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. ABSTRACT

The concept of micron superlattice has been proposed in
this thesis. The excitation and propagation of classical
waves (acoustic and optical waves) in the .micron
superiattice has been studiéﬁ systematically. Some new
concepis and t@eéries have been developed and some new

phenomena have been discovered which include:

I.Aftef the theoretical study of'exéit&tion and propagaticn
of elastic waves in tﬁe acoustic superlattice, two kinds of
resonances are predicted_fbr the first time which are e

A.The main resonance is deterﬁinedrby the peribd of the
acoustic superlattice, not by its to%al tbickne&sr which
makes it possible to fabricate acoustic devices with high-
frequency up to several gigahertz,

B.The satellite-like fesonaace is related to the total
thickness of the acoustic superlattice and ig  the
counterpart of the satellite in | x-ray. or electron
diffraction, It can be eliminated by adjusting the

technological parameters in crystal growth to  msake the

thicknesses of positive and negaelive domains equal.

2.For the first ifime we have s&ccessfully prepared the
acoustic ~ superlattice of LiNbO3 ‘erystals and thus
verified the theory developed by us. These show that the
écoustie supeflattice is %ery promising in developing the
high-frequency acoustic devices.

A.Using the method of growth striations, wve bave

succéssfully prepared the acoustic superlattice of Liﬁﬁog




cry&tals applzcable te the f&brzc&tzan of acoustic devices

ting at frequenczes of Zﬁam»iﬁﬁﬁﬁﬁz.

opera
B.With acoustic superlattices we have realized
 high~fregquency resonance and ~ verified the theory

quantitativelyj.

C.Prototypes of high-frequency resconators and {ransducers
have been fabricated successfully  with the #ceusﬁic
superlatiice. We have confirmed that by &djusting the
paréﬂeters of the acoustic superlatiice, the acoustic
devices can be made to match #be 500 me&gﬁreﬁent system,

thus an insertion loss near 048 can be obt&inedg.

3.We have obtained the ultrasonic spectrum of quasiperiodic
acoustic superlattice both theoretically and experimentally
which shows self-similarity. This is the first time that the
vniversal law, the self-similarity of speetéum in reciprocéi
space being the reflection of the sgelf-similarity of the
structure in real spsce, has been observed in submacroscopic

Em
superlattices 5.

4.We have studied the éecond hrarmonic spectrum of the
Fibonacci optic superlattice. For the first time we have
discovered that the spectrum is non-self-gimilar due toc the
dispersive effect of light and that there exists an
extinction.phenamenon much similar to that in x-ray or

electron diffraction. & genersal extinctiah' rule has been

deduced?.

b5.For the first time we have proposed an experimental scheme
for obtaining a third harmonic generation (THG) with bhigh

A2



efficiency by using a Fibonacci optical superlattice and

L

fully demonstrated it§3féasikijitygo

&.A more rigorous mathematical treatment for the secend
harmonic gener&éian has been performed. 'Ah experimental
schene .fcr cbtaining a backward-going second hkarmonic
through qnasi—pﬁase~ﬁatching in the Fibonacei gptical

: g
superliattice has been proposed .

7n¥e‘have sta&jed the electrooptic effect in the Fibonacci
optical superlattice and obtained the transmission spectrum
by eiectrcoptic effect. Once agalin we have proved that the
dispersive effect of Iight .destroys the self-gaimilar

' 10
structure of the spectrum .

8.For the first time we have proposed the phase patching

conaept‘ for parametric procegses in guasiperiodic
8,10

micron superlattices '~ .

. For the first time we have derived the apaiytical

expression of reflectivity of acoustiec and optic waves
propagating in submacroscopic quasi?erio&ic superlattice and
studied the properﬁies of the Péfiecﬁivitys Following
cenclusions have been abtainedgz:

A.For optical waves, the reflectivity is non-self-similar
due to,thé dispersion of the refractive iﬂdek..

B.Faor acoustic waves, the reflectivity is self-similar due
to the  npon-dispersion of the sound -velocity,

C.For both, there exists an extinction phenomenon.
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INTRODUCTION

guperlattices have opened an area to tﬁe development of
new materials that do nét exist in naturé. The flexibility
jn the choice of superlattice materials allows sﬁperlatticés
to exhiﬁit a wide range of tailorable praperﬁies which are
of interest for scientific and device . purposes.

The conce?t of superlattice was initiated by Raaki and
Tsu'in 19691. In subsequeni tweniy years,. the .study of
superlattice has experienced two stages according to its
symmetry. 1970 began the first. stage which was devoted to
{he in#estigation of periodic Rsuperlattice. The second
stage, the study of_guasiperiedic superlattice was triggered
by the diséévery of guasicrystals in 19842, however the
periodic one _still remained a subject. . Recently, the
quésiperiodic structure is of inereasing interest because it
is intermediate between pgriodic and randama.

In the early years, most of work was focused on
semiconductor Vsuperlattices fabricated from alternéting
layers_of crystalline FIiw=V materials which show many
_interesting transport snd electrical properties sasccinted
with gquantum sisge _effeotsé's. At that time, it was
universally accépted that superlattices could only be
produced if the coanstituents have the same orystal structure
and closely matching Kaifice parameters. Othergise the
density of defects would be so high that the phenomena
associated with quantum  size effects would be obhacured.

However, these stringent reguirements can be relaxed, which

results in two different types of superlattices.



The first came . th? lattice-migmatched sgperlatticeg
called strained—layer §ﬁpér1attice in 19?46’?. ‘Aii of the
lattice mismatch is accémmo&ated by layer strains without
generating misfit dislocations if the layers are kept
sufficiently thin. Layer strains provide a new mechanism for
tailoring‘the propefties of superlatticeé, _

Next, in 1883, Abeles et al.8 reported for the Ffirst
time'the amorphous semiconductor superlattice. They found
that the range of materials from which superlattices can be
fabricated can- be extented to hydrogenated apmorphous
semiconductors. Thé interfaces are essentially defect free
and néarly atomically sharp. The new superlattices provide
novel ways of studying fundamental properties of amorphous
seﬁiconductors and have potential for . technological
applications Dbecause large area files of them can be
deposited cheaplyg.

Since in =all these three types of sewmiconductor
superlattices,; electron movement plays a decisive role,; -the
characteriatic leangth, i.e., the pericd of periodic
superlattice or the modulated wavelength of gquasiperiodic
superlattice, should be reduced to less than the eleﬁtren
mean free path. Hence, by their chsracteristic length, these
superlattices may be called the nanometer superlattices.

With the development of investigation, it was found
that the constituents of superlattice may not ber restricted
to semiconductors. Other materials can also be used.

SchullerIO was the first to prepare in 1§3@ the
metallic sﬁperlattice. It shows some novel physical

characteristics guch as superconductivity, magnetism and

S J-




elastic properties etciéf%gg it .G&ﬁ be used as Gptigai
elemeﬂts for soft x-rays énd vacuug - ultr&vxolete ﬁcccrdiﬁg
tg ;ts characteristice length the metalllc superlattlce éan
- be classified into the nanometer superlsttice.

The superlattice materials can be further Véxtented to
elastic and dielectric substances. In these materials,' the
important wave processes are mostly .thid. and acoustic,
Superlattices with characteristic lengths campa?abié _with
the wavelengths of lights and ultrasonic waves may
participate in these wave processes to produce signifiGAnt
effects.

The elastic superlattice'was appeafed‘in 198013a It is
made up of elastic rods imbedded in a maitrix with different
elastic pfﬁperties. One dimensional or two dimensional
structure can be made. Such materiasls, by combining two or
more component phases, are able to realize a performance
superior to any of the individual phases alone and are now
finding applications  in many fieldsié. Owing to its
tecﬁnical restrictions” , its characteristic length is éb&ut
of the order of milimeter. Thus, it may be identified as
milimetei_superlattice, - |

A1l the sgg&rléttices mentioved above are essentially
hetercstruéturesw In 1980s we have developed a &ifferent
type of superlattice. made of dielectric medialﬁmmlg. it
consists of a single crystal with 1800 laminar ferroelectric
domain structures and can be prepared by the Czochralski
method directly. In this kind of superlattice; the physicai

tensors such as those with oddnraﬁﬁ change their signs

regulariy. With this material, we verified .~ the

S JP—



guasi-phase-matching thleYZQ’ZI

2l. im 196222; In 19@53 .Feissat et al.zs- repeated the

proposed by Bloemhergen et

experiment with the superléttice of less periods. More
.recentlf, Magel et a1.24 realized the second-harmonic
genefation of blue light in periodically poled LiNb03. Since
1988, our group {including the work of this thesis} has
systematically developed the theories for acoustic and optic
effects in this kind of periodic and guasiperiocdic
superlattice which have been demonstrated by experiments;
thus openéd up & new field of studying ‘new materials and
novel deviceé through the controcl of =microstructures of
materialszs_ﬂgg. It is certain that 1its importance will
attract more and more attention in the future. Im the field
discussed above, the superlattice with its characteristic
lIength in the range of microns is needed and so it is named

the micron superlattice.

More generally, the modulation of physical tensors can

be reaelized not oﬁly through the modulation of 1800
ferroelectric domain structures, but also through the
modulaﬁion of non—1800 ferroeleciric domains,

crystallographic orientétion34 or through the modulation of
the compcsition35. Thus there may be other types of aicron
superlattices, such as non~1800 laminar ferroelectric domain
superlattice, laminar twin superlatticess, polar~invefsion
sqperlattice and compositionally modulated super}attice,
efc. Whereas the 1800 laminar ferroelectric domain
superlattice is only one special example of them..

Because these new  types of superléttices possesses

novel acoustic and optic effects and can be used to




“fahricate special ultraéo%i? aad photcelectroaic devices, it
.ﬂis alsoc named the acousticsbr optic superl&tticé{ l_

.' The importance of the latter two types of superlattices
‘Ilies not only in fheir practibility but alse im their
gimilarity in some respects to quantum mechanical gystems.
Maynard37 pointéd out. that electrons {considered as "waves"

in a quantum mechanical system can be imitated by classical

waves (elastic or electromagnetic) owing to the fact that

they are all governed by a wave equation. With classical

systems, direct - measurement of eigenvalues,
. 38—40 . . 27,41

eigenfunctions - and properties of quasicrystals

wag realized. In =a vrandom classical system, even the

phenomenon _of Anderson localization was observed42. These
are difficult if not impossible to obtain in ‘the quantum
- mechanical systems. |

Now there are superlattices of Adifferent kinds. 'The
constituents of the superlattice can be semiconductors,
metals, elasﬁic or dielectric materials etc. - The
characteristic length of the superlattice can be of the
order of nanometer, miéron or milimeter. The symmetry can be
periodic or quasiperiaéic. Each type of superlattice
possesses some unusual properties that others do not.

This thesis only deals with the micron superlattice
{acoustic and oﬁtip superlattice}. The .work is primarily
original, havipg as its main aim the understanding of the
néture of the micron superlattice.

The thesis cohtains six chapters.
The first dhapter is mainly background material. We

discuss the fabrication of the micron superlattice and the

e



mechanism of its forméﬁ%éno The transformetion properties of
its physical parametersfére presented. Chaptérs'é’&nd 3 are
~devoted to the study of excitation and propagation of
ultrasonic waves thrsugﬁ the piezoelectric effect. in the
micromn superléttice. Chapter 2 deals with the periodic
structure ﬁhile chapter 3 is for the quasiperiodic one.
Experiments are performed which are in good agreement with
the theory. Chapters 4 and 5 analyse tﬁeoretically the
transmission of light waves in the micron supervliatiice. The
ﬁcnlinedrroptical effect is tackled in chapter 4 and the
electrooptic effect in chapter 5. 1In chapter 6, the
reflection of 1light and acoustic waves by the =micron

superlattice is discusscd.

- References of introduction:

i.L.Esaki, and R.Tsu, IBM J.Res.Develop.l4, 685 (1870).

2.D.8chechtman, IeB}ecé, D.Gratias, and - J.W.Cahu
Phys.Rev.Lett.53, 1951 (1584).

32.0.Levine, and P.J.Steinhardt, Phys.Rev.B34, 5896 (13986}.

4.L.L.Chang, Synthetic Modulated Struéturef edited by
B.C.Giessen (Academic Press, New York, 1535).

S.K;Ploog, and G.H}Bobler,. Advances | in.'Pbysicé- 32,
285 (1983). o |

6.J.W.Matthews, and A.B.Blakeslee, J,Cryst.Growth 27,
118 (1974).

7.¢.C.0sbourn, IEEE J.Quan.Electron. QE-22, 1677 (1988}.

8.B.Abeles, and T.Tiedge, P}A_ys,,_R’ev.uL.ei:t;.51,a 2003 (1983).

8.B.Abeles, Superlattices and Microstructures &, 473

{198%).



10.
11,

i2.

13

i4.

15.

i6.

i7.

i1g.

Iz,

21

23

r.K.Schuller, Phys.Revi Lett 44, 1697 (1980).

I E.Schuller, and C.H’Falco, Surf.Sci.113, 443 (1982)
p.B.HcWhan, Structure of Chemically Modulated Films, in
Syﬁthetic_ﬁbdu}ated Structures, edited by L.L.Chang éﬂd

B.C,Giessen (Aéademic Press, New Yb}ﬁ, 1985).

LB A Auld, in Proceedings of International Workshop ,on

Acoustic Nondestructive Evaluation, N&njiﬁg; Mi {(1985).
7.R.Qururaja, W.A.Schulze, R.E.Newnham, B.A.Auld, and
¥.Wang, IERK TP&HS;OH Sonics and Ultrasomics, 8U-32,
481 (1985). '

N.B.Ming; J.F.Hong, and B.Feng, J.Mater.8ci.17,
1663 (1982). '

N.B.Ming, J.F.Hong, and bP.Feng, Acta Phys.Sin.{in

"Chinese) 31, 104 (1982).

N.B.Ming, J.F.Hong, Z.M.Sun, and Y.S.Yang, Acta PﬁysaSin.l
(in Chinese) 30,1672 (1980). _
J?F.ang, and Y.S8.Yang, Acta Opt.Sin.(in Chinese) 4, 821
(1986). |

J.F.Bong, Z.%.8un, Y.S.Yang, and N.B.Ming, Pﬁjsics fin
Chinese)8, § (1983).

.D.Feng, N.B.Ming,  J.F.Hong, J.S.Zhu, Z.Yang, and

Y.N.Wang, Appl.Phys.Lett.37, 607 (1980).

LY. H.fue, N.B.Ming, VJ.S.Zhu, and D.Feng, Acta Physica

Sinica (in Chinese) 32, 1515 (1983); Chinese Phys.4,

554 (1984)
22,

J. A Armstrong, N,Bloembergen,_J}Ducuiﬁg, and P.S;P@rshan,
Phys.Rev.127, 1918 (1862). '

.A.Feisst, and P.Koidl, Appl.Phys.Lett.47, 1125 (1985).
24.

G.A.Magel, M.M.Fejer, and R.L.Byer, Appl.Phys.Lett.58,

R U



108 (1996). )

25.Y.Y.Zhu, N.B.Ming,’ W.H.Jiang, = and . Y.A.Shui,
Appl.Phys.Lett.53, 2278 (1888}, |

26.Y.Y.Zhu,  N.B.Ming,  W.H.Jiang, and . Y.A.Shui,
Appl.Phys.Lett.53, 1381 (1988). o

27.Y.Y.Zhu, N.B.Ming, and  W.H.Jiang, Phys.Rev.B40,
8536 (1989). |

28.J.Feng, Y.Y.Zhu, and N.B.Ming, Phys.Rev.B41,5578 «{19%80).

29.J.Feng, and N.B.Ming, Phys.Rev.A 40,7047 (1989).

30.Y.Y.Zhu, mnd N.B.Ming, Phys.Rev.B42,3676 (1990).

31.J.Chen, @.Zhou, J.F.Hong, W.S8.Wang, N,B.f‘*j’ing, and D.Fensg,
J.Appl . .Phys.66, 336 (1889},

32.D,Feﬂ§, N.B.Ming, J.F.Hong, and W.5.Wang, Ferroelectrics
91, ¢ {1989)}.

33.N.B.Ming,Y.Y. Z.Eu__t.,, and I'.Feng, : Ferroelectrics
106,935 (;990), |

24.B.Hadimioglu, L.J.La Comb, Jr., D.R.Wright,
B.T.Khuri-Yakub, and C.F.Quate, - Appl.Phys.Lett.50,
1642 (1987).

35.H.E.¥ong, G.K.¥onzgk, and J.B.EKEetterson, J,AppE.Pbysr.53,
6834 (1982).

. 36.C.F.Dewey, and L.0.Hocker, Appl.Phys.26, 442 (1975).

37.J.D.Haynard, in Physics News in 1988, Physics Today 42,
85 (1989). -

38.S5.He, and J.D.M&yﬂafd,"Phys.EeV,Lett,ﬁ.?, 1888 (1985).

39.B.A.Auld, H.A.Eunkel, Y.A.Shui, and ?;wang, in 1983 IBEE
Ultrasonics Symposium prdceedings, edited by

. B.R.HcAvoy, 554. |

40.Y.Warfg, and B.A.Auld, in 1985 IEEE Ultrasonics symposium




proceedings, edited by B.B.McAvoy, 637.
41,J.P.Desideri, L,ﬁacon;:éﬁd D.Sornette, -Pﬁys;Re§.Leﬁt.63f
390 (1883).

42.5.He;, and J.D.Maynard, Phys.Rev.Lett.§7, 3171 (1886).

U,  JU



CHAPYTER I

The fabrication of

micron superlattice, its formation

rechanism and the related physical parameters

In this chapter; the Tabrication . of the micron
.superlattice {MSL}, = siagle crystel with 18@3 Iaminar
ferroelectric domains, and the mechanism of its feormation
jare discussed. The relation between the physical psrameters,
such as tensors of dielectric, elastic, piezocelectiric,
nenlinear optic and electrooptic etcng in positive and
mégative'ferroeiectric domains are deduced. Irn order .to meet
the needs of the remainder of +the thesis, the Ffourier

transformation of the quasiperiodic function is preszented.

£1enl.The preparation of micron su@eflattice

Czochralski method of crystal growth with doped melts
is used to grow single LiNﬁO3 cr&stals. In the process of
"erystal growth, é temperature fluétuation iz introduced into
‘the solidnliéuid interface either through an eccentric
rotationl or through the application of an electric
'currentz’sg which results in the growth striationsz, i.e.,
the regulsr variation in dopant concentration of growing
crystal. When cooling through the Curie poinit, crystals with
superlattice are fabricated sutomatically. The periods of
the supériattice ‘may bé{ adjusted by chooéing suitable
pulling rate and rotatién frequeﬁcy aor by changing the
duration of the electric current pulse. In usuai Czochralski
groﬁth system; the superlattice with its characteristic

length of seversal microns may be achieved and so is given

S ¥y



the name micron Sﬁpefiaiijc@{ﬁSL)e_Eeiew we will discuss the

formation mechanism of the micron superlsattice. .

&1-—2.The mechanism of the formation of micron superlattice
Early in 1966 Nassau ,; and later in 1876 Peuzin and
.5 ' :

 Pagson found that there is a ones-to-ome cCorrespondence

between the growth stristions and the domain forms in

: . : . &
as—grown LiNbO_ crystals. In 1982, Ming et al moasuyred the

3

yttéium " concentration distributions over the rotational
gr§wth gtriations in LiNbOa by means of energy dispefsive
‘x-ray anaelysis in the scaunning eleciron microscope; and
established = the corregpondence .between temperature
fluctustions, growth rate flﬁctuations, solute concentration
fluctuatiogs and the ferroslectric domain structures; thus
reached the conclusions that it is the solute concentration
gradieﬁt whicﬁ determines the direction of spanténe@as
polarization of the domain. They believed that the zsolutes
in a crystal are generally icnized but hot chpleteiy
shielded, especially wheﬁ the temperature is decreasiﬁg“ and
passing. through the ferroelectric phase transition. Henge
the non-uniform solute distribution is equivalent -to‘ a
non-uniform spacde-charge distribution in the crystal and a
non-uniform local internal electric field is produced in it.
Although. the field is comparatively small, it can induce the
ions of lithium and niobiuw within the iattice to displace
preferentially at a éemperature close to the Curie point and
thus the crystsls with the M3L is formed({see Fig.lw-1}.

At the same time, Ming?_pointed out that thé amplitude

of concentration fluctuation decreases as the freguency of
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cgraph of micron superlattice revealed by

Fig.l—1.Photomic
etching.
the growth rate fluctuation increases. There exigis a

cutﬁoff'frequency above which the amplitude of concentration
fluctuation will =approach zero and thus the growth
striations will be unclear. He estimated +that the cut-off

frequency is determined by

r2 : .
£ =D /&, (11}
c 8 cC

whevre DS is the solute diffusion coefficient and éc is the
thickness of the solute boundary layer. Applyigg it to
LiNbD_ crystals. he obtained the minimal space of the growth

3
striations is about one micron, agreement - with the

experiment.
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The problem was farﬁher inveatigated by J.Chen in
19398. He proved that éhé {i0ca1 internal ekeétfic field
induced by the solute concentration gradient consists of two
parts,; one is the space-charge field and the éther the
elastic equivalent field. He pointed out that the Gibbs free
energy is minimized only when tﬁe spontaneous polarisation

?ﬁ has the same direction as ¥, Thus & non-uniform local

s
internal electric field can induce a non-uniform

disﬁribution of ﬁ:, i.e., regular laminar ferrcelectric
domain structures are formed.

As for fefréelectric crystals belonging to 3m point
group such as LiHbOs, since the spontaneous polarization rﬁz
is along the z direction, only ferroelectric domains with
their polarizations of opposite directions can exist,

normally called the 1800' domain. Below we will restrict

ourselves to this kind of crystals.

51—3.Relationship of physical parameters between
positive and negative ferroelectric domains
According to reference [9] or the crystallographic
relationship between posiﬁive dqmain and negative domainz,
the coordinate systems associated with these two types of
domains are as shown in Fig.l—2Z. Tﬁese two coordinate
sysiems are interrelaled by a 180G rotation about the x-axis

which can be expressed by a coordinate transformation matrix

{

1 0 0 | -
a=lo -1 0 (12
o o -1
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- Positive demain Regative domain

Fig.1-—2.The coordinate systems for peositive

and negative domains

Below we will take the coordinate system for positive
domains as the reference.

The physical parameters of LiNb03 such &8s dielectric,
elsstic, piezoelectric, nonlinear optic and electrooptic
coefficients etc., can all be expressed as . tensors. In
the reference coordinate system, the relations of ‘these
parameters bet#een pgsitive anﬁr negative domains are as
follows. |

For dielectric tenror{sceccond-rank}

T . ' -
515-2 2120 | (1=3)
i:m




For elastic_tensor{fofiherank}'

C;jklsi aimajnakoalpcmnop (1wt}
mnop
For third-rank tensors(piezoelectrig, nonlinear optic
snd electrooptic}
# - T ws
T ik Z %1% ko lmn (15 )

lmn

Whére aij are elements of matrix A as shown. in Eg.{l-=2}.
The guantities with prime are for negative domains,; those
without prime are for positive dom&inse

For LiNBO A crystals, by using Bgs.{lw=2)w={lw=b}, it 1is

3
casy to show that

8f.=£'.. I {EWSE
ij i3

¢ = s
Cijkl ijki (1—7)

T Tign (1--8)

That is, the tensors with even-rank remain the =same,
whereas the tensors with odd-rank change their signs.
Glearly, for processes which are “associated with the
even-rank temnseors in a crystsal wifh its éymmetry of 3m point
group, the crystal is homogeneous and ié not a superlattic¢=

Only for those physical effects connected with the -bdé4raﬁ§



tensors, the crystal:shé#s inhomogeneity and therefore is a

superiattice.

%1-—4 .Description of quasiperiodic superlattice

'Tﬂe initial description  of a | guasiperiodic
superlattice (Fibonacci superlattice) was given by Merlin et
alio. Two different building'blocké A and B, each made up of
two different materials, are Iayeréd according to a
ﬁellwpreséribed rule; ABAABABA... . X-ray and Raman
scattering measurements have revealed the special features
of thﬂs non-periodic heterostructure.

Likewise, here we define our Fibonamcci MSL. It also
consists of two fundamenital blocks A and B? The width of
these two blocks are different; each composed of one
positive and one negative ferroelectric " domain. Generally,.
there are two typea of doméin configurations as shown in

Figs,1—3(a) and l.~4{a), where we choose =I. The

| a1 81
lquasiperiodicity can be realized by & Fibenacci sequence of

blocks A and B fulfilling relationsm

S{1)=}A]. S{2}=|AB|, 8(3) 1ABAL,

S(4)=]ABAAB |, S{n)}={S{n-1)8{n-2){. {110}
In chapters 4 and 5; we have defined

1, ,=:{1+7}),

AZ

1B2=1(1-t‘;}}, {f-—11)
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(b)
Fig.iw=3.The Fibonacci micron superlattice made of a single

LiNBO_. orystal with domains arranging along the x-axis.{The

3
arrows indicate  the directions of the  spontanecus
polarization). (a}The two building blocks,; each composed of.
ane positive and one negative ferroelectric

dazaing. {(b)Schematic diagram of the superlattice.

where I,t,n are adjustable pérameters.

I [ S



The Fibonacci sup@rlétﬁice thus obtained is depicted im

" Pigs.le—3(b} and 1—4({b).

S

g View o laé .—‘“‘1
15—

i“‘lnzf‘“il*szl’“"

(a)

Lee
A f—B—t——a “t A —
i e G s i b ] nocemm iz B
1 Z
A Z Z
o 1 2 %3 %4 % %6 7 %g

(b}

Fig.1-4.Thé same as Fig.1--3 but for the domains -arranging

along the z-axis.

Here we should point out that in this . thesis the
meaning of the term "quasipericdic superlatticé" is the same

as the term "Fibonacei superlattice”, unless othervise
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gidmssThe representation .of' reciprocai §eé£§f of
| _quasiperiodid MSL

For periocdic superlattice, a reciprocal  vector
IEZ{:ZHm/Lp can be used to describe the periadicity. Eere Lp
ja the period of the structure and m is an integer. The
direction of 5: is aiong the normal of the domain boupdary.
The E: vector partiéipates in many interactions taking place
in dielectric media.

The quasiperiodicity of the guasiperiodic superlattice
can also be described by reciprocal vectors. They c&ﬁ he
obtainsd through the Fourier transform of. a quasiperiodic
function wﬂich will be encountered frequently. in this.
thesis. |

In the previous section, we have proved that the signs
of the élements of the third-rank tensor are opposite in
positive and negative domains. Hence in this kind ﬂf
material, the third-rank tensor is no loﬁger a constant,'but
a guasiperiodic functicn of the coordinate, and can be

expressed as

Tijk{u):Tika{u), : {13 2)

where u can be the coordinate x or z, T, . is a constant and

ijk

£lu)= +1, if u is in the positive domain,
“1-1, if u is in the negative domain.

cims § G



Because f({u) 1s a qua31per10dlc functlcn, it must he

expanded as a Fourler 1ntegral

f(u):j?(k)e'ik“dk , | (1a13)
and
kuy i1 inp KU
£ (k) = jf(u)e dunnm_ t} te 2 e ,  (1—14)
‘ |

where {un} are the positions of the ‘ferroelgctric domain
boundaries{Figs.1-—3 and | o— R I 7

In Eq.(lw-14), the terms inside the curly braces
oomprisé'the structure factor, which is divided into two
parts with one part lagging behind the other by a phase

el(k1+n). Thus Eq. (114} can be written as

A T ; :
£(k)=me e 81n§k12 e .  (1—15)

For an infinite array with IAJIB~7, by the use of the

i1
direct orrthe projection -method °, Eq.{(1=—15) transforms

to

i(ikl—x ) sinikl sinX
2 2 mgn 2 mgn .
PR Yza e 7 T % &) o n
. m,n !

Here
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_aT {m7-1)

; ji“' _ : L (117)

X a0
& 147
2m +n7-‘ '
_2nimtn7) (1—18)
m,n -D _ :
with
zrl1 +1 . s
D TlA B {1192}
Subgtituting EQ.(l=~16) into Eq.{(le=13), we have
L1 .1 . .
1{=0 I-X }a8inG I Bin¥ -iG u
f{u)_z o 2 m;n B,N 2 m,n m;n o m,n (1-—20)
T G X i
m,n m,n
m,n
Here Gm ig the reciprocal vector of quasiperiodic
)
superlattiece. Analogous to the periodic one, it is

ressonable to anticipate that it may play an significant
role in interactions proceeding in ‘the guasiperiodic

guperlattice.

References of chapter 1I:

I.N.B.Ming, J.F.Hong, and D.Feng, J.Mater.Sei. 17,
1663 (1882).

2.A.RBauber, in Current Topics in Materials Science; edited
by E.Kaldis and H.J.Scheel (North-Holland, Amsterdamn and
New York, 1977}, vol.1, 481. |

3.J.F.Hong, and ¥.8.Yang, Acta Opt.Sin. {in Chinese} 4,
821 (1986). ”

O, » 55 QUNETRS



4.3.1\’&33&;&5 HAJ,Levjnstoa, _ and ' Gaﬁ...}.ﬁoiaciﬁo;
J.Pf}yS,C&eﬁ.S&l ldsz?: 98% {iggE). L ._ |

S,J.C,Peuzifz, and M, Tééson, P&js,st&.tus Solidi (A) 37,
119 (i976). _ | ' '

6.N.B.Ming, J.F.Hong, and D.Feng, Acta Phys. Sim. (inzj
Chinese) 31, 104 (1982). |

7.N.B.Ming, Physi c&_l fuhdémenta‘ls of erystaz
growtg’:e__ {Scientific a_nd tecémalogica.l press, Shanghai,
1982); (in Chinese). |

8.J.Chen, §.Zhou, J.F.Hong, W.S.Wang, N.B.Ming, and D.Feng,
J.Appl.Phys.66, 336 (198%).

§.8tandards on piesoslectrip crystals,
Proc.YRE.37,1378 (1949). |

10.B.Merlin, E.B&jema, B.Clarke, .Y, Ji_saﬂgﬁ,. and .
PGK.Bhattac}zafya; Phys.Rev.Lett. 55, 1788 {1585},

11.D.Levine, and P.J.Steinhordt, Phys.Rev.B32, 596 (1986 .

12.R.E.P.Zia, and W.J.Dallas, J.Phya AI8, L341I (1885).




‘CHAPTER 2

piezoelectric effect of periodic acoustic superlattice

The thicknesses of bulk-wave ultrasonic devices such as
resonators and transducers operating at frequenciea abave
100MHz are too thin teo be Fabricated by ordinary precessing
technigues. Here in this chapter we describe a novel method
which uses an acoustic superi&ttice(ASL) to generate and
detect ultrasonic waves. Some interesting phenomena have
been predicted theoretically. First, the resonance frequency
is determined by the periodicity of the ASL. Second, the
acoustic power emitted by the AST. into the transmission
medium is directely proportional to the squafe of the domain
numbers. These two features make the ASL of potential
applications‘iﬁ acoustic devices operating at frequencies of
several hundred megahertz to several gigahertz. Another
interesting phendmenon is the existence of the
satellite-like resonance ffequency,.which is related to the
total thickness of the ASL and is the counterpart of the
safeilite in x-ray orieleétron diffraction. Using the ASL,
we have fabricated resdnators and transducers with their
operating frequencies in the range of 500-—1000 MHz. We have
observed for the first time the satellite-like resonances in
the ultrascnic spectruml. The transducers with an insertiom
loss of nearly 0 dB at 555 MHz and a 5.8% 3 4B 'bandwidth
have been fabri&atedze Experiments confirm the predictions

by the theory.
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In the periedio §S§,hthe pogitive and ngggﬁive domain;
ar%ange in on= dimension; gsay the = axié {Fig.znél). We hav;
alréady proved that in this kind of material, all thé
odd-rank tensors will change signs from one domain to thg
next. Thus the piézéelectric tensor, being a third-rank Gne;;
is_no longer a constant through the ASL, but a periodic
functién_éf fhe spatial coordinate z{see Fig.mel(b}). Under.
"the action of an alternating external electric field, thg
‘domain walls, where the piezoeiectric coefficient showai
discontinuitf, can be viewed as sound 6—Sources3 as shown in
Fig.2~1(c). The ultrasonic waves excited by these sound,
&-sources will interfere with each other. Those satisfyingf
the constructive interference will aﬁpear as resonant peaks
in the ultrasonic spectrum. This is the physics basis for’
uliragonic excitation with the ASL,.
Theraﬁove diécussed excitation scheme{Fig.Ze—l);. which
is determined by the arranging direction of ferroeiectrie¥
dﬁmains of the ASL, will produce a pure 1ongitudiﬁai wave?
propagating along the 2 axis. There are many other?
excitation schemes. For example, Figs.Z2~~2 show one ‘whichi
will produce one quasi-longitudinal wave and one quasiwshearf
wave both propégating aléng.the x axis. Without the loss of
generality, below we will restrict ourselves to the‘
discussion of the excitation of the pure longitudinal wave.
Here we assume that the ASL is arranged along the z
axis and that the domain walls lie in the xy plane. The
thicknesses of the positive and negative domsins are a and
b, reapectively, with the numﬁer of periods equal to N;

i.e., the periodicity of the ASL is a+b and its total
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Fig.2—1.A85. of LiNbD for excitation of one pure

3
longitudinal wave. (a}Schematic diagram of ASL (the arrovs

indicate the directions of the spontancous polarizatibn)=
(b}Correspanding pieczoelectric coefficient as a periodic

function of z. {c)CGorresponding sound &-sources.

“thickness is N(a+b), as shown in Fig.2—1{a). Alsc we assume
that the electrode face is parallel to the xy plane and that

the transverse dimensions are very large compared with an
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