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machi 350, 321 Ulsunomiya, lbchigi, Japan 
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Abstract. X-ray photoemission, x-ray absorption and reflection electron-energy-loss spec- 
tra of SmNbSa have been measured far the M time, The results give no clear evidence 
for valence fluctuation or the occurrence of mixed-valence states for Sm atoms. lBe  
Sm 4d and XI x-ray pholoemission spectra suggest that Sm exists mainly as a vivalent 
ion like the pressure-induced metallic phase of SmS, in agreement with a recent lattice 
parameter measurement W have estimated that the number of Sm2+ ions is less than 
a few per cent of the number of SmE+ ions, if they exist. G a g e  transfer tivm SmS 
layen U) the incompletely filled Nb Uz2 band of N W l  layers has an important effect 
on the valence slate of Sm and the disappearance of a shoulder near the Nb Ld x-ray 
absorption edge. The Sm Nl,s innenhell-elecuoncnergy-los, spectlum rxhibils non- 
optical transilions below the threshold, as has already been obsewed tor the elemental 
melal Sm. The valence and wndudion bands are also discussed. 

1. Introduction 

SmNbS, belongs to the family of the misfit-layer compounds MTS, (M E Sn, Pb, Bi, 
rare-earth metals; T = Ti, V, Cr, Nb, 'l3) which are built up of alternately stacked 
MS and TS, layers. The crystal structure has recently been determined precisely 
by Wlegers et a1 (1989, 1990) and Meerschaut et al (1991). The atomic arrangement 
within an MS layer 6 similar to that of a double layer in TI1 which resembles closely a 
rocksalt-like lattice sliced with two parallel planes perpendicular to a (001) direction 
and having an interplanar distance of half the lattice constant. In a real crystal, M 
atoms protrude slightly outside the planes; S atoms, on the other hand, sink into the 
planes. The atomic arrangement within a TS, layer is identical with that of a slab 
in a layered TS, compound and each T atom is surrounded octahedrally or trigonal- 
prismatically by six S atoms. Consequently the MS and TS, 1ayers.ha-e different 
geometries. They are not represented by a single unit cell but are characterized 
by two centred orthorhombic unit cells mismatched along the a axis. The unit-cell 
parameters for SmNbS, are al = 5.570 84 b,  = 5.714 8, and e, = 22.514 8, for 
the SmS part and a, = 3.314 A bz = 5.714 .& and e, = 22.511 8, for the NbS, 
part. The crystal structure is shown schematically in figure 1. The exact chemical 
composition is given by (SmS),,,,NbS, where the value of 1.19 is deduced from the 
ratio 2(az/al) .  

lb date, there have been few studies on the physical properties of SmNbS,. 
Recently, Meerschaut et al (1991) measured the electrical resistivity as well as the 
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magnetic susceptibility as functions of temperature, which showed superconductivity 
below 2 4  K. This critical temperature is smaller by 3.6 K than that of NbS,. Our 
previous x-ray photoemission spectroscopy (Xps), x-ray absorption spectroscopy (XAS) 
and reflection electron-energy-loss spectroscopy (REELS) studies of PbTiS,, PbNbS, 
and SnNbS, (Ohno 1991a, b) have shown that the electronic structures are well 
understood in terms of the energy band structure of each component compound, 
although charge transfer occurs from the MS to the TS, layers and a weak interlayer 
interaction exists, depending on the combination of two alternately stacked layers. 

'ha decades ago a semiconductor-metal phase transition was discovered in bulk 
SmS. The transition OCCUIS by applying a high pressure of about 65 kbar to the 
crystal (Jayaraman ef a1 W O ) ,  by substituting trivalent anions such as P and As Sor 
some of the S atoms (Krill a al 1980) or by substituting cations of a smaller size 
than SmZ+, e.g. Y, Gd and Th, for some of the Sm 2toms (Jayaraman et a1 1973, 
Campagna er a1 1974). Many studies have been done to clarify understanding of 
the phenomenon. They have confirmed that the transition is caused by the electronic 
transition from a localized 41 level to a 5d conduction band or by the change in valence 
states of the Sm atoms. In pure semiconducting SmS, valence mixing is very small, 
less than about 3%, and Sm exists dominantly as a divalent ion, while in the metal 
phase these ions are in an interconfiguration fluctuation state and pronounced valence 
mixing occurs. A recent lattice parameter measurement for SmNbS, (Meerschaut ef 
a1 1991) has shown that the average S m S  distance is comparable with that in the 
metal phase rather than that in the semiconducting phase. On the other hand, there 
are some experimental results which show a difference between chemically induced 
and pressure-induced metallic SmS. For example, Sm,-,Y,S undergoes a metal- 
semiconductor phase transition at low temperatures in contrast with pressure-induced 
metallic SmS. Thus we are very interested in the valence state of Sm and the electronic 
structure of SmNbS,. 

This paper presents the Xps, XAS and REELS experimental studies of SmNbS,. In 
xps experiments the Sm 46 and 3d core spectra and the valence band spectrum have 
been measured to obtain information on the valence state of a Sm atom and occupied 
states near the Fermi level. In x.a experiments the Nb absorption spectrum 
which overlaps S K absorption in the high-energy region has been measured to give 
information on empty States near the Fermi level. In REELS experiments the Sm 
N4,5 inner-shell-electron-energy-loss spectroscopy (ISEELS) spectrum and the valence- 
electron-excited REELS spectrum have been measured. 

2. Experiments 

Single crystals of SmNbS, were grown by the chemical vapour transport reaction in 
a silica ampoule of inner diameter 15 nun and of length about 300 nun which was 
evaeulated and then sealed. The quantities of starting materials were determined, 
assuming the following reaction: 

$Sm2S, + (1 - +)Nb + INbCI, + $3 + SmNbS, + 51C1, 

where I = 0.05. The resulting Cl, on the right-hand side was employed as a transport 
agent. The starting materials on the left-hand side were placed in a high-temperature 
zone of a three-zone electric furnace. In the fust step they were heated at soO°C for 
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a week to guarantee a homogeneous reaction. Single-crystal growth was performed in 
a temperature gradient of %@8€OoC After a month, large thin crystals of diameter 
about 7 mm were grown together with powder in the high-temperature zone and 
leaf-like crystals of length about 20 mm were grown in the intermediate-temperature 
zone. 

Structural and chemical analyses were done by means of the x-ray p d e r  diffrac- 
tion and the ws techniques. The diffraction pattern of SmNbS, is similar to those 
of PbNbS, and BiNbS,. Since in our pattern the (OOE) lines predominate over 
the other lines, a detailed comparison with the diffraction data of Meerschaut et af 
(1991) cannot be made. Our estimated c-parameter is 22.44 .&, which is slightly 
smaller than their value (2251 A). Atomically clean and smooth surfaces for XPS 
and REELS measurements were prepared by cleaving with adhesive tape in the atmo- 
sphere just before the measurements. Auger electron spectroscopy (a) spectra as 
well as core XPS spectra displayed small carbon and oxygen contaminant peaks, but 
argon ion sputtering and a subsequent annealing technique, which are customarily 
used to clean the surface, were not employed because they caused surface disorder 
and a non-stoichiometric surface chemical composition. We shall discuss the surface 
effects arising from oxygen adsorption and atomic rearrangement and estimate the 
contribution to the xps spectra from measurements at different sampling depths. 

The ws spectra were measured with unmonochromatized Mg and AI Ka radia- 
tion, the excitation energies being 1253.6 eV and 1486.6 eV, respectively. A commer- 
cially available x-ray generator equipped with Mg and AI dual anodes was used as an 
x-ray source. The operating conditions were 15 kV and 20 mk The energies of the 
ejected photoelectrons were anlaysed with a double-pass cylindrical mirror analyser 
(CMA) (Perkin-Elmer Instruments, model 15-255G). The binding energies were mea- 
sured with respect to the Fermi level of a spectrometer, using the Cu Zp,,, (932.4 ev) 
and C 1s (284.6 ev) lines as references. The vacuum system and the data acquisition 
and processing system were the same as those used in the REELS experiment. The Sm 
N4,5 ISEELS spectrum and the valence-electron-excited REELS spectra were measured 
with a normal-incidence electron gun coaxial to the CMA. They were represented as 
an energy distribution curve or in the second-derivative form. Our REELS apparatus 
and data acquisition and processing system have been described in a previous paper 
(Ohno 1987). 

The Nb & and S K XAS spectra were measured with a vacuum soft-x-ray spec- 
trometer of Johan type with a Rowland circle of radius 30 cm. The sample was 
prepared in the form of a thin film by rubbing line powder onto a sheet of thin 
paper. The dispersing crystal was quartz with a ( l O i l )  plane. The operating condi- 
tions of an x-ray tube were 4.0 kV and 24 mk The x-ray detector was a gas-flow 
proportional counter with a 90 vol.% argon-10 vol.% methane gaseous mixture as 
the flow gas. A more detailed description of our apparatus and data acquisition and 
processing system has been given in a previous paper (Ohno et a1 1983). 

3. Results and discussion 

xps is a fast technique with a characteristic probing time of about s. Thus it 
is a powerful means for investigating valence fluctuation in a mixed-valence system. 
In practice, Sm 4d and valence band xps spectra give clear evidence for valence 
fluctuation in SmB, (Chazalviel et d 1976). Their spectra show structures arising from 



7818 Y Ohno 

divalent and trivalent Sm simultaneously in spite of equivalent chemical circumstances. 
Figure 2 shows the Sm 3d ws spectrum of SmNbS, which has been measured with 
Al Kcu radiation. The 36, , and 3daI2 Structures are well separated by a large spin- 
orbit splitting of about 26 eV, but multiplet structures are not well resolved unlike 
the 4d spectrum because of a small d-f exchange interaction. The main peak, which 
is located at 1084.0 eV and 1110.5 eV for the M,,, and parts, respectively, 
is ascribed to the dominant Sm3+ 4d94f* final state. We also observe satellite peaks 
on the high- and low-energy sides. Smce AI Kcu,,, satellites are located at 9.8 and 
16.8 eV below the main peak (Wagner el a1 1979), the low-energy satellite may be 
attributed to the structures. However, the main peak for the Sm2+ 4dg4P final-state 
configuration is also located at the same energy, as confirmed for Sm metal and other 
mixed-valence compounds. If the low-energy satellite is regarded as due to Smz+- 
induced structures, SmNbS, is a mixed-valence compound although the mixing is very 
small. ?be overall features including energy positions are, however, quite similar to 
those of Sm,O, where Sm exists as a trivalent ion. In table 1 we compare the energies 
of the main features of SmNbS,, Sm,O, and Sm metal. It is found that there is good 
agreement between SmNbS, and Sm,O,. We may suggest from the ratio of the area 
of the 3d,(, main peak to the area of the low-energy satellite that Sm in SmNbS, 
exists dommantly as a trivalent ion, and the number of divalent bns is less than a 
few per cent of the number of trivalent ions, if they exist. A detailed discussion on 
the 36 ws spectra of rare-earth metals and compounds has recently been given by 
Kotani (1987) and Jo and Kotani (1%). based on the impurity Anderson model 
incorporated with a core-hole potential. 

Figure t ayStal stmcture of SmNbS3: (a) SmS layer; (6) NbSl layer, where Nb atoms 
are suirounded vigonal-prismatically by six S atoms; (c) unit cell of SmNbSa projected 
along he [lo01 axis, where the open and full circles denote atoms located a1 I = 0 and 
f =  ?, ' rcspmively. 

Figure 3 shows the Sm 4d and S 2p W s  spectra which have been measured with 
Mg Ka radiation. Mg KO,,, satellites are known to be located at 84 eV and 10.2 eV 
below the main peak In our measurements, they are observed as a broad peak 
centred at 9.0 eV below the main peak The 4d spectrum exhibits no well separated 
spin-orbit doublets and has more complicated features than the 36 spectrum has. 
The difference arises because the exchange interaction between 4d and 4f electrons 
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Figure 2 Sm 3d m specuum of SmNbS3 measured wilh Al Ko radialion. 

able  L Energies of the main features of the Sm 3d m speclra of SmNbS3, SmZO3 
and Sm metal. 

Energy (ev) 

SmNbSs Sma03" Sm" 

1073.2 
1074.0 1073.6 1075.4 
1084.0 1083.4 1081.0 

1082.2 
1091.0 1090.8 , 1088.0 
1110.5 1110.8 1108.0 
1114.0 1113.4 1111.0 

a Dufour d of (1976). 

is stronger than the spin-orbit interaction of about 2 eV Thus the structures are 
interpreted in terms of the multiplet structures of the 4d94P linal state to the lirst 
approximation. Such an interpretation has been applied by Kowalayk et a1 (194)  to 
explain the 46 XPS spectrum of Sm metal as well as the other rare-earth metals and 
has obtained great success. The Sm 4d spectrum of SmNbS, resembles that of Sm 
metal although the main features shift to higher energies by 22 eV with respect to 
those of Sm metal owing to the chemical shift of the 4d core electron. Even if a small 
structure near the threshold is not the Mg Ka,,, satellite of the Sm3+-induced 4d 
structures but is the main peak of Smzt, valence mixing is very small. The probability 
of existence of SmZt ions is less than a few per cent. Here it is important to note that 
oxidization of the surface enhances Sm3+, probably as the result of the formation of 
Sm,03, while argon ion sputtering of the surface reduces Sm3+ and enhances Sma+, 
probably owing to structural disorder, which causes increased separation between 
Sm atoms. In the same manner we may also expect that a surface mixed-valence 
phase occurs as the result of atomic rearrangement or lattice relaxation near the 
surface, which causes an increase or decrease in the S m S  and S m S m  distances. 
As described earlier, the surfaces of our XPS samples were contaminated by a small 
amount of oxygen, but they were not cleaned for the reason described above. Thus we 
may have overestimated the quantity of Sm3+. Since the kinetic energy of excited 3d 
photoelectrons was about 400 eV, giving a small mean bee path of several hgstroms 



7820 Y Ohno 

while the kinetic energy of excited 4d photoelectrons was about 1200 ey giving a 
larger mean Gee path of about 15 A then the 4d spectrum is less sensitive to the 
surface than is the 3d spectrum. Nevertheless both spectra lead to the same result for 
the quantities of SmZ+ and Sm3+ ions, suggesting that adsorbed oxygen and atomic 
arrangement near the surface have only unimportant effects on the valence state of 
Sm. This is because, since the compound is built up of alternately stacked SmS and 
NbS, layers which only weakly interact with each other, the cleaved surfaces are very 
stable chemically and structurally. Thus we may conclude that Sm in SmNbS, exists 
mainly as a trivalent ion as in Sm,O,, in agreement with the recent result obtained 
from the lattice parameter measurement (Meerschaut ef ul 1991). The S Zp spectrum 
reveals only a broad peak but has no obvious spin-orbit split peaks owing to different 
chemical circumstances within the SmS and NbS, layers. 

BINDING ENERGY (eV) 

F e n  3. Sm 4d XPS spectrum of SmNbSa measured wilh Mg KO radiation which 
involves lhe S 2p spectrum in the high-energy region. l%e inset is the Sm 4d specmm 
at a high signal-lo-noise ratio. 

Figure 4 shows the valence band ws spectrum involving the Nb 4p and Sm 5p 
core regions, and figure 5 shows a comparison between the valence band spectra of 
SmNbS, and of NbSe, (Wertheim et ul 1973) and Sm3+ in Sm metal (Baer and Busch 
1974). It is well known that the energy band structure of NbS, is quite similar to that 
of NbSe, and the Rrmi level is located within a half-filled d,, band. For SmNbS, 
the valence band spectrum is divided into two parts. One is the upper valence band 
which consists of the Nb d,, and the S 3p bands of the NbS, layers and the well 
localized Sm 4f levels and the delocalized S 3p bands of the SmS layers. The other 
is rhe lower valence band which consists of the S 3s bands. As can be seen from 
figure 5, the main structures are explained in terms of the energy band structures of 
component compounds, taking into a m u n t  that Sm exists as a trivalent ion. They 
are summarized in table 2 The top of the valence band consists of the Nb d,, 
band. The structures, d, e, f and g are the multiplet structures for the 4f4 final-state 
configuration of Sm3+, superimposed by the S 3p bands of the NbS, and SmS layers. 
The combination experiment of ws and ultraviolet photoemission spectroscopy (UPS) 
(Krill er a1 1980) has shown that the S 3p bands of SmS are located at around 5 eV 
below the Fermi level. Because the energy resolution of our XPS spectrum is worse 
than the resolutions of the other spectra, we can give no clear evidence for charge 
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transfer &om SmS layers to the Nb d,, band. Hence we have attempted to measure 
the Nb L, XAS spectrum which gives us information on the empty states near the 
Fermi level. 

’Iltbk 2. Energies of the main features of the valence band xps spectrum of SmNbSs 
(figure 5). The origin of the horizontal axis is the Fermi level. 

Notation 
In figure 5 

Energy 
(e”) 

1.0 
3.6 
4.8 
5.5 
7.0 
7.8 
9.6 

13.0 

AYignment 

Occupied nates of the Nb d.2 band 
S 3p bnds of an Nbsz layer 
S 3p bands of SmS and Nbsz layers 
Sm3+ 4P Cl) multiplet superimposed by S 3p bands 
Sm3+ 4f‘ CF) multiplet superimposed by S 3p bands 
Sm3+ 4f‘ CO) multiplet superimposed by S 3p bands 
Sm3+ 4f‘ CO) multiplet superimpsed by S 3p bands 
S 3s bands of SmS and NbSl layers 

Figure 4 Valence band xps specvum of SmNbSs measured with Mg Kor radiation, 
which involves the Sm 5p and Nb 4p wcua in the high-energy region. The inset is the 
valence band spec” at a high signal-to-noise ralio. 

Figure 6 shows the near-edge structures of Nb L, and S K x-ray absorption for 
SmNbG, which are compared with those for NbS,. The main-peak separation of Nb 

and S K absorption B 5.8 ev in agreement with the energy difference between 
the absorption edges compiled by Bearden (1967). The previous XAS study of NbS, 
(Ohno 0 uf 1983) confirmed a shoulder near the Nb L, and & and the S K thresholds 
which originates from the empty states of the incompletely filled Nb d,, band. This 
shoulder reduces upon intercalation of Sn and Cu atoms because they are filled with 
transferred electrons from the inserted atoms (Ohno ef uf 1984). For SmNbS, the 
Nb L, absorption rises very smoothly. We cannot obselve any structures near the 
threshold, and the difference spectrum which is obtained by subtracting the spectrum 
of NbS, from that of SmNbS, (the lowest spectrum in figure 5) shows a dip near the 
Nb & and S K edges. A similar result has been obtained for PbNbS, and SnNbS, in 
which charge transfer occurs from the PbS or SnS layers to the NbS, layers (Ohno 
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1991b). Therefore it is considered that the shoulder disappears because the empty 
states of the Nb d,, band are filled with electrons transferred from the SmS layers. 
Summarizing the above facts, we may suggest that, for SmNbS,, charge transfer OcTurs 
from the SmS to NbS, layers, resulting in a shift of the Rrmi level within an NbS, 
layer and a change in the valence state of Sm within an SmS layer. The main peak 
of S K absorption is assigned to the remaining empty d bands hybridized with S 3p 
orbitals while the shoulder on the high-energy side is ascribed to the high density of 
empty states within an SmS layer. The latter assignment may be supported by the 
bremsstrahlung isochromat spectroscopy studies of Sm metal (Lang 0 al 1981) and 
heavily oxidized SmS (Oh and Allen 1984) which reveal the most prominent peak at 
around 4 eV above the threshold. 

BINDING. ENERGY (eV) 
Figure 5 Comparison &tween the valence band xps spectra of SmNbSs and NbS- 
(Werthcim U ol 1973) and Sm3+ in Sm melal (Baer and Buseh 1914). The electronic 
stmuure of NbS2 is quite similar U) that of %Se2. The origin of the horizontal axis is 
the Fermi level. 

Figure 7 shows the Sm N4,5 ISEELS spectra of SmNbS, at Eo = 500 eV and Sm 
metal at Eo = 315 eV, where Eo is the incident energy. It is found that their spectra 
are similar to each other because the near-edge structures are derived primarily from 
the atomiolike transitions of 4d104fs4d94f6 within Sm3+. The final state is known to 
be spread over-a broad energy range by a strong exchange interaction between a 4d 
core hole and 4f electrons. Most of the oscillator strength is found in transitions to 
the high-energy 4d94f6 states above the ionization threshold of the 4d electron, the 
peak being broadened by the autoionization process into the 4d94r*e f continua. Thus 
the ISEELS spectrum is composed of a broad peak modulated by various structures 
above the threshold and many fine structures below it. Strasser d al (1985) have 
found for Sm metal that the fine structures are reduced in intensity with increasing 
incident energy and the high-energy spectrum gives structures similar to the optical 
(x-ray) spectrum (&kina et a1 1967, Haensel er a[ 1970). Since it is well known 
that, at high incident energies, an ISEELS spectrum in reflection geometry resembles 
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0 10 20 

ENERGY (eV) 
Feure 6. The Nb and S K x-ray absorption of SmNbSj3, mmpared wilh those of 
N&. me lowest spectlum is the difference specmm which has been obtained by 
subtracfiog the spectrum of NbS2 Imm that of SmNbSa. 

the XAS spectrum which obeys dipole selection rules and, at low incident energies, 
optically forbidden transitions are also allowed owing to the breakdown of dipole 
selection rules by increased momentum transfer (Strasser et a1 1985, Ohno 1987), 
this suggests that most of the transitions below the ionization threshold are optically 
forbidden. Aslight difference between the spectra of SmNbS, and Sm metal may arise 
from the small contribution of the divalent component present near the metal surface 
(Wenheim and Campagna 1977, Wertheim and Crecelius 1978) or from the difference 
in the chemical environments which affects covalency and crystal-field effects. 

Figure 8 shows the valence-electron-excited REELS spectra of SmNbS, and SnNbS, 
at Eo = 2000 eV A valence plasmon appears at 22.4 eV for SmNbS,. This plasma 
energy and its incident-energy dependence almost coincide with those for NbS, and 
the value is largest of aU the plasmon energies of the misfit-layer compounds mea- 
sured up to now, although the free-electron value of 18.2 eV is smaller than those of 
SnNbS,, BiNbS, and SmTaS,. The incident-energy dependence of the plasma energy 
shown in figure 9 reveals a behaviour generally observed for a bulk plasmon unlike 
other misfit-layer compounds such as SnNbS, and BiNbS, in which the plasma energy 
decreases almost linearly with increasing incident energy. We shall discuss the exci- 
tation of plasmons of other misfit-layer compounds in detail in another paper (Ohno 
19%). In contrast with the latter case the dependence for SmNbS, is easily explained 
in terms of the incidentenergy dependence of momentum transfer in REELS and 
the dispersion relation of a free-electron plasmon. The fact that the valence plasma 
frequency and the incident-energy dependence are almost in agreement with those 
of NbS, may suggest that plasma oscillation in SmNbS, occurs three-dimensionally 
only within an NbS, layer. Such preferential plasma excitation is possible because, if 
the dispersion curve of a plasmon of SmS lies below the boundary of single-particle 
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EWRGV LOSS [CY) 

Figum 7. Sm N4,5 ISEEIS spectra of SmNbS3 and Sm metal. Both speclra have teen 
measured in the reflcslion mode. The spec" ob Sm metal is rrpresented as an energy 
distribution curve as originally given ky Strasser el al (1985) while rhc spectrum of 
SmNbSl is given in secondderivalive Corm, using a lock-in amplifier. 

ENERGY LOSS (eV) 

Figure S Wence-electron+sxcited REELS spectra of SmNbSs and SnNbSs measured at 
Eo = 2000 eV in the pulse-counting mode. 

excitation, plasma oscillation within an SmS layer decays rapidly. 
Figure 10 shows the %&"-derivative REELS spectra at various low incident en- 

ergies. As can be seen from figure 10, interband transitions are dominant in the 
low-incident-energy spectrum because plasmons decay into single-particle excitation 
with decreasing incident energy. The energies of the main features are summarized 
in table 3 together with those of SnNbS,. It is surprising that the spectra are quite 
similar to those of SnNbS, in spite of the large difference between the electronic 
structures of the SmS and SnS layers. ?his may be because the Sm 4f levels are 
well localized and the S 3p bands of the SmS layers overlap the valence. bands of 
NbS, at about 4-5 eV below the Fermi level. A recent self-consistent AFW calculation 
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*re 9. Plasmon energies oi SmNbSs and SnNbSs as functions of incident energy 

for SmS indicates that unoccupied 4f levels are shifted by 5.5 eV from occupied 4f 
levels owing to strong Coulomb correlation interaction and are hybridized with other 
extended orbitals such as S 3d and Sm 5d orbitals (Aguilar and QUintaM 1986). 
However, the hybridization is weaker than that in other f systems. Since pure 4f-4 
transitions are optically forbidden, the low-energy structures are derived predomi- 
nantly from S 3 p S m  5d transitions. The onset energy has been estimated by Batlogg 
et a1 (1976) to be about 3 eV Their optical data also give the energy separations 
between crystal-field-split 5d t2$ and e peaks and between the S 3p and Sm 5d tZg 
peab to be 236 eV and 4.8 eV, respezively. Then S 3pSm 56 interband transitions 
may contribute to loss structures at 5.8 and 8.4 eV The partial resonance plasmon of 
Nb d electrons within an NbS, layer results in a large peak at around 8 eV (Bell and 
Liang 1976, ' b a t t i  and Girlanda 1986). The assignments of the main features have 
been carried out using the previous discussion for SnNbS, (Ohno 1991a). They are 
summarized in table 3. The plasma resonance of free conduction electrons, which 
has been observed at 245 eV in the pressure-induced metallic phase of SmS (Batlogg 
el al 1976), is not observed. This implies that the electronic structure near the Fermi 
level is different in an SmS layer in SmNbS, from that in metallic SmS. 

4. Conclusions 

The Sm 3d and 4d ws studies have confirmed the previous suggestion from the lattice 
parameter measurement that Sm in SmNbS, is triply ionized, as has been found in 
pressure-induced metallic SmS. It is, however, considered that, in metallic SmS, the 
Sm3+ ions are induced by a reduction in the Sm-S and S m S m  distances wing  to the 
applied external high pressure while in SmNbS, they are induced by charge transfer 
from SmS to NbS, layers, which results in short average S m S  and S m S m  distances 
because of the smaller ionic radius of Sm3+. From the viewpoint of electronic 
structure, a reduction in the lattice parameter of SmS leads to the intersection of 
occupied 4f levels with 5d conduction bands, resulting in one free 5d conduction 
electron per cation and bringing about the semiconductor-metal transition, whereas 
in SmNbS, the charge transfer of Sm 4f electrons into the incompletely filled Nb d,, 
band causes a change in the valence state of Sm from divalent to trivalent and a shift 
in the Fermi level within an NbS, layer upwards, but does not induce intersection of 
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Flpre 10. Secondderivative REELS spectra of SmNbSs at various low incident energies, 
which have teen measured in the voltage nodulation mode at an applied voltage of 1 V 
peak lo peak. The energy r e ~ ~ l u t i o n  increases with decreasing incident energy. 

Fiure 11. Schematic energy band S ~ N C ~ U ~ ~ S  of (a) semimnducling SmS, (b) pressure- 
induced metallic SmS. ( E )  an SmS layer in SmNbS3 and (d )  an NbS2 layer in SmNbSa. 
In the semimnducting phase the Fenni level i s  located just above the occupied 4f band, 
but blow the 5d mnduction bands, whereas in the pressum-induced metallic phase it is 
located within the arupied 4f band because the 5d bands are lxoadened by the reduced 
S m S  and S m S m  distances and overlap the occupied 41 band, leading lo charge transfer 
of a fkctional pan of a 4f electron into the 5d bands. In an SmS layer the 4f occupied 
band shifts downwards in energy because of the stronger Coulomb potential of Sm9+. 
Therefore, if the 5d mnduction bands do not overlap the Nb dz2 band, the SmS layers 
remain semiconducling. 
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Table 3. Energies of the main features of the REUS spectra of SmNbS3 and SnNbS3. 

Energy (eV) 

smNbS3 SnNbSa a Assignment 

3.3 

5.8 

8.4 

125 
15.0 

18.1 

227 

31.3 
34.5 
39.0 

3.5 

5.7 

8.0 

129 

17.5 

2 2 5  

322 
35.0 
39.2 

Inlerband transilions in an NbSl layer 

Interband transitions in SmS (SnS) and NbSz layers 

Plasmon of d elecwons in an NbSz layer 

Interband Wansitions Io mnduction bands of higher energ) 
than Ihe Nb d bands 

Bulk plasmon in an SmS (SnS) layer and interband Vansitions 
from S 36 bauds 

Bulk plasmon in an NbSz layer 

Nb N2,3 transitions 

Ohno (1991a). 

the 4f levels with the 5d conduction bands within an SmS layer because after charge 
transfer the 4fs (6H) levels shift downwards in energy with respect to the 4p  (7F) 
levels or the 5d conduction bands by about 4 eV because of a stronger Coulomb 
potential. Thus we may expect that, if the 5d bands do not overlap the Nb d,, band, 
the SmS layers remain semiconducting. They are shown in figure 11 schematically. 
Since many XPS, XAS and REELS results obtained to date support the occurrence of 
charge transfer from the MS to TS, layers, it is believed that charge transfer is a 
mmmon feature for the misfit-layer compounds. Therefore we may regard these 
materials as donor-type intercalation derivatives of a layered TS, compound. The 
XPs spectra have shown that valence mixing is very small, if it occurs. It has been 
estimated that the number of Sm2+ ions is less than a few per cent of the number of 
Sm3+ ions. The fact that the plasma frequency of the valence plasmon is the same 
as that of NbS, suggests that plasma oscillation occurs only within an NbS, layer. 
Such preferential plasma excitation is possible if the dispersion curve of the valence 
plasmon of SmS lies below the boundary of single-particle excitation. 
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