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Identification of hidden orbital contributions in the La0.65Sr0.35MnO3 valence band
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Hybridization of electronic states and orbital symmetry in transition metal oxides are generally considered
key ingredients in the description of both their electronic and magnetic properties. In the prototypical case of
La0.65Sr0.35MnO3 (LSMO), a landmark system for spintronics applications, a description based solely on Mn 3d
and O 2p electronic states is reductive. We thus analyzed elemental and orbital distributions in the LSMO valence
band through a comparison between density functional theory calculations and experimental photoelectron
spectra in a photon energy range from soft to hard x rays. We reveal a number of hidden contributions, arising
specifically from La 5p, Mn 4s, and O 2s orbitals, considered negligible in previous analyses; our results
demonstrate that all these contributions are significant for a correct description of the valence band of LSMO
and of transition metal oxides in general.

DOI: 10.1103/PhysRevMaterials.5.104403

I. INTRODUCTION

Defining the electronic structure in the valence and con-
duction bands of a solid is often the key problem in order to
determine its electronic, structural, and, eventually, magnetic
properties. This task may be particularly challenging in the
case of compound materials, upon trying to clarify the role
of the different elements. In general, the elemental and orbital
contributions to the occupied valence states, i.e., the electronic
states with binding energy at or below the Fermi energy,
contain significant information on the underlying electronic
structure, the hybridization among the ions, and the type of
the chemical bonding [1]. Disentangling these contributions
is not always an easy task, although it might be the only way
to describe specific aspects of the macroscopic behavior of
the materials, such as the conduction electron character in Ag,
defined by the negligible presence of the correlated 4d orbital
states to the conduction electrons compared to the prominent
5d contribution in gold [2]; the energy position of the valence
band maxima in oxides compounds, determined by the orbital
character of the cation [3]; or the metallic nature of β-PbO2

determined by the energy position of Pb 6s electrons [4].
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The case of the perovskite La0.65Sr0.35MnO3 (LSMO) is
particularly relevant, because of the potential applications in
the field of spintronics based on its high spin polarization
and colossal magnetoresistance [5]. Hybridization, symmetry,
and occupation of the Mn 3d band are generally considered
the key ingredients to correctly describe the electronic and
magnetic properties of LSMO, along with the influence of
defects such as oxygen vacancies [6]. However, the actual
picture must be somewhat more complex, as witnessed, for
example, by the fact that the 100% spin polarization observed
at the Fermi level [7] did not find confirmation either from
theoretical calculations or from measurements of spin po-
larization performed with different techniques [8,9], hence
suggesting that a sole description of the LSMO valence states
in terms of Mn d character, hybridized with O p states, is
reductive. Distinguishing all the contributions in advance of
the usual focus on Mn and O terms is therefore significant
to unveil further details of the electronic structure for this
complex material.

In the present work we use photoelectron spectroscopy
at different photon energies, ranging from soft to hard x
rays, compared with theoretical calculations in order to un-
ravel the element and orbital contributions in the valence
band of LSMO thin films, disentangling those portions that
can be directly connected with the bulk electronic structure.
Photoelectron spectroscopy (PES), in connection with ab ini-
tio calculations, was successfully exploited to recognize the
LSMO valence band features, and to identify the role of
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nonstoichiometric effects such as oxygen vacancies on the
electronic structure [10,11]. The use of different photon en-
ergies in a large energy range takes advantage of the large
dependence of the photoionization cross sections for the dif-
ferent orbital states on the photon energy adopted for the
measurements. This approach enhances or suppresses the ele-
mental and orbital contributions to the valence spectrum, thus
providing a powerful method in order to highlight their role. In
this framework, the study of the LSMO valence states by hard
x-ray photoelectron spectroscopy (HAXPES), with excitation
photon energies larger than 2 keV, enhances the sensitivity to
specific orbital components usually not achievable for lower
excitation photon energies through the more favorable contri-
butions of the sp/d photoionization cross sections and specific
experimental geometries [12–16]. This approach has revealed,
for example, the importance of the rare-earth-5p contribution
in the valence band spectrum of rare-earth compounds con-
taining 3d transition metal oxides [17], and has outlined the
similarities in the O 2p and Ir 5d hybridization process in
several double perovskites containing Ir [18]. In particular,
in the present contribution we show that the joint soft x-ray
photoelectron spectroscopy (SXPES)/HAXPES investigation
allows to distinguish in detail the orbital distribution of the
different element in the LSMO valence band spectra, hence
highlighting spectral terms, especially close to the Fermi en-
ergy, which are usually hidden and thus overlooked.

II. METHODS

The LSMO thin films have been grown by molecular beam
epitaxy (MBE) at the NFFA MBE cluster setup [19] located at
the APE beamline of the Elettra synchrotron radiation facility
(Basovizza, Trieste, Italy). The temperature of the substrate,
a SrLaAlO4 (SLAO) single crystal, was set at 1000 K during
growth and the O3 pressure during deposition was set at 5 ×
10−5 Pa. The 100 unit cells (around 40 nm) thick films were
almost completely relaxed as concluded by x-ray diffraction
(XRD) experiments (not shown).

Photoelectron spectra have been acquired at the I09 beam-
line [20] of the Diamond Light Source, Ltd. (Didcot, United
Kingdom). The end station of the beamline is equipped with a
SCIENTA EW-4000 electron energy analyzer, mounted with
the lens axis perpendicular to the x-ray propagation direction.
Three photon energies were used, whose nominal values are
5.94, 2.5, and 1.0 keV. An almost grazing incidence geome-
try (i.e., almost normal photoelectron emission direction) has
been used with 3.4◦ angle between the x-ray direction and the
sample surface, resulting in a 30 × 250 μm2 beam footprint
on the sample surface. The specimens were measured at a
temperature T = 200 K, well in the metallic and ferromag-
netic phase. The position of the Fermi level EF and the overall
energy resolution (beamline + analyzer) have been estimated
by measuring the Fermi edge of polycrystalline Au foil in
thermal and electric contact with the samples resulting in an
energy resolution of �E = 250 meV.

Density functional theory (DFT) calculations were carried
out by a projector augmented wave method implemented in
the Vienna ab initio Simulation Package (VASP) code [21],
with the generalized gradient approximation (GGA) [22].
The rotationally invariant GGA+U method was employed to

FIG. 1. Valence band SXPES and HAXPES spectra from LSMO
taken at a temperature of T = 200 K at different photon energies.
Capital letters indicate the main structures of the spectra and are
discussed in the text.

account for correlation effects [23]. The Coulomb parameter
U for Mn 3d orbital states was fixed to a small value, U =
1.0 eV, allowing the best agreement with the experiment (see
below). As done in previous works [24–26], a [001]-ordered
(SrMnO3)1/(LaMnO3)2 supercell was used, namely with a
unit cell with a vertical lattice parameter that is three times the
out-of-plane lattice parameter of LSMO. This setting reduces
the symmetry of perovskite structure to the P4/mmm space
group and differentiates the Mn atoms into two nonequivalent
sites. Spin momenta of those three Mn atoms within a unit
cell are aligned ferromagnetically. The atomic positions were
relaxed until the forces were less than 0.01 eV/Å. The cutoff
energy for the plane-wave expansion of the wave functions
was set to 400 eV, and a �-centered 12 × 12 × 4 k-point mesh
was used for the Brillouin zone integration for the atomic
relaxation and the density of states (DOS) calculations. The
Wigner-Seitz radii were set as 1.535, 2.138, 1.323, 0.820 Å
for La, Sr, Mn, O, respectively. For each atomic species, we
evaluated the s, p, d orbital-projected wave function of each
band (we neglected the contribution of f orbitals; in particular
Mn 4 f is negligible with respect to Mn 4s and Mn 4p).

III. RESULTS AND DISCUSSION

In Fig. 1 we show the valence band SXPES and HAXPES
spectra from the LSMO film at the three different photon
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FIG. 2. Total DOS (a) and orbitally projected DOS calculated for
lanthanum (b), strontium (c), manganese (d), and oxygen (e) in the
LSMO compound.

energies of 5.94, 2.5, and 1.0 keV. The main structures of the
spectra, labeled with capital letters (A–E), remain the same
at the three photon energies, but the relative weight changes
remarkably. According to the assignment of Picozzi et al. on
the basis of previous DFT calculations [10], A and D peaks
refer to the position of Mn 3d eg and O 2p bands, respectively,
while the B and C structures originate from Mn 3d t2g states
hybridized with oxygen. The shoulder at about 8 eV binding
energy (BE), labeled as E , particularly visible in the highest
photon energy spectrum, was not addressed in that work,
being not visible in PES spectra with hν = 1.254 keV primary
excitation energy.

In order to fully identify all the elemental and orbital
contributions occurring in the data, DFT calculations were
performed for the LSMO compound by the same approach
as used in Ref. [10]. Figure 2(a) shows the calculated density
of states (DOS) and the per-orbital projected density of states
(PDOS) for each element of LSMO, namely lanthanum (b),
strontium (c), manganese (d), and oxygen (e). We show here
the contribution of each element averaged over nonequivalent
atomic sites of the lattice, and summed over the two spin
directions. In the spin-resolved calculations (not shown) the
system is nearly half metallic with the bare GGA approach,
showing a large band gap (∼2 eV) for the minority spin state,
however, with the bottom of the conduction band slightly
lower than the Fermi energy. Only upon introduction of on-
site Coulomb interaction U with a small value U = 1 eV, the
Fermi energy enters the gap making the system half metallic.
Note that the main contributions to the total DOS come from
oxygen and manganese, with the intensity of lanthanum and
strontium being one order and almost two orders of magnitude
smaller, respectively.

Building on the DFT calculations, the experimental spectra
at the different photon energies have been simulated to iden-
tify the relevance of the elemental and orbital contributions
[27,28]. In this regard, it is essential to take into account
the photoionization cross section for each orbital subshell.
Figure 3 reports the per-electron cross section values for the
subshells of the elements of interest from Refs. [29–31]. In

FIG. 3. Atomic per electron photoionization cross section val-
ues for the different valence band orbitals and the different LSMO
elements, namely La and Sr (a) and Mn and O (b), versus photon
energy. Different colors indicate different elements, while different
symbols refer to different orbitals, namely s (triangles), p (circles),
and d (asterisks). Dashed rectangles outline the cross section values
for the photon energy of 1.0 keV, 2.5 keV, and 5.94 keV used for
exciting the experimental spectra. In the inset of both panels the trend
of the asymmetry parameter β versus photon energy is also shown.

particular, in Fig. 3(a) the values for La and Sr are reported,
while in Fig. 3(b) the values for Mn and O are shown. Dashed
rectangles outline the cross section values for the photon en-
ergy of 1.0 keV, 2.5 keV, and 5.94 keV used in the experiment.
Note that the decreasing rate of the photoionization cross
section, upon increasing photon energy, is not the same for
all the orbitals involved. In particular, going from the soft
to hard x-ray energy range favors significantly the s and p
states with respect to the d states. For example, the pho-
toionization cross section of Mn 3d is about 1.4 times larger
than that of Mn 4s at 1.0 keV, but it is more than one order
of magnitude smaller at 5.94 keV. A huge variation of the
PDOS contributions to the valence spectra, measured over
such a wide range of the excitation photon energy, is thus
expected.

In particular, we recall that in the dipole approximation the
differential photoionization cross section σ is given by the
following formula [32],

dσ

d�
= σ

4π

[
1 + β

(
3

2
cos2 θ − 1

2

)]
, (1)

where β is the so-called asymmetry parameter and θ is the
angle between the photon propagation direction and the elec-
tron emission direction. From this formula we calculate the
total subshell photoionization cross section using tabulated
values on an electron basis (see Fig. 3) through integrating
over the angular acceptance of the electron analyzer of about
0.268 π sr (i.e., a cone of aperture ±30◦).

It is worth noting that in the DFT calculations the s, p,
and d orbital contributions have been included, but it is not a
priori obvious to which principal quantum number they refer.
For example, in the Mn valence band the choice of 3d and 4s
photoionization cross section for weighting the corresponding
Mn s and d contributions is straightforward, but the 4p orbital,
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being empty in atomic configuration, would not contribute at
all as a photoionization cross section. In order to solve this
problem, we followed the same approach as that suggested by
Mudd et al., which estimated the Cd 5p shell cross section,
unoccupied in a Cd atom, by applying the In 5p/In 5s ratio to
the Cd 5s cross section [33]. That is, they looked to the ele-
ment next to Cd in the periodic table with at least one electron
in the 5p shell (In) and to evaluate the unknown Cd 5p cross
section they assumed that the cross sections ratio 5p/5s is the
same for In and Cd, thus σCd-5p = σCd-5s × σIn-5p/σIn-5s. By
using the same argument, we estimated the photoionization
cross section of Mn 4p (Sr 4d) by applying the Ga 4p/Ga
4s (Y 4d/Y 4p) ratio to the Mn 4s (Sr 4p) cross section,
respectively. A different approach has been used in the case
of lanthanum, based on the calculation of Takegami et al. that
finds the contribution of the La 6p two orders of magnitude
smaller than the one of La 5p in LaCoO3. Given the similarity
of the two compounds (both are 3d transition metal oxides
containing rare-earth elements) we also conclude that the
La p density of states in the valence band region originates
primarily from the La 5p orbital contribution included in the
DFT calculation [17]. Furthermore, in analogy with the La
case, we assumed that the Sr p valence states originate from
the Sr 4p, although we cannot exclude that such contribution
might be related to hybridization effects. Indeed, the precise
assessment of the origin of the electronic charge in the less
intense PDOS contributions to the valence states of mangan-
ites has been poorly addressed, since the discussion very often
involves primarily the Mn 3d , O 2s, and O 2p states, while
most of the other angular-momentum projected contributions
are usually neglected and scarcely reported in the literature.
On the other hand, as will be clear from the present work, the
spectral weight of these terms can be enhanced by properly
varying the photon energy, thus suggesting that all of them
should be considered in the joint discussion of experimental
and DFT results. Our choice is actually justified a posteriori
by the good agreement with the experiment since, similarly to
the La, the cross section for the Sr 5p orbital can be estimated
about one order of magnitude smaller than for Sr 4p; however
the very small contribution of Sr to the valence states—about
two orders of magnitude less than Mn and O—indicates a
large degree of ionic character between Sr and the host lattice,
hence suggesting that the hybridization of Sr with the oxygen
ions is likely small.

In order to obtain the best comparison between experimen-
tal spectra and DFT theoretical calculations, Bagheri et al.
pointed out recently that it is necessary to consider also the
fraction of charge that is located outside the atomic sphere de-
fined for each element [34]. Each PDOS, indeed, is calculated
only taking into account the electronic charge located within
the atomic sphere, but, in reality, some amount of charge
is distributed in the so-called interstitial region, namely the
space outside the atomic spheres. This condition is partic-
ularly relevant for the s and p orbitals of Mn, being more
delocalized compared with the d states, thus leading to an
underestimation of the PDOS for smaller angular momenta. It
may appear as a surprise to associate a specific orbital charac-
ter to the interstitial, delocalized electrons. On the other hand,
the success of the used approach may be a further evidence
of highly localized valence hole as final state effects of the

FIG. 4. Electronic charge for each element and each orbital. The
shaded area correspond to the fraction of charge outside the atomic
spheres.

photoemission process, as proposed by Osterwalder et al. for
both ultraviolet [35] and x-ray excited [36] PES.

A pictorial view of the electronic charge distribution for
the different elements and the different orbitals is shown in
Fig. 4, where the filled rectangles represent the amount of
the electronic charge integrated in the atomic spheres in the
calculated configuration. The shaded areas represent, for each
orbital, the amount of charge that has to be added to reach
the atomic electronic configuration for each element, located
in the interstitial region between the rigid atomic spheres. In
some cases the orbital assignment of this charge is some-
what empirical and it was carried out following a criterion
of reasonableness. For example, the electronic configuration
of Mn is 3d5 4s2, and thus it is clear that one has to assume
an interstitial charge of d character in order to reach the d5

configuration; however, the calculations forecast also charge
of p character, and thus we added interstitial charge in order to
reach an s1 p1 electronic configuration. In any case, as shown
in in Fig. 4, a little amount of d charge is allowed to reach
the 5 electrons of the atomic Mn configuration, while a larger
amount of interstitial charge has to be assigned to both s
and p orbitals to obtain 2 sp electrons. Note that with this
assignment only about 30% of the Mn 4s would be located
within the atomic spheres, the rest being spread over the in-
terstitial region. We anticipate that this choice is fundamental
for explaining the structure labeled E in Fig. 1. As a result,
if an orbital is located for a certain amount in the interstitial
region, the contribution to the total DOS of the corresponding
PDOS will be underestimated by the same amount. Thus, each
partial density of state has been weighted with the inverse
of the fraction of charge located inside the atomic spheres,
in order to estimate correctly each orbital contribution. Sr
has been treated differently: since the amount of d character
charge provided by the calculations is about the same as the
missing charge to reach a p6 electronic configuration, it was
not necessary to add any interstitial charge.

Each PDOS, weighted by the appropriate photoionization
cross section and corrected for the inverse electronic charge
fraction inside the atomic sphere, was multiplied by the Fermi
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FIG. 5. Comparison of the calculated DOS (black lines) with
the experimental spectra for hν = 1.0 keV, hν = 2.5 keV, and hν =
5.94 keV.

distribution curve at a temperature T = 200 K, as used to
collect the experimental spectra. The resulting curve was then
convoluted for a Gaussian function with full width at half
maximum (FWHM) of 0.25 eV, fixed by the experimental res-
olution, and a Lorentzian function with a FWHM of 0.25 eV,
chosen for the best agreement between calculations and exper-
imental curves, and finally scaled accordingly to the LSMO
stoichiometry. The resulting weighted total DOSs for the dif-
ferent photon energies are displayed in Fig. 5 compared with
the corresponding experimental spectra. From the figure one
sees that the evolution of the line shape of the experimental
DOS with photon energy is consistent with the theoretical ex-
pectation based on the calculated DOS weighted by the cross
section and the fraction of charge. This is particularly evident
for the spectra taken at the highest photon energies of 2.5 keV
and 5.94 keV. In fact, in these cases, the spectra are repre-
sentative of the bulk electronic structure, and are also closer
to the situation of representing a matrix-element-weighted
DOS [37]. On the other hand, the experimental valence band
spectrum obtained with hν = 1 keV is quite different from
the other two obtained at hν = 2.5 keV and hν = 5.94 keV,
and also the comparison with the theoretical calculation is
less satisfactory, especially the intensity of the peaks located
at about 2 eV and 3.5 eV of binding energy. A possible
explanation is the influence of surface-derived effects, more
important at lower photon energy: contamination, different
stoichiometry, defects, and real termination all can influence

FIG. 6. Calculated PDOSs are shown unscaled (a) and weighted
(b)–(d) according to the procedure described in the text.

the details of the valence band spectrum. Furthermore, the
difference between surface and bulk electronic properties in
LSMO is also an intrinsic effect due to reduced coordination,
inducing a change of electron hybridization [38]. This has
been clearly observed in core level spectra [39,40], but could
also be responsible of the difference observed here in valence
band spectra. The same kind of analysis was performed by
comparing the experimental spectra with DFT calculations
obtained with different U values, namely U = 2 and U = 3
(not shown). The best agreement between experiment and
theory resulted indeed by the use of U = 1 eV, as testified
by the results of a χ2 test and residuals analysis.

In order to realize which orbital component contributes
most to each spectrum, Fig. 6 reports the PDOS, as obtained
directly from the DFT calculations, that we labeled “unscaled”
[Fig. 6(a)], and weighted according to an energy of hν = 1.0
keV [Fig. 6(b)], hν = 2.5 keV [Fig. 6(c)], and hν = 5.94 keV
[Fig. 6(d)]. The color code is the same in all panels, but the
two main orbital contributions in each panel, when identi-
fiable, are shown patterned. The unscaled DFT calculations
describe a DOS that is largely dominated by the O p and
the Mn d contributions, but then at the different energies the
weight of the different orbitals is markedly different: while
at hν = 1.0 keV [Fig. 6(b)] the spectrum is still dominated
by the Mn 3d and O 2p contributions, at the highest photon
energy of hν = 5.94 keV [Fig. 6(d)] the La 5p and the Mn
4s give origin to much of the spectrum, while at the interme-
diate energy of hν = 2.5 keV [Fig. 6(c)] several components
participate. Note also that the different orbitals may contribute
at similar energies; thus it appears not correct to claim that at
certain energies we find a contribution of a specific orbital of
a material. The point of view is instead completely different:
upon exciting with a selected photon energy we are able to
selectively enhance or depress the contribution of some orbital
components, often independent of how much they contribute
to the total DOS.

In particular, the fact that at the highest primary photon
energy [Fig. 6(d)] the spectrum is dominated by La 5p and
Mn 4s, at the bottom of the valence band, is a consequence of
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the general consideration that the favorable d/sp cross section
ratio in HAXPES spectra allows us to distinguish the orbital
contributions that are hidden at lower photon energies [12].
For example, the contribution of Mn 4s at the bottom of the
valence band is relevant to describe the structure labeled E
in Fig. 1. While the unscaled PDOS shown in Fig. 6(a) tells
us that the LSMO valence band is dominated by structures
attributable to Mn d and O p, upon measuring an experimental
spectrum we correctly describe the different features only by
properly weighting the different partial DOSs.

These considerations also reinforce the observation that the
description of the electronic structure of the rare-earth com-
pounds containing 3d metals cannot avoid taking into account
the contribution of the rare-earth 5p shell, as put forward by
Takegami et al. [17]. As observed, the valence band spectrum
calculated for hν = 5.94 keV [Fig. 6(d)] is dominated by the
La 5p orbital component. This contribution was not present
in the previous assignations made by Picozzi et al. [10] that
recognized in the valence band the O 2p and Mn 3d bands
only, disentangling the structures originating from the eg and
t2g states hybridized with oxygen.

A particular comment has to be made on the energy region
close to the Fermi level, whose description thus appears more
articulated than previously thought: not only the Mn 3d is
relevant, but also the Mn 4s and the O 2s. This is not a special
feature of LSMO. For example in TiO2 the chemical bonding
has been connected not only to the presence of Ti 3d and O
2p, but also to the contribution of Ti 4s and 4p and, as is in the
present case, of O 2s [41]. The approach used in the present
work thus allows us the identification of orbital components
that were unexpected according to previous experiments and

that can be particularly relevant for describing transport phe-
nomena. Indeed, the fact that the more delocalized Mn 4s and
the O 2s states are essential for describing the region close
to the Fermi level nicely explains the fact that the near Fermi
level spectral weight can be used as a measure of the variation
of electrical conductivity better in the HAXPES than in the
SXPES regime [42].

IV. CONCLUSIONS

We have analyzed photoelectron spectra from LSMO films
obtained in a large photon energy range, such that the con-
tribution of the different elemental and orbital components
is largely modulated by the variation of the photoionization
cross section. A detailed comparison with DFT calculations
allows us to identify the contribution of orbital components
that had previously been overlooked. While the hybridized
Mn 3d and O 2p states give rise to most of the DOS, the
contribution of states such as La 5p, Mn 4s, and O 2s is not
irrelevant and becomes fundamental to properly describe the
spectral shape, especially in the HAXPES regime. We thus put
forward the idea that such states have to be taken into account
to properly describe the physical and chemical properties of
LSMO.
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