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We have investigated the interfacial termination layer dependence of the Schottky barrier height �SBH� for
heterojunctions between polar La0.6Sr0.4MnO3 �LSMO� and nonpolar Nb-doped SrTiO3 �Nb:STO�. The SBH
for LSMO /TiO2-Nb:STO is higher than the SBH predicted from the Schottky-Mott rule by 0.5 eV, indicating
the formation of an interface dipole. In contrast, for LSMO/SrO-Nb:STO, the SBH is lower than that predicted
from the Schottky-Mott rule by 0.4 eV. These results indicate that a change in the polarity of the polar LSMO
overlayers results in inversion of the direction of the interface dipole. The modulation of SBH depending on
the interfacial termination layer is reasonably explained by interfacial electronic reconstruction to prevent polar
divergence.
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Heterojunctions based on perovskite oxides, which have a
chemical formula of ABO3, have attracted considerable at-
tention because of their potential applications to future elec-
tronic devices with multifunctional and highly stimulus-
sensitive properties.1–3 Extensive studies on the behavior of
oxide heterojunctions have revealed that the properties of
perovskite oxide devices can be tuned through interface ef-
fects such as spin exchange interactions,4 charge transfer,5–8

and band lineups.9–11 However, in the design of these oxide
devices, a fundamental question arises as to whether these
interfaces can be described by an analogy to junction based
on conventional semiconductors and/or metals at the starting
point. A particularly interesting aspect of oxide heterojunc-
tions is the appearance of metallic conductivities at the inter-
face between band insulators depending on the terminating
layer at the interface.12,13

The Schottky barrier height �SBH� formed at a metal/
semiconductor perovskite oxide heterojunction is a param-
eter that dominates the characteristics of devices with such
heterojunctions. Recently, it was reported that the SBH be-
tween a half-metallic ferromagnet La0.6Sr0.4MnO3 �LSMO�
and an n-type semiconductor Nb-doped SrTiO3 �Nb:STO� is
much higher than that predicted by the Schottky-Mott rule
owing to the formation of an “interface dipole” at the hetero-
junction interface.9–11 Since an interface dipole is formed
only in the case of a polar/nonpolar perovskite oxide
heterojunction,9 it is reasonable to conclude that the interface
dipole is correlated with an interfacial structure having polar
discontinuity.9,10,13 A perovskite oxide heterojunction
�ABO3 /A�B�O3� grown in the �001� direction has two types
of interfacial structures, one having an AO /BO2 �A�O /B�O2
layer sequence and another having a BO2 /AO �B�O2 /A�O
layer sequence. Thus, different interfacial electronic struc-
tures emerge depending on the interfacial termination layer.12

In the case of polar/nonpolar LSMO/Nb:STO Schottky junc-
tions, potential modulation across the interface can be ex-

pected as a result of interfacial electronic reconstruction in-
duced by polarity inversion of the LSMO layer concomitant
with alternation of the terminating layer. Therefore, elucida-
tion and modeling of the termination layer dependence of the
SBH are essential not only for designing oxide devices with
predetermined properties but also for understanding the in-
terfacial electronic structure of oxide heterostructures.

In this study, we investigated the interfacial termination
layer dependence of the SBH for polar/nonpolar LSMO/
Nb:STO heterojunctions. As mentioned above, an LSMO/
STO interface has two types of interfacial structures.
These structures have the following stacking
sequences: -MnO2-La0.6Sr0.4O-TiO2-SrO- �n type� and
-La0.6Sr0.4O-MnO2-SrO-TiO2- �p type� �shown in the right
panels of Figs. 1�a� and 1�b�, respectively�. The band dia-
grams of two LSMO/Nb:STO heterojunctions having differ-
ent interfacial termination layers were precisely determined
by in situ photoemission spectroscopy �PES�. The value of
the interface dipole was estimated to be 0.5 eV for the n-type
interface and −0.4 eV for the p-type interface. From these
results, we conclude that the inversion of the polarity of the
LSMO film due to a change in the termination layer at the
interface results in inversion of the direction of the interface
dipole. In this paper, we report on the interfacial termination
layer dependence of the SBH and we discuss the origin of
the change in SBH depending on the interfacial termination
layer in terms of the electronic reconstruction that is charac-
teristic of the polar/nonpolar interface.

LSMO/Nb:STO heterostructures with an n-type and
p-type interface were fabricated on Nb-doped �0.05 wt %�
STO �001� substrates in a laser molecular beam epitaxy
chamber connected to a photoemission system at the beam-
line BL-2C of the Photon Factory in KEK.14 Sintered LSMO
and SrO2 pellets were used as targets. The wet-etched
TiO2-terminated Nb:STO substrates were annealed at
1050 °C under an oxygen pressure of 1�10−7 Torr to ob-
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tain atomically flat substrates.14 An LSMO/Nb:STO hetero-
structure with a p-type interface was fabricated by initially
depositing one SrO atomic layer on the TiO2-terminated
Nb:STO substrate to change its termination from a TiO2
layer to a SrO layer.12,15,16 During subsequent LSMO depo-
sitions, the substrate was kept at a temperature of 1000 °C,
and the ambient oxygen pressure was maintained at 1
�10−4 Torr.14 The thickness of the LSMO films was con-
trolled on an atomic scale by monitoring the intensity oscil-
lations of the reflection high-energy electron diffraction
specular spot during film growth.15–17 Samples �LSMO/
Nb:STO heterostructures and Nb:STO substrates� were sub-
sequently annealed at 400 °C for 45 min and under atmo-
spheric pressure of oxygen to fill residual oxygen vacancies.
After post annealing, the samples were moved into the pho-
toemission chamber under a vacuum of 10−10 Torr. In-
vacuum transfer is necessary in order to prevent surface con-
tamination because it can cause the work function to deviate
from the intrinsic values.9

The PES spectra were recorded using a Scienta SES-100
electron energy analyzer with a total energy resolution of 150
meV in the 600–800 eV photon energy range. For precise
determination of work functions ��m� and electron affinities
��i�, the secondary electron emission data were recorded
with the He I �21.2 eV� resonance line as an excitation
source.9 The Fermi levels of the samples were referred to a
gold foil, which was in electrical contact with the sample.
The formation of atomically flat surfaces and chemically
abrupt interfaces was confirmed by ex situ atomic force mi-

croscopy and transmission electron microscopy, respectively.
Alternation of surface termination layers was confirmed by
measuring the angular dependence of core-level spectra.15

Figure 1 shows the photoemission spectra of the surfaces
of termination layer controlled LSMO and STO at the onset
of secondary electron emission under an applied bias voltage
of 9.0 V. As illustrated in the left panel of Fig. 1,
La0.6Sr0.4O-terminated LSMO is joined with TiO2-terminated
STO to form an n-type interface, while MnO2-terminated
LSMO is joined with SrO-terminated STO to form a p-type
interface. Thus, corresponding surfaces for two types of in-
terfaces were measured for precise estimation of the ideal
SBH. As can be seen in the right panel of Fig. 1, the photo-
emission signal increases steeply as the kinetic energy of the
electron in solid exceeds the work function ��m� of LSMO or
the electron affinity ��i� of Nb:STO. The threshold energies
can be determined from the leading edge position of the
secondary electron emission; the leading edge position is de-
fined as the point of intersection between the extrapolated
slope and the background. The work functions are deter-
mined to be 4.73�0.02 eV for the La0.6Sr0.4O-terminated
LSMO surface and 4.87�0.02 eV for the MnO2-terminated
LSMO surface; the electron affinities of Nb:STO substrates
with TiO2- and SrO-terminated surfaces are 4.08�0.02 and
3.86�0.02 eV, respectively.

The observed tendency that the work functions �the elec-
tron affinities� of BO2-terminated surface are larger than
those of AO-terminated counterparts is in good agreement
with the prediction from the recent theoretical calculation
based on first-principles density-functional theory.18 Accord-
ing to the calculation,18–20 the difference between two termi-
nations is originated from the increment of B-O bond cova-
lency near the surface. Since it is expected that the covalent
bonding nature at the surface induces the complicated sur-
face reconstruction and transformations, more detailed ex-
periments on surface structures and theoretical studies are
necessary for further addressing the difference in work func-
tions �electron affinities�.

In order to estimate the SBH from the Schottky-Mott rule
��B

SM�, we determined the valence band maximum �VBM� of
Nb:STO with SrO- and TiO2-terminated surfaces. The VBM
values were determined by measuring the valence band spec-
tra. The VBM of Nb:STO was 3.1�0.1 eV for both SrO-
and TiO2-terminated surfaces. Since the band gap of STO is
3.2 eV at room temperature, the obtained VBM values indi-
cate that Nb:STO is an n-type degenerate semiconductor and
that a flat band is maintained at both surfaces.9,21 Owing to
the negligibly small energy difference between the Fermi
level �EF� and the conduction band minimum �CBM� in the
degenerate semiconductor Nb:STO, the electron affinity of
Nb:STO is almost equal to its work function. Thus, assuming
that an ideal Schottky barrier is formed at the interface, �B

SM

can be determined as the difference between �m of LSMO
and �i of Nb:STO. The estimated �B

SM for the n-type and
p-type LSMO/Nb:STO interfaces are 0.65�0.05 and
1.01�0.05 eV, respectively.

In general, the actual SBH ��B
Act� is very sensitive to the

interfacial electronic states, and consequently, �B
Act can devi-

ate from �B
SM. In fact, in the case of LSMO/Nb:STO

Schottky junctions, the formation of an interface dipole is
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FIG. 1. �Color online� Schematic illustration of �a� n-type and
�b� p-type LSMO/Nb:STO interface with layer sequences of
-MnO2-La0.6Sr0.4O-TiO2-SrO- and -La0.6Sr0.4O-MnO2-SrO-TiO2-,
respectively. The secondary electron emission spectra of the sur-
faces joined to each other at the interface are shown in the right
panel. The thicknesses of LSMO films are about 20 ML �8 nm�. The
kinetic energy was calibrated by the Fermi level �EF� of a gold film
so that zero energy corresponds to EF in each surfaces.
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commonly observed; due to the interface dipole, �B
Act is

much higher than �B
SM.9–11 In order to determine the actual

SBH directly, we have performed Ti 2p core-level PES mea-
surements; the band bending caused by the deposition of a
metallic oxide film on Nb:STO can be directly determined
from the Ti 2p core-level shift. The results of the Ti 2p core-
level PES measurements are shown in Fig. 2. It should be
noted that the measurements reflect the band bending in the
thin interface region on the Nb:STO side only, because of the
short electron escape depth of 1–2 nm. For both junctions, a
peak shift toward a lower binding energy is clearly observed
with an increase in the thickness of the LSMO overlayer,
indicating the formation of a Schottky barrier at the inter-
face. Interestingly, the energy shifts due to band bending can
be dramatically modulated by inserting one SrO atomic layer
at the interface. Judging from the saturation level of the peak
shift shown in Fig. 2�c�, �B

Act of the n-type and p-type

LSMO/Nb:STO heterojunctions can be estimated to be
1.2�0.1 and 0.6�0.1 eV, respectively.

In Fig. 2, it can be noticed that there is not only the energy
shift due to band bending but also the significant broadening
of core-level spectra with increasing the LSMO thickness.
The peak width for the n-type interface is much broader than
that for p-type interface. This broadening may be originated
from the narrowing of depletion layer in the interface region,
although the origin of the narrowing of depletion layer near
the interface is not clear at a moment. It has been commonly
observed that the SBH for manganites/TiO2-terminated Nb-
:STO heterojunctions determined by PES measurements is
much larger than that estimated by current-voltage �I-V�
characteristics.10,22 This difference may stem from the tun-
neling process in I-V measurements. Assuming the existence
of a thin depletion layer with an abrupt potential drop near
the interface, the tunneling current dominates the I-V char-
acteristics rather than the thermionic emission current. The
existence of a thin depletion layer at the interface may be in
accordance with the significant broadenings of the Ti 2p
core-level peak after LSMO deposition shown in Fig. 2�a�.
The possible potential modulation at the interface may com-
plicate the peak assignments of Ti 2p core-level spectra.
Thus, we use the centroid of Ti 2p core level as the peak
position plotted in Fig. 2�c�. Such peak assignments are a bit
ambiguous. However, since the energy shift due to band
bending is significantly larger than the uncertainty of peak-
position assignments, our analysis is meaningful to obtain
the picture of band lineup.

The band diagrams of both LSMO/Nb:STO Schottky
junctions, deduced from the present PES experiments, are
illustrated in Fig. 3. It is found that �B

Act of n-type LSMO/
Nb:STO is higher than �B

SM by 0.5 eV, which indicates the
formation of an interface dipole.9 In contrast, �B

Act of p-type
LSMO/Nb:STO is lower than �B

SM by 0.4 eV. These results
suggest that a change in the termination layer at the polar/
nonpolar heterointerface results in inversion of the direction
of the interface dipole. In other words, the SBH of LSMO/
Nb:STO junctions is modulated by 0.6 eV as a result of the
inversion of the interface dipole.

Modulation of the interface dipole by changing the inter-
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facial termination was first reported by Hikita et al. for
LSMO /SrMnO3 �SMO�/Nb:STO junctions having equiva-
lent interfacial structures to LSMO/SrO/Nb:STO junctions in
the present study.10 Through internal photoemission �IPE�
measurements, they observed a systematic increment in the
SBH in going from the n-type interface �LSMO/Nb:STO� to
the p-type interface �LSMO/SMO/Nb:STO�. For the n-type
interface, the value of the interface dipole observed in the
present study is in good agreement with the reported value;
however, there is a significant difference between the ob-
served and reported values of the interface dipole for the
p-type interface.10 The discrepancy can be reconciled by
considering the differences between information obtained by
PES and information obtained by IPE measurements: PES
can be used to probe only the potential at the edge of the
depletion layer formed on the Nb:STO side,9 whereas IPE
can be used to probe the potential difference between Nb-
:STO and LSMO in the interface region. Assuming the oc-
currence of a downward bending inside the manganite layer,
the IPE measurements overestimate the value of the interface
dipole.23 Since the SMO behaves as a p-type semiconductor
and the SMO/Nb:STO heterojunction consequently exhibits
typical p-n junction characteristics,24 there is a high possibil-
ity of the bands of the manganites bending downward at the
interface. In fact, a shift of Mn 3d t2g peak toward a higher
binding energy was clearly observed in previous resonance
PES studies on STO-capped LSMO films �at the STO/LSMO
interface� with an increase in the thickness of the STO
overlayer.25 Since the peak shift reflects the band bending
occurring inside the manganites only, it strongly suggests the
existence of downward band bending at the interface on
LSMO side.

Next, we discuss the origin of the interface dipole forma-
tion. It has been reported that at a polar/nonpolar heteroint-
erface based on transition metal oxides, electronic recon-
struction induced by charge transfer through the interface
occurs for preventing potential divergence.13 The possible
electronically reconstructed interfaces for n-type and p-type
LSMO/Nb:STO are illustrated in Figs. 4�a� and 4�b�, respec-
tively. Assuming a fully ionic charge assignment using the
nominal valence for each atomic layer, the present interfaces
have a polar discontinuity at the interface having charge den-
sity of −0.6q /+0.6q /0q /0q for n-type interface and +0.6q /
−0.6q /0q /0q p-type interface. The stacking of the polar lay-
ers, which consist of alternating �0.6q charge sheets, on
nonpolar STO produces a negative and positive electric field
inside the polar layer for n-type interface and p-type inter-
face, respectively. Divergence of electrostatic potential from
the interface can be prevented by accommodation �release�
of 0.3q charge in �from� the MnO2 atomic layer adjacent to
the interface in the case of an n-type �p-type� interface. Even
after this charge compensation, a finite electrostatic potential
remains inside the LSMO layer, which may correspond to
the observed interface dipole. On the basis of the electronic
reconstruction shown in Fig. 4, we calculate the interfacial
static potential by assuming a simple capacitor structure of
an LSMO layer with a dielectric constant of 30 �Ref. 10� and
a charge carrier sheet distance of 0.19 nm �a half unit cell of
LSMO�. The interfacial static potential of the n-type and
p-type interfaces are estimated to be +0.6 and −0.2 V, re-

spectively. The estimated interfacial static potentials are in
good agreement with the observed values of the interface
dipole �0.5 eV for n-type and −0.4 eV for p-type LSMO/
Nb:STO�.

The compensation of extra charges in the MnO2 layer can
be also naturally explained by taking into account the elec-
tronic configuration of Ti and Mn ions and the energy differ-
ence between the 3d levels of Ti and Mn ions.25 By assuming
a hypothetical single BO2 layer, the electronic configuration
is t2g↑

0 for Ti ions in a TiO2 layer and t2g↑
3 eg↑

0 for Mn ions in
a MnO2 layer. When the electron-donor La0.6Sr0.4O layer,
which donates 0.6q per lattice site to the transition metal
oxide layer, is shared by the MnO2 and TiO2 layers, the
excess electrons are accommodated in the eg↑ states of Mn
ions, owing to the energy difference of the 3d states in the
transition metal ions. As a result, the effective electron con-
centration increases in a MnO2 layer adjacent to the n-type
interface. In contrast, the effective electron concentration de-
creases in a p-type interface owing to the alternation of the
termination layer from an electron-donor La0.6Sr0.4O layer to
a SrO layer on the STO side. As a result, the charge redistri-
bution illustrated in Fig. 4 is energetically favored from the
viewpoint of the ionization energy of constituent transition
metal, as well as the electrostatic potential discussed above.
In fact, robust Ti4+ states and valence modulation in Mn ions
at the LSMO/STO interface were clearly observed in previ-
ous PES measurements.25

Although the electronic reconstruction at the polar/
nonpolar interface seems to reasonably explain the formation
of the interface dipole, there remains the question about the
validity of treating a conductive LSMO as an ionic
insulator.10 LSMO is a conductive oxide, and the interface
dipole is subject to the metallic screening from carriers in an
LSMO layer. The absence of metallic screening at the inter-
face may be responsible for the insulating behavior of the
LSMO layer in the interface region.26–29 Recent studies on
interfacial properties of LSMO layers have revealed that in-
sulating transition layers with a thickness of about 4 ML
exist at the LSMO/STO heterointerfaces.26 A transition
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LSMO layer is regarded as a nanocapacitor that is formed
between metallic LSMO and semiconductive Nb:STO. An-
other possibility for the absence of metallic screening is the
long screening length of the conduction carriers in LSMO.10

Hikita et al. estimated the Thomas-Fermi screening length of
LSMO to be about 0.31 nm, and they concluded that the
length scale corresponds to a change in the valence of Mn at
the first interface layer in simple ionic assignments. One of
the key issues concerning transition metal oxides is the char-
acteristic length scale at the interface where the complex
physical properties manifest themselves. For an in-depth un-
derstanding of the origin of interface dipole formation, fur-
ther investigation is necessary. In particular, it is important to
clarify the effect of the charge density of the terminating
layer on the SBH of the LSMO/STO interfaces.

Finally, we briefly discuss the potential divergence issue
at the surface. Assuming that the same charge transfer occurs
at the surface, the two different surface terminations of
LSMO should have work functions differing by the same
amount of 0.9 eV as the interface. However, the difference in
work function of 0.14�0.02 eV is much lower than that
expected from electric reconstruction induced by charge
transfer. Furthermore, the observed work functions of polar
LSMO surface are close to those of nonpolar STO surface.
These experimental facts strongly suggest that the surface of
LSMO is not electronically equivalent to the interface: the
divergence of electrostatic potential from the surface may be
prevented not by charge transfer �electric reconstruction� but
by structural reconstruction �atomic rearrangement� at the
surface, since the energy cost of atomic rearrangement at the

surface is much lower than that at the interface.18 In order to
understand the polarity issue at the surface, further investi-
gations for surface structure of polar LSMO are necessary.

In conclusion, we have investigated the interfacial termi-
nation layer dependence of the Schottky barrier height
�SBH� for heterojunctions between polar La0.6Sr0.4MnO3
�LSMO� and nonpolar Nb-doped SrTiO3 �Nb:STO� using in
situ photoemission spectroscopy �PES�. Insertion of one SrO
atomic layer alters the interfacial structure of the LSMO/
Nb:STO heterojunctions from -MnO2-La0.6Sr0.4O-TiO2-SrO-
�n type� to -La0.6Sr0.4O-MnO2-SrO-TiO2- �p type�, and con-
sequently, the SBH is modulated from 1.2�0.1 to
0.6�0.1 eV. From the band diagram drawn from the in situ
PES measurements, it is clear that SBH modulation occurs
due to the formation of an interface dipole at the polar/
nonpolar interface; the value of interface dipole for the
n-type interface is 0.5 eV, while that for the p-type interface
is −0.4 eV. These results indicate that inversion of interface
dipole direction is a result of the inversion of polarity of the
polar LSMO layers. The inversion of interface dipole direc-
tion is reasonably explained by interfacial electronic recon-
struction to prevent polar divergence.
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