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4-1 Introduction

The goal of this project is to design novel physical 
properties appearing at the heterointerface of 
strongly correlated oxides. The physical properties 
arise from strong mutual coupling among the spin, 
charge, and orbital degrees of freedom in the 
interface region between two different oxides [1]. In 
order to control such properties, it is necessary to 
clarify the interfacial electronic, magnetic, and orbital 
structures. We are therefore using synchrotron 
radiation spectroscopic techniques having 
elemental selectivity to probe these structures 
in the nm-scale at the oxide heterointerface. For 
example, the electronic structure at the interface is 
determined by photoemission spectroscopy (PES) 
and X-ray absorption spectroscopy (XAS), the 
magnetic structure by magnetic circular dichroism 
of XAS, and the orbital structure by linear 
dichroism of XAS. We aim to design and create 
novel quantum materials by optimally combining 
sophisticated oxide growth techniques using laser 
molecular beam epitaxy (MBE) and advanced 
analysis techniques using quantum beams.

4-2 Construction of new beamline for surface 
and interface studies of oxide superstructures

We have designed and constructed a new 
undulator beamline MUSASHI (Multiple Undulator 
beamline for Spectroscopic Analysis on Surface 
and HeteroInterface) at the BL-2 section of the PF-
ring (Fig. 1). This new beamline has two types of 
undulator in tandem alignment; one is designed for 
the vacuum ultraviolet (VUV) region (30–300 eV), 
and the other for the soft X-ray (SX) region (250–
2000 eV). Consequently, relatively wide energy-
range light while maintaining both high brilliance 
and high energy resolution will be available in this 
beamline by the combination of the two undulators 
and a variable-included-angle varied-line-spacing 
plane-grating (VLSPG) monochromator. Moreover, 
an additional double-crystal monochromator is 
built into this branch beamline (BL-2B) to have the 
energy range of 2000–4000 eV available using the 
wiggler mode of the SX undulator. Our developed 
system ‘‘in-situ photoelectron spectrometer – laser 
MBE’’ will be installed at the new beamline BL-2A 
as an endstation (Fig. 2).
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Fig. 1: Layout of new BL-2 “MUSASHI”.
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The performance of the new beamline in terms 
of energy resolution has been evaluated for SX and 
VUV mode. Figure 3(a) shows a photoabsorption 
spectrum of N2 molecules obtained using the 
new beamline optics with SX undulator light. The 
fitting result by Voigt functions with Gaussian width 
of 29 meV and the Lorentzian width of 117 meV 
indicates that a resolving power (E/ΔE) of much 
more than 10,000 is achieved for the SX optics 
of the new BL-2 beamline. Moreover, the photon 
flux at the endstation is more than 1012 photons/
sec at the energy resolution of E/ΔE ~ 10,000. 
The performances are much better than that of 
the previous BL-2C beamline [2]. For VUV mode, 
the resolving power is evaluated by measuring a 
photoionization spectrum of double excited He 
obtained as shown in Fig. 3(b). The narrowest peak 
width of 3.0 meV in the (2,0)18 resonance peak is 
obtained, indicating that a resolving power of more 
than 20,000 is achieved from the VUV optics of 
the new BL-2 beamline. This resolving power is 
comparable to that of the VUV undulator beamline 
BL-28 at PF [3].

Previously, we had mainly used the in-situ PES 
– laser MBE system either at the BL-28 for angle-
resolved photoemission spectroscopy (ARPES) in 
the VUV region or at the old BL-2C for photoemission 
spectroscopy and X-ray absorption spectroscopy 
in the SX region. However, at the new BL-2A, 
we will perform both VUV and SX spectroscopic 
measurements at the same time, for the same 
grown sample, with the same experimental setup. 
This approach guarantees the quality of the 
experimental data, and offers numerous benefits 
to the field of surface science: the newly developed 
system enables us to obtain complete information 

on the electronic and chemical structures of samples 
grown by laser MBE with high reproducibility. For 
example, the chemical states and band lineup of 
heterostructures are characterized by core-level 
spectroscopy using SX light, confirming the quality 
of the heterostructures, and then their quantum 
well (QW) states are investigated by ARPES 
using VUV light. The “MUSASHI” beamline will be 
available from mid 2015.

4-3 Science topic: Determination of band 
diagram for a “p-n junction” between Mott 
insulator LaMnO3 and band insulator Nb:SrTiO3

The perovskite oxide heterojunction, which is 
composed of two different isostructural materials 
with a chemical formula of ABO3, produces 
distinctive interfacial electronic and/or magnetic 
properties. These unusual properties have been 
of considerable interest because of the potential 
applications of the heterojunction in future 
electronic devices with multifunctional properties 
[1]. Extensive studies on the behavior of oxide 

Fig. 2:	 Photo of the developed in-situ ARPES – laser 
MBE system installed at the MUSASHI beamline.

Fig. 3:	 (a) 1sσ→π* photoabsorption spectrum of N2 
molecules, together with the curve fitting results by 
using Voigt functions. (b) The photoionization spectrum 
of autoionizing resonance state (2,0)n of double excited 
He.
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heterojunctions have revealed that their novel 
functionalities, originating from strong electron-
electron correlations, can be tuned through 
interface effects, such as the electric field effect [4-
6]. However, in the design of these oxide devices, 
a fundamental question arises as to whether these 
interfaces can be described by an analogy to 
junctions based on conventional semiconductors 
and/or metals.

The p-n junction is one of the most fundamental 
elements of electronic devices, which have 
made a great contribution to the development 
of modern information technology. Thus far, the 
characteristics of various “p-n junctions” based 
on perovskite oxides have been evaluated [7,8]. 
Among them, the p-n junction composed of the 
“p-type” Mott insulator LaMnO3 (LMO) [9] and the 
n-type oxide semiconductor SrTiO3 (STO) [10] has 
been intensively studied as a prototypical example 
[11,12]. Despite the Mott insulating ground states in 
LMO [13], it has been reported that clear rectification 
properties of p-n junctions are obtained in LMO/
Nb:STO heterointerfaces [11,12]. These results 
suggest that the p-n junction characteristics are 
dominated by the “practical” carrier concentration in 
LMO and are designed by analogy to conventional 
semiconductor technology: the carrier density 
estimated from thermodynamic measurements, 
such as photocurrent measurement (4×1019 cm-3 

[12]), directly corresponds to the practical carrier 
concentration Np in LMO, while one hole per 
unit cell is expected from the chemical formula 
(1.7×1022 cm-3).

On the other hand, the interfacial properties of the 
LMO/STO heterointerface exhibit other interesting 
aspects reflecting its strongly correlated nature. 
LMO/STO superlattices exhibit ferromagnetic 
properties appearing at the heterointerface of 
non-magnetic bulk compounds [14-17]. Therefore, 
in order to control the junction properties, it is 
indispensable to determine precisely the interfacial 
electronic structure; in particular, the band diagram 
and its dependence on carrier concentration.

For this purpose, we determined the band 
diagram of LMO/Nb:STO p-n junctions and its 
carrier concentration dependence by using X-ray 
photoemission spectroscopy (XPS). Figure 4 shows 
the valence band spectra for the constituent oxides: 
a thick LMO film (100 ML) and Nb:STO substrates 
with different Nb concentrations. Extrapolation of 
the linear portion of the leading edge to the energy 
axis (the background level) yields a valence band 

maximum (VBM) for the constituent oxides. The 
values of VBM were estimated to be −0.02±0.06 eV 
for the 100-ML LMO films, 3.13±0.05 eV for the 0.1 
at. % Nb-doped STO substrates, and 3.20±0.05 eV 
for the 1.0 at. % Nb-doped STO substrates. Taking 
into account the band gap of 1.1 eV for LMO [18], 
the obtained value of VBM suggests that the LMO 
film can be considered to be a degenerate p-type 
semiconductor without a surface depletion layer. 
The p-type degenerate semiconductive nature 
of the present LMO film enables us to determine 
the band lineup more accurately owing to the 
formation of a flatband at the surface of the LMO 
film. Meanwhile, the VBM of Nb:STO shows 
almost the same value of ~3.2 eV between the two 
substrates, irrespective of their difference in donor 
concentration. This result is consistent with the 
fact that STO with a Nb-doping level higher than 
0.1 at. % is an n-type degenerate semiconductor 
[19] because the band gap of STO is 3.2±0.1 eV at 
room temperature [20].

By determining the core-level peak shifts of 
Nb:STO following the deposition of LMO, we can 
obtain the amount of band bending (the built-in 
potential) in the Nb:STO side directly. Figures 5(a) 
and (b) show the Ti 2p core-level spectra of the 
buried Nb:STO layer for an LMO/Nb:STO junction 
with a donor concentration of 0.1 at. % and 1.0 at. 

Fig. 4:	 Valence-band photoemission spectra for the 
surfaces of the constituent oxides: A 100-ML LMO film, a 
0.1 at. % Nb-doped STO substrate, and a 1.0 at. % Nb-
doped STO substrate. The triangles indicate the VBM of 
the respective surfaces, estimated from the intersection 
point between the extrapolation of the linear portion of 
the leading edge and the background signal level.
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%, respectively. For both junctions, a peak shift 
toward lower binding energies is clearly observed 
with increasing overlayer LMO thickness and it 
seems to be saturated at 5-ML LMO deposition. 
Owing to the short electron escape depth of a few 
nm in the XPS measurement, the obtained energy 
shifts of the Ti 2p core-level peaks predominantly 
reflect the potentials in the thin interface region on 
the Nb:STO side only.

The energy shifts of the Ti 2p core-level peaks, 
as well as those of Sr 3d, are summarized in Fig. 
5(c). It should be noted that almost the same 
energy shifts are observed in the Sr 3d core-
level peaks, indicating that the shifts were caused 
by the band bending of Nb:STO at the interface 
with LMO. Considering their saturation levels, the 
energy shifts can be estimated to be 0.55±0.05 eV 
for the 0.1 at. % and 0.25±0.05 eV for the 1.0 at. 
% Nb concentration. Since a flatband is formed at 
the surface of Nb:STO [19], these shifts directly 
correspond to the built-in potentials in Nb:STO at 
the LMO/Nb:STO junctions.

In general, the relationships between the built-
in potentials and carrier concentrations for p-n 
junctions of conventional semiconductors are 
given by the following equations [21]:

(1)

Here, Vbtot is the total built-in potential formed 

at the interface of the p-n junction, while Vbn and 
Vbp are the potentials distributed on the n-type and 
p-type semiconductor sides, correspondingly. Nn 
(Np) and εn (εp) are the donor (acceptor) density 
and relative permittivity in the n-type (p-type) 
semiconductor, respectively. In the present LMO/
Nb:STO case, the Vbn values of 0.55±0.05 eV for 
the 0.1 at. % and 0.25±0.05 eV for the 1.0 at. % Nb-
doped STO sides are directly determined by XPS 
measurements. Assuming that (i) Vbtot, εn, εp, and 
Np remain unchanged for the two heterojunctions 
with the different Nb-doping concentrations; (ii) Nn 
and Np remain unchanged near the boundaries of 
the junctions; and (iii) the dopant Nb atoms are fully 
activated in STO (namely, Nn = 1.7×1019 cm-3 for the 
0.1 at. % and Nn = 1.7×1020 cm-3 for the 1.0 at. % 
Nb-doped STO), the value of Vbtot can be estimated 
to be 0.66±0.12 eV from Eqs. (1). The estimated 
value of Vbtot is in good agreement with those 
evaluated from transport measurements, 0.64 eV 
[11] and 0.77 eV [12]. This agreement suggests 
that the junction properties of an LMO/Nb:STO 
heterointerface can be described in the framework 
of the conventional p-n junction model [21].

From the values estimated from the conventional 
p-n junction model, we deduced the band diagrams 
of the two LMO/Nb:STO junctions with different 
donor concentrations, illustrated in Fig. 6. Since 
the VBM of the present LMO film is located around 
the Fermi level (see Fig. 4), the flat-band condition 
may also be fulfilled at the surface of the LMO film. 
Therefore, the band lineup between the two oxides 
can be evaluated accurately in the present case. 
Because Eqs. (1) represent the distribution ratio of 
Vbtot between the n-type and p-type semiconductor 
sides, the built-in potential on the Nb:STO (LMO) 
side decreases (increases) from 0.55±0.05 eV 
(0.11±0.07 eV) to 0.25±0.05 eV (0.41±0.17 eV) 
by changing the donor concentration in STO from 
0.1 at. % to 1.0 at. %. As can be seen in Fig. 6, 
the donor concentration dependence of the built-in 
potential formed at the interface between the Mott 
insulator LMO and the band insulator Nb:STO is 
well described in the framework of the p-n junction 
model for conventional semiconductors: LMO can 
be regarded as a p-type semiconductor with Np 
determined from thermodynamic measurements, 
irrespective of the strongly correlated electron 
nature of LMO. The present study provides a 
guideline for the design and control of promising 
functionalities of heterojunctions based on strongly 
correlated oxides.

Fig. 5:	 Shifts of the core level for Nb:STO. Ti 2p core-
level spectra of (a) 0.1 at. % and (b) 1.0 at. % Nb-doped 
STO covered by LMO films with various thicknesses. (c) 
Plot of the energy shifts of the Ti 2p and Sr 3d core-level 
peaks as a function of LMO overlayer thickness. The 
dashed lines are guides for the eye.
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Fig. 6:	 Band diagrams of LMO/Nb:STO heterojunctions 
deduced from the present XPS measurements for (a) 
0.1 at. % and (b) 1.0 at. % Nb-doped STO. The band 
gaps of STO and LMO are 3.2 eV [20] and 1.1 eV [18], 
respectively.




