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The
�

- � loopsobtainedunderdifferentmagnetizationconditionshave beenusedin or-
der to analyzethe coercive field �
	 andthe energy lossper cycle � for the amorphous
Co� � � � Fe� � � Si� � B � � ribbon.Applying themodelfor theinfluenceof thesurfacefields ��
on themagnetizationprocessesin amorphousferromagneticribbons,we investigatedthe
effectsof the dynamicfield �
� on �
	 and � . It is shown that the influenceof dynamic�
� onthe

�
- � loopdoesnotdependontheorigin of ��	 and � (staticor dynamic).This

resultis importantbothfor thefutureinvestigationsof themagnetizationprocessesin these
materialsandfor thepotentialapplications.

PACSnumbers:75.50.Kj,75.60.-d,75.60.Ch UDC 538.955,539.213

Keywords: amorphousCo� � � � Fe� � � Si � � B � � ribbon, � - � loops,coercive field andenergy lossper
cycle, influenceof thesurfacefields

1. Introduction

Thepossibility to decreasetheenergy losswhich occursduring themagnetizationof
soft magneticmaterialsis importantbothfor theapplicationof thesematerialsandfor the
betterunderstandingof their magnetizationprocesses.Previousexperimentshave shown
that thedirectcorecurrents(passedthroughthesamplefrom anexternalcurrentsource)
affect the

�
- � loops(thepositionof its center, thecoercive field ��	 andthemaximum
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permeability����� � ) of amorphousferromagneticribbons[1], and,therefore,affect their
energy loss,too.Recently, wedevelopedasimplemodelwhichexplainsthesephenomena
in termsof the influenceof the surfacefields �
� (generatedby the corecurrent)on the
movementof domainwalls (DW) within theribbon[2,3]. This hypothesiswasconfirmed
by generating�� in differentways[4] andby producinga compositematerial(sandwich)
in which the layer of hardmagneticmaterialgenerated�
� [5]. Thesemethodsallowed
thedecreaseof theapparentenergy losspercycle  by about50%[5]. However, it was
foundthatsuchstaticfields �
� cannotdecrease and ��! below somelevel, becauseof
theinfluenceof �
� onthesurfacedomainstructureandcorrespondinglyincreasedpinning
of theDWs in thevicinity of thesurfacesof thesample[6]. However, thedynamicfields�
� (generatedby the alternatingcorecurrent "$#%" &(' ) *,+(- ) candecreasethe apparent��! down to zero(providing thatthey aresuitablysynchronizedwith themagnetizingfield� [7,8]), which canalsobeexplainedin termsof theabove mentionedmodel[8,9]. The
measurementshave shown that ��!
#/. canbeachievedover a wide frequency rangeof
themagnetizingfield � [10].

It is well known that the energy loss  and �
! in soft ferromagnetsincreasedueto
eddycurrents[11,12],with increasingfrequency of � (dynamicloss).To ourknowledge,
therewasno previousstudyof the influenceof surfacefields �� on thedynamiclossin
amorphousferromagneticribbons. In what follows, we discussthe influenceof the dy-
namicfield �
� (generatedby the alternatingcorecurrent " ) on the loss  andcoercive
field �
! for theamorphousCo0 & 1 2 Fe3 1 0 Si4 5 B 4 & ribbonat several frequenciesof themag-
netizingfield.

2. Experimental procedures

Thepossibilityof thedecreaseof loss  and �
! hasbeeninvestigatedonanonmagne-
tostrictiveCo0 & 1 2 Fe3 1 0 Si4 5 B 4 & ribbon(hereafterCoFeSiB)of dimensions687
9:7
-�#<; . .
mm 7=; mm 7=. > . ; mm. All measurementsof the ? - � loopswereperformedwith an
inductiontechnique[13] at room temperature.The variationof ��! and  with the fre-
quency @ hasbeenstudiedin thefrequency range@BADC ; . Hz. Themagnetizingfield �
hadthetriangularform with theamplitude25A/m whichresultsin theratiobetweenmax-
imumandsaturationmagnetization?B�E ?=F,GH. > I J . Thedynamicsurfacefields �� were
generatedby passingthesinusoidalcurrent " alongthe ribbonduring themagnetization
measurements.Theperiodicityof " wasalwaysthesameasthatof themagnetizingfield� ( ; K(E +:#LC E @ ), but its phasewasadjustedin respectto thatof � in orderto produce
thedecreaseof ��! with increasing�
� [8,9]. Thestrengthsof themagnetizingfield � and
thesurfacefields �
� usedin our measurementswerecomparableto theEarth’s magnetic
field. However, suitableorientationof thesamplemadetheinfluenceof theEarth’s mag-
neticfield on themeasured? - � loopsnegligible. In particular, thesamplewasoriented
in suchwaythattheposition M of thecenterof ? - � loopbecamezero( M$#H. ) in theab-
senceof �� . In thatcase,theEarth’sfield is approximatelyperpendicularto thedirections
of magnetizationvectorsof thedomainsbelongingto themaindomainstructure.

The variation of the remanentmagnetization?BN and ��! with ?=�OE ?BF have been
measuredin thetriangularmagnetizingfield � with differentamplitudesup to 350A/m,
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for four differentfrequencies( P=Q/R S R T U V S W T R R and53 Hz). Thesamefrequencieswere
usedfor themeasurementsof variationof X�Y vs. XZ [ .

3. Results and discussion

Figure1 shows that on increasingfrequency P , the \ - X loopsfor the investigated
CoFeSiBsamplebroaden( X
Y increases)and,therefore,theirareas

] ^ _ ] ` _ ` ^ _] ^ a _
] _ a `
_ a _
_ a `
^ a _

µ

bc
d ef

g h i j k l

Fig. 1. \ - X loopsfor theCom [ n o Fep n m Siq r B q [ samplemeasuredat frequenciesP<Q/R S R
(full line), 10.3(dashedline), 22 (dottedline) and53 Hz (dash-dotline) in theabsenceof
the surfacefield X
Z , andfor X
Z [sQLR R A/m measuredat frequency PHQtR S R Hz (dash-
doubledotline). The measurementswere performedwith a triangulardrive field of an
amplitudeX[OQHR u A/m.

(energy Thevariationsof X
Y and v with P (Figs.2 and3) indicatethat themaincontri-
bution to the enhancementof X�Y and v with P is dueto the excesseddycurrents[12].
In particular, themagnetizationprocessesin thenonmagnetostrictive amorphousribbons
(suchastheinvestigatedCoFeSiBsample)aremainly dueto themotionof the w -domain
wallsof themain(inner)domainstructure[13,14].Themagnetizationsx of thesedomains
form rathersmallanglesy with theribbonaxis[15]. Theanalysisof thedatashown in Fig.
4 in termsof themodelfor theinfluenceof thealternatingcorecurrenton the \ - X loops
shows that theaverageangle z:y|{ is about4} for our sample.In particular, in thin long
ribbon,thecorecurrent~ generatesthemagneticfield X
Z whichis maximumattheribbon
surfacesX
Z [
Q�~ [ � � R �O� (theprofile of X
Z is shown in theinsetin Fig. 4). Accordingto
themodelfor theinfluenceof thesurfacefields XZ on themagnetizationprocessesin thin
ferromagneticribbons,thealternatingcore
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Fig. 2. Variationof thecoercive field ª
« with ¬® ¯ ° for theCo±  ¯ ² Fe³ ¯ ± Sí ° B ´  samplein
theabsenceof thesurfacefield ª
µ ( ¶ ) andfor the casewhenthedynamicsurfacefield
(generatedby thealternatingcorecurrent)with theamplitudeªµ �·$¸ ¸ A/m actson the
sample( ¶ ). The inset: the samevariationsof ª
« with ¬ . The magnetizingfield of an
amplitudeª O·H¸ ¹ A/m wasused.
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Fig. 3. Variation of the energy loss Ó per cycle with ¬® ¯ ° for the Co±  ¯ ² Fe³ ¯ ± Sí ° B ´ 
samplein theabsenceof thesurfacefield ª
µ ( ¶ ) andfor thecasewhendynamicsurface
field (generatedby thealternatingcorecurrent)of anamplitudeªµ ·<¸ ¸ A/m actsonthe
sample( ¶ ). Otherconditionsof themeasurementwerethesameasfor theresultsshown
in Fig. 2.

current Ô (suitablysynchronizedwith ª [8]) producesthedecreaseof thecoercive field
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Õ�Ö
[9]:

Õ
Ö,×HÕ
Ö ØÚÙÛÕ
Ü Ø8Ý Þ ßáà<âãä å æ ç

where
Õ
Ö Ø

is the coercive field in theabsenceof è , and
à/âáã

is theaverageanglebe-
tweenthe magnetizationsé of the domainsbelongingto the main domainstructure[14]
andtheribbonaxis.Duringtheirmotion,theDWsof themain(inner)domainstructureen-
counterdifferentpinningcentres(surfaceirregularities,chemicalinhomogeneities,struc-
turaldefects,etc.[16]) whichcausethecoercivity andenergy lossin thesematerials.In the
nonmagnetostrictivesamples,thestrongestpinningcentresarelocatedcloseto theribbon
surfaces[16,17].

ê ë ì ê ì ë í ê í ë
ê

í

î

ï ð
ñ òó ô
õ

ö ÷ ø ù ú û ü ý

Fig. 4. Variationsof the coercive field
Õ�Ö

in the Coþ Ø ÿ � Fe� ÿ þ Si� � B � Ø samplewith the
surfacefield amplitude

Õ
Ü Ø
, generatedby thealternatingcorecurrentè at thefrequencies� ×�� � �

( � ), 10.3 ( 	 ), 22 ( 
 ) and53 Hz ( � ). The magnetizingfield of an amplitudeÕ
ØO×�� 
A/m wasused.Theinset:thediagramof the

Õ
Ü
profile.

The variationsof � � � Õ
Ö with � � � å ����� ��� ç shown in Fig. 5a confirm that through-
out theexploredfrequency range,threetypesof pinningcentresmainly participatein the
magnetizationprocesses.(As observed earlier [18], the � � � Õ�Ö vs. � � � å ����� ��� ç plots
consistof threeapproximatelylinearpartsfor all exploredfrequencies.)Briefly, theslope
of � � � Õ�Ö vs. � � � å ����� ��� ç curve is proportionalto the strengthof the pinning centres
which participatein themagnetizationprocesseswithin thegivenrangeof

����� ���
[13].

Moreover, if within the samerangeof
����� ���

, � � � ��� increaseswith � � � å ����� ��� ç ,
thenthe magnetizationof the sampleproceedsvia the irreversiblemotion of DWs (

���
saturateswith

����� ���
if thereversibleDW bulgingoccurs)[13,18].Figure5bshowsthat

the magnetizationin our CoFeSiBsampleoccursvia the irreversibleshiftsof DWs over
theencounteredpinningcentres(theBarkhausen’s jumps)[13,18].
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Fig. 5. a) (left). Variation of the coercive field IKJ with the normalizedmagnetizationL�M�N L�O
for the CoP Q R S FeT R P SiU V B U Q sampleand with frequency W of the driving field.

The frequency of the driving field was2.2, 10.3,22, and53 Hz, respectively. a) (right)
variationof thecoercivefield IXJ with thenormalizedmagnetization

L�M�N L�O
( WZY�[ \ Hz)

for thesamesample.b) Variationof theremanentmagnetization
L�]

with thenormalized
magnetization

L�M�N L�O
for theCoP Q R S FeT R P SiU V B U Q sampleandwith thefrequency W of the

driving field. Otherconditionsof themeasurementwerethesameasthosefor theresults
shown in Fig. 5.a.

Theenergy lossesassociatedwith themotionof DWscanbedividedin differentways.
The energy loss,which would be obtainedby addingthe lossesassociatedwith individ-
ual DW jumps,representsthe histeresislosswhich shouldnot dependon the frequency
of the magnetizingfield [12]. However, if onetakesinto accountthe complexity of the
realdomainstructurewithin thesample,it is clearthatthemotionof DWs is notmutually
independentand,therefore,thetotal lossis not a simplesumof theelementarylossesas-
sociatedwith theindividual jumps[12,19].Theappearanceof theeddycurrentswithin the
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samplecausestheoccurrenceof thefrequency-dependentenergy lossescalleddynamical
losses.Thedynamicallossesassociatedwith theclassicaleddycurrents(occurringin the
regionsof homogeneousmagnetization)areproportionalto the frequency, ^`_ba [12].
The lossesassociatedwith thesuperpositionof theeddycurrentsin thevicinity of DWs
(“excess”eddycurrents)arehigherthantheclassicalones,but they increaseslowerwith a
( ^dc eK_�a e wherefhgji ) [12]. SinceweobtainedkXlm_�aon p q and̂r_�aon p q (Figs.2 and3),
it follows that throughouttheexploredfrequency rangethe lossesassociatedwith excess
eddycurrentsdominatethedynamicallossesin our CoFeSiBsample.This conclusionis
consistentwith otherresultsfor theamorphousferromagneticribbons[12,20,21].

Thedatashown in Fig. 4 demonstratethat kKl and ^ decreaseon increasingtheam-
plitude of the dynamic kKs , irrespective of their actualorigin (staticor dynamiclosses).
Namely, in theabsenceof k�s , thevariationsof kKl and ^ with a for our sample(Figs.2
and3) arewell describedby thefollowing expressions:kKlutjv i w imx�y w z�{ a n p q | }�~ ��� v � |
and ^rt�v z�x�i w ��{ a n p q |�� ~ �X� w v � |
Fromtheexpressions(2) and(3), we canestimatethestaticcoercive field kKl n � (i.e. kKl n
for ah��y | t�i w i A/m, andthestaticenergy loss( ah��y ) percycle ^ � tjz J/m� . These
resultsandthedatain Figs.2 and3 show that k�s decreasesboththestaticandthedynamic
contributionsto kXl and ^ . In particular, thedecreaseof thecoercivefield ( �KkXl ) andloss
( �X^ ) for kKs n tb� � A/m (Figs. 2 and3) is �XkKlZ�b� A/m and �K^��b� J/m� . Since�XkKlZ��kXl n � and �X^`��^ � , it is clearthat kKs decreasesboth the staticanddynamic
contributionsto kKl andloss.

We notethat the decreasesin kXl and ^ with kKs arenot dueto somechangeof the
intrinsicpropertiesof thesample(suchasthechangein thestrengthof thepinningcentres
within thesample).Insteadof that, thefield k�s simply helpsthemagnetizingfield k to
move thedomainwalls acrossthepinningcentres.In particular, for kKs which is suitably
synchronizedwith k [8], oneneedslower field k to shift someDW which is reflected
in the � - k loop aslower kXl and ^ . Becauseof this, theslopeof kKl vs. k�s n variation
(Fig. 4) doesnot dependon frequency of thedriving field k . This slopedependson the
angle g��K� only aspredictedby themodelandEq.(1). Also, athighervaluesof k�s , kXl
and ^ may take on negative values.We notethat the corecurrenttransfersconsiderable
electromagneticenergy into thesample.Accordingly, theresult ^�g�y mayindicatethat
partof thisenergy is transferredinto theenergy of themagneticfield.

4. Conclusion

Detailedstudiesof thedynamic � - k loopshave shown that the magnetizationpro-
cessesin amorphousCoFeSiBribbonmainly involve theshiftsof DWs belongingto the
main (inner) domainstructure.Themain contribution to the dynamicalenergy loss ^ is
due to the “excess”eddycurrentswhich arisein the vicinity of DWs ( kKlh_`aon p q and
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, Figs.2 and3). The � - � measurementsin thepresenceof thealternatingcore

currentshow that thedynamicsurfacefield ��� decreasesboth �X� and
�

, irrespective of
their actualorigin (staticor dynamic).This shows that the desiredchangesin the � - �
loopsof the amorphousferromagneticribbonscan be achieved over a broadfrequency
rangewhich may be useful for their applications.Furthermore,our datashow that the
variationof �K� with

�
and �K� � for CoFeSiBsamplecanbe describedby the following

expression: �X�m���K� � �¡ �¢ � � � �m£ ��� �¥¤ ¦ §�¨�©Kª�« ¬  ®
where �X� � � is the coercive field of the static � - � loop, and ¢ is the coefficient which
dependson the internalpropertiesof the sample(suchasthe structure,pinning centres,
domainstructure,etc.), andon the rangeof the maximummagnetization��¯ [12]. (A
similar expressioncanbeconstructedfor

� ¬ � « �K� � ® .) Therelation(4) canbegraphically
representedas 3D-surface (Fig. 6). Such a representationis

° ± ° ² ° ³ ° ° ² ´ ´ ° µ ´ ± ° °
°
³¶

· ¸¹º» ¼
½

¾ ¿ À Á ÂÃ Ä Å Æ Ç È É Ê
Fig. 6. Variationof thecoercivefield �K� for theCoË � � Ì FeÍ � Ë SiÎ � B Î � samplewith thesur-
facefieldamplitude��� � generatedby thealternatingcorecurrentÏ andwith thefrequency�

of thedriving field (Eq.(4) in text).
useful since it allows the predictionof the behaviour of the samplefor a given set of
parameters(

� « �K� � ) andmayalsoallow thepredictionof theresultsof the investigations
on somesimilar materials.Clearly, the predictionof the behaviour of the systemunder
different(working)conditionsis importantfor its applications.
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UTJECAJDINAMI ČKIH POVRŠINSKIH POLJA NA KOERCITIVNOPOLJEI
GUBITKE ENERGIJEU AMORFNOJVRPCICoÐ Ñ Ò Ó FeÔ Ò Ð SiÕ Ö B Õ Ñ

Gubitke energije × po jednom ciklusu te koercitivno polje ØXÙ proǔcavali smo anal-
izom Ú - Ø krivulja dobivenih u različitim uvjetima magnetiziranjaamorfne vrpce
CoÐ Ñ Ò Ó FeÔ Ò Ð SiÕ Ö B Õ Ñ . Primjenommodelazautjecajpovršinskihpolja Ø�Û naprocesemag-
netiziranjaamorfnihferomagnetskihvrpci proǔcavali smoutjecajdinamǐckih Ø�Û na × iØXÙ . Pokazujeseda taj utjecajne ovisi o porijeklu ØXÙ i × (statǐcki ili dinamǐcki) što je
važnačinjenicakako zadaljnjeistrǎzivanjetako i zaprimjenuovakvihmaterijala.
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