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The charge disproportionation of Mn 3d and O 2p electronic states was investigated in two
(LaMnO3)2(SrMnO3)2 superlattices using the resonant x-ray scattering technique. The superlattices show
significantly different conductivity even with the same composition. The large modulation of the Mn 3d

electronic state was observed in the insulating sample, however the charge disproportionation and magnetic
modulation of O 2p were shown in the semiconductive sample. It is suggested that the charge modulation
appears in either Mn 3d or O 2p, which is strongly related to strength of the p-d hybridization, which is the
main factor determining the electric conductivity in the superlattices.
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I. INTRODUCTION

A metal-insulator transition (MIT) is one of the important
phenomena in transition metal oxides, and various intriguing
physical properties, such as high TC superconductivity and
colossal magnetoresistance effects, appear close to MIT [1].
Here bandwidth dominates the localized and itinerant charac-
ter in materials [2]. Perovskite nickelate, RNiO3, is a typical
compound that exhibits charge-transfer type MIT [3]. Band-
width is controlled by the Ni-O-Ni bond angle, which reflects
orthorhombic distortion, i.e., the tolerance factor. The strength
of the orbital hybridization between Ni 3d and O 2p is directly
connected to bandwidth. Two kinds of charge orderings have
been proposed theoretically in the insulating phase [4], even
though it is still under debate in perovskite nickelate. In the
case of narrow bandwidth, charge ordering occurs at the Ni
site, 2Ni3+ → Ni2+ + Ni4+. In contrast, in the case of wider
bandwidth, all Ni ions are Ni3+, while oxygen sites show the
charge disproportionation of the O 2p electron. This proposal
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indicates that the charge disproportionation of Ni 3d and O
2p is dominated by the degree of the orbital hybridization
between Ni 3d and O 2p. However, since it is difficult to
distinguish experimentally these two kinds of charge ordering,
the hybridized state of Ni 3d and O 2p becomes a hidden
parameter in the insulating phase of RNiO3.

The manganite superlattice (LaMnO3)m(SrMnO3)n
(LmSn) has been extensively investigated as a stage to control
Mn valence, as the Mn valences in the LaMnO3 (LMO)
and the SrMnO3 (SMO) layers are 3+ and 4+, respectively
[5–13]. Namely the charge modulation is controlled by
the A-site cations; which is different from the charge
ordering in RNiO3. The physical properties of the LmSn

superlattice strongly depend on the stacking structure of the
LMO and SMO layers [5–7]. In addition, a large negative
magnetoresistance has been newly discovered [8,10]. In this
study, we focus on two L2S2 superlattices, here we refer to
them as samples 1 and 2, in which conductivities have been
reported to be dependent on samples [7]. The temperature
profiles of the resistivity in two L2S2 samples are shown
in Fig. 1(a). The resistivity of sample 2 is considerably
smaller than that of sample 1, even though both samples show
semiconducting behavior. X-ray diffraction elucidated that the
accuracy of stacking in sample 1 are better than that in sample
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FIG. 1. Temperature dependencies of (a) resistivity and (b) mag-
netization [7] for sample 1 and sample 2. Schematic view of (c) a
crystal structure of the L2S2 superlattice. Charge disproportionation
of (d) Mn 3d and (e) O 2p. (f) Energy levels of the eg orbital with a
ligand hole under tensile strain.

2 [7] (Fig. 2). The suppression of charge disproportionation
owing to the mixing of La and Sr had been simply expected
to be a cause of resistivity reduction.
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FIG. 2. (a) Diffraction patterns near the 001 reflection of sample
1 (6.52 keV) and sample 2 (6.50 keV). (b) Those near the 008
reflection observed at 12.0 keV. The base of sample 2 is vertically
shifted for clarity.

Resonant x-ray scattering (RXS) is a powerful tool for
observing the spatial ordering of the charge, orbital, and
spin degrees of freedom [14,15]. A resonant signal consists
of element and orbital selective information depending on
absorption energy. Hence, the Mn valence distribution of the
L2S2 superlattices was evaluated using RXS at the Mn K edge
[7]. However, RXS spectra were almost the same in two L2S2
samples. Namely, the difference in Mn valence distribution
could not be detected within experimental accuracy, and it
was elucidated that Mn valences are fully ordered as shown
in Fig. 1(c). The RXS signal at the Mn K edge directly
reflects the 4p electronic state of the Mn ion because the edge
corresponds to the 1s → 4p transition. The 4p electronic
state shows an energy shift that reflects the valence state
(chemical shift). Therefore, we consider that the chemical
shift is not very sensitive to the difference between the charge
disproportionation of Mn 3d and O 2p. As a result, it is
difficult to distinguish this kind of charge disproportionation
by utilizing the RXS signal at the Mn K edge.

In the present study we consider the charge disproportion-
ation of Mn 3d and O 2p, which is expected to influence con-
ductivity properties through the orbital hybridization between
Mn 3d and O 2p. Namely, the charge disproportionation of
O 2p is enhanced by the orbital hybridization in sample 2.
In this article we describe the RXS measurements performed
not only at the Mn L2,3 edge but also at the O K edge to
elucidate atypical charge modulations because the RXS at
the Mn L2,3 edge (2p → 3d transition) and at O K edge
(1s → 2p transition) can directly clarify the Mn 3d and O 2p

electronic states, respectively. In fact, the charge and orbital
order at the oxygen site have been reported utilizing the RXS
at the O K edge [16,17].

II. EXPERIMENTS

The L2S2 superlattice was fabricated on a SrTiO3 (STO)
(001) substrate using the pulsed laser deposition technique
[18]. The lattice constant c along the stacking direction was
almost four primitive cells of perovskite [Fig. 1(c)]. Magneti-
zation was measured using MPMS (Quantum Design, Inc.).
A magnetic field (H = 0.05 T) was applied parallel to the
in-plane direction.

X-ray diffraction and RXS at the Mn K edge were carried
out at BL-3A and BL-4C, Photon Factory (PF), KEK. The ex-
periment was performed on a four-circle diffractometer with
σ -polarized x rays at room temperature. RXS experiments
were performed close to the Mn L2,3 edge and O K edge at
BL-19B in PF using an in-vacuum two-circle diffractometer
[19,20]. A π -polarized incident x ray was used as shown in
the inset of Fig. 3(b). Polarization analysis was not performed
[21]. Hence, the measured intensity was integrated over π ′
and σ ′ final state polarizations.

The x-ray magnetic circular dichroism (XMCD) measure-
ment was conducted at BL-16A in PF using a circularly po-
larized x ray from APPLE-II type undulators [22,23]. XMCD
spectra were recorded in the total-electron-yield (TEY) mode.
The x-ray absorption spectroscopy (XAS) measurement at
the O K edge was measured by the fluorescence-yield (FY)
mode.
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FIG. 3. Energy dependence of scattering intensities in the 001
reflection observed at the (a) Mn K edge, (b) Mn L2,3 edge, and
(c) O K edge. Nonresonant intensity scales to 1 through intensity
normalization. The diffracted signal is quite strong, and the intensity
of the fluorescence is negligible. The inset in (c) shows the schematic
view of the experimental configuration.

III. RESULTS AND DISCUSSION

A. Sample characterization

Manganite superlattice [(LaMnO3)m(SrMnO3)m]n was
carefully fabricated as reported in Ref. [7]. In order to improve
the accuracy of the superlattice periodicity, RHEED intensity
oscillations were monitored throughout the fabrication. Hence
the stacking number of the (LaMnO3)m(SrMnO3)m unit, i.e.,
n, is known correctly. The stacking number of samples 1
and 2 are n = 24. On the other hand, the accurate control of
the superlattice periodicity m was very difficult. Therefore,
the estimation of periodicity m is necessary as the sample
characterization.

The diffraction pattern along the stacking direction is
shown in Fig. 2. The clear Laue function peaks are observed in
sample 1, while the large intensity modulation is observed in
the Laue function region of sample 2. The diffraction pattern
in Fig. 2(b) almost reproduced the previous report (Fig. 16
in Ref. [7]). It indicates that the accuracy of stacking in
sample 1 is better than that in sample 2, since the size of
deviation from the ideal Laue function reflects the stacking
accuracy. The peak position of fundamental reflection reflects

the lattice constant of average perovskite structure (cave).
Using the peak position of 008 reflection, we estimated the
lattice constants cave = 3.85 Å in sample 1 and cave = 3.82 Å
in sample 2, which are consistent with the previous report
[7]. The superlattice periodicity m is evaluated by the peak
position of the superlattice reflections 001, 007, and 009.
Hence, m is a spatially averaged value, while the Laue func-
tion region reflects the whole of structural modulation in film.
The estimated m value is about 1.95 in sample 1 and about
2.14 in sample 2, respectively. Hence, the lattice constant
c along the stacking direction was almost four primitive
cells of perovskite. The obtained periodicity m are slightly
different from the previous report [7]. It may reflect that a
different piece of the sample was used in this experiment.
The fabricated L2S2 superlattice was cut and one piece was
used for the previous x-ray measurement [7]. Here we think
that the films have the same characteristics used in previous
measurement. In fact, the intensity modulation between the
007 and 008 reflections exactly coincides with that of previous
report in sample 2.

Magnetization was measured to clarify magnetic properties
of the L2S2 samples as shown in Fig. 1(b). Spontaneous
magnetization was clearly observed in sample 2. This mag-
netization (<0.2 μB/Mn) is considerably smaller than that of
ferromagnetic metal samples [6,8]. Moreover, no magnetiza-
tion was detected in sample 1 within experimental error.

B. Resonant x-ray scattering

In RXS measurement, scattering intensity I (E, �Q) is pro-
portional to the square of the structure factor F (E, �Q).
F (E, �Q) is expressed as

∑
j fj (E, �Q) exp(−i �Q · �rj ), where

f (E, �Q) and rj denote the atomic scattering factor and the
atomic position in a unit cell, respectively. The atomic scat-
tering factor is given by f0( �Q) + f ′(E) + if ′′(E), where f0,
f ′(E), and f ′′(E) represent the Thomson scattering factor
and the real and imaginary terms of the anomalous scattering
factor (ASF), respectively. The ASFs markedly change near
absorption edge energy, and they reflect an electronic state
attributed to the absorption process. To evaluate the charge
disproportionation of Mn 3d, I (E, �Q) was measured near
the Mn L2,3 edge at room temperature. Figure 3(b) shows
extremely large intensity modulation near the L2,3 edge, while
the resonant signal at the Mn K edge is weaker than the
Thomson scattering component [Fig. 3(a)] [24]. The intensity
is normalized by the nonresonant intensity to compare the
strength of the resonant signals [25]. Moreover, there is a
large difference between the I (E, �Q) for the two samples; a
markedly resonated signal is observed in sample 1. In contrast,
a strong resonant signal at the O K edge is observed in
sample 2, as shown in Fig. 3(c). The resonating energy is
approximately 530 eV, which corresponds to the O 2p hole
state that reflects the p-d hybridization [26,27]. The strong
single peak structure is similar to the previous reports at the
O K edge [16,17]. These results indicate that the charge dis-
proportionation of O 2p is enhanced in sample 2, as expected.
It is worth mentioning that the energy spectrum close to the
Mn L2,3 edge in sample 1 is considerably similar to that in the
L2S2 fabricated on a (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT)
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FIG. 4. Energy spectra at the (a) Mn L2,3 edge and (b) O K edge.
(c) Temperature dependence of magnetic scattering intensity at the
Mn L2,3 edge (641.5 eV) and O K edge (530 eV). The inset shows a
schematic view of A-type AFM in L2S2.

substrate [10]. This is consistent with the fact that L2S2/LSAT
shows well insulating behavior.

The energy spectrum I (E, �Q) at the Mn L2,3 edge can
be calculated on the basis of the Mn 3d charge modulation
model by utilizing the ASF near the Mn L2,3 edge as reported
in Ref. [9]. The calculated resonant signal is weaker than the
observed one in the case of sample 1. We think that it is caused
by the insufficient accuracy of the ASFs at the Mn L2,3 edge.
There the ASFs of Mn3+ and Mn4+ were obtained experi-
mentally using reference samples LaMnO3 and SrMnO3 thin
films, respectively. The p-d hybridized states between Mn 3d

and O 2p are not clear in these reference samples. Therefore,
the theoretical approach is desired for the quantitative evalua-
tion of the electronic states in the superlattice.

C. Resonant x-ray magnetic scattering

Next, we investigated the magnetic ordering of the super-
lattices that reflected the p-d hybridized state. A-type anti-
ferromagnetism (AFM) was reported on the manganite film
grown on the STO substrate [28,29]. Reflecting charge dispro-
portionation, the Mn3+ (3d4) and Mn4+ (3d3) layers have the
different moment sizes as shown in the inset of Fig. 4(c), and
the periodicity of the magnetic structure coincides with lattice
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FIG. 5. (a) Energy spectra at the Mn L2,3 edge. (b) Temperature
dependence of the magnetic scattering intensity at the Mn L2,3 edge
(641.5 eV).

constant c. Namely, the magnetic signal can be expected to
appear at the 001 reflection. In the theoretical framework, the
main component of resonant magnetic scattering is described
as −i(ε′ × ε) · S, where ε (ε′) is the polarization vector of an
incident (scattered) x ray and S is the vector of the magnetic
moment [30]. Hence, any magnetic moment can be detected
in π → π ′ or π → σ ′ scattering process.

Here the magnetic signal was searched at the 001 reflection
in sample 2. The magnetic signal, which was enhanced at low
temperature, was clearly found close to the 001 reflection [31],
while it was not observed at the 001 reflection in the case of
G-type AFM in L2S2/LSAT [10]. Figure 4(a) shows the tem-
perature dependence of energy spectra close to the Mn L2,3

edge. The spectra are similar to that of the magnetic signal in
the A-type AFM phase of La1.05Sr1.95Mn2O7 [32]. It indicates
that the electronic states of both the A-type AFM phases are
similar. Scattering intensity increases at temperatures below
approximately 250 K (= TN ) [Fig. 4(c)]; this corresponds
to the magnetization result [Fig. 1(b)]. To evaluate oxygen
magnetism, which reflects the charge disproportionation of O
2p, energy spectra were measured close to the O K edge as
shown in Fig. 4(b). The intensity at approximately 530 eV
is clearly enhanced below TN . The temperature dependence
mostly coincides with that at the Mn L2,3 edge [Fig. 4(c)].
Hence, magnetic signals with the same origin are detected at
the Mn L2,3 edge and O K edge.

The magnetism in sample 1 was also investigated. The
magnetic signal attributed to A-type AFM is clearly observed
at the Mn L2,3 edge as shown in Fig. 5(a). Intensity increases
below temperatures of approximately 150 K [Fig. 5(b)].
The magnetic signal is grown near the signal reflecting the
charge disproportionation of Mn 3d, while the almost pure
resonant magnetic signal could be detected for sample 2. To
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FIG. 6. (a) Energy spectra near the Mn L2,3 edge at T = 20
and 240 K of sample 1, i.e., I (20 K) and I (240 K). (b) Subtracted
spectrum I (20 K) − I (240 K) of sample 1, and the spectrum at 25 K
of sample 2. The base of sample 2 is vertically shifted for clarity.

compare the magnetic component of the energy spectrum
with that of sample 2, the energy spectrum at 240 K, I (240
K), is subtracted from that at 20 K, I (20 K), although the
magnetic component cannot be simply subtracted from the
spectrum owing to the interference. I (240 K), I (20 K), and
the subtracted spectrum are shown in Fig. 6. The subtracted
spectrum is similar to the spectrum of sample 2 as shown in
Fig. 6(b). It indicates that the A-type AFM phases of samples
1 and 2 have similar electronic states. On the other hand,
no magnetic signal is detected at the O K edge in sample 1
within experimental error. Finally, we consider that the O 2p

magnetism attributed to the charge disproportionation of O 2p

is clearly observed only in sample 2.

D. X-ray magnetic circular dichroism

XMCD spectra were measured in sample 2 as slight mag-
netization was observed as shown in Fig. 1(b). Figure 7 shows
the XMCD spectrum at the Mn L2,3 edge, which is similar to
that of the bulk sample [33]. The spectrum was also measured
by the FY mode (not shown here), and is consistent with
Fig. 7(a). Hence the XMCD spectra reflect not the surface
state but the bulk property of the superlattice, although the
probing depth in the TEY measurement is much shorter than
the film thickness. The XMCD spectrum was also measured
at the O K edge. A signal was detected at approximately
530 eV, even though it was a considerably weak signal. The
energy corresponds to that of the magnetic scattering shown
in Fig. 4(b). Hence, the O 2p magnetism corresponding to the
charge disproportionation of O 2p can be detected through
XMCD at the O K edge. The local magnetic moment at the O
site is caused by the charge transfer to the Mn site, hence the
moment is simply expected to be antiparallel to that at the Mn
site. It is consistent with the positive sign of the XMCD signal
at the K edge. However, the opposite sign was also reported in
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FIG. 7. X-ray absorption spectra (XAS) with opposite circular
polarizations (μ+ and μ−) and XMCD spectrum (�μ) at the (a) Mn
L2,3 edge and (b) O K edge.

the bulk sample [33]. For detailed understanding, a theoretical
study is desired.

Here we discuss the origin of the charge disproportionation
of O 2p. Sample 2 is expected to have a wider bandwidth
compared to sample 1. This is related to the conductivity
property in the two samples. The wide bandwidth enhances
the p-d hybridization in sample 2, and then, the ligand hole
state becomes important. Namely, the 3d5L [3d4L] state is
induced in the Mn3+ (3d4) [Mn4+ (3d3)] state. It is known
that the charge transfer energy of Mn3+ is higher than that of
Mn4+ [34]. As a result, the 3d4L state is stabilized compared
with the 3d5L state. Namely, the Mn3+ (3d4) - Mn4+ (3d4L)
type charge disproportionation [Fig. 1(e)] is induced by the
p-d hybridization. This is consistent in that the RXS signal
at the O K edge is enhanced and that at the Mn L2,3 edge
is suppressed in sample 2. In addition, we consider the tensile
strain effect caused by the STO substrate. The eg orbital shows
energy level splitting, and the x2 − y2 orbital is stabilized
under strain [Fig. 1(f)]. Hence, in the case of the charge
disproportionation of Mn 3d, the charge and orbital order can
be expected as shown in Fig. 1(d). In the case of the strong
p-d hybridization, the 3d(x2 − y2)L state has a lower energy
level compared to the 3d(3z2 − r2)L state under the strain.
Therefore, the 3d4L state is stabilized furthermore compared
with the 3d5L state by the tensile strain.

In order to clarify the 3d(x2 − y2)L state, XAS spectra
at the O K edge of samples 1 and 2 were measured with
σ -polarized x rays at room temperature as shown in Fig. 8.
In this configuration, the in-plane O 2p state can be detected
[35], since the polarization vector exists in-plane of the super-
lattice. The spectra closely resemble that reported in Ref. [13].
The intensity at around 530 eV increases in sample 2. The
energy corresponds to the O 2p hole state due to the p-d
hybridization [26]. This is consistent in that the 3d(x2 − y2)L
is enhanced in sample 2.
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IV. CONCLUSION

Through RXS measurements we have revealed that the
charge modulation of the L2S2 superlattice changes from
the charge disproportionation of Mn 3d to that of O 2p,
accompanying with the conductivity change from insulating
to semiconductive. This indicates that L2S2 superlattice is
located in the vicinity of MIT and the p-d hybridized states
between Mn 3d and O 2p are changed sensitively by the
sample fabrication condition, reflecting the different conduc-
tivities in the two samples. In addition, we have elucidated the

O 2p magnetism attributed to the charge disproportionation
of O 2p. The orbital hybridized state is generally important
for clarifying the origin of physical properties in a strongly
correlated electron system. In fact, the orbital hybridization
between the conduction electron and the f electron, so called
c-f hybridization, is also essential for the physical properties
in the rare earth compounds. This study demonstrated that
RXS measurement is a key technique to evaluate an order
parameter of the orbital hybridized state.
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