PHYSICAL REVIEW LETTERS 123, 217601 (2019)

Electric-Field-Driven Nanosecond Ferroelastic-Domain Switching Dynamics
in Epitaxial Pb(Zr,Ti)Oz Film

Hyeon Jun Lee,l'T Takao Shimizu,2 Hiroshi Funakubo,2 Yasuhiko Imai,3 Osami Sakata,4 Seung Hyun Hwalng,l

Tae Yeon Kim,' Changjae Yoon,' Cheng Dai,” Long Q. Chen,” Su Yong Lee,” and Ji Young Jo"*
'School of Materials Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 61005, South Korea

2Department of Materials Science and Engineering, School of Materials and Chemical Technology,
Tokyo Institute of Technology, Tokyo 152-8550, Japan
3SPring-8, Japanese Synchrotron Radiation Research Institute, Hyogo 679-5198, Japan
*Synchrotron X-ray Group, Research Center for Advanced Measurement and Characterization,
National Institute for Materials Science, Hyogo 679-5148, Japan
5Department of Materials Science and Engineering, Pennsylvania State University, Pennsylvania 16802, USA

6Pohang Accelerator Laboratory, Pohang University of Science and Technology, Pohang 37676, South Korea

® (Received 7 June 2019; revised manuscript received 22 August 2019; published 18 November 2019)

Epitaxial oxide ferroelectric films exhibit emerging phenomena arising from complex domain
configurations even at pseudoequilibrium, including the creation of domain states unfavored in nature
and abrupt piezoelectric coefficients around morphotropic phase boundaries. The nanometer-sized domain
configurations and their domain switching dynamics under external stimuli are directly linked to the
ultrafast manipulation of ferroelectric thin films; however, complex domain switching dynamics under
homogeneous electric fields has not been fully explored, especially at the nanosecond timescale. This
Letter reports the nanosecond dynamics of ferroelastic-domain switching from the 90° to 180° direction
using time-resolved x-ray microdiffraction under homogeneous electric fields onto an epitaxial
Pb(Zr( 35, Tip65)O05 film capacitor. It is found that the application of electric fields induces spatially
heterogeneous domain switching processes via intermediate domain structures with rotated polarization
vectors. In addition, the domain switching time is shown to be inversely proportional to the magnitude of
the applied electric field, and electric fields higher than 480 kV/cm are found to complete the ferroelastic

switching within nanoseconds.
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In epitaxial oxide thin films, the competition between
elastic and electrostatic energy leads to complex polariza-
tion topologies, such as vortices [1,2], stripe domains [3],
and 90° domain walls [4-6] in ferroic material systems. The
fundamental understanding of complex domain switching
dynamics under external electric fields, which is the same
operation condition for electrical devices, is key to manipu-
lating logic states connected to the overall domain con-
figuration at nanosecond timescales. Thermodynamic
calculations have predicted the application of electric fields
can switch exotic domains to the same direction parallel to
the electric field, accompanied by a change in the energy
landscape in the thin film [7,8]. Recent dynamical calcu-
lations have predicted that the subsound velocity of domain
walls enables polarization switching within a few nano-
seconds [9,10]. Few experimental studies based on in sifu
microscopies and x-ray diffraction methods have probed
the domain reconfiguration in ferroelectric heterostructures
under the application of an electric field; however, because
of existing experimental limitations such as slow electrical
charging from tip-induced localized fields and/or poor
temporal resolutions, the switching dynamics on those
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timescales has not been fully explored to address the
critical question: how fast can exotic domains be switched
under electric fields [11-16].

Ferroelastic domains, which are smaller than a few
nanometers with a different polarization direction in com-
parison to matrix domains [4], allow us to understand the
ultrafast domain switching dynamics of ferroic materials.
Ferroelastic switching from 90° domain walls to 180°
domains along the electric-field direction occurs through
the rotation of polarization and consequent growth of
domains along the lateral direction. Investigating how
much and how fast 90° domains rotate under the application
of homogenous electric fields is fundamental for the time-
dependent switching behavior of ferroelastic domains to a
homogeneous domain without any spatial distribution,
which is directly linked to the operation of devices based
on ferroic materials. Here, we report the ultrafast ferroe-
lastic switching dynamics of Pb(Zrj35Tiges)05 (PZT)
films under homogenous electric fields using the time-
resolved x-ray microdiffraction (TRXuD) technique [16],
which employs an x-ray pulse probe with a duration of
100 ps and a diameter of 5 ym. It allows us to monitor
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individual reflections arising from a and ¢ domains on the
timescale of 100 ps. We applied homogenous electric
pulses with a duration of a few nanoseconds to capacitor
media and simultaneously recorded the scattered x-ray
intensities in reciprocal space using a two-dimensional
(2D) pixel array detector. By reconstructing the reciprocal
space map (RSM) from captured scattered x rays, we show
that the applied electric field can distort the reciprocal space
of the ferroelectric film, accompanied by the rotation of
polarization in a domains and adjacent domains. We also
show that the application of a higher magnitude of electric
field can result in the faster switching of ferroelastic
domains even in nanoseconds.

In Pb(Zr, Ti)O3 (PZT) thin films, it has been well known
that ferroelastic a domains coexist with ferroelectric ¢
domains with an orthogonal crystallographic orientation
[17]. The switching dynamics of a domains under orthogonal
electric fields has been a question from scientific as well as
technological points of view. However, the instability of
ferroelectric thin films such as the exponential increase in
leakage current density under the electric field has limited
experimental studies on ferroelastic a-domain switching
under a homogeneous electric field with a sufficiently high
amplitude for switching from the @ domain to the ¢ domain
[18]. In order to suppress the instability of the thin film under
a homogeneous electric field as well as investigate the
switching of @ and ¢ domains in PZT films, we used the
TRXuD technique. We applied an electric field (E) to
a 250-nm-thick PZT thin film capacitor. A microsized
x-ray beam was focused onto the capacitor within which
we could investigate the ferroelastic switching as well as
crystallographic behaviors.

The 250-nm-thick PZT film was grown on a
SrRuO;/SrTiO; substrate using chemical vapor deposition.
The Pt top electrodes with a diameter of 100 yum were
fabricated in order to apply electric field to the PZT film
along the normal direction of the surface. TRXuD was
conducted at beam line BL13XU at the SPring-8 synchro-
tron. At Spring-8, a photon beam with an energy of
12.3 keV was focused to a spot with a size of 5 ym using
a refractive lens. Diffraction patterns were accumulated
while thousands of electric pulses were applied to achieve
sufficient diffracted x-ray intensity. Diffracted x rays from
the sample were acquired using a gated pixel array detector
(Pilatus 100K, Dectris Ltd.).

The RSM in Fig. 1(a) directly shows crystallographic
information of ¢ and ¢ domains in the PZT capacitor,
including lattice parameters, crystallographic orientations,
and volume fractions of individual domains. This RSM was
measured after the application of a few electric pulses and
different from the RSM of as-grown state, as shown in
Fig. S1(a) (see Supplemental Material [19]). We find two
distinct reflection peaks near Q, = 3.04 and 3.16 A~! at
Qy # 0 in addition to a weak reflection at 9, = 3.043 A™!
and Qy = 0 (here, O, and Qy represent scattering wave
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FIG. 1. (a) Reciprocal space maps (RSMs) of diffracted

intensity as a function of Qy and Q near the (002) reflection
from ¢ domains and (200) reflection from a domains in 250-nm-
thick PZT thin-film capacitor. (b) Evolution of PZT (002)
reflection at Qy = 0 as a function of time during the application
of an electric field with a magnitude of 360 kV/cm and duration
of 30 ns. (c) Time dependence of domain reflections from ¢ epier
domains at Oy = 0 (top panel), ¢, domains at Oy = 0.025 A
(middle panel), and a domains at Oy = 0.1 Al (bottom panel).
Both the lattice parameters and intensities were acquired from the
central position of the Q. (scattering wave vector) curves, fitted
using the Gaussian distribution function. The red dash-dotted line
in the top panel indicates a fitted curve for the evolution of
piezoelectric strain as a function of time using an exponential
decay function with time constant (z) of 9 ns.

vectors along the out-of-plane direction and in-plane
direction of the PZT film, respectively). The reflection
peaks at Q, = 3.04 and 3.043 Al correspond to a PZT
(002) reflection from tilted ¢ domains from the surface
normal direction (c;) and ¢ domains parallel to the surface
normal direction (C.cnier), respectively, while the PZT (200)
reflectionat O, = 3.16 A~" arises from a domains. Tensile
internal stress, arising from the structural phase transition
from cubic to tetragonal phase below the Curie temper-
ature, can be relaxed through the formation of a/cg/a/ ¢
twin domain in the PZT film. The weak diffracted intensity
from the c..ner domain reveals the existence of a thin
monodomain layer without twin domains. The estimated
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(a) Reconstructed RSMs from ¢ domains depending on the elapsed time during the application of an electric field on the film.

(b) and (c) Reflected x-ray intensities along the in-plane direction near reflection for ¢ and a domains, respectively, as a function of
elapsed time. (d) Schemes for domain configuration with the elapsed time under the E (left) before the E, (middle) intermediate state
during the evolution, and (right) after the characteristic time to reach 80% of the maximum intensity. A thin layer near the interface at all
three schemes indicates the ¢ o domain initially formed due to the high strain field near dislocations.

a- and c-axis lattice parameters from the PZT (200) reflection
and PZT (002) reflection are 3.989 and 4.133 A under a zero-
electric field (E = 0), respectively. Our c-axis lattice param-
eter for ¢ domains of the PZT film is similar to that of bulk
PZT [20], indicating that the misfit strain in the PZT film is
nearly zero. The Qy value of the reflections of the ¢, and a
domains can quantitatively indicate that the tilting angles of a
domains (8,) and ¢ domains (6,.) from the surface normal
direction are 1.33° and 0.26°, respectively. The estimated
volume fraction of ¢, domains (V,.) using the analytic
equation of V. =86,/(20.+6,) is approximately 67%,
which is similar to the estimated value based on Landau-
Ginzburg-Devonshire theory with the assumption of zero
misfit strain in the PZT film [8,21]. Figure S1(b) shows a real
space map around the reflection from c;, domains at
t <0 and during the application of E, respectively (see
Supplemental Material [19]). Under the application of E, the
increase in diffracted intensity from the (002) reflection
indicates a homogeneous increase in the amount of Cgener
domains within the capacitor.

We monitored the time-dependent evolution of individ-
ual domain reflection to probe the ultrafast ferroelastic
switching dynamics using the TRXuD experiment with
a combination of E pulses and x-ray pulses. Figures 1(b)
and 1(c) show that the c-axis lattice parameter increases
owing to the piezoelectric expansion of the PZT film and
that the diffracted intensity of ¢ ., domains dramatically
changes under an electric square pulse with a magnitude of
360 kV/cm and a duration of 30 ns. The time constant (7)
of the rising edge for strain evolution based on an
exponential decay fitting function, related to the charging
time of a capacitor (RC time), is evaluated to be 9 ns.
Meanwhile, the diffracted intensity from c o, domains
begins to increase after 5 ns with respect to the beginning of
piezoelectric strain. The measured piezoelectric coefficient
of Cener domains is 50 pm/V. In contrast, the measured

piezoelectric coefficients of both c¢;; and a domains are
less than 10 pm/V. Under the application of an electric
pulse, the diffracted intensity from a domains gradually
decreases. When a characteristic time is defined by a time
to reach 80% of maximum or minimum intensity under the
E, the characteristic time for Ceeneer domains (7. ) iS
15.7 ns, which is even longer than the characteristic time of
9.8 ns for a domains (7). Unlike gradual changes in
diffraction intensities from c ., and a domains, the
diffracted intensity of c¢;; domains reaches a maximum
of about 10 ns and then decreases.

In order to understand the time-dependent intensities and
peak position of reflections, we reconstructed the time-
dependent three-dimensional reciprocal space by taking the
RSM obtained using a 2D x-ray detector. The RSM at
various delay times, as shown in Fig. 2(a), apparently
indicates two important features. (1) In (002) reflection for
¢y domains; the Qy position decreases and the intensity
increases simultaneously even before the RC time (9 ns), as
shown in Figs. 2(a) and 2(b). Meanwhile, the ¢ domains
show the decreased diffraction intensity without a signifi-
cant change in Qy position, as shown in Fig. 2(c). As the
mean width of the domain is inversely proportional to the
tilting angle [21], the conserved tilting angle of @ domains
with the decreased diffraction intensities as a function of
elapsed time indicates a decrease in volume fraction of a
domains along the out-of-plane direction rather than in-
plane direction. (2) After the RC time (9 ns), the PZT (002)
reflection exhibits an abrupt increase in intensity at
Oy = 0, which can be clearly distinguished from reflec-
tions arising from cy; domains located at Qy # 0. The
increase in intensity of the reflection from the c eper
domains indicates ferroelastic switching along the out-of-
plane direction, resulting in the formation of only ¢
domains in the PZT film, unlike the a/c/a/c-type
configuration.
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(a) (top panel) Time dependence of intensities of diffracted x rays from (002) reflections at Q, = 0 and (bottom panel) strain

along the out-of-plane direction of the film under E = 360, 480, and 600 kV /cm. Time dependence of normalized intensities near
(b) ¢y domain reflection and (c) (200) reflections from a domains.

We hypothesized a heterogeneous domain switching
model to account for ferroelastic switching from a to
Ceenter dOmains via intermediate c;; domains under electric
fields along the [001] direction. We assumed strongly
bounded a domains at dislocations near the interface, as
recently reported by a transmitted electron microscopy
study, which is in excellent agreement with our phase-field
simulation under a homogeneous field (Fig. S2, see
Supplemental Material [19]). Before the RC time, partial
a domains can be initially switched to c¢;;;; domains without
the formation of c .., domains, as shown in Fig. 2(d).
Theoretically, the switching of ¢ domains can occur within
3 ns at £E=2360kV/cm when the calculated speed of
domain wall motion is 3.3 m/s [9]; however, the intrinsic
switching time from a to ¢y, domains has been exper-
imentally unclear. After the most @ domains have been
switched to the ¢, domains within the RC time, additional
switching of these ¢, domains to Cener domains occurs
within 6 ns at E =360 kV/cm. Considering that the
intrinsic timescale for polarization rotation is approxi-
mately a few picoseconds [9,22,23], the nanosecond
switching time indicates that the domain growth is a slower
process for hindering the switching from ¢, domains to
Ceenter dOMAInNS.

As domain growth is the dominant process for conse-
quent ferroelastic switching [24], the higher E can provide
a faster timescale to complete the ferroelastic switching. As
shown in the top panel of Fig. 3(a), we find that the . ;. of
Ceenter dOmains reaches down to 13 and 10 ns at £ = 480
and 600 kV/cm, respectively. We also find that higher E
than 360 kV/cm induces a larger change in intensity from
Ceenter dOmains, directly indicating the more energetically
favored c o configuration. The strain value linearly
increases up to the maximum as a function of E, as shown
in the bottom panel of Fig. 3(a), indicating that there is no
electrical breakdown up to E = 600 kV/cm. The time to
reach the maximum intensity of c;;, domains resulting from
heterogeneous domain switching, as shown in Fig. 3(b),
becomes shorter under the higher E. Figure 3(c) also clearly
shows the more rapid decrease in diffraction intensities of
the a domain at higher E, indicating the faster ferroelastic
switching from a to ¢y, domains. The evaluated 7, ;.. at

E =480 and 600 kV/cm is 8.3 and 7.0 ns, respectively.
The similar value of diffracted intensities from ¢ and a
domains at 15 ns with £ = 460 and 600 kV/cm can be
considered to be due to all the switchable a domains in the
capacitor completely switching to ¢ qpr domains.

A subsequent reconfiguration from c.per t0 @ domains
occurs after turning off E at the end of the applied pulse
(to5r). Simultaneous changes in diffracted intensities from
all the reflections, as shown in Figs. 4(a), 4(b), and 4(c),
show the structural recovery from the ¢ . domain to the a
domain via the intermediate ¢, domain. Immediately after
turning off E, we find that the intensities for ¢y, domains
decrease, and it takes 8.7 ns from ¢, for the maximum
intensity to reduce by 80% from the ¢ epe; domains (¢, g).
The diffracted intensity from c¢;, domains gradually
increases up to 10 ns after turning off E and then returns
to the initial intensity corresponding to ¢ < 0. We also find
that the intensities for ¢ domains gradually increase, and it
takes 16.5 ns for the maximum intensity to reduce by 80%
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FIG. 4. (a) (Top panel) diffracted intensities and (bottom panel)
time-dependent strain of cgene, domains. Normalized intensities
from (b) ¢y domains and (c) @ domains as a function of elapsed
time after 7. (d) Characteristic times for the domain reflections
as a function of the magnitude of the applied electric field.
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from the a domains (#,p,), indicating that the reconfig-
uration process of ferroelastic domains is even slower than
the switching process from a to ¢ domains. The ¢,y and
toran at E =680 kV/cm are measured to be 9.5 and
15.8 ns, respectively, indicating that the time for the
reconfiguration of ferroelastic domains weakly depends
on the magnitude of E. In contrast to the decreased
potential energy for the ferroelastic switching from a to
¢ domains with the application of E, the weak E depend-
ence of the reconfiguration of ferroelastic domains can be
attributed to an equivalent energy landscape after turning
off E [8,13].

In summary, we investigated the ultrafast ferroelastic-
domain switching dynamics from a domains to ¢ domains
under a homogeneous electric field using TRXuD. The
time-dependent RSM revealed that the external electric
field can induce ferroelastic switching from a to Cieper
domains via intermediate ¢, domains within tens of
nanoseconds. With the increase in magnitude of E, the
characteristic time to complete ferroelastic switching from
the a to ¢ domains proportionally decreases. We also found
that the 7, ;. is almost the same as the RC time, suggesting
that the development of capacitor geometry can facilitate
faster domain switching within a timescale down to the
intrinsic polarization switching time. We successfully
demonstrated that ferroelastic switching can be manipu-
lated at a timescale down to the nanosecond, with which the
ferroelastic a/c domain configuration can be critical for
electronic applications beyond the GHz region.
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