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Mott insulators 
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Standard paradigm: for U>>t and one electron per site 

electrons are localized on sites. All charge degrees of freedom 

are frozen out; only spin degrees of freedom remain in the 

ground and lowest excited states 
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Not the full truth! 

 

For certain spin configurations there exist in the ground state of 

strong Mott insulators spontaneous electric currents (and 

corresponding orbital moments)! 

 

For some other spin textures there may exist a spontaneous 

charge redistribution, so that <ni> is not 1! This, in particular, 

can lead to the appearance of a spontaneous electric 

polarization (a purely electronic mechanism of multiferroic 

behaviour) 

 

These phenomena, in particular, appear in frustrated systems, 

with scalar chirality playing important role 



Often complicated ground states; sometimes 

                    spin liquids 
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Some structures, besides                , are characterized by: 

 

Vector chirality 
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But what is the scalar chirality physically? 

What does it couple to? 

How to measure it? 

 

Breaks time-reversal-invariance T and inversion P - like currents! 

0123  means spontaneous circular electric current  

123123123 χjL 

0123 j and orbital moment 0123 L
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Spin current operator and scalar spin chirality 

  Current operator for Hubbard Hamiltonian on bond ij:    
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  Projected current operator: odd # of spin operators, scalar in  

  spin space. For smallest loop, triangle, 

 

 

  Current via bond 23 

 

  On bipartite  nn lattice      is absent.  
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Orbital currents in the spin ordered ground state 

  

  

     Necessary condition for orbital currents is nonzero average 

chirality 

 

    

     It may be inherent to spin ordering or induced by magnetic field                 
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Triangles with         chirality 

 

Tetrahedra with [111] 

anisotropy  
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Boundary and persistent current 
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 Spin-dependent electronic polarization 

Charge operator on site i: 

 

Projected charge operator 

 

 

 

Polarization on triangle 

 

Charge on site i is sum over triangles at site i. 
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or 

singlet 

P 

Purely electronic mechanism of multiferroic behavior! 

 

 

 

Electronic polarization on triangle 
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    Current ordering induced by perp. magnetic field 

    1/3 magnetization 

plateau: 

Charge ordering for spins 

1/3 in magnetic field: 

spin-driven CDW 

•Typical situation at the magnetization plateaux! 

Charges on kagome lattice 



     Diamond chain (azurite Cu3(CO3)2(OH)2 ) 

   Saw-tooth (or delta-) chain 

Net polarization 

Net polarization 

-will develop S-CDW 

spin singlet 







Pyrochlore: Two interpenetrating metal sublattices  

        Monopoles and dipoles in spin ice 



Excitations creating magnetic monopole     (Castelnovo, Moessner and Sondhi) 

M J P Gingras Science 2009;326:375-376 

Published by AAAS 
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2-in/2-out: net magnetic charge 

inside tetrahedron  zero 
3-in/1-out: net  magnetic 

charge inside tetrahedron ≠ 0 

– monopole or antimonopole 



Dipoles on tetrahedra: 

4-in or 4-out: 

d=0 

2-in/2-out (spin 

ice):  d=0 

3-in/1-out or 1-in/3-out 

(monopoles/antimonopoles): d ≠ 0 

Charge redistribution and dipoles are even functions of S; inversion of all spins does not 

change direction of a dipole:                 Direction of dipoles on monopoles and 

antimonopoles is the same: e.g. from the center of tetrahedron to a “special” spin 

  32321

3

11 2811 SSSSS 









U

t
nn 

For 4-in state: from the condition S1+ S2+ S3+ S4=0              .      Change  

of  S1       -S1 (3-in/1-out, monopole)  gives nonzero charge redistribution and d ≠ 0. 
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D.I.Khomskii  

Nature Comm. 3, 904 (2012) 



H || [111], >Hc 

 

Monopoles/antimonopoles at 

every tetraheder, staggered 

H || [111] 



H Aoki et al., JPSJ 

73, 2851 (2004) 



Electric dipoles on magnetic monopoles 

-> Anomalies at and above transition  
      into monopole order 
But:  frequency dependent ! 
 
         -> dynamics …  

D.I. Khomskii, Nature Comm., 3, 1 (2012) 

[Aoki et al., JPSJ (2004)] 

Experimental evidence: 

(large offset in ε‘ due to titanium sublattice) 



Monopole dynamics in Dy2Ti2O7 

[C.P.Grams, M. Valldor, M. Garst, J.H., Nature Commun. 5:4853  (2014)] 

-> Critical speeding up above critical end-point !!! 



Spin fragmentation 



The main point: one can have monopole crystal, with LRO, but simultaneously 

spins themselves disordered 

Manifestation in neutron scattering: coexistence of diffuse background (due to 

disordered spins) and LRO signal of monopole crystal (pinch points) 





Dipole activity of spin fragmentation materials? 

            - dipole moments.  





Cycloidal SDW 

Q 

e3 

 QeP  3

Katsura, Nagaosa and Balatsky, 2005 

Mostovoy 2006 

Dipoles on spirals 

-- gives dipoles/polarization on the Neel domain walls 



Was already observed for Neel domain walls in ferromagnets   (cf. spiral 

multiferroics): 

 Electric dipoles at domain walls 



Logginov, Pyatakov et al. (Moscow State Univ.) 



•     Inhomogeneous electric field in spin ice 

 



In H // [001]: 

 Monopoles: d^z  > 0 

Antimonopoles: d^z < 0 

 



Spiral structures in metal monolayers  





Simple explanation: at the surface there is a drop of a potential (work 

function, double layer) 

I.e. there is an electric field E, or polarization P perpendicular to the surface 

By the relation  

 QeP  3

there will appear magnetic spiral with certain sense of rotation, determined by P 

P 



Electric dipole carried by the usual spin wave  

                                                                                          
D.Khomskii, Physics (Trends) 2, 

20 (2009) 

  
Physics (Trends) 2, 20 (2009) 



  Magnetic monopoles in magnetoelectrics ?  

 

Charge inside of of ME material:   Mi = αij Ej , , H=4πM 

Let αij = αδij , diagonal: magnetic field outside of the charge looks like a field 

of a magnetic monopole μ = 4παe 

+e 
H 

Moving electron         moving monopole.  

Electron in a magnetic field: force F = μH = 4παeH 

(But one can also consider it as an action of the electric field created in 

magnetoelectric material on the electric charge:  E = 4παH , F = Ee = 4παeH )                                                                        

 



Other possible effects ? (how to find, to measure such 

monopoles) 

"Electric Hall effect": if electric charge e moving in H gives a Hall effect, a 

monopole moving in electric field will do the same  

But  one can also explain this effect as the usual Hall effect in an effective 

magnetic field B ~ αE 



Search for the magnetic monopole at a 

magnetoelectric surface  

Q. N. Meier, M. Fechner, T. Nozaki, M. 
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(2019) 

Qi, X. L., Li, R., Zang, J. & Zhang, S. C. Inducing a magnetic monopole with 

topological surface states. Science 323, 1184–1187 (2009). 

 

Zang, J. & Nagaosa, N. Monopole current and unconventional Hall response on 

topological insulators. Phys. Rev. B81, 245125 
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Magnetic vortices as magnetoelectrics 



  Skyrmions in magnetic crystals 

“Toroidal”  (Bloch) skyrmion 
Should give magnetoelectric 

effect with P ┴  H 

http://www.google.co.uk/url?sa=i&rct=j&q=multiferroics&source=images&cd=&cad=rja&docid=s2MnjG85YNSaAM&tbnid=QODzyXs7Y_Sq5M:&ved=0CAUQjRw&url=http://www.thp.uni-koeln.de/~ke/research_talks_and_posters.html&ei=aIiFUY7ECciKswaN-YDgCQ&psig=AFQjCNFuePzyt7yUQA5ZpPpOFYvhV4-a7Q&ust=1367792041123738


“Radial” (Neel) skyrmion       

Should give magnetoelectric effect with P ║ H 

http://www.tcm.phy.cam.ac.uk/~nrc25/projects/skyrmions.html


Skyrmions in inhomogeneous electric field? 



Skyrmions in inhomogeneous electric field? 

http://www.google.co.uk/url?sa=i&rct=j&q=multiferroics&source=images&cd=&cad=rja&docid=s2MnjG85YNSaAM&tbnid=QODzyXs7Y_Sq5M:&ved=0CAUQjRw&url=http://www.thp.uni-koeln.de/~ke/research_talks_and_posters.html&ei=aIiFUY7ECciKswaN-YDgCQ&psig=AFQjCNFuePzyt7yUQA5ZpPpOFYvhV4-a7Q&ust=1367792041123738


Skyrmions in inhomogeneous electric field? 

http://www.google.co.uk/url?sa=i&rct=j&q=multiferroics&source=images&cd=&cad=rja&docid=s2MnjG85YNSaAM&tbnid=QODzyXs7Y_Sq5M:&ved=0CAUQjRw&url=http://www.thp.uni-koeln.de/~ke/research_talks_and_posters.html&ei=aIiFUY7ECciKswaN-YDgCQ&psig=AFQjCNFuePzyt7yUQA5ZpPpOFYvhV4-a7Q&ust=1367792041123738


 

- generation of skyrmions on a surface  by the STM  tip with the electric 

voltage. Only for one polarity. 

 



                                CONCLUSIONS 
 

 

 

Electric activity of many different magnetic textures,  and even of spin 

waves.  


