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INTRODUCTION 

 

Relevance of the work 

 The interaction of acoustic waves and light, called the acousto-optic (AO) 

interaction, provides an efficient tool for probing the acoustic wave properties not only at 

a crystal surface but also at any point within the substrate bulk. This is very important in 

a design of bulk acoustic wave devices for various applications. For example, the 

acoustic bulk-wave radiation into a solid from leaky surface acoustic waves (SAWs) 

excited by interdigital transducers (IDTs) on the solid surface has been successfully 

employed for sensing purposes in chemical, biological and medical applications [1]. ZX-

LiNbO3  (lithium niobate) and YX-LiTaO3 (lithium tantalate) substrates, which support 

leaky surface modes with a strong bulk-wave radiation [2], [3], are frequently used for 

such sensors [4–6]. The experimental studies of the IDT-radiated bulk wave properties 

have been mostly performed by tracking the wave at the substrate surface [7], [8]. 

Meanwhile, there have been a few investigations of AO diffraction by IDT-generated 

bulk waves [9–11], but not of the diffraction due to the radiation from leaky SAWs.  

 On the other hand, the AO interaction enables an efficient control of light 

parameters. Bulk wave AO devices have found numerous applications as light 

modulators, deflectors, tunable filters [10], [12–28]. For example, recent achievements in 

image processing revealed the importance of the AO devices for biomedical and 

diagnostic applications [29]. For excitation of acoustic waves in such devices, a thin 

piezoelectric plate/film is bonded/deposited onto a device edge. These techniques are 

rather complicated and not fully compatible with the planar technologies of electronics 

manufacturing. With the advent of SAW technologies, the IDTs found wide applications 

due to their versatility, comparatively simple fabrication and planar technology. 

However, the diffraction of free propagating light by conventional Rayleigh SAWs is 

less efficient compared to that for the bulk acoustic waves because of considerably 

smaller interaction length. In this PhD thesis, the experimental investigation and 

theoretical model of anisotropic light diffraction by bulk acoustic waves radiated by an 

IDT and excited at the leaky SAW resonance in ZX-LiNbO3 and YX-LiTaO3 crystals are 

reported. This type of interaction allows for combining benefits of the IDT technology 

with the enhanced interaction length and efficiency of bulk-wave-type interaction.  
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 Mixed-valence perovskite manganites were studied intensively in recent years 

mainly due to the observed paramagnetic (PM) to ferromagnetic (FM) transition at Curie 

temperature Tc (Tc  100390 K), the colossal magnetoresistance effect, a variety of 

other unique electric, magnetic, structural properties and their potential for various 

applications [30–39]. The presence of strong Jahn-Teller electron-phonon coupling in the 

manganites suggests that the acoustic technique might be an effective tool for 

investigations of these materials [30], [40], [41]. The important information about 

electric, magnetic, structural manganite properties and their interrelation can be obtained 

by such investigations. Unique properties of manganites offer new possibilities for 

design of various electronic and magnetoelectronic (spintronic) devices [33], [40], [42]. 

In this PhD thesis, the experimental investigation of leaky-SAW-radiated bulk wave 

propagation in thin film La0.67Sr0.33MnO3 – LiNbO3 and La0.67Sr0.33MnO3 – LiTaO3 

structures is reported, and the theoretical model of acoustic wave interaction with a 

layered thin conductive film – piezoelectric substrate structure is applied to describe the 

experimental results.    

  

The aim and tasks of the work 

 The aim of the thesis was to investigate the interaction of leaky acoustic waves 

with a free-propagating laser light and thin manganite films. For this purpose, the 

following tasks were set: 

1) Perform modelling and parameter calculation of leaky acoustic wave propagation 

and its interaction with light in crystals and with thin manganite films, prepare a 

review of worldwide research on these topics.  

2) Master the surface acoustic wave technology and fabricate interdigital transducers 

on lithium niobate and lithium tantalate crystals needed for experiments. 

3)  Experimentally investigate the propagation of leaky waves and their interaction 

with laser light in lithium niobate and lithium tantalate crystals. 

4) Experimentally investigate the influence of La0.67Sr0.33MnO3 film on Rayleigh 

wave propagation in lithium niobate crystals.  

5) Experimentally investigate the influence of La0.67Sr0.33MnO3 film on leaky wave 

propagation in lithium tantalate crystal.  



7 
 

Scientific novelty  

1) The acousto-optic diffraction by leaky surface acoustic wave radiation into a 

crystal bulk has been investigated for the first time. 

2) The new method of acousto-optic light polarization control by leaky acoustic 

waves has been demonstrated. 

3) The parameters of leaky acoustic wave radiation were obtained by acousto-optic 

probing.  

4)  The impact of La0.67Sr0.33MnO3 film on Rayleigh and leaky acoustic waves has 

been observed and explained. 

 

Research result approbation and publications 

 The results obtained and discussed in this work have been published in 10 scientific 

articles and presented in 10 scientific conferences. One more article is accepted for 

publication in Microwave and Optical Technology Letters journal and one is submitted 

to Ultrasonics journal.  

 

Thesis content 

 PhD thesis consists of introduction, literature review, experimental technique 

description, presentation of results and discussion, conclusions, and reference list. The 

reference list consists of 218 entries. There are 174 pages including 104 figures and 14 

tables in the thesis. 

 

Statements presented for defence 

1) Interdigital transducers deposited on the surface of piezoelectric crystals of certain 

configurations efficiently excite leaky surface acoustic waves, which radiates 

energy into crystal bulk in the form of directional bulk-wave beam.    

2) The anisotropic light diffraction by radiation from leaky waves takes place in 

lithium niobate and lithium tantalate crystals. This new type AO interaction is 

more efficient than that employing Rayleigh waves and, at the same time, more 

compatible with today’s planar electronics technologies than the diffraction by 

“conventional” bulk waves.   

3) By means of AO technique the main leaky surface wave radiation parameters 
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(radiation angle, beam width, propagation velocity, intensity variation) are 

obtained. 

4) Light diffraction by leaky wave radiation is promising in the design of the new 

AO devices, e.g. light polarization controllers. 

5) Leaky wave radiated acoustic beam can be employed for probing the properties of 

thin semiconductor films formed on the piezoelectric crystal surface. Due to the 

acousto-electric (AE) interaction the reflection of this beam from LiTaO3 crystal 

surface coated with La0.67Sr0.33MnO3 film depends on the film conductance which 

varies with temperature.   

 

LITERATURE REVIEW 

 The Rayleigh and leaky surface acoustic wave propagation in piezoelectrics is 

examined, the evolution history of acousto-optics, principles of AO interaction, various 

AO devices, investigations employing optical probing of the acoustic wave properties 

are overlooked in the 2nd chapter. Furthermore, the review of perovskite manganites and 

their interaction with acoustic waves is presented. The pictures and graphs are given in 

the source original language and notations in the literature review.  

 

EXPERIMENTAL TECHNIQUE 

 The 3rd chapter is intended for the description of the properties and layout of used 

test samples ZX-LiNbO3, YX-LiTaO3, structures La0.67Sr0.33MnO3 thin film – YZ-

LiNbO3, La0.67Sr0.33MnO3 thin film – YX-LiTaO3. The IDT S-parameter measurements 

(using vector network analyzer) and calculations, acousto-optic and acousto-electric 

measurement techniques are also presented in this chapter. The leaky SAW radiation into 

the crystal bulk was excited by applying modulated RF generator signal to the IDT. 

Anisotropic diffraction of He-Ne laser light (632.8 nm) by leaky acoustic wave radiation 

in ZX-LiNbO3 and YX-LiTaO3 crystals was monitored by means of measuring diffracted 

beam intensity with the photomultiplier tube (PMT), while the incidence and diffraction 

angles were read out using goniometer scale. The manganite (La0.67Sr0.33MnO3) thin 

films DC magnetron sputtered on the surface of YZ-LiNbO3 and YX-LiTaO3 crystals 

were subjected to the interaction with Rayleigh waves and leaky wave radiation from the 

IDT, respectively. The transmitted wave amplitude and phase were measured at 
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receiving IDT using vector network analyzer and film sheet resistance was obtained 

from the external voltage drop on the load resistor connected in series. For the 

temperature measurements the samples were placed into cryostat with liquid nitrogen 

and internal heater. 

 

RESULTS AND DISCUSSION 

 In the 4th chapter, the properties of bulk waves radiated by an IDT at leaky SAW 

resonance (leaky SAW radiation) are analyzed, also experimental results and 

calculations based on theoretical models concerning acoustic wave interaction with free 

propagating laser light in ZX-LiNbO3, YX-LiTaO3 crystals and with thin manganite 

films in structures La0.67Sr0.33MnO3 – YZ-LiNbO3, La0.67Sr0.33MnO3 – YX-LiTaO3 are 

discussed. 

 The leaky waves in ZX-LiNbO3 and YX-LiTaO3 substrates are strongly damped 

because of the energy radiation into the crystal bulk in the form of a slow shear bulk 

wave, the velocity of which along the crystal surface is lower than that of the leaky 

wave. The phase-matching condition 

  BL VV cos    (1) 

determines the radiated wave propagation angle  with respect to the crystal surface. 

Here VB() is the direction-dependent bulk wave velocity. Taking the literature [43], [44] 

leaky SAW velocity values (which are close to the experimental ones) in free  (VL=4517 

m/s) and metallised (VL=4389 m/s) ZX-LiNbO3 surfaces, in accordance with equation 

(1), the slow shear bulk wave propagation angles =260 and =220 corresponding to the 

bulk wave velocities VB=4561 m/s and VB=4570 m/s, respectively, are obtained. 

Experimental leaky SAW velocity value VL=3975 m/s in YX-LiTaO3 crystal corresponds 

to the bulk wave propagation angle =27.60 and bulk wave velocity VB=3522 m/s. These 

values are in good agreement with literature data [3], [45]. 

 AO diffraction in anisotropic crystals takes place with light polarization rotation 

[46], i.e. in case of ordinary polarized incident light the diffracted beam is of 

extraordinary polarization. The interacting light and acoustic wave vectors satisfy the 

momentum conservation condition [46]: 

dak kKk


 ,   (2) 
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where kk


 and dk


 are the wave vectors of incident and diffracted light, respectively, aK


 – 

acoustic wave vector. Acoustic and light wave vector diagram in ZX-LiNbO3 crystal is 

depicted in Fig. 1., where ok


 and ek


 are the wave vectors of ordinary and extraordinary 

polarized light, respectively. For a given direction and modulus of acoustic wave vector, 

there are two possible configurations (a and b) of optical wave vectors allowing for the 

conversion of the ordinary wave to an extraordinary one and vice versa.  

k ek
ok

d

aK

0kno 0kne

ek
ok

aK

k

d

 

Fig. 1. Wave vector diagram of AO diffraction in ZX-LiNbO3 crystal. Incident light is 

ordinary polarized. 

 

 For the case of the ordinary incident wave, Eq. 2 can be expressed in the form: 

    ddeko n
V
fn 



 sincossin 0   ,  (3) 

    ddeko n
V
fn 



 cossincos 0   ,   (4) 

where the angles k,d determine the directions of incident and diffracted beams inside the 

crystal (with respect to the Z and Y axis in LiNbO3 and LiTaO3, respectively), while f is 

acoustic frequency and 0 is light wavelength. The direction dependent (dependent in ZX 

plane of LiNbO3 and independent in YX plane of LiTaO3) refractive index of the 

diffracted wave is  

 
21

2

2

2

2 sincos












e

d

o

d
de nn

n  ,   (5) 

where no and ne are the ordinary and extraordinary refractive indices of the crystal. By 

solving the Eq. system (3) and (4) with respect to k,d and applying the Snell’s law, the 
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

 

Fig. 2. Light and acoustic wave propagation in ZX-LiNbO3 sample. Incident light 

diffracts on its way from the crystal upper surface to the bulk (a) or reflected from the 

bottom surface (b). I – incident randomly polarized, R – reflected, Do and De – diffracted 

ordinary and extraordinary light, respectively. k and d – incidence and diffraction 

angles, respectively,  – bulk wave propagation angle with respect to the crystal surface. 

 

angles determining the directions of incident and diffracted light beams outside the 

crystal in accordance with acoustic wave propagation angle, velocity and frequency can 

be evaluated. The interacting light and acoustic wave propagation in optically negative 

(no>ne) LiNbO3 crystal is depicted in Fig. 2a and b. These cases correspond to the wave 

vector diagram configurations shown in Fig. 1a and b, respectively. Laser light is 

incident at LiNbO3 XY surface and ZX is the diffraction plane. Incident randomly 

polarized light in the crystal splits into ordinary and extraordinary beams which overlap 

due to a comparatively small difference between their refractions indices. However, after 

diffraction (with polarization rotation) at the acoustic beam the directions of ordinary 

and extraordinary light differ sufficiently allowing the beams to be distinguished in 

space and separately detected. In one case (Fig. 2a), the light diffracts at acoustic beam 

on its way from the crystal upper surface to the bulk, then two beams with mutually 

orthogonal polarizations reflect from the crystal bottom surface and are detected with the 

PMT. In the other case (Fig. 2b), the incident light reflects from the crystal bottom 

surface and only then diffracts at acoustic beam. In case a, the extraordinary polarized 

diffracted light comes out of the crystal at a smaller angle and the ordinary polarized 

diffracted light – at a larger angle than the incidence angle. In case b, the ordinary 

polarized diffracted light comes out of the crystal at a smaller angle and the 

extraordinary polarized diffracted light – at a larger angle than the incidence angle. 
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When ordinary or extraordinary polarized light is incident, in each of the above 

discussed cases (Fig. 2a and b), instead of two diffracted beams there will be only one 

orthogonally polarized to the incident light. 



ok

aK

ek
ok

aK

ek



0kno0kne

d

k

k

d

 

Fig. 3. Wave vector diagram of AO diffraction in YX-LiTaO3 crystal. Incident light is 

ordinary polarized. 

 

Fig. 4. Light and acoustic wave propagation in YX-LiTaO3 sample. Incident light 

diffracts on its way from the crystal upper surface to the bulk (a) or reflected from the 

bottom surface (b). Io – incident ordinary, R – reflected, De – diffracted extraordinary 

light. k and d – incidence and diffraction angles, respectively,  – bulk wave 

propagation angle with respect to the crystal surface. 

 

 In accordance with the wave vector diagram (Fig. 3.) and using Eq. system (3) and 

(4), one can calculate light incidence and diffraction angles for the AO diffraction in 

YX-LiTaO3 crystal. In contrast to LiNbO3 case, LiTaO3 is an optically positive crystal, 

i.e. its extraordinary light refractive index is larger than the ordinary one ne>no, and both 

indices are direction independent in the crystal YX plane. In case of ordinary polarized 
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incident light and given leaky wave radiation (bulk wave) propagation direction the two 

AO interaction wave vector configurations (Fig. 3.a and b) were investigated: diffracted 

(at acoustic beam) extraordinary light is obtained on its way from the crystal upper 

surface to the bulk (a – corresponds to Fig. 4.a) or reflected from the crystal bottom 

surface (b – corresponds to Fig. 4.b).  In case a, the extraordinary light diffracts at a 

larger and, in case b – at the smaller angle than the incidence angle. Light and acoustic 

wave propagation in the YX plane of LiTaO3 is depicted in Fig. 4. 

 The relative diffracted light intensity dependencies on ordinary and extraordinary 

light incidence angle in ZX-LiNbO3 for various leaky acoustic wave frequencies and 

wave vector configurations are shown in Fig. 5.a and b. The measurements were 

performed with 120 m, 60 m, 50 m, 40 m, and 24 m period IDTs (Table 1). For 

every IDT (leaky wave frequency) the peak of the diffracted light intensity is observed at 

a certain light incidence angle satisfying the momentum conservation condition. One can 

see that for various acoustic frequencies, incident light polarizations and AO interaction 

wave vector diagram configurations the momentum conservation condition is satisfied at 

different light incidence angles which increase with acoustic frequency. The relative 

diffracted light intensity dependencies on the ordinary light incidence angle in YX-

LiTaO3 for various leaky acoustic wave frequencies and wave vector configurations are 

shown in Fig. 6. The measurements were performed with 120 m, 60 m, 50 m, 40 

m, and 32 m period IDTs (Table 1). AO interaction takes place with light polarization 

rotation, thus, in case of ordinary incident light the diffracted beam bears extraordinary 

polarization. As can be seen in Fig. 6, for various acoustic frequencies and AO 

interaction wave vector diagram configurations the momentum conservation condition is 

satisfied at different light incidence angles.  

 

Table 1. Experimental IDT and leaky SAW parameters. 

IDT #1 #2 #3 #4 #5 #6 
Period L, m 120 60 50 40 32 24 
Number of periods 15 15 35 20 15 40 
Aperture, mm 1.3 1.3 1.3 1.3 1.3 1.3 

LiNbO3 
Center frequency f0, MHz 36.0 71.4 87.4 110.0 - 187.6 
Leaky SAW velocity, m/s 4320 4284 4370 4400 - 4502 

LiTaO3 
Center frequency f0, MHz 32.7 66.9 79.5 97.8 124.9 - 
Leaky SAW velocity, m/s 3924 4014 3975 3912 3997 - 



14 
 

24 30 36 42 48 54 60

0,0

0,5

1,0
a

=120m

=60m =50m =40m

 

 

I d, a
.u

.

k, 
0

 

20 22 24 26 28 30 32 34 36 38
0,0

0,5
=60m =50m =40m

=24m

I d, a
.u

.

k, 
0

b

 
Fig. 5. The relative diffracted light intensity dependencies on polarized light incidence 

angle for various leaky SAW frequencies in LiNbO3 (a and b correspond to configuration 

of Fig. 1.a and b, respectively). Full dots denote ordinary incident and extraordinary 

diffracted, empty dots – extraordinary incident and ordinary diffracted light. 

10 20 30 40 50 60 70

0,0

0,5

1,0 =32m
=50m

=40m
=60m =120m

 

 

I d, a
.u

.

k, 
0

 
Fig. 6. The relative extraordinary diffracted light intensity dependencies on ordinary 

light incidence angle for various leaky SAW frequencies in LiNbO3 (120 m IDTs 

correspond to configuration of Fig. 3a and Fig. 4a, other IDTs – to Fig. 3b and Fig. 4b).  
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 We have measured the light incidence anglesk at which the AO diffraction takes 

place in the leaky SAW frequency range from 36 MHz to 187 MHz. The experimental 

dependencies of the ordinary light incidence angle corresponding to the diffracted light 

intensity maximum on acoustic frequency in ZX-LiNbO3 for wave vector configurations 

of Fig. 1a and b are shown in Fig. 7a and b, respectively. The light incidence angle 

increase with acoustic frequency. The measurement results are in good agreement with 

calculations using Eqs. (3) and (4). In calculations, we used these ZX-LiNbO3 refractive 

index values: no=2.286, ne=2.2 [47], [48]. Leaky SAW radiated bulk wave propagation 

angle and velocity VB were chosen as fitting parameters. The best agreement between 

experimental and calculation results was obtained at 250 and VB=4050 m/s. These 

values, in turn, meet well the literature data [43], [44] and calculations using Eq. (1). 

0 20 40 60 80 100 120 140 160 180 200
0

15

30

45

60

75

90

b

 k
, 0

f, MHz

a

 

Fig. 7. Dependencies of the ordinary light incidence angle corresponding to the 

diffracted light intensity maximum on leaky SAW frequency in ZX-LiNbO3 (a and b 

correspond to the wave vector configurations of Fig. 1.a and b, respectively. Dots – 

experiment, lines – calculations using VB=4050 m/s, =250.  

 

 In YX-LiTaO3, for both wave vector configurations shown in Fig. 3a and b, the 

measured dependencies of the ordinary light incidence angle corresponding to the 

diffracted light intensity maximum on acoustic frequency are depicted in Fig. 8a and b, 

respectively. The experimental dependencies of k(f) are compared to the calculated 

ones. In the calculations, we used refractive index values no=2.175, ne=2.18 [47], [48]. 

The acoustic radiation angle  and velocity VB were taken as fitting parameters. The best 

fit of calculated and measured dependencies, shown in Fig. 8a and b, is obtained with 
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=310, VB =3530 m/s and =350, VB =3509 m/s, respectively. These values are in good 

agreement with literature data [3], [45]. In accordance with the wave vector diagram of 

Fig. 3a and b, momentum conservation condition satisfying light incidence angle 

respectively decreases with increasing acoustic frequency in case of Fig. 8a and 

increases in case of Fig. 8b. 
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 k, 0

f, MHz

a

 

Fig. 8. Dependencies of the ordinary light incidence angle corresponding to the 

diffracted light intensity maximum on leaky SAW frequency in YX-LiTaO3 (a and b 

correspond to wave vector configuration Fig. 3a and b, respectively). Dots – experiment, 

lines – calculations with =350, VB =3509 m/s (a) and =310, VB =3530 m/s (b). 

 

 In order to compare the efficiency of light diffraction by Rayleigh and leaky waves 

the diffracted light intensity dependence on the voltage applied to the IDT in ZX-LiNbO3 

sample was measured (Fig. 9). The intensity of light (diffraction efficiency) diffracted by 

leaky wave radiation is considerably higher as compared to the diffraction by Rayleigh 

waves.     
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Fig. 9. Diffracted light intensity dependence on the voltage applied to the IDT in ZX-

LiNbO3 sample. Rayleigh wave – curve 1, f=75.6 MHz; leaky wave radiation – curve 2, 

f=87.4 MHz. 

  

 Light diffraction by acoustic waves is an effective and versatile tool for optical 

radiation control. Here we present approach combining the advantages of IDT 

technology and more efficient (compared to Rayleigh waves) AO diffraction of free 

propagating light by leaky SAW radiation in ZX-LiNbO3.  

 

Fig. 10. Experimental setup for the light polarization control in ZX-LiNbO3. I – 

randomly polarized incident light, Do and De – ordinary and extraordinary polarized 

diffracted light, respectively.  

 

 The experimental setup and vector diagram of interacting light and acoustic waves 

are shown in Fig. 10 and Fig. 11, respectively. When randomly polarized light is incident 

at the crystal surface it splits into two beams with mutually orthogonal polarizations. 

Due to the small difference in refractive indices, these beams overlap before reaching the 

acoustic wave (angular separation only 8′ at the incidence angle 580). However, 
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directions of the diffracted beams of both polarizations differ sufficiently (2.70) allowing 

the beams to be distinguished in space and separately detected. With the help of mirrors 

A and B (Fig. 10) the two diffracted beams are directed to the PMT. The light 

polarization could be analyzed using a glass polarizing filter. The response time of the 

given setup is determined mostly by the speed of acoustic wave in the crystal and doesn’t 

exceed 1 s.  
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Fig. 11. AO interaction wave vector diagram in ZX-LiNbO3. 

 

 The dependencies of diffracted light intensity on acoustic frequency at the constant 

incidence angle of randomly polarized light are shown in Fig. 12. Both diffracted beams 

with orthogonal polarizations were directed to the input of PMT, as shown in Fig. 10, 

and measurements were performed for each beam separately by blocking one of them. 

The polarization of diffracted light is ordinary for curve a and extraordinary for curve b 

of Fig. 12. As seen, the relative intensities of beams with orthogonal polarizations can be 

varied by changing the acoustic frequency. At different frequencies, the momentum 

conservation condition is satisfied for different directions within the angular spreading of 

the acoustic beam. Therefore, the shape of diffracted light intensity dependencies on 

frequency is determined by both the frequency response of the IDT and the angular 

profile of acoustic beam intensity. Finally, the both diffracted beams were superposed 

with the help of mirrors A and B as shown in Fig. 10. The PMT response to the 

superposition of the both beams is shown by curve c in Fig. 12. The polarization of light 

resulting from the beam superposition varies with frequency. For example, at 108 MHz 

the light is polarized in the XZ plane of the LiNbO3 substrate (extraordinary beam), and 

at 112 MHz the light polarization is normal to the XZ plane (ordinary beam). Switching 

the frequency between these values allows for switching between two states of 
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polarization, while setting any frequency value within this range results in an arbitrary 

elliptic output light polarization. The initial polarization state with no preference in 

polarization direction is recovered by adding two beams at 110 MHz. The presented light 

polarization control method is purely electronic. 
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Fig. 12. Dependencies of diffracted light relative intensity on acoustic frequency at 

constant incidence angle 58o of randomly polarized light. Ordinary (a), extraordinary (b) 

beams and their superposition (c). 

 

 Further, let‘s discuss the interaction of the leaky SAW radiation into the YX-

LiTaO3 crystal bulk with thin manganite (La0.67Sr0.33MnO3) films. Tape-like manganite 

films (area of 4 mm2) with thickness 120 nm were DC-magnetron sputtered (at 5000C) 

onto a polished Y-surface of single crystal LiTaO3 substrates in the region where the 

acoustic wave reflects from the surface. Before reaching the receiving IDT, the leaky 

wave radiation reflects from the bottom, the top (region covered with manganite film) 

and again from the bottom crystal surfaces. In the region of overlapping incident and 

reflected acoustic beams near the surface, the inhomogeneous wave that travels with the 

speed of the leaky SAW along the surface and decays with depth is created [49]. 

Acoustic wave attenuation due to AE interaction with La0.67Sr0.33MnO3 film is expressed 

by [50]: 

2)/(1
/

2

22686.8
sm

sm

RR
RRKA




    (dB/m),  (6) 

here K2 is the electromechanical coupling constant of the substrate, ])1(/[1 0 VRm   , 

0 is the dielectric permittivity of vacuum, is the effective relative dielectric constant of 
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the structure,  is the acoustic wavelength, and V is the leaky wave velocity. 

 The decrease of manganite sheet resistance of the both used samples #4 and #5 on 

YX-LiTaO3 with increasing temperature indicates paramagnetic isolator state (shown in 

Fig. 13a and Fig. 14a, respectively). The relatively high resistance values and the 

absence of the PM-FM transition in the film may be attributed to a number of anti-

structural defects and reduced density of carriers [34], [35], [51–59] [3,4,16-24] due to a 

relatively low growth temperature. 

 Experimental and calculated (using measured La0.67Sr0.33MnO3 sheet resistance 

values) leaky wave attenuation temperature dependencies in samples #4 (leaky SAW 

f=22.2 MHz) and #5 (leaky SAW f=66.9 MHz) are depicted in Fig. 13b and Fig. 14b, 

respectively. The attenuation maxima values (corresponding to the manganite sheet 

resistance value Rs~200 k) increase with acoustic frequency and meet well the 

theoretical calculations (from Eq. (6)). On the other hand, the acoustic attenuation 

maxima are shifted to the higher temperature range as compared to the calculations. In 

case of free LiTaO3 crystal (without manganite film), the acoustic attenuation remains 

constant within the whole measured temperature range (Fig. 13b and Fig. 14b). 
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Fig. 13. La0.67Sr0.33MnO3 sheet resistance (a) and leaky acoustic wave attenuation (b) 

dependencies on temperature in sample #4. Full dots – experiment in heating mode, 

empty dots – experiment in cooling mode, solid line – calculations in heating mode, 

dashed line – calculations in cooling mode.    
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Fig. 14. La0.67Sr0.33MnO3 sheet resistance (a) and leaky acoustic wave attenuation (b) 

dependencies on temperature in sample #5. Full dots – experiment in heating mode, 

empty dots – experiment in cooling mode, solid line – calculations in heating mode, 

dashed line – calculations in cooling mode. 

 

 Experimental and calculated temperature dependencies of transmitted leaky wave 

phase in LiTaO3 with manganite film (curves 2) and without it (curves 1) for samples #4 

(leaky SAW f=22.2 MHz) and #5 (leaky SAW f=66.9 MHz) are shown in Fig. 15 and 

Fig. 16, respectively. As seen, the leaky wave phase decreases with increasing 

temperature. The distinction of the curves for samples with and without manganite film 

becomes noticeable at temperatures above 370 K. To explain the observed leaky wave 

phase-versus-temperature behaviour, we consider the AE interaction effect on the 

acoustic wave propagation velocity [50]. When sheet resistance of the film on a 

piezoelectric substrate changes from infinity to the finite value Rs, the corresponding 

velocity change is: 

 2

22

)/(1
)/(

2 sm

smAE

RR
RRK

V
V




 .  (7) 

The velocity change leads to the change in the transmitted wave phase, which can be 

expressed in degrees as: 
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V
Vl AE

AE




 360 ,   (8) 

where l is the IDT length (corresponding to AE interaction length under the manganite 

film, 0.72 mm and 0.9 mm for samples #4 and #5, respectively). The transmitted wave 

phase also varies with temperature due to the acoustic velocity variation (VSUB) caused 

by the temperature dependence of the substrate elastic constants, and due to the change 

in the IDT spacing, L, caused by the thermal expansion: 







 







L
L

V
VL SUB

SUB 360 .   (9) 

The phase variation in the free-surface sample (curves 1, Fig. 15.a and Fig. 16.a) is 

approximated by the linear function (curves 1, Fig. 15.b and Fig. 16.b). The total phase 

dependence in the sample with manganite film (curves 2, Fig. 15.b ir Fig. 16.b) is 

obtained by adding the AE term calculated from Eqs. (7) and (8) using the measured 

sheet resistance values. The calculated leaky wave phase-versus-temperature 

dependencies in samples #4 and #5 are close the experimental ones, but the measurement 

accuracy is not sufficient to unambiguously evaluate manganite film influence on 

acoustic wave velocity and phase.   
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Fig. 15. Leaky wave radiation transmitted phase temperature dependencies in sample #4, 

a – experiment, b – calculation. Full dots – experiment in heating mode, empty dots – 

experiment in cooling mode.  
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Fig. 16. Leaky wave radiation transmitted phase temperature dependencies in sample #5, 

a – experiment, b – calculation. Full dots – experiment in heating mode, empty dots – 

experiment in cooling mode. 

 

 Finally, let‘s outline some important remarks on the investigated AE interaction. 

The leaky wave radiation propagates at an angle into YX-LiTaO3 bulk and interacts with 

manganite film located in the region where the wave reflects from the crystal surface. In 

our measurements, the manganite film was located on the same crystal surface as the 

IDTs, however, this experimentally demonstrated interaction is analogous to the case 

when the film and IDTs are on the opposite crystal surfaces. The latter configuration is 

attractive in various applications, especially for aggressive environment sensors, etc., 

where IDTs must be protected from possible damage by means of separating the sensing 

(surface coated with film) and generating (IDTs) parts. Furthermore, due to its prevailing 

shear horizontal (parallel to crystal surface) polarization leaky wave is subjected to less 

attenuation when in contact with liquids and other materials [29]. 

 

CONCLUSIONS  

 The experimental results of laser light diffraction by leaky surface acoustic wave 

radiation into the crystal bulk (the dependencies of light incidence angle 

corresponding to the diffracted light intensity maximum on the leaky wave 
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frequency in LiNbO3 and LiTaO3) are in good agreement with the calculations in 

accordance with theoretical anisotropic acousto-optic diffraction model based on 

wave vector diagrams. Acoustic wave propagation angle and velocity values in 

LiNbO3 and LiTaO3 crystals were obtained from the best fit of measurement and 

calculation results. These values meet well the data published in literature.     

 The beam width, intensity variation of the leaky surface wave radiation into the 

crystal bulk were obtained and efficiency of the light diffraction by leaky wave 

radiation and Rayleigh waves was compared using the acousto-optic technique. 

The efficiency of light diffraction by leaky wave radiation is considerably higher 

than that of diffraction by Rayleigh waves. 

 The demonstrated light polarization control by leaky surface wave radiation into 

the crystal bulk is purely electronic. This technology may be employed in 

dynamic light polarization control devices. 

 The interaction of leaky surface acoustic wave radiation into the crystal bulk with 

thin manganite films in structure La0.67Sr0.33MnO3 film – YX-LiTaO3 was 

experimentally investigated in a wide temperature range and acousto-electric 

contribution to the acoustic wave attenuation was measured. This attenuation 

value meets well the calculation results based on the theoretical model of acoustic 

wave propagation in structure thin conductive film – piezoelectric substrate. 

 The leaky wave suitability for light control and investigations of thin manganite 

film properties was experimentally demonstrated. The measurement results are 

well justified by theoretical models/calculations. The interdigital transducer 

technology advantages were incorporated with higher efficiency of light 

diffraction by bulk waves (compared to Rayleigh waves). While probing thin 

manganite (or other) films by leaky wave radiation, the generating part can be 

protected from possible damage by placing transducers in the opposite crystal side 

with respect to the sensitive surface (coated with film).  
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REZIUMĖ 

Darbo aktualumas 

 Akustinių bangų ir šviesos – akustooptinė (AO) sąveika įgalina tirti akustinių 

bangų savybes ne tik kristalo paviršiuje, bet ir tūryje. Tai aktualu kuriant tūrinių bangų 

prietaisus įvairiems taikymams. Pavyzdžiui, sunertiniais plonasluoksniais keitikliais 

žadinamų nuotėkio paviršinių akustinių bangų (PAB) spinduliuotė į kristalo tūrį buvo 

sėkmingai pritaikyta jutikliuose chemijoje, biologijoje ir medicinoje [1]. Tokiuose 

jutikliuose dažnai naudojami ZX-LiNbO3 (ličio niobato) ir YX-LiTaO3 (ličio tantalato)  

kristalai [2–4], pasižymintys efektyvia nuotėkio bangų spinduliuote į kristalo tūrį [5], 
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[6]. Sunertinais keitikliais spinduliuojamų tūrinių akustinių bangų savybės 

eksperimentiškai dažniausiai nustatomos zonduojant bangą kristalo paviršiuje [7], [8]. 

Iki šiol yra atlikta keletas AO difrakcijos eksperimentų [9–11], kai sunertiniais keitikliais 

žadinamos tūrinės bangos, bet ne nuotėkio PAB spinduliuotė į tūrį. Kita vertus, AO 

sąveiką galima efektyviai panaudoti šviesos parametrų valdyme. Tūrinių bangų AO 

prietaisai – šviesos moduliatoriai, deflektoriai, derinami filtrai plačiai naudojami 

praktikoje [10], [12–28]. Pasiekimai atvaizdų apdorojime atskleidė AO įtaisų svarbą 

biomedicinos ir diagnostikos taikymams [29]. Akustinių bangų žadinimui tūriniuose AO 

prietaisuose prie jų krašto yra tvirtinama pjezoelektrinė plokštelė, tačiau ši technologija 

yra gana sudėtinga ir ne visiškai suderinama su šiuolaikinėmis plokštuminėmis 

elektronikos technologijomis. Tuo tarpu, sunertiniai PAB keitikliai yra plačiai naudojami 

dėl savo įvairiapusiškumo, sąlyginai paprasto gamybos proceso ir suderinamumo su 

plokštuminėmis technologijomis. Vis dėlto, lyginant su tūrinių bangų atveju, laisvai 

sklindančios šviesos difrakcijos „klasikinėmis“ Reilėjaus bangomis efektyvumas yra 

mažesnis dėl ženkliai mažesnio sąveikos ilgio. Šioje disertacijoje pateikiami 

anizotropinės šviesos difrakcijos nuotėkio paviršinių akustinių bangų spinduliuote į 

kristalo tūrį ZX-LiNbO3 ir YX-LiTaO3 eksperimentiniai rezultatai ir teorinis modelis. 

Tokio tipo sąveika įgalina suderinti sunertinių keitiklių technologijos privalumus su 

didesniu šviesos sąveikos su tūrinėmis akustinėmis bangomis ilgiu ir efektyvumu.     

    Dėmesys mišraus valentingumo manganitams, turintiems perovskito kristalinę 

gardelę vis didėja dėl fazinio virsmo PM (paramagnetikas) – FM (feromagnetikas) Kiuri 

temperatūroje TC (TC~100÷390 K), milžiniškosios magnetovaržos (MMV) efekto, 

didelės unikalių tarpusavyje susijusių magnetinių, struktūrinių, elektrinių savybių 

įvairovės ir potencialo įvairiuose taikymuose [30–39]. Dėl stiprios Jahn-Teller tipo 

elektron-fononinės sąveikos akustiniai metodai yra įdomūs ir perspektyvūs tiriant 

manganitus [30], [40], [41]. Tokiuose tyrimuose gaunama svarbi informacija apie 

elektrines, magnetines, struktūrines manganitų savybes ir jų tarpusavio ryšį. Unikalios 

manganitų savybės atveria visiškai naujas galimybes įvairių elektronikos bei 

magnetoelektronikos (spintronikos) prietaisų kūrimui [33], [40], [42]. Šioje disertacijoje 

pateikiami nuotėkio paviršinių akustinių bangų spinduliuotės į tūrį sklidimo dariniuose 

La0.67Sr0.33MnO3 plėvelė – LiNbO3 ir La0.67Sr0.33MnO3 plėvelė – LiTaO3 eksperimentiniai 

rezultatai. Jiems aprašyti buvo pritaikytas akustinių bangų sklidimo sluoksniniame 
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darinyje laidi plėvelė – pjezoelektrikas teorinis modelis.   

 

Disertacijos tikslas ir uždaviniai 

 Disertacinio darbo tikslas buvo ištirti nuotėkio akustinių bangų sąveiką su laisvai 

sklindančia lazerio šviesa bei plonais manganito sluoksniais. Tikslo įvykdymui buvo 

iškelti šie uždaviniai: 

1) Atlikti nuotėkio akustinių bangų sklidimo, jų  sąveikos su lazerio šviesa ir plonais 

manganito sluoksniais procesų modeliavimą, parametrų skaičiavimą, parengti 

pasaulyje atliktų tyrimų apžvalgą šiomis temomis.  

2) Įsisavinti paviršinių akustinių bangų technologiją ir pagaminti tyrimams 

reikalingus keitiklius ant ličio niobato ir ličio tantalato kristalų.    

3) Eksperimentiškai ištirti  nuotėkio bangų sklidimą ir jų sąveiką su šviesa ličio 

niobato ir ličio tantalato kristaluose. 

4) Eksperimentiškai ištirti La0.67Sr0.33MnO3 sluoksnio įtaką Reilėjaus bangų 

sklidimui ličio niobato kristale. 

5) Eksperimentiškai ištirti La0.67Sr0.33MnO3 sluoksnio įtaką nuotėkio bangų sklidimui 

ličio tantalato kristale. 

 

Rezultatų naujumas 

1) Pirmą kartą ištirta akustooptinė difrakcija nuotėkio paviršinių akustinių bangų 

spinduliuote į kristalo tūrį. 

2) Pademonstruotas laisvai sklindančios lazerio šviesos poliarizacijos ir kitų 

parametrų valdymas nuotėkio akustinėmis bangomis. 

3) Akustooptinė metodika pritaikyta nuotėkio paviršinių akustinių bangų 

spinduliuotės į kristalo tūrį parametrų nustatymui.  

4) Ištirta ir paaiškinta La0.67Sr0.33MnO3 sluoksnio įtaka Reilėjaus ir nuotėkio 

bangoms. 

 

Ginamieji teiginiai 

1) Planariaisiais sunertiniais keitikliais, suformuotais ant pjezoelektrinių kristalų 

paviršiaus, žadinamos nuotėkio paviršinės bangos, kurių spinduliuotė suformuoja 

kryptingą tūrinių bangų pluoštelį.  
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2) Ličio niobato ir ličio tantalato kristaluose vyksta anizotropinė šviesos difrakcija 

nuotėkio bangų spinduliuojamu pluošteliu. Tai naujo tipo akustooptinė sąveika, 

efektyvesnė negu šviesos difrakcija Reilėjaus bangomis ir geriau suderinama su 

šiuolaikinėmis technologijomis negu difrakcija „klasikinėmis“ tūrinėmis 

bangomis.     

3) Akustooptiniu metodu nustatomi esminiai paviršinių nuotėkio bangų 

spinduliuotės parametrai (spinduliavimo kampas, pluoštelio plotis, sklidimo 

greitis, intensyvumo kitimas).   

4) Šviesos difrakcija nuotėkio bangų spinduliuote yra perspektyvi taikymams kuriant 

naujus akustooptinius įtaisus, pav. šviesos poliarizacijos valdiklius.  

5) Nuotėkio akustinių bangų spinduliuojamas pluoštelis gali būti naudojamas kaip 

zondas  plonų puslaidininkinių sluoksnių, suformuotų ant pjezoelektrinio kristalo 

paviršiaus, savybėms tirti. Šio pluoštelio atspindys nuo LiTaO3 kristalo 

paviršiaus, padengto manganito La0.67Sr0.33MnO3 plėvele, dėl akustoelektrinės 

sąveikos priklauso nuo plėvelės laidumo, kintančio su temperatūra.  

 

Išvados 

 Lazerio šviesos difrakcijos nuotėkio paviršinių akustinių bangų spinduliuote į 

kristalo tūrį tyrimų rezultatai (šviesos kritimo kampo, atitinkančio difragavusios 

šviesos intensyvumo maksimumą, priklausomybės nuo nuotėkio bangų dažnio 

LiNbO3 ir LiTaO3 kristaluose) gerai sutampa su skaičiavimais, atliktais pagal 

teorinį anizotropinės akustooptinės difrakcijos modelį, paremtą banginių vektorių 

diagramomis. Iš geriausio matavimų ir skaičiavimų rezultatų sutapimo buvo 

rastos akustinių bangų sklidimo kampo ir greičio LiNbO3 ir LiTaO3 kristaluose 

vertės. Jos atitinka literatūroje pateiktus duomenis.  

 Akustooptiniu metodu buvo nustatytas nuotėkio paviršinių bangų spinduliuotės į 

kristalo tūrį pluoštelio plotis, intensyvumo kitimas, o taip pat buvo palygintas 

šviesos difrakcijos nuotėkio bangų spinduliuote ir Reilėjaus bangomis 

efektyvumas. Difrakcija nuotėkio bangų spinduliuote į kristalo tūrį yra žymiai 

efektyvesnė nei Reilėjaus bangomis. 

 Šviesos poliarizacijos valdymas nuotėkio paviršinių bangų spinduliuote į kristalo 
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tūrį atliekamas pilnai elektroniniu būdu. Ši technologija gali būti panaudota 

dinaminio šviesos poliarizacijos valdymo prietaisuose.  

 Plačiame temperatūrų intervale eksperimentiškai ištyrus nuotėkio paviršinių bangų 

spinduliuotės į kristalo tūrį sąveiką su plonais manganitų sluoksniais darinyje 

La0.67Sr0.33MnO3 plėvelė – LiTaO3, buvo išmatuotas akustoelektrinės sąveikos 

indėlis į akustinių bangų slopinimą. Ši slopinimo vertė sutampa su skaičiavimų 

rezultatais, gautais remiantis akustinių bangų sklidimo sluoksniniame darinyje 

laidi plėvelė – pjezoelektrikas teoriniu modeliu.   

 Eksperimentiškai buvo pademonstruotas nuotėkio bangų tinkamumas šviesos 

valdymui ir plonų manganito sluoksnių savybių tyrimui. Eksperimentų rezultatai 

yra gerai pagrįsti teoriniais modeliais/skaičiavimais. Sunertinių paviršinių bangų 

keitiklių technologijos privalumai buvo suderinti su didesniu šviesos difrakcijos 

tūrinėmis bangomis efektyvumu (lyginant su Reilėjaus bangomis). Zonduojant 

plonus manganitų (ir kitus) sluoksnius nuotėkio bangų spinduliuote, sunertinius 

keitiklius galima formuoti priešingoje kristalo pusėje jautriojo paviršiaus 

(padengto sluoksniu) atžvilgiu taip apsaugant generuojančiąją dalį nuo galimų 

pažeidimų. 


