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X-ray-absorption L-edge spectra have been obtained for the noble metals Rh, Pd, and Ag and the
main-group metals In and Sn. The systematics derived from these spectra reveal that (a) the x-ray-
absorption near-edge structure (XANES) is primarily related to the density of states in these sys-
tems, (b) the energy distribution of the states above the Fermi level in noble metals is qualitatively
consistent with the general band-theory description and semiquantitatively in agreement with the
single-particle theory of Miiller, Jensen, and Wilkins, and (c) the Ly iy “white-line” intensity ratio
depends on the distribution of the ds,, and d;,, population above the Fermi level and this distribu-
tion deviates significantly from the statistical distribution when the d band of the metal is nearly
full. The applicability of XANES in the investigation of the charge-distribution systematics in 4d

elements is discussed.

I. INTRODUCTION

X-ray-absorption spectroscopy (XAS) of core levels has
recently found increasing application! in the probing of
the structure, electronic properties, and dynamic behavior
of a large variety of materials through both experimental
and theoretical advances. This development is mainly due
to the advancement of synchrotron technology. In this
paper a systematic study of the L-edge absorption spectra
of the metallic elements Rh, Pd, Ag, In, and 5,Sn is
presented. The applicability of L-edge spectra in probing
the electronic properties of these systems is discussed.

In a core-level absorption spectrum, the behavior of the
absorption coefficient © of an element is studied as a
function of photon energy. The absorption coefficient
usually increases dramatically (jumps) when the photon
energy approaches’ the binding energy of a core level.
For elements with low atomic numbers, the binding ener-
gy of the core levels can be reached with photons in the
vacuum-ultraviolet or soft-x-ray region, while heavier ele-
ments have core levels that can only be reached with x
rays. Synchrotron radiation from electron storage rings
blurs the distinction and provides a continuous photon-
energy spectrum from which photons at a desirable wave-
length region can be extracted with proper optics for XAS
measurements.>~® The absorption coefficient near and
above an absorption edge is of particular concern in x-
ray-absorption spectroscopy.”®

There are several parameters that are relevant to the in-
terpretation of the edge structure. One is the position of
the edge jump E,. For metallic systems, this is often tak-
en as the point of inflection of the rising absorption edge.
The other is the photoelectron threshold E,, which is the
minimum energy required to excite the core electron to
the vacuum level. For metallic systems with partially
filled d bands at the Fermi level, the Ly y-edge jump is
the Fermi level (Efr), while in nonmetallic systems the
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edge jump is merely the rising edge of a well-defined tran-
sition, and the peak position E, is of importance. The
separation between E, and the threshold can be as much
as 20 eV in the latter case.’ Bound-to-bound transitions
can occur within this region, resulting in well-defined ab-
sorption features’ ~'° (sometimes called “white lines”). In
the region within ~ 50 eV above the ionization threshold,
there exist bound-to-quasibound—transition features that
are sometimes called shape resonances in molecules, and
transitions to higher bands or excitons in condensed
matter.!! .Beyond this region is the well-known extended
x-ray-absorption fine structure (EXAFS).>  The
aforementioned first ~50-eV region is often referred to as
the x-ray-absorption near-edge structure (XANES),! or
near-edge x-ray-absorption fine structure (NEXAFS)."3

Although standard procedures to extract local structure
(bond lengths, coordination numbers, and perhaps bond
angles) and dynamic behavior (Debye-Waller factor) from
EXAFS have been well established in the last decade,!'~14
the development “of the corresponding procedures in the
data analysis of XANES has been relatively recent.!
While XANES spectroscopy permits one to obtain infor-
mation complementary to EXAFS, such as the electronic
properties of the unoccupied states, and, under favorable
conditions, even bond lengths,13 the analysis is far more
complicated than that of EXAFS in that the underlying
principles for the analysis of XANES depend upon the
nature of the class of materials'>!3~37 under investigation.
It is, however, not the intention of this paper to compare
all the approaches to the interpretation of XANES; rath-
er, we want to report the L-edge systematics of some 4d
elements and discuss the results on the basis of the con-
ventional band-structure description as well as a single-
particle calculation recently reported by Miiller, Jensen,
and Wilkins."

The systems, Rh, Pd, Ag (4d noble metals), Sn, and In
(polyvalent metals) were selected with several objectives in
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mind. First, it is desirable to substantiate that near-edge
absorption (XANES) is related to the density of states®”
(DOS) with a series of elements, of which the filling of the
valence states (4d, 5s, and 5p) across the period is well un-
derstood. Second, it is very interesting to investigate ex-
perimentally the distribution of the unoccupied states,
particularly the d bands, as well as states with higher an-
gular momentum above the Fermi level across the d
period in similar structural environments (Rh, Pd, and Ag
are all fcc noble metals while In and Sn are main-group
metals with similar structure), and to compare the results
with theoretical calculations. Any discrepancy can be dis-
cussed on the basis of final-state effects. Third, the spin-
orbit interaction is also a subject for investigation. Final-
ly, the sensitivity of the absorption features (white lines)
to the distribution of unoccupied states at and above the
Fermi level in metallic systems is of great interest since
this technique could prove valuable for studying charge
redistribution and the reactivity of these states upon com-
pound formation. This last consideration leads to the ap-
plication of the XANES technique to the investigation of
a series of 4d compounds, Pd, PdCl,, and PdAl;. The re-
sults of this study are reported in a second paper (hence-
forth denoted II) that immediately follows.

This paper is organized as follows: In Sec. II the rela-
tionship between L-edge—absorption XANES and the dis-
tribution of the density of states is discussed in terms of a
single-particle (one-electron) picture. The experimental
details are given in Sec. IIl. Section IV is divided into
two subsections for two series of materials: Rh, Pd, and
Ag; and In and Sn. Overall L-edge—absorption systemat-
ics and other factors not considered in the DOS and

single-particle approach are discussed in the summary and -

conclusions, given in Sec. V. L-edge absorption of ele-
ments at the end of the period having rare-gas configura-
tions are considered in a forthcoming paper in which the
L-edge—absorption spectra of CsI in the solid state and in
solution are discussed in detail.

II. L-EDGE SPECTRA AND THE DISTRIBUTION
OF THE DENSITY OF STATES:
ONE-ELECTRON PICTURE

The L-edge XANES are often of particular interest in
the study of electronic properties of materials because
there are three different initial states, 2s (Ly), 2p;,, (L),
and 2p;,, (Lyy), that may be coupled to final states of p,
s, and d character, respectively. This results in distinctly
symmetry-dependent features at the absorption edges.
The relationship between XANES and the density of
states in noble metals is illustrated in Fig. 1; the photo-
emission process which probes the occupied states is also
shown for comparison. :

Figure 1 shows the schematics of the distribution of the
density of states, denoted N (E) near the Fermi level for
the noble metals at the end of the d period. The DOS is
conveniently divided into a d band and a very broad free-
electron-like sp band; the d band moves down in energy
and narrows as it becomes filled across the 4d period.
XANES features shown on the upper left-hand side of the
figure arise from dipole transitions from the core levels to
the unoccupied states above the Fermi level. In photo-
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FIG. 1. Schematic diagram illustrating the photoabsorption
and photoemission processes for noble metals and the resulting
XANES and photoemission spectra; Er is the Fermi level, Ey is
the vacuum level, E is the kinetic energy of the photoelectron,
and N (E) is the density of states, which shows a characteristic
narrow d band and a free-electron-like sp band; in noble metals
the d band becomes filled at the d'° configuration (Cu, Ag, and
Au) and drops below the Fermi level. See text.

emission studies with fixed photon energy, core levels can
only be excited by photons with energy greater than the
binding energy of the core electrons. An analysis of the
electron kinetic energy Egx would give a spectrum shown
on the lower left-hand side of the figure, in which each
peak corresponds to a well-defined occupied state in the
atom. It must be noted that while XANES probes the
unoccupied states, and is a one-step process, photoemis-
sion of solids probes the occupied states and can be re-
garded as a three-step process in which the photoelectron
is excited into a high-energy state in the solid, leaving a
hole behind [process (b) in Fig. 1], then travels to the sur-
face, and subsequently leaves the solid and is detected.
Any structure in the final-state wave function can mani-
fest itself in photon-energy-dependent photoemission ex-
periments (such as angle-resolved photoemission spectros-
copy).

The one-electron picture (single-particle transition
model) assumes that only one core electron is excited to an
unoccupied state of the system (gaseous molecules or
solids) upon the absorption of one photon. The passive
electrons (electrons not directly excited by the photon ab-
sorbed) remain frozen upon excitation. Let us for the mo-
ment assume that many-body correlation effects are negli-
gible for metallic systems. We can then analyze the



1890 T. K. SHAM 31

XANES features in terms of the dipole-transition matrix
element, the ground-state partial density of states (PDOS),
and final-state broadening.!” This approach has been well
documented. For example, Brown,'! and Brown, Peierls,
and Stern,!® have discussed the XANES structure on the
basis of the single-particle approximation. More recently,
Matheiss and Dietz!® reported relativistic calculations for
the interpretation of XANES of Pt and Au. Grunes
et al. have studied the 3d transition metals and ox-
ides.?*?*  Horsley,® using the Xa scattered-wave
(Xa SW) technique, has deduced the number of d holes
in a series of Pt and Ir compounds from their XANES
spectra, and has also shown that the difference in the d-
orbital occupancies between different compounds should
be fairly accurately measured by the difference in the
areas of the white lines. Kostroun et al.’* have studied
the K-edge—absorption systematics of 4d metals. Bal-
zaratti et al.>® have shown that, for titanium metal and
its carbides and nitrides, the local partial density of states
at the metal site is responsible for the observed XANES.

Quantitative information such as the distribution and
the number of d vacancies in a metal can be obtained
from the XANES data, in principle, if the transition ma-
trix element My=(W¥;|r|¥;) in Eq. (1) is evaluated.
We write

M(hV)OCZI(\Pi|VI‘pf>|2nf. (1)
f

In Eq. (1), u is the absorption coefficient in cm ™!, ¥, is
the initial-state wave function, and W, is the final-state
wave function. W is an energy-band state in metals and a
molecular orbital in metal complexes, and ny is the num-
ber of vacancies of the final state. The observed spectral
intensity A (area under the peak arising from the dipole
transition) can be expressed as
A= [umap=2mT e, @)

= =[N N

i mc f
where ng is the number of atoms in unit volume, m is the
mass of the electron, c is the speed of light, and f is the
oscillator strength,

fir=Cmay/h) | {¥; |r | ¥,)|?. 3)

The initial-state wave function in Eq. (3) is always
atomiclike regardless of the material studied; the final-
state wave function, however, can be very variable com-
pared with the atomic wave functions, depending on the
material as well as the energy region under investigation
(that is, it depends on whether or not the region is in the
vicinity of the threshold or well above the threshold).

In metallic systems, the W,’s are the dispersive and
delocalized-band-state wave functions, W ,, which are
usually labeled with the reduced wave vector k and band
index n, and the theoretical absorption spectrum is given
by ‘

plhvye 3 [V |7 [ Wy, ) | 28(hv—E\ )n(hv) 4)
k,n

where n;(hv) is a partial density of states; (W |7 in u(hv)
acts as an operator which projects out the /=2 and 0
components of the band states in the case of Ly edges,

and the / =1 component in the case of L; and K edges.

For photon energy well above the threshold
(hv—Ey>100 eV), the absorption is in the EXAFS re-
gion, where an electron scattered by the environment in-
terferes with the outgoing electron wave, and the absorp-
tion coefficient may be given by®

plhv)o | (¥ | r | Wr+Pe) |2, (5)

where ¥ is the outgoing photoelectron wave and W, is
the backscattered photoelectron wave. Based on a plane-
wave approximation,'? the conventional EXAFS function
X(k)=(u—pg)/1ro, where pg is the smooth atomic absorp-
tion coefficient, can be expressed (for K edge and random
sample, for example) as

(k,m) | N;
X(kh=3 ——-—If—l&‘lr—z'—wexp(——Za,?kz)
Xsin[2kR; +¢(k)] , (6)

where N; is the number of identical neighboring atoms at
a distance R; with a Debye-Waller factor o;, ¢(k) is the
phase function, and f(k,7) is the backscattering ampli-
tude of the neighboring atom.

It is interesting to note that an x-ray-absorption spec-
trum has been conventionally divided in two regions based
on the formalism applied in the analysis. This approach
is more of a matter of convenience than necessity. At-
tempts to unify the analysis for the two regions are rela-
tively lacking, although they may be considered
equivalent on the basis of recent cluster'® and band'® cal-
culations that take into account the multiple-scattering ef-
fect, which is the strongest in the near-edge region.. On
the other hand, Miiller and Schaich'® recently proposed a
single-scattering formalism that is applicable to these situ-
ations.

Returning to Egs. (1)—(4), it becomes apparent that a
successful quantitative analysis of XANES relies on the
construction of one-electron initial- and final-state wave
functions. Miiller e al.!” have recently calculated the x-
ray-absorption spectra of a large number of metallic ele-
ments using a linearized version®® of the augmented-
plane-wavé (APW) method to handle the extended energy
range (100 eV above threshold). Despite the neglect of the
core-hole effect, their calculations are in good agreement
with a large number of XANES structures of metals. In
Sec. IV we first make qualitative comparison of the
XANES spectra with ground-state band calculations.
This is followed by quantitative comparison of our data
with the theoretical spectra.!” '

Several factors were omitted in the single-particle for-
malism. They are relaxation and multielectron processes
introduced by the creation and subsequent decay of the
core hole and multiplet splittings for systems that have an
open valence shell. These are well-known phenomena in
photoelectron spectroscopy (PES).* In conventional PES
studies with Al and Mg Ka x rays, the measured binding
energy is always less than the calculated one-electron
binding energy as a result of final-state screening (relaxa-
tion), while the multielectron effect (due to strong electron
correlation) leads to shake-up and shake-off processes,



and, in some cases, the disappearance of the one-electron
spectrum.**—* Although analogous situations are expect-
ed to exist in the XANES spectrum, the situation requires
considerations not encountered in PES: First, a non-free-
electron-like state (bound or quasibound state) is directly
participating in the absorption process; second, the energy
of the excitation photons, instead of being well above the
threshold as in the case of x-ray photoelectron spectros-
copy (XPS) studies, is in the vicinity of the threshold.
Third, these transitions are modulated by the partial den-
sity of states. The influence of the final-state relaxation
and multielectron effects in the XANES region of these
metallic systems is discussed further in Sec. V.

III. EXPERIMENTAL DETAILS

All the metal samples were prepared as free-standing
thin foils or evaporated films on Kapton substrates. The
free-standing foils were rolled from bulk metal to a thick-
ness of 0.0001 in. and were subsequently annealed under
vacuum at 500°C in a glass capsule which also contained
a piece of rare-earth metal (Nd metal). The rare-earth
metal (which was not in contact with the foils) was used
as a getter to clean the foils. Separate samples were
prepared for Rh, Pd, Ag, and Sn by evaporation. The
evaporated films have a coverage of ~1 ug/cm?. All the
L-edge x-ray-absorption spectra were recorded at ambient
temperature in a transmission mode at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) using the focused
beam line (II-3). A Si(111) double-crystal monochromator
was used. Samples were placed in a metal container filled
with dry helium to reduce air absorption. Since the L
edges of interest are at very low energy by typical EXAFS
considerations, helium was used in the first ionization
chamber to reduce absorption by I, monitor, while N,
was used in the second ionization chamber. At these ener-
gies (3—5 keV), higher-order radiation is a problem (the
mirror cutoff is at ~9.5 keV). Their presence would lead
to errors in the evaluation of the absorption coefficient
and decrease the signal-to-noise ratio. This constitutes

part of the so-called thickness effect.*> This problem is -

usually dealt with by detuning the monochromator to
~30—50% of its maximum through-put. This pro-
cedure works well in minimizing the higher-order contri-
bution to the absorption spectrum. The pinhole effect
that may exist in the evaporated samples is eliminated by
folding the films at least once. K-edge spectra of Pd and
Rh have also been obtained at beamline II-2 for compar-
ison with the L-edge data. At least two spectra were tak-
en for each sample, sometimes at different fills (electrons
in the storage ring need to be refilled periodically) to en-
sure reproducibility and glitch-free data. Iy and I (I, is
the monitor of the incident photon flux and I is the
transmitted flux) were collected at separate channels so
that both sets of data could be examined separately.

Absorption spectra are plotted with the absorption coef-
ficient, ut, being the ordinate, the photon energy, hv, the
abscissa. The transmitted intensity I and the absorption
coefficient are related by

In(Io/I)=p(E , ‘ (7a)
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where p is the linear absorption coefficient of the sample,
and ¢ the sample thickness. For better identifying maxi-
ma in the spectra, Eq. (7a) is often differentiated to give

d[In(Io/D]  du(E)
dE ~ 3E

(7b)

1V. RESULTS AND DISCUSSION

A. L-edge spectra of Rh, Pd, and Ag

The L-edge spectra of Rh are shown in Fig. 2 for all
the L levels (Ly, Ly, and Lyy), plus the first derivative of
the Rh Ly edge. The L-edge spectra of Pd and Ag are
shown in Fig. 3. Several interesting features are immedi-
ately noted. First, while both Rh and Pd metals exhibit
intense resonance (white lines) at the Ly and Ly edges,
no white line is seen at the Ag Ly and Ly edges.
Second, no white line is observed at any of the L; edges.
Third, despite the drastic difference in the Ly, L-edge
white-line resonance intensity, the oscillatory behavior of
the absorption coefficient above the white line is almost
identical in all three metals. Fourth, the relative intensity
between the Ly and Ly white lines is smaller in Rh than
in Pd. Finally, the normalized Ly j; white-line intensity
and shape also appear to be different among these ele-
ments. In discussions given below, these observations are
first interpreted qualitatively on the basis of one-electron
ground-state band-structure calculations by Moruzzi,
Gelatt, and Williams (MGW).*® Their calculations pro-
vide information about the density of states of the unoc-
cupied levels up to 10 eV above the Fermi level. After
that, quantitative assignments of the L-edge features are
made on the basis of the single-particle calculation of the
absorption spectrum of these metals by Miiller ez al.!” up
to as much as 100 eV above the edge (XANES approach).
The effect of spin-orbit interactions seen in the L-edge
white lines is also discussed. Total d-band widths for
these metals extracted from previously reported photo-
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FIG. 2. L-edge—absorption spectra of Rh metal: (a) Ly

edge with Er pinned at the point of inflection; (b) first deriva-
tive of the Rh Ly edge, and the first maximum pins the Fermi
level; (c) Ly edge; (d) Ly edge.
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FIG. 3. L-edge—absorption spectra of Pd and Ag metals; the labeled peaks show the similarity in the oscillatory behavior of the
Ly absorption coefficients between Pd and Ag. [These spectra have better resolution than those reported by L. Pratt, Phys. Rev. 54,
99 (1938).] Similar patterns can also be seen in the Ly- and Li-edge spectra. The peak positions are listed in Table I.

emission*’ and XANES data reported here are used for
comparison with calculations in order to substantiate that
the origin of the L-edge—absorption XANES is indeed a
density-of-states effect, and that the XANES technique
complements photoemission. A comparison between L;
and K spectra is also made for these metals. Finally, the
same set of data is analyzed using the EXAFS approach
at the end of Sec. IV A.

Qualitative interpretation of the L-edge white lines of
Rh, Pd, and Ag. As discussed above, the absorption
features at the near-edge region can readily be compared
with the calculated density of states. At the Ly and Ly
edges, the initial state, which has an angular momentum
=1, probes the unoccupied states of s(/=0) and
d (]l =2) character (the Al = + 1 transition is, by far, more
intense). There exist many theoretical band-structure cal-
culations*®* % which give similar density-of-states results
for these metals. Here we employ the systematic study by
MGW.*3!  Their band-structure results for these ele-
ments and the corresponding partial density of states are
shown in Fig. 4 up to 10 eV above the Fermi level. Two
apparent features are noteworthy regarding the property
of the metal bands upon going from Rh to Ag: First, the
top of the d band moves from above (in the case of Rh) to
below the Fermi level (in the case of Ag) as the d band be-
comes filled; second, the drop in energy (increasing bind-
ing energy) of the d band is accompanied by band narrow-
ing. This can be easily seen from the partial density of
states. The increase in binding energy of the occupied d
band and the accompanying band narrowing for these ele-
ments have already been borne out in photoemission stud-
ies by Smith et al.*’ The near-edge results, on the other

hand, enable us to study the unoccupied d states above the
Fermi level. These states are very important in compound
formation, upon which charge redistribution takes place.

Comparing Figs. 2—4, one can immediately assign the
observed features within the first 10 eV above the edge
(Ep). In Rh metal the white lines at the Ly and Ly
edges are assigned to 2p—4d transitions. The observation
that the tail of the white line extends to several electron
volts above E, (Er) is consistent with a high density d
states at the Fermi level, followed by a rather broad and
smooth distribution. The same assignment is made for
the white lines at the Pd Ly and Ly edges. For Rh and
Pd all these Ly, Ly white lines should rise at the Fermi
level, and the point of inflection of the rising edge is
pinned as the Fermi level. The positions of the labeled
peaks are given in Table 1.

Based on the electronic configuration and band calcula-
tions, it is expected that the width and intensity of the
white lines for Rh, when normalized to the edge jump,
should be greater than those for Pd. This is observed in
Figs. 2 and 3. In the case of Ag, the d bands are essen-

. tially full and no white line is observed at the Ly py; edge,

consistent with the calculation. This result clearly shows
that the L-edge white line is very sensitive to the occupan-
cy of the d states. Three weak peaks are observable at 2.0,
5.2, and 8.8 eV above the threshold in the Ag Ly edge,
where the p—d white line would have appeared if the d
band of Ag had remained partially unoccupied. These
peaks are assigned to 2p —s band transitions. The calcu-
lated DOS exhibits high density at these positions.

The L; near-edge structures above the Fermi level are
similar for Rh and Pd (Figs. 2 and 3). This is expected
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FIG. 4. Density-of-states calculation by Moruzzi, Gelatt, and Williams using an augmented-spherical-wave technique (Refs.
46—51) for Rh, Pd, and Ag; the width of the d band is marked on the right-hand side of the band-structure diagram; the energy is in

electron volts and the zero position is the Fermi level.

from the calculated distribution of the partial density of
states. Both metals exhibit no white lines, but do exhibit a
broad structure at ~5 eV above the Fermi level. This
feature can be tentatively assigned to a 2s —p state transi-
tion, which is expected based on Fig. 4. The intensity and
width of this feature are consistent with the delocalized
nature of the p-band states. The Ag L-edge spectrum
shows slightly different features; which are shown in Fig.
5, together with previously reported Ag K-edge results
based on experiment and theory.!” The first peak is only
~2 eV above the Fermi level, followed by a broad peak

that rises at ~5 eV and peaks at ~10 eV above the
threshold (these peaks are clearly identified in the deriva-
tive spectrum). The glitch at 3800 eV is due to the mono-
chromator. Again, this observation is expected on the
basis of Fig. 4, where the p density of states peaks at 2 eV,
6 eV, and begins to rise at 9 eV. Overall, we have seen the
qualitative agreement between experiment and ground-
state band calculations to be remarkable within the first
10 eV of the Fermi level. It thus appears that, for these
metallic elements, the L-edge XANES can be described
very well in terms of the ground-state band calculation of

TABLE 1. Observed (Obs.) and calculated (Calc.) positions (in eV) of the XANES maxima relative to the Fermi level [peak 1 corre-
. sponds to the white line in the Ly spectra of Rh and Pd, and to the Fermi level in the Ag Ly spectrum. Estimated uncertainty is
+0.2 eV. The calculated values are provided by Miiller (private communication)] in the Ly edge of Rh, Pd, and Ag.

Peak Rh Pd Ag
. position Obs. Calc. A? Obs. Calc. A® Obs. Calc. A? Assignment®

1 0 0 0 0 0 0 2.0 1.0 1.9 d (s)

2 10.2 9.4 0.6 8.6 8.5 0.1 5.2 4.0 1.2

3 14.7 14.5 0.2 14.4 13.0 1.4 9.5¢ 7.8 1.7 pd

4 21.8 '21.6 0.2 23.4 22.5 0.9 18.5 17.4 1.1

5 29.0 28.7 0.2 30.0 29.1 0.9 26.5 25.1 - 1.4 df

6 - . 38.7 38.6 0.1 38.7 38.1 0.6 34.8 334 1.4 f

7 53.0 51.7 1.3 514 51.0 0.4 45.5 44.6 0.9 df

2Difference between observed and calculated results (A=Obs. —

Calc).

®According to Ref. 17 (see text); the assignment in the parentheses is for Ag.
‘Peak 3 in the Ag spectrum has more structure than a single peak; this is taken as the midpoint of the structure (a sharper feature

occurs at 8.8 eV).
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FIG. 5. L;- and K-edge spectra of Ag metal from theory and
experiment: (a) experiment by Miiller et al.; (b) theory by Dur-
ham et al. (Ref. 15); (c) theory by Miiller et al. (Ref. 17); (d)
Ly-edge experiment (this work), with the arrows showing the
positions of the first two weak absorptions, which are clearly
identifiable in the derivative spectrum; the glitch below Er is
due to the monochromator.

the distribution of the density of states of different angu-
lar momentum. It has been noted that f orbitals on
neighboring atoms may give a p-type symmetry to the lo-
cal density of states.'>!” This, however, becomes impor-
tant only at higher energies and is discussed further in the
following section.

Quantitative comparison of experimental Ly iy spectra
of Rh, Pd, and Ag with theoretical spectra based on single-
particle calculation. A detailed comparison of the oscilla-
tory behavior of the experimental Ly spectrum with the
theoretical result!? is shown in Fig. 6 for Pd. Both spec-
tra are normalized to the smooth (atomic) edge jump. The
theoretical spectrum already takes into account the life-
time effect of the core hole and the final-state photon-
energy-dependent contribution.!” The calculated Ly edge
should look exactly the same as the Ly spectra, accord-
ing to the one-electron calculation. The only difference is
a scale factor in the atomic factor in the absorption. This
leads to u(Ly)=0.47u(Lyy) in palladium metal, where
p(Ly) and p(Lyy) are the absorption coefficients for the
Ly and Ly edges, respectively. A scale factor of 0.5 is
observed experimentally for the smooth atomic back-
ground edge jump in all three metals, but the relative in-
tensities of the observed and the calculated white lines,
which depend somewhat on the distribution of the ds,,
and d;, character resulting from spin-orbit interaction of
the d states, do not agree very well with theory. This is
not surprising because spin-orbit interaction was neglected
in these calculations. One important comparison is the
relative positions of the maxima of the oscillating absorp-
tion coefficient determined theoretically and experimen-
tally. Qualitatively, the resemblance of the experimental
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FIG. 6. Comparison of experimental and calculated L y;-edge

XANES of Pd metal. The resonance maxima are given in

Table I.

and theoretical results is clearly evident.

According to the calculations,!” the absorption spec-
trum can be factorized into a smooth atomic term and a
solid-state term. The latter has a rapidly varying energy
dependence and is responsible for all the observable oscil-
lations in the near-edge region of the absorption spectrum.
There are several important features derived from the
solid-state term in the theoretical Pd Ly spectrum: (a)
There is a narrow non-free-electron-like 4f band (begins
to come in at ~25 eV above the Fermi level) resulting
from the centrifugal term in the effective potential for the
partial waves of palladium; the 4f band moves down to-
wards the Fermi level across the period and becomes a
narrow f-band bound state at the Fermi level for the
rare-earth metals;>? (b) hybridization involving the narrow
4d and 4f bands, and other nl bands, results in that the
partial densities of states with lower angular momentum
become suppressed and pushed away from the narrow
band, and that other partial densities of states exhibit a re-
plica of 4d and 4f character, the latter coming about from
the projection of the tail of the orbitals centered in adja-
cent sites onto all values of angular momentum of the
central atom. These states are all labeled in Fig. 6, where
the white line is of primarily 4d character: 5d begins to
come in at higher energy and interacts with the 4f. pd,
df, etc. are the hybrid states.

The oscillatory behavior of the spectrum of Pd matches
peak for peak with theory, including weak features up to
60 eV above the threshold. Similar situations are also
seen in the case of Rh and Ag. Detailed assignments can
now be made. The first peak in Fig. 6 again can be as-
signed to a 2p-—>4d band transition. Peaks 2—4 arise
from transitions to hybridization states involving primari-
ly 5p and some 4d character, peak 3 being the primary p
state. The 4f band interacts strongly with the 5d band,
resulting in peaks 5—7, where peaks 5 and 7 have some 5d
character. All these agreements clearly support the
density-of-states picture; that is, the absorption coefficient
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is directly related to the projected density of states (I =2).
The above analysis and the difference in peak positions of
all the Ly edges in Rh, Pd, and Ag are listed in Table I.
From Table I and Figs. 2—4, one finds that the same
L-edge pattern is observed upon going from Rh to Pd
to Ag. It is interesting to note that all the resonances
move to lower energy at higher atomic number. This is
consistent with the theory which predicts that the reso-
nance states across the 4d period move towards lower en-
ergy upon filling of the electronic states. The observed
peak positions are expected to occur at slightly higher
photon energy than that calculated by Miiller et al., due
to the effect of electron—core-hole interaction in the final
state.’? This shift is expected to be more important at
higher energies and results in a relaxation shift in the pho-
toelectron spectrum in photoemission studies. Another
interesting observation is the energy difference between
the observed and calculated resonance peaks. This differ-
ence, which increases from Rh to Pd to Ag, is attributed
to a more dominant initial-state effect resulting from a
less effective screening by the d electrons in the case of
Ag.

The relative intensities of the observed and the calculat-
ed white lines of Rh, Pd, and Ag are given in Table II.
The intensities are normalized to the edge jump and are
measured by the height of the peak with respect to the ex-
trapolated background of the pre-edge. The area of the
peaks, although theoretically more meaningful, is difficult
to obtain due to experimental resolution and photon-
energy-dependent broadening. The results (Table II) show
that theory and experimental results agree very well in the
atomic part of the absorption coefficient (ratio of the edge
jump is given in the second column). The intensity of the
white lines observed in the Ly, Ly spectra of Rh and Pd
are only in qualitative agreement with theory (the last two
columns). This discrepancy is partly due to experimental
resolution broadening in the data and partly due to the
spin-orbit interaction, which is not dealt with in the calcu-
lation.

Spin-orbit interaction characteristics and the relative in-
tensity of the Ly and Ly white lines. The perhaps most
interesting observation (Table II) is that while the
I(Lyy)/I(Ly) white-line intensity ratio for Rh is in good
agreement with the statistical ratio, the same ratio devi-
ates significantly in the case of Pd. This discrepancy can
be regarded as a consequence of spin-orbit effects.”’ Ac-
cording to dipole-transition selection rules, 2p;,, and
2p;/, electrons probe 4d;,, and 4ds/, states according to
Aj=0,+1. Thus these relative white-line intensities pro-
vide not only information about the number of unoccu-
pied d states, but also about total-angular-momentum
characteristics. Since the selection rule forbids transition
from a core p,,, state to a d ,2 valence state, the observed
ratio is expected to deviate from the 2-to-1 ratio, depend-
ing on the distribution of the ds,, and dj,, character at
the Fermi level. From the energetic point of view, states
of d3/, character should lie lower in energy (higher bind-
ing energy), and the observed intensity ratio
I(Lyy)/I(Ly) is expected to be >2/1 in general. In the
case of the third-row transition metals, the spin-orbit ef-
fect is comparable to banding; thus the deviation from

TABLE II. Ly iy white-line (WL) and edge-jump (EJ) inten-
sities of Rh, Pd, and Ag. [I(EJ)] Ly €te. is the smooth (atom-
ic) edge-jump intensity; [ 7(WL] Ly etc. is the white-line inten-
sity. Since Ag does not exhibit a white line, the first peak is
used for the measurement; the height of the peak is used to mea-
sure the intensity. The calculated ratios are based on theoretical
spectra (Ref. 17). Uncertainty is +0.1. EJ is often taken as the
difference between pre-edge absorption and that of the midpoint
between the maxima and minima of the first few oscillations.

[(I(ED]., /IIEN], [I(WL)] /II(WL)],

Element Calc. Obs. Calc. Obs.
Rh 2 ~2 ~2 1.9
Pd 2 ~2 2.09 2.7
Ag 2 ~2 ~2 2.0

2/1 should be most obvious compared with its first- and
second-row counterparts. It is expected that the distribu-
tion of d3,, and ds,, character should be nearly the same
when the spin-orbit coupling is small and there are a large
number of unoccupied states at the Fermi level (that is, in
metals in which the d band is far from filled), while in
metals in which the d band is nearly full, the unoccupied
ds/y:d;,, ratio is expected to deviate from the statistical
ratio markedly. It has been found that the intensity ratio
of the Ta Ly and Ly white lines in Ta metal (s'd* con-
figuration) is close to the statistical ratio,?’ while that of
the Pt Ly; and Ly white lines is much greater than the
statistical ratio'®!? (in fact, the white line is only observed
in the Ly edge in Pt metal). The latter observation has
been attributed to the almost exclusive ds,, character at
the Pt Fermi level.!®!%3® The situation for the second-
row noble metals is not as drastic as in the case of the
third-row noble metals because the spin-orbit interaction
in Pd and Ag is (~0.2 eV) about an order of magnitude
smaller than that of the corresponding third-row noble
metals and acts as a perturbation to the banding. Signifi-
cant deviation in the I (Lyy)/I (Ly) ratio is not expected,
except in the case where the d vacancy at the Fermi level
is small (it has been calculated that Pd has ~0.36 holes
per atom in its d band).>* Experimentally, the deviation is
indeed observed to be more significant in Pd as compared
with Rh (Table II), and this difference is attributed to a
relatively high density of unoccupied states of ds,, char-
acter at the Fermi level of the Pd metal.

The total width of the d band from L;-edge XANES
and photoemission. The width of the Ly j;; white lines in
Rh, Pd, and Ag are discussed here in detail. We recall
that there are several factors that determine the profile of
the white line; they are the lifetime of the core hole, the
experimental resolution, the dipole-transition matrix ele-
ment, and the distribution of the density of states (as mea-
sured by the bandwidth). For Pd and Rh metals, the first
three factors can be assumed to be the same for all the
Ly i edges to a first approximation, since the binding en-
ergies do not differ significantly (a few percent). Given
this assumption, the observed white-line widths can be at-
tributed to the distribution of the density of states of the
unoccupied d band at the Fermi level of the metals.

Before we discuss the linewidth, it is worthwhile to dis-



1896

TABLE III.
edge white lines.
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Observed and calculated d-band widths (I") for Rh, Pd, and Ag from XPS and Lyy-

" observed (eV)

I calculated (eV)°

XPSs? XANES® Total Occupied Unoccupied Total
I ’ 1I
Rh 6.7 3.5 1.0 6.3 0.8 7.1
Pd 6.2 3 0.4 5.3 0.3 5.6
Ag 4.3 ~0 ~0 3.9 ~0 3.9

2Taken from Ref. 47 using a procedure analogous to that of Fuggle et al. [Phys. Rev. B 27, 2179

(1983)].

®Column I is taken as twice of the half-width of the rising Lorentzian edge (+0.2 eV); and, in column
11, core-hole widths (Ref. 17) of 2.0 and 2.1 eV for Rh and Pd, respectively, and a resolution of ~0.5

€V, have been subtracted from column I.

°From Refs. 26 and 47, all the band calculations give widths within a few tenths of an electron volt.

cuss the profile of these white lines. Wei and Lytle?® have
analyzed the line shape of the L-edge white line of Ta
metal in detail, and have found that the white-
line—absorption envelope is slightly better described with
a Fano-type function than with a Lorentzian line shape,
while Horsley*® has used the scheme of a Lorentzian and
an arctangent function to describe the Ly 1y white lines in
a series of Pt and Ir compounds. These analyses are ap-
propriate only when the density of states is narrow. For
our purposes any of the above approaches would give a
reasonable and self-consistent set of widths for compar-
ison. Here we have taken an empirical approach by
measuring the half-width of the rising Lorentzian edge.
After subtraction of the lifetime and instrumental contri-
bution, the tentatively derived DOS widths of the d band
are obtained. These are given in Table III. It can be
clearly seen from Table III (column I under XANES) that
the observed DOS width of Rh is already greater than
that of Pd by 0.5 eV, despite the fact that the lifetime and
resolution contribution to the observed width for the Pd
edge is greater than that for Rh. This observation is in
semiquantitative agreement with band calculations which
show that there should be a wider distribution of unoccu-
pied d states just above the Fermi level in Rh metal (Fig.
4 and Table III) than in Pd metal. These widths, derived
from Lij-edge XANES, together with the bandwidth
given by photoemission, now present a complete descrip-
tion of the (occupied and unoccupied) d bands in these no-
ble metals. The semiquantitative agreement shown in
Table III, in turn, strongly suggests that L-edge white
lines in these elements indeed probe the distribution of the
unoccupied d states.

L;- and K-edge spectra of Rh, Pd, and Ag: A compar-
ison of the observed XANES with theory. Figure 7 shows
the detailed comparison of the XANES portion of the L-
and K-edge spectra of Pd with theory.!” A similar com-
parison for Ag is already shown in Fig. 5. Agreement be-
tween experiment and theory is strikingly good, although
the theoretical positions of the maxima in the absorption
spectrum are slightly lower in energy than those observed.
This discrepancy is most likely due to core-hole—final-
state interaction (relaxation), and has been discussed ear-
lier in connection with the Ly 1y edge.

The theoretical spectra for the L; and K edges of Pd
are identical, as expected, except that the atomic factor

and the final-state lifetime are different. The observed
L;- and K-edge spectra [Figs. 7(a) and 7(b)] are identical
at the EXAFS region. The L; oscillations are sharper as
a result of better overall resolution. The most noticeable
differences between the L;- and K-edge spectra of Pd
(also Rh) are the intensity and position of the second
peak, which is ~17 eV above the Fermi level. This peak
arises from 5p-4d hybridization states with considerable
5p character. This difference is probably due to the
difference in the overlap between 2s—5p and 1s-—5p
transitions, as well as contributions from the L; edge.
The resolution of the XANES data presented here is
considerably better than that of the K-edge results report-
ed previously, and it is therefore desirable to reexamine
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FIG. 7. Detailed comparison of L;- and K-edge XANES of

Pd metal (theory and experiment): (a) and (b) are spectra from
this work, and (c) is theory from Ref. 17 for Pd L, edge.
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the earlier interpretation!”® of the K-edge XANES of
Rh, Pd, and Ag metal using the L;-edge results. In the
interpretation of the earlier work,!73% the three essential
features observed at ~5, ~20, and ~40 eV above the
Fermi level are attributed to transitions from the core lev-
el to projected density of / =1 states arising from 4d, 5p,
and 4f characters, respectively. They find that while the
5p band contributes directly from orbitals with / =1, the
4d and 4f orbitals also contribute via orbitals centered at
the sites adjacent to the excited atom (a solid-state effect).
The valleys between the three peaks are due to suppres-
sions of hybridization that occur when the 5p band over-
lap with the d and 4f bands. A detailed comparison of
our data is shown in Fig. 8. The relevant parameters are
summarized in Table IV. From Fig. 8 and Table IV we
observe (a). the position of peak d shifts to lower photon
energy (relative to Er) from Rh to Pd to Ag; (b) the posi-
tion of peak 5p follows a different trend—it shifts very
little at Pd and has the lowest energy at Ag—and the peak
is actually split, with the splitting being the largest in Ag
(7.9 eV) [these results were not observed in previous K-
edge spectra (a broadening was observed), due to poor
resolution, and are consistent with the calculated DOS
which predicts splitting in this region due to hybridiza-
tion]; (c) peak f is relatively narrow when compared with
peak p—it stays at about the same position in Rh and Pd,
but shifts to lower energy in Ag and broadens only slight-
ly due to final-state effects and resolution. These observa-
tions confirm most of the earlier interpretations,®® except

that the so-called peak d does not seem to disappear at the

Ag Lj edge, although the Ag Ly yj;-edge results and band
theory show that there is very little d character at the Fer-
mi level of Ag. The d peak at the Ag L edge, of which
the intensity is no less, if not more intense, than that ob-
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FIG. 8. L;-edge spectra of Rh, Pd, and Ag, where 5p (pd hy-
brid state with primarily p character) and 4f are similar to the
pd and f assignments used in the L;-edge study.
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TABLE IV. Assignments of absorption maxima (relative to
the Fermi level) of Li-edge XANES of Rh, Pd, and Ag metals.

Metal Peak position (eV) Assignment?
Rh 7.3 2s—4d,dp

17.0

21'9] 2s—5p,pd

459 2s—4f

68.0 2s—df or EXAFS
Pd 5.4 2s—4d,dp

16.9

71 ] 25— 5p,pd

44.0 2s —4f

66.0 2s—df or EXAFS
Ag 3.8 2s—4d,dp

11.9 ] 25— +5p.pd

19.8 ST>OPP

36.0 2s—4f

60.0 . 2s—df or EXAFS

2dp or df denote hybridization states (Refs. 17 and 18) involving
4d,5p and 5d,4f states, respectively; these hybrid states have
the same meaning as those discussed in the assignment of the
LIII edge.

served in Rh or in Pd, must arise from states with consid-
erable p character that become involved in dp hybridiza-
tion. A closer look at the Ag K-edge results (Fig. 5) re-
veals that the calculation of Durham et al.'> using a
three-shell (43-atom) cluster and multiple-scattering con-
siderations also reproduces the XANES feature of Ag K
edge, but the splitting of the Sp peak is not apparent.

Another interesting aspect of the theoretical and experi-
mental comparison of the L (K-edge) spectrum is that it
leads to the question of how the XANES region and the
EXAFS region should be defined and analyzed. It has be-
come common practice to classify the first (50—60)-eV
region in the vicinity of the threshold as the XANES re-
gion, and to analyze the data in terms of absorption inten-
sity; on the other hand, in standard EXAFS analysis, data
with k values >3 A—1 (~30 eV >E,;) are commonly
used to extract structural information according to Eq.
(6). Here we explore the consequences of analyzing the
theoretical spectrum with the EXAFS approach, since the
calculated spectrum extends to 160 eV above the thresh-
old.

Figure 9 presents the Fourier-transform analysis of the
calculated spectrum, as well as the observed spectra at a
large range of k values. The oscillating curves in Fig. 9
are the normalized X (k)k? EXAFS functions, where panel
(a) is the full length of the K-edge spectrum (up to
K =15 A~"), and panels (b), (c), and (d) are the EXAFS
functions of the K-edge, L-edge, and theoretical XANES
data, respectively (k from 2 to 7 A~"). The corresponding
Fourier transforms are shown in panels (e)—(h). Several
interesting features can be noted from these figures. First,
the theoretical spectrum panel (d), shows almost identical
patterns as the observed K-edge [panel (b)] and L;-edge
[panel (c)] spectra, except that the separation between the
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FIG. 9. Fourier analysis of the EXAFS [X(k)k?] of Pd: (a)
K-edge full length, (b) K-edge XANES, (¢) Li-edge XANES, (d)
Li(theory) XANES, and (e)—(h) are corresponding Fourier
transforms.

EXAFS maxima of the theoretical spectrum becomes
slightly smaller at high k as ‘a result of greater
mismatches in peak positions. This is also reflected in the
Fourier transform which peaks at a slightly larger dis-
tance (+ 0.1 A) in R space than those derived in the ex-
perimental data. The exact position of the peak in R
space is irrelevant for this discussion due to the limited
length and other multidistance complications, as it is evi-

dent from Fig. 9(a) that the envelope corresponding to the
nearest neighbor comes in at higher k values. Second, the
EXAFS amplitude, which is of great importance in accu-
rate structural analysis, exhibits the following order:
theory > Ly > K (theoretical spectrum has zero experimen-
tal resolution and zero Debye-Waller factor); this observa-
tion clearly shows the effect of overall resolution in
EXAFS amplitude analysis.

B. L-edge spectra and the distribution
of density of states in In and Sn metals

The L-edge spectra and their corresponding derivatives
for In and Sn metals are shown in Figs. 10 and 11, respec-
tively. It is immediately apparent that they are distinctly
different from those of Pd and Rh in that there is no
white line at the Ly and Ly edges, but there is a white
line at the Ly edge. This turn around of the appearance
of white lines upon going from Rh, Pd, and Ag to In and
Sn can be understood qualitatively on the basis of their
electronic configurations and electron energy-band con-
siderations. Let us first consider the d states. In the
second transition period, the 4d shell of the atoms is being
filled as we go from left to right across the period until
the d shell is completely filled in the case of Ag(d!©). In
metals, it is the d band that becomes filled in a similar
manner, except that hybridization among the valence
states 5s, Sp, and 4d pushes some d character above the
Fermi level and the d band also becomes practically filled
at Ag. As one leaves the transition period and moves into
the main-group elements (metalloids or polyvalent metals)
such as Cd, In, and Sn, the 4d states are completely filled
and grow deeper and deeper in energy (becoming more
corelike). The unoccupied states in the vicinity of the
Fermi level are primarily of s and p character. The max-
imum of the distribution of the 5d states are still well
above the vacuum level in these elements and the total
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FIG. 10. L-edge spectra of In metal and corresponding first derivatives. Mdnochromator glitches are marked with arrows.
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FIG. 11. L-edge spectra of Sn metal and corresponding first derivatives.

drop (collapse®®) of these levels does not occur until the
element achieves a rare-gas-like configuration. This is
discussed further in a forthcoming paper in connection
with the Cs* and I~ EXAFS. For the P3,, 1/, core lev-
els in the polyvalent metals, the states in the vicinity of
the Fermi level that they can couple to are states with
I =0 and 2. These are primarily states with s character
which are often more delocalized, and have a relatively
weak oscillator strength and a small amount of 5d charac-
ter. The 5d character in the vicinity of the Fermi level in-
creases as the 5p band becomes filled. Intense white lines
are, therefore, not expected to be observable at the Ly
edges of these elements. The valence p states, on the other
hand, remain largely unoccupied despite s-p hybridization
(sp? in In and sp> in Sn). These p states are slightly more
localized than their counterparts in noble metals, where s
and p states are conductionlike. Since the p states in these
main-group metals are far from being filled, there is a
high density of these states just above the Fermi level. It
is expected that the L; edge of In and Sn should exhibit
white lines arising from 25— 5p transitions. In addition,
the £ band that develops as a unique feature!” (Figs. 6 and
8) in the 4d-transition-metal series begins to move to-
wards the Fermi level and hybridizes with all the s, p, and
d states to produce more fine structures. Experimentally,
all the aforementioned expectations are observed.
Absorption features at the first 15 eV above the edge
threshold can be compared with the partial density of
states derived from band calculations*® of MGW (who use
lattices different from the real lattice of these metals),
bearing in mind that the lattice structures do not greatly
influence the DOS of the metal. Their DOS plots for the
first 10 eV above the Fermi level are shown, in Fig. 12, to
assist the qualitative interpretation. The Ly and Ly
spectra of In are nearly identical. They both exhibit a
three-peak feature (two small shoulders) just above the
Fermi level. These shoulders are clearly observable in the

derivative spectrum. These peaks may be assigned to
2p—35s transitions according to the DOS calculations. for
both fcc and bec lattices. These calculations show that
there are unoccupied states of s character just above the
Fermi level, where the densities of states of d character
are practically negligible, although the presence of two
peaks is not indicated in these calculations. This
discrepancy is probably due to the lowering of symmetry
in the real lattice (tetragonal distortion), the projection of
higher-momentum states as in the case of Rh, Pd, and Ag,
as well as a partial collapse of the 5d and 4f states upon
core-hole creation, or due to multielectron effects. A
similar situation is observed in the Ly and Ly edges of
Sn (of which the local environment is also tetragonal), ex-
cept that the second shoulder in Sn is more intense than

(bce) (fcc)

o20F IF'J\« ] ozof ‘m e
_ o.10 .
—000 ™~ 600
8020 /f’v/ oo A~

20 - 020} A
3000 00O ]
w
Eor | @ |of ol D]
s 1 ] ! o [ 1
]

0-20 -5 -0 5 0 5 -5 -0 -5 O 5 10

>

= 0.30F T T — T T T

Gols— . 020 -

- O.10 S o
000 000

s -
o o P
w 040 —
& 0401~ V‘/k— g /J/WMM‘\\'
< 0.201 -
% 000 /f/ 000

0.20f [5n] a4 o020l [sn] ”\r;r'i

L] 1 ]
00565 o0 5 10°%5 o 5 o0 5 0

ENERGY (eV) RELATIVE TO Eg¢
FIG. 12. DOS of In and Sn calculated by MGW (Ref. 46)
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TABLE V. Peak positions in the Ly and Ly near-edge spectra of In and Sn.

Peak position (eV) relative to Ep

Assignment®

Edge Peak no. In Assignment Sn
L 1 3.8 3.9 ’
2 10.8 P 13.0 sp.pd
3 17.7 pd,df 21.1 pd,df
4 323 f 32.6 f
5 49.6 df 64.8 df
6 59.2 96.1
7 90.8 EXAFS 141.6 ] EXAFS
Ly 1 2.6 sp 4.4 sp,pd
2 23.7 f 23.4 f
3 47.9 af 37.8 af
4 75.8 46.6
5 113.4 EXAFS 54.0 ] df or EXAFS
6 89.4
7 13 1.2’ EXAFS

aTentative, based on Pd results; d refers to 5d (see text).

that in the case of In. This is not expected based on unoc-
cupied s states alone because the s states are being filled
much faster than the p states. There must be some 5d
character that begins to drop into the vicinity of the Fer-
mi level in the case of Sn. Both bcc and fcc DOS’s show
that this is the case. The observation of the intense white
line in the L; edge in both metals is consistent with the
presence of a high density of p states above the Fermi lev-
el. The peak positions and white-line parameters for In
and Sn are shown in Tables V and VI. The peak parame-
ters are about the same for both In and Sn white lines, but
are different from those of the p—d transition in noble
metals in that these 2s—p transitions are more sym-
metric.

Quantitative interpretation of the XANES of In and Sn
extending to higher energy is not feasible at the present
time since theoretical calculation of the L-edge spectra of
these metals is not available. It can be noted, however,
that the Ly edges exhibit structures that are similar to
those of Pd with the 5p states (labeled pd in the calcula-
tion of Miiller et al.) shifted down to the Fermi level.
The difference is due to the fact that as soon as the 4d
level becomes corelike in main-group metals, it" becomes
inactive in the hybridization that was previously respon-
sible for the complex Pd Ly ;j; edge. Semiquantitative as-
signments can still be made for the In and Sn spectra
based on the Pd calculation with the following considera-
tions: First, the narrow 4f band that moves closer to the
Fermi should be responsible for some weak features in the
first-50-eV region. Second, the 5d band should begin to
develop and hybridize with the 4f band. Third, the
characteristics of the development of the higher bands are
preserved across the period. Finally, these high-energy
bands are assumed to be only slightly sensitive to lattice
parameters. Tentative assignments using conventions
identical to those used in the assignment of the Pd L
and L spectra are listed in Table V. The slight difference
between In and Sn in the assignment in Table V is due to
the 5d band, which begins to have an influence at the Fer-

mi level in Sn. The sp and p bands described in Table V
are equivalent to the pd band discussed in Fig. 8 for Pd,
and the rest of the assignment has the same meaning as
those described earlier. By comparing the L; edge in Fig.
10 with Fig. 8, we can argue that peaks 5p and 4f in Fig.
8 move down and become peaks 1 and 2 in Fig. 10,
respectively; that is, that the partially filled p band is now
at the Fermi level. It is interesting to note that the Cd
Lj;-edge XANES is more Ag-like (no Li-edge white line)
than In-like, indicating that the 5p maximum in Cd is still
a distance from the Fermi level. The movement of these
states are less discernible in the Ly, Ly edges due to hy-
bridization and the involvement of /=0 and /=2 final
states. The general oscillatory behavior of the absorption
coefficient in the region starting at ~50 eV above the
threshold is consistent with what is expected based on
EXAFS theory. ‘

The width of the white line is again of some interest.
As we move across the main-group metals, two changes to
the p bands should occur. One is the filling of the p band
and the other is the narrowing of the p band. The experi-
mental width of the In L; white line is the same as that of
Sn, despite a small increase in lifetime broadening and
slightly poorer energy resolution for Sn (Table VI). This
observation again demonstrates the sensitivity of the L-
edge XANES technique in probing the distribution of the
density of states.

TABLE VI. L; white line parameters of In and Sa.

Position
(relative to Ef) Width? Intensity®
In 2.6 4 (7) 1.53
Sn 4.4 4 (7) 1.62

“Half-width of the rising edge; the value in the parentheses is
the width between the first maximum and minimum in the
derivative spectrum.

*The height of the white line relative to the smooth edge jump.
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V. SUMMARY AND CONCLUSIONS

What emerges from the above analysis is a picture in
which the development of the unoccupied density of states
above the Fermi level in the 4d period follows the same
trend as that predicted by band calculation and observed
by PES techniques. The most noticeable development
seen in this study is the sensitivity of white lines toward
chemical changes. Going from Rh to Pd to Ag, the total
Ly, Ly white-line intensity decreases and the Lyy,Ly
white lines are not observed in the case of Ag and Cd, in
which the d band is filled. This observation correlates
qualitatively with ground-state band calculations*¢ of
MGW and semiquantitatively with the theoretical spec-
trum calculated by Miiller, Jensen, and Wilkins.!” The
relative intensity ratio of the Lyy,Ly; white lines is also
reported and subtle difference in this ratio for elements
across the period is attributed to the nonstatistical distri-
bution of density states of unoccupied ds/, and d3,, char-
acter for bands that are nearly full. The sensitivity of the
XANES technique in probing electronic properties of
compounds is illustrated with the Pd, PdAl;, and PdCl,
series in paper II.

In the main-group metals In and Sn, in contrast to the
noble metals, no white line is observed in the Ly edge,
but an intense white line is seen at the L; edge. This ob-
servation is interpreted on the basis of the relative posi-
tions (distribution of the DOS) of the s, p, d and f bands
across the polyvalent (5p) period. Detailed assignment of
the near-edge structure of main-group metals awaits more
elaborate procedures.

Interesting systematics concerning the behavior of the
XANES features can be established. This is illustrated in
Fig. 13, where the peak positions of two near-edge absorp-
tion features are plotted against the metallic elements
across the period. The f and pd correlations are obtained
from the Lj-edge measurements, where the assignments
were based on the calculation of Miiller et al.!” The posi-
tion of these peaks should, to a great extent, characterize
the movement of the unoccupied f and p bands, respec-
tively, across the period. It can be seen that both the f
and pd band drop considerably once the 4d band is filled
and the pd band becomes more p-like and drops to the vi-
cinity of the Fermi level at In (the Cd L-edge spectrum is
Ag-like and a sharp spike is not seen until In is reached).

Several remarks concerning the future development of
the analysis of L-edge absorption may be made here.
First, electron correlation effects are not included in the
analysis presented here. The inclusion of this effect
would give rise to satellite peaks above the corresponding
absorption. Such additional satellites are not clearly seen
" in the case of the noble metals (single-particle calculation
accounts for all the peaks observed), although satellites
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FIG. 13. L-edge—absorption systematics (from Rh to Sn:
the position of some characteristic resonances relative to the
Fermi level is plotted against the elements; the f and pd correla-
tions correspond to the behavior of pd(5p) and f(4f) peak as
assigned in Figs. 8, 10, and 11. The Cd values are from unpub-
lished results. The splitting observed in Fig. 8 is also shown.

have been observed in Pd and Pd alloys at 6—10 eV above
the core-level binding energy in XPS experiments,*> and
more prominent satellite features have been observed in
the Mn K edge of MnCl,.>” Second, in the case of In and
Sn, however, energy-loss processes resulting in plasmon
satellites have been seen in XPS studies.’® Such processes
would also give satellites at the near-edge structure if the
process is intra-atomic. The exact nature of the absorp-
tion peaks in the L-edge spectra of In and Sn is yet to be
determined. Finally, it is very desirable to introduce a
proper potential to deal with the presence of the core hole
undergoing adiabatic and sudden excitation and to
develop a unified description of near-edge structure.
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