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In the chlorides of Ni, Co, Fe, and Mn, the resonance between the excitations of valence electrons
and the 3p electrons of the metal ions is observed over the whole parts of the valence-band spectra
including ligand-derived bands as well as satellites. The trend of the systematic change in

satellite —to—main-band separations in going from NiClq to MnC12 is opposite to that in the energies
of charge-transfer excitons, and this is discussed in connection with the electron-shakedown mechan-
ism of the hole-induced covalency. Excitation spectra consist of two or three overlapping bands ap-
proximately with Fano line shapes. The q value characterizing a Pano line shape is larger for satel-
lites and ligand-derived bands than for the 3d bands of the metal ions. The resonant enhancements
of the ionization cross sections of the main bands increase from NiC12 to MnClq. These aspects are
interpreted in terms of the hybridization of the 3d orbitals of the metal ions and the 3p orbitals of
the ligand ion. The ordinary M2 3 VV super-Coster-Kronig bands are very weak.

I. INTRODUCTION

Resonant photoemission is a phenomenon in which the
ionization cross section of an outer-shell electron enhances
as the excitation energy exceeds the threshold of an inner-
shell excitation and one of well-investigated recent topics
in vacuum-ultraviolet radiation physics. It was first ob-
served in metallic Ni (Ref. 1) and then in cerium penta-
phosphate. For rare-earth ions this phenomenon is un-
derstood as being due to a kind of configuration interac-
tion in which a discrete transition from 4d ' 4f" to
4d 4f"+' is mixed with a continuous transition to
4d' 4f" 'el and the excitation spectrum has a line shape
of the Fano type. The resonant enhancement of the ioni-
zation cross section of the 4f electron in a rare-earth ele-
ment was used to investigate the valence Auctuation rath-
er than the resonance effect itself.

In transition metals the resonance occurs at excitation
energies near the 3p threshold; 3d outer-shell electrons in-
volved in the resonance are itinerant and not so localized
as 4f electrons in a rare-earth metal, and, therefore, the in-
vestigation of the resonant photoemission of a transition
metal is theoretically quite interesting. In metallic Ni the
resonant enhancement of the intensity of the main 3d
band is not large but a band located about 6 eV below the
Fermi edge is appreciably enhanced on resonance. ' Since
this resonantly enhanced band appeared to be a satelhte, '

a lot of theoretical investigations' ' have been reported
concerning the origin of the satellite and its contribution
to the resonance process. The current understanding of
the origin of the satellite in metallic Ni is the formation of
the two-hole bound state where the scattering of conduc-
tion electrons by the pair hole potential is important. The
3p-3d resonance is also observed in transition metals other

than Ni. ' ' The resonance in the main 3d band is as-
cribed to the autoionization of a 3d electron through the
super-Coster-Kronig decay of a photoproduced 3p hole. "
So far, investigations have been concentrated on conduc-
tors, ' ' " ' especially on Ni and Cu with less than one
3d hole in the ground state, and only a few works have
been reported on insulators' or materials of many-hole
systems.

In this report, we describe the extreme ultraviolet
photoemission of the valence electrons of transition-metal
chlorides in which 3d electrons are quite localized. Since
no conduction electron is present, the screening of the hole
potential is not important, and the many-electron effect
caused by a photoproduced hole may be different from the
case of a conductor.

II. EXPERIMENTAL PROCEDURE

Measurements were carried out at room temperature us-
ing synchrotron radiation from a 0.4-GeV electron storage
ring at the Synchrotron Radiation Laboratory of the Insti-
tute for Solid State Physics, the University of Tokyo. A
double-stage cylindrical mirror analyzer was used for pho-
toelectron energy analyses. Synchrotron radiation, as exci-
tation light, was monochromatized with a monochromator
of a modified Rowland-mount type. Since the energy
analyses were made by varying the voltage applied to
analyzer electrodes, the kinetic energies of photoelectrons
passing through the analyzer varied according to the ap-
plied voltage, and as a result the resolution varied with the
excitation energy. Instead, no throughput correction in
the retardation stage was necessary since the retardation
voltage was fixed constant. The overall resolution was 0.4
eV at a 60-eV excitation. The ordinates for energy-
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ferent component bands. The changes found below 35 eV
are ascribed to the simple changes in the partial densities
of states in the continuum states; the intensity of the ef
partial wave, when combining with the 3d states, increases
with excitation energy in this region, making the com-
ponents arising from the ligand 3p partial density of states
apparently more prominent in the energy-distribution
curves for excitations below 35 eV. The photoemission in-
tensities decrease appreciably as the excitation energy in-
creases from 30 to 40 eV. This may be ascribed to the de-
crease in the escape depth of the photoelectron. The
change in the shape of a photoelectron spectrum with ex-
citation energy near the 3p threshold of the metal ion is
due to the resonance between the 3p inner-shell excitation
and the valence-shell excitation.

Ishii et al. interpreted their results obtained at only
three different excitation energies in terms of the multiplet
levels of 3d electrons of a transition-metal ion in the
ligand field of a cluster ion as (MC16), M standing for a
transition-metal element. Their interpretation is that the
observed spectral features are incorporated by groups of
multiplet lines broadened to some extent: a group forms a
feature. Our basic interpretation of the spectral features is
the same as theirs except that the importance of the effect
of hybridization will be emphasized later in this work.

In Fig. 5, the ultraviolet photoelectron spectroscopy
(UPS) spectra obtained here are compared with the x-ray

photoelectron spectroscopy (XPS) 2p3/2 spectra of the
transition-metal ions measured by Okusawa. The struc-
tures in the UPS spectra are designated with capital
letters. Among the various UPS spectra observed here,
ones with the highest D peaks are chosen for the compar-
ison. According to Ishii et al. , the 3; (i =1, 2, and 3)
structures are caused by the 3d multiplets and the B struc-
ture originates in the 3p states of the chlorine ion. The
XPS 2p3/2 spectra are placed in Fig. 5 so that the centers
of gravity of the main peaks align to those of the A.; struc-
tures in the UPS spectra. The XPS 2p3/2 spectra show
weak composite structures and apparent broadening owing
to the multiplet splitting arising from the coupling be-
tween 3d electrons and a photoproduced 2p hole, and to
the electron transfer between molecular ions. In the
comparison between the UPS and XPS spectra in Fig. 5,
only the separations of the C and D structures from the
centers of gravity of the A bands are of interest since the
origins of other fine structures are different between the
UPS and the XPS spectra.

The C structure in NiC12 and the D structures in other
chlorides were assigned to multielectron satellites previous-
ly. Figure 5 indicates that the C and D structures have a
good correspondence to the satellites of the XPS 2p3/2
lines appearing on the high-binding-energy sides of the
main lines. The satellite of the 2p3/2 line has been as-
cribed to the increase in covalency caused by a photopro-
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FIG. 3. Representative photoelectron energy-distribution
curves for the valence-shell electrons in FeCl&. Notations are the
same as those in Fig. 1.
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FIG.. 4. Representative photoelectron energy-distribution
curves for the valence-shell electrons in MnC12. Notations are
the same as those in Fig. 1.
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tures in the energy-distribution curves is not so serious as
to make the plots shown in Figs. 6—9 meaningless; in
NiC12 the A i structure overlaps the A2 structure to some
extent but the A& excitation spectrum is clearly different
from the A2 excitation spectrum as is obvious in Fig. 6.
Thus, we conclude that the spectra shown in Figs. 6—9
may tolerate a qualitative discussion made later in this
work.

The spectral features in the yield spectra in Figs. 6—9
are caused by the transitions of the 3p electrons of the
metal ions. The excitation spectra show the corresponding
features and this represents the resonance.

All of the A; curves show antiresonant features with
dips near the 3p thresholds. The B curves have asym-
metric line shapes with almost no distinct dip structure.
Concerning the occurrence of a dip profile, the D curves
are intermediate between the A; curves and the 8 curves.
The C curves are somewhat similar to the D curves. Ac-
cording to Davis and Feldkamp, " the line shape of an ex-
citation spectrum may be represented as

N(e) =A (e)+gK&f~(e) .

CA

Ltj

z'

O

LLI

LaJ
O
C)
CL

0
45 50 55

hu (eV)
60

Here, e represents the normalized excitation energy and
the first term is the background which varies slowly and
smoothly with the excitation energy. The second term is
the resonant part and fz(e) represents a resonance line
shape; I(J is an amplitude. The subscript j distinguishes
different resonance energies. Generally, f&(c) is not ex-
pressed as a simple analytical form, but it is suggested"
that fj(e) is approximated by a Fano line shape in a sim-
plified system. In spite of the fact that many continuous
and discrete states are involved in the final-state configu-
ration" ' owing to the rnultiplet splitting, ' ' and
that an observed spectrum should be given as the resulting
superposition, a simplified analysis works well actually in
many cases, and we analyze the excitation spectra obtained
here using Eq. (1) with a Fano line shape for f~(e) as

(6 +)q
@+1

(2)
e = (h v —h vj )/I J. .

Here hvj. is a resonance energy and r J is a quantity like
the self-energy of the resonance. We distinguish the
features labeled with a, P, and y by different hvj and I J.
A common q value is assumed" for all features in an exci-
tation spectrum. An example of such a fitting is shown in
Fig. 10. Figure 10 is for the A3 curve of FeC13. Curve 2
is obtained by subtracting smooth backgrounds illustrated
by a chain line from the measured spectrum shown as
curve 1. Points in curve 2 illustrated by open circles are
decomposed into three components illustrated by dots and
triangles. Fitted Fano lines are shown by thin curves
denoted as 3 and 4. The curve for the a structure, given
by a broken line, is obtained by just connecting the points.
In many cases, the analysis of the a structure was not
made, because the intensity is low and an appreciable am-
biguity may be introduced. In the case of FeC12, the
feature above the dip at 57 eV in the A i curve as well as
the broad feature above the dip at 59 eV in the D curve
was neglected.

The Fano parameters obtained in this way are tabulated

-5
a I ~

-IO -5
e I= ( hr—

0
hop }/I']

t a a a

Qp5
a I a a a

Qp5

FIG. 10. Decomposition of the A3 excitation spectrum in
FeC12. Curve 1 is the spectrum as measured. Curve 2 is ob-
tained by subtracting the background illustrated by a chain line.
Dots and triangles are obtained by decomposing the points in
curve 2. Curves 3 and 4 represent the spectra given by the Fano
formula. Broken curve is obtained by just connecting the points.
Three different abscissas represent the photon energy h v and the
normalized excitation energies e for curves 3 and 4. Main struc-
tures in the excitation spectrum are designated a, P, and y.

in Table II. Table II indicates that q values are larger for
the B structures than for the A; structures. According to
the assignment of the structures already mentioned, this
means that the q value is larger for the band originating
mainly in the Cl 3p state than for that originating mainly
in the 3d state of the transition-metal ion.

In NiC12 the resonant enhancement of the main band is
not strong, and the resonance is recognized only as a dip
in the excitation spectrum. Equation (2) predicts that the
height of the resonantly enhanced peak is small as com-
pared with the depth of the antiresonance dip for a small q
value, and this is the case for the A i structure in NiC12.
The peak-to-peak intensity of a resonance band is also
dependent on the amplitude XJ. In order to investigate
such a situation in more detail, the resonant enhancement
factors defined as

KJ(q +1)R=
A +E)

(3)

are calculated and tabulated in Table III. Here, it should
be remarked that 2 +KJf( pp ) =2 +KJ and the maximum
resonant enhancement is KJ(q +1). In evaluating R, the
magnitudes of the numerator were obtained as the peak-
to-peak heights of the decomposed bands used in the es-
timation of the Fano parameters. Selected j is a for
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CoC12
Ih&o hvo h~o hvp

TABLE II. Parameters characterizing the Pano line shape obtained by data fitting. Greek letters stand for the structures in the ex-
citation spectra. Capital letters stand for the structure in the energy-distribution curves and distinguish the excitation spectra.

NiC12 FeC12 MnC12

q q I q I

0.83
0.83

0.86
1.3

65.5
68.2

1.3
1.3

0.81
1.2

57.9
61.1 1.0 0.90 53.7 2.1 1.2 50.2

1.8
1.8

0.72
1.4

65.6
68.9

1.7
1.7
1.7

0.83
1.2
1.2

57.8
60.9
64.0

1.0
1.0

0.85
1.4

53.7
56.0

1.9 1.2 50.1

3.2
3.2

1.1
1.3

65.2
68.8

2.3
2.3
2.3

0.92
1.2
1.0

57.8
60.7
63.7

1.2
1.2

2.1

2.1

0.80
1.2

0.85
1.1

53.6
56.0

53.6
56.2

3.0 50.1

3.0
3.0

0.82
1.3

65.7
68.6

2.6
2.6

0.65
1.1

58.0
60.9

4.0
4.0

0.79
0.88

65.4
68.0

2.2
2.2

0.55
1.1

57.9
60.7 1.8

1.8
0.91
0.96

53.9
56.2

3.2 0.86 50.2

TABLE III. Resonant enhancement factors A.

A2

A3
B
C
D

NiClq

0.39
0.33

0.94
1.2
7.8

CoC12

0.90
1.2

1.8
2.7
2.9

1.7
1.4
0.90
1.1

2.5

MnC12

1.9
5.2

3.8

6.4

NiC12, P for CoC12 and MnClz, and y for FeClq, and the
value of 3 was estimated at the energy of the peak of the
corresponding j component curve. The magnitude of R
represents the strength of the resonance and the selected j
corresponds to the structure giving the largest R value in
each material.

Table III shows that the resonance is stronger in the sa-
tellite than in the main band in a given material. The
resonant enhancement of the main band is the strongest in
MnC12 in all the chlorides measured here. In NiC12 the
resonance in the 3; structures is weaker than that in the B
structure. This tendency is the same in CoC12 but the
magnitude is not so large as in NiC12. The situation is op-
posite in FeC12 and MnC12. The resonance in the 2; struc-
tures tends to be larger in the order from NiC12 to MnClz.

In the chlorides observed here, the ordinary M2 3VV
super-Coster-Kronig lines are very weak. Ordinary Auger
or super-Coster-Kronig electrons have a constant kinetic
energy, and thus the corresponding spectral lines in a pho-
toelectron spectrum plotted against the binding energy
shift by an amount equal to the change of the photon en-

ergy as the photon energy is changed. In the chlorides ob-
served here, such a peak was not found even for photon
energies near the 3p thresholds of the metal ions. This sit-
uation is quite contrasted to the cases of materials with

metallic conductivities. ' ' ' ' For photon energies far
from the resonance region the ionization cross section of
the 3p electron of the transition-metal ion is small. Actu-
ally, the integrated intensity of the 3p inner-shell line by
an excitation at 120 eV is about 15% of that of the
valence-band intensity in MnC12, 12% in FeC1~, 7' in
CoC12, and 6%%uo in NiC12. The relative integrated intensi-
ties of the ordinary super-Coster-Kronig bands cannot be
larger than those fractional intensities. Since the super-
Coster-Kronig bands are broad, they are not easily observ-
able if they are weak. A weak 3p inner-shell line was
found in the case of Mn vapor. The super-Coster-
Kronig lines appear also very weak in Ni-phthalocyanine'
and Cu-phthalocyanine.

IV. DISCUSSION

In the previous analysis the hybridization between the
3p orbitals of chlorine and the 3d orbitals of the transition
metal was not taken into account explicitly. There, the ef-
fect of the hybridization may be regarded as being renor-
malized implicitly and incompletely into the selected spec-
troscopic and crystal-field parameters. In the present
measurements, it has been found that all the structures in
the valence-band spectra including the B structure show
resonant behaviors.

If the state responsible for the 8 structure arises only
from the 3p orbitals of chlorine localized to a chlorine-ion
site, their coupling with the 3p hole state of a transition-
metal ion is small and no resonance is expected to occur in
this structure. A similar situation is actually the case in
the E structure assigned to the 3s level of chlorine. The
resonant behavior in the B structure suggests that the hy-
bridization between the 3p orbitals of the chlorine ion and
the 3d orbitals of the transition-metal ion is not negligible;
the resonance may be caused by the 3d orbitals mixed in
the 8 states.
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The 3p-3d resonance has been found in the itinerant 3d
states. ' ' Theories suggest that the resonance is
brought about by the amplitude of the 3d wave function at
the site where the 3p inner-shell hole is produced. This is
a situation similar to the hybridization in an ionic materi-
al. It is interesting to point out that there exist 3d materi-
als, like transition-metal silicides, ' in which the resonance
is weak.

The spectra shown in Figs. 1 —4 are not similar to the
spectra of the gaseous materials. The molecule of a
transition-metal chloride in the gas phase is composed of a
linear chain of atoms. The observed photoelectron spectra
of various gaseous transition-metal chlorides are similar to
each other, and the spectra are interpreted in terms of the
simple molecular orbital levels of a linear molecule. The
spectra of the solid-phase materials are different from
each other as is obvious in Figs. 1 —4. Perhaps the hy-
bridization may be quite strong in a gaseous molecule and
this obscures the intraionic electrostatic interaction to pro-
duce to multiplet structure responsible for some spectral
features in a solid material.

Among the chlorides observed here, the trend of the
material dependence of the satellite —to—main-band
separation is opposite to that of the energy of the charge-
transfer exciton. If the hole-induced covalency which is
similar to the transfer of charge from the ligand ion to the
metal ion is caused by the electron shake-up mechanism
where the electron is promoted from the ligand level to an
empty level of the metal ion, the trend of the
satellite —to—main-band separation should be parallel to
the trend of the energy of the charge-transfer exciton in
contrast to the result observed here. If the hole-induced
covalency is caused by the electron shake-down mechan-
ism, ' * the situation may be reversed. In this mechan-
ism, an unoccupied 3d level is pulled down by a large re-
laxation due to the potential of a photoproduced 3d hole.
The resulting two bound holes attract an electron from a
ligand ion to form a bound state. The extra energy to
cause such a process is roughly equal to the intra-atomic
Coulomb energy for the two bound holes minus the energy
of the charge-transfer exciton. This extra energy varies as
the material changes and the negative contribution of the
energy of the charge-transfer exciton indicates a possibili-
ty of the trend of the satellite —to—main-band separation
opposite to that of the charge-transfer exciton. According
to this assignment, the locations of the main band and the
satellite are reversed to the case of the electron shake up.
However, this is a problem of definition, and we may refer
to a band occurring at a lower binding energy as the main
band. In a simplified model, the intermediate state of this
shake-down process with two 3d holes should have the
3d" ' configuration and the final state should have the
3d"I. configuration, I. representing the hole state of the
ligand ion. The multiplet arising from the intermediate
state is essentially the same as that for the main band con-
sidered previously. Originally, the electron shake-down
model is appropriate for a system with itinerant electrons
like a metal. Thus, it is necessary to modify the theory so
as to make it applicable to a lomlized electron system
which we are concerned with, and this is a problem
remaining to be solved.

Recently, Thuler et al. observed that the valence-shell

satellite of CuO at resonance is twice as intense as those in
Cu and Cu20, and that the satellites in Cu and Cu2Q are
not detectable by excitations far from resonance. They
suggested that the satellite in a transition-metal oxide with
the unfilled 3d shell is not due to the "ligand-to-metal
charge transfer transition, " but rather is due to the intra-
d-shell monopole transition. According to their assign-
ment, the satellite is one of the components of the 3d"
multiplet. However, such multiplets compose the main 3d
bands in the transition-metal chlorides observed here.

That the q value is smaller for the band derived mainly
from the 3d states of the metal ion than for the band de-
rived mainly from the Cl 3p states may be explained quali-
tatively by the hybridization between the 3d state of the
metal ion and the 3p state of the chlorine ion. According
to Davis and Feldkamp" the q value is approximately
given, in the most simplified case with no hybridization,

m(pel fe /r /dd)(el /r /d)
Here,

~ p ),
~

d ), and
~

el ) are the basis functions
representing the 3p, 3d, and continuum state of the metal
ion, respectively. If the discrete state is postulated to be
given by a simple hybridization of the 3d state of the met-
al ion and the 3p state of the chlorine ion as

(a ~d)+b ~L)),
(a 2+ b 2)1/2

where
~

L ) is the 3p orbital of chlorine, then a more
rigorous formula for the q value [Eq. (2.30) in Ref. 11]
suggests that

~

d ) in Eq. (4) should be replaced by
a

~

d)/(a +b )' and the resulting q value may be given

Here, r {=b /a ) represents the magnitude of the hybridi-
zation. In a more exact expression, ' "we must mlculate
the determinant describing the overlap between the ground
state and the excited state of the many-electron system.
Equation (5) predicts that q is near to qo for the state de-
rived mainly from the 3d state of the metal ion since r is
small for this state, and that q becomes large for the state
derived mainly from the 3p state of chlorine since r is
large in this mse. These qualitatively explain a trend of
the q values for the different structures in the energy-
distribution curves.

As is obvious in Table II, the q value is larger for the sa-
tellite than for the main 3d band. The profiles of the exci-
tation spectra of Cu-phthalocyanine suggest that such a
tendency exists also in this material. It was shown that
the satellite in metallic Ni caused by the two-hole bound
state has a resonance profile near to a Pano shape with a
large q value, " and that the atomic Auger line has a sym-
metric resonance profile. The result obtained here is
qualitatively similar to the tendency found for the satellite
of metallic Ni. According to the model of the hole-
induced covalency for the satellite, the hybridization is in-
creased in the final state. This leads to the increase in
the value of r. The large q value of the satellite is ex-
plained by a large value of r due to the hybridization as in
the case of the ligand-derived band.
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Shin et al. interpreted their photoabsorption data as
being due to the multiplet lines arising from the interac-
tion between an inner-shell hole and 3d electrons and
broadened by the Fano effect. In the present analysis of
the excitation spectra, the multiplet lines are treated as if
they form a few bands, the widths of which are much nar-
rower than the broadening caused by the Fano effect.

Recently, Davis suggested that the magnitude of the
resonance of the main 3d band is strongly dependent on
the strength of the hybridization. In this theory, the basis
function representing two holes localized only in the 3d
state of the metal ion is responsible for the resonance, and
all other basis functions contribute only to the part of the
ionization cross section which does not resonate. As the
hybridization becomes strong, the amplitude EJ represent-
ing the intensity of the resonant part becomes small and R
becomes small. This theory predicts that the hybridiza-
tion would be strong in NiC12 but weak in MnC12, since R
is small in NiC12 and large in MnC12 as is obvious in Table
III. However, this is against the trend of the q values
shown in Table I; a larger hybridization leads to a larger q
value. However, this is not a crucial difficulty. The mag-
nitude of the q value is determined not only by the hybrid-
ization but also by the value of qo given in Eq. (4). There-
fore, the magnitudes of the q values of different materials
cannot be compared by the strength of the hybridization
only. In a given material the relative magnitudes of the q
values for the different structures in the energy-
distribution curves are determined by the values of r in
Eq. (5), and thus by the hybridization since qo is common
in this case. The value of R, the strength of the resonance,
is determined by the value of I( J/A, and thus by the hy-
bridization. In the case of the satellite, the effect of the
hybridization on the resonance strength may be different
from the case of the main band. This is a problem
remaining to be solved in the future.

Concerning Eq. (3), a spurious discrepancy exists: If
(pEl

~

e /r
~

dd) approaches zero, qo approaches infinity
according to Eq. (4); then R becoines infinite unless Ki is
zero. This would lead to an absurd result that the reso-
nance becomes strong when the interaction between the
innershell hole and the outershell electron is weak. Thus,
Ez should approach zero if (@el

~

e Ir
~

dd ) approaches

zero so that R remains finite. In a more rigorous treat-
ment"' of the photoemission intensity, it is shown that
the resonance becomes weak if the interaction between the
inner-shell hole and the outer-shell electron is weak. [For
example, Dk~ finite as Vk„(E)~0 in Eq. (2.29) in Ref.
11.]

The ordinary super-Coster-Kronig transition far from
resonance is weak in the materials treated here. The initial
state for an ordinary super-Coster-Kronig transition is a
relaxed excited state with a relaxed inner-shell hole. In the
case where the matrix element for the super-Coster-
Kronig coupling becomes very large, the coupling of the
direct excitation of the outer-shell electron with the
super-Coster-Kronig transition becomes large enough to
initiate the outer-shell transition before the formation of
the relaxed state with a relaxed inner-shell hole and the or-
dinary super-Coster-Kronig transition does not occur. In
the case of a conductor in which the ordinary super-
Coster-Kronig transition is clearly observed, ' ' ' ' an
excited electron leaving an inner-shell hole is scattered by
conduction electrons. If this scattering occurs very fast,
the excited state that is to couple with the outer-shell exci-
tation disappears in a very short time and the relaxed
inner-shell hole state is produced. For excitation energies
far above the resonance, the ionization cross section of the
3p electron is small, resulting in a weak super-Caster-
Kronig band.
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