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We present a liquid-crystal laser device based on the chiral ferroelectric nematic phase (Ng*). The
laser medium is obtained by mixing a ferroelectric nematic material with a chiral agent and a small
proportion of a fluorescent dye. Notably, in the Ng* phase very low electric fields perpendicular to the
helical axis are able to reorient the molecules, giving rise to a periodic structure whose director profile is
not single harmonic but contains the contribution of various Fourier components. This feature induces
the appearance of several photonic bandgaps whose spectral ranges depend on the field, which can be
exploited to build tunable laser devices. Here we report the characterization of home-made Ny* lasers
that can be tunable under low electric fields and present laser action in two of the photonic bands of the
material. The obtained results open a promising route for the design of new and more versatile liquid-

crystal based lasers.

1 Introduction

Photonic materials are periodic dielectric structures which
show wavelength ranges where the propagation of some
electromagnetic waves is forbidden. These spectral regions are
called photonic band gaps (PBGs), and at their edges, the density
of optical states shows a sharp increase. The high values of the
density of states can be exploited for many applications including
light amplification, leading to the so-called distributed feedback
(DFB) laser action. Cholesteric liquid crystals (CLCs) are the most
prominent examples of photonic materials among mesogenic
compounds. They are constituted by chiral molecules that self-
assemble forming a helical structure with a certain helical pitch.
In these materials, it can be shown that a PBG results for circularly
polarized light with the same handedness as that of the helix,
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which cannot propagate along the helix axis for a spectral region
between A, = pn, and i, = pn., being p the helical pitch, and
n, and n, the ordinary and extraordinary local refractive indices
respectively. Hence, a mirrorless DFB type laser emission can be
achieved at the short-wavelength edge (SWE) or long wavelength
edge (LWE) of the gap when CLCs are doped with fluorescent
dyes whose emission spectra overlap with the PBG [1-5]. Since
the discovery of laser emission in CLCs by Kopp et al. in 1998
[1], many efforts have been made to build up CLC lasers with
increasing performance, opening an extensive research field. This
type of lasers presents useful characteristics, such as low pumping
power threshold and ease of implementation in small devices. On
the other hand, one of the most attractive features of photonic
CLC lasers is the possibility of tuning the PBG by external
stimuli, with the consequent shift of the emission wavelength.
Examples of different external agents for laser tuning are light
irradiation [6-9], temperature variation [10,11], or mechanical
stretching [12].
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Especially interesting is the electric-field-induced tuning [13-
17], since electric fields can be easily applied to the liquid crystal
materials within the laser devices. Some examples of LC lasers
tunable by electric fields are based on the oblique heliconical CLC
(CLCon) state that certain CLCs display [18,19]. In these materials,
the tuning can be driven by the strength or by the frequency of the
electric field. Although the tuning range of the PBG is very wide in
both cases, the molecular director makes an acute angle with the
helix axis. This fact gives rise to a small contrast of the dielectric
modulation of the structure, which produces an important decline
of the density of states at the edges of the PBG and consequently
a poor performance of the laser. A different approach of tunable
lasers under applied field uses complex cells with polymer CLC
mirrors whose pitch can be changed [20].

In the present work, we present a tuning alternative using
a laser device based on the ferroelectric nematic (Ny) phase
recently discovered [21-30]. Usually, this phase becomes stable
when cooling the ordinary nematic phase N, although it can also
appear directly from the isotropic liquid [31]. In the Np phase
the head-to-tail molecular invariance, characteristic of traditional
LCs, is broken, giving rise to the appearance of a high macroscopic
polarization (of the order of £C/cm?) along the molecular director.
Giant dielectric constants (of the order of 10%) [32] and a high
non-linear optical susceptibility (of the order of 10 pm/V) [33]
are also remarkable features of these materials. Moreover, a chiral
version of the Ny phase, the so-called chiral ferroelectric nematic
phase (Ny*), can be obtained by adding a small proportion
of chiral component to the Np material [34-36] or by slight
chiral modifications in the chemical structure of those prototype
molecules [37,38].

The linear optical properties of the Ny* phase are the same as
those of a N* structure (i.e. conventional CLC). This is true even
though the actual periodicity is equal to the pitch p for the Ny*
structure and to p/2 for CLCs, due to the head-to-tail invariance
of the molecular director in the latter case. Therefore, the Ng*
phase (as well as the CLC) shows a single selective reflection
band at normal incidence centered at A = pn, being A the vacuum
wavelength of light and n = ,/(nZ +n2)/2 the mean refractive
index, in the usual way. The periodicity p of the Np* structure
becomes evident, however, when an electric field is applied
perpendicular to the helical axis. Upon field application the
nematic director is reoriented according to the polarity of the field,
favoring regions where the local polarization tends to be parallel
to it, to the detriment of others where they are almost antiparallel
[34-36]. As a consequence, the structure with periodicity p cannot
be described by a single-harmonic modulation but also contains
distortions whose Fourier components have periodicities p/m
(m=2, 3, ...). Therefore, a reflection band at » = 2pn appears
together with bands centered at A, = 2pn/m with reflectivity
depending on the specific shape of the distortion and the relative
magnitude of their Fourier contributions. On the other hand,
the electric field can induce an enlargement of the pitch as
has been shown in Refs. [34-36]. This electrical tuning of p
depends on many factors, but a model that accounts for the
main features of the phenomenon can be easily understood if
we assume a weak anchoring of the director on the substrates.
Under these conditions, we simply need to consider the elastic

twist energy and the ferroelectric interaction with the electric
field. The ferroelectric term tends to align the polarization parallel
to the field and, consequently, there are regions where the elastic
twist energy shows a significant increase. This energy increase
can then be reduced if the director on the surfaces rotates in
the opposite direction to the helical twist, thus increasing the
pitch. In general, if the applied field is smaller than the critical
field for helix unwinding, the profile of the director across the
cell is complicated and exhibits many Fourier components of
periodicities p/m (m = 1,2,3...) with significant amplitudes. In the
Supporting Information a more detailed explanation is presented.
Recently, the opposite limit of strong anchoring conditions has
also been studied experimentally [39], and the director profile has
been analyzed numerically, finding also a behavior of the helix
unwinding process totally different from that of ordinary CLC
phases. Anyway, for our tuning purposes, the important point
is that the increase in p gives rise to a redshift with the field in
all the reflection bands. In summary, contrary to the case of the
CLCon where a single band centered at A, = pn appears [18,19],
the reflectance spectrum of the Np* structure under field shows
various PBGs whose position, intensity, and shape depend on the
applied field intensity.

Here, we report for the first time laser emission in a liquid
crystal cell in the Ni* phase. The study covers laser emission
characteristics, electric-field-induced tuning at the LWE of the 1,
photonic band (the only one observed without field), and lasing
at the third harmonic A3 band of the distorted helical structure.

2 Experimental section

RM734 was synthetized following the procedure described in
reference [33]. S1 was previously described in reference [37] and
was synthetized for this work following a modified procedure
gathered in the Supporting Information.

The temperature of the samples during texture analysis,
reflectance spectroscopy, and laser emission experiments was
controlled with a hot stage INSTEC SC-200 with 0.1 °C accuracy.
Home-made plane-parallel cells, made of two glasses treated
with polyvinyl alcohol and rubbed for parallel alignment, were
prepared. The cells were capillary-filled in the isotropic phase. ITO
strip electrodes separated 5 mm apart were patterned on one of the
glasses for the application of in-plane electric fields. The sample
gap was selected in a range 18 — 20 um, which is typically the
optimum thickness to minimize the threshold energy of the laser
[40]. Texture observation together with analysis of the electrooptic
behaviour under AC voltages at 0.5 Hz frequency were performed
with a polarizing microscope (Olympus BX51). Spectroscopic
measurements in the Nr* phase were carried out in the reflection
mode with a fiber-optic spectrometer (Avantes — AvaSpecULS2048-
USB2, grating: 300 lines/mm, slit size =100 pm) with Ax = 5 nm
of resolution full width at half maximum (FWHM), using light
from a deuterium-halogen lamp.

For laser experiments, cells were optically pumped by using
a Nd:YAG laser (LOTIS TII LS-2138T-100), operating at the
second harmonic frequency (wavelength 532 nm). The laser pulse
duration was 14 ns with repetition rates of 0.5 or 1 Hz for
different experiments and its intensity was selected with a variable
reflectance type attenuator (LOTIS II Attenuator 532 nm). Laser
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Optical characteristics and laser emission at the LWE of the reflection band under zero field. (a) Photomicrograph of the texture of the material at 108 °C in the N¢*
phase as observed between crossed polarizers. (b) Reflectance spectrum of the sample at the same temperature. (c) Laser emission spectra at two different regions
of the cell when the material was optically pumped with 3 1J/pulse. (d) Laser emission energy (in arbitrary units) vs energy of the pumping pulse.

light was right (or left) circularly polarized with a variable circular
polarizer for 532 nm (Thorlabs VC5-532/M) before being focused
on the sample, at normal incidence, with a lens of 20 cm of focal
length. Pumping pulse energy was measured with a power meter
(Ophir), at a repetition rate of 20 Hz. Laser pulses and square-
wave electric field applied to the material were synchronized and
their relative delay was controlled. A 532 nm notch filter was
placed behind the sample to remove the pumping laser light. Laser
emission spectra were measured using a fiber-based spectrometer
(AvaSpec 2048) with a resolution of 0.4 nm FWHM whose optical
fiber was situated just behind the notch filter without any focusing
lens.

3 Experimental results and discussion

The material employed in the experiments was a mixture
of the N liquid crystal 4-[(4-nitrophenoxy)carbonyl]phenyl2,4-
dimethoxybenzoate (RM734) [21], the fluorescent dye 1,3,5,7,8-
pentamethyl-2,6-di-t-butylpyrromethene-difluoroborate complex

(PMS597) (Sigma-Aldrich), and a chiral dopant to promote the
helical structure. The type and proportion of the chiral dopant
were selected in such a way that the PBG of interest was within
the fluorescence range of the dye and, on the other hand, the
local birefringence An = n, —n, of the medium was reduced as
little as possible, in order to preserve the contrast that defines the
pitch periodicity. The material was aligned in the Cano geometry,
i.e., with the helical axis perpendicular to the cell glasses and to
the electric field. In all the cases the alignment was improved by
applying low frequency (1 Hz) small AC voltages (~10 V) in the
Nr* phase for several minutes.

First, the usual laser emission was checked and characterized
at the LWE of the reflection band of the Ny* phase under
zero field. We used a right-handed, chiral dopant: (13bS)-5,6-
Dihydro-5-(trans-4-propylcyclohexyl)—4H-dinaphtho[2,1-f:1",2'-
h][1,5]dioxonin (R5011) (BLDpharm). RM734, R5011, PMS597
were mixed in proportion 96.4:2.8:0.8 respectively (wt.%).
Although the chemical structures of RM734 and RS5011 are
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Electrically induced tuning. (a) Time averaged reflectance spectra around the A, photonic band measured for different square-wave electric field intensities of
frequency 10 Hz. The structure becomes strongly distorted for fields higher than about 11 V/mm. (b) Laser emission spectra for different square-wave electric fields
of frequency 1 Hz. Black points represent the fluorescence spectrum of the dye, and are drawn on a different scale.

quite different, we found no incompatibility in the resulting
mixtures given the low proportion of chiral component. With
these concentrations the Ni* phase becomes stable at 120 °C on
cooling from the high temperature N* phase, and undergoes a
transition to a crystalline solid phase at about 90 °C. Fig. 1(a)
shows a typical texture of the sample in the N* phase as observed
between crossed polarizers. Oily streak defects are present in
the texture which is in detriment of the laser performance.
However, tuning of the PBG is only possible with not too strong
surface anchoring [34,36] and, perhaps, this is the reason why
more homogeneous texture could not be obtained. Fig. 1(b)
represents the reflectance spectrum of the sample. In spite of the
fact that the alignment was far from being ideal, laser emission
was detected when the cell was optically pumped. The pumping
light was left-handed circularly polarized, in order to optimize
the excitation conditions, with a pulse energy of 3 uJ and a
repetition rate of 1 Hz. The light was focused on the cell at
normal incidence and the spot was Gaussian, with a diameter
D40 =240 ym (FWHM = 144 pm). Fig. 1(c) shows the laser
emission observed when focusing on two different regions of the
sample. A slight difference in the laser wavelength is detected due
to small inhomogeneities in the pitch values across the sample
area, which are more sensitive to sample thickness variations
than usual CLCs.

Black circles in Fig. 1(d) represent the laser emission energy (in
arbitrary units) for various pumping pulse energies. They show
the typical dependence of a laser emission, i.e., a threshold energy
from which the emission intensity grows almost linearly with the
pumping intensity.

Taking into account the Gaussian profile of the illumination
spot, it can be shown [5] that the energy emitted as laser radiation,
Ejaser, s related to the input energy E;, according to the expression

E:
Elaser = C|:Ein - Eth (1 + lnEﬂ)], (1)
th

where Ey, is the threshold energy and C is a constant related to
the slope efficiency for Ej;, >> E;,. From a fit of the experimental
points in Fig. 1(d) to expression (1) (red line) the parameters
C=29+0.3 and E;;, = 1.1 £0.1 uJ/pulse result. It is interesting
to point out that E;;, is comparable to typical threshold energies
of conventional CLC lasers. The constant C is not relevant in
the present study since Ej,, is expressed in arbitrary units. For
example, E;; = 1.2 £ 0.1 uJ/pulse was reported in reference [5] for
a sample of 10 um thickness with the same dye. Although E;
should certainly increase somewhat for thinner samples, it seems
that the performance of the laser based on the Ni* phase of the
RM734 — R5011 mixture is quite acceptable despite its alignment
imperfections.

Next, a square wave electric field of frequency 10 Hz was
applied to the material. Fig. 2(a) represents the selective reflection
band corresponding to A, = pn for different field intensities. As a
consequence of the pitch enlargement, the zero-voltage band is
gradually (and reversibly) red shifted when the field is increased.
The typical response times are always much smaller that the
driving field and pumping period. For electric fields higher than
about 11 V/mm the reflectance spectrum rapidly decreases and
becomes less defined, indicating a significant distortion of the
structure. Under the polarizing microscope the sample texture
undergoes just a slight color variation in the regime of small fields
we have used. Larger fields however produce more complicated
nucleation processes that ultimately lead to the helix unwinding.
Fig. 2(b) shows laser emissions observed for different square-
wave electric fields of frequency 1 Hz. The pumping laser was
synchronized with the square voltage and was triggered with a
delay of 0.1 s after the polarity inversion to ensure completion
of the distortion process while reducing as much as possible the
unavoidable shielding due to the migration of electrical charges
from impurities. A typical profile of the laser spot is shown in the
Supporting Information (Fig. S8). As in the spectra of Fig. 2(a),
the electric field was varied monotonously and the effect was
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Optical characteristics and electric-field tuning of the 13 band. (a) Photomicrograph of the texture of the material at 104 2Cin the N¢* phase as observed between
crossed polarizers. (b) Reflectance spectrum under zero field (red line) and for a square-wave electric field intensity of 7 V/mm and frequency 10 Hz (black line).
The different photonic bands for m = 2, 3, and 4 are indicated. The full pitch band m = 1 is not represented in the figure since it is placed in the infrared region,
out of our spectral detection range. (c) Reflectance spectra around the 13 photonic band measured for different square-wave electric field intensities of frequency
10 Hz. (d) Single-shot laser emission spectra at two different regions of the cell when the material was optically pumped with 8 11J/pulse and repetition rate 1 Hz,

synchronized with an applied square-wave electric field of 7 V/mm.

found to be reversible although, for relatively high fields, the
material requires to remain at zero field for a certain time (about
1/2 min) to recover the initial condition. Fig. 2(b) shows also
the fluorescence spectrum of the dye in the material (black dots).
The laser intensity reduces as the dye fluorescence decreases. Note
there is no way to achieve tunability while maintaining uniform
laser intensity unless the pumping power is modified. This is a
common phenomenon for all kinds of tunable lasers. However,
the tuning range is not only limited by the fluorescence range but
also by the electric field intensity, i.e., lasing is hardly possible if
the field produces a significant structural distortion (see e.g. the
PBG of Fig. 2(a) for 12.6 V/mm).

Finally, a different mixture was prepared in order to take
the 3rd harmonic A3 band into the fluorescence range of the
dye with the purpose of investigating the possibility of lasing
emission at this photonic band. We used a different left-handed
chiral dopant: 4-[(4-nitrophenoxy)carbonyl]phenyl (S)—2-(sec—
butoxy)—4-methoxybenzoate (S1) [37], because the results with

R5011 were not satisfactory probably due to a reduction of the
local birefringence induced by the chiral dopant that becomes
more relevant in the strength of the A3 band. Contrary to R5011,
S1 is a chiral nematic ferroelectric liquid crystal below 40 ¢C and
was used by Zhao et al. [37] in mixtures with RM734 in different
proportions to promote Ng* phases with controlled pitch length.
For our sample, we prepared a mixture of RM734, S1, PM597 in
proportions 78.7:20.5:0.8 (wt.%). In this mixture the Ni* phase
becomes stable at 116 2C on cooling from the high temperature
N* phase, and crystallization occurs at about 80 °C. Fig. 3(a) shows
the texture of the sample in the Ny* phase as observed between
crossed polarizers. As can be seen, some oily streaks are also
present in similar proportion as those in the previous mixture and
were also present in the N* phase. Fig. 3(b) represents the reflection
spectrum under zero field (red line) and the one observed when
a square wave electric field of frequency 10 Hz and amplitude
7 V/mm was applied to the material (black line). In both cases, the
usual A = pnband is clearly visible at 850 nm. This implies a helical
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twisting power of about 10 um~! for S1 in RM734. Apart from the
main gap, different A, photonic bands (A, = 2pn/m, m =3, 4)
are clearly visible when the field is applied (A3 = 580 nm and
A4 = 443 nm in Fig. 3(b)). The full pitch photonic band gap is not
depicted in the figure since its corresponding wavelength 1, lies in
an infrared region out of the spectrometer detection range. These
secondary gaps disappear if there is no applied field, with only
the main gap 1, remaining. Fig. 3(c) represents the m = 3 band
for different electric field amplitudes. For moderate fields, it is
gradually and reversibly red shifted as a consequence of the pitch
enlargement when the field is increased. The tuning amplitude
for this band is approximately 2/3 of that of the zero-field one
(A2 = pn ). The relation is not exact because of index dispersion.
Laser emission was attempted by optically pumping the material
with right-handed circularly polarized light and repetition rate of
1 Hz, synchronized with the applied square-wave electric field.
Fig. 3(d) shows two laser shots for a field-amplitude of 7 V/mm
and a pumping energy of 8 uJ/pulse emitted from different regions
of the sample. The small differences in the laser wavelength
can be attributed to inhomogeneities in the sample pitch or
in the electric field in the different regions of the sample. In
this case, we could not further characterize this laser or evaluate
its electrical tuning possibilities because lasing stops after a few
pulses. We speculate that heating by such an energetic pumping
beam can presumably induce changes in the Ng* structure and
also decompose the organic dye molecules at the illuminated spot
region. A total recuperation of the laser performance requires
a slow process involving molecular diffusion that replace the
deteriorated molecules by new ones at the spot position. The low
performance of lasing around A3 in comparison with the LWE of
the A, PBG was not completely unexpected because the density
of states at A3 is smaller (see Supporting Information, Figs. S6-S7),
and lasing must then require high pumping powers.

We would like to finish this section by pointing out that
a substantial improvement in the performance of the lasers
described here could be achieved with a better alignment of the
Nr* phase. In our opinion this is the main factor which limits in
practice the laser performance in all the configurations examined.
Good alignment enhances the quality factor of the laser cavity
because reduces the scattering of the pumping light, which leads
to the decrease of E;, and to the increase of the laser slope
efficiency [41,42]. In this regard the knowledge we have on the
alignment of helielectric nematics is still far from that of ordinary
CLCs, for which there is an accumulated experience of tens of
years. It would then be worthwhile to investigate the quality
of alignment that can be achieved with other procedures (e.g.,
shearing), other aligning agents, or other Ng* materials, some of
which could work even at room temperature. Beside this, another
interesting strategy to improve lasing is the use of multilayer cells
[5,42], which, in its simplest configuration, consists of assembling
three cholesteric layers of different handedness. The two external
films have the same handedness as the active medium, are inactive
and act as reflectors, and only the internal layer is dye-doped.
Thus, the role of the reflectors is similar to that of the mirrors
in Fabry-Perot cavity lasers. Using this strategy, a considerable
reduction of E;; was achieved [5,42] in conventional CLC lasers,
which could be very useful in the framework of the present

work for lasing emission at the 3rd or 4th harmonic photonic
bands.

4 Conclusions

We presented some laser devices based on the chiral ferroelectric
nematic phase. We have demonstrated the possibility of attaining
laser emission not only at the edges of the usual A, half pitch
PBG but also at the third harmonic band that appears when an
electric field is applied perpendicular to the helical axis, and whose
wavelength depends on the field intensity. In addition, we have
shown the possibility of tunable laser emission at the LWE of the
half pitch PBG under electric fields. The process is fully reversible
and we have attained a tuning range of about 30 nm.

In order to check the laser quality, we have characterized
the usual laser emission at zero field, and have observed similar
thresholds as CLC based standard lasers. It is interesting to
point out that very low electric fields (of the order of a few
V/mm) are sufficient to induce structural distortions that result
in relevant changes in the photonic properties of a Ny* material.
This greatly facilitates experiments, as well as the design of laser
devices. In contrast to this, we reported previously laser emission
at the second order PBG of the electrically-distorted helix of a
conventional CLC [43]. In that case, electric field bursts of 20 kHz
of frequency and 4500 V/mm were necessary to be applied during
a short time (0.1 — 2 ms) in order to strongly distort the helix
without unwinding it.

Evidently, we are still far from achieving a Ny* laser for practical
use. Further work is needed to understand the electrical tunability
of the pitch, as well as to synthesize Ny* phases that are stable
at room temperature, exhibit good alignment properties and
show larger tuning ranges. However, there are no fundamental
impediments to overcoming all these issues, and the advantages
that future Np* materials would present over conventional CLCs
are obvious. We believe that the results we have presented here
open up new and interesting possibilities for the use of helielectric
nematics in the field of multi-wavelength liquid crystal lasers.

As a general conclusion, this work demonstrates some
interesting possibilities of laser emission based on Ny* materials.
The rich variety of photonic properties exhibited by these
materials makes them singular candidates to design simpler and
versatile laser devices. These are some of our ideas for future work.
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