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Abstract
The electro-optical (EO) properties of monoclinic Sn2 P2 S6 single crystals are measured by direct interferometric
technique for electric ﬁelds applied parallel to the crystallographic x-axis that lies near the spontaneous polarization
T
vector. The room temperature free EO coeﬃcient r111
reaches 174  10 pm/V at k ¼ 633 nm and shows only weak
T
T
dispersion in the wavelength range between k  0:6; . . . ; 1:3 lm. Corresponding values of r221
and r331
at k ¼ 633 nm are
92  8 and 140  18 pm/V, respectively. The temperature dependence of the EO coeﬃcients near the structural phase
T
transition at TC ¼ 65 °C is well described by a Curie–Weiss law with a peak value r111
ﬃ 4500 pm/V. The ratio between
the free and clamped EO coeﬃcients is determined at the wavelength k ¼ 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
S
T
S
T
S
T
values are r111
=r111
¼ 0:30  0:02, r221
=r221
¼ 0:12  0:02 and r331
=r331
¼ 0:30  0:09.
Ó 2002 Elsevier Science B.V. All rights reserved.
PACS: 78.20.Jq; 78.20.Ci; 77.80.Bh; 42.70.Mp
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1. Introduction
Tin thiohypodiphosphate (Sn2 P2 S6 ) is a wide
band gap semiconductor ferroelectric with interesting nonlinear optical properties [1] and wide
optical transparency range extending from
k ¼ 0:53 lm to k ¼ 8 lm [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 applications the knowledge of the electro-optical (EO)
properties is of fundamental importance. Unfortunately, to date individual components of the EO
tensor of Sn2 P2 S6 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 photorefractive 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 Sn2 P2 S6 , i.e. those for applied
electric ﬁelds oriented parallel to the crystallographic x-axis, that is nearly parallel to the spontaneous 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 temperature as well as in the temperature range between
room temperature and the phase transition for
k ¼ 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
k ¼ 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
Sn2 P2 S6 is a proper ferroelectric with monoclinic point group symmetry m at room temperature. The crystal undergoes a second-order phase
transition to the centrosymmetric paraelectric
phase (point group 2/m) at the temperature
TC ¼ 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 ¼ 0:9378 nm,
b ¼ 0:7448 nm, c ¼ 0:6513 nm, and b ¼ 91:15°.
We choose the right-handed coordinate system
which is shown in Fig. 1 together with the crystallographic axes. The x-axis is deﬁned parallel to
the [1 0 0] crystallographic direction (a-axis), that
is 13° oﬀ the spontaneous polarization vector PS
[16,17], while the y-axis is normal to the symmetry
plane and corresponds to the crystallographic baxis. Finally, the z-axis is chosen perpendicular to

Fig. 1. Structure of Sn2 P2 S6 . 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 [0 0 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 piezoelectric constants d111 and d333 are positive and
þy is chosen so that xyz is a right-handed system.
^ > 0 and PS  ^z > 0, where x
^
In this system PS  x
and ^z are the unit vectors in x and z-direction.
Note that the coordinate system used here corresponds 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 coordinate system described above because the crystallographic axes do not suﬀer from the variations
in the orientation of the dielectric tensor and of
the optical indicatrix observed by varying temperature, 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 refractive indices, the indicatrix orientation and its
variation with temperature were measured. The
main values of refractive indices at 633 nm and
room temperature are n1 ¼ 3:038; n2 ¼ 2:928 and
n3 ¼ 3:133. On the basis of the available data on
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n2 ðkÞ

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 ﬁtting a Sellmeier equation of the form

1¼

S0 k20
1

ðk0 =kÞ

2

335

ð1Þ

;

where S0 and k0 are the oscillator strength and
wavelength of a single-oscillator Sellmeier model,
and E0 ¼ ðhc=k0 Þ is the oscillator energy. The
Sellmeier coeﬃcients for the main axes of the index
ellipsoid are given in Table 1.
Note that Sn2 P2 S6 obeys well the empirical law
of Wemple and DiDomenico [20,21] that the ratio
E0 =S0 ¼ ð6  0:5Þ 10 14 eV m2 for most inorganic crystals.
The main axes of the indicatrix corresponding
to the refractive indices n1 and n3 are rotated by
about 45° around the b-axis with respect to the
crystallographic axes. Therefore the refractive indices along the crystallographic axes x and y are
 2
 1
sin a cos2 a 2
nx ¼
and ny ¼ n2 ;
þ 2
n21
n3
where a is the angle between the axis x and axis 3
(largest refractive index). For k ¼ 633 nm and
T ¼ 295 K one has a  43° and nx ¼ 3:088.

3. Electro-optical eﬀect

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

The third-rank EO tensor for materials of
monoclinic point group m contains 10 independent
components. In our coordinate system ðx; y; zÞ ¼
ð1; 2; 3Þ it has the form
1
0
0 r113
r111
B r221
0 r223 C
C
B
B r331
0 r333 C
C
ð2Þ
rijk ¼ B
B 0 r322
0 C
C
B
@ r131
0 r133 A
0 r122
0
with the inherent symmetry (rijk ¼ rjik ). The inverse
dielectric tensor at optical frequency is

Table 1
Sellmeier coeﬃcients for dispersion of the refractive index of Sn2 P2 S6 at room temperature

n1
n2
n3

S0 ðlm 2 Þ

k0 (nm)

E0 (eV)

E0 =S0 ð10

76  4
75  5
68  3

292  7
284  5
313  6

4:24  0:10
4:37  0:08
3:96  0:08

5:6  0:3
5:8  0:4
5:8  0:3

14

eV m2 Þ
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ij

0
B
¼B
@

1
n211
1
n213

1
n222

1
n213
1
n233

1
C
C
A

ð3Þ

with the outer-diagonal terms n12 being responsible
13
for the rotation of the main axes of the indicatrix
with respect to the crystallographic axes. After
applying an electric ﬁeld E ¼ ðE; 0; 0Þ along the xaxis the change of this tensor is expressed as
0
1
 
0
r131 E
r111 E
1
r221 E
¼ rijk Ek ¼ @ 0
0 A; ð4Þ
D 2
n ij
r131 E
0
r331 E
where EinsteinÕs 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
D 2 ¼ D 2 d^i d^j :
n
n ij
Here ^
d is the unit vector along the polarization
direction. By choosing appropriate geometries individual elements or linear combinations of the
four independent EO coeﬃcients r111 , r221 , r331 , r131
can be determined.

in Sn2 P2 S6 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 interferometer [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 E ﬃ 3 V/cm. For the investigation of the wavelength dependence of the tensor
components r111 and r221 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 Sn2 P2 S6
samples were mounted free in one arm of the interferometer, and the light intensity in the output
interference picture was measured by a photodetector. When an electric ﬁeld E ¼ ðE; 0; 0Þ is
applied to the sample the induced phase shift
between the interfering beams is
2p
2p
LDn þ ðn 1ÞDL;
k
k
p 3
2p
¼
Ln reff E þ Lðn 1Þdeff E;
k
k

D/ ¼
4. Samples
Optical quality Sn2 P2 S6 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
5:21 7:58 5:83 mm3 , 5:44 5:72 2:79 mm3
and 5:07 5:38 4:85 mm3 along x, y and z axes,
respectively, were polished, and electrically poled
by heating above TC 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

ð5Þ
ð6Þ

Fig. 4. Interferometric set-up for measuring the unclamped EO
T
coeﬃcients rijk
, 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, reff 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 deff is the eﬀective piezoelectric 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 r111 , 8% for r221 and 10%
for r331 ).
If the applied ﬁeld is a weak modulated sinewave signal with frequency X (V ¼ E  d
Vp ,
where Vp ¼ k=ðLn3 reff Þ), the measured intensity at
the interferometer output is of the form
pﬃﬃﬃﬃﬃﬃﬃ 2p
I ¼ I1 þ I2 2 I1 I2 L
k
3
ð7Þ
ðn reff 2ðn 1Þdeff ÞE sinð2pXtÞ;
where I1 and I2 are the intensities of the beams in
the two arms of the interferometer. In our measurements the working point was adjusted by
means of the external piezoelectrically movable
mirror in Fig. 4 and the amplitude of the modulated signal in (7) was determined using a lock-in
ampliﬁer. Finally the value of the eﬀective EO
coeﬃcients reff were determined by using (6) and
(7). Note that for the measurements of the temperature dependence the set-up in Fig. 4 was
slightly modiﬁed by placing the Sn2 P2 S6 crystal
inside an oven allowing to change the sample
temperature above the phase transition at 65 °C.
At low frequencies of the applied ﬁeld (X < 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 lW=cm2 (k ¼ 633 nm). This would lead to
reduced values of the measured EO coeﬃcient.
This eﬀect disappears if the electric ﬁeld frequency
is increased to X  1 kHz. Therefore all the measurements were performed at the low intensity
described above and at X  1 kHz. For the measurements of the EO coeﬃcients rij1 the electric
ﬁeld has to be applied parallel to the x-axis, which
is close to the spontaneous polarization. Since the
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dielectric constant is maximal parallel to the
spontaneous polarization, we expect the largest
EO tensor elements in this conﬁguration.
The coeﬃcients r111 and r221 were measured with
a beam propagation vector along z-axis and polarization along the x-axis and the y-axis, respectively. The other two coeﬃcients r331 and r131 were
calculated from two measurements with beam
propagation along the y-axis and polarizations a
and a þ p2 oﬀ the x-axis, the two eigenpolarizations
in this geometry. From the measurement of ra , raþp
2
we obtain
r331 ¼ ra þ raþp
2

r131 ¼

ra cos2 a

ð8Þ

r111 ;
raþp sin2 a
2

r111 cos 2a

ð9Þ

sin 2a

by rotating the coordinate system by an angle a
about the y-axis, where ra and raþp are the mea2
sured eﬀective coeﬃcients. Since r331 and r131 are
obtained by summing and subtracting the results
of diﬀerent measurements, the relative errors of
their values are larger than those of r111 and r221 .
The values of the measured EO coeﬃcients at
k ¼ 633 nm and room temperature are given in
Table 2. The values are the average of measureT
ments on two crystals (three crystals for r111
and
T
r221 ) 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
Sn2 P2 S6 possesses very large EO coeﬃcients r111
Table 2
Electro-optical coeﬃcients of Sn2 P2 S6 at k ¼ 633 nm and room
temperature
Property

Value

Unclamped EO
coeﬃcients (pm/V)

T
r111
T
r221
T
r331
T
r131

þ174  10
þ92  8
þ140  18
25  15

Clamped EO coeﬃcients
(pm/V)

S
r111
S
r221
S
r331
S
r131

þ50  5
þ11  3
þ42  10
11  8

Ratio rS =rT

S
T
r111
=r111
S
T
=r221
r221
S
T
r331
=r331

0:30  0:02
0:12  0:02
0:30  0:09
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as parameters [20,21],

2
1
r ¼ 0 ð 1Þ 1
n2


dE0
k2
dP
ð1 KÞ þ ð1 þ KÞ 02 :
S0 hck0
k

T
Fig. 5. Dispersion of r111
at room temperature. The theoretical
curve is given by Eq. (10) and the parameters reported in the
text.

T
Fig. 6. Dispersion of r221
at room temperature. The theoretical
curve is given by Eq. (10) and the parameters reported in the
text.

and r331 , conﬁrming the suitability of this crystal
for EO and photorefractive applications. The reduced half-wave voltage Vp ¼ k=ðn3 rÞ of Sn2 P2 S6 is
very low compared to other materials, since both n
T
and r are large. For k ¼ 633 nm and r111
the reduced half-wave voltage is Vp ¼ 124 V. As a
comparison, for the standard material LiNbO3 is
Vp ¼ k=ðn3e r333 Þ ¼ 1885 V.
The wavelength dependence of r111 and r221 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 dE0 =dP (change of the oscillator energy
E0 ¼ hc=k0 with crystal polarization) and dispersion constants
K¼

oðS0 k0 Þ
oP
0
S0 ok
oP

ð10Þ

In (10) 0 is the dielectric permittivity of vacuum,
S0 and k0 are the oscillator strength and wavelength of a single-oscillator Sellmeier model (given
in Table 1), and K describes the change of the interband 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 susceptibility followed by diﬀerentiation with respect to
the applied crystal polarization.
As can be seen in Figs. 5 and 6 the dispersion of
r111 and r221 is small, with EO coeﬃcients at
k ¼ 1313 nm nearly as large as in the red. Note
however, that the absorption is smaller in the infrared region, which would beneﬁt EO devices
operating at these wavelengths. With 11 ¼ 230 [4]
we
can
determine
dE0 =dP ¼ ð2:8  0:6Þ
10 19 V m2 and K ¼ 0:5  0:4 for r111 , while for
r221 they are dE0 =dP ¼ ð1:6  0:4Þ 10 19 V m2
and K ¼ 0:4  0:4.
The temperature dependence of r111 and r221 for
T < TC is shown in Figs. 7 and 8. As expected, the
EO coeﬃcients grow according to mean ﬁeld the-

T
Fig. 7. Temperature dependence of r111
(T < TC ) and RT1111
(T > TC , grey region) at k ¼ 633 nm. The theoretical line is
according to (11) and
pﬃﬃﬃﬃﬃﬃ(14) with the parameters TC ¼ 64:7 °C
and AC0 g ¼ 1863 °C pm/V for the ferroelectric phase, and
TC ¼ 64:4 °C and 20 D2 g ¼ 57:2 10 15 °C2 m2 =V2 for the
paraelectric phase. The inset shows the same data near the
phase transition temperature, in the same y-scale.
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r ’ 20 ð

1ÞgPS

’ AC0 gðTC

T
Fig. 8. Temperature dependence of r221
(T < TC ) and RT2211
(T > TC , grey region) at k ¼ 633 nm. The line is a ﬁt according
to (11) and (14)
with
pﬃﬃﬃﬃﬃ
ﬃ the ﬁtted parameters TC ¼ 64:8 °C and
AC0 g ¼ 808:5 °C pm/V for the ferroelectric phase, and
TC ¼ 64:3 °C and 20 D2 g ¼ 28:8 10 15 °C2 m2 =V2 for the
paraelectric phase. The inset shows the same data near the
phase transition temperature, in the same y-scale.
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1

T Þ 2;

ð11Þ

where C is the Curie constant, A 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 r1112
and r2212 are shown as a function of temperature. In
proximity of TC ðTC T K 10 °C), r 2 depends
linearly on TC T .
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. Superposing a DC electric ﬁeld Edc ¼ ðEdc ; 0; 0Þ to the
sinusoidal signal ﬁeld allows to measure a ﬁrstorder eﬀect of R:
 
1
D 2
¼ Rijkl Ek El
n ij
2

¼ Rij11 ðEdc þ E0 sinðXtÞÞ
¼ ðRij11 Edc ÞEdc þ 2ðRij11 Edc ÞE0 sinðXtÞ
þ ðRij11 E0 ÞE0 sin2 ðXtÞ þ   

Fig. 9. Same curve as in Fig. 7, but in inverse square scale for
r111 below TC and inverse square root scale for R1111 above TC .

ð12Þ

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 X as an equivalent
linear EO tensor
X
rijk
¼ 2Rijk1 Edc :

ð13Þ

The third term describes the pure quadratic EO
eﬀect. In our measurements at temperatures above
TC the applied bias ﬁeld was Edc ¼ 20 V/cm.
Above the critical point TC the temperature
dependence of the quadratic EO coeﬃcient can be
approximately described by the function
Fig. 10. Same curve as in Fig. 8, but in inverse square scale for
r221 below TC and inverse square root scale for R2211 above TC .

ory of second-order phase transitions with a Curie–Weiss 1 law  ¼ C=ð2ðTC T ÞÞ and PS ¼
AðTC T Þ2 . Therefore the EO coeﬃcients are

R ’ 20 ð

1Þ2 g ’ 20

D2
ðT

TC Þ2

g;

ð14Þ

where D is a modiﬁed Curie constant and g is a
suitable quadratic polarization-optic coeﬃcient.
The constants 20 D2 g for R1111 and R2211 are given in
Figs. 7 and 8, respectively. Fig. 9 shows R1111 in
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inverse square root scale showing the linear relationship of R 1=2 versus ðT TC Þ. The similar
curve for R2211 is shown in Fig. 10.
5.2. Clamped EO coeﬃcients
Recently we have introduced a new method for
determining the ratio rS =rT 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-induced refractive index change. This allows to
separate the fast (clamped) part rS of the EO tensor from the slower contribution due to acoustic
phonons. The instantaneous intensity change upon
applying the voltage pulse (step in Fig. 11) is
proportional to rS , while the stationary value is
proportional to rT . With the acoustic contribution
to rT also a mechanical ringing of the crystal appears, induced by the piezoelectric eﬀect.
The same interferometric set-up as above was
used (Fig. 4), but the sine wave generator was replaced 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-

mately cubic crystal of side length ﬃ0.5 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/cm2 had to be used. Even though
nominally pure crystals were used, the large
photoconductivity of Sn2 P2 S6 crystals at k ¼ 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 contribution.
The oscillations in Fig. 11 are given by resonant
mechanical modes of the crystal and are ﬁtted with
m1 ¼ 255 kHz and m2 ¼ 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 11 ðxÞ, resonances at m1 and m2 were
clearly visible.
The measured ratios rS =rT and the clamped EO
coeﬃcients rS are shown in Table 2. The dominant
part of rT is given by the contribution from
acoustic phonons, a combination of the piezoelectric and the elasto-optic eﬀect, and the anisotropy in the y-direction is more pronounced for the
EO coeﬃcient rS than for the acoustic contribution
to r.

6. Discussion

Fig. 11. Measurement of ratio rS =rT : a sharp square electric
ﬁeld pulse starts at t ¼ 0 s and lasts 10 ms. rS =rT is given by the
ratio of the height of the step at t ¼ 0 s ( rS , inset) and the
extrapolated signal at t ¼ 0 s ( rT ), which is scaled to unity in
this ﬁgure. The oscillations are due to resonant mechanical
oscillations with frequencies m1 ¼ 255 kHz and m2 ¼ 382 kHz
and the exponential decay of the signal is due to screening of the
electric ﬁeld in the illuminated region.

Direct measurement of the EO eﬀect was reported 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-direction. Only an eﬀective value of the EO coeﬃ3
cient of the type ra ¼ r331 ðn2 =nz Þ r221 can be
obtained in this geometry, with nz being the refractive index for light polarization parallel to the
z-axis. We obtain the value ra ¼ 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 rc ¼ r111 ðn2 =nx Þ3 r221 ¼ 100  5
pm/V. This agrees well with the value rc ¼ 96  13
pm/V calculated from the EO coeﬃcients r111 and
r221 measured interferometrically (Table 2).
The EO coeﬃcients measured in this work are
also higher than the ones estimated by using light
PR
diﬀraction from photorefractive gratings, r111
ﬃ
PR
130 pm/V at k ¼ 900 nm [8] and r111
ﬃ 37 53 pm/
V at k ¼ 1064 nm [3]. This is expected due to the
partial clamping of the piezo-elasto-optical contributions to the EO eﬀect that occur with a spatially modulated ﬁeld [24] and possible electronhole competition [25,26] or other eﬀects reducing
the apparent EO coeﬃcient in photorefractive
measurements [27].
T
T
Note also, that the ratio r221
=r111
¼ 0:54  0:04
PR
PR
pm/V at k ¼ 1064 nm is higher than r221
=r111
¼
0:38  0:02 [7] measured by Hellwig et al. at the
T
T
same wavelength, while r221
=r331
¼ 0:66  0:10 pm/
PR
PR
V at k ¼ 633 nm compares well to r221
=r331
ﬃ 0:59
at k ¼ 1064 nm [9]. Also here the discrepancy between our ratios and those obtained by photorefractive investigations might be attributed to the
same reasons.
The polarization-optic coeﬃcients fijm that relate the change of the optical indicatrix with the
crystal polarization P as Dð1=n2 Þij ¼ fijm Pm are
often regarded as more fundamental constants
since they show much smaller variations from
material to material than the EO coeﬃcients. The
EO coeﬃcients rijk are related to fijm by the expression rijk ¼ 0 fijm ðmk dmk Þ, where dmk is the
KroneckerÕs delta. For the elements rij1 in point
group m this expression reduces to
rij1 ¼ 0 fij1 ð11

1Þ þ 0 fij3 13
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13 is 11 =13 ﬃ 6. It is therefore reasonable to assume that the main contribution to the elements
rij1 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 polarizationoptic coeﬃcients of the form fij1  rij1 =ð0 11 Þ.
Using 11 ﬃ 230 and the values shown in Table 2
one obtains f111 ﬃ 0:089 m2 =C, f221 ﬃ 0:046 m2 =C,
f331 ﬃ 0:072 m2 =C and f131 ¼ f311 ﬃ 0:012 m2 =C.
These values are of the same order of magnitude as
the polarization-optical coeﬃcients observed in
several inorganic oxide crystals such as KNbO3 or
BaTiO3 [28]. This indicates that the main reason
for the observed high EO coeﬃcients of Sn2 P2 S6 is
the large dielectric constant.
It is possible to estimate the quadratic polarization-optic coeﬃcients gijkl of the upper paraelectric phase from the EO coeﬃcients rijk . From
crystal optic measurements Grabar et al. [5] determined four elements of the quadratic polarization-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 1
g1111 ﬃ 0:256 m4 =C2 ;
g2211 ﬃ 0:13 m4 =C2 ;
g3311 ﬃ 0:154 m4 =C2 ;
g1311 ﬃ

ð16Þ

0:035 m4 =C2 :

It has been generally assumed [20,21] that the
quadratic polarization-optic coeﬃcients gijkl do
not depend on temperature (at least not in ﬁrst
approximation). Therefore in ferroelectric materials the linear EO eﬀect is regarded as the same
quadratic eﬀect of the centrosymmetric high temperature phase biased by the spontaneous polarization PS . That is
 
1
D 2
¼ gijkl Pk Pl
ð17Þ
n ij

ð15Þ

for ij ¼ 11; 22; 33 and 13 ¼ 31. The dielectric tensor in Sn2 P2 S6 is rotated by only about 13° with
respect to the crystallographic x-axis and the ratio
between 11 , which is the largest element of the
dielectric tensor, and the outer diagonal element

1
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 ðM51 þ M53 þ M55 Þ=2 ¼ 5:01 10 2 m4 =C2 in that
reference.
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with polarization P ¼ PS þ Pind and Pind ¼
0 ð dÞE. In Sn2 P2 S6 one has PS ¼ ðPS cos c;
0; PS sin cÞ with PS ﬃ 14 lC=cm2 and c ﬃ 13° at
room temperature. Combining (4) with (17) one
gets
rijk ¼ 20 ðmk

dmk Þgijml PS l:

ð18Þ

It follows that
rij1 ¼20 ð11 1Þgij11 PS cos c þ 20 31 gij13 PS cos c
þ 20 ð11 1Þgji13 PS sin c þ 20 31 gij33 PS sin c
ð19Þ
with ij ¼ 11; 22; 33 and 13 ¼ 31.
In order to estimate the polarization-optic
coeﬃcients gij11 given in (16) from the measured
coeﬃcients rij1 we make some simplifying assumptions. We consider the spontaneous polarization to
be directed exactly along the x-direction (c ¼ 0)
and we assume that the polarization induced by
the applied electric ﬁeld Pind also has only an xcomponent, that is we neglect the inﬂuence of the
component 31 of the dielectric tensor. Eqs. (19)
then reduces to
rij1 ¼ 20 ð11

1Þgij11 PS :
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ð20Þ

From (20) with PS ﬃ 14 lC=cm2 and 11 ﬃ 230 one
can estimate the quadratic polarization-optic coeﬃcients
g1111 ﬃ 0:31 m4 =C2 ;
g3311 ﬃ 0:25 m4 =C2 ;

interferometric technique for various wavelengths
and temperatures. Both low-frequency EO measurements in a stress-free sample and measurements in the inertia-clamped samples using a
step-like electric ﬁeld were performed. The room
T
reaches
temperature free EO coeﬃcient r111
174  10 pm/V at k ¼ 633 nm and shows only
weak dispersion in the near infrared. It increases
with temperature up to the ferroelectric to paraelectric phase transition at 65 °C, where a peak
T
value of r111
ﬃ 4500  110 pm/V has been meaT
T
sured. The large values of r111
and r331
make of
Sn2 P2 S6 a very promising material for EO and
photorefractive applications.

g2211 ﬃ 0:16 m4 =C2 ;
g1311 ﬃ 0:044 m4 =C2 :
ð21Þ

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], indicating that the contribution of the second to
fourth term in (19) has the same sign as those
appearing in (21). As a consequence the coeﬃcients gii13 are suggested to be positive because 31
is positive.

7. Conclusions
Free and clamped EO coeﬃcients of
Sn2 P2 S6 for an electric ﬁeld parallel to the crystallographic x-axis were determined with a direct
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