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Photoemission and x-ray absorption spectroscopy study of electron-doped colossal magnetoresist
manganite La0.7Ce0.3MnO3 films
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The electronic structure of La0.7Ce0.3MnO3 ~LCeMO! thin films has been investigated using photoemission
spectroscopy~PES! and x-ray absorption spectroscopy~XAS!. The Ce 3d core-level PES and XAS spectra of
LCeMO are very similar to those of CeO2, indicating that Ce ions are close to being tetravalent. A very weak
4 f resonance is observed around the Ce 4d→4 f absorption edge, suggesting that the localized Ce 4f states are
almost empty in the ground state. The Mn 2p XAS spectrum reveals the existence of the Mn21 multiplet
feature, confirming the Mn21-Mn31 mixed-valent states of Mn ions in LCeMO. The measured Mn 3d PES/
XAS spectra for LCeMO agree reasonably well with the Mn 3d partial density of states calculated using the
LSDA1U ~LSDA, local spin-density approximation! method. The LSDA1U calculation predicts a half-
metallic ground state for LCeMO. This study confirms that the LCeMO films are indeed electron doped.
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I. INTRODUCTION

Perovskite Mn oxides ofR12xAxMnO3 ~RAMO; R, rare
earth;A, divalent cation! ~Ref. 1! have attracted much atten
tion due to the colossal-magnetoresistance~CMR! behavior.
Pure LaMnO3 is an antiferromagnetic insulator. Whe
LaMnO3 is doped with divalent cations, it undergoes a pha
transition to a ferromagnetic metal, in which Mn ions c
exist in the formally trivalent and tetravalent states. Ze
has explained2 the simultaneous metallic and ferromagne
transition in RAMO in terms of the double-exchange~DE!
interaction between spin-aligned Mn31 (t2g

3 eg
1) and Mn41

(t2g
3 ) ions through oxygen ions.
In the DE model, Mn ions should exist in mixed-vale

states to maintain the correlation between magnetism
conductivity. The question has been raised whether the
mechanism is still operative when a tetravalent ion is do
instead of a divalent ion.3 This will result in a system with
Mn ions being in the Mn21 (t2g

3 eg
2)/Mn31 (t2g

3 eg
1) mixed-

valent states. Interestingly, the metal-insulator (M -I ) and
ferromagnetic transitions and the concomitant CM
phenomenon have been observed in the Ce-doped man
ites of R0.7Ce0.3MnO3 (R5La,Pr,Nd!.3,4 If Ce ions in
R0.7Ce0.3MnO3 exist in the tetravalent states, Mn21 ions
could be formed and electronlike charge carriers would
responsible for the metallic conductivity and ferroma
netism. Therefore it is essential to know the electronic str
tures ofR0.7Ce0.3MnO3 in order to understand the underlyin
physics for the metallic ferromagnetism properly.

In our previous photoemission spectroscopy~PES! study
on polycrystalline La0.7Ce0.3MnO3 ~LCeMO! bulk samples,5
0163-1829/2004/69~10!/104406~7!/$22.50 69 1044
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we have found that Ce ions in LCeMO are mainly in t
tetravalent (41) states, which allows the existence of th
divalent Mn21 ions in LCeMO. However, one of the mai
difficulties in this system is that the La12xCexMnO3 system
forms in the single phase only in epitaxial thin films.6,7 Re-
cently, the Ce41 valence state and the Mn21-Mn31 mixed-
valent states were observed in a thin film of LCeMO~Ref. 8!
via x-ray absorption spectroscopy~XAS!. Nevertheless, the
detailed spectroscopic information on the electronic sta
near the Fermi energyEF is lacking for LCeMO, which is
important in understanding the nature of the charge carri
In this paper, we report the PES and XAS study of LCeM
thin films. This work includes the resonant photoemiss
spectroscopy~RPES! measurement near the Ce 4d→4 f ab-
sorption edge, and the XAS measurements near the Ce
La 3d, Mn 2p, and O 1s absorption edges. PES and XA
data have been compared to the band-structure calcula
performed in the LSDA1U method ~LSDA: local spin-
density approximation! where U denotes the on-site Cou
lomb correlation interaction for both Mn 3d and Ce 4f elec-
trons.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

The epitaxial films of La0.7Ce0.3MnO3 were deposited on
LaAlO3 substrates by pulsed laser deposition at an oxy
pressure of 400 mTorr. The details of the film growth a
described in Ref. 7. No impurity phase was detected from
x-ray diffraction measurement. The resistivity measurem
showed a sharp and clean peak around 250 K, indicating
M -I transition. PES and XAS measurements were perform
at the 2B1 beamline of the Pohang Accelerator Laborat
©2004 The American Physical Society06-1



o
ne
a
io

e

e
u
f

he

te
ta

-

bi

p

S
nc

c
ng

f

-

f
1
t
e

pli

t

n

he

k
p

il-

d

y
-

d.

of

ng

f

a-
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~PAL!. The chamber pressure was about;5310210 Torr
during measurements. All spectra were obtained at ro
temperature. The Fermi level of the system was determi
from the valence-band spectrum of an Au foil in electric
contact with samples. The overall instrumental resolut
was about;200 meV at a photon energyhn'30 eV and
;300 meV athn'120 eV. To obtain clean surfaces, th
samples were annealed repeatedly at;700 °C in the O2
pressure of about 131028 Torr. The cleanliness of sampl
surfaces was monitored by the absence of the bump aro
9-eV binding energy~BE! and the symmetrical line shape o
the O 1s core level. All the spectra were normalized to t
photon flux estimated from the mesh current.

The electronic structures of LCeMO have been calcula
by employing the self-consistent linearized muffin-tin-orbi
band method. To simulate the Ce-doped LaMnO3 system, we
considered a supercell of La2CeMn3O9 with a tetragonal
structure (a53.873 Å andc511.618 Å). The partial densi
ties of states~PDOS’s! for LCeMO were obtained from the
LSDA1U band method which incorporates the spin-or
interaction.9

III. RESULT AND DISCUSSION

We first present the Ce and La 3d core level PES and
XAS spectra of LCeMO. XAS and core-level spectrosco
are powerful methods of determining the valence states
ions in solids. In the final state of core-level PES and XA
spectra, a core hole is left behind, and it couples with vale
electrons. In the systems with incompletely filled 4f or 3d
electrons, the coupling between the core hole and 4f or 3d
electrons is strong enough to cause the characteristic spe
splitting in XAS and XPS spectra. Therefore, by analyzi
XPS and XAS, an important information on the 4f and 3d
valence electrons can be obtained.

Figure 1 compares the Ce 3d core-level PES spectrum o
LCeMO to that of CeO2 with formally tetravalent Ce ions
(Ce41) ~upper panel!, and the La 3d core-level PES spec
trum of LCeMO to that of La2O3 with formally trivalent La
ions (La31) ~bottom panel!. The 3d core-level spectra o
CeO2 and La2O3 were reproduced from Ref. 10 and Ref. 1
respectively. The spectrum of CeO2 was then shifted so tha
the 3d5/2 main peak is aligned to that of LCeMO. Thes
spectra exhibit the same magnitudes of the spin-orbit s
tings between the 3d3/2 and 3d5/2 levels, 16.8 eV for the La
3d spectra and 18.1 eV for the Ce 3d spectra, respectively. I
is clearly observed that the Ce and La 3d spectra of LCeMO
are very similar to those of CeO2 and La2O3, respectively,
indicating that Ce ions in LCeMO are nearly tetravale
(Ce41) while La ions are trivalent (La31).

The solid lines along the measured 3d spectra for CeO2
and La2O3 denote the curve-fitting results, by employing t
Doniach-Sunjic line-shape function.12 The curve-fitting
analysis reveals that the Ce 3d PES spectrum of CeO2 con-
sists of six peaks, and similarly for LCeMO. These six pea
arise from the three-peak structures for each spin-orbit s
component of 3d5/2 and 3d3/2, respectively. Among the
three-peak structures, the highest BE components (C, C8)
correspond to the roughly 3d94 f 0 final-state con-
10440
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figuration.10,13 So this figure indicates that CeO2 and
LCeMO have a very large amount of 3d104 f 0 initial-state
configuration. According to the impurity Anderson Ham
tonian~IAH ! analysis,10,14 the lowest BE peaks (A, A8) and
the middle BE peaks (B, B8) correspond to the bonding an
antibonding states of the strongly mixed 3d94 f 1LI and
3d94 f 2LI 2 final-state configurations (LI , a ligand hole!. Since
the charge-transfer energyD f between the 4f 0 and 4f 1LI
configurations is small in CeO2, the ground state is strongl
mixed between 4f 0 and 4f 1LI configurations. Hence the va
lence electronic states in CeO2 contain non-negligible con-
tributions from the extended states off symmetry, even
though the localized 4f states remain nearly unoccupie
This results in the average 4f electron numbernf of about
0.5 in CeO2.

The La 3d spectra show the double-peak structures
nearly equal intensity for both the 3d5/2 and 3d3/2 levels.
Based on the IAH analysis,10,14 it is well known that the La
4 f level in the ground state of La2O3 is nearly empty due to
the very weak hybridization between La 4f and O 2p orbit-
als. On the other hand, in the 3d core-hole final state, the
attractive Coulomb interactionU f c between the 3d core hole
and the 4f electrons (U f c,0) pulls down the 4f level, so
that the charge-transfer energyD f between 3d94 f 0 and
3d94 f 1LI 1 becomes almost vanishing, resulting in a stro
hybridization between 3d94 f 0 and 3d94 f 1LI 1 final-state con-
figurations. Therefore the 3d94 f 0 and 3d94 f 1LI 1 configura-

FIG. 1. Top: Comparison of the Ce 3d core-level PES spectra o
LCeMO and CeO2 ~from Ref. 10!. The curve fitting results~solid
lines! of the Ce 3d spectrum for CeO2 are superposed on the me
sured spectrum~dots!. Bottom: Similarly for the La 3d core-level
PES spectra for LCeMO and La2O3 ~from Ref. 11!.
6-2
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tions are strongly mixed in the 3d core-hole final state o
La2O3. The two peaks of the La 3d core level PES spectrum
in La2O3 correspond to the bonding and antibonding sta
of the 3d94 f 0 and 3d94 f 1LI 1 configurations. Due to the
strong final-state mixing in La2O3, the intensities15 of the
two peaks become comparable. This interpretation can
similarly applied to the La 3d PES spectrum of LCeMO
Thus, Fig. 1 provides evidence that La 4f states are almos
unoccupied in the ground state (4f 0), but are strongly hy-
bridized with the O 2p states in the 3d core-hole final state

Figure 2 shows the Ce 3d XAS spectra of LCeMO and
CeO2, and the La 3d XAS spectra of LCeMO and La2O3.
The 3d XAS spectra of both CeO2 and La2O3 were repro-
duced from Ref. 16. The Ce 3d XAS spectrum of LCeMO is
very similar to that of CeO2, consistent with the finding for
Ce 3d PES spectrum, which confirms the tetravalent valen
of Ce ions in LCeMO. The Ce 3d XAS spectra of both
LCeMO and CeO2 reveal a main peak~M! and a weak sat-
ellite ~S! on the high-energy side of the main peak. The m
Ce 3d XAS peaks show no multiplet structures. TheM andS
peaks correspond to the bonding and antibonding final st
of the 3d94 f 1 and 3d94 f 2LI 1 mixed configurations. Since th
ground stateug& of CeO2 will be ug&'au f 0&1bu f 1LI &, the
3d XAS final states will have both the 3d94 f 1 and 3d94 f 2LI
configurations. In both LCeMO and CeO2, the energy differ-
ence betweenM and S in the Ce 3d XAS spectrum
('17.5 eV) is approximately the same as that betwe
A(A8) and B(B8) in the Ce 3d core-level PES spectrum
('18.1 eV). Note that, except for the weak satellite fe

FIG. 2. Top: Comparison of the Ce 3d XAS spectra of LCeMO
and CeO2 ~from Ref. 16!. Bottom: Comparison of the La 3d XAS
spectra of LCeMO and La2O3 ~from Ref. 16!.
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tures, the Ce 3d XAS spectrum of CeO2 is very similar to
the La 3d XAS spectrum of La2O3, suggesting that the mul-
tiplet structures of the 3d XAS of CeO2 resemble those of
La2O3 with La31 which has the 4f 0 configuration in the
ground state.

Figure 3 presents the normalized valence-band spectra
LCeMO obtained at the Ce 4d→4 f absorption region. In
each set of the two superposed spectra, solid lines and o
circles correspond to the spectrum for the lowerhn and that
for the next higherhn. The values ofhn ’s are labeled at the
left side of the spectra in the increasing order from botto
toward top of the figure. If there are localized Ce 4f elec-
trons, the 4f photoemission intensity is enhanced athn
'121 eV due to the resonance effect through the interf
ence between two processes.17 The first is the direct photo-
emission process, such as

4d104 f n1hn→4d104 f n21ek , ~1!

where ek denotes the emitted electron. The second is
photoabsorption of a 4d electron to an unoccupied 4f state,
followed by a two-electron super Coster-Kronig Auger d
cay, such as

4d104 f n1hn→4d94 f n11→4d104 f n21ek . ~2!

The interference between these two processes leads to
Fano resonance. Such a RPES process will not be invo
for a tetravalent Ce41 ion (4f 0) because there is no direc
process available. Therefore the very weak enhancem
aroundhn'121 eV indicates that the localized Ce 4f states
are nearly unoccupied in LCeMO and that the Ce valence
far from 31. This finding is consistent with that for the C
3d core-level PES and XAS spectra~Fig. 1 and Fig. 2!.

FIG. 3. Left: The valence-band spectra for LCeMO vshn, ob-
tained at the Ce 4d→4 f absorption region. In each set of the tw
superposed spectra, solid lines and open circles correspond to
spectra for the lowerhn and the next higherhn, respectively. Each
set ofhn values is labeled at the left side of the spectra. Right:
constant-initial-state~CIS! spectra of LCeMO for several initial
states, which were obtained by plotting the photoemission inte
ties at several BE’s vshn.
6-3
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S. W. HAN et al. PHYSICAL REVIEW B 69, 104406 ~2004!
The right panel of Fig. 3 showshn dependence of the
emissions at several initial-state energies. These are the
of the normalized photoemission intensities at several B
versushn around the Ce 4d absorption thresholds. Henc
these curves measure the RPES cross-section line sh
and correspond to the constant-initial-state~CIS! spectra. In
constructing the CIS spectra presented in this figure the
elastic backgrounds have not been subtracted from
valence-band spectra. The vertical scale of this figure is
bitrary but it is the same for all the spectra with different B
states.

The O 2p states, with BE between;3 eV and;8 eV,
show the strong peaks around;124 eV. Such a resonatin
behavior for the O 2p states agrees with that for CeO2.18 We
interpret that this peak reflects the resonance enhanceme
the extended states off symmetry near the Ce 4d→4 f ab-
sorption due to the hybridization mixing of the O 2p states
with the Ce 4f states. The resonance for the O 2p states can
occur due to the interference between the following two p
cesses:

4d104 f 0~O 2p!n1hn→4d104 f 0~O 2p!n21ek ~3!

and

4d104 f 0~O 2p!n1hn→4d94 f 1~O 2p!n

→4d104 f 0~O 2p!n21ek . ~4!

That is, the resonance occurs through the combined pro
of photoabsorption and the subsequent Auger decay. Th
tensity of the Auger process is proportional to the mat
element of the Coulomb interaction between relevant or
als; ^4d,eku1/r 12u4 f ,(O)2p&. Hence the resonance energi
of the Ce 4f and O 2p orbitals need not necessarily be th
same.19 In the present system, the resonance energy of
hybridized O 2p states is expected to be higher than that
the Ce 4f resonance because the Ce 4f orbitals are located
aboveEF . The strong resonance of the O 2p states implies
the large Auger matrix element, and accordingly indica
the substantial wave function overlap between the Op
states and the unoccupied Ce 4f states. Indeed, the calcu
lated band structure shows the non-negligible O 2p states
aboveEF hybridized with the unoccupied Ce 4f states as
well as the extended O 2p states off symmetry belowEF
between28 and22 eV.

The low BE states, those at 122 eV below EF , show
another weak peak around;121 eV, which is ascribed to
the resonance of the localized Ce 4f electrons due to the C
4d→4 f absorption. The very weak resonance of the low
states indicates that the localized 4f states are almost unoc
cupied in LCeMO. On the other hand, the strong resona
of the O 2p electrons suggests that the valence-band st
contain the extended states off symmetry, which are respon
sible for the non-negligible 4f population ofnf in its ground
state (nf;0.5 for CeO2). It is difficult to tell whether the
resonance peak athn;121 eV for BE’s '1 –2 eV has a
Fano line shape. This is because the enhancement is
10440
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weak and it overlaps with the strong La 5d resonance due to
the La 4d→4 f RPES, which has a broad maximum aroun
hn5118–122 eV.5

In order to examine the resonating features more clea
we have compared the valence-band spectra around the
resonatinghn values ofhn'121 eV andhn'124 eV. The
left panel of Fig. 4 compares the normalized valence-ba
spectra of LCeMO obtained forhn5118 eV and hn
5121 eV, and the difference between these two spectr
shown at the bottom. Similarly, the right panel compar
those forhn5120 eV andhn5124 eV, and the difference
between these two spectra. The left panel shows that the
4 f contribution is the largest at;1.5 eV belowEF with no
Ce 4f emission atEF , consistent with the insulating stat
aboveTC . As mentioned in Fig. 3, the magnitude of the C
4 f resonance athn'121 eV is very weak, indicating tha
the localized Ce 4f states are nearly unoccupied in LCeM
and that the Ce valence is far from 31. The right panel
shows that the O 2p states resonate athn;124 eV and are
spread between;3 and 6 eV BE with no states betweenEF
and 2 eV BE.

Figure 5 compares the Mn 2p XAS spectra of LCeMO
and LaMnO3 which was reproduced from Ref. 20. LaMnO3
was chosen as the reference material which has the form
trivalent (31) Mn ions and the same crystal symmetry. Th
difference curve between the Mn 2p XAS spectrum of
LCeMO and that of LaMnO3 is shown at the bottom. The
transition metal~T! 2p XAS spectrum results from the dipole
transitions from the 2p core level to the empty 3d states. The
peak positions and the line shape of theT 2p XAS spectrum
depend on the local electronic structure of theT ion, which
provides the information about the valence state and
ground-state symmetry of theT ion.21,22 The Mn 2p3/2 and
2p1/2 spectral parts are clearly separated by the largep
core-hole spin-orbit interaction.

Similarly as in other manganites,23 the Mn 2p XAS spec-
tra of both LCeMO and LaMnO3 exhibit two broad multi-

FIG. 4. Left: Comparison of the normalized valence-band P
spectra of LCeMO obtained forhn5118 eV andhn5121 eV. The
difference between these two spectra is shown at the bottom. R
Similarly for hn5120 eV andhn5124 eV.
6-4
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PHOTOEMISSION AND X-RAY ABSORPTION . . . PHYSICAL REVIEW B69, 104406 ~2004!
plets separated by the spin-orbit splitting of the Mn 2p core
hole before subtraction. The main contributions to the bro
ening come from a large spread of the multiplets24 and a
covalent character of the ground state. In contrast, the di
ence curve reveals the sharp structure around 640 eV, w
resembles that in MnO,8 indicating the existence of a Mn21

component in LCeMO. To check this argument, we ha
compared the difference curve to the calculated Mn 2p XAS
spectrum~gray lines! for the Mn21 ion under the octahedro
symmetry (Oh) symmetry with 10Dq50 eV. This result has
been reproduced from Ref. 21. This comparison clea
shows that the main features of the difference curve can
described mainly with the Mn21 component under theOh
symmetry. Thus Fig. 5 confirms the Mn21-Mn31 mixed-
valent state of Mn ions in LCeMO, in agreement with t
previous finding.8

The upper panel of Fig. 6 shows the extraction proced
of the Mn 3d partial spectral weight~PSW! of LCeMO. As a
first approximation, the Mn 3d PSW of LCeMO is deter-
mined by subtracting the valence-band spectrum athn
525 eV, where the O 2p emission is dominant, from that a
the off-resonance (hn5115 eV) in Ce 4d→4 f RPES,
where the Mn 3d and O 2p emissions are comparable
each other.5 The former spectrum has been scaled by a fac
of ;0.9 to account for thehn dependence of the O 2p
photoionization cross section.25 The extracted Mn 3d states
show two broad structures, around;2 eV and and;7 eV.
The spectral intensity at;1 eV belowEF is weak.

The bottom panel of Fig. 6 compares the Mn 3d PSWs of
LCeMO to those of Nd0.5Ca0.5Mn0.93Cr0.07O3 ~NCMO, Ref.

FIG. 5. Comparison of the Mn 2p XAS spectra of LCeMO and
LaMnO3 ~from Ref. 20!. The difference curve between the Mn 2p
XAS spectra of LCeMO and LaMnO3 is shown at the bottom a
black lines. The calculated Mn 2p XAS spectrum~gray lines! for
the Mn21 ion under theOh symmetry with 10Dq50 eV ~from Ref.
21! is compared to the difference curve. See the text for the det
10440
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26! and Pr2/3Sr1/3MnO3 ~PSMO, Ref. 27! both of which are
metallic in the ground state. The former Mn 3d PSW for
NCMO was obtained from the Mn 2p→3d RPES. The ex-
traction procedure for the latter PSW for PSMO is describ
in Ref. 27. It was extracted by employing the same pro
dure as for LCeMO, wherehn5119 eV was used as the o
resonance in Pr 4d→4 f RPES and thehn518 eV spectrum
was considered as roughly representing the O 2p spectrum.
Indeed, the Mn 3d PSW for PSMO is very similar to that fo
NCMO, obtained from the Mn 2p→3d RPES, except for the
slightly lower intensity nearEF . This finding supports the
validity of the extraction scheme for the Mn 3d PSW em-
ployed in this work.

In order to understand the microscopic origin of t
valence-band electronic structures of LCeMO, we have co
pared the experimentally determined Mn 3d PSW and O 1s
XAS spectrum to the calculated Mn 3d PDOS, which was
obtained from the supercell LSDA1U calculation. The O 1s
XAS spectrum reflects the transition from the O 1s core
level to the unoccupied O 2p states hybridized to the othe
electronic states. Therefore the O 1s XAS provides a reason
able approximation for representing the unoccup
conduction-band electronic structure. The results are p
sented in Fig. 7. The parameters used in this calculation
the Coulomb correlationU54.0 eV and the exchange corre

ls.
FIG. 6. Top: The extraction procedure for the Mn 3d PSW of

LCeMO. See the text for the details. Bottom: Comparison of
Mn 3d PSW of LCeMO to those of 7%-doped Nd1/2Ca1/2MnO3

~NCMO! ~from Ref. 26! and Pr2/3Sr1/3MnO3 ~PSMO! ~from Ref. 27.
The former PSW for NCMO was obtained from the Mn 2p→3d
RPES. The extraction procedure for the latter PSW for PSMO
described in Ref. 27.
6-5
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S. W. HAN et al. PHYSICAL REVIEW B 69, 104406 ~2004!
lation J50.87 eV for Mn 3d electrons, andU55.0 eV and
J50.95 eV for Ce 4f electrons. It is found that the LSDA
1U results are not very sensitive to theU-value, within
DU'61 eV. As shown at the bottom of Fig. 7, the LSD
1U calculation predicts a half-metallic ground state f
LCeMO, which is consistent with the calculated electron
structure obtained in the virtual crystal approximation.28 In
this comparison, the O 1s XAS spectrum was shifted so tha
the peak in the O 1s XAS spectrum aligns with that in the
LSDA1U calculation.29 This comparison shows that th
measured PES/XAS data for LCeMO agree reasonably
with the calculated Mn 3d PDOS, particularly in the peak
positions. The broad peak around23 eV originates from the
t2g
3 and eg

x majority-spin states, and the high BE feature
(25 –210 eV) have the strongly mixed electron charac
of the Mn 3d-O 2p electrons.

The ground state of LCeMO becomes half metallic in t
LSDA1U calculation, reflecting that the DE mechanism
still operative in LCeMO.30 Indeed this prediction is consis
tent with the recent observation20 of a large tunneling mag
netoresistance~TMR! in ferromagnetic tunnel junction buil
from LCeMO/La0.7Ca0.3MnO3, which suggests a high de
gree of spin polarization in LCeMO. The LSDA1U calcu-
lation, however, indicates that LCeMO would be a majori

FIG. 7. Top: Comparison of the experimental Mn 3d PSW and
O 1s XAS spectrum and the calculated Mn 3d PDOS obtained
from the LSDA1U calculation. The O 1s XAS spectrum is shifted
by referring to the calculated PDOS. Bottom: The calculated Mnd
PDOSs of LCeMO obtained from the LSDA1U calculation. The
Mn 3d band is decomposed intot2g ~black lines! andeg ~gray lines!
bands.
10440
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spin carrier half-metal, contrary to a minority-spin carri
half-metal suggested by Ref. 20 based on the large pos
TMR. This point remains to be clarified experimentally b
employing direct spin-resolved experimental probes.

Finally, the measured spectral weight atEF @ I (EF)# with
respect to the Mnt2g peak is lower than the calculated PDO
at EF @N(EF)#. This difference nearEF can be ascribed
partly due to the measurement temperature being above
M -I transition ('250 K), which corresponds to the insula
ing phase. The second possibility for this discrepancy is
surface contribution in the measured PES spectra, wh
were obtained withhn ’s in the rather surface-sensitiv
regime.31 Normally surface electronic structures are more
sulating than the bulk electronic structure due to the m
localized nature of the electrons at the surface. The th
possibility for this discrepancy is the presence of some k
of carrier localization mechanism. Several mechanisms h
been reported to explain the pseudogap nature
manganites.32 Assuming that the Coulomb correlation b
tween Mn 3d electrons is properly accounted for by th
LSDA1U method,33 one of the plausible localization
mechanisms would be the small polaron formation induc
by the strongeg electron-phonon interaction, originatin
from the Jahn-Teller active Mn31 ion in LCeMO.27,34

IV. CONCLUSION

We have performed PES and XAS measurements
LCeMO thin film, including the RPES measurement near
Ce 4d→4 f absorption edge, and the XAS measureme
near the Ce and La 3d, Mn 2p, and O 1s absorption edges
The PES and XAS data have been compared to the b
structure calculations performed in the LSDA1U method.
Both the Ce 3d core-level PES and XAS spectra are ve
similar to those of CeO2 with Ce41, indicating that the Ce
valence is far from 31 in LCeMO. The RPES measureme
also shows very weak enhancement around the Ce 4d→4 f
absorption edge, providing evidence that the localized Cef
states are almost empty in the ground state. The Mn 2p XAS
spectrum reveals the multiplet features of Mn21 ions besides
those of Mn31 ions, confirming the existence of th
Mn21-Mn31 mixed-valent states of Mn ions in LCeMO
This study confirms that the LCeMO films are indeed ele
tron doped. The comparison between the measured Mnd
PES/XAS data and the calculated Mn 3d PDOS in the
LSDA1U method shows a reasonably good agreement,
ticularly in the peak positions. The LSDA1U calculation
predicts a half-metallic ground state for LCeMO with majo
ity spin carriers atEF . However, the predicted half-metalli
ground state is not observed in the PES measurement
above theM -I transition temperature.
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