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Relationship between x-ray spectra from some metal chlorides and their ionicity
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The KP-emission and K-absorption spectra of chlorine in CsCI, BaClz, LaCls, and CeC13
have been reported. From an analysis of these data and those for other metal chlorides re-
ported previously, it is found that the energy of a prominent peak of the Cl E-absorption
spectrum measured relative to the bottom of the conduction band as well as the halfwidth
of the KPi band, and the peak separation between the KPi band and its subband KP, are
correlated to the amounts of ionic character of the bond of these chlorides. The K- and
L3-absorption spectra of chlorine in CsC1 have been discussed on the basis of the energy
band-structure calculation by Donato et al. The band gaps estimated from the x-ray spec-
tra are compared with those obtained from the optical spectra.

I. INTRODUCTION

The x-ray emission and absorption spectra have
provided important information about the electron-
ic energy-band structure in crystals. Until now,
there have been many studies' ' on the x-ray spec-
tra for chlorides. For example, Kiyono and Sugi-
ura studied the E-absorption spectra of chlorine in
alkali chlorides. The EP-emission and E
absorption spectra of chlorine for alkaline-earth
chlorides have been studied by Sugiura. The L2 3-
absorption spectra of chlorine have been investigat-
ed by Sato et al. for some metal chlorides, by Igu-
chi et al. and Aita et al. ' for alkali chlorides, and
by Sato" for lantanum and cerium chlorides.

In this paper we present the experimental results
for Cl EP-emission and E-absorption spectra from
compounds consisting of chlorine and metal ions
(Cs+, Ba +, La +, and Ce +) belonging to the sixth
row in the Periodic Table, making an attempt to get
a systematic understanding of the electronic band
structure of these metal chlorides. The spectra for
CsCl (Ref. 6) and BaC12 (Ref. 7) have been already
reported, but those for LaC13 and CeC13 are new
data, which have not yet been reported. The elec-
tron configurations of these metal ions are [Xe]4f,
except for a Ce3+ ion having a [Xe]4f' configura-
tion, where [Xe] indicates the electron configuration
of a xenon atom. Their ionic radii are 1.69, 1.35,
1.15, and 1.02 A for Cs+, Ba +, La +, and Ce +,
respectively. ' LaC13 and CeC13 have UC13-type
crystal structure with lattice constants quite similar

to each other, ' and BaC12 has the PbC12 type,
which resembles the UC13-type structure'; CsC1 is
of the so-called CsC1-type structure.

The E-absorption and EP-emission spectra for
CsC1, BaC12, LaC13, and CeC13 have been compared
with their Cl L23-absorption spectra obtained by
Sato et al. and by Aita et al. ' In particular, spec-
tra for CsC1 have been compared with theoretical
results of the energy-band —structure calculation
that have been obtained by Donato et al. ' on the
basis of the pseudopotential theory. The influence
of the different metal ion on the Cl EP-emission
and E-absorption spectra from some metal
chlorides has been discussed in relation to the ioni-
city of the bond of these chlorides.

II. EXPERIMENTAL

The starting materials of the metal chlorides used
here were of the commerical reagent grade and were
chemically in the form of CsC1, BaC12.2H20,
LaC13.6H20, and CeC13.6HzO. The hydrated
chlorides were heated in vacuum for several hours
to remove water molecules and to obtain powders of
BaC12, LaC13, and CeC13.

The EP-emission and E-absorption spectra of
chlorine in the anhydrous metal chlorides were ob-
tained with the same bent-crystal spectrograph used
in the previous works. The details of the experi-
mental procedures are described in a previous pa-
per.
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III. RESULTS AND DISCUSSION

The Kp-emission and K-absorption spectra of
chlorine in CsC1, BaC12, LaC13, and CeC13 are
shown in Fig. 1. The photon-energy values of the
characteristic points in these spectra are listed in
Table I. The spectra for BaC12 have been already
reported by Sugiura, but the present result for K
absorption differs slightly from the previous one,
where the peak corresponding to peak D was miss-
ing.
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A. Cl KP-emission spectra

The Kp-emission spectra consist of a prominent
band Kp& and its subbands Kp„and Kp5 on the
high-energy side. With the increase of the differ-
ence in the electronegativity (M) (Ref. 16) of the
metal and chlorine atotns, the halfwidth of the KpI
band (which arises from the transition 3p ~Is
within the Cl ion} decreases and the energy
separation between the KPI and KP„bands in-

creases. In Figs. 2(a) and 2(b}, the halfwidth of the
band KPI and the energy separation between the

KPI and KP„bands for the present results are plot-
ted against M, together with those for other metal
chlorides reported previously. ' ' They linearly

change with dE in the range from 1.9 to 2.3. When

M of the chlorides is smaller than 1.9, that is,
when they are largely covalent (for example, M of
MgClz is equal to 1.8}, their KpI band is so broad
that their subbands are not observed. ' In CsC1,
whose LQ is the largest in the materials investigat-

ed, the KPI band is very sharp, but its subband is

widely spread and the Kp5 subband is ambiguous.
The subbands on the high-energy side of the KP

emission in metal chlorides have been con-
sidered ' ' ' as being associated with a double ioni-

zation of the chlorine ion. Deslattes' has calculat-
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FIG. l. Kp-emission and K-absorption spectra of
chlorine in CsC1, BaC12, LaC13, and CeC13.

ed satellite-parent separations for Cl, Ar, and K+
in a double-ionization model using approximate
wave functions. The horizontal lines on the right in

Fig. 2(b) indicate Deslatte's theoretical predictions
for Cl ion. They are close to the experimental re-
sults for those materials whose 4X is around
2.1 —2.2. Our experimental data on the satellite-
parent separation show that they depend on the
metal ion. Therefore, it would be necessary to ex-
tend Deslatte's model in which effects of the crystal
environment of ions or atoms are not considered, in
such a way that the solid-state effects can be incor-
porated.

TABLE I. Photon-energy values (in eV) of the maxima of the KP-emission and K-
absorption spectra of chlorine in CsC1, BaC1&, LaC13, and CeC13.

Notations

KPi
KP,
ECP5

A

B
C
D
E

CsC1

2815.2
2818.2

2824.7
2826.5
2832.1

2834.2
2840.0
2841.7

BaC12

2815.2
2817.4
2820.8
2825.3

2829.3
2831.0
2833.2
2840.6

LaC13

2815.4
2817.2
2820.7
2824.6
2826.0
2829.1

2831.0
2835.2
2842.4

CeC13

2815.6
2817.3
2820.4
2824.4

2828.9
2830.7
2834.8
2842.3
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FIG. 2. (a) Halfwidth (hw) of the EpI band and (b)

peak separation between the EpI band and its subband

EP, for some metal chlorides as a function of hX.
Straight line fits are of the form A hg+B, with

A = —5.59 eV and B=13.80 eV for hw, and with

A =2.83 eV and B=—3.69 eV for the peak separation.

B. C1 K-absorption spectra

The Cl K-absorption spectra have the characteris-
tic features common to all materials investigated in

this paper. They are the first intense peak A at the
threshold, the two peaks C and D which are

FIG. 4. Comparison of the K- and LQ3 absorption
(taken from Ref. 10) spectra of chlorine in CsCl. Ex-
panded L3-absorption spectrum is also illustrated.

separated from each other by 1.7—2.1 eV, the fol-
lowing peak E, and a broad peak F located in the re-

gion from 2S40—2S43 eV. In LaC13 and CsC1, the
peak A has a shoulder (B) on its high-energy side.
The E-absorption spectra from LaC13, CeC13, and

BaC12 are greatly alike except for the shoulder 8 in

LaC13, as expected from that LaC13 and CeC13 take
the same crystal structure (VC13 type) and BaC12
has the similar crystal structure (PbC12 type) to the
trichlorides. ' The reason for the absence of the

peak 8 in CeC13 is not clear at present, but we think
it may be related to the fact that the La atom has a
Sd electron, whereas the Ce atom does not, because
peaks that are considered to be associated with the
3d, 4d, and 5d states have been observed in the Cl
E-absorption spectra of transition-metal
chlorides. '

We will now compare the Cl E-absorption spec-
tra with the Cl L2 3-absorption spectra obtained by
Sato" for LaC13 and CeC13, by Sato et al. for

2.0—

1.0-

TABLE II. Comparison between some maxima in the
K-absorption spectrum for CsC1 and critical points in
the band structure. All quantities measured relative to
peak A are in eV.

I I I I I

1.9 2.0 2,1 2.2 2.3
b, X,

FIG. 3. Energy of a prominent peak of the Cl K-
absorption spectra measured relative to the bottom of
the conduction band for some metal chlorides as a func-

tion of hP. The straight line is given by

h,E~ =A hg+B, with A = —7.88 eV and B=18.54 eV.

Peak

A

B
C
D
E
F

'Reference 15.

Experimental

0.0
1.8
7.4
9.5

15.3
17.0

Theoretical'

0.0 (X4)
2.1 (M5 )

8.1 (M5 )

11.0 (M4 )

14.7 (X4 )
iS.4 (r„)
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TABLE III. Comparison between some maxima in

the L3-absorption spectrum (Ref. 10) for CsC1 and criti-
cal points in the band structure. All quantities mea-

sured relative to peak B are in eV.

Peak

B
C
D
E
F
6

'Reference 15.

Experimental

0.0
0.4
1.2
1.9
2.4
3.6

Theoretical'

0.0 (X))
0.6 (Mt )

1.1 (M3)
2.3 (I i)
2.4 (Ri)
35 (R2s)

BaC12, and by Aita et al. ' for CsC1. The general
shapes of the three L2 3 absorption spectra except
for CsC1 are similar to each other. The first peak in
the L2 3 absorption is located at a lower energy than
that of the K absorption, which is probably due to
the transition to the lowest p-like state arising from
the 4p state of the Cl ion, provided that the K-
and L2 3-absorption spectra are joined by the pho-
ton energy [2622.2 eV (Ref. 24)] of the Cl Ka, line

from these chlorides. Its energy difference is about
1.1, 1.5, 2.7, and 2.8 eV for CsC1, BaC12, LaC13, and

CeC13, respectively. We focus our attention on the
energy difference QEz) between a prominent peak
of the Cl K-absorption spectrum and the bottom of
the conduction band. This energy difference is
shown in Fig. 3 for CeC13, LaC13, CaClz, SrC12,

BaC12, NaC1, KC1, RbC1, and CsC1 as a function of
M. Here the position of the bottom of the conduc-
tion bands for NaCl, KC1, RbCl, and CsCl is deter-
mined from data by Iguchi et al. on the L23-
absorption spectra (shoulder 8). In these materials,

peaks due to a core exciton are observed. For other
materials that have no exciton peak, the bottom of
the conduction band is determined with the as-
sumption that the L3-absorption edge (decided at
the midpoint of the edge) corresponds to the bottom
of the conduction band. From Fig. 3 one can see
that the energy of the prominent peak of the Cl K-
absorption spectrum measured relative to the bot-
tom of the conduction band is correlated to the
amounts of ionic character of the bond of metal
chlorides. The influence of the different metal ions
is obvious, even in the Cl E-absorption spectrum.
We can regard this result as a reflection of the de-

gree of localization of atomic wave functions of the
ions which constitute the metal chlorides.

Next let us make a comparison of experimental
and theoretical results in the case of CsC1 for which
the theoretical calculation of the energy-band struc-
ture is available, ' and try to assign the maxima in

TABLE IV. Energy-band gaps (in eV), obtained from
the x-ray and the optical spectra. The values of E~„~
for LaC13 and CeC13 are taken from Figs. 2 and 3 in

Ref. 11; fundamental absorptions begin at these energy
values.

Metal chloride

CsCl
Rbcl
KC1
NaCl
BaC12

SrC12

CaCl,
CeC13

LaC13

'Reference 12.
Reference 11.

Ex ray

8.2
8.2
8.3
8.5
7.0
7.5
6.9
3.7
4.2

E.wt )

8.3'
8.50'
8.7'
8.75'

3.6
4.5b

the E- and L23-absorption spectra to the p-like
states and s- or d-like states in the conduction
bands, respectively. The E- and L2 3-absorption
spectra for CsC1 are shown in Fig. 4, where they are
joined by the photon energy (2622.2 eV} (Ref. 24) of
the C1Ea i line of CsC1. In the K-absorption spec-
trum of CsC1, the peak of A is ascribed to the tran-
sition to X4 state, the peaks B and C to the two M5
states which are separated by about 6 eV from each
other, the peak D to M4 state, the peak E to X4
state, and the peak F to I » state. This comparison
of the maxima in the K-absorption spectrum with
band-structure critical points is summarized in
Table II. Such a comparison for the Cl L3-
absorption spectrum, which has many fine struc-
tures (see Fig. 4}, is also made, and the result is list-
ed in Table III. The first peak A in the L23-
absorption spectrum may be attributed to an x-ray
exciton at Xi minimum point, because it is located
below the bottom of the conduction band expected
from the optical data. '

Finally we should mention band gaps estimated
from the Cl ItPr-emission and L2 3-absorption spec-
tra. We have obtained the values of the band gaps,
assuming that the width of the valence band, which
is mainly constructed from the 3p state of the Cl
ion, is given by the experimental halfwidth of the

EP~ band and using the values for the bottom of
the conduction band used in obtaining hE& in Fig.
3. They are listed in Table IV together with data
obtained from the optical spectra. "' The values
for alkali chlorides, CeC13, and LaC13 are in good
agreement with those obtained from the optical
measurements. Unfortunately, there are no data to
be compared for BaC12, SrC12, and CaC12, as far as
we know.
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