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Direct Observation of Pinning and Bowing of a Single Ferroelectric Domain Wall
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We have made a direct optical observation of pinning and bowing of a single fé8@electric
domain wall under a uniform applied electric field using a collection mode near-field scanning optical
microscope. The domain wall is observed to curve between the pinning defects, with a radius
of curvature determined by the material parameters and the applied electric field. The change in
birefringence with applied field is used to infer the orientation of the internal field at the domain wall.
[S0031-9007(99)09111-5]
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Domain wall movement plays a key role in the macro-larization axis) and of 0.5 mm thickness were used. Crys-
scopic response of ferroelectrics, ferromagnets, and ferrdal surfaces of optical polish were used. The lithium defi-
elastics [1]. In particular, the pinning-depinning dynamicsciency in these congruent crystéls /[Li + Ta] ~ 0.485)
caused by randomly distributed defects and impurities isesults in large internal fields of order5 kV/mm through
of great interest, since it not only provides fundamental inpoint defect complexes. In the original single domain
sight into the physics of driven disordered systems, but igrystal, the internal field from the chemical impurities is
also of technological relevance (e.g., in ferromagnetic andriented parallel to the spontaneous polarization direction
ferroelectric based memory devices). In these materialthrough a poling process done at 6@ Crystal de-
domain wall movement can result in a complex nonlineafects such as dislocations (fewer in number) have ran-
macroscopic response, displaying significant hysteresidomly oriented internal fields. Then 18@omains are
and slow aging. While the control and manipulation ofcreated at room temperature with an external electric field.
pinning is central to enhancing properties, there is veryrhis room temperature process leaves the internal field
little microscopic and detailed information of domain wall due to the chemical impurities unchanged [9]. Therefore,
movement under applied fields. Here, we have used across domain walls studied here, while the spontaneous
polarization sensitive collection mode near-field scanningpolarization rotates by 180the orientation of the inter-
optical microscope (CMNSOM) [2] to perform direct sub- nal field due to the chemical defects remains the same [9].
microscopic investigations of domain wall movement, pin-A 20 nm semitransparent 60% At 40% Pd electrode
ning, and bowing under a uniform applied field. We
observe that domain wall motion is possible for fields
only a tenth of the coercive field. This motion is the linearly polarized
submicroscopic bending of the domain wall between pin- laser beam
ning sites. This provides direct evidence that coercive
fields reported for many ferroelectrics may correspond to
a pinning-depinning transition of domain walls [3].

Semi-transparent
metal coating

A variety of experimental techniques such as polar- A~ |
izing optical microscopy, etching, colloidal decoration,
the anomalous dispersion of x rays, scanning force mi-
croscopy, scanning electron microscopy, and transmission fiber probe
electron microscopy have been used to study static do- with Al coating
mains [3—7]. The CMNSOM [2,8] with a spatial reso-
lution around a fifth of an optical wavelength is ideally
suited for studying domain walls under uniform applied
fields. A schematic of the experimental setup is shown 1/4 ), co——
in Fig. 1. Here, light transmitted through the crystal is 1/2 ), E—
collected with an aluminum coated fiber probe (aperture ana@;er
<100 nm and maintained<5 nm from the surface) and pMT|:|
its polarization rotation is measured.

The experiments were performed on the room tempergq g 1. Experimental schematic of electroded LiTaystal

ture 3m ferroelectric phase of LiTaf Single domain with the 180 domain wall(D), associated spontaneous polar-
crystals cut perpendicular to theaxis (spontaneous po- ization (P,), quarter(A/4) and half(A/2) wave plates.
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was sputtered on the top and bottom surfaces of the crys-
tal. The bottom electrode and fiber probe are grounded.
Both positive and negative voltages are applied to the top
electrode.

In the experiment, the fiber probe is first placed and
maintained in the near fieldg<5 nm) of the crystal surface
using the shear force technique [2]. Linear polarized
light from an argon ion laser is passed through a half-
wave plate (to change incident polarization) and is incident
normally on the top surface of the crystal. The transmitted
light collected by the fiber probe at the bottom surface :
is collimated and passed through a half-wave plate and i
quarter-wave plate which are set to compensate for fiber
birefringence. The lightis then passed through an analyzer
and is collected by a cooled photomultiplier tube (PMT).
At the start of the scan, the analyzer is rotated to null the
transmitted light in a region away from the domain wall
(region of isotropic refractive index). The background
signal under crossed polarizers is measured and subtracted
from all images. A13 X 13 um scan of the crystal
surface around the birefringent domain wall is then made.

The intensityl transmitted through the analyzer to first
order is (the background subtraction above takes care of
oblique coupling of scattered light into the probe) [8]

[ = Iy[sirt ¢ sitd + coS ¢ cos o
+ 1sin2¢)sin(26) codAnkl)]. 1)

Here, An is the difference in refractive index
(birefringence) between axes parallel and perpendicu-
lar to the domain wallk is the propagation vector for
light in the crystal, and is the crystal thickness.J is
the intensity detected through the fiber in an isotropic
region of the crystal and is proportional to the incident
intensity on the top surface of the crystal. Alsg, is
the angle of incident polarization, ardlis the analyzer
direction, measured with respect to the domain wall. Use
of Eq. (1), for a giverd and ¢, and the measuretat an
isotropic regionAn = 0) will yield the incident intensity
Iy. The measured at the domain wall for the associated
0 and ¢ is used to calculatéd\n. The various¢ and 6
are used to make a consistent measurementof

Figure 2(a) is a single 18@omain wall observed with
both electrodes grounded. The incident light polarization
was 70 to the domain wall. The FWHM of the birefrin-
gentregion is 3um. The large width of the birefringence
is due to internal fields generated by defects pinning the
domain wall. The width of the birefringent region in these
samples range from less than 100 nm (instrument resolu-
tion limit) to a few microns [8]. Given that the metal elec-
trodes used do not have complete transmission and that

FIG. 2(color). CMNSOM optical signal around the T80
domain wall at applied fields of (a) O, (b}1.5 kV/mm, (c)
+2.0 kV/mm, and (d)—1.8 kV/mm. The arrow identifies
the bottom of the domain wall. The open circl& and Y

in (b) and (c) identify pinning defects from the increased
birefringence (brightness) and curvature of the domain wall.
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pinning was the object of this study, only domain walls (width and magnitude) at the domain wall was observed
with large birefringence were studied. The dark featurdo increase with increasing magnitude of the applied field.
1.0 wm from the right and 5um from the bottom is due This asymmetry in domain wall motion with voltage po-
to a defect in the electrode which can be used as a positidarity is consistent with the internal electric field orien-
reference. From the reproducibility of optical features ontation which is parallel (antiparallel) to the spontaneous
repeated scans of the same region, we estimate the regmlarization to the left (right) of the domain wall. This is
lution to be of order 150 nm. Next, voltages in stepsconsistent with measurements in Ref. [9] where a coercive
of +100 V are applied to the top electrode. Figure 2(b)field of 21 kV/mm (11 kV/mm) for domain movement to
shows the optical signal corresponding to the domain walleft (right) was found for similar samples.

at an applied field of+1.5 kV/mm. The bottom of the From the profile of the pinned domain wall in
domain wall (shown by arrow) is observed to have movedrigs. 2(b) and 2(c), we approximately estimate the
a distance of 3Jum. Figure 2(c) is the optical signal at domain wall energy based on a simple 2D model shown
an applied electric field of-2 kV/mm. From Figs. 2(b) in Fig. 3 (a detailed analysis based on the Landau theory
and 2(c), we observe that the domain wall has not movewill appear elsewhere). Let = g(x) represent a domain
but appears to be pinned at two points (shown by opemall between two pinning siteB;(0,0) and P,(d, 0) such
circles X andY). The pinning points are identified by that g(0,0) = g(d,0) = 0. Under an externally applied
their increased hirefringence and the change in curvaturield E, the free energy chang@ U) per unit thickness

of the domain wall around them. The exact nature ofassociated with the domain wall is

these pinning defects is not known at present, but they d

are thought to be physical defects such as screw disloca- ~ AUlgl = =2 - P; E g(x) dx
tions or localized variations of point defects [10]. The ¢

increased birefringence at the pinning defects results from ag(x)
the associated fields and strains of these defects. Such f \ 1 +

bending of the domain walls around pinning defects has

been predicted in ferroic materials [11]. Next, the appliedVhere Ps is the spontaneous polarlzatlon ang is the
voltages on the top electrode are brought to zero, and tHemain wall energy per unit area. The depolarization
domain wall was found to relax back to its original po- EN€rgy and the anisotropic elastic coupling are neglected
sition as in Fig. 2(a). Then negative voltages in steps of! this 2D model.  The first term is the lowering of the
—100 V are applied to the top electrode. The domain€lectrostatic free energy by b_endmg of_ the domain wall,
wall at an applied electric field of 1.8 KV /mm is shown an(_j the second term is the increase in free energy due
in Fig. 2(d). Comparing to Fig. 2(a), no movement of to increased wall length. For a material (constag) at

the domain wall is observed. Instead the birefringer}c%c?j;f[iig:.eld& the shape is given by the Euler-Lagrange

S RO R

Hence, g(x) is the circle segment of radius of the left edge) giving a domain wall energy per unit
R = 0,,/(2P,E), and the domain wall curvature is area ofo, = 0.2-0.4 J/m>.

unique for a given material at a fixed electric fielt Another method of estimating domain wall energy is
independent of the distance between pinning sites. Frorftom the birefringence which results from strain through
the profile of the domain wall between the pinning sitesthe photoelastic effect and the internal electric field
in Fig. 2(c), we measure the radius of curvature to beahrough the electro-optic effect [8]. Givedw crystal
between 6—1Z2um (inexactness due to the diffuse naturesymmetry, the change in refractive index (keeping terms
| quadratic in the electric field) is

2An

nl

= {2puadis — 2dn(pi — p2) — 2rntEx + {(p11 — pr2) (Y12 — y11) = 2yuapis + (K12 — Ki)}(E3 — ET)

+ {4(p11 — p2)yar + 4p1ayas + 4K ELEs . (2)

With reference to Fig. 2(a); (x,) is parallel (perpendicu-| constants. The bulk material constants [12] can be used
lar) to the domain wall whiler; is normal to the plane of due to the small value of strain. The average measured
the figure. Thep;; are photoelastic constants; are linear  value of birefringence for the domain wall shown in
electro-optic constant, are electric fields, and;;,, are  Fig. 2(a) is1.2 X 10~*. If we neglect the electrostrictive
the quadratic electro-optic constants. In Eq. (2), strajns and quadratic electro-optic terms in Eq. (2) (contribution
are replaced by; = d,;E, + vu,EiE;, whered,,; are  <10%), the internal electric field across the domain wall
the piezoelectric constants, amg; are the electrostrictive E, = 20 kV/mm. The energy per unit area duefg is

4108



VOLUME 82, NUMBER 20 PHYSICAL REVIEW LETTERS 17 My 1999

leading toK 4 = 2 X 1072 m?/V? which is in the cor-
z E rect range betweef.2-2 X 1072° for quadratic electro-
optic coefficients in LiTa@[12].

In conclusion, we report a direct measurement of pin-
ning, movement, and profile of a single T8&bmain wall
under uniform applied fields in single crystals using a
CMNSOM. Domain wall birefringence is used in the de-
tection. Fields a tenth of the coercive field are found to
move the domain wall. The domain wall is pinned by
subsurface defects, which could be identified from the in-
creased birefringence and the profile of the domain wall.
The radius of curvature of the pinned domain wall is de-
termined by material parameters and applied electric field.
From the profile of the domain wall between the pin-
ning defects, we estimate the domain wall energy between
0.2-0.4 J/m?. This value of the domain wall energy is
wkaeoES /2 = 0.24 J/m?, wherew = 3 um is the width  consistent with that measured from birefringence at the
of the birefringent region at the domain wall, argl= 45  domain wall. The change in birefringence with applied
is the dielectric constant in the, direction. Given that field of the pinned domain wall is related to the quadratic
E, > E\|, E5 [8] and that the electrostatic energy strain  electro-optic and electrostrictive effect and is used to infer
energy [8], the domain wall energy,, ~ 0.24 J/m? is  the direction of the internal field.
consistent with the value calculated from Fig. 3. This This work was conducted under the auspices of the U.S.
domain wall energy is at the high end of some theoreticaDepartment of Energy, supported (in part) by funds pro-
estimates, e.g0.1-0.01 J/m? for BaTiO; [13]. vided by the University of California for the conduct of

The orientation of the internal electric field in the  discretionary research by Los Alamos National Labora-
direction and second order contributions to birefringenceory and Lawrence Livermore National Laboratory under
can be inferred by applying negative voltages to the togContract No. W07405-Eng-48.
electrode. In Fig. 4, the solid squares are the average
birefringence measured at the domain wall for four dif-
ferent negative voltages and the solid line is a linear least : i .
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(defects are dots) under an applied electric field.
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