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Metal-insulator crossover behavior at the surface of NiS2
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We have performed a detailed high-resolution electron spectroscopic investigation of NiS2 and related
Se-substituted compounds, NiS22xSex , which are known to be gapped insulators in the bulk at all tempera-
tures. A large spectral weight at the Fermi energy of the room temperature spectrum, in conjunction with the
extreme surface sensitivity of the experimental probe, however, suggests that the surface layer is metallic at
about 300 K. Interestingly, the evolution of the spectral function with decreasing temperature is characterized
by a continuous depletion of the single-particle spectral weight at the Fermi energy and the development of a
gap-like structure below a characteristic temperature, providing evidence for a metal-insulator crossover be-
havior at the surfaces of NiS2 and of related compounds. These results provide a consistent description of the
unusual transport properties observed in these systems.
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I. INTRODUCTION

The properties of two-dimensional~2D! electron systems
particularly in the presence of strong interaction and dis
der, are a matter of considerable interest. While the gro
state of a noninteracting disordered 2D electron system
predicted to be an insulator,1 a recent experiment involving
semiconductor inversion-layer devices has suggeste
metal-insulator transition~MIT ! in such a system.2 This ini-
tiated a number of studies3 that aim at understanding wheth
such a quantum phase transition can occur in two dim
sions. The question arises if electron interaction can lead
metallic ground state even in a disordered 2D system. T
has actually been suggested assuming that electron int
tion opposes the effects of disorder.4 A recent theoretical
study, however, predicts the absence of a true MIT in a
system in the simultaneous presence of disorderand interac-
tion and proposes instead a crossover behavior.5 The very
nature of the mentioned systems based on Si metal-o
semiconductor field effect transistors and various semic
ducting heterostructures with very low electron densitie2

however, does not allow one to study their electronic str
ture by photoemission~PE!, a method that has been applie
successfully to MITs in 3D systems.6

The surface of NiS22xSex (x<0.4) represents a well
suited system for addressing several central questions
cerning the ground-state electronic structure of 2D syste
as well as for studying the evolution of the electronic stru
ture by PE across a metal-insulator-like transition in
strongly correlated 2D system. While for bulk NiS22xSex ,
with x.0.4, anx- andT-driven MIT is well known and has
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been the subject of several studies,7–11 we focus here onx
<0.4, where remarkable transport properties have been
served: While optical studies show that the bulk material i
gapped insulator at allT,12 this is not reflected in the dc
resistivity data.13,14 Near room temperature, the resistivi
exhibits an activated behavior, with a gap of'0.2 eV, in
agreement with optical conductivity/reflectivity measur
ments.12 Below 120 K, however, no activated behavior
observed, and the resistivity even decreases with decrea
T. On the basis of detailed transport and Hall-effect measu
ments on samples with different surface-to-volume ratios
was concluded that this resistivity behavior is due to a m
tallic surface layer with a thickness of a few unit cells.13 This
is remarkable in view of the inevitable presence of disor
in real systems that should ensure a 2D insulating gro
state.1 And in fact, this is suggested by the recent observat
of a steep increase in resistivity at low temperatures,14 ren-
dering the formation of a metallic surface layer at high
temperatures13 even more intriguing.

Many questions arise from these experimental obse
tions, e.g., how the low-T insulating phase connects to th
high-T metallic phase, whether there is a real phase tra
tion or rather an unusual crossover behavior, and whethe
surface is metallic at higher temperatures or the trans
properties have to be interpreted in a different way. It
known that the bulk~3D! insulating behavior of NiS2 at all
temperatures is due to the formation of a Mott-Hubbard g
in the single-particle excitation spectrum driven by electro
electron interaction, while so far there is no information
the nature of the low-T insulating phase of the 2D surface o
this system. One may ask if its insulating state is induced
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electron-electron interaction or by Anderson localizati
in view of the increased effect of disorder in the low
dimension.

Here we present the results of a high-resolution PE st
of the surface electronic structure of NiS2, giving evidence
for a metallic state at high temperatures as suggested by
resistivity data. In addition, we find that the unusual transp
properties of this compound and of the related NiS22xSex
system, withx<0.4, are reflected inT-dependent changes o
the surface electronic structure. With electron interaction
disorder driving the system towards localization instead
opposing each other, the ground state of this 2D system
proposed to be an Anderson-localized insulator despite
presence of strong electron interaction.

II. EXPERIMENT

The experiments were performed on both single crys
and sintered polycrystalline samples; the details of sam
preparation were described earlier in Ref. 9. All samp
were single phase as checked by x-ray diffraction, and
stoichiometries were confirmed by an energy-dispers
x-ray analysis in a scanning electron microscope. Photoe
tron spectroscopic experiments were carried out in spectr
eters that are equipped with Scienta analyzers, Gamma
vacuum ultraviolet~VUV ! lamps and monochromators t
suppress the satellite radiations. We have used the h
intensity HeI VUV radiation (hn521.2 eV) for these ex-
periments. The total-system energy resolutions were set
meV full width at half maximum~FWHM! for most of the
measurements. The samples were cooled by continuous-
He cryostats and the temperature was controlled wit
60.5 K at any given temperature. The Fermi energy (EF)
was determined at each temperature from spectra of p
crystalline Ag in electrical contact with the sample. Sing
crystalline samples were primarily cleaved and used
angle-resolved band mapping at a few selected temperat
while scraped polycrystalline samples were used to stud
more detail the variation of the spectral weight atEF as well
as to check reproducibility in case of thermal cycling.

III. RESULTS AND DISCUSSION

In order to address subtle temperature-dependent cha
in the electronic structure of any material with respect to
transport properties, it is most relevant to monitor the sp
tral changes at and near the Fermi energy,EF . However, this
requires a reliable normalization procedure before differ
spectra can be compared. In general, two distinct approa
have been adopted in the literature for this purpose. In
approach, different spectra are scaled to match at a g
binding energy~BE!; the specific BE~typically 0.5–0.6 eV!
is normally chosen to be sufficiently removed fromEF , such
that subtle changes in the electronic structure of the sys
that can be induced by temperature, are not expected to
any effect in the vicinity of the chosen BE. In the oth
method, the total integrated area under the spectrum ov
certain energy window is normalized, referring to the cons
vation of the number of electrons in the system. In t
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present system, we find that both of these approaches
verge and lead to the same result, as illustrated in the ins
Fig. 1~a! for the spectra of NiS2 recorded at two extreme
temperatures of 20 and 300 K. The spectra are normalize
a 0.6-eV BE; interestingly, this normalization leads to t
matching of the two spectra down to 1.6 eV starting from t
0.5-eV BE. This extensive matching over the entire high-
window ensures that the two spectra shown in the inse
Fig. 1~a! have almost the same total integrated areas. In f
a normalization based on total integrated areas leads to s
tra essentially indistinguishable from those given in the ins
It is also evident that there are no gross changes in the s
tra as a function ofT,15 which could influence the normal
ization procedure.

In fact, temperature-dependent changes occur only c
to EF over a narrow energy range, as illustrated in the m
panels of Figs. 1~a! and 1~b! for single-crystalline and poly-
crystalline samples, respectively. Interestingly, the data fr
single- and polycrystalline samples are almost identical.
order to understand this observation, we have carried o
detailed angle-resolved PE study of single-crystall
samples~not shown here!. While we found extensive disper
sions of the main intense valence band spectral region
pearing at higher binding energies, our angle-resolved m
surements established a relative insensitivity of the spec
features close toEF with respect to the angle of detection
This is consistent with the striking similarity of the spectr
features from the single-crystalline and polycrystalli
samples.

In order to discuss the changes close toEF in more detail,
in Fig. 2 we show~main panel! a set of representative spect
covering a narrow energy scale at various temperatures.

FIG. 1. PE spectra of NiS2 from ~a! single-crystalline and~b!
polycrystalline samples at the given temperature. The inset il
trates the normalization procedure over a larger range of bind
energies.
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below EF (BE.0.5 eV), the spectra are essentially iden
cal, as already illustrated in Fig. 1 for the two extreme te
peratures. In the BE region between 100 and 500 meV, h
ever, there is a systematic and continuous, though sm
depletion of spectral weight with decreasing temperatu
suggesting some changes in the spectral weight over
energy window as a function ofT. However, these high en
ergy states are not directly related to the transport proper
Therefore, we focus here on the electronic states clos
EF , responsible for the transport properties, which exh
remarkable changes with temperature. It is well known t
in the case of a metal the spectral weight at and nearEF
changes significantly with temperature, which is easily u
derstood in terms of the Fermi-Dirac statistics. The chan
observed here, however, are distinctly different from
Fermi-Dirac type, as we shall show below by a more deta
analysis.

Already without recourse to a detailed analysis, seve
important features can be recognized, which are particul
interesting in connection with the transport data reported
NiS2. On the basis of the shown PE spectra, there is c
pelling evidence for the surface of NiS2 to be metallic at
room temperature. These proofs are as follows.~i! There is a
large spectral weight atEF in the room-temperature spec
trum. ~ii ! There is a continuous and substantial spec
weight up to about 100 meV aboveEF in the same spectrum
~iii ! The spectral weightabove EF shows a characteristi
Fermi-Dirac type depletion of spectral intensity with d
creasing temperature, spread over the expected energy
related to the thermal energy. In view of the total experim
tal energy resolution of the present PE experiments of 8 m
~FWHM!, none of these observations can be explained
broadening due to finite resolution. The observatio
are clearly incompatible with the optical data that show N2
to be a wide-gap insulator. On the other hand, the results
consistent with the Hall-effect data13 and suggest that th
surface of NiS2 is metallic, particularly when considerin
the high surface sensitivity of PE with a mean sampl
depth of'7 Å. Thus, the surface layer of NiS2, only a few

FIG. 2. PE spectra of polycrystalline NiS2, recorded at various
temperatures. Insets: corresponding spectra for polycrystalline
and polycrystalline NiS.
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unit cells thick, has metallic character near room tempe
ture, while the bulk of the sample, inaccessible to PE,
mains an insulator.

It is interesting to note that the variation of the spect
function with temperature, shown on the main panel of F
2, is very different from that of a normal metal. This can
inferred from the inset that displays corresponding spectr
polycrystalline Ag metal taken with the same setup. Here,
observedT changes in the spectral function of Ag are read
understandable in terms of Fermi-Dirac~FD! statistics alone.
With an essentially constant density of states in the vicin
of EF (D(EF)), this causes the spectrum to recover t
weight lostabove EF with decreasing temperature almost
a symmetrical manner and immediatelybelow EF , thus pre-
serving the total spectral weight. Another consequence oD
being unchanged withT is that all spectra of Ag go through
a common point atEF in spite of changingT, since the
Fermi-Dirac statistics does not affect the spectral weighat
the Fermi energy. An almost identical behavior of the sp
tral function is also observed for NiS~see second inset in
Fig. 2!. In contrast, the behavior of the PE spectra of NiS2 is
qualitatively different. In particular, the redistribution of th
spectral functionbelow EF takes place over a much wide
energy range than one would expect explicitly on a therm
scale, whileabove EF it appears to be controlled byT.
Hence, the changes in the spectral function of NiS2 cannot be
understood in terms of afixedD aroundEF and FD statistics,
in contrast to normal metals. Instead, we are forced to c
clude from the raw data that the single-particle excitat
spectrum of the surface of NiS2 is characterized by a tem
perature dependence ofD itself.

Due to the presence of thermal broadening and resolu
broadening, a quantitative estimate ofD(EF) at various tem-
peratures cannot be obtained without recourse to simulat
of the spectra in terms of a modelD(E). With the high
energy resolution achieved in the present PE experime
thermal broadening is by far the dominant effect. This co
tribution, however, can be readily removed from the spec
by assuming a symmetricD(E),16 or by dividing the raw
spectra by the FD distribution function.17 We illustrate the
results of the latter analysis by the inset in Fig. 3, dem
strating a remarkable depletion of spectral weight with d
creasing temperature over a wide energy range, with
strongest effects atEF . As pointed out further above, th
corresponding amount of spectral weight is recovered alm
uniformly distributed over the BE range from 0.15 to 0.4
eV, with the effects of FD distribution being virtually abse
at such a high BE.

Besides these two methods, theT dependence ofD(EF)
was also obtained by direct fitting of the spectra of Fig
with a D(E) described by a polynomial function, multiplie
by the FD distribution at a givenT and convoluted by a
Gaussian for the known resolution. All these different ana
ses result in similar values ofD(EF), demonstrating an in-
sensitivity on details of the model. The resultingD(EF) are
plotted in the main part of the upper panel of Fig. 3 as
function of T, with error bars that contain the variations
D(EF) from the different analyses.D(EF) increases slightly
with decreasing temperature from 297 to 260 K, and th
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decreases progressively down to 115 K. Between 115 an
K, there is a more pronounced decrease inD(EF), suggest-
ing the opening of a gaplike structure in the single-parti
excitation spectrum; below 75 K, the gaplike structure
fully developed andD(EF) remains essentially unchange
The formation of an energy gap in the electronic structure
NiS2 thus occurs in the very temperature range, where
resistivity is known to increase.14 In order to illustrate this,
we show in the lower panel of Fig. 3 the resistivity behav
of NiS2 as a function of temperature, adopted from Ref.
The high temperature resistivity clearly shows the activa
behavior of the bulk in the temperature range 150–300
the metallic conductivity of the surface region causes a p
ceptible deviation from the activated behavior below 150
and the most pronounced metallic behavior below about
K. However, with a further lowering of the temperature, t
resistivity of this surface layer begins to increase where
gaplike structure forms inD(EF), as indicated by the arrow
in Fig. 3.

The interesting change inD(EF) with T is not specific to
NiS2 alone. As mentioned before, the related compou
NiS22xSex are also bulk insulators, with the resistivity da
suggesting a 2D metallic overlayer forx<0.4.14 PE spectra
of NiS22xSex , with x50.3 and 0.4, were recorded at vario
temperatures and reveal a behavior similar to that of Ni2.
Data for NiS1.6Se0.4 are included in Fig. 3, and they clear
resemble the behavior of NiS2, with a tiny initial increase in
D(EF) between 297 and 260 K, followed by a modera
decrease down to 75 K, and then the signature of a ga
'35 K. The PE results for NiS1.7Se0.3 ~not shown here! are
again similar, with the formation of a gaplike structure
'55 K. Interestingly, the gaplike structures in the sing
particle excitation spectrum form at progressively lower te
peratures with increasingx, i.e., at about 75, 55, and 35 K fo
x50, 0.3, and 0.4, respectively. This follows the trend

FIG. 3. Upper panel:T dependence ofD(EF) of NiS2, extracted
from the spectra of Fig. 2; data for NiS1.6Se0.4 are included. Inset:
D(E) for NiS2 at various temperatures, obtained as described in
text. Lower panel: Resistivity of NiS2 as a function ofT, adopted
from Ref. 14.
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decreasingT, at which the upturn in resistivity has been o
served for NiS22xSex ,14 and establishes a close relationsh
between the transport properties and the observed decr
of D(EF).

The details of the temperature-dependent surface e
tronic structure, as derived from the PE spectra of NiS2 and
related compounds, further suggest several important im
cations. We first note thatD(EF) for any of the three com-
pounds studied, in spite of the pronounced gaplike struct
does not vanish completely, even at the lowestT. While the
gaplike structure inD(E) at the low-T limit is presumably
driven by strong correlation effects, the persistence of a fin
D(EF) suggests that the ground state is not a Mott insula
with a fully developed energy gap; it rather indicates th
Anderson localization driven by disorder is the origin of t
insulating behavior.

The overall dependence ofD on T displayed in the upper
panel of Fig. 3 shows that the gaplike structure disappe
over a relatively narrow temperature range of'40 K rather
than by a gradual filling of the gap over a largerT interval.
This cannot be explained by thermal excitations of cha
carriers alone implying that the underlying electronic stru
ture itself changes rapidly, accompanying the metal-insula
crossover over a narrowT range. This behavior might be
related to a temperature-dependent screening of correla
effects by itinerant electrons. At high temperatures
screening is highly effective, leading to a less correlated s
and consequently to the disappearance of the gaplike s
ture in the single-particle excitation spectra. At lower te
peratures, however, an Anderson localization of the electr
leads to less effective screening, with a gap forming in
excitation spectrum. While this may possibly be a continuo
changeover with temperature, as suggested by the s
change ofD(EF) at higherT, it is most remarkable in a
narrow temperature interval, where a change in the trans
properties was observed. If indeed such a screening me
nism is relevant, it has to have a nontrivial dependence oT
beyond the thermal excitation of mobile charge carriers.

At this point, it is tempting to rationalize the presence
metal-like surface layers in these systems. One obvious
sibility is a deviation of the surface stoichiometry from th
bulk, leading to a doping of the surface layer with char
carriers. However, the largeD(EF) observed near room tem
perature would correspond to a very high doping level a
hence to a significant deviation from stoichiometry. This
incompatible with the intensity ratios of core-level PE spe
tra from Ni, S, and Se, which were found to follow the nom
nal bulk compositions in all samples. Moreover, if the dop
charge carriers arising from nonstoichiometry were inde
mobile, without altering the underlying electronic structu
there would be no reason for the charge carriers to re
only in the surface layer.

A possible explanation is obtained from the unusual pr
erties of NiS2 compared to CoS2 and CuS2. While NiS2 is a
bulk insulator, the latter two are bulk metals.18 The excep-
tional behavior of NiS2 shows up also in the lattice param
eters beinglarger than expected from their systematic vari
tion in the pyrite family, MS2, with M5Mn-Zn.18 The
unusually expanded lattice of NiS2 is expected to lead to a
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reduction of the bandwidth, driving bulk NiS2 insulating, in
contrast to the metallic ground states of CoS2 and CuS2. This
point of view is supported by the fact that bulk NiS2 turns
metallic at a pressure of 46 kbar.19 Given this relation be-
tween the lattice parameters and the metallic characte
bulk NiS2, a reduction of the lattice parameters at the surf
could lead to an altered surface electronic structure of N2
with the tendency towards a more metallic character. And
fact, preliminaryab initio full-potential calculations of the
surface electronic structure of NiS2 ~Ref. 20! indicate a re-
duction of the lattice parameters and consequently an
crease ind bandwidth at the surface for several crystal
graphic surfaces.

To summarize, we propose the following scenario: Latt
relaxation near the surface region of NiS2 and related com-
pounds tends to drive the surface metallic, which, howe
is inhibited by the 2D nature of the surface layer; inste
Anderson localization leads to an insulating ground state
the surface layer. At higher temperatures, crossover tow
a metallic behavior occurs, as evidenced by the trans
properties. This crossover is characterized by the disapp
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