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Resonant X-ray emission spectroscopy (RXES) experiments
were carried out in a single crystal of chalcopyrite CuFeS,, an
antiferromagnetic semiconductor with a golden lustre, to un-
ravel the overlapping d—d and charge-transfer transitions ex-
tending well above the absorption edge, which cannot be ob-
served by conventional optical absorption experiments. The
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observed RXES spectra have been analyzed by means of
cluster-model calculation with configuration interaction,
which leads to the conclusion that CuFeS, is a Haldane—
Anderson insulator with a negative value of charge transfer
energy, A=-3¢eV.
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Resonant X-ray emission spectroscopy (RXES) experiments
were carried out in a single crystal of chalcopyrite CuFeS,, an
antiferromagnetic semiconductor with a golden lustre, to un-
ravel the overlapping d—d and charge-transfer transitions ex-
tending well above the absorption edge, which cannot be ob-
served by conventional optical absorption experiments. The

1 Introduction Chalcopyrite CuFeS, is a well-known
mineral with a golden lustre. It is a semiconductor since it
shows a rectifying property [1], a considerably large ther-
moelectric power [2], and a photoconductivity spectrum
with a peak around 0.9 eV [3]. Electrical measurements on
a natural single crystal show a typical activation-type tem-
perature dependence of electrical conductivity with an ac-
tivation-energy of 1.3 eV and a Hall mobility of 35 cm*/Vs
[2]. On the contrary, synthetic CuFeS, single crystals show
an electrical conductivity of typical degenerate semicon-
ductors with a temperature-independent carrier concentra-
tion of 4 x 10* cm™ (undoped n-type) and 5 x 10" cm™
(Zn-doped p-type) [4].

The neutron diffraction [5] and static magnetic experi-
ments [2] revealed that CuFeS, is an antiferromagnetic ma-
terial with Néel temperature of 823 K. According to the
neutron studies the effective magnetic moment of Fe and
Cu is 3.85u4 and 0.0 £ 0.2, respectively. The magnetic
moment is considerably reduced from 54, which is ex-
pected from the ionic state of Cu'Fe**S,. The observed re-
duction of Fe moment is consistent with the model pro-

observed RXES spectra have been analyzed by means of
cluster-model calculation with configuration interaction,
which leads to the conclusion that CuFeS, is a Haldane—
Anderson insulator with a negative value of charge transfer
energy, A=-3eV.
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posed by Pauling and Brockway, who concluded that chal-
copyrite is a mixture of two extreme ionic states, Cu'Fe*'S,,
and Cu*'Fe?'S, [6]. Mdssbauer effect studies at room tem-
perature resulted in a six-line spectrum which indicates
that the Fe in CuFeS, is trivalent and present in ordered
states [7, 8]. Schneider et al. observed the electron para-
magnetic resonance (ESR) spectrum of Fe*' ions in
CuGaS,:Fe [9]. Oxidation states of the metals in CuFeS,
and related materials have been extensively discussed us-
ing different X-ray spectroscopy experiments; eg., X-ray
absorption near-edge structure (XANES) [10], near-edge
X-ray absorption fine structure (NEXAFS) [11], and X-ray
photoelectron spectroscopy (XPS) combined with X-ray
absorption spectroscopy (XAS) [12]. Nevertheless the oxi-
dation state of CuFeS, is still a matter of controversy.
Optical absorption spectrum in thin films of CuFeS,
shows a rapid increase of absorption from 0.6 eV, which is
associated with the energy gap of 0.5 ¢V determined by
Austin et al. [13]. Optical absorption studies in Fe-doped
CuAlS, and CuGasS, revealed that strong absorption band
with two peaks A (around 1.1 eV) and B (around 1.9 eV)
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[3], which develop to the broad band-to-band absorption
with a shoulder at 1 eV and a broad peak around 2 eV ob-
served in CuFeS, [14, 15]. Molecular orbital calculation in
17-atom cluster revealed that d-orbitals are hybridized with
p-orbitals of sulphur atoms and located between occupied
valence band composed of Cu 3d and S 3p orbitals and un-
occupied conduction band comprising of Cu 4s and Fe 4s
states [16]. The calculated magnetic moment was esti-
mated as 2.8 for the centre Fe and —3.74; for the corner
Fe in the cluster. The reduction of Fe moment was ex-
plained by hybridization of 3d orbitals with ligand orbitals.
An energy band calculation was performed using a DV-Xa
technique, which gives a band gap value of 0.72 eV and a
magnetic moment of 3.88 4, [17].

A sharp photoluminescence (PL) line with phonon rep-
licas has been observed at quite low energy in slightly Fe-
doped CuGaS, and CuAlS,, i.e., at 4942 cm™ = 0.613 eV
for CuGaS,:Fe, and 5804 cm™ = 0.720 eV for CuAlS,:Fe
[18]. The theoretical analysis of the six-line-split Zeeman
lines in terms of the ligand-field theory leads to an assign-
ment of the infrared PL line as *T, to °A, transition in the
3d’ manifold in Fe** [18]. It is found from PL studies in
CuAl,Ga,_S,:Fe that the low energy PL line is derived
from the Fe-ion occupying the Cu-site [19]. Results of
thermal treatment of CuGaS,:Fe in different atmosphere
suggest that the infrared PL is originated from the Fe oc-
cupying the Cu-site, and the strong absorption bands from
the Fe ion at Ga site [20].

It is difficult, however, to interpret the PL line in terms
of the ordinary d—d transition in a free Fe** ion, since all
quartet states including the T, state of d° configurations are
situated at much higher energy region in Tanabe—Sugano
diagram [21]. Kambara et al. calculated the electronic states
of a tetrahedral cluster composed of a Fe ion and four sul-
phur ions using the LCAO MO schemes with configuration
interactions (CI), in which two absorption peaks were as-
signed to charge transfer (CT) transitions from the °A,
ground state to the lowest two °T, excited states, while the
infrared emission was attributed to the transition from the
lowest *T, or “T, excited states to the °A, ground state with
the transition energy of 0.707 eV and 0.299 eV, respec-
tively [22]. It is revealed that although the expression of the
ground state of Fe is °A,, the state is composed of not only
the 3d° states but also the charge transferred states of 3d°L,
3d’L?, etc., where L stands for a ligand hole.

Similar reduction of the d—d transition energy and the
existence of multiple charge states of transition-metal im-
purities in semiconductors have been discussed by Haldane
and Anderson by means of the Anderson Hamiltonian [23].
The solution of the Hamiltonian for various values of the
parameters describing the problem fall into two regimes,
whether the p—d hybridization energy ¥, is smaller or lar-
ger than the d—d Coulomb energy U. For V,, < U, the weak
coupling limit, the ground state of the impurity resembles
the free atom, and as V4 approaches the transition region
V,a~ U, all ten possible charge states of the impurity can
be bound in the gap by varying the Fermi level, and finally
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if V4> U, the strong coupling limit, d-levels in the gap be-
come a degenerate level repelled from the band edge to the
gap centre and many-electron effects become negligible.
The electronic properties suggest that CuFeS, is in the in-
termediate region, i.e., V4~ U.

Photoelectron spectra of valence band region and Fe 2p
core states of CuFeS, and CuAlS,:Fe were measured with
synchrotron radiation and analyzed by a cluster-model
configuration-interaction (CI) calculation on the (FeS,)
cluster. Optimum values for the CT energy A4, the d—d
Coulomb energy U, and p—d transfer integrals (pdo) and
(pdm) are determined by fitting the calculated Fe 3d-
derived spectrum and the Fe 2p core XPS spectra to
the experimental ones. From this analysis the parameters
are determined as A=-0.5+0.5eV, U=4.0+1.0¢eV, and
(pdo)=1.510.2 eV [24].

Zaanen et al. discussed the dependence of the conduc-
tivity gap and the nature of electron and hole states on U
and A for transition-metal compounds, and summarized the
result in the so-called Zaanen—Sawatzky—Allen diagram
[25]. By plotting in the diagram the considerably large U
and the negative 4 determined above, it is suggested that
CuFeS, is in the intermediate region, in which there are
strong fluctuations between the states d”, d""'L, d"L, and
d™'. This leads to a conclusion that CuFeS, is an unusual
insulator of Haldane—Anderson type brought about by
strong p—d hybridization.

We therefore consider that 3d sates of Fe in CuFeS, are
strongly hybridized with valence p-orbitals, which makes
the ground state not purely 3d”, but a mixture of 3d” and
charge-transferred states such as 3d""'L and 3d"*2L?. If the
CT energy A is negative, the d—d multiplets become
pushed down from the CT continuum, as illustrated in
Fig. 1. In order to get further information on the 3d states
of Fe in CuFeS,, resonant X-ray emission spectroscopy
(XES) has been carried out. The present paper describes
experimental results and theoretical analysis on the reso-
nant XES result.
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Figure 1 Schematic diagram illustrating 3d electronic states of
CuFeS,, in which CT energy is negative and excited 3d""'L states
(n =5) overlap with the CT state.
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XA nant XES process, the intermediate state makes a transition
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Figure 2 Schematic diagrams showing the relationship between
X-ray absorption spectroscopy (XAS) and X-ray emission spec-
troscopy (XES).

2 X-ray emission spectroscopy Figure 2 illustrates
the relationship between X-ray absorption spectroscopy
(XAS) and XES. In the XAS process, absorption of in-
cident X-ray excites an electron to empty valence state
leaving a hole at the core state, providing information on
unoccupied states. In the XES process, an electron in the
filled valence state recombines the core hole produced by
the precedent XAS and emits an X-ray photon, giving in-
formation on the occupied states [26]. Thanks to this pro-
perty, XES is applicable to solids ranging from metals to
wide gap insulators including CuFeS, and related materials
[27, 28]. This technique has the advantage that it can probe
electronic states at larger depth than the photoemission
spectroscopy (PES) which can only probe electronic states
near the surface.

Figure 3 shows electronic excitation processes which
occur during the resonant XES associated with the L-edge
of a transition metal element in a transition metal com-
pound. The left panel describes a ground state of 3d°. The
central panel describes an intermediate state, where a 2p
core-electron is excited by X-ray irradiation to unoccupied
portion of 3d states resulting in a 2p*3d°® configuration. The
latter state is the same as the XAS final state. In the reso-

Intermediate state Final state

30 HH-

20 Hh-

Initial state

13d "> 12p% 3d 1)y 13d™>

Figure 3 Electronic processes during resonant X-ray emission
spectroscopy (n = 5).
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to the final state as described in the right panel, the 3d
electron filling the core hole of the intermediate state. This
process is also called “resonant inelastic X-ray scattering
(RIXS)”. However, in this paper we use the term resonant
XES instead.

In a resonant XES spectrum usually three kinds of
peaks are observed. One is an elastic peak which appears at
the same energy position as the incident X-ray energy; the
second is a d—d multiplet peak characteristic of the 3d’
states located around the transition metal site, and the third
is a CT peak peculiar to the particular compound. The d—d
multiplet transitions become allowed in resonant XES, if
an excited configuration in the 3d® manifold is involved in
the intermediate state. Such d—d transitions can be ob-
served in resonant XES even if they cannot be observed in
the ordinary optical absorption spectroscopy due to an
overlap of strong CT absorptions. Therefore, the resonant
XES is thought to provide a helpful tool to unravel the
overlapping d—d and charge-transfer transitions extending
well above the absorption edge, which cannot be observed
by ordinary optical absorption spectroscopy.

3 Experiments The single crystal of chalcopyrite
CuFeS, used in this experiment was grown by the Bridg-
man technique. The details of the growth were described in
Ref. [4]. XES experiments have been carried out using
synchrotron radiation beam line BL27SU at SPring-8. The
spectrometer employed in this study was a specially de-
signed flat-field-type, the details of which were described
elsewhere [29]. The energy resolution of the incident and
detected photons at the Fe 2p edge was 0.2 eV and 1.0 eV,
respectively. Incident X-rays with two nonequivalent po-
larization conditions were used: vertically polarized X-rays,
where the polarization vector of which are included in
emitted photons, and horizontally polarized X-rays that
have polarization vectors perpendicular to those in emitted
photons. These polarization conditions correspond to the
so-called polarized and depolarized configurations, respec-
tively, in optical Raman spectroscopy. The polarization
dependence of resonant XES provides information about
local symmetry of d—d excitations. The XES spectra were
measured for the energy region between 693 eV and
715 eV with the incident photon energy fixed at 710 eV,
which is 2 eV above the reported position of the XAS peak
[10]. The incident photon energy was tuned to the upper
shoulder of the XAS peak in order to reduce overlap of the
lower end of the intense elastic scattering with the d—d
multiplet peaks of most interest here.

4 Results Figure 4 shows XES spectra of Fe L, edge
in CuFeS, for horizontal and vertical polarizations. The
prominent peak at 710 eV in the vertical-polarization spec-
trum can be assigned to an elastic peak, while a broad
emission band observed for both polarizations may contain
information on d—d and CT transitions, as well as fluores-
cence band. The fluorescence spectrum was obtained by a
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CuFeS,
Fe L,XES

—— horizontal
—— vertical

Intensity (arb.units)

700 705 710 715

Emission energy (eV)

695

Figure 4 (online colour at: www.pss-a.com) Raw XES spectra
of Fe L, edge in CuFeS, for horizontal and vertical polariza-
tions.

nonresonant XES measurement with the excitation energy
of 750 eV, as shown in Fig. 5.

By subtracting the nonresonant XES (fluorescence)
spectrum of Fig. 5 from the raw XES spectrum shown in
Fig. 4, resonant XES spectra for two polarizations are
obtained. The result of this data processing is given in
Fig. 6. The fluorescence intensity was reduced to 82% so
as the lower tail part of the raw data below 700 eV shown
in Fig.4 is completely wiped out by subtraction. A
prominent peak appears at 707 eV for two polarizations
and a small shoulder is observed at around 709 eV for
vertical polarization.

5 Cluster calculations with Cl If a simple ligand-
field approach is employed, strongly reduced values of Ra-
cah’s parameter B and C as small as 20—23% of the origi-
nal value are necessary to explain the energy position of
resonant XES shoulder at 709 eV, and no peaks around
706—707 eV can be predicted.

Therefore we adopted a full multiplet cluster calcu-
lation with configuration interaction (CI) in FeS, cluster.
The method of calculation is the same as that described in
Ref. [30]. The Hamiltonian assumed is given in the follow-

CuFeS,
Fe L,XES

—— fluorescence
(750eV)

Intensity (arb.units)

700 705 710 715

Emission energy (eV)

695

Figure 5 (online colour at: www.pss-a.com) Nonresonant XES
spectrum of the Fe L, edge in CuFeS, measured with 750 eV
X-ray excitation.
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Emission energy (eV)

695

Figure 6 (online colour at: www.pss-a.com) Resonant X-ray
emission spectra of Fe L, edge in CuFeS, obtained by subtraction
of fluorescence from the raw XES data.

ing:
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where V(I') denotes hybridization, Uy, on-site Coulomb in-
teraction, and Uy, core—hole potential. The first, second
and third terms express eigen energy of 3d, core 2p, and
ligand p-orbitals, respectively. The fourth term denotes
Fe 3d ligand charge transfer. The fifth and sixth terms are
Fe3d on-site Coulomb interaction and Fe 2p—3d core—hole
interaction, respectively. The term H,, ;. describes the in-
tra-atomic multiplet coupling between Fe 3d states and that
between Fe 3d and 2p states. The spin—orbit interactions
for Fe 3d and 2p states are also included. The Slater inte-
grals and the spin—orbit coupling constant are calculated
by Cowan’s Hartree—Fock program [31] and then the Sla-
ter integrals are rescaled by 80%. Charge transfer energy 4
is given as difference between &, and &,. As ground
state, linear combination of 3 configurations 3d”, 3d""'L
and 3d"’L? is assumed. We used the following pa-
rameters: Uy =32, A=-3.0, U, =4.0, V(e,)=2.07,
V (t2,)) =—1.07, in units of eV. The ground state character
is 3d° = 22.1%, 3d°L = 54.6%, and 3d’'L? = 23.3%.

The result of calculation, which gives the best fit to ex-
perimental data, is illustrated in Fig. 7, together with the
experimental spectra reproduced from Fig. 6. The charge
transfer energy 4 that provides the best fit was determined
as —3.0 eV. The absolute value of 4 seems rather large
compared with the one obtained by the previous PES
experiment [24], i.e., 4=-0.5eV. We are confident that
the value of the present study is more reliable than the

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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CuFeS, Fe L,XES

—— experiment (depolarized)
—— experiment (polarized)

Intensity (arb.units)

—— Cluster ClI calc (nonpolarized)
A ~-3eV

695 700 705 710

Emission energy (eV)

Figure 7 (online colour at: www.pss-a.com) Comparison of the
XES spectrum calculated by cluster CI calculation and experi-
mental XES of Fe L; edge in CuFeS,.

previous one, since the latter is deduced from the theoreti-
cal fit to the spectrum with poor resolution.

The observed XES peaks at 709 eV and 708.5 eV
which are located around 1 eV below the elastic peak may
be interpreted to be originated from the spin-allowed CT
transitions between °A, and °T,. This is consistent with
the interpretation of observed optical absorption peaks
described in Section 1.

The problems of the electronic states of Fe in CuFeS,
gives much insight to the electronic states of Fe in hemo-
protein, since a negative or very small value of 4 is also
found in the latter [32], which results in interesting physi-
cal properties such as the spin cross-over phenomenon in
the multiple valence state of transition metal.

6 Conclusion Resonant X-ray emission spectroscopy
has been carried out on Fe L; edge of CuFeS,. The experi-
mental spectrum was compared with theoretical one ob-
tained by cluster CI calculation, from which it is found that
the previous assignments of the optical absorption are con-
sistent with that of resonant XES.

The spectral details are successfully explained by as-
suming that the charge transfer energy A takes a negative
value. This result is consistent with the previous considera-
tion that CuFeS, is a Haldane—Anderson type insulator.
The strong hybridization is found to be a dominant cause
of the mysterious 3d electron behaviours in this material.
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