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Abstract. In the present work, the electro-elastic effect has been considered for all Curie and point groups of
crystal symmetry, except for the triclinic system, when an electric field is applied along the principal
crystallographic directions. Relations for the change in acoustic wave velocities under the electric field are
derived. It has been shown that, in many cases, the electro-elastic effect behaves similarly to the Pockels effect
in optics. The rotation of the eigen vectors of the optical-frequency impermeability tensor caused by the linear
electro-optic effect is analogous to the rotation of the eigen vectors of the Christoffel tensor in acoustics. In
some symmetry point groups, the application of an electric field necessitates rewriting the elastic stiffness
tensor in the rotated coordinate system. It has been found that if the non-orthogonality is induced by the
electric field, the dependence of the respective acoustic wave velocities on the electric field is quadratic;
otherwise, it is linear. By applying an electric field, one can control the angle of non-orthogonality. The angle of
non-orthogonality can be induced by an electric field in all high-symmetry groups, including Curie groups and
groups of cubic, middle, and orthorhombic systems, whenever the application of the electric field results in an
abrupt lowering of symmetry, at least to the monoclinic system. In this case, the velocities of the AWs that
acquire non-orthogonality depend quadratically on the electric field. In cases where the angle of non-
orthogonality increases under the electric field, the acoustic wave velocities contain both linear and quadratic
terms in the electric field strength.
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1.Introduction
Crystal acoustics is a branch of crystal physics that studies the propagation of acoustic waves

(AWs) in crystals [1]. In many ways, crystal acoustics is related to crystal optics. However,
since the constitutive tensor of elastic constants is a fourth-rank tensor, unlike the second-
rank tensor of the optical frequency impermeability tensor, the phenomena of crystal
acoustics are much more complex and multifaceted in their manifestation than those of
crystal optics. The fundamental differences include the impossibility of AWs propagating in a
vacuum, and transverse AWs in gases and liquids; the presence of three acoustic eigenwaves
propagating in the medium (two transverse and one longitudinal) as opposed to only two
transverse optical waves; the possibility of AWSs being non-orthogonal, while
electromagnetic waves can only be orthogonal; significant oblique of acoustic energy flow
compared to optical Pointing vector; the possibility of up to 16 acoustic axes in crystals [1],
while in crystal optics there can be a maximum of two, etc. However, many phenomena
inherent in crystal optics also exist in crystal acoustics. These include, for example, acoustic
activity and parametric crystal acoustics effects (we use this term by analogy with the effects
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of parametric optics, such as the Pockels, Kerr, electro- and piezo-gyration, Faraday, piezo-
optics, etc.), which manifest as the rotation of the polarization plane and the change in the
propagation velocity of acoustic eigenwaves under the action of external fields, respectively.
In addition, crystal optics and crystal acoustics have effects that require consideration of
both the media's acoustic and optical parameters. These phenomena include acousto-optic
diffraction [2-4], Brillouin scattering [5], the photo-acoustic effect [6], etc.

The phenomena of parametric crystal acoustics manifest similarly to those of
parametric crystal optics. Specifically, the analog of the well-known Pockels effect is the
electro-elastic effect [7-9]; the Faraday effect corresponds to the rotation of the plane of
polarization of AWs in a magnetic field [10,11]; the piezo-optical effect is akin to the elasto-
acoustic effect [12-14], and so on. However, unlike the effects of parametric crystal optics,
the phenomena of parametric crystal acoustics have been studied far less. It should be noted
that the discovery of the Faraday effect for AWs confirmed the possibility of transverse AWs
propagation in a superfluid 3He-B [11]. The elasto-acoustic effect has been experimentally
studied in rocks, where seismic activity, well stability, etc., can be assessed by changes in AW
velocities under internal stresses. So these results were important for the oil industry and
solving other geological problems [12,15]. The acousto-elastic effect is important for the
development of high-precision pressure sensors and stable quartz resonators as well as for
the nondestructive testing of structural materials (see e.g. [16]). The electro-elastic effect is
used in delay lines, voltage sensors, piezoelectric resonators, etc.

The electro-elastic and piezo-elastic effects are quite small, being on the order of 10-3 of
the AWs velocity when the bias field and external stress are on the order of 106 V/m and
106 N/m?, respectively. Therefore, the development of methods for their study, in particular
by searching for optimal geometries of their manifestation, is an important task. In this way
it is impossible to do without preliminary symmetry-tensorial analysis of these effects and
derivation of respective relations for the AWs velocities and the external actions. In the
present work, we will concentrate our attention on the symmetry-tensorial analysis of
electro-elastic effects and, starting from this, develop a systematic approach to studying the
phenomena of parametric crystal acoustics, in particular the electro-elastic effect. The
behavior of AWs will be compared with changes in the refractive indices of crystals caused
by the Pockels effect [17].

2.Methods of analysis
The electro-elastic effect is described as the change in the elastic stiffness tensor (EST)

42m , (1
where 4 is the EST at zero bias field, and m - is this tensor under applied electric field E,,

Ojjkim =Ojum — is the fifth-rank polar tensor with the internal symmetry [[V?]?]V. The
internal symmetry of the ®,,,, tensor suggests that the electro-elastic effect can exist only

in noncentrosymmetric media. The lowering of the point group of symmetry of media under
the action of the polar vector of the electric field (Curie group of symmetry comm) was
determined following the Curie symmetry principle. The AWs velocities under the action of
the electric field have been determined on the basis of the Christoffel equation

Cijam jmy.py = pv2p;, (2)
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where M;; =Cyym;my, - is the second-rank Christoffel tensor, p;, p; - are the components of
the unit displacement vector and m jmy - are the components of the unit wavevector of the

AWs. The angle of rotation of the eigenvectors of the Christoffel tensor is determined as
2M;)

tan2§k= M .
—

(3)

11
Our analysis will begin with the non-centrosymmetric Curie point groups of symmetry, and
then proceed to the point groups of symmetry toward symmetry lowering. In the present
work, we will not consider the geometries of electric field application at which the symmetry
is lowered to the triclinic system, since in this case, due to the appearance of all components
of the EST, the analysis is too cumbersome. In our analysis, the electric field coincides with
the principal crystallographic direction.

3.Results and discussion

3.1. Curie groups of symmetry

The non-centrosymmetric Curie groups of symmetry include such groups as o, comm, 2,
and oo . At least the polar ceramics [18] and chiral glasses [19,20] are representative solid-
state materials of these symmetry groups. However, it has been found that the tensor ©,,,,

does not contain nonzero components for the symmetry group coco. Notice that the third-
rank polar tensor describing the linear electro-optic effect, which has initial symmetry
[V2]V,is also equal to zero for this symmetry group.

Let us begin our analysis with the Curie group of symmetry 2 . It has been found that
despite the fact that the application of the electric field E; leads to the lowering of the
symmetry o2 -—>c the EST is not changed because there are no respective coupling

components in the electro-elastic fifth-rank polar tensor. The electro-optic effect behaves in
the same way. For group =2, the electro-optic tensor possesses only two components:

0 0 O]
0 0 0
0 0 0 ’ @)
r,j 0 0
0 -1y O
| 0 0 0]

where r;; is the Pockels tensor component. Applying an electric field along the infinite-fold

axis does not change the optical indicatrix due to the linear electro-optic effect.
Under the application of the electric field along the X-axis, the symmetry is reduced to
the point group of symmetry 2, and the EST acquires the change:
ety ¢ 0 0 0]
Ch €y 0 0
ch ch € 00
o 0o o0 9 O
0 0 0 0 c,
0 0 0 0 0 0.5(CY; -CY,) |

(5)

o O O O
\
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Ch (4P € Ok 0 0
2, c €Y OyEy 0 0
cY cY cY Og4,E 0 0
N 13 13 33 3401 1 )
O111E1 OpnEy O3uEy (i 0 0
0 0 0 0 €Y OgsiEq
L 0 0 0 0 OBy (g
When the AWSs propagate along the Z-axis, the Christoffel tensor can be written as:
Co% -2 0 0
0 Ch—1 OupkE |, (6)

0 Oy31E; C33-2
where 1 are the eigenvalues of the Christoffel tensor. The non-orthogonality angle in this
case is determined by the relation
20431E;

tan2gy = 5 0
44— (33

(7)

As one can see, the angle of non-orthogonality is equal to zero at zero electric field and
depends almost linearly (if the angle is small enough) on the electric field. The AW velocities

0 0
us = |Caa+OuziEy o Oamby o [Cay
314 o FU3 o0l U1 =4
P PU3, P

b33 %00 + (©43,E71)? , 0 = C35
2pugs(C9 —Chy) P

(©43,E1)? Chy
U3, ~ U, TS 00 0N Vg, =, [
2p03,(C35 —Ciy) P

where u,-? is the initial AWs velocities. The velocities of the two eigen waves depend on the

can be written as:

: (8)

electric field quadratically, but only the increment of v3; AW linearly depends on the electric
field. It should be noted that these eigen waves that quadratically depend on the electric field
acquire non-orthogonality of polarization. The pure transverse wave v3; depends linearly

on the electric field. Therefore, the reason for the appearance of quadratic dependence of
AWs velocities on the electric field at the linear electro-elastic effect is the induction of the
rotation of the eigen vectors of the Christoffel tensor, i.e., induction of the non-orthogonality
of the AWs by the electric field.

Notice that, upon application of the electric field along the X-axis, the optical indicatrix
is rotated about the X-axis by the angle tan2&y =(2r,E,)/(By—B)) (where BY is the

component of the optical impermeability tensor), while the change in the refractive index
under the angle &y is ng =ng+0.5(ng)3(r41E1)2, and is quadratically dependent on the

electric field (here nf - is the initial value of the refractive index). Along the initial axes of the

optical indicatrix, the refractive indices are not changed under the E; electric field. This effect
is similar to the electro-elastic one.
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Let us proceed to the group of symmetry oomm. Under the application of the
electric field E; the symmetry is not lowered. The EST is the same as the initial one

for the group of symmetry o2 (See tensor (5)). All AWs are purely polarized waves both
before and after the application of the electric field. The change of the AW velocities is as

0 0
O ~00 + ®113E3 00 = Cll U1a =200 + ®44-3E3 oo, = C4-4-
11 ~ ™11 zpugl r Y11 T P ’ 13 7 ™13 2,0093 ’ 13 p ’

Ly ® 092 +M’ 092 — OS(C?l _C?Z).
2'01)92 P

Thus, the increment of the AWs velocities linearly depends on the electric field. The
group of symmetry comm is characterized by the linear electro-optic tensor:

follows:

9)

0 0 n3
0 0 n3
0 0 r3 (10)
0 np, O
rg, 0O 0
L0 0 0|

Application of the electric field along the infinity-fold axis leads to an increment in
refractive indices that linearly depends on the electric field strength, too.

With the application of the electric field along the X-axis, the symmetry is lowered to
group m. It leads to the change of the EST as:

ch P, P 0 015:E4 0
P, ch Chs 0 0O,51E1 0
P P €% 0 O351E1 0
(11)
0 0 0 cy, 0 Ok |
O151E1 Oy51E7  O354E; 0 Chy 0
L 0 0 0 Og41E7 0 C

At the propagation of the AWs along the Z-axis, the Christoffel tensor is as follows:
=4 0 OsE
0 Y, -2 0 , (12)
Os3,E 0 Ch-2
resulting in the non-orthogonality angle tan2{y =(2043,E; )/(CE5 —CY;). The AWs velocities

are determined by the relations:

co
U3y = ,[i'
P

2 CO
2pv35(C33 — Ciy) P
2pvd;(C95 - Cy) P
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As one can see, those velocities that relate to the non-orthogonal AWs are proportional
to the square of the electric field. The AW polarized parallel to the Y-axis is a pure transverse
wave and does not depend on the electric field.

Under the same conditions, the indicatrix rotates about the Y-axis at the angle

2ry,E4
33~ b1

tan2éy = while the refractive indices increment is proportional to the square of

electric field when the light propagates along initial axes of coordinate system

" (razk1)?

ny 3 =n‘1)’3 T Thus, a direct analogy between the behavior of acoustic and optical
11~ P33

waves in an electric field is observed.
For the group of symmetry co application of the electric field along infinity-fold axis
does not change the symmetry and the structure of the tensor of the elastic stiffness
coefficient (the same structure as the initial tensor (5)), while the individual components are
changed as  ACyp =01p3E3=(20113 - Ogg3)E3, AC33 =O333E3,  ACy; = ACy,; = 0Oy3E3,
AC13 =ACy3 =033E3, ACyy =ACs55=04,3E3. The AWs velocities undergo a linear change
with the electric field:
®113E3’ Lo — 4%

11
2pv; P

®4—43E3 C24
U3 ® 0?3 +Z'DT, 0?3 = 7; [14)
13

Dro 200 +(2®113—®123)E3’ L0 — 0-5(5?1_C?2)_
12 ® V11 2500 12 P
12

The tensor describing the Pockels effect in the group of symmetry o is as follows:

~ 10
Ly ®U1 +

[0 0 ry]

0 0 n3

0 0 n3 . (15)
a1 Ta

T Ty
| 0 0 0]

Application of the electric field along the infinity-fold axis leads to a change in the

principal refractive indices ny,=n?, —Lr13E3, (n)=n9) and n;=nd —Lr%E3 , and
I UV PYS (g

they behave analogously to the AWs in an electric field.

3.2. Crystals of the cubic system

In this paragraph, we will consider three point groups of symmetry, namely 432, 43m, and

23. To such crystalline materials belong, e.g.,, langbeinites minerals (point group of symmetry

23) [21], CsNbMoOs crystals (point group of symmetry 43m ) [22], AgsAuTe; mineral [23].
Let us consider the point group of symmetry 432 and suppose that the electric field is

applied parallel to the <001> direction. In this case, the change of the point group of

symmetry under an electric field is 432— 4, while the change of the EST looks like:
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¢h € € 0 0 0 (i1 Cz Gz 0 0 Gy

€, ¢y €, 0 0 0 Cz € Gz 0 0 (i

Chp Cp ¢ 0 0 0] |63 Gy Gz 0 0 0 ’ (16)
0 0 0 C 0 0 0 0 0 Cy 0 0

0o 0 0 0 C9 O 0 0 0 0 Cp O

0 0 0 0 0 ] [Cis Cs O 0 0 C |

However, due to relation ACjjy =Cyjq —Clyy = O jxmEm only C1¢=0143E3 (the CP,, CO=Cl,.
and C9; components remain unchanged), the new component of the EST, appears.
Therefore, the EST for a crystal under an electric field E3 has the form:

_Cgl ¢, € 0 0 Cy
Ct, Ch €, 0 0 —Cg
cd, ¢, ¢y, 0 0 0

0 0 0o ¢ o 0
0 0 o o0 ¢y 0
€6 €6 0O 0 0 (P

, (17)

which disagrees with the structure of the EST (16) for the point group of symmetry 4. The
matter is that rewriting of the tensor (17) in the coordinate system rotating around the Z-
axis at an angle

4C16 1 40, 63E3

=-—arctan

0 or0 (18)
Ch—CP, 203, 4 € —CY,—2C,

1
==arctan
Do 4

one can reaches the condition when C;;=C,,=0, and obtain the structure of the EST
consistent with the point group of symmetry 4. Rotation of the coordinate system by an
arbitrary angle ¢ yields:

C11 =C9; +©43E3sin4p —0.5(CY; —C9, —2CY,)sin22¢, Ci3=Cy3(p)=CY,,

C15 =0.25(CY; +3CP, —2C9,)— O, ¢3E5sin4ep —0.25(CY; - CP, —2C9,)cos 4¢,

Cyy =C1q =CY; + O, 3E5sindp —0.5(CY, - CP, —2C9,)sin22¢p, Cy5=CY;,

C16 = ©143E3cOs4p —0.25(CY; — €Y, —2CY,)sin4p,

Cye =0.25(CY, —C9, —2CY,)sin4p — O 3E5cos4p, Cs5=C4y =CY,,

Cee =0.5(CY; —C9,)— ©143E3sin4p —0.5(CY; —CY, —2CY,)cos2 2¢p,

(19)

i.e., the EST acquires a peculiar structure for the symmetry group 4. If one rotates the
coordinate system by the angle ¢, the so-called eigen coordinate system for the tensor (17)

is reached. Therefore, the EST rotates under the application of the electric field E3 by the
angle determined by Eq. (18).

At the propagation of the AWs along the X-axis, perpendicular to the direction of the
electric field application, the AWs velocities are:

C
U13=U?3=1/f' (20)

2 2
®163E3

co
—— 16353 where 0, =, 7%, (21)
2pv(1)2(C?1 _C24)

_y0
V12 =V12
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Of63E3
(0 0
2pvi1(CT1 —C34)
It is seen (Egs. (21,22)) that AW velocity increment is proportional to the square of the
20,63F3
Chy —Cy

Therefore, the velocities of those AWs that acquire non-orthogonality are proportional to the

co
vy =9 ,where v{, = |11, (22)

electric field strength. The non-orthogonality angle is determined as: tan2{, =

square of the electric field. However, when the AWs propagate along the X'-axis, which is
rotated by an angle ¢ with respect to the X-axis, AWs velocities are proportional to the
electric field to the first power:

CZ

U1p = &— 16
\ P Ceo
12,

2p(C11 —Cop)

, 23
J0.5(CY; - €9,) - 0.5(CY, — €9, —2C,)cos? 2 (23)
1 :
~ ﬁ ©,41E3sin4op
2,/0.5(CY; - €9,)~0.5(CY; — €9, —2C9,)cos22¢p
c2
oy, = [GL 4 B
P 2p(C11—Cag), |~
P

(24)

J0.5(CY; —€9,)—0.5(CY, — €9, —2CY,)cos? 2¢
1

zﬁ + @241E3 Sin4-g0
2,/0.5(C9; —€9,)~0.5(CY; — €9, —2€Y,)cos22p

Here, the subscript indices of v;; indicate: i - direction of propagation of the acoustic wave
and j- direction of its polarization. In Eqgs. (23,24) angle ¢ depends on the electric field

according to Eq. (18), and at the propagation of the AWs in the direction defined by the angle
¢y, their velocities do not change under the electric field.

The eigenvectors of the Christoffel tensor rotate about the [001] direction at an angle
20, 63E3
Ch—Chy’

That means that PT and PL AWs acquire non-orthogonality, and the displacement vector

tan2¢, = (25)

rotates by an angle ¢, about the [001] axis with respect to the [100] direction. The
predicted, by symmetry, acoustic axes for the transverse AWs parallel to [100], [010], and
{111} vanish under the application of an electric field. Only the acoustic axis parallel to the
[001] direction remains.

It should be noted that the third-rank polar tensor describing the Pockels effect in
optics is equal to zero for the point group of symmetry 432.

The group of symmetry 43m is characterized by four independent coefficients of ® Aum
tensor, namely 41, ©,41, ©341 and g4, . Upon the application of an electric field parallel

to the <001> direction, the change of the point group of symmetry under is 43m— mm2 .
Then the change of the EST is:
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h € € 0 0 0 €y Cp G3 0 0 0

¢ ¢ ¢, 0 0 0 Ciz Cpp C3 0 0 0

€, € € 0 0 0 N Ci3 C3 Gz 00 0 (26)
o 0 0 ¢y 0 0 0 0 0 Cu 0 0
o 0 0 0 ¢y O 0 0 0 0 Cy O

0 0 0 0 0 C% LO 0 0 0 0 Cg

It is seen (Eq. 26) that the new components should not appear in the EST. However, due to
the application of an electric field and tensor coupling, new components appear:
Ci6 =Cp6 =Oq41E3, C35 =0O141E3, C45=0Os4:E5 . Thus, the tensor is as follows:
C?l ¢ € 0 0 C16
Ch, € €, 0 0 (g
€, € C 0 0 Gy
0 0 0 C§ Cus O
0 0 0 C4 C§ O
1Ci6 Ci6 C¢ O 0 Cy]

, (27)

that is inconsistent with the symmetry point group mm2.
Under the rotation of the coordinate system around the Z-axis at an angle of 45 deg the
EST acquires the form:
C11 =20,,,E5 +0.5(CY; +CY, +2C3,),
€12 =0.5(CP; — €9, —2C4,),
C13=CPp +©14E3,
Cyp =0.5(CY; +C9, +2C,)— 20,44 E5,
C13=C0,—Oy4Es,
C33= C?l'
C16=C26 =C36 =C45 =0,
Cyq =Cls —Os61E3,
C55=Cyq +Os61E3,
Cee = 0.5(C9; — CY,).
Note that the optical indicatrix, when an electric field in the same direction is applied, is

also rotated by +45° about the Z-axis.
For the case when AWs propagate along the X-axis, the AWs velocities are as follows:

Cha
p )

Vio = C_‘?—‘l— _ ®%41 ®%41E3% , [29)
12 o Viz- 2pv0,(CY, —-CY9,))
2p(C; C44) 12lC11 (g

(28)

Vi3 =

0 2 2
Cll ®24—1 ®24—1E3

Vi1 = vy + 0 :
P 2pv9,(CY, —-CY,))
20(C0, ~C9,) / 11lb11 —hag
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As one can see, the increment of AWSs velocities is proportional to the square of the electric
field strength. In optics, the Pockels effect does not lead to a change in the principal refractive
indices in the X, Y, and Z directions. The relations for AWs velocities for the AWs propagating

along the X' -axis (the bisectrices between X and Y-axes) are written as:

gz = \/m =00, + Os61E3 ,where vf; = Cﬁ, (30)
0
12, 2pugs3 p
0.5(C{; -C
by =00, = \/m , (31)
P
_ E E
oy =\/m — 09, - ®5610 3 where v, = Ciy _ (32)
P 2pvgy P

In this case, the increment of the AWs velocities is linearly dependent on the electric

field strength. The Pockels effect also results in a linear dependence of the refractive indices.
At the propagation of AWs along the X-axis, the angle of non-orthogonality of AWs is
determined as:

2016 =2®241E3_
Y —Chs € —Chy

tan2s, = (33)
Therefore, the angle of non-orthogonality depends on the electric field. At the propagation of
AWs along the X' -axis the angle of non-orthogonality is equal to zero.

For the last group of symmetry of the cubic system, i.e., 23 point group, the application
of the electric field along the <001> direction leads to a change of symmetry 23-2 (2||Z). The

EST is changed as:
9 € € 0 0 0] [Cy Cp C3 O 0 Cy
¢ € € 0 0 0 Cia Cpp Gz 0 0 Cy
Cp € € 0 0 0] G5 Gz Gz 0 0 GCg (34)
0 0 0 c) 0 O 0 0 0 Cp Cp O
0o 0 0 0 C9 O 0 0 0 Cp Cog O
10 0 0 0 0 (] [Ci6 G C¢ 0 0 Cel

NOte that C16 = 6163E3’ C26 = 9263E3’C36 = 9363E3’ C4_5 = @453E3 . The structure Of the EST

under the action of the electric field is

_591 ), €, 0 0 C16_
€ € €, 0 0 Cy
€, €% C 0 0 Gy
0 0 0 CY C4us O
0 0 0 Cus C9 O

1Ci6 C6 C36 O 0 C24_

: (35)

The structure of this tensor does not correspond to the point group of symmetry 2.
However, all components of the tensor (35) depend on the angle of rotation of the coordinate
system ¢ around the Z-axis:
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C11 =CP; +(O141 +Oz41)E35In20+0.5(0 147 — O4y)E3sinde
-0.5(C9, - €9, —2C9,)sin2 20,

Cyp =0.25(CY, +3C0, —2€89,)~0.25(CY, — %, —2C9, )cos 4
—0.5(0141 —0O,41)E35sin4ep,

Ci6=0.5(0141 + Oy41)E; 0520 +0.5(01 41 — O,41)E; cOs4p
-0.25(¢Y, — €9, —2¢9,)sin4p,

Cy2 =CP1 —(O141 +©341)E35In20+0.5(0141 — Oy41)E3sindp
—~0.5(CY, — €, —2€8,)sin2 2, (36)

C26 =0.5(O 147 +©y41)E3c0520 —0.5(0 141 — Oy )E3cOs 49
+0.25(CY, — €9, —2CY,)sin4ep,

Cye =0.5(CY, —C9)—0.5(CY, — 2, —2C9,)cos22¢p
—0.5(0141 —0O,41)E35sin4ep,

C13=C0y+O341E3sin2p, Cy3=CF, —O341E35in2p,

Cyq =Cy —Os61E3sin2¢,  C5=Ch, + Os4E35in2p,

C33=CY;,  C34=054E;c082p, (45 =0OgqE5c0820.

At the propagation of AWs along the X-axis, the AWs velocities are as follows:

Vi = |Cls Vi = /C_QA _ 0143 v, - 071413
P P 2p(Ch _C24)\/C24/P 2pv,(CP; =€)
Y

014,53 _ 0 04,53
Vll = |—+ 0 0 0 = Vll + 2 0 0 04"
P 2p(CY; —CUNCH /P pvi1(CT1 —C44)
The so-called eigen coordinate system of the elastic tensor for the point group of
symmetry 2 possesses the rotation degree of freedom around the two-fold symmetry axis (Z-

(37)

axis). Therefore, when the AWs are propagating along the X'-axis, which relates to the
rotated coordinate system, the AWs velocities can be written as:

vy = C84£ @513 _ |Chs | *Os61Fs zv93+i®561E3 (38)
p P 2pChy/p 2pvi3
0.5(CY, -9
Vlz = % ] (39)

- \/0-5(5?1 —CP, —2C3,) £ (O141 +©O241)Es5
ol
N \/0-5(5?1 —C—2C8,) ,  (©141 +Og4)E;

p _2\/0-5P(C?1—C?2_ZC24).
As one can see from the propagation of the AWs along the X-axis of the cubic system, the
velocity increment is proportional to the square of the electric field strength, while when
they propagate along the rotated crystal physical axis of the monoclinic system, the

increment linearly depends on the electric field.
At the zero-bias field and AWs propagation along the X-axis, the angle of non-
orthogonality is equal to zero, while at the same condition but under the applied electric field

(40)

Es, the non-orthogonality angle is equal to tan2¢; = (20143 )/Cy1 — Ceg -
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3.3. Tetragonal point groups of symmetry
The tetragonal system is abundant with crystals of different symmetries, e.g. KDP family
crystals (point group of symmetry 42m) [24], propionates (point group of symmetry 422
and 4) [25], Li2B4O7 (point group of symmetry 4mm) [26], CdGa,Ss (point group of
symmetry 4) [27], etc.

Let us start our analysis from the point group of symmetry 4mm at the application of an
electric field along the Z and Y-axes. At the E3 electric field, the point group of symmetry, as
well as the EST, are not changed. The EST has the view
Ci1 C2 Gz 0 0
Cp €y C3 O 0
€3 €G3 Gz 00

0 0 Cy O
0 0 0 Cyy
0 0 0 0 Ceg |

(41)

o O O O O

The increments of the EST component are as follows: AC;; =AC,, =0;43E3, ACj, =013E3,
AC13 = AC23 = 9133E3 ) AC33 = @333E3 ) AC44 = AC55 = @443E3 and AC66 =®663E3 . At the
propagation of the AWs along X or Y-axes, their velocities are written as:

®113]53
Vi1 = \/f\/Cn +0;3E3 2 v +

2p v11

O F
Vip = \/—\/Cee +Ogp3E3 2V, + 663 3, (42)
v,
® E.
Vi3 = \F\/CAA +@y43E3 # Vs + 443 3

Note that in optics, the change in the parameters of the optical indicatrix induced by the
electric field is, in general, the same as in acoustics, i.e., the increments of refractive indices
depend linearly on the electric field, and the optical indicatrix does not rotate under the
application of an electric field. At the propagation of the AWs along X or Y-axes, the angle of
non-orthogonality is equal to zero.

At the application of a bias field along the Y-axis, the symmetry is changed as
4mm — m, and the change of the EST is as follows:

ey, ¢%, ¢ 0 0 0 Ciy Cp Ci3 Cg 0 0
), ¢ ¢ 0 0 0 Ciz Cyp Cp3 Cpe 0 0
Ch3 Ci3 €3 0 0 0 N Ci3 Gz G35 G 00 (43)
0o 0 0 ¢y 0 O Cig Cpp C3p Cyy O 0
0o 0 0 0 Cy O 0 0 0 0 Cs Co
10 0 0 0 0 C%| [0 0 0 0 Cs Ce

The induced by the electric field E2 components of the EST are: (4 =014,F,,
Cyq =0p45F,, C34 =034,E5, and Csg =0Os4,E, . Therefore, as has been shown for other groups

of symmetry, the tensor structure becomes:
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) Cf ) Gy 00
€l € Cf3 Cu 0 0
Ci; €3 C35 G 0 0 (44)
Ciy Cpq C3q €Yy O 0

0 0 0 0 C Cs
0 0 0 0 Cgp CY%)

that is not peculiar for the group of symmetrym (m L X ), since some of the coefficients are left
to be equal. At the propagation of the AWs along the X -axes, their velocities are written as:

€84
V31 =4
o)
2 2

Vas -1 co, +% ~v, + 593402]52)0 ’ (45)

\/; (C35—Cl4) 2v33(C33—-Cay)
Ve, =— [, _(O3pF3) o (Os45Ep) ’

\/; (C33-CHa) 32 2v83(CY3—CY4)

being quadratically dependent on the electric field. The angle of non-orthogonality is defined
by the relation tan2¢y =(2®342E2v)/(C24 —CY,;). For the EST, the mirror symmetry plane
m 1 X is equivalent to the two-fold symmetry axis2|| X [1]. The rotation of the coordinate
system around the X-axis by an angle ¢ yields:

C11=CY,,C15 =C, cos2 @+ CYy5in2 ¢ — O, E, sin2¢p,

C13=C%cos2p+CY,sin2 ¢ +Oy4,F, sin2¢,

C14 =0.5(CY5 +C9,)sin2¢ + ©,,,F, cos2gp,

Cpp = %(3591 +2C93 +3C; +4C,) — (Oz43 + O343)5in 20 — 0.5(0,4, — O34,)sin4ep

+0.5(CY, — C93)cos2p +%(cgl — 209, +CY, — 49, )cos 4y,
Cy = €0, +0.5(0, 4, — Os,)sin 400 +0.25(CY, — 205 +Cl; — 4CY, )sin2 2,
C4 =0.5(024; + ©343)c052¢ +0.5(0,4; — O345)cos 4¢

+0.25(CY, - €9,)sin2p +%(c91 — 269, + €Y, — 4CY, )sin4g,

(46)
C33= %(3691 +2C0; +3C9; +4C9,) + (0445 + ©4,)sin 20 — 0.5(0 4, — O34,)sin 4e

—0.5(CY, — C3)cos2p +%(c11 —2C5+CY; — 4C44)cos 49,
C34 =0.5(034; + ©343)c052¢ —0.5(0, — O345)cos 4¢
+0.25(CY; - €%, )sin2p —é(cgl 269, + €Y, —4CY, )sin g,
Caq =€, +0.5(0s45 — O345)sin4p+0.25(CY, —2C0; + €Y, —4CY,)sin? 2p,
Cs5 = Cy —(C24 + CEe)sin o + OsgyE, sin 20,
Cs6 =OsgrE, cos29—0.5(CY, — € )sin 2,
Cep = Cge +(C9, - CgG)Sin2 © — O, E,sin2p.
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At the propagation of the AWs along the Z'-axis, the AWs velocities can be written as:

~ 0
V31 ® V31—

0 0 gj i 0
Cjy+Cggsin2 ¢+ O, E, sin2¢ W, = Cia

2pv; P
0 0.5(@242 — ®242)E2 Sin4g0 + 025[C91+ 2C93+ Cg3— 4C24)Sin2 ZgD
V3 ®Vap t+ 0 )
2pv3,
co
v, = .
\} P
L(3c0, +2¢9, +3¢9, +4C9,) - 0.5(CY, —CQ;)cos20 A
8 (47)
+%(cgl — 209, + €9, —4CY, )cos g
V33 ®
P
. (Og45 +O3,45)E,sin2¢0 —0.5(0,,, —O34,)E, sin4ep

L3¢, 1209, +3¢9, +4€9,) - 0.5(CY; — 9, )cos 20
3 11 13 33 44 11 33

21p
+%(cgl 209, +C9, — 4CY,)cos 4g

At the angle ¢ =0, the initial AW velocity is equal to vJ, =./C§’3/p . From the relations

(47), it follows that change in AWs velocities are linearly dependent on the electric field
strength when the AWs propagate under the angle ¢ about the Z-axis (in the relations for
vz, and v33 we have neglected the quadratic term as a small one). Let us recall that, in the

Pockels effect induced by the electric field E>, the optical indicatrix also rotates about the X-
axis. However, the refractive indices along the X, Y, and Z-axes remain unchanged.

Let us analyze the symmetry group 422. Upon the application of the electric field along
the Z-axis, the symmetry is reduced to the point group of symmetry 4. The change of the EST
is as follows:

ch Cp s 0 0 0] [cpy cf € 0 0 G

, € €3 0 0 0  Ch Ch 0 0 —Cy

Ch € G 0 0 0 4C € € 0 0 0 (48)
0o 0 0 ¢y 0 0 o 0 o0 Cy 0 ©

o 0 0 0 Cy O o 0 o0 o0 ) O

0 0 0 0 0 C%| |[Cg € O 0 0 CY%

The electric field E3 induces two new components C;g =0;63E3 and Cy =—C1g =—0143E3.

The AWs velocities for the waves propagating along the X-axis can be written as:

CO
V13 =1fﬁ'
P

2 12 0
o0 o Ofesfs o _ |Chy
vii = VP + Vi1 = (49)
2 0 CO —CO
pvi1(CT1 —Cee P
2 12 0
Ve a0 Of63k3 o _ |Ces
12 ® Vi

o0 o Viz= -
2pv,(CP; —C6) p
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The velocities depend quadratically on the electric field, whereas the Pockels effect does
not change the optical indicatrix under the electric fieldEs. At a certain angle ¢, at the
rotation of the coordinate system about the Z-axis (see Eq.(18)), theC;¢ and C,4 tend to
zero, while at the propagation of AWs along the direction defined by angle ¢, the velocities
do not change under the electric field. At the AWs propagating along the X-axis, the non-

2016 20463E;3

orthogonality angle is equal to tan2{, = =
Ch—C8  ChH—Cgs

and depends on the electric

field strength, while it is equal to zero when AWs propagate at an angle ¢ .

Upon the application of the electric field along the X-axis, the symmetry is reduced to
the monoclinic point group of symmetry 2. The behavior of AWs velocities that propagate
along the Z-axis is the same as in the case of the application of an electric field to the crystal
with symmetry 4mm along the Y-axis. The AWs velocities are determined by Eq. (45).

At the application of the electric field to the crystals of the group of symmetry 42m
along the Z-axis, the lowering of the symmetry is as follows: 42m— mm2. The tensor
structure is changed as:

i, ci5 0 0 o [cf ) 0 0 Gy
Chy €y G5 0 0 0| € € €3 0 0 Cy
€3 €3 ¢ 0 0 0 N € €3 €5 0 0 Cy ’ (50)
o 0 o0 ¢y 0 O 0 0 0 CY Cs O
o o o0 o0 ) O 0 0 0 Cu C O
L0 0 0 0 0 Co| [Ci6 Cis C36 0 0 Cf]
where Cy¢ =Cy6 = 0143E3, (36 = O363E3, and Cy5 = 0ys53E3.
At the AW propagation along the X-axis their velocities are determined as
0 co co
vy = ﬂ' oy = 7L, of, = 700,
\ p \ p \ p
by = €9, — ©453E5 ~0f, - ®24530E3 ’
P pL
13 51)

vy = C_?1+ (©163E3) <0, + (©163E3)?
o 2ot -~ B et - cah

Ulzz\/c_&_ (©163E3)2 ~00, - (©163E3)
P 2p(CP —CY) 2p(CY,; —Co WY,

and the increment of the velocity of two eigen AWs is proportional to the square of the

electric field. The longitudinal and transverse AW polarized parallel to the Y-axis AWs
acquired non-orthogonality tan2d, =(2®163E3)/ (€9, —CY%) - The transverse AWs polarized
along the Z-axis remains a purely orthogonal AW.

If we rewrite the tensor (50) in the coordinate system ( X'Y'’Z) rotated by 45° around
the Z-axis, which should be done in fact due to the different crystallographic lattice basis

vectors of 42m and mm2 groups of symmetry, the components of the tensor will be written
as:
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Ci1= 0.5[C?1+ C?z + 2C24] +2063E3,C1p = 0.5[C(1)1—C?2 - 2Cg6],
C13 =Cy3+O363E3, (35 =0.5(C; + CP, +2C3,) — 20 63E3,
Cy3=C13—O363E3, (33 =C9;, (o6 = C36 = C45 =C16 =0,
Caq =CQ4—O453E3, Cs5 = Chyt Oys53E3, Cg =0.5(CP;— CP,),
being proper for the mm2 point group of symmetry. The AWs velocities at their propagation

(52)

along X' -axis become linearly dependent on the electric field

J 0.5y +Cf, +2C3,) | O163E3
\/0-5P(C?1 +C0,+2C3,)
O-S(C?l _C?z) ) V?3 _ \/@’ Vi3 zv% T ®453f3_
P P 2pvi3
The non-orthogonality of AWs in this case is not manifested. Under the linear electro-
optic effect, the optical indicatrix rotates by #45 deg about the Z-axis, too. At the application

(53)

of the electric field Ej, the refractive indices measured along the X' or Y’ - axes also
linearly depend on the electric field; however, along X, Y, and Z-axes, they do not change.
Upon the application of the electric field along the X-axis the symmetry is reduced from
the point group of symmetry 42m to 2. The new components of EST that appear under
electric field are: Ci4=0141E1, Cy3=0y4E;, C34=034E;, and C;c=054E;. The

respective tensor look like:

€ € €3 Cy 0 0
€l € €3 Cu 0 0
Ci; €3 C35 G 0 0 (54)
Ciy Cpq C3q €Yy O 0

0 0 0 0 C Cs
0 0 0 0 Cgp CY%)

Under the rotation coordinate system around X-axis on the angle ¢ it acquires the
structure that is peculiar to the group of symmetry 2 (2||X) with the components:

Cy1 =CY,,C1, =CP,cos2 0+ CY55in2p — O, E; sin2ep,
C13=CY%cos2¢p+CY,sin2p + Oy, E; sin2p,
1 .
Co= §(3C?1 +2C0; +3C9; +4C34) — (©247 + O349)E; sin2p
—0.5(041 — ©341)E; sin4p +0.5(CY; —C9;)cos2p

1
+=(CY, —2¢9, + Y, — 4C9,)cos 4o,
8[ 11 13T L33 44) % (55)
C23 =C?3 + 0.5(@241 _®341)E1 Sin4g0

+0.25(C9, —2C9, + €Y, — 4C9,)sin? 20,

C14 =0.5(CY5 +CY,)sin2¢ + O, E; cos2gp,

Cyy =0.5(05,1 +O3,1)E; c0s2¢ +0.5(0, 41 —O341)E; cos4ep
+0.25(CY; — €9, )sin2p +§(c91 — 269, +CY, — 4CY, )sin 4g,

continued on the next page
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C34 =0.5(O341 +©341)E; €020 —0.5(0 ;41 — O34 )E; cOS 49
+0.25(CY; —€%;)sin2p —é(cgl — 269, +CY; —4CY, )sin 4y,
C33= %(35?1 +2C73 +3C85 +4C34) + (Ogq1 + O34 )E; sin2p
—0.5(0541 — ©341)E; sin4p —0.5(CY; — CY;)cos2¢
+%(c11 2015+ €Yy — 4C,44)cos 4o, (55)
Cyg = CY +0.5(0,41 — gy )y sindep+0.25(C0; —2C0; +CY; — 4CY,)sin? 2,
Cs5 =CY, —(CY, + €Y )sin2 @ + Oy, E sin 2, C5 = O, E4 cOS 20
—0.5(CY, —CY)sin2e,
Coe =C2 +(C9y — CO)sin2 ¢ — Oy, E; sin 2¢.

The optical indicatrix also rotates under the electric field E£1. The AWs velocities for the
wave propagation along the Z-axis are as follows:

CO

U31= ﬁ’

033=\/C_33+ng3+M o0, = [ (56)
p o 2p(C%—CY) 2p(Cd5 —C4)vds p

Us2 = 0 0y U3 0 _ 00 U327

P 2p(C33—Cay) 2p(C33 = Ca4)v33 P
while at the Pockels effect, the respective refractive indices do not undergo change. At the
propagation of AWs under the angle ¢ with respect to the Z-axis in the YZ plane, their

velocities are:

Vyg =0 c, +C26)sir122go;®561E1 sinZgo’ v, - %’
PVis P
Vyy = V0, + (0441 —O341)E; sin4dg +0.25(CY; +2CY; +C9; —4CY,)sin2 ng’ W, 5_9‘4’
2pvi, o
[1 /8(3CY; +2C0, +3CY; +4C3,) — 0.5(CY, —633)cosz¢J )

J\+1/8(CY; —2C9; + CY5 — 4C), ) cos4p
V33 = -

+ (©g41 +O349)E; sin2¢0 — 0.5(0,41 — O34, )E; sindgp

5 1/8(3CY; +2C9; +3CY; +4€,)—0.5(CY, —C95)cos2¢ .
+1 /8(CY; —2C9, +CY; —4CY,)cos4g

It is seen that, as in the previous cases, the linear dependence of the increment AWs
velocities on the electric field can be reached when the AWs propagate along the axes of a
rotated coordinate system. In the relations for v,3 and v33 we have neglected the quadratic
term as a small one. In linear electro-optics, the dependence of refractive indices on the
electric field is quadratic.

Let us consider the point group of symmetry 4. When the electric field is applied along
the Z-axis, the symmetry is not reduced, while new components of the tensor appear:
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ACi6=0143E3, ACy =0,63F;, and the existing components change their value as
ACy1 =Oq13E3, AC1y = O1p3E3, ACy3 = 013383, Aly3 = Og33E3, ACyy = Alss = Oyy3E3,and

ACg6 = Oge3E3 . The change of the tensor of elastic stiffness coefficients is as follows:

o, ¢, % 0 0 %] [Cy Cyp C3 0 0 Cy
), ¢ ¢% o0 0 -9, Cia Cyq C3 0 0 —Cp

Ch3 C3 C 0 0 0 N Ci3 Gz Gz 0 0 0 . (58
o 0 0 ¢§ 0 0 0 0 0 Cy 0 0
o 0 0 0 ¢ O 0 0 0 0 Cy O

1€ €% 0 0 0 (%] [Ce €6 0O 0 0 Cog |

The AWs velocities for the waves propagating along the X-axis are:

Drm = Caq +Oyy3Es ~00 +®443E3 Lo, — Cyq
| N K A 13 74|
P PV13 P

by ~ Y L Ouisfs | (©163E3)* . op = C_?l, (59)
2pvf;  2pVY; (€Y —Cg +(O113 — Opg3)E3) p
Oge3E3 (©163E3) C
N o 7 O == U CO e
poir  2pupy (€7 — Cgg +(©113 — Op63)E3) p

Under the application of the electric field E3, the optical indicatrix does not rotate.
Besides, the increment in refractive index is linear in the electric field strength. The angle of
non-orthogonality before the application of the electric field is determined by the
& , and after its application, by tan2{, = 2ACH, + Or63F3) .
P - Cos €Yy —C +(0113—Ogg3)E3
Thus, it is the first example of a possible operation with the existing angle of non-
orthogonality with the electric field.

relationtan2g, =

Application of the electric field to the crystals of the point group of symmetry 4 along
the Z-axis leads to the lowering of the symmetry to the monoclinic group 2. The elastic
stiffness is changed as:
o, Ch
Y, Ch Cis

| [Ci Cip Cz3 0 0 Cy
9 Ciz Cp Gz 0 0 Cy

o © o

0
0
0
0

P €Yy € 0 N Ci3 Cy3 €33 0 0 Cy _ (60)
o o0 o0 c 0 0 0 0 Cpy Cp O
o 0 0 o0 c O 0 0 0 Cp Ces O

€% P O 0 0 C | Ci6 C6 C36 O 0 Cg

The increment of the tensor component due to electric field application are:
ACyg=—Cr6 =O1g3E3,  ACy =—ACy; = 0113E3, ACyy =Oqp3k3, ACy, =—C55=0yy3E3  and
AC{3=0q33E5. Besides, new components are induced: C3q =0343F3, and Cy5=0y53E5. Itis

obvious that the tensor (60) has the rotational degree of freedom about the Z-axis. In linear
electro-optics, the optical indicatrix rotates at an angle determined by the ratio of the
electro-optic tensor components rg3 / ;3. The AWs velocities for the AWs propagating along

the X-axis are as follows:
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Drm = Caq +Oyy3Es ~00 +®443E3 Lo, — Cyq
BT TPt o 1374
P PV1i3 P

byy ~ 09, + O113E3 + (©163E3)? 09, = 4 (61)
2pv);  2pVd (€Y —CE +O143Es3) P
(©;¢:E4 )2 0
012z0?2+2 0 (0 16303 ) v, = —66,
pL11(CT1 — Cop +O113E3) P

It is seen that in point groups 4 and 4, applying an electric field along the Z-axis yields a
quadratic dependence of the increment in AWs velocities on the electric field strength,
whereas in the linear electro-optic effect, the increment in refractive indices depends
linearly on the electric field strength in these cases. The non-orthogonality angle is

215 ACY+O163E3)
C11-Cee €Dy +O113E3—Cog

with the group of symmetry mentioned above, 4.

. It is a similar situation

determined by the relation tan2d, =

3.4. Orthorombic point groups of symmetry

Within the orthorhombic system, only two non-centrosymmetric point symmetry groups
belong, namely 222 and mm2. To these symmetry groups belong langbeinites in ferroelastic
phase, Rochelle salt, crystals of A,BX4 family in the ferroelectric phase, etc [28-30]. Upon the
application of the electric field along the Z-axis in crystals that belong to the group of
symmetry 222, the symmetry is changed as 222 — 2, while the EST acquires the change:

iy 0 0 0] [Ch ) Ch 0 0 Cy

Cy €3 €35 0 0 0 € €3 C3 0 0 Gy
C?3 C83 Cg3 0 0 0 N C?3 C83 C:(‘s)3 0 0 C36 ) [62)
0 0 0 C) 0 0 0 0 0 C9 Cpx O
0o 0 0 0 c% o 0 0 0 Cg C% O

0 0 0 0 0 C%| |[Cig C6 C36 0O 0 CY%]|

The new components of this tensor that are induced by the electric field are:
C16 = ®163E3 ) C26 = ®263E3 ) C36 = ®363E3 ) and C45 = @453E3 . The AWS Velocities at the wave

propagation along the X-axis are:

0 (©163E3) 0 _ [0
LRVt o o Vi1 = C11/.0’
2pvy (€71~ Ce)
®43E3)?
L1p ® U, el v =\Cs /P, (63)

2pvf (€Y -C)’

v13=/Cas/P-

The tensor (62) has a rotational degree of freedom about the Z-axis, and the velocities
quadratically depend on the electric field strength. A similar behavior is observed for the
optical indicatrix under an electric field. The induced angle of non-orthogonality is
determined as tan2¢, =(20,53E3)/(CY —CY).

For the point group of symmetry mm2 at the application of the electric field along the

Z-axis, the crystal symmetry and the structure of the EST is not changed, and it is the same as
the tensor for the group of symmetry 222 (Eq. 62), while existing components of the tensor
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acquire the Change: ACll = @113E3 ) ACZZ = —®113E3 ) AC33 = @333E3 ) AClZ = @123E3 )
ACi3=0133E3, ACy3 =0y33E3, ACyy =0Oyy3E3, ACs5=0s553E3, Al =Opge3E3.

The AWs velocities at their propagation along the X-axis are determined as:

[Coc +OccsE OccsE. C
Dyz = 55 T ©'55353 zui)3+ 55303’ 093 = |=55
P 2pvis p
[C11+Oy3E O,3E C
Uy = 11 11353 zufl+ 11303’ 091 - =1 (64)
P 2pvi; p
[Coq +Oge3E O 3E. C
Uy = 66 663E3 zv?2+ 66303’ U?z _ |66
p 2pvi, p

It is seen that it is one of the cases in which the increase in AWs velocities is linearly

dependent on the electric field strength when the AWs propagate along the initial axes of the
coordinate system. The same is true concerning the linear electro-optic effect. The AWs at
zero electric field, as well as under its application, are purely transverse and purely
longitudinal.

At the application of the electric field along the X-axis, the symmetry is reduced to the
point group m, and the tensor of elastic stiffness is changed as:

i, cis 0 0 0 [ Cf, €5 0 G5 O
Ch € €3 0 0 0 Ch €3 C3 0 G5 O
Ci; € C3 0 0 0 N Cl; €35 C 0 G5 0 _ (65)
o 0 0 ¢y 0 o0 0 0 0 CY 0 Cyu
0o 0 0 0 ¢% o0 Cis Cps C35 0 C% O
0 0 0 0 0 C%| [0 0 0 Cu 0 C%]

The AWs velocities at the wave propagation along the Z-axis are:
<00 (O35,E1) 0 _ [0
U1 ®U31 = — 000y U317 C55/ ,
2pv3; (€5 - C)
U3 =+/Cas/pP, (66)

o 200, 4 (O351E1)2
BT 2puk (- CY)

Tensor (65) acquires a rotational degree of freedom around the X-axis, and the

vd3=/C%:/p.

velocities are proportional to the square of the electric field. The angle of non-orthogonality
is as follows tan2dy = 2®351El/(C85 —Cg3) . It is clear that the square dependence of AWs
velocities concerns only those waves that acquire non-orthogonality.

3.5. Hexagonal point groups of symmetry
Let us consider the group of symmetry 6mm. Under the electric field E3 the point group of

symmetry and the structure of the EST are not changed. However, the existing tensor
components acquire an increment: Cj; =Cyy =C), +Oy13E;,  C33=C; +0333E3,
Ce6 =0.5(CP; —CP;) +(20113 —O133)E3, C12 =CP, + O35, C13=Cp3=CP3+Oy33E3,
Css =Cyq =C9, +Oyy3E5,. The velocities of the AWs propagating along the X-axis are

determined as:
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®,.,F
011=U?1+—113 3, v, =Ci1/p,

2pvi;
U2 =00 +—®A‘A‘3E3 V0 =1/Chs/ (67)
13 = V13 2pu?3 ’ 13 = Vla4/P,

Uy = U?Z + (2®11;';U®0123)E3 , U?Z — }O'S[Cl;_ Clz)_
12

At the application of the electric field E;, since the point group of symmetry is reduced to the
group m, the new components of the EST appear: C;5=015:E;, Cy5 =0,51E;, C35=035:E7,
C46 = O461E1 and the tensor acquires the view:

Ol 0 Gy 0]
Ch € Cls 0 G5 O
Ch € €5 0 G 0| (68)
0 0 0 € 0 Cu
Cis5 Cps C3s 0 CY O
0 0 0 Cu 0 CY%]

For the agreement of this tensor with the tensor peculiar to the group of symmetry m, it is
necessary to rotate the coordinate system around the Y-axis by the angle ¢. Then the
components of this tensor are expressed as:

Ciq =%[3C?1 +2C9; +3C9; +4C9,) + (0151 + O357)E; sin2¢ +0.50,5; — 015, )E; sin4ep

+0.5(CY, — C93)cos2p +%(c91 — 209, +CY, - 4CY,)cos 4p,
Cip =CY%sin2 ¢+ CY, cos2 ¢ + O3, E; sin2p,
Cp3=C0 —0.5(0 15, — Osy )E, sin4p +0.25(CY, — 2% + €Y, — 4CY, )sin? 2,
C15=0.25(0251 —O351) +0.5(0;51 + O351)E; €052 +0.25(20 51 — Oy51 — O351)E; cos4g
—~0.25(C9, — C9,)sin2p —%(cgl — €, —4€9, )sin4g,
Ca2 =C?1'
Cy5 = 0,5, E; cos2¢+0.5(CY; —C9,)sin2p,

1 . . 69
C33 =§(3C?1 +2C93 +3C95 +4C9,)— (O151 + O351)E; 5in20 +0.5(0 51 — O35, )E; sindep (69)

—0.5(CY, — C93)cos2p +%(c11 205 +CY, —4C,,)cos 4o,

(35 =0.25(0351 — O551) +0.5(01 51 + O351)E; 0520 —0.25(20151 — @251 — O35 )E; cOs 4
—~0.25(C9, — C9,)sin2p +%(cgl — €9, —4C9,)sin 4,

Caq=CY, +© 0, E; sin2p +0.5(CY, — 0, —2C9,)sin2 g,

Cos =0.5(C; — C0) (O 51 +Ossy )E; sinde +0.5(CY, — €9, +2CY,)cos? 2,

C66 =C24 +®461E1 Sinng + 05(C91 —C92 —2C24)C052 gD
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The AWs velocities for the waves propagating along the Z-axis are:

co
U3p = ,fi’
P

cd E )2
U3z = ﬁ+—[®331 1)0 ~ Vg3 0 00’ Uss
P 2p(C33—Cyy) 2p(C33-Cyy)u33 P

_ G Oy B2 o (O35 E ) o _ [Cha
U3y = 0 0 U 0 00 U317
P 2p(C33-Cqy) 2p(C33—Caqdv3, P
The non-orthogonality angle is determined as: tan2dy = 2®351El/(C§J3 —C24) When the AWs

+ [®351 El)z 0 — %’ (70)

propagate along the Z'-axis of the rotated coordinate system by the angle ¢, their velocities
are as follows:

o JO-S(C% —C9,)+0.5(CY, — €9, +2C3,)cos22¢
31=
12,
(©151 +Op51)E; sinde
2,J0.5p(CY; — €O, +(CY; - €2, +2C3,)cos? 2p)
0 461E; 5in20 +0.5(CY; - €9, -2CY,)sin2 ¢ _ |y
2,0"392 7 732 0 ’
1/8(3CY, +2C0; +3CY; +4C,) — 0.5(CY; — C93)cos2¢p
L\ +1/8(CY; —2C9; +C; — 4CY, ) cos 4
12,
. 0.5(0;51 — O351)E; sin4gp — (0,51 + O35, )E; sin2p
| (1780368, + 2085 +3C8, +4C5,)-0.5(C; ~Cfa)cos2y
+1/8(CY, —2C9; +CY; —4CY,)cos4p

V3 =V, — (71)

V33 =

In the relations for v3; and vz3 we have neglected the quadratic term as a small one. The
non-orthogonality angle is equal tan2{y =2C35/(Cs5—Cyy) -

For the symmetry group 622 at the application of the electric field along the Z-axis, the
symmetry is lowered to the point group 6. However, the AWs velocities do not change under
the electric field E3. This case is similar to that observed in the Curie symmetry group oo2.
Therefore, in acoustics, one deals only with two axial symmetry groups in which applying the
electric field along a higher-symmetry axis does not change AWs velocities due to the linear
effect. In the Pockels effect, such groups also include 422 and 32.

Let us consider the point group of symmetry 62m . Upon the application of the electric
field along the Z-axis, the symmetry is lowered to the group 3m, and the EST acquires the

change:

e ¢ ¢ 0 0 o ] [ch ¢k o 0 Cy o ]

0 0 0 C € s 0 G5 0

Ch € ¢ 00 0 Cf % C 0 0 L .

o 0 o0 ¢y O 0 o o o0 ¢y O Css |

0 0 0 0 CY 0 Cs €5 0 0 (Y 0

L0 0 0 0 0 05C)H-C%)] |0 0 0 Cp 0 05C)-CY)]
03127
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where (5 =—Cy5 =0;53E; and (45 =—20,53E3. The obtained tensor is peculiar to the
crystallographic setting in the3m point group of symmetry when m_1 X. Let the AWs
propagate along the X-axis. In this case, the Christoffel tensor can be written as:
Ch—-24 0 Os53kE;
0 Co—2 0o |, (73)
@533 0 (-2

®453F
while the angle of non-orthogonality is determined by the relation: tan2dy =C015—3Cg. The
11~ %55
AWs velocities are as follows:
- /0-5(511 —Cyp)
L
fol
0
oy 2o, +—Cusaa) 0 €T (74)
2p(Cy — 4oty p
03y =00, — (©153E31)? 09, = %_
2p(CP; —C4 )08 p

At the application of the electric field along the X-axis, the symmetry is changed as:
62m —mm2. The EST components acquire the change: ACy; =0;y,E;,ACy, =0yyE;,
ACyp =011 +Ogp1)E;, ACi3 = O434E7, Alp3 =-0131E7, Alss =—ACyy =—OyyyE7,
ACgg =—(0111 +©,,1)E] . It should be noted that the EST written in the lattice vector basis of
the group of symmetry 62m does not correspond to the tensor for the basis of the group of
symmetry mmg2, since the Z-axis of group mm2 is parallel to the X-axis of group 62m. To

align the Z-axis properly, one should rotate the tensor about the Y-axis by 90 deg. Finally, the
tensor has the structure:

C33 Cyp3 Ci3 O 0 0
Cp3 Cypp Cp O 0 0
Ci3 Cp Cy O 0 0 (75)
0 0 0 Cg4 O 0
0 0 Cys O
| 0 0 0 0 0 Cyy|
The AWs velocities are as follows:
U1 = C_§3’
12,
U1z~ Vs Dby , Vi3 = C_QA' (76)

13
2pvi; P

O E c9
Uy, 200, + —441=1 0 =44
1271 2500 12
PV, P

As one can see, the non-orthogonality does not exist before and after the application of the
electric field, and the increment in AWs velocities depends linearly on the electric field.
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For the group of symmetry 6, application of the electric field E; does not lead to a
symmetry change. The existing components of the EST change their values as:
C11 =Cp=CP +Oyy3E3,  Cip=C0,+O1y3E3, C33=C3 +O333E3,  Cy3=Cp3=C3+ 0O 33E3,
Cs5=Cy4 =C94 +Oyy3E3, Co6=0.5(CY —C9,)+ (20,13 —O1,3)E3 . AWs velocities for the waves
propagating along the X-axis are:

_ 0
Uyp =Upp + 209 11 o
11

)’

- ’

13
2pvi; p

e = 00, 4 20113 = O153)E5 o0 = 0.5(Cy3 ~C13).
12 = V12 2000 12 5
12

The AWs are purely transverse or longitudinal, regardless of whether an electric field E; is

E
013=U?3+—®443 3, 00, = Cas (77)

applied.

For the group of symmetry 6, application of the electric field E5 leads to the lowering
of symmetry to the group 3. Under the application of an electric field, new components
appear: Cpq=—C14=-0O143E3, Cp5=-C15=-0153E3, Cp6=-0O153E3, C56=0143E3. The
peculiarity of the point group of symmetry 3 is that one can get rid of the C;5 or C;, tensor
components by rotation of the coordinate system around the Z-axis by a certain angle :

C14(@)=C14 053¢ +C,5sin3p,
Cy5(9) =—C;4sin(3¢) + Cy5 cos(3p).
If tan(3¢p)=C,5 /C14 then Cy5 =0, while if tan(3p)=—-C;, /Cy5, one has C;, =0. If the

(78)

AWs are propagating along the X-axis and C,5 =0 their velocities are determined as

U1 = h
\ o

®,4:E2)2 c9
L3 U+ (O4) , VP =wfi' (79)
2p013(C44 —0.5(C1q —C13)) p
~0 _ (®143E3)2 0 _ 0.5[C11—C12)
L1p ® U1y 0 y V=, |——
2pUpy(€C44 —0.5(C; —C13)) P
2
with the angle of non-orthogonality being equal to tan2{’y =CO®¢C30 .When Cy, =0:
66 ~Lss
N /0-5[511 —Cyp)
Y e —
yo)
0,c5E3)? cY
vy F VP +(015+3)' vfy =, [— (80)
2pv71(C11 —Cy4) P
(©,:3E3)2 c9
vz ~UP3 - 0 o ,ufy =, 7
2p073(C1q —Cyy) p
2053

In this case, under the electric field, the AWs acquire non-orthogonality: tan2{, = o0 _co
11 ~Uss
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3.6. Trigonal point groups of symmetry
This group of symmetry includes well-known crystalline materials such as quartz [31],
calcite, lithium niobate, lead germanate in the ferroelectric phase, etc., as well as many other
materials. Let us proceed with our analysis from the point group of symmetry 32. The EST
for this point group of symmetry can be presented as:
¢ ¢, oy 0

Y, € C3 €1y O

Chy s G 0 0

Cly €1y 0 €y O

0 0 0 0 Ci, c9,

| 0 0 0 0 9, 050 -]
Application of the electric field along the Z-axis results in the symmetry lowering to the point
group 3 and the appearance of new components: C;5=0;53E3, (y5=-0;53E3, and

0
0
0
0

(81)

AC4¢ =—0153E5 . The respective tensor change the structure:

o O Dy Cos 0

Cy € (3 Chy G 0

N A S o
0 0 Gy

~Cs Cs 0 0 CY €l

0 0 0 Gy €} 050C-C))

The peculiarity of the point group of symmetry consists in the possibility of presenting of
this tensor in the view of two different structures with the help of its rewriting in the rotated
coordinate system by the Z-axis at an angle ¢
C14(9) = CY, cos3p — ©;53E5sin3p, 83)
Cy5(0)=—CY, sin3p — O, 3E;cos3p
When  Cy5(@)=0, then tan3p=-0;53E;/C),, while when Cyu(@)=0, then

tan3p = (Y, / ©;53E;. Then the structures are:

chochy s €y O 0

Cy € C Gy O 0

Cly C3 C 0 0 0 or

Chy €y 0 CY O 0

o o0 o0 o0 Y Cia

Lo 0 0 0 Gy 0.5(CY; —C%,) | _ a0
Ch Ch C5 0 Gy 0

Cy € Ch 0 Gy
Cl3 Cj3 C3 0 0
0o 0 0 ¢ 0 Cys
Cps Cps 0 0 CY, 0
0 0 0 Cgs 0 050CY-C%)
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respectively. Let us consider the case when C;,(¢)=0 that is realized under the condition
Cs5|c, 0 =—CiysinarctanCy, / ©;53E; —©y53E; cosarctanCy, / ©53E5. Then, supposing that
the AWSs propagate along the X' -axis (X'- axis appears after rotation of the coordinate
system by the angle g around the Z-axis), the Christoffel tensor will be as follows:
€ -2 0 Cas)c,,=0
0 Cle— A 0 . (85)
C25)c,=0 0 Chs—2

The non-orthogonality angle is determined as tan2{y- =C0—E‘;0 being dependent on the
117 laq

electric field. The AWs velocities are determined by the relations:

c,=0)?

0.5(C9, —C?
V12 = ,/—( 1 12)' Ly R OPy o o
P 2.0011(511 _C44)
2 0
L1z~ U5 - 0) \/ =1/Cﬂ'
2P013(Cn C44) Y

where indices 1,2,3 correspond to the rotated coordinate system X'YZ. When C,5(¢)=0,

(86)

and propagation of the AWs along the X" - axis, the Christoffel tensor is written as:
c) -2 0 0
0 (=~ Ciy =0 |" (87)

0 C14‘c25:0 Cy—2

where 614‘62;0 =), cosarctan(—0;53E5 / C9,) — ©;s3E;sinarctan(-0,g3E5 / €9,). The AWs

velocities can be written as:

cY (C14]c, cY
oy =, [, 3L+ 0 0o vfs =, [~
I 2pvs(CY, 0. 5(C —C72)) I (88)
0 (Ci4)c,=0)? 0 0.5(C11 —Cy3)
Lip ®U1p — 00 0 0 V=~ —
2pvi5(C3, —0.5(CY; - C35)) p

where indices 1,2,3 correspond to the rotated coordinate system X"Y"Z.
At the application of the electric field along the X-axis, the symmetry is changed as:
32 — 2, which yields a change in the structure of the EST:
[ €y Cp Gz €y 00
Ciz Gy Gz Gy 0 0
Ci3 Co3 €95 Gy O 0
Cig Cop Gy Cyy 0 0
0 0 0 0 Cs Cg
0 0 0 0 Cs Cogf

where  ACj; =0111E1,ACy; =0,51E;, AC1; =015, AC;3=013E;  ACy3=0,31E,

(89)
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ACy=O1Er, Al =0y4E;,  ACy =04E;,  Alss=0s551E;,  Alge =Oge1ky,
AC5g =05 E;, C34=034.E;. For the AWs propagating along the Z-axis, the Christoffel

tensor can be written as:

Cs—2 O
0  Cu-2 Gy | (90)
0 C34  C33-4

The AWs velocities are as follows:

0
o0 4 9Oss1Er o [Cag
U31 ®U31 + » U3y =
2pv; P

O,,.E,)2 c9
5 ( 3(’)41 1) , 039 _ |33 (91)
(33— Ch4 = Oy Ey p

Van 200, — (©34,E1)? L. = 59,4
32 ~ Y32 CO —CO _® E » Y32~ .
33~ L44 44151 1%

Let us consider the point group of symmetry 3m (m_LY ). The EST is as follows:

~10
U3z ®U33 +

ChoC Oy 0 O 0
C, € €5 0 (s 0
(3 Ch3 € 00 0 (92)
0o 0 0 c O co.
~C)s Cs 0 0 (Y 0
0 0 0 C% 0 05Ch—C%)]

Under the applica‘gion of the electric field E3, the symmetry and the structure of this tensor
remain unchanged. However, the existing tensor components undergo changes:
ACyy =Oqq3E3, Alzy = O333F3, ACyy = 0133, ACy3=Aly3=0133E3, Alyy = ACss = 0443E3,
ACge =0pge3E3, ACy=—-0153E3, Ci5=0453E3,0,5=—053E3. At the propagation of AWs

along the X-axis, the Christoffel tensor looks as:

€ -4 0 Cs +0153E5
0 ) o | (93)
CPs+O153E5 0 €y~

that result in AWs velocities:

O esE [0.5(c9, —¢9)
vy * VP + 2;6503’ vy = —1;) 2,
12

€O — @534 )2 0
o1y zU?1+®1130E3 — 0( 150 153E3) , 0, = ﬂ (94)
2pv7;  2puii(CF) —Ciy +©113E3 — O yy3E3) P
0, ©OuzEz (€5 —©453E3)? o _ [Ch
U3 ® Ul3 + 2 0 2 0 0 0 » Y13 — ’
pLi3  2pUps(CT) —Cay +O113E3 — O yy3Es) P
2(Cs + 0453E3)

and non-orthogonality of AWs v;; and v;3 defined as: tan2{y = .
€ —C34 +(O113 - Ouu3)E;

As one can see (Eq.(94)), in this case, both linear and quadratic terms exist in the increment
of AWs velocities.
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At the application of the electric field along the X-axis the symmetry is changed as
3m — m. The EST acquires the structure

€1y Cip Ci3 0 G5 0]
Ciz Cpp Gz 0 Gy 0
Ciz Cp3 C33 C3s 0 (95)
0 0 0 Cypy 0 Cyp
Cis G5 G5 0 Css 0
L0 0 0 G 0 Cg
The EST components depend on the electric field as:

ACy; =0111E1, AC3=0131E1, ACi5 =0Oq5.E7,
ACge =011 +Oy31)E7,

ACél-él- = ®4—4—1E1 ’

ACs5 =—0Oy4qEq,

AC22 = ®221E1 ’

ACy5 =0y5.E7,
ACiy =—(0111 + Oy )Ey,

AC23 = —®131E1, AC46 = (@151 —®251)E1 ) C35 = @351E1 . The ChriStOffel tensor f0r the AWS

propagating along the Z-axis is as follows:

Cos—A 0 C3s
0 Cop— 4 0 (96)
(35 0 (-4
. . 2035, E4
The angle of non-orthogonality can be written as tan2dy = . The AWs
€25 —C33-OyuiEy
velocities are determined by the relations:
0 _OunE; (©351E1)? 10 ®441E1
U3 ® 31 2500 Uzp ® U3 )
puf;  2p08(Cl3 —Cy+OyyiEr)’ 2pv5, 97)
U3 ~UY5 + (©351E1) / f _ /C_§3
2p0Ps(CY5 —C4 + Oy Ey)’ P

The last point group of symmetry under consideration in the present work is group 3.

The EST for this group of symmetry is quite complicated, i.e.:

oy oy oc)y CYs 0
, C € €y Ch 0
Cly €4 O CYy O s
€} C 0 0 (Y Cla
L 0 0 0 C?S C?‘l- 0. S(C?l - C?Z)_

Under the electric field applied along the Z-axis, the symmetry and the tensor structure

remain the same:

€ Ciz Gy —Cps 0
) Gz —Cy Gy 0
Ciz  Ci3 C3?3 0 0 0 (99)
Cy €y 0 Gy O Cys
5 Cps 0 0 Cyy Ciy
L 0 0 0 Cp Cyy 050 —CP))

while the most components are changed as: AC;3=AC,3 =0133E3, ACyy =ACs55=0443E3,
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AC14 =0O143E3, ACy, =-0143E3, ACi5=0153E3, Aly5=-Al15=—-0153E3 ACy =—0153E3,
AC56 = @143E3 . When tan3§0 = [C?S —®153E3)/[C?4 + ®143E3) ) then Czs(gD) = 0 . At the

propagation of the AWs along the X-axis, in this case, the Christoffel tensor is as follows

co,-2 0 0
0  Co%-A Co5 |- (100)
0 Css  Cly-2

2(CP, +©443E3)
Cos —C34 + (20113 - O 443 —0153)E3

The non-orthogonality angle is equal to tan2dy = The

velocities of the AWs are as follows:

U11 =\/Cn/.0,

0 2 0
vy ~ 00, + ®4430Es + - (CT4 +©143E3) . —, v, = fcﬂ, (101)
2pvis  2pups(CYy + O 4y3E3 - 0.5(CY; - (7)) P

Uy 0O, — (CY4+ ©O143E3)? 0, = [0.5(Cy4 —C12)_
2p0s(Ch4+ O y43E3 —0.5(CP; —CP,)) P

3.7. Monoclinic point groups of symmetry

Non-centrosymmetric monoclinic crystals include materials such as Triglycine sulfate,
Rochelle salt, crystals of the Sn,P,Se family in the ferroelectric phase, etc. [32-34].

Let us consider the point group of symmetry 2 (21Z). Under the application of the
electric field parallel to the Z-axis, the symmetry and the structure of the EST are not
changed:

o, ¢9 ¢ 0 0 C%] [Cy Cyp C3 0 0 Cy
co, ¢y, ¢ 0 0 CY Cia Cypp Cpz 0 0 Cy
C?3 C83 Cg3 0 0 C:?G N C13 C23 C33 0 0 C36 ] (102)
0 0 0 C§ C% O 0 0 0 Cy C4us O
0 0 0 C% €% O 0 0 0 Cu Ci O
1C% €% C% O 0 (| |Cie Cp6 C36 0 0 Cgp

However, all components of this tensor acquire an increment due to the electro-elastic effect:
ACy1=0q13E3,  AC1p=0gp3E3,  AC;3=0q33F3, Al =0163E3,  Aly =0p3k3,
ACy3 =0y33k3, Al = Ong3k3, AC33 =0333F73, A3 = O343E3, ACyy =Oyq3E3,
ACs5 =0Og53E3, Alge =0gg3E3, ACys =0O453E3. At the propagation of the AWs along the X-

axis, the Christoffel tensor can be written as:

Ci1—4 (i 0
Cig Co6—~ 0o |, (103)
0 0 Cs5—A
and the non-orthogonality angle is defined by the relation
2(CP6 + O163E3)

tan2d, = . Therefore, the application of the electric field leads to

71 — s +(©113 — Opg3)E3
the increment of the angle of non-orthogonality. The relations for AWs velocities are as
follows:
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0 0
D3 = |C35 + Oss3Fs 0, + Oss3E3 00, = Css
p 2pvdy P

vy; =09, + O113E3 + (CP6 +O163E3)? 00, = C_?l (104)
2pvf;  2pvy(CY) —Cs +(O113— Ogg3)E3) \ p
Oge3ks (CP6 +©163E3) 0 _ C_ge

~ 00
R 2pvfy  2puf(C; —Cs +(O113 —Og63)E3)” kN P
For the point group of symmetry m (m_L Z) under the application of the electric field
along the X-axis, the structure of the EST is the same as it is determined by Eq. (102). The
point group of symmetry under the electric field is not changed, while the components of the
EST are changed in a similar manner as in point group 2. At the propagation of AWs along
the Z-axis, the Christoffel tensor has the form:

Cos—A  Cys 0
Cis Cy=24 0 |, (105)
0 0 Cy-4

2(C5 +Oy54E7)

while the angle of non-orthogonality can be written as: tan2; = — 5 .
(55— C33+ (0551 — O331)E;

The relations for the AWs velocities can be written as:

O33:F, Cis
U33 ng3 +2'DT; 0832 7,
33
OccE C% +0,:,E;)? ch
IS B— 0( 15 451E1) T (106)
2puyz  2puy3(Chs —Cay +(Os51 — Oy )E) P
Dy Y, + OunE; (Cs +Oys1E1)? o _ |C4

» U3 = :
2pvd;  2pvR5(C —Cy +(Os51 —Ogqq)E,) p
As one can see, the angle of non-orthogonality changes its value under the application of

the electric field, and the increment in the AWs velocities is proportional to the linear and
quadratic powers of the electric field.

4.Conclusions
As a result of the present work, we have obtained relations for AWs velocities for all point

groups of crystal symmetry, except for the triclinic system under an electric field applied
along the principal crystallographic directions. The Curie symmetry groups have also been
considered. The main conclusions of the present work are as follows:

1. In many examples, the electro-elastic effect behaves similarly to the Pockels effect in
optics. The rotation of the eigen vectors of the optical-frequency impermeability tensor
caused by the linear electro-optic effect is analogous to the rotation of the eigen vectors of
the Christoffel tensor in acoustics. However, in acoustics this rotation induces or increases
the angle of non-orthogonality, whereas in optics the eigen waves remain orthogonal.
Applying the electric field along high-symmetry axes in axial symmetry groups such as o2
and 622 leads to the same behavior of AWs velocities in acoustics as in optics, i.e., the linear
term with respect to the electric field is zero. However, in acoustics this does not hold for
point groups of symmetry 422 and 32.
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2. In the symmetry groups 432, 43m, and 23 under an electric field parallel to the
<001> direction, the coordinate system in which the EST is written rotates. The same
rotation occurs in the symmetry groups: 4mm under the electric field E2; 422 under the
electric fields E5 and E1; and 6mm under the electric field E1. A 45° rotation appears in the
point groups 42m and 43munder the electric field E3, and a 90° rotation occurs in the
symmetry group 62m about the Y axis under the electric field E.

3. If the non-orthogonality is induced by the electric field, the dependence of the
respective AWs velocities on the electric field is quadratic; otherwise, it is linear. By applying
an electric field, one can control the angle of non-orthogonality. The angle of non-
orthogonality can be induced by an electric field in all high-symmetry groups, including Curie
groups and groups of cubic, middle, and orthorhombic systems, whenever the application of
the electric field results in an abrupt lowering of symmetry, at least to the monoclinic system.
In this case, the velocities of the AWs that acquire the non-orthogonality depend
quadratically on the electric field. Additionally, one can operate on the existing angle of non-
orthogonality by using the electric field E3 in the point groups of symmetry 4, 4, 3, 3m, and
2, and by using the electric field E1 in the groups of symmetry 3m and m. In cases where the
angle of non-orthogonality increases under the electric field, the AWs velocities contain both
linear and quadratic terms in the electric field strength.
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AHomayis. Y yiii po6omi posaassHymo esekmponpyxcHuil epekm 045 ecix epyn cumempii Kropi
ma mo4kKosux 2pyn Kpucmasis, 3a 8UHIMKOM MPUKAITHHOI cucmemu, Koau e/eKmpu4yHe nose
npukaadaemvcsi  83008X4C  20/108HUX  KpucmasoepadivuHux  Hanpsimkie.  BusedeHo
chiggiOHOWEHHS1 0415 3MiHU weudkocmell aKyCmMuyvHUX Xeu/ab hid di€lo eseKmpuyHo20 noJsl.
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0. Mys et al

Bbys10 nokasaHo, wo 8 6azamvox 8uNAdkax e1ekmponpyxcHull egpekm nogodumucsi nodi6Ho Ao
epekmy [lokkeabca 6 onmuyi. ObepmaHHS 8/4ACHUX 6eKmMopie meH3opa diesekmpu4Hoi
HEeNpoOHUKHOCMI, CnpuvuHeHe JIHIUHUM e/neKmpoonmu4Hum egekmomM, aHa/a02iyHe
00epmaHHI 8/acHUX 8ekmopie meH3opa Kpicmogdens e akycmuyi. Y deskux moukogux
epynax cumempii npukaadeHHs1 e/NeKmpuyHo20 ho/si npu3sodums 00 HeobxidHocmi
3anucys8aHHs meH30pa hpyxcHoi modysie 6 nogepHymiii cucmemi koopduHam. By/10 8usig/eHo,
Wo AKW0 HeOpMo2o0HA/bHICMb IHOYKYEMbCS e/AeKMPUYHUM No1eM, 3aAeHcCHICMb 8id0nogidHUX
weudkocmetl aKyCMu4HUX X8U/ab 8i0 e/neKmpu4Ho20 no/si € Keadpamu4How, 68 I[HWoMy
sunadky eoHa € JaiHiliHow. [Ipukaadaiwvu esekmpuyHe noje, MOXCHA KOHMpO08amu Kym
HeopmozoHaabHocmi. Kym HeopmozoHanbHocmi Modxce 6ymu iHAyKo8aHUU eseKmpuyHUM
nosiem y 8cix epynax aucokoi cumempii, ekatouarouu 2pynu Kropi ma epynu Ky6iuHoi, cepednix
ma opmopoMOiYHOI CUH20HIl, KOAU NPUKAADAHHS eNeKMpPUYHO20 ho/s npu3godums do
Pi3K020 3HUMCEHHs1 cumempil, npuHaliMHi 00 MOHOKAIHHOI cuHeoHil Y yvomy eunadky
weudkocmi  aKycCmuyHuUx Xx8u/ab, SAKI Habysaroms Heopmo20HA/AbHOCMI,  3d/1examb
Keadpamu4Ho 8i0 esnekmpuyHo2o noas. Y eunadkax, Ko/Au Kym Heopmoz2oHa/AbHocmi
3MIHWEMbC nid Jier eaeKmpPu4yHo20 NoJs, WeUdKocmi akyCmu4yHUX X8UJb Micmsimb sK
JAIHITIHI, mak | keadpamuyHi YeHU 3a HANPYyHCeHicmio es1eKmpu4Ho20 noJsl.

Kawuoei caoea: enekmponpyxucHull edexkm, weudkocmi aKyCmMuvyHUX X8UJ/b, egeKkm
Ilokkeabca, cumempis
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