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Spectral sharpening of the PtL edges by high-resolution x-ray emission
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The platinum 2p3/2, 2p1/2, and 2s x-ray absorption spectra, recorded by monitoring the fluorescence
intensity with eV energy resolution, show a spectral broadening that is significantly less than the 2p and 2s
core hole lifetime broadening. The background of such spectral sharpening is discussed. It is shown, experi-
mentally as well as theoretically, that the lifetime broadening of the 2p and 2s core holes is replaced by a new
lifetime broadening. It is demonstrated that from the combination of normal x-ray absorption, selective x-ray
absorption, and x-ray emission, the individual lifetimes of all participating core states can be determined. The
difference between the 5d5/2 and 5d3/2 densities of states can be obtained from a combination of the 2p1/2 and
2p3/2 x-ray absorption spectra. The present spectra are limited by the experimental resolution. With the pros-
pect of an improved experimental resolution for x-ray excitation and decay, the Pt edge absorption spectra
could be obtained with even better resolution, thus providing a high-resolution hard x-ray probe of the empty
density of states with important advantages for in-situ and high-pressure studies.

DOI: 10.1103/PhysRevB.66.195112 PACS number~s!: 78.70.Dm, 78.70.En, 78.70.Ck, 71.20.Be
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I. INTRODUCTION

X-ray absorption spectroscopy is a widely spread te
nique to study the electronic properties of materials. T
absorption edge position can be correlated with the vale
of the system, and in many cases the x-ray absorption s
trum ~XAS! yields a signal that is proportional to the emp
density of states~DOS!.1 Due to the local character of x-ra
absorption and the optical dipole selection rule, 1s ~K edge!
x-ray absorption probes the element specificp-projected
DOS, while 2p (L2,3) x-ray absorption probes thes- and
d-projected DOS, etc. The close correspondence betw
XAS and DOS is, however, destroyed if the core and vale
wave functions overlap strongly, as for example in the c
of the 3d metalL edges.2–4 Common to all x-ray absorption
spectra is their intrinsic energy broadening, arising from
finite lifetime of the deep core hole, created by the abso
tion process. This broadening is strongly dependent on
atomic number Z and the atomic shell involved in the a
sorption process. Attempts to overcome this fundame
limitation have been first undertaken by Ha¨mäläinen and
co-workers.5 They recorded the DyL3 near-edge spectrum
monitoring the DyLa1 fluorescence with an energy resol
tion better than the core hole lifetime broadening, and ind
observed a much more structured spectral shape with res
to the conventional XAS spectrum. A similar approach, us
nonradiative decay channels, has been developed by
groups of Sham6–8 and Drube.9–11 Another approach used
deconvolution of very-high-quality XAS data.12 The two
methods however, did, not yield the same spectral sh
This was attributed to the fact that in the specific case of
rare-earths, a simple one-electron picture breaks down,
many-body correlations between the 4f electrons and the
other participating electron shells have to be taken i
account.13

In this article we demonstrate, using platinum metal as
example, the potential of sub-lifetime resolved x-ray abso
0163-1829/2002/66~19!/195112~7!/$20.00 66 1951
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tion spectroscopy. The 2p edges of Pt have been measur
by Qi and co-workers.14 The 2p XAS spectra of Pt are domi
nated by respectively the 2p1/2 to 5d3/2 and 2p3/2 to 5d5/2
dipole transitions. It has been shown that the intensity of
leading edge, i.e., the white line, reflects the number of ho
in the 5d band.14,15 While the 2p3/2 edge shows a distinc
white line, the 2p1/2 edge only shows a small structure. Th
effect is ascribed to the fact that the 2p1/2 edge only makes
transitions to the 5d3/2 band that is filled in case of Pt meta
We recorded the 2s, 2p1/2, and 2p3/2 x-ray absorption edges
monitoring the 2s5p, 2p1/24d, and 2p3/23d5/2 x-ray emis-
sion channels, respectively, with a spectrometer energy r
lution of typically 2 eV. The spectra display a significa
sharpening with respect to the conventional XAS spec
and reveal a white-line feature as well for the 2p1/2 absorp-
tion edge. We furthermore show that from the combinat
of normal x-ray absorption, selective x-ray absorption, a
x-ray emission, the individual lifetime broadening of all pa
ticipating core states can be determined.

II. EXPERIMENT

The experiment was performed on the beamline ID26
the European Synchrotron Radiation Facility~ESRF!. The
incident linearly polarized x rays produced by a linear
mm undulator were monochromatized by a cryogenica
cooled silicon~111! double crystal monochromator, provid
ing an energy bandwidth of approximately 2.0 eV. The be
impinging on the sample was sized down to 0.6 mm horiz
tally by 2 mm vertically. These settings resulted in an in
dent photon flux of 331012 photons/s. The scattered radi
tion was analyzed in the horizontal plane by a 1 mRowland
circle spectrometer, utilizing the~931! and ~880! reflection
order from a spherically bent silicon crystal. The inelas
x-ray ~IXS! spectra were recorded at a scattering angle of
degrees, and the solid angle spanned by the analyzer cr
was 3000 mrad2. The refocused scattered x rays from t
©2002 The American Physical Society12-1
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crystal analyzer were detected by a Peltier cooled sili
diode in photon counting mode. The overall experimen
resolution was 2.3 eV. Theh21k21 l 2 value of Si~931! is 91,
implying that the detection energy~in eV! is given as
10 889/sinw, wherew is the angle of analyzer crystal. Th
Si~931! crystal was used for the Pt valence band emiss
and the 4d→2p3/2 emission. Si~880! has ah21k21 l 2 value
of 128 that yields energies according to 12 915/sinw. It was
used for the 2s5p emission and the 2p1/23d emission.

The platinum sample, a high-purity foil purchased fro
Goodfellow, was mounted inside a vacuum chamber in or
to reduce contributions from air scattering. The fluoresce
spectra were recorded at a fixed incident photon energy,
above the respective x-ray absorption edge energies,
scanning the energy of the spectrometer. The selective x
absorption spectra were recorded by fixing the x-ray em
sion energy to a value corresponding to the maximum of
fluorescence line, and varying the incident photon ene
through the absorption edge. A silicon detector simu
neously recorded the total fluorescence.

III. THEORY

A. Sub-lifetime resolved x-ray absorption

By tuning the incident photon energy close to the 2p ab-
sorption edge, the x-ray absorption and x-ray emission p
cesses occur coherently and the overall 2p3d process is de-
scribed by the Kramers-Heisenberg formula:

I ~v,v8!;U(
2p

^3duê8•r u2p&^2puê•r uPt&

E2p2EPt2\v2 iG2p
U2

•L3d•Gv•Gv8 .

~1!

This formula forms the basis of all resonant x-ray process
The intensity~I! is given as a function of the excitation~v!
and the emission (v8) energies. The Pt ground state is e
cited to an intermediate state, characterized by a 2p core
hole via the dipole operator (ê•r ). The second dipole opera
tor (ê8•r ) describes the x-ray emission decay to the fi
state with a 3d core hole. The denominator contains t
binding energy of the 2p core hole and its lifetime broaden
ing. The convolution with the 3d final state lifetime broad-
ening is indicated withL3p , whereasGv (Gv8) indicates the
convolution with the experimental broadening due to mo
chromator~spectrometer!. A resonance occurs if the excita
tion energy is equal to the Pt 2p edge. The general spectr
landscape can be viewed as a two-dimensional space
axisv andv8. Figure 1 shows a contour-plot of the 2p3/23d
resonant x-ray emission spectrum of Pt. The gray area is
peak maximum, which is set at 100%. The first contour-l
is set at 64% and each following line represents respecti
32%, 16%, 8%, etc., as indicated in the figure. The horizo
axis shows the x-ray excitation energy. The 2p x-ray absorp-
tion spectrum of Pt is assumed to consist of a single re
nance with an energy of approximately 11 560 eV. The v
tical axis shows the final state energies with a maximum
the 2p3d decay at 2123 eV.

Instead of normal x-ray absorption, one can measure
x-ray absorption spectrum at a fixed emission energy. T
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relates to the diagonal line in Fig. 1. The effective lifetim
related broadening can be easily derived from the figure,
is given by

GSEL51/A~1/G2p
2 !1~1/G3d

2 !. ~2!

The 2p intermediate state lifetime broadening has been m
artificially large and the half-width at the 16% contour
approximately 9.0 eV, as indicated by the two solid arrow
The broadening obtained by selective x-ray absorption m
sured along the diagonal is indicated by the dashed ar
and the half-width at the 16% contour is approximately 5
eV. For reasons of clarity we use the 16% contour to indic
the difference between x-ray absorption and selective x-
absorption. The Lorentzian broadening thus decrease
comparing normal x-ray absorption and selective x-ray
sorption. Note that this sharpening effect makes use o
projection on the horizontal axis of a cross-section throug
single resonance at 45 degrees in Fig. 1. In other wo

I XAS
v8 (v), the absorption cross section, is detected at a fi

emission energy. One can make some objections to this
proach, as this projection appears to be a kind of cheating
the case of a single resonance there is, however, no se
problem. In the case of a series of resonances with, in
ticular, a series of different final state energies, the situa
becomes more complex. In this case, a scan at fixed emis
energy cuts through these various resonances in a rathe
defined manner. For example, if one chooses a specific e
sion energy as the detection energy, the other resonance
intercepted away from their maximum and the obtain
spectral shape of selective x-ray absorption will have a co
plex denotation. If one excites into the continuum, detect
at fixed emission energy implies detection of the ‘‘norm
fluorescence’’ at a fixed position. In this case the lifetim
broadening is determined solely by the final state lifetim
G3d . From this discussion one can conclude that selec
x-ray absorption only leads to a straightforward result

FIG. 1. Contour-plot of the 2p3/23d5/2 resonant x-ray emission
spectrum of Pt. The horizontal line indicates the 16% contour of
normal x-ray absorption experiment. The diagonal line indicates
same 16% contour of the selective x-ray absorption experim
where the arrows indicate the projection to the x-ray absorp
axis.
2-2
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TABLE I. The relative intensities of the four 2p5d transitions separated into their differentj-subshells.
The result derived from band structure is compared with the results from multiplet calculations. The b
line gives the atomic multiplet results for the 2p4 f quadrupole transitions.

2p3/25d5/2 2p3/25d3/2 2p1/25d5/2 2p1/25d3/2

Branching
ratio

8.57 1.43 0.00 5.00 0.57 Band
9.00 1.00 0.00 5.00 0.60 Atomic
8.95 1.05 0.05 4.95 0.60 10Dq51
8.60 1.40 0.40 4.60 0.60 10Dq53
8.15 1.85 0.84 4.16 0.60 10Dq55

2p3/24 f 7/2 2p3/24 f 5/2 2p1/24 f 7/2 2p1/24 f 5/2

8.57 1.43 0.00 5.00 0.57 Atomic
~6! ~1! ~7/2!
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those systems where all excitations are into the continu
or to systems with a single resonance accompanied with
tinuum excitations. The 2p edge of platinum is expected t
be a good example of such systems, because there is o
single resonance, associated with the holes in the 5d-band,
accompanied by excitations into thes andd continuum.

In the case of the Pt 2p intermediate states, there is on
one resonance implying that one can decouple the excita
and the decay process and rewrite Eq.~1! for selective x-ray
absorption to

I XAS
v8 ~v!5Cv8•Cv•r~v!•LSEL•Gv•Gv8 . ~3!

Cv and Cv8 are the proportionality factors of the x-ray a
sorption and x-ray emission cross sections andGv andGv8
are the convolutions with the experimental broadening of
incident x rays~v! and scattered x rays (v8). r~v! is the
density of states andLSEL is the convolution with the Lorent
zian broadening usingGSEL. Equation~3! shows that, under
the approximations that apply for platinum metal, select
x-ray absorption measures the same spectral shape as n
x-ray absorption, that is the, projected, density of states.
broadening byG1s and Gv is replaced byGSEL, Gv , and
Gv8 , which in the case of high-resolution excitation a
detection is able to yield sharper x-ray absorption spe
than obtained normally.

B. Real space multiple scattering calculations

The simulation of the x-ray absorption spectra has b
performed with the real space Green’s function co
FEFF8.16 In this method the x-ray absorption coefficient
calculated from the one-electron density matrix according
the Fermi golden rule.1 The FEFF8 code includes the fina
state broadening due to core hole lifetime. We used
FEFF8 code1 for a cluster of 55 Pt atoms that cover all
atoms within a 0.54 nm radius. The Pt density-of-states
calculated for the central Pt atom with respectively a 2s,
2p1/2, and 2p3/2 core hole. A Hedin-Lundqvist potential ha
been used and the XANES has been calculated with a n
tive Vi in order to adapt the core hole lifetime broadening
the situation of selective x-ray absorption.
19511
,
n-

y a

on

e

e
mal
e

ra

n
e

o

e

is

a-

C. The 5d spin-orbit coupling

The 5d spin-orbit coupling splits the 5d valence band into
two subbands. These two subbands have often been re
to respectively the 2p1/2 and 2p3/2 core levels. The core hole
spin-orbit splitting is approximately 1800 eV and this lar
value assures a pure 2p1/2, respectively 2p3/2, core state, for
both edges. The 5d spin-orbit coupling is smaller, being ap
proximately 2.0 eV. Most papers that analyze the 2p edges of
the 5d elements assume that the 2p1/25d3/2, 2p3/25d5/2, and
2p3/25d3/2 transitions are possible. Following band structu
results on Pt, a fixed ratio is assumed for these three tra
tions. The ratio between the 2p3/25d5/2 and 2p3/25d3/2 tran-
sitions is assumed to be 6:1, yielding overall transitio
strengths as indicated in Table I.

The band structure results are confronted with multip
calculations.17 The atomic multiplet calculation gives the re
sult of the relative intensities of respectively 9, 1, 0, and
~cf. Table I!. This immediately yields the 2p3/2 to 2p1/2 ratio
of 10 to 5, in accord with the 2J11 degeneracy of the state
In addition it yields the 5d5/2 to 5d3/2 ratio of 9 to 6, again in
agreement with the 2J11 degeneracy of the 5d states. Both
these ratios must be fulfilled independent of the local sy
metry of the states. Note that the band structure derived
sults yields a branching ratio 2p3/2/(2p3/212p1/2) of 0.57
instead of the correct value of 0.60. Interestingly the value
0.57 is exactly the atomic value for a 2p to 4d quadrupole
transition~cf. Table I!, though this is probably an accident
result. The atomic multiplet calculations have been modifi
to add a cubic crystal field. A cubic crystal field value of 3
eV yields approximately the same ratio for the 2p3/25d5/2 to
2p3/25d3/2 compared to the band structure result. The diff
ence between the multiplet calculation and the band struc
derived result is that the 2p1/25d5/2 transition is not forbidden
in nonatomic symmetries. In contrast with what is usua
assumed,6 this implies that even in the case of a complete
filled 5d3/2 band, there will be a nonzero white line intensi
related to the 2p1/25d5/2 transition at theL2 edge.

IV. RESULTS AND DISCUSSION

A. The x-ray emission spectra

To measure the 2s, 2p1/2, and 2p3/2 x-ray absorption
spectra with sub-lifetime resolution, an x-ray emission ch
2-3
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de GROOT, KRISCH, AND VOGEL PHYSICAL REVIEW B66, 195112 ~2002!
nel must be chosen for each edge. Criteria for the used x
emission channel are~i! the intensity,~ii ! the energy, and~iii !
its lifetime broadening. It is clear that one searches for ma
mum emission intensity and a narrow lifetime broadeni
Concerning the experiment, the most critical parameter is
x-ray emission energy because that determines the choic
backscattering crystal and its resolution.

The strongest x-ray emission channels are thep to d ands
to p channels. The availability and resolution criteria of t
backscattering crystal determine the choice for respectiv
the 2s3p, 2p1/23d3/2, and 2p3/24d x-ray emission spectra
Their binding energies and approximate transition energ
are indicated in Table II. The 2p3/24d emission and the 2s3p
emission have the same energy and hence overlap if
excites above the 2s edge at 13 880 eV. Figure 2 shows th
x-ray emission energy range between 11 220 and 11 280
at excitation energies of respectively 11 568 eV and 11

TABLE II. The energies and lifetime broadenings for the co
levels and transitions used in the x-ray absorption and x-ray e
sion experiments. The XPS column gives the values tabulate
Ref. 20. XAS gives the experimentally determined broadeni
from XAS and selective XAS. The XES column gives the, co
rected, x-ray emission values.

Energy

Lifetime broadenings

XPS XAS XES

2p1/2 13 273 5.9 6.5 ¯

3d3/2 2202 3.0 1.7 ¯

2p1/23d3/2 11 071 8.9 8.2 7.9

2p3/2 11 564 5.3 6.7 ¯

4d5/2 315 3.6 1.9 ¯

2p3/24d5/2 11 250 8.9 8.6 9.0

2s 13 880 9.4 ¯ ¯

3p 2645 9.0 ¯ ¯

2s3p 11 225 18.4 ¯ 18

FIG. 2. The 2p3/24d x-ray emission spectra excited at two di
ferent excitation energies, respectively 11 568 eV~dotted! and
11 610 eV~connected points!. The solid line indicates the differenc
spectrum.
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eV. In addition the difference spectrum is given: 11 568 eV
exactly at the 2p3/2 edge position and 11 610 eV can be co
sidered to be a continuum position at 42 eV above the ed
Both spectra show essentially two peaks with an inten
ratio of 9:1. This ratio is determined by the atomic transiti
cross sections of 4d5/2 and 4d3/2 to the 2p3/2 state. The
11 568 eV edge spectrum is sharper then the 11 610 eV
tinuum spectrum. This is a consequence of the fact tha
maximum in the x-ray absorption spectrum, i.e., in t
density-of-statesr~v!, will make the x-ray emission spec
trum sharper as discussed in Sec. III A.18 In addition, it can
be seen that the sharpening is stronger at the high-en
side, due to the resonant Raman effect at the edge.19 These
modifications in the x-ray emission channel can in turn
duce modifications in the x-ray absorption spectrum detec
with this emission channel, i.e., at the edge the x-ray em
sion channel detected x-ray absorption spectrum can dev
from the transmission x-ray absorption spectrum. This eff
is related to the possibility to obtain sharp spectra and
direct consequence of Eq.~1!.

Figure 3 shows the x-ray emission spectra at excitat
energies of respectively 11 610 eV and 14 010 eV. The x-
emission spectrum at the excitation energy of 14 010 eV is
addition of the 2p3/24d emission and the 2s3p emission
channels that accidentally overlap as can be deduced f
Table II. The difference between the emission at 14 010~con-
nected points! and 11 610~dotted! is the 2s3p x-ray emis-
sion spectrum, which is indicated by a solid line. The sm
difference in the respective broadenings on the high-ene
side is caused by the different excitation energy. The a
dental overlap of the 2p3/24d emission and the 2s3p emis-
sion channels presents no problem at all for the selec
x-ray absorption experiment, because the 2p3/24d emission
intensity is essentially constant while scanning over thes
edge. Therefore one can use the 2s3p x-ray emission maxi-
mum at 11 225 eV for selective 2s x-ray absorption.

The experimental broadening of the 2s3p, 2p1/23d3/2,
2p3/24d3/2, and 2p3/24d5/2 x-ray emission spectra has bee
derived by fitting a Lorentzian function. The values foun
have been included in Table II. Neglecting the experimen

s-
in
s

FIG. 3. The 2p3/24d and 2s3p x-ray emission spectra excited a
respectively 11 610 eV~dotted! and 14 010 eV~connected points!.
The difference spectrum indicated by the solid line.
2-4



tio
ad

o
ay
m

e

a
he
b

io
su

to

te
n

ur
i

ru

tead
not
ing
is

is
in-

ted

the
-

tely
ity-
to a
ct
tes
rs.
for

can

i-
b-
ad-

nly
ors,
ro-
om
um-

de-
t
eal
ws

the
ts
tal
are
rp-
e
e.
ad-

ntal
of

the

th

r
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broadening of the spectrometer, i.e., a Gaussian func
with a resolution of about 0.8 eV, these experimental bro
enings should be an addition of the individual broadenings
the core levels in the initial and final states of the x-r
emission process. Assuming that the core hole lifeti
broadenings of the 2s and 2p levels are correct, we find a
value of 4.7 for the 4d5/2 state, which is larger than th
photoemission value of 3.6 eV. The 3d3/2 broadening derived
from 2p1/23d3/2 x-ray emission is 2.0 eV compared to
value of approximately 3.0 eV from photoemission. T
2s3p broadening can not be determined very accurately,
the value of 1862 eV agrees with the individual 2s and 3p
values.

B. High-resolution XAS spectra

In this section we discuss the use of the x-ray emiss
channels to measure the x-ray absorption spectra with
lifetime resolved resolution, according to Eq.~3!. Figure 4
~top! shows the 2p3/2 x-ray absorption spectrum compared
the sub-lifetime resolved spectrum detected with 2p3/24d
x-ray emission. In addition the theoretical density of sta
has been included, which will be discussed in Sec. IV C. O
observes a significant sharpening of the near edge struct
A small part of the sharpening is due to saturation effects
the normal x-ray absorption spectrum, but as this spect

FIG. 4. Top: TheL3 x-ray absorption spectrum~dashed! and the
sub-lifetime resolved spectrum detected at the maximum of
2p3/24d x-ray emission spectrum~solid with open circles! com-
pared with the FEFF8 calculated x-ray absorption spectrum fo
Pt55 cluster~thin solid line!. The same spectra are given for theL2

edge in the middle and theL1 edge at the bottom.
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has been measured simultaneously we prefer to use it ins
of a nonsaturated Pt spectrum. The saturation effects will
affect the discussion of the present paper. A large lead
edge is visible in the sub-lifetime spectrum. This structure
related to the empty Pt 5d states and its increase in height
largest because it is a sharp structure. All other peaks
crease less due to their intrinsic width. The tabulated 2p3/2
lifetime broadening is 5.3 eV~Ref. 20! ~cf. Table II! and
using a value of 3.6 for the 4d lifetime broadening a value
GSEL of 3.0 eV is found. We can compare these tabula
values with the experimentalG2p andGSEL from Fig. 4. The
experimental values can be found from a Lorentzian fit to
leading edge of the 2p3/2 spectrum. The experimental broad
ening effects will be neglected as they can be approxima
simulated with a Gaussian of 2.3 eV. In addition the dens
of-states does not correspond to a sharp single peak, but
structure with finite width. We estimate that we can corre
for both experimental broadening and the density-of-sta
effect by subtracting 2.5 eV from the Lorentzian paramete
The experimental values found are respectively 9.2 eV
the normal x-ray absorption spectrum and 4.3 eV forGSEL.
The corrected values are respectively 6.7 and 1.8 eV. We
rewrite Eq.~2! to

G4d51/A~1/GSEL
2 !2~1/G2p

2 !. ~4!

This yields a 4d lifetime broadening of 1.9 eV. The comb
nation of selective x-ray absorption with normal x-ray a
sorption is thus a good way to determine the life time bro
enings of both the initial (2p) and final (4d) core hole state.
The result can be double-checked with the 2p4d x-ray emis-
sion spectrum. Note that in the case of x-ray emission o
the spectrometer resolution is part of the broadening fact
while both the density-of-states effect and the monoch
mator resolution are not affecting the broadening. Fr
Table II, we find reasonable agreement between these n
bers and the tabulated values from XPS.20

The middle panel of Fig. 4 shows the 2p1/2 x-ray absorp-
tion spectrum and the sub-lifetime resolved spectrum
tected at the 2p1/23d3/2 x-ray emission spectrum. The firs
maximum in the x-ray absorption spectrum turns into a r
peak in the selective x-ray absorption spectrum. This sho
that there still is a white line related to empty 5d states for
the 2p1/2 spectrum, suggesting that the 5d3/2 valence band is
not completely filled. In other words, as discussed above,
5d5/2 and 5d3/2 states are mixed due to crystal field effec
according to the numbers given in Table I. The experimen
values for the Lorentzian parameter of the broadening
found to be respectively 8.0 eV for the normal x-ray abso
tion spectrum and 3.1 eV forGSEL. These broadenings ar
less as for the corresponding 2p3/2 spectra discussed abov
The reason is that the density-of-states effect on the bro
ening is less for the 2p1/2 spectrum. The 5d states can be
assumed to be a single peak and only the experime
broadening remains, which we estimate with a subtraction
1.5 eV. The corrected values are respectively 6.5 eV for
2p1/2 lifetime broadening and 1.7 eV for the 3d3/2 lifetime
broadening as derived from Eq.~4!. This gives a total broad-
eningG2p1G3d of 8.2 eV for the 2p1/23d3/2 x-ray emission
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spectrum, which agrees with the value of 7.9 eV deriv
from a Lorentzian fit to the x-ray emission spectrum itsel

The bottom of Fig. 4 shows the 2s x-ray absorption spec
trum compared with the sub-lifetime resolved spectrum
tected at the 2s3p x-ray emission spectrum. One observe
slow rising edge that reaches a maximum at 13 900. Du
the absence of sharp features, it is not possible to determ
reliable experimental broadening factors. The tabulated
ues for the 2s and 3p lifetime broadening are respective
9.4 and 9.0 eV. This yields a value of 6.5 eV for the select
x-ray absorption process and indeed the selective x-ray
sorption spectrum is significantly sharper then the norm
x-ray absorption spectrum. Fitting the first peak yields
Lorentzian width of respectively 17.5 eV for selective x-r
absorption and 22.5 eV for normal x-ray absorption. This
not an accurate procedure as by far the largest contributio
the broadening is the density-of-states effect. But because
density of states effect is identical in both experiments, t
is an experimental proof of the correctness of the use of
2. If one would replace the lifetime broadening of thes
core hole by the lifetime broadening of the 3p core hole
nothing would change, as both broadening values are eq

C. Comparison with calculations

We have performed multiple scattering calculations to
termine the Pt 2s, 2p1/2, and 2p3/2 density of states and th
corresponding x-ray absorption spectra. Figure 5 shows
density of states around the Fermi level that is set to 0.0
Thes, p, andd projected density of states are given. Thed
valence band is located between28 and12 eV. The empty
d-states have peaks at 16.1, 25.5, and 31.0 eV. The em
p-states have a double-peaked structure between 13 an
eV and the emptys-states have a peak at 10 eV. The Pts
x-ray absorption spectrum relates to the emptyp-states. Both
the Pt 2p1/2 and 2p3/2 x-ray absorption spectra relate esse
tially to the emptyd-states with a small contribution from th
emptys-states. At the edge there is a difference between
2p1/2 and 2p3/2 spectrum due to the spin-orbit coupling

FIG. 5. The density of states of Pt calculated for a Pt55 cluster
using FEFF8. Thes-projected states are diagonally hatched,
p-projected states are vertically hatched, and a solid line repres
thed-projected states. The Fermi level indicates the zero of ene
19511
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the 5d states and the different matrix elements coupli
2p1/2 and 2p3/2 states to respectively the 3d3/2 and 3d5/2
states as discussed above.

The calculated spectra are compared with, from top
bottom, theL3 , L2 , andL1 x-ray absorption spectra in Fig
4. The lifetime broadening of the theoretical spectrum h
been adapted to the selective x-ray absorption spectrum
the L3 edge~Fig. 4, top!, peaks are visible at 3.8, 17.9, an
32.3 eV corresponding to the peaks in the emptyd-states.
There is a close correspondence between the selective x
absorption spectrum and the theoretical curve; in particu
the leading edge and the peak at 17.9 eV are exactly re
duced both in energy and intensity. This confirms that
multiple scattering calculations for the Pt55 cluster correctly
reproduces the density of states of bulk Pt.

The 2p1/2 and 2p3/2 selective x-ray absorption spectra
Fig. 4 are identical apart from the leading edge that is lar
in the case of the 2p3/2 spectrum. Figure 6 shows the diffe
ence spectrum between the 2p1/2 and 2p3/2 selective x-ray
absorption spectra. A nonzero difference is observed onl
the region between 0 and 15 eV. This is the region wher
difference between the 5d3/2 and 5d5/2 densities of states will
affect the spectral shape. It follows from Table I and t
discussion in Sec. III C that the difference between the 5d3/2
and 5d5/2 densities of states is equal to 0.87 times the diff
ence between 2p3/2 and 2p1/2 spectrum. The factor of 0.87
can be calculated using the nonzero 2p1/25d5/2 intensity and
is equal to (8.622* 0.4)/9.0. It is interesting to note that thi
not only concerns the leading edge, but also the whole
ergy range up to 15 eV, implying that in this region the 5d3/2
and 3d5/2 states are not balanced. Note that the 2p1/2 spec-
trum is sharper than the 2p3/2 spectrum. The reasons are th
different final states, respectively 3d and 4d, and a different
spectrometer energy resolution.

V. CONCLUDING REMARKS

We have shown for the case of platinum metal that the
2p selective x-ray absorption spectrum corresponds t

nts
y. FIG. 6. The difference spectrum~solid! between the 2p1/2

~dashed! and 2p3/2 ~solid! selective x-ray absorption spectra. Th
difference between the 5d3/2 and 5d5/2 densities of states is equal t
0.87 times this difference.
2-6
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sharpened normal x-ray absorption spectrum. The lifet
broadening of the 2p core hole is replaced byGSEL

51/A(Gx
21G f

2). In the case of a large and a small lifetim
broadening,GSEL is approximately equal to the small lifetim
broadening, i.e., withGx510 andG f51, GSEL50.995'1.
The selective x-ray absorption spectrum therefore provi
the density of empty states with a resolution that is ess
tially determined by the final state. At the moment the ove
experimental resolution of approximately 2.3 eV is the lim
iting factor. A much higher energy resolution can be o
tained, as has been shown in an IXS study of Fe2O3 in Ref.
21, where an overall experimental resolution of 0.3 eV w
obtained. In the case of the PtL-edge an improved mono
chromator resolution would allow us to further improve t
spectral resolution of the obtained density of states to
limits set by the final state lifetime broadening, in the pres
case around 1.5 eV. The big advantage of a high-resolu
hard x-ray determination of the density of states are the p
sibilities to apply this technique to, for example, hig
pressure conditions or to thein situ determination of cata-
lysts or batteries during reaction. Many exciting applicatio
could be envisaged.

It is interesting to compare the decrease in lifetime bro
ening in selective x-ray absorption with the increase in
lifetime broadening of x-ray emission (GXES5Gx1G f). A
combination of x-ray absorption (Gx) and selective x-ray ab
sorption (GSEL) is able to determine the lifetime broadenin
of both the intermediate and final state. These numbers
be cross-checked with the x-ray emission experiment. In
case of both the 2p1/23d3/2 and 2p3/24d5/2 transitions consis-
tent numbers were found, where it is noted that the deter
ky
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nation is complicated by the various experimental and d
sity of states broadening effects that are different for e
spectrum. The lifetime broadenings found for the 2p1/2 and
2p3/2 core holes were slightly larger than the tabulated v
ues, whereas the values for the 3d3/2 and 4d5/2 core holes
where a bit smaller. The accuracy in these numbers can
further improved by using a higher experimental resolutio
In principle there is no big problem in using an overall e
perimental resolution of 0.3 eV. This will allow for the de
tailed determination of the 2p, 3d, and 4d core hole lifetime
broadenings. It would be very interesting to determine
lifetime broadenings for a series of elements and to comp
them with the tabulated values from photoemission.

It was shown that the rule of a 6:1:0:5 ratio for respe
tively the 2p3/25d5/2, 2p3/25d3/2, 2p1/25d5/2, and 2p1/25d3/2
transitions are not exactly correct. The atomic ratio
9:1:0:5, but if one includes crystal field and/or band struct
effects, the 2p1/25d5/2 transition obtains a finite intensity, th
reason being that the 5d5/2-label changes its character from
pure 5d5/2 state to a nonpure state labeled 5d5/2. Because the
2p and 3d branching rules must always be equal to resp
tively 2:1 and 3:2, the correct ratio for Pt metal is found to
8.6:1.4:0.4:4.6. This is important if one assigns the differen
between the 2p1/2 and 2p3/2 spectra to the difference betwee
5d3/2 and 5d5/2 states.
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