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We explore a new geometry allowing effective excitation of the lowest antisymmetric standing spin

wave mode in ferromagnetic metallic films with symmetrical boundary conditions. The approach is

based on the use of a coplanar waveguide with the ferromagnetic film, Permalloy �Py�, playing the

role of the signal line. In addition, we study a signal line which is a sandwich of Py inside two

nonmagnetic metallic films. We find that the thickness and conductivity of the metal films can

significantly alter the amount of absorption, at ferromagnetic resonance, between the symmetric and

antisymmetric spin wave modes. The experimental results are supported by numerical calculations

indicating the origin of the strength of the absorption. © 2010 American Institute of Physics.

�doi:10.1063/1.3435318�

I. INTRODUCTION

The method of ferromagnetic resonance �FMR� has been

widely used for decades in the study of magnetic films and

layered structures.
1–6

It is a very powerful technique for the

investigation of spin dynamics and for determining the mag-

netic parameters of the films and is widely used in magne-

tism.

In the conventional �or so-called cavity� FMR technique,

the microwave magnetic driving field is close to being uni-

form across the thickness of the thin ferromagnetic film. This

is true also in a more recent technique utilizing planar wave-

guide structures where the magnetic film is directly over or

under the signal line of the waveguides.
7–19

The uniform field

produces strong coupling with the lowest spin wave reso-

nance �SWR� mode; the coupling reduces with the order of

the SWR mode. In addition, if the film has the symmetrical

boundary conditions for spins on the surfaces �same condi-

tions on both film surfaces� then the microwave field couples

only with the symmetrical SWR modes and excitation of the

antisymmetrical SWR modes becomes impossible. As a re-

sult in most of the FMR experiments only the lowest SWR

mode is observed.

However, higher order SWR modes are also attractive

for studies, especially because they provide the possibility to

investigate effects of the exchange interaction in magnetic

films. In particular, the SWR modes are a very convenient

tool to determine the exchange stiffness.
20

Moreover, the

higher order SWR modes can be interesting for applications

in microwave signal processing. Recently, there have been a

number of reports of microwave devices utilizing the FMR

corresponding to the excitation of the lowest SWR mode,

see, for example, recent reviews.
21,22

Taking into account

that the SWR frequencies increase with the order of the

mode, the use of the higher order SWR modes in such de-

vices can allow signal processing at higher frequencies with-

out the need of applying large bias fields.

Previously it was suggested that an asymmetry in the

magnetic boundary conditions of the magnetic film could be

introduced by placing additional thin layers of different mag-

netic materials on its surfaces.
23

This approach avoids the

symmetry rule for coupling of the uniform driving field with

the SWR modes and would allow observation of the higher

SWR modes. However, this method requires a significantly

more complicated analysis of the experimental data because

it must take into account the additional magnetic layers.

Also, this approach does not significantly change the cou-

pling in favor of the higher order SWR modes and the lowest

SWR mode usually remains as the most efficiently excited

mode. This is undesirable for microwave applications, such

as a turnable notch filter, where a single resonance response

is required.

In this paper, we propose a new approach which creates

a microwave driving magnetic field that is antisymmetric

about the midplane of the magnetic film. This can be used for

effective excitation of the antisymmetrical SWR modes in

ferromagnetic films with symmetrical magnetic boundary

conditions. The approach is based on the use of a coplanar

waveguide with the ferromagnetic film playing the role of

the signal line. We present and discuss experimental results

on the coplanar waveguide structures with Permalloy �Py�

films. In addition, we explore a signal line which is a sand-

wich of Py inside two nonmagnetic metal films. We find that

the thickness and conductivity of the metal films can signifi-

cantly alter the amount of absorption between symmetric and

antisymmetric spin wave modes.a�
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II. BACKGROUND

We consider a coplanar waveguide with the signal line

composed of a ferromagnetic film and metallic films in vari-

ous layering configurations—see Fig. 1. Also, we assume

that the ferromagnetic film has symmetrical boundary condi-

tions for spins on the surfaces and that its thickness is much

less than the skin depth. An external static magnetic bias

field is applied along the signal line. The oscillating magnetic

field, hrf, arising from currents in the signal line is always

perpendicular to the bias field.

The power absorption in the coplanar waveguide, a mea-

sure of how efficiently a given mode is excited, is propor-

tional to the overlap integral across the thickness of the fer-

romagnetic film

��
−t/2

t/2

m� �y� · h� rf�y�dy, �1�

where m� �y� is the distribution of the dynamic magnetization

across the thickness, h� rf�y� is the distribution of the driving

magnetic field, and t is the thickness of the film measured

along the y axis. As will be discussed below we expect h� rf�y�
to be primarily in the x direction �horizontal�. The geometry

is defined in Fig. 2. The distribution mx�y� depends on the

boundary conditions for the spins on the surfaces of the film

and the order of the SWR mode. For symmetrical boundary

conditions mx�y� is symmetrical �even SWR modes� or anti-

symmetrical �odd SWR modes� about the midplane of the Py

film. The lowest frequency SWR mode is even and followed

by an odd mode with a higher frequency, etc. Figure 2 shows

mx�y� for the two lowest SWR modes in the case of the film

with both surfaces unpinned. In the long-wavelength limit,

the SWR frequencies corresponding to this situation can be

calculated as
20

fSWR = ���H0 + D���n − 1�/t�2	�H0 + 4�MS + D���n − 1�/t�2	 ,

�2�

where � is gyromagnetic ratio, H0 is the bias magnetic field,

MS is the effective saturation magnetization, D is the ex-

change stiffness, and n�0, 1, 2, ... .

We can understand the general behavior of hx�y� through

some simple arguments. In Fig. 3�a� we illustrate the fields

produced by currents in the Cu which are flowing into the

page. From Ampere’s law we expect the hx field from the

currents in either Cu film to be independent of y, for y values

significantly smaller that the width of the signal line. If the

two Cu films carry the same current, the fields from the Cu

films will cancel in the Py. In Fig. 3�b� we show the fields

produced by the currents just in the Py film. It is easily seen

that these fields will be antisymmetric around the midplane.

The details of the field distribution obviously depend on the

conductivity and current distribution in the various layers. In

Fig. 3�c� we show an example of a realistic hx�y� calculated

using ANSOFT HFSS
™ where the conductivity of Cu is 5.87

�107 S /m and the conductivity of Py is 2.0�106 S /m and

the total power in the structure is 2 W. The calculations were

carried out with mesh sizes ranging from 3 to 10 nm. The

structure is 6 nm Cu/50 nm Py/6 nm Cu and the width of the

signal line is 50 �m. As expected the x component of the

net h field is purely antisymmetric about the midplane.

Using the simple arguments above, we can predict some

general behaviors. In the case of a ferromagnetic film placed

above �or under� a thick metallic signal line the distribution

hrf�y� is very close to uniform throughout the thickness of the

ferromagnetic film—see Fig. 4�a�. As a result, such a geom-

etry allows excitation only for the even SWR modes, and the

maximum absorption takes place for the lowest frequency

SWR mode. In order to make excitations possible for odd

SWR modes in the ferromagnetic film with symmetrical

boundary conditions, the symmetry of hx�y� must be

changed. This can be done by splitting the signal line and

placing the ferromagnetic film in the middle—see Fig. 4�b�.
In such a case hx�y� becomes antisymmetric about the mid-

plane of the film — the fields from the outer conductors

cancel and one is left with only the antisymmetric field pro-

duced by the current in the ferromagnet �here, we neglect the

effect of the asymmetry of the electromagnetic conditions

due to the difference in the dielectric constant for the wafer

and air�. Thus, this geometry provides the possibility for an

FIG. 1. �Color online� Diagram of a coplanar waveguide with an integrated

ferromagnetic film in the signal line.

n = 2n = 1

y

x

m(y)

FIG. 2. �Color online� Schematic illustration of the two lowest frequency

spin wave modes. The n=1 mode is even about the horizontal midplane of

the film, while the n=2 mode is odd.

Py

Cu

Cu

x

y

a)

b)

3.25 Oe

0 Oe

-3.25 Oe
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FIG. 3. �Color online� �a� Schematic illustration of hrf fields from currents in

outer Cu films; �b� Schematic illustration of hrf fields from currents the Py

film; and �c� realistic calculation of the hx�x,y� for a 6/50/6 �thicknesses in

nanometer� Cu/Py/Cu structure.
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effective excitation of odd SWR modes. In contrast, even

SWR modes are now forbidden because hrf is antisymmetric

and the even modes are symmetric about the midplane of the

magnetic film.

In the last geometry �metal film/Py film/metal film� the

thickness of nonmagnetic conductive layers can play an im-

portant role. Indeed, if the nonmagnetic conductive layers

are equal in thickness to each other and much thicker or

significantly more conductive than the ferromagnetic film,

then most of the microwave current is carried by these con-

ductive layers. The microwave fields produced by the con-

ductive layers then significantly cancel each other inside the

thin ferromagnetic film as depicted in Fig. 4�b�. This reduces

hx in the ferromagnet and thus the value for the integral in

Eq. �1� becomes smaller and the absorption is reduced. In

order to redistribute the microwave current between the non-

magnetic conductor and the ferromagnetic metal in favor of

the latter the thickness of the nonmagnetic conductive layers

must be reduced �see Fig. 4�c��. Thus, one should expect the

most efficient excitation of the odd SWR modes when the

signal line will consist only of the ferromagnetic metallic

layer.

III. EXPERIMENT: SAMPLES AND MEASUREMENTS

We fabricated a set of the coplanar waveguides with a

Cu/Py/Cu sandwich structure as the signal line on Si or

GaAs wafers using photolithography and magnetron sputter-

ing. The Cu ground planes and the ends of the signal lines

were either 300 or 500 nm thick. The signal lines were Cu/

Py/Cu sandwiches. Also, in some initial experiments Ti/

Py/Cu sandwiches were used to increase adhesion of the Py

to the substrate.

Using Cu above and below the Py films is an attempt to

create the same boundary conditions for spins on both sur-

faces of the Py film. The thickness of the Py film was varied

from 20 to 80 nm. The thicknesses of the bottom and top Cu

layers were varied from 1 to 9 nm. The signal lines were

50 �m wide with 35 �m wide gaps to the ground planes.

This results in a structure which has an impedance of about

50 � on Si and GaAs wafers. The length of the magnetic

part of the signal lines was 2.5 mm.

Microwave measurements were carried out using a vec-

tor network analyzer along with a microwave probe station.

The S-parameters were measured in the field-swept mode

�the pumping frequency is kept constant and S-parameters

are measured as a function of the external magnetic field� or

in the frequency-swept mode �the external magnetic field is

kept constant and S-parameters are measured as a function of

the frequency�.
In order to extract the FMR absorption, we used only the

S21 parameter, neglecting the effect of the resonances on the

impedance of the coplanar waveguide. In this case, the FMR

response, representing the imaginary part of the microwave

magnetic susceptibility, can be defined simply as a difference

between magnitudes of S21 �S21 mag� at and out of

resonance.
12

Thus we calculated the FMR response as

S21 mag res = S21 mag − S21 mag background,

where S21 mag background is the magnitude of the “background”

S21, a result of the dielectric and conductive losses as well as

the mismatching effect in the coplanar waveguide. The back-

ground value is the maximum of S21 mag, measured away

from the resonances, in the magnetic field range of 0.25–3.5

kOe.

IV. RESULTS AND DISCUSSION

Figure 5 shows the FMR responses obtained in the field-

swept mode at 14 GHz for samples with various thicknesses

of the Py film and the same thickness �6 nm� of the Cu

bottom and top layers. One can see two distinct absorption

peaks for each sample: a high field peak and a low field peak.

The high field peaks for the samples with different Py thick-

nesses are almost identical and their positions nearly coin-

cide with the position of the single FMR peak in the case of

the Py film on top of a thick Cu signal line. The position of

the low field peak strongly depends on the Py thickness: the

thinner the Py film, the lower the resonance field for this

Conductor

Ferromagnetic

film

(c)

(b)

(a)
h
RF
(y)

FIG. 4. �Color online� Distribution of the microwave magnetic driving field

across the ferromagnetic film thickness for different cases: �a� ferromagnet

on the top of the thick Cu signal line, �b� ferromagnet between two thick Cu

films in the signal line, and �c� ferromagnet between two thin Cu films in the

signal line.
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FIG. 5. �Color online� FMR responses for the samples with 40 �dotted line�,
50 �solid line�, and 80 nm �dashed line� thick Py films and 6 nm thick Cu

bottom and top layers at the pumping frequency of 14 GHz. The thin solid

line shows the FMR response in the case of a Cu �6 nm�/Py �50 nm�/Cu �6
nm� sandwich on the top of the 300 nm thick Cu signal line.
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peak. Based on this we conclude the high field peak is effec-

tively the “uniform mode” normally observed in FMR. The

low field peak is an exchange mode where the resonant field

depends on thickness according to Eq. �2�. So this structure

already exhibits a large absorption from the exchange mode

compared to that of the uniform mode. As indicated earlier

this is due to the fact that hx�y� is antisymmetric about the

midplane at y=25 nm. In Fig. 6 we present realistic calcu-

lations for this field, both at x=0, at the center of the signal

line and x=20 �m, near the edge of the signal line. Clearly

the field distribution is antisymmetric over most of the signal

line.

Figure 7 shows the FMR frequencies for both observed

absorption peaks as a function of the bias magnetic field for

the samples with various Py thicknesses. The 20 nm Py data

comes from a Ti/Py/Cu sample. In this figure we also plot the

results of a calculation using Eq. �2� for the lowest SWR

mode �n=1� with the following parameters for Py: 4�MS

=10.5 kG and �=2.9 GHz /kOe. One can see good agree-

ment between the calculations and the experimental data

points for the high field absorption peaks confirming that the

high field FMR response corresponds to the lowest fre-

quency SWR mode, the uniform mode in the unpinned case.

The behavior of the low field FMR response follows the

theoretical prediction for the next �n=2� resonance, the low-

est antisymmetrical SWR mode. In order to show that, we

plotted the calculated and measured exchange field as a func-

tion of the Py thickness in Fig. 8. The exchange field was

defined as the difference in resonance fields between the first

and second SWR modes. The calculation was done using Eq.

�2� with the known value of the Py exchange stiffness D

=2.1�10−9 Oe cm2.
24,25

In the experiment the measured ex-

change field differs slightly �not more than 5%� for the vari-

ous pumping frequencies, so the figure represents the aver-

aged values. One can see good agreement between the

experiment and the theory.

In summary, when the signal line consists of a symmet-

ric Cu/Py/Cu structure we observe the two lowest SWR

modes such as: the lowest symmetrical �n=1� and the lowest

antisymmetrical �n=2� modes. The comparison with the

theory shows that the behavior of the Py film is consistent

with unpinned spins on the surfaces.

In the symmetric case, the efficiency of excitation, rep-

resented by the magnitude of the peaks, was higher for the

antisymmetrical mode than for the symmetrical mode �see

Fig. 5�. However, as discussed above the latter should not be

observed at all. One of the possible explanations for the ex-

citation of the symmetrical SWR mode in our experiment is

that an asymmetry is introduced by the electromagnetic

boundary conditions. On the bottom the signal line is

bounded by the dielectric substrate, while the top surface is

bounded by air. The effect of the asymmetry may lead to an

asymmetry in the distribution of the microwave current

across the signal line; the microwave current could be higher

at the Cu/dielectric interface. One could try to compensate

for such an asymmetry and eliminate the coupling to the

symmetrical SWR mode by adjusting the thickness of the

metallic bottom and top layers or by using materials with

different conductivities. Another possible explanation is that

the spin pinning conditions are different at the two bound-

aries. This could be true because the Cu/Py interface is likely

to be different from the Py/Cu interface, due to growth order

and microscopic growth processes, for example.
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FIG. 6. �Color online� Calculated dependence of hx as function of the ver-

tical position y in the Py for x=0 �center of signal line� and x=20 �m �near

the edge of the signal line�. The frequency is 12 GHz and H0=0. The

structure is 6 nm Cu/50 nm Py/6 nm Cu. The hx�y� signal is antisymmetric.
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FIG. 7. �Color online� FMR frequencies vs applied magnetic field for the

samples with 20 �circles�, 40 �stars�, 50 �triangles�, and 80 �squares� thick

Py layers and 6 nm thick Cu bottom and top layers �except sample with 20

nm thick Py where 2 nm of Ti and 10 nm of Cu were used as bottom and top

layers, respectively�. Open and filled dots correspond to the high and low

field responses, respectively. Solid line indicates calculations for the lowest

SWR mode in the case of unpinned surfaces.
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culations for Py film with unpinned surfaces.
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In order to examine the consequences of changing the

thicknesses of the metallic Cu layers we performed experi-

ments on structures with various thicknesses of bottom and

top layers. Figure 9 shows the experimental data for two

classes of structures. In all cases the thickness of Py in the

signal line was 50 nm. One set of structures has Cu cladding

layers with a total thickness of 12 nm �Fig. 9�a��, the second

set has a total thickness for the Cu cladding of 3 nm �Fig.

9�b��. Taking into account that the conductivity of bulk Py is

about 30 times smaller than that of bulk Cu the first case

represents the situation when most of the microwave current

is concentrated in the Cu, whereas, the second case corre-

sponds to a situation when the current is distributed more

uniformly between the Cu and Py layers.

The structures with thick and thin Cu claddings demon-

strate qualitatively different behavior of the FMR peaks as

the asymmetry in the thickness of the Cu layers is intro-

duced. For the thick Cu �Fig. 9�a�� the antisymmetric SWR

mode peak decreases and the symmetric SWR mode peak

significantly increases when one of the Cu layers is thicker

than the other. In this case the asymmetry in the Cu layers

thicknesses �3 to 1� leads to a strong asymmetry in the hrf

field generated in the Py film, and the situation becomes

more like the Py film is on the top of �or under� the a single

Cu signal line. The calculated hrf field is presented in Fig.

10�a�. It is the sum of a nearly uniform field �coming from

the currents in the Cu films� and an antisymmetric field

�coming from the currents in Py�. As a result, the absorption

of the symmetric SWR �n=1� is relatively large. In contrast,

if the two Cu films are equal in thickness, the hrf field inside

the Py from currents in the Cu is nearly zero. In this case hrf

depends only on the small amount of current going through

the Py itself, so hrf is antisymmetric �see Figs. 3, 4, and 6�
and the absorption of the symmetric mode is very small.

The situation with the thin Cu �Fig. 9�b�� is significantly

different. Here, the symmetrical SWR mode response is

small and does not show substantial changes when the under

and over layers have different thicknesses. At the same time,

the magnitude of the antisymmetrical SWR peak is large in

comparison to the absorption for the symmetric mode. Also,

comparing Figs. 9�a� and 9�b� one can clearly see that the

measured absorption of the antisymmetrical SWR mode is

significantly higher in the case of the thinner Cu under and

over layers.

Note, that in the experiment the FMR peaks linewidth

varied from sample to sample. In this case one can use the

area under the absorption peaks for a more precise compari-

son of the efficiency of the SWR mode excitation. In Fig. 11,

we plot this area as a function of the under and over layers

thickness for the samples with 50 nm thick Py film. One can

make three general conclusions as follows:

�1� When the thickness of the Cu layers is small, most of the

current will be in the Py layer and hrf will be antisym-

metric about the midplane. As a result, the antisymmet-

ric �n=2� SWR mode is strongly excited and the sym-

metric SWR mode shows only weak absorption.

�2� When the Cu layers are thick but equal in thickness the

fields from the two Cu films cancel in the Py. The mi-

crowave field hrf in the Py comes from the current in the

Py and again is antisymmetric. So, again, the antisym-

metric �n=2� SWR mode is strongly excited compared

0.4 0.6 0.8 1.0 1.2 1.4 1.6

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.4 0.6 0.8 1.0 1.2 1.4 1.6

(a)

Cu (3 nm)/Py/Cu (9 nm)

Cu (9 nm)/Py/Cu (3 nm)

Cu (6 nm)/Py/Cu (6 nm)

S
2
1
m
a
g
re
s
(d
B
)

Magnetic field (kOe)

(b)

Cu (1.5 nm)/Py/Cu (1.5 nm)

Cu (1 nm)/Py/Cu (2 nm)

Cu (2 nm)/Py/Cu (1 nm)

Magnetic field (kOe)
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to the symmetric �n=1� mode. However, the absorption

for the n=2 mode is smaller than for that in the thin Cu

cases due to the fact hrf is smaller compared to the pre-

vious case.

�3� When the Cu layers are thick and unequal in thickness

most of the current is in the thicker Cu film. The gener-

ated microwave field hrf is not purely antisymmetric in

the Py film and the symmetric mode is more strongly

excited.

Thus the absorption of the SWR modes can be changed

by varying the bottom and top layers thicknesses. Neverthe-

less we were not able to completely suppress the symmetri-

cal SWR mode response by adjusting the thicknesses of the

bottom and top layers. One of the possible reasons is that the

remaining part of the symmetrical SWR mode response was

produced at the edges of the Py signal line where the simple

model described above becomes inapplicable.

We note that the observation of a strong n=2 mode in Py

waveguide structures was a part of the results found for FMR

in micrometer-sized Py elements and was originally reported

at a conference.
26

In this work we have performed measure-

ments on a variety of geometries and provide a full analysis

of the FMR absorption and the effects of nonmagnetic me-

tallic cladding layers. There have also been some recent mea-

surements indicating similar behavior in microwave stripline

waveguides rather than coplanar waveguides
27

but the major-

ity of that work concentrated on magnetic bilayers structures.

V. CONCLUSION

In this paper we have described a new and simple geom-

etry that creates a microwave driving magnetic field which is

antisymmetric about the midplane of a ferromagnetic film

and is strongly coupled with the antisymmetrical SWR mode

for films with symmetrical magnetic pinning conditions. The

proposed geometry utilizes a coplanar waveguide structure

with a ferromagnetic film embedded into the signal line. We

present experimental data for signal lines consisting of Cu/

Py/Cu structures with different thicknesses for the Cu layers.

The results show the applicability of this geometry for effec-

tive excitation of the lowest antisymmetrical SWR mode.

Moreover, it was shown that the microwave absorption for

the lowest symmetrical and antisymmetrical SWR modes in

such structures can be changed by adjusting the thicknesses

of the metallic top and bottom cladding layers. In particular,

we find that the coupling to the antisymmetric SWR mode is

reduced when the either one or both of the Cu layers are

thick enough so that most of the microwave current flows

through them. In contrast, when most of the microwave cur-

rent flows through the Py film, the coupling to the antisym-

metric SWR mode is significant.
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