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Nonreciprocal microstrip lines based on magnetic nanowired substrates were fabricated for the
characterization of microwave differential phase shifts. We provide a fully integrated solution for the
nonreciprocal edge guided mode, which is achieved by asymmetrically loading the width of the
microstrip with nanowires of different heights. An analytical model explaining the microwave
nonreciprocal propagation, which takes into account the substrate permittivity and the microstrip
memductance, is validated with the experiment. © 2010 American Institute of Physics.

[doi:10.1063/1.3313942]

Arrays of magnetic nanowires (NWs) embedded into po-
rous templates, also known as magnetic nanowired substrates
(MNWS), are nowadays interesting for the fabrication of mi-
crostrip microwave devices. Previous works on these devices
include circulators,’ magnetic photonic band gap materials,
isolators,” and noise suppressors.” We have previously dem-
onstrated the feasibility of self-biased circulators using
MNWS,' which exhibit nonreciprocal behavior at the micro-
wave range. Besides, nonreciprocal propagation in transmis-
sion lines involving ferromagnetic or ferrite materials is usu-
ally obtained via the Faraday rotation effect, which requires a
magnetic field pattern with elliptical or circular polarization.
This polarization is usually observed in metallic rectangular
waveguides or in coplanar waveguide topologles > Another
solution, proposed by Hines,® is particularly suited to micros-
trip topologies. In such lines, the presence of a ferromagnetic
material under the microstrip induces a nonuniformity of the
microwave energy, specifically a displacement of the electric
field pattern along the width of the strip, such that it concen-
trates preferably near one long edge of the microstrip. This
electric field pattern is reversed with respect to the symmetry
axis of the microstrip when either the propagation sense or
the direction of an external dc biasing magnetic field is re-
versed. If the microstrip is not symmetrically loaded at its
two long edges, for example, by inserting substrates having
different dielectric constants, the propagation along the line
becomes nonreciprocal, because, depending on the propaga-
tion sense, the field concentration moves from one dielectric
medium to the other. The so-called edge-guided mode non-
reciprocal devices have two following main applications:
isolators™® and nonreciprocal phase shifters’ for gyrators10
and electronically phased arrays antennas.'’ The nonrecipro-
cal operation, which is induced by asymmetrically loading
the two long edges of the microstrip, requires an usually
difficult cointegration over the width of the strip of substrates
having different permittivities or losses. In this paper, we
propose a fully integrated solution for the edge-guided mode

in nonreciprocal microstrip lines (NRML) on MNWS, which
is suited for differential phase shift performances at room
temperature. This device does not require the assembly of
different substrates, since the variation in the permittivity
along the width of the strip is simply induced by an asym-
metric filling of the substrates with NWs. We have indeed
recently demonstrated that the effective permittivity of a
MNWS under a microstrip is strongly dependent on the NWs
helght

The fabrication of NRML on MNWS is done by elec-
trodeposition of N1 NWs into the pores of polycarbonate
(PC) membranes with thickness /,=21 um, as reported
elsewhere.'* The membrane porosny P is 12% while the
NWs diameter d is 50 nm. The asymmetric filling of the
substrate is carried out in several steps in order to obtain
three adjacent strip zones with widths w;=100 um, w,
=150 pm, and w3=250 um, as shown schematically in Fig.
1(a). Step 1 consists in evaporating a 300 nm thick, 3 mm
wide, and 3 cm long cathode for electrodeposition on one
side of the membrane. Part of the membrane cathode is in
contact with an exposed part of a platinum plate to make
electrical contact. The rest of the plate is covered with iso-
lating tape to avoid electrodeposition on it. The side of the
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FIG. 1. (Color online) (a) Schematics of the NRML on a MNWS. The
microstrip line cross section is divided in three slab zones with widths w,
=100 pwm, w,=150 um, and w3=250 um and wire heights hw]=0, h

wy

YAuthors  to  whom correspondence  should  be  addressed. ~0.3h,, and hw}'xO.SShp, respectively. (b) Photograph for the NRML on a
Electronic addresses: joaquin.delatorre @uclouvain.be and MNWS for which the microstrip line is asymmetrically loaded with NWs as
isabelle.huynen @uclouvain.be. shown in (a).
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FIG. 2. (Color online) Three-dimensional view of the electric field pattern
E, as a function of the position x along the cross section of the microstrip
line and the excitation frequency f under the application of a magnetic field
H of (a) 9 kOe and (b) —9 kOe.

PC membrane exposed to the electrolyte is masked to select
a length of 2 cm over the evaporated cathode. Then the NWs
growth is done until their height is hW3—hW2. In steps 3 and 4,
a second cathode layer over the PC membrane besides the
first cathode is evaporated, and the wires are grown over the
surface of step 2 and over a 150 um wide and 2 cm long
strip over the second cathode, respectively. Growth of the
NWs is then performed until the NWs height hw2 is 0.3h,
over the second cathode layer [zone 2 in Fig. 1(a)] and hW3 is
0.88h,, over the first one [zone 3 in Fig. 1(a)]. Finally, in step
5 a microstrip line of width w;=500 um and length L
=2 cm is evaporated over the side of the membrane opposite
to the cathode as shown by the photograph of Fig. 1(b), so
defining three slab zones with different NWs heights [see
Fig. 1(a)].

On the other hand, the operation of the NRML as an
edge-guided mode device is predicted assuming a nonuni-
form y-component (E,) of the electric field pattern across the
x position of the transverse section of the microstrip line,
using a formalism adapted from the one proposed by Hines®

E, =1+A for 0=x=w, (1)

E, =A+ e for wy =x=w), (2)

= (A +e72"2)e ") for wh =X =w,, (3)

where wi=w;+w, and w,=w;+w,+w;. In these equations,
a;=jk;k,/ p; are attenuation factors for i=1,2,3 with k, the
propagation constant along the z-axis of the microstrip, jk;
and u; are, respectively, the off-diagonal and diagonal terms
of the permeability tensor i in each zone, which are given
by

=1 +2mMyPh, f(f; = 57 (m* + 1), 4)

K;i=4mM yPh,, f(f; = f)'m. (5)

In these equations f,={H+27M(1-3P)]+jaf is the reso-
nance frequency, m=M /M, is the normalized magnetization,
« is the damping factor, H is the static field applied parallel
to the NWs, f is the rf-frequency, and M,=485 emu cm™
and y=3.09 GHz kOe™! are the saturation magnetlzatlon
and the gyromagnetic ratio for Ni, respectlvely

The magnitude of E| as a function of x and f is shown in
Fig. 2 for a saturating field H of (a) 9 kOe and (b) —9 kOe.
As seen, E, is asymmetrical along the transverse x-axis at
frequencies in the vicinity of f,=34 GHz. The first zone
(0<x<w,) is not filled with NWs (h,, =0), implying an
isotropic permeability, u;=1 and x;=0 [see Egs. (4) and
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(5)]. Therefore a;=0 and E, is constant [see Eq. (1)]. As
seen from Fig. 2(a), E, decreases in zone 3 for f<f, with
minimum at f=31 GHz, indicating a displacement of mi-
crowave energy toward zone 1. As f is further increased such
that f>f,, k; changes its sign from positive to negative, in-
ducing a field displacement toward zone 3 with maximum E,
magnitude at f~36 GHz. Besides, the E, displacement is
inverted as H is inverted (m=-1), as seen from Fig. 2(b),
implying a change of sign in «; and «; for zones 2 and 3
along the x-axis which can also be achieved by changing the
sign of k_, other said the propagation sense. In this case E| is
now concentrated in zone 3 for f<<f, and in zone 1 for f
> f,. The nonreciprocal behavior is achieved by combining
this edge-guided mode behavior with a change of permittiv-
ity from zone 1 to zone 3, such that £,=2.66, &,=3.8, and

g3=22.2, which is induced by the change in NWs height. 12
Based on this electric field modeling, the propagation of
electromagnetic waves can be successfully predicted using
the theory of nonreciprocal transmission lines 1nclud1ng the
memductance concept introduced by Marqués et al.”® The
addition of the memductance M in the classical LC equiva-
lent circuit of the microstrip line section enables to calculate
the nonreciprocal complex propagation constants k. in the
forward (+) and backward (—) z-direction as

.12
k.= &[— M/C = \(M/C)? - (2mflk,)?]. (6)
27f

In this equation, k, is the complex propagation constant of
the reciprocal line Wlth uniform NWs height h, == h, /3
over its cross section, which is obtained from a varlatlonal
approach.16 Next, C =802?:18riwi/ h,, is the microstrip capaci-
tance of the NRML and M is the memductance obtained
according to the formulation of Marques et al."” as

J27feg
k.h, 21

M= e, E, (x)dx, (7)

where [; are the intervals in the x-axis for each E, . Imposing
M =0 when the microstrip is symmetrically loaded (e, =Er

=&, implying reciprocal behavior), fixes constant A 1n
expressions (1)—(3).

The key parameter for predicting the isolation AS=S,
—S_ and differential phase shift Ag=¢,—¢_ of the NRML of
length L is the constant k.., which is related to the transmis-
sion T.=e~*=L in the (+) and (—) directions. This yields the
insertion losses S.=-20 logo|T+|=20LR(k.)log,ye and
phase shifts ¢.=LJ(k), from which AS/L and Ag/L are
obtained. Measurements of AS/L and A¢/L at fixed field
values have been performed using a vector network analyzer
(VNA) after saturating the device to 10 kOe. The (+) and
(—) propagation directions refer to propagations from ports 1
to 2 and from 2 to 1 of the VNA, respectively. Figure 3(a)
shows measured (symbols) and calculated (continuous lines)
Ag/L for positive and negative H values (numbers, in kilo-
oersted) for the NRML (gray and black symbols) and for a
symmetrically loaded microstrip line (squares with crosses),
and a good agreement is found. Comparing Figs. 2(a) and
2(b) and Fig. 3(a) for the NRML, we see that a concentration
of E, in zones 1 and 3 leads to negative and positive Ag/L,
respectively. For instance, for H=9 kOe Ag/L is negative
for f<f, and positive for f>f, as E, is concentrated in
zones 1 and 3 for f<f, and f>f,, respectively. The ampli-
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FIG. 3. (Color online) (a) Calculated (continuous lines) and measured A¢p/L
for a symmetrically loaded microstrip line (squares with crosses) and for the
NRML of Fig. 1(b), for positive (gray symbols) and negative (black sym-
bols) field values. (b) Measured (symbols) and calculated (dashed lines)
S./L at 9 kOe for the NRML of (a) and calculated ones (dotted lines) for a
NRML on a 60 um thick Al,O5 substrate. (c) Measured (continuous lines)
and calculated (dotted lines) AS/L for the NRML of (a). (d) Measured
(symbols) and calculated (filled region) FOM in the range 0-9 kOe for the
NRML of (a) and for the NRML on Al,O; considered in (b) (patterned
region). In all figures, the field values denoted as numbers are given in
kilo-oersted.

tude of A/ L decreases by decreasing H and remains almost
constant for f>f,. Inverting the magnetic field direction
leads to an inversion of A¢/L, as in the case of E,, evidenc-
ing the nonreciprocity of the device [black symbols for
H=-9 kOe in Fig. 3(a)]. Interestingly, A¢/L is nonzero at
zero field, due to the single domain feature of the NWs at
remanence, and can be tuned in the range *10° cm”!. This
is, Ap depends on the NWs magnetic state m by virtue of Eq.
(5). Besides, A/ L is negligible for the symmetrically loaded
microstrip line, corroborating the fact that an asymmetric
dielectric loading of the microstrip cross section is necessary
for observing a nonzero A¢. Both measured (symbols) and
calculated (dashed lines) S../L at 9 kOe and AS/L are shown
in Figs. 3(b) and 3(c), respectively, and show good agree-
ment. Inverting H leads to an inversion of absorption depths
for each propagation direction and a change of sign in AS/L,
due to the nonreciprocal feature of the device. However, the
performances as isolator are poor because the maximal iso-
lation occurs at f=f,, where insertion losses are maximal. On
the contrary, optimal Ag/L>20° cm™! is obtained when f
> f,, where FMR losses and AS/L tend to zero [see Figs.
3(b) and 3(c)]; residual losses on S-./L correspond to dielec-
tric losses of the substrate. They are reduced by using porous
templates with loss tangent factor tan §<<0.05 (value for
PC). For instance, Fig. 3(b) shows calculated S../L (dotted
lines) for a NRML on a 60 um thick Al,O; template for
which tan 6=0.001. Same parameters hwi/h,, (i=1,2,3), w,
and ws as for the NRML of Fig. 1 are used, while w,
=380 wm. Since the relative permittivity of Al,O5 (9.8) is
higher than the one of PC (2.89), a stronger field displace-
ment is expected, and higher AS/L=42 dBcm™' and
A@/L=81° cm™' performances are predicted for H=9 kOe
(not shown). Besides, Fig. 3(d) shows measured (symbols)
and calculated (continuous lines) figure of merit FOM

Appl. Phys. Lett. 96, 072508 (2010)

=2A¢/(S,+S_), which varies within the filled region delimi-
tated by FOM for 0 and 9 kOe and is of about 2—3° dB~! for
f>f, These values are lower than reported ones for devices
based on ferrites, in the range 38—130° dB~! at x-band and
300 K8 However, the calculated FOM for the NRML on
Al,O; of Fig. 3(b) is in the range 100—130° dB~! at 50 GHz,
with highest value at zero field, as shown in Fig. 3(d) (pat-
terned region). This is of potential interest for the realization
of a gyrator element (A@p=180°) operating at 50 GHz and
300 K with low insertion losses: it can be obtained with a 2.2
cm long NRML on Al,O; templates. This advantageously
compares with conventional devices based on ferrites that
exhibit Ag/L between 20—53° cm™! in a frequency range
limited to 10 GHz.>'""**

In conclusion, we have fabricated a planar fully inte-
grated NRML on a MNWS, which is based on a field dis-
placement mechanism and is of potential use as planar mi-
crowave nonreciprocal phase shifter operating around 50
GHz. The model including the MNWS permittivity and the
microstrip memductance shows an excellent agreement with
experiment.
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