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We report on the electronic, transport, and magnetic properties of the Ce-doped manganite,
La; ,CeMnO;. This material is remarkably similar to the heavily investigated hole doped
manganite La ,CaMnOs;; e.g., both materials show Curie temperaturesTgf-250 K for x

=0.3. The main difference which makes the Ce-doped material highly interesting for basic research
as well as for possible applicatior{e.g., in spintronicsis the fact that Ce doping drives the
manganese in a mixture of Mh and Mr* 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;0fQ&Mn0O;, the
magnetic phase diagram of .3 Ce,MnO; is established. €2003 American Institute of Physics.
[DOI: 10.1063/1.1556976

I. INTRODUCTION open up very interesting applications in the emerging field of
spintronics. However, a number of issues have to be ad-
Mixed valence manganese oxides; RA,MnO; (R dressed firstti) Can any of the manganites containing a usu-
=rare-earth cation, Aalkali or alkaline earth cationhave  gaJly tetravalent element be prepared in single crystalline
been heavily investigated in recent yeafsThey show a  form? i) Does the considered element really drive the Mn in
variety of interesting crystallographic, electronic, and mag- 2+ valence state, i.e., induce electron dopirid What
netic properties, one of which is the magnetoresistance. Thgre the main features of the magnetic phase diagram of the
latter effect may become extraordinarily largm-called co-  resyiting compound? The latter issue is of special importance
lossal magnetoresistanc®r temperatures around the ferro- pecause of the known dependencies of the magnetic proper-
magnetic transition temperatufi: . Below Tc the mixed  tjes of the manganites on the dopirand the relative cation
valence manganites most commonly behave as ferromagi;e R/A for divalent A, i.e., the hole doped manganttes.
netic mgtals. This behavior becomes obvious, (_a.g., if triva- It should be pointed out that MA and M ions be-
lent La in the parent compound LaMp@s substituted by  \ave very similarly. Strong electron-phonon coupling was
divalent Ca: the missing electron produces a hole by drivingsy, oy to be a necessary ingredient for explaining the mag-
the. Mr?* into th? Mrf state.. The crystal field mtergcuons netic and transport properties of the hole doped mangahites.
split the 5d orb|.tals. of Mn |-nto 3ty and 2& qrbltals. Both ions donot induce Jahn—Teller distortions whereas
Hence, thegy orbital is occupied by one electron in case of Mn3* does. Hence, one might expect similarly interesting

3+ ; + ; i}
'Mntt aJr;dhr'f ('al'mlrt?/(;(i)rt ertf:l nWVC%Chr makt(ra]s tlh(tat f:)rimir t:sub physics in the electron doped manganites as in their highly
ject to —efer distortio ereas the 1atier 1s not. investigated hole doped counterparts.

From the aforementioned point of view one may ask . .

In the following we report on the Ce-doped manganite,

whether it is also possible to induce electron doping by sub- . .
stitution of R by a tetravalent element A. Having both eIec-Lal"‘C%(Mn%' This material has been reported to be a

tron as well as hole doped ferromagnetic manganites ma! _oog6cand|tjate to md_uce electr_on doping on the manganese
ite>® We will summarize the evidence for this electron dop-
ing including Hall effect measurements. The magnetic phase
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FIG. 1. Temperature dependence of the magnetization of thin film samples o )

La, ,CeMnO, with 0<x=<0.3. The nominal Ce-doping for the different FIG. 2. Hall_ resistivity of the sample LaCe, MnO; at different tempera-

samples is indicated. An error bar for the sample with0.3 at low tem-  tures(as indicated by the labglsThe curves foff =5, 50, 100, 150 and 300

perature is shown. K belong to the left scale, whereas the one Tor 200 K is drawn com-
pressed by a factor of @ight scalg.

electronic and magnetic properties is essential for further uti-

lization of this material. rare-earthM, 5 and 3 transition metallL, 5 threshold is
known to be highly sensitive to valence states. TheNCgs;
Il. PREPARATION AND MEASUREMENTS XAS spectrum of LgCe, sMnOz; was compared to those of

trivalent (Cek) and tetravalent (Cef) reference materials.
For the investigated sample §.#£ &, ;MnO;, a pure CeglV)
H@Ience state was evident. In addition, Mg~ spectra of

The precursor material La,CeMnO5 with 0<x=<0.3
was prepared by a solid state reaction réftand used as

targets in the subsequent pulsed laser deposition. For t
latter a KrF excimer laser with an energy density of about 3-20.C&3MnO; were measured and compared to MnO

2+ 3+ 4+
Jlent at a wavelength of 248 nm and a repetition rate of 10(M.n ), LaMnG; (Mn®"), and MnG (Mn ) ) references.
Hz was used. Thin epitaxial films were deposited on LaAlO Thls procedure ensures that the electrons induced by Ce dop-

substrates which were held at temperatures between 790 afftfl indeed drive a corresponding amount of Mn into a’fin
800 °C. During film growth the oxygen pressure inside theV2/€nce state. For our sampleol__?é‘,a)_gMnOE the spectrum
deposition chamber was kept at 100 mTorr. This low oxygerFle"J‘”}z'thWeOI a mixture of Mii and Mr*. The content
pressure was used in order to avoid over oxygenation of th8f Mn“" was estimated to about 20%. The lower Mrcon-
manganite filmdit is well known that excess oxygen induces €Nt compared to the nominal 30% Ce doping could be
hole doping. X-ray analysisas reported in Refs. 7)&vas  caused by a slight over oxygenation of the sample.
conducted to ensure the single phase nature of the films. Magnetoresistivity and Hall measurements were con-

It should be emphasized that finding the exact depositior‘riuc'“ad on the metallic-like samples=0.15, 0.20, and 0.30

parameters is crucial for the fabrication of single phase films/®" témperatures 5-300 K. Figure 2 shows the Hall resistiv-
in dependence on the applied figid

The target material is vaporized by the high-energy laselly Of L8.&C&MnOs

beam and must impinge onto the substrate before it thermal¥Ote that the curve measuredt 200 K was drawn using
izes. Hence, the film quality depends sensitively on suct® COmPressedtight, factor of 3 scale. As the most important

parameters as, e.g., the target-substrate distance. result, all curves measured 8K T show a negative high-

The sample magnetization was measured by using 4€!d slope, i.e., the main charge carriers are electrons.
Quantum Design superconducting quantum interference de- 1 ferromagnetic thin films, the Hall resistivity is given
vice. Subsequently, the films were patterned into Hall bar®Y Pxy=Ho(RuH+RsM) with R, andRs being the normal

for transport measurements by photolithography and wegnd anomalougextraordinary Hall coefficient.” Assuming

chemical etching. This also enabled a film thickness determith® simple case of a spherical Fermi surface with only one

nation,d~50 nm, by atomic force microscopy. type of charge carrieR; = 1/ne. The resulting electron con-

The magnetization measurements for, L-CeMnO; centr_ationne_is shown in Fig. 8) ir_l dgpende_nce om/Tc¢.
for 0=<x=0.3 are summarized in Fig. 1. The evolution of the "€ increasing low value ofn, with increasingx may be

magnetic momeni as well as ofT¢ is evident. These data related to the higher doping level. However, the absolute
emphasize the high quality of the films. values ofn, are much larger than expected from the nominal

doping. This situation is very similar to the Ca-doped
manganites 3where it is discussed in terms of charge car-
rier compensation due to a majority spin band consisting of
It is well known that Ce can exist in two valence states,holeandelectron Fermi surfacéé.In general, the expression

Cée** and Cé*, and, therefore, we first need to establish thatfor Ry, becomes rather complicated for nonspherical Fermi
Ce substitution indeed induces electron doping. For the latsurfaces and if both types of charge carriers are present; also
ter, first evidence was obtaireély x-ray absorption spec- the mobilities need to be known. As an additional complica-
troscopy(XAS) on thin films of Lg /Ce, sMnO;. XAS atthe tion, the carriers in the Ce-doped manganites are minority

IIl. EVIDENCE FOR ELECTRON DOPING
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FIG. 4. Magnetic phase diagram of LgCeMnO; in the doping range 0

. =<x=0.3. The transition from ferromagnet{EM) to paramagnetic behavior
FIG. 3. (a) Scaled temperature dependence of the charge carrier concentr{;,\v-as determined fromTc(A) as well as from the temperatufn(x) at
tion as determined from=1/eR; for the metallic samples¢=0.15, 0.20 ¢ P

- - . which the maximum resistivity of the metallic samples occurs. Note the
and 0.30.(b) Anomalous Hall coefficients longitudinal resistance, for striking similarity of the phase diagrams for Ce- and Ca-doped manganites.
sample LgCe),sMnO;.

evidence for electron doping in these materials, at least for

spin carriers>® The essential finding of electrons as the 0.15<x=0.30, is presented. Having an electron-doped ferro-
dominating charge carriers is not affected. magnetic counterpart to the well-known hole doped manga-

As T is increased to approacfy, the slope ofp,, be-  nites opens up a vast field of possibilities for applications
comes field dependent which cannot be explained by thand research alike. Ferromagnetic junction devitEsmay
anomalous Hall effect. FoF close toT., we observed sign be conceivable fospintronicsapplications.
changes inp,,(H) for the samplesx=0.15, 0.20 and 0.30
(not shown. This emphasizes that a simple analyfis = ACKNOWLEDGMENTS
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