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High resolution L3 and L, XANES (X-ray absorption near edge structure)
spectra of Pd metal have been measured at the Frascati synchrotron ra-

diation facility.
while

The L3 XANES shows an intense 2p - 4d "white line"
at the L, a weaker structure appears.
L3 XANES and the one-electron theory of Muller et al.

A good agreement between
has been found.

All the possible final state effects due to the relaxation of the many

body system are discussed.

"white 1ine" at threshold.

at the white 1line maximum.
and centered at 6 eV above
L3 -L, difference spectrum,

of Pd i.e.

No many body effects have been seen on the
The
L, absorption is 2.1 in the high energy range of XANES and it

intensity ratio between L jand
is 2.7

A weak broad band extending up to 13 eV

the
could be tentatively assigned eilther to
the only possible very weak multielectron excitaton present

Fermi level, appearing in the

in XANES

the "two hole-two electron' excited state or to the preva-
lence of the j=5/2 total angular momentum for

electrons 1in the 5sp

band, hybridized with the 4d band, up to 13 eV above the Fermi level.

INTRODUCTION

The actual interest on XANES (X -ray absorp-
tion near edge structure) [1-3] is due to its ca-
pability to give unique direct information on
local structure of complexes [1], surfaces [2],
and proteins [3]. The experimental evidence that
the XANES is determined by the local structure
[1-3] is related to the explanation of XANES as

multiple scattering resonances of excited photoe-
lectron by neighbour atoms predicted by
one~electron . theories [4-6]. These theories do

not take account [6] or take account [4] of final
state effects only by assuming a static final
state potential with one electron removed from the
core level, in agreement with the von Barth and
Grossman rule [7]).

The presence of many body final state ef-
fects, due to the rearrangement of the rest of the
electrons (passive electrons) in the atom and in
the surrounding environment following the core
hole excitation, can induce changes in the linesh-
ape and give new satellite features which deserves
accurate experimental investigation, to determine
the relevance of final state effects in XANES.

We have focussed our interest on the "white
line" which appears in the L3 XANES of palladium
like in transition metals [8-11] and rare earth
compounds [12]. Recently it has been pointed out
that these "white line" provide a novel method for
probing:

a) the change in the number of empty d holes
transition metal catalysts [l1]

b) the total angular momentum character j =L+1/2
of empty conduction band states. [13]

¢) the "intermediate valence" in mixed valent rare
earth compounds [12].

in
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II. EXPERIMENTAL

The experiment has been carried out, using a
vacuum beam line, at Frascati Laboratories using
the storage ring ADONE operated at low energy
1.2 GeV to suppress the third harmonic content at
3 KeV photon energy. We have used a 100 ym hori~
zontal exit slit on the Si(l11) channel cut mono-
chromator to obtain high resolution spectra
AE/E=1.3 x 1074 determined by the rocking curve
of the crystal.

ITII. XANES AND ITS ONE-ELECTRON INTERPRETATON

Fig.l shows the L3 and Ly XANES of palladium
metal. The intemsity ratio L /L, is 2.1, at high
energlies above threshold, close to the statistical
weight of the initial states, but a large devia-
tion L3 /Ly =2.7, is observed for the white line
intensities at threshold. The L, ~L, energy shift
is 156.7 eV both for the maxima of white lines as
well for the XANES structures at higher energy.
The half width of the white lines, measured by the
analysis of the low energy side, is I'=1.2 % 0.1
and 1.4 * 0.1 eV for the Ly and L, edges respec-—
tively. This is in agreement with a full width at
half maximum (FWHM) 2 eV determined only by the
sum of initial state lifetime (2.1 and 2.5 eV for
Ly and L, respectively) and. the experimental
bandwidth 0.4 eV. Therefore the white line is as~
signed to a very narrow spilke of 4d unoccupied
final states and its maximum corresponds to the
energy of core excitatons at the Fermi level.
difference between the Lgjand L,white lines is
due to the predominance of j=5/2 total angular
momentum of empty 4d holes. Dipole transitions

The ™
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from the L, (j=1/2) core state to the j=5/2 4d
holes are forbidden by selection rules Aj=0 % 1
and AS=0.
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Fig. 1 Pd XANES of L3 and L2 . The L3 edge has

been shifted by -156.7 eV.

Fig.2 shows the experimental L3 XANES com~
pared with the calculated XANES (6). The
one~electron local and partial (only the { =2 com-
ponent of the partial wave expansion) deusigy of
states, calculated by Muller et al., is 1In very
good agreement with the experiment concerning the
relative intensity between the white line and the
high energy atomic continuum absorption, and the
amplitude of XANES at higher energy. The white
line is due to an atomic like resonance 2p - 4d
and the high energy structures are determined by
crystal structure through photoelectron multiple
scattering. Only a small cluster around the ab-
sorbing atom contributes to the XANES due to life-
time of the excited electromn, i.e. to its short
inelastic mean free path A<10 A at kinetic ener-
gies above 10 eV [6-5].

ABSORPTION

5 15 25
ENERGY (eV)

Fig. 2 L3 high resolution spectrum compared with

calculated XANES by Muller et al. (6).
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IV.MULTIELECTRON EXCLTATIONS LN XANES

Different final state effects are expected im
different systems. In the XANES of atom [15] and
molecules [16] 'shakeup" satellites above the con-
tinuum threshold have been clearly identified. In
the shakeup a valence electron 1s excited to unoc~
cupied orbitals because of the sudden creation of
the core hole potential, followed by relaxation of
passive electrons from ground state orbitals to
orbitals of the double ionized atom. ""Shakeup"
peaks appear above the one-electron threshold and
are identified because are not predicted by
one-electron XANES theories and leaves a double
ionized ion. Recently the presence of a 'shakeup"”
peak has been reported [17] in XANES of insulators
by analogy with the 'shakeup" peak in the XPS
spectra. However, because of the different final
states in XPS and XANES, for the presence of the
excited extra electron in the XANES final state,
the presence of a "shake up" peak in XPS is not
enough to predict its presence in the XANES.

In metals we can distinguish different final
state regimes from the values of the important in-
teractions which determine the presence of a sa-
tellite, its intensity and position [18]}: the va~-
lence band width (W), the core hole-valence elec~
tron coulomb interaction (Q) and the band filling.

For the free ele¢tron limit, Q/W ~ 0, there
will be wno satellites and the many body effects
induce a broadening and asymmetry in the threshold
lineshape. This is the well studied
Mahan~Nozieres singularity [19] where a continuous
spectrum of low energy electron~hole excitations
follows the core hole excitation. This effects
has a negligible\role on the absorption threshold
lineshape of transition metals like Pt, Pd and Ni
with localized nd band at the Fermi level [10],
while it is important in XPS [20].

For the high correlated electron limitc
W/Q -+ 0 and partially filled band, the electron
hole interaction Q removes the degenerancy between
the final state configurations of the many body
system, including passive electrom. Multiplet
splitting appears and interference effects between
final state configurations can play an important
role [21].

Pd, like Ni and Pt, belongs to the intermedi-
ate case Q/W~l with a nearly filled 4d valence
band. The Pd ground state configuration
2pb 4d9-6455p0-36can be described by the overlap
of two virtually degenerate atomic configuratiouns:
A) 2p® 4d° S5spl and B) 2p6 4d10 5sp0

Fig.3 shows the evidence of two final state
configurations in the 3d core level XPS spectrum
measured by Chandesris, Krill et al. [221. The

main line is the "well screened" hole configura-
tion: 3d° 440 5sp, with an extra 5sp electron
screening the core hole. The weak satellite is
the 'poorly screemed”" hole configuration:
3d% 4d2 Ssp? at 6.2 eV higher binding energy,
identified as a two hole bound state like the
2p° 3d2 4sp? two hole bound state observed in

Ni 2p XPS spectrum [23-24].

The intensity of the "two hole satellite" is
a measure of the number of nd core holes in the
grund state if W/Q ™V 0; in the intermediate case
Q/W~ 1 its intensity 1is still related to the
aumber of nd holes "c", but it is not a measure of
the ground state 'e" and the satellite peak be-
comes broader and weaker [25]. The intensity and
energy spread of the satellite is expected to be
different in the Ly and Lj spectra [24].
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Fig. 3 XPS 3d core line spectrum showing the
"two hole" satellite at 6.2 eV higher

binding energy.

In the 1y XANES the white line is due only to
the photoionization of the initial state configu-
ration A. Hw +A ~ 2p5 4410 53p1 which corresponds
to the "well screened" configuration of XPS (as
ohserved in Ni by Dietz et al. [10]). Because of
the filled 4d band no multiplet splitting of final

.state configurations, inducing a hroadening of the

white line, can be present. In the case of a pho-
toelectron filling a band Stern and Rehr [26] have
remarked that the von Barth and Grossman [7] final
state rule can be violated and the local density
of states before excitation is appropriate to des-
cribe XANES predicting a very good agreement with
one particle calculations of the initial states of
Muller et al. [6]. Such agreement has been found
in our experiment as it is shown in Fig.2.

At photon energies above the white 1line the
well screened hole configuration 2p5 4410 SSpl ed
is expected to give the main contribution. This
effect can explain the experimental finding of the
same energy separations between the white line and
the high energy XANES features in the experimental
spectrum and in the theoretical initial state den~
sity of states shown in Fig.2.

Finally the only energy region where a multi-
electron final state feature beyond the one elec-
tron description of XANES can appear is at the en-
ergy of the two hole resonance 2p5 442 5sp2 which
is expected to form a bound state extending over
several eV around 6~8 eV above threshold. The
conparison between the experimental and the theo-
retical one-electron XANES does not show an ano-
malous structure in this energy range, but the
agreement 1s not so good to exclude a weak broad
structure in this energy range. We have compared
the Lj and L, spectra in order to see possible
anomalies. In Fig.4 we show the difference spec-
trum between the shifted Ly spectrum divided by
2.1, to take account of the different statistical
weight. With the right chemical L L3 spin orbit
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3
splitting 156.7 eV all the XANES high energy fea-
tures disappear in the difference. The negative
peak 1s due to the higher intensity of the
L3 white line and its area gives a measure of the

(Lo-L3) ABSORPTION

o 10 20
ENERGY (eV)

Fig. 4 Difference spectrum of XANES spectra

a12(h - 156.7)- o /2.1. The negative

peak is due to theLgigher intensity of
the L3 white line. The dashed line is
the expected background due to high en-
ergy L3 EXAFS oscillations at the L

threshold.

2

number of the j=5/2 4d holes [13,11]. The dashed
shoulder, on the high energy side of the negative
peak due to L white line, centered at 6 eV and
extending up to 13 eV, could be an indication of
the presence of a very broad "two hole-two elec~
tron'" excited state which could be stronger in the
L3 spectrum than in the Ly spectrum.

An alternative omne electron interpretation of
the shoulder in Fig.4 is the prevalence of j=5/2
total angular momentum of the electrons of the 5sp
band, partially hibridized with the 4d orbitals,
on the atomic site because of the exchange inter-
action with the 4d hole. The dipole selection
rule AS=0 from the 2p core level to the d compo-
nent of the 5sp conduction band will give in that
case a larger absorption cross section for transi~
tions from the 2p g/, level. \

In conclusion we have found that all consi-
dered many body effects on the Ly XANES of Pd are
negligible in comparison with one electron ef-
fects. The only possible indication of a final
state effect we have found is in the range from 4
to 13 eV above the Fermi level due to a "two hole
and two electron" bound state corresponding to the
"two-hole" resonance seen in XPS. However 1t is
so weak that it cannot be seen as a characteris-
tic feature 1in the XANES but only in the differ-
ence spectrum between L3 and L, XANES spectra.

Thanks are due to the director and staff of
the Frascatl synchrotron radiation facility and to
C.R.Natoli for useful discussion.
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