Electronic structure of millerite NiS
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We investigate the electronic structure of Nickel sulphiéS) in the millerite phase using electron spec-
troscopic measurements and band structure as well as model Hamiltonian calculations. While band structure
calculations are found to be relatively more successful in describing the experimental valence band spectrum
of this highly conducting phase compared to the hexagonal phase of NiS, cluster calculations including
electron correlation effects are found to be necessary for the description of certain features in the experimental
spectra, indicating the importance of correlation effects even in a highly metallic system. The electronic
parameter strengths obtained from these calculations confirm that the millerite NiS is a highly cpvhlent
metal. The comparative study of hexagonal and millerite forms of NiS, provides the information concerning the
evolution of the spectral function in@ad metal as a function of covalency.

[. INTRODUCTION consistent and quantitative description of the electronic
structure of the system. By comparing the hexagonal and
There have been numerous electron spectroscopic invegiillerite phases of NiS, we study the evolution of the spec-
tigations of the metastable hexagonal phase of nickel mondral function with changing correlation effects in the metallic
sulphide(NiS), primarily to understand its unusual electronic regime.
phase transitioh? However, no electron spectroscopic study
has been undertaken on the millerite phase of NiS, which is
the stable phaséelow 600 K. The resistivity measurements Il. EXPERIMENTAL
on the system show that it has a high metallic conductivity

" 1 1
g ezcxIgg;ﬁ?tngltsthg%'lIe?'ttéoof?; Stgmspg.raa#:;eg;is b.(tf The line sample of hexagonal NiS was prepared first by solid
pecu erte p 'S di gnetic wi state reactioft.” Hexagonal NiS sample was then sealed in

observed small magnetic suscept|b|l|ty gttr!buted to the .presduartz tube in high vacuum and was maintained at 573 K for
ence of paramagnetic hexagonal modification of NiS. Miller-

ite NiS crystallizes in the lower symmetry trigonal SpaCeabout 2—-3 weeks and was cooled slowly to room temperature
group (R3m) with lattice parameters=9.589 A andc over a period of 8 h, to obtain the millerite phase. The x-ray

~3.165 2. The crystal structure of millerite NiS is shown powder diffraction measurements confirmed the phase purity

L ; . . of the sample. Spectroscopic measurements were carried out
in Fig. 1(a). Here, the Ni atom has five nearest neighbor S P b b

. . -in a combined VSW spectrometer with a base pressure of 2
atoms, occupying the corners of a square pyramid. In thl§< 1020 mbar equipped with a monochromatized AlaK
pyramidal geometrysee Fig. 1b)] the Ni atoms are dis-

. . x-ray source and a helium discharge lamp. XP spectroscopic
placed slightly out of the basal plane’ Fowards't.he ‘f"p'caﬁeasurements were performed on the samples with an over-
sulphur atom. Though the local coordination of Ni in miller-

o T . . .. all instrumental resolution of better than 0.8 eV, while UP
ite is very similar to that in another NI-S system, BapiS measurements for He | and He Il are performed with an
millerite has a three-dimensional structure in contrast 10 strumental resolution better than 90 and 120 meV. respec-
BaNiS.Z WhiCh ?S hig_hly two-dimensional in nat.ure. The Ni-S tively. The sample surface was cleaniedsitu periodiéally
bﬁnd n rr?lllenrt]e I\I_|SE]shortesthi_§l_=$|2.25_ é)sés E\elatll\\l/_ely during the experiment by scraping with an alumina file and
shorter than that in hexagonal Ni Nis=2. ), NIS  he surface cleanliness was monitored by recording the car-
(dyis=2.40 A), or BaNiS (shortestdy.s=2.32 A) and

ST s bon 1s and oxygen $ XP signal regions. The binding en-
leads to stronger hybridization effe_cts in this system. ergy was calibrated to the instrumental Fermi level which
T_here have been_very few studies to understand the e_leWas determined by recording the Fermi-edge region from a
tronic structure of this compound. Band structure calculatlorl:Iean silver sample
performed for the millerite phase of NiRef. 6 showed the '
ground state to be metallic, in agreement with experimental
results. However, no comparison between experimental and
theoretical results exists and the details of the electronic
structure in terms of the electronic structure parameters are Scalar relativistic linearized muffin-tin orbitdLMTO)
still unknown. band structure calculations have been performed within the

In the present study, we investigate the electronic strucatomic sphere approximatiofASA) for millerite phase of
ture of millerite phase of NiS using x-ray photoemissionNiS with the real crystal structureHere, the rhombohedral
(XP) and ultraviolet photoemissioflUP) measurements in unit cell consisting of 3 formula units was employed. Sphere
conjunction withab inito band structure as well as param- radii used for Ni and S were 2.49 and 2.55 a.u., respectively.
etrized many-body calculations. The present results provide &7 empty spheres with sphere radii in the range of 0.9 to 1.65

For the preparation of the millerite samples, polycrystal-

IIl. CALCULATIONS
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FIG. 2. The total density of statdthick solid line as well as
partial Ni 3d (thin line) and S 3 (dashed ling density of states
obtained from the LMTO band structure calculations for the miller-
ite phase of NiS. The zero of the energy scale refers to the Fermi
energy.

Ni 3d and S 3 states are vastly different, it is necessary to
. calculate a weighted average of these two contributions to
2354 239A the valence band. The atomic cross-section Yatietween S
3p and Ni 3d states €&0.17) is not appropriate in this con-
FIG. 1. (a) Schematic representation of the crystal structure oftext, since solid-state effects alter this ratio significatit.

the millerite NiS. Dark spheres represent Ni atoms and grey spherégas found that S B/Ni 3d cross-section ratio of approxi-
represent S atomgb) The local structural environment of the Ni mately 5.5 times that obtained from the atomic calculations

atom which is penta coordinated with S atoms in the millerite NiS.gives the best result for the valence band calculations.

a.u. were also gsed. Convergence was obtainedsyjthand IV. RESULTS AND DISCUSSIONS
d orbitals at Ni and S atomic spheres as@nd p for the
empty spheres, with 22R points in the irreducible part of ~ The total as well as partial Nl and Sp densities of states
the Brillouin zone. (DOY) obtained from the LMTO band structure calculation
Core level and valence baifuB) spectra were calculated are shown in Fig. 2. The thick solid line represents the total
for millerite NiS, using a Ni$ cluster as found in the solid DOS, while thin solid line and dashed line show the Ni 3
[see Fig. )], within a parametrized many-body model in- and S 3 partial DOS, respectively. Our results are in good
cluding orbital dependent electron-electreonultiplet) inter-  agreement with that of a previously published calculation.
actions. The calculational method has been described in ddhe overall features of the DOS for millerite phase is similar
tail elsewherd:® The calculations were performed including to that obtained for the paramagnetic hexagonal phase of
all the transition metal @ and sulphur  orbitals. Inthe VB~ NiS.* However, in this case, the Fermi level lies in the rising
calculation, Ni 31 and S 3 contributions to the valence part of the DOS, instead of close to a minimum in DOS as in
band spectra were calculated within d@nemodel and with  the case of hexagonal NiS where an instability in the Fermi
the sameparameter values. As the dimension of the Hamil-surface can open up a gap in certain directions of the Fermi
tonian matrix is large, Lanczos method was used to evaluaturfacet This distinction may partially be responsible for the
the spectral function and the calculated one-electron remova&bsence of any phase transition in the millerite phase. The
spectra were appropriately broadened to simulate the expefPOS between-3.5 and 1.2 eV is dominated by the Nd3
mental spectra. In the Ni [2 core level calculation, a contributions. Near the Fermi energy region, there is a sub-
Doniach-$injic line shape functiolf was used for broaden- stantial contribution from the Si8states, due to the strong
ing the discrete energy spectrum of the cluster model, irfovalency(Ni d-S p interactions in the system, forming the
order to represent the asymmetric line shape of core level@ntibonding states. The DOS in the energy range5 to
from these highly metallic compounds; similar asymmetric—3.5 eV has dominant Ni@ and S 3 contributions and
line shapes are also found in the other core levels in thigepresents the bonding states of the system. In the energy
system. In the case of VB calculations, energy dependeriange—8to —5.5 eV, S 3 contribution is dominant with a
Lorentzian function was used for the lifetime broadening.smaller contribution from the Ni@® states; these nonbonding
Other broadening effects such as the resolution broadenirgjates of the S |3 are stabilized in energy compared to Ni
and solid state effects were taken into account by convolutd-S p bonding states due to strong S-S interactions, similar
ing the spectra with a Gaussian function. The broadenindo the case of hexagonal NiS and other sulphfdEse peak
parameters were found to be consistent with values used fat ~—1.9 eV resulting from the Ni 8 (t,4-like state$ is
similar system&:>!! Since the atomic cross sections for the shifted to a higher energy compared to the states of the
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FIG. 3. Experimental valence band spectra of millerite NiS us- 880 870 860 850
ing 21.2 eV(He 1), 40.8 eV(He 1), and 1486.6 eXPS) photon Binding Energy (eV)

energies along with the LMTO band structure partial DOS for Ni

3d and S 3, broadened by the experimental XP resolution func- FIG. 4. The Ni 2 core level spectrum of the millerite NiS
tion. Various features in the spectra are shown by the vertical linegsolid circles along with the generated inelastic scattering back-
and are labeled as A, B, and(€ee text ground function from the EELS spectrum at the same primary beam

. . . .__energy are shown in the inset. In the main panel, experimental Ni
hexagonal NiS. This is related to the formation of the dlrect2p spectrum (open circle along with the calculated spectrum

Ni-Ni bonds in the millerite phase leading to the stabilization sqig jing) for millerite NiS obtained from the cluster calculation
of this phase compared to the hexagonal pfiase. are shown. Various final states of the cluster calculation and the

The band structure results are compared with the experiorresponding intensity contributions without any broadening are
mental data in Fig. 3. The partial densities of states of i 3 shown as the stick diagrams.

and S P are broadened with the experimental XP spectro-

scopic resolution of 0.8 eV and are shown along with va- . I

lence band spectra taken with 21.2 @Ne 1), 40.8 eV(He 1), .The Ni 2p core Ievgl spectrum for the m|I_Ier|t¢ phase of
and 1486.6 eM(Al K «) photon energies. Such a comparison VIS i shown in the inset of Fig. 4 by solid circles. The
provides an experimental determination of the orbital charSPECtrum consists of spin-orbit splipg, (852.8 eV binding
acters of the various features in the experimental spectr&N€rgy and 2v,,, (870.2 eV binding energysignals with
since the photoemission cross sections for Nighd S Strong satellite features at about 859.5 and 876 eV binding
vary significantly with the photon energy. The decrease irenergies, corresponding topg, and 2y, signals, respec-
the intensity of features B and C in going from 21.2 eVtively. The intense satellite features in the Ny 2ore level
photon energy to 40.8 eV is explained by the Cooper mini-spectrum point to the presence of electron correlations in the
mum in the S P photoionization cross section at around 50system. The B3, and 2,,, peaks show strong asymmetries,
eV, indicating the dominance of the S Xontributions in  similar to hexagonal form of Ni&In order to determine the
these two spectral features, with feature A dominated by thénelastic scattering background, we have performed electron
Ni 3d contribution. From band structure results, the featureenergy loss spectroscofi,ELS) on these samples, with the

B has contributions from SBas well as from Ni 8, while ~ same primary energy as that of the Np Zore level peak.
the feature C is dominated by $3tates. Although the band Using a procedure that has been previously emplyeatie
structure calculations reproduce the features B and C rathénelastic background function obtained for millerite NiS is
well, the energy position of the feature A is not correctly shown in the inset of Fig. 4 as a solid line. The background
reproduced, with the calculated peak appearing at about 0finction is a highly structured function with a broad plasmon
eV higher binding energy compared to experiment. This disloss feature around 876 eV, giving rise to an apparently
crepancy between the experimental results and band strustronger satellite intensity for the Nip2,, peak compared to
ture calculations is attributed to the electron correlation efthe satellite intensity accompanying thpa2 signal.

fects within the Ni 3l levels; thus, it appears that correlation ~ We have performed core and valence band calculations
effects continue to have important influence even for thiswithin a single model for a NiScluster. The cluster frag-
highly metallic system. This has prompted us to go beyondnent used for the calculation is shown in Figbjl Within

the band structure theories and study the electronic structutbis model, we consider only one Ni atom; effects due to the
of this system using a cluster model, where the electron corstrong Ni-Ni interactions present in this compound could not
relation effects are explicitly taken into account. be considered due to the prohibitively large basis set in-



TABLE I. Contributions from various configurations in the final states of the picdre level photo-
emission in millerite NiS. The peak numberings correspond to the labels indicated in Fig. 4; the correspond-
ing binding energie$BE) in eV are also shown.

Peak No. 1 2 3 4 5 6 7 8 9 10
BE 852.9 853.7 8543 857.2 8574 859.0 859.7 860.7 864.8 866.4
d® 16.48 12,57 10.06 477 6.35 26.67 2896 2291 60.43 72.18

d°L? 57.35 5853 56.63 90.58 87.05 4458 29.89 3325 30.84 2381
do.? 26.17 28.90 3341 4.65 6.60 28.75 41.15 43.84 8.73 4.01

volved in such calculations. For i, the electron-electron similar between millerite, hexagonal NiRef. 8 and NiS,
interaction parameter83;, Fgq, F2g, Ghg, andG3q used  (Ref. 14. This shows thatl is not very sensitive to the local
were same as that for hexagonal form of Nig the main  coordination or to the metallic/insulating property within the
panel of Fig. 4, we show the calculated core level spectrunseries of nickel sulphides. According to the Z$Ref. 15
(solid line) including the experimentally determined inelastic phase diagram, these parameifsrsall A and large hopping
scattering background, superimposed on the experimentgtrength place the millerite phase deep inside the
spectrum(open circle for the parameter set S-Nip@o) pd-metallic regime.
=-1.8 eV,A=1.0 eV, andUyy=4.0 eV. The calculated Our calculations suggest that the ground state wave func-
spectrum without any broadening effect is presented as #ion of the millerite phase consists of 52, 42.6, and 5.4 % of
stick diagram at the bottom of the same figure. The calcud®, d°L, and d'°L? configurations with a high-spit$=1
lated spectrum matches reasonably well with the experimerstate. The average occupancy f4) of the system is found
tal spectrum. However, there are some differences betweeto be 8.53, which is substantially larger than that obtained for
the calculated spectrum and the experimental one; the risingexagonal NiS iiy=8.43). This establishes a strongly cova-
edge of the Ni D3, at ~852 eV and the satellite energy lent ground state of the millerite phase, compared to other
region of the 3, peak are not accurately described by thesulphides studied. In order to understand the origin of vari-
calculation. Such discrepancies between the experimentaus features in the experimental core level spectrum, we
and calculated spectrum may have its origin in the neglect dhave analyzed the characters of some typical final states,
the strong metal-metal bonds in the system or due to thenarked 1-10 in the main panel of Fig. 4, in terms of contri-
slight differences in the background function generated fronbutions from various configurationsi{, d°L*, and d°L?)
the EELS spectrum and the actual background in the photasee Table ). These features can be grouped into four re-
emission spectrum. gions; the main peak region, 852—855 @&beled 1-3 in Fig.
The (pdo) values obtained for millerite Ni§-1.8 eV) is  4), the weak satellite region between 856 eV and 858 eV
considerably larger than that obtained for other Ni-S systemflabeled 4 and } intense satellite region between 858 and
such as, hexagonal NiRef. 8 [(pdo)=-1.4 eV], NiS, 861 eV(labeled 6—8 and the high energy satellites beyond
(Ref. 149 [(pdo)=-15 eV], and BaNi$ (Ref. 9 863 eV (labeled 9 and 10 The first, third and fourth group
[(pdo)=—1.5 eV]. This significant increase in the{o) of features have essentially similar characteristics as those in
for the millerite case is related to the shorter Ni-S bonds inthe hexagonal phase, with dominai?L!, significant contri-
the system compared to the other nickel sulphides, as memutions from all configurations, and dominaift configura-
tioned earlier, leading to a high degree of covalency. Theion, respectively. However, the second group of features,
value of the charge transfer energy€1 eV) obtained for which is absent in the hexagonal phase of NiS, have almost
the millerite NiS is smaller than the hexagonal form of NiS90% of the contributions coming from the well-screened
(Ref. 8 (2.5 eV) and NiS (Ref. 14 (2.0 eV). However, a  d°L! configuration. Almost pure charge transfer nature of
similar value ofA has been observed in another Ni-S systemthese states is possibly due to the shorter Ni-S distances and
BaNiS; (Ref. 9 (A=1.0 eV); significantly, BaNighas the a lower value ofA.
same local geometry around Ni atoms as that in the millerite  Within the same model, we have calculated the XP va-
NiS with NiS; cluster in a pyramidal arrangement. It haslence band spectrum of the millerite phase. The calculated
been observed in the case of divalent nickel oxitiesat as  spectrum(solid line) along with Ni 3d (dashed lingand S
the dimensionality of the Ni-O connectivity decreases, the3p (dot-dashed linecontributions for the millerite phase are
charge transfer energy decreases via a change in the Madshown superimposed on the experimental XP valence band
lung potential. Thus, the decrease in théor millerite phase  spectrum(open circleg in Fig. 5. The inelastic scattering
compared to hexagonal NiS is also possibly due to a changeackground is taken to have an integral energy dependence
in the Madelung potential arising from the decreased locahnd is shown as a dotted line. The Ni 8ontributions to the
coordination of Ni atoms. The lower value affor the mil- VB spectrum without any broadening effects are shown as a
lerite phase compared to the hexagonal phase leads tos#ick diagram. The parameter set used for the VB calculation
higher extent of hybridization mixing of Ni and Sp states is very similar to that used for the core level calculation;
in the system, leading to an enhanced covalency. It turns odtowever, it was found that gpflo) of —1.6 eV instead of
that the on-site Coulomb interaction strength, is very = —1.8 eV provides a better agreement with the experimental
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FIG. 5. The experimental VB spectrufopen circlesalong with
the calculated spectrunsolid line), Ni 3d component(dashed
line), S 3p component(dot-dashed ling and the integral back-

the ground state has 55.2, 40.4, and 4.4 %%fd°L?, and
d%? configurations, respectively yielding an average occu-
pancy of 8.49, with a high-spin configuration. The analysis
of the final state configurations for a selected @earked
1-10 in Fig. 5 of final states have been carried out and the
results are given in Table Il. The various features can be
grouped into different categories, namely, the main peak re-
gion at 1-3 eV binding energfabeled 1-3, corresponding
to feature A, region B in the range of 4—7 ellabeled 4-7,

and weaker satellites beyond 7 €dbeled 8—10 and corre-
sponding to feature D The first group of features has the
dominant contribution coming from the well screerdftL*
states with a non-negligible contribution from the poorly
screened!’ states and overscreendtl ? states. These con-
tributions are found to be similar to those observed in the
case of hexagonal Ni&The second group of features are
predominantly contributed by®L* andd®L? states, while in
the case of hexagonal phase it was dominated bgtates.
The third group of features have a high degree btharac-

ter along with contributions fromd®L? character, suggesting
correlation effects within the Nil states. These high energy,
weak intensity satellites manifest in the valence band spec-
trum as a weak tailing of the spectrum beyond about 7 eV
(feature D in Fig. 5. It is to be noted here that the characters

the calculation and the corresponding intensities without any broadgaatures appearing between 6 and 8 eV binding energy in the

ening are shown as the energy stick diagrams.

VB spectrum of hexagonal NiS which have been attributed
to the spectral signature of the lower Hubbard band, persist-

result. The agreement between the experimental and calcing in the pd-metallic regime. Hence, the lower Hubbard

lated spectra is reasonably good over the entire energy rangeand features are shifted to higher binding energies as well
The features A and B are reproduced rather well, howeveias becoming weaker in intensity in going from hexagonal
the feature C as well as the region close to the Fermi energiiS to millerite NiS, primarily due to an enhanced hopping

(lower binding energy side of the feature Aould not be

strength in the millerite phase driving the system deeper in to

described very accurately. This is, however, not very surpristhe metallic regime.

ing. The feature C is dominated by states arising fromS
p interactions, as shown by the band structure reqdske

Although the presence of the Hubbard bands in the me-
tallic regime has been predicted by dynamical mean-field

Fig. 3). Since we do not take this interaction in to account,theoreticalDMFT) calculations, the evolution of these spec-
and also due to the intrinsic limitation of a cluster model totral features well inside the metallic regime has not been
account for such band structure effects, the feature C is constudied in detail as a function of various electronic interac-
pletely absent in the results of the cluster model. It is reasontion strengths. A recent DMFT calculation for the spectral
able to expect the features close to Eheto be influenced by functions of a charge-transfer insulator near the metal-
substantial Ni-Ni nearest-neighbor interactions present innsulator transition boundat§ suggests that within the me-
this compound, explaining the discrepancy between the exallic regime, the spectral signatures of the Hubbard band
periment and the results based on the cluster model negleanioves towards the Fermi level, collapsing with the coherent
ing such metal-metal interactions. states, forming the metallic ground state of the system with
The analysis of the ground state wave function shows thadecreasingd. On the other hand, our experimental results

TABLE II. Contributions from various configurations in the final states of valence band photoemission in
millerite NiS. The peak numberings correspond to the labels indicated in Fig. 5; the corresponding binding
energiegBE) in eV are also shown.

Peak No. 1 2 3 4 5 6 7 8 9 10
BE 1.4 1.67 2.18 4.40 4.83 5.12 6.23 7.64 8.33 8.57
d’ 16.70 1464 9.34 0.94 1.69 0.90 4.3 39.66 3255 26.98
déL? 53.93 53.70 5281 66.49 6414 7158 59.25 10.12 13.39 17.56
d°L? 26.90 28.96 34.36 31.99 33.37 2698 3568 4144 3894 41.08
do.s 2.47 2.70 3.49 0.58 0.80 0.54 0.77 8.78 15.12 14.38




establish that well inside thpd-metallic regime, the Hub- tion effects need to be treated on an equal footing for a
bard band is further stabilized, moving towards higher bind-complete description of such systems. The various electronic
ing energy region with increasing metallicity driven by en- parameter strengths obtained from these calculations indicate
hanced hopping interaction strength betweendNind Sp  that the millerite phase of NiS is a highly covalent mefadi (
states. Further experimental and theoretical efforts argneta). From the comparative study between hexagonal and
needed in this direction to have a better understanding of thgjjllerite phases of NiS, the evolution of the spectral func-
evolution of the electronic structure of these systems. tions in apd metal as a function of the covalency is dis-

In conclusion, the millerite phase of NiS has been studieqyssed.
by means of electron spectroscopic techniques and band
structure and model Hamiltonian calculations. The band
structure calculations were found to be more successful in
describing the experimental valence band spectrum in com-
parison to the case of hexagonal NiS, suggesting a reduced The authors thank Professor C. N. R. Rao for continued
effect of electron correlation in the millerite phase. This issupport and the Department of Science and Technology, and
consistent with the highly conducting ground state of thethe Board of Research in Nuclear Sciences, Government of
millerite phase, in contrast to the antiferromagnetic andndia, for financial support. S.R.K. thanks Dr. P. Mahadevan
poorly conducting ground state of hexagonal NiS. Howeverfor helpful discussions. D.D.S. thanks Dr. M. Methfessel, Dr.
calculations including the electron correlation effects areA. T. Paxton, and Dr. M. van Schiljgaarde for making the
found to be necessary for the description of certain featuresMTO-ASA band structure program available. The authors
in the experimental spectra, indicating importance of suclalso thank Professor S. Ramasesha and the Supercomputer
interaction effects even for such a highly metallic systemEducation and Research Center, Indian Institute of Science,
Thus, it appears that both band structure effects and correlder providing the computational facility.
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