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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 180± ferroelectric
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 macr
scopic response of ferroelectrics, ferromagnets, and fe
elastics [1]. In particular, the pinning-depinning dynamic
caused by randomly distributed defects and impurities
of great interest, since it not only provides fundamental i
sight into the physics of driven disordered systems, bu
also of technological relevance (e.g., in ferromagnetic a
ferroelectric based memory devices). In these materia
domain wall movement can result in a complex nonline
macroscopic response, displaying significant hystere
and slow aging. While the control and manipulation o
pinning is central to enhancing properties, there is ve
little microscopic and detailed information of domain wa
movement under applied fields. Here, we have used
polarization sensitive collection mode near-field scanni
optical microscope (CMNSOM) [2] to perform direct sub
microscopic investigations of domain wall movement, pi
ning, and bowing under a uniform applied field. W
observe that domain wall motion is possible for field
only a tenth of the coercive field. This motion is th
submicroscopic bending of the domain wall between p
ning sites. This provides direct evidence that coerci
fields reported for many ferroelectrics may correspond
a pinning-depinning transition of domain walls [3].

A variety of experimental techniques such as pola
izing optical microscopy, etching, colloidal decoration
the anomalous dispersion of x rays, scanning force m
croscopy, scanning electron microscopy, and transmiss
electron microscopy have been used to study static
mains [3–7]. The CMNSOM [2,8] with a spatial reso
lution around a fifth of an optical wavelength is ideall
suited for studying domain walls under uniform applie
fields. A schematic of the experimental setup is show
in Fig. 1. Here, light transmitted through the crystal
collected with an aluminum coated fiber probe (apertu
,100 nm and maintained,5 nm from the surface) and
its polarization rotation is measured.

The experiments were performed on the room tempe
ture 3m ferroelectric phase of LiTaO3. Single domain
crystals cut perpendicular to thec axis (spontaneous po-
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larization axis) and of 0.5 mm thickness were used. Cry
tal surfaces of optical polish were used. The lithium de
ciency in these congruent crystalssLiyfLi 1 Tag , 0.485d
results in large internal fields of order,5 kVymm through
point defect complexes. In the original single doma
crystal, the internal field from the chemical impurities i
oriented parallel to the spontaneous polarization directi
through a poling process done at 600±C. Crystal de-
fects such as dislocations (fewer in number) have ra
domly oriented internal fields. Then 180± domains are
created at room temperature with an external electric fie
This room temperature process leaves the internal fi
due to the chemical impurities unchanged [9]. Therefor
across domain walls studied here, while the spontane
polarization rotates by 180±, the orientation of the inter-
nal field due to the chemical defects remains the same
A 20 nm semitransparent 60% Au1 40% Pd electrode

FIG. 1. Experimental schematic of electroded LiTaO3 crystal
with the 180± domain wall sDd, associated spontaneous pola
ization sPsd, quartersly4d and halfsly2d wave plates.
© 1999 The American Physical Society
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was sputtered on the top and bottom surfaces of the cr
tal. The bottom electrode and fiber probe are grounde
Both positive and negative voltages are applied to the t
electrode.

In the experiment, the fiber probe is first placed an
maintained in the near fields,5 nmd of the crystal surface
using the shear force technique [2]. Linear polarize
light from an argon ion laser is passed through a ha
wave plate (to change incident polarization) and is incide
normally on the top surface of the crystal. The transmitte
light collected by the fiber probe at the bottom surfac
is collimated and passed through a half-wave plate a
quarter-wave plate which are set to compensate for fib
birefringence. The light is then passed through an analyz
and is collected by a cooled photomultiplier tube (PMT)
At the start of the scan, the analyzer is rotated to null th
transmitted light in a region away from the domain wa
(region of isotropic refractive index). The background
signal under crossed polarizers is measured and subtrac
from all images. A13 3 13 mm scan of the crystal
surface around the birefringent domain wall is then mad

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

I  I0fsin2f sin2u 1 cos2f cos2u

1
1
2 sins2fd sins2ud cossDnkldg . (1)

Here, Dn is the difference in refractive index
(birefringence) between axes parallel and perpendic
lar to the domain wall,k is the propagation vector for
light in the crystal, andl is the crystal thickness.I0 is
the intensity detected through the fiber in an isotrop
region of the crystal and is proportional to the inciden
intensity on the top surface of the crystal. Also,f is
the angle of incident polarization, andu is the analyzer
direction, measured with respect to the domain wall. Us
of Eq. (1), for a givenu andf, and the measuredI at an
isotropic regionsDn  0d will yield the incident intensity
I0. The measuredI at the domain wall for the associated
u and f is used to calculateDn. The variousf and u

are used to make a consistent measurement ofDn.
Figure 2(a) is a single 180± domain wall observed with

both electrodes grounded. The incident light polarizatio
was 70± to the domain wall. The FWHM of the birefrin-
gent region is 3mm. The large width of the birefringence
is due to internal fields generated by defects pinning th
domain wall. The width of the birefringent region in these
samples range from less than 100 nm (instrument reso
tion limit) to a few microns [8]. Given that the metal elec-
trodes used do not have complete transmission and t
d
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FIG. 2(color). CMNSOM optical signal around the 180±

domain wall at applied fields of (a) 0, (b)11.5 kVymm, (c)
12.0 kVymm, and (d) 21.8 kVymm. The arrow identifies
the bottom of the domain wall. The open circlesX and Y
in (b) and (c) identify pinning defects from the increase
birefringence (brightness) and curvature of the domain wall.
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pinning was the object of this study, only domain wal
with large birefringence were studied. The dark featu
1.0 mm from the right and 5mm from the bottom is due
to a defect in the electrode which can be used as a posi
reference. From the reproducibility of optical features o
repeated scans of the same region, we estimate the r
lution to be of order 150 nm. Next, voltages in step
of 1100 V are applied to the top electrode. Figure 2(b
shows the optical signal corresponding to the domain w
at an applied field of11.5 kVymm. The bottom of the
domain wall (shown by arrow) is observed to have mov
a distance of 3mm. Figure 2(c) is the optical signal a
an applied electric field of12 kVymm. From Figs. 2(b)
and 2(c), we observe that the domain wall has not mov
but appears to be pinned at two points (shown by op
circles X and Y ). The pinning points are identified by
their increased birefringence and the change in curvat
of the domain wall around them. The exact nature
these pinning defects is not known at present, but th
are thought to be physical defects such as screw dislo
tions or localized variations of point defects [10]. Th
increased birefringence at the pinning defects results fr
the associated fields and strains of these defects. S
bending of the domain walls around pinning defects h
been predicted in ferroic materials [11]. Next, the applie
voltages on the top electrode are brought to zero, and
domain wall was found to relax back to its original po
sition as in Fig. 2(a). Then negative voltages in steps
2100 V are applied to the top electrode. The doma
wall at an applied electric field of21.8 kVymm is shown
in Fig. 2(d). Comparing to Fig. 2(a), no movement o
the domain wall is observed. Instead the birefringen
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(width and magnitude) at the domain wall was observ
to increase with increasing magnitude of the applied fie
This asymmetry in domain wall motion with voltage po
larity is consistent with the internal electric field orien
tation which is parallel (antiparallel) to the spontaneo
polarization to the left (right) of the domain wall. This is
consistent with measurements in Ref. [9] where a coerc
field of 21 kVymm (11 kVymm) for domain movement to
left (right) was found for similar samples.

From the profile of the pinned domain wall in
Figs. 2(b) and 2(c), we approximately estimate th
domain wall energy based on a simple 2D model sho
in Fig. 3 (a detailed analysis based on the Landau the
will appear elsewhere). Lety  gsxd represent a domain
wall between two pinning sitesP1s0, 0d andP2sd, 0d such
that gs0, 0d  gsd, 0d  0. Under an externally applied
field E, the free energy changesDUd per unit thickness
associated with the domain wall is

DUfgg  22 ? PsE
Z d

0
gsxd dx

1 sw

Z d

0

vuut1 1

√
≠gsxd

≠x

!2

dx ,

where Ps is the spontaneous polarization andsw is the
domain wall energy per unit area. The depolarizatio
energy and the anisotropic elastic coupling are neglec
in this 2D model. The first term is the lowering of th
electrostatic free energy by bending of the domain wa
and the second term is the increase in free energy
to increased wall length. For a material (constantPs) at
electric fieldE, the shape is given by the Euler-Lagrang
equation:
gsxd  6
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Hence, gsxd is the circle segment of radius
R  swys2PsEd, and the domain wall curvature is
unique for a given material at a fixed electric fieldE,
independent of the distance between pinning sites. Fro
the profile of the domain wall between the pinning site
in Fig. 2(c), we measure the radius of curvature to b
between 6–12mm (inexactness due to the diffuse natur
m
s
e

e

of the left edge) giving a domain wall energy per un
area ofsw  0.2 0.4 Jym2.

Another method of estimating domain wall energy
from the birefringence which results from strain throug
the photoelastic effect and the internal electric fie
through the electro-optic effect [8]. Given3m crystal
symmetry, the change in refractive index (keeping ter
quadratic in the electric field) is
2Dn

n3
1

 h2p14d15 2 2d22sp11 2 p12d 2 2r22jE2 1 hsp11 2 p12d sg12 2 g11d 2 2g14p14 1 sK12 2 K11dj sE2
2 2 E2

1d

1 h4sp11 2 p12dg41 1 4p14g44 1 4K14jE2E3 . (2)
sed
red
n

n
ll
With reference to Fig. 2(a),x1 sx2d is parallel (perpendicu-
lar) to the domain wall whilex3 is normal to the plane of
the figure. Thepij are photoelastic constants,rij are linear
electro-optic constants,Ek are electric fields, andKilm are
the quadratic electro-optic constants. In Eq. (2), strains´j

are replaced bý j  dmjEm 1 giljEiEl , wheredmj are
the piezoelectric constants, andgilj are the electrostrictive
constants. The bulk material constants [12] can be u
due to the small value of strain. The average measu
value of birefringence for the domain wall shown i
Fig. 2(a) is1.2 3 1024. If we neglect the electrostrictive
and quadratic electro-optic terms in Eq. (2) (contributio
,10%), the internal electric field across the domain wa
E2  20 kVymm. The energy per unit area due toE2 is
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FIG. 3. Schematic of bowing of a pinned domain wa
(defects are dots) under an applied electric field.

wk2´0E2
2y2  0.24 Jym2, wherew  3 mm is the width

of the birefringent region at the domain wall, andk2  45
is the dielectric constant in thex2 direction. Given that
E2 ¿ E1, E3 [8] and that the electrostatic energy¿ strain
energy [8], the domain wall energysw , 0.24 Jym2 is
consistent with the value calculated from Fig. 3. Th
domain wall energy is at the high end of some theoretic
estimates, e.g.,0.1 0.01 Jym2 for BaTiO3 [13].

The orientation of the internal electric field in thex3
direction and second order contributions to birefringen
can be inferred by applying negative voltages to the t
electrode. In Fig. 4, the solid squares are the avera
birefringence measured at the domain wall for four di
ferent negative voltages and the solid line is a linear lea
squares fit. The linear increase of the birefringence w
applied field in Fig. 4 is to be expected from Eq. (2) a
E3  Einternal

3 1 E
applied
3 . Here the “1” sign is used as

the applied field leads to an increase in birefringence (a
plied field in same direction as internal field), andE2
is assumed constant as the domain wall remains fix
and E2 ¿ E3 [8]. In Eq. (2), the slopen3

1E2

2 h4sp11 2

p12dg41 1 4p14g44 1 4K14j of the line in Fig. 4 is10211,

FIG. 4. The birefringence (solid squares) plotted as a functi
of the magnitude of the applied field. The solid line is the be
fit to the data.
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leading toK14  2 3 10220 m2yV2 which is in the cor-
rect range between0.2 2 3 10220 for quadratic electro-
optic coefficients in LiTaO3 [12].

In conclusion, we report a direct measurement of pi
ning, movement, and profile of a single 180± domain wall
under uniform applied fields in single crystals using
CMNSOM. Domain wall birefringence is used in the de
tection. Fields a tenth of the coercive field are found
move the domain wall. The domain wall is pinned b
subsurface defects, which could be identified from the i
creased birefringence and the profile of the domain wa
The radius of curvature of the pinned domain wall is d
termined by material parameters and applied electric fie
From the profile of the domain wall between the pin
ning defects, we estimate the domain wall energy betwe
0.2 0.4 Jym2. This value of the domain wall energy is
consistent with that measured from birefringence at t
domain wall. The change in birefringence with applie
field of the pinned domain wall is related to the quadrat
electro-optic and electrostrictive effect and is used to inf
the direction of the internal field.
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