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' Umklapp/Optical’Third—Harmonic Generation
in Cholesteric Liqﬁid Crystals

J. W. Shelton and Y. R. Shen

’.‘f fDepartment'of Physics, University of California

o ~and
Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
Berkeley, California 9LT20

- ABSTRACT

_© We have observed in cholesteric liquid crystals optical

umklapp processés,with which the third-harmonic generation is
:phaée—matched;_'We also show that phase—matched.third—harmonic.
' generation can be used to measure both the width and the

asymmetry of ultrashort pulses.
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Wé'have prévioﬁsly réported on the oﬁ;ervation of Opficai third- -
harmonic genefation in a cholesteric liquid crystal satisfying a
certain phase—matching condition.l However, because of the unqsual
characterisﬁics df cholesteric iiquid qrystals, there exiéf many
differentvphase—matchihg éonditions.' In'particu1ar; some of them
require‘simﬁitaneous'bresence of fundamental waves pfopagating.in
quPP9$i§éid§F??tion$f 4Ip'$§;}}'9£her cases, the third harmonic emerges
propagating 5ackward with‘respect to the incoming fundamental. It is
obviéusrthét,in thesé'prdcéSSes;'the total momentum of the interacting
waves canﬁdtiﬁe conserved but, as will be'shown léter; the momentum
mismatch here is actually compensated by thé.lattice momentum, which
has a unit of'(hﬂ/p)ﬂ where p is tﬁe helical pitch of the cholesteric

substan¢e;  in éhaldgy to electréns pfopagating iﬁ a periodic 1attiéé,'
we cén aeécribé such phase-matched third-harmonic generation processes
as coherentioptical'umklapp processes, or nonlinear Bragg reflection.”
In this paper, we would like to report on the observation of such
.processésg- We also show that these processes provide a technique for
measurements'of pulse width and pulse asymmetry.

Thevproblem of wave propagation'along thé helical axis (th¢ z-axis)
in a choiesﬁéric’liquid érystal is most easily solvédbin a rotatiné
coordinate system defined by §'= ﬁCos(%?z)'+ ?Sin(%}z),-

A /\'

n= —ﬁSin(%gi) + $(Cos ggz) and 8' = 2, where %, §, and £ are the three

orthogonal axes in the laboratory frame.3 In the rotating coordinates,

the solution of the wave equation yiélds two modes of propagation along

z with3

L 3
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(8€g +'8na)iw) éxp[ikiw)zb—iwt]

o “‘ . kiw) = kéw) miw)

where ké@) =”Q€l/2/c; At = énd/wpel/2, (e +e )/2 a = (eg-e )/ 2¢e,

and 85 and eh' are the dlelectrlc constants along Eandr]ln the rotatlng
coordinétes, Ih'the lab frame; the expression of the field becomes

(UJ) [(x+1y)(l+f( )) +

(2)

olw

; :+_-(£’-'imu‘--f§‘*”> exp(ikma /o)) /2) expl ()

2n/§)z'-iwt]-

(w)

Note that for A'2 > EE/E;. a negative k" corresponds to propagating
waves w1th the Poynting vector in the +% dlrectlon, and vice versa.
If we allow waves to prOpagate 1n both +%Z and -Z dlrectlons, then
colltnear phase matchlng of thlrd—harmonlc generatlon results when
* [ikiw) + kiw). (w)] ‘ [tk (3w)] = 0 for any combination of 51gns in
- o the expréssiongf This can be achieved by adjusting the helical pitch
bj'extsrnal means such as .changing the temperature of-the'sample.

Althoughvwé have observed most of these.different phase matching con-

ditions, we shall consider only two special cases here. They correspond
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and

Where.iiindicdfes_ﬁaveebwiﬁh energy pfopagating in the -2 direction.

For both cesee,ﬂwe can Offen.heglectv a.in the expression for ki; so
tﬁat.k'.z' | I éﬂ/p "The two phaee matching conditions, Eqs. (3) and (L),
“then reduce to the forms 3k( w) = .k (3w) + 2(hﬂ/p) and .

L0, ) )y (30)
0 .0 o o

(hﬂ/p) respectlvely Since,the cholesteric
structure has e period of p/2 along z, the unit lattice momentum is
gifeh By h(hﬂ/p){"Therefoge;*it is ' seen that the momentum mismatches
im the above cases of third—hafmohio éenefetion are aétually compensated
bj'laftice,momentom; o |

We can alsoltreat the problem in analogy to the problem of electron
propagafion in a ohe—dimensional periodic lattioe. wé can put'Eq; (2) in
the fofm-of a BloChjfonction.

(w) (w)

—'u(z) exp[lq z fiwtl

N

as required by the Bloch theorem where u(z) is a perlodlc functlon of" C

O 2 (o) v

N 2ﬂ/p)*+ n, (km/p) (with n, being 1ntegers) are

Z,. and q
limited to the flrst Brillouin zone (-2ﬂ/p < qi w) < 2ﬂ/p) In this

formulation, Egs. (3) and (4) become respectively
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circularlyfpolarized (x-+ iy). It fed very eff1c1ently into the k_
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q-(w)’ + qu)_'_ q_(w) = —ci£3w) :+ ’-&Tr/p and

°(w)'+"'(w)f¥ (-q (w)) (3m) + n(bm/p) w1th n= O —l or -2. These

thlrd—harﬁonlc generatlon processes can therefore be called coherent

optical umklapp,processes, in.analogy to electron scattering in a lattice.
'TheseXperdmentel setup and procedures‘were Easically‘the same as

before;l; A mode locked Nd-glass laser prov1ded the fundamental pumping

bean. To observe the phase-matchlng condltlon in Eq. (3), we used a

' sample_l30fum-thick, composed of 30% {vy weight) cholesteryl oleyl carbonate,

35%'chole8teryl nonanoate, énd'3077cho1esteryl chloride.’ The dielectric
constants e(w) and €(3w) measured by the prlsm method in the 1sotrop1c

phase at T = 55°C were 2.18 and 2.30 £ .01 respectlvely, and the

_ birefringehce factor o deduced from optical rotation measurements

was'0.027“if;002 in the vicinity of the phase-ﬁetching pitch. Using

Eqs:1(l)iand (3), we then predicted that phase'ﬁatching should appear

‘at & pitch value p = 473 *+ 3 um. 'This corresponds to a samplé temperature

of 38.0 + 1°C as obtained from the measured. temperature dependence of
the pdtéh.é With the samp1e3teﬁperature controlled to within * 0.02°C,
the ﬁncertainty.in the predicted temperaturebis msinly\dde to uncertainty
in the pitch medasurements. | | |

The.laser beam normally 1nc1dent on the sample along z .was left
(w)
mode since in the pfésent-caSe this mode is nearly left clrcularly

polarized in the lab frame as seen from,Eq. (2). To detect the'phasee

'matched third-harmonic generation in' the backward direction, we used a
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fglass'beam splitter to cpﬁple out part of the’thirdehafmonié butput. 
The resulfsaéf'ﬁhird-harmdninintéﬁsity.(normélized againsﬁ the thifd'
ﬁarmonic génératgd from & phasé—matched solution of'fughsih dye in"
;heXaflﬁfOEC¢tone sesqﬁihydrate)Y'as a function of témpefaturé'afé
Shown'iﬁ.Fig.bi. There indeed éxféﬁs a peak at thefpfedicted phase-
matching‘feﬁperaturé. Hoﬁe?ér,'thé'widﬁh of the peak is several times
broader than that of the theoretical phase—matchii;g .cur.v.e: _’f'or a
monochromatic'ihput laser bgam. ‘This broadening can be explaired by
aSsuminé fhat the'mddé;lo;ked laser pﬁlées'we used had.a 7.5 psec pulse-
ﬁidﬁhv(full widfh’at half maxima) and a linear frequency chirping of
20 A/péeé; ‘As'a furﬁhéf confirmation of the theoretical predictions,
e fbuhd in the same.temperaturé range.no phase-matching pesk for
third—hhrmoniC’genérafion in fhe:forward direction and no péak for
backward third-harmonic generation with the fundamental right
circﬁiafly éolariied. ‘Wé;also?found”tﬁat the phase-matched third-
harmoﬂic output was nearly left circularly polarized as prédicted By
the thédfy. From the‘relative intensity of thifdéharmonic outputs from
fhe 1igﬁ£a>crystal and from tﬁe dye solutioﬁ?'we obtained a ratiovqf.
nbniineaf suscepfibilities lxia/xgié] ~ 0.003.

To- observe the phase-matching condition of Eq. (k), we used a
| mixturg ofIBO% cholesteryl oleyl carbonate, 30% cholesteryl nonanoate, .
and L40% éholesteryl ch-lorid'e.8 Measurements on the sample gavei‘ ' )
e(‘”) = 2.19+,01, 5(3“’) = 2.31 + .01, and a = 0.030 £ .002, from which '
we predic£ed a phase-matching pitch p = 688 * bhyum and the corresponding .
,phase—matching temperature T =29.9 ¢ 0.5°C. For the phase—matched

third-harmonic generation, the laser beam wés again cifculérly polarized

in order to feed efficiently into the kiw) mode. A front surface
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mirror 1n contact w1th the back of the- samole prov1ded the other

fundamental beam travellng backward in the k( w) mode . The third-

_harmonic output was agaln coupled out by a beam splltter, and the

results are shown in Fig. 2. The major peak appears agaln at the
predicted phase—matchlng temperature, and its w1dth 1s also prlmarlly
due to frequency chlrplng of’the mode—locked pulses‘4 From the‘relatlre
intensity'meaeurements,'Ve‘calculated a»ratiO'of nonlinear sc3ceptibilitieee
IX ; dyel . fordhf‘vFig;'Q also éhowsja minor peak at T = 31.2°C,
This peak actdali§ came frcm third—harﬁonic generation under snother

fl0) 4 o) 4 (o) | (0)

phase—matchlng condltlon k whicthae also
predlcted by our calculatlon;

Phase;matched third—harmonic generation has been used for pulsewidth
measureﬁents.9 - In principle, it can also-bevused to measure>pulse
asymmetry;.if'phase—matchiﬁg requires two fundamental photons in one
mode and one in the other mode, since then the:correlation function
olt) = [7 lE(t)1h !E(t+1)|2dt £ G(-1). This is the case for the

» . T
phase-matchihg_condition in Eq. (4). To demonstrate the technique, we

split the laser beam into two beams with proper polarizations,v The

- two beama, after traveling about the same optical path, met each other

at the_éample from opposite sides. A variable optical delay in one

arm allcwed;continuous variation of the relative arrival time T of the '

two pulses. Our results are shown in Fig. 3. The curve shows .an

average pulSewidth of about 7.5 psec and a slight pulsefasymmetry in

the sense that the trailing edge of the pulse was steeper than the

'leading-edge.lo Since the observed. asymmetry is weak, we-have'made no

attempt on any more quantitative description. Here the resolution of
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the curve vas limited by the sample thi¢kneSs whiéh wa51130 ﬁm. For
’bettef'resolutipn and signal—to—noisé'ratiq, wé.shoﬁld probablj usé_
crystals such as caléitell 2s the nonlinear medium for'phése—matched.
vthird-harmonic éénération in such measurements. |
Presumably because of symmetry of molecular arrangéméht in

cholestericiliquid'Crystals, we have observed no phase—matching peak .

of second{harmonicvgeneration at any predicted phase-matching tempera—.

'ture, We realize that.coherent, optical, umklapp processes arise in

cholestericlliquid-crystaIS»because their helical structure provides

& periodicity of the order of,thical‘wavelengths. The same processes

- would also dccur in crystals with periodic layers (one-dimensional

superléttice) of appropriate thickneSs.l2

:.;
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FIGURE CAPTIONS
Fig. 1. NormaliZed'third-hérmbnic ﬁower generated iﬁ.thevbgckward
difeétion as a functioﬁvdf temperature in a mixture of 35:35:30vby‘
| wéigﬁt ofvcholesteryl oleyl carbonate, choleSteryl’nonandate,-and
dﬁblesteryl chloride. The phase-matching péakiaﬁﬁears,at the
_féﬁperatufe predicted 5y Eq. (3). The circles are the experimental
'déﬁa and have about & 20% ﬁﬁée?tainty. 'Thé‘éolid line is a fheoreti—
-cai‘phasé—matéhiﬁg curve, assuming thévlaser_pu;ses hgd'avpulse-
widﬁh of‘7.5,pséc.ahd é liﬁear'frequgnCy chirping of 20 A/psec; |
- Fig. 2}‘ Normalizéd‘thirdéharmdnic power around'the phase—maﬁChing’
' ﬁempératufevpfedictedgby’Eq.j(h) for a mixture of 30:30:40 by
ﬁeight ofhcholesteryl oleyl catbohaﬁe, cholesterylinonandate, and
'choiesferyllchloride.. The ﬁi;clés are_experiméntal-pointé.wifh
an uncertainty of 20%. The dashed ¢urve is a smooth fit to the
data: | |
‘Fig. 3: ,Nprmalized third-harmonic power Vs félative time delay of the
twq*fuhdamental laser pulses.probagéting in opposite'ﬁirections
in tﬁe mixture of Fig. 2 at the phase-matching tempéréture 29.9°C.
The circles. are expériﬁental points with an uncertainty of 20%.

The dashed curve is e smooth it to the data.
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