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Phase-Matched Third-Harmonic Generation in
: Cholesteric Liquid‘Crystalé‘f:

J. W. Shelton and Y. R. Shen
'° ﬁ¢1Department of Physics, University of California
: . and ‘

Inorgenic Materials Research Division,

Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT

Using De Vries' model, we predicfea theoretically
 *£ﬁat phase-matching of optical third—harmonicAgeneratién
_;gén‘be achieved in cholesteric liquid crystals. The pre—v
:‘diétion was verified by measurements of third—harmonic
';generation from s mixture of cholesteryl chloride ahdr

‘l;cholesteryl myristate.
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vfﬁé%é—matched third—harmonic generation'haé been observed in

crystéiSl'and in dye solutions.2 In crystals, phase-matching was fo\
-achie&ed_through linéar biréfringénce of the crystal, and in dye Sy
solutié%é, through thé énomalous dispersion éfTﬁhe dyeq _Heré, using
Dé Vfié$; m6del for chéiestéric liqﬁid'crystéié;3.we show that bhase—
matchipéiof third-harmonic geheration caﬁ also be achieved in a
cholé§£eric liquid crystél through its peéuliar ?ropertiés‘derived
fromftﬁefhelical structﬁré. It'has,beén suggésted that phase-
.matéﬁiﬂgﬁis possible in an optically active mediﬁm through compensa-
tion‘qf;éolor dispersion‘by circular;birefrihgence,y'but this is not
quitéjéhe case here. Our prediction has beéé[vefified by the egperi—
mentélhfésults presented later in tﬁe papér:'rso:far as we know, this
is tﬁé first demonstration that phase-matched harmonic generétiOn can
be rééliZedfin a medium with a positidn—depehdent dielectric constant.
Thetgdod:agreement between theory and experiménts has constituted a very
strbﬁg_support of the model of De Vries.> |

| Aféholesteric liquid crystal can bevVisuaiized as consisting of,
gény-fhinvlayers.s In eagh layer, the molecﬁles”are all aligneavalong
a ceff;ih direction, but_in successive layéré, the direction of
moleéﬁiér alignment is turned through»an angle ¢. The medium then ﬁas
anroveréll helical structure with the helical axis pefpendicular to ¢
the?léyers. To explain the linear optical properfies of a .cholesteric J
1iquidvérystal, De Vries’ used a éontinuum.model.l He treated the
'medium'as é birefringent crystal twisted about one of the principal :
éiéS’into a uniform: helical structure with a pitch,p.-.For propagation

of infinite plane waves along the helical akis (taken as the z—axié),



systém; Eq. (1) becomes
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the'anéﬁequation has the form |
LGP ¢ PeG)/PIEG ) - -Om 162 1P" (2 0) )
.wheré E(z w) is’ the optlcal fleld at frequency w, e(z) is the corres-
ponding'dlelectric constant varying w1th z, and PN (z,w) is the non-
lihéaf'pbiarizationlaﬁ'frequéncy"w. This Mé§e equation is most -
éasiiyfsblvéd'by first making a rotational'transformation R(8), with

o~

6=2ﬂg/P;'to a twisted coordinate frame. In this twistedvcoordinate

2 2 ' 2 2
cLLo an bmro 3., w Ymw® . NL
-[____(—) +— =+ —e 1 E (z2,0) = (=5 )P, (w) (2)
NL_ NL . . R . IR
where- ET =RE, P, =RP ', 0 = R(3m/2), and €p is diagonalized with prinei-

o~ -1 N
2 ~ - = . . PN A

pal_values Eg and En along the two prihcipal,axes € and n in the‘plane

perﬁendicular to z.

' E§r_the linear case, PNLio,‘thé solution of Eq. (2) for waves

A

- propagating along the 2z direction is3

& o .
@T(z,w) = ) (gg) eXP[imj(w/C)z - iwt) . ' (3a)
=AY o v
»-'Imiw” = {(e+r'2) s [(e+r12)2 _ (E_A'g)'g + o2 1/2}1/2 C (3b)
Cn/gg)y = i1y = 122 + (ome)]/2m, ) G

‘~where €= (eg n)/ Ar'=2nC/wp, a=(e&—en)/2, and m_-is negative for

X',p> In the ranges o < X'z << en and A2 >> sg,'the_two modes are

g.

v_nearly left and rlght c1rcularly polarlzed respectlvely

For third-harmonic generatlon, (3w) XT Ep (w)E (w)E (w), and

the”solntion of Eq. (2)'with the usual parametric approximation is
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R :~ _ _ . o . ; 20)]
(3w), y _ NL () () (w) SEolAms o, L= /2c
ET .(Z)_f j;k%l,néj(iT )jkﬁnETk €re Em Vémjkgn(w/gc)
R ‘ o ,:\
x explim, (34 - - isee] Cw
~explim *7 3wz /C) + 1Amjkgn(wz/2c) i3wt] _ . _ Y

with o
. A, = izn(3w/c)/tm.(3‘”) - hﬁCf.(3‘*’)/3wp(1+f,2)]
- Td J | K.
o (w) (w) . (w) (3w)1 | | (5)
Amjkgn b e - tmg o fmy - 3m, o

The third—harmonic generation is most efficient when ﬁhe'phase matching

1}

conditioﬁ Amjkln 0 is satisfied. This is possible'in a cholestefic

liquid erystal. Given w, €, and o, one can find from Egs. (3b) and (5)

a pitch p, which makes'Amjk£n=0; for some Combinations of j, k, £, and n.
In particular, we can'haveémhﬂqﬁFog since in Eq. (3b), € normally increases

with w, but A' is inversely proportional to w. It is interesting to

noﬂé'thaf in the laboratory frame, each normal mode can be decomposed into -

gﬁyo‘(dependent) cirdularly:polarized propégating modes With.refracﬁive indices.

ifg(w)»?:[(w/Cﬁnin]/(w/C), and hence fm_ . =0 leads to

. F R 4 + t, . . .
n+(w) —‘n+(w)=3[n+(3w)—n+(w)], The last expression indicates that at

phase,matching, the color dispersion is compensated through circular bire-

fringgpée'betWeen the two (dependent) propagating modes. ' '

' -Fdr Am, .~ 0, the third-harmonic intensity is proportional to

W 2 . v ' o
- |§(3 )(z)l with |§(3Q)(z)le given approximately by

| 2 - 2

) I§(3w)(2)| | ET(Bw)(Z)I

sin“[Am (wz /2C)] a
4+ (6)

: . 2
(Am++++m/2C)

' EIA.(XT )‘ (E(w)53|2

++++ 1T+



: also calculated the birefringence factor o as a functlon of temperature
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‘The nonlinear susceptibility‘(xTN ) should'he non-zero from symmetry

+H++

arguments if the birefringence factor o is non-zero. Its value can

-be-estlmated from absolute 1ntensity measureménts‘of third-harmonic

generation at phase-matching.

In our experlments, the cholesterlc llquld crystal used is a

mlxture of l 75 cholesteryl chlorlde and 1 cholesteryl myrlstate.7

The prtCh‘of this cholesterlc lquld crystal can_be adjusted from
-1.Tito #® to +2u by varying the temperature from 20°C to 68°C.

Usingfthe diffraction method with a He-Ne laser,8 we measured the '

' pitch~as_a function of temperature, as shown in Fig. 1. We also

neasured; using the prism method,9 the optical dielectric constants at
80°C Gﬂéfe the material is in the liquiad state We found e(w)=2.19 and
e(3w) = 2 30 with w correspondlng to the 1.06 p N4 laser frequency

These values were assumed for € in Eq. (3) over the whole range of

temperature. From measurements of optlcal activity of the sample, we
3,10

(Flg. 2). This was done at the He-Ne laser frequency (6328 A) and we

=

assumed ‘that the dispersion of a is negllglble Knowing the values

of'eiand o, we then predicted from Eqs. (3) and (5) that the phase

matChing condition, Nﬂ++++ =0, for thlrd—harmonlc generation with a

Nd. laser should occur at: P— —17 3u and 17.4u, corresponding to the

temperatures k9.4 + .2°C and 5k.2 * .2°C respectively. Most of the

uncertalnty in this predlctlon we belleve, arises from uncertainties

in the measurements of p vs T and the color dlspers1on. Slight changeu
in o ddes not affect the phase-matched temperature appreciably.

Both cholesteryl chloride and cholesteryl myristate are transparent at
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'thé Ndﬂléser frequency and at its third harmOnié;
iIh'bﬁr experiments of phasé—matched thifd—harmonicNgeneration;

we réqui?ed a nearly homogénéous, single—doméiﬁ; cholesteric liquid
crystélfWith_its helical axis perpendicular to thé‘cel1 windows. ¥
"By'inaﬁéing.a éheér in the matériai, ve vere gble té obtain such samples
with'tﬂiékness up to 0.5 mm. AIn'the.expériménts on third-harmonic
generation, we used a sample 130 ﬂ thick. it'waévimﬁersedvin a water
batg-ﬁifh the temperature.contrblled to within + 0.1°C. A ﬁqde-lécked
Nd:gi#éévlaéer was used as the fundamentalipuﬁp field in thé'third—
harmbhic;generafion. The laser ﬁas'mode-lockedvso,that the total
number bf third—harmbnicvbhotons generated in each shot could be more; 
BeéauSe.#he sample was thin, the broad spectral width of thé‘laser
wqﬁlé hot‘affect ﬁhe results on generation of third harmonics. The
1ase%_béam'was normally incident on the sample;i In order to have the
fundéﬁéﬁfalvﬁaves propagating in the:éample téfﬁé.maihly in the "+"
»mode; ﬁé circularly poiafized the laser beam}_:This also had the
'édvaﬁfage of eliminéting the béckground thirdéharmbnic radiation
éénefatéd from the cell windows, optical filters, and the wéter bath,
sincé'no third-harmonic can be generated in aﬁ isotropic¢ medium by é »
.ciféulérly polarized beam.ll xOur experimental arrangeméht.vas basically
theisaﬁé aé those of oﬁhers.le The third—harﬁonié signals from the :
liquiaférystal were always ndfﬁalized against the reference signal bf
thifdjharmoniés geheraﬁed from a'phaseQmatched Fuchsin Basic dye ceil.2

3 LTﬁe experimental results of variation_of ﬁhird-harmbnic,intensity
around the phasé—matching températures are sﬁdwn in Fig. 3.. The twé

peaks at p < 0 (T < 51.9°C) and at p >0 (T > 51.9°C) correspond
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'respectiyely'to'fundamental_pump waves heing left and right circularly

polariied; as predicted by the theory. The peaks;appear at temperatures

withinhO:l°C of the'predicted phase—matching‘temperatures. The theoreti-

cal phase—matching curve is also shown in the figure for comparison ‘

i w1th the experlmental data. The experimental peaks are definitely

broader with no clear fine structure at the wings. ThlS is probably

due to the slight varlation of the helical pitch in the sample,

vespec1ally near the boundary surfaces. Since the molecular structures

s

for p < 0 and for p > 0 are different and x | could vary accordingly,

++++
we would not expect the two phase-matching peaks to be of the same

helght;._Experlmentally, we found that the two peaks-were different in
height' ‘but their difference was within the 207 eXperimental accuracy

The thlrd—harmonlc output was found to be elliptlcally polarlzed

with the'ratio of -the two c1rcularly polarlzed ‘components belng

3

: II(A'-E )f(3w) (3w)]/[(l'+e )f(3w) (3w)]| is 4.8. Comparison of the

phase—matched third—harmonic signals from the liquid‘crystal'and‘from:

- the Fuch51n Basic dye solution yields ‘X++++|/ng§e| ~ 0,1. We also

measured the phase—matched third-harmonic generation from samples with
different thicknessi. The third-harmonic intensities were indeed roughly
proportional to the square of the sample thickness. Investigation of

phase—matchlng conditions Am =0 with other combinatlons of jkln is

Jkin
presently in progress. '
In summary, we have shown that the third-harmonic generation in &

cholesteric liquid.crystal is phase-matchable. This effect should be

commonffor nearly all cholesteric liquid crystals. That our experimental
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resuits a§ree well with the theory is another:triﬁmph of De Vries'

mode13 for cholesteric liquid erystals.
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FIGURE CAPTIONS .
Fig_fig;iVariatibn of the inverse pitch (l/p)'wiﬁh tempergture‘for the
':miiﬁﬁré of l.75-chol§steryl chlofide and 1 ¢ho1esteryl myristate,

. . L - . 1Y
. The éxpefimental uncertainty is * 0.005 ﬁ—l. The sclid line is )
.,#n.apprbiiméfé fit to the experimental pdints. .

Fig{'ZQi Variation df’thé biréfringence factor a as a function of
-témpefaturé"at.the He;Ng laser wavelength, 6328 A, for the mixtufe
;f§f0147§'chplestéryl chloride énd 1 ChbléSteryl myrisfdte; The
;s§lidvliﬁé_i$ an approximate fit to'the ¢xp§rimental points.
'Fig.,éj:}ﬁofmalizea third-harmonic intensit&'§éﬁtem§eraturernear!£he
_;bh;sé matching temperaturestor,the mixture of 1.75 cholésteryl.
_ cﬁibride and 1 choieéteryl‘myristate, in a cell 130u thick. The

1'peak at the lower_temperature(corresponding to left helical

 i§trﬁcture)is'generated by left circularly'pplarized fundamehtal:
i“wa?es‘and the one at the higher temperature by right ciréularly
.p61afized funamental waves. The sdlid line is the theoretical
v; §hase-matching curve and the dots are experimentalvdata_points.
Thé uncertainty in.the e#perimental third'harmonic inténsity is

about 20%.



Inverse pitch (')

-11- '

UCRL-19623 - |

- 0.8—

-



-1e- ... UCRL-19623

AN

} T})-n‘)icoll
Q08

ﬂ o

004 _

002}

Bhefﬁhgence (

P 'Cholesferic.'—-fll;qmd transition
. 5 o R L L
.20 40 60 8

© - XBL704- 2691

Fig. 2 -



' UCRL-19623

-13-

52

o o o <
- ) O (@)

o4

T (°C)

K§1SUSUI DIUOWIDY PAIY4 pazijpwioN

XBL 704 - 2692

Fig.



(oo

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. '

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




o Eweosy
g

TECHNICAL INFORMATION DIVISION

LAWRENCE RADIATION LABORATORY

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

4,

]



