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Abstract: This study gives a detailed account of calculatidrthe bulk ferroelectric (FE) oscillatory
dynamical system switching to first and second-opiease transition, respectively. All the formalissn
delineated in the framework of Landau free-enengyaasion and Landau-Khalatnikov (LK) equation of
motion where the effect of external energy mayagfffE atoms similar to the spring damped oscillator
system. Here we scrutinized the switching properfiem free-energy expansion and hysteresis lobp. T
polarization and current switching appropriate he estimated complete switching time, changing of
temperature, electric field and damping are scizgthand discussed.
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INTRODUCTION FE in second and first-order phase transition
respectively where both exchange options in
Ferroelectric (FE) materials are of special interesrelaxational switching system. As we know, in pict
to developers of the next generation of such devicethe atoms in FE materials may fluctuate oscillatbug
because they manifest polarized electronic stdtes t to the influence of external energy. As far as wew,
can symbolize bits of information. Moreover, thesethere is no basic discussion to estimate the simigch
materials preserve their polarization states withoutime of the FE bulk materials in terms of oscillgto
consuming electrical power, making FE the subjdct odynamical system. It may be used as a preliminey s
intense study for non-volatile memory applicatians towards corresponding calculations for the symroetri
which data is stored even when the power is tunféd and asymmetric FE thin film. Currently, there aranwm
FE materials are characterized by reversibleexperimental observations to study the switching
spontaneous  polarization .p The spontaneous behavior of FE materials; for example, M&raising
polarization g arise due to non-centrosymmetric set inoptical methods to observe the BaTiQlomain
order of ion unit cells which produce a permanentstructure, recorded the motion of°%nhd 186 domain
electric dipole moment affiliated with the uniticglsin ~ walls in single crystal BaTigthin film using TEM and
FE can be reversed by applying the external etectriShur et al.® Found that the domain dynamics
field e where the arrangement is gXthe coercive essentially depend on the applied electric field.
field). This reversal phenomenon is called switghin From the theoretical consideration in this studg, w
Lines and Glas¥ state that, peventuated in FE phase focused our study to represent the estimate tinieutk
correlates with the Curie temperaturgwhere gz 0 if FE for both cases: first and second-order phase
T<T.and p=0if T> T, the FE phase and transition. From previous resufis we estimated that
paraelectric (PE) phase, respectively. In the-brsler  the switching time for second-order case verging on
ferroelectric-paraelectric phase transitionsmay have t~1.064 x 10™3s. Although this value may represent
an essential value at temperatures approaching,to Tvery fast switching, since in practice the valueiris
while for second-order, the decrease of ps nanosecond but it is authentic because the effect o
temperature T~Jis more continuous. domain wall movement and geometry effect e.g. films
Ricinschiet al.”” and Tanet al.’! Give details of are neglected. On the other hand, the switchingysi
switching behavior of bulk, semi-infinite and thiilm polarization in bulk FE gives us the clear viewvwdfat
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may happen in bulk ferroelectric and what are theand t = 0.1, for first and second-order case, reapy.
fastest times of FE switching without any causééaf  As we know, in first-order conditions, there areivas
Larsenet al.”® related that the polarization switching ranges of temperatdté, but in this study we only
time for PZT films using short voltage pulse tecjue  focused on pure FE phase and it is enough for
was approximately 398 10™%s. The switching data in quantitative discussion. Differentiation of polation
FE were first analyzed by Ishibashi and TaKagi the  due to the effect of we are given in both graphsene
framework of the Kolmogorov-Avrami (KA) theory. As A defined the bulk polarization gp value in an
we know, the KA theory is based on the nucleatioth a equilibrium state. The purple curves represent the
growth of domains of contradiction polarization. complete switching from e =ceFigure 1 (a) and (b)
However, the KA theory being formulated for ideal show the positive-side switching, with the bulk
systems frequently meets with obstacles whilespontaneous polarization hello shifting the valtié ¢o
describing the kinetics of transformations in relajects pg = -1.16 and p = -0.55 for first and second-order
characterized by violations of the two postulatesiphase transition respectively and vice versa for
finiteness of transforming media and domain stm&ctu negative-side switching.
during polarization reversal in electric e.g inkbsingle
crystals, ceramics and thin films. Coercive field: In FE materials, the polarization
In the next portion, we will discuss the basicresponse to the electric field is highly non-lineard
formalism on bulk FE switching in both transitions: discloses a hysteresis loop. Electric field that haen
first and second-order phase transition, respdytive applied may increase the ferroelectric domain taotl
using Landau-Devonshire (LD) free-energy density an domain growth and reorientation of all the domains

Landau-Khalatnikov (LK) equation of motion. The have occurred in a direction favorable to the ewer
oscillatory switching formalism also implicates field. At this juncture, the FE is tiveness deduded

numerical approach where we use central finite-2Cquire saturated polarizationspand if the electric

difference method (CFDM). Some basic discussion or;ield is abolished, some of the domains do notiesor

switching based on free-energy and hysteresis éwep Ing?arriazlg?jog]oc:;ré%uﬁ:?;n:g? ' é?;ﬁzat[: € T_;‘éenrm;i&e
given in order to work out in detail the oscillator b ' P o ’

witching behavior for bulk FE classifications effect of electric field required to reestablishe th
9 ) polarization into zero called coercive field. eAs

mentioned above, e > & the inherent condition for
DIMENSIONLESS FORMALISM spontaneous polarization to repeal their state.
Figure 2 (a) and (b) accords the dielectric
To deliberate the Landau model for switching, wenhysteresis loops (DHL) curves (p versus e) at
may write all the formalism in dimensionless form t anomalous ranges of temperature at pure FE phase
perform the universal results without any materials described by figure captions for first and secondkeo
parameter dependent using the conventionaphase transitions, respectively, with the coerirlel e.
scaling"*®'% and the Landau free-energy expansion fasserted by vertical arrows. The features in Figa)2
for non-equilibrium behavior may be written as: and (b) directly comes from df/dp= 0 of (1) callbek
dielectric equation of state, given by:

1 1
f ==ap*-pp*+=p°-e 1
0P PP+ P -ep 1) A omap-p+

dp ()

where for the first-order casa,= t, while for second-
order,a = (t*-1). t; and t* represents the dimensionless

temperature for first and second-order phase tiansi and unstable state, which is de/dp > 0 and de/@p <

respectively8 = 1/2 for firs_t—order an@ = -1/4 for the respectively. The coercive field. enay be calculated
second-order case. The difference between the@phadirectly from dfidp? = 0 of (1), since €may be
transitions is that first-order involves the expgansof  5jgcated at p-e curves as inflectién points, theeethe
p®, whereas hfor second-order phase transitions. Thequadratic equation in?with solutions:

last terms in (1) show the external electric fields a

driving force. Fig. 1 (a) and (b) show the freetgyef 3 5 )
curves switching due to the various electric field p§=5(lt,/l-9§] and %:% (3)
(positive switching) for first and second-order gpha
transitions, respectively, the complete switchirgy i
affirmed by e = g (coercive field). The non- For first and second-order case, respectively wich
equilibrium free-energy curves are as pure-stalife Fstated in Fig. 2 (a) and (b) in vertical axes. Stlisng
phase, where t -1 (below supercooling temperature) in (2) gives:
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a3 5 12 5 Both values are indicated by vertical arrows in. Zida)

€ =5|:5[111{ = KH { t —z( I oy F]:l (4) and 2 (b) for various temperatures and may be ased
guardian to determine the switching behavior, simze

And: & are the foremost conditions for the complete
switching.

o =271 (5)

3 Oscillatory dynamic system switching: The atoms

the coercive field for first and second-order. "€Sonate proportionate to the effect of externetteic

respectively. The coercive field decreases cormegpo  feld may described by Landau-Khalatnikov (LK)

the increase in temperature. This is clearly shtvay ~ €duation of motion as an oscillatory dynamical dachp

the switching properties are highly affected by theSyStem. hence:

temperature effect on high-temperature ranges-field

induced phase towards PE phase for first-ordemaad 2 dp 5f
PE phase for second -order case. P+g T =" 6_p (6)
N
. Which is evaluated from a spring oscillatory
1\\\ damped system where restoring force is eliminated.
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Fig. 1: Ferroelectric free energy f versus poldimap (b)

for (a) first-order and (b) second-order phase
transition with temperaturg t -1 and t* = 0.1,

respectively. The curves represent positiveF'g' 2:Hysteresis loop p versus polarization e (@y

switching calculated from different positive first-order and (b) second-order phase transition
electric field: (a) for first and second-order case with different temperature at pure ferroelectric
e = 0, equilibrium statee), & = 0.8, @ = 0.1 phase. For first-order case=t-1 ({<tp) (s,
(mm), € = 1.5, 8 = 0.2 () and @ = ;= 2.18, tr =154 = 0 (=), t = 0.5 =) and f = tcg = 0.7

& = & = 0.33 =). The polarization in an (=) and for second-order case: t* = Ouluf),
equilibrium state labeled with A, where (&) p t* = 05 (—=) and t*= tcg = 0.9 (). The
1.55 and (b) p= 0.95 for first and second-order coercive field g and polarization pare labeled
case, respectively in both figures
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Fig. 3: Polarization p versus time t switching bebes

in (a) first-order and (b) second-order case withFig. 4: Damping g effect for polarization switching)

temperature, t= -1 with e = 2.2 (coercive electric first-order with t= -1 and (—) g = 0.01, £=) g
field ;= 2.18 and damping parameter g = 0.1) = 0.1 and (b) second-order with t* = 0.1 and-()
and t* = 0.1 with e = 0.35 (coercive electric field g = 0.001, &) g = 0.05. The electric field of
e. = 0.33 and damping parameter g = 0.01), curve (a) and (b) are the same as in Fig. 3
respectively. The current, j, switching in the inse

for both cases As described before fh we are using Central

_ _ ) o Finite-Difference Approximation (CDFA) to treat the
The second and _f|rst-order differential quatlortha _ nonlinear equation of (7) and simultaneously may be
LHS of (6) describe the soft-mode dynamic propsrtie \yitien as:
in damped oscillatory system observed in

manydisplacive FE. g refer to the damping parameter (A-1)p +(2—a (Ar)z) "
N-1
g=y(4e,C/Emy? andg=y(@ T /e, )} _ +(4Bpi, - & + (o)’ @)
pN+l (1+)\))

which is for first and second-order phase transgtio
respectively. By applying (1) into (2), then: where A = (1/2)g\1), pyv+1 is the polarization to be
computed, p is the previous calculated value and p
d&p  dp the current value. The increment of time is givgri.
Fﬂla:—ﬂlﬁ Bp-pP+e ) Since the switching occurs in bulk FE, we take the
initial polarization as p; = pyv = psuk for both cases,
. irst and second-order, respectively. The current
In. reIaxa.tlon system, the problem may be solve witching is defined as j = {p. — Pva)/(2AT) using
analytically since the first term of (7) vanishast bor  packward finite-difference approximation. Using om
oscillatory dynamical case, the numerical methodexperimental data of BaTiCftom Chewet al.*® and
approach is needed since we considered the secomdanget al.*", hence the estimation of damping value
derivative term in (7). for first and second-order are g = 0.1 and g = ,0.05
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respectively. The conditions for complete switchingneglected other effects i.e domain wall movement an

have been mentioned above where they correspond turface effect which occur in the FE thin film. Tinalk

the coercive field gvalue and we assume the initial switching time estimation that we calculated hemym

polarization occurred in negative states. be used as theoretical-guide-value to estimate the
Figure 3 shows the under-damped oscillatoryoscillations switching in symmetric and asymmeRie

switching system behavior for first and second-ordefilms and we are currently pursuing to investigtis

phase transition in 3 (a) and 3 (b) respectiveipnc&  behavior and hope to publish the results soon.

our proposition is to investigate the bulk FE datiry
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