Dot lasers: isotropic droplets in a cholesteric matrix, and vice
versa
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Abstract. We have measured lasing spectra from dye-doped droplets of an isotropic
liquid located in a cholesteric matrix (‘inverted’ suspension) and an ‘inverse’
system, dye-doped cholesteric droplets in an isotropic liquid (‘conventional’
suspension), with the both systems involving the same cholesteric and isotropic
liquid components. For the conventional suspension, we have collected the lasing
spectra for about 200 droplets and found that the lasing lines are clearly separated
into three groups located at the short-wavelength and long-wavelength edges of a
photonic band gap (PhBG) and inside the PhBG. The latter (‘forbidden’) line is
observed for all of the droplets under examination. Occasionally, it can coexist with
one or both of the lines located at the short- or/and long-wavelength PhBG edges.
We have shown for the first time that, for the inverted isotropic droplets in the
cholesteric matrix, a single lasing line is located at the short-wavelength PhBG edge.
This reveals a PhBG-nature of that line and corresponds to a zero scalar
orientational order parameter for the dye molecules placed in the isotropic liquid.
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1. Introduction

Lasing droplets are attractive systems for fabricating micro-sized light sources. Micrometer sizes
of those droplets and omnidirectional mirrorless character of their laser emission allow one to
regard them as promising point laser sources. There might be at least two possibilities for
mirrorless lasing of fluorescent liquid droplets. If a liquid drop is optically denser than a liquid
matrix, in which it is freely suspended, the drop represents a natural mirrorless micro-resonator
due to total internal light reflections. It provides light amplification of stimulated emission of
radiation and reveals morphology-dependent resonant modes, which are also called as whispering-
gallery modes [1, 2]. Morphology-dependent resonant lasing in dye-doped droplets is possible for
both isotropic [3] and liquid-crystal [4] spherical droplets. There is another possibility based on
photonic band-gap (PhBG) lasing in cholesteric liquid crystals (ChLCs) [5, 6]. So, a drop
considered in Ref. [6] represents only a proper container for a gain medium. Here the conditions
for lasing are governed by selective multiple light reflections in an orientationally periodical
cholesteric structure. They are met if the fluorescence emission band (FEB) of the dye molecules
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dissolved in the ChLC overlaps with the cholesteric selective reflection band (SRB), which is a
PhBG for the emitted light. By definition, the notion of the PhBG implies that the light emission
inside this gap is forbidden [7]. The density of states for the emitted photons becomes zero inside
the spectral region of the PhBG but drastically increases on its edges and then oscillates with
decreasing amplitude outside the PhBG on both its sides. High density of states of the emitted
photons at the PhBG edges is a basis for laser generation in cholesterics [8].

In this article we propose yet another novel possibility for lasing in dye-doped isotropic
droplets dispersed in a cholesteric matrix. Contrary to the case of dye-doped cholesteric droplets
dispersed in an isotropic matrix [6] (further referred to as a conventional suspension), where the
cholesteric serves as an internal Bragg reflector providing selective multiple reflections for the
light emitted by the gain molecules inside the cholesteric droplet, here we deal with an inverted
suspension. Namely, dye-doped isotropic droplets are embedded in a cholesteric matrix which
serves as an external Bragg reflector for the light emitted from inside the droplet by the dye
molecules. This factor makes a system akin to traditional lasers with external mirrors. We have
detected the laser emission from both the conventional and inverted systems for the same pair of
cholesteric and isotropic liquid materials, one of which being doped with a proper soluble dye (a
hydrophobic dye for the cholesteric and a hydrophilic dye for the isotropic liquid).

2. Experimental

We use a commercially available short-pitch cholesteric mixture KET90700 (Jiangsu Hecheng
Chemical Materials Co., Ltd., HCCH) as a basic cholesteric compound. Our measurements show
that, at the room temperature, the SRB of this mixture is located between 480 and 540 nm.
Conventional and inverted suspensions are prepared using glycerol as an isotropic liquid
immiscible with the LC material. To prepare the inverted suspension, we dope glycerol with
Rhodamin 6G (Rh6G, purchased from Ltd. Sfera Sim, Ukraine) in the amount of 0.1 wt. %. The
FEB of the Rh6G dye dissolved in glycerol is located between 550 and 590 nm, with a maximum
falling on 570 nm. To overlap the SRB of the cholesteric mixture with the FEB of the Rh6G dye,
we add 15 wt. % of a commercially available nematic E7 (purchased from Merck) to the basic
cholesteric mixture KET90700. Further we label the mixture KET90700 + 15 wt. % of E7 as an /-
mixture thus highlighting that it is used for preparing the inverted suspension. The glycerol doped
with the Rh6G dye has been stirred in the /-mixture to prepare the inverted suspension of the dye-
doped glycerol droplets dispersed in the cholesteric matrix. A drop of the inverted suspension has
been placed on a microscope glass slide between two stripe spacers (the thickness of 180 um) and
covered by a microscope cover glass.

To prepare the conventional suspension of the dye-doped cholesteric droplets in the glycerol
matrix, we dope the cholesteric with a hydrophobic dye Nile Red (abbreviated hereafter as NR;
available from Ltd. Sinbias, Ukraine). The NR dye manifests a maximum of its FEB in the
cholesteric matrix at about 600 nm and the whole FEB extends approximately from 560 to
660 nm. Since the SRB of KET90700 is located at the wavelengths shorter than those of the FEB
for the NR dye, we add 21 wt. % of the nematic E7 to the basic cholesteric mixture KET90700 in
order to increase the cholesteric pitch and thereby overlap the cholesteric SRB with the FEB of the
NR dye. The NR dye has been added to the mixture of KET90700 + 21 wt. % of the E7 in the
amount of 1 wt. %. Further on, we label this composition as a C-mixture thus indicating that it is
used for preparing the conventional suspension (the cholesteric droplets in the isotropic liquid
immiscible with the cholesteric). The dye-doped cholesteric droplets are obtained by stirring the
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C-mixture in glycerol. A drop of the conventional suspension has been placed between a
microscope slide and a cover glass separated by 180 pum spacers. The cell with the suspension has
been placed horizontally in a holder.

The laser generation has been achieved using a setup described in detail in Ref. [9]. For
optical pumping we use a laser irradiation with the wavelength of A1 =532 nm obtained as a
second-harmonic generation induced by a pulse solid-state laser in a crystalline material (the light
wavelength A = 1064 nm, the pulse duration 7= 6 ns, the repetition period 7= 1 s, and the energy
per pulse 15 mJ).

3. Results and discussion

Upon pumping the dye-doped glycerol droplets embedded in the cholesteric matrix by the pulse
green irradiation (A =532 nm ), we have detected the emission spectrum shown in Fig. 1. Narrow

laser-like emission lines detected for different droplets correspond to the short-wavelength edge of
the cholesteric PhBG for the /-mixture, which is determined following from the transmission
spectrum of a planar cell (see Fig. 1b). At least two conclusions can be drawn from this fact. First,
the data shown in Fig. 1 certifies that the observed emission line is a laser line of the PhBG-edge
origin. Second, the location of the laser lines at the short-wavelength PhBG edge, rather than at its
long-wavelength edge, indicates low orientational scalar order parameter S of the dye molecules.
This is indeed true as we have S =0 for the dye molecules dissolved in an isotropic liquid such as
glycerol. It is worth reminding that, for the high enough positive values 0.5< S <1, Ref. [10]
predicts the lowest pumping threshold just for the laser line located at the long-wavelength PhBG
edge. The laser line of the lowest threshold is expected to be at the short-wavelength edge of the
PhBG for still lower S values. These include the case S =0 that describes the absence of
orientational order and —0.5< S <0 that corresponds to the case when the transition dipole
moments of the dye molecules tend to align perpendicular to the long axes of the cholesteric

molecules.
100 - 50
75
] 3
S ©
© c
o S
S 50 3
(2]
8 £
£ c
i o
'_
25—,
1 v e TR T2
0 0

T L B e i e e e P Hu
475 500 525 550 575 600 625 650 675 700

Wavelength, nm

Fig. 1. Optically pumped emission spectrum of dye-doped (0.1 wt. % of Rh6G) glycerol droplets dispersed in
ChLC (inverted suspension) and optical transmission spectrum of the cell with planar surface alignment of ChLC
molecules, as measured for the same cholesteric I-mixture. Dashed region indicates the cholesteric PhBG.
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The emission spectrum collected from optically pumped dye-doped cholesteric droplets
dispersed in glycerol is shown in Fig. 2. To understand the location of the detected laser lines with
respect to the cholesteric PhBG, we show also the optical transmission (curve 2) and reflection
(curve 3) spectra of the cell having a planar surface alignment of the ChLC molecules. The PhBG
is indicated by a dashed spectral region in Fig. 2. For different droplets one detects different
numbers of the laser lines, which vary from one to three. Two of these lines correspond to the
PhBG edges, which are roughly located at 620 and 675 nm, whereas the third line at 4 =631 nm
falls inside the PhBG.

We have collected the spectra from about 200 droplets and found, quite surprisingly, that just
this ‘forbidden’ line is detected for all of the droplets under test. For some droplets the line
coexists with the lines located at the short- or/and long-wavelength edges. Usually its intensity is
much higher than those typical for the two other lines, though this does not represent a strict rule.
As a matter of fact, in some cases the lasing detected at the short- or long-wavelength PhBG edges
remains much stronger. All the spectra shown in Fig. 2 demonstrate unambiguously that the laser
lines detected by us correspond to the three groups, which are located respectively at the short-
wavelength and long-wavelength PhBG edges, as well as inside the PhBG.
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Fig. 2. Optically pumped emission spectrum (curve 1) of dye-doped (1 wt. % of NR) cholesteric droplets
dispersed in glycerol (conventional suspension), and optical transmission (curve 2) and reflection (curve 3)
spectra of the cell with planar surface alignment of ChLC molecules, as measured for the same cholesteric C-
mixture. Dashed region indicates the cholesteric PhBG.

Polarization microscopic observations have proved that the cholesteric droplets suspended in
glycerol (i.e., the conventional suspensions) show a so-called ‘monopole’ texture, with a
disclination line running from the droplet surface to its centre. Such a texture unambiguously
reveals tangential alignment of the cholesteric molecules at the droplet surface [11] and,
consequently, the helical axis is roughly oriented along the droplet radii. This conclusion agrees
with the numerous reports known from the literature, according to which glycerol induces planar
alignment of thermotropic LCs at the interface (see, e.g., Ref. [12]). The uniform planar alignment
of the cholesteric layers at the droplet interface favours selective multiple reflections of light
emitted by the dye molecules under optical pumping. This statement is valid for both the
conventional and inverted droplets.
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Regarding the optical geometry, the only difference between the two suspensions under test
is that for the conventional droplets (i.e., the ChLC droplets in glycerol) the cholesteric layers are
quasi-spherically packed inside the light-emitting droplet, whereas for the inverted droplets the
cholesteric layers wrap the light-emitting droplet outside. In the both cases the dye molecules are
inside the droplets. It is worth noticing that, in case of the conventional suspension, the cholesteric
multiply reflects the light emitted by the dye molecules, which are located essentially deep in a
bulk of the cholesteric medium. Hence, strictly speaking, this system has no analogues among the
traditional lasers with artificial mirrors, which are always external with respect to a gain medium.
In other words, the external mirrors in the latter case form a resonator cavity containing a gain
medium, whereas in the former case (i.e., for the conventional suspension) the droplet surface and
its shape are in fact of no importance for the laser generation as long as the cholesteric layers
remain uniformly equidistant and properly aligned within a lasing volume which might be smaller
than the total volume of the droplet.

Whether it is strictly true or not, this statement does agree with our observations of the
anomalous laser line. We conventionally refer to this line as ‘forbidden’, since it falls inside the
PhBG, contrary to the two ‘conventional’ lines that properly ‘girdle’ the cholesteric PhBG edges.
We therefore are led to suggest that the mechanism of the anomalous forbidden laser line located
at 2 =631 nm might be linked to distortions of the cholesteric layers occurring in the droplets.
One of the relevant explanations is that such distortions can be induced by contacting of the layers
with the substrate. Moreover, one has to keep in mind that, even in an ideally spherical droplet, the
cholesteric layers are curved and there is no evidence that the PhBG of the curved layers is the
same as that for the flat cholesteric layers. Hence, a curvature of the cholesteric layers and defects
available in their packing can be the origins of the forbidden line detected in this work in the lasing
spectra of the conventional droplets. According to Ref. [13], high optical fields can also induce
distortions in the ChLCs and so the same can be expected for the ChLC droplets. As reported in
Ref. [6], the laser emission wavelength for the lasing ChLC droplets can be tuned thermally.
Finally, one can hope to tune the lasing of the droplets with UV irradiation using photosensitive
ChLCs, as it has been suggested, e.g., in Ref. [14] for a planar ChLC cell.

4. Conclusions

Both the ‘conventional’ (ChLC in glycerol) and ‘inverted’ (glycerol in ChLC) suspensions of the
dye-doped droplets show an optically pumped laser emission. A single line located at the short-
wavelength PhBG edge is detected for the inverted suspension. This reveals a PhBG-nature of the
line and agrees well with a zero scalar orientational order parameter for the dye molecules placed
inside the isotropic liquid. In case of the conventional suspension, the laser lines can be divided
into the three groups, which are located at the short- wavelength and long-wavelength edges of the
cholesteric PhBG, and inside this gap. The latter (forbidden) line has been documented for all the
droplets under study. It can coexist with the lines located at the short- and long-wavelength edges
of the PhBG.
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Anomauin. Ilpogedeno umiplo8anus CneKmpié 1a3eproi cenepayii 01 3a0apeieHux Kpaniuu
i3omponnoi piounu 6 xonecmepuuniti mampuyi (“ineepmosanoi” cycnemsii) ma 0ns 3a6apeieHUX
XoaecmepuuHux Kpaniux 6 izomponuiu piouni (“3eéuuatinoi” cycnensii). Obuosi cucmemu
8I0N06I0arOMs €OUHINL NApi Mamepianie — Xolecmepuxy ma i30mponHiu piouni. [isa 3eudainol
cycnensii 00epacano naszepHi chekmpu 051 OAU3bKO 080XCOM KPANUH | 6CTNAHOBNIEHO, WO HADIp
JIA3epHUX NIHIT 4imKo po30ineHuti Ha mpu epynu, po3mauio8ani Ha KOPOMKO- i 00820X8UNbOGOMY
Kpasx gomonnoi 3aboponenoi 3omu (DP33) i ecepeduni mei. Jlinia ecepeduni P33 (m. 3s.
“3aboponena’ niHif), AKA CROCMEPI2AEMbCA OISl 8CIX OOCAIONCEHUX Kpaneb, 8 0esKUX UnaoKax
CRigICHYE 3 00HIEI0 AO0 080MA NIHIAMU HA KOPOMKO- Ma 00820X8uibosomy kpasx @33. Bnepuie
nokazamo, WO O iHEEPMOBAHUX  [30MPONHUX Kpaneib Yy  XOAeCMepuuHin.  Mmampuyi
cnocmepizaemovcsi 0OOHA NA3epHA JiHIA HA KOpomKoxeunbogomy kpai @33. Lle niomeepocye ii
D33-npupody ma i0nogioae HyIb08OMY CKAIAPHOMY OPIEHMAYIIHOMY napamempy HOpsaoKy Ois
MONEKYN 6apeHUKA 6 I30MpPONHitl piOUHI.
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