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Local hard and soft pinning of 180° domain walls in BaTiO; probed
by in situ transmission electron microscopy
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We report on the electric-field response of 180° nanodomain walls in BaTiO5 using in sifu electrical biasing in
transmission electron microscopy. The sample is biased on a microdevice designed for reliable testing whose key
attributes are confirmed by finite element calculations. The presence of weakly charged zigzag domain walls at
room temperature is attributed to the geometric confinement of the device. The motion of the domain walls under
the applied electric field allows to extract local P-E loops where distinct domain-wall pinning in deep and random
energy potential profiles, characteristic for “hard” and “soft” ferroelectrics, respectively, are observed. “Hard”
domain-wall pinning results in asymmetrical loops typical for “hard” ferroelectrics while the “soft” domain-wall
pinning follows Rayleigh-like behavior. All effects are measured locally and directly from the imaged domain

structure.

DOLI: 10.1103/PhysRevMaterials.4.104403

I. INTRODUCTION

Understanding the electrical response, polarization switch-
ing, and domain-wall movement processes in ferroelectric
materials is important for the envisioned future applications
such as field effect transistors for neuromorphic systems or the
resurgence and optimization of devices including ferroelec-
tric random-access memories (FeRAMs) [1,2]. Particularly
important is polarization switching through nucleation and
movement of ferroelectric 180° domain walls as they offer the
least amount of emerging strain during operation, thus mini-
mizing issues associated with mechanical failure and cracking
[3]. The functionality of many ferroelectric devices depends
on the speed of switching of the polarization states or domains
[4,5] and this is directly linked with the domain-wall move-
ment. Understanding the dynamics of the domain walls is
highly relevant to already commercially applied ferroelectrics
as domain-wall movement contributes to the high dielectric
permittivity, excellent electromechanical response, and asso-
ciated electrical, dielectric, and mechanical loss mechanisms
in ferroelectric perovskite oxides [6,7].

The origins of ferroelectricity at atomic scale can be un-
derstood via various quantum-mechanical, order-disorder, and
displacive mechanisms [8—12]. Neglecting the atomistic ori-
gins of ferroelectricity, Landau’s phenomenological theory
and its extensions successfully deal with the phase transitions
and the macroscopic physical properties of the material and
their dependencies on the external stimuli [13—18]. Between
the atomic and macroscopic scale lays the domain structure
of the ferroelectric that can be experimentally accessed via
various microscopy and scattering techniques [3]. Dynamic
studies of the ferroelectric domain structure under external
electric field in the mesoscopic length scale is relevant due
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to the strong influence on the macroscopic properties of the
material.

The domain response to the electric field is typically
probed indirectly using dielectric spectroscopy, polarization,
or strain response as a function of field, current response
during switching, or in situ diffraction techniques [19,20].
These methods reveal mostly the average behavior of the
system. Studies of the local domain response usually in-
volve piezoforce microscopy (PFM) or in situ transmission
electron microscopy (TEM) [21-23]. With PFM, quantitative
measurements are difficult and the electric field is inherently
inhomogeneous [24]. Technical requirements for interpretable
in situ electric-field biasing results in the TEM also make the
experiments challenging. For instance, specimen preparation
is required to result in a sample with high electrical resistivity
otherwise the current would flow across the conductive chan-
nels and the actual electric field would be smaller than the
nominal (applied) field. In that case, the observed response
would be dominated by Joule heating instead of the applied
electric field. In most cases localized Joule heating leads to
sample failure (cracking, electrode delamination due to the
current surge, or complete sample disintegration). In all cases,
it is necessary for the applied electric field to be homogeneous
across the probed area in order to reduce complexity in inter-
pretation of the observed dynamic processes.

To perform in situ electrical biasing experiments in the
TEM, several methods are available. Traditionally, biasing
experiments were performed on TEM holders that could ac-
commodate mechanically polished samples connected with
electrodes far away from the area of interest, which could be
contacted in several ways (wire bonding, silver paste, etc.).
The main advantage of this method is the excellent TEM sam-
ple quality, [25-28], however, the resulting electric field in a
mechanically polished sample cannot be uniform and it is also
difficult to control the geometry of the region of interest with
respect to the direction of the electric field [28,29]. For better
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control of the applied voltage, the probe technique is used
for biasing ferroelectric structures in the TEM. In this case,
a metallic probe is pressed against the ferroelectric material
to apply the potential [30-32]. However, since ferroelectrics
are highly responsive to the applied external stress, pressing
the probe against the material can adversely influence the
formation and switching of the domains. Additionally, this
method creates a highly inhomogeneous local electrical field,
which hinders interpretation of the results. These issues can
be mitigated by sandwiching the ferroelectric between con-
ductive layers and pressing the probe on the conductor far
away from the region of observation [33]. Nevertheless, such
configuration is viable for thin films [34], but not for sam-
ples with larger areas such as single crystals or ceramics and
restrictions imposed on the sample geometry with the addi-
tion of conductive layers can influence the inherent switching
properties of the ferroelectrics through interfacial effects.
More recently, advances in TEM holder instrumentation en-
abled microelectromechanical (MEMS) Si-based chips with
patterned electrodes deposited on silicon nitride membranes
to be used for heating and biasing experiments. The sample
is transferred on such chips using standard focused ion beam
(FIB) lamella-making protocols [35]. The advantages of this
method involve the ability to control the sample orientation
and, consequently, to control the desired electric-field direc-
tion with respect to the crystallographic orientation. However,
ferroelectric sample preparation is especially challenging due
to possible strain fields and emerging conduction channels due
to ion implantation, surface amorphization, and redeposition
of residuals while polishing the lamella [36-38].

Herein, we use MEMS-based microchip TEM holder tech-
nology to systematically bias a single-crystal BaTiO3; sample
along the pseudocubic [100]pc direction. In particular, we
use an optimized sample geometry that enables us to pre-
cisely control the applied voltage and, in consequence, the
electric-field distribution in the probed area. The electrical
performance of the device is confirmed with simulations using
finite element methods. To quantitatively evaluate our results,
we focused on the motion of 180° domain walls at room tem-
perature. Local physical phenomena such as weakly charged
zigzag domain walls and domain-wall pinning as a function
of the applied voltage are directly probed.

II. METHODS

A. Sample preparation

Single crystalline BaTiO3; (001) (MTI Corporation) was
used for the device fabrication. The largest facets of the crystal
were already polished to optical grade. For the preparation
of the lamella, the top surface was sputter-coated with a
30-nm-thick carbon layer (Cressington 108 series carbon
coater). This step is required to dissipate the charges during
electron imaging and to protect the surface from Ga ion im-
plantation during ion-beam milling.

Inside the focused ion beam (FIB) milling instrument
(Zeiss NVision 40, Ga™ source), two site-specific carbon
protective layers were additionally deposited. A thin electron-
beam deposited (thickness in the range of ~100 nm at 5 kV)
was followed by a thicker ion-beam deposited protective layer

(1.5 um thickness at 30 kV and 150 pA current). Trenches
around the protected area were etched consecutively with 27,
13, 6.5, and 0.7 nA ion beam currents at 30 kV. The lamella
was thinned to about 1 um prior to its transfer with a micro-
manipulator (Kleindiek Nanotechnik) to a four-heating and
two-biasing MEMS chip (DENSsolutions). Complete details
of the final steps of the device fabrication and the measure-
ment of the thickness of the final lamella can be found in
Supplemental Material (SM) [39].

Finally, the temperature on the heating element of the heat-
ing/biasing TEM holder was precalibrated using its electrical
resistance and the electrical bias to the sample was applied
with a source meter (Keithley SMU-2450) using a script to
generate a triangular voltage wave shape.

B. Finite element calculations

The electrostatic finite element model (FEM) of the device
was created with COMSOL MULTIPHYSICS 5.4 package. Dimen-
sions for the electrostatic model were measured from scanning
electron microscopy (SEM) images. The dimensions of the
simulation box were 40 um width, 30 um height, and 30 wm in
depth. Tetrahedral adaptive mesh was used for the simulation.
The general mesh element characteristics for the simulations
involved the electron transparent window of 0.02 wm max and
0.008 um min, the bulk part of the lamella of 0.05 um max
and 0.008 um min, the surface of the electrodes of 2.2 um
max and 0.16 um min, the SiNx membrane of 0.2 wm max
and 0.008 um min, and the vacuum region around the device
0.25 wm max and 0.008 wm min. The bulk part of the lamella
was set to 1 um thick and the electron transparent region to
a thickness of 268 nm. The potential difference between the
electrodes in the calculations was set to 1 V and it was used
as a boundary condition.

C. Electron microscopy

Bright-field scanning transmission electron microscopy
(BF-STEM) was performed on a double spherical aberration
(Cs) corrected Titan Themis 60-300 (ThermoFischer Scien-
tific) operated at 300 kV. A beam current of 100 pA was used,
the beam convergence angle was 28 mrad, and the collection
angle was 79 mrad. Serial STEM imaging was done with a
pixel scan area of 1024 x 1024 (3.204 nm/pixel) and 2.0 us
dwell time resulting in 2.98 s/frame. The images were then
cropped to 764 x 764 or 760 x 1024 pixel size. Images were
cropped to remove completely dark parts from the sides of the
electron transparent window. Postprocessing was performed
using IMAGEJ software to enhance the domain-wall contrast.
It involved the following steps: Fourier filtering to reduce
the horizontal scan noise from the images, subtraction of the
background (50 pixel rolling ball radius), and contrast and
brightness adjustment.

III. RESULTS AND DISCUSSION

We used a six-contact MEMS chip [Fig. 1(a)] that utilizes
four of the contacts for heating and precise temperature con-
trol and two for biasing [Fig. 1(b)]. The BaTiO3 lamella was
FIB prepared and planar Pt contacts were ion-deposited on
the two sides of the lamella as depicted by the SEM image
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FIG. 1. (a) Optical microscope image of the in situ biasing/heating TEM MEMS chip. Scale bar is 500 um and red rectangle corresponds
to the area depicted in (b). (b) SiN, membrane region with the heating spiral and two biasing electrodes (bright vertical features). Scale bar is
100 um and small green rectangle corresponds to the location of the lamella. (c) False color SEM image of BaTiO; sample mounted on the
MEMS chip (black area corresponds to the vacuum region, blue to the silicon nitride membrane, pink to the Pt electrodes on the membrane,
yellow to the FIB deposited Pt contact electrodes, grey to the bulk part of BaTiOs3, light grey to the electron transparent window, and dark grey
to the protective carbon layer). Scale bar is 5 um. Green boxes represent the etched-out areas, dark blue rectangle represents the area for domain
area—voltage loops measurements and light square shows the area imaged in Fig. 3. (d) Plot of the electric-field distribution within the device
as calculated by finite element methods, white arrows indicate width and length directions. (e) Plot showing the dependence of the calculated
electric field on the thickness and width of the electron transparent area (¢ = 1250, for varying thickness, the width was fixed at 2.275 pum; for
varying width, the thickness was fixed at 100 nm), black arrow shows the calculated electric field for the actual lamella thickness (268 nm).
(f) Plot showing the dependence of the calculated electric field on the lamella’s dielectric constant. In both (e) and (f) the electric field is plotted

along the central part of the electron transparent region [white vertical arrow in (d)].

in Fig. 1(c). The sample was then thinned to a final thickness
of 268 nm (details on the electron energy-loss spectroscopy-
based thickness measurement are provided in SM and the
thickness map is shown in Fig. S1 [39]). As a final step, to mit-
igate conductive paths caused by the contaminants introduced
by the ion-beam preparation method, site specific etching
was performed around the area of interest [green boxes in
Fig. 1(c)].

Figure 1(d) shows FEM calculations of the field distribu-
tion for the final geometry of the device. The resulting electric
field E in the central part of the lamella is calculated to be
~1.65 kV/cm for 1 V applied to the electrodes. This value
is the upper bound of the electric-field magnitude since the
simulation does not consider leakage currents and effects of
the interfaces. These effects might alter the magnitude of
the applied field, however, the overall characteristics of the
electric-field distribution remain the same. The calculations
predict a difference in the electric field of ~0.4 kV/cm field
across the vertical direction of the lamella [white arrow in
Fig. 1(d)]. Figure 1(f) depicts the magnitude of the electric
field along the arrow line and its dependence on the dielectric
constant of the sample. The inhomogeneity of the electric
field and small gradient across the lamella results from the
etched-out regions. This inhomogeneity can be reduced by
more conservative isolating cuts, however, this increases the
probability of failure of the device during biasing. Consider-

ing the geometry of the lamella, for a given applied voltage
the magnitude of the electric field in the sample is mainly
influenced by the width [horizontal white arrows in Fig. 1(d)]
and thickness of the probed area. If the width of the probed
area decreases [Fig. 1(e)], the magnitude of the electric field
increases, which is similar to decreasing the plate distance
in a parallel plate capacitor configuration. Reduction of the
thickness of the lamella would also result in an increase in
the magnitude of the applicable electric field [Fig. 1(e)] as the
equipotential lines get “squeezed” together in the smaller vol-
ume. The overall electric-field distribution is also dependent
on the dielectric permittivity of the sample. Figure 1(f) shows
the dependence of E on the average dielectric constant of the
probed material along the central part of the lamella [white
vertical arrow in Fig. 1(d)]. For low values of the relative
dielectric permittivity (below 100), the resulting electric field
is highly dependent on the permittivity of the material. When
the dielectric permittivity approaches the values correspond-
ing to perovskite ferroelectrics (dielectric permittivity ranging
between hundreds to several thousand), the dependence of the
field on the permittivity becomes minimal. Thus, the dielectric
properties of BaTiO3; do not influence the magnitude of the
electric field along the probed area.

Prior to biasing the sample, annealing above the Curie
temperature (7¢) was performed inside the TEM. Heating
is required to release most of the strain due to the FIB
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FIG. 2. BF-STEM micrographs showing the domain structure evolution during cyclic electrical biasing. In the image, the field is oriented
along the [010]pc and black arrows indicate the direction of the electric field. (a) Initial domain structure at 0 V bias. (b) Domain structure at
+1.75 V bias with increasing electric-field strength. (c) Domain structure at maximum of +3.5 V bias. Red arrows indicate the polarization
direction in the two domains. (d) Domain structure at 1.75 V with decreasing field strength. (¢) Domain structure at O V in the middle of the
cycle. (f) Domain structure at —1.75 V with increasing field strength. (g) Domain structure at minimal voltage —3.5 V. u(x) represents the
magnitude of domain-wall bending from the equilibrium position, which is marked with the dashed line (g). (h) Domain structure at —1.75 V
with decreasing field strength. (i) Final domain configuration at the end of the cycle with 0 V. White indication lines depict the double domain
that shows sideways growth and it is hysteric to the domain in (a). Red false color superimposed on all images corresponds to the domains
with polarization pointing to the right. Scale bar is 500 nm [shown in (a)].

preparation process [36]. The sample was heated to 200 °C,
held at this temperature for 1 min, then the temperature was
lowered to 25 °C in 20 min (the heating profile and respec-
tive image sequence are shown in Supplemental Video 1,
SM [39]). The biasing experiments were performed at room
temperature where the sample is dominated by unusually
stable 180° walls [40]. Figure 2(a) depicts bright-field scan-
ning TEM (BF-STEM) images of the domain structure at
room temperature (the full image sequence during electri-
cal biasing is shown in Supplemental Video 2, SM [39]).
The dark contrast in the images corresponds to the domain
walls. To improve this contrast without interference due to
diffraction effects, the sample was mistitled by ~10 mrad
from the [001]pc zone axis. The sample was then biased with
a triangular wave form starting from the positive direction
to the maximum of the positive voltage [3.5 V, Fig. 2(c)],
continuing to negative applied voltage [—3.5 V, Fig. 2(g)]
before completing the loop at 0 V [Fig. 2(i)]. We note that
the applied voltage of 3.5 V corresponds to electric-field
values of about 5.8 kV/cm, based on the FEM simulation.
Considering the coercive field of BaTiOs; (approximately
0.5 kV/cm), by studying the domain response we conclude
that the actual applied field is within one order of magnitude
of the FEM calculated one [41]. This discrepancy is attributed
to the sample-electrode interface and leakage current effects,
which are difficult to eliminate due to the microscopic size
of the device and which are not included in the calculations of

the electric field (more information on the equivalent expected
electric circuit of the device, Fig. S2, and on the discrep-
ancy of the FEM-calculated electric field can be found in
SM [39]).

By examining the domain structure in the BF-STEM im-
ages, we first note the presence of weakly charged zigzag
domain walls [Fig. 2(a)]. It is theoretically predicted that
weakly charged domain walls are more stable in BaTiO; when
it is not in a bulk form and it is connected with platinum
electrodes [42]. This corresponds well to the geometry of
our device where the polarization is essentially confined in
a thin slab within two dimensions with Pt electrodes on the
sides. The transition mechanism of the strongly charged do-
main wall into a weakly charged zigzag domain wall and the
meaning of the periodicity has been previously described by
Sidorkin [43].

The polarization direction within the domains can be de-
termined upon application of the electric field [Fig. 2(c)]. The
domains with polarization pointing in the direction of the
electric field should grow and, consequently, domains with
polarization vector opposite to the applied field should shrink.
By examining domain and domain-wall response on positive
bias (the direction of the applied electric field is depicted with
a black arrow at the start or end of the image rows in Fig. 2),
the polarization vectors in the visible 180° domains were
determined and are indicated with red arrows in Fig. 2(c).
Consequently, red shading in the BF-STEM images of Fig. 2
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corresponds to domains with polarization direction pointing
to the right. It is noted that the periodic vertically aligned
180° domain walls, which appear as weak contrast in the
central part of Figs. 2(a)-2(f), do not respond as strongly to
the external bias since the polarization and the electric-field
vectors are orthogonal.

When the direction of the electric field is changed,
Figs. 2(d)-2(g), the domains that span across the whole
electron transparent window as bands experience sideways
growth. The observed domain-wall bending in Fig. 2(g) is
attributed to strong domain-wall pinning possibly due to a dis-
location center. The domain-wall displacement u(x) from the
equilibrium position (which in this case is aligned along the
[100]pc direction) has a characteristic hyperbolic nature [theo-
retically u(x) ~ 1/./x] as the domain wall regains equilibrium
when the distance (x) from the pinning center increases [43].

Finally, the applied bias cycle terminates after completing
the full loop [Fig. 2(1)]. During field cycling, the domain struc-
ture exhibits hysteretic behavior at all fields by not returning
to the same state for the same voltage during increasing
and decreasing steps of the full cycle [for example, compare
Figs. 2(b) and 2(d) for +1.75 V and Figs. 2(a), 2(e), and 2(i)
for 0 V].

The response of the domains at different maximum ap-
plied voltages was further investigated to study the domain
dynamics from weak to strong fields. The voltages ranged
from 0.25 to 3.5 V for 14 different values in total and all image
sequences are shown in Supplemental Videos 3—16, SM [39]).
Analysis of the sequential BF-STEM images of the domains
exhibiting the same polarization (i.e., the red shaded domains
in Fig. 2) resulted in the domain area vs applied potential
loops shown in Fig. 3(a) (each data point corresponds to the
domain structure image at given bias potential plotted as bias
voltage—domain area loops for three cases corresponding to
3.5, 2.5, and 2.0 V maximum applied voltage, the methodol-
ogy of calculating the loop at 3.5 V is detailed in Fig. S3 in SM
[39]). The measured area is proportional to the polarization
pointing to the right and this corresponds to domain growth
with respect to negative applied voltage. The measured loops
in Fig. 3(a) resemble the polarization-electric field (P-E) loops
in “hard” ferroelectrics where P-E loops are constricted at
weak fields and open at larger fields [44—47]. Remarkably,
the local loops shown here reveal additional features which
cannot be discerned in loops taken with classical approaches
over macroscopic areas. These include domain-wall pinning
(weakly responsive polarization region in the —1 to 1 V inter-
val of the measured loops) and domain nucleation/annihilation
accompanied with ballistic movement of domain walls. The
apparent loop asymmetry and the fact that at O V the relative
domain coverage does not reach 50% (which would be a re-
quirement for electroneutrality) can be partly attributed to the
nature of the local TEM measurements that do not necessarily
correspond to the entire domain structure. On the other hand,
the loop asymmetry and apparent pinching around O V bias
indicate hard pinning of domain walls, which are released
from pinning centers at higher fields as indicated by the loop
opening. These defects exert restoring forces on the domain
walls at weak fields limiting the movement of the wall and
consequently pinching the loop. At higher electrical fields, the
restoring forces are overcome and the domain-wall movement
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FIG. 3. (a) Selected domain area-voltage loops using triangle
wave voltages of 2, 2.5, and 3.5 V. (b) Relative domain coverage with
respect to the maximal/minimal cycle voltage for the positive and
negative branch of the loops (14 loops in total). The lines represent
the quadratic polynomial fits for each branch and red shaded regions
correspond to 95% confidence interval. Orange shading corresponds
to the flat region of the plot, where hard domain-wall pinning occurs.

is controlled by pinning centers randomly distributed in space
and with variable strengths [47,48].

Figure 3(b) depicts the totality of the results from the loop
biasing experiments plotted as the minimal and maximal cycle
voltage for each loop as a function of the domain surface
coverage (again, the domains corresponding to the red shading
in Fig. 2 were measured). At low voltages, the domain cov-
erage reveals that new domains do not nucleate and existing
domain walls do not move significantly as expected for a hard
domain-wall pinning [this region is marked with orange shad-
ing in Fig. 3(b)]. At higher applied voltages (above 1 V),
the existing domain walls experience significant forward and
sideways motion and domains start to nucleate or annihilate
depending on the applied voltage as previously predicted [3].
Overall, a quadratic behavior of the area (~polarization) vs
electric field relation is observed, particularly pronounced at
positive applied voltages. The function P ~ E2, which essen-
tially corresponds to classical Rayleigh’s law, represents the
weak domain-wall pinning on randomly distributed defects
within the crystal [49,50]. In principle, Rayleigh’s law is ap-
plicable at weak field conditions in a material with a broad
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distribution of pinning center strengths, but in our case the
local domain-wall movements are hindered by hard pinning
at weak fields, therefore domain walls do not move substan-
tially and do not experience soft pinning upon random lattice
defects. Rayleigh motion is achieved only at higher fields
when the domain wall is depinned and can move through
the lattice with randomly distributed defects. The asymmetry
of the loops indicates asymmetrical distribution of defects in
the examined local area, which is again a feature that would
not be necessarily noticed in a macroscopic loop measured
over a much larger area. Similarly, the different slope of the
positive and negative applied voltages of Fig. 3(c) indicates
the different response of the domain walls upon reversal of
the direction of the electric field.

IV. CONCLUSIONS

In summary, we demonstrated a specialized sample prepa-
ration method, which allows to perform reliable in situ
electrical biasing measurements in the TEM and provides
the ability for interpretable physical processes of ferroelec-
tric nanodomains. The meticulously designed and fabricated
geometry of the device results in a homogeneous electric
field, whose magnitude and direction are confirmed by fi-
nite element calculations. We used the classical ferroelectric
BaTiO3; and we showed that precise control of the external

electric field and sequential BF-STEM imaging permits us to
locally study 180° domains and domain-wall movements at
room temperature. The origins and stability of weakly charged
zigzag nanodomain walls are associated with the thin slab
geometry of the ferroelectric and interplay of BaTiO; with
Pt electrodes. Polarization—electric-field loops calculated di-
rectly from the areas of the imaged domains elucidate the
relation between bulk and nanoscale ferroelectric effects. The
domain-wall response at low electric field is associated with
the hard pinning mechanisms on the defects within the lattice,
which results in pinched and asymmetric domain area vs
voltage loops. At higher fields, domain walls are depinned and
localized effects such as new domain nucleation and sideways
growth and domain-wall bending were observed. At such
fields (above the coercive field), we show that the domain-wall
motion follows Rayleigh-like behavior. Thus, this controlled
electrical biasing method can provide unprecedented insights
on dynamic domain-wall motion and domain interactions at
the nanoscale.
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