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Abstract
The electronic structure of La0.7Ce0.3MnO3 (LCeMO) has been investigated by
using photoemission spectroscopy. A very weak 4f resonance is observed and
the Ce 3d spectrum of LCeMO is very similar to that of CeO2, indicating that Ce
ions are far from being trivalent. The Mn 2p core-level spectrum of LCeMO
is essentially the same as that of hole-doped La0.7Sr0.3MnO3, but different
from that of MnO. The local spin-density approximation (LSDA) electronic
structure calculations for LCeMO show that the Mn 3d states contribute a large
peak around −2 eV and a weak structure between −2 eV and EF , and that the
O 2p states are spread between −3 eV and −9 eV, with negligible contribution
near EF . The LSDA calculations for LCeMO and hole-doped La0.7Ba0.3MnO3

reveal that the calculated Mn 3d density of states at EF in LCeMO is larger,
reflecting the effect of electron doping with Ce ions.

1. Introduction

The discovery of the colossal-magnetoresistance (CMR) phenomenon in the perovskite Mn
oxides of R1−xAxMnO3 (RAMO; R: rare earth; A: divalent cation) has generated wide
interest [1]. On the basis of correlations found in their phase diagrams, these systems are
considered as spin–charge–lattice coupled systems. In a divalent-ion-doped RAMO system,
Mn ions can exist in the formally trivalent and tetravalent states. Then the Zener-type double-
exchange (DE) between spin-aligned Mn3+ (t3

2ge1
g) and Mn4+ (t3

2g) ions through oxygen ions
gives rise to metallic conductivity and ferromagnetism [2].

In the DE model, Mn ions should exist in a mixed-valence state to maintain the correlation
between magnetism and conductivity. The question has been raised of whether the DE
mechanism is still operative when a tetravalent ion is used for the doping instead of a
divalent ion [3], causing an electron doping similarly to that in the high-TC superconductor
Nd2−xCexCuOy [4]. This will result in a system with a mixed-valence state of Mn2+ (t3

2ge2
g)

and Mn3+ (t3
2ge1

g) ions. Interestingly, the metal–insulator (M–I) and ferromagnetic transitions
and the concomitant CMR phenomenon have been observed in the Ce-doped manganites
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R0.7Ce0.3MnO3 (RCeMO; R = La, Pr, Nd) [3, 5]. If Ce ions in RCeMO exist in a tetravalent
state, Mn2+ ions could be formed and electron-like charge carriers would be responsible for
the metallic conductivity and ferromagnetism. Therefore it is essential to know the valence
states of Ce and Mn ions to understand the nature of the charge carriers in RCeMO and the
underlying physics properly.

Despite extensive photoemission spectroscopy (PES) studies on the manganites [6–13],
no PES study on RCeMO has been reported yet. In this paper, we have explored the valence
states of Ce and Mn ions in La0.7Ce0.3MnO3 (LCeMO), using resonant photoemission spectro-
scopy (RPES) near the Ce 4d → 4f and Mn 3p → 3d absorption edges and x-ray photo-
emission spectroscopy (XPS) of the Ce 3d and Mn 2p core levels. Experimental results are
compared to the band-structure calculations performed in the local spin-density approximation
(LSDA).

2. Experimental and calculational details

Polycrystalline LCeMO samples were prepared by the conventional solid-state reaction
methods, using high-purity (99.99% or better) La2O3, CeO2, and Mn2O3 powders. The
as-prepared LCeMO sample was annealed at 1050 ◦C in oxygen for five hours. The x-ray
powder diffraction pattern for LCeMO showed a clean single-phase pattern similar to that in
reference [3]. Resistivity and magnetization measurements for LCeMO showed behaviours
very similar to those reported in references [3,5], with a simultaneous M–I and ferromagnetic
transition at temperature TR ∼ 260 K and the residual resistivity of ρ0 ∼ 0.1 
 cm at T � 20 K.

PES experiments were carried out at the Ames/Montana beam-line at the Synchrotron
Radiation Center (SRC). Samples were fractured and measured in vacuum with a base pressure
better than 4 ×10−11 Torr and at T < 20 K. The Fermi level EF of the system was determined
from the valence-band spectrum of a sputtered Pt foil. The total instrumental resolution
(FWHM: full width at half-maximum) was about 90 meV at hν = 22 eV and 250 meV
at hν ∼ 120 eV. All the spectra were normalized to the mesh current. The cleanliness of
the fractured surfaces was monitored using a hump around 9 eV binding energy (BE) in the
valence-band spectrum obtained at a low photon energy. Figure 1 shows the valence-band
energy distribution curves (EDCs) of LCeMO for 20 eV � hν � 121 eV. At a low hν ∼ 26 eV,
a small and broad hump is observed around 10 eV BE, probably due to the CO (carbon
monoxide) present on the surface. This feature is not observed at higher hν because of the
cross-section of this peak rapidly decreasing with hν. The intensity of the 10 eV hump is
sufficiently low that the intrinsic valence-band features are still observed in our valence-band
spectra. This will be further discussed in relation to figure 5, later.

Core-level spectra of LCeMO were obtained using a Perkin-Elmer PHI 5400 ESCA
spectrometer equipped with a twin anode (Mg, Al). The base pressure of the system was
about 2 × 10−10 Torr and the samples were scraped and measured at room temperature with
an overall instrumental resolution of about 1 eV at the FWHM for Ag 3d5/2. The survey
spectrum showed no contaminations except for a small carbon (C) 1s peak, corresponding to
an estimated concentration of about 5–10%. This carbon seemed to be present in the bulk and
to diffuse out from inside the bulk to the surface because the core-level XPS measurements
were done at room temperature. The presence of the C 1s signal did not affect the line-shapes
of other core levels of metallic elements, but caused a reduction in the overall intensity of other
core levels1. The x-ray satellites due to the Mg Kα3,4 radiation were subtracted.

1 It is likely that this carbon is not involved in bonding and does not affect the intrinsic line-shapes of other core
levels.
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Figure 1. Energy distribution curves (EDCs) of LCeMO for 20 eV � hν � 121 eV.

The electronic structures of LCeMO have been calculated by using density-functional
calculations within the LSDA on the basis of the linearized muffin-tin orbital (LMTO) band
method. The von Barth–Hedin form of the exchange–correlation potential was utilized.
The angular-momentum-projected local densities of states (PLDOSs) for La0.7R0.3MnO3

(R = Ba, Ce) were obtained from the LSDA band-structure calculations using the virtual-
crystal approximation (VCA) [14]. Ferromagnetic phases of the cubic structure (lattice
constant: 3.872 Å) are considered for both manganites La0.7R0.3MnO3 (R = Ba, Ce).

3. Results and discussion

Figure 2 presents the normalized valence-band spectra for LCeMO with hν = 121 eV (on-
resonance) and hν = 115 eV (off-resonance). As a comparison, those for Pr0.3Sr0.7MnO3

with hν = 124 eV (on-resonance) and hν = 119 eV (off-resonance) are also presented, for
which the Pr ions are known to be trivalent (4f2) [13]. The off-resonance spectra have been
scaled by a factor of 0.9 [15] for both LCeMO and Pr0.3Sr0.7MnO3. This factor is roughly
taken to account for the dependence on hν of the non-4f emission. The difference of each
pair, referenced to the off-resonance spectra, represents the R 4f resonance (R = Ce, Pr), and
is expected to be a measure of the 4f occupancy.
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Figure 2. Left: normalized valence-band spectra for LCeMO, obtained at the 4f resonance (open
circles) and at the off-resonance (solid lines). Right: similarly for Pr0.3Sr0.7MnO3.

In contrast to the large 4f resonance in Pr0.3Sr0.7MnO3, the magnitude of the 4f resonance
in LCeMO is very weak. This feature indicates that the localized Ce 4f states are nearly
unoccupied in LCeMO and that the Ce valence is far from 3+. This is because RPES for the
R 4d absorption edge involves atomic processes of the type

4d104fn + hν → 4d94fn+1 → 4d104fn−1εk (1)

where εk denotes the emitted electron. The first step is a photoabsorption of a 4d electron to
an unoccupied 4f state, leading to an intermediate state. The second step is a two-electron
Coster–Kronig decay of the intermediate state, involving an Auger matrix element of the
Coulomb interaction 〈4d, εk|(1/r12)|4f, 4f〉. The same final state can also be reached by a
direct photoemission process:

4d104fn + hν → 4d104fn−1εk. (2)

The interference between these two processes leads to the so-called Fano resonance that
depends on the details of the decay channels. For a tetravalent Ce4+ ion (4f0), such a RPES
process will not be invoked because n − 1 < 0. This finding is in fact consistent with that for
the Ce 3d core-level XPS (see figure 4, later).

The inset of figure 2 shows the enlarged spectra near EF . No metallic Fermi edge is
observed in LCeMO at T ∼ 20 K, well below TR , probably due to the large residual resist-
ivity of LCeMO. The Ce 4f contribution is the largest around 1 eV below EF with no Ce 4f
contribution at EF . The Ce 4f spectral weight distribution in LCeMO is very weak and does
not exhibit a double-peak structure, unlike those for other Ce compounds [16, 17].
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Figure 3 compares the constant-initial-state (CIS) spectra of LCeMO for several initial-
state energies Ei distributed through the valence bands, taken around the Ce 4d and Mn 3p
absorption thresholds. In taking a CIS spectrum, hν and EK are simultaneously varied so
as to keep Ei = hν − φ − EK constant (EK : kinetic energy; φ: work function). The CIS
spectrum measures the RPES cross-section line-shape, determined by the initial and final
states. For hν � 100 eV, the CIS spectrum of LCeMO with Ei = −1.0 eV shows a very weak
enhancement in the photoionization cross-section at around hν ∼ 121 eV, corresponding to
the Ce 4d → 4f absorption threshold [18]. It is difficult to tell whether its CIS line-shape
is really a Fano line-shape because the enhancement is very weak, and yet this observation
supports the finding in figure 2 that the electronic states at Ei ∼ −1.0 eV certainly have the
Ce 4f character. On the other hand, the CIS spectra with Ei � −2.3 eV reveal broad enhance-
ment at about hν ∼ 117 eV. In fact, this energy corresponds to the La 4d → 4f resonance
energy required to induce the La 5d RPES via the Auger process with the Coulomb matrix
element 〈4d, εk|(1/r12)|4f, 5d〉 [19,20]. Hence, the broad enhancement for Ei � −3.4 eV has
the La 5d electron character. This broad La 4d → 4f resonance for hν around 115–120 eV
overlaps with the very weak Ce 4d → 4f resonance in LCeMO. Therefore the resonant
behaviour of the Ce 4f electron character in the valence-band region cannot be clarified for
Ei � −2 eV.

Figure 3. Constant-initial-state (CIS) spectra of LCeMO for several initial-state energies Ei , taken
across the Ce 4d (left) and Mn 3p (right) absorption thresholds.

For 40 � hν � 70 eV, the CIS spectra with −6.0 � Ei � −1.0 eV exhibit interference
dips near the Mn 3p threshold (hν ∼ 48 eV), as commonly observed in transition metals
with unfilled 3d bands [21, 22]. This figure indicates that the Mn 3d states are spread over
the whole valence band, i.e., the states with −6.0 � Ei � −1.0 eV have the Mn 3d electron
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character. The Mn 3d contribution is the largest around −2.3 eV, consistent with the theoretical
prediction in figure 5, later. However, the Mn 3p → 3d CIS spectra do not show any resonant
enhancement that can be identified as an Mn 3d satellite [21].

Figure 4(a) compares the Ce 3d core-level spectra of LCeMO to those of the formally
tetravalent CeO2, the formally trivalent Ce2O3, and the nearly trivalent γ -Ce [18]. The 3d
spectra of CeO2, Ce2O3, and γ -Ce were reproduced from reference [23], reference [24], and
reference [25], respectively. Each of the spin–orbit components of the 3d spectrum of LCeMO
exhibits three peak structures. Of particular interest is the fact that the 3d spectrum of LCeMO
is very similar to that of CeO2, but quite different from those of Ce2O3 and γ -Ce. The highest
BE peak for CeO2, which is absent for Ce2O3, is known to have rather pure 3d9f0 character.
Thus the large intensities of the highest BE peaks for both LCeMO and CeO2, in contrast to
Ce2O3, account for the important f0 character of their initial states. According to the impurity
Anderson Hamiltonian analysis of the 3d core-level spectrum of CeO2 [23], the two lower BE
peaks are formed from a strong mixing of 3d9f1 and 3d9f2 final-state configurations with a
ratio of the order of one. The localized 4f states remain completely unoccupied in CeO2, but
the valence-band states contain non-negligible extended states of f symmetry, responsible for
the initial 4f population of nf ∼ 0.5.

Figure 4. (a) The Ce 3d core-level spectrum of LCeMO, compared to those of CeO2 (from
reference [23]), Ce2O3 (from reference [24]), and γ -Ce (from reference [25]). (b) The Mn 2p
core-level spectrum of LCeMO, compared to those of LSMO and MnO (from reference [26]).
Inset: the O 1s core-level spectrum of LCeMO.

On the basis of the observation that the relative intensities of the three peaks for LCeMO are
similar to those for CeO2, one can conclude that the localized Ce 4f states are nearly unoccupied
in LCeMO, which is consistent with a very weak Ce 4f resonance in figure 2. In general, it
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is not possible to separate experimentally the Ce 4f occupancy into that of the localized 4f
states and that of the valence-band states with f symmetry. Further, the concepts of valency
and ionicity are not well defined, especially in the systems with the covalent bonding nature.
In any case, our data provide evidence that the Ce valence is far from 3+, and accordingly
suggest that the valence configurations of Mn ions in LCeMO are very different from those
in RAMO.

Now we address the question of the valence state of Mn. If the electrons doped in via the
Ce substitution go to the Mn eg bands, Mn ions have mixed-valence states that are combinations
of Mn2+ and Mn3+. In figure 4(b), the Mn 2p core-level spectrum of LCeMO is compared to
those of hole-doped La0.7Sr0.3MnO3 (LSMO) with formally mixed-valence Mn3+/Mn4+ ions,
and also MnO with a formal Mn valence of 2+. The latter spectrum is reproduced from
reference [26]. The Mn 2p spectrum of LCeMO is essentially the same as that of LSMO
within the experimental resolution, but rather different from that of MnO, which shows a
satellite structure at about 6 eV higher BE. This comparison may indicate that Mn2+ ions are
not likely to be formed in LCeMO. On the other hand, the multiplet splitting for the Mn3+

final-state configurations (2p53d4L0, 2p53d5L1, 2p53d6L2; where L denotes a ligand hole) is
rather large (∼5 eV) [7], compared to the energy difference between the 2p core levels of
the Mn3+ and Mn2+ ions. Thus the similarity of the measured Mn 2p spectra of LCeMO and
LSMO is not necessarily to be taken to indicate similar Mn 3d electronic structures of LCeMO
and LSMO. The O 1s core-level spectrum of LCeMO is shown in the inset of figure 4(b); it
reveals a single peak with a rather asymmetric line-shape on the high-BE side of ∼531 eV,
probably due to the emission from some adsorbed water on the surface or defects at the grain
boundaries. The O 1s spectrum of LSMO (not shown here) is similar to that of LCeMO.

To help to explain the microscopic origin of the valence-band electronic structures of
LCeMO, the calculated LSDA electronic structures of LCeMO are shown in figure 5. The
upper and lower curves in the upper two panels represent the majority-spin and minority-spin
O 2p PLDOS, and the majority-spin and minority-spin Mn 3d PLDOS, respectively. The
bottom panel compares the O 2p (dots) and Mn 3d PLDOS (solid line). The peak positions
and the intensity distributions of the O 2p and Mn 3d PLDOSs reflect the large hybridization
between the Mn d and O p states. Most of the O 2p PLDOS is located between −3 eV and
−9 eV, and its contribution near EF is negligible. These predictions are consistent with the
features observed in the valence-band spectrum at hν ∼ 20 eV (figure 1). Note that the three
salient large-energy structures in the calculated O 2p PLDOS (at around −2 eV, −4 eV, and
−7 eV) are also consistent with those in the measured valence-band spectrum at hν ∼ 20 eV
in figure 1. A small peak is observed around −2 eV due to the majority-spin O 2p states,
reflecting the effect of the hybridization to the majority-spin Mn t2g states. The Mn 3d PLDOS
shows a large peak around −2 eV due to the majority-spin Mn t2g states. The calculated
exchange splitting is about 3 eV. The LSDA calculations yield the metallic ground state for
LCeMO, and the Fermi level cuts the middle of the Mn e↑

g band and the bottom of the Mn t↓2g
band. The calculated O 2p and Mn 3d PLDOSs suggest that the peak around −2 eV in the
measured photoemission spectra is mainly due to the Mn t2g emission.

In order to examine the differences in Mn 3d electronic state between LCeMO and
another hole-doped RAMO compound, we have compared the calculated Mn 3d PLDOSs
for two typical systems, one being hole-doped La0.7Ba0.3MnO3 (LBaMO) and the other being
electron-doped LCeMO, in figure 6. The calculated electronic structure of LBaMO reveals
a half-metallic ground state, consistent with the prediction for another hole-doped RAMO
compound [27], and the Mn 3d PLDOS of LBaMO is very similar to that of hole-doped
PSMO [13]. Even though the overall features in the Mn 3d PLDOSs of LBaMO and LCeMO
are similar to each other, the peak positions in LCeMO are shifted to higher BEs compared to
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Figure 5. The calculated projected local density of states (PLDOS) for LCeMO. From the top,
the majority-spin (upper curve) and minority-spin (lower curve) O 2p PLDOS, the majority-spin
(upper curve) and minority-spin (lower curve) Mn 3d PLDOS, and the comparison of the O 2p
PLDOS (dots) and the Mn 3d PLDOS (solid line).

those for LBaMO. Such systematic changes arise from the rigid shift of EF toward a higher
energy that occurs in LCeMO because of extra doped electrons, resulting in a normal metal
with a larger Mn 3d PLDOS at EF .

Note that the off-resonance spectrum of LCeMO (figure 2) reveals a very weak spectral
intensity between −1 eV and EF . In combination with the negligible O 2p PLDOS at EF

(figure 5), this finding suggests that the Mn 3d spectral intensity near EF is very low in
LCeMO. It is difficult to separate out the Mn 3d partial spectral weight (PSW) distribution
from the O 2p PSW using our data because the O 2p emission is dominant for hν � 120 eV.
According to reference [15], the estimated O 2p and Mn 3d emissions in LCeMO are as follows:
O 2p:Mn 3d = ∼60%:∼40% at hν ∼ 120 eV, and ∼85%:�10% at hν ∼ 20 eV. Further, the
O 2p and Mn 3d states are strongly mixed in the manganites, as shown in figure 5 and other
works [7–9, 11–13, 28].

The finding of the low Mn 3d spectral intensity near EF for LCeMO contrasts with the
calculated Mn 3d PLDOS between EF and −2 eV (figure 6). There are several possibilities
for the cause of the discrepancy between theory and experiment.



The valence state of Ce in electron-doped manganites: La0.7Ce0.3MnO3 3787

Figure 6. Comparison of the calculated Mn 3d PLDOSs of LCeMO and LBaMO.

(i) The photon energy range employed in this work is rather surface sensitive [12, 16, 17],
and the surface spectral weight near EF might be smaller than the bulk spectral weight.
A more bulk-sensitive PES measurement, such as Mn 2p → 3d RPES, would be helpful
for obtaining the bulk Mn 3d spectral weight [9, 12].

(ii) A carrier localization mechanism in LCeMO would reduce the spectral intensity close
to EF yielding a pseudogap, which is probably due to the strong eg electron–phonon
interaction originating from the Jahn–Teller-active Mn ions as in other hole-doped
manganites [11].

(iii) A possible additional localization mechanism in LCeMO is the large Coulomb correlation
interaction Ueff between Mn eg electrons. Provided that doped electrons are transferred
to Mn ions, these electrons will sit on the upper empty eg band and change Mn3+ ions into
Mn2+ ions. This change induces a large Coulomb interaction (Ueff � 3 eV [9]) between
Mn eg electrons and so plays the role of reducing the spectral intensity near EF . Indeed
the LSDA + U electronic structure calculation for LCeMO incorporating the Coulomb
correlation parameter U yields the result that the PLDOS near EF is much suppressed
as compared to that in the LSDA [29]. Furthermore, the separation between the two t2g

majority- and minority-spin bands becomes larger in the LSDA + U calculation, leading
to a half-metallic nature for LCeMO.

(iv) Finally, the extended Ce 4f states will cause a substantial redistribution of the quasi-particle
weight via the hybridization interaction with the Mn 3d electrons.

It is noteworthy that the transport behaviour of LCeMO is very sensitive to the growth
condition that influences the oxygen content in LCeMO. Then, even if Ce ions in LCeMO
exist in tetravalent states, excess oxygens, if they exist, will compensate for electrons doped
in by Ce ions to reduce the amount of formal Mn2+ ions. Indeed a recent transport study
of LCeMO films indicates that TR decreases and resistivity increases with increasing oxygen
pressure [30]. Mn NMR experiments for LCeMO also indicate the content of Mn2+ ions to
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be minor with excess oxygens [31], implying that excess oxygens in LCeMO compensate for
doped electrons, and so lower the content of the Mn2+ ions. Therefore, for the determination
of the correct valence states of Mn ions, it is prerequisite to know the content of excess oxygen
in LCeMO precisely. Unfortunately, the determination of the amount of the oxygen is not
trivial, and only recently have systematic investigations exploring the effects of the oxygen
stoichiometry in hole- and electron-doped manganites been reported [30, 32].

The surface compositions are evaluated from our XPS data, and the estimated ratios of
concentrations are as follows: La:Ce:Mn:O ∼ 0.72:0.28:0.93:3.5 for LCeMO, compared to
La:Mn:O ∼ 1.0:0.83:3.4 for undoped LaMnO3 (LMO) and La:Sr:Mn:O ∼ 0.75:0.25:0.89:3.4
for hole-doped LSMO2. These concentration ratios suggest that the excess oxygens are present
in all of our perovskite samples. On the other hand, with respect to that of the undoped LMO
sample, the oxygen content is roughly constant upon doping, suggesting that the doped holes
or electrons would go to Mn sites. LCeMO shows a slightly higher oxygen content than in
LMO or LSMO, implying that the excess oxygens in LCeMO might be the reason for the
Mn 2p core-level spectra being the same for LCeMO and LSMO, and for the large 6 eV
intensity in the valence-band spectrum of LCeMO. However, it is difficult to estimate the
oxygen content precisely using the XPS data. According to our experience in XPS for other
polycrystalline oxide and sulphide samples, the estimated concentrations of metallic elements
are usually found to agree with the nominal compositions within about ±5% errors for the
samples that show good physical properties. On the other hand, the concentration of the oxygen
or sulphur element is often found to be substantially away from the nominal values even for
the samples that show very good physical properties. Therefore in order to determine the Mn
3d electronic structure of LCeMO, it is important to carry out systematic high-resolution PES
measurements on single crystals of both hole- and electron-doped systems with well-known
oxygen stoichiometry.

4. Conclusions

We have performed RPES and Ce 3d and Mn 2p core-level XPS measurements for LCeMO,
and calculated the Mn 3d PLDOSs of LBaMO and LCeMO using the LSDA and VCA approx-
imations. A very weak Ce 4f resonance has been observed, indicating that the localized Ce
4f states are nearly unoccupied. The Ce 3d core-level spectrum of LCeMO is very similar to
that of the formally tetravalent CeO2, but different from that of the formally trivalent Ce2O3,
implying that the Ce valence is far from 3+. The Mn 2p spectrum of LCeMO is very similar
to that of LSMO, but different from that of MnO, implying that the content of Mn2+ ions is
minor in the LCeMO sample that we used. The calculated PLDOSs for LCeMO show a large
hybridization between the Mn 3d and O 2p states. Most of the O 2p PLDOS is located between
−3 eV and −9 eV, with negligible contribution near EF . The Mn 3d PLDOS has a large peak
around −2 eV due to the majority-spin Mn t2g states, and a weak structure close to EF due to
both the majority-spin Mn eg and minority-spin Mn t2g states. The calculated Mn 3d PLDOSs
of LBaMO and LCeMO reveal similar overall features, but a larger Mn 3d PLDOS at EF in
LCeMO than in LBaMO, which is due to the electron doping with Ce ions. To determine
the correct valence states of Mn ions in LCeMO, a precise study on the oxygen content is
required.

2 These concentration values are not to be taken seriously because the atomic photoionization cross-sections have
been used and the transmission function of the analyser has been neglected in estimating the concentrations.
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