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We present the experimental demonstration of a self-trapped optical beam bending in a 

photorefractive Fe doped lithium niobate (LN:Fe) crystal controlled by the pyroelectric effect. 

Formation of self-trapped beams with typical ~50 m diameter and large bending of ~140 m are 

depicted in a 1 cm length LN:Fe crystal for a laser beam at 632.8 nm wavelength and 0.5 mW power 

with a 30 degree crystal temperature change. The self-trapped beam bending is opposite to the 

crystal C+-axis. The underlying physics is elaborated and numerical simulations are performed. The 

long-living waveguiding channels with controlled curvilinear trajectories are promising for optical 

information routing. 
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1. Introduction 

Self-trapped optical beams and more specifically spatial optical solitons are the subject of intense 

studies in nonlinear optics for both their fundamental interest and numerous potential applications 1, 

2. Such self-confined optical beams that can be formed and propagate in specific nonlinear media 

without change of transverse profile are called spatial solitons. Bright solitons occur when the self-
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focusing due to a light-induced positive change of the refractive index balances the linear 

diffraction. For dark soliton, a dark notch is superimposed on a uniform background illumination. 

The self-defocusing due to light-induced negative refractive index change balances the diffraction of 

the notch. The bright and dark solitons have been observed in photorefractive crystals 3, 4, liquid 

crystals 5, 6 and atomic vapors 7. The solitons which are formed in nematic liquid crystals were 

termed nematicons 8. 

Photorefractive spatial solitons can be created by cw light with power as low as 1 W, 

however, the application of strong external electric fields to the photorefractive crystals is most 

often necessary 9 - 11. Photovoltaic solitons are classified separately because they do not require the 

applications of external static electric field but rely on the photovoltaic effect. 

Among photorefractive crystals the lithium niobate (LN) crystal attracts special attention 

because of its excellent photorefractive, photovoltaic and pyroelectric properties. The nonlinear 

properties of LN crystals have been studied by Z-scan technique in numerous works (see, Refs. 12, 

13, and references therein). In the absence of applied electric field the light-induced refractive index 

is negative in LN crystal which is thus appropriate to support the dark solitons. Dark solitons 

generation in bulk LN crystal due to photovoltaic effect is reported in Refs. 14, 15. 

The generation of bright spatial optical solitons in LN crystal is also possible by application 

of an external static field which is stronger than the photovoltaic field. The screening-photovoltaic 

bright soliton was observed for the first time in undoped LN crystal with application of a 3.5106  

V/m static electric field in Ref. 16. 

In Ref. 17 it was proposed to use the pronounced pyroelectric properties of ferroelectric LN 

crystal instead of a static external electric field to induce large positive optical nonlinearity. The 

pyroelectric controlled bright soliton was generated in a LN crystal heated 10 degree above initial 
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temperature. This spatial soliton was termed pyroliton. Pyroelectric photovoltaic spatial solitons in 

unbiased photorefractive crystals have been studied further theoretically in Ref. 18 -20. 

The interaction between solitons is an intriguing configuration. To date the spiraling, 

crossing and interlacing of solitons have been predicted and observed 20 - 24. 

Very interesting for applications is also the possibility of generation of the solitons with 

curvilinear trajectory. The deflection of bright solitons was simulated for biased strontium barium 

niobate crystal in Refs. 25, 26 taking into account the charge diffusion process in addition to the 

photovoltaic drift of the charges which introduces the asymmetry in the induced refractive 

waveguide. A weak deflection of 10-20 m in typical 10 mm long crystal was predicted. A giant 

self-deflection (~300 m) of 10 m size soliton beam in an undoped 7 mm long LN crystal with 

externally applied static field of 6 106 V/m was demonstrated in Refs. 27, 28. The large self-

deflection was attributed to the low concentration of donor and acceptor impurities in the undoped 

LN crystal that gives a saturation of the induced space-charge field. 

In Ref. 29 the phenomenon of micrometric scale 2D regular optical patterns formation by 0.5 

mW power laser beam crossing a photorefractive Fe doped LN (LN:Fe) crystal was reported. The 

results were explained by light-induced complex lens structure in the crystal which produces light 

defocusing from the beam center and focusing on the periphery. Mutual interference of the distorted 

beams causes the regular optical patterns formation. The regular optical pattern inside the crystal, in 

its turn, can lead to the formation of quasi-crystalline photonic structure in LN:Fe crystal 29, 30. The 

first results of modification of the laser beam profile by pyroelectric effect during propagation 

through LN:Fe crystal were also reported in Ref. 29. 

In this paper we report novel results on the generation of pyroelectric controlled bending of a 

self-trapped optical beam in LN:Fe crystal with a 30C increase of the crystal temperature. 

Experimental results are supported by numerical simulations in good agreement. 
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2. Experimental setup 

The experimental setup is similar to that used in Ref. 30. The laser source is a single mode He-Ne 

laser at 632.8 nm wavelength with maximum power of 10 mW. In the experiment a 0.03 wt % 

LN:Fe crystal whose length is 10 mm along beam propagation Z is used. Transverse dimensions of 

the crystal are 4.2 mm  4.4 mm (XY). The optical C-axis of the crystal is oriented in the vertical Y 

direction. The laser beam power was adjusted by combination of a half-wave plate and a polarizing 

beam splitter. Both ordinary (o) and extraordinary (e) polarized laser beams relative to the C-axis of 

the crystal were used in the experiment. The 0.5 mW power laser beam was focused with a short 

focal length objective (3.8) to a spot with full width at half maximum (FWHM) of ~72 m at the 

input face of the LN:Fe crystal. The crystal is placed between insulating plastic covers inside a 

metallic mount whose temperature was accurately controlled from the bottom side by Peltier 

element attached to a controller. The heating device provides a change of the crystal temperature in 

the range of 1045 C in less than 150 s. 

The forward traveling laser beam pattern at the output face of the crystal is imaged by a lens 

to a CMOS camera. It provides the registration and measurements of the output beam transverse 

profile evolution. The output light from the crystal is attenuated before CMOS camera to provide its 

operation in a linear regime. 

Both laser beam profiles at the input and output faces of the crystal are also analyzed by a 

beam profiler system (Thorlabs BP-106-VIS). Beam profiles measured along both X and Y (C-axis 

of the crystal) directions are well approximated by Gaussian function. The measurements were 

performed for a very low laser beam power of 20 W to avoid any nonlinear distortion of the beam. 

The measured FWHMs of the beam along X- and Y-axes at the input and output of the crystal are 72 

m and 124 m, respectively. Input beam intensity for 0.5 mW power is estimated of ~105 W/m2. 
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3. Motivation of experiment 

LN:Fe crystal is well known for its excellent photorefractive and pyroelectric properties. The 

illumination of the crystal by milliwatt power light leads to the efficient photo-generation of free 

charges from Fe2+ donor centers to the conduction band. Because of photovoltaic effect, the 

electrons move along the C-axis of the crystal and recombine in Fe3+ acceptor centers in darker 

zones of the crystal. The redistribution of the charges leads to the formation of a space-charge 

electric field ESC whose amplitude can rise up to the photovoltaic field EPV. The photovoltaic field 

induces a refractive index changes by electro-optic effect: n0 =  0.5n0
3r13EPV  and ne =  

0.5ne
3r33EPV, where n0 = 2.28, ne = 2.19 and r13 = 9.1 pmV-1 and r33 = 30.9 pmV-1 are the electro-

optic coefficients for o- and e-polarized lights, respectively, at 633 nm wavelength 31, 32. The space 

charge field due to the photovoltaic effect is determined by the formula EPV = kI/ , where I is the 

light intensity, k is a factor depending on the nature of absorbing centers and light wavelength and 

independent of the impurity concentration,  is the absorption coefficient and  is the 

photoconductivity of the illuminated part of the crystal 33. The refractive index change is larger for 

extraordinary index due to the larger electro-optic coefficient. 

Pyroelectric crystal, such as LN, exhibits a variation of spontaneous polarization Ps as a 

function of temperature change T, given by its pyroelectric coefficient p = dPs/dT, leading to the 

induction of internal pyroelectric field EPY. The EPY is given by 17
: 

TpEE rPY  )/1( 0   (1) 

where 0 and r  are the vacuum and relative dielectric constants, respectively. For LN the 

pyroelectric coefficient equals to p  –610-5 C m2 K1 at 25C 34, 35. Thus, in open circuit 

configuration the internal pyroelectric field reaches ~ 6106 V/m under temperature increase of 

30C. This field is oriented along the C-axis of the crystal and can either be positive or negative by 
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increase or decrease of the crystal temperature, respectively. The EPY gives a drift current that 

opposes to the photovoltaic current. As a consequence, if EPY >EPV, the net field can be positive and 

induce the focusing effect in the illuminated region. Thus the pyroelectric effect can strongly 

influence the propagation features of the optical beam. 

 

4. Experimental results and discussions  

4.1. Pyroelectric controlled beam self-localization and deflection 

The self-patterning of a o-polarized single Gaussian beam of 632.8 nm wavelength and 0.5 mW 

power during propagation through a 10 mm length LN:Fe crystal was demonstrated in Refs. 29, 30. 

The crystal was kept at room temperature of 20 oC. The milliwatt level power of the optical beam 

provided a slow evolution of nonlinear processes in the crystal. It allowed an easy observation of the 

optical patterns formation dynamics. Figure 1 shows examples of the regular 2D optical patterns 

temporal evolution at the exit of the crystal. 

In the present study the optical patterns temporal evolution is investigated under pyroelectric 

effect by gradual heating of the crystal in the temperature range of 10-42 C (Figure 2). 

The observations for a o-polarized laser beam are shown in Figure 3. The beam evolution 

demonstrated in Figure 3 can be understood as follows. In the time interval of 1-10 s the crystal 

temperature increase is small and the photovoltaic effect still plays a dominant role. The refractive 

index decreases in the beam centre and leads to the beam splitting into two symmetric lobes, 

because the light tends to deflect to areas with larger refractive index on the beam periphery (Figure 

3(b)). Separation distance between the lateral lobes increases over the time. As the pyroelectric field 

gradually increases and condition EPY > EPV is satisfied, the space charge field changes sign and 

induces positive refractive index modulation and focusing effect in the illuminated region. The light 

power begins to concentrate in the lower light spot (Figures 3(b)-(e)) as a result of some asymmetry 

in the modified refractive index distribution, which physical origin will be discussed in Sec. 4.2. 
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Maximum power concentration is observed at 39-45 s (Figures 3(d)-(e)). The transverse size of the 

localized beam is approximately twice less than that of the initial output beam (Figure 3(a)). 

At time interval of 125-200 s of the process evolution there is no temperature change T 

(Figure 2) and no pyroelectric field generation (Eq. (1)). Moreover, the light erases the pyroelectric 

space-charge field generated at the early stage and the photovoltaic effect again becomes dominant. 

The erasure time of the space-charge field by light of milliwatt power is a few minutes 36, 37. This 

leads to the beam profile evolution (Figures 3(g), (h)) similar to the observation without pyroelectric 

effect for the crystal constant temperature of 20C (see Figures 1(c), (d)). 

The interaction of laser beam with LN crystal can be stronger with the use of a e-polarized 

beam because of the larger electro-optic coefficient r33. The use of a e-polarized beam with same 

power of 0.5 mW is expected to speed the process and provide more pronounced beam self-

localization and deflection. 

Pyroelectric controlled self-trapping for e-polarized laser beam is studied for the crystal 

temperature increase regime. Figure 4 shows the measured temperature increase of the crystal in the 

performed experiment. Experimental results for the time evolution of the profile of e-polarized, 

632.8 nm beam of a 0.5 mW power passed through the 10 mm thick LN:Fe crystal when the crystal 

temperature is increased from 10 to 45 C are shown in Figure 5. The beam size along C-axis at the 

output face of the crystal reduces from 120 m at instant t = 0 to 53 m at t = 27 s. The localized 

beam intensity shows ~2.5 times increase. 

More detailed measurements of beam profile modification and self-focusing, as well as 

soliton deflection for crystal heating are depicted in Figures 6 and 7. The graphs in Figure 6 show 

the beam FWHM narrowing and intensity increase with time along X (Figures 6(a), (b)) and Y (C-

axis of the crystal) (Figures 6(c), (d)) transverse directions. The increase of the beam FWHM in the 

time interval of 0-5 s in (c) is connected with the stretching of the optical beam along crystal C-axis. 
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The total beam splitting takes place at time instant of 7 s. Subsequent measurements of the beam 

FWHM were performed for the lower lobe. The intensity decrease at t = 7 s in (b) and (d) is 

connected with beam splitting along C-axis of the crystal. The circles and triangles show, 

respectively, the beam FWHM and intensity. The larger size circles and triangles depict the initial 

values. 

Figure 7 demonstrates the time evolution of a self-trapped optical beam deflection opposite 

to the C+-axis as illustrated in Figures 5(a)-(e). Measurements are performed relative to the input 

beam center. The maximum deflection of ~140 m, equaled roughly to three soliton’s diameter of 

~53 m, is observed experimentally. 

 

4.2. Physical model 

The beam self-focusing and bending opposite to the crystal C+-axis in the undoped LN crystal for 

applied static electric field of E0 = 5106 V/m, light intensity I ~103 W/m2
, acceptors concentration 

NA = 21021 m-3 and ND/NA = 1.01, where ND is the concentration of donors, was demonstrated in 

Refs. 27, 28. The static electric field E0 was applied along the crystal C+-axis in order to counteract 

the photovoltaic induced self-defocusing and obtain the self-focusing effect. 

In our experiment we used LN:Fe crystal with larger concentration of donors and 

pyroelectric field instead of static electric field. When the crystal is heated the pyroelectric field 

gradually increases. The photovoltaic field induced beam splitting occurs at early stage of the 

process when the condition EPY < EPV is satisfied (Figures 3(b) and 5(b)). Further gradual increase of 

the pyroelectric field with crystal temperature raise leads to the condition EPY > EPV. The EPY gives a 

drift current that is opposite to the photovoltaic current. The resulting space-charge field changes 

sign and induces a positive refractive index modulation in the illuminated region and the focusing 

effect takes place (Figures 3(c)-(e) and 5(c)-(e)). 
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The spontaneous polarization change by the temperature increase of the crystal (Figures 2 

and 4) is the main mechanism for the suppression of the defocusing in LN:Fe crystal giving rise of 

the self-focusing effect. However, the spatial temperature gradient along crystal C-axis 38 also 

should be taken into account. According to Ref. 38 the spatial gradient of temperature T~1.2103 

C/m induces ~105 V/m pyroelectric field which provides the suppression of photorefractive damage 

in the undoped LN crystal. However, for the present experiment conditions the pyroelectric field due 

to the spatial temperature gradient is one order of magnitude lower than the estimated value ~106 

V/m of pyroelectric field, induced by heating of the crystal to 45 C (Eq. (1)). 

In the current experiment the crystal was heated in the range of 10-45 C from the bottom 

side (C pole), hence the upper side of the crystal (+C pole) has relatively lower temperature. The 

temperature difference of 4-5 C will provide the spatial gradient of 103 C/m for 4.4 mm thick 

crystal along C-axis. While this value is not enough to suppress the optical damage in LN:Fe crystal, 

it can induce an asymmetry in the resulting refractive index distribution. 

Higher temperature and its larger change T at –C side of the crystal can provide a larger 

pyroelectric field (Eq. (1)) and its asymmetric distribution along C-axis of the crystal. Similar 

distribution will have pyroelectric field induced refractive index variation shown in Figure 8(a). 

Figure 8(a) shows also the refractive index variation due to the photovoltaic field that has deep 

central minimum n 0 and side maxima n 0 along crystal C+-axis 12, 31. Since EPY is directed 

opposite to EPV, hence for EPY > EPV the resulting pyroelectric field induced refractive index change 

will have a positive sign. Its maximum is shifted relative to the beam center towards the –C pole of 

the crystal, which is schematically shown in Figure 8(b). 

The analysis performed shows that the combined action of photovoltaic and pyroelectric 

fields can thus lead to a refractive index asymmetric profile formation with a peak shifted opposite 

to the crystal C+-axis. The obtained asymmetry in refractive index distribution will dictate the self-
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localized light displacement direction that is opposite to the crystal C+-axis. The experimentally 

obtained optical beam self-localization in the lower light spot of the split beam is due to a self-

focused light deviation opposite to the crystal C+-axis and is clearly seen in Figure 5(a)-(e). The 

magnitude of the beam displacement over time is shown in Figure 7. 

 

5. Numerical simulations 

Numerical simulations of the beam propagation through the LN crystal were performed. Note that a 

beam with larger intensity 105 W/m2 and a doped LN:Fe crystal have been used in our experiment 

compared to the studies reported in Refs. 27, 28, where nominally pure LN crystals with relatively 

low concentrations of donors were utilized. Simulations performed with a single deep center model 

39 were first realized but failed to explain the experimentally observed behavior. Thus, a more 

elaborated two-photoactive-center model for LN:Fe crystal 32, 40, 41 where iron ions and polarons are 

both considered as the photoactive centers has been used. Polaron is a quasiparticle which is self-

localized in a single lattice site and moves in the crystal by thermal or light-induced hopping among 

different sites 32, 41 - 43. 

Different types of small electron polarons are distinguished in LN crystal 43. Free NbNb
4+ 

small polarons localized in regular Nb site, small polaron bound to antisite defects NbLi
4+ and bound 

small NbLi
 4+:NbNb

 4+ bipolarons. In LN:Fe crystal the dominant photoactive center has been 

identified as NbLi polarons. Charge redistribution takes place by hopping of electrons between 

intrinsic defect centers NbLi
 4+/5+: (Nb 4+  Nb5+ + e ) 32, 41. The concentration of bound polarons 

NX0 is usually assumed to be greater than 1026 m-3 32.  Additional NbLi
4+ polarons can be generated 

due to dissociation of bipolarons NbLi
4+: NbNb

4+ under intense light illumination 13, 43.  

The charge-transport mechanism, based on small polarons hopping, can play an essential role 

in the photorefractive properties of LN:Fe crystal. The Fe2+/Fe3+ charge-transport model modified 
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by additional polaron X-centers is described in details in Ref. 32. Simulations performed in Ref. 30 

based on two-photoactive center model shows that the light induced specific refractive index change 

n in LN:Fe crystal with negative central deep and two positive side maxima  has a temporal 

evolution with tendency of reducing the central minimum and increasing the positive side maxima. 

This tendency provides the favorable conditions for compensation of negative refractive index 

change by pyroelectric effect and induction of positive refractive index change in the illuminated 

areas and thus the focusing effect. The following two-photoactive- center model is applied for 

simulations of self-focusing in LN:Fe crystal under pyroelectric effect: 
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where Ne, N+
Fe, and N+

X are, respectively, the densities of free electrons, ionized iron, and ionized 

polarons. I is the light intensity, sFe, sX, and sFeX are the photoionization cross sections of electrons 

from, respectively, the Fe2+ and X states into the conduction band and from Fe2+ to X+ states. γFe, γX, 

and γXFe are the corresponding recombination rates of electrons. Equation (2d) is the expression of 

the total current density J where drift current, photovoltaic (PV) currents of both photoactive 

centers, and thermal diffusion are considered. κFe and κX are the PV coefficients. E  represents the 

total electric field in the material, including the pyroelectric field component Epy which is oriented 

along the crystal c-axis. Epy is calculated using equation (1). The space-charge density is ρ = e(N+
Fe+ 
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N+
X− NA − Ne), where the constant acceptor concentration NA corresponds to the shallow acceptor 

density. e and μ are, respectively, the elementary charge and the mobility of electrons. kB is the 

Boltzmann constant, and T is the temperature. 

This system of equations (2) that describe the charges generation, displacement and 

recombination are solved to deduce the densities of free electrons, ionized iron and polarons 41 

which, in turn, allow the simulation of the space charge field and the induced refractive index 

change distribution in the crystal. The modification of laser beam intensity distribution during 

propagation through the crystal is also obtained. Our model and resolution method are derived from 

Ref. 41. 

The following main experimental parameters were used for simulations: the laser beam 

wavelength is 632.8 nm, the beam intensity is 105 W/m2, the polarization of beam is extraordinary, 

the crystal length is 10 mm and the concentration of Fe ions in the crystal is 0.03 wt%. Both spatial 

and temporal gradients of the crystal temperature for heating from T0 =10C to Tp = 45 C during 

135 s (Figure 4) were taken into account. Since the crystal was heated from the bottom side which is 

in contact with the Peltier element, we consider a temperature difference T ~5-10 C between the 

crystal bottom and upper faces. The spatial gradient of temperature along crystal C-axis can be 

estimated by T /d where d = 4.4 mm is crystal transverse size along Y direction 38. Thus, T /d ~ 

103 C/m. The heating temperature rise versus time t we approximated by the formula: 
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where  is the time to reach the peak temperature. The deduced T(t) dependence provides the 

evaluation of the temperature up the plateau at the temperature Tp = 45C corresponding to the 

experimental conditions. According to the experimental results (Figures 5, 6) we take  = 30 s in the 

simulations to provide the temperature gradient. 
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Other parameters of LN:Fe crystal taken from Refs. 32, 41 are given in Table 1. 

 

Table 1: Parameters for LN:Fe crystal involved in the numerical model. 

 

 

 

 

 

 

 

The parameters correspond to LN:Fe crystal for optical beam intensities I 105 W/m2. Since 

deep levels concentrations are not accurately known we took the densities of ionized iron donors Nd0 

and polaron centers NX0, as free parameters. It is worth to note that while the input beam power is 

~0.5 mW (I ~105W/m2) in the experiment, we considered the beam power also as a free parameter in 

the range of 0.5 - 10 mW. The good coincidence of experiment and simulations was obtained for 10 

mW beam power (I ~2.5106 W/m2). The taking of higher intensities in simulations is reasonable 

because of the beam self-focusing and break-up into much narrower micrometric scale filaments 

inside the LN crystal that  provides one order  higher light intensity I  106 W/m2 in the medium. 

Parameter  

(λ = 633 nm) 

          Meaning                                                  Value 

μ (m2 V-1 s-1) Mobility of electric charges                              7.4 ×10-5 

SFe (m2 J-1) Cross-section of photoionization of donor       3.3 ×10-6 

SX Cross-section of photoionization of polarons     5 ×10-5 

SFeX (m5 J-1) Coupling efficiency between 

 polarons-donors                                            3.22 ×10-30 

γFe (m3 s-1) Recombination rate of electrons from Fe2+      1.65 ×10-14 

γX   Recombination rate of electrons 

 from X+-states                                                    5 ×10-16  

γXFe  Recombination rate from X+ states to Fe3+     1.14×10-21 

KFe
o

 
 (m3 V-1) Photovoltaic coefficient of donors for 

 o-polarized light                                            -3.5 ×10-33 

KFe 
e  Photovoltaic coefficient of donors for  

e-polarized light                                                 -7×10-33 

KX
o Photovoltaic coefficient of polarons for 

o-polarized light                                           -21.2 ×10-33 

KX 
e Photovoltaic coefficient of polarons for 

e-polarized light                                           -42.4 ×10-33 

Fr._Fe Fraction of ionized donors                                         0.9 

Fr. X Fraction of ionized polarons                                      1.0    
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The higher light intensity, in its turn, increases the contribution of polaron mechanism in 

photorefractive process. The criterion for selecting the values of Nd0 and NX0, was the best 

coincidence with experimental results. Good coincidence with experimental results was obtained for 

Nd0 =1.8 ×1025 m-3 and NX0,= 2 ×1028 m-3. 

Figures 9 and 10 show, respectively, the simulated refractive index change n, the beam 

intensity evolution along  propagation in the crystal, as well as the intensity profile in the transverse 

X-Y plane and its distribution along Y (C-axis) direction at two instants of t = 35 s and t = 80 s. 

At an early stage of the process (t = 35 s) the photovoltaic effect is prevalent and the 

condition EPY < EPV is thus satisfied. Figures 9 (c)-(e) show that the beam splits in two equal power 

fragments symmetrically disposed relative to the input beam centre along C-axis. Separation 

distance between the lobes increases over time. The simulation correctly describes the experimental 

results (Figures 3(b), 5(b)). 

In the advanced stage of the process the increase of the pyroelectric field due to higher 

crystal temperature leads to the condition EPY > EPV. It allows a positive refractive index change in 

the illuminated areas and thus the focusing effect. Simulations of the laser beam profile evolution 

between 35-80 s demonstrate the self-focusing of each lobe. Numerical results at t = 80 s are shown 

in Figure 10. The lobe localized at the –C pole of the crystal demonstrates the narrowing and 

bending toward C– -axis while the lobe positioned closer to the +C face of crystal shows a spreading 

and an intensity decrease (Figures 10(b)-(d)). Thus, the simulations show the gradual deflection of 

the formed self-trapped optical beam opposite to the crystal C+-axis in accordance with the 

experimental results demonstrated in Figure 5 and to physical model described in Sec.4.2. 

At a simulation time of 80 s (Figures 10(b)-(d)) the self-trapped beam formation and its 

maximum bending correspond to the experimental time of 30 s for this process development (see 

Figures 5(e), 6(c) and 7). We may infer that the theoretical model cannot take into account all 
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nuances of the experiment. 

Figure 11 shows the simulated time dependence of self-localized beam deflection Ysml 

relative to the input beam center. The simulated results give qualitatively correct description of the 

experimentally measured increase of soliton self-deflection versus time, depicted in Figure 5 and in 

graphs of Figure 7. In Figure 11 the deflection linearly increases with time in the simulation range of 

0-60s with tendency of the saturation for further evolution, in accordance with experimental results. 

Thus the most features of the observed phenomena of the pyroelectric controlled deflection 

of the self-focused beam are correctly described by the two-photoactive-center model.  

This model provides also the better understanding of the underlying physics. 

 

6. Conclusion 

In conclusion the complex behavior of a self-trapped beam in a photorefractive LN:Fe crystal, 

controlled by  the pyroelectric effect, is observed and explained. The formation of a pyroelectric 

controlled self-trapped beam with a ~50 m diameter accompanied with a large bending of ~140 m 

were observed experimentally for a e-polarized, 0.5 mW beam triggered by a moderate 30 degree 

crystal temperature increase. The self-focusing effect is attributed to the crystal heating from 10 to 

45 C resulting in positive refractive index variation. 

The self-trapped beam bending opposite to the crystal C+-axis is explained by a spatial 

gradient of temperature along crystal C-axis with larger temperature near –C pole of the crystal. The 

asymmetry in the resulting refractive index variation along C-axis, with a maximum of refractive 

index shifted towards the –C pole of the crystal, dictates the self-trapped beam displacement 

opposite to the crystal C+- axis. 
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The numerical simulations were performed based on a two-photoactive-center model for 

LN:Fe crystal, where iron ions and polarons are both considered as photoactive centers. The 

simulation results are in good agreement with obtained experimental results. 

The generated self-trapped beams create waveguiding channels in the photorefractive crystal 

which are long-living (few months of dark decay) due to the high resistivity of LN:Fe crystal. The 

long dark-storage time soliton waveguide in undoped LN crystal was reported before in Ref. 44. The 

long-living waveguiding channels with pyroelecrtric controlled curvilinear trajectory are promising 

for optical information routing. 
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CAPTIONS TO THE FIGURES 

 

Fig. 1. Time evolution of the 0.5 mW power, o-polarized laser beam profile passed through a 10 

mm thick LN:Fe crystal at stable temperature of 20 C. 

 

Fig. 2. LN:Fe crystal temperature increase during the time with the use of Peltier element. The 

temperature was measured by measuring the voltage from the calibrated thermocouple which was in 

contact with the crystal near its center along the vertical Y direction. 

 

Fig. 3. Time evolution of the profile of o- polarized laser beam at 632.8 nm and power of 0.5 mW 

passed through LN:Fe crystal with 10 mm thickness under pyroelectric effect. The scale shown in 

(a) is valid for all figures. 

 

Fig. 4. LN:Fe crystal temperature increase during the time with the use of Peltier element. The 

temperature was measured by measuring the voltage from the calibrated thermocouple which was in 

contact with the crystal. 

 

Fig. 5. (a-e) Time evolution of e- polarized laser beam at 632.8 nm and power of 0.5 mW passed 

through the LN:Fe crystal of 10 mm thickness when the crystal temperature has been increased  

from 10 to 45 C. (f) and (g) are computer treatments of the patterns shown in (a) and (e) with the 

use of Origin program by scanning the beam traces along horizontal X and vertical Y (C-axis) 

directions. (e) and (g) demonstrate the beam pronounced deflection and self-trapping. The scale 

shown in Fig. 5(a) is valid for all figures (b)-(e). 
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Fig. 6. Experimental demonstration of pyroelectric assisted beam FWHM (circles) narrowing and 

intensity (triangles) variation with time along transverse X (a, b) and Y (C-axis of the crystal) (c, d) 

directions. The larger size circles and triangles show the values at t = 0. The increase of the beam 

FWHM in the time interval of 0-5 s in (c) is connected with the stretching of optical beam along 

crystal C-axis. The total beam splitting takes place at time instant of 7 s. Subsequent measurements 

of the beam FWHM were performed for the lower lobe. The intensity decrease at t = 7 s in (b), (d) is 

connected with beam splitting along C-axis of the crystal. The solid curves are the fit of 

experimental dependences by corresponding functions. 

 

Fig. 7. Time dependence of the self-trapped optical beam self-deflection Y relative to the input 

beam center, depicted in Figs. 5(a)-(e). Experiment (squares); fit (solid curve). The standard 

deviation of the measured values is estimated around 10 %.  

 

Fig. 8. (a) Schematics of refractive indices (n)PV and (n)PY variation by photovoltaic and 

pyroelectric fields, respectively, along the crystal C-axis taking into account spatial temperature 

gradient during crystal heating from the bottom side (C pole). (b) For EPY > EPV the resulting 

pyroelectric field induced refractive index change has maximum shifted relative to the beam center 

toward the –C side of the crystal because of its relatively higher temperature. 

 

Fig. 9. Simulated 10 mW power Gaussian beam intensity distribution with waist of 72 µm (a) at the 

input of LN:Fe sample (t = 0). The simulation results of refractive index change n (b) and 

evolution of laser beam intensity in Y-Z plane (c) along beam propagation through the 10 mm thick 

crystal at t = 35 s. The intensity profile in the transverse X-Y plane (d) and its distribution along Y 
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(C-axis) direction (e) for instant of t = 35 s. In (e) the central contour is the output intensity profile 

along Y at t = 0 (the intensities are given in arbitrary units). Simulations are performed for the e-

polarized input laser beam.  In (d) the scales in units of meter along X and Y are different. 

 

Fig. 10. Simulation results of refractive index change n (a) and evolution of laser beam intensity in 

Y-Z plane (b) along beam propagation through the 10 mm thick crystal at t = 80 s. The intensity 

profile in the transverse X-Y plane (c) and its distribution along Y (C-axis) direction (d) for instant 

of t = 80 s. In (d) the central contour is the output intensity profile along Y direction at t = 0 (the 

intensities are given in arbitrary units). Simulations are performed for the e-polarized input laser 

beam. 

 

Fig. 11. Simulated time dependence of self-localized beam deflection Ysml relative to the output 

beam centre at t = 0 (see Fig. 11(d)). Solid line shows the linear increase of beam deflection in the 

simulated time range of 0-60 s and the dashed lines depicts the deviation of deflection from linear 

dependence for 60-120 s with tendency of saturation for further time evolution. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael 

Drampyan, Pyroelectric-controlled bending of a self-trapped optical beam in a 

photorefractive iron doped lithium niobate crystal, Fig. 1. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael 

Drampyan, Pyroelectric-controlled bending of a self-trapped optical beam in a 

photorefractive iron doped lithium niobate crystal, Fig. 2. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael 

Drampyan, Pyroelectric-controlled bending of a self-trapped optical beam in a 

photorefractive iron doped lithium niobate crystal, Fig. 3. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael 

Drampyan, Pyroelectric-controlled bending of a self-trapped optical beam in a 

photorefractive iron doped lithium niobate crystal, Fig. 4. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael 

Drampyan, Pyroelectric-controlled bending of a self-trapped optical beam in a 

photorefractive iron doped lithium niobate crystal, Fig. 5. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael Drampyan, 

Pyroelectric-controlled bending of a self-trapped optical beam in a photorefractive iron doped 

lithium niobate crystal, Fig. 6. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael Drampyan, 

Pyroelectric-controlled bending of a self-trapped optical beam in a photorefractive iron doped 

lithium niobate crystal, Fig. 7. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael Drampyan, 

Pyroelectric-controlled bending of a self-trapped optical beam in a photorefractive iron doped 

lithium niobate crystal, Fig. 8. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael Drampyan, 

Pyroelectric-controlled bending of a self-trapped optical beam in a photorefractive iron doped 

lithium niobate crystal, Fig. 9. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael Drampyan, 

Pyroelectric-controlled bending of a self-trapped optical beam in a photorefractive iron doped 

lithium niobate crystal, Fig. 10. 
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Lusine Tsarukyan, Anahit Badalyan, Fabrice Devaux, Mathieu Chauvet and Rafael Drampyan, 

Pyroelectric-controlled bending of a self-trapped optical beam in a photorefractive iron doped 

lithium niobate crystal, Fig. 11. 
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bending of a self-trapped optical beam in a photorefractive iron doped lithium niobate crystal" 
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solitons) in lithium niobate doped with iron.  
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and technological applications of self-trapped beam. 
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 The authors have performed a comprehensive investigation of self-trapped optical beam 

bending in a photorefractive Fe doped lithium niobate crystal controlled by the pyroelectric 

effect. The authors explain the experimental observations like the bending being opposite to 

the crystal C+ axis satisfactorily. The numerical simulations agree with the experimental 

observation. The work is technically correct and novel to warrant publication in JNOPM. I 
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the pyroelectric effect in lithium niobate and pyroelectric solitons which can be included. I am 
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pyroelectric effect in lithium niobate and pyroelectric solitons.  
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We added the next three recommended papers in the Introduction of MS (page 3, lines 1-2 

from the top) with the following sentence: 

Pyroelectric photovoltaic spatial solitons in unbiased photorefractive crystals have been 

studied further theoretically in Ref.18 -20. 

The recommended Ref. -Popescu, S. T., A. Petris, and V. I. Vlad. "Fast writing of soliton 

waveguides in lithium niobate using low-intensity blue light." Applied Physics B 108 (2012): 

799-805 is cited in the Conclusion of MS (page 15, lines 7-8) with the following description:  

The long dark-storage time soliton waveguide in undoped LN crystal was reported before in 

Ref. 44. 

All corrections in the numeration of Ref. numbers are highlighted by red font. 

 

2. In Section 5. Numerical Simulations, the authors refer to the theory model of Ref.37 for 

explaining the source of their numerical simulations. It would be better if the authors include 

the theoretical modelling equations explicitly for the present case showing the contribution of 

the pyroelectric effect. 

 

As requested by the reviewer, we have inserted the system of equations (2) that is numerically 

solved. The different parameters are also described along with a few sentences to clarify the 

contribution of the pyroelectric field, which is one component of the total electric field.  

The following new text is included in the MS from line 7 from the top on page 11 to line 4 

from the top on page 12 which is highlighted by red font: 

 

The following two-photoactive- center model is applied for simulations of self-

focusing in LN:Fe crystal under pyroelectric effect: 









FeXXXFeeFeFeFeXFeXFe

Fe NNNNNNINss
t

N
)]([)()(   (2a) 








XFeFeFeXeXXXFeXFeX

X NNNIsNNNNIs
t

N
)]([))((   (2b) 

tet

N

t

N

t

N XFee


















 
1

    (2c) 

       eBXXXFeFeFee NTkcNNIkcNNIkENeJ  


 )()(  (2d) 

J
t







     (2e) 

where Ne, N+
Fe, and N+

X are, respectively, the densities of free electrons, ionized iron, and 

ionized polarons. I is the light intensity, sFe, sX, and sFeX are the photoionization cross sections 

of electrons from, respectively, the Fe2+ and X states into the conduction band and from Fe2+ 

to X+ states. γFe, γX, and γXFe are the corresponding recombination rates of electrons. Equation 

(2d) is the expression of the total current density J where drift current, photovoltaic (PV) 

currents of both photoactive centers, and thermal diffusion are considered. κFe and κX are the 

PV coefficients. E  represents the total electric field in the material, including the pyroelectric 

field component Epy which is oriented along the crystal c-axis. Epy is calculated using equation 

(1). The space-charge density is ρ = e(N+
Fe+ N+

X− NA − Ne), where the constant acceptor 
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concentration NA corresponds to the shallow acceptor density. e and μ are, respectively, the 

elementary charge and the mobility of electrons. kB is the Boltzmann constant, and T is the 

temperature. 

This system of equations (2) …… 

 

 

3. Please give a relevant reference for equation (2). 
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by Peltier element. 
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temperature decrease for t/ >>1 (second term in the brackets). 
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where  is the time to reach the peak temperature. The deduced T(t) dependence provides….” 

 

During corrections in the MS following the remarks of reviewers, we noticed some minor 

grammatical and stylistic inaccuracies. We corrected them and highlighted by red font:  

(See page 9 line 11 from the bottom - “larger”; page 13, line 7 from the bottom – “ionized 

iron”; page 14, line 9 from the bottom - “between” instead of “at”, “demonstrate” instead of 
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of” eds”; page 18, Ref. 17 - “pyroelectric” instead of “pyroelectrc”; page 21 caption to fig. 5 -

“(f) and (g) are” instead of “(f, g)”, “treatments” instead of “treatment”, “(e) and (g)” instead 

of “(e, g)”).  

We are thankful again the reviewers for careful reading of MS and valuable remarks and 

hope that corrections made will meet their requirements. 
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Table 1: Parameters for LN:Fe crystal involved in the numerical model. 
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Parameter  

(λ = 633 nm) 

          Meaning                                                  Value 

μ (m2 V-1 s-1) Mobility of electric charges                              7.4 ×10-5 

SFe (m2 J-1) Cross-section of photoionization of donor       3.3 ×10-6 

SX Cross-section of photoionization of polarons     5 ×10-5 

SFeX (m5 J-1) Coupling efficiency between 

 polarons-donors                                            3.22 ×10-30 

γFe (m3 s-1) Recombination rate of electrons from Fe2+      1.65 ×10-14 

γX   Recombination rate of electrons 

 from X+-states                                                    5 ×10-16  

γXFe  Recombination rate from X+ states to Fe3+     1.14×10-21 

KFe
o

 
 (m3 V-1) Photovoltaic coefficient of donors for 

 o-polarized light                                            -3.5 ×10-33 

KFe 
e  Photovoltaic coefficient of donors for  

e-polarized light                                                 -7×10-33 

KX
o Photovoltaic coefficient of polarons for 

o-polarized light                                           -21.2 ×10-33 

KX 
e Photovoltaic coefficient of polarons for 

e-polarized light                                           -42.4 ×10-33 

Fr._Fe Fraction of ionized donors                                         0.9 

Fr. X Fraction of ionized polarons                                      1.0    

Table 1
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