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Scaling behavior of an antiferroelectric hysteresis loop

Yong-Hae Kim and Jong-Jean Kfm
Department of Physics, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea
(Received 29 January 1997

A double hysteresis loop of an antiferroelectric betaine phosphate-arsenate mixed (@Rgtal, ;) was
studied as a function of applied frequerf@yand field amplitudés,. A scaling analysis of the antiferroelectric
hysteresis loop was given to shawy = (Eq— E.)*5%194% whereA,, represents the area of the hysteresis loops
andE, a threshold field for observing the hysteresis curves. The scaling exponents are found to be close to the
reported theoretical results of the two-dimensional ferromagnetic Ising models. We have also found a different
scaling behavior for the antiferroelectric minor loopsfas< (Eq— Eo)>1%2%28 whereA,, represents the area
of the minor loops[S0163-182607)51518-9

Nonequilibrium phenomena have become a great concerfind 8=0.31. Zhonget al,*! and Zhong and Zhang also

of recent theoretical works in statistical mechanics and haV?eported the hysteresis loop scaling by one single variable of
been drawing renewed interest from many people in then. field sweeping rate.

renormalization-group theories of phase transition and fiel Hysteresis loops of the ferroelectrics are drawing great

theories=3 Nonequilibrium systems of recent scaling studlesinterest from many people due to the recent developments of

may be classified into two groups: a driven or steady S;tat(tahe ferroelectric thin-film applicatiorn'$.Ferroelectric hyster-

nonequilibrium system and a quenched system far frOmesis loops were studied for their frequency and field ampli-
equilibrium3~° For example, scaling studies of the roughnesst de d P denkais the basi fqth X‘ . 1l P
fluctuations in time and space for random deposition of par—u € dependence=on the basis of the Avrami Mo

here the domain wall velocity was assumed to be propor-

ticles onto a substrate surface belong to the first category X g ) i 16 1

while scaling studies of the time-dependent domain growttfona! to the applied field amplitude. Orihaeaal.™ derived
after initial nucleation and spinodal decomposition, as for g Scaling behavior of tge hysteresis curve from the Avrami
system quenched from a high-temperature disordered phageodel. Hashimotcet al.™ obtained a scaling exponept=
toward a low-temperature ordered phase, belong to the seb-23 for the hysteresis curves of the ferroelectric triglycine
ond category. Hysteresis loop measurements belonging @lphate. Ferroelectric hysteresis loops of the 1D hydrogen
the second category but also with driven characteristics haveonded cesium dihydrogen phosphate crystals are also
been studied more recenfiy*?In the soft magnet system the shown to have scaling behaviétof the extended Avrami
Steinmetz law about the relation between the akeaf the  model. However, there has been no report yet on the scaling
hysteresis loop and the sine wave amplitldlg of the ap-  behavior studies of the antiferroelectric or antiferromagnetic
plied magnetic field ad=H3° has long been knowh.How-  hysteresis loops.

ever, an intensive study of the hysteresis curve dependence Since the discovery of antiferroelectricity in betaine
on field amplitude and frequency was reported only recentlphosphate (BP, (CH3)3N CH,COOH;PQ,) by Albers

by Raoet al.,® who applied the first-order phase transition et al*° betaine compounds have been a great concern
analysis of Mazenko and Zannéttd the hysteresis curve for in  ferroelectric researcH. Betaine arsenate (BA,

the three-dimensional continuousb?)? N-vector model (CH3)3NCH,COOH;AsO,) exhibits a ferroelastic transi-
system N—). Their numerical simulation results could tion at T,;=411 K and a ferroelectric transition at
show a scaling behavior of the hysteresis loop akeaith ~ T.,=119 K Although BP and BA are not isomorphous,

respect to the field amplitude, and frequency) as and the respective hydrogen-bonded chain axes have a con-
siderable lattice mismatch(b=7.852 A for BP and
AxHSOA c=8.128 A for BA), mixed single crystals, BP,A ,, can be

grown for almost the whole range of arsenate concentration
with @=0.66 andB8=0.33. Hysteresis loops are character-x.>*?* Maeda and Suzukl performed dielectric measure-
ized by saturation and distinguished from the minor loopsnents on BP_,A, mixed crystals to obtain a full range
without saturation appearing at small field amplitude. Dhamphase diagram, where the antiferroelectric phase was found
and Thoma$also studied the same model system but ob+o be stable at low temperature fos®<0.4.
taineda=0.5 andB=0.5 for all dimensions ofi>2. Lo and Antiferroelectric double hysteresis loops are best ob-
Pelcovit§ made a Monte Carlo simulation study of the hys- served in the antiferroelectric BBA o ; mixed crystaf® and
teresis curve for a two-dimensioné&D) Ising model and we want to report on the scaling behavior analysis of the
obtained the scaling exponents®@f0.46 and3=0.36. Sen- observed antiferroelectric hysteresis loops.
guptaet al® obtaineda=0.47 and3=0.40 for the same 2D Polarization—electric field B-E) hysteresis loops were
Ising model from the cell dynamics simulation study. He andmeasured by use of a programmable digital oscilloscope
Wang? applied a surface magneto-optic Kerr effect to study(LeCroy 9420. A sine wave from the function generator
the hysteresis curves of Fe/[01] film to obtain «=0.59 (HP3310A was amplified by a home-made power amplifier
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increases with frequen&t® and our scaling analysis is re-
stricted to the hysteresis loops observed in the frequency
region below 200 Hz.

In Fig. 3 a log-log plot is presented between the area of
e hysteresis loop and frequency at a fixed field strength of
700 V/Imm. We can obtain the scaling expong@at for mi-
nor loops asB,,,=0.28+0.03 by fitting the frequency region
below 200 Hz. In Fig. 4 we presented a log-log plot between
, ) the loop area and frequency for the hysteresis loops observed
(X100 and applied to the sample capacitor. The responsg; g |arger field strength of 906 V/mm. Figure 2 also shows
signal of the crystal was fed to the digital oscilloscopeinat the saturated hysteresis loops are observed even at
through an operational amplifi¢tF356) for data acquisition () —35 Hz for the large field amplitude of 906 V/mm. We
and processing, where the linear background was automatjs ;s obtain from Fig. 4 the scaling exponght for the satu-

cally subtracted as in the standard Sawyer-Tower circuit,aiaq hysteresis loops @ =0.40+0.04 by fitting the type-
Each hysteresis curve presented was obtained after averaging region below 200 Hz. Our experimental value of

over 200 samplings to average out the noise deformation ,=0.40+0.04 is in best agreement with the Ising model
All the experimental observations of hysteresis curves argxponerﬁ but different from the value of the ferroelectric
obtained in the antiferroelectric phase of BR 4 at 79.05 hysteresis curvé®

K. In Fig. 5 we have shown the field strength dependence of

In Figs. ¥a)-1(d) we presented the typical hysteresis i |oon area for the hysteresis loops observed at various
curves obtained at various field amplitudes of the sine WaV&equencies. In Fig. 6 we have shown the scaling fit of the

i”EUt atQ=?5_Hz: We can obsgrvebthree (;jitl:felrent Cases'minor loops of Fig. 5 with respect to the field strength as
where no polarization curve can be observed below a thresfk (= "t yon \where A, signifies the frequency scaled

old field strengthE., minor hysteresis loops without satura-
tion at relatively small fields abovE., and the saturated
double hysteresis curves at large fields well abBye This ' T /M;\)
sequence of field-dependent changes can be observed also at I e
other frequencies. In Fig. 2 we have plotted the area of the
hysteresis curves as a function of the applied field amplitude
observed at various input frequencies fréu=35 Hz to 1

kHz. It can be seen that the field-dependent change of the
area is rapid ¢>1) for minor loops but slow ¢<1) for
saturated hysteresis curves. We can also observe that the
range of field strength generating minor loops decreases with
increasing frequency. This can be associated with the scaling
behavior of the loop area in a two-component scaling vari-
able of the form E,—E.)*Q#, where for a given value of

the scaling variable the field component decreases with in-
creasing frequency component. In Fig. 2 we can see the hys-
teresis loop observed &,=900 V/mm hardly changes in FIG. 3. Log-log plot between the hysteresis loop area and the
the loop area with frequency change from 300 Hz to 1 kHz gpplied frequency) of the field with the field amplitude fixed at
corresponding to the typB-region of He and Wan{f Scal-  E,=700 V/imm. From the data fit we obtajf,,=0.28+0.03 for

ing is restricted to the typé- region where the loop area (<200 Hz.

FIG. 1. Double hysteresis loops observed in the antiferroelectri(ih
BPy.0A 1 crystal with the sine wave field of frequen€y=35 Hz
and various amplitudes d&) 580 V/mm, (b) 664 V/mm, (c) 726
V/mm, and(d) 920 V/mm.
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FIG. 4. Log-log plot between the hysteresis loop area and the FIG. 6. Scaling plot of the minor loop are&) dependence on

applied frequency) of the field with the field amplitude fixed at
E,=906 V/mm. From the data fit we obtaj@,=0.40+0.04 for

(=200 Hz.

area of minor loop by using,, obtained from Fig. 3. In

E.=642.8 V/mm.

antiferroelectrics we cannot observe the hysteresis loops ufy nucleation and domain growth.
less we increase the field strength above a threshold value In the case of ferroelectric hysteresis loops, when we ap-
and we must express the effective field strength a®ly an electric fieldE=E,>0 the ferroelectric system of
(Eo—E,) in contrast to the ferroelectrics. We have obtainedSPontaneous polarizatid? tends to have a global minimum

from fitting «,,=2.12+0.02 andE.=642.8 V/mm. In Fig. 7

field amplitude Eg) and frequencyQ) using the data set of Fig. 5:
AL (Eq—Eg)*mQPm with @,=2.12+0.02, 8,,=0.28+0.03, and

of the two systems such as a hysteresis curve characterized

of energy atP=P_, >0 and a metastable local minimum at

we have shown a similar scaling fit for the saturated hysterP=P_<0. If the system were & _<0 under the external

esis loops of Fig. 5 with respect to the field strengthAgs
«(Eq—E.)“H, whereAy signifies the frequency scaled area
of hysteresis loop by using,, obtained from Fig. 4, and
E.=642.8 V/mm. The scaling exponent, was obtained
from the fit asa;=0.50*0.02, which is in reasonable agree-
ment with the Ising model valu&$ but in considerable dif-
ference from the values of Raet al® and the thin-film
experiment?

It is very interesting to note the similar values of the scal-
ing exponent between the antiferroelectric hysteresis loop o
the BR) A .1 crystal and the ferromagnetic hysteresis loop o
the 2D Ising model. Although the equilibrium properties of
the phase transition have the same critical exponents b
tween ferromagnetic and antiferromagnetic syst&inis not

field E, >0, a transition to theP . >0 state of the global
minimum energy may be induced from the nucleation fluc-
tuation and the succeeding domain gro’tiMeanwhile in
the antiferroelectric system we have two minimum energy
wells atP, _ andP_, which remain to be equivalent under
the external uniform electric field. When we apply an electric
field E=E, >0 larger than a threshold fiel, the sublattice

polarization withP <0 will become metastable against the

obvious to expect the same in the nonequilibrium properties

Area (arb. units)

SIS.

1.2

1.0

0.8

0.6

0.4

0.2

0.0

600

—0—49Hz o ‘@
L. | —o—80H:z 7 ais] ‘é
—a-—130 Hz WWV " g
—v— 180 Hz Ev g r
- TIV s dﬂf:ﬁ j £
A <
& 00 3
o L (_bo‘bmg - 2
le)
Q / o’oo
|:|°°’
/S

L L L
660 720 780 840
Electric Field (V/mm)

900

1.0

0.8

0.6

0.4

60 80 100

(E, - 642.8)0-50 0.40

P, >0 state, that is, under a strong electric field>E_ the
qntiferroelectric polarizatiorP, ~ or P_, becomes meta-
fstable against the ferroelectric polarizatiBn ,>0. Field-
induced local polarizations in the metastable state would
ét_and to nucleation and subsequent domain growth, leading to
the ferroelectric polarizatioR, . .

FIG. 7. Scaling plot of the saturated hysteresis loop afeg (
dependence on field amplitud&{) and frequency ) using the
FIG. 5. Applied field amplitude and frequency dependence ofgata set of Fig. 5:Ay%(Eq—E)“ QP with a,=0.50+0.02,
the hysteresis loop area in the region appropriate for scaling analys,, =0.40+0.04, andE,=642.8 V/mm.
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We can thus see the kinematic steps of the field-inducedsis loop formation is conserved in the ferroelectric hyster-
transitions encountered with both ferroelectric and antiferro€sis loop with respect t&=0 but broken in the antiferro-
electric hysteresis loops are similar to each other except thelectric hysteresis loop with respectBe-=E,.
threshold field effect in the antiferroelectric hysteresis loops. In conclusion we have observed in the antiferroelectric
However, since the electrostatic energy would increase witgystem of the BP_,A, (x=0.1) crystal a scaling behavior of
increasing surface polarization, the ferroelectric system tendde hysteresis curve a&«(E,—E.)“Q”, where we have
to form a more stable multidomain structure whereas in thdound a,=2.21+0.02, 8,=0.28+0.03 for the unsaturated
antiferroelectrics of no surface polarization the antiferroelecminor loops, anda;;=0.50+0.02, 8,=0.40+0.04 for the
tric structure remains more stable against the ferroelectridturated hysteresis loops. The scaling exponespfsand
structure. Thus we do not expect a spontaneous transitiofr &re found to be close to the reported theoretical values of
from the antiferroelectric minimum state to the ferroelectricthe.tWOTd"ﬁnen.s'pnal ferromagnetlc_ Ising models. This obser—
minimum state atE=E;. The field-induced ferroelectric ://varftleorg llasot;\erfglrr:fr%g;]tngtfictgi degléltlilfgrrlruorpna%maestﬁ: }rs?:gs'g%?n
state atE=E_., however, would tend to transform to the . .
antiferroelect?ic state of the double minimum well with de- systems belong to the same universality cfass.

creasing field belovE, . In other words, due to this differ- This work was supported in part by the Korea Science and
ence in electrostatic surface energy between the ferroelectrigngineering Foundation through the RCDAMP at Pusan Na-
and antiferroelectric state, kinematic symmetry of the hystertional University.
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