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ABSTRACT
The investigation of phase behaviour in the new class of materials showing ferroelectric nematic 
and related phases can greatly benefit from methods that combine thermal control with structural 
and polarity-sensitive imaging. In this work, we present a technique that integrates focused 
infrared laser heating with second harmonic generation microscopy, enabling rapid, localised 
control of temperature and simultaneous polarity-resolved imaging. This approach allows for 
spatially resolved visualisation of multiple coexisting liquid crystalline phases and their polar 
character in a single-shot experiment – significantly accelerating analysis compared to conven-
tional heating-stage-based methods. We demonstrate the method on conventional nematic LCs 
and a complex ferroelectric nematic LC, resolving a rich sequence of mesophases and validating 
induced temperature profiles through numerical simulations. Our approach offers strong potential 
for high-throughput screening of novel materials and exploration of metastable phases.
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1. Introduction

Polarising microscopy, often combined with controlled 
heating stages, is one of the traditional and widely used 
techniques for studying thermotropic liquid crystals and 
their phase transitions. To maintain thermal equilibrium 
across the sample, these systems typically operate at slow 
temperature ramp rates of around 1 K/min. This careful 
approach remains crucial for accurately resolving phase 
structures and ensuring reliable interpretation of phase 
transitions.

A key challenge when working with ferroelectric 
liquid crystals is the identification of polar phases, these 
being a special case of liquid crystals in which the inver-
sion symmetry of the director is broken, giving rise to 

bulk polarity. The procedure typically begins with 
a temperature scan to observe the evolution of textures 
using polarised optical microscopy (POM), followed by 
differential scanning calorimetry to precisely determine 
the phase transition temperatures. Finally, second har-
monic generation (SHG) microscopy is employed to 
directly measure the polarity of the mesophases and to 
extract nonlinear optical coefficients. Although this 
sequence of measurements provides a thorough and well- 
established approach to characterising liquid crystalline 
phases, it involves multiple steps that must be carefully 
coordinated. There may be some variations between 
thermal scans due to differences in the calibration of 
temperature sensors across different devices, which can 
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lead to discrepancies in the measured phase transition 
temperatures and add complexity to the interpretation of 
mesophase formation.

Moreover, the discovery of novel polar phases and the 
growing number of synthesised liquid crystal families [1– 
10], some exhibiting polar phases and some not, call for 
a more efficient initial screening method. A rapid tech-
nique to identify molecules that exhibit polar phases 
would allow researchers to prioritise those materials for 
more detailed studies. Although slow cooling and addi-
tional experiments will ultimately be necessary to fully 
characterise the material, this initial rapid screening sig-
nificantly narrows down the candidates, enabling a more 
focused investigation of polar materials and phases.

In addition, conventional heating stages are typically 
limited to temperature ramp rates well below 1 K/s, 
which makes them less suited for studying dynamic 
processes or accessing metastable phases that depend 
on rapid thermal transitions. These constraints under-
score the value of alternative methods that offer both 
precise temperature control and fast thermal 
modulation.

The development of localised heating techniques, 
such as the use of a focused infrared (IR) laser, offers 
a promising alternative by enabling precise, controlled 
temperature gradients within a sample. This approach 
creates regions of different temperatures within the 
same liquid crystal cell, allowing for the local modifica-
tion of the order parameter or the simultaneous obser-
vation of multiple phases under different thermal 
conditions. In [11], IR light absorption from a tightly 
focused laser tweezer beam was used to locally heat 
a thin layer of nematic liquid crystal by several degrees, 
resulting in a gradient of the order parameter and the 
transport of particles towards the hot spot. The same 
group later used stronger IR laser pulses to locally heat 
the liquid crystal to the isotropic phase and then 
observed rapid quenching, demonstrating cooling rates 
of up to 10,000 K/s [12].

The present study employs a focused (or defocused) 
IR laser to induce localised heating in thermotropic 
liquid crystal samples with multiple liquid crystalline 
mesophases, establishing a stable temperature gradient 
across the sample. This enables real-time phase visuali-
sation and the observation of phase coexistence under 
varying temperatures. To further enhance the phase 
analysis, our setup integrates SHG microscopy, 
a nonlinear optical technique that allows for the direct 
visualisation of polarity within the liquid crystal phases, 
providing an additional layer of insight into the struc-
ture and behaviour of each phase.

This combined approach of opto-induced heating 
and SHG microscopy provides a powerful tool for 

studying liquid crystal phases (Figure 1). By enabling 
the simultaneous observation of multiple phases within 
the same sample region and field of view, along with 
their associated polarity differences, it offers 
a complementary and efficient alternative to traditional 
phase characterisation techniques. In this manuscript, 
we describe the experimental setup, the process of phase 
observation under controlled temperature gradients, 
and the insights gained from the simulation of the setup.

2. Materials and methods

2.1. Sample preparation

In this study, we used three liquid crystals (LCs): two 
conventional nematic LCs and one ferroelectric nematic 
LCs. The two conventional nematics were 5CB 
(Nematel), a commercially available liquid crystal with 
the phase sequence Cr − 20.5°C – N − 35.2°C – Iso, and 
E7 (Merck), a nematic mixture with the phase sequence 
N − 61°C – Iso. The ferroelectric nematic liquid crystal 
compound 1 was first reported in [13]; however, we 
synthesised it following the procedure described in our 
own work [14]. It exhibits the phase sequence Cr − 
67.4°C – SmCH

P − 90.9°C – NTBF − 103.3°C – NF − 
143.1°C – NS − 150.7°C – N − 234.1°C – Iso, with all 
liquid crystalline phases being enantiotropic. It should 
be noted that the phase transition temperatures differ 
slightly between [13] and [14]. Similar phase was 
reported in [15].

Figure 1. (Colour online) Experimental setup enabling tempera-
ture control on a microscale using focused IR heating, along with 
polarization, fluorescence and SHG imaging.
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Materials were filled at a temperature corresponding 
to the conventional non-polar nematic phase into glass 
liquid crystal cells with surfaces imposing in-plane 
orientation of the director (EHC) of 5 µm and with 
parallel rubbing. Both top and bottom inside surface of 
cells were coated with , 100 nm thin ITO layer.

2.2. Experimental setup

The experimental setup, shown in Figure 1, integrates 
precise beam steering, polarisation control, and high- 
resolution image acquisition for comprehensive optical 
and thermal analysis.

The samples were observed using bright field and 
polarised optical microscopy using a LED as a light 
source. The illumination passed through a rotatable 
polariser and was then directed along the optical axis 
of the system using a dichroic mirror. The transmitted 
light was analysed using a second (rotatable and remo-
vable) polariser.

SHG imaging was performed using a custom-built 
scanning microscope. The laser source is an Erbium- 
doped fibre laser (C-Fibre A 780, MenloSystems) gen-
erating 785 nm, 95 fs pulses at a 100 MHz repetition 
rate. The average power was adjusted using an ND filter 
to 10 mW on the sample. A motorised half-waveplate 
adjusts the incident polarisation on the sample and, 
jointly with the analyser in front of the camera, enables 
to perform polarisation-resolved SHG. A combination 
of galvo mirrors and a long-working distance objective 
(Nikon CFI T Plan SLWD, NA 0.3, mounted on a piezo 
stage for a precise displacements along optical axis) is 
used to scan the focused beam in the sample plane. The 
scanning frequencies are much higher (a few 100 Hz) 
than the SHG imaging frame rate (a few Hz).

A long-working distance 20× objective (Nikon CFI 
T Plan SLWD, NA 0.3) collects the light coming from 
the sample both for polarised and SHG imaging. A set 
of 700 nm short-pass and 400 nm band-pass filters 
eliminates the fundamental IR light and any possible 
fluorescence signal. The images are finally acquired 
using a high-performance CMOS camera 
(Grasshopper 3, Teledyne Flir) with a typical integra-
tion time of 250 ms, dimensions 1920 × 1200 pixels, 
and 0.285 µm/pixel.

Localised sample heating was achieved through the 
absorption of a focused 1064 nm IR laser beam by the 
ITO coatings on both substrates of the LC cells. The 
beam was steered using a pair of acousto-optic deflec-
tors, controlled by a computerised laser tweezers system 
(Aresis, Tweez 250si). This setup enabled the creation of 
multiple hot spots through time-sharing of the laser 
beam, with a switching frequency of up to 100 kHz. 

The sample is at room temperature before the laser 
heating is turned on.

The temperature field due to IR absorption was 
determined in a separate measurement in which an 
ITO coated cell was filled with BCECF (2’,7’-bis-(2-car-
boxyethyl)-5-(and-6)-carboxyfluorescein) dissolved in 
a 1 mM TRIS buffer solution. BCECF exhibits tempera-
ture-dependent fluorescence intensity, allowing for pre-
cise thermal mapping. Upon excitation with a suitable 
light source, the fluorescence emission of BCECF 
decreases with increasing temperature due to changes 
in its quantum yield. By calibrating the fluorescence 
intensity against known temperature values in 
a heating stage (Instec HCS412W), a reliable relation-
ship between fluorescence and temperature was estab-
lished, T ¼ T0 � T� lnðI=I0Þwhere I0 is the fluorescence 
intensity at ambient temperature T0 and I the measured 
intensity at an increased temperature T. This calibration 
enabled the measurement of spatial temperature varia-
tions in the sample calculated from the fluorescence 
image of the BCECF dye taken immediately after the 
laser heating was turned on in order to avoid thermo-
phoretic depletion and thus incorrect temperature 
determination.

3. Results

3.1. Uniform heating of large regions

We first attempted to create regions of uniform tem-
perature. Figure 2(a) shows the measured temperature 
field of a 90 µm × 60 µm rectangular region, generated 
by time-sharing the heating laser beam. A homogeneous 
temperature increase was achieved by sequentially 
focusing the laser onto a grid of N ¼ 30� 20 equally 
spaced points. The laser remained at each point for 10 µs 
(f ¼ 100 kHz) before randomly moving to another 
point in the grid, repeating the process continuously. 
The random ordering of the heating points was neces-
sary to prevent fluid flows caused by the thermo-viscous 
pumping effect [16,17].

The resulting temperature profiles along the x-axis 
for different laser powers are shown in Figure 2(b). With 
increasing laser power, both the peak temperature and 
the temperature in the surrounding area rise. The peak 
temperature is linearly proportional to the laser power, 
as demonstrated in Figure 2(c).

When 5CB was exposed to homogeneous heating 
conditions (Figure 2(d), Video 1 in SI), we immedi-
ately observed ‘flickering’ within the heated region, 
indicating that the temperature was far from uni-
form. This effect arises due to the time-sharing 
operation of the heating laser. During time-sharing, 
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the laser locally heats a small region around its cur-
rent focal point, causing the liquid crystal to transi-
tion into the isotropic phase. The laser then 
sequentially moves to N � 1 other points before 
returning to the starting position. The complete 
cycle takes t ¼ N

f ¼ 6 ms.
A rough estimate of the characteristic cooling time is 

given by 

where cooling predominantly occurs through the upper 
and lower glass plates. For a typical sample size of 
a ¼ 10, with the glass having a density (ρ) of 2230 kg/ 
m3, a specific heat capacity (cp) of 830 J/(kgK), and 
a thermal conductivity (k) of 1:1 W/(mK), we obtain 
a cooling time of τ � 0:16ms.

Since the cooling time is significantly shorter than 
the laser round-trip time, the LC transitions back 
from the isotropic to the nematic phase before the 
laser returns. As this process occurs at every point of 
the heating grid, it results in the observed flickering 
effect. Heating large areas using a time-shared 

focused laser beam is therefore unsuitable for typical 
LC cells.

3.2. Single point heating

Instead of large-area heating using multiple points, we 
next investigated static single-point heating with 
a focused laser. The resulting temperature profiles 
along the x-axis for two different laser powers are 
presented in Figure 3(a). The full width at half max-
imum (FWHM) of the temperature profile is less than 
30 µm, while the thermal gradient reaches values as 
high as 7 K/µm. Both the FWHM and the maximum 
achievable gradient are strongly influenced by the 
thickness of the LC layer and the beam waist of the 
heating laser. These dependencies are examined in 
detail below in the Simulation section.

To reduce temperature gradients, we systematically 
shifted the focus of the heating laser by a fixed amount 
along the optical axis. This deliberate defocusing resulted 
in an expanded FWHM of the temperature distribution, 
leading to a more gradual thermal gradient. The broader 
heated region allowed for the simultaneous observation 

Figure 2. (Colour online)Homogeneous heating, achieved through time-shared illumination of a rectangular region measuring 90 µm 
× 60 µm, consisting of 600 equally spaced heating points. a) The resulting temperature field, obtained using temperature-dependent 
fluorescence. The color bar indicates the temperature in °C. b) Temperature profile across the horizontal axis. Different colors represent 
various heating laser powers, given in mW. c) Maximum temperature increase as a function of laser power. d) Grainy, non-stationary 
5CB structure exhibiting rapid temporal evolution. Arrows indicate the directions of the polarizer (P), analyzer (A), and the rubbing 
direction (n).
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of multiple LC phases emerging between the isotropic 
state and room temperature. This approach provides 
a controlled thermal environment for studying phase 
transitions with enhanced spatial resolution.

In Figure 3(b), we show the measured peak temperature 
during the switching on of the heating laser. Since the 
temperature field is determined from fluorescence mea-
surements, the minimum duration of a single measure-
ment is limited by the fluorescence intensity. To achieve an 
adequate signal-to-noise ratio, the camera acquisition rate 
was set to 300 Hz. The camera was not externally synchro-
nised with the laser control, so we defined t ¼ 0 as the last 
data point having room temperature. It can be seen that 
the temperature jump occurs within one or two frames, i.e. 
in less than 6 ms.

3.3. Simulation

We numerically solved the heat equation to obtain tem-
perature field using a finite element solver (Comsol, 
FEMLAB). Since the problem in the case of focused or 
defocused point heating is axially-symmetric with the 
respect to the optical axis, only 2D simulation of the 
experimental chamber had to be performed.

The geometry along the optical axis (z-direction) 
was the following: 700 µm thick borosilicate glass, 
d ¼100 nm thick ITO layer, 5 µm of liquid crystal, 
covered by 100 nm of ITO and 700 µm glass. The size 
of simulated region in the transverse direction (r- 
direction) was 5000 µm. The laser-induced heating 
was simulated by a homogeneous absorption of 
a Gaussian laser beam in ITO layers. We neglected 
the absorption in the LC layer.

The intensity of the beam is IðrÞ ¼ 2P0
πw2

0
expð� 2r2

w2
0
Þ, 

where P0 is the laser power at the sample position, 
and w0 beam waist size at the position of ITO layer. 

The absorbed power in the first ITO layer is approxi-
mately Pabs = αdP0 with α = 11503/cm being the 
absorption coefficient of ITO on glass at the laser 
wavelength [18]. The source term, needed to numeri-
cally solve the heat equation, is the absorbed power 
density Pabs=V ¼ αdP0= Sdð Þ ¼ αI rð Þ. The second ITO 
layer is hit with a decreased laser power due to the 
absorption of the first layer therefore the absorbed 
power density is Pabs=Vð1 � αzÞ.

The heat transfer from the LC cell to the sur-
rounding ambient air was simulated by setting the 
the heat transfer coefficient at the outside boundaries 
of the glass plates to h ¼ 25 W

m2K.
Simulated temperature profiles in the middle of 

LC layer are presented in Figures 3 and 4. At a given 
heating laser power, the profile strongly depends on 
the beam waist size w0 as demonstrated in 
Figure 4(a). A slight defocusing of the beam drama-
tically changes the peak temperature. In the experi-
ment we therefore always first focused the beam to 
reach the highest peak temperature and then used 
piezo stage to defocus the beam to reach desired 
beam waist. In Figure 3(a) we compare the experi-
mentally determined temperature profiles with the 
simulation results for w0 ¼ 16µm. The simulation 
shows a good agreement with the experimental 
data, capturing the key trends and exhibit reasonable 
accuracy.

Simulation can also provide insight into the 
detailed dynamics of the heating. In Figure 3(b), we 
show temperature profiles at different times after the 
heating laser is switched on. As already estimated in 
Subsection 3.1, it takes on the order of 10� 4 s for 
a significant change of LC temperature to occur in 
this geometry. In the context of time-shared heating 
using multiple laser points with a switching 

Figure 3. (Colour online) Single-point heating. (a) Temperature profiles for two different laser powers. Solid lines represent the 
measured data, while dashed lines indicate the simulation results. (b) Temporal evolution of the maximum sample temperature. The 
heating laser is switched on at t ¼ 0.
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frequency f ¼ 100 kHz, this implies that only a few 
heating points can be used; otherwise, the local tem-
perature changes significantly during the roundtrip 
time. This can result in rapid phase transitions, as 
indicated by the flickering of LC in Supplemental 
Video 1.

3.4. Nematic liquid crystals

Having characterised and simulated the system, we 
now apply focused laser heating to generate controlled 
thermal gradients in real liquid crystals. As 
a demonstration, we use two well-known nematic 
materials: 5CB and E7. These classic systems allow us 
to explore the thermal response and phase behaviour 
under localised heating, showcasing the potential of 
our approach for studying temperature-dependent 
phenomena in liquid crystals with high spatial 
precision.

In Figure 5 we show POM images of 5CB and E7, 
which, under given conditions, exhibit only two 

phases, nematic and isotropic, with the latter appearing 
dark under crossed polarisers. The appearance of the 
nematic phase depends on the order parameter which 
is reduced close to the nematic-isotropic border [11]. 
One can observe how the size of the isotropic region in 
5CB expands with increased laser power. When com-
paring 5CB and E7 heated with the same power, the 
isotropic region of E7 is significantly smaller due to its 
higher transition temperature.

3.5. Ferroelectric liquid crystal

As an exemplar, we present LC compound 1, which 
exhibits two non-polar and three polar mesophases. 
Our experimental setup allows us to distinguish 
between them in a single-shot experiment.

Figure 6 illustrates the rich mesophase sequence of 
compound 1, observed using two complementary 
approaches. The composite image consists of simulta-
neously captured SHG and polarised optical microscopy 
(POM) image. This configuration enables spatial 

Figure 4. (Colour online) Simulation results. (a) Equilibrium temperature profiles for various beam waists w0 at a fixed laser power of P ¼ 10 
mW. (b) Temperature profiles at different times after the heating laser is switched on. The simulation parameters are P ¼ 80 mW and 
w0 ¼ 16 µm.

Figure 5. (Colour online) Point heating of 5CB and E7 using different laser powers, as seen under crossed-polarisers. Arrows indicate 
the directions of the polariser (P), analyser (A), and the rubbing direction (n).
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resolution of multiple mesophases coexisting in a radial 
thermal gradient. Starting from the central isotropic 
region, four mesophases emerge before the outer crys-
talline phase is reached. First, a nematic phase appears, 
characterised by the absence of SHG signal, indicating 
non-polar order. The boundary with the next phase is 
not clearly defined, and the NS phase, expected in this 
region, could not be reliably identified, likely due to the 
narrow temperature window of 7 K and steep thermal 
gradient. Following this, a nematic texture with evident 
SHG activity emerges, corresponding to the polar NF 
phase. This is succeeded by a grainier texture typical of 
the NTBF phase. As the temperature decreases further, 
the SmCH

P phase develops, distinguished by strong SHG 
activity. Finally, the system transitions into the 

crystalline phase, which interestingly still exhibits 
some residual, low-level SHG signal.

The axis at the bottom of Figure 6 presents the 
temperatures at the detected phase boundaries, obtained 
from the measured temperature profile for such heating 
conditions. Although the thermal gradient introduces 
some spatial averaging and uncertainties due to the 
finite resolution of the optical system and the steepness 
of the gradient, a conservative estimate suggests that the 
transition temperatures can be determined with an 
accuracy of approximately 10 K. This level of precision 
is sufficient for rapid phase screening and initial mate-
rial characterisation.

To further characterise the polar properties of the 
observed mesophases, we performed a polarisation- 

Figure 6. Mesophases of compound 1 resulting from point heating, observed using SHG imaging (left) and polarized optical 
microscopy (right). Starting from the central isotropic region, four additional phases are visible before reaching the outer crystalline 
phase. The axis below indicates the temperatures at the marked points. The arrow in the SHG image indicates the direction of the 
incoming fundamental 785 nm beam used for SHG imaging. The arrows in the POM image indicate the directions of the polarizer (P), 
analyzer (A), and the rubbing direction (n).

Figure 7. (Colour online) Simultaneous SHG analysis of different phases of compound 1. a) SHG image. b) SHG signal as a function of 
the polarization angle of the incoming fundamental 785 nm beam. The data is presented for the regions highlighted in (a), each 
corresponding to a different LC phase. The polarization angle of the fundamental beam in (a) is 123° and the arrow (n) indicates the 
rubbing direction.
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resolved SHG analysis, presented in Figure 7. The angular 
dependence of the SHG intensity reveals the degree of 
molecular alignment, the presence of polar domains, and 
the symmetry of each phase. Strong anisotropy indicates 
well-aligned polar order, while weak or isotropic 
responses suggest disordered or multidomain structures.

The orientation of the mesophases arises from 
a combination of surface anchoring – imposed by the 
rubbing direction – and the radial temperature gradient 
induced by localised laser heating. This interplay shapes 
the polarisation dependence of the SHG signal, particu-
larly near phase boundaries where elastic and thermal 
effects are pronounced. In the region outside the heated 
area, the rubbing direction appears to play a negligible 
role. Instead, the observed stripe patterns align with the 
direction of the moving SmCH

P -crystalline phase bound-
ary during cooling. This moving boundary originates 
from the initial filling of the cell in the isotropic phase; 
as the sample cools, successive phase transitions occur 
with phase boundaries sweeping across the cell. The final 
travelling boundary, corresponding to the SmCH

P –Cr 
transition, ultimately dictates the orientation of the 
resulting crystal domains.

4. Conclusions and outlook

We demonstrated a powerful approach for rapid material 
screening and polarity mapping in liquid crystals by 
combining localised infrared laser heating with second 
harmonic generation microscopy. This method enables 
the creation of steep, spatially controlled temperature 
gradients within a single LC sample, allowing for the 
simultaneous observation of multiple coexisting meso-
phases. While conventional heating stages offer reliable 
thermal control and are widely used for phase character-
isation, they are inherently optimised for equilibrium 
studies and sequential measurements. In contrast, our 
approach enables rapid and concurrent assessment of 
optical texture and polarity, offering a substantial reduc-
tion in experimental time. However, this gain in speed 
comes at the cost of reduced precision in determining 
exact phase transition temperatures and requires rela-
tively sophisticated and costly instrumentation. 
Simulations confirm that the thermal gradients generated 
by focused laser heating can be finely tuned through 
beam parameter adjustment, and our experiments vali-
date the effectiveness of this method for both conven-
tional and ferroelectric nematic liquid crystals.

We applied this method to well-known nematic LCs 
(5CB and E7) as well as to the complex ferroelectric LC 
compound 1, successfully resolving several mesophases 
and their polarity states in a single-shot experiment. The 

spatial overlap of these phases within a stable gradient 
field provided a unique opportunity for direct compar-
ison, while the SHG analysis revealed polar and non- 
polar character with high sensitivity. In future studies, 
by implementing interferometric SHG techniques 
[19,20], it would be possible not only to detect the pre-
sence of polarity but also to resolve the polarity direction 
within each mesophase, offering a more detailed and 
quantitative understanding of the polar structure and its 
evolution across phase boundaries.

Additionally, our system offers a unique capability for 
inducing rapid, localised temperature changes – at speeds 
unattainable with conventional heating stages typically 
used in liquid crystal research. Such rapid changes 
could potentially access previously unreachable phases, 
providing new avenues for exploring phase behaviour 
and transitions. This is particularly relevant for systems 
in which polar phases are monotropic and highly 
unstable [21]; in such cases, the ability to trigger and 
observe these transient states before they decay or trans-
form is crucial, and our approach provides a practical 
means of capturing them in situ.
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