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Dependence of exchange bias energy on spin projections
at (La,Ca)MnOj ferromagnetic /antiferromagnetic interfaces
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Strained epitaxial bilayers and multilayers consisting of L&aMnO3 ferromagnetidFM) layers
(x=0.33, 0.4 and Lg 3Ca MnO5 antiferromagneti¢AF) layers were grown on (001)LaAldo

study the evolution of exchange coupling interactions. The epitaxy was revealed by conventional
and high resolution electron microscopy. An out-of-plane lattice expansion is observed mainly on
the FM layers that induces a spontaneous magnetization component normal to the film plane.
Field-cooling experiments with the applied field parallel and perpendicular to the film plane exhibit
loop-shifts(exchange biasingand enhanced coercivities that depend on the spin projections at the
AF/FM interfaces. ©2002 American Institute of Physic§DOI: 10.1063/1.1484230

I. INTRODUCTION frozen interface magnetic moment configuration that pro-
vides the symmetry breaking necessary to generate an EB
In 1956 Meiklejohn and Bean observetiat isothermal ~ field Hgg after field cooling(FC).
magnetizationM (H) loops of cobalt nanoparticles, with a Of particular interest are the EB properties in colossal
thin layer of antiferromagneti¢AF) CoO coating, could be magnetoresistanc€MR) compositionally modulated struc-
displaced on the field axis by more than 1 kOe if the particlegures consisting of AF/FM (La, Ca)MnQJayerd X because
were cooled in a magnetic field. This displacement of the the involved manganites belong in the category of strongly
M(H) loop manifests the ferromagnetiEM)—AF form of  correlated system, where the magnetic, electronic,
exchange coupling, which is known as the exchange biagnd crystal structures interact strongly with each other. The
(EB) phenomenon. The EB phenomenon has recently reexistence of EB has been revedledat first in
ceived renewed attentidmue to its important technological [ Lag 67Ca 3gMNO3(FM)/Lag 38Ca s MNO3(AF) 115 multilay-
applications to various devices, such as computer disk reagks grown on (001)LaAl@by pulsed laser deposition. Sys-
head$ and pseudo-spin-valve memory eleméhtsat de-  tematic studies with magnetic and magnetotransport mea-
mand an accurate modeling of the magnetization reversarements have shown that exchange biasing appéars
mechanisms involved during @i (H) loop. However, a full - pelow a blocking temperaturEg of about 70 K, that is less
understanding of the EB mechanism, freeadfhocassump-  than theT, of the AF layer, where the hysteresis lobj{H)
tions on the interface roughness, is still missing. Recently;g displaced along the field axis by an amot#s whereas
Kiwi et al>® have used an EB model, called the frozen in-an increase of the coercive fiehtl, is observed as well. The
terface model, that applies to a large variety of AF/FM syS-yrigin of such differences betwedi and Ty is a controver-
tems where the magnetic anisotropy of the AF layer is relasjg| topic in exchange coupled films based on FM and AF
tively large, and thus the energy cost of creating a domaiyides due to magnetic proximity effects in the AF/FM
wall in the AF is quite considerable. The calculations show interfaces'? Specifically, it was observed that the interfacial
that the actual microscopic moment arrangement across thgchange interactions in CMR artificial superlattices affects
mterface_of exchange coupled FM/AF layers |s_such that f?‘%ystematically both the FM ordering temperattitemnd the
from the interface the moments in the AF layer lie on an axisyodulation of spin and orbital structures along the stacking
that is orthogonal to the moment of the soft-FM layer at thegjrection415 However, exchange biasing has been reported
time of cooling through the et temperaturély . Close 0 4ny in CMR AF/FM multilayers based on combinations of
interface the AF-compensated interface monolayer freez a,Ca)MnQ layers with FM (La,A)MnQ (A=Ca, Sj
into a metastable, canted magnetic structure that decaygyersy—g,le
within 1 or 2 monolayers of the interface whereas in the FM ~ gince the properties of exchange coupled AF/FM layers
layer an incomplete domain wall is formédrhus it is the depend, generalfon the constituent materials, their thick-
nesses, and the FC procedure, we have studied the exchange
dElectronic mail: christides@ims.demokritos.gr coupling properties of (La,Ca)MnOAF/FM multilayers as
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a function of CA" concentratiof, FM and AF layer (001) (002)
thicknesse$§,and the FC and zero field-coolitgFC) proce- - 0 33/0.67 ' ‘
dure to understand this preference. It was shown that at the ) )
heart of exchange biasing in (La,Ca) Ma@®F/FM multilay-
ers is the steep decrease Mf-- and of the FC resistivity,
observed between 5 and 70 K, which are independent from
both the AF and FM layertf) thicknessésand the C&"
concentration or the M :Mn*" interface ratio used.In a
previous studdf it has been argued that this behavior might
not be intrinsic to the AF/FM coupling but it can be induced
from extrinsic effects such as disorder, incorrect stoichiom-
etry, and oxygen deficiency. Our latest stigpows that al-
though theHgg and FCH_. fields are affected from the av- S L L A il WO S
erage C&" concentration at the FM/AF interfaces, the 20 22 24 26 42 44 46 48 50
magnetothermal and magnetotransport properties are not a 20 (deg.)
simple superposition of the constituent Rhble-doped and

FIG. 1. X-ray diffraction patterns around tk@01) and(002) LaAlO; Bragg

AF (electron- layers. Th results indicate that
E)e eC. 0 (:Ope)i_l aye S. hi ese . eSl]:Ir S .d cate a'bla peaks(dashed lines The order of the satellite peaks from the AF/FM su-
combination of extrinsic with intrinsic effects is responsible e srycture is displayed.

for the observed exchange-bias in this category of exchange-
coupled CMR multilayers.

. - '18 . i
Previous studiés-*"have shown that the magnetic prop X-ray diffraction (XRD) spectra were collected at ambi-

erties of smgle_ FM (La,Ca)M_nQHms are sensitive to .Iocal_ ent conditions with a Siemens D500 diffractometer using
crystal prppernes and strain f|e.lds'|nduced by the lattice MIStuk, radiation. Specimens for cross-section transmission
match with the substrateéextrmsp effecth 'The present electron microscopyXTEM) were prepared using the stan-
study has a double purpose. The first target is to cor.relate th&ard techniques of mechanical thinning followed by appro-
extrinsic effe_cts that appear in (La,Ca) MQQF/FM b_llay- ._priate ion milling. TEM observations were carried out in a
ers and multilayers with the exchange bias properties, usmg

magnetic and electron microscopy measurements. The oth eol JEM 120 CX electron microscope operated at 120 kV. In
target is to probe the spin projections at the FM/AF inter- e electron diffraction analysis, the pseudocubic 100 reflec-

. o . . tion of LaAlO; was used as a reference for the precise de-
faces,. using angnudmal _and. perpendicular eXChang?'b'atsermination of FM and AF (La,Ca)MnQinterplanar layer
experimentS’ with the applied field parallel and perpendicu- acings, determining a precision 50.002 nm. High reso-

lar to the sample plane. For this reason we focus on the stuq‘s}ﬁion electron microscopyHREM) observations were ob-
OfthLafsgg‘Mng?’AfFMr)]/Laot-a& 80-67'\4”0;?'0":) dsgggturles tained with a Topcon 002B microscope operated at 200 kV.
Wit X=1. b or 'd’ w tﬁre (Tt.:nagtrgu e ANAH, ™ val- Magnetic measurements were performed in a Quantum De-
ues were observed in the muftiiayers. sigh MPMSR2 superconducting quantum interference device
magnetometer between 5 and 300 K at a maximum applied

Il. EXPERIMENTAL DETAILS field of 5.5 T.

The beam of an LPX105 eximer lasgrambda Physig
operating with KrF gasX=248 nm), was focused on a ro- |||, RESULTS
tating target. During deposition the substrate temperatur
was stabilized at 700°C and the oxygen pressure i
the chamber was 0.3 Torr, resulting in a deposition  Figure 1 shows typical XRD spectra
rate of 0.03 nm per pulse. Two multilayers of [Lag 38Ca 6MNO5(4 nm)/La Cay MnOz(4 nm)]ys,
with  [La;xCaMnOs(4 nm)/Lay 38C8 6MNO5(4 NM)]15  [Lag3Ca 6MNO3(4 NM)/Lg 6L 3MNO3(4 nm)] 15 multi-
(x=0.33 or 0.4 compositions and the two bilayers layers and LgsCa 6 MNO5(45 nm)/
with  Lag 38C8 MNO3(45 Nm)/La 6L 3MNO3(20 nm),  Lag ¢Ca 3MNO5(20 nm), L@ 38Ca 6MNO3(40 nm)/
Lag 3L 6MNO5(40 nm)/Lg Cay ,MnO5(45 nm) compo- LaggLa /MnOz(45 nm) bilayers. The existence of the
sitions were prepared by pulsed-laser-deposition of bulk stomultilayer structure is confirmed by the presence of multiple
ichiometric targets on (001)LaAl{single crystal substrates. satellite peakgFig. 1) around the (00) (¢=1, 2) Bragg-
The multilayers were grown on a 40 nm thick peaks in XRD spectra. Since there are no detectable traces of
Lag 3€Ca ¢MnO; AF buffer layer and their FM, AF layer mixed(001) and(110 textures then gross cumulative rough-
thicknesses were chosen to be at about the optimumess effects can be excluded. The grouping of the satellite
exchange-biasing effect observed.In bilayers the AF and peaks observetFig. 1) nearby the (00) Bragg-positions of
FM layer thicknesses were selected in the positive magnetdhe LaAlO; substrate indicates that there is a coherent
striction rangé’*8of strained La—Ca—Mn—O epitaxial films, AF/FM superlattice. In multilayers, a multiplet of asymmet-
where the magnetic easy axis is along the direction of tensiléc peak intensities appear around the zeroth order )00
strain. For brevity, we named the samples by the Ca conceipeak due to chemical and/or strained interfacial profiles
tration ratiox/y used. along the growth directioff
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LA RRL S L REL RAL AL |

Intensity (a.u.)

. Structural characterization
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TABLE I. Out-of-plane lattice parameters obtained from XRD and HREM
measurements as compared with bulk values of the pseudo cubic unit cell. . '
Note that the parameters are shown separately for FM and AF layers in m‘
bilayers whereas in multilayers only an average lattice parameter can be & &
estimated from the XRD data. Each parenthesis includes the estimated error |5
in the last digit.

XRD-a, HREM-a, bulk-a,
Sample (nm) (nm) (nm)
0.33/0.67 BL-FM 0.3956) 0.3994) 0.386
0.33/0.67 BL-AF 0.380tb) 0.3864) 0.381
0.33/0.67 ML-FM 0.38665) 0.3904) 0.386
0.33/0.67 ML-AF 0.386() 0.3824) 0.381
0.40/0.67 BL-FM 0.3908%) 0.3858
0.40/0.67 BL-AF 0.3816%) 0.381
0.40/0.67 ML 0.38665)

Assuming a pseudocubic structure the observed posi-
tions of the fundamental (@) Bragg peaks allow the deter-
mination of the out-of-plane lattice spacin@ee Table)l In FIG. 2. (a) A bright field cross section TEM micrograph taken along the
0.40/0.67 and 0.33/0.67 bilayers the layer parameters afl801] zone axis from a 0.67/0.33 bilayer, demonstrating the morphology of
0.3908 nm forx=0.40 (0.3858 in bulk, 0.3818 nm forx the system and_the sharpness of the LaAI&F and AF/FM interface_s(b)

. . Electron diffraction pattern from the substratel. Common electron diffrac-
=0.67(0.381 in bulk and 0.3956 nm fok=0.33(0.386 in tion pattern, taken from the substrate and the bilayer structure.
bulk), 0.3804 forx=0.67, respectively. Evidently, there is an
out-of-plane lattice expansion in the FM layers whereas the
AF lattice parameters remain close to butklaxed lattice ~ micrograph in Fig. 2a) shows a general cross section view
values in the bilayers due to a small lattice mismatch withof the 0.33/0.67 bilayer whereas in FiggbRand Zc) the
the LaAlQ; substratg0.3792 nm. For this reason we have two electron diffraction pattern&EDP) are given at the same
used an AF buffer layer in the multilayers. Thus an averagerientation with the image, both taken along fi#®1] zone
lattice parameter of about 0.3865 and 0.3862 nm is found imxis of the perovskite lattice. Figurel® is the EDP that
0.40/0.67 and 0.33/0.67 multilayers respectively, which areorresponds to the substrate while Figc)Shows the com-
close to the lattice parameters of the bulk FM material. mon EDP of the bilayer and the substrate. These images

However, in the bilayers there is a significant out-of- indicate a perfect epitaxial registry between the film and the
plane lattice expansion in the FM layer, which is about 4.3%wunderlying substrate/buffer layer, demonstrating that both
(2.5% for x=0.33 and 3%(1.3%) for x=0.4 relative to a epilayers are at the same crystallographic orientation with
lattice spacing of 0.3792 nm in LaAKX0.386 nm in bulk respect to the substrate. Specifically, the LaMOF and
FM). Notably, the expansion fox=0.4 is less than fox = AF/FM interfaces are parallel to each other without any im-
=0.33, indicating a higher relaxation in the former due topurity or amorphous layer. The layer thicknesses in the bi-
different FM layer thicknesse@5 nm forx=0.4 and 20 nm layer are 45 and 20 nm for the AF and FM layer, respec-
for x=0.33 used. It is worth mentioning here that the FM tively. A detailed observation of the common diffraction
layer thicknesses were selected on the basis of optimal eppattern[Fig. 2(c)] shows the following.
taxial registry achieved at the AF/FM interfaces in our (i) If we consider the growth direction to be alofi0],
samples, to avoid the combination of the inherent complexityoy measuring the relative spacing of the reflections of the
of the magnetic structure with many equivalent easy-axeshree structures that are parallel, and taking the @Gpac-
directions that are often present due to atomic arrangement ings of LaAlO; to be 0.3792 nm, the correspondidgspac-
the vicinity of the interface. Thus the observed out-of-planeing of the AF layer is determined to be 0.387 nm and that of
lattice expansion can be used in general as an indication fahe FM layer is 0.398 nm. Thus there is an out-of-plahe
a stress-induced anisotropy in the FM layer, which adds tspacing expansion along this direction in the epilayers which
the total magnetic anisotropy energy. Since the magnetics clearly illustrated in the magnified image of the second
easy axis is along the direction of tensile strain in strainecrder reflections of thé€L00) planedinset of Fig. Zc)] in the
(La,Ca)MnQ epitaxial films!’8then the FM layers will common EPD from the three materials. In this inset the outer
have a tendency for an out-of-plane, stress-induced, uniaxiaiffraction spot corresponds to the substrate, the middle spot
anisotropy. to the AF layer, and the inner spot comes from the FM layer.

Previous electron microscopy investigations of theSince the correspondird)spacings in the bulk materials are
perovskite-manganites have shdwff that the microstruc- 0.381 and 0.386 nm, respectively, then the relative expan-
ture of these materials includes several typical structurasions are 1.55% and 3% for the AF and FM layers compared
phases and typical types of defect structures including arto their values in the bulkTable |). In addition, the observed
tiphase boundaries and 90° twin related domains. The maisuperlattice reflections in Fig.(@ are in agreement with
results of our study are summarized in Figs. 2-5. A TEMother TEM studie$>?
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FIG. 3. HREM image viewed along tH€01] axis of the 0.67/0.33 bilayer,
with insets illustrating the structural arrangement at the interfaces.

(i) No detectable difference between tlia-plane d FIG. 4. HREM image of the 0.67/0.33 multilayer with an inset showing a
spacing of the (B0) planes among the three structures jsmagnified part of the substrate/buffer interface and another inset showing
observed. This means that the two epilayers keep almodft@!s from the multilayer structure.
their bulk in-planed spacing in the film structure.

The local atomic arrangement of the two heterostruc- Figure 5 shows an HREM image from a FM layer of the
tures is illustrated in the HREM image of Fig. 3. Two mag- yijaver, exhibiting a contrast modulation parallel toh()
nified interfacial parts are given in the insets. As seen, both)-Jas A periodicity of @ is observed in this image. In
interfaces exhibit a good epitaxial arrangement. Since Iattic%greement with other TEM studi&s2it seems that a gen-

fringes from all structures are analyzed in the same image, 5| characteristic of the EDP from a FM layer is the exis-
thed spacings from planes normal and parallel to the growthg e of extra superlattice reflections. These correspond to
direction can be measured directly. Thus the relative changgg itiple periodicities, which appear as a contrast modulation
of the d spacing can be calculated with high precision by, the HREM images. Such features can be idenffié8las

measuring the length differences from spacings coming fronysmain boundaries that may contribute to the specific mag-
a large number of planes. Using as a reference the spacing gk;ic properties of this material.

30 planes from the substrate, the values obtained for the AF
and FM layers are 0.386 and 0.399 nm, respectiV&able
), in agreement with the electron diffraction analysis.
Similar measurements have been carried out for the The magnetothermal ZFC and FC curves in Figs. 6—8
multilayer. Figure 4 shows a typical structure of thewere performed by warming up in 100 Oe after having
multilayer. From this image the thickness of the buffer layercooled in zero field and 50 kO&C) for the H, andH
was found to be 35 nm and the thickness of each FM or AFeonfigurations. In 0.33/0.67 samples, Fig. 8 shows only
layer is about 3.5 nm. The one inset shows a magnified pai (T) curves withH, because th&(T) curves withH, are
of the LaAIO;/AF interface while the other shows an AF almost identical. For direct comparison, the magnetothermal
layer residing in between two FM layers. The in-plaste curves of the multilayers wittH, are similar with results
spacings in AF and FM layers are similar with their bulk from Ref. 9. The insets in Figs. 6—8 show in detail the bi-
values. The out-of-plané spacings are 0.382 nm for the AF furcation of the FC and the ZFC magnetizations. At higher
and 0.390 nm for the FM layers. Thus in both layers thetemperatures bifurcation of the FC and ZFC curves occurs
out-of-plane expansion is less than in the bilayer. between 170 and 255 able Il), whereas exchange biasing

B. Magnetic measurements
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FIG. 5. HREM image taken from a FM area of the 0.67/0.33 bilayer, show- 100 100 200 300
ing a modulated contrast with a periodicity ofl Zue to planar defects
parallel to the direction of growth. 0
1 L 1 2 1 1
0 100 200 300
can be detected only below 70 K. In bilayers the bifurcation Temperature (K)

of the FC and .the Z.FC magnetizations appears afew d.egregFG. 7. Magnetothermal measurements from the 0.40/0.67 bilayer and the
below the Curie point of the FM layers whereas in multilay- mysilayer, performed by warming up in an applied field of 100 Oe after

ers theT,; is much lower than the magnetic ordering tem- cooling down from 300 K in zero fielopen circlesand 50 kO&FC, solid
peratures of the AFT) and the FM T,) layers. This shows circles. For clarity, the insets show the bifurcation between ZFC and FC
that theTb'f depends on the number ocf AF/FM interfaces andcurves. The magnetization is normalized to the total FM volume of the film
| used.

the layer thicknesses.

The FC curves exhibit a steep decreasd/qf between
5 and 70 K, that definé§ a Ty in 0.33/0.67 bilayers and
multilayers(Fig. 8). In the multilayer the magnitude &fl e¢

H parallel

H parallel
200 80 9
0.40/0.67 20 0.33/0.67 ?; _
150 bilayer 151, 60 bilayer 6 w
&S 10
(\EJ 1000 WNOZ S _ o 40
g 50 0o 100 200. 300 o 20
o - zFC E [
5 Ot o o
%= 25011 0.40/0.67 ' 520 033067 ¢f
-% 200 ¢ multilayer ® -ESI' isoby multilayer 4}
c - 4 = |
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100 o
= I T 50
or =
(0] " : 0 ; :
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)

FIG. 6. Magnetothermal measurements from the 0.40/0.67 bilayer and thEIG. 8. Magnetothermal measurements from the 0.33/0.67 bilayer and the
multilayer, performed by warming up in an applied field of 100 Oe after multilayer, performed by warming up in an applied field of 100 Oe after
cooling down from 300 K in zero fiel¢open circlesand 50 kOgFC, solid cooling down from 300 K in zero fiel¢bpen circlesand 50 kOgFC, solid
circles. For clarity, the insets show the bifurcation between ZFC and FCcircles. For clarity, the insets show the bifurcation between ZFC and FC
curves. The magnetization is normalized to the total FM volume of the filmcurves. The magnetization is normalized to the total FM volume of the film
used. used.
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TABLE II. Typical HZF®, MZFC values from the ZFC loops artdeg, HES, MFC values at 5 KTy is the bifurcation temperature. The magnetic fields are
in Oe and the magnetizations in emufcmmits.

Sample Hesl  Hegl HES HECL HZF| HZFCL MFq MFeL MZE) MZFeL Tt (K)
0.33067BL 120 135 710 1830 545 1130 175 360 105 150 255
0.33/067 ML 790 340 1245 1510 400 1000 180 160 45 60 215
0.40/0.67BL 100 150 845 2855 800 2635 155 465 105 420 235
0.40/067 ML 640 570 1260 2140 920 2140 220 330 60 170 170

at Tg decreases by an order of magnitude from the- at 5 The FC-M(H) loops withH; andH  exhibit larger dis-

K whereas in the bilayer it becomes about two to three time®lacement along the field axis in mulilayers than the
less and the drop d¥l g is less steep. These differences canFC-M(H) loops in bilayers(Table 1)). However, the ex-
be associated directly with the larger displacement of th&€hange energy per unit ardg,=MHegtr should be con-
FC-M(H) loops which is observe(Figs. 9 and 1pin mul-  Stant an_d mdgpendent of the since the FM(AF exchange.
tilayers. The spin-glass-like ZFC curves in Fig. 6—8 are in-biasing is an interfacial property. Table IlI Q|splays the esti-
dependent from the number of AF/FM interfaces and thenatedJe, values forH, only because there is a large uncer-
exchange bias effect. Such ZFC curves resemble the spif@inty to determine thé/ for H, due to the nontrivial cor-
glass-like M(T) curves observed in 100 nm rections involved(e.g., demagnetization factor, diamagnetic
thick Lay /Cay 3MN0; films? at low T. They arise from signal from substrate, e]c.R_emarkany, thele, is compa- _
microscopic structural distortions due to magnetic microin-rable between the two multilayers and between the two bi-
homogeneites that are inherent in (La,Ca)MnO layers, within the accuracy of the magnetic parameters in-
manganite$-23-25 However, it should be emphasized that VOIved, but theJe, is different for the two cases. Such
neither our results nor other studies reveal exchange-biasirf§fviations in the measurement af, between bilayers and
effects in single FM or AF thin films. multilayers can be explained by the spin projections at
In 0.40/0.67 bilayers the magnitude &fqc at 5 K with AF/FM0 .interfaces. Sjnce magnetic relaxation measure-
H, is 470 emu/c (Fig. 7) whereas forH, it is only ments® in these multilayers reveal that the EB energy is
180 emu/cr (Fig. 6). Furthermore, the FC curves with,
do not show a steep decreaseMf. between 5 and 70 K

(Figs. 7 and 8 In 0.40/0.67 multilayers the magnitude of _
Mec at Tg becomes ten times smaller than i value at H paraIIeI (T_5 K)
5 K for H, andH, , as in 0.33/0.67 multilayers, whereas in 0.8} 0.40/0.67
the bilayer withH, it becomes about two times less. The " bilayer
physical origin of these differences can be understood by 0.4k
hysteresis loop measurements. | —e—FC
Typical FC and ZFC loops takert & K are shown in 0.0—— o 2FC

Figs. 9—-12. TheH. and Hgg fields were derived from iso-
thermal loops at low temperatures after ZFC from 300 K and
FC in 50 kOe. TheHgg is defined as the loop shift and the
H. as the halfwidth of the loop. Figures 9 and 10 show
M(H) loops of the 0.40/0.67 bilayer and multilayer with the
external field applied paralle{perpendicular to the film = 0.8 0.40/0.67

plane. Figures 11 and 12 shav/(H) loops of the 0.33/0.67 multilayer DO
bilayer and multilayer with the field applied paralldH) 0.4
and perpendicularH,) to the film plane, respectively. The

obtainedH"®, HZ coercive fields and remanence magne- 0.0

tizationM"©, MZC values are listed in Table Il. A measure

of the squareness of the loops can be obtained from the ratio 0.4k

of remanent to saturation magnetizations: =SiQ, /Mg,

which are listed in the first four columns of Table Ill. Note -0.8 Y

that theM, values from the FC loop were estimated for the
symmetric loop shape, which is centeredHitz and not at
H=0. Apparently, theM(H) loops with H, exhibit more
squared loop shapes and largég values than theM (H) fG o M oh - . he 0.40/0.67 bil .
H H H . 9. agnetlc ystere5|s oops from the 0. . llayer an the
|00pS with H” , that is, more pronounced in the 0.40/0.67 multilayer, measured at 5 K after cooling from 300 K in zero fiéen

bilayer. _The_se properties indi(?ate that there is a spontan€oygciey and 50 kOgsolid circles. The external field is parallel with the film
magnetization normal to the film. plane. The insets show saturation loops in full scale.
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FIG. 10. Magnetic hysteresis loops from the 0.40/0.67 bilayer and the™!G- 12. Magnetic hysteresis loops from the 0.33/0.67 bilayer and the

multilayer, measured at 5 K after cooling from 300 K in zero figgen

multilayer, measured at 5 K after cooling from 300 K in zero fiédgen

circles and 50 kOg(solid circles. The external field is perpendicular to the circles and 50 kOgsolid circleg. The external field is perpendicular to the
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mainly stored in partialor incompleté domain walls in the

FM layer, then the frozen interface model of Kiwt al>®

can be used in our case as well. In the Discussion section we
explain the role of tensile strain anisotropy on the different
Jex values(Table 1ll) obtained between bilayers and multi-
layers using Kiwi's approximatiof.

IV. DISCUSSION

In (La,Ca)MnQ epitaxial films the epitaxial strain is the
major source of magnetic anisotrdpy® whereas the intrin-
sic, bulk magnetocrystalline anisotropy is at least an order of
magnitude smaller. It was obsertédhat pseudomorphic
growth of FM (La,Ca)MnQ films on (001)LaAlQ can re-
sult in out-of-plane uniaxial tensile strain, inducing an easy
axis anisotropy along this direction that may cause a sponta-
neous magnetization normal to the film. Specifically, the
magnitude of an out-of-plane uniaxial anisotrogy,
~10° erglcn¥, that is observéd® in strained
(La,Ca)MnQG FM films on LaAlO;, competes with the ex-
change energy per unit area in exchange coupled AF/FM
interfaces® J.,~0.1 to 1 erg/crh, and it can determine the
domain pattern in the FM layers. Thus the large out-of-plane
lattice expansion observed in the FM layers is expected to
determine the direction of the uniaxial anisotropy in the bi-
layers.

In this study we observe for the first time a strain-

Snduced, out-of-plane lattice expansion in exchange coupled

CMR multilayers that stabilizes a spontaneous magnetization
component normal to film plane, whereas previous wirks
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TABLE Ill. The loop squareness parameter S(M, /My) is listed at the first four columns. FM layer thick-
nesses, saturation magnetizatlﬂ:zll’jC values extracted from FC loops at 5 K, and the corresponding exchange
bias energies per unit ardg, are displayed in the last three columns. Thgvalues are estimated from the FC
magnetizations withH, and each parenthesis includes the estimated error in the last digit.

t MEC Jedl
Sample S&° sqg*© s@Fe S (nm) (emu/cnd) (erg/cnt)
0.33/0.67 BL 0.21 0.38 0.20 0.19 27 690 Q22
0.33/0.67 ML 0.26 0.49 0.11 0.23 4 490 026
0.40/0.67 BL 0.24 0.73 0.18 0.73 45 590 Q26
0.40/0.67 ML 0.34 0.50 0.16 0.38 4 480 028

report this effect in single FM thin films. The observed epi-energy per unit interface area. Among the existing EB
taxial layer growth does not allow strain-relaxation acrossmodelS we find it more suitable to use the model of Kiwi
the film, resulting in a very strong perpendicular anisotropyet al® to do this.

that overcomes the magnetostatic energy from the shape an- According to this model the compensated AF crystal
isotropy in multilayers. The obtainet(H) loop shapes face at the AF/FM interface freezes in a canted spin configu-
(Figs. 9-12 show an inclination of the average magnetiza-ration below Ty, with a canting angled.#90° relative to
tion out of the film plane and provide evidence for coexist-cooling field, whereas an incomplete domain wall is formed
ence of a perpendicular magnetic anisotrop§ X with @  in the FM layer. The stored energy per unit interface
comparatively large in-plane component of the magnetizagrea depends 68nthe ratios of effective anisotropy
tion due to shape anisotropy. Since at lovthe FM and the p= Kew/2Jey  and  effective  interface  coupling
AF phases undergo a phase transformation from the.— — (Iemiar/Iem) cOSO, (3 and K denote the Heisenberg
pseudocubic high temperature structures to Iow—symmetr)éxchange and anisotropy parametemsd the magnetization
phases"** then below the transition temperature the addi-yector angled; , of thejth FM monolayer relative to the field
tional stresses ac_ross.thg interfaces cgn.be an |mp0rta360“ng direction(H, andH, in this study. Table I shows
source for magnetic chirality effec%%.l.n principle, such ef-  jaary that the out-of-plane lattice expansion is larger in FM
fe_cts can affect mostly_ the magnet|zat|on_reversal meCha\éyers than in AF layers, indicating that the projection of spin
nism in our AF/FM multilayers because the involved mangayqqtors,.,  in the adjacent FM interface depends on the stain-
mtgs belong in the _category of strongly correlated systemqnduced, out-of-plane anisotropy that addd<ig,. Thus the
This strong interaction can create, among other effects, longﬁect of spin projections, which is a dot product, in interface

range Fexture that resuffsin phase separaﬂon and, of par- exchange coupling energy can be described by a Heisenberg
ticular interest here, short range texture in k#£a 3gMInO3 . oo " N
thin films. However, despite the strong correlation effects, itP'" Qam"‘on};arﬁ Hewar= = Jemiar(Sae SﬁF)'SF’\.’"
was observed that at ~100 K the profile of a magnetic where Sie ar!d Sie are canted spin vector.s in the AF inter-
domain wall in 200 nm thick films of LgsCa, :MnO; can face, belonging _to thex- and B-AF sublattices, anleM,AF
be described in terms of a balance between the quantuffénotes the Heisenberg exchange parameter which should
mechanical exchange stiffness and any anisotropies preseﬁ‘ﬁ’t be confused with the phenomenological interfacial ex-
as in any simpl& FM material. change energye,.

Magnetic relaxation measurements have been employed Since the discovery of the EB phenomertoihe chal-
in a recent stud} showing that during the magnetization |€nge is to explain why the observed exchange fields are
reversal in the FM layer there is no significant reversal in thdYypically of order 1% of this Heisenberg exchange fiefd>®
AF layer which would lead to a variable exchange field act-0 equivalently, whyJe,(energy/areak JewarSar- Srm/a’,
ing on the FM domain In addition, low-field magnetore- With a being the lattice spacing. Kivét al® have shown that
sistance measurements of tetragonaj 43, s;MnO; single the twist of the magnetic spring, or incomplete domain wall,
FM films®! suggests that magnetization reversal proceeds bi) the FM layer is always less than 20° and thus the small
a domain process. Thus based on these experimental resuf@nount of energy stored in the wall is a relevant feature to
it is reasonble to assume that on application of a moderaténderstand the magnitude ldgg, as well as its overestimate
field to exchange-coupled (La, Ca)Mg@F/FM multilayers by the early theorie¥:* In the microscopic model this ef-
or bilayers, most of the twist in magnetization would occurfect is residing on the dot product, or spin projection term.
in the FM layer because the direction of the net sublatticéour experimental findings in Tables | and IIl suggest that the
magnetization in the AF layer is fixed by a relatively high addition of an out-of-plane uniaxial anisotropy terk,
uniaxial anisotropyK 5¢. The additional applied field energy (=~10° erg/cn?), due to uniaxial tensile strain, in the stored
needed to create an interfacial magnetization twist in the FMenergy per unit interface area results in lardgyfor larger
layer shows up as a shiftéd(H) loop that defines thé@,,as  out-of-plane lattice expansion in the FM layers. According to
MHggte. Thus in order to explain the observed differencesTables | and Il this means that a larger elastic energy is
of J., between the multilayers and bilayers we have to constored in the thicker FM layers of a bilayer, causing a more
sider the effect of strain-induced anisotropy in the storedandomized magnetic moment configuration in the AF inter-
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