
CONDENSED MATTER

THIRD SERIES, VOLUME 49, NUMBER 12 15 MARCH 1994-II

Solid-state e8'ects and atomiclike efects on shallow inner-shell-electron energy-loss spectra
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Inner-shell-electron energy-loss spectroscopy studies have been done for the systems in which a shal-
low p or d core hole exists in the final state of a cation. Optically allowed and forbidden transitions have
been distinguished from spectral variations due to the breakdown of dipole selection rules. The Ti and V

M2 3 spectra and the Zr, Nb, and Mo M45 spectra in layered transition-metal disulfides and related
misfit-layer compounds are well explained in terms of the energy-band structures. The overall structures
of the Pb and Bi 04 5 spectra are understood within the atomic model containing j-j coupling. The Sn

N4 5 spectra in SnS and SnS2 are intermediate between them. A reasonable explanation is given by both
the atomic model and the band-structure model.

I. INTRODUCTION

A core hole in x-ray-absorption spectroscopy (XAS),
inner-shell-electron energy-loss spectroscopy (ISEELS),
and x-ray photoelectron spectroscopy (XPS) interacts to
a greater or lesser degree with valence electrons by an at-
tractive Coulomb potential and often gives rise to exci-
toniclike structures and satellite peaks. Since the
Coulomb potential in rare-earth compounds and ionic
transition-metal compounds is poorly screened, their
spectra reveal multiplet structures arising from exchange
and Coulomb interaction between a core hole and local-
ized valence f or d electrons. ' They often reveal satel-
lite peaks which arise from interconfiguration interaction
between poorly and well screened final states. 4 s This in-
teraction is particularly important in systems with strong
hybridization with surrounding atoms, because the
screening occurs by charge transfer from ligands. If the
transferred electrons occupy empty states that are shifted
downward in energy below the Fermi level by the
Coulomb potential, the relaxation process is termed the
shakedown process. If they occupy empty states above
the Fermi level, the process is termed the shakeup pro-
cess. Thus the Coulomb interaction and the hybridiza-
tion are key factors characterizing core-electron spectra.
Here it is worth noting that core-hole effects are generally
smaller in XAS and ISEELS than in XPS because an ex-
cited electron from a core level is utilized for the screen-
ing.

Zaanen et al. have indicated that the exchange in-
teraction coupled with the spin-orbit interaction brings
about a large deviation from the statistical-intensity ratio

of the L23 peaks of light transition metals. In calcula-
tions, they have used multipole Coulomb and exchange
terms of about 80% of the atomic values to give a reason-
able agreement between theory and experiment. Al-
though the Coulomb and exchange interactions are
stronger in XPS, the spectra give the statistical intensity
ratio to the 2p3/2 sill 2p]/2 peaks. This strange result is
caused by the matrix-element effect. Since the transitions
in XAS obey dipole selection rules, the intensities and the
shape are affected by matrix elements in the transition
probability. Such an effect is not present in XPS. Thus
the matrix-element effect involving spins is another key
factor characterizing XAS and ISEELS spectra. Thole
and van der Laan have studied the spectral variations
under coupling conditions intermediate between the LS
and j-j limits for the 3d transition metals.

Since the final states are the same in both XAS and
ISEELS and the transitions obey dipole se1ection rules at
high incident energy in spite of different excitation
probes, that is, photons in XAS and electrons in ISEELS,
their spectra resemble each other. However, ISEELS
spectra at low incident energy allow optically forbidden
transitions due to the breakdown of the dipole selection
rules. As the incident energy Eo decreases, momentum
transfer q (=ko —k') rapidly increases (where ko and k'
are the wave vectors of an incident electron and an
inelastically scattered electron). A large momentum
transfer enables quadrupole and multipole transitions as
weH as dipole transitions. At smaB Eo optically forbid-
den transitions are also allowed by exchange interaction
between a slow incident electron and an excited elec-
tron. This interaction relaxes the conditions for the spin
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angular momentum S =0 as well as the orbital angular
momentum L =0, 1 and the total angular momentum
J=0, 1. Then we may regard ISEELS at small Eo as in-

termediate between XAS and XPS; the final states are the
same as those in XAS and the transitions do not obey di-

pole selection rules, like XPS transitions.
This paper presents the ISEELS spectra of shallow p or

d core holes in the transition metals, Sn, Pb, and Bi
which are contained in layered transition-metal disulfides,
the misfit-layer compounds (MS),+„TSz (M =Sn,Pb,
Bi,Ce,Sm; T =Ti,V,Nb), PbZrS3, and related compounds.
In the spectra, the spin-orbit (SO) interaction and the
electron-hole (e-h) interaction are comparable to the
crystal-field splitting and the dispersion of unoccupied
energy states. Thus, both atomic and solid-state effects
are important.

The crystal structure of the misfit-layer compounds is

isotypic with that of LaCrS3, they are constructed of al-

ternately stacked MS and TS2 layers. ' For simplicity
they are denoted here by MTS3. Among them SnTiS3,
PbTiS3, and MNbS3 (M =Sn,Pb, Bi,Ce,Sm) have metallic
conductivity parallel to the layers, and PbVS3 reveals

semiconducting properties. The atomic arrangement of a
MS layer resembles that of TII, which is approximated by
a rocksaltlike lattice sliced with two parallel planes with
an interplanar distance of half the lattice constant. Bulk
PbS and SnS are narrow-gap semiconductors with band
gaps of 0.29 and 1.1 eV, respectively, and BiS is not
found. The atomic arrangement of a TS2 layer is identi-
cal to that of the bulk TS2 compound. Bulk TiS2 is a
narrow-gap semiconductor and VS2 and NbS2 are metal-
lic. The crystal of PbZrS3 consists of columns of double
edge-sharing Zr2S6 octahedra which are linked by Pb
atoms in tricapped trigonal-prismatic coordination. "
Thus, it is a three-dimensional compound with the
NH4CdC13 structure rather than a two-dimensional com-
pound.

II. EXPERIMENTS

and

hE
2E.

(2)

where Eo is the incident energy, hE is the energy loss,
and 0 is the inelastic-scattering angle. In the process,

ISEELS spectra of Ti M2 3 and L2 „VM2, , Zr N2 3

and M45, Nb N2 3, Mo M45, Sn N45, Pb 04 &, and Bi
045 have been measured in re6ection geometry with a
double-pass cylindrical-mirror analyzer (PHI model no.
15-2556) equipped with a coaxial normal-incidence elec-
tron gun operated in ultrahigh vacuum of 10 Pa. Since
the shallow-peaked core spectra are superimposed on
large secondary-electron emission, most of the measure-
ments have been carried out in the second-derivative
mode to eliminate the background. In this mode, energy
resolution increases with decreasing Eo. Momentum
transfer in our system is given by'

q =v'2ko[( 1 —8, ) —(1—28, )'~ cos8]'

forward-inelastic-scattering events are dominant, accom-
panied by large elastic scattering. A simple calculation
shows that the maximum number of inelastic-scattering
events occurs at 0=0, when 0, «1. If 0, «1 and

8« 1, Eq. (1) is rewritten as

q =k, (8', +8')'" .

It is then found that q increases with hE, but decreases
with Eo. The detailed analysis has been made in a previ-
ous paper. ' To investigate the momentum-transfer
dependence the spectra have been measured at various

Single crystals of the layered transition-metal disulfides

TSz (T =Ti,V,Zr, Mo), the misfit-layer compounds M?S3
(M=Sn, Pb, Bi,Ce,Sm; T=Ti,V,Nb), and PbZrS3 were

prepared by chemical-vapor-transport reaction in a
sealed silica ampoule. Atomically clean and smooth sur-
faces except for PbZrS3 were prepared by cleaving with
adhesive tape in the atmosphere just before the measure-
ments. The clean surface of PbZrS3 was prepared by cut-
ting the crystal with a knife edge.

III. RESULTS AND DISCUSSION

A. L z 3 and Mq 3 ISEELS spectra of light 3d transition metals

1. Ti Lq 3 and Mz z sPectra

In a previous paper' we have shown that the peak in-

tensities of the Ti L2 3, Ti M2 3, and S L2 3 spectra in TiS2
and TiSe2 vary from the XAS values as Eo decreases. At
small Eo the I(L3)/l(Lz) ratio approaches the statistical
value, and the near-edge structures of each branch come
to resemble those of the M2 3 spectrum. Figure 1 shows
the Ti M2 3 Ti L2 „SL2, ISEELS spectra, the S E XAS
spectrum, and the calculated density of unoccupied ener-

gy states' for TiS2. It is found that there is a strong
correlation among them, and the lower-incident-
energy spectra resemble the normal-incidence inverse-
photoemission spectroscopy (IPS) spectrum'5'6 free from
core-hole effects. The k dispersion curves deduced from
the IPS spectrum agree with the theoretical results of
Zunger and Freeman' except for a constant energy dis-
placement. The energy bands have a localized character
owing to the quasi-two-dimensional electronic structure,
but the experimental results suggest that the e-h interac-
tion is smaller than the crystal-field splitting and the
dispersions of the t2 and e bands, and that the matrix-
element effect is more important for the spectra.

In the present study we investigate the variations aris-
ing from the donation of d electrons, because this brings
about different behavior for the spectra in the atomic
model and the band-structure model. Figure 2 shows the
Ti M23 ISEELS spectra in SnTiS3. In this compound
charge transfer occurs from SnS layers to TiS2 layers and
the number of d electrons within a TiS2 layer is increased

by the transferred electrons. The near-edge structures in

the range of 32—38 eV are derived from Ti 3d-like states
and the structures in the range of 38—44 eV are derived
from the 4s- and 4p-like states. The 3d-like states are
split into t2g and eg bands by the crystal field in octahe-



49 SOLID-STATE El'FACTS AND ATOMICLIKE EFFECTS ON. . . 7853

tAI—

Q3
CC

I-

X
hl

Ti L23

2,3

to 20
ENERGY (eV)

k

30

FIG. 1. Ti &$3 Ti L23, S L&3 ISEELS spectra, S K XAS
spectrum, and calculated density of unoccupied energy states
(Ref. 14) for TiS2.

dral coordination. As Eo decreases, the intensity of the

t2g peak increases and a shoulder appears on the lower-

energy side of the eg peak. This shoulder is caused by re-
duced symmetry due to the change of crystal structure

from hexagonal to triclinic. The crystal distortion also
splits the res levels into the 1, level and the upper 1„»
and d 2 2 levels, where the z axis is in accord with the cx —y
axis perpendicular to the layers. The increased intensity
of the t2 peak at small Eo is caused by the breakdown of
dipole selection rules and/or the polarization efFect due
to large momentum transfer. ' ' lf transferred electrons
fill the d 2 band, we may expect reduced intensity or
width of the first peak in the band-structure model. A
linear combination of atomic orbitals calculation' shows
that the 1 2 band contains the 1„» type of orbitals and a
1 2-like character is involved in the upper 1„» and 1,

z xy x —y
bands by various d —d hybridizations and lattice periodi-
city. In the circumstances we may consider that charge
transfer to the d 2 band results in a decrease in the peak

width without a significant change of intensity. The ex-
perimental spectrum shows reduced width. The intensity
remains unchanged.

In the atomic model, the shoulder on the lower-energy
side of the e peak can be explained by the change of
symmetry from 0& to D4I, as discussed by de Groot
et al. However, no explanations are given for the simi-
larity between the Lz 3 and Mz 3 spectra at small Eo, be-
cause the e-h interaction gives diferent transition proba-
bilities and energy distributions of multiplet terms for a
shallow 3p and a relatively deep 2p hole, as confirmed by
Yamaguchi et al. ' and Thole and van der Laan. s If an
electron is transferred from SnS to TiSz layers, the
3P 31 final state has a larger number of multiplet terms
( G, F,"D, P, G, F, D, P) than the nontransferred final
state 3p 531' ( F, D, P, 'F, 'D, 'P). Then we may expect
an increase in the width of 1-like structures, in contrast
to the experimental result.

Ti M

EO=350eV

I—

CQ
0

LUI—

=200eV

o=1QQ eV

iS3

o=1QQ eV

35 40 45 50
ENERGY LOSS (eV)

FIG. 2. Ti M2 3 ISEELS spectra in SnTiS3 and TiSz.

2. VMz z sPectra

The V M2 3 ISEELS spectra in PbVS3 at Eo= 130, 200,
and 350 eV are shown in Fig. 3. Since the compound is
akin to SnTiS3 and V is surrounded by six S atoms in a
distorted octahedron, the spectra show structures simi-
lar to those of SnTiS3, excluding the reduced t2 peak.
Since a V atom has one more 31 electron than a Ti atom,
the 1 ~ band is filled with additional 1 electrons. Then

the experimental result is explained satisfactorily in terms
of the rigid-band model. On the other hand, the atomic
model does not seem valid. Recently, de Groot et al.
have calculated Ti and V Lz 3 XAS spectra based on the
atomic model. Both spectra depend strongly on the 10Dq
value. Although they reveal relatively similar structures
at about 2 eV, which is a reasonable 10Dq value for the
compounds, we find many pre-edge structures arising
from optically forbidden multiplet terms and a higher in-
tensity of the first main peak relative to the second peak,
in contrast to the experimental result.

Figure 4 shows the V M2 3 spectra in the V intercala-
tion derivative of US2, in which intercalate V atoms occu-
py half of the octahedral sites within van der %aals gaps.
If they are ionized as a tetravalent ion, the t2 band of the
host material is half filled with two transferred electrons
and one conduction electron per chemical formula. Then
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FIG. 3. V M23 ISEELS spectra in PbVS3. (a) ED=350 eV;
(b) ED=200 eV; (c) ED=130 eV.

we may expect further reduced intensity and width. In
practice the intensity decreases without large changes of
e~ structures and higher-energy structures. Also we find
in Fig. 4 that there is a good coincidence between the
ISEELS spectrum and the IPS spectrum of VSe2 (Ref. 24)
except for the intensity of the t2g peak. The results may
suggest that the rigid-band model is valid for these spec-
tra to the first approximation.

Summarizing the above results we may conclude that
the Ti and V L23 and M23 spectra in TS2 and MTS3
(T =Ti,V) are well explained in terms of the energy-band
structures rather than the atomic model.

B. M4 5 and N2 3 ISEELS spectra of the 4d transition metals

In this section we discuss the Zr, Nb, and Mo M4 5 and

3 ISEELS spectra in compounds belonging to the
same family as TiS2. Since the oscillator strength for
d f c—hannels is very small due to a large centrifugal
barrier, d —p transitions are dominant near the threshold
at q =0. Since optically forbidden d —d transitions are
allowed at qAO, d-like structures would be observed
more prominently at small Eo. Figure 5 shows the Zr
M4 5 ISEELS spectra in ZrS2 and PbZrS3, which contain
the S L23 loss structures on the lower-energy side. In
spite of different crystal structures, both spectra are quite
similar except for the peak intensities of the S L2 3 struc-
tures. The higher intensities in PbZrS3 are due to a
higher concentration of S atoms. Both Zr atoms are in
similar local atomic environments, having the same aver-
age Zr-S distance of about 2.5 A. Thus, the similarity
arises from the local nature of core-electron spectra. For
comparison, the Zr M4„Zr N23, and S L23 ISEELS
spectra in PbZrS3 are shown in Fig. 6, together with the S
E XAS spectrum and the density of unoccupied energy
states calculated for ZrS2. ' Although the S K and S L2 3

spectra include an additional contribution from S atoms
in tricapped trigonal prisms, there is good agreement
among the spectra and the density of states, indicating
that the near-edge structures represent unoccupied ener-

gy states in the neighborhood of excited atoms. The first
and second peaks are assigned to the t2g and eg bands and
the third peak to the metal sp bands.

The small SO splitting of Zr 3d levels results in over-
laps between the t2g peak in the M4 branch and the eg
peak in the M5 branch, and between the eg peak in the
M4 branch and the metal sp peak in the M& branch. This
is shown clearly in Fig. 7, in which the Zr M4 5 spectrum
in PbZrS3, the Mo M4 5 spectrum in MoS2, and the Nb
Nz 3 spectrum in CeNbS3 are compared, aligned at the
peak position of the metal sp bands. Since the Mo and
Nb atoms are surrounded by six S atoms in a trigonal

&xVS2

z' S Lp, 3

Zr Mg„5

LU rS3

35 &0 &5 50
ENERGY LOSS (eV) 160 170 180 190

ENERGY LOSS (eV)

200

FIG. 4. V M23 ISEELS spectra in V„VS2 (x =0.5): (a)
ED=350 eV; (b) ED=200 eV. (c) Normal-incidence inverse-
photoemission spectrum of VSe2 at h v=26 eV (Ref. 24).

FIG. 5. Zr M4, and S L~3 ISEELS spectra in ZrS2 and

PbZrS3. They have been measured at Eo =500 eV.
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FIG. 6. Comparison among the Zr M4 5, Zr N2 3, and S L2 3

ISEELS spectra and the S E XAS spectrum in PbZrS3 and the
calculated density of conduction-band states of ZrS2 (Ref. 14).

prism, the 4d levels are split into d 2, d 2 2, and d„, and

d„, and d, levels. Since the d 2 band of MoS2 is com-

pletely filled with two d electrons per chemical formula,
the peak vanishes in the Mo M4 5 spectrum. CeNbS3 has
more than one, but less than two d electrons per chemical
formula as confirmed by its metallic properties. Then
the Nb N2 3 spectrum exhibits a small peak correspond-
ing to unoccupied d 2 states near the threshold. This

peak is found for all the misfit-layer compounds contain-
ing NbS2 layers, although the intensity depends on the
number of d electrons.

Finally, it is worth noting that there is good agreement
among the Nb N23 ISEELS spectra, the Se M5 XAS
spectrum in NbSez, and the calculated density of states
of NbSz. '9 Also there is agreement among the Mo M~ ~

ISEELS spectrum, the Mo L3 and S E XAS spectra 8 the
IPS spectrum, and the calculated density of states'~ for
MoS2. The incident-energy dependence of the Mo M4 ~

spectrum is shown in Fig. 8. The optically forbidden d-
like peak near the threshold increases in intensity with
decreasing Eo due to the breakdown of the dipole selec-
tion rules. The I(M5)/I(M4) ratio is larger than the sta-
tistical value at small Eo. These facts imply that the
matrix-element effect plays an important role in the spec-
tra. Summarizing the results, we may conclude that the
Zr, Nb, and Mo M4 5 and Nz 3 spectra in PbZrS3, TS2,
and MTSz (T =Zr, Nb, Mo) are well explained in terms of
energy-band structures and the matrix-element effect.
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FIG. 7. Com.parison among the Zr M4 5 ISEELS spectrum in
PbZrS3, the Mo M4 5 ISEELS spectrum in MoS2, and the Nb
N23 ISEELS spectrum in CeNbS3. b, denotes the spin-orbit
splitting of core 3d levels, which is 2.5 and 3.0 eV for Zr and
Mo, respectively. The origin of the horizontal axis is the peak
position of the metal sp peak.
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FIG. 8. Mo M& & ISEELS spectra in MoS& at various incident
energies.



7856 YOUICHI OHNO

C. Pb and Bi 0& 5 ISEELS spectra

1. Peak assignment and j-j coupling

In this section we discuss the 04 5 ISEELS spectra of
heavy atoms in a solid. Pb and Bi atoms have the large
atomic numbers 82 and 83, respectively. In such heavy
atoms the j-j coupling or the SO interaction is more im-
portant than the I.S coupling. The outermost electron
configurations of neutral Pb and Bi atoms are 6s 6p and
6s 6p, respectively. Then we may expect that the lowest
conduction bands of the sulfides consist mainly of metal
6p states, and the 045 spectra reveal a large peak near
the threshold due to optically allowed d-p transitions.
However, the experimental spectra at large Eo and the
reflectivity spectra reveal only a small peak. A large peak
appears at 4 eV above the threshold. As Eo decreases,
the small peak rapidly increases. As shown in Figs. 9 and
10, the intensity is comparable with the large peak at
small Eo and the near-edge structures consist of four
peaks marked a, b, c, and d in Fig. 9. The energy values
are tabulated in Table I together with the peak energies
of the Pb 045 ISEELS spectra in PbS and PbSe, the
reflectivity spectrum in PbSe, ' and the total secondary-
electron yield (TSEY) spectrum in PbS. It is found that
the spectra are quite similar in spite of different crystal
structures and different local atomic arrangements. The
energy separations between the peaks a and b and be-
tween a and c are about 1.4 and 3.0 eV, respectively, in
close agreement with the separations between c and d and
between b and d. This fact implies that the peaks a and b
and the peaks c and d show a pair of structures in the Os
and 04 branches. The schematic diagram for excitation
of Sd electrons to unoccupied 6p levels is shown in Fig.
11. Among four possible channels the minimum-
excitation-energy channel is the optically forbidden
5d5/z~6p, /2 transitions. This assignment is consistent
with the incident-energy dependence of the peak a. At
large Eo it has a small intensity due to the dipole selec-
tion rules. The peak around 4 eV above the threshold
should be assigned to the Sd 3/2 ~6@&/2 transitions rather
than the 5d5/2~6p3/2 transitions. This assignment is
different from that of Cardona et al. , who have attri-
buted it from a simple calculation to the Sd, /z~6p3/2
transitions. In our assignment the estimated SO split-
tings for the 6p and 5d levels are 1.4 and 3.0 eV, respec-

CO

CC

V)

UJ,

15 20 25
ENERGY LOSS (eV)

FIG. 9. Pb 045 ISEELS spectra in PbZrS3 at ED=100 and
200 eV. Notations in the figure are explained in the text.

tively. Finally, the peaks b and d are assigned to the opti-
cally allowed 5ds/2 —+6p3/z and 5d3/2~6p3/2 transitions.
For the Sd3/$~6p3/g transitions, Cardona et a/. have
found that the oscillator strength is 10 times smaller than
those of the other optically allowed transitions.

2. Matrix-element e+ects

Figure 12 shows the Pb 5d XPS spectra in PbNbS3 and
PbVS3. They reveal only two defined SO-slit peaks. The
intensity ratio of the 5ds/2 peak to the 5d3/g peak is

slightly smaller than the statistical value. This is due to
an overlap of the peaks. In fact, the higher-energy-
resolution spectrum of McFeely et al. 3 gives the statisti-
cal value. In contrast, the I(Os)/l(O~) intensity ratio in
the reflectivity and ISEELS spectra at large Eo is quite
different from the statistical value. This is due to the
matrix-element effect. Cardona et a/. have discussed
the different behaviors of the Pb 04 s spectra in lead chal-
cogenides and the In N4 5 spectrum in InAs, one of the
III-V compound semiconductors, in relation to the SO

TABLE I. Energies in eV of the main features of the Pb 04 5 ISEELS, reflectivity, and TSEY spectra
in PbMS3 (M =Zr, Nb, V), PbS, and PbSe. The ISEELS spectra in PbS and PbSe have been obtained by
transmission measurements. The notations a, b, c, and d are shown in Fig. 9.

PbZrS3 PbNbS3 PbVS3
Notation ISEELS ISEELS ISEELS

Pbs
ISEELS' TSEYb

PbSe
ISEELS' Reflectivity'

19.2
20.7
22.4
24.0

19.1
20.5
22.1

24.0

19.0
20.3
22.0
23.6

19.9
22.1

19.0
20.0
22.0
23.8

20.2
21.9
22.8

19.0
20.2
21.8
23.0

'Cardona et al. (Ref. 30).
Santoni et al. (Ref. 32)~

'Martinez, Schliiter, and Cohen (Ref. 31).



49 SOLID-STATE EFF'ACTS AND ATOMICLIKE E1'FACTS ON. . . 7857

F
lX

r

V)z'
Ld

z'

Pb Ql, 5

PbNbS3

f—

Q3

LUt—
Z.'

Pb 5d

PbNbS3

P

i

40 30 20 10
BINDING ENERGY (eV)

FIG. 12. Pb 5d XPS spectra in PbVS3 and PbNbS3 which
have been measured with Mg Ea radiation.
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FIG. 10. Pb 045 ISEELS spectra in PbNbS3 at various in-
cident energies: (a) ED=1000 eV; (b) ED=500 eV; (c) ED=350
eV; (d) E0=200eV; (e) E0=100eV; (f) E0=70eV. The spectra
of (a) and (b) have been measured in the pulse-counting mode.
The others have been measured in the voltage-modulation
mode, which are given in the second-derivative form.

splitting of the outermost p levels. In contrast to the
former spectra, the latter shows two similar bands having
the relative weights 3 and 2. In InAs, In Ss and 5p states
are strongly hybridized with As 4s and 4p states, and the
SO splitting of the outermost 5p levels is small, about 0.4
eV. Then spin compositions are not important for the
spectrum. If the SO splitting is small, the transition
probability depends only on the orbital angular momenta
of the final states, and the spectrum represents the partial

I—
z'

Pb Og, ,5
Pb

!

~

pbvs3

density of states of particular orbital momenta. Howev-
er, if the SO splitting is large enough, the transition prob-
ability depends on the spin angular momenta as well as
the orbital angular momenta. Lead chalcogenides are in
the latter case. The theoretical analysis of Santoni
et al. shows the states with a 6p, &z character nine times
larger than a 6p 3/2 state at the conductian-band
minimum (L paint). The calculation of Kahn et al.
shows SO splitting of about 2 eV at the I point. In Fig.
13 the Pb 045 ISEELS spectrum in PbVS3, the TSEY
spectrum in PbS measured by Santoni et al. , and the

6p gy2

6p ~g

A

z'
hl

PbSe

5dsiz
"iJ ~. (b)J'

5d 3~

FIG. 11. Schematic diagram for excitation of 5d electrons to
6p levels. Notation A represents optically forbidden
5d~g~~6p)q~ transitions which have a minimum excitation en-
ergy. Spin-orbit splittings of Pb Sd and 6p levels which have
been evaluated from our ISEELS experiment, are 3.0 and 1.4
eV, respectively.

20 24
ENERGY (eV)

FIG. 13. Comparison among the Pb 04 5 ISEELS spectrum
in PbVS3, the total secondary-electron yield spectrum in PbS
(Ref. 32), and the re6ectivity spectrum in PbSe (Ref. 31): (a)
second-derivative spectrum of measured reBectivity (b).
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reflectivity spectrum in PbSe measured by Martinez,
Schliiter, and Cohen are compared. Although the So
splittings of the 5d and 6p levels is slightly smaller for the
selenide than for the sulfides, there is a good coincidence
among the spectra. The higher intensity of the first peak
in the ISEELS spectrum is due to the breakdown of di-
pole selection rules. These facts may support the idea
that the spectra are explained within the atomic model in
the j-j coupling limit, and that the matrix-element effect
involving the spins is important for the spectra.

The Bi 04 5 ISEELS spectrum in BiNbS3 is also quite
similar to the Pb 04 5 spectra, except for larger width of
the first and the third peaks. In Fig. 14 the spectrum is
compared with the Pb 04 5 ISEELS spectra in PbVS3 and
PbNbS3 and the Bi 045 reflectivity spectrum in BiI3.
The absolute energy of the first peak is 24.8 eV, in agree-
ment with the core binding energy of Bi 5dszz levels es-
timated by Kowalczyk et al. and Margaritondo and
Rome. The intensity decreases with Eo as observed in
the Pb 04& spectra. Here we may suggest that a peak
corresponding to the 5ds~z-6p, &2 transitions disappears
in the reflectivity spectrum in BiI3 due to dipole selection
rules. The lowest-energy peak of the reflectivity spec-
trum should be connected to the second peak of the
ISEELS spectrum, because the absolute energies are near-
ly equal. The fourth peak, which is ascribed to the
5d3&z-6p3&2 transitions, is more prominent in the
reflectivity spectrum. The main differences in the
ISEELS spectrum and the reflectivity spectrum are ex-
plained in terms of the matrix-element effect involving
the spins of the outermost 6p levels, although the band
effect might be incompletely ignored.

D. Sn N4 5 ISEELS spectra

1. 8'ithin the atomic model

Sn has an intermediate atomic number, i.e., 50, and the
electronic configuration of the outermost shell is the same
as that of Pb. The SO splitting of the outermost 5p levels
is very small and the splitting of the inner-shell 4d levels
is about 1.0 eV. Then we first try to explain the Sn N4 5

ISEELS spectra in SnS and SnS2 in terms of the multiplet
structures in the LS coupling limit. For simplicity we as-
sume that Sn in SnS and SnS2 is localized as divalent and
tetravalent ions, respectively. In this case the electronic
configurations of the initial and final states are given by
4d' 4s' ('So), 4d' ('So), 4d Ss 5p' ('F3, 'D2, 'P, ), and
4d Ss' ( D„D2, D3, 'D2), respectively. Since the tran-
sition of the 'S, term to the 'P, term is optically allowed,
we can observe a large peak for SnS even at large Eo.
Since the transitions to the 'E3, D &, D2, D3, 'D2 terms
are optically forbidden, the oscillator strengths are small
at q =0 and the higher-incident-energy ISEELS spectrum
and the reflectivity spectrum exhibit only small structures
at the threshold of SnSz. As Eo decreases, the intensities
increase due to the breakdown of dipole selection rules.
A large peak at 4 eV above the threshold is assigned to
optically allowed transitions to the 4d 5p' final state with
the same multiplet terms as the 4d 5s Sp

' state. Figure
15 shows the Sn N4 5 ISEELS spectra in SnS2, SnS, and
SnTiS3. We may suggest from the comparison that the
electronic configuration of Sn atoms in SnTiS3 is close to
that in SnS, although the appearance of structures
around 30 eV shows a small deviation from it.

The absolute energy positions of the thresholds of these
compounds agree within the experimental errors, al-
though the XPS binding energies are different. A similar
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FICx. 14. Comparison of the Bi 045 ISEELS spectrum in
BiNbS3 with the Pb 04, ISEELS spectra in PbVS3 and PbNbS3
and the reQectivity spectrum in BiI3 {Ref.35).
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FIG. 15. Sn X4 & ISEELS spectra in SnS, SnS2, and SnTiS3.
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result has been reported by van der Laan et al. for Ni
L g 3 XAS spectra in the halides, which can be explained
satisfactorily in terms of the atomiclike model involving
interconfiguration interaction. The absolute energy posi-
tion of the L3 edge is almost unchanged, whereas the
XPS binding energy is strongly compound dependent. In
the study of Ref. 6, they have found that a core hole in
XAS is efFectively screened by an excited electron so that
the probability of the shakeup process occurring is very
small, whereas the poorly screened core-hole potential in
XPS brings about the shakeup process; then the binding
energies are difFerent by the ligand ionization energy or
the semiconducting energy gap. In the present case the
difference is smaller than the semiconducting energy gap,
and the oxidation number of Sn atoms is different be-
tween the compounds. Therefore the agreement might be
accidental. Nevertheless it seems that the atomic model
is valid for the Sn N4 5 ISEELS spectra and the
reflectivity spectra. The effects of j-j coupling may be
neglected except for the splitting of the core levels and
the reduced I (N& ) /I (N~ ) intensity ratio.
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2. 8'ithin the band-structure model

Recently, Lefebvre et al. have calculated the density
of states (DOS) of several tin sulfides by an empirical
tight-binding method. The calculated occupation num-
ber of Ss electrons is 1.9 and 1.2 for Sn with oxidation
numbers II and IV in SnS and SnS2, respectively. These
electrons form a lone pair in SnS while in SnSz they parti-
cipate in forming ionic-covalent bonds with surrounding
S atoms. According to these band calculations, the
conduction-band DOS of SnS is characterized by a large
band consisting of Sn Sp states while the DOS of SnSz is
characterized by two bands separated by 4 eV in the
center of gravity; the lower-energy band is derived mainly
from Sn Ss states and the higher-energy band is derived
from Sn 5p states. Thus, we may expect that the transi-
tion from 4d levels to the bottom of the conduction band
is optically allowed for SnS, but is forbidden for SnSz.
The first optically allowed transition for SnS& would
occur at higher excitation energy, resulting in a large
peak around 4 eV above the threshold. These results are
confirmed by the experimental result described above.
For SnSz the present author has shown in a previous pa-
per that there is a strong correlation between the Sn
N45 ISEELS spectrum and the S E XAS, the S Lz 3

ISEELS, and the bremsstrahlung isochromat spectra in
which the core-hole interaction is small or not present.
For SnS the energy distribution curve is compared with
the S E XAS and the S L2 3 ISEELS spectra in Fig. 16.
We find that a similar correlation exists for these spectra.
The smaller width of the first peak may be attributed to
higher energy resolution of the Sn N4 5 spectrum.

Cohen et al. have recently indicated the presence of
a core exciton in the Sn N4 ~ ISEELS spectrum in SnS&.
Monopole Coulomb interaction (Eo) causes a shift of
spectral weight to lower energy. This attractive potential
produces a uniform shift of structures in atomic spectra,
but in a solid it breaks the translational symmetry, lead-
ing to variations in the DOS. If the interaction is large

FIG. 16. Comparison of the low-resolution Sn N4 5 ISEELS
spectrum with S L2 3 ISEELS and the S E XAS spectra for SnS.
5 denotes the spin-obit splitting of S 3p levels,

enough, a bound state called a core exciton appears below
the conduction band. The main reason for their sugges-
tion is the disagreement between the onset energy and the
XPS binding energy of Sn 4d5&2 core levels with respect
to the conduction-band minimum. However, the core-
hole potential is screened less efFectively in XPS [or ultra-
violet photoelectron spectroscopy (UPS)] than in XAS, so
that we must pay attention to whether the XPS (UPS)
binding energy is used in deriving the energy of core lev-
els in the ground state or not. Also, we must pay atten-
tion to the experimental result of Taniguchi et al. ' that
the sum of the band-gap energy and the Sn 4d~&2 UPS
binding energy with respect to the top of the valence
band gives the exact Sn N~ onset energy for SnS and
SnSe.

Another remaining problem is the reversed intensities
of the N5 and N4 structures, which have been regarded as
evidence of the e-h interaction. ' If the conduction-band
minimum consists mainly of 5p &

&&-like states, we may ex-
plain the reversed intensities in terms of the matrix-
element effect involving the spins, because the optically
allowed 4d3/2~5p, &2 transitions are predominant over
the 4d5&z —+5p&&2 transitions, as discussed in Sec. III C.
Unfortunately, there are no available band calculations
involving the SO interaction of the outermost Sn 5p elec-
trons at present.

IV. CONCLUSIONS

ISEELS spectra of a cation p or d hole in sulfides have
been discussed, based on the atomic model and the
energy-band-structure model. The shallow core holes in-
teraction with valence electrons by an attractive
Coulomb potential to a greater or lesser extent. If ex-
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change and Coulomb interaction (LS coupling) is compa-
rable to the SO splitting of the core levels, the spectra
must be treated under intermediate-coupling conditions
between the LS and j-j limits. Crystal-field interaction
and interconfiguration interaction should be involved in
the full atomic treatment. In the band-structure treat-
ment, spins must be taken into account for the case that
the SO splitting of the outermost unoccupied levels is not
negligible, because the matrix elements are affected
significantly by selection rules on the spin angular
momentum. Optically allowed and forbidden transitions
are distinguished by the incident-energy dependence, be-
cause dipole selection rules are broken at low Ep ~ Since
3d and 41 transition metals in layered TSz and MTS3
compounds are bound strongly with surrounding S
atoms, their ISEELS spectra are well explained in terms
of the partial density of states. There is good agreement
among the metal Mz 3 and L2 3 and the S L2 3 ISEELS
spectra, the S E XAS spectrum, the IPS spectrum, and
the calculated density of states for sulfides of the light 3d
transition-metals. There is good agreement among the
metal M45 and N23 and S Lz 3 ISEELS spectra, the met-
al L3, S K and Se M5 XAS spectra, the IPS spectrum,

and the calculated density of states for the 4d-transition-
metal chalcogenides. The spectral variations due to
donation of d electrons are consistent with those of the
rigid-band model. The main features in the Pb and Bi
045 ISEELS spectra are interpreted within the atomic
model. The estimated SO splitting of the 5d levels is
larger by 0.4 eV than the XPS value. Our estimated SO
splittings of the 5d and 6p levels are 3.0 and 1.4 eV, re-
spectively. The spectra reveal similar structures in spite
of different crystal structures and different local atomic
arrangements, arising from the optically forbidden
5d 5&2 ~6p, &2 transitions and the optically allowed

5d5y2 ~6p3y2 5d3y2 ~6p &](2 and 5d3/2 ~6p3/2 transi-
tions. The first peak corresponding to the 515&z~6p, &2

transitions disappears in the refiectivity spectra. The Sn

%45 ISEELS spectra in SnS and SnS2 are roughly ex-
plained in terms of both the atomic model and the
energy-band-structure model. Further discussion and ex-
periments are necessary to answer the question as to
which of them is more valid. It is also necessary to carry
out band calculations involving spins, and full multiplet
calculations under intermediate LS and j-j coupling con-
ditions.
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