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Effects of degenerate light diffraction on a periodic domain structure

in 1%MgO : LiTaO3 in the temperature range of 30−110◦C
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The effects of degenerate anisotropic diffraction were observed for the first time on a periodic regular domain

structure (RDS) formed in it with non-inclined Y -type walls for a probing beam with a wavelength of λ = 632.8 nm

at temperatures below and above the isotropic point in a stoichiometric crystal of 1%MgO : LiTaO3. The use of

experimentally measured maximum efficiency values for two-fold degenerate diffraction processes with an unusual

and ordinary probing beam made it possible to obtain an estimate of | f 1132 + f 3131| ≈ 18V for the flexoelectric

tensor components of the studied lithium tantalate sample. The temperature of the isotropic point Ti = 69.31◦C

was determined and the temperature dependences of birefringence δn(T ) in the range from 30 to 110◦C were

approximated from the analysis of experimental temperature dependences for the transmitted power through the

1%MgO :LiTaO3 crystal and a crossed analyzer of a probing beam with a polarization vector oriented at an angle

of 45◦ to the Z axis.
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Periodic, aperiodic and fan type regular domain structures

(RDS) are currently addressed and studied experimentally

as components enabling various effects of nonlinear optical

laser transformations [1–10] and electrooptical parameter

control [1,5,6,11,12] to be implemented. A stoichiometric

ferroelectric lithium tantalate crystal doped with magnesium

oxide (1%MgO :LiTaO3), with the transmission region

from 0.26 to ∼ 5.5µm is an attractive material for creating

RDS [1]. It should be noted that lengthwise variations of the

RDS spatial period from the specified value defined by the

quasi-synchronism conditions shall not exceed 20 nm [13].
For adapt to the quasi-synchronism conditions, tempera-

ture stabilization of the RDS components with accuracy

±0.05◦C is used [2]. The operating temperature T may

vary in a range from room temperature to 100◦C [10]
that contains an isotropic point with zero birefringence

δn(T ) = ne(T )−no(T ) at λ = 632.8 nm for the undoped

lithium tantalate [14]. However, for the stoichiometric

1%MgO : LiTaO3 crystal, the Sellmeier equations provided

in the existing literature to describe simultaneously the

temperature and spectral dependences for the ordinary

(no(λ, T )) [15] and extraordinary (ne(λ, T )) [15–17] refrac-
tive indices poorly agree with each other.

The Bragg laser beam diffraction on disturbances of the

optical properties of the ferroelectric crystal induced by the

domain walls is an effective non-destructive test method

used for quality control of periodically poled structures [18–
23]. Mechanisms of these disturbances for uncharged

walls are associated with spontaneous polarization variations

within the walls and with induced elastic deformations

due to electrostriction and inverse flexoelectric effect. For

crystals of symmetry class 3m that includes lithium niobate

(LN) and lithium tantalate (LT), distributions of elastic

deformation tensor components SYZ
kl (x) and SXZ

kl (y) for

the Y - and X -type walls, respectively, were obtained in

the analytical form in [26] using the known domain wall

model [24] and Helmholtz free energy expansion for a

ferroelectric material with second-order phase transition

taking into account the flexoelectric effect [25] contribution
to the Helmholtz free energy. For RDS with the Y -walls,
the presence of non-zero components SYZ

13 (x) = SYZ
31 (x)

and SY Z
23 (x) = SY Z

32 (x) attributed to the inverse flexoelec-

tric effect and electrostriction, respectively, as specified

in [26] and earlier in [27], induces disturbances of op-

tical properties due to the elastic-optical effect. These

disturbances make it possible to implement the anisotropic

Bragg diffraction in propagation of interacting ordinary and

extraordinary light waves in the crystal’s XY plane. Such

anisotropic diffraction on RDS was experimentally observed

at room temperature both in 5%MgO :LiNbO3 [19,20,22]
and 1%MgO :LiTaO3 [22,23]. The Bragg conditions for

the anisotropic diffraction on RDS in the 1%MgO :LiTaO3

crystal that is observed in the first order at small angles

between the probing beam and the Y axis[22] are defined by

the temperature-dependent difference of squared refractive

indices n2
o(T )−n2

e(T ), and diffraction efficiency is defined
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by the dielectric tensor components 1ε13(x) = 1ε31(x)
associated with the flexoelectric coupling components f 1132

and f 3131 [26,27].
The anisotropic Bragg diffraction in linearly birefringent

crystals is widely used in acousto-optic light control devices

and is well studied [28,29]. In particular conditions, such

crystals show light diffraction on monochromatic acoustic

waves, where two or even three diffraction peaks occur

together with zero peak [28–31]. It is degenerate by

the Bragg condition [30], i.e by the acoustic wave vector.

When two diffraction peaks arise and the Bragg conditions

are simultaneously fulfilled for them, such diffraction is

commonly referred to as the double diffraction [28,31].
This study first investigated the λ = 632.8 nm laser light

anisotropic Bragg diffraction doubly degenerate by the RDS

lattice vector. For RDS with Y -type non-sloping walls

with the spatial period 3 = 7.99µm that is formed in the

stoichiometric 1%MgO :LiTaO3 crystal, implementation of

this type of diffraction in the temperature range from 30

to 110◦C containing the isotropic point at Ti = 69.31◦C

made it possible to approximate the temperature depen-

dences of refractive indices ne(T ) and no(T ) for this range,

and to estimate possible values of the flexoelectric coupling

tensor components f 1132 and f 3131.

The experiments investigated RDS fabricated by Labfer

company using the space-periodic electric field repolariza-

tion method [32] in the stoichiometric 1%MgO : LiTaO3

crystal with dimensions 6.0× 1.9× 1.0mm3 along the X ,

Y and Z axes, respectively. Observation of the isotropic

and anisotropic Bragg diffraction and angular selectivity

investigations [22,23] showed that RDS had Y -type non-

sloping domain walls separating the original and repolarized

crystal regions forming a bulk diffraction grating with

the spatial period 3 = 7.99µm and effective dimension

de f = 1.85mm along the Y axis. Optical images of the

sample’s faces Z+ and Z− recorded using the Biolan

microscope showed that dimensions of the original and

repolarized RDS regions, hi and hP = 3−hi , respectively,

differ from each other by 1 ≈ 0.193 on average.

To implement the measurement temperature range

from 10 to 110◦C, RDS sample 1 was placed on Peltier

element 2 in the experimental setup schematically illustrated

in Figure 1. The Peltier element current was controlled using

a stabilized DC voltage source. The sample temperature

was controlled with 0.04◦C increment using the readings

of digital indicators 3 and 4 from two semiconductor

temperature sensors 5 and 6 contacting the X -faces of the

crystal and was calculated as a mean value at any time. The

Peltier element 2 with the studied sample 1 was secured on

a precision turntable used to change the angle position of

RDS with respect to probing laser beam 7 from He−Ne-

laser 8 with λ = 632.8 nm and to lock it with an accuracy

of a minute of angle. The probing beam was formed in

various experiments using spherical or cylindrical lenses

with focal distances of 250mm and 350mm, respectively,

from the original Gaussian beam with an aperture of 0.7mm

and a power of 22.5mW such that its waist coincided
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Figure 1. Experimental setup: 1 — 1%MgO : LiTaO3 crystal

with RDS with period 7.99 µm; 2 — Peltier element; 3 and 4 —
temperature indicators; 5 and 6 — temperature sensors; 7 —
probing laser beam; 8 — He−Ne-laser; 9 — screen.

with the middle (with respect to the z coordinate) of

the inlet face y = 0. Laser beam polarization vector in

various experiments was oriented along the crystallographic

direction Z, in the XY plane or at 45◦ to the Z axis. Powers

of the probing beam (P0) and diffracted beam Pdr and Pdl

(Figure. 1) were measured using the THORLABS-100D

power meter. Qualitative view of the observed far-field

diffraction patterns was displayed on screen 9 at a distance

of L = 1m from the crystal outlet face y = d visually and

using a digital camera.

The isotropic point with δn(Ti) = 0 at T = Ti leads to two

possible options of experimental observation of the doubly

degenerate anisotropic Bragg diffraction on the RDS domain

walls in the 1%MgO : LiTaO3 crystal. Vector diagrams of

the domain walls are illustrated in Figure 2.

To observe the degenerate diffraction below the isotropic

point temperature (Figure 2, a), the extraordinary probing

beam with the wave vector ke shall propagate in the

crystal orthogonally to the vector K corresponding to

the first spatial harmonic of disturbances of the dielectric

tensor components 1ε13(x) = 1ε31(x) induced by the RDS

domain walls. Such propagation direction of the probing

beam was set experimentally by defining two angular

positions of the turntable with the crystal at which the +1-st

and −1-st order isotropic Bragg diffraction was observed on

RDS as a mean value between the two positions. In this

case the left peak (l) and right peak (r) corresponding to

the ordinary waves and observed at the doubly degenerate

Bragg diffraction at Tdgb ≈ 41.5◦C, the pattern of which

is shown in Figure 3, a, are arranged symmetrically with

respect to the peak for the probing beam (diffraction angle

θol = −θor ), and their intensities are close to each other

(Pdl ≈ Pdr ).
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Figure 2. Vector diagrams of the doubly degenerate anisotropic Bragg diffraction on RDS in the 1%MgO : LiTaO3 crystal at Tdgb < Ti

below the isotropic point for the extraordinary probing beam (a) and Tdgu > Ti above the isotropic point for the ordinary probing beam (b).
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Figure 3. Far-field patterns for the doubly degenerate anisotropic Bragg diffraction on the RDS domain walls (3 = 7.99 µm) in the

1%MgO : LiTaO3 crystal: (a) — with Tdgb = 41.5◦C and the extraordinary probing beam, see the vector diagram in Figure 2, a; (b) — with

Tdgu = 91.5◦C and the ordinary probing beam, see the vector diagram in Figure 2, b.

For the ordinary probing beam propagating in the crystal

in the same direction as in the first case, the degenerate

Bragg diffraction is observed at Tdgu ≈ 91.5◦C and is

described by the vector diagram illustrated in Figure 2, b.

In this case, in the diffraction pattern shown in Figure 3, b,

there are two symmetric peaks with similar intensities

(Pdl ≈ Pdr ) corresponding to the extraordinary waves with

vectors ker and kel that form with the probing wave vec-

tor ko the angles θer and θel = −θer , respectively. Measured

diffraction angles in air were close to the calculated values

θair
or (Tdgb) = θair

er (Tdgu) = asin(λ/3) = 0.0792 rad.,

corresponding to the vector diagrams shown in Figure 2, for

implementation of which the following conditions shall be

fulfilled

n2
o(Tdgb) − n2

e(Tdgb) = n2
e(Tdgu) − n2

o(Tdgu) =

(

λ

3

)2

. (1)

Thus, the difference of squared refractive indices of the

1%MgO : LiTaO3 crystal at λ = 632.8 nm at Tdgb and Tdgu

corresponding to the implementation of the doubly degener-

ate anisotropic Bragg diffraction on RDS with 3 = 7.99µm

may be estimated from the experimental data as

n2
o(Tdgb) − n2

e(Tdgb) = n2
e(Tdgu) − n2

o(Tdgu) = 6.27 · 10−3.

Experimental dependences of the doubly degenerate

Bragg diffraction efficiency measured with the ordinary

and extraordinary probing beams in the temperature ranges

from 35 to 47◦C and from 86 to 99◦C, respectively, are

shown dotted in Figure 4.

To measure experimentally the temperature depen-

dence of birefringence δn(T ) = no(T )−ne(T ) of the

1%MgO : LiTaO3 crystal with RDS using the known proce-

dure [14], the probing beam polarization vector was oriented

at 45◦ to the Z axis. After transmission of this beam

through a crystal with dimensiond = 1.9mm along the Y
axis and the crossed analyzer, the THORLABS-100D meter

measured the power-temperature dependence defined by

the birefringence as

P(T ) = P0 sin
2

[

πd
λ

δn(T )

]

. (2)
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Figure 4. Temperature dependences of the efficiency of the doubly degenerate anisotropic Bragg diffraction on the RDS domain

walls (3 = 7.99 µm) in the 1%MgO : LiTaO3 crystal at 3 = 632.8 nm. Experimental points — for the left (ηeol and ηoel) and right (ηeor

and ηoer) diffraction peaks with the extraordinary (eo, T < Ti) and ordinary (oe, T > Ti ) probing beams; blue and red curves — calculation

using equations (7), (6) and (10), (9), respectively.
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Figure 5. Temperature dependences for the power of the λ = 632.8 nm, 22.5mW probing beam with the polarization vector oriented

at 45◦ to the crystal’s Z axis that was transmitted through the sample with RDS and crossed analyzer. Dots — experimental data; blue

and red curves — calculation by equations (2) and (3) using the expansion coefficients Aib and Aiu, respectively, as listed in the table.

The obtained results from the temperature range from 30

to 101◦C are shown dotted in Figure 5.

Approximation of this experimental temperature de-

pendence used the expansion of the functions δnb(T )
(for T ≤ Ti) and δnu(T ) (for T ≥ Ti) as power series

δnb,u(T ) = A1b,1u(T − Ti) + A2b,2u(T − Ti)
2

+ A3b,3u(T − Ti)
3 + A4b,4u(T − Ti)

4 (3)

and the least-square fitting procedure due to which

the isotropic point temperature was measured as

Ti = 69.311◦C, and the expansion coefficients Aib and Aiu

whose values are listed in the table.

The measured isotropic point temperature for the studied

sample differs from Ti = (98.0 ± 0.2)◦C for the undoped

LiTaO3 crystal containing 49.96%mol of Li2O [14]. More-

over, the calculation using the Sellmeier equations described

in [15] for the stoichiometric 1%MgO :LiTaO3 crystal leads

to Ti = 94.17◦C. Thus differences may be associated with

corresponding deviations from the stoichiometry of the

compared crystals. Concentration of Li2O in the studied

1%MgO : LiTaO3 sample with Ti = 69.311◦C estimated

using the relations from [14] is equal to 49.79%mol.

Low efficiencies of the doubly degenerate anisotropic

Bragg diffraction (Figure 4) allow the weak coupling

approximation to be used for description of the temperature-
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Expansion coefficients Aib and Aiu for the temperature dependence of birefringence δnb,u(T ) = n0(T )−ne(T ) in the 1%MgO : LiTaO3

crystal approximated by equation (3) below and above the isotropic point temperature, respectively

Expansion coefficients for T ≤ Ti

A1b, 10
−5 K−1 A2b, 10

−8 K−2 A3b, 10
−9 K−3 A4b, 10

−11 K−4

−5.33829 −2.074 1.62589 1.5924

Expansion coefficients for T ≥ Ti

A1u, 10
−5 K−1 A2u, 10

−8 K−2 A3u, 10
−9 K−3 A4u, 10

−11 K−4

−5.68261 17.62 −11.1076 15.8229

efficiency dependences [28]. For the crystal temperature

T ≤ Ti , the incident extraordinary light wave with the wave

vector ke (Figure 2, a) will have a constant amplitude Em
ie .

Using the known approach [33], equations describing the

evolution of the diffracted ordinary wave amplitudes Em
dro(y)

and Em
dlo(y) with the vectors kor and kol , respectively, may

be derived as

dEm
dro

dy
= −i

π

2λ

1ε1m
13

no cos θor
Em

ie exp(i1kb
r y), (4)

dEm
dlo

dy
= −i

π

2λ

1ε1m
13

no cos θol
Em

ie exp(i1kb
l y), (5)

where 1ε1m
13 — is the amplitude of the first spatial har-

monic of dielectric tensor component disturbances by the

RDS domain walls, and wave detuning depending on the

crystal temperature and induced by the Bragg conditions at

θol = −θor , when ke ⊥ K, are defined as follows:

1kb
l (T ) = 1kb

r (T ) = 1kb(T ) ≈
πλ

no32

[

1− 2noδnb(T )
32

λ2

]

.

(6)
Thus, in case of symmetric tuning (θol = −θor , ke ⊥ K),

the diffraction efficiencies ηeol and ηeor of the doubly

degenerate anisotropic Bragg diffraction for the left and right

peaks shall be identical and their temperature dependence

for T ≤ Ti defined by wave detuning (6) may be derived

from (4) or (5) as

ηeol(T ) = ηeor(T ) = ηm
eo

sin2
[

1kb(T )def/2
]

[

1kb(T )def/2
]2

(7)

with the following maximum value:

ηm
eo =

(

π|1ε1m
13 |def

2λno cos θo

)2

. (8)

This approach to the analysis of the temperature depen-

dence of the doubly degenerate anisotropic Bragg diffraction

efficiency on the RDS domain walls with the ordinary

probing beam implemented for T ≥ Ti (see the vector

diagram in Figure 2, b) made it possible to derive the

following relations:

1ku
l (T ) = 1ku

r (T ) = 1ku(T ) ≈
πλ

ne32

[

1 + 2neδnu(T )
32

λ2

]

,

(9)

ηoel(T ) = ηoer (T ) = ηm
oe

sin2
[

1ku(T )def/2
]

[

1ku(T )def/2
]2

, (10)

ηm
oe =

(

π|1ε1m
13 |def

2λne cos θe

)2

. (11)

Calculations of the temperature dependences of the

doubly degenerate anisotropic Bragg diffraction efficiency

on the RDS domain walls shown as solid curves in Figure 4

used relations (7), (6) and (3) for T ≤ Ti and (10), (9)
and (3) for T ≥ Ti , where the maximum diffraction ef-

ficiencies ηm
eo and ηm

oe were assumed equal to 1.07 · 10−3

and 1.18 · 10−3 , respectively. The temperature dependence

of the ordinary and extraordinary refractive indices in

equations (6) and (9) was ignored and they were replaced

by an approximate value no ≈ ne ≈ 2.175.

Comparison o the experimental data shown in Figure 4

with the calculated curves shows that they agree satisfac-

torily with each other within the addressed model of the

doubly degenerate anisotropic Bragg diffraction on the RDS

domain walls. The observed differences may be associated

with the experimental errors as well as with the errors

of the probing beam wave vector orientation (ke or ko)
with respect to the vector K of the RDS lattice and the

sample’s crystallographic axes. From the found ηm
eo and ηm

oe
and equations (8) and (11), respectively, the disturbance

amplitudes were estimated as |1ε1m
13 | = 1.55 · 10−5 for

T ≤ Ti and |1ε1m
13 | = 1.63 · 10−5 for T ≥ Ti .

Amplitude of the first spatial harmonic 1ε1m
13 is defined

first by the maximum disturbance 1εmax
13 induced by an

individual RDS domain walls due to the flexoelectric effect.

This maximum value may be derived from the relations

given in [26,27] as

1εmax
13 = n2

on2
e

PS

2ω0

×

∣

∣

∣

∣

f 1132(p44C
p
14 − p41C

p
44) + f 3131(p41C

p
14 − p44C

p
66)

C p
44C

p
66 − (C p

14)
2

∣

∣

∣

∣

,

(12)
where C p

mn and pmn — are the moduli of elasticity with

constant electric polarization and elastic-optical coefficients

of crystal in matrix notation; PS — is the spontaneous po-

larization; ω0 — is the domain wall half-thickness. Second,

1ε1m
13 will depend on the ratio between hi and hp = 3−hi ,

respectively, for the original and repolarized crystal regions

in RDS. Write the disturbances 1ε13(x) = 1ε31(x) on the
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spatial period 3 for the studied RDS with ω0 ≪ 3 consid-

ering the relations for individual walls [26,27] separating the

original and repolarized regions as:

1ε13(x) = 1ε31(x) = 1εmax
13

{

ch−2

[

x + 3/4 + 1/4

ω0

]

− ch−2

[

x − 3/4− 1/4

ω0

]

}

, (13)

where 1 = hi−hp. Numerical calculations of the complex

amplitude of the first spatial harmonic using (13) have

shown that, for the domain wall half-thicknesses in the range

from 2 nm to 100 nm, it may be closely approximated as

1ε1m
13 = i

4ω0

3
1εmax

13 cos

(

π1

23

)

. (14)

In this case, as follows from (12), the disturbance

amplitude 1ε1m
13 does not depend on an unknown domain

wall parameter ω0 and its module may be written as

|1ε1m
13 | =

2n2
on2

ePS

3
cos

(

π1

23

)

|b1 f 1132 + b2 f 3131| (15)

with the following coefficients:

b1 =
p44C

p
14 − p41C

p
44

C p
44C

p
66 − (C p

14)
2
, b2 =

p41C
p
14 − p44C

p
66

C p
44C

p
66 − (C p

14)
2
. (16)

To estimate possible values of the flexoelectric cou-

pling tensor components f 1132 and f 3131 of the studied

1%MgO : LiTaO3 crystal that define the efficiency of the

observed anisotropic diffraction, use the known elastic-

optical coefficients p41 = 0.028 and p44 = 0.028 [34] that

allow a replacement p41 = p44 = p in (16):

b1 = p
C p

14−C p
44

C p
44C

p
66− (C p

14)
2
, b2 = p

C p
14−C p

66

C p
44C

p
66− (C p

14)
2
. (17)

The moduli of elasticity with constant electric polarization

for the lithium tantalate crystal may be calculated using its

known constitutive parameters [35] as

C p
14 = −2.170 · 1010 N/m2, C p

44 = 1.152 · 1011 N/m2

and

C p
66 = 9.925 · 1011 H/m2,

leading to the following coefficients

b1 = −p · 1.249 · 10−11 m2/N

and

b2 = −p · 1.104 · 10−11 m2/N.

The close values in equation (15) may be replaced by a

mean value

baν = |b1 + b2|/2 ≈ p · 1.2 · 10−11 m2/N

and the sum of the flexoelectric coupling tensor components

may be estimated as

| f 1132 + f 3131| ≈
3|1ε1m

13 |

2n2
on2

ePS cos(π1/23)baν
. (18)

Using the spontaneous polarization PS = 0.5C/m2 [36]
and other constitutive parameters of the lithium tantalate

given above, and the obtained experimental data, we find

that | f 1132 + f 3131| ≈ 18V. Note that this data don’t contra-

dict with the known theoretical estimates for the flexoelec-

tric coupling tensor components f i jkl ∼ 1−10V [37,38].
Thus, the presence of an isotropic point in the sto-

ichiometric 1%MgO : LiTaO3crystal makes it possible to

implement the degenerate anisotropic diffraction effects

on RDS formed in the crystal with extraordinary (for
T ≤ Ti) and ordinary (T ≥ Ti) probing beams. In the

studied sample for RDS with non-sloping Y -type walls

with 3 = 7.99µm, the efficiency peaks ηm
eo ≈ 1.1 · 10−3

and ηm
oe ≈ 1.2 · 10−3 of the doubly degenerate anisotropy

diffraction for the probing beam with λ = 632.8 nm were

observed at Tdgb = 41.5◦C and Tdgu = 91.5◦C, respectively,

at which the difference of squared refractive indices may be

estimated as

n2
o(Tdgb) − n2

e(Tdgb) = n2
e(Tdgu) − n2

o(Tdgu) = 6.27 · 10−3.

The calculations based on the weak coupling approximation

for the doubly degenerate anisotropic Bragg diffraction

efficiency and experimental data for ηm
eo and ηm

oe provided

the estimate | f 1132 + f 3131| ≈ 18V for the flexoelectric

coupling tensor components of the studied lithium tan-

talate sample. Analysis of the experimental tempera-

ture dependences for the power of the probing beam

with the polarization vector oriented at 45◦ to the Z
axis, transmitted through the 1%MgO : LiTaO3 crystal

and crossed analyzer, the isotropic point temperature

Ti = 69.31◦C was determined and the birefringence behav-

ior δnb,u(T ) = no(T )−ne(T ) was approximated by power

series expansions for 30◦C < T ≤ Ti and Ti ≤ T < 110◦C,

respectively.
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