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We present experimental data for artificial metaconductors exhibiting skin effect suppression at microwave frequencies. The metaconductor consists of a stack comprising twelve periods of alternating ferromagnetic (Permalloy) and normal metal (Cu) layers. Near
the effective antiferromagnetic resonant frequency the average in-plane magnetic permeability of the stack approaches zero, leading to
an increase in the skin depth. Compared to a Cu-based device, up to 70% loss reduction has been achieved by a metaconductor based
coplanar wave guide at 10 GHz without changing the propagation wavelength. Moreover, unlike conventional magnetic devices, no
external magnetic bias is required due to the large magnetic anisotropy present in the ferromagnetic layers.
Index Terms—Coplanar wave guide, ferromagnetic resonance, magnetic thin film, metamaterial, radio frequency.

I. INTRODUCTION

M

ONOLITHIC integration of high-speed giga-/tera- scale
electronics is critically impeded by the so-called interconnect
delay or latency [1]–[3] which imposes formidable
limits on speed, energy dissipation and signal integrity [4]–[9].
In particular, synchronous clock distribution networks for high
performance microprocessors rely on minimizing the interconnect latency to counter the degradation of clock-edge integrity
and, consequently, to raise up the clock frequency [6]. Compared to the transistors, typical interconnects of the 35-nm generation show more than 100-times larger switching delay, and
prevailing energy dissipation [8]. Further increase of the integration density of multigigahertz microprocessors into the terascale imposes even more severe challenges on interconnect loss
and latency [5].
delay, materials with a low
To reduce the interconnect
relative dielectric constant are already widely adopted for
reducing the interconnect–interconnect and interconnect-substrate capacitance [1], [10]. At its best, however, one can expect
an additional 2-fold reduction of the latter even by use of an
ideal medium (vacuum). Further improvement must thus come
from an improved conductivity. At high frequencies, the ohmic
loss in all naturally existing conductors is unexceptionally
governed by its finite conductivity and the skin effect. The
tendency for the electric current at high frequency to flow
mostly near the surface of the conductor within the surface
is called skin effect, where is the
depth
frequency of the signal and
is the vacuum permeability.
Copper is the metal of choice in today’s integrated electronics.
, reducing ohmic
Due to its high conductivity
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loss by searching materials with higher electrical conductivity
is apparently impractical. Hence, the only option left to signifdelay is to
icantly reduce the metal loss and, thereby, the
eliminate or suppress the skin effect.
was
Recently, artificial bilayered metaconductor
theoretically and experimentally verified to enable skin effect
suppression [11]–[13]. However, an external magnetic field was
needed to ensure the magnetization saturated along the coplanar
wave guide (CPW). In this work, we present an integrated selfbiased low loss conductor featured with skin effect suppression
by exploiting the intrinsic and shape anisotropy of the magnetic
layers. Up to 70% loss reduction has been achieved at 10 GHz
without changing the propagation wavelength.

II. EXPERIMENTS
Coplanar wave guides were fabricated on top of a low-loss
Schott AF45 glass wafer with various structural parameters
(listed in Table I). The processing details can be found in our
previous work [13]. To accommodate the stress/strain, the
glass wafer was coated by a thin bisbenzocyclobutene (BCB)
polymer layer prior to the metal deposition. The multilayer
conductor consists twelve periods of alternating 40 nm thick
layers (see Fig. 1).
Py
and 650 nm thick
Magnetic hysteresis loop measurements were carried out on
a Princeton AGM2900 test apparatus. The samples were fabmulilayer stack,
ricated from single Py film or
and then patterned into a 2-mm-long, and 90- -wide stripe
(see Fig. 2). The B-H loop measurements were performed parallel (the blue curve) and perpendicular (the red curve) to the
stripe, i.e., the easy and hard axis, respectively. Both the single
multilayer stack show
layer and the
clear easy- and hard- axis magnetic B-H loops. The coercivity of
multilayer stack is roughly 4 5 times greater
the
film. This is caused by the tremendous
than the single
layer.
stress/strain induced by the sputtered
The frequency dependence of permeability of a single magnetic film (see Fig. 3) was extracted from a microstrip testing
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TABLE I
COPLANAR WAVEGUIDES (CPWS):
DESIGN PARAMETERS OF
OF SIGNAL LINE, SPACING
LENGTH (L) AND WIDTH
BETWEEN SIGNAL LINE

Fig. 2. Magnetic hysteresis loop measurements of a single 100 nm-thick
film and a
multilayer stack.
wide stripes.
Both of the samples were patterned into 2 mm long, and 90
multilayer is roughly 4 5 times greater
The coercivity of the
film. This is caused by the tremendous stress/strain
than the single
layer.
induced by the sputtered

Fig. 1. (a) Sketch of coplanar wave guide,. (b) Surface morphology of a CPW
measured by atomic force microscopy (AFM). (c) Line scan of CPW by AFM.
layer is around 8.3
. Due to the wet chemical
The thickness of the
.
etching, the undercut is about 10

structure consisting of a 100-nm-thick
film, as described in the previous work [14]. The magnetic film was patterned into a rectangular prism with the length of 4 mm and
width of 200
. The method was verified valid until 6 GHz.
The accuracy gets worse at higher frequencies as both the real
and imaginary parts of the permeability approach zero. For comparison, control devices built from copper were fabricated with
the same configurations. The RF characterization was carried
out on an Agilent PNA-L network analyzer. The pad parasitic
was deembedded from the S-parameter by performing a separate set of measurement on a single “through” test fixture [15],
[16].
III. RESULTS AND DISCUSSION
The AC resistance of the
is governed by the effective skin depth
where
and
are
the effective conductivity and, permeability, respectively, of the

(1)
(2)

Fig. 3. Measured and simulated complex magnetic permeability versus frelayer patterned with length—4 mm
quencies of a single 100 nm thick
. The real part of the permeability becomes negative beand width—
in the vicinity of the
yond 1 GHz. The inset shows the enlarged plot of
, onset of which crosses zero. The dashed lines
anti-resonance frequency
.
represent the calculated permeability by taking

Here
,
denote the thickness and
,
the conductivity of
and
layers, respectively. Moreover,
is the vacuum permeability, and
is the relative magnetic
permeability of the ferromagnetic film magnetized in its plane
and subject to an in-plane RF magnetic field applied normal to
the magnetization [17]

(3)
(4)
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Fig. 4. Comparison of attenuation per centimeter versus frequency of a
CPW (#1) and its copper counterpart.
is the frequency when the
of the
CPW reaches minimum. The decrease
attenuation constant
is not clear yet. Since this occurs to both
and
of at frequency
copper CPWs, it might be caused by the measurement system.

where
is the saturation magnetization of the magnetic
layers,
is the shape-anisotropy field, and is the gyrotropic
constant.
Near the ferromagnetic resonant frequency
, the real
part of the magnetic permeability approaches to zero. Beyond
this quantity exhibits a negative value (until one reaches
the anti-resonant frequency
where
). At the
frequency where
(the effective anti-resonance frequency
) the average permeability of the
becomes nearly zero which results in a significant enhancement
of the skin-depth [11] The frequency dependence of the loss of
all the measured CPW lines can be fairly reproduced by using
this model (equating the permeability to
) as well
as more elaborate calculations in [11], provided that an internal
anisotropy field of 500 Oe is used. This large field cannot be
caused by shape effects as our calculations show, but might be
due to the presence of very large stress/strain in the multilayer
stack. Further research is, however, needed to investigate this
phenomenon.
The measured attenuation per unit length and propagation
wavelength versus frequencies of #1 and its copper counterpart
are shown in Figs. 4 and 5, respectively. The propagation wavelength is only slightly different from each other. Unlike conventional conductors where the loss monotonically increases with
frequency, the loss of
CPW exhibited a broad dip between 2–20 GHz. Near the effective anti-resonance frequency
(10 GHz), the average permeability of the
becomes
nearly zero leading to the aforementioned suppression of skin
effect and the reduction of loss.
The second dip (at 15 GHz) observed in the loss of the
lines in Fig. 4, cannot be explained by theoretical
modeling. Model calculations as well as full wave electromagnetic simulations show a single broad dip. However, the
dip near 15 GHz was observed on copper reference device as
well, indicating a similar origin for the two devices. To further
investigate the phenomenon measurements were performed on
a large variety of devices with various geometrical parameters,
listed in Table I. It turns out that for all
and copper
devices a loss dip occurred at 15 GHz. Though the exact
origin of this effect is not clear yet, it is very likely caused by
the tip-to-pad and pad-to-device discontinuity [18], [19].
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Fig. 5. Comparison of propagation wavelength versus frequency of a
CPW (#1) and its copper counterpart.

Fig. 6. Comparison of the loss reduction ratio
versus signal line width of
.
ABMC CPWs (Table I), where
and
are the attenuation constants of the copper and AMBC CPW,
respectively.

Fig. 6 compares the loss reduction ratio
versus signal
line width of
CPWs (see Table I) at
, where
is
indicated in Fig. 4. Up to 70% loss reduction has been achieved
at 10 GHz without changing the propagation wavelength. As
the line width increases, the demagnetizing field perpendicular
to the CPW line becomes weaker, resulting in distortion of
magnetic alignment from its easy axis. Moreover, note that
the etching process for patterning the
films generates
significant under etching [see Fig. 1(b) and (c)]. As a result, the
actual width of the lines is less than the design value. Were it
not for this effect the loss reduction of the
-based CPWs
could be further enhanced as simulations indicate.
The frequency range where skin-effect suppression is
achieved is limited by the properties of the magnetic layers
used. The maximum frequency where skin-effect suppression
is observed coincides with the antiresonance frequency of a
single magnetic layer. Table II lists examples of the saturation
magnetization and anti-resonance frequencies of some common
ferromagnetic materials.
It is worth mentioning that reducing the conductor loss
will have a much less pronounced effect if the substrate loss
dominates. Nonetheless, there are scenarios where
may still be useful on normal Si substrates. Current IC process
technology allows relatively thick insulating
layers
( 10
) to be placed in between Si and the metal. This
will reduce substrate coupling and, therefore, substrate loss.
In these circumstances using
-based devices will still
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TABLE II
ANTIRESONANCE FREQUENCY OF COMMON SOFT MAGNETIC MATERIALS [20]

yield significant loss reduction. Finally, take notice that the
mechanism of loss reduction in
(skin-effect cancellation) is fundamentally different from that of the widely used
conductor-insulator laminates which rely on eddy-current
blockage by the insulating layers.
IV. CONCLUSION
We have demonstrated that, by properly tailoring the thickness ratio, the
conductor shows a significant reduction
of the ohmic loss at radio frequencies due to a suppression of
the skin-effect. Up to 70% loss reduction has been achieved
by meta-conductor based coplanar wave guide at
10 GHz
without changing the propagation wavelength.
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