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Abstract. The coherent oscillation, because of nearly degen-
erate four-wave mixing in photorefractive crystals with two
types of movable charge carriers, occurs at two spectral lines
symmetrically shifted with respect to the pump frequency.
Consequently the output oscillation exhibits the high con-
trast intensity modulation. The frequency separation of two
oscillation modes (and modulation frequency of the output
intensity) depend on the incident light intensity and spatial
frequency of the developing grating. A model is presented
explaining this type of oscillation by the two-maxima shape
of the gain spectrum in crystals with sufficiently different
relaxation times of two space-charge gratings, one formed
by movable electrons and the other one by movable holes.
The experimental data for coherent oscillator with tin hy-
pothiodiphosphate (Sn2P2S6) are in reasonable quantitative
agreement with the calculations.

PACS: 42.65Yj; 42.65Sf; 42.65Hw

Quite often a coherent light used for the recording of pho-
torefractive grating excites two types of movable carriers,
the holes and electrons, simultaneously. After the pioneer-
ing work of E. Krätzig proving the possibility to switch from
the dominant electron photoconductivity to hole conductivity
in iron-dopedLiNbO3 by the thermal treatment of the sam-
ple in oxygen atmosphere [1, 2] an abundance of publications
appeared, experimental (see, for example, [3–6]) as well as
considering theoretically the consequences of electron/hole
competition (see, for example, [7–10]). All these and other
related works resulted in the rather pessimistic general con-
clusion that the formation of two gratings, one via the redis-
tribution of the photoexcited electrons and the other via the
motion of the holes, inhibits the steady-state refractive index
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change (and therefore gain factor and diffraction efficiency)
because these two gratings areπ out of phase with each other.

Only one exception exists to our knowledge, which is the
successful exploration of the so-called temperature-intensity
resonance in semiconductors [11, 12]. By working in an ex-
ternal electric field in carefully selected conditions (photore-
fractive material with special parameters, well-adjusted tem-
perature, intensity, polarization, and angle of incidence of the
recording waves, etc.) it becomes possible to change the mu-
tual phase shift of the two gratings fromπ to less thanπ/2
and ensure in such a way the constructive interference. The
advantage of this technique is that it provides automatically
theπ/2 phase shift of the resulting phase grating with respect
to the light fringes even in a moderate dc electric field. The
best published result is the enhancement of the gain factor in
InP:Fecrystal up to31 cm−1 in 10 KV/cmelectric field [12].

In the present article we analyse a specific kind of
electron/hole competition in photorefractive crystals, with
considerably different (several orders of magnitude) dielec-
tric relaxation times for electron and hole subsystems. It has
been shown in our previous publications [13, 14] that differ-
ent four-wave mixing processes with nearly (but not exactly)
degenerate frequencies of interacting waves can be at least
as effective as in the single-carrier case. Now we report on
particular properties of the coherent oscillators (photorefrac-
tive lasers) using these materials.

1 Experiment

Tin hypothiodiphosphate (Sn2P2S6, SPS) [13–16] is chosen
as a typical crystal with two types of movable carriers. The
existence of two gratings with strongly different decay times
(from seconds to milliseconds for the fast grating and from
minute to several minutes for the slow one) was revealed both
in the dynamics of the two-beam coupling [15] and diffrac-
tion efficiency [16]. The crystals are sensitive in the red and
near-infrared region of the spectrum [17]; in the present work
theHe-Ne laser light is used to get the largest possible pho-
torefractive response. All measurements are performed with
the sample K3 (type 1 [17]) of tin hypothiodiphosphate; the
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results with other samples exhibiting pronounced electron–
hole competition (type 1) are qualitatively similar.

1.1 Amplification of coherent light waves

The traditional two-beam coupling geometry (Fig. 1) was
used to study the amplification of a weak signal wave in the
presence of the strong pump wave. The output beam from a
He-Ne laser (0.63µm, TEM00, linearly polarized in the plane
of drawing) is split into two beams recording a holographic
grating in SPS sample. The signal-to-pump intensity ratio is
about 1:1000. When the pump wave is sent to the sample in
addition to the weak signal wave the intensity of the signal
wave increases rapidly reaching the maximum value which is
180 times higher than the initial one. With further illumina-
tion the intensity of the amplified wave is decreasing slowly,
saturating at a value which is 45 times smaller than the peak
value. Qualitatively the dynamics of the two-beam coupling
atλ= 0.63µm is similar to that atλ= 1.06µm [16] for SPS
samples of type 1 [17] thus proving the formation of two
out-of-phase space-charge gratings, one formed by movable
electrons and other formed by movable holes.

Figure 2 shows the grating spacing dependence of the
maximum transient gain factor. The data are corrected for
incomplete overlap of the finite-size recording beams with
Gaussian intensity distribution (see Appendix in [16]). More
than7 cm−1 gain factor is reached for grating spacing close
to the Debye screening length̀s≈ 1.5–2µm. For the sam-
ple thickness̀ = 9 mmthe coupling strength isΓ`≈ 5.4, i.e.,
is larger than the threshold coupling strength for nearly all
known photorefractive coherent oscillators (providing negli-
gible cavity losses).

The dynamics of the build-up of each of the two space-
charge gratings is nearly exponential; the grating spacing

Fig. 1. Schematic representation of the experimental setup for the study of
the two-beam coupling. M1–M3 are the mirrors, BS is the beam splitter, Sh
is the shutter, and PD is the photodetector

Fig. 2. Grating-spacing dependence of the transient gain factor. Total light
intensity in the sample isI0 = 3 W/cm2

dependences for the characteristic relaxation time of the elec-
tron and hole gratings are shown in Fig. 3a,b, respectively.
The relaxation time constants are evaluated from the beam-
coupling experiments with the overall intensity in the sample
I0= 3 W/cm2.

From the comparison with the theory of space-charge
grating formation [24] the conclusion follows that for the
electron (fast) grating the Debye screening length is larger

Fig. 3a,b. Grating-spacing dependence of characteristic relaxation time for
the fast grating (a) and slow grating (b) for the intensity of interacting
wavesI0 = 3 W/cm2
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than the diffusion length whereas the opposite relationship
holds for the hole (slow) grating. The data of Figs. 2 and 3
can be used also for evaluation of the characteristic transport
lengths (Debye screening length, diffusion length) and effect-
ive trap densities.

1.2 Coherent oscillation in ring-loop geometry

Figure 4 represents schematically the experimental setup for
the study of the coherent oscillation. The pump wave trans-
mitted through the sample is reflected back by the mirrors M3
and M5. In such a way the ring-loop oscillator [18] is built.
The length of the loop is usually larger than the coherence
length of the laser (≈ 15 cm) to exclude the possibility of the
reflection gratings recording in SPS. Mirrors M3 and M5 can
be repositioned in such a way that the angle of the loop near
the sample can vary from5◦ to 45◦. The beam splitter M4
and the additional mirror M2 with the receiver PD and aper-
tures D1 and D2 are used to record the beat-frequency mark
for evaluation of the frequency shift. When shutter Sh cuts
the beam from mirror M2 the detector PD measures the out-
put intensity of the coherent oscillator as is. When this shutter
is open a coherent reference wave (with the frequency of the
pump waveω, local oscillator) is coming to the detector in
addition to the oscillation wave and the frequency beat sig-
nature is registered. The variable beam attenuator, VBA, put
in the front of the laser allows for the intensity control of
the beam incident upon the sample. All the data are stored in
the memory of the computer; the processing of data (Fourier
transform, etc.) is also done with the same computer.

Figure 5 shows the typical dynamics of the oscillation
intensity. Before the exposure is started (t ≤ 0) all the pho-
torefractive gratings inside the sample are erased with the
incoherent illumination (the light of a100-W halogen lamp
transported to the sample with the flexible bunch of wave-
guides). At t = 0 the pump beam starts to illuminate the

Fig. 4. Schematic representation of the photorefractive ring-loop coherent
oscillator. M1–M5 are the mirrors, M4 is the beam splitter, PD is the pho-
todetector, Sh is the shutter, D1, D2 are the apertures, VBA is the variable
beam splitter

Fig. 5. Temporal variations of the oscillation intensity for the incident pump
intensity Ip = 3 W/cm2 and grating spacingΛ= 0.9µm

sample. The onset of oscillation occures with a certain time
delay after the beginning of the exposure (a manifestation
of the optical phase transition [19]), but in the time scale
shown in Fig. 5 this delay is indistinguishable. The Fourier
spectrum of the developed periodic modulation of the oscil-
lation intensity in the steady state is shown in Fig. 6a. The
most pronounced peak (≈ 6.3±0.15 Hz) corresponds to the
main modulation frequency, however the other well-defined

Fig. 6a,b. Fourier spectra. (a) Temporal variations of the oscillation inten-
sity. (b) Beat frequency mark (oscillation wave plus a part of the pump
wave)
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frequencies are present, too, for example, second harmonic
of the principal frequency, (≈ 12.6±0.5 Hz). Figure 6b re-
presents the spectrum of the beat frequency when both the
oscillation and reference waves are coming to the detector. It
is easy to note the appearance of the additional peak (≈ 3.1±
0.1 Hz) with high amplitude and roughly half frequency-
detuning as compared to the main peak in the oscillation spec-
trum. The two-times difference between the frequency of the
beat-frequency mark and frequency of output intensity mod-
ulation was observed for all spatial frequencies of the grating
self-developing in the sample. This proves that the oscilla-
tion consists of two modes symmetrically shifted in frequency
with respect to the frequency of the pump wave.

The modulation frequency in the oscillation spectrum is
a function of the input intensity (Fig. 7). This might be ex-
pected as the characteristic time of photorefractive grating
build-up depends on photoconductivity. It should be noted
however that it is not a trivial linear dependence previously
observed for other coherent oscillators with shifted frequen-
cies (see, for example, [20]).

For high intensities of the pump wave a pronounced self-
focusing has been observed in the investigated sample. The
intensity of the pump beam reflected into the sample by
the cavity mirrors was drastically increasing leading to the
superlinear growth of the measured modulation frequency.
That is why, to measure the intensity dependence of the fre-
quency detuning (Fig. 7), a short cavity (≈ 5 cm) was used
with the intensity of the pump wave below2 W/cm2. As
the focal length of the nonlinear (thermal) lens inside the
sample is much longer than the cavity length the reflected
beam size remains roughly the same when the intensity of
the incident beam is decreasing. This means that the total
intensity inside the sample is linearly related to the input
intensity which makes easy the comparison with the the-
ory. The recording of the reflection gratings mentioned above
reduces the efficiency of oscillation but in zero approxi-
mation does not affect the shape of the gain spectrum it-
self, therefore a qualitative comparison with calculation is
possible.

By modifying the angle of the loop it is possible to change
the frequency separation between the oscillation modes
(Fig. 8). These changes are, however, relatively small: The

Fig. 7. Pump-intensity dependence of the oscillation frequency; grating
spacingΛ= 1.7µm

Fig. 8. Spatial frequency dependence of the oscillation frequency

detuning frequency becomes approximately doubled when
the grating spacing is increasing from 1 to2µm.

The oscillation with shifted frequency has been already
observed in different oscillator geometries [20, 21] but the
stable two-mode steady-state operation is reported, to our
knowledge, for the first time. It will be clear from the follow-
ing sections that two modes are related here to excitation of
the transmission grating with exactly the same grating vector
K ; this is not a consequence of competition of gratings in dif-
ferent partially overlapping sample area [22] or gratings with
different structures (differentK -vectors) [23].

2 Calculations

To describe the coherent oscillator based on nonlinear wave
mixing one should know how the complex amplitude of the
signal wave after single pass through the crystal changes, i.e.,
to what extent a weak signal is amplified and how large is
the nonlinear phase shift of the amplified wave. These values
are usually calculated by solving the nonlinear wave equation
(coupled-wave analysis) with the complex coupling constant
extracted from the solution of the material equations (see, for
example, [24]).

In photorefractive materials the refractive index changes
because of the formation of the space-charge: the electric field
of this space-charge affects the refractive index via the linear
electrooptic effect. For the scalar nonlinear mixing (all waves
have identical polarization) the coupling constant is

γ = π in3reff Esc/mλ , (1)

wheren is the refractive index,reff is the effective electrooptic
constant,λ is the light wavelength,m is the recording fringe
contrast, andEsc is the space charge field; it is a complex
value which takes into account possible spatial shift of the
index grating with respect to the recording light fringes.

In Sect. 2.1 the solution of the material equations for
the complex coupling strength is presented. In Sect. 2.2 the
threshold conditions of oscillation are discussed using the
analysis of the gain spectrum and phase coupling constant
spectrum for nearly degenerate in frequency oscillation.
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2.1 Gain factor and phase coupling coefficient

Suppose two waves,

E1= A1 exp(−ik1 · r+ iωt) ,

E2= A2 exp(−ik2 · r+ i(ω+Ω)t) , (2)

impinge upon a photorefractive sample, forming a running
fringe pattern

I = I0
[
1+m exp(iKx+ iΩt)

]
. (3)

Herek1,2 are the wavevectors of the recording waves,ω and
(ω+Ω) are their temporal frequencies,I0 =| A1 |2 + | A2 |2
is the total intensity inside the crystal, the fringe contrast is
m=| 2A1A2 | /I0, andK is the spatial frequency of the fringe
pattern. The contrast of the fringes is taken to be small, i.e.,
m� 1. The self-diffraction from the recorded grating is neg-
lected, i.e.,m is assumed to be independent of propagation
coordinatez inside the sample. Therefore only the material
equations are considered.

Two types of the impurity centers are assumed to be
present, one with the energy level close to the conduction
band and total densityN1 and the other close to the valence
band with total densityN2. The first level is populated by
electrons while the second is populated by holes. Both lev-
els are partially ionized,Ni

1 and Ni
2 being the densities of

the empty electron and hole levels, respectively. The electrons
from level 1 can be excited to the conduction band thermally
(with the probabilityβn) or because of phototransition (with
the probabilitysn I ). Similarly, the holes can be released from
level 2 to the valence band by thermal transition (probability
βp) or by phototransition (probabilitysp I ).

The rate equations for ionized electron traps and hole
traps are as follows [20]

∂Ni
1

∂t
= (βn+snI)(N1−Ni

1)−γnNi
1n,

∂Ni
2

∂t
=−(βp+spI)Ni

2+γp(N2−Ni
2)p, (4)

wheren andp are the densities andγn,p are the recombination
constants for free electrons and free holes, respectively.

Continuity equations for electrons and holes are

∂n

∂t
= ∂Ni

1

∂t
+ 1

e

∂ jn
∂x
,

∂p

∂t
=−∂Ni

2

∂t
− 1

e

∂ jp
∂x
, (5)

and current equations are

jn= eµnnE+eDn
∂n

∂x
,

jp= eµp pE−eDp
∂p

∂x
, (6)

whereµn,p are the mobilities andDn,p= (kBT/e)µn,p are the
diffusivities for electrons and holes, respectively, whilejn,p
are the electron and hole currents.

The Poisson equation completes the set of material equa-
tions for calculation of the space charge field

∂E

∂x
= e

εε0

(
p−n+Ni

1−Ni
2−Na

)
, (7)

whereεε0 is the dielectric constant andNa is the density of
optically inactive acceptors which are compensating forNi

1
andNi

2.
The material equations (4)–(7) have been solved in [14]

and the space-charge distributionEsc was calculated. In [14]
we were interested in calculation of temporal development of
the gain factorΓ , i.e., the real part of the coupling constant,
Γ = 2 Re{γ } to describe the measured dynamics of nearly de-
generate two-beam coupling [13]. In the present paper we are
interested in steady-state values ofΓ and also of the imagi-
nary partΨ = Im{γ } of the coupling constant

Ψ = Im
{
(π in3reffEsc)/mλ

}
, (8)

which defines the nonlinear phase shift of the wave diffracted
from the moving grating.

The results presented below are obtained with the follow-
ing restrictions, well justified for SPS crystals [15, 16]: (i) the
relaxation time for the fast grating is considered to be much
smaller than that of the slow grating; (ii) the carriers involved
in formation of the slow grating are assumed to be thermally
generated whereas the formation of the fast grating is the pho-
tostimulated process; and the saturation regime is considered.
Within these approximations

Γ = − 2πn3reffED

λ

[
1+ l2

SnK
2

(1+ l2
SnK

2)2+ (τn
mΩ)

2(1+ l2
DnK2)2

]
(9)

×
[

1− 1+ l2
SpK

2

(1+ l2
SpK

2)2+ (τp
mΩ)2(1+ l2

DpK2)2

]
,

Ψ = πn3reffED

λ

[
1+ l2

SnK
2

(1+ l2
SnK

2)2+ (τn
mΩ)

2(1+ l2
DnK2)2

]
(10)

×
[

2Ωτn
m(1+ l2

DnK2)

1+ l2
SnK

2

− 1+ l2
SpK

2

(1+ l2
SpK

2)2+ (τp
mΩ)2(1+ l2

DpK2)2

× 2Ωτp
m(1+ l2

DpK2)

1+ l2
SpK

2

]
,

whereED = K(kBT)/e is the diffusion length,kB is Bolzmann
constant,e is the electron charge, andT is the absolute tem-
perature. The characteristic transport lengths are

l2
Dn= Dnτn, the electron diffusion length , (11)

l2
Dp= Dpτp, the hole diffusion length,

lSn =
√
εε0kBT

e2Nn
eff

, Debye screening length for electrons,

lSp =
√
εε0kBT

e2Np
eff

, Debye screening length for holes.
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The standard characteristic times are

τn
m=

εε0

σn
, the dielectric relaxation time for electrons,

τp
m=

εε0

σp
, the dielectric relaxation time for holes,

τn= 1

γnN̄1

, the moving electron lifetime, (12)

τp= 1

γp(N2− N̄2)
, the moving hole lifetime.

σn and σp are the electron and hole conductivities, respec-
tively, Dn and Dp are the electron and hole diffusivities, re-
spectively,N̄1 and N̄2 are the spatially uniform densities of
the ionized centers 1 and 2, respectively,Nn

eff andNp
eff are the

effective trap densities for electrons and holes, respectively.
Equations (9) and (10) can be rewritten in a different way,

more easy for the analysis:

Γ = 1

1+ τ2
f Ω

2

(
Γf− Γs

1+ τ2
sΩ

2

)
, (13)

Ψ = −1

2

1

1+ τ2
f Ω

2

(
ΓfτfΩ− ΓsτsΩ

1+ τ2
sΩ

2

)
, (14)

with the partial gain factors

Γf = 2πn3reffED

λ(1+ `2
SnK

2)
, (15)

Γs= 2πn3reffED

λ(1+ `2
SnK

2)(1+ `2
SpK

2)
,

for the fast (subscript f) and slow (subscript s) gratings and
the characteristic decay times

τf = τn
m

1+ `2
DnK2

1+ `2
SnK

2
, (16)

τs = τp
m

1+ `2
DpK2

1+ `2
SpK

2
.

Note, that the amplitudes of the fast and slow grating are not
independent in the case of SPS:

Γf = Γs(1+ `2
SpK

2), (17)

and for the small spatial freqienciesΓf ≈ Γs.
The plots of (13) and (14) with the parameters of the

particular sample ofSn2P2S6 (Γf` = 5.8; Γs` = 4.3; τf =
0.015 s; τs= 25 s) are shown in Fig. 9. Figure 10 represents
the same spectra in logarithmic plot to show more clearly the
behavior near the gain maximum. As the log plot represents
a part of the spectrum forΩ> 0 only one of two peaks of the
gain spectrum is visible in Fig. 10 a and only one (negative)
spike appears in Fig. 10b roughly atΩ/2π ≈ 0.005 Hz.

Two symmetric maxima in the gain spectrum are well dis-
tinguished. It follows from (13) that the maximum gain is
reached at

Ω =±
√
Γs

Γf

1

τfτs
− 1

τ2
s
≈ ±

√
1

τfτs
. (18)

Fig. 9a,b. Calculated spectra of the gain factor (a) phase transfer constant
(b). horizontal dots in (a) show the threshold level for coherent oscillation
in the ring-loop cavity

Fig. 10a,b.Detailed structure of gain spectrum (a) and phase transfer con-
stant spectrum (b) for Sn2P2S6 in the vicinity of zero detuning



965

Only one of the two relaxation times in (18) is intensity de-
pendent, as the electron conductivity in (12) consists of the
dark and photoconductivity:

σn= σnd+κI0, (19)

κ being the specific photoconductivity. The hole conductiv-
ity σp in (12) is entirely defined by the thermally activated
charge motion [16] andτs is independent of the light intensity.
Therefore we obtain from (18) rather unusual (

√
I0) intensity

dependence for the frequency separation of the gain maxima.
On the other hand, bothτf and τs are the functions of the
grating spatial frequency (16); that is why the frequency sep-
aration will also depend onK .

2.2 Threshold conditions of oscillation

As for any other oscillator, to get the oscillation in a pho-
torefractive coherent oscillator two conditions should be ful-
filled [25, 26]. Theamplitude condition of oscillationis the
requirement that in one cavity round trip the gain should
overcome the losses of all kinds. Thephase condition of os-
cillation is, in fact, the condition of positive feedback: the
phase of the oscillation wave should remain the same after
one round trip of the cavity. Our aim is to find those detuning
frequenciesΩ for which both the amplitude and phase con-
ditions of self-oscillation are fulfilled simultaneously and the
differenceΓ(Ω)`− (Γ`)th is maximized.

The theory of the coherent oscillator with the unclosed
ring-loop cavity and ordinary photorefractive crystal possess-
ing one dominant type of charge carriers [27] gives the am-
plitude condition of oscillation as follows:

(Γ`)th= 2(R+ 1)

R− 1
ln

R+ 1

2R
, (20)

where` is the sample thickness andR is the product of reflec-
tivity of all cavity mirrors.

This condition is valid for a photorefractive crystal with
purely nonlocal nonlinear response, i.e. for theπ/2 shifted
dynamic gratings. The nonlinear phase shift for the wave
diffracted from theπ/2 shifted grating is identically zero [24]
(orπ for the wave that is depleted in two-beam coupling con-
figuration which is not of interest here). The absence of any
dephasing in the diffracted wave ensures the phase condition
of oscillation for the ring-loop configuration automatically.
Two gratings, one recorded by the pump wave 2 (see Fig. 4)
with the diffracted wave 3 and the other one recorded by the
counterpropagating waves 1 and 4 are exactly in phase inside
the photorefractive sample thus enhancing each other. This
can be easily understood taking into account that waves 1 and
4 are in fact the waves 3 and 2 after passing the loop cavity
once, i.e.,

φ1= φ3+kosL, (21)

φ4= φ2+kpumpL, (22)

with k standing for wavenumber of the oscillaton (subscript
“os”) and pump (subscript “pump”) waves andL for the loop
length. With no non-reciprocity in the loop [26, 28] the phase
differenceφ1−φ4 at the sample face facing the loop is exactly
the same asφ3−φ2 at the same face.

In the considered case of the coherent oscillator with SPS
crystal the oscillation occurs at shifted frequencyω±Ω. This
means that strictly speackingkos 6= kpump. The detuning fre-
quency is nevertheless so small (Ω ≈ 10−13–10−14ω) that for
typical loop length10–100 cmthe resulting phase difference
is negligibly small. More important is the other possible dan-
ger: usually the frequency detuning results in appearence of
the local component in the nonlinear response and this leads
to the nonlinear phase shift of the diffracted wave and to the
bending of the interference fringes inside the sample (see,
for example, [24]). As the angles of incidence of the pump
wave and oscillation wave to the sample are interchanging
after passing the cavity (see Fig. 4) the fringes from the waves
2, 3 and 1, 4 become bent in diffferent directions. This results
in dephasing (violation of phase matching) and reduces the
efficiency of the four-wave mixing.

Fortunately, for nondegenerate interaction in the crystal
with π-out-of-phase gratings such as SPS, the contribution to
the nonlinear phase shift in the vicinity of zero detuning from
one grating will be opposite in sign with respect to the con-
tribution from the other one. At a certain detuning frequency
±Ωmax these two contributions cancel each other exactly and
the nonlinear phase shift becomes zero. This means that the
coupling constant is real for these detuning frequencies, the
fringes are not bent and the exact phase matching is restored.

It happens that the discussed detuning frequencies±Ωmax
just correspond to the maxima of the gain factor (see Fig. 10).
This is not accidental; it has been shown recently [29] for
several nonlinear effects that the real and imaginary nonlinear
optical coefficients obey Kramers–Kronig relations in a simi-
lar way to the linear ones,ε′ andε′′.

Thus we can conclude that±Ωmax are the frequencies of
two eigenmodes of this photorefractive oscillator. Still there is
a third eigenmode withΩ = 0 but it has nearly no chances to
oscillate because of the much smaller gain factor for strictly
degenerate interaction.

Note, that the frequencies±Ω depend on the total light
intensity inside the sampleI0 and on the spatial frequency
of the recorded gratingK (see (16), (18)). The comparison
of the experimental and calculated results is presented in the
following section.

3 Discussion

The theory of the ring-loop coherent oscillator [27] predicts
the threshold coupling strength(Γ`)th = 2 for a lossless cav-
ity (with R= 1). Taking into account that the thickness of
the SPS sample used in our experiment is`= 0.9 cmone can
deduce from the gain spectrum (Figs. 9 and 10) that the am-
plitude condition of oscillation is fulfilled in a wide region
of frequency detuning. At the same time the phase condi-
tion of oscillation is met only forΩ = 0 andΩ = ±

√
1
τfτs

for the cavity with no non-reciprocity and for zero electric
field (applied or internal). Thus our model predicts the coher-
ent oscillation at two frequencies shifted symmetrically with
respect to the pump wave frequency, in complete agreement
with the experimental observation.

For high intensity of the pump wave (ensuring the pho-
toconductivity much larger than the dark conductivity for
carriers forming the “fast” grating) the frequency detuning of
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the oscillation modes is proportional to the square root of the
pump intensity ((12), (16), (18), (19)). The solid line in Fig. 7
is the best fit of the experimental dependence to the square
root of intensity. An excellent qualitative agreement is quite
evident. The quantitative discrepancy with the data calculated
from known values ofτs, τf, Γs, Γf is less than two times.

The characteristic decay times of two space-charge grat-
ings are strongly dependent on spatial frequencies (Fig. 3);
the time constant for the fast grating is decreasing with grat-
ing spacing while that for the slow grating grows with the
grating spacing. As a result the calculated 1/

√
τfτs is nearly

independent of the grating spacing. The slight increase of the
frequency detuning with the grating spacing observed in the
experiment may result from variation of the light intensity in-
side the sample: for a smaller angle between two beams their
overlap is better and the cross section of the beam inside the
sample is smaller. One should also take into account possible
contribution to the discussed dependence of grating-spacing
dependences forΓf andΓs (see (18)).

The onset of coherent oscillation here can be consid-
ered as the second-order optical phase transition, in a similar
way to that described in [19, 30]. The infinite number of the
“noisy” space-charge gratings with relatively small ampli-
tudes self-develop in the sample below the threshold of os-
cillation, giving rise to the random light-induced scattering in
a wide solid angle. Above the threshold two dominating grat-
ings with the identical grating vectors appear, which couple
all four interacting waves (incident pump wave, reflected by
cavity mirrors pump wave, oscillation wave inside the cav-
ity, and phase conjugate wave). The similarity to the “order–
disorder” phase transition is quite obvious. Note, however,
that for the considered optical oscillator the gratings that ap-
pear above the threshold are moving in the opposite direction
with the same velocity. This results in the regular temporal
variation of the amplitude of the space-charge grating and
therefore in high contrast intensity modulation of the output
oscillation. It is difficult to find a direct analogy for this kind
of optical phase transition in solid-state physics: The periodic
structures of atoms or molecules that appear there below the
temperature of melting are stable in time.

4 Conclusions

A new steady-state oscillation mode consisting of simul-
taneous oscillation in two frequencies shifted symmetrically
with respect to the pump frequency is revealed in SPS, pho-
torefractive crystal with strong electron/hole competition.
When the coupling strengthΓ(Ω)` becomes larger than its
threshold value given by (20) two space-charge gratings ap-
pear in the sample, moving in opposite directions with the
velocities±Ω/K . As a result the output of the oscillator has
the high-contrast regular-intensity modulation. The modula-
tion frequency, 2Ωos, can be controlled by the intensity of
the incident pump wave and by the spatial frequency of the
space-charge grating (i.e., by the feedback loop angle near the
sample). The calculations of the gain factor and phase transfer

constant allow for good qualitative explanation of the experi-
mental results.

Tin hypothiodiphosphate crystal is chosen for the experi-
mental study as a typical material with the strong electron–
hole competition. A similar behavior can be observed, how-
ever, in many other crystals with the pronounced space-
charge compensation effects, such as, for example, recently
describedBi4Ti3O12 [5]. The slow grating, which is believed
to build up inSn2P2S6 because of moving holes, can appear
also because of ionic motion (in crystals with thermal fixing
effect). A rather complete list of references for relevant mate-
rials is given in [5].
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