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4) Statement of the problem studied 
The main objective of our program was to develop a series of the microwave devices based on ferromagnetic 
metals. Iti particular, we developed processes, b^ed on the sputtering technique, which allow us to make 
band stop and band pass filters and phase shifters. We have successfiiUy accomplished this goal. We have 
also employed different schemes to incre^e operation frequency of our devices. In addition, we studied 
different materials which could allow us to boost the frequency response of our structure by employing the 
exchange bias or exchange coupling in layers structures. We describe a summary of our findings below. 

5) Summary of the most important results 

(a) Tunable Band stop filters 
Tunable filters based on the ferrimagnetic dielectric YIG are a well-estabUshed technology that works well 
at lower frequencies. Band-stop or notch filtere, for example, rely on ferromagnetic resonance (FMR) to 
absorb microwave power at the FMR frequency. This frequency, f, is set by material properties, such m 
saturation magnetization, Ms , anisotropy fields. Ha , the gyromagnetic ratio, y, and the magnitude of an 
applied field, H. If the applied field is along the easy axis, the frequency is given by 

f = yV(H + H.XH + H,+4iiMs) (1) 
and therefore the resonance frequency can be varied with an electromagnet. The maximum field produced 
by the electromagnet determmes the upper limit for the band-stop fi^uency. For YIG with a low 4iiMs = 
1.75 kG and no miisotropy an applied field of over 11 kOe is necessary to reach frequencies of about 35 
GHz. Such large fields are incompatible with devices of a limited size since substantial electromagnets are 
required. For Fe b^ed devices one needs only field of 4.7 kOe to mmh 35 GHz. 

While Fe has a much higher resonance frequency for the same applied field, its conductivity can lead to 
hi^ loss at microwave frequencies. However, structures utilizing thin Fe films minimize conduction loss 
while still producing high attenuation at the band-stop frequency. Early attempts at producing Fe-fihn- 
based structures succeeded in mrfdng filtere witii high band-stop frequencies and low broadband loss. 
However, the maximum attenuation only reached about 4-5 dB/cm. 

Our theoretical calculations indicated that 
attenuation in the notch filters w^ invereely 
proportional to the thickness of fiie waveguide. 
B^ed on this work, we have recently constructed 
microstrip band-stop filtere using a different 
geometry and growth method, resulting in much 
higher attenuation. Previous filter structures used 
epitaxial Fe films grown directly on semi-insulating 
GaAs wafers. The baclraide of die wafer and the Fe 
fiteis were then coated with a hi^ conductivity 
metal. The Fe side was flien etched into a strip to 
form the microstrip structure. For these filters, high 
quality Fe with a linewidth of 35 Oe is required to 
get even a small attenuation. Our devices, in 
confr^t, consist of layers deposited on only one 
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Fig. 1 Microstrip geometry of our band pms 
filter 



side of a GaAs (001) wafer as shown in Fig. 1. This allows us to have a much thinner dielectric layer which 
ultimately results in a much higher attenuation. Most of the previous devices have been fabricated using 
Molecular Beam Epitaxy (MBE), a process which is not usually compatible with industrial techniques for 
mass production. In contr^t, we have constructed magnetic devices grown by magnetron sputtering, a 
technique commonly used in industry. The sputtering technique h^ a second advantage. MBE grown films 
are generally thin, less thai 100 mn, but the microwave devices often require films with thicknesses that are 
much toger, 1-2 microns. This is because flie fihn thickness should be on the order of the skin depth in ttie 
mapietic material. The sputtering technique is quite capable of producing these thicker films. 

PySroundPto* 

3aAs Substrate 

Py Center Conductor 

148 micron 
initial ground 
plane 
spacing 

18 micron narrow 
signal line vMth 

42 micron narrow 
ground plane spacing 

64 micron 
Initial signal lini 
width 

Py Ground Plane 

Fig. 2 CPW geometry of our band stop filter. 

In addition to the microstrip geometry we explored a 
new geometry - a coplanar waveguide (CPW). For this 
structure, illustrated in Fig. 2, we again used Ga^ 
substrates. However, in this case also the sample w^ 
prepared in a sputtering system. We deposited either a 
Permalloy (Py) or Fe film on top of a thin Ta adhesion 
layer.   The thicknesses of the magnetic layers were 
typically  between   750nm   and   1000   nm.      The 
ferromagnetic layera were protected fix»m oxidization 
with a thin Cu film.    The films were patterned by 
photolithography followed by sputter etching in an i^- 
atmosphere.   The lines were designed for a nominal 
characteristic impedance of 50 O.    The waveguides 
m^e two right-angle bends to allow probes to contact 
fi-om the sides, while a field was applied parallel with 
the length of the line. The lines are wide near the two 
ends to allow for probing but narrow in the middle to 
incrcMe the magnitude of the resonance effects. Figure 
2 shows a photograph of one ri^t-angle bend and 
width transition, including dimensions. 
We characterized our structures fi-om 0.5 to 40 GHz using an automated vector network-analyzer (VNA), 
and a micro-probe station; the on wafer calibration wm done using the NIST Multical® software for the 
through-short-line (TRL) calibration procedure. The longest and the shortest lines used for calibration were 
0.71 and 0.25 cm to cover the entire fi-equency range of interest. 

In Figure 3 we depicted sm. example of transmission as a fimction of firequency for the Py b^ed microstrips. 
The insertion loss over most of &e region is on the order of 2-3 dB while the power attenuation is close to 
values of 100 dB/cm. The width of the attenuation dip (measured at 3 dB above the minimum, i.e. half 
maximum) becomes distinctly narrower at higher fi-equencies (0.4 GHz for the dip at 20 GHz compared to a 
width of 0.82 GHz at 4.3 GHz). This narrowing of the width of the attenuation pedc is consistent with our 
theoretical results as seen in tiie inset. In Figure 4 we show flie results for an Fe based microstrip. For the 
Fe-b^ed structure the insertion loss is somewhat larger, between 3-5 dB. The power attenuation is 
dramatically larger, 180 dB/cm at 30 GHz. Again we seen a narrowing of the width of the attenuation dip - 
it is 3 GHz at 11 GHz and narrows to 1.9 GHz at 30 GHz. 

We have also found that we may use the effect of the diape anisotropy to increase the operational frequency. 
The magnetic material in our structure is in the form of a long ribbon with the following dimensions - length 
= 3 mm, width =18 laa, tiiickness = 0.35 pm. This leads to the following dynamic demagnetizing factors, 
Nx = 0.966, Ny = 0.034, and Nz = 0. The formula for the resonance condition is now given by 

f = Y^iH + H. + (Ny -N,)4IIM;XH + H. + (N, -N,)4nMs) (2) 

If we calculate the firequency at zero applied field, we find that without the shape anisotropy the fi-equency 
is zero (if Ha = 0) and with the shape anisotropy the fi-equency is about 11 GHz for the Fe structure and 



about 5 GHz for Permalloy. This is a substantial boost in operational frequency which agrees very well 
witii experimental data (see Figure 3 and 4.) 
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Fig. 3 Transmission in a Permalloy based 
device. 
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Fig. 4 TraMmission in an iron-based device. 

We show the dependence of flie operational 
frequency on applied field in Figure 5. The dots 
represent the experimental results and the solid lines 
are the tiieoretical results based on Eq. (2) with no 
adjustable parametere. The dashed line represents 
the theoretical results in the absence of shape 
anisotropy. The effect of the shape anisotropy is 
clearly present in the experimental data, particularly 
at low magnetic fiel^. The effect is substantially 
larger in Fe ttian in Permalloy because tiie saturation 
magnetization in Fe is more tiian double that of 
Permalloy. 

The same devices can also produce a phase shift, and 
we have characterized flie phase shift in our 
microstrips as a function of the magnetic field. The 
attenuation of the signal in tiiese devices, for each 
frequency, is below 3 dB. The results me^ured in 
the Fe-based microstrip are on the order of 360 
deg/cm witti an appUed field of 1 kOe. The observed 
phaee shift for the Permalloy-based devices w^ 
smaller, on tiie ordo* of 100 deg/cm, again with a 
magnetic field of 1 kOe. 
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Fig. 5 Incre^e of operation fi-equency in iron 
and Permal1ovba.<?ed devices due to 

The devices based on co-planar waveguide (CPW) geometry exhibited much smaller effects. From the 
me^ured scattering transmission matrix coefficients S21 we estimated the resonance insertion loss that for 
Fe-b^ed CPW filter was ~ 35 dB/cm in the entire applied magnetic field range. In Edition, the total 
insertion loss of the measured device has an Mditional non-magnetic insertion loss of 12 dB. In contra, 
tiie transmission scattering matrix coefficient S21 for tiie Py-b^ed CPW filter exhibited insertion loss for 
this filter is ~ 10 dB/cm with an additional non-magnetic ii^ertion loss of- 7 dB. 



In summary, we have prepared a series of tfie band stop filters using microstrip and co-planar geometries 
and employing ferromagnetic metals ^ an active element. The microstrip b^ed devices exhibit superior 
properties (small insertion loss, very high attenuation) when compared to the co-planar device. 

(b) Tunable band pass filter 

We have constructed a novel band p^s filter \mng a layered structure with at le^t two different magnetic 
materials. This filter works in the 5-50 GHz range with external magnetic fields of below 10 kG. The key 
idea is that e^h of the magnetic materials absorb electromagnetic waves at a different fi-equency. For 
example using Fe and Permalloy m the magnetic fihm and an external field of 2.5 kG one can have 
absorption baids centered at 17 GHz and 22 GHz. The region between these absorption bands has low 
attenuation and «2ts a band pass filter. This filter is tunable because an external magnetic field controls the 
position of the absorption bands. 

One geometry for such a band p^s filter is shown below (see Figure 6). The thicknesses of the Fe and 
Permalloy are critical - The Fe thickness must be relatively small to minimize eddy current effects and is 
typically on the order of 0.15 micrometers. Because the Permalloy h^ a narrower Unewidtii and lower 
conductivity the thickness of the Permalloy should be substantially Mcker tiian the Fe, typically 0.4 
micrometere. Initial experimental results for this structure are shown below. 
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Fig. 6 Cross-section of the band pass filter 

We also have theoretical calculations for this effect. 
Using the same parameter as discussed above we 
find the results shown in Figure 8.   The between 
theory and experiment is excellent. Other geometries 
are also possible. One can include ^ditional magnetic 
layers and dielectric layers to improve the transmission 
in the band p^s region and extend the band stop 
regions.    Coplanar waveguides using two different 
magnetic materials are also possible. 

In summary, the band p^s filter based on two 
ferromagnetic metals shows a lot of promise, however 
additional work is needed to refine its properties. Jn 
particular, one needs to decrease the insertion loss 
(currently at 6 dB) to a lew! of 3-4 dB at the band pass 
fi-equency. 
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A^act — We fabricate coplanar waveguide transmiulon 
line* with tkln-fllm V^ttfttta conductor*. These line* 
demonitrate a power attennatlon of 10 dB/cm at 
ferronagnetic resonance frequencies of S to 10 GHz for 
applied magnetic fields less than 100 mT (1 IcG). In 
addition, the phase of the transmitted wave can be tuned by 
■bout 20 degrees/cm by adjusting an applied magnetic Add. 
We present a simple model for the complex reflected and 
transmitted waves as a funcHon of material characteristics, 
geometry, and applied fleld. We model the skin effect 
Influence on the transmission line circuit parameters, 
including the line Impedance and propagation constant, by 
considering the full effects of die conductor permeability 
and conductivl^. 

I. PRODUCTION 

As communication applications progress to higher and 
higlier operating frequencies, tliere is increasing demand 
for devices able to operate at these frequencies. Devices 
sucfi as tunable filters and pliase shifters have traditionally 
relied on femtes such as YIG for their operation [1], These 
devices function at, or close to, the ferromagnetic 
resonance (FMR) tequency, which is determined by 
material properties such as saturation magnetization (M,) 
and by applied magnetic field. Due to their relatively low 
M„ ferrimagnets require large mapetic fields in order to 
increase the resonance frequency above a few GHz. 

Ferromagnetie metals such as Fe and permalloy (Py or 
F^iNioj) have much higher Mi and therefore their 
resonant frequencies are higher for a given applied field. 
The major drawback of these ferromapietic metals Is their 
high electrical conductivity, Ferrimagnets ate insulators 
and have been engineered for decreased dielectric loss. 
Applying ferromagnetic metals in fljis way is clearly 
inqsractical; Instead, there have been various studies of 
devices constructed with the ferromagnet incorporated 
into a transmission line's conductive elements.    The 

theoretical treatment of such devices was explored by 
Schloemann and co-workeis [2] and by Camley and Mills 
P|. Previous studies have used a thin ferromagnetic film 
incoipofated in the ground plane or signal conductor of a 
microstrip stnjcture f4H6]. Our recent study [7J used a 
coplanar waveguide (CPW) constructed of Py conductors 
on a OaAs substrate. 

II. THEORY 

When modeling a line based on a magnetic dielectric, the 
tasic usually involves starting with a model that assumes 
perfect conductors and a relative permeability in ttie 
dielectric equal to unify. Next, the equations are modified 
to accommodate flie complex, anisotropic permeability of 
the dielectric. As a final step, conduction loss in the 
conductors is added. In our case, the dielectric is non- 
mapetic and all magnetic effects enter tfie model via the 
skin effect in the conductors. 

Modeling the skin effect is a two-step process. First, we 
extract the non-magnetic skin effect and second we modify 
it with fte proper magnetic contribution. Extraction of the 
skin effect is aided by modeling the inductance and 
capacitance per unit length <£, and C, respectively) by. 

and. 

L = ^rtio8 

8 

(») 

m 

where ^ and ^ are the relative and free-space 
pennittivities, respectively, ^ and ^ are the relative and 
free-space permeabilities, respectively, andf is an unitless 
^ometric factor that accounts for the device geometty. If 
we assume a lossless  line  with ft. = I (the iBual 
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assumptions made in models of "notmal" lines), we find 
that tte impedance has the ftwm. 

(3) 

and hence g can easily be found using equations in the 
literature for 2b [8]. Next, we recopiize ftat^ is a fiincrton 
of sidn depth as well as the material properties, ft, and ^ 2i 
is a function of«, the signal line width, fc, the ground plane 
spacing, t, the conductor thickness, and A, the substrate 
tfiickness. These dimensions are defined jn Ae cross 
section shown in Fig, 1, If we correct a and ft for Ae skin 
effect, we can coMtruct two equations—one for 7^ flie 
»ro skin dq»th impedance, and another for T^ the finite 
skin depth impedance. 

Z,=Z(a,ft,(,A), (4) 

and. 

2', = 2(a-5,6 + fi,M). (5) 

From Aese two impedances, two g's can be extracted <g 
andg'.K^iectively). Note that: 

g-g = %>0. m 
Now we propose that 4g represents the added influence of 
the skin depth region of the conductors and therefore we 
can express the modified inductance i' as: 

whew! ^MKiric is assumed to be ^ and %-ls an effective 
permeability in the ferromagnetic conductor (a complex 
quantity). Note that for non-magnetic conductors ^is 
equal to ft(l + j), where n. is the dc permeability of the 
metal, and ttiat this formulation reduces to common 
espressions for L and R ttat account for the skin effect (9J. 

The next tok is to derive expressions for the skin dqith 
and j%! First, note ttat ^ in flie conductor can be 
represented by the "Voigt permeability" Qi^} [2], 

t*'valgt'~ 
-dzii. 

where. 

and 

irtBo-jTmf-m* 

m 

m 

M2 = 
JioftMsm 

IrA-jTaf-m*' (10) 

*« is the qjplied magnetic field, yb is the gyromagnetic 
ratio, and r is the damping factor. Schloemaan [2] 
proposed that the complex scalar fi^^, instead of the entire 
permeability matrix, be twed to model the interaction of EM 
waves with ferromagnets. The relevance of this approach 
was rigorously confirmed later by Astalos and Camley [10], 
Also note that ft,^ is not Mr-fl»e former only includes 
mapetic effects and the latter nmst include botii magnetic 
«id electric (conduction) effects. 

The skin depth and|%both derive fimm the propagation 
constant of a wave in a ferromagnetic conducton 

Y=Jm^ mlp 01) 

where a is flie angular frequency. As is usual for 
conductor. 

gs 
m m 

where a is the conductivity. Hence, the skin depth as a 
function of frequency and applied field can be found for a 
ferromagnetic conductor wifli known conductivity and 
mapetic properties: 

S=- 1 (13) 

Mow, we derive an expression for fi^ using the 
propagation constant. Fim, we follow the usual technique 
for detennining surface impedance using a Imown 
propagation constant; that is, we integrate the surface 
current density due to an electric field and divide voltage 
by current. This results in a surface impedance per unit 
lengft of: 

(14) 

Recoplzing ^w as the geometric fector Ag for a larallel- 
plate steuetoire, we write: 

2, = 4^lMl=,-,^ (IS) 

where A£=i'-£ is the added inductance from (7) and 
therefore: 

Knowing /%, we refer to (1) and brace we now have an 
expression for ttie complex inductance (containing L and 
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R) per unit length. The capacitance per unit lengdi is 
found via (2) and (3), The shunt conductance per unit 
length is easily found from the capacitmce (given a known 
dielectric loss tangent) by considering a complex ^ in (2)— 
this is not described in detail in this report. 

Now that all four circuit parametere, R, L, C, and G, are 
known, the impe^nce and propagation constant of the 
line can be easily determined [9] and thus toe complex 
scattering-parameter matrix as a flinction of frequency can 
be simulated [11], 

tHMcOon 

Fig. 1. Schemadc of the CPW stnicture m^sured. Note 4e 
l^-an^ bends to allow prcriHng fiom die sides and the applied 
field direclioa 

H. RESULTS 

Fig. 1 shows the general construction of the line used 
for the measurement and simulations. The two ri^t- 
angle bends allow the network analyzer probes to contact 
flje line ftom eittier side while an electromagnet qiplies a 
field in the direction shown. The spacing between ground 
plaies (b) is 148 pm and the width of the center signal line 
(a) is 64 lun. In our previous study, the structure also 
included a narrower region that was designed to increase 
tte magnetic effects: this region has a larger skin deptti 
relative to the conductor widths. For fte material 

RsipencytOHi) 

Fig. 2, Conq»rison betw^n taansmitM volttge nu^bife 
sqsOTi^it {solid lines) airf simidation (demed &s) for tno 
diffont qqiUed field vahKS. 

Pwqtt«i«y(OHz) 

Fig. 3. C^iqjarissB betwe«j traoanitted voltoge phase 
ejqserimsii (solid lines) and simulation (dMed Itaes) for two 
diffemtt qipUed fields. 

parameters, weus«l 850kA/m 6aM„ ITOOHz/Tfa^and 
MSxM^n'm'fora 

Fig. 2 presents results demonstrating the tunable notch 
filter effect Note ttiat fte solid experimental lines differ 
flom die dotted simulation lines primarily because of 
additional background attenuation measured in the 
expwiment Note ttat, as expected, flie notch firequency 
increases with applied field in Mcordance witfi the FMR 
frequency equation: 

®=yo^/5(,(5« + MoM^) (1^ 

where ib is the gyromagnetic ratio. Bo is the applied field, 
and M, is the saturation magnetization. The notch d^th is 
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about 3 dB in voltage terms for a line len^h of 6,565 mm- 
thls converts to about 10 dB/cm. 

The phase shift effect occurs near the FMR frequency, 
as shown in Fig. 3. By changing the applied field, the 
phase of tfie transmitted wave can be increased or 
decreased continuously. For example, at 10 GHz the phase 
can be increased by about 15 degrees by increasing the 
fieM and moving fte resonance frequency closer to 10 
Olb, Considering ftat the line leng^ is 6,565 mm, Ms 
translates to a phase^hift of about 20 degrees/cm. This 
effect is well approximated in the simulation (dotted lines), 
except toat the experimental lines (solid lines) are shifted 
down by about 10 degrees. 

IV. CONCLUSION 

We present a simple model for CPW structares 
constructed of ferromagnetic conductors on a dielectric 
substrate. Unlike taansmission lines with magnetic 
dielectrics, Aese structures demonstrate magnetic effects 
Aat occur only in the skin depth region of the conductive 
elements. Hence, *e modify the circuit elements to 
account for skin depth and develop an expression for 
surfece impedance that includes the magnetic effects. The 
result is a mettiod for determining ttie impedance and 
propagation constant, , given device geometry and 
magnetic properties. Our simulation of Py-based CPW 
lines approximates the magnitude and frequency position 
of the effects observed in our experimental measurements. 

Transmission line structures based on ferromagnetic 
metals hold great promise for high-frequency applications. 
Our recent demonstrations of flltera and phase-shifters 
based on these materials, along with this presentation of a 
model, increases the potential for future practical 
applications. 
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Incorporation of Ferromagnetic Metallic Films in 
Planar Transmission Lines for Microwave Device 

Applications 
N. Cramer, Student Member, IEEE, D. Lucic, D. K. Walker, Member, IEEE, R. E, Camley, and 

Z. Celinski, Member, IEEE 

Abstract—We constructed a series of mlcrostrip and co-planar 
microwave waveguides. These structures use metallic ferro- 
magnete and therefore exhibit strongly frequency-dependent 
attenuation and phase-shift effects. The lines have maximum 
attenuation peaks occurring at the ferromagnetic resonance 
frequency, which increases with applied magnetic Held. Such 
properties are used in band-stop filters. The de^cra used 
monocrystalline Fe films grown by Molecular Beam Epitaxy 
and polycrystalline sputtered permalloy films. For our devices 
that Incorporated Fe the band-stop frequencies ranged from 
10-20 GHz for applied fields up to only 80 kA/m (1000 Oersted). 
For devices using permalloy, the band-stop frequency was in 
the S-10 GHz range for applied fields less than 80 kA/m. The 
maximum power attenuation was about 100 dB/cm, much larger 
than the previously reported values of 4 dB/cm. The resonance 
condition also affects the phase of the transmitted wave, stron^y 
changing phase above and below the resonance frequency. The 
result is a phase-shifter that is tunable with applied magnetic field. 
We observed phase changes of over 360'/cm with an applied field 
of less than 40 kA/m. 

Index Terms—Coplanar waveguide, ferromagnetic resonance, 
filter, mlcrostrip, phase shifter. 

I. INTRODUCTION 

MICROWAVE devices are widely used in both military 
and civilian communications systems. During recent 

decades, we have witnessed much progress in high-frequency 
semiconductor electronics and, in particular, flie integration 
of different electronic components into circuits. An obvious 
obstacle to the increased me of microwave and millimeter-wave 
technology is the lack of advances in magnetic structures at 
high frequencies, for example, from 5-100 GHz. 

Insulating ferrimagnetics such as YIG are well established 
in micro^ve applications [1], These materials, however, have 
one significant drawback; ttieir saturation magnetization, Ms, is 
low and therefore their operating frequency for moderate ap- 
plied fields only covers a range of a few GHz. Here we report 
on the use of ferromagnetic metallic filnB in microwave trans- 
mission lines. These materials have higher Ms and thus have 
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Fig. 1.   Schematic diagrams of (a) mlcrostrip and (b) co-planar waveguide 
structures. 

much higher operating frequencies. The theoretical treatment of 
such devices was explored by Schloemann and co-workers [2], 
Camley and Mills [3], and Huynen et al. [4]. 

We studied two types of transmission lines, mlcrostrip and 
co-planar waveguide (CPW). For the mlcrostrip, shown in 
Fig. 1(a), a ground plane of Ag{001) was grown on GaAs{001) 
by molecular beam epitaxy (MBE). This provided a template 
for a Fe(001) single-crystal film (200 nm), which was then 
capped with a fliin Ag layer to prevent oxidization of the Fe [5], 
[6]. The sample was then transferred to an e-beam evaporation 
system for deposition of the dielectric layer and signal line. 
We deposited 4 nm of SiOa followed by 2 ^m of Ag using a 
shadow mask to define the strip geometry. The width of our 
mlcrostrip line ranged firom 80 to 120 ^m. 

For the CPW structures, one of which is shown in Fig. 1(b), 
we again used GaAs substrates. However, in this case the sample 

U.S. Oovennnent work not protected by U.S. co^right. 
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f .5,. 2.   P ^raph of CPW line showing one ri^t-angle bend and width 
transition. 

was prepared in a sputtering system. We deposited a permalloy 
(Py) film 250 nm on top of a thin Ta adhesion layer. The Py 
was protected from oxidization with a thin Cu film. The films 
were patterned by photolithography followed by sputter etching 
in an Ar atmosphere. The lines were designed for a nominal 
characteristic impedance of 50 O. The waveguides made two 
right-angle bends to allow probes to contact from the sides, 
while a field was applied parallel with the length of flie line. 
The lines are wide near the two ends to allow for probing but 
narrow in the middle to increase the magnitude of the resonance 
effects. Fig, 2 shows a photograph of one right-angle bend and 
width transition, including dimensions, 

II. THEORY 

In our devices, ferromagnetic resonance (FMR) produces ab- 
sorption and phase-shift effects. The resonance occure at a ft«- 
quency given by 

w = -rs/iH + Ha) (H + Ha + 4vMs) (1) 

wher 
H 
H, 

1 
4irM, 

is the applied magnetic field, 
defines flie 4-fold anisotropy field in the direction 
of the applied field, 
is the gyromagnetic ratio, and 
is the saturation magnetization. 

Note that lai^er M, values, such as those in Fe and Py, sub- 
stantially increase the resonance fl'equency. For reference, the 
4trM, values for YIG, Py and Fe are 0,175 T, 1 T,'and 2.15 T, 
respectively. Also, the anisotropy field. Ha, in single-crystal Fe 
is substantial—0.06 T, compared with nearly 0 for YIG and Py. 

Consider the magnetic permeability of a ferromagnetic mate- 
rial in an applied field. As Schloemann proposed [2], the "Voigt 
permeability (/ivoigi),'' a complex scalar, accurately describes 

Fig. 3.   Tunable band-stop behavior of the Py-based CPW line. 

these effects. The relevance of this approach was rigorously con- 
firmed later by Astalos and Camley [7]. At FMR, the imaginary 
part of ^oigt becomes very large, leading to resonant absorp- 
tion of microwave power. The real part of ^vojgt behaves like the 
real part of e(w) near resonance, leading to a shift in the phase 
of a microwave signal, 

III. RESULTS AND DISCUSSION 

In a previous report [8], we demonstrated a band-stop 
filter implemented with Fe in a microstrip structure. This 
device showed large power attenuation at the band-stop 
frequency—over 100 dB/cm. The filter frequency was tunable 
over a range from 12-17 GHz by means of applied fields up 
to 40 kA/m. However, some performance limitations resulted 
due to our f^jrication capabilities at that time. One problem 
was creating a 50 0 line for impedance matching. The shadow 
mask we tised to define the strip width created lines too wide 
for practical dielectric thicknesses, thus creating lines with 
a characteristic impedance much less than 50 n. Another 
limitation was the large resonance linewidth of our Fe films, 
which lead to broadening of the band-stop notch. Finally, the 
microstrip geometry is difficult to construct and to integrate 
with high-frequency electronics. In order to address these 
issues, we designed and constructed CPW transmission lines 
using Py as the magnetic component. 

An example of the band-stop behavior of Py CPW lines 
is shown in Fig. 3, We observed power attenuation of about 
20 dB/cm at the resonance frequencies, which were varied 
from 5-10 GHz with an applied field of up to 80 kA/m, The 
CPW lines were produced wiflj characteristic impedances 
within 5 fl of the desired value of 50 fl. This is much better 
iJian obtained with the microstrip lines, and hence the power 
transmitted outside of the band-stop region was much higher. 
The background attenuation observed is due to reflection off 
the sharp comers and abrupt width change in the line—effects 
that can be minimized in a real device. The width of the stop 
band is under 1 GHz, compared with the nearly 3 GHz widtii 
observed in flie Fe-b^ed microstrip. 



2394 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4. iULY 2001 

Applied Field 0cA/ni) 
at 40 $0 

Applied Field (kOe) 

Fig. 4.   Relative changes in phase of ttansmitted microwaws through a 
Fe-based mictosrtp veises applied magnetic field for two ftequencies. 
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Fig. 5.   Phase of reflected signal from a Py CPW line for •wrious fields. 

The Fe-based microstrip produced not only the band-stop ef- 
fect, but also considerable tunable phase-shift effects. Fig. 4 
shows the relative changes in phase shift as a fimction of ap- 
plied field. For the frequencies of 9 and 20 GHz, we observed 
phase-shift tuning ranges of 450 and 270*'/cm, respectively, m 
fields of up to 80 kA/m were applied. Note fliat these two fre- 
quencies lie below and above the tuning range of the stop band 
and therefore correspond to frequencies of low attenuation. For 
example, at 20 GHz, there is only about 6 dB/cm change in 
power attenuation over the range of applied field. 

In flie Py-based CPW lines, the phase-shift tuning of the trans- 
mitted signal (30°/cm) was much smaller than the effect ob- 
served in the Fe-based microstrip. This is due in lai^e part to 
the iwrrower resonant absorption frequency width in Py, which 
substontially shifts phase only in regions of high attenuation 
of transmitted power. Fig, 5 showsa significant change in flie 

phase shift of a reflected signal. Furthermore, there was virtu- 
ally no change in the magnitude of the reflected power at peak 
phase changes. In contrast to the continuously-variable phase 
shift possible in the Fe-based microstrip, the Py structure ex- 
hibited abrupt phase shift changes of over 50°. In addition, the 
magnitude of the effect in the Py structures showed no length 
dependence, suggesting that such a device could be reduced 
considerably in size. 

IV. CONCLUSIONS 

We developed tunable band-stop filters and phase-shiftere 
based on two different ferromagnetic metals, Fe and Py, 
in microstrip and CPW, For Fe-based microstrip lines, we 
observed substantial attenuation of over 100 dB/cm and con- 
tinuously variable phase-shift of over 360°/cm with applied 
fields of less than 40 kA/m. This attenuation is much higher 
than previously-reported values of 4 dB/cm [9], [10]. For 
Py-based CPW devices, we observed attenuation of 20 dB/cm, 
Changes in transmitted phase-shift are small. However, there 
are significant phase-shift changes in the reflected signal. These 
results demonstrate that use of ferromagnetic metallic films in 
transmission-line structures may have practical application in 
future microwave devices. 
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High attenuation tunable microwave notcli filters utilizing 
ferromagnetic resonance 

N. Cramer, D. Lucic, R. E. Camley, and Z. CelinskP^ 
Department of Physics, University of Colorado at Colorado Springs. Colorado Sprtnes 
Colorado 80933-71 SO 

We have constructed a series of microstrips for transmission of microwaves. These microstrips 
incorporate ferromagnetic and dielectric layers and therefore absorb microwave energy at the 
ferromagnetic resonance (FMR) frequency. The absorption notch in transmission can be tuned to 
various frequencies by varying an external applied magnetic field. For our devices, which 
incorporate Fe as the ferromagnetic material, the resultant FMR fequencies range from 10-20 GHz 
for applied fields up to only 1000 Oe, This fl«quency range is substantially higher than those found 
in devices utilizing a dielectric ferrimagnet such as YIG, We constructed devices using 
monocrystalline Fe films grown in a molecular beam epitaxy system. Our devices are of different 
construction than other Fe dielectric microstrips and show much improvement in terms of notch 
width and depth. We observed maximum attenuation on the order of 100 dB/cm, much larger than 
previously reported values of 4 dB/cm. © 2000 American Institute of Physics 
[80021-8979(00)70308-2] 

INTRODUCTION 

Tunable filters based on the ferrimagnetic dielectric YIG 
are a well-established technology with many practical 
applications.' Band-stop filters, for example, rely on ferro- 
magnetic resonance (FMR) to absorb microwave power at 
the FMR frequency. This frequency is set by material prop- 
erties, such as saturation magnetization, M,, anisotropy 
fields, H„, the gyromagnetic ratio, y, and the magnitude of 
an applied field, H. If the applied field is along the easy axis, 
the frequency is given by 

and therefore the resonance frequency can be varied with an 
electromagnet. The maximum field produced by the electro- 
magnet determines the upper limit for the band-stop fre- 
quency. Hence, high frequencies are difficult to achieve with 
a device of limited physical size. 

An altemative that has received attention in recent years 
is the use of a high M, material such as Fe. While Fe has a 
much higher resonance frequency for the same applied field, 
its conductivity can lead to high loss at microwave frequen- 
cies. However, structures utilizing thin Fe fibns minimize 
conduction loss while still producing high attenuation at the 
band-stop frequency.^'' 

Recent attempts at producing Fe-film-based stnictures 
have succeeded in making filters with hi^ band-stop fre- 
quencies and low broadband loss.'** However, the maximum 
attenuation has only reached about 4-5 dB/cm. We con- 
structed microstrip band-stop filters using a slightly different 
geometry and growth method, resulting in much higher at- 
tenuation. _. 

EXPERIMENT 

Previous filter structures used Fe epitaxial films grown 
directly on semi-insulating GaAs wafers. The backside of the 
wafer and the Fe films were then coated with a high- 
conductivity metal. The Fe side was then etched into a strip 
to form the microstrip structure shown in Fig. 1(a). For these 
filtere, high quality, epitaxial Fe'-* (linewidth of ~35 Oe) is 
required to get reasonable attenuation. 

Our devices, in contrast, consist of layere deposited on 
only one side of a GaAs(OOl) wafer as shown in Fig. 1(b), 
This allows us to have a much thinner dielectric layer which 
ultimately results in a much higher attenuation. The firet 
stage of film growth was performed with molecular beam 
epitaxy (MBE) at a pressure of ~10~'Torr during deposi- 
tion. Deposition was monitored both with a quartz thickness 
monitor and with reflection high-energy electron diffiaction 
(RHEED), 

gsMllme 

Sjlffl^t^cr 

AgtlOQbys 

'•Electronic mail: zcelinsk@mail.uccs.edu 

FIG. 1. Perspective cross sections fer Scholemann structure tising a 
OaAsdM) wafer as die dielectric layer (a). Our sttucture (b) is fcnned with 
vacuum-deposited SiOi as the dielectric. Note that the dielectric in (b) only 
exists directly below flie microstrip, allowing single-sided probing. 
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FIO. 3. Stop-band center ftequency as a function of applied magnetic field 
for various stroctutes. The plot for monocrystalline Fe represents our strtic- 
ture with the microstrip aligned with an easy axis. 

First, a 1 nm thick Fe(OOl) "seed" layer was grown on 
a GaAs(OOl) substrate. A 6<M) nm layer of Ag(001) was then 
deposited and annealed at 520 K. This Ag film provides a 
ground plane and the template for further growth of epitaxial 
Fe(001), Next, 200 nm of Fe(OOl) was added and then cov- 
ered with 5 nm of Ag to protect it fl»m oxidation. Fe film 
quality was mcMured with FMR. This also allowed us to 
determine the easy axis of the film. Creating microstrips 
aligned with the easy axis increased the effective field in the 
strip and increased the operating fequency. 

The sample was then transferred to a traditional e-beam 
evaporation system to complete the structure. A shadow 
mask was clipped on top of the sample before deposition to 
mask tiie ground plane and expose the microstrip shape. 4 
/un of Si02 was deposited and capped with 2 fim Ag to form 
the dielectric and upper conductor, respectively. Note that 
because the groimd plane is exposed on either side of the 
microstrip, the strip can be probed fi»m the top side of the 
wafer. 

Magnetic anisotropy, saturation magnetization, and reso- 
nance linewidth were all measured in 10 and 24 GHz FMR 
systems. Filter properties were measured with a Hewlett 
Packard 40 GHz vector network analyzer. This system al- 
lowed measurement of reflection, transmission, and charac- 
teristic impedance. 

RESULTS AND DISCUSSION 

Our FMR mcMuremente showed a fourfold in-plane an- 
isotropy field of 550 Oe. The resonance linewidth was ap- 
proximately 50 Oe at 10 GHz for the monocrystalline Fe 
sample. 

The magnitude of the ratio of transmitted voltage to in- 
put voltage, S21, as a function of ftequency is shown in Fig. 
2 for otir 0,14 cm long microstrip. The separate data sets 
represent applied flel^ ranging from 0 to 880 Oe. The stop- 
band depth is about 10 dB voltage attenuation or 20 dB 
power attentiation. For our short sample, this results in a 

power attenuation of over 100 dB/cm. The tremendous in- 
crease in attenuation at the stop-band center frequency com- 
pared to earlier devices is due to the use of the thinner di- 
electric as predicted by theory.' 

The observed insertion loss of about 7 dB is primarily 
due to impedance mismatch. This could be improved either 
by increasing the thickness of the dielectric or by narrowing 
the width of the upper conducting strip. Currently, we are 
restricted to a maximum dielectric thickness due to our probe 
station and we are restricted to a minimum strip width due to 
iBe of a shadow mask. 

The variation in notch fi-equency with applied field fol- 
lows theory reasonably well as shown in Fig. 3. By placing 
the strip along an easy axis, we create an effective field in the 
strip that is the sum of applied external field and anisotropy 
field. Thus, the effective field is boosted by 550 Oe. Figure 3 
includes a theoretical plot for monocrystalline Fe with this 
misotropy and also shows plots for polycrystelline Fe and 
YIG for comparison. Clearly, monocrystalline Fe produces 
much higher frequencies for similar fields than either of the 
other two. 

CONCLUSION 

We have created a band-stop filter with center fi^quen- 
cies in the 10-20 GHz range which is tunable with a small 
external magnetic field. This device represents two major 
improvements over other similar devices: (1) We find sub- 
stantially higher attenuation in the stop band and (2) our 
structure obtains high attenuation even with higher Fe line- 
widths. 

These improvements allow a great reduction in size for a 
complete device including an electromagnet. Raising the fre- 
quency range reduces the applied field required to create a 
hi^ center fiequency and thus reduces the electromagnet 
size. Increasing the attenuation reduces the microstrip length 
required and allovra the electromagnet pole pieces to be 
plMed closer together. This allows the same field strength to 
be created with a smaller magnet. In addition, our structee 
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should allow for integration with high-speed electronics on a 
single wafer. 
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Strong antifetromapietic interlayer exchange coupling across an iiKulating spacer is in incre^ing 
demand for high-density magnetic reconJing. We report here on the interlayer exchange couplmg of 
epitaxial Fe(8 nm)/Si(0/Fe( 10 nm) trilayers as a fiinction of Si fliickness studied by ferromagnetic 
resonance (FMR), Brillouin li^t scattering, and magneto optic Kerr effect (MOKE) measurement 
techniques. A very strong antifeiromagnetic (AFM) interlayer exchanp coupling (>6 erg/cm*) was 
observed at a spacer Si thickness of 0.7 nm. The bilinear/| and biquadratic J2 coupling comtants 
were determined from (i) ttie fitting of the angular variation of the resomnce field (H^) m FMR 
experiments, (ii) the field variation of the fi^quencies of flie Damon-Eshbach surfece modes (both 
optic and acoustic) in BLS me^uremente, and (iii) the fitting of longitudinal MOKE hysteresis 
loops. We obtain a U^er H^ along the easy axis Uwn along the hard axis and flie magnetizations 
of the two Fe fihns are canted. The eightfold-like ^nmetry of H^ m a fimction of die angle 
observed at room femperature is due to the competition between the Fe fourfold anisotropy and 
AFM interfecial couplmg ene^y. This behavior vanishes at low temperatures due to a strong 
increase of AFM coupling (especially J2) »n comparison to fourfold in-plane anisottopy. From flie 
fitting of the temperature dependent FMR data, we obtain (he temperature variation of the bilinear 
and biquadratic exchange coupling coiwtants. We distinguish the existence of canted nmgnetiaation 
states at resonance by fitting the experimental Hj^ vereus 0„ data to the model calculation. © 2003 
American Vacuum Society.  [DOI: 10.1116/1.1562181] 

I. INTRODUCTION 

Studies of magnetic interactions between two ferromag- 
netic films separated by a nonmagnetic spacer have been a 
subject of extensive research for die past two decades. Ele- 
ments like Cr, Cu, Ag, and Pd were extensively studied m 
spacers'"^ to understand the nature and strength of interlayer 
exchange coupling. Typically the observed coupling strength 
was snaller than 1 er^cm^. For practical applications such 
^ high density recording, a strong antiferromagnetic (AFM) 
exchange coupling across insulating spacer material is desir- 
able. The Fe/Si exchange coupled multilayer ^stem is a 
strong potential candidate due to ite unusually high antifer- 
romagnetic exchange coupling.'"' This coupling exhibite a 
strong exponential decay versus spacer fliickness.*'* It was 
suggested before that in the Fe/Si/Fe system most of the Si 
had tamed into metallic FeSi* due to Fe diffusion. 

Ferromagnetic and antiferromagnetic exclwnge coupling 
in magnetic multilayere are fequently stadied by two ^- 
namical techniques—^ferromagnetic resonance (FMR) and 
Brillouin light scattering (BLS).'**'' The modes observed by 
FMR and BLS'"" (acoustic and optic branches) are sensitive 
to die magnetic ene^y wifljin each ferromagnetic film as 
well as die interlayer exchange coupling across the nonmag- 
netic spacer In addition, die nwgneto optic Kerr effect 
(MOKE) technique, which measures die static properties of 

'^leatotac mail: bkuanr@brain.iiccs.e(bi 

fl»e material, is widely used to determine the strength of an- 
tiferromagnetic coupling between layere. To determine ferro- 
mapietic couplmg strengdis by MOKE one has to tarn to a 
spin engineering technique similar to one developed l^ 
Parkin." 

We have stadied die bilinear (Ji) and biquadratic (J2) 
exchange coupling of Fe/Si/Fe ttilayere as a fimction of Si 
thicknras and temperatare. We use dynamic (FMR and BLS) 
and static (MOKE) techniques and the results obtained by 
die different techniques show good agreement We find ex- 
ttemely strong antiferromagnetic coupling at a Si diickness 
of 0.7 nm for room temperature. The magnitade of the bi- 
quadratic coupling coiwtant decreases very rapidly as flie 
temperature incre^es. 

II. EXPERIMENTS 

Epitaxial Fe/Si/Fe ttilayers, with Si thicloiess between 0.6 
mid 1.2 mn, were grown Iqr molecular beam q>ita3^ (MBE) 
on a GaAs(lW)/Fe(l mn)/Ag(150 nm) substrate-buffer ^- 
tem. The background pressure was better than 10"' mbar. 
The deposition rate was maintained at 0.1 A/s for bofli Fe 
and Si. During die depositions of Fe and Si, die substrate was 
kspt at room temperature. The thickness and deposition rate 
were controlled by a calibrated quartz-crystal monitor. The 
samples were characterized in situ by Au^ electron spec- 
troscopy (AES), low ener^ electron diffaction (LEED), and 
reflection high-enei^ electron difi&^tion (RHEED). Bofli 
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Fio. 1, In-plane anpilar (%) variation of acoustic resonance field IH^ at 
room temperature (experimental; • and theoretical;—) for antifenomagneti- 
cally coupled Fe(8 nin)/Si(1.0 nm)/F€(10 nm) trilayer film studied by FMR 
at 24 GHz. The insets show fce Fe tnagnetiaation directions at different 
resonance field values. 

RHEED and LEED indicated epitaxial grovrth of Fe and Si 
layers. The samples were covered with a 50 nm ZnS antite- 
flection layer that also prevente oxidation of the top Fe layer. 

The magnetic properties of the exchange coupled samples 
were characterized through the study of resonance field 
modes (acoustic and optic) as a function of in-plane field 
angle with 24 and 35 GHz FMR spectrometers. A closed 
cycle helium Dewar was used to cool the sample from room 
temperature down to 25 K. The BLS experimente were per- 
formed at room temperature, in the backscattering geometry, 
with a (2X3) pass tondem Fabry-Perot interferometer.'*' 
The inelastically scattered light, corresponding to both Ae 
Stoke and the anti-Stoke, was recorded using an avalanche 
diode and a multichannel analyzer PC csxd. The free spectral 
range of the interferometer was ±50 GHz. The wavelengfli 
K=532 nm of the incident laser light together with an angle 
of incidence of 45° resulted in an in-plane mapion wave 
vector t||= 1.65(10^) m~'. A variable external field with a 
maximum strength of 7 W3e was applied in tiie sample plane 
and normal to the magnon wave vector. The surface modes 
of acoustic and optic spin waves were recorded on both the 
Stokes and the anti-Stokes sides of the spectrum. In addition, 
we used longitudinal MOKE measut^mente to record the 
hysteresis curves of the samples at room temperature. 

ill. RESULTS AND DISCUSSION 

Fipire 1 shovTO the in-plane angular variation of the reso- 
nance fields for flie acoustic modes, H^( %) for a Fe(8 nm)/ 
Si(l nm)/Fe(10 nm) sample, measured at 24 GHz and at 
room temperature. The dots are experiment data and the 
solid lines are the results of flieoretical calculations for Ae 
resonance field positiom.*"" The eightfold-lite symme^ 
for H^(0fi) (four peaks from -90=* to +90=) is cleariy 
apparent at room temperature. Surprismgly, we observed a 

higher H^ along the direction which is nonnally the Fe e^^ 
axis (0, ±W) tiran along the direction which is nonnally 
Ae hard axis (±45"). 

To interpret these data we used a rather complex disper- 
sion relation calculated for a strongly AFM coupled trilayer 
with the field applied in the sample plane.*' The equilibrium 
position of the magnetization vector was obtained for each 
applied field from flie total free ene^y'*"*" (Zeeman, de- 
mapietizing, cubic anisotropy, and exchange coupling en- 
ergy) expression. Our enei^ minimization process'*" can be 
used for any AFM exchange coupling strength and for any 
magnetic state" (saturated or unsaturated) of the sample to 
obtain the resonance field positiom. The solid line in Fig. 1 
shows the resulte of this calculation. The couplmg constante 
obtained ftom the best fit to the experimental data are Ji 
= -2.6 e^cm* and J2= -0.2 ei^cm^. The values of flie 
cubic anisotropy and magnetization obtained from the fit are 
close to room temperature bulk values. 

The acoustic resonance seen in Fig. 1 occure at an unsat- 
urated state, i.e., the magnetizations in the individual films 
do not point in the direction of the extemal static field, but 
are canted. The canting angle (angle between Mt and M2) 
obtained from Ae simulation is 60° when the applied field is 
along the easy axis (%=0°), increases to 73° when % 
=28° (near the minimum for H^,) and then decreases to 
64° for the applied field along the (usual) hard axis (% 
=45°). The insets to Fig. 1 show the direction of Fe mag- 
netization vectors Mi and M2. 

The observed eightfold-like symmetry is due to the strong 
competition between the fourfold anisotropy energy of Fe 
and the strong antiferromagnetic coupling energy due to the 
Si spacer. It is easy to immediately conclude fljat the AFM 
coupling energy is stronger than the cubic enei^ because 
/f«,(0°)>if^(45°). 

Normally it is necessary to have measurements on both 
the acoustic and optic modes in order to obtain Ji and J2. 
Due to magnetic field limitations we were not able to mea- 
sure the optic resonance. Nonetheless, the excellent agree- 
ment of the experimental H^res(%) data with the model 
calculation"'**"'' demonstrates that it is possible to obtain die 
coupling constants J] and J2 fi»m the angular variation of 
acoustic resonance without the optic resonance because the 
Fe magnetizatioiK m the trilayer are in a canted state. 

Figure 2 shows HI^(0H) data for the same sample mea- 
sured at room temperature with the 35 GHz FMR system. 
For the fields twed in fliis experiment (4.8 to 6 kOe) both Mi 
and Mj are aligned along the applied magnetic field (shown 
in the inset to this figure) and one measures the normal 
Moustic resonance. Therefore the eightfold-like synunetty 
observed at 24 GHz vanishes at this frequency. Figure 2 
shows a standani fourfold synunetty expected for (100) Fe, 
wifli file easy-magnetization axis along 0° and hard along 
45°, and wifij zero uniaxial anisotropy. The solid line to the 
figure was obtained fitjm the model calculation'"*"'" using a 
g fMtor of 2.08, which yields the following magnetic param- 
etere; Hjf=0.55 K)e and 4 irMs=21 WI>e, in agreement with 
24 GHz FMR results. Also, at this frequency we were not 
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FIG. 2, FMR H^ (%) state obteined from a 35 GHz FMR ^stem [esperi- 
mentol (•) and ttieotetical (—)] for the Fe(8 nm)/Si(LO nm)/Fe(10 nm) 
trila^r. 

able to measure the optic resonance due to the unavailability 
of a strong magnetic field. • 

Fipiie 3 shows the deduced coupling coefficients Ji and 
J2 as a function of Si spacer thickness (t) for 
Fe(8nm)/Si(l)/Fe(10nm) trila^re. The coefficients were 
obtained fi»m room temperature FMR measurements at 24 
GHz. We observed antiferronmgnetic (AFM) exchange cou- 
pling for all studied thicknesses of Si spacere. The exchange 
coupling constants were derived from our Hj^i %) data. At a 
spacer thickness of 0.6 nm, the coupling is dominantly bi- 
quadratic; with Ji = -3,4 gi^cm* and ^2= -2.65 ei^cm^, 
which is among the strongest biquadratic coupling ever 
found. The AFM coupling strength attained a maximum at 
0.7 nm spacer thickness with Ji =—6.5er^cm^ and J2 
= -1.1 eig/cm*. Bofli Jj and J2 decrease rapidly in nwigni- 
tude for larger Si thicknesses (1.0 and 1.2 nm). It was ob- 
served that J2 remains consistently smaller (in magnitude) 
flian Ji and decays f^ter. The strong decre^e of bilinear 
coupling at smaller Si thickness could be explained in tem^ 

ole oj oj o!9 1.0 1.1 1.2 
^(nm) 

FIG. 3. Room temperature coupling strength of Wlin^ (Ji) and biquadntic 
(/a) constente as a function of Si qmcer ttuckne». 
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Fio. 4 Acoustic resonance Held (H^ vs in-plane angle (%) (expeiimen- 
tol; • and Aeoreflcal;—) for Fe(S nm)/Si(1.0 nm)/Fe(10 nm) trilayer at 
25 K. 

of Slonczewski's'* theory by a competition of fen»magnetic 
(FM) (possibly due to pinholes) coupling and antiferromag- 
netic (AFM) interlayer coupling. The fast decay of J2 with 
increMing spacer thickness is in agreement with this 
mechanism," for example, because the number of pinholes 
decreases with increasing tfiickness of flie Si spacer. The 
observed weak biqtmdratic coupling for Si thickness above 
0.8 nm is in agreement with smooth decay of Jj, as pre- 
dicted by Slonczewski.'* 

Figure 4 shows tiie H^(%) date for the same trilayer 
sample at 25 K. The figure depicts a fourfold symmetry, but 
with a higher H^ along die easy axis (0°) compared to that 
along the hard axis (45°). The coupling coiwtants derived 
fi»m the resonance fit'"-"-" are /, = -3.2e^cm^ and J2 
=—0.82 ei^cm^ along with a small increase of the effective 
anisotropy field value (0.67 kOe). At 25 K, the resonance 
was observed at a canted stete. However, the AFM coupling 
enei^ completely dominates die cubic anisotropy ene^^ 
and therefore die eightfold-like symmetry, observed at room 
temperature, wnished at this low temperature. 

Figure 5 compiles both Jj and J2 coupling constants for 
the Fe(8 nm)/Si(1.0 nm)/Fe(10 nm) trilayer sample from 25 
to 300 K obtained from 24 GHz FMR measurements. We 
observed ttat both J, and J2 *crease with increasing tem- 
perature (f). However, the temperature dependence of J2 is 
much stronger than that of Ji. The biquadratic coupling in- 
creases foiufold from room temperature down to 25 K, 
whereM the bilinear coupling incre^es only sli^tly by a 
fector of 1.25 at 25 K to ite value at room temperature. 

The slow decrease of Jj with temperature could be asso- 
ciated with reduced magnetization of Fe. For example, the 
mapietization and the linear exchange coupling constant, Ji, 
both saturate below 1(W K. The temperature dependence of 
Jj fat insulating and metallic spacere can be described by die 
quantum interference model of Bruno.'* We (Bscuss our re- 
sults in die li^t of available theories.'*"'* According to 
Sloncze^^ki,'* die incre^e of J, and J2 can be mediated by 

JVST A - Vacuum, Surtaces, and Films 



HOT        Kuanr •» «*.: Dynamic and static maaauremwta HOT 

1M 200 
Tempe^ur* (Kelvin) 

a» 

FIG. 5. Temperatore dependence (25-3W5 K) of bilinear {/,) and biqua- 
dratic (Ji) coi^ling strengte for Fe(8 nin)/Si(1.0 nni)/Fe(102 nm) trilayer 
film. The solid lines wrve as a guide to die eye only. 

loose spins present inside U»e spacer or adjacent to the Fe/Si 
interfece, which can couple to both Fe layers via indirect 
exchange. Another possibility'* resulting in a strong decrease 
of J2 with temperature can be due to thickness fluctuations of 
the Si ^acer. This cames a competition between FM and 
AFM coupling for neighboring regions, which may lead to a 
frustration of coupling. Strijkers et al.^ favored the loose spin 
model" to interpret their data of strong exponential decay of 
Jj. On the contrary, Fullerton et al? discussed their strong 
temperatore dependence of biquadratic coupling date by spa- 
tial or compositional fluctuations at interfaces termed as a 
fluctuation mechanism by Slonczewski.** For all known bi- 
qiiadratic coupling mechanism, loose spin models,'* the fluc- 
tuation model'* and the intrinsic higher order term'^-Ja in- 
creases monotonically upon cooling. 

In Fig. 6 we show Ihe nagnetic field dependence of BLS 

J,—2.W arg/an, Jj»fl,23 m^mc 

Applied Field (kOe) 

FIG. 6. BLS mode ftequencies w magnetic field for die F^8 nm)/Si(1.0 
nm)/Fe(10 rnn) trilayer showing die acoustic (maifced A) and o^c (maiked 
O) branches on bodi Stokes Mid anti-Stokes sides. Tlie phis signs (+) are 
toe dieoreticd calculation. 

mode fi«quencies for the Fe(8 nm)/Si(l nm)/Fe(l nm) 
ttilayer film with the magnetic field applied along the easy 
axis of the film. The two modes shown here (closed circles) 
are Ae acoustic and optic surfece modes.'*" In a typical 
BLS spectnun the acoustic mode is identified m the hi^er 
intensity mode and the optic mode as the lower intensity 
mode. The acoiKtic modes are marked as "A" and flie optic 
modes as "O" in the figure. The evolution of the specta with 
magnetic field corresponds to changes in magnetization di- 
rections of Ml and M2. As the applied field is increased 
from zero, the two magnetizatioiB clmnge fi-om mi antiparal- 
lel configuration to a spin flop or canted state, and finally at 
high field to parallel alignment. 

For the antiparallel alignment, flie fi^quency of the optic 
mode is hi^er than that of the acoustic mode. A strong 
asymmetry of the Stoke and the anti-Stoke spectra reflects 
strong AFM coupling with antiparallel alignment of Fe mag- 
netizations. The asymmetry and the sudden jump of mode 
fteqtwncies reflect the transition of magnetization alignment 
from antiparallel to spin flop at 0.6 kOe and then fit>m spin 
flop to parallel at 4.2 kOe magnetic field. In the spin flop 
region, flie rotation of magnetizations towards field direction 
is accompanied by a crossing of the spin wave modes. From 
flie theoretical simulations it is identified that the crossing 
point of the spin wave modes corresponds to an exact 90^^ 
alignment between Mj and Mj. 

At taige applied fields Mi and Mj become parallel. In this 
case the difference in frequency between the acoustic and 
optic modes is a measure of flie exchange coupling energy 
l»tween the two ferromagnetic layere. We fitted the experi- 
mental resulte to the model calculation'"" to obtain the ex- 
change coupling strengths J| and J2. The quantitative evalu- 
ation of coupling constants is done by considering the 
equation of motion and boundary conditions.'"" The plus 
sign (+) indicating the results of the theoretical calculations 
were generated from a Levenberg-Manjuardt fit to the ex- 
perimental date. The strength of J| and J2 obtained from the 
BLS data are -2.62 and -0.23 erg/cm^, respectively. The 
BLS results md the FMR resulte are in good agreement for 
all the other samples with different Si thicknesses. 

The BLS and FMR measuremente above probe the dy- 
nmnical properties of the samples. It is important to know if 
flie static properties can be explained using the same param- 
eters that apply to the dynamical system. We used MOKE to 
stody the static magnetization as a function of applied field. 
The experimental easy and hard axis MOKE h^teresis loops 
are fitted" by cotisidering the anisotropy (^j), bilinear (J,), 
biquadratic (J2), and Zeeman eneigies. The hysteresis loops 
are simulated by minimizing the total fee ener^ of the sys- 
tem with respect to the magnetization directions of the two 
Fe layere for each value of H. We can obtain both Jj and J2 
coupling constante due to the existence of two plateaus in the 
hysteresis loops and the detennined values are within 5% of 
the FMR and BLS resulte. 

IV. CONCLUSION 
We investigated Fe/Si/Fe trilayers with strong antiferro- 

magnetic exchange coupling by FMR and BLS. Both tech- 
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niques provide tiie possibility to <tetennine Ae bilinear (Jj) 
and biquadratic (Ja) coupling constants. The HJJ,BH) 

curves were well underetood fhsm a theoretical calculation 
suited for strong AFM coupling. The observed ei^tfold-like 
symmetry is due to competition between strong AFM cou- 
pling enei^ and cubic anisotropy energy and results in an 
unusual situation where H^ is hi^er along the (nonnally) 
easy-axis direction compared to tiiat along flie hard axis. This 
behavior vanished at low temperature where AFM coupling 
ene^ completely dominates tiie anisotroi^ enei^. At room 
temperature we obtain Ji = — 2.6 ei^cm and J2 
= -0.2eig/cm^. These resulte are in excellent agreement 
with those obtained from flttmg the mode frequencies in BLS 
experiments. We also find the behavior of Ji and J2 as a 
function of temperature and show tot the magnitude of J2 
(tecreases rapidly as flie temperature increases. 
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Variation of magnetization and the Lande g factor with thickness 
In Nl-Fe films 

J. p. Nibarger,*) R. Lopusnlk, Z. Celinskl,"' and T. J. Silva 
National Institute of Standards and Technology, Boulder, Colorado 80305 
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We have measured the Lande g factor, the effective magnetization M^, the uniaxial anisotropy H^, 
and the Gilbert damping parameter a, as a fiaiction of Permalloy fihn thickness from 2,5 to 50 nm. 
We used a pulsed inductive microwave magnetometer capable of generating dc bi^ fields of 35,2 
kA/m (4W Oe). A significant decrease in g is observed with decreasing Mckness below 10 nm. 
Also, Meff decreases with decreasing Mckness comistent with a surface anisotropy constant of 
0,196±0.025 mJ/m-^. The decrease in g can arise from the orbital motion of the electrons at the 
interface not being quenched by flie crystal field. We also compare our data to a model of an 
effective g factor suggesting that the decrewe in g factor mi^t also stem from the Ni-Fe taterface 
vsdth a Ta nnderlayer.  [DOI: 10.1063/1.1588734] 

As the magnetic-data-storage industiy develops disk 
drives with date transfer rates approaching 1 Gbit/s, under- 
standing the underlying dynamics of flie soft magnetic com- 
ponents used in recording heads becomes increasingly im- 
portant. Two important material parameters that p)vem the 
response and precessional fiiequency of a magnetic film are 
die effective nwgnetization Mj^ and the Lande g factor. M^^ 
a&cts the dynamics by generating intertml demagnetizing 
fields during the switching process that greatly accelerate flie 
precessional motion. The Lande g factor sete the proportion- 
ality of angular momentum and magnetic moment for the 
individual spim fliat results in precessional motion. For state- 
of-flie-art heads with exceedingly small magnetic layer Sick- 
nesses, interfeces play a large role, and understanding the 
effect of interfaces on Mgg and g is crucial for the engineer- 
ing of high-performance recording systems. The thickness 
dependence of M^g and g in the case of thin Pennalloy films 
was first measured by ferromagnetic resonance.' 

We demonstrate the ability of a pulsed inductive micro- 
wave magnetometer (PIMM) to measure simultaneously the 
effective magnetization Mj^, the uniaxial anisotropy Ht, 
and the specfroscopic Lande g factor, at high dc bias fields. 
This is done for a thickness series of Pemalloy fltaa 
(Ni8iFei9) rangmg fl»m 2.5 to 50 nm. By applying laige dc 
fielsfc [35.2 kA/m (440 Oe)] along the easy axis of Ae 
sample during measurements, we are able to extract M^jf, g, 
and if t simultaneously Msing a nonlinear, three-parameter fit. 
This is in contrast to most pennrameters, which require a 
separate me^urement of Meff. In addition, the Gilbert damp- 
ing parameter a, WM extracted as a fiinction of fliickness. 

Polycrystalline Permalloy films were deposited on 1 
cmXl cmXlOO /im (0001) oriented sapphire coupoiM. The 
sapphire substrates were cloned using ion milling in Ar/Oj 
and Ar atmospheres to remove contaminants. Then, a dc 
magnetron operating in an Ar ataiosphere at 0.533 Pa (4 
mTorr) w^ used to sputter a 5 nm Ta adhesion layer. Per- 
malloy fihiB of 2.5, 5, 7.5,10,15,25, or 50 nm thicknrases 

•'Electajnic mail: mba^ei@bouIder,nist^v 
'■'Ptesent address: Dqiaitment of Ph^cs, University of Ctolorado at Colo- 

rado Spring Colorado Springs. CO 80918. 

were then deposited followed by a 5 nm capping layer of Cu 
to protect the Permalloy apiiBt oxi<ktion. Samples were 
grown in a 20 kA/m (250 Oe) extenwl magnetic field to 
induce uniaxial anisotropy. Photolithography and a nitric 
acid eteh was iteed to pattern a 3 mmX3 mm square in the 
center of the Permalloy coupon. The reduced sample area 
was recpired to piarantee high imiformity of die dc bias field 
across the area of the sample during measurements. Figure 1 
upper imet shows ^ical hard- and easy-axis hysteresis 
loops of the unpattemed 50-nm-fljick sample characterized 
using an induction-field looper to verify their quality. 

Samples were measured by use of a PIMM.^ A coplanar 
wave^ide of 50 fl impedance mid 100 fan center conductor 
was tKed. The easy axis of the sample was aligned parallel to 
the center conductor, as shown in the lower inset of Fig. 1. A 
commercial pulse generator provided 10 V pulses, with 50 ps 

't 
fi 
S.  20 
4« 

10 20 
H,(kA/m) 

40 

FIG. 1. Frequenqr squared as a function of bias field for a 5 nm sample; the 
«ror IwB are ttw ms of flie circles. Data for bias Iteld 0.8-7.16 kA/m 
(10-90 Oe) are diown with fflW-in circles and fitted linearly wilh a solid 
line to demcmstrate fiie Aviation ftom lineariQr of ttie data at hi^ bias 
fields. All of Ae data were fitted witti Eq. (1) (dashed line). Lower inset 
dunra fte mwsurement geometry used for pulsed inductive mirawwve 
ma^etometer measurement, with tfie ea^ axis of the sample [mallei to IIK 

if^lied <te bias field. U^ier inset shows induction field looper measurements 
of ttw i3n[nttenied 50 nm ttuck sample diowing fte easy- and hard-axis 
l^ster^s loqis wifli ea^-axis squareness of 0.99. 

a)03^951/2003/83(1)ffl3/3«20.(XS m 
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rise times and 10 ns durations. The pulsed field Hp, was 
oriented along the hard axis of the sample. The nominal field 
pulse amplitudes were found by the use of the K^lquist 
equation for fields from a current strip' to be 800 A/m (10 
Oe), The Pennalloy Mtm were placed facing the waveguide. 
To prevent shorting of the coplanar waveguide a thin layer of 
photoresist (<1 foa) was spin coated onto the sample. 

Static longitudinal bias fields (H/, in Fig. 1 lower inset), 
ranging fi»m 0.8 to 35.2 kA/m (10 to 440 Oe), were gener- 
ated by an electomagnet with soft iron pole pieces and a 
circute yoke.* Field calibration was performed to avoid any 
effects of remanence mid allowed the fields to be set with an 
uncertainty of 1%. Field uniformity along the waveguide ■wss 
better than 1% over a length of 4 mm. Coil resistance was 
monitored to ctetermine if any heating had occurred fliat. 
could lead to field drift. If tfie resistance w^ more flian 2.5% 
above room-temperature resistance, then data acquisition 
was temporarily stopped until the coils cooled. 

Precessional respome was measured with a 20 GHz- 
bandwidtfi digital sampling oscilloscope. The meaaired pre- 
cession fl^quencies ranged fo>m 1 to 6,5 GHz and were well 
within the bandwidth of the detection system.^ Aback^wund 
response was obtained witii an applied saturation field of 2.4 
kA/m (30 Oe) along the hard axis and zero field along die 
easy axis. The precessional dynamics was extracted by sub- 
tracting the measured and background signals. 

The induced voltage of the precessional response mea- 
sured in the time domain was converted into fi:eqitency spec- 
tra by fast Fourier traiwform for further analj^is. The Gilbert 
dmnping parameter a, was extracted from the full width at 
half maximum of the imaginary part of the spectrum A«, 
such that: a'='h.ml(yii^M^^? The resonance of the sigial 
was extracted fi»m the zero crossing of the real part of the 
spectrum. The resonance fi^quency as a flmction of bias field 
can be described by the Kittel formula for a thin film* 

a>n= 
gl^Bfi-n 

(M,ff+Ht+HMHk+Ht), (1) 

where /Is is the Bohr magneton, h is Planck's coMtant di- 
vided by I'TT, and /io ^ the permeability of free space. A 
simultaneous three-parameter fit of fti| vs H^ can be used to 
extract M^ff, g, and H^. We emphasize that a three- 
parameter fit is possible only when a sufficientiy krge field 
range is used such that terms in Eq, (1) quadratic in bi^ field 
are no longer negligible. Fortunately, fee applied dc fields 
need not be as lai^e m M^g for the nonlinearity in ml vs H^ 
to be measurable. Since surfece anisotropies may exist for 
very thin mapietic filnw, the demapietizating fields induced 
by out-of-plane motion of the magnetization vector differs 
from die saturation magnetization by the usual surface an- 
isotropy term' 

l^oMsg=ti(,M,- 
2K, 

MsS' (2) 

where S is the film thickness and K^ is tiie average anisot- 
ropy, coiBisting of the sum of the Cu/NiFe and Ta/NiFe in- 
terface surface anisotropies, 

Fipire 1 is a plot of faquency squared, J^=(«/2w)^ as 
a fijnction of longitadinal bias field for a 5-nm-thick film. 
The uncertainty in/^ is found to vary from 5% at 1 GHz? to „ 
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FIO. 2. HoM^ and g as a flmction of thictaiess, & Inset shows H^ and a as 
a flmction of 8, Tte a values plotted are witfi 8 kA/m longioidinal bias field 
applied, ^o^eff "** fl*te<l *<> Eq. (2) (dashed line), gelding ^jAfj=1.0553 
T and ^,=0.196 mJ/m*. TTie measured g fcctor is compared to Eq. (7) 
(solid line) where Tf^g^=ii.6 nm (see Ref. 12), Tcumrn—M nm, 
gNiPs=2.1 (see Reft. 1, and 13) gMnF==1.58 (see Ref. 14), gcuWiF5=2.05 
(KC Ref. 15). 

0.8% at 40 Gltf. The data can be fit using Eq. (1) (dashed 
line) to yield values of M^, g, and H^. To highlight the 
deviation flwm linearity, (kta for 0.8-7,2 kA/m (10-90 Oe) 
biM fields (shown with fiUed-in circles) were fitted to a Un- 
ear flmction of H^, with the fit extrapolated to high fields. 
The data are as much as 8% greater than the linear extrapo- 
lation from low field data, showing the magnitude of the 
nonlinearity to be fitted in the extraction of M^y, g, and H^, 
For each thickness, multiple measurements were made to 
determine statistics for repeatability and to decrease noise 
tiirough averaging. Due to the 1% imcertainty in bias fields, 
a ^stematic error of 2.5% for g, 4% for M^g, and 12% error 
in ^t are presumed. Results for M^g and g as a fijnction of 
diickness S, are shown in Fig. 2, H^ and a as a function of 
fliickness is shown in Fig. 2 inset. The a values plotted are 
tmm date with an 8 kA/m longitudinal bias field. 

The Gilbert damping parameter, a, increased with de- 
creeing film thickness, comistent with previous meeure- 
ments in Permalloy,* H^ appears to vary randomly with an 
average value of «8±40 A/m (5,1±0,5 Oe) for 2,5<5<15 
nm, with no observable trend within flie enor bars for the 
measurement. However, both Mgg and g decrease signifi- 
cantly with deceasing film thickness Wow 10-20 nm. In 
piartical terms, the reduction in M^ and g is a decrease in 
the mtriiwic ferromagnetic resonance frequen(y for the thin- 
nest Permalloy by 27% relative to the ftickest films, equiva- 
lent to a shift in the precessional tequency of 230 MHz, 

Values obtained for HoM^g with the PIMM are consis- 
tent witii values obtained from an alternating gradient mag- 
netometer (AGM). For 50 and 25 nm sample thicknesses tte 
AGM measured values of/to^eff were 1,0630 and 1.0180 T, 
respectively, comp^d to 1,0462 and 1,0398 T, respectively, 
fe»m die PIMM measurements. The observed decrease in 
/toMeff with decreeing thickness is consistent with a surfece 
anisotropy contribution given by Eq, (2). A fit to Eq. (2) k 
shown in Fig, 2 as a dashed Ime. K^ is 0,196±0,025 mJ/m^ 
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and fioMs is 1,0553±0.046 T. The error in K, and fioM, 
accounts for both random eiror and the uncertainty of 1% for 
the bias field. 

In general, both the orbital and spin angular momentum 
contribute to the total angular momentum of an electron. As 
such, the g factor may be written as 

8= 
Im^ fis+f^L m 

where Us and fi^ are the contributions to the electajn mag- 
netic moment due to the spin and oAital components, re- 
spectively. For a symmetric crystal I^ce, the orbital motion 
of flie electron during gyronm^etic precession is quenched 
by the ciptal field, i.e., (L)=0. llnB, flie orbital contribu- 
tion to the electron angular momentum is zero even fliough 
the orbital contribution to the magnetic moment is nonzero 
resulting in a g factor Aat is always greater than two:' 

2We /is+I^L   ^ 1 + ^ (4) e      iS) 
However, the orbital motion is not entirely quenched at 

surfeces and interfaces where the cr^tal field is no longer 
symmetric since the interfece breals invereion ^mmetry. 
Under such circuimtances, the orbital motion can still con- 
ttibute to die ^romagnetic motion. Equation (3) ran then be 
written as 

g=- 
2We /*s 

1 + ^ 

<5) 
1 + 

.211-^ (5) 

since {S)=fis^e /e, (L)=2/iimg le and expanding the Tay- 
lor's series to flret order. Thus, surfeces and interfaces allow 
for the possibility that die g fector is less flian 2, Two physi- 
cal mechanisms are plausible sources for tfus interf^e effect. 
First, the orbital motion is not quenched by die crystal field, 
i.e., {i)#0. In addition, material mixing at the interfece 
could alter the g fector. We can model the later hypothesis of 
interface mixing by relying on the concept of an effective g 
f«rtor, gejf, firet proposed by Wangness'"'" 

PNiFefNiFe+ PTa/NiFe'^TamiFe+ PCu/MFe^Cu/NiFe 

PNiFe^'l NiFe PWNiFe^li/NiFe PCu/NiFe^Cu/NiFe 
(6) 

^NiFe ^Ta/NiFe ^CWNIFe 

where Pi, F,, and g, are the spin demity, volume, and g 
factor for each of the respective layers or interfaces 
(j=NiFe, Ta/NiFe, Cu/NiFe). The volume F, nwy be set 
equal to the thickness *,■ since the interfece area is the same 
for each layer. Equation (6) can be rewritten ss a fiinction of 
the thickness of die Permalloy film, & 

5+ ^Ta/NiFe+AcuMFe 
8^S)=- 

%a/NiFe       '(WNiFe 
(7) 

^NiFe     fTa/NiFe     ^CuMFe 

We assume that the ^in density pj is inwriant through the 
film diickness and that reasonable {^sumptions for the Cu/ 
NiFe and Ta/NiFe interfece diickness and the g-factoiB for 
the films and interfaces can be made. 
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The mixing at Ta/NiFe interfaces hm been well studied 
for magnetic random access memory'(MRAM) and giant 
magnetoresistance applications. Kowalewski etal}^ found 
the interface thickness for unannealed samples to be 0.6 nm. 
The thickness of the Cu/NiFe interfeces is approximately 
two monolayeis (0.4 nm). The measured g factor for NiFe 
fi»m this experiment for the thickest filrm is 2.1, which is 
consistent with other published values (2.08,* 2,08," and 
2.17)." For the g fector at die Ta/NiFe interface, we make a 
very coaree approximation and me the Ta bulk value of 
LSS." Likewise, the g factor for Cu/NiFe is simply fliat of 
bulk Cu, 2.05," a value not too different fi-om that of bulk 
Permalloy. A plot of Eq. (7) widi flie earlier ^sumption is 
shown in Fig. 2 with no adjustable parameters. The calcu- 
lated reduction in g widi decreasing NiFe thickness is in 
la^e part the result of the Ta interfece, which has a large 
orbital contribution to the moment. 

This model works surprisingly well m an explanation for 
die diickness variation of g, in spite of the particularly crude 
assumptions made of uniform spin density and bulk values 
for the g factore at die various interfaces. These two assump- 
tions stem from die presumption diat ferromapietism persists 
even in an intermixed atomic environment, though the orbitol 
momentum contribution to the totol angular momentum of 
flie ferromagnetic spitK is dominated by die electtonic struc- 
toire of die nonmagnetic constituent. We conclude that either 
die orbital motion at the interface is not quenched by the 
crystal field, i.e,, {L) #0, or that interfacial mixing of ferrous 
and nonferrous materials, or some combination of these two 
effects can explain the significant deviations of the preces- 
sional dyiwmics in thin Permalloy films from that predicted 
from bulk values of die g factor. 

The authors would like to thank T. Kos for technical 
^sistance. Z.C. ^knowledges the financial support fiwm 
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We fabricated a series of imgnetic monolithic tunable microwave notch-fllters and phase shifters. In 
contr^t to previous woric with molecular beam epitexy grown metollic ferromagnete, our devices 
were created by magnetron sputtering. Single crystal GaAs (001) was used as a substrate. Iron and 
Permalloy were msd as magnetic materials in a coplanar waveguide geometry. The transmission 
characteristics of the filters were observed to depend on substrate quality, film deposition parameter 
(Argon pressure, ^owfli rate, power, etc.), and grain size. In addition we observed a substantial 
increase in die resonance fequency for the Fe based notch-filters. This incre^e in the resonance 
frequency is due to a growth-induced imiaxial anisotropy field of 40 kA/m m the Fe fiteis. This is 
an unexpected and important result especially because tiie observed anisotropy is growA and not 
field induced. The resonance frequency shifted from 9.3 GHz at zero applied magnetic field to 15 
GHz for an applied static magnetic field m low as 72 kA/m (0,9 We). The Fe based notch filter 
attenuation was greater ttei 35 dB/cm over the whole applied field range at flie resonance condition. 
The phase shift of the Fe structures was up to 100==/cm at 8 GHz. The Permdloy based flltere show, 
over the same magnetic field range, a shift in the resonance ftequency fi»m 2 to 9 GHz. The 
attenuation of the Permalloy filters at resonance (6 dB/cm) is substantially lower than in the Fe 
based filtere.   © 2003 American Institute of Physics.  [DOI: 10.1063/1.1557856] 

INTRODUCTION 

The development of hybrid structures formed by Ihin 
metallic magnetic Mms, e.g., Fe, Permalloy, ete., on semi- 
iimilating substrates'"'* has received considerable attention 
as a technique for integrating microwave devices with semi- 
conductor technology. This allows construction of high fre- 
quency microwave and millimeter wave monolithic inte- 
grated CHBuits (MMIC). In this article we concentrate on the 
coplanar waveguide (CPW) structure, because it is especially 
suitable for the mapietic-MMIC design, due to the easy 
implementation of additional microwave components with- 
out via holes.' 

Recent work on magnetic-MMIC has focused on the use 
of metallic fenomagnetic materials because their hi^ sato- 
ration magnetization allows for operation of tiie devices at 
higher firequencies than with conventional insulating ferrites. 
Most of the ferromagnetic metal-b^ed MMC devices febri- 
cated up to now have wed molecular beam epitaxy (MBE) 
growth, a proems that is generally not compatible with in- 
dustrial m^s production techniques. In contr^ we report 
here on toe marrafacturing of magnetic MMIC device by 
magnetron sputtering, a techni<pe widely used in the ind»B- 
try. The nmpietron sputtering has an additional advanta^. 
While MBE grovra films are generally flun, on the orfer of 
IW) nm or less, the microwave MMIC devices often require 
fBms with thicknesses that are much larger, on tiie order of 1 

•^Electronic mail: bldajani^ahoo.com 

to 2 /joa or so. This is because tfie film thickness should 
generally be comparable or larger than the skin depth in 
mapietic material. This fliickness can be more e^ily 
achieved by sputtering techniques. 

EXPERIMENTS 

The CPW lines were fabricated by depositing thick mag- 
netic layers of either Fe (650 nm) or Permalloy (750 nm) on 
top of msulating GaAs substrates to reduce the microwave 
loss. A thin 10 nm Ti film wm used to increase adhesion. The 
background pressure in our deposition system was 13 ^a 
(1.0X10"' Torr). The deposition was made iwing an rf/dc 
mapietron source at a rate of—0.1 nm/s and with aigon (Ar) 
pressure 0.27-0.53 Pa (2-4 mT). A thin layer of Ag was 
deposited on top to prevent oxidation of the magnetic film. 
The films were photolifliographically patterned followed by 
ion milling in an Ar atmosphere. The CPW stouctoire w^ 
designed for a characteristic impedance of 50 O. Two right- 
angle bends arc introduced at the ends of flie ttammission 
line to allow for the commercial microprobes to make con- 
tact, and also make die component of Ae <«cillating radio- 
fiequency microwave field, h^, perpendicular to tte applied 
bias static magnetic field.' In this geometry tiie energy of the 
electromagnetic wave propa^tmg along the CPW sttucture 
is coupled into the magnetic filim and incurs fenomagnetic 
resonance phenomena. The resulting resonance fre^ency 
can tiien be tuned by varying the external magnetic field. 

We characterized die CPW ttammission Vmm at frequen- 
cies fix)m 0.5 to 20 GHz using an automated vector network- 
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FIO. 1. Attenuation for Fe (a) and ftnnalloy (b) based cqrtanar wavepiides 
as a function of ftequency for different qiplied fields. 

analyzer (VNA) and a microprol^ station; the on wafer cali- 
bration was done iwing Ae MIST Multical® software for the 
tiirou^-short-line (TRL) calibration procedure.* Tlie longest 
and file shortest lines used for calibration were 0.0071 and 
0.0025 m to cover the entire fi^uency range of interest. 

RESULTS AND DISCUSSION 

Figure 1 shows Ae on-wafer calibrated ttansmission 
scattering matrix coefficient Sji as a fiinction of ftequency 
for Fe (a) and Permalloy (b) 0.0025 m long CPW lines. The 
transmitted sipial shows a dip at the ferromagnetic reso- 
nance ftequency due to the coupling of microwave energy to 
the magnetic spin system. For an isotropic material fliis r^o- 
nance fequency (f^) m given by 

fr^=\j^\4mH+M^, (1) 

where H is the applied field, M^ is the saturation magnetiza- 
tion, and y is the ^romagnetic ratio |y|=2.31 
XlO^ m/kAs. The observed resonance fcquency of 9.53 
GHz for the Fe CPW wifli saturation magnetization of /to 
XMj=2 T, with |Eio=4irX 10"' H/m ss the permeability of 
the vacuum, and a bias field of 2.4 kAM (0.03 kOe) d<»s not 
follow the prediction from Eq. (1). We determined tiiat our 
dqsosited Fe film had a substantial uniaxial anisotroi^ field. 
Hi/, along flie direction of flie applied static bias field. If flie 
uniaxial anisotroi^, with mi ea^ axis oriented along the ap- 
plied static bias field, is taken into account flie resonance 
fi^qwncy is pven by 

/as 2ir 
sl(H+Hu)(H+M,+Hu). (2) 

Kuanr et al. 

The presence of the uniaxial anisotropy is important for pos- 
sible applications. If one would be able, during the process 
of the deposition, to alipi the easy axis parallel to the center- 
conductor of the CPW it would allow tiie initial resonance 
ftequency (the fiwpency when H=^) of magnetic MMIC 
devices to be controlled. We will address this issue more 
closely later in the text. At the moment, we wish to empha- 
size flat flie experimental results for the Fe CPW devices 
show a significant uniaxial miisotropy even though they were 
made by magnetron sputtering. 

We followed flie resonance behavior of ttie magnetic- 
MMIC devices by measiffing the cdibrated two-port scatter- 
ing matrix coefficiente Sy of the particular device while tun- 
ing flie resonance fasquency of the device up to 15 GHz by 
applying a small external magnetic field fi»m 0 to 72 kA/m 
(0.9 kOe). From the measured scattering transmission matrix 
coefficient S^i we estimated that the attenuation at resonance 
for flie Fe CPW filter was ~35 dB/cm in flie entire applied 
ma^etic field range. As seen in Fig. 1(a), flie total loss in flie 
measured device hm an additional nonmagnetic insertion 
loss of 12 dB that will be addressed later in the text. 

In content, the transmission scattering matrix coefficient 
Sai for flie Permalloy-based CPW filter, shown in Fig. 1(b), 
exhibits resoiance at a much lower firequency that the Fe- 
b^ed filters for the same magnetic bias field. For example, 
for flie bias field of 2.4 kA/m (0.03 kOe), flie resonance is at 
2.3 GHz in flie Permalloy devices while it is 9.5 GHz for flie 
Fe-based device at the same applied field. This decrease in 
the resomnce ftequency is due to the smaller saturation mag- 
netization IIQXMS=\1 along wifli a much smaller uniaxial 
anisotropy typical of Permalloy films. The resonance fre- 
quency in flie Permalloy CPW was tuned up to 8.5 GHz by 
increasing flie bias field up to 72 kA/m (0,9 kOe). The reso- 
nance attenuation obtained for fliis filter is ~ 10 dB/cm with 
an additional nonmagnetic insertion loss of ~7 dB. 

The investigated magnetic MMC CPW filtere show 
some performance limitations that will have to be addressed 
in die fiiture. These are nminly flie nonmagnetic insertion 
loss as well as &e background fiiequency dependence of the 
devices. The limitetions are primarily due to the construction 
design of flie CPW line; the sharp 90° turns are a source of 
radiation losses and substate mode generation which con- 
tribute to flie observed nonmagnetic insertion loss and the 
smoothness of flie transmission curve. Since flie skin depfli 
becomes comparable to the conductor thickness below 20 
GHz, the field penetration effects are also important m flie 
entire fi«quency range studied. 

Fipire 2 shows the dependence of the resonance fte- 
(pency on flie applied bias static magnetic field. The solid 
line represente the flieoretical calculation using Eq. (2) and 
the ^mbols show flie experimental resulte. To fit flie experi- 
mental date for tiie Fe CPW filter we had to use a relatively 
la^e uniaxial anisotropy of 37, 6 kA/m (0,47 kOe). As al- 
ready mentioned above, fliis is a surprising result since one 
would expect isottopic behavior in sputtered stevices. We at- 
tribute fliis to the effect of flie single cr^tal (Ml) oriented 
GaAs substrate, which was apparently slightly miscut. The 
Permalloy samples fliat were grown on a different set of 
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FIG. 2, Resonance flwpency m a flmction of applied field for Fe and 
Psnnalloy. 

GaAs substrates showed only a very small ^>wth-induced 
niapietic anisotropy. 

The misorientation of the GaAs substrate introduced a 
ptjwth-induced anisotropy in the Fe films during the depo- 
sition. Earlier experiments* with MBE grown ultrathin Fe 
filnw (3 nm and below) on flie same smgle crystal QzAs 
substrates also showed very large anisotropies, up to 160 
kA/m (2 kOe). Angular FMR measurements proved that flie 
observed anisotropies in the MBE grown Mtm were uniaxial 
in iwture. The fact that our sputtered fUms were much thicker 
that the MBE grown films, and still showed significant an- 
isotropy, indicates that flie single crystal GaAs substrate fai- 
duces stresses throughout the Fe film, resulting in a lai^ 
uniaxial anisotropy field i/y. 

The large uniaxial anisotropy in Ihe Fe structures could 
be very important for device development since it boosts Ae 
operational frequency substantially. It is interesting to specu- 
late whether a deliberately miscut substrate could be utilized 
in the fiiture design of sputtered flun flhn magnetic-MMIC 
devices. Additional research should be done to explore flie 
possibility of obtaining even larger uniaxial anisotropies in 
sputtered Fe fiteis by proper orientation of single crystal 
GaAs substrates, possibly in combination with deposition to 
a mapietic field. 

The CPW notch filters can also be used, in principle, m 
phase shifters. The resulte for phase dufter <q»eration are 
presented in Fig. 3 for tiie Fe-based CPW sttuctures. The top 
panel shows the phase angle of flie ttansmitted signal as a 
flmction of the fte^ency for different values of flie applied 
field. Alfliou^ substantial ctaiges are seen near resonance, 
the attenuation of the device at fliese frequencies is high (flie 
device performs as a notch filter close to resonance) which 
makes operating the device ^ a phase shite- unsuitable at 
these fi«quencies. By close inspection of the measured data, 
we observed fliat away fe>m the resonance there is still a 
shift of the phase angle with the applied field. This change in 
phase angle away from ^sonmice, ^ a flmction of the ap- 
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FIG. 3. Transmitted phase (a) M a ftinction of ftequency for Fe based 
devices, and phase shift (b) as a ftinction of applied mapietic field. 

plied field, is plotted in Fig. 3(b), Note fliat at 8 GHz, a phase 
shift of 100 deg/cm was meMured wifli only a 2 dB change 
of insertion loss. At lower flequencies the observed attenua- 
tion m well m flie phase change are both smaller. 

In conclusion, we constnicted a set of microwave de- 
vices using Fe and Permalloy grown by magneton sputter- 
ing. From flie observed data we can conclude that devices 
p»wn by magnetron sputtering have performance character- 
istics fliat me similar to the characteristics of devices grown 
by MBE. An intripiing development is flie observed la^e 
uniaxial anisotropy in sputtered materials. This growth- 
induced anisotropy is important from flie device design 
standpoint because it can significantly increase the opera- 
tional frequency of microwave ferromagnetic metal devices. 

This work was supported by flie ARO (DAAG19-00-1- 
0146 and DAAD-19-02-1-0174), Work partially supported 
by flie U,S, Government and not subject to U.S, copyrl^t 
protection, Producte or companies named here are cited only 
in flie interest of complete scientific description, and neiflier 
constitute nor imply endoreement % NIST or by the U,S, 
government, Oflier products may be found to serve just as 
well. 
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Exchange WM was studied in Ae Fe/KCoFs fenomagnet/antiferromagnet system. KC0F3 can be 
deposited onto single crystal of Fe, either in flie polycr^tolline or single crystal form, depending on 
growth conditions. The samples were ffown by molecular beam epitaxy on Ga-terminated GaAs 
(100) wafere. We stody effecte of the crystal stote of the fluoride, thickness of the Fe film, 
crystollographic orientation of the Fe, and temperatine on exchange bias. The structures with single 
crystal KC0F3 show that the exchange bi^ is well correlated with the coercivity at low temperatures 
and vanishes at a temperatore close to the Neel temperature. Both the magnitude of the exchange 
bias and the blockmg temperattire of the samples with the polycrystelline fluoride were significantly 
reduced compared to the single cr^tal strucfaires. As the Fe film thickness was increased, the 
exchange WM decreased for all samples. In contrast, Ae blocking temperature remained unchanged 
for die samples with the single-crystal fluoride. The exclwnge bias measured along the easy 
anisotropy axis of the Fe was slightly larger than that measured along the hard axis. In addition, all 
samples exhibited a weak training effect. © 2003 American Institute of Physics. 
[DOI: 10.1063/1.1558653] 

The exchange bias originates from exchan^ interactions 
among magnetic atoms at the fentjmagnet/antiferromagnet 
interface and it manifests itself as a shift of magneti^tion 
hysteresis loops. It also contributes to magnetic anisotropy M 

a unidirectional anisotropy component and can be measured 
iBing torque magnetometty or ferromagnetic resonance tech- 
niques. In spite of numerom works on exchange bias sys- 
tems during the p^t decade the mechanism of exchange bias 
is still not flilly understood.'"* 

Exchange bias existe in a variety of nanostructured sys- 
tenB including gimiular and layered structures. The system 
we studied consiste of a single crystal (IM) Fe film and a 
KC0F3 film, which is a model Heisenbeig antiferromagnet. 
The key feature of this system is that the antiferromagnet can 
be grown on the Fe film in either single crystal or polyctys- 
talline forms. It has been recently found that the crystalline 
form of the fluoride significantly modifies magnetocrptal- 
line anisotropy of the adhering Fe film,^*' This article is de- 
voted to a comprehensive study of exchange bi^ in this 
interesting system. 

A molecular beam epitajqr system was used to deposit 
the exchange bias ^tem. A few monolayers of Fe were 
deposited on a Ga temnnated (100) GaAs substrate m a seed 

"'No proof corrections received ftom mifliw priw to publication. 
''^Atiflior to whom correspondence should be addr«sed; electronic nnil: 

lnalkins@uno,edu 

layer. Then, single crystal (100) Fe filnK with thicknesses 
fi»m 1 to 3 nm were deposited on 80 nm Ag templates. Films 
of KC0F3 with a thickness of 30 nm were deposited onto the 
Fe layer using an electron-gun evaporator. Single crystals of 
KC0F3 grow at low deposition rates (below 0.1 nm/s) and at 
elevated temperatures (~180°C). Room temperattire depo- 
sition with the rates above 0,2 nm/s resulted in a colitmnar 
^wth of polycrystalline film, with a typical diameter near 5 
nm. Moreover the direction of growth for these columns var- 
ies firom pain to grain. For the single crystal KC0F3 a typi- 
cal lateral gram si2B is significantly larger (above 50 imi) but 
dislocation defects at flie Fe/fluoride interfece are visible, 
separated by distances of 20-50 nm. The exchange bias was 
measured for 5 K^r<300 K, ming a SQUID magnetome- 
ter. In addition some resulte were verified by ferromagnetic 
resotiance measurements at 24 K, 

Typical magnetic hysteresis curves measured along the 
easy and hanl axis are planted in Fig. 1 fi>r Ae sample with 
1.3 nm thick Fe (001) and a single crptal KC0F3. They are 
superpositions of hj^teresis loops representing the two Fe 
layere. The central part of flie loop refere to the exchange- 
biased Fe layer and it consists of two magnetization jumps, 
which are asymmetric with respect to flie zero field. The 
approach to magnetic saturation at M^er fields reflects mag- 
netization behavior of flie thnmer seed layer, which is sepa- 
rated hy a thick Ag buffer layer firom fte exchange biased 

0021-8979/2003/93(10)/6835/^$20.00 6835 © 2003 ^nertcan InsUtute trf Physics 
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FIG. 1. Hy^resis loojs for flie single ciystal Fe/KCoFs bilayer deposited 
on Ag template with 5 monolayeis ttiick Fe seed layer. Magnetic Held during 
cooling and measurement was implied along: (a) ea^ magnedz^on axis 
[001] and (b) hard magnetization direction [Oil] for Fe (001). 

layer. Note that the W^ field jumps are sytnmettic about 
wsm and not biased. 

It is worth noting fljat the Fe seed layer shows abrupt 
magnetization reversal when magnetised along the ea^ 
magnetization direction and there is a gradual change and a 
substantially snaller hysteresis in the case of die magnetic 
field applied along the hard axis. This behavior of the seed 
layer is characteristic of single domain magnetization. In 
contrast the thicker exchange-biased layer does not exhibit 
such distinct differences for diiFerent crystallopaphic orien- 
tetioiB with respect to applied field, which seems to indicate 
its multidomain stracture. Our studies are focused on the 
layer showing exchange bias effects, therefore the nmgnetic 
behavior of the seed layer will be skipped m the further 
disctKsion. 

We measured flie temperature dependence of the ex- 
change WM for several samples wilh Fe thicknesses varying 
from 1.05 to 2 nm. Typical results for the samples with smgle 
crystal and polycrystelline fluoride are presented in Fig. 2. In 

I'l'ViVl^^ 

Polyaystailii^ 

4s#* 

»     100    1»   »W   2M 
Ttmpts^lme [K] 

300 

FIG. 2. Temperature depemtenc^ of s»ereiw feice (ffj and exchange bias 
(Hj) for Fe/KCoFa sttuchiKS with single crystal Fe and (a) single crystal 
fliwride md (b) polyci^bdline fluoride. 

IJ      1.0      t3      J.0 
TUdoieK [nm] 

FIG. 3. The dependence of exchange bias to coereivity (Hi,/H^) ratio on 
fte Fe film fliicknes in samples with single crystal fluoride. SQUID mea- 
Miements were A)ne at 5 K. 

both cases the thickness of the Fe (001) film is 1,05 nm. 
These SQUID measurements were additionally verified by 
ferronwgtwtic resonance me^urements for selected samples 
at 24 K, We found reasonably good agreement between the 
shift of the hysteresis loop and unidirectional anisotropy 
evaluated fhjm the anisotropy curves me^ured by ferromag- 
netic resistance. 

We found that for the samples with single crystal fluo- 
ride, diere is a good correlation between temperature depen- 
dences of the coereivity and the exchange bi^ with a similar 
decrease with temperature as demotwtrated in Fig. 2(a), Ac- 
taally such correlation is expected for exchange bi^ systems 
in single domain models' because both quantities are func- 
tions of the magnetization, anisotropy, and thictaiess of the 
constituent magnetic layers. The exchange bias to coereivity 
ratio for the thiimest samples was in the range from 90% to 
104% at 5 K and it decre^ed to sro at the temperature close 
to die Neel temperature (114 K), In contrast, samples with 
polycrystalline fluoride had a smaller initial exchange bias 
compared to the coercive field (65%-W%) and it decreased 
much fester with the increasing temperature m seen in Fig. 
2(b). As a result the blocking temperature was substantially 
lower (from 50 to 75 K). 

Samples deposited on QaAs wafers with different rough- 
ness had significantly different coercivities measured at 5 
K—Hs varied from 65 Oe for epitaxy-ready GaAs substrates 
to over 300 Oe for the rou^est substrate surfaces. The en- 
hancement of the coereivity for rougher substrates can be 
explained by perturbed growth of flie film on such surfeces 
and comequently incre^ed number of defects, which ob- 
struct doniain wall movements. Because of the scatter in co- 
ereivity values on one hand and correlation between ex- 
change bias and coereivity on the on the other, we indicated 
in our initial articles'"* that selected samples with polycrys- 
telline fluoride (with hi^ Hd had larger exchanp bias than 
those wifli single crystalline KCkjFs, however the ratio 
Hif/Hg. for the la^e group of samples measured is la^er for 
flte smgle crptallme fluoride. This feet is demomtrated in 
Fig, 3, which shows the H^IHc ratio dependence on die 
thickness of the Fe film for the single crystal fluoride 
samples. Since we made a few samples with each thickness 
die points in the graph represent averaged results for samples 
widi the same thictaiess. The ratio of exchange bias to coer- 
eivity decreases quicldy from 104% to about Iwlf of this 
value as the Fe layer thickness is increased by only 4 atomic 
la^re. Surprisingly, decay of exchange bias is much slower 
for krger diicknesses of Fe and it is still above 35% for 
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FIG. 4. The temperature dependence of coercivity and exchange Was'for 
single crystal Fe/KCoFj bilayer deposited on M^ substrate. 

samples as Ihick as 3 nm. This suggeste that the dependences 
of the coercivity and exchange bias on thickness (rf) does 
not both follow the \ld law' as for Ihe majority of exchange 
bias sptenw.''* Our data indicate diat the exchange bias fol- 
lows the \ld dependence reasonably well while Ae coereiv- 
ity does not. One possibility to explain this is that tfie ex- 
change bias is an interface phenomenon wMle the coereivity 
of the Fe film depends on both interface and bulk effects. 
This idea is supported by the fact that (here is no dramatic 
change in the coercivity aroimd the Neel temperature. 

The samples with the polycrystalline fluoride showed 
similar decay of the Hi,/He ratio with the Fe thickness for 
the thinnest Fe films, however Iheir results were reduced 
compared to those for the samples with fee single aystal 
KC0F3. One possibility to explain this is that above 1.5 nm 
the interface topography between the Fe and fee fluoride re- 
mains the same while below this thickness the interface 
toughness could change with Fe thickness. The exchange 
bias depenck on the direction of the applied field with respect 
to the ctptallographic axes. Bofli the coercive field and ex- 
change bias were about 10% smaller when m^sured along a 
hard anisotropy axis (110) than those measured along an easy 
magnetization direction (100). 

To understand the role of the substrate, we deposited a 
Fe/KCoF3 structure with 10 monolayere of Fe and 30 nm of 
single ciystel fluoride on an MgO substrate with a similar Fe 
seed layer and Ag template. In Fig. 4 we a^in plot the be- 
havior of the bias and coercive fiel^ as a function of the 
temperature. In this case the exchange bias curve wm again 
parallel to the coercivity curve and it again approached zero 
close to 114 K, but the decay of the coercivity had a slightly 
different character than that for the films deposited on GaAs. 
For the sample on the MgO substrate, the coereivity and 
exchange bi^ do not depend on fee crystallographic direc- 
tion. Coercivity at fee Neel temperature decreased to only 
about half of its low temperature vdue and it WM distinctly 
la^er at room temperature than that for fee samples depos- 
ited on Ga^. This suggests that magnetoelastic effecte may 
be respomible for fee observed differences in fee tempera- 
toe dependence of coercivity and exchange bias for samples 
deposited on different substrates. This interpretation involves 
different mismatches between fee substrate and template 
structures and different feermal expansion coefBcients for 
QsAs and M^ substrates. Mapietoelastic effects may be 
quite an important fector for un(teretanding feis behavior be- 
cause of fee giant magnetostriction of KC0F3 .^' 

-2a> 0 3W 

M^ieiieKeld[Oe] 

FIG, 5, Training eflFect in the exchange biased structure. Dashed line and 
filled squares represents the fourtti cycle of fce hysteresis loop. The sample 
with 1.05 nm of Fe and 30 nm single cty^l fluoride was deposited on 
^itoxy-ready GaAs. 

It is also unportent to mention that samples wife fee 
polycrystalline or fee single crystal antiferromagnet followed 
fee feeoretical prediction of a model for fee temperature de- 
pendence of exchange bias only if unstable grains play a 
substantial role.'" However, in feis case one expects fee 
blocking temperature to be substantially below fee Neel tem- 
perature, which is not observed for fee single ctystal sample. 
We note that fee temperature dependence of fee exchange 
bias is a veiy rich and complex phenomenon and can depend 
significantly on fee grains and magnetic properties of fee 
ferromagnet and antiferromagnet." After a few hysteresis 
loops one of fee hysteresis branches was shifted toward 
lower fields by a few Oersteds. The positive branch of fee 
hpteresis loop remained unchanged as illustrated in Fig, 5. 
In fee case of FMR measuremente, a few rotations of fee bias 
field were enough to significantly reduce fee imidirectional 
anisotropy. This reduction in exchange bias was fi'om 5% to 
7%. Thb behavior is consistent with our interpretation'^ 
b^ed on Kouvel's model." As expected, feere is no training 
effect for fee seed layer—^magnetization reversal at higher 
fields is unaffected by fee ntunber of cycles. Bofe poly- and 
single-cr^tal fluoride samples exhibited a similar training 
effect. This is curious in feat one normally associates teaining 
wife a disteibution of pinning sites and local anisotropies. 
One mi^t expect that fee distribution should narrow for fee 
single cr^tal film and widen for fee polycrystalline film. 
One possibility is that fee training may be most strongly 
affected by defecte at fee interface region, which exist in 
bofe the poly- and single-crptol fluoride structures. 
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We have grown precisely ordered and precisely located arrays of ultra-small mgnetic dots. The 
nanofabrication process is based on Ae use of a protein crystal etch mask whch .s used to «eate a 
hexagonal lattice of holes in Si substrates. An assembly of (Fe/Pd)4 dots mth the average dot s«e 
of 10 nm in diaineter, 6.5 nm height, and an average separatioii betw^n dot centere of M am ms 

grown using molecular-beam epitaxy. The dot location are determmed by the biolog.cd.nask that 
fu^d to create ordered arrays of ~4 nm deep holes in Si. Fe/Pd multib^ers (1 nm ttack Fe «^ 
0 4 nm Mck Pd layers) were deposited to create dots within these holes. The dots extend -2^5 nm 
above die surfece. with a diicker (1.5 mn) final layer of Pd for protection of these stoctu^ tong 
measurements. Magneto^jptical Kerr effect and magnetometry data showed *l»at *f ^^''J^^ !f 
mapietic even at room temperature and are fairly soft with a *=f «'^%«f ^J^ J^,f'„ 
Measurements of tiie hysteresis loop revealed fltat magnetization is « Pl«n^,ff^^* *,^^»'' ~ 
the order of 15 WJ. © 2003 American Institute of Physics.  [DOI: 10.1063/1.1543SbU 

t^onnt irnftN of superconducting quantum interference device magnetome- 
INTRODUCTION ^ ^^^^^ ^^ magneto-optical Kerr effect (MOKE) mea- 

During the last two decades, the use of ultrahi^ vacuum surements on a regular hexagonal array of 10 nm in diameter 
technology has made possible the creation of ultrathin mag- (Fe/Pd)4 mapietic dots, 
netic sttuctures with interfeces tot are sharp on the atomic 
scale. This development Im brought not only other ways of SAMPLE PREPARATION 
engineering artificial magnetic materials but also exciting ^^ powth process is based on the use of two- 
discoveries such m exchange coupling, giant magnetoresis- dimensional protein crystals as an etch mask. The prepara- 
tence, and magnetic tunneling.' As a result, the significant ^^^ ^^.^^ protein crystals and their me as masks have been 
interest by industry in different magnetic materials and de- jeggjibed in previous publications,^'* They are native two- 
vices has rejuvenated activities in flie field of ultrathin nwg- (jj^gnsjonal crystals that form the surfece layer (S layer) of 
netic structures. the archaebacteria sulfolobm acidocaldmim. They possess a 

One issue of paramount importance is the patterning of jigxagotml array of pores with a 22 nm lattice constant and 
ultrathin magnetic structures into objects of nanometer scale ^^ diametere of 10 nm. The size of the native protein crys- 
and the study of flieir static and dynamic properties. There ^j ^g^gnts is on the order of 1 to 2 /an in diameter, 
are techniques, such as electton-beam or x-ray lithography, ^^ protein crystals were applied to the Si wafer m m 
which make such patterning possible, although there are sig- ^^gom suspension. The density of the surfece coverage is 
nificant restriction. For example, electron-beam lithography controlled by regulating die protein concentration in die 
can mdce objects on a scale of 10 nm, but its time-intensive aqueous suspension. The Si substrates iwed in our studies 
serial nattire makes large-area patterning with diis technicpie ^^^ approximately 50% covered with S layers, which in- 
unfeasible. X-ray photolithography requires use of synchro- ^^^ ^^ ^g avoided overlapping protein crystal frapnents, 
tron radiation, which is not commonly accessible. The afan of pj^ ^ ^^^ drying process, die Si wafere were placed in an 
our work vims to grow patterned magnetic structures using a electron-beam deposition ^Stem where a layer of Cr w^ 
biologically derived larallel febrication technique mid to deposited under an angle of approximately 60°. The periodic 
stody die nmgnetic properties of die structtires. This ap- ^po^phy of die protein crystds produced a shadow at e^ih 
proach allowed m to create large are^ of patterned magnetic ^^ ^^^ effectively creating an ordered array of holes in die 
structares (~cm^). In diis article, we (ksscribe in detail die ,jeposited Cr film. Inductively coupled plasma was used to 
preparation of Si wafers, die growfli process, and die resulte ^ansfer die pattern of die protein crptels into die Si sub- 
  strate in die form of an ortered array of holes, verified by 

.>Elec««ic ™aii: taa.tt«@b«n,«ccs.e*. atomic foree microscopy (AF^. Areas not covered by Cr 

mii-mimmmmwn2mm.m ms © 2003 An»rtca„lns,ituta<* Physics 
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FIG. 1. A schematic diagram of ttie indivictaal magnetic dot 
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are etehed while those wifli Cr are protected. The size of the 
holes wss adjusted by varying the etch parameters and time. 
These Si substrates, with the Cr/protein crystal mask still in 
place, were introduced into the ultrahigh vacuum deposition 
system. 

We grew die arrays of magnetic dots at room tempera- 
ture in a molecular-beam epitaxy system.' Using Knudsen 
cells, we deposited four 1 ran thick Fe layere separated by 
0,4 nm thick Pd layers. The final Pd layer was 1,5 nm thick 
to prevent oxidization during me^urements in ambient con- 
dition. Figure 1 shows a schematic diagram of our individual 
magnetic dot. The thicknesses of the individual layere and 
flie rate of growth (~0.1 nm/min) were monitored by a 
fliickness monitor. In addition to die patterned Si substrate, 
we deposited a control sample directly on bare unpattemed 
Si, Despite the feet diat the Si substiates were introduced to 
Ae molecular-beam epitaxy system with the protein mask on 
fliem, we did not observe an increase of the base pressure, 
indicating that outgassing wm minimal. After deposition, we 
removed the protein mask leaving arrays of (Fe/Pd)4 dots on 
the Si substrates. 

AFM measurements were made in air using a Digital 
histrumente Nanoscope in operating in tapping mode (Fig, 
2). Dot diameters were on the order of 10 nm. Because we 
have not yet optimized our m^k remo-ral technique, defects 
and missing dots can be found in the array, most likely cre- 
ated during flie removal or liftoff process, ^gnetic force 
microscopy measuremente were attempted, but preliminary 
efforte have been unsuccessflil. We tove had difficulty get- 
ting ftie resolution below 30 run, and thus have not been able 
to image individiml dots with magnetic contrast. 

MAGNETIC MEASUREMENTS 

Before presenting the magnetic resulte we would like to 
comment on the question of superparamagnetic behavior in 
these structure. The prepared mapietic dots are very small 
(10 nm in diameter and 6.5 nm in height). Pure iron objects 
with such small dimensions ms superparamagnetic above ^ 
proximately 50 K since fliemwl fluctuation are much larger 
than flie anisotropy enei^. To increase fl»e blocking tem- 
perature one needs to introduce an additiorml anisotropy to 

0 SKI iWI «w »M 

FIG. 2. Atomic foree microscopy image of {Fe/Pd)4 magnetic dots pown 
on a Si sdwtrate. The tfiictaras of MI individual Fe layer within a dot was 1 
nm, die thickness of Pd between Fe layeis WM 0.4 nm, and ttie dots were 
caiqsed widi a 1.5 nm duck Pd layer. 

the sttuctures. By layering flie Fe with Pd, nine Pd/Fe inter- 
feces were created v^ch significantly increased the effective 
ffliisotropy.* Furtfiermore, the 0,4 nm thick Pd interlayer be- 
tween Ae Fe layers produces a stong ferromagnetic cou- 
pling between the Fe films, and each dot thus responds as a 
single mapietic unit,' 

We conducted a series of magnetic me^urements ming 
a MOKE system and a SQUID magnetometer. Both tech- 
niques revealed that the system is ferromagnetic even at 
room temperature because a coercive field was observed. 
The shape of the hysteresis loops -wm very different for the 
patterned samples than that observed for samples with a con- 
tinuoia film (see Fig. 3), For flie continuous film structures 
we observed a square hysteresis loop with a coercive field of 
10 Oe; the patterned structares exhibited S-shape hysteresis 
loops with larger coercive fields (on the order of 35 Oe), 

TeaysMire 29SK. 
H in plate 

k^irtic Field Orf)e) 

FIG. 3, Hyrteresis lo<^ for die mapetic dot array measured at 295 K with 
fte ma^etic field applied in die plane of the stroctuie. Inset shows drta for 
itoitical continuous film atucture. Note die s^iateness of the hy^eresis 
lo<^ for the condmious film stnwture. 
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FIG. 4. Hysteresis loop measured at 5 K with ttie magnetic field qsplied 
nonnal to tfie sample plane. The solid lines represent theoretical calculations 
of the magnetizatiwi vs field ftir ttie continuous film sttucture and for an 
array of independent dote with ttie a^topriate denra^etizing fedow. 
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FIG. 5, The coereive field as a function of the temperature measured wilh 
ttie napietic field qiplied in plane {opm. symbols) and normal (solid sym- 
bols) to the sbuctnre. 

Moreover, tiie patterned structure requires a field of 4 kOe to 
reach saturation. The saturation field decreases with decreas- 
ing temperature to 3 kOe at 5 K, The coercivity increased 
with decreeing temperature, reaching a value of 90 Oe at 5 
K. Since the samples do not exhibit translational invariance 
over the range la^er than 2 fim, flie measured response is an 
average for all dote in different patterned regions. 

The out-of-plane tne^urements showed that it was nec- 
essary to apply a magnetic field lai^er than 15 WDe in order 
to saturate the sample (see Fig, 4). This indicates flat the 
magnetization is in the plane of the sample. Moreover, the 
shape the hysteresis loop in this configuration is very differ- 
ent tfian that found in continuoiw films and also different for 
that expected for an Mray of independent dots. In Fig. 4 the 
solid lines represent theoretical calculations of the magneti- 
zation versus field for the continuous film structure and for 
an array of independent dote with demagnetizing factors JV^ 
=JVy=0.24 and JVj=0.52 (where z is ttie axis of the 
cylinder).'" The calculation for M(H) for the independent 
dot is l^5ed on a minimization of the magnetostatic ene^y 
and Zeeman energy and ^suming that the interior fields can 
be appropriately approximated by the demagnetizing factors. 
The fact that the measurements lie in between these two 
limits suggeste that there is substantial interaction between 
Ihe dots. 

Fipre 5 presents data on the temperature dependence of 
the coeroivity for applied field both perpendicular and in 
plane. The coercivity decreases slowly as temperature in- 
crease for both configurations. This su^este that the super- 
paramagnetic limit is well above room temperature. It is in- 
teresting to note that the coercivity is laiger for the out-of- 
plane geometry. 

In conclusion, we have grown series of ulto small 
(Fe/Pd)4 dot arrays. The magnetic properties of the dot ar- 
rap are very different from those of the equivalent continu- 
ous films. The coercive field for the dot array is increased by 
a fector of three and the saturation field is increased by a 
factor of over 100, The out-of-plane results showed that the 
behavior of our system lies between that of a continuous film 
and an array of independent dote, indicating that the interac- 
tion between these dots is important. The presence of coer- 
civity and Ae shape of the hysteresis loops indicate that 
these dote are magnetic even at room temperature. 

Woric at UCCS was supported by fiie Natioml Science 
Foundation (DMR-9970789 and DMR-0114189) and Army 
Research Office (DAAG19-00-1-0146 and DAAD19-02-1- 
0174) while research at UC-Boulder WM supported by the 
AFOSR (Grant No, F49620-99-1-0105). 
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ABSTRACT 

We present results on Fe and Permalloy based microstrip microwave band stop filtere. 

These structures, prepared on GaAj substrates, are compatible in size and growtfi process 

witii on-chip high j&equency electronics. We ob^rved power attenuation of 100 dB/cm for 

Permalloy and 180 dB/cm for Fe. The imertion loss is low - 2-3 dB for Permalloy and 3-5 

dB for the Fe b^ed structures. Our geometry includes a significant boost to flie zero-field 

operational fi-equency due to the shape anisotropy of the magnetic element in the 

microstrip. Using the shape anisottopy we create a Fe-based filter that operates at 11 GHz 

with TCro applied field. 



The frequency range of 10-100 GHz is particularly interesting for communications, 

militaty and security applications. For example, there are obviom needs to see through 

fog, clouds, and smoke, but this can not be done in visible light or infrared radiation. 

These obstacles are transparent, however, for electromagnetic waves at particular 

frequencies in the GHz range. Thus signal processing in this range is of significant 

importance. 

There are a few devices that operate at high frequencies; however Ihey are large 

and bulky. Recently we have witnessed incredible progress in high frequency 

semiconductor electronics and a movement towawls the synthesis of different electronic 

componente into integrated circuits. Here we describe new, on-wafer, magnetic devices 

which are small and could be integrated witii high frequency electronics. Reduction of 

device dimension in these monolithic microwave integrated circuite is important from the 

cost and reliability point of view. 

The operational fi«quency, f, can be obtained from tiie ferromagnetic resonance 

condition and is set by material properties, such as saturation magnetization, Ms, 

anisotropy fields. Ha, the ^ronmgnetic ratio, y, and the magnitude of an applied field, H. 

If the applied field is along the easy axis, tiie frequency is given by 

f = r^(H + H^%H + H^+4nMs) (1) 

and Iherefore the resonance frequency can be varied with an external magnetic field. 

Most current devices are based on a low magnetization ferrimagnetic imulator 

(YIG). Our work, in contrast, uses a novel approach where high magnetization, metellic 

ferromagnete are the active element in these filtere.  This high magnetization allows the 



YIG 1.75 

Permalloy 10.0 

Fe 21.5 

high frequency operation.   The table below shows tiieorctical results for operational 

frequencies for different materials. 

Material 4iM. fkO) Frequency fGHz) at 1 kG Applied Field 

4.8 

9.7 

17.2 

With YIG an applied field of over 11 kG is necessaiy to re^h frequencies of about 35 

GHz. Such large fiel^ are incompatible witii devices of a limited size since substantial 

electromagnets are requured. Clearly the use of metallic ferromagnete would significantly 

increase the operational fi^equency. 

While Fe has a much higher resonance fi«quency for tiie same applied field, its 

conductivity can leM to high loss at microwave frequencies. However, structures utilizing 

thin Fe films minimize conduction loss while still producing high attenuation at the band- 

stop frequency.^"^ Early attempts at producing Fe-film-b^ed structures have succeeded in 

making filters with high band-stop toquencies and low broadband loss.'*' However, tiie 

maxunum attenuation only reached about 4-5 dB/cm. Currently, a number of different 

approaches have been investigated using ferromagnetic metols.^^ 

Our theoretical calculations'*'"'^ indicated that attenuation in die notch filtere was 

inversely proportional to the thickness of the waveguide. Essentially as one reduces the 

thickness of the dielectric a larger fi^^tion of the electromagnetic,energy demity is 

contained in tiie ferromagnetic metel. At resonance this energy is e^ily dissipated and one 

obtoim a larger attenuation. Based on Ms work, we have recentiy coiKtracted microstrip 



band-stop filtere ming a different geometry and growtti method, resulting in much higher 

attenuation.*^ Most of the previom devices have been fabricated using Molecular Beam 

Epitaxy (MBE), In contrast, we have contracted magnetic devices grown by magnetron 

sputtering, a technique commonly iwed in mdustty. The sputtering technique has a second 

aivantage. MBE grown fihns are generally thin, less than 100 nm, but the microwave 

devices requke tiucker films, 1-2 microns, to be on the order of the skin depth in the 

magnetic material. The sputtering technique is quite capable of producing these thicker 

films. 

Here we report results on microstrip devices ^hich exhibit strong attenuation (up to 

180 dB/cm in power measurements) and low insertion loss (2-3 dB). This is accomplished 

by creating devices with good impedance matching which is achieved by making the 

microstrip line much nan-ower. Because the microstrip line includes the ferromagnetic 

material there is a second major effect, a boosting of the operational firequency due to the 

created shape anisotropy in the magnetic material. 

In Fig. 1 we show a cross section of our device. Using sputtering we deposit the 

following sequence of materials on GaAs substrates. We begin by growing the bottom 

electrode - a 2 nm seed layer of Fe, a 2 micron thick Ag layer, a Ti layer for adhesion. The 

rest of the stracture is grown through a shadow mask, starting with a 4 micron thick SiOa 

fihn, a thm Ti film for alhesion, Fe or Permalloy fihn ( 0.3 to 0.5 microns tiiick) followed 

by a thick Ag fihn (1.5 microns tiuck). TTie device is patterned by photolithography and 

diy etched. 

We determine the performance of our devices iBmg a vector network analyzer. We 

characterized the microstrip ttammission lines at fi«quencies fi»m 1 to 40 GHz using an 



automated vector network-analyzer. To remove the influence of cables, probes, etc. an on 

vrafer calibration was done using the NIST Multical* software for the through-short-line 

(TRL) calibration procedure*^. 

Before we present our results we estimate the effect of the shape anisotropy on the 

operational frequency. The magnetic material in our structure is in the form of a long 

ribbon with the following dimensions - lengfli = 3 mm, width = 18 jun, tiuckness = 0.35 

pm. This le^s to the following dynamic demagnetizing factors, Nx = 0.966, Ny = 0.034, 

and Nz = 0. The formula for the resonance condition is now given by 

f = Y^iH + H, + (Ny -N,)4jtM JH + H. + (N, -NJ4iiMs) (2) 

If we calculate the fequency at zero applied field, we find that without the shape 

anisotropy the frequency is mm (if Ha = 0) and with tiie shape anisotropy tiie frequency is 

about 11 GHz for ttie Fe stracture and about 5 GHz for Permalloy. This is a substantial 

boost in operational frequency. 

In Figure 2 we plot transmission as a fimction of frequency for the Py based 

microstrips. We first note timt the zero-field frequency is slightly above 4 GHz, m 

re^onable agreement with the estimate above b^ed on shape anisotropy. The imertion 

loss over most of the region is on the order of 2-3 dB while Ihe power attenuation is close 

to values of 100 dB/cm. The widtii of the attenuation dip (measured at 3 dB above flie 

minimum, i.e. half maximum) becomes distmctly narrower at hi^er frequencies (0.4 GHz 

for the dip at 20 GHz compared to a width of 0.82 GHz at 4.3 GHz). This narrowing of the 

width of the atteniation peak is consistent wilh our theoretical results as seen in the inset. 

In Figure^S we show the resulte for an Fe b^ed microstrip. TTie zero-field 

fi^quency of about 11 GHz is in excellent agreement witii the calculation based on shajre 



anisotropy. For the Fe-b^ed structure the insertion loss is somewhat larger, between 3-5 

dB. The power attenuation is dramatically larger, 180 dB/cm at 30 GHz. Again we seen a 

narrowing of the width of the attenuation dip - it is 3 GHz at 11 GHz and narrows to 1.9 

GHz at 30 GHz. 

We show the dependence of the operational frequency on applied field in Figure 

4. ITie dots represent the experimental lesulte Mid the solid lines are the theoretical results 

based on Eq. (2) with no adjmtable parametere. The dashed line represents the theoretical 

results in the absence of shape anisotropy. TTie effect of the shape anisotropy is clearly 

present in the experimental data, particularly at low magnetic fields. The effect is 

substantially larger in Fe than in Permalloy because the saturation magnetization in Fe is 

more than double that of Permalloy. 

In summary we have designed and built a microstrip notch filter based on 

ferromagnetic metals. These devices show large attenu^om with relatively low imertion 

loss. The growth and structuring of the filter is compatible with placing such a device on a 

chip with additional high fi«quency electronics. We also show that substantial increases in 

operational frequency can be achieved by using shape anisotropy of the ferromagnetic 

metal. 

We acknowledge support from US Army Research Office under grants and 

DAAD19-02-1-0174 and DAAD19-00-1-0146. 
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Figure Captions: 

Figure 1 Structure of tfie microstrip notch filter. 

Figure 2 Transmission parameter in the Permalloy-based notch filter m a fimction of 

fi«quency for different applied magnetic fields. Imet shovra theoretical results. 

Figure 3 Transmission parameter in tiie Fe-based notch filter as a function of frequency 

for different applied magnetic fields. 

Figure 4 Frequency of attenuation dip as a function of applied field for Fe and Permalloy 

notch filtere. Note the sha^ anisotropy produces a significant difference at low 

fields. 
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Figure 1: Stnicture of the microstrip notch filter. 



-20- 

Pennalloy MIerostrip 

1.5 kOe 
2.4 kOe 

0 10        2)        30 

3.8 kOe 

SiOjthis*ness 
= 4.5|im 

10 M M 
Frequency (GHz) 

—I— 

Figure 2:   Trammission parameter in the Permalloy-based notch filter as a function of 

fi^quency for different applied magnetic fields. Imet sho^w^ theoretical results. 
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One geometry for such a band pass filter is shown below. The thicknesses of the 
Fe and Permalloy are critical - The Fe fliickness must be relatively small to minimize 
eddy current effects and is typically on flie order of 0.15 micrometere. Because the 
Permalloy has a narrower linewidth and lower conductivity the fliickness of the 
Permalloy should be substantially thicker than the Fe, typically 0.4 micrometers. Initial 
experimental results for this structure 
are shown below. 
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Dielectric - eg SiOa 

Fe 

Ae elecfrode 
Frequency CGHz) 

We also have theoretical calculations 
for tiiis effect. Using the same 
parametere as discussed above we 
find file results shown on fiie right. 
The between theory and experiment is 
excellent. 

Other geometries are also possible. 
One can include additional magnetic 
layere and dielectric layers to improve 
the transmission in the band p^s 
region and extend the band stop 
regions. Coplanar waveguides using 
two different magnetic materials are also possible. 

Theoretical Results for Band-Pass Filter 
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helpfiil. Our filter, in contrast, ofFere low attenuation in the band pMS region and 
re^ondjle attenuation at nearby frequencies. Our structure allows many different 
magnetic materials to used which, in turn, allows better tailoring of the device to 
particular needs in terms of attenuation and frequency ranges. 

2. NON-OBVIOUSNESS. Even if the subject matter sought to be patented is not exactly 
shown by flie prior art, and involves one or more differences over the most nearly similar thing 
already known, a patent may still be refused if the differences would be obvious to a person 
having ordinary skill in the area of technology related to the invention. Why is your invention not 
obvious? 

Our filter is substantially different from previous systems. The nonobviousness is based 
on the unusual combination of techniques which are necessay for successful operation. 

1) It is not obvious that one can create a band-p^s filter by using two different magnetic 
materials in a way that is more typical for band-reject filtera. The layering pattering 
necessary for good performance is also not obvious. 

2) The thicknesses of the magnetic and dielectric layers have to be carefully designed in 
order to get a narrow bmd-pass frequency region and larger band-reject frequency 
regions nearby. 

3) Previous work was b^ed on an idea that the magnetic fihn needed to have 
exceptionally high magnetic quality - linewidths in YIG filters are on the order of 1-10 
Oe, The design of the band-pass filter allows materials witii substantially lower quality 
(linewidths up to 200 Oe) to be used. This has two advantages - ^owth and processing 
techniques can be compatible witii typical industrial standards in the semiconductor 
industry and materials such as iron and Permalloy may be used (instead of YIG) and 
provide higher operational frequaicies. 



3. UTILITY. Who might find your invention useM, and why? What conyanies might be 
interested in making or selling it, and why? Is fliere oflier technology Ihat cuirenfly provicks 
similar utility? If so, what is the unique advantage of your invention? 

There are a number of possible military and civilian application. For example, the 
military has a need to see through fog, clouds and smoke. These obstacles are transparent 
for particular frequencies in the 20-100 GHz raige. Thus sipial processing in this 
range is of significant importance. There are obvioiM civilian uses as well, for example 
tracking and landing planes in severe weather conditions.  Also, cell phones are now 
starting to use higher frequencies (in the several GHz range) and in order to separate one 
channel from another it might be useful to have a band pass filter as described here. 

D, Stage of Development. Provide the date of conception and how it is documented. To wlmt 
extent has the invention been realized in practice? In the c^e of biotech/phammceutical development, has 
flie development been tested ^in vitro; in vivo (animal nK)del(s): ; Phase  
Clinical Trials; olher__ ^? 

The idea of the invention was developed in May 22 2003. 

Theoretical calculations were begun on June 9,2003 and an initial version completed by 
July 4,2003. 

Initial experimental results showing proof of principle were available by July 9,2003. A 
good experimental device was completed by Aug 7 2003. 

E. Expert Opinions. Suggest experte who can provide an objective opinion of the merits of the 
invention, especially in view of ite commercial potential. Ple^e provide contact information. 

Nan»:  Dr. Pavel Kabos (National Institute ofStandar^ and Technology, 
Boulder (303) 497-3997) 
Dr. Mikael Ciftan   (US Army Research Office)  (919) 549-0641 

111. PUBLIC DISCLOSURE 

Prior to filing for patent protection, public disclosure (a published paper, a widely available 
enabling abstract, or an offer for sale) may compromise patent rights. Upon disclosure, US 
patent law provides a one year grace period in which to file; however, essentially all foreign rights 
are lost. Inventors are urged to use discretion, take advantage of Confidential Disclosure 
Agreements available from this office, and file invention disclosures with the Unlvereity well In 
advance of presentations or publications. 

A. Has your invention been disclosed in an abstract, paper, talk, news story, thesis, 
or public conversation? If so, please Ifat and enclose copies, if available. 



No 

B. Is a pablication or other disclosure planned in the next six months? If so, please M 
and enclose copies, if available. 

Publication of the results are likely witiiin the next six months. Manuscript is not 
currently available. 

C. Have you sold or offered for sale any products that embody your invention? 
Have you allowed othew ouMde the University to use your invention? if so, please 
descrfte flie circumstances and give dates. 

No 

D. Has material related to the invention, i.e. reagents, biologicals, software, etc, ever 
been sent to or received from another organization? If so, give details (what was 
tramfeired, <tote, receiving organi2ation). 

No 

IV. SPONSORSHIP 
**Do not leave this section blanic. If there were no external sponsors, please Indicate.*^ 

Sponsoring agencies may require the University to disclose inventions that arise from ftinded 
research. 

A. Government Agency Contract / Grant No. / Title / PI. 

US Army Research Office - Grants DAAD19-00-1-0146 and DAAD19-02-1-0174 

B. Other Sponsoring Entify, including Cooperative Research Centers. Please give 
nanK(s) of industry, tinivereity, foundation, MJRC, or otlier sponsors) and tiieir university account number 
and effective date(s), 

AFOSR F49620-03-1-0207 (Subaward from NISSC) 



. # 

C. Has your invcnttoii been disclosed to government or Industry sponsors? If so, 
please provide detoils, including Ihe nan»s of organizations and tiieir ^presentotives. 

Yes - results have been shown via e-mail to Mikael Ciftan of the US Army Research 
Office. 

D. Related consulting agreemente. 


