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Mixed-valence manganese oxides R12xAxMnO3

(R = rare-earth cation, A = alkali or alkaline-earth
cation) have been heavily investigated in recent
years [1,2]. They show a variety of interesting crys-
tallographic, electronic and magnetic properties
one of which is the magnetoresistance. The latter
effect may become extraordinary large (so-called
colossal magnetoresistance, CMR) for tempera-
tures around the ferromagnetic transition tempera-
ture TC. Below TC the mixed-valence manganites
most commonly behave as ferromagnetic metals.
This behavior becomes obvious, e.g., if trivalent La
in the parent compound LaMnO3 is substituted by
divalent Ca: the missing electron produces a hole
by driving the Mn3+ into the Mn4+ state. The crys-
tal field interactions split the d-orbitals of Mn into
t2g and eg orbitals. Hence, the eg orbital is occupied
by one electron in case of Mn3+ and is empty for
Mn4+ which makes the former subject to Jahn-
Teller distortion whereas the latter is not.

From this point of view, one may ask whether it
is also possible to induce electron doping by sub-
stitution of R by a tetravalent element A. (e.g. Ce).
A tetravalent element is expected to drive the com-
pound into a mixture of Mn3+ and Mn2+ valencies
induced by electron doping. There exists an inher-
ent symmetry between Mn4+ and Mn2+ as both are
non-Jahn-Teller ions. In addition, we found that
La0.7Ca0.3MnO3 and La0.7Ce0.3MnO3 both have a
Curie temperature of TC ¹ 250 K. Having both
electron as well as hole-doped ferromagnetic man-
ganites may open up very interesting applications
in the emerging field of spintronics. Beyond the
phenomenon of colossal MR, novel properties aris-
ing from the interplay of spin, charge and orbital
coupling and the competition of closely related
energy scales make these manganites fascinating
materials. 

The Ce-doped manganite La12xCexMnO3 has
been reported to be a good candidate to induce
electron doping on the manganese site [3,4]. As a
prerequisite, single phase material is required
which could only be prepared in thin film form so
far [5]. The precursor material La12xCexMnO3 with
0 # x # 0.3 was prepared by a solid state reaction

route and used as targets in the subsequent pulsed
laser deposition (PLD). Thin epitaxial films were
deposited on LaAlO3 or SrTiO3 substrates. A low
oxygen pressure of 10 Pa was applied during film
growth. This proved to be crucial to avoid over-
oxygenation of the manganite films (it is well
known that excess oxygen induces hole doping
[2]). X-ray analysis was conducted to ensure the
single phase nature of the films. 

The sample magnetization was measured by
using a Quantum Design superconducting quantum
interference device (SQUID). Subsequently, the
films were patterned into Hall bars for transport
measurements by photolithography and wet chemi-
cal etching. This also enabled a film thickness
determination, d ¹ 50 nm, by Atomic Force
Microscopy. The magnetization measurements for
La12xCexMnO3 for 0 # x # 0.3 are summarized in
Fig. 1. The evolution of the magnetic moment M as
well as of the Curie temperature TC are evident.
These data emphasize the high quality of the films.

It is well known that Ce can exist in two valence
states, Ce3+ and Ce4+, and therefore, we first need
to establish that Ce-substitution indeed induces
electron doping. We performed X-ray absorption
spectroscopy (XAS) on thin films of
La0.7Ce0.3MnO3 [6]. XAS at the rare-earth M4,5 and
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Fig. 1: Temperature dependence of the magnetization of
thin film samples La12xCexMnO3 with 0 # x # 0.3. The
nominal Ce-doping x for the different samples is indica-
ted. An error bar for the sample with x = 0.3 at low tem-
perature is shown.
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3d transition metal L2,3 threshold is known to be
highly sensitive to valence states. For the investi-
gated samples La0.7Ce0.3MnO3 a pure Ce(IV)
valence state was evident. The existence of Ce(IV),
however, still does not confirm that the sample is
electron doped. In the past it has been shown that
oxygen non-stoichiometries may be present in the
manganites which may influence the doping level
decisively [5]. Thus, to conclusively establish that it
is indeed an electron-doped system one has to
search for a corresponding replacement of Mn3+ by
Mn2+ as well. We have measured the Mn-L2,3 XAS
spectra to investigate the valence state of Mn in the
ground state. Fig. 2 shows the Mn-L2,3 spectra of
La0.7Ce0.3MnO3 and – for comparison – of MnO2,
LaMnO3 and MnO for Mn4+, Mn3+ and Mn2+ refer-
ences, respectively. It is well known [7-9] that an
increase of the metal ion valence by one results in

shift of the L2,3 XAS spectra to higher energy by
about 1 eV or more. In Fig. 2 we can see a shift
towards higher energy from bottom to top in a
sequence of increasing Mn valence from Mn2+

(MnO) to Mn3+ (LaMnO3) and further to Mn4+

(MnO2). In comparison to undoped LaMnO3, in
La0.7Ce0.3MnO3 we can see new and sharp low
energy structures at nearly the same energy posi-
tion as in the MnO spectrum. These sharp struc-
tures at around 642 eV are a reliable hallmark of
the appearance of a divalent Mn state since they are
hardly smeared by background or other structures.
The observed spectral features indicate the exis-
tence of a Mn2+ component in addition to Mn3+ in
the single phase La0.7Ce0.3MnO3 compound. In
order to estimate the Mn2+ content, the normalized
spectrum of LaMnO3 has been subtracted from that
of La0.7Ce0.3MnO3 (the resultant difference spec-
trum is labeled “difference” in Fig. 2). The main
structures of the difference spectrum are found at
the same energy position as the prominent features
of the MnO spectrum (as indicated by the vertical
line in Fig. 2 and the overall appearance of the dif-
ference and the MnO spectra is very similar.
However, the difference spectrum in its details is
not exactly the same as that of MnO. Subtle dis-
tinctions are to be expected because of the differ-
ence in the local symmetry of Mn in these two
compounds. Moreover, minority spin carriers (see
below) at the Fermi energy EF may appear which
may possibly lead to an intermediate spin state.

The content of Mn2+ was estimated to about
20%. The lower Mn2+ content compared to the
nominal 30% Ce-doping could be caused by a
slight over-oxygenation of the sample.

Magnetoresistivity and Hall measurements
were conducted on the metallic-like samples x =
0.15, 0.20 and 0.30 for temperatures 5 K – 300 K.
As the most important result, all curves measured
at T < TC show a negative high-field slope [10].
Hence, the main charge carriers are electrons, a
finding in agreement with the XAS measurements.
An analysis of the Hall resistivity, however, showed
that it cannot be described by the simple assump-
tion [11] of a spherical Fermi surface with only one
type of charge carriers [10]. This situation is very
similar to the Ca-doped manganites [12-14] where
it is discussed in terms of charge carrier compensa-
tion due to a majority spin band consisting of hole
and electron Fermi surfaces [15].

Fig. 2: Mn-L2,3 XAS spectra of La0.7Ce0.3MnO3. In addi-
tion, spectra of MnO2, LaMnO3 (b) and MnO for Mn4+,
Mn3+ and Mn2+ references, respectively, are shown. The
curve labeled "difference" (a)-(b) is the difference bet-
ween the La0.7Ce0.3MnO3 and the LaMnO3 spectra. In
comparison to the MnO spectrum, this difference curve
clearly indicates the existence of Mn2+ in
La0.7Ce0.3MnO3 samples.
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From the magnetization and resistance meas-
urements the phase diagram of La12xCexMnO3 is
constructed, see Fig. 3. The transition temperature
between the ferromagnetic (FM) and the paramag-
netic state is determined from TC (marked by D) as
well as from temperature TP (× in Fig. 3) at which
the resistance assumes its maximum in case of the
metallic samples. At low temperatures, i.e. in their
ground state, samples with nominal doping x #
0.10 behave as ferromagnetic insulators whereas
doping x $ 0.15 results in FM metallic materials.
This phase diagram is fascinatingly similar to the
one reported [16] for the Ca-doped manganite; a
similarity that could not be expected due to the dif-
ferent ionic radii of Ca and Ce.

Having both electron- and hole-doped mangan-
ites novel electronic devices can be realized.
Trilayer tunnel junctions La0.7Ce0.3MnO3/
SrTiO3(¹50Å)/ La0.7Ca0.3MnO3 were grown by
PLD [4]. In the following the magnetotransport
properties of such devices are discussed [17].

Fig. 4a shows the magnetic field dependence of
the current versus voltage (I-V) curve across the
tunnel junction measured in the CPP geometry at
300 K. We do not see a significant TMR, as expect-
ed, since at this temperature both La0.7Ce0.3MnO3

and La0.7Ca0.3MnO3 are paramagnetic semi-
conductors and the device behaves like a rectifying
diode. However, in a field of 7.5 T the spin disor-
der scattering of a single layer is reduced and the
in-plane MR is quite large [2].

In Fig. 4b is presented the magnetic field de-
pendence of the tunneling I-V curve taken at 100 K
in zero field and in a field of 2 T. The field depend-
ence (both positive and negative bias) clearly
shows a bias dependent MR. A bias voltage Vb on a
metallic tunnel junction shifts the Fermi levels of
the two electrodes by eVb. The tunneling of elec-
trons across an insulating barrier, however, occurs
at equal energy levels. Hence, the tunneling proba-
bilities for the two different magnetization orienta-
tions of the electrodes (parallel or antiparallel)
depends sensitively on the details of the spin-up
and spin down DOS in the two electrodes. More-
over, small changes in the relative energies of the

Fig. 3: Magnetic phase diagram of La12xCexMnO3 in the
doping range 0 # x # 0.3. The transition from ferro-
magnetic (FM) to para-magnetic behavior was determi-
ned from TC (D) as well as from the temperature TP (×)
at which the maximum resistivity of the metallic samples
occurs. Note the striking similarity of the phase dia-
grams for Ce- and Ca-doped manganites

Fig. 4: a) The tunneling I-V characteristics of the trilay-
er junction, taken at 300 K, in zero field and in an in-
plane field of 7.5 T. (b) The same as before, taken at
100 K, in zero field and in a field of 2 T. (c) The same as
above, at 48 K.

a)

b)

c)
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t2g↓ and eg
2↑ bands due to Vb may change their

occupancy which may also result in a bias depend-
ent crossover. Here, a detailed understanding can
emerge only when the DOS in La0.7Ce0.3MnO3 is
known in sufficient detail.

The field dependence of the I-V curves taken at
48 K (Fig. 4c) does not show any bias dependence.
Here, the positive tunelling magnetoresistance
(TMR) is intriguing. The conducting eg↑ band is
energetically higher than the localized t2g in a
(nearly) cubic crystal field by about Dcf ¹ 1.8 eV
[2]. The eg band splits further due to Jahn-Teller
distortion into two sub-bands which are separated
by the Jahn-Teller splitting energy, ÇJT ¹ 1.2 eV.
Jahn-Teller distortion also causes a splitting of the
t2g band by ÇJT

*. Moreover, Hund’s rule coupling
UH removes the spin degeneracy in the ferromag-
netic state (UH ¹ 1.2 eV [2]). The Mn-3d spin
dependent density of states (DOS) of La0.7Ca0.3MnO3

at low temperature is sketched in Fig. 5a. In hole
doped manganites like La0.7Ca0.3MnO3 (which have
0.7 electrons in the eg band) the conduction elec-
trons predominantly occupy the lowest sub-band
eg

1↑ . Consequently, the electrons at EF are majori-
ty spin carriers in the hole doped manganites. 

In La0.7Ce0.3MnO3 there is clear evidence for
electron doping on the Mn-site. Hence, the eg

1↑
sub-band is completely filled. For the remaining
additional (doped) electrons two scenarios are pos-
sible: i) weak Hund’s rule coupling UH < Dcf + ÇJT

and ii) strong Hund’s rule coupling UH > Dcf + ÇJT.
Only in the first case, t2g↓ is energetically lower
than eg

2↑ and the former will get partially filled
(Fig. 5b). The compound will be a minority spin
carrier ferromagnet in an intermediate spin state. In
the second case, the remaining electrons will occu-
py the eg

2↑ sub-band resulting in a majority spin
carrier ferromagnet in high spin state. The observa-
tion of a positive TMR in the tunnel junctions at
low temperature definitely favors the first scenario
with antiparallel spins at EF for fields high enough
to align the magnetizations within the two ferro-
magnetic layers (cf. Fig. 5a and b). This result is
supported by the known energy values given above.
Band structure calculations [18] also predict the
near-degeneracy of the energy positions of the eg

2↑
and the t2g↓ sub-bands. The minority spin character
and the related intermediate spin state observed in

La0.7Ce0.3MnO3 are intriguing. Due to the usually
large on-site Hund’s rule coupling this is rarely
observed in manganese compounds where Mn is in
the divalent state.

In conclusion, we reported on the magnetic and
transport properties of La12xCexMnO3 with 0 # x#
0.30. Conclusive evidence for electron doping in
these materials (at least for 0.15 # x # 0.30) from
XAS and Hall measurements is presented. Having
an electron-doped ferromagnetic counterpart to the
well-known hole-doped manganites opens up a vast
field of possibilities for applications and research
alike. The magnetotransport properties of a tunnel
junction made of electron and hole doped mangan-
ites led to the conclusion of minority spin carrier
transport in La0.7Ce0.3MnO3. This is of fundamental
interest to understand the interplay of the Hund’s
rule coupling energy with other energy scales such
as Jahn-Teller energy and crystal field energy in
doped manganites. We believe that this result may
open up an alternative approach towards spintronics. 

This work was made possible only by strong
collaborations: P.M. Oppeneer, K. Dörr, K.-H.
Müller and L. Schultz at the IFW Dresden; Z. Hu,
S.I. Csiszar and L.H. Tjeng at the University of
Cologne and support by the Synchrotron Radiation
Research Center in Taiwan. 

Fig. 5: Schematic diagram of spin dependent (large
arrows) density of states of (a) the Ca and (b) the Ce-
doped compounds at low temperature. For the Ce-doped
compound, panel (b) depicts the case of the level t2g↓
being energetically lower than eg2↑ resulting in a mino-
rity spin carrier state. For tunneling, the diagram corre-
spond to the high field case, i.e., aligned magnetizations
within the two ferromagnetic layers. This results in an
increased resistance due to opposite spin states at EF. 
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