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Synchrotron radiation monochromatized at energies 76, 61, and 40 eV has been used to obtain the
photoemission spectra of valence electrons in NiC1„CoC1„FeCl„and MnC12. Only slight dependence of the
spectra on excitation energy is found for three excitation energies employed here. Although the observed gross
features of the spectra are consistent with the x-ray photoelectron spectra of these materials, the profiles of the
spectra are partly diFerent from those of the x-ray photoelectron spectra. The contribution of the 3p electrons
of Cl ions to the photoelectron spectra relative to those of the 3d electrons of transition-metal ions may be
different between extreme ultraviolet and x-ray excitations. Detailed comparison with the x-ray photoelectron
spectra has been made to separate the components arising from the 3d electrons of transition-metals ions.
Their line shapes are in good agreement with the spectral distributions of the multiplet levels of the 3d
electrons in the final states derived from a simple ligand-field treatment.

I. INTRODUCTION

Energy-band theory is known to be quite useful
to treat the electronic energy states of crystalline
solids such as metals and semiconductors. It is
also known that the energy-band picture often fails
to explain the phenomena related to the optical ex-
cited states of solids like exciton absorption in in-
sulators~ and Fermi-edge anomalies in soft-x-ray
absorption or emission in light metals. There
are a group of solids for which the itinerant-elec-
tron model as in energy-band theory is inadequate
even in the ground state. Transition-metal chlo-
rides belong to this kind of materials. The pres-
ence of unfilled localized 3d shells has a signifi-
cant influence on the electronic properties of these
materials. Both the 3d electrons of transition-
metal ions and the 3p electrons of chlorine con-
tribute to the valence state. In a case like this,
the molecular-orbital approach is suitable for in-
terpreting optical-absorption data, if the electron-
correlation effect in the final state is appropriately
taken into account. As in the case of ligand-field
theory, energy levels are characterized by the
symmetry property of a molecular unit interacting
with photons.

Photoelectron spectroscopy is an ingenious meth-
od to investigate the energy states of valence elec-
trons as well as core electrons. X-ray photoelec-
tron spectroscopy (XPS) usually employs radiation
of 1.25 keV (Mg Ko.) or 1.48 keV (Al Kn) for ex-
citing photoelectrons. Observed valence-state
spectra reflect the density of states or, more rig-
orously, the partial density of states modified by
the transition moment. In ultraviolet photoelectron
spectroscopy (UPS), where exciting radiation has
energies less than 30 eV, valence-state spectra
are greatly modified by the conservation of the

l2

electron wave vector. Extreme-ultraviolet photo-
electron spectroscopy (EUPS) is more like XPS.
Radiation below 100 eV is easily monochromatized
with better resolution to give the better over-all
resolution of the photoelectron spectrum than the
XPS case. The modification due to the energy or
wave-vector dependence of the transition moment
is not important in narrow spectral regions to be
observed. The difference in the transition mo-
ment between valence electrons with different or-
bital angular momenta should be taken into account
in the analysis of the valence-state spectrum. The
dependence of the transition moment on excitation
energy becomes important in the comparison of
EUPS syectra with XPS or UPS spectra, . Power-
ful extreme-ultraviolet radiation with continuous
spectrum is provided by an electron synchrotron
or an electron storage ring.

The yurpose of this paper is to present the EUPS
syectra of valence electrons in the chlorides of
nickel, cobalt, iron, and manganese, obtained by
excitation with monochromatized synchrotron ra-
diation. The spectra mill be interpreted on the
basis of the energy levels of the 3d electrons of
transition-metal ions.

H. EXPERIMENTAL

The schematic illustration of the experimental
arrangement has been given elsewhere. ' Synchro-
tron radiation from a I.3-GeV electron synchro-
tron at the Institute for Nuclear Study, University
of Tokyo, was monochromatized with an optical
system consisting of a plane mirror, a toroidal
mirror, and a concave grating. Monochromatized
radiation was focused on the sample surface as a
small spot. All optical elements were placed so
that radiation was dispersed in a vertical plane.
No slit was used in the optical system. The mono-
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chromator was not equipped with any driving sys-
tems for changing the wavelength of monochroma-
tized radiation; every time the wavelength was
changed, the mirrors and the grating were re-
mounted to get new positions and incident angles.
Excitation energies employed here were 40, 61,
and 76 eV.

Samples were prepared by evaporation in a sepa-
rate samyle chamber and transported into the
analyzer chamber without breaking vacuum. The
substrate made of a copper rod was heated at
about 150' C during the evaporation and kept at this
temperature for several minutes after the evapora-
tion. Such a heat treatment is known to be im-
yortant to obtain a good sample. 6 The pressure in
the analyzer chamber during the measurements
was about 5 &10 Torr.

An electron-energy analyzer of a two-stage cy-
lindrical-mirror type was used to measure the en-
ergy distribution of photoelectrons. Radiation
from the electron synchrotron was pulsed with a
repetition rate of 21. 5 Hz, and its intensity fluc-
tuated from time to time. Thus, the intensity of
incident radiation was monitored at the entrance
to permalloy cases for magnetic shielding, and
the monitor signal was used to drive the voltage
supply to the analyzer electrodes. The over-all
resolution of the photoelectron spectrometer used
here was estimated to be 0. 5 eV from the measure-
ment of the Fermi edge of Pd metal.

Photoelectrons were deaccelerated in front of
the entrance to the energy analyzer, so that photo-
electrons excited with radiation at different ener-
gies pass the energy analyzer with nearly the same
kinetic energies. The retarding field, provided
with two conical electrodes, deviated from an ideal
spherical field, and this could distort the energy
distribution curve. We measured the valence-
band spectra of Au with various retarding voltages
to estimate the amounts of the distortions of the
energy distribution curves. The distortion was
found to be small in the energy range, in which we
are interested. Thus, we neglected the effect of
the distortion.

III. RESULTS

The typical examples of the valence-state spec-
tra as observed are shown in Fig. 1 for the four
chlorides. The excitation energy is 76 eV. The
ordinate represents outyut counts per channel N,„,.
No attempt was made to correct the charging up
of samples during measurements. Thus, the ab-
solute value of binding energy can not be deter-
mined. The abscissa represents the binding en-
ergy in a relative scale. The four spectra are
placed in a manner that the first yeak of each spec-
trum occurs at nearly the same position. Peaks
or fine structures found in the spectra are indi-

cated by arrows and referred to as A through E.
In FeC1&, three peaks are clearly resolved. Such
clearly resolved peaks are not found in the XPS
spectrum of FeCl& as observed; their existence
is predicted from the profile of the deconvoluted
spectrum. A similar situation is found in the case
of MnClz. Two definite peaks occur in the spec-
trum of MnC12 in Fig. 1. In the XPS spectrum as
observed, the peak A at the low-binding-energy
onset of the spectrum is not resolved well. These
features are due to the better instrumental resolu-
tion in the present case.

Figures 2-5 show the energy distribution of
valence-state photoelectrons for NiClq, CoC12,
FeCl~, and MnC12, respectively. Abscissas rep-
resent the relative scale of binding energy as in
Fig. 1. Ordinates give the output counts divided
by the voltage across the analyzer electrodes,
N,b,,/V~. The backgrounds due to inelastically
scattered electrons were subtracted under the as-
sumption that they have a profile of linear depen-
dence on binding energy. This assumption does
not yield any noticeable errors in the following
discussion, since the background intensities are
weak. Three curves in each figure show the spec-
tra obtained by excitation at 76, 61, and 40 eV
from the top to the bottom. For CoC13, the spec-
tra by excitation at 76 and 40 eV are shown.

Figures 2-5 indicate that the spectral profile
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FIG. &. Valence-state photoemission. spectra of NiC12,
CoCl2, FeCl2, and MnCl2 as observed. Excitation energy
is 76 eV. Structures in the spectra are indicated by ar-
rows and labeled with capital letters A-E.
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FIG. 8. XPS spectrum compared with the EUPS spec-
trum excited with radiation at 76 eV for FeCl2. The dis-
tribution of the 3d levels of an Fe2' ion calculated by a
simple ligand-field treatment is shown at the bottom.
Thin lines under the EUPS spectrum show the component
bands of the 3d spectrum. Broken line shows the contri-
bution of the 3P state of chlorine.

the transition metal and 3p electrons of chlorine.
Among the fine structures occurring in the photo-
electron spectra presented here, we assume that
humps C arise from Cl 2P electrons. This as-
sumption reasonably explained the XPS spectra of
these chlorides. 6' The similar assumption on the
contribution of p electrons of anions has been
shown to explain the valence-state photoelectron
spectra of the oxides of transition metals. ~'8

In the EUPS spectra of transition-metal halides,
only slight dependence of the spectra on excitation
energy is found at energies 76, 61, and 40 eV.
We suppose that the difference of excitation energy
is unimportant in the photoemission process in
this energy region. The partial density of states
is important there. Little dependence of the spec-
trum on excitation energy indicates that the energy
dependence of the ratio esp/os~ of the ionization
cross section between a 3d electron of a transition-
metal ion and a 3p electron of chlorine does not
vary much with excitation energy. Perhaps esp/0'gg
is small, and the contribution of the 3d electron
of transition-metal ions is conspicuous in this
energy region. This interpretation will also
explain the clear difference between the EUPS and
XPS spectra, i. e. , the reduction of the relative in-
tensity of humps C in the EUPS spectra. The re-

the structures in the XPS spectra are labelled with
the same capital letters as those in the EUPS spec-
tra according to the correspondence of the struc-
tures between both spectra. However, one clear
difference between the EUPS and XPS spectra is
found: The relative intensities in the regions 3-5
eV above the low-binding-energy edge are reduced
in the EUPS spectra. For instance, the relative
intensities of humps 8 and C are considerably de-
creased in the EUPS spectrum of NiClq. In CoCl~,
the intensity of peak A is larger than that of peak
B, while this intensity relation is reversed in the
case of XPS. Hump C is weak in the EUPS spec-
trum of MnC12. In addition to the reduction of the
relative intensity of this hump, the intensity of
peak B, is reduced as compared to peak A. In the
case of FeCl~, the situation is different. Figure
8 shows that the spectral intensity distribution of
the XPS spectrum is nearly the same as that of the
EUPS spectrum, except that the resolution is better
in the latter. This will be interpreted as the con-
tribution of the 3p electrons of chlorine being as
small as in the case of XPS for FeCl&.

IV. DISCUSSION

It is obvious that the valence state of a transi-
tion-metal chloride is formed by 3d electrons of
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FIG. 9. XPS spectrum compared with EUPS spectrum
excited with radiation at 76 eV for MnC12. The distribu-
tion of 3d levels of an Mp2' ion calculated by a simple
ligand-field treatment is shown at the bottom. Thin lines
under the EUPS spectrum show the component bands of
the M spectrum. Broken line shows the contribution of
the 3p state of chlorine.
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duction of the relative intensity of peak B relative
to peak A in the EUPS spectrum of CoClz as com-
pared to the XPS spectrum may be explained in a
similar way. The overlap of hump C and peak B
is large in CoC1~, and the reduction in the intensity
of hump C leads to the apparent reduction in the
intensity of peak B. In the previous interpretation
of the XPS spectrum of NiC13, the broadness of
the main band was attributed only to a small value
of Dq. 6'7 The contribution of the Sp electrons of
chlorine is as important as the small value of Dq.
The reduction of the relative intensity of peak B in
MnC13 is a little puzzling. One possible explana-
tion is that the Sp electrons of chlorine have the
nonvanishing density of states contributing to the
spectrum in the region of peak B; the reduction in
the intensity of peak B is due to the reduced rela-
tive contribution of the 3P electrons of chlorine, as
in the case of CoC12.

Humps C remain undiminished in the EUPS spec-
tra, though they are weak. Therefore, the ioniza-
tion cross section of a Sp electron of chlorine still
has a nonvanishing value in the extreme-ultraviolet
region. According to the measurements on tran-
sition-metal oxides by Eastman and Freeouf, 8 the
relative contribution of the Sd electrons of transi-
tion metals seems to increase monotonically with
the energy of exciting radiation, and the contribu-
tion of the 2p electrons of oxygen is very small in
the case of XPS. The small contribution of the 2P
electrons of oxygen was also found in the case of
XPS of ReO3. ~ It appears that the relative con-
tribution of the Sd electrons transition-metal ions
is largest in the extreme-ultraviolet region in the
case of the chlorides. If we assume that the chlo-
rine Sp state does not have energy levels in the
regions of peaks A, the chlorine 3p spectra can be
obtained by subtracting the EUPS spectra from the
XPS spectra. There, the intensities of both spec-

tra should be normalized at peaks A prior to the
subtraction. Similar procedures to separate the
contribution of the Sd electrons of the metal ion
from that of the p electrons of the ligand anion
were first developed by Eastman and Freeouf and
Goldmann et al. ~~ In Figs. 6-9, the Sp bands of
chlorine estimated in this manner are shown by
broken lines. In the case of FeClz, the proce-
dure described above is not applicable, since the
spectral intensity distribution is nearly the same
in XPS and EUPS. Thus, we decomposed the three
definite peaks in the EUPS spectrum into com-
ponents under the assumption that each peak arises
from a single band with a symmetrical bne shape.
The band remaining after subtracting the Sd bands
thus obtained is supposed to give the contribution
of the Sp levels of chlorine, and it is shown by
broken line in Fig. 8. The bands obtained. after
subtraction of broken curves from the EUPS spec-
tra in Figs. 6-9 represent the contributions due
to the Sd electrons of transition-metal ions. The
bands are tentatively decomposed into components
under the assumption that the A band has a sym-
metrical line shape. The components are shown
by thin lines in Figs. 6-9. The relative intensi-
ties of the components estimated from the ratios
of the areas under thin curves in the figures are
given in Table II along with the expectations from
ligand -field theory.

The major features of the EUPS spectra ob-
tained here are determined by the spectral distri-
bution of the Sd levels of the transition metals. A
transition-metal ion is surrounded by neighboring
ligand anions octahedrally. The energy levels
Inay be approximated by those of a molecular ion
MC1'; M stands for the transition metal. In the
first approximation, the spectral distribution of
the Sd levels of transition-metal ions may be ob-
tained by ligand-field theory. The spectra may

TABLE II. Relative integrated intensities of component bands of transition-metal M photoelectrons and cor-
responding predictions from ligand-field theory.

Sample
Peak

Relative
intensity
observed

NiC12

0.36

CoC12

0, 85

FeC12
B

1.5 2. 7

MnC12
A B

1 1.4

Component
level

Relative
transition
probability

4 2 2 Tfg
5 3 3 3 3 3 3

2g fg 2g 'fg 2g g 2g

15 6 6 6 3 4 2 18

4 4 4
Tfg T2g Afg T2g Eg Tfg

15 15 2 15 10 15

5 5

Relative
intensity
expected

0.33 1.7 2. 3 1 1.5
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reflect the energy levels of the state with the 3d" ~

configuration in the final state; N is the number
of 3d electrons in a metal ion in the initial state.
on the basis of the strong-field scheme, it is not
difficult to find what kind of energy terms occur in
the present problem, provided that the configura-
tion mixing, which may be important for the elec-
tron-correlation effects in the final state, is ne-
glected to the first approximation. The multiplet
levels of the ground states are A2, T~, 'Ta»,
and A~„ for NiCL, CoCla, FeCL~, and MnC13,
respectively. ' The levels attainable from these
levels by photoejection of electrons are tabulated
in Table H. The transition probabilities to the
levels in the final state are given in terms of the
Clebsch-Qordan coefficients, Gj symbols, the co-
efficients of fractional parentage, and the reduced
transition-matrix element of a single 3d' electron.
The derivation of the formula of the transition
probability is rather straightforward and has first
been carried out by Satoko and Sugano. ~ '~3 The
relative values of the transition probabilities are
given in Table II. There, the assumption is made
that the reduced transition-matrix element is the
same for the e» and t~» electrons.

The energy distributions of the component levels
given in Table H are predicted by the help of the
energy-level diagram obtained by Tanabe and Su-
gano. Qood agreement between the observed
spectra and the line distributions of the component
levels predicted is obtained if we choose Racah
parameters and crystal-field parameters as fol-
lows: B= 0. 094 eV, z(=—C/B) = 4. 63, and 10Dq = 1.6
eV for NiCL&, B=0.098 eV, y=4. 81, and 10Dq
=2. 0 eV for CoC13,. B=0.082 eV, y=4. 48, and
10Dq=1. 8 eV for FeClz, 10Dq=1. 7 eV for MnCL2.
The line distributions of the component levels cor-
responding to these parameters are shown in Figs.
6-9 for the comparison with the observed spectra.
The vertical bars showing each component line are
drawn in a manner such that their lengths are pro-
portional to the relative transition probability in
Table II. 8 can not be evaluated from the experi-
mental data obtained here for MnCl~, because only
two lines exist. In CoCL&, the overlap of the Cl
3p band and the Co ' 3d bands is large, and the
estimation of the Cl 3p band includes ambiguity.
The locations of the 3T~» and T~» lines with high
energy are not known for all values of Dq/B. The
line distribution shown in Fig. 7 and the param-
eters described above are obtained as the best-fit
case here. The agreement with the observed
spectrum is still fair qualitatively, except that the
locations of first three lines are too widely spread
to explain the width of the observed first peak.
Asada et al. ~' analyzed the satellites of core level
lines in x-ray photoemission and x-ray emission.
They obtained a value of 2. 0 eV for 10Dq of NiCL~.

Since the detailed processes involved in the present
experiment are different from those of core ex-
citation, Dq may be different.

A remarkable feature of the comparison of the
above results of ligand-field theory with the ob-
served spectra is the good agreement of line inten-
sities between the experimental results and theory.
In NiCL~, for example, the'T« line and the E,
line appear to bunch together to form peak A, and
the T« line forms peak B. According to this as-
signment, the ratio of the integrated intensity of
peak A to that of peak B is expected to be 3:1
=1:0. 33 as shown in Table II. The observed ratio
between the integrated intensities of the component
bands shown by thin lines in Fig. 6 is 1:0.36, in
good agreement with the expectation. In FeCL&,
3d electrons of an Fe ' ion produce three bands.
As is obvious in Fig. 8, peak A is ascribed to the

A&» line, peak B to a bunch of the T~» and Tz»
lines, peak E to a bunch of the 'T„, 'T&„E„
and T~» lines. The expected ratio of intensity be-
tween three groups of Lines is 18:30:42
=1:1.7: 2. 3, where the observed ratio of the in-
tegrated intensities of the component bands is
1:1.5:2. 7. For MnC13, the theory predicts only
two lines, 'E» and 'T~», with intensity ratio 2: 3.
Two peaks are clearly seen in the spectra in Fig.
5. The ratio between the integrated intensities
of the component bands in Fig. 9 is 1:1.4. The
3p band of chlorine in MnCL& shown in Fig. 9 has
a rather peculiar shape. This might be a result
of the assumption that the contribution of the 3p
electrons of chlorine vanishes in the region of
peak A. If the A and B peaks in the EUPS spec-
trum are decomposed in the same way as in Fig.
8 for FeCl-, the result gives a narrower and well-
shaped curve for the 3p band of chlorine. In this
case, a value of 1:l. 6 is obtained as the ratio of
the integrated intensity between the A and B peaks.
However, such a decomposition can not explain the
reduction in the relative intensity of peak 8 in the
EUPS spectrum as compared to the XPS spectrum.
In any case, the ratio does not seem to deviate
much from 1:1.5.

The good agreement of the results of the simple
ligand-field treatment with the experimental re-
sults presented here includes a slight accidental
part, since the decomposition of the spectrum such
as shown in Figs. 6-9 always contains some am-
biguity. In the sense of the molecular-orbital ap-
proach, the reduced transition-matrix element
may be different for the e» and t~» orbitals owing
to the different amount of the mixing of the chlo-
rine 3P Orbitals~s as well as the different values
of the normalization factors. The configuration
interaction should alter the energy levels given by
the simple ligand-field treatment. The good
agreement of the line distribution given by the
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simple theory with the experimental results ap-
pears to suggest that the effects of the mixing of
the Sp state of chlorine and of the electron corre-
lation in the Sd state of the transition-metal ion on
energy separations among various lines may be
renormalized into the Racah parameters 8 and C
and the crystal-field parameter Dq through scal-
ing. At this stage, it should be noted that a mo-
lecular-orbital calculation based on the self-con-
sistent-field-Xa method has been reported. by
Johnson et al. ~ Their result seems to have a good
correspondence with the experimental result on
NiQ as far as the energy positions of levels are
concerned. However, the Hamiltonian is diagonal-
ized with respect to S, in this method. It appears
that diagonalization of Hamiltonian as to S may
also be necessary to get the agreement with the
experimental results concerning the spectral in-
tensity distribution.

Peak D is found in all the chlorides measured
here. Wertheim et al. ~ and Eastman and Freeouf
attributed similar weak peaks found in the oxides
to multielectron satellites. We attribute peak D
to such a multielectron process. In MnCla, two

component lines of 3d electrons obtained by the
decomposition have a half-width of about 1.7 eV.
This value is three times larger than the width of
the instrumental resolution. Therefore, each
component line of the Sd levels has an appreciable
intrinsic width. Satoko and Sagano~ suggested
the possibility that the width may be caused by
mobile 3d holes produced by photoejection of elec-
trons. The electron-phonon interaction may also
cause the line broadening in a polarizable medium
like the materials used here. Recently, Citrin et
al. showed in their XPS experiment that core
level lines in alkali halides are broadened by the
significant contribution of phonons. We can not
rule out the possibility of phonon-induced broaden-
ing, since the lattice relaxation accompanying
photoemission is a kind of many phonon process.
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