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Piezoelectric response of nanoscale PbTiO3 in composite PbTiO3 − CoFe2O4 epitaxial films Zhuopeng Tan,1,a兲 Alexander L. Roytburd,1 Igor Levin,2,a兲 Katyayani Seal,3 Brian J. Rodriguez,3 Stephen Jesse,3 Sergei Kalinin,3 and Art Baddorf3 1



Department of Materials Science and Engineering, University of Maryland, College Park, Maryland 20742, USA 2 Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA 3 Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA



共Received 28 June 2008; accepted 18 July 2008; published online 20 August 2008兲 Piezoelectric properties of PbTiO3 in 1 / 3PbTiO3 − 2 / 3CoFe2O4 transverse epitaxial nanostructures on differently oriented SrTiO3 were analyzed using conventional and switching-spectroscopy piezoelectric force microscopy. The results confirmed that the individual PbTiO3 nanocolumns in the CoFe2O4 matrix exhibit a detectable piezoelectric response regardless of substrate orientation. For the 兵100其 and 兵110其 orientations, a bias of ⫾10 V produced ferroelectric domain switching; however, no switching was observed for the 兵111其 films. Small values of piezoelectric constants 共100兲 共110兲 共111兲 dzz ⬇ 11 pm/ V, dzz ⬇ 5 pm/ V, and dzz ⬇ 3 pm/ V are attributed to the weak intrinsic response of the nano-PbTiO3 under strong mechanical and depolarizing-field constraints in the composite films. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2969038兴 Fundamental understanding of a ferroelectric response in nanostructured materials is critical for their implementation in practical devices. Recently, multiple theoretical studies of polarization behavior in ferroelectric nanoparticles have been reported;1–4 however, experimental verification of the proposed models and hypotheses is hindered by the lack of suitable samples and difficulties with nanoscale ferroelectric measurements. Epitaxial self-assembly of lattice-matched phases on matching single crystal substrates provides a viable approach for generating nanoscale ferroelectric features embedded in a nonferroelectric matrix. This approach has been used successfully to grow transversely modulated multiferroic nanostructures consisting of ferroelectric perovskite and ferrimagnetic spinel phases on single crystal SrTiO3.5 The morphology of constituent phases in these selfassembled nanostructures was effectively controlled using substrate orientation and phase fractions. For perovskitespinel systems, nanorods of a perovskite phase in a spinel matrix have been obtained for the PbTiO3 − CoFe2O4 on 兵110其 and 兵111其 SrTiO3 substrates, and for BiFeO3 − CoFe2O4 on 兵111其 SrTiO3. Several studies examined a ferroelectric response of the 兵111其-oriented BiFeO3 − CoFe2O4 films containing BiFeO3 nanorods in a CoFe2O4 matrix.6 The ferroelectric nature of individual BiFeO3 columns has been confirmed using piezoelectric force microscopy 共PFM兲. The direction of spontaneous polarization in rhombohedral BiFeO3 coincides with the nanorod axis, thereby facilitating both piezoelectric and ferroelectric responses. The situation is significantly different for tetragonal perovskitelike phases, such as BaTiO3 and PbTiO3, because, in the 兵110其- and 兵111其-oriented composite films, the 兵001其 direction of spontaneous polarization is strongly inclined to the perovskite/spinel interfaces. No analysis of ferroelectric behavior in this kind of nanostruca兲
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tures has yet been reported. In the present study, we used both conventional PFM and switching-spectroscopy PFM 共SS-PFM兲 to analyze the piezoelectric response of the PbTiO3 nanocolumns in 1 / 3PbTiO3 − 2 / 3CoFe2O4 selfassembled nanostructures on 兵110其- and 兵111其-oriented SrTiO3 substrates.7–9 SS-PFM enables local piezoelectric measurements without electrodes thereby alleviating electrical leakage problems associated with a CoFe2O4 matrix;10 this leakage complicates direct measurements of a ferroelectric response in nanostructures having CoFe2O4 as a majority phase. 1 / 3PbTiO3 − 2 / 3CoFe2O4 films were grown on SrTiO3 using pulsed laser deposition and a composite ceramic target, as described previously.6 In all cases, film thicknesses were about 50 nm. PbTiO3 and CoFe2O4 self-assemble during growth into epitaxial nanostructures having PbTiO3 / CoFe2O4 interfaces approximately perpendicular to the film/substrate interface. Films grown on 兵001其 SrTiO3 contain CoFe2O4 pillars surrounded by a continuous PbTiO3 matrix. In contrast, nanostructures grown on 兵110其 and 兵111其 SrTiO3 contain nanocolumns of PbTiO3 distributed in CoFe2O4. X-ray diffraction, scanning electron microscopy 共SEM兲 and transmission electron microscopy were used to assess the crystalline quality and phase morphologies. Detailed microscopy studies of phase morphologies in these films were reported previously.11 The SS-PFM was implemented using a commercial atomic force microscope 共Asylum MFP3D兲 equipped with additional function generator and lock-in amplifier 共DS 345 and SRS 830, Stanford Research Instruments兲 and an external signal generation, data acquisition system. The use of brand or trade names does not imply endorsement of the product by NIST.8 Measurements were performed using Micromasch Au–Cr coated Si tips having a spring constant of 3 N/m. During the acquisition process, the tip was biased using electrical voltage Vtip = Vdc + Vac cos共t兲 and the electromechanical response of the surface was detected as the first
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FIG. 1. 共Color online兲 共a兲 SEM, 共b兲 SS-PFM amplitude, and 共c兲 phase images of the 1 / 3PbTiO3 − 2 / 3CoFe2O4 film on 兵110其 SrTiO3. The SEM image reveals PbTiO3 platelets 共dark contrast兲 having width of ⬇15 nm dispersed in a CoFe2O4 matrix. The PbTiO3 columns appear bright in the PFM amplitude image; the column shape is somewhat blurred and distorted 共compared to SEM兲 because of the tip and sample geometries.



harmonic component 共A1兲 of bias-induced tip deflection, A = A0 + A1 cos共t + 兲. The measurements were conducted using a step 共pixel兲 size of 6 nm. At each point, the piezoelectric response was recorded as a function of the tip bias. SEM images of the 兵110其 film 关Fig. 1共a兲兴 reveal plateletlike columns of PbTiO3 embedded in CoFe2O4; the lateral size of these columns is ⬇15 nm. A SS-PFM map 关Fig. 2共a兲兴 of piezoelectric response, recorded on the same film, reveals nanoscale active areas 共dark兲 that can be readily correlated with the PbTiO3 columns as seen in the SEM images; as expected, no significant piezoelectric response is detected from the CoFe2O4 matrix. SS-PFM provides both PFM displacement amplitude 关Fig. 1共b兲兴 and phase 关Fig. 1共c兲兴 information for each pixel in the map 共60⫻ 60 pixels兲. Figures 2共b兲–2共f兲 summarize individual displacement and phase loops for points from 1 to 3 in Fig. 2共a兲. The butterfly-shaped amplitude loop 关Fig. 2共d兲兴 recorded from point 3, which is located within the PbTiO3 column, provides information on the magnitude of the piezoelectric response, whereas the phase change of ⬇180° as seen in the corresponding phase loop 关Fig. 2共e兲兴 confirms ferroelectric domain switching. Clearly, a dc bias of 10 V was insufficient to saturate the piezoelectric response. The amplitude and phase data were combined to generate a piezoelectric loop in Fig. 2共f兲. A change in the sign of the tip deflection in this combined loop indicates domain switching whereas the absolute



FIG. 2. 共Color online兲 共a兲 A map of switchable polarization for the 兵110其 1 / 3PbTiO3 − 2 / 3CoFe2O4 film. Dark areas correspond to PbTiO3. 共b兲 and 共c兲 are piezoelectric hysteresis loops at points 1 and 2, respectively. 共d兲 Amplitude of the piezoelectric response at point 3. 共e兲 Phase of the piezoelectric response at point 3. 共f兲 Combined amplitude/phase piezoelectric hysteresis loop at point 3.
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FIG. 3. 共Color online兲 共a兲 Conventional-PFM amplitude and 共b兲 phase images of the 兵111其 1 / 3PbTiO3 − 2 / 3CoFe2O4 film. PbTiO3 columns appear bright in the amplitude image.



values of deflection reflect the magnitude of a piezoelectric response. The area within the piezoelectric hysteresis loop corresponds to the work on domain switching. Piezoelectric response decays markedly as the tip is moved away from PbTiO3 into CoFe2O4 as can be seen from the amplitude loops for points 1–3. Based on previous experience, the tip diameter is ⬇60 nm which is comparable to the typical distances separating individual PbTiO3 columns. Thus, a nonzero response is sensed even for locations well within the CoFe2O4 matrix because the tip still interacts with PbTiO3. SEM images of the 兵111其-oriented nanostructures highlight triangular-shaped PbTiO3 columns 共lateral size ⬇30 nm兲 dispersed in CoFe2O4. Conventional PFM of the same film yields bright regions which exhibit a significant piezoelectric response 关Fig. 3共a兲兴 and a phase angle different from that of the surrounding material 共dark兲. Size and number density of these regions suggest them to represent nanocolumns of PbTiO3. Despite evident piezoelectric activity of the 具111典-aligned PbTiO3 columns, no domain switching could be observed upon changing the bias from −10 to 10 V. SS-PFM measurements on the 兵001其-oriented film 共Fig. 4兲, used as a reference, revealed a strong piezoelectric response from the PbTiO3 regions with a clearly identifiable domain switching. Accurate calculations of the piezoelectric coefficients from the SS-PFM measurements are difficult because of the inhomogeneous electric/strain fields under the tip. Nevertheless, rough estimates of dzz can be obtained as dzz = displacement/ bias, assuming similar spatial distributions for both electric and strain fields. Our SS-PFM measure共100兲 共110兲 共111兲 ments yield dzz ⬇ 11 pm/ V, dzz ⬇ 5 pm/ V and dzz ⬇ 3 pm/ V 共superscript indicates a crystallographic orientation of the film兲. These dzz values are approximately five times smaller than those measured for the 1 / 3PbTiO3 − 2 / 3CoFe2O4 films which contained CoFe2O4 columns in the PbTiO3 matrix.12 The polydomain nature of PbTiO3 in the composite films7 with the c-domain fraction of about 50% is expected to reduce significantly the spontaneous po-



FIG. 4. 共Color online兲 共a兲 SEM image of the 兵100其 1 / 3PbTiO3 − 2 / 3CoFe2O4 film. 共b兲 Amplitude, 共c兲 phase, and 共d兲 combined signal for a piezoelectric response from the PbTiO3 region. The ferroelectric domain switching is clearly observed in the phase loop.
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larization compared to its single-domain value. The polarization is further diminished by the dissolution in Fe in PbTiO3 as manifested in the reduced strain-free tetragonality of this phase in the nanostructures.13 Therefore, an intrinsic piezoelectric response of the 兵001其 film is expected to be considerably weaker than 50 pm/V previously measured on the 兵001其 1 / 3CoFe2O4 − 2 / 3PbTiO3 nanostructures using electrodes.12 This relatively strong response 共compared to the value of 79 pm/V for a freestanding PbTiO3 film兲 共Ref. 14兲 can be explained only assuming a substantial extrinsic piezoelectric effect associated with the 90°-domain wall movement. The feasibility of this mechanism is supported by the complete reversibility of the 90°-domain structures upon heating/cooling the composite films across the Curie temperature.13 In contrast to electrode-based PFM measurements which ensure a uniform electric field in the film under the top electrode, the highly localized dc field applied during the SS-PFM measurements appears insufficient to produce any significant movement of the 90° domains in the nanoscale PbTiO3 features. Thus, the dzz values estimated from the SS-PFM measurements likely reflect a weak intrinsic piezoelectric response of the nano-PbTiO3 under the mechanical and depolarizing-field constraints imposed by the CoFe2O4 phase.
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