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Microscale single-layer ferromagnetic rings typically exhibit a magnetic vortex state at remanence,
characterized by a flux-closed magnetic state with zero stray fields. Magnetic reversal in such
systems yields a vanishing remanent magnetization. In contrast, the authors show that in individual
layers in thin rings, which alternate magnetic and nonmagnetic materials (NiFe/Cu/Co),
layer-resolved hysteresis loops, measured using X-ray resonant magnetic scattering, exhibit the
characteristics of a vortex formation, although photoelectron emission microscopy and
micromagnetic simulations clearly prove that multidomain states are formed. This result is of

considerable importance for the development

of pseudo-spin-valve-type

structures for

applications. © 2007 American Institute of Physics. [DOI: 10.1063/1.2786856]

The study of magnetism of multilayered structures has
revealed many properties with considerable technological
potential, especially for advanced magnetic-based sensors
and magnetic random-access memories (MRAMS).I’2 Con-
ventionally, a MRAM consists of two ferromagnetic (FM)
layers separated by a thin isolating tunneling barrier. The
electrical tunneling transport across the insulating barrier is
spin dependent and is controlled by the relative orientation of
the magnetization in the two FM layers. Another, in prin-
ciple, different but extremely promising design for the real-
ization of a MRAM device is a multilayer stack of alternat-
ing hard and soft FM rings that are separated by a
nonmagnetic Cu ring.3 This pseudo-spin-valve design uti-
lizes the vertical giant magnetoresistive effect and takes ad-
vantage of magnetic vortex states with controlled chirality
within each FM ring. A magnetic vortex state is character-
ized by a flux-closure magnetization with zero stray fields.*
Because the flux-closed vortex state reduces interactions be-
tween neighboring elements, this concept may enable de-
vices with high-density elements and robust and repeatable
switching characteristics. However, recent investigations of
NiFe/Cu/Co dot arrays show that vortex formation in mul-
tilayers may be suppressed due to dipolar field
contributions.” In addition, depending on the geometrical
ring parameters, such as thickness, width, and outer diam-
eter, the spin switching in FM rings may Valry.6 In thin single-
layer rings, e.g., switching can occur directly from a bido-
main state, also referred to as an onion state, into the reverse
onion state, leaving out the nucleation of a magnetic vortex
state.” In the onion state, the magnetization follows the cir-
cumference of the ring with opposite senses of circulation in
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the two-halves of the ring. Thus, two opposite head-to-head
domain walls are formed generating a stray field.

While the experimental study of planar arrangements of
several FM rings has attracted attention because of their fas-
cinating properties,gf10 in practice, characterizing magnetic
multilayers is challenging. Nevertheless, a rich magnetic
phase diagram has recently been proposed for nanorings con-
sisting of alternate layers of magnetic and nonmagnetic
materials.'! We show, however, that due to interlayer dipolar
coupling, the interpretation of magnetic reversals cannot be
easily transferred from the established knowledge in single-
layer rings to pseudo-spin-valve-type structures.

Arrays of circular polycrystalline Co (thickness of 5 nm)
and NiFe (5 nm) single layers and NiFe (5 nm)/Cu
(3 nm)/Co (5 nm) multilayer rings have been fabricated on
Si wafers by means of electron-beam lithography on a
double-layered positive-type resist, followed by electron-
beam evaporation and a subsequent ultrasonic assisted
chemical lift-off process. Each ring had a width of 0.75 um
and an outer diameter of 2 um [Fig. 1(a)]. In order to pre-
vent the magnetic layers from oxidation, a 3-nm-thick Cu
film was deposited on top of each sample.

Since the structures to be investigated involve multilayer
systems, it is necessary to go beyond macroscopic magneti-
zation measurements and separate out the magnetic signals
of the individual magnetic layers. For that reason, x-ray reso-
nant magnetic scattering (XRMS) and photoelectron emis-
sion microscopy (PEEM) measurements were performed at
beamline 4ID-C of the Advanced Photon Source at Argonne
National Laboratory.12 Furthermore, to gain further insight
into the measurements, we have performed micromagnetic
simulations using the LLG Micromagnetics Simulator
software."® The scattering geometry is illustrated in Fig. 1(b).
The field H was parallel to the sample surface and in the

© 2007 American Institute of Physics
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FIG. 1. (Color online) (a) Scanning electron micrograph of rings with a
width of 0.75 um and an outer diameter of 2 um. (b) X-ray resonant mag-
netic scattering setup. Left and right circularly polarized (LCP and RCP)
x-rays probe the magnetization M along the applied field H. At specular
conditions (6,= 0)), reflected intensities I* are measured as a function of
incident energies £ and H.

scattering plane. Using circular polarized x rays, the laterally
averaged magnetization M component parallel to the field
was probed. For the micromagnetic simulations, each layer
was represented using a two-dimensional mesh with a cell
size of 12X 12 nm?. The parameters of NiFe (Co) used in the
simulations are the exchange constant C=2A=2.1
X 107 erg/cm (6.1 X 107® erg/cm), and the saturation mag-
netization M =800 emu/cm® (1414 emu/cm?), resulting in
an exchange length of Ry=C"?/M,=18.1 nm (17.5 nm).
Crystalline anisotropy was neglected for the Permalloy, and
for the Co a uniaxial anisotropy of 4 X 10° erg/cm® was used
with an out-of-plane easy axis. In the multilayers, only dipo-
lar interactions were considered because interlayer exchange
should be negligible for the spacer thicknesses used in the
experiments.

In Fig. 2, we present the normalized field-dependent
XRMS signal of Co and NiFe single-layered ring arrays as
well as the reversal in the Co and NiFe layers of the pseudo-
spin-valve structure. The experimental data are compared to
the results of micromagnetic simulations. In the Co single-
layer ring, the coercivity H. amounts to 32 Oe and the rem-
anent magnetization M, is 0.97 of the saturation value M,
[Fig. 2(a)]. The NiFe ring qualitatively shows a different,
more round shape [Fig. 2(b)]. Here, H, is only 18 Oe and
M ,=0.46M . While for the Co ring the simulation is in good
agreement with the experimental data, the theory overesti-
mates the coercivity in the NiFe ring. In both single-layer
rings, the reversal occurs with a single transition between
onion states. At the switching field, the spins coherently ro-
tate into the antiparallel conﬁguration.]4 This switching char-
acteristic is typical for thin FM rings.4 In the NiFe/Cu/Co
multilayer ring array, the reversal characteristics and the
switching fields for the soft and hard layers differ consider-
ably from those of the isolated single-layer rings [Figs. 2(c)
and 2(d)]. In the Co layer [Fig. 2(c)], the coercivity H, in-
creases to 56 Oe. As compared to the single-layer ring, the
hysteresis loop shows a reduction of M, to 0.77M,. The mi-
cromagnetic simulations qualitatively confirm this trend of
increasing H, with decreasing M,. Likewise, a good qualita-
tive agreement between experiment and simulation is found
in the reversal of the NiFe layer [Fig. 2(d)]. The reversal
exhibits a reduced coercivity compared to the single-layer
ring. Lowering the field from positive saturation [open sym-
bols in Fig. 2(d)], M, almost vanishes when H approaches
zero and is already negative in the simulation. This predicts a
switching in the NiFe ring even before the field is reversed,
indicating a strong dipolar interaction between the FM lay-
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FIG. 2. (Color online) Normalized XRMS signal as a function of applied
field of (a) Co rings (5 nm thick), (b) NiFe rings (5 nm), (c) the Co layer of
a NiFe (5 nm)/Cu (3 nm)/Co (5 nm) ring structure, and (d) the NiFe layer
of a NiFe/Cu/Co structure. All samples are capped with 3 nm Cu to prevent
oxidation. Open symbols illustrate the magnetization path for declining ex-
ternal field, and full symbols indicate the opposite direction. Experimental
data (squares) are compared to micromagnetic simulations (circles).

ers. Then, for negative H, the sign of the curvature of the
loop changes, giving rise to a plateau in both the experimen-
tal data and the simulation. Generally, a low remanence and
the appearance of pronounced steps are a notable feature of
hysteresis loops. In the case of isolated single-layer rings, a
small M, is the consequence of a vortex formation, and steps
are assigned to the movement of a magnetic vortex core in
the ring perimeter with subsequent annihilation.* Remark-
ably, even though the loops show this characteristic finger-
print of a vortex formation, it does not correspond to vortex
formation in these multilayer rings as described below.
Figure 3 shows the magnetic domain structure in the
NiFe and Co layers of the pseudo-spin-valve ring structure
derived from the micromagnetic simulations. At remanence,
antivortex-type states are formed. While in quadrants I and
III, the spins predominantly point in the direction of the pre-
viously applied field, the magnetization in II and IV is per-
pendicular with respect to the field. In the Co layer, the con-
tribution of M in quadrants II and IV cancels each other out,
reducing M, to approximately %Ms [Fig. 2(c)]. Likewise,
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FIG. 3. (Color online) Micromagnetic simulations of the spin configuration
in the NiFe (left) and Co (right) layers in the pseudo-spin-valve-type ring
structure at remanence. Antivortex states are formed, where the direction of
the magnetization preferentially is pointing inward (I, II, and IV in NiFe; I
in Co) and outward (III in NiFe; I, II, and IV in Co) to the rings. The
external field was applied in the x direction.

quadrants IT and IV of the NiFe ring yield a low M,. Never-
theless, the spin distribution in quadrants I and III of the
magnetically soft NiFe layer is not as uniform, having a
small remanence value. Despite this fact, the majority of the
spins are already switched into the opposite field direction,
which causes the negative M, [Fig. 2(d)]. Because the Cu
spacer thickness is small, the interlayer dipolar coupling be-
comes significant.

The formation of multidomain states in the pseudo-spin-
valve structure is also conclusively demonstrated using
PEEM magnetic domain imaging measurements. In Fig. 4,
the x-ray energy was tuned to the Ni L; edge. The PEEM
image displays an obviously nonuniform domain structure,
with different rings showing various multidomain states. A
comparison with the results of the micromagnetic simulation
for the NiFe layer shows that less than 5% of the rings can be
attributed to the predicted antivortex-type state. This sug-

FIG. 4. PEEM image of the NiFe layer of the multilayer rings exhibits
diverse multi-domain structures at remanence. This suggests that imperfec-
tions in the rings strongly control the magnetic reversal.

Appl. Phys. Lett. 91, 132501 (2007)

gests that slight structural imperfections and rough layer
boundaries cause ring specific magnetic switching behavior.
The individual details of each ring may significantly influ-
ence the nucleation, location, and mobility of domain walls.
The measurements also indicate that there may be multiple
reversal paths that have only a small difference in energy. An
analysis of the black-to-white ratio in 147 different
multilayer rings yields an M,/M, value of around 0.2M,.
This ratio is almost certainly an overestimation of the rema-
nence, since it is not clear that any region of the sample is
fully magnetized along the x direction. It does show, how-
ever, that the remanence value is very small as seen in the
XRMS measurements and in the micromagnetic simulations.

In conclusion, the reversal of FM layers in multilayer
ring structures can significantly differ from those of its con-
stituents. In particular, multidomain states such as antivortex
states can be stabilized in NiFe or Co rings when they are
part of a NiFe/Cu/Co heterostructure. In particular, care has
to be taken in the interpretation of hysteresis loops of multi-
layers; the characteristics of single-layer hysteresis loops
might not be transferable. This property is very important in
the design of magnetic devices using pseudo-spin-valve
elements.
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Energy, Office of Science, Office of Basic Energy Sciences,
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