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Abstract: In this article we will discuss the nature of Soft Magnetic Composites (SMCs) magne-
tization, with special emphasis on deep understanding of magnetic losess and their sources. SMCs
are usually characterized by having high saturated magnetization, and extremely low coercivity
fields. Measuring the complex magnetic permeability, we will try to describe the behavior in the
Hz, MHz frequency range. This document focuses in the deep understanding of one particular com-
posite and its complete characterization. Hysteresis cycle obtained by SQUID measurements and
laser diffraction, to determine the mean size and distribution of particles, are exposed.

I. INTRODUCTION

SMCs are ferromagnetic materials which present an
extremely thin hysteresis cycle, and have high magnetic
permeability, so they experience a huge magnetic induc-
tion when they are submitted to en external field [1].
They are involved in a lot applications, as processing
electronic signals and suppressing electromagnetic inter-
ferences (EMI). Fe, Si and common ferrites are examples
of those kind of materials, together with metallic alloys
and the composites shown here.

SMCs studied through this article present a periodic
structure composed by iron core particles, compacted
from powder to form a soft magnetic bulk [2]. To have
zero electrical conductivity, those particles are wrapped
in an isolating coating, composed by an inorganic
compound. Through this article we try to discuss the
nature of these particles and their covering, in order
to understand the origin of their magnetic properties
in the Hz, MHz frequency range. As we will show, we
observe both an extremely low coercivity field and a
huge saturation magnetization with barely no sources of
dispersion, when we submit it to an external magnetic
field above 1T.

We will work with different SMCs tagged as AHD,
H118, H121, H123 and 700IP, together with iron particles
named H31. Laser diffraction measurements obtained
in the Unidad de Citometria of the Parc Clientific de
Barcelona allowed us to determine the mean size of
particles, which we try to relate to the magnetization
and permeability behavior.

As we see in figure 1, SMC H118 presents a gaussian
size distribution, with the mean size of particles in 200
pm, meanwhile all the rest of SMCs and the iron parti-
cles have the same distribution with the normal value
on 100 pym. Laser diffraction measurements also allowed
us to verify the reliability of the screened samples pre-
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FIG. 1: Percentage of particles vs the particle diameter, for
the different SMCs and iron particles (H31).

pared of the different SMCs shifts, which we discuss later.

Measuring the complex magnetic permeability and
analyzing direct measurements of magnetization using a
Superconductor Quantum Interference Device (SQUID),
we try to relate its behavior to the mean size of particles,
and the single domain particle behavior.

II. THEORETICAL MODEL
A. Magnetic domains. Exchange & anisotropy

First of all, we describe our system as a bulk ferromag-
net, conformed by an homogeneous distribution of mag-
netic domains, and domain walls isolating every individ-
ual state of spin, of size A [3]. The spins of a magnetic
solid are arranged in order to minimize their exchange
energy, given by the Heisenberg model
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For an exchange constant J > 0, the order that min-
imizes the energy is a ferromagnetic one, and for J < 0
we obtain an anti-ferromagnetic order. Once the lattice
has chosen an order, the direction of the total magnetiza-
tion will be given by the anisotropy of the material. We
can now write the expression for the size of the domain
walls in terms of the exchange energy and the magnetic
anisotropy as

(2)

Notice that as the anisotropy of the material increases,
the domain walls become thinner, and it’s easier to
reverse the magnetization.

We observe that magnetic materials use to invest
the total magnetization when they are submitted to an
external field, instead of changing the estate of particular
spins. This is because investing only one, or a few of
magnetic momenta implies overcoming the exchange
energy. Investing the total magnetization preserves the
order and only implies overcoming the anisotropy, which
is typically much lower.

B. Magnetic permeability

Magnetize a system means carrying it to a metastable
state of energy, so the magnetization always experiences
a relaxation process with time that can be described by
the differential equation

dM

When we submit it to an alternating field of the form
H(t) = Hocos(wt), the magnetization follows the field as

M(t) = xHocos(wt) (4)

If we add now the effect of the relaxation due to the
domain wall movement, the equation (2) becomes non-
homogeneous

T% + M = xHcos(wt) (5)

and the magnetization follows the law

M (t) = x(w)Hpcos(wt) (6)

Treball de Fi de Grau

being x(w) the complex magnetic susceptibility. The
components 1 and xo will be the coefficients of the real
and the imaginary part, respectively in phase and with a
phase shift from the applied field, and they are given by

X
T1F (wT)?
XxwT
X2 - 1 + (WT)Q (7)

In the next section we compute the complex perme-
ability u, = p/po = (x+1) by measuring the impedance
of toroidal shifts.

III. EXPERIMENTAL

We will first analyze the direct measurements of
magnetization obtained by the SQUID magnetometer.
The SQUID uses superconductor currents to induce a
magnetic field, preserving the analyzed shift in liquid
Helium to measure at extremely low temperatures. To
measure the hysteresis cycle M(H), we had to prepare
extremely light shifts, of 0,5 mg - 1 mg. Above that
weight, the magnetization of SMCs was so high that it
saturated the measurement table, and it could not be
recorded. Experimental results are shown in the next
section.

We focus now on the sources of dispersion . To mea-
sure them, we need to measure the complex impedance
Z(w) of toroidal shifts prepared with the different pow-
der SMCs, together with iron particles to compare their
behavior at high frequency. These measurements were
done using an impedance analyzer HP 4192A between
5 Hz -13 MHz. The system measures the in-phase and
in-quadrature components of the current. Due to the
high instability obtained at low frequencies, we show the
1KHz - 13MHz range. As mentioned before, we measure
the modulus or ”effective” permeability u = po(1 + X)
involved in the law

B=po(H+M)=po(l+x)H = pops H  (8)

so its behavior is the same as the susceptibility derived
in section II, when we applied an alternating field. The
measured permeability can now be written as

pw) = p'(w) —ip (W) (9)

being u(w) the complex magnetic permeability. Our
equivalent circuit is a RLC containing the inductance
L of the coil, the resistance R of the copper wire and a
small capacity effect. Representation of our experimental
equipment is shown below.

The relation between the measured impedance Z and
the parameters R and L of the sample is given by [5]

R+iwL=2"+iZ" (10)

Barcelona, June 2017
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FIG. 2: Representation of the experimental equipment, cor-
responding to an equivalent circuit RLC [4].

Now the components of the permeability ' and u” can
be obtained directly from the complex impedance [5]

o L) 2w
p(w) = Io ~ wlo
) = 1 - 2 ()

being w the frequency of the applied field, and Ly the
inductance of the toroid without the ferrite inside

_ %, by (12)

2T a

Lo

IV. RESULTS & DISCUSSION
A. DMagnetization

We observe that SMCs present a very similar
magnetization than iron particles, having the typical
ferromagnetic behavior mentioned in section I. We
measured the magnetization from 0 to 16000 Oe, and
back to zero field. As expected, SMCs present barely
no remanent magnetization, which implies that there
are no energy losses, and there is almost free to in-
vest the magnetization, being the coercivity field H, ~ 0.

As we see in figure 3, different SMCs (H118, H123,
700IP) differ only in 0,05 - 0,1 emu with iron particles,
when we compute the magnetization normalized per
unit of mass.

Notice that the magnetization does not saturate for
small applied fields. It needs about 1 T to achieve the
saturation value. This behavior contrasts with other
soft magnetic composites as FeSi alloys, which use to
saturate very quickly, presenting both a thin hysteresis,
and a very pronounced increase at low fields.

Laser diffraction measurements also allowed us to ver-
ify the reliability of screened samples obtained from the
Geology faculty. By measuring these samples, doing Zero
Field Cooled - Field Cooled (ZFC - FC) measurements
[6], we can estimate the blocking temperature, which re-
mains T > 300K for an applied field H = 5000 Oe.

Treball de Fi de Grau
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FIG. 3: Magnetization normalized per unit mass of iron par-
ticles (H31) and different samples of SMCs.
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FIG. 4: Magnetization of screened samples H31. The biggest
particles are the ones that achieve a the maximum value of
the saturation magnetization.
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FIG. 5: Magnetization of the screened samples H118.
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B. Permeability

We observe in figure 6 the behavior of the complex
permeability, being 100 KHz the frequency for which
the material experiments a decay of the ”effective”
permeability. At this frequency there is an absorption of
the energy from the external field, as we see in the peak
of the component p”’. We say that there is a resonance
effect at this point, as the frequency of the applied field
matches with the frequency of the spin rotation. For
higher frequencies, the modulus of the permeability
decays as the real part, and the material does not feel
the magnetic field. As mentioned before, due to this
absorption phenomenon SMCs are used to suppress and
screen electromagnetic interferences.

Permeability
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FIG. 6: Components of the permeability vs frequency of the
applied field for SMCs H118. We observe both, the decay and
the absorption peak of the real and the imaginary components
of the permeability.
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FIG. 7: Comparison of the components of the permeability
vs frequency of the applied field. The absorption peak varies
smoothly between the different SMCs toroidal samples.
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The size distribution f(V') implies a different behavior
of p/, p”. As we narrow the sizes distribution, both
the real and imaginary components of the permeability
become more pronounced. For an ideal system composed
by particles of a unique size, ¢’ will decay as a Heaviside
function, and p” will become a Kronecker’s delta at
the value of the frequency for which we observe the
absorption. This behavior can be observed in the figure
8, that shows the permeability of the different screened
samples for one particular SMC.

Here we expose the computation of the susceptibility,
integrated now for a bulk of volume V.

X1 = Xo/0 dvijjr(v)v

< f(MVwr

0 1+ (wr)? (13)

being [ dVV f(V) = N(V). If we introduce the block-

ing volume

- KBT 1%
Vp =~ In(>) (14)

at low temperatures the factor (1 + (w7)?)~! becomes
the Heaviside function 8(V — V).
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FIG. 8: Components of the permeability vs frequency of the
applied field for different screened samples of SMCs - 700IP.
We observe the different behavior of u’ ”’. The smallest parti-
cles present the absorption peak displaced to the right, which
means that the absorption takes place at higher frequencies.

We can verify the dependence with f(V'). Until 160
pm the material presents different size particles, having
an homogeneous distribution, and the components
' u” present respectively a soft decay, and a weak
absorption peak. But the more pronounced decays of
the component p' show that most of the particles have
a mean size of 160 ym and 999 pm.
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Notice that this behavior contrasts with the one ob-
served in the previous section, as the extremely thin hys-
teresis is typical of much smaller particles, that can be-
have as single domain particles.

C. Infrared Spectroscopy

We should now focus on the covering that isolates
the iron core particles, which gives them zero electrical
conductivity, and may be the responsible of structural
properties such as the huge ductility and malleability.

As other phenomenon that may involve the covering,

we have the slow increment of the magnetization until it
achieves the saturation value, shown in figure 2.
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FIG. 9: Transmittance obtained vs the wave number for dif-
ferent SMCs submitted to IR radiation and for pure iron
(H31). Both the peaks at 2000 cm™ ' and the decay at high
energies are characteristic of the metallic Fe - Fe bond.

To identify it, we submit the different SMCs to
Infrared Radiation (IR). Both the absorption peaks
around 2000 em~! and the soft decay at high energies
are the typical behavior of the iron particles, whose

metallic bonding is very strong, and it can only be
excited by absorbing high energy radiation. But we also
see a small absorption peak at 1000 em™! in each of
the SMCs, corresponding to the excitation of a covalent
bond, which we identify as a phosphate covering [7].

The H118 shift present a deeper peak, and a more
pronounced decay of the transmittance at high energies.
H121 and H123, on the other hand, behave in the same
way.

The different nature of the phosphate covering,
together with the mean size of particles obtained by
laser diffraction shown in section I, lead to the variations
observed in the behavior of the magnetization and the
permeability between the different SMCs.
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