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Magnetization dynamics in interlayer exchange-coupled in-plane/out-of-plane anisotropy bilayers
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The static and high-frequency properties of bilayer systems consisting in a single-crystal garnet film with a
perpendicular anisotropy exchange coupled with a thin Permalloy film with a small in-plane anisotropy have
been investigated both numerically and experimentally. The dynamic susceptibility spectra computed by means
of two-dimensional micromagnetic simulations extended to stratified films reveal clearly the existence of
multiple resonance lines resulting from the coupling between different magnetic area (domain walls, domains)
inside the garnet film and the Permalloy film. In particular, exaltation of intensive domain wall resonances
occurs within the frequency range including the uniform gyromagnetic mode of the Permalloy film. The effect
of the garnet and Permalloy film thicknesses on the features of the dynamic susceptibility spectra is then
studied. The experimental power absorption spectra recorded on a Permalloy/YIGBiLuAl-like bilayer exhibit
well-defined resonance lines, most of them assigned to coupled modes of the bilayer nicely predicted by the
micromagnetic simulations. The strong direct exchange coupling at the interface between the two layers

appears as a predominant factor for this metal-oxide system.
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I. INTRODUCTION

Numerous emerging magnetic components for high-
density recording media, spintronics, sensors, and micro-
wave devices are based on artificially structured materials. A
common architecture encountered in these systems corre-
sponds to multilayered structures for which the proximity
effect between the layers leads to magnetic properties un-
reachable to standard single-layer systems.! In this context, a
deep understanding of the magnetic coupling between the
constitutive layers and of the consequences on the static and
dynamic properties become of crucial interest.

Among the multitude of the investigated magnetic stacks,
a rich system corresponds to all-ferromagnetic multilayers
including films with a perpendicular anisotropy. In the sim-
plest case, the magnetic properties of the multilayer are con-
trolled by the competition between the long-range dipolar
interaction, the short-range direct exchange coupling at each
interface and, the local anisotropy interaction. The associated
magnetic ground state can develop a nonuniform micromag-
netic structure depending on the individual layer thicknesses
and the amplitude of the perpendicular anisotropy fields. The
periodic stripe domain structure represents an example of a
nonuniform magnetization distribution appearing in such
multilayers. Stripe domains were observed by magnetic force
microscopy (MFM) in various ferromagnetic Co/Fe,’
FegNijg/Co,> and FePd (Ref. 4) multilayers and, in
ferrimagnetic/ferromagnetic bilayers.’ Furthermore, detailed
analyses of the stripe domain structure within such
multilayer films were performed by means of numerical
simulations based on a two-dimensional (2D) static micro-
magnetic model. Nice agreement was found between theory
and experiments in terms of stripe periodicity, remanent
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magnetization and saturation field for Co/Fe® and FePd.*

Bollero et al.” have studied the static magnetic properties
of NiFe films (in-plane anisotropy) coupled to [Pt/Co] mul-
tilayers (out-of-plane anisotropy) using MFM imaging, ex-
traordinary Hall effect (hysteresis loops), and micromagnetic
simulations. It was emphasized that the presence of unequal
closure domains at the interface between the [Pt/Co]
multilayer and the NiFe film, created after in-plane satura-
tion, is responsible for the shift in the in-plane hysteresis
loop experimentally evidenced. In addition, the amplitude of
this exchange biaslike effect (EB-like effect) can be con-
trolled through the number of Pt/Co repetitions in the
multilayer and the NiFe film thickness which affect the struc-
ture of the closure domains. On the other hand, the static and
dynamic properties of Co/Fe multilayers were also recently
studied.® A stripe domain pattern can develop in such multi-
layers, the features of which depend on the respective thick-
nesses of the layer, the number of replications of the Co/Fe
bilayer, and the amplitude of the respective anisotropy fields.
From the dynamic point of view, the anisotropy contrast be-
tween the layers leads to a localization of magnetic modes
within the soft layers (Fe films).

The metal-oxide multilayers represent another class of
systems of interest. The open question is to identify the na-
ture of the interlayer magnetic coupling between the metallic
and the oxide layers. The type of coupling depends on the
nature of the magnetic materials and on the growth tech-
niques. Recent works were reported on bilayers consisting of
Fe films ion beam sputtered on yttrium iron garnet (YIG)-
like underlayers having a perpendicular anisotropy.’ The
static magnetic properties of the bilayers were investigated
by means of MFM, magneto-optic Kerr effect (hysteresis
loops), and micromagnetic simulations. As a result, it was
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demonstrated that the Fe film exhibits a perpendicular aniso-
tropy for a Fe film thickness lower than 20 nm. Within this
thickness range, the stripe domain structure of the YIG-like
film is replicated in the Fe film due to the presence of a
strong interlayer exchange coupling.

The purpose of the present paper is to investigate the in-
terlayer exchange coupling between a single-crystal garnet
film with a perpendicular anisotropy and a Nig,Fe,, (Permal-
loy noted hereafter Py) overcoat with a small in-plane aniso-
tropy through the magnetization dynamics of the bilayer. The
paper is organized as follows: Sec. II presents a numerical
analysis of the static and dynamic properties of the bilayer
carried out by means of 2D micromagnetic simulations. The
assumption of a strong direct exchange coupling at the inter-
face between the two layers results in an in-plane dynamic
susceptibility spectrum transverse to the stripe direction with
multiple resonance lines originating from coupled modes be-
tween the Py film and the domain wall (DW) inside the
garnet film. The effects of the respective film thicknesses on
the features of the dynamic susceptibility spectrum are re-
ported. Section III is devoted to the experimental data ob-
tained from wide band microwave measurements and the
comparisons with the theoretical predictions. Lastly, some
outlooks are drawn from the obtained results.

II. MICROMAGNETIC SIMULATIONS
A. Model

The frequency dependence of the full dynamic suscepti-

bility tensor y is computed by using a two-dimensional mi-
cromagnetic model. This one, described elsewhere,’ is based
on the solution in the frequency domain of the Landau-
Lifshitz-Gilbert equation for magnetization motion linearized
around the equilibrium configuration. The effective field H¢
incorporates the contributions from the exchange, anisotropy,
demagnetizing, and dc applied magnetic fields. The magnetic
systems are assumed invariant along one direction (z axis),
periodic along the second direction (x axis) and of finite
thickness along the third direction (y axis). This model is
well adapted for probing the dynamic response of nonuni-
form and periodic equilibrium magnetization configurations
as those encountered in single-layer films with stripe do-
mains (the z axis coincides with the stripe direction).

In order to treat the case of multilayer films with nonuni-
form magnetization distributions, this model has been ex-
tended. Each magnetic layer i is described by its thickness t;
and the following magnetic parameters: the exchange con-
stant A;, the saturation magnetization My ;, one or several
volume anisotropy constants Kg,(8=,1,2,...) according to
the crystal symmetry, the gyromagnetic ratio y; and the Gil-
bert damping parameter «;.

In the general case, the Hoffmann boundary
conditions'®!! have to be fulfilled along the interface be-
tween the two magnetic layers, denoted i and j. These con-
ditions read

m; X [24,5 +V,,,Ep ;- Jmy ] =0
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FIG. 1. Schematic representation of the Py/YIGBiLuAl bilayer
over one period P, of the stripe pattern and coordinate system. A
single-crystal YIGBiLuAl film of thickness #; with a perpendicular
anisotropy is covered by a Py overlayer of thickness #, (t,<<f;) with
an in-plane anisotropy.

m; X (24,50 4V, By - Jm, ] =0, (1)
where m=M,/Mg,, k=i,j, n,, k=i,j,is the outward nor-
mal of the kth layer, Ey,,, k=i,j is the interface anisotropy
energy density and J is the interlayer exchange coupling for
an interfacial exchange energy density of the bilinear form
Eex,inl=_Jm['mj'

For J=0, Eq. (1) transforms into the Rado-Weertmann'?
boundary condition. If the interface anisotropy energy is also
zero, Eq. (1) yields the free boundary condition dm/dn=0
where n;=-n;=n. This condition will be used for the two
external surfaces.

For layers in direct contact, a strong interlayer exchange
coupling is expected.>!3 Our model accounts for this point
and it is based on the following conditions:

(i) In the limit of a strong exchange coupling'* (large
values of J), the magnetization of the two layers at the inter-
face are locked together. This leads to the continuity of the
reduced magnetization, namely,

m;=m;, (2)

(ii) The interface anisotropy energy is neglected. Its con-
tribution is thought to be weak with respect to the one of
interlayer exchange energy.

Under these assumptions, the general solution of Eq. (1)
writes

om; om;
i =A (3)
on on

It should be remarked that the interlayer exchange con-
stant J disappears in this expression and only the bulk ex-
change constant of each layer subsists. A rough estimate of
the value J; corresponding to the limit of a strong exchange
coupling can be obtained using Eq. (27) in Ref. 14. For the
bilayers considered hereafter, J; is around 10 erg/cm?.

The bilayer films under consideration consist in a single-
crystal garnet film (YIGBiLuAl-like) of thickness ¢; with a
perpendicular uniaxial anisotropy (constant K,) overcoated
by a Py film of thickness f, with an in-plane uniaxial aniso-
tropy (constant K,) as displayed in Fig. 1 for one period P,
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TABLE 1. Set of magnetic parameters for the Py/YIGBiLuAl bilayers used for the micromagnetic

simulations.
A M, K, K, y
(emu/cm) (emu/cm?) (erg/cm?) (erg/cm?) (s 0e™ a
YIGBiLuAl 2x1077 39.8 1.4x10* 0 1.8x 107 0.02
Py 1076 826.3 0 2x 103 1.8 107 0.02

of the stripe pattern. It is noteworthy that this kind of Py/
garnet composite structure was investigated during the pe-
riod of extensive works on magnetic bubble films. Use of a
Py overcoat was identified as a solution for suppressing the
vertical Bloch lines within the bubbles.!> This effect was
ascribed to the strong exchange coupling across the Py/
garnet interface.'®

The magnetic parameters used for the micromagnetic
simulations are gathered in Table I. It should be remarked
that the cubic magnetocrystalline anisotropy of the YIGBi-
LuAl film has been neglected. Its magnitude (absolute value)
is typically 1 order of magnitude lower than the one of the
perpendicular uniaxial anisotropy.

The static and dynamic micromagnetic simulations were
performed using mesh sizes satisfying the spatial discretiza-
tion rules in the YIGBiLuAl film, namely, A,=A/3, A,
=2A,/5, Ay=(A/K,)""? being the Bloch domain wall width
parameter which is lower than the exchange length [A
=(A/27M3)""?] for materials with a quality factor Q> 1, the
quality factor being defined as QIKM/27TM§. This criterium
allows an accurate description of the static and dynamic be-
haviors of the thin domain walls in the garnet films. The
constraint of using a uniform mesh leads to relax the discreti-
zation rules in the Py film. However, it was verified that this
mesh size ensures the convergence of the static and dynamic
micromagnetic simulations for thin films with a low-quality
factor for which no rapid spatial variations in the micromag-
netic structure are expected. The dynamic susceptibility
spectra displayed thereafter correspond to the diagonal ele-
ments of the dynamic susceptibility tensor (imaginary part)
averaged over the periodic cell and computed within the fre-
quency range 0.02-3 GHz.

B. Results

In a first step, the static magnetic properties both for a
YIGBiLuAl monolayer and for a Py/YIGBiLuAl bilayer are
investigated using 2D static micromagnetic simulations.'”
The cross-sectional equilibrium magnetization configuration
over one period of the stripe pattern for a 1-um-thick YIG-
BiLuAl monolayer is displayed in Fig. 2(a) as a reference
case. The color code images the m, and the m, components
of the magnetization in the left and right columns, respec-
tively. The arrows represent the component of m in the plane
(Ox,0y) perpendicular to the stripe direction (Oz axis). The
micromagnetic state consists in an open flux pattern with up
and down domains magnetized along the +y axis and the —y
axis, respectively. These domains are separated by a twisted
DW with a Bloch character at the film center (see m, com-
ponent) and a Néel character at the film surfaces (see m,

component). The zero-field period of the stripe pattern is
equal to Py=2 um corresponding to twice the film thick-
ness. Adding a 30-nm-thick Py overcoat onto the YIGBiLuAl
film results in deep changes in the static magnetization con-
figuration as shown in Fig. 2(b). These modifications can be
summarized as follows: (i) a noticeable asymmetry appears
between the top and the bottom Néel caps (see left column).
The top Néel cap is elongated along the x axis and contracted
along the y axis with respect to the bottom Néel cap. (ii) The
location of the Bloch DW core (m,=0) initially at the film
center for the YIGBiLuAl monolayer is shifted toward the
interface of the bilayer (see right column). (iii) The Py film
allows to close the magnetic flux. The static magnetization
within the Py film is indeed mainly oriented along the z axis

—

Static Magnetization

FIG. 2. (Color online) Equilibrium magnetization distributions
computed by 2D static micromagnetic simulations. Cross-sectional
views within one period of the domain pattern: (a) YIGBiLuAl
monolayer, 1;=1 um, and (b) Py/YIGBiLuAl bilayer, ;=1 um
and 1,=30 nm. The arrows represent the component of the reduced
magnetization m in the plane of the figure. A color code is adopted
for imaging the magnetization component m, (left column) and m,
(right column). The negative values appear in blue and the positive
ones in red. (c) Static magnetization profile m;(x/ Py), i=x,y,z in-
side the Py layer at the position y=t;+1,—Ay/2, Ay being the mesh
size along the y axis.
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at the upper surfaces of domains as reported in Fig. 2(c). As
a consequence, the closure of the magnetic flux between the
domains is essentially in the (Oy,Oz) plane for the upper
surface whereas it is confined in the (Ox,Oy) plane for the
lower surface. (iv) The zero-field stripe period is increased
and is equal to P;=2.65 um. At this point, it seems interest-
ing to discuss our results with respect to those reported in
Ref. 7 for a NiFe film coupled to a [Co/Pt] multilayer. In this
last case, the Py film thickness is lower than the exchange
length and the saturation magnetization of the [Co/Pt]
multilayer exceeds the one of the Py overlayer. The static
domain structure corresponds to up and down segmented do-
mains characterized by the equilibrium period P, far greater
than the total thickness. The static micromagnetic simula-
tions of this system in the remanent state after in-plane satu-
ration indicated that the main role of the Py film assumed
isotropic is to induce an enlargement of the top Néel cap in
the [Co/Pt] multilayer. In addition, the micromagnetic struc-
ture of the Py film tends to reproduce the one of the [Co/Pt]
multilayer (replication effect). For this system, the flux clo-
sure between the domains remains essentially in the (Ox, Oy)
plane for both surfaces. In our case, the situation is quite
different. The Py film thickness is greater than the exchange
length and the saturation magnetization of the Py overlayer
dominates largely the one of the YIGBiLuAl film. As a re-
sult, there is no replication of the YIGBiLuAl magnetic
structure within the Py film. Due to the magnetostatic inter-
action, an in-plane orientation of the magnetization is im-
posed at the upper surface of the Py film. This constraint
modifies the flux closure pattern at the upper surface of do-
mains with a large m, component leading to an asymmetry
between the upper and lower flux closure planes and to the
upward shift of the Bloch DW core as aforementioned.

The dynamic behavior of these mono- and bilayer systems
is now explored. Figure 3 displays the dynamic susceptibility
spectra (imaginary part of the diagonal element of the sus-
ceptibility tensor) within the frequency range 0.02-3 GHz
for the YIGBiLuAl monolayer. This case is shown for com-
parison purposes. These spectra exhibit several well-
separated resonance lines resulting from DW and domains
excitations. The highest response is obtained for the )(;fy
spectrum. The spatial distribution of the dynamic suscepti-
bility (modulus |y,.(x,y.z)|, a=x,y,z) within the periodic
cell at each resonance frequency is displayed in the maps.
These images reveal that the line (1) (resonance frequency
/=02 GHz) arises from spins localized within the DW
(mainly within the Bloch part of the DW for the X, spec-
trum, pumping field along the multilayer normal) whereas
the line (6) (f,=0.24 GHz) is associated with the Néel-like
DW part (x”, spectrum, pumping field along the stripe direc-
tion). Additional small-amplitude DW resonances at higher
frequencies (lines 2, 3, and 7) related to flexural DW modes
along the film thickness are also observed at higher frequen-
cies. A detailed investigation of the DW excitations was pre-
viously reported'® for single-crystal garnet films with Q
=1.5. Domain resonance modes are observed within the fre-
quency range 1.5-3 GHz. For each in-plane pumping field
configuration, the low-frequency lying resonance lines (lines
4 and 8 at f,=1.47 GHz and f,=1.62 GHz, respectively)
correspond to surface domain modes. At higher frequencies,
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Frequency (GHz)

FIG. 3. (Color online) Dynamic susceptibility spectra (imagi-
nary parts of the diagonal elements of the susceptibility tensor) for
the YIGBiLuAl monolayer (f;=1 wm) computed by 2D dynamic
micromagnetic simulations. The color maps represent the spatial
distribution of the modulus of the dynamic magnetization at each
resonance frequency (high levels in red and low levels in blue).

volume domain mode resonances are observed (lines 5 and 9
at f,=2 GHz and f,=2.28 GHz, respectively). The reso-
nance line 10(f,=2.63 GHz) is associated with a higher-
order volume domain mode with periodic spatial variations
along the domain width.

The dynamic susceptibility spectra for the Py/YIGBiLuAl
bilayer (f;=1 um, £,=30 nm) are reported in Fig. 4. One
of the most striking features is the appearance of multiple
resonant oscillations in the x}, spectrum within the fre-
quency range 0.2-2 GHz. The highest susceptibility levels
are obtained for this pumping configuration. The analysis of
the spatial distribution of the dynamic susceptibility at each
resonance frequency allows to identify these different reso-
nance lines (see the maps). The lines numbered from 1 to 8
are associated with coupled modes involving spin area local-
ized within the DW of the YIGBiLuAl film and within the Py
layer. The contribution of the Py layer grows with increasing
the line index, passes through a maximum for the line 3
whose resonance frequency approaches the one of the uni-
form gyromagnetic mode for the Py film alone (see the X!,
spectrum for the Py film in the inset of the Fig. 4), and then
decreases for the resonance lines at higher frequencies. The
DW excitations within the garnet part of the bilayer corre-
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Frequency (GHz)

FIG. 4. (Color online) Dynamic susceptibility spectra for the
Py/YIGBiLuAl bilayer (r;=1 um, t,=30 nm) and spatial distri-
bution of the dynamic magnetization at each resonance frequency
computed by 2D dynamic micromagnetic simulations. The rule for
imaging the resonance modes is the same as in Fig. 3. The standard
response of a 30-nm-thick Py film with an in-plane magnetization
along the z axis is recalled in the inset.

spond to flexion modes along the y axis. With respect to the
YIGBiLuAl monolayer, new flexural modes (resonance lines
2 and 4) and higher-order flexural modes (resonance lines 6,
7, and 8) are detected. The resonance lines 1, 3, and 5 cor-
respond to mode profiles that resemble those observed for
the YIGBiLuAl single layer (resonance lines 1, 2, and 3 in
Fig. 3), the presence of the Py overcoat inducing a symmetry
breaking with respect to the midplane of the bilayer. The
resonance frequencies of the lines 1, 3, and 5 are slightly
modified (shifts lower than 10%) by the Py film with respect
to corresponding modes in the YIGBiLuAl single layer. The
resonance line 9 is assigned to the fundamental volume do-
main mode with also a strong asymmetry with respect to the
midplane of the bilayer. Its resonance frequency is weakly
lowered with respect to the case of the single layer. For the
X;)‘ spectrum, the presence of the Py overcoat leads to the
splitting of the fundamental Bloch-type DW resonance in
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two DW resonances with different mode profiles along the y
axis. The low-frequency part of the x!. spectrum is also af-
fected by the existence of the Py film with the detection of
two small-amplitude DW resonance lines (lines 11 and 12)
instead of the main Néel-type DW resonance observed in the
case of the YIGBiLuAl single layer. Domain resonances
(lines 13, 14, and 15) still exist but their mode structure
possesses a strong asymmetry with respect to the midplane
of the bilayer. In short, adding a thin Py overcoat results in a
strong exaltation of the DW resonances in the garnet film. It
should be kept in mind that the previous dynamic behavior is
based on the assumption of a strong direct exchange cou-
pling between the two layers. Additional simulations (not
presented here) performed by neglecting this interlayer ex-
change coupling show an increase in the zero-field stripe
period and the disappearance of the multiple DW oscillations
for the xJ, spectrum.

The effect of the YIGBiLuAl film thickness on the static
and dynamic magnetic properties has been investigated. Fig-
ure 5(a) shows the zero-field stripe period evolution as a
function of #; for both the single layer and the bilayer. In this
last case, the Py film thickness is fixed at £,=30 nm. For the
single layer, P, increases with #;. This evolution has been
compared with the one deduced from the analytical model of
Kooy and Enz' including the w effect for taking into ac-
count the finite value of the Q factor. An increasing discrep-
ancy appears for decreasing film thickness which probably
reflects a static configuration far beyond the ideal situation of
the Kooy and Enz model. For the bilayer system, P, in-
creases more rapidly with ¢;. For the thinnest garnet film, the
stripe period is very weakly affected by the Py overcoat.
Such a result is consistent with the one reported in Ref. 5 for
the Fe/YIG system where the YIG film thickness is about
100 nm. Evolution of the x!, spectrum for different YIGBi-
LuAl film thicknesses is reported in Figs. 5(b)-5(d). As a
result, the number of absorption lines diminishes as ¢, de-
creases. The maps of the spatial distribution of the dynamic
magnetization associated with each resonance line indicate
that the observed modes for #;=0.5 um and #,=0.25 wm
resemble the first modes represented in Fig. 4 for the case
t;=1 um. However, reducing #; induces a transformation of
mode structures toward uncoupled modes. For example, the
second mode for #;=0.25 um corresponds to the excitation
of the Py film only whereas the third mode is assigned to a
pure DW flexural mode similar to the one shown in Fig. 4 for
the resonance line 3. As expected, the level of dynamic sus-
ceptibility is enhanced for increasing ratio #,/t;.

The effect of the Py film thickness on the static and dy-
namic magnetic properties of the bilayer is reported in Fig. 6.
The evolution of the static magnetic profile m(y/7) at the
middle of the DW for different Py film thicknesses is drawn
in Fig. 6(a). Starting from antisymmetric profile with respect
to the midplane in the absence of the Py film, increasing 7,
yields the progressive reduction in the m, component and
hence of the upper Néel cap in the YIGBiLuAl film. In the
Py film, the m, component is approximately constant. As the
Py film thickness increases, the m, component increases. The
magnetization inside the Py film is oriented along the Oz
easy axis for the thickest Py film. It should be noticed that
the zero-field stripe period is nearly constant as a function of
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FIG. 5. Effect of the YIGBiLuAl film thickness on the static and
dynamic behaviors of the Py/YIGBiLuAl bilayers computed by 2D
micromagnetic simulations. (a) Zero-field stripe domain period P,
as a function of the YIGBiLuAl film thickness without (filled
circles) and with (open up triangles) an Py overlayer (,=30 nm).
The solid line represents the evolution computed from the analytical
Kooy and Enz model (Ref. 19) for a YIGBiLuAl monolayer. /.
spectra: (b) r;=1 um, (c) ;=0.5 um, (d) £;=0.25 um. The thick-
ness of the Py layer is fixed at 1,=30 nm.

t,. The consequences on the X} spectrum are displayed in
the Fig. 6(c). The number of resonant lines is kept constant
whatever the Py film thickness. The main effect is the in-
crease in the susceptibility level when the Py film thickness
enhances. In addition, the gaps between the resonance lines
diminish for increasing f,. This spectrum tends toward the

one of the Py film for a large Py thickness.

III. EXPERIMENTAL RESULTS
A. Materials
1. Sample preparation

Two types of sample were elaborated: a 0.5-um-thick
monolayer garnet film and a bilayer structure including a
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FIG. 6. Effect of the Py film thickness on the static and dynamic
behaviors of the Py/YIGBiLuAl bilayers computed by 2D micro-
magnetic simulations: (a) static magnetization profiles m,(y/1) at
the position x=Py/2 (middle of the domain wall). The arrows de-
limit the boundary between the YIGBiGa (left side) and the Py
(right side) layers. (b) Static magnetization profiles m_(x/ P,) inside
the Py layer at the position y=r;+5,—Ay/2. (¢) X}, spectra. The
thickness of the YIGBiGa film is fixed at r;=0.5 wm.

0.5-um-thick garnet film overcoated with a 30 nm thick Per-
malloy film. The single-crystal garnet films of nominal com-
position (YBiLu);(FeAl)s0,, were grown by liquid phase ep-
itaxy (LPE) from a PbO/Bi,03/B,0; flux on (111)-oriented
gadolinium gallium garnet (GGG) substrates. In order to
achieve a large quality factor (Q>1), two strategies were
employed. The Bi and Lu ions were selected for obtaining a
large growth-induced uniaxial anisotropy characterized by
the anisotropy constant K, , which is the predominant con-
tribution to the total un1ax1al perpendicular anisotropy (K, ,
K,).?° In addition, the Al ions were substituted in Fe 51tes
in order to reduce the saturation magnetization. The garnet
films were obtained using the horizontal mode of dipping
with an axial rotation at 60 rpm. The growth temperature was
830 °C. The growth rate was fixed at 0.3 um/min in order
to well control the film thickness and to optimize the mag-
netic parameters (saturation magnetization, uniaxial perpen-
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TABLE II. Set of experimental magnetic parameters for the YIGBiLuAl and the Permalloy
monolayers.
M s Ku Kp Y
(emu/cm?) (erg/cm?) (erg/cm?) (s~ 0e7!) a
YIGBIiLuAl 43.8 1.84 % 10* 0 1.78 X 107 0.002
Py 826.3 0 1.78 X 10° 1.85x 107 0.008

dicular anisotropy). Due to the LPE growth process, two
garnet films are simultaneously elaborated (one on each side
of the GGG substrate), one of them being then removed.
For the bilayer system, a Permalloy thin film was depos-
ited on the top of the garnet layer. This film was then covered
by a 5-nm-thick Al,O5 layer in order to prevent the ferro-
magnetic film from oxydation. These two materials were
grown by radio-frequency (RF) diode sputtering under the
following conditions: a deposition pressure of 107> mbar
and a RF power density of 4 W/cm?. In addition, a dc mag-
netic field of 300 Oe was applied along the in-plane direction

of the stripe domain in the garnet film ([1,1,2] axis) during
deposition. This field plays a double role. First, it allows to
induce a well-defined in-plane uniaxial anisotropy in the Per-
malloy film. Second, it imposes the collinearity between the
easy axis of magnetization in the Permalloy film and the
in-plane direction of the stripe domains in the garnet film.

2. Magnetic characterization

The magnetic parameters were determined from two ref-
erence samples: a 0.5-um-thick (YBiLu);(FeAl)sO,, mono-
layer and a 30-nm-thick Permalloy monolayer. The satura-
tion induction 4mwMg of samples was measured using a
vibrating sample magnetometer (VSM). The in-plane
uniaxial anisotropy constant K, of the Permalloy film was
extracted from the spectral position of the in-plane uniform
gyromagnetic mode observed in the zero-field permeability
spectrum recorded along the in-plane hard axis by means of
a single coil permeameter.”!?> Ferromagnetic resonance
(FMR) measurements were also performed using a nonreso-
nant wide band microstrip line over the frequency range
2-30 GHz. The uniaxial perpendicular anisotropy constant
K, and the gyromagnetic ratio y were deduced from the lin-
ear frequency dependence of the resonance field for the uni-
form FMR mode in the perpendicular configuration (polariz-
ing magnetic field applied along the film normal). The weak
contribution of the cubic magnetocrystalline anisotropy will
be neglected hereafter. The damping parameters « were de-
duced from the slope of the linear frequency dependence of
the resonance linewidth associated with the uniform FMR
mode in the perpendicular configuration. The identified mag-
netic parameters for the two samples are gathered in the
Table II. The theoretical values of the exchange constant A
were adopted namely, A=2.10"7 erg/cm for the garnet film
and A=107°% erg/cm for the Permalloy film.

The zero-field magnetic domain structures at the surface
of the YIGBiLuAI monolayer and the Py/YIGBiLuAl bilayer
were imaged by magnetic force microscopy (Fig. 7). For the
YIGBiLuAl monolayer [Fig. 7(a)], the domain pattern con-

sists in parallel stripe domains with the experimental zero-
field period Pg.,=1.49 um. This value is in agreement
with the one deduced from the static micromagnetic simula-
tion, Py ,s=1.47 um. For the Py/YIGBiLuAl bilayer, the
MFM image exhibits stripe domains with a weaker contrast
[Fig. 7(b)]. With respect to the YIGBiLuAl monolayer, the
stripe domains appear less regular and with an increased
zero-field stripe period P cp,=1.9 um. The static micro-
magnetic simulation provides a quite similar result, P g
=1.84 um. It should be remarked that the Py overcoat is
in-plane magnetized as displayed in Fig. 2 and screens partly
the stray field emerging from the garnet film which explains
the relatively weak contrast of the MFM image. This situa-
tion differs from the one described in Ref. 5 regarding the
Fe/YIG-like bilayer system. In this last case, the domain pat-
tern observed by MFM results from the replication of the
domain structure of the garnet film in the thinnest Fe over-
layers (perpendicular magnetization inside the Fe films).

B. Power absorption spectra

Figure 8 displays the experimental and computed deriva-
tive rf power absorption dP,/df versus frequency within the
frequency range [0.1-3 GHz] for the YIGBiLuAl monolayer.
The theoretical spectra were computed using a Gilbert damp-
ing parameter value @=0.008 for the garnet film greater than
the one deduced from FMR measurements in the saturated
regime, @=0.002 in order to have resonance linewidths near
the experimental ones. Two orientations of the stripe do-
mains with respect to the microstrip line are considered:
stripe domains parallel (denoted parallel configuration)[Fig.
8(a)] or perpendicular (denoted perpendicular configuration)
[Fig. 8(b)] to it. Due to the microstrip line symmetry, the
exciting field oh,, possesses two components for each pump-

() (0)

FIG. 7. (Color online) Zero-field MFM images of the domain
pattern: (a) YIGBiLuAl monolayer, (b) Py/YIGBiLuAl bilayer. The
image sizes are 30 um X30 um.
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FIG. 8. Comparison between micromagnetic simulations (ms.)
and experimental (exp.) zero-field derivative absorption power
spectra for a YIGBiLuAl monolayer (7;=0.5 um): (a) stripe do-
mains parallel to the microstrip line (z axis), and (b) stripe domains
(z axis) perpendicular to the microstrip line (x axis).

ing configuration: a large in-plane one perpendicular to the
microstrip line (x or z axis) and a weaker one perpendicular
to the film (y axis), the stripe domains being oriented along
the z axis. The computed spectra take into account a relative
weightening between these two components in order to fit
the experimental absorption curves.

The spectra consist in DW excitations below 1 GHz and
domain excitations above 1.5 GHz. Several remarks can be
made. (i) The computed spectra reproduced satisfactorily the
two DW resonances (two lowest-frequency lying lines) and
the volume domain resonance (highest-frequency lying line)
for each pumping configuration. (ii) A surface domain mode
exists in the computed spectra for each pumping configura-
tion. For the parallel configuration [Fig. 8(a)], the surface
domain mode results in an intensive line at f,=1.81 GHz.
For the perpendicular configuration [Fig. 8(b)], the surface
domain mode corresponds to a weak signal at f,=2 GHz.
These surface domain modes are not revealed in the experi-
mental spectra. One explanation can be advanced. The mi-
cromagnetic simulations are based on the perfect symmetry
between the top and bottom surfaces of the monolayer. In the
real single-crystal garnet film grown by LPE, several physi-
cal effects can induce a symmetry breaking between the two
surfaces. Among them, the existence of a diffusion zone be-
tween the GGG substrate and the garnet film which pos-
sesses different magnetic properties has been reported.?3?*
Several computations (not presented here) performed by tak-
ing into account the presence of such a transient layer with
different magnetic parameters (step variations in the magne-
tization induction or the uniaxial perpendicular anisotropy
field) at the interface between the GGG substrate and the
garnet film show a significative reduction in the line intensity
associated with the surface domain mode accompanied by
apparition of new weak resonance lines.
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FIG. 9. Comparison between micromagnetic simulations (ms.)
and experimental (exp.) zero-field derivative absorption power
spectra for a Py/YIGBiLuAl bilayer (1,=0.5 um, #,=30 nm): (a)
stripe domains parallel to the microstrip line (z axis), and (b) stripe
domains (z axis) perpendicular to the microstrip line (x axis).

The experimental and computed derivative rf power ab-
sorption dP,/df versus frequency within the frequency range
[0.1-3 GHz] for the Py/YIGBiLuAl bilayer are presented in
Fig. 9. For the parallel configuration [Fig. 9(a)], the experi-
mental spectrum exhibits four resonance lines below 1 GHz,
the third one being splitted, and an isolated resonance line at
f+=2.24 GHz. The spectrum computed by micromagnetic
simulations reproduces these five resonance lines. The first
four correspond to coupled modes between the DW inside
the garnet film and the Py overcoat and the highest-
frequency line is associated with a volume domain mode
(similar to modes 1, 2, 3, 4, and 9 in Fig. 4). The spectral
positions of the three first resonance lines appear very close
between the experimental and the computed spectra. The
resonance frequency of the fourth line is shifted toward the
high frequency by about 20% in the computed spectrum. In a
similar way, the resonance frequency of the volume domain
mode is overestimated by the micromagnetic simulations. It
should be noted that the computed spectrum reveals two sig-
nals at f,=1.67 GHz and f,=1.77 GHz, assigned to a sur-
face domain mode localized at the lower surface and a high-
order flexural DW mode which could correspond to a weak
double line experimentally observed at f,=1.27 GHz and
f,=1.35 GHz, respectively.

For the perpendicular configuration [Fig. 9(b)], the rf
power spectrum is weakly modified with respect to the one
of the garnet monolayer. The main difference is the disap-
pearance of the Néel-type DW excitation. The micromag-
netic simulations indicate a significative attenuation of this
line in the bilayer system. It should be noted that the com-
puted spectrum appears richer than the experimental one
with the existence of multiple volume domain modes whose
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spectral position lies between 2.37 and 2.54 GHz and a sur-
face domain mode at f,=1.91 GHz.

As a conclusion, the micromagnetic simulations based on
the assumption of an idealistic strong exchange coupling be-
tween the garnet film and the Py overcoat allow to explain a
large number of magnetic excitations experimentally ob-
served, in particular the coupled modes including DW oscil-
lations and the gyromagnetic response of the Py film re-
vealed in the parallel configuration. This finding extends the
conclusion reported in Ref. 5 regarding the static properties
of Fe/YIG-like bilayers which states that a strong direct in-
terlayer exchange coupling is essential for explaining the do-
main pattern images.

IV. SUMMARY AND CONCLUSIONS

The static and high-frequency properties of in-plane/out-
of-plane anisotropy bilayer systems have been investigated
both numerically and experimentally. From the theoretical
point of view, the 2D static micromagnetic simulations show
that the in-plane magnetized overcoat allows to close the
magnetic flux of the bilayer and induce deep modifications of
the static magnetization configuration inside the out-of-plane
anisotropy film (asymmetry between the top and bottom
Néel caps, shift of Bloch DW core). The 2D dynamic micro-
magnetic simulations reveal the existence of multiple reso-
nance lines ascribed to coupled modes inside the bilayer with
a symmetry breaking with respect to its midplane. Intensive
DW resonances within the out-of-plane anisotropy film
coupled with the uniform gyromagnetic mode of the in-plane
anisotropy film are thus pointed out. The features of the dy-
namic susceptibility spectra (number of lines, resonance fre-
quencies, resonance line intensities, spatial distribution of

PHYSICAL REVIEW B 79, 184405 (2009)

modes) depend strongly on the individual film thicknesses.

From the experimental point of view, a YIGBiLuAl
monolayer and a Py/YIGBiLuAl bilayer have been elabo-
rated. The MFM images show that stripe domains exist in
both systems, the zero-field stripe period being increased by
adjunction of the Py overcoat. This behavior is accurately
predicted by the static micromagnetic simulations based on a
strong direct interlayer exchange coupling. The experimental
zero-field power absorption spectra evidence clearly multiple
coupled resonance modes, most of them being reproduced by
the dynamic micromagnetic simulations.

It can be underlined that even for this simple bilayer sys-
tem, the computation of dynamic susceptibility requires
knowledge of twelve independent parameters. In this con-
text, it is of crucial interest to determine them accurately by
experimental means as it was made in this work. Neverthe-
less, some observed frequency shifts between the experimen-
tal and theoretical resonance frequencies could be partly at-
tributed to accumulation of uncertainties regarding these
parameters.

From these results, it can be concluded that the strong
direct exchange coupling at the interface between the garnet
film and the Py film appears predominant for such a bilayer
system. An improved coupling model would demand a
deeper analysis of the structural properties of the Py/garnet
interface. Lastly, it should be mentioned that this powerful
approach for computing the dynamic susceptibility spectra of
nonuniform magnetized multilayer systems can be general-
ized to include other interfacial magnetic couplings [inter-
layer exchange coupling with bilinear (any value of J) and
biquadratic terms, exchange interaction between ferromag-
netic and antiferromagnetic layers].
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