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The photorefractive properties of SnyP,Sg crystals in the wavelength range from 633 to 1064 nm are investi-
gated. Conventional yellow and modified brown crystals with a variation of nonstoichiometric defects are ex-
amined. Brown crystals respond much faster and exhibit substantially higher photorefractive gain than yellow
crystals, up to 18 cm™! at 780 nm and 8.5 cm™! at 1064 nm. Ring-cavity self-pumped phase conjugation is dem-
onstrated using both types of crystal. The phase-conjugate response of brown Sny,P,Sg is 2 orders of magnitude
faster than in yellow SnyP,Sg or Rh-doped BaTiO;, with a grating recording time below 50 ms for 30 mW
power at 860 nm. Various thresholding effects are analyzed to determine the optimal wavelength range for the
two types of crystal. We find an optimum in the range of 650—950 nm for yellow and in the range of
850—1100 nm for brown SnyP,Ss. © 2005 Optical Society of America

OCIS codes: 160.5320, 190.5040, 190.5330, 190.7070.

1. INTRODUCTION

Photorefractive materials have been studied intensively
in the past few decades because of their utilization in a
variety of applications.”™ Recently it has been of consid-
erable interest to improve their response in the near-
infrared wavelength range of widely available laser di-
odes. Unfortunately conventional photorefractive
materials tend to be less sensitive in the near infrared
and only a few materials have been shown to exhibit a
substantial photorefractive response. These materials are
semiconductor photorefractive crystals such as GaAs, InP,
CdTe, GaP, CdS, which are relatively fast but have small
nonlinearity and require high external electric fields, and
semiconductor multiple quantum-well structures, where
the interaction length is limited because of the small
thickness.? On the other hand, among conventional pho-
torefractive materials, reduced Rh-doped KNbO3 (Ref. 4)
and Rh-doped BaTiO3 (Ref. 5) have been shown to exhibit
a relatively large nonlinearity, but have a rather slow re-
sponse. Rh:BaTiO3 has been especially intensively opti-
mized in the past years by many groups to obtain photo-
refractive gain values as large as '=23 cm™! at a light
wavelength A\=1.06 um with a response time of 75 s at a
light power of 20 W/ cm?2.57 Self-pumped phase conjuga-
tion in the near infrared is commonly obtained using
Rh:BaTiO3, but the response time is still of the order of
10 s at A=1.06 um and 5 W/cm?28

Here we consider another near-IR-sensitive material,
tin hypothiodiphosphate (SnyPySg). In contrast to most
conventional ferroelectrics that are insulators, SnyP,Sg
has a smaller bandgap of 2.3 eV at room temperature that
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results in pronounced semiconductor features. The photo-
refractive response of SnyPySg is much faster than that of
Rh:BaTiO3 or Rh:KNbOg, also without application of ex-
ternal fields. At A=633 nm and 1 W/cm? with conven-
tional yellow SnyP5Sg, the response time is of the order of
10 ms.” The measured gain coefficients were up to
7.5 cm~! at A\=633 nm (Refs. 9 and 10) and up to 6 cm™! at
A=1.06 um, the latter obtained by using a focused laser
beam with an intensity of ~50W/cm? and
preillumination.n’12 With an external electric field, a gain
factor of more than 15 cm™! was achieved at A=0.9 ,um.13
A strong electron—hole competition has been observed in
yellow SnyPySg, which leads to transient behavior and de-
creases the gain in the steady state.?

Defect centers that are responsible for photorefraction
in SnyPySg are not yet clearly identified; however, we con-
sider various crystal types with respect to their character-
istic properties as explained in the following. In crystals
with pronounced electron—hole competition, which we call
type I yellow SnyP5Sg crystals, the photorefractive gain is
also sensitive to preillumination, and the exponential
gain coefficient can increase by a factor of 2—3 after pre-
exposure with white light.lz The competition of two out-
of-phase gratings in type I yellow SnyPySg crystals with
different decay times results in splitting of the spectrum
of the steady-state gain factor.! This leads to a specific
dynamics of the self-pumped phase conjugation in a ring
cavity with a high-index-contrast amplitude.10 Different
response characteristics were obtained in the so-called
type II yellow SnyPoSg crystals.15 For these crystals no
transient gain and preillumination influence were de-
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tected. Recently, a brown modification of SnyPsSg was ob-
tained with improved gain of up to '=38 cm™! at \
=633 nm and an even faster I'esponse.16’17 In brown crys-
tals, presumably with a variation of nonstoichiometric de-
fects, the absorption is increased in the vicinity of the ab-
sorption edge that is additionally shifted toward longer
wavelengths.16 Brown SnyPySg crystals are also not sen-
sitive to preillumination with white light and do not show
a pronounced electron—hole competition. Self-pumped
phase conjugation was demonstrated in brown SnyP,Sg at
A=780 nm with a very fast response that is below 50 ms
at 1 W/em2.Y’

In this paper we report on the wavelength dependence
of photorefractive properties and self-pumped phase con-
jugation in both yellow type II and brown SnyPsSg toward
longer wavelengths up to A\=1.06 um. We discuss the op-
timization of the phase-conjugate performance at differ-
ent wavelengths considering absorption, photorefractive
gain, intensity, dark conductivity, and the transmission of
a phase-conjugation cavity. Thresholding behavior of the
phase-conjugate reflectivity in SnyP5Sg is analyzed re-
garding ring-cavity losses, light intensity, and photore-
fractive coupling strength.

2. CRYSTAL PROPERTIES

SnyPySg crystals used in our measurements were grown
by the chemical vapor transport reaction technique'® that
is schematically presented in Fig. 1. Several transport
agents can be selected to grow SnyPySg by this technique:
I,, Snly, or Snl,. The choice of the transport gas affects
the growth speed and the stoichiometry level of the grown
crystals. Conventional yellow crystals that we used in our
experiments were grown employing Snl, as a transport
gas. Modified brown crystals, presumably of a lower sto-
ichiometry level,'® were grown employing Snl, gas.

At room temperature SnyP,Sg has a ferroelectric mono-
clinic structure with point group m. We use a coordinate
system with the z axis parallel to the crystallographic ¢

T, o

(m«««« ),

Transport
gas T1(K)  To(K) Color
Io 900£10 840+10  orange
Snly 80010 770+10  yellow

Snlp 84010 800x10 light-brown

Fig. 1. Scheme of the vapor transport growth of Sn,P,Ss.'®
High-purity stoichiometric amounts of the constituting elements
are sealed into an evacuated quartz tube together with a trans-
port gas. The tube is placed in a horizontal furnace with the tem-
perature gradient between hot evaporation (7';) and cold crystal-
lization (7) zones. A transport gas replacement leads to
variations in the growth speed and crystallization conditions due
to the difference in the transport dynamics and the decomposi-
tion energy, and hence the crystal stoichiometry. This is usually
manifested in the sample color varying from light yellow to or-
ange or even a light-brown tone.
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Fig. 2. Absorption spectra of yellow and brown Sn,P,S¢ crystals
for light polarized along the x and y axes.

axis, the y axis normal to the mirror plane, and the x axis
normal to z and y'%; the SnyP,Sg samples were oriented
by x rays, cut along the x, y, and z axes, and polished nor-
mal to the z axis. Crystals were poled above the phase-
transition temperature 7,=337 K by applying an electric
field of ~500 V/cm normal to the x faces and then slowly
cooled down with the applied electric field. The main axis
of the optical indicatrix at room temperature is rotated by
~43° at 633 nm, 46° at 780 nm, and 50° at 1064 nm
around the y axis away from the x axis in the x,z plane.19
The optical absorption coefficients at room temperature
were obtained from transmission measurements using a
Perkin-Elmer A9 spectrophotometer. Spectra were mea-
sured with light polarized along the x and y axes and ana-
lyzed taking into account the refractive-index dispersion19
and multiple reflections at the surfaces. The yellow and
brown SnyP,Sg crystals used in this measurement were,
respectively, z=5.7 mm and z=2.4 mm thick. Figure 2
shows the absorption coefficients as a function of the light
wavelength A. An enhanced absorption band is revealed
in the brown crystal. For example, at 633 nm the absorp-
tion coefficient «, is increased from ~0.5 cm™! in yellow
SnyPySg to ~5.7 ecm™! in brown SnyP,Sg, whereas at
1064 nm it is increased by less than 10% to ~0.1 cm™!

3. TWO-WAVE MIXING

All photorefractive experiments were performed at room
temperature. The measurements were carried out at dif-
ferent wavelengths: A\=633 nm (He-Ne laser, maximal cw
power P_..=5 mW), 780 nm (external-cavity diode laser,
P_..=300 mW, Rainbow Photonics AG, Zurich), 860 nm
(Ti:sapphire laser, P, ,,=200 mW), 980 nm (laser diode,
P2x=100 mW, Semiconductor Laser International), and
1064 nm (Nd:YAG laser, P,,,x=200 mW). To avoid reflec-
tions and phase-conjugate feedback from affecting laser
oscillation, a Faraday isolator was inserted in front of all
the lasers used.

For the measurements of the two-beam coupling gain
the usual experimental setup was used with the crystal x
axis oriented in the incidence plane x,z and perpendicu-
lar to the bisector of the two incident beams. Both waves
were extraordinary polarized in the plane of incidence.
The yellow and brown SnyP,Sg crystals used for this mea-
surement were, respectively, z=5.7 mm and z=2.4 mm
thick. The intensity ratio of the pump wave to the weak
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signal wave was at all the wavelengths high enough to ne-
glect the pump-wave depletion. In this case the two-wave
mixing exponential coefficient can be calculated as
r=1/z 1n(Isignal with pump/Isignal without pump)~ We have also
checked experimentally with a configuration that would
employ mainly the electro-optic coefficient rg99 that is zero
in SnyPySg. The results have shown that an eventual con-
tribution of the absorption gratings®® can be neglected
within our experimental accuracy. In both crystal types
and for all investigated wavelengths, the weak signal
beam was amplified if it was propagating toward the +x
direction in the incident x,z plane. Because of the positive
sign of the corresponding electro-optic coefficient,?! this
implies that the dominant charge transport carriers are
holes.'™

Figure 3 shows the measured dependence of the two-
wave mixing gain I" on the grating spacing A=\/(2 sin 6),
where 26 is the external angle between the intersecting
beams. Measurements at light wavelengths A=780 and
1064 nm are shown. Large values of the two-wave mixing
gain coefficients are observed in the brown crystal, with a
maximum of '=18 em™! at 780 nm and Ay=1.5 um, and
I'=8.5cm™ at 1064 nm and Ay=2 um. The correspond-
ing response time 7, for an intensity of 0.2 W/cm? at
780 nm is approximately 15 ms, and 0.26 s at 1064 nm
and 3.6 W/cm2. In the yellow sample the measured gain
coefficients are much lower (see Fig. 3), with a maximum
of ~2.5 cm™! at 780 nm and Ay=3 um with the response
time of approximately 0.2 s for an intensity of 0.2 W/cm?.
In both yellow and brown SnyPsSg the response becomes
faster at larger grating spacings, e.g., in the brown
sample the response time at 780 nm and 0.2 W/cm? for
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Fig. 3. Fringe spacing A dependence of two-beam coupling gain
coefficient I" at light wavelengths 780 nm with total input inten-
sity I=0.2 W/em? and 1064 nm with 1=3.6 W/cm? in (a) brown
Sn,P,Sg and (b) yellow SnyPySg. The solid curves are theoretical
curves according to Eq. (1).
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Table 1. Effective Electro-Optic Coefficients reff
and Effective Concentration of Traps Ng; That
Correspond to the Theoretical Curves of Fig. 3

Sn,P,Sg Sample \ (nm) reff (pm/V) N (106 cm™3)
Yellow 780 41+2 0.14+0.02
1064 38+5 0.044+0.009
Brown 780 178+9 0.67+0.06
1064 161+7 0.43+0.04

grating spacings above 3 um is shorter that 10 ms. This
indicates that the Debye grating spacing A, correspond-
ing to a maximal two-wave mixing gain is shorter than
the diffusion lengthl_3 in both yellow and brown crystal
types.

For the diffusion case and assuming an isotropic photo-
excitation cross section, one obtains for the stationary
two-wave mixing exponential gain coefficient within the
weak probe beam approximation22’23
s ePref‘fESC’ (1)
cos fg

T
= Tnsnl% cos Bp

where ng and np are the refractive indices seen by the sig-
nal and the pump beam, Bp is the angle between the
pump beam Poynting vector and the wave vector, g the
angle between the Poynting vector of the signal beam and
the sample normal, ég and ép are the electric field unit
vectors of the interacting beams, and r°ff is the effective
electroptic coefficient. The steady-state space-charge elec-
tric field in the case of diffusion-dominated charge trans-
port is given by

E,E,
" Ep+E,

where Ep=(kpT/e)(2w/A) is the diffusion electric field
and E,=(e/e€ep)(A/2m)Negg is the trap-limiting field.
Here kg is the Boltzmann constant, 7' is the absolute tem-
perature, e is the unit charge, ¢ is the electric constant,
€ 1s the effective dielectric constant, and Ng is the ef-
fective concentration of traps. For our geometry we as-
sume cos Bp=1 and ég-ép=cos 26g. For the effective di-
electric constant we take e~ 300 for brown samples and
€~ 230 for yellow samples.16 The refractive indices can
be calculated using the Sellmeier model with the param-
eters given in Ref. 19 and taking into account the indica-
trix rotation, which gives for our geometry approximately
ng=np=~2.93 at 780 nm and 2.84 at 1064 nm. The solid
curves in Fig. 3 present the theoretical approximations
according to Eq. (1). From the model parameters we can
estimate the effective electro-optic coefficient ¢ and the
effective concentration of traps N.g. The obtained param-
eters are listed in Table 1. Because of the larger effective
concentration of traps, the optimal coupling in brown
SnyPySg is observed at smaller grating spacings than in
yellow SnyPySg. A lower gain obtained in yellow samples
is mainly due to hole—electron compensation -effects,
which are not significant in brown samples.16 The higher
value obtained in brown Sny,P,Sg is a result of a larger ef-
fective electro-optic coefficient. Even though in general
the effective electro-optic coefficient is not expected to cor-

ESC (2)
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respond to one of the elements of the unclamped electro-
optic tensor,”* we have a surprisingly good correspon-
dence with the directly measured electro-optic coefficient
T =(168+13) pm/V at A\=780 nm.?" A slight decrease of
reff with X is also in agreement with the results of the di-
rect measurements.?! The decrease of the effective con-
centration of traps Ny with N confirms that more than
one bandgap level is involved in photorefraction of
SH2PQS6.

4. RING-CAVITY SELF-PUMPED PHASE
CONJUGATION

The experimental setup for the ring-cavity self-pumped
phase conjugation is depicted in Fig. 4. The light beams
were polarized in the plane of the ring-cavity loop and al-
most parallel to the x axis in the crystal to use the largest
electro-optic coefficient ry1;. The external angle 26 was
adjusted at each laser wavelength approximately to the
angle corresponding to the maximum measured two-wave
mixing gain I' (Fig. 3). The crystals were rotated by B
~45°-50° with respect to the incident beam to reduce
the Fresnel losses. In these experiments a yellow crystal
with dimensions x Xy Xz=8.05 mm X 8.91 mm X 9.72 mm
and a brown crystal with x Xy Xz=4.40 mm X 5.68 mm
X 2.42 mm were used. We coated the crystals with an ap-
proximately 100 nm thick Al,O3 layer to reduce the re-
flection losses by ~50% at normal incidence in a wide
wavelength range (800—1100 nm). The ring-cavity length
was ~40—45 cm and one of the mirrors in the cavity was
vibrating to ensure that input beam 3 and feedback beam
1 were not coherent. In this case the reflection gratings
created by pairs of beams (1,3), (2,4), (1,4), and (2,3) can-
not be formed in the crystal. The generated phase-
conjugated signal is then a result of the coupling via the
transmission grating formed by incident beam 3 and its
self-diffracted beam 4 as well by their feedback beams 1
and 2. The intensity of phase-conjugated wave 2 is mea-
sured by a photodiode placed after a beam splitter. The
phase-conjugate reflectivity R is defined as the ratio be-
tween the measured intensity of the phase-conjugated
wave 2 and input wave 3.

Figure 5 shows the time evolution of the phase-
conjugate reflectivity R after the input beam 3 was turned
on. In the beginning the phase-conjugated signal emerges
from the noise gratings of the scattered input beam. After
the external loop is restored, the desired transmission
grating dominates and the phase-conjugated signal in-
creases sharply and finally it saturates at its maximum
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Fig. 4. Experimental setup for the ring-cavity self-pumped
phase conjugation with Sny,P,Ss. Without the external loop, input
beam 3 was fanned toward the +x direction. All beams are polar-
ized in the plane of the loop. The transmission grating is written
by beam 3 with its self-diffracted beam 4 and by beams 1 and 2
counterpropagating in the loop.
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Fig. 5. Time evolution of the phase-conjugate reflectivity R after
input beam 3 was turned on using (a) brown SnyP,Sg of 2.4 nm
thickness and (b) yellow SnyPySg of 9.7 mm thickness. The input
beam is at A=860 nm and has a diameter of 1.2 mm and powers
of (a) 30 mW and (b) 90 mW.

value. We define the reflectivity rise time as the time in
which the reflectivity rises from 10% to 90% of its satura-
tion value.

A. Theoretical Background

The measured data for the saturated reflectivity were
compared to a plane-wave solution of the coupled equa-
tions for the case of large coupling (depleted pump) as-
suming negligible absorption.?® The boundary conditions
for our ring-cavity self-pumped phase conjugator are
A1(0)=tpA3(0), As(0)=¢5A4(0), and A4(L)=0, where A;(z) is
the electric field amplitude of the ith wave at the position
z along the propagation, where the position z=0 is at the
crystal boundary on the side of the ring cavity and z=L is
at the input beam boundary. The parameter ¢, accounts
for the changes of the beam amplitudes and phases after
being reflected by both mirrors in the cavity and being
transmitted through the sample surface at z=0. The total
light intensity is equal to Iy=|A1|?+]As2+|A5)%+|A 4% and
is independent of z if the absorption is neglected. The four
coupled-wave equations can be integrated to obtain the
solution in the form?

tanh «L s —Iytanh L
s+otanh kL (o1y - s*)tanh kL + (Iy - o)s’

|? (3)

lto

where
ltol? — 1

o=1logT—
e+ 1’

4)

s=\o? + (Ih— 0)?pf*, (5)
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Table 2. Characteristic Parameters for Phase Conjugation with Brown and Yellow Sn,P,S; Crystals®

Sn,P,Ss Sample \ (nm) a, (cm™) I, (W/cm?) R (%) 7 (8) I' (em™) Ty (%) I, (W/em?)

Brown 633 5.65 0.27 1.8 0.077 36 2.5 0.01+£0.005
(L=2.42 mm) 780 0.88 4.0 35 0.011 20 45 0.1+0.05
860 0.33 2.5 48 0.045 18 62 0.2+0.08
980 0.14 5.2 35 0.42 14 62 0.3+0.1

Yellow 633 0.49 0.27 23 1.6 6.8 28 0.04+0.02
(L=9.72 mm) 780 0.21 4.0 55 2.4 5.6 62 0.45+0.1
860 0.16 8.0 60 9.3 4.0 82 1.1+0.3

“The given parameters correspond to the experimental results with the crystals of thickness L at different wavelengths N with maximum input intensities /. R is the measured
saturated reflectivity and 7, is the phase-conjugation rise time. The photorefractive gain I" and the maximal loop transmission T}, are the model parameters of Eq. (3) obtained from
measurements of reflectivity as a function of loop transmission. The effective background intensity /4 is a model parameter of the dependence of reflectivity on intensity. The

relative errors of the parameters I, Ry, 7, I', and T}, are in the range of 10-20%.

K=", (6)

and |p|? is the phase-conjugate reflectivity defined as

2

Ao(L
2(L) ' -

Ay(L)

lpl* =

By inserting Eqgs. (4)—(6) into Eq. (3) one obtains the tran-
scendental equation for the reflectivity |p|?, which de-
pends on the coupling constant I'L and |¢y|>=T, that we
refer to as the loop transmission. The measured reflectiv-
ity is equal to R=|p[?t;|* where ¢; accounts for the
changes of amplitudes and phases of interacting beams
after being transmitted through the sample surface at z
=L.

In the case when absorption is not negligible, the opti-
cal energy is not conserved in the crystal and the coupled-
wave equation cannot be integrated analytically. Numeri-
cal c:cllculations,26 however, have shown that the
absorption can be considered together with the other cav-
ity losses, if the ratio between the linear absorption and
the gain /I is less than ~0.1, which is mostly fulfilled in
our experimental situations (see Table 2).

B. Loop Transmission Dependence

In addition to the two-beam coupling mechanism and the
initial spatial distribution of the incident light, the ring-
cavity losses are of crucial importance for the self-pumped
phase conjugation. To study the characteristics of the
ring-cavity scheme, the cavity transmission was de-
creased additionally by adding neutral-density (ND) fil-
ters into the ring as shown in Fig. 4. The results of the
dependence of the saturated reflectivity R on the loop
transmission 7" are shown in Fig. 6 for yellow and brown
SnyPySg samples at various wavelengths. By decreasing
the transmission of the loop, the maximum reflectivity de-
creases until the threshold is reached. Comparing mea-
sured reflectivities with the theoretical reflectivities given
by Eq. (3), two crystal parameters can be determined”:
I'L, the coupling strength, and T, the loop transmission
without the ND filter. The theoretical curves in Fig. 6 re-
sult in gain values I" and loop transmissions 7, as given
in Table 2. Higher loop transmission 7' (and consequently
higher phase-conjugate reflectivity) in the yellow sample
is a result of lower absorption losses in this crystal. The
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Fig. 6. Measured saturated phase-conjugate reflectivity R as a
function of loop transmission 7' using (a) brown SnyP,Sg of
2.4 mm thickness and (b) yellow SnyP,Sg of 9.7 mm thickness.
The solid curves are calculated from Eq. (3) with parameters
listed in Table 2, where input beam intensities I, for this experi-
ment are also given.

rise time was not much affected by small additional
losses, but increased considerably when approaching the
transmission threshold.!” The obtained gain values I’
(Table 2) can be compared with the values measured by
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two-wave mixing (Fig. 3). In the yellow sample of 0.97 cm
thickness the obtained values from the phase conjugation
are approximately twice as high as in the yellow sample
of 0.57 cm used in the two-wave mixing experiment. The
theory we are using is derived for the plane-wave approxi-
mation and is convenient for thin photorefractive crystals
without considerable distortion of the beam because of the
photorefractive fanning. A slight variation in the proper-
ties of the two yellow type II samples used in the experi-
ments is also possible. The obtained values from the two
different experiments for the brown sample of 0.24 cm
thickness are, on the other hand, in good agreement.

C. Intensity Dependence

Phase-conjugation performance is affected also by the in-
put beam intensity. The response rate increased linearly
with intensity in the measured intensity regime as ex-
pected for the two-beam coupling time constant.!” The re-
sults of the dependence of the saturated phase-conjugate
reflectivity on the input intensity are shown in Fig. 7. The
reflectivity increases for lower intensities above some
threshold intensity and then it saturates at the maximum
value limited by the ring-cavity characteristics. This kind
of intensity thresholding was explained with the excita-
tion of carriers due to the thermal effects and by back-
ground uniform illumination competing with the sponta-
neous buildup of the grating. To model the intensity
dependence we can take into account the background uni-
form illumination Iz in the coupled-wave equations,
which changes the parameter « defined in Eq. (6) to

60 — — .
(a) | o 633 nm
o 780 nm
40 L
§ ¢ 860 nm
~ [ a 980 nm
P -
o T T
0.0 0.1 1.0 10.0
1 (W/em?)
(b) 70- T T llllll] T T llllll] T T lllllll
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50 o 780nm =
g\é\ 40 - o 860 nm .
< 30r .
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10L f N
O- 1 iyl D' Liaiul L1 1ol ]
0.0 0.1 1.0 10.0

I (Wiem?)

Fig. 7. Measured saturated phase-conjugate reflectivity R as a
function of the incident intensity I3 using (a) brown Sn,P,Sg and
(b) yellow SnyP,Sg. The solid curves are calculated from Eq. (3)
considering additional uniform charge generation included in Eq.
(8) with parameters I'L and T, as in Fig. 6 and I; parameters
that correspond best to the measured values (see Table 2).
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Fig. 8. Photorefractive gain I" as a function of the light wave-
length N\ in (a) brown SnyPy,Sg and (b) yellow SnyP,Sg. The
dashed lines correspond to the coupling strength threshold I'L
=2 for the brown sample with L=2.4 mm and the yellow sample
with L=9.7 mm. The dotted lines present approximations of the
dependences I'(\) used to estimate the theoretical limits of the
phase-conjugate reflectivities.
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The solid curves shown in Fig. 7 represent the intensity
dependences of the reflectivity with the previously ob-
tained parameters I'L and T\, and the effective back-
ground illuminations parameters Iz as listed in Table 2.
Since the saturation of the reflectivity is already well
reached at the input intensities used for the loop trans-
mission dependence measurements, the curves in Fig. 6
do not change considerably where we take into account 7.
The smaller I in the brown sample can be explained by
an increased photoconductivity in brown SnyPsSg com-
pared with conventional yellow SnyPySg.

D. Dependence of the Phase-Conjugation Response on
the Grating Coupling Strength

Figure 8 shows the measured gain I' in brown and yellow
SnyPySg versus the light wavelength A\, as obtained from
the phase-conjugation experiments (see Table 2) and at
A=1064 nm from the two-wave mixing experiments. The
dashed lines correspond to the theoretical coupling
strength threshold for the ring-cavity self-pumped phase
conjugation I'L=2 (Ref. 25) for the brown sample with L
=2.4 mm and the yellow sample with L=9.7 mm. For ex-
ample, at A\=1064 nm the gain is at the threshold for the
phase-conjugate wave generation in the brown sample;
therefore one needs a thicker sample to observe the phase
conjugation above this wavelength.



Jazbingek et al.

Although the gain is much higher and the phase-
conjugate response is much faster in brown SnyPySg than
in yellow SnyPySg, the saturated reflectivity was lower in
brown Sny,P,S¢ (see Fig. 5 or Table 2). This was attributed
to a lower loop transmission as a consequence of a higher
absorption in brown SnyP,Sg. Therefore phase-conjugate
reflectivities can be higher at longer light wavelengths A\
provided that the performance is not yet limited by the
coupling strength that decreases with \. To check
whether the reflectivities in the Sny,P5Sg samples are also
limited by the coupling strength, theoretical dependences
of the reflectivity as functions of the coupling strength
were plotted in Fig. 9 considering the corresponding loop
transmission parameters. Above the coupling strength
threshold the reflectivity increases with I'L until it satu-
rates at a value equal to the transmission of the loop re-
duced by the reflection losses at the input crystal surface.
For the experimental points in Fig. 9 that already reach
the saturation, the reflectivity is limited by the loop-
cavity transmission and not by the coupling strength. One
can conclude that the grating strength started to be a lim-
iting factor for the investigated yellow sample at 860 nm
and for the brown sample at 980 nm. At all other mea-
sured wavelengths the reflectivity is limited only by the
loop-cavity transmission.

E. Optimization of the Phase-Conjugation Performance
From the examples of the loop transmission and the cou-
pling strength threshold shown above, one can conclude

(a) 60 T T T T T T T T T
’340 o
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Fig. 9. Theoretical dependences of saturated reflectivity R on
the coupling strength for loop transmissions 7T, obtained at dif-
ferent wavelengths (Table 2): 633 nm (dashed—dotted curve),
780 nm (dotted curve), 860 nm (solid curve), 980 nm (dashed
curve). Experimental points for (a) brown Sny,PySg and (b) yellow
Sn,P,S¢ are also included. Note that since the losses at the mir-
rors inside the cavity were higher at 980 nm but the absorption
losses were lower at 980 nm, the curves for brown Sn,P,S; at 980
and 860 nm almost coincide.
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Fig. 10. Theoretical dependences of saturated reflectivity R on
the crystal length for loop transmissions 7T, photorefractive
gains I', and absorption constants « obtained at different wave-
lengths (Table 2): 633 nm (dashed—dotted curve), 780 nm (dotted
curve), 860 nm (solid curve), 980 nm (dashed curve). Experimen-
tal points for (a) brown SnyP,S¢ and (b) yellow Sny,P,Sg are also
included with the dotted vertical lines corresponding to the in-
vestigated crystal thicknesses.

that there exists an optimal crystal thickness for the ring-
cavity self-pumped phase conjugation at each wave-
length. If the reflectivity is limited by the coupling
strength, using a thicker crystal could result in a better
performance. If it is limited by the cavity transmission, it
could be advantageous to use a thinner crystal. Figure 10
shows the calculated phase-conjugate reflectivities as
functions of the crystal length considering the parameters
listed in Table 2. At each wavelength there is a maximum
in the phase-conjugate reflectivity that corresponds to the
optimal crystal length. The dotted vertical lines corre-
spond to the brown and yellow crystals investigated. One
can conclude that both are of the optimal thickness for
wavelengths of ~860 nm. For shorter wavelengths it will
be advantageous to use thinner crystals, for longer wave-
lengths thicker ones. Selecting a crystal according to the
maximum reflectivity presented in Fig. 10 will assure the
lowest possible absorption losses without starting to limit
the reflectivity due to the coupling strength. Such a crys-
tal can then be antireflection coated for a selected wave-
length, minimizing the reflection losses at the crystal sur-
face.

Considering the above optimization procedure, we have
calculated the optimal reflectivities as functions of the
wavelength for yellow and brown SnyPsSg. For this pur-
pose we have approximated the dependences I'(\) pre-
sented in Fig. 8 with linear functions. Such linear depen-
dences have no physical meaning; we use them only as
first approximations for our calculation. We assume fur-
ther only absorption losses; therefore the loop transmis-
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Fig. 11. Optimized phase-conjugate reflectivity R (left scale) as

a function of the light wavelength \ for (a) brown Sn,P,S¢ and (b)
yellow SnyP,Sg crystal of the optimal thickness L (right scale).
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sion parameter is Ty=exp(-2aL), where the absorption
constant values « are plotted in Fig. 2. At each light wave-
length N we can then calculate the dependence of the
saturated reflectivity R as a function of the crystal thick-
ness L, similar as in Fig. 10. Figure 11 shows the depen-
dence of the reflectivity maximum and the crystal length
at the maximum as a function of \. In optimized crystals,
reflectivities up to ~90% are possible using brown
SnyPySg and up to ~65% using yellow SnyPsSg. The opti-
mal wavelength range for brown SnyP,Sg is
850-1100 nm with crystals 0.25—0.7 cm thick. The opti-
mal wavelength range for yellow SnyPySg is 650—950 nm
with crystals 0.6—1.7 cm thick.

5. CONCLUSIONS

Photorefractive properties and self-pumped phase conju-
gation in yellow and brown SnyP5Sg crystals were studied
in the near-infrared wavelength range. Compared with
the most popular photorefractive material for the near-
infrared applications, Rh-doped BaTiO3, SnyP5Sg crystals
are especially advantageous because of the dynamic re-
sponse, which is typically 2 orders of magnitude faster.
The photorefractive gain in the near infrared, 18 cm™! at
780 nm and 8.5 cm™! at 1064 nm, is high enough to allow
many potential applications. We are especially interested
in applying phase conjugation in the near infrared.
Thresholding behavior regarding the ring-cavity trans-
mission, light intensity, and photorefractive coupling
strength for the ring-cavity self-pumped phase conjuga-
tion was investigated in detail. The presented analysis al-
lows us to optimize the phase-conjugation performance.
The optimal wavelength range for yellow SnyPsSg is
650—950 nm and for brown SnyPySg it is 850—1100 nm
with optimal phase-conjugate reflectivities of up to 90%.
In addition to optimizing the available yellow and brown

Jazbingek et al.

SnyPySe crystals of different stoichiometry levels, we are
also looking for new crystal modifications with dopants to
further improve the photorefractive performance of
SnszsG.
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