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            Abstract
Domains are of unparalleled technological importance as they are used for information storage and for electronic, magnetic and optical switches. They are an essential property of any ferroic material. Three forms of ferroic order are widely known: ferromagnetism, a spontaneous magnetization; ferroelectricity, a spontaneous polarization; and ferroelasticity, a spontaneous strain. It is currently debated whether to include an ordered arrangement of magnetic vortices as a fourth form of ferroic order, termed ferrotoroidicity. Although there are reasons to expect this form of order from the point of view of thermodynamics1, a crucial hallmark of the ferroic stateâ€”that is, ferrotoroidic domainsâ€”has not hitherto been observed. Here ferrotoroidic domains are spatially resolved by optical second harmonic generation in LiCoPO4, where they coexist with independent antiferromagnetic domains. Their space- and time-asymmetric nature relates ferrotoroidics to multiferroics with magnetoelectric phase control2,3,4,5 and to other systems in which space and time asymmetry leads to possibilities for future applications.
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                    Figure 1: 
                        Toroidic moment and magnetoelectric effect.
                      [image: ]


Figure 2: 
                        All forms of ferroic order under the parity operations of space and time.
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Figure 3: Toroidic moment in LiCoPO4. [image: ]


Figure 4: 
                        SHG spectrum of LiCoPO
                        
                        4
                        (100).
                      [image: ]


Figure 5: 
                        Coexisting AFM and FTO domains of a LiCoPO
                        
                        4
                        (100) sample at 10â€‰K imaged with SHG light at 2.197â€‰eV.
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Figure 6: 
                        Toroidic domains in a nearly single-AFM-domain LiCoPO
                        
                        4
                        (100) sample at 10â€‰K.
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        Editorial Summary
Ferrotoroidicity goes fourth
The defining property of ferroic materials â€” that's the ferromagnets, ferroelectrics and ferroelastics â€” is that of forming domains, based on magnetization, electric polarization and elastic strain respectively. It makes these materials of great technological importance, for instance in data storage as ferroelectric memory or as ferromagnetic domains written on a hard disk. But a fourth form of ferroic order has been postulated, based on an ordered arrangement of magnetic vortices or 'toroidization'. One of the prerequisites for this fourth form â€” called ferrotoroidicity â€” has now been observed , in the form of domains of opposite ferrotoroidic orientation. The ferrotoroidic domains were observed optically on lithium cobal phosphate (LiCoPO4), coexisting with independent antiferromagnetic domains. The ferrotoroidic state differs from the other forms of ferroic order in its asymmetric behaviour under the reversal of time and space. This asymmetry could lead to exciting possibilities for future applications.
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