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Characterization of third-harmonic generation in Fibonacci optical superlattices
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A Fibonacci optical superlatticd=-OS made from a single crystal with a quasiperiodic laminar ferroelectric
domain structure was proposed to realize a third-harmonic genefatit®) process. Due to its quasiperiodic
structure, a FOS can provide more plentiful reciprocal-lattice vectors to compensate for the mismatch phase in
optical parametric processes, which causes most of third-harmonic peaks labeled by the corresponding
reciprocal-lattice vector indices. Numerical calculation shows that the THG spectrum exhibits a self-similarity
property in real space. Effects of the phase mismatch of second-harmonic generation and THG, the bandwidth,
and the relative intensity of the second harmonic peak on THG are discussed. We also found THG peaks for
which the quasi-phase-matching condition in THG process is not completely satisfied. The physical origins of
the phenomenon are presented and discu$Sd4®50-294{©8)07612-4

PACS numbes): 42.65.Ky, 77.80.Dj

[. INTRODUCTION etching and cladding in ferroelectric material, to mention a

few.
Recently, much attention has been paid to harmonic gen- Usually, periodic optical superlattices provide a series of
eration, especially to second-harmonic generaf®HG) [1—  reciprocal-lattice vectors, which is an integer times a primi-

5]. Traditionally, harmonic generation is produced by phasdive vector. In a quasiperiodic Fibonacci optical superlattice
matching using the birefringence of nonlinear crystals. SuckFOS, however, the reciprocal-lattice vectors are governed
an approach limits the range of frequencies which can b®Y two integers rather than by one integer as in the case of
used to generate harmonics and the choice of nonlinear cd?€ Pperiodic one. Therefore, the superlattice can provide
efficients. On the other hand, it is difficult to realize high- more reciprocal-lattice vectors, which will make the optical

order harmonic generation by the traditional method. Onepargmetric processes in the FOS more colorful than in the
solution is quasi-phase-matchin@PM) [6,7], which is periodic superlattice. These parametric processes can be ef-

. . . _ficiently realized in the superlattice.
known as an attractive way to obtain good phase matching, In tf):is paper, we repora our theoretical results on third-

a_nd hashbeen Sttuﬂ!Ed tl)ntenswtﬂ'y]. WET thte QEM :EiCh' harmonic generatiofifHG) in a Fibonacci optical quasiperi-
nique, phase matching becomes possible at ambient leMpeigy; . superlattice. We study the dispersion relation effects on
ture and does not introduce spatial walk-off; the polarizatio

) X ) X 'rHG, and the spectrum of the THG intensity in real and
with the largest nonlinearity can be used, and materials W'”Peciprocal spaces. We found that most of the intense third-

larger nonlinearities can be exploited, which are not phasgarmonic peaks can be labeled by indices of the reciprocal-
matchable by angle or temperature tuning. The physics ofttice vectors, but some of them are not labelable. The
QPM involves constructing a periodic structure with the physical conditions for efficient THG are presented and dis-
phase of nonlinear polarization shifted from one laminar tocussed. By properly designing the parameter of a FOS, THG
the next by ar radian along the direction of propagation. at a desired output wavelength, with a strong intensity, can
Since the nonlinear-optical coefficient forms a third-rank ten-e realized.

sor, it will change the signs from positive domains to nega-

tive ones[8]. As a result, the nonlinear coefficient in the

superlattice is modulated with a periodic sign reversal, by Il. THEORETICAL ANALYSIS

which an additionalgrating vector is introduced. In optical Let us construct a FOS. First, two building blocksindB
parametric processes, the additional vector can compensajfith thicknesses, and |y, respectively, are defined. Each
for the mismatch between the wave vectors of the fundamem|ock is composed of two ferroelectric domains with oppo-
tal and harmonic waves. Although this approach does nogjte polarization[see Fig. 1a)]. Let 15 (1) and I3 (I5)
allow a perfect phase match between the fundamental angépresent the thickness of the positivegativé domains in
harmonic, it can lead to quasi-phase-matchable harmonigjocks A andB. We assume that

generation. In past few years, the experimental difficulties in

QPM have been overcome and stable techniques have been P L

developed, such as domain inversion, proton exchange, and la=la+la, lg=lgtlg, (€
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A B dEs(x) 87w} _
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! mlw 5k3:k3_kz_k1:(67Tn3_47Tn2_27Tn1)/)\, (5b)

2 03
—T—» AlB|A | A|B| A|B|A.. l | 1 where 6k, and Sk; are the phase mismatches in SHG and
THG, respectively. In Eq5), n4, n,, andng are the refrac-

tive indices for the fundamental, second harmonic, and third
FIG. 1. Schematic diagram of the unit blocksandB in the  harmonic, respectively. By numerical calculation, we can ob-
construction of the FOS and the sequence of the FOS. The arrowsin the intensity of SHG and THG. In the following discus-

in each block represent the direction of domain polarization. sion, we use KTiOP@Qcrystal as an example, the refractive
indices of which as functions of wavelength at room tem-
with 1y =15 =1, and define the parameterand 5 by perature are taken from Ré€fL0]. The intensities of the sec-
ond and third harmonics are all normalized to a unit for the
I =1(1+6), lz=1(1-15). ) integsﬂy of the fundamental wavéE;|? with |dgE,|?
=10~

It is well known that the substitution rules of a Fibonacci In the integration oE,(x) andEs(x), the most important

sequence arA—AB andB—A. The corresponding produc- factor is the modulated nonlinear coefficief(x). Being a

tion rule isS;=S;_,+S;_, for j>2 with S;={A} and S, Fibonacci distribution function, it has an important effect on

:{AB} We arrange blockA and B as the sequence of the harmonic intenSity. So before diSCUSSing the harmonic

ABAABABA.... Thus a FOS is established, as shown ingeneration properties of the FOS, we first analyze the func-

Fig. 1(b). tion d(x) of the structure. It is known that the Fourier trans-
The optical wave propagation in the FOS can be obtainedorm of d(x) can be obtained by the direfd1] or the pro-

from the small-signal approximatiof4,9]. A pump beam jection[12] method for an infinite array, and can be written

with frequencyw; = w is incident normal to the superlattice as[2]

surface from the left along the axis, with the electric field

aligned along the axis. The domain walls are parallel to the - sin(1/l1) sinXp,

y-z plane[see Fig. 1b)]. With this geometry, the largest d(x)_m,n dss U2kl Xmn

nonlinear coefficientlz; is exploited. The second harmonic ’

with w,=2w and the third harmonic witlv;=3w are pro- _ .

duced via the optical parametric processes. The electric _% A n€XHIG(M,N)x], ©)

fields at the three frequencies are describedEas,t)

=E(x)exdi(wit—kx)] (i=1,2,3). The nonlinear polariza- jth

tions atw, andw; are

S(k—G(m,n))expikx)

Xm’n: 777'2(m|A— nlB)/D,
Poo(X,1)=2d(X)E2(x)exd i (2w,t— 2k;x)],  (3a)

D = T|A+ I B
P, (X, 1) =4d(X)E1(X)E5(X)

X expli[ (w1+wy)t—(ky+ko)x]},  (3D) G(m,n)=2m(m+n7)/D,

where d(x) is the modulated nonlinear optical coefficient, WhereG(m,n) is the reciprocal-lattice vectors of a FOS. If
d(x)=da3 if x is in the positive domains, and(x) = — das these vectors can compensate for the phase mismatches in

elsewhere. optical parametric processes for a pump beam, a peak of

In this paper, we only consider a second-order process ifarmonics will appear at that wavelength. In E@), the
which the second-harmonic generation occurs as a result gourier transformation coefficientty, , is defined as the ef-
two incident beams mixing, and THG is due to sum fre_feptlve nonlinear coefficient of the superlattice, which con-
quency of the fundamental and the second harmonic. Frof@ins two factors S[ﬂ/ZG_(m,n)I]/1/26(m,n)| and
Maxwell's equations, using the small-signal approximationSiXmn/Xmn- For the factor sifi/2G(m,n)|]/1/2G(m,n)l,
and assuming the undepleted input beam, kelF;(x)/dx the smaller the indices oh andn, the larger the value of the

>d2E;(x)/dx2, dE;(x)/dx=0, and E;(X)>E,(x) and former term. The factor siK,, /Xy, depends om andn in
Es(x), we obtain[4,9] the manner that, aml,—nlg approaches zero, i.en/m

—lallg, the value of sirKy, /X, approaches unity, which
dE Al is the largest value the factor can take.
2(X) =—j muzzd(x)Ef(x)exp(i SKoX), (4a) THG occurs as a result of sum frequency of the funda-
dx k,c mental and the second harmonic. Its intensity depends on
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structure parameter | (um) The dashed line in each figure is the corresponding SHG intensity
distribution.

FIG. 2. The dependence of the third-harmonic spectrum on the
structure parametdr, with t=1.7, §=0.36, andA=1.3 um, and
the corresponding second-harmonic spectrum. The inset is the e
larged intensity spectrum, and the dashed line stands for the corr
sponding SHG spectrum.

Thus the spectrum exhibits self-similarity, a characteristic of
ﬂ_ﬁe Fibonacci sequence. From Fig. 2, it is clear that the re-
Tation 1(3',5)=I1(1"2")+1(2',3') holds. The second-
harmonic spectrum also has this kind of property.
three factors—é(x), E»(x), and phase mismatcbk,—for a In addition, in E|g. 2, most ofl('[heJHQ peal§s oclcur with-
fixed intensity of the pump beam. When the QPM SHG con-OUt a cor_respondlng SHG peak. This is obviously because
dition is satisfied. i.e. the situations of THG QPM can be fr_equently met, whereas a
' ' simultaneous occurrence of QPM in both SHG and THG
rarely occurs by changing the structure paramkt&ve can
understand the phenomenon by plotting the dependence of
the intensity on block number within the superlattice for

where AK; is q.ua3|-phase. mlsmatch in SHG process, th%hese THG peaks. Figure@ shows the intensity distribu-
second-harmonic peaks will appear in the harmonic generg: " ¢ third-harmonic intense peak (2') at|=7.898 um

tion spectrum of the structure, and the spectrum is then la- .. . ) ; i
beled by indices 1,n) of the reciprocal-lattice vector within the FOS. For comparison, the corresponding second

. ' ) harmonic intensity distribution in the structure is also plot-
G(m,n). If there is another reciprocal-lattice vector y P

e . | oo ted. As Fig. 3a) shows, the third-harmonic intensity accu-
G(m’,n’) which can satisfy the QPM THG condition, i.e., mulates in a stepwise manner, whereas the second-harmonic

intensity fluctuates periodically. In this case the second-
harmonic process is severely quasi-phase-mismatched, but
] ] ] ) the third harmonic is quasi-phase-matched. One stage in
whereAKg is a quasi-phase-mismatch in the THG process, ghjrd-harmonic intensity corresponds to every oscillation in
THG peak will occur simultaneously for the pump beam.gecond-harmonic intensity. When the second-harmonic in-
This implies that in this case the third-harmonic peak can bgansity varies in the vicinity of a trough, a stage appears in

AK2:5k2_G(m,n):O, (7)

AK3=5k3—G(m',n')=0, (8)

labeled by two types of indicesr(,n) and (m’,n’). the third-harmonic intensity. So we believe that the compen-
sation of 5k; is more important than that a¥k, for an effi-
I1l. NUMERICAL RESULTS AND DISCUSSIONS cient THG process. If the third harmonic is quasi-phase-

) ) L matched, the third harmonic still may have a stronger
Now we turn our attention to discuss the fascinating phe;ntensity, even though the second harmonic is quasi-phase-
nomena of third-harmonic spectra in real and reciprocalyismatched.

spaces. In real space, we keep the incident wavelergth In Fig. 2, there is a special THG peak, i.e., the THG peak
fixed. Then the dispersive relation will have no effect on theg;| =7 924 wm, with a rather stronger intensity that cannot
third-harmonic spectrum. Figure 2 shows the dependence ¢fg |apeled by THG or SHG indices. To understand the phe-
the third harmonic on structure parameterin which the nomenon, we have enlarged the SHG and THG spectra near
indices without prime in circular bracket is for SHG, and {he peak, and we present them in the inset of Fig. 2. It can be
those with prime is for THG. From the QPM THG condition geen that the unlabeled THG peak Il is sandwiched by two

of Eq. (8), the third-harmonic peaks occur at labeled peaks, i.e., the left THG peak Il '(2') at I
., =7.898 um and the right SHG peak(L,1) atl;=8.01 pum.
I(m'.n")= (m'+n"7)Xo (99  The intensity distribution of peak Il is shown in Fig(is,

(6nz3—4n,—2n)(1+ 7+ (7—1)5/2)° where the third harmonic still has a stronger intensity with
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steplike increase behavior. Compared with the intensity dis-

tributions of peaks Ill in Fig. &), peak Il has a lower stage 900 - N
number in the THG process. It is further found that the po- s S s
sitions of SHG peak1,1), the unlabeled THG peak Il, and 6ol -
THG peak (2,4") satisfy a special relation o
(=1 =ly) =102, (10 301§
2 S| g 2
wherel; (i=111111) are the positions of the corresponding 0 Ll A

peaks in the inset of Fig. 2, ané and|3¢ are the coherence
lengths for the second and third harmonics at pulyp
=1.3 um used in the calculation of Fig. 2, respectively.
This means that the absolute value of the quasi-phase-
mismatch in THG is the same as that in SHG, i&Kj;
+AK,=0. In this case a THG peak with a larger intensity

('2)

relative intensi

216 218 220

1,2)

appears in the spectrum. 0.002F

60
It is noted that the peak positions of the second and third l .
harmonics in real space change with the paramelefs is
not equal to the golden ration This is because the param- L) e ——————r
eterD=2(1+ 7+ (7—t) 8/2)l changes with the variation of 10 12 14 16 18 20 22 24
S if t# 7, and so do the reciprocal-lattice vectdgm,n) wavelength (um)

=2d77_|(_r|1|1gn7)/E. Ontly r\:\/hentz Ttr(]jct)hthe pc_)s':_tlon(;togf 1S3|]_|G FIG. 4. The dependence of the THG spectrum on wavelength
an peaxs not change wi € vanation e with t=1.75, §=0.39, andl=7.96 um, and the corresponding

This provides us a method to optimize the structure paramg spectrum. The two insets are the amplified THG spectra, with

Ietertch]f a FOS to achieve SHG or THG at a desired WaVes gashed line for the SHG spectra.
ength.

In reciprocal-lattice space, the structure parameét& o rig. 4]. Although the mismatch phase of third harmonic
kept constant. The harmonic generation spectra are obtained ,not pe completely compensated for by the nearest
by changing the wavelength of the pump beam. Thus th‘?eciprocal-lattice vectoG(m’,n’) to sks in the THG pro-

dependence of refractive indices on the wavelength shouldegg the third harmonic grows to a large intensity within the
be taken into account, i.ens(\), ny(\), and n;(\) are

functions of wavelength . From the QPM THG condition of
Eq. (8), it is readily shown that the intense THG peaks occur
at the wavelength that satisfies the relation

(13)
2,00

10.003

410.002
(m"+n'7)

(1/)\)m’,n’=(6n3()\)—4n2(7\)—2n2(7\))D .

(11 o001

10.000

The THG intensity as a function of pump wavelength is
shown in Fig. 4. It is clearly seen that the relation
(I/N)2r 4=(1/\)2r 3 +(1/\)o 1/ is no longer held due to the
dispersive effect of the optical material. The self-similarity
of the Fibonacci superlattice is destroyed in reciprocal-lattice
space due to optical material dispersion.

In Fig. 4, two kinds of THG peaks in real space also exist ;
in reciprocal-lattice space; THG peaks labeled only by THG 30
indices, and THG peaks not labeled by any indices, as shown
in inset(a) of Fig. 4. The corresponding intensity distribution
is presented in Figs.(8 and 8b). It is noted that in Fig. 4,
there is another kind of THG peak near the widest SHG peak
(1,00 atA=2.172 um. The THG peak cannot be labeled by
THG indices, and its shape is enlarged and plotted in the
inset(b) of Fig. 4. It is known that mismatch phasék, and . . .
S8k5 in our calculated range decrease with an increase of 100 200 300
wavelength for KTIOPQ crystal. When the SHG QPM con- block number
dition is satisfied, an intense SHG peak with low indices Will £ 5 The relation between THG intensity and block number
appear at the long-wavelength side with a relatively largetor three THG peaksa) is for peak (1,2') ath=1.601 um, (b) is
full width at half maximum(FWHM). These SHG peaks will  for the unlabeled peak at=1.596 um in inset(a) of Fig. 4, and
influence the THG dramatically. We found that the FWHM (c) is for the unlabeled peak at=2.172 um in inset(b) of Fig. 4.
of the second-harmonic pe#k,0) is about 0.02um, which  The dashed line in each figure is the corresponding SHG intensity
covers the corresponding third-harmonic p¢s&e insetb)  distribution.
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i {0.002

relative intensity

*40.000

M 0.002
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FOS, as the result of an intense second-harmonic peak. We V. CONCLUSION
plot the intensity distribution of the peak in Fig(h. It can In summary, we have investigated harmonic generations
be seen that both SHG and THG intensities increase with the F'bona}c/'c' otical s erla?t'ce Due to thegd's ersion
block number, but with obvious fluctuation in THG intensity mff 'f h ’ pll u_pl h : if u arity of r']p ;
distribution, which is different from THG peaks with THG effects of the optical material, the self-similarity of the THG

indices, but not SHG indices for which the third-harmonic Qa;r::nllz iﬁzcgug:tlr:nze?)lf St?leeicfhilfd dﬁasrt;?gﬁg |r:)rr]|e0|§rr](1)§ﬁll
intensity increases in a stepwise fashion. pace. P ’ y

From a study of the relation between the intensity spectré\)oSitions of the pe?ks can be labeled by two types of indic_es,
whereas most of intense peaks are only labeled by third-

and the incident wavelength for different structure param- oL .
' harmonic indices. We also found some peaks which cannot
etersl, we also found that the profiles of the spectra mov

toward the short-wavelength side with a decreasé. éfor “be labeled by any indices. For an efficient THG process,

; 2 . compensation of phase mismatéky is more important than
fec;(raénl—ﬁ) (I;e éltfv\\l/\zl:i/glr:a ?\O?EZ Iaé?ﬁzégé%’gnzcogsgmfﬁ ilnedr}g;z that of the mismatched phag&,. Other factors, such as the
9tho, b FWHM of the second harmonic, and its relative intensity,

(1,1) always appears in the vichity of wavelendt®. 10 will also affect the THG. We also discussed the possibilty of
Y g realizing the third harmonic at any wavelength by a proper

a normal method is to decrease the domain width, eSpeC.ia"E(hoice of the structure parameter of a FOS in practical ap-
in a periodic optical superlattice. But it is difficult to obtain plications

very thin domains in experiment. In an optical quasiperiodic
superlattice, t_hls difficulty can be_ overcome. As dlscus_sepl ACKNOWLEDGMENTS
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