PHYSICAL REVIEW B, VOLUME 64, 094429

Exchange-coupling properties of La_,Ca,MnO4
ferromagnetic/antiferromagnetic multilayers

N. Moutis
Institute of Materials Science, National Center for Scientific Research “Demokritos,” 153 10 Aghia Paraskevi Athens, Greece

C. Christides
Department of Engineering Sciences, School of Engineering, University of Patras, 26 110 Patras, Greece

I. Panagiotopoulos and D. Niarchos
Institute of Materials Science, National Center for Scientific Research “Demokritos,” 153 10 Aghia Paraskevi Athens, Greece
(Received 31 March 2001; published 14 August 2001

Compositionally modulated structures consisting of L&aMnO; ferromagnetic(FM) layers (x=0.33,
0.4, 0.48 and La_,CaMnO; antiferromagnetic(AF) layers (y=0.52, 0.67, 0.7b were grown on
(001)LaAlO; by pulsed laser deposition. Thermomagnetic and isothermal magnetic, magnetotransport mea-
surements reveal an exchange biasing mechanism below a blocking temp&gatufé K. Betwea 5 K and
Tg, the observed exponential thermal decay of coerci¥g) @nd exchange biasindgg) fields follows the
drop of magnetizationNl¢) in the field-cooling curves. All the experimental results indicate that thermal
fluctuations, different from spin-wave demagnetization, give rise to exponential thermal debéy-odnd
determine the observed behaviorlef and Hgg at low T. The extrapolated values &f, and Hgg to zero
temperature exhibit a quasilinear dependence on the average interfacial concegtraiony)/2, both de-
creasing for fixed/=0.67 whilex increases or both increasing for fixae: 0.4 whiley increases.
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I. INTRODUCTION of spins in the AF layer near the interfatén this approxi-
mation, theHgg can be modeled &s
Exchange bias is associated with the unidirectional anisot-

A
ropy created at the interface between a ferromagriEtit) Ho— KA5A~ _ Tdw (1.1
and an antiferromagnetié®\F) material when they are in in- EB Mte 2Mte’ '

timate contact with each other so as to be exchange coupled.

— 1/2 ; H i
Exchange biasing is manifesteds a displacement of the :/xhg]rs (Z\AF_IZ(QrA'}:(/K{g thésrg;e ;rgglgnaer?iio?;oa docngglcfrilc\i/gltl
loop of the soft(FM) layer along its field axis and an in- yehoa 9 Py '

A _ 12 ; ;
crease of coercivity or width of its hysteresis loop. This IoopIUd"(Ver (QrngKA) is tlﬁetheexfr?aer:gi inf?ng;nsg;]g:rl:tm the AF
) AF .

Shift i_s jmportant because th? exchange.coupling can be.use%yRecently we reportéd!! the existence of exchange bias-
to “pin” the FM soﬁ layers in the low fields .used in spin ing on multlayers with alternating layers of FM
vaIve§ and magnetic random access memotieslowever, LayCaysMnO; and AF  Lg,Ca,MnO; compositions.
Qesplte 'ghe technologl.cal interest in theseﬁstructures there I8 ™" |ater study investigatéa |_a0._6 Cays 3'\."”03('_:'\")/
little basic understanding of the phenomerion. _ Lag <Cay sMnO3(AF) bilayers with specially designed interfa-
Of special interest is the interface spin structure in the AR:ja| structures that affect the exchange coupling. These
layer® One characteristic length scale is the size of thesydied®2reveal that exchange bias appears below a block-
magnetic domains in both FM and AF layers of exchangeing temperature Tg) which is much less than the magnetic
coupled bilayerd:® Another fundamental parameter is the ordering temperatures of the AFT() and the FM ()
strength of the exchange coupling at the AF/FM interfacgayers.
Jep. In system$ with clearly defined AF/FM interfaces, The temperature dependence of exchange bias and coer-
where the AF spins are fixed and the FM spins across theivity at low T can be modeled by considering two possible
layer are uniform, the exchange coupling across a FM/ARactors*®14(i) the temperature dependencelgf, A,r, and
interface is such that the moments in the AF material lie omﬁw and (ii) thermally activated switching of AF grains. The
an axis that iorthogonalto the FM moment at the time of former has been attribut&t®® to magnetization reduction
cooling through the Nal temperaturd . During field cool-  that is basically controlled by long-wavelength spin waves at
ing (FC) this magnetic moment configuration gives rise to anlow T. The latter causes there to be a blocking temperature
exchange field ilgg) parallel in the direction of the FM Ty that is well below theT\ . Above theTg the AF order in
moment (M) that establishésa preferreddirectionof mag-  the grains is not stabt and no unidirectional anisotropy
netization at the interface. If the thickness of the FM layer(exchange bigsdevelops. Below theélg the AF order be-
(tg) is less than the thickness of a domain wall,() or an  comes stable and the unidirectional anisotropy at 6w
exchange length, then in the strong-AF limi{t,>J.) the  depend® on the ratio of the average interfacial coupling
response of the FM layer to a field causes an exchange twishergy to the domain wall energy. Also, it was obseted

0163-1829/2001/69)/09442910)/$20.00 64 094429-1 ©2001 The American Physical Society



N. MOUTIS et al. PHYSICAL REVIEW B 64 094429

that exchange-coupled layers withTa<Ty exhibit assy- (001) 002) (003)

metric hysteresis loops due to irreversible transitions of the £0.40/ 0.52 %

& =046

AF order in the AF grains.

In this study we measure the temperature dependence o
coercivity, exchange biasing field, and magnetoresistance in
a series of La-Ca-Mn-O AF/FM multilayers where the inter-
facial composition is intentionally modified by changing the
Ca concentration in the FM and the AF layers. Our intent is,
first, to investigate the interplay between the thermomagnetic
fluctuations of AF grains and the increasing density of AF
interfacial uncompensated sptf$®at low temperatures and,
second, to isolate the intrinsic physical property that deter-
mines the temperature dependencélgg andH . below the
TB .

Il. EXPERIMENTAL DETAILS

The multilayers were prepared by pulsed-laser deposition
(PLD) of bulk stoichiometric targets on (001)LaAd@ingle-
crystal substrates. The beam of an LPX105 eximer laser=
(Lambda Physig operating with KrF gasN=248 nm), was
focused on a rotating target. During deposition the substrate
temperature was stabilized at 700°C and the oxygen
pressure in the chamber was 0.3 Torr, resulting in a
deposition rate of 0.03 nm per pulse. Two series
of [La; ,CaMnOz(A/2)(FM)/La, - ,CaMnO5(A/2)(AF)]15
multilayers were used to investigate the effect of the
Mn®*:Mn** interface ratio[2—x—y]:[x+Yy] in the ex-

ntensity (log scale)

change biasing properties. The bilayer thickn&ss chosen 20 22 24 26 42 44 46 48 50 70 72 74 76
to be about 8 nm, where the optimum biasing effect was 26 (deg)

observed? One series is grown with constayt 0.67 while ) )

x=0.33, 0.4, 0.48, and the other with constart0.4 while FIG. 1. X-ray diffraction patterns around t601), (002), and

003 LaAlO; Bragg peakgsta). The order of the satellite peaks

y=0.52, 0.67, 0.75. Both series were deposited on a 40-n rom the AF/EM superstructure is displayed.

thick AF buffer layer. For brevity, we named the samples by
the Ca concentration rati/y used. B. Magnetic measurements

Magnetic measurements were performed in a Quantum
Ill. RESULTS Desigh MPMSR2 superconducting quantum interference de-
vice (SQUID) magnetometer. The coercive and exchange bi-
asing fields were derived from isothermal loops at low tem-

X-ray diffraction(XRD) spectra were collected at ambient peratures after zero-field coolif@FC) from 300 K and FC

conditions with a Siemens D500 diffractometer usingkGu  in 50 kOe. Typical FC and ZFC loops taken at 10 K are
radiation. The existence of the superstructure is confirmed bghown in Fig. 2. Below 70 K the ZFC loops are symmetric
the presence of low-angle superlattice Bragg-peaks and musiround zero whereas the FC loops are shifted towards nega-
tiple satellite peakgFig. 1) around the(001), (002, and tive fields, evidencing an exchange biasing mechanism in all
(003 Bragg reflections in XRD spectra. Since for all the the samplegTable ). The Hgg is defined as the loop shift
examined samples there are no traces of mi§@@l) and and theH. as the halfwidth of the loop. Thus, H,; andH,
(110 textures, then cumulative roughness effects can be exare the fields for which the descending and ascending parts
cluded. The grouping of the satellite peaks obseriféd. 1) of a hysteresis loop intercept the abscissa, th&fp=
nearby the (00 Bragg positions of the LaAlQsubstrate —(H;+H,)/2 andH.=—(H;—H,)/2.
indicates that there is a coherent AF/FM superlattice. Also, a The magnetothermal ZFC and FC curves in Fig. 3 were
multiplet of asymmetric peak intensities appears around theerformed by warming up in 100 Oe after having cooled in
zeroth-order (00 peaks of the multilayer. Such an asym- zero field and 50 kOe, respectively. The inset of Fig. 3 shows
metric intensity of the satellite peaks has been reported ithe ZFC curves. In all samples the bifurcation of the FC and
multilayers that exhibit chemical and/or strained interfacialthe ZFC magnetizations occurs at temperatiigs ranging
profiles along the growth directiof.Also, it is worth men-  between 155 K and 215 KTable ), whereas exchange bi-
tioning that selected area electron diffraction images fromasing can be detected only below 70 K. Apparently, all the
cross section transmission electron micros¢Bpgveal epi-  FC curves exhibit a steep decreasavbiz between 5 and 70
taxial growth of the compositionally modulated structures. K, which define&® a blocking or freezing temperatufg . In

A. X-ray diffraction
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-6 -4 2 0. 2 4 6 FIG. 3. Magnetothermal measurements, performed by warming
Magnetic Field (kQe) up in an applied field of 100 Oe after cooling down from 300 K in
zero field(open circley and 50 kOgFC, solid circles. For clarity,

~ FIG. 2. Magnetic hysteresis loops, measured at 10 K after coolye jnsets show the ZFC curves. The magnetization is normalized to
ing from 300 K in zero field(open circley and 50 kOe(solid the total EM volume of the film used.

circles.

Figure 4 shows the variation ¢izgz andH. at low tem-
particular, the magnitude of tHd - at T becomes about 3 peratures. Both exhibit an exponential rather than a
times less than thélc at 5 K whereas thé/.c at 5 K is  power-lawt*!*>!*decrease as a function of temperature. Such
very close to remanent magnetization of the correspofting an exponential thermal decay éf. has been observed in
FM layer. These magnetothermal properties are reminiscerfome rare-earth pseudobinary compodhdsd amorphous
of those observed for an ensemble of fine magnetic gfins. materials;? showing that at low temperaturesi (T)
Thus, strong thermal fluctuations of magnetic domains are=H2e °T with b a constant anH? the extrapolation of
responsible for the observed decrease of magnetic momentsercivity at 0 K. Generally, the ground state of the
in the FM layer. According to the literat&®4 such an  La;_,CaMnOj; system is either FM or AF, depending on Ca
effect comes from the coupling of a FM layer, which exhibits dopingx, which determines the Mn:Mn** ratio, the phase
uniform magnetization, to a polycrystalline AF layer with boundary being at~0.5. In the compositionally modulated
small enough AF grains that they do not break up into do-multilayers considered here the interfacial Ca concentration
mains. crosses the phase-diagram boundary=#.5. Forx~0.5

TABLE I. Typical HZ™C values from the ZFC loops at 10 K attLg andHEC values from FC loops withi -c= 50 kOe as a function of
&= (x+y)/2. Ty is the bifurcation temperature from Fig. 2 afd is the Curie temperature of the film.

xly 3 HZ™ (0g) HEC (09 Hes (O®) Thir (K) Te (K)
0.40/0.52 0.46 790 860 125 215 246
0.33/0.67 0.5 410 960 545 215 215
0.40/0.67 0.535 710 1030 385 185 212
0.48/0.67 0.575 570 955 380 205 224
0.40/0.75 0.575 430 1150 870 155 195
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1000f emocoy o creasg of H2; andH? when the MA" concentratiory in-
creasedis constantin the AF layers while the Mt con-
100} centration x is constant (increasep in the FM layers.
N However, the variation off; and T, parameters does not
10 £0.40/0.52 L follow a systematic dependence éand their values are less
—_— r T : : than the observedz, whereHgg=0, in each sample. This
result can be associated with a continuous distribution of
Y ﬁy‘\\i\% blocking temperatures due to the statistical distribution of
— superparamagnetic domains. In support, as-yet unpublished
5 10}£0.33/0.67 measurements of the so-caffé&® remanent exchange field

: in the dc mode provide further experimental evidence for a

m T
w 1000 ¢

o GW distribution of Tg’s below the bifurcation temperatures in
Table I. Since blocking temperature distribution measure-
o 100t ments are beyond the scope of this study, they will appear in

a forthcoming publication. Accordingly, the sarig, ob-
£ 0.40/0.67 served at about 70 K in all the examined samples, indicates

1000 F ' ' ' that there is a similar distribution of superparamagnetic do-
%&&6’&@&@\@ mains. In NiFe/NiO bilayer€ such a distribution of local

Tg’s was related to a variety of exchange paths that is caused

)

10

100 | by inhomogeneous interfaces due to interfacial disorder and
0.48/0.67 fluctuating atomic arrangement. In our samples, similar in-
10 b— L : : terface effects can be related to the induced change ®f Ca

1000 | concentration fronx to .
To investigate the dependencetbfg anng on theHgc
a sequence of FC loops has been measured by warming up
100 ¢ the sample at 5, 10, 20, 30, 40, 50, 60, and 70 K in six

30 ,0 40/0-,75 ) ) rounds of FC processes. Each sequence uses one of the six
0 20 40 60 Hec=5, 10, 20, 30, 40, and 50 kOe. Each loop in a sequence
Temperature (K) is performed at a maximum field equal to thi used.

o Figure &a) shows the temperature dependencelpfandH,
FIG. 4. Temperature dependencettfg (solid circles andH.  yayes, where the average film magnetization becomes zero
(open circleg after field cooling in 50 kOe. The solid lines are fits in a FC loop, on each of thélec used in the 0.40/0.67
from Eq. (2). sample. Initially, it seems that the dependencklpf onH ¢

. . . — can be attributed to minor-loop effects. However, in Fig. 6
their properties are very sensitive to the application of magsy,q H, is strongly enhanced below70 K by increasing the

netic fields?® affecting b(_)th the crystallographic a_n_d mag- applied Hee from 5 up to 50 kOe whereas thd, is the
netic phases as a function of temperature. Specifically, the Lo EC_
behaviof® of bulk La_,CaMnOs; with x=0.5 or x Same, resulting in a constant stigg+H_~"=H, as a func-

—0.53, shows that below 20K a FM and an AFphase tion of Hgc at a given temperature. In addition, above 70 K
- Y. ) — C

coexist microscopically and they transform from one to an—(NTB)_ theHeg appro'ach.es Z€ro whereag 'HE converges
other as a function of temperature or magnetic field. Further@t Similar values, indicating that the appliekkc affects in a

more, the AF superexchangiateraction between localized different way the micromagnetic state only when the ex-
spin moments of M#*-Mn3* iong and the FM double- change biasing is established in the AF/FM interfaces. Thus,

exchange (transfer of electrons between neighboring We observe that thelgg and theH¢® values are enhanced at
Mn3*-Mn"** iong) interactions compete with each other via 10W temperatures. Also, Fig.(6) reveals thgt as the applied
interface exchang®. The existence of frustration due to Hrc decreases there is a lowering of tHE® values(inset
competing interactions is known to lead to an exponentiaBnd an enhancement of the correspondihg values at the
decay ofH. and Hgg as has been observed in amorphous/Same temperature. This shows that the diffetégt used in
crystalline NiFgO, ferrite?® and FM/spin-glass Ni/NiMn,,  Fig. 6(b) affect the degree of FM alignment in the FM areas
bilayers?® Thus, we can fit the observétig andH, (Fig. 4  below theTg. Similar results were observed in samples with

with £=0.5.
Heg(T)= H%B exp(—T/Ty), C. Magnetotransport properties
o (3.1 Magnetotransport measurements have been carried out
He(T)=Hcexp(—T/T,). with the standard four-point probe method, applying the

magnetic field parallel to the current flow direction in the

Figure 5 shows the obtaingd2g, HY, T,, andT, values  film plane. Figure 7 shows the temperature variation of the
against the averagénterfacia) Ca nominal compositiod  normalized resistance, measured in 50 k@g)(and in zero
=(x+y)/2. These plots reveal a quasilinear increéde- applied field py). The Ap/py=[po—pnl/py ratio (solid
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FIG. 5. The obtained values 6f25, H, T,, andT, at T=0, after fitting the observeHl (T) andHgg(T) with Eq. 2, against=(x
+Yy)/2. Dotted lines are guides to the eye.

ke

. . . . 500 - "2:9
line) gives an estimate of the colossal magnetoresistance I ﬁl
A/A/

(CMR) effect. Apparently, for all samples wité=0.5, the ) 0 g
ZFC resistance decreases steeply by cooling down, spanning O L
several orders of magnitude between 300 and 5 K. Also, the \':\, -500

maximum of the resistivity peak occurs below 100 K, where anl
the most drastic change of thermal magnetization appears -1000
(Fig. 3), and not aroundT,~250K. For the 0.40/0.52 _1500'
sample €<0.5) the FCR(T) curve resembles the curves I
observed in FMLa, C3MnO; thin films?® while the normal- 2000
ized ZFC and FC resistances exhibit a difference that is less T S L S SR
than an order of magnitude at oW In contrast, the normal-

ized ZFC and FC resistivities in samples witk 0.5 exhibit 1200~ = 120008

differences that scale between 100.48/0.67 and m AN 8 800t ‘P
10%(0.40/0.67) times, evidencing a strong AF character at e X ' §o§‘v

low T. Specifically, the small difference that is observed for \; 800 a0 T "3%\&
the 0.48/0.67 sample indicates that at ldwthe insulating ILIJ . i

properties of the coexisting AF phase become dominant as 20 40 80 80

the FM layer stoichiometry approaches the 0.5 region. 400 -
In comparison, Fig. 8 shows two indicative cases for the -
temperature variation of the normalized ZFC resistances, ol (o)
which are obtained from 75-nm-thick films with stoichiom- e e
. L. 10 2 4 7
etries bounded between the minimum FkHO0.33) and the 0 1020 30 T(()KS)O 60 70 80 90

maximum AF &=0.75) Ca concentrations used. The resis-

tances were normalized at the minimum value in each curve, i, 6. Sample 0.40/0.67a) Temperature dependence I
which is observed at 300 K fox=0.75 and &5 K for X andH, at six different cooling fields. The maximum field in each
=0.33. These twd(T) curves are typical for a single FM hysteresis loop is the same as the cooling field used. Lines are
layer and a single AF layer with Ca concentrations which argyuides to the eyeb) The obtainedH gz andH, (inseb values as a
away from the phase separation region with0.5. It shows  function of temperature for the six different cooling fields. The lines
qualitatively that the temperature variation of the normalizedare fits from Eq.(2).
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FIG. 8. Semilogarithmic plot of resistivities normalized to their
minimum values observed in single AK=£€0.75) and FM &
=0.33) thin films and measured in zero field as a function of tem-
perature.

10° A e () multilayer and between 150 and 300 K in the 0.48/0.67
0 Terr%([))oeratUZr(g(K) 300 multilayer is a consequence of the formation of percolative
paths of FM clusters across the film that depend on the av-
FIG. 7. Resistivity(left axe$ normalized to the 300 K value, as erage grain sizes in the sampfés.
a function of temperature, measured in 50 KBg(T)] and in zero To investigate the effect of exchange biasing on the mag-
field [Ro(T)]. The measurements are taken while heating aftemetotransport properties we have performed isothermal mag-
cooling in 50 kOe and zero-field cooling, respectively, from netoresistancdMR) loops aboveat 80 K) and below(at 10
300 K. The obtained values &R/Ry (solid lineg are shown on  K) Tg. Figures 9, 10, and 11 show FC and ZFC MR loops
the right axes. from the 0.40/0.52, 0.40/0.67, and 0.40/0.75 multilayers, re-
spectively. Plots on the left side show complete ZFC and FC
resistance of the multilayerig. 7) is governed by the AF MR loops which are performed betweerb0 kOe. The fol-
layer resistivities at lowl. However, quantitatively, thB(T) lowing are observed.
curves in multilayers are not a simple superposition of the (1) At 10 K the resistanc®(H) is of the order of 16Q
constituent FM and AF layers. The main sources for thisfor the 0.40/0.52 sample, wit§<0.5, exhibiting a small
change are epitaxial straftt**3and space charge neutrality decrease oR(H) in the FC loop relative to the ZFC MR
at the specific AF/FM interfaces which act ps junctions  loop. However, for the 0.40/0.67 and 0.40/0.75 multilayers,
between FM layers with hole-type carriers and AF layerswith ¢>0.5, theR(H) is in the range of 100 and the FC
with electron-type carrier¥. Since at lowT the FM and the loops exhibit a large decrease RfH) relative to ZFC MR
AF phases undergo a phase transformation from pseudocublicops.
high-temperature structures to low-symmetry ph&ses® (2) For low fields at 10 K the ZFC and FC MR loops
then below the transition temperature the induced stresses @xhibit an asymmetry between the two branches. Specifi-
the multilayer change the balance of charge carriers acrosslly, the ZFCR maximum appears in the negative field
the interfaces. Thus, strain-driven effects, which dependange of the descendingrom 50 to —50 kOs field branch
strongly on the layer thickness, and the inherentwhereas in FC loops thi®2 maximum occurs in the positive
microinhomogeneitidd2330-333%f manganites, which dis- field range of the ascendingrom —50 to 50 kOg field
tinguish them from regular magnetic materials, indicate thabranch. This asymmetry is more pronounced for the 0.40/
the macroscopic properties of single FM or AF thin flms0.67 and 0.40/0.75 multilayers. Comparatively, in
cannot be used as a measure of the complex behavior oba, g/, Ca, 3MNO5(FM)/Lay Cay sMNO5(AF)  bilayers the
served in(La, C9MnO; multilayers. In particular, AF-like low-field MR has been attributé8ito tunneling through the
layers withx=0.52 and FM-like layers witlx=0.48, which  grain boundary region that exhibits an insulating, spin-glass-
are close to the phase boundary with 0.5, exhibit a lowT  like magnetic state.
state which is characterized by the coexistence of FM and AF (3) At 80 K the ZFC and FC MR loops become almost
phases at the microscopic levélTherefore, the low resis- identical, exhibiting symmetric branches and much lower
tivity observed(Fig. 7) between 5 and 300 K in the 0.40/0.52 hysteresis than at 10 K. However, for the 0.40/0.52 sample
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FIG. 9. Sample 0.40/0.52. Left sidR-H loops measured at 10 FIG. 10. Sample 0.40/0.67. Left side:H loops measured at 10
K (abové and 80 K(below) after FC in 50 kOgsolid circle3 and K (above and 80 K(below after FC in 50 kOgsolid circles and
ZFC (open circlel from 300 K. The inset shows in detail the ob- ZFC (open circleg from 300 K. The inset shows in detail the ob-
served peaks. Arrows indicate the direction of field change. Righserved peaks. Arrows indicate the direction of field change. Right
side: R-H loops measured at 10 Kabove and 80 K(below) after ~ Side:R-H loops measured at 10 Kabove and 80 K(below) after
FC in 50 kOe from 300 K. Incomplete loogspen symbolsmea-  FC in 50 kOe from 300 K. Incomplete loogepen symbolsmea-
sured by varying the field from 50 kOe t#, and reversing to 50 iUFEd by varying the field from 50 kOe t#, and reversing to 50
kOe. Oe.

the magitude oR(H) is enhanced relaive to the MR loop ZH2" [ 8 1B 2 B9LET B 08 A nese in the
at 10 K whereas the 0.40/0.67 and 0.40/0.75 multilayers ex- Yer, ples, may 9

o . . . multilayer structure at the top.
hibit a lowering of theR(H) magnitude relative to 10 K. o I I
In Figs. 9, 10, and 11 the plots on the right side show (5) At 80 K the magnetic irreversibilities are significantly

incomplete FC(IMR) loops at 10 and 80 K, where the re- suppressed in the IMR loops. Remarkably, the IMR curves

; b
versal field H,) is much lower than—50 kOe. The main becqme reversible fdr, valueg. . .
features are the following. Since the exchange coupling is an interface effect, the

(4) At 10 K the IMR loops exhibit arR maximum in the IMR_Ioops indicate that t_he interfacial resistancg b_ecomes
positive field range of the ascending fiellom H, to 50 dominant at lowT and the influence of exchange blas_lng_ can
kOe) branch, alike the complete FC loops. TRisnaximum be clearly observedf Thus,. the IMR loops ShO.W the pinning
varies with theH, value, depending on whethEl;, is chosen effect of the ex.cha}nge anisotropy on the reS|st.ar.10e behawpr.
to be before ("?) or after (H?) the R(H) peak in the de- These magnetic-history-dependent effects exhibit stronger ir-

o . . reversibilities of IMR than in giant-MRGMR) loops of Co/
scending fieldfrom 50 kOe toH,) branch. The irreversible . g .
IMR branch exhibits an enhancement RfH), which be- Cu/Co structure¥ with strong-AF exchange coupling. The

) arge magnetic irreversibilities, observed in Figs. 9, 10, and
comes twice t_he value of the °2mp'e‘e MR Ioop_for th_e 0'40)11, show that the origin of exchange coupling below 80 K is
0.67 sampléFig. 10 when theH, = —8.0kOe, evidencing a jerfacial magnetic disordeftike partial domain walls
biasing of the MR loops. It is worth noting that the 0.40/0.67
sample exhibits the maximuiiFig. 2 Heg andHEC as well.
IMR effects have been reportédn exchange-coupled 0.33/
0.5 bilayers with large interface roughness, which is induced Today, two of the unsolved issue€3that are associated
by the strongly ordered surface structure of the bottom AFRwith the exchange biasing effect concern the shape and the

IV. DISCUSSION
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ZFO——— P 5 m .spin-glass-liké'zslmagnetic disorder is established in AF/FM
o FG 3 H. 50 KOG ko {18 interfaces. In this section we discuss two alternative ways,
80 H_ 250 koo v 3§ e one macroscopic and one microscopic, which may account
” A for the unusual exponential thermal decayHys and HEC.
E sl T=10K " don 120 " Macroscopically, interfacial magnetic disorder can be in-
o troduced by a grain size distribution where both fluctuating
=3 / \ and stable AF grains contrib&&*to coercivity via ther-
@ 40} mal fluctuations of magnetization. The IMR loops in Figs.
110 5 9-11 may imply that the underlying surface roughfess$
ol the AF buffer layer creates competing magnetic interactions

at the interfaces. In this case, the AF-rich areas in the multi-
layered structure not only couple with FM-rich areas in the
5 0 disordered interface but also to the FM adjacent layers, re-
sulting in the observeéd® loop shift after field cooling below
Tg. However, the systematic dependenceHff; and HY
(Fig. 5 on ¢ indicates that the magnetic disorder in AF/FM
interfaces could be of intrinsic nature as well, in addition to
an extrinsic part induced by the statistical distribution of su-
perparamagnetic domains. In general, measurements of
M (T) can provide useful information about spin-wave exci-
tations in low-dimensional magnetic structures, leading to a
microscopic description. A spin-wave theory of exchange-
72 induced anisotropy has interpretBdhe exchange biasing
effect as a self-energy shift of each ferromagnetic spin due to
emission and reabsorption of virtual AF spin waves.

Microscopically, the exponential thermal decay Mf-c
(Fig. 3 can be attributef to critical decay of spin waves
into electron-hole pairs due to the tunneling of holes from
the FM (hole-type carriefslayers* to AF (electron-type car-

FIG. 11. Sample 0.40/0.75. Left sid:H loops measured at 10 riers) layers in AF/FM interfaces at low. The main reason
K (abové and 80 K(below) after FC in 50 kOgsolid circles and  for the spin-wave damping in these systems is the alteration
ZFC (open circley from 300 K. The inset shows in detail the ob- of exchange coupling that may change the spin-wave ener-
served peaks. Arrows indicate the direction of field change. Righgies when the hopping between the FM and AF layer is
side: R-H loops measured at 10 aboveé and 80 K(below) after  varied>® The theory show? that in ultrathin FM overlayers
FC in 50 kOe from 300 K. Incomplete loop@pen symbols  the spin-wave lifetimes increase substantially as the hopping
measured by varying the field from 50 kOeHig and reversing to  between the substrate and the overlayer decreases. Thus it
50 kQe. can be argued that ifLa, CaMnO; multilayers the increase

of temperature increases the hopping between the FM and

location of the domain wall in the FM or the AF Iayer. The AF |ayer at the interfaces, Causing a rapid decay of Spin
present study shows that the exchange-coupling properties gfaves between 5 K andlz. This scenario is based on the
La;_,CaMnO; FM/AF compositionally modulated struc- fundamental properties of FM and AEa, CaMnO; materi-
tures are relateths expectexto these two issues but exhibit z|s. The magnetothermal behavior of;LaCaMnO; multi-
an(unexpecteflexponential thermal decay. The observed ex-ayers originates from the two typg@f electronic ordering:
ponential thermal decay cannot be reconciled with a mode(j) jahn-Teller ordering andii) charge ordering{CO) of
that is usually applietf***for the temperature dependence Mn3+ and Mrf* ions. Physical reasoning leads us to con-
of exchange-coupling and domain-watf;, energies in the clude that layers with more than 50% Rinconcentration
AF layer. This model assumes that the properties of the FMexhibit a transformation to a CO-AF phase below the ob-
layer and the exchange coupling at the AF/FM interface argervedTg as we cool them down at zero field. Specifically,
temperature independent whereasg, o4, andK, pa-  the ZFCM versusT (Fig. 3) andR versusT (Fig. 7) curves
rameters in Eq(1) exhibit thermal demagnetization by long- provide indirect evidence that a CO-AF, insulating phase sta-
wavelength spin wave's:*® bilizes at lowT. Also, the results in Fig. 6 show that the

The major result of this study concerns the thermal variapercentage of coexisting FM and CO-AF phases depends on
tion of Hgg andHE®, which cannot be reconciled with mod- the Hec used. Thus, when the CO-AF-insulating phase sets
els that usE*® spin waves as collective modes of spatially in below 70 K the hopping between AF and FM layers de-
correlated thermal fluctuations in the AF layer. Thus, the excreases and the spin-wave lifetifféscrease substantially
ponential thermal decay indicates that the observeds the temperature decreases. This gives a qualitative expla-
magnetic-history-depende(ZFC, FQ effects and the asso- nation why the observedFig. 3 and 4 thermal decay is
ciated exchange biasing properties can be described by faster than the spin-wave demagnetization at Tow
thermal fluctuation model where short-range ordering or a Thus far the experiment sho¥s® that the prerequisite

24N
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for the establishment of an exchange biasing mechanism aains above the locdlg 's. As a result, the ZFC magnetiza-

low T is the observedFig. 3) increase ofMgc, which al-  tjon (Fig. 3, inset cannot accomplish a preferred direction of
ways occurs together with the appearanceHgg and the  magnetic moments at the AF/FM interfaces and the ZFC
enhancement dfi belowTg. In our case the observédrc  curves exhibit an almost zero magnetization at 5 K. Thus,
in Fig. 3 corresponds to the so-calfégaturation remanence after ZFC large fields must be applied subsequently to create
magnetizatiorM s because it appears after cooling througha spin-floptransitior? in AF grains which will allow the mag-
the Tg in a high fieldHc=50 kOe that is subsequently sup- netic moments of FM layers to pass from an almost-zero-
pressed to 100 Oe at 5 K. Thus, during the warming ugmagnetization configuratiotFig. 3 inset at low T to a con-
process at 100 Oe, the measuidd is close to the rema- figuration with a large spontaneous moment in the direction
nent magnetization. of the field. We have observed that external fields up to 50
Neel observetf an exponential dependence of fiigs on  kOe were unable to recover the thermoremanent state in the
temperature for an ensemble of fine magnetic grains. To exascending part of the ZFC curves at IdwOur ZFC mea-
plain this, he assumed that the system consists of an eBurements reveal that thermal activation enables a progres-
semble of single-domain grains and for each grain a potentialive orientation of film magnetization along the field direc-
barrier is determined by the anisotropy eneigy which  tion as we approach thgg from 5 K.
separates the two easy directions of magnetization. Thermal Another distinct feature of the examined multilayers is the
fluctuations help the magnetization to overcome this barriepbservedFig. 6a)] asymmetry oH; andH, and the asso-
within an average time = 7y expE,/kgT). A distribution of  ciated irreversibilities of IMR loops in Figs. 9-11. Direct
E. prevails so that the uncompensated monidqtof each  experimental observatioh®f the magnetization reversal in
grain, below itsTg=E,/kg(In 7,—In 75), appears frozen in exchange-coupled NiO/NiFe bilayers has shown that the thin
the direction of anisotropy. Fof>Tg the domains are su- film remagnetization proceeds by domain-wall nucleation
perparamagnetic. Assuming thgt, is proportional to the and motion. In this system, the obserfedymmetry in the
number of momentd\,,, in a domain and that beloWz a  activity of domain nucleation centers of NiO/NiFe bilayers
domain contributes a moment,=u(N)¥?to M,s, itwas  has been attributed either to local variations of AF anisotropy
showrf! that the observed exponential dependendél@fon  or crystal lattice defects. In parallel, we may assume that this
temperature occurs when tMy,’'s obey a Gaussian distribu- kind of defect? can be associated with the asymmetryjHgf
tion. A distribution of M ’s corresponds to a distribution of andH, observed in our multilayers on applicatiffig. 6(a)]
grain sizes that creates a distribution ©f’s in superpara- of differentHc.
magnetic domains. This distribution ®g’s explains why the
obtainedT, T, values from Eq(2) (Fig. 5 cannot be related
to the observed blocking temperatures at about 70 K. In par- V. CONCLUSIONS
allel, it was found that in NiFe/NiO bilayetsthe measurable In summary, the observed variation M- in Fig. 3 and

exchange coupling could be described as consisting of thghe results in Figs. 4 and(i§) indicate that(i) the thermal
sum of different exchange paths, each wlth its own |dgal ~ decay ofHgg andHEC results from the decay ¥l ¢ at low

_ C_ons_equently,,th_e only way to realize such a Gaussiaf gn(ji) the large drop oM g in Fig. 3 is due to thermal
distribution of M’s in our (La, CAMnO; multilayers is t0 ingiapility of a statistical distribution of superparamagnetic
pon3|der e; variety of r—_:xchange pqths across the AF/F omains. The dependence}fbgB anngong(Fig. 5) shows
mterfgces’; caused by interfacial Q|sorder and_ fluctuating that short-range magnetic ordering dominates at the AF/FM
atomic arrangements of the constituents. In this way, thergyio 3 e at lowT. The large increase of the loWresistiv-
will be an overall Gaussian distribution of individual prob- ity, which saturategFig. 7) in the temperature range where
abiliies P(Tg ), from each exchange path with aloda, 5 increase oM e, Heg, andHEC is observed, indicates a
which convolutes with a statistical distribution of local uni- strong localization of charge carriers at IGwThe MR and
directional anisotropie&,(Tg,) to reproduce the observed the FC-IMR loops(Figs. 9-11 exhibit loop asymmetries
Heg at every temperaturé. Thus, the exponential thermal and very large irreversibilities at 10 K which disappear at 80
decay(Fig. 4) of Hgg and the associated large dr@fg. 3 K, providing clear experimental evidence for the formation
of Mg can be attributed to the thermal instability of differ- of extra domain walls below 80 K due to exchange coupling
ent exchange paths that behave as superparamagnetic dd-the AF/FM interfaces.
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