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Secondary photorefractive centers in Sb-doped Sn2P2S6 have a lifetime comparable to the formation time of the
space-charge grating. This considerably affects the dynamics of two-beam coupling and results in a new type of
transient gain enhancement for preilluminated samples. © 2011 Optical Society of America
OCIS codes: 190.5330, 160.2260.

Since the beginning of the 1990s, the presence of shallow
secondary photorefractive centers in BaTiO3 and similar
materials has been proved in a convincing manner [1–3].
It was shown that population of initially empty shallow
traps by light results in nonlinear absorption, nonlinear
photoconductivity, unusual intensity dependence of
the grating decay time (Ix, x less than 1), and intensity
dependence of the gain factor. The proposed models
[1–3] explained the experimental results quite well within
the assumption that the lifetime of shallow secondary
centers, τsec, is much smaller than the buildup and photo-
induced decay of the space-charge grating, τsec ≪ τsc.
It was later discovered that photorefractive crystals

may possess more deep secondary centers, with the life-
time of the trapped carrier largely exceeding the lifetime
of the space-charge grating, τsec ≪ τsc. A nominally un-
doped Sn2P2S6 sample, for example, can be sensitized
to near-IR recording via pre-exposure to white light
[4]. The lifetime of the secondary centers that are respon-
sible for the increased sensitivity to near-IR light in these
crystals is τsec ≈ 105 s (compared with τsc ≈ 10 s, typical
for near-IR recording).
Being deliberately populated with the auxiliary light,

these relatively deep secondary centers affect the Debye
screening length and improve the sensitivity, but they do
not result in intensity-dependent two-beam coupling gain
and the other abovementioned effects, which are typical
manifestations of shallow traps.
This Letter reports on an unusual manifestation of the

photorefractive effect in Sb-doped Sn2P2S6 (SPS:Sb)
crystals [5] (strong transient extinction of the transmitted
light beam in a sample pre-exposed to intense light of the
same wavelength, strong dependence of the two-beam-
coupling dynamics on the sample prehistory, and sensi-
tivity of transient extinction even to the ambient light of
the laboratory) that we attribute to the presence of sec-
ondary centers with a lifetime that is comparable to the

formation time of the space-charge grating, τsec ≃ τsc.
Although not yet identified, the secondary centers in
SPS:Sb are optically characterized, their lifetime is esti-
mated from the study of transient beam fanning, and their
activation energy is found from measurements at differ-
ent temperatures.
The SPS crystals are promising photorefractive crys-

tals with a short response time and quite a strong Pockels

effect [6], grown at Uzhgorod National University,
Ukraine. The samples of SPS:Sb are cut along the crystal-
lographic axes, and their faces are optically finished.
Qualitatively, all tested samples behave in a similar
way. In this Letter, the data are presented for two sam-
ples, thick and thin, measuring respectively 7.5 and 4 mm
along the y axis. A He–Ne laser (TEM00, λ ¼ 0:63 μm) is
used as a light source.

When we studied two-beam coupling, an unexpected
behavior was revealed. In addition to regular beam cou-
pling with a direction that depends on the polar axis or-
ientation, we saw an increase of the signal intensity with
the pump beam switched on and strong transient extinc-
tion after the pump beamwas switched off. These bleach-
ing and darkening effects were insensitive to the polar
axis inversion. By choosing the polarization of the pump
beam to be orthogonal, it was possible to eliminate reg-
ular beam coupling while still preserving bleaching and
darkening effects. Moreover, with fixed parameters of
the weak signal beam (orientation, polarization, inten-
sity) the new effects were practically insensitive to the
orientation of the strong pump beam, which could be
copropagating or counterpropagating to the signal beam
or even entering the sample through the side faces. The
probe beam along the y axis was polarized along the
x axis.

Figure 1 shows the intensity of the probe beam trans-
mitted through the thick sample after switching off the
strong pump beam. Different curves are measured with
an increasing time interval,Δt, between switching off the
pump beam and switching on the weak signal beam. Dur-
ing this time, Δt, the sample is kept in the dark. It is evi-
dent that the probe extinction is not instantaneous; it
develops gradually in time and disappears slowly. The
strongest extinction corresponds to the smallest delay;
it becomes less pronounced for increasing Δt. At the
same time, the decay rate of transient extinction practi-
cally does not depend on Δt.

The strength of extinction depends on the intensity of
the probe beam itself (Fig. 2). The smaller the intensity,
the less pronounced the extinction, which roughly dis-
appears for input probe power below 0:1 mW=cm2.

It was found that the probe extinction is caused by a
strong transient fanning from this beam. The fanning de-
velops directly after pre-exposure of the sample to the
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strong pump beam. It becomes smaller if the probe beam
is switched with a delay and saturates forΔt ≥ 200 s. The
weak extinction of the probe beam, shown as curve 6 in
Fig. 1, is due to a steady state fanning.
Thus we conclude that the pre-exposure of SPS:Sb to a

strong pump beam has two consequences: (i) it washes
out all noisy scattering gratings induced by the probe
beam (the reason why the initial value of the transmitted
probe intensity in Fig. 1 is larger than its saturated value
at t ≥ 200 s); and (ii) it improves the sample sensitivity,
which considerably increases the gain factor. From the
fact that the probe extinction and the induced fanning
are both transient, we conclude that their disappear-
ance in the steady state is caused by the limited life-
time of the secondary centers, responsible for the gain
enhancement.
The transient beam fanning occurs within a certain in-

tensity range of the probe beam. If the probe intensity is
so small that photoconductivity becomes comparable to
the dark conductivity, the enhanced gain is reduced and
scattering does not develop (curves 6 and 7 in Fig. 2). We
discovered that the probe intensity level at which the
fanning (and sample darkening) becomes undetectable
depends on the ambient light in the laboratory, which in-
creases the effective dark conductivity. On the other
hand, the probe beam with high intensity should saturate
the population of secondary centers and both fanning
and extinction should not vanish with time.
The lifetime of the secondary centers, τsec, is estimated

from the data in Fig. 1. The transmitted probe intensity
can be represented as follows:

Is ¼ I0s − Itf − Icf ; ð1Þ
where I0s is the intensity at t ¼ 0, Itf is the intensity of
transient fanning that develops in the pre-exposed sam-
ple and fades away when the gain factor returns to its
basic value typical for the virgin sample, and Icf is the
intensity of conventional fanning that is related to the
basic gain factor.

The changes of the gain factor in SPS occur because of
strong screening, which is due to a trap density limitation
[4,7,8]. In such a case and for reasonably weak coupling,
the fanning intensity Itf at the tails of the light-induced
darkening should be proportional to the gain factor, Γ.
The gain factor, in turn, should be proportional to the ef-
fective trap density; see, e.g., Eq. (2) in [8]:

ItfðtÞ ∝ Neff expð−t=τsecÞ: ð2Þ
By fitting Eq. (2) to the tails of the vanishing darkening
effect we get τsec ¼ 14� 1 s for both SPS:Sb samples.

Although τsec is relatively long compared to the buildup
time of the fast grating in SPS (≃0:2 s for our intensities),
it is comparable to the characteristic time of the slow
compensating grating [4], which is usually on the order
of tens of seconds. Such a time hierarchy has never been
observed, to our best knowledge, in other photorefrac-
tive crystals. This particularity of SPS:Sb may complicate
the two-beam-coupling dynamics. One example is given
in Fig. 3, where the temporal evolutions are shown for
[Figs. 3(a) and 3(b)] the weak signal beam during the
grating recording and [Figs. 3(c) and 3(d)] the decay
of the diffracted beam when the signal beam is switched
off. For Fig. 3(a) the signal beam is sent to the sample at
t ¼ 0, when the sample was already illuminated by
the pump beam, while for Fig. 3(b), the pump and the
signal beams are switched on simultaneously at t ¼ 0.
Figures 3(c) and 3(d) correspond to Figs. 3(a) and 3(b),
respectively, showing the decay of the gratings, which
were recorded under different initial conditions.

The dramatic difference in the dynamics of grating re-
cording is obvious: the signal beam intensity reaches its
saturation value within less than a second for the sample
pre-exposed to the pump beam [Fig. 3(a)], while it takes
more than 10 s if the two beams start to record a grating
in a virgin sample [Fig. 3(b)]. The buildup of the beam
coupling in Fig. 3(b) reflects the slow growth of the ef-
fective trap density. Its characteristic time is much larger
than that of the fast grating recording.

Fig. 1. (Color online) Temporal variation of the probe beam
intensity after pre-exposure of the thick sample to the strong
pump beam. Time traces from 1 to 6 correspond to time delays
of 1, 10, 25, 50, 100, and 200 s between switching off the pump
beam and switching on the probe beam, respectively. I0probe ¼
3 mW=cm2 and Ipump ¼ 2 W=cm2.

Fig. 2. (Color online) Temporal variation of the transmitted
probe beam power after pre-exposure of the sample to the
strong pump beam. Time traces from 1 to 7 correspond to
the incident probe intensities 17, 7, 2.2, 0.75, 0.25, 0.08, and
0:04 mW=cm2, respectively. Δt ¼ 0:5 s, Ipump ¼ 2 W=cm2, thin
sample.
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Note that two decay curves, Figs. 3(c) and 3(d), are
identical, which is expected because in both cases the
initial conditions are the same. Here the sample is illumi-
nated by the strong pump beam well before t ¼ 0.
We selected the recording-erasure dynamics for the

grating with grating spacingΛ ¼ 0:8 μm for Fig. 3, where
the amplitude of compensation grating is virtually invisi-
ble. An apparent difference in the recording dynamics for
the virgin and pre-exposed samples is observed also for a
larger grating spacing,Λ ¼ 9:5 μm, where the compensa-
tion grating is well pronounced.
The measurements of the lifetimes within the tempera-

ture range from −16 to 47 °C allowed for the determina-
tion of the activation energy, ΔE ≈ 0:33 eV (Fig. 4).
To summarize, our results confirm the conclusion that

Sb doping leads to an enhancement of beam coupling in
SPS for red light [5]. They reveal nontrivial dynamics of
beam coupling and beam fanning, which we attribute to a
particular lifetime of secondary charge traps.
Any SPS crystal possesses, most probably, a multitude

of secondary centers with a wide range of lifetimes. The
dominant traps among this variety manifest themselves
in wave mixing more strongly than others. For SPS:Pb,
only the short-living traps reveal themselves [9] in the in-
tensity-dependence of the Debye screening length. For
nominally undoped SPS, two types of traps were de-
tected: the short-living that are responsible for the
intensity dependence of the gain factor [7] and also
long-living traps responsible for light-induced sensitizing
[4]. SPS:Sb is the only presently known photorefractive

material for which the lifetime of photogenerated traps is
comparable to the formation time of the space-charge
grating. This particularity of SPS:Sb should be taken into
account in its possible applications as, e.g., for reconfi-
gurable optical interconnects [10].
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Fig. 3. (Color online) Temporal variation of the signal inten-
sity during grating (a and b) recording and (c and d) erasure.
For a, the signal beam is introduced at t ¼ 0 to the sample
pre-exposed with the strong pump beam, while for b, both
beams are switched on at t ¼ 0. c and d show the diffracted
beam intensity when the signal beam is switched off at
t ¼ 0, after saturation is reached in a and b. Λ ¼ 0:8 μm,
Ipump ¼ 2 W=cm2, thin sample.

Fig. 4. (Color online) Arrhenius plot for determination of the
activation energy of secondary centers. The decay rates, τ−1, are
extracted from the dependences similar to those shown in
Fig. 1, but measured at different temperatures.
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