color online) (a) Schematic of triangular waves of low
f (the solid blue line) and high f (the dotted red line) used for
measuring hysteresis loops. (b) Schematic of AP/2P, as a function
of E/E,,,, where P, is the remnant polarization. Solid circles show
the values of E.. The dashed (green) line shows the E-dependent
AP/2P, value at f=f,. The dark gray, gray, and white regions
indicate the relaxation or no nuclei, creep, and flow regimes,
respectively.

E>/Eco=[(UlkgT)(1 = Eo/Eq) V5. (5)

As shown by vertical solid lines in Fig. 2(a), both E; and E,
are monotonously decreasing functions of 7 with a maxi-
mum Eq at 7=0.

IV. DISCUSSION
A. Origin of two scaling E. regions with f

For both cases, whether the DWs exist initially or not,
there should be three regimes for FE DW motions in one ac
cycle, as shown in Figs. 2(b) and 2(c). (1) At E<E,, the
motion will be either in the no nuclei or relaxation regime.
(2) At E;<E<E,, the DW moves by thermally activated
creep motion. (3) At E>E,, the DW undergoes a viscous
flow motion.

When we apply an ac field with E,,,,>E, as shown in
Fig. 3(a), the E value will vary in time during one period.
The solid (blue) line and the dotted (red) line indicate the
triangular waves at low f and high f, respectively. Note that
E, separates the regimes between the relaxation (or no nu-
clei) and creep, and E, divides the flow regime from the
creep regime. The dark gray, gray, and white regions show
the relaxation (or no nuclei), creep, and flow regimes, respec-
tively. As displayed in Fig. 3(a), the relative time duration
that the FE system stays in each regime will vary depending
on f. As f is lower, the time for one period becomes longer
and so the relative time duration to stay in the relaxation (or
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no nuclei) and creep regimes becomes also longer.

The shape of hysteresis loops is significantly affected by
the dynamic crossovers between these three regimes of DW
motion. Figure 3(b) shows the polarization reversal (AP)
during the first 1/4f. For low f, as represented by the solid
(blue) line, the system will stay in the creep regime long
enough to induce most of the AP. Since E is the E value at
which 50% of AP occur, E-<E, for low f. Then all of the
AP should occur in a rather narrow region of E, which re-
sults in the nearly squarelike hysteresis observed in Fig. 1(a).
This corresponds to the case where P switching process can
occur at relatively small fields by the creep motion if enough
time is given. On the other hand, for high f, E increases
quickly in time, so the system will only remain in the creep
regime for a rather short time and then transit to the flow
regime, as shown by the dotted (red) line. In this case, the
DW motions in the flow regime will induce most of the AP,
so E->E,. Since a rather large E region is required to com-
plete AP, the hysteresis loop should be slanted, as shown in
Fig. 1(a).

We therefore argue that the f-dependent variation in the
contribution of DW motion to the P switching process
should result in the two E scaling regions observed in Fig.
1(b). As shown by the dashed (green) line in Fig. 3(b), let us
choose f., as the frequency where E. becomes the same as
the dynamic crossover value E,, i.e., E;=E(f.,). Then if f
<f., the DW creep motion plays the major role in the P
switching. On the other hand, if f>f,,, the viscous flow
motion will dominate.

B. Experimental determination of E,

By using the above argument that E,=E~(f.,), we could
measure experimentally the dynamic crossover value E,(7)
at all measured 7. First, we need to check the argument that
E,=E(f,,). Thus, we compared the experimental E values
at f,, with the predicted E, value in Eq. (5). The symbols in
Fig. 4(a) show the experimental values of E(f.,) as a func-
tion of 7. As T increased, E(f,,) decreased. As shown in Eq.
(5), there are four parameters. First, it is known that =2 at
T=0."9% Second, for similarly prepared PZT capacitors, our
earlier dc dynamics study showed that Eq~ 1.0 MV/cm,
Ulky~300 K, and £~ 0.9 (Ref. 16). Thus, without any free
fitting parameters, Eq. (5) gives the solid line in Fig. 4(a),
providing a good agreement with the experimental E-(f,)
values below 50 K. On the other hand, » can be different
with 2 at finite 7 since 7 is known to be nonuniversal.'’
Thus, for the high T region (100-300 K), we did another fit
using 7 as a free fitting parameter. The higher T data fit quite
well with 7=4.0%+0.5, as represented by the dashed line.
These agreements validate our argument that the two scaling
regions separated by E,=FE(f.,), and the f dependence of E
originates from the dynamic crossover of DW motion be-
tween the creep and flow regimes. Therefore, the experimen-
tal value of E(f,,) provides us with the dynamic crossover
value E,.
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FIG. 4. (Color online) (a) Experimental values of E-(f.,) as a
function of 7. The solid and dashed lines indicate the fitting results
using Eq. (5) with #=2.0 and about 4.0, respectively. (b) Experi-
mental values of E; as a function of 7. The solid (purple) and
dashed (magenta) regions indicate the expected E; values by as-
suming the depinning process and domain nucleation process, re-
spectively. (¢) The dynamic phase diagram for ac FE domain dy-
namics, determined from the fully saturated P-E hysteresis loops.
The (red) line E; and (blue) line E, separate the no nuclei, creep,
and flow regimes.

C. Experimental determination of E;

To construct the 7-E dynamic phase diagram experimen-
tally from the fully saturated P-E hysteresis loops, we con-
sider now the remaining dynamic crossover value E;, which
determines the initiation of the creep motion. We should de-
termine whether there should be a no nuclei or a relaxation
regime below E;. In other words, which schematic is valid
between Figs. 2(b) and 2(c)? As shown in Fig. 3(b), E; could
be measured by the value where AP increases rapidly. How-
ever, as shown in Fig. 1(a), it is difficult to estimate directly
the E, values from the P-E hysteresis loops due to steep
curvatures. To find out E, values clearly, we measured E; by
using the E value where the switching current / started to
increase significantly, as marked by the arrow in the inset of
Fig. 1(a). The symbols in Fig. 4(b) display the experimental
E, values as a function of 7.

If E, is governed by depinning of the DWs, as described
in Fig. 2(b), E, should correspond to E,,,;,. Using Eq. (4)
and the value of 1/7,~10"® Hz, i.e., the attempt frequency
for a typical phonon,'" we estimated the predicted E,,,;, val-
ues, as shown by the solid (purple) region in Fig. 4(b). The
estimated Eg,,;, values are dispersed not on a line but in a
region because Eg,,;, depends on f. However, our measured
E, values are plotted far away from the predicted region of
Eepin values. Therefore E; should not be considered as the
dynamic crossover between the relaxation and creep regimes
for the fully saturated P-E hysteresis experiments.
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Let us check the other possibility that E; might result
from the domain nucleation process, as described in Fig.
2(c). Practically, we fully saturated our PZT capacitors be-
fore the P-E hysteresis loop measurements. So the reversed
domains should be nucleated before making any contribution
such as depinning process of the DWs. To create the reversed
domain nuclei, the nucleation energy barrier Uy should be
also overcome by thermal activation.?! So we substituted Uy
for U in Eq. (3) and obtained a good fit for the E; values, as
represented by the dashed (magenta) region in Fig. 4(b). We
found Uy/kg~ 1800 K, which is about six times larger than
U/kg. Since our PZT film was epitaxially grown and com-
posed of only ¢ domains, it is more reasonable that Uy is
higher than U. Furthermore, the obtained Uy value is consis-
tent with those (Uy/kg~1200-24 000 K) from the recent
PFM study on the energy distribution of nucleation centers in
PZT films.!! Therefore, we concluded that the E, value is
govern by the nucleation process, i.e., Ey in our P-E hyster-
esis loop measurements.

D. Construction of the 7-E dynamic phase diagram

From these experimental findings, we constructed the dy-
namic phase diagram in the T vs E plane for ac field driven
domain dynamics. As displayed in Fig. 4(c), this T-E dy-
namic phase diagram resembles that in Fig. 2(a). One differ-
ence is the existence of the no nuclei regime below Ej. It
comes from the initial poling process in our P-E hysteresis
loop measurements, which makes all P in the film have the
same orientation. The (red) circles and (blue) squares repre-
sent experimental £, and E, values, respectively. The lines
are guidelines for eye. We could determine the values of E;
as Ey, and the values of E, as E.(f,,).

Note that the horizontal (green) line indicates the first
1/4f of E(¢) during the P-E hysteresis loop measurements.
Depending on how fast it moves, i.e., the change in f, the AP
of the PZT capacitors is achieved mainly by either the creep
or flow motion, as shown in Fig. 3(b). This difference in
dominant DW dynamics determines the f dependence of hys-
teresis loops. This work presents a useful way to obtain ac
domain dynamic information from the fully saturated P-E
hysteresis loops of epitaxial FE thin films.

V. SUMMARY

We investigated the f dependence of P-E hysteresis loops
of a high-quality epitaxial PbZr,,Ti;3O5 film at 10-300 K.
We observed that the DW dynamics around E. plays an im-
portant role in the f-dependent shape change in hysteresis
loops. Thermally activated creep motion is more dominant to
P switching at low f while viscous flow motion at high f.
This difference in the dominant mode of DW motion results
in the two scaling regions of E. with f. From this fact, we
could measure the experimental dynamic crossover value
E,(T). We also obtained another dynamic crossover value
E,(T) from the switching current data. The E, values are
governed by the nucleation process in our hysteresis loop
measurements. Finally, we could construct the 7-E dynamic
phase diagram for the fully saturated P-E hysteresis mea-
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surements. This work can be generalized to many ferroic
systems, which are described by pinning dominated driven
dynamics of elastic media in random environments.
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