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Exchange-coupling-induced antiferromagnetic-ferromagnetic transition in
Pro.sCap sMnO 3/ Lag sCap sMnO 3 superlattices
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Superlattices built from two antiferromagnetiCAFM), charge- and/or orbital-order compounds,
Pry Ca gMnO; and Lg Ca, gMnOs, were studied as the thickness ofgl&&, gMnO; (LCMO) varied. High-
structural-quality thin films were obtained on LaAJ@ubstrates 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 thed2p sMnO3/Lay sCa sMnO3 interfaces
resulting from the strain effects.
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In multilayer structures based on transition-metal comclose to the commensurate valug=0.5 (such as
pounds several fascinating magnetic properties such as oscip Ca sMnO; and LgCa MnO3) in the reduced-
latory exchange couplin® exchange bias® and enhanced bandwidth system®:16In these systems the charge-ordering
coercivity? have been observed. These magnetic phenomergap can be collapsed by the application of a magnetic field,
are the interplay of exchange coupling at the interfaces of than electric field, high pressure, optical radiation, and electron
heterostructures composed of ferromagnéfibl) and non- irradiation!” and this results in a metallike transport below
magnetic, either metallic or insulating, materials. In thesethe charge-order transition temperature.
heterostructures, the interfaces are rich in magnetic and Here, we synthesized superlattices consisting of two anti-
structural coordinations of the transition-metal ibhs ferromagnetic insulator materials, jR€a sMNnO; (PCMO)
through interaction processes like direct exchange, superegnd Lg sCa sMnO; (LCMO), on (001)-oriented LaAIQ
change, and double exchange. The increase in coercivity i$AO, cubic with a ,o=3.79 A to investigate new mag-
commonly observed when ferromagnetic thin film is couplednetic and electronic properties, and our results are reported in
through antiferromagneticAFM) thin film. Several possible this paper. The effect of strain-induced spin canting on the
mechanisms have been used to explain the increased coercimagnetoelectronic properties of the superlattices with vari-
ity found in FM/AFM systems such as instabilities in the ous LCMO-layer thicknesses is studied, keeping the PCMO
antiferromagnét’® and inhomogeneous magnetization layer at a fixed thickness.
reversals12 Another manifestation of exchange coupling is The samples were grown using the multitarget pulsed-
interfacial ferromagnetism at the interfaces of the heterolaser-deposition technique at 720 °C in an oxygen ambient
structures. Uedat all® studied the magnetic properties of of 300 mtorr!®  The  deposition rates (typically
the superlattices and found that antiferromagnetic layers of-0.38 A/puls¢ of PCMO and LCMO were calibrated for
LaCrO; and LaFeQ grown on(111)-oriented SrTiQ show a  each laser pulse of energy densit J/cnf. After the depo-
ferromagnetic behavior. The authors have explained the fessition the chamber was filled to 400 torr of oxygen at a con-
romagnetic behavior due to the ferromagnetic coupling bestant rate, and then the samples were slowly cooled down to
tween F&" and CP*. Takahashet all* studied the transport room temperature at the rate of 2€/min. The superlattice
and magnetic properties of the superlattices made up of AFNstructures were synthesized by repeating 15 times the bilayer
CaMnQ; and paramagnetic CaRyOgrown on (001)-  comprised of 20-unit cellu.c) PCMO andn-u.c. LCMO,
oriented LaAlQ (LAO) and found that they show a Curie with ntaking integer values from 1 to 20. In all superlattices,
temperaturéT.) at~95 K and a negative magnetoresistancethe top and bottom layers were 20-u.c.-thick PCMO. The
belowTc. The authors concluded that the ferromagnetic transamples were characterized by magnetizatddnin addition
sition with appreciable spin canting occurs only near the into resistivity(p) and x-ray diffraction’XRD). Magnetization
terface region, due to electron transfer from the CaRuOmeasurements were performed at 10 K with a magnetic field
layer to the CaMn@layer through the interface. Looking at along the[100] and[001] directions of LAO.
these examples, it is interesting to build superlattices in order The superlattices consisting of alternate layers of PCMO
to obtain novel electronic properties. For this, many types oind LCMO grown on(001)-oriented LAO showed00l) dif-
oxides can be used and mixed-valance manganite is one @faction peaks of the constituents and substrate, indicating
them. Moreover, the manganite compounds exhibit manyhe growth of an epitaxial, pseudocubic phase wittraxis
fascinating electronic properties such as colossal magnetorerientation. The#-260 scan for three samples with different
sistanc CMR) and charge and/or orbital ordering. The latter spacer-layer thicknesses is shown in Fia)1These scans
property of charge ordering has been seen in mixed-valenaogere recorded around tl{802) reflection of these pseudocu-
manganites in particular, when the dopant concentration ibic perovskites. The first-order satellite peak of the sample
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the (002 reflection of LAO for various superlattices. The satellite
peaks of several order§rom -3 to +3 around the main peak decreases slowly up to 60 K, and then it drops rapidly until
(order O are indicated by arrowsn reprensents the number of 170 K. Above 170 K, it increases again slowly up to 320 K.
LCMO layers in the PCMO/LCMO superlatticéh) The evolution  The AFM behavior observed in the sample with4 is al-
of the coherence length of the superlattices with different LCMO-most suppressed in the sample with8. This AFM feature
layer thicknesses. The solid line is a guide to the eyes. is completely suppressed for superlattices witk 10, and
the sample becomes FM. As an example, the temperature-

with n=4 and 12 on the higher-angle-side of 2 dif-  dependent magnetization for12 is shown in Fig. &). The
fraction peak of the constituents falls on @2 reflection = magnetization decreases very slowly above 10 K up to
of the substrate, while it is close to tk@02) reflection of the 100 K; above this temperature the magnetization drops rap-
substrate for the sample with=20. As the LCMO-layer idly to 250 K and then decreases slowly up to 320 K. This
thickness increases, the presence of higher-order strong sé&mperature-dependent magnetization measured in a spin-
ellite peaks on either side of th@02 diffraction peak equilibrium configuration(field-cooled correlates with the
clearly indicates the formation of a new structure having astronger ferromagnetic interaction at the interface. Fig) 2
periodic chemical modulation of the constituents. The fulldisplays, forn=20, the magnetization measured in spin-
width at half maximum(FWHM) of the rocking curve cor- nonequilibrium(zero-field-coolefland spin-equilibrium con-
relates the structural-coherence lengtbf the sample with  figurations. This figure shows a large difference between
the relation é&=27/QFWHM,?® where Q(=1/d) is the both configurations below 100 K. This indicates the presence
scattering-vector length and FWHM is in radians. The coherof an inhomogeneous nature of the spin orientations at the
ence length along thg001] direction of the substrate, for interfaces as well as in the bulk, due to spin canting or spin
various samples with different LCMO-layer thicknesses, isorder. The increase in the LCMO-layer thickness in the fixed
shown in Fig. 1b). The value of¢ is several times the total PCMO-layer thickness-based multilayers, clearly shows an
thickness of the superlattices, indicating the coher¥hayd  antiferromagnetic-to-ferromagnetic transition, which is con-
confirming the single crystallinity of the samples seen in thefirmed by the field-dependent magnetization described here-
XRD data. after(see Fig. 3. Surprisingly, for the FM sampldse., with

The temperature-dependent magnetizatid(T) was n=10), the Curie temperature of the superlattices does not
measured in the presence of a 0.1-T magnetic field, orientechange significantly226 K and 229 K fom=12 andn=20,
along the[001] direction of the substratéi.e., within the  respectively with the LCMO-layer thickness.
plang. The field-cooled FC) magnetization of the superlat-  The enhancement of FM is also observed in the field-
tice with n=4 [Fig. 2@@] on heating from 10 K, decreases dependent magnetizatidvi(H) of the superlattices with the
slowly up to 150 K, remains constant in the temperaturencrease in magnetic moments as the LCMO thickness in-
range of 150 K to 230 K, and then again decreases slowlgreases. This is illustrated in the zero-field-coolgdC)
up to 320 K. This feature is qualitatively similar to that of M(H) at 10 K, recorded with a magnetic field oriented along
the PCMO; i.e., the superlattice witihe4 displays an AFM  the [100] and [001] directions of the substrate, for various
behaviort® As the LCMO-layer thickness increases up to 8samplegn=4, 8, 12, and 20) shown in Fig. 3. When looking
u.c.[Fig. 2(b)], the FC magnetization, on heating from 10 K, in detail at the graph, we observe that the superlattice with
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tion increases gradually with an increase in either the in-

plane or out-of-plane magnetic field. A qualitatively similar ~ FIG. 4. (a) In-plane and out-of-plane coercive field at 10 K of
hysteresis loofFigs. 3b)-3(d)], but with a higher value of the superlattices with different LCMO-layer thicknessés. ZFC

the coercive field, is observed for the sample with a highefagnetization of various samples with different LCMO-layer thick-
thickness of the LCMO layefn=8, 12, and 2D Moreover, N€sses atl0Katal T magnetic fleld._The solid lines are gqldes to
for the samples witn>6, the in-plane coercive field is the eyes(c) The zero-flelld-cpoled and field-cooléd T) magnet!c-
smaller than the out-of-plane coercive field. This difference/i€/d-dependent magnetization along the out-of-plane directions of
is clearly seen in Fig. @), where the in-plane and out-of- (€ Superlattices with=20 at 10 K.

plane coercive fields for various samples are plotted.HBe hence the anisotropy in the coercivity. The fluctuations of the
increases with the increase in the LCMO-spacer-layer thickaFm spin at the interfaces enhance the coercive field with
ness and saturates for the sample with 10. From this fig-  the increase in the LCMO-layer thicknedsThis effect is
ure, it is observed that anisotropy idc appears for the also realized in the net magnetizations of the superlattices.
sample withn> 6. This anisotropy increases uprte=12 and  The net magnetizations of the superlattices at 1-T magnetic
remains the same for higher valuesoflthough a relatively  field with two orientations, at 10 K, for samples with various
small increase iH: has been observed in the superlatticesLCMO-layer thicknesses are shown in Fig(b# As the
with n<6, compared to its constituentt CMO and LCMO-layer thickness increases from 1 u.c. to 10 u.c., the
PCMO). Nevertheless, the exchange coupling at the intermagnetization inM(H), recorded at 10 K, under 1-T mag-
faces is strongly enhanced: for superlattices witm>6.  netic field increases 2 times, and for higher values of LCMO-
Since the magnetic interactions between the Mn ions in théayer thicknesses the magnetization increases to a negligibly
bulk PCMO or LCMO do not lead to the enhancement ofsmall value. To explain these observations we consider the
Hc, the origin of the enhancement must be from the ex-coherency and intrinsic inhomogeneities of the constituents.
change interaction between PCMO and LCMO at the inter-The presence of two different ionic-size elements atAhe
faces. The fact that such features are strongly dependent @ite in PCMO and LCMO leads to intrinsic
the stacking of the superlattices and viewing some recerihhomogeneitie$® However, it is important at the interfaces
resultg>?? reinforce this statement. due to the presence of La, Pr, and Ca. This introduction of an
For the ideal antiferromagnetic state of the constituentsinherent or quenched disorder in the system results in a low-
the magnetization of PCMO/LCMO should be independentemperature regime that consists of ferromagnetically or an-
of the magnetic field. The gradual increase in magnetizatiotiferromagnetically ordered phasdsmhomogeneous mag-
for both orientations of the magnetic field in the hysteresisnetic phaseg* with randomly oriented order parameters. The
loop (Fig. 3), indicates that the AFM sublattices contribute to presence of inhomogeneous magnetic phases in the bulk
the coupling energy at the interfaces when the difference ifeads to three possible local magnetic coordinati@kisSM-
the orientation of its two magnetization sublattices deviatesAFM, AFM-FM, and FM-FM) at the interfaces. The increase
from 180°. The origin of the reorientation of the spins of thein the LCMO-layer thickness, i.e., the relaxation of strain,
AFM sublattices could be due to the 3D coordinations ofvaries the strength of the exchange coupling at the PCMO/
different A-site ions and/or the inhomogeneous magnetid CMO interfaces. As the LCMO-layer thickness increases
phases. This will induce an extra interfacial anisotropy androm 1 u.c. to 9 u.c., the increase in magnetization is due to
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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 witi&=10 should
saturate. But the nonsignificant increase in magnetization for
a sample withn=10 could be due to the presence of inho-
mogeneous magnetic phases with the increase in microscopic 3.845F,
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 He and a shifted hysteresis loop in the direction of the O,
magnetic field"® It is usually observed on cooling the FM/
AFM system below the Curie temperature of the FM through
the Neel temperatur@y 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 witl20 at
10 K are shown in the Fig.(d). Though the constituent ma- OF N N : N
terials are antiferromagnetic, as the sample is cooled below 0 3 1015 20
room temperature in presence of a 2-T magnetic field, the LCMO layer thickness (u.c.)
origin of the hysteresis loop is shifted towards the negative- _ _
field axis. This confirms the presence of magnetic inhomo- F'C- 5. (@, (b), and (c) Evolution of the out-of-plane lattice
geneity in the samples. parameter, with r93|st|V|ty at.10_0 K and magnetore&stance at 1QO K

We then tried to correlate these measurements with th nder a 7 T applied magnetic field, respectively, of the superlattices

or different LCMO-layer thicknesses. The solid lines are guides to
transport as well as the structure of the samples. Thus,

W
_ i .
also analyzed the structure and transport properties of thes® °Y&°

samples as a function of the LCMO-layer thickness. In oxides(b)]. As the resistivity of all samples with various LCMO-
thin films, it is well known that the structural and transport layer thicknesses is very high below 100 K, it is prohibitive
properties are strongly dependent on the strains imposed kg compare the LCMO-thickness dependence resistivity be-
the substrate. This is particularly true for PCMO and LCMOlow 100 K. Thus we present the change in the magnetoresis-
thin films, as previously observed in similar filfs?® The  tance (MR=[p(0)-p(H)]/p(H) at 100 K [Fig. 5c)] as a
lattice parameter of bulk PCMQ@apcwo=3.802 4 and  function of the LCMO thickness. This notation for the MR is
LCMO (a cmo=3.83 A) is larger thana no with a lattice  used for better resolution at the higher-LCMO-layer thick-
mismatch of +0.3% and +1.05%. Indeed, the epitaxialness. The crossover region from a strained to a strain-relaxed
growth of PCMO on LAO provides in-plane compressive state with a LCMO-layer thickness appearing in the same
stress on PCMO. A similar kind of stress is also expected ategion (close ton=8) as those observed in the variation of
the interfaces for the epitaxial growth of LCMO on PCMO, the coercive field Fig. 4(a), at 10 K), magnetizatior{ Fig.

and such a difference might affect the physical properties. I@(b), at 10 K], resistivity, and magnetoresistance with the
the superlattices, the out-of-plane lattice parameten- ~ LCMO-layer thickness, indicate that the charge-spin cou-
creases with the increase in spacer-layer thickness and saipiing is correlated with the structure. This also suggests that
rates for the sample with>10[Fig. 5a)]. Thec-axis lattice  both the crystallographic and/or magnetic reconstructions
parameter of the superlattice with=1 increases t6=0.3%  and relaxations are responsible for the physical properties of
asn increases to 20. This change is equal to the lattice misthis system.

match between LAO and PCMO. Thus, we conclude that In conclusion, the superlattices composed of
substrate-induced stress plays an important role in the stru®r, :Ca, sMnO3 and Lg sCa, sMnO5; compounds were grown
ture of the superlattices, similarly to that in any manganiteon (100 LaAlO; using pulsed laser ablation. The fixed
films.26 However, relaxation does not change the qualitativePCMO-layer based PCMO/LCMO superlattices show an
behavior of temperature-dependent resistivity, but increasesntiferromagnetic-to-ferromagnetic transition with an in-
the conducting path. This leads to a lowering of the resistivcrease in the LCMO-layer thickness. For the coercive field,
ity of the sample with an increase in the LCMO-layer thick- with magnetization at 1 T¢-axis lattice parameter, resistiv-
ness. As the sample is cooled below room temperature dowity, and magnetoresistance show a crossover to their satura-
to 100 K, it gains 3 orders of resistivity. This significant tion values for the same LCMO-layer thickness. We attribute
change in resistivity with temperature does not show remarkthese correlations to the crystallographic and/or magnetic re-
able variation in the LCMO-thickness dependence-resistivityconstructions and relaxations at the PCMO/LCMO inter-
curve at different temperaturd400 K and 300 K in Fig. faces. The coercive field is anisotropic to the orientations of
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the magnetic field due to the magnetic inhomogeneity alonghe increase in the LCMO-layer thickness induced a lower

the out-of-plane direction of the substrate. An enhancemerfesistive conduction path. This study confirms the impor-

of coercivity is observed in the superlattices with-6. We  tance of the interfaces in superlattices that can be used to
have interpreted this enhancement as the AFM spin fluctugkontrol physical properties in oxide materials.

tions at the interfaces. The presence of magnetic inhomoge- |y acknowledge financial support of Centre Franco-
neity is also confirmed from the ZFC and FC hysteresis looQngien pour la Promotion de la Recherche Avancee/Indo-
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