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Electronic structure and the metal-insulator transition in NiS,_,Se,
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We studied the metal-insulator transition in the Bli§Se, system inx=0 andx= 0.5 single crystals using
angle-resolved photoemission. A narrow band, characteristic of many-body effects, develops: rfear
x=0.5. This feature shifts away frofa; at the transition temperature, a discontinuous change at the metal-
insulator transition in a Mott-Hubbard system. We discuss our data in the context of recent theoretical calcu-
lations of the Hubbard model. The spectra support the general finding that a narrow peak of many-body nature
develops aEg during the insulator-to-metal transition.

The discovery of copper oxide based highsupercon- were cleaved, along their naturdl00) cleavage planes, in a
ductors and their related metal-insulator transitidiiT) UHV chamber operating at a base pressure>ofl®~ ! Torr.
problem has renewed interest in MIT’s in transition-metal Figure 1 shows a comparison of ARPES spectra in both
compounds. Aside from the high: compounds, MIT’s have the insulatingc=0 material and in the metallic temperature
been studied in the transition-metal compounds NiSe,  regime of thex=0.5 material. We observe clear dispersion in
(Ref. 1) and (V;_,Ti,),05 (Ref. 2 by means of transport the spectra, indicating that our samples are good single crys-
measurements. NiS,Se, is a good system in which to tals. The dispersive behavior of the most prominent valence-
study the MIT because the transition is not believed to bdand featurgmarked by arrowsis similar in thex=0 and
complicated by a change in structural symmetry, as sugthe Xx=0.5 samples. The most obvious difference between
gested by x-ray diffractich and Raman-scattering the results from the Nigcrystal and the NigsSey 5 crystal
experimenté? In the NiS,_,Se, system, NiSis an insula- 1S tha_t in thex=0.5 sample a narrow t_>and appears near the
tor; the system shows an MIT at<0.45 for T=0 K. Fermi energy. The narrow band exhibits minimal dispersion,

NiS, <S&,s is an insulator at high temperature and a metal af’allthough its intensity changes with emission angle. This band
Iowlemerature exhibiting an MIT at60 K° Is not present in thex=0 case. The narrow-band peak is

In this paper, we report results of angle-resolved photomuch stronger in intensity at higher photon energies, as il-
. ' ; . lustrated by comparing the uppermost spectrum in Fiig), 1
emission spectroscopfARPES studies of NiS_,Se, for y hannd bp P Hig)

. taken at 38 eV, with the rest of the spectra, taken at 22.4 eV.
x=0 andx=0.§ single F:rystals. We.observe a narrow. ba”dThe peak is absent in the=0 samples for higher photon
near the Eerml energy in the metalkie= 0.5 crystals, which energies, as shown in the uppermost spectrum of Raj. 1
is absent in the insulating=0 crystals. The appearance of  ag e will discuss later, the narrow band is a manifesta-
this narrow band with Se substitution cannot be explained byion of the MIT and cannot be explained by local-density
band theory. Experimental data and electronic structure cakpproximation(LDA) calculations. The main valence-band
culations suggest that the MIT can be explained qualitativelffeatures are hybrid Ni @ and S/Sep states with predomi-
by an effective one-band Hubbard model. This analysis leadsantly p character so that NiSis a charge-transfer insulator.
to the intriguing possibility that the narrow band in our datalt is difficult to compare the dispersion of these features to
is related to the sharp peak in the spectral weight function otthe theoretical calculations, since our angle-resolved photo-
the metallic side of the MIT predicted by infinite- emission spectroscopy data from these three-dimensional
dimensional Hubbard model calculations. We also presentrystals are not taken along a high-symmetry direction. Since
temperature dependence data from the0.5 crystal, in we are mainly interested in the MIT of this system, we will
which we observe an abrupt energy shift in the riéaispec-  limit our discussion to only the ne#& feature.
tral feature at the MIT temperature. We studied the temperature dependence of the Bear-
We performed ARPES experiments at undulator beamlindand of thex=0.5 crystal at photon energies of 38 eV, where
5 at the Stanford Synchrotron Radiation Laboratory. Forthe nearkg feature exhibits strong intensity, and at 22.4 eV,
22.4-eV and 38-eV photon energies, the energy resolution offhere we obtain our best energy resolution. Spectra were
our data is~35 and~85 meV, respectively. The samples taken starting from low temperatures and progressing to
were single crystals of NiS,Se, grown by the chemical higher temperatures. After each experiment, the sample was
vapor transport method using bromine as a transport dgentgooled down to confirm reproducibility of the low-
as in previous work8 The crystals had shinfl00) and(111)  temperature spectra. Figure 2 shows 22.4-eV spectra, where
facets and had linear dimensions of 1-2 mm. The samplese obtain our best energy resolution and see a very small
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FIG. 2. Temperature dependence of the Meapeak at 22.4 eV
incident photon energy. Upper inset: distance of the 50% point of
o the leading edge fronkg (filled circles and resistivity(open dia-
monds, right-hand scaleLower inset: The 22.4-eV spectra after
being normalized and smoothed for analysis of the leading edge.
The data fall into two clusters separated by an apparent gap, with all
the metallic spectraT<65 K) to the right of the apparent gap
(closer toEg), and the insulating spectrd £ 60 K) to the left.
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Binding Energy (eV) nearEg feature’s intensity decreases monotonically with in-
creasing temperature. The simple line shape allows a line-
FIG. 1. Valence-band spectra spanning approximately one Brilshape fitting to locate the centroid of the narrow-band peak
louin zone. The top panel is the=0 sample afT=30 K. The in a consistent fashion. We fit the spectra to a Lorentzian
bottom panel is thex=0.5 sample aff =45 K, in the metallic  added to a linear background and convolved with the experi-
regime. The spectra labels indicate the analyzer angle. We havgental resolution function cut off by a Fermi function. Be-
shaded the nedr feature. tween T=55 K and 65 K, there is a sudden shift of the
centroid (~30 me\) towards higher binding energy. In the
sudden shift of the 50% point of the ndag-feature’s lead- inset of Fig. 3, we compare the centroid shift and the leading
ing edge at the MIT temperature, between 60 K and 65 K. Iredge shift in the 38-eV dafd.The centroid shift is an order
both Fig. 2 and Fig. 3, the spectra were normalized byof magnitude larger. These studies do not quantify the size of
matching spectral weight at energies above and below ththe gap but do indicate the opening of a gap.
nearEg peak. This normalization procedure requires mini- The data in Figs. 2 and 3 constitute a direct observation of
mal (=5%) rescaling of the spectra. The shift was recordedhe Mott transition by photoemission. The observed shifts at
at two differentk-space positions, where the négr-feature  the MIT temperature provide evidence that the narrow band
was most intense, and the main valence band feature aps due to bulk rather than surface effects. The main dispersive
peared closest t&g.° This abrupt shift was not observed valence-band feature at2.5 eV binding energy in both the
when the same temperature dependence experiment was per=0 andx= 0.5 samples has its closest approacktaat an
formed at ak-space location where the valence-band featuranalyzer angle of 9°, where the maximum intensity of the
appeared further fronEg, and the neakEr feature was peak neaEg occurs. This provides further evidence that the
smaller in intensity. The shift is correlated with the MIT; we nearEg feature is intrinsic to the material and not a conse-
include resistivity measurements in the upper inset of Fig. 2quence of surface effects.
Figure 3 shows 38-eV data. As in the 22.4-eV data, the The narrow band indicates a large effective mass and
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FIG. 3. Temperature dependence of the reapeak at 38 eV

of x and y are an order of magnitude larger than those of
typical metals and are among the largest in non-rare-earth
compounds.

The data in Figs. 2 and 3 illustrate two unusual ways in
which the spectra evolve with the MIT. A narrow peak de-
velops neaEg with Se substitution and loses spectral weight
rapidly as the temperature is increased. The appearance of
the narrow peak cannot be explained by one-electron band
theory. This suggests that the peak is due to many-body ef-
fects. Understanding this spectral feature requires consider-
ation of the electronic structure of the Ni§Se, system. As
often found in Mott insulators, our LDA band-structure cal-
culation cannot reproduce the insulating ground state of
NiS,, suggesting strong correlation effects.

Figure 4a) shows a schematic diagram of the results of
LDA band calculations on Nig.*® NiS, has a pyrite struc-
ture consisting of a fcc Ni sublattice with a, Slimer sur-
rounding each Ni sité* According to LDA band calcula-
tions, all orbitals are completely filled except for two. The
S, dimer forms bonding and antibonding orbitals separated
by 9.5 eV. Of these, the antibondimgpo™ orbital is com-
pletely empty. Also, the Né, bands are half filled>*® How-
ever, due to strong correlation effects, the Ni Bands split
into an upper ¢2—d°) and lower Hubbardd®—d’) band,
separated by the large Coulomb interactidnas illustrated
in Fig. 4(b). For the Ni 3 bands in NiS, U~5 eV’ Ac-
cording to this interpretation, NiSis a charge-transfer insu-
lator with its gap,A=2 eV!” between the filled antibonding

incident photon energy. Inset: comparing the distance of the cenS pp#* band and the empty upped3ubbard band. The

troid from E¢ (filled circles, right-hand scaléo the distance of the

50% point of the leading edge froB: (open circles

relative positions of thgp andd bands are confirmed by a
resonant photoemission experiment revealing that the top of
the valence band hgs charactet®

therefore agrees with the observed large magnetic suscep- Since it does not account for correlation effects, an LDA

tibility 1! x and linear coefficient of the specific héag,
which are ~2.5 times and~4 times larger for Ni$sSe) 5

calculation does not help us to understand the MIT. How-
ever, NiS is a charge-transfer insulator with a strong

than for metallic NiSg, respectively® The observed values Coulomb U, consistent with the Zaanen-Allen-Sawatzky
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FIG. 4. (a) Band diagram of Nig
from LDA calculations. The energy dif-
ference between thepo band and the

ppo* band is 9.5 eV(b) LDA modi-
fied by Hubbard band splitting. One-
band Hubbard model in infinite dimen-
sions:(c) insulating regime(d) regime
near MIT, i.e., where y/W) is small.
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picture® making it reasonable to discuss this compound ustemperature-driven MIT, but instead we see an abrupt shift of
ing a multiband Hubbard model. By considering only thethe nearEg peak position. A small peak has developed even
states above and below the charge-transfer gap, we may disefore the gap closes completely to form a metal. This find-
cuss the MIT qualitatively by using an effective one-banding suggests that a more detailed theoretical study in the
Hubbard model, with the gapA) playing the role of the yicinity of the MIT is necessary. We note that there are dif-
Coulomb U. Since the substit_ution of S by Se d_oes NOtferences between the NiS,Se, system and the system as-
change the number of carriers, one can attribute thg,meq in theoretical models. The theory assumeS-at/2
insulator-to-metal transition with increasixgto a reduction  gystem in infinite dimensions, whereas our experimental sys-
of the effectiveU/W ratio, " whereW is the bandwidth. tem is anS=1 system in three dimensions. Also, this mean-
Since the Nis_,Sg MIT can be understooq qu_ahtatwely field theory does not account for the antiferromagnetic order-
by the Hubbard model, the spectral evolution in our Olatzﬁng, which occurs in this system at low temperature. Despite

d“f'”g the MIT provides an opportunity to test recent theo_the differences between the theoretical model and the
retical work on the Hubbard model. For the three-

dimensional case, Hubbard provides a good solution only foP.“SZ_XSQ( ;ystem,.n IS mtgrgstmg that our date_l are qualita-
the insulating regime of the MIF: and the Brinkman and tively consistent with predlctlons of the theorepcal model..
Rice model only considers the metallic side of the NHT. The MIT with temperature is more complicated and is
Recently, several groups have worked toward a more CorTprob_ably related to the volume increase and_ bandwidth re-
plete picture of the MIT by solving the Hubbard model in duction observed at the MIT temperature in tke-0.5
infinite dimension€3-25As U/W decreases, the Mott gap is Sample? The abrupt increase in volume at the MIT tempera-
reduced, and whebl/W reaches a critical value, the system ture suggests a first-order MIT, which is supported by the
becomes metallic and can be described by three bands: tisgdden shift in the nedfr feature in our data. A similar
upper and lower Hubbard bands and a third narrow band inolume change is observed at the MIT in pure NiSduced

the middle of the gap aEg.?° Figure 4c) illustrates the by pressuré?

Hubbard model solution in the insulating regime, and Fig. In summary, we performed ARPES experiments on
4(d) shows the solution for the region near the MIT. This NiS,_,Se, single crystals. We observed a sharp nar-
narrow band is evident as a sharp peak in the spectral weighteak that appears with Se substitution. This peak suddenly
which loses intensity at higher temperatures. The existencshifts away fromEg at the MIT temperature. A possible ex-
of a nearEg peak in our data from the= 0.5 sample, where planation for the appearance of this peak with Se substitution
(U/W)¢ is small since it is metallic, agrees qualitatively is provided by the Hubbard model in infinite dimensions.
with this model. In ultraviolet photoemission spectroscopy We thank A. Georges, E. Abrahams, G. Sawatzky, and A.
and x-ray photoemission spectroscopy experiments on V anBujimori for stimulating discussions. SSRL is operated by
Ti compounds, neder spectral weight has been observedthe DOE office of Basic Energy Science, Division of Chemi-
that appears ad/W decrease$’ However, a sharp peak was cal Sciences. Our work was also supported by the DOE'’s
not observed in these experiments. In our data the Bear- Division of Materials Research and an NSF grant through the
peak does not disappear on the insulating side of th&tanford Center for Materials Research.
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