


Orbital wave function for electron:

Ψ(r,θ,φ) = R(r)⋅Θ(θ)⋅Φ(φ)⋅Ψs

R(r): radial function

Θ(θ), Φ(φ): angular functions

Ψs: spin function

Quantum numbers:

n: the principal quantum number  from R(r), 1, 2, …n

l: the azimuthal quantum number related to the shape of an orbit,         
l: 0, 1, 2,…(n-1) 

ml: the magnetic quantum number, the directions of maximum 
extension in shape of the electron cloud,  -l,….0,….,l

ms: spin quantum number, 1/2 (clockwise), -1/2 (anticlockwise)



Angular distribution 
probabilities for 
electrons in s, p, and d
orbitals. 

Lobes.





Spin state of Fe2+ (d6) in 
octahedral coordination

The inter-electron repulsion energy            
vs.                                                         
Crystal field stabilization energy (CFSE) 
∆0~const./R5 (R: metal-ligand distance)



General haracteristics of transition metal ion in the 
low spin state:

+ smaller effective ionic radius, or smaller volume

+ higher elastic modulii

+ smaller magnetic moment

+ etc.

++ Reduction of radiative conductivity of low-spin 
Fp (Goncharov et al., 2006)



Sound velocities if Fp in 
lower mantle condition 
measure by nuclear 
resonant inelastic X-ray 
scattering to 110 GPa.

Lin et a., 2006





Electronic spine state of Fe in Fp (Mg0.75Fe0.25)O and 
its crystal structure were studied up to 95 GPa and 2000 
K  with a LHDAC.
The samples were [110] oriented crystal plates or polycrystalline samples of 
(Mg0.75Fe0.25)O, 12 μm thick and 70 μm in diameter. Samples were 
sandwiched by dried NaCl layer in DAC with Be gasket. 

The spin state were proved by in situ x-ray emission spectroscopy 
(XES). A Rowland circle spectrometer with 1-m diameter was 
configured around the double-side laser-heating system at APS. The 
Fe fluorescence lines were excited by 14 keV x-ray beam focused 
down to ca. 5 μm at the sample position. The XES spectra of the Fe 
Kβline were collected　by a silicon detector through the Be gasket 
and a Si(333) analyzer.   



The high-spin Fp assumes 
the B1 structure.
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The satellite intensity is increased at higher spin, which is  supported by 
theoretical considerations (“should be S/(S+1) times that of the main peak”). 
Thus qualitative analysis could be OK.

Analysis of XES to derive HS/LS ratio (integrated absolute disffrence (IAD) 
analysis):

Let us note the HS and XE spectral functions a h(E) and l(E) , respectively , 
which are normalized to unit area at integration. The IAD value for the 
complete spin transition can be given as IADHL =∫l h(E) - l(E) l dE. A 
spectrum of in the transitional region is a superposition of those of the two 
spinstates, thus it can be expresses as s =γHSh + (1- γHSh )l. The integrals 
of its absolute value is

IAD(s) =∫l s(E) - l(E) l dE = γHS IADHL.

γHS: proportion in the high spin state

The reference can be the HS spectrum as well or any linear combination of 
the two spectra.











Adiabatic temperature 
profiles in the Earth

Brown and Shankland, 
1981.





Summary:

Spin state of iron in ferropericlase have been measure  up to 95 
GPa  and 2000 K with X-ray emission in a LHDAC.

A gradual spin transition of iron occurs over a P-T range 
extending from 1000 km and 1900 K to 2200 km and 2300 K in 
the lower mantle.

As low-spin ferropericlase exhibits higher density and faster 
sound velocities relative to the high-spin state ferropericlase, the 
increase in low-spin (Mg,Fe)O in the lower mantle would manifest 
seismically as a spin transition zone characterized by a steeper-
than-normal density gradient.

Spin transition in lower mantle phases including perovskite and 
post-perovskite would have substantial effect on dynamics and 
chemistry in the lower mantle


