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Sometimes, we can find the systems, which belongs to the different hierarchy, with very similarities. The transition
metal ions in heme protein and the transition atom impurities in semiconductors may be the one of the typical
examples with the similarity. The 3d orbital of transition atom in heme protein can hybridize so strongly with 2p
orbital of nitrogen in the porphyrin ring. This is so called p-d hybridization. Then, it forms a bonding state in the
broad HOMO-band (40~50eV), and an anti-bonding bound state is pushed up into the HOMO-LUMO band-gap
(~1eV). Therefore, we can observe the multiple charge states, the catalytic effects, the negative correlation energy,
and the high-spin and low-spin transition according to the slight environment changes upon the change of the
occupation number of electrons in the bound states in HOMO-LUMO band-gap. Contrary to the semiconductor or
oxide, this system becomes typical colossal physical response one, the sensitive electronic structure response, the
self-organization, the catalytic system, since the spin states and charge states change dramatically with the small
change of the p-d hybridization caused by absorbed molecules and the change of the chemical potential with the
change of pH and temperatures.

On the other hand, the impurity 3d orbital in semiconductors, such as Si, GaAs and GaN, hybridizes strongly with
the p orbital of surrounding semiconductor atoms. The strong p-d hybridization forms a bonding state in the valence
band, and an anti-bonding impurity bound state (a deep-impurity state) is pushed up into the band-gap in
semiconductors. The deep-impurity states form the stable multiple charge sates, such as Mn?*,Mn*,Mn° Mn" in the
semiconductor band-gap (~1eV), when the chemical potential changes very little upon doping by acceptors or donors.
As the deep impurity levels are separated and distributed around 0.2~0.3eV, the added electrons (or holes) are
delocalized in the conduction band (or valence band) due to the strong p-d hybridization and on-site Coulomb
repulsion (Up) of 3d orbital. This indicates the strong delocalization of the charge in the 3d deep-impurity states in
semiconductors. Effective correlation energy U (= E(N+1) + E(N-1) - 2E(N), where E(N) is the total energy with N
electron system) is reduced two order of magnitude (U=U,/100) compared with the free 3d transition atom, where
Ug is around 20~50eV for free 3d orbital. On the other hand, the spin multipulet observed by electron spin resonance
(ESR) can explain based on the classical ligand theory with high-spin states (Hund’s rule). This indicates the strong
localization of spins in the magnetism. There is the duality of the localization and delocalization between the charge
and spin.

The valence states (multiple charge state) and spin states (low-spin and high-spin states) of transition metal in
home protein change dramatically due to the change of p-d hybridization with the variation of pH, temperatures, or
absorbed gas, such as O,, CN, CO, and CO. These results indicate that the energy differences between the different
charge states (multiple charge states) or spin states (high and low spin states) are very small. The energy differences
between the high- and low-spin states is very small, therefore, we can control the spin state by controlling the small
change of the environment.

On the other hand, the electron transfer heme protein, such as cytochrome-c, has attractive interaction between the
electrons (negative correlation energy; U<0), then carry the electron and release the electron (positive correlation
energy; U>0) by changing the very little distortion of heme protein. This indicates that the energy differences the
positive U and negative U is very small and switch the both states by changing the environment a little.

I will compare the ab inito electronic structure calculation of 3d transition atom impurities in semiconductors and
the spin unrestricted Hartree Fock calculation of extended Haldane-Andeson model for heme protein. | discuss the
similarity and dissimilarity of two different systems based on the comparative research (comparative physics), and
provide the characteristic electronic structure based on the universality and the diversity. | propose the microscopic
physical mechanisms on the multiple charge state, the catalytic reaction, the duality of spin localization and charge
delocalization, the negative correlation energy, the high-spin and low-spin transition. | also discuss the future nano-
spintronics device applications, and the new functionality of heme protein based on the materials design and
realization by controlling the spin and charge degree of the freedom of electron.

I also discuss the electronic structure and catalytic mechanism of enzyme based on the multiple charge
states, if time is available.
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