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The increasing parts of the non-symmetric P(E) hysteresis |oops of PZT ferroelectric films
(First Order Reversal Curves - FORC), were used in order to cal cul ate the FORC distribution
in which a separation of the reversible and irreversible contributions to the polarization was
obtained. The role of the frequency of the applied field on the switching properties of the
ferroelectric films were analyzed by this method. A phenomenological model was used to
describe the P(E) hysteresis loops. Using the model parameters determined from the fit of
P(E) major loops, minor loops and the FORCs were simulated, at various frequencies and
amplitudes of the applied field. The calculated FORC diagram was compared with the
experimental one and the limits of the model were discussed.
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1. Introduction

The method of investigation of hysteretic systems by means of First Order Reversal Curves
(FORC) diagrams initially proposed for geological ferromagnetic systems and latdy for recording
media, spin glasses and ferrofluids [1-3] was recently applied for ferroeectric films [4-5]. The
method involves the measurement of minor hysteresis loops obtained by cycling the sample between
saturation and a variable reversa fidd. Beng sensitive to various parameters, including
characteristics of the ferrodectric system but aso characteristics of the fidd history and
characteristics, the experimental FORC diagrams contain a rich information. In order to disclose the
information contained in these diagrams, modelling tools are used and the role of the mode
parameters on the FORC diagrams are separately investigated [6-8]. Various techniques have been
employed for describing the hysteretic behaviour of ferrodectrics [9-11]. Among them, the semi-
macroscopic theories combining the phenomenologica approach with energy rdations give
reasonabl e results and have a small nhumber of effective model parameters. The phenomenol ogical
approach initially proposed for soft magnetic materias by Jiles and Atherton [12] was successfully
applied for describing the hysteresis loops of PMN ferrodectric relaxors [13]. In this paper, the
experimenta FORC diagrams obtai ned for Pb(Zr,Ti)Os (PZT) thin films are compared with the ones
simulated on the basis of the phenomenologica modd of Jiles-Atherton, with the approximation of
Deane [14]. Aninterpretation of the mechanismsinvolved in the observed patternsis proposed.

2. Experiment and definition of the FORC diagrams

Pb(zr,Ti)Os (PZT) films obtained by Rf - sputtering technique having Pt eectrodes were
used for experiments [15]. Single pulse hysteresis measurements in 500Hz triangular signal with
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10V maximum amplitude have been performed using a FCE ferrodectric tester (Toyotechnica)
according to the sequence: (i) saturation under a positive fidd E = E_, =400kV/cm; (ii) ramping the
field down to a reversal value E,, when the polarization follows the descending branch of the Major
Hysteresis Loop (MHL); (iii) increasing the field back to the positive saturation, when the
polarization is a function of both the actual fidd E and of the reversal fidd E; [4-5]. The FORC

family starting on the descending MHL branch is denoted as prorc(E,.E) . similarly, the FORCs

Prore(E;,E) can be obtained using the ascending branch of the MHL [4]. The FORC diagram

represents a contour plot of the FORC distribution, defined as the mixed second derivative of
polarization with respect to E; and E [2]:

} 10°prorc(E,,E) _1 0 [ -
p (Er,E):—M:—— Xrorc (B E)], 1)

r

in which Xrorc(E,,E) are the differential susceptibilities measured along the FORCs. The
distribution p(E,,E) describing the variation of polarization with respect to changes in both the
reversa fied E, and the actua dectric fidd E and it was determined using the numerical method
proposed in [2]. By changing the coordinates of the FORC distribution from (E;,E) to {E.=(E-E;)/2,
E=(E+E)/2}, where E; and E; play the role of local coercive and interaction field respectively,
P(E,,E;) becomesidentica with the Preisach distribution [16] for systems satisfying the classical
Preisach model conditions [17]. The experimental FORC diagrams obtained for PZT film at the
frequencies f = 5 Hz and f = 500 Hz are presented in Fig. 1 (a-b). They clearly show reversible and
irreversible components with a maximum at Eg=-0.3Emax, Em=0.1E Which has the meaning of the
fields for the highest number of switchable units causing the main contribution to the polarization.
An asymmetry of the of the irreversible FORC aong Ey=0.2E was explained as due to sdf-
polarizing effect in the film [4-5]. A higher spreading and diffusion of the irreversible part of the
FORC distribution is found for higher frequency together with an increasing of the reversible
component. The paosition of the maximum of the irreversible part is slightly shifted towards higher
fidds for f = 500 Hz. In the present paper, the best fit parameters of the phenomenologica mode
Jiles-Atherton [12], with the approximation of Deane were used for simulating the FORC
polarization and FORC diagrams at the two frequencies.
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Fig. 1. Experimental FORC diagrams of PZT films at frequencies: (a) 5 Hz and (b) 500 Hz.

3. Theory

In the Jiles-Atherton approach [12] the P(E) hysteresis loops was moded ed in two steps [12].
Firstly, the ided anhysteretic polarization is calculated by considering a classical Boltzmann
statistics for the probability of dipolesto occupy specific energy states. The hysteretic effect is later
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added by considering the deviations from the anhysteretic state due to the restriction of domain wall
movement by pinning sites in the ferrodectric. In the presence of a scaing polarization Py, the
assumption that dipoles can orient in any direction yiel ds the Langevin formula:

_ E.|_a
P,=PR+ P{coth(?J = } (2

e

where Psis the saturation polarization, a is a constant and E, isthe effective fid d considered as:

E (E—E0)+O’(P—P0) 3)

e —

in which aP quantifies the fidd contributions due to the interdomain coupling and stress effects and
(Eo, Po) are the bias fidd and respective polarization considered to account for the asymmetries of
the hysteresis loops. The hysteresis curve P(E) is obtained by including the reversible Pre, and
irreversible polarization P;, resulting from the translation and bending of domain walls pinned at
the inclusions of material:

dPirrev —_ S Pan - Pirrev (4)

where, within the approximation proposed by Deane [14]:

= (®)

5 1{dE >0and P> P, }or{dE<Oand P< P, }
0, otherwise.

The parameter k quantifies the average energy required to reorient the domains and it is
assimptotically approximated by the coercive fidd in the soft materias. In our simulations, k
parameter was chosen as a Gaussian function of the values of the dectric field. Thetota polarization
isthus:

P=P_+P

irrev?

inwhich: P, = c:(Pan - Pm,) (6)

Thefinal equation of Jiles-Atherton model used by usin our simulation was:

P = (-c)P, -P) dP,
@ X{i-0)-a(e. -P) @

where 6 = 1 on the ascendent and & = -1 on the descendant branch of the hysteresis loop.

4. Results and discussion

The experimenta MHL loops of PZT films at the two frequencies have been firstly fitted
with the present model. A good fit was obtained for f=500Hz (Fig. 2 b) and a reasonable one for
f=5Hz (Fig. 2 a), due to the space charge effects altering the switching polarization and manifesting
in the measured P(E) loops mainly at low-frequency.
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Fig. 2. Experimental, best-fit MHL at (a) 5 Hz and (b) 500 Hz frequency of eectric field and
computed FORCs on the basis of phenomenological model at: (c) 5 Hz and (d) 500 Hz.

Using the best fit values determined from the MHL, the FORCs were simulated (Fig. 2 ¢, d).
The computed FORC diagrams (Fig. 3 & b). show similar behaviour with the experimenta ones: a
reversible component with a maximum at E=0 and an irreversible part located at the same field
values as the experimental ones. The modd is aso able to describe the asymmetry of the FORC
diagrams dong the E; axis which previously was considered as coming from the preferentia
polarization of the switching units located at the bottom d ectrode — film interface which can easily
switch in one direction, but they need higher and distributed fieds for switching in the opposite one
[4]. This effect, recently found in bulk materias and described within Landau models seems to be
more related to intrinsi ¢ characteristics of the switchable system than to an interface effect [18]. The
model is also able to describe the effect of increasing frequency on the FORCs causing a shift of the
maximum towards higher fidds and a spreading of the distribution. Due to the fact that the
switchabl e dipoles are not able to follow the fast variation of the applied fieds at higher frequency,
an gpparent higher coercivity is found in the simulated FORCs, like in the experimental diagrams
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Fig. 3. FORC diagrams computed on the basis of the phenomenological modd at (&) 5 Hz
and (b) 500 Hz.
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5. Conclusions

The experimental FORC distribution obtained for PZT films at different frequencies were
compared with ones computed on the basis of a phenomenological modd. The Jiles-Atherton theory
in the version proposed by Dean was used for the fitting of the MHL. Using the best va ues fits, the
FORCs were simulated. The computed FORC diagrams show similar behavior with the
experimentad ones. The modd is able to describe correctly the reversible and irreversible
components on the P(E) loops, the asymmetry of the FORC diagrams aong the E; axis and the
effect of increasing frequency on the FORC diagrams.

References

[1] I. Mayergoyz, Mathematical Models of Hysteresis, Springer, New Y ork, 1991.
[2] C. R. Pike A. P. Roberts, K. L. Verosub, J. Appl. Phys. 85, 6640 (1999); Geophys. J. Int.
145, 721 (2001).
[3] H. G. Katzgraber, F. Pazmandi, C. R. Pike, K. Liu, R. T. Scalettar, K. L. Verosub,
G. T. Zimanyi, Phys. Rev. Lett. 89, 257202 (2002).
[4] A. Stancu, D. Ricinschi, L. Mitoseriu, P. Postolache, M. Okuyama, Appl. Phys. Lett.
83, 3767 (2003).
[5] D. Ricinschi, A. Stancu, L. Mitoseriu, P. Postolacheand M. Okuyama,
J. Optod ectron. Adv. Mater. (to be published).
[6] C. R. Pike A. P. Roberts, M. J. Dekkers, K. L. Verasub, Phys. Earth and Planetary Interiors
126, 11 (2001).
[7] A. Stancu, C. Pike, L. Stoleriu, P. Postolache, D. Cimpoesu, J. Appl. Phys. 93, 6620 (2003)
[8] C. Enachescu, PhD Thesis, Univ. of Versailles, France, (2003).
[9] I. W. Chen, Y. Wang, Ferroe ectrics 206, 245 (1998).
[10] W. Chen, C. S. Lynch, J. Int. Mater. Systems and Structures 9, 427 (1998).
[11] P. Ge, M. Jouaneh, Precision Eng. 17, 211 (1995).
[12] D. C. Jiles, D. L. Atherton, J. Magn. Magn. Mater. 61, 48 (1986).
[13] R. C. Smith, C. L. Hom, SPIE Vadl. 3667, Newport Beach, CA, March 1-4, 150 (1999).
[14] J. H. B.Deane, IEEE Trans. Magn. 30, 5 (1994).
[15] D. Ricinschi, M. Okuyama, Appl. Phys. Lett. 81, 4040 (2002); Integr. Ferrod. 50, 149 (2002).
[16] F. Preisach, Z. Phys. 94, 277 (1935).
[17] A. Stancu, C. Pike L. Stdleriu, P. Postolache, D. Cimpoesu, J. Appl. Phys. 93, 6620 (2003)
[18] D. Ricinschi, L. Mitoseriu, A. Stancu, P. Postolache, M. Okuyama, The 16" International
Symposium of Integr. Ferrod. ISIF 2004, 5-8 Apr. 2004, Korea.



