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Outline:

•Verwey transition and charge-orbital

ordering of Fe3O4

•Multiferroics in TbMn2O5 

-- coexistence and strong coupling of ferroelectricity
and antiferromagnetism
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Physical properties of solids 
are primarily determined by 
valence electrons in a lattice. 

Electronic structure of 
correlated materials:

•bandwidth

•Coulomb interaction

•charge transfer energy
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Correlated-Electron Materials:  U > W
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Band theory is insufficient to explain the physical 
properties of strongly correlated-electron systems.   
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Charge ordering: spatial 
localization of the charge 
carriers on certain sites

2+

3+

Orbital ordering:
periodic arrangement 
of specific electron 
orbitals



soft x-ray absorption 
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The Electromagnetic Wave Spectrum
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Synchrotron radiation is the electromagnetic waves emitted 
from charge particles when they move in a curved path.

Synchrotron
Radiation

This light has been called “synchrotron radiation”, since it was 
accidentally discovered in an electron synchrotron in 1947.
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Research Highlights 

• Electronic structure of half-metal oxides
Huang et al., PRB (2003) Chen et al., PRB (2004)
Chang et al., PRB (2005)

• Orbital ordering of manganites
Huang et al., PRL (2004)

• Spin and orbital moments of magnetic oxides
Huang et al., PRB (2002) Huang et al., PRL (2004)

• Orbital symmetry and electron correlation of 
cobaltates
Wu et al., PRL (2005)

• The Verwey transition
• Multiferroics in TbMn2O5



Verwey transition and 
charge-orbital ordering of Fe3O4 



macroscopic 
manifestation of the 
Verwey transition in 
Fe3O4

Weiss and Forrer (1929)

Millar (1929)

Okamura (1932)

100                200    T(K)

Recent Reviews

Imada, Fujimori, and Tokura
Rev. Mod. Phys. (1998)
Tsuda, Nasu, Fujimori, and Siratori
“Electronic Conduction in Oxides” (2000)
F. Walz, J. Phys: Condens. Matter (2002)
J. Garcia & G. Subias, 
J. Phys: Condens. Matter (2004)



The Verwey transition of magnetite (Fe3O4)

T > TV ~ 120 K

Inverted spinel structure (cubic)
1/3: tetrahedral (A-site) ) Fe3+

2/3: octahedral (B-site) Fe3+, Fe2+

A-site   , B-site , TC ~ 860K

Verwey model: 

charge order-disorder transition 
of B-site Fe (Verweyn & Haayman, 1941)

oxygen

Fe3O4 is believed to be a 
classic example of charge 
ordering.
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Does Fe3O4 exhibit charge ordering?
Neutron diffuse scattering 
[Siratori et al., J. Phys. Soc. Jpn. (1998)]
The atomic displacements are not of localized 
character, but spread over at least several unit cells, 
indicating the itinerant character of the 3d 
electrons. 

NMR results [ Novak et al., PRB (2000) ]
The states of Fe ions on the B sublattice are mixed 
so strongly that the notion of 2+ and 3+ valency
may lose its meaning.

X-ray scattering [ Garcia et al., PRL (2000) ]
The octahedral Fe atoms are electronically 
equivalent in a time scale lower than 10-16 sec.



Refinement of x-ray and neutron diffraction

2a

Charge ordering was 
deduced from the Fe-O 
distance.

4 independent B sites of Fe 
used; B1, B2, B3, B4
(B1 and B4 have 2.4 valence, B2 and 
B3 have 2.6 valence)

suggest:
1.(0 0 1)c and (0 0 1/2)c

charge modulation along 
the c-axis

2.Breakdown of Anderson’s 
criterion

Fe2+

Fe3+

Wright, Attfield, and Radaelli, 
PRL (2001), PRB (2002)
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LDA+U calculations

Jeng, Guo, and Huang, 
PRL (2004)

•gap ~ 0.2 eV

•charge ordering of 
B-Fe

cf: Leonov et al.,   
PRL (2004)



LDA+U calculations: charge-orbital ordering

Jeng, Guo, and Huang, PRL (2004)

Fe3+

OFe3+

electron-rich Fe4O4 cube
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Breakdown of 
Anderson’s criterion 
can be explained by 
the existence of 
orbital ordering.



X-ray scattering
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Subias et al., PRL (2004)Resonant X-ray scattering

Fe K-edge resonant X-ray scattering failed to observe 
any charge ordering.

(0 0 l+1/2)C ?

??

1s 3d

1s 4p



Subias et al., PRL (2004)Resonant X-ray scattering

(0 0 l+1/2)c ?

??

1s 3d

1s 4p

Fe K-edge resonant X-ray scattering failed to observe 
any charge ordering.





The existence of charge ordering in Fe3O4
remains controversial.

No freezing of the soft phonon mode has 
been observed.[Samuelsem, & Steinsvoll (1974)]

Mechanism of the Verwey transition?
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ordering
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Fe L-edge and O K-edge
resonant soft x-ray scattering 
directly probes Fe 3d and O 2p
with high sensitivity. 

O 2p

O 1s

Strong hybridization 
between Fe 3d and O 2p
Chen et al., PRB (2004)



monoclinic

DOS from LDA+U calculations 

B-Fe t2g

States between EF and 1 eV above + 2a periodicity
(0 0 ½)c resonant diffraction



Iso-surface of O 2p in Fe3O4
integrated between EF and 1 eV above

z = 0
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monoclinic P2/c structure LDA+U calculations: H.T. Jeng



Summary

•The Verwey transition is a transition 
of charge-orbital ordering. 

•Experimental discovery of orbital-
ordering mechanism for the Verwey
transition, resolving the long-lasting 
debate. 



Outline:

•Verwey transition and charge-orbital

ordering of Fe3O4

•Multiferroics in TbMn2O5 

-- coexistence and strong coupling of ferroelectricity
and antiferromagnetism



The magnetoelectric effect:
the induction of magnetization by an 
electric field; induction of polarization
by a magnetic field.
- first presumed to exist by Pierre Curie in 1894
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Nature, 426, 55 (2003)

TbMnO3
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• 3 transitions on cooling. 
• Magnetic field induces a sign reversal
of the electric polarization.

TbMn2O5 Nature, 429, 392 (2004)



Recently discovery in the coexistence and 
strong coupling of antiferromagnetism
and ferroelectricity in frustrated spin 
systems such RMnO3 and RMn2O5
(R=Tb, Ho , …) 

revived interest in 
“multiferroic” systems

The mechanism has not been yet clarified, 
although magnetic competing interactions are 
believed to be the key ingredient.



Tb

O

Mn4+O6
octahedron

• orthorhombic structure  
(a b c, α = β = γ = 90°)

•AFM insulator (TN=42 K )

AFM square lattice with 
asymmetrical next-nearest-
neighbor interactions, i.e. 
geometrically frustrated

•Magnetization in the ab plane, 

•Tb ferromagnetic below 10 K

•Spontaneous polarization P // b

•AFM modulation vector k ⊥ PMn3+O5
pyramid

TbMn2O5

Tb3+

Mn4+ , Mn3+

O2-

k
P



3 AFM phases with different 
propagation vectors in the ac 
plane. 
k = (kx 0 kz)

propagation vectors k
in units of (2π/a 0 2π/c):
33 K < T 42 K  
k ~ (1/2 0 0.30) incommensurate

24 K < T <33 K 
k=(1/2,0,1/4), commensurate

T < 24 K, 
k ~ (0.48,0,0.3), incommensurate

Neutron diffraction: complex spin structure
L.C. Chapon et al, PRL 94 , 177402 (2004)



Summary

•Resonant soft x-ray scattering of TbMn2O5

Two incommensurate orderings at T < 24:
AFM ordering, consistent with neutron 
diffractions.
A new type of ordering, 

--- charge-orbital ordering ?.

•The AFM ordering is closely related to the 
dielectric response.
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趙國勝 (交通大學電子物理研究所)
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LDA+U:
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郭光宇 (台灣大學物理系)

Resistivity measurements (Fe3O4):
林大欽 (淡江大學物理系)

TbMn2O5:  S. W. Cheong (Rutgers Univ.)



歡迎有興趣的研究生
加入我們的研究團隊!





Thank you !


