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We describe an interferometric technique suitable for determination of piezo-optic coefficients (POCs) in
crystals. The method considers real nonparallelism of measured samples, thereby improving the
measuring precision of POCs significantly. Corresponding equations are derived for the interferometric
half-wave stress method. Using this technique we have determined a complete set of POCs of pure and
MgO-doped LiNbO3 crystals. The reliability of the data has been confirmed by comparing the effective
POCs expressed through the combinations of measured POCs and the effective POCs determined inde-
pendently using highly precise optical birefringence measurements. Pure and MgO-doped LiNbO3 crys-
tals reveal nearly the same magnitudes of POCs. However, LiNbO3:MgO exhibits about 4 times higher
resistance with respect to powerful light radiation, making it more suitable for application in acousto-
optic devices that deal with superpowerful laser radiation. © 2009 Optical Society of America

OCIS codes: 120.3180, 160.4670, 160.1050, 120.4530.

1. Introduction

Precise determination of piezo-optic coefficients
(POCs) is important in many aspects of materials
science and optical engineering, especially when
one searches for new efficient acousto-optic materi-
als. With a complete set of POCs and elastic
compliances the photoelastic constants pij may be
evaluated [1–3]. Thus the diffraction efficiency de-
fined by the figure of merit M2 ¼ n6p2=ðρV3Þ [4–6]
can be determined for each particular geometry of
acousto-optic interaction. Here V is the sound veloc-

ity, n is the refractive index, p is the effective photo-
elastic constant represented as a combination of pij
depending on sample geometry, and ρ is the crystal
density. Optimized geometries of acousto-optic inter-
action, which provide the best diffraction efficiency of
acousto-optic cells, can be found by analyzing the
spatial anisotropy of M2ðθ;φÞ. A detailed description
of the optimization procedure is given in our previous
works [7,8].

In this paper we describe an interferometric tech-
nique suitable for measurements of POCs in crystal
materials. The proposed new method accounts for
real nonparallelism of measured samples, which sig-
nificantly improves the precision of the determined
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POCs. Using such a technique, complete sets of
POCs of pure and MgO-doped (7% in melt composi-
tion) LiNbO3 crystals have been obtained. The
interferometric method was afterward verified by
comparing the obtained POCs with the effective
piezo-optic constants. The latter constants, which re-
present combinations of POCs, have been deter-
mined for several symmetry-equivalent geometries
using independent high-precision optical birefrin-
gence measurements. Our interest in MgO-doped
LiNbO3 crystals (hereafter also referred to as
LiNbO3:MgO) is due to their high resistance with re-
spect to power laser radiation; according to Ref. [9]
their resistance is about 4 times higher compared
to pure LiNbO3 crystals, which appears to be very
important for many applications.

2. Determination of POCs in Crystal Materials:
Description of the Method and Basic Equations

Measurements of POCs in crystal materials are
usually related to certain difficulties and/or uncer-
tainties leading in many cases to incorrect values
for the following reasons [10]: (i) absence of a com-
plete set of equations suitable for the determination
of POCs by an interferometric technique that would
take into account the elastic crystal deformation;
(ii) with lower crystal symmetry the number of inde-
pendent nonzero POCs increases, which significantly
complicates such equations especially when elastic
crystal deformation is considered; (iii) improper
use of the refractive index factor in the elastic contri-
bution. In several works this factor was taken as ni
instead of ni − 1, resulting in a fatal error in determi-
nation of POCs; (iv) a sign uncertainty of POCs due to
a sequence of sign uncertainties regarding the cho-
sen axes that form the right crystallographic coordi-
nate system (see Ref. [11]). These shortcomings have
been improved in several works. For a detailed dis-
cussion see the review article [10] and the references
in it. This article also presents the set of equations
that are suitable for the determination of POCs for
crystals of any symmetry via the measurements of
a mechanical-stress-induced optical path.
First we describe the interferometric technique

that has been applied for the determination of POCs
πim in trigonal LiNbO3 crystals. Then the results of
these measurements are compared with the effective
piezo-optic constants π�km (i.e., combinations of POCs
πim) measured by a highly accurate optical-polariza-
tion technique. Here the indices m, k, and i denote
the directions of uniaxial mechanical compression,
light propagation, and electric field vector oscillation,
respectively. They are defined in the crystallophysi-
cal coordinate system with the axes X1, X2, and X3
that coincide with the principal axes of the optical
indicatrix. By defining these indices we specify the
orientation of the sample subjected to piezoinduced
interferometry and, as in Ref. [11], we refer to a
chosen set of indices as a sample geometry. The ex-
perimental setup is based on a Mach–Zehnder inter-
ferometer, which is assumed to be rigid enough that

changes of the interference pattern should be formed
due to an induced change of optical path in a crystal
sample only. Accordingly, the interferometer must be
free from any mechanical deformation, which has
been verified by means of a steel cube (∼10mm×
10mm × 10mm) with a hole (Ø∼ 5mm). It was
placed instead of the sample in such a way that
one of the interference beams passed freely through
the hole. Uniaxial mechanical stresses up to
2000N=cm2 applied to the cube did not lead to any
shift of interference maxima as required. Small rota-
tions of the sample in both the horizontal and the ver-
tical planes have been verified through a visual
inspection of the laser beam reflected from the sam-
ple surface and then consequently removed by ad-
justing the sample holder orientation. However,
the most serious problem appeared due to a micro-
metric parallel shift of the sample perpendicular to
the laser beam. In this case even small nonparallelity
of real samples may produce a considerable error in
the determination of POCs. Therefore, we consider
below the way to eliminate such errors in the inter-
ferometric piezo-optic measurements.

An induced change of the optical path Δk ¼ nidk
caused by the uniaxial stress σm applied to a rectan-
gular sample is given by the well-known relation [11]

δΔk ¼ −
1
2
πimσmn3

i dk þ Skmσmdkðni − 1Þ; ð1Þ

where dk is the sample thickness in the direction of
light propagation and Skm are the elastic compliancy
tensor constants. The first term of Eq. (1) describes
“purely” piezo-optic changes of the optical path,
whereas the second term is caused by the sample
deformation in the direction of light propagation.
Equation (1) is valid only for perfect parallel faced
samples. Real samples usually exhibit small nonpar-
allelism of opposite faces, which can be characterized
by the angle α ≈ tan α ¼ a=l (see Fig. 1). Let us try to
estimate the error due to nonparallelism of the sam-
ple. Assuming that a is typically in the range of
5–10 μm for the sample with l ¼ 8mm one obtains
α ¼ ð3:6 − 7:2Þ × 10−2 deg. By applying the force
Fm ¼ 1000N to the sample we usually obtain a ver-
tical sample shift δl of about of 5 × 10−2 mm, thus the

Fig. 1. Nonparallelism of the sample leads to an error ðδ�dkÞ in
the determination of the piezo-optic coefficients: 1 and 2 are the
laser beampositions atFm ¼ 0 andFm ≠ 0, respectively. (а) Normal
sample orientation and (b) inverted sample orientation (turned by
180° around the laser beam). By combining the normal and in-
verted sample orientations the error due to sample nonparallelism
can be eliminated.
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change of local sample thickness (i.e., along the line
of the light beam propagation) δ�dk ¼ aδl=l ¼
62:5nm. For LiNbO3:MgO crystals with ni ¼ 2:28
[9] this yields an absolute error in the determination
of optical path changes of δ�Δk ¼ niδ�dk ≈ 140nm.
For the light wavelength λ ¼ 632:8nm this is equiva-
lent to a relative error of about 44%, assuming that
the half-wave stress σλ=2 ≈ Fm=S, where S is the area
of the sample faces to which the force Fm is applied.
This error is proportionally larger for samples with
higher magnitudes of the half-wave stress σλ=2.
For samples with perfectly parallel faces POCs πim

can be calculated using the equation

πim ¼ −
λ

σimn3
i dk

þ 2Skm

n3
i

ðni − 1Þ; ð2Þ

where σim is the half-wave stress. This equation is
directly obtained from Eq. (1) for δΔk ¼ λ=2 and
σm ¼ σim. To obtain a similar relation for the sample
with nonparallel faces we must add the error correc-
tion δ�Δk to the right part of Eq. (1). Since the correc-
tion δ�Δk is unknown one must consider an
alternative sample geometry [namely, a 180° turned
sample as shown in Fig. 1(b)] to eliminate it. In this
case the error correction δ�Δk must be subtracted
from the right part of Eq. (1). For convenience, here-
after we will call the sample orientations shown in
Figs. 1(a) and 1(b) normal and inverted, respectively.
Combining both sample orientations, one obtains the
equation [12]

πim ¼ −
λ

2n3
i dk

�
1
σim

þ 1
σ0im

�
þ 2Skm

n3
i

ðni − 1Þ; ð3Þ

where σim and σ0im are the half-wave stresses
measured for the normal [Fig. 1(a)] and inverted
[Fig. 1(b)] sample orientations, respectively. It should
be stressed that Eq. (3) is valid only for a set of prin-
cipal POCs πim, i.e., i, m ¼ 1; 2; 3. The crystals
LiNbO3:MgO, like pure LiNbO3, are characterized
by the point group symmetry 3m. Thus their POC
matrix contains additionally three nonprincipal
POCs, π41, π14, and π44. They can be determined by
measuring the X=45°-cut sample (see Fig. 2). To de-
termine π14 the sample geometry is defined as i ¼ 1,
m ¼ 4, k ¼ �4. For such a geometry the following rela-
tion is valid:

π14 þ π12 þ π13 ¼ −
λ
n3
1

�
1

d�4σ14
þ 1
d�4σ014

�

þ n1 − 1

n3
1

ðS11 þ S33 − S44 þ 2S13Þ;

ð4Þ

where σ14 and σ014 are the half-wave stresses mea-
sured for the normal and inverted sample orienta-
tions, respectively, and d�4 is the sample thickness
along the light beam propagation (k ¼ �4). A similar

relation can also be written for the symmetrical
experimental conditions (i ¼ 1, m ¼ �4, k ¼ 4):

− π14 þ π12 þ π13 ¼ −
λ
n3
1

�
1

d4σ1 �4
þ 1
d4σ01 �4

�

þ n1 − 1

n3
1

ðS11 þ S33 − S44 þ 2S13Þ:

ð5Þ

Determination of π14 by means of Eq. (4) or Eq. (5)
is tainted by an extended set of errors, related in par-
ticular to the determination of half-wave stresses σ14
and σ014 (σ1 �4 and σ0

1 �4
); elastic compliances S11, S33,

S44, and S13; refractive indices ni; π12 and π13; and
sample thickness d4 (d�4). Standing alone these equa-
tions are not very suitable for a precise determina-
tion of POC π14. However, by mutual subtraction of
Eq. (5) from Eq. (4) one obtains the relation

π14 ¼ −
λ

2n3
1

�
1

σ014
þ 1

σ0014
−

1

σ0
1 �4

� 1

σ00
1 �4

�
; ð6Þ

which considerably reduces the resulting error in de-
termination of π14. Here σ0im ¼ σimdkðσ00im ¼ σ0imdkÞ is
the so-called effective half-wave stress (i.e., the stress
applied to a hypothetical cube sample with a volume
of 1 cm3 that induces retardation of λ=2).

In order to determine π41 one has to perform the
measurements in direct (i ¼ 4, k ¼ �4, m ¼ 1) and
symmetrical (i ¼ �4, k ¼ 4,m ¼ 1) conditions. The cor-
responding equation then takes the form

π41 ¼ −
λ

4n3
4

�
1

σ041
þ 1

σ0041
−

1

σ0�41
−

1

σ00�41

�
− S14

n4 − 1

n3
4

: ð7Þ

In this case the elastic contribution [second term of
Eq. (7)] cannot be avoided, which increases the error
in determination of π41. POC π44 may also be ob-
tained by performing the measurements in direct
(i ¼ 4, k ¼ �4, m ¼ 4) and symmetrical (i ¼ �4, k ¼ 4,
m ¼ �4) conditions:

Fig. 2. Sample orientation required for the determination of
POCs π14, π41, and π44.
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π44 þ
1
2
ðπ11 þ π13 þ π31 þ π33Þ

¼ −
λ

2n3
4

·
�

1

σ044
þ 1

σ0044
þ 1

σ0
44

þ 1

σ00
44

�

þ ðS11 þ S33 − S44 þ 2S13Þ ·
n4 − 1

n3
4

: ð8Þ

However its determination is obviously character-
ized by a substantially larger error. More details re-
garding the errors in the interferometric piezo-optic
measurements of LiNbO3:MgO will be given in
Section 4. Derivation of Eqs. (6)–(8) can be found
in Ref. [12].

3. Reliability of POCs Determined by Interferometric
Technique

The interferometric technique is known to be sophis-
ticated, being critically sensitive to the quality of
optical surfaces, residual strains in the sample, me-
chanical vibrations, random micrometric deforma-
tions, and/or shifts of interferometer components.
These factors may have a considerable influence
on the accuracy of interferometric measurements.
Hence an independent verification of measured
POCs is desirable whenever possible.
For example, π11 can be measured using several

sample geometries. Considering the rectangular
sample with the faces perpendicular to the principal
crystallophysical axes X1, X2, and X3, the sample
geometry suitable for its determination can be as-
signed as k ¼ 2, i ¼ 1, andm ¼ 1. Hence Eq. (3) takes
the form

π11 ¼ −
λ

2n3
1d2

�
1
σ11

þ 1
σ011

�
þ 2S21

ðn1 − 1Þ
n3
1

: ð9Þ

On the other hand, π11 can also be measured con-
sidering the sample geometry for which k ¼ 3, i ¼ 1,
and m ¼ 1. In this case one obtains another relation
quite similar to Eq. (9) in which d2 and S21 are re-
placed by d3 and S31, respectively. π22, which in
the case of the symmetry group 3m is equal to π11,
can be determined using the two following sample
geometries: k ¼ 1, i ¼ 2, m ¼ 2 or k ¼ 3, i ¼ 2,
m ¼ 2. Accordingly, one obtains two additional rela-
tions suitable for the determination of π22. The relia-
bility of POCs determined by an interferometric
technique can easily be verified by comparing the ob-
tained magnitudes of π11 and π22, which are expected
to be equal to within experimental error.
Alternatively the magnitude of π11 can be obtained

by measuring the piezoinduced optical path on the
sample representing the X=45° cut of LiNbO3:MgO.
The sample geometry must be chosen as k ¼ 4,

i ¼ 1,m ¼ 1 (see Fig. 2), which leads to the expression

π11 ¼ −
λ

2n3
1d4

�
1

σ11ðk¼4Þ
þ 1
σ011ðk¼4Þ

�

þ
�
S12 þ S13 þ S14

�
n1 � 1

n3
1

: ð10Þ

Similarly, for symmetric conditions (k ¼ �4, i ¼ 1,
m¼1) the following equation is valid:

π11 ¼ −
λ

2n3
1d�4

�
1

σ11ðk¼�4Þ
þ 1
σ0
11ðk¼�4Þ

�

þ ðS12 þ S13 − S14Þ
n1 − 1

n3
1

: ð11Þ

π11 can be determined by using Eqs. (10) and (11) or a
superposition of these equations. In the last case the
elastic compliancy S14 is eliminated, which improves
the accuracy of the measurements a bit. Combining
Eqs. (4) and (5), one obtains the expression for super-
position of π12 and π13:

π12 þ π13 ¼ −
λ

2n3
1

�
1

d�4σ14
þ 1
d�4σ014

þ 1
d4σ1 �4

þ 1
d4σ01 �4

�

þ ðS11 þ S33 − S44 þ 2S13Þ
n1 − 1

n3
1

: ð12Þ

In a similar way one gets two other relations for
superpositions of π12 and π31 or π41 and π14=2:

π12 þ π31 ¼ −
λ

2n3
4

�
1

d�4σ41
þ 1
d�4σ041

þ 1
d4σ�41

þ 1
d4σ0�41

�

þ 2ðS12 þ S13Þ
n4 − 1

n3
4

; ð13Þ

π41 þ
1
2
π14 ¼ λ

2n3
4

�
1

d�4σ44
þ 1
d�4σ044

−
1

d4σ�4 �4
−

1
d4σ0�4 �4

�
:

ð14Þ
Table 1 lists the sample geometries used in the

study of POCs of LiNbO3:MgO crystals as well as
the magnitudes of the effective half-wave stresses
σ0im and σ00im obtained by means of an interferometry
technique.

4. POCs of MgO-Doped LiNbO3 Crystals

MgO-doped (7 wt. %) LiNbO3 crystals have been ob-
tained by the Czochralski technique combined with a
monodomainization procedure atTm ¼ 1200 °C. Slow
cooling from Tm down to room temperature has pro-
vided a significant reduction of intrinsic strains and
hence high optical quality of the single crystals of
nearly cylindrical shape (Ø∼ 84mm, L ¼ 60mm).
Samples with typical dimensions of ∼8mm × 8mm ×
8mm have been cut from the central part.
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Themagnitudes of elastic compliances used in eva-
luations of POCs of LiNbO3:MgO crystals have been
taken from Ref. [13]: S11 ¼ 5:71, S12 ¼ −1:13,
S13 ¼ −1:36, S33 ¼ 4:82, S14 ¼ −0:89, S44 ¼ 16:65
(given in 10−12 m2=N). The principal refractive in-
dices (λ ¼ 633nm) n1 ¼ n2 ¼ 2:282, n3 ¼ 2:192 are
taken from Ref. [9], whereas the magnitudes of the
effective refractive index n4 (or n�4 ¼ n4) required
for the determination of π41 and π44 have been calcu-
lated using the known equation

n4 ¼
ffiffiffi
2

p
n1 · n3=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
1 þ n2

3

q
¼ 2:236:

Accordingly, for the sample geometries with k ¼ 1
and k ¼ 4 the birefringence values are Δn1 ¼
n2 − n3 ¼ 0:090 and Δn4 ¼ Δn�4 ¼ n1 − n4 ¼ 0:046,
respectively.
Table 1 summarizes the measured effective half-

wave stresses depending on the sample geometry
as well as the determined POCs of LiNbO3:MgO crys-
tals. We do not present here the analogous data for
the pure LiNbO3 crystals because they are very close
to the ones obtained for LiNbO3:MgO. The POCs
averaged over the different sample geometries are
given in Table 2 for both pure and MgO-doped crys-

tals. For comparison, this table also contains the
magnitudes of the POCs of pure LiNbO3 published
earlier in Ref. [14]. In the following we discuss the
obtained results, including their reliability, error
analysis, and practical aspects.

1. The reliability of the obtained data follows
from the independent geometries used for the deter-
mination of the same POCs. For example, π11 (or
π22 ¼ π11) has been calculated using Eq. (9), being
the basic expression for the four independent sample
geometries related to measurements of the rectangu-
lar sample with the faces perpendicular to the prin-
cipal crystallophysical axes; see rows 1, 3, 5, and 8.
Additionally, π11 has been obtained by measuring a
rectangular sample of the X=45° cut in two sample
geometries (rows 13 and 15) and calculated by means
of Eqs. (10) and (11), respectively. All other POCs of
LiNbO3:MgO have been determined at least from
two independent measurements performed for differ-
ent sample geometries: π12 ¼ π21 (rows 4 and 7),
π32 ¼ π31 (rows 2 and 6), π14 (rows 17 and 19), etc.
For the symmetry-equivalent sample geometries
the corresponding POCs πim exhibit very close mag-
nitudes. Deviation from the mean value does not ex-
ceed 15%. Regarding POC measurements, such
accuracy can be highly appreciated.

Table 1. Results of Piezo-Optic Measurements of LiNbO3:MgO Crystals in Different Sample Geometriesa

Sample Geometry m k i σ0im and σ00im, kg=cm2 πim, Br δΔk
dkσm, Br

δΔkðπimÞ
δΔk

(%) δΔkðSkmÞ
δΔk

(%)

1 1 10 2 1 σ011 ¼ −205 σ0011 ¼ −225 π11 ¼ −0:50� 0:03 þ1:5 þ200 −100
2 1 10 2 3 σ031 ¼ þ87 σ0031 ¼ þ76 π31 ¼ þ0:50� 0:08 −4:0 þ66 þ34
3 1 10 3 1 σ011 ¼ −500 σ0011 ¼ −500 π11 ¼ −0:40� 0:02 þ0:66 þ360 −260
4 1 10 3 2 σ021 ¼ þ123 σ0021 ¼ þ110 π21 ¼ þ0:18� 0:05 −2:8 þ38 þ62
5 2 20 1 2 σ022 ¼ −390 σ0022 ¼ −325 π22 ¼ −0:40� 0:02 þ0:92 þ260 −160
6 2 20 1 3 σ032 ¼ þ76 σ0032 ¼ þ90 π32 ¼ þ0:49� 0:07 −3:95 þ65 þ35
7 2 20 3 1 σ012 ¼ þ132 σ0012 ¼ þ129 π12 ¼ þ0:13� 0:04 −2:5 þ31 þ69
8 2 20 3 2 σ022 ¼ −450 σ0022 ¼ −470 π22 ¼ −0:41� 0:02 þ0:72 þ340 −240
9 3 30 1 2 σ023 ¼ þ50 σ0023 ¼ þ54 π23 ¼ þ0:76� 0:10 −6:25 þ72 þ28

10 3 30 1 3 σ033 ¼ þ90 σ0033 ¼ þ101 π33 ¼ þ0:34� 0:06 −3:4 þ53 þ47
11 3 30 2 1 σ013 ¼ þ66 σ0013 ¼ þ41 π13 ¼ þ0:79� 0:10 −6:4 þ73 þ27
12 3 30 2 3 σ033 ¼ þ125 σ0033 ¼ þ85 π33 ¼ þ0:30� 0:06 −3:2 þ50 þ50
13 1 10 4 1 σ011 ¼ −420 σ0011 ¼ −650 π11 ¼ −0:47� 0:03 þ0:6 þ470 −370
14 1 10 4 �4 σ0�41 ¼ þ41 σ00�41 ¼ þ36 π41 ¼ −0:95� 0:09 −9:7 þ79 þ21
15 1 10 �4 1 σ011 ¼ −215 σ0011 ¼ −235 π11 ¼ −0:41� 0:03 þ1:4 þ174 −74
16 1 10 �4 4 σ041 ¼ −96 σ0041 ¼ −104 π41 ¼ −0:85� 0:18 þ1:45 þ168 −68
17 4 40 �4 1 σ014 ¼ þ160 σ0014 ¼ þ125 π14 ¼ −0:80� 0:11 −3:25 þ12 þ88
18 4 40 �4 4 σ044 ¼ þ27 σ0044 ¼ þ21 π44 ¼ þ2:0� 0:5 −13:7 þ79 þ21
19 �4 �40 4 1 σ0

1 �4
¼ þ48 σ00

1 �4
¼ þ24 π14 ¼ −0:80� 0:11 −8:0 þ64 þ36

20 4 �40 4 4 σ0
44

¼ þ53 σ00
44

¼ þ48 π44 ¼ þ2:0� 0:5 −6:5 þ56 þ44

aþ and − at σ0im and σ00im indicate the sign of the optical path change under the stress σm applied to the sample (at calculations this sign is
set before λ); sample compression is taken with −. For a synonymous choice of the directions 4 i �4 we use the criteria π14 < 0, then the signs
of the crystallophysical axes are chosen according to IRE standards (see Ref. [11]).

Table 2. POCs πim of LiNbO3:MgO and LiNbO3 Crystalsa

πim, Br π11 π12 π13 π31 π33 π14 π41 π44
LiNbO3: MgO −0:43 þ0:15 þ0:78 þ0:50 þ0:32 −0:80 −0:90 þ2:0
LiNbO3 −0:38 þ0:09 þ0:80 þ0:50 þ0:20 −0:81 −0:88 þ2:25
LiNbO3

b
−0:47 þ0:11 þ2:0 þ0:47 þ1:6 þ0:7 −1:9 þ0:21

aThe POC magnitudes are averaged over different symmetry-equivalent sample geometries.
bRef. [14].
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By means of Eqs. (12) and (13) one can calculate
the superposition of the principal POCs π12 þ π13
and π12 þ π31 using the magnitudes of effective
half-wave stresses σ014, σ01 �4, and σ041, σ0�41, respectively,
measured on the X=45°-cut sample. One obtains
π12 þ π13 ¼ 0:61� 0:15 and π12 þ π31 ¼ 0:43� 0:10
(in Brewsters, 1Br ¼ 10−12 m2=N), which differ less
than 20% from the corresponding magnitudes
presented in Table 1. The superposition π41 þ π14=2
determined by means of Eq. (14) yields a value of
−1:25� 0:12Br, which differs by only �2% from
the one calculated using the values of Table 1.
2. The results of these comparisons confirm the

reliability of the obtained results in LiNbO3:MgO.
The accuracy of POCs given in Table 1 ranges from
5% (as for π11) up to 31% (as for π12). These errors
were calculated as the sum of mean-square devia-
tions caused by the pure piezo-optic and elastic con-
tributions according to Eq. (2). The relative error
rises considerably if these contributions are compar-
able and have opposite signs.
3. From Table 1 it follows that piezo-optic

δΔkðπimÞ and elastic δΔkðSkmÞ contributions are com-
parable in most cases. Only the sample geometry
used for the determination of π14 (see row 17 of
Table 1) is characterized by an extremely small
piezo-optic contribution (∼12%) being comparable
with the experimental error. Hence the optical path
changes induced by the stress are dominated in this
case by indirect elastic contribution. Amazingly in
several cases both piezo-optic and elastic contribu-
tions exceed several times the resulting piezo-optic
effect defined by their difference (see, e.g., row 8 or
13 of Table 1).
4. From a practical point of view, e.g., for photo-

elastic modulators [15–17], there is considerable in-
terest in those sample geometries that are
characterized by large piezo-induced changes of
the optical path δΔk. For pure and MgO-doped
LiNbO3 there are six sample geometries that are
characterized by significant stress derivatives of op-
tical path δΔk=ðσmdkÞ in the range from −6:25 up to
−13:7Br (see rows 9, 11, 14, and 18–20 of
Table 1).
5. Table 2 compares the magnitudes of POCs πim

of pure and MgO-doped crystals. The difference be-
tween corresponding coefficients appears within
the experimental error. This is also the case for
π33, for which such a difference is comparable with
the magnitude of this coefficient.

On the other hand, the magnitudes of several
POCs, e.g., π13, π33, π41, or π44, show discrepancies
with the ones determined earlier (see Table 2). We
attribute such discrepancies to several reasons:

i. Possible nonparallelism of samples has not
been taken into account in Ref. [14], which may lead
to large errors in the determination of POCs.
ii. In our studies we used the same samples for

interferometric (POCs πim) and elastic (compliances

Skm) measurements, whereas the authors of Ref. [14]
used literature data on Skm magnitudes.

iii. A proper choice of positive directions in the
crystallophysical coordinate system is very impor-
tant. In the present work we followed IRE standards
[18] developed for the piezoelectric effect. Accord-
ingly, the coefficients π14 and S14 get negative mag-
nitudes in contrast to Ref. [14] where they are both
positive. It must be stressed that the IRE standard is
generally accepted by most authors and is frequently
used for characterization of acousto-optic efficiency.

Another verification of the data obtained by inter-
ferometric piezo-optic measurements can be per-
formed by their comparison with the effective
POCs determined by high-precision optical birefrin-
gence measurements. The effective POCs π�km are
defined by the equation [11]

π�km ¼ −
2δðΔnkÞ

σm
¼ −

2
σm

ðδni − δnjÞ; ð15Þ

where δðΔnkÞ is the piezoinduced optical birefrin-
gence and δni and δnj are the changes of refractive
indices expressed through POCs πim as

δni ¼ −
1
2
πimσmn3

i : ð16Þ

Inserting Eq. (16) into Eq. (15) leads to the relation
between π�km and πim:

π�km ¼ πimn3
i − πjmn3

j ; ð17Þ

where the indices k, i, j are related by the rule of cyc-
lic permutation (1 − 2 − 3 − 1…). Equation (17) has
been obtained in [2] and is valid only for the principal
POCs πim and π�km, i.e., where the indices i, k,
m ¼ 1; 2; 3. For indices i, k, m ≥ 4 ð�4Þ the relations
for the corresponding effective POCs π�km become
more complicated. For instance, if the direction of
light propagation is set as k ¼ 4 and the two ortho-
gonal polarizations are defined accordingly as i ¼ �4
and j ¼ 1 then one deals with POC π�km ¼ π�

4 �4
ex-

pressed as

π�
4 �4

¼ −
2
σ�4

ðδn�4 − δn1Þ; ð18Þ

where the indices k, i, j are related by the rule of cyc-
lic permutation 1 − 4 − �4 − 1… [12]. The stress-
induced changes of the refractive indices δn�4 and
δn1 (k ¼ 4 and m ¼ �4) are given by Ref. [11]:

δn�4 ¼ −
1
8
ðπ11 þ π13 þ π14 þ π31

þ π33 þ 2π41 þ 2π44Þσ�4n3
4; ð19Þ

δn1 ¼ −
1
4
ðπ11 þ π13 þ π14Þσ�4n3

1: ð20Þ
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Hence by inserting Eqs. (19) and (20) into Eq. (18)
one obtains the following equation for the effective
POCs π�

4 �4
:

π�
4 �4

¼ 1
4

�
π11 þ π13 þ π14 þ π31 þ π33 þ 2π41 þ 2π44

�

× n3
4 −

1
2

�
π12 þ π13 þ π14

�
n3
1: ð21Þ

In a similar way one can derive the relations for
the remaining effective POCs π��44, π

�
41, and π��41. The

calculated magnitudes π�km for pure and MgO-doped
LiNbO3 crystals are given in Table 3 and compared
with corresponding magnitudes determined inde-
pendently by the high-precision optical polarization
method through measuring the piezoinduced bire-
fringence δðΔnkÞ [19] [see Eq. (15)]. The errors are
given only for the effective POCs π�km, being calcu-
lated from POCs πim. They increase substantially
for nonprincipal effective POCs π�km because these
tensor components are expressed through a large
number of measured POCs πim; see, e.g., Eq. (21).
In several cases the absolute error is comparable
or even exceeds (e.g., for π�

4 �4
) the magnitudes of ob-

tained effective POCs. On the other hand, for π�km
measured by the optical polarization technique the
errors are much smaller, i.e., less than 5–7%. More-
over the magnitudes of the principal effective POCs
measured by different techniques coincide within the
experimental error, which can be considered as an-
other confirmation for the reliability of the POCs
πim obtained by the interference technique.
Doping of LiNbO3 crystals by MgO does not lead to

a considerable modification of their piezo-optic prop-
erties. From Table 3 it follows that the magnitudes of
corresponding effective POCs π�km of pure and MgO-
doped LiNbO3 crystals are close to each other, and
their deviations from the mean values appear within
the experimental error. Also the sums of all the effec-
tive POCs in LiNbO3 and LiNbO3:MgO exhibit
similar magnitudes, 67.0 and 66:7Br, respectively.
However, LiNbO3:MgO is characterized by about 4
times higher resistance with respect to powerful
light radiation, making it promising for future appli-
cation in acousto-optic devices such as modulators
and deflectors that deal with superpowerful laser
radiation.

5. Conclusions

In conclusion we have presented an interferometric
technique suitable for the determination of POCs in

crystals. The method considers real nonparallelism
of measured samples, which improves the measuring
precision of POCs significantly. It has been applied to
pure and MgO-doped LiNbO3 crystals to study their
piezo-optic properties. Corresponding equations are
derived for a complete set of POCs being measured
by the interferometric half-wave stress method.
Using such a technique we have determined a com-
plete set of POCs of LiNbO3 and LiNbO3:MgO (7% in
melt composition) crystals. The method has been ver-
ified by comparing the effective POCs expressed
through the combinations of measured POCs and
the effective POCs determined independently using
high-precision optical birefringence measurements.
The reliability of the data obtained by interfero-
metric technique has been confirmed. Doping of
LiNbO3 crystals by MgO does not lead to a consider-
able modification of their piezo-optic properties, how-
ever LiNbO3:MgO is known to exhibit considerably
higher resistance against powerful light emission,
which indeed defines a perspective for its application
in acousto-optic devices that deal with superpowerful
laser radiation.

This work has been supported by Science and
Technology Center in Ukraine (STCU) project No.
4584.
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