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Phase-Matched Third-Harmonic Generation in a Nematic Liquid Crystal Cell
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We show the generation of a strong phase-matched third harmonic in a simple parallel nematic liquid
crystal cell. A single laser beam of femtosecond pulses is used to deform the internal structure of the
molecular orientation distribution, and to generate the third harmonic from the twisted structure that
is formed. Up tol073 of the laser power was converted to the third harmonic, in a volume as small
as 5um?3. [S0031-9007(99)08859-6]

PACS numbers: 42.65.Ky, 42.70.Df, 42.65.5f, 61.30.Gd

Liquid crystals (LCs) are known for their strong non- normal incidenceusing X60, numerical aperture= 0.85
linear optical properties. A large contribution to the microscope objective, to a spot size efl um. The
nonlinearity originates from molecular reorientation, ansample used for the experiment was a parallel-aligned E7
effect that has been used to demonstrate many interestimgmatic LC with a thickness of 5am. The LC was held
optical phenomena, such as [1] wave mixing, self-phaséetween two glass substrates. A rubbing material with a
modulation, self-focusing, optical bistability, and optical low pretilt angle was used (P12555), to impose a high an-
Fréedericksz transitions. This nonlinear mechanism is efehoring potential on the LC molecules at the cell surfaces.
fective even at relatively low optical powers, but is alsoThe depth of the focal point in the sample is controlled us-
relatively slow. Much faster is the electronic contribu- ing a piezoelectric driven stage. The third-harmonic light
tion to the nonlinearity of LCs, which leads to effects at 0.5um is collected by a lens and measured by a photo-
such as second and third harmonic generation. Secormultiplier after filtering out the fundamental wavelength.
harmonic generation in most liquid crystals is only anlt was verified by spectral measurements that only third
interface effect because of symmetry requirements. Efharmonic light was generated, while no second harmon-
ficient third harmonic generation (THG) is difficult to ics signal could be detected. The polarization of the input
achieve in the LC bulk because of phase mismatch. Howbeam is controlled by a polarizen/4 and A/2 plates.
ever, in cholesteric liquid crystals, phase matching can b&he coordinate frame is chosen so that the top glass-LC
achieved using the properties of the periodic medium [2].interface is in thex-y plane while the director of the LC

In this paper, we present an observation of strongat this plane is pointed at theaxis. The electromagnetic
phase-matched THG from within a simple nematic LCfield is therefore propagating along the positxexis.
cell which is one of the most widely used types of Tightly focusing a Gaussian beam in a homogenous non-
LCs. The nematic LC is composed of rodlike moleculeslinear medium usually results in no THG [4]. However,
with one molecular axis much longer than the other twowhen the medium is not homogeneous or, more specif-
The long axis of the molecules tends to point along dcally, when there are variations of the nonlinear third-
common direction, the director, while they are free toorder susceptibilityy® in the bulk, third harmonic light
move from one location to another. The phase-matchets generated [5].

THG we present here resulted from the combination of Shown in Fig. 1 are images composed of sets of 91 line
two nonlinear processes of different origin. A tightly scans of the focal point along the depth of the sample (
focused laser beam of femtosecond pulses is used, whi@xis) at a constant-y point, depicting the polarization
slightly modifies the molecular orientation inside the LC and depth dependence of the THG intensity. In the first
cell, leading to the generation of phase-matched thir&and last scans in each set, the polarization is along the
harmonic from the focal point. The same laser beam that axis. The angled between the optical field and the
deforms the local molecular orientation is used to generateubbing direction § axis) increases by °2from line to

the third harmonic light. line, thereby spanning 180otation in each set.

The experimental setup used to generate third har- In Fig. 1A the average laser intensity was 100 mW. As
monic light from a nematic LC is similar to the setup expected, the THG distribution is symmetric arouhe=
used in THG microscopy [3]. The laser source is a syn9°, and strong third-harmonic light is generated when the
chronously pumped optical parametric oscillator (Spectrafocal point is near the two LC-glass interfaceszat 0
Physics Tzunami-Opal system) which provides 130 fandz = 50 um. The THG intensity at these interfaces is
pulses at a wavelength of 1/m with a repetition rate of proportional to the difference between the corresponding
80 MHz. The laser beam was focused onto a LC cell afy®s of the glass and the LC [3]. The THG from the
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90 THG peaks of Fig. 1A, a series of intense THG peaks
appear now at) = =60°. The strongest peak at =

5 um has an averaged intensity of about®V, 2 orders

of magnitude higher than the THG from the interfaces.
The conversion efficiency in this caselig ™.

The appearance of the THG from within the cell
volume indicates that the LC is no longer homogenous.
Indeed, a structure of molecular orientation is expected
to be formed within the cell due to the combined effect
of the birefringence of the LC, and the force induced
by the optical field. Reorientation of the molecules by
an optical field results from the system’s tendency to
assume a configuration with the minimum free energy [6],
which consists of the distortion energy and the dipolar
interaction energy. Near the focal point, the optical field
exerts a torque on the molecules:

M o (E2,) sin(2B), 3)

where <E§p> is the time averaged square of the optical
field and B is the angle between the field and the
director of the LC molecules. This torque is maximal for
B = 45°.

To gain some insight into the processes leading to the
results shown above, we have calculated the molecular
structure induced by a focused optical field in a LC cell.
FlG 1. THG dIStrIbutlon |n a nematic LC Ce" for dlfferent The Confoca| beam parameter [7] used WaSIZrﬁ The
linear polarization states with average laser intensity of (.A)'input field was chosen to be polarized af 46 thex axis
100 mW, and (B) 200 mW. Bright gray levels represent high = . . . ’
THG intensities. The THG from within the LC cell has an Which provides the maximal torque on the molecules. The
efficiency of up to107>. polarization state of the optical field at the focal point,

which determines the direction and strength of the torque,

is changing as the focal point is scanned along zhe
left interface ¢ = 0) is weak atd = =90°, and becomes 2axis, with a characteristic period of the beat length, given
strong around? = 0°, where the direction of the field is by Lz = A/An. Here, A is the fundamental wavelength
parallel to the director of the LC. These measurementdnd An is the birefringence. The reorientation angle is

A)

45

0 [deg]

50

25
z [pm]

indicate that assumed to be small.
LC glass The resulting reorientation of the LC molecules for
Xyyyy = 8X1111 (1) gifferent locations of the focal point is shown in Fig. 2.
and The figure demonstrates that the structure induced by
Lc __ glass the beam depends on the location of the focal point,
Xxxxx = X1111 > (2)

and it is reproduced with the periodicity of the beat
where x5S, and xS, are the third order susceptibility |ength. The length over which molecular deformation
tensor components of the LC along theand they  occurs depends on the focal depth, aboytrb in our
directions, respectively, anﬁﬁlﬁs is the relevant tensor geometry. When the focal point is at a distange=
component of the glass substrate, where the index 1 mai, 18, and 22um from the left interface, the angle
stand for any direction. The THG from the right interface between the director and the rubbing direction &xis)
(z = 50) is weaker and broader due to aberrations of thevaries linearly along at the vicinity of the focal point.
focal point as it is affected by the high refractive index of As a result, a twisted structure is formed around that point.
the LC, especially when the light is polarized parallel toThe polarization state at the focal point is calculated to
the extraordinary molecular axis, arouéd= 0°. be elliptic with opposite handness to that of the molecular
In addition to the THG from the two interfaces, Fig. 1A twist. It was already shown [2] that phase-matched THG
shows that some third-harmonic light is generated withincan be achieved in a cholesteric LC when the pitch of the
the LC volume. A structure of periodic THG peaks is helical structure is compensating for the phase mismatch.
visible neard = +45°. When the laser intensity was Using the same arguments with the parameters of our
increased to an average power of 200 mW, a morexperiment, we calculated that a helical structure with a
complex structure of THG distribution has been obtainedpitch of 11 um is required for optimal phase matching.
as shown in Fig. 1B. In addition to the relatively weak The light-LC interaction generates, therefore, these twisted
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5 10 LC cell to a temperature above the critical temperature
g 0 z=14um of the Isotropic-Nematic I¢(N) phase transition, then
3 10 z=15um let the sample cool down, across the phase transition

temperature, back to room temperature. During the
cooling process we scanned the sample with the focal

\/\ z=17um point along thez axis, with one line scan per second
M\\/ 2~18um at a constant linear polarization &= —60°, and an

z=l6pm

averaged laser intensity of 50 mW. The resulting set
z~19um of scans shown in Fig. 3 depicted the THG distribution
z7=20pm inside the LC cell as the cell cools down. The phase

transition/-N is clearly observed around the 10th scan,
where THG first appears from within the LC cell. As

/\/ z=22um expected, there is no THG from the isotropic phase at

the first few scans. Right after the phase transition, the

THG is most intense, since at high temperatures the

O 10 20 30 40 50 elasticity is high, thus reorientation of the molecules by
z [um] the optical field is large. We note that the number of

) S THG peaks along the depth of the LC cell is continuously

FIG. 2. The molecular reorientation induced by a focusedycreasing as it cools down, indicating that the beat length

laser beam in a LC cell. The director’s angle distribution along: . s
the depth of the LC cell(2) is plotted for different depths of is decreasing. The reason for this is the dependence of

the focal pointz;. A linear twisted structure is formed in a the birefringence on temperature [1]. As the temperature
periodicity of 4 um. decreases across the critical temperature of the phase

transition, birefringence is formed and increases up to

An = 0.2 at room temperature.
structures which lead to a series of THG peaks, with a In summary, we have shown the generation of a strong
periodicity of L /2 along thezaxis. Between these peaks, phase-matched third harmonic from within a simple paral-
at zy = 16 and 20um, the structure of the molecular lel nematic LC cell. A single laser beam of femtosecond
reorientation does not compensate for the phase mismatgbulses is used both for the deformation of the LC director
leading to zero THG. In our simulationsz/2 = 4 um  distribution, and for the generation of the third harmonic
at room temperature, which is in a fair agreement with thédrom the twisted structure that is formed. Note that light-
experimental peak period of 42m, as in Fig. 1A. induced molecular reorientation is expected in cholesteric

The THG peaks in Fig. 1A are relatively weak com- LCs as well. Hence, phase matching in cholesteric LCs
pared to the THG from the interface, indicating that the[2] might actually be spoiled at high laser intensities.
phase matching is not fully achieved. The reason for thisseneration of third harmonic in nematic LCs using tight
is that the induced pitch of the twisted structure is smallefocusing allows the use of high intensities per unit area,
than the optimal pitch. Larger values for the pitch can be
achieved when the average laser power is increased. We
believe that the efficient THG obtained in Fig. 1B is the 80
result of a nearly optimal combination of twist and polar-
ization state obtained ner= *=60°.

The typical characteristic time for molecular reorien-
tation at room temperature for E7 LC material is about
50 ms. We have found that indeed the rise time of the
THG from within the cell had the same characteristic
time. Therefore, the rate in which the LC sample is
scanned is very important. When scanning too fast the
efficiency of the THG decreases, since there is no time for
the molecules to reorient. Scanning too slow, on the other
hand, with relatively high intensitiesl,{ > 100 mW)
leads to other nonlinear phenomena with longer charac- 0 25 50
teristic time, such as optical Freédericksz transitions [1]. Z [um]

These transitions can support phase-matched THG, as can o _ ) )
be noticed a®h = +90° in Fig. 1B; however, this THG FIG. 3. THG from within a nematic LC cell during a cooling

found to b . d hiahl tabl process of the cell across the isotropic-nematic transition point.
was found to be noisy and highly unstable. The periodicity of the THG peaks along the depth of the cell

In order to verify that the period of the THG peaks js increased as the cell is cooled down, indicates the increasing
along thez axis is half the beat length, we heated thebirefringence.

z=21pm

D
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scan number
N
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and high conversion efficiency can thus be achieved. The[1] P.J. Collings and J. S. Patéiandbook of Liquid Crystal
attainable efficiency of the THG will be limited by dam- Research{Oxford University Press, New York, 1997).
age of the LC material. At average laser intensities higher[2] J.W. Shelton and Y.R. Shen, Phys. Rev. 3\ 1867
then 250 mW we observed damage to the samples, ac-  (1972). _ _ _
companied by continuum generation from the focal point. [31 Y- Barad, H. Eisenberg, M. Horowitz, and Y. Silberberg,
We expect that using a source of ultrashort pulses at a,, Appl. Phys. Lett.70, 922 (1997).

o . . . o R. Boyd, Nonlinear Opticg(Academic, New York, 1992).
low repetition rate, that will allow high peak intensities [5] T.Y.F. Tsang, Phys. Rev. A2, 4116 (1995).

with low average intensities, could significantly improve [6] I.C. Khoo and S.T. WuDptics and Nonlinear Optics of

the process of phase-matched THG. Liquid Crystals(World Scientific, Singapore, 1993).
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