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We report the observation of changes in the electronic structure of La1−xSrxMnO3 �LSMO� across the
filling-control metal-insulator �MI� transition by means of in situ angle-resolved photoemission spectroscopy
�ARPES� of epitaxial thin films. The Fermi surface gradually disappears near the MI transition by transferring
spectral weight from the coherent band near the Fermi level �EF� to the lower Hubbard band, whereas a
pseudogap behavior also exists in the ARPES spectra in the close vicinity of EF for metallic LSMO. These
results indicate that the spectral weight transfer derived from strong electron-electron interaction dominates the
gap formation in LSMO associated with the filling-control MI transition.
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Change in band filling or carrier-doping procedure occa-
sionally drives the metal-insulator �MI� transition in strongly
correlated electron systems like perovskite-type transition
metal oxides.1 Among them, the carrier-doped perovskite-
type manganese oxides exhibit a rich phase diagram origi-
nating from the competition among different electronic
phases due to the close interplay of spin, charge, orbital, and
lattice degrees of freedom.1–4 The key issue in elucidating
the mechanism of the MI transition is to understand how the
electronic structure evolves with hole doping from the Mott
insulator to the ferromagnetic metallic phase. Hole-doped
La1−xSrxMnO3 �LSMO� is an ideal system to address the
doping evolution of the electronic structure because of its
relatively large bandwidth and the absence of long-range or-
bital and/or charge ordering as observed in Pr1−xCaxMnO3.4

The parent compound LaMnO3 is an antiferromagnetic insu-
lator, while hole doping produces a ferromagnetic insulating
phase �FI� in a fairly narrow x region around x=0.1 and then
ferromagnetic metallic phases �FM� for 0.16�x�0.5.2 In
the ferromagnetic metallic phase, LSMO shows colossal
magnetoresistance, associated with a temperature-induced
MI transition and half-metallic conductivity.1,5 In order to
clarify the doping-induced changes of the electronic proper-
ties, one has to understand the changes that occur in the band
structure, especially in the Fermi surface �FS�, across the MI
transition.

Angle-resolved photoemission spectroscopy �ARPES�, by
which one can directly determine the band structure and the
FS, is an ideal tool for resolving such an issue.6 Recently, the
�remnant� FS topology and quasiparticle �QP� states coupled
to a collective excitation in manganites have been intensively
investigated by ARPES measurements:7–10 ARPES studies
for layered manganites7,8 have revealed the importance of
electron-phonon interaction for �pseudo�gap formation in
manganites and the existence of QPs and a pseudogap state
with nodal-antinodal dichotomous character similar to the
characteristic feature of the copper oxide high-temperature

superconductors.8 Relevant many-body interactions in
strongly correlated oxides are either electron-electron inter-
action or electron-phonon interaction, and these interactions
are expected to be strong in manganites. Hence it is essential
to clarify how the relevant interactions play roles in the
filling-control MI transition of manganites. However, the
lack of information about the gap or pseudogap formation in
the manganites across their filling-control MI transition has
largely obscured the understanding of the electronic proper-
ties of the manganites.

In this Rapid Communication, we report the observation
of carrier-doping evolution of the band structure near EF in
LSMO thin films, which provides a comprehensive under-
standing of the gap or pseudogap formation in manganites
associated with the filling-control MI transition. The conduc-
tion band, which forms an electron FS at the � point in
half-metallic LSMO x=0.4 films, gradually becomes weak
with decreasing hole concentration x, and almost disappears
in the insulating LSMO x=0.1 phase. Besides the loss of
spectral weight near EF, pseudogap behavior also exists in
the ARPES spectra in the close vicinity of EF for metallic
LSMO, irrespective of x. Comparing the present ARPES re-
sults with previous ARPES results as well as those of other
experiments, we discuss the origin of the electronic structure
in manganese oxides.

The ARPES measurements were carried out using a pho-
toemission spectroscopy �PES� system combined with a laser
molecular beam epitaxy chamber, which was installed at
beamline BL-1C of the Photon Factory, KEK.10,11 Approxi-
mately 400-Å-thick LSMO films were grown epitaxially on
Nb-doped SrTiO3 substrates by pulsed laser deposition. De-
tails are described in Refs. 10 and 11. After deposition, the
films were moved into the photoemission chamber under a
vacuum of 10−10 Torr. The surface structure and cleanness of
the vaccum-transferred LSMO films were checked by low-
energy electron diffraction. The sharp 1�1 spots and some
surface-reconstruction derived spots were observed, confirm-
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ing the well-ordered surface of the films.10–12 The ARPES
spectra were taken at 25 K for ferromagnetic metallic LSMO
�x=0.2,0.3, and 0.4� films using a Gammadata Scienta SES-
100 electron-energy analyzer in the angle-resolved mode,
while they were taken at 150 K for the ferromagnetic insu-
lator LSMO x=0.1 to prevent the charge-up effects in
ARPES measurements. The total energy and angular resolu-
tion were set at about 150 meV and 0.5°, respectively. The
Fermi level of the samples was referred to that of a gold foil
which was in electric contact with the sample. Atomic force
microscopy, x-ray diffraction, and magnetization measure-
ments were performed for characterization, and results were
nearly the same as the reported results.11

Figure 1 shows the compositional dependence of the ex-
perimental band structure for LSMO thin films along the �-X
direction. The band structure is visualized by plotting in gray
scale the second derivative of the ARPES spectra, which
were measured at a photon energy of 88 eV.10 The ARPES
spectra nearly reflect the band dispersion along the �-X di-
rection in the tetragonal Brillouin zone of the epitaxial
LSMO thin films because of the kz-integrated density of
states due to the effect of kz broadening.10,13 For ferromag-
netic metallic LSMO x=0.4 �Fig. 1�d��, we clearly found the
existence of a parabolic conduction band near EF which
forms an electron FS centered at the � point.9,10 In compari-
son with the band-structure calculation based on the local
density approximation �LDA�+U,10 the conduction band is
ascribed to the Mn 3deg in-plane 3x2−r2 states responsible
for the half-metallic nature of LSMO. Detailed analysis of
the ARPES spectra has revealed that the size of the electron
FS is consistent with the prediction of the band-structure
calculation, while the width of the occupied part of the con-
duction band in experiment is significantly narrower than
that in the calculation, indicative of the strong electron-
electron correlation in LSMO.10 On the other hand, several
highly dispersive bands at binding energies higher than
2.0 eV mainly originate from the O 2p dominant states,
while the dispersionless feature located at about 1.5 eV and
the weakly dispersive features at 0.6–1.5 eV are assigned to
the Mn 3d out-of-plane y2−z2 state and the Mn 3dt2g states,
respectively.10

With decreasing hole concentration, the band structures at
higher binding energies monotonically shift toward the
higher-binding-energy side in a rigid-band manner. The en-
ergy shift of these features from x=0.4 to 0.1 is estimated to
be 300 meV, which is in excellent agreement with the

chemical potential shift determined by angle-integrated �AI�
PES,11 as well as core-level PES studies.14 The rigid-band-
like behavior is further confirmed by the fact that overall
features of these bands do not exhibit essential changes upon
hole doping. These results suggest that the composition-
dependent change in the electronic structures of LSMO is
well described in the framework of the rigid-band model.

From the rigid-band model, it is expected that the para-
bolic conduction band at the � point should also show the
same behavior. However, in going from x=0.4 to x=0.1, the
conduction band gradually smears out and finally disappears
at x=0.1, reflecting the MI transition in LSMO films at x
=0.1–0.2,11 in sharp contrast to that at higher binding ener-
gies. Hereafter, we focus our attention on the observed
anomalous behavior of the conduction band centered at the �
point. In order to see the changes near EF in more detail, we
show in Fig. 2 the ARPES spectra around the � point in the
near-EF region as a function of x, together with their experi-
ment band structures on an expanded scale. As expected
from Fig. 1, the ARPES spectral weight corresponding to the
parabolic conduction band gradually reduces with decreasing
hole doping level from x=0.4 to x=0.1 and completely dis-
appears at x=0.1. On the other hand, the bottom of the con-
duction band seems to monotonically shift toward higher
binding energy with decreasing hole doping as if the energy
position of the conduction band is dominated by the chemi-
cal potential shift of LSMO thin films.

Next we shall examine in more detail whether the “rem-
nant” conduction band indeed exhibits the rigid band behav-
ior. In Fig. 3, we show the ARPES spectra at the � point,
where the dispersive ARPES feature corresponding to the
bottom of the conduction band has been extracted by sub-
tracting the spectral contribution of O 2p dominant states
from the ARPES spectra. The spectral contribution is simu-
lated by a linear combination of Gaussian functions and an
integral background.11,15 As shown in Fig. 3, the rigid shift
for the peak at the � point of about 200 meV from x=0.4 to
0.2 is in excellent agreement with that predicted from the
chemical potential shift of LSMO films, indicating that the
energy position of the conduction band also obeys the rigid-
band shift. The rigid-band behavior of the conduction band is
further confirmed in the band mapping of the second deriva-
tive ARPES spectra as shown in the bottom panel of Fig. 2,
where we determined the energy positions in the same way
as in Fig. 3 and fitted them to a parabola. That is, the energy
dispersions are well reproduced by the rigid shift of the pa-
rabola. It should be noted that the estimated Fermi momen-
tum for x=0.4 by extrapolating the ARPES peak positions is
in good agreement with that of band-structure
calculation,10,13 indicating the character of the conduction
band are of bulk origin.

Combined with previous AIPES results, the ARPES re-
sults give a much better understanding of how the spectral
weight is redistributed and shifted near EF of LSMO. While
AIPES measurements showed the expected drop of spectral
weight corresponding to the loss of electron from the eg
states upon increased hole doping,11,16 ARPES spectra
clearly show the increment of the spectral weight of the Mn
3deg–derived states. These seeming contradictions can be
reconciled by noticing a subtle energy difference of the eg
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FIG. 1. Experimental band structure of the La1−xSrxMnO3 thin
films along the �-X direction �x= �a� 0.1, �b� 0.2, �c� 0.3, and �d�
0.4� obtained from the ARPES measurements. Dark parts corre-
spond to energy bands. Solid lines represent the chemical potential
shift determined by AIPES studies �Ref. 11�.
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feature in the AIPES and ARPES spectra and by considering
the two components regarding the Mn 3deg states, namely,
coherent and incoherent parts as schematically illustrated in
Fig. 4: the parabolic conduction band in the ARPES spectra
near EF corresponds to the coherent part, while the relatively
broad AIPES spectra represent both the coherent and inco-

herent parts.11 The remnant behavior of the conduction band
stems from the spectral weight transfer from the coherent
band states to the incoherent states at 0.8–1.4 eV for x
=0.4–0.1, respectively.11 The absence of the incoherent part
in the present ARPES spectra may be due to submergence in
the tail of O 2p states located at 2 eV.10 In fact, the reduction
of spectral weight at EF with decreasing x was clearly ob-
served in previous AIPES measurements.11

Next, we discuss the anomalous reduction of ARPES
spectral weight near EF in samples with smaller x, and relate
the loss to pseudogap formation. The two characteristic fea-
tures of manganite ARPES spectra are the vanishing or very
small spectral weight at EF, and the anomalously broad spec-
tral features.7–10,17 The origin of the low spectral weight at
EF, i.e., the pseudogap behavior in ARPES spectra, is caused
by strong electron-phonon coupling: when an electron is
strongly coupled to collective excitations that can have vari-
ous energies, a peak in an ARPES spectrum splits and the
spectral shape is dominated by an envelope of many indi-
vidual peaks. In fact, as shown in Fig. 2, the ARPES spectra
of metallic LSMO exhibit the pseudogap behavior near EF.
The small spectral weight at EF and the anomalously broad
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FIG. 2. �Color online� In situ ARPES spectra
measured over a narrow energy range near EF

around the �103 point of La1−xSrxMnO3 thin films
�upper panels� �x= �a� 0.1, �b� 0.2, �c� 0.3, and �d�
0.4�. The corresponding experimental band-
structure plots are shown in the lower panels.
Note that the energy positions are identical to
those obtained from the second-derivative
ARPES spectra and the momentum distribution
curves. Solid and open triangles and question
marks represent the energy positions of promi-
nent, medium, and weak structures, respectively.
The line segments indicate the upper and lower
bounds for the dispersive features. The white
dashed line represents a fit of the energy positions
of dispersive ARPES features to a parabola.
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FIG. 4. Schematic illustration for the composition dependence
of the electronic structure of La1−xSrxMnO3.
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incoherent spectral features seem to be common features in
ARPES spectra of strongly correlated oxides. For example,
in the carrier-doping evolution of ARPES spectra of lightly
doped La2−xSrxCuO4 �Ref. 18� and Ca2−xNaxCuO2Cl2,19,20

the spectral weight is redistributed toward the higher-
binding-energy side with decreasing x, and can be described
by the Franck-Condon broadening �FCB� scenario.17,19,20

Although the FCB scenario explains adequately the char-
acteristic ARPES features near EF of metallic LSMO films,
the hole-doping evolution of LSMO films does not seem to
be described by this scenario alone. In the FCB scenario, the
ARPES spectral weight �sum of spectral weight for the QP
peak closest to EF and the envelope of many individual
peaks� should be conserved within the energy range of
electron-phonon couplings irrespective of carrier
concentration.20 In LSMO, this energy range is evaluated to
be 0–200 meV,21,22 in line with the present ARPES results.
However, in the present results, the ARPES spectral weight
itself is reduced and finally vanishes with decreasing x, indi-
cating that spectral weight transfer toward higher binding
energies other than the FCB mechanism must be considered.
The exotic physics in manganites as well as in other transi-
tion metal oxides is due to strong many-body interactions. In
the present system, both electron-electron and electron-
phonon interactions must be considered. Therefore, it is natu-
ral to conclude that the observed reduction of spectral weight
can be attributed to the spectral weight transfer from the
coherent state in the near-EF region to the lower Hubbard
band �incoherent states� with an energy separation of U /2, as
explicitly predicted by a calculation based on dynamical
mean field theory.23,24 In other words, there are two interac-
tions with different energy scales that determine the spectral
behavior of LSMO. One is the electron-electron interaction,
which dominates the spectral weight transfer between the
coherent part and the incoherent part �Hubbard bands� on an
energy scale of U, and the other is the electron-phonon in-

teraction, which dominates spectral weight distribution in a
narrow region near EF, on the energy scale of multiple
phonons. In fact, a recent calculation based on the t-J model
incorporating electron-phonon interaction on a single photo-
hole in a Mott insulator has predicted the existence of the
two different energy scales in theoretical ARPES spectra:25

the spectral weight transfer from the dispersive coherent
states to the high-energy incoherent states due to the
electron-electron interaction, and the broadening of the co-
herent states derived from the spectral redistribution due to
the electron-phonon interaction. For a better understanding
of the anomalous spectral transfer in manganites with chang-
ing x, it is important to take into account both interactions
appropriately in theoretical considerations. More systematic
and detailed ARPES studies on LSMO as well as on other
manganites as a function of carrier concentration are desired.

In conclusion, we have performed an in situ ARPES study
on LSMO thin films to investigate the evolution of electronic
structure as a function of hole concentration x. The spectral
weight of the conduction band in the metallic phase is gradu-
ally smeared out with decreasing hole concentration and al-
most disappears in the insulating phase, whereas the entire
band structure, including the energy position of the conduc-
tion band, monotonically shifts in a rigid-band manner.
These results are not described within the framework of the
one-electron picture and indicate that spectral weight transfer
from the coherent band to the incoherent states �lower Hub-
bard band� dominates the gap formation in LSMO associated
with the filling-control MI transition. The pseudogap behav-
ior also exists in the ARPES spectra near EF in the metallic
LSMO irrespective of x, suggesting that the electronic struc-
ture of manganites is dominated by two different interactions
with different energy scales: electron-electron and electron-
phonon interactions.
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