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Electronic Structure of NiS;—,Se, across the Phase Transition
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We report very highly resolved photoemission spectra of | NiSe. across the so-called metal-
insulator transition as a function of temperature as well as composition. The present results convincingly
demonstrate that the low temperature, antiferromagnetic phase is metallic, with a reduced density of
states atEr. This decrease is due possibly to the opening of gaps along specific directions in the
Brillouin zone caused by the antiferromagnetic ordering. [S0031-9007(97)05260-5]

PACS numbers: 71.30.+h, 71.28.+d, 79.60.Bm

While metal-insulator transition has been one of thethe views. The earliest non-self-consistent band structure
outstanding problems in condensed matter physics [1], thealculations [13] correctly predicted the high temperature
specific case of a transition in hexagonal NiS [2] as @auli paramagnetic phase to be metallic, while the low
function of temperature has been possibly the most cortemperature antiferromagnetic phase yielded a small gap.
troversial, spanning a period of three decades. The corHowever, subsequent self-consistent band structure cal-
troversy relates to the very basic issue of the nature of theulations [14] based on local spin density approximation
transition, with various groups describing it as a metal{LSDA) failed to yield any gap. Similarly, the LDA- U
insulator transition [2—7], while a nearly equal numbermethod [15] obtained a metallic state for the low tem-
of groups claim it to be a metal-metal transition [8—12]. perature phase. In contrast, a recent improved version of
The transport and magnetic properties are that NiS is the LDA + U method has obtained a band gap for the
highly conducting £107> ohmcm) Pauli paramagnetic low temperature phase [16], which is by far too large to
metal at room temperature with a characteristic metallidoe consistent with a temperature-independent resistivity
dependence of resistivity on temperature [10,11]. Neadown to 4 K. Thus, neither transport measurements nor
260 K, the system undergoes a first order phase transitiotheoretical calculations have been able to resolve the con-
with a nearly two orders of magnitude increase in resistiviroversy surrounding the ground state behavior of NiS.
ity (=103 ohmcm) [10,11]. The system becomes anti- Metallic and insulating behaviors are distinguished by
ferromagnetic below the transition [3], showing a volumethe presence or the absence of finite density of states (DOS)
expansion of about=1.9% without any change in crystal at the Fermi energy, which can be probed by various
symmetry. While it is generally agreed that the high tem-spectroscopic techniques. These have so far favored an
perature phase represents an example of a highly comsulating ground state for NiS [7]. An early optical
ducting metallic compound, the controversy continues toeflectivity study showed the existence of a characteristic
exist concerning the nature of the low temperature phaselip at about 140 meV for the low temperature phase
Normally one would expect that transport measurementsompared to the high temperature metallic phase [6]; this
would readily resolve the question concerning the metalhas been cited [7] as proof for the existence of a band gap
lic or insulating phase of the ground state. A very un-of the same order. Photoelectron spectroscopy, which is
usual nearly temperature-independent resistivity down téhe only technique that can directly probe the density of
about 4 K [10,11], however, does not provide any unamstates aEr, also provided evidence for an insulating state
biguous clue. While in a metallic system the resistivity isof NiS at low temperature. Specifically, a moderately high
expected to decrease with temperature, in contrast to thesolution AE = 36 meV) photoelectron spectrum of NiS
observed behavior, an insulating ground state should haat low temperature has been reported [7]. While it exhibits
very manifest exponentially increasing resistivity, whenfinite spectral weight akr, the authors concluded on the
the temperature scale is lower than the band gap. Thubasis of an analysis of the density of states and various
if the low temperature phase is insulating, the band gajproadening effects such as resolution and thermal (Fermi-
should be much smaller than 4 KQ.5 meV). On the Dirac) broadening that there is a gap-010 meV in the
other hand, if it is metallic, it has to be an unusual stateoccupied part of the DOS. The analysis also suggested
where the resistivity is nearly independent of temperaa finite DOS at the band edge, which is very unusual
ture over a wide range of temperatudes T = 260 K).  for a system with a three-dimensional crystal structure.
Unfortunately, theoretical studies have not been of muclSince discontinuous band edges are only expected in one
help in settling these discussions in favor of either ofand two dimensions, this finding is of special significance,
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implying a novel consequence pf electron correlqtions [7]. hv=2120V | T=25 K
Thus, the combination of various spectroscopic results

suggests that (1) there is a total band gap of about 140 me\. VVVVVVVVVVVV FoovoYy
in NiS, and (2) the leading edge of the occupied DOSZ °°°°°°°°Oooo<3000°o°o ZVWV
is about 10 meV belowEr, with the remaining part S | eaeedeasyoece °0
(130 meV) of the band gap presumably occurring in the,d

unoccupied part. Such a scenario, however, is in completés

TOSVTTORG

disagreement with the temperature-independent transport o NiS
2 .
data, which suggest an upper limit of the band gap, if any & v NiS; g€, 17
to be less that 4 K<0.5 meV). In order to address this 5 o A ’ ’ )
unresolved puzzle concerning the nature of the transitions Ai it Seg ]

and the ground state of NiS, we have reinvestigated th&™
electronic structures in NiS and several related compounds T ' T — T T T T T T
using temperature-dependent photoelectron spectroscopy 50 40 30 20 10 Ep -10 -20 -30
performed with very high energy resolution. Our study Lo
conclusively shows that the ground state is metallic and, Binding Energy (meV)
thus, the phase transition represents a metahtmmalous- |G, 1. PE spectra of polycrystalline NiS, NiSSe,.7, and
metaltransition with decreasing temperature. Ag in a narrow region around recorded at 25 K. Within
Temperature-dependent photoemission (PE) experexperimental accuracy<{l meV), all spectra show completely
ments were carried out on polycrystalline samples ofverlapping Fermi cutoffs. The solid line represents a fit of
NiS,_.Se, with x = 0.0, 0.11, 0.15, and 0.17, which the ﬁg )spectrum with an experimental resolution of 9 meV
were prepared by solid state reaction in sealed quart&
tubes [12]. The samples were characterized before and
after the PE experiments by x-ray diffraction. Properthe DOS is not slowly varying acrosBg. In order to
bulk and surface stoichiometries were verified by x-rayavoid such ambiguities, spectra were also taken from
fluorescence spectroscopy and core-level PE, respectiveliiSy ssSe).1s and Nig g3Se) ;7 as reference systems with
and scanning electron microscopy revealed that disturbingery similar electronic structure as NiS and isSe) 1,
grain boundary regions are small. The samples wittwhich, however, do not undergo the phase transition and
x = 0.0 and x = 0.11 showed a sharp increase of the stay metallic in the whole temperature range relevant in
resistivity at transition temperaturds = 260 and 97 K, this study. Together with NiS, Fig. 1 displays PE spectra
respectively, while forr = 0.15 andx = 0.17 no transi-  of NiSyg3Se) 17 taken at 25 K, and an arbitrarily scaled Ag
tion was observed [17]. The samples were mounted on spectrum. Evidently, the inflection points of all curves are
Cu sample holder fitted to a continuous-flow He cryostatt the same energy. We have analyzed the three spectra
allowing measurements between 25 and 300 K. Theyn Fig. 1 in terms of polynomial expressions for the DOS
were cleanedh situ by repeated scraping with a diamond in order to determine the Fermi energy in each case. It
file; sample cleanness was checked by valence-band PEiatfound that the three independently determined Fermi
hyv = 40.8 eV. PE spectra were recorded with a Scientaenergies for these three systems coincide within less than
SES-200 electron energy analyzer using a GammadatameV. This result strongly suggests that the DOS of NiS
VUV-5000 photon source for excitation. is metallic also in the low temperature phase, which will
Addressing the question of the DOS close Ap in  be demonstrated further in the following.
a PE experiment imposes several requirements on the Figure 2 displays comparative PE spectra of all four
experimental resolution as well as on the stability of theNiS,_,Se. compounds taken abovg&, at 300 K (left
experimental Fermi-level position. In our experiment,panel), and below, (right panel). As shown in the insets,
both were monitored by repeatedly recording the Fermall spectra are normalized to equal intensities at 680 meV
edge region of polycrystalline Ag mounted close to thebinding energy (BE), which leads to proper normalization
NiS,;-,Se. samples. The total-system resolution achievedver the whole spectral range at higher BE’s including the
in these experiments was+ 1 meV athy = 21.2 eV, Ni d bands. AtT = 300 K, the spectra of all systems
as determined from the Ag Fermi edge at 25 K (seere identical in the narrow range aroumi, reflecting
Fig. 1). Furthermore, from the numerous Ag spectrajdentical metallic DOS. Below,, distinct differences are
which were always recorded as reference before andbserved between those systems, which undergo the phase
after taking data from the NiS,Se. samples, we found transition (NiS, NigsySe ;1) and those which do not
the position of Er to be reproducible within 1 meV. (NiSyg;Se 15, NiSyg3Se 7). The data analysis clearly
As indicated in Fig. 1, even a shift as small as 2 meVshows that the spectra of the latter group= 0.15 and
would be clearly visible. Another issue which has t00.17) are characterized by the same DOS for both 300
be considered is the difficulty in determining the Fermi-and 25 K spectra; the same DOS is also consistent with
level position from a PE spectrum in a system wherghe 300 K spectra ofc = 0.0 and 0.11, as is evident
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. I populated, while a metal with continuous and finite DOS
° NiS hv=212eV aboveEr can, the temperature dependence of the spectra
o NiS;g95€) 11 of a metal and an insulator are fundamentally different.
a . We show the neaFr spectra of NiS collected at four dif-
NiS,gsS€0.15

ferent temperatures within the low temperature phase in
Fig. 3 (open symbols). At all temperatures, the spectra
v cross a common energy point which, within experimen-
tal uncertainty, is the Fermi energy. Furthermore, there
is clear evidence of a progressive and systematic devel-
opment of spectral weight abov&, and a correspond-
ing depletion belowEr with increasing temperature. This
is a convincing demonstration of finite DOS abokg
which is thermally populated. In order to put this on a
gquantitative basis, we have carried out a least-squares-error
analysis of these spectra. It turns out that all four spectra
can be described in terms okagleDOS by only includ-
i ing the Fermi-Dirac distribution for the respective tempera-
[ tures (solid lines). For comparison, Fig. 3 also displays
T T the spectrum of NiS at 300 K, i.e., well above the tran-
6‘:0 3‘:0 }ir- —' 1600 3‘:0 EFI | | sition. The inset in Fig. 3 summarizes the results of the
CAn en & j i A present study, showing the extracted DOS of NiS of both
150100 50 EF_SO 150 100 50 Ep -50 the high temperature and the low temperature phases. lItis
Binding Energy (meV) evident that both phases are metallic, with a smaller DOS
at Er in the low-temperature phase. This decrease of the

FIG. 2. PE spectra of NiS,Se. with x = 0.0, 0.11, 0.15, DOS atEf is clearly correlated to the phase transition,

and 0.17, recorded above (left) and below (right) the transitionsjnce it is only observed for NiS and Ni$Se;;, while
temperaturd,. ForT > T, all samples show the same spectral : . PR L
weight at E,. while for T < T, a substantial decrease is for NiSos5S@.15 and Ni 7S&,17, which do not undergo

observed for NiS and NiS,Se, ;. The insets display a wider the phase transition, the DOS does not change (see Fig. 2).
energy range, demonstrating the proper normalization of the The results discussed so far establish that the ground
spectra. state of NiS and related compounds is definitely metal-
lic with a large and continuous DOS acraBg, and the
in the left panel of Fig. 2. In sharp contrast, the lowincrease in resistivity across the phase transition is con-
temperature < T,) spectra oft = 0.0 and 0.11 clearly tributed by a decrease in the DOS at and nEar For
show a decrease of the DOSHE¢. Because of technical a possible explanation of this decrease, it is interesting
reasons, the spectrum of Ni®Se 1 was not recorded to note the similarity between the temperature-dependent
at 25 K but at 80 K, which, nevertheless, is also well
below T,. However, apart from the reduced DOS below
T;, all systems are characterized by a finite DOEat It _ NiS M
should be noted that significant changes are observed here  hagna

NiS ¢35€0.17 o

Intensity ( arb. units )

il oo FER

in the PE spectra, which are obviously related to the phasé + 300K

transition. This means that the surface sensitivity of the§ s 165K

method does not appear to be a crucial drawback in thes o 120K

particular case of these correlated systems. E“; {Extracted DOS | . . s 75K
The above results clearly show that within the experi-», 210 f===s \ 25K

i g 15 3=

mental accuracy there is no gap betweEn and the -7 2 \

leading edge of the spectrum of NiS at low temperature.§ §0-5- T<T/(

However, this does not rule out the possibility of an abrupts 2 ‘ e

band edge as proposed in Ref. [7] with the Fermi level W=7 T e

pinned very close «1 meV) to this edge. Therefore, oMo 0 B

these results are not sufficient to prove the ground state 100 50 Eg -50

of NiS to be metallic with an absence of a gap in the

DOS. To establish that there is no gap directly abBye Binding Energy (meV)

the unoccupied DO.S was probed using highly re_s,olved PIE—IG. 3. PE spectra of NiS recorded at various temperatures
spectroscopy at various temperatures, progressively POPHalow the phase transition temperatufe (open symbols),

lating states abovEr with increasing temperature. Since together with a 300 K spectrum. The inset displays the derived
an insulator with a band gap directly abokg cannot be DOS forT > T, andT < T,.
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