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We have studied the thickness dependence of the magnetotransport propertiggQz HédnO; thin films
epitaxially grown on SrTi@, LaAlO;, and NdGaQ single-crystalline substrates. When thickness decreases, a
global disruption of the magnetoelectronic properties occurs, namely the resistivity and the low-temperature
magnetoresistance increase while the metal-to-insulator transition temperggurie (owered. We state that
the electronic properties of these films, especially close to the film/substrate interface, differ from those of the
bulk material. This is confirmed by nuclear-magnetic-resonance measurements which provide evidence that
these films have an inhomogeneous magnetoelectronic nanostructure with distinguishable regions containing
localized charges. These regions are scattered within the films, with a higher density close to interfaces in the
case of LgCa;sMnO;5 films on SrTiG, but more homogeneously distributed for films grown on NdGaO
Since our manganite films have a virtually unrelaxed crystal structure, the thickness dependépamiof
neither be related to the strain states nor to dimensional effects. Alternatively, we show that the coexistence of
different electronic phases leads to a modification of the carrier density in the metallic regions and, presumably,
to an enhancement of the disorder in the Mn-O bond length and Mn-O-Mn angles. We will argue that the
conjunction of both factors promotes a decrease of the double exchange transfer integral and, consequently,
accounts for the reduction of the Curie temperature for the thinnest films. The possible mechanisms responsible
for this phase separation are discussed in terms of the microstructure of the interfaces between the manganite
and the insulating perovskite.
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I. INTRODUCTION is difficult to achieve in practice and the structure of the films
usually relaxes for thickness values above some critical
Perovskites based on transition-metal oxides show a largealue?>~**However, we have shown in a previous study that
number of properties related to the many competing interacdnder appropriate conditions it is possible to fabricate a se-
tions between charge, spin and latticeThis versatility al-  ries of films of Lg;:Ca;sMnOz; (LCMO) on SrTiO; (STO)
lows the design of heterostructures based on oxide con®nf thicknesses ranging from a few nm to more that 100 nm
pounds with very promising properties. Among these, thewith virtually constant in-planga) and out-of-plane param-
best known are probably tunnel junctions based on half meeters €).®
tallic manganites such as ,gr,MnO; (Refs. 3 and % When the properties of epitaxial films of manganite are
(LSMO) and LgyCa;;sMn0O; (Ref. 5 (LCMO), but spin-  studied as a function of thickness ( two major features are
valves structurésor spin injector$ have also been fabri- usually observed. First, the resistivity increases whes
cated. However, the response of such devices is generalfgduced, which has been interpreted as due to the presence of
limited, like in the case of tunnel junctions for which the an insulating dead layer located at interfat®¥. This is of-
magnetoresistance becomes vanishingly small well belowien accompanied by a decrease of the magnetic moment and
the Curie point of the electrodes. Several studies suggest thatagnetically dead layers have also been detected
this is probably due to a loss of spin polarization atrecently**!® The thickness of these dead layers is on the
interface$? It is therefore of great importance to determine order of a few nm and varies with the nature of the substrate.
the properties of these interfaces in order to better understaritihas also been found that whers lower than a critical
the reasons for depolarization and enhance the response \¢flue, LSMO and LCMO films are insulating in the whole
these promising devices. temperature rang€. %! Second, several publications have re-
There are different methods for studying the properties oported a reduction of the Curie poifit and of the metal-to-
manganite-insulator interfaces. Among them, neutrorinsulator transition temperaturé, of LSMO and LCMO
reflectometry® and electron energy-loss spectrosddman  films with respect to bulk values wherdecreases. This can
probe the magnetic and/or electronic properties locally. Anbe the case for films with a gradually relaxed strucktir¥
other approach is to characterize the interfaces by analyzinut also in fully strained film$? This last observation is a
the thickness dependence of the magnetoelectronic propetonclusive indication that strain cannot be the only factor
ties of films grown on different substrates. In this case, itresponsible for the reduction @i in very thin films.
would be desirable that the films have similar microstructure, Rather little theoretical work has been done on strain is-
irrespective of their thickness, so that the effect of defectsues for manganite films. Millis and co-workers have ana-
such as dislocations and twin boundaries can be avoided agzed the problem and state that one must distinguish be-
the study reveals indeed the properties of the interface. Thisveen uniform bulk straireg and biaxial straine* effect®
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on the Curie point. Namelyg can lead to an increase or a used single-crystalline commercial substratéSrystec,
decrease ofl ¢ depending on the sign of the strain, while GmbH) of STO (a=3.905 A), LAO (@a=3.79 A), and both
biaxial strain favors electron localization & levels split by ~ (001)-oriented (cubic notation and (110)-oriented NGO
static Jahn-Teller distortion, causinf to decrease. Rao (orthorhombic notation In the latter case, there are two
et al. have tried to explain results obtained for LCMO films slightly unequivalent distances in the plarse=3.853 A and
on STO and LaAlQ (LAO) with this model and found thatit a’=3.861 A cubic notation Besides, while LAO is cubic at
did not account for the observed decreasd @upon thick-  the deposition temperature, it becomes rhombohedral upon
ness reductio’ Alternatively, a recent study showed that a cooling with a phase transition at 544 €This symmetry
biaxial tensile strain can lead to an enhancementT@fin  breaking can give rise to orientation variants in the low-
La; ,BaMnO; films due to orbital degeneracy effeéfs. temperature phase of LAO and, consequently, in the LCMO
Nevertheless, this is not expected to cause an increagg of film. The root-mean-square surface roughness of the as-
in the La _,CaMnO; systent® received substrates was measured by atomic force micros-
In a previous work on LCMO/STO interfaces, we have copy and estimated to be 0.15-0.2 nm.
found evidence of multiple phase separation into The x-ray-diffraction analysis was performed on a Philips
ferromagnetic-metallic, ferromagnetic-insulating, andMRD system allowing for the detection of symmetric and
nonferromagnetic-insulating regions. The nucleation of nonasymmetric reflections. The thickness of the films was
metallic regions appears to be related to a modification of thehecked by x-ray reflectometry. The magnetotransport prop-
carrier density in the metallic phase which causes the Curierties were measured in a four-probe configuration with a
temperature to decrease for thinner filfAsThis change in  Quantum Design physical properties measurement system
the effective doping value induced by phase separation cafPPMS in the temperature range 10—350 K and with a maxi-
be considered as a third possible factor responsible for themum field of 90 kOe applied perpendicular to the plane of
thickness dependence @f in manganite films, in addition the samples. Gold pads were deposited on the films and con-
to stress and orbital degeneracy effects. tacts were made by attaching platinum wires to the samples
In order to obtain more information about the effect of with silver paste. A Quantum Design superconducting quan-
these different factors on fundamental issues such as them interference devicé€SQUID) was used to measure the
thickness dependence of the Curie temperature or the origimagnetic properties with the field applied in plane. NMR
and characterization of dead layers, we have performed spectra have been measured at 4.2 K by using a broadband
systematic study of the thickness dependence .4 phase-sensitive spin-echo spectrometer. For each sample,
<108 nm) of the magnetotransport properties of LCMOseveral NMR spectra were recorded by measuring spin-echo
films deposited on three different substrates: SgTiO amplitude in the frequency range 300—450 MHz with steps
LaAlO; (LAO), and NdGa@ (NGO). Apart from the thicker of 1 MHz, at zero external magnetic field and a constant
films (t>54 nm) on LAO that show partial structural relax- excitation rf fieldh, which was varied by more than an order
ation, the LCMO grows almost fully strained on the sub-of magnitude. More thahl= 1P data were acquired at each
strates. This requirement is thought to provide almost ideallfrequency in order to improve the signal-to-noise ratio. At
sharp interfaces and a low density of microstructural defecteach frequency point the intrinsic NMR enhancement factor
(such as dislocationsthus allowing the characterization of and the restoring field acting on the electronic magnetization
the interface with the substrate through the thickness depeftave been determined from the dependence of signal in-
dence of the magnetoelectronic properties. For these thrdensity. The final NMR spectrum for each sample has been
substrates, the mismatch values arel.17% (STO), determined taking into account the intrinsic enhancement
—1.81% (LAO), and — 0.08% (NGO) which leads to a ten- factor and usuak? correction of signal intensity. The details
sile, compressive, and almost negligible strain state, respeof the NMR procedure will be described elsewh&te.
tively. In addition, we should mention that STO and LAO are
cubic materials at the deposition temperature while NGO is
orthorhombic. The results section of this paper is divided in IIl. RESULTS
five parts dedicated to structural analysis, temperature depen-
dence of the resistivity, thickness dependenc&g@f magne-
toresistance measurements, and finally the results of nuclear- In Fig. 1, we show® —20 scans close to thé02) re-
magnetic-resonance experiments. All these data poirflections for several LCMO films grown on STO. The angu-
towards a nonhomogeneous magnetoelectronic texture of ther position of these reflections and the associated values of
manganite with electron trapping in nonmetallic regions,the out-of-plane parametecsof the films are listed in Table
which is proven to be closely linked to the thickness depent, together with those of tha parameters, as deduced from
dence ofTp. This correlation and the origin of the phase the position of thg103) reflections. Since the cell parameter

A. Structure

separation are discussed in the last section. for bulk LCMO is 3.86 A, the obtained values forindicate
that the LCMO is under tensile strain. Even though the po-
Il. EXPERIMENT sition of the(002) reflection is closely coincident for all the

films, irrespective of thickness, a small shift can be detected,
The films used in this study were grown by rf sputteringsignaling a residual, weak structural relaxation. For all these
at a temperature of 775 °C and a pressure of 225 mtorr. Morlms, a is very close to the cell parameter of STO which
details on the growth procedure can be found in Ref. 27. Weonfirms that the LCMO is heavily strained.
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FIG. 1. High-resolutior® — 20 scans close to th@02) reflec- FIG. 2. ©—26 scans close to th€004) reflections of the
tions of the LCMO and of the STO for films of three different LCMO and of the LAO for two films of different thickness. Arrows
thickness values. indicate the position of the peaks assigned to(€6@) reflection of
LCMO.

In addition, clear Laue fringes can be seen adjacent to the

(002 peak of the LCMO for the 27-nm film. Their spacing STO [Fig. 3a], LAO [Fig. 3b)], and NGO[Fig. 3(c)].

closely corresponds to the thickness of t.he.f””.‘ deduced fror.thicker films show a bulklike behavior with a crossover be-
x-ray reflectometry measurements. This indicates that thi een a low-temperature metallic dependence and a high-

film consists of coherently strained material. Laue fringes ar emperature thermally activated transportTat 263 K for
absent from the scans of the 54- and 108-nm films which ca ims on LAO and NGO. The 108-nm film grown on STO

be a natural consequence of the decrease of the intensity . f f
the high order peaks for larger thickness values. Howevef)aS & Curie temperature of about 260 K, as deduced from

we cannot exclude that it may be due to a slight structuraﬁQUlD measurements. The residual resistivity at 10 K is in

relaxation, possibly accompanied by a narrow distribution ofhe 200-30G«Q2-cm range for the films grown on NGO
cell parameters. with t>100 nm while it is some 60@.() cm for the 108-

In the case of films on LAO, a different situation takes nm-thick film on LAO. This is close to the values reported in
place as illustrated by Fig. 2. For films up to thicknesses othe literature.
54 nm,c is roughly constant and its value indicates a heavily Whent decreases the resistivity increases gradually in the
strained (compressive material. Laue fringes are not ob- whole temperature range afig shifts to values as low as
served. For a 108-nm film, two peaks can be assigned to the10-130 K for the 6- and 12-nm-thick films on STO and the
(004 reflection of the LCMO, presumably corresponding to6-nm film on NGO. This is particularly striking since, as
two regions with different strain states. Films on NGO werededuced from the structural analysis, the cell parameters of
also characterized by x-ray diffraction but since the cell pathe manganite are virtually identical within the same series
rameters of LCMO and NGO are virtually identical, no of fims for a given substrate. Furthermore, 108-nm films on
quantitative analysis of the strain states could be made. HowyGO, STO, and LAO show transitions at very similar tem-
ever, it is reasonable to expect that all the LCMO filmsperatures irrespectively of their strain states. Another remark-
grown on NGO are fully epitaxial and have the same crysaple feature is that the resistivity of the films shows an insu-

tallographic structure. lating dependence in the whole accessible temperature range
o when t is lower than a critical thickness,;=6 nm for
B. Resistivity vs temperature LCMO/STO and LCMO/NGO samples arige=12 nm for

In Fig. 3 we plot the temperature dependence of the resid=CMO/LAO. For these insulating films, no metallic behavior
tivity in zero field for films of various thicknesses grown on could be induced even when applying a field of 90 kOe. The

TABLE |. Results from the x-ray diffraction analysis for some of the LCMO films.

Substrate  t (nm) 26 (°) c (A) Aclcyy (%) a(A)  Aalagyy (%) €p e
STO 27 47.78)2 3.804 1.451 3.903 —-1.114 —0.259 1.283
STO 54 47.666)2 3.812 1.244 3.902 —1.088 —0.310 1.166
STO 108 47.66)2 3.814 1.192 3.894 —0.881 —0.190 1.037
LAO 27 102.98 3.941 —2.098 3.799 1.580 0.354 —1.839
LAO 108 102.76 104.03 3.947,3.912 —2.253,—-1.347 3.820 1.036 —0.060, 0.242 —1.644,—1.191

4002 reflection.
b(004) reflection.
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FIG. 4. Thickness dependence of the conductance of the LCMO
films measured at 10 K. The solid and dashed lines correspond to
linear fits to the data for LCMO/NGO and LCMO/STO, respec-
tively.

servation is a first indication that the increase in resistivity is
probably more gradual and, consequently, that regions with
high resistivity could be present at distances from the inter-
face larger thaneaq
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T (K) .

C. Thickness dependence of p

FIG. 3. Temperature dependence of the resistivity for the three

series of LCMO films. Now we come back to the thickness dependencé f

which is plotted in Fig. 5, along with that df: as deduced
12-nm film on LAO shows a metal-to-insulator transition from magnetization curves measured with a field of 1 kOe
around 95 K but becomes insulating 6t 65 K. (not shown. These two temperatures coincide closely which

From this rough analysis, it appears that the properties Ot;onfirms that transport properties present- a negligible pontri-
the LCMO films are strongly altered by the reduction of bution from structural defe<_:ts. A systematic decreasgp06
thickness, i.e., by the proximity of the interface with any of Observed for the three series. However, the shape of he
the three substrates used. Nonmetallic regions are presentVi t curves depends on the substrate. For films on STO, a
agreement with previous results of the literature. The modifapid decrease is observed for<20<50 nm, andTy stabi-
fication of the electric properties at interfaces can be betteizes around 120 K for the 6- and 12-nm films. In the case of
monitored by plotting the conductandg of the films in

function of thickness; see Fig. 4. If we fit the data with a 3001 LCMO / LAO
linear dependence, a good agreement is obtained in the case e ’$
of NGO and STO. Assuming a linear extrapolation®for 2001 *
small thickness values, we find th& becomes zero at a
finite thickness which can be interpreted as reflecting the 1001(@) 5
presence of nonconducting material close to the substrate. In.__ 3001 (b) '
the case of LAO, the linear fit is not as good. Although there X e o o 0
iS no reasora priori to presume that a linear extrapolation > 200 e
should work, the fact that this simple model holds for STO . P
and NGO but not for LAO suggests that this may be due to 100- o LCMO / NGO |
structural relaxation which occurstat 54 nm in the LCMO/ 300{(q) ' '
LAO series. + + + T L
The thickness of this extrapolated dead latygs depends 2001 e
on the substrate and is 622 nm for STO, 15.3 4 nm for [
LAO, and 6.7-2 nm for NGO. The stronger disruption of 100] B B ’ LCMO/STO|
the transport properties in the case of LAO is confirmed by 10 100

these plots. However, if these values give the approximate t (nm)

amount of material which is not metallic, a model of a con-

duction in parallel between a metallic layer of thicknéss FIG. 5. Thickness dependence of the Curie pdsdlid sym-
—tgeag@nd a dead layer is far too simple to explain the thick-bols) and of the metal-to-insulator transition temperatiopen
ness dependence of the global magnetotransport propertiegmbols for the LCMO films. Crosses represent values obtained
such as, for instance, the gradual decreas&fThis ob-  for the model of Eq. 1.
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_ FIG. 6. .Field dependence of the magnetoresistance of films ofgntain a small amount of regions with noncollinear mag-
different thicknesses on ST@), LAO (b), and NGO(c) at 10 K. netic order. Whert decreases, the MR increases systemati-
] cally and more prominently for films on STO and LAO. This
LAO, the rapid decrease takes place fer25 nm and fort s represented in Fig. 7 where we plot the thickness depen-
<18 nm approximately for NGO. dence of the MR at 90 kOe and 10 K for all films.

For films on STO and on LAO, we have also plotted  Thijs result suggests that spin-disordered regions are lo-
(crossep the value ofT¢ as deduced from the strain states cated at interfaces and that their density and/or disorder is
(see Table)l within the Millis model: more important in the case of LAO and of STO. In addition

1 to this MR increase for low values, the field dependence
1—aeB——AE*2), (1)  becomes hysteretic for films on STO and LAO. This is par-

2 ticularly striking for the 12-nm film on LAO and this MR
where a=1/TcdTe/des and A=1/Tod?To/de*2. For dependence resszembles that of charge-ordered samples like
these two magnitudes, we take values from Ref. 23, &e., P1-xCa&MnO;.™ It thus suggests that charge-ordered re-
=10 andA=1000. gions may be present at least in this film and the picture of an

In the case of films on LAO, this model predicts a reduc-NN@mogeneous magnetoelectronic texture emerges. The ex-
tion of Te, as observedalthough the computed value |stenpe of this type 'of regions poss[bly extendmg deep_mto
differs from the experimental one by about 20. Kowever, th_e film, together_ with that of_ metallic zones, is compatible
for films on STO, the theoretical; is almost constant, as with th_e hysteresis observed in the_ magnetoresistance curves
expected for films with similar strain states, which is in and with the conclusion of the resistivity data analysis.
strong discrepancy with experimental data. Thus we should
conclude that the relative agreement between the model and E. Nuclear magnetic resonance
the experiment in the case of LCMO/LAO is probably fortu- . . ,
itous. gn the contrary, the experimental observation of a de- We have carried .OUt thi NMR expenment on films on
crease off ¢ for unrelaxed films on NGO and STO provides I\rl]G?\lar;j on STOleth &t2\7108 an'klr;.lF'g' 8 Eyehpzjgselnt
conclusive indications that strain in not the main factor re-:"® spectra for two 27-nm-thick films, which display

sponsible for the disruption of the magnetoelectronic proper]features typical for bgth37s5en|$|i|0f sa(;nples. J he t;n'?)lnt rgs?-
ties of the films whert is reduced. nance occurs aroun z and can be attributed to

Mn3*/4* states in metallic regionS. The frequency corre-
sponding to the maximum signal intensity is slightly differ-
ent for these two films, i.e., 374.5 MHz for LCMO/STO and
The magnetoresistan¢®IR) of the films was measured at 378.0 MHz for LCMO/NGO. This NMR line is the dominant
10 K as a function of the magnetic field; see Fig. 6. We firstresponse for both films, in agreement with the resistivity data
notice the absence of any low-field MR like the one which iswhich reveal the metallic character of electric conductance.
observed in ceramic sampf@=r in films with large grain- In addition to this main line, anothdtow intensity reso-
boundaries densities. This is a clear evidence that the films nance is detected around 310-320 MHz. A NMR line of
have a low density of structural defects. In agreement withsimilar frequency has been observed in ferromagnetic man-
this observation, the thicker films show a small MR value atganites with semiconducting properties and attributed to
90 kOe (typically less than 5%which indicates that they Mn*" states’> Our observation of the low intensity signal

Tc(e)=T(e=0)

D. Magnetoresistance
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FIG. 8. %Mn NMR spectra recorded at 4.2 K for two LCMO (C) 2
films of 27 nm. S 5004
m .-
around 310-320 MHz may thus evidence the presence of ‘:_g -9
regions with low mobility charges. We conclude from this  _#2 o
rough analysis that our LCMO films are indeed electroni- - O LCMO/NGO
cally inhomogeneous, even when grown on a very low mis- 0 y T y y T
match substrate like NGO. For all the films grown on STO 0 20 40 60 80 100 120
and NGO both signals have a high NMR enhancement fac- t(nm)

tor, on the order of 1000, typical of ferromagnetic interac-

tions. We thus conclude that the 370-380-MHz line reflects FIG. 9. Thickness dependence of the intensity of the' Mine
the presence of a ferromagnetic-metallieM) phase while (a) and of the total intensity seen in NMRp) and(c), normalized
the 320-MHz line is attributed to the existence of to sample area.

ferromagnetic-poorly conducting or ferromagnetic-insulating )
regions(Fl). thickness calculated from conductance curves which may be

We have also studied how the amplitude of these NMRan indication that this third phase is nonferromagnetic and
lines changes when thickness increases. It is found that tHesulating(NFI). _ _
intensity of the resonance assigned to°Vti* shows a lin- We now analyze the FM phase in more detail and plot the
ear dependence for both series, within experimental errofesonance frequency of the ¥i{** line (f**/**) as a func-
while the amplitude of the line due to the presence ofn tion of thickness; see Figs. (& and (b). For both series,
states shows a different behavior depending on the substrafé *" increases with. It has been suggested by Leung and
[Fig. 9@)]. For LCMO/STO, the intensity of the M# line Morrish®* that, in mixed-valence manganite systems, the
(1**) increases rapidly for small thickness values and satutesonance frequency of the RI** line (f3****) is propor-
rates whert reaches 40 nm approximately while for LCMO/ tional to the average spin of the Mn ions, i.€%""*" de-
NGO, 14" shows a smoother increase withThese results Creases with increasing the doping level x. We therefore in-
suggest that in the case of films on STO, the regions witierpret the dependence df**"** with t as reflecting
|0w_mob|||ty Charges are most'y located near the interfacénodifications in the density of itinerant Charge carriers in the
with the substrate and that for the LCMO/NGO series, these
regions are present at any depth in the manganite. 381 (a)' (b)l

In Figs. 9b) and (c) we plot the total intensity of the °
signal detected in NMR as a functiontofAs expected for an
intensity that has been normalized to the sample area, a lin-
ear dependence is found for both series of samples but the
extrapolation of the data show zero intensity for a finite
thickness which corresponds to regions of the samples that
do not respond in NMR. Since all the signal detected in the
NMR spectra can be ascribed to nuclei with ferromagnetic .
interactions, this experimental observation suggests that non-
ferromagnetic regions are also present in the films. The ef-
fective thickness at which the total NMR intensity becomes
zero is 5.3:0.9 nm for LCMO/STO and 650.2 nm for FIG. 10. Thickness dependence of the frequency of th&'ih
LCMO/NGO. This thickness is very similar to the dead layerline for films on STO(a) and on NGO(b).

< 978

3751

f3+/4+ (M H

LCMO / STO
100
t{nm)

LCMO /NGO
100

10
t(nm)

10

134416-6



CHARGE TRAPPING IN OPTIMALLY DOPED. .. PHYSICAL REVIEW B56, 134416 (2002

300 - - - in manganites, bond length and angle disorder have shown to
have a significant impaéf. Indeed, in metallic
me o ¢ La,_,CaMnO; Mn-O distances take a single value while in
2501 u | insulating orthorhombic manganites, several distinguishable
. Mn-O bond lengths can exist due to Jahn-Teller distortion at
< oo l Mn3* sites®® Since in our films, regions with localized
a o charges coexist with metallic zones, we can expect the MnO
= * 7 octahedra located in the FM phase near boundaries with the
150 = - . insulating regions to be distorted. Thus a substantial disper-
. B | CMO/STO sion of the Mn-O distances and Mn-O-Mn angles is likely to
. ® | CMO/NGO exist to some extend in the FM phase. This should promote a
100 ' - - ; shrinking of the bandwidth and thus a further reduction of
372 374 376 378 380

the Curie temperatuf@in the films for which the proportion
% (MHz) of insulating regions is large, i.e., in thinner films. This effect
can be taken as a second factor responsible for the decrease
FIG. 11. Relation betweeri®*** and the metal-to-insulator of Tp whent diminishes.
temperature of the films on ST@quaresand on NGO(circles. We now discuss the possible origin of phase separation in
these films. Recently it has been predicted that a small
FM phase. Since, in the ka,CaMnO; phase diagram, de- amount of disorder in the magnetic interactiqdsuble ex-
viations from thex=1/3 optimal doping value lead to a de- change and superexchangea ferromagnetic homogeneous
crease of the Curie temperatdfeve can expect this change system can lead to the nucleation of antiferromagnetic
in the effective density of carriers to affectsyze_& of our  regions® This mechanism can be at the origin of the inho-
films. We display the relation betwedr andf INFIg.  mogeneity of our films. Since the parasitic phases are more
11. Within experimental error, all data fall roughly on a ,.ominently located at interfaces, substrate-induced disorder
stra!ght [|ne, indicating thqt the allteratlon of the density Ofcould be responsible for the observed phase separation. This
carriers In the FM pha;e is certainly one of the factors " disorder can arise from the coexistence of different atomic
sponsible for the reduction dfc whent decreases. terminations at the surface of the substrate at the beginning
of the growth. Indeed, it has been reported that commercial
IV. DISCUSSION STO substrates generally present two types of terminations,
namely SrO or TiQ.%° In this case, it is expected that the
The results of magnetotransport and NMR measurementsianganite grows witliLa, CaO planes on top of TiQter-
all indicate an inhomogeneous magnetoelectronic structurminations and Mn@ planes on SrO terminations. The exis-
of our LCMO films. In this section we will first discuss the tence of these two possible environments for the Mn ions at
effect of the presence of nonferromagnetic-metallic phasethe interface could promote electron localization in highly
on the metal-to-insulator transition and afterwards analyzelistorted sites (Mng/SrO type as well as the coexistence
the possible reasons for the nucleation of these phases. of a variety of Mn-O distances and Mn-O-Mn angles. This
Since the values offp of our films show a significant would certainly induce a substantial disorder in the values of
thickness dependence even though the cell parameters stéye magnetic interactions constants and, consequently, within
virtually constant, the first important conclusion of this studythe model of Moreoet al,*® to the nucleation of parasite
is that strain does not determine the value of the Curie temphases. The difference in the thickness dependendé‘of
perature in manganite films. The observation thatfor a  between the LCMO/STO and LCMO/NGO series can arise
given thickness, saly=12 nm, is different depending on the from different growth mechanisms in the first stages of the
substrate usedl21 K for STO, 220 K for NGO, and 95 K LCMO deposition. The factors controlling this precise stage
for LAO) also indicates that simple dimensional effectse  are not well known but substrate roughness and strain cer-
for instance Zhang and Wilff§) are not mainly responsible tainly play an important part.
for the observed variation. We argue here that the observed To validate this hypothesis systematic studies on films
decrease offp is closely linked to the presence of non-FM grown on substrates with a single atomic termindttoff‘are
regions in the films which reduces the effective ferromag-needed. Indeed, it has been reported recently that the use of
netic coupling in the metallic phase. The correlation betweersingle-terminated substrates as opposed to as-received ones
Tepandf3*/4* illustrated by Fig. 11, is a clear indication that could increase th&p of LCMO films by some 20 K*® Simi-
a modification in the density of itinerant carriers in the FM lar finding has been reported for YB2u,0, films.*® This
regions is to a great extend the driving factor for the decreasprovides evidence that this type of substrate-induced disorder
of Tp observed for thinner films. This can be due either to aplays an important role in determining the magnetoelectronic
change in the stoichiometry with thickneer instance low  properties of oxides thin films. Its minimization, and more
oxygen contentor to localization of some, electrons. The globally the control at atomic scéleof interfaces in hetero-
observation of two insulating phases in these films supporstructures of manganites, appears essential to obtain substan-
the picture of electron trapping in insulating regions. tial magnetoresistive response at room temperature in
Among other possible causes that lead to a decreasg of manganite-based devices.
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V. CONCLUSION the nature of the substrate. However, we have shown that
there is not a simple correlation with structural mismatch
We have performed magnetotransport afiin N.MR between LCMO and substrate. We thus suggest that the dif-

Merences observed in the behavior of the LCMO/STO and

i.igon%joigmhger?\év;s?'n'tST:;)"; dNtﬁgl’oarI?eIr‘nA(Zth‘brztratss.‘nl_tLCMO/NGO series arise from different microstructural char-
IS Tou Istivity W peratu N acteristics of the films, probably related to differences in

crease strongly when thickness is reduced, which is accom- . X L s
panied by a shift of the metal-to-insulator transition towardr'l‘browth mechanisms and atomic terminations of the upper

. most atomic layers of the substrates. Control and engineering
low temperatures. Since our LCMO/STO and LCMO/NGO at atomic scale are thus a requisite to obtain electronically

films have similar cell parameters within a same series, w . . . . .
. : 'l para %harp interfaces and to avoid spurious electronic segregation.
discard strain and dimensional effects as the cause of th

observed thickness dependenceTef The analysis of the Elternatlvely this study shows that the electronic phase seg-

; regation is not simply an intrinsic property of these perovs-
HMR ipectra pe_rf?]rmed on these two seirlels sthovys tthatt thI'ates (at optimal doping but can result from surface effects.
|_rtr;]s f?a\:reon?g égt-ztnﬁfﬁgte-r?us r;r?gne::n?:rrrg:;; n(:;.g_r%isorder in the magnetic interactions, and especially in the
Wi . agnetic-insuiating MAgNeUc-4,uple exchange integral, could be generated by the coexist-
insulating regions coexisting within a ferromagnetic-metallic

h Th rasitic ph re mainly located at interf ence of various environments fo_r the Mn _ions just at the
phase. These parasitic phases are mainly located at inte aﬁ%?erface, due to the use of non single-terminated substrates.
in the case of STO substrates but more homogeneously dis-
tributed in the case of NGO. More importantly, we have
identified a clear correlation between the resonant frequency
of the main NMR line and the variation of the Curie tem-
perature with thickness, which we interpret as a strong evi- Financial support by the EEC OXSEN, the CICyT
dence of carrier density modifications. We argue that theJAT2000-1290-C03-03  and MAT1999-0984-C03-01
presence of nonferromagnetic-metallic phases and the subspain project and the Ford Motor Comparti?oland are
quent localization ofey electrons are at the origin of the acknowledged. This work has also been supported in part by
observed lowering off . The presence of these insulating the NATO Collaborative Linkage Grant PST.CLG.978518.
regions can also induce a shrinking of the bandwidth due td'he authors are very grateful to M.-J. Casanove for HREM
disorder in Mn-O distances and Mn-O-Mn angles, causing amnalysis. Many thanks must be addressed to A. Blarig
additional decrease afp. F. Pailloux, A. Anane, L. Ranno, F. Sandiumenge, and M.

The origin of this phase separation appears to be related ®owen for helpful discussions.
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