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Lattice-Scale Domain Wall Dynamics in Ferroelectrics
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Ferroelectric domain walls are atomically thin, and consequently their dynamics are sensitive to the
periodic potential of the underlying lattice. Despite their central role in domain dynamics, lattice-scale
effects have never been directly observed. We investigate local domain dynamics in thin film ferro-
electrics using atomic-force microscopy. Upon combined dc and ac electric driving, fluctuations in the
local piezoresponse are observed. Fourier analysis of the fluctuations reveals the presence of narrow
band and broad band noise, and Barkhausen jumps. The narrow band noise is attributed to dynamics
associated with lattice-scale pinning and is reproduced by a simple physical model.
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FIG. 1 (color online). (a) Lattice model of a 90� wall in a
ferroelectric. (b) Sketch of energy function for the domain wall
observed experimentally, ranging from angstroms per
second to centimeters per second [8], and the behavior

coordinate, showing the effects of an external field (overall
slope) and atomic-scale periodicity.
Nearly all of the interesting and useful properties of
ferroelectrics can be traced back to the patterns and
dynamics of domain walls, the boundaries that separate
regions of uniform electric polarization [1]. Unlike mag-
netic domain walls, whose widths �M � 10–100 nm are
much larger than the lattice constant a, ferroelectric
domain walls are atomically thin, with �E * a. More
than 50 years ago, Landauer noted [2] that since the
domain wall is comparable in extent to the interatomic
spacing [see Fig. 1(a)], it should be strongly pinned by the
lattice itself (also known as the Peierls potential [3]).
Domain motion can occur through thermal activation
over the Peierls potential, and an applied electric field E
can strongly influence the rate.

When a domain wall is driven externally, the periodic
Peierls potential should in principle produce oscillations
in the domain wall velocity, similar to ‘‘narrow band
noise’’ in charge-density-wave (CDW) conductors [4] or
the ac Josephson effect in superconductors [5]. All three
physical systems can be represented abstractly by a single
configurational coordinate s (i.e., domain wall displace-
ment, CDW, or superconducting phase) subject to a global
and periodic potential U�s� [Fig. 1(b)].

Here we report what we believe to be the first direct
observation of lattice-scale domain wall dynamics in a
ferroelectric thin film. The measurements were conducted
with an atomic-force microscope (AFM) used not for
ferroelectric imaging [6] or poling [7], but rather as a
sensitive microphone. The local, noninvasive nature of
the measurement, combined with a sample that exhibits
a low barrier for domain motion, has allowed these
effects to be observed for the first time.

We concentrate on the mechanical noise associated
with domain wall dynamics in ferroelectric thin films.
A wide range of velocities for 180� domains have been
0031-9007=03=91(21)=217601(4)$20.00 
is in reasonable agreement with phenomenological mod-
els that invoke lattice pinning [9]. More recent investiga-
tions show that 180� domain dynamics in epitaxial thin
films also proceeds via thermal activation over the Peierls
potential [10]. Clamping by the substrate [11] is known to
inhibit strongly the movement of 90� domains in thin
films [12]. However, recent experiments have shown em-
pirically that control over oxygen pressure during the
growth and annealing of �Ba; Sr�TiO3 films can reduce
the tetragonality, causing the films to become nearly
cubic [13]. Two different films were investigated. Both
consist of 500 nm thick �Ba0:5Sr0:5�TiO3 films grown by
pulsed laser deposition on MgO substrates [14]. One
sample was deposited at 50 mTorr O2 pressure, while
the second was deposited at 500 mTorr O2. Optical in-
vestigations of films grown under similar conditions in-
dicate that the polarizations of both films are primarily
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out of plane oriented, and that applied in-plane electric
fields can induce local reorientation of the ferroelectric
polarization of the 50 mTorr film [15]. Interdigitated
electrodes were deposited on top of the films, with a
gap spacing between the electrodes d � 10 �m. More
details about the growth and structural properties are
described in Ref. [14].

Figure 2 shows a block diagram of the experimental
arrangement. A home-built AFM with an insulating
sharpened Si3N4 tip is used for topographic imaging
and local measurements. The film is driven electrically
using a balanced pair of voltage signals, so that the po-
tential is always close to ground in the center of the film
where the measurements are typically made. The AFM is
operated in contact mode, and the vertical displacement
of the cantilever is used to provide vertical feedback
control. The piezoresponse of the film is measured by
applying an in-plane dc� ac electric field E�t� � Edc �
Eac cos�!t� and measuring the deflection of the cantilever
using a standard optical bridge. The feedback set point is
chosen to minimize nonpiezoelectric (e.g., electrostatic)
contributions to the signal. Two lock-in amplifiers detect
in-plane and out-of-plane deflections of the tip at the ac
driving frequency !=2�� 30 kHz.

Images of the sample topography and piezoresponse
are obtained simultaneously by raster scanning the
sample and recording the corresponding vertical height
and lock-in signals. To minimize effects associated with
thermal drift, several images are scanned in an inter-
leaved fashion [16], using a repeating sequence of dc
electric fields (Ed1; Ed2; . . . ; Edn) to acquire successive
scan lines. Figures 3(a)–3(c) show representative images
of the out-of-plane piezoresponse for the P�O2� �
50 mTorr sample. Without a dc bias [Fig. 3(b)], the re-
sponse at the driving frequency ! is nearly absent, pro-
viding strong evidence that the spontaneous polarization
is primarily out of plane. Upon application of an in-plane
FIG. 2 (color online). Experimental arrangement.
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bias field [Figs. 3(a) and 3(c)], a distinct response is
observed. Changes in the piezoresponse are associated
with nanopolar reorientation of the ferroelectric polar-
ization from out of plane to in plane.

The local piezoresponse can be obtained from this data
set by averaging over a small area (�50 nm) and plotting
the topographic response [Fig. 3(f)], in-phase [Fig. 3(d)],
and out-of-phase [Fig. 3(e)] piezoresponses as a function
of the applied electric field. For the data shown, a total of
14 interleaved images were taken, enough to illustrate the
hysteretic response of the film. Changes in the film dis-
placement, shown in Fig. 3(f), are approximately qua-
dratic functions of the applied dc field, showing small but
measurable hysteresis. The piezoresponse curves also ex-
hibit hysteresis [Figs. 3(d) and 3(e)], indicative of domain
motion, and the quadratic response is consistent with a
predominantly out-of-plane polarization. The control
sample [P�O2� � 500 mTorr] shows no hysteresis and a
much weaker field-induced piezoresponse.

Investigations of fluctuations or noise in the piezores-
ponse [17] are obtained by fixing the tip at a single
location on the sample, slowly ramping the dc electric
field, and digitizing the time-dependent piezoresponse
[18]. The qualitative features of the measured piezores-
ponse depend strongly on the amplitude of the ac driving.
Two distinct regimes are observed [see Fig. 4(a)]. For low
ac driving, the response is linear and rms fluctuations are
small. Above a well-defined threshold (�2 kVrms=cm),
the response becomes nonlinear and fluctuations increase
significantly. For Fig. 4(b), an ac amplitude Eac �
1 kVrms=cm was chosen. The dc field is slowly ramped
FIG. 3. Interleaved piezoresponse images of a Ba0:5Sr0:5TiO3

thin film deposited in oxygen pressure P�O2� � 50 mTorr. A
total 14 interleaved images are acquired at different dc electric
fields Edc, three of which are shown. The mean values of the
image have been subtracted for clarity. (a) Edc � �10 kV=cm;
(b) Edc � 0 kV=cm; (c) Edc � �10 kV=cm; (d)–(f) local hys-
teresis observed by averaging the interleaved images over a
50 nm� 50 nm area. (d) In-phase piezoresponse. (e) Out-of-
phase piezoresponse. (f) Hysteresis in the sample surface
height.
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FIG. 4 (color online). Local noise measurements for
Ba0:5Sr0:5TiO3 grown at P�O2� � 50 mTorr. (a) Piezoresponse
versus ac amplitude. (b) Piezoresponse and dc bias versus time.
(c) Fourier transform of temporal response at ten different
times. (d) Intensity graph showing Fourier spectrum versus
time. (e) Piezoresponse showing Barkhausen-type noise.
(f) Piezoresponse and dc bias versus time for Ba0:5Sr0:5TiO3

grown at P�O2� � 500 mTorr. (g) Intensity graph showing
Fourier spectrum versus time for Ba0:5Sr0:5TiO3 grown at
P�O2� � 500 mTorr.
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at a rate (27 V=cm s) and is kept constant for 600< t <
800 s, during which a corresponding change in the
piezoresponse is observed.

To help analyze the response, a joint time-frequency
analysis of the time series is performed, using a sweeping
time interval of T � 1:024 s and Hanning windowing
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[19]. The corresponding power spectra are displayed in
a waterfall plot [Fig. 4(c)]. There is clear evidence of a
well-defined ‘‘narrow band’’ noise over the interval
shown, sustained over much of the time interval during
which the dc field is held constant. Figure 4(d) shows an
intensity plot of the noise spectra over the full time
interval. The narrow band noise is clearly distinguished
from lower frequency ‘‘broad band noise.’’ Its central
frequency appears to be correlated with the applied dc
bias, appearing only for bias fields above �12 kV=cm.
The highest center frequency is approximately 15 Hz,
which is small compared to the driving frequency !
and large compared to the inverse waiting interval.

Narrow band noise has been observed in a number of
locations on the sample, but not everywhere. The obser-
vation method is highly local, and noise is therefore
expected to be observed only directly above a domain
wall that is sufficiently mobile. Repeated experiments do
not always produce the same noise signals, and the reason
may be due to thermal drift (as much as 100 nm over the
13 min measurement interval).

The narrow band noise is distinct from Barkhausen
jumps [20], also observed in this sample. Figure 4(e)
shows typical Barkhausen jumps over the time interval
100< t < 300 s. The jumps are significantly larger in
amplitude than the narrow band noise, and no Fourier
transform is needed to discern them.

For the sample where P�O2� � 500 mTorr, similar ex-
periments and analyses were performed. For this sample,
no discernible noise of any kind is observed [Figs. 4(f)
and 4(g)]. That includes narrow band, broad band, and
Barkhausen noise. The absence of narrow band noise for
the control sample helps to rule out a large number of
potential sources of artifacts for the observed effect.

The experimental results on the P�O2� � 50 mTorr
sample are consistent with the interpretation that fluctua-
tions in the piezoresponse are associated with lattice-
scale domain dynamics. This sample shows appreciable
hysteresis, in contrast to the P�O2� � 500 mTorr sample
which exhibits no hysteresis and no fluctuations in the
piezoresponse. The larger electro-optic response of films
grown under conditions of low oxygen pressure is also
consistent with this interpretation. What then are the
physical mechanisms giving rise to the various types of
noise observed? It is natural to ascribe the sudden and
sometimes regular jumps in the measured piezoresponse
to Barkhausen events [20]. The other sources of noise,
broad band and narrow band, are more difficult to assign.
The presence of both types is strongly reminiscent of
behavior observed in sliding charge-density-wave con-
ductors [4], which exhibit narrow band and broad band
noise associated with the sliding of a periodic charge
density over fixed defects in the crystal.

Here we propose a simple model to describe a physical
mechanism for the narrow band noise. The dynamics of
the domain wall coordinate s is presumed to be governed
217601-3



FIG. 5. One-dimensional model of ferroelectric domain wall
to explain the origin of narrow band noise. (a) Solid curve
represents Peierls potential at zero dc bias. Dashed curves
represent the tilted potential when an external electric field is
applied. The inset shows a close-up of the potential near s � 0.
(b) Calculated piezoresponse as a function of dc bias, showing
narrow band noise associated with lattice-scale domain wall
dynamics.
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by a one-dimensional potential: U�s� � as4 � �h=k� �
cos�ks� � es. The quartic term provides global confine-
ment of the wall and is intended to model long-range
effects of strain that are built up by the translation of 90�

walls. The periodic lattice-scale Peierls potential is pa-
rametrized by a strength h and wave number k. An
applied electric field e couples directly to the domain
wall coordinate. Figure 5(a) displays a plot of U�s� for
three values of e. Domain wall dynamics are assumed to
be overdamped, with a velocity given by _ss � �rU�s�.
When a dc bias is applied, the potential is tilted, resulting
in a displacement of the domain wall within the atomic-
scale potential [21]. If the combined dc� ac field is large
enough, the time-averaged Peierls barrier is lowered suf-
ficiently to allow domain wall oscillation. The resulting
piezoresponse is calculated by numerically simulating the
domain dynamics and measuring the extent of domain
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motion as a function of the dc electric field, as shown in
Fig. 5(b). A close-up of the piezoresponse at large dc bias
shows oscillations in the piezoresponse. Further analysis
reveals that these oscillations correspond to domain wall
amplitudes that alternate between n and n� 1 Peierls
periods. That is, this model exhibits behavior that
agrees qualitatively with the experimental results shown
in Fig. 4.
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