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Band structure and Cl E x-ray-absorption near-edge structures of a K,PdC16 crystal
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The band structure of crystalline K2PdC1& is calculated on the basis of the extended Huckel
tight-binding method, using the self-consistent charge for K, Pd, and Cl ions obtained in our previ-
ous molecular-orbital (MO) calculations. The calculated partial density of states is compared with
available experimental data obtained with use of x-ray spectroscopy. In order to explain multiple
structures of the Cl K x-ray-absorption spectrum, a multiple-scattering theory is applied using the
self-consistent charge. From comparison of both the band structure and multiple-scattering calcu-
lations with experiments, it is found that the use of the self-consistent charge (K+,Pd' +,Cl ) is
crucial. This indicates the significance of electron configurations determined from a MO study for
crystals like K2PdC16.

I. INTRODUCTION

A K2PdC1& crystal can be regarded as Kz+Q (with

Q =PdC1&},which adopts a CaF2-type arrangement. This
crystal is one of the best candidates for cluster calcula-
tions, because each octahedral complex (PdC1&} is quite
isolated from the other (PdCls) complexes, K+ ions be-
ing embedded between these complexes, as seen from Fig.
1. On the basis of this observation we have recently car-
ried out molecular-orbital (MO) calculations for the octa-
hedral complex (PdC1&} in crystalline K2PdC1& with a
self-consistent-charge extended Hiickel (SCCXH) method
and demonstrated that experimental features of the x-
ray-absorption and -emission spectra for both the Pd and
Cl ions are well explained by MO calculations except for
structures which follow the first peak in the absorption
spectrum. ' These structures are beyond interpretation in
terms of MO theory, and should be analyzed in terms of a
multiple-scattering (MS) theory, which has been success-
fully applied to the x-ray-absorption spectra for many
cases by the present authors.

Very recently, we have studied the band structures of
some perovskite-type compounds KllfF3 (where M= Mn,
Fe, Co, Ni, Cu, and Zn), applying an extended Hiickel
tight-binding (XHTB) method, in which atomic orbitals
obtained from first principles are used instead of empiri-
cal ones. It has been found that total and partial densi-
ties of states obtained by the XHTB method well predict
experimental data obtained from ultraviolet photoelec-
tron and x-ray spectroscopies.

In the present paper, we first calculate the band struc-
ture of the K2PdC16 crystal using our XHTB method as
before and compare the results with experimental x-ray
spectra, and then we perform calcu1ations of x-ray-
absorption near-edge structures (XANES) on the basis of
the MS theory in order to interpret XANES which can-
not be explained by the MO scheme. Our intention in the
present paper is to summarize studies of the electronic
structure of crystalline K2PdC16 based on these three

different approaches, MO, band structure, and MS, all of
which are properly applicable to this crystal.

In Sec. II we briefly describe our calculational pro-
cedures. In Sec. IIIA the results for total and partial
densities of states are presented. They include results for
a hypothetical band-structure calculation, in which the
contribution of potassium ions is neglected but keeping
the remaining input data, such as crystal structure, the
same. These calculated results are compared with experi-
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FIG. 1. Unit cell of K2PdC16 crystal. Two different types of
potassium ions are denoted by 1 and 2, and six different types of
chlorine ions are indicated by 1, 2, 3, 4, 5, and 6. An octahe-
dron is also illustrated.
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mental x-ray-absorption and emission spectra and our
previous MO calculations. Cl E XANES spectra calcu-
lated with the MS theory for the K2PdC16 are presented
and compared with experiment in Sec. III B.

II. CALCULATION

Theoretical details for band-structure calculations
based on the XHTB method have been described in our
previous paper. Here, we mention only different points
from the previous work for the perovskite-type corn-
pounds KlMF&.

In the K2PdC16 crystal unit cell, the inequivalent sites
are K(1), K(2), Pd, Cl(1), Cl(2), Cl(3), Cl(4), Cl(5), and
Cl(6) as shown in Fig. 1 and the Brillouin zone is con-
structed from a fcc Bravais lattice. As the electron
configurations for K, Pd, and Cl ions, we adopted
K+(ls 2s 2p 3s23p64so)

'
Pd&'6+(lsz2s 2p 3s 3p

3d &o4s24p64ds. &5so.o65po. o4) and Clo. 6—(ls 2s 2p 3$
3p ), whose configurations have been obtained from the
MO calculations for an octahedron (PdC16) in the
K2PdC16 crystal on the basis of the SCCXH method, by
taking G = 1.75.' Here, 6 is an adjustable parameter
used in the Wolfsberg-Helmholtz approximation' for the
evaluation of the Hamiltonian matrix element. In the
present paper, we used 1.75 as the value of G. The atom-
ic orbitals used to calculate the band structures are 3p
and 4s orbitals of K+, 4d, Ss, and Sp orbitals of Pd' +,
and 3s and 3p orbitals of Cl, which are obtained from
the self-consistent-field (SCF) calculations' for the
respective ions. The size of the resulting Hermitian ma-
trices is 41.

The calculations of the Cl E XANES spectra based on
the MS theory within the MT approximation consist of
three parts. The first part is the SCF calculations for K,
Pd, Cl, and E x-ray-absorbing Cl ions. In order to see the
effect of charge transfer on the XANES spectra, the SCF
calculations for formal charge Pd +(ls 2s 2p 3s 3p
3d' 4s 4p 4d ) and Cl (ls 2s 2p 3s 3p ) were also car-
ried out. The electron configurations of the 1 x-ray-
absorbing Cl ions are Cl (ls'2s 2p 3s 3p 4p') for
the self-consistent charge and Cl (ls'2sz2p 3s 3p 4p')
for the formal charge. The SCF calculations are carried
out following a prescription of Herman and Skillman"
and using Schwarz's exchange parameter' for the ex-
change correction. The second part is the construction of
crystal potentials by use of the atomic data obtained in
the first part. In this construction the Madelung correc-
tion due to the charge transfer is taken into account ex-
actly by using Evjen's method. ' The crystal potentials
are constructed within the MT approximation by using
the same procedure as in our previous work. Here, we
mention how the MT radius (R} and the MT zero (Vo)
characterizing the MT potentials were determined. In
our previous paper for the perovskite-type compounds,
we showed that the position and the energy of the point
where the Madelung-corrected potentials V'(r) cross can
be used for the R and the first value of Vo but in the three
component crystals the MT parameters cannot be
uniquely determined. We have chosen the MT radii for
Pd and Cl ions in such a way that the Madelung-

corrected potentials for Pd and Cl ions cross, namely,
R pd plus Rcj is equal to uao, and we have chosen the R z
as 0.2ao by referring to the MT radius for the potassium
ions used in the XANES calculations of the perovskite-
type compounds. We have carefully checked that the
calculated XANES spectra do not strongly depend on a
choice of the Rz. Here, ao is the lattice constant
(9.74 A) and u is the value of u in the table of Wyckoff. '

We used 0.243 as the value of u, which is the same as in
our previous work, ' and adopted Vx(Rx) as the value of
Vo. The final part is to carry out the calculations of
XANES on the basis of the MS theory. In the final cal-
culations, we adopted the condition that the cluster taken
into account in the MS calculations is made of 48 atoms
and the maximum angular momentum (1,„) is set to 2.
Therefore, the size of the supermatrix defined in Eq. (3a)
in Ref. 2 is 432. The MS calculation corresponding toI,„=3, in which the size of the supermatrix is 768, was
not carried out because of memory area available in the
computer and the computation time. The effect of partial
f waves, however, will be discussed from the viewpoint of
scattering cross sections.

III. RESULTS AND DISCUSSION

In this section we present results for the total and par-
tial densities of states and calculated Cl EC XANES spec-
tra. Available experimental data which can be compared
with our calculations are the spectra for Pd Lp2, s emis-

sion, ' Pd L& absorption, ' Cl EP emission, ' and Cl EC ab-
sorption. ' These spectra are discussed in Sec. IIIA in
connection with the partial density of states obtained
from the band-structure calculation, along with general
properties of the band structure, and in Sec. III B the Cl
E absorption spectrum is discussed again in connection
with Cl E XANES calculation.

A. Band structure

The calculated results for the total density of states
(TDOS) are shown in Figs. 2(a) and 2(b). Figure 2(b) indi-
cates the results obtained by neglecting the K+ ions, and
also indicates the MO levels calculated by the SCCXH
method in our previous work. ' We denote the partial
densities of states (PDOS) for 3p and 4s orbitals of K, the
Sp orbital of Pd, 4d and Ss orbitals of Pd, the 3s orbital of
Cl, and the 3p orbital of Cl by P P P P
P' ' P' " and P' " respectively. Since the P' ' P'
and P&" are necessary to a comparison with experi-
ments, we show the P4d

' and P~,"' in Fig. 3 and the P3p"
in Fig. 4. In Fig. 3(a) the experimental Pd Lpz» emis-
sion (solid curve) and Pd L& absorption (dashed curve)
spectra are also shown for comparison, and in Fig. 3(b)
their MO results are compared with P4d ' and P5, ' ob-
tained without the K+ ions. In Fig. 4(a) the experimental
Cl Ep emission (solid curve) and Cl E absorption (dashed
curve) spectra are compared with the PP~", and in Fig.
4(b) their MO results are compared with P~~ " obtained
without the K+ ions. We should note that the curves in
Figs. 3(a) and 4(a) are drawn in such a way that the
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The Cl K XANES spectra calculated on the basis of
the MS theory for three different conditions are shown in
Fig. 5, where they are compared with the experimental
spectrum denoted by d. Spectrum a was calculated by us-
ing a self-consistent charge (SCC) for ionicities of the K,
Pd, and Cl ions and with no core-hole effect; spectrum b
by using the formal charge and by taking into account
the effect of a core-hole through the electron configu-
ration of K x-ray-absorbing Cl ion described in Sec. II;
and spectrum c by using the SCC and by taking into ac-
count the core-hole effect by use of the E x-ray-absorbing
Cl * ion. The origin of the energy of the calculated
spectra is the MT zero, which is —9.41 eV for spectrum
a, —7.79 eV for spectrum b, and —9.41 eV for spectrum
c, measured from the vacuum level.

All the calculated spectra a, b, and c show the observed
structures B, C, D, E, I', and G, which follow the first
peak A. We see that the structure E notably changes de-
pending on calculational conditions, but the other struc-
tures remain almost the same. From the comparison of
these three spectra with the experiment, we can conclude
that spectrum c is best fitted to the experimental spec-
trum. This conclusion is consistent with the result for
the ionicities of the K, Pd, and Cl ions, which is obtained
from the MO and band-structure studies.

Here, we consider the contribution of the scattering
cross section of the partial f wave, which is neglected in
the present calculation. The scattering cross sections
or(p) (l =s, p, d, and f) are illustrated in Figs. 6(a)—6(d)
for p=K+, Pd' +, Cl, and K x-ray-absorbing Cl
(Cl') ions, respectively, along with that for the Ar ion
[Fig. 6(e)]. In the present MS calculations we used
1,„=2, namely the effect of the partial f wave was not
included. The result for the af(K) and Of(Pd) in Figs.
6(a) and 6(b) indicates that the effect of the partial f wave
cannot be neglected in the energy region above 15 eV.
Unfortunately, from the reason mentioned in Sec. II we
could not do the MS calculation including the partial f
wave. We believe that the calculation including the par-
tial f wave would give a result which is much closer to
the experiment, particularly in the high-energy region.

Finally we comment on the effect of a core hole upon

the scattering cross sections. The scattering cross sec-
tions for the Cl' ion calculated by considering the core
hole, or(Cl ), show a behavior which is intermediate be-
tween those of the or(K) [Fig. 6(a)] and the o, (C1) [Fig.
6(c)] for I=s, p, d, and f. This fact leads us to conjec-
ture that the scattering cross sections for the MT poten-
tial of Cl* ion are similar to those of Ar located between
Cl and K in the Periodic Table. In order to show it clear-
ly, we have actually calculated the o'&(Ar) by using the
MT potential for the Ar ion, whose electron
configuration is (ls 2s 2p 3s 3p 4p 6). We see that the
o&(C1') and OI(Ar) in Figs. 6(d) and 6(e) really show a
very similar dependence on the energy. This fact quanti-
tatively supports the availability of the so-called Z+1
potential method, ' ' which is usually used to take into
account the core-hole effect in the calculation of the
XANES spectra based on the MS theory.

IV. SUMMARY

We have reported the first calculation of the band
structure for the K2PdC16 crystal, and found that the cal-
culation based on the extended Huckel tight-binding
method gives fairly reasonable agreement with the x-ray-
emission spectra and the first peak of the absorption spec-
trum. It has also been shown that the multiple structures
following the first peak in the Cl K absorption spectrum
of the K2PdC16 crystal can be reasonably reproduced
by the multiple-scattering approach, when the self-
consistent charge (SCC) obtained from our previous
molecular-orbital (MO) calculation is used. The con-
clusion in the present study is that in order to understand
the electronic properties of the K2PdC16 crystal, it is
essential to take the SCC as ionicities of K, Pd, and Cl
ions. This suggests that electronic properties for
K2PtC16-type crystals listed in the table of Wyckoff'
should be studied starting from the SCC obtained by MO
calculations.

We hope that an experimental study, which clarifies
the total density of states presented in the present paper,
will be made in the near future.
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