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Coupling of microwave magnetic dynamics in thin ferromagnetic films
to stripline transducers in the geometry of the broadband stripline
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We constructed a quasi-analytical self-consistent model of the stripline-based broadband ferromag-

netic resonance (FMR) measurements of ferromagnetic films. Exchange-free description of mag-

netization dynamics in the films allowed us to obtain simple analytical expressions. They enable

quick and efficient numerical simulations of the dynamics. With this model, we studied the contri-

bution of radiation losses to the ferromagnetic resonance linewidth, as measured with the stripline

FMR. We found that for films with large conductivity of metals the radiation losses are signifi-

cantly smaller than for magneto-insulating films. Excitation of microwave eddy currents in these

materials contributes to the total microwave impedance of the system. This leads to impedance

mismatch with the film environment resulting in decoupling of the film from the environment and,

ultimately, to smaller radiation losses. We also show that the radiation losses drop with an increase

in the stripline width and when the sample is lifted up from the stripline surface. Hence, in order to

eliminate this measurement artefact, one needs to use wide striplines and introduce a spacer

between the film and the sample surface. The radiation losses contribution is larger for thicker

films. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939470]

I. INTRODUCTION

The microwave conductivity contribution to the stripline

broadband ferromagnetic resonance (FMR) response of

highly conducting (metallic) magnetic multilayers and nano-

structures of sub-skin-depth thicknesses has attracted signifi-

cant attention in recent years.1–17 It has been shown that

these effects are important when the microwave magnetic

field is incident on only one of the two surfaces of a planar

metallic material (see, e.g., Ref. 17).

The single-side incident of the microwave field results

in strong excitation of microwave eddy currents in metallic

films. These currents efficiently shield the space behind the

film from the microwave field. Importantly, the shielding

remains very strong for metallic films with sub-skin-depth

thicknesses. For instance, the theory from Ref. 14 shows that

if a plane electromagnetic wave with a frequency of 10 GHz

is incident normally on a film with conductivity of

Permalloy (Ni80Py20), a 30 nm—thick film will represent a

perfect shield and a 2 nm—thick one will block 50% of the

transmitted wave amplitude.

The shielding effect is accompanied by a very peculiar

distribution of the electromagnetic field inside the metal for

the sub-skin-depth films. In the conditions of the perfect

shielding, the electric component of the microwave field is

almost perfectly reflected from the front film surface, but the

magnetic component does not experience reflection from the

front film surface at all.17 Inside the film, the microwave

magnetic field is strongly non-uniform—it drops almost line-

arly from the maximum at the front film surface to (almost)

zero at its far one. This strong non-uniformity of the driving

microwave magnetic field leads to efficient excitation of

higher-order standing-spin-wave FMR modes across the film

thickness.9,14,17

The geometry of a stripline ferromagnetic resonance

experiment11,12,17–21 is characterized by such single-surface

incidence of the microwave magnetic field on the sample.

This experiment usually employs a macroscopic coplanar

(CPW) or microstrip (MSL) stripline through which a micro-

wave current flows (Fig. 1). A sample—a film or a nano-

structure—sits on top of this line, often separated by an

insulating spacer. The stripline with the sample is placed in a

static magnetic field applied along the stripline. The micro-

wave current in the stripline drives magnetization precession

in the ferromagnetic material. The complex transmission

coefficient S21 of the stripline is measured either as a func-

tion of microwave frequency f for a given applied magnetic

field H 5 ezH (“frequency resolved FMR”) or as a function

of H for given f (“field-resolved FMR”) to produce FMR

traces. The FMR absorption by the material is seen as a dip

in the Re(S21) vs. H or f trace.

In our previous work,16 we constructed a quasi-

analytical theory of stripline broadband FMR of single-layer

metallic ferromagnetic films. In that work, we demonstrated

that the strength of the microwave shielding effect strongly

depends on the stripline width. For wide striplines (say,

500 nmþwide), the situation is similar to the above-

mentioned normal incidence of a plane electromagnetic

wave on the film surface. Accordingly, microwave shielding

is perfect which leads to strong excitation of higher-order

FMR modes. For narrow striplines (with widths below 50

lm or so), the field configuration resembles one of a source

with a point-like cross-section. The source is located very

close to the film surface which does not allow formation ofa)mikhail.kostylev@uwa.edu.au
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strong eddy currents over large area of the sample. As a

result, shielding is small or negligible. Accordingly, the

higher-order modes are not excited or excited only very

weakly for magnetically uniform ferromagnetic films.

On top of the lack of excitation of the higher-order

modes, the FMR resonance line for the narrow striplines

may be significantly broadened by excitation of travelling

spin waves.16 Furthermore, the amplitude of the FMR

response strongly increases with a decrease in the stripline

width. The latter property is very important because it leads

to higher sensitivity of FMR setups employing narrower stri-

pline transducers (see, e.g., Ref. 17). Hence, while choosing

a stripline width appropriate for an experiment, one faces a

trade-off between maximisation of setup sensitivity and ab-

sence of artefacts in the measurements results, such as line-

width broadening due to excitation of travelling spin waves

and also due to over-coupling of the film to the stripline. The

latter contribution to the resonance linewidth broadening

will be demonstrated below.

A drawback of the theory constructed in Ref. 16 is that

it is not self-consistent. It uses the same approach, as previ-

ously employed, to calculate the impedance of microstrip

transducers of travelling spin waves in thick magneto-

insulating films.22,23 The central point of this approach is

assumption of some realistic distribution for the microwave

current density across the width of a microstrip (“Given

Current Density” (GCD) method). The next step of the solu-

tion is calculation of the amplitude of the dynamic magnet-

ization in the film driven by the Oersted field of the assumed

microwave current density. Finally, the microwave electric

field induced in the stripline by the found dynamic magnet-

ization in the film is determined. This 3-step analysis allows

one to obtain the value of the complex impedance inserted

into the microwave path due to loading of a section of the

microstrip line by the ferromagnetic film.

Later on a self-consistent approach to calculation of the

inserted impedance was suggested.24,25 In the framework of

the self-consistent approach, the distribution of the micro-

wave current density is obtained by solving an integral equa-

tion. Then the found distribution is used to calculate the

impedance with one of the same GCD theories.22,23

In this work, we use a similar approach of an integral

equation to obtain a self-consistent solution for the

broadband stripline FMR of highly conducting ferromagnetic

films with nanometer-range thicknesses. To simplify the

problem, contrary to Ref. 16, we neglect the exchange inter-

action. In this way, we are able to treat the fundamental

(dipole) mode of FMR response of thin magnetic films only;

responses of the higher-order standing spin wave modes

across the film thickness cannot be obtained with this theory.

Given the importance of the fundamental mode for various

applications of FMR,19,26 this does not represent a major

drawback. Furthermore, simple analytical description in the

Fourier space, which follows from the exchange-free approx-

imation, results in an efficient and quick numerical algorithm

for solution of the integral equation for the microwave cur-

rent density in the stripline.

In our discussion, we will focus on the effect of coupling

of the magnetization dynamics in the film to the microwave

current in the stripline. Inclusion of the conductivity effect

will allow us to judge whether the conductivity may influ-

ence the strength of this coupling. Experimentally, the prob-

lem of coupling of the probing stripline to the FMR in a film

has been addressed in a recent paper.27 It has been shown

that strong coupling leads to additional resonance linewidth

broadening called “radiation damping.” This damping mech-

anism is related to radiation of the magnetization precession

energy back into the probing system—the stripline, because

of non-negligible coupling between the two. Basically, one

deals with the fact that the external and unloaded Q-factors

of a resonator are different28 if coupling of the resonator to

environment is not vanishing. The theory developed in the

present work naturally includes the radiation damping, as

well as damping due to eddy currents and excitation of trav-

elling spin waves.

II. NUMERICAL MODEL

To solve the problem, we make use of the idea first pro-

posed in Ref. 9. The Landau-Lifshitz equation for the magnet-

ization vector is solved in the exchange-free approximation

together with Maxwell equations. The Maxwell equations

include conductivity of the ferromagnetic film but neglect the

electric bias currents in the material. The system solution is

sought in the form of a wave which is standing across the

thickness of the film but travelling in its plane. Because the

film is conducting, the standing-wave wave number Q is com-

plex. We extend this method to the case of electromagnetic

boundary conditions appropriate for excitation of magnetiza-

tion dynamics in a ferromagnetic film by a stripline.16 These

boundary conditions include microwave shielding effect by

the eddy currents in conducting films.10,11

We consider a model in which the y-axis is perpendicu-

lar to the surfaces of a conducting magnetic film (Fig. 1). For

small elevations s of the film from the stripline surface (s
<< w), the microwave field of a microstrip line is localized

within the area of the width in the order 2w. This allows us

to consider the sample size in the direction x as infinite.

Thus, the film of thickness L is assumed to be continu-

ous in the x- and z-directions. The external magnetic

field H ¼ Huz is applied in the positive direction of the

z-axis. All the dynamic variables depend harmonically on

FIG. 1. Sketch of the modelled geometry. 1—ground plane of the microstrip

line. 2—substrate of the microstrip line of thickness d. 3—infinitely thin

strip of width w carrying a microwave current. 4—spacer of thickness s. 5—

ferromagnetic film of thickness L.
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the time -expðixtÞ, where x is the microwave frequency. In

order to include the magnetization dynamics in the ferromag-

netic layer into the model, we employ the linearized Landau-

Lifshitz equation

ixtm ¼ �jcjðm�HþM0uz � hef f Þ: (1)

In the above equation, the dynamic magnetization vector m

has only two non-vanishing components (mx, my) that are

perpendicular to the static magnetization M0uz, were M0 is

the saturation magnetization for the ferromagnetic film and

uz is a unit-vector in the direction z. The dynamic effective

field heff has only one component—the dynamic magnetic

field h which includes the magnetostatic field of the dynamic

magnetization and the Oersted field of the eddy currents

which may circulate in the film because of non-vanishing

film conductivity r.

In this approximation, the Linearized Landau-Lifshitz

equation reduces to the Polder Microwave Susceptibility

Tensor v̂

m ¼ v̂ h (2)

with

v̂ ¼
���� v iva

�iva v

����;
where

v ¼ xHxM

x2
H � x2

;

va ¼
xxM

x2
H � x2

;

xM ¼ cM0, xH ¼ cH þ iaGx, c is the gyromagnetic ratio,

aG is the Gilbert magnetic damping constant, and i is the

imaginary unit. Note that the second term in the expression

for xH accounts for magnetic losses in the system. The

losses are included by allowing the applied field to take com-

plex values (H þ iaGx=c).29

The dynamic magnetic field h is sought as solution of

Maxwell equations

r� h ¼ re; (3)

r� e ¼ �ixl0ðhþmÞ; (4)

rh ¼ �rm; (5)

where l0 is the magnetic permittivity of vacuum and

h¼ (hx, hy). Because the microwave magnetic field of MSL

is quasi-static and also because the ferromagnetic film is me-

tallic, we neglected the term involving the electric permittiv-

ity on the right-hand side of Eq. (3) and took into account

only the term involving the film conductivity r.

We also assume that all dynamical variables do not

depend on z (the quasi-static approach to description of

microwave transmission lines), therefore our problem is two-

dimensional. The standard real-space methods face serious

difficulties1,30 even in two dimensions because of incompati-

bility of the length scales in Fig. 1—compare L with w, d,

and s. To get around this problem and, ultimately, to acceler-

ate the numerical solution, we take advantage of the transla-

tional symmetry of the sample in the direction x. To this end

we Fourier-transform Eqs. (3)–(5), (1), and (2) with respect

to x.

To implement the Fourier transformation, we assume

that

m; h ¼
ð1

�1

mk; hk expð�ikxÞdx;

where

mk; hk ¼ 1=ð2pÞ
ð1

�1

m; h expðikxÞdx:

This procedure results in a system of equations

@hx=@yþ ikhy ¼ �rez; (6)

@ez=@y ¼ �ixl0ðhx þ mxÞ; (7)

kez ¼ �xl0ðhy þ myÞ; (8)

�ikhx þ @hy=@y ¼ �@my=@yþ ikmx: (9)

Here and at many places below, we drop the subscript “k” to

simplify notations.

We differentiate (6) and substitute (7) into the resulting

differentiated equation and make use of (9). This gives

ð@2=@y2 � K2Þhx � K2mx � ik@my=@y ¼ 0; (10)

where K2 ¼ k2 þ irxl0.

We seek solutions of the system of equations (2), (9),

and (10) for the area inside the film with the spatial variation

exp(6 Qy), as suggested in Ref. 9. After a brief calculation,

one finds that

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � il0lVxr

p
; (11)

where

lV ¼ ½ðvþ 1Þ2 � va
2�=ðvþ 1Þ: (12)

Accordingly, the complete solution reads

hx ¼ A expðQyÞ þ B expð�QyÞ;
hy ¼ iACþ expðQyÞ þ iBC� expð�QyÞ;

(13)

where

C6 ¼ ððvþ 1Þk6vaQÞ=ðvak6Qðvþ 1ÞÞ: (14)

This result is the same as in Ref. 9.

We now need electromagnetic boundary conditions

which will relate the electromagnetic fields inside and out-

side the film. The microwave magnetic field outside the film

is given by the same Eq. (10), but for r ¼ m ¼ 0. Let us first

consider the area above the film y> L. From (10) and the

condition of vanishing of the microwave magnetic field at

y¼þ1 one easily finds that for y> L

013901-3 M. Kostylev J. Appl. Phys. 119, 013901 (2016)
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hy ¼ �i
jkj
k

hx (15)

and at the film surface (y¼ L)

jkj
k

hyi þ myið Þ þ ihxi ¼ 0: (16)

In this expression, the subscript “i” indicates that these field

components are taken at the film surface from inside the

film. Eq. (16) represents the electromagnetic boundary con-

dition at y¼L which excludes the area y>L from

consideration.

Substitution of Eqs. (13) and (14) into Eq. (16) allows

one to eliminate the unknown integration constant B

B ¼ AB0ðkÞ; (17)

where

B0 kð Þ ¼ exp 2QLð ÞCþ 1þ vð Þjkj þ i k � vajkjð Þ
C� 1þ vð Þjkj þ i k � vajkjð Þ : (18)

A similar boundary condition can be obtained for the

area in front of the film (y< 0). This area contains the strip

and the ground plane of the MSL. We model the strip as an

infinitely thin sheet of a microwave current Iuz. The linear

current density is jðxÞ (Fig. 1). The width of the sheet along

the x-axis is w; hence I ¼
Ð w=2

�w=2
jðxÞdx. The sheet is infinite

in the z direction to ensure continuity of the current. It is

located at a distance s from the film surface y¼ 0 (Fig. 1).

An electromagnetic boundary condition at the strip reads

hxkðy ¼ �sþ 0Þ ¼ hxkðy ¼ �s� 0Þ � jk: (19)

At a distance sþ d from the strip, the MSL ground plane

is located. The ground plane is modelled as a surface of a

metal with infinite conductivity (“ideal metal”) located at

y¼�s�d. At the ideal-metal surface hyk¼ 0. By solving

(10) for �d�s< y< 0 taking into account (8) together with

this boundary condition and the condition (19), one obtains a

boundary condition at y¼ 0, as follows:

hyi þ myið Þcoth jkj d þ sð Þ
� �

� i
jkj
k

hxi

¼ sinh jkjdð Þ
sinh jkj d þ sð Þ

� � i
jkj
k

jk: (20)

Substitution of (13) and (14) into (20) taking into account

(17) results in an expression for the integration constant A
(see Eq. (13))

A ¼ A0ðkÞjk: (21)

This concludes solution of the system of equations (2)

and (6)–(9). The expression for A0ðkÞ is given in the

Appendix. It has the form A0ðkÞ ¼ FðkÞ=DðkÞ. We note that

DðkÞ¼ 0 represents the spin wave dispersion relation for the

layered structure from Fig. 1. The spin wave eigen-

frequencies represent solutions of this equation. They are

complex, because the ferromagnetic layer is assumed to be

conducting and also because intrinsic magnetic losses are

included in v. For r ¼ aG ¼ 0 and d !1, the expression

for DðkÞ ¼ 0 reduces to the Damon-Eshbach dispersion rela-

tion for the surface magnetostatic wave.31

Once the expression for A has been obtained, it is a short

exercise to derive an expression for the microwave electric

field induced at the strip surface by the dynamical processes

in the magnetic film. This expression reads

ezkðy ¼ �sÞ ¼ Gkjk; (22)

where

Gk ¼ �
xl0

jkj
sinh jkjdð Þ

cosh jkj d þ sð Þ
� �

� cosh jkjsð Þ þ A0 kð Þ þ A0 kð ÞB0 kð Þ
� �

jk: (23)

(Here, we included the subscript “k” for the electric field, in

order to recall that all the dynamic quantities above are

actually spatial Fourier components of the respective fields.)

The electric field in the real space is obtained by

Fourier-transforming Eq. (22) numerically. This is the only

numerical step in the solution, provided the Fourier image of

the distribution of the microwave current density jk is

assumed to be known (GCD approach). In our previous

work,16 we employed the GCD approximation. The main

reason for using that method was a very slow numerical code

resulting from Eqs. (1), (9), and (10) when the effective

exchange field is included in the model.

If the exchange-free limit, the availability of the analytical

solution (22) makes the numerical solution very fast, since

numerics is needed just to carry out the inverse Fourier trans-

formation of Eq. (22). This allows us to go beyond the approxi-

mation of the given current density and, ultimately, to solve

the problem of calculation of the electric field self-consistently

in the present work. In order to obtain the self-consistent solu-

tion, we use the fact that the normal component of the micro-

wave magnetic field hy should vanish at the surface of the ideal

metal of the strip. Then from Eq. (4) it follows that the z-com-

ponent of the electric field ez induced in the strip by the

dynamic magnetisation in the film should be uniformly distrib-

uted across the strip width (ez(x,y¼�s)¼ const(x) for �w/2

< x<w/2). Without any loss of generality, we may set

ezðx; y ¼ �sÞ ¼ 1; �w=2 � x � w=2: (24)

This results in an integral equation

1 ¼
ðw=2

�w=2

Geðx� x0Þjðx0Þdx0; �w=2 � x � w=2; (25)

where

GeðpÞ ¼
ð1

�1

Gk expð�ikpÞdk: (26)

In this work, the Green’s function of the electric field Ge is

obtained by carrying out the integration in Eq. (26)

013901-4 M. Kostylev J. Appl. Phys. 119, 013901 (2016)
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numerically. We calculate GeðpÞ values for 2N equidistant

points pi in the range �w � pi � w. This transforms Eq. (25)

into a vector-matrix equation

1 ¼
XN

i0¼1

Ci;i0 ji0Dx; (27)

where Ci;i0 ¼ GEðxi � xi0 Þ, ji ¼ jðxiÞ is the unknown distribu-

tion of the microwave current density for N equidistant mesh

points xi (�w=2 � xi � w=2; i ¼ 1; 2; :::N), and Dx is the

mesh step. Solving Eq. (27) for ji using numerical methods

of linear algebra results in self-consistent determination of

the complex impedance of MSL loaded by the film Zr. The

latter quantity is a measure of the microwave magnetic

absorption by the film.6 It may be defined as follows:

Zr ¼ �
U

I
; (28)

where the linear voltage U (measured in V/m) is the mean

value of the total electric field induced at the surface of the

strip of MSL

U ¼ 1

w

ðw=2

�w=2

ez x; y ¼ �sð Þdx: (29)

Given (24), (27) and (29), Eq. (28) reduces to

Zr ¼
N

w

1

PN
i¼1

ji

; (30)

where the vector ji is the numerical solution of the vector-

matrix equation (27).

Once Zr has been computed, it is a straightforward pro-

cedure to calculate the transmission coefficient S21 of the

stripline loaded by the ferromagnetic film.10 The formalism

has been explained in detail in Ref. 16. We briefly repeat it

here, since it is important for understanding of the mecha-

nism of radiation losses.

We now assume that the film has a finite length ls along

MSL (i.e., in the y-direction). The presence of the film on

top of the MSL divides MSL into 3 sections—a section cov-

ered by the film (“loaded MSL section” or “loaded micro-

strip” for brevity), a section between the input port of the

microstrip fixture and the front edge of the film (“unloaded”

microstrip section), and another unloaded section—between

the far edge of the film and the output port of the MSL fix-

ture. The unloaded sections of MSL have the same character-

istic impedance Zc. The characteristic impedance Zf of the

loaded section is different because of the film presence.

The complex transmission coefficient of the loaded sec-

tion of MSL reads

S21 ¼ C2 � 1

C2 exp �cf ls
� �� exp cf ls

� � ; (31)

where C is the complex reflection coefficient from the front

edge of the loaded MSL section

C ¼ Zf � Zc

Zf þ Zc
; (32)

cf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZrðY0 þ YcÞ

p
(33)

is the complex propagation constant of the loaded

microstrip,

Zf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zr=ðY0 þ YcÞ

p
; (34)

Y0 is the intrinsic (i.e., in the absence of the sample) parallel

capacitive conductance of MSL, and Yc is the parallel

capacitive conductance due to the electric shielding effect.1

As shown in Ref. 16, Yc is negligible for microstrip lines,

therefore we will neglect it below.

III. DISCUSSION

A. Self-consistent approach vs. GCD approach

This algorithm has been implemented as a MathCAD

worksheet. The numerical inverse Fourier transform (Eq.

(26)) has been carried out using tools for numerical integra-

tion built-in MathCAD. The range of integration was

�100p=w � k � 100p=w. To produce the numerical solu-

tion, a mesh containing 100 points equidistantly distributed

over the strip width was utilized (N¼ 100). The linear sys-

tem of equations (27) was solved using a MathCAD built-in

function employing the LU-decomposition method. Since

only two steps of the calculation require numerical

approaches, the computation is short—a result for 150 values

of the applied field H is obtained within 30 min.

Fig. 2 shows an example of the self-consistent calcula-

tion of the microwave current density distribution across the

strip cross-section for two different film thicknesses and two

different values of conductivity of the ferromagnetic film. In

that graph it is compared with the analytical solution for an

unloaded stripline32

jðxÞ ¼ 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ð2x=wÞ2
q

:

The spatial Fourier transform of this distribution reads

jk ¼
w

2p
J0

kw

2

� �
; (35)

where J0ðpÞ is the Bessel function of first kind of zeroth

order.

From this figure, one sees that the current distributions

are qualitatively similar, the main difference being a much

stronger increase in the current density towards the strip

edges for the analytical model.32 One also sees that for non-

conducting films the current value needed to obtain 1 V/m of

microwave electric field at the strip surface is about two

times smaller than for ones with conductivity of Permalloy.

For the conducting films, this value grows with an increase

in the film thickness, but for the magneto-insulating ones it

remains almost the same (compare the traces for L¼ 40 nm

and L¼ 100 nm in Fig. 2).
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The similarity of the current density distributions in Fig.

2 translates into similarity of the applied field dependences

of the stripline linear impedance (Fig. 3). One clearly sees

that the results of the self-consistent calculation and of the

GCD model employing Eq. (35) to calculate Zr are quite

close. This justifies the use of the GCD approach in our pre-

vious work.16

It is worth noticing excellent agreement of the result in

Fig. 3 obtained in the framework of the GCD model with a

respective calculation with the dipole-exchange numerical

code16 (not shown). The amplitude of the resonance peaks in

Fig. 3 and the off-resonance level of Zr are the same in both

cases, the only difference between the two calculations being

the presence of a higher-order standing-spin-wave peak in

the dipole-exchange model (see, e.g., Fig. 2 in Ref. 16). The

peak appears for large sample conductivity values and is due

to the eddy-current contribution to excitation of magnetiza-

tion dynamics by stripline transducers.10

Also, like in Ref. 16, the obtained value of Im(Zr) off

resonance is in agreement with a result of calculation with

the known analytical formula for the linear inductance for

microstrip lines (see Ref. 16 for more detail of this property

of Zr for non-conducting films). For instance, in Fig. 3(b) the

off-resonance Im(Zr)¼ 327 X/cm (as measured for H¼ 0),

and the independently calculated linear inductance for this

microstrip geometry is 332 X/cm.

B. Radiation losses

Let us now discuss the important aspect of coupling of

magnetization dynamics in the film to the electromagnetic

field of the stripline transducer. As mentioned in the intro-

duction, non-negligible coupling results in additional

contribution to the resonance linewidth due to “radiation

losses.”27 Below we will carry out calculations with the con-

structed model in order to elucidate importance of the radia-

tion losses effect and its potential correlation with the eddy-

current shielding effect.10 Above we have established that

the GCD model and the self-consistent one deliver practi-

cally equivalent results. Therefore, we will use numerical

results obtained with the given-current density model for this

discussion. A big advantage of the GCD method is that soft-

ware based on it is very fast. Given that

ezðx; y ¼ �sÞ ¼
ð1

�1

ezkðx; y ¼ �sÞð�ikxÞdk; (36)

in the framework of the GCD approach Eq. (29) reduces to

U ¼ w

2p

ð1

�1

ezk x; y ¼ �sð Þ
sin kw=2ð Þ

kw=2
J0

kw

2

� �
dk: (37)

Taking the integral in (37) is the only numerical step of this

calculation. Therefore, the corresponding MathCAD work-

sheet is very quick—it takes about 10 s to complete a pro-

gram run for 150 values of the applied field.

Fig. 4 compares results of calculation of Re(S21) and

Re(Zr).
33 One sees a noticeable difference in linewidths for

the two peaks. We fit complex S21 and Zr with a complex

Lorentzian

F Hð Þ ¼ D0 þ
D1

H � D2

; (38)

FIG. 2. Distributions of microwave

current density across the width of the

strip. Solid lines: results of the self-

consistent calculation. Dashed lines:

calculated with the analytical formula

(35). For all panels, film thickness

L¼ 40 nm. (a) and (b) strip width

w¼ 100 lm. (c) and (d) w¼ 1500 lm.

(a) and (c) film conductivity r¼ 4.5 �
106 S/m. (b) and (d) r¼ 0. Microwave

frequency is 9.5 GHz, film saturation

magnetization (4pM0) is 10 kG, gyro-

magnetic ratio is 2.8 MHz/Oe, and

Gilbert magnetic loss parameter is

0.008.
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where the constants D0, D1, and D2 are allowed to take com-

plex values. The fits reveal that the resonance linewidths

(given by Im(D2)) are different for S21 and Zr—45 Oe and

31 Oe, respectively.

Fig. 5(a) demonstrates the extracted resonance linewidth

dependence on the strip width. Clearly, the difference in the

linewidths for the two quantities decreases with an increase

in w. From this figure, one also sees that an increase in the

thickness s of the spacer between the stripline and the film

also decreases the difference.

Let us now discuss the origin of this behaviour. The

relation between S12 and Zr is given in Eqs. (31)–(34). From

these formulas, it becomes clear that the linewidth of the

peak in Zr(H) represents a kind of “internal” linewidth for

the ferromagnetic resonance in the film if we extend the

notion of the “external quality factor”28 onto the linewidth

parameter. Similarly, the linewidth of the resonance peak in

the S21(H) dependence is then the “external linewidth,”

since it includes the strength of the coupling of the sample to

the input and the output ports of the probing stripline fixture.

Actually, Eqs. (31)–(34) take into account how strongly the

section of the microstrip line covered by the sample (“loaded

section”) couples to the sections of the stripline in front and

behind the sample (“unloaded sections”). Important is the

mismatch in the characteristic impedances of the loaded sec-

tion Zf and the unloaded ones Zc (see Eq. (32)). As follows

from Fig. 2, for magneto-insulating films, off resonance,

Zf ¼ Zc. Thus, a perfect impedance match takes place. (In

real experiments, it will be some extra mismatch due to the

dielectric constants of the film and the film substrates. These

constants are not taken into account in the present theory.)

The perfect impedance match means strong coupling and,

FIG. 3. Comparison of results of the

self-consistent calculation (thick lines)

with results obtained with the given

current density model (thin lines).

Solid lines: real parts of impedance Zr.

(left-hand vertical axes). Dashed lines:

imaginary parts of the impedance

(right-hand vertical axes.) Left-hand

column: strip width w¼ 100 lm.

Right-hand column: w¼ 1500 lm. (a),

(e), (c), and (g) film conductivity

r¼ 4.5 � 106 S/m. (b), (f), (d), and (h)

r¼ 0. (a), (b), (e), and (f) film thick-

ness L¼ 40 nm. (c), (d), (g), and (h)

L¼ 100 nm. All other parameters of

calculation are the same as for Fig. 2.

FIG. 4. Comparison of Re(Zr) (dashed line, right-hand axis) and Re(S21)

(solid line. left-hand axis) traces. Film thickness is 60 nm, strip width is 100

lm, conductivity r¼ 4.5 � 106 S/m. Film length along the strip is 7 mm.

All other parameters of calculation are the same as for Fig. 2.
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consequently, significant broadening of the external reso-

nance line. On the contrary, for the films with large conduc-

tivity of metals, due to large contribution of microwave eddy

currents in the films to Zr off resonance, there is an imped-

ance mismatch for any value of the applied field.

Consequently, the internal and the external resonance line-

widths are closer to each other.

Physically, an impedance mismatch between the loaded

and the unloaded sections of the stripline implies that a wave

of electric field ez (Eq. (36)) induced in the strip by the mag-

netization dynamics in the film gets partly trapped within the

loaded section. This happens because the mismatch leads to

a non-vanishing reflection from the edges of this section

(i.e., from the stripline cross-sections along the y-z plane cor-

responding to the edges of the film sample) and, conse-

quently, to internal reflection of the wave incident on the

section edges from inside the loaded section. The energy of

the microwave electric field is a part of the total energy of

the ferromagnetic resonance in the sample. The larger the

mismatch, the more energy of the electric field of dynamic

magnetization is trapped below the film, the less resonance

energy escapes into the two unloaded sections of the stri-

pline. Consequently, with an increase in the mismatch, the

loaded quality factor of the ferromagnetic resonance

increases which ultimately leads to a smaller external reso-

nance linewidth.

One more important observation from Fig. 5(a) is that

the linewidth of the resonance peak in Zr (thick dashed line)

varies noticeably as a function of w for s¼ 0. One also sees

that this trace converges with the respective trace for

s¼ 33 lm (thin dashed line) for large values of w. The two

facts suggest that the radiation losses do not depend solely

on coupling between the loaded and unloaded stripline sec-

tions. There exists one more contribution to the total radia-

tion losses, and this contribution reduces with an increase in

s. This contribution is coupling of the microwave field of the

loaded section of the stripline to the magnetization dynamics

in the film. The electric field ez of dynamic magnetization

represents an evanescent wave outside the film—it decays

exponentially with the distance from the film surface.

Therefore, the farther the stripline is located from the film

surface, the smaller the microwave voltage induced by the

dynamic magnetization across the length of the loaded sec-

tion of the stripline is. This implies that increasing s removes

one more contribution to the radiation losses—the one

related to coupling of the film to the stripline beneath it.

Furthermore, for the large separation s¼ 33 lm the

external linewidth (as extracted from the S21 traces)

becomes very close to the one extracted from the Zr data

(compare the two thin lines in Fig. 5(a)). This suggests that

the coupling of the ferromagnetic resonance to the ports of

the stripline fixture is a two-step process. The first step is

coupling of the electric field of the dynamic magnetization to

the strip located below the film. The second step of the pro-

cess is coupling of the loaded section of MSL to the two

unloaded ones via the microwave voltage induced across the

loaded section.

If the first step is inefficient, the overall coupling

strength will be small, independently from the efficiency of

FIG. 5. (a) Resonance linewidth as a function of the strip width. Thick lines:

no spacer between the film and the stripline (but no electric contact between

the two). Thin lines: spacer thickness s¼ 33 lm. Solid lines lines: S21; dashed

lines: Z
r
. (b) Resonance linewidth vs. film thickness. Thick lines: r¼ 4.5 � 106

S/m; thin lines: r¼ 0. Solid lines: S21; dashed lines: Z
r
. Strip width is 100 lm.

s¼ 0 for all plots in this panel. (c) Resonance linewidth as a function of film

conductivity. Solid lines: S21; dashed lines: Z
r
. Thin lines: s¼ 33 lm; thick

lines: s¼ 0. Strip width is 100 lm. (d) Linewidth of the peak in S21 traces as a

function of the sample size l
s

along the microstrip. Open circles: r¼ 0;

L¼ 150 nm; filled circles: the same, but r¼ 4.5 � 106 S/m. Open triangles

down: r¼ 0; L¼ 40 nm; filled triangles down: the same, but r¼ 4.5 � 106 S/

m. Filled triangles up: the same as filled triangles down, but the strip thickness

is now finite and is equal to 16 lm. For all graphs in (d) w¼ 100 lm and s¼ 0.

All other parameters of the calculation are the same as for Fig. 2. l
s

for (a)–(c)

is 7 mm.
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the second step. This explains why the difference in the line-

widths for the peaks in S21 and Zr decreases with an increase

in s. The increase in s leads to a decrease in the efficiency of

the first step of the coupling process and hence to a decrease

in the total coupling strength.

The analysis above suggests that in order to measure the

unloaded (or intrinsic) resonance linewidth of a sample very

precisely, it is important to keep the strength of coupling for

the first step of the coupling process weak. The latter is

achieved by lifting the sample from the film surface. Also,

the coupling is weaker for wider striplines. This is related to

smaller current density in a wider stripline for the same Zc

and the same microwave voltage applied to the input port of

the line. As ez scales as j (see Eq. (22)), increasing w
decreases ez and hence decreases the efficiency of the first

step of the coupling process. For conducting samples, the

eddy-current contribution to the FMR dynamics helps to fur-

ther decrease the coupling, since this contribution increases

with an increase in w.16 Stronger microwave shielding by the

eddy currents in the film for larger w values leads to a stron-

ger decrease in Zr off resonance and hence to stronger im-

pedance mismatch leading to a decrease in the strength of

the second stage of coupling.

Unfortunately, both measures—lifting the sample and

increasing the stripline width—will also result in a decrease in

the strength of the FMR response—the height of the peak in

S21. On the other hand, the peak height grows with an

increase in the film thickness L (see Fig. 3). Fig. 5(b) demon-

strates the effect of the film thickness on the resonance line-

width. One sees that the resonance linewidth grows with an

increase in L. The effect is much stronger for S21 than for Zr.

Hence, the second step of the coupling process contributes

more to this effect. Interestingly, for S21 the linewidth broad-

ening is larger for magneto-insulating films (thin solid line)

than for ones with conductivity of metals (thick solid line).

For Zr it is other way around—the linewidth broadening is

stronger for conducting films (compare the two dashed lines).

This is due to contribution of eddy current losses to the

intrinsic linewidth for thicker films. For thinner films, the

two dashed lines overlap with graphic accuracy. The latter

confirms the known fact that contribution of eddy-current

losses to the intrinsic FMR linewidth for metallic films with

small thicknesses is negligible. It also suggests that on reso-

nance the contribution of eddy currents to ez is the same as

off-resonance. Hence, the field that is responsible for the first

step of the coupling process is the electric field of dynamic

magnetization. In other words, the contribution to the first

step of the coupling process by the electric field induced by

the Oersted field of the eddy current in the film through

Faraday induction is negligible.

The fact that the linewidth broadening for the peak in

S21 is larger for insulating films confirms our conclusion

above that shielding by eddy currents reduces the strength of

coupling for the second step of the coupling process. A cal-

culated dependence of the resonance linewidth on film con-

ductivity is shown in Fig. 5(c). The main observations from

this figure are that in the 10-GHz frequency range, only the

large conductivity of metals matters. Conductivity values

below 104 S/m do not affect the broadband ferromagnetic

resonance linewidth. Noteworthy is a significant drop in the

peak width seen in the S21 traces between 104 and 105 S/m.

This is due to the onset of the above-discussed eddy-current

induced decoupling of the ferromagnetic resonance in the

film from the environment. Also, noteworthy is simultaneous

growth of all four curves in Fig. 5(c) for r> 106. As this

effect is also present for a strongly decoupled resonance

(s¼ 33 lm, thin lines), it is not due to the radiation losses,

but to an increase in the eddy-current contribution to intrinsic

FMR losses for larger film conductivities.

Fig. 5(d) demonstrates the effect of the sample length

along the stripline ls on the width of the external resonance

line. This parameter enters Eq. (31) only, hence it affects the

second step of the coupling process only. One sees that the

impacts of ls on magneto-insulating and conducting films are

quite different. For the insulating films, the model shows

strong periodic variation of the linewidth, but for the films

with large conductivity the dependence is smooth and the

change in the linewidth across the displayed range of film

lengths is much smaller. The quasi-periodic character may

be explained taking into account that ls enters the arguments

of the exponential functions in Eq. (31). Given that Yc is neg-

ligible and Y0 is an imaginary quantity, the propagation con-

stant cf is imaginary for r¼ 0 and off resonance. A small

real part is added to it on resonance (compare the scales of

the right-hand and left-hand vertical axes in Fig. 3(b)).

However, because on resonance the imaginary part of cf ls

still dominates, expðcf lsÞ remains a (quasi)periodical func-

tion. In Fig. 5(d), this character is seen as a significant scatter

of data points for r¼ 0. For the films with large conductivity

of metals, cf is essentially complex both on and off reso-

nance (see, e.g., Figs. 3(a) or 3(e)). As a result, the S21 de-

pendence on cf ls does not have a pronounced quasi-periodic

character.

So far we have treated the stripline as infinitely thin in

the y-direction. The GCD model allows one to consider the

effect of the strip thickness, provided the distribution of the

microwave current density j(x,y) is known. For simplicity,

let us assume that it is uniform across the strip thickness ts,
Then, Zr may be estimated as

Zr ¼ �

1

S

ð
S

Ge y; y0; x; x0
� �

j y0; x0
� �

dy0dx0

Ð
S

j y; xð Þds
; (39)

where S ¼ wts is the strip cross-section area. The Green’s

function Geðy; y0; x; x0Þ is obtained from (17) and (23) by con-

sidering the electric field of dynamic magnetisation at the

point (y,x) of the strip cross-section, provided that the dynamic

magnetisation is driven by an infinitely thin wire of current at

the point (y0,x0), also belonging to the same cross-section.

An example of numerical calculation by using (39) is

shown in the same Fig. 5(d). One sees that inclusion of the

finite strip thickness drastically reduces the external line-

width broadening. The effect is very similar to lifting an

infinitely thin strip by some distance s in the order of ts/2
from the film surface. Thus, the finite thickness of real

013901-9 M. Kostylev J. Appl. Phys. 119, 013901 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.95.223.58 On: Tue, 15 Nov 2016

03:36:10



striplines is a very important factor that naturally reduces

coupling of the film to the environment in real experiments.

IV. CONCLUSION

In this work, we constructed a quasi-analytical self-con-

sistent model of the stripline based broadband ferromagnetic

resonance experiment. With this model, we studied the con-

tribution of radiation losses to the ferromagnetic resonance

linewidth. We found that for films with large conductivity of

metals the radiation losses contribution is significantly

smaller. This is because of impedance mismatch due to exci-

tation of microwave eddy currents in these materials. We

also show that the radiation losses drop with an increase in

the stripline width and when the sample sits at some eleva-

tion from the stripline surface. Furthermore, the radiation

losses contribution is larger for thicker films.

Two consecutive steps of coupling of the ferromagnetic

resonance to the environment leading to the radiation losses

have been identified. The first one is coupling of the dynamic

magnetization to the stripline section on top of which the

film sits (“loaded” section). This coupling proceeds via the

microwave electric field associated with magnetization pre-

cession. The second step of the process is coupling of the

microwave electric voltage induced in the loaded section to

unloaded sections of the stripline which join the loaded sec-

tion to the input and the output ports of the stripline fixture.

The impedance mismatch affects the second step of the

coupling process. The stripline width and its distance from

the film surface are important for the first step. By minimiz-

ing the coupling strength for the first step of the process, it is

possible to significantly reduce total radiation losses.

Thus, in order to eliminate the measurement artefact of

radiation losses in real broadband stripline ferromagnetic

resonance experiments, one needs to employ wide striplines

and introduce a spacer between the strip and the sample sur-

face. Unfortunately, these measures decrease the amplitude

of the FMR peak observed in the FMR experiment and hence

the FMR setup sensitivity. As a result, while choosing an

appropriate width for the stripline transducer, one faces a

trade-off between maximisation of sensitivity of the

employed broadband stripline FMR setup and keeping the

measurement artefact of the resonance linewidth broadening

due to film over-coupling to the stripline (and also due to ex-

citation of travelling spin waves16,34) at a reasonably low

level. The constructed numerical model may be a useful tool

for tailoring the transducer width to requirements of a partic-

ular FMR experiment.
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APPENDIX: EXPRESSION FOR A0 FROM EQ. (21)

This expression has the form

A0 kð Þ ¼ kjkjb� S exp �2QLð Þ
bþ k þ p�jkjcoth jkjd0ð Þ½ � � b� k þ pþjkjcoth jkjd0ð Þ½ �exp �2QLð Þ ; (A1)

where d0 ¼ d þ s; bþ ¼ pþjkj � k, b� ¼ p�jkj � k, pþ ¼ ja

þ iðjþ 1ÞCþ, p� ¼ ja þ iðjþ 1ÞC�, and S ¼ sinhðjkjdÞ=
sinhðjkjd0Þ.
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