Piezooptic coefficients and acoustooptic efficiency of TGS crystals
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Abstract. We have determined ten piezooptic tensor components for monoclinic
triglycine sulfate crystals, using an interferometric method. Acoustooptic figure of
merit has been calculated for the case of isotropic acoustooptic interactions with a
quasi-longitudinal acoustic wave.
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1. Introduction

Low-symmetry crystals manifest a number of physical properties associated with their increased
anisotropy and, in particular, propose a larger variety of geometries of their efficient applications.
However, the corresponding constitutive coefficients responsible for the efficiency, in particular
piezooptic and acoustooptic (AO) parameters for the low-symmetry crystalline materials, are
mainly represented by the tensors of ranks higher than second and, moreover, the components of
these tensors are difficult for experimental studies. The most prominent examples of anisotropic
material media are crystals belonging to monoclinic and triclinic systems.

The matrices of piezooptic coefficients (POCs) for all the crystals of the monoclinic point
symmetry groups 2, m and 2/m are the same and contain 20 independent POCs =;,, with
i,m=1,2, ..., 6. If the indices 7 and m are equal to 1, 2 and 3, the relevant POCs x,, 715, 713, 721,
T, T3, T31, T3, and 733 are often called as ‘principal’ [1], since they describe the changes in the
principal refractive indices ny, n, and n3 of a crystal under the action of mechanical stress tensor
components a,, (m=1, 2, 3). The POCs with the indices i = 4, 5, 6 are responsible for piezo-
optically induced rotations of optical indicatrix under the action of stress components o, with m =
1, 2, ..., 6 [1, 2]. These POCs are the most difficult to determine experimentally, since the
theoretical relations necessary for calculations contain complicated combinations of both the POCs
and the elastic compliances [1-3]. The latter fact leads to large, sometimes non-acceptable, final
errors in determination of the POCs. This is a reason for the lack of data concerned with the POCs
of monoclinic crystals, in spite of numerous photoelasticity data available for the crystals with
higher symmetry (see, e.g., Refs. [2-5]). In the present work we will deal with the piezooptic
studies of monoclinic crystals, using canonical triglycine sulfate (TGS) crystals as an example.
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TGS is characterized by the chemical formula (NH,CH,COOH);x H,SO,. It refers to the
point symmetry group 2 at the temperatures below a ferroelectric phase transition (7¢=49.2°C)
and the group 2/m above the T point [6]. The TGS crystals represent a known ferroelectric
material, which is well studied in many respects. In particular, it is known that it is transparent
down to 240 nm in the ultraviolet region [7]. Notice that this feature has been predominant in our
choice of TGS for the present piezooptic studies. It is worthwhile that the piezooptic effect in TGS
has been studied in a number of works (see, e.g., Refs. [8, 9]). However, in the most of cases only
some POC combinations have been determined using the measurements of optical retardation,
instead of the individual POCs themselves. In addition, the methods used so far for this aim have
not been completely correct. For instance, the errors caused by wedged samples (see the analysis
[10]) and inhomogeneous distribution of mechanical stress components inside uniaxially loaded
samples (see Ref. [11]) have not been accounted for in the literature, thus making the final results
inaccurate. Elastooptic coefficients of the TGS crystals have been measured in Ref. [12] with a
Dixon—Cohen method, so that the signs of these coefficients are still unknown. Notice that those
signs are needed while analyzing anisotropy of AO figure of merit that governs the AO efficiency
of material (see, e.g., Ref. [13]). It can be obtained after recalculating the POCs into elastooptic
coefficients.

The aim of the present work is to determine the principal POCs for the low-symmetry TGS
crystals.

2. Experimental techniques

The absolute values of POCs for the TGS crystals were determined using a known interferometric
method. The experimental equipment was built basing on a single-path Mach—Zehnder inter-
ferometer, in one of the arms of which a sample was introduced. The change in the optical path
O0A, in this arm of interferometer caused by the uniaxial pressure described by the stress tensor
component g, is given by the relation [1]

oA, :—%nimamdknf +8;.0,d, (n;—1). (1)
Here n; denotes the refractive index of a crystal under test, d; the sample thickness along the light
beam, and Sy, are the elastic compliance coefficients. The indices &, i and m denote respectively
the directions of the light beam, its polarization and the uniaxial pressure. If dA; in Eq. (1) is
substituted with /2, where A =632.8 nm is the light wavelength used in this work, the parameter

o,, =0, is referred to as a half-wave stress. The relations for the POC =, expressed in terms of

the half-wave (or control) stresses can be written as
A 28 A 28
Tiy ==+ 2 (1, = 1) = = —+ 2 (n, - 1) )

3
n; do, n; n;o

m 1
In eq. (2), o}, =d,0;, is the control mechanical stress, which is a characteristic of material, and
the half-wave stress o;, characterizes rather a sample, since it depends on its size.

Notice that even apparently plane-parallel samples manifest a small lateral wedging. In
practice, then the maximum and minimum thicknesses of the sample along the light beam direction
differ by ~ 1-5 um, when the sample height and the mean thickness are equal to ~ 8 mm. This

wedging effect can be considered when substituting 1/, in Eq.(2) with the mean of the

I

. . * .
appropriate inverse control stresses g, and ¢, , such that we obtain
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Here o, and o', are the control mechanical stresses determined for the sample placed in some

initial position and the sample rotated by 180° around the light beam, respectively. We refer the
reader to our recent works [10, 14, 15] for more detailed explanations of the effect of sample
wedging on the POCs measurements. Notice that our samples indeed possessed a small wedging
(sometimes it was as large as 3.5x 102deg). On the other hand, the vertical displacement of the
samples under the mechanical stresses g,, was negligibly small (~ 0.01 mm), owing to high rigidity

o

. . .
F and ¢, in our experiments with the

of a sample holder. Therefore, the control stresses a5, , oy,
TGS crystals were the same.
As mentioned in Ref. [11], the actual mechanical stress appearing in the central part of a

sample is usually larger when compared with the stress applied. On the basis of many experiments
we have found that, for the samples of cubic shape (8x8x8 mm® ) used by us, the control stress in

the central part of the sample is 10% higher than the stress applied.

Our single crystals were grown from aqueous solution at the temperature 34.5°C somewhat
lower than the point of solution saturation (35.8°C). The measurements of POCs were carried out in
the coordinate system X X,X; of Fresnel ellipsoid, which is rotated with respect to the Cartesian
system XYZ by the angle 3° around the two-fold symmetry axis. As seen from Fig. 1, the latter
coincides with the crystallographic axis b and the axis X, [16, 17]. In fact, the crystallographic
system is not rectangular for the monoclinic symmetry groups and the monoclinic angle in the
organic TGS crystals is large enough, ~ 105 deg [17]. In such a case, the axes defined crystallo-
graphically are the axis b (Y or X,) and the axis ¢ (2).

Fig. 1. Habitus of TGS crystals and coordinate
systems: a crystallographic system (abc), a Cartesian
one (XYZ), and a system based on the eigenvectors
of Fresnel ellipsoid (X1X2X3).

We remind that the rectangular coordinate system XYZ is usually used when determining
such physical quantities as the elastic stiffness and compliance coefficients, or the piezoelectric
coefficients [16]. Following from the peculiarities of polarimetric—interferometric experiments
performed in the present work, it would be reasonable to use the coordinate system X;.X,X;3 of the

Fresnel ellipsoid. Therefore the elastic compliance coefficients S',, obtained by us from the

elastic stiffness coefficients experimentally determined in Ref. [16] for the coordinate system XYZ

43 Ukr. J. Phys. Opt. 2017, Volume 18, Issue 1



Piezooptic coefficients

(S',==29x10", §',=-227x 10" and S',, =—57.7x 10> m*/N) have to be recalculated for

the coordinate system X;X,X3, using the full matrix of elastic compliances. The respective co-
efficients in the coordinate system X, X,X; are as follows: S, =—-0.49 x 1072, §13=-27.7x 102 and
S»3=-60.1x 102 m?/N. The S}, values thus obtained are then used for calculating the POCs 7,
Under normal conditions, the principal refractive indices of TGS crystals are equal to
n = 1.591, n,=1.488 and n;=1.563 at A =632.8 nm [18]. Notice that further calculations of the

elastooptic coefficient p;; need the 7,5 component. It can be determined using a so-called ‘X,/45°-
sample’ cut, as explained in Ref. [1].
3. Results and discussion

The control stresses Uic:n determined in our experiments and the corresponding principal POCs

calculated with Eq. (2) are presented in Table 1. The 0';)" and x;,, values (i, m = 1, 2, 3) have been

obtained using the samples of so-called ‘direct cuts’, of which faces are perpendicular to the axes
X1, X; or X;. For example, Eq. (2) under the experimental conditions described by the line 1 in
Table 1 (i=m =1, k=2) reads as

i 28
T =t e (1) )
moy

Theoretical relations for the other experimental conditions can be obtained in a similar manner.

Table 1. Control stresses O'i?n and absolute POCs 7;,, determined for the TGS crystals.

Number of Experimental conditions T, BT
experiment ” i ; o ,F:,, , kg/em* (1 Br= 10" m%N)
1 1 2 1 oy, =-275 711 =-0.73 £ 0.06
2 1 2 3 Oy = © my=—0.14 +£0.01
3 1 3 1 oy =205 my=-0.31+0.91
4 1 3 2 oy =220 71 =0.7%1.0
5 2 1 2 0y, =35.5 T ="5.40 £ 0.55
6 2 1 3 o5, =280 73=0.46 + 0.06
7 2 3 1 o) =9.7 m=-1.1£19
8 2 3 2 oy =8.5 Ty =5.25+2.50
9 3 1 2 oy =150 T=49+ 1.4
10 3 1 3 o5 =115 m3=6.5% 1.5
11 3 2 1 o =62 m3=82+27
12 3 2 3 o5 =72 m3=58+2.5

o
im

*The signs +/— of the o

containing the sample increases/decreases under the mechanical pressure.

parameter imply that the optical path in the interferometer arm
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Note that the coefficient 7;; can also be determined under the experimental conditions
i=m=1 and k = 3 (see the line 3 in Table 1). However, the error in this case (dz;; = £0.91 Br) is
notably larger than that typical for the experimental geometry mentioned above (1£0.06 Br). Thus,
we accept for further calculations the 7y, value determined for the first type of experiment (the
experiment #1 in Table 1). The coefficients m), and 73; have also been determined in the two
experimental geometries (see the lines 5, 8 and 10, 12, respectively). Under the conditions
described by the lines 5 and 10 in Table 1, the errors are smaller than those peculiar for the
conditions described by the lines 8 and 12. Therefore the corresponding POC value should be
accepted as more accurate.

Let us notice that the coefficients 7z, and m,; are close to zero (see the lines 4 and 7 in
Table 1). At the same time, the data of Table 1 testifies that the coefficients 73, 7, and x3; are
relatively large. These POCs are higher than those measured for such well-known AO materials as
GaP (the maximal POC being equal to 1.44 Br [15]), LiNbO; (~ 2.1 Br [14, 19]), B-BaB,0O,
(3.7 Br [20]) and crystalline quartz (3.11 Br [21]).

Now we consider the piezooptic efficiency of TGS, which determines practical possibilities
for its applications for photoelastic light modulation cells and photoelastic pressure sensors
[14, 15]. This parameter can be defined as 0A,/(d;0,,), i.e. as the optical path change dA; per unit
sample thickness d; along the direction of light propagation and per unit mechanical stress g, [3].
The relation for the piezooptic efficiency is given by

o4 1
#=—Eﬂimng + S (n; =1) . 6)
kYm

As an example, we obtain §A,/(d,03)=-52.0Br for the geometry at which the highest POC

value is achieved (i = 1, m = 3 and k = 2 — see the line 11 in Table 1). Notice that the piezooptic
efficiency of TGS is higher than those for, e.g., lithium niobate (-13.7 Br [14]) or gallium
phosphide (+20.3 Br [15]). High piezooptic efficiencies associated with large POCs 733 and 7, and
large compliance coefficient S,; are also typical for the experimental geometries described by the lines
12 and 8 in Table 1 (—44.9 and —38.0 Br). Since the 7, and 7, coefficients are close to zero (see the
lines 4 and 7 in Table 1), the specific changes in the optical path originating from those
coefficients (—14.7 and —33.3 Br, respectively) are caused only by the elastic contribution in
Eq. (1), i.e. by the Poisson strain. This kind of the piezooptic effect can be conventionally called as
‘imaginary’.

Finally, we wish to estimate the AO figure of merit for TGS for the isotropic AO interaction
case, when the incident optical wave polarized parallel to the X; axis interacts with the quasi-
longitudinal acoustic wave propagating along the X; axis. Then the relation for the AO figure of
merit reads as

6 3
M Pef

2= 3.
(pv33)
where p.; = p3 is the effective elastooptic coefficient, p = 1680 kg/m® [17] the crystal density,

(6)

vi3 = 3969 m/s the velocity of the acoustic wave propagating along the axis X3. The latter has been
calculated using the Cristoffel equation and the elastic stiffness coefficients obtained in Ref. [16]
for the coordinate system XYZ. The tensor component p;; is calculated as

P13 =11Ci3 + 7115003 + 713C33 + 7115Cs5. (7
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Here the stiffness coefficients Cj3=19.9, C,;=20.7, C33=25.3 and C35=—4.1 GPa have been
recalculated for the coordinate system X, X,Xj;, basing on the elastic stiffness matrix [16], while the
parameter 75 is equal to —6.3 Br. The effective elastooptic coefficient thus determined amounts to

p13 =10.196. It agrees well with the value |0.175| obtained with the Dixon-Cohen method [12].

In order to check further our results, we have computed this coefficient by using a quantum-
mechanical approach recently implemented into the CRYSTAL program [22-24]. A hybrid
functional augmented by a correction to take into account weak dispersive interactions (B3LYP-
D3) has been used within the density-functional-theory (DFT). The structure was fully-relaxed:

a=9.3845,b=12.6108, ¢c = 5.5317 A, and £ =110.21° is the angle between the directions (101)
and (100). The result, p3 =+0.250, differs only 20% from our experimental data. Moreover, the
positive sign of this coefficient is also confirmed by the theory.

Now we consider the AO interaction at which the coefficient p;; plays a role of the effective
elastooptic coefficient. As seen from Fig. 2, there are two kinds of the isotropic AO interactions
that involve this effective coefficient: (a) the Bragg diffraction in the plane X>X; and (b) the
collinear diffraction of a ‘reflection’ type occurring in the plane X,.X;.

Kac
ki Kd
n, X, / X,
ng B \ n
N, Kac| |
kd
A
%, (a) (b

Fig. 2. Schematic vector diagrams of AO diffraction in TGS crystals with Py =Dyt (a) Bragg diffraction in the
X>X3 plane and (b) collinear diffraction of reflection type in the X:X; plane. Double-side arrows and crossed
circles indicate polarizations of the interacting optical waves; k;, ks and K,. denote respectively the wave vectors
of the incident and diffracted optical wave and the acoustical wave.

For the both diffraction schemes, the AO figure of merit has the same value,
M,=5.9x 107" s’/kg. This value is much smaller than that typical for the best AO materials such
as paratellurite [25], HgCl, [26] and Sn,P,S¢ [27] crystals, or some chalcogenide and ferroelastic
crystals (see Refs. [28, 29]). However, the above AO figure of merit is still comparable or even
higher than the corresponding parameters of the other crystals transparent in the ultraviolet spectral
region, e.g. quartz, KDP, ADP or Li,B40; [21, 30, 31]. It is important that our consideration has
dealt with the AO interaction with the fast quasi-longitudinal acoustic wave. It is obvious that the
interaction with slower quasi-transverse waves should lead to increasing AO figure of merit [31].
Moreover, since the TGS is a low-symmetry crystal, one can expect a large variety of geometries of
AO interactions, among which there can be the geometries with higher elastooptic effect [32—34] and
so with higher AO figures of merit. Such an analysis must be based on the information on all the
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components of piezooptic and elastooptic tensors. It will be carried out in our forthcoming article.
Finally, we have to notice that the coordinate systems X X;X; and XYZ differ only slightly from each
other. Thus, within the small error limits, the piezooptic coefficients obtained by us for the
coordinate systems X1.X,X; and XYZ are the same.

4. Conclusions

In this work we have determined experimentally the ten components of the piezooptic matrix for
TGS, the nine principal components and the component 7;5. We have found that the component 73
is the highest, 7;; = 8.2 Br. An untypically large change in the optical path (—52.0 Br) has been
detected for one of the piezooptic interaction geometries. In some of experimental geometries, the
mechanical loading leads to a so-called ‘imaginary’ piezooptic effect, at which almost all of the
total optical path increment appears due to the change in the sample length but not due to the
piezooptic change in the refractive indices themselves. The AO figure of merit calculated for the case
of isotropic interaction with the quasi-longitudinal acoustic wave is equal to 5.9 x 107" s*/kg.
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Anomauia. Iumepgpepomempuynum memooom exCnepumMeHmaibHO 8UIHAYEHO 0ecsmb KOMNOHEeHm
n’e€300nmMuuH020 mensopa Ons  Kpucmauie mpueniyuncyibgamy. Pospaxoeano  xoegiyienm
aKyCmoonmuyHoi SIKOCmi Yux Kpucmanie OJisi i30mponHoi aKycmoonmuyHol 63aemoolii 3 Keasi-
N03008CHOI0 AKYCMUUHOIO XEUTEIO.
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