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Magnetic reversal of (Co/Pt)s/IrMn multilayers with perpendicular exchange bias has been studied
by magnetoresistance and magnetic force microscopy (MFM). It has been found that as a function
of perpendicular external field, the resistance decreases with field above saturation and has sharp
maxima at the reversal fields due to the domain wall resistance effect. The latter contribution has
been found to be asymmetric, suggesting a corresponding asymmetry in the domain state in the two
branches of the hysteresis loop. This asymmetry correlates with the fractal dimension of the domain
wall projection deduced from MFM images, which is larger on the descending branch of the
hysteresis loop than along the ascending branch. This in turn can be explained as due to the different
intensities of domain wall nucleation in the two branches. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2710227]

Exchange bias (EB) effect is defined as the unidirec-
tional pinning of magnetization in a ferromagnetic (FM)
layer by an adjacent antiferromagnet (AFM), manifested in
the shifting of the hysteresis loop.l Among many other inter-
esting phenomena, the asymmetric magnetic reversal process
of EB systems has been investigated both experimentally and
theoretic2111y.2’3 Various methods such as neutron reflectivity
and photoemission electron microscopy (PEEM) have been
used to study the asymmetric reversal mechanism in the in-
plane exchange bias systems. Reversal due to moment rota-
tion and domain nucleation has been observed along the two
field branches of the hysteresis loop.4_6

Recently, the reversal mechanisms in (Co/Pt)s/AFM
system with perpendicular EB have also been studied by
magnetic x-ray small angle scattering and time-resolved Kerr
mic1r0sc0py.7’8 In contrast to the in-plane EB systems, the
only observed difference in the reversal mechanism on the
ascending and descending branches of the magnetization
curve in the (Co/Pt)s/AFM perpendicular EB system is in
the domain nucleation density, which is higher on the de-
scending branch, when the field sweeps from parallel to an-
tiparallel with respect to the bias direction. This asymmetry
has been attributed to the nonuniformity of nucleation barri-
ers due to the defects in FM or inhomogeneities in the AFM
layelr.8

In this study, we used a combination of magnetoresis-
tance (MR) and magnetic force microscopy (MFM) measure-
ments in a varying external magnetic field to investigate the
magnetic reversal in perpendicular exchange biased
(Co/Pt)s/IrMn multilayers. For the measurement geometry,
the anisotropic magnetoresistance contribution can be ne-
glected and the observed maxima of magnetoresistance are
attributed to the variation of the domain wall resistance. The
asymmetry in domain nucleation along two different mag-
netic reversal branches is confirmed by both methods.
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Multilayers of [Co(6 A)/Pt(20 A)]s/IrMn(80 A) were
deposited by ion beam sputtering on insulating Si(001) sub-
strates at room temperature through thin Hall bar-shaped
shadow masks. The chamber base pressure was 9
X 107 Torr and the Ar pressure during deposition was 1.2
X 107 Torr An external magnetic field of 400 Oe was ap-
plied perpendicular to the thin film plane during the growth,
using a permanent magnet to introduce exchange bias.” Mag-
netotransport measurements were performed in a Quantum
Design MPMS-5M system at temperatures in the range of
5-300 K at a current of 1 mA. The magnetic field was ap-
plied in a direction perpendicular to the plane of the film.
The hysteresis loops were deduced from the extraordinary
Hall effect (EHE),'™"" and MR as a function of magnetic
field was measured simultaneously with the Hall resistance.'”
Evolution of the domain structures under a varying perpen-
dicular field was imaged on the same sample using the MFM
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FIG. 1. Perpendicular EHE hysteresis loops at (a) 300 K and (b) 5 K, and
magnetoresistance as function of external field at (c) 300 K and (d) 5 K of
the perpendicular exchange biased (Co/Pt)s/IrMn multilayer.
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FIG. 2. Magnetic force microscope images under various external fields along the hysteresis loop of the perpendicular exchange biased (Co/Pt)s/IrMn

multilayer.

mode of an Asylum MFP-3D scanning probe microscope.
Figures 1(a) and 1(b) show the hysteresis loops mea-
sured by EHE at 300 and 5 K. The bias fields are about 75
and 205 Oe, respectively. The MR defined as AR/R
=[R(H)-R(H o) ]/ R(H y0x), Where H,,. is the maximum
measurement field, is plotted as a function of field in Figs.
1(c) and 1(d). The MR decreases with the field in large fields,
and has two sharp maxima at the reversal fields, with the
relative variation at the reversal around 0.02% at room tem-
perature. The irreversible small-field behavior can originate

from anisotropic magnetoresistance (AMR), domain wall re-
sistance, or their combination. The former is caused by the
variation of the angle between the magnetic moment and
current directions, expressed as p=p,—Ap sin’ 6, where 6 is
the angle between the current and local magnetic moment,
Ap is the resistivity difference between the parallel and trans-
verse configurations, and p, is the resistivity at 6=0."2 How-
ever, this contribution can be ruled out in our case since both
the magnetic anisotropy and the applied field are nominally
perpendicular to the current. The domain wall resistance
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comes from spin dependent scattering of transport electrons
when they pass across the domain walls."*!'* This contribu-
tion will be a maximum during the reversal if the reversal is
due to the domain wall nucleation and evolution. The MFM
experiments (see below) support the argument in favor of
this mechanism to explain the peaks in the MR measure-
ments.

Multilayers with perpendicular anisotropy are ideal for
MEM studies, since MFM is sensitive to the perpendicular
magnetic field gradient.15 MFM imaging of the perpendicular
exchange biased multilayers, as a function of applied field,
clearly elucidated the related domain nucleation and domain
wall motion. Figure 2 shows selected MFM domain images
of (Co/Pt)s/IrMn multilayers at various magnetic fields
starting from the positive saturation field (a) to the negative
saturation field (e), then back to the positive saturation field
in symmetric field positions with respect to the loop center.
The scan area is 10X 10 um?. Image (a) shows a single do-
main state. With decreasing field, around —150 Oe, nucle-
ation of domains with opposite magnetization starts. With
further decrease in field, an abrupt domain density increase is
observed around —200 Oe, followed by the domain growth
until the complete reversal. The images taken on the ascend-
ing branch of the hysteresis loop show qualitatively similar
behavior. Though the domain wall nucleation is apparently
lower on the ascending branch of the loop, images with ap-
parently similar domain wall densities can be found on both
sides of the loop [compare (c) and (g)].

For quantitative evaluation of the effective domain wall
density at the reversal, we calculated the fractal dimension of
the domain wall projection on the film plane D/, representing
the static jaggedness of domain geometry and hence the ef-
fective domain wall (DW) area, and intensity of the DW
scattering. Dy has also been found before to correlate with
domain nucleation and evolution dynamics.16 Dy tends to in-
crease as the reversal behavior becomes nucleation domi-
nant, since nucleation produces long range roughness. Dy of
the (Co/Pt)s/IrMn multilayer from MFM images in Fig. 2
are calculated using the ruler method, with the scale of
300 nm to 1 ,udm.”’]8 The D along the descending branch is
about 1.23, which is larger than the Dy along the ascending
branch of the hysteresis loop (around 1.16). It indicates that
the DWs on the descending branch have larger jaggedness
and effective area. According to Ref. 16, it also means that
the domain nucleation is more pronounced on the descending
branch.

It was found that the MR curves (Fig. 1) are asymmetric.
The peak corresponding to the descending branch of the hys-
teresis loop is higher than that on the ascending branch. For
example, at 300 K, the peak amplitude is ~0.02% on the
descending branch, four times larger than that on the ascend-
ing branch. This difference reflects the difference between
the domain states in the two reversal branches. From com-
parison with the analyses of the MFM images, higher MR
peak an the descending branch correlates with higher effec-
tive domain wall density. However, we notice that the differ-
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ence in the values of fractal dimension D is relatively small
and can explain the asymmetry of magnetoresistance only
qualitatively. Additional considerations need to be consid-
ered to fully describe this effect.

These results are different from the MR in the in-plane
exchange bias systems, where higher MR on ascending
branches than on the descending branches has been
observed.'*? It was explained by the moment rotation mode
along ascending branches versus the domain nucleation
mode along descending branches. The former one results in a
larger AMR effect. It is clear that although the magnetic
reversal is asymmetric in both the in-plane and perpendicular
anisotropy cases, the reasons for asymmetry are different.

In summary, asymmetric magnetic reversal of perpen-
dicular exchange biased (Co/Pt)s/IrMn multilayers has been
observed by both MR and MFM methods. The domain wall
resistance is asymmetric along the ascending and descending
branches of the hysteresis loops, which can be explained by
the difference in domain wall density in the two reversal
branches. This conclusion follows from the analyses of the
MFM images and fractal geometry of the domain walls. Both
the MR and MFM data are consistent with the reported data
on x-ray small angle scattering and time-resolved Kerr mi-
croscope data in that the magnetic reversal is due to domain
nucleation and growth in both the descending and ascending
branches, in contrast to most in-plane exchange bias system.

This work is supported by DoE/BES Grant No. DE-
FGO03-02ER45987 and by the Campbell Endowment at UW.

'J. Nogues and 1. K. Schuller, . Magn. Magn. Mater. 192, 203 (1999).
M. R. Fitzsimmons, P. Yashar, C. Leighton, I. K. Shuller, J. Nogues, C. F.
Majkrzak, and J. A. Dura, Phys. Rev. Lett. 84, 3986 (2000).

3B. Beckmann, U. Nowak, and K. D. Usadel, Phys. Rev. Lett. 91, 187201
(2003).

‘M. Gierlings, M. J. Prandolini, H. Fritzsche, M. Gruyters, and D. Riegel,
Phys. Rev. B 65, 092407 (2002).

°p, Blomgyvist, K. M. Krishnan, and H. Ohldag, Phys. Rev. Lett. 94, 107203
(2005).

K. M. Krishnan ef al., J. Mater. Sci. 41, 793 (2006).

0. Hellwig, S. Maat, J. B. Kortright, and E. E. Fullerton, Phys. Rev. B 65,
144418 (2002).

8F. Romanens et al., Phys. Rev. B 72, 134410 (2005).

°X. Ji, H. Ju, D. E. McCready, and K. M. Krishnan, J. Appl. Phys. 98,
116101 (2005).

YA Gerber et al., I. Magn. Magn. Mater. 242, 90 (2002).

'IC. L. Canedy, X. W. Li, and G. Xiao, J. Appl. Phys. 81, 5367 (1997).

"’E. Dan Dahlberg, K. Riggs, and G. A. Prinz, J. Appl. Phys. 63, 4270
(1988).

BA. D. Kent, J. Yu, U. Riidiger, and S. S. P. Parkin, J. Phys.: Condens.
Matter 13, R461 (2001).

“p. Ravelosona, A. Cebollada, F. Briones, C. Diaz-Paniagua, M. A.
Hidalgo, and F. Batallan, Phys. Rev. B 59, 4322 (1999).

%], Schmidt, G. Skidmore, S. Foss, E. Dan Dahlberg, and C. Merton, J.
Magn. Magn. Mater. 190, 81 (1998).

D, Kim, Y. Cho, S. Choe, and S. Shin, Appl. Phys. Lett. 82, 3698 (2003).

'7B. Mandelbrot, Science 156, 637 (1967).

'8B. E. Bernacki and M. Mansuripur, J. Appl. Phys. 69, 4960 (1991).

T, Gredig, I. N. Krivorotov, and E. Dan Dahlberg, J. Appl. Phys. 91, 7760
(2002).

K. Liu, S. M. Baker, M. Tuominen, T. P. Russell, and I. K. Schuller, Phys.
Rev. B 63, 060403 (2001).

Downloaded 09 May 2008 to 69.91.145.183. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



