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ABSTRACT

The influence of the electrical conductivity of a Permalloy waveguide on the spin wave propagation was investigated using the finite-element
solution of the combined system of quasistatic electromagnetic potential and linearized LLG (Landau-Lifshitz-Gilbert) equations. The
difference in the group velocity between the conductive and nonconductive waveguides becomes large for films over 300 nm thick, and the
difference is very small for film thicknesses less than 100 nm. The observed enhancement of the group velocity with increasing film thick-
ness is attributed to the damping caused by the electrical conductivity, which leads to narrowing of the spin wave packet envelope and
shorter arrival times of propagating waves. The basic characteristics of the dispersion relations do not change between conductive and non-
conductive films for small film thicknesses less than 300 nm. The simulated dispersion relations indicate shift of their maximum intensity
toward lower wavenumbers and, therefore, increase in the group velocity with increasing thickness. The simulated decay length of the spin
waves for conductive films initially increases but then decreases with increasing thickness, which agrees well with the experimental results.
The extracted damping coefficients from both simulations and the experiment agree very well and increase proportionally with d*, where
d is the film thickness, due to the additional eddy current damping. The observed thickness and conductivity dependence of spin wave
propagation is crucial for magnonics research and toward the development of future spin wave devices using metal films.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110202

measurement of spin wave propagation,”* Doppler shift of spin
waves, *~' studies of their basic properties of excitation and propa-
ga‘[ion,18 spin wave interference,'” the method of estimating the
damping factor from spin waves,”’ and nonreciprocity of magneto-
static surface waves (MSSW) in Py waveguides.Z"22 In these
reports, the thickness of the Py waveguide was few tens of nanome-
ters and thinner than the skin depth (typically less than 100 nm),”’
where the effect of the electrical conductivity on spin wave propa-
gation is negligible. Therefore, the reported results on these thin
film waveguides and their analysis were consistent with the conven-

I. INTRODUCTION

Magnonics is one of the most fascinating research fields in
spintronics. Spin waves, the collective precessional motion of the
local magnetic moments, have been intensively investigated in
studies of their fundamental properties and their applications in
information transport and processing.”'* An important perceived
advantage of using spin waves is the low power consumption for
information transport, as there are no moving charges, which
avoids Joule heating. Additionally, their wave propagation proper-
ties allow functionalities such as logic gate operations. In order to

integrate spin wave devices with conventional Si devices, ferromag-
netic metals are favorable for waveguide materials rather than
Yttrium Iron Garnets (YIGs) because of their Si process compati-
bility. Therefore, there is significant research interest in spin waves
using metal waveguides such as Permalloy (Py) in information
transport and processing applications. Examples include the first

study of spin wave propagation spectroscopy in Py, time-resolved

tional theory of spin waves, which was formulated for magnetic
insulators such as YIG.

In our previous paper on MSSW in Py, however, thicker wave-
guides showed a higher measured group velocity for the spin
waves, but without a significant increase in their decay length.”*
Figure 1(a) shows typical measured magnetization waveforms for
Py films of various thicknesses measured using a detection antenna
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T T resonance (FMR) linewidth even in the absence of damping.25
. Almeida and Mills presented the theory of eddy current damping
i 0.05 t_ and frequency renormalization of spin waves in conducting ferro-
wvwv\/\/\/\/\/\/\/\/\w'—w magnetic films.”> Maksymov and Kostylev showed that even
i x5 by = 25 nm 7 though the energy dissipation by eddy currents leads to broadening
- B of the linewidth, the increase in the in-plane magnetic field due to
4 eddy currents is the principal mechanism responsible for the devia-
Opy = 100 nm tion from the dispersion relation of surface spin waves.”” However,
there is still lack of understanding about spin wave propagation in
thick metal films and its damping characteristics. It is important to
0by = 300 Nm . understand the spin dynamics in a wide range of film thicknesses
] systematically for designing and utilizing metal-based spin wave
Antenna distance 20 um devices. In order to investigate the effects of the electrical conduc-
0 1 é é "1 é é 7 tivity on the group velocity and decay length, we performed com-
Time (ns) bined electromagnetic-micromagnetic simulations incorporating
80 : ‘ : ‘ the electrical conductivity of the magnetic film and compared the
(b) Group velocity results with our previous experimental measurements on Py
60 | ] waveguides.24

| () Waveform (experiment)

Intensity (V)

40 | 1 Il. SIMULATION PROCEDURES

20 | b Simulations of the spin wave propagation incorporating con-
° ductivity were performed using the finite-element method (FEM)
0 ! . L in COMSOL Multiphysics. In the FEM model, the quasistatic mag-
0 100 200 300 netic fields due to electric currents and magnetization sources are

40 \ \ evaluated using the vector magnetic potential A,
| (c) Decay length
30 | b

Group velocity (um/ns)

[ A __ 7€
20: S ° O'E—i-Vx(VxA/,uO—M)—], (1)

10 ® 1 where o is the electrical conductivity, J° is the externally applied

’ current density (in the excitation antenna), and M is the magneti-

! ‘ ! zation (zero outside the Py film). Time varying magnetic fields in

0 100 200 300 the Py film (due to magnetization and external sources) will induce

Py thickness (nm) the currents J* = c0A/0t in Eq. (1). A schematic cross section of

the modeled Py strip and excitation antenna configuration is shown

FIG. 1. (a) Typical measured magnetization waveforms for Py films of various in Fig. 2. This is based on our experimental setup and sample
thicknesses detected at 20 um away from the edge of the excitation antenna.

(b) Py thickness dependence of the measured group velocity. (c) Py thickness
dependence of the measured decay length.

Decay length (um)

SG excitation antenna

width
20um away from the excitation antenna. Shorter arrival time is Ground Gap Signal thickness
observed for the thicker films, and the group velocity increases 9um 2um 3um Au: 205 nm
with Py thickness, as shown in Fig. 1(b). On the other hand, the I
decay length seems to saturate and then decrease with increasing M m, detection point
Py thickness, as shown in Fig. 1(c). This is counterintuitive because .
the decay length should increase in proportion to the group veloc- 0 e A \/'1( space: 80 nml
ity if the magnetic damping mechanism does not change. One of ~N— | Py:d nm
the candidates for the additional damping is the influence of the
electrical conductivity of the waveguide. If the waveguide material y 51.2um 102.4 pm
were YIG, it is not necessary to take this additional damping into
account because YIG is an insulator. However, Py is a metal, and 2 . ® HoH =10 mT

so the finite conductivity could affect the spin wave propagation.
Precession of the magnetization in the Py layer induces eddy

currents that could cause damping of the spin waves. Ament and

Rado showed that eddy currents cause a finite ferromagnetic

FIG. 2. Schematic cross section of the modeled Permalloy strip and excitation
antenna configuration for the FEM simulation.
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dimensions described in Ref. 24, where the width of the structure
in the z-direction (Py film and antenna) is much larger than the
other dimensions in the system. This permits the simplification of
Eq. (1) to two dimensions and writing the vector potential A=A,z
and J? = J?z, where z is a unit vector in the z-direction, orthogonal
to the magnetic fields B =V x A in the x- and y-directions.

The magnetization M in the Py film in Eq. (1) can be evalu-
ated using the LLG (Landau-Lifshitz-Gilbert) equation,””

aM offy L & aM

where HY is the effective field, Mg is the saturation magnetization,
a is the damping coefficient, y is the gyromagnetic ratio, and ¢ is
the time. In the experimental arrangement in Ref. 24, a sufficiently
strong saturating field H, is applied across the Py film in the
z-direction as indicated in Fig. 2. This leads to small perturbations
in the dynamic magnetization in the neighborhood of the saturated
state. In this case, we can write the magnetization and effective
field as

My %
M= m, |, H={n¥|]. 3)
MS + m;, HZ

Substituting Eq. (3) in the LLG equation in Eq. (2), solving for
the time derivatives in magnetization and ignoring second and
higher order terms (including * and m - h terms), yields the linear-
ized LLG equations used in the model,

d
sz ~ yla(hd M, — H.my) + s(hf M, — Hom,),
dm, off eff
— = 1l M, — Homy) — s M, — Homy)),  (4)
dm,
a =0

where s = Signum(H,) to account for reversal in the direction of the
applied bias field H,. The effective field in Eq. (4) includes nearest
neighbor exchange interactions and is given by

W = hy + CV?my,

o " (5)
hy = hy + CV m,,

where C=2A/uoM%, A is the exchange stiffness constant, and h,
and h, include the contributions of the demagnetizing fields,
anisotropy fields, applied antenna fields, and induced eddy current
fields. The exchange boundary condition with no surface anisot-
ropy, Om/On = 0, was used to terminate the boundaries of the Py
structure, where n is the vector normal to the surface.

In the FEM model, the Py strip is 153.6 um long and d nm
thick (d=25-1000nm). The SG (Signal-Ground) type coplanar
waveguide (CPW) consists of two Au conducting tracks. The

ARTICLE scitation.org/journalljap

widths of the SG type antenna are 3 um for the signal line, 2 um
for the gap, and 9um for the ground line, and their thickness is
205 nm. The currents in the two wires are equal in value but oppo-
site in sign. The antenna is located at 80 nm above the Py surface,
which corresponds to the thickness of the SiO, insulation layer of
the actual sample. The Py material parameters used in the simula-
tion are Mg=830kA/m, y=2.337x 10° m/(As), a=0.01, and
A=13x10" J/m. The uniform in-plane bias magnetic field in the
Py strip is 10 mT along the z-direction. The electrical conductivities
of the Py strip and Au antenna are op,=5x10°S/m™ and
Opu=4x 107 S/m, respectively, at room temperature. The calcula-
tions for op,=0S/m were also performed for comparison. A
Gaussian pulse excitation for J¢ with a pulse amplitude correspond-
ing to a 4 mA excitation current and a width of 50 ps was applied
in the SG type antenna. We only used the out-of-plane component
(y-component) of the simulated dynamic magnetization in the Py
film for the spin wave propagation analysis, which is responsible
for the surface poles and corresponding stray fields practically mea-
sured using a receiving antenna. The simulation space surrounding
the waveguide structure in Fig. 2 is air with magnetically insulat-
ing boundaries sufficiently far from the waveguide structure to
have negligible effects on the simulations while providing practical
computation times. Adaptive meshing using triangular elements
is used to sample the different dimensions of the waveguide struc-
ture, with a maximum element size of 50 nm in the Py layer.
The dispersion of the MSSWs in the relevant wavelength range
is dominated by the magneto-dipole interaction. Hence, our
maximum element size is sufficient for an adequate description of
the MSSWs. In a separate simulation, we verified that the use of
smaller cells does not modify the results significantly. The
maximum time step used in the simulations is 10 ps.

The fundamental wavenumber k, of the excited spin wave in
this antenna configuration is 0.34um™', which is determined by
the distance between the signal and ground lines of the antenna.”
Actual excited spin waves, however, include a wide range of wave
vectors in addition to the fundamental wavenumber and so become
dispersive. Therefore, the actual waveforms of the wave packet may
not be completely described by a Gaussian envelope. Nevertheless,
Gaussian fitting has been widely used and practically beneficial for
the experimental analysis of wave packet amplitude or peak mea-
surements.”* We used Gaussian fitting for our simulated results in
order to perform the same analysis and to be consistent with the
experimental results in Ref. 24. The arrival time and amplitude of
the spin waves were extracted from the Gaussian fitting and
enabled the estimation of the group velocity v, and decay length 4
from the simulations. We have also evaluated the envelope of wave
packets from the magnitude of their analytic signal without
assumptions of the shape or symmetry of the envelope. The
extracted values of the group velocity and decay length using this
approach were almost identical to the values obtained from
Gaussian fitting, thus giving credence to the fitting approach
adopted here.

lll. RESULTS AND DISCUSSIONS

Figure 3 shows typical simulated waveforms of various Py film
thicknesses for opy =0 and 5 x 10°S/m. The distance x from the
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' UL ' ' ] than for op, = 0 S/m with increasing Py thickness. The relationship
(a) Waveform (simulation op, = 0 S/m) : between the distance x along the Py film beyond the edge of the
oA A AT N A ] signal conductor and peak arrival time is plotted in Fig. 4. The
25nm group velocity v, can be estimated from the gradient of these
] straight lines. It can be observed that the gradient of the curves in
— Fig. 4 and, therefore, vy increase with increasing thickness of
:; 100 nm | the Py film. Moreover, the gradient of the curves in Fig. 4 for
= ] Opy =5 X 10°S/m becomes steeper than that for op, =0S/m with
3 K increasing film thickness and explains the further increase observed
§ 300 nm 1 in the group velocity in the conductive film. This, as previously
£ g 1 described, is attributed to the narrowing of the wave packet distri-
s Wﬂ 500 nm A bution and shift of their peaks toward shorter arrival times. This
] indicates that for thick conductive magnetic films, care must be
[ ] exercised in evaluating the group velocity from waveform fitting.
v 1000 nm Evaluation of the group velocity from dispersion relation plots is
Distance x = 20 um | carried out next and compared to the envelope fitting approach.
; ; } I } I Figure 5 is the dispersion relations for Py films of various
(b) Waveform (simulation cp, = 5x106 S/m) | thicknesses, which were obtained from evaluation of the Fast
PP | Fourier Transforms (FFTs) of the simulated magnetization wave-
AN\ s 55 nm | forms (averaged through the Py thickness) in both time and space
] along the Py film.”" For op, =0 S/m, the gradient of the dispersion
3 100 nm
s ]
= N ‘
% VM 300 nm | (a) opy, =0 S/m
= 1 HoH =10 mT
~ L E
= 500 nm | 3
] x
Lo~ § ——25nm
1000nm: _,g —=—100 nm |
Distance x =20 um | a ——200 nm
RN S S SN S S T [T S T S [N S T S T N S T T S N SO T ST +300 nm a
0 1 2 3 4 5 6 7 ——500 nm
Time (ns) ——1000 nm
4 5

FIG. 3. Typical simulated waveforms of various Py film thicknesses for T
(@) opy=08/m and (b) op,=5x 10° S/m. The distance x from the excitation (b) op, = 5x108 S/m
antenna to the detection point is 20 um. Dashed lines are Gaussian fitting Y

results of the envelope of the wave packets. . 40 | HoH =10 mT
IS
3
=< 30| i
@
edge of the signal antenna to the detection point is 20 um. The 2
L . . g 20 | 8
dashed lines in the figure are Gaussian fitting results of the enve- ®
lope of the wave packets. Waveforms for zero and finite Py conduc- o
tivity are similar for films up to 100 nm thick. For Py thicknesses 10
over 300 nm, however, the waveforms for the conductive films
become heavily damped and attenuated. Thus, the conductivity of 0
the waveguide enhances magnetic damping prominently for thick 0 1 2 ) 3 4 S
films. The increased damping of the magnetization oscillations in Arrival time (ns)
conductive films leads to narrowing of the spin wave envelope with
more rapid decay of the upper tail of the wave packet in the direc- FIG. 4. The relationship between the distance x along the Permalloy film
tion of increasing time, compared with that of nonconductive beyond the edge of the signal conductor and peak arrival time (time at which

the waveform envelope is maximum): (a) opy =0 S/m and (b) op, =5 x 10% S/m.
The straight lines are obtained by fitting to the magnetization waveforms, and
the group velocity v, values are estimated from the gradient.

films. Consequently, their peak shifts toward shorter times.
Therefore, the wave packet arrival time (time at which the wave-
form envelope is maximum) appears shorter for op, =5 x 10°S/m
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(a) Opy=0S/m (b Opy = 5x1 0% S/m Moreover, and for the conductive films in particular, eddy current
damping reduces the undamped frequency of the system, which in
25nm general may approximately be described by a simple harmonic
oscillator: @ = wy+/1 — £?, where @, is the undamped frequency
and { is the damping ratio. This leads to the observed increase of
the intensity of the low frequency spin wave signals in the simula-
tions for thick conductive films below the Kittel frequency. Thus,
normal dispersion curves cannot be clearly obtained in conductive
films with large thickness.
The group velocity v, is now evaluated from the gradient of
the dispersion curves in 1-137 5 at k~0.34um™". Figure 6 is a
summary of the v, values obtained from the simulations and com-
pared with the experimental measurements from Ref. 24. The v,
values estimated from fitting to the wave packet envelope in Fig. 3
for opy=0S/m and op,=5x 10°S/m are similar for thicknesses
below 100 nm, with increasing difference for thicknesses over 300
nm. The large difference in v, observed in conductive films for
thicknesses over 300 nm in Fig. 6 reflects the shift in the peak time
of the magnetization envelope toward shorter times due to
increased damping, as seen in Figs. 3 and 4. Thus, conductivity
enhances the observed group velocity especially in thick films. The
simulated v, values from fitting to velocity curves in Fig. 4 are in
good agreement with the experimental measurements. However,
these experimental and simulated results deviate from the calcu-
lated v, values using the analytical formulation.”” The values of v,
calculated from the gradient of the dispersion curves in Fig. 5 at
k~0.34 ,um_1 are also plotted in Fig. 6, and these are in excellent
agreement with the analytical solutlon for both op,=0S/m and
Opy =5 X% 10° S/m. These results indicate that there is no difference
in the dispersion relation at the fundamental wavenumber regard-

1000 nm less of the conductivity of the Py film.
250 —— — —
® Experiment o]
2 0p,=0 S/m waveform fit ]
200 " 0p,=0 S/m dispersion@k= 0, 34 um-t ]

-

e o 9 <
[T SN

Intensity (arb. units)

Frequency (GHz)

(2]
g < opy=5x100 S/m waveform f|t
Wave vector K ( = 150 *  0p=5x100 S/m dlspersmn@k 0.34 um 1
Ng — Analytical solution ]
FIG. 5. The dispersion relations of various Py thickness films for (a) op, =0 S/m >
and (b) op,=5x 10° S/m. S S e
Gi 100 T 1
5 ,;’,/é/
curve and, therefore, v, increase with increasing Py thickness. O 50t > ) R
For film thicknesses below 100 nm, the dispersion curves for & ]
Opy = 5x10°S/m and Opy = 0S/m are almost identical. The disper- / HoH=10mT 1
sion curves for opy =5 x 10° S/m, however, become broader for Py 0 : : . . :
films of thicknesses greater than 300 nm, and it is finally indistinc- 0 200 400 600 800 1000
tive at a thickness of 1000 nm. It can also be observed from Fig. 5 Py thickness d (nm)
that the thicker films (500-1000 nm) also exhibit low frequency
spectra with increasing intensity. These lower frequency signals FIG. 6. Summary of the group velocity v, values as a function of film thickness.
originate from forced oscillation near the excitation antenna edge Red circles are experimental results and the black solid line is the analytical
and become more apparent with the decrease in intensity of propa- solution. Blue and green marks are simulation results for op,=0S/m and

Opy=5X 10° S/m, respectively. The dashed lines are used for guidance and to

gating waves with increasing film thickness. These are localized,
illustrate trends.

stationary oscillations and are not related to propagating MSSW.
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The difference between the group velocity obtained from
fitting to the spin wave envelope in measurements and simulations
and the group velocity from the analytical theory at the fundamen-
tal wavenumber is due to the dispersive nature of the waves excited
by the antenna field. In Fig. 5, the red color in the dispersion curve
indicates the largest intensity in the spin wave spectrum. For a
25 nm-thick film, the wavenumber k, showing the strongest inten-
sity is about 0.34 um™", which is in good agreement with the value
estimated from the antenna configuration. The strong intensity
region, however, shifts to lower k, values with increasing Py thick-
ness. For lower k, values, since the gradient of the dispersion curve
increases, vy should also increase. Thus, the Vg values estimated at
the wavenumbers that give the largest spin wave intensity are in
good agreement with the results obtained from the waveform
fitting for both op,=0S/m and op,=5x 10°S/m (not shown).
Therefore, it is inappropriate to estimate v, from the dispersion
relation at the same k, for thick films due to the shift in the
maximum intensity of the dispersion plot to lower wavenumbers.
Thus, antenna-excited spin waves are dispersive since they contain
many k, vectors, and the dominant k, is not determined only by
the antenna configuration in thicker films. This is the origin of the
deviation of v, values between estimations from the waveform
fitting and those estimated from the analytical formulation. This
finding is important to design future spin wave devices.

Figure 7 shows the variation of the amplitude of the simulated
spin waves with distance from the edge of the signal conductor
(x=0). The amplitude variation clearly shows exponential decay
with increasing distance x. The decay length 4 is estimated by expo-
nential fitting and summarized in Fig. 8 for different Py film thick-
nesses. The decay length 1 increases monotonically for op, =0 S/m,
as expected from the increase of vg. For opy=5x 10°S/m, on the
other hand, 4 initially increases with increasing thickness but then
begins to decrease for thicker films. This behavior of the simulation
results for 5 x 10° S/m agrees well with the experimental results and
again confirms the validity of the numerical model and waveform
fitting approach to extract wave packet amplitude information. The
simulated difference in the decay length of the spin waves between
the nonconductive and conductive films is only 5.6% for the 100
nm film and increases to 15% for the 200 nm film. Thus, the elec-
trical conductivity of the Py film enhances the attenuation of the
spin wave propagation and indicates that the influence of the con-
ductivity on spin wave propagation cannot be ignored for metal
films thicker than 200 nm. These results suggest that the metal
thickness of a waveguide should be less than 100 nm.

The decay length can be described as a function of the
damping factore using”’

A (M5)*t exp(—2kd)

Ms\? ’
a(uH + %) \/ uoHuoH + Ms) + (f) (1 — exp(—2kd))
(6)

where « is independent of k and the bias magnetic field, and so the
damping mechanism does not depend on the antenna configura-
tion and bias field. Using the calculated decay lengths of the spin
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FIG. 7. The variation of the amplitude of the simulated y-component of
the magnetization with distance from the edge of the signal conductor for
(@) opy=08/m and (b) opy=5x 10°S/m. The straight lines are obtained by
fitting, and the decay lengths A are estimated from the gradient.

60 —————————— T T
® Experiment o
o Op =0 S/m _ P
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=
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= 40
<
Eﬁ 30 F /,o’ .
Q@ s
> ® o0 1
© oo ]
3 20 /g; el
a o T e
10 ¢ ]
4 toH=10mT ]
0 PN B S S S NS P N S TR S IS S R
0 200 400 600 800 1000

Py thickness d (nm)

FIG. 8. Summary of the decay length A variation with film thickness. Red
circles are experimental results. Blue and green marks are simulation results for
opy=08/m and opy =5 x 10° S/m, respectively. The dashed lines are used for

guidance and to illustrate trends.
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wave amplitudes from Fig. 8, the damping factor was estimated as a
function of film thickness. The values of the wavenumber k, used
to estimate the damping factor are the values that give the largest
spin wave intensity in the simulated spectra for each Py thickness.
The o values extracted from the experiments and simulations are
summarized in Fig. 9. The error bars were calculated assuming that
k, is shifted by +0.05um™", which roughly corresponds to the FFT
resolution due to limitation of the simulated system size, and the
deviation becomes large with thickness. As seen in Fig. 9, a
increases with increasing Py thickness, and the results of the simu-
lation and experiment agree well. In this case, a consists of the
intrinsic contribution of damped precession ¢ and eddy current
contribution ¢eqqy. The damping due to eddy currents deqqy for a
thin film can be expressed as”

Otcady = PugMsyod®, ?)

where 1, is the vacuum permeability, ¢ is the metal thickness, and
P is a configuration-dependent coeflicient. In the case of uniaxial
magnetocrystalline anisotropy and bias field both perpendicular to
the film plane, P increases from 0 at the surface to a value of 1/8 at
the film center.” In Ref, 23, P is written as 1/6, but there is no der-
ivation and the magnetic field direction is not specified, and so an
applicable range is ambiguous. In addition to the thin film struc-
ture, Geaay values for a sphere, a cube, and a prism were also
derived™ and indicated in the case of prisms the anisotropic nature
of @eqay. P for MSSW is, however, still unknown. The solid and
dashed lines in Fig. 9 are the calculated curves of &= g + 0teqqy for
ap=0.01 and P=1/4 (solid) and 1/3 (dashed). Compared to the
experimental and simulated results, the eddy current damping
seems to be proportional to d” as expressed in Eq. (7). The coeffi-
cient P is likely to be between 1/3 and 1/4 for MSSW propagation

0-12 1 LI 1 1 I,
[| o o (Experiment) ,
0.4 [| ® «(Simulation) / ]
% }|——Eqwith P=1/4 /
Em - — Eq with P=1/3 /’
& 0.08 i

0.06 |

0.04 [

Damping factor o

0.02 |

1 1
0 100 200 300 400 500 600
Py thickness d (nm)

0 [ 1 1

FIG. 9. Damping factor ¢ from experiments and simulations estimated from the
decay length. The error bars were calculated assuming that k is shifted by
+0.05um~". The solid and dashed lines are the calculated curves of o= crg +
Qeqqy for o =0.01 and C = 1/4 (solid) and 1/3 (dashed) using Eq. (6).
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based on the comparison with the experimental and simulation
results in Fig. 9. Furthermore, Ref. 34 indicated the anisotropic
nature of Qeqqy in prisms based on the direction of magnetization
change, geometry, and excitation field direction and, hence, the
likely variation of P with film thickness. Thus, the thickness depen-
dence of a also supports the nonmonotonous behavior of the decay
length change with thickness originating from the eddy currents in
conductive films.

IV. CONCLUSION

The influence of the conductivity of a Permalloy waveguide on
the spin wave propagation was investigated using finite-element
simulations of the quasistatic electromagnetic fields and the linear-
ized LLG equation. The group velocity v, estimated from fitting to
the simulated dynamic magnetization waveforms showed good
agreement with the experimental results. The difference in v,
between op,=0S/m and op, =5 x 10° S/m becomes large for film
thicknesses over 300 nm, though the difference is very small for
film thicknesses less than 100 nm. This enhancement of v, origi-
nates from the damping due to the conductivity of the films,
causing narrowing of the spin wave envelope and shift of its peak
toward shorter arrival times with increasing thickness. The basic
characteristics of the dispersion relations do not change between
the conductive and nonconductive films for thicknesses below 300
nm. For conductive films, however, the dispersion relation becomes
broader with increasing thickness and is finally indistinctive for a
1000 nm-thick film. The dispersive spin waves excited by the
antenna cause the deviation of v, values from the simulations and
experimental measurements from the analytical formulation for the
insulating material. For thick films, the dominant wavenumber of
the excited spin wave shifts from the wavenumber estimated by the
antenna configuration toward lower wavenumbers. Therefore, using
the same wavenumber in the estimation of v, from the dispersion
relation in films of different thicknesses leads to incorrect values
because of the change in the fundamental wavenumber with thick-
ness. The decay length A for conductive films was found to initially
increase with thickness but then decrease for increasing thicknesses
beyond 200 nm. This nonmonotonous behavior found from simu-
lations is in good agreement with the experimental results over the
same film thickness range. The nonmonotonous dependence of the
decay length on thickness is due to the additional damping due to
the electrical conductivity of the film. As a result, the damping
coefficient o extracted from both simulations and experimental
measurements increases proportionally with d°, where d is the film
thickness and, hence, is significantly enhanced for thick films.
Thus, the conductivity influences the apparent group velocity and
decay length particularly in thick films. These results suggest that
the metal thickness of a waveguide should be less than 100 nm for
future spin wave device applications.
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