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Giant electric-field-induced strainin
lead-free piezoelectric materials

Lan Chen?, YurongYang? & X. K. Meng!

First-principles calculations are performed to investigate the structures, electrical, and magnetic
. properties of compressive BiFeO; films under electric-field and pressure perpendicular to the films. A
Accepted: 11 April 2016 :  reversible electric-field-induced strain up 10% is achieved in the compressive BiFeO; films. The giant
Published: 03 May 2016 : strain originates from rhombohedral-tetragonal (R-T) phase transition under electric-filed, and is
. recoverable from tetragonal-rhombohedral (T-R) phase transition by compressive stress. Additionally,
. the weak ferromagnetism in BiFeO; films is largely changed in R-T phase transition under electric-filed
. andT-R phase transition under pressure — reminiscent of magnetoelectric effect and magnetoelastic
effect. These results suggest exciting device opportunities arising from the giant filed-induced strain,
large magnetoelectric effect and magnetoelastic effect.
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Large mechanical response to magnetic-filed or electric-field is required for actuators and sensors. High

magnetic-field-induced strain was found in magnetic shape-memory alloy Ni-Mn-Ga based materials, which
© can be recovered by applying magnetic field and alternatively by mechanical compressive loading?. Piezoelectric
. materials are another kind of materials provide field-induce strain. Lead-based piezoelectric materials, such as
© (1-x)[Pb(Mg,sNb,;3)O;]-x[PbTiO;], (1-x)[Pb(Zn,,3Nb,/3)O;]-x[PbTiO;] and morphotropic phase bound-
. ary of Pb(Zr,Ti,_,)O5>° are mostly promising for actuators, sensors and energy-harvesting devices due to its
* high mechanical response to electric-field®. Because of the toxicity of lead, the lead-free piezoelectric materials,
. such as Ba(Tij3Zr,,)O;— (Ba,,Ca, ) TiOs, (Bi;;;Na,,,) TiO5-BaTiO;, (K, sNa, ;)NbO;, (Bi,,Na, ;) TiO5-BaTiO;-

(Ky.5Na, 5)NbO;7!! based piezo-ceramics received more and more interesting. However, these ceramics usually
: give relatively small achievable strain (the order of 0.5%). The lead-free ferroelectric BiFeO; (BFO) provides
- large polarization and a strain-driven morphotropic phase boundary (MPB) between tetragonal-like (T-) and
. rhombohedral-like (R-) phases'>!. This MPB achieves field-induced strain of 5% by electric-filed induced inter-

converting between mixed-phase and pure T-phase!*. However, it is still much smaller than 10% induced by

magnetic field in Ni-Mn-Ga'®. Here, by first-principles calculations, we predict an electric-field induced strain of
: 10% in epitaxial compressive BFO film due to phase transition from pure R-phase to pure T-phase, this strain can
. be recovered by mechanical compressive loading in the direction perpendicular to the film.

Results
R-phase and T-phase under compressive strain. Under the epitaxial large compressive strain of about
© 3.5%~5.5%, the R-phase and T-phase have similar total energies and could co-exist!>!*1617. We take the com-
© pressive strain of 4% (corresponding to in-plane lattice constant 3.79 A) as an example to show the properties of
. compressive films in R- phase and T-phase. As shown in Fig. 1, T-phase has total energy only higher than R-phase
© by 5.3 meV/f.u. The energy barrier for R-phase transforming to T-phase is 15.5meV/f.u. and about 10.2 meV/f.u.
. for T-phase transforming to R-phase. These small activation energy barriers may be easily overcome by external
* electric filed and stress. T-phase has the minimum energy at out-of-plane lattice constant c = 4.66 A and R-phase
© has the minimum energy at out-of-plane lattice constant c = 4.24 A. These constants corresponds to strain of 10%
© for T-phase comparing to R-phase.
Table 1 shows the R-phase possesses anti-phase oxygen octahedral antiferrodistortive distortion (AFD) vector
of [7,7,10]° ([AFD,, AFD,, AFD,] for x-, y- and z-Cartesian components), polarization vector of [0.41, 0.41, 0.76]
C/m? ([P, P, P,] for x-, y- and z-Cartesian components). We only consider G-type antiferromagnetic (AFM)
configuration according the experimental measurement'®!. R-phase adopts c/a of 1.11, and primary AFM vector
along [1-10] direction with magnitude of 4.115 g, and possesses a secondary ferromagnetic (FM) order having
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Figure 1. Total energy of BFO film at epitaxial compressive strain 4% as a function of c lattice constant. The
corresponding axial ratio ¢/a is also shown. The minimums of the total energy corresponds to the R-phase at
c¢=4.24A and T-phase at c=4.66 A.

E(meV) | c(R) | AFD (") P (C/m?) AFM (pg) FM(j15)
R-phase 0 424 | [7,7,10] | [0.41,0.41,0.76] | [2.910,—2.910,0] | [0.012,0.012,0.009]
T-phase 5.3 4.66 | [0,4,4] | [0.33,0.33,1.28] | [2.910,2.910,0] [0.003, —0.003, 0]

Table 1. Total energies (E), out-of-plane lattice constant (c), anti-phase oxygen octahedral
antiferrodistortive distortion (AFD) vectors, polarization (P) vectors, AFM vectors, and FM vectors for
R-phase and T-phase. These vectors show their x-, y-, and z-Cartesian components.

[110] vector with magnitude of 0.019 p. These AFD, AFM, and FM vector consistent very well with the energy
term of wy - (Gypy X FM), where wy is AFD vector at R-point of the cubic Brillouin zone®. T-phase has large
axial ratio c/a of 1.23, much larger R-phase. It possesses AFD vector of [0, 4, 4]°, and polarization vector of [0.33,
0.33, 1.28] C/m?. These z-components value in AFD and polarization for T-phase is very different than x- and
y-comonent, in contrast with those in R-phase where x-, y- and z-Cartesian components are comparable to each
other. The primary AFM order of T-phase has [110] vector with a secondary ferromagnetic order having [1-10]
vector. Comparing to R-phase, T-phase not only switches AFM vector by 90° and also largely decreases the week
ferromagnetism in the magnitude from 0.019 py to 0.004 pup. These large differences in AFD, polarization, and
magnetic properties between T-phase and R-phase come from the different axial ratio c¢/a and deformation of
oXygen cages.

R-phase under electric-field. We now consider situation of R-phase under electric-field and the
field-induced-strain. Under external electric field parallel to out-of-plane polarization, one can imagine the
out-of-plane polarization would increase and lead to the enhancement of c/a, and finally may lead to phase tran-
sition of R-phase to T-phase. Our calculations confirm this imagination of R-T phase transition induced by
electric-field. Figures 2 and 3 show the c/a, AFD, polarization, and ferromagnetism under electric field from 0 to
4.2MV/cm. As the electric filed increases from 0 to 2.1 MV/cm, the BFO film adopts R-like phase and c/a gradu-
ally increases from 1.11 to 1.15, ADF vector almost keeps its value unchanging, about [7, 7, 10]°, Py, remains the
value about 0.4 C/m?, and P, linearly increases from 0.71 C/m? to 0.93 C/m? due to the response to the electric
filed. The AFM vector does not change its direction and magnitude at this electric-field range from 0 to 2.1 MV/
cm. x- and y-components of the FM does not change its value of 0.011 pp, while z-component decrease its magni-
tude from 0.009 puy to 0.003 g, as shown Fig. 3. From the linear dependence of magnitude of ferromagnetism on

electric-field as shown in inset of Fig. 3, we can get magnetoelectric (ME) coeflicient o, = “STM =5.1ps/m.

This ME coeflicient is very close to that reported in Ref. 21 by a full first-principles scheme, conﬁrm?ng the accu-
racy of our approximate scheme of studying the responses to finite electric fields. At electric field of 2.2 MV/cm,
R-phase of BFO film transforms to T-phase. Note that the R-T transition of BFO under zero strain by external
electric field was also found in recent first-principles calculations by constraining electric displacement field?,
indicating the our approximate scheme of treating electric filed could give similar accuracy with first-principles
calculations. This first-order phase transition is characterized by the abruptly jumps of the quantities of c/a, oxy-
gen octahedral tilting, polarization and magnetization. In this phase transition, c/a increases to 1.23 from 1.15,
z-component of AFD vector decreases to about 0° from 8.8°, x- and y-components of AFD decreases to 3.6° from
6.1°, z-component of polarization increases to 1.32 C/m? from 0.93 C/m?. The primary antiferromagnetic vector
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Figure 2. Properties of compressive BFO film under electric-filed along [001] direction. (a) Axial ratio

of c/a, (b) AFD vector and (c) polarization as functions of electric-field. The beginning state of BFO under
electric filed is R-phase. The filled symbols and open symbols represent increasing and decreasing electric-filed
situation, respectively. The x- and y-components of AFD and polarization are equal to each other.
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Figure 3. Ferromagnetism of BFO film as a function of electric-field along [001] direction . The beginning
state of BFO under electric filed is R-phase. The filled symbols and open symbols represent increasing and
decreasing electric-filed situation, respectively.

is not changed in the magnitude and switched by 90° under this electric field, and the secondary ferromagnetic
vector is switched from [uu-v] diection to [-u’u’0] direction, where u= 0.012 j1p, v= —0.003 pup, u’ = 0.003 j15.
When the electric field further increases to 4.2 MV/cm, the T-phase keeps its most properties unchanging except
the slightly increasing of ¢/a and z-component of polarization. Then, we gradually decrease the electric field from
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Figure 4. Properties of BFO film under stress o,,. (a) Axial ratio of c/a, (b) AFD vector and (c) polarization
as functions of 0,,. The beginning state of BFO under stress is T-phase. The filled symbols and open symbols
represent increasing and decreasing o, situation, respectively. The x- and y-components of AFD and
polarization are equal to each other.

4.2 to 0 MV/cm, similar to that under increasing electric-filed, the properties of T-like phase are almost not
changed under the decreasing electric field. From Figs 2 and 3, the remnant T-phase is stable after releasing
electric-field, the tensile strain of 10% of ¢ lattice constant comparing to R-phase is reserved, and the magnitude
of ferromagnetism is largely decreased.

T-phase under compressive stress. We now consider how to reverse the tensile BFO film from T-phase
to R-phase. If we apply electric field antiparallel to the out-of-plane polarization, the out-of-plane polarization of
T-phase would be decreased and finally be switched by 180°, and thus T-phase cannot be transformed into
R-phase by this electric-field. One method to recover the BFO film from T-phase to R-phase is compressive stress
perpendicular to the film (o,,). Figures 4 and 5 exhibit c/a, AFD, polarization and ferromagnetism as functions of
stress (0,,). Under the increasing o, from 0 to 16 kbar, c/a of T-phase decreases from 1.23 to 1.19. x/y
-components of AFD remain about 4°, and z-component of AFD is very small, lowly increase from 0° to 2°.
z-component of polarization slowly decreases from 1.30 C/m? to 1.20 p.C/m?, while the in-plane component of
polarization, P, and P, are almost remain about 0.31 C/m?. Similar to the slightly changing of ferromagnetism of
T-phase under electric filed, the weak ferromagnetism of T-phase slightly increase under stress 0 to 16 kbar. When
stress 0, increase to 16.8 kbar, T-phase transforms into R-phase (this critical stress can be easily achieved by AFM
tip experimentally), which is characterized by c/a abruptly decreases to 1.1 from 1.19, AFD vector jumps to [10°,
10°, 7°] from [4°, 4°, 2°], polarization vector changes to [0.41, 0.41, 0.62] C/m? from [0.31, 0.31, 1.20] C/m?, and
ferromagnetic vector changes to [0.012, 0.012, —0.013] pp/f.u. from [—0.005, 0.005, 0] pp/f.u. where not only the
direction is changed and also the magnitude is enhanced. As the stress further increases from 16.8 kbar to 33 kbar,
the BFO film maintains the characteristics of R-like phase, with slowly decreasing of c/a and z-component of
polarization, and slowly increasing of the weak ferromagnetism. This magnetic variation with stress corresponds
to the so called magnetoelastic effect (inverse magnetostrictive effect), with magnetoelasto coefficient of
WM _ 4 mT/GPa, which is smaller the tranditional ferromagnetic materials?. Then we decrease the stress from
33kbar to 0kbar, the properties of R-phase remain similar properties with a little changed c/a, z-component of
polarization and weak ferromagnetism. Therefore, by compressive stress, T-like phase of BFO film can be trans-
formed into R-like phase, and this R-like phase is remnant when stress is released. The giant electric-field induced
strain in BFO film is recovered by T-R phase transition under stress.
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Figure 5. Ferromagnetism of compressive BFO film as a function of stress o,,. The beginning state of BFO
under electric filed is T-phase. The filled symbols and open symbols represent increasing and decreasing o,
situation, respectively.

Discussion

Our predicted critical electric filed to switch R-phase to T-phase is 2.2 MV/cm, it may be over-estimated because
experimentally it is 0.5 MV/cm to switch mix phase (R and T phases are mixed together) to pure T-phase of BFO
experimentally’. On the other hand the critical electric filed to switch the polarization of T-phase of BFO is
about 2.0 MV/cm?*?. Therefore, it would be achievable experimentally to switch R-phase to T-phase by external
electric filed because its critical electric filed is close or lower that that to switch the polarization of pure T phase.
We predicted critical stress to switch T-phase to R phase is 16.8 kbar. Experimentally the pressure on thin film
is usually achieved by AFM tip, it is easy to apply a pressure of the order of magnitude of 10 GPa for most AFM
tip currently?®?. Our predicted critical stress of magnitude is 16.8 kbar (1.68 GPa) would be easily achieved in
experiments. The BFO film under large compressive epitaxial strain is stable because of strong clamping effect of
the substrate. From our calculations, it is difficult to investigate the cycling properties of this transition between
R-and T-phases under electric field and pressure. We hope more experimental scientist would be interested and
investigate the cycling properties of transition between R and T phases under large strain.

We performed first-principles calculation to investigate the structure, electrical and magnetic properties of
T-phase and R-phase BFO films at large epitaxial compressive strain of 4%, and the phase transition between
R-phase and R-phase by external electric-filed and stress. We find a reversible giant strain of 10% in this epitaxial
compressive BFO film, which is achieved by R-T phase transition under electric-field and T-R phase transition
under stress. In addition, concomitant large variations of ferromagnetism between these phase transitions - mag-
netoelectric effect and magnetoelastic effect — are found. Therefore, these results demonstrate the potential of
BFO as a substitute for lead-based materials and suggest exciting device opportunities arising from the giant
strain and manipulatable ferromagnetism.

Methods
Density-functional calculations using the Vienna ab initio simulation package (VASP)?®? are performed. To
mimic the compressive strained [001] BiFeO; (BFO) films, we use the following lattice vectors: a = app(x + y),
b= ap(—x +y).c= ap[dx + d,y+(5, + 2)z)], whereay, is the in-plane lattice constant of 3.79 A, which cor-
responding to the epitaxial compressive strain of 4%. And x, y and z are unit vectors along pseudocubic [100],
[010] and [001] directions, respectively. The supercells used to study the BFO films therefore contain 20 atoms
and are periodic along a, b, ¢ axes. For the calculation under electric field, the variables of 6,6, and &;, as well as
the atomic positions are relaxed to minimize the total energy of 10~7eV and Hellamn-Feynman forces 0.001eV/A
on each atoms. For the calculation of relaxation under pressure/stress along [001] direction, the variables of §, and
b, and atomic positions are relaxed, 0, is fixed to mimic certain stress along [001] direction. An energy cutoff of
600eV and a 6x 6x 4 Monkhorst-Park k-point mesh wave method were used®*°. We used the
Perdew-Burke-Ernzerhof DFT exchange-correlation functional adapted to solids (PBEsol)*! and the projector
augmented method to represent the ionic cores?. A “Hubbard-U” scheme with U =4 eV was used for a better
treatment of Fe’s 3 d electrons. The calculated lattice constant of ground state by our methods is 3.95 A, consistent
very well with the experiment®. Polarization, P, is evaluated from the product of the atomic displacements with
the Born effective charges. Non-collinear magnetic structure including spin-orbital coupling is considered when
calculating the magnetic properties.

An approximate scheme for studying the responses to finite electric fields is used, which starts from the
approximate electric enthalpy functional®.
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F(R, &) = Egs(R) — P(R) - £ 1)

where Ep (R) is the zero-field ground-state Kohn-sham energy at coordinates R, and P is the corresponding elec-
tronic polarization. In the presence of an applied electric field £, the equilibrium coordinates that minimize the
electric enthalpy functional satisfy the force-balance equation

EY) .o
—Ks] L 70 e =,
R c )

where Z° is the zero-field Born effective charge tensor. Such an approximate scheme had been shown to give good
accuracy in ferroelectric structures®.

We calculated the Born effective charge tensor for both T and R phase by DFPT. Let us label these Born
effective charge tensor as Z; and Z; for T phase and R phase, respectively. They are a little different in value. If
we compute polarization by using Born charge tensor Zg, we could get most feature of the polarization for T and
R phases computing by Berry phase. To further increase the accuracy of our calculations, we take a Born tensor
Zyr which mix the feature of R-like and T-like phase: Zy(3, 3) = Z1(3, 3), and the other components of Zy are
equal to Zy. This mixed Born charge tensor Zyy give excellent polarization comparing with Berry phase. For R-like
phase, the polarization is [0.38, 0.38, 0.87] C/m? by Born tensor Zgy, and [0.39, 0.39, 0.87] C/m? by Berry phase
(The polarization vectors show their x-, y-, and z-Cartesian components.). For T-like phase, polarization is [0.31,
0.31, 1.34] C/m? by Born tensor Zgy, and [0.35, 0.35, 1.34] C/m?* by Berry phase.

References
1. Sozinov, A., Likhachev, A. A., Lanska, N. & Ullakko, K. Giant magnetic-field-induced strain in NiMnGa seven-layered martensitic
phase. Appl. Phys. Lett. 80, 1746-1746 (2002).
2. Chmielus, M., Zhang, X. X., Witherspoon, C., Dunand, D. C. & Miillner, P. Giant magnetic-field-induced strains in polycrystalline
Ni-Mn-Ga foams. Nature Mater. 8, 863-866 (2009).
3. Dkhil, B. et al. Local and long range polar order in the relaxor-ferroelectric compounds PbMg, ;Nb, ;05 and PbMg;, ;Nb 4 Ti,,0;.
Phys. Rev. B 65, 024104 (2001).
4. Noheda, B. et al. Polarization Rotation via a Monoclinic Phase in the Piezoelectric 92% PbZn,;;Nb,,;05-8% PbTiOs. Phys. Rev. Lett.
86, 3891-3894 (2001).
5. Noheda, B. et al. A monoclinic ferroelectric phase in the Pb(Zr, Ti,)O; solid solution. Appl. Phys. Lett. 74, 2059-2061 (1999).
6. Xu, Y. Ferroelectric Materials and their Applications. (Elsevier, 1991).
7. Liu, W. & Ren, X. Large Piezoelectric Effect in Pb-Free Ceramics. Phys. Rev. Lett. 103, 257602 (2009).
8. Tadashi, T, Kei-ichi, M. & Koichiro, S. (Bi,;, Na ;) TiO;-BaTiO; System for Lead-Free Piezoelectric Ceramics. Jpn. J. Appl. Phys. 30,
2236-2239 (1991).
9. Saito, Y. et al. Lead-free piezoceramics. Nature 432, 84-87 (2004).
10. Zhang, S.-T., Kounga, A. B., Aulbach, E., Ehrenberg, H. & Rédel, J. Giant strain in lead-free piezoceramics Bi, sNa, s TiO;-BaTiO;-
Ky.sNa, sNbO; system Appl. Phys. Lett. 91, 112906 (2007).
11. Zhang, S.-T. et al. Lead-free piezoceramics with giant strain in the system Bi0.5Na, s TiO;-BaTiO;-K, 5Na, sNbO;. II. Temperature
dependent properties. J. Appl. Phys. 103, 034108 (2008).
12. Zeches, R. J. et al. A Strain-Driven Morphotropic Phase Boundary in BiFeO;. Science 326, 977-980 (2009).
13. Dieguez, O. & Iniguez, J. First-principles investigation of morphotropic transitions and phase-change functional responses in
BiFeO;-BiCoO; multiferroic solid solutions. Phys. Rev. Lett. 107, 057601 (2011).
14. Zhang, J. X. et al. Large field-induced strains in a lead-free piezoelectric material. Nature Nanotechnol. 6, 98-102 (2011).
15. Sozinov, A., Lanska, N., Soroka, A. & Zou, W. 12% magnetic field-induced strain in Ni-Mn-Ga-based non-modulated martensite.
Appl. Phys. Lett. 102, 021902 (2013).
16. Yang, Y., Stengel, M., Ren, W., Yan, X. H. & Bellaiche, L. Epitaxial short-period PbTiO,/BiFeOj; superlattices studied by first-
principles calculations. Phys. Rev. B 86, 144114 (2012).
17. He, Q. et al. Electrically controllable spontaneous magnetism in nanoscale mixed phase multiferroics. Nature Commun. 2, 225
(2011).
18. Sando, D. et al. Crafting the magnonic and spintronic response of BiFeOj; films by epitaxial strain. Nature Mater. 12, 641-646 (2013).
19. MacDougall, G. J. et al. Antiferromagnetic transitions in tetragonal-like BiFeOs. Phys. Rev. B 85, 100406 (2012).
20. Bellaiche, L., Zhigang, G. & Igor, A. K. A simple law governing coupled magnetic orders in perovskites. J. Phys. Condens. Matter 24,
312201 (2012).
21. Wojdet, J. C. & Iniguez, J. Ab Initio Indications for Giant Magnetoelectric Effects Driven by Structural Softness. Phys. Rev. Lett. 105,
037208 (2010).
22. Stengel, M. & [fiiguez, J. Electrical phase diagram of bulk BiFeO;. Phys. Rev. B 92, 235148 (2015).
23. Brinzari, T. V. et al. Electron-Phonon and Magnetoelastic Interactions in Ferromagnetic Co[N(CN),],. Phys. Rev. Lett. 111, 047202
(2013).
24. Zhang, J. X. et al. Microscopic origin of the giant ferroelectric polarization in tetragonal-like BiFeOs. Phys. Rev. Lett. 107, 147602
(2011).
25. Mazumdar, D. et al. Nanoscale switching characteristics of nearly tetragonal BiFeOj, thin films. Nano Lett. 10, 2555-2561 (2010).
26. Ocenasek, J. et al. Nanomechanics of flexoelectric switching. Phys. Rev. B 92, 035417 (2015).
27. Zubko, P, Catalan, G. & Tagantsev, A. K. Flexoelectric Effect in Solids. Annual Review of Materials Research 43, 387-421 (2013).
28. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758-1775
(1999).
29. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 54,11169-11186 (1996).
30. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).
31. Perdew, J. P. et al. Restoring the Density-Gradient Expansion for Exchange in Solids and Surfaces. Phys. Rev. Lett. 100, 136406
(2008).
32. Wang, J. et al. Epitaxial BiFeO, multiferroic thin film heterostructures. Science 299, 1719-1722 (2003).
33. Fu, H. & Bellaiche, L. First-Principles Determination of Electromechanical Responses of Solids under Finite Electric Fields. Phys.
Rev. Lett. 91, 057601 (2003).

SCIENTIFICREPORTS | 6:25346 | DOI: 10.1038/srep25346 6



www.nature.com/scientificreports/

Acknowledgements

This work was jointly supported by the Jiangsu Planned Projects for Postdoctoral Research Funds (Grant No.
1302043B), the National Natural Science Foundation of China (Grant No. 51171078), and the State Key Program
for Basic Research of China (Grant No. 2010CB631004).

Author Contributions

L.C. performed the first-principles calculations presented in this article with help from Y.Y. Y.Y. and X.K.M.
supervised the research work. All authors contributed to the discussion of the results and preparation of the
manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chen, L. et al. Giant electric-field-induced strain in lead-free piezoelectric materials.
Sci. Rep. 6,25346; doi: 10.1038/srep25346 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:25346 | DOI: 10.1038/srep25346 7


http://creativecommons.org/licenses/by/4.0/

	Giant electric-field-induced strain in lead-free piezoelectric materials

	Results

	R-phase and T-phase under compressive strain. 
	R-phase under electric-field. 
	T-phase under compressive stress. 

	Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Total energy of BFO film at epitaxial compressive strain 4% as a function of c lattice constant.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Properties of compressive BFO film under electric-filed along [001] direction.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Ferromagnetism of BFO film as a function of electric-field along [001] direction .
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Properties of BFO film under stress σzz.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Ferromagnetism of compressive BFO film as a function of stress σzz.
	﻿Table 1﻿﻿. ﻿  Total energies (E), out-of-plane lattice constant (c), anti-phase oxygen octahedral antiferrodistortive distortion (AFD) vectors, polarization (P) vectors, AFM vectors, and FM vectors for R-phase and T-phase.



 
    
       
          application/pdf
          
             
                Giant electric-field-induced strain in lead-free piezoelectric materials
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25346
            
         
          
             
                Lan Chen
                Yurong Yang
                X. K. Meng
            
         
          doi:10.1038/srep25346
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25346
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25346
            
         
      
       
          
          
          
             
                doi:10.1038/srep25346
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25346
            
         
          
          
      
       
       
          True
      
   




