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            Abstract
All magnets elongate and contract anisotropically when placed in a magnetic field, an effect referred to as Joule magnetostriction1. The hallmark of Joulian magnetostriction is volume conservation2, which is a broader definition applicable to self-accommodation of ferromagnetic, ferroelectric or ferroelastic domains in all functional materials3,4,5,6,7,8,9,10. Here we report the discovery of â€˜giantâ€™ non-volume-conserving or non-Joulian magnetostriction (NJM). Whereas Joulian strain is caused by magnetization rotation, NJM is caused by facile (low-field) reorientation of magnetoelastically and magnetostatically autarkic (self-sufficient) rigid micro-â€˜cellsâ€™, which define the adaptive structure, the origin of which is proposed to be elastic gradients ultimately caused by charge/spin density waves11,12,13. The equilibrium adaptive cellular structure is responsible for long-sought non-dissipative (hysteresis-free), linearly reversible and isotropic magnetization curves along all directions within a single crystal. Recently discovered Fe-based high magnetostriction alloys14,15 with special thermal history are identified as the first members of this newly discovered magnetic class. The NJM paradigm provides consistent interpretations of seemingly confounding properties of Fe-based alloys, offers recipes to develop new highly magnetostrictive materials, and permits simultaneously large actuation in longitudinal and transverse directions without the need for stacked composites.
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                    Figure 1: Non-Joulian magnetostriction.[image: ]


Figure 2: Hysteresis-free, linearly reversible and isotropic magnetism.[image: ]


Figure 3: Self-strain associated with highly periodic cellular micromagnetic structure gives rise to NJM.[image: ]


Figure 4: Rule of mixture explaining the angular dependence of NJM.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Anisotropy of magnetostriction.
The data displays the angular dependence of magnetostriction along various directions in an as-quenched Fe73.9â€“Ga26.1 single crystal.


Extended Data Figure 2 Reproducibility of magnetostriction curves.
Reproducibility is shown for various traces in Fig. 1a and traces in Extended Data Fig. 1. Maximum field for each cycle is approximately Â±3,150 Oe. Similarly reproducible traces were observed for the Fe82.9â€“Ga17.1 single crystal in Fig. 1b, not shown.


Extended Data Figure 3 Degradation of NJM characteristics in Fe73.9â€“Ga26.1 single crystal when cooled slowly from 1,033 K to room temperature (furnace cooled).
In comparison to volume expansion in all directions when an alloy of this composition was rapidly quenched (Fig. 1a), furnace (slow) cooling cause transverse magnetostriction to become slightly contractile. However, unlike conventional ferromagnets, the sample still exhibits a net volume increase, that is, NJM.


Extended Data Figure 4 Collage showing magnetic domains across the entire 5-mm-diameter circular single crystal sample of Fe73.9â€“Ga26.1, which was rapidly quenched from 1,033 K to room temperature.
The collage was prepared after polishing and etching the sample but before applying any magnetic field. Notice the existence of micromagnetic motifs along both [100] and [010] axes. Also notice the existence of APBs. The collage consists of high-resolution images and can thus be zoomed in for further analysis by the scientific community. Original magnification is Ã—5.


Extended Data Figure 5 Origin of magnetically and elastically compensated state.
a, Demagnetized state of a thin circular plate. b, Demagnetized state of a thin ferromagnetic film, Î»100 = 0. c, Angular distortion of the diagonals for Î»100 < 0 and Î»100 > 0. d, Stress-free rectangular demagnetized state through twinning.


Extended Data Figure 6 Zero-field micromagnetic patterns of as-quenched Fe73.9â€“Ga26.1 crystal after cycling in saturation magnetic field.
A, aâ€“c, Low-magnification images. Original magnification is Ã—10. B, aâ€“c, High-magnification images. The patternâ€™s periodicity and scale equals that shown in Fig. 3. Original magnification is Ã—20.


Extended Data Figure 7 Polishing can cause deep buried subsurface deformation.
a, An apparently scratch-free Fe82.9â€“Ga17.1 single crystal after polishing but before etching. b, Subsequent etching in a 50:50 nitric acid and distilled water solution reveals numerous scratches.
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PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Chopra, H., Wuttig, M. Non-Joulian magnetostriction.
                    Nature 521, 340â€“343 (2015). https://doi.org/10.1038/nature14459
Download citation
	Received: 29 January 2015

	Accepted: 27 March 2015

	Published: 20 May 2015

	Issue Date: 21 May 2015

	DOI: https://doi.org/10.1038/nature14459


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Computer simulation of super-magnetoelastic behavior near critical region of magnetic materials based on phase-field method
                                    
                                

                            
                                
                                    	Zhao Zhang
	Cheng-Chao Hu
	Wei-Feng Rao


                                
                                Rare Metals (2023)

                            
	
                            
                                
                                    
                                        The critical role of spin rotation in the giant magnetostriction of La(Fe,Al)13
                                    
                                

                            
                                
                                    	Yuzhu Song
	Rongjin Huang
	Jun Chen


                                
                                Science China Materials (2021)

                            
	
                            
                                
                                    
                                        Bounds on the Energy of a Soft Cubic Ferromagnet with Large Magnetostriction
                                    
                                

                            
                                
                                    	Raghavendra Venkatraman
	Vivekanand Dabade
	Richard D. James


                                
                                Journal of Nonlinear Science (2020)

                            
	
                            
                                
                                    
                                        Micromagnetics of Galfenol
                                    
                                

                            
                                
                                    	Vivekanand Dabade
	Raghavendra Venkatraman
	Richard D. James


                                
                                Journal of Nonlinear Science (2019)

                            
	
                            
                                
                                    
                                        Investigating non-Joulian magnetostriction
                                    
                                

                            
                                
                                    	Yangkun He
	Yongjun Han
	Huibin Xu


                                
                                Nature (2018)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Non-Joulian magnetorestriction observed
Typical ferromagnets elongate and contract anistropically when placed in a magnetic field, a phenomenon known as magnetostriction that was first identified by James Joule. The effect is the result of magnetic domain rotation causing a change in the dimensions of the sample while the overall volume of the sample is conserved. In this paper, Harsh Deep Chopra and Manfred Wuttig observe a novel effect in a Feâ€“Ga alloy, non-volume-conserving or non-Joulian magnetostriction, not previously observed in any magnet. The authors attribute this effect to novel structural units that rotate independently, leading to the volume change. These cellular structures are also thought to be responsible for the unusual hysteresis-free and isotropic magnetization curves observed in all directions within the single crystal.
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