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The nature of metal-insulator transition and ferromagnetism phenomena of perovskite La0.7Ce0.3MnO3 thin
films was investigated. In particular, the effects of post-annealing under oxidization and reduction atmospheres
on the electrical transport and magnetic properties were systematically examined. The metal-insulator transi-
tion temperature and the Curie temperature of ferromagnetism were found to be significantly influenced by the
post-annealing and increase with increasing the post-annealing temperature under both oxygen and argon
atmospheres. In addition, the major carriers within the conductive films were identified to be holes. Structural
and composition analysis clarified that cation deficiencies due to nanoclustering cerium oxides within the
post-annealed films are responsible for the emergence of the metal-insulator transition and ferromagnetism
phenomena.
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I. INTRODUCTION

Manganese perovskite oxidessLa1−xAxMnO3d exhibit a
rich variety of electric transport and magnetic properties in-
cluding colossal magnetoresistance(CMR) phenomena due
to the strong coupling between spin, charge, and orbital de-
grees of freedom. Although numerous investigations in this
field have been extensively reported, the major interest has
been directed at hole-doped systems, in which the rare earth
in the parent compound is partially replaced by a divalent
cation such as Ba, Ca, Sr, and others—e.g., Refs. 1–9. As to
the hole doping with the parent compound LaMnO3, a pro-
portionate amount of Mn3+ with electric configuration of
t2g
3 eg

1 is substituted with Mn4+ resulting in holes on theeg
band. On the other hand, electron-doped systems with dop-
ing a tetravalent cation including Ce,10–16 Sn,17–19 and
others,20,21 in which the valence state of Mn should be a
mixed-valence state of Mn3+ and Mn2+, have not been well
examined compared with the hole-doped systems. If such
electron-doped systems were available, thep-n homojunc-
tions of both hole- and electron-doped systems will be
possible and promising for novel functional spintronics de-
vices in future.

Mandal and Das10 first reported that Ce-doped LaMnO3
bulk systems show paramagnetic-ferromagnetic transition
and metal-insulator transition phenomena. Although they as-
sumed the Ce-doped LaMnO3 bulk systems to be electron-
doped systems with the mixed-valence state of Mn3+ and
Mn2+, Philips and Kutty22 demonstrated that the Ce-doped
LaMnO3 bulk systems showed hole-like behavior on the
thermopower data. Later, Gangulyet al.23 implicated that a
lanthanum deficiency within Ce-doped LaMnO3 bulk sys-
tems, which form a multiphase mixture comprising hole-
doped lanthanum-deficient lanthanum manganate phases and
cerium oxides, is responsible for the emergence of the metal-
insulator(MI ) transition and ferromagnetism(FM) phenom-
ena.

As to the thin film systems, Mitraet al.12 and Ray-
chaudhuriet al.14 reported that it is possible to fabricate a

single phase of Ce-doped LaMnO3 thin films without impu-
rity phases of cerium oxides using a pulsed laser deposition
(PLD) method. Joseph Jolyet al.24 claimed the lack of ex-
perimental evidence to prove whether their thin films indeed
contain Ce. Later Mitraet al.16 showed the experimental evi-
dence to prove the existences of(i) Ce4+ and(ii ) the mixed-
valence state of Mn3+ and Mn2+ within their films by per-
forming x-ray absorption spectroscopy. On the contrary,
Zhao et al.25 implicated the difficulty of the doping of Ce
ions into LaMnO3 systems, showing a significant peak due to
CeO2 impurity phases in the x-ray diffraction(XRD) data of
their films. More importantly, their thermopower measure-
ment indicated their Ce-doped LaMnO3 films to be hole-
doped systems.25 There are obviously contradictive implica-
tions in the context with whether Ce-doped LaMnO3 thin
film systems can be intrinsically electron-doped systems.

In this paper, we report on the metal-insulator transition
and ferromagnetic phenomena of La0.7Ce0.3MnO3 thin films
and their nature. Since a post-annealing plays an important
role on the properties of hole-doped manganese oxides,26 the
post-annealing effect on the electric transport and magnetic
properties of Ce-doped LaMnO3 thin films was systemati-
cally investigated. The nature and origin of the phase transi-
tion phenomena were rigorously studied by performing mi-
crostructural and composition analysis. We found thatA-site
cation deficiencies due to nanoclustering cerium oxides are
responsible for the metal-insulator transition and ferromag-
netic phenomena of La0.7Ce0.3MnO3 thin films.

II. EXPERIMENTAL DETAILS

Bulk samples were prepared by the conventional solid-
state reaction route. La2O3, Mn2O3, and CeO2 powders were
mixed in mill for 2 h. Prior to the mixing, La2O3 powder was
preheated at 800 °C for 72 h to evaporate a moisture within
the powder. The mixed samples were then calcined at 800 °C
for 20 h and reground for 2 h. Subsequently, the samples
were sintered at 1350 °C for 20 h.
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The La0.7Ce0.3MnO3 epitaxial films were fabricated by the
PLD technique(ArF excimer,l=193 nm). These films were
grown on either LSATfsLaAlO3d0.3sSr2AlTaO6d0.7g (001)
sd=3.868 Åd or STO fSrTiO3g (001) sd=3.905 Åd single-
crystal substrates in an oxygen atmosphere. The thickness of
the films fabricated was controlled to be 1000 Å. The oxygen
pressurePO2

and the substrate temperatureTs during deposi-
tions were set to be 1 Pa and 700 °C, respectively.27 The
deposited films were then post-annealed at temperatures
ranging from 500 to 800 °C in either flowing oxygen or ar-
gon at atmospheric pressure for 10 h.

The crystal structures of resultant films were character-
ized by XRD measurement and high-resolution transmission
electron microscopy(HRTEM) coupled with electron dif-
fraction (ED). The film composition was evaluated by elec-
tron probe microanalyzer(EPMA) coupled with energy dis-
persion spectroscopy(EDS) using the ZAF method. The
electrical transport properties were measured by a four-probe
method, and the magnetic properties were evaluated by a
superconducting quantum interference device(SQUID).

III. RESULTS AND DISCUSSION

A. Transport and magnetic properties

The typical XRD data of La0.7Ce0.3MnO3 thin films grown
on LSAT substrate are shown in Fig. 1. The epitaxy of the
film can be clearly seen, and more importantly there ap-
peared no significant impurity peaks. Such well-epitaxial
films are comparable to those of previous reports.12–16Figure
2 shows the temperature dependence of resistivity with vari-
ous post-annealing temperatures under both oxygen and ar-
gon atmospheres. The as-grown films exhibited semiconduc-
tivelike behavior, but not a metal-insulator transition peak,
which indeed differs from previous data.12–16When increas-
ing the post-annealing temperature, the metal-insulator tran-
sition peak emerged and the transition temperatureTMI sys-
tematically increased. This was found for both oxygen and
argon atmosphere post-annealing, indicating that the emer-
gence of the metal-insulator transition phenomena cannot be
attributable to only oxygen content changes within films dur-
ing post-annealing. In addition, the post-annealing affected
significantly ferromagnetism as shown in Fig. 3. In a similar

manner toTMI, the Curie temperatureTc increased with in-
creasing the post-annealing temperature as seen in Fig. 4.
The correlation between the post-annealing temperature de-
pendences of bothTMI and Tc was also confirmed. As the
post-annealing temperature increased from 500 to 800 °C,
the phase transition temperatures were ranged from 150 to
300 K, which covers the transition temperature(250 K) re-
ported previously.12–16 There is a discrepancy between our
results and previous reports on the appearance of a metal-

FIG. 1. Typical XRD pattern of as-grown
La0.7Ce0.3MnO3 thin film deposited on LSAT
substrate. The inset shows the reciprocal map
space measurement performed around the(103)
peak.

FIG. 2. (a) Effect of post-annealing temperature under oxygen
atmosphere on the temperature dependence of resistivity.(b) Effect
of post-annealing temperature under argon atmosphere on the tem-
perature dependence of resistivity.
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insulator transition for as grown films. Note that our deposi-
tion conditions are more reduction atmosphere compared
with deposition conditions of previous reports(typically,
30–40 Pa of oxygen pressure, 700–800 °C of substrate

temperature).12–16,25It seems that our experiments essentially
cover the range of such over oxidized films by performing
post-annealing under oxygen atmosphere, in which the
metal-insulator transition emerged. Considering the absence
of impurity peaks on XRD data and the transition tempera-
ture range, it is believed that results of post-annealed films
are considered to be comparable with previous reports. How-
ever, it remains for further investigation to examine the prop-
erties of such overoxidized films in the as-grown state with-
out post-annealing. Figure 5 shows the post-annealing
temperature dependence on both(001) and (002) diffraction
peaks of(La,Ce)MnO3 films. These diffraction peaks tended
to be broader as the post-annealing temperature increased. At
the post-annealing temperature of 750 °C, the(002) diffrac-
tion peak was hidden behind the substrate peak because the
lattice constant tended to be smaller. Although the crystal
structures were surely changed due to the post-annealing,
further detailed microscopic information was not available
from the XRD data. Thus microstructural TEM analysis
would be essential and is performed in a later discussion.
The above experimental results highlight that the post-
annealing plays a crucial role on the phase transition phe-
nomena including the metal-insulator and paramagnetic-
ferromagnetic transition phenomena. As far as we are aware,
none of the previous investigations has reported the signifi-
cance of the post-annealing on Ce-doped LaMnO3 systems,
and therefore the nature of such effects is also unknown.

There seem to be three possible scenarios to interpret the
emergence of the phase transition phenomena in our system.
The first ideal scenario is based on a double-exchange inter-
action mechanism between Mn2+ and Mn3+ in which the sys-
tem is an electron-doped system with electric configuration
t2g
3 eg

2 (Refs. 12–16). The second scenario is based onA-site
cation-deficient compositions ofsLa,CeddMnO3 with a sig-
nificant change of the film composition during post-
annealing. The phenomenon is actually quite similar to well-
known La-deficient compositions of La1−xMnO3
systems.28–30 The third possible scenario is based on nano-
clustering cerium oxides, which results in a mixture ofA-site
cation-deficient compositionssLa,Ce1−ddMnO3 and CeO2

phases, in which the entire film composition is maintained to
be constant during post-annealing. It should be noted that the
second and third scenarios assume the Ce-doped LaMnO3
systems to be hole-doped systems.

FIG. 3. (a) Effect of post-annealing temperature under oxygen
atmosphere on the temperature dependence of magnetization. The
measurements were performed at 100 Oe of magnetic field.(b)
Magnetization versus magnetic field of post-annealed film at 800 °C
under oxygen atmosphere. The measurement was performed at
10 K.

FIG. 4. (a) Post-annealing temperature dependences of the
metal-insulator transition temperature.(b) Post-annealing tempera-
ture dependences of the Curie temperature.

FIG. 5. Post-annealing temperature dependence under argon at-
mosphere on XRD data.
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B. Hall measurement

Hall measurements were conducted in order to identify
the type of major carriers within the films. Although the
physical picture of Hall effect in strongly correlated systems,
including anomalous Hall effect, is complex, it is possible to
identify the carrier type in terms of the ordinary Hall effect at
low temperature as reported elsewhere for manganites.31–33

The measurements were performed at 10 K, well below the
Curie temperatures, because an anomalous Hall effect rather
than an ordinary Hall effect tends to be dominant near the
Curie temperature.31–33The Hall resistivity of ferromagnetic
materials can be described as the formularxy=m0HR0
+m0RsM. Here R0 is the ordinary Hall coefficient,Rs the
anomalous Hall coefficient, andm0 the vacuum permeability.
In terms of the above formula, the Hall resistivity belowTc
might be decomposed into the first ordinary Hall effect term
sm0HR0d and the second anomalous Hall effect term
sm0RsMd, which shows a strong temperature dependence.
Our intention herein is to identify the type of major carriers
in terms of the ordinary Hall effects rather than to investigate
the anomalous Hall effects. Figure 6 shows the typical Hall
resistivity data of post-annealed thin films. All post-annealed
samples showed a negative low-field slope due to the anoma-
lous Hall effect and a positive high-field slope corresponding
to the ordinary Hall effect. The positive high-field slope
identified the major carriers within the post-annealed films to
be holes. Note that the Hall measurements were not feasible
for as-grown films because their resistivity at low tempera-
tures was too high to perform Hall measurements. Adapting
the simple case in the presence of only one type of carrier
sR0=1/ned, the effective “Hall density” np can be esti-
mated and is shown in the inset of Fig. 6 as a function of the
post-annealing temperature.np increased from 2.031020 to
3.531020 1/m3 with increasing the post-annealing tempera-
ture from 500 to 800 °C, indicating that the post-annealing
temperature dependence of the film properties(see Figs.

2–4) can be reasonably interpreted in terms of doping holes.
These Hall measurement results dismiss the first scenario
based on the double-exchange interaction mechanism be-
tween Mn2+ and Mn3+ to explain the phase transition phe-
nomena of our Ce-doped LaMnO3 systems.

C. Composition analysis

Energy dissipative spectroscopy measurements were per-
formed to detect change of the film composition during post-
annealing. The films were deposited onto STO substrates in
order to exclude the effect from substrate. Figure 7 shows the
atomic cation ratio with varying post-annealing temperature.
The nominal atomic cation ratio for La0.7Ce0.3MnO3 systems
is La:Mn:Ce=35:15:50. It was found that the post-
annealing does not change significantly the atomic cation
ratio within films, which indeed contradicts the assumption
of the second scenario based onA-site cation-deficient com-
positionssLa,CeddMnO3. It is noted that the EDS data can-
not give intimate information as to microscopic inhomoge-
neity of the film composition since the measurements were
performed on a relatively large scale over at least a submi-
cron level.

FIG. 6. Hall resistivity of La0.7Ce0.3MnO3 thin film post-
annealed under oxygen and argon atmospheres. The inset shows
carrier concentrations of post-annealed films as a function of post-
annealing temperature.

FIG. 7. (a) Effect of post-annealing temperature on cation con-
centrations within the post-annealed films under oxygen atmo-
sphere.(b) Effect of post-annealing temperature on cation concen-
trations within the post-annealed films under argon atmosphere.
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D. Microstructural analysis

High-resolution transmission electron microscope analy-
ses were performed to observe and compare the microstruc-
tures of both “as-grown” and “post-annealed” films. Figure 8
shows the HRTEM images of as-grown films. Well-
crystallized film structure with the lattice fringes(point 1)
can be clearly seen in the images, and amorphouslike nano-
clusters(point 2) were found. The structural difference be-
tween the two phases was also confirmed in terms of electron
diffraction patterns as shown in Fig. 9. Microscopic EDS
analysis was performed with 1 nm of the electron beam spot
size to detect the composition difference between the two
phases. Figure 10 shows the EDS data of each phase. Al-
though both phases were found to contain La, Mn, and Ce
atoms, quantitative analysis of these data indicated the sig-
nificant difference between the atomic cation ratios of the
two phases—see Table I. The nanocluster phase was a Ce-
rich and Mn-less phase compared to the well-crystallized
phase by about 5%. Figure 11 shows the HRTEM image of
film post-annealed at 800 °C under an oxygen atmosphere.
When comparing with as-grown samples, clear changes in
the structures of the post-annealed samples can be easily
seen. There appeared three distinguished phases, which are
marked as points 3–5 on the image. The ED patterns of the
three phases are shown in Fig. 12. Point 3 is the primary
phase, and the crystal structure was identified to be similar to
point 1 in Fig. 8, which is perovskite structure. Point 4 has a
crystal structure dissimilar to point 3, which can be obvi-
ously seen in the ED patterns. In addition, these diffraction
patterns were assigned to CeO2 crystal structures. Judging

from the ED pattern and the HRTEM image, point 5 seems to
be intermediate phase between point 3 and point 5. More-
over, there were visible Moiré fringes, suggesting that the
two crystals overlap. The long period of Moiré fringes was
approximately 13–14 nm, and also diffraction can be seen
near (000) in the ED pattern. Interestingly, the direction of
the Moiré fringes was found to be limited to either vertical or
horizontal directions to substrate. The ED measurements
clarified that the difference between the two Moiré fringes is
due to the 90° rotation of the crystal structures of segregated
phases. The preferential orientation of the nanoclustering
along with the perovskite matrix can be rigorously under-
stood in terms of lattice matching of either
s220dCeO2

i s002dperovskite or s220dCeO2
i s200dperovskite, where

the lattice spacing ofs220dCeO2
and s002dperovskite and/or

s200dperovskiteare 1.91 and 1.96 Å, respectively.

FIG. 8. High-resolution TEM image of as-grown
La0.7Ce0.3MnO3 thin film deposited on LSAT substrate.

FIG. 9. (a) ED pattern of the point-1 well-crystallized area in
Fig. 8. (b) ED pattern of the point-2 amorphouslike area in Fig. 8.
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Here one can readily imagine that the third scenario based
on nanoclustering cerium oxides could be acceptable as a
reasonable interpretation if there were composition differ-
ences between the three phases. Figure 13 shows the EDS
data of the three phases. A significant difference between the
major compositions of each phase was found. The major
compositions for point 3 are La and Mn, whereas point 4 is
comprised of mainly Ce. In addition, quantitative evidence to
prove the composition difference is shown in Table II. As to
the drastic change of the phase transition temperatures due to
post-annealing(Fig. 4), which was ranged from 150–300 K,
it is also comparable to Curie temperature variations of La-
deficient compositions La1−xMnO3 systems reported by De-
zanneauet al.30 since the origin is considered to be similar.
Thus increasing the post-annealing temperature enhances
gradually nanoclustering of cerium oxides due to thermal
stabilization, reflecting the systematic variation of the phase
transition temperature—see Fig. 4. Ultimately at the end of
the annealing process under high temperature(800 °C), the
primary phase of the film is almost La1−xMnO3 without Ce as
shown in Fig. 13. The inset of Fig. 3(b) shows the magnetic

moments at 10 000 Oe from M-H data measured at 10 K.
The magnetic moment values for both as-grown and an-
nealed films ranged from 2 to 2.5. Since the magnetic mo-
ment of the electron-doped system should be ideally ranged
from 4 to 5 (4.29mB in theoretical calculation34), the mea-
sured values are obviously far below expected values for the
electron-doped systems. In addition, the observed small mag-
netic moment compared with ideal values of electron-doped
systems may indicate that the ferromagnetism of films is
related to existing holes(ferromagnetic clusters) within ma-
terial due to microstructural deficiencies, as reported by
Topfer and Goodenough28 in the case of LaMnO3+d systems.
These experimental results highlight that any post-annealing
should be avoided to realize the electron-doped systems due
to thermal stabilization of Ce. Considering general trends on
fabrication of electron-doped systems, it would be crucial to
realize the electron-doped systems at the reduction atmo-
sphere without any post-annealing. Although the HRTEM
analysis indicated the presence of CeO2 nanoclusters for
O2-annealed film, this could be also true for Ar-annealed
films since the MI transition, FM transition, and Hall effect
measurement data are totally comparable to the O2-annealed
sample. Although both oxygen and argon atmosphere post-
annealing were performed in this study, the final oxygen
composition of the films was not feasible to be measured.
The film composition with the nonstoichiometry of oxygen
composition is described as either(La,Ce)MnO3−d with oxy-
gen vacancies orsLa,Ced1−«MnO3 with cation vacancies.
Since our physical interpretation for Ce-doped LaMnO3 sys-
tems is based on the cation vacancies, it is noteworthy
whether the presence of oxygen vacancies contradicts our
interpretation or not. In the presence of oxygen vacancies,
compensating the oxygen vacancies enhances hole doping in
the case of hole-doped systems or decreases electron carriers
in the case of electron-doped systems. Therefore the pres-
ence of oxygen vacancies does not change our physical in-
terpretation for Ce-doped LaMnO3 thin-film systems, which
showed hole-type behavior. Although in a manner similar to
La1−xMnO3 systemsA-site cation deficiencies certainly result

FIG. 10. (a) EDS data of the point-1 well-crystallized area in
Fig. 8. (b) EDS data of the point-2 amorphouslike area in Fig. 8.

TABLE I. Averaged atomic cation ratio of as-grown films.

Atomic ratio (%)

La Mn Ce

Point 1 36.21 49.26 14.53

Point 2 36.14 44.52 19.34

FIG. 11. High-resolution TEM image of La0.7Ce0.3MnO3 thin
film post-annealed at 800 °C under oxygen atmosphere.

YANAGIDA et al. PHYSICAL REVIEW B 70, 184437(2004)

184437-6



in the valence state of Mn4+, we have not shown experimen-
tal results regarding the electric configurations in this paper.
Considering the results of TEM-EDS, the valence state of
Mn within our films may be a mixture of Mn2+, Mn3+, and
Mn4+. It is noted that the valence state of Mn is very sensi-
tive to the degree of Ce ion segregation forsLa,Ce1−ddMnO3

systems. For instance, oversegregation from one-fourth of

doped Ce ions in theA site drives the averaged valence state
of Mn from Mn3+ into Mn4+ even in the presence of Ce4+.
Joseph Jolyet al. also discussed that the ionic radius of Ce4+

ion is so small(0.97 Å) that the perovskite structure with
Ce4+ would be unstable crystallographically.[The tolerance
factor t=srA+rOd /Î2srB+rOd is 0.843.] Therefore, Mn3+,

FIG. 12. (a) ED pattern of point 3 in Fig. 11.(b) ED pattern of
point 4 in Fig. 11.(c) ED pattern of point 5 in Fig. 11.

FIG. 13. (a) EDS data of point 3 in Fig. 11.(b) EDS data of
point 4 in Fig. 11.(c) EDS data of point 5 in Fig. 11.

TABLE II. Averaged atomic cation ratio of films post-annealed
at 800 °C under oxygen atmosphere.

Atomic ratio (%)

La Mn Ce

Point 3 46.90 51.67 1.43

Point 4 9.13 11.08 79.79

Point 5 29.72 29.12 41.16
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Mn2+ (by Ce4+ doping), and Mn4+ (by Ce ion defect from
the A site) ions may coexist in our annealed films. Judging
from Hall measurement data and their relationship to
TMI sTcd, hole doping essentially contributes to metal-
insulator (ferromagnetic-paramagnetic) transition phenom-
ena. In other words, the spin moment of Mn4+ would behave
ferromagnetically, while that of Mn2+ does not always be-
have ferromagnetically. Since information in the context with
only the electric configurations—i.e., the valence state of
manganese ions—is not conclusive to decide the origin of
ferromagnetism of(La,Ce)MnO3 systems, it would be an es-
sential future work to investigate not only the electric con-
figurations of manganese ions, but also their magnetic field
dependence using x-ray magnetic circular dichroism(X-
MCD).

As the interpretation of the nature of the metal-insulator
and paramagnetic-ferromagnetic transition phenomena in our
Ce-doped LaMnO3 systems, the experimental results pre-
sented here strongly support the third scenario based on
nanoclustering cerium oxides, which results in a mixture of
A-site cation-deficient compositionssLa,Ce1−ddMnO3 and
CeO2 phases. Although our microstructural study showed the
biphasic structure with nanoclustering CeO2, it is the nature
of Ce-doped LaMnO3 films even in the absence of impurity
peaks on the XRD data. We hope that the knowledge ob-
tained in this study will contribute to the understanding of
the physics of Ce-doped LaMnO3 films and their properties.

IV. CONCLUSIONS

The nature of the phase transition phenomena of
La0.7Ce0.3MnO3 thin films with post-annealing was system-
atically investigated. The phase transition temperature was
found to be significantly influenced by the post-annealing
conditions and increases with increasing the post-annealing
temperature in both oxygen and argon atmosphere annealing.
Hall effect measurements identified the major carriers within
the post-annealed films to be holes. Microstructural and com-
position analysis using TEM-EDS clarified that cation defi-
ciencies due to nanoclustering cerium oxides within the films
are responsible for the emergence of the metal-insulator tran-
sition and ferromagnetism phenomena.
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