
PHYSICAL REVIEW B VOLUME 38, NUMBER 6 15 AUGUST 1988-II

X-ray photoemission and Auger-electron spectroscopic study of the electronic structure
of intercalation compounds M„TiS2 (M =Mn, Fe, Co, and Ni)

A. Fujimori'
National Institute for Research in Inorganic Materials, Tsukuba, Ibaraki 305, Japan

S. Suga
Synchrotron Radiation Laboratory, Institute for Solid State Physics, The University of Tokyo, Tanashi, Tokyo 188, Japan

H. Negishi and M. Inoue
Department ofMaterials Science, Faculty ofScience, Hiroshima University, Hiroshima 730, Japan

(Received 22 December 1987; revised manuscript received 15 March 1988)

The electronic structure of intercalation compounds M„TiS& (M =Mn, Fe, Co, and Ni) has been

studied by x-ray photoemission spectroscopy (XPS) and Auger-electron spectroscopy. The inter-

calated M 3d-derived spectra in the valence-band region can be interpreted in terms of multiplet

and satellite structures, suggesting that the intra-atomic Coulomb and exchange energies for the

M 3d electrons and the M 3d-S3p hybridization dominate the M 3d-band width. The core-level

XPS spectra of the guest 3d atoms also exhibit multiplet and satellite structures, from which these

atoms are found to be in high-spin divalent states, except for Co, which is in the low-spin divalent

state. The host Ti 3d- and S 3p-derived electronic states, on the other hand, are basically well de-

scribed by the band theory. Auger-electron spectra also support the strong electron correlation of
the M 3d states and its insignificance for the host Ti 3d and S 3p states. Itinerant behaviors of the M
3d electrons as observed in the magnetic, thermal, and transport properties combined with the

present results suggest that correlated M 3d bands are formed in these compounds as a result of
strong hybridization with the host electronic states. The Ti 2p core-level XPS spectra of M„TiS& are

shown to consist of poorly screened and well-screened peaks. As for TiS&, the Ti 2p XPS spectrum

does not show well-screened peaks because of the absence of conduction electrons that can fill the

screening orbital, whereas this orbital appears to be filled in the initial state of Auger-electron emis-

sion.

I. INTRODUCTION

3d transition-metal atoms (M } can be intercalated into
the van der Waals gaps of layered-structure transition-
metal dichalcogenides TX2, where T and X stand, respec-
tively, for a transition metal and a chalcogen atom. The
physical properties of compounds M„TX2 thus formed
are considerably modi6ed from those of the host materi-
als. ' The electronic and magnetic properties of
M„NbS2, M&TaS2, and M„NbSe2 have been understood
in terms of a rigid-band model, according to which
the guest 3d atoms donate electrons to the partially filled
d 2 band of the host material and become divalent or
trivalent ions. The 3d electrons of the guest atoms are lo-
calized and interact with each other via Ti 3d conduction
electrons through Ruderman-Kittel-Kasuya- Yosida
(RKKY) interaction, resulting in various types of mag-
netic orderings; the anomalous transport properties are
explained as due to scattering of conduction electrons by
the local spins.

Recent detailed studies on M„TiS2 (M =V, Cr, Mn, Fe,
Co, and Ni}, however, have revealed itinerant behav-
iors of the intercalated M 3d electrons as follows: (i) The
magnitude of the ordered moment is generally smaller
than those expected from the above rigid-band model,

particularly for Co„TiSz, (ii) The electronic specific-heat
coefficient y is unusually large (e.g., y =80 mJ,
mol 'K for M, &4TiS2), suggesting significant M 3d
contributions at the Fermi level (EF ); (iii} the appearance
of hole pockets in Ni„TiS2 suggested from Hall measure-
ments cannot be explained by the rigid-band model and
imply a strong modification of the band structure by the
intercalated Ni 3d states. Yamasaki, Suzuki and
Motizuki' and Suzuki et al."have made band-structure
calculations on Cr„TiS2 and Fe„TiS2 in paramagnetic and
ferromagnetic states using the augmented-plane-wave
(APW) inethod. Their results have indicated a strong hy-
bridization between the host Ti 3d —S 3p states and the in-
tercalated M 3d states. They have thus concluded that
the itinerant-band model rather than the rigid-band mod-
el is appropriate to describe the electronic structure of
M„TiS2. Recently Ueda et al. ' ' have performed
ultraviolet-photoemission-spectroscopy (UPS) measure-
ments on M TiSz using synchrotron radiation in the
photon-energy range hv=32 —120 eV in order to study
experimentally their electronic structures. By using the
resonant photoemission technique, they have demonstrat-
ed the strong hybridization between the guest 3d and the
host electronic states.

Since UPS is a rather surface-sensitive technique, it
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probes electronic states in the surface region which may
be modified from those in the bulk. Thus we have per-
formed x-ray-photoeinission-spectroscopy (XPS) mea-
surements which are more bulk sensitive due to the
longer photoelectron mean free paths. In this paper, we
present the results of the XPS studies as well as those of
Auger-electron-spectroscopy studies on Mx TiS2 (x = —,

' or
—,', M=Mn, Fe, Co, and Ni}, where the guest 3d atoms
form &3)&&3 and 2X2 superlattices for x = —,

' and —,', re-

spectively, as shown in Fig. 1. The spectra are compared
with band theory' '" and configuration-interaction (CI)
theory in order to evaluate the degree of hybridization
between the host and guest electronic states and also the
magnitude of the intra-atomic Coulomb energy for the
M 3d electrons which play crucial roles in determining
the itinerant versus localized behaviors of these electrons.
Our results have confirmed the strong hybridization be-
tween the M 3d and S 3p states as suggested by the
band-structure calculations' '" and by the synchrotron-
radiation photoemission studies. ' ' Furthermore, we
have found that the intra-atomic Coulomb energy be-
tween the M 3d electrons is generally large and dom-
inates the one-electron M 3d-band width, whereas elec-
tron correlation is not important for the host Ti 3d —and
S 3p-derived states. It is thus proposed that the itinerant
behaviors of the M 3d electrons should be ascribed to
those of correlated energy bands resulting from the hy-
bridization between the bandlike host Ti 3d and S 3p
states and the atomiclike M 3d states. These conclusions
will be derived from analyses of the core-level XPS spec-
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FIG. 1. Crystal structures of M&/3TiS2 and M&&4TiS2. The
three layers indicated by arrows are shown in the bottom two
panels.

tra of the guest 3d atoms (Sec. IIIA), S and Ti (Sec.
III B), the valence-band XPS spectra (Sec. III C), and the
Auger-electron spectra (Sec. III D).

II. EXPERIMENT

Single crystals of M TiS2 were grown by a chemical-
vapor-transport technique using iodine as a carrier gas as
described elsewhere. ' XPS and Auger measurements
were made by using a spectrometer equipped with a Mg
x-ray source and a double-pass cylindrical-mirror
analyzer (PHI model 15-255}. The sainples were glued
onto sample holders using conductive epoxy. Clean sur-
faces were obtained by scraping with a diamond file in the
spectrometer chamber having a base pressure of
—1)&10 ' Torr. The cleanliness of the surface was
checked through the absence or weakness of the 0 1s
XPS signal. The spectra have been corrected for the Mg
Eu3 4 satellite and for the kinetic-energy dependence of
the analyzer transmission efFiciency. ' The resolution of
the electron-energy analyzer was 0.6-0.8 eV depending
on the pass energy and the aperture size' and a total
resolution of about 1 eV was obtained combined with the
natural width of the x rays. Experimental errors in bind-
ing energies (Es ) were +0. 1 eV.

III. RESULTS AND DISCUSSION

A. Core levels of guest 3d transition metals

Core-level XPS spectra of 3d transition-metal oxides,
halides, and chalcogenides exhibit satellite structures:
Each metal core-level spectrum consists of the "main
peak" and the "satellite" at lower (smaller) and higher
(larger) binding energies, respectively. It is now estab-
lished that except for early 3d transition-metal (Sc, Ti,
and V) compounds, ' the main peak usually corresponds
to final states with the core hole screened by ligand-to-
metal charge transfer (i.e., cd" +'L final states, where c
and L denote a core hole and a ligand hole}, and that the
satellite corresponds to final states with an unscreened
core hole (cd" final states). ' The M 2p core-level spectra
for M, TiS2 are collected in Fig. 2. In the figure one can
see that each of the spin-orbit components, 2p3/2 and
2p, /2, indeed shows a satellite feature, except for the Co
2p spectrum, for which the satellite is not so well defined
as in the other M 2p spectra.

In Figs. 3—5 the M 2p spectra are compared with
those of some 3d transition-metal sulfides. In Fig. 3 the
Fe 2p spectrum of Fe, /3TiS2 is compared with those of
two representative divalent Fe sulfides, FeS2 (Ref. 18) and
hexagonal FeS (Ref. 19}, in which Fe is in the low-spin
($=0) and high-spin ($=2) states, respectively. There
one can clearly see that the Fe 2p spectrum of Fe//3TiS2
is rather similar to that of FeS concerning the peak posi-
tions and the satellite line shape than to that of FeS2.
The great similarity between the spectra of Fe&/3TiS2 and
FeS is consistent with the fact that Fe in Fe, /3TiS2 has
been found to be in the high-spin divalent state by the

Fe Mossbauer studies. Since the satellite structures
reflect the degree of hybridization between the 3d and
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FIG. 2. 2p core-level XPS spectra of guest 3d-transition-
metal atoms in M„TiS2. The 2p3/f peaks of diferent com-
pounds have been aligned. Ace~ marks approximately the bulk-

plasmon energy obtained from the energy position of the
plasmon satellite accompanying the S 2p core-level XPS peak.

ligand orbitals, we may conclude that the Fe 3d-S 3p hy-
bridization strengths are similar in Fe„TiSz and FeS.
Such a similarity is expected as the local environment of
the Fe atom is similar between the two systems, in that
the Fe atom is octahedrally coordinated by six S atoms
which form hexagonal-close-packed structures. (The Fe
atom in FeSz is coordinated by six Sz molecules and the
Fe 3d electrons are in the low-spin state. )

Figure 4 shows the results for Ni, /3TiSz, where the Ti
L3Mz 3Mz 3 Auger emission which overlaps the Ni 2p re-
gion has been subtracted using the spectrum of TiSz. As
shown in Fig. 4, the peak position and the satellite line
shape of the Ni 2p core-level XPS spectrum of Ni, /3TlSz
is quite similar to that of hexagonal NiS, in which Ni is
in the high-spin (S = 1}divalent state. ' In Fig. 5 the Co
2p spectrum of Co»4TiSz is compared with that of the
low-spin (S=—,') pyrite-type CoSz (Ref. 18) and that of
hexagonal CoS, which is intermediate between the low-
spin and high-spin states. The spectrum of Co, &4TiSz is
closer to that of CoSz, in that the sattelite is weak and
does not exhibit a well-defined peak or a shoulder. The
satellite structure of the Mn 2p core level is similar to
that of MnSz, ' consistent with the high-spin, divalent
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FIG. 3. Fe 2p core-level XPS spectrum of Fe&/3TiS2 com-

pared with those of the low-spin FeS2 (Ref. 18) and the high-
spin FeS (Ref. 19).

Mn atom.
The valence and spin states of the guest 3d atoms can

also be studied through the exchange splittings of the
M 3s core levels. The 3s core-level spectra of M„TiSz are
shown in Fig. 6, where the spectra are compared with the
exchange-split multiplets (intensities are given by the
height of the bars) expected for the 3s3d" and 3s3d" +'
configurations for the satellites and the main peaks, re-
spectively, where n is the nominal d occupation in the
ground state, i.e., n =5, 6, 7, and 8 for M =Mn, Fe, Co,
and Ni. The exchange splitting, namely the energy sepa-
ration between the two components in each multiplet, has
been taken to be equal to that of the main 3s peak in 3d
transition-metal dilluorides. ~ (We attribute the main
peaks in the fluorides to unscreened 3s3d" final states
rather than to screened 3s3d" +'L, in contrast to what
was suggested by Veal and Paulikas. This is because
the F 2p valence band lies deep, i.e., —10 eV below EF,
and consequently it would cost energy to transfer an elec-
tron from the F 2p band to the 3d state. } The intensity
ratio between the exchange-spht components has been
taken to be proportional to the final-state spin rnultiplici-
ty with a modification that the intensity of the high-
binding-energy component is multiplied by 0.64 accord-
ing to Fadley et al. The separation between the satellite
(3s3d") and main-peak (3s3d" +'L) multiplets for each
material has been taken to be 80&o of that of the 2p core-
level spectrum (corresponding to the weaker core-hole
potential of the relatively extended 3s orbital than that of
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FIG. 4. Ni 2p core-level XPS spectrum of Ni&/3TiS2 com-
pared with that of NiS (Ref. 20). The overlapping Ti
L3M2 3M2 3 Auger emission has been eliminated by subtracting
the spectrum of TiS2.
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FIG. 5. Co 2p core-level XPS spectrum of Co&&4TiS2 com-
pared with those of CoS& (Ref. 18) and CoS (Ref. 22).

the 2p orbital). The calculated bar diagrams thus ob-
tained explain the experimental results within the limited
experimental resolution and signal-to-noise ratios, con-
sistent with the M 2p results. (As for Co, &4TIS2, both
up-spin and down-spin unoccupied orbitals exist on the
low-spin Co atom, and therefore an electron can be
transferred to either orbital in the charge-transfer screen-
ing process; thus the Co 3s main peak in Fig. 6 is com-
pared with the bar diagram consisting of S=0 and
S=1 3d valence configurations, corresponding to the
central bar and the remaining two bars, respectively. )

The appearance of multiplet and satellite structures
generally imply that the Coulomb and exchange interac-
tion between the core hole and valence electrons is com-
parable to or larger than the one-electron band width of
the local density of states (DOS) at the core-hole site. As
the intra-atomic Coulomb interaction between the M 3d
electrons is not expected to be much weaker than that be-
tween the core hole and 3d electrons and as the exchange
interaction is even stronger among the 3d electrons, the
above core-level results suggest that electron correlation
between the intercalated 3d electrons is important and
cannot be neglected in understanding the electronic
structure of M„TiS2.

B. Core level of Ti and S

In contrast to the core-level XPS spectra of the guest
3d atoms, the XPS spectra of S core levels do not show
multiplet nor charge-transfer satellite structures. The
spectra could be fitted by simple theoretical curves,
namely, spin-orbit doublets where each peak has a
Lorentzian- and Gaussian-broadened asymmetric line
shape given by Doniach and Sunjic or by Mahan.

Figure 7 shows the S 2p core-level spectra of M„TiS2
and TiS2, which have been fitted to a single spin-orbit
doublet with the statistical branching ratio of 2:1 for the
2p3/2 and 2p, &2 components. Fitted parameters such as
singularity indices a, Lorentzian full widths at half max-
imum (FWHM), 2y, and Gaussian FWHM, 26, are given
in Table I.3 The singularity index is finite (a=0.11) for
TiS2, and increases with guest-atom concentration, con-
sistent with an increase in the density of states (DOS) at
EF, ' since a in metallic systems is known to be propor-
tional to the square of the local DOS at EF on the core-
hole site. We also find that the S 2p core-level binding
energy increases with gues-atom concentration as shown
in Fig. 7 or in Table I, qualitatively consistent with a shift
in EF due to the filling of the Ti 3d band. Apart from the
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tion of additional bonding between the guest 3d and host

atoms causes the S 2p core-level shift to lower binding
energies, as the bonding is expected to be partially ionic.

uc an effect, however, could not be identified probably
because the effect is small as compared to the shifts due
to the band filling.

The Ti 2p core-level XPS spectra shown in Fig. 8 ex-
hibit much more pronounced broadening and binding-
energy shifts on going from TiSz to the intercalated com-
pounds than in the case of the S 2p spectra. In particular,
we note that the shift is in the opposite direction to that
expected from the band-filling effect. %e first made line-
shape analyses using a single spin-orbit doublet and ob-
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TABLE I. Line-shape parameters for the S 2p core-leve1 XPS
spectra of TiS2 and M„TiS2. Ez(2p3/2) ls the S 2p3/2 core-level
binding energy, a is the singularity index, and 2G is the Gauss-
ian FWHM. The Lorentzian FWHM and the 2 -2
orbit s li

J 3/2 /1/2 P
or it splitting have been assumed to be the same as those of
TiS2.. 2y =0.54 eV and hE, = 1.16 eV. Energies are in eV.

iS2

Ea {2P3/2 ) 2G

TiS2
Mni /4TiS2
Fe& /3 TiS2
Co, /4TiS2
Ni ) /3TiS2

160.9
161.1
161.2
161.0
161.1

0.11
0.16
0.22
0.16
0.19

0.82
0.91
0.90
0.90
0.76'

'Spectra for Ni, /3TiS2 have been taken with higher resolution,
so that this 2G value cannot be directly compared with those of
the other compounds.
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FIG. 7. S 2p core-level XPS spectra of TiS2 and M„TiS2. The
experimental spectra (dots) are fitted to theoretical curves (solid
curves) calculated by using the parameters listed in Table I.
The dashed curves represent integral backgrounds. The vertical
line marks the peak position for TiS2.
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for TiS2 (corrected for the filling of the Ti 3d conduction band
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FIG. 8. Ti 2p core-level XPS spectra of TiS and M TiS.
Th e experimental spectra (dots) are fitted to theoretical curves
(solid curves) calculated by using the parameters listed in Table
III (for TiS2, in Table II). Except for TiS2, each theoretical
curve consists of two overlapping spin-orbit doublets as shown

e p3/2 pea posi-in Figs. 9 and 10. The vertical line marks the 2p eak
tion for TiS2.
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tained parameters listed in Table II. The resulting fits
are shown on the bottom of Figs. 9 and 10 for Ni TiS1/3 2

and Mn&/4TiSz. One can notice in Table II that the
Gaussian FWHM for the intercalation, 26, compounds
are considerably larger (by 0.5-0.8 eV) than that for TiS .1

This may suggest an overlap of different components in
the Ti 2p spectra, either due to an initial-state effect, i.e.,
the presence of inequivalent Ti sites, or due to a final-
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I
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Tis

TABLE II. Line-shape parameters for the Ti 2p core-level
XPS spectra of TiSz and M„TiS2 obtained by assuming a single
spin-orbit doublet. The 2p3/2 2p &/2 spin-orbit splitting has been
fixed at EE„=6.01 eV as obtained for TiS2. Energies are in eV.

~ ~

TiS2
Mn& /4TiS2
Fe, /3TiS2
Co, /4TiS2
Ni l /3T1SP

E~(2p3/2 )

456.4
456.2
455.7
455.6
455.6

0.16
0.18
0.37
0.39
0.39

0.93
0.78
0.59
0.67
0.63

1.74
1.80
1.78
1.44
1.51

2y3/2 2y l/2 2G

1.03
1.79
1.83
1.51
1.51

465 460
BINDING ENERGY (eV)

I

455 450

FIG. 10.0. Ti 2p core-level XPS spectrum of Mn TiS fi
o a sing e spin-orbit doublet and to a superposition of two

spin-orbit doublets. The same as Fig. 9.
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state effect such as the existence of different screening
channels. Indeed, the theoretical curves using a single
spin-orbit doublet in Figs. 9 and 10 show misfits in the re-
gion Ez -455-462 eV. A possible initial-state effect is an
overlap of Ti + (31 ) and Ti + (31') components since
the number of conduction electrons in the Ti 31band per
Ti atom ( =2x ) is less than unity for M„TiSz with x =—,

'

or —,'. The apparent Ti 2p core-level shift to lower binding
energies can then be explained as due to the growth of

Density of states
Ground state Core-hole state

FIG. 11. Screening processes for Ti core holes in TiS2 and

M„TiS2. A screening level of Ti 3d character is formed below
the Fermi level (EF) in the core-hole state. An electron from
the conduction band fills this level in the well-screened core-
hole state and does not in the poorly screened core-hole state.
The screening level is filled also in the initial state of Auger-
electron emission. For TiS2, the probability of filling the screen-

ing orbital is very small in the photoemission final state because
of the almost empty Ti 3d conduction band.

the overlapping 2p3d' component on the low-binding-
energy side of the 2p3d component. However, Ti 3d
electrons in M„TiS2 are known to behave as itinerant
electrons rather than localized ones hopping between
Ti sites because of the large Ti 31-band width. (The non-
bonding and the total Ti 3d-conduction-band widths have
been calculated to be about 2 and 3.5 eV, respectively. '

)

Thus the two components cannot be due to the presence
of the two distinct initial states 3d and 3d'.

Then we consider a final-state effect induced by the
care-hole potential as originally proposed by Kotani and
Toyozawa. Namely, as schematically shown in Fig. 11,
the core-hole potential pulls down a localized screening
level of Ti 31 character below EF, which is either occu-
pied by an electron transferred from the conduction band
or unoccupied in the final state, giving rise to two com-
ponents in the core-level XPS spectrum. Thus the Ti 2p
spectra of M„TiS2 were fitted to a superposition of two
spin-orbit doublets corresponding to a well-screened peak
and a poorly screened peak appearing at lower and
higher binding energies, respectively. The results of the
fitting are shown in Figs. 8-10, and the parameters thus
deduced are listed in Table III.3~ (The solid curves in
Fig. 8, except for TiSz, show the results of the two-
component fits. } We see in Figs. 9 and 10 that the fits are
significantly improved as compared to the one-
component fits.

We note in Table III that the lifetime width of the
poorly screened peak increases with guest-atom concen-
tration. This can be understood if we consider the decay
process of the poorly screened core-hole state into the
well-screened state by filling the screening level via an
Auger-type transition leaving two holes in the Ti 3d con-
duction band. The probability of this transition will in-
crease with the number of Ti 3d conduction electrons
supplied by the guest atoms.

For the Ti 2p XPS spectrum of TiS2, although the
screening level may be formed on the core-hole site,
well-screened peaks are expected to be weak, because the
Ti 3d conduction band is almost empty in TiS2 and elec-
tron transfer from the conduction band to the screening
level cannot occur effectively when the core hole is creat-
ed suddenly. Indeed, the Ti 2p XPS peak energies for
TiS2 are found to be close to those of the poorly screened

TABLE III. Line-shape parameters for the Ti 2p core-level XPS spectra of M„TiS& obtained by as-
suming two overlapping spin-orbit doublets representing well-screened and poorly screened peaks. The
Gaussian FWHM and the 2p3/2 2p, /2 spin-orbit splitting have been fixed at 2G =1.03 eV (0.83 eV for
Ni&/3TiS& because of the better instrumental resolution) and EE„=6.01 eV. Energies are in eV.

Well screened'

Ez(2p3/2 ) a V 1 /2

Poorly screened
Ez(2p3/2 ) 2/3/2 Ips /Iws'

Mnl /4TiS2
Fe, /3TiS,
Co&/4TiS2
Ni &/3 T&Sz

455.8
455.4
455.5
455.3

0.19
0.37
0.38
0.39

1.72
1.70
1.53
1.62

457.0
456.9
457.0
456.7

1.79
2.29
1.92
2.24

0.90
0.45
0.18
0.37

'2@3/2 has been fixed at 0.93 eV.
a has been fixed at zero. We have assumed 2y&/2 —2y3/2 to be the same as that for the well-screened

peaks.
'Intensity ratios between the poorly screened (PS) and well-screened (WS) peaks.
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peaks for M„TiS2 (Tables II and III, Figs. 9 and 10) and
no trace of well-screened peaks is observed in the TiS2
spectrum (Fig. 8). [In Figs. 9 and 10, the Ti 2p peak po-
sitions for TiS2 have been shifted to higher binding ener-
gies relative to those of M, TiS2 by the same amount as
the S 2p shift (0.1 —0.3 eV) in order to take into account
the band-filling effect in M„TiSz. ] Further evidence for
the formation of the screening level in TiS2 will be given
in Sec. II D based on the analysis of Auger-electron spec-
tra.

The splitting between the well-screened and poorly
screened Ti 2p peaks, —l. 5 eV, is the Coulomb energy Q
between the Ti 2p core hole and the Ti 3d electron. If we
assume that the intra-atomic Coulomb energy U amounts
to —70% of Q as in late-3d-transition-metal com-
pounds, ' U is estimated to be of order of 1 eU. This
value is small as compared to the nonbonding Ti 3d-band
width -2 eV and would not alter basically the one-
electron itinerant-band picture for the Ti 3d states even
when this band is partially filled by intercalation.
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FIG. 12. XPS spectra of TiS2 and M„TiS2 in the valence-
band region. Difference spectra between M TiS~ and TiS2 are
shown by solid curves below each of the I TiS& spectra. The
TiS2 spectrum is compared with a theoretical XPS spectrum cal-
culated by using the energy-band density of states given by
Yamasaki, Suzuki, and Motizuki (Ref. 10).

C. Valence bands

On the bottom of Fig. 12, the valence-band XPS spec-
trurn of TiSz is compared with a theoretical spectrum cal-
culated by using the DOS given by the band-structure
calculation. ' The theoretical spectrum was obtained by
adding Ti 3d and S 3p partial DOS which has been multi-
plied by corresponding photoionization cross sections
and broadened with a Gaussian function (2G=0.65 eV)
and a Lorentzian function having an energy-dependent
width [2y=0 14 . eV +0.2(E~ E~)—, where 0.14 eV
represents the natural width of the x-ray source] in order
to represent the instrumental and lifetime-broadening
effects. The best agreement between theory and experi-
ment was obtained by shifting the theoretical spectrum
by 1 eV to higher binding energies, as shown in Fig. 12.
Apart from this shift, correspondence between the band
theory and the experimental spectrum appears satisfacto-
ry.

The valence-band XPS spectra of M„TiS2 are also
shown in Fig. 12. These spectra and that of TiS2 all show
common characteristic features, i.e., the S 3s band cen-
tered at E~ —13 eV and the S 3p band (the Ti3d —S3p
bonding band) within -7 eV of Ez. The S 3p band, how-

ever, shows somewhat different line shapes for different
intercalates, particularly in the region near EF, i.e.,
E~ =0-3 eV. In order to highlight the changes induced

by intercalation, the spectrum of TiS2 was subtracted
from those of M„TiS2 after having normalized them to
the S 2p core-level intensity. Also, the TiS2 spectrum was
shifted so that the S 2p core-level peaks from TiS2 and

M„TiS2 were aligned, in order to take into account the
effect of the band filling discussed in Sec. III B. (Without
this alignment, the S 3s band was not canceled out, re-
sulting in spurious structures in this region. ) The
difference spectra thus obtained are shown by solid
curves in Fig. 12, where one can see that the difference
intensities are distributed over a wide energy range, ex-
tending from EF to Ez —10 eV. With increasing atomic
number of the 3d guest, the difference spectral intensity
in the S 3p-band region becomes concentrated in the
low-binding-energy region Ez-0-3 eV. It should also
be noted that every difference spectrum except for
Co&&4TiS2 clearly shows a broad emission feature in the S
3s-3p band-gap region E~=6-10 eV where no one-
electron states exist.

The difference spectra represent principally contribu-
tions from the M 3d states. Near EF also exist contribu-
tions from the filling of the Ti 3d band in M TiS2. While
the band-structure calculations' '" have shown that the
intercalated M 3d states are strongly hybridized in the
whole S 3p-band region, the calculations cannot explain
the distribution of the difference intensities in the S 3s-3p
band-gap region. On the other hand, the multiplet and
satellite structures of the M 3d-photoemission final states
can explain the wide distribution of the difference spec-
tra. Indeed, in the synchrotron-radiation photoemission
studies on Ni, /3TiS2 as a function of photon energy, the
photoemission intensity at Ez —1 eV has shown a dip,
and that at E~ -6 eV has shown a peak in the Ni 3p ~3d
core-excitation region, indicating that the Ni 3d —derived
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where the first term on the right-hand side represents the
purely ionic configuration Ni +(S )6, while the second
term S-to-Ni charge-transfer states which yields covalent
contributions to the ground state. The symmetry of the
ground state is A 2g (if the cluster is assumed to be cubic)
corresponding to the high-spin divalent state. The

Nil/3TiS2- Ti S2 XPS
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NiS hv = 68eV- 65 eV
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FIG. 13. Difference XPS spectrum between Ni&/3TiS2 and

TiS~ in the valence-band region. It is compared with a
configuration-interaction calculation on the NiS6 ' cluster
model and with the difference between the on-resonance
(h v=68 eV) and off-resonance (h v= 65 eV) spectra of NiS in

the Ni 3p ~3d core-excitation region (Ref. 38).

emission features at Ez —1 eV and E~ -6 eV correspond,
respectively, to the main 3d-band emission and the satel-
lite. ' In Fig. 13 the Ni&/3TiS2-TiS2 difference spectrum
is compared with the difference spectrum between the on-
and off-resonance spectra of the Ni 3p~3d resonant
photoemission for NiS, which approximately represents
the Ni 3d partial DOS and for which the existence of the
main Ni 3d band and the satellite has been established.
The overall similarity between the above two difference
spectra confirms the existence of the satellite feature at
Ez-6-10 eV in Ni, /3TiS2. (The relative intensities of
the main band and satellite are not necessarily the same
between resonant photoemission and ordinary photoemis-
sion. )

In order to obtain quantitative information about the
electronic structure associated with the Ni 3d states from
the Ni, /3TiS2-TiSz difference spectrum, configuration-
interaction (CI) calculations on the NiS6' cluster model
have been performed as was previously done for NiS.
The cluster model assumes the ground state of the form,

charge-transfer energy b, =E(d ~d L ), the p-d transfer
integrals (pd o )= —2(pd m ), and the intra-atomic
Coulomb energy for the Ni 3d electrons U were treated as
adjustable parameters and were determined so as to make
the calculated spectrum fit to the experimental one. The
final states are given as

%f Qf
~

1 )+bf
~

1 L &+cf (2)

where the first term represents an unscreened Ni 3d hole
and the remaining terms represent a 3d hole screened by
S-to-Ni charge transfer. Our CI calculations have given
an optimum fit to the experiment with the parameters
b =2.0 eV, {pdm }= ,'{p—dc—r}=0.75 eV, and U=5. 5 eV
as shown in Fig. 13. Considering the contributions from
the partially filled Ti 31 conduction band near EF in
M„TiSz (its approximate magnitude can be seen in Fig.
15), the agreement between theory and experiment is sa-
tisfactory. The above parameter values are similar to
those for NiS, as would be expected from the similar S
coordination of the Ni atom in both systems. The distri-
bution of the d, d L, and 1 L configurations in the
final state is found to be such that the main band and the
satellite are predominantly d L and d --like, respectively.

The final states of the Ni core-level photoemission are
given by a formula similar to Eq. (2) with a similar
energy-level scheme except that the Coulomb energy be-
tween the core hole and the 31 electron, Q, is introduced.
As Q is of the same order of magnitude as U
( U —0.7Q ), 36 the gross feature of the Ni 3d —derived
spectrum is expected to be similar to that of the Ni core-
level spectra. Thus the presence of the satellite structure
in the Ni 2p core-level XPS spectrum (Fig. 3) should lead
to a similar satellite structure in the valence-band region.
This is consistent with the assignment made in Sec. III A
that the main peaks and the satellites in the Ni 2p XPS
spectrum correspond to 2pd L and 2pd final states, re-
spectively.

The Mn, /4TiS2-TiS2 difference spectrum is also com-
pared with a CI calculation on the MnS6' cluster mod-
el The C. I spectrum calculated with 5=b E(d

+d L)=3.5 e—V, (pdn. )= —
—,'(pdo )=0.42 eV, and

U=7. 5 eV shown in Fig. 14 gives the best fit to the ex-
periment. The main Mn 3d band at Ea =0—6 eV is much
broader than that of Nif/3TiSz due to the different multi-

plet structures. As in the case of Ni&/3TiSz, the main
band and the satellite are predominantly d L- and d-
like, respectively.

CI calculations for the FeS6' -cluster in the high-spin
state would be much more complicated because of CI
within the d configurations of the Fe + ion. Instead,
in Fig. 15 the Fe&/3TiS2-TiS2 difference spectrum is com-
pared with those obtained from the band-structure calcu-
lations. ' '" For the paramagnetic state, the theory pre-
dicts a too-narrow Fe 3d band near EF. As for the fer-
romagnetic state, the exchange splitting of the Fe 3d
band broadens the spectrum as compared to the
paramagnetic case. Still the calculated difference spec-
trum in the S 3p valence-band region Ez ——0-6 eV is too
narrow as compared to experiment and, of course, cannot
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FIG. 14. Difference XPS spectrum between Mn&/4TiS2 and

TiS& in the valence-band region compared with a configuration-
interaction calculation on the MnS6 ' cluster model. Due to
the low signal-to-noise ratio, only the two peaks at E& -4 and 8

eV would be experimentally meaningful.

reproduce the satellite at Ez ——6—10 eV. On the other
hand, the experimental spectrum looks similar to the
difference spectrum for FeS between the on and off reso-
nance of the Fe 3p~3d resonant photoemission. ' As
FeS is an antiferromagnetic semiconductor with Fe +

high-spin local moments, ' its valence-band and core-
level photoemission spectra are dominated by multiplet
and satellite structures. Thus the similarity between the
Fe&/3TiS2- TiS2 difference spectrum and the on-
resonance-off-resonance difference spectrum of FeS
strongly suggests that the Fe 3d electrons in Fe, /3TiS2 are
almost localized at least on the energy or time scale of
photoemission spectroscopy due to large U, probably of
the order of 5 eV.

The Co&«TiS2-TiS2 difference XPS spectrum does not
show a prominent satellite in the region E~ =6—10 eV,
unlike in the other intercalation compounds studied here.
Instead, the spectrum shows a tail extending from E~ -2
eV to -8 eV accompanying the main Co 3d band at
Ez ——0—2 eV. We have shown in Sec. III A that the satel-
lites in the Co 2p core-level XPS spectra are weak and
show only tails extending on the high-binding-energy side
of the main peaks. The absence of a well-defined satellite
feature in both the valence-band and core-level XPS spec-
tra would be associated with the low-spin configuration
of the Co ion in the ground state, although so far no
theoretical studies have been performed on the satellite
structures of low-spin Co compounds.

We have shown that the intra-atomic Coulomb and
multiplet-splitting (i.e., exchange} energies for the inter-
calated M 3d electrons are so large that the
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FIG. 15. Difference XPS spectrum between Fe&/3TiS~ and

TiS2 in the valence-band region compared with those calculated

by using the energy-band densities of states of TiS~ (Ref. 10) and

of paramagnetic and ferromagnetic Fel/3TiS2 (Ref. 11)~ It is

also compared with the difference between the on-resonance
(hv=57 eV) and off-resonance (hv=53 eV) spectra of FeS in

the Fe 3p~3d core-excitation region (Ref. 19). The band

theoretical densities of states (DOS) for Fel/3TiS& and TiS~ have

been shifted with respect to each other prior to subtraction so
that DOS structures in the S 3p band approximately coincide.

M 3d DOS Ti 3d+S 3p DOS

( N-I ) Energy

FIG. 16. Schematic representation of the spectral density of
states above and below the Fermi level (EF) for M„TiS2. The
one-electron bandlike Ti 3d —and S3p-derived states and the
essentially localized M 3d states are hybridized with each other.
The M 3d components at EF may be responsible for the non-
rigid-band behavior or the itinerant behavior of the M 3d states.
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M 31—derived valence-band spectra cannot be described

by DOS given by the itinerant-band model with one-
electron approximation. The localized M 3d states and
the bandlike Ti 3d —S 3p states are strongly hybridized
with each other, leading to the satellite structures in the
XPS spectra, as schematically shown in Fig. 16.

We have analyzed the M 3d —derived XPS spectra us-

ing the cluster model by implicitly assuming that the
guest-atom concentration x in M„TiS2 affects solely the
overall intensities of the difference spectra but not their
shapes. That ip, in the cluster-model analyses we have
neglected interactions between guest atoms mediated by
the M 3d —S 3sp or M 3d —Ti 3d conduction-band hybridi-
zation nor the M 3d- Ti 3d conduction-band hybridiza-
tion itself. The satisfactory agreement between theory
and experiment suggests the validity of these approxima-
tions. However, this does not necessarily imply that
these interactions are negligible for the low-energy (mag-
netic, electric, thermal, etc.} properties, since these in-

teractions are effective on a smaller energy scale
(10 —0. 1 eV) than the energy resolution of x-ray-
photoemission spectroscopy ( —1 eV). The synchrotron-
radiation photoemission studies with higher-energy reso-
lution (-0.3 eV) than XPS have indeed revealed com-
plex changes in the Ti 3d conduction band near EF as a
function of x for Co„TiS2, ' ' indicating the importance
of the M 3d —Ti 3d conduction-band hybridization or
possibly the M 3d intersite interaction already on the
scale of -0.3 eV.

Mg TjS M L3Mg,5M', AUGER

»Q

Ep{2Psn)

Nif/3TiS2, the above estimate has given a U value which
is consistent with that derived from the XPS spectra. As
the energy position and the shape of the present Ni
Auger spectrum is quite similar to those of Ni metal, for
which the prominent Auger peak has been unambiguous-
ly assigned to a multiplet component of the localized 3d
final state, we may attribute the peak in the Ni Auger
spectrum to a 3d (or 3d L or 3d L ) final state. The
shoulder at -3 eV below EF(2p3&2), on the other hand,
would be assigned to final states with virtually nonin-
teracting two holes in the main d band as in Ni metal.
We thus suspect that the sharp difference in the
L3M4 ~M4, Auger spectra between Ni„TiSz and the oth-
er intercalation compounds is due to a rapid decrease in
the intensity of the localized two-hole final states relative
to that of the delocalized, virtually noninteracting two-
hole states as one goes from Ni to lighter transition-metal
elements. The problem of screening processes in the

D. Auger-electron spectra

The kinetic energy of a core-valence-valence (CVV}
Auger electron is given by

E„";„=E~(c) —2E~(u ) —U, (3)

where Ez(c) and Ez(u) denote the binding energies of
the core and valence electrons. Thus one would expect to
evaluate the U value for the intercalated 31 electrons
from the L2 3M4 &M4 5 (2p-3d-3d ) Auger spectra shown
in Fig. 17. However, by using the binding energy of the
main M 31 band for E~(u) and the kinetic energy of the
Auger peak for E„";„in Eq. (3), we obtain U values of
about 6, 3, 1, and 0 eV, respectively, for the intercalated
Ni, Co, Fe, and Mn 31 electrons, which, except for Ni,
are too small as compared to those estimated from the
analyses of the XPS spectra. This would be because the
above estimate of U using Eq. (3) does not properly take
into account the screening process for the valence 3d
holes in the final states of photoemission and Auger-
electron spectroscopy. While it is now established that
the M 3d hole for the main d band is screened by transfer
of one electron from the ligand S 3p orbital, it is not
known at present what types of screening process take
place in the Auger final state as well as in the Auger ini-
tial state. It has been argued that the final state of the
CVV Auger transition in Fe203 is screened by transfer of
two electrons from the 0 2p to Fe 3d states, resulting in
d L final states. If this is the case for M„TiSz, the U
values estimated above would be much reduced from the
U values estimated from XPS. Only in the case of
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Auger-electron spectroscopy of 3d transition-metal com-
pounds would be an important subject which deserves
further systematic investigations.

Core-core-valence (CCV) Auger-electron spectra can
give local DOS on the core-hole site. The Lp 3M/ 3M4 5

(2p-3p-3d) Auger-electron spectra of the guest atoms,
however, show a strong multiplet effect in the final state
and cannot be used to study the local DOS of the ground
state. As the multiplet effect is expected to be small for
Ti, the Ti L3Mz 3M45 spectrum of TiSz is compared
with the band-theoretical Ti 3d partial DOS (Ref. 10) in
Fig. 18. The theoretical DOS has been convoluted with
the Lorentzian width of the Ti 2p core-level XPS spec-
trum plus that of Ti 3p, and the effect of the spin-orbit
splitting of the Ti 3p core level has also been included.
[The theoretical spectrum thus obtained has been shifted
to lower kinetic energies by 1 eV as we did when compar-
ing band theory and experiment for the valence-band

XPS (Sec. III C, Fig. 12).] The calculated result shown in
Fig. 18 reproduces the experimental peak at the kinetic
energy of Ek;„-417eV, but gives no feature correspond-
ing to the structure at E„;„-421eV. Since CCV Auger
spectra give local DOS In the presence of a core hole
rather than that of the ground state, we attribute the
latter additional feature to an effect of the core hole. In
Sec. III B, we have argued that a Ti 3d —like screening or-
bital is formed below Ez in the core-hole state but in the
case of TiSz cannot be immediately filled in the sudden
process of the core-level photoemission. We suspect that,
in the initial state of the L3Mz 3M45 Auger transition,
the screening orbital is filled by an electron prior to the
Auger transition through the other Auger-type process
discussed in Sec. III B which fills the screening level and
leaves two holes in the Ti 3d conduction band. As the
additional feature at Ek;„-421 eV corresponds energeti-
cally to Ti31—like states near EF [E~(2p3/23p) in Fig.
18], we attribute the 421-eV feature to the screening level
which is filled in the Auger initial state. This assignment
is consistent with the increase in the Auger emission in-
tensity at E„;„-421eV on going from TiSz to M„TiS~ as
shown in Fig. 19, since the Ti 31conduction band is par-
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FIG. 19. Ti L3M& 3M4, Auger-electron spectra of TiS& and
M„TiS&. Difference spectra between M„TiS& and TiS& are
shown by solid curves below each of the M„TiS& spectra.
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tially filled already in the ground state of the intercalation
compounds.

In Fig. 19 one can see that the 417-eV feature becomes
weaker by intercalation, while the 421-eV feature be-
comes more intense. In order to clarify these changes,
difference spectra between M„TiSz and TiS2 are obtained
by normalizing and shifting the spectra so that the Ti
L3MQ 3M' 3 (2p3/2 -3p-3p ) spectra are cancelled out and
are shown by solid curves in the same figure. As we have
assigned the 417-eV feature to the Ti 3d component hy-
bridized in the S 3p band and the 421-eV feature to the
partially filled Ti 31 conduction band (in the ground state
or the core-hole state), the decrease in the intensity of the
417-eV peak with intercalation suggests that the Ti 31—
S 3p bonding is weakened through the formation of the
M 31—S 3p bond. If we assume that the contributions of
the screening level to the intensity of the 421-eV feature
are of the same magnitude for TiS2 and M TiS2, then
these contributions would be canceled out in the
difference Auger spectra and the difference spectra would
represent changes in the Ti 31 DOS in the ground state
induced by the intercalation. Then we expect good
correspondence between band theory and experiment for
the M„TiS2—TiS2 difference spectra if band theory is
relevant to the Ti3d-like states. Indeed, as shown in
Fig. 18, we find good agreement between the band
theory' ' " and experiment for the Fe, /3TiS2-TiS2
difference Auger-electron spectrum.

IV. CONCLUSIONS

We have studied the electronic structure of intercala-
tion compounds M„TiSz (M =Mn, Fe, Co, and Ni) by us-
ing x-ray-photoemission and Auger-electron spectrosco-
py. From the multiplet and satellite structures in the
M 3d -derived XPS spectra in the valence-band region as
well as in the M 2p core-level XPS and the
M L3M4 5M4 5 Auger-electron spectra, we conclude that
the intra-atomic Coulomb and exchange energies for the
intercalated 3d electrons and the M 3d-S3p hybridiza-
tion strength are greater than the M 31 one-electron
bandwidth. On the other hand, the valence-band, core-
level, and Auger-electron spectra involving Ti and S
states indicate that electron correlation is not important
for Ti 3d- and S 3p-derived states, giving support to the

one-electron energy-band description for the host Ti 3d-
and S 3p —derived states as in many Ti and S compounds.
While the magnetic orderings appear to be largely deter-
mined by the superexchange and RKKY interactions be-
tween the localized M 3d magnetic moments as in the
rigid-band model, the itinerant-band model including the
M 3d electrons seems to explain some of the magnetic,
thermal, and transport (low-energy) properties. In the
light of the present photoemission results, these two
conflicting descriptions of the electronic structure may be
reconciled with each other by considering a formation of
correlated 31 bands as a result of hybridization between
the essentially localized M 31 and the bandlike host
Ti 3d -S 3p states.

The formation of correlated 31bands as a result of hy-
bridization between the localized 3d and bandlike states
is a general feature of late 31 transition-metal compounds
as has recently been pointed out for NiS and related
sulfides. ' The band gaps in insulating compounds of
late 31 transition metals (Fe, Co, Ni, and Cu) are of the
1"L—1"+' type, namely the gaps are formed between
the unoccupied d and occupied ligand p states. In metal-
lic compounds such as NiS, these gaps are closed due to
the relatively high nonmetal p band and/or the low unoc-
cupied 3d states. ' In the case of M„TiS2, the gap is al-
ready closed in the host semimetallic TiS2, and therefore
the intercalated 3d states will acquire itinerant character
through hybridization with electronic states near EF ir-
respective of the S 3p and M 3d energy positions, al-
though the degree of itinerancy will depend on the energy
positions of the S 3p and M 3d states. Interactions
among the guest atoms which are important in determin-
ing the low-energy transport properties and magnetic or-
derings could not be identified in the present study.
However, we note that the intersite interactions mediated
by the S 3p band are second-order processes with respect
to the M 3d —S 3p hybridization evaluated in the present
work and can in principle be studied by extending the
cluster model to the periodic Anderson Hamiltonian.
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