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ABSTRACT We apply, for the first time to our knowledge, pho-
torefractive grating spectroscopy to obtain not-yet-known data
on the anisotropy of the dielectric permittivity of Sn2P2S6. Two
independent techniques are used, one based on measurements
of the amplitude of the space-charge field grating as a function
of grating spacing and the other based on measurements of the
grating decay time, also as a function of grating spacing. Both
techniques provide close values for the anisotropy, which ap-
pears to be well pronounced, a ratio εxx/εzz ≈ 4 is revealed for
two of the three independent components of the dielectric ten-
sor. Our data also allow us to conclude that the charge mobility
is nearly isotropic in the same plane, µxx/µzz ≈ 1.

PACS 42.65.Hw; 42.70.Nq; 77.22.Ch

1 Introduction

Tin hypothiodiphosphate (Sn2P2S6) is a low-
symmetry (m) ferroelectric material transparent in the red
and near-infrared regions of the spectrum [1, 2]. It features
a rather strong electro-optic effect (one of the ten indepen-
dent components of the electro-optic tensor reaches a value of
130 pm/V [3, 4]), good pyroelectric and piezoelectric proper-
ties [5] and can be used for second-harmonic generation [6].
It is attractive also as a photorefractive crystal, with a rather
fast temporal response (in the millisecond range for conven-
tional cw lasers) and a sufficiently high gain factor (up to
15 cm−1 for 1-µm [4, 7] and up to 40 cm−1 for 0.63-µm [8]
wavelengths). In spite of the large amount of information
on this crystal, collected during the thirty years after it was
first synthesized, some data on its fundamental constants are
still unknown; for some other constants there is a large dis-
crepancy between data obtained with different techniques.
One can find, for example, for the low-frequency dielectric
constant a value ε = 3500 in the Landolt–Börnstein source-
book [9] and a more than one-order-of-magnitude smaller
value in the original publication [10]. There are also no reli-
able data to our knowledge on the anisotropy of the dielectric
permittivity.
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We extracted the data on the dielectric permittivity from
measurements of the dynamics of the space-charge field grat-
ings that can be induced in the crystal by laser light via the
photorefractive effect (see, for example, [11]). An advantage
of any grating technique is that it allows the study of tensor
properties simply by changing the orientation of the recording
light waves in a way to align the grating vector K = k1 −k2
along the crystallographic axes [12]. (Here k1 and k2 are the
wave vectors of the recording waves.) We profit from this
possibility for studying the anisotropy of the low-frequency
dielectric constant ε.

The ultimate amplitude of the space-charge field grating
is limited by the finite trap density and the dielectric constant
of the crystal. By comparing these amplitudes for gratings
aligned along two crystallographic axes we can obtain the
ratio of the dielectric constants, assuming the traps are dis-
tributed inside the crystal homogeneously.

The decay of the space-charge gratings occurs via the
usual Maxwell dielectric relaxation, i.e. because of the finite
conductivity σ . The characteristic decay time τ depends there-
fore on the dielectric permittivity, τ ∝ εε0/σ . This provides an
independent tool for the evaluation of ε.

After recalling some basic data on photorefractive grat-
ing recording and presenting the main theoretical expressions
that will allow us to extract the data on ε, the description of
the experiment is given and finally the data obtained with the
different techniques are compared.

2 Physical background

If photoconducting crystals (like BaTiO3,
SrxBa1−xNbO3, LiNbO3 and some others) are illuminated
with two coherent light waves (see Fig. 1a,b), the density of
free carriers photoexcited from the deep centers is spatially
modulated. The gradients in the carrier density give rise to
diffusion currents, which tend to wash out this inhomoge-
neous distribution; as a consequence, a part of the carriers
appears in the dark region of the light fringes, where the ion-
ized centers trap them. In such a way, a periodic space-charge
distribution is formed in the bulk of the crystal and the static
electric field of this space charge modifies the refractive index
of the crystal via the electro-optic effect. This type of opti-
cal non-linearity is traditionally called the diffusion-driven
photorefractive effect [11].
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FIGURE 1 Schematic representation of the experimental geometry to study
the dynamics of recording in transmission (a)and reflection (b) geometry.
SPS is the sample; D, the detector; Sh, the shutter; M, mirrors; and BS, the
beam splitter

In crystals lacking a symmetry center, the developing re-
fractive index grating appears to be π/2-shifted with respect
to the light fringes; this results in a unidirectional intensity
transfer from the one of the two recording waves to the other
because of self-diffraction from the grating. The measure of
such a beam coupling is the gain factor Γ , which is introduced
as:

Γ = 1

l
ln

[
I1(l)

I1(0)

I2(0)

I2(l)

]
, (1)

where I1,2(0) and I1,2(l) are the intensities of the two record-
ing waves 1 and 2 at the input face (z = 0) and at the output
face (z = l) of the sample.

According to theory [13], the gain factor is proportional to
a light-induced variation of the refraction index, i.e. directly
proportional to the space-charge electric field. The final ex-
pression for Γ reads:

Γ = 4π2n3reff

Λλ cos θ

kBT

e

1

1 + (ls/Λ)2
, (2)

with the light wavelength λ in vacuum, the refraction index n,
the effective electro-optic coefficient reff, the Boltzmann con-
stant kB, the absolute temperature T , the electron charge e, the
angle 2θ between the two recording waves (inside the crystal),
the grating spacing Λ = λ/2n sin θ , and the Debye screening
length

ls =
√

εε0kBT

eNeff
, (3)

Neff being the effective trap density.
As one can see from (2), the gain factor reaches its max-

imum value at a grating spacing Λ equal to the Debye screen-
ing length ls. This allows for experimental determination of ls
which depends, as it follows from (3), on the dielectric permit-
tivity ε.

The space-charge grating can be erased by uniform illumi-
nation of the sample. A light wave with intensity I excites free
carriers and increases the conductivity. The photoconductivity
of the sample is σ = κI , with κ being the specific photocon-
ductivity. For any of the two types of carriers (electrons or
holes), the theory [14] predicts a single-exponential decay of
the space-charge grating with its own characteristic time τ:

1

τI
= κ

εε0

1 + (ls/Λ)2

1 + (lD/Λ)2
. (4)

Here the diffusion length is given by the expression:

lD = √
Dτfc, (5)

where τfc is the free carrier lifetime and D is the diffusivity,
related to the charge mobility µ via:

D = µ
kBT

e
. (6)

It follows from (4) that the dielectric permittivity enters
twice in (4), in the numerator (via ls, see (3)) and also directly
in the denominator. By changing the angle θ between the
recording waves it is possible to vary the grating fringe spac-
ing Λ in a rather wide range and to meet either the condition
(ls/Λ) � 1 or (ls/Λ) � 1. This offers several possibilities
for extracting the data on ε from the angular dependencies of
the decay rate, as is discussed later.

It should be noted that some experimental data [7] suggest
a charge-hopping type of photoconductivity [15] for Sn2P2S6.
It has been shown, however, that all equations listed above are
applicable to the space-charge formation and decay via “hop-
ping” transport as well as for diffusion-driven transport [16].
The meaning of some quantities like the charge mobility or
the diffusivity becomes slightly modified for the hopping pro-
cess, while the meaning of such a fundamental constant like
the dielectric permittivity remains the same.

Sn2P2S6 is known to possess two types of movable charge
carriers, with a dielectric relaxation time that differs by sev-
eral orders of magnitude for the two subsystems [7]. This huge
difference allows for easy separation of the effects related to
each type of carrier and for receiving reliable data on the de-
cay time of each subsystem. This all justifies the use of the
equations presented above for the comparison with the ex-
perimental results on Sn2P2S6. All measurements described in
what follows have been carried out for the fast photorefractive
grating that is formed in Sn2P2S6 by photoexcited holes [17].

3 Experimental

The crystals of nominally undoped tin hypoth-
iodiphosphate studied were grown via gas transport reac-
tion [18] in the Institute of Physics and Chemistry of the Solid
State, University of Uzhgorod, Ukraine. The sample cut along
the crystallographic axes measured 9 × 9 × 4.5 mm3; it had
optically finished faces normal to the X- and Z-directions.
The sample K3 belonged to the type-I crystals [4, 19], with
a pronounced contribution of secondary carriers to the grating
formation. It was poled by application of an external field of
about 1 kV/cm when the sample was heated to 90 ◦C.

A helium–neon laser with a 40-mW TEM00 output beam
was used as a light source. Two light beams impinged upon
the sample, either from the same face (transmission-grating
geometry) or from two opposite faces (reflection-grating
geometry). The orientation of the grating vector K remained
the same for one set of measurements in transmission and re-
flection geometries; for the second set of measurements, K
was aligned along the other crystallographic axis and also re-
mained the same for transmission and reflection geometries.
The polarization of the recording waves was normal to the
plane of drawing in Fig. 1, i.e. the electric field vector of the
light waves was always parallel to the Y axis. Unexpanded
laser beams were used with a beam diameter of 1.4 mm at
a 1/e intensity level from the maximum and the total intensity
at the input face was about 3 W/cm2.
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FIGURE 2 Temporal evolution of the intensity
of the transmitted light wave 1, measured during
grating recording (a) and temporal evolution of
the intensity of the light wave diffracted in the di-
rection of wave 1 (b) when the input wave 1 is
stopped by a shutter

Figure 2a and b shows a typical temporal evolution of the
intensity of one of the two recording beams during recording
and optical erasure, respectively. At first two beams exposed
the sample and the intensity of one beam increased until sat-
uration because of beam coupling. Further exposure of the
sample to the fringe pattern would result in a decrease of the
light intensity because of formation of an out-of-phase grating
by free carriers of opposite sign [7]. We stopped the exposure
when the intensity reached its maximum value. The data on
beam coupling presented in Fig. 2a were sufficient to calculate
the gain factor if the initial intensity of the amplified wave 1
was much smaller than that of the second recording wave 2
(see (1)).

After the maximum intensity of the transmitted weak
wave 1 was reached, the input wave was stopped with a shut-
ter placed in front of the sample. The detector then measured
the decay of the intensity of the beam diffracted from the grat-
ing (Fig. 2b). By fitting this curve to an exponential function
we obtained the decay time of the grating efficiency, which
was half as large as the space-charge decay time that we were
searching for.

In a next step, measurements of the gain factor and of
the characteristic decay rates were performed for different
angles of incidence of the recording waves to obtain the de-
pendencies Γ = Γ(Λ) and τ−1 = τ−1(Λ). This was done for
two orientations of the grating vector K , parallel to crystallo-
graphic axes K ‖ X and K ‖ Z.

Figure 3 represents the results of gain factor measure-
ments. Empty dots and squares give the values measured
in transmission grating geometry (Fig. 1a), while filled dots
and squares correspond to recording with counterpropagating
waves (reflection grating geometry, Fig. 1b). The dots repre-
sent the values measured with K ‖ X while data for K ‖ Z are
shown by squares. It should be mentioned that with the record-
ing beam diameter d = 1.4 mm and the sample thickness

FIGURE 4 Reciprocal decay time versus
squared reciprocal grating spacing for a grating
vector aligned along the samples Z axis (a) and
along the X axis (b). Open dots and squares re-
present measurements with copropagating laser
beams while filled dots and squares correspond to
a counterpropagating beam geometry. Solid lines
are best fits of the calculated dependence (4)

FIGURE 3 Grating spacing dependencies of the gain factor for a grating
vector aligned along the sample’s Z axis (squares) and along the X axis
(dots). The recording light is polarized parallel to the y axis. Open dots and
squares represent measurements with copropagating laser beams, while filled
dots and squares correspond to a counterpropagating beam geometry. Solid
lines are best fits by the calculated dependence (2)

l = 9 mm, the beams were overlapping incompletely inside
the sample and the effective interaction length leff became
smaller than the sample thickness l (see, for example, [7]):

leff = l

(
1 − πl sin θ

4d

)
. (7)

This was taken into account when calculating the values of
the gain factor plotted in Fig. 3. The solid lines are fits of the
calculated dependence given by (2).

The data on the grating decay rate presented in Fig. 4 are
normalized to the light intensity; in fact each value of (1/τI)
was extracted from the intensity dependence of the decay time
τ = τ(I) measured for a particular angle between the record-
ing waves. The plot of (1/τI) versus the squared reciprocal
grating spacing simplifies the comparison with (4). The mean-
ing of the open and filled dots and squares is the same as that
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for Fig. 3. The solid lines are fits of the calculated dependen-
cies given by (4). In these measurements, the changes in the
light intensity inside the sample, which were due to a differ-
ent Fresnel reflectivity at different angles and the beam cross
section varying with the angle, were neglected. With the po-
larization used and within the experimental range of angles,
these changes were below 15%.

4 Evaluation of the transport lengths
and the anisotropy of permittivity

The experimental data presented in Figs. 3 and 4
allowed us to extract the characteristic transport lengths, the
Debye screening length ls and the diffusion length lD. The
first of these two lengths is determined from the position of
the maximum of the Γ = Γ(Λ) dependencies (Fig. 3). We get
lsx ≈ 1.0 µm for the x-direction while only lsz ≈ 0.52 µm for
the Z-direction (extra subscripts for ls, z and x, respectively.)

The values of the gain factor measured in reflection geom-
etry were quite close to the Γ = Γ(Λ) dependencies shown by
solid lines and obtained by the least square fit technique. An
important question is: do we have to keep reflection-hologram
data or it is possible to omit these and to obtain, nevertheless,
a reliable fit and the same parameters? To answer this question
we compare the values of the screening length extracted from
the whole set of measurements including data for reflection
geometry with that extracted from data on transmission geom-
etry only. The results are as follows: The fit of all experimental
data by (8) provides lsz = 0.50± 0.03 µm for K ‖ Z while
the fit to data for transmission geometry yields lsz = 0.52±
0.03 µm. A similar comparison for K ‖ X gives for the whole
set of data lsx = 1.0±0.04 µm and lsx = 0.99±0.04 µm for
transmission geometry only. It is clear from this comparison
that the data for reflection geometry are good for verifying
the dependence of (2) (or (8)), but they are not so critical for
extracting ls.

The data on the gain factor (Fig. 3) are also useful for the
evaluation of the electro-optic tensor components. It is conve-
nient to plot the data of Fig. 3 in special coordinates, (1/ΓΛ)

versus (1/Λ2) in Fig. 5, as proposed in [20] to obtain a linear
dependence:

1

ΓΛ
= λ cos θ

4π2n3ξreff

e

kBT

[
1 +

(
ls

Λ

)2
]

. (8)

FIGURE 5 Dependencies 1/ΓΛ = f
(
1/Λ2

)
for the evaluation of crystal

parameters (see text) re-plotted from the data of Fig. 3

From the intersection point of this straight line with the or-
dinate, the product of the two first factors on the right-hand
side of (8) can be evaluated with only one unknown parame-
ter, which is ξreff, while from the slope of this line we get an
estimate for ls [20]. A factor 0 < ξ < 1 accounts for a possibly
incomplete poling of the ferroelectric sample, i.e. for the pres-
ence of domains with an opposite orientation of spontaneous
polarization. The values of ξreff that come out of these fits are
ξr221 ≈ 17 pm/V and ξr223 ≈ 2 pm/V. These values should be
regarded, however, as a lower limit for r221 and r223 because
the amount of domains with the opposite direction of sponta-
neous polarization in the sample is unknown.

The next step is to process the data of Fig. 4 by impos-
ing the already known values of lsx and lsz. By fitting these
data by (4) we extracted the diffusion length for different crys-
tallographic directions, lDx ≈ 7.5±0.2 µm and lDz ≈ 7.8±
1.0 µm. Taking into account the definition of the diffusion
length (5) we conclude that the anisotropy of the charge mo-
bility for charges involved in the formation of the fast grating
in Sn2P2S6 is rather small in the X0Z plane.

In addition, it is possible to evaluate the first factor
in the right-hand side of (4). The fit yields (κzz/εzzε0) ≈
4200 cm2/W s and (κxx/εxxε0) ≈ 1000 cm2/W s. With a small
difference in the charge mobilities, the photoconductivity
is nearly isotropic in the X0Z plane, too, κxx ≈ κzz and
the anisotropy of (κ/εε0) can be attributed mainly to the
anisotropy of the dielectric permittivity.

To obtain an estimate for the absolute value of ε one should
know either the effective trap density Neff or the specific pho-
toconductivity κ. Both quantities need to be evaluated inde-
pendently directly from electrical measurements, which is out
of the scope of the present paper. From the optical measure-
ments we performed, we can extract, however, the data on the
anisotropy of the dielectric permittivity, i.e. the ratio εxx/εzz.
This quantity can be extracted from the ratio of the Debye
screening lengths:

εxx

εzz
=

(
lsx

lsz

)2

≈ 3.7 ±0.7 , (9)

and also from the ratio of the first factors in the right-hand side
of (4):

εxx

εzz
≈ 3.9 ±0.2 . (10)

The reasonable agreement of the two estimates within the
given range of the experimental accuracy is obvious.

We need to remind ourselves once more that one must
know the anisotropy of the specific photoconductivity κ to
evaluate εxx

εzz
using the second technique. It is important to un-

derline that for the polarization used (normal to X0Z plane)
the absorptivity does not depend on the orientation of the light
beam in the X0Z plane for crystals with the symmetry m. With
a rather small (if any) anisotropy of the mobility, the photo-
conductivity κ is nearly isotropic too.

An independent check of the validity of the second pro-
posed technique is as follows: In the limit of small grating
spacings, Λ → 0, i.e. (ls/Λ) � 1, one can neglect the unity
in the numerator as well as in the denominator of the second



SHUMELYUK et al. Anisotropy of the dielectric permittivity of Sn2P2S6 measured with light-induced grating techniques 421

factor in the right-hand side of (4) and arrive at:

1

τI
= l2

s

εε0

κ

l2
D

. (11)

From the definition of the Debye screening length (3) it is
clear that the first factor in (11)

(
l2

s /εε0
)

does not depend on
the dielectric permittivity. It is easy to show also that the sec-
ond factor

(
κ/l2

D

)
does not depend on the possible anisotropy

of free carrier mobility. From symmetry considerations it fol-
lows that the absorption constant for light polarised along the
y axis is isotropic in the X0Z plane. Thus the right-hand side
of (11) contains no anisotropic quantities and should therefore
be the same for an arbitrary orientation of the grating vector.

For the small spacing limit, our fits give the same values
(1/τI) ≈ 18.0 cm2/W s measured along the Z axis and along
the X axis. Taking into account that (1/τI) varies more than
two orders of magnitude within the whole range of grating
spacing variation, this coincidence can hardly be accidental
and is in agreement with our expectations.

In crystals belonging to the symmetry class m, the relation
r112 = r222 = r332 ≡ 0 holds for the electro-optic coefficients,
and self-diffraction from space-charge gratings with the grat-
ing vector aligned along the y axis is impossible. This is the
reason why we report on the anisotropy of the Sn2P2S6 param-
eters in the X0Z plane only. In principle, the non-vanishing
electro-optic coefficients r232 and r212 allow for anisotropic
diffraction with the polarization of the diffracted wave orth-
ogonal to the polarization of the readout wave. To observe this
type of diffraction one should ensure, however, appropriate
Bragg angles that do not coincide with the recording angles.

5 Conclusions

By using all-optical techniques based on the study
of the dynamics of grating recording and erasure, we dis-
covered a strong anisotropy in the dielectric permittivity in
tin hypothiodiphosphate (Sn2P2S6) at ambient temperature,
εxx/εzz ≈ 4. It follows from our measurements that the pho-
toexcited hole mobility is nearly insensitive to direction in the
same plane, µxx/µzz ≈ 1.

The grating spectroscopy techniques also allow the eval-
uation of the anisotropy of the electro-optic properties [4].
Our estimates give rather small values for ξr221 ≈ 17 pm/V
and ξr223 ≈ 2 pm/V. It should be underlined, however, that
these relatively weak components were selected deliberately
for the measurements of the ε-anisotropy: firstly, we were well
within the undepleted pump approximation when measuring
gain factors; secondly, just these components were involved
in recording of both transmission and reflection gratings; and

last, but not least, there was no absorption anisotropy for the
chosen geometry and light polarization.
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NOTE ADDED IN PROOF Our attention was drawn recently
to publication V.M. Kedyulich, A.G. Slivka, E.I. Gerzanich, P.P. Guranich,
V.S. Shusta, and P.M. Lucach, Uzhgorod University Bulletin, Phys. Ser. 5
30–32 (1999), in which the dielectric constants of Sn2P2S6 have been meas-
ured electrically. The reported anisotropy εxx/εzz 	 4 at ambient temperature
is in good agreement with the results presented in our paper.
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