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Superlattices built from two antiferromagneticsAFMd, charge- and/or orbital-order compounds,
Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3, were studied as the thickness of La0.5Ca0.5MnO3 sLCMOd varied. High-
structural-quality thin films were obtained on LaAlO3 substrates using the pulsed-laser-deposition technique.
An antiferromagnetic-to-ferromagnetic transition, in addition to an enhancement of the coercivity, was ob-
served as the LCMO-layer thickness increased. The small shift in the origin of the field-cooled hysteresis loop
along the field axis indicates the presence of ferromagnetic and antiferromagnetic phases in the superlattices.
We attribute these features to the AFM spin fluctuations at the Pr0.5Ca0.5MnO3/La0.5Ca0.5MnO3 interfaces
resulting from the strain effects.
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In multilayer structures based on transition-metal com-
pounds several fascinating magnetic properties such as oscil-
latory exchange coupling,1–3 exchange bias,4,5 and enhanced
coercivity6 have been observed. These magnetic phenomena
are the interplay of exchange coupling at the interfaces of the
heterostructures composed of ferromagneticsFMd and non-
magnetic, either metallic or insulating, materials. In these
heterostructures, the interfaces are rich in magnetic and
structural coordinations of the transition-metal ions7,8

through interaction processes like direct exchange, superex-
change, and double exchange. The increase in coercivity is
commonly observed when ferromagnetic thin film is coupled
through antiferromagneticsAFMd thin film. Several possible
mechanisms have been used to explain the increased coerciv-
ity found in FM/AFM systems such as instabilities in the
antiferromagnet9,10 and inhomogeneous magnetization
reversals.11,12Another manifestation of exchange coupling is
interfacial ferromagnetism at the interfaces of the hetero-
structures. Uedaet al.13 studied the magnetic properties of
the superlattices and found that antiferromagnetic layers of
LaCrO3 and LaFeO3 grown ons111d-oriented SrTiO3 show a
ferromagnetic behavior. The authors have explained the fer-
romagnetic behavior due to the ferromagnetic coupling be-
tween Fe3+ and Cr3+. Takahashiet al.14 studied the transport
and magnetic properties of the superlattices made up of AFM
CaMnO3 and paramagnetic CaRuO3 grown on s001d-
oriented LaAlO3 sLAOd and found that they show a Curie
temperaturesTCd at ,95 K and a negative magnetoresistance
belowTC. The authors concluded that the ferromagnetic tran-
sition with appreciable spin canting occurs only near the in-
terface region, due to electron transfer from the CaRuO3
layer to the CaMnO3 layer through the interface. Looking at
these examples, it is interesting to build superlattices in order
to obtain novel electronic properties. For this, many types of
oxides can be used and mixed-valance manganite is one of
them. Moreover, the manganite compounds exhibit many
fascinating electronic properties such as colossal magnetore-
sistancesCMRd and charge and/or orbital ordering. The latter
property of charge ordering has been seen in mixed-valence
manganites in particular, when the dopant concentration is

close to the commensurate valuex=0.5 ssuch as
Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3d in the reduced-
bandwidth systems.15,16 In these systems the charge-ordering
gap can be collapsed by the application of a magnetic field,
an electric field, high pressure, optical radiation, and electron
irradiation,17 and this results in a metallike transport below
the charge-order transition temperature.

Here, we synthesized superlattices consisting of two anti-
ferromagnetic insulator materials, Pr0.5Ca0.5MnO3 sPCMOd
and La0.5Ca0.5MnO3 sLCMOd, on s001d-oriented LaAlO3
sLAO, cubic with aLAO =3.79 Åd to investigate new mag-
netic and electronic properties, and our results are reported in
this paper. The effect of strain-induced spin canting on the
magnetoelectronic properties of the superlattices with vari-
ous LCMO-layer thicknesses is studied, keeping the PCMO
layer at a fixed thickness.

The samples were grown using the multitarget pulsed-
laser-deposition technique at 720 °C in an oxygen ambient
of 300 mtorr.18 The deposition rates stypically
,0.38 Å/pulsed of PCMO and LCMO were calibrated for
each laser pulse of energy density,3 J/cm2. After the depo-
sition the chamber was filled to 400 torr of oxygen at a con-
stant rate, and then the samples were slowly cooled down to
room temperature at the rate of 20°C/min. The superlattice
structures were synthesized by repeating 15 times the bilayer
comprised of 20-unit cellsu.c.d PCMO andn-u.c. LCMO,
with n taking integer values from 1 to 20. In all superlattices,
the top and bottom layers were 20-u.c.-thick PCMO. The
samples were characterized by magnetizationsMd in addition
to resistivitysrd and x-ray diffractionsXRDd. Magnetization
measurements were performed at 10 K with a magnetic field
along thef100g and f001g directions of LAO.

The superlattices consisting of alternate layers of PCMO
and LCMO grown ons001d-oriented LAO showeds00ld dif-
fraction peaks of the constituents and substrate, indicating
the growth of an epitaxial, pseudocubic phase with ac-axis
orientation. Theu-2u scan for three samples with different
spacer-layer thicknesses is shown in Fig. 1sad. These scans
were recorded around thes002d reflection of these pseudocu-
bic perovskites. The first-order satellite peak of the sample
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with n=4 and 12 on the higher-angle-side of thes002d dif-
fraction peak of the constituents falls on thes002d reflection
of the substrate, while it is close to thes002d reflection of the
substrate for the sample withn=20. As the LCMO-layer
thickness increases, the presence of higher-order strong sat-
ellite peaks on either side of thes002d diffraction peak
clearly indicates the formation of a new structure having a
periodic chemical modulation of the constituents. The full
width at half maximumsFWHMd of the rocking curve cor-
relates the structural-coherence lengthj of the sample with
the relation j=2p /QFWHM,20 where Qs<1/dd is the
scattering-vector length and FWHM is in radians. The coher-
ence length along thef001g direction of the substrate, for
various samples with different LCMO-layer thicknesses, is
shown in Fig. 1sbd. The value ofj is several times the total
thickness of the superlattices, indicating the coherency18 and
confirming the single crystallinity of the samples seen in the
XRD data.

The temperature-dependent magnetizationMsTd was
measured in the presence of a 0.1-T magnetic field, oriented
along thef001g direction of the substratesi.e., within the
planed. The field-cooledsFCd magnetization of the superlat-
tice with n=4 fFig. 2sadg on heating from 10 K, decreases
slowly up to 150 K, remains constant in the temperature
range of 150 K to 230 K, and then again decreases slowly
up to 320 K. This feature is qualitatively similar to that of
the PCMO; i.e., the superlattice withn=4 displays an AFM
behavior.19 As the LCMO-layer thickness increases up to 8
u.c. fFig. 2sbdg, the FC magnetization, on heating from 10 K,

decreases slowly up to 60 K, and then it drops rapidly until
170 K. Above 170 K, it increases again slowly up to 320 K.
The AFM behavior observed in the sample withn=4 is al-
most suppressed in the sample withn=8. This AFM feature
is completely suppressed for superlattices withnù10, and
the sample becomes FM. As an example, the temperature-
dependent magnetization forn=12 is shown in Fig. 2scd. The
magnetization decreases very slowly above 10 K up to
100 K; above this temperature the magnetization drops rap-
idly to 250 K and then decreases slowly up to 320 K. This
temperature-dependent magnetization measured in a spin-
equilibrium configurationsfield-cooledd correlates with the
stronger ferromagnetic interaction at the interface. Fig. 2scd
displays, for n=20, the magnetization measured in spin-
nonequilibriumszero-field-cooledd and spin-equilibrium con-
figurations. This figure shows a large difference between
both configurations below 100 K. This indicates the presence
of an inhomogeneous nature of the spin orientations at the
interfaces as well as in the bulk, due to spin canting or spin
order. The increase in the LCMO-layer thickness in the fixed
PCMO-layer thickness-based multilayers, clearly shows an
antiferromagnetic-to-ferromagnetic transition, which is con-
firmed by the field-dependent magnetization described here-
after ssee Fig. 3d. Surprisingly, for the FM samplessi.e., with
nù10d, the Curie temperature of the superlattices does not
change significantlys226 K and 229 K forn=12 andn=20,
respectivelyd with the LCMO-layer thickness.

The enhancement of FM is also observed in the field-
dependent magnetizationMsHd of the superlattices with the
increase in magnetic moments as the LCMO thickness in-
creases. This is illustrated in the zero-field-cooledsZFCd
MsHd at 10 K, recorded with a magnetic field oriented along
the f100g and f001g directions of the substrate, for various
samplessn=4, 8, 12, and 20d, shown in Fig. 3. When looking
in detail at the graph, we observe that the superlattice with

FIG. 1. sad Reflected intensity of aQ–2Q scan recorded around
the s002d reflection of LAO for various superlattices. The satellite
peaks of several orderssfrom −3 to +3d around the main peak
sorder 0d are indicated by arrows.n reprensents the number of
LCMO layers in the PCMO/LCMO superlattice.sbd The evolution
of the coherence length of the superlattices with different LCMO-
layer thicknesses. The solid line is a guide to the eyes.

FIG. 2. Field-cooled temperature-dependent magnetization
sfilled circled at 10 K at a 0.1 T out-of-plane magnetic field of vari-
ous superlatticesfsad: n=4; sbd: n=8; and scd: n=12g. sdd shows
zero-field-cooled temperature-dependent magnetizationsopen
circled and field-cooled temperature-dependent magnetizationsfilled
circled of the superlattice withn=20 at 10 K at a 0.1 T out-of-plane
magnetic field.
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the 4-u.c.-thick LCMO layer shows an<0.02 T coercive
field sHCd for both orientations of the magnetic fieldfFig.
3sadg. It also shows a small anisotropy, while the magnetiza-
tion increases gradually with an increase in either the in-
plane or out-of-plane magnetic field. A qualitatively similar
hysteresis loopfFigs. 3sbd–3sddg, but with a higher value of
the coercive field, is observed for the sample with a higher
thickness of the LCMO layersn=8, 12, and 20d. Moreover,
for the samples withn.6, the in-plane coercive field is
smaller than the out-of-plane coercive field. This difference
is clearly seen in Fig. 4sad, where the in-plane and out-of-
plane coercive fields for various samples are plotted. TheHC
increases with the increase in the LCMO-spacer-layer thick-
ness and saturates for the sample withn.10. From this fig-
ure, it is observed that anisotropy inHC appears for the
sample withn.6. This anisotropy increases up ton<12 and
remains the same for higher values ofn, although a relatively
small increase inHC has been observed in the superlattices
with nø6, compared to its constituentssLCMO and
PCMOd. Nevertheless, the exchange coupling at the inter-
faces is strongly enhancedHC for superlattices withn.6.
Since the magnetic interactions between the Mn ions in the
bulk PCMO or LCMO do not lead to the enhancement of
HC, the origin of the enhancement must be from the ex-
change interaction between PCMO and LCMO at the inter-
faces. The fact that such features are strongly dependent on
the stacking of the superlattices and viewing some recent
results21,22 reinforce this statement.

For the ideal antiferromagnetic state of the constituents,
the magnetization of PCMO/LCMO should be independent
of the magnetic field. The gradual increase in magnetization
for both orientations of the magnetic field in the hysteresis
loop sFig. 3d, indicates that the AFM sublattices contribute to
the coupling energy at the interfaces when the difference in
the orientation of its two magnetization sublattices deviates
from 180°. The origin of the reorientation of the spins of the
AFM sublattices could be due to the 3D coordinations of
different A-site ions and/or the inhomogeneous magnetic
phases. This will induce an extra interfacial anisotropy and

hence the anisotropy in the coercivity. The fluctuations of the
AFM spin at the interfaces enhance the coercive field with
the increase in the LCMO-layer thickness.21 This effect is
also realized in the net magnetizations of the superlattices.
The net magnetizations of the superlattices at 1-T magnetic
field with two orientations, at 10 K, for samples with various
LCMO-layer thicknesses are shown in Fig. 4sbd. As the
LCMO-layer thickness increases from 1 u.c. to 10 u.c., the
magnetization inMsHd, recorded at 10 K, under 1-T mag-
netic field increases 2 times, and for higher values of LCMO-
layer thicknesses the magnetization increases to a negligibly
small value. To explain these observations we consider the
coherency and intrinsic inhomogeneities of the constituents.
The presence of two different ionic-size elements at theA
site in PCMO and LCMO leads to intrinsic
inhomogeneities.23 However, it is important at the interfaces
due to the presence of La, Pr, and Ca. This introduction of an
inherent or quenched disorder in the system results in a low-
temperature regime that consists of ferromagnetically or an-
tiferromagnetically ordered phasessinhomogeneous mag-
netic phasesd24 with randomly oriented order parameters. The
presence of inhomogeneous magnetic phases in the bulk
leads to three possible local magnetic coordinationssAFM-
AFM, AFM-FM, and FM-FMd at the interfaces. The increase
in the LCMO-layer thickness, i.e., the relaxation of strain,
varies the strength of the exchange coupling at the PCMO/
LCMO interfaces. As the LCMO-layer thickness increases
from 1 u.c. to 9 u.c., the increase in magnetization is due to

FIG. 3. Zero-field-cooled magnetic-field-dependent magnetiza-
tion along in-planesfilled circled and out-of-planesopen circled di-
rections of the superlattices withn=4, 8, 12, and 20 at 10 K.

FIG. 4. sad In-plane and out-of-plane coercive field at 10 K of
the superlattices with different LCMO-layer thicknesses.sbd ZFC
magnetization of various samples with different LCMO-layer thick-
nesses at 10 K at a 1 T magnetic field. The solid lines are guides to
the eyes.scd The zero-field-cooled and field-cooleds2 Td magnetic-
field-dependent magnetization along the out-of-plane directions of
the superlattices withn=20 at 10 K.
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the spin reorientation of the AFM sublattice at the interfaces.
However, the relaxation of strain also induces its bulk-like
properties in the LCMO layer. For ideal antiferromagnetic
LCMO the magnetization of the sample withnù10 should
saturate. But the nonsignificant increase in magnetization for
a sample withnù10 could be due to the presence of inho-
mogeneous magnetic phases with the increase in microscopic
to mesoscopic FM order parameters in LCMO.

We performed more measurements to confirm the AFM
spin fluctuations at the PCMO/LCMO interface. In fact, the
magnetic interactions across the interfaces between a
ferromagnetic-spin system and an antiferromagnetic-spin
system are generally known as exchange coupling, with phe-
nomenological features such as enhancement of the coercive
field HC and a shifted hysteresis loop in the direction of the
magnetic field.4,5 It is usually observed on cooling the FM/
AFM system below the Curie temperature of the FM through
the Neel temperatureTN of the AFM in the presence of the
magnetic field. We have used this formalism to verify
whether the fluctuations of the AFM spin at the interfaces
leads to the inhomogeneous magnetic phases in this system.
The ZFC and FC hysteresis loops of the sample withn=20 at
10 K are shown in the Fig. 4scd. Though the constituent ma-
terials are antiferromagnetic, as the sample is cooled below
room temperature in presence of a 2-T magnetic field, the
origin of the hysteresis loop is shifted towards the negative-
field axis. This confirms the presence of magnetic inhomo-
geneity in the samples.

We then tried to correlate these measurements with the
transport as well as the structure of the samples. Thus, we
also analyzed the structure and transport properties of these
samples as a function of the LCMO-layer thickness. In oxide
thin films, it is well known that the structural and transport
properties are strongly dependent on the strains imposed by
the substrate. This is particularly true for PCMO and LCMO
thin films, as previously observed in similar films.25,26 The
lattice parameter of bulk PCMOsaPCMO=3.802 Åd and
LCMO saLCMO=3.83 Åd is larger thanaLAO with a lattice
mismatch of +0.3% and +1.05%. Indeed, the epitaxial
growth of PCMO on LAO provides in-plane compressive
stress on PCMO. A similar kind of stress is also expected at
the interfaces for the epitaxial growth of LCMO on PCMO,
and such a difference might affect the physical properties. In
the superlattices, the out-of-plane lattice parameterc in-
creases with the increase in spacer-layer thickness and satu-
rates for the sample withn.10 fFig. 5sadg. Thec-axis lattice
parameter of the superlattice withn=1 increases to<0.3%
asn increases to 20. This change is equal to the lattice mis-
match between LAO and PCMO. Thus, we conclude that
substrate-induced stress plays an important role in the struc-
ture of the superlattices, similarly to that in any manganite
films.26 However, relaxation does not change the qualitative
behavior of temperature-dependent resistivity, but increases
the conducting path. This leads to a lowering of the resistiv-
ity of the sample with an increase in the LCMO-layer thick-
ness. As the sample is cooled below room temperature down
to 100 K, it gains 3 orders of resistivity. This significant
change in resistivity with temperature does not show remark-
able variation in the LCMO-thickness dependence-resistivity
curve at different temperaturesf100 K and 300 K in Fig.

5sbdg. As the resistivity of all samples with various LCMO-
layer thicknesses is very high below 100 K, it is prohibitive
to compare the LCMO-thickness dependence resistivity be-
low 100 K. Thus we present the change in the magnetoresis-
tance sMR=frs0d−rsHdg /rsHd at 100 K fFig. 5scdg as a
function of the LCMO thickness. This notation for the MR is
used for better resolution at the higher-LCMO-layer thick-
ness. The crossover region from a strained to a strain-relaxed
state with a LCMO-layer thickness appearing in the same
region sclose ton=8d as those observed in the variation of
the coercive fieldfFig. 4sad, at 10 Kd, magnetizationfFig.
4sbd, at 10 Kg, resistivity, and magnetoresistance with the
LCMO-layer thickness, indicate that the charge-spin cou-
pling is correlated with the structure. This also suggests that
both the crystallographic and/or magnetic reconstructions
and relaxations are responsible for the physical properties of
this system.

In conclusion, the superlattices composed of
Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3 compounds were grown
on s100d LaAlO3 using pulsed laser ablation. The fixed
PCMO-layer based PCMO/LCMO superlattices show an
antiferromagnetic-to-ferromagnetic transition with an in-
crease in the LCMO-layer thickness. For the coercive field,
with magnetization at 1 T,c-axis lattice parameter, resistiv-
ity, and magnetoresistance show a crossover to their satura-
tion values for the same LCMO-layer thickness. We attribute
these correlations to the crystallographic and/or magnetic re-
constructions and relaxations at the PCMO/LCMO inter-
faces. The coercive field is anisotropic to the orientations of

FIG. 5. sad, sbd, and scd Evolution of the out-of-plane lattice
parameter, with resistivity at 100 K and magnetoresistance at 100 K
under a 7 T applied magnetic field, respectively, of the superlattices
for different LCMO-layer thicknesses. The solid lines are guides to
the eyes.
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the magnetic field due to the magnetic inhomogeneity along
the out-of-plane direction of the substrate. An enhancement
of coercivity is observed in the superlattices withn.6. We
have interpreted this enhancement as the AFM spin fluctua-
tions at the interfaces. The presence of magnetic inhomoge-
neity is also confirmed from the ZFC and FC hysteresis loop
of the superlattices. The transport behavior of the superlat-
tices is similar to that of its constituentssi.e., insulatingd but

the increase in the LCMO-layer thickness induced a lower
resistive conduction path. This study confirms the impor-
tance of the interfaces in superlattices that can be used to
control physical properties in oxide materials.
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