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scanning electrooptic microscopy provides optícal imaging of surface ferroelectric po-
lariTtttion pattems by measuring modulation of the output opticàl signal induced by a
sinusoidal electric field. Ferroelectríc single crystals and inhomogeieous plnse tran-
sitions in fercoelectric thin films w-ere investígated by this technique. Heie we report
investigation of the domain structure in relaxor materials. We havi observed.formatíon
and evolution of microscopic domains under the actíon of a dc bias electríc field. Fur-
thermore, the local electrooptic switching loops have been measurecl wíth iub-micron.
resolution. Features of electrooptic imaging in ceramic samples are also discussed.
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Optical microscopy, being for decades a tool of choice to investigate ferroelectric
iii,.:,: , domain structure, suffers lack of diirect coupliing between ferroelectric polarization and

;1.,f,,. 
r.neasured parameters. Birefringence, used generally to distinct ferroelectric domains, is an

.r5,.. wen effect and gives no contrast between antiparallel domains in many important cases. To
Éli,ll'.pv"."o-e this obstacle the use of a modulation principle can be decisive. though artificiat
,i.ìii,ji.ìl.rl'electrooptic contrast between domains indrrcerì hv a nrohe elecrrie fic'lrt ic t nn.,,- r^- ^ r^-^;-. :]*r::ptic contrast between domains induced by a probe elecrric field is known for a long

- . Pt ttl' its effective use became possible only recently with general development of scanl
,1',,-..-. ,nlo8 techniques [2]. Scanning confocal or near-field optical microscopy with electrooptic
itl,!:1i.,:,m^,L,r^+:^- L^^ L^^- ^,-,-r:, -r r.modulation has been applied effectively to visualize the domain structurl in classical ferro-

,;,,,$ct l" crystals like BaTiO3 and LiNbò3, or TGS [3-5] and in ferroelectric thin films [2, 6,
i=.',rj, tò -"urur" local tuningioop, 1i, s, ér, 

""dì" ;;Jù;i;;;;;;;;r.^i;, bi.
1'.'.',..Ttiit'pup"t is devoted to investigation of the domain structure and its evolution in another
,:l rlnportant class of electrically ordered materials - relaxor crystals and ceramics.
.:..',, fne experimental setup is similar to the prototype described in [3]. The scanning elec-
,#olti" r"tcroscope (SEOM) has been constructed uiing the 

"onfo"uì 
p*ciple in reflection

ftjiso1" A high numerical apefiure (NA : 0.8) Nikon 50i objective ls dttea by light of a633uJ LL5trL ur 4 UJJ

f';;;! tu'ttt passed through a beamsplitter. a spatial filter, and a beam expander. The raster
Íiit:lqaoryog is performed by a perpendicular pair of galvanometric mirrors placed before the
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Figure 1. Optical (a) and electrooptic (b) images of the domain structure in a barium titanate single

crystal.

objective. The light reflected from the crystal surface passes back through the objective

and spatial filter to be registered by a high frequency Nirvana photodetector. Both ac and

dc electic fields can be simultaneously applied to the crystal by specially designed high

voltage amplifier. Scanning and data acquisition are managed with a commercial Burleigh
AFM controller. Both optical (dc signal) and electrooptic (in-phase ac component from

a lock-in demodulator) pictures are acquired during the same scan. The optical testing of
the microscope has been performed with a commercial square metal mesh for transmission

electron microscopy; spatial resolution measured at a sharp edge is about 0.55 microns.

Figure 1 illustrates the performance of SEOM using a test sample of tetragonal barium
titanate. Pairs of stripe electrodes with spacing of about 0.15-0.3 prm have been painted

on the crystal surface with a silver paste at arbitrary angles to the crystallographic axes

and powered with the ac voltage (10 V 16 kHz). The laser spot is scanned across the area

between the electrodes. The optical image corresponding to the spatial map of the dc signal
from the photodetector is shown in Fig. I a. No domain structure is seen in this optical image,

and the only visible inhomogeneities are various surface imperfections. The electrooptic
image corresponding to the spatial distribution of the in-phase ac signal is shown in Fig. 1b.

Distinct regular stripe domains can be seen in this image due to opposite sign of their
electrooptic response. Bright stripes correspond to in-phase intensity modulation, while
electrooptic signal in dark areas has the phase shift of 180' with respect to excitation. Note

that the non-ferroelectric features on the surface are much less visible in the electrooptic
picture.

We have studied spatial distribution of ferroelectric polarization in two model relaxor
materials, namely, (1 - x)Pb(Mgr7:Nbz7:)O: - xPbTiO3 (PMN-PT) crystals with compo-
sition x :0.25, and Pb(Zr,Ti)O3 ceramics (60VoZr) doped with La(77o) and Nb (PLZTN).
The relaxor materials, wideiy studied for decades due to their outstanding dielectric and

piezoelectric properties, are expected to contain tiny nanoscopic domains or clusters ca-

pable to develop into larger microscopic domains with cooling or with application of a

sufficiently high electric field. While observation of nanoscopic domains in the relaxor
state with SEOM needs high resolution near-field equipment and is still to be performed,

a microscopic stage of the domains evolution during transition into ferroelectric phase is

attainable with diffraction-limited confocal SEOM [0].
The electrooptic image of the PMN-PT crystal before any electric treatment shows f'ull

absence of any macroscopic domain structure (Fig.2a); in other words, the úIc signal is null at

any point. This result conelates with the earlier piezoelectric force microscopy observations
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3: of PMN-PT of similar composition, where only separate nanoscopic domains much smaller
:,. 

than the optical wavelengah were found [11]. Averaging through the diffraction-limited

fli;,,,:resotution area cancels out possible contributions to the electrooptic signal from separate

É3t:,,,:nanodomains'

#;rt,.,-,,, W" have observed, nevertheless, that application of moderate dc fields induces irre-

Fi;;:.:.-versible formation of microscopic, electrooptically active regions throughout the crystal'

s..ii'fig*"r 2b-d show the electrooptic pictures after application and variation of the dc bias

,+r,.. . ,voltage producing an in-plane electric field on the (001) surface. Numerous regions of both

::,, positive^(bright aieas) and negative (dark spots) electrooptic response can be seen, as well

fri;tt, às areas with low or null electrooptic response. As known from previous SEOM experience,

;!.., such regions can correspond either to local paraelectric state or to special direction of fer-

i: , roelectr]c polarization [g, g]. Some of the areas in the electrooptic image can be linked to

,., .orr"roonàin* structural features seen in the optical image, too. However, most feroelectric

i domaùs, weil resolved in the electrooptic mode of observation, have completely similar

i, optical properties. so that they are not visible infhe dc picture. The induced ferroelectric

u.i domains are stable enough, and only small part of them change their shape or size during

.{tìr; 
ì variation of the bias voltage from -100 to 100 Volts and back. The electrooptic contrast,

íi,li.. ,1to*"u"., is essentially weaker at lower bias field.

o4r*í,,.,' , ' The behavior of Àe local fenoelectric polarization, described above, has been obtained

$;l.i,,t.for" (001) crystal plate. A different sample orientation, namely, plate normal to the (111)

*iii:..,.,pi.uOo"ubic axis, shows qualitatively similar electrooptic response: no ac signal has been

$:li;,.observed from the virgin crystai, while application of the electric dc bias field induces

f,;i-,.stabte, distinct electrooptic domain structure. The shape of the domains in this case is a

$jj1,::1,1itt1e bit differenr comparing ro (001) samples, featuring elongated domains, often adjacent

ffi'tóti*ilu, stripe of opposite sign. This is visible in Fig. 3 that illustrates the changes of the

ft,;,:.: domain struclure r"*ul"d in ac modefor the (111) plate during application and variation of
!rt. .

*lii'
.fii lr'i

lt'#'
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Figure 2. Electrooptic images of a (001) oriented PMN-PT crystal (a) before application of a dc bias

nef<f; (b) in presence of a dc voltage of -50 V; (c) +SO V; (d) 0 V'
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Figure 3. Evolution of the domain structure in a (1 1 1) oriented PMN-PT crystal during application

and variation of the extemal dc bias voitage: (a) +35 V (b) +70 V (c) +100 V (d) +?0 V, (e) 0 V
(0 -35 Y G) +:S V (h) +ioo v.

the extemal dcbias field. There is no electrooptic response from an as-grown sample even

when a low bias voltage is applied (Fig. 3a). The domain structure begins to arise starting

from some critical voltage (Fig. 3b) and becomes stable in a higher field (Fig. 3c). Stability

of the domain pattern is proved by decreasing the bias voltage back to its previous value

(Fig. 3d) and further to zero (Fig. 3e). Reversal of the field sign results in minor changes
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of this domain structure, mainly in orientation of the stripe domains and overall decrease

of the electrooptic contrast rFig. 3fl. This new structure retnains approxima{ely unchanged

down to -100 Volts and back to positive values (Fig. 3g), where the pattern "written" by

high positive voltage reappears (Fig. 3h).
. 

: 
- 

The electrooptic response produced by ferroelectric domain of a certain orientation can

'be determined considering the electrooptic tensor [3]. The PMN-PT with composition x :
: 0.25 it placed near the boundary between the (macroscopically) pseudocubic m3m phase,

giving no linear electrooptic effect, and the rhombohedral ferroelectric and electrooptic
,:1r, phus". The latter group is the same as for iithium niobate already studied with SEOM.
,'However, numerical analysis performed in Ref. [3] can not be applied to PMN-PT directly.

r Èirst, electrooptic constants of PMN-PT are expected to be much different from those of

LiNbO: ; only mixed "effective" constants have been obtained for several compositions [ 12] .

.Second, the simplifiedtwo-dimensional analysis [3] is validonlyforcrystalplates containing

.'the fenoelectric axis in its plane, that is, in our case, for (110) or (112) samples. For other
I 
orientations, including our (001) and (1 1 1) plates, the quantitative analysis becomes three-

'dimensional. Quaiitative explanation, however, can be given for both observed electrooptic

,contrast and switching behavior.

: : Both (001 ) and (1 1 I ) samples can bear ferroelectric polarization at some angle to the
, surface oniy. The surface in-plane electric field, used in our experiments for both inducing

ferroelectric polarization and its visualization through linear electrooptic effect, aff'ects

mainly the in-plane component of polarization.It is the value of this angle which provides a
:differencebetween (001 ) and (1 11) cases. Thereareeightpossibledirections offerroelectric
ipoìarization having the same angle with a (001) plane; their in-plane components differ by
:' angles 90' or 180" between them. The out-of-plane component of polarization is large, but

not sensitive to the field. The in-plane electric field applied at an arbitrary angle will affect

one pair of domains more than the other one (like for mixed 90"/180' domain structure
:intetragonal ferroelectrics) making the whole domain pattern "harder". Combined with a
' relatively small driving f,eld component, we can expect weak response to switching field in
l{001) samples as observed. As forthe electrooptic signal, the large out-of-plane ferroelectric
::component should have finite, but rather small contrast in presence of an in-plane field,
'similar to out-of-plane regions in thin films [9].
. :1 The eight directions of fer:roelectric polarization in the (11 I ) sample are not equivalent:
there is one pair normal to the surface (not affected by the in-plane field) and six other
directions lying very close to the surlace plane with 60' symmetry. The in-plane switching
between them is much easier comparing to the previous case. The electrooptic contrast in
this configuration is high (and its tuning is asymmetric), similar to in-plane domains in
ferroelectric films [9]. This is also in good agreement with our experimental data (Fig. 3).

'lswitching cycle" is bighly asymmetric. The principal reason is, of course, the presence

,ofa high bias field during nucleation and growth of the domains. This field destroys the
initial "nanoscopic" state and induces "shifted" configuration of ferroelectric polarization

,resulting in a kind of a macroscopic built-in internal bias field (like the high electric field
,applied at usual ferroelectric phase transitions). Another characteristic of this asymmetry is
the local electrooptic loop measured at a cerlain point by sweeping th e dcbias f,eld (Fig. 4a),
which is similar to the asymmetric tuning loops observed in fer:roelectric thin films just near
the local phase transition [8].

For comparison, similar local electrooptic loop measured in a PLIZN ceramic sample
is presented in Fig. 4b. It shows relatively soft ferroelectric behavior with lower width and
higher repeatability. The small asymmetry due to inhomogeneous internal built-in electric
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Figure 4. Local electrooptic loops in (a) PMN-PT crystal and (b) PLZNT ceramics'
,l

'
f,elds still can be observed. However, this effect is less pronounced in PLZTN ceramics '
comparing to PMN-PT single crystals [13]' .i

Difference between ttre two materials is even more evident in electrooptic images"':

Figure 5 shows a sequence of domain states in PLZTN during the variation *'liiÍr.t'
bils voltage. Similar to PMN-PT, there are no microscopic domains in the virginceraffia,';

sample, and they appear irreversibly with application of a moderate eiectric field' contrarl :

to the stable domain structure in PMN-PT, most of the spatial regions change the sign-'

of electrooptic response at the highest absolute ualu"s oi the applied voltage (Fig' 5a"

d), while intermediate stages of the switching process (corresponding to lower voltage) are .:

characterized by reduced electrooptic contrast (Fig. 5b, e). This is an indirect confirmation of i

the fine intermediate structure of the real domains below the threshold of optical resolution' '
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.:,?,'.i1::.:. ,

.:f *h.." r;1 - electrooptic tensor, n - optical index, E - applied sinusoidal electric probe field'

,f and angie, e and rp describe deviaiion of the electric field and of the light polarization

ji,r tt*,.r, *rp*,i.i"fv, from the fenoelectric c axis component in the plane of the surface

..:1,..::::a: .

!i.'::-:.:
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[3l.Reversaloftheferroelectricpolarizationresultsinshiftofbothangles9andrpby'1ó", 
und the ac signal changes ìt' 

'ign, 
but keeps the same absolute value' However'

chaotic angular distribution oicrystaltographic axii, typical for ceramics' combined with

continuous spectrum of angles t"tt""n tn" neld and local ferroelectric polarization' make

non-180. switching possible and even common. In this case the phase of the electrooptic

response is not anymore symmetric with respect to switching' It can be readily seen' for

example,fromFig.4bofRef.[3]:evensmallvariationsoftheangle0caninducereversal
of the electrooptic contrast, unJ Uottt black-to-white and white-to-black signal changes

can coexist at the same geometrical conditions. It is interesting to note that' for example'

tetragonal barium titanaé shows no such variety ofpossible electrooptic response (Fig' 6b

ofRef.t3])duetothefactthatonecomponentoftheelectrooptictensorismuchhigher
than the other ones. It means that, first, effect of the bilateral switching of the electrooptic

contrast should not be observed in BaTio3 ceramics; second, the SEOM images of a ceramic

material allow one to draw some conclusions about features of its electrooptic tensor even

without any quantitative measurements'

In conclusion, we have applied scanning confocal electrooptic microscopy to visualize

field-induced formation and evolution of microscopic domains in two relaxor materials -
PMN-PTsinglecrystalsandPLZNTceramics'DomainsinPLZTNalemoresensitiveto
the applied electric field, while those of PMN-PT are relatively stable, and local electrooptic

loops in this material are relatively wide and non-symmetric, apparently-due to strong intef-

nal field. The diff'erence between electrooptic images of crystals with different orientation

has been qualitatively explained on the basis of the electrooptic tensor analysis' Bilateral

reversal of the electroopiic contrast in presence of the bias fie1d has been observed and

explained.
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