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It has been demonstrated that high quality thin films of Ln1−xMxMnO3 can be successfully prepared by aerosol MOCVD at
750 °C from volatile thd complexes. Subsequent annealing in oxygen at 750 °C is necessary to stabilize the oxygen content of the
films. XRD patterns of the films showed them to be pseudocubic with an apparent lattice parameter linear in the average ionic
radius of Ln and M. The evolution of Ln1−xMxMnO3 film morphology with increasing the film thickness has also been studied.
The morphological instability of the MOCVD process results in the formation of a hillocky surface with thickness >2000 Å. The
electrical properties of La1−xCaxMnO3 and La1−xSrxMnO3 correlate with those reported for bulk and thin film materials. The
substitution of Pr for La in La1−xSrxMnO3 reduces the maximum resistivity temperature, Tp, non-linearly. La1−xCaxMnO3 thin
films reveal a shift of Tp downwards in the case of substrate materials with a positive lattice mismatch with the films.
La0.35Pr0.35Ca0.3MnO3 /LaAlO3 demonstrates a very complex temperature dependence of the resistivity, which is described using a
conceptual phase diagram of Ln1−xMxMnO3 . A marked GMR e�ect was observed for La0.35Pr0.35Ca0.3MnO3/LaAlO3 below
21 K (ca. 1010%) and at ca. 70 K even in a field of 1 T.

Ln1−xMxMnO3 perovskites, where Ln3+ is a rare-earth-metal (Ln=La, Pr and M=Sr,Ca) thin films by aerosol MOCVD
and studied their structures and electrical properties.cation and M is a doubly charged cation with a large ionic

radius, with both Ln and M populating the A positions of the
ABO3 perovskite lattice, have attracted considerable attention Experimentalowing to the recent discovery of giant negative magneto-

Aerosol MOCVD, which was used to prepare the thin films,resistance (GMR) of such compounds.1 The GMR ratio r=
involves deposition from precursor vapours produced by the[R(0 )−R(H )]/R(H), which can be easily reduced to R( 0)/R(H),
evaporation of their organic solutions nebulized in the carrierwhere R( 0) and R(H ) represent the resistance in zero field and
gas flow.22,23 This method was found to combine reprodu-that in an applied magnetic field H=1–10 T (irrespective of
cibility of vapour composition with flexibility of compositionwhether H is the saturation field or not), characterizes the
variation. Deposition conditions are summarized in Table 1.e�ect. A variety of possible applications2 such as sensors,
The Ln0.7M0.3MnO3 thin films prepared are listed in Table 2.reading heads, random access memory and hard disks with
Volatile precursors were as follows: La(thd)3 , Pr(thd)3 ,areal densities up to 10 Gbit in−2 , requires not only a large r
Sr(thd)2 , Ca(thd )2 and Mn(thd)3 (thd=2,2,6,6-tetramethyl-but also a high sensitivity to the driving field dr(H)/dH as
heptane-3,5-dionate). All precursors were synthesized bywell as a relatively low saturation field. The most widely
standard techniques and sublimed in a vacuum before use.studied perovskites, La1−xMxMnO3 ,3–9 leave much to be

desired to satisfy these demands. That the role of the average
Table 1 Parameters of the deposition processionic radii of the cations in the A positions (rA) is crucial was

recently explained.4,10,11 By decreasing rA , a higher r can be
parameter valueachieved. The nature of the substituting cation is also import-

ant. Changing the M cation to a cation with a smaller rA stagnation flow reactor type cold wall
shifts the temperature of the second-order phase transition deposition temperature/°C 750

total pressure/mbar 6(P�FMM) from a high-temperature paramagnetic phase (P)
total gas flow/l h−1 20with activated conductivity to a low-temperature ferromagnetic
partial pressure of O2 /mbar 3phase with metal-like conductivity (FMM) downwards.10,12 deposition rate/mm h−1 0.5–1The variation of Ln has a similar but more complicated e�ect. solventa consumption/ml h−1 20

A variety of new phase states appears for Ln=Pr or Nd.13–16 evaporator temperature/°C 250
Finally, the x range where a metal-like ferromagnetic phase

aDiglyme (CH3OCH2CH2OCH2CH2OCH3) with 5 vol.% Hthdexists is restricted to 0.2<x<0.5 with a dome-shaped depen-
dence of the magnetization on x.17 Thus, it is reasonable to

Table 2 Thin films of (La1−x ,Prx )0.7M0.3MnO3 prepared in this workstay in the middle of this range in order to analyse the e�ect
of Ln or M variation correctly.10

M x abbreviation substratesaComparable values of r were observed for both ceramics
and thin films, causing us to reject the initial hypothesis which Sr 0 LSM MgO, YSZb, LaAlO3had connected high r values with thin epitaxial films.18,19 Ca 0 LCM MgO, YSZ, LaAlO3 , SrTiO3Sr 11xf.0 PSM MgO, LaAlO3Nevertheless, the electrophysical properties reported for films

Ca 1 PCM MgO, LaAlO3and bulk materials of practically the same composition can
Sr 0.5 LPSM MgO, LaAlO3di�er drastically (compare for instance ref. 10 and 20), and Ca 0.5 LPCM MgO, YSZ, LaAlO3even the substrate material can influence the phase transitions

in the manganite films.21 aSubstrate orientation (001 ) in the pseudocubic system. bYSZ=
ZrO2 (Y2O3)In the work reported here we prepared Ln0.7M0.3MnO3
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XRD [four-circle di�ractometer, Siemens D5000 with oxygen stoichiometry determination for the Ln1−xMxMnO3+dfilms has not yet been described. Even in the case of the bulksecondary graphite monochromator (Cu-Ka radiation)] was
applied to determine the phase composition, orientation and materials there is a lack of data. Reasons for this include the

absence of a definite reference state (three oxidation states oflattice parameters of the prepared films. h–2h, Q scans and
rocking-curve measurements were used. SEM was accom- manganese, namely Mn4+ , Mn3+, Mn2+ , occur in the material

with the change of oxygen stoichiometry24,25 ), sample pre-plished by CAMSCAN equipped with an EDAX system for
quantitive analysis. SNMS (sputtered neutrals mass spectro- history e�ects owing to cation disorder with a high density of

vacancies in both A and B cation sublattices and an oxygenmetry) depth profiling was carried out with an INA-3 system.
Electrical resistivity measurements were carried out in a con- di�usion rate which is too slow to obtain reliable results for

bulk samples at low temperature.ventional four-point probe configuration using 3×10 mm2
bars cut from the 10×10 mm2 specimens. LaMnO3+d is capable of reduction with decreasing the

oxygen partial pressure. According to ref. 26, at 900 °C and
pO2=10−6 atm La1−xSrxMnO3+d has d#0 for 0∏x∏0.5. AtResults and Discussion
pO2=0.21 atm, d#0.15 was reported for LaMnO3+d at
730 °C25 and d# 0.14 at 1100 °C.26 With increasing x the dPost-deposition treatment
range between the oxygenated and reduced forms decreasedPost-deposition annealing is known to influence the electrical and tended towards 0 for x�0.3.26 In fact, we have observedproperties of Ln1−xMxMnO3 .5,19 For the preliminary experi- a less profound change of the XRD pattern after annealing anments we prepared La1−xSrxMnO3+d films with x=0.15 and La0.7Sr0.3MnO3+d film as compared to La0.85Sr0.15MnO3+d .0.30. Various (La,Ln)0.7M0.3MnO3 samples prepared in ref. 10As-grown films showed broad and sometimes split peaks of showed d#0 over a wide range of oxygen partial pressure.the perovskite phase in the XRD patterns (Fig. 1 ) with poorly Thus, we can expect that after the annealing our thin filmsreproducible lattice constants. It was suggested that such have nearly the same oxygen stoichiometry and this factorbehaviour originated from incomplete oxidation at the cooling does not contribute to the di�erences in their properties.stage. Since the deposition was carried out at low oxygen Consequently we omit d in the compound formulae writtenpartial pressure (Table 1), and an additional depletion was below.possible because of the consumption of oxygen to oxidize

solvent molecules on the film surface, the as-grown film was
XRD characterizationexpected to be reduced. The fact that after the deposition,

reoxidation started but was incomplete under the cooling XRD patterns of the annealed films are similar to those of a
cubic lattice without any splitting of the solely observed (00l)conditions, resulted in the XRD pattern observed.

The solution to the problem was found to consist of sub- or (hh0) reflections (in the pseudocubic system) or superstruc-
tural peaks. This does not mean that the perovskite film issequent annealing of the films prepared by aerosol MOCVD

in oxygen at 750 °C for 0.5 h. The choice of the annealing necessarily cubic because of the film orientation. The XRD
pattern of the oriented perovskite film does not provideconditions was based on the data of van Roosmalen et al.,24

who had showed by TG that oxygen uptake by the LaMnO3 unequivocal data on the lattice symmetry or a full set of lattice
parameters. If the parameters calculated from the (00l) or (hh0)lattice is negligible below 700 °C. After the treatment the

di�raction patterns changed significantly (Fig. 1 ) and became zones coincide, which was the case for our films, then we have
an indication that the lattice is cubic. Apparent cubic latticereproducible; simultaneously the room-temperature resistivity

decreased to approximately half its previous value. The results parameters a for the films are shown in Fig. 2, which reveals
a nearly linear dependence on the average ionic radius, rA.did not change after extra annealing under the same conditions.

Consequently, the oxygen content of the film reached an The dependence is not trivial, because variation of rA results
in tilting and rotation of the MnO6 octahedra building a three-equilibrium with the oxygen atmosphere at 1 bar and 750 °C,

which provides the same reference state for the di�erent film dimensional array rather than a simple contraction of bond
distances, as shown for bulk samples.10,12 For the range of rAcompositions under investigation. Thus, we used such post-

deposition annealing for all compositions prepared. under consideration, orthorhombic or rhombohedral (at the
lower temperature) phases in the bulk were described. AThe d values were not determined in our work. The correct
distortion of the array formed by MnO6 octahedra breaks up

Fig. 2 Apparent lattice parameter, a, of (La,Pr)0.7(Sr,Ca)0.3MnO3 per-
Fig. 1 E�ect of subsequent annealing in oxygen at 750 °C for an ovskite films on MgO as a function of average ionic radius, rA�, of

the A site. The (002), (003), (110) and (220) peaks were used for theLa0.85Sr0.15MnO3 film on YSZ: (a) (110) reflection, (b) (220) reflection.
Dashed lines indicate the as-grown film, solid lines were obtained calculation. The a values found independently from (00l ) and (hh0)

peaks di�er by less than 0.006 Å for all samples (Table 2).after annealing.
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Fig. 3 Typical h–2h scans: (a) La0.7Sr0.3MnO3/LaAlO3 ,(b) La0.7Ca0.3MnO3/SrTiO3

the exchange of electrons governing magnetic properties and
conductivity. Unfortunately, there is a lack of low-temperature
XRD studies for the manganite thin films.

Perovskite substrates (LaAlO3 a=3.793 Å, SrTiO3 a=
3.905 Å) permit the deposition of layers showing only (00l )
reflections (Fig. 3); Q-scans prove the epitaxy of the ‘cube-on-
cube’ type of deposition. Rocking curves measured for the
(00l ) reflections have FWHM=0.17–0.25° [Fig. 4(b)], which
indicates the high epitaxial quality of the films.

XRD patterns of Ln1−xMxMnO3/MgO reveal the (110)
peak at thickness d>2000 Å. The large lattice mismatch
between MgO (a=4.21 Å) and Ln1−xMxMnO3 hinders the
epitaxy of perovskites with (001)filmd(001 )MgO. Deviation of

Fig. 4 Representative rocking curves for the (002) reflections ofthe molar ratio Ln+M/Mn from unity results in the suppres- (La1−x ,Prx)0.7M0.3MnO3 : (a) La0.35Pr0.35Ca0.3MnO3 /MgO,sion of the (00l) orientation and the appearance of (hh0) peaks. (b) La0.7Ca0.3MnO3/SrTiO3Analysis of the Q-scans shows that (00l)-oriented domains
in the film on MgO have very good in-plane alignment: four-
fold degeneracy of peaks is observed at a tilt angle equal to
that between the plane under study and the (001) plane.
Rocking curves for (00l ) planes with FWHM#0.5° were
measured for the best Ln1−xMxMnO3/MgO films [Fig. 4 (a)].

Ln1−xMxMnO3 on YSZ has a preferable orientation
(110 )fd (001)YSZ . Even a pure (110 )fd (001)YSZ orientation can
be obtained for the manganites. The result correlates to the
diagonal match with YSZ (a√3 to 5.14×√2). The FWHM of
the rocking curves of the (220) reflection was 0.58° for
La0.7Sr0.3MnO3 on YSZ.

Surface morphology

Nearly stoichiometric films grow very smoothly up to until
d<2000 Å. SEM images showed the featureless surface of such
a film at a magnification of 5000–10000×. Small local disturb-
ances were observed with increasing film thickness. In the
range d=2000–3000 Å the surface changes from flat to hillocky.
The hilliness becomes more marked for d>3000 Å, as was Fig. 5 AFM image of a 3500 Å thick La0.7Ca0.3MnO3 film on LaAlO3 .demonstrated also by AFM (Fig. 5). Such behaviour reflects The average roughness is 140 Å.
the well known morphological instability of the CVD process
controlled by di�usion in the gas phase.27 maximum Tp and Tc values, which exceed room temperature,Deviation of the (Ln+M)/M ratio from the stoichiometric conform to M=Sr at the optimal doping level x=0.3. Ourvalue in Ln1−xMxMnO3 results in coarsening of the surface data (Fig. 6) are in agreement with the prediction in ref 12.morphology even at a thickness d#1000 Å. La0.7Sr0.3MnO3/LaAlO3 shows a metal-like temperature

dependence of the resistivity in the range 77–300 K with a
Electrical properties sharper increase of the resistivity as T approaches 300 K.

La0.7Ca0.3MnO3 reveals a resistivity maximum at 230 K.It was recently demonstrated for bulk samples4,10,12 that for
La1−xMxMnO3 the P�FMM transition temperatures (both This value practically coincides with the data for the bulk

material of the same composition.10 This value is also com-the resistivity maximum temperature, Tp , and the Curie tem-
perature, Tc) can be presented in the form of a universal rA parable with Tp=220 K for a La0.72Ca0.25MnO3/MgO thin

film prepared by magnetron sputtering,28 Tp=250 K for adependence (certainly, at a constant Mn4+/Mn3+ ratio). The
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Fig. 7 Temperature dependence of the resistance of La0.7Ca0.3MnO3Fig. 6 Temperature dependence of the resistance of the films on
films on LaAlO3 and SrTiO3LaAlO3 (abbreviations are explained in Table 2)

La0.67Ca0.33MnO3 /LaAlO3 thin film prepared by laser normalization to maximum resistivity they practically match
each other after a 20 K shift along the temperature axis. Takingablation and annealed in oxygen at 1000 °C,29 Tp=270 K

for La0.8Ca0.2MnO3/LaAlO3 and Tp=245–275 K for into account the lattice parameters of the substrates one can
see that they possess nearly equal but opposite lattice mismatchLa0.67Ca0.33MnO3 /LaAlO3 films prepared by MOCVD.21,30

On the other hand, Tp and Tc values for La1−xCaxMnO3 with the film. Furthermore, according to ref. 21, Tp values of
the epitaxial films on LaAlO3 and NdGaO3 [the latter has afilms prepared by laser ablation are known to be strongly

influenced by variation of post-deposition annealing: for very low lattice mismatch with the film (ca. 0.3%)] are very
close. Thus, a tension but not a constriction of the film in theinstance, Tp#95 K and Tp>300 K were reported for

La0.67Ca0.33MnO3 /LaAlO3 .19,29 One can suppose that vari- interface plane results in the change of Tp . An HREM study
is desirable to understand which way the tension at theation of the Mn4+/Mn3+ ratio occurs in such films owing to:

(1 ) perhaps a broader d range between the reduced and interface influences the properties of the whole film.
Along with variation of rA by changing the M cation, oneoxygenated states than that for La1−xSrxMnO3 ; ( 2) structural

disorder induced in the film at the preparation stage; (3 ) devi- can also vary rA value by changing Ln. Fig. 6 shows that in
this case the electrical properties do not vary gradually withations of cation stoichiometry, especially the La+Ca/Mn ratio.

The exact reason for this variation is not yet known. rA . In fact, the resistivity curves for La0.7Sr0.3MnO3 and
La0.35Pr0.35Sr0.3MnO3 are similar, while Pr0.7Sr0.3MnO3In ref. 19 it was suggested that epitaxial quality of the films

is responsible for the shift of Tp. This suggestion seems rather reveals quite di�erent behaviour. Certainly, Tp is expected to
diminish with decreasing rA, but gradually.10,12unlikely, taking into account the proximity of Tp values listed

above for ceramics and thin film materials prepared by di�erent As was mentioned in the introduction, the substitution of
La for Pr or Nd leads to much more drastic changes in thetechniques, and the di�erent epitaxial quality. Next, anomalous

Tp were observed only for films as-grown under low pO2 or electrical and magnetic properties than one would expect from
the variation of rA . Study of bulk materials points to theafter high-temperature (ca. 1000 °C) annealing in oxygen. In

both cases variation of the Mn4+/Mn3+ ratio is much more formation of charge- and spin-ordered phases.
Let us try to construct a conceptual phase diagram oflikely than a change of the epitaxial quality. It is worth

mentioning that it is incorrect to assume that higher r means Ln1−xMxMnO3 . Restricting the consideration by collinear spin
ordering, we have ferromagnetic or antiferromagnetic states asbetter epitaxy.19 In fact, the metallic conductivity should be of

the same order of magnitude for all compositions, but the well as a spin-disordered paramagnetic state. Superposition of
the possible charge ordering (in other words, the ordered arrayresistivity of the P phase increases exponentially if this phase

expands its stability field to lower temperature. Hence, of Mn4+ and Mn3+ ions31 ) and magnetic ordering increases
the number of phase states by a factor of 2: 3×2=6 states.La1−xBaxMnO3 or La1−xSrxMnO3 films can be of the same

epitaxial quality as La1−xCaxMnO3 ones, but they still have The relative positions of the phase fields in the coordinates
temperature–magnetic field can be predicted in general: thehigher Tp values.

Another remarkable feature of La1−xCaxMnO3 films was paramagnetic phase occupies the whole high-temperature area,
the antiferromagnetic state tends to low temperature and zerodescribed in ref. 21. The Tp value was found to be dependent

on the substrate material: an La0.8Ca0.2MnO3 film on MgO field, charge ordering is stabilized by decreasing temperature,
and the ferromagnetic state is reinforced by the magnetic field.has Tp=240 K and a broader transition width than a film on

LaAlO3 (Tp=270 K). The origin of the e�ect is not clearly Less evident but proven13,15 for Ln1−xMxMnO3 is the fact
that a magnetic field destroys charge-ordered states. Theseunderstood yet: on the one hand, since the lattice mismatch

between the film and the substrate has the opposite sign for relationships are illustrated by Fig. 8 which turns out to be a
good guide for comparing the properties of Ln1−xMxMnO3 .LaAlO3 and MgO and is significantly larger for MgO, strain

can be induced in the film superimposing a deformation on Depending on Ln and M, the position of the zero field line
(or the T -axis) changes. In high field only FMM and P statesthe three-dimensional array of the MnO6 octahedra, while on

the other hand, since the film on MgO was not purely epitaxial are present. Thus, in high field, Ln1−xMxMnO3 with small rAwould approximate the behaviour of La1−xSrxMnO3 in zero[a low-intensity (110) reflection was observed in the XRD
di�raction pattern21], the epitaxial quality could influence Tp . field. For instance, Pr0.65Ca0.35MnO3 requires H#12 T for

such a transformation. Comparison of the La1−xCaxMnO3In order to clarify this e�ect we compared La0.7Ca0.3MnO3films on LaAlO3 and SrTiO3 . According to the XRD charac- and Pr1−xCaxMnO3 positions in the conceptual phase diagram
leads to the idea that the solid solution of the phases will beterization both films were of the same epitaxial quality.

Resistivity curves are very similar for both films (Fig. 7 ); after subjected to such a transformation in lower field; in other
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Fig. 8 Conceptual phase diagram of Ln1−xMxMnO3 : P, paramagnet;
COI, charge-ordered state of paramagnet; FMM, ferromagnet with
metal-like conductivity; CFMI, charge-ordered ferromagnet; AF, anti-
ferromagnet; CAFI, charge-ordered antiferromagnet. Dashed line indi-

Fig. 9 Temperature dependence of the resistance ofcates the position of the T -axis (zero magnetic field) floating depending
La0.35Pr0.35Ca0.3MnO3/LaAlO3 for di�erent magnetic field valueson Ln and M.

removal of the field. In ref. 14 it was indirectly shown thatwords, increasing rA (up to that of La1−xSrxMnO3) and
ordering of Pr moments may be responsible for this e�ect.increasing the field have equivalent influences.

The La0.35Pr0.35Ca0.3MnO3/LaAlO3 specimen di�ers fromIt is noteworthy that di�erent phase fields in the diagram
Pr1−xCaxMnO3 in two important aspects: (1) the FMM phasedi�er drastically in resistivity and its temperature dependence.
formed spontaneously under heating is actually stable in theHigh conductivity is possible only in the case of ferromagnetic
range 20–70 K; (2 ) the hysteresis takes place without anordering due to spin coupling of the itinerant (derived from eg external magnetic field. The first distinction agrees with thestates) and localized (derived from t2g states) electrons of Mn
conceptual phase diagram discussed above. The secondions. If the atomic spins of the Mn ions are disordered or
distinction means that one more phase transition occurs atordered antisymmetrically, then electronic exchange will be
about 20 K in La0.35Pr0.35Ca0.3MnO3 /LaAlO3 . By analogysuppressed. In the case of antiferromagnetic order the resistivity
with Pr1−xCaxMnO3 one can suppose the ordering of Prshould be higher than in the case of paramagnetic disorder, as
moments, but spontaneously. Certainly, some other mechanismbetween disordered atomic spins some nearly parallel spins
may be possible. At any rate, the phase transition can explainoccur, hence short-range exchange of electrons is possible. The
why heating after cooling to 4.2 K results in a low resistivityantiparallel ordering of spins is accompanied by charge
window at 20–70 K, but heating after cooling to 60 K doesordering in Ln1−xMxMnO3 ,13,15 in turn the charge-ordered
not (at 60 K resistivity tended to immeasurably large values).phase derived from the paramagnetic state tends to result in

In accordance with its expected position in the conceptualan antiferromagnetic-like temperature dependence of the mag-
phase diagram, La0.35Pr0.35Ca0.3MnO3/LaAlO3 turns out tonetization.32 Thus, the phase transitions from these ordered
be very sensitive to the magnetic field. In a magnetic field ofstates to the FMM state give rise to a drastic change of the
1 T the cooling and heating resistivity curves are very close.resistivity. Being induced by a magnetic field, they produce r
Only the FMM phase can be detected below 75 K in this field.values much larger than those caused by the influence of the
As a result very large r values were found below 21 K as wellmagnetic field on the FMM�P transition. Therefore, phases
as around 70 K. Increasing the field to 3 T results in a nearlyin which the zero field line intersects CAFI, AF or COI phase
saturated GMR e�ect (Fig. 10 ). The R–H hysteresis was studiedareas (Fig. 8), are expected to demonstrate very large r values
at 75 K in more detail. Curves obtained by increasing andin a moderate field. Such a situation occurs at about half
decreasing the field di�er significantly, which is characteristicheight of the conceptual phase diagram.
for the COI�FMM transition15 and corresponds to crystalliz-This conclusion is well supported by experiments on
ation and melting of the charge-ordered state. Note that theNd0.47Sm0.03Sr0.5MnO3 ,32 Pr0.7Ca0.25Sr0.05MnO3 11 and very

recently La1/3Nd1/3Ca1/3MnO3 .33 Here we report a new
example. A thin film of La0.35Pr0.35Ca0.3MnO3 on LaAlO3reveals a very complicated temperature dependence of the
resistivity (Fig. 9 ). The magnetic measurements were not
accomplished in the work; consequently the assignment of the
magnetic states can be only preliminary and based on anal-
ogy.13–15 The behaviour of the film resistivity was di�erent
depending on which process (cooling or heating) was used.
Upon cooling the resistivity increased exponentially and
became immeasurable below 70 K. After cooling to 4.2 K the
specimen was heated, and it demonstrated a sharp drop of
resistivity in the range 20–70 K (Fig. 9). Above 80 K the
cooling and heating curves converged.

The hysteresis e�ects observed earlier13–15 were explained
by charge ordering of the P phase (probably overlapped by
canted aniferromagnetism). As the result, the first-order phase
transition FMM�COI takes place. For Pr1−xCaxMnO3(x#0.3–0.4) only the COI phase is stable in zero field. In a
magnetic field of ca. 4–5 T at temperatures<100 K the first-
order phase transition was induced. At temperatures below Fig. 10 Resistance, R, vs. magnetic field, H, loops for

La0.35Pr0.35Ca0.3MnO3/LaAlO3 : the path direction is a-b-c-d25–30 K the metastable FMM state could be frozen after
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measurement data in the literature points to an inter-
dependence of the phenomena.

(c) Non-collinear antiferromagnetism can be suspected in
many particular cases.

At any rate, the idea that compositions most interesting for
practical applications (owing to low saturation field, high r
and dr/dH ) should be searched at about the half-height level
of the conceptual phase diagram, provides a good guide for
further studies.

This research was partly supported by Volkswagen Foundation
project I/69341 and RFBR grant no. 96–03–33027.
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