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Quasi-Phase-Matched Third-Harmonic 
Generation in a Quasi-Periodic 

Optical Superlat tice 
Shi-ning Zhu," Yong-yuan Zhu," Nai-ben Ming*? 

Quasi-periodic structure can be introduced into nonlinear optical materials such as 
LiTaO, crystals. Such structures were used for quasi-phase-matching second-harmonic 
generation. These materials are now shown to be able to couple second-harmonic 
generation and sum-frequency generation through quasi-phase-matching. The ap- 
proach led to a direct third-harmonic generation with high efficiency through a coupled 
parametric process. The result verifies that high-order harmonics may be generated in 
a quadric nonlinear medium by a number of quasi-phase-matching processes, and 
therefore, exhibits a possible important application of quasi-periodic structure materials 
in nonlinear optics. 

I n  dielectric crystals, the most important 
physical processes are the propagation and 
excitation of classical waves ioutical and . 
ultrasonic waves). The behavior of classical 
waves in a homogeneous dielectric crystal is 
the same as that in a continuous medium, 
because the wave vector of a classical wave is 
much smaller than the reciprocal vectors of 
crystal lattice. However, if some microstruc- 
ture is introduced into a dielectric crystal, 
forming a superlattice, and if the reciprocal 
vectors of the superlattice are comparable 
with the classical wave vectors, the situation 
is quite different. The propagation of classi- 
cal waves in a superlattice (classical system) 
is similar to the electron motion in a ueriodic 
potential of crystal lattice (quantum system). 
Thus. some ideas in solid-state electronics- 
for example, the reciprocal space, Brillouin 
zone, dispersion relation, and the like-may 
be used in classical wave processes. Such is 
the case for photonic band-gap materials (1 ). 
With classical systems, eigenvalues and 
eigenfunctions were measured directly (2). 
These are difficult if not impossible to obtain 
in quantum systems. On the other hand, the 
interactions between wave vectors of classi- 
cal waves and reci~rocal vectors of the su- 
perlattice may generate some new physical 
effects. In nonlinear o~t ica l  fields, the inter- 
actions have led to new laser frequency gen- 
erations in quasi-phase-matching (QPM) 
schemes from a number of optical superlat- 
tice crystals such as LiNbO,, LiTaO,, and 
KTiOPO, (3, 4). 

The above concepts may be equally ap- 
plied to the quasiperiodic structure. Despite 
the large amount of research on the quasi- 
periodic structure since its discovery in 
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1984 (5), whether this kind of structure can 
be of any practical use remalns undeter- 
mined. It was proposed that the quasi- 
phase-matching theory can be extended 
from periodic structures to quasiperiodic 
structures (6), which may find applications 
in nonlinear optics through the QPM 
method. With the development of the elec- 
tric poling technique, ferroelectric crystals 
such as LiTaO,, LiNbO,, KTiOPO,, and 
the like with quasiperiodically domain-in- 
verted structure (hereafter we call it quasi- 
periodic optical superlattice, or QPOS) can 
be fabricated. We ~rev ious l~  reported the 
experimental results of multiwavelength 
second-harmonic generation (SHG) in a 
Fibonacci QPOS LiTaO, (6). Because more 
reciprocal vectors can be provided by a 
QPOS, not only the quasi-phase-matched 
(QPM) multiwavelength SHG but also 
some coupled parametric processes, such as 
the third-harmonic generation (THG) and 
fourth-harmonic generation, can be realized 
with high efficiency. Taking THG as an 
example, we present our results using the 
second-order nonlinear optical processes in 
a QPOS LiTaO, crystal. 

THG has a wide application as a means 
to extend coherent light sources to short 
wavelengths. The creation of the third har- 
monic directly from a third-order nonlinear 
process is of little practical importance be- 
cause of the intrinsic low third-order optical 
nonlinearity. Conventionally, an efficient 
THG was achieved by a two-step process. 
Two nonlinear optical crystals are needed: 
the first one for SHG and the second one for 
sum-frequency generation (7). In this regard, 
QPOS has some advantages over the con- 
ventional method. Here, only one crystal is 
needed and the harmonic generation can be 
realized with high efficiency by using the 
largest nonlinear optical coefficient over the 
entire transparency range of the material. 

A QPOS may be thought to contain two 
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or more linear independent periods, whose 
ratios are given by irrational numbers (8). 
Its reciprocal vectors are indexed by two or 
more integers, which is different from a 
periodic structure's reciprocal G, indexed 
by one integer. For a Fibonacci QPOS, the 
QPM conditions for THG in a colinear 
interaction are 

Akl = k2 - 2kl - G,,, = 0 (1) 

for SHG and 

for sum-frequency generation process, re- 
spectively, where k,, k,, and k3 are the wave 
vectors of the fundamental, second-, and 
third-harmonic fields, respectively; G,,, 
and G,.,,, are predesigned two different 
reciprocal vectors of the superlattice. 

The QPOS used here consists of two 
fundamental blocks. A and B. arraneed ac- " 
cording to the Fibonacci sequence: 
ABAABABAABAAB . . . (9). For LiTaO,, 
each block (A or B) contains a pair of 
antiparallel 180' domains. The widths of A 
and B are I, and I,, respectively, where 1, = 
lAl + lAZ and lB = lBl + lBZ. We assumed 
that l,, = I,, = 1 for the width of the 
positive domain, and lA2 = l(1 + q) ,  and lB2 
= l(1 - q) for the width of the negative 
domain. Here, 1 and q are two adjustable 
structure parameters and T = (1 + f i ) / 2  is 
the golden ratio (Fig. 1A). The reciprocal 
vector G,,,= 2nD-'(m + n ~ ) ,  where D = 
71, + 1, is an "average structure parameter." 
Theoretically, 1 = sl,, = vlc3, where l,, and 
1, are, respectively, the coherence length of 
SHG and the sum-frequency generation in 
a homogeneous crystal and where s = 1, 3, 
5, and so on, and v = T, T', 73, and so on. 
When 1 is fixed. the variation of n can be 
used to adjust the magnitude of the effec- 
tive nonlinear coefficient to obtain the 
most efficient THG (6). 

The QPOS was fabricated by quasi-peri- 
odically poling a Z-cut LiTa0, wafer at 
room temperature (10). The structure pa- 
rameters were selected to be: l = l,, = ~ ' 1 , ~  
= 10.7 pm and q = 0.23, so that block A 
and B were 24 pm and 17.5 pm in width, 
respectively. The quasi-periodic structure 
can be confirmed by observing the etched y 
surface of the sample (Fig. 1C). It consisted 
of 13 generations and had a total leneth of - " 
-8 mm. The sample thickness was 0.5 mm. 
In this design, the reciprocal vector 
was used for QPM SHG, whereas GZJ was 
used for QPM sum-frequency generation. 
Here, the two processes no longer proceed 
alone but couple each other. This coupling 
led to a continuous enerw transfer from -, 
fundamental to second- to third-harmonic 
fields, thus, a direct third-harmonic was 
generated from the QPOS with high effi- 
ciency (Fig. ID). 

THG was tested with a tunable optical 
parametric oscillator pumped with an yttri- 
um-aluminum-garnet laser (Nd-YAG, 
NY81-10, Continuum, Santa Clara, Cali- 
fornia) with a pulsewidth of 8 ns and a 
repetition rate of 10 Hz. The linewidth of 
the fundamental wave was about 1.5 nm at 
1.6 pm. In order to use the largest nonlin- 
ear optical coefficient d3, of.LiTaO,, the 
fundamental wave was z-polarized and 
propagated along the x axis of the sample 
(Fig. 1B). It was weakly focused and cou- 
pled into the polished end of the sample. 
For the system, the confocal parameter Zo 
= 2 cm, and the radius of the waist spot 
inside the sample was a. = 30 p.m. When 
the fundamental wavelength was tuned to 
1.570 pm, green light at 0.523-pm wave- 

Fig. 1. QPOS made from a single LiTaO, crystal. 
The arrows indicate the directions of spontaneous 
polarization. (A) Two building blocks, A and B, 
each composed of one positive and one negative 
ferroelectric domain. (6) Schematic diagram 
shows a QPOS composed of two blocks, A and 
B, arranged in Fibonacci sequence and the polar- 
ization orientation of electric fields in the THG pro- 
cess with respect to the superlattice. (C) Optical 
micrograph shows a QPOS of a single LiTaO, 
crystal revealed by etching. (D) Schematic dia- 
gram of the process of THG in a QPOS material. 
The QPOS has two specially designed reciprocal 
vectors: GI,, is used to compensate the mis- 
match of wave vectors in the SHG process, and 
G,, is used to compensate the mismatch of wave 
vectors in the SFG Drocess. Two QPM conditions. 
Ak, = 0 and Ak, =' 0, are simultaneously satisfied 
in the coupled parametric process, which leads to 
a THG with high efficiency. 

length was generated from the sample (Fig. 
2). The third-harmonic peak has a shift of 
1.5 nm to the theoretical value calculated 
from the dispersion relation of bulk LiTaO, 
at room temperature (25OC). A green light 
of 6 mW was obtained for an average fun- 
damental power of 26 mW (with an average 
power density - 1 kW/cm2). The conver- 
sion efficiency was close to 23%. Together 
with the THG. an SHG was observed in the 
same range df fundamental wavelength. 
The o u t ~ u t  of SHG and THG were stable. 
and no optical damage was observed at this 
fundamental intensity level. The second- 
and third-harmonic tuning curves, calculat- 
ed [according to ( 6 ) ]  and measured, are 
shown in Fig. 3, A and B, respectively. The 
measured peak shifts and widening from 
calculated values mav arise from some un- 
certainties in the Sellmeier equation used 
to estimate the de~endence of the refractive 
index on wavelength. A focused fundamen- 
tal beam with wide linewidth was used, and 

Fig. 2. A third-harmonic beam of green light was 
generated when an infrared light from an optical 
parametric oscillator passed through a 8-mm- 
long QPOS LiTaO, crystal. 

I 
1.560 1.565 1.570 1.575 1.580 

Fundamental wavelength (cm) 

Fig. 3. The SHG and THG tuning curves for the 
QPOS sample, (A) calculated and (6) measured 
by using an ns-optical parametric oscillator. 
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some imperfections in the domain pattern 
could also widen the bandwidth. 

Figure 4A shows the dependence of sec- 

can also be introduced into nonlinear opti- 
cal materials that are not ferroelectric. For 
example, by using some special epitaxial 
growth method (12) or diffusion-bonding 
technique (13), even LiB305 and 6- 
BaB,O4 crystals (14), which are widely used 
for ultraviolet (UV) harmonic generations, 

with the effective nonlinear coefficient dm,, 
= dl,, and dm,,,, = d,,, (6). Here, n,, n,, 
and n, represent the refraction indices of 
the fundamental, second, and third har- 
monics, respectively; c is the speed of light 
in a vacuum: X is the fundamental. wave- 

ond- and third-harmonic average power on 
the fundamental average power measured at 
the output end of the sample. 1, grows 
slower than I, when I, is low (Fig. 4A). 
With the increase of I,, the increase rate of 
I, grows faster, whereas that of I, becomes 

with a polar axis changing its direction 
quasi-periodically might be realized. For a 

length; and Lo is the dielectric constant of 
vacuum. From Eas. 3 and 4 it is evident that 

slower, because more and more 1, partici- 
pates in the sum-frequency process. Finally, 
I, approaches and even exceeds I,. These 
results imply. a coupling effect of three 
waves when the phases are matched. The 
situation continues until conversion effi- 

superlattice with a particular material and 
quasi-periodic sequence type, there is only a 
finite number of choices for T H G  with two 
QPM conditions satisfied simultaneouslv. 

I, would depend more strongly on the fun- 
damental intensitv I,  and the length of 
sample L than l2.'   he theoretical results 
according to Eqs. 3 and 4 (Fig. 4B) are in 
excellent agreement with the experimental 
ones (Fig. 4A). 

The result obtained here can be com- 
pared with that from a third-harmonic gen- 

- 
However, for a required fundamental wave- 
length, use of different quasi-periodic struc- 

ciency exceeds a certain level under which 
a nondepletion approximation will be no  
longer valid. 

The THG process can be analyzed by 

tures may be considered, because superlat- 
tices with different quasi-periodic modula- 
tions can provide different reciprocal vec- 
tors for phase matching. In this way, 
efficient T H G  might be realized in the UV 
region (1 5). 

Generally speaking, a third harmonic 
may always generate at any required wave- 

solving the coupled nonlinear equations 
that describe the interaction of the three 
fields E,, E,,, and E,, in QPOS. We can 
get an analytical result for boundary condi- 
tions E,,(O) = 0 and E3,(0) = 0. Under 
small signal approximation and QPM con- 
ditions (1 1 ), the secohd- and third-harmon- 
ic intensities are 

erator constructed by two periodic superlat- 
tices, each with a length L/2. The second 
harmonic is generated in the first superlat- 
tice with period A,, using the first-order 
QPM; it then mixes with the fundamental 
wave in the second superlattice with period 
A,, using the third-order QPM (if a first- 
order QPM is used in sum-frequency pro- 
cess, the grating period is too small to  fab- 
ricate a bulk sample with the thickness of 
0.5 mm by poling). Compared with the 
two-step process, the conversion efficiency 
in a QPOS is increased by a factor of 

length as long as structure parameter 1 sat- 
isfies the QPM condition of the sum-fre- 

\ 

quency process, Ak, = 0, even if Akl # 0 
(6). Because the efficiencv of the T H G  . , 

depends on  the second-harkonic intensity, 
the smaller the mismatch of the second 
harmonic, the higher the conversion effi- 
ciency of the third harmonic. As long as the 
chosen structure parameter 1 of the super- 
lattice makes Ak, = 0, and second-harmon- 
ic generation is not severely phase-mis- 
matched or Ak, is small, a third harmonic 
can always be efficiently generated. So, for 

and 

a given material and quasi-periodic type, 
the structure parametric 1 is no  longer some 
fixed value, but may be adjusted in certain 
regions adjacent to  Ak, = 0 in order to get 
the required frequency of third harmonic. 
This characteristic is beneficial to the de- 

Here, dl,, - 0.86d1 and d,:, = 0.88d3, 
where dl and d3 are the effective nonlinear 
coefficients of SHG and sum-frequency 
generation of two periodic superlattices, re- 
spectively (6). The reason for this is that in 
the traditional two-step scheme, second- 
harmonic and sum-frequency processes are 
not coupled and achieved in two separate 
steps, respectively. Therefore, its effective 
interaction length is only one-half of a 
QPOS with the same total length where 

sign of a practical third-harmonic device. 
Aside from the THO,  some other high- 

4 6 8 
Average fundamental power (mV) 

'2' '3 
d 3.0 

2.5 

er-order harmonics can also be generated 
using the same QPM scheme. For example, 
the fourth harmonic can be generated by 
two cou~led .  cascaded SHG Drocesses. And 

L ,  

more interesting effects such as tunable 
multiwavelength optical parametric oscilla- 
tion can be expected, where a number of 
QPM conditions must be satisfied simulta- 

two processes are coupled. 
The Fibonacci OPOS is onlv a subclass - 

of quasi-periodic structures, and LiTaO, is a 
ferroelectric. In fact. the auasi-veriodic 

C 1.0 

g 0.5 

0.5 1 .O 1.5 2.0 
Fundamental intensity I, 

(arbitrary units) 

structure can be extended outside the Fi- 
bonacci sequence. Various quasi-periodic 
sequences may be generated by some infla- 
tion rules. for examule. A + AmB, and B + 

- 
neously. Exploring physical process in vari- 
ous microstructures mav offer an ovvortuni- 

& & 

ty to develop some novel materials with 
potential applications. We  provide an  ex- 
ample of possible technical applications of 
quasi-periodic structure materials in nonlin- 

A for a class of sequence with two blocks A 
and B, where AmB means a sequence of rn 
basic building blocks of type A followed by 
one block of type B. Some more complex 
sequences, such as Thue-Morse sequences 
and fractal seauences. can also be chosen to 

ear optics. 
Fig. 4. (A) The average powers of second- and 
third-harmonic fields versus the average power of 
the fundamental field for the QPOS sample. The 
light source is an ns-optical parametric oscillator 
with a repetition of 10 Hz. (B) The calculated rela- 
tive intensities of I,, I,, and I, + I, versus funda- 
mental intensity I , .  
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Adiabatic Electron Transfer: Comparison of 
Modified Theory with Experiment 

Stephen F. Nelsen,* Rustem F. Ismagilov, Dwight A. Trieber II 

The radical cations of properly designed bishydrazines allow comparison of observed 
and calculated electron transfer rate constants. These compounds have rate constants 
small enough to be measured by dynamic electron spin resonance spectroscopy and 
show charge transfer bands corresponding to vertical excitation from the energy well for 
the charge occurring upon one hydrazine unit to that for the electron-transferred species. 
Analysis of the data for all six compounds studied indicates that the shape of the 
adiabatic surface on which electron transfer occurs can be obtained from the charge 
transfer band accurately enough to successfully predict the electron transfer rate con- 
stant and that explicit tunneling corrections are not required for these compounds. 

Reactions in which a single electron is - 
transferred are extremely important in 
chemistry and biology and have received a 
great amount of both experimental and the- 
oretical attention since the seminal theo- 
retical work by Marcus in the late 1950s (1, 
2). Marcus introduced a method for esti- 
mating the barrier AG,,* for electron trans- 
fer (ET) from three parameters: the vertical 
reorganization energy A, the electronic in- 
teraction matrix element V, and the exo- 
thermicity of the reaction AGO. In the sim- 
plest case (Fig. I ) ,  a AGO = 0 reaction, A is 
the vertical gap between the minimum on 
the energy surface of the precursor and the 
energy surface of the product when neither 
the solvent nor the internal geometry are 
allowed to relax. A is the sum of a solvent 
contribution (A,) and an internal vibration- 
al contribution (A,), that is A = A, + A,. 
Marcus addressed wavs to estimate these 
quantities (1 ,  2). The amount of electronic 
mixing between the precursor and product 
surfaces is measured by V. 

In recent years, most experimental and 
theoretical studies have concentrated on 

lone-distance ET reactions, which are ini- 
tiat&d by photoexcitation (3). These reac- 
tions have small V and are usuallv verv 
exothermic. The most important coitribu: 
tions that have emerged from these studies - 
have been the development of vibronic 
coupling theory to treat such reactions (4) 
and landmark pulse radiolysis studies (5) 
that established the existence of the "in- 
verted region" predicted by Marcus. Such 
reactions are involved in the charge sepa- 
ration that occurs in photosynthetic reac- 
tion centers (6), and the development of 
fast laser kinetic techniques has been cru- 
cial in such studies (3, 6). The great major- 
ity of biological ET reactions, however, oc- 
cur in the dark and have small AGO. The 
present work focuses on a series of carefully 
designed molecules in which ET occurs 
with AGO = 0 and without photoexcita- 
tion. These molecules display optical ab- 
sorption spectra from which A and V can be 
estimated, allowing quantitative testing of 
ET theory. 

Svmmetrical transition metal-centered 
intekalence (IV) compounds are concep- 
tuallv the sim~lest ET svstems and have 
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the overall charge formally places the met- 
als in different oxidation states. Whether 
excess charge is delocalized over both met- 
als or localized on one is determined by the 
relative sizes of A and V (7). If V < A/2, 
then charge localization occurs, and there 
are separate potential energy wells corre- 
sponding to the higher charge being on one 
metal or the other. These wells are dis- 
placed from each other on an ET coordi- 
nate X (Fig. 1). If V is large enough, a 
localized IV compound shows a charge 
transfer (CT) band, which allows measure- 
ment of A. 

Hush developed a simple theory for es- 
timating both A and V from such IV-CT 
bands (8). Marcus ( 1 ,  2) and Hush (8) 
assume that the diabatic energy surfaces 
(the energy wells in the absence of elec- 
tronic coupling) are parabolas in a plot of 
energy versus X. In this case, the transition 
energy at the IV-CT maximum (E,,) is 
equal to A. Hush's estimate of V (cm-I), 
which we shall designate as VH to distin- 
guish it from other estimates, is 

VH = (0.0206/d) (AvliZ~maXEOP) 'I2 ( 1) 

where d (A) is the ET distance, AvIjz 
(cm-') is the IV-CT band width at half- 
height, and &,,,,, (M-'cm-') is the molar 
extinction coefficient at the band maxi- 
mum. Tunneling corrections are also as- 
sumed to be necessary to calculate the ET 
rate constant k,, (1, 2, 8). Estimation of the 
size of the tunneling correction requires 
knowing the averaged energy hv, (where h 
is Planck's constant) of the vibrational fre- 
quencies v, active in the ET process, which 
Hush also estimated from the IV-CT band 
width (8). 

Symmetrical IV compounds would pro- 
vide the most direct test of the validity of 
the ET parameters derived from their IV- 
CT bands, allowing comparison of the cal- 
culated rate constant with the experimental 
value. Unfortunately no adequate method 
exists for measuring the large values of kc, 
predicted for transition metal IV com- 
pounds (3). There is no transient to follow 
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