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We have investigated change in the electronic structures of atomically controlled La1−xSrxMnO3 sLSMOd
thin films as a function of hole-doping levelssxd in terms ofin vacuophotoemission spectroscopysPESd and
x-ray absorption spectroscopysXASd measurements. Thein vacuo PES measurements on a well-ordered
surface of high-quality epitaxial LSMO thin films enable us to reveal their intrinsic electronic structures,
especially the structure near the Fermi levelsEFd. We found that overall the features of the valence band as well
as the core levels monotonically shifted toward lower binding energy asx was increased, indicating the
systematic chemical-potential shift of LSMO thin films with hole doping. The peak nearest toEF due to theeg

orbital is also found to move towardEF, while the peak intensity decreases with increasingx. The loss of
spectral weight withx in the occupied density of states was compensated by the simultaneous increment of the
shoulder structure in O 1s XAS spectra, suggesting the existence of a pseudogap, that is, a lowering in spectral
weight atEF, for all metallic compositions. These results indicate that the simple rigid-band model does not
describe the electronic structure nearEF of LSMO, and that the spectral weight transfer from below to above
EF across the gap dominates the spectral changes withx in LSMO thin films.

DOI: 10.1103/PhysRevB.71.155420 PACS numberssd: 79.60.2i, 71.30.1h

I. INTRODUCTION

Hole-doped manganese oxides with a perovskite structure
of Re1−xAexMnO3 sRe and Ae being trivalent rare earth and
divalent alkaline earth elements, respectivelyd have attracted
considerable attention, because they exhibit a rich phase dia-
gram originating from the collective phenomena under the
competition among different electronic phases due to the
close interplay of spin, charge, orbital, and lattice degrees of
freedom.1,2 Among these manganites, La1−xSrxMnO3
sLSMOd thin films, which have been investigated here, is
one of the most prototypical compounds. A parent compound
LaMnO3 is an antiferromagnetic insulator, while hole-doping
induced by the substitution of Sr for La in the parent com-
pound produces a ferromagnetic metallic phase3 that shows
colossal magnetoresistancesCMRd. In addition to the CMR
effect, the highest Curie temperaturesTCd of 360 K among
manganites and its half metallic nature4 make LSMO intrigu-
ingly attractive for potential applications to magnetoelec-
tronic devices. Further hole-doping beyond the optimal dop-
ing level for ferromagnetic statessx=0.4d induces a
transition from ferromagnetic metal to antiferromagnetic
metal states forx.0.5.5 In order to clarify the origin of these

unusual physical properties, it is important to investigate
how the electronic structures change as a function of hole-
doping sSr concentrationxd.

Photoemission spectroscopysPESd has long played a cen-
tral role in the measurement of the electronic structures of
manganese oxides and their changes with carrier doping.6–10

Nevertheless, recently questions arose as to reliability of PES
spectra in addressing the bulk electronic structure of manga-
nese oxides; the PES spectra of manganese oxides, especially
the density of statessDOSd at the Fermi levelsEFd, strongly
depend on the surface preparation procedure as well as the
experimental conditions. Since PES is quite a surface-
sensitive technique, owing to short photoelectron mean-free
paths, this may originate from different surface electronic
structures induced by different surface preparationssscrap-
ing, fracturing, or sputtering and annealingd as well as differ-
ent surface sensitivitities under different experimental
conditions.11 Although a large number of PES studies have
been made on manganites, there is little agreement as to the
hole-induced change in the electronic structure of LSMO.
Furthermore, the metallic states of LSMO derived from the
coherence of doped states may be deeply disturbed by the
disorder induced by conventional surface preparationssfor
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example, in the scraped surface of polycrystalline
samplesd.12 Thus, in order to understand the bulk electronic
structure, it is indispensable to perform the PES measure-
ments on well-defined surfaces of manganese oxides.

In this paper, we report anin vacuoPES and x-ray ab-
sorption spectroscopicsXASd study on the well-ordered sur-
faces of LSMO thin films grown by laser molecular beam
epitaxyslaser MBEd. The rapid progress in high-quality crys-
tal growth techniques using laser MBE13 has enabled us to
grow LSMO thin films with atomically flat surfaces. We
found that the valence-band spectra show significant differ-
ence between an atomically flat surface and a scraped one; in
particular, the spectral weight of the Mn 3d eg states closest
to EF is suppressed strongly in scraped surfaces. We also
found that the spectra of ferromagnetic LSMO filmssx
=0.4d exhibit clear evidence for a Fermi cutoff, reflecting
their metallic nature. This result clearly demonstrates the im-
portance of anin vacuoPES study on a well-ordered surfaces
of manganese oxides for revealing their intrinsic electronic
structures. Combining the PES spectra and O 1s XAS spectra
on the high-quality surface of LSMO thin films with various
hole-doping levels, we have successfully obtained a picture
of how the electronic structure evolves from an antiferro-
magnetic insulator to a ferromagnetic metal through the ob-
servation of the chemical-potential shift and spectral weight
transfer nearEF.

II. EXPERIMENTAL SECTION

Our experiments were carried out using the high-
resolution synchrotron radiation PES system combined with
a laser MBE chamber,14 which was installed at beamline
BL-2C of the Photon Factory.15 LSMO thin films were
grown epitaxially on SrTiO3 sSTOd substrates by pulsed la-
ser deposition. Sintered LSMOsx=0, 0.1, 0.2, 0.3, 0.4, and
0.55d pellets were used as ablation targets. A Nd: YAG laser
was used for ablation in its frequency-tripled modesl
=355 nmd at a repetition rate of 0.33 Hz. The wet-etched
STOs001d substrates were annealed at 1050 °C at an oxygen
pressure of 1310−6 Torr before deposition in order to obtain
an atomically flat TiO2-terminated surface.16 LSMO thin
films with a thickness of about 400 Å were deposited on the
TiO2-terminated STO substrates at a substrate temperature of
950 °C and at an oxygen pressure of 1310−4 Torr. The in-
tensity of the specular spot in the reflection high-energy elec-
tron diffraction sRHEEDd pattern was monitored during the
deposition to determine the surface morphology and the film
growth rate. The epitaxial growth of LSMO thin films on the
STO substrate was confirmed by the observation of clear
oscillations due to the layer-by-layer growth mode. The
LSMO thin films were subsequently annealed at 400 °C for
30 min in the atmospheric pressure of oxygen to remove
oxygen vacancies. After cooling to below 100 °C, the films
were moved into the photoemission chamber under a
vacuum of 10−10 Torr. The in-vacuum transfer was necessary
to obtain the highest-quality surface as revealed by compari-
son withex situPES measurements.14 The PES spectra were
taken using the Gammadata Scienta SES-100 electron-
energy analyzer. The measured spectra were momentum av-

eraged because the analyzer acceptance angle is 15°, and it
covers more than 1 Brillouin zone for a photoelectron with
600 eV kinetic energy. The total energy resolution at the
photon energy of 600 eV was about 150 meV. The Fermi
level of the samples was referred to that of a gold foil that
was in electrical contact with the sample. The XAS spectra
were obtained by measuring the sample drain current. The
surface stoichiometry of the samples was carefully character-
ized by analyzing the relative intensity of relevant core lev-
els, confirming that the composition of the samples was the
same as that of the ceramic targets.17 The surface morphol-
ogy of the measured films was analyzed byex situatomic
force microscopysAFMd in air. The crystal structure was
characterized by four-circle x-ray diffractions4cXRDd, con-
firming the epitaxial growth of the films on the substrates.
The magnetization was measured by a superconducting
quantum-interference devicesSQUIDd magnetometer with
the magnetic field applied along thef100g axis parallel to the
surface. The electorical resistivity was measured by the four-
probe method.

III. RESULTS AND DISCUSSION

A. Physical properties of LSMO thin films

Figure 1 shows a typical AFM image of the fabricated
LSMO, x=0.4 thin films. Atomically flat step-and-terrace
structures which reflect the surface of STO substrates are
clearly observed. The step height is measured to be about
0.4 nm, which is close to thec-axis constant of the LSMO
films, indicating that film surfaces can be controlled on an
atomic scale. Such atomically flat step-and-terrace structures
are also observed in all the films reported here with different
compositions, indicating the successful control of surface
structure. Figure 2 shows the temperature dependence of
electrical resistivitysrd for LSMO thin films with different
compositions. The filled triangles indicate theTC determined
by magnetization measurement, which nearly agrees with
those of the kink in ther-T curve. A significant change inr
is observed at aroundTC. Abovex=0.2, metallic conduction

FIG. 1. A typical AFM image of a 400-Å-thick La0.6Sr0.4MnO3

film grown on a SrTiO3 s001d substrate.
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is observed in the low-temperature ferromagnetic phasesT
,TCd, whereasr at x=0.1 exhibits insulating behavior in all
temperature ranges. Note that ther-T curve forx=0 films, as
well as that forx=0.1 below 100 K, could not be measured,
owing to the limitation of ourr-T apparatus. In the high-
temperature paramagnetic phasesT.TCd, the r-T curve is
still characteristic of nonmetalsssemiconductorsd, i.e.,
dr /dT,0, for x=0.2, the curve becomes metallic with fur-
ther increasingx.0.3. The open triangles forx=0.55 indi-
cate the critical temperature of the magnetic transitions from
the ferromagnetic to the antiferromagnetic phase. We sum-
marize in Table I the physical properties of the LSMO films.
The obtained values are in good agreement with published
data.18–20

B. Photoemission spectra on atomically-controlled LSMO films

Before proceeding to the compositional dependence of
LSMO thin films, we first demonstrate the importance of

PES measurements on a well-ordered surface. Figure 3
shows anin vacuophotoemission spectrum combined with
an O 1s XAS spectrum for the fabricated LSMO,x=0.4 thin
film. The cleanliness of the surface required for PES mea-
surements is confirmed by the absence of a hump structure
around the binding energy of 8–10 eV. The hump structure
is typically seen in the PES spectra on contaminated
transition-metal-oxide surfaces.7 The contamination-free sur-
face is also confirmed by the fact that the “contamination”
signal at the higher binding energy of the O 1s core level was
negligibly weak, as shown in Fig. 6 later. In Fig. 3, the
valence-band spectrum mainly consists of four structures, as
labeledA, B, C, and D. In order to check the character of
these features, we carried out Mn 2p-3d resonant PES
sRPESd at various energies determined by the Mn 2p XAS
profile, as shown in Fig. 4sad. Since the intensity of the struc-
turesC and D is resonantly enhanced at the photon energy
around the Mn 2p-3d core threshold, as shown in Figs. 4sad
and 4sbd, they originate from the Mn 3d states. In compari-
son with the cluster model calculation,7 the C and D struc-
tures are assigned as thet2g and eg states, respectively. On
the other hand, the two prominent structuressA and Bd are
the strongly mixed states of O 2p and Mn 3d.

The structure nearEF was not clearly observed in the
previous PES studies on scraped surfaces of LSMO crystal6,7

as well as those of other manganites,21,22 where the spectral
intensity nearEF is considerably suppressed. The strong en-
hancement of the near-EF feature in the present study is not
due to the difference in the photoionization cross section
among the PES experiments, since the cross-section ratio
between the Mn 3d and O 2p orbitals at the photon energy of

FIG. 2. Temperature dependence of resistivity for LSMO thin
films. The filled triangles and an open triangle indicate the critical
temperature for the ferromagnetic and antiferromagnetic phase tran-
sitions determined by the SQUID measurements, respectively.

TABLE I. Physical properties of fabricated LSMO thin films. TheTC and the Néel temperaturesTNd are
determined by the SQUID measurements. The out-of-planesc-axisd and the in-planesa-axisd lattice constants
sd' anddi, respectivelyd are determined by the 4cXRD measurements.

x
TC

sKd
TN

sKd
d'

sÅd
di

sÅd Ground state

0 3.949 3.892

0.1 190 96 3.926 3.904 AFI

0.2 287 3.880 3.905 FM

0.3 352 3.855 3.905 FM

0.4 354 3.830 3.904 FM

0.55 281 226 3.803 3.889 AFM

FIG. 3. PES and XAS spectra of La0.6Sr0.4MnO3 thin films.
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600 eV is almost the same as that at the photon energy of
1253.6 eVsMg Kad.23 The influence of the energy resolution
is also ruled out, since the previous PES results could not be
reproduced by broadening our spectrum with a Gaussian
function to simulate the difference in the energy resolution in
each experiment. In contrast, the O 1s and Mn 2p XAS spec-
tra, which have much deeper probing depths than those of
PES measurements, are in good agreement with the scraped
one.24 Therefore, we conclude that the suppression of the
spectral intensity nearEF may originate from the surface
disorder induced by scraping or fracturing, indicating the im-
portance ofin vacuoPES measurements on well-ordered sur-
faces for revealing their intrinsic electronic structures.

The next crucial issue is whether the Fermi edge is clearly
observed or not. In order to investigate the electronic

structure nearEF in more detail, we have measured the
Mn 2p-3d resonant PES spectra nearEF with higher energy
resolution at low temperature. Figure 5 shows the high-
resolution Mn 2p-3d RPES sHRRPESd spectrum of the
LSMO, x=0.4 thin films. We find that the HRRPES spectrum
exhibit a sharp increase of intensity atEF with decreasing
temperature and a clear Fermi-edge profile at low tempera-
ture, reflecting the metallic ground states of LSMO,x=0.4
thin films. The existence of a Fermi edge is more clearly seen
by comparison with the spectrum of gold. The clear Fermi
edge is also observed in the nonresonant spectra at 15 K, as
shown in the inset of Fig. 5. This result is a sharp contrast to
the previous PES results, where the spectral weight nearEF
is considerably suppressed and, consequently, the Fermi edge
is hardly seen,6,7 even at low temperature.8,9 The suppression
may originate from the surface disorder induced by conven-
tional surface-preparation proceduressscraping or fracturingd
in the conventional PES measurements, since the metallic
state of LSMO results from the coherence of doped states,
which may be deeply disturbed by the disorder. In fact, the
physical properties of manganites are considerably sensitive
to the structural disorder.2 These results strongly suggest the
importance ofin vacuoPES measurements on a well-ordered
surface of transition metal oxides for revealing their intrinsic
electronic structures.

C. Compositional dependence of core-level PES spectra

Next, we discuss how the electronic structure changes as a
function of hole doping. Figure 6 shows the Sr-concentration
dependence of the core-level PES spectra obtained from
well-ordered surfaces of LSMO thin films. The peak posi-
tions of La 4d, Sr 3d, and O 1s core levels were determined
by a curve fitting as indicated by vertical lines in Figs. 6sad,
6sbd, and 6scd, respectively. These core levels monotonically
shift toward lower binding energies with increasingx. The
monotonic peak shift may reflect the chemical-potential shift
of LSMO with hole doping. For the Mn 2p core levels, we

FIG. 4. sad sLeftd In vacuoMn 2p-3d resonant PES spectra of
La0.6Sr0.4MnO3 thin films. The broken lines indicate the photon
energy where the PES spectra were taken. The antiresonance
s636 eVd and resonances644 eVd spectra were shown with the
black thick lines.sRightd The Mn 2p x-ray absorption spectrum of
La0.6Sr0.4MnO3 thin films. sbd A comparison between the antireso-
nancescrossesd and resonancesfilled circlesd PES spectra. The nor-
mal valence-band PES spectrum taken with a photon energy of
600 eV sopen circlesd is also shown.

FIG. 5. High-resolution resonant PES spectrum of
La0.6Sr0.4MnO3 thin films sfilled circlesd and photoemission spec-
trum of gold sbroken lined nearEF at 15 K. The inset shows the
nonresonant PES spectrum measured withhn=600 eV at 15 K.
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estimated the peak positions from the midpoint of a leading
edge, as indicated by the vertical lines in Fig. 6sdd, since it is
difficult to determine the peak positions of the Mn 2p3/2 core
levels, owing to the existence of Mn3+ and Mn4+ multiplets.
The estimation of the energy shift from Mn 2p1/2 peaks gave
nearly the same results. The deviation of the peak shift for
Mn 2p core levels with respect to other core levels may be
attributed to the increase in the Mn valence from Mn3+ to
Mn4+ with hole doping, i.e., to the so-called chemical shift.
All core levels were found to shift by the same amount to-
ward lower binding energies with increasing Sr concentra-
tion, reflecting a monotonic chemical-potential shift with Sr
concentration, as summarized in Fig. 6sed. The monotonic
core-level shift with hole doping seems to be a common

phenomenon in hole-doped manganite oxides.10,21The linear
dependence on chemical-potential shift as a function ofx is
in contrast with the results on La2−xSrxCuO4 sLSCOd sRef.
25d and La1−xSrxFeO3 sLSFOd,26 where the significant sup-
pression of the chemical-potential shift has been observed in
the underdoped region of LSCO and in the charge-ordered
phase of LSFO, respectively. These phenomena have been
attributed to the formation of charge stripe for LSCO and the
charge disproportion for LSFO, which are kinds of “micro-
scopic phase separations.” Since the electronic phase separa-
tion results in the pinning of the chemical potential, the
monotonic chemical-potential shift of LSMO suggests the
absence of phase separation on a microscopic scale.10

D. Compositional dependence of valence-band PES spectra

Figure 7 shows the Sr-concentration dependence of the
combined valence-band PES spectra and O 1s XAS spectra.
Here, O 1s XAS spectra for LaMnO3 have been aligned so
that the gap magnitude agrees with that obtained from the
optical measurements, 1.1 eV,27 since theEF position for O
1s XAS cannot be determined unambiguously from the O 1s
core-level PES and XAS data, because of the unknown effect
of the core-hole potential.7 The Fermi levels of the XAS
spectra for other compositions were determined by combin-

FIG. 6. Composition dependence of thesad La 4d, sbd Sr 3d, scd
O 1s, and sdd Mn 2p core-level PES spectra of LSMO thin films
measured withhn=800 eV at 300 K.sed The composition depen-
dence of the peak positions of the core-level PES spectra. We esti-
mate the peak positions of the La 4d, Sr 3d, and O 1s core levels by
fitting them with a Gaussian function, and the peak positions of the
Mn 2p core levels from the midpoint of the lower binding-energy
slope, as indicated by vertical lines in Figs. 6sad, 6sbd, 6scd, and
6sdd, respectively.

FIG. 7. Composition dependence of the valence-band PESshn
=600 eVd and O 1s XAS spectra of LSMO thin films. The peak
positions indicated with vertical lines are determined by the fitting
of each spectrum with Gaussian components. The energies of the
XAS spectra were referenced to the optical gap of LaMnO3 re-
ported by Arimaet al.27 and thex-dependent shift of the O 1s
core-level peak in our PES measurements.
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ing the Fermi-level position in the LaMnO3 spectrum with
the x-dependent shift of the O 1s core-level peak, for the
sake of convenience. In the valence-band PES spectra for all
compositions, we immediately notice that the features closest
to EF are clearly observed in contrast to the previous PES
results. Especially for LaMnO3, theeg-derived structure clos-
est to EF is remarkably enhanced in comparison with the
previous PES results.6,7,21The presence of such aneg-derived
feature in the valence-band spectra of LaMnO3 is predicted
by the recent band-structure calculation considering the
photoemission-final-state effect correctly.28 The overall fea-
tures of the present PES spectrum of LaMnO3 show good
agreement with this calculation. In addition, we find that
there is hardly any intensity in PES spectrum of LaMnO3 at
EF, which is consistent with the insulating ground state of
LaMnO3. The absence of spectral weight within the band gap
of LaMnO3 suggests that the influence of excess oxygen in
LaMnO3 is negligible.

With hole doping by substitution of Sr for La in LSMO,
systematic changes in the electronic structures were ob-
served. It was found that all structures of the valence-band
PES spectra monotonically shift toward lower binding ener-
gies with increasing Sr concentration, which is the same for
the core-level spectra. On the other hand, the peak intensity
of the featureD systematically decreases with increases in
the Sr concentrationx, while the intensity of the other fea-
tures at higher binding energies seems to be preserved. Com-
pensating for the loss of spectral weight, a shoulder structure
nearEF in the O 1s XAS spectra simultaneously increases,
suggesting the spectral weight transfer across a gap or
pseudogap29 at EF.

Figure 7 shows that featuresA, B, andC shift in energy
position, but do not change significantly in intensity, while
the eg statesfeatureDd shows a systematic change in inten-
sity and peak position. In order to investigate the change in
the eg state as a function of the hole-doping level in more
detail, we extract theeg states by subtracting the contribution
from the other states which are simulated by a linear combi-
nation of Gaussian functions and an integral background.
The results are shown in Fig. 8sad. It is clearly observed that
the peak shift and the reduction of spectral weight occur in
the eg states at the same time. Assuming that the hole was
doped into theeg states mainly, the spectral weight should be
proportional to the filling of theeg statess1−xd. In Fig. 8sbd,
we plot the relative spectral weight of theeg states as a
function of hole concentraton, confirming a linear relation
between the spectral weight and the filling of theeg states.

The energy shifts in the valence-band features are sum-
marized in Fig. 8scd, together with the average of the peak
shifts in the La 4d, Sr 3d, and O 1s core levels. As expected,
these energy shifts are almost the same as each other, indi-
cating the systematic chemical-potential shift of LSMO thin
films with hole doping. The observed monotonic shift of the
energy position of theeg states is different from that in the
previous PES studies on LSMO polycrystalline samples,
where the energy shift of theeg states got pinned in the
metallic region of LSMO,7 although a monotonic chemical-
potential shift for core levels was observed.10,21The discrep-
ancy in energy shifts among experiments may stem from the
difficulty in determining the energy position accurately in the

conventional PES measurements due to the considerable sup-
pression of spectral weight for theeg states. Again, the rea-
sonable spectral behavior with doping demonstrates that the
high-quality spectra showing the intrinsic spectral features in
LSMO are successfully obtained from the present PES stud-
ies on well-ordered surfaces.

Finally, we discuss the redistribution of spectral weight
nearEF. In the rigid-band picture, it is expected that the peak
intensity itself does not change unless the peak top crosses
EF. However, the peak intensity of theeg states decreases
linearly with hole doping, as shown in Fig. 8sad, together
with the simultaneous increase in intensity for shoulder

FIG. 8. sad The expansion graph of the valence-band PES spec-
tra sopen circlesd and XAS spectrasfilled circlesd nearEF, and the
extractedeg statesssolid linesd obtained by subtracting the contri-
bution from the other statessdotted linesd from the valence-band
PES spectra. For details, see the text.sbd The peak area of the
extractedeg states plotted as a functions of Sr concentrationx. A
broken line shows the hole concentrations of these compounds.scd
The composition dependence of the peak positions of the valence-
band PES spectra as well as the core levels.
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structures near the leading edge of O 1s XAS spectra. These
results indicate that the “nonrigid-bandlike” behavior occurs
at the near-EF region, where a gap or pseudogap is opened at
EF and, consequently, the spectral weight is redistributed be-
tween the occupied states and unoccupied states with
hole-doping.25 The systematic spectral-weight transfer across
EF is clearly seen in the combined PES and XAS spectra.
This nonrigid-band behavior nearEF is apparently in conflict
with the monotonic chemical-potential shift. We therefore
conclude that the effect of hole-doping on the electronic
structure of LSMO can be described in the systematic
chemical-potential shift in terms of the energy positions of
core-level and valence states, whereas theeg states also show
nonrigid-bandlike behavior in terms of the spectral weight
transfer from below to aboveEF across the gap or pseudogap
at EF.

IV. CONCLUSION

We have performedin vacuosynchrotron-radiation pho-
toemission measurements on the well-ordered surfaces of
LSMO thin films to investigate change in the electronic
structures of LSMO thin films as a function of the hole con-
centration x. The PES spectra for the laser-MBE-grown
samples clearly show that the intensity of theeg states closest
to EF is significantly enhanced for well-ordered surfaces
grown by laser MBE. Furthermore, the high-resolution Mn
2p–3d resonant PES spectra for metallic LSMO,x=0.4 thin

films exhibit the clear evidence of a Fermi cutoff, which is
not clearly observed in the previous PES measurements.
These results clearly indicate the importance of anin vacuo
PES study on a well-ordered surface of transition metal ox-
ides. Combining the PES spectra and the O 1s XAS spectra
on the well-ordered surfaces of LSMO thin films, we suc-
cessfully obtained a picture of how the electronic structures
evolve as functions of hole concentrationx. We found that
the overall features of the valence-band as well as the core
levels monotonically shifted toward lower binding energies
as x was increased, indicating the systematic chemical-
potential shift of LSMO thin films with hole doping. In the
PES spectra nearEF, the eg-derived structure becomes
weaker and moves towardEF as x is increased. The linear
relation between the spectral weight and the filling for theeg
states reveals that the holes are doped into theeg states. The
pseudogap, which is a depression in spectral weight atEF,
exists for all metallic compositions. These results indicate
that the simple rigid-band model does not describe the elec-
tronic structure of LSMO and the spectral weight transfer
occurs acrossEF in a nonrigid-bandlike manner.
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