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Complex spin configurations in hybrid magnetic multilayer structures due to mutual spin imprinting
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Hybrid Co/Pd-Permalloy multilayer structures exhibit multiple domain phases resulting from mutual spin
imprinting, dependent on the precise layer composition and thickness. While such hybrid structures can support
either a pure Landau closure-domain pattern or a perpendicular exchange-spring magnetization structure,
numerical analysis also revealed an anomalous mixed Landau-maze domain state. Mutual imprinting of the
spin configuration between the layers was strongest for the latter multidomain state, which we propose is a
consequence of exchange energy dissipation over the two lateral dimensions. An analytical derivation of domain
phase boundaries was consistent with the micromagnetic simulations and gave important insight into their origin.
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I. INTRODUCTION

When two or more materials are combined, the resulting
hybrid structure may yield enhanced performance compared
to the individual components [1]. Hybrid multilayer structures
may exhibit novel magnetic properties, such as exchange bias,
time-reversal asymmetry with respect to a changing applied
field [2—4], or altered anisotropy symmetry, manifest in the
out-of-plane anisotropy seen in CoPt and Co/Pd multilayers
[5-10]. Interlayer coupling can induce spatial frustration ef-
fects [5], domain wall pinning [8], and multidomain formation
[7]. Further complexity occurs if perpendicular anisotropy
structures are coupled to systems with in-plane anisotropy
[11-13]. Understanding coupling between hard and soft
regions is essential for the development of a wide range of
technologies, including multilayer data storage media [14,15],
radio-frequency nano-oscillators [16,17], and artificial multi-
ferroics [18-20]. Recently, we identified a mode of vortex core
polarity reversal in Co/Pd-NiFe multilayer systems, in which
reversal occurs via the collapse of the core magnetization to
a Bloch core with no out-of-plane component [13]. Crucially,
this mode requires mutual spin imprinting between the layers
[12], resulting in a complex superposition of a Landau state
onto a maze domain pattern. Theoretical understanding of
hybrid systems has been based on the approximation that the
spin structure only varies across the layer boundary. While this
approximation is valid for single-domain particles, it cannot
describe the multidomain structures required to support Bloch
core formation.

II. MICROMAGNETIC HYBRID MODEL

In this paper, we use micromagnetic and analytical mod-
eling to investigate the novel hybrid Landau-maze domain
phase in Co/Pd-NiFe multilayer systems, which is driven
by a complex interaction between competing anisotropies.
Despite the complexity, the essential characteristics of the
three-dimensional (3D) magnetic structure are reproduced
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using analytical models. Combined with understanding of
Bloch core formation, control over the domain phase could
establish a new class of vortex oscillator, where core reversal
is suppressed by confining oscillation within a multidomain
structure. We use a finite element/boundary element method
[21] to solve the Landau-Lifshitz-Gilbert equation for het-
erogeneous squares of width w = 800 nm, consisting of a
Permalloy (NiggFeoo, Py) layer of thickness fpy = 10—50 nm
coupled to a Co/Pd multilayer of thickness tc,/pq = 9.6 nm
[Fig. 1(a)] with an intergrain exchange model that calcu-
lates the exchange energy at the interface via a Mean-field
approach [22]. Standard material parameters are used for
Py (exchange stiffness Ap, = 13pJm~!, saturation magne-
tization Mpy = 800 kAm’fl, exchange length lpy, = 5.7 nm,
magnetocrystalline anisotropy constant Kpy = 0kJm™—, and
damping apy = 0.02). In general, the perpendicular anisotropy
constant Kco/pg and saturation magnetization Mc,/pq of the
Co/Pd multilayer depend on the thicknesses of the constituent
layers [23]. Therefore, arange of Kco/pq and M, pq are used to
establish the effect of the layer composition, but for simplicity,
we assume the exchange constant and damping parameter are
constant (Aco/pa = 10pJ m~! and acospd = 0.02). Variation
in Mco/pq produces a range of exchange lengths Ico/pg = 5 —
40 nm. We use an adaptive mesh increasing from 4 nm at the
center of the square to 12 nm at the edges, enabling the smallest
magnetic features in the vortex core and surrounding domain
walls to be resolved while optimizing the computation time.
Individual Py and Co/Pd layers exhibit different magnetic
structures, determined by the dominant anisotropy. Shape
anisotropy dominates the Py layer, causing the spins to form a
flux-closing Landau state: four in-plane triangular 90° domains
with a central out-of-plane vortex core [Fig. 1(b)]. In the
Co/Pd layer, the perpendicular magnetic anisotropy dominates,
resulting in a single-domain configuration with polar spin
angle & = Oradians [Fig. 1(c)]. When the layers are in contact,
exchange coupling causes imprinting of the spin state from one
layer into the other. The coupling causes the in-plane magnetic
state in both layers to be dominated by shape anisotropy, most
often a Landau state, but more complex demagnetizing patterns
emerge depending on K¢, pq and Mc,,pq. The imprinting of the
in-plane state in the Co/Pd layer arises because the exchange
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FIG. 1. (a) Schematic of the NiggFe,y/Co/Pd structure. Micro-
magnetic calculations of the individual layers show (b) Landau
pattern formation in Permalloy and (c) Co/Pd adopts out-of-plane
spin structure (fpy = 30nm, Mcopq = 400kA m~!, and Kcopa =
150 kJ m~3, arrows indicate the magnetization vector).

M/M

coupling across the interface requires the spin orientation to be
continuous. Analogous to the magnetization rotation through a
domain wall, the spin orientation cannot change abruptly when
the local anisotropy direction changes across the boundary
from out of plane (Co/Pd) to in plane (Py), but rotates from
one anisotropy direction to another over a characteristic length
scale.

Competition between the perpendicular anisotropy and the
shape anisotropy (varied here via Mco/pq and tpy) leads to
the generation of three distinctive magnetic phases that can be
characterized according to the out-of-plane spin structure in the
Co/Pd layer. In the planar phase [Fig. 2(a)], the combined effect
of the shape anisotropy and the frustration imposed by the Py
layer suppresses out-of-plane magnetization in both Py and
Co/Pd layers, so the spin orientation throughout the structure
is similar to that of the isolated Py layer [Fig. 1(b)]. The
perpendicular phase [Fig. 2(a)] occurs when the perpendicular
anisotropy overcomes the shape anisotropy, allowing the spins
in the Co/Pd layer to relax to the out-of-plane direction.
When neither anisotropy is dominant, the structure enters the
multidomain phase, characterized by the spins in the Co/Pd
layer buckling to form an out-of-plane maze domain pattern
[Fig. 2(a)], so that the polar spin angle 6 varies laterally, as
well as through the structure thickness. Maze domains are
a type of flux closure pattern with higher dipolar energy
than an in-plane Landau pattern, as the flux closure is less
efficient. In the multidomain phase, the dipolar energy cost
of adopting the maze domain configuration is compensated
by the perpendicular anisotropy energy saved through canting
spins out of plane, so that the overall energy is minimized.

III. ANALYTICAL PHASE BOUNDARY MODEL

To probe the origins of the phase transitions, we de-
rive a one-dimensional (1D) analytical model that assesses
the energy benefit of forming a domain wall. It is based
on the approximations that the planar and perpendicular phases
are uniformly magnetized in and out of plane, respectively; the
multidomain phase is treated as an out-of-plane two-domain
state, and the energy balance in the Co/Pd layer determines the
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FIG. 2. (a) Domain phase diagram for fpy = 30 nm structure show
how Co/Pd material properties affect the remanent out-of-plane
domain state in the Co/Pd layer (z = —9.6 nm). Grayscale shading
has been colorized to indicate the designated phase according to the
color scheme shown in the legend. The lines plot the 1D predictions
of the upper and lower domain phase boundaries, given in Egs. (3)
and (5), respectively. (b) Effect of Co/Pd material properties on the
magnetic domain phase, tpy = 10, 20, and 50 nm.

phase transitions of the whole structure. Nonuniform magne-
tization through the sample thickness is taken into account
by introducing a phenomenological exchange energy term
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when calculating the domain energies of the perpendicular and
mixed phases. We take into account the interaction with the
Py layer by defining the effective shape anisotropy constants
in the x, y, or z directions K" for the whole structure using
an average magnetization weighted by the layer thicknesses

e t
where the total structure thickness t = #c,/pq + tpy, the demag-
netization factors along the x and y directions for a square are
Ny = N, = (1 — N;)/2, and the demagnetization factor along
the z direction N, takes the form proposed by Porter and Don-
ahue [24], N.=1 — %arctan(p) + ﬁp‘l In(1 + p?) —
%pln(l +p ) with p = (tcopa + tpy)/w. Under these ap-
proximations, the upper phase boundary (between the per-
pendicular and multidomain phases) is determined by the
transition from an out-of-plane single-domain state to an
out-of-plane two-domain state.

y 1 Mcopatcospa + Mpytpy \*
K™ =5 ( pet ) Neyew (D)

A. Upper phase boundary model

The single-to-two domain phase transition has previously
been derived for spherical particles with uniaxial anisotropy by
considering that the formation of the two-domain state halves
the demagnetization energy, but at the additional energy cost
of introducing a domain wall [25]. Hence, the particle must be
single domain if the domain wall energy is larger than half the
demagnetization energy

2 1 z 4 3
o(mrs) > EKeff 57” , (2)

where r is the radius of the sphere and o is the domain wall
surface energy. For the given material parameters, Eq. (2)
can be rearranged to find the critical radius r. = 30/(2K¢;)
below which the particle is single domain. Extending this
solution to nonspherical structures, r. is interpreted as defining
the critical domain wall surface area (nrcz) required for
domain wall formation. In the hybrid structure considered
here, there is no perpendicular anisotropy in the Py layer,
so the domain wall energy is concentrated in the Co/Pd layer
and 0 = 4,/Aco/pa(Kcospa + Kp)- Hence, the structure will
be single domain if the critical domain wall surface area
is larger than the cross-sectional area of the Co/Pd layer
7r} > wico /pd. Therefore, the upper domain phase boundary
between the perpendicular and multidomain states Kco/pd|upper
can be expressed as

Wico/pd ( 2

2 X
Keoypa upper — 361 Aco/pd Ke’ff) ~ Kar @

B. Lower phase boundary model

The lower phase boundary (between the multidomain and
planar phases) is determined by the balance of energies
between the uniformly in-plane magnetized state and the
out-of-plane two-domain state. The Co/Pd layer will be
magnetized in plane if the energy required for spins to lie
along the hard axis of the perpendicular anisotropy is less than
the energy to form a two-domain state with spins canted out of
plane. Therefore, unlike in the upper domain phase, the spin
orientation of the domains dominates the energy difference
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between the planar and multidomain phases, so the domain
wall energy may be neglected. In the planar domain phase, the
magnetization is uniformly in plane, so the total energy Epjanar
is given by Eplzmar = (KCO/Pd + Kgff)wtho/Pd'

The energy of the multidomain E,; state is determined
by the dipolar energy and the exchange energy E., associated
with the spin imprinting Epg = KéffwthO/pd /2+ E«. To
evaluate Ee, we find the average exchange constant Auye
using an average weighted by the layer thickness A, =
(Aco/patcospa + Apytpy)/t and apply an approximation that the
polar angle varies linearly by /2 (90°) through the structure
thickness (A8/Az = (/2)/t)

2
Eex = Aavg(£> wthO/Pd . 4)
2t

The planar domain phase occurs when Epjar < Enmuiis SO
the lower domain phase boundary Kco/pdliower 18

1. . T\2
KCO/Pd _Kgff - Keff+ Aavg( ) . (5)

lower = 2 Z

C. Spin structure across interface

Despite the simplicity of the approximations used, the phase
boundaries predicted by Eqgs. (3) and (5) are in reasonable
agreement with the micromagnetic model (Fig. 2), given that
there are no fitted parameters. Divergence between the two
models is greatest at the extremes of Mco/pg. For the 10
nm thick Py layer, the 1D model predicts that the upper
domain phase boundary falls below the lower domain phase
boundary at low Mco/pq, causing the multidomain phase to
vanish [Fig. 2(b)]. The micromagnetic model shows that the
multidomain phase in fact persists even at the lowest Mc,/pq,
albeit over a very narrow range of K¢,/pq. At the other extreme,
the 1D prediction for the highest Mc,,pq in the fpy = 10 and
50 nm structures deviates from the micromagnetic model, due
to a level of complexity that cannot be easily included in the
1D model. These effects include nonuniform dipolar fields,
which occur due to the structure shape [26] and heterogeneous
composition, and the 2D magnetic structure of the Landau
pattern, which enables energy dissipation mechanisms via
modifications of the Landau domain wall width and structure.
Experimentally, however, the compositions required to reach
the extremes of Mco/pq result in perpendicular anisotropy
reduced below the lower phase boundary [23], so the regions
of largest disagreement between the 1D and micromagnetic
models are least significant. Therefore, the 1D model provides
physical insight into the origins of the phase boundaries within
experimentally accessible parameters.

Analyzing the change in the spin orientation through
the structure thickness showed that the polar spin angle
imprinting was strongest in the multidomain phase rather
than the perpendicular domain phase, which might have been
expected. The imprinting was studied for tpy = 30nm in
structures with Mco/pq = 400kA m~!, such that each structure
had a fixed shape anisotropy. Under this condition, the
multidomain phase occurs for perpendicular anisotropy in
the range 200k m=3 < Kcopa < 350kJm~>. In both the
multidomain and perpendicular domain phases, out-of-plane
spin angle canting [Figs. 3(a)-3(c)] originating in the Co/Pd
layer is transferred to the Py layer [Fig. 3(b)] at the interlayer
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FIG. 3. Polar spin angle 6 at various Kcopq along a line
intersecting the vortex core (a) top surface of the Py layer and
(b) bottom surface of the Co/Pd layer. Vortex core at x = 400 nm.
Oscillations in 6 are due to the profile intersecting different maze
domains. (c) Variation of 6 through the structure thickness. Bold
line: 1D model prediction [Eqgs. (6)—(8)] with K¢opa = 400kI m=3.
tpy = 30nm and Mc,pq = 400KA m™" in all cases.

boundary, but steadily decays towards the in-plane state
(60 = m/2,90°) through the Py thickness [Fig. 3(a)]. Within
the multidomain phase, increases in Kcopg enhance the

J
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out-of-plane rotation and size of the maze domains [Fig. 3(b)],
although the overall out-of-plane magnetization remains very
low, as the contributions from opposing perpendicular maze
domains cancel when integrating over the whole structure. In
the perpendicular domain phase, no such cancellation occurs.
However, on a local level, the polar spin angle at any point on
the top surface of the Py layer is greater in the multidomain
phase than the perpendicular domain phase [Fig. 3(a)]. Indeed,
Fig. 3(c) shows that the polar spin angle decays less rapidly
throughout the structure thickness when K¢, /pq = 250kJ m~3
than when K¢o/pq = 400kJ m~3. This means that the smaller
perpendicular anisotropy imprints larger out-of-plane spin
components into the Py layer.

To understand this counterintuitive behavior better,
we considered models of the spin angle through the
structure thickness. Initially, we evaluate a 1D analyt-
ical model, only considering 6 variation along the z
axis (VO =d6/dz, constant azimuth angle). The en-
ergy densities within the Co/Pd (Wcope) and Py
(Wey) layers are given by Wcopa = Acospa(V0|copa)® +
(Kcopa + Kp)sin6 + K3zcos*0 and Wpy = Apy(VO|py)* +
KZX;sin?0 + K;cos?6. For comparison with the micromag-
netic data in Fig. 3, the effective shape anisotropy constants
calculated using Eq. (1) with Mco/pa = 400kKAm™" are KX =
K = 10kIm~=3 and K% = 290kJ m~>. Within each layer,
the gradient of the polar angle V6 may be derived by
minimization of the energy density with respect to the polar
angle [18]

KZ — K~
VOlp, = [ —L—cosp, (6)
Apy

Kcopa+Ki—KZ . z

—Co/PAT Zeii  eft AC“/:; dsing, Kcopd + Kl > Kl
Vo = .

|C0/Pd Kéﬂ‘_Kgﬂ‘_KCO/Pd 9 K, Kx < Kz
~Acms 080 Kcopa + Ko S Ko

(N

To understand the variation of 6 through the structure
thickness, we do not impose any boundary condition on
the external surfaces. However, as the layers are strongly
coupled, we apply the condition that the spin orientation varies
continuously across the interlayer boundary, so V6|copq =
VO|py at z = O0nm. Using this boundary condition, Egs. (6)
and (7) can be numerically integrated to define the polar angle
profile along the z direction. Equating Eq. (6) and (7), we find

/2,

Figure 3(c) shows that Egs. (6)—(8) produce good agree-
ment with the micromagnetic model in the perpendicular
(Kcospa 2 Kcopdlupper) and planar (Kcopa < Kcospdliower)
phases, where there is little lateral change in 6. However,
Eqgs. (6)—(8) cannot describe the multidomain phase present in
the micromagnetic model, as an analytical model of the maze

K=K Acospa x z
arctan (\/ o xe“ 3 K + K > K%
0], = { KcopatKy—K% Apy )’ Co/Pd eff eff

" ° (¥
Keopa + K < K

(

domain imprinting would require at least a two-dimensional
(2D) formulation of the polar angle gradient to describe
variation of 9 along both the x and z axes.

As 2D or 3D solutions to this system cannot be found
by analytical methods, we qualitatively assess the impact
that an additional degree of freedom along the x axis has
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on each energy term. As the structure thickness is much
smaller than the width, demagnetizing fields are uniform
(neglecting edge effects), so the demagnetization energy is
largely unaffected by the additional degree of freedom. The
perpendicular anisotropy energy is similarly unchanged in a
2D system, since the anisotropy direction is constant. However,
the exchange energy is dependent on the polar angle gradient,
so is the only term altered by variation of the polar angle along
both the x and z axes (for a2D system, VO = 96 /dx + 96/97).
The presence of domain walls reduces the average change in
6 through the structure thickness (compared to the 1D case),
since at the wall center & = /2 for all z. Therefore, unlike
the 1D analysis presented in Egs. (6) and (7), in the center
of the domain wall 06/9z = 0. Compensating this reduction
in 06/dz is 06/0dx, the lateral change in 6, which is maximal
at the wall center and minimal within domains. In essence,
domain texture enables the exchange energy to dissipate over
two dimensions rather than one, reducing the total rotation of
6 through the sample thickness compared with 1D systems.

PHYSICAL REVIEW B 94, 104415 (2016)

IV. CONCLUSIONS

In conclusion, we have characterized a multidomain phase
that enhances mutual spin imprinting from a hard Co/Pd layer
into a soft Py layer. Formation of the multidomain phase is
dependent on the shape anisotropy of the structure and the
perpendicular anisotropy of the Co/Pd layer, both of which can
be tailored experimentally. Thus, we describe how the hybrid
Landau-maze domain state could be selected experimentally
in order to explore its potential functionality, for example, in
magnetic oscillators based on vortex core precession [16,17].
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