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Polarization reversal in ferroelectric particles driven by a pulsed electric field is examined
theoretically using Landau—Devonshire—Khalatnikov theory. A significant reduction in reversal
times is shown to be possible if certain surface properties and size criteria are met. The surface
properties are also shown to control the magnitude of the applied field needed for irreversible
switching. An interesting signature of surface effects is found in the switching current. The theory
predicts that the switching current for small ferroelectric particles can exhibit double peaks as a
function of time. The size and relative times of the peaks provide specific information on the
magnitude and rate of surface reversal dynamics. © 2003 American Institute of Physics.
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Polarization reversal in mesoscopic ferroelectric struc-
tures is a topic of increasing interest, particularly in view of
the rapid developments in fabrication technologies. Nano-
sized ferroelectric elements and patterned media are chal-
lenging systems for the study of fundamental problems in
ferroelectric to provide key technological solutions for high-
density ferroelectric memory devices.! Methods such as
electron-beam lithography,? focused jon-beam milling,> and
self assembly® are now standard techniques for producing
high-quality arrays of nanometer scale ferroelectric
particles.”8

Mesoscopic structures of small ferroelectric particles are
very interesting from a fundamental research point of view.
Their typical dimensions are comparable with the character-
istic length &, of the materials, so they can show new
phenomena.>~” An example of the importance of surface
conditions on polarization properties can be seen from two
recent experiments. In one case, an asymmetrical piezoelec-
tric hysteresis loop was observed for polycrysialline lead zir-
conate titanate (PZT) mesoscopic structures.’ The asym-
metrical property of the loop was found to be dependent on
size and due to the pinning of nonswitching domains. A sepa-
rate study on single-crystal PZT® showed that the hysteresis
was dominated by the depinning of domains caused by the
crystalline structure of the surfaces. It is clear from these two
examples that the microscopic structure of the surfaces can
dominate ferroelectric ordering in small particles.

While extensive theoretical studies of polarization
reversal”?~1% have been made for bulk and thick film geom-
etries, very little work has been performed for reversal in
nanoscale geometries in which the surface conditions can
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dominate over the bulk. Ghosez and Rabe!! in their micro-
scopic study pointed out that ferroelectric film of thickness in
the nanometer range shows a significant enhancement of po-
larization at the surface. The purpose of the present article is
to show how such enhancements can dramatically influence
the dynamic switching behavior.

We consider a one-dimensional model with polarization
and related physical quantities varying as a function of x.
The discussion is restricted to in-plane geometries where the
thickness is much less than the lateral dimensions so that
depolarization effects can be neglected. A small ferroelectric
particle of a cross-sectional area S in the y-z plane and
length L in the x direction is assumed. The Landau—
Devonshire free energy per unit area for a second-order
ferroelectric under an applied electric-field E is

- lA(T—TC)P2+1 B P4+1 D dP)2 1
T2 £,8? 4 g25° 2 €052\ dx

where A and B are temperature-independent parameters. For
a second-order transition, B is a positive value and T¢ is the
Curie temperature of the material. The polarization P is de-
fined as the dipole moment per unit length P=SQ, Q being
the dipole moment per unit volume. The coefficient D is
associated with the spatial variation of P along the x direc-
tion. The surface and size effects on the reversal properties
are studied by introducing the so-called extrapolation length
& in the boundary conditions'?

dpP P

— o —

-3 at x=0 and L. )

For a positive extrapolation length, the polarization is re-
duced at the surface. If the extrapolation length is negative,
polarization is enhanced at the film surface.
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An understanding of how reversal occurs can be
achieved by examining the phenomenological equation of
motion used in the Landau—Devonshire—Khalatnikov theory
as

dp__dF __AT-To , B 3+1)‘c121)+E
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where v is the viscosity coefficient which causes delay in
domain wall movement.

In the calculations, we rescale the variables as follows:
t=TI/T¢c; p=PIPy; {=x/&y; and s=S/§%. Py is the bulk
polarization which we define as 5(2,(—AT080/SB)”2, where
&,=(DIAT)'? corresponds to the characteristic length of
the material.

The normalized Landau—Devonshire—Khalatnikov equa-
tion of motion becomes

dp_l 1 13+1d2p+ .
a7 =Um0PEpt s te @

where the time variable is 7' = T(aTC/yeog(z,) and the ap-
plied field variable e=E(Beq/a’T%)">.

The boundary conditions are

dp __p

d_g—i? at {=0 and L/§&, (5)
with the rescaled form of extrapolation length as &' = 8/&;.
The minimum applied field required for polarization reversal
for free boundary condition (dp/d{=0) in rescaled form
becomes

_L2 ( .
ec—_g(l—t) T) . (6)

The polarization current resulting from the applied field
e is defined as

. dp
= 7)

The differential Eq. (4) was solved numerically using a
finite-difference scheme subject to the boundary conditions
of Eq. (5). In the example, results that follow, values appro-
priate for BaTiO; were taken:* A=59x10"%K™!, B=1.9
X107P®m?J7!, and D=1.0x10""®m?. The estimated
value of domain wall width &, is 20.8 nm for BaTiO;. Un-
less otherwise specified, the values S=4.O§(2) and T=0.5T¢
are assumed.

We first examine the dynamics of reversal under a
simple step function driving field ¢

e(1')= (7" )eo. ®

The effect on switching is shown in Fig. 1 where the polar-
ization across the film thickness plotted at different times for
two types of surface conditions (a) §=—2.0&y and (b) 6=
+2.0£,. The initial polarization is set at the negative state.
The result shows that in each case, (a) or (b), the switching
of polarization near the surfaces and in the interior is initi-
ated and completed at different times. A comparison with the
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FIG. 1. Polarization across the thickness for different times during reversal
under a step field. The field is applied at 7 =0.0 with magnitude 1.5¢, . The
surface parameter &is — 2.0£, for (a) and +2.0&, for (b).

two surface conditions shows an overall longer time is re-
quired for a complete reversal for the surface with polariza-
tion enhanced near the surface.

We now consider the reversal dynamics under a pulsed
field. The form of the pulse is assumed to be Gaussian with
peak magnitude ey and a width specified by o

e(1')=epexp[—oT'?]. )

The main difference between driving with a pulsed field as
opposed to the step field is that the reversal now depends
upon both the field strength and duration, or width, of the
pulse. If the value of ¢ and o are too small, the reversal will
not occur. In the present study, the pulse field is set so that
the field reaches its maximum at 7 =100.0. The reversal pro-
cess for the surface with enhanced polarization is shown in
Fig. 2 for the surface and interior polarization as a function
of time with 6= —2.04,. In Fig. 2(a), when the driving field
is too small, the polarization will decrease toward zero rap-
idly at first, and then relax back to the initial state. Thus, the
driving field should exceed a minimum field for reversal. The
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FIG. 2. Polarization as a function of time for different switching field
strengths with 8= —2.0¢, for thickness L=10.0&,. The switching field is a
pulsed Gaussian field with pulse width (a) =1000 and field strength (i)
eg=10e,, (i) eg=1.5¢, and (iil) e,=1.8¢c. In (b), the field strength is
eo=1.8e, and pulse width (i) =600, (ii)) =800, and (iii) 0=1200. The
solid lines show the polarization in the interior of the film, and the dotted
lines show the polarization at the surfaces.

reversal mechanism is also strongly determined by the pulse
width o, and there is a minimum width for each field, as
shown in Fig. 2(b).

Polarization enhancement near the surface results in dif-
ferent reversal times for the interior and surface. The reversal
time is sensitive to the sign and magnitude of the surface
parameter, and strongly affects the minimum reversal field
€min - Figure 3 shows the minimum reversal field as a func-
tion of the surface parameter. The minimum switching field
€min 18 defined as the smallest driving field needed to bring
both the polarization of the interior and surface from its ini-
tial negative state to positive. A large surface parameter value
corresponds to a weak surface pinning effect and results in a
smaller critical field. Similarly, the contribution of the sur-
face conditions goes as inversely proportional to thickness,
leading to a decrease in the minimum switching field with
increasing thickness. As thickness increases, there is less sur-
face effect and the minimum field needed for reversal ap-
proaches that of a bulk material.
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FIG. 3. Minimum switching field e, as a function of surface parameter for
different thicknesses. The switching field is a pulsed Gaussian field with
pulse width ¢=1000. In the curves, the thicknesses are (i) L=2.0&,, (ii)
L=5.0&,, and (iii) L=10.0£,.

Extremely interesting features can be observed by exam-
ining the polarization current as a function of time for rever-
sal which is driven by the Gaussian pulsed field of Eq. (9).
Examples are shown in Fig. 4 where the total polarization
current averaged over the entire thickness is shown as (i).
The interior and surface polarization currents are shown
separately as (ii) and (iii). The curves show how the reversal
is signaled by a maximum in the polarization current, and
that separate maxima occur for surface and interior contribu-
tions. The important feature is that these two maxima can be
clearly distinguished in a measurement of the total polariza-
tion current, for what one might expect from an experimental
measurement of switching.

In summary, we have shown how the surface ferroelec-
tric polarization can strongly influence driven polarization
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FIG. 4. Polarization current as a function of time during reversal under a
Gaussian pulsed field for thickness L =10.0£,. The field strength and pulse
width are eq=1.73e, and ¢=1000. Curve (i) is the total reversal current
averaged over the thickness L. The early peak is due to the interior polar-
ization reversal which denotes as “interior-peak,” shown by (ii), and the
later corresponds to surface reversal or “surface-peak,” indicated by (iii).
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reversal in small ferroelectric particles. If the surface polar-
ization is enhanced relative to the interior, the reversal pro-
cess is slowed. Two distinct reversal peaks in the polarization
current may appear for the surface with polarization en-
hanced. One peak corresponds to the reversal of the interior,
and the other peak, the reversal of the surface polarization.
The appearance of the surface peak is sensitive to the surface
conditions and size. By way of contrast, we predict that it is
possible to accelerate the switching process if surface condi-
tions suppress surface polarization. Experimental study of
the surface peak would therefore provide direct information
on the surface conditions, such as polarization enhancement
or suppression near the surface. Similar phenomena are ex-
pected to be observed in ferroelectric ultra-thin films.
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