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Abstract (9 pt.)

For ferroelectric materials it is important to probe how the order parameter, the ferroelectric polarization, evolves close to an interface. Here we present a combined electron energy loss spectroscopy (EELS) and high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) study to compare the electronic and structural properties in both bulk and interface regions of epitaxial PbTiO3/SrTiO3 thin films [1]. HAADF-STEM provides directly interpretable Z-contrast images with atomic resolution, while simultaneous collection of the EELS signal allows for investigation of details in the electronic and chemical structure at high spatial resolution.
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1. Introduction

There is currently a large interest in ferroelectric thin films and nanostructures due to their attractive properties for electronic devices [2,3]. With the ongoing miniaturization, ferroelectric structures are now in the nanometer range, and film thickness and interfaces can affect the performance of the device. In PbTiO3 (PTO) the coupling of strain and polarization is strong [4], thus the ferroelectric order parameter can be related to the tetragonality of the unit cell [5]. For epitaxial PTO thin films on SrTiO3 (STO) substrates, a decrease in the average tetragonality (c/a) below 20 nm PTO thin film thickness has been found [5]. Calculations suggest that this decrease is a result of a decrease in spontaneous polarization due to a residual depolarization field. The large polarization in PTO is partly due to the hybridization of Pb 6s and O 2p electronic states [4] while the large tetragonality in bulk PTO (c/a=1.06) on the other hand is maintained by the hybridization of Ti 3d and O 2p electronic states. 

In this study high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and electron energy loss spectroscopy (EELS) are applied to a 
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43 nm epitaxial PTO thin film grown on a STO substrate. The objective is to probe the electronic structure in the interface region of the PTO thin film. Here we use high spatial resolution EELS to show that the decreased lattice parameter of PTO close to the STO interface is coupled with a change in electronic structure indicative of a decreasing ferroelectric order parameter. More details are given elsewhere [1].
2. Experimental

A [001]-oriented epitaxial PTO thin film with ~43 nm thickness was grown on a [001]-oriented STO substrate by off-axis radio-frequency magnetron sputtering [6,7]. TEM specimens were prepared by mechanical tripod polishing, and finished with low-angle, low-energy Ar-ion milling [8]. HAADF-STEM and EELS were performed on a Nion aberration corrected VG HB501 100 kV STEM equipped with a Gatan Enfina spectrometer. The collection angle in HAADF was 70 to 210 mrad, and the probe convergence angle used for EELS acquisition was 24 mrad. The electron beam had an energy spread of 0.5 eV for the Ti-L3,2 edge data sets and 1.1 eV for the O-K edge data sets, as determined from the full width at half maximum of the zero loss peak. For all spectra a power law background subtraction was applied. TEM foil thickness was calculated to ~1 relative to the mean free path by the log-ratio method from low-loss spectra [9]. O-K edges were modelled using the FEFF 8.4 code implementing real-space multiple-scattering (RSMS) calculations [10].

3. Results and discussion

From the HAADF-STEM image in Fig. 1a we see that the PTO/STO thin film interface is defect-free and atomically sharp. Fig. 1b shows the perovskite unit cell of PTO. EELS spectra in the Ti-L3,2 and O-K edges across the interface are studied and compared to the bulk of the substrate and the thin film.
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Fig. 1 a) ADF STEM image of a PTO/STO interface along the [010] zone-axis of 43 nm thick PTO thin film epitaxially grown on insulating STO substrate.  b) The PTO unit cell. The insert in a) shows the projection of this tetragonal PTO unit cell along the [010] zone-axis. Only the Pb (and Ti) atoms can be observed in the STEM image

The upper two curves in Fig. 2 shows the electron loss near edge structure (ELNES) O-K edges for the bulk (blue) and the interface (red) region of the PTO thin film. In the experimental O-K edges four major peaks are observed. The first peak in is attributed to Ti 3d and Pb 6 sp states hybridized with O 2p states [11]. The two next are attributed by less localized, hybridized states of Ti 4sp and O 2p of antibonding character [11]. RSMS calculations with two different lattice parameters c are also shown in Fig. 2, they reproduce the major peaks with regard to position and relative intensity. The best fit for the interface edge was found for c= 4.08 Å.  In the interface we observe a decrease in area under the first peak relative to the rest of the O-K edge. This indicates a reduced local density of states of the hybridized O 2p states with Ti 3d and Pb 6sp states, resulting in a reduced ferroelectric order parameter [4].

4. Conclusions
Interpreting the changes in the fine structure of the EELS spectra across the interface and comparing to the bulk of the substrate and the thin film, we find a reduction in the hybridization of Ti 3d and Pb 6sp states with O 2p, and thus tetragonal distortion of the TiO6 octahedron in the first ~2–3 nm of the PbTiO3 thin film [1]. The data implies a decreasing ferroelectric order parameter over ~2–3 nm close to the PTO/STO interface with a nonzero value at the interface. We also present data on how the insulating STO substrate contributes to the effective screening of the ferroelectric polarization.
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