
PHYSICAL REVIEW E 66, 056612 ~2002!
Temperature-controlled random laser action in liquid crystal infiltrated systems
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We study an amplifying disordered dielectric material of which the scattering strength can be controlled
externally via temperature. Such a system was realized by infiltrating liquid crystal and laser dye inside
sintered glass powders. The random laser materials that were obtained this way can be brought below or above
threshold by small changes in environment temperature, and the bandwidth of its emission can be tuned. We
will go into the experimental details and the technical aspects of the realization of these systems, and show
measurements on the diffusion constant and spectral properties of the emission.
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I. INTRODUCTION

There exist fascinating analogies between the transpo
light in complex disordered structures and electron trans
in ~semi!conductors@1#. An example of this is the diffusion
of electrons in a resistor, which gives rise to Ohm’s law
conductance. The optical analogy here is the diffusion
light in a disordered dielectric like a dense colloidal susp
sion of microspheres or a white powder, which obeys a c
ductance law that is similar to Ohm’s law@1#. Other impor-
tant examples of optical analogies of electron transp
phenomena are Anderson localization of light@2#, the photo-
nic Hall effect@3#, optical magnetoresistance@4#, and univer-
sal conductance fluctuations of light@5#.

We will concentrate here on disordered dielectric mate
als in which the transport of light can be described a
diffusion process. Of particular interest in that context a
disordered dielectrics that are optically active in the se
that they not only scatter light but also amplify it via stim
lated emission@6#. Such materials can be realized by po
dering a laser crystal@7# or by introduction of laser dye in
various random media@8#. If the total gain inside such am
plifying random media becomes larger than the los
through the boundaries, the system goes above threshold
exhibits emission properties that are similar to those o
laser. It was shown, for instance, that the emission of
amplifying disordered dielectric above the threshold is n
row banded@8# and can exhibit laser spiking@7#. Such a
system is now often referred to as a random laser@7–10#.
Theoretical studies show that a random laser source ha
teresting photon statistics that are neither those of a reg
laser nor those of a common light bulb@11#. Recent experi-
ments on zinc-oxide powders aimed at combining rand
laser action with Anderson localization effects@12,13#.

A crucial parameter in all multiple light scattering expe
ments is the scattering strength of the material expresse
the photon diffusion coefficient or scattering mean free p
~average distance between successive scattering events!. The
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smaller the diffusion coefficient of a material, the stronger
its scattering strength. In many experimental studies,
would like to vary the scattering strength of a sample witho
modifying its other properties.

We have found a simple way to obtain external cont
over the diffusion constant of a random sample. Our te
nique is based upon an idea of Busch and John, who
posed to use a liquid crystal to influence the optical prop
ties of photonic band gap materials@14#. Liquid crystals go
through various partially ordered phases when heated
their index of refraction is different in every liquid crysta
phase. Of special interest is the nematic phase due to
birefringence~the index of refraction depends on the dire
tion of polarization!, which disappears when the liquid crys
tal is heated into the isotropic phase@15#. By infiltrating a
random sample with a liquid crystal, one can obtain a sys
in which the diffusion constant depends strongly on the te
perature@16#. This is similar, for instance, to the concept
smart screens based on polymer dispersed liquid crystals
change their opacity with temperature@17#. For a random
laser, having control over the diffusion constant has imp
tant consequences because the lasing threshold depen
the diffusion constant. This means that if we have
temperature-dependent diffusion constant, we are able
bring the system above and below threshold by changing
temperature. This concept was demonstarted experimen
in Ref. @18#.

In this paper, we will describe the details of our expe
mental work on liquid crystal/laser dye infiltrated sinter
glass systems that can be brought above threshold by op
pumping and that exhibit a tunable diffusion coefficient. W
will go into the sample preparation process and desc
time-resolved transmission experiments on two specific
uid crystal/glass combinations to determine the tempera
dependence of the diffusion coefficient. Also, we provide
results of spectroscopic experiments to characterize the e
sion properties of these materials.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Our samples were made in the following way. Vario
types of glasses were ground into fine powders by the us
©2002 The American Physical Society12-1
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a planetary micromill. Here we report on the results for tw
types of glasses: SK11 andF3 ~Schott!. The powders were
then sintered into disks of 1 cm diameter under high press
~1.2 GPa!. The such obtained disks have a smooth but m
white appearance and form a percolating porous struc
that allows for infiltration by a liquid. The sample thickne
could be chosen between 0.1 and 5.0 mm. The laser
4-dicyanmethylene 2-methyl 6-~p-dimenthylaminostyryl!
4-H-pyran~DCM, lambdachrome 6500! was dissolved in liq-
uid crystal 4-cyano-48-n-heptylbiphenyl ~7CB! in various
concentrations. The sintered disks were then slowly in
trated with the liquid crystal1 dye solution at room tem
perature. The final volume fraction of the liquid crystal in t
sample was determined from the sample weight before
after infiltration and we found it to be 0.26. The phase
quence of 7CB is crystalline’-~15.0!-crystalline-~30.0!-
nematic-~42.8!-isotropic, where the numbers between brac
ets denote the phase transition temperatures in deg
Celsius.

To characterize the scattering strength of our materi
we have measured the diffusion coefficient in time-resolv
transmission experiments. A short laser pulse was inciden
the front sample interface and the diffuse transmission
monitored by means of a streak camera. From the~exponen-
tial! decay of the diffuse transmission, one can obtain
diffusion constantD which, at long times, is inversely pro
portional to the characteristic decay time. For the details
this technique we refer to Ref.@16#. Our laser source was
100-fs Ti:sapphire laser operating at 805 nm waveleng
The overall time resolution was determined by the stre
camera~Hamamatsu model C5680! and laser jitter, and was
better than 5 ps. The temperature of the sample was
trolled with a relative accuracy of 0.2 °C and an absol
accuracy of 0.5 °C. The results for the infiltrated SK11 a
F3 are shown in Fig. 1. We can see that the major chang
D occurs, as expected, around the isotropic-nematic ph
transition temperature of the liquid crystal. The diffusio
constant depends on the refractive index contrast betw
the liquid crystal and the sintered glass. The refractive in
ces of SK11 and F3 in the 600–800 nm wavelength ra
are n51.56 andn51.61 respectively, and are hardly tem
perature dependent. Just aboveT542.8 °C, the liquid crystal
7CB is isotropic~I! with a refractive indexn51.56, and this
value gradually decreases with the rising temperature.
tweenT530.0 °C and 42.8 °C, this liquid crystal is nemat
~N! and locally birefringent with refractive indexno51.52
and ne51.68 at T536.0 °C, and with increasing birefrin
gence at decreasing temperature@19#. The observed strong
decrease ofD, when lowering the temperature into the nem
atic region is due to the enhanced refractive index cont
between the liquid crystal and sintered glass. In the cas
infiltrated F3, we obtain an overall change inD of about a
factor of 2, whereas in the case of SK11 the diffusion co
stant diverges above 42.5°~within our experimental resolu
tion!. This divergence is due to partial refractive ind
matching between SK11 and 7CB in the isotropic phase.
choosing different liquid crystald/glass combinations, o
can obtain different tuning curves for the diffusion consta
Note that the phase behavior of a liquid crystal inside s
05661
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tered glass is different from the typical phase behavior of
bulk liquid crystal. As one can see in Fig. 1, the nemat
isotropic phase transition is smeared out. This behavio
common for liquid crystals in confined geometries such
porous glasses, and is due to interaction between the liq
crystal molecules and the surface of the porous host@20#.

III. EXPERIMENTS ON THE EMISSION SPECTRUM

The random laser emission from the liquid crystal/d
infiltrated sintered glass was characterized by exciting
samples from their front interface with a frequency doub
Q-switched Nd:YAG~neodimium doped yttrium aluminum
garnet! laser, operating at 10-Hz repetition rate. The emiss
spectrum was recorded by imaging the diffuse emission fr
either the front or the rear sample surface on the input sli
a single grating spectrometer equipped with a cooled

FIG. 1. Diffusion constant of two liquid crystal/sintered gla
combinations versus temperature. Upper graph: sintered S
~Schott! infiltrated with liquid crystal 7CB and laser dye DCM
~Lambdachrome 6500!. ~Concentration of DCM in liquid crystal:
4.1 mmol/l. Volume fraction liquid crystal in total samplef
50.26. The overall dye concentration in the sample is therefore
mmol/l. Sample thickness: 1.3 mm.! Above 42.5 °C, the diffusion
constant diverges due to the partial refractive index matching
tween liquid crystal and sintered glass. Lower graph: same as a
but sintered F3~Schott! glass instead of SK11 and sample thickne
1.2 mm. The overall tunability of the diffusion constant is, in th
case, about a factor of 2, with the major change occurring agai
the nematic-isotropic phase transition temperature (42.8 °C).
2-2
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gated optical multichannel analyzer to provide single s
spectra. At high powers theQ switch of the laser was oper
ated in single shot mode to prevent cumulative heating~and
consequent damage! of the sample. Filters were used
avoid exposure of the spectrometer to the intense scatt
excitation light. The spectral response of the whole sys
was calibrated by a temperature controlled black body ra
tion source. Random laser action was observed in the n
atic temperature range as a strong narrowing~factor of 2–5
in spectral width! of the emission spectrum and an abru
increase of the emitted intensity occurring typically abov
threshold of about 1 mJ pump pulse energy at room temp
ture. By heating the liquid crystal into the isotropic pha
the diffusion constant of the sample increases~the opacity
decreases! and one would expect the random laser action
disappear.

This is indeed what we observe. In Fig. 2, we report
the width of the emission spectrum~full width at half maxi-
mum! of the SK11 / 7CB1 DCM sample versus tempera
ture. We see that indeed there is a strong effect of temp
ture on emission spectrum. The main feature is a str
decrease of the bandwidth of emission below 42.5 °C. T
transition temperature corresponds, within the experime
error, with the nematic-isotropic phase transition tempera
of 7CB (42.8 °C, see also Fig. 1!. The onset of laser emis
sion below 42.5 °C is nicely illustrated if we plot the ob
served intensity at the wavelength where the emission s
trum is maximal, as given in Fig. 3. We see an abru
increase in intensity below 42.5 °C, which then saturate
lower temperatures. This strong abrupt increase in inten
much greater than the inverse of the emission bandw
narrowing, is commonly observed for random laser syste
based on laser dye@8—10#, and is most likely due to re
pumping of the laser dye above threshold.

The 7CB / SK11 combination was designed such tha

FIG. 2. Emission bandwidth versus temperature of sinte
SK11 infiltrated with 7CB1 DCM. Concentration of DCM in liq-
uid crystal: 4.1 mmol/l, volume fraction liquid crystal in sintere
glass is 0.26. The overall dye concentration in the sample is th
fore 1.1 mmol/l. Sample thickness is 1.3 mm and excitation be
diameter on sample is 1.9 mm. Excitation pulse energy is 4.5
and pulse duration is 14 ns. There is a strong decrease of band
below 42.5 °C. Below this temperature the scattering strength of
material becomes large enough to bring the system above thres
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high temperatures the diffusion constant increases
strongly that the random laser is far enough below thresh
to recover the broadband fluorescence spectrum of DCM.
choosing different tuning curves for the diffusion consta
one can design the system with different spectral behavio
the case of 7CB in sintered F3 glass, the reduction of
diffusion constant over the whole temperature range is on
factor of 2~see Fig. 1!. This leads to a smoother temperatu
dependence of the emission spectrum, as is shown in Fi
Here the increase of the diffusion coefficient is not stro
enough to bring the system far below the threshold at h
temperatures, and some narrowing of the emission spec
is maintained. This behavior could be useful for the reali
tion of a source with temperature tunable emission ba

d

e-
m
J

dth
e
ld.

FIG. 3. Emission intensity versus temperature of the sa
sample as in Fig. 2. Excitation beam diameter on sample is 1.9
excitation pulse energy is 4.5 mJ, and pulse duration is 14 ns.
emission intensity is taken at the wavelength where the emissio
maximal. The strong increase of intensity below 42.5 °C is ag
due to the decrease of the diffusion constant, which brings the
tem in the condition that the total gain exceeds the losses.

FIG. 4. Emission bandwidth versus temperature for a sampl
sintered F3 glass infiltrated with liquid crystal 7CB and laser d
DCM. Overall dye concentration in the sample: 1.1 mmol/l. Sam
thickness is 1.2 mm. Excitation pulse energy is 4.5 mJ and p
duration is 14 ns. The tuning curve of the diffusion constant~Fig. 1!
is less extreme for this sample, which yields a smoother depend
of bandwidth on temperature.
2-3
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width. Also the increase of the intensity at the wavelen
where the emission is maximal is smoother in that case
can be seen from Fig. 5.

The threshold for random laser action is given by t
condition that gain is larger than the loss in the system. Si
the loss is proportional to the total sample surface and
gain is proportional to its volume, the threshold criterion c
be expressed in terms of a critical volumeVcr above which
the system lases@6#. For a slab geometry this translates in
critical thickness defined by@7,9#

Lcr5pAS , ,g

3 D . ~1!

For our system reported in Fig. 2, we have at room temp
ture D58000 m2/s, which corresponds via,53D/v ~with
v5c0 /nav, wherec0 is the vacuum speed of light andnav
'1.56 is the average refractive index of the sample! @1#, to a
mean free path of,5125 mm. The gain length,g depends
on the pump energy. Its minimum value~maximal gain! can
be found assuming total inversion of the dye. The concen
tion of DCM in the 7CB is 4.1 mmol/l, and the volum
fraction of liquid crystal in the sintered glass is 0.26. T
overall concentration of DCM in the sample is therefore 1
mmol/l. This means that we have an overall dye concen
tion of n56.431023 dye molecules per m3, which at an

FIG. 5. Emission intensity at the wavelength where the emiss
is maximal versus temperature of the same sample and experi
tal conditions as in Fig. 4. Also the increase of the emission int
sity is smoother in the case of the F317CB1DCM combination.
,
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emission cross section of aboutsem51.0310220 m2 leads to
a minimum gain length of,g51/nsem50.16 mm and a
minimum critical thicknessLcr50.25 mm. The excitation
light will be distributed in a sample volume of 1.3 mm
32.84 mm253.69 mm3, so that we can excite at mostN
52.431015 dye molecules. Since the number of photons
our laser pulse~4.5 mJ pulse energy,1.231016 photons! is
almost five times larger thanN, we expect our samples to b
in the region of nearly complete inversion@7#. The critical
thickness is therefore expected to be close to the minim
value Lcr50.25 mm and the threshold conditionL.Lcr is
indeed satisfied confirming random laser action at room te
perature. To obtain accurate predictions on the emiss
properties of the random laser, such as its exact spe
width and temporal behavior, it is essential to do a full c
culation that includes the spatial distribution of the excitati
light inside the sample and the dynamics of the excitat
and the emission.

IV. CONCLUSION

We have demonstrated that by infiltrating a random m
dium with a liquid crystal/laser dye combination, it is po
sible to obtain random laser action that can be extern
controlled via environment temperature. This results in
light source of which the emission bandwidth and intens
can be temperature controlled, and that can be brought ab
and below threshold by small changes in temperature.
fact that random laser sources can be made extremely s
~tens of microns! and the possibility to work with differen
spectral tuning curves allows for interesting application
sources in photonic devices, as active displays, and as
perature sensitive screens. The tunable random laser ca
designed to have its threshold behavior at very specific t
peratures, which opens up applications in remote temp
ture sensing especially in the temperature regime of biolo
cal processes.
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