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Electronic structure of the Kagome lattice compound Rb,Ni3S,
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We have studied the electronic structure of the layered Kodattiee compound RiNi;S, 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 peakdthauzcter just below
the Fermi level E¢) to be too strong. On the other hand, the cluster-model calculation assuming the low-spin
(S=0) ground state reproduced the satellite but failed to predict the same peak justthekivthe correct
energy position. Angle-resolved photoemission measurements revealed momentum dispersions for the S
3p—derived and Ni 8-S 3p hybridized bands, in agreement with the band-structure calculation, whereas the
Ni 3d—derived band just belo: was found to be dispersionless, unlike the result of the band-structure
calculation. We conclude that R¥i;S, is a moderately correlated, stronghy-d hybridized system.
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. INTRODUCTION of superconductivity in NgCoO,-n(H,0).*®* The unusual
weak ferromagnetism in water-treated,Rlp;S, may there-
The series of Ni sulfides exhibit interesting physical prop-fore be worthwhile for further studies.

erties arising from electron correlation between the Mi 3 The electrical resistivity of RiNi;S, shows three charac-
electrons and hybridization between the Nd &nd S $ teristic temperature rangé$above 100 K the activation en-
orbitals! Hexagonal NiS undergoes a first-order msulator-to-ergy is 0.4 eV while between 30 K and 100 K it is 0.05 eV:
metal transition under high pressure, with increasing teMtne resistivity becomes temperature independent below 30 K.
perature, or by Se substitution for"Syrite-type Ni$ ex-  The resistivity shows strong anisotropy due to the layered

hibits pressure-, temperature-, and Se-substitution-inducegy st structure, namely, the out-of-plane resistivity is about
insulator-to-metal transitions but with a more complicated, /. rders of magnitude higher than the in-plane

EEZEZ’ 'Fjrzzgprmzemu dg]t((:al:]ndellrr]g cc?rrrlpoagggeg;g;\?ingivi tr;(:ga"'Cresistivity.12 If intercalation and/or de-intercalation of alkali-

. " . : : .

layered structure exhibits a metal-insulator transition as éne‘f"" lons in RBNisS, were .reall'zed, electrgn and/or hole

function of composition or temperatute. _dopmg .WOUId b_ecome pos_5|ble in the Kagoragtice and
Layered transition-metal sulfides have attracted considell-mereshtlng physical pliopernes(;/yo(;ﬂd pe eépec:]ed. .

able interest because of their applications as cathode materi- ' the present work, we studied BMi3S, by photoemis-

als in Li-ion cells®’ The layered Ni sulfide RiNiS, studied ~ S1O" spectroscopy combined with band-structure and cluster-

here is particularly interesting because thé Nions form a mo_del calculations, i'n ordgr to revea_l its electron_ic structure
Kagomielattice as indicated in Fig. 1Each Ni ion is located Which forms the basis for its magnetic and electrical proper-
at the center of four S atoms in a square planar configuratior}i€S: We shall focus on the Nid-S 3p hybridization, the
and the NiS units are linked to form six-membered rings. Coulomb interaction among the Nid3electrons, and the
On the Kagomdattice, the Ni spins, if they are coupled €N€rgy band dispersions, in order to see how the Coulomb

antiferromagnetically, form a geometrically frustrated spin
system. Indeed, there have been controversial reports on th
magnetic properties of BNi3S,.%° Weak ferromagnetism
was reported at low temperatures, and was attributed to thi
frustration of S=1 spins® or to magnetic impurities dis-
solved in the nonmagnetic band insulatbin subsequent b
work,'? the same material was shown to be diamagnetic if
water was not used to remove the flux used in the crystal¥™~ @
growth, while it became weakly ferromagnetic if water was ¢
used. It remains unclear why the latter sample exhibits weak FIG. 1. (Color onling Crystal structure of RiNi;S,. The two-
ferromagnetism. The role of water intercalation in layereddimensional hexagonal arrays shown in the right panel are stacked
compounds has attracted recent interest due to the discovetty form the three-dimensional crystal.
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interaction and the—d hybridization affect the electronic ! T T
properties of RENi3S,. Rb,Ni,S,

II. EXPERIMENT

Single crystals of RfNi;S, were prepared by the flux
method starting from RICO; (99%), Ni (99%), and S
(99%), mixed in the ratio 5:1:12. In order to remove the flux,
the surface of the crystal was mechanically peeled off with-
out using water. Details of the sample preparation are given
in Ref. 12. X-ray photoemission spectroscdpPS) and ul-
traviolet photoemission spectroscofyPS measurements
were performed using a spectrometer equipped with a Mg
x-ray source(Mg Ka: hy=1253.6 eV), a He discharge
lamp (He1: hv= 21.2 eV, Hell: hv= 40.8 eV}, and a VSW ; A
CLASS-150 hemispherical analyzer. Inverse-photoemission : : : T ™~
spectroscopy or Bremsstrahlung isochromat spectroscopy hv=12536eV (MgKa)
(BIS) measurements were done using a crystal monochro- -10 -8 6 4 2 0
mator tuned for photons div=1486.6 eV. The base pres- Energy relative to E; (eV)
sure of the spectrometer was10™° Torr. All the measure-
ments were made at room temperature. The resolution of FIG. 2. (Color onling Valence-band photoemission spectra for
XPS, BIS, and UPS was-0.7 eV, ~0.8 eV, and 50-100 various photon energies.
meV, respectively. In order to obtain clean surfaces, the
samples were cleaved situ in the ultrahigh vacuum of the valence-band regioffrom 2 eV to—10 eV), the total DOS is
spectrometer using the “top-post” method. The acceptancelominated by Ni 8 and S P states. Calculation showed that
angle of the electron analyzer was abeut-8° for angle- the centers of the Ni@ and S 3 bands are separated only
integrated photoemission spectroscdpyPES) and ~*+1° by ~3 eV and these band are strongly hybridized with each
for angle-resolved photoemission spectroscd@yRPES. other!? In the following analysis, therefore, we shall con-
Crystal orientation was determined by Laue diffraction. Mostsider only two contributions, namely, the Niand Sp partial
of the measurements were done in the AIPES mode unle430S’s. In order to take into account the different photoion-
otherwise stated. ization cross sections of the Nd3and S $ atomic orbitals,
we calculated a weighted average of thed\ind Sp partial
DOS’s in the valence-band spectra using atomic orbital
photoionization cross sectiofi$The straightforward use of

The valence-band photoemission spectra ofNRES, ob-  the atomic orbital cross sections is usually insufficient for
tained using different photon energies, namely, XPS,iiHe this purpose, however, because the partial DOS depends on
UPS, and He UPS, are shown in Fig. 2. Various features in the radius of the atomic sphere used for charge integration
the spectra are marked as A, B, C, D, E, and F. Since thand also because solid-state effects may change the cross
relative photoionization cross sections of the Mighd S sections. Usually, the anigmpartial DOS is severely under-
atomic orbitals change with photon energy, the changes iestimated because of the small muffin-tin radius in spite of
the relative intensities of those spectral features reflect theithe large ionic radius. Therefore, we assumed that the con-
different atomic orbital characters. With increasing photontribution of S 3 is ~5 times larger than the atomic orbital
energy from Hel to He i, the intensities of features C, D, photoionization cross section multiplied by the calculated
and E dramatically decrease. Because the Cooper minimupartial DOS!® The calculated spectra were broadened to
in the S 3 photoionization cross section occurs-ab0 eV,  simulate the photohole lifetime broadening with an energy
the present observation indicates the dominance ofpS 3dependent Lorentzian full width at half maximui@WHM)
character in features C, D, and E. Therefore, one can cod-=0.1(E—E¢) eV for UPS and FWHM=0.2+0.15E
clude that C, D, and E are derived from the § 8tomic —Eg) eV, for XPS (where 0.2 eV represnts the lifetime
orbitals, while A and B are primarily derived from the Nd3 broadening of the Md « line). The instrumental resolution
atomic orbitals. (Sec. l) was taken into account by broadening with a Gauss-

For more detailed analysis, the density of std@®S) of ian function.

Rb,Ni3S, obtained from first-principles band-structure cal- Figure 3 shows a comparison between the calculated and
culation is employed. The calculation was carried out usingexperimental spectra for XPS, HeUPS, and He UPS. The
the full-potential linear-augmented-plane-wavELAPW) calculation reproduces the energy positions and the photon
method based on the local-density approximatitDA). energy dependence of the spectral features fro® to
Because there has been no report on the exact positions 6f10 eV. Near the Fermi level Bg), i.e., from 0 to
the Rb and S atoms in RHi3S,, their approximate positions —1 eV, however, there remains a discrepancy in the inten-
were estimated from the crystal structure data ofNCsSe,, sities of the spectra. The calculated intensity is too strong
which has the same space group as,MpS,.° In the compared to the experimental spectra. Also, the weak struc-

Intensity (arb. units)

IIl. RESULTS AND DISCUSSION
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FIG. 3. (Color online@ Comparison of the valence-band photo-  FIG. 4. (Color onling CI cluster-model analysis of the valence-
emission spectra with the LDA band-structure calculation. Contri-2and photoemission spectra. Top: H&PS spectrunidoty com-
butions from the Nid and Sp partial DOS’s are also shown. pared with the Ni 8 contribution. Middle: XPS spectrum com-

pared with the Ni 8 plus S 3 contributions. Bottom: Line
spectrum indicating the Ni @ contribution without broadening.
ture F (at ~—8 eV) is not reproduced by the calculation. The parameter values arA=0.6 eV,U=3.5¢eV, and pdo)
These discrepancies may be attributed to electron correlation —1.35 ev.
effects arising from the Coulomb repulsion between Ni 3
electrons, which cannot be properly taken into account ir(pdg): —1.35 eV. For this photon energy, the $ 8ross
LDA calculations. section is negligibly small compared to that of Ni 8ue to

In order to treat correlation effects explicitly, we also the Cooper-minimum effect. We have convoluted the calcu-
simulated the valence-band spectra using a conflguratlor]ated line spectrunfthe bottom panel of Fig. )4using a
interaction (CI) calculation on a square plangNiS,]°”  Gaussian of FWHM=0.3 eV and a Lorentzian as described
cluster model, which simulates the local environment of theghove. The calculated spectrum also reproduces the weak
Ni atom in RBNi3S, (see Fig. 1L We assumed that the structure F at~ —8 eV, which we attribute to a correlation
ground state of the cluster is the low-spB0) state'” The  satellite. However, the peak at0.8 eV is not sufficiently
ground-state wave functions of the cluster are given by lineagpiit off from the other peaks in the calculated spectrum. The
combinations of thed", d"*'L, d""2L? ... configura- origin of this discrepancy is not known at present. We also
tions, whereL stands for a hole in the ligand $3rbitals.  calculated the valence-band XPS spectrum using the same
The model contains the following parameters: the on- Sitgyarameter set as shown in the middle panel of Fig. 4. In
3d-3d Coulomb interaction energy, the p-to-d charge- order to compare the experimental data with the calculation,
transfer energy defined bj=E(d"**)—E(d"L), where we changed the broadening parameters in order to take into
E(d"L™) is the center of gravity of thd"L™ multiplet, and  account the lower energy resoluti6Baussian FWHM<=1.0
the Slater-Koster parameteugo’). The multiplet splitting of  eV). The contribution of the SgBband to the XPS spectrum
the Ni ion is expressed using Racah parameR@nd C,  was estimated as follows: after having subtracted the back-
which are fixed at the values of the free?Niion.*® One-  ground from the He and Hell spectra and normalized them
electron transfer integrals between the Ni @nd S ligand by taking into account the relative cross sections of the
3p orbitals are expressed in terms of the Slater-Koster paatomic orbitals:* we obtained the difference spectrum be-
rameters pdo) and (pdw). We have utilized the relation- tween the He and Hell spectra so that the Nid3contribu-
ship (pdo)/(pdm)~—2.1" tion was cancelled out.

The top panel of Fig. 4 shows the best fit result for the Figure 5 shows the XPS spectrum of the i @re level.

He 11 spectrum obtained with=0.6 eV, U=3.5 eV, and The spectrum shows the spin-orbit doublef ef3/2 and 1/2,

045103-3



S. NAWAI et al. PHYSICAL REVIEW B 69, 045103 (2004

Expt '

S 3p DOS

H T T T T H Rbﬂl384
, Ni 2
RBNigS, g ' ' Xxps | ' ! "BIS | '
o hv = 1253.6 eV ' hv=1486.6eV _,
hv = 1253.6 eV (Mg Ka) : - 5 w-ﬁ
=, a -
’ co c H
N Pre s -; LDA calc
o 8 0 — Total DOS
H > : ---- Ni 3d DOS
[7]
[
g
£

.
K

Intensity (arb. units)

-8 -6 -4 -2 0 2 4 6
Energy relative toE. (eV)

FIG. 6. (Color online@ Combined XPS and BIS spectra in the
valence-band region compared with the LDA band-structure and the
ClI cluster-model calculations.

| fact, the indirect band gap of 0.66 eV given by the LDA
, , , - , , band-structure calculation is in rather good agreement with
890 880 870 860 850 840 the experimental value of 0.8 eV deduced from a tranpsort
Binding Energy (eV) study’® The photoemission and BIS spectra are consistent
with a band gap of 0.5-1 eV, although it is difficult to ac-
FIG. 5. (Color onling XPS spectrum of the Ni core level and  curately estimate the band gap because of the low energy
its Cl cluster-model analysis. The integral background is given byresolution of BIS.
the dashed curve. The bottom panel shows the calculated line spec- The parameter values deduced hexe; 0.6 eV, U=3.5
trum without broadening. The parameter values &re0.6 eV, U eV, and pdo)=—1.35 eV, are physically reasonable: the
=3.5€V, (pdo)=-1.35eV, andQ=4.1 eV. (pdo) value is close to those obtained for other divalent

each component of which shows a charge-transfer satellit¥-S compounfds, suph aslaev forfhexagongll NigRef.
on the higher-binding-energy side separated~& eV, cor- f20),| —1.5deV or pyr|t?-type ’:'5 (Rel. 19’ aln _.1".? ev
responding to the satellite at —8 eV in the valence-band 'O 'aY€r€ BaNig (Ref. 2. TheU value is also similar to

spectra. We calculated the spectrum using the CI clustey ~4:0 eV for Nz'ls*zo U=33 eV for Ni$)," andU=3.0
model with the same parameter values orU, and (pdo) eV for BaN|$2). _Or_1_the other hand, the charge-transfer
as those used for the valence band. In addition, the attracti&1€rgyA varies significantly between these compoundis:
Coulomb interaction between the NpZore hole and the Ni = 0-6 €V for RbNisS, is remarkably smaller than those for
3d electron, Q=4 eV, was considered. The ratig/Q  NiS (2.5 €V) (Ref. 20 and Ni$; (1.8 eV), " but is similar to
—0.87 is close to~0.83 employed in Ref. 18. that fo_r BaN@ (1.0 eV).“" It has been report(_ed for l_\l| OXIdQS_
In order to see both the occupied and unoccupied parts dphata is mf_luenced by th_e crys_tal st_ructure; in particular, it is
the electronic structure, we made a combined plot of the xp&educed with reduced dimensionality of the crysfal.
and BIS spectra in Fig. 6. In the figure, we also show theo- YSing the CI cluster model, one can analyze the ground-
retical spectra deduced from the LDA band-structure calcuState wave gun%tlon In terms of various electron configura-
lation and the CI cluster-model calculation. From compari-ions. Thed®, d°L, andd™L* configurations are found to
son between theory and experiment, the dominant peak &Pnstitute 25%, 60%, ﬁ”d 15% of the low-spi6=<0)
~2.0 eV aboveE in the BIS spectrum is found to be mainly 9ground state of thgNiS,]> cluster. Thed occupancy is thus
of Ni 3d character with some hybridized Sp3character. found to be”d:8+-9_0’ which is much larger than the ionic
However, the peak position in both calculations is shiftedvalué 8 of the.l\ﬁ ion, indicating the highly covalent char-
toward lower energies by-1 eV compared to the experi- acter of the Ni 8-S 3p bonds. In order to see the origin of
ment. Usually, a LDA calculation yields too low energy po- the spectral features, we decomposed the wave funé:tmns of
sitions for unoccupied states and inaccurate energy positioﬁ%e g'“"’“ states into various electron configuratiod$ @°L,
for localized states, because density-functional thébim), 9L )-8”‘ the region—(1-3) E\Q the main peak has domi-
on which band theory is based, is strictly valid for the groundn@ntd®L character and som#L? contribution with a small
state, and further LDA uses the exchange-correlation energgPntribution ofd”. In the region—(3-7) eV, the final states
of the homogeneous electron gas. That the present LDA angve dominantl®L? character' and som#’L. In the region
Cl calculations predict the BIS peak position equally too low — (7—10) eV, the weak satellite structure has sattie’ and
can be understood if the gap between the occupied and ud®L character with a significant contribution frodf. For
occupied states is determined by hybridization between Nihe parameter set used, the low-sp8+0) state is found to
3d and S P rather than the Nd-d Coulomb interaction. In  be 0.59 eV below the high-spirbE 1) state. With decreas-
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Rb,Ni3S, hv = 40.8 eV in the EDC’s. The band at+0.8 eV (A) is seen to be almost
dispersionless, while the bands fronl.5 eV to—2.2 eV (B

and O show appreciablé dispersions. The bands below
—2.5 eV show very weak intensities because of the low
photoionization cross sections of the $ 3tates, although
they show strong dispersion. In Fig.c}, the calculated band
dispersions are superimposed on the gray-scale plot. The
solid curves indicate bands along t#el'-Z line and the
dashed curves those along tKeY-X line. In the entire en-
ergy range, the experimental and calculated band dispersions
show rather good corresponsence. However, for band A, the
calculation shows finite dispersion whereas the experiment
does not show appreciable dispersion. As this band is almost
purely Ni 3d-like, we consider that electron correlation ef-
fects for Ni 3d electrons are responsible for the discrepancy
between theory and experiment.
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IV. CONCLUSION

Energy relative to E. (eV)

We have studied the electronic structure o, RS, by
photoemission spectroscopy and compared the results with a
LDA band-structure calculation and a CI cluster-model cal-
culation. The band-structure calculation reproduced the gross
features of the experimental spectra as well asktliksper-

FIG. 7. (Color onling ARPES spectra of RINisS,. (a) Energy ~ Sions of S -derived and Ni 8-S 3p hybridized bands, but
distribution curveEDC’s). The number on the right-hand side of could not reproduce the weak satellite feature around
each spectrum denotes the photoelectron take-off angle relative to 8 €V. The band-structure calculation also overestimated
the surface normalb) Gray-scale plot of the second derivatives of the intensity of the Ni 8-derived band just belog, and
the EDC’s in the energy-momentum space along E(i¥)-Z(X) failed to predict the dispersion of the same band in ARPES
direction. (c) Comparison with band-structure calculation. Bottom spectra. The Cl cluster-model calculation well described the
panel: Brillouin zone for RNi3S,. global behavior of the valence band and the Nicdre-level

spectrum including the satellite structures, while it failed to
s predict the position of the peak at0.8 eV. Therefore, we

ing A or with increasing pdo), the low-spin state wa lude that th el . RS, i
found to be further stablized relative to the high-spin state. conclude that the actual electronic structure o5RIBS, is

Finally, we present ARPES spectra to see to what exte tﬂter[nDeAdlzte getheetn the vvlea:< Eorrelat(ljo?hllml'; described Iby
the observed band dispersions in,RiS, can be repro- e and-structure caicufation an € strong correla-

duced by the LDA band-structure calculation. Figure -tion limit as described by the CI cluster-model calculation,

shows the ARPES spectra measured with=40.8 eV for ar_1d is characterized by the strong hybridization between the
electron momentunk in the plane along thé'(Y)—Z(X) Ni 3d and S P states.

axis of the Brillouin zone. As mentioned above, the bands
from —0.5 eV to—2.5 eV(A to C) are derived mainly from

Ni 3d states. The remaining bands below3 eV (D) are An enlightening discussion with D. D. Sarma is gratefully
derived mainly from S B states. In Fig. @), the second acknowledged. This work was supported by a Grant-in-Aid
derivatives of the energy distribution curveSDC's) [Fig.  for Scientific Research in the Priority Area “Novel Quantum
7(a)] are displayed in a gray-scale plot. Here, the lighterPhenomena in Transition-Metal Oxides” from the Ministry
color indicates a negative second derivative, namely, peaksf Education, Culture, Sports, Science and Technology.
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