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ABSTRACT

Finemet type alloys have been investigated from DC to 1 GHz at different induction levels upon different
treatments: as amorphous precursors, as ribbons nanocrystallized with and without an applied saturating
field, as consolidated powders. The lowest energy losses at all frequencies and maximum Snoek’s product
are exhibited by the transversally field-annealed ribbons. This is understood in terms of rotation-dominated
magnetization process in the low-anisotropy material. Intergrain eddy currents are responsible for the fast
increase of the losses with frequency and for early permeability relaxation of the powder cores. Evidence for
resonant phenomena at high frequencies and for the ensuing inadequate role of the static magnetic
constitutive equation of the material in solving the magnetization dynamics via the Maxwell’s diffusion
equation of the electromagnetic field is provided. It is demonstrated that, by taking the Landau-Lifshitz-
Gilbert equation as a constitutive relation, the excellent frequency response of the transverse anisotropy

ribbons can be described by analytical method.
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I. INTRODUCTION

Nanocrystalline Finemet-type alloys (FezsNbsCuiSiigB7) combine high magnetic softness and
versatility with excellent broadband response, comparable or even superior, in terms of permeability
and loss behavior, to the one offered by soft ferrites [1][2][3]. Once reduced in powder form and
consolidated as conventional ring samples, they may exhibit nearly flat permeability response up to a
few hundred MHz [4][5]. But, while faced with a wide range of applications [6], these materials
display a poorly assessed broadband behavior, where the analysis is, as in the case of amorphous
alloys, mostly qualitative and generally limited to the description of the frequency dependence of the
initial permeability [5][7][8]. Quantitative description and prediction of magnetic permeability and
energy loss behavior in metallic alloys up to radiofrequencies are difficult objectives and drastic
approximations are usually required. Permeability and impedance of planar magnetic conductors has,
for example, been calculated disregarding the role of the domain walls (d.w.s) and assuming linear
response by the rotational processes [9][10]. Thanks to these approximations one can actually perform
the analysis of eddy currents at microwave frequencies by taking the Landau-Lifshitz-Gilbert (LLG)
equation as the constitutive magnetic relation of the material in the description of electromagnetic field
diffusion by the Maxwell’s equations [11][12]. Wishing, however, to assess the material response
both at high and low frequencies, one should also appropriately take into account the d.w. processes,
the sole source of the quasi-static energy loss and responsible for the generation of dynamic loss in
excess of the one predictable according to a homogeneous d.w. free magnetization process [13]. This
feat has not been accomplished yet.

In this paper we discuss a comprehensive experimental investigation on the DC-1 GHz behavior of
permeability and energy losses, measured at defined peak polarization levels (0.5 mT < J, < 200 mT),
of the FezssNbsCuiSiissB7 (Finemet) nanocrystalline alloy. Both tapewound and consolidated powder
ring samples have been measured. Best broadband response is obtained with ribbons nanocrystallized
and cooled under a saturating transverse DC magnetic field, a feature associated with a relatively sharp
transverse domain structure, leading to prevalence of the rotational magnetization processes. Standard
analysis based on the statistical theory of losses permits us to apply in general the usual concept of loss
separation, also in the presence of skin effect, up to a few hundred kHz. By keeping the induction
values sufficiently low, as required in most high-frequency applications, the condition of quasi-
linearity of the DC magnetic constitutive equation is satisfied and the standard equation for the
classical loss component applies. Entering, however, the MHz range and beyond, where the diffusion
of the electromagnetic field interferes on a same time scale with the spin dynamics, a dynamic
constitutive relation is expected to emerge and govern the dissipation of the magnetic energy. Such a
relation is generally unknown, although one could imagine retrieving it by solution of an inverse
problem. We show, however, that the especially interesting case of the low-loss transverse anisotropy

ribbons, with their weakly contributing transverse d.w.s, can be treated by describing the magnetic



constitutive relation via the Landau-Lifshitz equation. Such an approach, substantiated by
experimental evidence of magnetic resonance effects, is pursued by analytical procedure and permits
one to provide broadband fitting of energy loss and complex permeability.

Il. EXPERIMENTAL PROCEDURE AND BASIC RESULTS

Tapewound 18 mm diameter ring samples were prepared with 10 mm wide 20 pum thick
FezsNbsCu;SiisB7 precursor amorphous ribbons, obtained by planar flow casting, and were encased in
boron nitride toroidal holders. The so-prepared samples were subjected to nanocrystallization
annealing at 550 °C and slow cooling to room temperature, with and without an applied saturating DC
field. Either circumferential (H, = 300 A/m) or transverse (H | = 15 kA/m) fields were applied, in
order to induce longitudinal/transverse anisotropy. Composite ring samples (outside diameter 10 mm,
inside diameter 5 mm, thickness 3.3 mm) were also prepared, as described in [8], by pulverization of
the precursor ribbon at either room temperature or liquid nitrogen temperature, powder consolidation,
and nanocrystallization annealing. Particles of size 20 um - 150 um were produced by cryomilling
(sample L), smaller on the average with respect to the particles (50 um - 300 um) obtained by milling
at room temperature (sample R). The resistivity values of the composites, approximately doubled with
respect to the alloy resistivity (256-10° Qm in sample R and 273-10® Qm in sample L versus 121-10®
Qm), point to good interparticle contact and homogeneous bulk conduction. The magnetic
characterization of the ring samples was performed by fluxmetric measurements at defined peak
polarization level J, up to 10 MHz. A transmission line (TL) method using a VVector Network Analyzer
(Agilent 8753A) and TEM wave power Pr. = 10 mW on a short circuited coaxial line was instead
adopted in the range 100 kHz < f < 1 GHz) [14]. It is shown that, as far as a quasi-linear response of
the material applies, the measured high-frequency real p’ and imaginary p’’ permeability components
are independent of P+ (i.e. J,) [15] and one obtains the energy loss at a given Jp value as

W(Ip, f)=7 35w ()1 @? (1) +u (F)) [/ (1)

Fig. 1 provides an example of experimental pu’ and p’’ dependence on frequency in the transverse
anisotropy K | (H | annealed) ribbons, where the fluxmetric measurements (symbols), taken up to a
few MHz at J, = 20 mT, are observed to seamlessly connect to the high-frequency TL results, a
property ensuing from the linear response of the material. This finding is corroborated by magneto-
optical Kerr experiments, showing that the d.w. processes are progressively inhibited with increasing
the frequency towards the MHz range, leaving room for the linear magnetization rotations [16]. It is
notably observed in Fig. 1 (see inset) that p’(f) attains negative values beyond some hundred MHz and
the related dispersion behavior points to magnetic resonance phenomena. An overall view of the DC —
1GHz W(Jp, f) behavior of the K | ribbons, with J, ranging between 0.5 mT and 200 mT, is provided

in Fig. 2, where the fluxmetric measurements are shown to smoothly superpose, for all J, values, to the



TL results at intermediate frequencies. It is stressed that by the TL method we actually measure p’(f)

and w’() with Jp value decreasing with frequency, according to

3,(f) = J@PrLIZg)- (W2 (f)+ w2 (1)) 1 w<R> , where Zq is the characteristic impedance of the line

and <R> is the average radius of the ring sample. In the present case J, is found to decrease from the
value 15 mT at 100 kHz to about 0.023 mT at 1 GHz. But the linear response of the material ensures
that the actual energy loss dissipated at given J, can be calculated by Eq. (1), as shown by the array of
broadband energy loss curves of Fig. 2. A comparative example of the frequency dependence of
permeability and loss exhibited at given J, by the differently treated nanocrystalline materials,
including the precursor amorphous alloy and the composite rings, is provided in Fig. 3. The highest
Snoek’s product (upc-fe = 3.7-10°, with f. the cutoff frequency, at J, = 10 mT) and the lowest energy
loss at all frequencies is exhibited by the K, ribbons. This property stems from the dominant
rotational character of the involved magnetization process, in combination with the low anisotropy
value K| = 24 J/m? (anisotropy field Hx= 38.4 A/m). A more or less important contribution by the
d.w. processes occurs in the other differently treated samples and is the cause of the large scatter of the
associated quasi-static loss values. But this contribution may suffer a strong evolution upon increasing
frequencies. We might generally say, in all cases, that a dynamic magnetic constitutive equation could
be a better substitute for the conventional DC one at sufficiently high frequencies.

I1l. LOSS DECOMPOSITION TOWARDS HIGH-FREQUENCIES

The standard approach to the loss analysis based on the simple analytical formulations offered by
the Statistical Theory of Losses (STL) and the related concept of loss decomposition [13] is broadly
applied in the assessment of the properties of magnetic steel sheets at power frequencies. The STL is
shown to comply, in general, with the experiments up to frequencies where the skin effect strongly
enters into play. Beyond such limit more complex formulations, exploiting hysteresis modeling (such
as the Dynamic Preisach Model) and numerical calculations are usually employed [17] [18]. However,
in experiments aiming at the magnetic behavior of the material up to radiofrequencies, starting from
quasi-static characterization, we are naturally bound to low induction regimes, where quasi-linear DC
constitutive equation can often be assumed and the concept of energy loss can also be viewed in terms
of complex permeability. This approximation seems well justified, for example, when operating inside
the Rayleigh region, where the peak permeability and the averaged differential permeability coincide.
We thus express the eddy current classical loss component in the ribbons samples through the standard
formula [13]

r Né sinh A —sin A
W fy=2. . , Jim® 2
aass (1) 2 u coshl—cosid L/’ @)



where 4 = \/m,uDCdzf , & is the material conductivity and d is the ribbon thickness. Eq. (2) can be

applied also to bulk samples having rectangular cross-section by posing A = \/myDC 12k(R)S f ,

where S is the cross-sectional area and k(R) is a function of the aspect ratio R [19]. The here
investigated composite rings have S = 2.5 mm x 3.3 mm and k(R) = 0.0325. The experimental W(f)
behavior measured in the composite R is shown in Fig. 4a. To be stressed that the fluxmetric and the
TL results coincide upon the overlapping frequency band (100 kHz — 10 MHz) up to about J, = 50
mT, beyond which deviation of the constitutive equation from linearity occurs. Near-homogeneous
macroscopic eddy current patterns are envisaged in these composites, as suggested by the comparison
of the experimental W(f) curves with the classical loss curves obtained by Eq. (2). W(f) is then fully
described by the calculated Weiass(f) at intermediate frequencies, the lower the J, value the broader the
frequency interval upon which experiments and classical prediction coincide. In fact, by increasing Jp,
the contribution to the magnetization process by the d.w. displacements, which is the source of the
hysteresis Wy and the excess loss Wex: contributions, is made to increase and on going towards quasi-
static conditions the related dissipation effects largely overcome the purely classical ones associated
with the rotations. This is put in evidence by the departure of the W(f) curves from the predicted
Weiass(f) below a few hundred Hz. On the other hand, on entering the MHz range, W(f) starts to follow
a power law different from the f*2 law predicted by Eq. (2). It is concluded that at such frequencies the
constitutive equation, though linear, has evolved with respect to ppc. Up to this limit, however, we are
basically able to assess the W(f) behavior by STL and loss separation, the role of skin effect being
accounted for by use of Eq. (2). We thus find Wi by extrapolation to f —0 and the experimental excess

l0ss as Wexc(f) = W(f) - Weiass(f) - Wh. This quantity is calculated by the expression

z/2

80oGSV,
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where G = 0.1356 and no and Vo are two statistical parameters related to the distribution of the local
threshold fields for magnetization reversal across the sample cross-section [20]. These local fields are,
in particular, associated to physical entities, the magnetic objects, a number n of them being active at a
given instant of time, typically according to a linear law n = ng + Hexc/Vo, With Hexc = Weyxc /4Jp and n =
no for f = 0. Eq. (3) predicts Wex(f) o /2 for n >> ny, that is, at sufficiently high frequencies. Eq. (3) is
shown to faithfully describe the experimental frequency dependence of Wex(f) in the composite
material up to about f = 150 Hz (with constant W value). Beyond this frequency both Wy and Wexc(f)
undergo, because of d.w. relaxation and prevalence of rotations, a rapid decrease, to disappear at a few
hundred Hz. The same analysis performed on the amorphous precursor ribbon by calculating Weiass(f)
with Eq. (2), is illustrated Fig. 5. A major role is played here by the d.w. processes and Weiass(f) never

comes close to the measured loss. The quantity Wh + Wexc(f) = W(f) - Weiass(f), shown versus 2 at J, =



10 mT in Fig. 5b, fits into the prediction of Eq. (3) (dashed line) up to about 200 kHz. The standard
approach to loss decomposition applies then up to this frequency, a conclusion drawn also for the
transverse anisotropy K | ribbons, as illustrated by the comparison of the related experimental and
predicted Wh + Wexc(f) behaviors in Fig. 6. The analysis of the longitudinally field annealed ribbons,
endowed with a system of longitudinal 180° d.w.s, and of the ribbons nanocrystallized in the absence
of magnetic field, characterized by a relatively complex domain structure, leading to admixture of d.w.
and rotational processes [21], showed that the number n of active magnetic objects followed a law of
the type n = no + (Hex/Vo)*?, leading to a formulation for Weyx(f) fairly more complex than Eq. (3).
This provides, in conjunction with Eq. (2), good agreement with the experimental loss up to about 10
kHz in the longitudinal anisotropy ribbons and 400 kHz in the near-zero anisotropy ones.

IV. AN ANALYTICAL APPROACH TO THE ENERGY LOSS IN THE TRANSVERSE
ANISOTROPY RIBBONS

The previous analysis brings to light the substantial limitations of the theoretical assessment of
magnetic losses at high frequencies in conducting soft magnets. We have previously shown that, even by
assuming very low-induction values and calculating the classical losses under linear constitutive equation,
we attain good predicting capability up to a few hundred kHz at most. This limit falls down to about 10
kHz in the longitudinal anisotropy ribbons, where the magnetization process proceeds exclusively by the
d.w. displacements. We actually expect that coupling between eddy currents and spin dynamics occurs at
high frequencies, an effect possibly accounted for by use of an appropriate dynamic magnetic constitutive
equation [11] [12]. It is indeed observed, as sketched in the example of Fig. 1, that the dispersion of the
complex permeability at the highest frequencies is consistent, in all the investigated materials, with
resonant spin behavior. Thus, we might describe the oscillating response to an electromagnetic field of the
spins inside the magnetic domains of the nanocrystalline ribbons by means of the Landau-Lifshitz equation,
invoked as a dynamic constitutive equation. The problem appears quite simplified in the interesting case of
the K| ribbons, which display the lowest losses at all frequencies and J, values and the highest Snoek’s
product (see Fig. 3). Given the relatively sharp transverse domain structure induced in these samples, an
example of which is given in Fig. 7a, the magnetization is reversed almost completely by spin rotation, as
schematically shown in Fig. 7b and experimentally observed . While negligibly contributing to Jp, the d.w.s
are set in motion by the applied field through an indirect magnetostatic effect and are the source of
hysteresis and excess dynamic losses [16]. Spin rotations are a homogeneous process and are naturally
associated with a classical loss model, which can be implemented in a relatively simple way exploiting the
uniaxial character of the induced anisotropy and the related symmetry of the problem. In a previous
approach to the broadband properties of K | amorphous alloys, the description of the spin dynamics and the

calculation of the classical loss by coupled Landau-Lifshitz and Maxwell’s diffusion equations was
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performed by a numerical approach [15] [22]. In this Section we show that a similar approach can be
pursued by an analytical procedure, by which a closed expression for the classical loss is eventually
derived.

V. CONCLUSION

We have investigated in this work the role of different treatments on the behavior of permeability and
losses of Finemet-type nanocrystalline alloys from quasi-static excitation up to 1 GHz. They show,
according to their thermomagnetic history, a variety of broadband soft behaviors, which are optimized at all
frequencies in terms of magnetic losses and Snoek’s product by favoring the role of moment rotations
versus the d.w. displacements. Superior performances are thus brought to light in the transverse field
annealed samples. It is shown that the Statistical Theory of Losses and the related concept of loss
separation can provide a good theoretical framework for the experimental frequency dependence of the
energy loss up to a limiting frequency ranging between some 10 kHz and a few hundred kHz. The DC
permeability at the measuring peak polarization is taken as a magnetic constitutive equation, an assumption
justified by the necessarily involved low J, values. The formulation of a dynamic constitutive equation,
however, permitting one to theoretically cover the whole broad frequency range, is not at hand at present
time, but for the most appealing case of transverse anisotropy ribbons, where the magnetization proceeds
by rotations. In this case the Landau-Lifshitz equation plays the role of constitutive equation and one can

eventually attain a closed expression for the rotation related magnetic losses (i.e. the classical losses).
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Finemet ribbon d =20.3 um
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Fig. 1. Real p’ and imaginary p’’ permeability components versus frequency measured in the
transverse anisotropy Finemet ribbon of thickness d = 20.3 um. The fluxmetric measurements
(symbols) are performed at a defined peak polarization value J, = 20 mT up to a few MHz. The
transmission line (TL) results (continuous lines), obtained in the upper frequency range with TEM
wave power Pt = 10 mW, coincide with the fluxmetric measurements beyond a few hundred kHz.
The passage of p’ through negative values beyond a few hundred MHz (see inset) points to
resonant dispersion associated with the rotational processes.
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Fig. 2. Energy loss W(f) versus frequency up to f = 1 GHz in the transverse anisotropy
nanocrystalline ribbon. W(f) is directly measured at given peak polarization value J, by the
fluxmetric method up to the maximum frequency f = 10 MHz (symbols). By the transmission line
(TL) method one gets, starting from a few hundred kHz, the real w’(f) and imaginary u’’(f)
permeability components at defined TEM wave power. W(f) is then calculated for any Jp value by
Eqg. (1) (continuous lines). The two methods provide matching W(f) values in the overlapping
frequency interval.
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Fig. 3. Real permeability component p’ (a) and energy loss W(f) (b) measured at J, = 10 mT in the
investigated nanocrystalline alloys up to 1 GHz. Symbols and continuous lines refer to the fluxmeter
and TL measuring methods, respectively. The highest Snoek’s product (a) and the lowest energy
losses are obtained in the transverse anisotropy (H | annealed) ribbons. More or less conspicuous
double relaxation effect is observed in all cases, pointing to some discontinuity with frequency of the
maanetic constitutive eauation.
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Fig. 4. a) Energy loss W(f) versus frequency in the consolidated nanocrystalline core (particle size
ranging between 50 pm and 300 pum). The fluxmetrically and TL measured losses coincide in the
experimental overlapping frequency range up to about J, = 50 mT, where the magnetic constitutive
equation is expected to significantly depart from linearity. The dashed lines show the behavior of the
classical loss Weiass(f), calculated with Eq. (2) for the specific case of a bulk ring sample. b) Example
of loss decomposition in the low frequency range (J, = 20 mT). The quantity Wh + Wex(f) (symbols),
obtained as W(f) - Weiass(f) is compared with the prediction by Eq. (3) (dashed line).
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Fig. 5. a) Energy loss W(f) versus frequency in the Finemet amorphous precursor at different Jp
values. The fluxmetric and TL results superpose upon narrower frequency interval on increasing Jp,
because of the increasing role of the d.w. processes. The classical 10ss Weiass(f) (dashed lines) is
calculated with Eq. (2). b) The behavior of the experimental quantity Wh + Wexc(f) = W(f) - Weiass(f),
with Weiass(f) given by Ea. (2), is well described by Ea. (3) up to f ~ 200 kHz. .
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predicted by Eq. (3) up to f ~ 200 kHz.
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Fig. 7. Observed domain structure in the K nanocrystalline ribbon (a) and its schematic
representation (b). The magnetic moments inside the transverse domains oscillate around the x-
direction upon application of a longitudinal (y-axis) AC field Ha.
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Fig. 8. Example of energy loss measured up to 1 GHz at J, = 10 mT in the K | nanocrystalline
ribbon and theoretical prediction of the rotational contribution using: 1) The classical model
(Wro,mxw(f)) based on the Maxwell’s diffusion equation with magnetic constitutive equation

defined by ppc (EQ. (2), dashed line); 2) Modeling by coupled Landau-Lifshitz and Maxwell’s
diffusion equation (Wi, (f), Eq. (19) solid line).



17



