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Resonant photoemission study of pyrite-type Ni$, CoS, and FeS,
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The electronic structure of pyrite-type NiSCo0S,, and Fe$ has been studied by photoemission spectros-
copy. From resonant photoemission studies and configuration-interaction cluster-model analysis of the spectra,
NiS, is found to be a charge-transfer-type insulator, the band gap of which is formed between the occupied S
3p and the empty Ni @ states. Cluster-model calculations indicate that the short Fe-S distance favors the
low-spin (S=0) ground state in FeScompared to the high-spin FeS. Resonant photoemission results indicate
a sign of electron correlation in the nonmagnetic semiconductos.F&8163-18206)02147-9

Pyrite-type 3l transition-metal dichalcogenides exhibit a NiS,.1>* Recently, angle-resolved photoemission studies
wide variety of electrical and magnetic propertléseS, isa  have been performed for NiSand NiS,_,Se, and their
semiconductor with a band gap &= 0.9 eV? CoS, is  electronic stuctures in the vicinity of the Fermi level across
metallic and orders ferromagnetically beldly= 120 K  the metal-insulator transition have been studied with high
NiS, is an antiferromagnetic insulator wite,= 0.3 eV  energy resolutiod® In this paper, we report the results of
(Ref. 4, andTy= 40 K. The transition-metal ions in these photoemission studies of pyrite-type NiSC0S,, and Fe$
compounds are divalent and have a tendency to take lowand discuss their overall electronic structures on the basis of
spin states: FeS(d®) is nonmagnetic $=0) and CoS  cluster-model analyses.

(d”) has a saturation moment of 0,85/Co (Ref. 3 close to Single crystals of Ni$ and CoS were grown by the
that of S=1/2. NiS, (d®) is a high-spin §=1) compound vapor transport method. FeSamples were a natural min-
but thed® configuration cannot take a lower spin state in aeral. Photoemission measurements were performed at beam-
cubic crystal field NiSe, (Ref. 7 and CuS (Ref. 8 are line BL-2 of the Synchrotron Radiation Laboratory, Institute
Pauli-paramagnetic metals. One-electron band models haver Solid State Physics, University of Tokyo. Measurements
been proposed to explain these propertiéBetween the were also made using a spectrometer equipped with a He
empty S 3 band consisting of theo* antibonding orbital discharge lampHr= 21.2 eV and 40.8 e\ The total reso-

of the (S,) >~ molecule and the occupied $dand of the lution was~0.5 eV and~0.3 eV, respectively, for the syn-
remaining(S,) 2~ orbitals, a relatively wide metal B (egy) chrotron radiation and He lamp experiments. Clean surfaces
band and a narrowd(t,4) band are located. In FgSthe — were obtained by scrapinig situ with a diamond file, and

t,y band is full and thee; band is empty, leading to the the measurements were made at room temperature. The base
nonmagnetic, insulating behavior. In CaShe ey band is  pressure of the spectrometers was x 10~ Torr.

occupied by one electron per Co and polarized ferromagneti- Photoemission spectra of FgSCoS,, and NiS, are
cally. NiS, is insulating in spite of the half-filleeé, band, ~shown in Figs. 1-3. They all show a prominent peak at 1-2
and is therefore considered to be a Mott insulator. eV below the Fermi levelEg). From a comparison of spec-

According to the current interpretation of photoemissiontra taken ahv= 21.2 eV and 40.8 eV, where the photoion-
spectra, the band gaps of latd 8ansition-metal compounds ization cross section of the $3tates is enhanced compared
such as NiO and NiS are of the anipato-metald charge- to the transition-metal @ states and is suppressed due to a
transfer type®* Metal-insulator transitions in this type of Cooper minimum ahv~ 50 eV (not shown, respectively,
compounds are thus attributed to the closing of a chargewe were able to identify the S@Bband to be located 1-9 eV
transfer-typep-d gap rather than that of a Mott-Hubbard- below Er. The origin of the peak at 1-2 eV is then attrib-
type d-d gapl? Recent analysis of the metal core levels us-uted to transition-metal @ states. The peak is the narrowest
ing the configuration-interactioCl) cluster model has in FeS,, where only the,4 band is occupied. In going from
indeed shown the charge-transfer nature of the band gap ReS, to CoS, to NiS,, the peak becomes broader and a
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FIG. 1. Photoemission spectra of Fei@ the Fe 3— 3d core-absorption region. The vertical lines mark the kinetic energy oMheM 4sM, 5 Auger
peak, indicating that the enhancement of the satellite is not due to an overlap of the Auger emission.

weak shoulder appears on its lower binding energy side, i.epound including the nonmagnetic insulator Fe¥his means
nearEr, as previously reportetf. The evolution of the latter that FeS is not simply an ordinary band insulator but is a
feature with transition-metal atomic number represents theorrelated insulator at least qualitatively like FéRef. 18
successive filling of they band by the added electrons. The or LaCo0;,'° in which temperature-induced paramagnetism
broadening of the,, peak is interpreted as due to its ex- is observed. However, the band gap of ;€S-0.9 V) is
change splitting band as the spin polarization of dhéey) much larger than those of Fe$=0.05 eV} and LaCoQ
band is increased. For such an interpretation to be valid=0.2 eV),® making the system nonmagnetic at accessible
however, because the measurements have been done abtemperatures. Figures 1-3 show that in going from Ni&
T. or Ty, the spin polarization should persist aboigor  CoS, to FeS,, the resonance behavior of the satellite above
Ty on the short time scale of photoemission spectroscopythe 3p— 3d threshold becomes less prominent relative to the
(~10" 1% seq even in the paramagnetic state as in the “local(antjresonance behavior of the main band as id 3
band picture.’ transition-metal oxide$°

The appearance of the broad satellite features at 6-10 eV In order to confirm the charge-transfer nature of the band
is also beyond the ordinary band model. This satellite is mosgap in NiS, and to gain more insight into the electronic
clearly seen in Ni$ and shows an enhancement for photonstructure, we have analyzed the photoemission spectra by a
energies above the NiB-3d core-absorption threshold standard Cl calculation on th@iSg)1° cluster model as
(hv~66 eV), whereas the main band withir5 eV of E¢ has been done for Ni8.The ground-state wave function of
shows antiresonace behavior at the threshold, as can be seée cluster is given by a linear combination of % d°L,
from the constant-initial-state spectra shown in Fig3We  andd!®L? configurations and the photoemission final states
therefore interpret the satellite primarily duedbfinal states by those of thed’, d®L, andd®L? configurations. The model
and the main band as due t5L final states : a ligand contains a few adjustable parameters, namely, the on-site
hole) as in the case of NiQRef. 10 and NiS!! That is, the  d-d Coulomb energyJ, the p-to-d charge-transfer energy
highest occupied states in Ni%re S -like rather than Ni A=(d°L|H|d°L)—(d®H|d®), and thed-p transfer integrals
3d-like and the band gap is of thp-to-d charge-transfer (pdo) and (@dw), where we have assumedpdo)/
type rather than thel-d Mott-Hubbard type. This view is (pdw)=-2.2 as beforé? Here, A and U are defined with
supported by the cluster-model analysis described below. respect to the center of gravity of each multiplet. Atomic

The fact that the resonant enhancement in the satellitealues are used for Racdh, C parameteréc."ll For sim-
region is observed in every compouffigs. 1b)—3(b)] in- plicity, the S 3 orbitals have been neglected in the basis
dicates that electron correlation is important in every comset!! instead, effects of hybridization between the Sahd
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80 FIG. 3. Photoemission spectra of NiSn the Ni 3p—3d core-

absorption region. The same as Fig. 1.

FIG. 2. Photoemission spectra of Coh the Co 3»—3d core-
absorption region. The same as Fig. 1.

At this photon energy, the Sp3cross-section is negligibly
small compared to Ni 8 and therefore has been neglected in

Ni 3d (e,) orbitals are incorporated through a crystal-field the analysis. Using this parameter set, i -like main

parameter 1Dq~[y3(sdo)]%/(A+e3,—e3q) in the initial
state and 1Dg~[y3(sdo)]1%(A—U+ezp,—e3¢) in the fi-
nal state of photoemission, wheredg)/(pdo)=1.1 and the
S 3p-3s energy differencesz,—e3,= 10 eV Figure 4
shows the best fit to thbv= 40.8 eV spectrum obtained
with A=1.8 eV,U=3.3 eV and pdo)=1.5 eV, typical er-
rors being+0.2 eV forU andA and £0.05 eV for (pdo).

peak, which is broader than that of NiS, has been reproduced
as shown in Fig. 4. However, the discrepancy between
theory and experiment at 3—6 eV could not be eliminated
in the present calculation. This indicates that a more realistic
model which takes into account the characteristic fea-
ture of the pyrite-type structure, namely, the presence of the
S, molecule$® would be necessary. Also, the strong Ni-S
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T T - T - T transfer and Mott-Hubbard regimes.

In order to explain the contrasting behaviors of low-spin
FeS, and high-spin FeS, we have calculated the lowest en-
ergies of theS=0 andS=2 states for théFeS;) 19 cluster
model. Following the results of NiSand NiS, we have as-
sumed thatJ and A are smaller for Fegthan for FeS by
~0.7 eV and~0.5 eV, respectively. Thepdo) of FeS, has
been estimated to be 2.2 eV from that of Ni8ising the
relationship pdo)or}%d3> o, wherer is the “atomic ra-
dius” of the metal ior?? ryq= 0.71 A for NiS, and 0.80 A
for FeS,, and dy,_s is the metal-sulfur atomic distance,
dy_s= 2.40 A for NiS, and 2.26 A for Fe$.Z Likewise,
the (pdo) of FeS has been estimated to be 1.4 eV from that
of NiS usingdy,_s= 2.38 A(NiS) and 2.45 A(FeS. Thus
in FeS, the low-spin state is calculated to be lower than the
high-spin state by 1.5 eV, while in FeS the high-spin state is
calcuted to be lower than the low-spin state by 0.6 eV. Al-
though these absolute values may not be accurate due to the
various uncertainties introduced in the parameter estimates,
it can be concluded that the cluster-model calculations well
L explain the low-spin and high-spin behaviors in Feghd

. | . | . | FeS primarily as due to the largepdo) arising from the
12 8 4 0 smaller Fe-S distance in Fg$han in FeS.
BINDING ENERGY (eV) In conclusion, we have studied the electronic structures of

FIG. 4. Photoemission spectra of Nisand NiS compared with NiS; , C0S,, and Fe$ by photoemission spectroscopy and
configuration-interactioifiCl) cluster-model calculation. The calculated line subsequent cluster-model calculations. The photoemission
spectrum has been broadened a_nd _superposed on the integral backgrmg'gectrum calculated using the cluster model has reproduced
(dashed curve The spectrum of NiS is taken from Ref. 11. the gross features of the measured spectra but there remains

. . T a discrepancy between the theoretical and experimental spec-
covalency will make the intercluster hybridization important, . .
tral line shapes. Probably the peculiar crystal structures of

ﬁg;ﬁ'ﬁg Cﬁg{(;r;?ml)tder:ecessary to go beyond the Slngle-the pyrite-type compounds containing the molecules and/or

In order to obtain the wided®L main peak in Ni$ than the intercluster hybridization would have to be considered in
in NiS, the A value for NiS, had to be chosen smaller and order to b_etter understand the interesting physical properties
the (pdo?) value larger than those for NiS, for which we use ©f the pyrite-type compounds. o
A=2.2+0.2 eV,U=3.2+0.6 eV, and pdo)=1.3+0.05 eV, We would like to thank the ;taff of Synchrotron Raghanon
as shown in Fig. 4. Considering the systematic decreade of Laboratory for valuable technical support and T. Saitoh for
and the increase df with cation atomic numbefby ~0.5 help in the cluster-model calculations. This work was sup-
eV for A and by~0.3 eV for U, for a unit increase of the Ported by a Grant-in-Aid for Scientific Research from the
atomic number® we estimateA=2.3 eV andU=3.0 eV for  Ministry of Education, Science and Culture, Japan, and the
CoS, andA=2.8 eV andU=2.8 eV for FeS. This locates New Energy and Industrial Technology Development Orga-
CoS, and Fe$ closer to the boundary between the charge-hization(NEDO).
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