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Correlation between perpendicular exchange bias and magnetic anisotropy
in IrMn/ [Co/Pt], and [Pt/Co],/IrMn multilayers
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Perpendicular exchange bias has been observed for [l P{, and[Pt/Ca|,/IrMn multilayers

in the as-deposited state. The exchange bias field is largest when the IrMn film is grown on
magnetically saturated Co/Pt multilayei® 12 mT forn=3), whereas it is considerably smaller
when domain formation in the IrMn film occurs before Co/Pt deposit®80 mT forn=3). After
annealing at 220 °C in an out-of-plane magnetic field the perpendicular exchange bias field and
magnetic anisotropy are considerably larger for the Co/Pt multilayers with an IrMn film at the
bottom. The apparent correlation between bias and anisotropy is explained by the dependence of the
perpendicular exchange bias field on the orientation of the Co spins near the Co/IrMn interface.
© 2005 American Institute of Physid©OI: 10.1063/1.1861964

I. INTRODUCTION II. EXPERIMENT

L . : The systems under investigation consist of
Exchange bias in ferromagnetiEM)/antiferromagnetic [Co (4 A)/Pt(20 A)], multilayers, which are either grown

(AFM) bilayer systems is crucial for applications such aSon top of(bottom configurationor covered by a 100-A-thick

read heads, sensors, and magnetic random access mempiy - eim (top configuration The films were deposited by

(MRAM). Although exchange bias has been studied extenge magnetron sputtering through a metal shadow mask onto

sively for FM films with in-plane magnetization, a satisfying thermally oxidized Si substrates. The shadow mask defined
microscopic description of the phenomenon is still lacking.pyai pars with a linewidth of 20Qum and large squares for
What is clear, however, is the importance of exchange CoUgyyctural characterization. The Hall bars were used to mea-
pling between the interfacial planes of spins on either side 0§ e the extraordinary Hall effeGEHE). The exchange bias
the FM/AFM interface'™ In an attempt to obtain a better field and the perpendicular magnetic anisotropy of the mul-
understanding of the role of the interfacial spin structuregilayers were determined from EHE measurements with an
exchanged-biased systems with out-of-plane magnetizatioput-of-plane and in-plane applied magnetic fields, respec-
have been studied recently. Among them are Co/Pt multilaytively. The crystalline texture of the multilayers was studied
ers with CoO(Refs. 4—J and NiO® Co/Pt, CoFe/Pt, Co/Pd, with x-ray diffraction (XRD). The field annealing experi-
and FeNi/FeMn multilayers with FeMh!® and NiFe/CoO  ments were performed in a furnace that was specifically de-
multilayers!® Although these systems are interesting for fun-signed to fit in a superconductor magnet. The samples were
damental studies of the exchange bias phenomenon, the Idwgated at 220 °C for 1 h and subsequently cooled to room
blocking temperature of CoO and NiO and the low corrosiontemperature in a magnetic field of 5.5 T.

resistance of FeMn limit their application potential. IrMn, on

the other hand, is an AFM material that is frequently used inj. RESULTS

magnetic spin valves and magnetic tunnel junctions with in- ) )

plane magnetization. IrMn is less corroding than FeMn, and ~ Figure 1 shows hysteresis loops of a §ff®t (20 Al

it combines a relatively high interfacial exchange energy<® (4 A)]3/IrAMn (100 A)/P;(ZO A) gultilayer’&(a) and a
(0=0.2 mJ/nf) with a high blocking temperature of about SIiO,/Pt(20 A)/IrMn (100 A)/[Co (4A)/Pt(20 A)]; multi-
250 °CL722 Recently, it was shown that IrMn can be suc- layer (b) before and after magnetic-field annealing. Both the

cessfully used to exchange bias systems with out—of—plangjp.am.j bottom configurations exhibit an out-of-plane mag-
magnetizatior??’z“ netization and a clear perpendicular exchange bias after

In this paper we study perpendicular exchange bias ir%1Ieposmon. The exchange bias is largest for the Co/Pt mul-

; . . tilayers with an IrMn film on top. For this configuration,
Co/Pt multilayers with an IrMn film at the bottom or on top. domain formation in the IrMn film depends on the net mo-

In particular, we focus. on the magnetlc-ﬁelq annealing ef'ment on the Co surface. The first magnetization curves that
fgcts and the co_rrelat_lon between perpendicular eXCh_an%ere measured after deposition reveal that the magnetization
bias and magnetic anisotropy. These IrMn exchange-biaseg e co/pt multilayers is already saturated in zero mag-
films are promising building blocks for the fabrication of \etic field. The single-domain state of the Co/Pt multilayer,
magnetic spin valves and tunnel junctions with out-of-plang,nich is due to stray fields from the magnetron guns, en-

magnetization. hances the exchange bias field for the top configuration. For
the bottom configuration, domain formation in the IrMn film

¥Electronic mail: vandijks@tcd.ie occurs before deposition of the Co/Pt multilayer and hence it
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FIG. 3. Exchange bias fields as a function of the number of Co/Pt bilayer
repetitions for the as-deposited tdppen circley annealed top(open
“oH (mT) squarel as-deposited bottortfilled circles, and annealed bottortfilled
squares configurations.
FIG. 1. Out-of-plane EHE hysteresis loops @) a SiQ/[Pt(20 A)/
Co (4 A)13/IrMn (100 A)/Pt (20 A) multilayer and(b) a SiQ,/Pt (20 A)/
IrMn (100 A)/[Co (4A)/Pt (20 A)]; multilayer for the as-deposited state tensities are slightly larger for the bottom configuration and

(solid line), and aftel_’ field annealing at 220 °C perpendictﬁdﬁshed ling the (111) texture improves upon annea”ng_ The small differ-
and paralleldotted ling to the sample plane. ence in thg111) film texture is, however, unlikely to explain

the perpendicular exchange bias results. Instead, the data in
does not depend on the net moment at the IrMn/Co interFigs. 1 and 2 suggest that other structural parameters such as
face. The random domain structure in the IrMn film, how- grain size and interface roughness have a much greater in-
ever, does still result in a small perpendicular exchange biauence on the exchange bias interactions in the Co/Pt—IrMn
because the Co spins couple most strongly to those AFMystem.
spins that are aligned parallel. As expected, no exchange bias is measured after anneal-

After annealing the films for 1 h at 220 °C in an out-of- ing with an in-plane field of 5.5 Tdotted lines in Fig. 1 In

plane field of 5.5 T, the exchange bias fi¢jg)H.) for the  this case the exchange coupling is established in the film
top configuration has decreased from 8.12 to 3.39 mTplane. The decreased out-of-plane remanence after annealing
whereas for the bottom configuration it has increased fronwith an in-plane field indicates a strong reduction of the
3.30 to 5.47 mT. The strikingly different annealing resultsperpendicular magnetic anisotropy.
for the top and bottom configurations are qualitatively simi-  Figure 3 summarizes the measured exchange-bias fields
lar to those found for IrMn exchange-biased systems witHor different Co/Pt bilayer repetitions. Since the exchange
in-plane magnetization. For these structures, differences inoupling between FM and AFM films is primarily an inter-
(111) texture, grain size, and interface roughness have bediace effect, the exchange bias field does normally scale with
suggested as possible explanatidhé? Figure Zc) shows the inverse of the FM film thickness. This is also true for
XRD scans on Co/Pt multilayers with IrMn on the top and exchange-biased Co/Pt multilayers with out-of-plane mag-
IrMn at the bottom. In both caseg&11) texture is measured netization. The exchange bias is largest for an annealed film
for the Pt and IrMn layers. The Pt and IrNIrL1) peak in-  with only two Co/Pt repetitions and IrMn at the bottom.
Films with only two Co/Pt repetitions and IrMn on the top
do not exhibit perpendicular magnetic anisotropy and the

(8) Pratn perpendicular exchange bias field is zero. From fits to the
data in Fig. 3 the interfacial exchange energy can be calcu-
) + i — lated. Usingo=puoHeMcnNte,, Where Mg is the saturation
> ] magnetization of Co antk, is the Co layer thickness, we
a ,/L find ¢=0.026 mJ/r for the top configuration after deposi-
2l — ' tion and ¢=0.014 mJ/m for the same configuration after

magnetic-field annealing. For the bottom configuration the
interfacial exchange energy improves fromo
=0.012 mJ/m to ¢=0.019 mJ/m upon annealing. These
values foro are about one order of magnitude smaller than
those measured on IrMn exchange-biased systems with in-
plane magnetizatioH.‘ZZAlthough rather small, the perpen-
dicular interfacial exchange energies for the Co/Pt—IrMn
FIG. 2. XRD data for (3 a SiOJ/[Pt(20 A)/Co (5 A)l,/Pt(20 Ay ~ System are comparable to those measured on similar
multilayer, (b) a SiG/[Pt(20 A) /Co (4 A)l5/IrMn (500 A)/Pt (20 A) CoFe/Pt and Co/Pt multilayers with an AFM FeMn film on
multilayer, and(c) a SiQ,/[Pt (20 A)/Co (4 A)]5/IrMn (100 A)/Pt (20 A) top.9

and a SiQ/Pt (20 A)/IrMn (100 A)/[Co (4A)/Pt (20 A)]; multilayer. In . . : .
(c) the solid line, dotted line, dashed line, and short dashed line represent the To determine the effects of field annealmg on the per

data for the as-deposited top, annealed top, as-deposited bottom, and éﬁenqicmar magnetic anisotropy of eXChang?'biaSQd Co/Pt
nealed bottom configuration, respectively. multilayers we measured the EHE voltage with an in-plane

26 (°)
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FIG. 4. In-plane EHE hysteresis loops daf) a SiQ/[Pt(20 A)/

Co (4 A)]s/IrMn (100 A)/Pt (20 A) multilayer and(b) a SiQ,/Pt(20 A)/  pendicular exchange bias and magnetic anisotropy is there-
IrMn (100 A)/[Co (4A)/Pt (20 A)]; multilayer for the as-deposited state fore studied best by Comparing the experimental results on
(solid line), and after annealing at 220 °C with a magnetic field perpendicu- . . o

lar to the sample planédashed ling the annealed Co/Pt multilayers. From Figs. 3 and 5 it is clear
that the perpendicular exchange bias and the effective mag-
netic anisotropy are considerably larger for the annealed

magnetic field. In this conflgqrat[on, the qpplled field will Co/Pt multilayers with IrMn at the bottom. Although part of
coherently rotate the magnetization direction from perpen-

dicular to parallel to the film plane. The anisotropy fild the difference between the exchange bias field of the bottom

S TS . and top structures might be due to the dissimilar grain size or
necessary to obtain in-plane magnetization is in a first ap:

proximation given byH, = 2K o/ toM, whereKey is the ef- interface roughness, the data suggest that large out-of-plane

fective magnetic anisotropy. Figure 4 shows the normal_magnetlc anisotropy promotes large perpendicular exchange

. . bias effects. This apparent correlation between bias and an-
ized EHE voltage for a Sig[Pt(20 A)/Co(4 A)ly/ . o
I'Mn (100 A)/Pt(20 A) multilayer (3 and a SiQ/ isotropy can be understood by considering the formula of

Pt (20 A)/IrMn (100 A)/[Co (4A)/Pt (20 A)], multilayer Meiklejohn and Bean for the exchange bias fieldg,

— 2 29,30 . .
(b) before and after magnetic-field annealing. From these‘_JS*F'V'SFM/(“OaAFM MEwtew)- In this formulaJ is the

measurementsl, was determined as the intersection of two nterface exchange energyg,” is the AFM unit-cell size,

lines that fit the curves at their maximum slope and at hig Mey IS the magnetization of the FM is the thickness of
magnetic field, respectivelysee Fig. 4b)]. For the as- he FM, and for perpendicular exchange b#gy and Sey

deposited films the anisotropy field and hence the perpen‘r’}re the net magnetic moments along the film normal in the

dicular magnetic anisotropy are considerably larger for th AFM and FM interfacial layers. For Co/Pt multilayers with

bottom than for the top configuration. This is most likely du(j‘arge effec'uve. magnetic .an|so.tropy the perpendicular mag-
netic moment in the FM film will be large, but for structures

to the fact that the IrMn layer acts as an additional seed layer

promoting a higher degree of f¢d¢11) texture in the Co/Pt W'th small Keyr the Co spins might be ftilted. .Th'S IS espe-
multilayer (see Fig. 2252 In addition, the IrMn film in the cially true for the Co/Pt—IrMn system. In this system the

bottom configuration might influence the strain and interfacemencac'a1| magnetic anisotropy of the Co/IrMn interface is

roughness in the Co/Pt multilayer. These film properties ar hegative and therefore it favors in-plane magnetlzaﬂon.

. . . : This in-plane anisotropy forces the Co spins to tilt away
known 1o influence the perpendicular magnetic anisotropy & om the film normal, especially those in the vicinity of the
well >"%8 , especially y

Annealing for 1 h at 220 °C in a field of 5.5 T reduces Co/IrMn interface. The resulting average tilt angle is deter-

the perpendicular magnetic anisotropy. Since annealing arpmed by a competition between the out-of-plane anisotropy

X . . .0f the Co/Pt interfaces and the in-plane anisotropy of the
220 °C does not drastically alter the perpendicular magnetKéO“rMn interface. The largeK,q, the Zmaller the migglign-
. offs

anisotropy of a Co/Pt multilayer without IrMn, the tempera- ment between the Co interfacial moment and the film nor-

ture effect is attributed to interdiffusion at the Co/IrMn in- oo .
- . : . mal. From the formula of Meiklejohn and Bean it follows
terface. A similar reduction of the perpendicular magnetic S . . .
) ) .. that any misalignment between the interfacial Co spins and
anisotropy has also been found for CoFe/Pt multilayers wit : ) .
he film normal reduces the perpendicular exchange bias

an FeMn film on toﬁ’. Figure 5 summarizes the effective field. It is therefore not surprising that the measured ex-

magnetic anisotropy for different Co/Pt bilayer repetitions. change bias field is largest for those Co/Pt multilayers with a
large effective magnetic anisotropy, i.e., the Co/Pt multilay-
ers with IrMn at the bottom. Another indication of a strong

As discussed before, the measured difference betweesorrelation between perpendicular exchange bias and mag-
the perpendicular exchange bias field of the as-deposited tagetic anisotropy can be inferred from the measurements on
and bottom structures is partly due to the growth sequence&o/Pt multilayers withn=2 and IrMn on top. These multi-
The magnetic history of both multilayers, however, is similarlayers exhibit an in-plane magnetization and no perpendicu-
after magnetic-field annealing. The correlation between perar exchange bias.

IV. DISCUSSION
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