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Ferroelectric nematic liquid crystals exhibit unique non-linear optical properties, with the potential 
to become transformative materials for photonic applications. A promising direction relies on the 

fabrication of tailored polar orientational patterns via photoalignment, thus shaping the non-linear 
optical susceptibility through thin slabs of the ferroelectric fluid. Here, we explore the fabrication of 2D 

periodic SHG active arrays in ferroelectric nematic fluids, for different materials, cell thicknesses and 

motifs. Based on polarizing optical microscopy observations in combination with optical simulations, 
second harmonic generation microscopy and interferometry, the 3D structure of the motifs is revealed. 
Two different 2D periodic patterns are explored, showing that the balance between flexoelectric and 

electrostatic energy can lead to different domain structures, an effect which is rooted in the difference 

between the flexoelectric properties of the materials. It is shown that by combining the surface-inscribed 

alignment with different spontaneous degrees of twist, 2D SHG active arrays can be obtained in the 

micrometre scale, in which adjacent areas exhibit maximum SHG signals at opposite angles. 

 

 

 

 

 

1 Introduction 

The widespread implementation of nematic liquid crystals in
optical devices results from a combination of their large optical
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anisotropy, fast reorientation under the application of small
electric fields and the possibility of orientational control via
confinement boundary conditions. The standard nematic phase is
uniaxial and non-polar, i.e. centrosymmetric, and thus non-linear
optical properties such as second harmonic generation (SHG) are
only observed by breaking the inversion symmetry, for example
by electric poling (electric field-induced SHG, i.e. EFISHG) [ 1–3 ]
or by the flexoelectric effect through spatial deformations [ 4 ]. It
nse ( http://creativecommons.org/licenses/by-nc/4.0/ ) https://doi.org/10.1016/j.giant.2024.100315 
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hould be highlighted here, that in either case, SHG signals are
ery weak. 

The discovery of a polar version of the nematic phase, in
hich molecules exhibit ferroelectric ordering [ 5–9 ], has been
ccompanied by a range of studies showing their potential for
on-linear optical (NLO) devices. Large NLO coefficients have 
een reported [ 10 , 11 ] with the same order of magnitude as
lassical solid materials such as β-Barium borate (BBO). This 
nables a wide range of Second Harmonic Generation (SHG) 
icroscopy studies, including the polar ordering and topology 

uring nucleation of NF droplets at the direct isotropic to 

erroelectric phase transition [ 12 , 13 ]. 
The localized tunability of the SHG signal by application of

mall fields was demonstrated forin-plane switching liquid crystal 
ells [ 14 ]. More recently, FNLCs have been demonstrated to be
n efficient electric-field tunable broadband source of entangled 

hotons based on spontaneous parametric down-conversion [ 15 ]. 
n the case of the cholesteric NF counterpart [ 16–19 ] (N∗

F ), it has
een shown that phase-matched SHG can be generated in the
hotonic bandgap [ 20 , 21 ]. 

The spontaneous polarization of FNLCs highly impacts their 
ehaviour under confinement conditions, as in addition to 

he orientational coupling at the surfaces, polar effects are 
lso present. In standard polyimide rubbed surfaces, it has 
een shown that, for materials such as RM734 and FNLC-919,
olarization orients opposite to the rubbing direction [ 22 , 23 ].
hus, antiparallel rubbed cells commonly used for homogeneous 
lignment in non-polar nematics, result in π -twisted structures 
cross the cell thickness [ 24 ]. Interestingly, escape into twisted
tructures of both handedness has been reported also for 
nconstrained surfaces, suggesting that, to minimize electrostatic 
nergy, the equilibrium state in thin layers is twisted [ 25 ]. 

We recently explored the alignment of FNLCs in patterned 

hotoaligned cells, showing that flexoelectric coupling between 

play deformation and polarization can be used to control the
olarization direction [ 26 ]. From the designed periodic splay
atterns, regions of alternating polarization direction were created 

n regions of opposite splay. Interestingly, at the edges of
he patterned splay structures, where splay changed sign, the 
ppearance of SHG inactive disclination lines separating the 
pposite polarization domains was described. In contrast to the 
on-polar high-temperature nematic phase in which the surface 

nscribed splay pattern was maintained across the cell thickness, it
as shown that in the polar phase, the depolarization field created
y bound charges −∇ · P caused the escape towards a uniform
rientation in the middle of the cell, i.e. the “unsplay” of the
tructure [ 26 ]. 

The combination of NLO properties and the enabled 

ossibility of designing custom polarization structures via 
atterned photoalignment is highly interesting for creating 
LO active arrays, spatially modulating the NLO properties. In 

his contribution, we explore the fabrication of 2D SHG active
rrays by photopatterning of pure 2D splay modulated structures 
nd 2D splay-bend structures. For that purpose, we study such
tructures by combining polarizing optical microscopy, SHG 

icroscopy and SHG interferometry experimental investigations 
ith simulations of spectral transmission and second-harmonic 
 

eneration (SHG) for thin birefringent media. Three different 
aterials are employed: the archetypical DIO and RM734, in 

omparison with the 1D splay structures already reported for 
hem [ 26 ] and FNLC-1571, a room-temperature ferroelectric 
ematic material. 

 Material and methods 
.1 Materials 
hree different liquid crystalline materials have been employed: 
IO [ 5 ], RM734 [ 7 , 27 ] and FNLC-1571. The latter was provided by
erck Electronics KGaA and exhibits three distinct thermotropic 

C phases, with the ferroelectric nematic phase stable at room 

emperature: Isotropic- 88 

◦C – Nematic (N) - 62 

◦C – modulated 

ntiferroelectric nematic - 48 

◦C – ferroelectric nematic phase (NF ) 
 8 

◦C – crystal. 
DIO material trans(2,3′ ,4′ ,5′ -tetrafluoro-[1,1′ -biphenyl]−4- 

l 2,6-difluoro-4-(5-propyl-1,3-dioxan-2-yl)benzoate) has been 

ynthesized according to the description given in reference 
 28 ]. On cooling, DIO exhibits the NF phase in the temperature
nterval 68.9 

◦C −60 

◦C on which we focused our investigations. 
inally, RM734 (4-((4-nitrophenoxy) carbonyl)phenyl-2,4- 
imethoxybenzoate) was synthesized according to reference 
 27 ]. Investigations of RM734 were performed in the NF phase
ccessible on cooling in the temperature range 132.7 

◦C −90 

◦C .
oth materials have been extensively investigated [ 8 , 9 , 24 , 29 , 30 ]. 

.2 Photopatterned cell preparation 

iquid crystal cells were built by assembling two glass substrates 
oated with indium tin oxide (ITO) and a layer of the photo-
lignment material Brilliant Yellow separated by glass spacers 
f different μm -size diameters. The assembled thickness of the 
ells employed in this study was measured to be in the interval
.8–10.1 μm . The liquid crystal orientation at the substrate 
urface was defined through patterned photoalignment, which 

rovided anisotropic nonpolar in-plane alignment without pretilt. 
 detailed description of the photopatterning process can be 

ound in references [ 26 , 31 ]. Each cell (2 × 2 cm2 ) was illuminated
n multiple areas producing an array of different photopatterned 

esigns with dimension 1.3 × 0.73 mm2 . In between the patterns, 
he photo-alignment material was not illuminated, and thus the 
tudied patterns are separated by regions with random planar 
lignment. 

.3 Polarizing optical microscopy and Berreman calculus 
OM experiments were performed in either a Nikon Eclipse or an
ptiphot-2 POL Nikon microscope. Images were recorded with 

 Canon EOS M200 camera. The sample was held in a heating
tage (Instec HCS412W) together with a temperature controller 
mK2000, Instec). 

To calculate transmission spectra and colour rendering images 
e used the diffractive transfer matrix method “dtmm” open 

oftware package [ 32 ], which uses the Berreman 4 × 4 matrix
ethod. A detailed description of its implementation for the 

alculation of transmission spectra is given in the references 
 14 , 26 ] and in the online manual available at GitHub [ 32 ]. 

For SHG computation, we developed an iterative algorithm 

ased on the technique presented in [ 33 ], where the authors
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use a modified Berreman calculus to compute the fundamental
and the SHG waves assuming weak depletion of the fundamental
beam. In short, we use the Berreman calculus to compute and
obtain the electromagnetic field of the fundamental wave as it
propagates through the sample. We calculate the gain coefficients
for the SHG wave from the obtained fundamental beam at each
layer of the optical stack and propagate the generated SHG
wave through the stack. Compared to the technique in [ 33 ], our
method works with weak and large depletion and has a more
straightforward implementation. Details of the technique can be
found in reference [ 34 ]. SHG simulations were performed for
RM734 patterns taking into account the dispersion of the indexes
of refraction n2 ω − nω depicted in Fig. SI.1, determined as described
in Supplementary Note I via the wedge-cell method. Nonlinear
susceptibility coefficients d33 = 5.6 pmV-1 and d31 = 0.05d33 are
considered [ 10 ]. 

2.4 Second Harmonic Generation Microscopy 
Second Harmonic Generation microscopy (SHG-M) and
interferometry (SHG-I) were performed using a custom-built
sample-scanning microscope with an Erbium-doped fibre laser
(C-Fibre A 780, MenloSystems, 785 nm, 95 fs pulses at a 100 MHz
repetition rate) as the laser source. In order to avoid sample
degradation, the average power was adjusted to 30 mW using
an ND filter. A detailed description of the setup is available
Fig. 1 

2D pure splay patterns in DIO and RM734 in 3 μm cells. a) Photopatterned design inscr
°C under crossed polarizers. c) POM image of the full patterned area for RM734 at 124
alignment at 45 ° from the vertical direction. Top arrows in the pattern indicate the
Zoom-in images of the blue-framed regions in b and c. POM images are compared w
bicoloured behaviour, at extinction position and upon rotation of 20 ° clockwise an
respectively. Double headed arrows indicate the direction of crossed polarizers. Dtm
for RM734, where no is taken to be 1.52. 
in reference [ 26 ]. The setup allows for the insertion of a BBO
reference crystal before the sample followed by a Michelson
interferometer for time compensation between the reference
and the fundamental pulse. Additionally, the phase of the
reference can be adjusted by fine rotation of a glass plate
mounted on a motorized rotator to perform interferometric
SHG imaging (SHG-I). The final SHG-M and SHG-I images are
acquired with a high-performance CMOS camera (Grasshopper 3,
Teledyne Flir) with a typical integration time of 250 ms, varying
dimensions in pixels with a resolution of 0.285 μm/pixel. SHG-
I interferograms of the areas of interest are then calculated by
computing the mean intensity and the standard error of the mean
intensity. 

3 Results and discussion 

3.1 Pattern A: splay 2D pattern in thin cells 
We first explore 2D patterns as those depicted in Fig. 1 , in
which in x-direction anchoring in both cell surfaces is shaped as
ns = (nx , ny ) = (sin (ϑsur f ) , cos (ϑsur f ) ) , ϑsur f = ϑ0 sin (2 πx/P ) , with
ϑ0 = 40 ° and the period P = 2 π/ k = 40 μm. In the y-direction
the modulation phase is shifted by π every 40 μm. Such a pattern
implies a maximum splay curvature kϑ0 of 0.1 μm-1 equivalent
to that studied previously for 1D patterns [ 26 ]. Cells of different
thicknesses (targeted d = 3, 5 and 8 μm) were prepared. At
this stage, we explored the behaviour of DIO and RM734 in
ibed in both cells’surfaces. b) POM image of the full patterned area for DIO at 67 
 °C under crossed polarizers. Patterns are surrounded by a frame with uniform 

 x-positions at which alignment corresponds with vertical direction. d,e,f&g) 
ith dtmm transmission spectra simulations in regions with monocolored and 

d anticlockwise and considering structures with ξ= 0.2 and ϑcenter 0 and 30 °
m simulations were performed considering �n = 0.19 for DIO and �n = 0.25 

3 
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 μm cells. The quality of the alignment was first checked in the
igh temperature non-polar nematic (N) phase, showing good 

lignment across the whole area of the design. The modulation
hift across the y-direction, results in the tessellation of surface
ine defects at discrete y-positions as shown in Fig. SI.2. 

On cooling towards the NF phase, both materials show very 
ifferent behaviour. Similarly, as reported for the 1D patterns, 
pon transition from the modulated antiferroelectric phase into 

he NF phase, DIO initially shows the homogenization of the 
bserved stripped texture in the intermediate antiferroelectric 
hase together with the appearance of defect lines parallel to the
ositions at which splay changes sign (lines running along y-
irection) (Fig. SI.3). It should be recalled here, that in 1D patterns
olarization was demonstrated to change sign across such defect 

ines[26]. Noteworthy, defect lines also appear at an angle in many
egions of the pattern, following the diagonal of the 2D design and
eavily influenced by the surrounding frame’s uniform direction. 

nterestingly, no new defect lines are observed running along x-
irection in the positions at which the phase shift occurs. Such
exture remains stable for around 4 ° below the transition, before
n additional macrostructural relaxation takes place propagating 
long the defect lines, characterized by the increase of the length
cale of the director distortion around them. The underlying 
tructure is preserved, as evidenced by textures (Fig. SI.3.b) . On
he other hand, the texture in the direct N–NF transition of RM734
apidly homogenizes and although initially some faint defect lines
an be distinguished (Fig. SI.4), they rapidly shrink and move out
f the pattern, only remaining at a few locations near the edges of
he area (Fig. SI.4). 

Fig. 1. a-b shows the full patterned area for DIO (before
tructural relaxation) and RM734 in the NF phase. In both 

ases two differentiated behaviours can be observed, showing 
onocolored or bicoloured optical behaviour under crossed 

olarizers (framed areas in Fig. 1. b-c). Qualitatively the director
tructure throughout the pattern and the cell thickness can 

e established by comparing POM observations and dtmm 

imulations. Let us first focus on the areas with monocolored
ehaviour ( Fig. 1 d & f), the fact that upon sample rotation, not
nly the intensity but also the spectral characteristics change 
cross the pattern indicates that the prescribed alignment is not
aintained in the z-direction (along the cell thickness). That is,

quivalently to the simpler 1D patterns, while at the surfaces
he director follows the photopatterned anchoring direction, and 

wists towards the cell centre in order to reduce the splay as
(z ) = ϑsur f e(2 z2 /d2 −1 / 2 ) /ξ with ξ = 0 . 2 . This “unsplay” minimizes
ulk bound charges due to −∇ · P and as inferred from POM
bservations, it is common for both materials. In those regions
ith checkerboard colour pattern at the extinction position 

 Fig. 1 e & g), the transmitted spectra are well reproduced,
onsidering that in addition to the described “unsplay” the 
irector twists so as in the middle of the cell the director is at
n angle ϑcenter of around 30 ° (corresponding to the diagonal 
irection for the half period in the x-direction and full period in
he y-direction) according to: 

ϑ ( z) = ϑsur f e
(

2 z2 

d2 − 1 
2 

)
/ξ + ϑcenter 

(
1 − e

(
2 z2 

d2 − 1 
2 

)
/ξ

)
. (1) 
 

The final equilibrium structure is the result of a fine interplay
etween elastic, flexoelectric and electrostatic energies. In the 
resent context, domain walls can be defined as a defect line/wall
eparating domains of differently orientated polarization. Such 

alls can be as simple as for example Neel’s walls [ 28 ] or can
onsist of one or more disclination lines, as observed in DIO before
he structural relaxation. If we consider the director structure 
educed for DIO, where periodic defect lines appear, the “unsplay”
cross the cell thickness, not only reduces bulk bound charges but
lso reduces the surface charge associated with the polarization 

hange at the walls with surface charge density σP = (P2 − P1 ) · m ,
here P1,2 are the polarizations of the adjacent domains and 

 is the normal to the wall pointing into the domain with P1 

 Fig. 2 a). However, by the same argument, and provided that
exoelectric coupling would be enough in this motif to promote 
 2D patterning of P , the structure would need to be able to
quilibrate a large number of 180 ° strongly charged domain walls 
eriodically in y-direction ( Fig. 2 a). Such walls are not observed,

ndicating that the energy cost of adapting to unfavourable splay 
s smaller than the energy cost of the strongly charged walls. This is
ubsequently demonstrated by SHG interferometry measurements 
hown in Fig. 2 b & c. The interferogram for DIO shows that
djacent opposite splay signs in the x-direction have opposite 
irections of P , while the P direction is maintained in the y-
irection. 

Interestingly, the fast migration outside the pattern of defect 
ines at the transition in the case of RM734, as opposed to the
ehaviour in 1D splay design (Fig. SI.5), indicates that for this
aterial a large monodomain is obtained, where the polarization 

dapts to the unfavourable splay in order to prevent the larger
nergy cost of forming domain walls. The flexoelectric term can 

e included in the free energy as 1 
2 K1 |S − S0 | 2 where S0 = γP ·

K1 , γ is the bare splay flexoelectric coefficient, K1 is the splay 
lastic constant and n · S0 is the ideal splay curvature, which 

ould minimize the splay elastic energy. It was shown that 
atterning through flexoelectric coupling was possible for lower 
play curvatures in the case of RM734 as compared with DIO [ 26 ],
ndicating a smaller ideal splay curvature in the case of the former.
hus, for comparable K1 values, the energy cost of adapting 
o unfavourable splay should be lower in the case of RM734
han in the case of DIO, in agreement with the observations
athered in Fig. 2 . The structural difference between the areas with
ifferent in-plane angles ϑcenter can be attributed to the combined 

ffect of localized asymmetries in the inscribed pattern and the 
inimization of electrostatic energy. Unsplaying towards an in- 

lane angle along the pattern diagonal causes areas of the same
play sign to connect, allowing to escape the need to adapt to
nfavourable splay. 

If we focus on the RM734 pattern, the recorded SHG intensity
ependence on the incoming pump laser polarization shows 
hat despite the patterned structure, the maximum intensity is 
btained across the motif for incoming polarization along the 
-direction, i.e. along the average director direction ( Fig. 2. d-f). 
he effect of the patterned splay structure is only detected by
he slightly larger intensity obtained in those lines in which the
irector is uniform across the thickness, as opposed to the regions
here ϑsur f deviates from y-direction. The situation differs in 
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Fig. 2 

Second Harmonic Generation Microscopy and Interferometry in pattern A of DIO and RM734 for thin cells, i.e. 3 μm cells. a) Schematics of the different possible 
weakly (purple lines) and strongly charged domain walls (orange lines), showing the orientation in the surfaces and in the middle of the cell for both, areas 
with ϑcenter = 0 and ϑcenter � = 0 . Maroon arrows indicate an unfavourable splay/polarization combination. b) SHG interferometry image and c) corresponding 
interferogram for the considered 2D pattern for DIO. The white arrow indicates the direction of the analyser. Data in (c) corresponds to the highlighted areas in (b), 
where solid lines are fits according to Supplementary Eq. 3. d&e) Analysis of the maximum SHG intensity and corresponding direction of the pump polarization of 
pattern A for RM734 (90 ° correspond to vertical direction) together with the corresponding f ) SHG microscopy images, where red arrows indicate incoming pump 
polarization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the case of DIO. First, the reported d33 value for DIO (0.24pm
V−1 ) [ 11 ] is an order of magnitude lower than that for RM734
(5.6pm V−1 ) [ 10 ], leading to an overall lower intensity. Second,
while for RM734 the d33 coefficient is predominant, for DIO
the d15 coefficient also contributes notably to the signal [ 26 ].
Although the pattern exhibits a certain degree of dependence
on the incoming pump polarization at which different areas
have their maximum SHG signal, the overall lower signal reduces
the contrast (Fig. SI.6), making them not so promising for high
performance in applications. 

3.2 Pattern A: splay 2D pattern in thicker cells 
We additionally investigated the effect of cell thickness in the
final director structure across d. For d = 5.4 μm cell DIO adopts
the same 2D unsplay structure as can be deduced from the
comparison of POM observations and dtmm simulations (Fig.
S.7), and thus we will just focus on RM734. Fig. 3 a & b depict
the full motif as observed between crossed polarizers and with
a full wave plate inserted for RM734 in 8.1 μm and 10.1 μm
thick cells. In both cases, two regions spanning through a large
area of the full design with different optical behaviour can be
clearly distinguished, indicating the presence of twisted structures
with opposite handedness. Fig. 3 c & b show a zoom-in around
the domain boundaries. For both thicknesses crossed-polarizers
optical observations can be well reproduced considering a π -
twist across d in addition to the surface inscribed pattern, i.e.
ϑ (z ) = ϑsur f ± πz/d ( Fig. 3 e & f), where the difference between
both regions arises from the twist handedness. It should be noted
that, as shown by simulations, POM images in these twisted
structures hinder obtaining information about the degree of
unsplay across the thickness, as structures considering from ξ = 10
to ξ = 0 . 2 result in similar transmission patterns compatible with
the observations (Fig. SI.8). The simulations confined in Fig. 3 c
& d were done considering ξ = 1 . However, the overall twisted
structure reduces electrostatic energy, compensating for the
depolarization field and the increased elastic energy, as originally
proposed by Khachaturyan who considered the electrostatic self-
energy of P , indicating that a ferroelectric fluid is unstable against
twist perpendicular to P [ 9 , 35 ]. 

The SHG-M observations show that through such a
combination of surface 2D splay anchoring direction and
the helicoidal twist we can produce 2D SHG active patterned
5 
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Fig. 3 

RM734 in pattern A for cells with thickness 8.1 and 10.1 μm. a&b) Overview of the complete patterned area between crossed polarizers and with the lambda plate for 
the 8.1 and 10.1 μm cells, respectively. c) Comparison for three geometries of the POM observations and dtmm simulations considering a π -twisted structure across 
the wall dividing two domains of opposite handedness for the 8.1 μm cell. d) Comparison for three geometries of the POM observations and dtmm simulations 
considering a π -twisted structure across the wall dividing two domains of opposite handedness for the 10.1 μm cell. In both cases ξ = 1 is considered. e) 3D sketch 
of the director structure used in dtmm simulations including one handedness twist, where colors denote regions with opposite surface splay .f ) In-plane ϑ angle 
along x-direction at different levels through the cell thickness (top) and along the cell thickness at different x positions (bottom) for ξ = 0 . 5 corresponding to the 
3D structure depicted in (e) . 
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rrays, in which adjacent domains exhibit maximum generated 

HG signal for incoming pump polarizations at different angles. 
esults are summarized in Fig. 4 for both thicknesses and, in
ddition to the pattern with ϑ0 = 40 ° and P = 2 π/ k = 40 μm
A40P40), for a pattern in which ϑ0 = 60 ° and P = 2 π/ k = 60 μm
A60P60). The analysis of the angle dependence of the intensity
hroughout the pattern shows that the maximum intensity is 
btained at 40 and 120 ° (where 90 ° correspond to the vertical
irection in the images) for the A40P40 patterns ( Fig. 4 a-b & d-e),
ith only a slight difference depending on the cell thickness,
hile for A60P60 the angles correspond to 20 and 140 ° ( Fig. 4. g &
). Such features are well reproduced in SHG simulations ( Fig. 4 c,
 & i) considering the same structure used in Fig. 3 for POM. A
light asymmetry can also be observed in the intensity profile
hrough the motif. This observation is interesting as, in order
o reproduce it in simulations, a certain degree of unsplay is
equired close to the surface so as the twist profile slightly varies
hroughout the pattern. Patterns considering a perfect linear twist 
hroughout the motif (i.e. ξ = 10 ) do not reproduce the intensity
symmetries. It is important to note here that simulations for
hese twisted structures showed little dependence on the value of

31 , which was varied in the range from 0 to 0.1 d33 . 
Inspired by these results, we investigated the effect of sample

hickness on the expected SHG signal and angle for the maximum
ignal for the considered π twisted structure and for a structure

ith 2 π linear twist across the cell. Results for the A40P40 

 

nd A60P60 patterns are given in Fig. SI.9. The maximum SHG
ntensity at each of the complementary areas of the patterns 
ollows a periodic dependence for both π and 2 π twisted 

tructures, with the maximum and minimum positions being 
hifted by half a period between both twists. In the thickness
egions in which the signal is near the maximum, little variations
re observed in terms of the incoming polarization angles for 
hich the maximum signal is obtained in both adjacent areas. 
round the minima however, larger deviations are obtained. 

The results confined in Fig. 4 . together with the performed
imulations show that the combination of twist and surface 
arying angles is a promising avenue for achieving 2D SHG active
rrays from polar nematic systems. 

.3 Pattern B: splay 2D including bend 

he larger NLO coefficients of RM734 make it a more attractive
andidate than DIO to explore SHG patterns. However, the high 

perating temperature impedes its direct implementation for 
uture applications. Thus, this second pattern design was tested 

nd compared for two materials, RM734 and FNLC-1571, as the 
atter exhibits NF at room temperature. In addition, for both 

aterials the main component of the second-order dielectric 
usceptibility tensor is d33 (Fig. SI.12), with comparable values. 

We first investigated the behaviour of FNLC-1571 in 1D splay 
atterns comparable to those already explored for DIO and RM734 

 26 ]. Equivalently to what was reported in our previous work,



Giant, 19, 2024, 100315 

Fu
ll-

le
ng

th
 
ar

ti
cl

e 

Fig. 4 

SHG-M and simulations for RM734 in pattern A in 8.1 and 10.1 μm thick cells. a) SHG-M images for the A40P40 pattern at different incoming pump polarization 
directions for 8.1 μm cells. b) Analysis of the maximum SHG intensity and corresponding direction of the pump polarization (90 ° correspond to vertical direction). 
c) SHG simulated images for the A4040 pattern at different polarizations of the pump beam and corresponding analysis showing the angle at which maximum 

intensity is obtained. d-f ) Equivalent experimental results and simulations as those depicted in a-c, for the same structure in a 10.1 μm cell. Panel (e) includes 
the intensity profile of the 2D pattern for incoming polarization at 120 ° through the cuts indicated in d by matching dashed lines. Same analysis is included for 
simulations in panel f. g-i) Equivalent experimental results and simulations as those depicted in a-c, for the A60P60 pattern in a 10.1 μm cell. Double headed arrows 
denote the direction of the incoming polarization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1D motifs result in domains of alternating polarization divided
by domain walls placed in those positions in the pattern where
splay changes sign. (Fig. SI.10) Investigation of the effect of splay
curvature on the patterning success reveals a behaviour closer to
that of DIO, indicating that due to the FNLC-1571 characteristics
(i.e. flexoelectric coefficients and spontaneous polarization value),
the ideal splay curvature is, in this case, larger than in the case of
RM734 (Fig. SI.11). 
With this basic characterization, we then explored 2D patterns
as those depicted in Fig. 5 . In this case, sinusoidal modulation
was additionally added in y-direction in order to obtain smooth
variation in both directions of the splay sign, i.e. ϑsur f =
A sin [2 πx/ P]∗sin [2 πy/ P ] , with A = 45◦ and P either 40 or 60
μm ( Fig. 5. a). Such modulation additionally introduces bend
deformation in the structure. Periodicities of 40 and 60 μm
with a maximum angle of 45 ° were explored. Due to the layout
7 
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Fig. 5 

Pattern B. a) Sketch of the photopatterned design inscribed in both cellś surfaces. b&c) POM images at different conditions (cross polarizers, cross polarizers in 
combination with a full-wave plate, analyser uncrossed 20 ° clock- and anti-clockwise) are compared with dtmm transmission spectra simulations for RM734 (b) 
at 120 °C and FNLC-1571 (c) at room temperature. d) SHG-M images for RM734 recorded for different pump polarizations, indicated by the double headed arrow. 
e) SHG-M images for FNLC-1571 recorded for different pump polarizations. f ) Analysis of the angle of incoming polarization for which maximum SHG signal is 
obtained (left) and the corresponding maximum intensity. Analysis is done pixel by pixel. g) Equivalent analysis as for (f ) but for experiments performed using an 
analyser along the main direction of the pattern, i.e. horizontal. 
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8

f the photopatterned cells, for each material, two equivalent
atterns were investigated. Interestingly, two kinds of behaviour 
re observed. While one of the patterns is practically defect-free,
he other shows a scramble of domain walls running along y-
irection, undulating according to the pattern’s bend (Fig. SI.13). 
uch opposed behaviour speaks for the instability of the structure
or this design, in which details of small thickness gradients,
nhomogeneities and surrounding unpatterned areas can tilt the 
cales towards one or another structure. Here we analyse some
etails of the defect-free pattern. 

In the case of FNLC-1571, the patterns throughout the area
ostly show monocolor behaviour under crossed polarizers, with 

ariations only observed close to the edges of the pattern (Fig.
I.14). POM observations under different geometries are well 
eproduced by dtmm simulations considering again a structure 
hat twists across the cell thickness in order to achieve a uniform
irector orientation ( Fig. 5. c and Fig. SI.14). This “unsplay” is
gain well reproduced by ξ = 0 . 2 and ϑcenter = 0◦. The slight colour
ariations between adjacent areas observed in the case of RM734
etween crossed polarizers can be reproduced considering a small
eviation in the middle of the cell ϑcenter = 5◦ ( Fig. 5. b) while for
 

uch areas in FNLC-1571 ϑcenter is found to be closer to 15◦. With
his in mind, for SHG experiments in FNLC-1571 we will focus on
he centre of the motif where uniform behaviour is observed, i.e.

center = 0◦. 
SHG microscopy images for both materials in pattern B 

re shown in Fig. 5 ( Fig. 5. d for RM734 and Fig. 5. e for
NLC-1571) for different incoming pump polarization directions. 
ig. 5. f & g. shows the analysis of the maximum SHG recorded
ignal throughout the pattern together with the incoming pump 

olarization direction at which such maximum intensity is 
ecorded for RM734. Although a clearly distinguishable angle 
ependence can be observed, the intensity contrast between 

djacent areas is small. Notably, the analysed area for RM734 

hows a sharp change of incoming pump polarization angle 
or maximum intensity in measurements performed without 
nalyser, while a smooth variation is observed employing 
n analyser. Such observation speaks for the importance of 
LO coefficients other than d33 for the design of SHG active 

rrays. It should be noted here that it was found that SHG
imulations for such untwisted structures are drastically sensitive 
o the combination of input dispersion, cell thickness and NLO 
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coefficient values in comparison to the twisted structures, and
thus can show misleading results in the range of d31 = d15 = 0 and
d31 = d15 = 0.1d33 . 

It is interesting to note here, that FNLC-1571 was maintained
at room temperature (NF ) for a year, after which optical and
SHG experiments were repeated for assessing the stability of
the structure. Over the course of a year, the monodomain
pattern remained stable, without decaying in multiple domains.
However, the structure throughout the whole motif relaxed into
the structure with the director pointing uniformly at around 12 °

in the centre of the cell (Fig. SI.15). Consequently, SHG signal
profile across the pattern was maintained, with just a slight shift
in the angular behaviour with respect to the original state (Fig.
SI.15c). Similar stability was found for patterns filled with DIO
(pattern A and 1D structures [ 26 ]), which were kept at 68 °C for
half a year. The higher temperature needed for RM734 prevented
such kind of study, but patterns remained unaltered during the
experiments spanning over several days, during which the sample
was kept at 120 °C. Summarizing for the pattern B in which the
motif is based on smooth modulation in both directions, which in
addition to splay deformation involves bend, a clear dependence
on the pump polarization angle with respect to the pattern is
obtained for adjacent areas. However, the inclusion of bend seems
to strongly destabilize the structure, in the way that equal patterns
can results either in large structured monodomains or in the decay
in multiple domains. 

4 Conclusions 
To conclude, we have demonstrated the pathway towards the
fabrication of tailored NLO arrays in the micrometre range, by
exploiting patterned photoalignment possibilities. The controlled
spatial modulations of SHG on a micrometre scale combined
with the possibility of tunability present an advantage of
using NF as photonic structures in comparison to the solid
NLO materials. We show that a balance between flexoelectric
and electrostatic energy minimization can be used to create a
number of structures. However, one should note that material
parameters (i.e. spontaneous polarization, ideal splay curvature)
combined with design parameters (i.e. cell thickness, periodicity
and amplitude of the splay patters) all impact the final achieved
structure. In addition, the NLO coefficients together with the
dispersion of refractive indices for the target wavelengths also
determine the final SHG operational behaviour of the motifs. 

For the two investigated patterns based on simple splay
structures, we show that in order to minimize electrostatic energy
and avoid the creation of strongly charged domain walls, the
different materials adapt to unfavourable splay in different ways.
Notably, for RM734 large monodomain patterns are obtained with
the director at the surfaces following the prescribed alignment and
rapidly twisting towards a uniform direction in the middle of the
cell. This represents an advantageous scenario when increasing
the cell thickness, as such surface structure is shown to procure the
decay of the pattern into two 180 ° twisted domains of opposite
handedness, as seen for pattern A. Such twisted structures are
shown to be highly profitable from the perspective of achieving
2D SHG active arrays showing strong contrast between adjacent
areas for opposite angles ( Fig. 4 ). Considering the importance
of the twisted structures for the final SHG patterning, a very
promising avenue is to combine such surface boundary conditions
to ferroelectric cholesteric nematics with micrometre size pitches,
discriminating one handedness by the selection of suitable chiral
dopant, which should result in large monodomain patterned
areas. It is interesting to note here that for ferroelectric cholesteric
nematics phase-matched SHG near the photonic bandgap has
been recently reported [ 20 , 21 ]. Additionally, precise control and
alignment of N∗

F is not only promising for creating photonic
structures but also for the design of N∗

F based lasers with enhanced
lasing properties and optimized tunability [ 36 , 37 ]. 

It should be noted that the design optimization will greatly
benefit from a detailed model for ferroelectric nematic materials,
allowing to input the material parameters to predict energy
minimizing structures. In combination with accurate knowledge
of materials parameters and SHG simulations, such a model would
greatly expedite the implementation of ferroelectric nematics as
key photonic materials. 
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