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Large Electric-Field Induced Strain in BiFeO3; Ceramics
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Large bipolar strain of up to 0.36% (peak-to-peak value) was
measured in BiFeO; ceramics at low frequency (0.1 Hz) and
large amplitude (140 kV/cm) of the driving field. This strain is
comparable to that achievable in highly efficient morphotropic
phase boundary (MPB) Pb-based perovskite ceramics, such as
Pb(Zr,Ti)O3; and Pb(Mg,Nb)O3—PbTiO3. The strain showed a
strong dependence on the field frequency, and is probably lar-
gely associated with domain switching involving predominantly
non-180° domain walls. In addition, application of an electric
field of low frequency rearranges the defects, which act as pin-
ning centers for the domain walls. The resulting depinning of
the domain walls leads to a more efficient switching and, conse-
quently, to an increased response. The large strain reported
here suggests that the domain-wall motion in BiFeO; may be
as large as in classical lead-based ferroelectrics. We hope that
this finding might further stimulate the search of new lead-free
MPB compositions based on BiFeOs.

L

B isMuTH ferrite (BiFeO;) has recently been a subject of
intensive research, driven primarily by its ability to exhi-
bit both ferroelectric and antiferromagnetic ordering."? Sig-
nificant efforts have been put particularly in understanding
of how to manipulate magnetic ordering by applying electric
field (magnetoelectric coupling). As this coupling requires fer-
roelastic rather than ferroelectric domain reversal,® the
switching of ferroelectric-ferroelastic 71° and 109° domains
in this rhombohedral structure, which is accompanied by
strain in the material, has been of particular interest.*°
Strain—electric-field relationship in epitaxial BiFeO; thin films
has been recently reported by Zeches er al.” and Zhang
et al.® Bipolar strain as large as 5% was measured at fields
of >1000 kV/cm and was associated with phase transforma-
tion (motion of the interphase boundary). On the other
hand, maximum strain of 0.2% was reported in a BiFeO;
film prepared using a chemical method.” Even smaller strain
was found in BiFeOj; ceramics (0.07%), which was, however,
measured at 60 kV/cm, i.e., well below the coercive field of
100 kV/em.'® Application of large fields in bulk ceramics of
BiFeOs; is challenging, especially at low frequencies, due to
the high conductivity often observed in this material. As
bipolar strain larger than presently reported can be expected
in BiFeOj; ceramics, further studies on the strain versus elec-
tric-field relationship are needed.

Introduction

J. Jones—contributing editor

Manuscript No. 30076. Received July 28, 2011; approved August 19, 2011.

This work was carried out within the Research Program “Electronic Ceramics,
Nano, 2D and 3D Structures” P2-0105 (Slovenian Research Agency).

*Member, The American Ceramic Society.

fAuthor to whom correspondence should be addressed. e-mail: rojac@ijs.si.

4108

Recently, we have succeeded in obtaining BiFeO; ceramics
with sufficiently low DC conductivity to apply large electric
fields at low frequencies.'® Using the method given in Ref.
11, we estimate the DC conductivity in our samples to be
about 1077 to 10~ (Ohm-m)~!. Exploiting this opportunity,
herein, we report a large electric-field induced strain in BiFe-
O3 ceramics. A tentative explanation is proposed for its
origin.

II.

BiFeOs3 ceramics were prepared by sintering a mechanochem-
ically activated BiO3;—Fe,O; powder mixture at 760°C for
6 h. The synthesis procedure is described elsewhere.!® X-ray
diffraction analysis (X’Pert Pro diffractometer; PANalytical
B.V., Almelo, the Netherlands) of the ceramics showed
phase-pure BiFeO;; however, a small amount of secondary
phases, i.e., Bi,sFeOs¢ and Bi,Fe Oy, was detected using
scanning electron microscopy (SEM JSM-7600F; JEOL Ltd.,
Tokyo, Japan). The concentration of these phases, as esti-
mated from an SEM image,'? was around 3% (in area frac-
tion). The relative geometrical density of the pellets was 93%
and the grain size, which was determined from an SEM
image of a thermally etched sample'® was 1.8 £ 0.9 pm.

For the electrical measurements, the sintered pellets were
thinned to approximately 0.2 mm, polished, and electroded
with Cr/Au by sputtering. Strain and polarization measure-
ments were done simultaneously using an aixACT TF 2000
analyzer (aixACT Systems GmbH, Aachen, Germany)
equipped with a laser interferometer (aixPES). The samples
were measured in a “single loop mode”, i.e., single period
sinusoidal electric-field waveforms of defined frequency and
amplitude were applied. At each frequency, the polarization
state of the sample was preset by a first cycle (not shown),
followed by the second cycle that is shown here. Measure-
ments were made using the autorange function. During the
measurements, the samples were immersed in silicone oil.
Strain—electric-field curves were plotted by taking the initial
strain to be zero.

Experimental Procedure

III. Results and Discussion

Strain—electric-field hysteresis loop of BiFeO; ceramics
obtained by applying a single period of the sinusoidal field of
amplitude 140 kV/cm at 0.1 Hz is shown in Fig. 1. Distinct
features of a typical “butterfly”-shaped hysteresis loop of a
sample with preset polarization can be observed: after an ini-
tial decrease, the strain reaches a minimum at the coercive
field of around 90 kV/cm, then makes a steep increase until
maximum field and, finally, decreases again to a remanent
value as the field is released; same trend is repeated for the
field cycle of negative polarity. In analogy with other ferro-
electric materials, this behavior is commonly linked to
switching and movement of domain walls by electric field,
particularly of the non-180° domain walls, which may
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involve a significant change in the dimensions of the grains
in the ceramics.'*'7 The absence of a more linear part in the
strain—field relationship at large electric field of both positive
and negative polaritg/, such as observed, for example, in Pb
(Zr, TO5 (PZT),">'® suggests that strain is not saturated,
and switching is probably not completed even at 140 kV/cm.
Experimentally, dielectric breakdown was typically observed
above this field.

The most remarkable feature of the hysteresis loop in
Fig. 1 is large peak-to-peak strain (difference between maxi-
mum and minimum strain), which reaches 0.36%. This value
is comparable to the bipolar strain achieved in most known
Pb-based perovskite ceramics, such as PZT1719 and Pb
(Mg, Nb)O3-PbTiO5(PMN-PT),?>*! as well as in lead-free
(Nayg sBig 5)TiO;-BaTiO5—(K,Na)NbOs.??> In addition, the
ratio between peak-to-peak strain and electric-field amplitude
in our ceramics (0.36% at 140 kV/cm) is comparable to that
obtained in epitaxial BiFeOj; thin films (5% at 1500 kV/cm)
reported in Ref. 8. In the following, we limit our discussion
to domain reversal as the most probable origin of the mea-
sured strain; however, due to large electric field applied, a
possibility of electrically driven phase transition, like the one
recently demonstrated between tetragonal-like and rhombo-
hedral polymorphs in BiFeOs epitaxial films,>* should not be
excluded.

It should be stressed that the strain-field curves, similar in
the shape and amplitude to the one shown in Fig. 1, were
observed on several samples, which were processed in differ-
ent ways, e.g., directly sintered without calcination or
sintered after calcination, and containing different amounts
(1-5%) of secondary phases (BiysFeOsz9 and Bi,FesOy).
Thus, the large strain is little influenced by minor amount
of impurity phases, and is probably related intrinsically to
B1F603

To explore the origin of the large strain in more detail,
the displacement of the sample was measured by applying
an electric field of amplitude 120 kV/cm at different frequen-
cies. The strain-field curves measured at 100, 10, 1, and
0.1 Hz are shown in Fig. 2. Strong frequency dependence is
evident, both in the magnitude and qualitative aspect of the
response. At the driving field of 100 Hz, the sample did not
show any measurable displacement up to 100 kV/cm. After
an increase of strain to 0.045% above this threshold field, a
strong restoring force is observed upon releasing the field,
evidenced by zero remanent strain. Note that this behavior
is in striking contrast to the response at 0.1 Hz showed in
Fig. 1.

At 10 Hz, similar behavior to the one at 100 Hz is
observed (Fig. 2); the main difference is the higher peak-to-
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Fig. 1. Strain—electric-field hysteresis loop of BiFeO; measured at
0.1 Hz and electric field amplitude of 140 kV/cm.
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Fig. 2. (Color online) Strain—electric-field hysteresis loops of
BiFeO; measured at different frequencies and electric field amplitude
of 130 kV/em.

peak strain, which is 0.08% at 10 Hz compared to 0.05% at
100 Hz. A more opened, but still asymmetric, curve is
observed at 1 Hz with larger peak-to-peak strain of 0.16%.
Finally, an open and a more symmetric loop is observed at
the lowest measuring frequency of 0.1 Hz, which also gave
the largest strain (0.21%). We can infer from these results
that application of electric field of low frequency enables
more efficient switching of domains in BiFeO; and, conse-
quently, larger strain response. It therefore appears impor-
tant to prepare BiFeO; ceramics that may sustain electric
field of both large amplitude and low frequency to obtain the
large strain response. In the following, based on our experi-
mental results and observations from the literature, a tenta-
tive explanation is given for the large strain.

Frequency dependence of strain, like the one shown in
Fig. 2 for BiFeOs, was also observed in other perovskites,
e.g., PZT," PMN-PT,* and Pb(Zn,Nb)O;—PbTiO; (PZN-
PT).2* In PZT ceramics'® and single crystals of rhombohe-
dral PZN-PT,** such frequency dependence was interpreted
as being a consequence of a two-stage non-180° domain
switching mechanism. A qualitative model was given in Ref.
19 and experimental confirmation in PZN-PT single crystals,
using in-situ neutron diffraction analysis, is described in Ref.
24. According to this mechanism, polarization reversal occurs
via an intermediate state characterized by large amount of
non-180° domains, which then switch for a second time to
fully reverse the polarization by 180°. Slow movement of
these non-180° domain walls was directly related to the
strong frequency dependence of macroscopic strain in PZN—
PT, i.e., electric field of low frequency kinetically allows a
more efficient switching of these low-mobile domain walls,
resulting in larger strain.** The same mechanism has also
been evidenced by other groups in PZT?® and La-modified
PZT ceramics.”® Slow movement of non-180° domain walls,
which is not necessarily related to intermediate switching, has
been discussed in Refs. 15 and 27; it was proposed that the
frequency dependence has origin in the strain that the mate-
rial needs to accommodate during ferroelastic reorientation
of domains.

Already in 1990, Kubel and Schmid® have predicted that
180° polarization reversal in BiFeOs is energetically less
favorable than reversal by 71° and 109°, because the last two
reversals require smaller ion displacements. This finding goes
in favor with a switching mechanism via non-180° domains,
as discussed above. The multistep switching mechanism was
also confirmed by Baek er al® using phase-field simulation
and was recently demonstrated to be the origin of fatigue in
BiFeO; thin fims.? Finally, the difficulty of 180° switching
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was observed experimentally during poling of a BiFeO; single
crystal.*® Thus, according to observations in the literature,
there is a high probability that the large strain observed here
in BiFeO; ceramics at low frequencies (Fig. 1) and the asso-
ciated characteristic frequency dependence (Fig. 2) are
related to switching of predominantly non-180° domains (71°
and 109° in rhombohedral system).

Another aspect of the strain response of BiFeOs;, which
behaves as a “hard” ferroelectric material,'® is the interaction
of domain walls with defects. Movement and switching of
domain walls in “hard” ferroelectrics, which are strongly
restricted due to pinning of the walls by defects, can be facili-
tated by exposing the material to, e.g., continuous electric-
field cycling.’! We presented evidence of such a depinning
mechanism in BiFeO; ceramics in our previous study, where
it was shown that the mobility of the domain walls can be
increased considerably by electric-field cycling, during which
the charged defects rearrange, effectively releasing domain
walls.!® Cycling experiments in that study were performed at
50 Hz; however, it is reasonable to assume that a more effi-
cient depinning could result in application of a lower fre-
quency field. To verify this hypothesis, we compare two
polarization—electric-field hysteresis loops taken at 100 Hz
and 120 kV/cm: (i) before (full-line curve in Fig. 3) and (ii)
after (dashed-line curve in Fig. 3) applying to the BiFeO;
sample, three single sinusoidal waveforms with the frequency
of 10, 1, and 0.1 Hz (in sequence) and amplitude of
120 kV/ecm. The pinched-like shape and internal bias of the
loop in Fig. 3 (full-line curve) are macroscopic manifesta-
tions of the domain-wall pinning by defects.!® After first
experiencing a field of lower frequency, the sample exhibited
larger maximum polarization and more than two times larger
remanent polarization (dashed-line curve in Fig. 3); the hys-
teresis loop is now depinched and more open. In agreement
with the polarization data, a larger response was also
observed in the strain (not shown). The results from Fig. 3
are therefore consistent with the assumption of a domain-
wall depinning effect upon application of low-frequency field.
Similar depinning by repeated switching was also observed in
BiFeO; thin films.*”

We note that polarization loops taken at frequencies of
10, 1, and 0.1 Hz showed substantial “lossy” behavior and
were not analyzed further. From this point of view, in electri-
cally lossy materials strain—electric-field measurements can
give more information on the switching process than polari-
zation loop measurements.

15 4
() Hz (before)
s =T EEIES
=== 100Hz (afterapplying 14 ],»=~ -
10, 1, 0.1 Hz) P ]
— ’
3] &
£ ]
5 5 ]
&
=
"
=
=
k| 150
| %
=
)
(=™

AL, | L I

-15 -
Electric field (kV/cm)

Fig. 3. (Color online) Polarization—electric-field hysteresis loops of
BiFeO; measured at 100 Hz and electric field amplitude of 120 kV/cm:
(i) before (full-line curve) and (ii) after applying sinusoidal
waveforms of the same amplitude, but lower frequency, i.e., 10, 1,
and 0.1 Hz (dashed-line curve).
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IV. Summary

In summary, large strain induced by electric field was mea-
sured in BiFeO; ceramics at low frequency (0.1 Hz) and
large field amplitude (140 kV/cm). Considerable dependence
of the strain on the frequency of the applied field and rema-
nent strain suggest a possible role of non-180° domain
switching mechanism. In addition, domain-wall depinning,
realized by applying low field frequency, leads to a more effi-
cient switching of domains and therefore to an increased
response. The measured strain, which is comparable to that
achieved in Pb-based ceramics with MPB compositions, dem-
onstrates that the contribution of domain-wall movement to
the electromechanical response of BiFeO; may indeed be
large. We believe that this finding might be useful in the cur-
rent search of new lead-free piezoelectric compositions, as it
suggests that large extrinsic contributions to the electro-
mechanical response might also be expected in BiFeOs-based
MPB systems.

Acknowledgments

We give special thanks to Maja Hromec, Larisa Suhodol¢an, and Silvo Drnov-
Sek for the preparation of the samples. Gregor Trefalt is acknowledged for
help in strain measurements, Andreja Bencan-Golob for SEM, and Mitja
Kamplet for the grain size analysis. Dragan Damjanovic thanks Gunnar Picht
for valuable discussion.

References

'J. M. Moreau, C. Michel, R. Gerson, and W. J. James, “Ferroelectric
BiFeO; X-Ray and Neutron Diffraction Study,” J. Phys. Chem. Solids, 32,
1315-20 (1971).

2G. Catalan and J. F. Scott, “Physics and Applications of Bismuth Ferrite,”
Adv. Mater., 21, 1-23 (2009).

3T. Zhao, A. Scholl, F. Zavaliche, K. Lee, M. Barry, A. Doran, M. P. Cruz,
Y. H. Chu, C. Ederer, N. A. Spaldin, R. R. Das, D. M. Kim, S. H. Baek, C.
B. Eom, and R. Ramesh, “Electrical Control of Antiferromagnetic Domains
in Multiferroic BiFeO; Films at Room Temperature,” Nat. Mater., 5, 823-9
(2006).

“M. P. Cruz, Y. H. Chu, J. X. Zhang, P. L. Yang, F. Zavaliche, Q. He, P.
Shafer, L. Q. Chen, and R. Ramesh, “Strain Control of Domain-Wall Stability
in Epitaxial BiFeO; (110) Films,” Phys. Rev. Lett., 99, 217601 (2007).

3S. Lee, W. Ratcliff, S.-W. Cheong, and V. Kiryukhin, “Electric Field Con-
trol of the Magnetic State in BiFeO; Single Crystals,” Appl. Phys. Lett., 92,
192906 (2008).

°S. H. Back, H. W. Jang, C. M. Folkman, Y. L. Li, B. Winchester, J. X.
Zhang, Q. He, Y. H. Chu, C. T. Nelson, M. S. Rzchowski, X. Q. Pan, R.
Ramesh, L. Q. Chen, and C. B. Eom, “Ferroelastic Switching for Nanoscale
Non-Volatile Magnetoelectric Devices,” Nat. Mater., 9, 309-14 (2010).

"R. J. Zeches, M. D. Rossell, J. X. Zhang, A. J. Hatt, Q. He, C.-H. Yang,
A. Kumar, C. H. Wang, A. Melville, C. Adamo, G. Sheng, Y.-H. Chu, J. F.
Ihlefeld, R. Erni, C. Ederer, V. Gopalan, L. Q. Chen, D. G. Schlom, N. A.
Spaldin, L. W. Martin, and R. Ramesh, “A Strain-Driven Morphotropic
Phase Boundary in BiFeOs,” Science, 326, 977-80 (2009).

87, X. Zhang, B. Xiang, Q. He, J. Seidel, R. J. Zeches, P. Yu, S. Y. Yang,
C. H. Wang, Y.-H. Chu, L. W. Martin, A. M. Minor, and R. Ramesh, “Large
Field-Induced Strains in a Lead-Free Piezoelectric Material,” Nat. Nanotech.,
6, 98-102 (2011).

°A. Z. Simoes, E. C. Aguiar, A. H. M. Gonzales, J. Andres, E. Longo,
and J. A. Varela, “Strain Behavior of Lanthanum Modified BiFeO; Thin
Films Prepared Via Soft Chemical Method,” J. Appl. Phys., 104, 104115
(2008).

107, Rojac, M. Kosec, B. Budic, N. Setter, and D. Damjanovic, “Strong
Ferroelectric Domain-Wall Pinning in BiFeO3 Ceramics,” J. Appl. Phys., 108,
074107 (2010).

""H. S. Shulman, M. Testorf, D. Damjanovic, and N. Setter, “Microstruc-
ture, Electrical Conductivity, and Piezoelectric Properties of Bismuth Tita-
nate,” J. Am. Ceram. Soc., 79, 3124-8 (1996).

12Image.l 1.43u, Wayne Rasband, National Institutes of Health, USA, 2010.
http://rsb.info.nih.gov/ij.

BImage Tool 3.00, Don Wilcox, Brent Dove, Doss McDavid, David Greer,
The University of Texas Health Science Center, USA, 2002. http://ddsdx.
uthscsa.edu/dig/itdesc.html.

"N. A. Schmidt, “Coercive Field and 90° Domain Wall Motion in Ferro-
electric PLZT Ceramics with Square Hysteresis Loops,” Ferroelectrics, 31,
105-12 (1981).

15T, Tsurumi, Y. Kumano, N. Ohashi, T. Takenaka, and O. Fukunaga,
“90° Domain Reorientation and Electric-Field-Induced Strain of Tetragonal
Lead Zirconate Titanate Ceramics,” Jpn. J. Appl. Phys., 36, 5970-5 (1997).

1D, Damjanovic, “Ferroelectric, Dielectric and Piezoelectric Properties of
Ferroelectric Thin Films and Ceramics,” Rep. Prog. Phys., 61, 1267-324
(1998).



December 2011

7K. Uchino, Ferroelectric Devices. Marcel Dekker, New York, USA, 2000.

"¥M. J. Hoffmann, M. Hammer, A. Endriss, and D. C. Lupascu, “Correla-
tion Between Microstructure, Strain Behavior, and Acoustic Emission of Soft
PZT Ceramics,” Acta Mater., 49, 1301-10 (2001).

“D. Zhou, M. Kamlah, and D. Munz, “Rate Dependence of Soft PZT
Ceramics Under Electric Field Loading,” Proc. SPIE, 4333, 64-70 (2001).

20y -H. Chen and D. Viehland, “Relaxational Polarization Dynamics in Soft
Ferroelectrics,” Appl. Phys. Lett., 77, 133-5 (2000).

2p, Kumar, S. Singh, O. P. Thakur, C. Prakash, and T. C. Goel, “Study of
Lead Magnesium Niobate-Lead Titanate Ceramics for Piezo-Actuator Appli-
cations,” Jpn. J. Appl. Phys., 43, 1501-6 (2004).

2W. Jo, T. Granzow, E. Aulbach, J. Rodel, and D. Damjanovic, “Origin of
the Large Strain Response in (KgsNags)NbOs-Modified (BijsNags)TiO3—
BaTiO;5 Lead-Free Piezoceramics,” J. Appl. Phys., 105, 094102 (2009).

2D, Mazumdar, V. Shelke, M. Iliev, S. Jesse, A. Kumar, S. V. Kalinin, A.
P. Baddorf, and A. Gupta, “Nanoscale Switching Characteristics of Nearly
Tetragonal BiFeO; Thin Films,” Nano Lett., 10, 2555-61 (2010).

24]. E. Daniels, T. R. Finlayson, M. Davis, D. Damjanovic, A. J. Studer,
M. Hoffman, and J. L. Jones, “Neutron Diffraction Study of the Polarization
Reversal Mechanism in [111].-Oriented Pb(Zn,;3Nb,/3)O3—xPbTiO3,” J. Appl.
Phys., 101, 104108 (2007).

Rapid Communications of the American Ceramic Society 4111

2’N. Bar-Chaim, M. Brunstein, J. Grunberg, and A. Seidman, “Electric
Field Dependence of the Dielectric Constant of PZT Ferroelectric Ceramics,”
J. Appl. Phys., 45, 2398-405 (1974).

%C. S. Lynch, “The Effect of Uniaxial Stress on the Electro-Mechanical
Response of 8/65/35 PLZT,” Acta Mater., 44, 413748 (1996).

?’N. Uchida and T. Ikeda, “Temperature and Bias Characteristics of Pb(Zr,
Ti)O5 Families Ceramics,” Jpn. J. Appl. Phys., 4, 867-80 (1965).

8F. Kubel and H. Schmid, “Structure of a Ferroelectric and Ferroelastic
Monodomain Crystal of the Perovskite BiFeO;,” Acta Cryst., 46, 698-702
(1990).

293, H. Baek, C. M. Folkman, J. W. Park, S. Lee, C. W. Bark, T. Tybell,
and C. B. Eom, “The Nature of Polarization Fatigue in BiFeOs,” Adv. Mater.,
23, 1621-5 (2011).

0C. Tabares-Munoz, J.-P. Rivera, A. Bezinges, A. Monnier, and H. Sch-
mid, “Measurement of the Quadratic Magnetoelectric Effect on Single Crystal-
line BiFeOs,” Jpn. J. Appl. Phys., 24, 1051-3 (1985).

3K, Carl and K. H. Hardtl, “Electrical After-Effects in Pb(Ti,Zr)O; Ceram-
ics,” Ferroelectrics, 17, 473-86 (1978).

2J. W. Park, S. H. Baek, P. Wu, B. Winchester, C. T. Nelson, X. Q. Pan,
L. Q. Chen, T. Tybell, and C. B. Eom, “Origin of Suppressed Polarization in
BiFeO; Films,” Appl. Phys. Lett., 97, 212904 (2010). O



