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Electronic structures of CuFeSg and CuAlp 9Feo ]S2 studied by electron and optical spectroscopies
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The electronic structures of the chalcopyrite-type CuFeS& and CuA10 9Feo lS2 are studied by x-ray pho-
toemission (XPS), resonance photoemission, Auger-electron, optical reflectance, and electron-energy-loss

(EELS) spectroscopies. The Fe 3d-derived states are revealed by the valence-band XPS spectra and the
Fe 3p core resonance photoemission spectra. The spectra are analyzed by configuration-interaction cal-
culation on the FeS4 cluster model; the analysis yields the S 3p ~Fe 3d charge-transfer energy 5 close to
zero, indicating strong covalency between the Fe 3d and S 3p orbitals. This situation is reflected upon
the reduced Fe magnetic moment and the high Neel temperature of CuFeS2. The S 3p ~Fe 3d charge-
transfer excitation is resolved in the optical reflectance and EELS spectra, which explains the larger
binding-energy tails of the core-level photoemission spectra of CuFeS2. The Cu 3d two-hole bound state
is studied through the Cu L3M4 5M4 5 Auger and Cu 3p core resonance photoemission spectra, from
which the effective Coulomb energy U,z('6) between the two holes and the Cu 3d ~4sp promotion ener-

gy hz, ~ are evaluated. The Cu 2p core XPS spectrum of CuFeS2 has revealed a mixing of the d'
("Cu2+") configuration into the formally monovalent Cu. This is interpreted as due to the Cu 3d —Fe 3d
hybridization mediated by the S 3sp valence states.

I. INTRODUCTION

Chalcopyrite-type I-III-VI2 compounds (I=Cu, Ag;
III=AI,Ga, In; VI =S,Se,Te}are materials quite useful for
practical applications such as solar batteries, nonlinear
optical devices, and luminescence diodes. Their elec-
tronic structures are also of interest in that they are ter-
nary semiconductors based on the diamond structure:
The chalcopyrite structure is obtained by replacing the
group-II atoms in the II-VI zinc-blende lattice by atoms
of group I (Cu, Ag) and III (Al, Ga, In). The valence-band
structures of some Cu-based chalcopyrites were previous-
ly investigated by x-ray photoemission spectroscopy
(XPS}. The larger binding energy (Es) side of the prom-
inent Cu 3d band centered at Ett =2.5 —3 eV was attribut-
ed to the ns and np states of the group-III atoms; the
states closer to the Fermi level were assigned to hybri-
dized states between the Cu 3d and the p state of the
group-VI atoms. These assignments were supported by
band-structure calculations made by the discrete
variational-Xa (DV-Xa) method on CuAlS2 and
CuCsaS2.

Among the Cu-based chalcopyrite-type compounds,
CuFeS2 has unique optical, electrical, and magnetic prop-
erties, Evaporated thin films of CuFeS2 and CuA1S2
(unintentionally doped with Fe) have shown strong ab-
sorption starting from 0.6 and 3.3 eV, respectively. Be-

cause photoconductivity was observed above these ener-
gies, the empty states involved in the optical absorption
are assigned to the conduction band. The temperature
dependence of the electric conductivity and the tempera-
ture independence of the carrier concentration in CuFeS2
suggested metallic behavior although the conductivity
was small [10 0 'cm ' at 100 K (Ref. 5)] compared
with that of typical metals. It was also found that the
thermoelectric power was unusually large (480 lsV/K),
From these. results, CuFeSz was rather considered as a
degenerate semiconductor. There is also a recent propo-
sal that CuFeS2 is a zero-gap semiconductor. CuFeS2 is
an antiferromagnet with an extremely high Neel tempera-
ture Tz =823 K; the ordered magnetic moment of the Fe
atom is 3.85+0.2ps, which is much smaller than that of
the free Fe + (d } ion 5ps. The above results indicate
that the Fe 3d states in CuFeS2 are considerably delocal-
ized or strongly hybridized with the S 3' states.

The electronic band structure of CuFeS2 was first stud-
ied by an optical reflectance measurement and its
Kramers-Kronig analysis in the photon energy range
from 0.002S to 6 eV. In the absorption spectrum, two
narrow bands were observed at —1 and -2 eV and
another broad band was observed at -6 eV. The first
two narrow bands were assigned to the optical transition
from the top of the valence band to two conduction
bands. The band structures were calculated by the DV-
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Xa method for some Cu-based chalcopyrites including
CuFeS2. ' In contrast to the case of CuXS2
(X=A1,Ga), the Fe 3d states in CuFeS2 are predicted to
be strongly hybridized with other valence states and
spread over the whole valence-band region. Photoemis-
sion spectra were measured by use of synchrotron radia-
tion. ' The energy distribution curves of the valence-
band spectra and the Fe 3p~3d resonance photoemis-
sion spectra have qualitatively supported the general
features of the band-structure calculations.

Although photoemission spectroscopy is a powerful
means to investigate the valence-band structures, one
should notice that the photoemission spectra actually
provide electron-removal spectra and that they do not
necessarily represent the one-electron band structure of
the ground state, especially for systems with strong
electron-electron interaction or strong electron correla-
tion such as transition-metal compounds. Because of this
fact, proper analysis of the photoemission spectra can
give considerable insight into the electron correlation as
well as on the orbital hybridization in the transition-
metal compounds. In this paper, we have studied not
only the valence band but also core levels of CuFeS2 and
CuA10 9Feo,Sz by means of various types of electron and
optical spectroscopies. The experimental results are com-
pared with those of other Cu compounds as well as with
configuration-interaction (CI) calculation on the (FeS4)
cluster model, in which not only the initial ground state
but also the electron-removal final states are explicitly
considered.

XPS and -0.7 eV for EELS.
For the optical re6ectance measurement of CuFeS2, an

as-grown surface of a single crystal obtained by the chem-
ical vapor transport was used. For the photoemission
measurement, the samples obtained by the Bridgman
method were used. CuA10 9 Feo &S2 was studied instead of
CuAlS2 because the presence of the Fe ions reduced the
charging effect which hinders a reliable measurement of
photoemission spectra. Clean surfaces for the photoemis-
sion measurements were obtained by scraping the sam-
ples with a diamond file in the vacuum of -1X10
Torr.

III. RESULTS

Figure 1 shows the photoemission spectra of CuFeS2 in
the valence-band region for photon energies in the Fe 3p
core excitation region. Binding energies Ez s are referred
to the top of the valence band. The spectra consist of a
shoulder at Ez =1 eV, a prominent peak at Ez =3 eV, an
inconspicuous shoulder around 5 eV, and a weak hump at
Ez =14 eV. In Fig. 1, the corresponding features in the
spectra are connected by vertical lines. In addition, a
very weak hump which can be identified around Eli —11
eV from a difference spectrum of the XPS spectra be-
tween CuFeSi and CuAlo 9Feo,Si is also marked (see
below). The line shape of the whole spectra appreciably
changes with fico from 1m=53 to 58 eV. The constant-
initial-state (CIS) spectra at various E~ s are shown in
Fig. 2 together with the partial yield spectrum (measured

II. EXPERIMENT

Measurements of optical reflectance and ultraviolet
photoemission spectroscopy (UPS) were performed using
synchrotron radiation from SOR-RING, a 0.4-GeV elec-
tron storage ring of the Institute for Solid State Physics
of the University of Tokyo. For the reflectance measure-
ment, monochromatic light through a 1-m Seya-Namioka
monochromator was used in a geometry with the in-
cidence angle of 22.5'. The reflected light was detected
by a photomultiplier coated with sodium salicylate. The
present measurement was performed in the photon ener-

gy range from 4 to 25 eV with a wavelength resolution of
0.3 nm. The spectrum in the photon energy range below
6 eV was taken from Oguchi, Sato, and Teranishi. s

These spectra were combined and analyzed by the
Kramers-Kronig transformation to obtain the dielectric
constants Ei, ei, and the loss function Im( —I /e)

For the UPS measurement performed with use of syn-
chrotron radiation, a spectrometer with a double-pass
cylindrical-mirror analyzer (DCMA) connected to a
modified Rowland-mount monochromator was used. The
overall resolution was set to -0.5 eV at the photon ener-

gy of Ace =70 eV. XPS measurement was carried out in a
separate system with a Mg Ka x-ray source (Iso= 1253.6
eV). The electron-energy-loss spectra (EELS) were mea-
sured in the same apparatus with use of a grazing-
incidence electron gun (with the primary electron energy
of 2 keV). The energies of electrons were analyzed using
a DCMA with the overall energy resolution of —1 eV for
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FIG. 1. Photoemission spectra of CuFeS2 in the Fe 3p core
excitation region. Photon energies are given on the left-hand
side. The Ez's show the binding energies of the structures dis-
cussed in the text.
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tures at Ez —1-5 and 11 eV. However, the intensity
around Ez =11 eV is higher than that in the difference
XPS spectrum probably because of the complicated in-
tensity modulation of the Fano type in the resonance
photoemission spectra. In the following analysis, we mill

therefore use the difference XPS spectrum as a measure
of the Fe 3d-derived states.

The Fe 2p core XPS spectrum of CuFeS2 is shown in

Fig. 4. The 2p3/2 component at Ez =708 eV shows re-
markable asymmetry with a tail toward larger E~. The
satellite observed on the larger Ez side of the 2p&/2 corn-

ponent at Ez -730 eV is assigned to a plasmon satellite
accompanying the 2p3/2 peak because the splitting from
the main peak is close to the bulk plasmon energy ob-
tained from the EELS spectrum.

In Fig. 5, the Cu 2p core spectra of CuFeS2 and

CuA10 9Feo,S2 are compared with those of other Cu com-
pounds with known formal valences. 'i '4 The energy
positions of the 2p3/2 and 2p&/2 peaks are E& =932.3 and
952.0 eV for both CuFeS2 and CuA10 9Feo,S2 whereas the
spectral line shape is slightly different from each other.
Namely, CuFeSz shows a weak tail for both the Cu 2p3/2
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FIG. 2. CIS spectra of CuFeS2 evaluated from the result in

Fig. 1.
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at the kinetic energy of Ex = 5 eV), which is thought to
represent the absorption spectrum. The CIS spectrum
for Ez =1 eV has a typical Fano-type line shape with a
dip below the Fe 3p core threshold followed by the peak
at Ace-56 eV, while the other CIS spectra do not show
the dip structure. The resonance effect was not clearly
resolved in CuA10 9Feo &S2 at the Fe 3p threshold because
of the low Fe concentration.

The valence-band XPS spectra of CuAlo 9Fep ~S2 and
CuFeSz are shown in Figs. 3(a) and 3(b), respectively.
Binding energies have been calibrated using the Au 4f7/2
core peak. The dots in Fig. 3(c) show the difference spec-
trum between these two spectra after having normalized
the spectral intensities to the integrated intensity of the S
2p core XPS peak and having shifted the CuAlo 9Feo &S2

spectrum so as to align the Cu 3d peaks of the two spec-
tra. The difference spectrum thus obtained largely
represents the contribution from the Fe 3d states since
the photoemission cross section of the Fe 3d state is
much larger than those of the Al 3p states at this photon
energy. (Fe 3d, Al 3p, and Al 3s, cross sections are es-
timated as 5XIO, 1X10, and less than 1XIO
Mb, " respectively. ) Prominent contribution from the Fe
3d states is revealed around E~ =1 and 5 eV with weaker
contribution around E~ =11 eV. The binding energies of
these structures are marked in Fig. 1 and the correspond-
ing CIS spectra are given in Fig. 2. The difference spec-
trum between the two UPS spectra taken at the reso-
nance maximum (fico =56 eV) and the resonance
minimum (irico=53 eV) (Fig. 1) also shows similar struc-
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FIG. 3. XPS spectra of (a) CuA10 9Feo &S2 and (b) CuFeS2 in
the valence-band region. (c) Dots: (b) —(a) difference spectrum.
Bar diagrams: results of the cluster-model CI calculation. Solid
curve: Fe 3d-derived contribution obtained by the cluster-model
calculation appropriately broadened and superimposed to a
smooth background (dashed line).
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FIG. 4. Fe 2p core XPS spectrum (dots) and its cluster-model
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FIG. 6. Cu 2p3/p core XPS spectra of CuFeS2 and

CuA10 9Feo &S&. The peak heights and the peak binding energies
are aligned.
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and 2p&/2 peaks toward larger E~. This is more clearly
seen in Fig. 6, where the 2p3/7 spectra of both com-
pounds are shown on an expanded scale after subtracting
a linear background. A similar tail is also recognized in
the S 2p core XPS spectrum as shown in Fig. 7. Figure 5

shows that the spectra of the formally "di" and
"trivalent" Cu compounds (CuO and NaCuOz, respec-
tively) have well-defined satellites on the larger binding
energy side of the Cu 2p main peak. On the contrary, no

clear satellite is observed in the spectra of the formally
"monovalent" compound (Cu20). We thus conclude that
the Cu ion in both CuFeS2 and CuAlQ 9FeQ &S2 is basically
in the monovalent or "Cu+" state. A modification of this
simplest picture, however, will be given in Sec. IV.

In order to complement the information from the Cu
2p core photoemission, the Cu L3M4 5M4 5 Auger spec-
tra are measured as shown in Fig. 8. It is found that the
peaks are located at different kinetic energies of
E~ =918.2 and 916.8 eV for CuFeS2 and CuA1Q 9FeQ, S„
respectively. Both the CuFeS2 and CuA1Q9FeQ, Sz spec-
tra show a sharp central peak and humps on its both
sides.

Figures 9 and 10 show the resonance photoemission
behavior in the valence bands of CuFeS2 and
CuAlQ9FeQ &S2 in the Cu 3p core excitation region. We
find clear satellite structures at Ez =14.8 and 15.9 eV for
CuFeS2 and CuAlQ9FeQ &Sz, respectively. These values
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FIG. 5. Cu 2p core XPS spectra of CuFeS& and
CuAlo 9Feo &S2 compared with the Cu 2p3/2 XPS of other refer-
ence materials with formal valences "Cu'," "Cu +," and
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FIG. 7. S 2p core XPS spectra of CuFeS2 and CuAlo 9Feo iS&.

The peak heights and the peak binding energies are aligned.
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FIG. 8. Cu L3M4, M45 Auger spectra of CuFeS2 and
CuA10 9Feo &S2.
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are similar to those observed in Cu metal and other
monovalent Cu compounds. ' The CIS spectra of the sa-
tellites and the valence-band peaks are shown in Fig. 11,
where the intensities are tentatively normalized at
fico=70 eV. A clear resonance enhancement is observed
for the satellites whereas the resonance behavior of the

FIG. 10. Photoemission spectra of CuA109Feo &S& in the Cu

3p core excitation region. Photon energies are given on the
left-hand side. The E&'s of the valence-band peaks and the sa-
tellites are given.
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FIG. 9. Photoemission spectra of CuFeS& in the Cu 3p core
excitation region. Photon energies are given on the left-hand
side. The E&'s of the valence-band peaks and the satellites are
given.
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FIG. 11. CIS spectra of the Cu 3d satellites (E& =14.8 and
15.9 eV) and the valence-band peaks (E&=3 and 2.7 eV) for
CuFeS2 and CuAlo 9Feo &S2, respectively.
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sharp peak at %co=3 eV and a broad peak around %co =20
eV are revealed in the loss function.

The directly measured EELS spectra of both materials
are shown in Fig. 13, with the intensities normalized to
the height of the primary electron peak. Both spectra
have a large, broad peak around 20 eV. In addition, a
sharp peak is observed at the loss energy of 3 eV for
CuFeSz, in agreement with the loss function derived from
the optical reflectance spectrum. One also notices that
the 3-eV peak is absent in CuA10 9Fep, S~.

20- IV. DISCUSSION

A. CI cluster model

LU

10- -Q5
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0 5 10 't5 20

Photon Ener gy(eV)
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FIG. 12. (a) Reflectivity spectrum of CuFeS&. (b) Dielectric
constants e&, e&, and the loss function Im( —1/e) of CuFeS& ob-
tained by the Kramers-Kronig transformation of the reAectivity

spectrum.

Before going into detailed discussions of the experi-
mental results, a framework of the CI cluster-model
analysis is briefly given. ' The calculation treats several
electronic configurations with different d-electron num-
bers both in the initial and final states of photoemission.
The parameters characterizing the electronic structure
are (i) the charge-transfer energy b„ the energy required
for the ligand p~ metal d charge transfer, i.e., for
d"—+d"+'L, where L denotes a ligand hole; (ii) the d d-
Coulomb energy U; and (iii) the p-d transfer integrals
(pdcr) and (pdn) The p. r. esent calculation was done on
the (FeS4)' cluster. For n =5 corresponding to the for-
mal valence of Fe + (3d ), the ground-state wave func-
tion has the form

valence-band peaks is much less obvious.
The optical reflectance spectrum of CuFeSz in the pho-

ton energy range from 0.2 to 25 eV is shown in Fig. 12(a).
The dielectric constants 6'& E'p and the loss function
—Im(1/e) are obtained by the Kramers-Kronig analysis
of the refiectance spectrum as shown in Fig. 12(b). A

%~=a~d )+b~d L)+c~d L ) .

The final state of the Fe 3d photoemission is given by

qlf =a, id )+b, id L )+c, ~d L )

and that of the Fe 2p core-level XPS by

%f =az~2pd')+bz~2pd L )+cz~2pd L ),

(2)

(3)

0—

where 2p stands for the 2p core hole. Optimum values
for b„U, and (pdcr) are determined by fitting the calcu-
lated Fe 3d-derived spectrum and the Fe 2p core XPS
spectra to the experimental ones. [The ratio
(pdcr)/(pdn) has been fixed at —2. 2 throughout the cal-
culation. " "]

Here we note that 6 and U are defined with respect to
the center of gravity of the multiple of each configuration
whereas one can also define the charge-transfer energy
and the d-d Coulomb energy with respect to the lowest
states of the corresponding multiplets. They are referred
to as h«and U,& hereafter. Values for b«and U«rath-
er than 5 and U are more directly reflected upon mea-
sured physical quantities such as band gaps and charge-
transfer excitation energies.

pi
I

20
Loss Energy(e V )

I

30
l

10

FIG. 13. EELS spectra of CuFeS& and CuA109Feo, S, for the
primary electron energy of 2 keV. The intensities are normal-
ized to the height of the primary electron peak.

B. Electron-energy-loss satellite

It is found for CuFeSz that both the EELS spectrum
and the loss function —Im( 1/e) obtained by the
Kramers-Kronig analysis of the reflectance spectrum
have a peak at 3 eV, corresponding to the ez peaks at 1-2
eV. Since no corresponding feature is observed in the
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EELS spectrum of CuAlp 9Fep, S2, this structure should

have its origin in the Fe 31 states. We interpret the
structure as due to interband transitions (charge-transfer
excitation) from the S 3p- to Fe 31-dominated band
states. We have pointed out above that the Cu 2p and S
2p core XPS spectra of CuFeS2 have an appreciable tail
toward larger Ett compared with those of CuAlp 9Fep iSg

(Figs. 6 and 7). It is likely that these tails are energy-loss
satellites due to the S 3p~Fe 31 excitation. The large
oscillator strength of the charge-transfer excitation indi-
cates that the S3p-Fe31 bonding is substantially co-
valent.

The broad EELS peak around 20 eV is due to the bulk
plasmon excitation. Corresponding satellites are ob-
served for the Fe 2p core XPS spectrum of CuFeS2 (Fig.
4}.

C. Valence-band and Fe 3d states in CuFeS2

Typical valence-band structures of the present com-
pounds are revealed by the X PS spectra and off-

resonance UPS spectra as shown in Figs. 3(a) and 3(b)
and at the bottom of Figs. 1, 9, and 10. The prominent
peak recognized around Eti =3 eV is due to the Cu 31
states, being judged froin its common spectral line shape
in both compounds as well as from the larger cross sec-
tion of the Cu 31 states than those of the S 3sp and the Al
3sp states in XPS. The weak hump around Ez =14 eV in
the off-resonance spectra (Figs. 9 and 10) is assigned to
the S 3s state. Both the Cu 3d and S 3sp components can-
cel in the difference XPS spectrum as demonstrated in
Fig. 3(c). The Fe 31-derived states thus obtained in the
difference spectrum show the structures around Eti = 1, 5,
and 11 eV. The band structure of CuFeS2 calculated with
the DV-Xa method by Hamajima et a/. is also shown in
Fig. 3(d) for comparison. One can see that while the
band structure well explains the structures around E~ =1
and 5 eV, the third structure around E&=11 eV is not
present in the calculated band structure. 's

The Fe 31-derived spectrum obtained by the CI
cluster-model calculation is shown in the lower part of
Fig. 3(c). The calculated line spectra have been convolut-
ed with a Lorentzian function with a full width at half
maximum (FWHM) of 0.15' to simulate the lifetime
broadening and with a Gaussian function (FWHM of 1

eV) to simulate the instrumental broadening. The result-
ing spectrum is superimposed to a smooth background
(dashed line) due to secondary electrons and is shown by
a solid curve in Fig. 3(c). From this analysis, we find that
the charge-transfer energy 6= —0.5+0.5 eV, the d-d
Coulomb energy U=4. 0+1.0 eV, and the transfer in-
tegral (pdo')=1. 5+0.2 eV. The decomposition of the
calculated spectrum into the d, d I., and d I. final-state
components shown in Fig. 3(c} indicates that the main
features around E~ =1 and 5 eV are predominantly d I.
and d 1. -like, whereas the feature around E&=11 eU
has significant d character. The Fe 2p core XPS spec-
trum has also been calculated using the same 5 and U
values as shown in Fig. 4. The good agreement between
theory and experiment for the Fe 2p XPS confirms the
validity of the model and the parameter values.

The small 5 indicates strong hybridization between the
Fe 31 and S 3p states in CuFeS2 and Fe-doped
chalcopyrite-type compounds, whereas the large U indi-
cates that the Fe 3d-3d Coulomb correlation, which is
not properly taken into account in the band-structure cal-
culation, remains quite important even under the strong
Fe 3d -S 3p hybridization.

In the UPS spectra in the Fe 3p core excitation region,
the whole valence band of CuFeS2 shows resonant
enhancement as shown in Figs. 1 and 2, revealing that Fe
31 states are spread over the whole valence-band region.
Such an enhancement is usually explained as due to the
interference between direct photoemission from the Fe 31
valence states and the discrete Fe 3p ~31 core excitation
followed by the direct recombination process. The CIS
spectrum at Eti = 1 eV has a prominent dip below the 3p
excitation threshold and therefore the Eti =1 eV feature
is ascribed to the 1 L (and 1 L ) final states, consistent
with the cluster-model analysis. The CIS spectra at
larger Eti's show a prominent peak above the threshold
with no clear dip and reflect the sizable amount of 1
contribution around E~ = 11 eV.

The present estimate of the charge-transfer energy
b = —0.5+0.5 eV is considerably smaller than those
(6-2-3 eV} of the ternary magnetic semiconductors
Cdi, Mnx Y (Y=S, Se, and Te). ' This small 5 is a re-
sult of the combined effects of the increased atomic num-
ber (Mn. to Fe) and valence (2+ to 3+) of the 31 transi-
tion element. ' On the other hand, h, it is larger than 5
by -2.6 eV and is therefore positive (b,,it=2. 1+0.5 eV)
because the lowest component of the 1 multiplet is lo-
cated far below the center of gravity of the multiplet due
to the strong exchange stabilization of the half-filled 1'
configuration. This value is close to the energies of the
charge-transfer excitation in CuFeS2 which is ascribed to
the peaks around 1-2 eV in the ei spectrum (Fig. 12).
The strong Fe-S covalency increases the net 1-electron
number on the Fe atom from the ionic value 5 to
5.55+0. 1 due to the transfer of electrons into the empty
(minority-spin) 31 orbitals. Accordingly, the ordered
magnetic moment of the Fe atom is reduced from 5ps to
4.45+0. 1pz. If we take into account the nonorthogonal-
ity between the Fe 31 and S 3p atomic orbitals, part of
the electronic charges and spin density is distributed on
the Fe-S bonds and consequently we obtain the net 1-
electron number of 4.6+0. 1 and the Fe magnetic mo-
ment 3.8+0.1@~,in excellent agreement with the experi-
mental value of 3.85+0.2pz. We also note that the
small 6,N qualitatively explains the extremely high Neel
temperature of CuFeSz because the antiferromagnetic
coupling strength between neighboring Fe spins is pro-
portional to -b,,ir (1/h, it+1/U, it).

' Here it should be
noted that the ordered magnetic moment of Fe given by
the band-structure calculation, 3.88pz, also agrees with
the experimental value, suggesting that band theory gives
correct ground-state properties of CuFeS2.

D. Cu 3d states

In the Cu 2p XPS spectra of divalent and trivalent Cu
compounds (Fig. 5), the main and satellite peaks are as-



7162 FUJISAWA, SUGA, MIZOKAWA, FUJIMORI, AND SATO 49

signed to the 2p3d' L and 2p3d final states for CuO
(Ref. 20) and to 2p31' L and 2p31 L final states for
NaCuO&. ' In the Cu 2p XPS of monovalent or Cu+
compounds, only the main peak is clearly observed be-
cause the Cu 31 shell is completely filled in the ground
state and no ligand-to-31 charge transfer is possible. In
comparison with the spectrum of CuzO, we stated above
that the Cu valence in both CuFeSz and CuAlQ 9FeQ &Sz is
Cu+. From a careful inspection of the Cu 2p spectra,
however, one notices in CuFeSz very weak humps around
E~ =945-948 and 962-966 eV. Their energy difFerence
from the main peak is 13-16and 10-14 eV, respectively,
which is much smaller than the peak energy of -20 eV
in the EELS spectrum (Figs. 12 and 13), thus excluding
the possibility that the humps are originating from the
bulk plasmon. Then we are led to consider the possibility
that the Cu ion in CuFeSi has a small amount of divalent
component in the ground state and that the humps are
the satellites arising from the divalent component. In
fact, such a weak divalent component has been found in
the Cu+ compound CuzO (see Fig. 5} and ascribed to the
hybridization between the occupied Cu 31 states and the
empty conduction band, which effectively leads to the
mixing of the 1 configuration into the 1' ground-state
configuration. ' The fact that the divalent component
appears only in CuFeSz and not in CuAlQ 9FeQ, Sz strong-
ly suggests that the empty Fe 31 states are hybridized
with the occupied Cu 31 states. Since the direct overlap
between the Fe 31 and Cu 31 orbitals is unlikely because
of the large atomic distance, we believe that the
Fe 31—Cu 31 hybridization is mediated by the interven-
ing S 3p valence-band states.

Now we consider the Cu L3M45M45 Auger spectra.
The two 3d holes produced by the Auger decay of the
nominally 1' configuration form 1 multiple states with
components 'S, P, 'D, I'; and 'G. The most intense
peak in the spectra of Fig. 8 is due to the '6 component.
The e8'ective Coulomb energy U,s('6) between the two
Cu 31 holes in the '6 state can be estimated using the re-
lation

TABLE I. Effective Coulomb energies U,z('6) and the band
widths 8'of the Cu 3d states. The results for CuClz, Cu metal,
and CuC1 are quoted from Ref. 22; the U~('G)'s in the last two
lines show the present results and the W's are obtained from the
extrapolation of the W's of the first three substances.

CuC1~
Cu metal
CuC1
CuFeS,
CuAlp 9Fep ]Sg

U„(eV)

7
8

10
9.1

10.1

W (eV)

3.5
3.0
2.0
2.5
2.0

result of the hybridization with the Fe 3d states.
In the Cu 3p core excitation region, the Cu 31 valence

bands of both compounds show only very weak resonance
as seen in the lower panel of Fig. 11. On the other hand,
clear resonance features are observed for the satellite
around E&=15-16 eV as shown in the upper panel of
Fig. 11. Similar satellites have been observed in Cu+
compounds, namely, Cu monohalides s and CuiO. In-
stead of the direct recombination in the Cu + compounds
following the Cu 3p~3d excitation, the MQ3M$5M4
super Coster-Kronig-type Auger decay occurs following
the Cu 3p~4sp core excitation in the Cu compounds,
leading to the final-state configuration (31) (4sp)'. The
binding energy Es(d G) for this final state is given
b z6

Eg(1 6)=Es(3d)+ U,s('G)+Ad, (5)

where Es(31) is the binding energy of the Cu 31 states
and bd, is the promotion energy from the Cu 31 states
to the bottom of the Cu 4sp conduction band. U,s('6)
between the two Cu 31 holes has been obtained from the
Auger-electron spectra. Then Ad,~ is estimated to be 3.2
eV for CuFeSz and 3.1 eV for CuAlQ9FeQ, Sz, which are
comparable to the value (3 eV) for CuzO obtained using

Eq. (5). The bottom of the conduction band relative to

Ueff (
' G )=Es (2p iji ) —Eqi„(

'6 ) —2Es ( 31 ) (4)

where Ez;„('6) is the kinetic energy of the '6 Auger-
electron component measured from the Fermi level.

Es(2p&zz) and Es(31) are the binding energies of the Cu

2p3/p core level and the Cu 3d level, respectively, ' de-
duced from the experimental data. Es(31}is estimated to
be 2.5 and 2.7 eV for CuFeSz and CuAlQ 9FeQ ]Sf respec-
tively, from the valence-band XPS (Fig. 3). The es-
timated values of U,s('6) are 9.1 eV for CuFeSi and 10.1
eV for CuA109Feo, Sz. The U,s('6)'s of Cu metal, CuCl,
and CuC1z have been estimated in the same way ' and
are listed in Table I together with the width 8'of the Cu
31 band. The U,s('6) and W are also plotted in Fig. 14,
where they are found to lie on a straight line. If we plot
the U,z('6) of CuFeS~ and CuAlo 9Feo iSz on this line, we
obtain the Cu valence-band width of 2.5 and 2.0 eV, con-
sistent with the valence-band photoemission spectra. '

This result would again re5ect the partial delocalization
of the Cu 3d states in going from CuA1Sz to CuFeSz as a

f 3.0

3

~~2.5

UA [09Fe01 S~

7 8
U, gg ( eV)

FIG. 14. Plot of the el'ective d-d Coulomb energies U,l('6)
and the bandwidths 8'of the Cu 3d states for various Cu com-
pounds.
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the top of the valence band is given by i4,y
E—tt(3d }

and is equal to 0.7 eV (=3.2—2.5 eV) for CuFeS2 and 0.4
eV (=3. 1 —2.7 eV) for CuAlp 9Fep, S2. The latter value is,
however, somewhat too small compared to the optical
band gap (3.3 eV} of CuAISz. ' In order to treat this
problem more accurately, consideration of hybridization
between the S 3p and Cu 4sp states and a more accurate
estimate of U,tt('G) will be required.

U. CONCLUDING REMARKS

The electronic structures of CuFeSz and CuAlp 9Fep iS2
have been studied by a combination of various electron
and optical spectroscopic methods. The Fe 3d contribu-
tion in the valence-band region of CuFeS2 is revealed by
the dN'erence spectrum between the XPS spectra of
CuFeS2 and CuAlp 9Fep iS2. The Fe 3d-derived spectrum
including the satellite region is well reproduced by the CI
calculation on the (FeS4) cluster. The charge-transfer
energy from the Fe 3d to 3d L configurations has been
estimated to be as small as 5-0 eV or h,z-2 eV,
demonstrating the strong hybridization between the Fe
3d and 5 3p states. The strong hybridization is consistent
with the result of the Fe 3p core resonance photoemission
spectroscopy and explains the reduced magnetic moment
on the Fe atom and the high Neel temperature of
CuFeSz. The small tails observed on the larger Ez side of
the Cu 2p and S 2p core spectra of CuFeSz are ascribed to
the S 3p~Fe 3d interband excitation. Such a charge-
transfer excitation is directly resolved in the optical
reflectance and EELS spectra. The excitation energy is
also consistent with the charge-transfer energy b,,s-2 eV
between the lowest multiplet states of the d and d L
configurations.

The eff'ective Coulomb energy U,s('G) between the
two Cu 3d holes are estimated from the combination of
the Cu 2p3/2 XPS, the Cu L3M45M45 Auger-electron,
and the Cu 3d valence-band XPS spectra. It is found that
U ff(

' G) is larger for CuAlp 9Fep, S2 than for CuFeSz,
reflecting the broader Cu 3d bandwidth in CuFeSz. The

observed hump on the larger binding energy side of the
Cll 2p3/2 core level of CuFeS2 is interpreted as a divalent
satellite, indicating that a small amount of d
configuration is mixed into the d' ground state in spite
of the nominal valence Cu+. This implies that the occu-
pied Cu 3d states are appreciably hybridized with the
empty Fe 3d states through their strong hybridization
with the intervening S 3sp states.

We have successfully explained the principal features
of both the spectroscopic and magnetic properties of
CuFeS2 and Fe-doped CuAISz using the CI cluster-model
calculation, while band theory explains the magnetic
ground state of CuFeS&. This indicates that both the Fe
3d-31 Coulomb interaction and the Fe 3d-S3p hybridi-
zation are essential to understand the present systems.
Explicit calculations of the optical and magnetic proper-
ties, including the d~d absorption spectra, using the
cluster model or the Anderson impurity model' will shed
more light on their electronic structures. On the other
hand, the Cu 3d-Fe 3d hybridization as revealed by the
present study may require more appropriate treatment of
the extended electronic states beyond the cluster model.
In the next step, band-structure eSects which compete
with the strong Coulomb correlation will have to be tak-
en into account for further understanding of the physical
properties including the transport phenomena. Concern-
ing the question of whether CuFeSz is indeed a zero-gap
semiconductor or not, further experiments such as
high-resolution photoemission studies in the vicinity of
the Fermi level and combined photoemission-inverse-
photoemission studies on well-characterized samples will

be required.
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