lopscience = [lopscienceioporg

Home Search Collections Journals About Contactus My IOPscience

Second-harmonic and third-harmonic generation in a three-component fibonacci optical

superlattice

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2000 J. Phys.: Condens. Matter 12 529
(http://iopscience.iop.org/0953-8984/12/5/301)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.218
The article was downloaded on 15/05/2010 at 19:38

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/12/5
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matt&® (2000) 529-537. Printed in the UK Pll: S0953-8984(00)03789-9

Second-harmonic and third-harmonic generation in a
three-component fibonacci optical superlattice

Yan-bin Chen, Yong-yuan Zhu, Yi-giang Qin, Chao Zhang, Shi-ning Zhu and
Nai-ben Ming

National Laboratory of Solid State Microstructures and Department of Physics, Nanjing
University, Nanjing 210093, China, and Center for Advanced Studies in Science and Technology
of Microstructures, Nanjing 210093, China

Received 27 April 1999

Abstract. Harmonic generation in a three-component Fibonacci optical superlattice (3CFOS)

is analysed theoretically. The Fourier spectrum of the structural function of the 3CFOS is
numerically calculated. The positions of reciprocal vectors are in good agreement with the
theoretical prediction. The intensities of the second harmonic (SH) and third-harmonic (TH)
are calculated relative to the depletion of the fundamental. The dependence of the SH and TH
intensity on structural parameters is discussed. Numerical calculation shows that, compared with
two-component Fibonacci optical superlattice(2CFOS), there are more plentiful harmonic spectrum
and adjustable structure parameters in 3CFOS. By chosen the reciprocal vectors and adjusted the
structure parameters, the higher transform efficiency of THG is obtained.

1. Introduction

One of the most striking events in condensed-matter physics in the past 15 years has been the
discovery of quasicrystals, which show many unusual physical properties [1]. Much effort
has been devoted to the studies of structure and physical properties of quasicrystals [2, 3].
A quasiperiodic superlattice is an analogue of a one-dimensional quasicrystal. Btealin
fabricated successfully the first quasiperiodic superlattice with molecular-beam epitaxy (MBE)

in 1985 [4]. Since then many kinds of metallic and semiconductor quasiperiodic superlattice
have been designed and produced by various techniques [5, 6]. In recent years a quasiperiodic
superlattice has been realized in dielectric crystals, and the excitation and propagation of
acoustic and optical waves have been studied both theoretically and experimentally [7-11].
For second-order nonlinear optical processes, the efficiency of parametric wave-mixing
interactions can be enhanced significantly when the phase mismatches of optical parameter
processes caused by the dispersion of the refractive index are compensated with the reciprocal
vectors provided by the quasiperiodic dielectric superlattice [12-17]. Compared with the
periodic dielectric superlattice, a quasiperiodic dielectric superlattice provides more reciprocal
vectors due to its lower space-group symmetry. Because of this, not only the quasi-phase-
matched (QPM) SHG, but also some coupled parameter processes, such as the THG and
the fourth-harmonic generation (FHG), can be realized with high efficiency [18]. Until to
now, however, these studies have been done only in the two-component Fibonacci optical
superlattice (2CFOS). The 2CFOS consists of two building blocks A and B, each composed of
a pair of oppositely polarized domains. A three-component Fibonacci superlattice (3CFOS)
is a natural extension of the 2CFOS. It has three fundamental building blocks A, B and C.
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According to the theory of QPM, the similar optical parameter processes can also occur in a
3CFOS. Moreover, the reciprocal vectors of a 3CFOS are indexed with three integers, which
means that more reciprocal vectors can be provided to participate in the QPM parameter
processes in the superlattice, therefore, the harmonic spectrum structure of 3CFOS is more
plentiful than a 2CFOS. This characteristic may be used to produce multi-wave-length QPM
second harmonic and to design high-order harmonic device. In this paper, we will discuss the
structure characterization of 3CFOS and present the theoretical results of QPM SHG and THG
in the 3CFOS.

2. Theoretical analysis

A 3CFOS is constructed from three building blocks A, B and C, each composed of a pair
of oppositely polarized domains. These fundamental blocks are shown in figure 1(a), where
13 .y L .0, EPrESENt the thickness of the positive domain and the negative domain in block A
(B,C) respectively. In this papéf is set to be equal tj andi} (I} =1} = = 1) andl, 4.
represents the length of the block A (B,C). The three types of block are arranged according to
the following rule,

S]_:A,Sz:AC,Sg:ACB,...,Si=Si_1>l<Si_3 (l24)
wherex stands for concatenation. The sequence ACBAACA®roduces a 3CFOS (see
figure 1(b)).

As second-order nonlinear coefficients form a third-rank tensor, they change signs from the
positive domain to the negative domain. For an infinite array, the quasiperiodically modulated
effective nonlinear coefficient(x) can be written as, by use of the Fourier transform,

d(x)

—==fW) =) f(Guus) €5 1
= le F (G (1)
() = 1 if x is in the negative domain

foo = -1 if x is in the positive domain.

f(x) is called the structural function, which plays an important role in an optical superlattice.
According to the projection method [19], the reciprocal vectors can be written as

21 (mny +nnz +In3)

Gm,n,l = D (2)
wherem, n, [ are integers, which label the reciprocal vectors. The setipflefined as:
n = lim ( 3)
n—00 |A1|n

whereA; represents thiah type block, andA;|, represents the total number 4f in thenth
generation. It can be proved thattakes the following value:

1 29 1 /31,1/3 29 1 /31,1/3 1 1 /31,1/3 1 1 /31,1/3
R RICRENE A C RN =Gty G-
with n; = 1. D is the average parameter of the 3CFOS,
D = lan1 +Ipnz +1cn3. 4)
From equation (2) it can be seen that the position of a given reciprocal vector is only dependent

on the average parameter. TfiéG,, ;) in equation (1) can be expressed on the basis of the
reverse Fourier transform as

f(Gm,n,l) - Z exp(iGm,n,lefl)[Z exp(iGm.n,ll;) -1- exp(iGm,n,llj)] (5)
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Figure 1. (a) The building blocks of the 3CFOS, A, B and C (the arrows indicate the direction of the
spontaneous polarization). (b) A schematic diagram of a 3CFOS. (c) The polarization orientation
of electric fields with respect to the superlattice.

whereL is the total length of the optical superlattice and ; is the total length of —1 blocks.

l} = l;'(ch), l; =1, »,c)- From equation (5) the Fourier spectrum of the structural function is
calculated as shown in figure 2. As shown in table 1, it can be seen that the numerical result
is in good agreement with the theoretical analysis. It is easy to prove that the strongest peaks
are those withn:n:l =~ ny:n2:n3. This condition leads to the series of,(n, [), which are the
so-called general Fibonacci numbers, (@, _», a,_1). All of these ¢,) belong to the sequence
described a8, = a,_1 +a,_3 with a; = a, = 0 andaz = 1. Then the strongest peaks satisfy

G(an+3y Ap+1, an+2) = G(an+27 dy, an+l) + G(an’ ap—2, an—l) (6)

which reflects the self-similarity of the Fourier spectrum.

In an optical superlattice, the most important physical processes are the excitation and
the propagation of optical waves. In order to make use of the largest nonlinear coeffigient
which cannot be used in an ordinary phase-matching regime, let the interfaces of each domain
be parallel to the— plane, the optical wave propagate along thexis and the direction of
electric fields be along theaxis (see figure 1(c)). In this case the coupled nonlinear equations
which describe the evolution of the slowly varying envelope for the fundamental, SH and TH
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Figure 2. The Fourier spectrum of the structure function in 3CFOS with the structural parameters:
D = 28564 um,l, = 16.30 um, [, = 6.52 um, [, = 13525um, ! = 3.50 um. The strong
peaks are indexed.

Table 1. Comparison between positions of the reciprocal vectors predicted by analysis and
calculated by numerical method.

10,00 (1130 (111 (211 (101 (21,3 (3,12

Analytical 0.21996 0.32238 0.47247 0.69244 0.37006 0.99262 1.06250
prediction
Numerical 0.21975 0.32231 0.47259 0.69234 0.37004 0.99244 1.06238
calculation

electric fields are given by:

dEq wrd(x) w1d (x)

E3E;exp(—iAkyx) — i E3Eqexp(—iAkix)

dx nic nic

dE; . wad (x) . cwod (x) _, .

T = —|2n—ZCEf exp(—iAkjx) — i o EjEzexp(—iAkjx)

dE d

9Bz _ @2 W) bk, explinkgy) @)
dx nac

wheren, ny, n3 are the refractive indices of the fundamental, SH and TH, respectivelys,
is the angular frequency of the fundamental (SH, Tii}he speed of light in the vacuum;

4
Aki = k2 — 2k1 = TT[(}’ZQ — I’ll)
, 2
Ak2=k3—k2—k1= T(3n3—2n2—n1). (8)

ki, k2, k3 represent the wavevector of the fundamental, SH and TH, respectivil)., Ak
are the phase mismatches in SHG and the sum frequency generation process, respectively.
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Figure 3. The dependence of the relative coupled constants, on the positive domain length
Other structural parameters are chosen as folldws: 28564 um, [, = 16.3 um,l, = 6.52 um,
l. =13525um.

It is convenient to introduce a new field variable,

A= ME =123 9)
w;
By use of equations (1) and (9), equations (7) can be greatly simplified. In fact, only the Fourier
component which is phase matched contributes significantly to the parametric interaction. If

these non-phase-matched components are ignored, equations (7) become

da . . . .

d—l = —ikpAzAS eXp(—iAkox) — 2ik1A2AT eXp(—iAkyx)
X

dA, . " . : 2 S

TS = —ikpAzA] eXp(—iAkox) — iK1 AT exXpiAkyx)
X

da : .

d—3 = —iKpApAq exp(i Akhx) (10)
X

wherex, k7 are coupled constants,

o — dasf (Guinrin) |@iw; o — d33f (Gmzn212) [wi10203
! 2c n%nz 2 c ninons
andAky = Ak} — Guin1i1, Aka = Aky — Guon2,2.
It can be proved through derivation that
|A1(x)[? + 21 Ao (x)[* + 3| A3(x)[* = [A1(0) . (11)

This is an equation of energy conservation in an optical superlattice. It shows that our
approach is self-consistent. Equations (10) and the boundary conditigf® & 1, A,(0) =
0, A3(0) = 0) compose the basis of our numerical calculation.

3. Numerical calculation and discussion

As it is shown in equations (10) that coefficierisandx, determine the coupling strength of
optical parameter process, in practice we must choose coefficients with high values. From the
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Figure 4. The dependence of the relative intensity of SH, TH and the fundamental on the non-
dimensional length under different length of the positive domain. £ap.5 um; (b)/ = 3.0 um;
(c)! = 3.5 um. Other structural parameters are the same as those in figure 3.

expressions of; andk;, it can be seen that for a given fundamental wavelength the coupling
constantis proportional to the corresponding Fourier coeffigiéat). Here reciprocal vectors
(3,1, 2)and(1, 0, 1), which have higher weightin figure 2, are chosen to compensate the phase
mismatch occurring in the THG and SHG. Therefore we obtain equations:

27(1-m+0-mp+1-n3) _0
5 -

27(3-m+1-mp+2-n3)
- -

, 4
Aky = Aky — G101 = T(”z —ny) —

2
Akz = Aklz — G3,1,2 = 77-[(31’13 — 21’13 — nl) — 0. (12)
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Figure 4. (Continued)

Because we want to gain the SH and TH in a single optical superlattice, the wavelength of the
fundamental should be chosen to satisfy equations (12). We obtain the equation:
m+ns  2(n2—ng)
n+ne+2n3  3Bng—2n,—ny
It can be calculated by using the refractive index data. Below we take Li{laQ)crystal as an
example [20]. At room temperature, when the wavelength of the fundamentdlli85.m,

ny = 2.126 97 A = 1.4135,m
n, = 2.16856 1/2 =0.7068m
n3=223440  /3=0.4712um (14)
equations (12) could be satisfied perfectly,
Aky = —7.263x 107" um™?
Aky; = —1.038x 10~ um™2. (15)

Once the wavelength of the fundamental wave is given, the average parameter of the 3CFOS can
be determined) = 28564 .um, wheni; = 1.4135um). In general, the lengths of building
blocks and the positive domain are adjustable structural parameters, so long as equation (2) is
satisfied. Below we discuss the effect of the structural parameters on the Fourier coefficient of
the chosen reciprocal vector. Having compared with the Fourier spectrum, withl.. taking

various values, we find that when

l, =163 um, l, =6.52um,[. = 1353 um

the Fourier coefficientg (Gs1.2) and f (G10,1) are fairly large in this case. So we take these
values as structural parameters. Then we calculated the dependence of the coupling constants
k1 andx, on the length of the positive domairgshown in figure 3). We found that the curve

of k1 shows a monotonic dependence on the length of positive domain, whereas there is a
maximum value in the curve @f at! ~ 3 um. In order to see which value o is appropriate

for efficient THG, we choose three valuesiadround the maximum (8 um, 3.0 um and

3.5 um) to calculate the intensity of harmonic beams.

(13)
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Figures 4 show the dependence of relative intensity of the fundamental, SH, TH on the
non-dimensional lengtk, A1 (0) L with [ taking various values. These figures show the same
tendency. That is, at first, the third harmonic grow more slowly than the second harmonic.
After passing through a certain length of the superlattice, the third harmonic grows much
faster. The reason for this is that the third harmonic depends strongly on the second harmonic.
Also there are some differences among these figures. When the TH reaches its maximum, the
remains of the fundamental and the SH are different. In figure 4(a) the maximum of the TH is
accompanied by the exhaustion of the SH with some fundamental left, whereas in figure 4(c)
the fundamental is used up with an appreciable SH remaining. When the structural parameter
takes the value of.B um, the TH is the highest as shown in figure 4(b). In this case, both the
fundamental and the SH are almost exhausted simultaneously.

The result obtained by numerical calculation is very different from the prediction through
the small-signal approximation [18]:

1 (3w) o (k1k2)?

where! (3w) is optical intensity {(3w) « |A(3w)|?). This means that the decisive factor to
THG is the multiple ofc; and«,. But it contradicts the numerical calculation in which the
most efficient THG does not take place when the multiple;aindx; is the largest.

k1ko = 0.022 [=25um
k1k2 = 0.027 [=3.0um
K1k = 0.030 [ =35um.

The above numerical calculation indicates that with a lakgethe THG might be generated
much more efficiently. This may be a result of the fact that THG is a coupled parameter
process. When the depletion of the fundamental is taken into account, the situation becomes
complicated. As can be seen in equations (10), THG dependsamwell as the SH and the
fundamental. Too large a value of means a more efficient generation of SH, which may not

be favourable to the THG, whereas a small value,ahay lead to an inefficient THG (through

the sum frequency generation). In the experimest, is fixed, we can adjust1(0) to obtain

the most efficient THG.

4. Conclusion

In summary, we have investigated the THG and SHG in a 3CFOS with the depletion of the
fundamental. The Fourier spectrum of the 3CFOS has been calculated, which shows the
harmonic spectrum structure of 3CFOS is more plentiful than a 2CFOS. Through adjusting
the structural parameters, efficient THG is obtained. The effect of the structural parameters
on the efficient THG is also discussed. The method used here can be carried over to the other
types of optical superlattice.

Acknowledgments

This work was supported by a grant from the State Key Program for Basic Research of China
and by the National Natural Science Foundation of China.

References

[1] Shechtman D, Blech I, Gratias D and @ahW 1984Phys. Rev. Let631951
[2] SteinhardP J and Ostlund S 198the Physics of QuasicrystalSingapore: World Scientific)



(3]
(4]
(5]

(6]

[7]

(8]

El
(10]
(11]
(12]
(13]
(14]
[15]
(16]
(17]
(18]
[19]
(20]

Harmonic generation in 3CFOS 537

Janot C 199uasicrystal{Oxford: Clarendon)

Merlin R, Bajema K, Clarke R, JuarF Y and BhattachagyP K 1985Phys. Rev. Letb51768

Birch J, Severin M, Wahlstrom U, Yamamoto Y, Radnoczi G, Riklund R and Walignb& 1990Phys. Rev.
B 4110398

LuJ P and Birma J L 1986J. PhysiqueC 3 251

Zhu Y Y and Ming N B 1992J. Appl. Phys72904

XuHP,Jiang G Z,Mao L, Zh Y Y and Qi M 1992J. Appl. Phys71 2480

Feng J, Zlu Y Y and Ming N B 1990Phys. RevB 415578

Zhu Y Y and Ming N B 1990Phys. RevB 423676

QinY Q,ZhuYY,ZhuS N, Lw G P and Ming N B 199%ppl. Phys. Lett75448

Mizuuchi K, Yamamoto K and Kato M 199&ppl. Phys. Lett701201

Armstrong J A, Bloembergen N, Ducuing J and PersReS 196Phys. Rev1271918

Lin S J, Huang J Y, Ling J W, Chen C T, and $h¢é R 1991Appl. Phys. Lett59 2804

Kang J U, Ding Y J, Bura W K and Melinge J S 19970pt. Lett.22 862

Xu C Q, Okayama H and Kawahara M 1988pl. Phys. Lett63 3559

Hooper B A, GauthieD J and Madg J M 1994Appl. Opt.336981

Zhu SN, Zlu Y Y and Ming N B 1997Science278843

Hu A, Jiang S S, Peng R W, and Feng D 1992a Phys. Sind162

Bond W L 1965J. Appl. Phys36 1674



