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Abstract

The dynamic hysteresis of ferroelectric PR(EZrq5,)O3 (PZT) and BjSr,TasOg (SBT) thin films is investigated using the Sawyer—Tower
(ST) method, emphasizing the dependence of hysteresigiagainst frequencyand amplitudeg, of applied external electric field. It is
revealed that the hysteresis dispersigf) under a giverk, exhibits a single-peaked pattern with power-law tails in the limits of low and
high frequency. Based on the mechanism of ferroelectric domain reversal in which the nucleation and growth sequences occur concurrently,
a single-parameter dynamic scaling hypothesis on the hysteresis dispersion is proposed and demonstrated for the two types of ferroelectrics.
The effective characteristic time for the domain reversal, inversely proportional to the field ampitusi@redicted.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction eral theory based on the Avrami model was proposed earlier
[4,5]. In fact, the nucleation and growth of new domains
The mechanism of domain reversal in ferroelectric single- driven under an AC field show a time-varying feature since
crystals and ceramics represents one of the well-investigatedhe field magnitude is time-varying. Therefore, it should be
issues in physics of ferroelectricity for a long tefiy2]. The taken into account the dynamic effect that the reversal ki-
domain reversal sequence, as characterized by ferroelectrimetics depends on frequentyand amplitudeEq of the ac
hysteresis in a cycle, is driven by an external electric field field E, sayE = Ep - sin(2rzft), wheret is time.
once the latter has a component aligned anti-parallel to the On the other hand, the rapid progress in integrated ferro-
spontaneous polarization of the domains and if the compo- electrics stimulates the extensive investigation on ferroelec-
nent is higher than coerciviti;. Microscopically, the do- tric thin films for memory applicationig,6]. One issue to be
main reversal is realized by nucleation of new domains and concerned is an experimental testing of the domain reversal
their growth into the parent domains. In general, the nu- as afunction of andEg in the regime of ultra-high frequency
cleation and growth of new domains occur in a concurrent (10°~10° Hz). A power-law feature foE. was demonstrated
manner although they were often treated separf3glyrhe by measuring the hystereq®8]. The question arising from
conventional theories deal with the kinetics of domain re- these ultra-frequency experiments is whether a complete do-
versal driven by a dc electric field while most ferroelectric main reversal is achieved or not at such high frequency,
devices sever under a circumstance of alternative electricsince the measured polarization is smaller than the saturated
(ac) field. However, a dynamic picture of domain reversal value probed at low frequency. If the probed hysteresis does
under an ac field seems not well understood although a gen-not correspond to a complete domain reversal (unsaturated
loop), the real frequency exponent in the power-lawEegr
+ Corresponding author. Tel: 86-25-8350-6595: in the limit of h|gh frequency WQU|d be Iarger than the re-
fax: 4.86-25-8359-5535. ported exponent in these experiments. It is the purpose of
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the domain reversal behavior of ferroelectric thin films un-
der ac field over an extra-wide range of frequency can be
understood. The idea lies in the well-established theoreti- S
cal approach for dynamic hysteresis of ferromagnetic solids, 8
where the dependence of magnetic hysteresis on frequency 8:5
of applied magnetic field was calculated using the Landau ~
thermodynamic concept on phase transitiph8].

We study the dynamic evolution of ferroelectric hystere-
sis for two types of ferroelectric thin films with varying
frequencyf and amplitudeEg. It is well known that area

of ferroelectric hysteresis represents the energy dissipated
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during one cycle of domain reversal. Given a fixd(>E.) = o

for an AC field, areaA is small at either low or higH, §

because of smalt; at low f and low polarization at high &gﬁ 0
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dissipation as a symbol for the domain reversal. Therefore,

areaA appears to be a single-peaked functionfofThe Fig. 1. Hysteresis loops as measured at different frequeridies fixed

function A(f) can be defined as the hysteresis dispersion amplitudeEp, and at different amplitudeBy but fixed frequency. (a, c)

. . " for PZT, and (b, d) for SBT.

If a relationship betweety and Eg can be evaluated from

the dispersions at differerifg, the value ofEp for com-

plete domain reversal at any givérbecomes predictable. 3. Results and analysis

In this report, we summarize our recent results on two

types of ferroelectric thin films within a unified framework In prior to our experiments on the hysteresis dynamics,

[9,10]. we compared the loops measured by RT6000HVS and ST
methods for both types of thin films. The loops obtained
by the two methods keep quite good consistency with each

2. Experimental details other, particularly for SBT films, identifying the reliability
of the data by ST method within the measuring uncertainty.
Ferroelectric Pb(TbiagZro.52)03 (PZT) and BpSrTasOg In Fig. 1(a)—(d)the ST-measured hysteresis loops for PZT

(SBT) thin films, both exhibiting the perovskite structure and and SBT thin films, respectively, at fixegh but differentf
so far most widely investigated, are chosen for the presentand at fixedf but differentEg are presented. In general, the
dynamic study. The completely (00 1) PZT thin films were response of the hysteresis against vanfggndf, respec-
prepared using pulsed laser deposition on (00 1) Sy $id- tively is quite similar for PZT and SBT, indicating signifi-
strates with (00 1)-oriented YB&uzO7(YBCO) layers as cant dynamic effect in terms of the strong dependence of the
top and bottom electrodes. Details of the sample preparationhysteresis pattern and area on bBthandf. Given a fixed
were given earlie[9]. The SBT thin films were prepared by Eg > E; (Static coercivity), the loop is well saturated at low
sol—gel technique on commercial (1 0 0) Si substrates coatedf, For PZT, with increasinf polarization at maximum field,
with Ti—Pt layers as electrodes. The preferred (1 15) orien- Ps, decreases monotonously, while remnant polariza@on
tation of the as-prepared films was identified. Details of the increases first and then falls down. For SBT, it is a little dif-
film fabrication and microstructure characterization was re- ferent that botiPs andP; increase first and then fall down.
ported earlief10]. Looking atE; (hereE. only refers to the cross point of loop
The ferroelectric property of the as-prepared PZT and with E-axis), it is enhanced with increasifigor both PZT
SBT thin films is characterized by the RT6000HVS standard and SBT. However, the loop (at fixdeh) can be saturated
ferroelectric testing unit (Radiant Inc., NM, at virtual ground no longer but a tilted ellipse shrinking slowly withas f
mode, equivalent frequency 10 Hz), indicating high quality is extremely high, wher&; becomes essentially different
hysteresis loops and low leakage current. Meantime, the loopfrom the nominal coercivity, since the domain reversal is
measured by RT6000HVS is used to calibrate the hysteresisnot complete anymore. On the other hand, the evolution of
by the standard Sawyer—Tower (ST) method that was appliedhysteresis with increasin but fixedf is obvious but triv-
to probe the dynamic hysteresis at differéahdEy. The ac ial. The unsaturated ellipse pattern at sn@llevolves into
field is a sine-type signal generated by a function generatorthe saturated and rhombic pattern at lakge The parame-
[9]. The range of frequency covered in this experiment is tersPs, P andE; increase monotonously, but the tendency
f =10"2-10"Hz. becomes much weaker &s is large enough.
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(@ PZT . It is seen that in the lovi-regime, A(f) increases witk in
3l o My a rate higher than the predicted ratelq. (1) for SBT, or
& . ° the same rate for PZT, while this rate for decayingAgf)
T 2 A T in the regime of high-is lower, in relative to the predicted
S Lo LR rate inEq. (1) _ _
~ 1 XZAAA @ Vv:g It is generally believed that for a dynamic system of con-
ggi?ww 18¢ o, et NS served ordering parameter, the time- or space-dependent
0f 5 o o o o g s S5 SEBeD s§ dynamics of the ordering process may exhibit a dynamic
10° 10" 10° 10' 10° 10" 10° 10° scaling behavior. If such a scaling behavior can be char-

acterized by one scaling parameter, the system dynamics

A ® sBT e becomes uniquely determined by the dynamics of this scal-
VZZAA'“{-B X ing variable[14]. Since dispersioA(f) scales the energy for
“s 3t S domain reversal and the spontaneous polarization is con-
= AT 0% a stant at given constant temperature and press\(fe Eo)
e i B may exhibit the dynamic scaling property. Essentially, this
= et o o L% e y y g property Y,
iboe” &o:ﬁ Py s scaling behavior if confirmed shows a similarity with the
nwg@ﬁ*’” q%"’% ‘ scaling in diffusion-limited phase transformations in alloys.
1(30 TURTIRT IR IR AT In that case, the spatial distribution functi@{R, t) in the
Fourier-transform form (structure function) of the second
Hz) phase shows a single-peaked pattern at timehereR is
Fig. 2. Hysteresis dispersions at different amplituigsas numerically the characteristic dimension of the second phase. It is well
indicated. (a) PZT and (b) SBT. demonstrated that there exists a characterigjdy which

the structure functio®(R, t) satisfies the following scaling

In a qualitative sense, one is allowed to conclude that the function oncer > 1o, a critical time[15,16}
maximum arealnax is reached atf = fp at which the R 4
domain reversal is done in a marginal state. As fo, the W (’ = R_o) = Ry"G(R, 1) 4)
reversal can be completed no longer.

From the measured hysteresis we evaluate the hysteresigvherer is the scaling variable and is the spatial dimen-
dispersionA(f) at differentEg, as shown inFig. 2(a) for sionality. Ry is defined by the power-averaged integration
PZT andFig. 2(b) for SBT, respectively. As mentioned ©0f G(R, t) over the whole spatial range and follows ~
earlier, each dispersion curve appears to be single-peakedt’® except the early stage. In the other words, if the scaling
confirming the argument that concurrent nucleation and state is reached, the time-dependent evolution of structure
growth sequences proceed in ferroelectric domain rever-function G(R, t) is uniquely determined b ~ t+/¢.
sal. The peak position, labeled Hy, shifts towards the For the dynamic hysteresis of PZT and SBT, dispersion
high frequency direction with increasingo. For such a  A(f, Eo) would be uniquely determined if the dynamic scal-
single-peaked dispersion in spin-like systems such as ferro-ing behavior is confirmed. Therefore, the characteristic time
magnetic solids, much theoretical effort has been devotedd for the domain reversal must be unique, only dependent
to understand the power-laws in the limits of Idvand of Eo.
highf [11-13] The Landau phenomenological theory on To perform the scaling analysis, unfortunately, one notes

the dynamic hysteresis for ferromagnetic systems suggestghat the power-averaged integration Aff, Eo) with re-
the following power-lawg7]: spect tof is diverse, due to the power-laws shown in

Egs. (2) and (3)To avoid this divergence, we calculate the
(1) power-averaged integration &f{f, Eg) with respect to the
logarithmically transformed frequengy.
=lo
Here, the evaluated power-laws for ferroelectric PZT and 4 9h -~
SBT show form but some delicate difference in the exponent S:(Eo) = [ ¥"A(y, Eo)dy, n=12,...

A(f, Eo) o« fYRES® asf=0
A(f Eo)  f71EZ  asf = o

to frequencyf. As f is very low, the best fitting yields: S, (Eo)
2/3 (k0 =5 o) (5)
A(f, Eo) o« fYREZ® forPZT (2a) V(z)EEgg
2/352/3 "2E0 =2 )
A(f Eo) o« f9°Ey/~ for SBT (2b) Y1(£o
rl_l =101

while the power law in the high frequency limit (>1Biz)

takes: whereS, is thenth power-averaged integrator 8{y, Eg)

which is converged for any finite, y, is thenth frequency
A(f, Eo) o< f~Y3E3 forPZTand SBT (3)  variable,n; is the scaling parameter. The scaling requires
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Fig. 3. (a) Scaling parameter and effective characteristic timg as a
function of amplitudeEg, and (b) scaled hysteresis dispersions for PZT.

a constant, irrelevant ofEg. 71 = 1/f1 is the effective
characteristic time that is taken by exponential transform of
y1. Obviously, 71 is proportional to the real characteristic
time 74 for the domain reversal.

In Figs. 3(a) and 4(a)he effective timer; and scaling
parameteny as a function okg, respectively, for PZT and
SBT thin films, is plotted. For both PZT and SBT, no iden-
tifiable correlation between, and Eg is seen within the
experimental uncertainties, indicating the scalability of the
dispersionA(f). And more interesting is that an inversely
proportional relationship betweean andEy is revealed, to
be shown below.

The simplest scaling function can be formulated as the
following form:
W) = 77 /Ay, Eo) (6)

wheren is the scaling variable and is the dimensional-
ity with respect to time or frequency/£1). Consequently,
Eq. (6)is simplified into:

W) = 11A(y, Eo)

n = log(fr1)

(7)

The scaling function®(n) calculated according t&q. (7)
at differentEg for PZT and SBT are presentedHigs. 3(b)
and 4(b) respectively. Except from the cases of snigll all

n = log(fri ™)

rescaled data fall onto the same curve within the experimen-
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Fig. 4. (a) Scaling parameter and effective characteristic timg as a
function of amplitudeEg, and (b) scaled hysteresis dispersions for SBT.

one hasr; ~ Egl/d with d=1, an important conclusion,

which predicts co-occurrence of nucleation and growth for
the domain reversal sequence in the two types of ferroelec-
tric thin films. With this relation in mind, one can predict
conveniently the amplitude of the AC field required for a
complete domain reversal at a given frequency.

In fact, relationry ~ Eal/d with d=1 can be explained in
terms of the classical nucleation and growth concept for the
domain reversal. No doubt, the generation of ferroelectric
hysteresis is related to the domain reversal, as mentioned
earlier. According to the classical nucleation condéy,
driven by a dc field, the nucleation rate at different spatial
sites satisfies a distribution, and a characteristic time
corresponding to such a distribution can be defined and
predicted to followr,, ~ E~2/3. As for the growth sequence
in which the boundary between new and parent domains
move in a rate Iy, wherezy is the characteristic time for
the boundary movement under a given dc field, satisfying
1, ~ E™¥3, noting the boundary motion rate is spatially
inhomogeneous. Taking the domain reversal as the concur-
rent sequence of domain nucleation and growth, one has
the characteristic timey for the domain reversal:

4= JTatg o E71 (8)

where the slower sequence controls the domain reversal,
which is consistent with the scaling hypothesis confirmed

tal uncertainties, demonstrating the single-parameter scalingabove.Eq. (8)is only an argument for the case of dc field.

behavior of the hysteresis dispersiaff) for both PZT and
SBT. And more, based on the confirmed scaling behavior,

For the case of ac field, if timeq still exists, it can be
predicted that given a fixeey, the domain reversal can
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