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Abstract
The First Order Reversal Curves (FORC) diagrams method was developed for characterizing the switching 
properties of ferroelectrics. In the present paper, the FORC method was applied for hard Pb(Zr,Ti)O3 ceramics 
with symmetric and asymmetric clamping. An ideal high-oriented single-crystalline ferroelectric with rectan-
gular P(E) loop would be characterised by a delta-function FORC distribution, while real ferroelectrics and 
mostly the polycrystalline ceramics show dispersed FORC distributions. All the investigated ceramics show 
FORC distributions with non-Gaussian shape, slightly elongated along the coercitive axis, meaning a high 
dispersion of the energy barriers separating the two bi-stable polarizations ±P. The degree of dispersion is 
enhanced by clamping. The maximum FORC coercivity is located at ~ (1.9-2) MV/m for all the hard ceramics. 
The FORC cycling experiment causes the reversal of the initial poling and result in a positive/negative bias on 
the FORC diagrams. According to the observed features, it results that FORC coercivity is more related to the 
nature of the material, while the bias field is more sensitive to the electrical and mechanical boundary condi-
tions in which the ferroelectric ceramics evolves while switching.

Keywords: hard PZT, clamping, First-order reversal curves (FORC)

I. Introduction

The polarization switching is the most important 
characteristics of ferroelectrics, macroscopically relat-
ed to the hysteresis loops P(E). The polarization rever-
sal is a very complex and inhomogeneous phenomenon, 
involving complicated reversible/irreversible domain 
wall motions and being strongly influenced by local ma-
terial properties and/or to local electric fields. The mac-
roscopic polarization under a given field sequence is an 
average property of the overall local responses. A clas-

sical method for describing hysteretic responses is the 
Preisach model, a mathematical approach initially for-
mulated for magnetic systems, which considers the re-
sulting loops as being a statistically averaged sum of in-
dependent rectangular hysteresis local loops attributed 
to some dipolar entities [1–3]. In the pioneering works 
of Turik [3], the Preisach model was proposed for de-
scribing hysteresis loops also in ferroelectrics; most re-
cently the Preisach approach has been largely applied 
for characterization of the switching properties of fer-
roelectric films and ceramics [4–7]. While applying the 
classical Preisach model for switching in ferroelectrics, 
the sample is considered to consist of a collection of in-
dependent elementary bi-stable units (described by ide-
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al rectangular hysteresis operator called “hysteron”), 
each one being characterized by its positive/negative 
coercive fields Ec

+, Ec
- (or alternatively, coercive and 

bias fields Ec, Ebias). The polarization response of a giv-
en ferroelectric under a field-sequence is fully described 
by a double-integral of the Preisach distribution func-
tion over all the possible switching thresholds of the el-
ementary hysteresis operator, i.e. over all the coercive 
and bias fields [1,2].

Inspired by the Preisach approach, the first-order re-
versible curves (FORC) distribution was proposed to 
identify the Preisach distribution within the Classical Pre-
isach Model (CPM) for magnetic systems [1] and then 
extended to any hysteretic system [8], having a higher 
degree of generality because is not limited to any model 
restriction. It was extensively applied in past years for de-
scribing switching phenomena in ferroics, including fer-
roelectrics [9–14]. The application of the FORC method 
involves simple experiments, in which the system’s po-
larization ),( EEp rFORC

±
 is recorded when the system is  

cycled between a maximum saturation field (±Esat) and 
a set of variable reversal fields ( )satsatr EEE ,±∈ . The 
FORC diagram is a contour plot of the FORC distribu-
tion ),( EEr

±ρ , defined as the mixed second derivative of 
polarization with respect to E and Er [9]:

� (1)

where ),( EErFORC
±χ  are the differential susceptibilities 

measured along the FORCs. The low-field (reversible) 
contribution of the FORC distribution to the polariza-
tion is:

� (2)

and Ec = (E–Er)/2, Ebias = (E+Er)/2 play the role of local 
coercive and bias fields, respectively, and consequent-
ly, ),( biasc EEρ  becomes a distribution of the switchable 
units over coercive and interaction (bias) fields. The ap-
plication of FORC investigation for a few specific fer-
roelectric systems demonstrated the high sensitivity of 
this method in describing the ratio of reversible/irre
versible contributions to the ferroelectric polarization 
[9,10], fatigue effect in films and ceramics [9,10,13], 
composition and grain size-induced ferroelectric-re-
laxor crossover [12,14], the role of anisotropic porosi-
ty in PbZr,TiO3 (PZT) ceramics [13], tunability [12,14] 
etc. Being related to the reversible/irreversible domain 
walls movements, they should be also sensitive to the 
electrical and mechanical boundary conditions. 

Piezoelectric materials and mainly PZT ceramics 
are widely used for applications in microelectronics 
or power transducers. In order to suit some specific re-
quirements for certain applications, different properties 
are induced by doping with various ions as Nb, Li, Er, 
Fe, etc., giving rise to hard or soft PZT [15,16]. In PZT 

compositions (near the morphotropic phase boundary 
MPB), several acceptor ions can be incorporated into 
the A site (e.g. K+, Na+) or B site (e.g. Fe3+, Al3+, Mn3+) 
in hard PZT and several donor ions at the A site (e.g. 
La3+) or B site (e.g. Nb5+, Sb5+) in soft PZT. In gener-
al, hard PZTs are difficult to pole and usually have less 
pronounced piezoelectric characteristics [16]. The ac-
ceptor dopants create oxygen (anion) vacancies, while 
donor dopants create metal (cation) vacancies and fa-
cilitate domain wall motion in the material. In general, 
acceptor doping creates hard PZT, while donor doping 
creates soft PZT. Hard and soft PZT’s generally differ in 
their piezoelectric constants: piezoelectric constants are 
proportional to the polarization or to the electrical field 
generated per unit of mechanical stress, or alternative-
ly is the mechanical strain produced by per unit of elec-
tric field applied. In general, soft PZT has higher piezo-
electric constant, but larger losses in the material due 
to internal friction. In hard PZT, domain wall motion is 
pinned by the impurities, thereby lowering the losses in 
the material, but at the expense of a reduced piezoelec-
tric constant.

The switching responses of piezo/ferroelectrics are 
strongly affected by electrical and mechanical bound-
ary conditions, in addition to other material and input 
excitation parameters (field type, history, etc.) and tem-
perature [15]. In the present paper, the FORC method is 
used in an attempt to observe some specific features of 
the switching characteristics in hard PZT ceramics with 
different types of clamping [17–19].

II. Experimental
A few PZT piezoelectric ceramics with hard (PZ-

T8D) characteristics for transducers [17–19] (un-
clamped, symmetric/asymmetric clamping with metal 
plate or cymbal) [20,21] were used in order to evi-
dence, if present, some effects related to the role of me-
chanically clamping on the FORC diagram character-
istics. Prior to the experiment, the ceramics have been 
poled at room temperature at a field of E = 3 MV/cm. 
The experimental FORC loops were recorded at room 
temperature under a sinusoidal waveform of various 
amplitudes and at the frequency of 1  Hz, by using a 
modified Sawyer-Tower circuit, under the following 
field sequence [22]: (i) Saturation under a positive field 
E ≥ Esat; (ii) ramping the field down to a negative re-
versal value Er, following the descending branch of the 
major hysteresis loop; (iii) increasing the field back to 
the positive saturation, describing the positive FORC 

),( EEp rFORC
+ . Positive (from positive saturation to-

wards the negative one with respect to the poling direc-
tion) and negative (from negative saturation towards 
positive one) experiments were performed. The FORC 
diagram was calculated as described in details in the 
refs. [9] and [13]. An ideal high-oriented single-crys-
talline ferroelectric with rectangular P(E) loop should 
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be characterised by a delta-function FORC distribution 
(zero everywhere, except for the values of its coercive 
and bias field), while real ferroelectrics and mostly the 
polycrystalline ceramics show dispersed FORC distri-
butions, due to the fact that their dipolar unit switch 
at various field values around the coercive and bias 
fields. An ideal relaxor system practically switches at 
zero coercivity, since its P(E) dependence has almost 
zero coercivity. In addition, the ideal relaxor has almost 
zero switching polarisation and this means that in the 
FORC representation it should be described by a dis-
tribution centred on zero coercivity (on the first bisec-
tor of the Preisach plane), having only reversible po-
larisation component. A real relaxor characterised by 
an almost continuous distribution of the energy barri-
er values corresponding to the equilibrium polarisation 
should present a continuous FORC distribution (with 
non-separated reversible Ec = 0 and irreversible Ec ≠ 0 
components) along the coercivity axis (i.e. the second 
bisector of the Preisach plane) from zero to higher field 
values [22].

III. Results and discussion
The computed FORC diagrams obtained for the 

hard PZT ceramics are shown in the Figs. 1-3, togeth-
er with the corresponding experimental FORC loops. 
First of all, it was studied the effect of the positive/neg-
ative FORC experiment with respect to the poling di-
rection on the unclamped PZT samples; the results are 
comparatively shown in Fig. 1. The diagrams charac-
teristic to the unclamped ceramics present excellent 
switching characteristics, with zero reversible compo-
nent (no distribution along the first bisector of the Pre-
isach plane) and sharp irreversible switching contribu-
tion to the polarization (described by a well-localized 
maximum around the field values of E  =  2  MV/cm, 

Er = –2 MV/m), as shown in the Fig. 1. The distribu-
tions are clearly biased (shifted along the second bi-
sector in the Preisach plane) and well localized. As 
expected, the bias sign is dependent on the direction 
of the applied field (the shifts are positive or negative 
with respect with the second bisector of the Preisach 
plane). The value of this shift (i.e. the distance mea-
sured perpendicular from the maximum to the second 
bisector) is slightly higher for positive field (Fig. 1b) 
than for the negative one (Fig. 1a), indicating a kind 
of as-grown bias of the PZT unclamped sample. In ad-
dition, the positive FORC (Fig. 1b) is slightly incom-
plete by comparison with the negative one (Fig. 1a), 
meaning that there are in this case still some dipolar 
units needing higher fields for switching that for the 
negative one. The explanation for the observed dif-
ferences is due to a kind of non-symmetry of the fer-
roelectric/electrodes structure (even unclamped) with 
respect with the sign of the applied field, possible in-
duced by processing. In spite of an expected local in-
homogeneity related to the doping of hard PZT ce-
ramics, the samples do not show any relaxor character 
[14], since the reversible/irreversible components are 
very well separated (i.e. the threshold field or ener-
gy barriers for switching have always non-zero val-
ues [15], since no dipolar units are found in the dia-
gram for fields below 1 MV/m). All the dipolar units 
are already switched at fields below 3 MV/m, giving 
rise to a complete FORC diagram. The positive FORC 
distribution (Fig. 1b) is slightly non-symmetric with 
respect to the negative one (Fig. 1a), both being non-
Gaussian. It is worth to mention that a Gaussian dis-
tribution would be represented in the Preisach plane 
by circular level curves as representing the FORC di-
agram. Contrary to the original hypothesis of the clas-
sical Preisach model for which double-Gaussian dis-

a) b)
Figure 1. FORC diagrams in unclamped PZT obtained for: (a) negative, (b) positive cycle (i.e. from negative/positive saturation 

towards the positive/negative one, with respect to the poling direction). Inset: P(E) FORC loops and colour code
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tribution over (Ec, Ebias) were proposed [1–5], the large 
majority of ferroelectric systems, including the pres-
ent ones, show non-symmetric distributions as due to 
many reasons, like the interactions between the hys-
terons, local fields, charged defects, “dead-layer” ef-
fects, etc. [6,7,9–11,13,14]. The values for the coer-
civity Ec and bias Ebias corresponding to the maximum 
of the irreversible FORC and representing the charac-
teristic fields activating the largest majority of hyster-
ons are: Ec = 1.95 MV/m for both cases, while a small 
change in the sign of the bias is induced by the pol-
ing direction: Ebias = 0.45 MV/m (positive FORC) and  
Ebias  =  –0.05 MV/m (negative FORC). It results that 
the initial bias induced by poling can easily be mod-
ified in these systems by the FORC experiment itself 
and is very sensitive to the field history of the ceram-
ics, while the coercivity is practically unchanged. The 
bias field changes the sign after the FORC experiments 
with very similar values in all the investigated sam-
ples from values in the range Ebias = (0.45, 0.6) MV/m 
(for positive FORC) to Ebias= (–0.05, –0.2) MV/m (for 
negative FORC), the shift of the bias field as induced 
by the FORC experiment of ~ 0.75 MV/m being ob-
served for the non-symmetric clamping. As expected, 
the non-symmetric mechanical clamping seems to fa-
vour a larger bias in the hard PZT ceramics than the 
symmetrical clamping. 

The positive FORC diagrams characteristic to 
asymmetric clamping are shown in the Fig. 2. While 
the macroscopic polarization is smaller than in the 
unclamped ceramics, no major changes of the distri-
butions were induced by the asymmetric clamping, 
except a small increase of the coercive field character-
istic to the maximum distribution Ec = (2–2.1) MV/m 
by comparison with the unclamped ceramics (Fig. 1b) 
and irrespective to the fixing type (metal plate or cym-

bal) of clamping. This results in an incomplete switch-
ing (some dipolar units need higher fields to switch 
than the available experimental fields, causing an in-
complete FORC distribution). The FORC diagrams 
look just shifted along the coercivity axis (second bi-
sector of the plane (E, Er)) with a small quantity of 
(0.05–0.015) MV/m, meaning that all the dipolar units 
of the clamped structures need a slightly higher field 
for switching than the unclamped ceramics. Such an 
effect is produced by the homogeneous stress induced 
by the mechanical clamping, which is the same if met-
al plate or cymbal structure are employed.

The symmetrical clamping (Fig. 3a,b) causes more 
visible effects on the FORC diagrams, in spite the 
P(E) loops look very similar and this demonstrates 
the importance of the FORC method used as addition-
al tools to detect small changes of the ferroelectric 
structures induced by clamping, in this case. A small 
reversible contribution to the polarization located on 
the first bisector axis of the plane (E, Er) appears, al-
though the FORC distribution remains still sharp and 
well localized, i.e. the overall switching behaviour is 
not serious altered by clamping. Again the type of fix-
ing has practically no role on the observed proper-
ties: similar coercive and bias fields are characteriz-
ing the irreversible part of the distribution. However, 
the FORC diagram (Fig. 3b) shows a higher disper-
sion both along the bias field axis (first bisector), but 
mainly along the coercivity axis (second bisector). 
This means a higher degree of the local inhomoge-
neity, causing various values of the energy barriers 
separating the two bi-stable positions ±P of the ferro-
electric ceramic. At the fields available in this exper-
iments (< 4 MV/m), still some dipolar units were not 
switched, as proved by the incomplete FORC distri-
bution at high fields (Fig. 3b).

a) b)
Figure 2. FORC diagrams obtained for a positive cycle in asymmetrically clamped PZT: (a) with metal plate, 

(b) with cymbal. Inset: P(E) FORC loops and colour code.
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The observed properties of hard PZT ceramics are 
in agreement with the domain boundary pinning effects 
which are believed to be the origin of hard ferroelectric 
behaviour [5,15]. Interactions between defects and do-
main boundaries stabilize the microstructure and make 
the domain wall motion more difficult. Additional con-
tributions (e.g. increase of the density of pinning cen-
tres, increase of the local energy barriers for switching) 
are caused by clamping, which also influences the do-
main reorientation processes by imposing specific me-
chanical boundary conditions. The present results are 
also in agreements with the results of the investigations 
of switching properties in hard/soft PZT ceramics sub-
jected to compressive stresses [23]. The stress-induced 
domain wall suppression processes caused by clamping 
by its forced accommodation to rigid substrates/bonds 
are responsible for the changes observed in the switch-
ing properties, as probed by the FORC analysis.

IV. Conclusions
Hard Pb(Zr,Ti)O3 ceramics with various types of 

clamping are investigated by means of First-order re-
versal curves (FORC) diagrams. For unclamped ceram-
ics, the FORC distributions show excellent switching 
character, with almost zero reversible contribution and 
well separated reversible/irreversible components. Non-
Gaussian and slightly elongated along the coercitivity 
axis FORC distributions were observed. A small revers-
ible component was induced by symmetrical clamp-
ing. The nature of fixing (cymbal or metal plate) has no 
influence on the switching parameters. Very small in-
crease of coercivity is caused by clamping and over-
all shift towards higher coercive fields for symmetric 
clamping, resulting in an incomplete FORC distribu-
tion. The sign of bias field is changed by the positive/
negative FORC cycling. The higher bias and shift of the 

bias as induced by positive/negative FORC experiment 
is favoured in asymmetric clamped structures. Apart the 
small observed effects, the FORC coercivity is less sen-
sitive to poling fields and mechanical clamping type, 
being more related to the nature of the material than 
to the electrical and mechanical boundary conditions, 
while the bias field is more affected by the electrical 
and mechanical boundary conditions during polariza-
tion reversal.

Acknowledgements: The cooperation under the COST 
539 Action and the financial support of the Romanian 
grant CNCSIS-UEFISCSU, PNII 187/2010 (IME-
COMP) and are highly acknowledged.

References
F. 1.	 Preisach, “Uber die magnetische Nachwirkung”, Z. 
Phys., 94 (1935) 277–302.
I. Mayergoyz, 2.	 Mathematical Models of Hysteresis, 
Springer, New York, 1991.
A.V. Turik, “Theory of polarization and hysteresis of 3.	
ferroelectrics”, Sov. Phys. Solid State, 51 (1964) 885–
886, 1751–1753 and 2141–2143.
A.T. Bartic, D.J. Wouters, H.E. Maes, J.T. Rick-4.	
es, R.M. Waser, “Preisach model for the simulation 
of ferroelectric capacitor”, J. Appl. Phys., 89 (2001) 
3420–3425.
D. Damjanovich, “Hysteresis in piezoelectric and fer-5.	
roelectric materials”, pp. 337-465 in The Science of 
Hysteresis, Vol. 3, eds. by I. Mayergoyz, G. Bertotti, 
Elsevier, 2005.
L. Cima, E. Labouré, “Characterisation and model of 6.	
ferroelectrics based on experimental Preisach densi-
ty”, Rev. Sci. Instrum., 73 (2002) 3546–3552.
V.Ya. Shur, I.S. Baturin, E.L. Rumyantsev, “Analy-7.	
sis of the switching data in inhomogeneous ferroe-
lectrics”, Ferroelectrics, 349 (2007) 163–170.

a) b)
Figure 3. FORC diagrams obtained for a positive cycle in symmetrically clamped PZT: (a) with metal plate, 

(b) with cymbal. Inset: P(E) FORC loops and colour code

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

-4 -2 0 2 4

-20

-10

0

10

20

E(MV/m)

P(C/cm2)

PZT symm. cl.
 with metal plate
- positive

E (MV/m)

E r (M
V/

m
)

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

-4 -2 0 2 4

-20

-10

0

10

20

E(MV/m)

P(C/cm2)

E r (
M

V/
m

)

E (MV/m)

PZT symm. cl.
 with cymbal
- positive

-1.800
-0.7300
0.3400
1.410
2.480
3.550
4.620
5.690
6.760
7.830
8.900
9.970
11.04
12.11
13.18
14.25
15.32
16.39
17.46
18.53
19.60

(a)     (b) 

Fig. 3  

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

-4 -2 0 2 4

-20

-10

0

10

20

E(MV/m)

P(C/cm2)

PZT symm. cl.
 with metal plate
- positive

E (MV/m)

E r (M
V/

m
)

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

-4 -2 0 2 4

-20

-10

0

10

20

E(MV/m)

P(C/cm2)

E r (
M

V/
m

)

E (MV/m)

PZT symm. cl.
 with cymbal
- positive

-1.800
-0.7300
0.3400
1.410
2.480
3.550
4.620
5.690
6.760
7.830
8.900
9.970
11.04
12.11
13.18
14.25
15.32
16.39
17.46
18.53
19.60

(a)     (b) 

Fig. 3  



214

L. Stoleriu et al. / Processing and Application of Ceramics 4 [3] (2010) 209–214

C.R. Pike, A.P. Roberts, K.L. Verosub, “Character-8.	
izing interactions in fine magnetic particle systems 
using first order reversal curves”, J. Appl. Phys., 85 
(1999) 6660–6667.
A. Stancu, D. Ricinschi, L. Mitoseriu, P. Postolache, 9.	
M. Okuyama, “First-order reversal curves diagrams 
for the characterization of ferroelectric switching”, 
Appl. Phys. Lett., 83 (2003) 3767–3769.
D. Ricinschi, L. Mitoseriu, A. Stancu, P. Postolache, 10.	
M. Okuyama, “Analysis of the switching character-
istics of PZT films by first order reversal curve dia-
gram”, Integr. Ferroelectrics, 67 (2004) 103–115.
L. Cima, E. Labouré, “A model of ferroelectric behav-11.	
ior based complete switching density”, J. Appl. Phys., 
95 (2004) 2654–2659.
A. Ianculescu, L. Mitoseriu, D. Berger, C.E. Ciomaga, 12.	
D. Piazza, C. Galassi, “Composition-dependent ferro-
electric properties of Ba1-xSrxTiO3 ceramics”, J. Eur. 
Ceram. Soc., 79 (2006) 375–388.
L. Stoleriu, A. Stancu, L. Mitoseriu, D. Piazza, C. Ga-13.	
lassi, “Analysis of switching properties of porous fer-
roelectric ceramics by means of first-order reversal 
curve diagrams”, Phys. Rev. B, 74 (2006) 174107.
L. Mitoseriu, C.E. Ciomaga, V. Buscaglia, L. Stoleriu, 14.	
D. Piazza, C. Galassi, A. Stancu, P. Nanni, “Hysteresis 
and tunability characteristics of Ba(Zr,Ti)O3 ceramics 
described by First Order Reversal Curves diagrams”, 
J. Eur. Ceram. Soc., 27 (2007) 3723–3726.
D.A. Hall, “Review: Nonlinearity in piezoelectric ce-15.	
ramics”, J. Mater. Sci., 36 (2001) 4575–4601.

B. Jaffe, W.R. Cook, H. Jaffe, 16.	 Piezoelectric Ceramics, 
Academic press, London, UK, 1971.
P. Ochoa, J.L. Pons, M. Villegas, J.F. Fernandez, “Me-17.	
chanical stress and electric potential in cymbal pie-
zoceramics by FEA”, J. Eur. Ceram. Soc., 25 (2005) 
2457–2461.
P. Ochoa, J.L. Pons, M. Villegas, J.F. Fernandez, “Ef-18.	
fect of bonding layer on the electromechanical re-
sponse of the cymbal metal-ceramic piezocomposite”, 
J. Eur. Ceram. Soc., 27 (2007) 1143–1149.
P. Ochoa, J.L. Pons, M. Villegas, J.F. Fernandez, “Ad-19.	
vantages and limitations of cymbals for sensor and 
actuator applications”, Sensors and Actuators A, 132 
(2006) 63–69.
S.A. Morgan Matroc, 20.	 Catalogo de productos, Bed-
ford, OH, USA.
C. Galassi, , M. Dinescu, K. Uchino, M. Sayer, “Pi-21.	
ezoelectric materials: Advances in science, technolo-
gy and applications”, NATO Science Series: 3. High 
Technology, Vol. 76, Kluwer Acad. Publisher, The 
Netherlands, 2000.
L. Mitoseriu, L. Stoleriu, A. Stancu, C. Galassi, V. 22.	
Buscaglia, “First order reversal curves diagrams for 
describing ferroelectric switching characteristics”, 
Process. Applic. Ceram., 3 [1-2] (2009) 3–7.
N. Wongdamnern, N. Triamnak, A. Ngamjarurojana, 23.	
Y. Laosiritaworn, S. Ananta, R. Yimnirun, “Compar-
ative studies of dynamic hysteresis responses in hard 
and soft PZT ceramics”, Ceram. Int., 34 (2008) 731–
734.


