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The nature of metal-insulator transition and ferromagnetism phenomena of perovgji@al.aMnO; 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.
DOI: 10.1103/PhysRevB.70.184437 PACS nunger75.70.Ak, 71.30+h, 75.30.Kz
[. INTRODUCTION single phase of Ce-doped LaMg@in films without impu-

Manganese perovskite oxidéta; ,AMnO,) exhibit a rity phases of cerium oxides uszi?g a pulsed laser deposition
rich variety of electric transport and magnetic properties in{PLD) method. Joseph Jolgt al** claimed the lack of ex-
cluding colossal magnetoresistan@MR) phenomena due perlm_ental ewdence_ to prove whether their thlr_1 films mde_zed
to the strong coupling between spin, charge, and orbital decontain Ce. Later Mitr&t al.*® showed the experimental evi-
grees of freedom. Although numerous investigations in thiglence to prove the existences(df Ce'* and(ii) the mixed-
field have been extensively reported, the major interest hagalence state of MH and Mrf* within their films by per-
been directed at hole-doped systems, in which the rare earfirming x-ray absorption spectroscopy. On the contrary,
in the parent compound is partially replaced by a divalenZhao et al?® implicated the difficulty of the doping of Ce
cation such as Ba, Ca, Sr, and others—e.g., Refs. 1-9. As tons into LaMnQ systems, showing a significant peak due to
the hole doping with the parent compound LaMpn@ pro-  CeQ, impurity phases in the x-ray diffractiofKRD) data of
portionate amount of M with electric configuration of their films. More importantly, their thermopower measure-
t3,65 is substituted with Mfi" resulting in holes on the;  ment indicated their Ce-doped LaMgdims to be hole-
band. On the other hand, electron-doped systems with doptoped system#: There are obviously contradictive implica-
ing a tetravalent cation including C&?® Sn!" and  tions in the context with whether Ce-doped LaMp@in
others?*2! in which the valence state of Mn should be afilm systems can be intrinsically electron-doped systems.
mixed-valence state of Mfi and Mrf*, have not been well In this paper, we report on the metal-insulator transition
examined compared with the hole-doped systems. If suchnd ferromagnetic phenomena ofyl:&e, ;MnO; thin films
electron-doped systems were available, ph@ homojunc-  and their nature. Since a post-annealing plays an important
tions of both hole- and electron-doped systems will berole on the properties of hole-doped manganese oxXfis
possible and promising for novel functional spintronics de-post-annealing effect on the electric transport and magnetic
vices in future. properties of Ce-doped LaMnGhin films was systemati-

Mandal and Da¥ first reported that Ce-doped LaMgO cally investigated. The nature and origin of the phase transi-
bulk systems show paramagnetic-ferromagnetic transitioion phenomena were rigorously studied by performing mi-
and metal-insulator transition phenomena. Although they aserostructural and composition analysis. We found thate
sumed the Ce-doped LaMp®ulk systems to be electron- cation deficiencies due to nanoclustering cerium oxides are
doped systems with the mixed-valence state ofMand  responsible for the metal-insulator transition and ferromag-
Mn2*, Philips and Kutt§?> demonstrated that the Ce-doped netic phenomena of lzaCe, MnOs, thin films.

LaMnO; bulk systems showed hole-like behavior on the
thermopower data. Later, Gangudy al?® implicated that a
lanthanum deficiency within Ce-doped LaMa®ulk sys-
tems, which form a multiphase mixture comprising hole- Bulk samples were prepared by the conventional solid-
doped lanthanum-deficient lanthanum manganate phases asi@te reaction route. L&;, Mn,O;, and CeQ powders were
cerium oxides, is responsible for the emergence of the metafnixed in mill for 2 h. Prior to the mixing, LgD; powder was
insulator(MI) transition and ferromagnetis@®M) phenom-  preheated at 800 °C for 72 h to evaporate a moisture within
ena. the powder. The mixed samples were then calcined at 800 °C

As to the thin film systems, Mitreet all? and Ray- for 20 h and reground for 2 h. Subsequently, the samples
chaudhuriet all* reported that it is possible to fabricate a were sintered at 1350 °C for 20 h.

Il. EXPERIMENTAL DETAILS
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The Lag /Ce sMNnO; epitaxial films were fabricated by the manner toTy,, the Curie temperatur@, increased with in-
PLD techniqug ArF excimer,A=193 nm. These films were creasing the post-annealing temperature as seen in Fig. 4.
grown on either LSAT[(LaAlO3)y«SKAITaOg)y,] (001)  The correlation between the post-annealing temperature de-
(d=3.868 A or STO[SITiO;] (001) (d=3.905 A single- pendences of botffy, and T, was also confirmed. As the
crystal substrates in an oxygen atmosphere. The thickness ppst-annealing temperature increased from 500 to 800 °C,
the films fabricated was controlled to be 1000 A. The oxygerthe phase transition temperatures were ranged from 150 to
pressurePq, and the substrate temperatiligduring deposi- 300 K, which covers the transition temperaty250 K) re-
tions were set to be 1 Pa and 700 °C, respect®eljhe  Pported previously*° There is a discrepancy between our
deposited films were then post-annealed at temperaturé§sults and previous reports on the appearance of a metal-
ranging from 500 to 800 °C in either flowing oxygen or ar- 10
gon at atmospheric pressure for 10 h. Oxygen atmosphere

The crystal structures of resultant films were character- 0
ized by XRD measurement and high-resolution transmissiorz 107F

electron microscopyHRTEM) coupled with electron dif- @ )
fraction (ED). The film composition was evaluated by elec- & 10"t soc ssoc
tron probe microanalyzglEPMA) coupled with energy dis- . 650°C

persion spectroscopyEDS) using the ZAF method. The 107 7282
electrical transport properties were measured by a four-prob¢ ;OOOC
method, and the magnetic properties were evaluated by i

superconducting quantum interference dei8®UID).
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IIl. RESULTS AND DISCUSSION
. ) (@) Temperature (K)
A. Transport and magnetic properties

The typical XRD data of Lg;Ce, ;MnO; 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 rep&t& Figure
2 shows the temperature dependence of resistivity with vari- ”
ous post-annealing temperatures under both oxygen and az 10"
gon atmospheres. The as-grown films exhibited semiconducs

ty (Q

v

tivelike behavior, but not a metal-insulator transition peak, 10° Aveon afmosoh
which indeed differs from previous dat&:!®When increas- gon atmosphiere

ing the post-annealing temperature, the metal-insulator tran 10 1 L L ! : ! .

sition peak emerged and the transition temperalyyesys- 0 50 100 150 200 250 300 350 400
tematically increased. This was found for both oxygen and Temperature (K)

argon atmosphere post-annealing, indicating that the emer-

gence of the metal-insulator transition phenomena cannot be FIG. 2. (a) Effect of post-annealing temperature under oxygen
attributable to only oxygen content changes within films dur-atmosphere on the temperature dependence of resisthjtiffect

ing post-annealing. In addition, the post-annealing affecte@f post-annealing temperature under argon atmosphere on the tem-
significantly ferromagnetism as shown in Fig. 3. In a similarperature dependence of resistivity.
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3 temperaturg!?-16.25]t 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-

10K

\

post-annealing- 800 °c

E
2 s ture range, it is believed that results of post-annealed films
: 0 L 2 I freorsealalie B4 are considered to be comparable with previous reports. How-
.8 2 i‘ e e ever, it remains for further investigation to examine the prop-
g e erties of such overoxidized films in the as-grown state with-
i , L — out post-annealing. Figure 5 shows the post-annealing
§D 2 s () temperature dependence on b@01) and(002) diffraction
peaks of(La,CeMnO; films. These diffraction peaks tended
-3 to be broader as the post-annealing temperature increased. At
-10000 -5000 0 5000 10000 the post-annealing temperature of 750 °C, (0@2) diffrac-
(b) Magnetic Field (Oe) tion peak was hidden behind the substrate peak because the

lattice constant tended to be smaller. Although the crystal
FIG. 3. (a) Effect of post-annealing temperature under oxygenstructures were surely changed due to the post-annealing,
atmosphere on the temperature dependence of magnetization. Tfigrther detailed microscopic information was not available
measurements were performed at 100 Oe of magnetic field. from the XRD data. Thus microstructural TEM analysis
Magnetization versus magnetic field of post-annealed film at 800 °*Gvould be essential and is performed in a later discussion.
under oxygen atmosphere. The measurement was performed ®he above experimental results highlight that the post-
10 K. annealing plays a crucial role on the phase transition phe-
, » ) _homena including the metal-insulator and paramagnetic-
insulator transition for as grown films. Note that our deposi-teromagnetic transition phenomena. As far as we are aware,
tion conditions are more reduction atmosphere comparefsne of the previous investigations has reported the signifi-
with deposition conditions of previous reportyypically,  -5nce of the post-annealing on Ce-doped LaMsg@stems,
30-40 Pa of oxygen pressure, 700-800 °C of substratgg therefore the nature of such effects is also unknown.

325 325 There seem to be three possible scenarios to interpret the
® TMI-Oxygen atmosphere emergence of the phase transition phenomena in our system.

300F| & TMI-Argon atmosphere e O 1% The first ideal scenario is based on a double-exchange inter-
275 ||_© Te-Oxygen atmosphere {275 action mechanism between Rfrand Mr#* in which the sys-

—_ ® 8 tem is an electron-doped system with electric configuration

& 250 A A 1%0 @ 3,67 (Refs. 12-16 The second scenario is based Asite

E 25t 8 1225 & cation-deficient compositions df.a, Ce MnO; with a sig-

As-grown A A nificant change of the film composition during post-
2001 / g 17 annealing. The phenomenon is actually quite similar to well-
175 O 1175 known La-deficient compositions of LgMnOg
150 O . . . . 150 systemg®-30 The third possible scenario is based on nano-
400 500 600 700 800 clustering cerium oxides, which results in a mixturefesite

cation-deficient compositionsLa,Cg_s)MnO; and CeQ
phases, in which the entire film composition is maintained to

FIG. 4. (a) Post-annealing temperature dependences of th&€ constant during post-annealing. It should be noted that the
metal-insulator transition temperatug®) Post-annealing tempera- second and third scenarios assume the Ce-doped LgMnO
ture dependences of the Curie temperature. systems to be hole-doped systems.

Post-annealing temperature (C)
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) B
annealing temperature. o 30F
B. Hall measurement 2 o e e e o
Hall measurements were eor}ducted'in order to identify 10 | As-grown eCe mla AMn
the type of major carriers within the films. Although the sample - .
physical picture of Hall effect in strongly correlated systems, 0 o>
including anomalous Hall effect, is complex, it is possible to 500 600 700 800 900
identify the carrier type in terms of the ordinary Hall effect at (b) Post-annealing temperature ('C)

low temperature as reported elsewhere for manga#iités.

The measurements were performed at 10 K, well below the FIG. 7. (a) Effect of post-annealing temperature on cation con-
Curie temperatures, because an anomalous Hall effect rathggntrations within the post-annealed films under oxygen atmo-
than an ordinary Hall effect tends to be dominant near théPhere(b) Effect of post-annealing temperature on cation concen-
Curie temperaturd-33The Hall resistivity of ferromagnetic trations within the post-annealed films under argon atmosphere.

materials can be described as the formulg=uoHR,

+1oRM. Here Ry is the ordinary Hall coefficientRs the  2_4) can be reasonably interpreted in terms of doping holes.
anomalous Hall coefficient, ang, the vacuum permeability. These Hall measurement results dismiss the first scenario
In terms of the above formula, the Hall resistivity beldw  pased on the double-exchange interaction mechanism be-
might be decomposed into the first ordinary Hall effect termyyeen Mr?* and Mr#* to explain the phase transition phe-

(,LL()HR()) and the second anomalous Hall effect termnomena of our Ce_doped LaM@@ystems_
(uoRsM), 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 C. Composition analysis

the anomalous Hall effects. Figure 6 shows the typical Hall

resistivity data of post-annealed thin films. All post-annealed Energy dissipative spectroscopy measurements were per-
samples showed a negative low-field slope due to the anomérmed to detect change of the film composition during post-
lous Hall effect and a positive high-field slope correspondingannealing. The films were deposited onto STO substrates in
to the ordinary Hall effect. The positive high-field slope order to exclude the effect from substrate. Figure 7 shows the
identified the major carriers within the post-annealed films toatomic cation ratio with varying post-annealing temperature.
be holes. Note that the Hall measurements were not feasiblEhe nominal atomic cation ratio for aCe, ;MnO; systems

for as-grown films because their resistivity at low tempera-dis La:Mn:Ce=35:15:50. It was found that the post-
tures was too high to perform Hall measurements. Adaptingnnealing does not change significantly the atomic cation
the simple case in the presence of only one type of carrieratio within films, which indeed contradicts the assumption
(Ry=1/ne), the effective “Hall density” n, can be esti- of the second scenario based Arsite cation-deficient com-
mated and is shown in the inset of Fig. 6 as a function of thepositions(La, CesMn0O;. It is noted that the EDS data can-
post-annealing temperatung, increased from 2.8 10?°°to  not give intimate information as to microscopic inhomoge-
3.5x 10°° 1/m?® with increasing the post-annealing tempera-neity of the film composition since the measurements were
ture from 500 to 800 °C, indicating that the post-annealingperformed on a relatively large scale over at least a submi-
temperature dependence of the film propertisse Figs. cron level.
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FIG. 8. High-resolution TEM image of as-grown
Lag ,Cey sMnO; thin film deposited on LSAT substrate.

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 fringépoint 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 Point 2
diffraction patterns as shown in Fig. 9. Microscopic EDS (b)
analysis was performed with 1 nm of the electron beam spot ) ) ]
size to detect the composition difference between the two F'C: 9- (@ ED pattern of the point-1 well-crystallized area in
phases. Figure 10 shows the EDS data of each phase. Alf_lg. 8. (b) ED pattern of the point-2 amorphouslike area in Fig. 8.
though both phases were found to contain La, Mn, and Ce
atoms, quantitative analysis of these data indicated the sidtom the ED pattern and the HRTEM image, point 5 seems to
nificant difference between the atomic cation ratios of thePe intermediate phase between point 3 and point 5. More-
two phases—see Table I. The nanocluster phase was a Cever, there were visible Moiré fringes, suggesting that the
rich and Mn-less phase compared to the well-crystallizedwo crystals overlap. The long period of Moiré fringes was
phase by about 5%. Figure 11 shows the HRTEM image ofPproximately 13-14 nm, and also diffraction can be seen
film post-annealed at 800 °C under an oxygen atmospher@ear(000) in the ED pattern. Interestingly, the direction of
When Comparing with as-grown SampieS, clear Changes |H'1€ Moiré fringes was found to be limited to either vertical or
the structures of the post-annealed samples can be easlMrizontal directions to substrate. The ED measurements
seen. There appeared three distinguished phasesy which @.rlfled that the difference between the two Moiré fringes is
marked as points 3-5 on the image. The ED patterns of théue to the 90° rotation of the crystal structures of segregated
three phases are shown in Fig. 12. Point 3 is the primarphases. The preferential orientation of the nanoclustering
phase, and the crystal structure was identified to be similar tglong with the perovskite matrix can be rigorously under-
point 1 in Fig. 8, which is perovskite structure. Point 4 has astood in  terms of lattice matching of either
crystal structure dissimilar to point 3, which can be obvi- (220ceo, (002 perovskite OF (220)ceo, I (200 perouskite Where
ously seen in the ED patterns. In addition, these diffractiorthe lattice spacing 0f220)ce, and (002)erouskite @nd/or
patterns were assigned to CeCrystal structures. Judging (200)peroyskie@re 1.91 and 1.96 A, respectively.
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100 F : Mn moments at 10 000 Oe from M-H data measured at 10 K.

50 b La The magnetic moment values for both as-grown and an-
0 A . . nealed films ranged from 2 to 2.5. Since the magnetic mo-
3 4 5 6 . ment of the electron-doped system should be ideally ranged
from 4 to 5(4.29ug in theoretical calculatioif), the mea-
(b) Energy (eV) 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 holeerromagnetic clusteyswithin ma-

La

Intensity (counts)

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

Here one can readily imagine that the third scenario base

on nanoclustering cerium oxides could be acceptable as Orla;lerd‘:: d tgognézlﬁsagj?ﬁzuzﬁle ggggi??;:/’lngf éeggrt_:g by
reasonable interpretation if there were composition differ- P 5SY )

ences between the three phases. Figure 13 shows the Egﬁese experlmental reSU'FS highlight that any post-annealing
o ) Should be avoided to realize the electron-doped systems due
data of the three phases. A significant difference between tht%

major compositions of each phase was found. The majo} thermal stabilization of Ce. Considering general trends on
compositions for point 3 are La and Mn, whereas point 4 is abrication of electron-doped systems, it would be crucial to

comprised of mainly Ce. In addition, quantitative evidence toreahze the electron-doped systems at the reduction atmo-

prove the composition difference is shown in Table Il. As toSE]2|erseiSV\?;Z?E;[:;yth%OSt;Zggre,?gngf gﬁgﬂ%@dg%gﬁgfhﬂ
the drastic change of the phase transition temperatures due y : € p
post-annealingFig. 4), which was ranged from 150-300 K, ,-annealed film, this could be also true for Ar-annealed

i : o films since the MI transition, FM transition, and Hall effect
it is also comparable to Curie temperature variations of La-

deficient compositions LaMnO; systems reported by De- measurement data are totally comparable to thathealed
zanneatet al3° since the origin is considered to be similar. sample. Although both oxygen and argon atmosphere post-

Thus increasing the post-annealing temperature enhancg‘snneal'r.lg.J were perf_ormed i this stu_dy, the final oxygen
. ; . omposition of the films was not feasible to be measured.

gradually nanoclustering of cerium oxides due to therma he film composition with the nonstoichiometry of oxvaen

stabilization, reflecting the systematic variation of the phase omposition is described as eithém, CoMnO \yvith oxy—g

transition temperature—see Fig. 4. Ultimately at the end ofOMP . » 7376 y

the annealing process under high temperat869 °O, the gen vacancles O(L.a’cel‘SM.nO?' with cation vacancies.

primary phase of the film is almost LaMnO; without Ce as Since our physical interpretation for Ce-doped LaMrsys-

shown in Fig. 13. The inset of Fig(1® shows the magnetic 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
Atomic ratio (%) the case of hole-doped systems or decreases electron carriers
in the case of electron-doped systems. Therefore the pres-

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

La Mn Ce . . .
ence of oxygen vacancies does not change our physical in-
Point 1 36.21 49.26 14.53 terpretation for Ce-doped LaMnQhin-film systems, which
Point 2 36.14 44.52 19.34 showed hole-type behavior. Although in a manner similar to

La;,MnO; systemdA-site cation deficiencies certainly result

184437-6
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in the valence state of M, we have not shown experimen-
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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.

doped Ce ions in tha site drives the averaged valence state
of Mn from Mn®* into Mn** even in the presence of €e
Joseph Jolet al. also discussed that the ionic radius of‘Ce
ion is so small(0.97 A) that the perovskite structure with
Cé** would be unstable crystallographicallffhe tolerance

factor t=(ra+roN2(rg+ro) is 0.843]

Therefore, MA*,

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

tal results regarding the electric configurations in this paper.

Atomic ratio (%)

Considering the results of TEM-EDS, the valence state of La Mn ce

Mn within our films may be a mixture of Mi, Mn3*, and Point 3 46.90 51.67 1.43
Mn**. It is noted that the valence state of Mn is very sensi- pgint 4 9.13 11.08 79.79
tive to the degree of Ce ion segregation fba,Cg_s5)MnO; Point 5 29.72 29.12 41.16

systems. For instance, oversegregation from one-fourth of
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Mn?*  (by Cé* doping, and Mrf* (by Ce ion defect from IV. CONCLUSIONS

the A site) ions may coexist in our annealed films. Judging

from Hall measurement data and their relationship t0 The nature of the phase transition phenomena of
Tw (T), hole doping essentially contributes to metal-| 5. .Ce, sMnO; thin films with post-annealing was system-
insulator (ferromagnetic-paramagnefidransition phenom-  aiically investigated. The phase transition temperature was
ena. In other words, the spin moment of Mmvould behave  ¢,14"t6 pe significantly influenced by the post-annealing
ferromagnetically, while that of Mii does not always be- conditions and increases with increasing the post-annealing

have ferromagnetically. Since information in the context with . .
only the electric configurations—i.e., the valence state ofémperature in both oxygen and argon atmosphere annealing.

manganese ions—is not conclusive to decide the origin oHall effect measurements identified the major carriers within

ferromagnetism ofLa,CeMnO; systems, it would be an es- the post-annealed films to be holes. Microstructural and com-
sential future work to investigate not only the electric con-Position analysis using TEM-EDS clarified that cation defi-
figurations of manganese ions, but also their magnetic fiel@iencies due to nanoclustering cerium oxides within the films
dependence using x-ray magnetic circular dichroiesa  are responsible for the emergence of the metal-insulator tran-
MCD). sition and ferromagnetism phenomena.

As the interpretation of the nature of the metal-insulator
and paramagnetic-ferromagnetic transition phenomena in our
Ce-doped LaMn@ 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 compositiond.a,Cg_s)MnO; and The authors would like to thank the Ministry of Educa-
CeQ, phases. Although our microstructural study showed thdion, Culture, Sports, Science and Technology of Japan for
biphasic structure with nanoclustering Ge@ is the nature funding and supporting this project through the Center of
of Ce-doped LaMn@films even in the absence of impurity Excellence(COE) program. Three of the authof$.Y., T.K,,
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