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Electronic structure of the Kagomé lattice compound Rb2Ni3S4
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We have studied the electronic structure of the layered Kogome´ lattice compound Rb2Ni3S4 by photoemis-
sion spectroscopy and comparison of the results with band-structure and configuration-interaction cluster-
model calculations. The band-structure calculation reproduced the gross features of the experimental spectra
but could not reproduce the weak satellite feature, and predicted the narrow peak of Ni 3d character just below
the Fermi level (EF) to be too strong. On the other hand, the cluster-model calculation assuming the low-spin
(S50) ground state reproduced the satellite but failed to predict the same peak just belowEF at the correct
energy position. Angle-resolved photoemission measurements revealed momentum dispersions for the S
3p–derived and Ni 3d–S 3p hybridized bands, in agreement with the band-structure calculation, whereas the
Ni 3d–derived band just belowEF was found to be dispersionless, unlike the result of the band-structure
calculation. We conclude that Rb2Ni3S4 is a moderately correlated, stronglyp2d hybridized system.
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I. INTRODUCTION

The series of Ni sulfides exhibit interesting physical pro
erties arising from electron correlation between the Nid
electrons and hybridization between the Ni 3d and S 3p
orbitals.1 Hexagonal NiS undergoes a first-order insulator-
metal transition under high pressure, with increasing te
perature, or by Se substitution for S.2 Pyrite-type NiS2 ex-
hibits pressure-, temperature-, and Se-substitution-indu
insulator-to-metal transitions but with a more complicat
phase diagram including an antiferromagnetic meta
phase.3 The pseudoternary compound BaCo12xNixS2 with a
layered structure exhibits a metal-insulator transition a
function of composition or temperature.4

Layered transition-metal sulfides have attracted consi
able interest because of their applications as cathode ma
als in Li-ion cells.6,7 The layered Ni sulfide Rb2Ni3S4 studied
here is particularly interesting because the Ni21 ions form a
Kagomélattice as indicated in Fig. 1.5 Each Ni ion is located
at the center of four S atoms in a square planar configurat
and the NiS4 units are linked to form six-membered ring
On the Kagome´ lattice, the Ni spins, if they are couple
antiferromagnetically, form a geometrically frustrated sp
system. Indeed, there have been controversial reports on
magnetic properties of Rb2Ni3S4.8,9 Weak ferromagnetism
was reported at low temperatures, and was attributed to
frustration of S51 spins10 or to magnetic impurities dis
solved in the nonmagnetic band insulator.11 In subsequent
work,12 the same material was shown to be diamagneti
water was not used to remove the flux used in the cry
growth, while it became weakly ferromagnetic if water w
used. It remains unclear why the latter sample exhibits w
ferromagnetism. The role of water intercalation in layer
compounds has attracted recent interest due to the disco
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of superconductivity in NaxCoO2•n(H2O).13 The unusual
weak ferromagnetism in water-treated Rb2Ni3S4 may there-
fore be worthwhile for further studies.

The electrical resistivity of Rb2Ni3S4 shows three charac
teristic temperature ranges:12 above 100 K the activation en
ergy is 0.4 eV while between 30 K and 100 K it is 0.05 e
the resistivity becomes temperature independent below 3
The resistivity shows strong anisotropy due to the laye
crystal structure, namely, the out-of-plane resistivity is ab
two orders of magnitude higher than the in-pla
resistivity.12 If intercalation and/or de-intercalation of alkal
metal ions in Rb2Ni3S4 were realized, electron and/or ho
doping would become possible in the Kagome´ lattice and
interesting physical properties would be expected.

In the present work, we studied Rb2Ni3S4 by photoemis-
sion spectroscopy combined with band-structure and clus
model calculations, in order to reveal its electronic struct
which forms the basis for its magnetic and electrical prop
ties. We shall focus on the Ni 3d–S 3p hybridization, the
Coulomb interaction among the Ni 3d electrons, and the
energy band dispersions, in order to see how the Coulo

FIG. 1. ~Color online! Crystal structure of Rb2Ni3S4. The two-
dimensional hexagonal arrays shown in the right panel are sta
to form the three-dimensional crystal.
©2004 The American Physical Society03-1
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interaction and thep2d hybridization affect the electronic
properties of Rb2Ni3S4.

II. EXPERIMENT

Single crystals of Rb2Ni3S4 were prepared by the flux
method starting from Rb2CO3 ~99%!, Ni ~99%!, and S
~99%!, mixed in the ratio 5:1:12. In order to remove the flu
the surface of the crystal was mechanically peeled off w
out using water. Details of the sample preparation are gi
in Ref. 12. X-ray photoemission spectroscopy~XPS! and ul-
traviolet photoemission spectroscopy~UPS! measurements
were performed using a spectrometer equipped with a
x-ray source~Mg Ka: hn51253.6 eV), a He discharg
lamp ~He I: hn5 21.2 eV, HeII : hn5 40.8 eV!, and a VSW
CLASS-150 hemispherical analyzer. Inverse-photoemiss
spectroscopy or Bremsstrahlung isochromat spectrosc
~BIS! measurements were done using a crystal monoc
mator tuned for photons ofhn51486.6 eV. The base pres
sure of the spectrometer was;10210 Torr. All the measure-
ments were made at room temperature. The resolution
XPS, BIS, and UPS was;0.7 eV, ;0.8 eV, and 50–100
meV, respectively. In order to obtain clean surfaces,
samples were cleavedin situ in the ultrahigh vacuum of the
spectrometer using the ‘‘top-post’’ method. The accepta
angle of the electron analyzer was about;68° for angle-
integrated photoemission spectroscopy~AIPES! and;61°
for angle-resolved photoemission spectroscopy~ARPES!.
Crystal orientation was determined by Laue diffraction. Mo
of the measurements were done in the AIPES mode un
otherwise stated.

III. RESULTS AND DISCUSSION

The valence-band photoemission spectra of Rb2Ni3S4 ob-
tained using different photon energies, namely, XPS, HII

UPS, and HeI UPS, are shown in Fig. 2. Various features
the spectra are marked as A, B, C, D, E, and F. Since
relative photoionization cross sections of the Ni 3d and S 3p
atomic orbitals change with photon energy, the change
the relative intensities of those spectral features reflect t
different atomic orbital characters. With increasing phot
energy from HeI to He II , the intensities of features C, D
and E dramatically decrease. Because the Cooper minim
in the S 3p photoionization cross section occurs at;50 eV,
the present observation indicates the dominance of Sp
character in features C, D, and E. Therefore, one can c
clude that C, D, and E are derived from the S 3p atomic
orbitals, while A and B are primarily derived from the Ni 3d
atomic orbitals.

For more detailed analysis, the density of states~DOS! of
Rb2Ni3S4 obtained from first-principles band-structure ca
culation is employed. The calculation was carried out us
the full-potential linear-augmented-plane-wave~FLAPW!
method based on the local-density approximation~LDA !.
Because there has been no report on the exact position
the Rb and S atoms in Rb2Ni3S4, their approximate positions
were estimated from the crystal structure data of Cs2Ni3Se4,
which has the same space group as Rb2Ni3S4.5 In the
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valence-band region~from 2 eV to210 eV!, the total DOS is
dominated by Ni 3d and S 3p states. Calculation showed tha
the centers of the Ni 3d and S 3p bands are separated on
by ;3 eV and these band are strongly hybridized with ea
other.12 In the following analysis, therefore, we shall co
sider only two contributions, namely, the Nid and Sp partial
DOS’s. In order to take into account the different photoio
ization cross sections of the Ni 3d and S 3p atomic orbitals,
we calculated a weighted average of the Nid and Sp partial
DOS’s in the valence-band spectra using atomic orb
photoionization cross sections.14 The straightforward use o
the atomic orbital cross sections is usually insufficient
this purpose, however, because the partial DOS depend
the radius of the atomic sphere used for charge integra
and also because solid-state effects may change the c
sections. Usually, the anionp partial DOS is severely under
estimated because of the small muffin-tin radius in spite
the large ionic radius. Therefore, we assumed that the c
tribution of S 3p is ;5 times larger than the atomic orbita
photoionization cross section multiplied by the calculat
partial DOS.15 The calculated spectra were broadened
simulate the photohole lifetime broadening with an ene
dependent Lorentzian full width at half maximum~FWHM!
G50.1(E2EF) eV for UPS and FWHM'0.210.15(E
2EB) eV, for XPS ~where 0.2 eV represnts the lifetim
broadening of the MgKa line!. The instrumental resolution
~Sec. II! was taken into account by broadening with a Gau
ian function.

Figure 3 shows a comparison between the calculated
experimental spectra for XPS, HeII UPS, and HeI UPS. The
calculation reproduces the energy positions and the pho
energy dependence of the spectral features from23 to
210 eV. Near the Fermi level (EF), i.e., from 0 to
21 eV, however, there remains a discrepancy in the int
sities of the spectra. The calculated intensity is too stro
compared to the experimental spectra. Also, the weak st

FIG. 2. ~Color online! Valence-band photoemission spectra f
various photon energies.
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ture F ~at ;28 eV) is not reproduced by the calculatio
These discrepancies may be attributed to electron correla
effects arising from the Coulomb repulsion between Nid
electrons, which cannot be properly taken into accoun
LDA calculations.

In order to treat correlation effects explicitly, we als
simulated the valence-band spectra using a configurat
interaction ~CI! calculation on a square planar@NiS4#62

cluster model, which simulates the local environment of
Ni atom in Rb2Ni3S4 ~see Fig. 1!. We assumed that th
ground state of the cluster is the low-spin (S50) state.12 The
ground-state wave functions of the cluster are given by lin
combinations of thedn, dn11L, dn12L2, . . . configura-
tions, whereL stands for a hole in the ligand S 3p orbitals.
The model contains the following parameters: the on-
3d-3d Coulomb interaction energyU, the p-to-d charge-
transfer energy defined byD5E(dn11)2E(dnL), where
E(dnLm) is the center of gravity of thednLm multiplet, and
the Slater-Koster parameter (pds). The multiplet splitting of
the Ni ion is expressed using Racah parametersB and C,
which are fixed at the values of the free Ni21 ion.16 One-
electron transfer integrals between the Ni 3d and S ligand
3p orbitals are expressed in terms of the Slater-Koster
rameters (pds) and (pdp). We have utilized the relation
ship (pds)/(pdp)'22.17

The top panel of Fig. 4 shows the best fit result for t
He II spectrum obtained withD50.6 eV, U53.5 eV, and

FIG. 3. ~Color online! Comparison of the valence-band phot
emission spectra with the LDA band-structure calculation. Con
butions from the Nid and Sp partial DOS’s are also shown.
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(pds)521.35 eV. For this photon energy, the S 3p cross
section is negligibly small compared to that of Ni 3d due to
the Cooper-minimum effect. We have convoluted the cal
lated line spectrum~the bottom panel of Fig. 4! using a
Gaussian of FWHM'0.3 eV and a Lorentzian as describe
above. The calculated spectrum also reproduces the w
structure F at;28 eV, which we attribute to a correlatio
satellite. However, the peak at20.8 eV is not sufficiently
split off from the other peaks in the calculated spectrum. T
origin of this discrepancy is not known at present. We a
calculated the valence-band XPS spectrum using the s
parameter set as shown in the middle panel of Fig. 4.
order to compare the experimental data with the calculat
we changed the broadening parameters in order to take
account the lower energy resolution~Gaussian FWHM'1.0
eV!. The contribution of the S 3p band to the XPS spectrum
was estimated as follows: after having subtracted the ba
ground from the HeI and HeII spectra and normalized them
by taking into account the relative cross sections of
atomic orbitals,14 we obtained the difference spectrum b
tween the HeI and HeII spectra so that the Ni 3d contribu-
tion was cancelled out.

Figure 5 shows the XPS spectrum of the Ni 2p core level.
The spectrum shows the spin-orbit doublet ofj 53/2 and 1/2,

i-

FIG. 4. ~Color online! CI cluster-model analysis of the valence
band photoemission spectra. Top: HeII UPS spectrum~dots! com-
pared with the Ni 3d contribution. Middle: XPS spectrum com
pared with the Ni 3d plus S 3p contributions. Bottom: Line
spectrum indicating the Ni 3d contribution without broadening
The parameter values areD50.6 eV, U53.5 eV, and (pds)
521.35 eV.
3-3
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each component of which shows a charge-transfer sate
on the higher-binding-energy side separated by;6 eV, cor-
responding to the satellite at;28 eV in the valence-band
spectra. We calculated the spectrum using the CI clu
model with the same parameter values forD, U, and (pds)
as those used for the valence band. In addition, the attrac
Coulomb interaction between the Ni 2p core hole and the N
3d electron, Q54 eV, was considered. The ratioU/Q
50.87 is close to'0.83 employed in Ref. 18.

In order to see both the occupied and unoccupied part
the electronic structure, we made a combined plot of the X
and BIS spectra in Fig. 6. In the figure, we also show th
retical spectra deduced from the LDA band-structure ca
lation and the CI cluster-model calculation. From compa
son between theory and experiment, the dominant pea
;2.0 eV aboveEF in the BIS spectrum is found to be main
of Ni 3d character with some hybridized S 3p character.
However, the peak position in both calculations is shift
toward lower energies by;1 eV compared to the exper
ment. Usually, a LDA calculation yields too low energy p
sitions for unoccupied states and inaccurate energy posit
for localized states, because density-functional theory~DFT!,
on which band theory is based, is strictly valid for the grou
state, and further LDA uses the exchange-correlation en
of the homogeneous electron gas. That the present LDA
CI calculations predict the BIS peak position equally too lo
can be understood if the gap between the occupied and
occupied states is determined by hybridization between
3d and S 3p rather than the Nid-d Coulomb interaction. In

FIG. 5. ~Color online! XPS spectrum of the Ni 2p core level and
its CI cluster-model analysis. The integral background is given
the dashed curve. The bottom panel shows the calculated line s
trum without broadening. The parameter values areD50.6 eV, U
53.5 eV, (pds)521.35 eV, andQ54.1 eV.
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fact, the indirect band gap of 0.66 eV given by the LD
band-structure calculation is in rather good agreement w
the experimental value of 0.8 eV deduced from a tranps
study.12 The photoemission and BIS spectra are consis
with a band gap of 0.5– 1 eV, although it is difficult to a
curately estimate the band gap because of the low en
resolution of BIS.

The parameter values deduced here,D50.6 eV, U53.5
eV, and (pds)521.35 eV, are physically reasonable: th
(pds) value is close to those obtained for other divale
Ni-S compounds, such as21.4 eV for hexagonal NiS~Ref.
20!, 21.5 eV for pyrite-type NiS2 ~Ref. 19!, and21.5 eV
for layered BaNiS2 ~Ref. 21!. TheU value is also similar to
U54.0 eV for NiS!,20 U53.3 eV for NiS2),19 and U53.0
eV for BaNiS2).21 On the other hand, the charge-transf
energyD varies significantly between these compounds:D
50.6 eV for Rb2Ni3S4 is remarkably smaller than those fo
NiS ~2.5 eV! ~Ref. 20! and NiS2 ~1.8 eV!,19 but is similar to
that for BaNiS2 ~1.0 eV!.21 It has been reported for Ni oxide
thatD is influenced by the crystal structure; in particular, it
reduced with reduced dimensionality of the crystal.22

Using the CI cluster model, one can analyze the grou
state wave function in terms of various electron configu
tions. Thed8, d9L, and d10L2 configurations are found to
constitute 25%, 60%, and 15% of the low-spin (S50)
ground state of the@NiS4#62 cluster. Thed occupancy is thus
found to bend58.90, which is much larger than the ion
value 8 of the Ni21 ion, indicating the highly covalent char
acter of the Ni 3d–S 3p bonds. In order to see the origin o
the spectral features, we decomposed the wave function
the final states into various electron configurations (d7, d8L,
d9L2). In the region2(1 – 3) eV, the main peak has dom
nantd8L character and somed9L2 contribution with a small
contribution ofd7. In the region2(3 – 7) eV, the final states
have dominantd9L2 character and somed8L. In the region
2(7 – 10) eV, the weak satellite structure has somed9L2 and
d8L character with a significant contribution fromd7. For
the parameter set used, the low-spin (S50) state is found to
be 0.59 eV below the high-spin (S51) state. With decreas

y
ec-

FIG. 6. ~Color online! Combined XPS and BIS spectra in th
valence-band region compared with the LDA band-structure and
CI cluster-model calculations.
3-4
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ing D or with increasing (pds), the low-spin state was
found to be further stablized relative to the high-spin sta

Finally, we present ARPES spectra to see to what ex
the observed band dispersions in Rb2Ni3S4 can be repro-
duced by the LDA band-structure calculation. Figure
shows the ARPES spectra measured withhn540.8 eV for
electron momentumk in the plane along theG(Y)2Z(X)
axis of the Brillouin zone. As mentioned above, the ban
from 20.5 eV to22.5 eV~A to C! are derived mainly from
Ni 3d states. The remaining bands below23 eV ~D! are
derived mainly from S 3p states. In Fig. 7~b!, the second
derivatives of the energy distribution curves~EDC’s! @Fig.
7~a!# are displayed in a gray-scale plot. Here, the ligh
color indicates a negative second derivative, namely, pe

*Present address: Synchrotron Radiation Research Center, J
Atomic Energy Research Institute, SPring-8, Mikazuki, Hyo
679-5148, Japan.
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FIG. 7. ~Color online! ARPES spectra of Rb2Ni3S4. ~a! Energy
distribution curves~EDC’s!. The number on the right-hand side o
each spectrum denotes the photoelectron take-off angle relativ
the surface normal.~b! Gray-scale plot of the second derivatives
the EDC’s in the energy-momentum space along theG(Y)-Z(X)
direction. ~c! Comparison with band-structure calculation. Botto
panel: Brillouin zone for Rb2Ni3S4.
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in the EDC’s. The band at20.8 eV~A! is seen to be almos
dispersionless, while the bands from21.5 eV to22.2 eV~B
and C! show appreciablek dispersions. The bands belo
22.5 eV show very weak intensities because of the l
photoionization cross sections of the S 3p states, although
they show strong dispersion. In Fig. 7~c!, the calculated band
dispersions are superimposed on the gray-scale plot.
solid curves indicate bands along theZ-G-Z line and the
dashed curves those along theX-Y-X line. In the entire en-
ergy range, the experimental and calculated band dispers
show rather good corresponsence. However, for band A,
calculation shows finite dispersion whereas the experim
does not show appreciable dispersion. As this band is alm
purely Ni 3d-like, we consider that electron correlation e
fects for Ni 3d electrons are responsible for the discrepan
between theory and experiment.

IV. CONCLUSION

We have studied the electronic structure of Rb2Ni3S4 by
photoemission spectroscopy and compared the results w
LDA band-structure calculation and a CI cluster-model c
culation. The band-structure calculation reproduced the g
features of the experimental spectra as well as thek disper-
sions of S 3p-derived and Ni 3d–S 3p hybridized bands, but
could not reproduce the weak satellite feature arou
28 eV. The band-structure calculation also overestima
the intensity of the Ni 3d-derived band just belowEF , and
failed to predict the dispersion of the same band in ARP
spectra. The CI cluster-model calculation well described
global behavior of the valence band and the Ni 2p core-level
spectrum including the satellite structures, while it failed
predict the position of the peak at20.8 eV. Therefore, we
conclude that the actual electronic structure of Rb2Ni3S4 is
intermediate between the weak correlation limit described
the LDA band-structure calculation and the strong corre
tion limit as described by the CI cluster-model calculatio
and is characterized by the strong hybridization between
Ni 3d and S 3p states.
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