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The effect of the metallic antiferromagn@F) y-FeMn and the AF-semiconductor NiO alloys on

the polarity of anomalous Hall resistivity loops is examined in perpendicularly biased
[P(2 nm)/Co(0.4 nm];5/ AF(3 nm)/[Co(0.4 nm) /P12 nm)];5 (AF=NiO, FeMn multilayers. The

Hall resistivity exhibits negative polarity for AF=NiO and positive polarity for AF=FeMn. These
differences are explained by the reduced spin-diffusion-length effects and the specular reflection of
electrons at FeMn and NiO interfaces, respectively. In addition, it is shown that a sandwiched AF
thin layer stabilizes the exchange-bias effect via interlayer coupling between top
[Co(0.4 nm/Pt(2 nm)];5and bottonPt(2 nm)/Co(0.4 nm],5 structures in multilayers with strong
perpendicular magnetic anisotropy.

© 2005 American Institute of PhysidOl: 10.1063/1.1825628

I. INTRODUCTION nism occurs in both sign regimes. However, in view of the
theoretical model of Crépieux and Brufdhis is a false
argument because the skew scattering mechanism, that is re-
sponsible for the linear term iR, should give also an im-
portant contribution to the quadratic term in the case of im-

devices’ In such systems the anomala@straordinary Hall purity scattering. This situation become; more cE)mpIex in
voltageVy; can be used as the output signal of the device Neterogeneous systems, such as magnetic mulildyeise-

because the Hall resistivity is proportional to the perpendicuc@use the AHE is affected by other parameters than those

lar componentM ) of magnetization®*? present in the bulk. _ . .
The magnetotransport properties of magnetic multilay-

ered structures are dominated k) the scattering within
layers that changes from one layer to anotliey,the addi-
tional scattering resistivity due to the roughness of the inter-
faces between layers, axid ) the resistivity that depends on
the orientation of the magnetization of the magnetic layers. It
has been shown theoreticdflyand experimentalf®** that
interface scattering modifies the relationship betwBgand

Py IN multilayers. Specifically, it was found that the expo-

Thin film Co/Pt multilayers that are exchange coupled
with antiferromagneti¢AF) layers and exhibit perpendicular
magnetic anisotropyPMA) attract a growing interest of ba-
sic researchdue to their potential use in magnetoelectronic

Vyt
pr=—" =py=RoH+RM_, (1)
wheret; is the film thickness| is the electric current is
the applied fieldR, is the ordinary Hall coefficient, ang is
the anomalous Hall coefficiethe demagnetization factdr
is equal to 1 due to the geometry of the magnetic fidld
applied perpendicular to the film planeince, usually, the

magnitude of the ordinarjRyH| term is relatively small in

metallic-polycrystalline films, théRM | | term dominates the ner};\ofpxx (l:faln be veryhdlll;fﬁ/lrznt fhrom ior 2 ffrCof/ Pt alna
Vy signal for typical values of. It is now accepte‘?:ithat Co/Au multilayers wit when the ratio of Co layer

skew-scatteringand side-jump mechanisms give different thicknessitc,) to nonmagnetic layer thicknesy) is much
contributions to py. For bulk ferromagnets the skew- less or much greater than one. These deviations have been

scattering contribution is proportional to longitudinal resis-attributed to interface scattering, which seems to be the cru-
tivity p, while both® the skew-scattering and the side-jump Cial mechanisitf controlling the mean-free-path of the spin
mechanisms contribute to the quadratfg term, thus giving ~ carriers in magnetic multilayers. The analysis of experimen-
a simple expression oR= ap,,+ Bp2, Recently, anomalous tal data has shownthat the skew-scattering parameief
Hall effect(AHE) measurements in the ferromagnetic sﬂinel «ts,) could be negative fot.,<1 nm whereas the side-
CuCnrSe,_,Br, have shown that the normalized AHE coeffi- jump parameteB(«1/t;, is dominated by interface scatter-
cient to the hole densityRi/ny, is proportional top2, irre-  ing and thus, is insensitive tQy. In this context, it has been
spective of the sigipolarity) of Rs. Based on this result Lee argued*?thatR, depends on the relative magnitude and sign
et al” have argued that the same AHEide-jump mecha-  of o and 8 parameters in magnetic multilayers.

The present study investigates the effect of the metallic
dElectronic mail: christides@des.upatras.gr AF y-FeMn and the AF-semiconductor NiO alloys on Re
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of perpendicularly biased [P%2 nm)/Co(0.4 nm];s/
AF(3 nm)/[Co(0.4 nm/Pt2 nm)];5 (AF=NiO, FeMn) mul-

tilayers. - 24990

[ 4075
Il. EXPERIMENTAL DETAILS [

[Pt(2 nm)/Co(0.4 nm];5/ AF(3 nm)/[Co(0.4 nm)/P1t(2
nm)];5 (AF=NIiO or FeMn multilayers were deposited onto
thermally oxidized Si001)/SiO,(70 nm) substrates by dc
and rf magnetron sputtering from separate targets in 3 mTol
Ar pressure. During deposition the temperature of the sub
strate has been kept close to RT by the water-cooled suppol
ing table of copper. The AF targets were 99.95% pure, fcwg
v-FesgMnsg or NiO compounds. NiO was directly deposited
onto the samplé,without use of reactive sputtering. Both,
the itinerant AF y-Fe;gMns,, with the triple-Q structuré®
and the AF-semiconducttrNiO alloys were deposited with
at,-=3 nm in order to have djy below**® RT. X-ray dif-
fraction results show an average fcc Pt/Co structure wher
the (111) and (222 Bragg peaks appear closer to the
d-spacing values of Pt, revealing strofjl])-texture. Iso-
thermal magnetization and AHE loops were measured with i
Quantum Design MPMSR2 superconducting quantum inter
ference device magnetometer between 5 and 300 K. Th
samples were cooled from RWhich is above thdy for the
tae Used under a field of 6 kOe, applied perpendicular to the o .o Fﬁ H —150 Oe | 16028
film surface. AHE measurements were performed with the 1 .o : * -
van der Pauw metho@see Fig. 1 in Ref. 16using a dc L T T y T y T 1.6020
current of 1 mA. All measurements were performed by first 24 e o0 2 24
applying the maximum positive fieltH=6 kOe and then H (kOe)
completing the loop.
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FIG. 1. AHE (line) and magnetization (circles loops for
[Pt/Coa|;s/ FeMn/[Co/Pil;5 multilayers. The field is applied perpendicular
Ill. EXPERIMENTAL RESULTS to film plane. Dash lines mark the nucleation figig.

Shown in Figs. 1 and 2 are Hall resistiviggolid line)
and magnetization(open circley hysteresis loops for temperaturdy of 3 nm(about 12 monolayeyshick’’ FeMn
the [P1(2 nm)/Co(0.4 nm];5/ AF(3 nm)/[Co(0.4 nm) /P2 (Ty>RT) or NiO (Ty=400 K, see Fig. 1 in Ref.)3ayers.
nm)];5 multilayers, with AF=FeMn and NiO, respectively. Such a smalllgz/Ty ratio can be explained from the compet-
There are two marked differences between the samples witing anisotropies between the governing PMA[Bo/Pi;5
AF=FeMn and NiO:(i) the polarity ofpy loops is negative sublayers and the weaker anisotropy of the AF layer used.
for NiO (Fig. 2) whereas it becomes positive for FeNfig.  Our results show that the PMA of the hagp and bottom
1), (i) the resistivity is larger when the AF-semiconductor[Co/P{;5 sublayers(see Fig. 3 dominates the reversal
NiO is used in the place of metalligzFeMn (py < py,). How-  mechanism of magnetization and the effect of the unidirec-
ever, the hysteresis loops of magnetization exhibit similational anisotropy that comes from the inner Co/AF/Co in-
features for AF=FeMn and NiO. These loops are typical ofterfaces becomes evident only at the very low temperatures.
perpendicularly biased Co/Pt multilayéwhere the reversal A comparison of the loops shown in Figs. 1 and 2 with those
of magnetization is characterized by nucleation and domaim Fig. 3 shows that the observed enhancementgfat
wall motion before saturation. Starting from the saturatedower temperatures does not arise from the interaction with
state(i.e., from a positive field of 6 kOethe reversal process the AF layers. Apparently the AHE and M—H loops exhibit
takes place by a rapid nucleation of domains at a well dethe same coercive field,, indicating that, first, the easy axis
fined nucleation fieldH,, resulting in the steep part of the of magnetization is perpendicular to film plajr?eand sec-
hysteresis loop. The rapid drop in magnetizationHgtis  ond, thepy follows the symmetric reversal of the domains.
followed by a sloped reversal behavior that persists up to th&he shifted loops in Figs. 1 and 2 are symmetric
saturation fieldHs, where the saturation magnetizatipv| about the exchange-bias fieldH, as in perpen-
is achieved. This behavior is symmetric to positive and negadicular-biased [Co(0.4 nm/Pt0.7 nm],Co/CoQ1 nm)
tive fields, indicating that the evolution of the reverse do-multilayers‘.1 Thus, theH, shifts the loop but it cannot alter
mains is symmetric to positive and negative field sweeps. the reversal pathway because the uniaxial anisotropy in

An enhancement of coercivity is observed with decreasPt/Co interfaces is so strong that it limits potential reversal
ing field whereas a loop-shift towards negative fields appearsehavior® Notice that the value dflop=—150 Oe is the same
below 30 K, evidencing a very lowg relative to the Néel (Figs. 1 and 2 for AF=FeMn and NiO layers. This is an
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FIG. 2. AHE (line) and magnetization (circles loops for

[Pt/C0a];5/NiO/[Co/Pil;5 multilayers. The field is applied perpendicular to
film plane.

indirect evidence that the magnitude df,, depends
predominantly’ on the number of Co/P{ bilayer repeats
andt,e (which are the same in Figs. 1 angl 2

Shown in Fig. 3 arepy (solid line) and magneti-
zation (open circleg hysteresis loops for a
[Pt(2 nm)/Co(0.4 nm],5/Pt(2 nm) multilayer. This figure
shows that, first, the polarity g, loops is negative as in
Fig. 2, and second, both kinds of loops do not mimic those
observed in samples with sandwiched AF layarsiny tem-
perature In contrast, it was observédhat the[Co/P1, su-
blayers respond collectively in perpendicularly biased,
[Co(0.4 nm)/Pt0.7 nm],Co/CoQ1 nm and [Co0.4
nm)/P10.7 nm]50 multilayers when the CoO layers are
nonmagnetic at RT, as in the case of Co/Pt multilayers
without the CoO layers. This difference can be attributed
to the competition between the thermal activation energy
and the energy barrier that is due to domain wall motion
through the microstructure of the films, as explained in
the discussion section later.

Figure 4 shows p, hysteresis loops for
[Pt(2 nm)/Co(0.4 nm];5/ FeMNn(3 nm)/Pt(2 nm) multi-
layer. Remarkably, the addition of a 3-nm-thick FeMn layer
on top of[P{2 nm)/Co(0.4 nm];5 multilayers changes the
polarity of R; from negative(Fig. 3) to positive(Fig. 4). In
addition, Fig. 4 shows that.,=0 between 5 and 300 K.

a
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FIG. 3. AHE (line) and magnetization (circles loops for

[Pt(2 nm)/Co(0.4 nm],5/ P2 nm) multilayers. The field is applied perpen-
dicular to film plane.

Note that similar measurements have shown a negative loop
shift (Hep#0) when a 20-nm-thick FeMn layer was used.
These results are reminiscent to those obséfved
[Pt(2 nm)/CoF€0.4 nm],/FeMn(x)/Pt(2 nm) multilayers,
indicating that the anisotropy of FeMn layers decreases as
tar decreases.

However, the results in Fig. 1 show that addition of
[Co(0.4 nm/Pt2 nm)];5 sublayers onto [Pt2 nm)/
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FIG. 4. Normalized AHE loops for [P{2 nm)/Co(0.4 nm];s/
FeMn(3 nm)/P{2 nm) multilayers. The field is applied perpendicular to

film plane.
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Co(0.4 nm];,5/FeMn(3 nm) multilayer stabilizes arHq,=
-150 Oe below 30 K. This is in contrast with the results
reported in planar-exchange-biased FM1/AF/FM2 trilayers
FM1=NiFe, FM2=Co in Ref. 20 and FM1=Co, FM2=Co
in Ref. 21), where the interaction between the FM1/AF
exchange-biased system and the FM2 layer across the cor
mon AF=FeMn spacer eliminates thk, at the FeMn/FM2
interface. In such planar-exchange-bia@etﬁIayers the
highly randomized magnetic state of the top Co layers proo 1.2
vides strong evidence for the random field model where aiz

AF micromagnetic state that supports strong bias at th&2
FM1/FeMn interface does not induce bias in a Co layer de-D:L'\L' ]
posited on top. Our resulFigs. 1 and #shows the opposite =

case, where interlayer coupling between perpendicularly big

—u—NiO-ZFC

ased[Pt/Cd,5 sublayers across a common FeMn spacer fa 11 8= NiO-FC
vors the stabilization of a micromagnetic state in the AF | —4—FeMn-ZFC
which maintains exchange bias at low-temperatures when th =&~ FeMn-FC
simple[Pt/Ca;s/ FeMn structure does not exhibit exchange —e— Co/Pt-ZFC
bias. This is in agreement with the results of Kethall” in ] -0~ Co/Pt-FC
FM1/FeMn/FM2 trilayerswith identical easy axes of the —%*— Pt
FM layers which show that the FM1 and FM2 layers exhibit /
an oscillatory magnetic coupling between parallel and anti: 1.0

i | ! I ' | ! I ' |
parallel alignment of the two FM layers across an FeMn 0 80 160 240 320

spacer. In the case of a three-dimensional noncollinear Al

i . T (K)
phase iny-FeMn layers it has been argiédhat there are
locally uncompensated inplane and out-of-plane AF-SpirkG. 5. Typical temperature dependence of the resistance: Normalized ZF
components which are exchange coupled with FM spins ofolack symbols and FC (open symbols R(T) measurements for
the same component at the FM/AF interface, thus contribut:Pt2 nm/Co(0.4 nm s/ IAF(3[ ”t’(“)’ [C)O/(Q:( nm/ ';;(]2 ;‘mt)(]lsl gAFz'\I“O
- . . — squares, FeMn-triangleg, [P(2 nm)/Co(0.4 nm],s5/Pi(2 nm) (circley
Ing to the eXChange'blE(EB_) effect above a certain FeMn multilayers and 70-nm- thick Pt filmnH--=3 kOe, applied perpendicular to
Iayer thickness. In parallellsm, the two FEPt/CC):llS and film plane. Lines are guides to the eye.

[Co/P1i5 sublayers can be considered as the FM1 and FM2
layers of a FM1/FeMn/FM2 systewith out-of-pland(iden- agreement, no difference is observed between ZF and FC

tical) easy axes of the FM layers due to PMA from the Co/PtR(T) curves for thel P2 nm)/Co(0.4 nm],¢/PY2 nmy and

interfaces, where interlayer coupling between the FM sub: .
layer structures is established across an FeMn layer. Accor(]t;Pt(2 nm/Ca(0.4 nm 1,5/ AF(3 nm)/P2 nm)  multilayers

ingly, the observed EB effect in Fig. 1 can be attributed to _hat do not exhibit EB' S|_nce =3 kOe the magnetlzai
. ; . tion of all these films is saturated, magnetic scattering
the concerted action of exchange interactiobstween lo-

. aontributioné3 should be taken into account as well. They
cally uncompensated out-of-plane AF-spin components and .

. rise from the exchange interaction between the conduction
Co spins of the same component at the top FeMn/Co an . .
) electrons(s) and the localized @ electrons(called s—d in-
bottom Co/FeMn interfaces.

. teraction). It has been observétthat the temperature depen-
Figure 5 shows the temperature dependence of the resis- . . . )
aence of electrical resistance in magnetically saturgfdd

tance for all the Co/Pt-based samples and for a 70-nm-thic . ; .
Pt film that is used as reference. The resistanEE), were statg Fe/Cr multilayers below 15 K is better described by

measured at zero fieldF) between 5 and 320 K whereas an n (/T Z"dz )

Hec=3 kOe was applied perpendicular to film plane at R(T):R0+A<0_D> f mhﬂ-' (2)
320 K and then th&-(T) was measured in a field-cooling 0

(FC) process. For each sample tR€T) curves were normal- where the second term gives the relative contribution from
ized to the corresponding ZF resistanée(5 K), of the  electron-phonon assisted interbasdd scatteringwhen n
same film at 5 K. Thus, th&,(5 K) has been used as the =3 in the low-temperature limit or the classical linear in-
residual resistanc®, due to the temperature independentcrease in the high-temperature lirfiftR= T (n=1), 6, is the
scattering from defects and impurities. In multilayers with Debye temperature, the third term is the magnetic
AF=FeMn and NiO layers th&®-c(T) data are above the contributiorf® from thes—d interaction(not s—d scattering
correspondingR,(T) measurements at lower temperatures.and « includes its strength. Least square fits of BR(@) data

In this case theRe(T) values below 50 K tend to FC re- of pure Pt below 60 K with the functionR(T)=Ry+«T",
sidual resistances which are about 2%-3% higher than thgive the parameterd,=0.08132)Q), k=2.48)u K2, and
corresponding ZF resistances. It can be considered as time=2.1(1), evidencing the dominance of tii& law (s—d in-
manifestation of the exchange bias effect which is expétted teractior) at low temperatures. As seen in Fig. 5, the main
to modify the asymmetric scattering of the conduction elec-effect of Co layers intdR(T) of pure Pt is to decrease the
trons in the Co/Pt layers that are responsible for the AHE. IM\p/AT rate in the quasilinear part & vs T data. The ZF
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and FCR(T) of the multilayers fits to the functionR(T) Fermi level. It has been argued tffad shift of the Fermi
=Ry+«T" below 60 K, giving least-square best estimates forlevel by increasing the layer thickness of Pd changes the
the exponenn that are close to 2(@) in the case of AF relative population of the charge carrigfsom hole-like to
=FeMn and[Co/P{;5 films whereas for AF=NiO then  electron-likg and, thus, reverses the polarity of the AHE
equals to 2.8l). The latter shows a dominance of thiglaw  loops. In Co/Bi multilayer1s2 the change of AHE polarity
(s—d electron-phonon scatteringver theT? law (electron-  with temperature might be explained from a change in the
magnon scatteringat low temperatures which can be ex- sign of A, that could happen whenever a Fermi surfice
plained from the specular reflection of the spin-up and spinerosses Brillouin zone boundaries, special symmetry points
down currents at NiO/Co interfacé%”® Parenthetically we or lines of accidental degeneracy. In view of these two physi-
note that a reduced giant-magnetoresistance ratio in FeMreal mechanisms it is rather surprising that a 3-nm-thick
based spin valves can alguartially) be understodd if spin-  FeMn layer reverses the polarity of AHE loops, since it is
flip (magnon scattering is present in the antiferromagneticmost unlikely to disturb the sign of, or the position of the
part of the stack, which is obviously absent in the case of the&ermi level throughout the much thick¢Pt/Cal;5 sublayer
impenetrable NiO. Since electron-magnon scatteringstructures used in Figs. 1 and 4.
gives>**a T2 dependence ilR(T) at low temperatures then  Usually, Co/Pt multilayers with PMA exhit? nega-
the dominance of th&® term in theR(T) of Co/Pt multilay-  tive polarities inp,, loops, as in Fig. 3. Electronic band struc-
ers with an AF=NiO layer indicates that electron reflectivity ture calculations for Co/Pt interfaces indicdtthat the elec-
at NiO/Co interfaces reduces the effect of elecron-magnotronic states at the bottom of the valence band are formed
scattering(s—d interaction) and, as the temperature drops, mainly by Pt states while the states in the vicinity of the
the relative contribution from electron-phonon scatteringrFermi level have predominantly Cal@haracter with an ad-
increase$? However, the accuracy of our dc-resistivity mea- mixture of Ptd states. Thus, the sign of the conducting
surements is not adequate to resolve reliably the relative cortharge carriers depends on a sensitive way from the degree
tributions from the second and third terms in E2) at low-  of hybridization between the exchange-splitted @oahd
temperatures. Finally, Fig. 5 shows that above 60 KR(B Ptd states at the interface. AHE lodps® (Figs. 2 and 3
exhibits a quasilinear dependence Bras in Ref. 22. evidence a negative polarity for thick enough Pt layers, as in
Co/Pd muItiIayer§.0 Total density of states calculations
(TDOS) for y-Fey sMng 5 indicate that its TDOS is similar
to that of fcc Mn in the examined lattice constant range
The most important result of this study is the induced(0.33—0.39 nm In the case of AFy-Fe, sMng 5 the DOS for
change of the AHE loop polarities by addition of a very thin the spin majority and minority bands of Fe and Mn are split
FeMn metallic layer. The AHE loops in Figs. 1-4 reveal thatin a way that the moment of each spin is equal but opposite
the change of the polarity gf; loops with addition of a thin  to each othe?® However, if one considers the two sublattice
FeMn layerdoes not depend oii) the presence of EB effect model for metallicy-Fe, sMng 5 then the AHE conductivity
and (ii) the position of the FeMn layer in the stacking se- o,, should be zerd?
quenceof Co/Pt multilayers. To understand this effect we Theoretically, the only way to observévg # 0 signal in
have to write the expression for the total Hall resistivitf’as AF y-FeysMng s 57 when the three-dimensional noncollinear
- 2 AF spin structure’ of fcc FeMn is distorted perpendicular to
Pu= Py = = MM L (At Bpso) + Cxo, ® (111) plane®® According to this model the observeégigs. 1
where N\, is the spin-orbit coupling constary and B are  and 4 reversal of polarity inpy loops can be attributed to
constants that their signs depend on the position of the Ferngurrent shunting through the 3-nm-thick FeMn layer. Thus,
level in a band®?°C is a positive parameted is the ex-  to explain the reversal of AHE polarity in Figs. 1 and 4 we
change coupling integral that is positive if the interaction ishave to assume that current shunting gives rise to a positive
thes—d exchange, angy> xij =S - (X S is the total(uni-  py contribution via the last term of E@3) that surpasses the
form) chirality that is proportional to the scalar spin chirality negativepy contribution(Fig. 3) from the Co/Pt multilayer
Xij- The last term in Eq(3) has been introduced becausein the first term of Eq(3). This is also consistent with the
chirality-driven AHE contributions might be obser?&dn observedFigs. 1 and #independence of the polarity @f;
the three-dimensional noncollinear AF spin struct(iref loops from the presence of the EB effect and the position of
v-FeMn due to lattice distortions perpendicular (011) the FeMn layer in the stacking sequence of Co/Pt multilay-
pIane.13 ers when a thin FeMn layer is added. Furthermore, one may
In FM/NM multilayers there are very few cases where aargue that even without reflectivity of electrons at Co/NiO
reversal of AHE loop polarity from positive to negative has interfaces the impenetrabl@nsulating NiO layer prevents
been reported. This has been observed in Pd/Cany shunting of current through subsidiary layéssch as
multilayers® with monoatomic Co layer as a function of the FeMn in the metallic cageand it does not affect the negative
number of Pd monolayers whereas in Co/Bi multilaf@rs, polarity of py loops in Fig. 2. However, if the last term of
with fixed Co and Bi layer thicknesses, the polarity of the Eq. (3) had such a large contribution tg, then a significant
AHE loops changes progressively from positive at ambienAHE would be observed in pure FeMn thin films. This is not
conditions to negative below 140 K. In Pd/Co multilayersreported in the literature and we could not detect an AHE
these results have been eprai??eﬁIom the strong depen- signal in FeMn thin films as well. It shows that the positive
dence ofA andB parameter$Eq. (3)] on the position of the polarity in Figs. 1 and 4 results from a combination of resis-

IV. DISCUSSION
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tivity effects in both, the Co/Pt multilayer and the AF FeMn Figs. 1-4 can be explained from the competition between the
layer. Such an effect may arise from the very short spinthermal activation energy and the energy barrier that is due
diffusion length®® I~ 1.5 nm, of FeMn layers in a multilay- to domain wall motion through the graifis.
ered structure. Thus, it can be argued that spin-memory loss
at FeMn interfaces reduces the mean-free-path of the coy; symMARY
ducting spin-channels in Co/Pt layers whereas electron re-
flectivity at NiO interfaces it does not. The former can  In summary, the effect of AF-FeMn (metallic) and
change the relaxation timess; of majority and minority ~ insulating NiO layers on the polarity of AHE loops of Co/
electrons in Co/Pt layers but the second cannot do thaPt multilayers with PMA has been studied. It was shown
Since, generallylg could be different for spin-up and spin- that [P{2 nm)/Co(0.4 nmJy5/ AF(3 nm)/[Co(0.4 nm /P2
down channels then FeMn interfaces provide another spin®Mlis (AF=NiO, FeMn multilayers exhibit a negative po-
orbit scattering potential/, at the interfaces that, in prin- larity of py loops for AF=NiO whereas a change of polarity
ciple, can alter the relative contribution of the spin carriershas been observed for AF=FeMn. The AHE loops in Figs.
which participate in the AHE of Co/Pt multilayers. This 1—4 reveal that the change of the polarity @f loops with
might be a more reasonable explanation for the change giddition of a 3-nm-thick FeMn layer does not dependent on,
AHE loop polarities in Figs. 1—4. first, the presence of EB effect and, second, the position of
Another important feature of the loops in Figs. 1—4 is thethe FeMn layer in the stacking sequence of Co/Pt multilay-
temperature dependence ldf and H, fields on the kind of ~ €rs- This can be explained from the very sHgrbf spin-up
AF layer used. Specifically, Figs. 1 and 2 reveal that thend spin-down channels in FeMn interfaces which modifies
magnitudes of, are different between AF=FeMn and NiO the spin-relaxation times,;  in Co/Pt and, thus, might
layer. Such differences ifH,| can be attributed to different ghgnge Fhe relative contribution of _the spin carriers that par-
grain size distributiori€* in these structures. Indeed, com- ficipate in the AHE of Co/Pt multilayers. Figure 1 shows
puter simulations for the dependence of magnetization revefha@tHe,# 0 at 5 K whereasie,=0 at all temperatures in Fig.
sal on the crystallite si?é have shown that the larger the 4, Th|§ difference prowdes'an |nd|re'ct evidence for interlayer
average grain size the smaller is expected to belthin coupling between perpendicularly biadé€t/ Col;5 sublaygrs
thin films with PMA. In addition, positiveH,, values appear &Cross a common AF spacer that causelg¥ 0 at 5 K in
in the positive field branch of a loop above 30 K. Specifi-F19S- 1 and 2 whereas the simplet/Col;s/ FeMn(3 nm)
cally, the H, shifts from -400-200 Oe at 5K to structure(Flg. 4) does not exhibit exphangtla b_mg However,
_40(+40) Oe at 30 K to +200r400 Oe at 90, 160, and €Xchange-biased FM1/FeMn/FM2 trilay&ts with in-plane
300K for AF=FeMrNiO), giving a AH,=|H,(5 K) magnetlzatlon exhibit a very different behaylor. Their inter-
~H,(300 K)|=600 Oe in both cases. Such positie fea- action between the FM1/FeMn exchange-biased system and

tures are reminiscent to a singularity of tvevs H curve e FM2  layer across the common FeMn spacer

e 0,21 :
that appears at some poirt in perpendicularly magnetized e!lmlnate§ the Hep, at the FeMn/FM2 interface. Such a
Co thin films2 This singularity has been ascribed to a Sud_dlf“ference between perpendicularly-biased and in-plane bi-
den nucleation of magnetic bubbles with Oppositeased FM1/FeMn/FM2 structures indicates that EB is stabi-

. . . . 7 ..
magnetizatio?l9 due to the existence of a critical bubble ra- I'T_ed Ibn a sandwmheg S‘F thlnFll?Ay%lejr via 'n.tﬁr:gxg cou-
dius Ro(H,) under which a bubble network does not form a PN between top and bottom ayers wit :
lstable-conflguratlonh Hov;:eviz’ ﬂlelg]ak%mtqddém?sgrgu;h 'F. Garcia, J. Sort, B. Rodmacg, S. Auffret, and B. Dieny, Appl. Phys. Lett.
ower in our case than that é,(=12 kOg in Ref. e- 83, 3537(2003.
cause the PMA in Co/Pt multilayers with very thin Co layers zz. Y. Liu and S. Adenwalla, Phys. Rev. Letd1, 037207(2003.
comes mainly fromweakey interface contributions to mag- 2 Y. Liu and S. Adenwalla, J. Appl. Phy=4, 1105(2003.

4 . X
netic anisotrop$’** whereas in epitaxial Co films it comes (1)4 ﬂellg(wz%osz)' Maat, J. B. Kortright, and E. E. Fullerton, Phys. Re\6%

from the (strongest uniaxial anisotropy of the hexagonal Sg Garcia, F. Fettar, S. Auffret, B. Rodmacg, and B. Dieny, J. Appl. Phys.
(hcp) lattice. Thus, the observed loop shapes in Figs. 1—4693, 8397/(2003.

indicate that the domain structure in our multilayers is domi- ﬁieﬁrﬁgﬁuﬁ anMPéggle'dpgyginz\e/\; ?'J?Jln‘;ﬁg(hzogﬂ\?/\/;gag \';\-/ang
nated by the same magnetic energy terms as in CoPt thin M . o0 T T ’
films®*® with PMA. The main difference between our Co/Pt Wiﬂe'\g,ué?c\ﬁ{aﬁsﬁli,L\ftfzi\/l(i)lf;,z%(i?%‘gva, and N. P. Ong, Science
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instead of uniaxial anisotropy in CoPt alloys. Since this fac- ¢, g 42 48891990, T ’ ' s
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