PHYSICAL REVIEW APPLIED 10, 014008 (2018)
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The magnetization reversal of each individual layer in magnetic trilayers (permalloy/NdCo/GdCo) is
investigated in detail with x-ray microscopy and micromagnetic calculations. Two sequential inversion
mechanisms are identified. First, magnetic vortex-antivortex pairs move along the field direction while
inverting the magnetization of magnetic stripes until they are pinned by defects. The vortex-antivortex
displacements are reversible within a field interval which allows their controlled motion. Second, as the
reversed magnetic field increases, cycloidal domains appear in the permalloy layer as a consequence of
the dissociation of vortex-antivortex pairs due to pinning. The field range where magnetic vortices and
antivortices are effectively guided by the stripe pattern is of the order of tens of mT for the NiFe layer, as
estimated from the stability of cycloid domains in the sample.
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I. INTRODUCTION

Three-dimensional magnetic textures nucleate in mag-
netic materials as a result of the competition of anisotropy,
exchange, and magnetostatic interactions. Skyrmions and
helical domains occur in bulk materials with chiral
exchange interactions [1,2] and also in films and nanos-
tructures where their configuration can be tailored by
confinement effects [3—5]. Noncollinear textures can also
be stabilized by dipolar interactions in weak perpendicu-
lar magnetic anisotropy (WPMA) materials (e.g., dipolar
skyrmions in Gd/Fe [6] and dipolar merons in NdCo
layers [7]) or by precessional dynamics [8]. Multilay-
ered systems, combining materials with different exchange
and anisotropy properties have been used to artificially
imprint noncollinear magnetic textures in soft magnetic
layers (e.g., artificial skyrmions [9], meron pairs [10],
vortex-antivortex pairs [11]) and, also, to stabilize non-
trivial spin configurations across the thickness such as
topologically protected twisted magnetic helices in Dy/Fe
multilayers [12].

In WPMA layers [13], the equilibrium domain pat-
tern consists of parallel up and down stripes separated by
domain walls that change from Bloch (at the central plane)
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to Néel (top and bottom surfaces) due to stray-field min-
imization. During in-plane magnetization reversal, Bloch

points (skyrmionic number Q = 1), merons (Q = 1/2) and
magnetic vortex-antivortex pairs (Q = 1) nucleate at differ-
ent sample depths and propagate guided by stripe direction
[7,11,14]. In multilayers of significant thickness, stray-
field circulation breaks the symmetry between top and
bottom sample surfaces, providing a topological separa-
tion of magnetic textures in each layer [6,11]. In particular,
magnetic vortex-antivortex nucleation is determined by
topological characteristics (polarity, chirality, and bifurca-
tion geometry) [11,14], resulting in a robust mechanism to
control the propagation of vortices and antivortices at top
and bottom sample surfaces. Applications of this effect into
memory devices based on the concept of magnetic vor-
tex racetracks [15—17] would require a broad enough field
range in which vortex motion can be reversibly controlled
by an applied magnetic field and is effectively guided by
the stripe-domain pattern. These issues require a detailed
characterization of the field-dependent domain configura-
tion of WPMA multilayers when vortex-antivortex pairs
are present in the system.

A characteristic feature of such noncollinear spin sys-
tems is the presence of helical domains, stabilized by chiral
magnetic interactions [1,2,18]. For thin films or in bulk
materials close to sample surfaces, spin spirals can be mod-
ified by confinement effects and dipolar interactions that
favor in-plane magnetization orientation [4,5]. Then, the
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most stable structures are formed by the combination of
helical and cycloidal domains [Figs. 1(a) and 1(b)], as
recently proposed and observed in chiral magnets [4,5,19—
22]. In a simple helical domain structure, periodic along
v, the magnetization rotates 27 rad in the M,-M, plane
as sketched in Fig. 1(a). Close to an x-y sample surface,
magnetostatic effects confine the 2w magnetization rota-
tion to the M ,-M, plane, resulting in the cycloidal domain
structure, also periodic along y, sketched in Fig. 1(b). In
contrast, weak stripe-domain patterns, in the absence of
chiral interactions, favor 7 rotations of the magnetization
around the average M, component, either in the M,-M,
plane (inside the film) or in the M -M,, plane (at the top
and bottom film surfaces). In the first case, this results in
Bloch walls [Fig. 1(c)] while in the second case it results in
closure domains at the top and bottom surfaces [Fig. 1(d)].

In this work, we report on the observation, for the first
time, of cycloidal domains in soft permalloy layers using
element-resolved magnetic transmission x-ray microscopy
(MTXM). These domains are linked to the guided prop-
agation of magnetic vortices and antivortices within the
stripe-domain pattern of NiFe/NdCo/GdCo trilayers. The
starting point is the remanent stripe-domain configuration
illustrated in Fig. 2(a): the set of parallel up and down
(+M;, and —M;) domains in the central WPMA NdCo
layer creates a closure domain pattern in both the top
permalloy layer and the bottom GdCo layer. The mag-
netization in the permalloy layer oscillates mainly in the
(M,M,) plane around the average +M , component (white
arrow) to screen the stray field from the central NdCo layer.
Upon the application of a reversed —H, field, cycloidal
domains (sketched in the M,-M, plane as —1<«|—1)
are observed in the permalloy layer as an intermediate
state between +M, (—1<«1—1 with only +M, 1 ori-
entation) and —M, (— | < | — with only —M, |) closure
domains. Cycloidal domains in the permalloy layer are sta-
ble in a field range of several tens of mT, which gives a
measure of useful field range for controlled propagation
of magnetic vortices and antivortices by the stripe-domain
pattern.

II. EXPERIMENT

Magnetic NiggFe,/Nd;sCos4/Gd2Cogg trilayers are
grown on 50-nm-thick Si3;N4 membranes by dc magnetron
sputtering as reported previously [14] and characterized
by vibrating sample magnetometry (VSM) at room tem-
perature. Parameters for each material in the trilayer are
obtained from the magnetic characterization of single
test layers [14]: Permalloy NigoFeyy has Mg=8.5 x 10°
A/m, in-plane uniaxial magnetic anisotropy K, =850
J/m?, and a weak PMA of the order Ky~ 10* J/m?,
induced by strains during growth but too low to induce
out-of-plane domains in the samples investigated [10];
Nd;6Cog4 is an amorphous ferromagnetic alloy [23] with

Mg=7 x 10°> A/m and PMA Ky~ 10° J/m?; Gd;,Cogs is a
ferrimagnetic alloy with Mg=6 x 10° A/m and in-plane
K,=4.6 x 10 J/m® [24]. Two samples are used in this
study with different layer thicknesses to check for repro-
ducibility of the observed magnetic textures: F4A0N60G40
(40 nm NigoF620/60 nm Nd16C084/40 nm Gd]zCOgg) and
F30N40G40 (30 nm Ni30F620/40 nm Nd16COg4/40 nm
Gd;,Cogg). Figures 2(b) and 2(c) show the VSM hystere-
sis loops of the trilayers with the applied field parallel
to the sample plane. In both cases, the hysteresis loops
present a transcritical shape, characterized by an almost
linear decrease of in-plane magnetization from saturation
(at around 200 mT) to a reduced remanence value (about
0.4My), which is typical of WPMA samples with parallel
stripe-domain patterns (i.e., with a significant out-of-plane
magnetization oscillation). The coercivity uoH ¢~ 10 mT
is very similar in both samples [see insets in Figs. 2(b) and
2(c)], but the reversal process is broader for F30N40G40
(noAH =20 mT) than for F4ON60G40 (uoAH =6 mT),
indicating a stronger effect of the NdCo layer in the thinner
NiFe layer of F30N40G40.

Element-specific magnetic contrast images [7,14] are
acquired at the transmission microscope of the Mistral
Beamline at the Alba synchrotron [25,26] by tuning circu-
larly polarized x rays to the appropriate atomic absorption
energy of that element. MTXM images of the magnetiza-
tion of the upper permalloy layer are acquired at the L;
Fe absorption energy and of the bottom Gd,;,Cogg at the
M s Gd absorption energy [14]. At room temperature, due
to the ferrimagnetic nature of this alloy for this relative
Co to rare-earth concentration, the Gd magnetic moment is
antiparallel to the sample magnetization, which has to be
taken into account in the interpretation of magnetic con-
trast images [24]. The x-ray angle of incidence is set at
6 =30° from the film normal, in order to have sensitivity
to M, and M, magnetization components while keeping
good image qualities not hindered by the decreased trans-
mitted x-ray intensities at large angles [7]. The sample is
first saturated with an in-plane field woH, =225 mT and
imaged at remanence to establish the initial +A, magne-
tization state. Then, negative H, pulses of 20 us duration
and variable amplitude are applied in situ to monitor the
magnetization reversal. The samples are imaged at rema-
nence after each field pulse until in-plane magnetization is
fully reversed.

Micromagnetic simulations of magnetization reversal
are performed with the finite-difference code MUMAX?
[27] in order to compare with experimental MTXM
images. The trilayers are discretized into cells of dimen-
sions of 5x5x3 nm? for a total area of 3.84 x 3.84
um?, using material parameters for each sublayer obtained
from the magnetic characterization [13]. MUVIEW code is
used for visualization [28]. Then, the contribution to the
dichroic absorption factor of each cell along the x-ray
beam path is evaluated for the calculated micromagnetic
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FIG. 1. Sketch of spin rotation within a domain period in: (a) 27 helical domain in the M ,-M, plane, (b) 27 cycloidal domain in
the M-M, plane, (c) Bloch walls at the center of a weak stripe pattern (7 rotation in the M,-M_ plane from a +M domain to a
—M, domain through a Bloch wall with +M at its center), and (d) closure domains at the surfaces of a weak stripe-domain pattern
(7r rotation in the M,-M, plane from a +M, domain to a —M,, domain through a Néel wall with 4-A/, at its center). In all cases, the
domain structures are periodic along y.
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FIG. 2. (a) Sketch of stripe-domains in a NiFe/NdCo/GdCo trilayer at remanence after saturating with +H,. The stripe-domain
period A is indicated by the double arrow. (b) VSM in-plane hysteresis loop of the F30N40G40 trilayer. (¢) VSM in-plane hysteresis
loop of the FAON60G40 trilayer. Insets show the low-field enlargements of the hysteresis loops.
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configurations in order to simulate x-ray image contrasts

[11].

ITI. RESULTS AND DISCUSSION

A. MTXM hysteresis loops

Figure 3 shows several MTXM frames of a 12 x 12 um?
area of sample F40N60G40 imaged at the L3 Fe edge (left
panels) and M5 Gd edge (right panels) along a sequence of
reversed field pulses of increasing amplitude. Figure 3(a)
shows the onset of magnetization reversal at both NiFe and
GdCo layers: most of the image is covered by a pattern of
bright and dark parallel stripes oriented along the x direc-
tion of period A =175 nm. In this sample x-ray geometry
[7], image contrast depends on M, and M and is not sensi-
tive to M ,: in the permalloy layer [see inset in the left panel
of Fig. 3(a)], white stripes correspond to (+M,,+M,)
domains and dark gray stripes to (+M,,—M.) domains
as indicated by arrows; in the GdCo layer, due to the
ferrimagnetic character of the alloy, dark gray bands corre-
spond to (+M,+M ) and light gray bands to (+M,,—M)
[14]. This corresponds to a remanent domain pattern sim-
ilar to the sketch in Fig. 2(a) with average in-plane mag-
netization orientation along +M,. In Fig. 3(a), we can
also observe some additional contrast levels indicating the
presence of initial reversed domains (after the application
of a field pulse of —22.5 mT) with a characteristic elon-
gated shape: they typically consist of a pair of reversed
consecutive up and down stripes [see D1 in Fig. 3(a)] start-
ing at a bifurcation of the stripe pattern. These domains
correspond to the nucleation of a meron texture at the bifur-
cation core (with O =1/2) and the propagation of Bloch
points and vortex-antivortex pairs (with Q = 1) along the
stripe direction [7,11]. At uoH,=—25 mT [Fig. 3(b)],
magnetization reversal has proceeded with the nucleation
of new reversed domains and the propagation of existing
ones: at the NiFe layer, reversed domains retain their elon-
gated shape extending only over one or two stripe-domain
periods (average domain width is 1.2A), however, at the
GdCo layer, reversed domains have grown laterally (e.g.,
see D2) with average domain width 4.5A. Finally, after a
woH = —32.5 mT pulse [Fig. 3(c)], reversal is completed
in the GdCo layer whereas the magnetic configuration
of the NiFe layer is highly inhomogenous. Four contrast
levels can be clearly observed in the NiFe panel of Fig.
3(c): white, light gray, dark gray, and black, corresponding
to the four possible domain combinations: (+M,,+M),
(=M +M.), (+M,,—M}), and (—M,,—M ), respectively
(see arrows in the sketch) [14].

In a stripe pattern with uniform M, sign (as the one
sketched in Fig. 2), magnetic dichroic contrast oscillates
in the up and down domains around a mean value given
by the average M, component [7]. Thus, we can fol-
low in-plane magnetization reversal in more detail by
plotting the average image contrast as a function of

reversed field amplitude [Fig. 3(d)]. For both NiFe and
GdCo layers, magnetization reversal starts at a similar
field around —22 mT, but reversal is much easier in the
GdCo layer (it is completed in uoAH ~5 mT) than in
the NiFe layer (uoAH =25 mT), indicating that expan-
sion of reversed domains is more difficult in the NiFe
layer.

Figure 4 shows a similar sequence of MTXM frames of a
12 x 12 um? area of sample F30N40G40 imaged at the L3
Fe edge (left panels) and Ms Gd edge (right panels) along
the magnetization reversal process of both NiFe and GdCo
layers. Once again, magnetization reversal is much easier
in the GdCo layer than in the NiFe layer. Bottom GdCo
reverses in a narrow field interval (ugAH =~ 5 mT) by the
lateral expansion of wide domains that extend over several
stripe periods. Reversal at the top NiFe layer spans over
HoAH ~ 46 mT, with a 12 mT plateau close to the coer-
civity [see Fig. 4(d)]. At the initial stages of magnetization
reversal in this NiFe layer [uoH, &~ —25 mT, Fig. 4(a)], lin-
ear reversed domains are observed that expand along the
stripe direction, as in the previous sample. Domain con-
figuration at the plateau (—40 mT < puoH, < —28 mT) is
characterized by the intermixing of stripes with opposite
M, orientation [Fig. 4(b)]. Finally, —M, domains extend-
ing over several stripe-domain periods appear in the image
for woH, < —40 mT [Fig. 4(c)]. NiFe layer reversal is
completed at poH, &~ —60 mT.

Thus, in both samples the field interval for magnetiza-
tion reversal in the permalloy layer is significantly broader
than in the GdCo layer (by a factor of 5-10), which might
seem surprising in view of the softer magnetic behavior
of simple permalloy layers. It suggests a crucial role of
the stripe pattern imprinted by the NdCo central layer in
the propagation of reversed domains in the top and bot-
tom layers that requires a careful analysis of the MTXM
images.

B. Reversible domain expansion at the onset of
magnetization reversal

Figure 5 shows a detail of domain propagation at the
onset of magnetization reversal in the bottom GdCo layer
of F30N40G40, driven by a sequence of positive and neg-
ative field pulses. At the initial state [Fig. 5(a)], we can see
the boundary between a —M, domain (lower part of the
image) and a +M, domain (upper part of the image) that
runs along a dark gray (—M,+M ) and black (+M,,+M)
stripe [see dotted line in Fig. 5(a)]. It has been recently
shown [11] that, due to geometrical restrictions by stray-
field circulation and the periodicity of the stripe pattern, the
magnetic texture that separates the dark gray (—M,,+M.)
and the black (+M,,+M,) stripe portions at the bottom
sample surface consists of a magnetic vortex with +M,
polarity as inferred from micromagnetic simulations [see
inset of Fig. 5(a)].
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FIG.3. (a)~(c) 12 x 12 um?> MTXM frames of the magnetization configuration of F40N60G40 along in-plane magnetization reversal
measured at the L3 Fe edge (left panels) and the Ms Gd edge (right panels). Pulsed field amplitude is indicated in each image. Insets
show sketches of magnetization orientation within the stripe pattern. (d) Field dependence of the normalized intensity of the Fe
image (squares) and the Gd image (circles) obtained from experimental MTXM images that allow us to reconstruct element-selective

hysteresis loops. Image intensities are normalized to +1 (at remanence) and to 0 (at saturation).

In the experiment depicted in Fig. 5, we observe the
propagation of this magnetic vortex along the +M stripe
[dashed vertical lines in Fig. 5(a)], using as a reference
the position of Yy, the black bifurcation at the left of each
panel [vertical solid line in Fig. 5(a)]. Also, in Fig. 5(a), the
separation between bifurcations Y; and Y5 is 4 um, which
we denote as X . Figure 5(b) summarizes the results
after applying successive field pulses. First, a set of equal

amplitude 7.5 mT pulses drove the vortex slowly to the
right (increasing X in the upper panel), until it stopped
at the intermediate position X & 0.3.X .. Increasing pulse
amplitudes up to 12 mT, depinned the vortex from this
intermediate position and pushed it up to bifurcation Y,
(the endpoint of this black stripe). Then, a set of neg-
ative field pulses of increasing amplitude is applied to
the sample. No changes in the image are detected until
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(a)(c) 12 x 12-um?> MTXM frames of the magnetization configuration of F30N40G40 along in-plane magnetization reversal

measured at the L3 Fe edge (left panels) and the Ms Gd edge (right panels). Pulsed field amplitude is indicated in each image. In this
case, M5 Gd edge images are acquired along the ascending branch of the hysteresis loop at positive fields of the same amplitude as
indicated in each panel. (d) Field dependence of the normalized intensity of the Fe image (squares) and the Gd image (circles) obtained
from experimental MTXM images that allow us to reconstruct the element-selective hysteresis loop.
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FIG. 5. (a) Detail of MTXM images

(a) By 10 20 30 at the Ms Gd edge of F30N40GA40
10k —— a1 under a sequence of positive and neg-
ative field pulses (field in mT indi-

0.8 - cated in the left corner of each panel).
So6L Arrows indicate magnetization orienta-
x tion in black (+M,,+M.) and dark
X 04t n = gray (—M,, +M;) stripes. Horizontal
02k ./. - ) - dotted line indicates the initial bound-
T u ary between +M, and —M, domains

0.0 L L and vertical dashed lines indicate vor-

.5. T tex position (i.e., limit between black

10 P . 7 (+M,,+M.) and dark gray (—M,,+M)

~ . ,\ W..c regions in the central stripe). Inset in the
s 0 ] lowest panel is a micromagnetic simu-
~ \ \ lation of a vortex propagating along a
I O, / o +M, stripe at the GdCo bottom sur-
= 10 .0.. %! | face. (b) Vortex displacement (top panel)
oo and field sequence (bottom panel) show-

-20 . L ing reversible motion within range. Vor-

0 10 20 30 tex displacement is in units of X, =4

N (pulse) um, the distance between bifurcations Y,

the vortex jumped back to X ~0.2X . after a —14 mT
pulse. The remaining pulse sequence showed a reversible
motion of the vortex along the stripe from 0.2X .« to
X max, depending on pulse amplitude and sign. It is impor-
tant to mention here that the position of bifurcations Y} and
Y, is not altered by the field pulses applied for the present
experiment.

In our previous works [11,14], bifurcations within
the stripe pattern were identified as nucleation sites for
reversed M, domains that expanded away from the bifur-
cation by the propagation of vortices and antivortices along
the stripe-direction. This mechanism gives rise to elon-
gated domains of width A similar to D1 in Fig. 3(a). Now,
the experiment described in Fig. 5 evidences an additional
role of bifurcations as pinning sites: as a vortex and/or
antivortex reaches a stripe endpoint, further expansion of
the reversed domain is hindered. Thus, additional mecha-
nisms must come into play to complete the magnetization
reversal of the sample.

C. Closure and cycloidal domains at coercivity

As the magnetization reversal process proceeds within
the NiFe and GdCo layers, four types of in-plane domains
can be identified by comparing experimental MTXM Fe
edge images [Fig. 6(a)] with simulated contrast images
derived from micromagnetic simulations [Fig. 6(b)] using
the formalism described in Ref. [11]. These four domain
types are: (i) initial +M, domains characterized by alter-
nating (+M,,+M.) and (+M,,—M,) stripes, i.e., alter-
nating white and dark gray bands; (ii) partially reversed
domains with alternating (4+M,,—M.) and (=M ,,+M.)

and Y,.

stripes, i.e., alternating dark gray and light gray bands; (iii)
partially reversed domains with alternating (+M,,+M)
and (—M,,—M) stripes, i.e., alternating white and black
bands; (iv) fully reversed —M, domains with alternating
(—M,,+M) and (—M,,—M) stripes, i.e., alternating light
gray and black bands. Figures 6(a)—6(c) display, from top
to bottom. these four domain types. The local sense of
M, in between stripes is not directly accessible experi-
mentally at the measurement configuration (only sensitive
to M, and M, components). However, it can be uniquely
determined by the sense of stray-field circulation at the top
sample surface (leaving the sample at +M, stripes and
entering it at —AM, stripes). This allows us to draw the
M -M, sketches for each domain type, shown in Fig. 6(c),
which are confirmed by micromagnetic simulations. Thus,
partially reversed domains (ii) and (iii) are identified as
cycloidal domains with opposite rotation senses.

The fraction of each domain type along the magneti-
zation reversal process is shown in Figs. 6(d) and 6(e)
for the NiFe and GdCo layers. At the onset of reversal,
the sample is covered by +M, domains, that disappear

gradually along the reversal process, with a field depen-
dence very similar to the average intensity in each layer
[see solid lines in Figs. 6(d) and 6(e)]. Fully reversed
—M, domains follow the opposite trend, appearing at the
onset of magnetization reversal and covering the sample
at saturation at both the top and bottom layers. However,
the prevalence of cycloidal domains is very different at
NiFe and GdCo. In the NiFe case, a significant fraction
of cycloidal domains appears (covering up to 30% of the
sample) with a wide stability range from —22 mT down
to —70 mT. At the GdCo layer, the fraction of cycloidal
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FIG. 6.

(a) Four domain types at the NiFe layer (selected from MTXM images of F30N40G40). (b) Simulated MTXM contrast from

micromagnetic simulations in different domain configurations. (c) Sketch of in-plane magnetization orientation at each contrast level
(making an enlargement of the central regions of panels in (b) for the sake of clarity in the arrow sketches). (d,e) Fraction of each
domain type vs reverse field amplitude at (d) the NiFe layer and (e) the GdCo layer. Field dependence of average image contrast at

each layer is also shown for comparison (solid line).

domains barely reaches 5%, localized mainly at the bound-
ary between +M, and —M, domains. Thus, the stability
of cycloidal domains at the soft NiFe layer appears as the
direct cause of the slower reversal process in this layer,
making it a suitable material for the controlled propagation
of vortex-antivortex pairs in a broad enough field
interval.

The stability of cycloidal domains in NiFe and GdCo
is related with topological restrictions in the stripe pat-
tern of the central NdCo layer, imprinted by exchange and
magnetostatic interactions at the top and bottom layers.
Then, it is interesting to note that the best stability range
(broadest plateau in the magnetization reversal process) is
found for the NiFe layer of F30N40G40 (i.e., the thinnest
layer with smallest in-plane anisotropy), as observed both
in the macroscopic hysteresis loops (Fig. 2) and in MTXM
loops (Figs. 3 and 4). This could be related with the large
exchange contribution of cycloidal domains (with 277 mag-
netization rotations on a small length scale), which scales
with NiFe layer thickness favoring their observation in
thin magnetic layers. In a similar way, the higher in-plane
anisotropy of GdCo would increase the anisotropy con-
tribution in a cycloidal domain configuration, reducing
their stability and the effective field range for controlled
propagation of vortex-antivortex pairs.

D. Micromagnetic simulations

Figure 7(a) shows the field dependence of the mag-
netization during an in-plane reversal process at each

layer obtained from micromagnetic simulations of the
F40N60G40 trilayer that qualitatively reproduces the
experimental behavior. As the field is reduced from sat-
uration [see inset in Fig. 7(a)] in-plane M, is reduced in
each layer due to the development of the stripe-domain
pattern with a significant M, oscillation. At remanence,
M, is lowest at the central NdCo layer [Mr(NdCo)=
0.2 My] but retains relatively large values at the top NiFe
[Mr(NiFe) = 0.6Ms] and bottom GdCo [Mgr(GdCo) =0.5
Mg], where the closure domain structures are localized.
For negative fields, reversed domains nucleate at stripe
bifurcations and propagate by the correlated motion of
vortex-antivortex pairs, as shown in Fig. 7(b1). These ini-
tial reversed domains are only one stripe period wide (A),
similar to those observed in Figs. 3(a) and 4(a). This pro-
cess starts at —4 mT at GdCo and —8 mT at NdCo and
NiFe and results in a steep decrease of the magnetization
down to coercivity (M, =~ 0).

Depending on bifurcation arrangement in each layer,
the vortex-antivortex pair can be dissociated, as shown
in Fig. 7(b2) where the antivortex is pinned by inter-
action with a bifurcation and the vortex has propagated
further. In the region between the vortex and the antivortex,
the magnetization adopts a cycloidal configuration with
alternating +M, and —M, stripes. Individual vortex prop-
agation (uncoupled from its corresponding antivortex) is
observed in the experiment of Fig. 5 and is also seen in
the NiFe images of Figs. 3(b), 3(c), 4(b), and 4(c), i.e.,
in the field range where cycloidal domains appear in the
sample.
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FIG. 7.

(a) Element-resolved hysteresis loop, calculated by micromagnetic simulations at F40N60G40. Numbers correspond to

images in panel (b). (b) Magnetic configuration of the GdCo layer showing votrex-antivortex pair propagation parallel to stripe direc-
tion at the onset of magnetization reversal: (b1) —4 mT, (b2) —6 mT, (b3) —9 mT [(b2) and (b3) are displaced to the right relative
to (b1) to keep track of the propagating vortex-antivortex pair], and domain-wall propagation perpendicular to stripes at the last part
of the magnetization reversal: (b4) —24 mT, (b5) —26 mT. Arrows indicate M, sense in each stripe. Note the cycloidal domain in
(b2) due to pinning of an antivortex at the bifurcation, highlighted by the dotted rectangle. Also, a certain displacement of bifurcations

along the stripe directions can be observed between (b2) and (b3).

As the negative field increases, vortices and antivor-
tices propagate guided by the stripe direction until they are
stopped by stripe endpoints [as shown in Fig. 7(b3)]. At the
simulated sample, the number of bifurcations is relatively
small (between four and six), so that a stable magnetization
configuration with all vortices pinned at stripe endpoints
is easily reached both for the NiFe and GdCo layers. It
results in a magnetization plateau just below coercivity that
extends over a AuogH =6 mT interval at GdCo and over
ApoH =14 mT at the NiFe layer.

Finally, a steep decrease of M, is observed starting at
—20 mT for GdCo and at —28 mT at the NiFe layer. It cor-
responds to the activation of an additional magnetization-
reversal mechanism by the propagation of a domain wall
in the x-z plane along the y direction, i.e., perpendicular
to the direction of the stripes [see Figs. 7(b4) and 7(b5)],

(b) (c) Cycloidal

indicating that vortex-antivortex propagation has ceased to
be confined along the stripes. At this point of the hysteresis
loop, the sample surface is fully covered by —M, domains.
The remaining part of the reversal process corresponds to
the approach to — M, saturation as the amplitude of the M,
oscillation in the stripe pattern is reduced for large negative
H, fields.

Spin rotations in the simulated closure domain patterns
can be seen in more detail in Fig. 8. +M closure domains
[circles in Fig. 8(a) and the sketch in Fig. 8(b)] com-
bine an in-plane (M,-M,) m rotation correlated with a
M, oscillation of reduced amplitude £0.5Mj, so that the
magnetization is always constrained to the +M, hemi-
sphere. The configuration of —M, closure domains is
equivalent but with magnetization in the —M, hemisphere
[squares in Fig. 8(a) and the sketch in Fig. 8(d)]. Partially

(d)

e S
ANARNNNRY

FIG. 8. (a) Spin rotation at the bot-
tom GdCo, derived from the micro-
magnetic simulations in Fig. 7: blue
circles, +M, domain; orange trian-
gles, cycloidal; red squares, —M,
domain. The corresponding magnetic
configurations are shown in (b), (c),
and (d).
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reversed domains are a combination of an in-plane cycloid
(27 rotation in the M,-M, plane rotation) with a corre-
lated M oscillation [triangles in Fig. 8(a) and the sketch
in Fig. 8(c)]. Two possible rotation senses can appear
depending on the relative phase between the in-plane and
out-of-plane spin rotations, as observed experimentally.

The comparison between micromagnetic simulations
and the experimental MTXM images shows that the obser-
vation of partially reversed cycloidal domains requires
two basic ingredients: (1) Effective vortex and antivor-
tex guiding along the stripe-domain pattern, i.e., that the
propagation of domain walls transverse to the stripes is
delayed to high enough magnetic fields. (2) The dissoci-
ation of vortex-antivortex pairs as they propagate along
the stripe pattern. This can occur by interaction with
stripe bifurcations [as seen in Fig. 7(b2)] or other defects
present in the sample (as seen in the experimental images
in Figs. 3 and 4). Experimentally, these conditions are
clearly met only at the NiFe layer but not at the GdCo
layer.

Thus, the observation of cycloidal domains in the exper-
imental MTXM images can be used to characterize the
field range where vortices and antivortices are effectively
guided by the stripe pattern, which is of the order of tens
of mT for the NiFe layer. This is an interesting result since
the existence of a broad enough field interval of effective
vortex guiding is essential for possible applications of the
deterministic propagation of vortex-antivortex pairs found
in Ref. [11].

IV. CONCLUSIONS

In summary, cycloidal domains are identified in NiFe
layers during the magnetization reversal process of
NiFe/NdCo/GdCo trilayers by the comparison of MTXM
images and micromagnetic simulations. The stripe pattern
of the central WPMA NdCo layer imprints a periodic clo-
sure domain structure at the top and bottom NiFe and
GdCo layers where magnetization reversal is initiated at
stripe bifurcations, by the nucleation of vortex-antivortex
pairs. It is found that, in the NiFe layer, there is a field
range around coercivity (of several tens of mT) in which
pairs of vortices and antivortices propagate preferentially
along the stripes and, then, they dissociate while pinning
at stripe endpoints and sample imperfections. The sensi-
tivity of MTXM images to M, and M, components at the
different layers reveals that, at that point of the hysteresis
loop, cycloidal domains with alternating M, sign appear in
the sample, covering up to 30% of the NiFe surface. The
stability range of cycloidal domains gives a measure of the
field interval in which propagation of vortices and antivor-
tices within the NiFe layer can be effectively controlled by
the stripe pattern.
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