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Interband photorefraction in Sn2P2S6 at visible
wavelengths
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Continuous-wave photorefractive experiments in Sn2P2S6 crystals and interband photorefraction at the visible
wavelengths of 514 and 488 nm are presented. Two-wave mixing and Bragg diffraction measurements at
514 nm show grating response times of around 100 �s at moderate light intensities of 0.6 W/cm2, i.e., 2 orders
of magnitude faster than measured in the same crystal in the conventional photorefractive regime. A large
two-wave mixing gain of up to �=60±8 cm−1 is measured, and holes are identified as dominant charge carriers
for the interband photorefractive effect. © 2006 Optical Society of America
OCIS codes: 090.7330, 160.5320, 190.5330.
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. INTRODUCTION
he interband photorefractive effect is characterized by a
apid charge redistribution upon inhomogeneous illumi-
ation, followed by an electro-optic change of the optical
roperties because of the generated space-charge electric
eld due to band-to-band photoexcitation of intrinsic
harge carriers. Compared with the conventional photore-
ractive effect connected with photoexcitation from deep
onor centers, the main advantages of the interband pho-
orefraction are a much faster response and a strong ro-
ustness of the grating against illumination with sub-
andgap photons.1,2 For the interband photorefractive
ffect, intentional doping of the crystal to achieve efficient
hotocarrier generation from donor levels is not required
ince carriers are directly excited from intrinsic energy
evels of the material. The interband photorefractive ef-
ect is attractive for many applications because of the
aster recording times. Recording times of less then
00 �s have been reported in KNbO3 at 1 mW/cm2 power
evels.1 Already implemented and demonstrated are
ncoherent-to-coherent light converters,3 optical joint
ourier-transform correlators,4 fast dynamical light-

nduced waveguides,5 and tunable optical filters for wave-
ength division multiplexing.6

Interband photorefraction has been studied previously
n KNbO3 (Ref. 1) and LiTaO3,2 where ultraviolet (UV)
ight was used for the grating recording. For many prac-
ical applications, however, it would be more convenient
o use visible instead of UV light due to the several ad-
antages in terms of availability of laser sources, stan-
ard optical devices, easier detection, etc. The availability
f a material with a large electro-optic response that is
uitable for interband photorefraction under visible illu-
ination therefore offers interesting perspectives. The
aterial studied in this work, tin hypothiodiphosphate

Sn2P2S6�, fulfills all requirements for fast interband pho-
orefraction at visible wavelengths due to its large
lectro-optic effects [e.g., r111

T =174 pm/V at �=633 nm
Ref. 7)] and the suitable bandgap energy of E=2.3 eV.
0740-3224/06/081620-6/$15.00 © 2
Sn2P2S6 is a monoclinic ferroelectric crystal with a
road transparent region [0.53–8 �m (Ref. 8)]. In the re-
ime of the conventional photorefractive effect, it shows
ast photorefractive grating recording times and large re-
ractive index changes in the red and near-infrared
egion.9–14 The possibility for fast hologram recording in
n2P2S6 via interband photorefraction under cw visible il-

umination was demonstrated recently in preliminary ex-
eriments by our group.15 We have also measured the
hotoconductivity and determined the absorption coeffi-
ients at 488 and 514 nm.16 In the pulsed regime, effects
scribed to the interband photorefractive effect were al-
eady used to demonstrate optical correlation at high rep-
tition frame rates using a wavelength of 532 nm.4

In this paper we present photorefractive gratings in
n2P2S6 with very fast buildup times (less then 100 �s),
ecorded at visible green ��=514 nm� and blue ��
488 nm� light. The diffraction efficiency of a Bragg grat-

ng follows an intensity dependence as expected for the in-
erband regime. The strong influence of the orientation of
he optical indicatrix in the mirror plane of the monoclinic
tructure on the observed Bragg diffraction angle is pre-
icted and experimentally verified. This phenomenon can
e used to gain information on the material refractive in-
ices within the high absorption region. Finally, two-wave
ixing experiments permit us to determine very high ef-

ective exponential gain coefficients of up to 60 cm−1 for
he wavelength of �=514 nm as a result of the strong pho-
orefractive and electro-optic nonlinearity. This measure-
ent also allowed us to determine the most mobile charge

arriers in Sn2P2S6.

. EXPERIMENT
. Sample Preparation
n2P2S6 single crystals were produced by the conven-
ional vapor-transport technique17 using iodine as a
ransporter. At room temperature Sn2P2S6 has a ferro-
lectric monoclinic structure with point group m. In this
006 Optical Society of America
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ork we use the coordinate system as defined in Ref. 18
ith the z axis parallel to the crystallographic c axis, y �b
ormal to the mirror plane, and x normal to y and z. The

ndicatrix is rotated in the xz plane, and its rotation angle
ind is defined as the angle between the x axis and the ma-

or principal axis of the indicatrix. This angle is wave-
ength and temperature dependent.18 The poling was per-
ormed by heating the crystal above the second-order
hase transition at TC=338±2 K and slowly cooling it
own to room temperature with an electric field of
1 kV/cm applied along the x direction. We used a bulk

rystal and a thin z plate. The dimensions of the thick
n2P2S6 crystal were 5.07 mm�5.38 mm�4.85 mm along
he x, y, and z axes, respectively. The thin plate had di-
ensions of 7.3 mm�8.3 mm�0.045 mm and was at-

ached to a quartz substrate with a thickness of 3 mm.
he single-domain state was verified using the directional

ight-scattering method described in Ref. 19.

. Bragg Diffraction and Two-Wave Mixing
ragg diffraction from photorefractive gratings was per-

ormed in a nondegenerate four-wave mixing configura-
ion in the longitudinal geometry as illustrated in Fig. 1.
n this geometry all three beams enter the crystal
hrough the same surface and propagate in the x ,z plane.
he experiments were performed with a writing beam

rom an Ar-ion laser at 514 and 488 nm (Coherent Innova
00, maximum cw single-mode power of 1 W) and a read-
ng beam from a He–Ne laser (maximum cw power of
mW). The absorption constant � at 488 nm is
600±800 cm−1 for the x polarization and 1730±70 cm−1

or the y polarization; at 514 nm it is 490±20 cm−1 for the
polarization and 110±10 cm−1 for the y polarization.16

ig. 1. Experimental configuration and crystal orientation for
ongitudinal Bragg diffraction measurements. The grating is
ritten by two recording beams at 514 or 488 nm incident sym-
etrically with respect to the sample normal at angles ±�B,w. The

eadout beam at 633 nm is shown on the right side with respect
o the sample normal; we refer to this configuration as readout
rom the right side, corresponding to positive angles �B,r. Readout
rom the left side, corresponding to negative angles �B,r, means
hat the readout beam is on the left side with respect to the
ample normal, according to the crystal orientation indicated on
he scheme.
he recording light penetration depth 1/� is therefore of
he order of 4–200 �m for the wavelengths between �
488 and 514 nm, which means that the interaction

ength for the readout beam is quite short. The readout
eam was p polarized (in the x ,y plane) in all the mea-
urements, while the writing beams were either p or s po-
arized. The diffracted probe beam (He–Ne laser) had a
avelength of �=633 nm and thus a photon energy of
�=2.0 eV, which is smaller than the bandgap energy in
n2P2S6 �2.3 eV�. Therefore it is expected that the reading
eam cannot influence the interband grating. An acousto-
ptical deflector was used to turn the recording beam on
nd off. After the crystal the diffracted beam power was
easured with a photodiode.
For the two-wave mixing experiment we used the same

etup as for the Bragg diffraction experiments without
he readout beam and introduced a filter (1%) to weaken
ne of the writing beams, which is then called the signal
eam. For this experiment we used a thin Sn2P2S6 plate
f 45 �m thickness along the z axis, obtained by polishing
own the bulk crystal. After the sample, we focused the
eam on the photodiode to collect all the light passing
hrough the absorbing thin plate.

The photoconductivity measurements show that the in-
erband regime, in which the photoconductivity follows a
quare-root intensity dependence,1 is reached at intensi-
ies above 1 mW/cm2 at 488 nm and 10 mW/cm2 at
14 nm.16 In all the experiments in this work we have
sed higher intensities; therefore we consider that, at the

ntensity levels used in the present measurements, the
ain contribution comes from gratings associated with
obile carriers and not carriers from deep traps. In gen-

ral, deep-trap gratings might be formed deeper inside
he crystal where the intensity becomes lower, as ob-
erved previously in KNbO3 (Ref. 15) and LiTaO3.2

. RESULTS AND DISCUSSION
. Bragg Diffraction

. Determination of the Bragg Angle
he external Bragg angle �B,r of the reading beam can be
alculated by

sin �B,r =
�r

�w
sin �B,w �1�

f the writing beams are incident symmetrically to the
ample; �B,w is the external incidence angle of the writing
eam, �r is the readout beam wavelength, and �w is the
riting beam wavelength. For Sn2P2S6 this equality will

n general not hold because the indicatrix is rotated in the
,z plane and therefore the main axes are not perpendicu-

ar to the crystal surface. Additionally this rotation
hanges with the wavelength ��ind

514 nm=39.9° ,�ind
633 nm

43.3° �.18 We chose p-polarized readout beams, since the
ffective electro-optical coefficient is then closer to r111

T ,
hich is the largest coefficient in this material.7 This im-
lies, however, that the rotation of the indicatrix has to be
aken into account in every measurement, as explained in
he following.

Let us first consider the case where the two writing
eams are also polarized in the plane of incidence. In this



c
c
p
m
t
o
d

t
d
f

w
b
c
t

a
f
i
b
t

w

w
o
P
s
e
m
w
t
t
a
s
e
d
N
w
e
R
e
a
n

t
m
t
d

F
a
s
i
g
c
=
w

�

5
5
5
4

1622 J. Opt. Soc. Am. B/Vol. 23, No. 8 /August 2006 Mosimann et al.
ase the two writing beams have different refractive indi-
es in the crystal and therefore the grating fringes are not
erpendicular to the surface of the crystal. This effect
odifies the Bragg angle from Eq. (1), and the direction of

he Bragg angle shift is determined by the direction of the
ptical indicatrix with respect to the direction of the inci-
ent beams.
In the second case the writing beams are s polarized. In

his case both writing beams have the same refractive in-
ex and the grating fringes are perpendicular to the sur-
ace. However, there will still be a shift of the Bragg angle

ig. 2. Diffraction efficiency � as a function of the readout angle
nd the wave-vector mismatch 
k for (a) readout from the left
ide and (b) readout from the right side (see Fig. 1). All the writ-
ng and readout beams were p polarized. The solid curves are
iven by Eq. (2) using the same parameters for both curves and
orrespond to a grating thickness d̃=30 �m, �w=514 nm, 
n
3.0�10−4, �=0.94 �m, �B,r

left=−15.0°, and �B,r
right=24.3°. The total

riting intensity was Iw=460 mW/cm2.

Table 1. Measured External Bragg Angles �B,r fo
Bragg Angles Calculated by Taking into

withou

�nm�
Position of the
Readout Beam

Writing
Polarization

14 Left side p
14 Right side p
14 Left side s
88 Left side s
ith respect to Eq. (1) due to the p-polarized readout
eam, for which the refractive index will be different if it
omes from the left or from the right side with respect to
he sample normal.

Figure 2 shows the measured diffraction efficiency � as
function of the incidence angle �B,r of the readout beam

or writing beams polarized in the incidence plane enter-
ng at �B,w=15.9°. The measured diffraction efficiency has
een approximated with the theoretical dependence ob-
ained for phase-only transmission gratings20,21:

� =
sin2��2 + 	2�1/2

�1 + 	2/�2�
exp�− �d�, �2�

ith

	2 =

kr

2

4
d̃2, �3�

�2 =� �
nd̃

�r�cos��i�cos��d��1/2�2

, �4�

here d is the thickness of the crystal; d̃ is the thickness
f the grating; �i and �d are the internal angles of the
oynting vectors of the incoming and diffracted waves, re-
pectively;
kr is the wave-vector mismatch, and 
n is the
ffective refractive index modulation amplitude. Similar
easurements have also been performed for s-polarized
riting beams at �=514 nm and �=488 nm. In Table 1

he values for the external Bragg angles calculated from
he known refractive indices18 and the measured values
re presented. The calculation of the Bragg angle is sen-
itive to the values of the refractive indices, which were
xtrapolated from Sellmeier parameters obtained from
ata outside the absorption regime ��=550–2300 nm�.
evertheless, the calculated and measured angles match
ell. This indicates also that the refractive indices can be
xtrapolated accurately with a Sellmeier formula from
ef. 18 to lower wavelengths until at least 488 nm. The
rror for the refractive indices used to calculate the Bragg
ngles is 0.015, resulting from the error in the determi-
ation of the Bragg angle of 1°.
The direction of the +x axis is 15° off the direction of

he polar axis (see Fig. 3); the direction of the +x axis is
ore difficult to determine.18 The direction of the shift of

he Bragg angle from Eq. (1) can be used to determine the
irection of the +z axis with respect to the entrance sur-

p-Polarized Readout Beam Compared with the
unt the Rotation of the Indicatrix and

tation

�B,r (deg)

Calculation
with Eq. (1) Calculated Measured

−19.6 −14.9 −15.0
19.6 24.6 24.3

−19.6 −24.1 −24.0
−20.8 −25.2 −25.3
r the
Acco
t Ro
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ace. As a recipe, with the +x axis pointing to the right,
he +z axis is in the backward direction if a larger Bragg
ngle is measured for a readout beam coming from the
ight than for one coming from the left. The resulting +z
xis (defined as in Ref. 18) is shown in Fig. 3.

. Intensity Dependence
he dependence of the Bragg diffraction efficiency on the

ntensity of the writing beam was studied with both p-
nd s-polarized writing beams and at the wavelengths of
88 and 514 nm. The intensity of the writing beams was
hanged with a filter in front of the crystal and the inten-
ity of the readout beam was IHeNe=130 mW/cm2.

The diffraction efficiency defined as the ratio between
he diffracted and the incident light intensities is shown
n Fig. 4 as a function of intensity for �=488 nm and s po-
arization. This relation can be approximated by1

	n 

�
n

��
ln� I0

Iref
� , �5�

here 
n is the average amplitude of the refractive index
hange, � is the absorption constant at the wavelength of
he writing beams, I0 is the total incident writing inten-
ity, and Iref is a reference intensity needed for normaliza-
ion. This behavior is expected if we assume that increas-

ig. 4. Intensity dependence of the diffraction efficiency (on a
quare-root and logarithmic scale). The theoretical line is accord-
ng to relation (5) with parameters �=1730 cm−1 (from Ref. 16),
n=1.2�10−4, Iref=0.2 mW/cm2. (�=488 nm, writing beams are s
olarized, readout beam is p polarized. Grating spacing �
0.9 �m.)

ig. 3. Orientation of the indicatrix and the x, and z axes as de-
ermined from the Bragg diffraction measurements. The z axis is
ointing out of the crystal. k1,air and k2,air are the incident writ-
ng wave vectors, k1 and k2 are the wave vectors in the crystal, K
s the grating vector, and �ind is the rotation angle of the
ndicatrix.
ng the writing intensity increases the effective thickness
f the grating and that the depth dependence of the grat-
ng is a step function. In KNbO3 similar interband effects
ave been observed and the depth dependence was shown
o describe the experimental results better than an expo-
ential decrease.1 The straight line in Fig. 4 is a good in-
icator that we are in the interband regime.

. Dynamics of the Grating Buildup
ne of the main advantages of interband photorefractive
ffects is the time scale for the buildup of the grating. To
easure the dynamics of the buildup we used an acousto-

ptic deflector with a rise time of less than 0.5 �s to en-
ure a fast switching of the laser beam. Figure 5 shows
he diffraction efficiency of the grating for �=633 nm
-polarized light after turning on the writing p-polarized
eams at �=514 nm and two different total intensities.
The dynamics of the diffraction efficiency cannot be ex-

lained with a simple model, because the intensity of the
riting beam is exponentially decreasing with the depth

nside the crystal. For the buildup of the holographic grat-
ng this means that the buildup time, the amplitude, and
he phase of the grating will depend on the depth. The dif-
racted beam at the back side of the crystal is formed by
he coherent sum of all the amplitudes of the diffracted
ight at different depths. For a model with several time
onstants, the measured curves are not described signifi-
antly better than for just one parameter. The buildup
as therefore modeled with a semiheuristic exponential

unction of the form

� = �1�1 − exp�− t/��2. �6�

his yields a time constant for the grating buildup  (see
ig. 5). For 320 mW/cm2 writing beam intensity, 
125 �s; and for 650 mW/cm2, =80 �s, which is faster

as expected) for the higher writing beam intensity.
The measured buildup at �=514 nm where �

490 cm−1 is very fast compared with typical buildup
imes measured in brown Sn2P2S6 at �=633 nm for
W/cm2, which is =5–50 ms. It is also more than 2 or-
ers of magnitude faster than in LiTaO3 in the interband
egime at approximately the same writing intensity and
=257 nm where �=270 cm−1 (Ref. 2); and it is almost as

ast as in KNbO3, where buildup times of �10 �s were ob-

ig. 5. Grating buildup dynamics for two different writing in-
ensities at �=514 nm. The readout beam intensity was
30 mW/cm2, grating spacing �=1.0 �m, and both the readout
nd writing beams were p polarized. The solid curves are accord-
ng to Eq. (6) with the buildup times of =125 �m for
20 mW/cm2 and =80 �s for 650 mW/cm2.
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ained in transversal geometry at 1 W/cm2 and �
351 nm but with a much higher absorption ��
1900 cm−1� and with an external applied field for an en-
ancement of the diffraction efficiency.22

. Two-Wave Mixing in a Thin Plate
wo-wave mixing experiments in the interband regime al-

ow for the determination of the most mobile charge car-
iers and the verification of the amplitude of the refrac-
ive index change 
n. The experiments were performed in

45 �m thick Sn2P2S6 plate, with p-polarized light of
avelength �=514 nm, a total intensity of I0
373 mW/cm2 (pump beam =370 mW/cm2, signal beam
3 mW/cm2), and a grating spacing of �=1 �m. In the
ragg diffraction experiments described in Subsection
.A.1 we measured an effective grating thickness of d̃
30 �m for a similar writing intensity. To simplify the cal-
ulation of the two-wave mixing gain, we make an as-
umption of a constant amplitude grating of the same
hickness and for no two-wave mixing interaction below
=30 �m. This is justified by the fact that deeper in the
rystal the grating cannot be formed because the dark
onductivity dominates over the photoconductivity in-
uced by the not yet absorbed photons. Therefore we can
stimate the lower limit of the gain coefficient as

� =
1

d̃
ln

Iw/pump

Iw/o pump
, �7�

here Iw/pump and Iw/o pump are, respectively, the signal
eam intensities with and without the pump beam turned
n. The two-wave mixing gain can be related to an effec-
ive refractive index change 
n as

� =
4�

� cos �s

n, �8�

here �s is the internal incidence angle of the signal
ave.
The result of �=60±8 cm−1 with a grating spacing of

�m shows a very high gain in the visible, and the corre-
ponding refractive index contrast 
n= �2.4±0.5��10−4

orresponds well to the value of 
n calculated from Bragg
iffraction in Subsection 3.A.1. In the conventional photo-
efractive regime at �=633 nm, the maximal gain reaches
7 cm−1. The high gain in the interband region can be ex-

lained by two factors. First, the number of effective
harge carriers Neff��� increases with decreasing wave-
ength as observed in the transparent region13; second,
he electro-optic coefficient r��� also increases as it ap-
roaches the absorption edge.7

To verify the true two-wave mixing origin of the energy
ransfer, we rotated the plate by 180° around the y axis so
hat the spontaneous polarization was inverted. In this
ase we measured a weakening of the signal beam, as ex-
ected for photorefractive two-wave mixing. If the signal
eam gets amplified with the spontaneous polarization
ointing in the direction of the amplification, the most
obile charge carriers are holes, since the corresponding

lectro-optic coefficient is positive.7 This is the situation
hat occurs in Sn2P2S6, so the main charge carrier is the
ame as has been identified for conventional
hotorefraction.7,12 In the case of the interband photore-
raction this implies that �h��e, where �h is the mobility
f the holes and �e is the mobility of the electrons.1,23

. CONCLUSIONS
e have investigated and analyzed the interband photo-

efractive effects in Sn2P2S6 at visible wavelengths. This
llowed us to determine an average refractive index
hange of 
n= �3±0.03��10−4 at �=514 nm. Because of
he rotation of the indicatrix, we observed a considerable
hift of the Bragg angle, which allowed us to determine
he refractive indices in the interband regime and deter-
ine the direction of the +z axis in the crystal.
The buildup time constant of the interband photore-

ractive effect are of the order of 100 �s at an intensity of
.6 W/cm2 and therefore are more than 2 orders of mag-
itude shorter than for the conventional photorefractive
ffect at �=633 nm at the same intensity level. Addition-
lly the effect is observed around �=530 nm, which is eas-
ly accessible by compact all-solid-state laser sources.

With a thin plate of Sn2P2S6, two-wave mixing effects
t a wavelength of �=514 nm were demonstrated with a
ery high gain coefficient of �=60±8 cm−1 for p-polarized
ight. We concluded that the most mobile charge carriers
t this wavelength are holes, and therefore �h��e.
Interband holography in Sn2P2S6 proves therefore to be

n important tool, not only for applications in fast parallel
oherent optics, but also as an experimental technique
hat allows one to access and determine material param-
ters in the high-absorption region.
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