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A coplanar waveguide permeameter for studying high-frequency properties
of soft magnetic materials
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The high-frequency relative permeability of thin permalloy films was measured in the frequency and
time domain using a microwave coplanar wavegui@®W). Frequency domain measurements
using a loop permeameter were performed for comparison. The Fourier transform of the time
domain measurement, and the frequency domain measurement on the CPW agree closely, both
showing a higher-frequency secondary resonance peak which is not seen with the loop
measurement. This resonance likely arises from the lowest-order perpendicular standing spin wave
mode of the permalloy film. @004 American Institute of PhysidDOI: 10.1063/1.1774242

I. INTRODUCTION have near 5@) impedance, matching the network analyzer
Increasing data rates in magnetic recording, as well agnd cables. Two pairs of Helmholtz coils are used to supply

increasing frequencies in magnetic microwave devices, havgagnetic fields up to 100 Oe either along or perpendicular to
pushed the operation frequency of magnetic materials to the' CPW _conductors. The center cpnductor of the CPW IS
GHz range. Techniques such as field-swept and frequenc39-'5 mm ywde and' gengrates a small |r'1—plane rf magnetic f|e|d
swept ferromagnetic resonant frequency-swept perme- Perpendicular to its axis. A thin film hiFe,, sample on a Si
ability measurement? and pulsed field magnetization rota- substrate IS placed on top Of_ th_e CPW with t_he film side
tion have been developédAmong these techniques, the down. A thin layer of photoresist insulates the film from the
apparatus for a frequency-swept permeam@tequency do-

main measuremenand the step field magnetization rotation 10 Make longitudinally-biased permeability measure-
(tme domain measurementre easily implemented and ments, the NiFe sample is placed with its easy axis along the

place little restriction on the sample structure and geometryCPW axis[Fig. 1(b)]. A saturating field is applied along the
The results of these techniques should be Fourier transfornftrd axis(in the direction of the rf fiely ands), ands;, are .

of each other. However, in the past, measurements made dRéasured by the network analyzer over frequencies
different apparatus have not yielded identical results, largely-00 MHz—6 GHz. Sinces); and S, are measured with the
due to differences in methodology or equipment limitatibns. film magnetically saturated, they contain information regard-
In this paper we present frequency domain measurements 89 only_the nonmagnetic properties Qf the circuit. Next, the _
NiFe films using a broadband coplanar waveguiG®W) sample is saturated along its easy axis to erase the magnetic
and a network analyzer. The same CPW and film are alsBistory of the sample. This field is then reduced to a desired
used for time domain measurements, as described by &ilva

al.> For comparison purposes, frequency domain measure- @) (b)

ments were also performed on a permeameter with a single
turn strip loop and a network analyzer, as described by Ko-
renivski et al.> The results from all three techniques agree Waveguide
closely with each other in the low-frequency range, while at

Co-Planar WaveGuide

high frequencies, the measurements from the Cfath Sanple

time and frequency domajirshow a minor resonance which | s21

is not seen in the loop frequency domain measurement. Power Network Y Bias Fisld—
Supply Analyzer )

Il. EXPERIMENTAL SETUP RF F'eldI

Figure Xa) shows a schematic of the CPW permeameter.
A network analyzer/S parameter test set with operating fre-
quencies from 100 kHz to 6 GHz is used to measure the
scattering parameters of a CPW with a thin film magnetic
sample overlaying it. Both reflectio{$;;) and transmission ()

(S;7) coefficients are measured. The CPW is designed to

FIG. 1. Schematic of the coplanar wavegui@PW) permeameter system

(a) and an enlarged view of the wavegui@® showing the location of the
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value and the scattering factds§, andS;,; are measureds;; —— FD Real
. . . . . ) : DO, i
and S}, contain information regarding both magnetic and £ 1000 e ?g L”}ag:‘;ry
nonmagnetic properties of the sample. Knowing these four @ 500} A TD-FT Imagi ]
parameters, the effective impedance arising from the sample g ol
a \\_/I

magnetic responsg.e., permeability of the sample can be

d . -500}(a) Minor resonance]
etermined. . . .

To derive the change in characteristic impedance caused 21000 ‘ — Real
by the magnetic response of the film, the dielectric properties 5 500 ----- Imaginary
of the film and the substrate must be known. In spite of the g
attempt to match impedances, multiple reflections between S

the two ends of the sample must still be considered, given . hay . . :

the weak size of the rf signal arising from the sample mag- 0 1 2 3 4 5 6

netics. To simplify the calculation, the part of the waveguide Frequency (GHz)

with a sample on top may be approximated as a lumped . N .

element with an effective inductance caused by the waveF!C: 2 (@) Relative permeability of NiFe,, sample from coplanar wave-
ide itself and film susceptibilitil), effective series resis- guide frequency domai¢solid and dotted lingsand time domain measure-

guige 1 p ! ) ment(Fourier transform(solid and open dojswith a longitudinal bias field

tance (R), shunt conductancéG), and capacitancéC), of 50 Oe.(b) Relative permeability of the same sample from loop frequency

caused by the wavegaide and sample substrate. The equivi@main measurement. The 100 nm thick;Ne,, sample has #Ms of

lent device circuit is shown in Fig«(®), and is the circuit for -1 T and K of 6.5 Oe.

a two-wire transmission lin.The reflection and transmis-

sion coefficients are

The constant is typically determined by measuring a
standard sample with known initial relative permeability, and
: Zy identical sample geometrgphotoresist thickness, efc.on
iwL+R+ ———— -7, . .
B 1+Zy(G+iwC) the coplanar waveguide. As a result, the complex relative
S = Z ' 1) permeability can be calculated without knowing the values
oL+ R+ —————+ 7, of the other circuit components. While there are few percent
1+ Zo(G + |(I)C) . .
reflections at the connectors between the coaxial cable and
the coplanar waveguide, these signals will subtract out of the
2 Zy permeability through the saturation/bias/subtraction process.
_ 1+Zy(G+iwC) 5 While these weak reflections will also create an additional
S1= _ Zo ’ ) inductive response, this response will be a few percent com-
ol + R+ 1+72.G+iaC) +Z, pared with the measured inductive signal. As such, we expect
0 this signal to be difficult to detect. Indeed, neither the fre-
guency or time domain measurements show additional fre-
quency peaks or phased signals suggesting the presence of
these effects, justifying our neglect of these weak fields in

where w is the microwave angular frequency, afglis the
characteristic impedance of the CR®O ()). Solving for the
reactance, using Egqgl) and (2), one obtains the simple

relation, analyzing the permeability spectra.
The time domain measurements are made using the same
il + R= 1+S5,- SZIZO' 3 CPW used for the frequency domain measurement. However,
1-S; the input to the CPW is replaced with a 10 V amplitude,

50 ps risetime, step pulse generator, and after the CPW, the
When the sample is saturated along hard axis, the rf field igtep pulse is detected with a 20 GHz sampling oscillosCope.
parallel/antiparallel with the magnetization, and thusL,,  This pulse drives the magnetization out of equilibrium, cre-
whereL,, is the self-inductance of the waveguide. The mea-ting a voltage that propagates along with the original step.
sured values ar&); and ;. When the magnetization is Using the 20 GHz sampling oscilloscope, we detect
along the easy axis with the rf field perpendicular to it, not-512_1024 averages at 100 kHz repetition rate, with the
ing thaty = u, wherey and u are relative susceptibility and sample saturated by applying 100 Oe along the direction per-
relative permeability, respectively, the effective inductance issendicular to the CPW axisample hard axjs The averaged
step pulse is then stored in memory. The sample is next
saturated along the CPW axis to remove the field history, and
wherel is the length of the filmt is the thickness of the film, finally, the field is reduced to the desired longitudinal bias
cis a geometry factor with a dimension %, andp, is the ~ field. A second averaged pulse is acquired, and the two
permeability of vacuum. Now the measured coefficients arulses are subtracted to yield the inductive voltage created
st, andSL,. Combining Egs(3) and(4), the relative perme- by the dynamic magnetizatich.
ability can be written as

L = Ly +cltuuo, (4)

I1l. RESULTS
1 _ ol _
Zo( 1+5y - S 1 +Sh $1) The solid and dashed lines in Figa2show the real and
= 1-S; 1S (5)  imaginary parts of the relative permeability spectrum for a

iclt wow 100 nm thick NigFey, film at a bias field of 50 Oe. The
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FIG. 4. Measured loop impedance values and calculated results WGIRg
model for the loop permeameter.
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FIG. 3. Frequency squared of primary and secondary resonance frequencies
vs bias field. Solid lines are calculations using parameters listed in the table, 2A 4aMd 2 >, 2A(pw 2
assuming the primary resonance is the uniform mode and the secondary XY\H+H+ | —+H I +—\ —
resonance is a perpendicular standing spin W&&SW mode, with mode s pmH M d

index p=1.

1/2
+47Ms ) : (6)
circles in Fig. 2a) show the real and imaginary parts of a

Fourier transformed time domain measurement for the sam@here y is the gyromagnetic ratioA is the exchange con-
sample and CPW. The time domain spectra are normalized &tant,d is the film thicknessg) is in-plane wave vectop is
the dc response, and then scaled by the initial relative peiperpendicular standing spin wave numlgg~0 for main
meability of the reference sample, as mentioned above. Th&sonance anp=1 for the PSSW of the first ordgH, is the
two measurements yield identical spectra. The close agreélniaxial anisotropy, anéi and Ms are applied dc field and
ment between the frequency and time domain measurementéturation magnetization, respectively. We note that(En.

indicates that th& CR equivalent circuit shown in Fig.(&) was derived using the condlthn of unpinned Spins at the top
and bottom surfaces of the film. In our calculation we as-

IS a gogd _approxmatmn o the coplanar waveguide with &Sume long in-plane wavelength and neglect all gheerms.
magn_etlc film on the top. The solid lines in Fig. 3 are fits to the data, using the param-
Figure 2a) shows a second resonance peak fat gerg in the table above Fig(@arying A and H). The agree-
=5.25 GHz. This peak appears in both frequency and timement petween measured and predicted frequencies is quite
domain data. Figure (B) shows equivalent data obtained good, and the fitted exchange constant, A, and uniaxial an-

with the loop permeameter, and the second resonance peakisdtropy, H,, are close to typical values for NiFe films. These
absent from the loop data. To ascertain whether the secorrésults suggest the conclusion that the minor resonance is the
resonance is something systematic with the coplanar wavgg=1 PSSW mode of these films.

guide, we measured its frequency as a function of magnetic The impedance of the loop permeameter with a saturated
field, as shown in Fig. 3, where we plot frequency_squareéample was also measured. l.:igure. 4 shows the m_easured
versus bias field. The open circles are for the second resd20P impedance and a calculation using a LCR matiéit-

nance, while the solid circles represent the primary resoling the data in Fig. 4 implies that our loop has an intrinsic

nance. Both peak frequencies, squared, are linear in app"ergsonance frequency 6#7.5 GHz, as the model and mea-

field ting th d ‘< of fic ori .surement agree closely to=6 GHz. However, the 6 GHz
I€ld, suggesting the second resonance 1S of magnetic ongiyayyork analyzer frequency limit makes this intrinsic reso-

To further confirm this observation, we measured an,nce more difficult to fit quantitatively. The electrical reso-
200 nm thick NiFe film to compare with the 100 nm film. nance is caused by the intrinsic coil structure of the loop, and
The second resonance is still present, but at a lower freit can only be pushed to limited higher frequencies by using
guency(open triangles in Fig. 3 However, the main reso- a low dielectric constant substrate or changing the geometry
nance frequency for the 200 nm film is identical to that ofof the coil. However, for the coplanar waveguide measure-
the 100 nm film(asterisks Given the inverse frequency de- ment, the magnetic film can be directly deposited on top of
pendence on thickness, coupled with discussions regardiri§e center strip line, and the operation frequency is deter-
spin wave modes observable with coplanar Waveglﬁdes, mined by the bandwiplth of the waveguide itself. Thgrefore
calculate the predicted frequencies for perpendicular standl® coplanar waveguide can be used for permeability mea-

ina spin wavesPSSW as follows? surements to much higher frequencies.
gsp % W The absence of the p=1 PSSW mode in the loop mea-

surement is not caused by reduced loop bandwidth as com-
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Sample elucidate the exact nature of the PSSW modes in these films,
including the degree of surface pinning, if any. The ability to
detect such dynamical magnetization effects is an advantage
to using the CPW technique. That spin waves are observed in
both frequency and time domain data for the same film

(@ Dielectric strengthens the argument that time and frequency domain
e — - Material techniques may be used interchangeably to yield identical
| I T T iy ) results for thin film magnetization dynamics.
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