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1. Introduction

The study of the magnetic properties of mixed valence mangancse perovskites dates
back almost 50 years [1-2]. The existence of competitive ferromagnetic (FM) double-
exchange [3] and amtiferromagnetic (AF) superexchange interactions, which are very
sensitive 1o the structural parameters and the degree of doping, results in a very rich
magnetic phase diagram for this type of materials [4]. In the case La,.xCaxMnO; of
special interest are samples with x~1/3 which show a transition from a low-temperature
metallic FM phase to a high temperature semiconducting paramagnetic phase,
associated with a very large negative magnetoresistance (MR) effect termed colossal
magnetoresistance (CMR). A large number of studies has focused on the interrelated
structural, magnetic and MR properties of this type of materials [5-18] as well as the
physics of the transition [19-27] in the effort to understand the CMR. mechanism and to
optimize the materials, However the possibility to use of these materials in
technological applications is limited by the large fields (of the order of Tesla) required
for saturation. In order to deal with this problem different approaches have been tried
[28-31].

Pulsed laser deposition (PLD) has been widely used for the preparation of mixed
valence perovskite manganites since the observation of CMR in thin film samples
[32.33]. In thin film materials, strain imposed by the substrate, oxygen deficiency and
chemical disorder incorporated in the film during deposition can drastically change the
CMR  properties [32-38] Thin film samples prepared from stoihiometric
LazsCa, sMnO; 5 targets exhibit a large variety of T and resistivity values depending on
the preparation conditions [32]. The fact that the T and resistivity of these films can be
changed by annealing in oxygen atmosphere indicates that the main factor influencing
their properties could be some oxygen deficiency, lattice strain and disorder
incorporated in the as deposited films. An indication of the lauer is the reported small
increase of the Ty upon annealing in N; atmosphere [39]. Even in polycrystalline
Lag s:Bas uMnOs s samples the transition temperature was reporied to shift to lower
temperatures and resistivity is to incrcase with increasing & [40]. At severely oxygen
deficient samples (6§=0.2) the characteristic peak in the p vs T curve disappears. Since
usually greater MR effect is achieved in samples with lower transition temperatures
[32,41] LazaCayoMnOy 5 films with very negative MR values can be prepared through
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proper control of the deposition and annealing conditions. A very high MR value of
127000% has been achieved in LagsCa;sMnQy films with transition temperatures as
low as 77 K compared to the bulk value of 265 K. This extremely large MR effect has
been attributed to lattice strain imposed by the substrate since it has been obtained only
in films with thickness around 100 nm [42] and under very specific preparation and
heat-treatment conditions,

Preparation of artificial structures consisting of different CMR materials is another route
to optimize the CMR behavior and understand the mechanisms involved in this
phenomenon. The CMR behavior of such structures is not a mere superposition of the
response of the individual layers [43]. This could be attributed to either interlayer
interactions or stress effects due to lattice mismaich. In what follows we report on the
magnetic structural and MR properties of La,,Ca; sMnO; films prepared under different
conditions as well as LazsCa;sMn0y /La, aCazsMn0; multilayers showing exchange
biasing effects.

1. Experimental details

The films were deposited on (001) LaAlO; substrates by PLD from bulk stoichiometric
LayCasMnO; target samples. The targets were prepared by standard solid state
reaction from La,0;, CaCO; and MnO, powders sintered at 1300°C for 5 days with two
intermediate grindings. MR measurements were performed with a four probe method
and with the current parallel to the applied magnetic field. Stoichiometry was checked
by XRF and EDX analysis on films deposited on silicon substrates, since LaAlQ,
substrates would not permit the estimation of the La content of the films. The 8-20 X-
ray diffraction data were obtained with a Siemens D500 diffractometer using CuKa
radiation and a secondary graphite monochromator. Pole figures obtained by using the
Syntex P21 four cycle diffractometer verify the epitaxial growth of the film on the
substrate. The magnetic measurements were performed in a SQUID magnetometer
(Quondam Design).

3. PLD of LaysCaysMn0; 5 films

Due to the structural similarity between manganese perovskites and YBCO
superconducting materials much of the previous experience on the PLD deposition of
the latter applies also to the former [44] However in the case of Lay;Ca;sMn0O,
optimum CMR is not observed in fully oxygenated materials so it is meaningful to
explore a large variety preparation conditions that differ from those that would yield a
perfecily crystallized and oxygenated film material. In our setup the beam of an
LPX105 eximer laser (Lambda Physic) with KrF gas (=248 nm) was focused on to the
target which was rotated during the deposition to minimize target modification effects.
The pulse energy is typically 225mJ resulting in a fluence on the target of 14 Yiem®
depending on the spot size. Most of the films considered in this study were prepared at a
fluence of 1.5 J/cm® and a repetition rate of 6Hz. The substrate temperature (Ts) was
varied between 550 and 700°C. The target to substrate distance (dys) was varied
between 2 and 8 em. The deposition was done in an oxygen atmosphere, the pressure of
oxygen was varied between P;=0.02 and 0.8 Torr.
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4, X-ray diffraction

The structure of the target material is orthorhombic and can be described by the space
group Pnma. The unit cell constants are a=5.456A, c=5.451 A and b=7.747 A These
parameters are related to the unit cell a, of the corresponding simple cubic perovskite
structure as a~c=V2a,, bx2a, which gives a value of 3,3.86 A_ In the X-ray diffraction
patterns of the film samples only reflections that can be indexed as 00¢ of a simple
pseudo-cubic perovskite structure appear, indicating a high degree of orientation (Fig.
1). The regions around the (001) and (002) reflections are magnified in the insets. The
unit cell constant can be made close to that of the target material (3.86 A) for a large
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Figure 1. Typical X-ray diffraction pattern of a thin film sample. The regions
around the (001) and (002) reflections are magnified in the insets. Reflections due to
the LadlO; substrate are marked with ().

variety of preparation conditions. The epitaxy of the films is verified by x-p scans
performed on the family of [011] reflections with the use of the four cycle
diffractometer. Intensity is observed only for four values of @ differing by 90° multiples.
The values of the ¢ angles for which the family of the film [011] reflections are
observed coincide with those of the substrate [011] reflections.

5. Effect of the deposition conditions

It was observed that irrespectively of the P, , Te is higher for films grown at longer
distances, that correspond to the visible extent of the plume. This is consistent with the
observation that the plasma chemistry is more favorable to proper oxidation when the
substrate is located near the edge of the plume. Furthermore, the decreased growth rate,
at longer distances, allows more time for crystallization to occur, thus minimizing any
disorder. In the films deposited at shorter dys an increased width of the resistivity peak
is observed which is a sign of poor film uniformity. The films deposited at 0.3 Torr and
at short distances from the target (2-4 cm) were found to be Mn deficient. This could be
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Figure 2. Resistivity as a function of temperature for a series of
LaCaMnQ thin films prepared under different pressures of
oxygen at Ts=700°C and dys=6 cm.
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attnbuted to secondary ablation on the substrate [44]. The films grown at longer
distances have compositions close to the target material. In the case of the films
deposited at 0.8 Torr, no significant changes in stoichiometry were observed in the
range 2-6 cm.

The propertics of the resulting film can be drastically varied by adjusting the
preparation conditions. In Fig2 p ws T curves are shown for a series of samples
prepared under different pressures of oxygen which are noted. The films were prepared
at Ts=700°C, drs=6 cm. Films prepared at higher oxygen pressurcs have transition
temperatures close to that of the bulk material. At lower pressures, higher resistivitics
and lower transition temperatures are obtained. In films prepared at sufficiently low
oxygen pressures the characteristic peak in the p vs T curve is not abserved but instead
the samples show an insulating behavior in all the temperature range measured. This
happens in a very narrow window of preparation conditions as oxygen pressure is
reduced from 0.1 to 0.07 Torr. The double exchange mechanism is based on the
hopping of the mobile e, electron between neighboring Mn ions. Lattice strain affecting
the Mn-O-Mn bond angles, oxygen deficiency and disorder are expected to influence
this mechanism. Samples prepared under low oxygen pressure or low substrate
temperatures are likely to be oxygen deficient, having disordered structures that favor
electron localization thus giving rise to lower T and increased resistivity. Reduced
transition temperatures have also been obtained as Ts was decreased from 700°C to
550°C in films deposited at Po,=0.3 Torr.

6. Films deposited at low Py,

The unit cell constant of the film samples is closz to the bulk value of 3.86 A, despite
the large variety of preparation conditions that resulted in very different transition
temperatures. However four cycle X-ray diffraction measurements in films deposited in
very low oxygen pressures (0.02 Tormr, Ts=650°C, drs=7 cm) reveal a disordered
structure with unit cell constants of 3.99 A perpendicular to the film plane and 3.82 A
parallel to the film plane. This difference between the a and ¢ axis corresponds to an
extremely large distortion of the unit cell compared to the ones that can be observed in a
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bulk material. The existence of this large distortion is also supported by the fact that the

Figure 3. y-p scan performed on the family
of [011] reflections with the use of a four
cycle diffraciometer for a film deposited at
P=0.02 Torr, TS=650°C and dys=7 cm .
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Figure 4. (a) Resistivity as a function af
temperature for the as deposited as well as
for thin films annealed for different time
intervals and (b) the corresponding XRD
patterns.

(011} reflection is observed at an angle x
~44° with respect to the plane of the
substrate instead of the value x=45
expected for a perfect cubic crystal
(Fig.3). These films show insulating
behavior in all the temperature range
downto SK.

7. Post-annealing of films deposited at
low Pos

In Fig 4(a) we present the resistivity as a
function of temperature for the as
deposited as well as for thin films that
were post-anncaled for different time
intervals, We can see that subsequeni heat
treatment  increases  the  transition
temperature up fo values close to that of
the target material (265 K). This increase
is accompanied by a dramatic decrease of
the low temperature resistivity by 6 orders
of magnitude. The resistivity at the peak
pe decreases as well, Above the Te an

activation law p(T)Cexp(E/KT) was used
to fit the data. The activation cnergy E,
decreases from 1650 K for the as-
deposited sample to 710 K for the fully
annealed one. The corresponding 6-28 X-
ray diffraction patterns in the region
around the (002) peak of the cubic unit
cell, which is the strongest peak observed
in the 0-20 plot, are also shown (Fig.4
(b)). The peak is shifted to higher 20
values finally approaching the value of the
bulk material (20=47"). The films
corresponding to 1 hour and 4 hours of
anncaling  are  apparently non-
homogenecous showing a split peak. XRD
measurements on inhomogeneous samples
in which the upper part was chemically
etched reveal that the lower angle part of
the split peak corresponds to the layers
closer to the substrate. This is consistent
with the fact that these layers are expected
to be more strained. The film annealed for
2 days is homogeneous but the peak is
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shifted to higher angles after 7 days of annealing. The corresponding displacements are
also observed in the (001) and (003) peaks (not shown in the figure).

o't — H=0
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Figure 5. Resistivity as a function of temperature measured in a 50 kOe applied field
{o). in zero applied field () and magnetoresistance ratio [p(0)-p(H)J/p(H) (—) for
samples prepared under different conditions (see text).

8, CMR in Lay;CasMn0, ; films

Fig. 5(a) presents p vs T measurcments in an applied field of 50 kOe as well in zero
applied field for a film deposited with oxygen pressure Po,=0.2 Torr and at Ts=700°C.
The peak in the resistivity curve is shified from 210 1o 250 K after the application of the
magnetic field. The difference between the two curves gives a measure of the MR effect
which is plotted as a solid line presenting the ratio [p(0)-p(H))/p(H). For this film an
MR ratio of 320% is obtained at a temperature of 200 K,

It is well established that the size of the CMR effect decreases with increasing T and
that the highest MR values are observed in films with T =77-150 K [32,41]. Thus in
order to achieve high MR it scems that the deposition and anncaling conditions must be
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fine tuned in the low T region just before the fully insulating behavior appears. We
were able to achieve very high MR ratio values are observed in a film pre!m‘ed at
Ty=700°C, a drs=6 cm and Py;=0.07 Torr and subsequently annealed at 900°C for 2
days. The peak in the resistivity curve is shifted from 135 to 230 K after the application
of the magnetic field and a maximum magnetoresistance of 109000% is obtained at 130
K (Fig. 5(b)). Samples prepared under the same conditions and annealed for times
shorter than one day had an insulating behavior in all the temperature range whereas in
films annealed for times longer than 3 days the MR effect is substantially decreased.
These samples (prepared at Ts=700°C, a dys=6 cm and Po;=0.07 Torr) are found more
difficult to oxidize than the corresponding ones of Fig.5 though deposited at more
favorable conditions. The curves 5(a,b) are characteristic of epitaxially grown thin films
where grain boundary scattering is not significant [45]. Large MR is observed only
around the transition temperature and goes to zero at lower temperatures.

9, Exchange biasing
The existence of unidirectional anisotropy due to exchange coupling between a
ferromagnetic (FM) and an antiferromagnetic (AF) phase was discovered by Meiklejohn
and Bean [46]. Exchange anisotropy results in a displaced hysteresis loop when the
sample is ficld cooled through the Neél temperature of the AF phase. The microscopic
mechanism of loop displacement was originally explained by assuming an ideal AF/FM
interface with uncompensated AF moments [46]. The preparation of layered FM/AF
structures by modern deposition techniques [47-51] facilitated the efforts to understand
the mechanism of exchange biasing and enabled important technological applications
as the magnetoresitive spin
valve [52]. Up to now exchange
anisptropy  effects have been
studied in mainly in FM/AF
systems consisting of transilion
metal alloys and oxides (eg
FM=NiFe, Fe,0,, and
AF=Co0 FeMn). In this work
we the study exchange biasing,
2 coercivity and magneto-
- - A resistance in a series of
LazsCa; sMnOy/La; aCazsMn0;
multilayers where the
La.+CayaMn0O; layers are FM

Figure 6. The XRD pattern of a multilaver and LaysCasMn0O; layers are

sample compared to those of single AF and FAf ~ AF- Exchange biasing cffects
favers. are reporied for the first time in

a system with this type of
magnetic inleractions,

LaMac, {002y o

20 (deg)
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10. PLD of LayyCayaMnOy /La s CazaMnO; multilayers

A series of LaysCasMnOy/La;CazsMnO; multilayers with equal AF and FM layer
thickness and bilayer thickness ranging from 2 to 32 nm were grown along the (001)
direction of the simple pseudocubic perovskite unit cell. The structural compatibility of
the AF and FM layers permits coherent growth that favors magnetic coupling. In order
to deposit in a multilayer form, the targets were mounted on a step-motor controlled
rotatable camer that allows the La;nCa)sMnO; and LajaCaysMnO; targets to be

Figure.7 Hysteresis loops, measured at 10 K
after cooling down from 300 K in zero fleld
(ZFC) and in 10 kOe (FC), for a
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Figure 8. Temperature dependence of exchnage
iasing field (FHeg) and coercive field (1) for the
LadlOy{FM(S nm) AF(S nm)] s multilayer.

sequentially exposed in the beam
path. The substraie was located at a
distance of 6 cm from the target,
by the edge of the visible extent of
the plume. The  substrate
temperature (T,) was 700°C and
the oxygen pressure in the chamber
during the deposition was 0.03
Torr. The resulting rate at fluence
of 1.5 Jem® on the target was 0.4
Alpulse. The main Bragg peak lies
between the Bragg peaks of the
single AF and FM layers and is
surrounded by satellite peaks due
to the layered structure (Fig6).
The existence of an average Bragg
peak for A =10nm indicates that
for this range of bilayer thickness
we have a coherent layer growth,
The values of A were estimated
by the formula A=ni-/2(sind,-
sinfly) where 0, are diffraction
angles of the n-th order satellite
and 0 is the average Bragg peak.

11. Loop Shift

Magnetic  hysteresis  loops,
measured at 10 K afier cooling
down from 300 K in zero ficld
{(ZFC) and in 10 kOe (FC), for a
LaAlOy/[FM(5 nm)/AF(5 nm)]s
sample are shown in Fig.7. It is
evident that the ZFC loop is
symmetric around the zero field,
while the FC loop is shified
towards negative fields. This
effect can be attnbuted to
exchange biasing at the AF/FM
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interface, since single-layered FM films do not exhibit any loop displacement after the
FC process. If H, is the lower and H; is the higher field value where the average film
magnetization becomes zero, then the exchange biasing field is defined as the loop shift
Hgg= —(H;+H3)/2 and the coercivity as the halfwidth of the loop H-=(H;-H;/2. Thus,
we calculate for the FC loop an Hgs=880 Oe and a Ho=800 Oe which is almost double
compared 1o the He wvalue obtained from the ZFC loop. Additional magnetic
measurements were performed in order to investigate the ongin of this effect. The
temperature dependence of Heg and He values is shown in Fig 8. These values were
estimated from isothermal loops measured in constant temperature intervals, afier FC
the sample from 300 K down to 10 K in 10 kOe and then warming up. It is evident that
Hgp decreases and disappears around the so-called blocking temperature Ty of 70 K.
The H:- values exhibit a similar trend, indicating a connection between the mechanisms
that give rise to coercivity and loop displacement.

In Fig.9 the ZFC(W)and FC(W) measurements of the average film magnetization as a
function of temperature are shown. Both measurements were performed by warming up
in 1 kOe after having cooled in zero field and 10 kOe respectively. The ZFC and FC
curves coincide at temperatures higher than 100 K and become zero at about 250 K,
where the Curie point T, of the FM layers is expected. The ZFC curve exhibits a broad
peak around the Te~70 K, whereas the FC curve exhibits a stcep increase just below Ta.
It is reasonable to assume that the increase of magnetization in the FC measurement
results from the alignment of interfacial magnetic moments, giving rise to unidirectional
anisotropy below Tg [45]. Hence, the observed hump below Ty in the ZFC curve can be
attributed to thermally activated magnetic rotation over energy barriers caused by
random exchange coupling at the AF/FM inlerfaces.

12. Bilayer thickness dependence of exchange biasing phenomena

Since exchange biasing is an interface related phenomenon a strong dependence on the
individual FM and AF layer thicknesses is expected. In order to establish such a layer
thickness dependence a series of multilayers with equal AF and FM layer thicknesses
LaAlOy|FM(AS2)/AF(AS2)]s has been studied. Remarkably our M vs T measurements
indicate that the Ty docs not change in the examined range of bilayer thicknesses and
occurs around 70 K for all samples (Fig.9). This would mean that the mechanism of the
interfacial spin ordering does not depend o the layer thickness.

Fig. 10 shows the variation of the normalized resistivity as a function of temperature,
measured in 50 kOe (py) and in zero applied field (po). Again the solid linc represcnis
the Ap/py=[pe-pu)/py matio that gives an estimate of the CMR effect. The resistivity
increases drastically as we cool down from 300 K, spanning several orders of
magnitude. This can be attributed to the presence of the insulating AF layers that mask
the response of to the FM layers. However we can sce that for the samples with
maximum exchange biasing effects a peak is observed around T that can be attnbuted
to the alignment of the interfacial spins, whereas MR is also maximized around the
same temperature range, This is in agreement with the M vs T measurements (Fig.9)
where it is evident that the most drastic change of the average film magnetization does
not occur near the T, of the individual FM layers but at T
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Figure 9 Magnetization as a function of temperature for the series of
JFMEA 2nm)AF (A 2nm) ] 5 multilavers. The measurements were performed by warming
up in | kOe afler having cooled down to 10 K. in zero field (Z2FC) and 10 kOe (FC)
respectively.
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Figure. /0 Resistivity, normalized to the 300 X volue, as a function of temperature, measured in
30 ke (pyy) and in zero applied field (py for the series of [FMiA2VAFIA 2] 13 multilavers The
CMR ratio Ap/py={pepwlpy i plotted as a solid line
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Figure 11. Exchnage biasing field ({gs) and layer [51] Again, the Hc- follows
coercive field (Hg) as a function of the the varnation of Hpy with A,
bilaver thickness A for the series aof indicating that there is a
LadlOy[FM{A2VAF(A2) |15 multilavers. significant contribution in H.

from the exchange anisotropy at
the AF/FM interfaces.

13. Conclusions

Films deposited from La.Ca,sMnO, targets exhibit a large variety of magneto-
transpon properties depending on the exact preparation conditions and subsequent heat-
treatments performed. Films deposited at higher oxygen pressures, at Ts=700"C and at
targel to substrate distances corresponding to the visible extent of the plume have
properties similar to those of the target material. At lower Po; or T films with lower Te
and higher resistivity are obtained. When films are prepared under very low (P;=0.01
Torr) oxygen pressures a distorted  structure is obtained, exhibiting insulating behavior
in all the temperature range. Upon annealing at 900°C in oxygen flow for several days
the bulk properties can be regained and thercfore these differences must be attributed 1o
lattice strain and oxygen deficiency in the thin film materials. This annealing probably
leads to recrystallization towards a more stable state, reducing in this way
stoichiometric gradients as well as oxygen and cation inhomogeneities. A series of
[La:aCa sMnOyLa, ,CazsMn0s] s multilayers, with bilaver thicknesses between 2 and
32 nm, has been prepared by Pulsed Laser Deposition. The study of their magnetic and
magnetolransport properties reveals, for the first time in this category of materials, the
presence of an exchange biasing mechanism at low temperatures, Zero-field-cooling
and ficld-cooling magnetic measurements reveal a blocking temperature around 70 K
that is independent from the bilayer thickness, whereas the average film magnetization
becomes zero at 250 K.
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