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Abstract

The formation of self-confined beams using pyroeiec effect is numerically and
experimentally studied in photorefractive LiNp®or a given crystal temperature change, the
trapped beam width is shown to be less efficientirdensity is increased. Numerical
calculations reveal that the induced refractivesingrofile varies along propagation for large
intensities due to a nonlinear photovoltaic effébreover, it eventually gives beam splitting
for intensities greater than a threshold interitiat depends on LiNb{romposition.
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1. Introduction

Lithium niobate is one of the most widely used miate in the photonic industry. It features
electro-optic effect, piezoelectricity and strongntinear coefficients that are useful for the
realization of optical devices such as modulat@sgusto-optic components or guided
wavelength converter [1-3]. Photorefractive (PReefis also a key property of LiINk@4].

It is also usually related to optical damages bseaintense visible light induces an
inhomogeneous refractive-index change that caowdyi disturb the propagation, leading to
defocussing or beam distortion [4]. However PRaft&an also be very useful for holographic
applications such as wavelength filters, diffragtoptical elements or real time holography
[5-7]. It also led to the observation of dark angyhbt spatial solitons [8, 9] with promising
applications [10]. The latter is especially appeglias it enables optically induced 3-D
photonics circuits inside a bulk crystal. To ackiethis, a strong external electric field,
typically few tens of kV/cm, is applied to overtalke intrinsic defocusing photovoltaic (PV)
effect in order to have a focusing nonlinearity. [8]though countering the diffraction in a
bulk material seems very appealing, the need foh sustrong external field is inconvenient
practically. Recently, it was reported that thiawlback could be overcome using the internal
pyroelectric field. A self-focused beam, named fitoo, was successfully obtained [11].

In this paper, we further investigate this pyrogiecself-trapping method. First, we focus on
the self-focusing process in the high intensityimeg for congruent and stoichiometric
LiNbO3; samples. We then compare our results to 3-D nwadezbmputations and discuss the
“solitonic” nature of the beam propagation. Thenshew that similarly to the external-field

case, a beam splitting is observed above a cettegshold. Finally, this splitting behavior is

studied both theoretically and experimentally.



2. Intensity pyroelectric self-focusing dependence

In order to investigate the self-focusing proce#th wespect to intensity, we use a continuous
wave visible laser source at 532nm whose beanctisstd to a typical 12um Full-Width Half
Maximum (FWHM) (Fig. 1a) at the input of either wpd photonic-grade congruent (CLN)
or stoichiometric (SLN) LiNb@ z-cut wafers. The samples dimensions are 8x20w0r8
along X, Y and Z crystallographic axis, respectveélhe power and polarization are tuned
thanks to a polarizer and a half-wave plate. Thberopagates perpendicular to the crystal
c-axis (Z-axis) over 20 mm in the crystal. Using ro&gope objectives and lenses, both
crystal input and output faces can be imaged orCB €Camera (see Figure 1). The crystal
temperature is controlled and stabilized by a Eettell.

The average beam intensity at the entrance ofrifs¢at can be tuned from 0.2 MW/m2 to 5.5
MW/mz2, Initially, the beam experiences natural miftion (Fig. 1b). Because of
photorefractive effect, free charges are efficiemhoto-generated from deep donor center
and, simultaneously, a photovoltaic current appekmsg c-axis in the illuminated area. These
displaced charges then recombine on acceptor setatdorm a local space-charge fieigl
whose amplitude can reach the photovoltaic figld Escinduces a refractive-index change by
electro-optic effect that tends to defocus the hedeading to the so-called optical damage.
However, if the LINbQ crystal is subject to a temperature increa$ea constant internal
pyroelectric fieldAE,, appears along the c-axis.
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with p=0PJdT being the pyroelectric coefficient that charaaesi the LiINb@ spontaneous
polarization variatiorPsas a function of temperature afyd; is the static dielectric constant of
the medium.AE,, gives a drift current that opposes to the phot@olcurrent. As a
consequence, KE,>E;, , the space charge fiel. can change sign and the refractive-index
modulation can now gives a focusing effect in therinated region. This phenomenon can
lead to efficient beam self-trapping as shown ilggF1c and 1d). We note that in all our
experiments, the samples are illuminated only whiggir temperature is increased and
stabilized. The temperature of the samples is hemogs and any pressure is applied to the
samples.

(@) Entrance spot

Fig. 1. (a) Pyroelectric self-focusing dynamic of extraordinary polarized beam %&t532 nm in a 20mm long
congruent LiNb@ crystal. Light intensity 1=0.8 MW/f Input spot FWHM=12um (a), linear diffraction atom
temperature (b) and exit beam at intermediater(d)test focusing state (d) far=10°C.

In order to monitor the dynamic of the self-focuasgsiall the measurements are automated. A
computer-controlled CCD camera records the beanutoo at the exit face of the crystal
and measures the focussing beam FWHM in both etr{i@long c-axis) and horizontal
directions. The minimum reached size is thus eatdbgcted. The experiment is repeated for
different beam power. The beam FWHM at optimum erhent versus intensity is plotted



in figure 2(a), for intensities varying between OV8V/m? and 5 MW/nf¥ Beam width is
observed to widen gradually as intensity is inceelas

One-center photorefractive model predicts thattsaffped beams reach a minimum diameter
that is independent of light power [12] for a giveonlinear strength. This is in contradiction
with the experimental behaviour described in fig. Zo better explain the photorefractive
effect in LINbG;, Jermanret. al.introduced the influence of a second active desyer [13].

In LiNbOs, deep centers can be iron and polarons. Accortiinthis photorefractive two-
center model, we implemented a numerical prograsotee the nonlinear beam propagation
in biased LINbQ[14]. In this time dependent model, both iron imipas and polarons were
considered as photoactive centers and the thramlspamponents of the space charge field
were calculated. The model from ref. [14] has beendified to take into account the
pyroelectric effect. A straightforward solution ie substitute the applied field with the
pyroelectric field AE,,. Indeed AE,, is screened under local illumination and can be
considered invariant over the duration of the s&pping experiments, as for self-trapping
with applied field. The measured values of pyroeiecoefficients arg=-10.10°Cm?K™* for
congruent LiNb@ (CLN) composition andp=-9.10°Cm?K™ for stoichiometric LiNbQ
(SLN) composition [15-17]. The calculated outpuaireFWHM for different input intensities
reported in Figure 2b shows good agreement witlreexgental results (Fig. 2a)y lis the
beam intensity normalized to dark irradiance initgrig, In=1/14.
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Fig. 2. Evolution of self-trapped beam FWHM at tvat face of 20mm long congruent LiNb@rystal versus
launched light intensity. Beam width along c-ax¥/l#Mz (stars) and in the perpendicular direction FWHMx
(circles) for both, experiments (a) and numeriedtualations (b). Parameters: Extraordinary poldinsa input spot
FWHM=12um,A=532 nm and\T=10°C.

One can see that for low power, the output beasmialler and shows a better confinement
than in the high power regime. Light distributiomoition observed at the exit face is
evidently dictated by refractive index changes thetur inside the crystal. The numerical
model reveals these features, which are challengingeasure experimentally. In addition,
numerical results show some key phenomena thatracéal to have a good physical insight
of the process.
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Fig. 3. Calculated refractive index distributiomss-section at the exit face (left column) and glpropagation (right
column) photo-induced in LiNb$for three characteristics beam intensities. PatensieExtraordinary polarization,
A=532 nm, L=20mm and input spot FWHM=12pum.

The refractive index distribution photo-inducedidlessthe medium by a beam of similar size
than the experimental one reveals tremendous €iffers depending on the launched light
power (Fig. 3). Parameters are chosen to obtaimbself-trapping giving rise to spatial
soliton formation at low input intensity (figs. 3a). Injected beam profile is indeed observed
to evolve to an almost invariant profile after aoghpropagation distance. At such a low
intensity the photovoltaic field,, is due to a single deep center [14]. In this cdbe,
defocusing fieldEy, is weaker than the chosen focusing pyroelectetd filE,, and, as a
consequence, the space charge field amplitidenduces a higher refractive index in the



illuminated area, which leads to self-focusing. Blitreless, at higher power (figs. 3c, d), a
second deep center comes into play and the PVHglthcreases [14]The photovoltaic field
amplitudeEy, gets closer to the amplitude of the pyroelecietdf4E,, and can even exceed
its value at locations where intensity is the hgth&he refractive index variation can thus
switch sign, as seen, in figure 3d where a defogugbne surrounded by higher refractive
index regions is clearly present at the entrancthefcrystal. Such an index profile tends to
defocus the beam that lowers its intensity andy esnsequence, a weak focusing state can be
reached again after some distance. Such a phenonmmomes more dramatic as launched
beam power is increased. It explains the physiaterying the self-trapped output beam
diameter increase versus intensity depicts in &gurSimulations from figure 3c-d also show
that a similar beam size at the output and inpegdadoes not guarantee formation of a spatial
soliton. In particular, high power beams are suhjedarge change of their transverse profile
while propagating inside the medium. Note that lleam behavior with respect to intensity
shows good agreement with our two-center PR modti pyroelectric effect. For even
stronger power, beam splitting is expected to oesudepicted in the last simulation (fig. 3e-
f). In such a case, the light is repelled from teatral part and splits in two separate spots
located along z (c-axis).

Fig. 4. Experimental observation of beam splittitygamic in a stoichiometric LiNb{gOsample at high power regime
1=1.1 MW/m2,A=532 nm, L=20mmAT=10°C, extraordinary polarisation and input spatHV=12pm.

Beam splitting is indeed observed experimentallyemvtaunched average intensity exceeds
the threshold intensityyl that depends on crystal composition. Figure A4stiltes the
observed dynamic in a SLN sample at an intensity.bfMW/nf. First sign of beam splitting
consists in a dark area that appears in the cefitdre diffracted beam (fig. 4b). The two
brighter parts then slowly evolves into confineatspat the output of the crystal (fig. 4d).
Very similar behavior is observed in CLN samplesept that the threshold intensity is about
3 orders of magnitude higher,@10 MW/nT) than in SLN samples. In both cases, the two
focalized spots have dimensions similar to theleisgot obtained at low intensity. Moreover,
the two spots possess different power and theyatraligned with the z-axis contrary to the
prediction of the numerical calculations. These tdifferences may be explained by
photorefractive charge saturation that forms amasgtric index variation [18] and by an
additional photovoltaic component that tilts thditSpg beam [19]. These features were not
taken into account in our numerical computationiclwlexplains the discrepancies.

3. Photovoltaic field evolution in congruent and stoichiometric lithium niobate

To further characterize this behavior, experimdrdge been repeated at various intensities
below and aboveyl When beam self-focuses to a single spot, beam aiZ=WHM AX is
measured along c-axis, while beam splitting is ab@rized by the distance d between the
two spots. FromAx measurements we can deduce an evaluation of tbmvwitaic field
amplitudeE,, using the relation [20]:
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wherergsandn are respectively electro optic coefficients(rrz3) and the average refractive
index (n=n), for extraordinary polarisation. The results depicted in figure 5. As reported
before, the photovoltaic field amplitudg,, increases gradually for intensities below the
splitting thresholdly,. From measurements in Fig. 98,, is 15kV/cm greater in the SLN
crystal than in CLN at low intensity. When the imdéy approachek,, an abrupt change in
behavior is observedy, is evaluated to 0.1 MW/mand 10 MW/m in stoichiometric and
congruent LiNbQ, respectively. For the temperatutd =10°C used in these experiments,
AE,y, value is estimated to 40kV/cm according to equatlo From the above developed
physical understanding, the splitting occurs wigrexceeds this value. This behavior is also
observed in our numerical computations where anggo input power produces a stronger
photovoltaic effect, which tends to split more @#intly the beam. Abové;, the distance
between the two splitted parts is found to increaik intensity as shown in figure 5b. For
even higher intensities (not shown), splitting loé heam in more than two spots is observed
experimentally. Note that if a higher temperatud=<20°C) is set, beam splitting can be
avoided for the whole intensity range. This latiéuagion corresponds to a pyroelectric field
that stays higher than the photovoltaic field at iswtensity.
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Fig. 5. Photovoltaic field evolution versus intepshferred from experimental pyroelectric self-frsing experiments
(a) and measured distance between spots when hg#iing has occurred (b) in CLN (circles) and Sldystals
(squares).

For the purpose of beam self-trapping, the testel €ystal is found to be a good candidate
with a wider range of usable intensities and a equently faster photorefractive response at
low temperature changes. This behavior may be w@gudaif we consider that the
photorefractive effect in CLN is due to a dominairtgle deep center. Presence of a second
deep center of a very low concentration induceig@ficant nonlinearity for the photovoltaic
effect only at very high intensity values. In SLEngples the two centers appear to be of
similar concentrations to give a low threshold instiéy . In both samples, deep centers may
be iron and polarons [21]. Iron is a common phdtactive center that has also been reported
to give high PV field values in SLN [22]. Polarooensist of niobium ions occupying vacant
lithium sites. Since SLN is nearly free from lithiuvacant sites, polarons density should be



much lower in SLN than in CLN. However, other sgscsuch as niobium ions in niobium
sites could also participate to the photorefragtirecess [23].

4, Conclusion

In this paper, we have reported the investigatiopyooelectric assisted self-focusing in CLN
and SLN. The self-focussing behavior is clearly etefent on the input intensity. For a
moderate crystal temperature raise of 10°C, expmiah results along with numerical
simulations show that spatial soliton can only foanlow beam power. As intensity is
increased, observation at the ouput face showttapped beam enlarges. Above a threshold
intensity ly, that depends on crystal composition, beam spiittis observed. 3-D
computations reveal that this behavior is consisteith a nonlinear dependence of the
photovoltaic current. The investigation of the &plg shows that for the crystal tested in the
study, I, is 100 times smaller in stoichiometric than in garent samples. This study paves
the way to fabrication of 3-D photonic circuits.

Financial support provided by the Agence Natiormllal Recherche for project ORA (ANR
2010 BLAN-0312) is gratefully acknowledged.
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