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Abstract

The electro-optical (EO) properties of monoclinic Sn,P,S¢ single crystals are measured by direct interferometric
technique for electric fields applied parallel to the crystallographic x-axis that lies near the spontaneous polarization
vector. The room temperature free EO coeflicient r,; reaches 174 + 10 pm/V at 2 = 633 nm and shows only weak
dispersion in the wavelength range between A = 0.6, ..., 1.3 um. Corresponding values of r1,; and r1,; at A = 633 nm are
92 + 8 and 140 & 18 pm/V, respectively. The temperature dependence of the EO coefficients near the structural phase
transition at Tc = 65 °C is well described by a Curie-Weiss law with a peak value r]}; = 4500 pm/V. The ratio between
the free and clamped EO coefficients is determined at the wavelength 4 = 633 nm by applying a fast pulsed electric field
instead of an AC field and measuring the temporal evolution of the electrically induced refractive index change. The
values are 5, /rl;; = 0.30 £ 0.02, r3,,/r%,, = 0.12 £ 0.02 and r5,, /%, = 0.30 & 0.09.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tin thiohypodiphosphate (Sn,P,S¢) is a wide
band gap semiconductor ferroelectric with inter-
esting nonlinear optical properties [1] and wide
optical transparency range extending from
A =0.53 pm to 4 = 8 um [2]. In addition it is also
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photorefractive with fast photorefractive grating
recording times and large refractive index change
in the red and near infrared spectral region [3,4],
opening interesting possibilities for applications in
connection with laser diode sources.

For electro-optics or photorefractive applica-
tions the knowledge of the electro-optical (EO)
properties is of fundamental importance. Unfor-
tunately, to date individual components of the EO
tensor of Sn,P,Sq are still unknown. Presently
available data on EO properties are restricted to
estimations based on the spontaneous EO effect
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induced by the spontaneous polarization [5], to
measurements of the field-induced birefringence
giving values for some mixed coefficients [6] and to
effective values indirectly estimated from photo-
refractive beam-coupling experiments [3,4,7-9].

In the present work we report on the direct
determination of the most important EO tensor
components of Sn,P,S¢, i.e. those for applied
electric fields oriented parallel to the crystallo-
graphic x-axis, that is nearly parallel to the spon-
taneous polarization. A standard interferometric
set-up with AC applied fields was used [10-12].
Measurements are performed in the wavelength
range between 594 and 1313 nm at room temper-
ature as well as in the temperature range between
room temperature and the phase transition for
A =633 nm. Finally, the ratios of clamped to free
EO coefficients were determined by applying fast
rising electric pulses to the crystal using the
method described earlier in [13]. The large values
of the EO coefficients determined here (up to 174
pm/V at room temperature and 4510 pm/V near
the phase transition temperature of 65 °C for
A =633 nm) and its weak dispersion towards the
infrared confirm that this material seems attractive
for EO or photorefractive applications at red and
infrared wavelengths.

2. Crystallographic and optical properties

Sn,P,S¢ is a proper ferroelectric with mono-
clinic point group symmetry m at room tempera-
ture. The crystal undergoes a second-order phase
transition to the centrosymmetric paraelectric
phase (point group 2/m) at the temperature
Tc =338 K [14]. For the unit cell chosen by
Dittmar and Schafer [15] which we refer to in this
work, the lattice parameters are a = 0.9378 nm,
b=0.7448 nm, ¢ =0.6513 nm, and S =91.15°.
We choose the right-handed coordinate system
which is shown in Fig. 1 together with the crys-
tallographic axes. The x-axis is defined parallel to
the [100] crystallographic direction (a-axis), that
is 13° off the spontaneous polarization vector Pg
[16,17], while the y-axis is normal to the symmetry
plane and corresponds to the crystallographic b-
axis. Finally, the z-axis is chosen perpendicular to
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Fig. 1. Structure of Sn,P,S¢. The symmetry plane is parallel to
the plane of the figure. The unit cell is indicated by the dashed
lines.

x and y and deviates from the [00 1] direction by
1.15°. In accordance to the IEEE standard on
piezoelectric materials [18], the positive direction
of the x-axis and the z-axis is set so that the pie-
zoelectric constants dj; and ds3; are positive and
+y is chosen so that xyz is a right-handed system.
In this system Pg-x >0 and Ps-Z > 0, where x
and z are the unit vectors in x and z-direction.
Note that the coordinate system used here corre-
sponds to the one used in most of the previous
investigations of EO, nonlinear optical and
photorefractive properties. Alternative choices for
the coordinate system may be related to the main
axes of the low-frequency dielectric tensor or of
the optical indicatrix, the latter choice was used
for instance in [5]. We prefer the use of the coor-
dinate system described above because the crys-
tallographic axes do not suffer from the variations
in the orientation of the dielectric tensor and of
the optical indicatrix observed by varying tem-
perature, frequency of the electric field, or light
wavelength [5] (see Fig. 2).

The linear optical properties of SPS were first
reported in [5], where the main values of the re-
fractive indices, the indicatrix orientation and its
variation with temperature were measured. The
main values of refractive indices at 633 nm and
room temperature are n; = 3.038,n, = 2.928 and
n3 = 3.133. On the basis of the available data on
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Fig. 2. Position of spontaneous polarization and indicatrix in
the xz-plane at room temperature.

the temperature variations of the refractive indices,
dielectric constant and spontaneous polarization
Ps, the “spontaneous” linear EO coefficients in the
ferroelectric phase as well as the quadratic (Kerr)
polarization-optical constants in the paraelectric
phase have been evaluated [5].

Sellmeier coefficients were determined from
available refractive index data [19] (Fig. 3) by fit-
ting a Sellmeier equation of the form

N
(2]

S
B
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refractive index

Indicatrix rotation angle o (°)
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Fig. 3. Refractive indices (left-hand scale) and rotation angle of
the indicatrix in the xz plane (right-hand scale). The measure-
ments [5,19] are fitted with a single oscillator Sellmeier model
whose parameters are given in Table 1.

Table 1

2
n*(J) —1= SO—XOZ’
1 —(A/2)

where S, and 1, are the oscillator strength and
wavelength of a single-oscillator Sellmeier model,
and Ey = (hc/A) is the oscillator energy. The
Sellmeier coefficients for the main axes of the index
ellipsoid are given in Table 1.

Note that Sn,P,S¢ obeys well the empirical law
of Wemple and DiDomenico [20,21] that the ratio
Ey/Sy = (6+0.5) x 1074 eV m* for most inor-
ganic crystals.

The main axes of the indicatrix corresponding
to the refractive indices n; and n3; are rotated by
about 45° around the b-axis with respect to the
crystallographic axes. Therefore the refractive in-
dices along the crystallographic axes x and y are

(1)

1
. 2 -5
sin“oc cos?a) ?
ny = 5+ and n, = n,
n 3

where o is the angle between the axis x and axis 3
(largest refractive index). For 2 =633 nm and
T = 295 K one has o ~ 43° and n, = 3.088.

3. Electro-optical effect

The third-rank EO tensor for materials of
monoclinic point group m contains 10 independent
components. In our coordinate system (x,y,z) =
(1,2,3) it has the form

LS10 0 113
21 0 7223
i 00 a3
Fiig = 2
vk 0 7r» O @)
7131 0 7133
0 I 0

with the inherent symmetry (r;% = ;). The inverse
dielectric tensor at optical frequency is

Sellmeier coefficients for dispersion of the refractive index of Sn,P,S¢ at room temperature

Sp (um~2) o (nm) Ey (eV) Eo/Sp (107 eV m?)
m 76 +4 29247 4.2440.10 56+0.3
1 75+5 284+ 5 4.3740.08 5.8+0.4
s 68 +3 31346 3.96 +0.08 58403
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with the outer-diagonal terms n% being responsible
for the rotation of the main axes of the indicatrix
with respect to the crystallographic axes. After
applying an electric field E = (£, 0,0) along the x-
axis the change of this tensor is expressed as

1 rnkE 0 ri3E
A<_2) = ”ijkEk = 0 rm E 0 y (4)
=/ ranE 0 rpE

where Einstein’s summation convention over equal
indices is used. In the measurements described
below we have used only input light polarizations
that correspond to an eigenpolarization in the
sample, leading only to a phase modulation of the
signal beam. The corresponding change of the
main axes of the indicatrix is then

1 1 o n
7

Here d is the unit vector along the polarization
direction. By choosing appropriate geometries in-
dividual elements or linear combinations of the
four independent EO coeflicients 111, 7221, 331, F131
can be determined.

4. Samples

Optical quality Sn,P,S¢ single crystals were
produced by the conventional vapor-transport
technique [14,22] using iodine as a transporter. We
used nominally pure samples exhibiting low
photorefractive effects. Samples with dimensions
521 x 7.58 x 5.83 mm?, 5.44 x 5.72 x 2.79 mm?
and 5.07 x 5.38 x 4.85 mm? along x, y and z axes,
respectively, were polished, and electrically poled
by heating above 7 and slowly cooling them
down to room temperature under an electric field
of about 1 kV/cm applied along the x-direction.
Gold evaporated electrodes were used for poling
and for inducing the refractive index changes by
the electric field. The single domain state was
controlled using light scattering by domain walls

in Sn,P,S¢ described in [23]. This method permits
an easy visualization of polydomain areas within
the sample.

5. Experiments
5.1. Unclamped EO coefficients

In our study the linear EO coefficients were
measured using a standard Michelson interferom-
eter [10-12]. This method allows the determination
of the individual components of the EO tensor
including their sign. The experimental set-up was
similar to the one used in [10,11] and is shown in
Fig. 4. The typical value for the applied electric
field amplitude was £ = 3 V/cm. For the investi-
gation of the wavelength dependence of the tensor
components r;; and ry; the measurements were
carried out at six different light wavelengths: 594
and 633 nm (He-Ne laser), 817 and 877 nm
(Ti:Sapphire laser), 1064 nm (Nd:YAG laser) and
1313 nm (Nd:YLF laser). The studied Sn,P,S¢
samples were mounted free in one arm of the in-
terferometer, and the light intensity in the output
interference picture was measured by a photo-
detector. When an electric field E = (E,0,0) is
applied to the sample the induced phase shift
between the interfering beams is

2 2
Ap = TLAn+ = (n - 1AL, (3)
2
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Fig. 4. Interferometric set-up for measuring the unclamped EO
coefficients r;,(, using a low frequency sine modulation.
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where L is the length of the path in the crystal
(twice the length of the crystal), n is the refractive
index seen by the eigenwave, rey is the effective
EO coefficient, which is either equal to one of
the coefficients appearing in (4) or to a linear
combination of them and d. is the effective pi-
ezoelectric coefficient. The second term on the
right-hand-side of (6) is due to the piezoelectric
length change of the crystal and was evaluated
using the known piezoelectric constants of the
crystal [16]. This piezoelectric effect represents a
relatively small correction to the EO coefficients
measured (about 3% for ry1;, 8% for r»; and 10%
for V331).

If the applied field is a weak modulated sine-
wave signal with frequency Q (V=E-d < Vg,
where V, = A/(Ln’rr)), the measured intensity at
the interferometer output is of the form

I=L+1— 2\/[1[22777:1,
X (n3reff — 2(/1 — l)deff)E SiIl(ZTCQ[), (7)

where I; and I, are the intensities of the beams in
the two arms of the interferometer. In our mea-
surements the working point was adjusted by
means of the external piezoelectrically movable
mirror in Fig. 4 and the amplitude of the modu-
lated signal in (7) was determined using a lock-in
amplifier. Finally the value of the effective EO
coefficients r. were determined by using (6) and
(7). Note that for the measurements of the tem-
perature dependence the set-up in Fig. 4 was
slightly modified by placing the Sn,P,S4 crystal
inside an oven allowing to change the sample
temperature above the phase transition at 65 °C.
At low frequencies of the applied field (2 < 500
Hz) we found that significant photoconductive
screening of the applied field occurs already for
intensities of the optical beam in the order of
100 uW/cm? (4 = 633 nm). This would lead to
reduced values of the measured EO coeflicient.
This effect disappears if the electric field frequency
is increased to Q =~ 1 kHz. Therefore all the mea-
surements were performed at the low intensity
described above and at Q ~ 1 kHz. For the mea-
surements of the EO coefficients 7, the electric
field has to be applied parallel to the x-axis, which
is close to the spontaneous polarization. Since the

dielectric constant is maximal parallel to the
spontanecous polarization, we expect the largest
EO tensor elements in this configuration.

The coefficients 7y, and r,,; were measured with
a beam propagation vector along z-axis and po-
larization along the x-axis and the y-axis, respec-
tively. The other two coefficients r33; and r3; were
calculated from two measurements with beam
propagation along the y-axis and polarizations o
and o + 7 off the x-axis, the two eigenpolarizations
in this geometry. From the measurement of ,, 7, o
we obtain

331 2714—71%—1’1117 (8)

: 2
1, COS* ot — r, nsin” o — ryy; cos 20
2

©)

by rotating the coordinate system by an angle o
about the y-axis, where r, and 7, o are the mea-
sured effective coefficients. Since r33; and 3, are
obtained by summing and subtracting the results
of different measurements, the relative errors of
their values are larger than those of rj; and ;.

The values of the measured EO coefficients at
A =633 nm and room temperature are given in
Table 2. The values are the average of measure-
ments on two crystals (three crystals for r{;, and
rh,) and three different positions per crystal. The
dispersion of the values from different positions
and crystals is generally within the experimental
error given in Table 2. This table shows that
Sn,P,S¢ possesses very large EO coeflicients 7y,

rizr = :
sin 2o

Table 2
Electro-optical coefficients of Sn,P,S¢ at 2 = 633 nm and room
temperature

Property Value
Unclamped EO Ty +174 + 10
coefficients (pm/V) i 49248
e +140 + 18
"1 25415
Clamped EO coefficients i +50+5
(pm/V) o +11+£3
3 +42 + 10
i —11+8
Ratio 5 /r" w 0.30 + 0.02
oy /P51 0.12£0.02
51 /5 0.30 +0.09
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Fig. 5. Dispersion of r{;, at room temperature. The theoretical
curve is given by Eq. (10) and the parameters reported in the
text.
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Fig. 6. Dispersion of 1, at room temperature. The theoretical
curve is given by Eq. (10) and the parameters reported in the
text.

and r33;, confirming the suitability of this crystal
for EO and photorefractive applications. The re-
duced half-wave voltage V, = 1/(n’r) of Sn,P,S¢ is
very low compared to other materials, since both n
and r are large. For 1 =633 nm and r{;, the re-
duced half-wave voltage is V; =124 V. As a
comparison, for the standard material LiNbO; is
Vn = i/(ngrm) = 1885 V.

The wavelength dependence of ry;; and ryp; at
room temperature is shown in Figs. 5 and 6. The
experimental values are compared with the results
of a one oscillator model which uses polarization
potentials dE,/dP (change of the oscillator energy
Ey = he/2¢ with crystal polarization) and disper-
sion constants

9(So0)

K=— oP
S, %o
03p

as parameters [20,21],

a1 L)

d,

i /4
x g ((1—K)+(1+K)?). (10)

In (10) ¢, is the dielectric permittivity of vacuum,
So and 4y are the oscillator strength and wave-
length of a single-oscillator Sellmeier model (given
in Table 1), and K describes the change of the in-
terband oscillator strength induced by polarization
changes. Eq. (10) is derived from the so called
polarization potential model, which assumes a
“sensible” parametrization of the linear suscepti-
bility followed by differentiation with respect to
the applied crystal polarization.

As can be seen in Figs. 5 and 6 the dispersion of
rin and ry»; is small, with EO coefficients at
A =1313 nm nearly as large as in the red. Note
however, that the absorption is smaller in the in-
frared region, which would benefit EO devices
operating at these wavelengths. With ¢;; = 230 [4]
we can determine dE,/dP = (2.8 £0.6)x
107 V m® and K = —0.5 + 0.4 for ry;,, while for
ry they are dE,/dP = (1.64+0.4)x 107° V m?
and K = -04+04.

The temperature dependence of 7, and r,y; for
T < Tc is shown in Figs. 7 and 8. As expected, the
EO coefficients grow according to mean field the-
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Fig. 7. Temperature dependence of rf; (T < Tc) and R},
(T > Tc, grey region) at A =633 nm. The theoretical line is
according to (11) and (14) with the parameters 7c = 64.7 °C
and ACeyg = 1863 v/°Cpm/V for the ferroelectric phase, and
Te = 64.4°C and €D%g =572 x 1075 °C? m?/V* for the
paraelectric phase. The inset shows the same data near the
phase transition temperature, in the same y-scale.
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Fig. 8. Temperature dependence of rf,, (T < Tc) and RY,,
(T > Tc, grey region) at A = 633 nm. The line is a fit according
to (11) and (14) with the fitted parameters 7c = 64.8 °C and
ACeyg = 808.5 v/°Cpm/V for the ferroelectric phase, and
Te =64.3°C and €D%g =28.8 x 1075 °C> m?/V* for the
paraelectric phase. The inset shows the same data near the
phase transition temperature, in the same y-scale.
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Fig. 10. Same curve as in Fig. 8, but in inverse square scale for
1 below Tc and inverse square root scale for Ry, above Tc.

ory of second-order phase transitions with a Cu-
rie-Weiss | law €= C/(2(Tc —T)) and Ps=
A(Tc — T)2. Therefore the EO coefficients are

r =~ 2¢(e— 1)gPs
~ ACeg(Te — T) 7, (11)

where C is the Curie constant, 4 is a material
constant that can be fitted from the temperature
dependence of Ps and g is a suitable quadratic
polarization-optic coefficient. The full line in Figs.
7 and 8 is according to (11). In Figs. 9 and 10 7}
and r,;} are shown as a function of temperature. In
proximity of T¢(Tc — T <10 °C), r2 depends
linearly on 7¢c — 7.

Above Tc the crystal is in the paraelectric phase
and the linear EO tensor r vanishes due to the
centrosymmetric structure. The quadratic EO
tensor R is then the lowest order EO tensor. Su-
perposing a DC electric field E4. = (Eqc, 0, 0) to the
sinusoidal signal field allows to measure a first-
order effect of R:

1
A <n—2) - Ri/klEkEl
i

= Rijll(Edc + E() Sin(Qt))2
= (Rijn1Eac)Eac + 2(Rijj11Eqc)Ep sin(Q1)
+ (RijllE())E() SiIl2 (Qt) —+ .. (12)

The first term in (12) does not depend on the
modulation field so that it generates only a static
deformation of the indicatrix. The second term
describes a change in the indicatrix linear to the
applied signal field so that this term is detected in
the lock-in at the frequency Q as an equivalent
linear EO tensor

]"g-k = 2Rijk1EdC' (13)

The third term describes the pure quadratic EO
effect. In our measurements at temperatures above
Tc the applied bias field was Eyq. = 20 V/iem.
Above the critical point 7 the temperature
dependence of the quadratic EO coefficient can be
approximately described by the function

2 2 2 D2
Rregle—1)yg~eg——g 14

0( ) 0 (T B Tc)2 I ( )
where D is a modified Curie constant and g is a
suitable quadratic polarization-optic coefficient.
The constants e;D?g for Ryj;; and Ry are given in
Figs. 7 and 8, respectively. Fig. 9 shows Ry, in
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inverse square root scale showing the linear rela-
tionship of R™'/2 versus (T — T¢). The similar
curve for Ry is shown in Fig. 10.

5.2. Clamped EO coefficients

Recently we have introduced a new method for
determining the ratio 75/r! between the clamped
and unclamped (free) EO coefficients [13]. This
method is based on applying a fast electric field
pulse to the crystal instead of an AC field and
considering the time dependence of the field-in-
duced refractive index change. This allows to
separate the fast (clamped) part 5 of the EO ten-
sor from the slower contribution due to acoustic
phonons. The instantaneous intensity change upon
applying the voltage pulse (step in Fig. 11) is
proportional to 75, while the stationary value is
proportional to 7. With the acoustic contribution
to »T also a mechanical ringing of the crystal ap-
pears, induced by the piezoelectric effect.

The same interferometric set-up as above was
used (Fig. 4), but the sine wave generator was re-
placed by a pulse generator (Tabor 8201) to create
square pulses with rise time shorter than 12 ns. The
typical pulse voltage amplitude for an approxi-

T T
Measurement

Fit with two resonance
frequencies
]
e ]
©
c
k=)
"
S
|53 B T T T
[0
g it
Op st OL=t | djg 1
1 |0 1 1 1 1 1 1 1
0 20 40 60 80
time [us]

Fig. 11. Measurement of ratio */r": a sharp square electric
field pulse starts at t = 0 s and lasts 10 ms. 75 /7 is given by the
ratio of the height of the step at =0 s (~ 75, inset) and the
extrapolated signal at ¢ = 0 s (~ "), which is scaled to unity in
this figure. The oscillations are due to resonant mechanical
oscillations with frequencies v; = 255 kHz and v, = 382 kHz
and the exponential decay of the signal is due to screening of the
electric field in the illuminated region.

mately cubic crystal of side length 0.5 cm was 1
V. The output signal of the interferometer was
detected by a fast photodiode attached directly to
an oscilloscope and averaged over 140 pulses. For
these measurements a larger light intensity of the
order of 100 mW/cm? had to be used. Even though
nominally pure crystals were used, the large
photoconductivity of Sn,P,S¢ crystals at A = 633
nm leads to a strong screening of the applied field
already before the end of the pulse. Therefore, the
unclamped contribution to the signal has to be
found by extrapolating the signal curve to the
beginning of the pulse. This can be done because
the build-up time of the screening is much longer
than the response time of the acoustic EO contri-
bution.

The oscillations in Fig. 11 are given by resonant
mechanical modes of the crystal and are fitted with
vy = 255 kHz and v, = 382 kHz. The same crystal
was analyzed using an impedance spectrometer,
which permits to roughly calculate its dielectric
function through its capacitance. Among the many
resonances of ¢y (w), resonances at v; and v, were
clearly visible.

The measured ratios 75 /7" and the clamped EO
coefficients 75 are shown in Table 2. The dominant
part of rT is given by the contribution from
acoustic phonons, a combination of the piezo-
electric and the elasto-optic effect, and the anisot-
ropy in the y-direction is more pronounced for the
EO coeflicient 5 than for the acoustic contribution
to r.

6. Discussion

Direct measurement of the EO effect was re-
ported earlier by Kroupa et al. in [6] by measuring
the birefringence for the longitudinal geometry,
where both the light beam propagation and the
applied electric field are directed along the x-di-
rection. Only an effective value of the EO coeffi-
cient of the type r, = ri — (nz/nz)3r221 can be
obtained in this geometry, with n, being the re-
fractive index for light polarization parallel to the
z-axis. We obtain the value r, =62 +£20 pm/V
based on Table 2. This is slightly higher than the
approximated value of 51 pm/V that can be ex-
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trapolated to room temperature from the data in
[6].

In order to get an additional confirmation for
our data, we also performed experiments using the
same type of setup as in [6], but with the light
propagating along the z-direction and field along
the x-direction. The effective coefficient in this
configuration is r. = ryj; — (nz/nx)3r221 =100+5
pm/V. This agrees well with the value . = 96 + 13
pm/V calculated from the EO coefficients ry;; and
ryp measured interferometrically (Table 2).

The EO coefficients measured in this work are
also higher than the ones estimated by using light
diffraction from photorefractive gratings, rif =
130 pm/V at A = 900 nm [8] and r}3} = 37 — 53 pm/
V at 1 = 1064 nm [3]. This is expected due to the
partial clamping of the piezo-elasto-optical con-
tributions to the EO effect that occur with a spa-
tially modulated field [24] and possible electron-
hole competition [25,26] or other effects reducing
the apparent EO coefficient in photorefractive
measurements [27].

Note also, that the ratio 71, /rl;, = 0.54 £ 0.04
pm/V at 2= 1064 nm is higher than ris/riR =
0.38 £+ 0.02 [7] measured by Hellwig et al. at the
same wavelength, while 2, /ri;; = 0.66 £ 0.10 pm/
V at 2 = 633 nm compares well to 5y /riyy = 0.59
at 2 = 1064 nm [9]. Also here the discrepancy be-
tween our ratios and those obtained by photore-
fractive investigations might be attributed to the
same reasons.

The polarization-optic coefficients f;;, that re-
late the change of the optical indicatrix with the
crystal polarization P as A(1/n’), = fiuP, are
often regarded as more fundamental constants
since they show much smaller variations from
material to material than the EO coefficients. The
EO coeflicients r;; are related to fj;, by the ex-
pression iy = €ofijm(€m — Omi), Where O, is the
Kronecker’s delta. For the elements r;; in point
group m this expression reduces to

ryt = eofip(en — 1) + eofiens (15)

for ij = 11,22,33 and 13=31. The dielectric ten-
sor in Sn,P,S; is rotated by only about 13° with
respect to the crystallographic x-axis and the ratio
between ¢;, which is the largest element of the
dielectric tensor, and the outer diagonal element

€13 1s €11/€13 = 6. It is therefore reasonable to as-
sume that the main contribution to the elements
riy1 in Eq. (15) comes from the first term on the
right-hand side. By neglecting the second term one
obtains a rough estimation for the polarization-
optic coefficients of the form fi1 ~ rij/(eoen).
Using €;; =2 230 and the values shown in Table 2
one obtains f1;; = 0.089 m?/C, f; = 0.046 m?/C,
f331 20.072 m?/C and fi3; = fan = 0.012 m?/C.
These values are of the same order of magnitude as
the polarization-optical coefficients observed in
several inorganic oxide crystals such as KNbO; or
BaTiO; [28]. This indicates that the main reason
for the observed high EO coefficients of Sn,P,S¢ is
the large dielectric constant.

It is possible to estimate the quadratic polari-
zation-optic coefficients g;; of the upper para-
electric phase from the EO coefficients 7;;. From
crystal optic measurements Grabar et al. [5] de-
termined four elements of the quadratic polariza-
tion-optic tensor in the coordinate system
corresponding to the main axes of the indicatrix.
By transforming their values to the coordinate
system used in this work one obtains '

g £ 0.256 m*/C?,
gn11 2 0.13 m*/C?,
g1 = 0.154 m*/C?,
21311 = —0.035 m*/C”.

It has been generally assumed [20,21] that the
quadratic polarization-optic coefficients g; do
not depend on temperature (at least not in first
approximation). Therefore in ferroelectric materi-
als the linear EO effect is regarded as the same
quadratic effect of the centrosymmetric high tem-
perature phase biased by the spontaneous polari-
zation Pg. That is

1
A(nz) = giu PP (17)

ij

(16)

! Note that the left-hand scale of [5, Fig. 2] has to be reduced
by a factor 10, consequently the last equation of page 2088 in [5]
should read (Ms; + Ms; + Mss)/2 = 5.01 x 1072 m*/C? in that
reference.
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with polarization P=Ps+ Py and Pyg=
eo(e —0)E. In Sn,P,S¢ one has Pg = (Pscosy,
0,Pssiny) with Ps = 14 uC/cm? and y = 13° at
room temperature. Combining (4) with (17) one
gets

Vijk = 260(6mk - 5mk)gijmlPSl~ (18)
It follows that

rij1 2260(611
+ 2ep(€er1 — 1)gjn3Ps siny + 2€pe31833Ps siny
(19)

— 1)gij11Ps cos y + 2€p€318ij13P5 cos y

with ij = 11,22,33 and 13=31.

In order to estimate the polarization-optic
coefficients g;;;; given in (16) from the measured
coefficients ;;; we make some simplifying assump-
tions. We consider the spontaneous polarization to
be directed exactly along the x-direction (y = 0)
and we assume that the polarization induced by
the applied electric field P;,4 also has only an x-
component, that is we neglect the influence of the
component €3 of the dielectric tensor. Eqgs. (19)
then reduces to

rijp = 260(611 - l)gijllPS~ (20)

From (20) with Ps 2 14 uC/cm? and €, = 230 one
can estimate the quadratic polarization-optic co-
efficients

g = 031 m*/C?, gy = 0.16 m*/C?,
g = 025 m*/C?, g3 = —0.044 m*/C%.

(1)

These values agree relatively well with the results
of crystal-optic measurements of [5] shown in (16).
The values are higher than the ones from [5], in-
dicating that the contribution of the second to
fourth term in (19) has the same sign as those
appearing in (21). As a consequence the coeffi-
cients g3 are suggested to be positive because €3
is positive.

7. Conclusions
Free and clamped EO coefficients of

Sn,P,S¢ for an electric field parallel to the crys-
tallographic x-axis were determined with a direct

interferometric technique for various wavelengths
and temperatures. Both low-frequency EO mea-
surements in a stress-free sample and measure-
ments in the inertia-clamped samples using a
step-like electric field were performed. The room
temperature free EO coefficient r[;;, reaches
174 £ 10 pm/V at 2 =633 nm and shows only
weak dispersion in the near infrared. It increases
with temperature up to the ferroelectric to para-
electric phase transition at 65 °C, where a peak
value of r{;; 24500 + 110 pm/V has been mea-
sured. The large values of r{;; and rl; make of
Sn,P,S¢ a very promising material for EO and
photorefractive applications.
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