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X-ray-absorption and -emission spectra of a K2PdC16 crystal
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Molecular-orbital calculations are performed for an octahedral complex (PdC16) with a self-
consistent-charge extended Hiickel method and used to analyze experimental x-ray-absorption and
-emission spectra for K2PdC16 crystals. Our calculations are entirely based on Arst 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 K2PdC16 experimentally and theoretically,
focusing our attention on both a central Pd and its ligand
Cl ions, which form an octahedral complex (PdC16) in
K2PdC16 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 LP2» and Cl ICI3 emission
spectra to compare them with the Pd 1.», and Cl E' 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 Auorides. '

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 efective 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. ' ' 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

et al. and by Larsson and Pyykko.
The K2PdC16 crystal can be regarded as Kz+Q

(Q =PdC16), and the K2+Q has the CaFz-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 K2PdC16, which is necessary in the course of
our calculations. The Q 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

ao( —,
'

—,
' —') ao(4 —,

' ~) ao( —' —' —') ao(~ —' —')
ao( —,', —,', —„'), where ao is the lattice constant, having the
value of 9.74 A. ' The complex Q forms an octahed-

Pd

FICi. 1. Unit cell of K2PdC16 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 u in the table of Wyckoff, ' is not
known for K2PdC16. However, the u value for several
other crystals having the same crystal structure is known
as -0.24, and it is 0.243 for KzOsC16, ' which has a lat-
tice constant (9.729 A) very close to that of KzPdC16. We
chose 0.243 as the value of u for K2PdC16.

4(g, )=u, s' '+uzi(a, s,s)+u3$(a, g,po ),

'p(t, „;y)=uip' '+uzi(t&„, y, s) +u3$(t», ypo )

+u4$(t, „;y,p~)

(
(0) (0) (0) (0) (0) (0))=Px ~ P2 =Py ~ P3 =Pz

(2a)

(2b)

II. KXPKRIMKNT

The specimen of K2PdC16 under study was purchased
from the Kanto Chemical Company (Japan), was in fine
powder form, and was of 99.9% purity. The palladium
LPz, 5 and chlorine K/3 emission spectra in fiuorescence
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 Quorescent 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 LPz, ~ and
chlorine KI3 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-Bow 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 LPz iz line
(3171.79 eV) (Ref. 21) and the sharp Cl KP, line (2815.17
eV) (Ref. 22) of KC1 were used as reference lines to deter-
mine the photon-energy values of the Pd LPz, 5 and Cl
KP emission spectra of KzPdC16.

The Cl K (Ref. 10) and Pd L,«(Ref. 11) absorption
spectra for K2PdC16 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. ' '"

0'(eg, y)=uidr '+uzi(eg, 'y, s)+u3ij'j(es', y,po ),
(d(0) d(0) d(0) d(0) ) (2c)

%(tzg;y)=u, d~r '+uzi(tzs , y,p'm),

(d(0) d(0) d(o) d(0) d(0) d(0))
yz & 2 —zx& 3 —xy

'p(t, ;y) =g(t, ;y,p~),

+(t,„;y)=f(t,„;y,p ) .

(2e)

(2

H(I )u(I )=S(I )u(I )E(I ),
where

H„(r ) = & y(r), lHI&(r), ),
s,,(r)=&q(r), ~y(r), ) .

(3b)

Here, p(r;y, A, ) (A, =s, per, and p~) is the so-called group
orbital belonging to the I'(y), whose expression is given
in Ref. 2.

The coefficients u;(1 ) and eigenvalues E(I ) are ob-
tained by solving the following equation iteratively until a
self-consistent charge is attained:

III. THKQRKTICAL DETAILS

We consider the electronic structure of an octahedral
cluster MX6 shown in Fig. 2, where a metal (M) atom (or
ion) is denoted by 0 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 OI, symmetry. The molecular orbital (MO)
4( I', y ) belonging to the irreducible representation I and
its component y (y = 1,2, . . . , gt ) is represented as

e(r;y)= y u, y(r;y), , (1)

where the g( 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 p(r; y )'s with the same (I;y ). Adopting s, Jz, and
d atomic orbitals (s' ', p' ', and d' ') for Pd metal and s
and p ones (s' ' and p' ') for Cl ligands, %(l;y ) in (1) is
explicity written as follows:

FICx. 2. An octahedron MX6. Site members (0-6) are indi-
cated.
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We must evaluate the matrix elements for 8, which indi-
cates a one-electron Hamiltonian, . In the following, we
will show how the matrix elements and the overlap in-
tegral 5;. can be expressed in terms of atomic quantities,
taking the case of I =t2 as an example.

For the case of I =t2g and y =3, the MO %(t2g, 3) and
the group orbital g(t2g,'3,p~) are given by

0 (t2g, 3)=u, dx), '+u2$(t2g', 3~p')r),

q(t„;3,p ~)~X(t„;3,p~)(p {2)—p„")+p
{')—p {')),

+(t, 3 p 7$)
—[4 2( (p (2'Ip's' ) + (p () ) Ip'4' )

(p(2)lp()))+(p(2)lp(4))

+(p(5)lp())) (p{5)lp{4)))]
—)/2

The coeScients u, and u2 in (4a) satisfy the following
normalization condition:

u ) + u 2+ u) u2[& d.'y'ly(t2g&3&p~) &

+ ( p(t2g; 3,p m. ) Id„' ') ]= 1 .

where

(4b) In this case, Eq. (3a) is the 2X2 matrix equation. The
matrix elements for (3b) are given as follows:

a =E'~',
11 d

II22=+(t2g'3 p~)2(E { ) &p{ IHIp &+&p IHlpy & &p IHlpy

—(p"'IHlp"')+E" —(p"'IHip"')+ &p"'IHlp'"'&+ & "'IHI "'&—&p„'"IHlp„"'&

+E"—&p"'IHlp"'& —&p"'IHlp"'&+ &p'"IHlp"'& —&p'"IHlp'"&+E'"')

H12 =H21

=&(t2g'»p~)(&d{y)IHlp{ )
& &d{y)IHlp{ ) &+ &d{y)IHlpy( )

& &d{y)IHlpy(

(Sa)

(Sb)

(5c)

where Ed' ' and Ez{ ' are the energies of d and p atomic
orbitals, respectively, containing a Madelung correction
at M and X sites. We calculate the Madelung correction
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 8 between atomic orbitals such as
(p„' 'IHlp„' ') and (d„'~'IHlp„' ') appearing in (5b) and
(Sc), we use the Wolfsberg-Helmholtz approximation,

(p„' 'IHlp„' ') =G(E' '+E' ')(p' 'Ip„' ') /2

and

(d' 'IHlp' ') =G(E' '+E' ')(d' 'I ' ') j2

al P{„(',as follows:

I(l,nl)=g I (I', nl) .

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

I (l,nl) ~ fdept l&P{.i)le rl P(l;y)&12 .
p 'Y

On the basis of a formula using a spherical harmonic F&,

e r=(4ml3)erg Y) (e) Y) (r),

Eq. (7) is rewritten as

where 6 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 (b, ) be-
tween atomic orbitals on the different atoms at r and r&.
These general overlap integrals can be transformed into
basic overlap integrals such as 6 and 6 by use of
the direction cosines (l, m, n) of rt)

—r~, as shown in the
table of Slater and Koster. Here, 6 and 6 „are the
basic overlap integrals between two p orbitals for cr and m.

states, respectively. For example, (p' )lp~{~)) is written
as lmh~z (Ir —rpl) —lmb~~ (Ir —rI)l). We numerically
calculated these integrals by use of elliptic coordinates.

The intensities I(I,nl ) for absorption and emission are
calculated by using the MO %(I;y ) and inner-core orbit-

p y m

For example, the I(t2g, 2p) for 2p~t2g transitions, which
contribute to the Pd L» )» absorption or Pd Lp2, 5 emis-
sion, is given by

I(t2g, 2p ) CC 3u, f r R„'d'(r)R 2„'(r)dr

xl(Y22IYIIYI &I',

where ( YI 'I Yt
'

IY) ') is a Gaunt integral. ' The in-

tegral for radial wave functions Rpd and R zp 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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TABLE I. Results obtained for 6=2—
~h~ on the basis of the self-consistent-charge extended

Huckel method within the accuracy of 0.01e. The energies of MO s and atomic orbitals including the
Madelung corrections and self-consistent charges are listed along with values of coefBcients u s of
MO's. The energy is measured from the vacuum level.

4ti,„
3a )g

3eg

lt)g
3tj„
2t2g
lt2„
2eg
2t lu

2a lg

1t2g

leg
ltd„
la)g

Energy (eV)

14.8
13.9

—6.16
—9.33

—10.2
—10.9
—10.9
—13.1
—13.4
—14.0
—14.4
—23.4
—24.0
—24.6

—1.57
1.64
0.749
1.00

—0.113
0.904
1.00
0.705
0.103
0.116
0.452
0.150

—0.148
—0.0187

—0.762
—0.745

0.353

0.146
—0.578

0.118
—0.188

0.322
0.829

—0.954
—1.04
—0.939

0.569
0.892

—0.843

—0.816

0.585
—0.569

1.07

—0.0841
0.0371
0.178

0.457

0.670

—0.813

0.218

Pd' "+(4d 5s '5p '), Cl (3s 3p '
)

4d 5s 5p 3p

Energy (eV) —12.05 —7.243 —2.754 —23.44 —12.04

er with the results for the energies and the coefticients
u s of MO's. The self-consistency of the charges is at-
tained within the accuracy of 0.01e. Our result for the
self-consistent charges that largely di6'er from the formal
charges (Pd +,Cl ) indicates that the (PdC16) complex
forms highly covalent bonds. Bhat has already found ex-
perimentally the high covalency of the Cl ion in K2PdC16
from measurements of the Cl EC x-ray-absorption spectra
for NaC1, YC13, AuC13, and KzPdC16. The covalencies
for the Cl ions in NaC1, YC13, and AuC13 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 K2PdC16 is larger than that of
AuC13. Namely, it is larger than 40%. His result is con-
sistent with ours for the covalency of 40—41% for the Cl
ion in K2PdC16.

The energy diagram of MO levels is shown in Figs. 4
and 5, together with the energy levels for 4d, Ss, and Sp
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 6= 1.75.

6=1.75
Energy (ev)

4ti„
3a(g
3eg

lt)g
3ti
2t2g
lt2„
2eg

2t&

2a )g

1t2g

leg

ltd„
1a )g

18.3
16.4

—7.39
—10.3
—10.9
—11.1
—11.6
—13.0
—13.6
—14.2
—14.2
—23.6
—24. 1
—24.9

—1.57
1.62

—0.775
1.00

—0.0935
0.943
1.00
0.683
0.0916
0.0146
0.360
0.100

—0.0550
—0.0359

—0.813
—0.749
—0.307

0.113
—0.485

0.0749
—0.135

0.284
0.885

—0.972
—1.01
—0.957

0.565
0.926
0.830

—0.811

0.607
—0.585

1.02

—0.0668
0.0111
0.0967

0.453

0.693

—0.795

0.123

pd&. 60+(4d 8 3o5so 065po O4) Clo. 6O (3s &3p 5.60)

4d 5s 5p 3s 3p

Energy (eV) —11.82 —7.056 —2.575 —23.90 —.12.41
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FIG. 7. Cl Kp 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—~b,

~
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 6=2—~b, ~

and 3.9 eV for 6=1.75; the latter is
determined to be 4.25 eV for 6=2—

~A~ and 3.6 eV for
6=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 reAection of the existence of two MO
(3t» and 1 tIg ) levels between 2t2s and 3' 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 LPz» 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

based on the self-consistent-charge extended Huckel
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. %"e 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 KzPdC16 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 E absorption spectrum exhibits
complicated structures as compared with the Pd 1.», ab-
sorption spectrum. Unfortunately, the crystal structure
is too complicated to perform the multiple-scattering cal-
culation for K2PdC16.

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
MX6 cluster. In the case of Pd spectra, the same calcula-
tions as those described above could be easily done
without modifying the formulation, because 0& 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 b E.

V. SUMMARY

We have measured Pd Lp2 15 and Cl IC13 emission spec-
tra for a K2PdC16 crystal and interpreted their results and
Pd 1.»~ and C1 E absorption spectra reported previous-
ly, ' '" in terms of the molecular-orbital calculations
based on the self-consistent-charge extended Huckel
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

eV for Cl spectra.

This di6'erence is shown to be a direct reQection of the ex-
istence of two molecular-orbital levels (3t» and 1 t,s) be-
tween 2t2 and 3eg levels whose energy separation deter-
rnines the value of 10Dq.
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