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Magneto-transport and exchange biasing in La—Ca—Mn—-0O compositionally
modulated ferromagnetic /antiferromagnetic multilayers
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Compositionally modulated structures consisting of4Ga; sMnO; ferromagnetidFM) layers and
LaysCa,sMnO5 antiferromagneti¢AF) layers, with layer thickness 1.5 n®tgy ,tar<6 nm, were
grown on (100LaAlO; by pulsed laser deposition. Thermomagnetic and isothermal magnetic
measurements reveal an exchange-biasing mechanism with the same blocking temgegrature
~70 K for all the examined combinations tgfy, andt,-. The ratio of colossal magnetoresistance
increases in multilayers with largeg,,, whereas the exchange-biasing field increases in samples
with larger tar. The independence ofg on tgy and tae shows that the artificially induced
La; ,CaMnOj (x~0.5) compositional modulation at the interfaces is of critical importance for
exchange biasing in La—Ca—Mn-0 based multilayers.2@0 American Institute of Physics.
[S0021-897€00)01708-4

I. INTRODUCTION tures. Specifically, the physics involved in exchange
. . biased®'3FM/AF perovskite contacts focuses on the mecha-
Several recent studies have focused on mixed valencgism that leads to anidirectional anisotropy as the double
manganite based artificial superstructufésThe magnetic exchange switches to superexchange couMlifybetween
and transport properties of these structures are not a Simplﬁxtaposed FM and AF atomic layers. Thus the strength
superposition of the response of the individual layers as ing¢ spin coupling at the AF/FM interfaces, relative to
terface scattering? interlayer interactiond; and strain-  ipeir exchange coupling with spins inside the FM or AF
driven effects due to lattice mismatch at interfdcemodify  |ayers, seems to be essential for the exchange biasing mecha-
their magneto-transport properties considerably. nism in these heterostructures. Here we investigate the
. Lately, we have reportédhe e_xistence o_f exchange b| interface  related mechanism of spin coupling in
asing on La—Ca—Mn O multilayers with alternating [Lay/4CayaMNOs(t ar)/LayCaysMnOs(tpy) 15 multilayers.
layers of ferromagnetioFM) La;sCaysMnO5(A/2) and  The experimental results reveal that the exchange-biasing
antiferromagnetic (AF) LaysCaysMnO5(A/2)  composi- strength and the colossal mangetoresistaf@®R) effect

H 0,11 H H H H . . )
tions* (A is the bllayer _thlckneSS grown either -5 pe engineered by varying independently the AR)(
on (001)LaAlO; or (00DSrTiO; single crystals. Both struc-  gnq Fm try) layer thicknesses.

tural and chemical compatibility between the employed AF
and FM layers were important for the coherent growth of
atomically perfect interfaces that allowed the development of
exchange biasing at low temperatures. The maximum ex-  Thin films were prepared by pulsed-laser deposition
change biasing field {gg) was observed for multilayers (PLD) of bulk stoichiometric LgsCa;MnO; (FM) and
grown on top of(001)LaAlO;. In comparison, high qual- La, Ca,;MnO; (AF) targets on(001)LaAlO; single crystal
ity [Lag ¢Sty sMNO5(FM)/Lag ¢Sty sFeO05(AF) Jo superlattices,  substrates. The targets were prepared by standard solid state
grown on (00D)SITiO;, have showh that the AF spin ar- reaction from LaOs;, CaCQ and MnQ, powders sintered at
rangement in the AF layers can modify the FM spin arrange4325 °C for five days with two intermediate grindings. The
ment in adjacent FM layers but exchange biasing is not reheam of an LPX105 eximer lasécambda Physig operat-
ported. ing with KrF gas (=248 nn), was focused on a rotating
The above results indicate that significant changes occuarget. In order to grow a multilayer structure, the AF and
in the magneto-electronic properties at the interfaces, arisingM targets were mounted on a step-motor controlled rotat-
from the competition between the magnetic ordering strucable carrier that allows different targets to be sequentially
exposed in the beam path. The pulse energy was 225 mJ and
3Author to whom correspondence should be addressed: electronic maifn€ fluence on the target of 1.5 JfenThe substrate was
christides@ims.demokritos.gr located at a distance of 6 cm from the target, by the edge of
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FIG. 1. Low-angle XRD patterns of the[LayCayMnOs(tar)/  FIG. 2. XRD satellite peaks of the AF/FM multilayers located nearby the
LaysCayaMnO;(tey) 115 multilayers. Thetae and tey layer thicknesses, in - (002)LaAlO; Bragg peak(sta). Thetae andtey, layer thicknesses, in nm

nm units, are indicated &sg/tgy. The order of the superlattice peaks is units, are indicated as/try . The order of the satellite peaks is shown.
shown.

the visible extent of the plume. During deposition the sub-gpecifically, if homogeneous AF and FM layers with con-
strate temperature was stabilized at 700 °C and the oxygegtant scattering amplitude densitigs,, and ¢, are as-
pressure in the chamber was 0.3 Torr, resulting in a deposkymed, then the structure factsi(d,,) of the mth order
tion rate of 0.03 nm per pulse. Two series of Bragg peak, at the low-angle positidh, is*®
[Lay3CasMNOs(tar)/LagsCaysMNOs(try) 15 multilayers

were deposited on 40-nm-thick AF buffer layer with variable | marty

AF/FM compositions. One series is grown with constant F(am)=w—msm[ A ](¢FM_¢AF):>’

tar=3 nm whiletgy,=1.5, 3, 4.5, 6 nm and the other with

constanttgy,=3 nm whiletae=1.5, 3, 4.5, 6 nm. To keep if ty=A/2 and m=2,4,even

every FM layer sandwiched between two AF layers the top F(0m)=0[ if tv=A/3 andm=3.6.9 CHY
layer was AF in all multilayers. For brevity, we named the X B

samples by the ratioae/tgy Used. with ty=tar Or tgy. The medium and high angle XRD pat-

X-ray diffraction (XRD) spectra were collected at ambi- terns(Fig. 2) exhibit intense (00) Bragg peaks for'=1, 2,
ent conditions with a Siemens D500 diffractometer using Cu3, indicating a strong texture along the pseudocubic
Ka radiation. Magnetic measurements were performed in €001)LaAlO; direction. Since for all the examined samples
Quantum Design MPMSR2 superconducting quantum interthere are no traces of mixg@01) and (110) textures then
ference devicgSQUID) magnetometer, with the field ap- cumulative roughness effects, that may give rise to extra sur-
plied in the film plane. The magneto-transport measurementi&ce roughness and mosaic spréadith increasingA, can
have been carried out with the standard four-point probdse excluded. The grouping of the satellite peaks observed
method, applying the magnetic field parallel to current flow(Fig. 2) nearby the(002) Bragg position of the LaAl@ sub-

direction. strate indicates that there is a coherent AF/FM superlattice.
Remarkably, a multiplet of asymmetric peak intensities ap-
Ill. RESULTS pears around the zeroth ord@02 peak of the multilayer.

Such an asymmetric intensity of the satellite peaks has been
reported in multilayers that exhibit chemical and/or strained
The existence of the superstructure is confirmed by thénterfacial profiles along the growth directidf.
presence of low-angle superlattice Bragg pe@dkg. 1) and Reliable values oA have been experimentally estimated
multiple satellite peaks around th801), (002 and (003 from the peak positions in Fig. 2 and are tabulated in Table I.
Bragg reflectiongFig. 2). Figure 1 shows that the multilayer The maximum deviation from the nominal values is about
with tae=tgy=3 nm (3/3) exhibits zero Bragg intensity at 5%. A 100-nm-thick FM layer, prepared under the same con-
the second ordemi=2) satellite peak position, whereas for ditions with the multilayers, exhibits a pseudocubic lattice
the rest of the samples the intensities of the third order ( constanta,(FM)=0.394 nm, whereas a 100-nm-thick AF
=3) satellites are suppressed. This provides unambiguodayer exhibits ana,(AF)=0.381 nm. The position of the
evidence for the accuracy of the selected layer thicknessundamental fn=0) peak in Fig. 2 is used for the estimation

A. X-ray diffraction
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TABLE I. Summary of structural and magnetic parameters. fhp@andtrgy, 150 ——— ™
layer thicknesses, in nm units, are indicated adtry, . FC |1-5/3 1
(t,, (m)/t_ (am)) 100 T=242K]
tar/tey A (nM)  ap (M) H(ZFC)(O®) H(FC)(Oe) Hgg (O ——7FC (X10)
315 46  0.3844 150 400 150 ——FC I 1
3/3 6.2 0.3872 420 830 300 ol 1% Sl
3/4.5 7.4 0.3886 550 800 270 0 100 200 300
3/6 9.3 0.3895 670 800 260 150 E— T T3 SRR EP —
153 47  0.3895 510 830 210 o 315 ] [IFc 3/ 3/6
33 6.2 0.3872 420 830 300 E 100 =232K
4.5/3 7.7 0.3852 600 920 370 E
6/3 9.2 0.3864 570 900 540 RS -
p= 5 : | NN L

100 200 300 0 100 200 300
T 2. T

6/3 ]
T=210K]

100 200 300 0

of the average multilayer lattice constaats of a pseudocu-
bic cell. They vary betwee(Table ) a,=0.3846 and 0.3896
nm, depending oh,r andtgy.

PR
0 100 200 300

T (K)

B. Magnetic measurements

The coercive and exchange biasing fields were derivec
from isothermal loops at 10 K after zero field cooli(fC)
from 300 K and field coolingFC) in 50 kOe. Typical FC

FIG. 4. ZFC and FC magneto-thermal measurements performed in a field of

; ; 00 Oe. Thetye andtpy, layer thicknesses, in nm units, are indicated as
and ZFC loops are shown in Fig. 3 for the 6/3 sample. Th A /tey - Magnetization is normalized to the total FM volume of the sample.

ZEC |00p is symmetrip arc_)und zerp, Wh_ereas the FC |C?Op_ i%he ZFC values are multiplied by a factor of 10 for clarity.
shifted towards negative fields, evidencing exchange biasing
mechanism. A similar loop shift was observed when the
sample was measured at a maximum field of 10 kOe. How- o
ever, the maximum field of 50 kOe was chosen in order tgf1Vity in the ZFC loops asgy, is increased from 1.5 to 6 nm.

ensure that the measurement does not represent a minor lo
The exchange biasing fieldgg can be defined as the loop
shift and the coercivity as the half width of the loop. Thus,
if H, is the lower andH, is the higher field value where
the average film magnetization becomes zero, thiknp
=—(H;+H5)/2 and H,=(H;—H,)/2. The obtainedH.
values from the ZFC loops and th#-g, H. values from the
FC loops are given in Table I.

For fixed tgy=3 nm a systematic increase bfzg is
observed as thé,e increases and the exchange anisotrop
mechanism becomes more effecttfe®?° All the FC-H,
values are increased by about 300 Oe relative to the corr
sponding ZFCH, values. Such an increaseldf , related to

the development of the exchange anisotropy, has been re

ported in several transition metal AF/FM layéf<® How-
ever, for fixedt,e.=3 nm there is a drastic increase of coer-

1.0 _I LI} I LI LI I rrva
L 6/3 FCre
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FIG. 3. Magnetic hysteresis loops, measured at 10 K after ZFC from 300
(dotted ling and FC(solid line) in 50 kOe, for the 6/3 sample. The inset

shows an enlargement of the low field data to demonstrate the loop shift.

i

is can be attributed to structural changes, due to strain-
ven effects in coherently grown interfaces.

Although theHgg (Table ) varies monotonically with
tap for fixed tgy,=3 nm, there is a significant reduction of
Heg in the 3/1.5 sample whetyy, varies with fixedt =3
nm. Such deviations from the expecteldg~ 1/, mono-
tonic relation have been observed in several cases Wwhen
becomes very thit??>23 Also it is worth noting that the
FC-H_ values are very different from the ZFC ones, follow-

y’ng the dependence bfzg ontgy,. This reveals a connection

between the coercivity and the exchange biasing mecha-
disms. Thus, thédgg andtpy values in Table | can provide
an estimation of the unidirectional interfacial energye
=MgHegteym - The AE is estimated to be in the range of
0.01-0.1 erg/cthand is comparable with energies reported
in other AF/FM system&?

Figure 4 shows the magneto-thermal ZFC and FC curves
for all the multilayered samples. Both measurements were
performed by warming up in 100 Oe after having cooled in
zero field and 100 Oe, respectively. The ZFC values have
been multiplied by a factor of 10 for clarity. The ZFC and
FC curves are characterized by very distinct featufigShe
FC curve exhibits a steep increase below 70 K, that défines
a blocking temperatur@y due to alignment of interfacial
magnetic moment&: (i) The ZFC curves exhibit a plateau
region betweeng<T=<T, and the magnetization tends to
zero at theT, of the FM layers. The observed drop of ZFC
magnetization below th&g has been explainédy a ther-
mally activated magnetic rotatiofthermal remagnetization
over energy barriers caused by random exchange coupling at
the AF/FM interfaces. Thus the magnetic order of the multi-
layers is determined mainly by the interfacial spin ordering.
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IV. DISCUSSION AND CONCLUSIONS

" Py The present study reveals that, generally, there are two
important issues associated with exchange-biased CMR-

manganite multilayers. The first refers to the physical origin

of the exchange biasing mechanism itself and, second, the

i 10°g i observed independence B§ ontae or tey . A recent study

e 1045: : in high-quality La (Ca, ;MnOz(FM)/La, {Cay JFeO5(AF) su-

G - perlattices shows that the development of exchange biasing
= 10°hr is not a common property in AF/FM perovskite multilayers.
8 i M, _ The major differences between the two systems @jehe

Q 0 L i = - .. . . . . .

= 10 0 100 200 300 o O 100 200 300 drastic increase of magnetizati¢fig. 4) in FC curves is not

10° 6/3 observed at low temperatures in Ref.(B) the maximum
i resistivity in Ref. 3 appears at the FIV} (about 240 K and
........ not at a much lower temperaturég~ 70 K), as in our case.

10° \ It is reasonable to assign such differences in the chemical
composition of the atomic planes at the AF/FM interface.
0 100 200 300 Thus, in Ref. 3, Fe substitutes at the interfaces for Mn as
T(K) Fe™ and, as in bulk Fe-doped manganité$® might remain

AF coupled to the Mn host lattice of the FM §.g&Ca qMnO;
FIG. 5. ZFC and FC temperature variation of resistiyifyl’) nqrmalized o Jayer.
the p(300 K) value observed at 300 K. Thg: andtr layer thicknesses, in In our case, the compositional modulation that occurs at
nm units, are indicated dgg /try . The CMR ratioA p/py=[po—pul/pn is . .
plotted as a solid line. the La_,CaMnO; interfaces is important because the type
of magnetic interactions is defined by the competition be-
tween the double-exchange FM coupling and the AF super-
exchange interactiorté:*®> Geometrical(topologica) rough-
The displayedr values in Fig. 4 were estimated by extrapo- ness and interdiffusion between adjacent atomic planes with
lating the linear part oM?2 vs T curves near the transition x=1/3 and 2/3 stoichiometries produces an artificial change
point?® Remarkably, thel, decreases for thickeng, indi-  of concentration tox~0.5 at the interfaces. Thus the se-
cating that magnetic frustration is induced in the FM layers quence of magnetic phase transitions might be altered at low
due to enhancement of the exchange biasing eff@etsle ) ~ temperature in regions with LaCa;,MnO; stoichiometry.
at the AF/FM interfaces akyr increases. Accordingly, the Bulk measurement$2®at x~0.5 composition show that the
tpw/3 series does not exhibit a significant variation of he  high-temperature FM-conducting phase is followed by a
as a function otgy,. charge ordering transition, resulting in an AF insulator below
120 K. Furthermore, a recent theoretical sttfdshows that
the charge ordering observed in 50% doped manganites cor-
. responds to an unusual AF-spin ordering, which exhibits a
C. Magneto-transport properties unique electronic structure with a band-insulator behavior.
Figure 5 shows the temperature variation of the normalAs a result® strong anisotropy of short-range double-
ized resistivity, measured in 50 kOg,() and in zero applied exchange interactions is formed at the charge ordering tran-
field (pg). TheAp/py=[po— pul/py ratio (solid line) gives  sition. Since both th@g and the exchange anisotropy fields
an estimate of the CMR effect. The resistivity increasesappear at about 70 K, that is well below the low-temperature
steeply by cooling down, spanning several orders of magnimagnetic phase transition for bulk {#a,,MnQOs, it is rea-
tude between 300 and 5 K. This is due to the presence of theonable to assume that the appearance of exchange biasing
insulating AF layers of LgsCa,sMnO; within the multilay- depends on the magnetic ordering of interfacial atomic
ered structuré® Characteristically, the resistance in 3/1.5 planes inside an interface volume with=0.5 doping. This
and 6/3 samples becomes so high that it cannot be measuréderface boundaries define a critical volume where thermal-
accurately at low temperatures. Thus the increase of resistiactivation energy becomes less than the low-temperature
ity is more drastic in samples with thickéxe because the magnetic energy of LgCa,MnO; at a certainTg value.
insulating behavior of the AF layers masks the transporConsequently, nearly perfect interfacésmall roughness
properties of the FM layers and FM/AF interfaces. More-will correspond always to the same interface volume with
over, samples with,-<tg\ (like the 1.5/3 and 3/6exhibita  x~0.5, giving the sam@&p. Since the interface volume with
peak around thdlg, revealing a strong contribution from x=0.5 doping is fixed for all thicknesses of Ak 2/3) or
interfacial spin alignment. Accordingly, the maximum of the FM (x=1/3) layers, this model is consistent with the ob-
resistivity peak occurs around tig, where the most drastic served independence @f on tag or try .
change of thermal magnetization appeéfs. 4), and not In summary, we have shown that the exchange-biasing
around theT.. Thus samples withi,r<<tgy exhibit larger field increases and thE, decreases with increasing:. The
CMR ratios than samples witthe>tg,,, where the differ- maximumHgg is observed for the 6/3 sample, whereas in-
ence betweepg andpy is small. terface scattering effects give rise to substantial CMR at a
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