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Photoemission study of the metal-insulator transition in Ni$_,Se,
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We have studied the electronic structure of NigSe, which undergoes a metal-insulator transition as
functions of compositiorx and temperature, by means of photoemission and inverse-photoemission spectros-
copy. Spectral changes across the transition near the Fermi Eyeldarticularly within~100 meV ofEg)
have been interpreted as due to a “semimetallic” closure of the band gap in going from the insulating phase
to the antiferromagnetic metallic phase. On the other hand, there is also composition- and temperature-
dependent spectral weight transfer over a wider energy range®d—1 eV, indicating significant correlation
effects. Photoemission intensity just bel&y remains high in the insulating phases, indicating that the carrier
number is large at high temperatures and that the activation-type transport is due to the activated mobility
rather than the activated carrier numbe&0163-182808)07536-5

I. INTRODUCTION an antiferromagnetic metal to a semiconductor with increas-
ing temperature. The Hall measurements abe\200 K in-
Metal-insulator transitions caused by strong electron cordicate that the carrier number in the paramagnetic insulating
relation have been the subject of extensive research for Bhase k~0.5) is nearly identical to that in the paramagnetic
long time? Many studies have been done for such systems a@€tallic phase X>0.5).> Surprisingly, the carrier number
V,0s, Ti,Os NiS, and NiS_,Se, which show metal- decreasedn going from the paramagnetic insulating phase to
] 1 [l —X ) . . . . .
insulator transitions as functions of temperature, pressurdn® antiferromagnetic metallic phase in NiSes. The
and chemical composition. Pyrite-type NiSSe, undergoes magnetlc_susceptlblllty al;)ov'a\, |38Cur|e-We|ss-I|ke in Nig
an insulator-to-metal transition with increasing®Because ~a"d Pauli paramagnetic in Nigé

the metal-insulator transition in this system is not accompa- M this paper, we have performed photoemission and
nied by a change in the crystal symmetry., it is believed to bdnVerse-photoemission experiments at various temperatures

driven by electron-electron interaction, i.e, a Mott transition.2Nd COMPpositions, in order to study how the electronic struc-
The electronic and magnetic-phase diagram of,NiSe, ture of NiS,_,Se, on the low-energy scalg is responS|bI<_a.for
is shown in Fig. 2 NiS, is an antiferromagnetic insulator the transport properties and the metal-insulator transitions.
with Ty=40 K.2 The actizvation energy of the electrical con- So far, photoemission and inverse-photoemission studies of
ductivity in NiS, varies with temperaturgit is ~70 meV at NiS,_,Se _have been reporte_d by several gro_ﬁp’_§. Re-
room temperature and becomes300 meV at higher tem- cently, a cluster-model analysis of the photoemission spectra
peratures. The optical absorption spectra of MiSow a gap has been made for Nj&nd the charge-transfer nature of .the
of ~300 meV? NiS, becomes an antiferromagnetic metal b_and gap has been reve_ai‘éd&n angle-resolved photoemis-
for a ~23% substitution of Se for S, i.e., NiSSes.* The sion study(ARPES of NiS, and NiS sS&, 5 has revealed a

activation energy decreases as the composition approach%gong tempergture erendence of the electronic structure
the insulator-metal phase boundarfhe Nesl temperature near the Fermi level in the latter compoutid.

Ty increases withx in the insulating phase, then decreases
and is suppressea t0 K for ~50% Se substitution in the
metallic phase. There is an interesting composition region Single crystals with compositions=0, 0.66, and 2 were
nearx=0.5, where Ni$_,Se undergoes a transition from synthesized by the vapor-transport method. Polycrystalline

Il. EXPERIMENT
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FIG. 1. Phase diagram of NjS,Se, (Refs. 4 and B AFI, an-
tiferromagnetic insulator; AFM, antiferromagnetic metal; PM, para-

|
magnetic metal; PI, paramagnetic insulator. Solid squares indicate 10 5 0 5 10
compositions and temperatures where the high-resolution PES mea-
surements were made in this work. Open squares indicate compo-
sitions and temperatures where the conventional-resolution PESand ric 2. pes and BIS spectra of NiS(insulato) and
BIS measurements were made. NiS; 3.58) g6 (Meta).

Energy relative to E¢ (eV)

samples with nominal compositions=0.45 and 1.20 were PES spectra near the Fermi levEld for x=0, 0.5, 0.66,
also studied. The metal-insulator transition temperature of 2 and 2 taken at 15 and 300 K are shown in Figa) 8nd
the x=0.45 sample was found to be60 K. According to 4. Here, the spectra have been normalized below
the phase diagrarFig. 1), thex=0.45 sample should have _q 6 eV, where no temperature dependence was observed in
an actual composition of=0.50. Therefore, we refer to the the spectral line shapes. The existence of a peakqabr
nominally x=0.45 sample as=0.5 hereafter. Uncertainties gjightly below it in the antiferromagnetic metallic phase (
in the chemical compositions of similar extent might be —g 5 and 0.66 at 15 Kis different from the metallic NiS,
present in the other samples but would not alter the concluyhose spectra show only a flat density of statBOS)
sions of this paper. aroundEg." In NiS,_,Sg,, too, the peak is suppressed in
Photoemission spectroscofES and bremsstrahlung  the paramagnetic metallic phase<(1.2 and 2.
isochromat spectroscop8lS) measurements with conven- Although the optical gap of NiShas been reported as
tional energy resolution for=0 and 0.66 were performed at large as 300 meVthe PES spectra do not show such a large
liquid nitrogen temperature. The total instrumental resolutionyay |n particular, the spectrum taken at 300 K looks like that
of PES and BIS was 0.3 and 0.9 eV, respectively. High-f 3 metal with a thermally broadened Fermi edge. The spec-
resolution PES measurements for 0, 0.5, 0.66, 1.2, and 2 trym of NiS, ;Se, 5 taken at 300 K(paramagnetic insulatpr
were performed at 300 and 15 K with a total energy resoluygain ooks like a metallic one.
tion of ~25meV. The light source used for the PES mea- | order to see whether the difference between the spectra
surements was the resonance lines ofiH21.2 eV and  taken at 15 and 300 K is simply due to thermal broadening or
Heil (40.8 eV). The photoionization cross section of Nd3  there are additional changes in the spectra, we have broad-
orbitals is dominant for incident photons of 40.8 eV, while gneg the spectra taken at 15 K with a Gaussian of width
those of Ni 31, S 3p, and Se 4 are comparable for incident 3 g«.T (T=300 K) and plotted with the high-temperature
photons of 21.2 eV. In order to obtain clean surfaces, thepectra in Fig. @). As for x=0.5 and 0.66, one can see that
samples were repeatedly scrapeditu with a diamond file.  gpectral  weight is transferred from the region
—(0.2-0.5) eV to nearEg in going from the high-
ll. RESULTS temperature paramagnetic phase to the low-temperature an-

i ) tiferromagnetic metallic phase. On the contrary, for the
Figure 2 shows combined PES and BIS spectra of the-1 3 and 2 samples, which are paramagnetic metals at all

insulating Ni$ and metallic Ni$ 3,5 gs. We have assigned emperatures, spectral weight frdes to — 0.4 eV decreases
the peak at—1.6eV to Ni 3-derived statesd®L final \yith decreasing temperature. For BliStoo, the spectral

stateg. The double peaks at 1.0 and 2.5 eV are assigned tQeight neark, slightly decreases with decreasing tempera-
hybridized states of the Sp3(or Se 4) antibondingo™ ture.

states and Ni 8 states and the plateau above 6.0 eV to the
Ni 4sp states. It can be seen that the §/Se 4 ¢* band
and the Ni 31 band in the BIS spectrum of Nj3.Se, g5 are
shifted toward lower energies by0.3 eV compared to those There are several implications of the present experimental
of NiS, while the main peak in the PES spectra is not shiftedresults for the transport properties and the metal-insulator
appreciably, leading to a closing of the band gap. The maitransition in the Ni$_,Sg, system. As for Nig below Ty,

PES peak of Nig§;,S8, ¢5is somewhat narrower than that in the gap is not observed in the PES spectra probably because
NiS, probably because the multiplet structures in the insulatthe Fermi level is located near the top of the valence band
ing NiS, would be smeared out in the metallic NigSe 5.  Since it showsgp-type conduction. The spectra of Nigbove

IV. DISCUSSION
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o 300K FIG. 4. Composition dependence of the high-resolution PES
* 1K spectra of Ni$_,Se, at 300 and 15 K.
0.6 _0|_4 _ol_g 0.0 0.2 the insulating phaséshow an enhanced intensity within 100
Energy relative to Ex(eV) me_V of Ep compargd to the .paramagnetic insulating or me-
tallic phase. This increase in the DOS arouig may be
| | explained by a semimetallic overlap of the conduction and
® NiS,.,Sey valence bands. The composition-dependent shifts of the PES
hy = 21.2 6V and BIS spectrdFig. 2) are consistent with this picture. In-
deed, the optical gap of NjSeems to be an indirect ofie,
i.e., the bottom of the conduction band and the top of the
m valence band seem to be located at diffefenioints in the
§ Brillouin zone. The angle-resolved photoemission study of
= NiS, sS& 5 by Matsuuraet al!? has indicated a sharp peak
3 L just belowE at a certaink point in the Brillouin zone and
P k the peak intensity grows as the temperature decreases from
2 the insulating phase to the metallic phase. On the other hand,
2 we have found that the angle-integrated spectra for
- k | NiS; sS&) 5 show less dramatic changes in the line shape and
\ that the total spectral weight integrated frofg to
o 300K —600 meV is conserved. Then, the growth of the peak in the
— 15K broadened angle-resolved PES spectra means that spectral weight is
1 | L transferred between differekt points. The “semimetallic”
-0.6 04 0.2 0.0 0.2 closure of the band gap gives a natural explanation to the
Energy relative to Eg(eV) spectral weight transfer between differdds with varying
temperature.
FIG. 3. (a) High-resolution PES spectra of NiS,Sg, nearEe. The semimetallic picture is also consistent with the recent
(b) The same aga) but the spectra taken at 15 K have been artifi- transport study of Ni§_,Seg, by Miyasakaet al® They have
cially broadened to simulate the thermal broadening. found a decrease of the carrier concentration when the metal-

insulator boundari=0.5 is approached from the metallic

Ty also do not show any visible gap in spite of the gap aside. Such a simple semimetallic picture is able to explain
large as 300 meV found by the optical absorption stualyd  the transition between the antiferromagnetic insulating and
the ~70 meV activation energy found from the transportmetallic phases since the band structure does not change
study above 170 R:* The absence of the gap in the PES drastically between the two phases. On the other hand, the
spectra and hence the proximity of the Fermi level to the togsituation becomes more complicated with the strong correla-
of the valence band implies that the activation energy for theion inherent in thed-electron system, especially in the vi-
hole carrier number at room temperature is negligibly smalkinity of the phase boundary. For example, it is not clear
and that a large number of hole carriers are thermally actiwhether the increasing intensity aroukg with x (Fig. 4)
vated. Therefore, in order to explain the activation-typecan be interpreted solely by the semimetallic overlap of the
transport, the mobility should be activation type and have awvalence and conduction bands or is dominated by spectral
activation energy as large as70 meV. Indeed, the small weight transfer from high to low energies with decreased
mobility <0.5cn?/Vs deduced from the Hall coefficient electron-correlation strengtfi. Indeed, Matsuuraet al'?
measurement is consistent with small polaron hoppinghave interpreted their temperature-dependent ARPES data
which should show an activated mobilit{. for x=0.5 on the basis of the latter scenario. Such spectral-

The PES spectra for=0.5 in the antiferromagnetic me- weight transfer has also been observed in a recent BIS study
tallic phase, where the carrier concentratiorsisallerthan  of NiS,_,Se, .
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V. CONCLUSION metallic phase. On the other hand, the composition- and
We have studied the electronic structure of the pyrite-typ temperature-dependent spectral weight transfer occurs over a

NiS, and its Se-substituted compounds by PES and BIS e;?/vlder energy range of 0.5—1 eV, signaling strong correlation

periments. High-resolution PES spectra of insulating sample%ffeCtS'

show a high intensity aEg, particularly at high tempera-
tures. This indicates that a large number of holes are ther-
mally activated at high temperatures but cannot conduct ef-
ficiently due to their small mobility. Spectral weight ndg¢ We are grateful to Professor N. Hamada for informative
is enhanced as the Se content is increased. In order to explaiiscussions. This work was supported by a Grant-in-Aid for
the change in the PES spectra across the metal-insulator traBeientific Research from the Ministry of Education, Science,
sition, especially within~100 meV of Eg, we suggest a Sports, and Culture and the Board of Research on Nuclear
“semimetallic” overlap of the valence and conduction bandsScience and Department of Science and Technology, Gov-
in going from the insulating phase to the antiferromagneticernment of India.
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