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Core-electron-spectroscopy studies have been made for CeNbS3, which is one of the misfit-layer com-
pounds. The Ce 3d and 4d x-ray photoemission (XPS) spectra are quite similar to those in CeSe. Ce ex-
ists mainly as a trivalent ion and the 4f electrons hybridize with other conduction and valence electrons.
The S 2p XPS spectrum exhibits only a broad peak which consists of plural spin-orbit-split structures at
different chemical environments. We find some evidence which indicates interlayer interaction and elec-
tron transfer from the Ce Sd band to the Nb d 2 band. The Nb N» inner-shell-electron energy-loss
spectrum exhibits a small peak just above the threshold, indicating that the d 2.band is still incompletely

z
filled after charge transfer. The overall structures of the conduction band and interband transitions are
understood in terms of the electronic structure of each layer. Preferential plasma excitation has also
been discussed.

I. INTRODUCTION

CeNbS3 is a misfit-layer compound in which CeS and
NbS2 layers are alternately stacked along the c axis. The
crystal structure consists of two different types of ortho-
rhombic unit cells mismatched along the a axis. ' It is
shown schematically in Fig. 1. The CeS layer has a C-
centered orthorhombic unit cell and the atomic arrange-
ment closely resembles that of a rocksaltlike lattice sliced
perpendicularly to the (001) direction by two planes
with an interplanar distance of half the lattice constant.
The dimension of the unit cell is given by the parameters
a& =5 ~ 727 A b~ =5.765 A and c~ =11.41 A. The NbS2
layer has an F-centered orthorhombic unit cell. The
atomic arrangement is the same as that of pure NbS2 in
which Nb atoms are surrounded by a trigonal prism of
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FIG. 1. Crystal structure of CeNbS3. (a) CeS layer; (b) NbS2
layer in which Nb atoms are surrounded by six trigonal prism S
atoms; (c) unit cell of CeNbs, projected along the [100] axis.
Open and full circles denote atoms located at x =0 and x = 2,
respectively.

0
six S atoms. The lattice constants are a&=3.311 A,

0 0

b2 =5.75 A, and c2 =22. 82 A. Since both unit cells con-
tain four molecules, the exact chemical composition is
given by the chemical formula (CeS)»6NbS2.

The electrical resistivity shows a metallic behavior
both in the ab plane and along the c axis. ' The positive
Hall and Seebeck coeScients mean that the dominant
charge carrier is a hole. Magnetic susceptibility shows a
Curie-Weiss behavior in the range of 50—300 K and a
pronounced peak at 3.0 K for H~, which is the field per-
pendicular to the layers. ' The result suggests that fer-
romagnetically ordered Ce ions in a CeS layer are cou-
pled antiferromagnetically with those in adjacent CeS
layers. The effective magnetic moment was estimated to
be 2.76p~ and 3.36p~ for H~~ and Hz, respectively, which
is slightly larger than the theoretical value of localized
Ce +. Wiegers et al. ' suggested that the disagreement
was caused by the presence of a small amount of Ce +

ions. On the other hand, Pena, Meerschaut, and Rabu
obtained the effective magnetic moment of 2. 54pz, which
was exactly predicted from Ce +.

Bulk CeS exhibits metallic properties, exciting an elec-
tron per Ce atom into the conduction band. Croft and
Jayaraman found a drastic change in volume with no
change in crystal structure at a pressure of about 12.5
GPa. This change implies that the valence transition
occurs in Ce by intersecting the 4f levels with the con-
duction band. The photoemission result of Croft et al.
shows that the Ce 4f band, which contains little S 3p
character, is located in the energy gap between the Ce 5d
conduction band and the S 3p valence band, in agreement
with the Koringa-Kohn-Rostoker band calculation. On
the other hand, Vedel et al. found only a continuous
volume variation up to 25 GPa, and the self-consistent
linear augmented plane-wave band calculation in the
local-density approximation shows a large overlap of the
4f states with the conduction-band states near the Fermi
level. No theoretical and experimental studies on elec-
tronic structure have been carried out for CeNbS3 until
now.

A previous core-electron x-ray photoemission spectro-
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scopy (XPS) study has shown that valence mixing is
small in SmNbS3 akin to CeNbS3 even if it occurs. Srn
exists mainly as a trivalent ion in contrast with bulk SmS
in which Sm exists as a divalent ion. It has been con-
sidered that the valence transition from divalency to
trivalency results from electron transfer from SrnS layers
to NbSz layers. Sm 3d and 4d core electrons and
valence-band XPS spectra give direct information on the
number of 4f electrons and valence fluctuations such as
this. This is due to the following fact: Sm 4f electrons
are spatially localized, so that a strong Coulomb interac-
tion with a core hole shifts the 4f levels downward in en-
ergy below the Fermi level. However, electron transfer
from ligands, that is, the shake-down process, does not
occur because of negligibly small coupling with ligand or-
bitals. Then, the number of 4f electrons remains un-
changed. In this case, core-electron spectra reveal only a
peak. In the case of Ce alloys and compounds, the radial
wave functions of Ce 4f electrons extend over the region
of ligand valence electrons, which results in mixing be-
tween the orbitals and makes the shake-down process
possible. As a result, the core-electron spectra reveal two
peaks corresponding to two different final-state
configurations, that is, a poorly screened final state and a
well-screened final state. This final-state effect plays an
important role for the XPS and x-ray-absorption spec-
troscopy (XAS) spectra and prevents a direct quantitative
determination of the number of 4f electrons. With the
aid of theory based on the Anderson impurity model,
however, we can give information on it from the core-
electron-spectroscopy studies.

This paper presents the core-electron-spectroscopy
study of CeNbS3. In Sec. III A the Ce 3d and 4d and the
S 2p XPS spectra are presented. In this section we dis-
cuss the number of 4f electrons and their hybridization
with other electrons, comparing them with the 3d and 4d
XPS spectra of other Ce compounds and with the
theoretical calculations of Gunnarsson and
Schonharnmer ' and Kotani and co-workers" ' based
on the Anderson impurity model. We also discuss the in-
terlayer interaction in relation to the chemical shift of the
S 2p peaks. In Sec. III B the x-ray-absorption spectrosco-
py and the inner-shell electron energy-loss spectroscopy
(ISEELS) results are presented. From near-edge struc-
tures we discuss charge transfer from CeS layers to NbS2
layers. In Sec. III C the valence-band reAection-electron
energy-loss spectroscopy (REELS) results are presented.
In this section we discuss interband transitions and pref-
erential plasma excitation.

II. EXPERIMENT

Single crystals of CeNbS3 were grown using the
chemical-vapor-transport reaction in a silica ampoule
which was evacuated and then sealed. The following re-
action has been completed in the ampoule:

—,'Ce2S3+(1 —x )Nb+xNbC15+ —,'S~CeNbS3+ —,'XC12,

where x =0.05. On the right-hand side, the resulting C12

was employed as a transport agent. Crystal-growth con-
ditions such as a temperature gradient were the same as
those of SmNbS3. After a month, large thin crystals
with a diameter of about 7 mrn were grown in the high-
and intermediate-temperature zones. Atomically clean
and- smooth surfaces were prepared by cleaving with
adhesive tape in the atmosphere just before the measure-
ments. Auger electron spectroscopy spectra and core
XPS spectra displayed small carbon and oxygen contam-
inant peaks, but the argon-ion-sputtering technique com-
bined with the annealing technique, which was cus-
tomarily used for surface cleanness, was not employed,
because it produced atomic disorder and deviation from
stoichiometric chemical compositions at the surface and
because the cleaved surfaces were very stable chemically
and structurally, rejecting the two-dimensional crystal
structure.

The Ce 3d and 4d and the S 2p XPS spectra were mea-
sured with unmonochromated Mg and Al Ka radiation,
the excitation energies being 1253.6 and 1486.6 eV, re-
spectively. Emitted photoelectrons from a surface were
analyzed in energy with a double-pass cylindrical mirror
analyzer (CMA) (Perkin-Elmer Instruments, model 15-
255G). The binding energies were corrected, employing
the Cu 2p»2 (932.4 eV) and Cu 3s (121.4 eV) lines and the
contaminant C ls (284.6 eV) line as reference lines. A
vacuum system and a data-acquisition and processing
system were the same as those in REELS. The Ce N45
ISEELS spectrum and the valence-band REELS spec-
trum 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, using a lock-in amplifier. Our REELS apparatus
and data-acquisition and processing system have been de-
scribed in a previous paper. '

The Nb L2 and S E XAS spectra of CeNbS3 and NbS2
were measured with a Johan-type vacuum soft-x-ray
spectrometer with a Rowland circle of radius 30 cm. The
description of our XAS apparatus and data-acquisition
and processing system has been made in a previous pa-
per. ' The difference spectrum was obtained by subtract-
ing the normalized optical density of NbSz multiplied by
an adjustable parameter from the normalized optical den-
sity of CeNbS3. This parameter was determined, assum-
ing that both spectra have the same optical density at the
Nb L, peak.

III. RESULTS AND DISCUSSION

A. XPS results

The XPS technique is a powerful means for investigat-
ing the valence Auctuation in the mixed valence systems
involving Srn and heavier rare-earth metals as described
above. ' However, in the core-electron-spectroscopy
studies of Ce metal, alloys, and compounds, the final-
state effect, which arises from the interconfiguration in-
teraction in the presence of a core hole, is more impor-
tant due to the hybridization of 4f electrons with other
conduction electrons and/or valence electrons, and the
direct determination of the number of 4f electrons be-
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comes difficult. For example, in the Ce 3d XPS spectra
of typical trivalent compounds such as CeF3, two peaks
corresponding to a well-screened 3d 4f u

' final state
and a poorly screened 3d 4f 'u final state are observed.
Here, U represents the valence electrons. In mixed-valent
compounds, we can observe a peak corresponding to the
3d 4f final state in addition to the peaks.

A decade ago Gunnarsson and Schonhammer calcu-
lated the Ce 3d XPS spectra as functions of P(f ), the
probability of having no f electrons in the initial state
and 6, the charge-transfer energy which depends on the
hybridization between the f states and the conduction- or
the valence-band states. According to the calculation
tu(f ), the weight of the 3d 4f peak, in other words, the
intensity of the 3d 4f peak relative to the total intensi-
ty, almost agrees with the value of P(f ) although the
disagreement cannot be neglected, particularly in the
small P(f ) region. In XPS, it is slightly smaller than
P(f ). r(I 2/I &), the intensity ratio of the f2 to the f'
peak, on the other hand, strongly depends on 6 and
P(f ), the probability of having two f electrons in the
ground state. This value increases with b owing to the
shake-down process. The P(f ) value is, in general, quite
small. It is less than about 0.05. However, it has great
infiuence on the intensity of the f peak. The first appli-
cation of the theoretical results has been done by Fuggle
et al. ,

' to study the Ce 3d XPS spectra of various Ce in-
termetallic compounds, in which they have shown that
the XPS experimental studies combined with the above
calculation sti11 provide valuable information about nf,
the number off electrons in the initial state and b, . Here
we have attempted to apply it to the Ce 3d XPS spectrum
in CeNbS3.

The measurements of the Ce 3d XPS spectra of
different mean free paths have been done with Mg and Al
Ka radiations. The higher spectrum in Fig. 2 has been
measured with Mg Ka radiation. Although it is more
sensitive to the surface than the lower spectrum, both
spectra are quite similar. This fact suggests that surface
effects play only an unimportant role. The main peaks of
the spin-orbit-split 3d»2 and 3d3/2 parts, which are cen-
tered at 885 and 904 eV, respectively, are assigned to the
poorly screened 3d 4f 'u final state. The well-screened
3d 4f u

' final state gives a shoulder at 4.0 eV below
the main peaks. It is predicted from the experimental re-
sult of CeN, ' one of the mixed-valent compounds, that a
peak corresponding to the 3d 4f u

' final state ap-
pears around 11 eV above the main peak. In the present
case, however, the intensity is too small to distinguish it
from the inelastic-scattering background. Then we may
consider that the Ce + 4f configuration is less than a
few percent of the ground state. The overall structures
are quite similar to those of typical trivalent compounds
such as CeSe, ' CeSb, ' and CeP. ' The energies of the
main features are tabulated in Table I. Since the f ' and
f peaks are spread by exchange interaction between a
core hole and localized 4f electrons, the area ratio of the
f peak to the f ' peak r(S,IS, ) provides a better mea-

sure for estimating 6 rather than r(I, /I &). However, it
was difficult to decompose the peaks into each peak.
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FIG. 2. Ce 3d XPS spectra of CeNbS3 measured with Mg
and Al Ko. radiations.

TABLE I. Energies in eV of the main features of the Ce 3d
and 4d XPS spectra of CeNbS3. The energies of Cu 2p' and
Cu 3s reference lines are 932.4 and 121.4 eV, respectively.

Notation 301 5/2 3d 3/2 4d

881.0
885.0
887.5

900.0
904.0
908.0
915.0

106.8
109.2
110.4
111.4
114.2

Then we have estimated it from r(If, /If, ), following

Fuggle et al. It was 0.1 eV, which gave an intermediate
coupling strength nearly equal to that of Ce3Pd5. '

Here, we discuss the difference in the hybridization of
4f electrons between CeS and CeP. The valence photo-
emission spectrum of CeS (Ref. 4) shows a resonance
behavior similar to that of the systems in which hybridi-
zation is less important. The Ce 4f band lies in the ener-

gy gap between the Ce 5d conduction band and the S 3p
valence band. The spectrum of CeP, on the other hand,
shows a strongly coupled resonance behavior and the Ce
4f states form a valence band just below the Fermi level
with hybridization with Ce 5d and P 3p states. " Such a
difference in hybridization between the compounds would
cause dissimilar Ce 3d XPS spectra. However, the exper-
imental spectra are quite similar as discussed above.
Where does the discrepancy come from? Until now, Ce
in a solid has been treated as a trivalent or a tetravalent
ion. This is due to the fact that Ce + has a much higher
excitation energy as compared to Ce + and Ce +. If we
assume different P(f ) values for the CeS layer in
CeNbS3 and CeP, the discrepancy is solved satisfactorily
within the Anderson impurity model. In fact, if we as-
sume a larger, but less than 0.05P(f ) value for the CeS
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FIG. 3. Ce 4d XPS spectrum of CeNbS3 measured with Mg
Ka radiation, which is compared with that of CeF3 and the
multiplet structures of the 4d 4f' final state (Ref. 21).
denotes the spin-orbit splitting of the Ce 4d levels.

layer, both experimental results are consistent. This as-
sumption is partially supported by the magnetic and elec-
trical studies of Wiegers et al. ' in which they have sug-
gested that 20%%uo Ce + ions exist in CeNbS3. If not, we
should consider a change of electronic structure from
that of bulk CeS. In this case, the Ce 4f states in CeNbS3
are required to be mixed more strongly with other
valence- and conduction-band states. As far as the
present authors know, there are no available Ce 3d and
4d XPS spectra in CeS. The Ce 4d spectrum in Ce2S3 has
been measured by Kaciulis, Letisenka, and Plesanovas.
It is similar to ours, although the binding energy is small-
er by about 2 eV.

Figure 3 shows the Ce 4d XPS spectrum in CeNbS3.
The spectrum is explained in terms of the multiplet struc-
tures of the Ce + 4d 4f ' final state which has been calcu-
lated by Signorelli and Hayes. ' However, it is compli-
cated by the spin-orbit (s.o.) interaction and the
interconfiguration interaction. The s.o. splitting of the
Ce 4d levels has been estimated from the XPS spectrum
of CeN (Ref. 17) to be 3.3 eV, almost in agreement with
the energy distance between peaks a and c. Peak a might
be assigned to one of the 4d 4f ' multiplet structures.
However, considering the fact that peaks a and c are
varied with chemical environments and that the latter
peak appears in the low-density region of the calculated
multiplet structures, it would be more reasonable to as-
sign the peaks to the structures of the poorly screened
4d 4f final state.

Figure 4 shows the S 2p3/2 and 2p»z XPS spectra of
various misfit-layer compounds and SnS. The s.o. split-
ting of about 1.2 eV and the statistical intensity ratio of
2:1 are confirmed for SnS. For the misfit-layer com-
pounds, however, we find divergences from the values
and the XPS spectrum reveals only a broad peak for
CeNbS3 and SmNbS3. This is due to different chemical
environments of the S atoms. Within a TS2 layer, S 3p
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FIG. 4. S 2p XPS spectra of various misfit-layer compounds
and SnS. Pass energy applied to CMA is 10 eV for PbVS3, 15
eV for SnS and PbTiS„and 25 eV for the other compounds.

orbitals are strongly hybridized with metal d orbitals to
form strong bonds with three T atoms, while within a MS
layer they are less hybridized with valence orbitals of the
surrounding five M atoms, especially in rare-earth com-
pounds. The difference in chemical environments leads
to multiple peaks due to the chemical shift. Here, we
note some experimental results implying the difference in
the interlayer interaction between the rare-earth com-
pounds and Sn and Pb compounds. Wiegers et al. ' have
shown that the CeS lattice is modulated strongly along
the a axis. The shortest interlayer atomic distance be-
tween M and S is smaller than the shortest intralayer M-S
distance, unlike Sn and Pb compounds. Another experi-
mental result is given from Raman-scattering experi-
ments. The spectra consist mainly of intralayer vibra-
tion modes of individual layers. For Sn and Pb com-
pounds, Raman shifts in the NbS2 part are quite similar
to those for the pyridine-intercalated derivative and the
peaks in the A-type mode in which S atoms are displaced
perpendicular to the basal plane, shift to a negative direc-
tion. For rare-earth compounds, on the other hand, they
shift to a positive direction. Until now, the relationships
between the Raman shift, the interlayer M-S distance,
and the chemical shift are not clear, but we may suggest
at least that the interlayer interaction and chemical envi-
ronments of S atoms are different between the com-
pounds. Further studies are needed to make the relation-
ships clear.
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B. XAS and ISEELS results

The Ce 4d XAS and ISEELS final states in a trivalent
Ce compound have the same d 4f configuration as the
well-screened final state in XPS. At high incident energy,
ISEELS spectra in the reAection mode are quite similar
to the XAS spectra because they obey dipole selection
rules. However, at low incident energy, nondipole transi-
tions are allowed due to the breakdown of the dipole-
selection rules by large momentum transfer. Then
the intensities and the shape become different from those
of the XAS spectra. Figure 5 shows the second-
derivative Ce N4 5 ISEELS spectrum in CeNbS3 at in-
cident energy (Eo) of 430 eV. The threshold energy is
about 118 eV. It is found that the spectrum gives re-
markable intensities to prethreshold structures. They are
comparable to those of giant peaks above the threshold
which are some hundred times larger than those of the
prethreshold structures in the XAS spectra. This is due
to the momentum-transfer effect. The increased intensi-
ties are caused by nonoptically transitions which are al-
lowed by quadrupole transitions and the exchange in-
teraction between an excited electron and an incident
electron. Kalkowski et al. have found the suppression
of the structures arising from the 4f initial state. In
fact, the prethreshold structures of mixed-valent com-
pounds are quite similar to those of a typical trivalent
compound such as CeF3. Jo and Kotani' gave a reason-
able explanation for it on the basis of the Anderson im-
purity model including exchange and spin-orbit interac-
tions and showed that the suppression was caused by hy-
bridization between 4f and valence electrons. Since
CeNbS3 is regarded as a trivalent compound, the
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FIG. 5. Second-derivative Ce N4 5 ISEELS spectrum of
CeNbS3 at E0=430 eV in reflection geometry, which is com-
pared with that of Ce metal (Ref. 24) at Eo=350 eV and the
multiplet structures (Ref. 26) calculated for the
4d' 4f '~4d 4f transitions. The ISEELS spectrum of Ce met-
al is represented as an energy distribution curve as originally
given by Strasser et al. (Ref. 24). The Ce N45 threshold is lo-
cated at about 118 eV.

prethreshold structures are well interpreted in terms of
the multiplet structures in 4d' 4f'~4d 4f transitions
without particular consideration regarding suppression.
The multiplet structures were calculated by Sugar,
which well reproduced the XAS spectra of various
trivalent Ce compounds and mixed-valent compounds.
In Fig. 5 they are compared with the prethreshold struc-
tures of CeNbS3 and Ce metal. The peak positions are al-
most in agreement, but we can find a small dissimilarity
between the spectra. Since it is known that the crystal
field and hybridization affect the arrangement and the in-
tensity distribution of multiplet terms, the dissimilarity
may be attributed to the effects. However, the Ce 4d
XAS spectra of different materials are quite similar in
spite of different chemical environments. Then we sug-
gest that the dissimilarity is caused by the crystal field
and the hybridization effects combined with the
momentum-transfer effect. Most of the prethreshold
structures are derived from optically forbidden terms
such as G and H, whereas the initial state is I. Since
exchange interaction between an incident electron and an
excited electron enables transitions involving a change in
spin multiplicity, they can be allowed by exchange in-
teraction. This interaction is more significant for a
slower incident electron and a more strongly localized
target electron. As a result, ISEELS spectra are heavily
affected at low incident energy. Strasser et al. " have
partially confirmed it from the ISEELS spectra of Ce
metal at 350 and 1595 eV.

Figure 6 shows the Nb L2 and S K XAS spectra in
CeNbS3 and NbSz and the S E spectrum in Ce2S3. Unlike
the Ce N4 ~ ISEELS spectrum the Nb Lz and the S K
spectra represent the unoccupied energy-band structures
due to strong hybridization between Nb 4d and S 3p or-
bitals. The shoulder a', which arises from the empty
states of the half-filled Nb d 2 band, diminishes in
CeNbS3. For clarity of this change, the difference spec-
trum is shown on the bottom of Fig. 6. It is found that
large dips, which are produced by filling the Nb d 2 band

with electrons transferred from CeS layers, appear at the
Nb L2 and S X absorption edges. Such dips are observed
for all the misfit-layer compounds already studied. '

Then it may be considered that charge transfer is a com-
mon feature for the compounds and plays an important
role for the stabilization of the crystal structure. We may
discuss it theoretically by calculating the potential energy
of alternatively stacking semi-infinite positive and nega-
tive thin layers. The positive part in the difference spec-
trum gives the contribution of S E absorption in CeS lay-
ers. In comparison with the S E spectrum in Ce2S3 and
the partial density of S 3p states calculated by De and
Chatterjee, we find a good coincidence among the near-
edge structures and the partial density of states. Since
the calculation makes it clear that the first peak just
above the Fermi level consists mainly of Ce 4f states with
small S 3p character, we may suggest that a shoulder just
above the absorption edge is derived from the Ce 4f band
although the lowest empty states consist of Ce 5d states
which are widely spread, having a peak 2 eV above the
Ce 4f band. Finally, the comparison among the spectra
leads to the conclusion that the peaks b, d, g, and k are
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FIG. 6. Nb L2 and S K x-ray absorption of CeNbS3, com-
pared with that of NbS2. The lowest spectrum is the dift'erence

spectrum which has been obtained by subtracting the spectrum
of NbS2 from that of CeNbS3, assuming that the optical densi-
ties are the same at the Nb L2 peak. The positive part is com-
pared with the S E XAS spectrum of Ce2S3 and the partial den-

sity of S 3p states of CeS (Ref. 7).

derived from the transitions within NbS2 layers while the
peaks e, h, and j are derived from the transitions within
CeS layers and that the interlayer interaction is weak, but
causes the peak f and diminishes the peaks a' and c'.

Figure 7 shows the Nb N2 3 ISEELS spectra of various
Nb misfit-layer compounds. Their spectra represent the
unoccupied energy-band structures as well as the Nb L2
and S K spectra. They are compared with the density of
states calculated by Mattheiss for NbS2 and with the Se
M5 XAS spectrum measured by Sonntag and Brown for
NbSez. The near-edge structures of the Se M5 spectrum
arise from p states in the neighborhood of Se atoms while
the Nb N2 3 spectrum represents the d partial density of
states in the neighborhood of Nb atoms dominantly. In
spite of the difference, both spectra are quite similar,
reAecting strong hybridization of the Nb orbitals with the
chalcogen p orbitals. A peak just above the Nb %23
threshold is caused by transitions to the empty states of
the Nb d & band. Then we may indicate that the d 2 band

is still incompletely filled after charge transfer. The area
ratio of the peak to the peak arising from the remaining d
bands has been estimated. It is 0.28, 0.15, 0.22, and 0.25
for SmNbS3, CeNbS3, SnNbS3, and PbNbS3, respectively.
These values are larger than the expected value of 0.13

FIG. 7. Nb N& 3 ISEELS spectra of various misfit-layer Nb
compounds, which are compared with (f) the Se M5 XAS spec-
trum of NbSe2 (Ref. 30) and (g) the density of states of NbS2
(Ref. 29). (a) SmNbS3 at Ep =350 eV (b) SmNbS3 at Ep =200
eV, (c) CeNbS3 at Ep =200 eV, (d) PbNbS3 at Ep =200 eV, (e)
SnNbS3 at Ep =200 eV. The Nb X& 3 threshold is located at 31
eV.

for pure NbS2. The result is apparently inconsistent with
other experimental results which suggest charge transfer
from MS to NbS2 layers. This contradiction partially
comes from the lifetime broadening of a core hole and
background subtraction errors. In SmNbS3 the Nb Xp 3

spectrum is superimposed on the high-energy structures
of the Sm 02 3 spectrum, the threshold energy being 22
eV. The more important cause is the difference in char-
acters between the bands. S 3p states are mixed more
strongly with the remaining d states than the d 2 states.
Since the oscillator strength for an energy-loss structure
is afFected by band character, we should use different
weights for the peaks. Nevertheless, we may suggest that
the charge transfer is most prominent in CeNbS3 among
the Nb misfit-layer compounds.

C. Valence plasmons and interband transitions

Figure 8 shows the comparison among the EELS spec-
tra of SnNbS3, SmNbS3, and CeNbS3. A large peak
around 20—22 eV arises from the excitation of valence
plasmons. The free-electron values are calculated from
the well-known relation E =fie+n /corn =37.0&n
(eV), where n is the density of the valence electrons parti-
cipating in plasma oscillation per unit volume (A ). They
are obtained for each layer in both charged and neutral
cases which depend on whether or not an electron per
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[E (MS)] +[E (TS2)]
(2)

where E~(MS) and E (TS2) are the energies of the
valence plasmons of MS and TS2 layers, respectively.
The results are tabulated in Table II together with the
lattice constants. Since the plasmon peaks shift to higher
energy with momentum transfer, the experimental values
for comparison are measured at high incident energy to
neglect the momentum-transfer effect. For NbS2 it is
larger by about 2 eV than the free-electron value. The
disagreement is partially caused by a deviation from the
simple free-electron model and is partially caused by S 3s
interband transitions around 18 eV because plasmon

molecule is transferred from MS to TS2 layers. However,
the charge-transfer effect on the plasma energy is not so
large. Since the thicknesses of the MS and TS2 layers are
nearly equal, the free-electron value of a bulk plasmon of
a misfit-layer compound is given by '

peaks shift to higher energy by interband transitions on
the lower-energy side. The peak energies for CeNbS3 and
SmNbS3 are different by about 4 eV from the free-
electron values of the bulk plasmons, but they are in good
agreement with the experimental value of NbS2. The
peak energy for SnNbS3 is, on the other hand, larger by
about 2 eV than the free-electron value as well as NbS2.
Here, it is worth noting that the plasmon intensities or
the oscillator strengths of M monosulfides (M=Sn, Sm,
and Ce) and the sesquisulfides decrease while going from
Sn to Ce compounds. ' In a previous paper ' the
present author indicated the generation of interface
plasmons between the layers and the possibility of prefer-
ential plasma excitation. If plasma excitation within a
MS layer is much weaker than that within a NbS2 layer,
valence plasmons are excited preferentially only in NbSz
layers. If it is comparable to that of the NbS2 layer, in-
terface plasmons are excited. Since the energy of the in-
terface plasmon is given in the same form as that of the
bulk plasmon given by Eq. (2), they are not distinguished
only from the peak position. A detailed analysis shows
that all the spectra reveal structures at 20.4 and 22.4 eV,
although the intensities are very different among the
compounds. We may ascribe them to the interface
plasmon and the valence plasmon of the NbS2 layer be-
cause the energy difference from the free-electron value is
about 2 eV in both cases. The difference in intensity is
caused by different oscillator strengths for a valence
plasmon within a MS layer. Finally, we may suggest that
SmNbS3 and CeNbS3 belong to the former case in which
preferential plasma excitation occurs and SnNbS3 belongs
to the latter case in which interface plasmons are excited.
At low incident energy, however, preferential plasma ex-
citation occurs in SnNbS3 by the momentum-transfer
effect as discussed in a previous paper. ' The difference
in oscillator strengths also affect the incident-energy
dependence of the observed plasmon peak and the inten-
sities on the lower-energy side. Figure 9 shows the EELS
spectra of CeNbS3 at various incident energy. The
incident-energy dependence is similar to those of
SmNbS3, layered transition-metal disulfides, and three-
dimensional compounds. The plasmon peak approaches

TABLE II. Energies in eV of the bulk plasmons of SnNbS3, CeNbS3, and SmNbS3 and the valence plasmons of individual layers in
0

the neutral and charged cases and the lattice parameters in A.

Material
Valence plasmon

Neutral Charged Bulk plasmon
Lattice parameter

b

SnNbS3

CeNbS3

SmNbS3

SnS

NbS2
CeS

NbS2
SmS

NbS2

16.9

20.4
16.2

20.7
16.6

20.9

16.0

21.0
15.3

21.3
15.6

21.5

18.7

18.6

18.9

5.673

3.321
5.727

3.311
5.570

3.314

5.750

5.752
5.765

5.765
5.714

5.714

11.760'

11.763'
11.41b

11.41 ~ 2'
11.26 X 2'

11.26X2'

'Meetsma et al. (Ref. 32).
Wiegers et ai. (Ref. 1).

'Meerschaut et aI. (Ref. 33).
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a constant energy as the incident energy increases. In
SnNbS3 and BiNbS3, on the other hand, it shifts to lower
energy with incident energy almost linearly in the range
of 100—2000 eV. '

Figure 10 shows interband transitions. The energies of
the main features are summarized in Table III. Since the
maximum density of states of the remaining d bands is lo-
cated at about 3 eV above the Fermi level, we assign a
peak at 2.7 eV to interband transitions from the d 2 band
to the remaining d bands. At Eo=100 eV its peak ap-
parently shifts to 3.3 eV, and a peak at 4.5 eV, which may
be assigned to interband transitions from the Ce 4f band,
disappears. This is due to reduced energy resolution. In
the lock-in mode, energy resolution decreases with in-
cident energy and a primary peak covers any structures

I I

5
ENERGY LQQQ (eg)

FIG. 10. REELS spectra of CeNbS3 at Ep =50, 75, and 100
eV. The spectrum at Ep=75 eV has been measured in the
pulse-counting mode whereas the spectra at Ep = 50 and 100 eV
have been given in the second-derivative form, using a lock-in
amplifier.

below 2.5 eV. The spectrum at ED=75 eV, which has
been measured in the pulse-counting mode, exhibits a fine
structure at 2.2 eV. Since the optical conductivity spec-
trum of CeS (Ref. 36) has only small intensities in the
range of 1 —4 eV, we may ascribe it to interband transi-
tions from the top of the S 3p valence band to unoccupied
Nb d 2 states within NbS2 layers. As the incident energy
decreases, a peak around 8.3 eV shifts to higher energy
and the intensity decreases. This peak arises from the
partial plasma resonance of Nb 4d electrons. Such varia-
tions are caused by the momentum-transfer effect cou-

TABLE III ~ Energies in eV of the main features of the EELS spectrum of CeNbS3.

Notation Energy

2.2

2.6

4.5

5.7

8.3

Assignment

The top of the S 3p valence band —+

unoccupied d 2 states
Z

Occupied d 2 states ~ the remaining
Z

d band
Occupied Ce 4f states ~ the Ce 5d

conduction band
The S 3p valence band ~ the Ce 5d

conduction band within CeS layers
The S 3p valence band ~ the remaining

d band within NbS2 layers
Partial plasma resonance of Nb 4d

electrons
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pling to the decay of plasma oscillation into single-
particle excitation. The free-electron value and the ob-
served energy of pure NbS2 are given by Bell and Liang.
They are 14.7 and 8.5 eV, respectively. A broad struc-
ture around 5 eV arises from interband transitions from
the S 3p valence band to the remaining d bands within
NbSz layers and interband transitions from the S 3p
valence band to the Ce 5d conduction band within CeS
layers.

d/s

Ce gf

Cekf "::~

S3p

s/p

d/p

Ef
Nb dz2

S 3p

IV. CONCLUSIONS

In this paper the core-electron spectroscopy studies of
CeNbS3 have been presented. The Ce 3d XPS spectrum
has been analyzed with the aid of the calculation of Gun-
narsson and Schonhammer. It has been found that Ce
exists mainly as a trivalent ion. Ce + and Ce + are less
than 5% of Ce + even if they are present. It is, however,
possible that Ce 4f electrons are hybridized with valence
and conduction electrons to the same extent as those of
CeSe and CeP unlike bulk CeS. The overall structures of
the Ce 3d and 4d XPS spectra are quite similar to those
of CeSe. The S 2p XPS spectrum suggests different, plur-
al chemical environments for S atoms. The interlayer in-
teraction seems different between the misfit-layer com-
pounds involving a rare-earth element and a Sn or Pb ele-
ment. The second-derivative Ce N4 5 ISEELS spectrum
at Eo =430 eV exhibits large prethreshold structures via
the momentum-transfer effect. The intensities are com-
parable to those of giant peaks which are hundreds times
larger than those of the prethreshold structures in XAS.
The Nb L, 2 and S K XAS spectra give the evidence of
electron transfer from CeS layers to NbS2 layers, al-
though the Nb d 2 band is still incompletely filled after
electron transfer. The Nb N2 3 ISEELS spectrum reveals
a small peak arising from the empty d 2 states. The areaZ'
ratio of the peak to a remaining d-band peak gives no ac-
curate values for the number of transferred electrons, but
it has been found that charge transfer is most prominent
in CeNbS3 among the Nb misfit-layer compounds already
studied. In SmNbS3 charge transfer occurs from the Sm
4f band, resulting in the change of the valence state from

(a) (b)

FIG. 11. Schematic energy band structure of (a) bulk CeS, (b)
a CeS layer in CeNbS3, and (c) a NbS2 layer in CeNbS3. In bulk
CeS the Fermi level is located within the Ce 5d conduction
band, an electron per molecule being promoted. In the CeS lay-
er the Fermi level is lowered as the result of electron transfer to
NbS& layers. The Nb d 2 band in the NbS& layer is filled with

transferred electrons. The overall structures of the valence and
conduction bands are understood approximately in terms of the
electronic structure of each layer.

divalency to trivalency. In CeNbS3 charge transfer
occurs from the Ce 5d conduction band without changing
the valence state. This is shown schematically in Fig. 11.
The Ce Sd conduction band, as well as the occupied 4f
band, contains an electron per molecule in bulk CeS. In
forming CeNbS3 a part of the conduction electrons are
transferred into the Nb d 2 band in a way that the elec-

trochemical potentials or the Fermi levels in both layers
come to an agreement. The wave functions of Ce 5d con-
duction electrons are not localized around Ce ions, but
extend over a CeS layer. The delocalization has been
confirmed for metal Ce. Then the valence state of a Ce
ion is not affected by electron transfer of Ce 5d conduc-
tion electrons, from CeS to NbS2 layers. Since the oscil-
lator strength of a valence plasmon in a CeS layer is
small, preferential plasma oscillation is observed even at
high incident energy.
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