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Depth-resolved imaging of nematic liquid crystals
by third-harmonic microscopy
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Third-harmonic microscopy is shown to be a powerful tool for the study of liquid crystal structures.
The third-harmonic probe enables the investigation of molecular order well inside a liquid crystal
cell. The observation of phase transition in various nematic liquid crystal samples is presented as a
demonstration for the power of this technique. For example, nematic and isotropic regions are
shown to coexist across the depth of the cell. Thermal fluctuations are observed in the nematic
regions close to the isotropic—nematic transition temperature.1989 American Institute of
Physics[S0003-695099)04321-1

Third-harmonic generation scanning laser microscopybased on fluorescence from the polymer net@drnd by
has been shown to be a powerful tool for the investigation ofletecting the light scattered by disordered regions within the
transparent materials, as it can produce three-dimension&C,? was recently reported. The advantage of THG micros-
images of such samplé$.In this letter, we show that when copy is that it probes the molecular orientation and the order
applied to liquid crystalline materials, third-harmonic mi- at the focal plane without the need for any additional mark-
croscopy can yield important information on molecular ori- €rs. The nonlinearity enhances the sensitivity of the method
entation within the samples. Thereby, we observed a rici&s well as its depth resolution, as compared with linear laser
variety of phenomena, ranging from simple domain forma-scanning methods.
tion to growth dynamics. Phase transitions in nematic LCs has fascinated re-

The study of liquid crystalline materials is important be- Searchers since the early days of the fiélt high tempera-
cause the last decades have seen impressive advances in &fes, the LC is an isotropic, homogeneous liquid. The
plications of these materidishat require detailed under- iSOtropic—nematic(I-N) phase transition occurs at some
standing of their structurésAn important aspect of liquid ~Critical temperaturdl,. Below T, the LC gains a long dis-
crystal (LC) research is the knowledge of the three-tance or|entat|or_1al order and becomes_ bwefrmg_ent.
dimensional ordering of the molecules within LC céllhis In the following we report an experiment which resolves

is most commonly done using electromagnetic radiation, i€ crystallization(nucleation process of a liquid crystal
the visible and the x-ray regions of the spectftiriowever, layer, along the depth of the cell, from the isotropic liquid to

in most cases the three-dimensional structure is difficult tgN€ nNématic phase. The experimental setup used is shown in
obtain, particularly in thin cells. We show that by using F19- 1. The laser source is a synchronously pumped OPO

third-harmonic microscopy it is possible to obtain informa-
tion on molecular order in the depth of the liquid crystal cell.
Third-harmonic generatioTHG) microscopy is a form Pol. control
of laser scanning microscopy, where third-harmonic light is
generated near the focal point of a tightly focused femtosec-

ond laser beam. This technique allows improved contrast Microscope

over standard phase microscopy, with the additional advan- X objective

tage of depth resolution. A tightly focused Gaussian beam in y

a homogeneous medium results in zero THGnly varia- L

tions in the nonlinear optical properties of the medium, spe- []]] []] | Sample

cifically the third-order susceptibility®, result in THG. In Z Heat

liquid crystals, the relevant component of®) depends on cater

the relation between the direction of the optical field and the Condenser
Oon <

molecular orientation, and therefore THG microscopy can )
give valuable information on the internal structure of the LC Filter
sample. Other scanning laser techniques have been applied to

LC research. A study of the internal texture of a polymer-

stabilized cholesteric LC using linear confocal microscopy, - PMT

FIG. 1. A schematic description of the experimental setup for THG micros-
dElectronic mail: feyaron@wis.weizmann.ac.il copy of liquid crystal samples.
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(spectra-physics tsunami-opal sysjemhich provides 130 fs
pulses at a wavelength of 1/&m at a repetition rate of 80
MHz. The laser beam is focused into the LC sample at nor-
mal incidence, using £60, NA=0.85 microscope objective.

The LC sample is scanned in tledirection using a piezo- _ |
. . . N g 20
electric driven stage. The third-harmonic light at the wave- 2
length of 0.5um is collected by a lens and measured by a N 307
photomultiplier tubgPMT) after filtering out the fundamen- 40 1
tal wavelength. The polarization and the power of the in- 50 -

jected beam is controlled using an attenuator, a polarizer and
a N2 plate. Two LC samples were used in the experiment: a
nematic cell and a twisted nematic cell. Both samples were

50 um thick and filled with E7 LC. Each cell had a small (©)
heater attached to the bottom glass, in order to control the ,
cell temperature. A small temperature gradient is thus 0 '
formed between the top and bottom glass plates. The coor- 10 1
dinate frame is chosen so that the cover glass—LC interface E 20+

is in thex-y plane while the rubbing direction at this plane is > 30 -

along they axis. The electromagnetic field therefore propa- i

gates along the positive axis. The focal point of the laser 05
beam is scanned along tlzeaxis at a repetition rate of one 50 M“
line per second. The average laser power in these measure-

ments was kept lowd mW) in order to avoid laser induced T 1

thermal or molecular orientation changes. To verify that the 0 100 200 0 100 200
laser irradiation does not affect the sample through heating Scan No. Scan No.
or other processes, we repeated the measurements at vari s _ L 4
| r powers and at different scan rates. It was determin . 2 Imagl_ng of the I-N phase transition in a paralle_l nematic LC cell.
aser p ) : ch image is composed of a set of 200 scans of a tightly focused laser
that the results were independent of those parameters at ob#am along the axis. THG power is represented in a gray scale normalized
working conditions. At significantly higher laser powers, to the strongest signal in each set, where high powers are dark. The first two
above~30 mW of average power the measurements St‘,:“,tels‘]ets were taken during the cooling of the samale and at a stable tem-
to deviate f th btained ’t | We beli élerature gradient arount, (b), both with light polarized along thg axis
0 deviate r-om 0se obtained a OW .powe_rs. e ) elieveine rubbing direction The imagegc) and (d) were taken under the same
that the main reason for these deviations is laser-induceebnditions as in@) and (b), respectively, using light polarized along tke
molecular reorientation. axis. The nematic and the isotropic phases are clearly observed simulta-

In the first set of measurements. we made dynamic anaeously along the depth of the sample in gbjsand (d). Arrows mark the

. T . . ' . . nterface between these layers.

quasiequilibrium studies of a linearly aligned nematic LC
near its I-N phase transition point. In the dynamic studies,
the LC sample was scanned as it was slowly cooled acrosdnd
the phase transition poifiFigs. 2a) and Zc)]. In the quasi- thxxz)(%lfff’ 2)
static measurements, the temperature was stabilized close to Lc Lc _ o
the I-N phase transition poirffigs. ab) and Zd)]. The  Wherexy.x andyy,y, are the third-order susceptibility ten-
polarization of the light was either along the alignment di-SOr components Oglatsr;? LC along tixeand they directions,
rection[Figs. 2a) and 2b)] or perpendicular to ifFigs. 2c)  respectively, andyyy is the rele\{ant tensor component of
and 2d)]. Each image is composed of 200 line scans alonghe glass substrate, where the index 1 may stand for any
the z axis, at the saméx,y) location. The third harmonic direction. o
power is represented in a grey scale, normalized to the stron- Due to the temperature gradient imposed on the cell, the

power. over the sample depth, but rather to begin at the cooler in-

Consider first the dynamic study of Fig(a, where the terface. We observe a front of ordered nematic phase that
light is polarized along the rubbing directidly axis. As  Propagates from the top to the bottom of the cell, as can be
long as the cell is at a temperature higher tfanthe LC is ~ S€€n between the twentieth and the fiftieth scans. In these
completely isotropic and only the glass—LC interfaces afcans, the top region closer to the cooler cover glass is at a
z=0 and z=50 um generate third-harmonic light, as ex- {emperature slightly below. and is therefore in the nematic
pected. After a few scans, the top of the sample cools belolhase. Being close to the phase transition temperature, this
T, and a strong increase of THG is observed. This strong€dion has a finite amount of order with considerably large
signal is caused by the large third-order susceptibility of thdhermal fluctuations. The bottom region remains isotropic up
ordered phase when the molecules begin to arrange witt? the fiftieth scan, after which the nematic phase takes over
their long axis parallel to the rubbing direction, which is the the entire sample.

direction of optical field. These measurements indicate that _ C0existence of the nematic and the isotropic phases
within the LC sample was achieved by stabilizing the tem-

glass ( perature gradient close fb,. A set of scans at a constant
1

LC __ . . . . .
Xyyyy™=8Xi111: temperature gradient is shown in FigbR The I-N interface
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is clearly seen inside the cell arougre35 um (indicated by @ (b)

a small arrow in the figupe A slow movement of this bound- | o~
ary layer, with a characteristic time of a few seconds, can be 0 M"m""
seen. This dynamics of the crystallization-melting front is 10 1 ]

possibly due to temperature fluctuations. A remarkable fea- 20 — l,;xﬁ““’

ture in Fig. 2b) is that strong third-harmonic light is gener- = 30 - i "

ated throughout the entire nematic region. Since THG is not = y
expected in homogeneous regions of the sample, we con- 05 i .ﬂ"
clude that the nematic phase exhibits strong thermal fluctua- 50 W .

tions. Moreover, to explain the observed signal, the size of

these fluctuations must be comparable to the focal depth, a T T 1
few microns in our experiment. Indeed, fluctuations in the 0 100 200 O 100 200
molecular alignment are expected néar, which lead to Scan No. Scan No.

decrease of molecular order. We note that consecutive scans. . . . .

. s . . 3. (a) Set of scans taken during a cooling process of a twisted nematic
produce different distributions of THG, which suggests that ¢ sample;(b) a periodic metastable structure is formed during a phase
the typical correlation time is considerably shorter than 1 stransition in a simple parallel nematic cell, which abruptly decays to a nor-
As the temperature decreases the thermal fluctuations algep! nematic phase with thermal fluctuations.
decrease leading to lower THG from the LC as it becomes
more and more homogeneous. This can be seen in the last Various metastable configurations could be observed
scans in Fig. @&). As the sample cools further, the THG When the samples were cooled at a relatively fast rate. For
signal from within the nematic LC completely vanishes. ~ €xample, Fig. &) shows an image obtained after fast cool-

These dynamic and quasiequilibrium measurement§g of a parallel nematic cell through the 1-N phase transi-
were repeated with the light polarized along thaxis[Figs. ~ fion temperature. The light is polarized along the rubbing
2(c) and Zd)]. In contrast to Fig. @), Fig. 2c) exhibits a  direction. A periodic structure of unclear origin is formed at
sudden drop of the THG signal at the interfaces on the I-Nhe I-N transition, abruptly decaying after a few secofals
transition. This is because the relevant third-order susceptfh® 120th scanto the normal nematic structure. This struc-
bility tensor component of the LC is nearly identical to that turé was obtained in several measurements, and was just one
of the glass substrate, leading to only small THG at the inof a few metastable configurations that were observed in
terface. Juxtaposing Figs(t® and 2d), it is evident that the ~ Va&rious types of cells. _ _
strong fluctuations from the nematic region are not visible " summary, we have shown that THG microscopy is a
with light polarized along thex direction, probably because POWerful tool for the study of LCs. The third harmonic probe
of the relatively small value of the relevant susceptibility enables the investigation of molecular order well inside the

term. Because the THG from the nematic region is relatively-C |2Y€r. The observation of phase transition in nematic LC

weak, the THG from the boundary layer between the nematiEe"S has been presented as a demonstration for the power of
and the isotropic phases is clearly visible this technique. The method also allows direct observation of

We have applied the same imaging technique to stud rientation fluctuations and their dynamics. We believe that

the I-N phase transition in a twisted nematic cell. In thisdhIS me_tho? 'f urt1|que flr:hltngbII:Fy to retsolvg .th?h thr?e-
sample, the bottom substrate is rubbed along xhaxis, imensional structure ot the alignment, and 1s therefore

while the top substrate is rubbed along shaxis. When the very promising for research of LC materials and devices.

structure, with the director of the LC molecules pointing ynited States—Israel Binational Science Foundation and
along they axis at the top interface and is gradually rotatingfrom the Israel Ministry of Science.
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