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Phase diagram and Hall effect of the electron doped manganite
La1ÀxCexMnO3
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We report on the electronic, transport, and magnetic properties of the Ce-doped manganite,
La12xCexMnO3. This material is remarkably similar to the heavily investigated hole doped
manganite La12xCaxMnO3; e.g., both materials show Curie temperatures ofTC;250 K for x
50.3. The main difference which makes the Ce-doped material highly interesting for basic research
as well as for possible applications~e.g., in spintronics! is the fact that Ce doping drives the
manganese in a mixture of Mn21 and Mn31 induced by electron doping. We present conclusive
evidence for electron doping by x-ray absorption spectroscopy and Hall measurements on single
phase epitaxial thin films. From transport measurements on a series of La12xCexMnO3, the
magnetic phase diagram of La12xCexMnO3 is established. ©2003 American Institute of Physics.
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I. INTRODUCTION

Mixed valence manganese oxides R12xAxMnO3 (R
5rare-earth cation, A5alkali or alkaline earth cation! have
been heavily investigated in recent years.1,2 They show a
variety of interesting crystallographic, electronic, and ma
netic properties, one of which is the magnetoresistance.
latter effect may become extraordinarily large~so-called co-
lossal magnetoresistance! for temperatures around the ferro
magnetic transition temperatureTC . Below TC the mixed
valence manganites most commonly behave as ferrom
netic metals. This behavior becomes obvious, e.g., if tri
lent La in the parent compound LaMnO3 is substituted by
divalent Ca: the missing electron produces a hole by driv
the Mn31 into the Mn41 state. The crystal field interaction
split the 5 d orbitals of Mn into 3 t2g and 2 eg orbitals.
Hence, theeg orbital is occupied by one electron in case
Mn31 and is empty for Mn41 which makes the former sub
ject to Jahn–Teller distortion whereas the latter is not.

From the aforementioned point of view one may a
whether it is also possible to induce electron doping by s
stitution of R by a tetravalent element A. Having both ele
tron as well as hole doped ferromagnetic manganites m
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open up very interesting applications in the emerging field
spintronics. However, a number of issues have to be
dressed first:~i! Can any of the manganites containing a us
ally tetravalent element be prepared in single crystall
form?~ii ! Does the considered element really drive the Mn
a 21 valence state, i.e., induce electron doping?~iii ! What
are the main features of the magnetic phase diagram of
resulting compound? The latter issue is of special importa
because of the known dependencies of the magnetic pro
ties of the manganites on the dopingx and the relative cation
size R/A for divalent A, i.e., the hole doped manganites.3

It should be pointed out that Mn21 and Mn41 ions be-
have very similarly. Strong electron-phonon coupling w
shown to be a necessary ingredient for explaining the m
netic and transport properties of the hole doped mangani4

Both ions do not induce Jahn–Teller distortions where
Mn31 does. Hence, one might expect similarly interesti
physics in the electron doped manganites as in their hig
investigated hole doped counterparts.

In the following we report on the Ce-doped mangani
La12xCexMnO3. This material has been reported to be
good candidate to induce electron doping on the mangan
site.5,6 We will summarize the evidence for this electron do
ing including Hall effect measurements. The magnetic ph
diagram for La12xCexMnO3 with 0<x<0.3 is presented. As
a prerequisite, the preparation of single phase material in
thin film form is discussed. A detailed understanding of t
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electronic and magnetic properties is essential for further
lization of this material.

II. PREPARATION AND MEASUREMENTS

The precursor material La12xCexMnO3 with 0<x<0.3
was prepared by a solid state reaction route7,8 and used as
targets in the subsequent pulsed laser deposition. For
latter a KrF excimer laser with an energy density of abou
J/cm2 at a wavelength of 248 nm and a repetition rate of
Hz was used. Thin epitaxial films were deposited on LaAl3

substrates which were held at temperatures between 790
800 °C. During film growth the oxygen pressure inside t
deposition chamber was kept at 100 mTorr. This low oxyg
pressure was used in order to avoid over oxygenation of
manganite films~it is well known that excess oxygen induce
hole doping!. X-ray analysis~as reported in Refs. 7, 8! was
conducted to ensure the single phase nature of the films

It should be emphasized that finding the exact deposi
parameters is crucial for the fabrication of single phase film
The target material is vaporized by the high-energy la
beam and must impinge onto the substrate before it therm
izes. Hence, the film quality depends sensitively on s
parameters as, e.g., the target-substrate distance.

The sample magnetization was measured by usin
Quantum Design superconducting quantum interference
vice. Subsequently, the films were patterned into Hall b
for transport measurements by photolithography and
chemical etching. This also enabled a film thickness deter
nation,d'50 nm, by atomic force microscopy.

The magnetization measurements for La12xCexMnO3

for 0<x<0.3 are summarized in Fig. 1. The evolution of t
magnetic momentM as well as ofTC is evident. These data
emphasize the high quality of the films.

III. EVIDENCE FOR ELECTRON DOPING

It is well known that Ce can exist in two valence state
Ce31 and Ce41, and, therefore, we first need to establish th
Ce substitution indeed induces electron doping. For the
ter, first evidence was obtained9 by x-ray absorption spec
troscopy~XAS! on thin films of La0.7Ce0.3MnO3. XAS at the

FIG. 1. Temperature dependence of the magnetization of thin film sam
La12xCexMnO3 with 0<x<0.3. The nominal Ce-dopingx for the different
samples is indicated. An error bar for the sample withx50.3 at low tem-
perature is shown.
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rare-earthM4,5 and 3d transition metalL2,3 threshold is
known to be highly sensitive to valence states. The Ce-M4,5

XAS spectrum of La0.7Ce0.3MnO3 was compared to those o
trivalent (CeF3) and tetravalent (CeO2) reference materials
For the investigated sample La0.7Ce0.3MnO3, a pure Ce~IV !
valence state was evident. In addition, Mn-L2,3 spectra of
La0.7Ce0.3MnO3 were measured and compared to Mn
(Mn21), LaMnO3 (Mn31), and MnO2 (Mn41) references.
This procedure ensures that the electrons induced by Ce
ing indeed drive a corresponding amount of Mn into a Mn21

valence state. For our sample La0.7Ce0.3MnO3 the spectrum
clearly showed a mixture of Mn21 and Mn31. The content
of Mn21 was estimated to about 20%. The lower Mn21 con-
tent compared to the nominal 30% Ce doping could
caused by a slight over oxygenation of the sample.

Magnetoresistivity and Hall measurements were c
ducted on the metallic-like samplesx50.15, 0.20, and 0.30
for temperatures 5–300 K. Figure 2 shows the Hall resis
ity of La0.8Ce0.2MnO3 in dependence on the applied fieldH.
Note that the curve measured atT5200 K was drawn using
a compressed~right, factor of 3! scale. As the most importan
result, all curves measured atT,TC show a negative high-
field slope, i.e., the main charge carriers are electrons.

In ferromagnetic thin films, the Hall resistivity is give
by rxy5m0(RHH1RSM ) with RH andRS being the normal
and anomalous~extraordinary! Hall coefficient.10 Assuming
the simple case of a spherical Fermi surface with only o
type of charge carrier,RH51/ne. The resulting electron con
centrationne is shown in Fig. 3~a! in dependence onT/TC .
The increasing low-T value of ne with increasingx may be
related to the higher doping level. However, the absol
values ofne are much larger than expected from the nomin
doping. This situation is very similar to the Ca-dope
manganites11–13where it is discussed in terms of charge ca
rier compensation due to a majority spin band consisting
holeandelectron Fermi surfaces.14 In general, the expressio
for RH becomes rather complicated for nonspherical Fe
surfaces and if both types of charge carriers are present;
the mobilities need to be known. As an additional complic
tion, the carriers in the Ce-doped manganites are mino

es
FIG. 2. Hall resistivity of the sample La0.8Ce0.2MnO3 at different tempera-
tures~as indicated by the labels!. The curves forT55, 50, 100, 150 and 300
K belong to the left scale, whereas the one forT5200 K is drawn com-
pressed by a factor of 3~right scale!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



he

th

el
-
nc
th

-
-

-
a

s
.

. A
i
rs
.
re

Ce
o

for
ro-
ga-
ns

for
ro-

L.

R.

to,

h,

G.

D.

nt
r

the
ites.

8330 J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Raychaudhuri et al.
spin carriers.15,16 The essential finding of electrons as t
dominating charge carriers is not affected.

As T is increased to approachTC , the slope ofrxy be-
comes field dependent which cannot be explained by
anomalous Hall effect. ForT close toTC , we observed sign
changes inrxy(H) for the samplesx50.15, 0.20 and 0.30
~not shown!. This emphasizes that a simple analysisRH

51/ne is not valid and multiple bands at the Fermi lev
have to be considered. AboveTC , the large magnetoresis
tance and polaronic contributions are expected to influe
rxy . Here, higher fields are needed to decide whether
latter are electron-like as in the Ca-doped manganites.17

In ferromagnetic metals,RS is expected to be propor
tional to the longitudinal resistanceRxx in the case of classi
cal skew scattering. A linear relationship,RS}Rxx is found in
the hole doped manganites.13 The scattering mechanism ap
pears to be very similar in the hole and electron doped m
ganites sinceRS}Rxx also holds in La12xCexMnO3; an ex-
ample is shown in Fig. 3~b! for La0.7Ce0.3MnO3.

IV. PHASE DIAGRAM OF La 1ÀxCexMnO3

From the magnetization and resistance measurement
phase diagram of La12xCexMnO3 is constructed, see Fig. 4
The transition temperature between the ferromagnetic~FM!
and the paramagnetic state is determined fromTC ~marked
by D! as well as from temperatureTP ~x in Fig. 4! at which
Rxx assumes its maximum in case of the metallic samples
low temperatures, i.e., in their ground state, samples w
nominal dopingx<0.10 behave as ferromagnetic insulato
whereas dopingx>0.15 results in FM metallic materials
This phase diagram is fascinatingly similar to the one
ported for the Ca-doped manganite;3 a similarity that could
not be expected due to the different ionic radii of Ca and

In conclusion, we reported on the magnetic and transp
properties of La12xCexMnO3 with 0<x<0.30. Conclusive

FIG. 3. ~a! Scaled temperature dependence of the charge carrier conce
tion as determined fromn51/eRH for the metallic samples,x50.15, 0.20
and 0.30.~b! Anomalous Hall coefficientvs longitudinal resistanceRxx for
sample La0.7Ce0.3MnO3 .
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evidence for electron doping in these materials, at least
0.15<x<0.30, is presented. Having an electron-doped fer
magnetic counterpart to the well-known hole doped man
nites opens up a vast field of possibilities for applicatio
and research alike. Ferromagnetic junction devices15,16 may
be conceivable forspintronicsapplications.
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FIG. 4. Magnetic phase diagram of La12xCexMnO3 in the doping range 0
<x<0.3. The transition from ferromagnetic~FM! to paramagnetic behavio
was determined fromTC(D) as well as from the temperatureTP(3) at
which the maximum resistivity of the metallic samples occurs. Note
striking similarity of the phase diagrams for Ce- and Ca-doped mangan
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