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ABSTRACT Crucial limitations on the permissible energy dissipation are one main factor hindering the
use of soft magnetic cores at high frequencies. However, applications find limited support in present-day
empirical magnetic loss models, which can hardly afford seamless high-frequency extrapolation of the
predicting tools available at low frequencies. This is the case, for example, of very thin soft magnetic
plates and ribbons, where the rise of eddy currents and their shielding effects at high frequencies must
be attuned to the rate-dependent magnetic constitutive equation of the material. We provide in this work
a comprehensive broadband (DC-1 GHz) magnetic characterization and the associated physical modeling
of the energy loss and permeability properties of different types of amorphous and nanocrystalline ribbons,
6 umto 25 um thick, endowed with transverse induced anisotropy (7 — 251 J/m?) and well-defined transverse
domain structure. The achieved condition of quasi-linear response and excellent broadband soft magnetic
properties is shown to conform to an analytical treatment of the dynamics of the magnetization process, which
is mostly accomplished by moment rotations and increasingly so under increasing frequencies. By virtue
of their spatially homogeneous character, rotations provide a loss contribution matching the classical loss
framework. Its broadband calculation by Maxwell’s diffusion equation is carried out by introducing a
rate-dependent magnetic constitutive equation of the material, worked out in terms of complex susceptibility
using the Landau-Lifshitz equation. The separation between domain wall (low frequencies) and rotational
(high frequencies, including spin damping and eddy currents) loss contributions is eventually obtained across
a many-decade-wide frequency range.

INDEX TERMS Magnetic losses, loss decomposition, amorphous alloys, nanocrystalline alloys.

I. INTRODUCTION range [1], stimulated by the need for miniaturization and
The versatile operating modes imposed on magnetic cores the appearance of the fast silicon carbide (SiC) and gallium
employed in power electronics and the present-day evolution nitride (GaN) switching components, pose challenges in
towards increasing operating frequencies, up to the MHz materials choice [2], characterization method [3], [4], and
theoretical modeling [5], [6], [7], [8], [9]. Soft ferrites are

The associate editor coordinating the review of this manuscript and the standard choice for high—frequency cores, thanks to their
approving it for publication was Montserrat Rivas. combination of low magnetocrystalline anisotropy and very
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FIGURE 1. a) Quasi-static major hysteresis loops in a 20.1,.m thick tapewound nanocrystalline ribbon subjected to either longitudinal
(K //) or transverse (K_|_) field annealing. The inset shows the frequency dependence of the associated initial permeabilities n’(f)
(peak polarization Jp = 5 mT ). b) Corresponding broadband energy loss behavior measured at three different J, values. The dramatic
decrease of the loss following the passage from the (K//) to the (K | ) ribbons marks the transition from domain wall dominated (K/,)

to rotation dominated (K | ) magnetization process.

high electrical resistivity, a unique property, conducive to
low loss and high permeability across a broad frequency
range. These properties compound with solidly established
material processing and low cost. However, the operating
conditions of many devices, possibly subjected to wide
temperature excursions and complex excitation regimes, and
the desired minimum volume of the inductive components,
make nanocrystalline and amorphous cores an attractive
option [10], [11], [12]. The Co-based amorphous and the
nanocrystalline Finemet-type ribbons are endowed with van-
ishing magnetocrystalline and magnetostrictive anisotropies,
with ensuing extra-soft magnetic behavior. Property tailoring
by field annealing, low and weakly temperature-dependent
power losses, and saturation magnetization largely increased
with respect to the Mn-Zn and Ni-Zn ferrites, are among the
appealing features of these alloys [13], [14], [15]. Theory
and experiments show that the nanocrystallized Finemet
(Fe73Nb3Cu;Sij¢B7) alloys are affected by a residual random
anisotropy Ko ~ 2 - 4 J/m>?, which becomes negligible
(Ko ~ some 1073 J/m3) in the Co-based amorphous alloys,
according to the degree of atomic short-range order [13].
Consequently, local atomic ordering, guided by a saturating
magnetic field at a conveniently high temperature, can
generate a macroscopic anisotropy. This is induced colinear
with the magnetization during the treatment and can largely
overcome the native random anisotropy. Either rectangular
or quasi-linear J(H) quasi-static loops are therefore obtained
with the saturating field directed either along or transverse
to the ribbon length [16], [17]. Different anisotropy values
become available and the hysteresis loop shape can be conve-
niently manipulated through an appropriate time-temperature

136714

schedule. This is dramatically manifested by the broad
range of near-linear magnetization curves achievable
through a sequence of induced transverse anisotropy
K | values [18].

Transverse anisotropy cores have distinctive merits con-
cerning versatility, linearity, and loss minimization. The
example shown in Fig. 1 provides a typical broadband
response of a tapewound nanocrystalline Finemet alloy of
thickness d = 20.1 pum, subjected to either longitudinal (K, ,)
or transverse (K| ) field annealing. The dramatic decrease of
the quasi-static and AC energy loss in the K | samples and
the corresponding well-defined permeability value, nearly
constant over a wide frequency range, make the so-treated
cores highly appealing to applications. Profuse applicative
examples are found in power electronics (e.g., high-frequency
transformers, common mode inductors, magnetic amplifiers,
chokes), as well as earth leakage breakers and current
transformers [18], [19], [20], [21]. Whatever the case, the
wideband loss behavior sketched in Fig. 1 is not prone to
a simple quantitative interpretation. A typical shortcut in
dealing with this complex phenomenology is offered by
Steinmetz’s equation and its many versions [5], [22], [23].
These have the obvious drawback of a tenuous physical
justification, which translates into adjustable parameters,
the lower their number, the higher the adjustments to be
made under varying operating conditions. By looking at the
problem from an exclusively phenomenological viewpoint,
the loss surface model offers a solution, via the creation
of an archive of field values H(B, dB/dt) by appropriately
extended measurements under a regime of triangular induc-
tion B(t) [24]. After separate calculation and subtraction
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of the hysteresis contribution, the dynamic response of the
material for a generic dB/df regime can be reconstructed by
interpolation on the field surface Hgyn(B, dB/dr). Aiming,
however, at a physically grounded approach, one can find
a comprehensive tool in the Statistical Theory of Losses
(STL) [25]. This has been shown to apply to the loss versus
frequency dependence in both longitudinal and transverse
anisotropy alloys, at least in terms of elementary loss
decomposition [14], [16], [17], [26], at low and intermediate
frequencies (up to 10 - 50 kHz). It is remarked, however,
that, depending on treatment, the good soft magnetic response
of the material can go far beyond such frequency limits.
It is observed in Fig. la, for example, that the transverse
anisotropy nanocrystalline ribbon can exhibit significant
values of the initial permeability at 1 MHz (u'~ 3000),
10 MHz (u'~ 600), and 100 MHz ('~ 65). There is no
simple way to justify and predict the behavior of permeability
and energy loss across such an extended frequency range.
Skin effect, resonances, spin damping, exchange field,
anisotropy and eddy current fields, all play a role in the
magnetization process and can affect the energy dissipation
at very high frequencies. Consequently, an evolutionary
adaptation of the STL is required, to connect low- and
high-frequency predicting strategies. We show in this work
that such an objective can be achieved by analytical methods
in the highly efficient K | alloys, where the homogenous
character of the rotations, always predominant with respect
to the domain wall (dw) displacements, makes them naturally
prone to a description by Maxwell’s diffusion equation. The
dynamic evolution of the magnetic constitutive equation of
the material is taken into account by the Landau-Lifshitz
equation [27], [28], [29], [30]. The experiments are carried
out from DC to 1 GHz on tapewound K | nanocrystalline and
Co-based amorphous ribbons of different thickness (6.1 um
< d < 25 pum) and different induced transverse anisotropy
(7.0 Jm3 < K| <251 J/m3). The magnetic measurements,
performed by fluxmetric and transmission line methods,
are supported by observations of the dw dynamics by
Kerr stroboscopy. The fitting of the rotational loss and the
ensuing decomposition of the measured loss are obtained by
identifying the exchange length, the Landau-Lifshitz damp-
ing constant, and the effective out-of-plane demagnetizing
coefficient.

Il. EXPERIMENTAL PROCEDURE

This Section summarises the preparation and characterization
methods of several nanocrystalline and amorphous ribbons
subjected to anisotropy-inducing thermomagnetic treatments.
Dynamic magneto-optical domain observations supplement
the magnetic characterization.

Fe73Nb3Cu;Si16B7, Cog7FesB14.5Si14 5,

and Co7;Fe4B15Si19 amorphous ribbons of thickness 15 —
25 pm and width 5 — 10 mm were prepared by Planar
Flow Casting, loosely wound inside a boron nitride case (5
— 10 layers) of diameter 18 mm, and subjected to thermal
treatment under a saturating 15 kA/m transverse field.

VOLUME 12, 2024

Before the thermal treatment, a few ribbons were thinned by
chemical etching, down to a minimum thickness d = 6.1 um
(amorphous alloys) and d = 13 um (Finemet). The so-made
thickness reduction caused, in general, some deterioration of
the quasi-static magnetic properties, more than compensated
by a decrease of the loss at high frequencies. Companion
samples were treated under a circumferential field H,, ~
500 A/m, sufficient to saturate the material in the longitudinal
direction. With the field applied from the beginning to end of
the thermal cycle, the precursor Fe73Nb3Cu; Sij¢B7 alloy was
brought to 550 °C, to achieve the nanocrystalline structure
(two-hour stay in vacuum atmosphere), and slowly cooled
to room temperature. The amorphous Co-based alloys were
stress-relaxed at 350 °C and cooled, with an intermediate
field-annealing step of a few hours at 280 °C — 250 °C.
Reproducible magnetothermal treatments were the natural
outcome of a vast repertoire of treatments performed over the
years in the INRIM lab.

The DC and AC fluxmetric magnetic characterization
of the so-treated ring samples was performed, across the
polarization range 2 mT < J, < 500 mT, up to a few MHz
at T = 23 £ 1 °C. A calibrated digital hysteresisgraph-
wattmeter, endowed with the DC-10 MHz HSA 4101 power
amplifier and the 350 MHz, 2.5 GS/s TDS5034 oscilloscope,
was employed. The primary and secondary winding arrange-
ments (0.2 mm wire diameter) evolved with the measuring
frequency, to minimize the role of the stray parameters.
To cope with the relevant soft magnetic response displayed
by these alloys at very high frequencies, transmission line
measurements in reflection and sweep mode were made from
a few hundred kHz to 1 GHz, by means of a VNA analyzer
(Rohde & Schwarz mod. ZNB8, 10 mW incident power).
This measuring approach is described in [31]. As anticipated
by the results shown Fig. 1 and discussed in the following,
the actual VNA results on high-frequency permeability and
energy loss can be extrapolated to a defined J, value,
in excellent agreement with the fluxmetrically measured
quantities over the shared frequency interval. The setups are
calibrated according to the established INRIM traceability
programs. The uncertainty is estimated to range, according to
the scheme discussed in [31], between + 3 % (intermediate
f and J;, values) and & 8% (lowest f and J, values and
frequencies higher than 100 MHz).

The dynamics of the domain walls was directly observed
on polished strip samples, subjected to the same magne-
tothermal treatment carried out on the ring samples. A fast
magneto-optic Kerr stroboscopic setup was employed, com-
posed of a wide-field microscope (Zeiss Axioscop 2 Plus)
and a gated intensified charge-coupled device (CCD) camera
(Picostar LaVision). Given the extreme brittleness of the
nanocrystalline strips, the Kerr experiments were reserved
to the amorphous Co-based alloys. Kerr and fluxmetric
measurements were performed on single strip samples,
placed between the pole faces of a Mn-Zn ferrite U-core,
up to 1 MHz. A detailed description of the Kerr setup and
the related measuring procedure is given in [32].
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FIGURE 2. Major quasi-static hysteresis loops obtained in nanocrystalline (a) and amorphous (b) tapewound ring samples (see
Table 1). They have been subjected to different thermal treatments under a transverse saturating magnetic field, resulting in
different values of the transverse induced anisotropy K | and a quasi-linear J(H) behavior. The transverse domain structure is

sketched in the inset.

TABLE 1. Physical and magnetic parameters of the investigated transverse anisotropy nanocrystalline (Finemet) and amorphous ribbons. They are treated
and measured as 18 mm diameter tapewound ring samples. d = ribbon thickness; Js = saturation polarization; p = electrical resistivity; K | = transverse
anisotropy constant; le = exchange length; f, = predicted resonance frequency; f; = predicted relaxation frequency; « = Landau-Lifshitz damping

constant; Ng, = effective demagnetizing coefficient normal to the ribbon plane.

Composition Structure d Js p K le Jfo fi o Nz
(pm) (7 (Qm) (J/m3) (nm) (MHz) (MHz)
FezsNb3CuiSi16B7 | Nanocryst. 1290 | 1.25 118-10°8 28 35.2 80.3 7.55 0.2 0.13
Fe73Nb3Cu1Si16B7 Nanocryst. 20.10 | 1.25 118108 14.6 15 110.5 15.6 0.054 | 0.42
Fe73Nb3Cu1Si16B7 Nanocryst. 2045 | 1.25 118-10°8 25 15.9 125 20.6 0.07 0.32
Coes7Fe4B14.5S114.5 Amorphous | 6.1 0.65 141-10°8 9.3 68 133 6.28 0.161 0.98
Coe7Fe4B14.5S114.5 Amorphous 13.65 | 0.65 141-10°8 7.0 52 66.6 5.98 0.13 0.31
Coes7Fe4B14.5S114.5 Amorphous | 25.0 0.65 141-10°8 8.5 39 86 14.7 0.06 0.45
Co71Fe4B1s5Si10 Amorphous 16.95 | 0.89 124108 251 44 632 332 0.054 | 0.87
IIl. MAGNETIZATION ROTATIONS vs. DOMAIN WALL z
DISPLACEMENTS K f
Field-annealed amorphous and nanocrystalline alloys are :/ ....... L . d
. . . . . M Ma M 1<
endowed with uniform induced anisotropy (either K,, or // f i ol j‘f/ 'R
K | ) and generally much lower residual random anisotropy 4 / at /Ms y
0K. The resulting domain structure is therefore made of a i e >
rather sharp slab-like array of antiparallel domains separated h‘
— 2

by 180° dws, either longitudinally (K,,) or transversally
(K | ) directed. Treatments leading to very low induced
anisotropy (few J/m?), comparable with 8K, lead to a
somewhat irregular domain pattern [16]. We deal here
with the transverse anisotropy materials, where K | ranges
between 7 and 250 J/m3. These materials exhibit minimum
energy loss and wideband response, as put in evidence by
the example shown in Fig. 1. They are listed in Table 1,
together with their physical and magnetic parameters. Fig. 2
provides an overview of the quasi-static major hysteresis
loops obtained in representative samples.
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FIGURE 3. Ideal domain configuration and rotational-precessional
magnetization mode in transverse anisotropy nanocrystalline/amorphous
ribbons (not in scale) under the applied AC field ha. The precessional
trajectory of the oscillating M vector is a flattened ellipse. The local m4(t)
component is made negligible at all frequencies, compared to the
measured longitudinal component my(t), by the high value of the
demagnetizing coefficient Ng,.

The ideal response of a transverse domain structure to an
alternating longitudinal field is sketched in Fig. 3. With the
longitudinally applied AC field &,, the 180° dws are still and

VOLUME 12, 2024
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=100 kHz

ConFesBisSin, K | = 135 J/m’, J, = 700 mT

FIGURE 4. Domain structure in amorphous ribbons Co;; Fe, B;5Si;q
annealed under transverse saturating field (K | = 135J/m3 ). Itis
observed by the stroboscopic Kerr method at 5 kHz and 100 kHz. The
images refer to the tips Jp of the hysteresis loop taken between +700 mT
and to the passage through J = 0. The loss of contrast at +Jp stems from
the partially rotated magnetization (longitudinal field Ha ). The domain
wall displacements accompanying rotations are hindered by dissipation
on passing from 5 kHz to 100 kHz.

Co71FesBisSii, K | =50 J/m? H

ot . ) Y
K
Jo =200 mT, /=1 MHz x

FIGURE 5. The domain walls in the K | CO;;Fe, B;5Si;g amorphous
ribbon (d = 19xm) are definitely at rest at 1 MHz. a) Domains at the tip of
the loop taken at +Jp = 200mT. b) The image taken at —Jp is subtracted
from a). Faint traces of the domains, signaling the rotation of the
magnetization between +200mT and a scant dw motion, are observed.

the magnetization M, precessing around the anisotropy field
Hy inside the domains, follows a flattened elliptical trajectory,
while maintaining pole-free dws. It is shown that the local
component m,(t) normal to the ribbon plane is always orders
of magnitude lower than the longitudinal component my(t)
and any dissipative effect related to it can be neglected.
We realize in this ideal case the condition for the fully
homogeneous and reversible, scale-independent, magnetiza-
tion process, leading to the so-called dynamic classical losses,
the lowest attainable loss limit. The experiments and the
theoretical treatment discussed in this work show that such
a limit is actually approached beyond 100 kHz — 1 MHz,
depending on J;, and the ribbon thickness. It is apparent that,
even in the presence of a sharp transverse domain structure,
dw motion persists, thereby justifying the existence of a finite
value of the quasi-static (hysteresis) loss Whys. The Kerr
observations show that the transversally directed 180° dws

VOLUME 12, 2024

oscillate under the longitudinal AC field [32]. However, it is
additionally observed that the net magnetization variation
along the transverse direction x is negligible, implying that
the dw motion is the result of a mere rearrangement of the
domain spacing caused by the magnetostatic energy at the
ribbon edges, continuously changing with the rotations [33].
The Kerr images in Fig. 4 show an example of changing
domain pattern coexisting with magnetization rotations in a
Co71Fe4B15Si1o ribbon endowed with a transverse K | =
135 J/m3, cycled between + Jp = 700 mT at 5 kHz and
100 kHz. A loss of contrast appears at the tip points of
the loop, compared to the image at J/ = 0. It is associated
with the rotation made by the magnetization on passing from
the demagnetized state to & Jp. It is further apparent that
the dw activity observed at 5 kHz is much more hindered
at 100 kHz, for the same Jp value. The images shown in
Fig. 5, taken on a similar sample (K | = 50 J/m?) at the
tip points & Jp, = 200 mT of a loop measured at 1 MHz,
show that the dws are motionless at this frequency, where only
rotations occur. The parasitic torque acting on the rotating
magnetic moments, proportional to the spin angular velocity,
is, in fact, more effective in restraining the rotation inside
the dws than inside the domains. We conclude that the
combination of distinguishable dw processes and rotations
makes the broadband loss phenomenology consistent with the
basic concept of loss decomposition, with the contribution
by rotations inside the domains lumped in the classical
component Wy = Welass. It is easily realized, according
to the scheme of Fig. 3, that the eddy current paths form a
continuum in the cross-section and along the ribbon length.

IV. A MODEL FOR THE ROTATIONAL LOSS

We demonstrate in this Section that the broadband energy
losses associated with the rotational magnetization process
can be calculated by closed formulas. To this end, we derive
the magnetic constitutive equation via the Landau-Lifshitz
equation, to be coupled with Maxwell’s diffusion equation.
This contrasts with the standard approach to the classical
energy loss in magnetic steel sheets, where an analytical
solution is found for the Maxwell diffusion equation in
a homogeneous material endowed with defined DC per-
meability upc [25]. The character of the magnetization
process taking place in these K | materials, as induced by
the Kerr observations, and the quasi-linear behavior of the
magnetization curves (Fig. 2), makes plausible in principle
the identification of the magnetic constitutive equation of
the alloys with upc. By doing so, we obtain the standard
formula for the classical eddy current loss at peak induction
By, versus frequency f in a sheet of conductivity o Q@ 'm™1
and thickness d [m]

7 By sinhy—siny

W, By.f) = = , [J 3] 1
class,uDC(Bp, f) 2 tunc cosh g — cos 7 /m ()

where n = /moupcd?f. The dimensionless parameter n
provides a measure of the flux penetration, the higher the

n value, the lower the penetration depth (skin effect). For

136717
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FIGURE 6. The energy loss measured at two largely different peak

polarization values in a CogFe, By4 5Si;4 5 amorphous ribbon

(K =8.5J/m3,d = 25um ) is compared with the classical loss
Wijass (#DC) predlcted according to the standard Eq. (1). The magnetic

constitutive equation is identified in this case with the DC permeability

(eDc = 20130 at Jp = 10 mT, j;pc = 24000 at Jp = 300 mT).

n < 2, the flux uniformity across the sheet thickness is
ensured and (1) reduces to

W e B ) = =0 B3 1] @

We shall assume here and in the following B, = Jp.
We therefore provide in Fig. 6 an illustrative example, where
the prediction by (1) is associated with the experimental
W (f), measured over the broad 1 Hz - IGHz frequency range
in the C067Fe4Bl4.5Si14,5 ribbon (K_|_ =85 J/m3, d =
25 pum). The calculated Welass, upe () 18 largely deficient with
respect to W(f) below about 100 kHz — 1 MHz. Here the
dissipation descends from the eddy currents enwrapping the
moving dws and one can thus identify a loss contribution
Waw(f) = Whyst + Wexc(f), the sum of the hysteresis
and excess components, eventually fading out at very high
frequencies. The change of slope of Weiass, upe (f) from f to
f /2 predicted by (1) upon entering the MHz range follows
from the increase of the parameter n to the point where
the skin depth becomes approximately lower than d/3. This
appears also to be the frequency neighborhood of waning
Waw(f). We are thus confronted at these frequencies with a
state of uniform rotational process, emulating the behavior
of a saturated material and complying in principle with the
predicted Weass, upc (f). However, the predicted diverging
trends of the measured W (f) and Wiass, upc () in the upper
frequency range demonstrate that a quasi-static constitutive
equation is not compatible with the material response,
where the time scales of spin dynamics and electromagnetic
excitation become comparable. For the relatively simple
character of the magnetization process in the K | alloys,

136718

a solution of the Landau-Lifshitz equation for the dynamics
of the magnetization M is expected to apply [27]

dM
4 =—yuoMX Heff+_SMX T 3
where H . is the effective field, y = 1.76 x 1011 (T~! s~1)
is the electron gyromagnetic ratio, « is the Landau-Lifshitz
damping constant, and Mj is the saturation magnetization.

At equilibrium, under a zero applied field, the magne-
tization in each domain is directed along the transverse
direction x, therefore M = M, = M- e and Hqg =
Hy = (2K | /noM;)- €. Consequently, Eq. (3) reduces to
M, x H, =0.

Under a y-directed AC field k,, a scheme for the precession
of M is sketched in Fig. 3, where M = M 4+ m and m is
the dynamic magnetization. The effective field H .¢f becomes
the vector composition of the static anisotropy field Hy, the
applied AC field k,, and all the dynamic fields accompanying
the spin precessional motion. Therefore Hep = Hy + heyy,
where hegr lumps the resultant dynamic fields. Under small
oscillations (|hy| < |Hg|, Im| < |M]) Eq. (3) can be
linearised and under harmonic regime it simplifies into

o
Jom = —y o mXH+Mg X het) +A7Ms X jom, (4)
S

By separating the components along the y and z directions,
we get the scalar relationships between the effective field and
the magnetization components

(heff,y) _ (o tivan® v )
heff,z N j}’MT)JMs ho +ijCnga
where hg = H is an a-dimensional parameter.

We synthetlcally illustrate in the following the calculations
leading to analytical expressions for the complex perme-
ability and energy loss in terms of the physical parameters
involved in the rotational processes. The mathematical details
are provided in Appendix A. We find the susceptibility
x(w) = h::—tyy by (5), taking into account the role of the
dynamic demagnetizing field normal to the ribbon surface,
arising during the precession of M. We pose hefr ; = —Ndzmy,
with Ny, the demagnetizing coefficient. It is always Ny, <
1, because of the presence of a domain structure, that is,
a distribution of polar charges of alternating sign at the ribbon
surface. Besides predicting that the normal component m;, is
related to the longitudinal component my by the equation

w 1
m; = —j my (6)

Y oM (ho + Ng, -H'ma)

we obtain by (5) the complex susceptibility

x@) = (h +j——a
w) = = 0
hett,y Y oM
—1
w 2 1
~aon @)
VHOMs (ho+Ndz+JmM )
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FIGURE 7. a) Frequency dependence of the energy loss W (f) measured in the Cog;Fe;B4 5Si;4 5 amorphous ribbon of Fig. 6 up to
Jp =300 mT (Jp ~ 0.45 Js) and the related prediction by (19) of the classical loss W, (f) Fitting parameters: « = 0.06; Ny, = 0.45;
le = 39 nm. The dissipative contribution due to eddy currents Weqqy () = Wyt (F) — W4 (f) is discriminated against the spin
damping term Wy (f), whose role can be appreciated beyond about 10 MHz, where Wi (f) and W44y (f) tend to bifurcate. The
energy loss Wy, (f) = W(f) — W, (f) associated with the motion of the dws is further put in evidence and found to drop on
approaching the MHz range, as anticipated by the Kerr observations. b) The complex magnetic constitutive equation, identified
with (12), is shown in association with the complex permeability predicted by (18). The cutoff at the frequency f; shows that
relaxation largely predates, in this and all the other tested samples, the resonance, occurring at the frequency f,.

After some manipulations of (7), x (w) can be written as

xpc (1 +J'w%)

X (@) = . ®)
- (&) +i()
where xpc = 1/ho and
ho (ho + Naz) '/?
=(——— . M, 9
() vHoMs ©)
1 ho (ho + Ndz)
— e M, 10
w] « 2ho+ Ng, HoMsg (10)
and
1
wy = (ho + Naz) - v oMs (11)

Itis found that, within the envisaged span covered by the «,
Xpc, and Ny, values, wy ~1011-1012 s~ and w/wy <« 1 across
the whole experimental frequency range. Consequently, x (w)
reduces to the classical equation of the forced oscillator

XDC

2

w i 0
1= () +i(#)
where wg and w are the resonance and relaxation frequen-
cies, respectively.

We are now in a position to perform the electromagnetic
analysis by coupling the constitutive equation (12) to
Maxwell’s diffusion equation, governing the magnetization
profile along the coordinate z, ranging between =+ d/2.

2
0°hy

37> -

(@) = 2
X w) = =
heff,y

: (12)

Jjwoby = jwo g (my + hy) (13)
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where o is the alloy conductivity. In this equation, by, =
o (my + hy) is the flux density, and hy is the Maxwellian
field. At sufficiently high frequencies, the eddy current
counterfield hinders the spin rotation at the ribbon core,
an effect contrasted by the torque of the exchange field hey =
lg . 82my / dz%, which tends to maintain parallel the adjacent
spins. my will thus depend on Aeff,y = hy + hey, according to

2 3%my
my(z) = x () -\ @ +1l— |,
9z
where the exchange length is of the order of . = /2Au, / Jsz,
with A [J/m] the stiffness constant. Solution of the coupled
Egs. (13) and (14) is obtained according to the appropriate
boundary conditions, as discussed in full detail in Appendix
A. It provides a closed expression for the field Ay (2)
cosh (A12) cosh (A22)
sinh (A1d/2) ©sinh (h2d /2)°
where A1 and A, are solutions of the biquadratic algebraic
equation

(14)

hy (2) = C (15)

X (w) lg)\4 — (1 + jwo o x (w) 13) 224

+jowo o (1 + x () =0, (16)

and the constants C; and C; are obtained by imposing

the boundary conditions % = jwoBpd / 2 and

3 z=d[2
" hy _ .22
FE —ap w o ,uond/2.

The applied field coincides with &y at the sheet surface

ha = hy (d/2) = Cicoth (r1d /2) + Cacoth (rad /2) (17)
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FIGURE 8. a) The hysteresis loss component Whyst = }in}) W (f) and the dynamic excess component Wexc (f) in the

CogzFe,By4.55i14 5 amorphous ribbon are extracted from the W (f) curves shown in Fig. 7a after subtraction of W, (f). The

Waw (f) = Whyst + Wexc (f) contribution falls down beyond a few hundred kHz, consistent with the freezing of the dw motion
observed by the magneto-optical experiments. Wexc (f) follows, before its downturn at high frequencies, the power law

Wexc(f) o f", with 0.5 < n < 1. b) The dashed lines represent the rotational permeability 1,o¢ predicted bv (18). The

experimental 1’ and p” taken at Jp = 2 mT show earlier relaxation, on account of the dissipation by the moving dws. These provide
some extra-contribution to . at low frequencies and high Jp values (e.g., Jp = 300 mT ). However, high- and low- J, curves all merge

at high frequencies.
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FIGURE 9. a) As in Fig. 7 a for the 20.45,.m thick Finemet ribbon (K_|_ =25 .I/m:"). The fitting parameters for W, (f) are:
o = 0.07; Ng; = 0.32; le = 15.9 nm. b) The excess loss component Wexc (f), extracted from Wy, (f), exhibits a same decreasing
trend with Jp of the exponent of the power law Wexc (f) o " observed in the previous Cog;Fe;By4 5Siq4 5 amorphous ribbon

(Fig. 8a).

and the measured complex permeability is given

1) =p (@) —ju" (w) = (18)

P
Hohy () '
where B, is the z-average of the local peak induction
by(z). The classical (specific) loss by rotations is eventually
derived for the given B, (i.e. Jp) value from the real @’ and
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imaginary u” components of w(w)

"
Wrot (BP’ w) = i o (w) )

. BX [J/m’] (9
o P ey B W a9)

This equation provides the total rotational loss, a quantity
given by the sum of eddy current and spin-damping losses.
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FIGURE 11. a) Loss decomposition in a 20.1xm thick Finemet ribbon (K | =14.6J /m3). The fitting parameters for W, (f)
are: a = 0.054; Ng, = 0.34; le = 15 nm. b) The spin damping component Wsq(f) = Wyqt (f)— Weddy (f) enters into play at low
frequencies in the extra-thin Cog;Fey By4 55i14 stibbon(d = 6.1xm). The reduced contribution by W44y (f) extends the

survival of the dw-component Wy, (f) up to some 10 MHz.

We shall verify how the amorphous and nanocrystalline
materials share these two dissipation phenomena.

V. DC-1 GHz LOSS BEHAVIOR AND ITS ASSESSMENT

We have shown in Fig. 6 that the energy loss W (f) measured
up to 1 GHz at two largely different J, values in a
representative transverse K | Cog7Fe4B14.55114.5 amorphous
ribbon hardly compares with the prediction of the classical
eddy current loss by the standard equation (1) and upc as

VOLUME 12, 2024

the constitutive equation. Not only did we find the expected
trend towards the quasi-static contribution Whyst(Jp) at low
frequencies, but also a strong deviation of W (f) with respect
to the f1/? dependence predicted to arise by (1), following
the surge of the skin effect. Fig. 7a shows that such a large
discrepancy can be addressed, in the very same material,
by use of the constitutive equation (12) in the calculation of
Wiot(f) (i.e. W(f) measured at high frequencies) with (19).
The values adopted for the parameters involved in the
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FIGURE 12. a) The quasi-static energy loss in the Finemet alloys increases with the anisotropy value K | , because it relates to the
dw energy, and, to some extent, with thickness reduction, depending on the surface imperfections. Ribbon thinning engenders,
however, reduced dynamic losses, eventually compensating for the increase of Whyst. The higher Jp, the higher the frequency at
which the compensation takes place, because of the dependence of Wy on Jp stronger than that of the dynamic loss Wy, (f).
We see in fact in (b) that the exponent m in the power law W (Jp) o« J5" decreases from m = 2.44 for Wyys; (Jp) to m = 2.0 at

f ~ 100 kHz. At very high frequencies, the advantage of thickness is apparently lost in these materials, depending on the specific

properties of the magnetic constitutive equation.

prediction by (19) (Ngz, «, l), consistent with the typical
anisotropy values achieved in these materials [16], [17], [18],
are listed in Table 1. The presence of the domains enforces
a demagnetizing coefficient Ng, < 1, while the resulting
value of the exchange length is compatible with previous
assumptions [18]. The associated constitutive function u
is shown in Fig. 7b. To note that the value found for the
Landau-Lifshitz damping parameter « is higher than 0.1 in
the chemically thinned ribbons. It is remarked also that, in this
and all the other cases, the relaxation effect (frequency f1)
largely predates and overcomes resonance (frequency fp).
The rotational 1oss Wiot(f) = Weddy(f) + Wsa(f) is the
sum of the dissipative contributions by eddy currents and
spin damping, as illustrated in Fig. 7a. Wy (f) coincides
with Weqqy(f) up to about 10 MHz, where the additional
contribution Wy4(f) enters into a play, although to a minor
extent. Weqqy(f) can be discriminated from W (f) by
calculating the eddy current density phasor j (z), according
to V x H = j. With the assumed symmetry we have jx(z) =
dhy . .
- and using (15) we obtain

sinh (A12) sinh (A7)

@ =A - Cl——F—= + 22 Oo————<.  (20)
sinh (%) sinh (%)
Weddy(f) is eventually calculated as
L2 @R 3
W, = — dz [J/m’ 21
canth) = /_d/2 Hapmy e

by integration over the z-coordinate.
Having identified the rotational loss, we can retrieve
by difference the loss contribution directly ensuing from
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the motion of the dws Wyw(f) = W(f) — Wiot(f), in turn
composed of a static and a dynamic term Waw(f) = Whys +
Wexc(f). We identify in the example of Fig. 8a Wyyy =

}irr%) W(f) and Wexc(f) at two largely different J;, values. The

increase of the dw activity under increasing J,, is responsible
for the larger than-squared dependence of Whys on Jp,
in contrast with the Jg law predicted and found for W(f)
at high frequencies. At the same time, the passage from the
low-J;, regime of small dw oscillations to the coarser dw
rearrangements at high J,values makes the exponent of the
power law Wexo(f) o f" to evolve, within the limits 0.5 < n
< 1.0 envisaged by the theory [25]. We find in Fig. 8a,n =1 at
Jp =2mT and n = 0.6 at J, = 300 mT. The latter case tends
to conform to the usual scenario contemplated by the STL,
where the number N of magnetic objects (MOs) increases
with f [34]. The unusual weak field process, where the faint
dw displacements are overwhelmed by rotations, fits instead
into a picture of constant N. Whatever the case, the dw motion
becomes fully superseded by the rotations and Wy, (f) drops
on approaching the MHz range. This implies that the u'(f)
and i (f) curves, obtained at different J;, values, eventually
collapse on a single curve, as confirmed by the results shown
for J, =2 mT and J, = 300 mT in Fig. 8b, consonant with the
found superposition of the experimental VNA and fluxmetric
W (f) curves in the appropriate frequency range.

Fig. 9 illustrates the case of loss decomposition in a
Finemetribbon (d = 20.45 pum). Again, Wio(f) and Weady (f)
are predicted to coincide up to some 10 MHz, where a minor
contribution Wyq(f) by spin damping adds to Wedqay(f). The
Wexc(f) ocf" dependence, with n decreasing if J;, is increased,
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FIGURE 13. a) The quasi-static energy loss Wyg; roughly behaving as K 1/2 /Js, with Js the saturation polarization, tends to

be higher, for given Jp, where Js is lower (i.e., the amorphous alloys). However, the role of thickness becomes predominant
beyond some 10 kHz, where the decrease of W (f) with decreasing ribbon thickness d is rooted in the decreasing eddy
current rotational loss W,y (f). The loss contribution by spin damping W4 (f) is always negligible below 1 MHz. It is
apparent in (b) how W (f) in the softest 20.1.m thick Finemet alloy rapidly overcomes beyond some 10 kHz the loss
exhibited by the very thin (d = 6.1um ) Cobased amorphous alloy by the action of W, (f).

is equally found in Fig. 9b and can be recognized in the
transition region 1 kHz -100 kHz of W (f), measured on two
Finemet samples between 2 mT and 500 mT, in Fig. 10.
Further analysis and comparison made in Fig. 11 show
that in the extra-thin (d = 6.1 um) Cog7Fe4B14.5Si145
ribbon the eddy currents are decreased to the point that
the spin-damping component Wsy(f) = Wiot(f) — Weday(f)
emerges already at low frequencies. Wyq(f) plays the role of
ultimate insuppressible loss contribution.

Of the many parameters affecting the magnetic loss in
these materials, thickness plays an obvious prominent role,
but the associated phenomenology, not exclusively related to
eddy currents, does not lend itself to simple interpretation.
We observe in Fig. 12a that the increase of Whpysensuing
from the thinning of the Finemet ribbons is compensated by a
decrease of the dynamic loss, to an extent and at a frequency
depending on the J, value. The higher J, (here ranging
between 2 mT and 500 mT), the higher the frequency at which
this event occurs. In fact, quasi-static and dynamic losses
exhibit 13'44 and J§ dependences, respectively (Fig. 12b).
Final coalescing of the different W(f) curves beyond
some 10 MHz highlights the specific role of the actual
constitutive equation and its parameters. We can nevertheless
conclude, looking at the comprehensive comparison among
representative amorphous and Finemet ribbons shown in
Fig. 13a, that the latter exhibit a definite loss advantage up to
the kHz range, whatever the thickness. This is qualitatively
understood in terms of the dependence of Whyg on the
quantity (K7|7)1/ 2/J,. The benefit of decreased thickness
on the dynamic losses is instead apparent, independent of
the specific alloy, in the application-oriented kHz - MHz
range. The loss ratio of around seven between the 25 um
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and 6.1 um thick Cog7Fe4B14.5Si14.5 ribbons found in this
range, intermediate between linear and squared dependence
on d, points to an exchange-field mitigated skin effect [25].
We realize in the same figure how the spin-damping term
Wsd(f) can only marginally contribute to W (f).

VI. CONCLUSION

We have performed a comprehensive experimental investi-
gation on the broadband (DC — 1 GHz) permeability and
loss properties of amorphous and nanocrystalline ribbons
of thickness ranging between 6.1 um and 25 um, tested
as tapewound ring samples. The experiments and their
theoretical assessment have been focused on the transverse
anisotropy materials, whose quasi-linear response, very-low
loss figure at high and low frequencies, excellent broadband
response, and general versatility are of utmost interest in
power electronics. The magnetic properties brought to light in
this work and their theoretical assessment can be summarized
as follows: 1) Loss minimization is observed, for all compo-
sitions, by changing the induced anisotropy from longitudinal
(K//) to transverse (K_|_). 2) The analysis of the dw dynamics
in the K| ribbons by stroboscopic Kerr imaging shows,
for defined polarization swing, progressive hindering of the
dw displacements with frequency, 3) A picture emerges
of dw-generated loss at low frequencies superseded by
rotations at high frequencies. This conforms to modeling
by loss decomposition, where the rotational contribution
Wiot(f) is lumped in the concept of classical loss. 4) By
moving deep into the MHz range, the rotational loss behaves
at odds with the conventional derivation of the classical
eddy current loss by Maxwell’s diffusion equation, where
the permeability upc is taken as the magnetic constitutive
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equation. Consequently, a frequency-dependent constitutive
equation is derived, by which the spin precession around
the anisotropy field is derived using the Landau-Lifshiz
equation. 5) The rotational loss is eventually calculated,
by assuming appropriate values of « (damping constant),
N4z (demagnetizing coefficient), and /. (exchange length).
The loss separation between dw-generated and rotation-
generated components leads to a consistent assessment of the
experimental loss across a matrix of materials, polarization
values, and frequencies. 6) The different broadband responses
of amorphous and Finemet alloys and the role of ribbon
thickness are brought to light and discussed.

We have shown, in conclusion, how physical concepts
and modeling, embodied by the loss decomposition and its
implementation over a comprehensive frequency band, can
lead, via the combined solution of the Landau-Lifshitz and
Maxwell’s equations, to a general quantitative assessment of
the magnetic properties of nanocrystalline and amorphous
alloys having superior energetic efficiency.

APPENDIX

We derive the coupled solution of (13) and (14) under
suitable boundary conditions. Given the even symmetry of the
problem, the coordinate z can be restricted to 0 < z < d / 2,
and the following boundary conditions apply

dhy
—| =0, (A1)
9z z=0
and
Phy| - _ 0 (A2)
a3 o

z=0

By integrating (13) over the sample thickness and imposing
the peak value B of the thickness-averaged induction, the
further boundary condition is obtained

oy

0z
Since the following Neumann boundary condition holds on
my,

= jooByd /2. (A3)
z=d /2

amy
- =0, (A4)
92 |=ap
and from (13), (A3), and (A4) we obtain
°h . dh am
0z =d/2 2 lz=d/2 Z =ap
= —a)zazuond/Z. (A5)

We eliminate my by replacing (13) in (14), to obtain

d*hy 32h,

20y . 2 y

X (@) [ _324 (1 + jwo pnox (w) le) _8z2
+jwo g (1 + x (@) hy =0, (A6)

Equation (A6) can be solved analytically together with
the boundary conditions (Al), (A2), (A3), (AS), providing
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the magnetic field and the magnetization profile along the
thickness. The solution of (27) is then

cosh (A12)
Vsinh (A1d/2)

cosh (A22)
2 §inh (A2d /2)

hy () = C (A7)

where A1 and A, are the solution of the biquadratic algebraic
equation

X (w) lg)f‘ - (1 ~+ joo o x (w) lez) A2
+jwo o (1+ x (@) =0, (A8)

Equation (A7) naturally satisfies the boundary condi-
tions (A1) and (A2), but Egs. (A3) and (AS) are satisfied only
through suitable values of C; and C,, which are obtained by
solving the algebraic system

(Alcoth (M ‘5—1) Azcoth ()»2%) )
2

Ajcoth (A14) A3coth (22%)

Cy o Bp %
. = Al
(€)= (Laiming a9
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