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Abstract. The influence of an external field on photorefrac-
tive recording in Sn,P,S¢ (SPS) crystals is studied. A large
gain factor of more then 15cm™! is achieved for a grating
spacing of 12 pum at A = 0.9 wm. For an applied field exceed-
ing £200 V /cm a switching of the beam coupling direction is
detected, exhibiting a pronounced hysteresis.

PACS: 42.65.Hw; 42.70.Nq

Tin hypothiodiphosphate (Sn,P»S¢, SPS) [1] attracts atten-
tion because of a fast response and a wide range of spec-
tral sensitivity (0.5-1.3 pm [2], though the gain factor de-
creases for longer wavelengths. The application of a dc elec-
tric field to photorefractive crystals results, to a first ap-
proximation, in the recording of a phase grating that coin-
cides with the light fringes. This leads to the enhancement
of the grating’s diffraction efficiency but does not affect the
beam coupling. Only a field that is comparable to the so-
called limiting space-charge field, E, = (eNa /2megp) A (with
e being the electron charge, Na the effective trap dens-
ity, ego the dielectric constant, and A the fringe spacing),
may enhance the beam coupling and increase the gain fac-
tor [3]. In practice such an enhancement occurs for nomi-
nally undoped crystals with trap-density limitations of the
space-charge field, such as different crystals of the sillenite
family [4].

The purpose of this paper is to check the possibility of
an improvement in the beam coupling in nominally undoped
SPS. With this in mind, we evaluate at first the necessary
crystal parameters from experiments with no field applied,
define the optimum spatial frequencies at which the enhance-
ment can be expected, and finally demonstrate a considerable
increase (about three times) in the gain factor with cw near-
infrared laser radiation.

*Corresponding author.

1 Experimental technique

A sketch of the experimental set-up is shown in Fig. 1. The
10-times expanded laser beam from a Ti:sapphire laser is split
into two beams by a semi-transparent mirror M,. A stronger
beam sent to the sample by a mirror My illuminates the
whole input face of the sample. This prevents the formation
of a large-scale space-charge field in the experiments because
of the applied field, and at the same time it ensures the same
interaction length (equal to sample thickness) for all of the
crossing angles of the recording beams that were used. To
form a probe beam of smaller diameter, the other beam, re-
flected by the mirror M3, is directed to the aperture D;. The
beam intensity ratio is 1 : 600, i.e., the light modulation is
m == 0.08. The second aperture D in front of the detector PD
allows only the transmitted probe beam to pass and prevents
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Fig. 1. Schematic of the experimental set-up. M: mirrors; D: apertures; PD:
photodiode; BE: beam expander. The dimensions of the sample are given
in mm
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the detection of scattered light. The signal of the detector is
fed to a computer.

An c-cut, 4 x 3 x 3mm?> sample (spontaneous polariza-
tion axis Py lies within 10° along the longest dimension) is
used for beam-coupling experiments. Silver electrodes are
deposited to the a-faces of the sample. The SPS crystal
was grown, poled and optically finished at the Institute of
Solid State Physics and Chemistry, Uhzgorod State Univer-
sity (Ukraine).

The light beam of the Ti:sapphire laser (TEMy, A =
0.9 pm) is linearly polarized in the plane of incidence. This
optimizes the gain factor for the grating vector parallel to the
OX crystallographic axis (almost parallel to the spontaneous
polarization axis [5]). A dc external field is applied along the
grating vector.

It has been found previously [2] that all photorefractive
SPS crystals available to us (more than a dozen samples
tested) can be divided into two groups, Type I and Type II,
thus distinguishing the samples by the beam-coupling dynam-
ics and spectral sensitivity of their photorefractive response.
We have recently found experimentally that higher fields,
at least up to 2kV/cm, can be applied to Type II samples
(Iess sensitive in the infrared), as compared to Type I sam-
ples. While the reason for such a difference is not completely
clear at present, it seems that the reduced dark and photo-
conductivities ensure a higher breakdown voltage for Type II
crystals. A 2kV/cm external field is comparable to the diffu-
sion field for a grating spacing A =1 pm (Ep = 1.6kV/cm),
so it might be sufficient for an increase in the gain factor of up
to two times.

The gain factor I" is determined in the usual way from
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where I(£) and I(0) are the intensities of the weak transmit-
ted beam in the presence of a strong pump beam and without
a pump beam, respectively, and ¢ is the sample thickness. For
the sample K1 (Type II) the out-of-phase compensating grat-
ing [1] is negligibly small, so the steady-state intensity of the
transmitted probe beam can be taken to evaluate I

The following sequence is applied to the sample when
measuring the gain factor: first the electric field, then the
strong pump beam, and last the weak probe beam.

‘We also measured the relaxation time, 7, of the refractive-
index change from the dynamics of the signal decay when the
input probe beam is switched off after saturation is reached.

2 Sample characterization

The spatial-frequency dependence of the gain factor I is
shown in Fig. 2a, while Fig. 2b presents the spatial-frequency
dependence of the reciprocal decay time normalized to the
total light intensity in the sample, (v )~!. No external field
is applied to the sample in this experiment. The two depen-
dences shown in Fig. 2 allow for the evaluation of the Debye
screening length,
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Fig. 2. a Spatial-frequency dependence of gain factor and b normalized re-
ciprocal relaxation time versus squared spatial frequency. Solid lines: best
fit of the theoretical dependences (5) and (6), respectively

the diffusion length,

€p=+/D7. ; (3)

the dielectric relaxation time (Maxwell relaxation time),

EE)
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o

and the effective electro-optic constant, rs. All these crys-
tal parameters can be obtained from a fit of the theoretical
dependences [3, 4] to the experimental data:
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Here kg is the Boltzmann constant, T is the absolute tempera-
ture, D = ukgT/e is the diffusivity, u is the charge mobility,
7. is the charge lifetime, X is the light wavelength in vacuum,
o = k1 is the photoconductivity, k is the specific photocon-
ductivity, and K = 27/ A is the grating spatial frequency.
The following data were obtained from the fit: ¢3 ~
0.5um, €p ~0.7um, re~ 130pm/V, k ~ 1.4x 10710
cm/V?. The effective trap density evaluated by using (2) is
Na ~ 1.3 x 10" cm ™3, providing that the dielectric constant
is € = 230. The limiting space charge field in V/cm is there-
fore E, ~ 160 x A, with A measured in microns. Itis obvious
that for spatial frequencies of the grating A = 1-10 pm typ-
ical for our experimental conditions the value of the limiting
space-charge field is quite reasonable, £, = 160—1600 V /cm.
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Fig. 3. Calculated dependency of the gain factor versus applied field for
different spatial frequencies of the recorded grating

With the evaluated data we can predict the behavior of
beam coupling in the sample with an applied field. To do so
we need to substitute E in (5) with the expression describing
the imaginary part of the space-charge field developing with
the applied field [3,4]:

Ep(1+K?0?) +€pKE,
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Lr = egyEy/eN being the tightening length of the charge by
the electric field [3].

Figure 3 shows the calculated electric-field dependence of
the gain factor for different values of the spatial frequency K.
One can see that for small grating spacings (large values of
K) the gain factor is nearly independent of the applied field
within the plotted range of E). It is obvious that to reach the
highest possible gain factor one should go to spatial frequen-
cies much smaller than those that optimize the gain with no
field applied.

3 Experiments with an applied field

In accordance with the conclusions of Sect. 2, a spatial fre-
quency K ~ 0.5 um~! (A = 12 um) was chosen for the grat-
ing recording with an applied field. The electric-field depen-
dence of the gain factor is shown in Fig. 4. The solid line
represents the dependence calculated from (5) and (7) with
the parameters evaluated in Sect. 2. One can see a qualitative
agreement between the experimental and calculated data, but
with a 30% reduction of the gain factor as compared with that
expected from the calculation. This discrepancy is most prob-
ably related to the formation of a large-scale space-charge
field in the sample, which is due to imperfect homogeneous
illumination. In other words, the real field in the highly il-
luminated region of the crystal is smaller than the applied
field.

Figure 5 shows the spatial frequency dependence of the
gain factor with Ey =2 kV/cm (solid dots). For comparison,
the experimental data with no field applied are also shown
(open squares). The solid and dashed lines give the depen-
dences calculated from (5) and (7).

One can see from the data in Fig. 5 that the application
of an external field strongly enhances the gain. Not only is
the gain factor with an external field larger than the initial
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Fig. 4. Gain factor versus applied field. Dots: measured values; solid line:
expected theoretical dependence for K = 0.5 pm™!
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Fig. 5. Spatial frequency dependence of the gain factor with an applied field
of 2kV/cm (solid dots) and with no field (open squares). Dashed line: fit of
(5); solid line: obtained from (5) and (7) with the set of parameters extracted
from the fit of the data with no field

gain factor at the same spatial frequency (where it is not op-
timized), but it becomes nearly three times larger than its
optimum value with no field. With the largest gain factor, the
signal beam is amplified 100 times.

An even higher gain might be expected for larger applied
fields (the calculated dependences of the gain factor for K =
0.5 and 0.25 are obviously not saturated at Eg = 2.5kV /cm,
see Fig. 3). In practice we are limited, however, by the thresh-
old of electrical breakdown, which is not much larger than
2kV/cm for the available samples.

It should be emphasized that only the dashed line in Fig. 5
is the best fit to (5); the solid line is calculated with param-
eters extracted from (5) and (7) and the set of parameters
extracted from the fit of the data with no field. In spite of
a quite large scattering of the experimental data with the ap-
plied field as compared to Ep = 0, a reasonable qualitative
agreement with the calculation can be seen. Apart from the
gain enhancement, we clearly observe a shift of the gain fac-
tor maximum towards smaller spatial frequencies with the
electric field applied, as predicted by (5) and (7). Qualita-
tively, this shift can be explained by a spatial-frequency de-
pendence of the limiting space-charge field.

Until now only the data for the field applied along the
spontaneous polarization direction were shown. When the po-
larity of the applied field is reversed, we observe a switching
of the beam-coupling direction. Fig. 6 shows this behavior
for an applied field gradually changing from —2kV/cm to
+2kV/cm for a grating with spatial frequency K ~ 3 um™!
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Fig. 6. Gain factor versus applied field with changing polarity. The grating
spatial frequency is K =3 pm™!

(A =2 pm). The applied electric field was changed step by
step, either increased or decreased, when measuring the de-
pendence shown in Fig. 6. It was never dropped down to zero
between two consecutive measurements.

A pronounced hysteresis is observed with a coercive
field of about 200 V/cm. An electric-field-controlled beam-
coupling direction and hysteresis have already been reported
for SBN and SPS crystals [5-7]. It is supposed that a fer-
roelectric P—E hysteresis (spontaneous polarization versus
applied electric field) is the origin of the hysteresis behavior
in the gain factor versus applied field. The switching of the
beam-coupling direction to the opposite one is attributed to
a spontaneous-polarization reversal under the coercive field
E. [6].

The coercive field ranged within an interval from 1 to
2kV/cm for SBN [5,6], and from 0.6 to 1kV/cm for SPS
crystals [7], i.e., it is larger than or comparable to the dif-
fusion field (kg7/e)K during grating recording. We show
for SPS crystals of Type II that the coercive field can be
considerably smaller (= 200 V/cm) than the diffusion field
(= 800 V/cm). This might lead to the formation of a regu-
lar domain structure with a periodically inverted spontaneous
polarization in the case of a high contrast of the recording
light fringes. In our experiment the domain reversal does not
occur during grating recording because the space charge field
that self-develops in the sample (Es. = m Ep) is considerably
reduced because of the small light modulation, m ~ 0.08.

A small grating spacing A &~ 2 um is selected in this par-
ticular experiment to emphasize the difference in the coercive
field and the diffusion field. Nevertheless, a 1.5-times en-
hancement of the gain factor is reached with an applied field
of 2kV /cm, even with this unfavorable spatial frequency.

4 Conclusions

We have shown that at least a three-times enhancement of the
gain factor can be achieved by applying a moderate dc elec-
tric field to an Sn,P,Sg sample during photorefractive grating
recording. It is important to mention that even with the ap-
plied field the response time remains in the millisecond range
at an intensity of about 20 W/cm? of the Ti:sapphire laser
radiation at A = 0.9 pm.

Hysteresis is observed in the beam-coupling direction that
can be reversed by the application of an electric field exceed-
ing the coercive field of 200 V/cm. The field-controlled di-
rection of the beam coupling remains the same after switching
off the field, as was reported previously for SBN crystals [6];
however, a reduced gain factor is incurred.
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