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Spin-Wave Relaxation by Eddy Currents in Y3Fe5O12/Pt Bilayers and a Way to
Suppress It

Sergey A. Bunyaev,1 Rostyslav O. Serha,2 Halyna Yu. Musiienko-Shmarova ,2 Alexander J.E. Kreil ,2
Pascal Frey,2 Dmytro A. Bozhko ,2,3 Vitaliy I. Vasyuchka ,2 Roman V. Verba,4

Mikhail Kostylev,5 Burkard Hillebrands ,2 Gleb N. Kakazei ,1 and Alexander A. Serga 2,*

1
Institute of Physics for Advanced Materials, Nanotechnology and Photonics (IFIMUP), Departamento de Física

e Astronomia, Universidade do Porto, Porto 4169-007, Portugal
2
Fachbereich Physik and Landesforschungszentrum OPTIMAS, Technische Universität Kaiserslautern,

Kaiserslautern 67663, Germany
3
Department of Physics and Energy Science, University of Colorado at Colorado Springs, Colorado Springs,

Colorado 80918, USA
4
Institute of Magnetism, Kyiv 03142, Ukraine

5
Department of Physics and Astrophysics, M013, University of Western Australia, Crawley, Washington 6009,

Australia

 (Received 27 November 2019; revised 17 July 2020; accepted 27 July 2020; published 31 August 2020)

Because of their record-low intrinsic magnetic damping properties, single-crystal yttrium-iron-garnet
(YIG) films serve as an excellent model medium for studying magnon-induced spintronic phenomena
such as spin pumping and the spin-orbit torque effect. For this purpose, YIG films are covered with sub-
skin-depth layers of nonmagnetic heavy metals with strong spin-orbit coupling. In the present work, we
show experimentally and theoretically that ohmic losses of spin-wave-induced microwave eddy currents
in the heavy-metal layer deliver a strong contribution to spin-wave damping in these hybrid structures.
We demonstrate that this adverse effect can be controlled and largely eliminated by placing a highly
conducting metal plate near to the surface of the YIG/Pt structures. These findings are of value for a
proper interpretation of experiments on the magnon spintronic effects and for the design of future magnon
spintronic devices.
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I. INTRODUCTION

Magnonics is a field of technology that exploits spin
waves (SWs) for processing information at microwave
frequencies [1]. One challenge for this field is the finite
lifetime of magnons (quanta of SWs) even in the lowest-
damping magnetic material—single-crystal yttrium iron
garnet (YIG) [2,3]. A way to tackle this problem is by
compensating SW damping via transfer of a spin torque to
a magnetic medium by a spin-polarized electron current,
which may be generated by a dc electric current or by a
thermal gradient in an adjacent nonmagnetic metal layer
with strong spin-orbit interaction (Pt, Pd, Ta, etc.) [4–8].
References [9,10] report the experimental observation of
a decrease in damping of spin waves propagating in YIG
films capped with a Pt layer with a nanometer-range thick-
ness in the presence of a dc current in Pt. However, the SW
attenuation in those layered structures in the absence of the
current appears to be a problem for practical applications.

*serga@physik.uni-kl.de

Therefore, it is important to determine the origin of the
excessive SW damping in such bilayers [11–17] and to find
a way to reduce this effect.

In this work, we investigate the origin of the additional
SW attenuation experimentally. We carry out measure-
ments of standing SW resonances in a film sample with
finite in-plane sizes. The measurements are performed
by placing a YIG/Pt sample in a rectangular waveguide
parallel and close to a metal plunger that shunts the waveg-
uide’s end (see Fig. 1). We find a peculiar behavior in
the line widths of resonances of standing spin waves
across the in-plane sizes of the sample as a function
of the sample’s distance from the plunger surface. By
comparing the observed line widths with our theoretical
calculations, we show that the additional SW attenua-
tion originates from ohmic losses due to the excitation
of microwave eddy currents in Pt layer by the precess-
ing magnetization vector in YIG. The placement of a
highly conducting and thick metal plate (the waveguide
plunger) near the Pt layer suppresses the eddy currents
in platinum [18] and thus eliminates the excessive SW
damping.
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FIG. 1. The experimental setup. The figure shows a brass
plunger inserted in a rectangular waveguide. The permanent
magnetic field H is applied along the short side of the waveguide,
that is, perpendicularly to the microwave magnetic field hmw at
the plunger wall. The rectangular sample sits near the plunger
such that the long side of the in-plane magnetized YIG film is
oriented along H. The distance s from the YIG film to the brass
wall is determined by the number of 100-μm-thick plastic PVC
spacers.

II. SETUP

To carry out our experiment, we use two rectangular
samples with in-plane sizes of 1.95 × 0.85 mm2, prepared
from a single-side 6.7-μm-thick YIG film grown epitaxi-
ally on top of a 500-μm-thick gadolinium-gallium-garnet
(GGG) substrate. One sample is capped with a sputter-
deposited 10-nm-thick Pt layer. The second YIG film is
left in its virgin state and is used as a reference sample. The
reference and bilayer samples are characterized employing
a rectangular X -band microwave waveguide (WR90) with
a 22.86 × 10.16 mm2 cross section. A brass plunger termi-
nating the waveguide is equipped with a small dielectric
shelf (see Fig. 1) that supports the sample. The sample is
sitting on its longer edge on the shelf, with the film plane
parallel to the plunger surface and the Pt layer facing the
plunger. The film surface is either in direct electric contact
with the plunger or is separated from it by a number of 100-
μm-thick plastic spacers. The spacers ensure that the film
surface is always parallel to the plunger surface and the
number of inserted spacers dictates the distance s from the
Pt to the plunger. The static magnetic field H = 2425 Oe
is applied parallel to the film surface and along the longer
side of the rectangular YIG-film piece.

We take measurements of the microwave power
absorbed by the samples using a microwave vector-
network analyzer (VNA). The VNA frequency is swept
across the range of 170 MHz in the vicinity of the central
frequency of 8950 MHz.

III. EXPERIMENTAL RESULTS

The magnitude of the reflection coefficient | S11 |
measured as a function of the frequency is shown in Fig. 2

for two spacer thicknesses, s = 900 μm and s = 0. From
the figure, one sees that the spectrum represents a family
of discrete peaks. We identify the peak with the largest
amplitude as the fundamental standing SW mode (FM).
The amplitudes of the other peaks drop with the frequency
distance from the fundamental peak. As follows from Refs.
[19–21], the peaks located to the right of the fundamental
mode are resonances of the Damon-Eshbach- (DE) type
wave—they have more nodes of the standing wave in the
direction perpendicular to the direction of the applied field
H than along this field. Similarly, the peaks located to the
left of the FM are the backward-volume-wave- (BVMSW)
type resonances—they are characterized by a larger num-
ber of nodes along H compared to their number in the
perpendicular direction. Accordingly, the FM is charac-
terized by the absence of nodes of the standing wave.
Therefore, its wave number is close to zero. It is not per-
fectly zero, because of the presence of effective dipole
pinning of the dynamic magnetization at the upper and
lower edges of the film (Fig. 1) [22–24] and also because of
the reduction in the amplitude of the dynamic magnetiza-
tion at the left- and right-hand edges of the film due to the
presence of a static demagnetizing field near these edges
(see inset to Fig. 2 in Ref. [25]). In order to identify the
observed peaks and to assign specific wave numbers to the
fundamental and high-order resonances, we utilize the the-
ory of the spectrum of traveling spin waves in a continuous
magnetic film [26] and introduce in-plane wave-number
quantization [19]. This approach allows us to associate
the fundamental (0,0) oscillation observed at the frequency
fFMR = 8950 MHz with the lowest BVMSW mode.

In the following, we focus on the line width �fFMR of
the fundamental mode. From Fig. 2, one sees that both the
presence of the Pt layer and the dielectric spacer thickness
have strong effects on �fFMR. The line width is the small-
est for the reference YIG film in the presence of the PVC
spacer. In this case, �fFMR, which is determined as the
full line width at half maximum, is 2.61 MHz (Fig. 2). In
practice, placing the bare YIG film directly on the plunger
does not change �fFMR—it is now 2.65 MHz [Fig. 2(b)].
Remarkably, �fFMR for the YIG/Pt bilayer is very simi-
lar to both former cases [3.04 MHz in Fig. 2(c)] if the Pt
layer is in contact with the plunger but moving the bilayer
sample away from the plunger increases �fFMR by up to a
factor of 3—to 9.11 MHz [Fig. 2(d)]. The dependencies of
�fFMR on s for the bare and Pt-covered YIG films are the
main experimental finding of our work. They are shown in
Fig. 3.

IV. THEORETICAL MODEL AND
CALCULATIONS

In order to explain these results, we develop a simple
theory for the frequencies and damping rates of the stand-
ing SW resonances in a YIG-film resonator located in the
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FIG. 2. Normalized SW resonance spectra of free (a),(b) YIG-
film and (c),(d) YIG/Pt bilayers placed at distances s = 0 and
900 μm from the brass wall. The dips in the reflected power
ratio S11 are caused by the absorption of microwave energy by
SW modes excited in the rectangular YIG-film samples. These
modes are standing waves with m and n nodes along the short
(0.85 mm) and long (1.95 mm) sides of the YIG-film samples,
respectively (and no nodes in the thickness direction). The largest
dips relate to the (m = 0, n = 0) mode, the frequency of which
is denoted as the frequency of the ferromagnetic resonance fFMR.
The dips at lower frequencies correspond to (m = 0, n = 2, 4, 6)
modes formed by the backward-volume spin waves. The dips
at higher frequencies correspond to (m = 2, n = 0) and (4, 0)
modes formed by the surface spin waves [27]. The modes with
an odd number of nodes are not excited by a homogeneous
microwave magnetic field hmw.

vicinity of a highly conducting metallic shield. Figure 1
shows a sketch of the modeled geometry—metallic, dielec-
tric, and ferrimagnetic layers form a stack [29] in the y
direction. The layers are assumed to be continuous in the
x-z plane. The bias magnetic field H and the static mag-
netization Ms for the YIG layer are parallel to the z axis.
Since the sizes of the YIG sample are significantly larger
than the exchange length for YIG, we neglect the exchange
interaction. We solve the electrodynamic problem using
Maxwell’s equations and a proper magnetic permeability
tensor for the ferromagnetic layer. We assume that the
dynamic electric and magnetic fields for the layers have
the following form:

h(r, t), E(r, t) ∼ e−qye−ikzeiωt, (1)
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FIG. 3. The dependencies of�fFMR for the bare and platinum-
covered YIG-film samples on the distance s between the YIG
surface and a highly conductive metal plate. The inset shows the
measured (circles) and calculated (lines) frequency dependencies
of �fFMR for the YIG/Pt bilayer for s = 0 and 900 μm [31].

i.e., we consider a BWMSV that propagates along the Ms
direction. In the experiment, we deal with standing-wave
SW oscillations. In our model, we express the stand-
ing wave as a superposition of plane waves propagating
in opposite directions. Due to the perfect reciprocity of
BWMSVs, these two waves are characterized by identi-
cal dynamic field distributions and thus by equal relaxation
times. Therefore, we can consider only one wave pro-
portional to eikz with the wave number k = π/dz = 16.1
rad/cm, where dz = 1.95 mm is the YIG sample size along
the z direction. Nonuniformity of the SW mode profile in
the x direction, which may exist due to the “effective dipole
pinning” [24], is neglected (i.e., kx = 0).

Substitution of Eq. (1) into Maxwell’s equations yields
relations between components of the electromagnetic field.
A general solution for the nonmagnetic layers can be
expressed as

hx,j = Aj e−qj y + Bj eqj y ,

hz,j = Cj e−qj y + Dj eqj y ,

Ex,j = − iqj

ωεj ε0
Aj e−qj y + iqj

ωεj ε0
Bj eqj y ,

Ez,j = − iωμ0

qj
Cj e−qj y + iωμ0

qj
Dj eqj y ,

i.e., as a sum of independent TE and TM waves. Here,
index j denotes a layer number and qj = √

k2 − ω2εj ε0μ0.
For the conductive layers (Pt and brass), the electric per-
mittivity is ε = 1 − iσ/(ωε0), where σ is the conductivity.
The solution for the ferromagnetic layer does not separate
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into TE and TM waves. It reads

hx = Ae−Q1y + BeQ1y + Ce−Q2y + DeQ2y ,

hz = ξ1(Ae−Q1y − BeQ1y)+ ξ2(Ce−Q2y − DeQ2y),

Ex = ψ1(Ae−Q1y + BeQ1y)+ ψ2(Ce−Q2y + DeQ2y),

Ez = ζ1(Ae−Q1y − BeQ1y)+ ζ2(Ce−Q2y − DeQ2y).

Here, ξp =
[
μc2

(
Q2

p − k2
)

+ εω2
(
μ2 − μ2

a

)]
Qp/

(kεμaω
2), ψp = −iωξpμ0/Qp , ζp = −iQp/(εε0ω), c is

the speed of light and the “effective wave numbers” Q1,2
are given by

Q2
1,2 = 1

2μ

⎡
⎣k2(μ+ 1)− εω2

c2

(
μ2 + μ− μ2

a

) ±
√(

k2(μ− 1)− εω2

c2

(
μ2 + μ− μ2

a

))2

+ 4
k2εμ2

aω
2

c2

⎤
⎦ .

The components of the relative magnetic permeability
tensor μ̂ for a ferromagnetic medium are given by

μ = ωH (ωH + ωM )− ω2

ω2
H − ω2

and μa = ωωH

ω2
H − ω2

, (2)

where ωH = γμ0(H + i�H), ωM = γμ0Ms, γ is the
gyromagnetic ratio and�H is the ferromagnetic resonance
line width for an isolated YIG layer (i.e., it accounts for
magnetic losses only).

Using these solutions and requiring continuity of hx, hz,
Ex, and Ez at all the boundaries, one obtains a system of 20
equation for 20 coefficients Aj , Bj , Cj , and Dj . Naturally,
B1 = D1 = 0 and A6 = C6 = 0, as they describe divergent
at ±∞ solutions for air and brass, respectively (see Fig. 1).
The condition of compatibility (vanishing determinant) for
this system of linear equations yields a relation between
a complex-valued frequency and the SW wave number
ω = ω(kz). The real part of ω represents the frequency
of a standing-wave resonance, while the imaginary part
is the respective resonance line width, which accounts for
magnetic and electric losses in the entire structure.

In order to calculate ω, we assume the following
material parameters. The brass layer and the Pt film
have conductivities of 5.96 × 107 S/m and 1.3 × 106 S/m,
respectively. The PVC layer has vanishing conductivity
and a permittivity of 2.5. The YIG layer, GGG substrate,
and semi-infinite air-filled space (denoted as “Air” in
Fig. 1) are assumed to be dielectrics with zero conductivity.
The permittivities of YIG and GGG are 15 [30]. Addition-
ally, for YIG Ms = 140 kA/m,�H = 35.8 A/m (i.e., 0.45
Oe), γ = 2π × 28 GHz/T.

Numerical evaluation of the complex-valued eigenfre-
quencies for these material parameters delivers a depen-
dence of the resonance line for the YIG/Pt bilayer sample
on the distance s as shown in Fig. 3. One sees that both
experiment and theory demonstrate an efficient control of
the SW damping in the YIG/Pt bilayer by varying the dis-
tance s between the Pt and the brass plunger. The inset

to Fig. 3 shows that the control is possible over a broad
frequency range.

One also sees that the agreement between theory and
experiment is rather good despite the used approximation
of kx = 0. This good agreement allows us to infer that
the drastic increase in the FMR line width for the YIG/Pt
bilayer is due to ohmic losses of eddy currents [32–38]
excited in the Pt layer in the presence of magnetization
dynamics in YIG.

V. DISCUSSION

The electromagnetic boundary conditions at the surface
of a thick metal plate (i.e., the thickness of which con-
siderably exceeds the skin depth), require the direction
of a microwave electric field, created by the precessing
magnetization, to be close to perpendicular to the metal
surface. When the very thin Pt layer sits directly on the
brass plunger, the lines of the electric field cannot tilt
significantly from the perpendicular at the brass surface,
after crossing the 10 nm of Pt thickness. Correspondingly,
the tangential component Eτ = Exex + Ezez of the elec-
tric field vanishes in the Pt layer as shown in Fig. 4(a).
This ensures that the eddy currents induced by this field
in the Pt layer are small and that most of the eddy cur-
rents circulate in brass [see Fig. 4(c) for s → 0]. In this
case, the ohmic losses in Pt are close to zero and the
ohmic losses in brass are also rather low due to the high
conductivity of brass [see Fig. 4(d) for s → 0]. With an
increase in s, the electric field in the plunger decouples
more and more from the field in Pt due to the localized
character of the electromagnetic fields generated by spin
waves. This gradually relaxes the requirement for the per-
pendicularity of the electric field at the Pt surface facing
the plunger [note a nonvanishing tangential-field value Eτ
in Pt in Fig. 4(b)]. This allows more efficient driving of
eddy currents in Pt [see Fig. 4(c)]. Ultimately, for suffi-
ciently large s values, the Pt layer becomes exposed to a
strong oblique microwave electric field. Because the layer
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FIG. 4. The calculated profiles of the magnitude of the tangen-
tial component of the electric field Eτ for two different s values:
(a) s = 0 and (b) s = 900 μm. The total microwave currents in
the conducting layers (c) and the corresponding ohmic losses (d),
calculated for a constant amplitude of the fundamental SW mode
as functions of s. The total current is calculated as the integral
of the microwave current density over the thickness. The ohmic
losses represent the microwave power absorbed in the respective
metal layers.

thickness is much smaller than the skin depth, this situa-
tion leads to large ohmic losses for s > 400 μm [Fig. 4(d)]
resulting in strong broadening of the SW resonances [see,
e.g., Fig. 2(d)].

This model is also in good agreement with the mea-
surements conducted for the reference YIG film without
capping Pt. As seen from the same Fig. 3, no dependence of
�fFMR on s is registered for this sample—in full agreement
with our calculation.

In addition, we compare the eddy current and spin-
pumping contributions to the total damping for YIG films
of different thicknesses. The value of the spin-mixing con-
ductance of G↑↓ = 1.5 × 1014 S/ m2 taken from Ref. [4]
is used in the calculation. Our estimation shows that the
eddy-current contribution decreases linearly to nearly zero
values with a decrease in the YIG-film thickness from
6.7 μm to tens of nanometers. Although the contribu-
tion of spin pumping increases in thin films, for the given
experimental conditions it becomes significant only for
films thinner than 1 μm. For our YIG thickness, this
contribution is just 0.14 MHz.

VI. CONCLUSION

In conclusion, we investigate the influence of a platinum
capping layer with a thickness smaller than the skin depth
on standing SW resonances in a YIG-film resonator. We
find that the resonance line width depends strongly on the
distance from the surface of the bilayer structure to a highly

conducting surface of a thick metal plate that is placed
parallel to the structure surface. For large distances from
the plate, when no impact of the plate on the magnetiza-
tion dynamics is expected, the resonance line width for
the bilayer structure is found to be around 3 times the line
width for a reference single-layer YIG film. This behav-
ior is in agreement with our theory, the central point of
which is the inclusion of conductivities of the platinum
layer and the plate in the equations. The theory explains the
observed broadening of the resonance line as due to ohmic
losses, of eddy currents induced in Pt by the precessing
magnetization in the micrometer-thick YIG layer.

Importantly, our work shows that a strong reduction of
the relaxation of magnetization precession in the heavy-
metal-covered YIG-film structures can be achieved by
shunting the eddy currents circulating in the heavy-metal
layer with a highly conducting metal plate. For maximum
effect, the thickness of the plate should exceed the skin
depth for the plate material.
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