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Finite coplanar waveguide width effects in pulsed inductive
microwave magnetometry
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(Received 10 February 2004; accepted 11 May 2004)

The effect of finite coplanar waveguide(CPW) width on the measurement of the resonance
frequency in thin ferromagnetic films has been characterized for pulsed inductive microwave
magnetometry. A shift in resonant frequency is a linear function of the ratio of sample thickness to
CPW width. The proportionality constant is experimentally determined to be 0.74±0.1 times the
saturation magnetization of the film. The frequency shift may be modeled as arising from an
effective magnetic-anisotropy field.[DOI: 10.1063/1.1769084]
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The switching speed of fundamental magnetic com
nents in disk drives will need to greatly increase if the
rent trend in hard disk data transfer rates continues.1 This
increase in required bandwidth has stimulated recen
search on the high frequency susceptibility and magneti
isotropy of thin magnetic films.2–6 One promising method o
investigating magnetic anisotropy of thin magnetic film
the use of a pulsed inductive microwave magnetom
(PIMM). This method has the advantage of yielding tim
domain data on the precessional motion of
magnetization.7 In combination with classic magnetosta
measurements, a PIMM can provide information on
uniaxial anisotropy, the effective magnetization, the Lang
factor, and the Gilbert damping parameter.3,7,8

One complication in using the PIMM is the influence
the finite width of the coplanar waveguide(CPW)9. In this
letter, we experimentally determine the influence of the fi
CPW width on the resonance frequency of magnetic pre
sion. A frequency shift is observed that may be explaine
the excitation of a distribution of Damon-Eshbach magn
static modes. A model for the correction factor agrees w
6% of our experimentally measured value.

The samples used in this study were polycrysta
Ni81Fe19 Permalloy films with thicknesses of 25, 50, 75, a
100 nm. The Permalloy was deposited via dc magne
sputtering in a 0.533 Pa pressure Ar atmosphere. The
tering system had a base pressure of 10−6 Pa. The substrate
used were 1 cm31 cm3100 mm coupons of (0001)-
oriented sapphire and 1 cm31 cm3150 mm glass coupon
and were prepared within situ Ar/O2 ion milling prior to
deposition. A 5 nm seed layer of Ta was deposited onto
cleaned substrates to enhance the adhesion of the Perm
films. An external magnetic field of 20 kA/m was applied
the Permalloy films during growth to induce a uniaxial
isotropy. The samples were characterized using the hard
and easy-axis hysteresis loops as measured by a
frequency inductive magnetometer. The quasistatic a
tropy field was 407 A/m for the 100 nm sample, 332 A
for the 75 nm sample, 341 A/m for the 50 nm sample,
299 A/m for the 25 nm sample.

The dynamic measurements were performed usi
PIMM.7 Three different CPWs, each of 50V impedance
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and CPW widths of 220, 525, and 990mm used to perform
the measurements. The easy axes of the Permalloy
were aligned parallel to the center conductor of the CPW
all measurements. A floating ground plane was positio
above the Permalloy sample in order to enhance the
netic field pulse amplitude.10 Using the Karlqvist equation11

for fields produced by a current strip, and assuming a fa
of 2 enhancement of the field amplitude by the floa
ground plane, we estimated that a 10 V pulse applied t
1 mm wide CPW yielded our highest field of 175 A/m
detailed description on the measurement technique used
the PIMM can be found in Ref. 7. During the measureme
a longitudinal saturation field of 5570 A/m was applied p
allel to the pulse field, and one set of data was acqu
After this, a bias field ranging from 1592 to 7958 A/m w
applied parallel to the easy axis of the sample, and an
set of data was acquired. The two data sets were subtr
and the resonance frequency, as determined from the
crossing of the real part of a fast Fourier transform of
acquired data12 was found. The magnetic resonance
quency ranged from 1.5–3 GHz and was well within
measurable bandwidth of the system.13

The effective resonance frequencyvef f of the magneti
excitation is the result of a distribution of surface magn
static modes for a slab of thicknessd.14 In the long wave
length limit kd!1 and weak magnetic fieldsHb+Hk!Ms,
the dispersion relation for the characteristic frequencyv0 of
such modes is given by15

v0skd < gm0ÎMsSHb + Hk +
Ms

2
kdD , s1d

whereugu=sgmBd /" is the gyromagnetic ratio,g is the spec
troscopic splitting factor,mB is the Bohr magneton,m0=4p
310−7sH /md is the permeability of free space,Ms is the
saturation magnetization,Hb is the applied field, andHk is
the in-plane anisotropy field.

Figure 1 shows resonance frequency squaredf0
2

=sv0/2pd2, versus applied longitudinal bias fieldHb mea-
sured on a 100 nm thick Permalloy film for the three dif
ent CPW widthsw. We estimate the error in our data to
5 MHz, which, on the graph, is smaller than the size of
data points. We extrapolated the linear fit of the data tf0

2

ef f
=0 to find Hk for the Permalloy thin films.

http://dx.doi.org/10.1063/1.1769084
http://dx.doi.org/10.1063/1.1769084
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Figure 2 shows the measured values forHk
ef f for four

different samples, each measured on the three diff
CPWs. Note that the value ofHk

ef f increases as the ratio
sample thicknessd to CPW widthw is increased. The chan
in the value ofHk

ef f, when using a narrow CPW with a wi
sample, arises because the excitation fields generated
CPW are inhomogeneous.

It is important to quantify the effect of field inhomog
neity in the limit of a purely linear response. AssumingM is
initially oriented perpendicular to the direction of the exc
tion field, and assuming the small angle motion ofM, the
magnetic excitation precession frequency is given by Eq(1).

The susceptibility spectrum for each mode is found
linearizing the Landau-Lifshitz equation for damped gy
magnetic precession in a ferromagnetic film.16 In the limit of
small-angle motion ofM and largeMs such thatMs@H
+Hk, the resultant equations of motion are those of a
monic oscillator. Using Fourier analysis, the spectrum f
given mode with characteristic frequencyv0 is

x̃sv0,vd = x̃0skd
v0

2

v0
2 − v2 − is2v/td

, s2d

wheret<1/s2agm0Msd, a is the damping parameter whe
aø0.01 for all samples, andx0skd is the dc susceptibility fo

FIG. 1. The measured values of squared resonance frequenf0
2

=sv0/2pd2 vs applied fieldHb for a 100 nm thick Permalloy film for thre
different CPW widths.

FIG. 2. The value of the in-plane anisotropy fieldHk as measured by th
PIMM vs the sample thickness divided by the CPW width. Four diffe
samples were measured to determine the effect of sample thickness.
there is a consistent change in the offset of the data between samp

consistent change of slope was found while changing sample thickness.
t

he

-

a given mode of wave numberk. The susceptibility for
mode may be found by inspecting Eq.(1), where the dipol
fields produced by the sinusoidal magnetization distribu
act as an additional anisotropy term that increases the
nance frequency. Therefore,

x̃0skd =
Ms

Hb + Hk + sMs/2dkd
. s3d

The spacing between the sample and CPW surfaced.
For a thin magnetic filmsd!dd of dimensionL that is large
compared to the CPW widthsL@wd, the detected flux pe
mode is

dF̃svd =
m0LdI

4p
sinc2Skw

2
De−2kdx̃sk,vddk, s4d

where we have used reciprocity and the Karlqvist equat10

to determine the spectral sensitivity function of the CPW
sincsxd=sinsxd /x. Using Faraday’s law, the inductive vo
age isVsvd= ivFsvd.

So far, we have ignored the temporal frequency s
trum of the exciting field pulse. For excitation with a perf
step function, the spectral distribution of the excitatio
weighted by a factor of 1/iv. Thus, the final result for th
measured inductive voltage in the case of a step excitat

Vsvd =
m0LdI

8p
E
0

`

sinc2Skw

2
De−2kdx̃sk,vddk. s5d

Here, we have divided by an additional factor of 2 in orde
account for the CPW symmetry, which divides the induc
voltage between two counterpropagating signals that ra
away from the sample.7

The ramifications of the multimode excitation with
narrow CPW are twofold. First, the peak in the meas
susceptibility spectrum is shifted toward higher wavele
magnetostatic surface modes. Second, the resonance p
broadened due to the superposition of a distribution of r
nance lines. There is evidence that this line broadening
to the finite CPW width may, in general, have an effec
the damping of the resonance.17 While the inhomogeneou
line broadening is difficult to calculate, we can estimate
frequency shift by approximating the integral in Eq.(4),
since sinc2sxd falls off rapidly for x.p /2. Furthermore, w
are operating in the long wavelength limit, wherekd!1.
Thus we are left with

Vsvd =
m0LdI

8p
E
0

p/w

x̃sk,vddk. s6d

The most important factor in determining the effec
peak in the resonance spectrum for the collection of mod
the distribution of the dc susceptibilities in Eq.(2). This re-
sults from the fact that the functional shape of the spec
in Eq. (1) does not strongly depend on the resonance
quency, with the exception of the position of the resona
Thus, the average resonance frequencykv0l for an ensembl

˜

le
o

of oscillators with relative strengthx0skd is given by
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kv0l =

E
vsk=0d

vsk=p/wd

v0x̃0fksv0dgdv0

E
vsk=0d

vsk=p/wd

x̃0fksv0dgdv0

=
v0sk = 0d

2
S x̃

lns1 + x̃d
+ 1D , s7d

where

x̄ =
pdx̃0sk = 0d

2w
. s8d

In the limit, x̄!1 and the frequency shift is equivalent
that arising from an additional anisotropy componentHk

MSSW

in Eq. (1), where

Hk
MSSW= CwMsS d

w
D, Cw =

p

4
s9d

for the uniform modesk=0d. This limiting behavior for the
frequency shift has been verified to be valid up to 2x̄ /p
øp by numerical integration of Eq.(4).

Equation(9) establishes a way to experimentally m
sure the additional anisotropy component.Ms, d, andw are
all known values; thus we defineCw=p /4>0.785 in Eq.(9).
To check our model with experimental measurements
used the plots of Fig. 2. In Fig. 2 we plot the measuredHk for
each sample and each CPW width versus the ratio of sa
thickness over CPW width. Equation(9) is an additional an
isotropy term that is added to theHk term in Eq.(1). Note
that this additional anisotropy term is the only one that
pends on the CPW width. We thus use the slopeCwMs to
experimentally check the value ofCw.

Figure 3 shows our experimentally measured value
the constantCw as a function of film thickness. The data
shown for three different excitation voltages. There is
apparent dependence ofCw on the excitation pulse voltag
This helps affirm that we are in the small angle limit in al
our measurements, as assumed in the model. There
clear trend inCw as a function of sample thickness, as
pected. Averaging the data at all voltages, and for all va
of sample thickness, yields a mean value forCw=0.74±0.1
which is 94% of the calculated value ofp /4.

In summary, CPW width has an effect on the meas
ment of Hk when using a PIMM. This change in the m
suredHk is due to the nonuniform field created by a t
CPW structure. The effect of the nonuniform field on a
film has been modeled and it was found that the changeHk
is a linear function of the ratio of sample thickness to C
width. We performed several measurements on thin Pe

loy films using a PIMM in the small-angle regime, and ex-
le

r

o

-

l-

perimentally determined the constant shift in the value oHk
as a function of sample thickness over CPW width. We fo
good agreement between our experimental results a
model based on a linear superposition of magnetostatic
face modes in the small-angle limit.
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