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A series of] Lay;sCa;sMnO3(A/2)/La 5Ca;sMNO5( A/2) 1,5 multilayers, with bilayer thicknesses between
2 and 32 nm, has been prepared by pulsed laser deposition. The study of their magnetic and magnetotransport
properties reveals the presence of an exchange-biasing mechanism at low temperatures. Zero-field-cooling and
field-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. It is observed that the
exchange-biasing fielt g at 10 K follows the variation of coercive field . with A, indicating that there is
a significant contribution it from the exchange anisotropy at the interfaces. The optimum exchange-biasing
properties were observed in multilayers with=8 nm.[S0163-182@809)04525-7

[. INTRODUCTION To the best of our knowledge, a systematic study about the
presence of exchange coupling in CMR layers has not yet
The existence of unidirectional anisotropy due to ex-been reported.
change coupling between a ferromagnetic and an antiferro- In this study, our aim is to develop an exchange-biasing
magnetic phase was first reported in oxide-coated finénechanism in a series of manganese perovskite
particle$ of Co. Characteristically, exchange anisotropy re-[ La1/:Ca/sMnOs/Lay:CaysMn0Os];5 multilayers, consisting
sults in a displaced magnetic hysteresis loop when th&om alternating stacks of LaCasMnO; (FM) layers and
sample is field cooled through the Neel temperature of thé-a1:CaaMnO; (AF) layers®~**where the magnetic interac-
antiferromagnetic phase. In early studies, this loop displaceions cannot be described by direct exchatfgé>The struc-
ment has been explained by assuming an idealural compatibility of the selected AF and FM layers permits
ferromagnetic/antiferromagnetic interface with uncompen<coherent growth of the superlattice that satisfy the conditions
sated moments in the atomic plane of the antiferromagnetitor magnetic coupling at the interfaces. A systematic study
layer at the ferromagneti¢FM)/ antiferromagnetic(AF) of the exchange field and coercivity is presented as a func-
boundary* Up to date exchange anisotropy effects have beefion of the bilayers thickness and the substrate used.
studied mainly in AF/FM systems consisting of transition-
m_etal alloys and m_etallic oxideég.g., ferromagnetie Co, Il. EXPERIMENTAL DETAILS
NiFe, FgO,, and antiferromagnetieCoO, FeMn, 8 where
the ferromagnetic or antiferromagnetic interactions are due Thin films were prepared by pulsed laser deposition
to direct exchangeoupling. (PLD) of bulk stoichiometric LgsCa/;MnO; (FM) and
Besides the scientific interest to investigate the elusivé-a;;sCaysMNnO; (AF) targets o100 LaAlO; single-crystal
mechanism of ferromagnetic/antiferromagnetic coupling, substrates. The targets were prepared by standard solid-state
great deal of attention has recently been focused on the teckeaction from LaO3;, CaCQ, and MnQ powders sintered at
nological applications of the resultant exchange bias in spin1325°C for 5 days with two intermediate grindings. The
valve magnetic field sensors and nonvolatile memories fobeam of an LPX105 eximer lasécambda Physig operat-
magnetic storage devic®lso, a large amount of work has ing with KrF gas @ =248 nm), was focused on a rotating
been generated in order to evaluate the applicability of Lantarget. In order to grow a multilayer structure, the AF and
thanum manganites, presenting the colossal magnetoresiSM targets were mounted on a step-motor controlled rotat-
tance (CMR) effect, in spin-polarized tunnel junctioflsas  able carrier that allows different targets to be sequentially
well as in spin-polarized current injection devidé$abrica- exposed in the beam path. The pulse energy was 225 mJ,
tion of these heterostructures involves contact of the conresulting in a fluence of 1.5 J/énon the target. The sub-
ducting Lg;sSr,sMnO5 oxides with another perovskite ma- strate was located at a distance of 6 cm from the target, by
terial. Since the LasR,,sMnO; (R=Sr, Ca) layers are FM the edge of the visible extent of the plume. During deposition
their contact with AF perovskite layers may give rise to ex-the substrate temperature was stabilized at 700 °C and the
change coupling and, subsequently, in exchange-biasing efxygen pressure in the chamber was 0.3 Torr, resulting in a
fects at the ferromagnetic/antiferromagnetic interfaces thafeposition rate of 0.04 nm per pulse.
may alter the magnetotransport properties of the junctions. A series of[ AF(A/2)/FM(A/2)],5 multilayers was de-
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plane. The magnetotransport measurements have been car-
ried out with the standard four-point probe method, applying
the magnetic field parallel to current flow direction.

IIl. RESULTS
A. X-ray diffraction

The existence of the superstructure has been confirmed
from the presence of low-angle superlattice Bragg-peaks and
multiple satellite peaks around the (001), (002), and (003)
Bragg reflections of the constituents. A typical pattern is dis-
played in Fig. 1 where the low-angle Bragg peaks from the
AF/FM multilayers withA=5 nm are shown. As it is ex-
pected for multilayers with equal layer thicknesSebe in-
tensities from even-order, low-angle peaks are suppressed. In

FIG. 1. A typical low-angle XRD pattern where the superlattice Fig. 2 the XRD profiles reveal strong texturing along the
Bragg peaks from the LaAKYAF(40 nm)[FM(A/2)/AF(A/2)];s  pseudocubid001) direction of the perovskite unit cellag
multilayer, with A=5 nm, are shown. The tick marks indicate the lattice constantfor the films grown on STO and LAO with
positions of the superlattice peaks with order 1, 2, and 3(from A =8 nm, either with or without 40-nm AF buffer layer for
left to right). the latter. The (0 STO and (000 LAO Bragg peaks I(
=1, 2, and 3 interfere with the asymmetric intensity of the
satellite peaks nearby the fundamenrtadroth order peaks
of the multilayer, introducing uncertainties in the quantita-
tive analysis of the XRD spectra. Asymmetric intensity of
the satellite peaks has been reported in multildyéfsin
which a chemical and/or strained interfacial profile is as-
and a similar sample on @00 LaAlO; single-crystal sub- sumed along the growth direction of the superlattice. Since
strate without buffer layetnamed LAQ. X-ray-diffraction  for all the examined\ values there are no traces of mixed
(XRD) spectra were collected at ambient conditions with a(001) and(110) textures on LAO and STO substrates, cu-
Siemens D500 diffractometer using Curkadiation. Mag- mulative roughness effects resulting to extra surface rough-
netic measurements were performed in a Quantum Designess and mosaic spréavith increasingA can be excluded.
MPMSR2 superconducting quantum interference devicéevidently, due to slight differences in the averageeral)
(SQUID) magnetometer, with the field applied in the film out-of-plane lattice spacinga,, the n=+1-—next to
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posited on 40-nm-thick AF buffer layer, forming bilayers
with superlattice periodsA =2, 5, 8, 10,20, and 32 nm.
Also, for comparison we have prepared pAF(4 nm)/
FM(4 nm)],5 multilayer on a (100) SrTi@ single-crystal
substrate with 40-nm-thick AF buffer layénamed STQ)
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FIG. 2. XRD profiles of films withA=8 nm, grown on STO and LAO substrates, showing a strong preferred orientation along the
pseudocubi¢001) direction of the perovskite unit cell.
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(0O0)LAO peak— and then= +2—next to (002LAO—
satellite peaks are better resolved for the multilayer grown on
the AF buffer layer than those observed for the film depos-
ited directly on the LAO substrate.

Such variations of a, were observed® in
LaysCa,sMNO; thin films grown on STO and LAO sub-
strates, where the lattice distortions were found to be sensi-
tive on deposition conditionfoxygen pressure, annealing
surface roughness of the substrate, and the film thickness
Our results reveal that a FM layer, 100-nm thick, on LAO
exhibits ana,(FM)=0.394 nm whereas its bulk valtteis
about 0.386 nmwith a~c~a,\2, b~2a, in the Pnma
space group and a single AF layer exhibits aa,(AF)
=0.381 nm. The deviation af,(FM) from its bulk value is

comparable with that observ&dn La, -CaMnOj; thin films
with x~0.2 (a,~0.391 nm). However, in Fig. 2 the posi- | , . . .
tion of the fundamental (=0) _peaks gives an average 40 5 50 55 40 ™ 50 e
(overal) a,=0.3803 nm for multilayers on top of STO, an .
a,=0.3874 nm on LAO, and am,=0.3864 nm on AF i A=201I'1m
buffer layer adjacent to LAO, suggesting a strain-driven
mechanism for the deviations of the average lattice spacing 1x10*
in these multilayer$® L FM 1t ™ AF
The lattice parameters of the substrate were estimated 43
from the observed (00 Bragg-peak positiongFig. 2), | t
where superposition with the diffracted intensity of the . ) ) . )
multilayer causes extra peak broadening and a small uncer- 40 45 50 55 40 45 50 55
tainty in peak position. Since the estimatggk0.390 nm of
STO (expected 0.3905 nmis greater than thea,
~0.379 nm of LAO, the corresponding lattice mismatch be- £ 3. XRD profiles plotted in the medium-angle range as a
tween the, first deposited, AF layer and substrate will causgnction of bilayer thickness\, for multilayers grown on LAO
different layer modification$?** Using as a criterion the op- substrates with 40 nm of AF buffer layer. Note that for=2—10
timum CMR versus temparature performarisee next sec- nm the intensity is in logarithmic scale while far= 20 and 32 nm
tion), observed in these three films with=8 nm, we de- we use the square-root intensity for clarity. Arrows indicate the
cided to study systematically the variation of in (002 LAO peak and tick marks show the=0 (fundamental peak
multilayers grown on LAO substrates with 40 nm of AF for A<20 nm, whereas foA =20 and 32 nm the ticks show peaks
buffer layer. Figure 3 shows the XRD profiles as a functionlocated at th€002) reflection of the FM and AF layer.
of A in the medium-angle range. The grouping of the satel- ) .
lite peaks indicates that fot up to 10 nm there is a coherent Heg values of multilayers grown on LAO substrates, with or
AF/FM superlattice, while forA>10 nm two uncoupled without buffer, justify our choice to study exchange-biasing

structures appear around th@02) Bragg peaks of the FM €ffects in LAO films(see next section o
and AF lattice, respectively. In Fig. 5 the variation of the normalized resistivity as a

function of temperature, measured in 50 kQg;X and in
zero applied field o) is shown. The resistivity increases
drastically as we cool down from 300 K, spanning almost
grown on LAG and STO substrates four orders of magnitude for the LaAYFM(4 nm)/

Magnetic hysteresis loops, measured at 10 K after coolind\F(4 nm)],5 film whereas for the SrTigYAF(40 nm)
down from 300 K in zero-field cooleFC) and 10 kOe in  X[FM(4 nm)/AF(4 nm),s sample is less than an order of
field cooled (FC), are shown in Fig. 4 for a LaAlgY magnitude. TheAp/py=[po— pul/py ratio gives an esti-
[FM(4 nm)/AF(4 nm),;s film and a SrTiQ/AF(40 mate of the collosal magnetoresista€@MR) effect. This
nm){ FM(4 nm)/AF(4 nm)5 film. It is evident that the ratio becomes maximum at 70 K for the multilayer film
ZFC loop is symmetric around the zero field, while the FCgrown on LAO and at- 120 K for that on STO. Thus in both
loop is shifted towards negative fields. This effect can befilms the magnetotransport properties exhibit a number of
attributed to exchange-biasing at the AF/FM interface, sincelifferent features relative to pure FM thin filrA$??
single-layered FM films do not exhibit any loop displace- (i) The temperature variation @f,, p,, and the resultant
ment after the FC process. i, is the lower andH, is the  CMR curve exhibit their maxima at temperatures well below
higher field value where the average film magnetization bethe ordering temperaturel{) of the FM layers. The pres-
comes zero, then the exchange-biasing field is defined as tlece of the insulating AF layers of LgCa,sMnO; within
loop shift Heg=—(H;+H3)/2 and the coercivity as the the multilayered structure may explain the steep increase of
half-width of the loopH.=(H,—H,)/2. Thus for the FC resistivity’* below 150 K that changes the shape of the
loop on LAO we find anHgg=780 Oe withH.=680 Oe, curves near the maxima. Also, the obseRladagnetoresis-
and on STO afdgg=690 Oe withH.=1000 Oe. The larger tive curves of 100-nm-thick LAO(001)/LaCa,;MnO;
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B. Magnetotransport properties in films
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Ar(;m4 anlt'l n € fora KILFM(4 nm) (po) for a[FM(4 nm)/AF(4 nm),s multilayer grown on LaAlQ
(4 nm)Jys multilayer. and SrTiQ substrates. The CMR ratid p/py=[po—pull/py is

. . » plotted as a solid line.
films, grown under the same deposition conditions, have

shown that there are no significant grain boundary and/or o . ,
low-crystallinity effects?>28 Thus in our case there is no Mated exchange biasirtig and coercived, fields are plot-
experimental evidence indicating that the increased lowied in Fig. 7 as a function of, defining an optimum com-
temperature resistivity in Fig. 5 originates from grain bound-Position for A=8 nm where the maximum iflgg andH,
ary effects. was observed. Thus we calculate for the FC loopHag

(i) The large differencesFig. 5) observed in the CMR =880 Oe and aiti =800 Oe which is almost double com-
ratios between films grown on LAO and STO substratedPared to theH. value obtained from the ZFC loop fok
show that the specific deposition conditions favor the en=8 nm. Since exchange biasing is an interface related phe-
hancement of CMR on LAO. This can be attributed to strainnomenon a strong dependence on the individual FM and AF
relaxation inside the AF layers, since the AF film exhibits alayer thicknesses is expectédiccordingly, Fig. 7 shows
pseudocubic lattice spacingaf=0.381 nm) comparable thatHgg follows the variation oH. with A, indicating that
with that of (100 LAO (a,=0.379 nm). Thus the lattice there is a significant contribution iH; from the exchange
mismatch along thé100) LAO/AF direction is about 0.5% anisotropy at the AF/FM interfaces.
while in the (L00STO/AF interface is about 2.2%. Assum-  Additional magnetic measurements were performed in or-
ing similar surface roughness in both substrates, it is eviderfler to investigate the origin of this effect. The temperature
that the lower lattice mismatch favors pseudomorphic growttfiependence dfieg andH, values is shown in Fig. 8 foA
with less strain inside the deposited layers. For this reasor8 m. These values were estimated from isothermal loops
we have prepared a series of multilayers, using an AF buffefneasured in constant temperature intervals, after FC the
layer between the LAO substrate and the multilayers. sample from 300 K down to 10 K in 10 kOe and then warm-
ing up. It is evident thatH g decreases and disappears
around the so-called blocking temperatdrg about 70 K.
The H, values exhibit a similar trend, indicating a connec-
tion between the mechanisms that give rise to coercivity and

In Fig. 6 magnetic hysteresis loops, measured at 10 Koop displacement. The excess coercivity observed b@lgw
after ZFC and FC in 10 kOe, for a series ofis induced by random exchange fields at the AF/FM inter-
LaAlO;/AF(40 nmY FM(A/2)/AF(A/2)]15 multilayers are faces. This low-temperature anisotropy can be treated as an
shown. It is evident that the FC loops exhibit a negative shifladditional energy barrier in the magnetic free energy, as in
relative to the corresponding ZFC loops for All The esti- the case of superparamagnetic partiéle$hus by applying

C. Magnetotransport properties of multilayers
grown on LAO substrates
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FIG. 8. Temperature dependencetbfg (solid circles andH,
(open circles observed in LaAlQ/AF(40 nm)[{FM(4 nm)/
AF(4 nm)],5 multilayer. The solid line presents a fitting curve ac-
cording to Eq.(3.1).

whereas the long-range AF order sets in below 150 K. Thus
aboveTg a largeH . may arise from magnetic disorder at
the AF/FM interfaces due to short-range magnetic interac-
tions inside the LgsCa;MnO; layers that persist up to
charge orderingtransition of the multilayer. Accordingly,
below Ty the enhancement ¢, is due to exchange anisot-
ropy related to long-range AF interactions at the interfaces.
In Fig. 9 the ZFC and FC measurements of the magneti-
zation, normalized to the total FM volume of the sample, are
shown for differentA as a function of temperature. Both
measurements were performed by warming up in 1 kOe after
having cooled in zero field and 10 kOe, respectively. The

FIG. 6. Magnetic hysteresis loops, measured at 10 K after ZFCZZFC and FC curves coincide at temperatures higher than 100

from 300 K and FC in 10 kOe, for a series of LaAlO

AF(40 nm){ FM(A/2)/AF(A/2)],5 multilayers.

K and become zero at about 250 K, where the Curie phint
of the FM layers is expected. The ZFC curve exhibits a
broad peak around thEz~ 70 K, whereas the FC curve ex-

the same model we derive an equation that describes the
temperature variation dfl(T) with T:

Ho(T)=H(0)[1- (T/TB)llz] +Hpacks

(3.9

whereHy .= 70 Oe) takes into account the observed coer-
civity above the obtainedg at 75 K. In Fig. 8 a good agree-
ment between the experimental ddtgpen circley and the
fitting curve (solid line) is observed. The existence of an
Hyack term can be explained from a recent magnetic phase
diagram® where it was shown that bulk LaCaysMnO5

undergoes acharge orderingtransitiort* below 260 K, 2 rodl
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fields from FC isothermal loops at 10 K, for a series of
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— 71— ) 10000 (Fig. 9 where it is evident that the most drastic change of the
8000 average film magnetization does not occur nearTthef the
individual FM layers but a'g. To answer whyT g remains
more or less the same in the examined rang& ohlues it is

4000 reasonable to consider that interfacial spin ordering is con-
fined within a few atomic planes near the AF/FM interfaces,
defining anactivefilm volume V. SinceTg results from a
thermally activated process, following an Arrhenius Bw,
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Generally, the enhanced coercivil, observed—3in ex-

10000 change coupled FM/AF layers relative to the uncoupled FM
8000 layer is an unresolved theoretical issue. In exchange coupled
AF/FM bilayers withT.<Ty (Ty being the Nel tempera-
ture of the AF layerit was reported that at low tempera-

4000 turesH, varies as
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where the factorsA and B involve the exchange coupling
_ FIG. 10. Resistivity, normali_zed to the 300 K_value, as a_fU”C'strengths among the magnetic moments in the layers and at
tion of temperature, measured in 50 kQ&;) and in zero applied  the interface andiy is the magnetization of the FM layer.
field (po) for a series of LaAlQ/AF(40 nm)[FM(A/2)/ According to Wu and Chieft in exchange coupled FM/AF
§|E§é22£§5an;glltigaﬁfés' The CMR ratiddp/py=[po=pullen S pijayers withT,>Ty only thet32 dependence dfl. [first
' term in Eq.(4.1)] can be experimentally established. Thus, in
NiFe/CoO bilayerd' (T.>Ty) H. decreases quasilinearly
hibits a steep increase just beldlig. It is reasonable to with increasing temperature up Tq whereadd gg exhibits a
assume that in the FC measurement an increase of magnepiateau at low temperatures and vanishegat In contrast,
zation results from the alignment of interfacial magnetic mo-Fig. 8 shows that the observed behaviotQfandHgg with
ments, giving rise to unidirectional anisotropyelow Tg. increasing temperature is different. The difference can be
Hence, the observed hump beldw in the ZFC curve can attributed to the complex mechanisms through which charge
be attributed to thermally activated magnetic rotation overand spin ordering occurs in the {,#8C&,MNnO; layers?+30
energy barriers caused by random exchange coupling at tHe particular, the temperature dependence of the size of the
AF/FM interfaces. magnetic domains inside the AF layers would be different
Figure 10 shows the variation of the normalized resistivityfor the super-exchanétcoupled manganites. Since even in
as a function of temperature, measured in 50 k@g) (and  conventional exchange-bias multilayers there are many ex-
in zero applied field go). The resistivity increases drasti- perimental aspects which have not been studied in d®tail,
cally as we cool down from 300 K, spanning almost fourfurther experimental studies are required to resolve such is-
orders of magnitude. Also, the CMR ratio becomes maxi-Sues.
mum in the temperature range beldw(~70 K). In Fig. 10 In summary, we have studied the variation of exchange
the steep increase of resistivity at low temperatures is iiasing and coercive field as a function/dfand temperature
contrast with the decrease pf observed in epitaxial FM in [Lay3Ca;MnO; (A/2)/LaysCaysMN0O; (A/2)],5 multi-
films.2>22 This provides further experimental evidence thatlayers grown by PLD on(100) SrTiO; and (100 LaAlO;
the insulating behavié? of the AF layer is dominant at low single-crystal substrates. The maximutiz ;=880 Oe was
temperatures. observed for the sample with=8 nm. The exchange-
This extra contribution irp is different for every speci- biasing mechanism sets in below a blocking temperature of
men and modifies the shape of the resultant CMR curveg0 K and induces(i) an enhacement dfl; in the FC hys-
(Fig. 10. Clearly, the multilayers witlh =5 and 8 nm ex- teresis loops, andi) an increase of the CMR ratio.
hibit a peak in the CMR response, indicating a special ar-
rangement of spins at the AF/FM interfaces. As a conse-
guence the characteristic CMR peak, that is usually reported
nearby the ferromagneti€, of Lay;Ca;sMnO; films 2 is
not observed in the, versus temperature curve. This behav- The authors would like to thank N. Moutis for helping in
ior is in agreement with the magnetothermal measurementke preparation of the target materials.
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