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Soft ferrites are essential low-loss magnetic materials for high-frequency applications. This work presents a broadband experimental
and theoretical analysis of magnetization dynamics and loss mechanisms in Mn-Zn and Ni-Zn ferrites from DC to the GHz range.
Fluxmetric and transmission line measurements are interpreted within an extended Statistical Theory of Losses (STL), enabling
quantification of the respective roles of domain wall (dw) motion and magnetization rotation and decomposition of losses into distinct
components associated with eddy currents and spin damping. In Ni-Zn ferrites, eddy current losses are eliminated and a thermally
activated magnetic after-effect can strongly affect the dissipation behavior. The results clarify the physical origin of broadband

magnetic losses in soft ferrites.

Index Terms—Loss separation, magnetic losses, magnetic resonance, soft ferrites.

I. INTRODUCTION

ORE than a century after the first studies [1] correlating

chemical composition with magnetic properties of soft
ferrites, these materials remain essential for power electronics
and radio-frequency applications, owing to mature fabrication
routes, cost-effective mass production, and intrinsically low
magnetic losses. Extensive research has addressed the control
of preparation conditions, magnetic anisotropy, and electrical
resistivity via compositional tuning and chemical doping,
together with temperature-dependent characterization. Several
studies have led to a longstanding debate on the physical origin
of magnetic dispersion and loss, particularly concerning the
respective contributions of dw motion and magnetization rota-
tion [2]. In this communication we discuss the quantification
of these processes and their distinct dissipation mechanisms,
interpreted within the physically grounded framework of the
generalized STL.

II. ASSESSMENT OF BROADBAND MAGNETIC BEHAVIOR

To capture the effective magnetic response of soft ferrites
over multiple frequency decades, fluxmetric measurements
spanning DC to 10 MHz and peak polarizations .J, up to
~ 200 mT are complemented by transmission line charac-
terization extending into the GHz range [3]. Figure 1 presents
representative magnetic loss data measured in the laboratory-
grade Mn-Zn ferrite at 100 °C. The pronounced nonlinear
behavior encompasses essentially the full relevant material
response, which can be consistently interpreted using the
complex permeability spectrum shown in Fig. 2. These spectra
are obtained via a physically justified elliptical approxima-
tion of the hysteresis loop. We demonstrate how the STL,
originally developed for conductive Fe-Si laminations, can be
extended to nearly insulating soft ferrites [4]. The frequency-
independent hysteresis loss associated with Barkhausen jumps,
strongly localized dw displacements in space and time, de-
fines the quasi-static contribution (Whys in Fig. 1). Classical
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Fig. 1. Magnetic loss in Mn-Zn ferrite as a function of magnetizing frequency,
showing complete loss separation at J, = 10 mT.

literature treatments of eddy current loss neglect the heteroge-
neous microstructure of ferrites, consisting of semiconductive
grains separated by nanometer-scale, poorly conducting grain
boundaries. This structure leads to a relaxation dispersion of
electrical resistivity in Mn-Zn ferrites, with its real component
decreasing from several {dm at low frequencies to values lower
by up to two orders of magnitude above the MHz range
due to effective short-circuiting of grain boundaries. Such
behavior can be captured by multiscale modeling of square
grains separated by semi-insulating boundaries. In sufficiently
thin samples (thickness ~ 1 mm), the total measured loss is
effectively eddy-current-free and classical eddy current loss
(Welass.eady) becomes relevant only in thicker samples above a
few MHz, as evidenced by the bifurcation between the losses
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Fig. 2. Real i/ and imaginary '/ permeability components versus frequency
in Mn-Zn ferrite, decomposed into dw (W 15,) and rotational (Wl /‘;(/);)
contributions. The rotational component separated from experimental data is
compared with the theoretical prediction based on the LLG equation (1 | ;-
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Fig. 3. Temperature evolution of magnetic losses in Ni-Zn ferrite (4C65)
versus frequency, with estimated after-effect-related extra loss contribution
Wae.

in thin and thick sample in Fig. 1. A second eddy current-
related loss term, attributed to dissipation around moving dws,
can be shown to be negligible across the entire frequency
range and is therefore excluded from further analysis. Once
electron—lattice energy absorption is fully accounted for, the
remaining dissipation mechanism is spin damping, which is
intrinsically favored in insulating ferrites. Using permeability
spectra measured at two different peak polarizations .J,, we
demonstrate a physically self-consistent decomposition of real
and imaginary permeability components into dw and rotational
contributions, as illustrated in Fig. 2. In Mn-Zn ferrites with

relatively low magnetic anisotropy, magnetization reversal
exhibits a substantial contribution from rotational processes.
Dws, experiencing stronger damping from eddy current coun-
terfields and spin damping than intradomain spin rotations, are
fully relaxed by frequencies around 1 MHz. In contrast, the
resonant absorption of energy associated with rotational pro-
cesses is accurately described by the Landau-Lifshitz-Gilbert
(LLG) formalism (Fig. 2). Resonance broadening originates
from the polycrystalline microstructure and the frequency-
dependent distribution of effective anisotropy fields arising
from the interplay between intergranular demagnetizing fields
and magnetocrystalline anisotropy. The resulting complex per-
meability can be directly translated into the rotational spin
damping loss component Wy sq, Which accounts for the high-
frequency portion of the eddy-current-free loss in thin samples
(Fig. 1). Subtraction of Whyy and Wiy eq from the measured
loss yields the dynamic excess loss Wexcd, attributed to spin
damping related friction associated with moving dws. This
contribution follows a power-law dependence Wexcsa o< f9
with 0.5 < g < 1, reflecting the absence of eddy current coun-
terfields and the nonuniform distribution of pinning fields [5].

In Ni-Zn ferrites, the extremely high broadband electrical
resistivity exceeding 10° Qm effectively eliminates eddy cur-
rent losses, while the higher magnetic anisotropy shifts the
ferromagnetic resonance beyond 10 MHz. We emphasize the
peculiar loss behavior observed in Ni-Zn ferrite (Ferroxcube
4C65), manifested as a temperature-dependent local maximum
whose central frequency shifts to higher values with increasing
temperature. This feature is attributed to a thermally acti-
vated dw relaxation, introducing an additional loss component
associated with atomic and electronic diffusion interacting
with moving dws [3]. Using an average activation energy of
E, = 0.66 eV, the temperature evolution of the after-effect-
related loss component W,. can be quantitatively estimated,
as illustrated in Fig. 3.

ACKNOWLEDGEMENT

S. D. acknowledges funding by the European Union’s
NextGenerationEU through the Recovery and Resilience Plan
for Slovakia under the Project No. 09103-03-V04-00008. This
work was performed in the context of the Agreement of
Scientific and Technological Cooperation between the Istituto
Nazionale di Ricerca Metrologica and The Centre for Research
and Technology Hellas regarding the study of soft ferrites.

REFERENCES

[1] S. Hilpert, “Correspondence as to structure and origin in magnetic
properties of ferrite and iron oxide,” Ber. Dtsch. Chem. Ges., vol. 42,
pp. 2248-2261, 1909.

[2] T. Tsutaoka, “Frequency dispersion of complex permeability in Mn-Zn
and Ni-Zn spinel ferrites and their composite materials,” J. Appl. Phys.,
vol. 93, no. 5, pp. 2789-2796, 2003.

[3] S. Dobdk, C. Beatrice, V. Tsakaloudi, and F. Fiorillo, “Magnetic losses
in soft ferrites,” Magnetochemistry, vol. 8, no. 6, 2022, Art. no. 60.

[4] F. Fiorillo, C. Beatrice, O. Bottauscio, A. Manzin, and M. Chiampi,
“Approach to magnetic losses and their frequency dependence in Mn-
Zn ferrites,” Appl. Phys. Lett., vol. 89, no. 12, 2006, Art. no. 122513.

[5] E. Ferrara, F. Fiorillo, C. Beatrice, S. Dobdk, C. Ragusa, A. Magni, and
C. Appino, “Characterization and assessment of the wideband magnetic
properties of nanocrystalline alloys and soft ferrites,” J. Mater. Res.,
vol. 33, no. 15, pp. 2120-2137, 2018.

Authorized licensed use limited to: Samuel Dobak. Downloaded on July 18,2026 at 13:00:35 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


