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a b s t r a c t

Modern high-frequency electronic technology demands Mn–Zn soft ferrite for high DC-bias and low
power loss applications. In this study, DMR50B ferrite material with a very attractive DC-bias property
and with a lower power loss at high frequency up to 3 MHz was developed employing a conventional
ceramic powder processing technique based on our previous study of DMR50 material, indicating its
magnetic properties can be further improved by microstructure homogeneity. The core loss is around
200 kW/m3 at 3 MHz, 10 mT and 100 ◦C, and only around 20 kW/m3 at 700 kHz, 30 mT and 100 ◦C; its
eywords:
n–Zn ferrite
C-bias magnetic field
igh frequency
ow loss

cutoff frequency fr is ∼4 MHz and its incremental permeability �� remains constant until HDC = 100 A/m.
Furthermore, the electromagnetic characteristics and the microstructure of this new DMR50B material
are also discussed.

© 2009 Elsevier B.V. All rights reserved.
ower ferrite
utoff frequency

. Introduction

The performance of the soft magnetic Mn–Zn power ferrite core
or high-frequency switching power supplies is determined by the
bility for the core to handle large signal or to realize power trans-
er at high frequencies and high induction levels at the expense of
ow energy loss. Due to the demands for more compact, lighter and
hinner electronic devices and equipments, there has been a criti-
al need for Mn–Zn ferrites with even higher permeability and even
ower power loss at higher frequency (up to a few MHz) [1,2]. In
ddition, in many applications when large amount of DC must be
olerated, such as in ADSL applications where the electronic circuit

ay carry DC current of 100 mA in average, the core material also
ust exhibit a high incremental permeability (��) (also known as

eversible permeability �rev when AC magnetic field is very small)
t a higher DC-bias magnetic field HDC (the so-called DC-bias behav-
or) [2]. In the telecommunication industry, the core material also

as to be very stable under environmental or operating conditions
ince the linearity of � with a DC-bias is needed. This behavior can
e achieved by high saturation of the ferrite material [2]. Therefore,
he high DC-bias property of the cores is also the main concern for
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high-frequency applications except for lower power loss regarding
soft power ferrite applications.

As a basic approach for development of the low loss materials,
research and analysis have been conducted to unravel the mech-
anisms of loss generation in Mn–Zn ferrites [1,3,4]. The energy
loss phenomena in these materials are insufficiently assessed since
various physical mechanisms responsible for these losses are effec-
tive at different frequency ranges. Theoretically, the power loss in
ferrites is generally split up into three contributions with quite
different physical origins [1,5–9]:

PC = Ph + Pe + Pr = KHB3f + KEB2f 2

�
+ Pr (1)

where PC is the total power loss, Ph, Pe and Pr are the hysteresis loss,
eddy current loss and residual loss, respectively, KH and KE are con-
stants, B is the magnetic flux density, f is the frequency and � is the
electrical resistivity. Apart from the contributions to Pe, the under-
standing of ferrite dissipation is mainly phenomenological [1,9].
The justification for this subdivision resides partially in differences
in the frequency response of each loss contribution.

The proportions of these components in the total loss vary

widely according to measurement conditions such as frequency f
and magnetic flux density B. Ph denotes the loss due to the hys-
teretic nature of the magnetization reversal. This loss contribution
is basically determined by the energy dissipation of a static hystere-
sis loss loop multiplied by frequency (f) by which the magnetization

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yapiliu@gmail.com
mailto:yapiliu@cjlu.edu.cn
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s reversed. The energy dissipation, which corresponds to a cycle of
he hysteresis loop, is considered to be proportional to B3 (as can
e seen from Eq. (1)). At low frequencies Ph is dominant, and in
rder to reduce Ph, it is important to form uniform microstructure
hich is free from lattice defects and pores so as not to obstruct the
ovements of the magnetic domain walls.
Pe denotes the loss due to eddy currents induced by the alter-

ating magnetic field and hence depends greatly on the electrical
esistivity of the material. At high frequencies, the proportion of
e increases, and the enlarged Pe can be reduced by increasing the
esistance of the core. The electrical resistivity of Mn–Zn ferrite
s expected to increase by raising the electrical resistivity of the
pinel matrix and grain boundary, and also the reduction of grain
ize, which contributes to increase the possibility of intersection of
he grain boundary with eddy current.

Finally, Pr denotes the residual loss whose physical origin is less
ell understood. It is found that Pr becomes dominant at high fre-

uency, and plays an important role in reducing power loss in the
Hz range [3,8,9]. Pr is associated with magnetic relaxations and

esonances in MHz ranges in the ferrite [8]. Magnetic relaxations
ontributing to these losses are due to domain wall excitations by
he driving AC magnetic field. Magnetic resonance may occur in
wo ways, viz., rotational resonance and domain wall resonance.
t is reported that the core losses of ferrites in the MHz range
re lowered with decreasing the grain size [9–11]. Although not
nderstood sufficiently, the cause of this effect is supposed that
ny magnetic resonance would be suppressed. For example, the
uppression of natural resonance can be considered. It is known
hat the domain of ferrites is subdivided and that the numbers of
omain walls per volume increase with a decrease of the grain size
9–11]; therefore, the amplitude of vibration in each domain wall
s reduced in the same maximum induction Bm. In other words, the
witching frequency of the spin inside the domain wall is reduced.
t is found that the lower Pr of the developed ferrite is presum-
bly caused by the suppression of the natural resonance for the
pin inside the domain wall at 1 MHz owing to low resonance fre-
uency fr [12]. We have found that the resonances that occurred

n power ferrites at MHz range are rotational resonance, and the
orresponding loss can be reduced by using fine grains [13].

As explained above, the means of reducing the three compo-
ents of loss often contradict with each other, and accordingly

t is necessary to identify which component of loss will become
ominant under the intended operational conditions.

As far as we know, power ferrites ideally have their anisotropy
ompensation point (at which K1 passes through zero) at the
ormally operating temperature of 80–100 ◦C for a transformer
hrough selecting a proper Fe-excess composition and by adjust-
ng the partial oxygen pressure of the sintering atmosphere [8,12].
ecause the transformer core is usually operated at these intended
orking temperatures, the power losses PCV of power ferrite mate-

ials should reach this minimum at that temperature, where PCV is
he total power loss per volume.

Recently, many efforts have been made to improve the mag-
etic property of Mn–Zn soft ferrite, including enhanced maximum

nduction Bm and reduced power loss PCV at higher frequencies.
ome are concentrated on the effects of doping additives [14–16]
nd substitution elements [17] on electromagnetic performance of
n–Zn soft ferrite, as besides the basic composition and sintering

rocess, additions and substituents can play an important role in
etermining the magnetization and other properties of Mn–Zn fer-
ite, and can also influence the microstructure, intrinsic property,

tomic diffusion, sintering kinetics, and the loss of Mn–Zn ferrite
ignificantly. Meanwhile, the loss mechanism is also analyzed [14].

The spinel ferrites are usually prepared by a ceramic process
hrough pressing a prefired mixture of powders to obtain the
equired shape and then converting it into a magnetic ceramic
ompounds 489 (2010) 523–529

component by sintering. The prefired powder in such a process
is inhomogeneous in chemical composition and has a number of
large-size particles with a non-uniform size distribution. More-
over, the prefired powder consists usually of many individual
phases that react with each other to form the desired spinel
phase during the final firing step [18]. In order to overcome the
difficulties arising from the ceramic method and in order to pre-
pare soft ferrites with excellent electromagnetic performance,
in recent years, due to the rapid development of nanotechnol-
ogy, several methods including combinatorial synthesis and high
throughput screening method [19], mechanochemical processing
[20,21], and numerous wet chemical methods including the co-
precipitation method, the hydrothermal process, sol–gel synthesis,
and the micro-emulsion approach, have been proposed to syn-
thesize Mn–Zn ferrite nanoparticles [18, and references therein],
but nanoparticles were rarely used to develop MnZn soft fer-
rite core further in these papers. Moreover, it is also found that
the high-permeability and low power loss can be achieved using
nanocrystalline ferrites in place of micro-magnetic ferrites [22].

In our previous study [13], low loss Mn–Zn ferrite DMR50 that
can work at frequency higher than 3 MHz was developed. Its PCV–T
curves showed that PCV strikingly increases and the minimum loss
temperature Tmin at which the power loss gets to its minimum
value gradually decreases with increasing frequency, revealing that
its relatively high Pr is a main cause of the frequency dependence
of Tmin in high frequency [7,13], which can be confirmed by later
discussion.

Microstructure is, of course, another key parameter that dom-
inates the electrical and magnetic properties of Mn–Zn ferrites.
In-depth investigation of the microstructure of the old DMR50
ferrite material using SEM [13] showed that there exist many
porosities in the grains and also at the grain boundary regions with
exaggerated grain growth. The ferrite material thus presents poor
microstructure homogeneity though the average diameter of the
grain is about 2.55 �m, smaller than the single domain dimension
needed for Mn–Zn ferrites [9–13]. The distributions of pores inside
and outside the grains and of larger grains have great effects on the
magnetic and electrical properties of ferrites as described above,
suggesting that the material can be further optimized to improve
its magnetic properties by a low r volume fraction of pores and
homogeneous grains. In addition, since the DC-bias property of
this material is not very attractive, the efforts have been exerted
to improve their electromagnetic characteristics by controlling the
size of grains and the distribution of small amounts of additives in
the grain boundary region during the producing routine.

In this study, based on our previous work the process routine
was further optimized. The chemical composition of main elements
of Mn–Zn ferrite was further adjusted to improve its Bm. To improve
its microstructure, optimized combinations of CaO, SiO2 and other
additives such as Nb2O5, ZrO2 and TiO2 were carefully adjusted. The
size of the green powder, the green density of the cores, and sinter-
ing process including the heating and cooling rate were all carefully
controlled to avoid exaggerated grain growth. As the sintering pro-
cess, for example, sintering temperature, isothermal duration and
sintering atmosphere will influence the microstructure. To achieve
fine grains for reducing Pr, the growth of the grain is controlled
by using low sintering temperature technique. Small grains can
be realized by applying finer powders, enabling sintering at lower
temperatures during shorter periods. Also applying sinter acids
may lower the sintering temperature and thus yields small grains
[8]. Because of their low melting points, these oxides melt at grain

boundaries and initially act as a grain growth inhibitor.

As Pr is lowered by fine grains, Ph and Pe are also improved by
total optimization of preparation conditions as will be seen later.
Eventually, compared to recent reports on PCV [13,14], a ferrite
material DMR50B with a much lower loss in a wide high frequency
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ange up to 3 MHz was obtained with higher DC-bias property
hrough a very well controlled preparation process. In addition,
aking fully into account the mass production conditions of the
ompany, a conventional ceramic powder processing technique
as employed.

. Experimental

The chemical composition of Mn–Zn ferrite is Mn0.73Zn0.12Fe2.15O4. Commer-
ial Fe2O3 are carefully chosen in such that the SiO2 and CaO doping levels used
re similar to the impurity levels in it. The cores of toroidal shape with 25 mm in
uter diameter, 15 mm in inner diameter, and 8 mm in height are produced employ-
ng a conventional ceramic processing technique, and the samples are sintered
n carefully controlled oxygen partial pressure. The relation between the cooling
emperature and oxygen partial pressure is maintained according to the following
quation [3]:

og PO2 = − 14, 540
T[K]

+ a (2)

here atmospheric parameter “a” is a constant value, which is 7.8 in our experiment.
etailed process of producing is described elsewhere [13].

Power losses were measured using an Iwatsu BH analyzer (SY8232). An RF
mpedance/Material Analyzer (Agilent 4291B) was used to measure the magnetic
pectrum and the temperature dependence properties of permeability. A Hewlett-
ackard impedance analyzer (4284A Precision LCR Meter) was used to measure the
C-bias properties, and the DC magnetic properties of the samples were measured
y a MATS-2000 Magnetic Material Automatic Meter. X-ray diffraction (XRD) mea-
urements were carried out with an X-ray powder diffraction (Rigaku D/Max-3B).
he crystalline phases were identified with the Bragg peaks indexed and the lat-
ice parameter calculated. Images of microstructures were obtained by means of a
canning electron microscope (SEM) (Hitachi S-570).

. Results and discussion

.1. XRD

In Fig. 1 the XRD pattern of the DMR50B material is shown. The
h,k,l) values corresponding to the diffraction peaks are marked in
he figure. XRD analysis clearly exhibits that almost all the observed
iffraction peaks, the interplanar distances d, Miller indices (h,k,l)
nd relative intensities I/I0 (where I0 is the maximum intensity) of
his material match well with the reflections of manganese ferrite
eported in the standard card with no extra lines, revealing thereby
he sample was well crystallized in the single phase cubic spinel
tructure during the sintering process as there were no unreacted
onstituents, no other phases and no crystal deformation presented
n the sample. This fact shows that the producing process is well

ontrolled and also is suitable. As far as we know, the lattice con-
tant “a” of a spinel ferrite will change with the chemical composi-
ion. The lattice parameter “a” of the sintered sample of this mate-
ial calculated from the diffraction peak is 8.4985(4) Å, almost the
ame as that of previous report (DMR50, which is 8.4975(2) Å [13]).

Fig. 1. XRD pattern of DMR50B material.
ompounds 489 (2010) 523–529 525

3.2. Power loss

A summary of the important magnetic properties for this new
DMR50B material is given in Table 1, together with that of old
DMR50. For comparison, 3F4 of Ferroxcube is also listed. As can be
seen from Table 1, the overall power losses of this DMR50B mate-
rial have been improved a lot compared to that of DMR50. The
well controlled preparation process and the most optimum per-
centage of the sintering additives lead to sufficient densification
while maintaining controlled grain growth, and it is under these
conditions that the optimum magnetic performance of this new
DMR50B material is achieved during wide frequency range.

It is well known that 300 kW/m3 is a practical design level for
medium size power transformer [8]. As we can see from Fig. 2 which
shows the power losses of this new DMR50B material as a func-
tion of temperature measured at different frequencies and different
flux densities, at the measured temperature range, power losses
of this material are almost less than 200 kW/m3 in the frequency
range of 100 kHz to 3 MHz, and under 3 MHz, 10 mT are only around
200 kW/m3 at 100 ◦C and 150 kW/m3 at 80 ◦C. This new material
exhibits an extremely low core loss of around 20 kW/m3 under
the measurement condition of 700 kHz, 30 mT and 100 ◦C. Under
500 kHz to 1 MHz, the power loss at 80 ◦C is below 50 kW/m3, and
the lowest power loss is at 700 kHz and 30 mT, higher than that
for DMR50, which is at 500 kHz and 50 mT [13]. So we can say that
this material can be used in higher frequency up to 3 MHz with an
extremely low power loss.

3.3. Relative importance and reducing the losses

To make this material suitable for frequencies above 1 MHz, Ph,
Pe and Pr of this material have been improved by a total optimiza-
tion of preparation conditions. As explained in Section 1 that Pe

can be reduced by increasing the resistivity of the material. The
resistivity inside grains and of grain boundaries in this material has
been increased with the help of appropriate additives such as TiO2,
Nb2O5 and ZrO2. Because the uniform grains are small in size (as
will be seen later) and large grain resistivity, and inner grain eddy
current losses due to micro-current inside grains do not show up
at high frequencies, Pe is lowered. As Ph is also lowered by uniform
microstructure with less voids and Pr is suppressed by using uni-
form fine grains, the total PCV of this material at high frequencies is
lowered.

As described above, the anisotropy compensation is such that
the magnetocrystalline anisotropy constant K1 as a function of
temperature shows a minimum Tmin. It is generally assumed that
Tmin corresponds to the temperature of the maximum permeabil-
ity T�max , because T�max is realized when K1 becomes zero. As a
consequence, hysteresis losses Ph(T) shows a minimum, and the
position of the Ph minimum Tmin can be located at the intended
working temperature [8]. It has been observed that if residual loss
Pr becomes dominant at a high frequency and high temperature,
Tmin decreases far lower than that of the desired temperature when
the frequency is increased, especially in the MHz range. Because Pr

has become the main cause of the frequency dependence of the
minimum loss temperature at high frequencies [7–9], Pr can cre-
ate a frequency dependence for the minimum loss temperature
[7], and this phenomenon also has been found in DMR50 material
[13], whose chemical composition is supposed to be optimal for
anisotropy compensation at about 80 ◦C. So DMR50 ferrite mate-
rial should reach this minimum at that temperature if Pr is small,

revealing that Pr of DMR50 material can be further lowered.

As can be seen from Fig. 2, PCV drastically increases and Tmin
only changes a little around 80 ◦C with increasing frequency, being
almost the same as the compensation point. At frequency below
1 MHz, Tmin is around 70 ◦C; at frequency above 1 MHz, Tmin is
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Table 1
Important magnetic property for this new DMR50B material and comparison.

Property Measurement conditions DMR50B DMR50 3F4

Initial permeability (�i) 25 ◦C; 10 kHz; <0.1 mT 1300 1400 900

Amplitude permeability (�a) 25 ◦C; 25 kHz; 200 mT 1990 2100
100 ◦C; 25 kHz; 200 mT 1950 2300 1700

Maximum induction (Bm , mT) 25 ◦C; 1194 A/m 510 490 410
100 ◦C; 1194 A/m 430 400 350

Power losses (PCV, kW/m3) 100 ◦C; 500 kHz; 50 mT 80 60
100 ◦C; 700 kHz; 30 mT 20 70
100 ◦C; 1 MHz; 30 mT 70 160 130
100 ◦C; 3 MHz; 10 mT 200 310 220

a
a
t
r
o

i
d
r
t
b
l

P
t
f

P

w
c
c
[
w
f
q
e
e
c
b
p
i
l

F

different frequency ranges, from which we can deduce the measur-
Curie temperature (◦C)
Resistivity (�, � m)
Density (d, kg/m3)

round 80 ◦C. Obviously, Tmin is usually located at around 80 ◦C for
ll the frequencies observed. As a result, we can conclude that Pr of
his DMR50B material is really suppressed at high frequencies [7],
esulting in an extremely low loss material due to the homogeneity
f the microstructure.

It has been found that Pr will increase with relative permeabil-
ty �r [7], which can be lowered by fine grains. Since Pr becomes
ominant at high frequency, lowered �r will reduce Pr in the MHz
ange. We can see from Table 1 that �a is lower for DMR50B than
hat for DMR50 even at a high temperature, and that Pr is reduced
ecause of its smaller grain size than that of DMR50 (as will be seen

ater).
Just as described earlier, the constitution of the total power loss

CV depends on frequency and on induction level. It has been found
hat the power loss (PCV) can also be expressed as a function of
requency (f) and magnetic flux density (B):

CV = kBxf y (3)

here x and y are called Steinmetz coefficients [5,6,23]. For typi-
al Mn–Zn ferrites intended for power applications, the Steinmetz
oefficient (x) lies between 2 and 3, and y is about 1.3 up to 100 kHz
5,6,14]. It has been found that, the power loss increased linearly
ith increasing frequency (y ≈ 1.25) at low frequency, and at high

requency, deviated from the linearity, where the coefficient of fre-
uency (y) was 2.87 at 100 ◦C and 25 mT [5]. Strictly speaking, this
quation is valid over different limited ranges, and may be used
ffectively over these limited frequency ranges, because the main

ontribution to PCV is different at different frequency range, as can
e seen in Eq. (1) and the later discussion. Basically speaking, the
ower loss property of DMR50B material is the same as DMR50,

ncluding PCV–T, PCV–B and PCV–f, but DMR50B has lower power
oss than that of DMR50.

ig. 2. Power losses for various measuring conditions as a function of temperature.
290 250 220
8 8 10
4.7 × 103 4.7 × 103 4.7 × 103

3.4. PCV vs B

Fig. 3 shows the power losses of this material as a function of B
measured at various frequencies. PCV of this material increases with
increasing B and follows the relation described in Eq. (3) in different
B ranges, where we can see the measuring frequency dependence
of the Steinmetz coefficient (x). It is well known that at lower fre-
quencies, PCV is mostly ascribed to Ph which is proportional to the
third power of B, but at high frequency, Pe becomes dominant and
is proportional to the square term of B, just as expressed in Eq. (1).
As can be seen from Fig. 3, at the beginning, PCV increases linearly
with B, but when B becomes bigger, the first deviations from the lin-
earity can be seen, indicating that the power loss mechanism has
changed, especially at high frequencies. At the frequencies above
500 kHz, when B is large enough, these second deviations can be
clearly seen, which are caused by the increase of Pr. Careful anal-
ysis shows that PCV dependence on B at various frequencies is in
good agreement with the proposed relation expressed in Eq. (3) in
different B ranges, and will be published elsewhere.

3.5. PCV vs frequencies

Fig. 4 shows the power losses plotted as a function of frequency
at various magnetic flux densities. A similar power loss behavior
versus frequency is observed. PCV of this material increases with
increasing frequency and follows the relation described in Eq. (3) at
ing B dependence of the Steinmetz coefficient (y). It can be clearly
seen that, when B is small, the power loss increases linearly in the
low-frequency range and then deviates from the linearity at above

Fig. 3. Power losses for various frequencies as a function of magnetic flux density
at 100 ◦C.
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ig. 4. Power losses for various magnetic flux densities as a function of frequency
t 25 and 100 ◦C.

bout 100 kHz, and then again deviates at above 500–700 kHz.
hese deviations from the linearity indicate that the constitution of
otal loss PCV is different at different frequency ranges, just as dis-
ussed above in Fig. 3. As we have seen, Ph is the major part of PCV
t frequencies below 100 kHz (Ph ∝ f), and then Pe becomes impor-
ant at frequencies higher than 100 kHz (Pe ∝ f2) according to Eq.
1), but when the ferrite is used at frequencies above 500–700 kHz,
r becomes dominant, just as we can see from Fig. 4 that at this
igh frequency range, Pr increases rapidly, resulting in a large devi-
tion, being the same as discussed above in Fig. 3. This can also be
learly seen in Fig. 2, which shows that the PCV at 3 MHz increases a
ot compared to that at 1 MHz. This is also in good agreement with
he proposed relation expressed in Eq. (3) in different frequency
anges. Careful analysis of these deviations will also be published
lsewhere.

We can also see from Fig. 4, when B is large enough, such as
00 mT, these deviations can obviously be observed. The same sit-
ation can also be found in DRM50 material [13]. It is noted that
24], when the ferrite is driven at high flux level at high frequen-
ies, the conductivity is highly non-linear, which is consistent with
nter-granular charge tunneling between neighboring ferrite grains
hrough the thin insulating films (grain boundaries). When the
ux density levels used are higher enough, they may give rise to

arge induced electric fields at the grain boundaries to cause tun-
eling. Perhaps this non-linear increase behavior of conductivity
an explain this observed B dependence of the power loss at high
requencies.

As can be seen from Fig. 4, the slopes of the lower frequency por-
ion of the 10 mT curve and the central portion of the 50 mT curve
re lower than 1, which is unphysical. This phenomenon also exists
n DMR50 material [13]. At the cross-point where the major part of
CV will change, such as change from Ph to Pe, and from Pe to Pr, there
ill be an abnormal increase in PCV. Possibly this abnormal increase

ogether with the non-linear increasing behavior of the power loss
ver B can explain this unphysical behavior. This abnormal increase
an also cause big errors in measuring the power loss.

We can also see from Figs. 3 and 4 that the slopes of PCV–B and
CV–f curve are smaller compared to those of old DMR50 material in
ifferent corresponding ranges, indicating that the PCV of DMR50B
as been improved in high frequencies. Detailed analysis will be
ublished elsewhere.
.6. Magnetic spectrum

Fig. 5 shows the magnetic spectrum of this material. We can see
hat its cutoff frequency, where �′ falls to half its original value or
Fig. 5. Frequency dependence of complex permeability.

�′′ gets its maximum value, is as high as about 4 MHz, almost the
same as DMR50 material [13]. These two materials can all be used
to frequency above 3 MHz, though traditionally it is believed that
MnZn soft ferrite can only be used to frequency up to 1 MHz, again
we find that this is not always the case. This is because of its fine
grains, as will be seen later.

Snoek pointed out that at MHz frequencies a ferromagnetic
resonance occurs if the frequency of the applied field equals the pre-
cession frequency of the spins in the internal field, fr, and that this
resonance dominates the ferrite dissipation in the MHz range [25].
Magnetic rotational resonance occurs when the driving frequency
is in resonance with the natural frequency at which the magneti-
zation rotates, and then there is a large peak in power absorption.
The resonance frequency is given by Snoek’s law [8,9,25]:

fr = �Bm

3��0(�r − 1)
(4)

where Bm is the maximum induction, �r is the low-frequency rota-
tional contribution to the initial magnetic permeability and � is
the gyromagnetic ratio. Snoek derived under the assumption that
the initial permeability of the ferrite is due to rotation of spins. As
domain wall resonance is usually of less relevance at frequencies
important for power ferrites [8], assuming a dominating rota-
tional character for the magnetic permeability, we can calculate
fr value according to Snoek’s law. Assuming �r = 1990 and applying
Bm = 510 mT from Table 1, Eq. (4) yields fr ≈ 4.8 MHz, a little higher
than that of DMR50, which is 4.4 MHz [13]. As can be seen from Eq.
(4), �r of this material is lowered by small grains compared with
conventional power ferrites, so fr is increased. Snoek demonstrated
that an increase in permeability could increase the operating fre-
quency of a ferrite only when there is a simultaneous increase in Bm

[25]. Because its Bm is higher and �r is smaller than that of DMR50,
leading to a higher fr according to Eq. (4). The result turns out to be
quite reasonably in accord with the experimental data, indicating
that the resonances that occurred in power ferrites at this opera-
tion frequency range are truly rotational resonances, and that the
rotational component of the magnetic permeability is clearly dom-
inant because domain walls can no longer follow the alternating
magnetic field [8], which was similarly found in DMR50 material
[13].
In addition, as we can see that, the permeability of 1990 assumed
above is the permeability of the polycrystalline system, but the
law of Snoek is derived and holds for monocrystalline materials.
Among the most basic questions addressed specifically to ceramic
materials is how the magnetic permeability depends on grain size,
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rain boundary structure, etc. [26]. As far as their influence on the
ermeability is concerned, the present state of knowledge can be
ummarized as follows: the permeability in ferrites is predomi-
antly rotational in character, particularly for the smaller grain
ize [27]. Proceeding to small grains eventually leads to the mon-
domain state where no magnetic domain walls can exist inside
ingle grains. In this case domain walls can only exist in grain
oundary regions, as will be discussed later.

It has been described by the non-magnetic grain boundary
odel [28,29] that Snoek’s law will translate to polycrystalline
aterials in case of rotational permeability, and this model also

redicts that polycrystalline systems will have a higher resonance
requency than monocrystalline forms with identical composition
espite the fact that the size of the thickness of the non-magnetic
rain boundary has to be adjusted to the experiments [17,28,29].
s domain wall motion model [30], which is considered to account

or the dependence of the initial permeability �i on grain size in
olycrystalline ferrites, is less favourable in smaller grains, it is rec-
gnized that the non-magnetic grain boundary model [28,29] is
ble to account not only for the observed grain size dependence
f �i, but also for the observed frequency dependence of the full
omplex permeability (agreement with Snoek’s law). The essential
eature of this model shows that the polycrystalline ferrite con-
ists of a matrix of crystalline ferrite grains, having an intrinsic
ermeability (in fact the permeability of a single crystal of the same
omposition), surrounded by thin, non-magnetic grain boundaries
ith unit permeability. Additionally, a first principles model for

he grain boundary developed in Ref. [26], which is responsible
or the distinct dependence of permeability of ceramic soft mag-
etic ferrites on grain size in a quantitative fashion, also gets the
ame results without any adjustable parameter while maintaining
noek’s limit. This model involves boundary conditions for the spin
ystem at the exchange-decoupled interfaces of adjacent grains and
n inhomogeneous free energy density which brings the domain
all width as a natural length scale into the problem. This scale
ill precisely determine the grain size beyond which the perme-

bility significantly starts to decrease. So Snoek’s law remains valid
hen the initial permeability of a ferrite is decreased by reducing

ts grain size, i.e., fine-grained materials display a higher reso-
ance frequency and can therefore be used to higher frequencies
9,28,29].

.7. DC-bias properties
This material also has very good DC-bias properties, as shown
n Fig. 6. The incremental permeability �� of this material almost
emains constant until its DC-bias magnetic field HDC is as high as
00 A/m (which is only 30 A/m for DMR50 material), where it starts

Fig. 6. Incremental permeability as a function of magnetic field H.
Fig. 7. Typical SEM image of the microstructure of this DMR50B material.

to decrease. We have also measured the DC magnetic properties of
this material, see Table 1. Note that in Table 1, Bm of this material is
about 430 mT at 100 ◦C when measured at 1194 A/m, and its Curie
temperature is as high as 290 ◦C. Because of its higher Bm compared
with that of DMR50, its DC-Bias property is also improved a lot. All
these show that this material has very good physical properties, and
can be used as a high DC-bias power material at frequency higher
than 3 MHz.

3.8. SEM

As far as we know, the magnetic property of a magnetic mate-
rial is closely related to its microstructure. We have investigated
the microstructure of this ferrite material using SEM, as shown in
Fig. 7. As can be seen in SEM, compared with DMR50 material, there
exists less voids, the inner part of the grains is homogeneous and
free of impurities, pores and other defects, grain size is relatively
uniform, and the voids can rarely be seen in the grains and are only
distributed in grain boundary regions, suggesting that this material
has been optimized, and so its magnetic properties are improved.
EDX analysis shows that the chemical composition is just the same
as we have chosen.

It has a more uniform grain growth, the average grain size is
about 2.40 �m, smaller than that of DMR50, which reduces the Pr

in high frequencies, and also makes the high peak of complex per-
meability [9–11]. Intragranular domain wall movement is a prime
contribution to the AC-hysteresis (in particular, at frequencies
around 1 MHz), and this hysteresis is eliminated in fine-grained,
single domain ferrites [9–12]. If the grain size is smaller than the
single domain size, the domain wall can only exist in the grain
boundary regions. For Mn–Zn ferrite, the transition in the intra-
granular domain structure from the single domain to the multiple
domain state occurs at the grain size 3.8 ± 0.7 �m [9–11], it is also
found that there is a drastic increase in Pr at the grain size around
4 �m [12], suggesting that Pr due to the domain wall resonance
should be taken into account at the grain size greater than single

domain dimension. This means when the grain size is greater than
the single domain dimension, Pr due to domain wall relaxation pro-
cess as well as the rotational resonance process should be taken into
account. This material has small, uniformly sized and densely dis-
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ributed crystalline grains and less voids, which indicates that there
xists less exaggerated grain growth and thus better microstruc-
ure homogeneity than DMR50, resulting in higher Bm, and thus
mproved DC-bias properties. So, as a Mn–Zn ferrite that can work
t frequencies higher than 3 MHz because of its fine grain size, the
owest power loss values are derived from the more regular and
omogeneous microstructures.

. Conclusions

Based on our previous study of DMR50, which reveals that its
r can be further lowered, and also the need to improve the DC-
ias property of DMR50, Mn–Zn power ferrite DMR50B with an
xtremely lower loss used at higher frequencies was developed
mploying a conventional ceramic powder processing technique.
EM study shows that the average grain size is 2.40 �m, smaller
han that needed for the single domain dimension, and XRD analy-
is shows that the grain is well crystallized. As a result, power loss
f this material is less than 200 kW/m3 in the frequency range of
00 kHz to 3 MHz at the measured flux density levels over a wide
emperature range, and is only around 20 kW/m3 under 700 kHz,
0 mT and 100 ◦C due to its desired microstructures. In addition,

ts Bm is about 430 mT at 100 ◦C when measured at 1194 A/m, and
t also has attractive DC-bias property, its DC-bias magnetic field

DC is 100 A/m. Furthermore, the cutoff frequency of this material
s as high as 4 MHz, which means that this material can be used
t frequency higher than 3 MHz. Its better magnetic properties are
erived from densely sintered ferrite with the more regular and
omogeneous microstructure.
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21] M.J. Nasr Isfahani, M. Myndyk, V. Šepelák, J. Amighian, J. Alloys Compd. 470

(1–2) (2009) 434–437.
22] K. Praveena, K. Sadhana, S. Bharadwaj, S.R. Murthy, J. Magn. Magn. Mater. 321

(2009) 2433–2437.
23] E.C. Snelling, A.D. Giles, Ferrites for Inductors and Transformers, Research Stud-

ies Press, 1983, p. 136.
24] W.A. Roshen, J. Magn. Magn. Mater. 312 (2007) 245–251.
25] J.L. Snoek, Nature 160 (1947) 90–190.
27] E.G. Visser, J.J. Roelofsma, G.J.M. Aaftink, Proc. 5th Int. Ferrites Conf. Bombay,
1989, pp. 605–609.

28] M.T. Johnson, E.G. Visser, IEEE Trans. Magn. 26 (5) (1990) 1987–1989.
29] E.G. Visser, M.T. Johnson, J. Magn. Magn. Mater. 101 (1–3) (1991) 143–147.
30] A. Globus, J. Phys. Suppl. C1 (1977) 1–15 (Proc. ICF3).


	Development of high DC-bias Mn-Zn ferrite working at frequency higher than 3MHz
	Introduction
	Experimental
	Results and discussion
	XRD
	Power loss
	Relative importance and reducing the losses
	PCV vs B
	PCV vs frequencies
	Magnetic spectrum
	DC-bias properties
	SEM

	Conclusions
	Acknowledgements
	References


