Article

Tunable entangled photon-pair generation
inaliquid crystal

https://doi.org/10.1038/s41586-024-07543-5

Received: 30 January 2024

Accepted: 9 May 2024

Published online: 12 June 2024

Open access

M Check for updates

Vitaliy Sultanov'?’, Aljaz Kavéié®*’, Emmanouil Kokkinakis®, Nerea Sebastian®,

Maria V. Chekhova"?** & Matjaz Humar®*¢

Liquid crystals, with their ability to self-assemble, strong response to an electric field
and integrability into complex systems, are key materials in light-beam manipulation®.
Therecently discovered ferroelectric nematic liquid crystals®* also have considerable
second-order optical nonlinearity, making them a potential material for nonlinear
optics*®. Their use as sources of quantum light could considerably extend the
boundaries of photonic quantum technologies®. However, spontaneous parametric
down-conversion, the basic source of entangled photons’, heralded single photons®
and squeezed light®, has so far not been observed in liquid crystals—or in any liquids
or organic materials. Here we implement spontaneous parametric down-conversion
inaferroelectric nematic liquid crystal and demonstrate electric-field tunable
broadband generation of entangled photons, with an efficiency comparable to that of
the best nonlinear crystals. The emission rate and polarization state of photon pairs is
markedly varied by applying a few volts or twisting the molecular orientation along
thesample. Aliquid-crystal source enables a special type of quasi-phase matching™®,
whichisbased on the molecular twist structure and is therefore reconfigurable for the
desired spectral and polarization properties of photon pairs. Such sources promise to
outperform standard nonlinear optical materials in terms of functionality, brightness
and the tunability of the generated quantum state. The concepts developed here can
be extended to complex topological structures, macroscopic devices and multi-pixel

tunable quantum light sources.

Liquid crystals (LCs) uniquely combine long-range molecular order
and fluidity, which results in the self-assembly of various com-
plex three-dimensional topological structures, birefringence and
large response to external stimuli™. For this reason, LCs are used
in several active optical devices, notably LC displays, tunable fil-
ters, spatial light modulators and many others"'. Recently, ferro-
electric nematic liquid crystals (FNLCs) have been discovered>*>™*,
which have polar ordering, leading to a large dielectric constant,
a strong response to an electric field and a very high optical non-
linear response. Among other possible uses, FNLCs have strong
potential for applications in tunable nonlinear devices*. Efficient
second-harmonic generation has been demonstrated*, but the use
of LCs as sources of quantum states of light has remained unexplored
until now.

Most quantum light sources rely on spontaneous four-wave mix-
ing or spontaneous parametric down-conversion (SPDC). In SPDC, a
single photon of alaser source (pump) is converted inasecond-order
nonlinear material into two daughter photons, which canbe entangled
in various degrees of freedom. Although SPDC was discovered half a
century ago” ", and has become the workhorse of quantum optics,
sources of photon pairs and heralded photons based onit have barely
evolved since then. The necessity to satisfy energy and momentum

conservation laws (also known as the phase-matching condition)
implies a careful source design and limits the set of two-photon states
that can be generated. Existing solutions such as pump-beam modu-
lation'8, periodically® or aperiodically®® poled nonlinear crystals or
waveguides®, or holographic modulation® extend those limits but
lack tunability, and are designed for the generation of a particular
quantum state. Integrated SPDC sources?*?* are promising for quan-
tum technologies but still have the same restrictions. The emerging
field of quantum-optical metasurfaces® pushes the boundaries of
quantum-state engineering but at the cost of significantly reduced
generation efficiency.

Meanwhile, FNLCs have great potential for quantum optics as akey
ingredient for quantum light sources. Changes in the FNLC structure
in response to an applied electric field offers fine spatial tuning of
the optical properties in real time. Here we demonstrate an electri-
cally tunable source of entangled photons based on SPDCin an LC.
To our knowledge, this is the first observation of SPDC in liquid or
any organic material; moreover, the SPDC rate is fairly high. We show
that the two-photon polarization state can be altered through either
amolecular orientation twist along the sample or an applied electric
field (Fig.1a). We believe that this work lays the foundations for anera
of tunable quantum light sources.
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Fig.1| Generation of entangled photonsinanFNLCcell.a, The main concept
ofthework: both the flux and the polarization state of the photon pairs can be
altered by reconfiguring the molecular orientation, achieved by either
engineering the sample geometry or applying anelectric field. b, Typical peak
of photon-pair detection (coincidences) at the zero delay between the counts
oftwodetectors. The 8-umsample hasno twistand SPDCis pumped witha

Photon-pair generationinLCs

Thenonlinear properties of conventional solid crystals or waveguides
usedinnonlinear and quantum optics are fixed and defined by the ori-
entation and structure. In contrast, the nonlinearity of FNLCs follows
the orientation of the molecules, which can be very complex and can
be manipulated by external stimuli. Toinvestigate photon-pair genera-
tioninan LC, we prepared several samples with different molecular
orientations along the sample, with O, /2 or Tt twist of the molecules
(Extended DataFig.1). The samples had high values of refractive index
andbirefringence (Extended Data Fig.2 and Supplementary Informa-
tion Section 1) and a thickness of 7-8 um, which was well below the
nonlinear coherence length (about 19 um), and therefore generated
photon pairs coherently?. The sample with no twist had two electrodes
with a gap of 500 pm between them to create a uniform electric field,
whichreoriented the molecules (Fig.1a). Therefore, we separately inves-
tigated how a predefined molecular twist and an electric-field-induced
change of the molecular orientation affected the state of the generated
photon pairs.

Among the three degrees of freedom of two-photon light, such as
position/momentum, time/frequency, and polarization, we focus here
on polarizationbecauseits dependence on the molecules’ orientation
isthe most marked. With the axis zdefined along the molecular dipole
moment, only one component of the FNLC second-order nonlinear ten-
sord;(i=1,2,3;j=1,...,6) issignificant: d5; = 20 pm V™, only 40% lower
than for lithium niobate (Extended Data Fig. 3 and Supplementary
Information Section 2). Therefore, photon pairs are generated with the
initial polarization along this axis, the orientation of whichis effectively
equivalentto the orientation of the optic axis of a uniaxial crystal. The
interference between all differential polarization states generated
along the sample gives the resulting two-photon polarization state.

Ineachsample, SPDCis pumped with 685-nm continuous-wave laser
radiation up to a power of 10 mW focused into a 5-umspot. At this pump
power, we did not observe any other nonlinear effects or permanent
damage to the sample (Supplementary Information Section 3). We
detect photon pairs with a Hanbury Brown and Twiss interferometer
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6-mW continuous-wave laser at 685 nm. ¢, The rate of two-photon detection
increaseslinearly with the power of the pump laser. Inset: the contrast of the
peak (coincidence-to-accidentalsratio (CAR)) versus the pump power. The
inverse dependenceindicates two-photon emission.d, The spectrum of the
generated photon pairsisbroadband (limited by the cut-off wavelengths of the
used filters) andrelatively flat.

looking atthe correlations between the detection times of two photons
(Extended DataFig. 5 and Methods). Photons of the same pair arrive at
the detectors simultaneously, creating a peak inthe distribution of the
time delay between two detection events (Fig. 1b). In contrast, uncor-
related photons from different pairs or generated through a different
process (for example, photoluminescence) lead to accidental coinci-
dences, equally distributed over the delay times. Although the number
of photon pairs generated via SPDC depends linearly on the pump
power (Fig.1c), the ratio between the height of the peak and the back-
ground level of accidental coincidences (coincidence-to-accidental
ratio) is inversely proportional to the pump power (Fig. Ic, inset).
The data shown in Fig. 1b,c clearly prove photon-pair generation
from an LC, with a fairly high coincidence rate. A narrow peak under
continuous-wave pumping indicates time-frequency entanglement?,
but we do not quantify it here.

Owing to the microscale source thickness? and the resulting relaxed
phase-matching condition, the spectrum of photon pairs from an
FNLC layer should be broadband. We demonstrate it by measuring
the two-photon spectrum (Fig. 1d) via two-photon fibre spectroscopy?,
accounting for the spectral detection efficiency and losses (Extended
Data Fig. 6 and Methods). The generated two-photon spectrum is
almost flat, up to amodulation caused by the etalon effect inside the
source?, and limited by the frequency filtering. Without filtering, the
spectrum of photon pairs is expected to be even broader, suggesting
applications such as ultrafast time resolution, high-dimensional time
and frequency quantum coding, or hyperentanglement.

Photon-pair polarization-state switching with electric
field

Next, we show how the generated two-photon state changes when
the molecules are reoriented under the applied electric field. We
measure the rate of real (non-accidental) coincidences for different
pump polarizations and polarizations of photon pairs selected with
two polarization filters before the detectors. With no field applied,
horizontally (H-) oriented molecules generate H-polarized photon
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Fig.2|Electric-field tuning of SPDC. Theelectricfield reorients the molecules,
changingboth the generation rate and the polarization state of photon pairs.
a, Therate of pair generation follows the electric-field time dependence and
canbe modulated significantly for both the horizontally (top) and vertically
(bottom) polarized pumps. The H-polarized (blue) and V- polarized (orange)
statesare turned onand off anti-phased. b, The source canbe switched between
emitting horizontally and vertically polarized states with the D-polarized pump.
Inthe absence of the field, the molecules are oriented horizontally. ¢, The

pairs fromthe H-polarized pump and no photon pairs from the verti-
cally (V-) polarized pump (Fig. 2a). Under afield applied perpendicu-
lar to the initial molecular orientation, the molecules align with the
field (Fig.1a, middle and right), switching on photon-pair generation.
Now, V-polarized photon pairs are generated from the V-polarized
pump. The switching happens relatively fast, thatis, in about 0.5s,
asmeasured with second-harmonic generation (Extended Data Fig. 4
and Methods).

The two-photon state switching is even more pronounced when
photon pairs are generated with the diagonally (D-) polarized pump
(Fig. 2b). The coincidence rate traces are shown in Fig. 2c. It follows
that while the generation efficiency is defined by the overlap between
the molecular orientation and the pump polarization, the generated
state is solely defined by the molecular orientation. The state switch-
ing occurs gradually with the increase of the applied field (Fig. 2d),
starting at some threshold voltage and reaching the maximum at the
saturation point, between1V and 2 V, when practically all molecules
are oriented along the field. Therefore, a voltage of only 2 Vacross a
500-pm gap is enough for almost complete switching of the generated
two-photon state.

We further investigate the polarization of photon pairs by recon-
structing the two-photon state. For classical light or a single photon,
the polarization state isasuperposition of two basis states, for instance,
horizontal and vertical. In contrast, a two-photon state is described

coincidencerate of H- (blue) and V-polarized (red) pairs for the D-polarized pump
asafunctionofthe applied voltage. d, The rate of pairs varied by applying a
sawtooth voltage shows the existence of a threshold voltage required for
re-orienting the molecules, and the saturation voltage, where furtherincrease
bringsno change. e-h, The polarization state also evolves gradually, according
tothereconstructed polarization density matricesunderOV (e), 1V (f),2V(g)
and3V (h).

by four basis states®. However, in the case where two photons are dis-
tinguishable in no other way than polarization, the dimensionality is
reduced to three, and the state is a qutrit®*

W) = Cil2)410)y + Gyl D[y + C5l0)412)y, )

where C,, C,and C;are complexamplitudes, so that |C,|> + |G,|* + |C,)* =1,
and |N) ,is a Fock state with N photons in polarization mode P. The
corresponding density matrix p extends the description to the case
of mixed states. As we detect photon pairs emitted into the same
spatial collinear mode and do not distinguish them in frequencies,
we characterize the two-photon state by a three-dimensional density
matrix. We reconstruct the two-photon polarization density matrix
via polarization tomography® optimized via the maximuma likelihood
method®. The details of the experimental procedure can be found
in Methods.

Aswe seein Fig. 2e-h, as the electric field is gradually applied, the
two-photon polarization state evolves from both photons polarized
horizontally (Fig. 2e) through an intermediate state (Fig. 2f) to the
state of both photons polarized vertically (Fig. 2g), which does not
change significantly as the field is further increased (Fig. 2h). Therefore,
we can obtain either two H- or V-polarized photons or any intermedi-
ate two-photon polarization state with the same pump polarization
by changing the molecular orientation via an applied electric field.
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Fig.3| Tuning SPDCby changing the twist geometry. The density matrix of
the two-photon polarizationstate strongly depends on the twist of the molecules
along the sample. a-c, Examples of 0 (a), /2 (b) and 1t (c) twist angles were
examined. The horizontal pump-beam polarization coincides with the molecules’

Engineering photon pairs via the sample geometry

Finally, we investigate how the twist of molecular orientationalong the
sample affectsthe generated two-photon state (Fig. 3). As expected, an
FNLC with no twist and horizontal orientation of the molecules gener-
ates pairs of H-polarized photons (Fig. 3a) from a H-polarized pump,
accordingtothenonlinear tensor ofthe FNLC. In contrast, if molecules
gradually change their orientation along the sample from horizontal
to vertical (/2 twist, Fig. 3b), the two-photon state is completely dif-
ferent: it contains mostly ‘VV’ photon pairs with a small fraction of
‘HV’ pairs. Further increase of the twist to Tt twist brings the state close
to the H-polarized two-photon state (Fig. 3¢). Similar to the applied
electric field, the molecular orientation twist gradually changes the
state from two photons co-polarized along the molecular orientation
(when thereis no twist) to an orthogonal state in asuperposition with
cross-polarized photons.

These results suggest that abroad range of two-photon polarization
states can be achieved by engineering the source. To confirm this, we
develop atheoretical model (Methods) to investigate the effect of the
parameters, such as the FNLC cell length and the molecular twist, on
the photon-pair generation. For the FNLC parameters investigated in
the experiment (thickness 7-8 pum and twists 0, t/2 and 1), our model
has fairly good agreement with the experimental results (Fig. 4a). The
differencesin the calculated and measured polarization states at 90°
twist could be attributed to two things. First, the actual twist could
slightly differ from 90°, and, second, there is a possibility of slight
differences between the linear twist considered for simulations and
the actual twist profile of the average molecular orientation across
the cell. These concerns were deduced from optical observations
(Extended DataFig. 1).

Further analysis of the parameter space shows that we can achieve
two-photon polarization states that, after splitting the pair on a
non-polarizing beamsplitter, yield pairs with any given degree of
polarization entanglement. The concurrence of such a two-photon
state C=|2C,C,— C3|, ameasure of polarization entanglement?, spans
the whole range of values from 0 to 1 (Fig. 4b).
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axesatthesample’s start. Top panels show the molecules' orientation, and the
middle and bottom panels show the real and imaginary parts of the measured
density matrices, respectively.

Moreover, a proper twist of the molecular orientation along the
FNLC slab can compensate for the nonlinear phase mismatch'®, as
showninFig.4c,d, similarto the periodic poling of anonlinear crystal.
The generation efficiency can be significantly enhanced by properly
choosing the twist pitch along a macroscopically thick FNLC. For an
optimal twist pitch, in our case L, =19.96 um, which is very close to
the coherence length 19.25 um, the rate scales quadratically with the
length, same as for SPDCin a phase-matched source. Experimentally,
the proper pitch could be easily achieved by doping the FNLC with a
chiral dopant® ¢, In this case, a200-pum sample will generate 625 times
more pairs than the current sample (Fig. 4d), reaching count rates of
almost 1 MHz, more than enough for most quantum technological
applications. Such performance and the possibility to dynamically
control the two-photon state are superior to existing crystal SPDC
or fibre spontaneous four-wave mixing sources. The latter are less
efficient, require a strong pulsed pump and arelatively long nonlinear
medium, and have no polarization tunability without re-designing
the source®,

In conclusion, we have demonstrated the successful generation of
entangled photons viaSPDCin an LC, with an efficiency as high as the
most efficient commonly used nonlinear crystals of the same thickness.

One of the most remarkable features discovered in these experiments
is the unprecedented tunability of the two-photon state, achieved by
manipulating the LC molecular orientation. By re-orienting the mol-
eculesthroughthe application of anelectric field, we can dynamically
switchthe polarization state of the generated photon pairs. This level
of control over the photon pairs’ polarization properties is a crucial
advancement, offering opportunities for quantum-state engineering
in the sources with pixelwise-tunable optical properties, both linear
and nonlinear.

Alternatively, we can manipulate the polarization state by imple-
menting amolecular orientation twist along the sample. This approach
adds versatility to the design and utilization of LC-based photon-pair
sources. Moreover, a strong twist along the sample can markedly
increase the efficiency of a macroscopically large source, similar to
the periodic poling of bulk crystals and waveguides, but much simpler
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technologically, as the structure is self-assembled and may be tuned
with temperature and electric field®. Owing to their nonlinear coeffi-
cient comparableto the best nonlinear crystals, suchas lithium niobate,
and high damage threshold, FNLCs are perfectly suitable for practical
applications. Furthermore, high-quality LC devices such as LC displays
aremade onanindustrial scale, which, combined with our work, opens
apathtoscalable and cheap production of quantum light sources while
exceeding the existing ones in efficiency and functionality.

In the future, the electric-field tuning could be expanded to multi-
pixel devices, which have the potential to generate tunable high-
dimensional entanglement and multiphoton states. Furthermore,
FNLCs canself-assemblein a variety of complex topological structures,
which are expected to emit photon pairs in complex, spatially varying
beams (structured light), such as vector and vortex beams*. The liquid
nature of FNLCs opens a path to their integration with existing optical
platforms such as fibres*, waveguides** and metasurfaces*®.

Overall, the results presented in this paper highlight the potential
of LCs for practical applications in quantum technologies. LC-based
photon-pair generation with tunable polarization states offers excit-
ing possibilities for quantum information processing, quantum key
distribution and quantum-enhanced sensing.
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Methods

Material and sample preparation
Thematerial usedinthis study is FNLC-1751 supplied by Merck Electron-
icsKGaA.FNLC-1751shows astable ferroelectricnematic phase atroom
temperature, with the phase sequence Iso 87 °C,N57° C,M245 °C,NF
on cooling, where Iso refers to the isotropic phase, N to the non-polar
nematic phase, M2 to the so-described splay modulated antiferro-
electric nematic phase®*** and NF to the ferroelectric nematic phase.
The material was confined in glass LC cells filled by capillary forces at
100 °Cintheisotropic phase. We used both commercially available and
homemade cells. Inthe latter case, soda-lime-glass square2 cm x 2 cm
plates coated withatransparentindium-tin-oxide conductive layer were
assembled with plastic bead (EPOSTAR) spacers to achieve a variety
of cells with different thicknesses ranging from 7 pum to 8 pm. In the
bottom glass, indium-tin-oxide electrodes with a 500-pum gap pre-
pared by etching created the applied in-plane fields. In addition, both
plates were treated with a 30% solution of polyimide SUNEVER 5291
(Nissan) film and rubbed to achieve orientational in-plane anchoring
(planar alignment) of the LC. Combinations of different relative rub-
bingdirections of the top and bottom glass plates (O, t/2 or ) resultin
different twist structures of the LC sampleinthe ferroelectric nematic
phase®>#¢, Inthe three cases, the electrode glass was rubbed along the
gap. In-plane switching LC cells purchased from Instec were used for
switching experiments on mi-twisted structures. The cells had interdigi-
tated electrodes in one of the substrates with alternating polarity; both
the electrode width and the gap between themwere 15 um. The surfaces
had antiparallel rubbing along the electrodes (aligning agent KPI300B).
After filling at 95 °C, the sample was brought to room temperature
by controllably decreasing the temperature at a rate of 0.5 °C min™.
Inthe case of initially large domains breaking down into smaller ones
after applying large voltages, the initial configuration was restored
by reheating the samples and subsequent controlled cooling back to
roomtemperature. The quality of the achieved alignment wasinspected
via polarizing optical microscopy and comparison with transmission
spectra simulations (Berreman 4 x 4 matrix method performed with
the open software package ‘dtmm’, cell thickness 7.6 pm, and ordinary
and extraordinary refractive indices as given in Extended Data Fig. 2).

Photon-pair generation and detection

The scheme of the experimental set-up used for photon-pair genera-
tion and detection is depicted in Extended Data Fig. 5. As a pump, we
used a continuous-wave pigtailed single-mode fibre diode laser with a
central wavelength of 685 nm. After the power and polarization control,
the pump beam was focused into the LC cell with a focusing spot size
of 5 um. The maximum delivered pump power did not exceed 10 mW.
A function generator applied to the cell an electric field with different
time profiles (Fig. 2). The generated photon pairs were collected with
alens with anumerical aperture of 0.69. Then a set of long-pass filters
with a cut-on wavelength no longer than 1,250 nm cut the pump and
short-wavelength photoluminescence fromthe sample and the optical
elements of the set-up. Photon pairs were further sent into a Hanbury
Brown-Twiss-like (HBT) set-up comprising anon-polarizingbeamsplitter
and two superconducting nanowire single-photon detectors (SNSPDs).
At each output of the non-polarizing beamsplitter, we placed a set of
a half-wave plate, a quarter-wave plate and a polarizing beamsplitter,
whichacted asapolarizationfilter. The arrival time differences between
the pulses of both SNSPDs were registered by a time-tagging device.

Two-photon spectrum measurement

As the SPDC radiation from an 8-pum layer is extremely weak, direct
measurement of the two-photon spectrum (that is, with a spectrom-
eter or optical spectrum analyser) is nearly impossible. Therefore, we
measured the spectrum of the detected photon pairs via single-photon
fibre spectroscopy®. Before one of the SNSPDs, we inserted a2-km-long

dispersion-shifted fibre with azero-dispersion wavelengthat1.68 um.
Owingtothe dispersion of the fibre, the photon wavepacket stretched
intime, resultingin aspread of the coincidence peak, which theninher-
ited the spectrum’s features and the spectral losses of the set-up. We
acquiredthe coincidence histogram with different sets of spectralfilters
(Extended Data Fig. 6a) to map the arrival time differences to the cor-
responding wavelengths of the dispersed photon. The calibration curve
(Extended Data Fig. 6b) was obtained by fitting the reference points with
a quadratic polynomial function. However, the spectrum is strongly
affected by the spectral losses of the set-up and the dispersive fibre. For
that reason, we additionally measured the spectrum of photon pairs
generated inathin (7 um) layer of LiNbO, (Extended DataFig. 6¢), where
the generated two-photon spectrumis mostly flat, up to amodulation
by the Fabry-Pérot effect inside the layer. We then used the spectrum
of photon pairs from the LiNbO; wafer as a reference spectrum.

Two-photon-state reconstruction
We performed quantum tomography to reconstruct the two-photon
polarization state generated in the LC. The procedure is analogous to
measuring the Stokes parameters for classical light or a single photon.
By measuring the pair detection rates for different polarization states
filtered in the two arms of the HBT set-up, we were able to reconstruct
the density matrix of the two-photon state. Asthereis no prior assump-
tion about the generated two-photonstate, we performed all 9 required
measurements for the reconstruction of the 3 x 3 density matrix. The
fullprotocolis described in Extended Data Fig. 7. The valuesin the table
refer to the orientation of the fast axis of each wave plate with respect
to the horizontal direction. It is worth mentioning that the described
protocol does not take into account the mirroring effect of polarization
inthereflected armofthe HBT set-up. Therefore, either the angles of the
wave platesinthe reflected arm must be changed to the opposite values,
or an odd number of mirrors must be used in the reflected arm of the
HBT set-up. The protocol used for the qutrit state reconstructionis the
reduced version of the protocol for the reconstruction of the two-photon
polarization state with two distinguishable photons (ququart state)*®.
To avoid systematic errorsin the density-matrix reconstruction, we
additionally post-processed the measured data using the maximum
likelihood method. The maximum likelihood method aims to find the
density matrix closest to the measured one that satisfies all basic physi-
cal properties of a density matrix. We used a procedure similar to the
one described in ref. 30 with minor modifications (Supplementary
Information Section 4).

Theoretical model of SPDCinLCs
We developed a theoretical model to predict the polarization
two-photon state generated via SPDC in a nonlinear LC with an arbi-
trary but linear molecular orientation twist along the cell. The goal is
to determine the complex amplitudes of the polarization two-photon
state C;, G, and G, from equation (1). We assumed a single-mode, col-
linear and frequency-degenerate photon-pair generation in the
plane-wave approximation for simplicity. However, the model can be
further extended towards the multi-mode regime of SPDC with realistic
angular and frequency spectra, as well as for the case of anon-gradual
molecular twist.

Owing to weak interaction, we can use perturbation theory for the
unitary transformation of the state vector*®, The state can be written as

_ 0 ~(2) R * Tt 2
|W>—|vac>+CI_L dzp 7 (2) : ei(2)ej(2)e (2)alaflvac), (2)

where a! and a are the photon creation operators for signal and idler
photons, respectively, each of them defined insome polarization eigen-
mode, Y?(2) is the second-order nonlinear tensor, and the polarization
vectors e, ,(z) also encode the phase accumulation during the propa-
gation along the crystal of length L. Variable z marks the direction of
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propagation. The constant Ccontains only the information about the
overall generation efficiency and, therefore, is of no interest to us.

For convenience, we use two polarizationbasesinstead of the polari-
zation eigenmodes. Thefirst basisis astandard linear polarization basis
with horizontal and vertical polarizations determined with respect to
the laboratory coordinate system, {H, V}. In this basis, the two-photon
polarization state can be expressed as a qutrit state (1) as two photons
are assumed to be indistinguishable in all other Hilbert spaces apart
from polarization®. The final goal of the calculations is to determine
complex amplitudes C, , ; from equation (1). As the molecular orien-
tation changes along the crystal and implies the spatial modulation
of the nonlinearity, it is more convenient to calculate the convolu-
tion of the y® tensor with the polarization vectors of the interacting
photons in the second basis aligned with the instant orientation of
the molecules, {e, 0}. We denote the corresponding projections with
indices eand o for the linear polarization along and orthogonal to the
instant molecular orientation, respectively. Instead of the y® tensor,
we use the standard notation of the Kleinman d tensor. Therefore, the
convolutionis written as

~(2) . o

kg — * 0% (¢} € e*_e* (¢} (S
X7 ieefe =€l e (dzzep+d_,,2ep)+es € (d23ep+d33ep)+

(3

+(eley +elef ) dyy eptdyep),

where the polarization basis vectors and the tensor components are
functions of z, and the convolution is defined in the local coordinate
system of the molecules. The z direction is defined in the same way
for both bases and denotes the photon propagation direction along
thecrystal.

To calculate the polarization two-photon state, we consider an LC
with a uniform rotation of the molecules along the crystal (Extended
DataFig.8).Atanarbitrarily chosen layer of thickness dzat position z,
the pump polarizationis modified by all the previous layers it has passed
through. The polarization state of photon pairs generated fromthe cor-
responding layer dzis further modified by all subsequent layers of the
LC. The final state at the output of the crystal is the superposition of all
polarizations generated along the crystal. Therefore, to calculate the
output two-photon polarizationstate, we integrate the contribution of
eachlayer of the LC taking intoaccount the corresponding polarization
transformations of both the pump and the incremental photon-pair
state generated from each layer.

To calculate the propagation of the pump, the initial pump polariza-
tionisrepresented by aJones vector (Extended DataFig. 8) inthe {H, V}
basis. The angle ¢, is defined as the angle between both coordinate
systems at the beginning of the sample, thatis, the angle between the
global coordinate H direction and the extraordinary molecule axis eat
the beginning of the sample. The first step is to bring the pump from
the global basis to the local basis at the beginning of the sample via
rotating the pump Jones vector by ¢,:

e = R(p,) ep, (4)

where R is the standard rotation matrix. The polarization trans-
formation of light propagating through a twisted nematic LC
(TLC) with a uniform twist is described by the correspondingJones
matrix*!

Mrc=€? R(= @) M(, B);

cosX+ igsinx %sinx 5)
M(p,B) = 5 .
—Ysz cosX— l}SlnX

Here, ¢ = Kl isthe average phase acquired by both polarizations,
withk = %(ke +k°) being the average k vector and [ being the thickness
of the TLC layer performing polarization transformation; ¢ is the

twist angle; f=1l(n, - n,)/A =gl characterizes birefringence, where
we introduce notation g = %(ke - k%, and n,and n, are ordinary and
extraordinaryrefractive indices of the sample at optical wavelength A,
respectively. The additional parameter Xis defined as X = \/ ¢p? +,Bz.

Atacertainchosen position z, the pump polarizationis transformed
by the partof the LC from -L to z, with the effective length of this layer
beingz+L.The pump polarization vectorin the local basis at position
zthenhas the form

ep(2) _ ik e, 2L ep
[e‘s(z)}‘e SRRy T G

where ¢ denotes the full twist of the sample. We intentionally leave the
pump polarization defined in the local basis as it is convenient for cal-
culatingits convolution with )2(2). We explicitly write the pump polari-
zation vector at position zin the local basis as a function of the input
pump polarizationin the {H, V} basis

_ H V] ikp(z+L)
ep(2) =t e, +r,eple 0™, @
&)=yl rpelleo),
where
t, = fpcosq)o—ppsinq)o,
I, = fpsin(p0+ppc05(po,
z+L Bl (z+L
= - +i— Z -
& cos( 7 Xp] i X, sm( I ij, )

_p . (z+l
pp—Xpsm(—L ij,
Xo= [0+ (g L)%

By inserting these expressions into equation (3), we can find the
polarization state of photon pairs generated from a unit layer at posi-
tion zin the local basis. However, as we are interested in the output
polarization state, the polarization of both signal and idler photons
must be propagated from z to the end of the crystal in a similar way.
This transformation can be written as

et 7 - e (2)
[e‘; ] =R(-¢,- p)elksi Z)M(Tzq), - zgsli)[ J ©)]

s,i e?,i(Z)

where the photons are propagating from z to 0. The explicit form of
the output polarization for the signal and idler photons generated
atzis

H -k i
eqi=ltsieci(2) + 1y e0i2)]e
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with similar notation as before
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To perform convolution (3), equation (10) needs to be reversed to
express e%°(z) as functions of the outcome polarizations et,". With this
transformation, alongside equations (3) and (7) the convolution is
written as

17 i eete,=lr e + il ) (rel +erel )R

e -rel) el - riel)p,

(e el et el ), (12)
+ (rs eSH‘+ t: e;/”)(ti e:—l‘_ ’,i* ei\/”)P3]eikPLei[kp*(kSJrki)]Z
where further notation shortening was introduced via
— s ,V_ v H H Vv
A=dy(the,—ryep) +dy(t,ep+r,ep),
— V_ H H Vv
Py=dy(tye,—ryep) +dy(t,ep+r,ep), (13)

Py=d,(ty ey —rhen) +dz(t, eh+ 1, ep).

To find the state, we have to substitute the components of the
Jones vectors e?,'i" with the corresponding photon creation opera-
tors. In this case, transformations (7) and (10) are equivalent to the
unitary transformations of a beamsplitter with two input and two
output polarization modes. Substituting (12) into (2) and grouping
the components with the same pair of the creation operators, we can
finally find the two-photon polarization state in the qutrit form (1)
with the complex amplitudes

0 R
G= ﬁI,L dzlriP+ t Py + (tg;+ g Pyletom stz

0
Co=J, delleci + 6B~ i+ ric)P w

+ (8 = 1 + €= rinPylele ik,
0 IV
C3=42 I |, LR+ ririPy = (e + )Pyl (6T,

The polarization state vector has to be further normalized with the

norm.| |C1|2 + |C2|2 + |C3|2 . Although we use the normalized values of
the complex amplitudes for the analysis of the two-photon polarization
state (Extended Data Fig. 9), the normitselfshows the relative genera-
tion efficiency for different parameters of the LC, such as length and
twist (Fig. 4c,d).

Further development of the model involves more strict quantum-
optical calculations, with the real angular and spectral distributions
ofthe generated photons, as well as the spatial properties of the pump
beam, internal reflections of both the pump and the generated pho-
tons, and so on. Furthermore, the approximation of a non-depleted
pumpisvalid only in the low-gain regime of SPDC, while suchasourceis
incredibly promising for generating squeezed vacuum and twin beams.
Finally, we assume a perfect uniform twist of the molecules, which is
hard to achieve experimentally, especially for twists not multiple to .

Although this modelis significantly simplified, it proved to be reliable
and provides a great insight into the physics of this type of material.
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T/2-twist cell
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Extended DataFig.1|Polarization microscopy (POM) images of different
0-, m/2- and m-twisted cells. a) A O-twist cell asobserved between crossed
polarizers shows almost perfect extinction indicating uniform molecular
orientation across the cell thickness. Scale bar, 500 pm. b) r/2-twist cells as
observed between parallel polarizers. Theimperfect extinctionindicatesa
slight deviation of the molecular orientation directionacross the cell from the
ideal m/2linear twist. Molecular orientation direction across the cellis analysed
ind.c) Ar-twisted cell as observed between crossed polarizers and a full-wave
plateAshows the divisioninto two domains of opposite handedness (as evidenced
by the sierra-walls), typical for antiparallel rubbed cells in which molecular
orientation follows a mr-twist structure across the sample thickness>*>. Elongated
domainsindicatesurface defects, whichare absentintheareaoftheelectrode
gap (d), whereasingledomain wasimaged. e) Normalized transmitted intensity

foram/2-twist cell at different wavelengths (532nm, 569 nmand 632nm)asa
function of the analyzer rotation where zero angle corresponds to the analyzer
perpendicular to the polarizer. Circles denote experimental data acquired with
theincoming polarization parallel to the bottom glass surface rubbing. Full
lines correspond to transmission spectrasimulations performed consideringa
linear twist structure for the molecular orientation. The best fits were obtained
using 84° twist for 532 nmand 632 nm curves (with rotation from 5°to 89° from
bottomto top surface, with respect toincoming polarisation) and 85° for 569
nm curve (rotation from 0°to 85°). The fact that no simple linear twist profile
was found that simultaneously fits the three sets of data, indicates that the
twist profile could deviate slightly from linear. This variation, together with the
twist not being exactly 90°, could explain the differencesin the calculated and
measured polarizationstatein Fig. 4a at /2 twist.
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Extended DataFig.2|Refractiveindices and birefringence of FNLC-1751

measured versus the wavelength. a) Measured values and fitting functions
for the extraordinary (blue) and ordinary (orange) refractive indices at
different wavelengths. b) Values of birefringence extracted from datain panel
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a.Inall cases, thefitting functions are two-term Cauchy models (4 + B/A?). The
resulting parametersare A =1.663, B=10256 nm?for the extraordinary refractive
indexand A =1.474, B=874 nm*for the ordinary refractiveindex.
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Extended DataFig.3|Measurement of the SHG efficiency inLC to determine
thenonlinear tensor d. a) We measured the SHG efficiency with a fixed pump
polarization (horizontal or vertical) in LC (green and blue points, respectively)
and compared it with the SHG efficiency in LN (red points). b) Similar
measurements were done with the fixed orientation of the analyzer and a variable
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pump polarization. After fitting the results with the corresponding theoretical
curves and comparing the SHG efficienciesin LN and LC, we concluded that out
of sixcomponents of the d nonlinear tensor of LC that we were able toretrieve,

only oneissignificant, d;; =20 pm/V.
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Extended DataFig.4|SHG switchingunder the applied electricfieldin the
n-twisted LC. a) Background-subtracted SHG intensity over time while applying
square 830 mV voltage with240s period. We cansee discrete transitions when
thefieldis turned on or offand astable behavior during the time the field remains
fixed. The contrastbetween the on and offstates of the field correspondstoa
threefoldincreaseinintensity. b) Background-subtracted SHG intensity over
time while applyinglinearly increasing/decreasing 880 mV voltage pulses. The
SHG intensity follows the voltage profile, the only exception being the low-
voltage regions where the intensity is not really changing withinthe measurement
error. We attribute this to the fact that electric field isinsufficient to reorient
the molecules and change the sample structure. The contrastbetween the on

and off stateis again threefold. ¢) Characteristic profile of the LC SHG intensity
when the voltage is quickly switched on. The transition time of the molecular
reorientation and relaxationinto the new configuration driven by the applied
fieldisaround halfasecond (denoted by the shaded area). Itis defined as the
difference between the points where the amplitude is at10% and 90%, respectively.
Thefunctionfitted tothedataisa-atan((x-c)/b) +d.Inthe presented case, 1V
was applied to the sample without the twist. No significant difference was
observed for different field strengths or sample configurations (twist). The
same behavior is expected also for SPDC, butitis harder to reliably measure
withsuch temporal resolution due to much lower intensity.
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Pax =17 mW
Extended DataFig. 5| Experimental setup for generatingand detecting measurements. HWP, half-wave plate; QWP, quarter-wave plate; LP, long-pass
entangled photons fromLC. After the power and polarization control, the filter; NPBS, non-polarizing beam-splitter; PBS, polarizing beam-splitter; SNSPD,
pump (CW laser light @ 685 nm) was focused in the LC cell. Generated photon superconducting nanowire single-photon detector.

pairswere sentto the Hanbury Brown - Twiss setup and detected via coincidence
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Extended DataFig. 6 | Two-photon spectrum measurement. a) We measured
the histogram of arrival time differences for several sets of frequency filters
and matched their edges with the transmission spectra of the filters. b) The
obtained points were fitted to map the detection time delay to the wavelength
of the dispersed photon. ¢) We additionally measured the spectrum of 7 um
thick LN wafer with aknown two-photon spectrum as areference toaccount for
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thespectrallossesinthe setup.d) The final spectrum of photon pairs generated
inLC was normalized to the reference spectrum. The measured spectrumis
solely limited by the detection efficiency and the spectral filtersused in the
experiment. Due to the relaxed phase-matching, the generated two-photon
spectrumshould be much broader, occupying several octaves.
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Polarization state HWP;,deg QWP;,deg HWP,,deg QWP,, deg

H-H 0 0 0 0
H-V 0 0 45 0
V-V 45 0 45 0
H-D 0 0 22.5 45
H-R 0 0 0 -45
V-A 45 0 -22.5 45
V-L 45 0 0 45
D-D 225 45 225 45
D-R 225 45 0 -45

ExtendedDataFig.7| The protocol for two-photon polarization tomography
ofaqutritstate.Indicesland2correspondto the different outputs of the NPBS.
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Extended DataFig. 8| Notationused to describe the propagation of the (o,e); thenits evolutionalong the sampleis described, and finally it is converted

pump and the generated photon pairs within the samplein the theoretical backtothelaboratoryframe of reference H,V.
model. Theinputjones vectoris converted into thelocal frame of reference
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Extended DataFig. 9| Calculated polarizationstates of photon pairs. The
squared amplitudes represent the probabilities for each of the basis states.
(a-c) Values of |¢,|%, | ¢,/ and |c5|* versus the sample thickness and the twist angle.
Top panels present the region related to the currentexperiments, while the
bottom panels show the effect of larger twist angles, up to 4 full twists,
demonstrating the possibility to generate broader sets of polarization states.
Inall calculations, the pump polarization was diagonal (D). d) Theoretical
prediction onthe possible states that can be produced. All possible combinations

2 8 1

8 10

0

of|c,| and|c;| that can be achieved through varying the physical parameters of
the sample (namely, sample length and twist angle) and pump polarizationare
presented. Different combinations are obtained with different occurrencerate,
as certain combinations will only be satisfied by very specific set of parameters.
However, this result shows that aset of parameters that can generate any desired
combination always exists. Sample length up to 40 um and twist angle up to 8w
isusedinthe simulation as well as 6 different pump polarizations, namely
H,V,A,D,RandL.
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