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Spatially Resolved Mapping of Polarization Switching Behavior in Nanoscale Ferroelectrics** By Brian J. Rodriguez, Stephen Jesse, Marin Alexe, and Sergei V. Kalinin* The applications of ferroelectric materials for non-volatile memories,[1] data storage,[2] resistive memories,[3] multiferroic devices with electric writing and magnetic readout,[4] and nanotube-ferroelectric field-effect transistor devices,[5] have stimulated a number of recent advances in materials growth, fabrication, and characterization.[6–9] Theoretical considerations have also played an influential role in these developments, from the prediction of novel toroidal polarization states[10] to detailed descriptions of strain,[11] size,[12] depolarization field,[13] and surface chemistry[14] effects. The fabrication of low-dimensional ferroelectric and multiferroic structures has garnered significant attention as evidenced by the advent of ferroelectric nanotubes,[15] nanowires,[16] and self-assembled nanostructures and multiferroic heterostructures.[17,18] Considerable effort has centered on the nanoscale characterization of ferroelectricity in confined systems. Roelofs et al. deduced the nanoparticle size-limit for ferroelectricity at 20 nm from the presence of electromechanical response using piezoresponse force microscopy (PFM),[19] a limit that has been shown to be extrinsic in nature and depend on the strain accommodation mechanism at the particle-substrate interface.[20] The variation of electric and elastic boundary conditions at surfaces and interfaces can result in symmetry breaking between equivalent polar states in the bulk (imprint), and in the destabilization of ferroelectricity and the formation of a polar non-ferroelectric phase (i.e., a “frozen” layer). These studies primarily address static properties of ferroelectric systems, including the stability of the initial and final states, and coupling between polarization and other order parameters and functionalities. Future technological advances in ferroelectric materials-based technologies require i) experi-
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mental studies of static polarization behavior, and ii) an understanding of polarization dynamics in low-dimensional ferroelectrics. To establish the presence of ferroelectricity in nanostructures, the switching between dissimilar polarization states must be demonstrated using direct imaging of the polarization state before and after switching, or with local electromechanical hysteresis loop measurements (piezoresponse force spectroscopy).[21–23] However, the variability of switching behavior within a ferroelectric nano-region or nanostructure, which is necessary in order to elucidate the role of geometric structure, surface and edge effects, and interfacial defects on switching, has remained unaddressed. In other words, whether the switching occurs coherently within the nanostructure or is initiated at certain regions that serve as nucleation centers, will directly affect the design concepts, the functionality, and the feasibility (e.g., operation rate) of ferroelectric-based nanoscale devices and should be explored in detail. The role of interfacial defects such as dislocations has been extensively studied theoretically,[24,25] and the presence of frozen polarization layers in ferroelectric nanosystems is well established experimentally. However, the link between the two is missing, i.e., the ability to visualize the spatial variability of the polarization switching behavior. Here, we study how piezoelectric and dynamic switching properties vary in nanoparticle arrays and within a single nanoparticle using PFM[26] and switching spectroscopy PFM (SS-PFM).[27,28] By measuring hysteresis loops at each location in an image, SS-PFM measurements allow 2D maps of positive and negative coercive bias, imprint voltage, saturation response, and the work of switching, i.e., the area within the loop, to be generated. The spatial variability of the local switching behavior is reflected in the way these characteristics vary across a surface or within a nanostructure. To avoid electrostatic contributions to the signal, the hysteresis loops are acquired in the off-field state.[29] Topography and mixed PFM images of a nanoparticle array are shown in Figure 1a and b, respectively. Nanoparticles on the order of 30–100 nm in diameter are visible in the topography image (Fig. 1a). From the PFM image (Fig. 1b), we conclude that all nanoparticles regardless of size are piezoelectric, and some, particularly the largest nanoparticles, have multiple, primarily c-domains separated by 180° domain walls. The larger (> 50–70 nm) nanoparticles exhibit a lamellar pattern, indicative of an a–c domain structure that would be anticipated for a continuous film of the same composition. To investigate the spatial variability of the switching behavior between
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quired. Topography and mixed PFM images before and after the acquisition of the SS-PFM data set are shown in Figure 2a–c, respectively. The corresponding SS-PFM images of initial piezoresponse, switchable piezoresponse, and 0 nm the work of switching of a single 70 nm 0 diameter nanoparticle are shown in Figure 2d–f, respectively. Note that the ini120 nm (b) (c) (a) tial piezoresponse map is virtually iden0.5 tical to the mixed PFM image. This behavior can be anticipated if (a) the 2 spatial separation between the pixels on the SS-PFM image is much larger than 0.0 0 the characteristic size of the nascent do0.5 V mains (typically 100–300 nm) or (b) the 1V 3V domain structure returns to the initial -2 4V polarization state between successive -0.5 5V measurements, i.e., the domain formed -4 10 V below the tip is metastable. Given the (d) (e) -20 -10 0 10 20 -60 -40 -20 0 20 40 60 small size of the nanoparticle and the Bias [V] Bias [V] 11 nm SS-PFM pixel size, the second explanation is applicable. Figure 1. a) Topography, b) mixed PFM, and c) SS-PFM images of the work of switching (pixel Remarkably, the switchable piezoresize = 10 nm, pixel rate = 0.15 Hz). Representative loops from different PZT nanoparticles as a function of d) AC voltage (1.4 MHz) and e) DC bias (with 1.3 MHz, 5 V AC). sponse and the work of switching images (Fig. 2e and f) are clearly different from the PFM and initial response images (Fig. 2c and d). The resulting distributions illustrate a dissimilar nanoparticles, the nanodot array in Figure 1 was four-fold division of the nanoparticle, where one quadrant studied by SS-PFM. The 2D SS-PFM map of the work of switching is presented in Figure 1c. The nanoparticles are easexhibits reduced piezoresponse, one quadrant has enhanced ily discernable from the substrate, and the domain structure response, and two quadrants have intermediate response. The visible in the PFM image can also be resolved in the SS-PFM response is enhanced along the boundaries between the reimage. Notably, the image demonstrates a significant inhomogions. The lack of correlation between the observed internal structure in Figure 2e and f and the PFM image suggests that geneity of switching properties within a single nanoparticle. Also shown in Figure 1 are representative loops measured on a typical nanoparticle as a function of bias parameters. Figure 1d illustrates electromechanical hysteresis loops acquired as a function of AC voltage. For low driving amplitudes, the AC bias does not affect the domain structure, and therefore, the loops scale with AC bias. The use of large amplitudes (10 Vpp) results in the partial collapse of the hysteresis loop. This behavior was previously observed when the driving voltage amplitude exceeded the coercive bias of the material.[28,30] The evolution of the hysteresis loops with an increasing DC bias window is illustrated in Figure 1e. Note that the loops remain unsaturated up to a bias of ±56 V. Qualitatively, the loops can be represented as a superposition of a square loop in the {–15 V, 5 V} interval, and an unsaturated Rayleigh-type loop. Increasing the bias window above ∼ 60–70 V typically led to dielectric breakdown and large scale (∼ 100–300 nm) damage to the surface. The observed switching behavior differs significantly from the behavior of continuous PZT films, Figure 2. a) Topography, b) mixed PFM, and c) mixed PFM images after which typically exhibit well-saturated, square loops with coerperforming SS-PFM within the area of Figure 2. SS-PFM images (pixel [31] cive biases of the order of 5–10 V. size = 11 nm, pixel rate = 0.25 Hz) of d) the initial PFM response, e) the To investigate the polarization dynamics within a single switchable piezoresponse, and f) the work of switching for the nanoparticles shown in (a). nanoparticle, a smaller pixel size SS-PFM data set was ac20
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could result in 90° domain wall shifts (and/or polarization rotations) rather than 180° switching, i.e., result in the presence of a layer with frozen polarization. Notably, the repeated acquisition of the hysteresis loops resulted only in minor changes in the domain structure within a single nanoparticle, further suggesting the domain pattern is stabilized by misfit strain and interface dislocations, as supported by recent experimental and theoretical results.[33–35] 2D maps of switching properties reveal a variation of switching properties between and within individual nanoparticles. No correlation between the three groups of switching characteristics, namely, imprint, initial response, and work was observed, suggesting that the parameters provide complementary information on the local switching behavior. The experimental observations suggest a complex internal structure of the ferroelectric nanoparticle. To describe this data, we introduce a two-layer model as shown in Figure 5. Here, the nanoparticle consists of a switchable (ferroelectric) layer characterized by the presence of a built-in electric field and a non-switchable (frozen polarization) layer. The vertical shift of a hysteresis loop is related to the relative thickness of the non-switchable polarization component and defines the distribution of the frozen polarization within the system, while the lateral shift of the hysteresis loop defines the built-in field in the ferroelectric component. The data is analyzed by extending the approach originally suggested by Alexe[36] in the framework of the 1D model by Ganpule.[37] We assume that the ferroelectric nanostructure is formed by a layer with a switchable polarization of thickness h1, dielectric constant e1, and effective piezoelectric coefficient d1. At the interface, there is a layer of frozen polarization with parameters h2, e2, and d2. The parameters of both ferroelectric and frozen layers are position dependent and in particular, H = h1 + h2 defines the shape of the nanoparticle on the flat substrate. Assuming the electric field is established purely in the z-direction (corresponding to the shortest path between the contact area and the bottom electrode), the piezoresponse signal can be calculated as ZH ZH PR ˆ d…z†E…z†dz, where V ˆ E…z†dz (1a,b)
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Figure 3. SS-PFM image of a) the work of switching and b)–d) representative loops from three regions in (a).
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From Equation 2, the switchable part the electromechanical response, defined PRsw = (PR+ – PR–)/2, is
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is the bias applied across the nanoparticle. For the two layer model, the response is
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the inhomogeneity in the switching properties (resolved at an 11 nm level) is intrinsic, rather than the result of topographic or other cross-talk.[21,32] Characteristic hysteresis loops from selected regions on the nanoparticle are shown in Figure 3. The shape of the 6 loops shown in Figure 3b and c are virtually identical, and are associated with two locations with slightly different work of switching, as evidenced by an increase in loop area for the loops from the region denoted by a square. The loops in Figure 3d have the largest loop area, but also exhibit significant vertical offsets from point to point. 2D SS-PFM maps of positive remnant piezoresponse, negative remnant piezoresponse, positive coercive bias, and negative coercive bias for the same region as Figure 2 are shown in Figure 4a–d, respectively. The corresponding line profiles of bias parameters including positive and negative coercive bias, and imprint, are compared with the initial piezoresponse signal in Figure 4e and f. Note that the imprint and positive coercive bias maps show significant variability within the nanoparticle, which is not directly related to the initial PFM signal. The response related parameters, including positive and negative remnant piezoresponse, switchable piezoresponse, and the work of switching are shown in Figure 4g and h. These observations demonstrate a strong variability of switching behavior within a single nanoparticle that is unrelated to the existing static polarization distribution. The lack of saturation in the electromechanical hysteresis loops measured from the nanoparticle sample is indicative of a polarization rotation rather than 180° ferroelectric switching. This is consistent with the composition of the film, which is close to the morphotropic phase boundary, where the co-existence of multiple polarization states may be possible. In addition, strong pinning of polarization by misfit dislocations[20]
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where a = h2 e1/(h1 e2) is determined by the relative thickness and dielectric constant of each layer. Si-
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thickness of the non-switchable layer, and the imprint distribution in the fer0 0.4 8 roelectric layer provide insight into the -0.6 internal structure and polarization dy0 6 namics within a single nanoparticle. The -1.2 -0.4 4 profile of the thickness of the frozen (a) (b) (c) (d) layer is likely to be related to the inter8 3 facial defect structure of the nanopartiPFM 6 cle, e.g., misfit dislocations that are V +C 4 2 known to reduce polarization and pin V -C 2 domain walls.[33,38] 1 Note that the data analysis in this case 0 is limited by the number of experimen-2 0 tal observables, which is smaller than PFM -4 the number of unknowns describing the Imprint -6 -1 distribution of properties in the z-direc0 5 10 15 20 0 5 10 15 20 tion (5 independent parameters for the (e) (f) column column simple two-layer model). However, a similar limitation is well-recognized in 1.0 1.0 the context of, e.g., polarization-electric 0.8 0.8 field studies of ferroelectric capacitors. 0.6 0.6 Furthermore, the analysis above specifically assumes the 1D nature of the prob0.4 0.4 PFM lem, significantly simplified compared PFM 0.2 0.2 PR +rem to the 3D geometry of the particle. In PR sw. considering the effect of the particle gePR -rem 0.0 0.0 Work ometry on the signal, both the effective 0 5 10 15 20 0 5 10 15 20 slope and the finite radius of curvature row (g) (h) row must be taken into account. The local radius of curvature effect is expected to be Figure 4. SS-PFM images of a) negative remnant piezoresponse, b) positive remnant piezoresponse, c) negative coercive bias, and (d) positive coercive bias for the same region as Figure 3. minimal as a consequence of the indee) Line profiles of PFM, positive coercive bias, and negative coercive bias, f) PFM and imprint, pendence of piezoresponse on the cong) PFM, positive remnant piezoresponse, and negative remnant piezoresponse, and h) PFM, tact radius.[39] The effect of the local switchable piezoresponse, and the work of switching from the row indicated with a dotted white line. slope is more complex and depends on whether the tip is bound to the surface or can slide in the horizontal direction, resulting in an increase of the response.[21,32] In this case, the milarly, the frozen part of the response, defined as typical flattened (tablet-like) geometry of the particles and the PRf = (PR+ + PR–1)/2, is absence of the characteristic bi-fold symmetry expected for h2 d2 e 1 a this cross-talk suggests that this effect is minimal. ˆ d2 PRf ˆ (4) h1 e2 ‡ h2 e1 1‡a The second effect that can influence these measurements is the finite signal generation volume in PFM (i.e., the tip deEquations 3 and 4 provide a system of two equations with tects electromechanical properties of the material on the side, three unknowns (a, d1, and d2) that can be solved assuming not only below the tip), which, e.g., results in the depressions the piezoelectric coefficients are equal in frozen and switchon the domain walls. In considering this effect, we note that able layers, d1 = d2 = d. The spatial distribution of the electrothe effective spatial resolution in this case is extremely high mechanical response and the frozen layer thickness are then on the order of 10 nm (as determined from the full width of given by a = PRf/PRsw and d = PRsw + PRf. half maximum of the domain wall). Hence, the resulting map The thickness of the frozen layer is thus h2 = a H/(a + e1/e2), of the frozen layer thickness will have comparable resolution. allowing the distribution of the switching properties within a Clearly, an essential component of the future progress in this single nanoparticle to be reconstructed, as shown in Figure 5c field will be the development of a numerical algorithm for the and d. While the PFM signal is independent of the contact radeconvolution of 3D data which takes into account the resoludius and the resolution is on the order of 10 nm, suggesting tion effect. However, even the simplified model developed in that while the 1D model may be sufficient, work is underway this manuscript is expected to account for the main physical to take the effect of the geometric shape of the nanoparticle mechanism involved in the measurements, and provide spaand the finite signal generation volume in PFM into the analytially-resolved maps of switching behavior. sis. The 3D representation of the nanoparticle profile, the 0.6
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faces and constrained ferroelectricity all become more dominant. The ability to probe these effects will become of critical importance to the continued development of the field.
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Materials: PbZr0.52Ti0.48O3 (PZT) epitaxial nanosize crystals were fabricated a surface-mediated self-patterning method [18,40]. Ultrathin films of different thickness were deposited by spin-coating of a commercial polymeric precursor (Chemat Technology, Inc.) onto (001)-oriented single crystal niobium-doped SrTiO3 (STO:Nb) substrates with a Nb concentration of 0.5 % (CrysTec GmbH, Berlin). The initial film thickness was controlled by diluting of the precursor and by adjusting the spinning speed. The obtained gel film was pyrolized at 300 °C for 5 min and finally crystallized at 800 °C for 1 h in a
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lead oxide atmosphere. During the high-temperature treatment, the ultrathin films break up into H islands of 20–200 nm lateral size depending on h2 the initial film thickness. Structural investigations, i.e., X-ray diffraction, transmission electron microscopy (TEM), and high-resolution TEM, revealed that the obtained PZT structures of 15–20 nm height and 20–60 nm lateral size are (a) Imprint: (c) epitaxial with well-defined shape and sharp facets that preferably consist of {111}, {110}, and {100} facets. Methods: A commercial scanning probe microscopy system (Veeco MultiMode NS-IIIA) equipped with additional function generators and lock-in amplifiers (DS 345 and SRS 830, Stanford Offset Research Instruments, and Model 7280, Signal (b) (d) Recovery) was used for PFM measurements. A custom-built, shielded tip holder was used to bias the tip directly. Measurements were perFigure 5. a) Schematic showing the polarization within a nanoparticle and b) the correspondformed using Pt and Au coated tips (NSC-35 C, ing loop which is shifted along the voltage axis due to imprint and the response axis due to the Micromasch, L= 130 lm, resonant frequency frozen polarization. c) Topography (wire frame) and frozen-active layer interface (solid sur∼ 150 kHz, spring constant k ∼ 4.5 N m–1). face). The frozen layer thickness varies from 0 to 20 % of the dot thickness. d) A map of the In PFM, the tip is brought into contact with corresponding imprint bias for the switchable part of the nanoparticle. SS-PFM maps were linthe surface, and the local piezoelectric response early interpolated and resized to match topographic data. is detected as the first harmonic component, A1x, of the tip deflection, A= A0 + A1x cos(xt + j), during application of the periodic bias To summarize, the spatial variability of switching in ferroVtip = Vdc + Vac cos(xt) to the tip. The phase of the electromechanical response of the surface, j, yields information on the polarization dielectric nanoparticle arrays and within a single nanoparticle rection below the tip. For c– domains (polarization vector oriented has been investigated by SS-PFM. The hysteresis loops illusnormal to the surface and pointing downward), the application of a trate incomplete saturation, indicative of the strong pinning of positive tip bias results in the expansion of the sample, and surface osthe polarization state by defects and/or that polarization rotacillations are in phase with the tip voltage, j = 0. For c+ domains, j = 180°. The piezoresponse amplitude, A= A1x/Vac, defines the local tion (rather than reversal) is the dominant response to the electromechanical activity. PFM images can be conveniently repreelectric field. 2D maps of switching properties reveal a variasented as A1x cos(j)/Vac, where A1x is the amplitude of the first hartion of switching activity, including coercive bias and imprint, monic of the measured response, provided that the phase signal varies remnant electromechanical responses, and work of switching, by 180° between domains of opposite polarities. In piezoresponse force spectroscopy, the DC bias offset applied to within the nanodot. Notably, the lack of correlation between the tip is changed to follow a triangular wave, and the nucleation and the three groups of switching parameters, namely, imprint, inigrowth of the ferroelectric domain below the tip are reflected in the tial response, and work, suggests that each provides complechange of the effective electromechanical response. The resulting hysmentary information on the local switching behavior. Using a teresis loops contain information on ferroelectric switching at a single location. Spatial variability of switching behavior is probed by switchsimple model, the spatial variability of the effective parameing spectroscopy PFM (SS-PFM), in which hysteresis loops are acters of the nanoparticle, including the distribution of the froquired at each point of a user-specified grid in a manner similar to zen polarization within the system, the built-in electric field in force-volume imaging in atomic force microscopy or current imaging the regions with switchable polarization, and the magnitude tunneling spectroscopy in scanning tunneling microscopy [41]. To conduct SS-PFM measurements, the tip approaches the surface vertically of the switchable polarization are determined. As ferroelecuntil a specified contact force is achieved (usually ∼ 500 nN), remains tric based devices become smaller, and novel nanostructureat that location while a hysteresis loop is acquired, is retracted, and based devices are pursued, the effects of surfaces and interthen moved to the next location.



[3] [4] [5] [6] [7] [8] [9]



J. Scott, Ferroelectric Memories, Springer, Berlin 2000. Y. Cho, S. Hashimoto, N. Odagawa, K. Tanaka, Y. Hiranaga, Nanotechnology 2006, 17, S137. E. Y. Tsymbal, H. Kohlstedt, Science 2006, 313, 181. R. Ramesh, N. A. Spaldin, Nat. Mater. 2007, 6, 21. J. F. Scott, Science 2007, 315, 954. O. Auciello, J. F. Scott, R. Ramesh, Phys. Today 1998, 51(7), 22. M. Dawber, K. M. Rabe, J. F. Scott, Rev. Mod. Phys. 2005, 77, 1083. J. F. Scott, F. D. Morrison, M. Miyake, P. Zubko, Ferroelectrics 2006, 336, 237. R. Waser, A. Rüdiger, Nat. Mater. 2004, 3, 81.



© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advmat.de



113



COMMUNICATION



[10] A. A. Gorbatsevich, Y. V. Kopaev, Ferroelectrics 1994, 161, 321. [11] K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker, P. Reiche, Y. B. Chen, X. Q. Pan, V. Gopalan, L.-Q. Chen, D. G. Schlom, C. B. Eom, Science 2004, 306, 1005. [12] C. H. Ahn, K. M. Rabe, J.-M. Triscone, Science 2004, 303, 488. [13] B. Meyer, D. Vanderbilt, Phys. Rev. B 2001, 63, 205 426. [14] D. D. Fong, A. M. Kolpak, J. A. Eastman, S. K. Streiffer, P. H. Fuoss, G. B. Stephenson, C. Thompson, D. M. Kim, K. J. Choi, C. B. Eom, I. Grinberg, A. M. Rappe, Phys. Rev. Lett. 2006, 96, 127 601. [15] W. S. Yun, J. J. Urban, Q. Gu, H. Park, Nano Lett. 2002, 2, 447. [16] J. E. Spanier, A. M. Kolpak, J. J. Urban, I. Grinberg, L. Ouyang, W. S. Yun, A. M. Rappe, H. Park, Nano Lett. 2006, 6, 735. [17] H. Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao, L. Salamanca-Riba, S. R. Shinde, S. B. Ogale, F. Bai, D. Viehland, Y. Jia, D. G. Schlom, M. Wuttig, A. Roytburd, R. Ramesh, Science 2004, 303, 661. [18] I. Szafraniak, C. Harnagea, R. Scholz, S. Bhattacharyya, D. Hesse, M. Alexe, Appl. Phys. Lett. 2003, 83, 2211. [19] A. Roelofs, T. Schneller, K. Szot, R. Waser, Appl. Phys. Lett. 2002, 81, 5231. [20] M.-W. Chu, I. Szafraniak, R. Scholz, C. Harnagea, D. Hesse, M. Alexe, U. Gösele, Nat. Mater. 2004, 3, 87. [21] R. Tiruvalam, A. Kundu, A. Soukhojak, S. Jesse, S. V. Kalinin, Appl. Phys. Lett. 2006, 89, 112 901. [22] M. Alexe, C. Harnagea, D. Hesse, U. Gösele, Appl. Phys. Lett. 1999, 75, 1793. [23] W. Ma, C. Harnagea, D. Hesse, U. Gösele, Appl. Phys. Lett. 2003, 83, 3770. [24] S. P. Alpay, I. B. Misirlioglu, V. Nagarajan, R. Ramesh, Appl. Phys. Lett. 2004, 85, 2044. [25] S. Y. Hu, Y. L. Li, L. Q. Chen, Appl. Phys. Lett. 2003, 94, 2542.



[26] A. Gruverman, A Kholkin, Rep. Prog. Phys. 2006, 69, 2443. [27] S. Jesse, A. P. Baddorf, S. V. Kalinin, Appl. Phys. Lett. 2006, 88, 062 908. [28] S. Jesse, H. N. Lee, S. V. Kalinin, Rev. Sci. Instrum. 2006, 77, 073 702. [29] H. Y. Guo, J. B. Xu, I. H. Wilson, Z. Xie, E. Z. Luo, S. B. Hong, H. Yan, Appl. Phys. Lett. 2002, 81, 715. [30] V. V. Shvartsman, A. L. Kholkin, N. A. Pertsev, Appl. Phys. Lett. 2002, 81, 3025. [31] G. Le Rhun, I. Vrejoiu, M. Alexe, Appl. Phys. Lett. 2007, 90, 012 908. [32] F. Peter, A. Rüdiger, R. Waser, K. Szot, B. Reichenberg, Rev. Sci. Instrum. 2005, 76, 106 108. [33] V. Nagarajan, C. L. Jia, H. Kohlstedt, R. Waser, I. B. Misirlioglu, S. P. Alpay, R. Ramesh, Appl. Phys. Lett. 2005, 86, 192 910. [34] I. B. Misirlioglu, S. P. Alpay, M. Aindow, V. Nagarajan, Appl. Phys. Lett. 2006, 88, 102 906. [35] S. P. Alpay, I. B. Misirlioglu, V. Nagarajan, R. Ramesh, Appl. Phys. Lett. 2004, 85, 2044. [36] M. Alexe, C. Harnagea, D. Hesse, U. Gösele, Appl. Phys. Lett. 2001, 79, 242. [37] C. S. Ganpule, V. Nagarjan, H. Li, A. S. Ogale, D. E. Steinhauer, S. Aggarwal, E. Williams, R. Ramesh, P. De Wolf, Appl. Phys. Lett. 2000, 77, 292. [38] Y. B. Chen, M. B. Katz, X. Q. Pan, R. R. Das, D. M. Kim, S. H. Baek, C. B. Eom, Appl. Phys. Lett. 2007, 90, 072 907. [39] S. V. Kalinin, E. Karapetian, M. Kachanov, Phys. Rev. B 2004, 70, 184 101. [40] M. Dawber, I. Szafraniak, M. Alexe, J. F. Scott, J. Phys. Condens. Matter 2003, 15, L667. [41] Scanning Probe Microscopy and Spectroscopy, Theory, Techniques and Applications (Ed: D. Bonnell), Wiley, New York 2000.



______________________



114



www.advmat.de



© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Adv. Mater. 2008, 20, 109–114



























[image: Spatially resolved mapping of ferroelectric switching ...]
Spatially resolved mapping of ferroelectric switching ...












[image: Spectrally and spatially resolved cathodoluminescence ...]
Spectrally and spatially resolved cathodoluminescence ...












[image: Spatially resolved, energy-filtered imaging of core level ...]
Spatially resolved, energy-filtered imaging of core level ...












[image: Spatially Resolved Quantum Nano-Optics of Single ...]
Spatially Resolved Quantum Nano-Optics of Single ...












[image: Spatially resolved, energy-filtered imaging of core level ...]
Spatially resolved, energy-filtered imaging of core level ...












[image: Nanoelectromechanics of polarization switching in ...]
Nanoelectromechanics of polarization switching in ...












[image: Defect-Mediated Polarization Switching in ...]
Defect-Mediated Polarization Switching in ...












[image: Investigation of the mechanism of polarization switching ...]
Investigation of the mechanism of polarization switching ...












[image: Broadband Field Directionality Mapping with Spatially ...]
Broadband Field Directionality Mapping with Spatially ...












[image: Resolved designs viewed as sets of partitions - QMUL Maths]
Resolved designs viewed as sets of partitions - QMUL Maths












[image: Dependence of electronic polarization on ... - Semantic Scholar]
Dependence of electronic polarization on ... - Semantic Scholar












[image: Angle-resolved photoemission spectroscopy of the ...]
Angle-resolved photoemission spectroscopy of the ...












[image: MULTICRITERIA MAINTENANCE PROBLEM RESOLVED BY ... - DIT]
MULTICRITERIA MAINTENANCE PROBLEM RESOLVED BY ... - DIT












[image: Quantum state tomography of a fiber-based source of polarization ...]
Quantum state tomography of a fiber-based source of polarization ...












[image: Site-resolved measurement of water-protein ...]
Site-resolved measurement of water-protein ...












[image: Angle-resolved and resonant photoemission ...]
Angle-resolved and resonant photoemission ...












[image: Quantitative time-resolved measurement of membrane ...]
Quantitative time-resolved measurement of membrane ...












[image: Spatially explicit approach to estimation of total ...]
Spatially explicit approach to estimation of total ...












[image: FIRe seveRITy mAPPIng: mAPPIng THe - Bushfire CRC]
FIRe seveRITy mAPPIng: mAPPIng THe - Bushfire CRC












[image: Control of the polarization properties of the ...]
Control of the polarization properties of the ...












[image: Polarization of the Worldwide Distribution of Productivity]
Polarization of the Worldwide Distribution of Productivity












[image: Unidirectional Pinning and Hysteresis of Spatially ...]
Unidirectional Pinning and Hysteresis of Spatially ...












[image: Estimation of Spatially Correlated Errors in Vehicular ...]
Estimation of Spatially Correlated Errors in Vehicular ...












[image: Measuring Lobbying Success Spatially]
Measuring Lobbying Success Spatially















Spatially Resolved Mapping of Polarization Switching ...






Apr 5, 2007 - memories,[1] data storage,[2] resistive memories,[3] multiferroic devices with ... characterization of ferroelectricity in confined systems. Roe-. 






 Download PDF 



















 535KB Sizes
 3 Downloads
 179 Views








 Report























Recommend Documents







[image: alt]





Spatially resolved mapping of ferroelectric switching ... 

Online at stacks.iop.org/Nano/18/405701. Abstract ... In particular, the electrical control of the magnetic ordering enables new classes of electronics de- vices [5] ...














[image: alt]





Spectrally and spatially resolved cathodoluminescence ... 

Apr 5, 2012 - small nanoparticles or bulk [4â€“11]. This renewed interest has been fuelled by the ... particles using a cathodoluminescence system in a scanning transmission electron microscope (STEM). ... experiment, the fast electron beam is scanne














[image: alt]





Spatially resolved, energy-filtered imaging of core level ... 

Jul 7, 2009 - CCD Camera. Figure 1. (a) Top: optical micrograph of doped patterns. ..... The point Ï‡2 residual between the experimental data and the fit is 2.2 ...














[image: alt]





Spatially Resolved Quantum Nano-Optics of Single ... 

Apr 9, 2013 - quantum states generation in an electron microscope, and show that it clearly makes ... Thus, generally an SPS will have a limited size: an atom.














[image: alt]





Spatially resolved, energy-filtered imaging of core level ... 

Jul 7, 2009 - using soft x-ray excitation combined with a full energy-filtered analysis, one may carry out XPEEM spectromicroscopy, combining the elemental ...














[image: alt]





Nanoelectromechanics of polarization switching in ... 

Received 4 October 2004; accepted 10 January 2005; published online 23 March 2005. Nanoscale .... ization energy contribution is Gdep=crd. 4/ld, where c =.














[image: alt]





Defect-Mediated Polarization Switching in ... 

Critical for understanding ferroelectrics is the fact that dipoles ... induced changes in the electronic structure provide a degree of ... used in cell phones, smart cards, automotive applications, and .... became reality over the past 10 years, it.














[image: alt]





Investigation of the mechanism of polarization switching ... 

Jul 9, 2004 - (111)-fiber textured PZT were deposited onto a Pt bottom electrode. Transmission electron ..... a cross-section along line 1 in Fig. 4c and d, after ...














[image: alt]





Broadband Field Directionality Mapping with Spatially ... 

(2) where kq is wavenumber of the qth source and rm is the mth sensor location. Using a circular symmetric complex c 2012 IEEE http://dx.doi.org/10.1109/SAM.














[image: alt]





Resolved designs viewed as sets of partitions - QMUL Maths 

(I am grateful to D. A. Preece for this suggestion.) The design in Figure 1.2 is resolved. .... The definitions of VF , PF and orthogonality may be extended to partitions whose class sizes are unequal: see [5]. ..... To exclude designs like that in F














[image: alt]





Dependence of electronic polarization on ... - Semantic Scholar 

Dec 4, 2009 - rable with ours, as they also included Tb f electrons, with. UTb=6 eV on ... plane wave plus local-orbital method.22 In the b-c spiral case, as we ...














[image: alt]





Angle-resolved photoemission spectroscopy of the ... 

Sep 28, 2005 - and WO3 as described by Shanks.17 The resistivity measure- ments and Laue diffraction pattern show that the crystals are metallic with a ...














[image: alt]





MULTICRITERIA MAINTENANCE PROBLEM RESOLVED BY ... - DIT 

1 if replacement is realized between missions k and k + 1,. 0 otherwise. Total time TMR(k) and total cost CMR(k) nec- essary to minimal repairs are given by:.














[image: alt]





Quantum state tomography of a fiber-based source of polarization ... 

power (300 Î¼W), we create all four Bell states with a detected two-photon coincidence ... 37th Symp. on Foundations of Computer Science 15â€“65 (IEEE Computer Society. Press .... Thirty-seven years of continuous study has yielded a .... The fidelity














[image: alt]





Site-resolved measurement of water-protein ... 

Jan 2, 2011 - 2011 Nature America, Inc . All rights reserved. NATURE STRUCTURAl & MolECUlAR BIoloGy ADVANCE ONLINE PUBLICATION. TECHNICAl ...














[image: alt]





Angle-resolved and resonant photoemission ... 

did not use the second derivative method to map out the band .... electronlike band in the band mapping. .... graphic Data for Intermetallic Phases, 2nd ed.














[image: alt]





Quantitative time-resolved measurement of membrane ... 

Jan 18, 2009 - ... â€ These authors contributed equally to this work; *e-mail: Martin. ... subsequent in-batch incubation of cantilevers in a T5 phage suspen-.














[image: alt]





Spatially explicit approach to estimation of total ... 

examined an extensive data set of 1068 passerine birds in sub-Saharan ..... Instead, we apply an approximated pdf of the Thomas process ..... Encyclopedia of.














[image: alt]





FIRe seveRITy mAPPIng: mAPPIng THe - Bushfire CRC 

financial support was provided by Bushfires Nt and student support from Charles darwin university. ... mapping system (www.firenorth.org.au) enhancing the ...














[image: alt]





Control of the polarization properties of the ... 

Our studies show that depolarization of the SCG is depen- dent on the plane ... coherence, good polarization properties, spectral ... ideal broadband ultrafast light source. ... The spectra of SC are recorded using a fiber- coupled spectrometer (Ocea














[image: alt]





Polarization of the Worldwide Distribution of Productivity 

Aug 26, 2012 - Phone: +49.221.470.1285. Fax: ... cant factors explaining this change in the distribution (most notably the emergence of a long ..... in advanced economies with high levels of capitalization, and it makes sense that these.














[image: alt]





Unidirectional Pinning and Hysteresis of Spatially ... 

Mar 8, 2012 - alternans increasing with the degree of ..... parameters to change, including the degree of Cai-driven .... basic cycle length Â¼ 340 ms, DV=Ø¡x.














[image: alt]





Estimation of Spatially Correlated Errors in Vehicular ... 

GNSS and camera data to enable estimation and removal of spatially correlated ..... the markers in each video image [13], it is possible to infer the heading and ...














[image: alt]





Measuring Lobbying Success Spatially 

Sep 24, 2013 - and its effectiveness. Alternative Measures of Lobbying Success ... agriculture, energy, health, and labor, these researchers constructed a five-point ordinal measure of .... Commission as the principal source for positional data.


























×
Report Spatially Resolved Mapping of Polarization Switching ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















