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A B S T R A C T 
 

The electronic properties of hole- and electron-doped manganites were probed by a combination of x-ray absorption and photoemission spectroscopies. Hole-

doped La0.7Ba0.3MnO3 and electron-doped La0.7Ce0.3MnO3 thin films were epitaxially grown on SrTiO3 substrates by means of pulsed laser deposition. Ex-situ 

x-ray diffraction demonstrated the substrate/film epitaxy relation and in-situ low energy electron diffraction provided evidence of high structural order of 

film surfaces. By combining synchrotron x-ray absorption and x-ray photoemission spectroscopy, evidence of Mn ions into a 2+ state as a result of 

the Ce4+ substitution in the electron-doped manganites was provided. Angular resolved photo-emission spectroscopy (ARPES) results showed a 

predominance of z2 -orbitals at the surface of both hole- and, unexpectedly, electron-doped manganites thus questioning the validity of the commonly 

accepted scenario describing the electron filling in manganites’ 3d orbitals in oxide manganites. The precise determination of the electronic and orbital 

properties of the terminating layers of oxide manganites paves the way for engineering multi-layered heterostructures thus leading to novel 

opportunities in the field of quantum electronics. 

 

 

 

 

 

The physics of oxide perovskites is among the main research streams 

in solid-state physics [1,2]. Over the last decades, by taking advan- 

tage of the developments in thin film growth techniques and of the 

high structural and chemical similarities between these materials sys- 

tems, the growth of oxide perovskite heterostructures has reached an 

extremely high level of crystal perfection. Indeed, the similar lattice co- 

ordination and parameters allow the epitaxial growth of multi-layered 

systems, while their high chemical stability minimizes the atomic in- 

terdiffusion. When an extremely high level of structural perfection is 

explaining the colossal effects on the resistance values when a spin 

aligning external magnetic field is applied (Fig. 1) [10,11]. The fas- 

cinating expectation of providing a fully spin-polarized hole/electron 

current has therefore raised a high interest for spintronics applications. 

However, the performances of layered devices are dominated by 

the physics at the interface with other materials, and the resulting 

phenomenology often appears quite different when compared to the 

bulk. This is for instance the case of the electron-doped La1−𝑥Ce𝑥MnO3 

manganites on which there is no consensus about the filling mech- 
achieved, new phenomena and functionalities, not exhibited by either 
of the constituent material, can be also enabled in the composite anism of Mn3𝑥 electronic states (Fig. 1) [7,8,12]. The lack of the 

system and/or at their interfaces [3–6]. Among the members of the 

family of oxide perovskites, mixed valence manganites have been in- 

tensively studied because of the colossal magneto-resistance (CMR) 

phenomenon and in view of their potential application in innovative 

magnetic devices [7,8]. The CMR phenomenon has been explained 

within the framework of the so-called double exchange (DE), based on a 

strong exchange interaction between Mn ions through intervening filled 

oxygen 2p states [9]. Due to a large Hund’s energy (i.e. about 2 eV), 

electronic charge hopping only occurs when the spin of electrons/holes 

into e𝑥 -states are aligned with those occupying the t2𝑥 -states, thus 

precise knowledge of electronic states of the oxide materials at interface 

between the constituent blocks in layered heterostructures and, conse- 

quently, their full control is therefore limiting their use in devices for 

the emerging quantum electronics. 

In order to enlighten the physics of oxide interfaces, a possible 

strategy is to move the interfacial region up to the surface and, there, 

to use surface-sensitive techniques. Unfortunately, surface properties 

are mostly derived by near-surface techniques [13,14] and the direct 

and complete determination of the surface electronic states remains 
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Fig. 1. A scheme of 3d electronic structure in A1−𝑥A’𝑥MnO3 perovskite oxide manganites and possible schemes of electrons’ filling (i.e. Spin-majority and Spin-minority scenarios) 

for the different valence state of Mn ions. 𝑥𝑥  is the Hund‘s rule onsite coupling energy, 𝑥𝑥𝑥  is the octahedral crystal field splitting and 𝑥𝑥 𝑥  is the splitting energy resulting from 

distortion of the oxygen octahedra. Finally, expected mixed population for hole-doped LBMO (i.e. Mn4+ /Mn3+ ) and electron-doped LCeMO (i.e.  Mn3+ /Mn2+ )  oxide  manganites, 

according to both scenarios.  In particular,  for  Spin-majority scenario,  the  expected preferential  order  of e𝑥  orbitals  due to  surface  symmetry breaking  is also  reported  (i.e. z2  at 

lower energy with respect to x2 -y2 ). 

 
elusive. Polarization dependent angle-resolved photo-emission spec- 

troscopy (ARPES) allows the direct probe of the Fermi’s surface as 

well as the determination of its orbital character. Moreover, by tak- 

ing advantage of the extremely small escape depth of photo-electrons 

(about 5–10 Å), very localized information of the electronic properties 

of materials at their surface can be retrieved. 

We report on the experimental determination of the orbital char- 

acter of both hole- and electron-doped manganite thin films by po- 

larization dependent ARPES. Starting from the anti-ferromagnetic and 

insulating LaMnO3 parent compound, hole- (electron-) doping was 

achieved by partially replacing trivalent rare-earth La3+ ions with 

divalent alkali-earth Ba2+ (tetravalent rare-earth Ce4+) element. Epi- 

taxial thin films were grown by means of Pulsed Laser Deposition 

(PLD) and structurally characterized by ex-situ x-ray diffraction (XRD). 

Moreover, a combination of x-ray absorption spectroscopy (XAS) and 

x-ray photoemission spectroscopy (XPS) provided evidence of valence 

states of constituent elements as well as the multi-component na- 

ture of the valence band. In contrast with the expected electronic 

configuration (i.e. the spin-majority scenario in Fig. 1), at the sur- 

face, ARPES experiments were consistent with a predominance of z2- 

orbital character in both hole- and electron-doping manganite thin 

films thus challenging the commonly accepted filling mechanism of 

electrons in mixed-valence manganites (i.e. the spin-minority scenario 

in Fig. 1) [12]. 

Hole-doped La0.7Ba0.3MnO3 (LBMO) shows a trigonal crystal struc- 

ture (space group R-3) with lattice constants of a = 0.55398 nm 

and c = 1.35070 nm. Yet, a pseudocubic perovskite subunit cell 

with lattice constants a∼0.3917 nm can be derived [15]. Electron 

doped La0.7Ce0.3MnO3 (LCeMO) shows a orthorhombic crystal struc- 

ture (space Pnma) with lattice constants of a = 0.55087 nm, b = 

0.55431 nm and c = 0.78335 nm. Similarly to LBMO, LCeMO structure 

can be described in terms of a pseudocubic perovskite subunit cell with 

lattice constants a∼0.3924 nm [16]. For the sake of simplicity in this 

paper, the Miller’ indices of both LBMO and LCeMO will be referred 

to the pseudocubic perovskite cell. LBMO and LCeMO films were 

deposited on (001) oriented SrTiO3 (STO) single crystal substrates by 

PLD technique using a KrF excimer pulsed laser source, with a typical 

energy density per laser shot of about 3 J/cm2 and a repetition rate of 

3 Hz. The growths were performed in an ultra-pure oxygen background 

atmosphere (purity at 99.9999%). All of the investigated samples were 

grown at 0.1 mbar with a substrate temperature at 700 ◦C. After the 

film growth, the samples were cooled at room temperature in about 

15 min in oxygen at the deposition pressure. Considering LBMO and 

LCeMO bulk values, both materials are therefore expected to experience 

a negligible strain condition (about −0.3% and −0.4% for LBMO and 

LCeMO, respectively). The film thickness was set to 20 nm, well above 

the dead-layer threshold [17] and the critical thickness where quantum 

interference effects are foreseen [18,19]. Optimized films were grown 

at 0.1 mbar of ultra-pure oxygen pressure and relative stoichiometry 

of heavy element was confirmed by energy dispersive spectroscopy 

investigation [20]. As a matter of fact, at this pressure, congruent 

ablation of the complex oxide target only occurs in a narrow region 

of experimental parameters (e.g. high fluence, well-defined target- to-

substrate distance) [21,22]. Since our final target was to perform 

surface sensitive ARPES experiments on as-grown films, the deposition 

process was optimized to avoid any post-annealing of the samples. As a 

matter of fact, long post-annealing process was shown to promote the 

formation of Mn2+ - most likely consequent to surface segregation of 

alkaline-earth species [23–26] - thus altering the electronic properties 

of the oxide manganites at the surface. The growth parameters (e.g. de- 

position temperature, oxygen background pressure, growth rate) were 

optimized in order to obtain the lowest possible surface disorder – 

monitored by low energy electron diffraction (LEED) – compatible 

with highest values of the metal–insulator-transition temperature T𝑥𝑥 

without any post-annealing of the samples. 
Standard XRD characterization was carried out using a four-circle 

Panalytical X’pert diffractometer with a Cu K𝑥1,𝑥2 unmonochromatized 

radiation source. XRD measurements were performed by reciprocal 

space mapping around symmetrical and asymmetrical Bragg reflec- 

tions, to study the out-of-plane and the in-plane structural properties, 

respectively. The maps were measured after the alignment of the sub- 

strate crystallographic planes and reported in reciprocal lattice units 

(r.l.u.). Reciprocal space maps (RSMs) around (103) asymmetric Bragg 

reflection for two optimized LBMO and LCeMO thin films grown on 

STO substrates are reported in Fig. 2. 

As expected, RSMs indicate that both LBMO and LCeMO film are 

fully strained to the cubic STO substrate (the double-peak feature 

associated to the STO reflection is due to the K𝑥1,𝑥2 unmonochromatized 

radiation source). However, the out-of-plane lattice parameters for 

both the films are slightly larger than expected (i.e. 0.393 nm and 

0.395 nm for LBMO and LCeMO, respectively). Similarly to what occurs 

in many other perovskite oxide systems [27–29] and in fully accordance 

with our previous investigation [20,30], such values are consistent 

with small oxygen off-stoichiometry due to the absence of any post- 

annealing process. The typical values of room temperature resistivity of 

optimized LBMO and LCeMO as-grown films ranges from 1 to 3 m𝑥⋅cm 
for  both  manganites  while  the  metal–insulator  transition  T𝑥𝑥  occurs 

at 215 K and 165 K for LBMO and LCeMO, respectively. The decrease 

of  T𝑥𝑥  from  the  expected  bulk  data  is  consistent  with  the  structural 

data pointing to a small oxygen off-stoichiometries in our as-grown 

manganites thin films [31]. In this respect, a post-annealing process 

would make more and more oxygen incorporating into the films and 

therefore both the out-of-plane lattice parameters as well as T𝑥𝑥  values 

approaching to the bulk-like values. 

Soft x-ray synchrotron radiation XAS and XPS spectra were mea- 
sured on as-grown LBMO and LCeMO samples transferred in-situ di- 

rectly after growth, under UHV conditions (base pressure < 2⋅10−10
 



 

 

mbar) to the APE endstations [32]. The energy resolution for both 

the XPS and the XAS experiments was about 100 meV. The XAS 

experiments were performed in the total-electron yield (TEY) mode, 

and the drain current from a highly transparent mesh, upstream of the 

sample, was used to normalize the signal with the incident photon flux. 

Core-level XPS spectra were taken with an Omicron E125 hemispherical 

analyzer. XAS spectra of the Ce M4,5 absorption edges of LCeMO (red) 

as-grown thin film is shown in panel a of Fig. 3 while XAS spectra of the 

Mn L2,3 absorption edges of LBMO (blue) and LCeMO (red) as-grown 

thin films are shown in panel b of Fig. 3. 

As expected, Ce ions in LCeMO are substantially found into a 4+ 

state, as shown by the XAS data at M4,5-edges [33,34]. The effect of 

electron-doping in LCeMO films is reflected in the Mn L3 region of the 

XAS spectra where is present a typical peak feature at about 642 eV that 

is characteristic of Mn2+ oxidation state [35–37]. Such a peak is absent 

in hole-doped LBMO samples which are characterized by a Mn3+/Mn4+ 

mixed population. The chemical composition as well as the electronic 

properties of LBMO and LCeMO thin films can be quantitatively probed 

by measuring the core-level photoemission spectra (Fig. 4). 

In particular, the electronic valence state of the Ce-ions can be 

obtained by XPS measuring the Ce3𝑥 core level spectrum (panel b in 

Fig. 4). Ce3𝑥 core level spectra are split by spin–orbit into the Ce
3∕2 

and 5∕2 
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Fig. 2. Reciprocal space maps around (103) asymmetric Bragg reflection  for  two 

optimized LBMO (a) and LCeMO (b) thin films grown on STO substrates. 

 

Fig. 3. (a) Room-temperature XAS at Ce M4,5 edges of the LCeMO thin film. (b) Room- 

temperature XAS at Mn L2,3 edges of LBMO (blue) and LCeMO (red) thin films. In the 

inset a zooming out of the L3  edge with  the characteristic Mn2+ peak-feature  at  about 

642 eV enlighten by a red arrow. 

Ce3𝑥   
components, each of them composed by multiple contributions, 

namely the 𝑥 and 𝑥 series, respectively, for a total of ten overlapping 
peaks [38–41]. The fitting procedure was performed after the Shirley 
background subtraction, with mixed Gaussian–Lorentzian line shapes 
and the relative peak positions and FWHM fixed in agreement with 
our previous reports [42]. The fitting procedure was performed by 
constraining the relative peak energies and FWHM fixed consistently 

with  our  previous  work  [42].  Four  peaks  labelled  as  (𝑥0,  𝑥′,  𝑥0,  𝑥′) 

corresponds to the Ce3+ valence state as highlighted in green in the 

figure.  The  remaining  six  peaks  (𝑥,  𝑥′′,  𝑥′′′,  𝑥,  𝑥′′,  𝑥′′′)  corresponds  to 

the Ce4+ valence state. The Ce3+ concentration was obtained from the 

relative total area as: A(Ce3+)/(A(Ce3+)+ A(Ce4+)) where A(Ce3+) is the 

sum of the 𝑥0, 𝑥′, 𝑥0, 𝑥′  peaks area and A(Ce4+) is the sum of the 𝑥, 𝑥′′, 

𝑥′′′, 𝑥, 𝑥′′, 𝑥′′′  peaks area. The relative intensity of Ce3+  therefore results 

to be less than about 10%, thus confirming the overall 4+ valence state 

of Ce ions in LCeMO thin films. Consistent with XAS experiments, the 

presence of Mn ions into a 2+ state can be also ascertained by Mn2𝑥 

core level photoemission spectra (panel c in Fig. 4). Even though Mn3+ 

and Mn2+ contributions partially overlapped thus making impossible 

a direct determination of the relative chemical ratio (see for [43], 

the increasing area (i.e. 32.34% and 37.44% for LBMO and LCeMO, 

respectively—values refer with respect to the overall spectrum area) 

underneath the peak at lowest binding energies in LCeMO is fingerprint 

of the Mn2+ presence in this very system [44,45]. 

Finally, spectra of the valence band and Fermi level are shown 

in Fig. 5. According to previous experiments [46–48] and theoretical 

study [49], the prominent feature at about 6 eV can be associated to 

the O2𝑥 band while the shoulder at about 3.5 eV corresponds to the O2𝑥– 

Mn3𝑥 hybrid states. The signature of the Mn 3d states is visible close to 

the Fermi edge. In particular, a double-peaks structure, corresponding 

to t2𝑥 and e𝑥 orbitals, can be associated with the upper valence band 

density of states (DOS). The measured O2𝑥 and O2𝑥–Mn3𝑥 DOS is 

quite similar for both LBMO and LCeMO. In electron-doped LCeMO 

nevertheless, the XPS intensity in the spectral region of the t2𝑥 band 

unexpectedly increases. Such a result is at odds with the simple electron 

filling of the spin-majority band alone, which should be rather reflected 

in an increase of the e𝑥 DOS. 

ARPES experiments were performed on in-situ transferred as-grown 

LBMO and LCeMO thin films at a temperature of 77 K. The ARPES 

data were acquired with linearly polarized synchrotron radiation and 

a Scienta DA-30 hemispherical analyzer. The results are summarized 

in Fig. 6. The Fermi surface maps were measured with both linear 

horizontal (LH) and linear vertical (LV) polarized radiation of 40 eV. 

The former is coplanar to the synchrotron electron orbit, while the 



 

 

 

 
 

Fig. 4. (a) High-resolution XPS scans of Ce3𝑥 , La4𝑥 and Ba4𝑥 of optimized LBMO and LCeMO thin films; (b) zooming-out of Ce3𝑥 XPS peak along with the relative fitting procedure 

of Ce3𝑥  (Ce3+  contribution is highlighted by the green filled area); (c) high-resolution XPS scans of Mn2𝑥 of LBMO and LCeMO thin films along with multi-peak fitting procedure; 

excitation photon energy was 1100 eV. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5. High-resolution  XPS  scans  of  the  valence  band  for  two  LBMO  and  LCeMO 

thin films; excitation photon energy was 1100 eV. Results of fitting procedure are also 

reported; in particular, t2𝑥 and e𝑥 contribution are highlighted by the green and magenta 

filled areas, respectively. 

 
latter is perpendicular to it. The photoelectron analyzer slit is oriented 

perpendicular to the plane of the synchrotron orbit, i.e. along the x axis 

of Fig. 6.c. Low-energy electron diffraction (LEED) in Fig. 6.a certifies 

the high quality of the PLD-grown manganite films, which show no 

evidence of surface reconstruction. The samples’ [100] direction was 

aligned parallel to the analyzer slit (i.e. k𝑥 coincides with the 𝑥 -X high 

symmetry direction of the pseudo-cubic Brillouin zone). Therefore, xz 

and yz constitute two mirror symmetry planes in the present exper- 

imental geometry. The overall photoemitted intensity is determined 

by the matrix elements that reflect the experimental geometry, the 

photon energy and the light polarization [50–53]. In our particular 

case, the linear polarization of the incident radiation allows to probe 

the symmetry of the initial electron state (E and k selected) yielding 

the measured photoemission current intensity. 

In our case, both LBMO and LCeMO samples show a strong intensity 

modulation against the light polarization. In particular, with the use 

of LH polarization, the Fermi surface photoemission signal is intense 

and reflects the 4 fold symmetry of the electron states, consistently 

with previous results on manganite films [54–57]. When measuring 

with LV polarization the photoemission intensity at the Fermi level 

is severely reduced in the whole (k𝑥,k𝑥) plane. The measured results 

obtained in our experimental geometry make it not straightforward 

 

 
 

Fig. 6. LEED patterns and Fermi surfaces of the manganite thin films. (a) LEED pattern of LBMO (top) and LCeMO (bottom) thin films . (b) Top panels: Fermi surface as probed 

by ARPES of LBMO thin film acquired  at 40 eV  photon energy  and linear  horizontal  (LH) and  linear vertical  (LV) polarization  in the  left  and right  spectra respectively. Bottom 

panels: LCeMO as probed with 42.5 eV excitation energy and LH (left), LV (right) light polarization. (c) Experimental geometry and symmetry selection rules for the two e𝑥  orbitals, 

namely the z2 (top) and the x2 –y2 (bottom). LEED and ARPES experiments were performed at room temperature and at 77 K, respectively. 



 

 

to directly assess the e𝑥 orbital filling upon charge doping because 

both the z2 and the x2-y2 orbitals possess the same even symmetry 

in respect to either mirror planes sketched in Fig. 6.c. However, the 

photoemitted intensity shows strong linear dichroism effect. The fact 

that both samples show the same response to the light (Fig. 6. (b) 

strongly indicates that both LBMO and LCeMO bands in the Fermi 

level region possess the same orbital character. The dominant z2 or- 

bital character in the conduction band at the surface of hole doped 

manganites was reported before [13]. Our ARPES data are consistent 

with a dominant z2 character for electron-doped (LCeMO) manganites 

as well. This result was unexpected; it opens up to further investigation 

on the interplay between electronic correlation and exchange coupling 

in manganite interfaces. 
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ite thin films were grown by means of PLD system and in-situ measured 

in the APE-NFFA laboratory using synchrotron radiation from the 

Elettra source of Sincrotrone Trieste. Ex-situ XRD demonstrated the 

substrate/film epitaxy relation. In-situ LEED were employed to examine 

the surface structure and quality of as-grown manganite films, which 

showed perfectly square and flat MnO2 sheets and no evidence of any 

surface reconstruction. All spectroscopy was performed in intercon- 

nected UHV chambers on freshly grown film avoiding deterioration of 

the samples. The ensemble of x-ray spectroscopies data indicates the 

presence of Mn2+ ions in electron-doped LCeMO as a consequence of 

Ce4+/La3+ partial substitution. Moreover, the valence band spectrum 

of the electron-doped manganite shows an increase of the spectral 

weight of the electron band centred at about 2 eV of binding energy 

rather than the one crossing the Fermi’s level. Finally, polarization 

dependent ARPES experiments shows an out-of-plane z2-orbital pref- 

erential occupation for both LBMO hole- and LCeMO electron-doped 

manganite, which is at odds with the commonly accepted descrip- 

tion of electron filling in manganites’ 3d orbitals. By understanding 

the electronic properties of the terminating layers of both hole- and 

electron-doped manganites by directly mapping of the Fermi’s sur- 

face evolution, new ideas about engineering systems based on these 

materials may arise, leading to novel opportunities in technological 

applications by manipulating the quantum many-body interactions. 
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