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We exploited complementary synchrotron radiation spectroscopies to study the Yb 4f electronic configura-
tion in three representative intermediate-valence materials: YbAl3, YbInCu4, and YbCu2Si2. High-resolution
x-ray absorption �PFY-XAS�, resonant inelastic x-ray scattering �RIXS�, and hard-x-ray photoemission �HAX-
PES� data all show characteristic temperature-dependent changes of the Yb valence. For each material, the
increments measured from low �20 K� to high �300 K� temperature by the different probes are quite similar.
The estimated RIXS and XAS valences are consistently higher than the HAXPES values. We briefly discuss
the possible origin of this discrepancy.
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I. INTRODUCTION

High-energy spectroscopies such as photoemission �PES�
or x-ray absorption �XAS� provide unique insight into the
dynamics of the 4f electrons in intermediate valence com-
pounds �IVC�, like many Ce or Yb intermetallics.1–3 The
fractional occupancy nf of these states reflects their hybrid-
ization with extended conduction-band electrons, which is at
the origin of the “Kondo” phenomena in these materials. The
Anderson impurity model �AIM�, which embodies the mini-
mal theoretical description of this phenomenon, predicts for
nf a simple dependence on hybridization and temperature,4

via the single parameter �T /TK�. TK is the material-dependent
Kondo temperature, which grows exponentially with the
4f-band hybridization, and sets the low-energy scale of the
problem. It is generally assumed that these generic features
of the AIM survive in the more elaborate and applicable
theoretical lattice schemes.5

Some aspects of the predicted T /TK dependence have
been confirmed qualitatively by conventional XAS �Refs.
6–8� and core-level PES,9 and even quantitatively by more
elaborate photon-in–photon-out experiments.10 Such spectro-
scopic “Kondo scaling” should be especially evident in
valence-band PES data, since the intensity of the Kondo
resonance �KR�, the characteristic many-body feature strad-
dling the Fermi level,4,11 directly reflects the configuration
mixing in the ground state. PES data, on the contrary, have
been controversial, with results from cleaved single
crystals12,13 failing to exhibit the T /TK dependence generally
observed in polycrystalline samples.2,3,14–16 The issue is con-
fused by the short probing depth �5–10 Å� of low-energy
PES, and by the tendency of the Yb �Ce� ions to adopt a
surface electronic configuration different from that of the
bulk. Soft-17–21 and hard-x-ray PES �HAXPES� �Refs. 20 and
22� experiments with enhanced bulk sensitivity generally

support a Kondo scenario interpretation.
The purpose of the present paper is to compare HAXPES

with two novel and intrinsically bulk-sensitive photon-in–
photon-out spectroscopies: “high-resolution” XAS and reso-
nant inelastic x-ray spectroscopy �RIXS�.23 This issue has
already been addressed in the literature, e.g., in Ref. 21.
Here, we set out to collect a broad and consistent data set,
using a state-of-the-art synchrotron apparatus combining
both capabilities. We present results on three representative
Yb IVC’s: YbAl3, YbInCu4, and YbCu2Si2. All these sys-
tems have been extensively studied by PES and XAS, and
therefore represent an excellent benchmark for our compari-
son of spectroscopic probes. YbCu2Si2 and YbAl3 are typical
Kondo systems, with Kondo temperatures TK�40–60 K
and, respectively, TK�400 K.12,14 YbInCu4 exhibits at TV

=42 K an isostructural first-order transition that affects the
electronic and magnetic properties. The valence suddenly in-
creases from 2.83 to 2.96 for T�TV, while the Kondo tem-
perature drops from TK�400 K �T�TV� to TK�20 K
�T�TV�.24,25

We show that the different spectroscopies agree on two
major points. First, they all indicate an increase of the Yb
valence �at 20 K� from YbAl3 to YbCu2Si2, in agreement
with the known properties of the three compounds. Secondly,
they reveal the expected increase of the Yb valence with
temperature. The valence values extracted from the XAS/
RIXS data are closer to the estimates from nonspectroscopic
measurements. HAXPES provides a more direct view of the
Yb 4f states, but remains more sensitive to the sample prepa-
ration procedure. In our experiment, the perturbation pro-
duced by scraping the surface may well have extended over a
thickness comparable to—and possibly larger than—the
probing depth of HAXPES ��60 Å�. We conclude that XAS/
RIXS is the more consistent probe of the bulk Yb electronic
configuration.
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II. EXPERIMENTAL

We have used flux-grown single crystals characterized by
x-ray diffraction and magnetic susceptibility measurements.
All measurements were performed at the undulator beamline
ID16 of the ESRF �Grenoble� equipped with a Si�111�
double-crystal monochromator. Both photon-in–photon-out
�XAS, RIXS� and HAXPES experiments can be performed
at this beamline. For XAS and RIXS experiments, freshly
scraped samples were mounted on a He cryostat and mea-
sured in high �10−8 mbar� vacuum. We used a Rowland
circle spectrometer based on a spherically bent Si�620� crys-
tal, and a Si avalanche photodiode detector. The total energy
resolution was �1.5 eV. For HAXPES, the beamline was
equipped with a Si�333� channel-cut post-monochromator
working in near backscattering condition at h�=5935 eV.
The samples were scraped by a diamond file at 10−9 mbar,
and measured by the VOLPE electron spectrometer.26 The
combined �photons+electrons� energy resolution now attain-
able by this instrument is �E�70 meV, but for the present
experiment we used a lower-resolution �E�0.25 eV in a
trade-off for intensity.

III. RESULTS AND DISCUSSION

“High-resolution” partial fluorescence yield x-ray absorp-
tion �PFY-XAS� is an evolution of XAS that exploits the
enhanced flux and brilliance of modern synchrotrons. In a
conventional “total yield” XAS experiment, the secondary
electrons �electron yield� or photons �fluorescence yield�
emitted after the absorption of x rays are collected with no
further energy analysis. Their intensity, measured as a func-
tion of the incident photon energy, is proportional to the
absorption coefficient. XAS, namely in the fluorescence
mode, is truly bulk-sensitive, with a probing depth in the �m
range for core-level binding energies of several keV’s. Its
main drawback is the large spectral broadening associated
with the short lifetime of the deep core hole in its final state.
For the Yb 2p3/2 �L3� edge, the lifetime broadening is �E
�5.3 eV.27

In PFY-XAS experiments, only the intensity of a specific
fluorescence channel is measured. They are technically more
complex, in that they require an energy analysis of the sec-
ondary photon beam. In our Yb L3 PFY-XAS experiment, we
measured, as a function of the incident photon energy h�in,
the intensity of the L�1 �3d→2p� fluorescence �h�0

=7415 eV� emitted after the creation of a Yb 2p hole:
2p64fN→2p54fN	d→2p63d94fN. The probing depth of Yb
L3 PFY-XAS is similar to that of standard XAS, but the
selection of a specific final state brings an important advan-
tage. In fact, the intrinsic spectral linewidth is set by the
shallower 3d hole ��E�0.6 eV�, rather than by the deep 2p
hole. Even if a careful theoretical analysis shows that the
PFY-XAS spectrum is not strictly identical to XAS with a
reduced linewidth, PFY-XAS is of great value, because it
gives access to finer spectral details.23,28,29 Unlike PFY-XAS,
RIXS experiments record, for each value of h�in, the whole
energy distribution of the photons emitted after the x-ray
absorption. RIXS is therefore closely related to PFY-XAS,

but potentially much richer in information if the whole
�h�in ,h�out� parameter space is explored.23 The energy trans-
fer ET= �h�in−h�out� is the energy transferred from the scat-
tered photon to the solid, i.e., the energy difference between
the excited final state and the ground state. In the following,
RIXS data are plotted as the function of the relative energy
transfer ET-E0, where E0=1526 eV is the Yb 3d5/2 threshold.

The PFY-XAS and RIXS results for the three IVC’s and
for the divalent reference compound Yb14MnSb11 are sum-
marized in Fig. 1. In Yb IVC’s, the L3 �PFY-�XAS spectrum
is a superposition of absorption spectra from the Yb2+ and
Yb3+ components of the hybrid ground state. In our analysis,
the intensity of each contribution is assumed to be propor-
tional to the weight of the corresponding initial-state
configuration.8 The spectra of Fig. 1�a� exhibit prominent
Yb3+ features at 8948 eV and smaller Yb2+ signals at �7 eV
lower energy. Spectral weight is transferred from the 2+ to
the 3+ component at the higher temperature in all the IVC
systems, following the increase of the Yb valence predicted
by a Kondo scenario.4,10

The RIXS spectra similarly exhibit Yb2+ and Yb3+ com-
ponents, which can be selectively enhanced by an appropri-
ate choice of the incident photon energy. The spectra of Fig.
1�b� correspond to the incident energy �h�=8941 eV� where
the Yb2+ XAS and RIXS signals are largest. This is a favor-
able condition because small valence changes have a larger
effect on the minority Yb2+ weight, which is proportional to
�1-nh�, where nh is the number of 4f holes. For instance, for
a �v=0.1 valence change between v=2.9 �nh=0.9� and v
=2.8 �nh=0.8�, which are typical values for Yb Kondo sys-
tems, the Yb2+ intensity doubles, but the Yb3+ signal only
changes by 11%.

FIG. 1. �Color online� �a� PFY-XAS spectra of three IV com-
pounds and of divalent Yb14MnSb11 at 20 and 300 K. �b� RIXS
spectra measured between 20 and 300 K, at h�in=8.941 keV, the
maximum of the Yb2+ resonance profile.
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The practical—if not fundamental—advantage offered by
RIXS in this context is well illustrated by Fig. 2, which
compares the full PFY-XAS and RIXS temperature depen-
dence for YbCu2Si2. In both cases, the spectra were normal-
ized for convenience to the maximum of their respective
Yb3+ signal. The weak preedge feature at �−4 eV in PFY-
XAS reflects a quadrupole-allowed �E2� 2p64f13→2p54f14

transition from the Yb3+ part of the ground state. The
temperature-dependent changes in the two sets of data are
qualitatively similar, but are clearly more visible in the RIXS
spectra due to the selective amplification of the Yb2+ signal.
Moreover, as shown by a direct comparison of Figs. 1�a� and
1�b�, the RIXS line shape is simpler. It lacks the steplike
background components—one for each valence state—that
need to be phenomenologically introduced in the treatment
of the XAS spectra.8 With fewer free parameters, the quan-
titative analysis of the RIXS curves is more straightforward.
Figure 3 illustrates a typical line-shape analysis, for the 20 K
RIXS spectrum of YbCu2Si2, performed with distinct Yb2+

and Yb3+ spectral components. The former is a replica of the

RIXS spectrum of the divalent reference compound
Yb14MnSb11 of Fig. 1. The latter is the RIXS spectrum of
YbCu2Si2, measured at the maximum of the 3+ resonance,
i.e., for an incident energy 7 eV above the 2+ resonance. The
fit, performed leaving the intensities and energy separation of
the Yb2+ and Yb3+ components unconstrained, has a very
small residue around −4 eV, in correspondence with the ex-
pected E2 transition. A refined three-component fit �solid
line, in color� reproduces very well the experimental data.

Changes in the Yb2+ RIXS intensity reflect corresponding
relative changes of the Yb2+ weight in the initial state.
Knowledge of the Yb valence at one temperature, e.g., at
300 K, is required for a complete determination of the va-
lence v�T�. This information can be extracted from the XAS
spectrum, as in Ref. 8. It can also be obtained using only
RIXS data, by comparing the intensities of the Yb2+ and
Yb3+ signals at the maxima of their respective resonance
profiles, as discussed in Ref. 29. The corresponding values
are reported in Fig. 4. For YbAl3 and YbInCu4, we also
performed continuous measurements of the Yb2+ RIXS
intensity while changing the temperature at a rate of
�1 K/min. v�T� follows a smooth “Kondo” dependence in
YbAl3, and the overall valence increase is �v=0.05. In
YbInCu4, the Yb valence exhibits a jump at TV=42 K, and
no further evolution above TV, as expected from TK�20 K
in the high-temperature phase. v�T� does not saturate to the

FIG. 2. �Color online� �a� Temperature-dependent RIXS spectra
of YbCu2Si2 from Fig. 1, and �b� the corresponding PFY-XAS spec-
tra. The arrow marks the quadrupole �E2� 2p→4f transition. In
both cases, all spectra were normalized to the maximum of the Yb3+

signal.

FIG. 3. �Color online� A fit �solid line, color� of the 20 K RIXS
spectrum of YbCu2Si2 obtained as the sum of Yb2+, Yb3+, and E2
components, as described in the text.

FIG. 4. �Color online� Summary of the valence values deter-
mined by the various spectroscopies. The solid lines refer to con-
tinuous temperature-dependent RIXS measurements.
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low-T value immediately below TV, in contrast to the elec-
trical resistivity or the magnetic susceptibility.25 The further
low-T evolution suggests a distribution of TV’s, possibly as-
sociated with disorder induced by scraping, and extending
over a distance comparable with the probing depth of RIXS.
This is much larger than the thickness of a proposed per-
turbed region under a cleaved surface, as estimated by
PES.21 We speculate that the large mechanical energy dissi-
pated during the scraping process may induce a large density
of structural defects throughout a thick subsurface region.
Whereas this is almost certainly a general result of scraping,
the effect is especially noticeable in the case of YbInCu4
because of the influence of defects on the first-order elec-
tronic phase transition. Nonetheless, the RIXS data of Fig. 4
are clear spectroscopic evidence of a first-order-like transi-
tion at TV.

The valence-band �VB� HAXPES results are shown in
Fig. 5, after the usual subtraction of inelastic Shirley back-
grounds. They exhibit the typical features of Yb IVC’s: the
spin-orbit-split Yb2+ KR near EF and a Yb3+ multiplet at
5–12 eV. Peaks at �4 eV in YbInCu4 and YbCu2Si2 are
from Cu 3d states. At this photon energy �h�=5935 eV�, the
contribution from the topmost surface layer is small
��5% �,30 and the spectra are free from the broad surface
signal typical of low-energy PES. The Yb3+ intensity in

YbInCu4 is somewhat smaller than in published HAXPES
data from a fractured sample.22 The �Yb2+/Yb3+� intensity
ratio at 300 K is largest for YbAl3 and smallest for YbInCu4.
In all compounds, the intensity of the divalent doublet de-
creases at high temperature, with a corresponding growth of
the Yb3+ multiplet. Notice that the simple thermal broaden-
ing of the Fermi edge would not affect the integrated inten-
sity of a band feature. The VB HAXPES results are therefore
qualitatively consistent with the RIXS data of Fig. 1, and
with a Kondo scenario.

The Yb valence can be estimated from the Yb2+ and Yb3+

VB PES intensities as v=2+14I�3+� / �14I�3+�+13I�2+��, after
separating the 4f spectrum from overlapping non-4f contri-
butions. This operation can be performed in the most reliable
way when isostructural La or Lu substitutes of the Yb com-
pound are available and can be measured in the same condi-
tions. In our experiment, we could measure HAXPES data of
LuInCu4, a sister compound of YbInCu4. The VB spectrum
of LuInCu4, shown in Fig. 6�b�, exhibits a clearly identified
nearly-atomic-like Lu 4f doublet at around �8 eV, which
can easily be removed to obtain the dashed line in Fig. 6�b�.
This spectrum, also reproduced in Fig. 5, represents the non-
4f background to the YbInCu4 valence band. Subtraction of
this background �and of the inelastic Shirley background�
from the 20 K data yields the 4f spectrum of Fig. 6�c�. After
an integration over separate 2+ and 3+ energy windows, one
obtains v�20 K�= �2.65±0.03�. A similar analysis yields
v�300 K�= �2.77±0.03�. By comparison, subtracting only a
sloping background from the 3+ region of the raw spectra of
Fig. 5, a procedure that certainly overestimates the Yb2+ sig-
nal, one would obtain v0�20 K�=2.50.

FIG. 5. �Color online� HAXPES �h�=5935 eV� valence-band
spectra measured at 20 K �thin solid lines� and 300 K �thick �red�
solid lines�. The dashed line is the spectrum of LuInCu4, after sub-
traction of the atomiclike Lu 4f doublet. The dotted lines are phe-
nomenological non-4f backgrounds �see text�.

FIG. 6. �a� VB HAXPES spectrum of YbInCu4

�20 K, raw data, empty symbols�, and the calculated inelastic back-
ground �solid line�. �b� VB HAXPES spectrum of LuInCu4 �solid
symbols, after removal of the inelastic background�. The dashed
line, obtained by removing the sharp Lu 4f doublet, represents the
contribution from non-4f states. The non-4f and inelastic back-
grounds are subtracted from the YbInCu4 spectrum, to obtain the
experimental 4f signal shown in �c�.
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For YbAl3 and YbCu2Si2, the corresponding Lu com-
pounds could not be measured. Subtracting the 3+ sloping
background and integrating over the Yb2+ and Yb3+ energy
windows yields v0�20 K�=2.47 for YbAl3 and v0�20 K�
=2.63 for YbCu2Si2. To refine these estimates, we used in-
formation from published soft-x-ray VB spectra.12 At
�100 eV, the intensity ratio between the divalent 4f and the
underlying non-4f emission is �6 for YbInCu4 and �15 for
both YbAl3 and YbCu2Si2. Assuming, as a first approxima-
tion, similar photon energy dependences for the 4f / �non
-4f� intensity ratio as in YbInCu4, and knowing that the non-
4f background leads to a �v=0.15 correction for YbInCu4,
we get from simple algebra �v�0.06 for both YbAl3 and
YbCu2Si2. The corrected values are reported in Fig. 4. Sub-
tracting phenomenological backgrounds from the spectra
�dotted lines in Fig. 5� would yield compatible results within
the error bars. The estimated relative uncertainty of our
analysis on the number of 4f holes �nh / �1−nh� is at the 10%
level, which we consider acceptable, since our goal is to
compare the different probes, rather than to determine the Yb
valence with high accuracy.

The 3d core levels are traditional spectroscopic indicators
of the electronic configuration in 4f materials. Their atomi-
clike 3d lines are well suited to a quantitative analysis, often
better than shallower—e.g., 4d—core levels, which suffer
from broader overlapping line shapes. In Yb, the 3d levels
are too deep for standard Al K� sources, but can easily be

reached by HAXPES. In the 3d spectra of Fig. 7, the j
=3/2 and 5/2 spin-orbit-split manifolds are separated by
�50 eV, and further split into a sharp peak corresponding to
the 3d94f14 �Yb2+� final state and a 3d94f13 �Yb3+� multiplet.
Broad plasmon features are observed at �−25 eV, with dif-
ferent intensity in the three compounds, as already noticed in
Ref. 22. The case of YbAl3 �dotted line� is peculiar in that
several structures are clearly visible besides the Yb 3d fea-
tures. The very intense and strong peak at −40 eV is the Al
1s line. All other extra features represent plasmon replicas,
which are especially strong in this material. They are all
shifted by the same energy �E�15.2 eV from the main
spectral lines, as indicated by horizontal arrows in the figure.
The extrinsic nature of these features is demonstrated by sub-
tracting from the raw data a shifted and reduced replica of
the same line shape. The resulting difference spectrum, also
shown in Fig. 7 �solid line�, is in fact essentially free from
the plasmon satellites.

For all three compounds, we have determined the Yb va-
lence by integrating the intensity of the j=5/2 manifold
within separate 2+ and 3+ energy windows. The analysis is
outlined in Fig. 8 for the case of YbCu2Si2. A Shirley back-
ground �dashed line� is first subtracted from the raw spec-
trum �solid symbols�. The difference spectrum �empty sym-
bols� is then decomposed into Yb2+ and Yb3+ components.
For the former, we used a Voigt line shape with an energy
width �full width at half-maximum �FWHM�� �E=1.45 eV.
The line shape of the complex Yb3+ multiplet was phenom-
enologically reproduced by the sum of four Voigt functions.
Finally, we used a Gaussian line shape of width �E=15 eV
�FWHM� to describe the broad plasmon feature. The quality
of the fits, illustrated by the example of Fig. 8, was quite
satisfactory.

When the experimental results from the various spec-
troscopies, summarized in Fig. 4, are compared, the RIXS

FIG. 7. �Color online� Low-temperature spectra of the Yb 3d
core levels. Each spin-orbit manifold is split into 2+ and 3+ com-
ponents. For the YbAl3 spectrum, horizontal arrows identify strong
plasmon satellites, shifted by �E*�15.2 eV from the main spectral
features. The difference spectrum shown as a solid line is obtained
subtracting from the raw spectrum �dots� a scaled replica of the
same line shape, shifted by �E*.

FIG. 8. �Color online� The Yb 3d5/2 difference spectrum of
YbCu2Si2 obtained by subtraction of a Shirley background �dashed
line� from the raw data �solid symbols� is further decomposed into
Yb2+ and Yb3+ components, plus a broad plasmon peak �P�, as
described in the text.
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valence is always largest, and consistent with previous XAS
data �Table I�. The agreement with thermodynamic and mag-
netic measurements is rather good even if the 300 K value
for YbCu2Si2 is still lower than the high-temperature limit
expected for a TK=40 K material, as already pointed out in
Ref. 8, where the possible influence of a crystal-field effect
was evoked. Our estimates agree with that reference. The
observation of temperature-driven valence changes in two
materials with rather different characteristic energy scales
like YbAl3 and YbCu2Si2 is actually consistent with a Kondo
scenario. For YbAl3, the experiment explored a temperature
range from T�TK to T
TK, while for YbCu2Si2 the tem-
perature varied from T�TK to T�TK. In both cases, one
expects to observe a sizeable part of the total temperature
dependence.4 As to photoemission, there is a considerable
scattering in the literature �Table I�, with low-energy PES
results generally showing lower valences than soft- and hard-
x-ray PES. Our core-level results are consistent with the lat-
ter, and smaller by 0.05 to 0.1 than the RIXS values. We can
compare our findings with the results of a previous 3d core-
level HAXPES study, performed on scraped surfaces of Ce
IVC’s.31 There, it was found that the spectra evolved toward
an almost bulk-sensitive mode when the photon energy was
increased from 1 to 3.8 keV. At the higher energy, the esti-
mated correction on the calculated valence due to the finite
probing depth was 17%. The discrepancy found here with
respect to the bulk-sensitive probes is similar, or even
slightly larger. The increased bulk sensitivity at the larger
photon energy is apparently more than compensated by a
broader perturbed region in Yb materials. The HAXPES data
points of Fig. 4 are too sparse to confirm the sharp jump in
YbInCu4, suggested elsewhere.21,22 At present, the low signal
forbids a continuous T-dependent HAXPES measurement.

The VB spectra yield consistently lower values than the
3d core data, suggesting that the 4f spectrum is especially
sensitive to surface disorder, as also implied by many low-
energy PES data. In YbAl3, this difference may also point to
an inadequate background removal procedure. This problem
is especially delicate in HAXPES. For instance, the ratio of
the Yb�4f� and Al�3s� atomic cross section decreases by one
order of magnitude between 1000 and 6000 eV.32 A compari-
son with Lu or La sister compounds would therefore be de-
sirable. The difference is smaller for YbCu2Si2 and YbInCu4.

In the latter, the valence transition is smeared over 50 K,
which again suggests the possible shortcomings of scraping
the surface, even at the large photon energies and with the
increased probing depth of HAXPES. Remarkably, the mea-
sured relative valence changes are quite similar for all tech-
niques. This suggests further systematic studies on cleaved
samples and at still higher photon energies. From the thoreti-
cal side, first-principles calculations of the PES and XAS
spectra, including dynamical effects,35 would reduce the un-
certainties of the present analysis. They could reveal possible
systematic differences between the two spectroscopic probes,
namely the influence of the different final states on the esti-
mated valence. More generally, reliable calculations of the
PES and XAS/RIXS spectral functions for lattice models are
also needed to clarify the discrepancies with the AIM pointed
out, e.g., in Refs. 12 and 20, and to quantify the importance
of coherence effects.

IV. CONCLUSIONS

We have presented a comparison of photon-in–photon-out
and high-energy PES results in three representative IVC’s.
The data generally display a temperature and TK dependence
consistent with a Kondo scenario, and quite similar values
for the relative valence changes. They also show quantitative
differences. HAXPES is much more bulk-sensitive than stan-
dard PES, and provides a unique and direct view of the 4f
many-body spectral features. However we find that, even at
photon energies as high as �6 keV, the results are probably
influenced by near-surface disorder. The hope of relaxing the
severe constraints imposed on photoemission by the need for
cleaved single-crystal surfaces is not yet fulfilled, at least for
the very testing case of Yb Kondo systems. On the other
hand, RIXS and high-resolution PFY-XAS yields 4f occu-
pancies that are quite consistent with thermodynamic results,
and therefore appear as very attractive probes of the elec-
tronic structure of intermediate valence materials.
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TABLE I. Estimated Yb valence from high-energy spectroscopies.

YbAl3 YbInCu4 YbCu2Si2

PES �h��120 eV� 2.63a 2.57�20 K�–2.86�300 K�b 2.63a

PES �h�500 eV� 2.77 �10 K�c; 2.65 �20 K�d 2.67�20 K�–2.83�300 K�e,b

2.60�20 K�–2.72�70 K�f

Core-level HAXPES 2.71�180 K�d 2.74�10 K�–2.90�220 K�g

XAS 2.78�20 K�–2.83�300 K�h 2.83�20 K�–2.96�300 K�i 2.82�20 K�–2.89�300 K�h

aReference 12.
bReference 21.
cReference 14.

dReference 20.
eReference 19.
fReference 33.

gReference 22.
hReference 8.
iReference 34.
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