VOLUME 78, NUMBER 14 PHYSICAL REVIEW LETTERS 7 RRIL 1997

Experimental Realization of Second Harmonic Generation in a Fibonacci Optical Superlattice
of LiTaO 3
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We have designed and fabricated a novel nonlinear optical superlattice of {iha®@hich two
antiparallel 180 domains building blocksA and B were arranged as a Fibonacci sequence. We
measured the quasi-phase-matched second-harmonic spectrum of the superlattice. The second-harmonic
blue, green, red, and infrared light generation, with energy conversion efficiencie§%f20%, was
demonstrated experimentally, which efficiencies are comparable with those of a periodic superlattice.
Destruction of self-similarity and extinction phenomenon have also been observed in the spectrum. The
experiment results are in good agreement with theory. [S0031-9007(97)02784-1]

PACS numbers: 42.65.Ky, 77.80.Dj, 78.66.—w

An important development in condensed-matter physicseger. Therefore, a QPOS can provide more reciprocal
is the discovery of quasicrystalline structure [1]. Muchvectors to the QPM optical parametric process, which re-
effort has been devoted to the studies of structure angults in the second harmonic spectrum of a QPOS showing
physical properties of quasicrystal [2,3]. A quasiperi-more plentiful spectrum structure than that of a POS. This
odic superlattice is an analog of one-dimensional quasieharacteristic of the QPOS may be used in multiwave-
crystal. The first quasiperiodic semiconductor superlatticéength laser frequency conversion application. However,
was fabricated by Merliret al. by molecular-beam epi- up to now, this has not been experimentally proved due to
taxy in 1985 [4]. Since then metallic and dielectric the lack of proper material.

Fibonacci superlattices have been produced by various In this paper, we report for the first time the second
techniques [5-7]. These superlattices have shown martyarmonic generation experiment on a Fibonacci optical
unusual physical properties depending on their composisuperlattice of LiTa@ (LT). The superlattice was fab-

tion and layer thickness. ricated by the external field poling technique at room

In dielectric crystals, the most important physical pro-temperature. We measured the QPM second-harmonic
cesses are the excitation and the propagation of classicgppectrum of the QPOS and calculated its main effective
waves, including optical waves and acoustic waves. Ulsecond-order nonlinear optical coefficiedts,,. Two dif-
trasonic excitation and propagation in the quasiperiodiderent extinction rules were found. We confirmed that the
acoustic superlattices have been studied both theoreticalgecond-harmonic spectrum of the QPOS does not reflect
and experimentally [8]. More recently, the localization the symmetry of the quasiperiodic structure due to the dis-
of optical waves in a quasiperiodic optical superlatticepersive effect of the refractive index and, consequently,
(QPOS) of SiQ and TiG, has been reported [9]. For self-similarity destructs in this spectrum.
second-order nonlinear optical effects of the QPOS, some The QPOS with Fibonacci sequence is constructed as
preliminary theoretical work has been carried out [10]. Itfollows. We first define two fundamental blocksand
has been discovered that the second harmonic spectruB) which are arranged according to the production rule
of a QPOS is different from that of a periodic optical su-S; = §;-;|S;—, with j =3, §; = A, and S, = AB.
perlattics (POS) due to its lower space-group symmetryBoth blockA and blockB are composed of one positive
According to the theory of quasiphase-matching (QPM)and one negative ferroelectric domain, so that neighboring
proposed by Armstronget al. [11], the phase matching domains are interrelated by a dyad axis in thdirection.
condition in the second harmonic process of a QPOS caAs illustrated in Figs. 1(a) and 1(b), andlz represent
be written into the thickness of blocld and blockB, respectively, where

_ _ _ _ lg = lar + lao, g = Ip1 + Ipp.  Let Iy = Ip =1,

Ak = kay = Zky = Gman = 0, () lop = 1(1 + n),lp = I(1 — 7m), where [,y are ad-
where k,,,, k, are the wave vectors of the second har-justable structure parameters,= (1 + \/3)/2 is the
monic and fundamental waves, respectively, , is the goldenratio. The sequence of the blockBAABABA . . .,
reciprocal vector (called the “grating wave vector” in non-produces a QPOS with /I = 7; see Fig. 1(b). Even if
linear optics) which depends on the structure parametdy /I # 7, the quasiperiodic properties of the superlattics
of a QPOS. In a Fibonacci system, two incommensuratare still preserved. Since the second-order nonlinear-
periods with ratior are superimposed. The indexing of optical coefficients form a third-rank tensor, they will
G, requires two integers:, n, which is different from change their signs from positive domains to negative
the POS’s reciprocal vectdr, indexed with only one in- domains, so the nonlinear coefficients in the superlattice
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and11,6.5 um, respectively. The sample has 13 genera-
tions (S3), 377 A and B blocks, with a total length of
~8 mm and a thickness of0.5 mm.

We used a tunable optical parametric oscillator (OPO)
as the fundamental light source. Its pulse duration was
23 ps and the repetition rate was 1 Hz. The fundamental
wave was polarized along theaxis of the sample. It was
weakly focused and coupled into the polished end face of
the sample and propagated along thaxis of the sample.
The radius of the waist inside the sample wag =
0.1 mm. The confocal parameter for the system was
Zy = 6 cm. Becaus€, is much greater than the length
of the sample, the plane-wave theory of second-harmonic
generation (SHG) can be applied to the Gaussian beam.

The SHG spectrum of the QPOS of LT was measured
in the range from 0.9 td.4 wm and from 1.55td.7 um
[Fig. 2(a)], respectively. When the fundamental wave-
length was tuned to 0.9726, 1.0846, 1.2834, 1.3650, and
1.5699 um, we obtained QPM second harmonic blue,
green, red, and infrared light output with conversion effi-
ciencies up to-5%—-20% (Table 1). Accordingto Eq. (1),
the position of second harmonic peaks may be marked with

FIG. 1. Quasiperiodic optical superlattic (QPOS) made from
a LT single crystal. (a) Two building blocksA and B,
each composed of one positive and one negative ferroelectric
domain. (b) Schematic diagram of a QPOS with Fibonacci
sequence. (c) The optical micrograph of a QPOS of LT single
crystal revealed by etching.

are modulated with quasiperiodic sign reversal. In order
to utilize to the largest nonlinear optical coefficiedys

(= 26 pm/V for LT), the ferroelectric domain lamellae
are arranged along theaxis of the LT crystal and the do-
main boundaries parallel to thez plane, thez-polarized
fundamental wave propagates along thaxis of crystal.
For an infinite array, the modulated nonlinear coefficient
d(x) can be written by use of Fourier transform approach
[10,12] as

d(X) = de,neicm'nx’ (2)

where the reciprocal vectoG,,, = 27D~ '(m + n7),

D = 7l4 + I is the “average structure parameter” of the
superlattice. The corresponding Fourier coefficiefts,

can be defined as the effective nonlinear coefficients of the
QPOS.

The sample was fabricated by poling-#&ut LT single-
domain wafer at room temperature [13]. Figure 1(c) is the
optical micrograph of the cross section of the poled sample
revealed by etching; the observed surface was perpendicu-
lar to they axis and the lamellae were perpendicular to

thex axis. The figure shows that a volume quasiperiodioFlG_ 2. The SHG spectra measured and calculated in a QPOS

fundamental wavelength as
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domain grating has been produced in the sample. In thef LT, Note that (i)(1/A)14 # (1/A)12 + (1/A)15 and (ii) the

QPOS blockA and blockB consist nominallyof 1,13 um (2, 2) peak and (4, 3) peak are absent in the spectra.
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TABLE I. SHG experiment results of quasiperiodic poling LiTaOThe fundamental source is a ps-OPO with the repetition of
1 Hz and the duration of 23 ps.

Reciprocal Fundamental wavelength Harmonic
vectors (nm) wavelength(.m) Input Output FWHM  Efficiency

G Calculated Measured Measured energy(uJ) energy(uJ) (nm) %

(3.4) 0.9720 0.9726 0.4863 40 3 ~0.3 ~7.5
(2,3) 1.0820 1.0846 0.5423 40 7 ~0.4 ~17.5
1,2) 1.2830 1.2834 0.6417 33 3 ~0.85 ~9.1
(2,1) 1.3640 1.3650 0.6825 30 2 ~1.1 ~6.7
(1,1) 1.5687 1.5699 0.7845 54 11 ~2.5 ~20.4

wheren;(A), n1(A) are the refractive indexes of fundamen- whereLl,, is the length-intensity product associated with
tal and harmonic of LT crystal, respectively. The partici-a particular device geometry;, n, are the refractive in-
pating of the multireciprocal vector leads to the multipeakdices of the fundamental and harmonic, respectivaly;
structure of the spectrum. i, n are successive Fibonacci is the fundamental wavelengtl; is the speed of light;
numbers, ofm, n) = (Fy—1, F), the reciprocal vector can and g is the dielectric constant of vacuum. When the
be rewritten asG,,, = G, = 27D 'stP, wheres, p phase matching condition is satisfielk = 0), the sinc
are integers, and;, , = G, ,—1 + G, o, thus theG, factor in Eq. (6) is unity. The intensities of peaks are
is self-similar. However, because of the dispersion effectproportional to the square @f, ,. In Eq. (5),d,., con-
although G,, presents the self-similarity in reciprocal tains the two factorgiq%é%;” and e Fors"“l(/lééGm;l”,
space, the relatior(1/A)sp+1 = (1/A)sp + (1/A)sp-1  the smaller the indexes: and n, the larger its value.
will no longer hold. By careful analysis to the measuredyyhile the value o1 depends strongly on the indices

spectrum, we do find(1/A)14 # (1/A)12 + (1/A)13. m,n and the ratiolA%B,—Si;X’”‘” is larger when the ratio

This differs from the x-ray diffraction and Raman spectra . : : .
of quasiperiodic superlattice [4] in which the spectrumn/m is closer to ratid, /1. We calculated the magnitude

g S of the maind,,,, for I4/lp = 1.37 and l4/lg = 7 ac-
Zgljrgu:ﬁfer?)gblt self-similarity. - Moreover, Eq. (3) can cording to Eq. (5); the results are shown in Table II. If

Ix/lg = 7, it is well known that the best rational ap-
1 _ sT? @) proximations tor occur whenn and m are successive
Aldsp  Ana(A) — mi (V)] + 7)1 Fibonacci numberg,. The largerd,,, corresponds to

. . (m,n) = (Fr-1,Fr). However, this does not mean that

The equation shows that the position of peak (or WaVei o 1*  has the largest value whep/lz = 7. The mag-

lengths of phase matching) depends on the structure PRitude ofd changes with the ratio of,/I;. The cal-

rameterl, and does not depend on the thickness of bIOCk%uIated vaTﬁnes versus the ratig/ls from 1 to 2 for

A and B and their ratio. Figure 2(b) shows the re- PR -
) i .. somed, , are shown in Fig. 3. The curves in Fig. 3
sult of numerical calculation for the QPOS of LT with show thatd,., with low indices, such asi, |,dy, ...

[ =11 um and l;/ls = 1.37. Indeed from Figs. 2(a) aypinit a monotonic dependence on the ratigip in
o 2) i cose coresporence between e s range, whereas those wih hgh indies,for xanl
ties of peaks. Fot,/Iz = 7, calculation has also shown daé ?I“ 3 'Wzsggﬁtﬁngtahee@%ngisrsg ?(?r' W';ghm 'La(t))le :
the positions of corresponding peaks remain unchangeg, g " '
except for their strengths.

The intensities of peaks in Fig. 2 are related to theTABLE Il. The effective nonlinear coefficients,,, of quasi-

effective nonlinear coefficienis,, ,. Fourier transferring Pperiodic poling LiTa@.

Eg. (2), we can get |dm.n/ 33
. m,n S,p Ia/lg = 1.37 W/lg =1
sin{ — G, ! inx
dy, = dyg —2 o MAmn gy 01 1,1 0.156 0.286
. 1 G Xonm 1,1 1,2 0.546 0.447
9 Tmn 1,2 1,3 0.138 0.195
1 2,3 14 0.184 0.191
here Xm,n =aD 't (mlA - nlB) For a pIane—wave 35 15 0.018 0.052
interaction, ignoring depletion of the fundamental field, the 3 4 0.098 0.048
second harmonic intensity can be written as [14] 4,3 0.001 0.020
87242 L2]2 1 2,2 0 0
L, = —5———= siné(— AkL), 6) 44 0 0
ninacegA? 2
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0.02 - (see Table Il). This can also be seen from Fig. 3. When
0°;: 0 the ratiol/lz — 1,d,; — d; = 2d33/m, the rest— 0,
o5 =0.02 thus the system becomes a periodic superlattice, and the
0.45 -0.04 multipeak structure in the spectrum will disappear.
0.4 -0.06 In summary, a one-dimensional QPOS of LT consist-
0.35| 4 -0.08 dsa ing of positive and negative ferroelectric domain with
§ o Ol Eibonacpi sequence has been fabricated using the pulse
E o o - field poling technigue at room temperature. The second
T o2 dis 0.03 4 harmonic spectrum of the superlattice has been studied
o.15 0.02 o theoretically and experimentally. The spectrum does not
0.01 exhibit self-similarity because of the dispersion of the re-
ot 0 /| fractive index of LT. This is in contrast to the x-ray
0.05 0.0 \/ diffraction and Raman spectra of quasiperiodic superlat-
. 002 tices in which spectrum structure reflects the symmetry
1 1.2 1.4 1.6 1.8 2 1 1.2 1.4 1.6 1.8 2 of the quasiperiodic structure. The extinction phenome-

non has also been verified experimentally. Frequency
L conversion efficiencies as high as 5%—20% for SHG at

FIG. 3. The dependence of the effective nonlinear coefficientsome fundamental wavelengths were measured using a
dn,» On the ratio of/4, and/p. ps-OPO laser, which efficiencies are comparable with that

of a POS. Our results show the QPOS may be applied to

some multiwavelength SHG devices.
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