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ABSTRACT
Sessile droplets of a ferroelectric nematic liquid crystalline material were exposed to surface 
electric fields produced by pyroelectric and photogalvanic (photovoltaic) effects in X-cut iron- 
doped lithium niobate crystals. The resulting dynamic processes were monitored by polarisation 
optical (video)microscopy (POM). During heating/cooling cycles, at first, the droplets change their 
shape from spherical to extended ellipsoidal. Then, they start to move rapidly along the surface 
electric field, i.e. along the crystal’s polar axis (c-axis). During this motion, several droplets merge 
into running streams (tendrils) extending towards the edges of the top surface area. Finally, 
practically all liquid crystalline material is transported from the top surface to the side surfaces of 
the crystal. At stabilised temperatures, laser illumination of the assembly causes dynamic processes 
that are localised to the illuminated area. Also, in this case, the LC droplets merge into several 
tendril-like formations that are preferentially oriented along the c-axis of the crystal. The pattern of 
tendrils fluctuates with time, but it persists as long as the illumination is present. In this case, the LC 
material is transported between the central and the edge regions of the illuminated area.
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Introduction

Contactless manipulation and transportation of liquid 
materials on solid surfaces represent an attractive chal
lenge in the development of digital microfluidics, in 
which conventionally, microdroplets of a selected liquid 
are manipulated by the electric voltage generated via 
a complex array of electrodes attached to the supporting 
substrate [1–3]. If the electrodes are fabricated from 
stimuli-responsive materials, e.g. photoconductive elec
trodes, the droplets can be indirectly regulated by con
tactless stimuli, such as optical illumination [4]. 

However, direct methods for manipulation of droplets 
via contactless stimuli are quite rare [5–7]. In this work, 
we report on direct contactless manipulation of droplets 
of a ferroelectric nematic liquid crystal on the surface of 
a solid ferroelectric substrate and demonstrate that the 
interaction between a liquid and a solid ferroelectric 
medium leads to various intriguing new phenomena.

The substrates used in our work were iron-doped 
lithium niobate crystals (LiNbO3:Fe, LN:Fe). LN:Fe 
crystals are renowned for their strong pyroelectric as 
well as photogalvanic effects [8–10]. By heating/cooling 
the crystal, a balance between the ferroelectric 
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polarisation and the compensating surface charge is 
temporarily broken, so a temporary voltage appears 
between the opposite crystal Z-planes. Alternatively, 
by illumination with light in the green spectral region, 
a spatial redistribution of charge carriers inside the 
crystal occurs, which takes place predominantly along 
the polar axis (c-axis) of the crystal. In both cases, 
a static space-charge electric field in the range of 10– 
100 kV/cm is readily generated inside the crystal 
[11,12]. The pyroelectric field is typically present in 
the entire crystal, while the photogalvanic field (also 
termed the photovoltaic field) is localised to the illumi
nated area [13]. These fields extend into the surround
ing space around the crystal in the form of an 
evanescent field [14]. Via electrophoretic and/or dielec
trophoretic forces, the evanescent field can cause trap
ping and manipulation of small objects deposited on the 
crystal surface and induce their (re)distribution. As this 
redistribution follows the illumination pattern, the 
effect is known as photovoltaic tweezers (PVT) [15,16].

While thermo- and opto-electronic manipulation of 
nano- and micro-particles of condensed materials with 
LN:Fe substrates has been extensively investigated, 
reports on experiments with liquid materials are rela
tively rare. They are mainly focused on the control of 
droplets of pure water or aqueous dispersions of differ
ent compounds [7,17–21], which are reviewed in [22]. 
Studies involving unconventional liquids, such as liquid 
crystals (LCs), are even more scarce. The research with 
LC materials can be divided into two categories: manip
ulation of bulk LC layers and manipulation of LC dro
plets. Research in the former category is aimed mainly at 
imprinting reconfigurable optical patterns into the LC 
medium [23–35], while investigations in the latter cate
gory deal mainly with rearrangement of the LC droplets 
in response to photovoltaic or pyroelectric fields 
[13,36–38].

All the above-mentioned research on LC materials 
combined with the LN:Fe substrates was performed 
with conventional nematic LC compounds. In the tradi
tional nematic phase, rod-shaped molecules are orien
tationally aligned with respect to each other. 
Nevertheless, the phase is not polar, as the probabilities 
that molecular dipoles are pointing in each of the two 
opposite directions associated with the alignment axis 
are the same [39]. However, recently, nematic LC com
pounds exhibiting polar (ferroelectric) orientational 
order were discovered [40–43]. The ferroelectric 
nematic LC phase is a proper ferroelectric fluid that is 
extremely sensitive to external electric fields [44–46]. 
Therefore, it is naturally anticipated that it should 
strongly interact with the photovoltaic/pyroelectric 
fields of the LN:Fe crystals. Besides this, the ferroelectric 

nematic LC phase is also pyroelectric by itself, which can 
lead to peculiar thermoelectric effects as shown in the 
recent paper of Mathe et al. [47]. In this work, we report 
on the response of a ferroelectric nematic LC material, 
known as DIO [40,46], to the evanescent electric field on 
the surface of an X-cut LN:Fe crystal. The field was 
generated by heating/cooling of the assembly or by its 
laser irradiation at a fixed temperature. For the latter, 
a green laser beam with a Gaussian intensity profile was 
used. The experiments were performed at different tem
peratures corresponding to the ferroelectric nematic 
(NF), splay nematic (Ns), and the standard nematic 
(N) phases of the LC material.

Experimental

The congruent LN:Fe crystals with a 0.03 or 0.05 mol% 
dopant concentration were grown by using the 
Czochralski method [48]. The ‘as-grown’ crystals were 
polarised, cut to the rectangular prisms with dimensions 
of 9 × 4 × 6 mm3 (X × Y × Z) and optically polished. 
Before the experiments, the prism was heated to 
200°C, washed in acetone and dried by the flow of 
nitrogen.

The ferroelectric nematic liquid crystalline material 
(DIO [40]) used in the experiments is in the solid phase 
at room temperature. During heating, it exhibits the 
following phase sequence: Cr → 65°C → Ns → 84.7°C 
→ N → 174°C Iso, where Cr denotes the crystal phase, 
Ns the splay nematic phase (originally denoted as M2 

[40]), N the standard nematic phase, and Iso the iso
tropic phase. During cooling, additionally, 
a monotropic ferroelectric nematic phase NF (originally 
denoted as MP [40]) appears. The phase sequence dur
ing cooling is as follows: Iso → 174°C → N → 84.5°C → 
Ns → 68.8°C → NF → ~45°C → Cr. The NF phase 
exhibits a spontaneous polarisation (ferroelectric polar
isation) of around 5 μC/cm2 and very large effective 
dielectric constants of ε‖ ~104 and ε⊥~103 measured in 
directions parallel and perpendicular to the nematic 
director, respectively [40].

For experiments associated with pyroelectric voltage, 
an LN:Fe crystal with its YZ plane oriented upwards (i.e. 
in the X-cut plane orientation) was placed onto 
a supporting glass slide, and a ‘flake’ of powdered DIO 
was placed onto its top surface. Then, the assembly was 
put into the microscope heating stage (STC200, Instec 
Inc.) and slowly heated to the desired starting tempera
ture. Subsequently, the temperature was increased/ 
decreased from the starting temperature to the chosen 
final temperature with a selected heating/cooling rate 
(typically in the range of 1–10°C/min). After such 
a heating or cooling step, the majority of the surface 
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deposited LC material was usually transported from the 
top to the side and even to the bottom wall of the LN:Fe 
crystal, i.e. into the gap between the glass plate and the 
crystal. Therefore, in subsequent experiments, the LN: 
Fe crystal together with the adhered LC material was 
sometimes rotated upside down.

Before laser irradiation experiments, the assembly 
was left for a sufficiently long time at a fixed tempera
ture to reach a stable state, i.e. the state in which all 
droplet motion and/or restructuring was stopped. In- 
situ optical irradiation was implemented by a CW laser 
beam operating at a wavelength of 532 nm that was 
directed onto the assembly via the arm for the episcopic 
illumination in the polarisation optical microscope 
(Optiphot-2-Pol, Nikon). The spot size of the beam on 
the top surface was 0.8 mm, and its optical power was 
40 mW. The beam was impinging in the centre of the 
observation area.

The heating/cooling and the irradiation-induced 
modifications of the shape and positions of the LC 
droplets were monitored with polarisation optical 
microscopy (POM) by using the diascopic illumination 
configuration. The unwanted reflected laser light was 
filtered away by an appropriate notch filter. In most of 
the experiments, the angle between the polariser and the 
analyser was set to be 70°. This allowed us to resolve 
more details than in the case of crossed polarisers.

In some experiments, the LN:Fe crystal was illumi
nated with laser light even before the LC material was 
placed on it. The pre-illumination was performed 
within a separate setup using a cylindrical focusing 
lens. This caused a modification of the optical properties 
that were visible as a dark strip inside the crystal. 
However, we found that such pre-illumination did not 
have any significant effects on the LC droplets subse
quently placed on the crystal. We assume that this 
happened because, during the time needed to move 
the crystal from the illumination setup to the optical 
microscope, photoinduced charges at the surface of the 
crystal were practically compensated by the atmospheric 
charges.

Results and discussion

Effects of pyroelectric field

The investigations were started by placing a ‘flake’ of DIO 
onto the top surface of the LN:Fe crystal at room tem
perature (23°C). Then, the assembly was heated to 110°C 
at the rate of 5°C/min. Figure 1 shows a set of subsequent 
images recorded during this process. We observed that 
already in the Cr phase (Figure 1(a)), the aggregates 
elongated along the c-axis of the LN:Fe crystal. As soon 

as the melting started, liquid streams formed that were 
running along the c-axis (Figures 1(b,c)). At the end of 
the heating process, only a few small droplets remained in 
the initial area (Figure 1(d)), while most of the LC mate
rial was moved on the side walls (Z-planes) and even to 
the bottom side of the crystal.

In another experiment, the LC material was at first 
heated to 110°C and then stabilised at this temperature. 
A region at which several larger LC droplets were pre
sent (together with several smaller ones) was located 
(Figure 2(a)). Then, the temperature was reduced from 
110°C to 80°C at the rate of 5°C/min. At first, this 
caused elongation of the droplets in the direction of 
the c-axis (Figure 2(b)). Then, the droplets merged 
together into the running streams by which the material 
was transported along the c-axis (Figure 2(c)). With 
increasing time, these streams became thinner and thin
ner (Figure 2(d)). At the end, again, only a few tiny 
droplets remained. In Figure 2(c) one can notice that 
this image is significantly brighter than other images. 
This is because some LC material was transported into 
the gap between the bottom surface of the LN:Fe crystal 
and the supporting glass plate. Due to the optical bire
fringence of this ‘intruding’ LC layer, in polarisation 
optical microscopy, more light is transmitted through 
the entire assembly. This effect was quite localised and 
could have been avoided by imaging some other parts of 
LN:Fe crystal, but we wanted to show it as an additional 
curiosity.

Interesting dynamic features can also be observed if 
one focuses on the LC material that moved into the gap 

Figure 1. (Colour online) Surface transport of LC material (DIO) 
on X-cut LN:Fe crystal induced by heating from 23°C to 110°C by 
the rate of 5°C/min. The corresponding pyroelectric field ‘pulls’ 
the LC from the top to the side walls (Z-planes) of the crystal. 
(Dark strip-shaped region on the substrate corresponds to the 
area that was pre-illuminated with the green laser beam).
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between the bottom surface of LN:Fe crystal and the 
supporting glass surface. In particular, during cooling, 
when ferroelectric nematic phase NF is formed (T <  
68°C), several conical spikes appear at the edge region 
of the LC layer (Figure 3(a)). Such spikes also evolve 
from some of the LC droplets. During temperature 
variation, via those spikes, the droplets move around 
in a spider-like manner over distances that sometimes 
span the entire observation area (~2 × 2 mm2). Two 
snapshots of such motion are shown in Figures 3(b,c). 
The motion of ‘spiders’ exhibits no preferential 
direction.

The spiky formations observed in our experiments 
look very similar to the conical spikes that appear when 
(ferromagnetic) ferrofluid is exposed to the static mag
netic field, i.e. to the so-called Rosensweig instability of 
ferrofluids [49,50]. In this work, we explore ferroelectric 

ferrofluid exposed to the static electric field, so some 
similarities are not surprising. However, the Rosensweig 
instability requires gravity that in the studied small LC 
droplets can be neglected. Besides this, one should also 
keep in mind that static electric fields are usually fast 
compensated by different kinds of charges present in the 
investigated system or its surroundings, while such 
a compensation does not take place in magnetic 
systems.

Recently, Barboza et al. investigated large droplets 
(several mm in size) of another ferronematic LC com
pound (RM734 [41,42]) exposed to the pyroelectric field 
of a Z-cut LN:Fe crystal [51]. In the ferroelectric 
nematic phase, they also observed jetting effects gener
ating tendril-like structures extending in the radial 
direction with respect to the droplets. This suggests 
that a tendency to form tendril-like arrangements repre
sents a characteristic response of ferronematic LC dro
plets to a space-charge electric field of the LN:Fe 
crystals.

Effects of photovoltaic field

In contrast to heating/cooling, laser irradiation of LN:Fe 
crystals at a fixed temperature induces an electric field 
only in the region of illumination. The illumination 
causes charge migration along the c-axis. In the open- 
circuit conditions, as used in our experiments, after 
some time, the current ends and a stable spatial distri
bution of charges is generated. The resulting static 
photovoltaic electric field exhibits characteristics of the 
dipolar field with an effective dipole moment oriented 
along the c-axis of the crystal [14].

Figure 4 shows black and white images of illumina
tion-induced phenomena observed at 110°C in the area 
initially involving only some relatively small LC dro
plets. The laser spot size is denoted by the green circle. 
During illumination, the LC material is ‘pulled’ into the 
illuminated area and forms tendril-like structures that 
are preferentially oriented along the field lines of the 
photovoltaic field (Figure 4(b)). From time to time, 

Figure 2. (Colour online) Droplets of LC material (DIO) on the LN: 
Fe crystal during cooling from 110°C to 80°C: (a) before cooling, 
(b) during cooling the droplets start to elongate, (c) then they 
abruptly transform into running streams, (d) the streams 
become thinner when the temperature starts to stabilise. In 
the top left corner (highlighted in green in Figure 1(a) the region 
pre-illuminated by the 532-nm laser light can be seen. Image (c) 
is very bright in comparison to the others because a layer of LC 
material traveled into the gap between the bottom surface of 
the LN:Fe crystal and the underlying glass slide.

Figure 3. (Colour online) (a) Spiked conical formations observed at the edge of the LC layer trapped in-between the LN:Fe crystal and 
the glass plate during cooling into the NF phase. (b, c) the isolated spiky droplets move around in the image area.
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some tendrils escape out of the illuminated area and 
form droplets at its edge, so fewer tendrils are observed 
inside the laser spot (Figure 4(c)). After some time, these 
droplets are pulled back and reformed into the tendrils. 
The described tendril-based pattern exists as long as the 
illumination is present. After switching off the laser 
beam, the tendrils transform back into droplets, which 
typically occurs in about 30 s, independent of laser 
power. In contrast, the time interval τ from switching 
on the laser to starting of tendril formation is inversely 
proportional to the laser power P (see Figure 4(d)). This 
observation is in agreement with the fact that the build- 
up time of space charge field in LN:Fe is inversely 
proportional to P [52]. 

In another experiment, the assembly was slowly 
cooled from 110°C to 55°C, i.e. into the ferroelectric 
nematic phase (NF), and the experiment was repeated. 
In this process, the LC droplets in the illuminated area 
merged into laterally connected tendril-like formations 
that were as well oriented more or less parallel to the 

c-axis of the crystal (Figure 5(a)). After this, the laser 
beam was shortly switched off. During the ‘dark inter
val’, the tendrils disconnected from each other 
(Figure 5(b)). Then, the laser beam was switched on 
again, and the previous composition of laterally linked 
tendrils was re-established (Figure 5(c)).

In both the above-described cases, the LC material 
forming droplets in size much smaller than the illumi
nated area is rearranged into tendril-like (filamented) 
structures that grow in a symmetric manner with respect 
to the c-axis of the crystal. This observation suggests that 
the dielectrophoretic forces dominate over the electro
phoretic forces [53]. Analogous phenomena were pre
viously investigated with droplets of conventional 
dielectric liquids, such as water, exposed to strong elec
tric fields [54–57]. The spikes, also known as Taylor 
cones, are attributed to the competition between the 
(di)electrophoretic forces and the surface tension of the 
liquid [53]. With increasing electric field, the uncharged 
droplets stretch from spherical to ellipsoidal shape, and 
then Taylor cones (cusps) develop at their opposing 
ends. When the electric field reaches some critical 
value, deformed droplets become unstable and form the 
jet streams. One of the prominent differences between 
our work and previously reported experiments is that, in 
earlier works, to be able to observe the above-described 
phenomena on solid substrates, the substrates should be 
coated with a superhydrophobic coating to reduce the 
adhesion between the droplets and the substrate [7]. In 
our experiments, no coating was used at all, but the LC 
droplets were merging and moving on the untreated 
(bare) LN:Fe surface. Only very recently, the formation 
of intriguing spiky structures was observed by Mathe 
et al. for ferroelectric nematic LC droplets of RM734 
deposited onto a glass plate and exposed to an electric 
field generated by the in-plane electrodes [58].

Conclusions

Our observations reveal, that when a set of several 
small droplets (diameter less than 1 mm) of the ferro
nematic LC material is placed on an X-cut LN:Fe 

Figure 4. (Colour online) Droplets of LC material (DIO) on the 
X-cut LN:Fe crystal at 110°C: (a) before illumination, (b, c) tendril- 
like structures formed during illumination. The green circles in 
(b) and (c) indicate the illuminated area. (d) Inverse response 
time of the process as a function of laser power.

Figure 5. (Colour online) Illumination-induced tendrils of the LC material (DIO) formed on the surface of the X-cut LN:Fe crystal at 55°C: 
(a, c) during illumination, (b) when the illumination was shortly switched off. The green circles in (a) and (c) indicate the illuminated 
area.
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crystal, the evanescent static electric field generated on 
its surface either via heating/cooling or via optical 
illumination, causes merging of the droplets into linear 
formations. In case of a pyroelectric field, which is 
present in the entire surface area, mass transport of 
the LC material along the direction of the field is 
generated, which causes the removal the LC material 
from the top surface of the crystal. In the case of 
a photovoltaic field, which is localised to the illumina
tion area, the transport takes place only between the 
illuminated region and its neighbourhood. The 
described phenomena are observed in the ferroelectric 
nematic phase, in the intermediate splay nematic 
phase, and in the standard nematic phase. Quite sur
prisingly, some effects were detected even in the iso
tropic phase. Further systematic experiments are 
needed to elucidate how the properties of different 
LC phases affect the details of the observed 
phenomena.

Acknowledgments

We thank R. A. Rupp for useful discussions and suggestions.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research was supported by the Slovenian Research 
Agency (ARRS) within the grant [P1-0192] and bilateral 
exchange project [BI-FR/19-20-PROTEUS-002].

ORCID

Luka Cmok http://orcid.org/0000-0002-0174-6117
Nerea Sebastian http://orcid.org/0000-0002-9156-1895
Alenka Mertelj http://orcid.org/0000-0002-2766-9121
Irena Drevensek-Olenik http://orcid.org/0000-0001-8694- 
8449

Additional information

Video files, from which snapshots shown in Figures 1 and 5 
were taken, are available from [59].

References

[1] Choi K, AHC N, Fobel R, et al. Digital microfluidics, 
Annu. Rev Anal Chem. 2012;5(1):413–440. DOI:10. 
1146/annurev-anchem-062011-143028

[2] Samiei E, Tabrizian M, Hoorfar M. A review of digital 
microfluidics as portable platforms for lab-on a-chip 
applications. Lab Chip. 2016;16(13):2376–2396.

[3] Battat S, Weitz DA, Whitesides GM. An outlook on 
microfluidics: the promise and the challenge. Lab Chip. 
2022;22(3):530–536.

[4] Chiou PY, Moon H, Toshiyoshi H, et al. Light actuation 
of liquid by optoelectrowetting. Sens Actuators A. 
2003;104(3):222–228. DOI:10.1016/S0924-4247(03) 
00024-4

[5] Lv JA, Liu YY, Wei J, et al. Photocontrol of fluid slugs in 
liquid crystal polymer microactuators. Nature. 
2016;537(7619):179–184. DOI:10.1038/nature19344

[6] Palma C, Deegan RD. Droplet translation actuated by 
photoelectrowetting. Langmuir. 2018;34(10):3177–3185.

[7] Zaltron A, Ferraro D, Meggiolaro A, et al. Optofluidic 
platform for the manipulation of water droplets on engi
neered LiNbO3 surfaces. Adv Mater Interfaces. 2022;9 
(22):2200345-1–11. DOI:10.1002/admi.202200345.

[8] Volk T, Wöhlecke M. Lithium niobate: defects, photo
refraction and ferroelectric switching. RH Osgood, 
RM Parisi J Jr, et al., editors. Berlin/Heidelberg, 
Germany: Springer; 2009.

[9] Günter P, Huignard JP, editors. Photorefractive mate
rials and their applications I. New York: Springer Series 
in Optical Sciences (SSOS, volume 113); 2006.

[10] Kong Y, Bo F, Wang W, et al. Recent progress in 
lithium niobate: optical damage, defect simulation, 
and on-chip devices. Adv Mater. 2020;32(3):1806452- 
1–14. DOI:10.1002/adma.201806452.

[11] Sturmann B, Fridkin V. Photovoltaic and photorefractive 
effects in noncentrosymmetric materials. Philadelphia: 
Gordon and Breach Science Publishers; 1992.

[12] Schirmer OF, Imlau M, Merschjann C. Bulk photovol
taic effect of LiNbO3:fe and its small-polaron-based 
microscopic interpretation. Phys Rev B. 2011;83(16): 
165106-1–13. DOI:10.1103/PhysRevB.83.165106.

[13] Kukhtarev N, Kukhtareva T, Geng J, et al. 
Photogalvanic/Pyroelectric power conversion and 
self-pulsing of electro-wetting of LC droplet on lithium 
niobate (LN)-crystal. J Mol Liq. 2018;267:187–191.

[14] Arregui C, Ramiro JB, Alcázar A, et al. Optoelectronic 
tweezers under arbitrary illumination patterns: theore
tical simulations and comparison to experiment. Opt 
Express. 2014;22(23):29099. DOI:10.1364/OE.22. 
029099

[15] Zhang X, Wang J, Tang B, et al. Optical trapping and 
manipulation of metallic micro/nanoparticles via 
photorefractive crystals. Opt Exp. 2009;17 
(12):9981–9988. DOI:10.1364/OE.17.009981

[16] Carrascosa M, García-Cabañes A, Jubera M, et al. 
LiNbO3: a photovoltaic substrate for massive parallel 
manipulation and patterning of nano-objects. Appl 
Phys Rev [Internet]. 2015 [cited 2022 Nov 21];2 
(4):040605. DOI:10.1063/1.4929374

[17] Fan BL, Li FF, Chen LP, et al. Photovoltaic manipula
tion of water microdroplets on a hydrophobic LiNbo3 
substrate. Phys Rev Appl. 2017;7(6):064010-1–9. 
DOI:10.1103/PhysRevApplied.7.064010.

[18] Puerto A, Méndez A, Arizmendi L, et al. Optoelectronic 
manipulation, trapping, splitting, and merging of water 
droplets and aqueous biodroplets based on the bulk 

6 L. CMOK ET AL.

https://doi.org/10.1146/annurev-anchem-062011-143028
https://doi.org/10.1146/annurev-anchem-062011-143028
https://doi.org/10.1016/S0924-4247(03)00024-4
https://doi.org/10.1016/S0924-4247(03)00024-4
https://doi.org/10.1038/nature19344
https://doi.org/10.1002/admi.202200345
https://doi.org/10.1002/adma.201806452
https://doi.org/10.1103/PhysRevB.83.165106
https://doi.org/10.1364/OE.22.029099
https://doi.org/10.1364/OE.22.029099
https://doi.org/10.1364/OE.17.009981
https://doi.org/10.1063/1.4929374
https://doi.org/10.1103/PhysRevApplied.7.064010


photovoltaic effect. Phys Rev Appl. 2020;14(2):024046- 
1–12. DOI:10.1103/PhysRevApplied.14.024046.

[19] Tang X, Li W, Wang QL. Furcated droplet motility on 
crystalline surfaces. Nat Nanotechnol. 2021;16 
(10):1106–1112.

[20] Meggiolaro A, Cremaschini S, Ferraro D, et al. 
Determination of the dielectrophoretic force induced by 
the photovoltaic effect on lithium niobate. Micromach. 
2022;13(2):316-1–9. DOI:10.3390/mi13020316.

[21] Saoncella S. Optical control of droplet motion on 
Fe-doped lithium niobate crystals. Edizioni Accademiche 
Italiane. [cited 2020 Oct 19].

[22] García-Cabañes A, Blázguez-Castro A, Arizmendi L, 
et al. Recent achievements on photovoltaic optoelectro
nic tweezers based on lithium niobate. Crystals. 2018;8 
(2):65-1–15. DOI:10.3390/cryst8020065.

[23] Carns JL, Cook G, Saleh MA, et al. Self-activated 
liquid-crystal cells with photovoltaic substrates. Opt 
Lett. 2006;31(7):993–995. DOI:10.1364/OL.31.000993

[24] Carns JL, Cook G, Saleh MA, et al. Photovoltaic 
field-induced self-phase modulation of light in liquid 
crystal cells. Mol Cryst Liq Cryst. 2006;453(1):83–92. 
DOI:10.1080/15421400600651757

[25] Lucchetti L, Kushnir K, Zaltron A, et al. Light con
trolled phase shifter for optofluidics. Opt Lett. 2016;41 
(2):333–335. DOI:10.1364/OL.41.000333

[26] Lucchetti L, Kushnir K, Zaltron A, et al. Liquid crystal 
cells based on photovoltaic substrates. J Eur Opt Soc. 
2016;11:16007-1–4. DOI:10.2971/jeos.2016.16007

[27] Lucchetti L, Kushnir K, Reshetnyak V, et al. Light-induced 
electric field generated by photovoltaic substrates investi
gated through liquid crystal reorientation. Opt Mater. 
2017;73:64–69.

[28] Habibpourmoghadam A, Lucchetti L, Evans DR, et al. 
Laser-induced erasable patterns in a N* liquid crystal 
on an iron doped lithium niobate surface. Opt Express. 
2017;25(21):26148–26159. DOI:10.1364/OE.25.026148

[29] Habibpourmoghadam A, Jiao L, Reshetnyak V, et al. 
Optical manipulation and defect creation in a liquid crystal 
on a photoresponsive surface. Phys Rev E. 2017;96 
(2):022701-1–9. DOI:10.1103/PhysRevE.96.022701

[30] Lucchetti L, Reshetnyak V. Hybrid photosensitive struc
tures based on nematic liquid crystals and lithium niobate 
substrates. Opt Data Process Storage. 2018;4(1):14–21.

[31] Schafforz SL, Yang Y, Lorenz A. Defect formation in N* 
LCs via photovoltaic fields: impact of surface treatment. 
Liq Cryst. 2019;46(13–14):2013–2022.

[32] Bonfadini S, Ciciulla F, Criante L, et al. Optofluidic 
platform using liquid crystals in lithium niobate 
microchannel. Sci Rep. 2019;9(1):1062-1–9. DOI:10. 
1038/s41598-018-37351-7.

[33] Habibpourmoghadam A. Theoretical prediction of 
umbilics creation in nematic liquid crystals with posi
tive dielectric anisotropy. ACS Omega. 2019;4 
(25):21459–21468.

[34] Schafforz SL, Nordendorf G, Nava G, et al. Formation 
of relocatable umbilical defects in a liquid crystal with 
positive dielectric anisotropy induced via photovoltaic 
fields. J Mol Liq. 2020;307:112963-1–8. DOI:10.1016/j. 
molliq.2020.112963

[35] Ciciulla F, Zaltron A, Zamboni R, et al. Optofluidic 
platform based on liquid crystals in X-Cut lithium 

niobate: thresholdless all-optical response. Crystals. 
2021;11(8):908-1–11. DOI:10.3390/cryst11080908

[36] Bharath SC, Pimputkar KR, Pronschinske AM, et al. 
Liquid crystal deposition on poled, single crystalline 
lithium niobate. Appl Surf Sci. 2008;254(7):2048–2053. 
DOI:10.1016/j.apsusc.2007.08.040

[37] Merola F, Grilli S, Coppola S, et al. Reversible fragmen
tation and self-assembling of nematic liquid crystal 
droplets on functionalized pyroelectric substrates. Adv 
Funct Mater. 2012;22(15):3267–3272. DOI:10.1002/ 
adfm.201200323

[38] Merola F, Grilli S, Coppola S, et al. Manipulating liquid 
crystals by pyroelectric effect. Mol Cryst Liq Cryst. 
2013;572(1):66–71. DOI:10.1080/15421406.2012.763212

[39] Gennes P, Prost J. The physics of liquid crystals. 2nd ed. 
Oxford: Clarendon Press; 1993.

[40] Nishikawa H, Shiroshita K, Higuchi H, et al. A fluid 
liquid-crystal material with highly polar order. Adv Mater. 
2017;29(43):1702354-1–8. DOI:10.1002/adma.201702354

[41] Mandle RJ, Cowling SJ, Goodby JW. Rational design of 
rod-like liquid crystals exhibiting two nematic phases. 
Chem Eur J. 2017;23(58):14554–14562.

[42] Mandle RJ, Cowling SJ, Goodby JW. A nematic to nematic 
transformation exhibited by a rod-like liquid crystal. Phys 
Chem Chem Phys. 2017;19(18):11429–11435.

[43] Mertelj A, Cmok L, Sebastián N, et al. Splay Nematic 
Phase. Phys Rev X [Internet]. 2018 [cited 2022 Nov 
21];8(4):041025. DOI:10.1103/PhysRevX.8.041025

[44] Sebastián N, Cmok L, Mandle RJ, et al. Ferroelectric- 
ferroelastic phase transition in a nematic liquid crystal. 
Phys Rev Lett. 2020;124(3):037801-1–6. DOI:10.1103/ 
PhysRevLett.124.037801.

[45] Chen X, Korblova E, Dong D, et al. First principles experi
mental demonstration of ferroelectricity in a thermotropic 
nematic liquid crystal: polar domains and striking 
electro-optics. Proc Natl Acad Sci U S A. 2020;117 
(25):14021–14031. DOI:10.1073/pnas.2002290117

[46] Sebastián N, Mertelj A, Čopič M. Ferroelectric nematic 
liquid crystalline phases. Phys Rev E. 2022;106(2): 
021001-1–27. DOI:10.1103/PhysRevE.106.021001.

[47] Máthé MT, Buka Á, Jákli A, et al. Ferroelectric nematic 
liquid crystal thermomotor. Phys Rev E. 2022;105 
(5):052701-1–6. DOI:10.1103/PhysRevE.105.L052701.

[48] Ballman AA. Growth of piezoelectric and ferroelectric 
materials by the czochralski technique. J Am Ceram 
Soc. 1965;48(2):112–113.

[49] Andelman D, Rosensweig RE. The phenomenology of 
modulated phases: from magnetic solids and fluids to 
organic films and polymers. Tsori Y, Steiner U, editors. 
Danvers: World Scientific; 2009.

[50] Deb R, Sarma B, Dalal A. Magnetowetting dynamics of 
sessile ferrofluid droplets: a review. Soft Matter. 2022;18 
(12):2287–2324.

[51] Barboza R, Marni S, Ciciulla F, et al. Explosive electrostatic 
instability of ferroelectric liquid droplets on ferroelectric 
solid surfaces. Proc Natl Acad Sci, USA. 2022;119 
(32):2207858119-1–7. DOI:10.1073/pnas.2207858119

[52] Muñoz-Martínez JF, Alcázar Á, Carrascosa M. Time 
evolution of photovoltaic fields generated by arbitrary 
light patterns in z-cut LiNbO3:fe: application to optoe
lectronic nanoparticle manipulation. Opt Express. 
2020;28(12):18085–18102.

LIQUID CRYSTALS 7

https://doi.org/10.1103/PhysRevApplied.14.024046
https://doi.org/10.3390/mi13020316
https://doi.org/10.3390/cryst8020065
https://doi.org/10.1364/OL.31.000993
https://doi.org/10.1080/15421400600651757
https://doi.org/10.1364/OL.41.000333
https://doi.org/10.2971/jeos.2016.16007
https://doi.org/10.1364/OE.25.026148
https://doi.org/10.1103/PhysRevE.96.022701
https://doi.org/10.1038/s41598-018-37351-7
https://doi.org/10.1038/s41598-018-37351-7
https://doi.org/10.1016/j.molliq.2020.112963
https://doi.org/10.1016/j.molliq.2020.112963
https://doi.org/10.3390/cryst11080908
https://doi.org/10.1016/j.apsusc.2007.08.040
https://doi.org/10.1002/adfm.201200323
https://doi.org/10.1002/adfm.201200323
https://doi.org/10.1080/15421406.2012.763212
https://doi.org/10.1002/adma.201702354
https://doi.org/10.1103/PhysRevX.8.041025
https://doi.org/10.1103/PhysRevLett.124.037801
https://doi.org/10.1103/PhysRevLett.124.037801
https://doi.org/10.1073/pnas.2002290117
https://doi.org/10.1103/PhysRevE.106.021001
https://doi.org/10.1103/PhysRevE.105.L052701
https://doi.org/10.1073/pnas.2207858119


[53] Collins RT, Sambath K, Harris MT, et al. Universal 
scaling laws for the disintegration of electrified drops. 
Proc Natl Acad Sci, USA. 2013;110(13):4905–4910. 
DOI:10.1073/pnas.1213708110

[54] Nolan JJ. The breaking of water-drops by electric fields. 
Proc R Ir Acad Sect A. 1926;37:28–39.

[55] Macky WA. Some investigations on the deformation 
and breaking of water drops in strong electric fields. 
Proc R Soc Lond A. 1931;133:565–587.

[56] Taylor GI. Disintegration of water drops in an electric 
field. Proc R Soc Lond A. 1964;280:383–397.

[57] Collins RT, Jones JJ, Harris MT, et al. 
Electrohydrodynamic tip streaming and emission of 
charged drops from liquid cones. Nat Phys. 2008;4 
(2):149–154. DOI:10.1038/nphys807

[58] Máthé MT, Farkas B, Péter L, et al. Electric 
field-induced interfacial instability in a ferroelectric 
nematic liquid crystal [Internet]. 2022. Available from: 
https://arxiv.org/abs/2210.14329 

[59] Drevensek-Olenik I. DIO on LN:Fe. Figshare media; 
2022. Available from: https://figshare.com/articles/ 
media/DIO_on_LN_Fe/21070744

8 L. CMOK ET AL.

https://doi.org/10.1073/pnas.1213708110
https://doi.org/10.1038/nphys807
https://arxiv.org/abs/2210.14329
https://figshare.com/articles/media/DIO_on_LN_Fe/21070744
https://figshare.com/articles/media/DIO_on_LN_Fe/21070744

	Abstract
	Introduction
	Experimental
	Results and discussion
	Effects of pyroelectric field
	Effects of photovoltaic field

	Conclusions
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Additional information
	References

