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The oscillatory interlayer exchange coupling (IEC) has been shown in pinned [CoFe/Pt(fp;)/CoFe)/IrMn multi-
layers with perpendicular anisotropy. The period of oscillation corresponds to about 2 monolayers of Pt. The
oscillatory behavior of IEC depending on the nonmagnetic metallic Pt thickness is thought to be related the
antiferromagnetic ordering induced by IrMn layer. Oscillatory IEC as function of insulating NiO thickness has
been observed in [Pt/CoFe],/NiO(#y;0)/[CoFe/Pt], multilayers. The effect of N (number of bilayer repeats) upon

the magnetic property of [Pt/CoFe]n/IrMn is also studied.
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1. Introduction

The oscillatory interlayer exchange coupling (IEC)
between the ferromagnetic (FM) layers separated by
nonmagnetic metallic spacers with in-plane magnetic
anisotropy appears in the multilayer structures with out-
of-plane one such as Co/Ru and Ni/Cu superlattices and
with in-plane one such as Fe/Cr/Fe sandwiches, respec-
tively [1-3]. Although nonoscillatory decay of the IEC
strength with insulating thickness has been observed, an
existence of oscillatory IEC in [Pt/Co]s/NiO/[Co/Pt];
multilayers with perpendicular anisotropy already has
reported by Z. Y. Liu et al. [4]. Their results were
explained that the insulating NiO spacer is modeled by a
rectangular potential barrier height of Uj higher than the
Fermi level Er of the FM layers, and the IEC is ascribed
to the interference of electron waves in the spacer layer
due to spin-dependent reflections at the FM/insulator
interfaces. However, a study on the oscillatory IEC in the

pinned out-of-plane magnetic multilayers using the anti-"

ferromagnet (AF) layer has not been reported.
In this letter, we demonstrate the oscillatory IEC as a
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function of the Pt thickness in CogyFeio(1.0 nm)/Pt(zp,)/
CogoFe (1.0 nm)/Ir,yMnz5(10 nm) multilayers with in an
out-of-plane easy axis. The effect of N upon the magnetic
property of [Pt/CoFe]w/IrtMn is investigated. In addition,
we report that the oscillatory IEC as function of NiO
thickness has been observed in [Pt/CoFe]s/NiO(twio)
[CoFe/Pt], multilayers with perpendicular anisotropy.

2. Experimentals

The [Buffer: NiO(2 nm)/Pt(0.8 nm) or Pt(10 nm)}/CoFe
(1.0 nm)/Pt(0.8 nm)/CoFe(1.0 nm)/IrMn(10 nm) multi-
layers were deposited by dc and rf magnetron sputtering
at room temperature (RT) on glass (Coming 7059) in a
vacuum system with a base pressure of 1 x 107 Torr and
working pressure of 3~5 x 107 Torr. Because the buffer
layer is important to got the initial growth and smooth
surface roughness of [CoFe/Pt] multilayers, it grown on
glass substrate at RT with optimal layer thickness. The
deposition rates of the separated Pt, CoFe, IrMn, and NiO
targets were of 0.21, 0.22, 0.13, and 0.02 nm/s, respec-
tively. During deposition the NiO layer, the growth
pressure was prepared at only Ar gas partial pressure of
3 x 107 Torr without the introducing oxygen gas (O.).
The interval of each layer sequence in multilayer film
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structure during the deposition was maintained within 0.5
s. Where the number of repeats (N) of [Pt/CoFely is
increased to 5. The thickness calibration was checked by
grazing angle x-ray reflectivity after sample preparation,
displaying an accuracy of 10% and a roughness of 0.2-0.3
nm. Hysteresis loops of as-prepared samples obtained by
the extraordinary Hall voltage amplitude (EHA) curves,
with magnetic field applied perpendicular to the film
direction [5]. Magnetic property of all samples was
confirmed by surface magneto-optical Kerr effect
(SMOKE) and a superconducting-quantum-interference-
device (SQUID) magnetometer.

3. Results and Discussions

The x-ray diffraction (XRD) patterns of Buffer/[CoFe
(1.0 nm)/Pt(0.8 nm)]s multilayers reveal a Pt(111) peak.
The crystalline Pt(111) peak was reduced as increasing
the CoFe thickness. As total thickness of the buffer NiO/
Pt bilayers or Pt layer was changed from O to 10 nm, the
peaks of NiO(111) or Pt(111) intensity were almost the
same amplitudes. No peaks corresponding to other
crystallographic orientations are observed. The pinned
effect by buffer [NiO(3 nm)/Pt(0.8 nm)] bilayers does not
arise from the exchange biasing (EB) due to the NiO
layer, because the exchange biasing for a thin NiO layer
within 3 nm and above Pt layer disappears completely at
RT and the exchange biasing between FM (CoFe) and AF
(NiO) layers is nothing at Pt contaminated interface. The
EHA curves agreed with the values (coercive fields)
measured by a SMOKE. Both EHA and SMOKE curves
are fairly square, implying out-of-plane easy axes. The
hysteresis loops obtained from the EHA curve for
samples without AF IrMn layer do not display any shift at
RT.
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Fig. 1(a) and (b) show the comparison curves of
SQUID and Hall voltage for the glass/Buffer/[CoFe(1.0
nm)/Pt(0.8 nm)/CoFe(1.0 nm)}/IrMn(10 nm) multilayers
with out-of-plane magnetic anisotropy, which were mea-
sured at RT, respectively. From two curves, we confirmed
that the measured M-H loops by the different methods
show the same coercive field of H.=615 Oe and two
exchange biased fields of H.,=470 Oe, respectively. Here
the H., is determined by a center value of one shift major
loop in EHA curve. It is proven that the M-H loop
measured by EHA curve for magnetic films with per-
pendicular anisotropy is easy and clear. Fig. 1(c) shows
the magnetic domain image observed by the magnetic
force microscopy (MFM) at one upper remanent state
(H=0 0e¢). The used method of MFM (Digital
Instruments, Nanoscope Illa) was a tapping mode. The
scan area is 8 ym x 8 um for the [CoFe(1.0 nm)/Pt(0.8
nm)/CoFe(1.0 nm)])/IrMn(10 nm) multilayers with out-of-
plane magnetic anisotropy. Here, relatively irregular
magnetic domain walls with wide line patterns demon-
strate the existence of multiple domain walls different to
those observed in AF coupling [Pt/Co]3/NiO/[Co/Pt]; and
Co/Ru/Co multilayers [4, 6]. For the [Co/Ru] multilayer,
the narrow strip width is somewhat distributed around the
averaged value of 80 nm. Note that some bubble domains
coexist with interconnected strip patterns [7]. This
phenomenon will be related to the larger shape anisotropy
energy [8] (equivalently, the magnetostatic energy) of
[Co/Ru] multilayer than one of [CoFe/Pt] multilayer.

Fig. 2 shows the EHA curves of Buffer/[Pt(0.8 nm)/
CoFe(1.0 nm)]/IrtMn(10 nm) multilayers with the number
(N=2, 3, 4, and 5) of [Pt/CoFe] bilayer repeats. As N
decreases down to 2, the perpendicular exchange biased
field (H.,) of the nearest CoFe/IrMn bilayer increases 170
Oe to 350 Oe. The Hall voltage magnitude for the bottom
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Fig. 1. (a) The Hall-voltage curve and (b) SQUID curve along the out-of-plane easy axis for the glass/Buffer/[CoFe(1.0 nm)/Pt(0.8
nm/CoFe(1.0 nm))/IrMn(10 nm) multilayers. (c) The magnetic force image at the upper remnanent (H = 0 Oe).
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Fig. 2. The major extraordinary Hall-voltage amplitude (EHA)
curves along the out-of-plane easy axis for glass/Buffer/[Pt(0.8
nm)/CoFe (1.0 nm)/IrMn(10 nm) (N=2, 3, 4, 5).

[CoFe(1.0 nm)/Pt(0.8 nm)]x.; is proportional to the
number of [CoFe/Pt] bilayers. On other side, the one for
the exchange biased upper [CoFe/Pt] with AF IrMn layer
is almost same. However, the H.s of [Pt/CoFel/IrMn
multilayers are symmetrically shift due to IEC between
[CoFe/Pt]y.; multilayers and [CoFe/IrMn] bilayer. In case
of even N =2 and 4, the perpendicular exchange bias in
multilayers induced by CoFe/IrMn bilayer is larger than
one in case of odd N=3 and 5. The existence for
asymmetric hysteresis curves, in case of N=4 and 5, is
due to the relative strengths of pinning CoFe/IrMn and
the ferromagnetic coupling between the CoFe layers with
three and four [CoFe/Pt] bilayers. It has been shown that
it is possible to control exchange bias in compensated
multilayer exhibiting a perpendicular-to-film magnetic

anisotropy. Especially, the IEC as a function of Pt thick- -

ness in [CoFe(1.0 nm)/Pt(#p,)/CoFe(1.0 nm)]/IrMn(10 nm)
multilayers will be discussed later.

Fig. 3 shows an normalized Hall-voltage curves as a
function of NiO thickness at RT for the glass/[Pt(0.8 nm)
/CoFe(1.0 nm)]y/NiO(tnio)/[CoFe(1.0 nm)/Pt(0.8 nm)],
multilayers. Here the NiO thickness was above 0.5 nm.
The bold line and thickness values show a period of two
monolayers of NiO. That is, it shows clearly that at RT
the IEC oscillates between AF and ferromagnetic (FM)
coupling as a function of NiO thickness with a period of
~0.5 nm [9]. From our above result, we confirmed the
experimental results of Z. Y. Liu group [4], in which they
reported that the unexpected oscillatory behavior is quite
different from the non-oscillatory decay of IEC strength
expected by the models of Bruno [2, 10] and Slonczewski
[11] for nonmagnetic insulating spacers and from recent
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Fig. 3. Normalized Hall-voltage curves as a function of NiO
thickness at room temperature. for the glass/[Pt (0.8 nm)/
CoFe(1.0 nm)]4/NiO(tni0)/[CoFe (1.0 nm)/Pt(0.8 nm)],; multi-
layers. The bold lines and thickness values show a period of
two monolayers of NiO.

experimental observations of coupling across a nonmag-
netic insulating MgO spacer [4, 10]. Also, we found the
similar results that a coexistence of exchange biasing and
AF interlayer exchange coupling has been observed after
cooling the sample to 77 K at zero field.

Fig. 4 shows that the oscillatory phenomenon of inter-
layer exchange coupling field (Hzc) can be unambigu-
ously attributed only to IEC between the two FM layers
across the thin Pt spacer. The multilayer structure is

[CoFe(1.0 nm)/Pt(tp,)/CoFe(1.0 nm)}/IrMn(10 nm). Where
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Fig. 4. The Hjgc strength as a function of Pt thickness (in units
of both nm and ML) for glass/Buffer/CoFe(1.0 nm)/Pt(tp)/
CoFe(1.0 nm)/IrMn(10 nm). Higc is defined by interval value
between two exchange biasing fields of minor loops in inset.
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Fig. 5. The major anomalous Hall-voltage curves along the
out-of-plane easy axis for glass/Buffer/CoFe(1.0 m)/Pt(tp)-
CoFe(1.0 nm)/IrMn(tp = 0.4, 0.8, and 1.2 nm vs 7 = 0.6, 1.0,
and 1.4 nm).

Higc is defined by interval value between two exchanges
biasing fields of minor hysteresis loops, as shown in inset.
The characteristics of periodic fp, in the Pt thickness with
a period of 2d 0.4 nm [where d = 1.96 nm is the distance
between (111) planes] is similar to the results of the out-
of-phase magnetization for the AF ordering of insulating
spacer and the in-plane model for the metallic spacer by
Z. Y. Liu et al. and Bruno et al., respectively [4, 6].
Therefore, the oscillatory behavior of IEC depending on
the nonmagnetic metallic Pt thickness is thought to be
related the AF ordering induced by AF IrMn layer.
However, in-plane magnetic shape anisotropy, this result
is different from the typical feature that the coupling
observed in AF coupling media is thought to originate
predominantly from the Ruderman-Kettel-Kasuya-Yoshida
(RKKY)-type coupling [12] typically found in Co/Ru/Co
multilayers with period of long range about 1.1 nm as #g,
changes, with the coupling strength decreasing 1/fg, [6].
The major EHA and magnetization versus out-of-plane
magnetic field curves are shown in Fig. 5 for six [CoFe/
Pt/CoFe]/IrMn multilayers structure containing 1.0 nm
CoFe layer and Pt layer thickness ranging from 0.4 nm to
1.4 nm, as shown in Fig. 4. Fig. 5 shows the detailed
dependence of the saturation EHA and the saturation field
on the thickness of Pt layer. For #; = 0.4 nm and 0.8 nm,
the field dependence of EHA and magnetization are
similar to that for comparable [Pt/Co]s/NiO/[Co/Pt];
structure [4], but the magnitude of Hgc is much smaller
than it. Higcs increase as fp approach to 0.4 nm and 0.8
nm, attaining values of about 1 kOe for #p; = 0.4 nm or 0.8
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nm approximately 2 monolayers. As fp is increased beyond
1.2 nm Higc decrease to half value for tPt in 0.8 nm. In
case of = 0.6, 1.0, and 1.4 nm, the Hcs obtained from
the EHA curves are almost zero. Therefore, these results
show that the oscillation dependence of IEC for the
[CoFe/Pt/CoFe] multilayer system induced by IrMn with
spacer-layer thickness is a important features of perpen-
dicular exchange biased system.

4. Conclusions

We have observed oscillations, as a function of spacer-
Pt layer thickness, in the amplitude of IEC in pinned
[CoFe/Pt/CoFe)/IrMn  multilayers with perpendicular
anisotropy. The period of the oscillation is about 2
monolayers 0.4 nm. The newly discovered [CoFe/Pt/
CoFe}/IrMn system is particularly interesting in that the
spacer Pt is nonmagnetic metal layer. The oscillatory
behavior of IEC as a function of the Pt layer is thought to
be related the AF ordering induced by IrMn layer. The
oscillatory IEC as function of NiO thickness has been
observed in [Pt/CoFels/NiO(fto)/[CoFe/Pt], multilayers
and proved Z. Y. Liu group's results. The effect of N
(CoFe/Pt bilayer repeats) upon the magnetic property of
[Pt/CoFe]y/ItMn is also studied.
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