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Determination of the surface and interface phase shifts in metallic quantum well structures
of perovskite oxides
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We propose an experimental approach to extract separately the surface and interface phase shift of standing
waves in metallic quantum well (QW) structures composed of isostructural perovskite oxides. The “asymmetric”
vacuum/SrVO3/SrTiO3 and “symmetric” SrTiO3/SrVO3/SrTiO3 QW structures are fabricated in an epitaxial
multilayer form. Using these metallic QW structures, the phase shifts at the surface (vacuum/SrVO3) and interface
(SrTiO3/SrVO3) are successfully obtained by analyzing a thickness series of angle-resolved photoemission
spectra. The difference of the phase shift between the two boundaries reveals that nearly ideal quantum
confinement is achieved at the interface, indicating that a SrTiO3 layer acts as a useful potential barrier.
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I. INTRODUCTION

Quantum well (QW) states have been a great contribution
to the development of both fundamental physics and electric
devices used for modern information technology.1–12 Recently,
QW states were clearly observed for strongly correlated ox-
ides by means of angle-resolved photoemission spectroscopy
(ARPES): SrVO3 (SVO) ultrathin films13 as well as cleaved
SrTiO3 (STO) and KTaO3 surfaces.14–16 Such QW structures
are relevant to understanding two-dimensional quantum con-
finement (phenomena) in strongly correlated oxides, which
have attracted considerable attention for their potential use in
the control of the novel functionalities of strongly correlated
oxides using artificial structures.17,18

In order to design the functionalities of the oxide QW
structures, it is desirable to obtain knowledge of the complex
interactions of the confined strongly correlated electrons at the
boundaries, especially the phase shift (reflection) of the elec-
tron at the surface and the interface. However, unfortunately,
the phase shifts at the two boundaries cannot be extracted
separately because one obtains the information as a “total
phase shift” term of �, which is defined as the sum of the
phase shifts at the surface and the interface in the quantization
condition for a numerical formula.1–12 Therefore, the phase
shifts at the two boundaries have been treated as the fitting
parameters to describe the QW states1–4 or estimated with the
help of theoretical calculations,10,11 although the phase shift is
an essential term to discuss the confinement condition in the
metallic QW structures.

In this article, we propose a method of analysis to
experimentally determine the phase shifts at the two bound-
aries using the “asymmetric and symmetric” QW structures.
These QW structures consist of isostructural perovskite
oxides with a chemical formula of ABO3. The symmetric
A′B′O3/ABO3/A′B′O3 QW structures, where electrons are
geometrically confined inside the ABO3 layers, have the same
boundaries of the ABO3/A′B′O3 interfaces. Thus the total

phase shift of this symmetric QW structure is twice the phase
shift at the ABO3/A′B′O3 interface. Meanwhile, the total phase
shift of the asymmetric QW structure (vacuum/ABO3/A′B′O3)
is obtained as the sum of the phase shifts at the ABO3 surface
and the ABO3/A′B′O3 interface. As a result, the phase shifts
at the surface and the interface are separately determined by
solving simple simultaneous equations without any help from
theoretical calculations.

Using the metallic QW structures composed of the con-
ductive oxide SVO and the oxide semiconductor STO, we
successfully determined the phase shift at the surface (vac-
uum/SVO) and the interface (STO/SVO) by analyzing an
SVO-layer thickness series of ARPES spectra. The difference
in the phase shift between the two boundaries reveals that the
nearly perfect reflection of standing waves is achieved at the
STO/SVO interface owing to the high permittivity of STO
and its band lineup to SVO. These results have a significant
implication for designing oxide QW structures. In addition, the
successful determination suggests that our analytical approach
permits direct access to the behavior of confined electrons and
will be widely applicable to the studies of QW structures.

II. EXPERIMENT

Digitally controlled SVO ultrathin films (asymmetric QW
structures) were grown on atomically flat TiO2-terminated Nb-
doped STO substrates by a pulsed laser deposition method.
Details of the growth conditions are described elsewhere.19

For fabricating STO/SVO/STO (symmetric QW) structures,
one monolayer of STO was subsequently deposited onto the
SVO ultrathin films in the same growth conditions. In order to
eliminate the possibility that changes in the composition might
cause the difference in the QW states between the asymmetric
and symmetric QW structures, both the QW structures were
fabricated at the same time on the same STO substrate. The
thicknesses of SVO films and STO overlayers were controlled
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by monitoring the intensity oscillation of the specular spot of
the reflection high-energy electron diffraction.

The ARPES measurements were performed in situ at
BL28A of Photon Factory, KEK. The energy resolution was
set to 30 meV at a photon energy of 88 eV. All the ARPES
measurements were performed at 20 K using linearly polarized
light. The Fermi level (EF ) of the samples was referred to that
of a gold foil. Detailed ARPES measurement conditions are
described elsewhere.13

III. RESULTS AND DISCUSSION

Figure 1 shows the ARPES spectra taken at the � point
as a function of SVO film thickness with and without an
STO overlayer. The former corresponds to the symmetric
QW structure of STO/SVO/STO, whereas the latter is the
asymmetric QW structure of vacuum/SVO/STO. Regardless
of the presence or absence of the STO overlayer, several
peaks derived from the QW states were clearly observed in
the ARPES spectra. Because STO is an n-type semiconductor
with a band gap of 3.2 eV, an STO overlayer does not
mask the QW states derived from the V 3d states of the
buried SVO layers. Thus we address the buried QW states
by ARPES. At first glance, there seems to be no significant
change in both the ARPES spectra; the spectral line shapes
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FIG. 1. (Color online) Thickness-dependent ARPES spectra of
SrVO3 ultrathin films taken at the � point with (solid lines) and
without (dashed lines) a SrTiO3 overlayer. The filled triangles indicate
the peak positions in the ARPES spectra.

n = 1

n = 2

n = 3
n = 4

1098765
Thickness (ML)

B
in

d
in

g
 E

n
er

g
y 

(m
eV

)

EF

200

400

600

(a) (b)

n = 1

n = 2

n = 3
n = 4

1098765
Thickness (ML)

with SrTiO  overlayer3 w/o SrTiO  overlayer3

FIG. 2. (Color online) Structure plot of SrVO3 ultrathin films
(a) with and (b) without a SrTiO3 overlayer. The marker colors
correspond to those of the triangles in Fig. 1. The markers and solid
lines are the experimental data and simulated results based on the
phase shift quantization rule (see text for details), respectively.

are similar to each other, and the number of the peaks is the
same in the ARPES spectra for the same SVO film thickness.
However, a closer look reveals that the peak positions of the
quantized states show slight differences between the two QW
structures. The quantized states located in the vicinity of EF

are slightly shifted toward a higher binding energy in the
“symmetric” QW structure of STO/SVO/STO, whereas the
quantized states near the bottom of the V 3d conduction bands
[∼500 meV (Refs. 20–22)] shift in the opposite direction. It
should be noted that these behaviors cannot be explained by
the chemical potential shift and/or charge transfer derived from
the additional STO overlayer because all the peaks should be
shifted toward the same energy direction in such a case.

In order to investigate the differences in the quantized states
between the two kinds of QW structures more clearly, we plot
the peak positions as a function of SVO film thickness in
Fig. 2. For both of the QW structures, the quantized states are
finally saturated at the binding energy of ∼500 meV, where
the bottom of the bulk V 3d conduction bands in SVO is
located.20–22 As expected from Fig. 1, the quantized states
located in the lower binding energy region exhibit differences
in their peak positions between the two QW structures.
Considering the structural difference in these QW structures,
the differences in peak positions should reflect the degree
of the quantum confinement at the surface and the interface,
which is represented by the total phase shift in the phase shift
quantization rule.1,2

In order to estimate the total phase shifts for both of the QW
structures, we simulated the structure plots by only changing
the total phase shift, while other parameters were fixed. In
the phase shift quantization rule, the quantization condition is
described by the following equation:12

2kenvL + � = 2nπ, (1)

where kenv, L, �, and n are the wave vector of the envelope
function, the width of the QW, the total phase shift, and
the quantum number, respectively. In this analysis, we define
quantum number n as starting from 1. Here, L is defined as L =
ma, where m is the number of monolayers for SVO ultrathin
films (m = 1, 2, . . .) and a is the out-of-plane lattice constant
of SVO thin films. The details of the simulation based on the
phase shift quantization rule and the renormalization scheme of
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FIG. 3. (Color online) Plots of the total phase shift of the metallic
quantum well states in SrVO3 layers (a) with and (b) without a SrTiO3

overlayer as a function of binding energy. The markers with error bars
denote the total phase shift obtained from analyzing the experimental
data (see text for details). The solid lines are the results of the least-
squares linear fitting for the data. (c) The phase shift at the SrVO3

surface and the SrTiO3/SrVO3 interface.

the tight-binding calculation are described elsewhere.13 These
results are superimposed on solid lines in Figs. 2(a) and 2(b)
for the symmetric and asymmetric QW structures, respectively.
The simulated results reproduce the experimental results well,
confirming that these observed states are derived from the
quantized states in SVO layers in the metallic QW structures.

Figures 3(a) and 3(b) show the evaluated energy depen-
dence of the total phase shifts in both QW structures. The
experimentally obtained total phase shifts are well fitted by a
least-square regression line9,23 as indicated by the solid lines
in Figs. 3(a) and 3(b). The fitted total phase shifts show a
qualitatively similar binding-energy dependence between the
two. As shown by extrapolating the fitted lines toward higher
binding energies, the experimental phase shift is almost zero
at the bottom energy of the V 3d conduction bands in bulk
SVO (∼ 500 meV). On the other hand, the slopes of the total
phase shifts as a function of binding energy are considerably
different between the two QW structures.

The difference in the total phase shift is responsible for the
modulation of the wave function in the QW at the boundaries.
For an examination of the behavior of the standing waves
at the boundaries of the SVO layers, we extracted the phase
shifts at the surface and interface separately as follows. In
Eq. (1), the total phase shift in the present STO/SVO/STO QW
structures is written as �sym = �interf + �

′
interf. Meanwhile,

in the vacuum/SVO/STO QW structures, the total phase
shift is �asym = �surf + �interf. Here, �interf, �

′
interf, and �surf

are the phase shifts at the SVO/STO substrate interface,
SVO/STO overlayer interface, and SVO surface, respectively.
Assuming �interf ≈ �

′
interf, the phase shift at the surface and the

interface could be obtained separately by solving the simple
simultaneous equations. Although the STO overlayer is very
thin, the assumption may serve as a good approximation in
the present case. As can be observed in Figs. 3(a) and 3(b),
the absolute value of �sym is close to zero and considerably
smaller than that of �asym, strongly suggesting that the absolute
value of �interf as well as �

′
interf is almost zero and they are

quite smaller than that of �surf.
The separate phase shifts are shown in Fig. 3(c). As

expected from the difference of total phase shifts in Figs. 3(a)
and 3(b), the phase shift at the interface is almost independent
of the binding energy and close to zero. On the contrary, the
phase shift at the surface strongly depends on binding energy,
and its absolute value is considerably higher than that at the
interface from 500 meV to EF where the QW states were
observed from the ARPES spectra.

Next, we discuss the relationship between the phase shift
and the behaviors of the standing waves at the boundaries.
Considering the special case in which the total phase shift
is zero (�surf = �interf = 0), kenv = π/a is one solution of
Eq. (1) for all m = n. This means that the wave functions of
the standing waves have zero amplitude at the boundaries.2,9

In contrast, when the total phase shift is almost 2π (�surf =
�interf ≈ π ), there are no solutions for n = 1 (the only answer
is kenv = 0).2 In other words, the standing waves are better
confined inside the QW when the phase shift is close to zero.

Based on this relationship, we will compare the phase shift
between the two boundaries. Both the phase shifts are almost
zero at 500 meV, indicating that ideal quantum confinement
is achieved around this energy range. With decreasing binding
energy, both the phase shifts deviate from zero, suggesting
that the standing waves somewhat penetrate into the potential
barriers. The phase shift at the surface is farther from zero
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FIG. 4. (Color online) Band diagram of the SrTiO3/SrVO3 inter-
face deduced from the previous PES studies.13,24,25 CBM and VBM
denote the conduction band minimum and valence band maximum,
respectively. The V 3d conduction bands are energetically well
isolated from both the CBM and VBM owing to the wide band gap
of SrTiO3 and its band lineup to SrVO3.
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than that at the interface, indicating that the standing waves
are considerably better confined at the interface than at the
surface. This result suggests that the interfaces with STO as
well as STO overlayer are useful for the quantum confinement
of the V 3d states in SVO.

Finally, we briefly discuss the reason why an STO layer acts
as nearly ideal potential barriers in terms of the band diagram
at the SVO/STO interface. The band diagrams drawn from the
previous photoemission studies13,24,25 are illustrated in Fig. 4.
At the interface between the metallic SVO and the n-type
semiconductor STO, a Schottky potential barrier of 0.9 eV
is formed.13 Because STO has a wide band gap of 3.2 eV,
the occupied V 3d states involved in the formation of the
observed QW states in the energy range from EF to 0.5 eV are
located around the middle of the band gap of STO. Namely,
the occupied QW states are energetically well isolated from
the conduction band minimum (offset of ∼0.9 eV) and valence
band maximum (offset of ∼1.8 eV) of STO at the interface. In
such circumstances, it is difficult for an electron in the SVO
layer to couple to any electronic states in STO. It should be
noted that the valence band maximum of the STO overlayer
is located around 2.3 eV (not shown), strongly suggesting
the formation of almost the same band lineup between the
upper and lower interfaces. This fact provides further support
for the validity of our analysis based on the assumption of
�interf ≈ �

′
interf and may be responsible for the formation of

better quantum confinement of V 3d electrons in the symmetric
QW structures.

Considering the band lineup at the SVO/STO interface
in Fig. 4, the STO layers are regarded as a “vacuum”
with higher permittivity for the V 3d electrons at a first
approximation. STO is a quantum paraelectric material and its
relative permittivity at the present measurement temperature
of 20 K is more than 10 000,26 although the value may
degrade in thin film form and/or crystal deformation in the
interfacial region.27,28 In such a high value of permittivity, the
barrier-energy lowering near the interface due to the image
force (image-force lowering known as the Schottky effect)29

is negligibly weak, and the shape of energy potential near the
interface approaches asymptotically to the intrinsic Schottky
barrier as shown in Fig. 4. In other words, the abrupt potential

well is formed at the interface, and consequently nearly ideal
quantum confinement of V 3d electrons could be achieved.
These results have an important implication for designing
oxide QW structures; other oxide semiconductors with a wide
band gap and a high permittivity are used as nearly ideal
potential barriers to confine electrons in oxide heterostructures.
In order to test this capability, further systematic investigation,
as well as theoretical studies, is necessary.

IV. CONCLUSION

We have experimentally determined the phase shifts of the
standing waves in SVO at the surface (vacuum/SVO) and the
interface (STO/SVO) separately by using the symmetric and
asymmetric QW structures. By analyzing a thickness series
of ARPES data, it has been found that the V 3d states are
well confined at the two boundaries. The obtained phase shifts
suggest that nearly ideal quantum confinement is achieved
at the STO/SVO interfaces owing to the wide band gap and
high permittivity of STO and its band lineup to SVO. These
results strongly suggest that the metallic QW states of strongly
correlated electrons are created by using the combination
of the conductive oxides and oxide semiconductors with a
wide gap and a high permittivity, and designed by tuning the
band lineup among them. Furthermore, this structural design
concept can be generalized to create the metallic QW states in
other systems.
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