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The evolution of local electronic states in NiS2−xSex pyrite as a bandwidth-controlled metal-insulator tran-
sition (MIT ) approached from the metallic side is explored by scanning tunneling microscopy/spectroscopy
(STM/STS). Atomically resolved images of Se/S zigzag chains are observed on top of the cubic(100) surface,
and a narrowing of the quasiparticle band near the Fermi level is clearly identified in tunneling spectra. In
marked contrast to MIT’s control by doping, the local electronic states are found to be spatially homogeneous
even in the vicinity of the MIT.
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The Mott metal-insulator transition(MIT ), due to strong
electron correlations, has been one of the major topics in
condensed matter physics for many years.1 Such MIT’s can
be driven by the control of two parameters: the strength of
electron correlationU /W, and the band fillingn. Here,W is
the bandwidth andU is the on-site Coulomb interaction be-
tween electrons, respectively. The discovery of high tem-
perature superconductivity in layered cuprates that has
stimulated many attempts to describe the evolution of elec-
tronic states as a Mott insulator is approached by varying the
band filling (doping). Recently the importance of real space
physics has been emphasized in filling-controlled MIT’s. It
has been argued that a spatial segregation of doped carriers
occurs as a consequence of the competition between the itin-
erancy of the carriers and the magnetic background. Nanos-
cale electronic inhomogeneity is indeed observed in real
space by scanning tunnel microscopy/spectroscopy(STM/
STS), which has been often discussed in terms of electronic
phase separation.2–7

MIT’s driven by a change inU /W are described as “band-
width controlled.” We naively expect less pronounced elec-
tronic inhomogeneity in the vicinity of MIT due to the ab-
sence of doped carriers and charged impurities as compared
with the filling-controlled MIT. However, this naive expec-
tation has never been checked experimentally as a function
of U /W using a spatially resolved probe. This is largely be-
cause of the lack of a suitable model system for such a study.
In this communication, we identify NiS2−xSex as an ideal
system for studying the evolution of local electronic states
across a bandwidth-controlled MIT by STM/STS. Atomi-
cally resolved topographic images were obtained. The nar-
rowing of the quasiparticle bands near the Fermi levelEF
was clearly observed in STS spectra for compositions ap-
proaching the MIT. Electronic inhomogeneity in the vicinity
of the MIT was far less pronounced than in the filling-
controlled case.

The Ni-pyrite system, NiS2−xSex, has a rich phase diagram
with different competing magnetic order parameters, as
shown in Fig. 1(a).8 The end member NiS2 is a charge-

transfer insulator9,10 and crystallizes in a pyrite structure in
which Ni and S2 form a NaCl-type lattice[Fig. 1(b)]. As x
(Se concentration) increases, NiS2−xSex undergoes an antifer-
romagnetic insulator(AFI) to an antiferromagnetic metal
(AFM) transition at aroundx=0.45, essentially due to an
increase of the electronic bandwidth.11,12 The AFM phase
exists in the range 0.45,x,1.0 at low temperatures and a

FIG. 1. (a) Schematic phase diagram of NiS2−xSex solid-solution
Ref. 10.(PI, paramagnetic insulator phase; AFI, antiferromagnetic
insulator phase; PM, paramagnetic metal phase; AFM, antiferro-
magnetic metal phase). Filled circles(x=0.45, 0.5, 1.0, 2.0) corre-
spond to the compositions investigated in this study.(b) The crystal
structure of the NiS2−xSex solid solution. Ni andsS,Sed2 pairs form
a NaCl-type structure and eachsS,Sed2 pair is aligned parallel to
another one of the fourk111l axes.(c) The structure of uppermost
(S,Se) planes of the(100) surface. Zigzag chains of chalcogen at-
oms (S or Se) are running along the cubica axis. The solid lines
correspond to the sublattice of nickel atoms.
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paramagnetic metal(PM) phase exists in the rangex.1.0
over the whole temperature range. NiSSesx=1.0d is located
at a quantum critical point(QCP) between the AFM and PM
phase. This system is unique for the study of MIT’s in that
the bandwidth can be tuned continuously by chemical sub-
stitution without apparent change of structural symmetry.13

In addition, since this system shows good cleavage along the
(100) plane, it can be prepared with an atomically clean and
flat surface, which is suitable for high resolution STM/STS
measurements.

The single crystals of NiS2−xSex used in this study, grown
by a vapor transport technique, were taken from the same
batch used in the previous study.14 We measured several
samples with different Se concentrations, includingx=0.45,
0.5 (samples in the vicinity of the MIT on the metallic side),
x=1.0 (AFM-PM phase boundary), andx=2.0 (PM phase).
These samples were cleaved along the(100) plane at room
temperature in ultrahigh vacuum(UHV) conditions and then
transferred to the low-temperature STM immediately after
cleavage. Differential conductancedI /dV spectra, which are
proportional to the local density of states(LDOS), were ob-
tained by numerical differentiation ofI-V curves. The STM
tips used in this study, a chemically etched tungsten(111)-
oriented single crystal, were cleaned and sharpened in a con-
trolled manner at room temperature by field evaporation us-
ing field ion microscopy.

Figure 2(a) shows a typical STM image of the end mem-
ber NiSe2 sx=2.0d, which is a paramagnetic metal. An
atomic image with parallel zigzag chains is clearly observed.
Considering the different possible(100) surface structures,
we conclude that the uppermost Se plane gives rise to the
zigzag chains as shown in Fig. 1(c). From this, we can infer
a cubic lattice constant of,6.0 Å, which agrees well with
values previously found by x-ray diffraction.15

In the S substituted crystals, the SeuS solid solution
could be clearly resolved on an atomic scale. Figure 2(b)
shows the STM image of anx=0.5 sample(close to the MIT
boundary) and the zigzag structure is still observed. In con-
trast tox=2.0, there are two kinds of atoms(white and gray

dots), which are randomly distributed. The ratio of the white
and the gray dots is roughly 1:3, which very likely indicates
the two distinct dots correspond to Se and S atoms, respec-
tively. The difference in height between white and gray at-
oms is of the order of 0.1 Å, comparable to the difference of
ionic radius between S and Se. Furthermore, we found that
the ratio of white dots systematically increases with Se sub-
stitution. From these considerations, we identify the white
dots as Se atoms and the gray dots as the S atoms.

We did not observe any superstructure in this system. The
presence of metal-like surface layers inx=0 and 0.4(bulk
insulating phase) has been reported and the presence of sub-
stantial amount of S vacancies at the surface was
suggested.16,17 Watanabeet al. argued that the increase of
S/Se vacancies withx dominates the MIT in this system due
to the increase of hole concentration.18 In contrast to these
proposals, however, appreciable number of S vacancies were
not seen independent of the Se contentx in the STM images.

We have performed tunneling spectroscopy on these well
characterized surfaces to explore the evolution of electronic
states as the Se content is decreased and the system ap-
proaches the MIT. In Fig. 3(a), the averaged tunneling con-
ductance spectra taken at 4.7 K for crystals with various Se
contents are summarized. We find several characteristic fea-
tures:(1) A well-defined two peak structure belowEF in all
samples.(2) As x approaches the MIT atx,0.45, the two
peaks belowEF become sharper and gradually shift toward
EF. (3) A broad peak aboveEF, which shows a similar evo-
lution as those belowEF.19 In figure 3(b), the variation of
spectra with temperature forx=0.45 is shown. Inx=0.45, the
system undergoes a temperature induced transition from
AFM to PI sT=80 Kd. In accord with the transition, the
dI /dV spectrum clearly shows the suppression of low energy
DOS at high temperature, suggesting the opening of gap. The

FIG. 2. STM topographic images of NiS2−xSex taken at T
=4.7 K s47 Å347 Åd. The measurement was performed with a
constant current mode(bias voltageVs=500 mV, tunneling current
I t,100 pA). (a) x=2.0 (paramagnetic metal phase), (b) x=0.5 (a
sample in the vicinity of the MIT).

FIG. 3. The spatially averaged differential conductancedI /dV
spectra for NiS2−xSex. (a) Se contentx dependence of averaged
dI /dV spectra at 4.7 K(x=0.45, 0.5, 1.0, 2.0). Each spectrum, ex-
cept for x=2.0, is shifted vertically for clarity.(b) Temperature
variation of the averageddI /dV spectra for NiS1.55Se0.45 sx=0.45d
from AFM to PI phase.
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opening of gap associated with MIT was previously observed
by tunneling spectroscopy.20 These distinct correlations be-
tween the bulk properties anddI /dV spectrum indicates that
our measurements probe the bulk properties of this com-
pound.

The end member NiS2 is a charge transfer insulator with a
charge transfer gap of 1 eV between S/Se nonbondingpp
bands and Ni 3d eg upper Hubbrad bands.21 When the system
becomes metallic through an increase of bandwidth, quasi-
particle states are believed to emerge which are primarily of
Ni 3d eg and S/Sep characters. Because of the degeneracy
of Ni 3d eg bands and their hybridization with S/Se non-
bonding pp bands, the quasiparticle bands nearEF can be
expected to have a complicated structure, which will mani-
fest itself in multiple peaks in the DOS. We do indeed ob-
serve such structure, but due to the lack of detailed band
structure calculations, we are not able to assign DOS peaks
to partial band. The quasiparticle bands formed aroundEF
are strongly renormalized as one approaches the MIT, which
manifests itself as an enhancement of specific heat coeffi-
cient g. Indeed, previous work by Miyasakaet al. found an
enhancement ofg by a factor 5 fromx=2.0 (PM) to x=1.0
(at QCP).14 The observation(2) clearly indicates that the
quasiparticle bands nearEF tend to narrow as the system
approaches the MIT. This is consistent with the picture sug-
gested by specific heat measurements. The systematic evolu-
tion of coherent quasiparticle bands nearEF in the vicinity of
MIT is also in good agreement with the previous angle-
resolved photoemission spectroscopy(ARPES) study.21,22

From the bulk measurements, there is a sharp contrast in
the approach to an insulator between the AFM and the PM
phases. The specific heat coefficientg has a peak aroundx
=1.0 (QCP) and shows a decrease to an insulating state in
the antiferromagnetic metal phase.14 In the AFM phase, a
band splitting due to the presence of long-range magnetic
ordering is anticipated, which will create a small pseudogap
and hence results in the decrease ofg. In accord with this
picture, a substantial decrease of carrier density is inferred
from the Hall coefficientRH and the residual resistivityr0,
which can be understood in terms of the formation of a small
Fermi surface due to band splitting. The evidence for such a
pseudogap in the AFM phase is immediately not evident in
the tunneling spectra of AFM samples withx=0.45–1.0. On
closer examination, however, we notice that there exists a
tiny DOS dip right aboveEF, which is reminiscent of the
pseudogap. This rather weak pseudogapsignature may not be
surprising, since the decrease ing from x=1.0 (QCP) to x
=0.5 is as small as 30%.

Finally, we discuss the spatial variation of electronic
states, which has been a subject of longstanding debate in the
physics of filling-controlled MIT system, including high-Tc
superconducting cuprates and colossal-magnetoresistance
manganites. In these well studied compounds, a nanoscale
corrugation of the topographic image has been observed by a
number of groups.4,6 Since the tunneling current is exponen-
tially related to the tip-sample distance and is also propor-
tionally related to the integrated LDOS, the corrugation of a
topographic image taken by the constant current mode may
originate not only from the topology but also from the LDOS
variation. In these filling controlled MIT systems, namely

doped Mott insulators, the shape of tunneling spectra shows
a real-space variation with a clear correlation to the apparent
height in the topographic images, and it is widely believed
that the corrugation is dominated by the real-space variation
of local electronic states.

The real-space physics of the bandwidth-controlled sys-
tem, NiS2−xSex, appears to be very different. In the topo-
graphic images of the end member NiSe2 sx=2.0d, we do not
observe any structure except for the zigzag lattice. In accor-
dance with this, the conductance spectra show no spatial
variation indicating homogeneous electronic states in this
sample. As S is substituted for Se(i.e., as we approach the
insulator), a nanoscale corrugation shows up in the zigzag
S/Se planes. A typical example forx=1.0 crystal (at the
AFM-PM critical point) is illustrated in Fig. 4(a), which
shows approximately,0.3 Å distribution of apparent height
about,100 Å scale. At first glance, this reminds us of the
electronic inhomogeneity in filling-controlled systems. How-
ever, this corrugation is not electronic in origin but essen-
tially a topographic effect. In Fig. 4(b), the conductance
spectra for the regions with different heights are compared.
The spectra from different regions agree with each other re-
markably as well as NiSe2. This clearly indicates the absence
of spatial variation in local electronic states, although this
sample is close to a correlated insulator and the specific co-
efficientg is enhanced by a factor of 5 as compared to NiSe2.
The observed corrugation is perhaps associated with a spatial
variation of chemical pressure inherent to solid-solution sys-
tems. Only aroundx=0.45,0.5 right at the metallic side of

FIG. 4. (Color) Real-space variation of tunneling spectra for
NiS2−xSex. (a) STM topographic image ofx=1.0 (AFM-PM phase
boundary). A nanoscale corrugation is superposed on atomically
resolved zigzag chains(94 Å394 Å, T=4.7 K, Vs=500 mV, I t

,100 pA). The superimposed dots(32332 points) indicate the
locations where tunneling spectra are measured. Five different col-
ors are assigned to these dots according to the apparent height in the
image. (b) Averaged differential conductance spectra forx=1.0
(AFM-PM phase boundary) at each apparent height in(a). (c) Ap-
parent height dependence of averageddI /dV spectra forx=0.45 at
T=4.7 K (near the MIT), obtained in the same way as(b).
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the MIT, we do eventually find a spatial variation of the
conductance spectrum as demonstrated in Fig 4(c). Even in
this x=0.45 sample, however, LDOS peaks are always
present and the peak positions show only minute change. In
particular, the peak right belowEF, which is responsible for
MIT, does not show any spatial variation within our energy
resolution. Although not shown here, similar behavior was
observed inx=0.5. In the case of high-Tc cuprates, the dis-
appearance of the superconducting coherence peak and/or a
characteristic DOS kink has been observed in the position-
dependentdI /dV curves.4–6 Therefore, the observed elec-
tronic inhomogeneity inx=0.45, 0.5 is considerably less pro-
nounced than in lightly doped high temperature
superconductors. This marked contrast suggests that the car-
rier doping promotes the occurrence of nanoscale electronic
inhomogeneity in filling-controlled systems including cu-
prates and manganites. This is probably because of the de-
viation from the integer filling and the presence of charged
dopants. The contrast between filling and bandwidth-

controlled MIT is therefore worthy for further exploration.
In conclusion, we report the observation of atomic lattice

and systematic spectroscopy measurements for the NiS2−xSex

solid solution which undergoes a bandwidth-controlled
metal-insulator transition by the substitution of S with Se.
Our spectroscopic measurements for the samples with differ-
ent Se concentrations reveal that a narrow band develops
near EF as the system approaches the MIT, and that
NiS2−xSex has almost spatially homogeneous electronic
states even in the vicinity of the MIT. In particular, the latter
feature makes clear contrast with filling-controlled MIT sys-
tems in which electronic inhomogeneity is observed even in
the metallic region. We therefore conclude that the real-space
physics of filling and bandwidth-controlled MIT systems is
essentially different.
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