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Tunable high-frequency band-stop magnetic filters
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We present results on Fe- and Permalloy™-based microstrip microwave band-stop filters. These
structures, prepared on GaAs substrates, are compatible in size and growth process with on-chip
high-frequency electronics. We observed power attenuation of 100 dB/cm for Permalloy and 180
dB/cm for Fe. The insertion loss is low: 2—3 dB for Permalloy and 3-5 dB for the Fe-based
structures. Our geometry includes a significant boost to the zero-field operational frequency due to
the shape anisotropy of the magnetic element in the microstrip. Using the shape anisotropy, we
create a Fe-based filter that operates at 11 GHz with zero applied fieRD0B American Institute

of Physics. [DOI: 10.1063/1.1625424

The frequency range of 10 to 100 GHz is particularly romagnets would significantly increase the operational fre-
interesting for communications, military, and security appli-quency.
cations. For example, there are obvious needs to see through While Fe has a much higher resonance frequency for the
fog, clouds, and smoke, but this cannot be done in visiblesame applied field, its conductivity can lead to high loss at
light or infrared radiation. These obstacles are transparenticrowave frequencies. However, structures utilizing thin Fe
however, for electromagnetic waves at particular frequenciefilms minimize conduction loss while still producing high
in the gigahertz range. Thus, signal processing in this rangattenuation at the band-stop frequehéyEarly attempts at
is of significant importance. producing Fe-film-based structures have succeeded in mak-
There are a few devices that operate at high frequenciesng filters with high band-stop frequencies and low broad-
however, they are large and bulky. Recently we have witband loss:3 However, the maximum attenuation only
nessed incredible progress in high-frequency semiconduct@eached about 4—5 dB/cm. Currently, a number of different
electronics and a movement towards the synthesis of differapproaches have been investigated using ferromagnetic
ent electronic components into integrated circuits. Here, wenetals?—®
describe on-wafer, magnetic devices which are small and  Our theoretical calculation®™? indicated that attenua-
could be integrated with high frequency electronics. Reduction in the notch filters was inversely proportional to the
tion of device dimensions in these monolithic microwavethickness of the waveguide. Essentially as one reduces the
integrated circuits is important from the cost and reliability thickness of the dielectric, a larger fraction of the electro-
point of view. magnetic energy density is contained in the ferromagnetic
The operational frequencl can be obtained from the metal. At resonance, this energy is easily dissipated and one
ferromagnetic resonance condition and is set by materiadbtains a larger attenuation. Based on this work, we have
properties, such as saturation magnetizatbyy anisotropy  recently constructed microstrip band-stop filters using a dif-
fieldsH,, the gyromagnetic ratig, and the magnitude of an ferent geometry and growth method, resulting in much
applied fieldH. If the applied field is along the easy axis, the higher attenuatiof-® Most of the previous devices have

frequency is given by been fabricated using molecular-beam epitaMBE). In
contrast, we have constructed magnetic devices grown by
f=yV(H+Hy)(H+H,+47Mg), (1)  magnetron sputtering, a technique commonly used in indus-

try. The sputtering technique has a second advantage. MBE-

and therefore the resonance frequency can be varied with agrown films are generally thin, less than 100 nm, but the
external magnetic field. microwave devices require thicker films, 142n, to be on

Most current devices are based on a low-magnetizatiothe order of the skin depth in the magnetic material. The
ferrimagnetic insulatofY1G). Our work, in contrast, uses an sputtering technique is quite capable of producing these
approach in which high magnetization, metallic ferromagnetshicker films.
are the active element in these filters. This high magnetiza- Here, we report results on microstrip devices that exhibit
tion allows the high-frequency operation. Table | shows the-
?erﬁglcsaIV:/(IEtShUIthGfO;r?gg[)allltle%n:élgeoiuoevl?ii LOGr gmzsgésngABLE I. Comparison of operational frequencies for different magnetic
to reach frequencies of about 35 GHz. Such large fields argatenaIS(assumeSHa OokeTor e

incompatible with devices of a limited size since substantial Material 4mMg (kG)  Frequency(GHz) at 1 kG applied field
electromagnets are required. Clearly the use of metallic fer- g 1.75 48

Permalloy 10.0 9.7

Fe 215 17.2
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<18 pm — GaAs substrates. We begin by growing the bottom electrode:
Ag (2um) a 2 nm seed layer of Fe, ag@n-thick Ag layer, and a Ti
layer for adhesion. The rest of the structure is grown through

Fe (33 pm) a shadow mask, starting with azdn-thick SiO, film, a thin
§i0; (4.5pm) Ti film for adhesion, Fe or Permalloy filnf0.3 to 0.5um
thick), followed by a thick Ag film(1.5 um thick). The de-
Ag electrode (2 pm) vice is patterned by photolithography and dry etched.
GaAs substrate We determine the performance of our devices using a
vector network analyzer. We characterized the microstrip

transmission lines at frequencies from 1 to 45 GHz using an
automated vector network analyzer. To remove the influence
of cables, probes, etc., an on-wafer calibration was done us-
strong attenuatiofup to 180 dB/cm in power measurements ing the NIST Multicaf software for the through-open-line
and low insertion los2—3 dB. This is accomplished by calibration procedur&
creating devices with good impedance matching, which is  Before we present our results, we estimate the effect of
achieved by making the width of the upper microstrip linethe shape anisotropy on the operational frequency. The mag-
much narrower: 1&m (see Fig. 1L Because the upper line netic material in our structure is in the form of a long ribbon
includes the ferromagnetic material, there is a second majovith the following dimensions: length3 mm, width
effect, a boosting of the operational frequency due to the=18 um, and thickness 0.35um. This leads to the follow-
created shape anisotropy in the magnetic material. ing dynamic demagnetizing factotd: N,=0.966, Ny

In Fig. 1, we show a cross section of our device. Using=0.034, and\,= 0. The formula for the resonance condition
sputtering, we deposit the following sequence of materials oiis now given by

FIG. 1. Structure of the microstrip notch filter.

f=yJ(H+ Hat (Ny—N)47Mg)(H+H,+(Ny—=N,)47Myg). 2

If we calculate the frequency at zero applied field, we findnarrower at higher frequenci€8.4 GHz for the dip at 20
that without the shape anisotropy, the frequency is zéro GHz compared to a width of 0.82 GHz at 4.3 GQHZhis
H,=0). With the shape anisotropy the frequency is about 1harrowing of the width of the attenuation peak is consistent
GHz for the Fe structure and about 5 GHz for Permalloy.with our theoretical results as seen in the inset.
This is a substantial boost in operational frequency. In Fig. 3, we show the results for an Fe-based microstrip.
In Fig. 2, we plot transmission as a function of frequencyThe zero-field frequency of about 11 GHz is in excellent
for the Py-based microstrips. We first note that the zero-fiel@greement with the calculation based on shape anisotropy.
frequency is slightly above 4 GHz, in reasonable agreemerftor the Fe-based structure, the insertion loss is somewhat
with the previous estimate based on shape anisotropy. THarger, between 3 and 5 dB. The power attenuation is dra-
insertion loss over most of the region is on the order of 2—3Mnatically larger: 180 dB/cm at 30 GHz. Again, we see a
dB, while the power attenuation is close to values of 100narrowing of the width of the attenuation dip: it is 3 GHz at
dB/cm. The width of the attenuation dimeasured at 3 dB 11 GHz and narrows to 1.9 GHz at 30 GHz.

above the minimum, i.e., half-maximyrbecomes distinctly We show the dependence of the operational frequency
on applied field in Fig. 4. The dots represent the experimen-
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FIG. 2. Transmission parameter in the Permalloy-based notch filter as a

function of frequency for different applied magnetic fields. Inset shows the-FIG. 3. Transmission parameter in the Fe-based notch filter as a function of

oretical results. frequency for different applied magnetic fields.
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301 Fe-based Microstrip show large attenuations with relatively low insertion loss.
T 253 wit snape The growth and structuring of the filter is compatible with
520_ anisotropy placing such a device on a chip with additional high-
g 151 frequency electronics. We also show that substantial in-
2 109, 2 No shape anisotropy creases in operational frequency can be achieved by using
£ 5-/’ shape anisotropy of the ferromagnetic metal.

03— e

We acknowledge support from US Army Research Of-
fice under grants DAAD19-02-1-0174 and DAAD19-00-1-
0146 and from AFOSR project 453-6901 administered by
NISSC.

(%
® ~ ~— No shape anisotropy
54¢ 7
7/
1

o LE. Schloemann, R. Tustison, J. Weissman, H. J. Van Hook, and T. Variti-
o A e o o e A A A A mos, J. Appl. Phys63, 3140(1988.
00051015202530354045 X .
) . 2V. S. Liau, T. Wong, W. Stacey, S. Ali, and E. Schloemann, IEEE MTT-S
Applied Field (kOe) Int. Microwave Symp. Dig3, 957 (199J).

) . . N 3C. S. Tsai, J. Su, and C. C. Lee, IEEE Trans. Ma&f).3178(1999.
FIG. 4. Frequency of attenuation dip as a function of applied field for Fe 4y ~ramer. D. Lucic. R. E. Camley, and Z. Celinski, J. Appl. PH§.

and Permalloy notch filters. Note the shape anisotropy produces a significantGQll(Zooo'

difference at low fields. 5N. Cramer, D. Lucic, D. K. Walker, R. E. Camley, and Z. Celinski, IEEE
Trans. Magn37, 2392(2001).

- . 5Bijoy Kuanr, L. Malkinski, R. E. Camley, Z. Celinski, and P. Kabos, J.
tal results and the solid lines are the theoretical results basedippll Phys.93, 8591 (2003.

on Eq.(2) with no adjustable parameters. The dashed line’E. Salahun, P. Qiiélec, G. TanneA.-L. Adenot, and O. Acher, J. Appl.
represents the theoretical results in the absence of shape arhys.91, 5449(2002.

_ _ \ ! , N
isotropy. The effect of the shape anisotropy is clearly present trgwunéi?d (f/;/a(f/‘;gl'_'gith' 1%%”{‘(‘1‘;';30'@“ and A. Vander Vorst, [EEE Mi
in the experimental data, particularly at low magnetic fields. oy, Zhuang, B. Rejaei, E Boellaard, M. Vroubel, and J. N. Burghartz, IEEE

The effect is substantially larger in Fe than in Permalloy Microwave Wireless Components Lett2, 1531(2002.
because the saturation magnetization in Fe is more thaﬁR- E. Camley and D. L. Mills, J. Appl. Phy82, 3058(1997.

R. J. Astalos and R. E. Camley, J. Appl. Ph88, 3744(1998.
double that of Permalloy. . . . . 2R, J. Astalos and R. E. Camley, Phys. Re\6® 8646(19889.
In summary, we have designed and built a MICTOStrP3Roger B. Marks, IEEE Trans. Microwave Theory Te@8, 1205(1991).

notch filter based on ferromagnetic metals. These device$A. Aharoni, J. Appl. Phys83, 3432(1998.

Downloaded 14 Dec 2005 to 128.198.175.28. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



