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Introduction

Polycrystalline ferrites (PF) are the best suited
magnetic materials for electronics in high frequency
application areas (from low level signal ones to switched-
mode power supply practice). In the design of magnetic
components with PF (reactors and transformers) several
common trends usually dominate: a desire to optimize their
functionality (e.g., to obtain for signal inductors the
maximal quality factor for given inductance and sizes), a
need to increase maximum operation frequency fop (in

order to occupy smaller size), a.0. But fulfillment of the
trends is met with serious problems: there are a lack of
appropriate analytic presentations of magnetic loss against
frequency f and PF material basic specifications; in
addition, the nature of magnetism places
restrictions (e.g., on f,, , and several others).

specific

Let us consider in greater detail the restriction
mentioned — between two important for applications
parameters, namely the static initial magnetic permeability
(IMP) pu; (which controls, e.g., the value of inductance)

and the limiting frequency of operation f,, ; (specified on
the reach of the level of impermissible loss) — they are
inversely proportional (i - f,, ; = const ). This clearly is

demonstrated in Fig. 1 (carried out by use of the data from
[1]) where typical experimental magnetic spectra
(MS) — the real and the imaginary parts of complex IMP
()= (f)—jui(f), are shown for NiZn-ferrites in a

broad frequency range. Even though f,,; is not strictly
defined here, the curves bring out clearly that rapid
increase of loss tangent tan &(f) = £/(f)/ 1 (f) comes at
frequencies f oc I/ 11, ; at the characteristic frequency f,,,
at which the absorption curve u(f) peaks, tanS(f,)~ 1.
These high values of loss in the vicinity of peak
frequencies usually calls for f,, << f, . In the cases when
MS of PF are available it is an easy matter to find f,,, for

allowed loss level. But such a procedure is not appropriate
in the analytic optimization process which as a rule calls
for mathematical presentation of MS or magnetic loss in a
broad frequency range.

Today’s MS theory may be thought of as a branch that
is still in its developmental stage. A certain progress in the
modeling of MS is related also with the model that
accounts for grain size distribution effects (GSDE) in PF

[2,3]. In this study we mainly use the results
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Fig. 1. Magnetic spectra of NiZn-ferrites (according to
data from [1])

from mentioned GSDE model on an attempt to create an
approximate but a handy analytic presentation of magnetic
loss in frequency range bounded by f,, (thus the range of
interest enters into the region that is known also as
resonance/relaxation one [8]). The handiness means that in
the presentation as little as possible number of parameters
are included — just ones directly available (or simply
calculable) from usual technical guides.

Specific points; relaxation loss

IMP 4;(f) (or initial magnetic susceptibility (IMS)
2i(f)=g(f)—1 ) curves in general can show several

types of dispersion if examined over a broad frequency
range (Fig.2). In line with this IMS may have several
components [4]:



2i() = Ziair )+ Zipw (D + Zinse(S)> (1)

where the low frequency component

Zidif (f) s
attributed to the diffusion aftereffect (not always presented,
e.g., in Fig.1, hence not shown also in Fig.2 and not

included in the subsequent analysis); y; p; (f) represents

the high frequency IMS related to domain wall (DW)
processes that give rise to large amplitude dispersion
(responsible among other things for already mentioned
resonance/relaxation loss on the hole, and, specifically, for
maximum absorption at some specific frequency f,);

Zinsg(f) is the very high frequency IMS appearing as the

small amplitude dispersion in a consequence of natural
spin resonance (NSR).

It should be also noted that dispersion and absorption
curves of MS are interrelated by Kramers-Kronig relations
[1] (valid both for total MS as well as for its particular
Eq.(1) components):
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where z is the variable frequency of integration.
The applications of PF most commonly are related
with the call for high value of magnetic part of quality

factor Q4 =1/tand(f) = p;(f)/p(f) which cause to
make chose of f,, << f,. Thus the frequency range of

actual interest 0<f,, <f, (with some degree of

underestimation) in fact is DW process region, for which
as the specific points of MS can be used the parameters:

Ug> Hmaxs fu (Fig.2). The first, u, is a principle
parameter of PF (obviously as the sum of g py + tgs nsg >
but usually gy, py >> iy nsp at least in the cases when
Mg py have values beginning with tens). The another one,
f, can be only estimated by the order from a well-know
Law [1]: (i —1)fres =(4/3)y M, which
actually was derived for NSR process and as a such still
gives a rough estimate of f, = f,,, for DW processes

Snoek’s

(herein f,,, is NSR frequency; y is the gyromagnetic
ratio, and M - the saturation magnetization). Analysis of
experimental data from great quantity of known MS
revealed [5] that it is more appropriate for DW processes
in Snoek’s Law instead of (4/3)y to use the value 47 (in
the cases when f, [MHz], M [G]; let’s also note here
that more extended analysis results in yet another relation
that more closer approximates the data but it needs extra
characteristics of PF: the average, or effective grain size
D, and o which represents the scattering of grain sizes):

(,usl_])fu :47[Ms; (353)

(,ust _])fu :4”Ms/Da6'

In effect, Eq.(3,a) makes only rough estimate (in a
like manner as the known Snoek’s Limit or the rule of
thumb  u, - fg =5000...10000 MHz [9] where fg is

(3.b)

defined as the frequency at which 1;(fy)=(fy)). In

spite of this, Eq.(3,b) claims to be more correct in principle
but it can be rarely used because of lack of typical
characteristics of PF microstructure. Even so the use of
only estimating Eq.(3,a) is proving its worth since the
parameters of PF generally have a rather loose tolerance as
well [10].

If MS is approximated by simple relaxation relation
(with only one relaxation time 7 =1/ f;, ), then

xi(f)=
= 2 /T+ )LD = ) FD/ 0+ (F1£)PT ()

and relaxation loss tan&(f)= f/f, ; this and the use of
Eq.(3,a) allows to obtain:

tan 5(f) = (uy =D f |47 M) . ®)

In the case when Eq.(5) is used for particular material
and there is known also its tano(f,) on some fixed

frequency f,, it is possible to modify the equation by use

of these data: tan5(f) =(f/f,)tanS(f5) -

Despite the fact that practically no MS are pure
relaxation type, even so Eq.(5) as an evaluating
approximation is rather appropriate for high IMP (low
frequency) PF loss presentation (even in the case when
both f and pg, are variables and M as an averaged is

used).
Resonance/relaxation loss

The majority of actual MS nevertheless are of
resonance character. Mathematical presentation of these
MS is more complicated (in fact, there is no generally
accepted theory). In the case of symmetrical MS
(unsymmetrical ones create only negligible corrections)
GSDE model [2] allows to represent the absorption curve
of MS as:

L) = ey exp [ (og £/ £,)? 2621, (6)

where o is the measure of the width of log-normal
distribution of domain wall resonance frequencies (closely
related to analogous grain size distribution). Accordingly
o is included in the list of parameters for modeling.

The value of o is available from absorption curve
4i(f) of experimental MS [2]:

& =(10g f, | /)] 210 hfpax [ 1 (S}) )

where f; is the frequency sufficiently well away from f, .

If f; = fys is defined by half-value absorption condition,
ie, wi(fps)=05umax, and fys<f, (Fig.2), then
o =0.8491og 1,/ fos5 -
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Fig.2. Typical MS and its specific points

It is particularly remarkable that variations of o
values allow to change MS character from relaxation type
(0>0.5) to resonance one (o <0.5). Unfortunately,
presentation of the dispersion curve of MS currently is
possible only by integral type Eq.(2,a). But for all that the
static value of u, (when f =0) is readily available from

Eq.(2,a) if in its integrand Eq.(5) is used:
o0
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The integration performed results in the relation:
My —1=3.670 fiay - )
It can be seen graphically in Fig.1 that for frequencies
f only several times less than f,, the dispersion curve of

MS ui(f) = const = ug . This relation as well as Egs. (6),
(9) allow to obtain

tan8(/) ~ (0.27/0)expl-(log £/ £,)° /2071, (10)
which has a reasonable accuracy in the frequency range
0<f/f, <(0.4...0.5) predominantly for resonance type

MS. But Eq.(6), as already noted above, is universal —
appropriate both for resonance and relaxation MS. This
allows to improve Eq. (10) for relaxation loss by the use of
typical relaxation dependence for ; :

#(N=1= (g = DU+ S/ 107, )

which results in relation apt also for relaxation loss
(o >0.5) in an extended frequency range:

tan 5(/) = (0.27/a)1+(f] f,)* 1%
xexp[-(log f/ f,)?/27]. (12)

Similarly as in the case of relaxation loss, the known
reference parameters tand(f, ) and f, allow for

tanS(f) ~ tan 5(f;)expl(— 1/ 257 ) log(f/ f) x

xlog(f - f/ f1. (13)

In practice Egs.(10), (11) need only two specific
parameters: f,,, which is possible to determine from
Eq.(3,a), and o, which has typical values 0.4...0.6 for
high u, (low frequency) ferrites and 0.2...0.3 for low

M, (high frequency) ones.

Results and conclusions

The potential of relations, derived for magnetic loss
presentation by the use of only several specific parameters
of PF, is demonstrated by correspondence degree between
tand(f) theoretical values gained from Eq.(10) and
calculated ones from experimental data. As the
experimental data there were used MS (which seemingly
adequately obey Kramers-Kronig relations) taken by
chance from different sources: [1] — Fig.1 in this study, [6],
[7]. These MS allow to determine tand(f) curves (in the

following referred to as “experimental”), normalized in
relation to known f, and specified by o (estimated
directly from MS by the use of above noted procedure); the
corresponding set of curves (4, B, C, D, E, F) are shown in
Fig.3 and several their characteristics are listed in Table 1.
It is seen from Fig.3 that in the region of higher f/f,
steepness of experimental curves and that of theoretical
ones (Eq.7), as a rule, correlates well. On the other hand, in
the region of smaller f/f, significant difference appears:
experimental curves tend to some limit — obviously to the
residual loss (details of which at the present state of the art
are still obscure; in fact there are also samples of current
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Fig.3. A correlation between theoretical (Eq.10) and
experimental curves of tan 5(f/ f;,)

ferrites which MS show practically no residual loss [8]).
But within this approximated analysis it is possible to
assume that to sufficient accuracy the residual loss is const
and sets limit for quality factor at low frequencies.

Table 1. Data for magnetic loss curves in Fig. 3

Experimental Estimations
Fig.3: .
Ferrite, [source .
gl ] M- 1 M; Ju g Ju
[G] [MH:z] [MHZz]
A MnZn, 76 material [6] 10 000 320 0.17 0.42 0.39
B MnZn, 78 material [6] 2300 380 23 0.32 2.1
c NiZn, 61 material [6] 125 190 35 0.18 20
D NiZn, & = 0.36 [1] 630 290 55 0.26 5.8
E NiZn, & = 0.80 [1] 43 280 70 0.26 82
F NiZn, KN120 120 340 45 0.23 36
material [7]
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Polikristaliniams feritams pradinés magnetinés skverbties stipriai iSreikstos dispersijos srityje, (taip pat zinoma kaip domeny riby
rezonansinés/relaksacinés dispersijos sritis), sitilomos aproksimuojancios iSraiSkos dazninés priklausomybés magnetiniy nuostoliy
kampo tangentui nustatyti. Cia naudojami tik keli pagrindiniai iy ferity parametrai: statiné magnetiné skverbtis, isotinimo
magnetiskumas, ir bendruoju atveju, parametras, susijgs su ferito grideliy dydzio iSbarstymu. I1l. 3, bibl. 10 (angly kalba; santraukos
lietuviy, angly ir rusy k.).
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For polycrystalline ferrites in the frequency range of large amplitude dispersion of complex initial magnetic permeability (known
also as domain wall resonance/relaxation region) approximating relations for frequency dependence of magnetic loss tangent are
proposed. The distinctive feature of approaches is the use of only several basic parameters of the ferrites: the static magnetic
permeability, the saturation magnetization, and, in more general cases, the parameter that is related with grain size distribution
scattering. Ill. 3, bibl. 10 (in English; summaries in Lithuanian, English and Russian).
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Jlnsk MOJMKPUCTAUIMYECKUX (DEppUTOB B 00JIACTH CHJIBHO BBIPOKCHHOW AMCIEPCHM HAYaJIbHONH MArHUTHOW HPOHUIIAEMOCTH
(M3BEeCTHOH TaKKe Kak 00JacTh PE30HAHCHO/PENIAKCALMOHHOW IHMCIEPCHU JOMEHHBIX TPAHMI[) MPEAJIaratoTCsl arIpOKCUMUPYOLIHE
BBIPQKCHUS JJI YaCTOTHOW 3aBUCUMOCTH TaHI'€HCA YIJla MATHUTHBIX NOTepb. OTIHYNTENbHAS OCOOCHHOCTD MOJX0Ma 3aKII04aeTCs B
TOM, YTO IIPH 3TOM MCIIOJIB3YIOTCS BCErO JIMIIb HECKOJIbKO OCHOBHBIX IapaMeTpPOB 3THUX (DEPPUTOB: CTATHYECKAas MarHUTHAas
HPOHHIAEMOCTh, HAMArHUYCHHOCTh HACHILICHUS U, B 0000IIAOIIEM cilyyae, MmapaMeTp, CBSA3aHHBIM C pa3sOpocOM pasMepoB 3epeH
tdepputa. Ui 3, 616, 10 (Ha aHrTHIICKOM s13bIKE; pedpepaThl Ha IMTOBCKOM, aHTIIMHCKOM U PYCCKOM $13.).



