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For high-intensity photon pair generation via spontaneous parametric down-conversion, phase matching
or quasi-phase-matching must be realized. The most common method is to use periodically poled crystals,
where quasi-phase-matching is achieved through the periodic modulation of the nonlinear susceptibility. In
contrast to solid-state materials typically employed, an alternative approach is demonstrated here by using
chiral ferroelectric nematic liquid crystals (FNLCs). It involves the spontaneous formation of a twisted periodic
arrangement of liquid crystal molecules that depends only on the concentration of chiral dopants. This enables the
rapid and scalable fabrication of nonlinear optical media with a tunable periodicity of the structure. We show that
within only 20 µm, we can enhance the signal by 2 orders of magnitude compared to the maximal achievable
rate for the non-phase-matched case. This process enables us to achieve a significantly enhanced photon pair
generation rate of over 1200 Hz/mW in a very short interaction length while simultaneously maintaining a high
degree of polarization entanglement. These results establish chiral FNLCs as a versatile, reconfigurable, and
low-cost platform for nonlinear and quantum photonics.

DOI: 10.1103/wgb3-clj5

I. INTRODUCTION

Most sources for generating entangled photons rely on
spontaneous parametric down-conversion (SPDC) in a nonlin-
ear medium [1,2]. The efficiency of SPDC depends on phase
matching between the pump and twin photons [3]. Simply
increasing the thickness of nonlinear medium does not im-
prove brightness unless phase matching is maintained. This
can be achieved with birefringent media [4], but materials
with sufficient birefringence and access to arbitrary nonlinear
susceptibility components are limited. An effective solution is
quasi-phase-matching via periodic poling [3,5,6], where the
crystal axis orientation is periodically flipped. This technique
modulates the nonlinear susceptibility rather than the effective
refractive index of the input and output beams. Appropriate
periodicity neutralizes phase mismatch, and constructive am-
plification extends to the entire length of the structure [7–10].
Periodically poled devices are the main platform for SPDC
generation and related nonlinear technologies, due to their
flexibility, removing constraints on birefringence and acces-
sible nonlinear susceptibility components, and enabling high
photon pair generation rates.

However, fabricating such structures is complex, re-
quires high-voltage electrode patterning, and primarily only
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enables assembly of thin domains. Moreover, achieving high
poling quality for small poling periods (well below 10 µm)—
essential for visible wavelengths—remains challenging [8,9].
These structures also offer very limited thermal tunabil-
ity [11], restricting them to fixed pump wavelengths, which
limits their application in active and tunable quantum devices.

In our recent work [12], we demonstrated SPDC photon
pair generation in a very different class of materials—
ferroelectric nematic liquid crystals (FNLCs) [13–16]. Due
to the broken inversion symmetry and large first molecular
hyperpolarizability, FNLCs exhibit high second-order nonlin-
earities comparable to those of the state-of-the-art solid-state
crystals [16–18]. Their fluidity and large response to external
stimuli enable tuning of both efficiency and quantum state of
the photon pairs, making them a fascinating new platform for
quantum optics applications [12].

Due to their periodicity, chiral FNLCs are a promising
alternative to periodic poling [19–21]. In chiral nematic liquid
crystals [22,23], the orientation of the molecules follows a
helical twist described by the pitch p, corresponding to the
length of a full 2π rotation. For chiral FNLCs, this also
corresponds to the 2π turn of the polarization vector [19,20].
These structures can self-assemble by simply adding a chi-
ral dopant [20], with pitch controlled by its concentration.
Enhanced second harmonic generation (SHG) [20,24,25] and
preliminary SPDC results [26] have been shown, although
phase matching and entanglement were not analyzed in detail.

Here, we demonstrate that by tuning the pitch of chiral
FNLCs, quasi-phase-matching is realized, resulting in en-
hancement of photon pair generation throughout the entire
interaction length. Based on ease of production due to self-
assembly, even on very large surfaces, and tunable periodicity
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FIG. 1. (a) A chiral FNLC structure with optimal helical pitch amplifies SPDC signal with increasing thickness. (b) Calculated SPDC
intensity vs sample thickness (D) and pitch (p), where popt denotes the optimal pitch yielding maximal amplification. (c) Calculated square
root of SPDC intensity vs thickness for four pitches. For p = popt, the intensity grows quadratically. (d) Wedge cells with linear thickness profile
and parallel surface anchoring filled with chiral FNLCs. Vertical lines denote disclination lines. (e) Local pitch ploc varies with thickness and
experiences discrete jumps at disclinations. (f) Image of a sample with p = 1.8 µm under crossed polarizers in a wedge cell with θ = 0.47◦,
showing birefringence-induced color variation and disclinations separated by distance L. Arrow indicates the direction of thickness increase.
(g) Calculated square root of SPDC intensity vs thickness for four pitches from panel (c), considering varying local pitch. Discrete jumps
appear at disclination positions.

with changing dopant concentration, results shown here pro-
vide additional benefits for FNLCs as an emerging platform
for quantum optics.

II. RESULTS

In this study, we utilized a ferroelectric nematic liquid
crystal, FNLC-1571 from Merck, along with two of its chiral
variations (with pitches of 0.6 and 4.6 µm) that were prepared
by adding a proprietary chiral dopant. This FNLC has refrac-
tive indices of ne = 1.69 and no = 1.48 at 600 nm and a single
significant component of the second-order nonlinear tensor
(d33 ≈ 20 pm/V) [12]. By mixing the components with dif-
ferent dopant concentrations, we had access to pitches larger
than 0.6 µm. By preparing a sample with just the right pitch,
the intensity of SPDC emission is expected to monotonically
increase with sample length as schematically represented in
Fig. 1(a).

The influence of the pitch on the amplification of SPDC
signal with FNLC sample thickness D was calculated based
on a theoretical model for calculating the intensity and state
of SPDC in twisted FNLC structures devised in our recent pa-
per [12]. We can calculate how the intensity of SPDC depends
on the sample thickness for different values of p [Figs. 1(b)
and 1(c)]. If the pitch is either too long or too short, the

phases do not add up constructively, and after a certain prop-
agation length, the signal begins to decrease. This behavior
then repeats in a periodic pattern. The closer the pitch is to
the optimal, the longer the period and the larger the increase
in intensity. For the optimal pitch length p = popt, the period
diverges and the signal keeps on increasing quadratically with
thickness.

To experimentally measure this dependence, we assembled
the so-called Grandjean-Cano wedge cells with parallel rub-
bing [27], where the thickness of the cell linearly increases in
one direction [dihedral angles in the range θ = 0.046◦–0.47◦,
Fig. 1(d)] and filled them with chiral mixtures with different
pitches in the range p = 1.8–4.6 µm. By measuring the SHG
or SPDC intensity at various positions, we can assess the
thickness dependence. Due to the surface anchoring, which
defines the orientation of the macroscopic polarization P on
both surfaces relative to the rubbing direction, the pitch cannot
be exactly constant throughout the sample, but has to adjust
itself, adopting a local pitch ploc. At certain positions, the
equilibrium structure adapts to the change in thickness by in-
troducing a line defect perpendicular to the thickness gradient,
at which the number of 2π rotations jumps by 1 [19,20,27].
The estimated local pitch dependence is shown in Fig. 1(e).

The material’s cholesteric pitch p can be determined
by polarizing optical microscopy [Fig. 1(f)], measuring the
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FIG. 2. Square root of SHG intensity vs thickness for a sample with p = 4.6 µm, measured with different pump wavelengths. (a) At 820 nm,
the system is non-phase-matched and intensity oscillates without net increase. At (b) 1150 nm and (c) 1300 nm, the system is approaching
quasi-phase-matching. Shape of discrete jumps, originating from local pitch disclinations, indicates that the optimal wavelength for this pitch
lies between these two values. (d) At 1200 nm, quasi-phase-matching is realized and SHG intensity on average grows quadratically with
thickness. Across panels, each curve is normalized to its own maximum. Vertical scales are not comparable and only relative trends should be
compared.

distance separating the disclinations (L), as p = L tan θ . In the
present context, what is important to consider is that due to
this periodic variation in local pitch, the produced signal will
not only increase monotonically but will possess positional
(thickness) fluctuations. This is demonstrated in the calcula-
tions considering a sawlike local pitch profile like shown in
Fig. 1(e). The discrete jumps in the signal at the positions
of the disclinations are more apparent the closer p is to popt

[Fig. 1(g)]. If the pitch is shorter than optimal, crossing a
disclination line results in a discrete decrease in intensity,
whereas for pitches longer than optimal, it leads to a discrete
increase. This was also observed in the experimental results
and is discussed later in the paper.

III. QUASI-PHASE-MATCHED SHG

To estimate the appropriate pitch for SPDC experiments
at a given pump wavelength, we first performed SHG mea-
surements with varying pump wavelengths on a sample with
p = 4.6 µm. As the properties of the material, such as refrac-
tive index, birefringence, and coherence length, depend on
wavelength, so does the optimal pitch length popt. By finding
the pump wavelength at which the SHG amplification is the
most pronounced, we can reverse calculate which pitch would
give similar amplification at a different pump wavelength.
As changing the wavelength is much faster, as well as more
precise and well defined than changing the pitch, this gives
the optimal way to design the right sample properties.

A tunable nanosecond OPO laser with a broad wavelength
range 400–2400 nm, pulse energy of 100 µJ, and 20 Hz repe-
tition rate was used as the pump for SHG. The produced SHG
signal was collected with a spectrometer with a 10 µm wide
slit and a CCD detector with a resolution of 1600 × 200 pix-
els. With this configuration, the SHG signal could be easily
distinguished from the unwanted background.

The results for four different pump wavelengths are pre-
sented in Fig. 2. For 820 nm laser [Fig. 2(a)], the signal
shows periodic modulation in intensity as in a typical non-
phase-matched case. For 1150 nm [Fig. 2(b)], the intensity
reaches much higher values, the period of modulation is
greatly enhanced, and the amplitudes of successive maxima
are increasingly higher. However, the signal still decreases to
zero at certain thicknesses. For thicknesses larger than the
range presented here, the maxima would start to decrease
again. Similar behavior can also be observed for 1300 nm
[Fig. 2(c)]. Discrete periodic jumps in the produced signal
are present, corresponding to the positions of the disclinations
(discrete jumps in local pitch). For 1150 nm they manifest
as increases, while for 1300 nm as decreases in intensity.
This opposing behavior indicates that 1150 nm is too short,
while 1300 nm is too long, indicating that the optimal pump
wavelength at this pitch lies somewhere in between. Indeed,
we confirm that we can achieve a quasi-phase-matched regime
at 1200 nm [Fig. 2(d)]. Disregarding the fluctuations caused
by variations in local pitch, the signal exhibits an overall
quadratic increase. With this, a quasi-phase-matched regime
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FIG. 3. (a) Schematic illustration of experimental setup for generation and detection of SPDC photon pairs. POL, linear polarizer; HWP,
half-wave plate; QWP, quarter-wave plate; ND filter, neutral density filter; OBJ, objective; LP, long-pass filter; (N)PBS, (non)polarizing beam
splitter; APD, avalanche photodiode detector. The wave plates and PBS in each arm are used only for tomography. (b) SPDC coincidence
rate vs thickness for a nonchiral FNLC shows oscillatory behavior without net increase. Red line shows a damped sine fit. Inset: Coincidence
histogram at D = 2.9 µm. (c) SPDC coincidence rate vs thickness for a chiral FNLC with p = 3.7 µm shows steady amplification, reaching
intensities 100× higher than in the nonchiral FNLC. Inset: Coincidence histogram at D = 19.7 µm. (d) Real (top) and imaginary part (bottom)
of the reconstructed polarization state density matrix.

has been found by tuning the pump wavelength. Since quasi-
phase-matching works similarly for both SGH and SPDC,
these results are transferable to SPDC.

IV. QUASI-PHASE-MATCHED SPDC

To measure SPDC, samples were pumped with a 450 nm
continuous-wave laser with 1 mW power, which was lin-
early polarized in the same direction as the direction of
the sample surface anchoring. The reason for choosing this
polarization is that the only significant component of the
nonlinear tensor (d33) will be maximally utilized when the
pump polarization coincides with the molecule’s axis. The
signal was collected by two single-photon avalanche photodi-
odes arranged in a Hanbury-Brown and Twiss configuration,
allowing us to examine the correlations between the arrival
times of the generated photons [Fig. 3(a)]. SPDC-produced
photons arrive at the detectors simultaneously and therefore
create a coincidence peak in the distribution of time delays
between successive detections [insets in Figs. 3(b) and 3(c)].
The area below the coincidence peak determines the inten-
sity of the SPDC signal. The spectral properties of photon
pairs in this material were characterized in our previous
study [12], revealing a broadband two-photon spectrum in-
dicating strong time-frequency entanglement. Nevertheless,
like in conventional periodically polled crystals, we expect

narrowing of the spectrum with increasing material thick-
ness. Additional spectral metrics will be measured in future
with a dedicated setup designed for high-fidelity spectral
reconstruction.

First, we considered an undoped sample where there is no
chiral structure and the molecular orientation remains con-
stant throughout the entire sample thickness. In this case,
the intensity periodically varies with thickness, as there is no
mechanism to compensate for the phase mismatch between
pump and twin photons [Fig. 3(b)]. The apparent dampening
of the amplitude of the oscillations was attributed to the fact
that the photons are generated with a broad angular spectrum
even from a collimated pump beam due to the freedom of the
twin-photon emission wavelength and lack of phase matching.
This feature cannot be mitigated by tailoring the pump prop-
erties. Photons with a smaller angle have shorter propagation
lengths, while photons emitted at a larger angle have longer
propagation lengths through the material. For a thin sample,
these differences are small, but for thicker ones, they become
significant and lead to averaging out of any phase difference
effects.

Next, we focused on different chiral mixtures. We have
prepared samples with different pitches ranging from 1.8 to
4.6 µm and measured their SPDC intensity versus thickness.
We were able to confirm the observations from simulations
and SHG measurements that the discrete periodic jumps
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in the produced signal are present, with a decrease in in-
tensity for too short and an increase in intensity for too
long p.

The samples with p = 3.7 µm generated the most coinci-
dences. This pitch was beforehand estimated to be close to popt

according to SHG measurements with varying pump wave-
length. The appropriate pitch overcomes the lack of phase
matching and results in a signal that drastically increases with
thickness, as shown in Fig. 3(c). This demonstrates a clear
distinction between nonchiral and chiral FNLC samples in
terms of SPDC generation intensity. We can see that the max-
imal generation rate of the sample without the chiral structure
is 15 photon pairs per second, while a chiral structure with
p = 3.7 µm produces over 1200 photon pairs per second at
a thickness of 20 µm. At larger thicknesses, some of the re-
sults exhibit significant variability, visible primarily as sudden
dips in intensity, which originate from defects in the sample.
The defects are formed both between the domains with a
different number of full rotations and within domains in the
form of the well-known oily streaks [28]. Mitigation of de-
fects is achievable through improved sample fabrication, such
as optimizing the cooling rate, better surface alignment, ap-
plying small voltage during preparation, and switching from
wedge to uniform cells. Future work will focus on optimiz-
ing these steps to enhance uniformity, reproducibility, and
overall sample quality. Since p is not completely optimal,
we did not achieve a quadratic increase in the signal with
increasing thickness; however, this is certainly possible, as we
demonstrated for SHG, where we could tune the pump wave-
length. While typical bulk PPKTP and PPLN sources yield
higher detection rates of 104–106 pairs/(s mW) [29–31], this
is achieved with much longer crystals. Taking into account
the interaction length, we achieve 6 × 104 pairs/(s mW mm),
while solid-state periodically poled crystals typically gen-
erate 0.5 – 4 × 104 pairs/(s mW mm). This already makes
our source completely competitive with the best periodi-
cally poled crystals, while greatly surpassing them in terms
of tunability and control. With more homogeneous sam-
ples and further optimizations of the pitch, as well as an
optimized detection system, we expect further significant
enhancement.

Additionally, to assess the photon pair polarization state,
we performed polarization tomography [32] through which
the two-photon wave function and its corresponding den-
sity matrix [33] can be reproduced [Fig. 3(d)]. In the
case where two photons are distinguishable in no other
way than polarization, symmetry restrictions reduce the
number of independent basis states to 3 as only the photon-
number occupation of each polarization mode matters. The
resulting state is a qutrit—a superposition of vertically,
horizontally, and orthogonally polarized photon-pair Fock
states [34,35]:

|ψ〉 = c1 |2H 0V 〉 + c2 |1H 1V 〉 + c3 |0H 2V 〉 .

With multiple components of the density matrix occupied,
the results demonstrate that the state is not trivial with the
calculated degree of polarization entanglement 0.75 ± 0.03,
quantified with concurrence C = |2c1c3 − c2

2| [36–38]. The
state is reproducible across the entire sample with less than
5% variations at different positions and thicknesses. Only

within the first domain, the fluctuations are higher due to large
differences in the local pitch, but we are mainly interested in
the state at large thicknesses with high rates of photon pairs.
As high entanglement is desired for the majority of quantum
applications, this result is very promising. Due to the high
tunability of FNLCs, it is highly probable that even greater
degree of entanglement could be achieved in the future.

V. DISCUSSION

We have demonstrated an approach for quasi-phase-
matched SPDC using spontaneously formed chiral structures
in FNLCs. This self-assembled periodic modulation of the
nonlinear susceptibility enables compensation for phase mis-
match and significant amplification of the SPDC signal over
short propagation distances. In contrast to conventional pe-
riodically poled crystals, our method relies solely on tuning
the concentration of a chiral dopant, allowing for rapid, low-
cost, and scalable fabrication. While further refinement is
needed—such as further optimizing the pitch, minimizing
structural defects, and enabling thicker, defect-free samples—
these challenges are surmountable with improved sample
preparation.

Chiral FNLCs show robust long-term and environmental
stability, with the pitch—and thus the quasi-phase-matching
condition—remaining stable over time. Specifically, we have
not observed any structural changes or variations in the mea-
sured SHG and SPDC signals in the investigated samples over
a period of approximately one month of constant operation.
The FNLC material used here operates from below room tem-
perature up to approximately 46 ◦C, while materials with an
even larger operating range are being developed. Further, the
refractive indices and the pitch of FNLCs show minimal vari-
ation with temperature [21,39], significantly smaller than for
regular cholesteric LCs. Their structure can also be dynami-
cally controlled via electric fields [40,41]. Such mechanisms
could enable broad real-time tuning of quasi-phase-matching
conditions, well beyond what is currently achievable in
solid-state materials. With their strong second-order nonlin-
earity, intrinsic fluidity, self-assembly, and external tunability,
FNLCs provide a compelling and reconfigurable platform for
quantum and nonlinear photonic applications.
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cells. This project has received funding from the Slovenian
Research and Innovation Agency (ARIS) (P1-0099 and P1-
0192). This work is supported by ERC Grant (SoftQuanta,
101170123).

A.K. performed the experimental work, theoretical simu-
lations, and analysis of the results. N.S. helped with sample
preparation. A.K. and M.H. wrote the manuscript. All authors
approved the final version of the paper.

DATA AVAILABILITY

The data that support the findings of this article are openly
available [42]; embargo periods may apply.

013119-5
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