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Introduction

 In the following Is presented a review on
experimental and theoretical studies on the 3d
electronic states of Fe in chalcopyrite CuFeS,,
CuGasS,:Fe and CuAlS,:Fe
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) Cells with iron
atoms (orange)
alternate with
cells containing
copper (blue).

www.asahi-net.or.jp/~uq7s-ktu/e odo.htm

Chalcopyrite CuFeS,

http://mwww.uwgb.edu/dutchs/PETROLGY/Sphal-Chalc%20Structure.HTM


http://www.asahi-net.or.jp/~ug7s-ktu/e_odo.htm

Mystery of CuFesS,

« Chalcopyrite, CuFeS, is a mineral compound with a
golden lustre and has been known as a
semiconductor with an antiferromagnetic ordering.
The local magnetic moment of Fe has been known to
be as small as 3.85 ug from neutron scattering
experiments|1].

 The result is-conﬂicting with ionic bonding model of
CuFeS, in which high spin Fe3*(3d>) with local
moment of 5 g IS expected.

» To elucidate the electronic structure of CuFeS,
optical studies has been conducted in single crystals
of CuGaS,:Fe and CuAlS,:Fe as well as CuFeS,.

[1] G.Donnay, L.M. Corliss, J.D.H. Donnay, N. Elliot and J.M. Hastings:
Symmetry of Magnetic Structures: Magnetic Structure of Chalcopyrite
Phys. Rev. 112 (1958) 1917-1923.




Optical absorption spectrum in CuFeS,
and CuGaS,:Fe and CuAlS,:Fe

* In order to elucidate
electronic structures of
Fe in CuFeS,,
Teranishi anczl Sato
studied optical
spectroscopy in Fe-
doped chalcopyrite-
type semiconductors,
CuAlS, and CuGas,,
and found broad and
strong absorption band
with two peaks around
1.3eVand1.9eV[2]
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Theoretical Studies on the Energy

Band of CuFeS,

« Kambara calculated absorption spectra of CuFeS, and CuGasS,:Fe using
a model cluster consisting of 17 atoms.

 Energy gap between occupied and unoccupied levels is 1.0eV and 1.5eV
In CuGaS2:Fe corresponding to observed absorption band energies.

 If antiferromagnetic configuration is assumed Fe moment is 2.8 at the

center Fe and -3.7 _
responsible to the reduction.
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Infrared photoluminescence spectra
In CuGaS,:Fe and CuAlS,:Fe

« Sharp photoluminescence (PL) peak was found around 0.61
eV (CuGas,) and 0.72 eV (CUAlS,) . A Zeeman spectrum
analysis allowed us to assign the sharp PL lines to the | cucaszire sLIT
ligand-field transition from an excited state “T, to a ground e nie

state 8A, in the 3d® manifold of Fe3*. m
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Fe and (b) CuAlS,:Fe at 42 K.

Fig. 4. The Zeeman spectra of the zero line of
CuGaS;:Fe at 4.2K. The spectra are arbitrarily
K.Sato and T.Teranishi: Infrared Luminescence of Fe3+ in CuGaS2 and CuAlS2; J. Phys. Soc. Jpn. 37 [2] (1974) 415-422. shifted for the sake of clarity.



Interpretation of IR luminescence
spectrum by Ligand-field theory

Mn Il : 3d*(°D)4s,6D~ 7

The observed IR PL was N o o o
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Molecular orbital + Cl calculation
In the Fe-S4 cluster
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Haldane-Anderson mechanism for the formation of
localized “d” states In negtive-A systems
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Electronic structure of transition-metal compounds

Mott-Hubbard type insulator Charge-transfer-type insulator

m | U
R
U<A

e

U>A
gap~U-W gap~A-W

W: bandwidth ~3 eV
U : Coulomb energy ~7 eV
A: Charge-transfer energy



CHARGE-TRANSFER ENERGY A (V)

Chemical trend in charge-transfer energy A
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Chemical trend in charge-transfer energy A
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Electronic structure of transition-metal compounds

Mott-Hubbard type insulator Charge-transfer-type insulator

) | U Metal?
ay !
U<A

U

Indeed, SrFeO,
IS a metal.
However, ....
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U>A
gap~U-W gap~A-W

W: bandwidth ~3 eV
U : Coulomb energy ~7 eV
A: Charge-transfer energy



Haldane-Anderson mechanism for the formation of
localized “d” states In negtive-A systems
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Chemical trend in charge-transfer energy A
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Unusually low-energy d-d optical absorption peak

Optical absorption due to Fe3*(d®) ion in chalcopyrite-type I-111-VI2 semiconductor
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T. Teranishi and K. Sato, J. Phys. Soc. Jpn. '74



ERBEMEICRN-d-dEBZR5
—HIGIEFIEXIREREL (RIXS) —

Resonant inelastic x-ray scattering (RIXS)
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X-ray absorption(XAS) and emission(XES) spectroscopy

XAS _
*XAS probes unoccupied

electronic states
*XES probes occupied

XES

valence :
\% electronic states
f hv

h Vi\rl_ out
*Applicable to solids
core—LF(P p—0—— ranging from metals to wide
. gap insulators
~ fsec sLarge probing depth

(core hole lifetime) *Element specificity
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resolution reconstruction
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Polarization dependence
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depolarized and polarized configurations for

the XES measurement

polarized
b

depolarized SR

sample

SX emission

‘depolarized’ configuration

polarization vector of the
Incident photon is NOT included
In detected photons

‘polarized’ configuration
polarization vector of the
Incident photon is included In
detected photons
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XAS experiment : Y. Mikhlin et al., J. Electron Spectrosc. Relat. Phenom. 142,83 (2005)
Lo=02, Ga=0.6

lo=02 Ga=06
Fe 2p XAS CuFeS, f_
: s

CuFeS, ! Fe 2p XAS

.

e

i
.

H
*
H
- -
%
.
i.
[H

NI

v

700 710 720 730 700
Photon Energy (eV)) :

?io ?;ﬁ(l 730
Photon Energy (eM) :

CuFeS,Fe 2p XAS

CuFeS

— TPY
— TEY
— ;calc.

— TPY
— calc.

Intensity (arb.units)
Intensity (arb.units)

2

705 710 715 720 725 730 735 705 710 715 720 725 730
Photon energy (eV) Photon energy (eV)

Our work



Transition Metal L-edge RIXS
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dd excitation (3d>)

P ad ‘.
3d
-
11 2p core hol o
<
Coulomb interaction
between 2p and 3d l T T T l
spin-orbit interaction
444 of 2p core level THTl
3d =73 —
pALL T 3d
3d T3 I8,
Elastic peak
3d —1111t HHT 2p core hole

R
Ground state

Initial state Intermediate state Final state



Unraveling hidden d-d transitions by resonant
Inelastic x-ray scattering (RIXS)
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Cl model

1 gjth
' SPring-8
; U. Anniuer?ary

Cl model with full multiplet

Approximations

(I) Central atom: Fe 3d5, 3d®
Neighboring atom: ligand

“e0® KN

Parameters

V (I) :Hybridization
U, 4: On-site Coulomb interaction
U,.: Core-hole potential

A :Charge transfer energy

Slater Integrals (Racah parameter) are calculated
by Hartree-Fock method and are rescaled by 80%
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Unraveling hidden d-d transitions by resonant
Inelastic x-ray scattering (RIXS)

Ligand-field and CI cluster-model calcs
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Conclusion

* Unusually low energy positions of IR-PL and
strong CT absorption in CuAlS,:Fe can be
explained by Haldane-Anderson mechanism.

» CuFeS, Is found to be a negative CT energy
Insulator from PES and RIXS (XES) studies
suggesting that this material iIs a typical
“Haldane-Anderson” crystal.
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