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The Optical Analog of Negative Temperature
Coefficient Resistance

Diederik S. Wiersma, Roberto Righini, Marcello Colocci, and Fouad M. Aliev

Abstract—Light propagation in disordered dielectric materials  length, can exhibit a photonic bandgap, in close analogy to the
shows many similarities with electron transport. The most simple electronic bandgap of a semiconductor [7], [34], [8], [35]. In the
example of this is Ohm’s law which has a counterpart in optics wavelength range of a photonic bandgap, no propagating modes
as well. We have performed optical measurements on the rans- 5o aiowed in the system due to interference between light-
mission through opaque liquid crystals and infiltrated porous . . .
glasses to illustrate this effect. In particular, we have studied a waves that, in this case, haye been mulltlply scattered from an
system where the “optical resistivity” can be made temperature Ordered structure. The physics of photonic bandgap crystals and
dependent. optical localization in disordered systems is, therefore, closely

Index Terms—Complex systems, light diffusion, light transport, relatgd [2]. Also, intermediate structures exist like, for instance,
liquid crystals (nematic), Ohm’s law of conductance for light, op- guasi-crystals.
tical NTC resistance. Maybe the simplest example of the many similarities between
electron and light transport is the optical analog of Ohm'’s law
[2], [9]- We will go into this and perform explicit measurements
on a liquid crystal in the nematic phase and liquid crystal infil-

ISORDERED dielectric structures are common in dailirated porous glasses.
life. They are opaque and usually have a white appear-
ance: chalk, white paint, paper, and dense fog are all examples [I. OHM’S LAw OF CONDUCTANCE
of disordered dielectrics. Light transport in such materials is de-

S?f”b?d by a rf?uIUp:e scatt?rlng proc?tss, tlﬂ which dmtefrfereggﬁjer the total, angular integrated, transmittance through a dis-
€liects can often play a role, even after thousands of rand@ile e material in a slab geometry. That is, we consider a laser

scage:::g e;/s\?ts.kAl\n e:iezg?intnex{aﬁnﬁltevsﬁ]ithrl]si IS coir::zrlent E%Cé(am incident on one side of slab that contains any kind of dis-
scattering or weak localization of ight, CN IS & SIMPIe PNSy, yareq dielectric and collect all the light that is transmitted on
nomenon based on the interference between waves that have

lowed the same random path through a disordered sample int P_’back side of the slab. This total transmittafitis inversely
posite directions [1], [26], [27]. 8 oportional to the thicknesk of this slab and the opacity;

The transport of light through random structures show mar(l))f/ the disordered dielectric

similarities with the transport of electrons in conductors and T 1 1
isolators [2]. Inspired by solid state physics, several interesting koL

transport phenomena for lightwaves have been found after th
observation of weak localization. Important examples are the . ; . ; o . _
photonic Hall effect [3], [28], optical magneto resistance [4 nside the disordered dielectric. This linear dependence is a di-

universal conductance fluctuations [5], and Anderson Iocaliza?—Ct consequence of the fact that light inside the disordered di-

tion [6], [29][33]. In the case of optical Anderson localization® ectric follows a diffusion process and has been observed in

light transport comes even to a complete halt due to interferent®!'04s experimental studies [10]. Relation (1) is the optical

between multiply scattered lightwaves. eqw}[/r?jlvjant gf Ohan; S Iﬁ\_/vrfor coSduct_?tnce through a wire with

Random dielectric structures belong to a more general c|A‘§Eg and aread, which can be written as
of complex dielectric systems that also includes, for instance, 1

. . . . l_ )
fully ordered dielectrics with a crystal like structure. Such pho- g oL
tonic crystals, with a lattice constant comparable to the wave-
whereg’ = g/Ais the conductance per unit of surface area@and
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|I. INTRODUCTION

The optical analog of Ohm'’s law becomes apparent if we con-

erexs = 1/4;, with ¢, the transport mean free path for light
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wherey =1+2/3(1+ R)/(1 — R) and¢, = \/¢/3k;, andR 0,20 T T
is the reflection coefficient due to internal reflection, ands ] .
the absorption coefficient inside the sample. The distapds 015 5C8, ?03 K, )

. 197 nematic, polydomain 7
called the extrapolation length and accounts for the fact that the g ]
intensity is not zero at the physical sample interface butatsome & ]
distancezy away from the sample [13], [39], [40]. It is given g 0.10 1 ]
by zo = 2/34(1 + R)/(1 — R). It can be easily seen that, for 3 |
negligible absorption, (3) simplifies again to an inverse linear C 505 = 0.68 (mm) ]
dependence df on sample thickness R R l, =10 (mm) 1

1 0,00+ e
T=x P ) 000 005 010 015 0,20

where now is the effective sample thickness corrected for 1/Thickness (mm’)

internal reflection:dd = L + 22,.
To illustrate Ohm’s law for Iightwaves we have performe&ig-l- Total transmittance versus inverse sample thickness of the liquid crystal

total t - t I.’ id tal in th 5CB in a polydomain nematic phase at a temperature of 303 K. The solid line

0 a, ransmission measurements on a 'O_lu' crysia m_ € N3 fit from (3) with only the two free parametefs and(,,. From the fit, we

matic phase. We have chosen to work with the nematic phagger, = 0.68 mm and’, = 10 mm. The agreement between data and theory

since it is sufficiently opague to obtain optically thick sampleis good.

and it gives us the opportunity to obtain experimental values

of the transport mean free path of a nematic. Previous ex-

perimental work on light diffusion in nematic liquid crystal

[14], [41] focused on the anisotropy of their transport prope
ties (transport mean free path and diffusion constant) but matic phase is found to e — 0.68 mm with an estimated

not provide absolute values fér error of less than 10%, which is in agreement with theoretical

_ The total transmission experiments were performed on th¢icrions [16], [42}-{44]. The dashed line shows the theoret-
liquid crystal pentylcyanobiphenyl (5CB) which was contamee

. . . X | inverse linear dependence of the transmission on sample
in a large sa_mple ceII_W|th variable thickness between 0 a““f\ckness in the absence of absorption.
20 mm and internal diameter 37 mm. The cell was made o

white Teflon and windows were made of the glass SF2 (Schott).
This glass type was chosen so as to minimize internal reflec-
tion at the liquid crystal/glass interface. The liquid crystal 5CB In most disordered systems, the opacity is a fixed number for
has a birefringent refractive index in the nematic phase withgiven sample. The opacity depends on the size and shape of
n, = 1.57 andn. = 1.81 at a wavelength of 405 nm [15], the scattering elements and on their refractive index contrast and
so that the average value of the liquid crystal refractive indean, therefore, usually not be changed. However, we have re-
is nyy = 1.69. This value is close to the refractive index oftently found a way to obtain control over the opacity by using
SF2 at that wavelengthmgr» = 1.68), so that internal re- porous glasses with liquid crystal infiltration [18]. This method
flection is expected to be minimal and symmetric with respeist based on an idea by Busch and John to infiltrate inverse opal
to the two polarization directions. The light source was a frstructures in order to obtain a tunable photonic crystal [19].
quency double dTi: sapphire laser operating at 405 nm. A stdn-that case, an ordered dielectric structure is infiltrated with
dard lock-in technique was used to improve the signal-to-noiaemedium (the liquid crystal) that has a refractive index which
ratio. The sample cell was inserted into an integrating spheredepends strongly on temperature [20], [46] and, under certain
collect all the transmitted light. Due to practical limitations, n@onditions, on an external field [21]. The same principle can be
external magnetic field could be used to align the liquid crystapplied to porous disordered structures, in which case the scat-
in a monodomain phase. Therefore, the nematic phase in ourxing strength of the single scattering elements and, thereby,
periment is polydomain with a local birefringence that averagesso the opacity of the whole system, will depend on tempera-
out on a macroscopic scale. ture and/or on an external field.

In Fig. 1, the results are shown of the total transmittance For this purpose, we used samples of macroporous silica glass
versus inverse thickness of 5CB at a temperature of 303 K. Tlvéh randomly oriented and interconnected pores, which was
transmittance was normalized to the measured intensity througfiltrated with the liquid crystal Octylcyanobipheny! (8CB).
an empty sample cell inserted into the integrating sphere. Thise macroporous silica glass had an average pore diameter of
solid line is a fit to the data using (3), with free parametgrs 100 nm and the volume fraction of the pores of 38%. The final
and/,. The internal reflection is taken to be ze#® £ 0). Note sample was a solid 2—-mm-thick plate with flat (optically pol-
that such a measured transport mean free path different ished)and parallel surfaces. The impregnation process was done
from the scattering mean free pafh measured in classical at temperatures corresponding to the isotropic phase. Bulk 8CB
single scattering experiments [17], [45]. The scattering me&ias a smectic-A phase in the temperature range of 21.1233.5
free path is the average distance between two successive sCatvhereas a nematic phase is formed in the range of 33.5%40.8
tering events whereas the transport mean free path is define€Ca# the nematic phase, 8CB is birefringent with refractive in-
the average distance that light travels inside the system befdexesn, = 1.52 andn. = 1.65 at 36.2°C and 613 nm wave-
its propagation direction is fully scrambled. The transport medength [22]. Without an external field, the orientation of the ne-
free path/, is a transport parameter of the system and can betic director will be random and different in every pore, so

about two orders of magnitude larger th@nin liquid crystals
16], [42]-[44]. We see that the correspondence between data
ind theory is good. The transport mean free path for 5CB in the

Ill. TEMPERATUREDEPENDENTCONDUCTANCE
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that a disordered birefringent medium is formed. In the isotropic 20 rrrrrerer RARAARAEL RARAALAAL AARAMAALL RARALAALL 7
phase, this birefringence disappears and the refractive index be- sl ° *es ) ] 1]
comesn = 1.56 at 33.3° C. ] %o Opacity K, in mm
Since it is difficult to vary the thickness of these samples, we E M T Y9 y
have characterized them by performing time-resolved measure- € ,, 1 e 3
ments on the diffuse transmission. This allows to measure the £ ] Y ]
diffusion constant of the system, which is closely connected to o 123 . 7
the opacity. The diffusion constant is linearly proportional to the 10 Seee .o ]
transport mean free path via a velocity called the transport ve- ] . . ‘e
locity v [23]: 3.: 8CB in porous silica. ]
8 e UABRARRARA UMM LR Ty ]
D =1Lt (5) 10 20 30 40 50 60
T (°C)

We assume that, for our polydomain samples, the transport ve-

locity can _be approximated by Fhe _phase veloaity co/n,w, Fig. 2. Opacity of liquid crystal infiltrated porous silica versus temperature.
wheren.,, is the average refractive index of the sample. For th€quid crystal 8CB, average pore size 100 nm, volume fraction of pores 38%,
infiltrated macroporous silica, we can takg, = 1.52 over the sample thickness 2 mm.) The opacity is the optical analog of the electrical
temperature range of our experimeht§herefore, we have a resistivity _ofamaterial. A decreasing qpacity With temperature can be regarded
. . as the optical counterpart of NTC resistance in electronics.

simple relation to calculatg (and thereby:,) from D.

The time-resolved experiments were performed in the
following way. A short (5 ps) pulse was incident on the frontot meant as a proposal for a new optical device. Nevertheless,
sample interface and the diffuse light in transmission was momémperature tuning of the opacity is very useful in experimental
tored by a streak camera. For that purpose, the output surfacetatlies on light transport in disordered media. Anderson local-
the sample was imaged onto the input slit of the streak cameiztion, for instance, manifests itself as a phase transition in the
The light source was a cavity dumped, mode-locked dye las#ffusion constant at a certain (small enough) value of the mean
operating at a wavelength of 613 nm. The beam diameter infriee path [6], [29]-[33] and it is the diffusion constant that de-
dent on the sample was 0.5 mm. The final time-resolution in termines the laser threshold of a random laser [25], [47]-[51].
measurements was better than 30 ps. The sample was orieiading control over the opacity of one specific sample means
in the z—y plane and the laser was incident on the front sampilat one can study the dependence of several multiple scattering
surface along the-axis. The diffuse transmission decays atffects on the system’s scattering strength, without exchanging
long times exponentially and for negligible absorption with gamples. In the case of random laser action, this means that one
time constant = (L + 220)%/D=?2. For experimental details, can design a random laser that can be externally controlled via
we refer to [18]. temperature or external fields. This would create a completely

The diffusion constant was measured over a wide temperatuesy light source for which the emission bandwidth strongly de-
range (from 14.4 C to 55.6° C) and the opacityt, = 1//, was pends on temperature. Experiments on random laser action with
calculated via (5). The sample was temperature controlled withemperature tunable opacity are already under way.
relative accuracy of 0.2 K and an absolute accuracy of 0.5 K. The
results are plotted in Fig. 2. We can clearly see a strong depen-
dence of opacity on temperature, similar to the temperature-de-
pendent resistivity as often encountered in electronics [24]. TheThe authors would like to thank A. Lagendijk, W. Vos, and
opacity decreases upon increasing temperature, so this sysiénBrugmans for stimulating discussions and A. Vinatieri for
can be seen as the optical equivalent of a negative temperata with the experiments.
coefficient (NTC) resistor. The strong increase of opacity just
below about 40 C can be explained by the nematic—isotropic
phase transition. In the nematic phase, the liquid crystal will be A lsh ) ’ . d distribution of
locally birefringent. The birefringence averages outon a macro-1] Z.s'ﬁgﬂ? ;’I‘%aﬁ-c'lse S"g‘%‘:)’t. ';‘f)téf’fm‘e%%rl‘_cg g.)rgsi, Sooa. Istribution o
scopic scale but gives rise to relatively high refractive index con-5; p’shengintroduction to Wave Scattering, Localization,and Mesoscopic
trast with the porous glass. In the isotropic phase, the local bire- = Phenomena San Diego, CA: Academic, 1995.
fringence also disappears, so that the refractive index contradfl B- A. van Tiggelen, “Transverse diffusion of light in Faraday-active
bereen qumd crystal an_d porous matrix chan_ges ConSidera_bly 4] E?&?ﬂ’r;\hbfréﬁé\./t?%?kil7<i’eﬁ; gr%g’B%gA??/'an Tiggelen, “Observation
This explains the strong increase of the opacity when lowering " of photonic magnetoresistanc@hys. Rev. Lettvol. 79, p. 757, 1997.

the temperature into the nematic region_ [5] F. Scheffold and G. Maret, “Universal conductance fluctuations of
light,” Phys. Rev. Lettvol. 81, p. 5800, 1998.
[6] S. John, “Electromagnetic absorption in a disordered medium near a
IV. DISCUSSION photon mobility edge,Phys. Rev. Lettvol. 53, p. 2169, 1984.
. . . . . [7] E. Yablonovitch, “Inhibited spontaneous emission in solid-state physics
The optical counterpart of NTC resistance discussed in thls[ ] and electronics.Phys. Rev. fett_\,oL 58, p. 2059, 1987. Py

paper serves as a demonstration of the principle and, in itself, i$8] C. M. Soukoulis, Ed.,Photonic Bandgap Materials Dordrecht:
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