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In vacuo photoemission study of atomically controlled Lg_,Sr,MnO 5 thin films:
Composition dependence of the electronic structure

K. Horiba* A. Chikamatsu, H. Kumigashiraand M. Oshima
Department of Applied Chemistry, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

N. Nakagawa and M. Lippméaa
Institute for Solid State Physics, The University of Tokyo, Kashiwa 277-8581, Japan

K. Ono
Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba 305-0801, Japan

M. Kawasakf
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

H. Koinumd
Materials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan
(Received 11 June 2004; revised manuscript received 8 November 2004; published 27 April 2005

We have investigated change in the electronic structures of atomically controlledSt&nO5; (LSMO)
thin films as a function of hole-doping levelg) in terms ofin vacuophotoemission spectroscoyES and
x-ray absorption spectroscogiXAS) measurements. Thim 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 lefigl). We found that overall the features of the valence band as well
as the core levels monotonically shifted toward lower binding energy ass increased, indicating the
systematic chemical-potential shift of LSMO thin films with hole doping. The peak nearstdae to thee,
orbital is also found to move towarHg, while the peak intensity decreases with increasinghe loss of
spectral weight with in the occupied density of states was compensated by the simultaneous increment of the
shoulder structure in OsIXAS spectra, suggesting the existence of a pseudogap, that is, a lowering in spectral
weight atEg, for all metallic compositions. These results indicate that the simple rigid-band model does not
describe the electronic structure né&grof LSMO, and that the spectral weight transfer from below to above
Er across the gap dominates the spectral changesxitlL.SMO thin films.
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I. INTRODUCTION unusual physical properties, it is important to investigate
how the electronic structures change as a function of hole-
Hole-doped manganese oxides with a perovskite structurgoping (Sr concentratiorx).

of Re_,AeMnO; (Reand Ae being trivalent rare earth and Photoemission spectroscoES has long played a cen-
divalent alkaline earth elements, respectiyédigive attracted tral role in the measurement of the electronic structures of
considerable attention, because they exhibit a rich phase diamanganese oxides and their changes with carrier dépifig.
gram originating from the collective phenomena under theNevertheless, recently questions arose as to reliability of PES
competition among different electronic phases due to thgpectra in addressing the bulk electronic structure of manga-
close interplay of spin, charge, orbital, and lattice degrees ofiese oxides; the PES spectra of manganese oxides, especially
freedom™2 Among these manganites, 1aSrMnOz; the density of state€DOS) at the Fermi levelEg), strongly
(LSMO) thin films, which have been investigated here, isdepend on the surface preparation procedure as well as the
one of the most prototypical compounds. A parent compoun@xperimental conditions. Since PES is quite a surface-
LaMnQ; is an antiferromagnetic insulator, while hole-doping sensitive technique, owing to short photoelectron mean-free
induced by the substitution of Sr for La in the parent com-paths, this may originate from different surface electronic
pound produces a ferromagnetic metallic pRabat shows  structures induced by different surface preparatitstsap-
colossal magnetoresistan@@MR). In addition to the CMR  ing, fracturing, or sputtering and annealjras well as differ-
effect, the highest Curie temperatur®;) of 360 K among ent surface sensitivitities under different experimental
manganites and its half metallic natfireake LSMO intrigu-  conditions!! Although a large number of PES studies have
ingly attractive for potential applications to magnetoelec-been made on manganites, there is little agreement as to the
tronic devices. Further hole-doping beyond the optimal dophole-induced change in the electronic structure of LSMO.
ing level for ferromagnetic state§x=0.4) induces a Furthermore, the metallic states of LSMO derived from the
transition from ferromagnetic metal to antiferromagneticcoherence of doped states may be deeply disturbed by the
metal states fox>0.55 In order to clarify the origin of these disorder induced by conventional surface preparatidos
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example, in the scraped surface of polycrystalline
samples!? 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 am vacuoPES and x-ray ab-
sorption spectroscopicXAS) study on the well-ordered sur-
faces of LSMO thin films grown by laser molecular beam
epitaxy(laser MBB. The rapid progress in high-quality crys-
tal growth techniques using laser MBEhas 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 Mnl &, states closest
to Eg is suppressed strongly in scraped surfaces. We also
found that the spectra of ferromagnetic LSMO filns
=0.4) exhibit clear evidence for a Fermi cutoff, reflecting
their metallic nature. This result clearly demonstrates the im- ) ) Athi
portance of afin vacuoPES study on a well-ordered surfaces . _F'C- 1. Atypical AFM image of a 400-A-thick LgSto./MNnOs
of manganese oxides for revealing their intrinsic electronid!'™ 9roWn on a SrTiQ (001 substrate.
structures. Combining the PES spectra ands®XAS spectra
on the high-quality surface of LSMO thin films with various €raged because the analyzer acceptance angle is 15°, and it
hole-doping levels, we have successfully obtained a picturéovers more than 1 Brillouin zone for a photoelectron with
of how the electronic structure evolves from an antiferro-600 €V kinetic energy. The total energy resolution at the
magnetic insulator to a ferromagnetic metal through the obphoton energy of 600 eV was about 150 meV. The Fermi

servation of the chemical-potential shift and spectral weightevel of the samples was referred to that of a gold foil that
transfer neaE. 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-
II. EXPERIMENTAL SECTION ized by analyzing the relative intensity of relevant core lev-
Our experiments were carried out using the high-els, confirming that the composition of the samples was the
resolution synchrotron radiation PES system combined wittfame as that of the ceramic targ&the surface morphol-
a laser MBE chambéf, which was installed at beamline 09y of the measured films was analyzed dy situatomic
BL-2C of the Photon Factod? LSMO thin films were force microscopy(AFM) in air. The crystal structure was
grown epitaxially on SrTiQ (STO) substrates by pulsed la- characterized by four-circle x-ray diffractiq#cXRD), con-
ser deposition. Sintered LSM®&=0, 0.1, 0.2, 0.3, 0.4, and firming the epitaxial growth of the films on the substrates.
0.55 pellets were used as ablation targets. A Nd: YAG laser’heé magnetization was measured by a superconducting
was used for ablation in its frequency-tripled mode  duantum-interference devic€SQUID) magnetometer with
=355 nm at a repetition rate of 0.33 Hz. The wet-etchedthe magnetic field applied along the00] axis parallel to the
STO(001) substrates were annealed at 1050 °C at an c)Xygeﬁurface. The electorical resistivity was measured by the four-
pressure of X 107 Torr before deposition in order to obtain Probe method.
an atomically flat TiQ-terminated surfac® LSMO thin
films with a thickness of about 400 A were deposited on the [ll. RESULTS AND DISCUSSION
TiO,-terminated STO substrates at a substrate temperature of
950 °C and at an oxygen pressure of 10* Torr. The in-
tensity of the specular spot in the reflection high-energy elec- Figure 1 shows a typical AFM image of the fabricated
tron diffraction (RHEED) pattern was monitored during the LSMO, x=0.4 thin films. Atomically flat step-and-terrace
deposition to determine the surface morphology and the filnstructures which reflect the surface of STO substrates are
growth rate. The epitaxial growth of LSMO thin films on the clearly observed. The step height is measured to be about
STO substrate was confirmed by the observation of clea®.4 nm, which is close to the-axis constant of the LSMO
oscillations due to the layer-by-layer growth mode. Thefilms, indicating that film surfaces can be controlled on an
LSMO thin films were subsequently annealed at 400 °C foratomic scale. Such atomically flat step-and-terrace structures
30 min in the atmospheric pressure of oxygen to removere also observed in all the films reported here with different
oxygen vacancies. After cooling to below 100 °C, the filmscompositions, indicating the successful control of surface
were moved into the photoemission chamber under @tructure. Figure 2 shows the temperature dependence of
vacuum of 10'° Torr. The in-vacuum transfer was necessaryelectrical resistivity(p) for LSMO thin films with different
to obtain the highest-quality surface as revealed by comparisompositions. The filled triangles indicate thg determined
son withex situPES measurement$The PES spectra were by magnetization measurement, which nearly agrees with
taken using the Gammadata Scienta SES-100 electrothose of the kink in the-T curve. A significant change ip
energy analyzer. The measured spectra were momentum ag-observed at arountl.. Above x=0.2, metallic conduction

A. Physical properties of LSMO thin films
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FIG. 3. PES and XAS spectra of .61 4MnO5 thin films.

PES measurements on a well-ordered surface. Figure 3
shows anin vacuo photoemission spectrum combined with
an O Is XAS spectrum for the fabricated LSMQ@#=0.4 thin
] film. The cleanliness of the surface required for PES mea-
10k, e g ilg iy 1 T o iy oyl o g o surements is confirmed by the absence of a hump structure
100 T 200 230 3000 35 around the binding energy of 8—10 eV. The hump structure
Tempetature (K) is typically seen in the PES spectra on contaminated
FIG. 2. Temperature dependence of resistivity for LSMO thin]E;acrésztslogl-srgeéilr']z)r(rlgg dsgrfiﬁiiggti?]r;ttamlen?élgr:]t-;f]?nztji(r)-n"
films. The filled triangles and an open triangle indicate the critical . ) -ad Dy
temperature for the ferromagnetic and antiferromagnetic phase trar?—Ignal at the higher binding energy of the ©cbre level was

sitions determined by the SQUID measurements, respectively. negligibly weak, as shown. in Fig. ,6 later. In Fig. 3, the
valence-band spectrum mainly consists of four structures, as

: . . labeledA, B, C, andD. In order to check the character of
is observed in the Iow-temptlargtu.re ferr_omagneth pf_(ise these features, we carried out Mrp-2d resonant PES
<T¢), whereagp atx=0.1 exhibits insulating behavior in all (RPES at various energies determined by the Mp 2AS
temperature ranges. Note that & curve forx=0 films, as  profile, as shown in Fig.(4). Since the intensity of the struc-
well as that forx=0.1 below 100 K, could not be measured, yresC and D is resonantly enhanced at the photon energy
owing to the limitation of ourp-T apparatus. In the hlgh— around the Mn p-3d core threshold, as shown in Figday
temperature paramagnetic phade>Tc), the p-T curve is  anq 4p), they originate from the Mn @states. In compari-
still characteristic of nonmetalssemiconductols i.e.,  son with the cluster model calculatidrthe C and D struc-
dp/dT<0, for x=0.2, the curve becomes metallic with fur- tres are assigned as thg and e, states, respectively. On
ther increasinge>0.3. The open triangles for=0.55 indi-  the other hand, the two prominent structutésand B) are
cate the critical temperature of the magnetic transitions fromne strongly mixed states of Op2and Mn 3.
the ferromagnetic to the antiferromagnetic phase. We sum- The structure neaEr was not clearly observed in the
marize in Table | the physical properties of the LSMO films. previous PES studies on scraped surfaces of LSMO cfystal
The obtained values are in good agreement with publishegs well as those of other manganit&? where the spectral
datal®-2 intensity nearEg is considerably suppressed. The strong en-
hancement of the ne& feature in the present study is not
due to the difference in the photoionization cross section
Before proceeding to the compositional dependence odimong the PES experiments, since the cross-section ratio
LSMO thin films, we first demonstrate the importance ofbetween the Mn@&and O 2 orbitals at the photon energy of

B. Photoemission spectra on atomically-controlled LSMO films

TABLE I. Physical properties of fabricated LSMO thin films. Tig and the Néel temperatuf&y) are
determined by the SQUID measurements. The out-of-plesais) and the in-planéa-axis) lattice constants
(d, andd,, respectively are determined by the 4cXRD measurements.

Tc T d, d
X (K) (K) A) A) 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
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! structure nearEg in more detail, we have measured the
Mn 2p-3d resonant PES spectra ndgr with higher energy
; resolution at low temperature. Figure 5 shows the high-
: resolution Mn $-3d RPES (HRRPES spectrum of the
: LSMO, x=0.4 thin films. We find that the HRRPES spectrum
exhibit a sharp increase of intensity Bt with decreasing
temperature and a clear Fermi-edge profile at low tempera-
ture, reflecting the metallic ground states of LSM;0.4
thin films. The existence of a Fermi edge is more clearly seen
by comparison with the spectrum of gold. The clear Fermi
10 8 6 4 2 g edge is also observed in the nonresonant spectra at 15 K, as
Binding Energy (¢V) shown in the inset of Fig. 5. This result is a sharp contrast to
the previous PES results, where the spectral weight Bear
FIG. 4. (&) (Left) In vacuoMn 2p-3d resonant PES spectra of is considerably suppressed and, consequently, the Fermi edge
Lag ¢Sl aMnO; thin films. The broken lines indicate the photon js hardly seef§;” even at low temperatufe® The suppression
energy where the PES spectra were taken. The antiresonanggay originate from the surface disorder induced by conven-
(636 eV and resonancé644 eV) spectra were shown with the tjona| surface-preparation procedutesraping or fracturing
black thick lines.(Right) The Mn 2p x-ray absorption spectrum of i, the conventional PES measurements, since the metallic
L8y ¢St qMnOs thin films. (b) A comparison between the antireso- gi410 of | SMO results from the coherence of doped states,
nmaa:;c\?;?;?]ize_ﬁzgg rs;%nznzé:tligchllzz aiﬁ zpe%tg?égheengfr' hich may be deeply disturbed by the disorder. In fact, the
600 eV (open circlesis a|SCF)) shown P 9y hysical properties of manganites are considerably sensitive
' to the structural disordérThese results strongly suggest the
importance ofn vacuoPES measurements on a well-ordered

600 eV is almost the same as that at the photon energy Qfface of transition metal oxides for revealing their intrinsic
1253.6 eV(Mg Ka).23The influence of the energy resolution gjectronic structures.

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 ®and Mn 2 XAS spec- Next, we discuss how the electronic structure changes as a
tra, which have much deeper probing depths than those diéinction of hole doping. Figure 6 shows the Sr-concentration
PES measurements, are in good agreement with the scrapddpendence of the core-level PES spectra obtained from
one?* Therefore, we conclude that the suppression of thavell-ordered surfaces of LSMO thin films. The peak posi-
spectral intensity neaEr may originate from the surface tions of La 4, Sr &, and O & core levels were determined
disorder induced by scraping or fracturing, indicating the im-by a curve fitting as indicated by vertical lines in Figéa)6
portance ofn vacuoPES measurements on well-ordered sur-6(b), and &c), respectively. These core levels monotonically
faces for revealing their intrinsic electronic structures. shift toward lower binding energies with increasirgThe

The next crucial issue is whether the Fermi edge is clearlynonotonic peak shift may reflect the chemical-potential shift
observed or not. In order to investigate the electronicof LSMO with hole doping. For the Mn2core levels, we

e 644eV (X 0.1) o998,
o-600eV V.
+636eV

Intensity (arb. units)

C. Compositional dependence of core-level PES spectra
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FIG. 7. Composition dependence of the valence-band @P&zS
=600 eV} and O & 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 LaMn®
ported by Arimaet al?’ and thex-dependent shift of the Osl
core-level peak in our PES measurements.

Relative BInding Energy (eV)

00 01 02 03 04 05 06
Sr Concentration x phenomenon in hole-doped manganite oxitfed The linear
dependence on chemical-potential shift as a functior isf
FIG. 6. Composition dependence of tfag La 4d, (b) Sr3d, (¢} in contrast with the results on LgSr,CuQ, (LSCO) (Ref.
O 1s, and(d) Mn 2p core-level PES spectra of LSMO thin films 25) and La_,Sr,FeO; (LSFO),26 where the significant sup-
measured witth»=800 eV at 300 K.(e) The composition depen-  pression of the chemical-potential shift has been observed in
dence of the peak.posnlons of the core-level PES spectra. We estipa underdoped region of LSCO and in the charge-ordered
mate the peak positions of the Ld,45r 3d, and O Bcore levelsby  hha5e of LSFO, respectively. These phenomena have been
f'\'/lttr']ng tiir:evl"e't\t'eﬁs ?ri‘rfstﬁ‘: rf]:‘igmc')?:t' sfr]?hteh?osvi?kb?nocﬁ:ogiZ: e ttributed to the formation of charge stripe for LSCO and the
slopep as indicated by vertical Iri)nes in Fig€al 6(b) 6(C)g and oy charge disproportion for LSFO, which are kinds of “micro-
‘ . ’ ‘ scopic phase separations.” Since the electronic phase separa-
6(d), respectively. . : L ; -
tion results in the pinning of the chemical potential, the
estimated the peak positions from the midpoint of a leadingnonotonic chemical-potential shift of LSMO suggests the
edge, as indicated by the vertical lines in Figd)gsince itis ~ absence of phase separation on a microscopic $tale.
difficult to determine the peak positions of the Mp;2 core
levels, owing to the existence of Mhand Mrf* multiplets.
The estimation of the energy shift from Mipg, peaks gave
nearly the same results. The deviation of the peak shift for Figure 7 shows the Sr-concentration dependence of the
Mn 2p core levels with respect to other core levels may becombined valence-band PES spectra andsXAS spectra.
attributed to the increase in the Mn valence from3Wto  Here, O B XAS spectra for LaMn@ have been aligned so
Mn** with hole doping, i.e., to the so-called chemical shift. that the gap magnitude agrees with that obtained from the
All core levels were found to shift by the same amount to-optical measurements, 1.1 Vsince theEg position for O
ward lower binding energies with increasing Sr concentra-ls XAS cannot be determined unambiguously from the<O 1
tion, reflecting a monotonic chemical-potential shift with Sr core-level PES and XAS data, because of the unknown effect
concentration, as summarized in Fige)6 The monotonic  of the core-hole potentidl.The Fermi levels of the XAS
core-level shift with hole doping seems to be a commorspectra for other compositions were determined by combin-

D. Compositional dependence of valence-band PES spectra
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(@) La, Sr,MnO, thin film
T=300K

ing the Fermi-level position in the LaMnOspectrum with
the x-dependent shift of the Oslcore-level peak, for the
sake of convenience. In the valence-band PES spectra for a P
compositions, we immediately notice that the features closes (hv = 600 eV) Ols XAS
to Er are clearly observed in contrast to the previous PES %’Qm&% :

results. Especially for LaMngthee,-derived structure clos- § -"ﬁ"\
est to Eg is remarkably enhanced in comparison with the 2 :

previous PES resulfs’?' The presence of such ag-derived
feature in the valence-band spectra of LaMn® predicted

by the recent band-structure calculation considering the
photoemission-final-state effect correcThe overall fea-
tures of the present PES spectrum of LaMrshow good
agreement with this calculation. In addition, we find that
there is hardly any intensity in PES spectrum of LaMre®

Eg, which is consistent with the insulating ground state of
LaMnO;. The absence of spectral weight within the band gap
of LaMnO; suggests that the influence of excess oxygen in
LaMnO; 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-banc
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 intensit
of the featureD systematically decreases with increases in
the Sr concentratioi, while the intensity of the other fea-
tures at higher binding energies seems to be preserved. Con
pensating for the loss of spectral weight, a shoulder structure
nearEg in the O I8 XAS spectra simultaneously increases, -
suggesting the spectral weight transfer across a gap 0‘§ 10 %‘%

Intensity (arb. units)

3 2 1 0 -1 -2 -3
Relative Energy to E (eV)

(o
Mn 3d e, © * Core

pseudogaf’ at E.

Figure 7 shows that featurés B, andC shift in energy
position, but do not change significantly in intensity, while
the e, state(featureD) shows a systematic change in inten-

o
0

0.6

sity Ratio (arb.

sity and peak position. In order to investigate the change ing o
the ey state as a function of the hole-doping level in more =
detail, we extract they states by subtracting the contribution

from the other states which are simulated by a linear combi-

nation of Gaussian functions and an integral background. i, g (5 The expansion graph of the valence-band PES spec-
The results are shown in Fig(a. It is clearly observed that tra (open circley and XAS spectrfilled circles nearEg, and the
the peak shift and the reduction of spectral weight occur insxtractede, states(solid lineg obtained by subtracting the contri-
the g, states at the same time. Assuming that the hole wagution from the other stateotted lines from the valence-band
doped into thee, states mainly, the spectral weight should bePES spectra. For details, see the tdkd. The peak area of the
proportional to the filling of thes, states(1-x). In Fig. 8b), extractede, states plotted as a functions of Sr concentratiod
we plot the relative spectral weight of thegy states as a broken line shows the hole concentrations of these compoueids.
function of hole concentraton, confirming a linear relationThe composition dependence of the peak positions of the valence-
between the spectral weight and the filling of #hestates. ~ band PES spectra as well as the core levels.

The energy shifts in the valence-band features are sum-
marized in Fig. &), together with the average of the peak conventional PES measurements due to the considerable sup-
shifts in the La 4, Sr 3, and O B core levels. As expected, pression of spectral weight for theg states. Again, the rea-
these energy shifts are almost the same as each other, indienable spectral behavior with doping demonstrates that the
cating the systematic chemical-potential shift of LSMO thin high-quality spectra showing the intrinsic spectral features in
films with hole doping. The observed monotonic shift of theLSMO are successfully obtained from the present PES stud-
energy position of the, states is different from that in the ies on well-ordered surfaces.
previous PES studies on LSMO polycrystalline samples, Finally, we discuss the redistribution of spectral weight
where the energy shift of the, states got pinned in the nearEg. In the rigid-band picture, it is expected that the peak
metallic region of LSMC), although a monotonic chemical- intensity itself does not change unless the peak top crosses
potential shift for core levels was obsern®d&! The discrep- Er. However, the peak intensity of they states decreases
ancy in energy shifts among experiments may stem from thénearly with hole doping, as shown in Fig(a&3, together
difficulty in determining the energy position accurately in thewith the simultaneous increase in intensity for shoulder

Relative Binding Energy (eV)

00 0.1 02 03 04 05 06
Sr Concentration x

00 0.1 02 03 04 05 0.6
Sr Concentration x
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structures near the leading edge of ©XAS spectra. These films exhibit the clear evidence of a Fermi cutoff, which is
results indicate that the “nonrigid-bandlike” behavior occursnot clearly observed in the previous PES measurements.
at the nealeg region, where a gap or pseudogap is opened athese results clearly indicate the importance oframacuo
Er and, consequently, the spectral weight is redistributed bePES study on a well-ordered surface of transition metal ox-
tween the occupied states and unoccupied states witldes. Combining the PES spectra and the XXAS spectra
hole-doping?® The systematic spectral-weight transfer acrosson the well-ordered surfaces of LSMO thin films, we suc-
Er is clearly seen in the combined PES and XAS spectracessfully obtained a picture of how the electronic structures
This nonrigid-band behavior ne& is apparently in conflict evolve as functions of hole concentratianWe found that
with the monotonic chemical-potential shift. We thereforethe overall features of the valence-band as well as the core
conclude that the effect of hole-doping on the electronidevels monotonically shifted toward lower binding energies
structure of LSMO can be described in the systemati@s x was increased, indicating the systematic chemical-
chemical-potential shift in terms of the energy positions ofpotential shift of LSMO thin films with hole doping. In the
core-level and valence states, whereasehatates also show PES spectra neaEg, the egderived structure becomes
nonrigid-bandlike behavior in terms of the spectral weightweaker and moves toward: asx is increased. The linear
transfer from below to abovg: across the gap or pseudogap relation between the spectral weight and the filling for ¢ge
at Er. states reveals that the holes are doped inteejfstates. The
pseudogap, which is a depression in spectral weiglt-at
IV. CONCLUSION exists for all metallic compositions. These results indicate
that the simple rigid-band model does not describe the elec-

We have performedh vacuosynchrotron-radiation pho-  tronjc structure of LSMO and the spectral weight transfer
toemission measurements on the well-ordered surfaces @fcurs acros&r in a nonrigid-bandlike manner.

LSMO thin films to investigate change in the electronic

structures of LSMO thin films as a function of the hole con-
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