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Outline

�  Electronic correlations in simple oxides

�  Phonon and magnon excitations in iron  oxide -
magnetoelastic coupling

�  P-T magnetic phase diagram of Fe0.94O

�  Insulator-metal transition in Fe0.94O

�  Elastic properties of iron from NRIXS studies
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Shock-wave experiment, Hugoniot
temperature and phase transition at 70 GPa

R. Jeanloz, T. J. Ahrens  (1980)

In situ X-ray diffraction

Y. Fei, H. K. Mao (1994)

Mössbauer (magnetic transition)
M. Pasternak et al. (1998)

Soft C44
I. Jackson et al. (1990)

A. K. Singh et al. (1998)

Metallic FeO under laser heating

E. Knittle, R. Jeanloz  (1991)



Magnetic collapse  in transition  metal oxides

Cohen, Mazin, Isaak, Science 1997

R. E. Cohen et al., MRS Symp proc. 1998

High-spin to low-spin transition

I. Jackson and A. E. Ringwood (1981)

G = E – P V + T S

E = Nn{  - (r)} ,  ~ 0(r0/r)5 

For cubic (B1) FeO:  Ptr=50 GPa



Comparison of Mössbauer and
X-ray emission  results: FeO

M. P.  Pasternak et al . Phys. Rev. Lett.(1997) J. Badro et al. Phys. Rev. Lett. (1999)   



Nuclear  inelastic scatter ing set-up
(W. Sturhahn, E. Alp, M. Hu)
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Pressure (GPa)
0 20 40 60 80 100 120 140

T
 (

K
)

0

1000

2000

3000

4000

 

D"

C
or

e-
m

an
tle

 b
ou

nd
ar

y

Magnetic?-NiAs typeNonmagnetic-NaCl type

Magnetic-rhombohedral

Geotherm

Channel

1000 2000 3000

Lg
 (

In
te

ns
ity

)

57 GPa

303 K

1500 

Channel

500 1000 1500 2000 2500 3000 3500

50 GPa

823

303 K

573

673

773

873

135

1978

24

1968
1935

335
363

P (GPa)

FeO (wüstite)

Mazin et. al., 1998



Density of states (DOS) , compared with neutron data by Kugel (1977)

Phonons

Magnons



Debye-like part of DOS : g(E)/E2

a=1

a=0.5

Estimated pure 
elastic part

Aggregate sound velocity 



Magnetoelastic coupling (cubic crystal)

F = B1(a1
2exx+ a2

2eyy+ a3
2eyy) + B2(a1 a2exy+ a2 a3eyz + a1 a3exz)
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Magnetoelastic  energy

Pure  elastic  contribution

M Magnetic moment, in antiferromagnet M=M 1-M2 = 2M 1

Mx

My

Mz
Mxa1= M

Mya2= M

Mza3= M

(C12- ai
2(C11+2C12))

(C11-C12)(C11+2C12)
eii  = B1  ,

Minimize F, and find (Kittel, 1949)

ai aj
eij = C44

B2



Magnetoelastic coupling
(Peletminskii, 1960)

From equations of motion of sound in
antiferromagnet along magnetization
axis (111):

(w2- ws
2) (w2- wm

2) = M2B2
2k2gW/2r

ws - frequency of acoustic sound branch
wm

2 =WgM(b+ak2) - magnetic dispersion
branch
W=gM(b+2 g)
a , b, g - exchange, and magnetic
anisotropy
M - magnetic moment of the magnetic
sublattice
B2 - magnetoelastic coupling
r  - density of the material
k - wavevector
g - gyromagnetic ratio
B2=2.5 1010erg/cm3, M=1400 Gauss,
a=10-6 erg cm,  r =6.2 g/cm2 , g=0
W=2.6 THz

Estimated coupling at 28 GPa

Bare sound wave

Coupled magnetoelastic branch



   

   
   

   

      

      

   

Band pass filterBand pass filter

Diamond cellDiamond cell

CCD cameraCCD camera

SpectrographSpectrograph

Beam splitterBeam splitterLaserLaser

Notch filtersNotch filters

Light sourceLight source
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A. F. Goncharov, V. V. Struzhkin, JRS 2003Raman setup
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Magnetic excitations in FeO probed by Raman scattering



12 GPa, 24 K

Raman shift (cm-1)
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H = Hion +Hex = � {jk} Hso-cf(jk) + � {jk} � {j'k'} J(jk,j'k') S(jk) S(j'k').               
 
H = Hi +H'ex = (Hion+Hmf) + (Hex - Hmf),    
 
Hmf = � {jk} (-1)kHzSz(jk),  Hz=2� {r}ZrJr<Sz> 
 
Hi = � {jk} [  Hso-cf(jk)+(-1)kHzSz(jk)]  =  � {jk} Hjk 
 
Hso-cf  = -� � (LS )+CzLz

2+DzSz
2+Cxy(Lx

2-Ly
2)+ Dxy(Sx

2-Sy
2) 

 
a(kp,q)=N-1/2� {j}ap(jk)exp{i q R(jk)} 
 
                                 

-1 0 1 2 3 4 5 6 7 8 9
0

200

400

600

800

1000

1200

1400
Energy levels FeO

J2, cm-1

E
ne

rg
y,

 c
m

-1

L=1
S=2
J1+=1.8 cm-1

J1-=1 cm-1

Magnetic excitations
in FeO probed by
Raman scattering:

model Hamiltonian
with spin-wave
excitations



Electrodes

·  Foils and wires

·  Sputtering techniques

Insulating layer

·  Epoxy mixed with cubic BN,
diamond or other powders

·  Compacted Al2O3 powder

·  CVD diamond coating

Platinum
electrodes

Sample

Alumina
layer

Metallic
gasket

Platinum
electrodesI U
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Conclusions: FeO

• Magnetic phase diagram below 60 GPa is in very good
agreement with x-ray diffraction data

• Magnetic properties of the high-pressure modification : the
spin state of Fe2+ in a “metallic”  FeO at pressures above 100
GPa is still an open question

• Inelastic scattering reveals a strong magnetoelastic coupling

• Resistance  measurements are compatible with a sluggish
transition to a “nearly”  metallic state in the range from 70 to
140 Gpa (conductivity ~ 1 -1 cm-1)
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w0

Q0= 2=2p/ Ö3
Qo=2 3=4p / 

V=(p/2) w0/ Qo

Ck=r V2

Theory,
L. Vocadlo et al.



Antonangeli et. Al., EPSL 2004
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Kohn, Chumakov, Rüffer, 1998
Nuclear  resonant inelastic absorption of synchrotron 

radiation in an anisotropic single crystal

FeBO3

|| [111]

85o Ù [111]

s=k/k, 
emj - polarization of the phonon
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Vp - compressional wave
VS1- pure shear wave
VS2 - quasi shear wave 
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Raman Shift (cm-1)
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Anharmonicity of shear wave in Fe: Raman results
(Goncharov, Struzhkin, in  JRS, 2003)
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Conclusions: Fe, Fe-Ni

• Van-Hove singularities: dispersion branches in high
symmetry directions may be used to estimate Cij

.

• Hydrostatic versus non-hydrostatic measurements (using
preferred orientation) may provide additional  Cij

.

• Fe-Ni(7%) alloy has shear-wave elastic properties very
similar to pure Fe: with present data accuracy it is not possible
to specify the content of Ni in the Earth’s core.


