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Finite coplanar waveguide width effects in pulsed inductive
microwave magnetometry
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The effect of finite coplanar waveguid€PW) 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 fielfDOI: 10.1063/1.1769084

The switching speed of fundamental magnetic compoand CPW widths of 220, 525, and 990n used to perform
nents in disk drives will need to greatly increase if the cur-the measurements. The easy axes of the Permalloy films
rent trend in hard disk data transfer rates contifu€kis  were aligned parallel to the center conductor of the CPW in
increase in required bandwidth has stimulated recent reall measurements. A floating ground plane was positioned
search on the high frequency susceptibility and magnetic arebove the Permalloy sample in order to enhance the mag-
isotropy of thin magnetic film&:° One promising method of netic field pulse amplitud&. Using the Karlgvist equatidh
investigating magnetic anisotropy of thin magnetic films isfor fields produced by a current strip, and assuming a factor
the use of a pulsed inductive microwave magnetometepf 2 enhancement of the field amplitude by the floating
(PIMM). This method has the advantage of yielding time-ground plane, we estimated that a 10 V pulse applied to the
domain data on the precessional motion of thel mm wide CPW yielded our highest field of 175 A/m. A
magnetizatior. In combination with classic magnetostatic detailed description on the measurement technique used with
measurements, a PIMM can provide information on thethe PIMM can be found in Ref. 7. During the measurements,
uniaxial anisotropy, the effective magnetization, the Lagdé @ longitudinal saturation field of 5570 A/m was applied par-
factor, and the Gilbert damping parametéf allel to the pulse field, and one set of data was acquired.

One complication in using the PIMM is the influence of After this, a bias field ranging from 1592 to 7958 A/m was
the finite width of the coplanar waveguid€PW)°. In this  applied parallel to the easy axis of the sample, and another
letter, we experimentally determine the influence of the finiteS€t Of data was acquired. The two data sets were subtracted,
CPW width on the resonance frequency of magnetic precend the resonance frequency, as determined from the zero
sion. A frequency shift is observed that may be explained byrossing of the real part of a fast Fourier transform of the
the excitation of a distribution of Damon-Eshbach magneto&cduired datd was found. The magnetic resonance fre-

static modes. A model for the correction factor agrees withifluency ranged from 1.5-3 GHz f#d was well within the
6% of our experimentally measured value. measurable bandwidth of the system.

The samples used in this study were polycrystaline | N€ €ffective resonance frequenay of the magnetic

Nig,Fe o Permalloy films with thicknesses of 25, 50, 75, andexci_tation is the result of a di'stribu;iscl)‘ln of surface magneto-
100 nm. The Permalloy was deposited via dc magnetroﬁtat'c mpdps for a slab of thickne . In. the long wave-
sputtering in a 0.533 Pa pressure Ar atmosphere. The SpLJ _ngth I|m|t_k5<1 5!”0' weak magnetic f'e!dsb+Hk<MS'
tering system had a base pressure oA, The substrates the d|sperS|0n re_Iatlor;Sfor the characteristic frequengyof
used were 1cmlcmx2100um coupons of (000D- such modes is given by

oriented sapphire and 1 ol cmX 150 um glass coupons,

and were prepared witn situ Ar/O, ion milling prior to Mg

deposition. A 5 nm seed layer of Ta was deposited onto the ~ @o(K) = yro Ms<Hb+ Hy + ?k5>: (1)
cleaned substrates to enhance the adhesion of the Permalloy

films. An external magnetic field of 20 kA/m was applied to where|y|=(gug)/# is the gyromagnetic ratia is the spec-
the Permalloy films during growth to induce a uniaxial an-troscopic splitting factorug is the Bohr magnetory,=4
isotropy. The samples were characterized using the hard-axis 15-7(H/m) is the permeability of free spacél, is the

and easy-axis hysteresis loops as measured by a lowqiration magnetizationd,, is the applied field, andH, is
frequency inductive magnetometer. The quasistatic anisgye in-plane anisotropy field.

tropy field was 407 A/m for the 100 nm sample, 332 A/m Figure 1 shows resonance frequency squaré%i,
for the 75 nm sample, 341 A/m for the 50 nm sample, a”d:(wo/27r)2, versus applied longitudinal bias field, mea-
299 A/m for the 25 nm sample. _ sured on a 100 nm thick Permalloy film for the three differ-

The dynamic measurements were performed Using @nt cpw widthsw. We estimate the error in our data to be
PIMM." Three different CPWs, each of 30 impedance, g muz, which, on the graph, is smaller than the size of the
data points. We extrapolated the linear fit of the datégto
¥Electronic mail: michael.schneider@boulder.nist.gov =0 to find Hﬁff for the Permalloy thin films.
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H, (Ce) a given mode of wave numbde The susceptibility for a
1050 60 70 80 .90 100 mode may be found by inspecting E@), where the dipole
CPWwidthw ‘ fields produced by the sinusoidal magnetization distribution
—8—200 micrometers | act as an additional anisotropy term that increases the reso-
9 ['| =500 micrometers - nance frequency. Therefore,
—¢— 1000 micromsters y- y
< 8f M
I ~ S
o) k) = . 3
o 7 Xk = L+ (Mg2)ka &
The spacing between the sample and CPW surfade is
6| For a thin magnetic film{§<d) of dimensionL that is large
compared to the CPW widtfL>w), the detected flux per
5 ‘ ‘ ‘ ] mode is
4 48 56 64 72 8
H_(kA/m)
b ~ Lol . kw
4P (w) = L2 smc2(—)e-2kd;((k, w)dK, (4)
FIG. 1. The measured values of squared resonance frequéhcy 41 2
=(wo/2m)? vs applied fieldH, for a 100 nm thick Permalloy film for three . . . .
different CPW widths. where we have used reciprocity and the Karlgvist equation

to determine the spectral sensitivity function of the CPW and

. f
~ Figure 2 shows the measured values K" for four  sinc(x)=sin(x)/x. Using Faraday’s law, the inductive volt-
different samples, each measured on the three dlf“ferenqtge isV(w) =i o®(w).

CPWs. Note that the value ®ff'" increases as the ratio of
sample thicknesg to CPW widthw is increased. The change
in the value ofHS'", when using a narrow CPW with a wide
sample, arises because the excitation fields generated by t
CPW are inhomogeneous.

It is important to quantify the effect of field inhomoge-
neity in the limit of a purely linear response. Assumivigis
initially oriented perpendicular to the direction of the excita- p
tion field, and assuming the small angle motion\df the V(w):MJ Sin@(k_v")e—zkd;((k,w)dk_ (5)
magnetic excitation precession frequency is given by(Ex. 8 2

The susceptibility spectrum for each mode is found by 0
linearizing the Landau-Lifshitz equation for damped gyro-Here, we have divided by an additional factor of 2 in order to
magnetic precession in a ferromagnetic fifivin the limit of ~ account for the CPW symmetry, which divides the inductive
small-angle motion ofM and largeMg such thatMg>H  voltage between two counterpropagating signals that radiate
+H,, the resultant equations of motion are those of a haraway from the samplé.
monic oscillator. Using Fourier analysis, the spectrum for a  The ramifications of the multimode excitation with a

So far, we have ignored the temporal frequency spec-
trum of the exciting field pulse. For excitation with a perfect
tep function, the spectral distribution of the excitation is
ighted by a factor of Jif. Thus, the final result for the
measured inductive voltage in the case of a step excitation is

given mode with characteristic frequenay is narrow CPW are twofold. First, the peak in the measured
B B w(Z) susceptibility spectrum is shifted toward higher wavelength
X(wo, @) =Xo(K) 55—, (20 magnetostatic surface modes. Second, the resonance peak is
wy— 0 —i1(2w/7)

broadened due to the superposition of a distribution of reso-

wherer=1/(2ayuoMs), « is the damping parameter where nance lines. There is evidence that this line broadening due

@=0.01 for all samples, angy(k) is the dc susceptibility for 0 the finite CPW width may, in general, have an effect on
the damping of the resonanteWhile the inhomogeneous

08 line broadening is difficult to calculate, we can estimate the
frequency shift by approximating the integral in E@b),
0.7} since siné(x) falls off rapidly for x> /2. Furthermore, we
are operating in the long wavelength limit, whekd<<1.
= 06f Thus we are left with
g
™ 05] s hw
V(w) = 22 f Tk w)dk. (6)
04l 8
: 0
0.3 ‘ ‘ The most important factor in determining the effective
“0 0.0002 0.0004 0.0006 peak in the resonance spectrum for the collection of modes is

5/w the distribution of the dc susceptibilities in E@). This re-
sults from the fact that the functional shape of the spectrum
FIG. 2. The value of the in-plane anisotropy fidlt} as measured by the jn Eq. (1) does not strongly depend on the resonance fre-
PIMM vs the sample thickness divided by the CPW width. Four different uency, with the exception of the pOSitiOl’] of the resonance.

samples were measured to determine the effect of sample thickness. Whi h £ fay f bl
there is a consistent change in the offset of the data between samples, chus' the average resonance irequ oran ensemble

consistent change of slope was found while changing sample thickness. of oscillators with relative strengtR(k) is given by
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w(k=m/w) 1 .
weXo[k(wo) 1dw, . i J
w(k=0) el B s I e
(0) = i) i
- 06 1
XolK(wo) Jdwg o
w(k=0) 041 ]
:wO(k:0)< X — +1>, (7)
2 In(1+%) 02}
where
0 i
— wxo(k=0) 20 40
= . 8
X ow (8)

In the limit, Y< 1 and the frequency shift is equivalent to FIG. 3. The experimentally measured values of the con§grind a dotted

that arising from an additional anisotropy ComponHﬁI[SSW line representing the theoretically pr_edictec_j valuerd# from Eq_.(g). This
in Eq. (1) where constant represents a frequency shift equivalent to that arising from an ad-

ditional anisotropy componemd}'>SWin Eq. (1).

HMSSC ¢, M (é> Cu=— (9)
k \w/” Y4 perimentally determined the constant shift in the valuél of

as a function of sample thickness over CPW width. We found

good agreement between our experimental results and a

model based on a linear superposition of magnetostatic sur-

face modes in the small-angle limit.

for the uniform modgk=0). This limiting behavior for the
frequency shift has been verified to be valid up tg/ 2
< 7 by numerical integration of Eq4).

Equation(9) establishes a way to experimentally mea-
sure the additional anisotropy componeit, 5, andw are The authors thank Radek Lopusnik for growing the
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