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ABSTRACT The ferrite magnetic shield can provide a low-noise magnetic environment for various
ultrahigh-sensitivity measurements. The low-frequency complex permeability, which determines the mag-
netic hysteresis noise and the shielding factor, is a key parameter of the ferrite shield and thus should be
measured accurately. In this paper, the measurement error of conventional coil method is analyzed at low
frequency, and an improved method is proposed which could eliminate the measurement error introduced by
the wire resistance. Using this method, four ferrite samples made of PC40 and PC47 materials are measured.
The measurement accuracy of the low-frequency complex permeability has improved by two orders of
magnitude. On the basis of the measurement results, magnetic hysteresis noise and the shielding factor of
ferrite shields are calculated. The calculated results of the noise analysis indicate that the PC40 material has
lower magnetic hysteresis noise. This study can help select the ferrite materials and estimate the performance
for low-noise magnetic shield design.

INDEX TERMS Permeability measurement, ferrites, magnetic noise, magnetic shielding.

I. INTRODUCTION
In modern physics, various sensitive measurements rely on
high-performance magnetic shields to reduce interference by
the external magnetic field [1]. In addition to the shielding
factor, which characterizes the attenuation degree of external
magnetic field, the magnetic noise generated by the magnetic
shield is a key parameter which determines the limitation
of the ultrahigh-sensitivity measurements [2]. For example,
the sensitivity of some ultrahigh-sensitivity atomic magne-
tometers is limited by the magnetic noise generated by the
innermost layer of the magnetic shield itself [3], [4]. For
conventional magnetic shields made of high-permeability
metals (eg. µ-metal), the intrinsic magnetic noise is lim-
ited to 1–10 fT · Hz−1/2 by eddy-current noise due to low
electrical resistivity. The ferrite with high permeability and
high electrical resistivity is an ideal material for magnetic
shields due to it has both high shielding factor and low
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magnetic noise. T. Kornack et al. developed a Mn-Zn ferrite
shield and demonstrated that a spin-exchange relaxation-free
(SERF) atomic magnetometer with it achieved a sensitivity of
0.75 fT ·Hz−1/2 at 35–200 Hz [5]. This sensitivity is 25 times
better than what would be expected in aµ-metal shield with a
comparable size. Since then ferrite shields have been widely
used in high-precision measurement such as instrumentations
for low-field nuclear magnetic resonance (NMR) [6], nuclear
magnetic resonance gyroscopes (NMRGs) [7], atomic mag-
netometers [5], [8], [9] and co-magnetometers [10].

At low frequency, the magnetic hysteresis noise deter-
mined by the complex permeability dominates the magnetic
noise of ferrite shields rather than the magnetic eddy-current
noise [2], [5]. In addition to the magnetic hysteresis noise,
the shielding factor of the magnetic shield at the low
frequency is determined by the low-frequency complex per-
meability [11], [12], which is also an important mate-
rial parameter for ferrite shields. Further, the permeability
of ferrites made of different components or from differ-
ent batches usually show a large variation. Therefore, the
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accurate measurement of the low-frequency complex perme-
ability of actual ferrite shields is important, which could help
estimate both the magnetic noise and the shielding factor of
the ferrite shield at low frequency accurately and suggest
shield materials.

There are three kinds of conventional methods to measure
the complex permeability which mainly focus on high fre-
quency. The first is the ‘‘transmission method’’ [13]–[17],
by means of the variation of the reflected and transmitted
field. The measurement sensitivity drops rapidly with the
decrease of the frequency due to the decreased transmission
and reflection field energy at a lower frequency. This method
is usually used for planar samples or wires, and not suitable
for toroidal samples. The second is the ‘‘coaxial line method’’
[18]–[22]. The complex permeability of the toroidal ferrite
sample can be measured using an impedance analyzer or
a network analyzer with the coaxial line technique for fre-
quency above 1 kHz. In this case, the size of the sample is
usually limited to be smaller than 20 mm due to the size of the
coaxial line device. The device allows for the ideal structure,
configuring a single-turn inductor with the sample. However,
due to the equivalent turns, the impedance of the single-turn
inductor is too small to be measured precisely below 1 kHz.
The third is the ‘‘coil method’’ [5], [23], [24]. The complex
permeability is derived from the inductance and resistance of
the toroidal coil wound around the ferrite sample. Because
there are more coil turns, the coil method can produce bigger
impedances to measure than the coaxial line method. How-
ever, at low frequency, there is a measurement error for the
imaginary permeability due to the wire resistance. This error
has a significant impact on the determination of the imaginary
permeability at the low frequency range — see Section II.

In this paper, we propose an improved coil method to
measure the low-frequency complex permeability of the fer-
rite annulus for low-noise magnetic shields. The measure-
ment error of the conventional coil method is investigated.
The analysis indicates that the resistance of the wire is the
primary cause affecting the measurement at low frequency.
In the improved method, the wire resistance is separated
from the measured resistance using the linear fitting method,
which eliminates the measurement error of the imaginary
permeability at low frequency. The experimental results indi-
cate that the improved method can effectively reduce the
low-frequency measurement error. In addition, the magnetic
noise and the shielding factor of ferrite shields, which are
developed using the PC40 and PC47 ferrites, are calculated
using the obtained complex permeability.

II. PRINCIPLES
Magnetic permeability usually cannot be measured directly,
but can be transformed into electronic parameters to mea-
sure by winding coils around the toroidal ferrite sam-
ple. The distributed capacitance of the coils is very small
and can be ignored, and the equivalent resistance is much
smaller than the equivalent reactance at low frequency.

FIGURE 1. (a) The schematic diagram of coil around a toroidal ferrite
sample (not to scale). (b) Equivalent series circuit.

The coils wound around the ferrite core are equivalent to a
resistance-inductance series circuit – see Fig. 1.

Using the equivalent series circuit, the relationship
between the inductance Ls and resistance Rs of the windings
and the complex permeability can be described by [24]

µ′ =
le

µ0AeN 2 Ls (1)

µ′′ =
le

µ0AeN 2ω
Rs (2)

where Ls and Rs are the inductance and resistance of the
equivalent series circuit, Ae is the equivalent cross-section
area of the ferrite sample,N is the number of turns of the coils,
le is the equivalent length of the magnetic path, ω = 2π f is
the angular frequency of the driving field, µ0 is the perme-
ability of vacuum, µ′ and µ′′ are the real part and imaginary
part of the relative complex permeability respectively.

On the basis of the measured inductance and resistance
of the equivalent circuit, the real part and imaginary part of
the complex permeability can be acquired. In the experiment,
the series resistance can be obtained using a LCR meter.
It contains not only Rs but also the wire resistance. Hence,
the resistance obtained from the LCR meter can be formu-
lated as

RLCRs = Rs + Rw (3)

where RLCRs is the series resistance obtained from the LCR
meter, andRw is the resistance of the wire. Thewire resistance
Rw contains the wire resistance of the coil Rwc, the resistance
of the probe wire Rp, and the contact resistance between the
probe and coil Rc. Rwc is the primary part of Rw.

To study the influence of Rw, a theoretical analysis is made
below. In this experiment, the length of the copper enameled
wire used for the measurement coil is about 1500 mm and
the diameter is 0.71 mm. And thus Rwc is about 65.16 m�.
Rw is estimated to be about 70 m�. µ′′ and Rw stay constant
over the small frequency range we measured. µ′′ is generally
within the range of 1 to 500 for a wide frequency-band [20].
Here, to be more visualized, µ′′ is assumed to be 50. Fig. 2
shows the comparison between the calculated Rs and Rw as
a function of the frequency and the percentage of Rw with
respect to RLCRs at different frequencies.

According to the analysis result, Rw takes up a significant
part of RLCRs at low frequency and cannot be neglected.
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FIGURE 2. (a) Comparison between the calculated Rs and Rw as a
function of frequency; (b) Percentage of the calculated Rw with the
respect to RLCR

s .(Rw is estimated to be about 70 m�;
Rs = µ0AeN2ωµ′′/le; RLCR

s = Rs + Rw .)

However, Rs can reach 100 � or even k� at the higher fre-
quency and much larger than Rw. Therefore, Rw is relatively
small and usually ignored at high frequency. If RLCRs is used
directly instead of Rs to calculate the imaginary permeability
according to (2) at low frequency, it would cause a significant
measurement error for the imaginary permeability. To obtain
the accurate imaginary permeability,Rw needs to be identified
and eliminated.

To obtain Rw, (3) can be rewritten as

RLCRs = A · f + Rw (4)

where A = 2πµ0AeN 2µ′′/le is a constant. Therefore,
the obtained RLCRs can be fitted to (4) using the linear fitting
for deriving Rw and A. Accordingly, the measurement error
of the imaginary permeability from the wire resistance can be
eliminated and a more accurate permeability can be obtained.

The obtained complex permeability is the amplitude
permeability due to the driving field. In the magnetic shield
system, the ferrite shield is usually located at the innermost
layer of shield where the magnetic field is near zero. There-
fore, the complex permeability used to calculate the mag-
netic noise and shielding factor should be the initial complex
permeability which is limited to the zero driving field. The
extrapolationmethod is used to obtain the initial complex per-
meability from the amplitude permeability. When the driving
field is small enough, the initial complex permeability can
be linked with the amplitude permeability using the Rayleigh
relation [24], which is described by

µa = µi + ηĤ (5)

FIGURE 3. The experimental setup to measure the low-frequency
complex permeability of the ferrite annulus. (a) Schematic diagram (not
to scale). (b) Photograph.

where µa is the amplitude permeability, µi is the initial
complex permeability, η is the Rayleigh constant, and Ĥ is
the maximum value of the driving magnetic field strength.
According to (5), we could extrapolate the complex perme-
ability to the zero field to obtain the initial permeability by
fitting the permeability field response function to (5).

III. EXPERIMENT
A. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 3. A ferrite sample,
surrounded by a 16-turn measurement coil, is placed in a
one-layer µ-metal magnetic shield. Besides, the demagneti-
zation coils are also wound around the ferrite for demagne-
tizing. Before every measurement, the ferrite annulus sample
was demagnetized, which can keep the magnetization of
samples same and zeroed and eliminate the influence of mag-
netization. The inner magnetic field in the magnetic shield is
measured by a fluxgate magnetometer. Theµ-metal magnetic
shield is able to shield the external magnetic field to be about
100 nT. The seams and orifices of the magnetic shield will
not make a significant impact on our measurement. The used
µ-metal is Nickel-Iron soft magnetic alloys. The diameter,
the thickness and the length of the µ-metal magnetic shield
are 28 cm, 2mm and 42 cm respectively. There are four ferrite
samples measured in this work. The first three are made of
Mn-Zn ferrite PC40 material from TDK Corporation with
different dimensions. The fourth ferrite sample measured are
made of Mn-Zn ferrite PC47 materials from TDK Corpora-
tion. Their dimensions are shown as Table 1. The nominal
value of initial relative permeability of PC40 and PC47 mate-
rials are 2300 at 23 ◦C under the field strength 0.4 A/m and
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TABLE 1. The materials and dimensions of the ferrite samples.

2500±25% respectively from 1 kHz to 200 kHz according to
the product manual [25]. An LCR meter (Agilent E4980A) is
used to measure both the inductance and the resistance of the
windings via the hole in the middle of the magnetic shield.
The driving current of the LCR meter can be set using the
panel and is accurately shown on the screen of LCR meter.
The frequency range of the LCR meter is from 20 Hz to
2 MHz. A thermocouple thermometer is used to monitor the
temperature whose probe is attached to the ferrite sample.
Because the temperature significantly affects the results, all
measurements were performed under controlled temperature
conditions.

B. EXPERIMENTAL PROCEDURE
First of all, a copper enameled wire was wound around the
annulus sample as the measurement coil. A silver plated cop-
per wire was wound around the annulus sample as the demag-
netization coil. The ferrite annulus was placed at the center
of the magnetic shield. Before the measurement, the fer-
rite samples were demagnetized using AC demagnetization
method [26], [27]. The driving current of the LCR meter I
was applied to the measurement coil and the corresponded
driving magnetic field strength was H . The Ls and RLCRs of
the measurement coil were measured at the frequency range
from 20 Hz to 2 MHz by the LCR meter. According to (1),
the real part of permeability can be obtained easily from
Ls. RLCRs was linearly fitted to (4) from 20 Hz to 200 Hz,
and the wire resistance Rw was obtained at the driving field
strength H . Hence, Rs was obtained by eliminating Rw from
RLCRs according to (3). The imaginary part of permeability
after correction was obtained according to (2). The complex
permeability were obtained under the driving field strength
H after eliminating the measurement error. Then, the driv-
ing current of the LCR meter was increased to increase
the field strength from 0.40 A/m to 1.10 A/m by step. The
low-frequency complex permeability (20Hz–200Hz) under
the different driving field were obtained after eliminating
the measurement error. The measurement was operated for
10 times at each frequency and the multiple measurements
were averaged. Finally, the complex permeability was extrap-
olated to the zero field to derive the initial permeability,
by fitting the permeability field response function to (5).

C. RESULTS AND DISCUSSION
Rw was separated from the measured resistance RLCRs as
measurement error using the linear fittingwith (4). The fitting
results are shown in Fig. 4. The fittings results indicate
the wire resistances of 65.94 m� for Sample 1, 60.52 m�

FIGURE 4. The experimentally obtained resistances of Sample 1 (black
circles), Sample 2 (black rhombus), Sample 3 (black triangle) and
Sample 4 (black squares) were fitted to (4) (red line). The error bars are
the standard deviation of the measurement. The experimental
temperature was 22.2 ◦C, the driving magnetic field strength was
0.40 A/m and the frequency range was from 20 Hz to 200 Hz.

for Sample 2, 65.15 m� for Sample 3 and 66.48 m� for
Sample 4.

The imaginary part of the permeability was corrected using
the obtained wire resistance. The measured complex per-
meability of ferrite samples are shown in Fig. 5. As shown
in Fig. 5, the trend of the imaginary part of permeability after
correction agrees well with the nominal value. If the wire
resistance was ignored, the measured value of the imaginary
part would be two orders of magnitude larger than the nomi-
nal value. This indicates that this method effectively reduces
the measurement error for the imaginary permeability at low
frequency.

These four ferrite samples were measured using the same
method during several different driving fields from 0.40 A/m
to 1.10 A/m. The initial permeability of the ferrites were
obtained by extrapolating the permeability to the zero driving
field. Fig. 6 and Fig. 7 show the real part of permeability
and the imaginary part of permeability response function for
different magnetic field strengths, for which the data were
fitted to (5). The fitting results are in good agreement with
the nominal value in consideration of the temperature effect.
Table 2 shows the fitting results for the complex permeability
at zero driving field.

D. CALCULATION OF MAGNETIC NOISE AND
SHIELDING FACTOR
Two cylindrical magnetic shields respectively were devel-
oped with several ferrite annuli of PC40 and PC47 materials.
The cylindrical ferrite shields made of PC40 ferrite annuli is
shown in Fig. 8, The diameter of the shield is 133 mm, and
the thickness of the shield wall is 13 mm. The total length
of the shield is 225 mm. After obtaining the initial complex
permeability, the magnetic noise of the ferrite shield can be
estimated. The intrinsic magnetic noise of magnetic shield
can be divided into hysteresis noise and eddy-current noise
at low frequency [2], [5]. For ferrite materials, the magnetic
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FIGURE 5. The experimental result of the real part (black squares), the imaginary part before eliminating the measurement error
(red circles) and the imaginary part after eliminating the measurement error (blue triangle) of the complex permeability: (a) Sample
1; (b) Sample 2; (c) Sample 3; (d) Sample 4. The experimental temperature was 22.2 ◦C and the driving magnetic field strength was
0.40 A/m.

FIGURE 6. Experimental results of Sample 1 (black circles), Sample 2
(black rhombus), Sample 3 (black triangle) and Sample 4 (black squares)
for the real part of permeability, fitted to (5) (red line). The error bars are
the standard deviation of the measurement. The experimental
temperature was 22.2 ◦C and the frequency range was from 20 Hz
to 200 Hz.

noise due to eddy-current noise is much smaller than that due
to magnetic hysteresis noise. Hence, the magnetic noise of
a ferrite shield, which is approximated to an infinitely long,
cylindrical shield, can be described as [5]:

δBmagn =
0.26

r
√
t

√
4kTµ0µ′′

ωµ′2
(6)

where r and t are the inner radius and the thickness of the
wall of the shield, k is the Boltzmann constant, and T is the
operation temperature.

FIGURE 7. Experiment results of Sample 1 (black circles), Sample 2 (black
rhombus), Sample 3 (black triangle) and Sample 4 (black squares) for the
imaginary part of permeability, fitted to (5) (red line). The error bars are
the standard deviation of the measurement. The experimental
temperature was 22.2 ◦C and the frequency range was from 20 Hz to
200 Hz.

With the exception of the magnetic noise, the low-
frequency shielding factor of the ferrite shields can be calcu-
lated using their permeability. The transverse shielding factor
of a cylindrical shield can be described as [12]:

St =
1
4
µ′

(
1−

(D−2t)2

D2

)
+

1
2

(
1+

(D−2t)2

D2

)
(7)
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FIGURE 8. Cylindrical ferrite shields made of PC40 ferrite annuli.

TABLE 2. Measured initial complex permeability of PC40 and PC47 at low
frequency, expected magnetic hysteresis noise, and expected shielding
factor of the ferrite shield.

and the axial shielding factor of a cylindrical shield is [11]:

Sa =

(
4Nµ′t
D + 1

)
(
1+ D

2L

) (8)

where D is the diameter of the shield, L is the length of the
shield, and N is the demagnetization factor for an ellipsoid
with the dimensional ratio p = L/D:

N=

[
1(

p2 − 1
)]


p(
p2 − 1

) 1
2 ln

[
p+

(
p2 − 1

) 1
2

]−1
 (9)

Table 2 shows the calculated magnetic noise and shielding
factor of these shields. The real parts of complex permeability
of PC40 and PC47 are close so that the shielding factors are
similar. However, there is a big difference of the imaginary
part between the two materials which causes the difference
of the magnetic hysteresis noise. The results indicate that
the shield made of PC40 material has the lower magnetic
hysteresis noise.

IV. CONCLUSION
In summary, we have propose an improved coil method of
measuring the complex permeability of the ferrite annulus
for low-noise magnetic shields which especially aims at low
frequency (<200Hz). The measurement error of the con-
ventional coil method was analyzed. The result of analysis
indicates that the resistance of the wire is the primary cause
for the significant measurement error of the complex perme-
ability at low frequency, and can be identified and eliminated
using our method. The ferrite annuli made of PC40 and
PC47 materials are measured using this method. The exper-
iment results demonstrate that the improved method effec-
tively eliminates the measurement error for the imaginary

permeability at low frequency and the measurement accu-
racy has improved two orders of magnitude. On the basis
of the low-frequency complex permeability extrapolated to
zero-field limit, both the magnetic hysteresis noise and the
shielding factor of the cylindrical ferrite shields made of
several ferrite annuli are calculated. The calculation results
indicate that the PC40 shield has the lower magnetic hys-
teresis noise with the same size. This study can help select
ferrite materials and estimate the performance for low-noise
magnetic shield.
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