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Beam fanning has been studied in the cerium-doped ferroelectric relaxor strontium—barium—niobate
(Sry g1BagsNb,O6:Ce, SBN:Ce¢ under the application of high external electric fields. Spatial
reversal in the distribution of the scattered light is achieved both below and above the phase
transition. It is shown that the photorefractive response in SBN strongly depends on the state of the
polar structure of the crystal, which can be controlled by external fields. Coherent illumination of the
crystal greatly facilitates the repoling process, causes a considerable refinement of the domain order
in the ferroelectric phase and assists the stabilization of the polar structure in the relaxor regime. The
model of scattering centers associated with refractive index anomalies located on domain walls is
applied to receive detailed information about the distribution of initial seed scattering in the crystal
bulk and the efficiency of nonlinear amplification of the scattering2@3 American Institute of
Physics. [DOI: 10.1063/1.1610234

I. INTRODUCTION ings, so that beam coupling with the pump beam takes place.
Scattered light of high intensity develops beside the directly
Cerium-doped strontium—barium—niobate transmitted pump beam in the directions where the seed scat-

(Stp.61Bag 3\b,05:Ce, SBN:C¢ has received much atten- tering is effectively amplified. Therefore, it exhibits a very
tion in nonlinear optics since it exhibits a very strong photo-strong asymmetry in SBN in the plane of the potaaxis.
refractive effect:? The incorporation of cerium extends the Here, the direction and the efficiency of the energy transfer
spectral range of the photorefractive response from the lowepend on the electro-optic coefficieng. The sign and the
ultraviolet up to the near-infrared and considerably increasegbsolute value of o are determined by the vector of the
the efficiency of the recording of refractive index gratirigs. spontaneous electric polarizatiéh.®° Hence, photorefrac-

A Spatially modulated ||ght field induced by the interferencetive properties Strong|y depend an and, respective|y, on

of two coherent waves gives rise to a space-charge figld  the domain structure of SBN. Control of the spontaneous
due to a spatial redistribution of photoexcited charge carrierpolarization by an external electric fiel}, allows deliberate

in the crystal volume. This periodic electric field modulatesmanipulation of the photorefractive response. This becomes
the refractive index of the Crystal via the linear eleCtrO'OptiCespecia”y important for an app"cation of photorefractive fer-
effect so that a phase grating appears. In SBN with typicafoelectrics in general as optical memotfeand for optical
nonlocal photorefractive response, the refractive index gratyata processiny, respectively.

ing is shifted with respect to the incoming light interference | the last decade, certain attempts to manipulate the
pattern. Mutual diffraction of the two recording waves on thephotorefractive properties of SBN via a spatial arrangement
shifted grating leads to the enhancement of one wave and th§ the polar structure by external fields were made. The pho-
depletion of the othetThus, the nonlocal response gives rise torefractive optical hysteresis in SBN has already been dem-
to a stationary energy transfer between the two recordingnstrated by two-beam couplitfgt®and beam fanning ex-
beams, called beam coupling, which is primarily responsiblg,eriments, and was attributed to the ferroelectric hysteresis
for many nonlinear optic effects including light-induced p g Also, the reversal of selected domain areas and the
scatterind:” The most efficient light-induced scattering in formation of ferroelectric domain gratings by exposure to
SBN is polarization-isotropic wide-angle scattering, whichjight have been reported in SBR® It was shown that the
appears from a single laser peeaamd is usually called beam periodically modulated space-charge field induced by a sinu-
fanning. The incident beam is scattered at optical imperfec-ggiqa light interference pattern assists the local reversal of
tions of the crystal. This initial scattering seeds the beampe glectric polarization in the fringes where the sum of the
fanning. The seed waves record noisy photorefractive gratsyiernal fieldE, and the space-charge fieltl, exceeds the
coercive fieldE., E,+Es.>E.. Furthermore, the specific
dElectronic mail: tgranzow@uni-koeln.de effect of a locking of the polar structure by screening fields
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induced on the beam border was reported in incompletely
illuminated SBN at slowly varying external fields in a beam
fanning hysteresis experimetit.
Besides such very specific effects, where the light-
induced space-charge fieH;.~E_ assists the spatial ar- 4
Z X sBN:C

scattering

rangement of ferroelectric domains, coherent illumination
has another very important impact on the polar structure that
becomes apparent during the repoling of ferroelectrics using Thermo-
high electric fieldsE,>E.. Photoexcited charge carriers element
should actively participate in the compensation of local elec-
tric fields, which play an influential role in the appearance of
ferroelectric domains in the crystal volume. Such charges
should significantly affect the formation of the polar struc-
ture and the spatial arrangement of ferroelectric domains.
This influence should especially be apparent in the vicinity
of the phase transition and above. SBN is a relaxor ferroelec-
tric. Therefore the polar structure does not decay at one well
defined temperature, but in a quite large temperature interval.
For SBN:Ce(0.66 mol %), ferroelectric domains are stable
below the phase transition temperatufg=55°C.® Note
that SBN has been shown to undergo a real phase
transition!®?° so the term “phase transition temperature” is scattering
applicable for this relaxor system. The existence of polar
clusters aff >T, causes a photorefractive effect and, respec-
tively, beam coupling and light-induced scattering above th&!G. 1. (a)_Exp_erimentaI setup for measuring the angular distribution _of
.. 21 . ... scattered light in SBN:Ce. PD is a photodiode mounted on the rotating

phase transitiofi! The relaxor behavior and the pecullarltles stage. The crystal is placed on a stack of Peltier elements to regulate the
of the polar structure in SBN at high temperatures are satiSemperature{b) Image of the scattering pattern on the screen behind the
factorily explained by the “random-field Ising model” crystal atT=28°C.
(RFIM).?223 The central idea is that short-ranged randomly
distributed electric fields cause interactions between neigh-
boring elementary polar dipoles, which results in the forma-actual state of the polar structure. We found that coherent
tion of local regions with nonzero electric polarizati¢di-  illumination of SBN significantly facilitates repoling and
pole clusters These clusters constitute a polar structure ingreatly promotes the stabilization of the polar structure in the
SBN atT>T,, in a temperature range that will be referred crystal. Repoling performed on an illuminated sample en-
to as “relaxor regime” in the following. At temperaturds ~ Sures an instantaneous and complete reversal of the polar
<T,, clusters turn into domains yielding very rich polar structure after only one iteration. Moreover, the scattering
structures in the ferroelectric phase: both surface and bulRppears to be considerably enhanced after such repoling.
domains have been observed in SENPoling of SBN by  Thus, the simultaneous application of electric field and illu-
externa”y app“ed electric fields causes an a|ignmen'[ of mosmination considerably refines the polar structure. Electric re-
of the domains along the axis, but does not significantly Poling of an unilluminated sample is less efficient and re-
reduce their number. The presence of bulk domains is afuires several repetitions to complete the reversal process,
important factor affecting the appearance of the initial scati-€., until a complete spatial reversal of the beam fanning is
tering in SBN. According to the model of seed Scattermgreached. The model of seed scattering in SBN is discussed in
proposed in Ref. 14, initial scattering originates from diffrac-detail and applied to the experimental results.
tion of the pump beam at optical inhomogeneities induced by
electric fu_alds localized at t.he domain tips. It is appgrent tha‘d_ EXPERIMENTAL SETUP
photoexcited charge carriers should affect magnitude an
distribution of these scattering centers. A single crystal of S§g:BaysNb,O5 doped with 0.66

In this article we concentrate our attention on the studymol % cerium was grown by the Czochralski technique and
of the photorefractive response in highly doped SBN:Ce uncut parallel to the crystallographic axes into a plate with
der externally applied electric fields much larger than inherdimensions of 5.650.7x2.75 mn? along the crystallo-
ent and light-induced fields in the crystal volume. The beangraphic a-, b-, and c-axis, respectively. The sample was
fanning has been chosen as the method for our investigatioredectrically poled by heating up to 140°C, applyirig,
since it is the most basic photorefractive phenomenon. The= 3.5 kV/cm along thec axis and then slowly cooling back
experiments were carried out at different temperatures botto room temperature before removing the field. After the pol-
below and abovd . ing process, the crystal was placed in the experimental setup,

Our investigations show that the beam fanning reversaso that the polac axis is initially oriented from the left- to
is directly connected to the spatial reversal of the electriche right-hand side of the sample as shown in Fig).INote
polarization in SBN. Its behavior strongly depends on thethat the direction of the Cartesiarvector is always oriented

scan line
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from the left to the right side. The temperature could be In both casesls(6s) is measured after the steady state is

adjusted in the range of 10—150°C with an absolute accureached. Below, we refer to the application of an external

racy of 0.3°C. field with coherent illumination of the crystal after or during
The unexpanded beam of a He—Ne laser-633 nm) the action of the fiel&, (depending on the chosen procedure

with 1/e-diameterd=0.8 mm served as the pump beam andl or 2 as a single iteration of the corresponding repoling

was directed normal to the larde)—(c) face of the sample. procedure. If it is necessary, more than one iteration can be

Extraordinary light polarization was chosen. The beam intenperformed to complete the crystal repoling.

sity was set td ;=70 mW/cnt to prevent nonlinear effects

other than light-induced scattering that might influence outj||. EXPERIMENTAL RESULTS

measurements. The absorption coefficient of the sample was o ] )
measured to 4 cit. When SBN is illuminated by the laser beam, a bright

The light-induced scattering pattern is usually observedliffusive strip of scattered light forms behind the crystal,
on a screerinot shown in Fig. 1placed behind the sample. reaching a steady state after a duration of 15 min under the

To measure the angular intensity distributibgd.) of the chosen experimental conditions. The polarization of the scat-
S.

scattering pattern, a photodetector PD was mounted onto tgrgd light is equal to that_of the incom_ing laser Iight. T_he
motorized rotation stage at a distancelot 5.5 cm behind main part of the scattered light appears in the negative direc-

the sample, allowing to meastirg 6,) along the polac axis t|o_n of the(_: axis of the crystal, which coincides with tlze
in the angular range of 90°< .< +90° (measured in ajr axis (negative scattering angleks), when no external elec-

Positive and negative scattering angleorrespond to scat- tr||c f|elg IS applled. The app!lcla'tlon OE°: ;ShS I;V/cm f
tered light having positive and negative projections of the®°Ng thez axis caus$s a spatia mverfpn of the eam fan-
propagation vector on theaxis, respectively. Abs=0°, the ~ N'N9 (refered to as fo_rwarq reverse_ll in the follownjg_

photodetector crosses the pump beam directly behind th _ost of the scattered light is now directed to the positive

crystal, resulting in an intensity peak. The photodetector ap—E're_Ct'o?l of thgzbaxi(fosmve_:t_scattelrmg atr;]gI@l;). Wr}en .
erture limits the apex angle of the measured light to 0.5°.~° IS changed back 1o posiive vajues, the beam fanning

The entire setup was enclosed in a black keat shown in switches back to its initial distribution “backward reversal”.
Fig. 1) with only a small opening for the entrance of the \(;\i/f?efrzl:\rt]ld itpgtBtlZeiss?I?JIri:n;et\é?jrsglh%fr t:jﬁm fa:)r;n;r;?erotcr::grs
pump beam to minimize the noise from external light rently . 9.

sources application of external fields. Furthermore, it is remarkably

To apply an external electric fielfl, to the sample, the different in the ferroelectric phas& € T.) and in the relaxor

. . regime T>T,):
surfaces normal to the polar axis were covered with conduct- 9 T=>Te)

ing silver paste and connected to a dc power supply. Field ;

applied in the same direction as during the poling procedureﬁ' Ferroelectric phase  (T<T)

are considered as positive, while fields applied in the oppol. Simultaneous action of E , and coherent

site direction are considered as negative. From the photord/umination

fractive hysteresis experiment performed at room tem- The experimental results of the beam fanning reversal

perature’® the coercive field in the sample was measured taneasured al =47 °C using procedure 1 are shown in Fig.

E.=—1.5kV/cm, while total reversal of the spontaneous2(a). The bold curvea is the intensity distribution measured

polarization was observed at 3 kV/cm. Therefore, E, before a field is applied. The peak &=0° is the intensity

==*3.5kV/cm was chosen to perform the repoling procesf the transmitted pump bearhy(6;) shows a strong spatial

in our experiments. When applied, the magnitlleis es- asymmetry: the broad maximum is located at negative angles

tablished in 40 s in steps of 0.175 kV/cm with a lag time ofaround 6;~ —20°, while at positive anglek; is extremely

2 s between the steps. This time is short enough to negletdw. Curve b represents I4(6s) measured at E,

the impact of screening fields, induced around the beam, os —3.5 kV/cm. The light distribution is spatially reversed,

the dynamics of repoling processes. The screening fields mago that the maximum is now found &~ +20°. The total

affect the scattering distribution at small angles only in thescattering intensity calculated over the whole beam fanning

steady state, because of additional changes of the refractiy@ofile increases after the reversal procésswever, due to

index on the border of the illuminated area. Two differentthe logarithmic scale in Fig. 2 the difference between curves

procedures to apply the electric field and coherent illuminaa and b is not remarkable Note that the angular interval

tion to the crystal were used. corresponding to the intensity of the transmitted pump beam
Procedure 1. Simultaneous action of external field ands excluded from the calculation of the total scattering inten-

illumination: The crystal is continuously illuminated by the sity. Obviously, application of the external field using proce-

pump beam, while the external field is applied and raised talure 1 allows a prompt and effective reversal of the beam

the amplitudeE, . The field remains applied during the mea- fanning. Figure ) showsl(6s) when a positive external

surement of the angular distribution of beam fanning. field is applied afterwards: cunkeis taken from Fig. Pa) for
Procedure 2. Separate action of external field and illumibetter comparison, curve) is the beam fanning profile mea-

nation: The external fielé&, is applied to the unilluminated sured atE,= + 3.5 kV/cm, and curvel (greyscaleg shows

crystal for 10 s and then switched off. After a relaxation timel¢(6s) measured aE,=0 kV/cm after curve(c). Scattering

of about 1-2 min, the crystal is illuminated by the pump maxima on curvesc) and(d) are found at the same angular

beam. position as on curvéa), but twice higher in intensity. The
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FIG. 2. Angular distribution of scattered light showing the beam fanning FIG. 3. Angular distribution of scattered light showing the beam fanning

reversal in SBN in the ferroelectric stat€< 47 °C) performed accordingto  reversal in SBN in the ferroelectric staf€< 47 °C) performed according to

procedure 1a) E,=0 kV/cm; (b) forward reversalE,= — 3.5 kV/cm; (c) procedure 2(a) E,= 0 kV/cm; (b)—(d) first, second, sixth iterations of for-

backward reversak,= +3.5 kV/cm; (d) E,=0 kV/cm. ward reversalE,= —3.5 kV/cm; (e)—(g) first, second, sixth iterations of
backward reversak,= + 3.5 kV/cm.

total intensity measured in curyd) is only marginally lower

than in curve(c). Hence, the reversal of beam fanning to its tures improve after repeated performing of procedure 2. Af-
initial state is as effective as the forward reversal. Furtheter the sixth iteration)¢(6;) finally becomes symmetric to
application of negative and positive external fields causegrofile (a). The same is true for the backward reversal, when
replicated forward and backward reversals; however, the alihe intensity distribution is gradually switched from profile
solute value of the maximum scattering intensity is no longerd) to profile (g) (greyscaledlin Fig. 3(b). Again, a complete
increased and remains the same as for c@ecyeln addition  reconstruction of the beam fanning is reached only after all
to the broad maximum of the scattering distribution, theresix iterations: profilglg) in Fig. 3(b) is identical to curvea)

are additional small peaks @t~ *+3° in the data set ob in Fig. 3(@. One should note that the increase of the scat-
andc, i.e., they appear only if a nonzero external field istered intensity after repeated applicationgfwas observed

applied. only if every application ok, is followed by an illumination
of the crystal. ApplyingE, six times without intermediate
2. Separate action of E , and coherent illumination illumination of the crystal has the same effect as a single

plication, resulting in curvéb) [or (e)].

In summary, a fast and effective spatial reversal of the
photorefractive response in SBN is possible by the applica-
tion of high electric fieldsE,>E_ together with coherent

The properties of the spatial reversal of the scattering*P
distribution are changed E, is applied to the unilluminated
sample (procedure 2 It turned out that complete spatial

switching of beam fanning does not occur after the applica e e _ ) _
tion of a negative electric field. Procedure 2 had to be relllumination. An application of external fields without light

peated to reach a complete scattering reversal with respect fPoSure allows a gentle operation with the efficiency of the
the amplitude of the initial scattering distribution. Several"€Versal processes.

iterations of the forward and backward reversals are shown

in Figs. 3a) and 3b), respectively. The bold curve is the ~ B. Relaxor regime (T>T,)

initial intensity_ dis_tribut_ion of the beam fanning. The first, The response of the beam fanning on the repoling pro-
second, and sixth iteration of the forward reversal process argqyres 1 and 2 has also been studied in the relaxor regime at
given by the angular profileg), (c), and(d). Respectively, T_57°C. HereT>T,, but the crystal still possesses a non-
the profiles(e), (), and(g) are the first, second, and sixth zero macroscopic polarizatioR (Ref. 25 and shows a
iterations of the backward reversal. A comparison of the progrong photorefractive effect.

files (a) and(b) shows that the direction of the beam fanning

is reversed although the external field is applied to SBNL. Simultaneous action of E , and coherent

without simultaneous coherent illumination. However, thefllumination

total scattering intensity as well as the spatial asymmetry of At T>T., the scattering is sensitive to the sign B

the scattering distribution is considerably reduced. Both feaand exhibits both forward and backward reversaEjf is
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scattering angle 65 , deg. reversal in SBN in the relaxor regimd €57 °C) performed according to

procedure 2(a) E,=0 kV/cm; (b)—(d) first, second, sixth iterations of for-
FIG. 4. Angular distributions of the scattered light showing the beam fan-ward reversal E,= — 3.5 kV/cm; (e)—(g) first, second, sixth iterations of
ning reversals in SBN in the relaxor regim€&=57 °C) performed accord- backward reverset,= + 3.5 kV/cm.
ing to procedure 1.(a) E,=0kV/cm; (b) forward reversal, E,
=-3.5kV/cm; (c) backward reversal, E,=+3.5kV/cm; (d) E,
=0 kviem. evident from Fig. 5 that a complete scattering reversal is no
longer achieved. Even after the sixth iteration, the total scat-
tering intensity amounts only to 20% of the intensity mea-

applied to the illuminated crystal. The sequence of the ex .
sured in curvga).

perimental curves in Fig. 4 is the same as in Fig. 2. An
analysis of the data shows that the scattering reversal with

procedure 1 in SBN in the relaxor regime is as effective as atv. DISCUSSION
T<T,.: a complete reversal is achieved with only one itera-
tion. Figure 4a) shows the forward reversal caused by a
negative electric field: the bold curfa) is the angular pro-
file before the reversal, and curgg) is the intensity distri-
bution atE,= — 3.5 kV/cm. The backward reversal is shown
in Fig. 4(b): curve (b) is taken from Fig. 4a), curve(c) is
measured atE,= +3.5kV/cm, curve(d) (greyscaled is

To explain the observed differences in the behavior of
the beam fanning reversal, we must take into accqdnthe
dependence of the photorefractive properties of SBN:Ce on
its polar structure(2) the evolution of the polar structureTf
approached; (3) the source for initial scattering that seeds
the beam fanning, and the dependence of the seed scattering

d aE. =0 KV/ f A _ ¢ on external factors such as electric fields and coherent illu-
tmheasurfﬁ o Ei c;n aderArcuhrve(c);[h tcotmpar'slfnldoth mination. The following discussion takes these consider-
e profiles(a) in Figs. 2 an shows that at zero fie € Jtions into account.

increased temperature causes a decrease of the total scatter- Beam fanning is a kind of light-induced scattering and

'ng |Ir|1tenS|ty,| a; Wf?”é‘ S fg accu&nu!aﬂon o;fsc?ttered I'glht a{herefore a typical photorefractive phenomenon. It is initially
sr%a er angfzjg S* f 0" res?'l s In-an efiec |v?‘§mgLijar seeded by diffraction or refraction processes of the incident
widening of beéam fanning profiies see, €.g., curtegsan beam at optical inhomogeneities in the crystal volume. Be-

(b) in I_:ig. 4(6.‘)' and curves(c) ant_:l (d)_ in F_ig. 4b). The low, we follow the model of scattering centers in SBN as
scattering shrinks back when the filg is switched offl (d) local anomalies of the index of refractiatn located at do-

in Fig. 4(b)]. main walls* Nano- and microscale electric fields, inherent
_ o to SBN®2” and actually responsible for the existence of a
2. Separate action of E , and coherent illumination rich variety of bulk ferroelectric domains in the crystaf®

Figure 5a) shows the forward beam fanning reversal give rise to the refractive index changéa via the linear
when the external field is switched off before the sample islectro-optic effect. These changes appear to be most effi-
illuminated (procedure 2 The bold curve(a) is the initial  cient at domain tips. The siz& of ferroelectric domains in
angular profile, the curvel), (c), and(d) showl¢(6,) after ~ SBN varies in the range of dozens of nanometers to dozens
the first, second, and sixth application®f=—3.5 kV/cm.  of micrometer$>*° Thus, the polar structure can be consid-
Figure §b) illustrates the backward reversal: curi@ is  ered as a large number of sequences of domains distributed
Is(0s) taken from the previous set, angular profiles (f),  more or less regularly in the direction of theaxis. Accord-
and(g) (greyscaleglare measured after the first, second, andng to our model of seed scatteringn anomalies located at
sixth applications ofE,=+ 3.5 kV/cm, respectively. It is tips of domains of the same size form a periodic sequence of
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FIG. 6. Angular distribution of the coupling strengt#) and the seed scat-
tering intensity(b) extracted from the beam fanning profiles in Fig. 2.

scattering centers with the corresponding spatial period
and result in the diffraction of the intensity, from the
pump beam at the angig=2 arcsin[\/(2A)]. Diffraction
at sn-structures with largeA is characterized by smaller
scattering angle®s, whereas structures with small will
result in large angle®s. It is also expected that perfectly

aligned domain sequences result in well-ordered refractive |_ g )= /I %%
S s

index structures and in stronger seed scattelripg whereas
the scattering originating from irregulé@n structures located

on disordered domains will be less effective. In our recent
investigations of the beam fanning hysteresis in SBN:Ce
(Ref. 14 we found that seed scattering in incompletely poled
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coupling with the pump wave, whereas depletion takes
place for+ 6,>0 (+c direction. On the exit surface of the
sample is given byI§03=Isoexp(iFI). The product’l is
usually called coupling strength, whetéis the coupling
coefficient andl is the effective interaction length of seed
and pump wave. A square-root product IcgfﬁS and ISH’S
gives the intensityl;, equal for the two symmetric seed
waves, while their logarithmic ratio gives the corresponding
coupling strength:

@)
1%
Ii—g) . ®)

Figures §a)—9(a) and &b)—9(b) show the angular de-

1
|I‘(0S)|I=§In<

samples and in samples with a large amount of 180° domainsendence ofl’l and I, for 6,<0, respectively, obtained
is much weaker than in perfectly poled SBN with ferroelec-from thel () profiles shown in Figs. 2—5. For easier iden-
tric domains aligned in one direction. The deep minimumtification, thel'l andl, curves are labeled identically to the

exhibited by the seed scattering Bt=E_, i.e., when the
domain order is totally broken down ari=0, is proof for

corresponding origindlg profiles.
Before we start the particular analysis of changes in

our model assumption. It should be noted, however, that th€(6,) andl.,(6s) resulting from the repoling procedures 1
total intensity of the scattered light also depends on the sizand 2, we should consider some general relations between
of the electro-optic coefficients: The sharp drop in transmitthe polar structure and the beam fanning. The coupling co-
ted intensity observed at temperatures near the phassficient is proportional to the electro-optic coefficiert:

transitiort” is due to this increase of, which counters the

«r 33, Which in turn depends on the macroscopic polarization

effects of a decrease of the seed scattering due to thermpl:®

domain disorder.

The process of writing holographic gratings with the in-

cident beam(pump wavep) and the seed scatterigeed

r33=2033Pse 3380, (©)
where g33 is the quadratic electro-optic coefficier®Rs>0

wavess) and the amplification of the scattered light is de- when the projection of the vect®; on thez axis is positive,
scribed in great detail in Refs. 14, 17, and 21. According tcand P,<0 otherwise. Thus, the absolute value Bf de-
the spatial alignment of scattering centers in SBN along thecribes the efficiency of amplification of seed scattering,
polar axis, it is sensible to assume a symmetric distributiorwhile its sign defines the direction of amplification and

of the seed scatterints, in =c direction: I 4(— 6s) =14,
(+6,). Seed waves propagating at scattering angtes

thereby the spatial orientation of the beam fanning. When the
direction of Py is inverted by applying an external electric

<0 (—c direction are exponentially amplified due to beam field E,>E., I' changes its sign, resulting in the spatial
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of SBN results in a disturbance of the regular sequences of
scattering centers. These two reasons should cause a de-
crease of the seed scattering, as well as it may change its
angular distribution. Hence, variations in the polar structure
affect bothl, andI’, and finally changes the beam fanning.

At the same time, we have to remember that free electrons
excited by coherent illumination play an important role in
ferroelectricd! and particularly in repoling processes by
modifying local electric fields in the crystal bulk.

coupling strength I'/

}_

o
1]
8
]
&
o
©
o

A. Ferroelectric phase (T<T,)

At T=47°C, SBN is in the ferroelectric phase. The po-
lar structure of the poled sample consists of domains aligned
10° in one direction. Strong cooperative interaction guarantees
stable alignment of domains. A single application of an ex-
ternal fieldE,>E, to the illuminated SBN results in an im-

a B mediate spatial forward and backward inversion of the beam
fanning, depending on the sign of the electric fi¢kke
curves(a) and(b) in Fig. 2(a) and curvegb) and(c) in Fig.
2(b)]. At the same time, an application of the field to the
unilluminated crystal results only in a partial reverfs¢e
curves(a) and(b) in Fig. 3(@ and curvedd) and(e) in Fig.

FIG. 8. Angular distribution of the coupling streng@ and the seed scat- 3(b)]. These peculiarities can be explained by different
tering intensity(b) extracted from the beam fanning profiles in Fig. 4. changes of the spontaneous polarization achieved in SBN
during repoling processes 1 and 2.

Using procedure 1, the crystal is illuminated by coherent
light during the action of the external field. First,Bf, <O is

max

SO

T T T T
—~
O
N

Lo

T T TTI]
Lol

10%

seed intensity lso/I

Ll

T TTTTI

o
1
W
o
'
2]
o
)
©
o

scattering angle 6 , deg.

inversion ofl¢(6s). An imperfect domain inversion and for-

maticl)'n of 180;[ domgins, Whichhoccgrs Iin SB'\lI duri;?dtheapplied, a part of the ferroelectric domains in the crystal
repoling procedure, decreases the absolute valuéy volume flip following the direction of the field, but some

;33’ _respectlvell(y. AZ z;rdesulﬂ,“ IS redulced anoll the beam domains, locked on local electric defects, will retain their
anning is weakened. A decreaserg also results in a re- jiia) orientation. If the crystal is illuminated, electrons are

duction of on an_om_alles induced by mtern_al electric _f'e"?'s hotoexcited from negatively charged centers, migrate in the
located at domain tips. Moreover, the partial depolarlzatlorﬁrystal due to thermal diffusion as well as drift under the
field E, and are trapped on positively charged centers, lead-
ing to a compensation of local fields. Both processes of pho-
toexcitation and trapping will lower potential barriers lock-
ing domains on defects, until the external field will flip the
domains. The number of 180° domains should also be con-
siderably reduced in this process. The refined polar structure
causes a larger coupling coefficiefitand a stronger seed
scattering. Both results are illustrated by curi@sand(b) in
Figs. 6a) and 8b). The absolute values dfl in curve (b)
are higher than on the initial curv@), but lower than in
curve(c). This shows that an application Bf,>0 results in
0 -30 -60 -90 a further refinement of the polar structure. Small differences
e between curvegc) and(d) mirror the increase oP induced

1 by E,: it vanishes after the field is switched off. The,

(b) o . i
curves show a similar behavior. The fact thatlg}lcurves in

Fig. 6(b) converge at small scattering angles allows us to
suggest, in particular, that large-scale domains are aligned
with high regularity by the application d&, .

One observes a different repoling behavior when using
repoling procedure 2 instead of procedure 1. The partial in-
~ version of the polar structure observed after the first iteration
0 30 60 90 of process 2 can be explained as follows: WHey»>O0 is
applied, most ferroelectric domains change their spatial ori-
entation, but some domains remain locked by strong local
FIG. 9. Angular distribution of the coupling strengt® and the seed scat- 11€ldS and do not reverse their orientation. Posterior coherent
tering intensity(b) extracted from the beam fanning profiles in Fig. 5. illumination compensates the local fields by photoinduced

[ TR & T

coupling strength T'/
o
T T ] T T l T T ] T T

r Q.
1

max
so
3
&
T

Ll

2
&
T

seed intensity lso/I

Lol

-
Q
X

scattering angle 65 , deg.
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charge carriers, resulting in a lower potential barrier of thelarge angle9s. The last effect is apparent from a compari-
domains, but it does not invert their orientation. Therefore, son of curve (a) (E,=0kV/icm) and (b) (E,
considerable reduction of scattered light is obsengggdhas =—3.5kV/cm), or (¢) (E,=+3.5kV/cm) and(d) (E,

to be applied again to switch further domains. The drastic=0 kV/cm) in Fig. 8b). The large slope of curvei@) and
difference in the results of beam fanning reversal obtained byd) starting at 6;=18° indicates that clusters with\

the sixfold application of the external field with and without <2 um are thermally disordered &,=0, while the spatial
posterior illumination after the action &, unambiguously alignment of clusters with larger dimensions is not affected.
proves that, in our case, the coherent illumination is not onlyThe changes in the angular behaviorldfdue to the exter-

a method of observation, but also a means of assisting theally applied electric field agree with the corresponding
repoling procedure. changes in¢,. Figure 8a) shows that the polar reversal at
The sharp submaxima observed in Fig. 2 at snégll T>T_., does not differ too much from that 8t<T.. The
possibly appear due to strong changes of the refractive indesomplete inversion of the polar structure is confirmed by

induced by screening fields on the border of the laser beandifferent signs and mutually symmetric shapes of profiles

These screening fields are formed owing to the drift of pho{E,= —3.5 kV/cm) and(c) (E,= + 3.5 kV/cm) ofI'l in Fig.

toexcited electrons along the direction of the external field8(a), and by the corresponding profiléb) and (c) of I,

and the trapping of electrons on the border of the illuminatecshown in Fig. 8b).

area. The separate actionE®f and illumination in procedure The situation changes if the beam fanning reversal is

2 provides nosn anomalies on the beam edge and no sharperformed without illuminatior{procedure 2 Here, the re-

submaxima near the transmitted beam in Fig. 3. poling entails a strong reduction of the total scattering inten-
sity because of dramatic changes in the spatial order of di-
pole clusters. The new polar direction establishedEly 0

B. Relaxor regime (T>T,) remains stable only as long as the field is applied to the

At T>T., the cooperative interaction between the localCrystal. In addition to a chaotic impact of the thermal disor-

(o] .
dipoles is overcome by growing thermal energies, resultingl€"> the clusters are strongly affected by uncompensated in-
in a breakdown of the domain structure into polar cluster ernal fields trying to reverse the polar structure into the state

stabilized by short-ranged random fields, causing a nonzergPserved before the spatial reversal. The lack of free elec-

macroscopic polarization. The cluster structure slowly van{rons allows no compensation of these fields, which would

ishes with increasing temperature, until a macroscopic po|a§tabilize the clusters in the reversed positions. Most mobile
structure can no longer be observed Ta+90°C. At T domains settle back immediately after the field is switched

=57°C, the temperature used in our experiment, our sampl@f: With a larger likelihood for small domains to return to

is already in the relaxor regime, where only dipole clusterdhe initial state. This backswitching disturbs the order of the

exist. polar structure and breaks the regularity in the corresponding
The actual temperature of domain disordering depend§equgnces of the scatter.ing center;, re;ulting in a strong sup-

on the dimension\ of the domains: smaller domains disor- Pression of seed scatterifigurve (b) in Fig. 9b)], a reduc-

der and vanish at lower temperatures. The disorder and dec&n of Ps andT" [curve (b) in Fig. 9(@], and, consecutively,

of the polar structure of the dimensioh should correlate & Weakened beam fannifigurve (b) in Fig. S@)]. Complete

with the rise of irregularities in scattering structures associf€versal of the polar structure is impossible using procedure

ated with the period\, and result in the strong reduction of 2: Even after the sixth application &,<0, neitherI'l nor

seed scattering at the correspondihgangles. Since small- I s, reaches the valges gch|eved before the repoling process

scale structure@larger 6, angles disorder and decay earlier [CUrves(@ and (d) in Figs. 9a) and 9b)]. The posterior

than large-scale structurésmaller 6, angles, the scattering aPplication ofE,>0 does not improve the situation, but re-

maximum will shift from larger to smaller angles with in- Sults in further disordering: Thi-profile (g) in Fig. (b is

creasing temperature: compare curvasin Figs. 2a) and ~ €ven lower than profilgb), and profile(g) of the coupling

3(a) (T=47°C) with curves(@) in Figs. 4a) and 5a) (T strengthl’l in Flg. 9a) amounts |n'tr.1§ maximum only to half

—57°C), all measured at zero field. However, application of"€ corresponding value on the initial profiia).

E, reestablishes the polar structure and restores the initial

I(6;) distribution. AtE,=0, thermal disorder again sets in,

and the maximum of(6;) is again shifted to smaller scat- \, conCLUSION

tering anglegsee curvedd) and (c) in Fig. 4(b)]. In this

temperature range of thermally unstable polar clusters, the To reverse the orientation of the polar structure in

process of beam fanning reversal may very well differ fromSBN:Ce, procedure 1 is significantly more effective than

that in the ferroelectric phase. procedure 2. Simultaneous action of high external fields with
If the repoling is performed under illuminatiaiproce- illumination ensures the complete repoling of SBN in only

dure 1, E, aligns dipole clusters along one preferential di- one iteration and essentially refines and stabilizes the polar

rection. The reestablishment of the polar order improves thetructure both at>T, and atT<T_.. Separate and consecu-

regularity of the scattering centers, particularly for small-tive action ofE, and illumination results in a gradual step-

scale structures. This results in an increase of the averagdxy-step domain reversal in the ferroelectric phase, while it

values of the macroscopic polarizatithand I', and in a causes a significant spatial disorder in the polar structure in

considerable enhancement of the seed scattering intensitiestae relaxor regime.
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