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Molecular-orbital calculations are performed for an octahedral complex (PdClg)*~ with a self-
consistent-charge extended Hiickel method and used to analyze experimental x-ray-absorption and
-emission spectra for K,PdCl¢ crystals. Our calculations are entirely based on first principles in the
sense that empirical atomic data are not used. The observed features for the x-ray-absorption and
-emission spectra are shown to be generally accounted for by our calculations.

I. INTRODUCTION

For the purpose of obtaining information on electronic
structures, we investigate x-ray-absorption and -emission
spectra for K,PdClg experimentally and theoretically,
focusing our attention on both a central Pd and its ligand
Cl ions, which form an octahedral complex (PdClG)Z_ in
K,PdCl; crystal. It is fundamentally sound to study the
electronic structures for such a complex in terms of the
molecular-orbital (MO) theory.!™® On the experimental
side, we have measured the Pd L3, ;5 and Cl K3 emission
spectra to compare them with the Pd Ly; and Cl K ab-
sorption spectra reported previously.!®!! From the
theoretical side, we make an attempt to analyze the ex-
perimental results on both the absorption and emission
from a MO approach based on a self-consistent-charge
extended Hiickel method, which has been successfully
used for transition-metal compounds®%’ and for some xe-
non, thorium, and uranium fluorides.%°

It should be pointed out that in 1970 Fischer extensive-
ly studied electronic structures from the x-ray spectra in
terms of the MO theory.'? He used the x-ray spectra to
empirically deduce the complete molecular-orbital ar-
rangement of various compounds and showed that a MO
model is very effective in interpreting the x-ray experi-
mental results.

We have so far studied the x-ray-absorption near-edge
structure (XANES) for several materials on the basis of
multiple-scattering theory and substantiated that this
theory is adequate for a description of the x-ray-
absorption process.!>”1® However, in this paper we are
interested in understanding both the absorption and
emission spectra. The MO theory can be used to describe
the overlapping spectral regions for the absorption and
emission spectra, and it is expected that useful informa-
tion can be extracted from a comparison of the experi-
mental x-ray spectra involving both absorption and emis-
sion with theoretical ones based on the MO theory. In
our molecular-orbital calculations, we do not use empiri-
cal atomic data. Starting from first principles, we per-
form molecular-orbital calculations. Our approach to
realize this spirit is similar to that employed by Larsson
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et al.® and by Larsson and Pyykk3.’

The K,PdClg crystal can be regarded as K,*Q?~
(Q =PdClg), and the K," Q%" has the CaF,-type ar-
rangement. In the calculation of the electronic structure
for the complex consisting of a central Pd metal and six
ligand Cl ions, we have considered only the charge
transfer between Pd and Cl ions within the complex Q,
assuming that the charges on the K and complex Q are
+1 and —2. Here, we should briefly describe the crystal
structure of K,PdClg, which is necessary in the course of
our calculations. The Q2™ ions are located on the eight
corners and on the six face centers of the cube of a unit
cell shown in Fig. 1, while the K™ ions are located on the
following positions: ay(4,4,4), ao(3,4,4), ao(3,3,1),
ao(%,%,'}“), ao(%,'};%), ao(%,%‘,%), ao(%,%,%), and
ay(1,3,2), where a, is the lattice constant, having the

value of 9.74 A.' The complex Q2 forms an octahed-

FIG. 1. Unit cell of K,PdCl crystal. An octahedron is also
illustrated.
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ron. The distance between Pd and Cl ions, which corre-
sponds to the value of « in the table of Wyckoff,!® is not
known for K,PdCls. However, the u value for several
other crystals having the same crystal structure is known
as ~0.24, and it is 0.243 for K,0sCl,, 19 which has a lat-
tice constant (9.729 A) very close to that of K,PdCl,. We
chose 0.243 as the value of u for K,PdCl.

II. EXPERIMENT

The specimen of K,PdCly under study was purchased
from the Kanto Chemical Company (Japan), was in fine
powder form, and was of 99.9% purity. The palladium
Lp, 5 and chlorine K3 emission spectra in fluorescence
were measured with a Rigaku two-crystal vacuum spec-
trometer?® with Si(111) crystals at the temperature of
36.5°C, which was stablized within £0.5°C during the
measurement. The fluorescent x-ray emitter of the com-
pound was prepared by uniformly rubbing its fine powder
onto a sheet of paper. A chrominum target x-ray tube
was operated at 50 kV and 50 mA as a primary x-ray
source. In this procedure, the palladium Lp, s and
chlorine K3 emission spectra were mainly excited by the
Cr Ka emission (Ka,, 5414.7 eV). The intensity mea-
surements were carried out automatically for a preset
counting time at regular intervals of 0.005° in the Bragg
angle by means of a step-scanning method. The detector
was a gas-flow proportional counter equipped with a thin
polypropylene window, using argon gas with 10%
methane by volume. The present spectra have been ob-
tained by averaging ten runs. The metallic Pd LS, ;s line
(3171.79 eV) (Ref. 21) and the sharp Cl K3 line (2815.17
eV) (Ref. 22) of KCl were used as reference lines to deter-
mine the photon-energy values of the Pd Lp, 5 and Cl
K B emission spectra of K,PdCly.

The Cl K (Ref. 10) and Pd Ly (Ref. 11) absorption
spectra for K,PdCly crystal have been already measured
by using a 50-cm-radius bent-quartz-crystal vacuum spec-
trograph of the Johann type. Details of the absorption
measurements are described in these papers.!®!!

III. THEORETICAL DETAILS

We consider the electronic structure of an octahedral
cluster MX4 shown in Fig. 2, where a metal (M) atom (or
ion) is denoted by O and six ligand (X) atoms (or ions) are
denoted by a (a=1,2,...,6). The eigenfunctions of the
system are classified according to the irreducible repre-
sentations of O, symmetry. The molecular orbital (MO)
Y(T';v) belonging to the irreducible representation I" and
its component y (y =1,2, ...,gr) is represented as

W(y)=3 u,h(T;7); , %)

1

where the ¥(I";y);’s include atomic orbitals of the metals
and symmetry-adopted normalized combination of ligand
atomic orbitals. The subscript i/ is used to differentiate
among ¥(I';y )’s with the same (T;y). Adopting s, p, and
d atomic orbitals (s'®, p(o’, and d?) for Pd metal and s
and p ones (s'* and p'?) for Cl ligands, W(I';¥) in (1) is
explicity written as follows:
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Y(a,)=us'O+u,pla,,s)+usila,,,po), (2a)

W(t1,;7)=up +uylty,;7,8)Husilty,;v,po)
+u4¢(t1u;%1"”)

(0) (0) (0) (0)

(PO =pl?, pP =p\?, pP=p/”, (@b

\I/(eg;y)—‘—uld‘?,m+u‘2¢(eg;y,s)+u3¢(eg;y,pa) ,

d=d?, d"=dQ ), (0

W(tye57)=1d +u, Pty v,pm) ,

(dP=d?, d®=dQ, dP=d), d
W(t,;7)=U(t1g;7,07) s (2e)
Wity,;7)=Y(ty,;7,p7) . 2f)

Here, ¥(T';y,A) (A=s, po, and pr) is the so-called group
orbital belonging to the I'(y), whose expression is given
in Ref. 2.

The coefficients u;(I") and eigenvalues E(I') are ob-
tained by solving the following equation iteratively until a
self-consistent charge is attained:

H(D)u(D)=S(Muw(I"E() , (3a)
where
H(T)={(y(T');[H|YT);) , (3b)
§;(T)={%(),|H(T);) . (3c)
4
X

X
M
X X
€ FOJ &
X
X X

FIG. 2. An octahedron MX,. Site members (0-6) are indi-
cated.
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We must evaluate the matrix elements for H, which indi-
cates a one-electron Hamiltonian. In the following, we
will show how the matrix elements and the overlap in-
tegral S;; can be expressed in terms of atomic quantities,
taking the case of I'=1,, as an example.

For the case of I'=t,, and y =3, the MO W¥(t,,;3) and
the group orbital ¢(¢,,;3,p) are given by

W(tye;3)=u,d) +uydty,;3,pm) (4a)

1243, pmI®N(tyy;3,pm)(pi> —p>+pV—p?) ,
(4b)
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N(ty;3,pm)=[4—2({p;®|p;>) +{p;"Ip;*)
_(p£2)|p;l)>+(p;2)lp;4)>
+<p;5)lpjsl)>~(p’(‘5)|p)(,4)>)]—1/2 .

(4c)

The coefficients #; and u, in (4a) satisfy the following
normalization condition:

uitui+uu[(dP (1533, pm))
+{WPltye;3,pmNdN =1 . (4d)

In this case, Eq. (3a) is the 2X2 matrix equation. The

where matrix elements for (3b) are given as follows:
J
Hy=EM™, (5a)
H, =N(t3;3,pmE, ¥ —{pP[HIp,¥) + (P HIp; ") — {p;? [HIp;*)
—<p§5)|H[p§2)>+E,;(X)"<p,‘¢5)|H|p}f“)+<P,(¢5)|H]p,f4))+<P,5“|Hlp,(¢2)>—(p;”lﬁlp,(f))
+E%— (pV[HIp{) — (p{HIp®) + (@ [HIp{) — (pP[HIp) + B, (sb)
H,,=H3
=N(tye;3,pmdQH[p?) —(dQ|H[p{>) +(dQ|HIp") — (dQ|HIp»)) , ‘ (5¢)
I
whe.re E/™ and El;(X’ are the_energies of d and p atomic  al ¢£,‘}‘,’,, as follows:
il el consinng s Madeng oY Jr=3 1D

with Evjen’s method?® at every step of iterations for self-
consistency of the change, taking into account ligand-to-
metal charge transfer. In the evaluation for the matrix
elements of H between atomic orbitals such as
(pPH|p>) and (d)|H|p{*) appearing in (5b) and
(5c), we use the Wolfsberg-Helmholtz approximation,*

<p’(‘2)|H|pJ(:5)> =G(El;(X)+E1;(X))<P;(¢2)IP;(;5)>/2
and
(dQH[p2) = G(E{M+ED) O [p2) /2 |

where G is an adjustable parameter. Thus, the quantities
needed to solve Eq. (3a) are all expressed in terms of the
atomic energies corrected by the Madelung term includ-
ing the charge transfer and the overlap integrals (A) be-
tween atomic orbitals on the different atoms at r, and rg.
These general overlap integrals can be transformed into
basic overlap integrals such as A,,, and A, by use of
the direction cosines (I,m,n) of rg—r,, as shown in the
table of Slater and Koster.”> Here, A,,, and A, are the
basic overlap integrals between two p orbitals for o and 7
states, respectively. For example, {p!®|p\#’) is written
as ImA,,,(Ir,—rg))—ImA,, (Ir,—14]). We numerically
calculated these integrals by use of elliptic coordinates.?6
The intensities I(I",nl) for absorption and emission are
calculated by using the MO W(T';y) and inner-core orbit-

Here, the summation is taken over sites a’s. I,(I,nl) is
written as

Il e [de3 S (P lerUTyN>. 0
P Y

On the basis of a formula using a spherical harmonic ¥/,

er=(47/3)erS Y* (€)Y(T)

Eq. (7) is rewritten as
1T 333 KDlryr@Iwmy ) 2. 8)
p Y m

For example, the I (t28,2p) for 2p<>ty, transitions, which
contribute to the Pd Ly ;;; absorption or Pd LS, |5 emis-
sion, is given by

© 2
Iy, 2p)c3ul | [ " PRIQIR S (ndr
XKy3lrilypDIP?, )

where (Y;:’ [Y;ln1 IY,':Z) is a Gaunt integral.”> The in-
tegral for radial wave functions R\% and R(z(},) is numeri-
cally carried out by using these wave functions obtained
from the SCF calculations for atoms. We should note
that the summation over a in Eq. (6) is taken only for
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a=0 in the calculation of Pd spectra and for
a=1,2,...,6 in the calculation of Cl spectra. This ap-
proximation is only valid when the overlap between metal
and ligand orbitals is not large, as shown by Larsson
et al.® referring to Manne-Aberg theorem.?” Checking
the magnitudes of the overlaps, we have confirmed that
our approximation can be used in the present calcula-
tions.

Next, let us proceed to calculational detail, focusing
our attention on a procedure for charge consistency. We
have started the iteration for the charge consistency, as-
suming the electron configurations for Pd and Cl as Pd,
(4d)6~* ¥ +4(55)(5p V; and Cl, (35)%(3p)®~9/5, where g
denotes the charge transfer from six Cl~ ions to the Pd*™
ion. For instance, x is given by

x= 3 n(@Xu;sONWT;y)), (10
{l‘=a|g}

where n(T") is the occupation number of electrons on MO
Y(T;y) and 2’{F=a1g] means that the summation is taken
for only I'=a,,.

The calculation is continued until the output change
(X out> Your» and z,,;) coincides with the input charge (x;,,
Yin» and z;;) within a certain tolerance value :

Max[ |xout—-xin|’ |.VOut —yinl’ lzout —zinl] =B (11)

When Eq. (11) is not satisfied, the calculation is iterated
again by taking new input charges given by (w;, +®,,,) /2

( atomic data,
condition,

Initial data geometry,

convergence

I

— Madelung corrections on Pd and Cl
sites of K;PdCls crystal

1

l()verlap integrals ( Asso, Aspo, ...

Normalization

elements ( Hi; and Si.; )

Eigenvalue problem

']
|
|

1
I
1
l . Matrix
1
l
1

Occupation number of electrons
on molecular orbitals

L

I Electron configuration for Pd atoml

l ;
[ Convergence 7?7 |-—-—{

[ ~

STOP l

New electron configurations for
Pd and C! atoms

‘1 Self—-consistent—field
for the two atoms

calculations

FIG. 3. Flow chart for our calculations based on the self-
consistent-charge extended Hiickel method.
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(w=x,y, and 2).

The flow chart for our calculation is shown in' Fig. 3.
Here, we should emphasize that our self-consistent calcu-
lations have been carried out from first principles without
using empirical atomic data on the basis of the prescrip-
tion of Herman and Skillman?? using Schwarz’s exchange
parameter?’ for the atoms.

Finally, we mention the adjustable parameter G. The
G value of 1.75 is widely used.?*3° Generally speaking,
however, it should be a function of the overlap integral
(A). Cusachs used a overlap-dependent parameter such
as 2—|A|.3! In this paper we have done calculations us-
ing two types of G: G=1.75and G =2—|A|.

IV. RESULTS AND DISCUSSION

A. Result of calculations

The self-consistent charges and electron configurations
of Pd and Cl ions are presented in Tables I and II, togeth-

G = 2-14]
20r
1.54 + 2- 0.59 -
Pd (PdClg) Cl
15
- 41,,(0)
o i
> 3a,4(0)
e 4
b=}
(%3
4 5p(001)
£
[=]
-
- 5 -
®
& 3eg (0)
(2]
s 55(0.01)
€
>
© — lt,g(6)
> ~lor 3ty (6)
o tag (6)
S:J Itpy (6)
= 4d(8.44) 3p(5.59)
w
2egq (4)
10
2a,q (2)
11,9 (6)
_|5 -
=
leg (4) 3s(2)
Ity (6
o8k la,g (2)

FIG. 4. Energy diagram of the molecular-orbital levels calcu-
lated for G=2—|A|. Levels for the 4d, 5s, and 5p atomic orbit-
als of the Pd ion and for the 3s and 3p ones of the Cl ion, includ-
ing the Madelung corrections. The numbers indicated in
parentheses are the occupation numbers of electrons on the
respective levels.
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TABLE 1. Results obtained for G=2—|A| on the basis of the self-consistent-charge extended
Hiickel method within the accuracy of 0.0le. The energies of MO’s and atomic orbitals including the
Madelung corrections and self-consistent charges are listed along with values of coefficients u;’s of

MO’s. The energy is measured from the vacuum level.

G=2—|A|

r Energy (eV) u, u, U u,
4t,, 14.8 —1.57 —0.762 0.569 0.457
3ay, 13.9 1.64 —0.745 0.892

e, —6.16 0.749 0.353 —0.843
1ty —9.33 1.00
3t —10.2 —0.113 0.146 —0.816 0.670
2ty, —10.9 0.904 —0.578
1t5, —10.9 1.00
2e, —13.1 0.705 0.118 0.585
2ty —134 0.103 —0.188 —0.569 —0.813
2a,, —14.0 0.116 0.322 1.07
125, —14.4 0.452 0.829

le, —234 0.150 —0.954 —0.0841
1¢4, —24.0 —0.148 —1.04 0.0371 0.218
la,, —24.6 —0.0187 —0.939 0.178

Pdl'54+(4d8'445S0‘015p0'0! )’ C10.59—(3s23p5.59)

4d Ss

5p 3s 3p

Energy (eV) —12.05 —7.243

—2.754 —23.44 —12.04

er with the results for the energies and the coefficients
u;’s of MO’s. The self-consistency of the charges is at-
tained within the accuracy of 0.0le. Our result for the
self-consistent charges that largely differ from the formal
charges (Pd**,C17) indicates that the (PdClg)>~ complex
forms highly covalent bonds. Bhat has already found ex-
perimentally the high covalency of the Cl ion in K,PdClg
from measurements of the Cl K x-ray-absorption spectra
for NaCl, YCl;, AuCl,;, and K,PdClg.*? The covalencies
for the Cl ions in NaCl, YCl;, and AuCl; are 0%, 20%,

and 40%, respectively. From the measured intensity for
the first peaks of these spectra, he deduced that the co-
valency for the Cl ion in K,PdCl is larger than that of
AuCl;. Namely, it is larger than 40%. His result is con-
sistent with ours for the covalency of 40—-41 % for the Cl
ion in K,PdClg.

The energy diagram of MO levels is shown in Figs. 4
and 5, together with the energy levels for 4d, 5s, and 5p
atomic orbitals of the Pd ion and the 3s and 3p ones of
the Cl ion, which are used as basis functions for a con-

TABLE II. Same as in Table I, but for G=1.75.

G=1.75

r Energy (eV) u, U, uj Uy
4t,, 18.3 —1.57 —0.813 0.565 0.453
3a,, 16.4 1.62 —0.749 0.926

3e, —7.39 —0.775 —0.307 0.830

1ty —10.3 1.00
3t —10.9 —0.0935 0.113 —0.811 0.693
2, —11.1 0.943 —0.485
1t,, —11.6 1.00

2e, —13.0 0.683 0.0749 0.607
2t —13.6 0.0916 —0.135 —0.585 —0.795
2a,, —14.2 0.0146 0.284 1.02

125, —14.2 0.360 0.885

le, —23.6 0.100 —0.972 —0.0668

1), —24.1 —0.0550 ~1.01 0.0111 0.123
lay, —249 —0.0359 —0.957 0.0967

Pdl'w+(4d3'3056'0‘065170'04), CIO'GO—(3S23PS‘60)

4d Ss

Sp 3s 3p

Energy (eV) —11.82 —7.056

—2.575 —23.90 —1241
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G=1.75 PHOTON ENERGY (eV)
20, 3160 3170 3180 3190 3200
PdIAGO+ (PdClﬁ)z— c lO..O—
41t,,(0)
3a,4(0)
— I5}
[ —_
> et
2 = z
§ 4 5 e
3 o s
g 5p(0.04) 5 z
had 2] a
o -5 2 2
o = o
3 w <<
g
£ 5s5(0.06) 3eq(0)
>
L
& -lof |
o — 1t,g(6) -
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21,9 (6)
2 44d(8.30) — It (8)
3p(5.60) — T
2e g(4) Ityqe2a,y  2€q 2tzq 3eg VL 3a1g
2t,,(6)
{2% ( 2)} o )
-I5 Itq (6) FIG 6. Pd Lf, s emission (solid curves) and Pd Ly absorp-
A tion (dashed curves) spectra. The upper curves are experimental
lew (4) results and the middle and lower curves are, respectively, results
lt?u (6) 3s(2) calculated for G=2—|A| and 1.75. The vertical lines are calcu-
—o5l laig(2) lated oscillator strengths for dipole-allowed transitions to or
from the MO levels. Vacuum level is indicated by VL.

FIG. 5. Same as in Fig. 4, but for G=1.75.

struction of the MO. The energy levels indicated in these
figures for the atomic orbitals include the Madelung
corrections. The energy separation between 3e, and 2t,,
MO levels, which is usually called 10Dgq, is 4.74 eV for
G=2—|A| and 3.71 eV for G=1.75. These values are
comparable with the values found for most octahedral
complexes;* for example, 2.52 eV for (RhClg)’~ and 4.23
eV fOr [Rh(NH3 )6]3+'

B. Comparison of experiment and calculation

We have calculated Pd Ly absorption and Pd Lj, ;s
emission spectra as well as Cl K absorption and Cl K3
emission spectra using the obtained MO’s and their ener-
gies given in Tables I and II, to compare theoretical spec-
tra with experimental ones. The measured Pd Ly ab-
sorption and Pd LB, s emission spectra are shown in
Fig. 6, and the measured Cl K absorption and Cl KB
emission in Fig. 7, together with the calculated spectra.
In these figures the absorption spectra are illustrated by
dashed curves and the emission spectra by solid curves.
From these figures we see that the observed Pd L, s

and Cl K3 emission spectra exhibit, respectively, a shoul-
der and a dip at the high-energy sides of the respective
main peaks. These structures are due to the effect of
self-absorption of the emitted x ray in the spectral region
overlapping with the absorption region. With respect to
absorption spectra, the observed Cl K absorption spec-
trum shows more complicated structures as compared
with the observed Pd Ly;; absorption spectrum. We will
make comments on this at the end of this section.

The calculated spectra are presented at lower parts in
Figs. 6 and 7, where vertical lines denote calculated oscil-
lator strengths for dipole-allowed transitions to or from
MO’s, and solid and dashed curves are the spectra
broadened by Lorentzian curves. The value of a parame-
ter for the Lorentzian broadening was determined as 3.75
eV for Pd spectra and 2.5 eV for Cl spectra from fitting
for the widths of the first peaks of Pd Ly;; and Cl K ab-
sorption spectra. We assumed that the parameter for
emission is the same as that for absorption for simplicity.

We are now in a position to discuss our results, making
a comparison of experimental and theoretical results.
First, let us confine ourselves to discussion of the emis-
sion spectra and the first peak of the absorption spectra.
The energy separation (AE) between the main peak of
the emission spectrum and the first peak of the absorp-
tion spectrum is one of good objects of the present discus-
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PHOTON ENERGY (eV)

28I0 2820 2830 2840

EMISSION. (arb.units)
ABSORPTION (arb.units)

It2g e 20,g - vL
/o \ NN
21 2€g 11y, 2t,q 31, Itig g

FIG. 7. Cl KB emission (solid curves) and Cl K absorption
(dashed curves) spectra. Upper curves are the experimental re-
sults. Middle and lower curves are calculated results for
G=2—]A] and 1.75, respectively. The vertical lines are calcu-
lated oscillator strengths for dipole-allowed transitions.

sion. The values of AE obtained experimentally in the Pd
and Cl spectra differ from each other, being 4.75 eV for
the Pd spectra and 3.3 eV for the Cl spectra. From the
calculated spectra the former is determined to be 5.0 eV
for G=2—|A| and 3.9 eV for G=1.75; the latter is
determined to be 4.25 eV for G=2—]|A| and 3.6 eV for
G =1.75. The agreement between experiment and calcu-
lation is satisfactory. The observed difference of AE be-
tween the Pd and Cl spectra is, as can be seen from Figs.
6 and 7, a direct reflection of the existence of two MO
(3ty, and 1z, ) levels between 2¢,, and 3e, whose separa-
tion determines the value of 10Dq. The spectral profiles
of the calculated Cl spectra considerably reproduce the
features observed experimentally, except for a small
shoulder appearing at the high-energy side of the first
peak of the absorption. In the case of Pd spectra, howev-
er, the asymmetry of the emission spectrum is opposite to
each other; that is, the experimental spectrum is asymme-
trically broadened at the high-energy side, while the cal-
culated one is asymmetrically broadened at the low-
energy side. The disagreement for the asymmetry of the
Pd LB, s emission spectrum would not be improved un-
less a drastic change occurs in order of MO levels. If we
accept such discrepancies, the spectral features observed
experimentally in the overlapping regions of the emission
and absorption are generally explained by our calculation
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based on the self-consistent-charge extended Hiickel
method. Here, we should comment on the adjustable pa-
rameter G. We have seen that the calculated results de-
pend on a choice of the parameter G. From our results
presented here, however, we cannot judge which choice is
better.

Next, we discuss the peak which follows the first peak
in the absorption spectrum. The peak of the calculated
spectrum corresponding to the transitions to 3a;, and
4t,, MO’s is largely separated from the first peak, con-
trary to the experimental result, which shows that the
second peak appears about 10 eV above the first peak in
both the spectra. This seems to suggest the limitation of
the MO calculation, which takes into account only a
definite small number of atomic orbitals. This situation is
very similar to that encountered in the problem of
energy-band calculations by a linear combination of
atomic orbitals (LCAO) method,*® which leads to good
valence bands, but does not necessarily lead to good con-
duction bands. Furthermore, the peaks following the
first peak do not have the nature of bound-to-bound tran-
sitions, but instead are associated with transitions to con-
tinuum states. Therefore, the multiple-scattering theory
mentioned in the Introduction is used to describe the ab-
sorption in this energy region. We make a remark on the
different features observed in Pd and Cl absorption spec-
tra in connection with the multiple-scattering theory.
According to this theory," it is readily understood that
the complication of absorption spectra is closely related
to the geometrical arrangement of atoms around the x-
ray-absorbing atom. In K,PdClg crystal, as seen from
Fig. 1, the Pd ion is octahedrally surrounded by six Cl
ions, while the Cl ion is surrounded by a few kinds of ions
in a more complicated manner. This seems to be the
main reason why the Cl K absorption spectrum exhibits
complicated structures as compared with the Pd L; ab-
sorption spectrum. Unfortunately, the crystal structure
is too complicated to perform the multiple-scattering cal-
culation for K,PdClg.

Finally, we would like to mention the effect of a core
hole created in the absorption process. We have con-
sidered this effect for Pd spectra using the concept of the
transition states,'* in which half an electron is removed
from the core orbital in the Pd metal at the center of the
MX cluster. In the case of Pd spectra, the same calcula-
tions as those described above could be easily done
without modifying the formulation, because O, symme-
try is retained. The result in this case was found to be al-
most the same as those shown above, with respect to both
the spectral shape and energy separation AE.

V. SUMMARY

We have measured Pd LS, ;s and Cl KB emission spec-
tra for a K,PdClg crystal and interpreted their results and
Pd L,; and Cl K absorption spectra reported previous-
ly,'%! in terms of the molecular-orbital calculations
based on the self-consistent-charge extended Hiickel
method.

Our main results are as follows.
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(1) The spectral features observed experimentally in the
overlapping regions of the emission and absorption spec-
tra are fairly well explained by our calculations.

(2) The experimental energy separation between the
main peak of the emission spectrum and the first peak of
the absorption spectrum is 4.75 eV for Pd spectra and 3.3

10 295

eV for Cl spectra.

This difference is shown to be a direct reflection of the ex-
istence of two molecular-orbital levels (3¢, and 1¢,,) be-
tween 2t,, and 3e, levels whose energy separation deter-
mines the value of 10Dq.
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