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The combined use of a highly magnetic filler (mumetal) in low proportion and
a highly conductive filler in high proportion in a polymer matrix provides a
composite material that is more effective for electromagnetic interference
shielding than the use of a highly magnetic filler alone or the use of a highly
conductive filler alone. Mumetal is effective (due to absorption) when it is in a
composite material of DC electrical resistivity below 10 Q cm, as provided by
conductive fillers, which contribute to shielding by reflection and allow paths

for eddy current.
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INTRODUCTION

Electromagnetic interference (EMI) shielding
refers to the blocking of electromagnetic radiation so
that the radiation essentially cannot pass through
the blocking medium (or shield). Due to the inter-
ference of computers and other electronics by
radiofrequency radiation (such as that emitted by a
cellular phone), there is a growing need for devel-
oping materials for such shielding.

The main mechanisms of shielding are reflection
and absorption. Electrical conductors such as met-
als and carbons mainly shield by reflection of the
radiation. On the other hand, magnetic materials
mainly shield by absorption of the radiation.

Most materials used for shielding are chosen due
to their electrical conductivity rather than their
magnetic behavior. Indeed, high levels of shielding
effectiveness have been attained by the use of elec-
trically conductive materials. For example, a
shielding effectiveness of 130 dB at 1 GHz has been
attained in a form of sheet graphite known as flex-
ible graphite.! The shielding in graphite is due to
reflection.? Metals in sheet and coating forms are
widely used for shielding due to their electrical
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conductivity and the associated high shielding
effectiveness.>*

In spite of the dominance of electrically conduc-
tive materials among materials for EMI shielding,
magnetic materials are also used for this purpose.
In particular, polymer—-matrix composites contain-
ing soft-magnetic powder have been described in
numerous patents for use in EMI shielding.’”
Furthermore, a soft-magnetic material together
with an electrical conductor in the form of a support
(or an adjoining layer) is a configuration that has
been reported in patents for use in EMI shield-
ing.18-2

This paper is aimed at investigating the effec-
tiveness of magnetic materials and of combinations
of magnetic and electrically conductive materials for
EMI shielding. For the sake of comparison, this
paper includes a study of the effectiveness of elec-
trically conductive materials for shielding. The
combination of magnetic and electrically conductive
materials is of interest for shielding, due to the
electrical conductivity allowing the flow of eddy
current induced by the magnetic field that is
imparted by the magnetic component. This flow
provides a mechanism for the absorption of the
radiation.

The magnetic material may be electrically con-
ductive; an electrically conductive material may be
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magnetic. In order to distinguish between the
effects of magnetic and electrically conductive
materials, this paper uses a highly magnetic mate-
rial (namely mumetal,?>2* a nickel-iron alloy with
composition 75% nickel, 15% iron, plus copper and
molybdenum, and with very high magnetic perme-
ability) as the magnetic component and includes
both magnetic and nonmagnetic electrical conduc-
tors as choices for the electrically conductive com-
ponent. A nonmagnetic electrical conductor is
graphite; a magnetic conductor is nickel. Nickel is
much less magnetic than mumetal, but is more
electrically conductive than both mumetal and
graphite. Carbon? and nickel®® have long been used
for EMI shielding. Mumetal has long been used for
magnetic shielding,?*~2® but its use for EMI shield-
ing is limited.?® In particular, mumetal has not been
previously investigated for use as a filler in a com-
posite material for EMI shielding.

For the purpose of understanding the origin of the
shielding, this work includes measurements of both
the electrical resistivity (DC) and the shielding
effectiveness (1 GHz). Although the resistivity is DC
rather than AC, it is valuable for indicating the
effect of a filler on the electrical conductivity.

A large variety of polymers have been used as
matrices for composites for shielding. This work
uses acrylic latex as the polymer matrix, due to its
availability in the form of water-based particulate
dispersions, the convenience of incorporation of the
magnetic/conductive fillers in a dispersion by mix-
ing, and the suitability of the use of the resulting
dispersion as a coating material (i.e., a paint).
Hence, this work is partly aimed at developing a
paint for EMI shielding. The paint is expected to be
useful for forming coatings on walls, floors, doors,
enclosures, aircraft, etc.

EXPERIMENTAL METHODS
Materials

The latex paint was a water-based dispersion of
100% acrylic latex particles. The dispersion is com-
prised of 10 wt.% to 20 wt.% acrylic polymer and
50 wt.% to 60 wt.% water. It was obtained as
DULUX (2201-0100) latex paint from ICI Paints
(Cleveland, OH). Its density is 1.21 g/cm?®.

Two types of nickel powder were used, namely
nickel powder I and nickel powder II. Nickel powder
I was obtained from INCO (Toronto, ON, Canada)
with a density of 8.9 g/em® and a particle size
ranging from 0.3 ym to 0.5 um. Nickel powder II
was obtained from Novamet (Wyckoff, NJ) with a
density of 8.9 g/cm® and a particle size ranging from
14 ym to 20 ym.

Nickel flake was obtained from Novamet (Wyck-
off, NJ) with a density of 8.9 g/cm® It had an
irregular platelet shape with an aspect ratio of 20.
The thickness was 1 um and the diameter ranged
from 14 ym to 20 ym.

Mumetal powder was prepared by filing a
mumetal sheet, which was obtained as CO-NETIC B
(stress annealed) from Magnetic Shield Corp.
(Bensenville, IL), with a density of 8.7 g/em?, a
maximum relative magnetic permeability of
1.5 x 105, and a resistivity of 4.8 x 10 Q cm. The
particle size of the sieved powder ranged from
28 um to 40 um.

The graphite flake used was natural crystalline
flake containing at least 98.5 wt.% carbon, of typical
size 5 um, as obtained as Micro 850 from Asbury
Graphite Mills, Inc. (Asbury, NJ).

Testing

The attenuation upon reflection and that upon
transmission were measured using the coaxial cable
method (transmission line method). The attenua-
tion upon transmission is the same as the shielding
effectiveness. The coaxial cable method set-up con-
sisted of an Elgal (Israel) SET 19A shielding effec-
tiveness tester with its input and output connected
to a Hewlett-Packard (HP) 8752C network analyzer.
Figure 1 shows the set-up for shielding effectiveness
measurement. An HP APC-7 calibration kit was
used to calibrate the system. The frequency was up
to 1.5 GHz, as limited by the specimen dimensions.
The frequency was scanned from 300 MHz to
1.5 GHz, such that 800 data points were collected
within this frequency range. The specimen placed in
the center plane of the tester (with the input and
output of the tester on the two sides of the speci-
men) was in the form of an annular ring of outer
diameter 97 mm and inner diameter 29 mm. Silver
paint was applied at both inner and outer edges of
each specimen and at the vicinity of the edges in
order to make electrical contact with the inner and
outer conductors of the tester.

The various fillers and latex paint in various
ratios by volume were mixed by hand. The resulting
coating was applied on one side of a Mylar sheet
(60 um), which had been cut to be an annular ring of
the dimensions mentioned above. After drying in air

Coaxial cable

b Hewlett-Packard
8752C

} network analyzer

Sample

Elgal SET 19A shielding
effectiveness tester

Fig. 1. Set-up for measuring the electromagnetic interference
shielding effectiveness.
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for at least 2 h, silver paint was applied, as men-
tioned above. Mylar sheet was chosen as the sub-
strate material due to its electromagnetic
transparency. The coating thickness was 0.1 mm to
0.2 mm after drying. Three specimens of each type
of coating were tested.

The DC electrical resistivity was measured by
using the four-probe method, using silver paint in
conjunction with copper wire for electrical contacts.
The specimen was of size 80 mm x 3 mm X 1 mm.
The outer two probes were for passing current; the
inner two probes were for voltage measurement.
The distance between the two current probes ran-
ged from 68 mm to 72 mm. The distance between
the voltage probes ranged from 58 mm to 62 mm.
All dimensions (including the thickness) were
measured separately for each specimen. Four spec-
imens of each type were tested.

RESULTS

Table I shows the attenuation upon transmission
(i.e., shielding effectiveness) and attenuation upon
reflection for various compositions in the frequency
range from 300 MHz to 1.5 GHz. The + values
shown in Table I indicate the standard deviation
from the mean value in the variation with the fre-
quency. Table II shows the values at 1 GHz, with
the * values showing the standard deviation in the
variation among specimens of the same type. The
Mylar substrate (row 1, Tables I and II) is electro-
magnetically transparent, exhibiting low attenua-
tion wupon transmission (i.e., low shielding
effectiveness) and high attenuation upon reflection
(i.e., low reflectivity). The base latex paint (row 2,
Tables I and II) has similar EMI shielding
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properties to the Mylar substrate (low shielding
effectiveness and low reflectivity). Both the Mylar
substrate and base latex paint are transparent to
the electromagnetic wave. Consistent with this
behavior is their low conductivity.

The use of mumetal as the sole filler (rows 3-5,
Tables I and II) improves the shielding effectiveness
and decreases the resistivity slightly, even when the
mumetal content is at the maximum (10% by volume
of base paint), as limited by mixing. The use of
graphite flake as the sole filler (row 6, Tables I and II)
is more effective in enhancing the shielding and
decreasing the resistivity than the use of mumetal
as the sole filler at the same volume fraction (row 5,
Tables I and II). The use of mumetal together with
graphite flake (row 7, Tables I and II) gives results
that are almost the same as the use of graphite flake
as the sole filler (row 6, Tables I and II). The use of
nickel powder I as the sole filler (row 8, Tables I and II)
is less effective for shielding than the use of either
graphite flake (row 6, Tables I and II) or mumetal
(row 5, Tables I and II) as the sole filler, though the
effect on the resistivity is similar. The use of nickel
powder I together with mumetal (row 9, Tables I
and II) gives results that are close to the use of
nickel powder I alone.

The use of nickel powder II as the sole filler (row
10, Tables I and II) is much more effective in
enhancing the shielding and decreasing the resis-
tivity than the use of nickel powder I (row 8,
Tables I and II), graphite flake (row 6, Tables I and
II) or mumetal (row 5, Tables I and II) as the sole
filler. Furthermore, nickel powder II can be incor-
porated at up to 20% by volume of the base paint
(row 11, Tables I and II), in contrast to the 10%
maximum for nickel powder I, graphite flake or

Table I. EMI Shielding Effectiveness (Attenuation upon Transmission) and Attenuation upon Reflection in
the Frequency Range from 300 MHz to 1.5 GHz

Material on Mylar

Attenuation Upon Attenuation Upon

Row No (Ratio of Ingredients by Volume) Transmission (dB) Reflection (dB)
1 None 0.7+0.1 224+ 1.0
2 Base paint 1.0 £ 0.2 15.8 + 1.0
3 Base paint + mumetal (100:2) 3.6 £0.3 16.2 £ 0.8
4 Base paint + mumetal (100:5) 55+04 9.8 £ 0.6
5 Base paint + mumetal (100:10)* 6.9 +04 6.8 +0.4
6 Base paint + graphite flake (100:10)* 8.5+0.5 6.2 +0.5
7 Base paint + graphite flake + mumetal (100:10:2) 9.0 £ 0.6 6.4 0.5
8 Base paint + nickel powder I (100:10)* 6.4 +0.6 79 %03
9 Base paint + nickel powder I + mumetal (100:10:2) 6.2 + 0.6 8.2+04
10 Base paint + nickel powder II (100:10) 175 + 0.6 3.9=+0.1
11 Base paint + nickel powder II (100:20)* 27.8 = 0.7 1.8+0.1
12 Base paint + nickel powder II + mumetal (100:20:2) 30.2 0.6 2.2 +0.1
13 Base paint + nickel flake (100:10) 26.8 = 0.7 2.4 + 0.2
14 Base paint + nickel flake (100:20)* 33.7x+0.8 1.6 £0.1
15 Base paint + nickel flake + mumetal (100:20:2) 39.6 = 0.9 1.7+0.1

#Maximum possible filler content.




Combined Use of Magnetic and Electrically Conductive Fillers in a Polymer Matrix 1091

for Electromagnetic Interference Shielding

Table II. EMI Shielding Effectiveness (Attenuation upon Transmission) at 1 GHz, Attenuation upon
Reflection at 1 GHz and DC Electrical Resistivity

Material on Mylar

Attenuation Upon Attenuation Upon Resistivity

Row No. (Ratio of Ingredients by Volume) Transmission (dB) Reflection (dB) (Q cm)
1 None 0.7+0.1 21.6 + 0.8 10'® 2

2 Base paint 1.3 +0.2 16.8 + 0.9 1014

3 Base paint + mumetal (100:2) 3.2+0.3 15.9 = 0.8 33.0+x 1.6
4 Base paint + mumetal (100:5) 53+04 8.9 +0.6 27.8 0.9
5 Base paint + mumetal (100:10)° 6.9 0.3 6.4+04 254 0.8
6 Base paint + graphite flake (100:10)° 85+04 56 +=0.5 22.0 £ 1.0
7 Base paint + graphite flake + mumetal (100:10:2) 8.8+0.5 57+0.5 22.5 + 0.8
8 Base paint + nickel powder I (100:10)° 58+04 7.7+0.5 23512
9 Base paint + nickel powder I + mumetal (100:10:2) 5.6 £0.3 7904 25.3 £ 0.9
10 Base paint + nickel powder II (100:10) 16.2 = 0.5 3.9=+0.1 8.3+0.3
11 Base paint + nickel powder II (100:20) 26.2 = 0.6 1.8+0.1 4.7+0.3
12 Base paint + nickel powder II + mumetal (100:20:2) 29.3+0.5 1.9+0.1 4904
13 Base paint + nickel flake (100:10) 25.7 £ 0.6 2.6 + 0.2 4.3 +0.3
14 Base paint + nickel flake (100:20)° 324 0.5 1.5+0.1 3.4 +0.2
15 Base paint + nickel flake + mumetal (100:20:2) 38.5 0.7 1.6+0.1 3.5+£0.3

aFrom DuPont’s datasheet for Mylar; "Maximum possible filler content.

mumetal. Increasing the nickel powder II content
from 10% (row 10, Tables I and II) to 20% (row 11,
Tables I and II) by volume of the base paint greatly
enhances the shielding effectiveness (from 16 dB to
26 dB), while the resistivity is decreased (from
8.3 Q cm to 4.7 Q cm). The use of nickel powder II
together with mumetal (row 12, Tables I and II) further
increases the shielding effectiveness (from 26 dB to
29 dB), while the resistivity is essentially not affected.
The use of nickel flake as the sole filler (rows 13
and 14, Tables I and II) is even more effective in
enhancing the shielding and decreasing the resis-
tivity than the use of nickel powder II as the sole
filler (rows 10 and 11, Tables I and II). The use of
nickel flake together with mumetal (row 15, Tables I
and II) gives higher shielding effectiveness than the
use of nickel flake alone, though the resistivity is
essentially not affected by the mumetal addition.

DISCUSSION

As shown in Table I, the standard deviations of
both shielding effectiveness and attenuation upon
reflection are less than 1 dB within the frequency
range studied (300 MHz to 1.5 GHz). This indicates
that the frequency is a minor factor in affecting the
shielding effectiveness of the various compositions.

The results in Table II indicate that mumetal by
itself does not provide high shielding effectiveness,
but it is effective in enhancing shielding when the
electrical resistivity is low (below 10 Q cm), as made
possible by a conductive filler such as nickel flake or
nickel powder II. Even mumetal at 10% by volume
of the base paint as the sole filler is much less
effective than mumetal at 2% by volume of the base
paint in the presence of a conductive filler that
renders a sufficiently low resistivity. Mumetal as

the sole filler is even less effective for shielding than
graphite flake, nickel powder II or nickel flake at
the same content of 10% by volume of the base
paint. Among these fillers, all used alone, nickel
flake is the most effective, both in shielding and
conduction, whereas nickel powder I is the least
effective for shielding. Nickel powder I is compara-
ble to graphite flake in terms of its effectiveness for
conduction, but is less effective than nickel powder
IT or nickel flake for conduction.

The origin of the differences in effectiveness
among the various conductive fillers is not com-
pletely clear. The particle size, shape, and surface
condition are all factors that affect the effectiveness.
In particular, larger particles tend to be dispersed
more easily, thus resulting in better connectivity
among the particles and hence lower resistivity and
higher shielding effectiveness. This is probably why
nickel powder II is more effective than nickel powder
I at the same loading. This is also why the maximum
loading is higher for nickel powder II than it is for
nickel powder I. Furthermore, a higher aspect ratio
promotes connectivity, thereby causing nickel flake
to be more effective than nickel powder II.

In the presence of a conductive filler, mumetal
addition essentially does not affect the resistivity or
the attenuation upon reflection, but increases the
shielding effectiveness. This means that mumetal
enhances shielding by absorption. In contrast, con-
ductive filler addition (in the absence of mumetal)
decreases both the resistivity and the attenuation
upon reflection, while enhancing shielding. This
means that the conductive filler enhances shielding
by reflection.

In the absence of a conductive filler, mumetal
addition greatly decreases both the resistivity and
the attenuation upon reflection, while enhancing
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shielding, such that all effects become more signif-
icant as the mumetal content increases. This sug-
gests that mumetal as the sole filler enhances
shielding mainly by reflection, in spite of the high
magnetic permeability of mumetal.

This work shows that mumetal is valuable for
EMI shielding only in the presence of a material
that renders high electrical conductivity to the
composite. In this situation, the shielding provided
by the mumetal is by absorption, while that pro-
vided by the conductive component is by reflection.
This finding is consistent with the notion that eddy
current, as enhanced by a high conductivity med-
ium, provides a mechanism for absorption of elec-
tromagnetic radiation. It is also consistent with the
theory of EMI shielding, as discussed below.

The shielding effectiveness (S.E.) of a material
under the interference of an ambient electromag-
netic wave is expressed as®°

SE. =R + A + B, D

where S.E. is the shielding effectiveness in dB, R is
the reflection loss in dB, A is the absorption loss in
dB, and B is the correction factor due to multiple
reflections within the material. For a plane elec-
tromagnetic field, the reflection loss R can be ex-
plained as®!

Oy
R =168.2 + 10log;g— (2)
Bl
and the absorption loss A can be expressed as®!
A =0.1314 ¢t/ u.0.f . 3)

The correction factor B can be expressed as®’

=201log;, |1 — (Eg " 32) (1070.013 t\/“rTlf)
% (e*O'O?’ t\/mj) ()
where j = v/—1.

With the use of Eqs. 1-4, the theoretical shielding
effectiveness can be expressed as

S.E. =168.2 + 10log;y - + 0.1314 t\/1t.0nf
U

T

- ((K - 1)2) (10 0037

+ 20 loglo (K n 1)2

% (87003 t\/mj) (5)

where o, is the electrical conductivity relative to
copper, i, is the permeability relative to free space,
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fis the frequency in Hz, and ¢ is the thickness of the
material in millimeters. The quantity K in Eq. 5 is
defined as

K=2/Zpy, (6)

where Z, is the intrinsic impedance of the shielding
material, and Zz is the intrinsic impedance of the
medium in which the incident electromagnetic wave
travels.

Assuming that there is no multiple reflection
within the material, Eq. 5 can be written as

SE.=1682+ 1010g10%+ 01314 t\/jof.  (7)

Given that the resistivity of copper is 1.678 x 107°
Q cm, fis 1 GHz, and the average thickness of the
coating is 0.15 mm, Eq. 7 becomes

1. 106
S.E.=1682+10 logmM+ 0.134 x 0.15
1109
-6 9
. \/ur x 1.678 >; 100 x 10° @®

where p is the resistivity of the shielding material.
Hence,

In general, S.E. depends on p and u,, so that

d(SE.) = ISE) dp + AS.E.) du,.  (10)
dp Oty
From Eq. 9,
ASE)_ 1, 1 +@ 1 04 434
oy In(10)w, VP2V  PE: K
(11)
and
NSE)_ o 1 08/ 434 08y
op  In(10)p  pt5  p pls
(12)

where p is the resistivity of material in Q cm.

For a polymer that is filled with nonmagnetic
conductive particles, such as graphite flake (row 7,
Table I), Eq. 9 gives

S.E. = 20.4 — 101og;((22.0) +08,/2210 9.1dB.

This value of 9.1 dB is quite close to the measured
shielding effectiveness of 8.5 dB.

In this work, it was found that using mumetal
powder as the secondary filler did not have a sig-
nificant effect on the resistivity of the composite
(rows 6 and 7 in comparison, rows 8 and 9 in com-
parison, rows 11 and 12 in comparison, and rows 14
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and 15 in comparison, all in Table I). Therefore, it is
reasonable to assume that dp is zero. Therefore,
with the help of Eq. 11, Eq. 10 can be written as

04 4.34
d(S.E)—( — )dyr. (13)

The relative permeability u,. of a composite is in-
creased by using mumetal powder as the secondary
filler. In order to improve the shielding effectiveness
of the composite, the first term on the right-hand
side of Eq. 13 must be positive. Hence,

( 04 4.34) S0, (14)
NI

Rearrangement of Eq. 14 gives

w>117.7 p. (15)

Equation 15 indicates that the addition of mumetal
as the magnetic component can improve the
shielding effectiveness significantly only when the
material exhibits low resistivity. This is consistent
with the experimental results of this paper.

The level of shielding required in practice de-
pends on the application. For buildings, a shielding
effectiveness of 20 dB is usually adequate, though a
much higher value is desired for military applica-
tions, such as the deterring of electromagnetic spy-
ing.

In this work, 20 vol.% of nickel powder is the
maximum feasible loading. The use of nickel-plated
graphite powder may be an alternate scheme that is
attractive for reducing the weight of the shielding
material.

The highest level of shielding attained in this
work is 39 dB at 1 GHz (Table II). This value is
higher than the value of 34 dB at 1 GHz previously
reported for a coating of similar thickness but in the
form of a water-based dispersion comprising dis-
continuous stainless steel fiber (8 um diameter),
5 um graphite flake, and submicron graphite
flake.?” Without the steel fiber in the dispersion, the
shielding effectiveness is only 28 dB. The effective-
ness of the steel fiber is attributed mainly to its
small diameter (the skin effect), although the large
aspect ratio of the fiber may help the electrical
connectivity and the limited magnetic character of
the steel may help the shielding through absorption.
In contrast, the mumetal powder used in this work
is large in particle size, low in aspect ratio, and high
in magnetic permeability. Thus, this work is
designed to addresses the effect of a magnetic filler,
whereas Ref. 32 is not.

Reference 32 and this work also differ in the
vehicle used in the dispersion. Reference 32 uses
water as the vehicle, whereas this work uses a
polymer as the vehicle. A water-based dispersion®?
has the advantage of the evaporation of the water
from the coating after coating application causing
an increased degree of direct contact between the

conductive fiber and flake. However, in spite of the
small amount of binder in a water-based dispersion,
the coating is mechanically weak and the adhesion
of the coating is also relatively weak, compared to
the polymer-based coating of this work.

CONCLUSION

Mumetal is an effective filler in a polymer for
enhancing EMI shielding when it is in a composite
material of DC electrical resistivity below 10 Q cm,
as provided by conductive fillers such as nickel flake
or nickel powder II. The shielding provided by the
mumetal is by absorption, while that provided by
the conductive fillers is reflection. In the absence of
a conductive filler that provides resistivity below
10 Q cm to the composite, mumetal is not effective
for shielding. By using mumetal at 2% by volume of
the base latex paint and nickel flake at 20% by
volume of the base paint, a paint exhibiting a
shielding effectiveness of 39 dB at 1 GHz has been
attained.

REFERENCES

1. X. Luo and D.D.L. Chung, Carbon 34, 1293 (1996).
doi:10.1016/0008-6223(96)82798-9.

2. D.D.L. Chung, Carbon 39, 279 (2001). doi:10.1016/S0008-
6223(00)00184-6.

3. V.V. Sadchikov and Z.G. Prudnidova, Stal’ (4), 66 (1997).

4. S. Shinagawa, Y. Kumagai, and K. Urabe, J. Porous Mater.
6, 185 (1999). doi:10.1023/A:1009619711017.

5. Y. Awakura and E. Yoshida, Japan Patent No. JP
2001332413 (2001), 9 pp.

6. Y. Awakura, Japan Patent No. JP 2001284109 (2001), 8 pp.

7. E. Yoshida and S. Ando, Japan Patent No. JP 2001210510
(2001), 7 pp.

8. N. Ono and S. Yoshida, European Patent No. EP 1096844
(2001), 11 pp.

9. H. Sorita, Japan Patent No. JP 2001111289 (2001), 6 pp.

10. H. Ono and E. Yoshida, Japan Patent No. JP 2001076913
(2001), 5 pp.

11. N. Ono, Japan Patent No. JP 20002243615 (2000), 8 pp.

12. N. Ono, Y. Awakura, and O. Ito, Japan Patent No. JP
11138591 (1999), 5 pp.

13. N. Ono and Y. Awakura, Japan Patent No. JP 11112229
(1999), 5 pp.

14. E. Yoshida, M. Sato, and T. Ono, Japan Patent No. JP
10097911 (1998), 5 pp.

15. E. Yoshida, T. Ono and M. Sato, Japan Patent No. JP
10092623 (1998), 5 pp.

16. E. Yoshida, M. Sato, and T. Ono, Japan Patent No. JP
10092622 (1998), 5 pp.

17. E. Yoshida and M. Sato, Japan Patent No. JP 10092621
(1998), 4 pp.

18. E. Yoshida, M. Sato, and T. Ono, Japan Patent No. JP
10084195 (1998), 5 pp.

19. H. Shimata and E. Yoshida, Japan Patent No. JP 10097913
(1998), 7 pp.

20. E. Yoshida, M. Sato, H. Sugawara, and H. Shimada, Japan
Patent No. JP 10079302 (1998), 7 pp.

21. Y. Awakura, Japan Patent No. 2001284108 (2001), 10 pp.

22. W.-S. Cho, Thin Solid Films 375, 51 (2000). doi:10.1016/
S0040-6090(00)01179-2.

23. H.B. Nie, A.B. Pakhomov, X. Yan, X.X. Zhang, and M.
Knobel, Solid State Commun. 112, 285 (1999). do0i:10.1016/
S0038-1098(99)00350-6.

24. A.J. Collins, C.J. Prior, and R.C.J. Hicks, Thin Solid Films
86, 165 (1981). doi:10.1016/0040-6090(81)90285-6.


http://dx.doi.org/10.1016/0008-6223(96)82798-9
http://dx.doi.org/10.1016/S0008-6223(00)00184-6
http://dx.doi.org/10.1016/S0008-6223(00)00184-6
http://dx.doi.org/10.1023/A:1009619711017
http://dx.doi.org/10.1016/S0040-6090(00)01179-2
http://dx.doi.org/10.1016/S0040-6090(00)01179-2
http://dx.doi.org/10.1016/S0038-1098(99)00350-6
http://dx.doi.org/10.1016/S0038-1098(99)00350-6
http://dx.doi.org/10.1016/0040-6090(81)90285-6

1094

25.

26.

27.

28.

X. Shui and D.D.L. Chung, J. Electron. Mater. 26, 928
(1997). doi:10.1007/s11664-997-0276-4.

H.-E. Horng, S.-Y. Hung, J.-T. Jeng, S.-H. Liao, J.-C.
Hwang, H.-C. Yang, and S.-C. Hsu, IEEE Trans. Appl. Su-
percond. 13, 381 (2003). doi:10.1109/TASC.2003.813859.

H. Hojo and K. Fujimoto, IEEE Transl. J. Magn. Jpn. 4, 569
(1989).

H.J.M. Ter Brake, H.J. Wieringa, and H. Rogalla, Measure.
Sci. Technol. 2, 596 (1991). doi:10.1088/0957-0233/2/7/004.

29.

31.

32.

Wu and Chung

R. Waggoner, EC&M: Elect. Constr. Maint. 95, 31 (1996).
C.R. Paul, Introduction to Electromagnetic Compatibility
(New York: Wiley, 1992).

R.B. Cowdell, Nomograms Simplify Calculations of Mag-
netic Shielding Effectiveness (EDM, 1 September 1972),
p. 44.

J. Wu and D.D.L. Chung, J. Electron. Mater. 34, 1255
(2005). do0i:10.1007/s11664-005-0271-6.


http://dx.doi.org/10.1007/s11664-997-0276-4
http://dx.doi.org/10.1109/TASC.2003.813859
http://dx.doi.org/10.1088/0957-0233/2/7/004
http://dx.doi.org/10.1007/s11664-005-0271-6

	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4

	Sec5
	Sec6
	Sec7
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


