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Received 8 June 2007, in final form 12 July 2007 Published 17 September 2007 Online at stacks.iop.org/Nano/18/405701 Abstract Local ferroelectric polarization switching in multiferroic BiFeO3 –CoFe2 O4 nanostructures is studied using switching spectroscopy piezoresponse force microscopy (SS-PFM). Dynamic parameters such as the work of switching are found to vary gradually with distance from the heterostructure interfaces, while nucleation and coercive biases are uniform within the ferroelectric phase. We demonstrate that the electrostatic and elastic fields at interfaces do not affect switching and nucleation behavior. Rather, the observed evolution of switching properties is a geometric effect of the heterointerface on the signal generation volume in PFM. This implies that the heterostructures can be successfully used in devices, since interfaces do not act as preferential sites for switching. At the same time, small systematic variations of switching properties within the ferroelectric component can be ascribed to the long-range elastic and electrostatic fields in the heterostructure, which can be visualized in 2D. (Some figures in this article are in colour only in the electronic version)



1. Introduction



the most rapidly developing areas of physics and materials science [1–4]. In particular, the electrical control of the magnetic ordering enables new classes of electronics devices [5], e.g. electrically switchable magnetic memories, spin valves, and tunneling junctions. The number of roomtemperature single-phase multiferroic materials is relatively small and is limited to, for example, BiFeO3 , BiMnO3 , and



Multiferroic materials exhibiting coupling between ferroelectric polarization, ferro- or antiferromagnetic ordering, and strain order parameters have recently emerged as one of 7 Author to whom any correspondence should be addressed.
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YMnO3 [2, 3, 6, 7]. In addition, while a number of materials with helical magnetic structures exhibit ferroelectric transitions at low temperatures [8], the coupling coefficients in such multiferroics are usually small. To overcome the scarcity of single-phase multiferroics, a number of groups have suggested the use of ferroelectric–ferromagnetic heterostructures [9] or self-assembled nanostructured films [4]. The development and optimization of multiphase multiferroic nanostructures for functional device applications necessitates understanding (a) the mechanisms of magnetoelectric coupling between dissimilar components, (b) the spatial variability of ferroic properties within a single phase, and (c) the switching mechanisms in single-phase regions and assemblies. The coupling between components can be due to both short-range interface-controlled interactions, such as a directexchange interaction between the ferroelectric antiferromagnet (BiFeO3 ) and the ferromagnet (CoFe2 O4 ), polarizationinduced changes of the valence of the magnetic cation across the interface (electric field effect), and long-range elastic interactions that couple to order parameters through piezoelectric and magnetostrictive effects [3, 6]. In general, a multiferroic assembly is expected to possess long-range elastic fields on the length scale of the film thickness and the size of single-phase regions [10]. In addition, interfaces between dissimilar materials are expected to result in partial charge transfer because of the differences in work functions, interface states, and ferroelectric polarization, resulting in electric fields on the length scale of the Debye length of the material. Short-range interface-mediated interactions and longrange elastic and electric fields can significantly affect the static and dynamic ferroelectric behavior of the ferroelectric component. The interface fields can result in regions with frozen polarization [11, 12]. Long-range elastic and electric fields can break the symmetry between antiparallel polarization states, resulting in ferroelectric imprint. Finally, in multiaxial ferroelectrics, the polarization orientation that minimizes the elastic energy will be favored, resulting in spatial variations of preferred in-plane polarization orientation. These factors will affect the switching behavior within single-phase regions, which ultimately controls the ferroelectric switching, and hence, the functionality of multiferroic assemblies. To achieve a comprehensive understanding of multiferroic nanostructures, the ferroic properties and coupling mechanisms should be investigated at length scales below the size of the constitutive phases (figures 1(a), (b)). The atomic structure of these heterostructure interfaces has been visualized by transmission electron microscopy [4], and theory [4, 13] can predict local order-parameter coupling from observed structure. However, to date, this behavior has been ascertained experimentally only on the macroscopic scale by temperature-dependent magnetization measurements [4]. The ferroelectric polarization reversal in multiferroic structures has been studied locally by piezoresponse force microscopy (PFM), magnetic force microscopy (MFM), and photoemission microscopy [14–19]. However, while the order parameter coupling and switching in self-assembled magnetoelectric structures have been extensively studied on the macroscopic level, and the order parameter coupling has been accessed on the nanoscale by MFM and PFM, little is known about the spatial variability of switching behavior at a length scale below the characteristic size of the



Figure 1. Schematics showing domain nucleation in BFO–CFO nanostructure samples. (a) The domain nucleation is controlled by the spatial distribution of nucleation centers when a uniform field is applied to a top electrode. When a tip is used as the top electrode, the domains nucleate under the tip, as shown in (b). (c) Line profile of the mixed piezoresponse signal of a domain wall in a BiFeO3 thin film showing ∼15 nm resolution. Mixed PFM image of an as-grown domain is shown as an inset.



single-phase regions. In other words, does the multiferroic heterostructure switch as a single-phase material, or is the switching behavior dominated by short- and long-range effects associated with the interfaces and the inherent spatial inhomogeneity of these systems? Do the interfaces between phases act as preferential nucleation sites, or is nucleation controlled by the intrinsic defects in the ferroelectric? Conversely, do the interfaces preclude nucleation due to the presence of frozen layers or dielectric constant mismatch effects? Would the strain result in strong imprint and polarization back-switching, similar to ferroelectric capacitors [20]? The answers to these questions are crucial for the optimization of devices based on multiferroic heterostructures and the establishment of their scaling limits. Here we investigate local ferroelectric domain structures and polarization switching properties of BiFeO3 –CoFe2 O4 (BFO–CFO) [4] self-assembled nanostructures by PFM and switching spectroscopy PFM (SS-PFM) [21, 22]. In these techniques, a sharp atomic force microscope (AFM) tip is used as a moving electrode that allows local static and dynamic properties of polarization within the heterostructure to be addressed. The information obtained in local and macroscopic techniques is compared in figure 1. When the dc bias is applied to a top electrode, the applied field is uniform and domains nucleate where the activation barrier for nucleation is lowest (nucleation sites). However, when the tip is used as the top electrode, domains can only nucleate beneath the tip due to its highly inhomogeneous field (figure 1(b)). Hence, nucleation activity and switching behavior can be correlated 2
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with materials microstructure in real space. In particular, here we aim to address the role of built-in elastic and electrostatic fields on the relative stabilities of antiparallel polarization orientations and the role of interfaces on domain nucleation and switching.



Topography, PFM amplitude, and PFM phase for a BFO– CFO nanostructure sample are shown in figures 2(a)–(c). As expected, the ferromagnetic nanopillars do not exhibit piezoelectricity, while the ferroelectric BFO thin film does. The SS-PFM maps of the work of switching, PNB, and NNB are shown in figures 2(d)–(f), respectively. Characteristic loops are shown from the BFO, CFO, and BFO–CFO interface regions in figure 2(g), and corresponding bias parameters are defined in figure 2(h). Note that for this material the well-saturated hysteresis loops and subsequent PFM imaging strongly suggest that the switching process is complete. Note that there is no hysteresis in the CFO loop, and the BFO loop appears to be slightly imprinted, but there is no vertical shift in the loop. The loop from the interfacial region has a slightly larger coercive field and lower magnitude of piezoresponse, but is still symmetric along the response axis. Corresponding line profiles of the work of switching and other switching properties are shown in figures 3(a) and (b). Note that the coercive biases and the imprint vary weakly with position (figure 3(a)), while the work, remanent piezoresponses, and the switchable piezoresponse all follow the same trend across the line profile (figure 3(b)). The similar behavior of parameters that scale with maximal response strength (i.e. the work of switching, remanent response, and PFM signal) suggests that the dominant effect that influences the loop shape is the presence of an interface with a non-piezoelectric material that reduces the signal generation volume. In other words, the observed evolution of switching properties can be a purely geometric effect. To verify this assumption, we develop a phenomenological approach for the interpretation of the hysteresis loop data beyond the characteristic biases. Briefly, we assume that for an ideal material away from defects and interfaces, the hysteresis loop shape is given by the phenomenological − functions PR+ 0 (V ) for the forward branch and PR0 (V ) for the reverse branch. The exact functional form of PR+ 0 (V ) and PR− (V ) is determined by the nanoelectromechanics of 0 the polarization switching for a given tip geometry and contact conditions and is not discussed here. In a realistic material, the presence of long-range electrostatic and strain fields produced by the interfaces will renormalize the effective piezoelectric constants, and result in layers with frozen polarization and the presence of a built-in electrostatic field in the material. In addition, the electrical contact conditions can vary along the surface. To account for these factors, we introduce a model in which the local hysteresis loop can be represented as a linear transformation of an ideal loop (figure 4(a)), i.e.



2. Experimental details The domain structure of BFO–CFO nanostructured films, grown as discussed elsewhere [16], is studied by PFM implemented on a commercial AFM system (Veeco MultiMode NSIIIA) equipped with a function generator and a lock-in amplifier (DS 345 and SRS 844, Stanford Research Systems) and an external signal generation and data acquisition system. Measurements were performed using Au–Cr coated Si tips (Micromasch, spring constant k ∼ 0.65 N m−1 ). In PFM, the tip is biased with Vtip = Vdc + Vac cos(ωt), brought into contact with the surface, and the electromechanical response of the surface is detected as the first harmonic component of the bias-induced tip deflection, d = d0 + d1ω cos(ωt + ϕ). The phase of the electromechanical response, ϕ , yields information on the polarization direction below the tip. For c− domains (polarization vector pointing downward) the application of a positive tip bias results in the expansion of the sample and surface oscillations are in phase with the tip voltage, ϕ = 0. For c+ domains ϕ = 180◦ . The PFM signal is plotted either as a pair of amplitude–phase, A = d1ω /Vac , ϕ , images, or as a mixed piezoresponse (PR) signal representation, PR = A cos ϕ .



3. Results and discussion The spatial resolution PFM can be determined from the half width at half maximum of a 180◦ domain wall [23, 24]. A mixed PFM signal of a domain in BFO is shown in the inset of figure 1(c). The line profile across the domain wall (figure 1(c)) is fitted to a phenomenological hyperbolic tangent function, y = A1 + (A2 − A1 ) tanh(2(x − x0 )/w) and the width, w, is 13.6 nm. The penetration depth of the electric field is expected to be comparable to the resolution, γ w, where γ is the dielectric anisotropy (γ ∼ 1 for BFO). Hence, the resolution is a measure of the signal generation volume, and in this case, the penetration depth is ∼15 nm. To address the spatially resolved switching behavior, we employ SS-PFM. In SS-PFM, electromechanical hysteresis loops are acquired on a 2D mesh of points in space yielding a 3D spectroscopic data array [25, 26]. The 3D data arrays are analyzed to yield 2D maps of parameters describing the local polarization switching properties. In particular, parameters such as imprint, positive and negative coercive bias (PCB and NCB, respectively), remanent responses, etc, can be determined directly from the intersections of the loop with the axes. The work of switching can be determined as the area under the loop [26]. These global parameters can be defined for any single-value response function in the positive and negative directions. In addition, by fitting the corners of the loops, it is possible to extract values for positive and negative nucleation biases (PNB and NNB, respectively). These parameters provide local analogs of switching parameters that can be determined for macroscopic switching loops.



PR+ (V ) = df + α PR+ 0 (β V + Vi ) ,



(1a )



PR− (V ) = df + α PR− 0 (β V + Vi )



(1b)



where df is the vertical shift of the hysteresis loop proportional to the thickness of a frozen polarization layer, α is the scaling factor related to the changes in the signal generation volume or effective coupling constant, β is the horizontal scaling factor related to contact quality, and Vi is the imprint bias in the film. Experimentally, the ideal switching functions PR+ 0 (V ) and PR− (V ) are not known. Hence, we define the average 0 + − hysteresis loop as PR+ a (V ) = PRi (V ), PRa (V ) = 3
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Figure 2. (a) Topography of multiferroic BFO–CFO nanostructures and the corresponding PFM, (b) amplitude, and (c) phase images. The ferroelectric and antiferromagnetic BFO shows a piezoresponse, while the ferromagnetic CFO spinels show no piezoresponse. (d) SS-PFM map of the work of switching and (e), (f) maps of the positive and negative nucleation biases, respectively. (g) Representative loops from BFO (), CFO (), and the BFO–CFO heterostructure interface (). (h) Fit of the loop shape with coercive and nucleation biases indicated. The work of switching is defined as the area within a loop.
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Figure 3. (a) Normalized line profiles of PFM, positive and negative coercive biases, and imprint, and (b) normalized line profiles of PFM, positive and negative remanent piezoresponses, switchable piezoresponse, and work for the dashed line shown in figure 2(d).



PR− i (V ), where averaging is taken over the ferroelectric part of the surface (defined as Ri > 0.5Ri , where Ri is the saturated response at a given location). The parameters df , α , β , and Vi are determined using a phenomenological function



fitting method. The normalized residuals (the ‘goodness’ of the fit) is shown in figure 4(b). Note that there are no systematic trends within the image over the ferroelectric part, suggesting that the loop shape follows a universal form 4
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(b)



Figure 4. (a) Schematic showing the scaling of a hysteresis loop and (b) the ‘goodness’ of the fit. (c), (d) α and df , respectively. Note the features in the white circle. (e), (f) β and Vi , respectively. (g) Loops from red and blue circles in (e) and (f). (h) Line profiles of the parameters along the line marked in (c). Note the relative contrast in grains shown in red and blue circles.



vertical shifts within the non-ferroelectric CFO regions. This behavior is due to the detection of a non-local response by PFM, as discussed below. The behavior of voltage-dependent scaling parameters is illustrated in figure 4(e). The β map (coercive biases) is relatively featureless, and illustrates a relatively uniform response without large-scale variations. The noise level is higher in the CFO region, when the fitting is less reliable. In comparison, the imprint bias map (figure 4(f)) clearly illustrates the presence of large (∼2 V) imprint biases. The spatial variability of the signal suggests that it differs between different BiFeO3 regions, but is relatively weakly dependent on separation from the interface. From the imprint data in figure 4(f), we conclude that the heterostructure interface does not affect the internal bias, which would result in systematic changes of imprint voltage with distance from the interface. Furthermore, there is no evidence that domain nucleation is affected by the interface. Finally, we observe weak (5–10%) long-range variations in the switching behavior in the SS-PFM data (e.g. figure 2(d)). While determining the mechanism of this variability requires more systematic studies, it can be argued that these variations represent the effect of long-range elastic fields that renormalize the piezoelectric constants in the film and hence can be used to reconstruct the former.



everywhere in the ferroelectric phase. In analyzing the 2D data, we considered the systematic changes across the interfaces (i.e. similar behavior along the circumference of the pillars), and large-scale (>2–3 pixels) variations within single-phase regions. While point by point variations can be significant and reproducible (i.e. represent real data, rather than thermal noise), they were ignored. Thus, only the long-range (>2 times the pixel size, i.e. 100 nm) effects were addressed. Note that the characteristic probed volume determined from the domain wall width is ∼15 nm, and its effect on measurements will be considered below. The resulting parameter maps are shown in figures 4(c)– (f). The switchable response map (figure 4(c)), α , shows variation from a nearly zero response in the CFO regions to a nearly uniform response in the BFO regions. A number of points on the boundary show an intermediate response, corresponding to reduced hysteresis loops similar to that in figure 2(g). The image analysis illustrates a number of features with reduced switchable response (white circles in figures 4(c), (d)), located where high strains can be anticipated. The polarization activity in the heterostructure can be further elucidated from the vertical shift map, df , shown in figure 4(d). In this case, long-range (∼2–3 pixels, corresponding to 150 nm) vertical shifts of the hysteresis loops are observed as a function of distance from the interfaces. Note that the analysis suggests the presence of a finite response with anomalous 5
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Figure 5. (a) Scheme of calculations and upper insets I–VI: cross-sections of cylindrical domain or its segment appearing near the CFO–BFO boundary at different tip positions. (b) Normalized on the bulk value piezoresponse PRQS (a) from a homogeneously polarized BFO quarter-space (domain is absent) via the tip coordinate a/d from the BFO–CFO boundary. (c) Relative contributions of different components w3i j (a, r) to the PFM response of a cylindrical cluster of radius r as the function of the distance a from the boundary with a non-piezoelectric medium. Solid and dashed curves present exact numerical and approximate (3b) calculations, respectively, for parameters r/d = 10, γ ∼ = 1, ∗ ν ≈ 0.35. (d) Normalized piezoresponse PRD (a, r) via the domain radius r/d for d15 = d33 ,γ ∼ = 1, ν ≈ 0.35 and different tip coordinate a/d denoted by labels near the curves.



from the CFO boundary. The BFO quarter-space is located at a  0, as shown in figure 5(a). The normalized piezoresponse, PRQS (a), from the polarized BFO quarter-space versus the coordinate a/d is shown in figure 5(b). As expected, the normalized wall profile tends to zero as a/d → −∞. The effect of the boundary on the PFM hysteresis loop can be analyzed assuming that the interface limits the size of an inverted domain formed by the probe electric field below the tip apex, as illustrated by the upper insets in figure 5(a). The piezoresponse, PRD (a, r ), in the center of a cylindrical domain with radius r or its segment located in the BFO depends on the tip apex coordinate x = a counting from the BFO–CFO interface (x = 0) as:



To analyze the interface effect on PFM data quantitatively, we consider the 3D geometry of the PFM experiment. The electric field formed below the tip extends radially, and hence a fraction of the signal generation volume is excluded in the vicinity of a domain wall or a grain boundary with a nonpiezoelectric material, resulting in the reduction of the overall signal. Note that when the field is concentrated in the surface area, polarization switching results in elongated domains, as shown by Molotskii [27] and Morozovska [28]. Hence, the domain radius is the primary parameter determining the PFM signal. The evolution of the PFM signal across the interface can be obtained using a decoupled approximation for PFM in the limit of elastic and dielectric anisotropy, as described in [29], as a linear superposition of the response across an antiparallel domain wall and a vertical offset as   a 3 ∗ PRQS (a) ≈ − d33 +1 |a| + d/4 8   a 1 +1 . (2) − d15 | a| + 3d/4 8 Equation (2) is valid for an infinitely thin CFO–BFO boundary and a dielectric anisotropy γ ∼ = 1, as is the case for BFO (arbitrary anisotropy is considered in detail in [29]). ∗ Here, the piezoelectric coefficient d33 = d33 + (1 + 4ν)d31 /3, ν ≈ 0.35 is the Poisson ratio, d is the effective separation between the charge representing the tip and the surface, and a is the coordinate from the tip center projection determined



PRD (a, r ) = (1 + 4ν) d31 w313 (a, r ) + d33 w333 (a, r )



+ d15 w351 (a, r ), w333 (a, r ) ≈ 3w313 (a, r ) ≈



(3a )







3 8r g(r, a, 4) 8 2r + π d/4



 a , |a| + d/4  1 8r w351 (a, r ) ≈ g(r, a, 4/3) 8 2r + 3π d/4  a , −1− |a| + 3d/4 −1−
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Figure 6. (a), (d) Topography, (b), (e) PFM amplitude, and (c), (f) PFM phase images of a BFO–CFO nanostructured film before and after the application of ±20 V, respectively. The dashed line in (a) and (d) is shown as a guide. After the dielectric breakdown, the tip became damaged, resulting in significant broadening of features in the image; however, electromechanical data can still be obtained.



Equation (4) is exact at a > r  0 (full domain in BFO, tip positions I and II), a = 0 (half-domain in BFO, g = 0.5 at tip position IV), and a < −r (no domain in CFO at tip position VI). Thus, in accordance with the adopted model of signal generation volume exclusion and equations (3) and (4), one should expect the PFM signal to be reduced by half when the tip apex is located at the CFO–BFO interface (a = 0, g = 0.5) in comparison with the case of a domain far from the boundary (a d ), and that the piezoresponse almost disappears in the CFO at a < −d . The prediction is corroborated by the obtained piezoresponse loops at different locations (see figure 2). In fact, the maximal relative piezoresponse near the BFO–CFO interface is about 1.3 au, whereas the response inside the BFO region is about 2.7 au.



where the function g(r, a, f ) determines the piezoresponse of the cylindrical cluster itself:



g(r, a, f ) ⎧ 1, a > r  0 (tip position I, II) ⎪ ⎪    ⎪ ⎪ ⎪ r 2 a 2 a 4 1 ⎪ ⎪ 1 − arctan − 1 − − ⎪ ⎪ π a r r ⎪ ⎪ ⎪ ⎪ ⎪ fd ⎪ ⎪ 0  a < r (tip position III, IV) , ⎨ × |a| + f d  ≈ (4)   ⎪ r 2 a 2 a 4 1 ⎪ ⎪ arctan −1− − ⎪ ⎪ ⎪ π a r r ⎪ ⎪ ⎪ ⎪ ⎪ fd ⎪ ⎪ × , −r  a < 0 (tip position V) ⎪ ⎪ |a| + f d ⎪ ⎩ 0,



a < −r (tip position VI).



fd in equation (4) reflects the The function |a|+ fd inhomogeneous electric field distribution inside the signal generation volume. Numerical calculations of the exact expressions for w3i j (a, r ) show that the factor f = 1/4 for the w333 (a, r ) and w313 (a, r ) contributions is related to the features of the probe electric field normal component; while the factor f = 3/4 for the w351 (a, r ) contribution is related to the transverse component of the probe electric field, as illustrated in figure 5(c). The same factors f determine the response of the polarized BFO quarter-space PRQS (a), reflecting the universal nature of the local piezoresponse of an infinitely thin domain wall. The normalized piezoresponse PRD (a, r ) via the domain radius r/d for different tip coordinates, a/d , is shown in figure 5(d). For the cases a/d = 10 and 0.3, the domain growth passes through the successive stages I at r < a , II at r = a , and III at r > a ; the case a/d = 0 corresponds to an arbitrary domain radius at stage IV. For the cases a/d = −0.3 and −3 the domain growth passes through the successive stage VI when the domain is absent or too far from the tip (r < −a) and then stage V at r > −a (see upper insets).



Remarkably, the interface effect is observed for distances of the order of 100–200 nm from the interface, while the effective resolution of the PFM is ∼10–20 nm. A similar effect was observed by Kholkin, who observed the saturation of PFM hysteresis loops for domains as large as 200–300 nm, while the spatial resolution could be estimated as 20–40 nm [30]. This indicates that the signal generation volume addressed in the hysteresis loop is significantly larger than anticipated based solely on the tip radius. In fact, this conclusion agrees with the analysis above, which demonstrated that the Greens function in this case, and hence the hysteresis loop tail, saturates as a/r , where a is the characteristic tip size (reflected in resolution), and r is the domain radius. Hence, SS-PFM signals achieve 90% of the value corresponding to a free film for a domain size r = 10a . This extremely slow saturation accounts for the experimentally observed behavior. Attempts to achieve complete saturation of the hysteresis loops typically resulted in dielectric breakdown, presumably due to the increased conductivity of the CFO (figure 6). 7
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4. Conclusions
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To summarize, polarization switching in multiferroic BFO– CFO structures has been studied by SS-PFM. The SSPFM maps illustrate that coercive and nucleation biases are uniformly distributed within the ferroelectric regions and do not exhibit any systematic trends in the vicinity of the interface. The imprint bias shows large-scale variations between the grains. The work of switching and the electromechanical response are reduced in the vicinity of the interfaces. However, we believe this is a purely geometric effect due to the reduction of the domain volume. Small (5–10%) variations of switching behavior within the BFO are observed that can be attributed to long-range strain fields. Based on these observations, the switching behavior and domain nucleation in multiferroic heterostructures is determined by the ferroelectric component, and is unaffected by the presence of the heterostructure interfaces, suggesting the applicability of these systems for devices.
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