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We report on pairs of converging-diverging spin vortices in Co=Rh=NiFe trilayer disks. The lateral

magnetization distribution of these effective spin merons is directly imaged by means of element-selective

x-ray microscopy. By this method, both the divergence and circulation states of the individual layers are

identified to be antisymmetric. Reversal measurements on corresponding continuous films reveal that

biquadratic interlayer exchange coupling is the cause for the effective meron pair formation. Moreover,

their three-dimensional magnetization structure is determined bymicromagnetic simulations. Interestingly,

the magnetic induction aligns along a flux-closing torus. This toroidal topology enforces a symmetry break,

which links the core polarities to the divergence configuration.
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Nontrivial topologies are highly relevant for many

phenomena in physics, ranging from fundamental field

theories [1] to condensed matter systems such as topologi-

cal insulators [2] and high temperature superconductors

[3]. In the context of magnetism, nontrivial spin textures

exist, for example, as bubble [4] and vortex [5] states for

which the topology is quantified by their Skyrmion number

to�1 and�1=2, respectively [6]. As sketched in Fig. 1(a),
a spin vortex consists of a planar magnetization (M) curl,

that tilts out of the plane in the nanoscopic core region

[7,8]. There are two possible configurations for the curl’s

rotation sense (circulation c) and also two possible orien-

tations for the core (polarity p):

p ¼ sgn½ez �Mðr ¼ 0Þ�; (1)

c ¼ sgnfez � ½r�Mðr � 0Þ�g; (2)

resulting in two distinct vortex handednesses h ¼ cp.
Because of their chiral nature and their interesting dynamic

properties, magnetic vortices have been intensely studied

during the past decades [5,7–13]. In addition to fundamen-

tal aspects, these investigations have led to the proposal of

vortex based memory cells [14] and spin-torque driven

nano-oscillators [15–17]. For both concepts the integration

of vortices into lateral arrays [18,19] or multilayer systems

is a crucial point [20–29].

A special spin state with nontrivial topology is the meron

state [30–34]. It is realized by a radially in- or outwards

pointing planar spin distribution, see Fig. 1(b), for which—

complementary to the c ¼ 0 state—a divergence (d) can be
defined to

d ¼ sgn½er �Mðr � 0Þ�: (3)

Vortices and merons can be transformed into each other

through a planar rotation ofMðrÞ by 90�. In between these
two extremes there is a state which is equivalent to the

superposition of a meron with a purely tangential vortex.

This state is referred to as an unconventional vortex [33]

or effective meron. Experimentally, so far Phatak et al.

have inferred the existence of such states from an approach

combining Lorentz transmission electron microscopy with

micromagnetic simulations [34]. Metastable pairs of effec-

tive merons with equal c’s but opposing d’s were identified
in a trilayer disk which consisted of two ferromagnetic

layers separated by a nonmagnetic spacer. The formation

of these pairs was explained by assuming an antiferromag-

netic (AFM) interlayer exchange coupling (IEC) [35] and

a demagnetization energy barrier resulting from non-edge-

parallel magnetization states.

In this Letter we now offer direct proof for the existence

of effective meron pairs by means of layer-resolved mag-

netic imaging with scanning transmission x-ray micros-

copy (STXM). Furthermore, we show that they can even be

the lowest energy state of the system when a biquadratic

[36–38] IEC contribution is present in the corresponding

trilayer films. By applying micromagnetic simulations we

derive that such effective merons have a three-dimensional

spin structure, where the lateral divergence rMxy is

partially compensated by a vertical rMz. Interestingly,

the resulting toroidal magnetization distribution leads to

a topological symmetry break that enforces a strict relation

between the d and p states of the system.

In order to create effective meron pairs, trilayer thin film

disks with a radius of R ¼ 1 �m were fabricated; see

sketch in Fig. 1(c). Patterning was achieved by a sequence

of electron-beam lithography, thin film deposition via

electron beam evaporation, and lift-off processing. The
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Co=Rh=NiFe trilayer stack consists of two ferromagnetic

layers (Co and Ni81Fe19) of equal thickness (t ¼ 50 nm)

and a nonmagnetic Rh interlayer in between [39]. For the

thickness given (t ¼ 0:8 nm), Rh is expected to mediate a

strong AFM IEC [40].

Figure 2 displays the remanent magnetization orienta-

tion (mxy ¼ Mxy=Mxy) state of the Co layer (lower row)

and the NiFe layer (upper row) of a Co=Rh=NiFe disk as

measured by STXM [41]. Figures 2(a) and 2(b) show the

STXM micrographs with sensitivity mx and my, respec-

tively. The corresponding contrast scheme is indicated by

the arrows in the gray scale wheels. An overlay of the

micrographs 2(a) and 2(b) allows one to deduce the lateral

magnetization distribution as sketched in 2(c). Obviously,

each ferromagnetic layer exhibits an unconventional vor-

tex. The average inclination of the planarmxy with respect

to the azimuthal unit vector (e’) is �Co ¼ �19� and

�NiFe ¼ 117�, respectively, resulting in a planar coupling

angle � ¼ arccosðmCo
xym

NiFe
xy Þ of 136� (cf. Fig. 2, dashed

lines) [42]. This distribution corresponds to a pair of

effective spin merons with the following configuration:

cCo ¼ þ1, cNiFe ¼ �1, dCo ¼ þ1, and dNiFe ¼ �1. Note
that in contrast to Co, �NiFe is neither entirely constant

over r nor fully rotational symmetric. In particular, the my

dominated regions are slightly more extended than those of

mx. Nonetheless, this does not affect the principle state of

the system, i.e., the average angle�NiFe ¼ 117�, as well as
the fact that mxy runs through all planar orientations along

’ in a continuous and monotonic manner. We attribute the

rotational asymmetry to sample imperfections as other

effective meron structures were found to be symmetric in

mx-sensitive measurements (not shown). In agreement

with Ref. [34] the observed merons only occur in pairs,

in particular, with opposing divergence (d1 ¼ �d2).
However, in contrast to Ref. [34], here also the circulations

are antisymmetric (c1 ¼ �c2). This is a crucial piece of

evidence that reveals the existence of a noncollinear cou-

pling in this system, namely, biquadratic IEC. Spin merons

with symmetric circulations (c1 ¼ c2) may exist as meta-

stable states in purely bilinear AFM IEC systems [34].

However, they could not persist with antisymmetric circu-

lations (c1 ¼ �c2), as no energy barrier prevents the

relaxation into the corresponding ground state of a purely

tangential vortex pair [25].

IEC is described phenomenologically by the energy

density per unit area,

�IEC ¼ �JL
M1 �M2

M1M2

� JQ
ðM1 �M2Þ

2

ðM1M2Þ
2

; (4)

which for the relative magnetic orientation of two ferro-

magnetic layers splits into a bilinear and a biquadratic

contribution with the corresponding coupling constants

(JL) and (JQ), respectively [36–38]. A negative (positive)

JL favors an antiferromagnetic (ferromagnetic) alignment

of the two layers, whereas a negative JQ energetically

prefers their orthogonal (� ¼ 90�) orientation.
In order to validate the explanation that a biquadratic IEC

is responsible for the effectivemeron pair stability observed,

we determined the IEC constants of a Coð25Þ=Rhð0:8Þ=
NiFeð25Þ (nm) continuous film [43]. The measured values

of JfL ¼ �1:95 mJ=m2 and JfQ ¼ �1:05 mJ=m2 indeed

reflect a strong biquadratic IEC contribution. However, the

remanent coupling angle �
f
0 resulting from these values is

bigger than that observed in the effective meron pairs. This

deviation is presumably a consequence of the altered inter-

face roughnesses due to the different ferromagnetic layer

thicknesses involved. The idea that a strong biquadratic IEC

exists in this system is also supported by the response of the

effective meron pair to quasistatic magnetic fields. For an

external field of �0H ¼ �15 mT applied along the x axis,

we observed a layer-congruent displacement of the cores by

about 200 nm [44]. This congruency can only be induced by

IEC, since for purely dipolar coupled pairs the displacement

would occur in different directions and by different magni-

tudes [27]. For the reasons given, we conclude that a biqua-

dratic IEC is present in the trilayer structures and that it is

necessary for the stability of the c-antisymmetric effective

spin meron pairs observed.

FIG. 2 (color online). Effective meron pairs in trilayer disks.

(a), (b) STXM images showing the projected magnetization

orientation mx (a) and my (b) of the Co (bottom) and NiFe

(top) layer with contrast as indicated (arrows). (c) Sketch of the

resulting principle Mxy distribution.

FIG. 1 (color online). Sketches of topological spin states in

thin film elements. (a) Spin vortex with planar circulation and

central core; magnetization orientation indicated by arrows.

(b) Spin meron pair with diverging magnetization in the bottom

layer and converging magnetization in the top layer. (c) Trilayer

disk consisting of Co, Rh, and NiFe.
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A perfectly planar spin meron pair (Mz ¼ 0 everywhere)

would be associated with a rather high demagnetiz-

ation energy due to magnetic surface charges �M � er ¼
�M�Rt at the cylinder jacket as well as magnetic volume

charges �rM ¼ �M=r within the whole element, in

particular, towards the center. Perpendicular magnetization

components Mz and their vertical variation (rMz) can

lower this energy. The STXM experiment, however, is

neither sensitive enough to detect small Mz values nor

capable of resolving axial changes of M. Therefore, we

carried out micromagnetic simulations in order to deter-

mine 3D magnetization structure of effective meron

pairs [45]. A trilayer disk with size and parameters in

accordance with the experiment was modeled on a 256�
256�ð2þ1þ2Þ grid [46]. The initial magnetization states

were defined to match those observed in the experiment

with respect to �. Stationary states were accessed by

integrating the Landau-Lifshitz-Gilbert equation [47]

assuming a strong damping (� ¼ 1).
Results from these micromagnetic simulations of effec-

tive meron pairs are shown in Fig. 3. The x and z projec-

tions of the magnetic orientation m are displayed in 3(a).

Both ferromagnetic layers (Co and NiFe) were discretized

into an inner and outer sublayer with respect to the Rh

interlayer. The mx distributions [3(a), left] are in good

agreement with the experimental results obtained by

STXM [cf. Fig. 2(a)]. The deviations from e� at r ¼ 1=2R

are �sim
Co ¼�33� and �sim

NiFe¼106� leading to �sim¼139�,

which compares well with the experimental value of

� ¼ 136�. The difference between the theoretical and

experimental values of � is most likely due to a variation

of the ratio MCotCo=MNiFetNiFe from the nominal value.

Both ferromagnets (in particular NiFe) exhibit a small

variation of � over r.
In order to visualize the mz distributions of the effective

meron pair, the contrast schemewas enhanced by a factor of

5 in Fig. 3(a) (right). All sublayers show a dark contrast in

the center and a bright contrast at the disk edge; i.e., mz is

negative in the middle and positive at the outer parts. This

feature is considerably more pronounced for both inner

discretization layers of the disk relative to the correspond-

ing outer ones. For equivalent discretization layers, the mz

component of NiFe is slightly bigger than that of Co.

From the simulations we deduce that the 3D magneti-

zation structure of an effective meron pair corresponds to a

toroid that is superimposed with tangential vortex compo-

nents. Figure 3(c) shows a cross-sectional sketch of such a

toroidal spin distribution. While—apart from the core—the

magnetization at the top and bottom face is almost oriented

parallel to the film plane, it steadily tilts out of the plane

towards the central interlayer. Along any vertical axis, the

sign ofmz is the same for Co and NiFe. Laterally, however,

mz is changing sign from the edge to the center within each

ferromagnet.

Quantitative values for the radial dependence of mz are

given in Fig. 3(d) reflecting the toroidal structure. All the

separate layers simulated within the meron pair exhibit a

similar variation of mz with r. Starting from mz ¼ �1 at

the center, the perpendicular component sharply decreases

to values below �0:5 in the range of r� 50 nm. This

feature can be seen as the actual core of the structure. At

r � 700 nm the mz distribution crosses zero and then

monotonically increases to positive values below þ0:25
at the sample edge. In contrast to the effective meron pairs,

neither a single layer NiFe vortex nor the NiFe vortex of a

dipolarly coupled vortex pair [48] exhibits any significant

mz components for r > 100 nm.

The �sim
i values also show a radial variation. At half the

distance between center and edge, the planar coupling angle

is�sim ¼ 139�. It increases, however, to almost 180� at the

edge and close to the center, as�sim
Co and�sim

NiFe tend to 0
� and

180�, respectively. Because of the toroidal magnetization

structure, on the other hand, the effective meron pair’s 3D

interlayer coupling angle � (between m
Co and m

NiFe) may

be smaller than the planar coupling angle � (between m
Co
xy

andmNiFe
xy ), as sketched in Fig. 3(b) [49].

FIG. 3 (color online). Micromagnetic simulation of an effec-

tive meron pair. (a)mx andmz for a trilayer disk with dimensions

as in the experiment, but reduced JL. Both ferromagnets were

discretized into an inner and outer sublayer. The z contrast is

enhanced (� 5) to visualize the toroidal magnetization structure.

(b) Sketch of the three-dimensional coupling angle � versus the

planar coupling angle �. (c) Cross-sectional sketch of the

magnetization torus, neglecting the tangential components.

(d) Radial dependence of mz for the inner and outer discretiza-

tion layers of the effective meron, compared to a single NiFe

layer and a NiFe layer of a dipolarly coupled vortex pair.
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The 3D magnetization structure of the effective meron

pair can be explained in the following way. The dimensions

of the ferromagnetic thin-film elements in the trilayer disk

would lead to a formation of regular tangential vortices in

an isolated case. However, the AFM IEC with significant

biquadratic contribution causes a relative canting of the

c-antisymmetric vortices, which results in the planar con-

vergent or divergent magnetization pattern described. In

sample regions at around half the distance between center

and edge, the coupling angle matches the theoretical ex-

pectations for a continuous film. However, a purely planar

convergent or divergent configuration would be associated

with extensive magnetic surface and especially volume

charges. For this reason, the magnetization tends to align

again tangentially when getting close to the edge and the

center where the charges would become most relevant.

Furthermore, starting from a planar orientation at a certain

distance from the center (> 1=2R), the magnetization tilts

out of plane increasingly towards the central core and—

with opposing sign—also towards the edge, which results

in the flux-closing magnetization torus described. As this

effect is more prominent in regions close to the Rh inter-

face, a vertical rMz occurs which partially compensates

the volume charge generating rMxy. Furthermore, a per-

pendicular orientation reduces the IEC energy (apart from

the core region) as the 3D coupling angle � is always

smaller than the planar coupling angle �. A quantitative

view on the 3D toroidal flux closure of magnetic induction

can be found in the Supplemental Material [50].

As a consequence of the toroidal magnetization struc-

ture, an additional topology is introduced to the vortex pair

system. This topology causes the following mutual sym-

metry constraints with respect to the circulations, polari-

ties, and divergences of the effective meron pair:

p1 ¼ p2; c1 ¼ �c2; d1 ¼ �d2: (5)

While the c state is still independent from p and d,

c1 ¼ �c2 ¼ �1; (6)

there is a topology induced symmetry break enforcing the

following relation between p and d:

pi ¼ disgnzi; (7)

with the z origin being located at the interlayer position.

This means that the core polarities must be aligned along

the toroidal flux direction. The latter relation was verified

by micromagnetic simulations which show that any

pi ¼ �disgnzi configuration relaxes into the stable state

proposed. Compared to the c-p correlation which was

experimentally observed for single layer vortices [51],

the p-d relation for an effective spin meron is strict and

universal. The results presented above also imply that spin

meron states can only occur in pairs unless a noncollinear

exchange, such as the Dzyaloshinskii-Moriya interaction,

is present in the ferromagnetic material [51,52].

In summary, this work offers direct proof for the exis-

tence of effective spin meron pairs in magnetic trilayers. In

the presence of biquadratic IEC, such a pair can even be the

magnetic ground state of the system. The 3D structure of

an effective meron pair involves significant perpendicular

components, which lead to a flux-closing toroidal magne-

tization distribution. The given topology causes a symme-

try break, enforcing the meron cores to be aligned parallel,

with the polarity pointing along the torus’ orientation. The

results of our study provide new insights into the topology

and 3D structure of coupled multilayer spin systems. They

also might be relevant for possible application concepts

involving coupled vortices, such as memory cells or spin-

torque oscillators. In particular, the substantially enhanced

meron core size could be a key factor with respect to

spin-torque excitation of vortices.
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