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Crystal structure and multiferroic properties of Gd-substituted BiFeO3 V. A. Khomchenko,1,a兲 D. A. Kiselev,1 I. K. Bdikin,1 V. V. Shvartsman,2 P. Borisov,2 W. Kleemann,2 J. M. Vieira,1 and A. L. Kholkin1 1
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共Received 12 September 2008; accepted 5 December 2008; published online 30 December 2008兲 Room-temperature crystal structure, local ferroelectric, and magnetic properties of the Bi1−xGdxFeO3 共x = 0.1, 0.2, 0.3兲 polycrystalline samples have been investigated by x-ray diffraction, piezoresponse force microscopy, and magnetometry techniques. Performed measurements have revealed a sequence of the composition-driven structural phase transitions R3c → Pn21a 共occurs at x ⬃ 0.1兲 and Pn21a → Pnma 共takes place within the concentrational range of 0.2⬍ x ⬍ 0.3兲. The latter structural transformation is attributed to the substitution-induced suppression of the polar displacements. Gd substitution has been shown to effectively induce the appearance of the spontaneous magnetization, thus indicating a promising way for improving multiferroic properties of antiferromagnetic BiFeO3. © 2008 American Institute of Physics. 关DOI: 10.1063/1.3058708兴 Multiferroics exhibit a presence of the ferroelectricity and magnetism in the same phase and, hence, possess a tremendous potential for device applications.1 Among all known magnetic ferroelectrics, BiFeO3 is one of the most promising materials for the technological applications since in this compound spin and dipolar orderings coexist at room temperature 共antiferromagnetic Néel and ferroelectric Curie temperatures are about 640 and 1100 K, respectively兲. The crystal structure of the polar phase of BiFeO3 is described by the rhombohedral space group R3c, which allows antiphase octahedral tilting and ionic displacements from the centrosymmetric positions along the 关001兴H direction 共H denotes hexagonal setting兲. Although the R3c symmetry permits the existence of a weak ferromagnetic moment,2 originating from the Dzyaloshinsky–Moriya interaction,3,4 a cycloidtype spatial spin modulation, superimposed to the G-type antiferromagnetic spin ordering,5 prevents the observation of any net magnetization and linear magnetoelectric effect.6 Recent recognition of the possibility to suppress the spin modulation with a partial A-site ionic substitution has motivated numerous studies of Bi1−xAxFeO3 compounds, where the substituting elements are, typically, lanthanum7,8 or alkali-earth metals and lead.9,10 Surprisingly, only a few attempts to systematically investigate rare-earth 共RE兲substituted bismuth ferrite have been undertaken in recent years, so physical properties of most Bi1−xRExFeO3 compounds remain almost unknown. In this paper, we report on the crystal structure, magnetic, and local ferroelectric properties of gadolinium substituted BiFeO3-based samples belonging to 0.1ⱕ x ⱕ 0.3 concentration range, in which the coexistence of spontaneous polarization and weak ferromagnetism is apparently expected. Polycrystalline Bi1−xGdxFeO3 共x = 0.1, 0.2, 0.3兲 samples were prepared by the conventional solid-state reaction method using Bi2O3, Gd2O3, and Fe2O3 oxides. The compacted mixtures of reagents taken in desired cation ratios were annealed at 800 ° C for 1 h, followed by the final syna兲



Author to whom correspondence should be addressed. Electronic mail: [email protected]. Tel.: ⫹351 234 370 354. FAX: ⫹351 234 425 300.



0003-6951/2008/93共26兲/262905/3/$23.00



thesis at 810 ° C 共x = 0.1兲, 830 ° C 共x = 0.2兲, or 850 ° C 共x = 0.3兲, for 4 h. The heat treatment was carried out in air with a rapid heating/cooling rate of 10 ° C / min. The crystal structure of the samples was determined with x-ray diffraction 共XRD兲 technique using a Rigaku D/MAX-B diffractometer with Cu K␣ radiation. The data were analyzed by the Rietveld method using the FULLPROF program.11 For all the compounds, a small amount 共⬇1.5%–2%兲 of a Bi25FeO39 impurity phase 共which is neither ferroelectric12 nor magnetically-ordered13兲 was detected. Local ferroelectric properties of the samples were investigated with piezoresponse force microscopy 共PFM兲 using a commercial setup Multimode NanoScope IIIA 共Veeco兲 equipped with a lock-in amplifier 共SR-830A, Stanford Research兲 and a function generator 共FG-120, Yokagawa兲. A commercial tip-cantilever system Arrow™ Silicon SPM Sensor 共NanoWorld兲 was used. Domain visualization was performed under an applied ac voltage with the amplitude Vac = 2.5 V and frequency f = 50 kHz. Local poling was done by applying a dc bias of 30–80 V between the tip and the counterelectrode, followed by subsequent PFM imaging. Local piezoelectric hysteresis loops were measured inside individual grains by applying the consecutive voltage pulses and measuring the piezoelectric response as a function of the voltage. Magnetic properties of the samples were investigated with a superconducting quantum interference device magnetometer 共MPMS-5, Quantum Design兲. The parent compound GdFeO3 is known to possess the orthorhombic Pnma structure.14 The analysis of the XRD pattern collected for Bi0.7Gd0.3FeO3 sample has shown that this material is isostructural to GdFeO3. Indeed, the reflections in the XRD pattern obtained for Bi0.7Gd0.3FeO3 sample were indexed in an orthorhombic system with the lattice parameters a = 5.6336 Å, b = 7.7814 Å, and c = 5.4160 Å. For this cell, reflection conditions derived from the indexed reflections were k + l = 2n for 0kl, h = 2n for hk0, h = 2n for h00, k = 2n for 0k0, and l = 2n for 00l to be compatible with the space groups Pnma and Pn21a.15 The former structure is nonpolar, while the latter one allows polar ionic displacements along the 关010兴 direction. A Rietveld refinement of the
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FIG. 1. 共Color online兲 Observed 共solid circles兲, calculated 共solid line兲, and difference 共solid line at the bottom兲 XRD patterns for 共a兲 Bi0.7Gd0.3FeO3 共Pnma model兲, 共b兲 Bi0.8Gd0.2FeO3 共Pn21a model兲, and 共c兲 Bi0.9Gd0.1FeO3 共R3c + Pn21a model兲 samples at room temperature. Bragg reflections are indicated by ticks. The lower ticks are given for Bi25FeO39 impurity phase. The insets show schematic representations of the corresponding structures.



XRD pattern was performed for both of these structural models. The models permitted us to reproduce adequately all the observed reflections, but better fitting was obtained for the Pnma structure 共2 = 1.11 for Pnma versus 2 = 1.21 for Pn21a, respectively; details will be reported elsewhere兲. Figure 1共a兲 presents the results of the fitting confirming a good agreement between the observed and calculated XRD patterns. A very similar XRD pattern was obtained for Bi0.8Gd0.2FeO3 sample 关Fig. 1共b兲兴. Again, refinements were performed for the Pnma and Pn21a models 共a = 5.6294 Å, b = 7.8005 Å, and c = 5.4271 Å兲 to give practically identical reliability factors 共2 = 1.95兲. Hence, no definitive conclusion concerning an adequate description of crystal structure of the compound could be made on the basis of the XRD experiment only. The analysis of the XRD pattern collected for the Bi0.9Gd0.1FeO3 compound showed that the diffraction profile is a result of the superposition of two spectral contributions. The main contribution 共⬇88%兲 is related to the rhombohedral phase with lattice parameters of a = b = 5.5694 Å and c = 13.8112 Å. Reflection conditions 共−h + k + l = 3n, l = 2n for 00l, l = 3n for 00l, l = 2n for h0l, and l = 2n for 0kl兲 indicate ¯c that the crystal structure of the phase should be either R3 共nonpolar兲 or R3c 共permits polar displacements along the
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关001兴 direction兲.15 A minor spectral contribution 共⬇12%兲 is attributed to an orthorhombic phase either with Pnma or with Pn21a symmetry 共a = 5.6281 Å, b = 7.8289 Å, and c = 5.4363 Å兲. Rigorous fitting undertaken for all the four ¯ c + Pnma, R3 ¯ c + Pn2 a, R3c + Pnma, structural models 共R3 1 and R3c + Pn21a兲 showed that the reflection intensities can¯ c symmetry-based not be properly described within the R3 approach 共for the best iterations, the corresponding models gave 2 ⬃ 8兲. The fit was significantly improved for noncentrosymmetric R3c space group-based models to give 2 = 2.29 for R3c + Pnma and 2 = 2.20 for R3c + Pn21a. So, the latter model results in the best agreement between the experimental and theoretical spectra, thus indicating that the crystal structure of Bi0.9Gd0.1FeO3 compound is characterized by a coexistence of two polar phases. Fitted XRD pattern for Bi0.9Gd0.1FeO3 sample is presented in Fig. 1共c兲. It is worth noting that our attempts to fit the spectrum using triclinic model, which was recently proposed for crystal structure of Bi1−xSmxFeO3 共x ⱖ 0.14兲 films,16 gave no satisfactory results. XRD investigations did not allow us to unambiguously determine the crystal structure of Bi0.8Gd0.2FeO3. As was mentioned above, very similar reliability factors were obtained for the nonpolar Pnma and polar Pn21a models. A final conclusion could thus be made on the basis of the ferroelectric measurements. The main problem arising during conventional ferroelectric measurements of BiFeO3-based multiferroics is their high leakage currents. They can significantly interfere with the measurement of ferroelectric hysteresis loops giving rise to artificially large polarization while hampering intrinsic polarization switching.17 One strategy for reducing the influence of leakage is to perform local measurements by means of PFM.9,10,17,18 PFM measurements carried out on the Bi0.9Gd0.1FeO3 sample reveal a clear piezoelectric contrast corresponding to antiparallel domains on all locations tested 关Fig. 2共a兲兴. Piezoelectric contrast appears also after scanning with a dc voltage applied to the tip 关Fig. 2共b兲兴, giving a clear proof that the spontaneous polarization exists and can be switched upon the application of external voltage. Local piezoresponse is approximately two times weaker as compared to undoped BiFeO3 ceramics,18 pointing out a smaller value of the spontaneous polarization. A further reduction in the amplitude of the measured vibrations is observed for x = 0.2 sample. However, this phase is still polar, as clearly seen from Figs. 2共c兲 and 2共d兲, which demonstrates an electric field-induced polarization switching. Neither PFM contrast related to the existence of ferroelectric domains nor applied electric field-induced effects were found for Bi0.7Gd0.3FeO3 sample 关Fig. 2共e兲兴. Qualitative evaluation of the change in spontaneous polarization in the studied compounds upon substitution can be obtained by comparing the results of the local piezoresponse hysteresis loop measurements 关Fig. 2共f兲兴. Our data confirm progressive decrease and, eventually, disappearance of the spontaneous polarization in Bi1−xGdxFeO3 共0.1ⱕ x ⱕ 0.3兲 with increasing concentration of the substituting element. Thus, the presented PFM research corroborates the validity of the structural models proposed for x = 0.1 and 0.3 compounds 共polar R3c + Pn21a and nonpolar Pnma, respectively兲 and suggests that the crystal structure of Bi0.8Gd0.2FeO3 solid solution should be polar Pn21a. In contrast to pure BiFeO3, which exhibits a linear magnetic field dependence of the magnetization typical of anti-
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Bi1−xGdxFeO3 if the spiral spin modulation in iron sublattice remains unsuppressed. In reality, the RE ions in perovskitetype REFeO3 compounds magnetize quasiparamagnetically in the exchange field generated by the iron ions whenever the iron lattices, which form a G-type antiferromagnetic spin order, display a canted net ferromagnetic moment.19 The existence of the spatially modulated structure in Bi1−xGdxFeO3 would result in a periodic variation in the canting angle between the iron lattices, so that both Fe- and Gd-related magnetic contributions averaged over the cycloid period would be zero. In conclusion, we performed the investigation of room-temperature crystal structure, magnetic, and local ferroelectric properties of polycrystalline Bi1−xGdxFeO3 共x = 0.1, 0.2, 0.3兲 ceramics. Gadolinium substitution was found to induce a structural transition between two polar phases R3c → Pn21a at x ⬇ 0.1. Increasing the content of the substituting element was shown to suppress the spontaneous polarization in Bi1−xGdxFeO3, resulting in a ferroelectricparaelectric Pn21a → Pnma phase transition at 0.2⬍ x ⬍ 0.3. This substitution was found to effectively induce spontaneous magnetization in antiferromagnetic BiFeO3. The results indicate a possible way for improving multiferroic properties of BiFeO3-based magnetic ferroelectrics.



FIG. 2. 共Color online兲 关共a兲 and 共b兲兴 PFM images obtained for x = 0.1 sample and demonstrating ferroelectric domains and electric-field-induced PFM contrast after poling with Vdc = 30 V. 关共c兲 and 共d兲兴 PFM images obtained for x = 0.2 sample before and after poling inner area with Vdc = 50 V. 共e兲 PFM image obtained for x = 0.3 sample after poling inner area with Vdc = 80 V and showing no piezoresponse. 共f兲 Local piezoresponse hysteresis loops for Bi1−xGdxFeO3 samples.



ferromagnets, M共H兲 dependencies of our Bi1−xGdxFeO3 samples clearly indicate the presence of a weak ferromagnetic moment 共Fig. 3兲. Net magnetization in Bi1−xGdxFeO3 should be related to an antisymmetric exchange mechanism,3,4 and the substitution-induced suppression of the spiral spin modulation should be its prime cause.6 Indeed, in spite of the fact that Gd3+ ions are magnetically active, gadolinium magnetic moments cannot contribute to nonzero remanent magnetization and significant coercivity in



FIG. 3. 共Color online兲 Field dependencies of the magnetization obtained for Bi1−xGdxFeO3 samples at room temperature.
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