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Ferroelectric Fluids for Nonlinear Photonics: Evaluation of
Temperature Dependence of Second-Order Susceptibilities

Matija Lovsin,* Luka Cmok, Calum J. Gibb, Jordan Hobbs, Richard J. Mandle,
Alenka Mertelj, Irena Drevensek-Olenik, and Nerea Sebastidn*

Ferroelectric nematic fluids are promising materials for tunable nonlinear
photonics, with applications ranging from second harmonic generation to
sources of entangled photons. However, the few reported values of
second-order susceptibilities vary widely depending on the molecular
architecture. Here, we systematically measure second-order NLO
susceptibilities of five different materials that exhibit the ferroelectric nematic
phase, as well as the more recently discovered layered smectic A ferroelectric
phase. The materials investigated include archetypal molecular architectures
as well as mixtures showing room-temperature ferroelectric phases. The
measured values, which range from 0.3 to 20 pm V~', are here reasonably

Historically, commercial NLO components
have relied on solid-state crystals,!* like
lithium niobate (LN), potassium dihydro-
gen phosphate (KDP), potassium titanyl
phosphate (KTP), and barium borate (BBO),
which all exhibit good NLO properties yet
lack the tunability and flexibility of soft mat-
ter materials.

A new alternative emerged in 2017 with
the discovery of the first two ferroelec-
tric nematic liquid crystalline (FNLC) ma-
terials, RM734 and DIO.’®) These ma-

predicted by combining calculations of molecular-level hyperpolarizabilities
and a simple nematic potential, highlighting the opportunities of
modelling-assisted design for enhanced NLO ferroelectric fluids.

1. Introduction

Nonlinear optical (NLO) materials play a crucial role in a wide
range of applications, from frequency conversion to laser sys-
tems, telecommunications, and even quantum technologies.'=*!
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terials exhibit a nematic liquid crystal
phase with a macroscopic electric po-
larization: the ferroelectric nematic (Nj)
phase. Their polar order breaks the inver-
sion symmetry, enabling second-order NLO
processes, like optical second harmonic
generation (SHG), to emerge. To achieve efficient SHG, two
material properties are important: large NLO susceptibility
coefficients and the possibility to attain material orienta-
tion/configuration that leads to phase matching. The second-
order NLO susceptibility is the third-order tensor that connects
the second-order electric polarization to the electric field: P =
€, ¥? : E E. By convention, the following NLO tensor is intro-
duced: dy = % ;(ﬁk. Considering permutation symmetries, the
last 2 indices can be replaced by one, resulting in a second-order
tensor with 18 components: d;;d;. The first measurements of
the NLO coefficients report the values dy; = 5.6 pm V! for
RM7341% and d,; = 0.24 pm V! for DIO.[!] Although these
values are about one order of magnitude lower than those of tra-
ditional NLO crystals (e.g., LN: dj; = 25.7 pm V~11%)) and on
par with quartz (d;; = 0.3 pm V~1!2)), targeted molecular de-
sign focused on enhancing hyperpolarizability along the donor-
acceptor axis may possibly lead to even surpassing them. For
instance, adding chromophores to RM734 led to an increase
in the d,; up to 25 pm V~1[%] in the absorption regime. An-
other material requirement for the efficient SHG process is
the possibility to obtain phase matching between the funda-
mental and the second harmonic optical waves. In this respect,
FNLCs provide several new options. For instance, conversion
efficiency can be significantly increased by introducing chiral
dopants that induce a periodic helielectric nematic structure
and subsequently enable quasi-phase matching conditions to be
realized.1*18]

Still, the greatest advantage of FNLCs against NLO crystals
is in novel capabilities to control the material orientation and
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Figure 1. a) Sketch of the polar mesophases investigated in this work, from left to right: ferroelectric nematic phase (NF), ferroelectric smectic A phase
(SmAF) and polar heliconical smectic C phase (SmCPH) SHG. b-c) Considering the C,, symmetry of the studied phases, the number of indepen-
dent nonzero components of the NLO susceptibility tensor is 3 (ds3, dy5, and d3;) which are measured in the geometries depicted here showing the
polarization of the fundamental beam and analyzer relative to the director (green arrow) and wedge geometry for b) ds3, c) dy5 and d) ds;.

therefore its effective NLO response by various passive as well
as active methods. It has been shown that targeted surface
alignment allows control of the polarization direction(!-3]
and enables the creation of 1D and 2D SHG patterns on a
micrometer scale.'®?*] Another strategy is to actuate the FNLC
orientation using external electric fields,?5] which leads to strong
modulation of the SHG signal.

The discovery of the ferroelectric nematic phase (N, Figure 1a)
was followed by the discovery of many new polar phases,
combining both orientational and positional order. Interesting
for the NLO applications, is the polar smectic phase (SmAg,
Figure 1a),*28] in which molecules are layered with their long
axes on average perpendicular to the layers, while exhibiting fer-
roelectric ordering of the molecular dipoles (Figure 1a). More
recently, spontaneous chiral symmetry breaking in these polar
fluids was reported, giving rise to the ferroelectric twist-bent ne-
matic phase (Npgg),[2°3! and polar chiral tilted smectic phase
(SmC,H, Figure 1a).[2°) Introduction of molecular chirality, not
only transforms the N phase into its helical analogue N;*,32]
but leads to more complex structural arrangements, such as and
twist-grain boundary phases.[**]

Although the initial assessment of the SHG properties of
RM?734 and DIO has been conducted, the thorough characteri-
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zation of the nonlinear susceptibility tensor coefficients (d;) and
systematic measurements of dispersion of refractive indices are
needed before planning any NLO components. In this work, we
employ the Maker fringes method to perform the first temper-
ature dependence analysis of the d;; coefficients for several ma-
terials exhibiting a variety of polar phases. We first analyse NLO
components in the N phase of RM734 and DIO, which exhibit
on cooling the phase sequence N-N¢-Np, being N phase a mod-
ulated antiferroelectric phase, whose structure is still being dis-
cussed and also referred to as N,/M2/SmZ,.>**] We addition-
ally determine the d;; coefficients in the polar SmA and SmC,"
phases (Figure 1a) of a recently reported material, C1,%*) and
perform the comparative analysis between the pure compounds
and a binary mixture of DIO and C1 (F7), showing the N phase
down to room temperature. Finally, we additionally investigate
the nonlinear susceptibility tensor coefficients for FNLC-1571,
a room temperature N mixture provided by Merck Electronics.
The molecular structures together with the complete phase se-
quence of the investigated materials are shown in Figure S1 (Sup-
porting Information). In the end, we benchmarked our findings
againsta combined experimental and computational method that
could guide the design of new polar liquid crystals with optimal
NLO properties.

© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Second-order susceptibility measurement of RM734. a) SHG intensity as a function of cell thickness variation for RM734 at 102 °C corre-
sponding to the measurement of dj;. Profile was obtained at each temperature by averaging the intensity along the fringes over 90 pixels. Red lines
correspond to the fit to Equation (10). b) Reconstructed temperature dependence of the SHG intensity profiles (a) corresponding to the d;; geometry,
illustrating the evolution of the Maker’s fringes across the N¢ phase range. c) The measured refractive index mismatch Anj and d) the corresponding
NLO susceptibility components dj3, dy5 and d3; of RM734. The measured data (dots) with their uncertainties (shaded area) compared to the values
calculated from molecular hyperpolarizability (crosses). The first SHG signal was detected at 130.5 °C, and the N phase stabilized at 127 °C (green
line). The SHG signal disappeared at 68.6 °C upon crystallization (X) (red line).

2. Results

We measured d,; coefficients using Maker fringes method and
employing wedge cells of varying thickness with different slopes
(dihedral angle ranging from 1.27° to 0.07°) and with surface
coating promoting in-plane alignment of the director along the
wedge direction. In the wedge Makers Fringes method, the opti-
cal power of the second harmonic beam varies periodically with
thickness (L) as described in depth in Methods and, from the pe-
riodic oscillations, it is possible to determine the dispersion of
the involved refractive indexes for a given process (An;) and the
corresponding d;; coefficient can be determined from the maxi-
mum intensity detected in a calibrated setup (see Experimental
Section and Figure S2, Supporting Information). In the majority
of the cases, cells with large slope were used, allowing for direct
imaging of the Maker’s Fringes (e.g., in Figure S8, Supporting In-
formation) with a CMOS camera within the laser beam spot size.
In the case of DIO, a custom-made cell had to be employed with
smaller slope and measurements were performed by translating
the cell along the wedge direction (Figure 1b—d).

The considered LC phases N and SmA; have C_, symmetry,
and the symmetry of the SmC," can be treated as C_, as well,
because the period of the helical structure is much smaller than
the optical wavelengths. Consequently, the number of indepen-
dent nonzero components of the NLO susceptibility for all the
investigated LC phases reduces to 3:

0 0 0 04ds0
0 0 0ds 00 (1)
dy dyydyy 0 0 0

d=
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where the z-axis is along the director. According to Kleinman
symmetry, in the absence of dispersion and absorption in the
medium, the d;; should be equal to d;5, reducing the number of
distinct components to 2. However, liquid crystals are dispersive
materials, and the components remain distinct, although their
values are expected to be similar. To measure a specific compo-
nent of the nonlinear susceptibility tensor dij, the orientation of
the fundamental beam polarization and the analyzer for the sec-
ond harmonic beam were set as shown in Figure 1b—d, i.e., dy;
corresponds to both incoming fundamental beam and SH signal
being polarized along the director; d;5 corresponds to incoming
polarization inclined at 45° to the director and detecting SH sig-
nal perpendicular to the director; d;; corresponds to incoming
polarization perpendicular to the director and detecting SH sig-
nal along the director.

The first material we measured was RM734. It aligned well in
the commercial wedge cell, which has a sufficient slope to allow
for the imaging of multiple Maker fringes within the beam spot
(Figure S8, Supporting Information). In order to determine all
three components of the nonlinear susceptibility tensor, the three
geometries described in the Figure 1 were explored. For each
image, the intensity was averaged over several pixels along the
fringes to obtain the Maker’s Fringes profiles shown in Figure 2a.
At each temperature the same area was analysed, yielding a se-
ries of Maker’s Fringes profiles, which are plotted versus tem-
perature in Figure 2b to showcase their evolution. Each fringes
profile was then fitted to Equation (10), from which the refractive
index mismatch as a function of temperature (Figure 2c) and the
temperature dependence of the d,; coefficients can be obtained
(Figure 2d). The component with the largest value was d;;, which,
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Figure 3. Second-order susceptibility measurement of DIO. SHG intensity as a function of cell thickness for DIO at 65 °C (the measurement of a) dj3
and b) dys). Blue lines correspond to the fit to Equation (10). ¢) The measured refractive index mismatch An and d) the corresponding NLO susceptibility
components d3; and ds5 of DIO. The measured data (dots) with their error bars compared to the values calculated from molecular hyperpolarizability
(crosses). The phase transition Ng-Ng occurred at 68 °C (green line), and the SHG signal disappeared at 47.5 °C (red line).

with decreasing temperature, increased in value up to 22.5 + 2
pm/V.

The maximum measured value of d;; of RM734 is an order
of magnitude lower than d,;, reaching d;; = 1.8 + 0.2 pm/V.
For all measured materials, the refractive index mismatch A n,;
w20 — Moo is expected to be significantly larger than A nyg
=Ny — (Mo + M,0)/2 (n, denotes the extraordinary refrac-
tive index, oriented along the director, and n, the ordinary re-
fractive index, oriented perpendicular to the director). Conse-
quently, as the SHG intensity is inversely proportional to An?
(Equation 9), it follows that even when d,; is comparable to
d;s, the amplitude of the Maker fringes associated with d; is
much lower, making this component more difficult to measure.
This is an issue that will also appear and affect the rest of the
studied materials. In our analysis, RM734 was the only mate-
rial for which the d;; component could be measured. For all
other measured materials, the maximum signal in the mea-
surements of d;; was too low to be acquired with the current
setup.

We then checked DIO, for which there is also some published
data on the NLO susceptibility.!!) DIO did not align well in the
commercial cell, and a custom-made cell was needed. This cell
has a lower wedge slope (¢ = 0.07°), and it had to be trans-
lated along the wedge in order to detect enough Maker fringes.
We were able to measure the d,; and d;; components (Figure 3),
but not the d,;. The reason for this could be the small period
of the Maker fringes, the larger expected value for An,; in com-
bination with a small NLO coefficient, as both of those cause a
low maximum SHG signal of the fringes. Signal could be en-
hanced by higher fundamental beam power; however, this ap-
proach is limited by sample degradation and thermal effects, and

=n
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thus, was discarded. The obtained values of both d;; and d;;
are similar to each other and much lower than those of RM734,
~0.35 pm V~L. In the Supporting Information of,*! it was al-
ready shown that, in contrast to RM734, in DIO, the d,5 compo-
nent significantly contributes to the net SHG signal. The authors
reported that the SHG signal was stronger when the pump beam
polarization was at 45° with respect to the director than when
it was parallel to it, which indicates that the cell thickness used
in their experiment was closer to the Maker minimum for d;;,
than for d,s. DIO is a fundamental part of material F7, which also
contains C1.

The polar smectic material C1 was measured both in the SmA,
and the SmC,H phases and results are shown in Figure 4. The
maximal measured values of d,; and d,s in the SmA; phase are
dyy; = 3.9 + 0.6 pm/Vand d;; = 0.35 + 0.06 pm/V at 88 °C,
which is the temperature of the phase transition to SmC,H. The
gap in Figure 4 corresponds to the range of temperatures during
SmA - SmC, phase transition, in which the SmC, phase has
not stabilized yet. As mentioned earlier, since the helical pitch
is much smaller than the optical wavelengths, the symmetry of
the SmC,H phase can be treated as C_,. The effective values
of d;; and d,; are somewhat smaller than before the transition,
and they decrease with cooling. As in DIO, also in C1, the d;,
component could not be measured because the SHG signal was
too low.

The last two materials that we investigated are especially
promising for the NLO applications, given that they exhibit the
N; phase at room temperature. For the material F7, which is a
mixture of 30% C1 and 70% DIO, we expected values of the d; be-
tween those measured for the pure materials. The obtained peak
values are d;; = 2.1 + 0.2pm Vand d;5 = 0.47 = 0.07 pm/V
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Figure 4. Second-order susceptibility measurement of C1. a) SHG intensity as a function of cell thickness variation for C1 at 119 °C corresponding to
the measurement of ds;. Profile was obtained at each temperature by averaging the intensity along the fringes over 40 pixels. Red lines correspond to
the fit to Equation (10). b) Reconstructed temperature dependence of the SHG intensity profiles (a) corresponding to the d;; geometry, illustrating the
evolution of the Maker’s fringes across the N phase range. c) The measured refractive index mismatch An and d) the corresponding NLO susceptibility
components d33 and d5 of C1. The measured data (dots) with their uncertainties (shaded area) compared to the values calculated from molecular
hyperpolarizability (crosses). The phase transition SmA-SmA. of C1 occurred at 123 °C (magenta line), the phase transition to SmCp" started at 89 °C

(green line), and the SmCp™ phase stabilized at 81 °C (red line).

(Figure 5), while the weighted average of C1 and DIO would be
dy;; = 1.4pm/V and d;5 = 0.33 pm/V. As in previous cases, the
signal of the d;; was too low to be measured.

The last investigated material, ferroelectric nematic material
FNLC-1571, exhibits the Ny phase at room temperature as well
and is now widely used as a study material. In a previous study,
a value of d;; ~ 20 pm V™! has been reported for A = 1370 nm,
determined by a measurement using single sample thickness
and compared with that of a reference sample.[*] As the FNLC-
1571 did not align well in the commercial cell, we used two dif-
ferent custom-made wedge cells, one with a wedge slope ¢ =
1.27° and one with a wedge slope a = 0.07°, with the result of
the latter allowing us to associate the non-zero signal of fringes’
minima (Figure 6a; Figure S11, Supporting Information) to the
large wedge slope of the former. A representative example of the
Maker’s fringes, its analysis and the temperature dependence
for the different coefficients and involved dispersions on heat-
ing is shown in Figure 6. The measurements of d,; and d,5 show
weak temperature dependence (for d;; from 9 to 11 pm V! and
for d;s ~0.45 pm V™). A slight difference in the transition tem-
perature into the higher temperature antiferroelectric phase be-
tween the measurements of d,; and d,; was detected, most prob-
ably provoked by the increased laser power and consequent cell
heating, in the d,; measurements performed without the Fabry-
Pérot filter. Unfortunately, no signal for d,; was observed, which
could be attributed to a large refractive index mismatch. How-
ever, as for the rest of the materials, it is expected to have a similar
value to ds.

Adv. Optical Mater. 2026, 03018 €03018 (5 of 11)

3. Discussion

We have measured the NLO susceptibility of several materials
(Table 1), and the results show that they vary significantly from
one material to another (from d;; = 0.36 + 0.05 pm/V in DIO
to dy; = 22.5 + 2 pm/V in RM734). The difference stems from
their molecular structure, highlighting the challenge of design-
ing new molecular structures that will result in optimal NLO
properties while preserving the Ny phase. While a comprehen-
sive relationship between NLO properties and molecular struc-
ture is outside the scope of this work, due to the limited num-
ber of materials available for study, the large NLO susceptibil-
ity of RM734 stems from the push-pull system established by
the 2,4-dimethoxybenzoate (donor) and 4-nitrophenyl (acceptor)
structure. For DIO, C1, and F7, the donor (5-propyl-1,3-dioxane)
and acceptor (3,4,5-trifluorobenzene) are far weaker, manifest-
ing in smaller NLO susceptibilities. In the case of C1 the diflu-
oromethyleneoxy group (-O-CF,—) bridge contributes to the en-
hancement of the push-pull electronic polarization, giving a com-
paratively larger hyperpolarizabilities for C1 compared to DIO.
With the growing number of molecules exhibiting polar phases
being designed, it would be beneficial to be able to calculate their
potential NLO susceptibility values. To achieve this, it is neces-
sary to relate the measured NLO susceptibility to the molecu-
lar properties of the analyzed materials. The macroscopic sus-
ceptibility tensor can be related to the microscopic first hyper-
polarizabilities considering the oriented gas model, which as-
sumes a collection of molecules whose orientations are specified

© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Second-order susceptibility measurement of F7. a) SHG intensity as a function of cell thickness variation for F7 at 55 °C corresponding to
the measurement of ds;. Profile was obtained at each temperature by averaging the intensity along the fringes over 94 pixels. Red lines correspond to
the fit to Equation (10). b) Reconstructed temperature dependence of the SHG intensity profiles (a) corresponding to the dj3; geometry, illustrating the
evolution of the Maker’s fringes across the N phase range. c) The measured refractive index mismatch An and d) the corresponding NLO susceptibility
components ds; and dy5 of F7. The measured data (dots) with their uncertainties (shaded area) compared to the values calculated from molecular
hyperpolarizability (crosses). The phase transition Ng-Ng of F7 occurred at 85 °C (green line).
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Figure 6. Second-order susceptibility measurement of FNLC-1571. a) SHG intensity as a function of cell thickness variation for FNLC-1571 at 22.3 °C
corresponding to the measurement of ds;. Profile was obtained at each temperature by averaging the intensity along the fringes over 76 pixels. Red lines
correspond to the fit to Equation (10). b) Reconstructed temperature dependence of the SHG intensity profiles (a) corresponding to the d;; geometry,
illustrating the evolution of the Maker's fringes across the N phase range. c) The measured refractive index mismatch An and d) the corresponding
NLO susceptibility components dj3 and dq5 of FNLC-1571. The measured data (dots) with their uncertainties (shaded area). Cell 1 was the cell with a
wedge slope of @ = 1.27°where the Maker fringes could be analyzed from the image, while cell 2 was the cell with a smaller wedge slope of a = 0.07°
that had to be translated for each measurement. The phase transition Ng-Ng of FNLC-1571 occurred at 51 °C during the measurement of d;; and at
46.8 °C during the measurement of dy5 (green line).
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Table 1. Maximal values of measured second-order NLO susceptibility components.

RM734 [N, 93 °C] DIO [N, 47 °C] FNLC-1571[Ng, 23 °C] C1[SmA;, 88 °C] F7 [N, 40 °C]
ds; [pm/V] 225+2 0.36 + 0.05 11.0+09 39+06 2.1+02
dis [pm/V] 1.8+0.2 0.32 + 0.05 0.46 + 0.07 0.35 + 0.06 0.47 + 0.07
ds; [pm/V] 2.7 +0.4

by a known distribution function. Intermolecular interactions at
optical frequencies are incorporated through local-field correc-
tions accounting for the difference between the externally applied
macroscopic electric field and the microscopic field experienced
by each molecule, and thus, the NLO tensor components can be
expressed as:[1

dijk = NF,F,F,, <ﬂijk> (2)

where N is the volume density of the material, N = 22 N, is
Avogadro’s constant, p is density, and M is the molar mass of
the material. F, are the local field factors for the fundamental
and the second harmonic frequencies, and (B ;) is the thermally
averaged first molecular hyperpolarizability.

The local field factor is given by:

F (@) = ()

Usually, it is calculated by taking the average n=
% (2n,, +n,,). Considering dispersion, and calculating for
each refractive index separately, results in ~20% higher local
field correction factor in our case (Figure S9, Supporting In-
formation). Additional improvement of the local field factor
calculation accuracy can be done if the uniaxial liquid crys-
tals are treated as anisotropic crystals with a tetragonal lattice

approximation:(3°]

1-L,(n*-1
B 4

where L, and L, are the diagonal components of the Lorentz
factor tensor, which depend on the degree of anisotropy. As the
tensor is traceless, the relation between its components is L, =
% (1= L,,)- The L, was determined to be between 0.2 and 0.28 for
a few typical nematic liquid crystals.[*’] We assume the FNLCs to
be in the same order of magnitude.

Another way to describe the local field factor has been
proposed to introduce anisotropy in the model for isotropic
liquids:138!

)

where 7, and #,, are components of the anisotropy tensor that
depend on the pair distribution function. The values for a typical
nematic liquid crystal were determined to be between 0.06 and
0.08.1381

To assess the effect of correction, we plot the local field factor
dependence on the level of anisotropy (Figure S8, Supporting In-
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formation). We see that the values of F(w) calculated in this way
are lower, and the calculation with the average n = % (2n,, +n,,)
gives us a good approximation in the highlighted grey area.

For calculating the thermally averaged first molecular hyper-
polarizability (f;;), the corresponding thermal averages for the
polar angle are needed. They can be calculated from the nematic

potential, which was take as proposed in Folcia et al.:*"]
U () = A(T)sin’0 + B(T) sinzg (6)

where 0 is the polar angle and parameters A(T) and B(T) account
for the usual nematic potential and the new contribution due to
polarity, and can be calculated from the measured data of polar-
ization and birefringence of the material:

P(T
(cos ) = N(_u) (7)
and
S An

(®)

Sxp Anyp

where P(T) is the spontaneous polarization of the material, p is
the dipole moment of the molecule, and Sy, and Any, are the
extrapolated order parameter and the birefringence in the case
of B (T) = 0 (standard nematic phase). The values of Any, can
be obtained by extrapolating the birefringence of the N phase
into the Ny phase temperature range. As the birefringence in the
SmA phase mainly comes from the orientational order, not from
the translational one, Equations (6-8) can also be applied for the
SmA-SmA; phase transition in C1. As the dipole moment y is
not parallel to the molecular long axis, only its component along
the long axis was considered in the calculations. All other data
used for calculations are presented in Table S4 (Supporting In-
formation).

The thermally averaged hyperpolarizability components in
the laboratory frame (f;;) were calculated from the ones in
the molecular frame according to Equations S1-S3 (Support-
ing Information).[3**°] The components of the hyperpolarizabil-
ity tensor in the molecular frame were obtained by perform-
ing density functional theory (DFT) calculations of the molec-
ular electronic structure with the Gaussian software package at
the MO6HF-D3/aug-cc-pVIZ level at the optical frequency cor-
responding to an optical wavelength of 800 nm. Values thus ob-
tained are given in Tables S1-S3 (Supporting Information). How-
ever, it should be noted here that Gaussian calculations are for a
single molecular conformation and thus limit the accuracy of the
results.

© 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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As a case example, we start with RM734, for which the polar-
ization data were taken from®) and the measured birefringence at
405 nm is shown in Figure S9 (Supporting Information). The cal-
culated NLO tensor components are shown in Figure 2 together
with the experimental data, showing a very good match with the
measurements for ds; and ds, while a slightly worse match for
dy,, likely due to the fact that d,; was measured without the Fabry-
Pérot filter. However, it is worth recalling here that several ap-
proximations are needed for these calculations, especially in re-
gards of local fields and that molecular hyperpolarizability values
are calculated only for a given conformation, so even a larger mis-
match for any of the components would have been a positive re-
sultand although the good agreement for RM734 is encouraging,
it should not be overinterpreted.

We compare our results with the only available data for d;;
of RM734 at a single temperature.l'” For that, we follow their
procedure of calculating the hyperpolarizability tensor only from
the reported measured values for the NO,-z-O group and use the
fundamental wavelength of 800 nm (as opposed to 1064 nm in
their measurement). In their case, the hyperpolarizability is cal-
culated with the two-level dispersion model, assuming the reso-
nance wavelength at 4,,,, = 304 nm and data from:*! g9, =

3.0 X 1073 esu, leading to: fpsmm = 4-2 X 10730 esu and equiv-
alently for our case fgppm = 7.3 X 10730 esu. Finally, the value
calculated in this way of d;; at 1064 nm is 6.9 pm V-1, and at
800 nm it is 12.0 pm V. At 118 °C, Folcia et al. reported a mea-
sured value of d;; = 5.6 pm V!, while our measurement at the
same temperature gives d;; = 14.9 + 2 pm V1, highlighting the
measurements presented here are consistent with those reported
for a single temperature by Folcia et al. Altogether, this high-
lights the important dependence on wavelength for the second-
order NLO susceptibilities of these materials in the 800-1200 nm
range.

We repeat the same procedure for DIO, C1, and F7. The
measured polarization and birefringence measurement data are
shown in Figure S9 (Supporting Information). The polariza-
tion of C1 and F7 was determined via the standard triangu-
lar wave method, while the polarization data for DIO were
taken from.I! The molecular parameters of F7 were calculated
as the weighted average of those of DIO and Cl. The tem-
perature dependence of the calculated coefficients for DIO,
C1, and F7 is given in Figure 3, Figure 4, and Figure 5, re-
spectively. Considering the simplicity of the model, the cal-
culated values show a good agreement with the measured
ones.

For the most accurate estimation of NLO coefficients, hyperpo-
larizability would need to be measured experimentally.l*?] How-
ever, such measurements are delicate and time-consuming. With
the increasing number of designed materials showing ferroelec-
tric nematic and related phases, a thorough study of all to assess
their potential for non-linear optics becomes an impractical task.
Nevertheless, estimations obtained from DFT calculations show
reasonably good agreement with experimental data. And while
the full calculations are required for the most accurate estima-
tion of the NLO properties, as polarization and order parameters
of different FNLCs are usually on the same order of magnitude,
a good indicator of high d.; is given by the value of the hyperpo-
larizability component g, as is evident from the Tables S1-S3
(Supporting Information).
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4. Conclusion

We have determined the NLO susceptibility values of several rel-
evant FNLC materials, which show a wide dispersion of values,
highlighting that, in addition to a material exhibiting the ferro-
electric nematic phase, the molecular design is of vital impor-
tance for its potential for non-linear optics implementation. Our
measurements show that the highest NLO coefficient value is still
held by the first FNLC, RM734. However, this material was not
designed or intended to have optimal NLO properties; there is no
reason that a molecule or a mixture with better NLO properties
could not be synthesized in the future. With additional optimiza-
tion by the addition of chromophores,3] FNLCs could certainly
surpass the NLO susceptibilities of the best solid-state NLO crys-
tals.

A key challenge is then to be able to introduce effective z-
bridged donor-acceptor groups with large electronic delocaliza-
tion for maximizing NLO performance while at the same time
preserving the molecular design requirements for retaining fer-
roelectric phases. Here, we have shown that molecular level hy-
perpolarizability calculations can be used for pre-screening the
potentiality of new materials. In combination with computational
approaches that are being developed for the design and predic-
tion of polar order in new molecular architectures,!*}! the pre-
sented approach can be used for assisted design of new materials
with high NLO properties, accelerating the possibility of incorpo-
rating these new kind of polar materials into non-linear photonic
applications.

The broader importance of these results is emphasized by the
recent demonstration of nonlinear and electro-optic photonic de-
vices based on FNLCs, including reconfigurable Pancharatman-
Berry nonlinear diffractive optics,!**] nonlinear optical architec-
tures based on FNLCs with geometric phase encoding,[*] Pockels
effect based GHz-rate modulators integrating FNLCs into silicon
photonics platforms,!*! and tunable photon-pair sources.!* The
quantitative values and temperature dependences reported here,
provide the solid foundation for evaluating and developing such
technologies. By giving both experimental benchmarks across
different novel polar phases and guidance for material design,
the present work should support and accelerate the integration
of FNLCs into next-generation nonlinear-photonic platforms.

5. Experimental Section

Materials and Cells: ~ Five liquid crystalline materials were investigated:
RM734,147] DIO,B] FNLC-1571,[241 C1126] and F7.126) RM734, DIO and
FNLC-1571 and their phase sequences (I-N-Ng-Ng-crystal) are reported
elsewhere.[>244748] The novel compound C1 is a pure compound which
has a phase sequence Iso — 225.6 °C— N — 154.3 °C — SmA — 129.7 °C -
SmA; —90.1°C — SmCpH. The material F7 is a mixture of 30% C1and 70%
DIO and has a phase sequence | =N - 97 °C— Ng — 86 °C— Ny - 10°C -
crystal. The materials RM734, DIO, C1, and F7 were synthesized according
to the description given in references.[2647:49] Structures of these materi-
als are given in the Figure S1 (Supporting Information).

Two types of liquid crystal cells (assemblies in which liquid crystal ma-
terial is sandwiched between two transparent substrates) were used. The
first was the commercial wedge cells (KCRS-03, EHC) with surface coat-
ing rubbed parallel along the wedge and the wedge slope of « = 0.67°.
However, as some materials did not align well in these commercial cells,
additional custom-made cells with a wedge slope a of 0.07° for DIO,
and 0.057° and 1.27° for FNLC-1571. were prepared. These cells were
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composed of two indium tin oxide (ITO) coated glass plates, spin-coated
with polyamide. Rubbing was applied in a parallel direction to the wedge.
To create a wedge structure, spacers were placed only on one edge of the
cell. The thickness of the cells was determined via spectral transmittance
measurements (AvaSpec-2048, Avantes) and then additionally checked
under the transmission microscope (Nikon Optiphot-2) using monochro-
matic light.

SHG Setup: The fundamental light source for SHG measurements
was a pulsed Ti:Sapphire laser (Coherent Legend) generating 50 fs long
pulses with a repetition rate of 1 kHz. The initial 50 fs long pulses with a
spectral width FWHM = 22 nm were extended to 200 fs with the use of a
Fabry-Pérot filter. The resulting beam had a central wavelength of 800 nm
and a spectral width FWHM = 1.5 nm. A beam splitter was used to divert
a part of the beam to a power meter (Coherent LabMax_TOP) to monitor
the average power during the measurements.

After passing through a 1/2 waveplate and the polarizer, the collimated
linearly polarized fundamental beam impinged on the sample as depicted
in Figure 1. A 5x Nikon objective collected the generated second harmonic
beam to a CMOS camera (BFS-U3-17S7M-C, Blackfly, Teledyne FLIR). The
typical exposure time was ~100 ms, the image size was 1600 x 1100 pixels,
and the image resolution was 4.8 microns/pixel.

The temperature of the samples in commercial cells was controlled by
an Instec HCS412W heating stage connected to an Instec mK2000 tem-
perature controller. These cells have a wedge slope large enough that,
within the laser beam spot size, multiple Maker fringes could be observed
(Figure S7, Supporting Information). For the custom-made cells with a
smaller slope, the use of a translation stage was required to move the
cell along the wedge to obtain a suitable thickness difference. These sam-
ples were heated using the Instec HCS302XY heating stage mounted on
a translation stage, and the temperature was controlled with an Instec
mK2000B temperature controller.

To measure a specific component of the nonlinear susceptibility tensor
d;j, the orientation of the fundamental beam polarization and the analyzer
for the second harmonic beam were set as shown in Figure 1. In those
cases, for which no signal was obtained when using the Fabry-Pérot filter,
which narrows the spectrum but reduces the optical power, the filter was
removed from the optical path to increase the power. Without the filter, the
spectrum of the fundamental beam exhibited quite a complex shape, as
shown in Figure S4 (Supporting Information), which was also considered
in the calculations.

The calibration of SHG measurements was performed by an NLO crys-
tal sample, a Z-cut quartz. In this case, modification of the sample thick-
ness and consequently Maker fringes were obtained by rotating the crystal
plate around its vertical axis. A stepper motor rotation mount (K10CR1/M,
Thorlabs) was used to control the rotation angle.

Maker Fringes Method: Since phase-matching could not be realized
for any of the investigated materials, the nonlinear susceptibility tensor
d;j values could not be directly measured.[’% Instead, the values were de-
termined using the standard Maker Fringes method. The optical power of
the second harmonic beam oscillates with the thickness of the SHG active
material L as:[>1-4]

. 2 ( 2zL

B Szwwz 1 ) 2sm ( 7 Anu)

T 23 2 eff @ 2
Sato€o My, (ZTHAI’IU)

2w

where S, and S,,, are the cross-sectional areas of the fundamental and
the SHG beam, w is the fundamental beam frequency, ¢, the speed of
light, €, the vacuum permittivity, n,,, the refractive index of the SHG active
material at the frequency 2w, T is the Fresnel transmission factor, d g is
the effective nonlinear susceptibility (either ds3, d;5 or d3; in our case), P,,
is the fundamental beam power, 4 is the fundamental beam wavelength,
and A nj = njy, — nj, is the refractive index mismatch, where i/j refer
either to the extraordinary or ordinary refractive index depending on the
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measurement geometry (Figure 1c,d). The setup-dependent constants can
be replaced by the parameter a:

.2 2xL
sin ( p Anﬁ)

_ 120 m
Pzw = llnTTdeﬁ-Pw Ani,z (]0)
2w U]

In order to obtain the deﬂ‘, a 500 um-thick Z-cut quartz plate was used
as a reference. The SHG signal from the quartz plate was measured while
rotating it around the crystallographic X-axis, thus effectively changing the
length of the SHG active medium. Comparing the maximal intensities ob-
Pref

tained from the measured sample P’ and the reference quartz plate P,

2w
the deﬂr could be calculated as:

2 m
dy = P 10 || 1y 2 (1)
eff = “qref Pref ™ ”ref An'ef
2w 2w

The maximal intensities P)! were obtained by fitting. In the measure-
ment without the Fabry-Pérot filter, the spectrum shown in Figure S4b
(Supporting Information) was explicitly considered with the wavelength
by a wavelength-weighted sum of signals, while the refractive index vari-
ation across the pulse wavelength dispersion was considered negligible.
The optical parameters for quartz are well known, and their values are dy;
= 0.30 £ 0.02 pm V! and An = 0.0194.1'233] For the calculation of the
transmission factor of the liquid crystal cell T, all interfaces between air,
glass, and liquid crystal were considered. The refractive index mismatch of
the measured samples, AnZ.’, was calculated from the period of the Maker

fringes. The experimental uncertainties were accounted for by adopting a
conservative 2% error in the cell slope reflecting the variations observed
upon cooling/heating cycles, even though the slope can be measured with
<0.1% precision in a single experiment. This slope error is propagated
through the refractive index mismatch (Equation 10) and NLO-coefficient
determinations (Equation 11). For the latter, the reported uncertainty of
the quartz reference is also considered when calculating the final uncer-
tainty range.

Birefringence and Refractive Index Measurement:  Birefringence (An =
No2w — Mo0) Of RM734, DIO, F7 and C1 for 4 = 405 nm was measured
by placing the wedge cell between crossed polarizers in the transmission
polarizing optical microscope (POM) using monochromatic light and an-
alyzing transmitted intensity as a function of thickness (Figure S10, Sup-
porting Information), where | = Iy sin? (zAnL/ ). To assess the accuracy
of the measurements of the refractive index mismatch (Anj) determined
from NLO measurements, we compared the measured birefringence An
of RM734 with the n, 5, — 1y, ,, value that can be calculated from the three
Anj; terms, namely n, 5, — N, ,, M504 — 0.5(ny,, + 1, ) and n, o, —n,
obtained from Maker’s fringes experiments. The difference between both
values was found to be below 2%, confirming the reliability of the NLO-
derived refractive index mismatch measurements.

Finally, the refractive indices were measured by the optical interference
method.[*®] The wedge cell was observed under a microscope in reflection
mode with an optical filter = 405 nm. To determine n, and n,, incoming
light was polarized along and perpendicular to the director, respectively.
The values of the refractive index were calculated from the period of the
interference fringes and are summarized in Table S4 (Supporting Informa-
tion).

Supporting Information

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