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Hexaferrites  Ba0.5Sr1.5Zn2Fe12O22 with the Y-type structure 

Outline 

3. Observation of Spin-chiral Domains in Multiferroic Hexaferrites  

                                                                 by Scanning Resonant X-ray 

2. Room-temperature magnetoelectrics possibly by spin spiral 

Hexaferrites  Sr3Co2Fe24O41 with the Z-type structure 

XY-like spin-glass (Ni,Mn)TiO3 with the ilmenite structure 

4. Magnetoelectric effect observed in a magnetically-disordered system 

1. Introduction:  Magnetoelectric effect & multi-spin variables 



Magnetoelectric effect        Induction of                          by  
 Polarization          Magnetic fields 

Magnetization        Electric fields 

P. Curie [1894]        First proposal of the ME effect on symmetry grounds. 

Landau & Lifshitz [1957] Shows that the ME effect should exist in magnetic crystals. 

Dzyaloshinskii [1959]      Shows that the AF Cr2O3 has a magnetic symmetry which allows the effect. 

Astrov [1960]         First successful observation of the effect in a Cr2O3 crystal.  
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Mi = aijEj  

Since E is a polar 1st rank tensor & M is an axial 1st rank tensor,  

       the ME effect is an axial 2nd rank tensor which transforms as follows.  

M’i = ±|a|aijMj = ±|a|aijajkEk   

= ±|a|aijajkalkE’l = a’ilE’l   a’il= ±|a|aijajkalk  
In matrix form, 

(M’) =  ±|a| (a) (M)  =  ±|a| (a) (a) (E)   

 =  ±|a| (a) (a)(a)t  (E’)  = (a’) (E’)    (a’) =  ±|a| (a)(a)(a)t     

The ME effect vanishes for all symmetry groups containing time reversal symmetry (1’).  

 (a’) = (-1)(+1)(+1)(a)(+1) = (-a) = (a) = 0     _ 
The ME effect also disappears for ordinary inversion symmetry (1) operations.  

 (a’) = (+1)(-1)(-1)(a)(-1) = (-a) = (a) = 0     _  

For space inversion accompanied by time inversion (1’), the ME effect is permitted.  

 (a’) = (-1)(-1)(-1)(a)(-1) = (a) = (a)      

In tensor form, 

Requirements  

of the linear ME effect 

Both space inversion symmetry  

      & time reversal symmetry must be broken. 
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Constraints on appearance of linear ME effect 

―Breaking of Space Inversion & Time reversal symmtries―  

  e.g., ferroelectrics   e.g., ferromagnets 
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Thus, the inversion symmetry is broken by a spiral spin order.  

Broken of space inversion symmetry in spiral spin systems 

The CW & CCW spiral structures are inverted by I to each other.  

                               However, these two spiral structures are not identical.  
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An example of multi-spin variables which induces ME coupling  

- Vector spin chirality - 

Si Sj 

Spin 

kij ≡ Si ×Sj 

Vector spin chirality 

Vector spin chirality can be detected as electric polarization P  through ME coupling. 

• Ferroelectricity driven by spiral spin order  

q 

kij 

P 
Spin 

CW 

kij 

P 
CCW 

 Polarization P        Chirality kij  

Y. Yamasaki et al.,  
PRL 98, 147204 (2007). 

Si Sj 

Spin 
pij 

Spin-current (or Inverse DM) interaction 

pij∝eij×（Si×Sj） 
eij 

Katsura et al., PRL (2005);  Sergienko & Dagotto PRB (2006)  
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High-T  multiferriocs - Y-type hexaferrite (Ba,Sr)2(Zn,Mg)2Fe12O22 - 

Ferroelectric intermediate-III phase survives up to near room temperature.  

However, suppression of resistivity does not allow experimental observation of polarization above ~110K.  

Kimura et al., PRL. 94, 137201 (2005) 
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Ishiwata et al. Science 319, 1643 (2008). Chun et al. PRL 104, 037204 (2010). 

ME effect  

  at low H (~mT)  

   but only at low T  

                   (<~30K)  
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Chem. form. stacking c(Å) S.G. 

M BaFe12O19 RSR*S* 23.19 P63/mmc 

W BaM2Fe16O27 RS2R*S*
2 32.84 P63/mmc 

Y Ba2M2Fe12O22 (TS)3 43.56 R-3/m 

Z Ba3M2Fe24O41 RSTSR*S*T*S* 52.3 P63/mmc 

X Ba2M2Fe28O46 (RSR*S*) 3 84.11 R-3/m 

U Ba4M2Fe36O60 (RSR*S*TS*) 3 113 R-3/m 

Classification of hexagonal ferrites 
- Stacking sequence composed of 3 types of blocks- 
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J. Smit & H.P.J. Wijn, Ferrite (Philips’ Technical Library, 1959) 

Refrigerator magnet M-type 
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   (c=23.19Å) 

(magnetoplumbite) 
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Crystal structures of 6 main types of hexaferrites 



Former studies on magnetism of Z-type hexaferrites 

Zh.Eksp. Teor. Fiz.  
             62, 701 (1972) 

(Ba,S)3Zn2Fe24O41 

Noncollinear  
   spin structure?  

Pullar et al., Mater. Res. Bull. 36, 1531 (2001). 

M-H curve  
at room-T  

Sr3Co2Fe24O41 

polycrystalline 

Takada et al., JAP 100, 043904 (2006). 

Ba3Co2Fe24O41 

Sr3Co2Fe24O41 

Ba1.5Sr1.5Co2Fe24O41 

M-H curve  
at room-T  

polycrystalline 

M of Sr3Co2Fe24O41 increases in a stepwise fashion.  

Similar to magnetoelectric Y-type hexaferrites 



Magnetic & magnetoelectric properties of Z-type Sr3Co2Fe24O41  
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MEH effects are observed at a wide T range including room temperature. 

-4

-2

0

2

4

M
a
g
n
e
to

e
le

c
tr

ic
 C

u
rr

e
n
t

  
  
  
  
  
  
 (


A

 m
-2

)

c

 100K
 200K
 300K

-2 -1 0 1 2

0

10

20

E
le

c
tr

ic
 P

o
la

ri
z
a
tio

n
 (


C

 m
-2

) d

 100K
 200K
 300K

Magnetic Field (T)

H 

P 

Kitagawa et al., Nature Mater. 9, 797 (2010).  

*ME coefficient defined as a=0dP/dB 

The a exceeds 1x10-10 s/m below 0.04T and reached a maximum ~2.5x10-10s/m at 0.003T. 

(c.f. a in Cr2O3: 4x10-12 s/m;   a in Z-type single crystal: 3x10-9 s/m by Chun et al. PRL 108, 177201 (2012) 

Recently, MEE effects are also observed at room temperature. ⇒ 



Electric control of Magnetism in Z-type hexaferrites 

Change in magnetic permeability   
                               at GHz range by E 

Ebnabbasi et al. Phys. Rev. B 86, 024430 (2012) 

Change in Magnetization by E 

Chun et al. Phys. Rev. Lett. 108, 177201 (2012) 
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Understanding of the origin of the ME effect of Z-type Sr3Co2Fe24O41 

Neutron powder diffraction (at JRR-3 of JAEA, Tokai, Japan) 

=100+ 101+102 

*Below ~670K, a ferrimagnetic ordering where the moments lie along the c–axis develops.  

*Below ~500K, the moments rotate toward the ab-pane. 

*Below ~400K, a new magnetic order [(0,0,lo)] breaking the P63/mmc symmetry develops.  
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             has intimate connection with the room-temperature ME effect in Sr3Co2Fe24O41. 

Soda et al., PRL 106, 087201 (2011).  
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The (0,0,lo)] reflection is suppressed by applying H,  

                                                  and disappears at ~3T.   

The (0,0,le) reflection increases with increasing H,  

                                                 and is saturated at ~3T.   

The data at 300K also show similar behaviors  

                                                            to those at 10 K. ×5 
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Proposed spin structure related to ME effect  
                                        in Z-type Sr3Co2Fe24O41 

In analogy with Y-type hexaferrites, the r.t. ME effect can be understood in terms of P  

             induced by a transverse conical spin structure through the inverse DM mechanism.  



Left-handed spin-helicity (0) Right-handed spin-helicity (1) 

E and/or H 

*Observation of spiral-spin domains  in spiral magnets  
                         by scanning resonant x-ray microdiffraction 
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Mitsui & Furuichi 
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Ferroelectric 
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Twins 

Formation of domain structures by phase transitions in solids  

Domain structures in ferroic solids 
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(004)  
Bragg 

Imaging spiral magnetic domains in Ho by circularly polarized Bragg diffraction 

J.C. Lang et al., J. Appl. Phys. 95, 6537 (2004).  
Ho metal  
 [spiral magnetic order with (0,0, L±t) below TN=133K ] 

60K 

X-ray energy E~ 8.071 eV (~ Ho L3-edge 2p  5d) 

(0.6X0.45mm2) 

Size of circularly polarized x-ray beam 

25 μm × 25μm 



Imaging spiral magnetic domains in multiferroics by circularly polarized X-ray 

Fabrizi, Phys. Rev. B 82, 024434 (2010).  Schierle, Phys. Rev. Lett. 105, 167207 (2010).  

Ni3V2O8 DyMnO3 

Beam size ≈ 380×250 μm2  Beam size ≈ 300×100 μm2 

X-ray energy : Dy M5-edge  Nonresonant X-ray  
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Imaging spin-chiral domains in  Y-type Ba0.5Sr1.5Zn2Fe12O22 by circularly polarized X-ray 

Experimental conditions (@BL17SU, Spring-8) 

Y-type Ba0.5Sr1.5Zn2Fe12O22   TN ~ 310 K  magnetic satellite (0,0,3n±) , c –axis length  ~43 Å)  Sample 

Beam size   ~30 x 15 m2 

Incident x-ray energy 710 eV (λ ~ 17 Å） 
                         [at Fe L3 edge (2p  3d)] 

Penetration depth ~40 nm 

with a 25 μm step 
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*Red and blue regions correspond to either a left- or right-handed spin-chiral monodomain.  
*The observed domains are irregular in shape with a size on a submilimeter scale.  

Spatial images of spin-chiral domain structure in Ba0.5Sr1.5Zn2Fe12O22 at 68 K 

0.5mm Y 

Z 

(+) helicity (-) helicity 

Sample surface photo 

(-) 
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Z 

c.f. Data of a crystal  
       with a rough surface 

Y. Hiraoka et al., PRB 84, 064418 (2011). 

*There is a tendency that the domain boundaries are clamped at surface defects.  
*The observed domains were apparently smaller in size than those on a smooth surface. 
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Hexaferrites  Ba0.5Sr1.5Zn2Fe12O22 with the Y-type structure 

Outline 

3. Observation of Spin-chiral Domains in Multiferroic Hexaferrites  

                                                                 by Scanning Resonant X-ray 

2. Room-temperature magnetoelectrics possibly by spin spiral 

Hexaferrites  Sr3Co2Fe24O41 with the Z-type structure 

XY-like spin-glass (Ni,Mn)TiO3 with the ilmenite structure 

4. Magnetoelectric effect observed in a magnetically-disordered system 

1. Introduction:  Magnetoelectric effect & multi-spin variables 



Theoretically, multi-spin variables can be nonzero  

                                 even in the absence of long-range magnetic order. 

Chiral spin liquid phase  

                               in helimagnets 

F. Cinti et al., PRL 100, 057203 (2008);  

                      PRB  83, 174414 (2011). 

Spin-chirality decoupling  

                  in  spin-glass system 

H. Kawamura, PRL 68, 3785 (2011);  

J. Phys. Condens. Matter 23, 164210 (2011). 

It is possible that ME materials are found in magnetically-disordered phases. 



XY spin glass Vector spin chirality  

                       can exist.  

x 

y 

Anomalous Hall effect  

due to scalar spin chirality 

Si Sｋ 

Sｊ 

Si ・（Sｊ ×Sｋ） 

Heisenberg spin glass 

T. Taniguchi, et al., PRL 93, (2004) 246605. 

Can we detect vector spin chirality   

    in spin glass system though magnetoelectric coupling? 

H. Kawamura, PRL 68, (1992) 3785. 

Spin chirality in spin glass system 

Example compounds showing insulating & XY-like spin glass state 

*Rb2Mn1-xCrxCl4  K. Katsumata et al., PRB 25, 428 (1982).  

*NixMn1-xTiO3  A. Ito et al., JMMM 104, 1637 (1992).  

A chirality driven mechanism for spin-glass transitions 

H. Kawamura, J. Phys. Cond. Matter 23, 164210 (2011). 



Crystal structure of NixMn1-xTiO3 

ilmenite structure 

c 

a 

b 

• Alternating stack of Me2+ & Ti4+ 

• Only Me (Ni, Ni) ions are magnetic. 

• Space group R3 

  Ti4+  

(S=0) 

   Me2+ 

(Ni, Mn) 
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b 

honeycomb structure 

ab plane 

_ 
centrosymmetric 



Magnetic phase diagram of NixMn1-xTiO3 

A. Ito et al., JMMM104-107, 1637 (1992). 
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shows spin glass phase  
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*FM within ab plane 

*AFM between layers 

*easy axis // ab plane 

MnTiO3 
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Mn2+ 

(S=5/2) 

*AFM within ab plane 

*eazy axis // c axis 

G.Shirane et al.,  

      JPSJ 14, 1352 (1959). 



Magnetic & dielectric properties at zero magnetic fields 

H // c 

E // c  

TSG1 TSG2 

Magnetic susceptibility 

Dielectric properties 

TSG1 ~ 9.5 K 

TSG2 ~ 6.0 K 

Anomalies at  

Spin glass transition 

    [consistent with previous study 

                    H. Kawano et al., JPSJ 62, 2575 (1993)] 

 

 

 

  
No anomaly at TSG1 & TSG2 

No correlation between   

     magnetic & dielectric  

        properties was observed. 
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Magnetic field effect on electric polarization in Ni0.42Mn0.58TiO3 
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Yamaguchi et al., PRL 108, 057203 (2012).  



Free energy expression including toroidal moment T 

linear ME effect 

consider T = ( 0, 0, Tz) 

term of toroidal moment 
z 

     
      

      
                 

     
      

                           

H. Schmid, J. Phys. Condens. 

Matter 20, 434203, 2008 

Antisymmetric ME effect induced by toroidal moment  

ordered arrangement of magnetic vortices  

Toroidal moment T 

off-diagonal & antisymmetric magnetoelectric effect  

    
  

   

   
                  

  

   

   
              

Toroidal ordering induces ME effect 
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P = － [ T×H ] 

Magnetic field H Magnetization M 

Electric field E Electric Polarization P 

M = [ T×E ] 
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Summary  - Study of Magnetoelectric Effects due to Multi-spin Variables -  

Hexaferrites  Ba0.5Sr1.5Zn2Fe12O22  with the Y-type structure  

*Observation of spin-chiral domains in multiferroic hexaferrites  

                                                        by scanning resonant x-ray microdiffraction 

*Room-temperature magnetoelectrics possibly by spin spiral 

Hexaferrites  Sr3Co2Fe24O41 with the Z-type structure 

XY-like spin-glass (Ni,Mn)TiO3 with the ilmenite structure 

*Magnetoelectric effect observed in a magnetically-disordered system 



Proposed work for synchrotron and neutron applications  

                                                      of high magnetic fields on multiferroics 

MnWO4 

Nojiri et al. PRL 106, 237202 (2011)  

Spin-spiral multiferroic 

  with P2/c monoclinic structure  

Taniguchii et al. PRL 97, 097203 (2006)  

CuO 
Spin-spiral multiferroic 

  with C2/c monoclinic structure  

Kimura et al., Nature Mater.  7, 291 (2008)  

Experiment Theory 

To be appeared in PRL 

B//b B//b 

P//b 

P  b 

T 

Landau-type free energy analysis suggests  

      a polarization flopped phase is induced by B.  

Qmag= (-0.214,1/2, 0.457) 

Qmag= (0.506,0,−0.483) 

P//b 

P//a 


