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Here we report on our study to quantitatively describe the intensities of the valence band hard x-ray
photoemission spectra (HAXPES) of a rare earth element containing 3d transition metal oxides. Using LaCoO3

as a representative model compound, we compared the experimental data to the results of ab initio one-step
photoemission band structure calculations as well as to the sum of the partial density of states of the atomic
constituents weighted by their tabulated photoionization cross sections. We discovered that the semicore La 5p
density of states surprisingly contributes in a significant manner to the valence band spectrum: Although the
La 5p partial density of states in the valence band region is negligible compared to that of the O 2p or the Co
3d , the La 5p cross section in the hard x-ray range is found to be orders of magnitude larger than that of the
other subshells. This explains the long-standing issue of why the hard x-ray valence band spectra of a rare-earth
element containing materials have line shapes that are very different from those taken at lower photon energies
and why they cannot be described in terms of partial density of states of the subshells usually considered for the
lower photon energy spectra. We infer that the contribution of the rare-earth 5p must be taken into account and
cannot be ignored.

DOI: 10.1103/PhysRevB.99.165101

I. INTRODUCTION

Hard x-ray photoelectron spectroscopy (HAXPES) has
been recently established as a mature technique for investigat-
ing the bulk electronic structure of solids [1]. In addition to the
direct advantages coming from the high photon energies such
as the higher probing depth or the possibility of analyzing
deeper core levels, it has also proved to have further benefits
with respect to its lower energy counterparts, such as an
increased sensitivity to s and p orbitals or the photoelectron
angular distribution when using linear polarized light. These
characteristics allowed the identification of the character of
the orbitals contributing to the valence band in a very wide
range of materials [2–12].

Nonetheless, it is somewhat surprising that the number
of valence band HAXPES studies on especially rare earth
(e.g., La) containing 3d transition metal oxides is so far
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rather limited, despite the fact that there is a strong need for
bulk sensitive valence band spectra of this important class
of materials which show spectacular quantum phenomena
such as high Tc superconductivity, colossal magnetoresis-
tance, metal-insulator and spin-state transitions [13,14]. Part
of the problem is related to the very small photoionization
cross sections of the transition metal 3d electrons for hard
x rays [15–18]. Here we would like to argue, however, that
also a quantitative interpretation of the spectra is actually
very challenging. This is not only because of the presence
of strong electron correlations but also because the spectra
cannot be interpreted in terms of a weighted sum of the
transition metal 3d , oxygen 2p, and/or rare-earth 4 f spectral
weights as usually performed for valence band spectra taken
with ultraviolet or soft x-ray photon energies.

To demonstrate our point, we have carried out a quanti-
tative investigation on the HAXPES valence band spectrum
of LaCoO3 as a representative for the class of rare earth
containing 3d transition metal oxides. LaCoO3 is a nonmag-
netic insulator at low temperatures, with the Co3+ 3d6 ion in
the octahedral oxygen coordination having the low spin t6

2g
configuration [19–25]. Despite the presence of strong elec-
tronic correlations, nonmagnetic LaCoO3 with a completely
filled t2g and empty eg can effectively be considered as a
band insulator, for which ab initio band structure calculations
can be expected to provide a reasonable description of its
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electronic structure. This is important since we will make
use of one-step photoemission calculations [1,26–28] based
on such band structure results to explain the valence band
HAXPES spectrum and to study whether the sum of the partial
density of states of the atomic constituents weighted by their
tabulated photoionization cross sections can reproduce the
experiment.

II. METHODS

The HAXPES experiments have been carried out at the
Max-Planck-NSRRC end station at the Taiwan undulator
beamline BL12XU at SPring-8, Japan. The photon beam
was linearly polarized with the electrical field vector in the
plane of the storage ring (i.e., horizontal) and the photon
energy was set at about 6.5 keV. The experimental setup
has two MB Scientific A-1 HE analyzers, see Fig. 1. In
the so-called parallel geometry, we used the analyzer which
was mounted horizontally and parallel to the photon beam’s
electrical field vector (θ = 0◦, where θ is the angle between
the electrical field and the momentum of the photoelectron). In
the perpendicular geometry, we used the analyzer which was
mounted vertically and perpendicular to the electrical field
vector (θ = 90◦) and the Poynting vector of the beam. With
this setup we can perform polarization dependent experiments
with the full light polarization provided by the undulator beam
line, without the loss of intensity that otherwise would occur
when using phase retarders. The overall energy resolution was
set at 0.27 eV. The measurements were performed at 80 K.

Soft x-ray photoelectron spectroscopy (SXPS) was also
performed. This was carried out at the ID8 beamline of the
ESRF equipped with a Scienta SES-2002 electron energy
analyzer. The analyzer is mounted in the horizontal plane at
a 60◦ angle relative to the incident light. The photon energy
was set at 700 eV and the light polarization was linear in the
horizontal plane. The overall energy resolution was 0.2 eV.
The measurement temperature was 65 K.

Single crystals of 0.2% and 1% Sr doped LaCoO3 have
been grown by the traveling floating-zone method in an image
furnace. The 0.2% Sr sample was used for the SXPS and the
1% for HAXPES in order to avoid charging problems that
may otherwise occur associated with the insulating character
of LaCoO3 at low temperatures. Magnetic susceptibility mea-
surements were performed with a Quantum Design’s MPMS
3, verifying that the curves reproduce data reported earlier
[29,30]. The single crystals were cleaved in situ in the ultra-
high vacuum experimental setups in order to obtain a clean
surface.

The ab initio calculations presented in this work were
performed using the SPR-KKR package [28]. The package
is a Green’s function formalism based code relying on the
multiple scattering theory using the Korringa-Kohn-Rostoker
method. The SPR-KKR is founded on the fully relativistic
Dirac equation, thus implying inclusion of all relativistic
effects. The ground state properties of LaCoO3 were derived
from density functional theory (DFT) calculations carried out
within the local density approximation (LDA). The theoret-
ical photoemission spectra were obtained using the one-step
model of photoemission as included in the SPR-KKR pack-
age [26,27]. The angle-integrated photoemission spectroscopy

FIG. 1. Experimental geometry of the HAXPES experiment. Top
panel: In the perpendicular geometry, the outgoing photoelectrons
detected by the vertically mounted analyzer have their momentum
perpendicular to the electrical field of the photon beam. Bottom
panel: In the horizontal geometry, the photoelectrons detected by
the horizontally mounted analyzer have their momentum parallel to
the electrical field of the photon beam. The electrical field is always
horizontal, in the plane of the synchrotron storage ring.

(AIPES) results from an integration of the initial state over
the Brillouin zone. The kinematics, e.g., k dependence of
the final state is still taken into account [27]. This way the
multiple scattering effects of the final state (e.g., photoelectron
diffraction related intensity variations), which are discussed in
Sec. III on the atomic cross sections, are considered. AIPES
calculations are then performed in a certain angular window,
which corresponds to the geometry and slit of the detector, and
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FIG. 2. Top panel: Valence band HAXPES spectra (hν =
6.5 keV) of the 1% Sr doped LaCoO3 taken in the parallel (θ =
0◦) and vertical (θ = 90◦) geometries. Bottom panel: Valence band
SXPS spectrum (hν = 700 eV) of 0.2% Sr doped LaCoO3.

consequently the k dependence of the final state is integrated
out. It is also important to notice that all photoemission cal-
culations have been performed for the experimental geometry
shown in Fig. 1 using the dipole approximation. This guaran-
tees that all dichroic effects due to the relative arrangement of
the light polarization and the detector are taken into account.
The photon energy used for all presented AIPES spectra was
6.5 keV.

III. EXPERIMENTAL RESULTS

The top panel of Fig. 2 shows the HAXPES valence band
spectra taken with the parallel (blue line) and perpendicular
(red dots) geometries. The intensities of the parallel vs perpen-
dicular spectra were normalized by their integrated intensity.
For comparison, we plot in the bottom panel of Fig. 2 the
SXPS spectrum. In the spectra, four main features can be
observed, labeled as A, B, C (1 and 2), and D. In the literature,
based mostly on spectra using ultraviolet or soft x-ray light
(hν � 1.5 keV), the peak closest to the zero binding energy,
A, is usually attributed mostly to the Co 3d , while the features
B, C, and D are assigned more to the oxygen 2p [31]. One
of the main differences between the HAXPES and SXPS
spectra is that in HAXPES peak A is much smaller than the
features B and C while in the SXPS the situation is completely
opposite. This is unexpected if one considers the photon
energy dependence of the photoionization cross section of the
Co 3d versus that of the O 2p. According to the tabulated
values in the literature [15–18], the ratio of the Co 3d to O
2p cross sections is about 7.5 at 6.5 keV and about 7.2 at
700 eV, see Table I. Thus the ratio between peak A vs features
B and C should not change much when comparing HAX-
PES with SXPS. The experiment, however, is very different
and this discrepancy clearly requires explanation. Also the

TABLE I. Subshell photoionization cross section (σ ) at 6.5 keV
and 700 eV deduced from Refs. [16–18]. σ is divided by the number
of electrons in the subshell. β denotes the dipole parameter of the
angular distribution. The cross sections for parallel and perpendicular
geometries are obtained by σ [1 + β(1/4 + 3/4 cos(2θ ))], with θ =
0◦ and θ = 90◦, respectively.

hν = 6.5 keV hν = 700 eV

Atomic σ/e− Parallel Perp. σ/e−

subshell (10−3 kb) β (10−3 kb) (10−3 kb) (kb)

La 5p1/2 109 1.48 270 28.3 5.59
La 5p3/2 96 1.56 246 21.1 6.12
La 6s1/2 9.75 1.99 29.1 0.06 0.74
La 5d3/2 8.33 0.95 16.3 4.36 4.01
Co 4s1/2 21.0 1.98 62.6 0.18 1.79
Co 3d3/2 1.53 0.34 2.06 1.27 10.5
Co 3d5/2 1.47 0.36 2.00 1.21 10.3
O 2p1/2 0.20 0.09 0.22 0.19 1.43
O 2p3/2 0.20 0.10 0.22 0.19 1.42

polarization dependence in the HAXPES experiment is seem-
ingly inconsistent with the tabulated photoionization cross-
section values as we will show next. Table I lists these values
at hν = 6.5 keV as interpolated from the numbers in the
literature [16–18]. The values after including the effect of the
angular dependence at the parallel and perpendicular geome-
tries have been calculated by using the following equation
[16–18]:

dσ

d�
= σ

4π
[1 + βP2 cos θ + (γ cos2 θ + δ) sin θ cos ϕ)], (1)

where σ is the subshell photoionization cross section and P2

the second Legendre polynomial. ϕ is here the angle between
the photon momentum vector and the projection of the photo-
electron momentum vector on the plane perpendicular to the
electrical field vector and containing the photon momentum
vector. The first two summands in Eq. (1) represent a dipolar
approximation; the third summand includes nondipolar ef-
fects. We have for the parallel geometry, i.e., with the analyzer
along the electric field vector, θ = 0◦ (ϕ undefined) and for the
perpendicular geometry θ = 90◦ and ϕ = 90◦. The expression
Eq. (1) now simplifies to

dσ

d�
= σ

4π

[
1 + β

(
1

4
+ 3

4
cos 2θ

)]
. (2)

Comparing in Fig. 2(a) the spectra obtained using the
two geometries, we observe that the main differences are
the suppression of feature D and the increase of intensity
of peak A in the perpendicular geometry with respect to
the parallel one (the two spectra were normalized to their
integrated intensity). If we assume that part of feature D is
due to a Co 4s contribution, in analogy to the appearance
of the Ni 4s reported for HAXPES measurements on NiO
[7], the cross sections (see Table I) would indeed justify its
suppression: There is a decrease by two orders of magnitude
for the Co 4s cross section in going from the parallel to the
perpendicular geometry. Yet, if we assume that a large part of
features B and C is due to the O 2p and that peak A is given
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FIG. 3. Calculated density of states (DOS) of LaCoO3 and partial
density of states (PDOS) of the orbitals relevant to our study. The
contribution of the La s PDOS is not plotted since it is even much
smaller than the Co s.

by the Co 3d , then the cross sections (Table I) would predict a
decrease of peak A relative to features B and C in going from
parallel to perpendicular geometry. The experiment shows the
opposite trend. These observations lead us to conclude that the
HAXPES valence band spectra cannot be explained in terms
of Co 3d and O 2p spectral weights only.

IV. CALCULATIONS AND ANALYSIS

In order to identify the origin of the valence band features
observed in HAXPES, we carried out LDA calculations for
LaCoO3 in the nonmagnetic phase. The total density of states
(DOS) and the partial density of states (PDOS) are displayed
in Fig. 3. We can observe that peak A is mostly due to the Co
d and that features B-C1-C2-D are originating primarily from
the O p, consistent with earlier analyses in the literature [31].
For completeness, we also show in Fig. 3 the PDOS of the Co
s, the La p, and La d . They are tiny, but we will show below
that they are important for the interpretation of the HAXPES
signal. We have not plotted the contribution of the La s PDOS
since it is even much smaller than the Co s [32].

In order to compare the LDA calculations with our HAX-
PES and SXPS spectra, we scaled the PDOS by their re-
spective photoionization cross sections as shown in Table I.
We then multiplied them with the Fermi function, applied
a broadening using a Gaussian of 0.25 eV (HAXPES) or
0.2 eV (SXPS) full width at half maximum (FWHM) and
a Lorentzian of 0.1 eV FWHM, to account for experimen-
tal resolution and lifetime, respectively, and calculated their
sum. We also have carried out calculations with the one-
step method to directly simulate the HAXPES valence band
spectra.

In Fig. 4 we show the results for the SXPS spectrum. We
can observe that the sum of the PDOS weighted by the respec-
tive photoionization cross sections at 700 eV photon energy
reproduces quite well the overall experimental spectrum, in
particular that peak A is more intense than features B-C-D. We
identify the Co 3d and the O 2p as the major contributors to
the SXPS spectrum, thereby confirming the earlier assignment
in the literature [31]. For SXPS, we can safely neglect the
contribution of the Co 4s, La 5p, La 5d , and La 6s PDOS.

FIG. 4. Simulated valence band SXPS spectrum of LaCoO3 ob-
tained by multiplying the Co d , O p, Co s, La p, La s, and La d PDOS
from the LDA calculations by their respective photoionization cross
section at 700 eV photon energy, followed by their summation. The
contribution of the La s PDOS is not plotted since it is even much
smaller than the Co s.

Figure 5 displays the experimental HAXPES spectra to-
gether with the simulations for the HAXPES spectra using
the cross-section analysis and the one-step calculations. We
will start with the results for the parallel geometry, Fig. 5(a).
There we can observe a good agreement between the sum
of the PDOS weighted by the respective photoionization
cross sections at 6.5 keV photon energy (middle panel) and
the experimental spectrum (top panel). Unlike in SXPS, the
simulations show that peak A is not the strongest feature in
HAXPES spectrum, but rather features B-C1-C2. The reason
for this is the very large relative contribution of the La 5p. This
comes as a surprise since the weight of the La 5p PDOS is one
order of magnitude smaller in comparison to that of the Co
3d or O 2p as shown in Fig. 3. However, the photoionization
cross section of La 5p is about two orders larger than that of
the Co 3d or O 2p, see Table I. So in HAXPES we apparently
are most sensitive to the tiny La 5p PDOS that are mixed into
the valence band made of Co 3d and O 2p states.

Since the above mentioned analysis depends on small
numbers (La 5p PDOS) multiplied by large numbers (La
5p cross section), we need an independent verification for
which the one-step method comes into play. The bottom
panel of Fig. 5(a) shows the photoemission spectrum as
calculated by this one-step method from the LDA results for
LaCoO3. We can clearly observe that the agreement with the
experiment (top panel) is excellent. All spectral features are
well reproduced in terms of energy positions and intensities.
This supports the notion that indeed the La 5p PDOS is
contributing strongly to the HAXPES signal despite its very
small weight in the valence band. We would like to note that
the one-step calculation reproduces the intensity of peak D
much better than the cross-section analysis. At the moment we
can only speculate that the inaccuracies in the cross-section
analysis may originate from the fact that the assignments in
terms of the various orbital PDOS may not be unique and
rather depends on the wave-functions basis set used in the
band structure calculation and that the orbitals are thus also
different from the atomic ones used in the calculations for the
photoionization cross sections.

Next we will investigate the results for the perpendicular
geometry. We can observe from Fig. 5(b) that also here there is
a reasonable overall agreement between the sum of the PDOS
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FIG. 5. Experimental HAXPES valence band spectra (upper panels) compared with the simulated spectra obtained by multiplying the Co
d , O p, Co s, La p, La s, and La d PDOS from the LDA calculations by their respective photoionization cross section (middle panels) followed
by their summation and the results after using the one-step model on the LDA calculations (lower panels). Panels (a) and (b) show the results
corresponding to the parallel (θ = 0◦) and perpendicular (θ = 90◦) geometry, respectively. Panel (c) shows the results for the perpendicular
geometry after including the effective angular acceptance as described in the text and in Ref. [7]. For the one-step model results, the correction
was taken into account by numerically integrating spectra calculated at several angles.

weighted by the respective cross sections (middle panel) and
the experimental spectrum (top panel). The same observation
can also be made for the spectrum calculated using the one-
step model (bottom panel). In comparing the perpendicular
geometry with the parallel geometry, the lower intensity of
feature D in the experiment is reproduced by the simulations.
This confirms that the Co 4s indeed contributes to the intensity
of feature D in the parallel geometry but is practically for-
bidden in the perpendicular geometry, see Table I. The other
important change, namely the increase of the intensity of peak
A relative to that of features B-C1-C2 in going from parallel to
perpendicular geometry, is also reproduced in the simulations.
Table I shows the reason why: The La 5p has a considerably
higher β-asymmetry parameter value than the Co 3d , meaning
that the suppression of the signal in going from parallel to
perpendicular geometry is stronger for the La 5p (factor 10
reduction) than for the Co 3d (factor two reduction). The
fact that this lineshape change is highly visible in HAXPES
supports again the notion that the La 5p is indeed important
for the HAXPES signal.

A closer look at the simulations for the perpendicular
geometry reveals, however, that the calculated intensity ratio
of peak A vs features B-C-D is too large in comparison to
the experimental one. This is the case for both the cross-
section analysis and the one-step method calculations. The
problem is perhaps not so much that peak A is too large in

the simulations but rather that features B-C-D are too small.
The experiment apparently does not show the expected factor
of 10 reduction for the La 5p. A similar phenomenon has
been previously reported [7]: In studying NiO, it was noted
that the suppression of the O 1s core level and Ni 4s valence
band intensity in going from the parallel to perpendicular
geometry was very strong but not as complete as expected
on the basis of the β parameter being very close to 2. This
incomplete suppression was attributed to O 1s and valence
band photoelectrons quasielastically scattered while traveling
in the solid and yet arriving at the analyzer although they
had a different direction when they were created by the
photoelectric effect. It turned out that an effective angular
acceptance of the photoelectrons of about ±18◦ was able to
describe this phenomenon quantitatively [7].

We now will determine the numbers for our LaCoO3 case.
Figure 6 displays the HAXPES Co 2p and O 1s core level
spectra. The parallel vs perpendicular spectra are normalized
with respect to the Co 2p main peak intensity. Also here it
is clear that the suppression of the O 1s in the perpendicu-
lar geometry is not complete. The tabulated angular depen-
dence of the O 1s at hν = 6.5 keV [16–18] is plotted in
Fig. 7 and gives clearly zero intensity for the perpendicular
geometry.

To reproduce the experimentally observed finite intensity,
we have to assign an effective angular acceptance ±α of about
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FIG. 6. Co 2p and O 1s core level HAXPES spectra of the 1% Sr
doped LaCoO3 with θ = 0◦ (parallel) and θ = 90◦ (perpendicular).
The spectra has been normalized to the Co 2p core level peak
intensities.

±19◦ to account for the presence of quasielastic scattering
processes, i.e., we have to integrate the signal from θ = (90 −
α)◦ to θ = (90 + α)◦ (followed by a normalization of 2 ·α
with α in rad) as illustrated by the gray shaded angular fan
in Fig. 7. We note that this ±19◦ number is very similar as
in the NiO case [7]. We also would like to point out that the
consideration for quasielastic scattering effects is important
for the perpendicular geometry but much less so for the

FIG. 7. Polar plot of the cross section angular dependence of
the Co 3d , O 2p, Co 4s, La 5p, and O 1s orbitals at hν = 6.5 keV
interpolated from Refs. [16–18]. The shaded angular fans indicate
the effective angular acceptance as a result of quasielastic scattering
processes.

parallel geometry since the relative variation of the intensity
with angle is much larger in the perpendicular than in the
horizontal geometry, i.e., compare the intensity variation in
the gray shaded with that in the blue shaded angular fans in
Fig. 7.

We now apply this ±19◦ angular acceptance also for the
valence band simulation. The results are shown in the middle
panel of Fig. 5(c). For the one-step calculation, the correction
was achieved by calculating the spectra at θ ∈ {90◦, (90 ±
9.5)◦, (90 ± 19)◦} followed by an interpolative numerical
integration. The results are shown in the bottom panel of
Fig. 5(c). We can observe that we are now able to achieve
a very good quantitative agreement to the experimental data,
which proves that our approach is physically justified and thus
verifies our conclusions.

V. CONCLUSIONS

We have carried out a detailed HAXPES valence band
study on LaCoO3. We were able to disentangle the various or-
bital contributions to the spectra using a combination of band
structure calculations, photoionization cross-section analysis,
and the one-step photoemission method. We discovered that
the semicore La 5p contributes significantly to the HAXPES
valence band spectra. This is to be contrasted with valence
band spectra taken with soft x rays, where the Co 3d and O
2p spectral weights dominate. We also have shown how to
reduce the La 5p signal in HAXPES as to enhance relatively
the Co 3d by choosing the so-called perpendicular geome-
try. These results for LaCoO3 are representative for a wide
range of rare-earth containing 3d transition metal oxides: The
interpretation of their HAXPES valence band spectra must
consider the fact that the tiny contribution of the rare-earth 5p
to the valence band electronic structure is overcompensated
by the extremely large photoionization cross section. We
have further shown that the one-step photoemission method
provides an excellent description of the HAXPES valence
band spectra and their polarization dependence. Analysis on
the basis of photoionization cross sections yields also highly
satisfactory results, which is important since this requires
less computing efforts than the one step calculations and
is also applicable to evaluate strongly correlated systems
for which band structure calculations are generally not ad-
equate. Finally, we also show that an accurate quantitative
description of the polarization dependence in the HAXPES
spectra can be achieved if side-scattering effects are taken into
consideration.
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