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ABSTRACT

Ferroelectric liquid crystals (FLCs) couple the direction of their spontaneous electric polarization to the direction of tilt of their optic axis.
Consequently, reversal of the electric polarization by an electric field gives rise to an immediate and lasting optical response when an
appropriately aligned FLC is observed between crossed polarizers, with one field direction yielding a dark image and the opposite direction
yielding a bright image. Here, this peculiar electro-optic response is used to image, with high optical contrast, 180� ferroelectric domains in a
crystalline substrate of magnesium-doped lithium niobate. The lithium niobate substrate contains a few domains with upward electric polari-
zation surrounded by regions with downward electric polarization. In contrast to a reference non-chiral liquid crystal that is unable to show
ferroelectric behavior due to its high symmetry, the FLC, which is used as a thin film confined between the lithium niobate substrate and an
inert aligning substrate, reveals ferroelectric domains as well as their boundaries, with strong black and white contrast. The results show that
FLCs can be used for non-destructive readout of domains in underlying ferroelectrics, with potential applications in, e.g., photonic devices
and non-volatile ferroelectric memories.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008845

Over the past decades, the focus of research on ferroelectricity
has shifted from bulk materials to thin films and nanostructures,
where interfaces are key.1–3 Interfaces in ferroelectric materials are
generally characterized by bound charges resulting from discontinu-
ities in electric polarization P, which can generate stray fields.4 These
charges, and/or the free charges screening them, modify the surface
potential of bulk domains5–7 and change interface reactivity.8–10

Among other applications,4 the interfacial charges open a pathway to
ferroelectric domain imaging11–17 and chemical control of electric
polarization.18–21

The ability to image ferroelectric domains, in such a way that
opposite directions of electric polarization can be distinguished, using
a damage-free, fast, and easy-to-handle method, is critical for

applications relying on domain engineering, such as photonic
devices,22–26 where the quality of patterned 180� ferroelectric domains
has to be assessed. If the method allows continuous monitoring of the
electric polarization direction, it could also be a powerful solution for
non-destructive readout of ferroelectric memories.2 Several techniques
have been shown to be relevant for 180� domain imaging.27 However,
they still fail to address all challenges at once. For example, techniques
with high spatial resolutions are too slow for large scale millimetric
imaging (e.g., piezoresponse force microscopy28 and transmission elec-
tron microscopy) or difficult to perform on insulating materials (e.g.,
photoemission electron microscopy29). Optical methods are ideally
suited for fast large-scale imaging, but second-harmonic generation30

requires complex and expensive experimental setups and polarized
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light microscopy can only resolve 180� domain walls (not 180�

domains).31 This leaves domain detection by surface modifications as
an alternative, but etching is destructive32 and powder decorated crystals
are difficult to handle.11 Decoration by liquid crystals (LCs) has also
been suggested. It has been reported that nematic LCs can be used to
distinguish between 180� domains in several ferroelectrics, using
polarized light microscopy.14–16,33–38 Moreover, measurements as a
function of electric field or temperature have been successful in
imaging domain dynamics. Most studies have been performed not
only close to room temperature using nematic LC N-(4-
Methoxybenzylidene)-4-butylaniline (MBBA) or a mixture of MBBA
and N-(4-Ethoxybenzylidene)-4-butylaniline (EBBA) but also at other
temperatures with alkylphenyl-cyclohexylbenzoate and mixtures of cya-
nobiphenyls. However, the mechanism leading to the observed contrast
remains unclear, as explained in detail in Ref. 1.

In the original report,16 it was suggested that dipole moments of
the LC MBBA align in opposite directions on neighboring domains.
However, given the D1h symmetry of the nematic (N) phase, there can-
not be sensitivity of the orientation of the director n (identifying the pre-
ferred orientation of the main molecule symmetry axis and equivalent
to the optic axis direction) to the direction of an applied electric field.
Thus, the change in the electric polarization direction between adjacent
domains cannot on its own give rise to a contrast in a polarized light
microscope. A few years later, Glogarov�a et al. suggested that the
observed contrast resulted from an ionic interaction between the mole-
cules of MBBA and NH3 groups at the surface of triglycine sulfate
(TGS),14,33 and Nakatani and Hirota suggested that instead it results
from different absolute values of the electric polarization in different
domains.34 This second approach would be consistent with the response
of nematic LCs to the remanent polarization of imperfectly poled ferro-
electric thin films.39,40 If these were the mechanisms, it would be
unlikely that MBBA and nematic LCs, in general, could be used to
image 180� domains in a large number of ferroelectric materials.

Here, we describe a polarization direction-mediated alignment of
the optic axis in surface-stabilized ferroelectric liquid crystals41

(SSFLCs), clearly differentiating between domains with opposite polar-
izations through distinctly different optical behavior in Pup and Pdown
domains, respectively. A 5% magnesium-doped lithium niobate (Mg-
LiNbO3) single crystal from PI-KEM Ltd. was chosen as the bulk ferro-
electric substrate, initially uniformly poled with a single direction of
polarization orthogonal to the substrate across the whole substrate. A
random pattern of 180� re-poled ferroelectric domains with hexagonal
shapes was created at room temperature by applying high voltage pulses
through liquid electrodes.42 The single crystal was annealed at 200 �C
for 30min to erase the internal field43 and immersed successively in ace-
tone, isopropanol, and distilled water for 10min each time, in order to
clean the surface. This single crystal formed one substrate of the LC
sample cell, with the other being a standard polyimide-coated glass sub-
strate from a commercial LC cell (EHC). The polyimide promotes pla-
nar alignment of the director, and it had been unidirectionally rubbed in
order to define the preferred orientation in the plane of the substrate of
the LC director in the nematic and smectic SmA/SmA� (the asterisk
signifying chirality) phases.

As FLCs, we chose a room temperature multi-component mix-
ture W-235B, purchased from the group of Professor R. Dabrowski,
Military University of Warsaw (Poland), exhibiting a long natural
pitch, facilitating efficient surface stabilization, and a birefringence in

the range of 0.12–0.14. We used a minimum amount of FLC, confin-
ing it between the LiNbO3 substrate and the polyimide-coated glass
substrate without any spacers, pressing the substrates together by hand
while the LC was heated up to the isotropic (I) phase to obtain a very
small but uncontrolled cell gap (estimated on the order of 1lm). The
substrates are kept together by capillary forces from the FLC. The W-
235B mixture exhibits the phase sequence “Crystal -10 SmC� 86 SmA�

90N� 106 I”/�C (temperature indications frommanufacturer, ignoring
two-phase coexistence). For comparison, we chose a non-chiral LC, 2-
(4-hexyloxyphenyl)-5-octylpyrimidine (6OPhPy8, purchased from
Synthon, Germany), which exhibits the phase sequence “Crystal 28
SmC 45 SmA 58N 65 I”/�C.

Textures were studied using an Olympus BX51 polarized light
microscope working in transmission with a U-25LBD daylight color
filter inserted. This compensates for the reddish illumination from the
microscope lamp but instead leaves a light bluish tone to images
devoid of strong colors. The temperature of the sample was controlled
using a Linkam LTS120 hot stage. The LCs were heated up to the I
phase and then cooled down toward room temperature at cooling
rates ranging between 5 �C min�1 and 30 �C min�1, taking texture
photographs in the process.

SSFLCs arise by confining a chiral smectic-C (SmC�) LC between
tightly spaced flat substrates that impose a planar alignment, forcing
the smectic layers to orient (largely) orthogonal to the cell [Figs. 1(a)
and 1(b)] and unwinding the helix that spontaneously develops in

FIG. 1. An SSFLC sample is produced by filling a SmC�-forming LC between
closely spaced flat substrates. In the SmC/SmC� phase, the layer contraction upon
director tilt leads to the formation of chevrons, which can be of (a) vertical or (b)
horizontal type. (c) The reduced symmetry of a SmC� phase allows for the develop-
ment of a spontaneous electric polarization Ps, orientated perpendicular to the tilt
plane, spanned by n and the layer normal k [Reproduced with permission from
ChemPhysChem 7, 20 (2006). Copyright 2006 Wiley-VCH]. (d) Without the confine-
ment, SmC� develops a helix that cancels out the electric polarization on the scale
of a helix pitch. When the helix is suppressed by closely spaced substrates, only
the two states are allowed, where n, and thus the optic axis, lies in the substrate
plane, tilted 6h from k. This corresponds to Ps that is directed up or down with
respect to the substrate plane.
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bulk SmC� materials. In the SmC� phase (as well as in its non-chiral
analog SmC), the director n is tilted by an angle h away from the
smectic layer normal k, effectively defining a tilt cone [Fig. 1(c)], since
any direction of tilt is allowed in the absence of external forces. In con-
trast to nematics, the reduced symmetry of the SmC� phase gives it a
polar, thus direction-sensitive, response to an electric field applied
along the smectic layers because it exhibits a non-zero spontaneous
electric polarization Ps oriented perpendicular to n and k [Fig. 1(c)],
Ps / n� k.44 The unwinding of the SmC� helix is of key importance,
as this yields the two-state ferroelectric behavior41 in contrast to the
effectively antiferroelectric response of bulk SmC� phases,45 where the
continuous rotation of Ps in the helix leads to a cancelation of the elec-
tric polarization on the scale of a helix period [Fig. 1(d)].

This geometrical coupling between n and Ps means that an elec-
tric field applied along the smectic layers, orthogonally to the substrate
plane of our samples, forces n to tilt right or left, depending on the
directions of the field and of the n–Ps coupling. The benefit is that n
rotates 180� around the SmC* tilt cone, corresponding to a reorienta-
tion of the optic axis by twice the tilt angle, 2h, if one changes the elec-
tric field direction between up and down. This inversion of the electric
field is what happens when one moves across a domain wall between
180� ferroelectric domains at the surface of a ferroelectric substrate.
Thus, the electro-optic response of the SSFLC gives rise to a strong
contrast between the 180� ferroelectric domains when the sample is
observed by polarized light microscopy, as we demonstrate here using
a sandwiched SSFLC on a LiNbO3 single crystal.

We observe the contrast evolution in the different phases of the
FLC at different temperatures (I, N�, SmA�, SmC�) and compare with
the evolution of a non-chiral reference LC, which, thus, does not exhibit
ferroelectricity although it has the corresponding (non-chiral) phase
sequence (I, N, SmA, SmC). The ferroelectricity of SSFLCs is a generic
property of SmC� LCs in which the helix has been unwound by con-
finement, and the response is generic to applied electric fields; hence,
our findings apply to any ferroelectric substrate and can be realized
with any SmC� LC with appropriate alignment and helix unwinding.

Figure 2 shows the polarized light microscopy texture evolution
on cooling of the FLC mixture W-235B [Figs. 2(a)–2(d)] and the non-
chiral reference compound 6OPhPy8 LC [Figs. 2(e)–2(h)]. Images in
the isotropic phase [Figs. 2(a) and 2(e)] are identical to images of
LiNbO3 obtained in air, where domains can be localized only because
their domain walls appear as shiny stripes, as a result of local strain-
induced birefringence.31,46 In the N�/N phase [Figs. 2(b) and 2(f)], no
contrast is observed because the optic axis of the LC is along the rub-
bing direction of the counter substrate, regardless of LiNbO3 domains.
The contrast at domain walls is barely visible, as the birefringence of
the LC now dominates the optical behavior, making the weak contri-
bution from the strain-induced birefringence at domain walls in
LiNbO3 negligible. In the SmA�/SmA phase [Figs. 2(c) and 2(g)], the
SSFLC already reveals slightly the domain structure [Fig. 2(c)], while
domains are still not visible with 6OPhPy8 [Fig. 2(g)]. The reason the
SmA� phase responds to the domain electric polarization is most likely
the electroclinic effect,44 also called soft mode, which yields a slight
director tilt in response to the field, with the effect being significant
even a few degrees above the transition to the SmC� phase.47

In the SmC� phase, where the confined W-235B is in the SSFLC
state, there is a strong contrast with reverse-poled domains appearing
white and the virgin background black, for the sample orientation in

Fig. 2(d). The two permissible SSFLC states [Fig. 1(d)] are distin-
guished by a reorientation of the optic axis by an angle 2h, giving
almost maximum brightness for the re-poled domains, as the sample
has been rotated such that the virgin background has its optic axis
along the polarizer of the microscope (thus appearing dark). The layer
normal k is along the rubbing direction of the polyimide-coated
substrate, as the layer orientation was defined on cooling from the
N�–SmA� transition. The two domain types, thus, have their optic
axis oriented at 6h with respect to the rubbing direction.

In the SmC phase of 6OPhPy8, the optic axis also tilts away from
k by 6h, but there is no spontaneous electric polarization that couples
to the tilt. This means that the opposite electric fields arising from the
180� domains of LiNbO3 have no impact on whether the optic axis
tilts clockwise or anticlockwise away from k, and we, thus, see a ran-
dom spontaneous separation into small right- and left-tilting domains
[Fig. 2(h)].

In the SmC� phase of the FLC, rotation of the sample by 2h¼ 50�

(Movie 1 in the supplementary material) leads to contrast reversal
between domains [Figs. 3(b) and 3(d)] and domain walls [Figs. 3(a)
and 3(c)]. This confirms that the electric polarization of the domains
of LiNbO3 (�70lC cm�2)48 and the resulting stray electric field con-
trol the tilt direction of the SSFLC. Note that the domain walls are
dark when both domains are bright [Fig. 3(c)], at a sample orientation
with the layer normal k along the polarizer. The projection of n (and
thus of the optic axis) into the sample plane is, thus, along k at the
domain walls. As illustrated in Figs. 1(c) and 1(d), this means that Ps is
aligned in the sample plane, due to the geometrical coupling
Ps / n� k. This suggests that the liquid crystal alignment is dictated
by the substrate not only on top of domains but that it even follows
the reversal of the electric polarization taking place across the domain
wall.7

On the timescale of the characterization experiments (�1 h), the
optical contrast is stable, which indicates that it does not arise from an
enhancement of the polarization in the domains on cooling through
the pyroelectric effect. However, after leaving the sample for 15 h at

FIG. 2. Polarized light microscopy texture evolution on cooling of the (a)–(d)
SSFLC mixture W-235B in the (a) I, (b) N�, (c) SmA�, and (d) SmC� phases at
110 �C, 95 �C, 88 �C, and 25 �C, respectively, and of (e)–(h) the non-chiral refer-
ence LC 6OPhPy8 in the (e) I, (f) N, (g) SmA, and (h) SmC phases at 74 �C,
61 �C, 50 �C, and 31 �C, respectively. Note that the sample is rotated somewhat
between (a) and (b) and between (b) and (c) and that the sample with 6OPhPy8
contains air bubbles, appearing as black circles. In (a), Pup and Pdown refer to the
direction of the electric polarization in the domains of Mg-LiNbO3. The arrows in (a)
and (e) indicate the rubbing direction for the SSFLC mixture and 6OPhPy8, respec-
tively. The bluish tint is due to the daylight filter used in the microscope. The cam-
era was adjusting exposure automatically, and hence, brightness levels are not
comparable between panels.
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room temperature, the contrast is lost in these samples as the original
texture breaks up into an irregular granular one that does not reflect
the electric field arising from the poled domains of the ferroelectric
substrate (supplementary material, Fig. S1). This may be related to
ions in the FLC redistributing (slowly) to the interface with the
LiNbO3 substrate or to structural reorganization within these samples
with mobile unglued substrates, as discussed in the supplementary
material. Irrespective of the details of the mechanism and considering
that SSFLC displays with reliable long-term performance have been
realized, we are confident that this can be resolved by proper control
of the sample configuration and optimization of the LC mixture.

In summary, we demonstrated that SSFLCs accurately reveal the
180� electric polarization contrast of opposite domains in ferroelectrics,
here exemplified by a Mg-LiNbO3 single crystal, with high-contrast as
viewed in a polarized light microscope. Contrary to previous reports of
LC-enabled visualization of ferroelectric domains, which exclusively
used nematic LCs, whose symmetry is too high to distinguish between
opposite directions of electric field, the behavior here fully complies
with the expected behavior of a surface-stabilized ferroelectric SmC�

phase. The results show that SSFLCs can be used for non-destructive
readout of domains in ferroelectrics, of potential use, e.g., in photonic
devices and non-volatile ferroelectric memories. Having established the
physical foundations of the method, future work will include in-depth
systematic investigations of its practical aspects. In particular, engineer-
ing efforts will be required to reach an optimal spatial resolution and
extend the stability in time of the LC response to the polarization of the
substrate. The spatial resolution is ultimately limited by the size of the
domains in the FLCs. Based on the literature and standard LC technol-
ogy, we believe that a resolution of �4lm can be achieved,49,50 which
would be sufficient, for instance, for typical applications of LiNbO3 in
non-linear optics.23,25

See the supplementary material for videos of burst-like textural
reconfigurations upon fast cooling and texture variation upon rotation
of the SSFLC.

G.F.N. would like to thank the Royal Commission for the
Exhibition of 1851 for the award of a Research Fellowship. X.M. is
grateful for support from the Royal Society.
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6J. E. Rault, T. O. Menteş, A. Locatelli, and N. Barrett, Sci. Rep. 4, 6792 (2014).
7G. F. Nataf, P. Grysan, M. Guennou, J. Kreisel, D. Martinotti, C. L. Rountree,
C. Mathieu, and N. Barrett, Sci. Rep. 6, 33098 (2016).

8S. V. Kalinin, D. A. Bonnell, T. Alvarez, X. Lei, Z. Hu, J. H. Ferris, Q. Zhang,
and S. Dunn, Nano Lett. 2, 589 (2002).

9Y. Yun, L. Kampschulte, M. Li, D. Liao, and E. I. Altman, J. Phys. Chem. C
111, 13951 (2007).

10D. Li, M. H. Zhao, J. Garra, A. M. Kolpak, A. M. Rappe, D. A. Bonnell, and J.
M. Vohs, Nat. Mater. 7, 473 (2008).

11J. Hatano, F. Suda, and H. Futama, Jpn. J. Appl. Phys., Part 1 12, 1644 (1973).
12N. A. Tikhomirova, S. A. Pikin, L. A. Shuvalov, L. I. Dontsova, E. S. Popov, A.
V. Shilnikov, and L. G. Bulatova, Ferroelectrics 29, 145 (1980).

13M. Qi, N. A. Tikhomirova, and L. A. Shuvalov, J. Appl. Phys. 79, 3188 (1996).
14M. Glogarov�a, J. Phys. France 42, 1569 (1981).
15N. R. Ivanov, N. A. Tikhomirova, A. V. Ginzberg, S. P. Chumakova, S. M.
Osadchij, and E. Y. Nikiruj, Ferroelectr., Lett. Sect. 15, 127 (1993).

16Y. Furuhata and K. Toriyama, Appl. Phys. Lett. 23, 361 (1973).
17J. L. Giocondi and G. S. Rohrer, J. Phys. Chem. B 105, 8275 (2001).
18A. N. Morozovska, E. A. Eliseev, A. I. Kurchak, N. V. Morozovsky, R. K.
Vasudevan, M. V. Strikha, and S. V. Kalinin, Phys. Rev. B 96, 1 (2017).

19S. M. Yang, A. N. Morozovska, R. Kumar, E. A. Eliseev, Y. Cao, L. Mazet, N.
Balke, S. Jesse, R. K. Vasudevan, C. Dubourdieu, and S. V. Kalinin, Nat. Phys.
13, 812 (2017).

20M. J. Highland, T. T. Fister, M.-I. Richard, D. D. Fong, P. H. Fuoss, C.
Thompson, J. A. Eastman, S. K. Streiffer, and G. B. Stephenson, Phys. Rev.
Lett. 105, 167601 (2010).

21Y. Kim, I. Vrejoiu, D. Hesse, and M. Alexe, Appl. Phys. Lett. 96, 202902 (2010).
22M. M. Fejer, G. A. Magel, D. H. Jundt, and R. L. Byer, IEEE J. Quantum
Electron. 28, 2631 (1992).

23H. Kanbara, H. Itoh, M. Asobe, K. Noguchi, H. Miyazawa, T. Yanagawa, and I.
Yokohama, IEEE Photonics Technol. Lett. 11, 328 (1999).

24R. W. Eason, A. J. Boyland, S. Mailis, and P. G. Smith, Opt. Commun. 197, 201
(2001).

25Y. Sasaki, A. Yuri, K. Kawase, and H. Ito, Appl. Phys. Lett. 81, 3323 (2002).
26V. Y. Shur, A. R. Akhmatkhanov, and I. S. Baturin, Appl. Phys. Rev. 2, 040604
(2015).

27E. Soergel, Appl. Phys. B 81, 729 (2005).
28A. L. Kholkin, S. V. Kalinin, A. Roelofs, and A. Gruverman, Scanning Probe
Microsc. 2, 173 (2007).

29N. Barrett, J. E. Rault, J. L. Wang, C. Mathieu, A. Locatelli, T. O. Mentes, M. A.
Ni~no, S. Fusil, M. Bibes, A. Barth�el�emy, D. Sando, W. Ren, S. Prosandeev, L.
Bellaiche, B. Vilquin, A. Petraru, I. P. Krug, and C. M. Schneider, J. Appl. Phys.
113, 187217 (2013).

30M. Fl€orsheimer, R. Paschotta, U. Kubitscheck, C. Brillert, D. Hofmann, L.
Heuer, G. Schreiber, C. Verbeek, W. Sohler, and H. Fuchs, Appl. Phys. B 67,
593 (1998).

31G. F. Nataf and M. Guennou, J. Phys.: Condens. Matter 32, 183001 (2020).
32J. A. Hooton and W. J. Merz, Phys. Rev. 98, 409 (1955).
33V. P. Konstantinova, N. A. Tichomirova, and M. Glogarova, Ferroelectrics 20,
259 (1978).

FIG. 3. Room temperature polarized light microscopy texture in the SmC� phase of
the SSFLC, as a function of sample rotation, just after cooling from the I phase (via
N� and SmA�). In (d), the sample has been rotated by 64� compared to (a).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 116, 212901 (2020); doi: 10.1063/5.0008845 116, 212901-4

Published under license by AIP Publishing

https://doi.org/10.1063/5.0008845#suppl
https://doi.org/10.1063/5.0008845#suppl
https://doi.org/10.1063/5.0008845#suppl
https://doi.org/10.1063/5.0008845#suppl
https://doi.org/10.1063/5.0008845#suppl
https://doi.org/10.1126/science.1129564
https://doi.org/10.1063/1.2336999
https://doi.org/10.1088/1361-6633/aa915a
https://doi.org/10.1103/PhysRevLett.109.267601
https://doi.org/10.1038/srep06792
https://doi.org/10.1038/srep33098
https://doi.org/10.1021/nl025556u
https://doi.org/10.1021/jp074214f
https://doi.org/10.1038/nmat2198
https://doi.org/10.1143/JJAP.12.1644
https://doi.org/10.1080/00150198008008470
https://doi.org/10.1063/1.361262
https://doi.org/10.1051/jphys:0198100420110156900
https://doi.org/10.1080/07315179308204249
https://doi.org/10.1063/1.1654919
https://doi.org/10.1021/jp011804j
https://doi.org/10.1103/PhysRevB.96.245405
https://doi.org/10.1038/nphys4103
https://doi.org/10.1103/PhysRevLett.105.167601
https://doi.org/10.1103/PhysRevLett.105.167601
https://doi.org/10.1063/1.3431585
https://doi.org/10.1109/3.161322
https://doi.org/10.1109/3.161322
https://doi.org/10.1109/68.748224
https://doi.org/10.1016/S0030-4018(01)01429-8
https://doi.org/10.1063/1.1518779
https://doi.org/10.1063/1.4928591
https://doi.org/10.1007/s00340-005-1989-9
https://doi.org/10.1007/978-0-387-28668-6_7
https://doi.org/10.1007/978-0-387-28668-6_7
https://doi.org/10.1063/1.4801968
https://doi.org/10.1007/s003400050552
https://doi.org/10.1088/1361-648X/ab68f3
https://doi.org/10.1103/PhysRev.98.409
https://doi.org/10.1080/00150197808237230
https://scitation.org/journal/apl


34N. Nakatani and M. Hirota, Jpn. J. Appl. Phys. 20, 2281 (1981).
35N. Nakatani, Jpn. J. Appl. Phys. 24, L528 (1985).
36J. Hatano, R. Le Bihan, F. Mbama, and F. Aikawa, Ferroelectrics 106, 33 (1990).
37H. Sakata and K. Hamano, J. Phys. Soc. Jpn. 61, 3786 (1992).
38H. Sakata and K. Hamano, Ferroelectrics 140, 169 (1993).
39J. F. Hubbard, H. F. Gleeson, R. W. Whatmore, C. P. Shaw, Q. Zhang, and A. J.
Murray, Liq. Cryst. 26, 601 (1999).

40J. F. Hubbard, H. F. Gleeson, R. W. Whatmore, C. P. Shaw, and Q. Zhang,
J. Mater. Chem. 9, 375 (1999).

41N. A. Clark and S. T. Lagerwall, Appl. Phys. Lett. 36, 899 (1980).
42M. C. Wengler, K. Buse, M. Muller, and E. Soergel, Appl. Phys. B 78, 367
(2004).

43V. Gopalan and M. C. Gupta, Ferroelectrics 198, 49 (1997).
44J. P. F. Lagerwall and F. Giesselmann, ChemPhysChem 7, 20 (2006).
45J. P. F. Lagerwall, Phys. Rev. E 71, 051703 (2005).
46V. Gopalan and M. C. Gupta, J. Appl. Phys. 80, 6099 (1996).
47G. Andersson, I. Dahl, P. Keller, W. Kuczy�nski, S. T. Lagerwall, K. Skarp, and
B. Stebler, Appl. Phys. Lett. 51, 640 (1987).

48S. H. Wemple, M. DiDomenico, and I. Camlibel, Appl. Phys. Lett. 12, 209
(1968).

49L. A. Beresnev, M. V. Loseva, N. I. Chernova, S. G. Kononov, P. V. Adomenas,
and E. P. Pozhidaev, JETP Lett. 51, 516 (1990).

50D. B. Banas, H. Chase, J. D. Cunningham, M. A. Handschy, M. Meadows, and
D. J. Ward, Proc SPIE 2650, 229–232 (1996).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 116, 212901 (2020); doi: 10.1063/5.0008845 116, 212901-5

Published under license by AIP Publishing

https://doi.org/10.1143/JJAP.20.2281
https://doi.org/10.1143/JJAP.24.L528
https://doi.org/10.1080/00150199008214555
https://doi.org/10.1143/JPSJ.61.3786
https://doi.org/10.1080/00150199308008281
https://doi.org/10.1080/026782999205056
https://doi.org/10.1039/a807684g
https://doi.org/10.1063/1.91359
https://doi.org/10.1007/s00340-003-1374-5
https://doi.org/10.1080/00150199708228337
https://doi.org/10.1002/cphc.200500472
https://doi.org/10.1103/PhysRevE.71.051703
https://doi.org/10.1063/1.363684
https://doi.org/10.1063/1.98341
https://doi.org/10.1063/1.1651955
https://doi.org/10.1117/12.237007
https://scitation.org/journal/apl

	f1
	f2
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	f3
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50

