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3D Imaging of Ferroelectric Kinetics during Electrically

Driven Switching

Mousa Ayoub,* Hannes Futterlieb, Jorg Imbrock, and Cornelia Denz

The dynamics of ferroelectrics, especially of those which show
relaxor behavior, have been a long-standing puzzle. Different
theoretical models have been discussed in the literature to
describe the domain kinetics in the relaxor regime.l"11l In gen-
eral, the efforts devoted to modeling the dynamics of the fer-
roelectrics lack a 3D visualization of the growth or switching
events. Even those combined with domain imaging are suf-
fering from different disadvantages, which may have an impact
on the studied case. Many of them are destructive measure-
ments and cannot be used to acquire real-time or in situ infor-
mation about the ferroelectric kinetics, as for instance selective
chemical etching.'l Chemical etching is still the most widely
utilized method, even though it is restricted to 2D. Different
methods are designed to be nondestructive, like optical methods
which are used for in situ measurements and considered as the
most informative and convenient methods, such as toning,!?!
interferometry,' near-field optical microscopy, electrooptic
imaging,['®'7) confocal frequency doubling,'® Raman spectro-
scopy,*! optical coherence tomography, 2% and nonlinear Talbot
imaging.2!l All these optical methods belong to the 2D steady-
state studies, which cannot record dynamics in the volume.
Moreover, successful 3D imaging measurements of domain
structures have been made using second-harmonic genera-
tion microscopy. However, domain imaging in the volume of
ferroelectric crystals using conventional second-harmonic gen-
eration (SHG) microscopy is restricted to a certain wavelength
regime, and up to now only static domain formations have
been imaged.?>> Recently, an optical technique based on a
noncollinear phase-matching condition, called Cerenkov SHG
microscopy has been established.?*?”] With this technique it is
possible to image ferroelectric domains in 3D.

Polarization reversal is considered as an example of ferro-
electric kinetics or phase transformation process.?#-3% These
have much in common with such well-known phenomena as
switching in ferromagnetics and liquid crystals. To date several
attempts have been made to measure the kinetics of the sponta-
neous polarization,!=33 using for example electron microscopy
(SEM and TEM), nematic liquid crystals and pyroelectric probe
scanning.?*3% In this context, a unique experiment to record
this process in pseudo 3D has been made, meaning in only two
spatial dimensions and time as the third dimension,3”! which is
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typically considered as (2d + 1) dynamics. 3D surface polariza-
tion topography of thin films can be offered with a resolution
of few nanometers using piezo force microscopy (PFM).%3
This method belongs however to the steady state methods
and cannot visualize different polarization states in a crystal
volume as deep as Cerenkov-type SHG microscopy.202! Thus,
no spatial dynamically resolved 3D imaging of this important
process in bulk material was possible. Here we propose to
combine Cerenkov-type SHG microscopy with recording of
transient current, which is considered the most popular experi-
mental method of studying the polarization reversal. The cur-
rent represents the integrated response of the system and is
formed by a large number of ferroelectric domains arising and
growing during switching.?®l The characteristic transient cur-
rent explains the sideways and forward domain wall motion
phenomenologically.*) From the current, one can then easily
calculate the hysteresis loop, by integrating the current over
time. Cerenkov-type SHG microscopy is a modern technique
to directly detect ¥ boundaries, e.g., between inverted fer-
roelectric domains, with a sub-micrometer accuracy over the
whole crystal depth. However, the absolute orientation of the
polarization of an individual domain cannot be deduced. For
this, charge sensitive methods as PFM can be used at the sur-
face. Cerenkov-type SHG is based on the generation of second
harmonic noncollinearly to the fundamental beam. For this
scheme only the longitudinal phase-matching condition is
satisfied.*I3 Consequently, SH signals are expected to be
emitted transversely under a defined angle. This concept dif-
fers from that used in the conventional second-harmonic gen-
eration microscopy,*>*#?l in which the phase mismatch Ak
has to be less than zero for second-harmonic generation in the
forward direction only. The emission angle between the second
harmonic and fundamental beam in Cerenkov-type SHG is
derived on the basis of the longitudinal phase-matching condi-
tion cosO = 2k, /k,. Here, k; and k, are the wave vectors of the
fundamental and the SH beams, respectively. This remarkable
kind of harmonics generation has been recently used for char-
acterization of nonlinear photonic structures in 3D.[383%44]

For the aim of this paper we employ a ferroelectric single
crystal with a simple domain structure, i.e., a uniaxial ferro-
electric with relatively low coercive field and experimentally
convenient temperature region of the ferroelectric phase:
strontium barium niobate (SBN). SBN is a relaxor ferroelectric
material, possesses 180° needlelike domain structures along
the crystal's polar axis and shows fractal-like pattern with a
wide length scale at the polar-end faces.*>*] These patterns
exhibit an irregular spatial distribution because of the random
domain size. The individual domains have the form of rods or
pyramids with a quadratic shape, corresponding to the crystal
symmetry 4 mm.[23*8 The reported domain widths in SBN
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Figure 1. a) Experimental configuration used for laser scanning Cerenkov second-harmonic microscopy (CSHM). b) The characteristic P~E loop of
relaxor SBN. c) A 3D image taken by CSHM of microscaled needlelike ferroelectric domains in SBN crystal. Four 2D slices of (c) at different depths.
d) Two 3D images at different poling states showing the aging effect. Green lines represent domain walls, i.e., they separate regions of polarizations
with opposite orientation pointing either upward or downward. The polarization inside the green pyramids in (c) points in one direction along the
c-axis and the polarization outside the green pyramids points in the opposite direction.

crystals range between a few hundred nanometers and a few
micrometers.*9-52]

In the following, the experimental procedure of monitoring
the domain kinetics will be explained. This is categorized with
respect to the poling state of the studied volume (see Experi-
mental Section).

The experimental procedure is realized as follows: We com-
mence our systematic investigation with an unpoled sample.
Then, the sample is poled at room temperature by applying
an external electric field stepwise until finally 4 kV cm™ is
reached. The step size is about 0.15 kV cm™. This is fixed in all
poling and repoling experiments. The poled sample is mounted
and sandwiched between two cover-slips coated with indium tin
oxide (ITO) films under the microscope. While increasing the
electric field, a 3D space of 40 X 60 x 60 um? is scanned layer by
layer at different depths in the sample and the poling current is
recorded (see example in Figure 1c). We will extract the domain
walls from each layer at each electric field.

In the first repoling, a nucleation process is expected to
happen in volume. Similar to any first-order phase transition
and beginning from nuclei as seeds, new ferroelectric domains
arise in random places at different depths in the crystal during
phase transition.

The probability of accruing nucleation is ruled by the dis-
tribution of the crystal lattice imperfections.?”] After that the
new domains start growing, i.e., their walls move in all possible
space directions. Thus the switching process is described as the
growing of already existing domains. Because we apply slow
field ramps the time dependence of nucleation probability has
not been considered here. We note that the applied ramp is very
slow in order to be able to scan a 3D volume. Slower ramps
would make it possible scanning larger volume. In contrast,
faster ramps reduce the scanned volume, and thus the collected
data.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A sequence of the development in this phase is depicted in
Figure 2 (see Video S1, Supporting Information). Starting with
the poled case, we chose a volume of 40 X 60 x 60 um? in which
no domain walls are visible in order to ensure the maximum
contrast. To distinguish the event of domain formation from the
noise signal, we did not diminish the background signal. Thus,
for 0 kV cm™, only a background signal is measured (Figure
2a), which corresponds to a complete absence of any domain
walls. The measurement is then started by increasing the
external applied field and simultaneously measuring the cur-
rent (Figure 2j). After each increasing step of the electric field,
the same volume was scanned. The imaging shows no domain
walls with increasing electric field until about 2 kV cm™. No
current flowed in this range and only the noise signal was meas-
ured. Thus the chosen scanned space is sufficient as a represen-
tation of the whole sample. If the field is increased further, the
current starts flowing. Nanoscaled domains arise, referring to
the nucleation process (Figure 2b). As soon as the domain walls
appear, the noise signal disappears, because the SHG signal is
much stronger than the background noise. Each layer in which
only a homogenous background is visible is completely free of
domain walls, as mentioned above. More domains arise and the
existing domains grow mainly in length while increasing the
electric field, but less pronounced growth in the lateral direction
is also observed (Figure 2d,e). It is also interesting to note that
the ferroelectric domains take their characteristic form, namely
a square with rounded corners, directly at the first flank of the
characteristic current peak. This individual domain shape is
determined by the crystal symmetry 4 mm and elastic proper-
ties.l Note that this optical method does not determine the
direction of the spontaneous polarization, even though one can
easily conclude that the polarization surrounded by the domain
walls is antiparallel to the polarization outside. The direction
is determined by the sign of the flowing current. By further
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Figure 2. a—i) Measured 3D sequence of the first repoling process of a SBN crystal. The arrow points to a growing domain. j) The images are labeled on the
corresponding transient current and the intensity in each image is normalized to its maximum value, i.e., the amplitude of the background noise in (a), (b),
(h), and (i) is much lower than the signals from the domain walls in (b)—(g). Green lines represent domain walls (see Video S1, Supporting Information).

increasing the field, new domains arise and the large domains
grow further until the turning point of the current peak, at
which the most pronounced process is the lateral motion of the
domain walls, i.e., the antiparallel polarization begins to become
dominant at the expense of the parallel polarization direction.
The domains grow further with increased field strength, and
the domains merge. The domain walls consequently vanish
again, as the noise signal returns (Figure 2f~h). In this and the
following measurements we observe the growth of the homog-
enous region in the direction of the c-axis. One notes that from
this point on no current is flowing and no further events are
recorded. However, the scanned crystal volume is not perfectly
switched and at the bottom of the scanned space domain walls
can still be observed (Figure 2h,i). This explains the aging
behavior of the hysteresis loop (Figure 1b), i.e., the reason why
the loop shrinks. The measurements also allow us to determine
the growing rate of the individual domains with high accuracy
in the depth over several tens of micrometers. An example is
depicted in Figure 3. In Figure 3, the transverse and the longi-
tudinal growth of a domain, which is marked in Figure 2 c¢,d,
are plotted in dependence of the applied voltage. The domain
is measured from 2.4 kV cm™, i.e., the field at which it arises
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Figure 3. The growth rate of the domain marked in Figure 2¢,d showing
the lateral and longitudinal growth in dependence of the applied field.
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up to 2.8 kV cm™!, where it merges with other domains. The
domain size increases with increasing applied field from 1
um (resolution limit) to about 10 um. One clearly sees that the
domain grows faster in the length than in the lateral direction. It
reaches 60 um already at 2.6 kV cm™.

Furthermore, the origin of the characteristic domain shape
in the depth is determined.

Figure 4 shows 2D images at different depths “z;” extracted
from the Volume shown in Figure 2d at the ﬁeld strength
2.68 kV cm™!, where “z;” is the depth at which the volume is
recorded. A schemat1c 111ustrat1ng the domain shape forma-
tion with the height is depicted in Figure 4f. Four nanoscaled
domains form the origin of the 4 mm symmetric shape. The
image series illustrates the decreasing of the domain diameter
from about 8 um at “z;” (Figure 4a) to smaller than 1 um at

“z; + 45 um” (Figure 4e). The clear formation of the individual
domain shape becomes very apparent. The fourfold symmetry
shown in Figure 4a originates from four nanoscaled domains,
from which the domain starts to grow (Figure 4e). These are
easily distinguishable in Figure 4b. These build a symmetric
fourfold cluster, proving that the expansion rate is the same
one for both x and y directions, unlike to 3m symmetric mate-
rials as LiNbOs, where the expansion rate is laterally different
and leads therefore to triangles or hexagons. Figure 4d,e shows
the resolution limit of our microscope. Consequently, the four
domains seem to be not fully separated and the walls overlay in
the center of the structure, giving a form of a cross. The signal
intensity is stronger in the center of the cross.

In the second repoling, we aim to study the growth and
switching of available domains. Figure 5 shows the sequence
of the second repoling process and its corresponding current
(see Video S2, Supporting Information). We start repoling the
sample from the state labeled in (Figure 2i). Unlike the first
process, changes are observed at much smaller electric fields.
The remaining domain walls start to grow again and the noise
diminishes gradually (Figure 5b,c). The domains grow verti-
cally and antiparallel to the first repoling process (Figure 2b,c).
Further increase of the field shows more complex behavior of
the growing process. Since the domains are growing from
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crystal surface

Figure 4. a—e) 2D images at different depths “z;” extracted from the volume shown in Figure 2d at the field strength 2.68 kV cm™ during the first
repoling process. f) Diagram illustrating the evolution of the fourfold symmetry of the domain shape in dependence of depth observed experimentally.

already existing clusters (Figure 5eh), the second repoling pro-
cess shows a more complex growing process than the first one,
where the domains were growing from strewn nuclei. Neverthe-
less, the dynamics still feature the characteristic wall motions,
i.e, first a growth in length (Figure 5b-h), then in the xy plane
(Figure 5i-n). This transition from 1D to 2D can be observed in
the region of the current peak, which obviously includes all rele-
vant events. Note here that the domains are now in a microscale
range and do not disappear with increasing field, what reflects
itself strongly in the hysteresis loop (Figure 1b). The total spon-
taneous polarization decreases drastically with every further
repoling process at room temperature. As a consequence, the
recorded current is much smaller than that of the first repoling
process. The positive sign corresponds to the antiparallel polari-
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zation direction, which is represented here by the black regions
inside the closed domains. In order to quantify the switching
process, a moving domain wall is marked with a white arrow,
pointing the moving direction in dependence of the applied
field. The quantitative motion rate in the first repoling process is
shown in Figure 3. The evaluation here is restricted to the first
repoling process, because the domains are still distinguished
from each other until the coercive field is reached. In the second
repoling processes the domains build complex clusters. Thus no
separated domains are available to evaluate in this phase.

Now, we analyze this complex structure more deeply by
extracting the scanned volume at a certain field strength as
before and compare it with the domain status in Figure 4. We
chose the field point “n,” at which E amounts to 3.5 kV cm™.

-WOAM Gp' L
-WOAY 9L
-WOAM L7

I
S s

oo oo

“la

S5 1152 253 354
electric field (kV/cm)

-WOAY LS
-WOAN LS
2nd repoling current (

4
3
.2,
1
0O
0

-WOAX 92
-WOAX 8¢
-WOAM G'€

Figure 5. a—n) Measured 3D sequence of the second repoling process of a multidomain SBN crystal. The images are labeled on the corresponding tran-
sient current (o). The white arrow points to wall moving in one direction (see Video S2, Supporting Information). Green lines represent domain walls.
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in this process from the second repoling,
the marked domain wall in Figure 5 will be
further followed in Figure 7. The increasing
field switches the domain by inducing
a reversed wall motion (Figure 7b-f vs
Figure 5i-n). One observes the growth of the
spontaneous polarization, which is presented
by the regions surrounded by domain walls.
At about 2.8 kV cm™, the reversing process
has finished. In comparison to the remaining

1 1
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Figure 6. a—c) 2D images at different depths “z,

with white arrows. Green lines represent domain walls.

Figure 6 depicts the domain structures at different depths for
this poling status. It shows again the individual symmetric
domain “roots,” filled with nanoscaled domains. This means,
that the quadratic domains are now filled, with nanoscaled
domains having a polarization antiparallel to those domains
represented in the first repoling process (Figure 4). This indi-
cates that after the switching process, the domains are not
fully filled by an antiparallel domain, but rather with several
nanoscaled domains, ie., not completely switched. Conse-
quently, less current flows and the hysteresis shrinks further.

Since the domains are large now we will show in the fol-
lowing which motion dimensionality will be dominant when
performing the third repoling process.

Now, the course of the third repoling process is shown in
Figure 7 (see Video S3, Supporting Information). Here, we
repole the fixed sample again starting from the last state of
the second repoling process and record the current (Figure 7).
No noise signal is recorded in all layers due to the existence
of the large domains. The electric field is increased in the
same steps up to 1.7 kV cm™.. No change in the form of the
domain structures is observed and no current is recorded. By
further increasing the field, domain walls start moving only
laterally (Figure 7c). For distinguishing the motion direction

CWOAN L7

1
§+45

;" extracted from the volume shown in Figure 5n
at the field strength 3.5 kV cm™ during the first repolmg process. The domain roots are marked

structures after the second repoling process,
much less structures are observed here,
and the peak current is smaller. This can be
attributed to the presence of an internal field
caused by nonstoichiometric defects.[?345°]
Moreover, the asymmetric behavior can
clearly be seen as a shift in the current peak position for the
three repoling processes. The peak positions determine the
coercive field of the ferroelectric crystal, which is 3, 2.8, and 2.5
kV cm™! for the three repoling processes, respectively.

The motion rates of the two switching directions of the
marked wall shown in Figures 5 and 7 are depicted in Figure 8.
The measurements show that the wall moves about 7 um in
the 2nd repoling process and about 3.5 pm in the 3rd repoling.
The shift between both directions in the field values is clearly
because of different repoling directions. This difference is con-
sistent with the current measurements that show the aging
effect. Thus in the third repoling process less current flows,
what in turn indicates a decreased movement of the domain
walls.

In conclusion, by using Cerenkov-type second-harmonic
generation, we are able to visualize systematically one of the
most complex dynamics of a relaxor multidomain ferroelec-
tric in 3D with a submicrometer resolution. We identified the
growth and the switching process of the ferroelectric domains
in randomized strontium barium niobate in combination with
the transient current, from which the domain kinetics can be
extracted. The combination allowed us to assign every domain
size statistic with its corresponding charge quantity, which is
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Figure 7. a—i) Measured 3D sequence of the third repoling process of a multidomain SBN crystal. The images are labeled on the corresponding tran-
sient current (o). The white arrow points to the same wall marked in Figure 5, yet moving in the other direction (see Video S3, Supporting Information).

Green lines represent domain walls.
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presented by the spontaneous polarization. Thus, it is possible
to restore the desired averaged domain size by adjusting the
spontaneous polarization without losing the disordered nature
of the structures that is essential for many nonlinear optical
processes. In addition, our results show the ability of exploring
the domain formation process in dependence of any external
parameters such as frequency of the electric field, temperature,
or illumination by light.

Experimental Section

The optical setup (Figure 1a) mainly consisted of a commercial nonlinear
laser scanning microscope (Nikon eclipse, Ti-U). The fundamental wave
was generated by a Ti-Sapphire laser (Micra 5, Coherent), delivering
pulses at 800 nm with 80 MHz repetition rate, 60 fs pulse duration, and
up to 3.5 nJ pulse energy. The beam was coupled to the microscope and
tightly focused by the microscope objective with a numerical aperture
of 0.75 to a near diffraction limited spot in the sample. The position of
the focus was raster scanned in all dimensions (layer by layer) with a
piezo table (P-545, Pl nano) in steps of 500 nm. Cerenkov SH signal
was generated only at domain walls and no SH signal was generated
in the homogeneous bulk of the sample. The intensity of the generated
Cerenkov second-harmonic signal was collected by a condenser lens
(0.9 NA) and recorded by a photomultiplier (H6780, Hamamatsu) as
a function of the focus position. The fundamental beam was effectively
blocked by using a proper filter.

The employed sample was a Srq¢1Bag39Nb,Og with the dimensions
6 X 6 X 1.1 mm? grown by the Czochralski method with a congruently
melting composition x = 0.61 and doped with Cr,0;.5% The large
surfaces perpendicular to the c-axis were polished to optical quality.
In order to be able to apply an electric field and to measure the
reversal current at the same time, the large surfaces were coated with
a 200 nm thick ITO film. It allowed carrying out the scan procedure
while applying an external electric field and visualizing the ferroelectric
domain dynamics quasi-live beginning from the nucleation process.
In the experiment, the initial poling state of the sample was reset
to avoid any differences between the total polarization states from
an as-grown sample to another one, by heating it to =250 °C above
the Curie-temperature (T, = 70 °C) for 2 h. This was then followed by
cooling it down without applying an electric field erasing any spurious
polarization. The consecutive switching processes were expected to
be differently pronounced. At first the nucleation took place, followed
by a longitudinally and then sideways domain growth. Therefore, it
was distinguished systematically between four defined poling states
(Figure 1b), in which the events occurred: field-cooled state, where the
crystal was heated up above the Curie temperature and cooled down to
room temperature with an applied electric field. In this state the sample
was a single-domain crystal. This was not considered in context of this
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paper. Second, the unpoled state, where the crystal was cooled down
without an applied field. In this state the sample was similar to an
as-grown crystal, i.e., multidomain crystal with nanoscaled domains.*’l
Third, the state, where the crystal was poled at room temperature by
applying an electric field above the coercive field. Fourth, the repoled
state, where an unpoled crystal was first poled at room temperature and
then repoled by applying a negative electric field above the coercive field,
which was about 2.7 kV cm™, depending on the crystal composition and
doping. In this case the crystal had a random distribution of microscaled
3D domains (Figure 1c). The green lines represented domain walls,
i.e., they separated regions of opposite polarization directions either
upward or downward. The polarization under the green pyramids
(needles) in Figure Tc pointed in one direction along the c-axis and the
polarization outside the pyramids pointed in the opposite direction. It
was noted here that the poling at room temperature did not lead to a
perfectly poled crystal unlike to the field-cooled case due to so-called
aging effect.f2%71 An example of the influence of the aging on these
3D Domains was depicted in Figure 1d. Figure 1d shows 3D Cerenkov
microscopic images of SBN needle-like domains after one and three
repoling processes. It can be seen that the aging prevented the domain
wall motion from closing the top of domains in order to form needle
domains after three repoling cycles.

For profiling these 3D objects information in the depth was needed.
The task was now to explore and analyze how these 3D objects grew
to ultimately take their characteristic form. For this aim, three repoling
processes were performed and the dynamics starting from the nucleation
was imaged. The experimental procedure offered large datasets
providing the possibility to explore and analyze every detail at each level
in each depth. The lateral and longitudinal domain wall motion was
analyzed in dependence of the applied electrical field quantitatively.

Supporting Information

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