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We use magnetic nanowires in an alumina matrix as the active element in microwave nonreciprocal
resonance isolators. The design is related to waveguide E-plane isolators but is planar and much
smaller than typical waveguide isolators. There is a nonreciprocal attenuation of the wave in forward
and reverse directions. The isolation is about 6 dB/cm at 23 GHz. The bandwidth of the device is
relatively large (5-7 GHz) in comparison to ferrite-based devices. The central frequency of the
device can be tuned with the application of magnetic field. © 2009 American Institute of Physics.
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Reciprocal devices such as phase shifters and band-stop
filters are common signal processing elements and have been
constructed using both ferrites and metallic films."™* How-
ever, nonreciprocal devices, such as isolators, have only been
constructed with ferrites."* An isolator is a two-port device
that allows wave propagation in one direction but has signifi-
cant attenuation for propagation in the reverse direction. The
scattering matrix of an ideal two-port isolator is given by
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In an ideal isolator both the ports (1 and 2) are matched, but
transmission occurs only in the forward direction and the
reverse transmission is blocked.

Isolators typically operate in a frequency range that de-
pends on an external magnetic field H,, and on the saturation
magnetization (47Mg). Because ferrites are typically charac-
terized by a low saturation magnetization, their operating
frequencies are generally below 10 GHz for small magnetic
fields. Furthermore, ferrite isolators are generally bulky, with
dimensions on the order of a few centimeters. The frequency
range can be increased by using ferromagnetic metals® be-
cause of their high 47Mg (47My is 6.1 kG for Ni and 21.5
kG for Fe). However, the presence of a metal introduces
eddy currents, resulting in energy losses that significantly
damp electromagnetic waves. In this investigation we use a
hybrid structure that combines the larger 47wM of ferromag-
netic nickel nanowires”™® in an alumina dielectric matrix to
reduce eddy currents. These features allow the creation of a
high-frequency nonreciprocal device.

The Ni nanowires were electrodeposited in a hole-
pattern of commercial anodized alumina templates of 60 um
in thickness and 150 nm in pore size. To accomplish this, the
alumina template was first painted with a gallium-indium
eutectic (Aldrich) on one side to allow for electrical conduc-
tion. The painted side was placed in contact with a copper
plate (32X 51 mm?). The copper plate was partially covered
with electrical tape to prevent any unwanted deposition. The
exposed part of the plate was used for making electrical con-
tact. The copper plate along with the attached template was
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submerged in a nickel plating solution which completely
covered the top of the membrane. For the anode, a nickel
wire (99.98% pure) of 1.0 mm diameter was used. Elec-
trodeposition was carried out using a potentiostat at 1.5 V
and a constant current of 100 mA. The deposition time was
varied to control the lengths of the nanowires. Transmission
electron microscopy (TEM) imaging showed the typical di-
ameter of the wires was 150 nm.

The monolithic microwave devices were fabricated on
top of the alumina templates filled with Ni nanowires. A
thick layer of Cu (~1.5 um) was deposited by dc magne-
tron sputtering. Photolithography and etching techniques
were used to define a coplanar waveguide (CPW) transmis-
sion line structure, as shown in Fig. 1. The isolator is de-
signed using the general ideas found in waveguide-based
E-plane resonance isolators. The positioning of the nano-
wires for maximum isolation is observed to be at one side of
the gap between the central signal line and the ground line of
the CPW. This is achieved by multiple photolithography and
etching procedures. The device characterization was done
using a vector network analyzer along with a microprobe
station. The frequency was swept from 0.05 to 70 GHz at a
fixed external magnetic field (H). Noise, delay due to un-
compensated transmission line connectors, its frequency de-
pendence, and crosstalk which occurred in measurement
data, have been taken into account by performing through-
open-line calibration using NIST MULTICAL® software.’

The width of the signal lines was 20 wm and the length
of the device was 3 mm. The filters were designed for a
50 ) characteristic impedance.10 The exact resonance fre-
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FIG. 1. (Color online) Schematic design of isolator and coordinate system.
Nanowires are only on one side of the gap between the signal line and the
ground line of the alumina matrix.
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Nanowire (L=11 pm; r=75 nm)
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FIG. 2. Transmission response measured by the Network Analyzer system
demonstrating the effect of isolation between ports 1 and 2 of the device
measured at 5.6 kOe. The vertical line shows the level of isolation.

quency (f,) was obtained from Lorentzian fits to the experi-
mental transmission (S,;) data.

The transmission of the electromagnetic wave propagat-
ing from port 1 to 2 (S,;) as a function of frequency and
measured at 5.6 kOe is shown in Fig. 2. The transmission in
the forward direction is significantly reduced at the ferro-
magnetic resonance of Ni, while in the return direction from
port 2 to 1 (S,) the attenuation of the signal is small. The
difference between these two values represents the degree of
isolation and should be as high as possible. Results on the
transmission coefficients show a nonreciprocal effect, which
is about 6.5 dB/cm at 24 GHz. Figure 2 also shows a theo-
retical fitting which will be discussed below.

The bandwidth of the device is relatively large (5-7
GHz) in comparison to typical ferrite-based devices. Thus
the device can operate over a wide frequency band (Fig. 3).
The frequency tunability of the device is shown in Fig. 3(a)
as a function of applied dc magnetic field. The solid line in
Fig. 3(a) is obtained from the theoretical fittings.!" Figure
3(b) shows the degree of isolation as a function of operating
frequency.

One advantage of this geometry is that the full height of
the nanowire can be easily biased by an external permanent
magnet.11 The second advantage of our device is that it has a
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FIG. 3. (a) Operating frequency vs applied dc magnetic field. (b) Observed
isolation as a function of frequency for the nanowire based coplanar struc-
ture. The magnetic field is changed by about 1 kOe over this frequency
range.

Appl. Phys. Lett. 94, 202505 (2009)

much broader bandwidth (~6 GHz), in comparison to
ferrite-based isolators which have a bandwidth of a few hun-
dred megahertz. The bandwidth of the device is dictated pri-
marily by the ferromagnetic resonance linewidth of the ma-
terial, and Ni has a much larger linewidth in comparison to
ferrites and garnets. The third advantage of the metallic
based isolator over ferrite-based isolators is that it is better
suited for high power microwave applications. This is be-
cause the power-handling capability of a ferromagnetic
metal'>—such as Ni—is much higher than yttrium iron gar-
net or spinel ferrites. The disadvantage of our device is the
low value of the stop-band rejection (~9 dB/cm). This can
be improved by using a microstrip transmission line geom-
etry instead of the coplanar one that is being used here.

The performance of broadband isolators can be charac-
terized by the ratio fi.x/ fmin, Where fiin and fi,.., are defined
as the edges of the frequency band in which the devices have
acceptable operating characteristics. For the most advanced
isolators available today this ratio is approximately 3:1. The
measured broadband performance of our design is about
2.5:1. This does not represent any fundamental limitation on
this ratio, but is due to the unavailability of a larger magnetic
field in our laboratory. As the device under present study
operates in a quasi-TEM mode, there is no cutoff frequency
in the device. A much higher operating frequency (f,,,,) can
be achieved by the use of a larger magnetic field. Further-
more the necessary applied fields will be lower than those
used in ferrite isolators.

We have used a simple method to calculate the transmis-
sion parameter in the Ni nanowire isolator. The Ni nanowire/
dielectric matrix structure is modeled by considering an ef-
fective medium with an effective susceptibility tensor. In the
calculation, the wires have a radius r=75 nm with an inter-
wire distance of d=443 nm. The large spacing between
wires means that the wires are nearly noninteracting. The Ni
nanowire/dielectric matrix can be approximated by an effec-
tiv]e3 1 Inedium with the permeability components written
as

Megr= (1 = @) pg+ qpe, (2a)

Kett = 4K, (Zb)

where ¢ is the volume fraction of the nanowires in the ma-
trix, i.e., q:wrz/dz. The volume fraction ¢g=0.09 for our
geometry. w is the diagonal element of the permeability ten-
sor for the nanowires, « is the off-diagonal element of the
permeability, and w,=1 is the magnetic permeability of the
dielectric medium.

For a nanowire magnetized in the longitudinal direction
(along the y axis in the present case, see Fig. 1) the compo-
nents of the permeability tensor are written as

4w,
m=1+ 2—M2x, (3a)
wy—
4wy
k=3 (3b)
wy—
0 = w,w,, o,y =(wy+ N, 0y). (3¢)

Here wy=7yHy—il'/2, wy=47M,y, 7y is the gyromagnetic
ratio, 47M  is the saturation magnetization, w is the angular
frequency, and H, is the external applied field. Here the line
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width I'=(AHy+aw/7y) where AH,=2.5 kG is the ferro-
magnetic resonance linewidth at zero frequency, and «
=0.001 is a parameter which determines how much the line-
width changes with frequency. N, and N, are the demagne-
tization factors of the wire with N,=N,=27 and hence the
resonance frequency wy=wy+H,; where H;=2mw,,.

The above discussion is only for a single nanowire. In
the case of a nanowire assembly, the wire sees the external
field and its own demagnetizing field but also the field cre-
ated by the neighboring wires. With a finite structure there
are additional demagnetizing terms coming from the top,
bottom, and sides of the whole structure.” This shifts the
resonance frequency of the single wire by setting H,
=27mwy(1-3q).”

The power transmitted per unit area in the CPW is cal-
culated from the Poynting vector using the rf field compo-
nents at all positions around the signal line in the waveguide.
The power absorbed by the Ni-nanowire matrix is given by
the relation P=iw/2 Re(h;M,+h_M), where h, and h, are
the components of the rf field along the appropriate coordi-
nate axes. Here M, =xiih.+xoh, and M. =xSh+ X5
Xotes Xetp> Xogpr and x55; are the components of the susceptibil-
ity tensor of the effective medium which is calculated from
Eq. (2). The power transmitted in the dielectric and air can
be calculated from the relation <P>:(c/877y"a)(ﬁz’a'ﬁd,a),
where g, and ¢, are the relative permittivity of the dielectric
medium and air, respectively. Using the law of conservation
of power we can find the transmission coefficient."

The dotted lines in Fig. 2 show the results of the theo-
retical calculation for the transmission which are very close
to the experimental data. We can obtain some insight into the
behavior, by using earlier work on resonance isolators in
waveguides. In this case, the maximum isolation can be ob-
tained by placing the magnetic material at a position where
the ellipticity factor £&=|h./h,|=1. The experimental curves at
23 GHz correspond to £€=0.65 which is obtained when the
edge of the nanowires structure is at a distance of 6 um
from the center of the signal line as in the experiment. From
our calculations we find that the largest nonreciprocity in this
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structure would occur if the edge of the nanowires were at a
distance of 15 um from the signal line. This would corre-
spond to an ellipticity factor of 0.91.

In summary, we have designed, fabricated, and charac-
terized a nonreciprocal microwave planar isolator using high
aspect ratio Ni nanowires, made by electrodeposition inside
the pores of an alumina matrix. The isolation of the device
reaches ~6.5 dB/cm at 24 GHz with a bandwidth of
~6 GHz. This device has several advantages over typical
ferrite-based resonance isolators.
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