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Tailoring perpendicular exchange bias in [Pt/Co]-IrMn multilayers

J. Sortt* V. Baltz! F. Garcia? B. Rodmacd, and B. Dieny
ISPINTEC (URA 2512 CNRS/CEA), CEA/Grenoble, 38054 Grenoble Cedex 9, France
2Laboratorio Nacional de Luz Sincrotron, 6192-CEP 13084-971, 1000 Rua Giuseppe Maximo Scolfaro, Campinas, Brazil
(Received 24 September 2004; published 18 February)2005

In [Pt/Cq] multilayers(ML) exchange coupled to IrMn, the magnitudes of the exchange biasHiekhd
coercivity Hc measured along the perpendicular to film direction, can be tailoreg@) barying the thickness
of the Co layergtc,) inside the ML and/ofii) inserting a Pt spacer between the ML and the antiferromagnetic
(AFM) layer. An unusual peak in the ferromagndfidV) thickness dependence of exchange bias properties is
observed. This is ascribed to a reduction of the perpendicular effective magnetic anisotropy for either very
small or too large values a§,. Moreover, for low values df,, the insertion of an ultrathin Pt spacer between
the[Pt/Cqg] ML and the IrMn brings about a significant increaseHyf andHc. However, such an effect is not
observed for thicker Co layers. This behavior is explained by the two-fold role of the Pt spacer, i.e., it
strengthens the perpendicular orientation of the Co magnetization in the ML but it also tends to reduce
exchange bias due to the short-range character of the FM-AFM interactions.

DOI: 10.1103/PhysRevB.71.054411 PACS nun®er75.70.Cn, 75.30.Gw, 81.15.Cd

I. INTRODUCTION quire a complete square appearance, hence suggesting that a

Exchange coupled ferromagneti¢FM-) antiferromag- Well-defln_ed perpendicula_r magneti(_:_anis_otropy is required
netic (AFM) bilayers typically exhibit a shift of the hyster- 0 maximize exchange bid$.In addition, it has been re-
esis loop along the magnetic field axis, i.e., exchange biagently shown that a significant increase I8¢ can be ob-

He and an enhancement of coercivity: when they are field tained in exchange bias¢®t/Cal - FeMn ML by inserting
cooled from above the blocking temperature of the AFM oran ultrathin Pt layer between thet/Co] ML and the AFM?3
deposited under the presence of a magnetic ficl@uring  This behavior has been attributed to the role of the thin Pt
the last decades, these systems have been extensively invepacer in reinforcing the perpendicular orientation of the Co
tigated mainly due to their technological applications inmagnetization in the ML leading to an enhanced spin projec-
magnetic sensors based on spin valves or magnetic tunnébn between the FM and the AFM after the perpendicular
junctions structure® field cooling process.

Usually, exchange bias is observed in FM-AFM bilayers In this article we investigate perpendicular exchange bias
with in-plane anisotropy. However, recently, exchange biagffects in[Pt/Ca ML exchange coupled to IrMn. It is found
effects have also been induced along the perpendicular-téhat, for a fixed number of Pt/Co repeats in the ML, the
film direction, in both continuoUs®® and nanostructuréd  magnitudes of botklg andH can be tailored by varying the
multilayers. Some systems can exhibit either in-plane or outthickness of the Co layers in the Mg, Interestingly, the
of-plane exchange bias, depending on the field cooling direcdsual inversely proportional relationship betwe#nand the
tion. This is of particular interest since it allows probing the FM thickness is only observed for intermediate valuet-gf
three-dimensional spin structure of the AFM la§ef: Re-  between 0.6 and 0.9 nm, where a relatively large perpendicu-
markably, in some cases, perpendicular exchange bias is olsw effective anisotropy is preserved. For either very thin
served at room temperature, hence making these structurés0.6 nm or relatively thick (=0.9 nm Co layers, a de-
appealing for the implementation of spin valves or tunnelcrease of the out-of-plane magnetic effective anisotropy oc-
junctions with perpendicular anisotropy:* curs, which drastically reduces perpendicular exchange bias.

Among the systems which exhibit perpendicular exchangd/oreover, it is observed that by inserting a Pt layer between
bias are[Pt/Cq or [Pd/Cd multilayers (ML) exchange the[Pt/Cqd ML and the AFM,Hg andH are only enhanced
coupled to an AFM, such as CoO, Fe(FeR, NiO, FeMn,  for low values oftc,, i.e., lower than 0.6 nm. However, as a
or IrMn. The perpendicular anisotropy of these ML dependgyeneral trend, for largetc, values, the insertion of a Pt
on several parameters, such as the number of Pt/Co or Pd/Gpacer only leads to decreasesHp andHc. This effect is
repeats comprised in the ML, the relative thickness of the Ptinterpreted by taking into account the interplay between the
Pd, and Co layers or the thickness of the buffer 1a§é?. enhancement of the perpendicular orientation of the ML
Although the role of these parameters on the magnetic propnagnetization, brought about by the Pt spacer, and the short-
erties of unbiaseflPt/Cql and[Pd/Cd ML (coercivity, rema- range character of FM-AFM exchange interactions.
nence to saturation magnetization ratio, nucleation field) etc.
has been extensively investigat®d!a systematic investiga- Il. EXPERIMENTAL PROCEDURE
tion on how these parameters affect the magnitude of ex-
change bias is still lacking. In particular, it has been shown Several series of multilayers with compositions
that perpendicular exchange bias increases with the numbEP{2 nm)/Coltcy)]a/ Pt(tp)/IrMn(5 nm)/Pt(2 nm), were de-
of (Pt/Co repeats, becoming maximum when the loops acposited on thermally oxidized Si wafers by dc magnetron
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=] 0 ,('{ ,f" FIG. 2. Dependence of the remanence to saturation kM g
g ; f on the Co thicknesdc,, for perpendicular exchange biased multi-
Z / ] layers with compositions [P#(2 nm)/Co(tco)]s/IrMn(5 nm)/
) P#2 nm). Note that, in order to determindr/Mg, the loops were
t,=L1mm centered for the exchange bias field. The inset shows an enlarge-
0 _.ﬁ,-""""‘- ment of a part of the centered hysteresis loopstfg=0.38, 0.45,
e and 0.6 nm. The lines are guides to the eye.
-1 rather square. However, the remanence to saturation ratio
-L5 -0 05 00 05 L0 15 decreases dg, is progressively increased. Fy,=0.8 nm,
H (kOe) the loop becomes tilted and for larggy, (e.g., 1.1 nmy, the

out-of-plane loop progressively becomes a hard axis loop.
FIG. 1. Hysteresis loops corresponding to the This indicates that for low and intermediate valuesgf the
[Pt(2 nm)/Coltco) 3/ IrMn(5 nm)/P2 nm) systems withic,=0.45,  system exhibits a perpendicular to plane magnetic effective
0.6, 0.8, and 1.1 nm, measured at room temperature along the pegnisotropy, which reorients towards in-plane for sufficiently
pendicular to film direction, by extraordinary Hall effect, after cool- thick Co layers. In addition, the hysteresis loops are dis-
ing from T=550 K in the presence of &2.4 kOe magnetic field placed along the magnetic field axis. The loop shift is par-
applied along the perpendicular to film direction. ticularly pronounced for intermediate valuestg,

The dependence of the remanence to saturation magneti-
sputtering. The values @f, ranged from 0.38 to 1.5 nm and zation ratio Mg/Mg, measured from the perpendicular to
those oftp, from 0 to 1.5 nm. The base pressure was 5.3plane hysteresis loops, @g, is shown in Fig. 2. The values
X 10°® Pa, whereas the Ar pressure during deposition wasf Mg/Mg are obtained after recentering the loops for the
0.25 Pa. All depositions were performed at room temperaexchange bias field. As can be seen in the figilg/Mg
ture. The samples were annealed at 55(Kove the block- increases from 0.83for t;,=0.38 nm to 0.99 (for tc,
ing temperature of all systemgor 1 h and subsequently ~0.6 nm. For largertc,, Mg/Mg tends to decrease again
cooled under a field of-2.4 kOe, applied perpendicular to and it drastically drops at-,=0.9 nm, confirming that the
the film plane, to set the unidirectional exchange anisotropyperpendicular anisotropy dPt/Cal multilayers is lost for
in this direction. Hysteresis loops, with the magnetic fieldexceedingly thick Co layers. The inset of Fig. 2 shows an
applied perpendicular to the thin film direction were mea-enlargement of a part of the hysteresis lo¢after recenter-
sured using extraordinary Hall effe¢EHE), a technique ing them along the field axigor t,=0.38, 0.45, and 0.6 nm,
which is particularly sensitive to the perpendicular compo-which illustrates the increase of squareness ratidcgss
nent of the magnetizatiof?. The magnetic effective aniso- increased to its optimum value.
tropy was determined from the area between the easy and The dependences &fg andH¢ on tc, are shown in Fig.
hard axis hysteresis loops recorded either by EHE or using &. Similar toMg/Mg, the magnitudes dflz andHc are also
vibrating sample magnetometévSM).18 Hysteresis loops maximum for intermediate values &, i.e.,He=375 Oe for
were also recorded at temperatures above room temperatutge,=0.6 nm andH:=360 Oe fort;,=0.65 nm. This is in
up to T=500 K, by polar Kerr effect. High resolution trans- contrast to most exchange bias systems, where, due to the
mission electron microscopy images, together with x-ray difinterfacial character of the FM-AFM interactionsig is
fraction, revealed that both th@t/Co ML and IrMn are larger for thinner FM layer&.1t is noteworthy that for the

polycrystalline and exhibit a weald1l) texture. majority of t;, values Hg is larger thanHs and, conse-
quently, only one remanent state is obtained. This is of prac-
Il. RESULTS AND DISCUSSION tical interest in order to use these structures as a reference

layer in spin valves or tunnel junctions with perpendicular
Typical hysteresis loops of th¢P2 nm)/Catc)ls/  anisotropy.
IrMn(5nm)/Pt(2nm) systems measured at room temperature |n order to get deeper understanding on the dependences
along the perpendicular to film direction by EHE are shownof Hc, Hg, andMg/Mg on te,, the effective magnetic aniso-
in Fig. 1, fortc,=0.45, 0.6, 0.8, and 1.1 nm. Note that, in tropy Ko+ was determined for the different samples, from the
these samples, no Pt spacer is introduced between thgea between easy and hard axis hysteresis Bopise de-
[Pt/Ca ML and the AFM. For low values df., the loops are  pendence oK onte, is shown in Fig. 4. It can be seen that,
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400 come the shape anisotrogsee Figs. 1 and)2More contro-
versial is the decrease & for low values oftc, Several
’g 3007 hypothesis have been reported in the literature. For instance,
= ol it has been shown that a crystallographic transition from hcp
T to fcc occurring in Co for low values dg,, has an influence
T ook on the magnitude of magnetic effective anisotrédyt has

been also claimed that for thicker Co layers there would be
an improvement of the€l11) texture of the ML, which would
R . also bring about an enhancementkaf;.2%?” Alternatively,
04 06 08 10 12 14 16 some authors have reported the importance of having well
te, (nm) defined Pt/Co interfaces parallel to the film plane in order to
have a large perpendicular anisotropy. The presence of inter-
face roughness or intermixing between Pt and Co have been
shown to play a detrimental role d€..28 If the intermixing
is larger, K¢ decreases due to a diluted spin density and
smaller orbital moments of Co at the interfaé®szor low
values oftc,, the effects of interdiffusion between Pt and Co

o . are enhanced and in the limit case where a random disor-
analogously tHc and Mg/Ms, K @lso exhibits its maxi- dered solid solution of Co and Pt would be formed, this

mum value aroundc,~0.65 nm. A similar dependence of o4 lead to an fcc matrix which would not support
Kefr on 1300 has been reported ifiPt/Co ML without niayial anisotropy® Hence, for too thin or too thick Co
AFM.*2For unbiasedPt/Ca] ML, the effective anisotropy  |ayvers, if the perpendicular anisotropy is not large enough,
is, in fact, the result of several anisotropy contributions angy,o out-of-plane hysteresis loops tend to resemble hard axis
it can be expressed aKes=K,+2Ksui/teo* (3/2N0 |50ps and, consequentlyic is reduced. However, it should
= 27Mg e, WhereMgeq=Mscdteo/ (teottp) ] The first term  pe noted that althoughic is similar for t,=0.4 nm and
is the volume anisotropy, which is mainly related to the Crys+.,=1.2 nm(see Fig. 3 the effective magnetic anisotropy in
tallographic structure of the ML, the second term is the Surthe two cases is very differeffor tc,=1.2 nm,K4 becomes
face anisotropy, arising from the hybridation between theayen negative, indicating an in-plane magnetic anisotropy,
electronicd states of Pt and Co at the Pt/Co interfatethe  see Fig. 4 Hence, the relationship betweeéty and Ky is
third term is the magnetoelastic contributiomhereX is the ot so straightforward in exchange biag&#/Co ML. This
magnetostriction constant ardthe stresg'®**and the last  could be due to the coupling between fR¢/Cd ML and the
term is the shape anisotropy contribution, which favors aragm. Namely, if the AFM spins are partially irreversibly
easy-plane anisotropy. Since in this study fR€Col ML is  dragged during magnetization reversal of the FM, this yields
exchange coupled to an AFM, additional anisotropy termsan enhancement ¢, which is another fingerprint of FM-
are also present, particularly a unidirectional anisotropy termygnm exchange interactions?
along the perpendicular to film direction, which is respon-  The relationship betweelys, Mg/Ms, and Hg is some-
sible for the exchange bid3.The decrease df for large  what complex. In fact, due to the interface nature of FM-
values oftc, has been reported in the literatt#é* and is  AFM exchange interactions it is usual to observe a decrease
related to the decrease of the surface anisotropy contributiogy He for larger FM thickness. An inverse dependence be-
for larger tc, and the increase of the volume and shapeweenHg and the FM thicknesgtry,) has been reported in
anisotropies. Indeed, for thick Co layers, the easy axis magnany FM-AFM bilayers: This effect is commonly explained
netization tilts and tends to fall in the film plane, indicating py arguing that when the magnetization of the exchange bi-
that the interface anisotropiyesponsible for the perpendicu- ased layer switches, the volume Zeeman energy brought by
lar effective anisotropyis no longer strong enough to over- the applied field balances the FM-AFM interfacial coupling
energy(oey), SO thatoe,=HgMgctco, Wheren is the num-
ol ber of Pt/Co repeats in the ML aMs ¢, the saturation mag-
netization of Co. The exchange bias energy is a priori ex-
5t 'J..“\-\‘\ pected to be independenttf, which is indeed confirmed in
many systems considering the usually observegd,lthick-
X1 ness dependence 6fz. Yet, as can be seen in Fig. b,
10l shows a progressive unusual increase Wik tending to
level off for t;,=0.6 nm and starting to decrease fiy,
. . ‘ . . . =0.9 nm. It can be argued that during the perpendicular field
04 06 08 10 12 14 16 cooling, as the temperature is reduced to below the blocking
t., (nm) temperature, the spins in the different IrMn crystallites will
tend to orient along their easy axes closer to the field cooling
FIG. 4. Dependence of the effective anisotrdfiyy on the Co  (FC) direction. However, once at room temperature, when
thicknesstc, for perpendicular exchange biased multilayers with the field is removed, the spins in the Co layers will tend to
compositions [Pt(2 nm)/Coltco)]s/IrMn(5 nm)/Pt(2 nm).  The  relax at a certain angle towards in-plane if the perpendicular
lines are guides to the eye. anisotropy is not large enough. This occurs for either very

(=3
T

FIG. 3. Dependence of the hysteresis loop shift(-©-) and
the coercivityH(-H-) on the Co thicknesg,, for perpendicular
exchange biased multilayers with compositions
[Pt(2 nm)/Co(tce) I3/ IrMn(5 nm)/Pt(2 nm). The lines are guides to
the eye.

15

K (10 J/m’)
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[Pt(2 nm)/Co(tce) I3/ IrMn(5 nm)/Pt(2 nm). The lines are guides to

the eye.

FIG. 6. Dependence of the ratio between the saturation magne-
ation measured at 450 K] 4450 K) and that measured at 300 K,
Mg(300 K), on the Co thicknesstc, for perpendicular
exchange biased multilayers with compositions
[Pt(2 nm)/Coltco)]3/IrMN(5 nm)/Pt(2 nm). The lines are guides to
the eye.

low or relati_vely large values °'f°9' It is well known that . Hg is expected to be reduced. Finally, although it was not
exchange bias is roughly proportional to the FM-AFM SPIN ypserved by x-ray diffraction, some structural effetdsg.,

projection at the interfac®. Hence,Hg is optimised when improvement of texture in the AFM due to better AFM
the FM and AFM easy axes are completely parallel to eac%rowth) could also be partially responsible for th: en-
other. A situation close to this one is probably accomplishechancement for thelz enhancement for large FM thickness. It
for tc, around 0.6 nm, when the magnetic anisotropy in theshould be noted as well that the maximum k¢ for tc,

ML is sufficiently large to keeMg/Ms close to 1(see Fig.  ~0.65 nm is also probably related to the enhanced FM-AFM
2). For low values oK, whereMg/Mgiis found to reduce  exchange coupling, since an enhancemeritigfis another
the FM-AFM spin projectior(and consequentliig) will de-  fingerprint of FM-AFM coupling.

crease. However, it should be noted that this effect is not the |nserting a Pt spacer between tfRet/Cq ML and the
only cause for the difference iHg for differenttc, values.  AFM is another way to significantly modifiiz. This effect
For exampleHg is found to be similar fot,=0.45 nm and  was investigated for four series of samples, wiith=0.38,
tco=1.1 nm(see Figs. 1 and)3although in the latter case 0.6, 0.8, and 1.1 nm, with the aim of further enhancitg
Mgr/Mg is much lower. Hence, other mechanisms must beshown in Fig. 7 are the dependence$igfandH¢ ontp, (the
simultaneously influencing exchange bias. Actually, similarthickness of the inserted Pt spacdor the four sets of

to the effective magnetic anisotrog¥2t/Col multilayers also  samples. As can be seen in the figure, completely different
exhibit a strong reduction of the Curie temperatiie for behaviors are obtained depending . Namely, fortc,

low values oftc, (Ref. 29 basically due to intermixing be- =0.38 nm, large enhancements ¢ and H are observed
tween Pt and Co at the interfaces. This phenomenon is oljor small Pt thickness, both of them becoming maximum for
served in our case. Namely, fty,=0.38 nmT is about 450  t,,=0.3 nm and progressively decreasing whgris further

K. However, T¢ is much higher(larger than the maximum increased. Conversely, ftg,=0.6 nm, only decreases Mg
temperature achievable in the polar Kerr s¢téqr larger  andH. are observed for all values tf. Fortc,=0.8 nm and
values oftc, In addition, the high-temperature hysteresislow values oftp, He decreases buitlc slightly increases.
loops reveal that the blocking temperature of these systentsinally, for to,=1.1 nm bothHg and H¢ decrease with in-
(i.e., for ty\un=5 nm) is also around 450 Kconsidering the  creasingts, The large enhancement bz andHe when an
blocking temperatur&g as the temperature at whiéte van-  ultrathin Pt spacer is deposited between[tRgCo] ML and
ishes completely upon heating-igure 6 shows the depen- the AFM has been recently reported [iRt/Co] - FeMn13
dence of the ratio between the saturation magnetization megtowever, in the present work we show that this behavior is
sured at 450 K, and that measured at 300 Kot universal, but is only observed for low values tgf,
Mg(450 K)/M«(300 K), on tc, This figure gives an idea of Similar arguments to those given to interpret the variations
how much magnetic moment in the FM is lostTat Tg due  of Hg andH¢ with te, can be used to understand the role of
to thermal activation. It can be seen that, althoughthe Pt spacer in these systems. FheandHc enhancements
Mg(450 K)/Mg(300 K)  practically vanishes for tc,  for tc,=0.38 nm can be understood taking into account that
=0.38 nm, fortc,=0.65 nm the saturation magnetization at when the Pt layer is introduced, the perpendicular orientation
T=450 K is still rather large. Although exchange bias hasof the Co layers in the ML is improved, as can be seen from
been occasionally reported in systems wiig lower than  the 15% increase iMg/Mg shown in Fig. 8a). Indeed,
Tg, 3L it is well accepted thaHg is induced by the net FM when no Pt spacer is insertddg/ Mg is reduced because of
moment acting during the FC process. Therefore, the condboth a lack of a Pt/Co interface on top of the last Co layer
tion Tc>Tg is generally required to indudde.*# If Tcis  and the fact that the Co/IrMn interface is not so effective in
lower or about the same order of magnitudeTas(as it  keeping the perpendicular orientation of the last Co layer in
occurs for thin Co layepsthe alignment of the AFM spins the ML. Actually, theMg/Mg enhancement is accompanied
during the FC is probably less effective and, consequentlyby a slight increase in the perpendicular effective anisotropy
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FIG. 7. Dependence of the hysteresis loop shif(-O-) and
coercivityHc(-l-), measured along the perpendicular to film direc-
tion, on the thickness of the Pt spacer inserted betweefPtii€q| _
multilayer and the AFM layety, for perpendicular exchange biased IMn(5 nm)/PI(2 nm for tc,=0.38-@-), 0.6 (-¥-) and 0.8(-0-)
multilayers with compositiond P12 nm)/Co(tcg) 13/ IrMn(5 nm)/ nm. Note t_hat _|r(a) and(b), the_ Ilngs are guides to the eye, whereas
Pt(2 nm) for t;,=0.38, 0.6, 0.8, and 1.1 nm. The lines are guides to" (¢) the line is an exponential fit.

th . .
eeye ported that some kind of defects near or at the FM-AFM

[see Fig. 8)]. However, Figure 7 shows that far,, interface may induce an enhancementHy due to local
=0.38 nm,Hg increases from-40 Oe(for tp,=0 nm) to 130  increases of the site anisotropy in the AFM as a consequence
Oe (for tp;=0.3 nm). This means thaltlg increases by more of the strains created by these defects, or because of a local
than a factor of 3. It should be noted that even in the limitdecrease of the FM-AFM exchange coupling strerfgf.
case where the three Co layers were completely uncouplddterestingly, the strain induced anisotropy can be up to an
from each other and that only the last Co layer in the ML wasorder of magnitude larger than bulk values for strain levels of
tited towards in-plane, the observed 15% decrease il—2 %3*Since the Co and Pt cell parameters are not exactly
Mgr/Mg would mean that the tilt of the last Co layer should the same, it is indeed likely that the insertion of a Pt spacer at
be of no more than 60° from the perpendicular to plane dithe FM-AFM interface will cause local variations in the
rection. Hence, assuming thaizhks directly propotional to  IrMn structure, particularly near the interface. Some authors
the FM-AFM spin projection at the interface and that thehave also observed enhancement$igfby inserting impu-
AFM spins are completely oriented along the perpendicularities in the AFM (Ref. 35 or by ion irradiating the FM-
direction during the field cooling process, this would roughly AFM structure3® In both cases, the effect is to modify the
lead to anHg enhancement of only a factor of 2 between thedomain configuration of the AFM in such a way thdg is
value attp,=0 andHg maximum. Since the Co layers in the enhanced, for example creating more AFM domain walls,
ML are not completely uncoupled one from another, thewhich enhance the net AFM moment being coupled to the
three Co layers probably contribute to the 15% decrease d¥M. Finally, there could also be some improvement in the
Mgr/Mg, i.e., the three of them are somewhat tilted. Thistexture of the AFM when the Pt is inserted, meaning that the
implies that the angular tilt is less than 60° and, consegrowth of IrMn would improve. However, this effect was not
quently, the resultinddz enhancement would be even less observed by x-ray diffraction.

than a factor 2. Therefore, since the obserigdncrease is Contrary totc,=0.38 nm, fort;,=0.6 nm, Hg and H¢
larger, this suggests that other mechanisms should be alsmly decrease when the Pt spacer is introduced. Remarkably,
considered as partially responsible for tHe enhancement although the anisotropy also slightly increases in this case
when the Pt spacer is inserted. For instance, it has been rgsee Fig. &)], Mg/Mg is already close to 1 fotp;=0 nm
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[see Fig. 83)]. Hence, fort;,=0.6 nm, the Pt spacer does not IV. CONCLUSIONS

seem to play a role in reorienting the last Co layer in the ML

and it merely causes a decrease of the exchange bias strengthThe magnitudes of the exchange bias field and coercivity
due to its short-range character. This resglt cor_1f|rms that thg, [PYCd multilayers exchange coupled to IrMn, measured
He enhancement observed figf,=0.38 nm is mainly due 0 5 5nq the perpendicular to film direction, have been tailored

the existing tilt of the Co layers in the ML when no Pt is : : ; o
inserted, rather than simply to the slight increase of perpent—) (i) varying the thickness of the Co layers inside the ML

dicular effective anisotropy. Moreover, sint&- decreases and/or (ii) inserting a Pt spacer between the ML and the
with increasingtp, in spite of the slight increase i, this ~ AFM layer. An unusual dependence of the exchange bias
demonstrates that FM-AFM exchange interactions play inProperties on the FM layer thickness has been observed.
deed an important role in the observet values of the Namely, the existence of a peak in the dependen¢é-aind
different samples. Hc on te, is in contrast with the commonly reported in-
For tc,=0.8 nm,Hg also decreases wherebs. slightly  versely proportional relationship betweéfy and the FM
increases for low values df,. For thicker Pt spacers, both thickness. Such atypical behavior is ascribed to the reduction
He and Hc decrease. The dependencettf on tp is the  of the FM effective anisotropy and the concomitant reduction
re_sult of the interplay betyveen .the increase of perpendiculags Mg/ Ms for either very thin or exceedingly thick FM lay-
orientation of the magnetizatidine., Mg/Mg) in the ML as o5 ayidencing that magnetic reorientation transitions in the
tep;éﬂggegiies?riztfaect'i:(l)% ga)]Ha;]c\j/vittueinc::?g;es?r?get Oflr':t'\e/lr_eAsf-M FM have a strong influence on exchange bias effects. The
o Pt insertion of a Pt spacer between tffet/Col ML and the

ingly, if the Hg vs tp; dependences fdg,=0.38, 0.6, and 0.8 ! . :
nm are plotted together normalizing at the large spacer thick>FM layer results in totally different effects depending on

ness regimésee Fig. &)], it can be observed that the de- the thickness of the Co layers in the ML. Namely, for low
crease oHg is more pronounced fdg,=0.6 nm, where the Vvalues oftc,, He and Hc increase and exhibit maximum
main effect of the Pt spacer is to isolate the FM and the AFMWvalues for very thin Pt spacef$s=0.3 nm), progressively
while no improvement oMg/Mg is observed. The line in decreasing for largety; values. This is due to the twofold
Fig. 8(c) is a fit using an exponential law of the decrease ofrole of the Pt spacer. Namely, it enhances the perpendicular
Hg for tc,=0.6 nm. As it occurs for other FM-AFM systems orientation of the Co layers in the ML but, additionally, it
where a nonmagnetic spacer is inserted at the FM-AFM intends to reduce exchange bias properties due to the short-
terface, the experimental points fty,=0.6 nm are well fit-  range character of the FM-AFM interactions. However, for
ted using this Iav§7 However, deviations are observed for thicker Co layers, botkg andH: mainly decrease when the
lowertc, values which, as already commented, are due to thet spacer is introduced. In this case the gain in perpendicular
improvements of the perpendicular orientation of fRECA  anisotropy brought about by the Pt spacer is not sufficient to

ML magnetization. o _ overcome the concomitant decrease of the short-range ex-
Finally, for tc,=1.1 nm, the[Pt/Co] ML maintain an in- change bias properties.

plane magnetic anisotropy, even when the Pt spacer is intro-
duced, with Mg/Mg values always lower than 0.16ot
shown. This is due to the increasing relative contribution
from shape anisotropy when the thickness of the magnetic ACKNOWLEDGMENTS
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