







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 19 November 2014



                    Artificial chemical and magnetic structure at the domain walls of an epitaxial oxide

                    	S. Farokhipoor1 na1, 
	C. Magén2,3 na1, 
	S. Venkatesan4 nAff10, 
	J. Íñiguez5, 
	C. J. M. Daumont1 nAff10, 
	D. Rubi1 nAff10, 
	E. Snoeck3,6, 
	M. Mostovoy1, 
	C. de Graaf1,7,8, 
	A. Müller4 nAff10, 
	M. Döblinger4, 
	C. Scheu4 nAff10 & 
	…
	B. Noheda1 

Show authors

                    

                    
                        
    Nature

                        volume 515, pages 379–383 (2014)Cite this article
                    

                    
        
            	
                        20k Accesses

                    
	
                        144 Citations

                    
	
                            69 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Ferroelectrics and multiferroics
	Magnetic properties and materials
	Physics
	Two-dimensional materials


    


                
    
    

    
    

                
            


        
            Abstract
Progress in nanotechnology requires new approaches to materials synthesis that make it possible to control material functionality down to the smallest scales. An objective of materials research is to achieve enhanced control over the physical properties of materials such as ferromagnets1, ferroelectrics2 and superconductors3. In this context, complex oxides and inorganic perovskites are attractive because slight adjustments of their atomic structures can produce large physical responses and result in multiple functionalities4,5. In addition, these materials often contain ferroelastic domains6. The intrinsic symmetry breaking that takes place at the domain walls can induce properties absent from the domains themselves7, such as magnetic or ferroelectric order and other functionalities, as well as coupling between them. Moreover, large domain wall densities create intense strain gradients, which can also affect the material’s properties8,9. Here we show that, owing to large local stresses, domain walls can promote the formation of unusual phases. In this sense, the domain walls can function as nanoscale chemical reactors. We synthesize a two-dimensional ferromagnetic phase at the domain walls of the orthorhombic perovskite terbium manganite (TbMnO3), which was grown in thin layers under epitaxial strain on strontium titanate (SrTiO3) substrates. This phase is yet to be created by standard chemical routes. The density of the two-dimensional sheets can be tuned by changing the film thickness or the substrate lattice parameter (that is, the epitaxial strain), and the distance between sheets can be made as small as 5 nanometres in ultrathin films10, such that the new phase at domain walls represents up to 25 per cent of the film volume. The general concept of using domain walls of epitaxial oxides to promote the formation of unusual phases may be applicable to other materials systems, thus giving access to new classes of nanoscale materials for applications in nanoelectronics and spintronics.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Atomic-resolution domain structure of strained TbMnO3.[image: ]


Figure 2: Structure and chemistry of the domain walls.[image: ]


Figure 3: Magnetic behaviour of the strained TbMnO3 films.[image: ]


Figure 4: Crystal structure of the new 2D phase.[image: ]


Figure 5: Simulated magnetic order of the new 2D phase.[image: ]
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Extended data figures and tables

Extended Data Figure 1 AFM and XRD characterization of the films.
a, AFM images of the topography of TbMnO3 films with three different thicknesses, showing flat surfaces and the presence of the substrate steps up to a thickness of 85 nm (film thickness is denoted in the left lower corner). b, XRD reciprocal-space maps around the substrate (103) reflection for four different thicknesses. The structural characterization of the films confirms the twin-domain configuration, constant out-of-plane lattice parameter and partial coherence with the substrate of the films used in this study, in agreement with those reported in ref. 17. The axes represent the components of the scattering wavevectors parallel (Kpar) and perpendicular (Kperp) to the film surface in units of 2Ko = 4π/λ, where λ is the X-ray wavelength.


Extended Data Figure 2 Reference EELS at the O K edge.
Electron energy loss spectrum at the O K edge of crushed powder extracted from the TbMnO3 target used to grow the sample studied in this work. This image includes the two Gaussian fits used to estimate the Mn oxidation state.


Extended Data Figure 3 Domain wall EELS at the O K edge.
Local determination of the Mn oxidation state from a spectrum image obtained around a TbMnO3 domain wall following the analysis of the O K edge previously described. a, Simultaneously acquired HAADF signal. b, Mn oxidation state map. c, O K edges obtained by integrating spectra in the upper domain (orange), in the domain wall (green) and in the lower domain (red).


Extended Data Figure 4 Domain wall EELS at the Mn L2,3 edge.
Map of the fine structure of the Mn L2,3 edge around a TbMnO3 domain wall, obtained from the spectrum image analysed in Extended Data Fig. 3. a, Simultaneously acquired HAADF signal. b, Energy difference between the maxima of the L3 and L2 peaks. c, Mn L2,3 edges obtained by integrating spectra in the upper domain (blue), in the domain wall (red) and in the lower domain (green).


Extended Data Figure 5 Substrate magnetic contribution.
The M–H loop corresponding to the bare SrTiO3 substrate is added to the curves in Fig. 3c, for direct comparison.


Extended Data Figure 6 Out-of-plane magnetization.
Out-of-plane magnetic M–H curves for the samples shown in Fig. 3b. The contribution of the substrate has been subtracted.


Extended Data Figure 7 Inverse susceptibility.
Inverse magnetic susceptibility of a 55 nm film showing deviation downwards from the Curie–Weiss law, which is indicative of the onset of a net magnetic moment below 45–50 K.
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        Editorial Summary
Novel properties in new 2D nanomaterials
Two-dimensional materials can have properties that differ markedly from those of their bulk counterparts, a phenomenon that has long been subject to intense research. Here, Beatriz Noheda and colleagues take this notion to a new level by developing an unusual route for the synthesis of two-dimensional materials that can create unique chemical environments and novel functionalities — in this case magnetism in a complex oxide. The authors grew terbium manganite epitaxially on strontium titanate, producing chemical and magnetic properties in the ferroelectric domain walls that are distinct from the rest of the material by strain engineering. The ferroelectric domain walls act as nanometre-sized chemical reactors to promote the formation of phases with unusual chemical and magnetic properties. This technique should be applicable to other complex oxides, providing access to new nanoscale materials for applications in nanoelectronics and spintronics.
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