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Ferromagnetic resonanceexcitation of two-dimensionalwall structures in magnetic stripe domains
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Using ferromagneticresonancean experimentalapproachis presentedo evidenceand analyzethe small
amplitudeexcitationsof inhomogeneousnagnetizatiordistributionsin thin magnetic®Ims.This approachis
applied to the complex two-dimensional2D! domainwalls of Co-0001 stripe domains,which containa
reducedBloch partin the ®Im centerand extended ux closurecapsat the ®Im surface.Upon varying the
pumping®eldorientation the differentregionsof the domainwalls, the "ux closurecapsandthe domainscan
be selectivelyexcited,yielding a rich excitationspectrumwith up to sevenmodes.In combinationwith static
investigationsand 2D micromagneticsimulationsthesemodescan be assignedo the domain-wallresonance
modes the oscillationsof the "ux closurecaps,aswell asto the excitationof the domainmagnetization.
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I. INTRODUCTION

The applicationof small magnetic®Im elementsn high-
densitydatastoragetechnologieslemands fundamentalin-
derstandingf their staticand dynamicmagneticproperties.
The dependencef the static spin distribution on the thin-
®Im geometry ~shape,thickness,and lateral extensioh is
only oneexamplet Small perturbationgo the staticcon®gu-
ration aredescribecby spin wavesandcanbe excitedeither
thermally?® or externally by an oscillating high-frequency
®eld*® Such excitationshave beenstudiedin the pastfor
magneticthin-®Im or multilayer systemsdominantlyin the
magnetichomogeneousr saturatedstatewherethe magne-
tization distribution is uniform inside the magnetic
material?*®

Here,anexperimentahpproactusingferromagnetiageso-
nanceis presentedo analyzethe excitationspectraof non-
homogeneousnagnetizationdistributions whose magnetic
units are in the submicrometerange.A model systemfor
this is the stripedomainstructuresupportedn perpendicular
C0-0001 thin ®Ims® In this casethe domain regionsare
separatedby broad two-dimensional2D! domain walls
which extendfar into the domain region’*° Their pro®le
variesacrossthe ®Im thicknessbeing Bloch-like in the ®Im
center and containing pronouncedNéel-type ““"ux closure
caps" atthe ®msurface’ A schematiof this stripedomain
structureis shownin Fig. 1.

Generally,stripe domainsdevelopin thin ® mshavinga
uniaxial anisotropyK, whoseeasyaxis is orientedperpen-
dicular to the ®Im plane!®!! An important property that
characterizeshe magnetizatiordistributioninside stripe do-
mainsis the Q factor where Q is de®nedas the ratio be-
tweenthe uniaxial anisotropyenergyK, andthe demagneti-
zation ®eld energy 2pM2, Q5 K,/(2pM?2). For the
Co-0001 thin ®Imsstudiedhere,the Q factoris smallerthan
1, Q> 0.5° From the presentednicromagneticscalculation
it is derivedthatin this casethe ux closurecapsassumea
ratherlarge volumefraction of up to 35%. Besidesthe exci-
tation of the magnetizationinside the domainregionsit is
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PACSnumbers!: 76.501 g, 75.60.Ch,75.40.Mg,75.70.Ak

thereforeexpectedhatthe ux closureregionsalsogive rise
to measurableabsorptionpeaksin the ferromagneticreso-
nance-FMR! excitationspectra.

As indicatedin Fig. 1, the different partsof the complex
2D wall structurecanbe selectivelyexciteduponvaryingthe
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FIG. 1. Schematicof the static, zero-®eld ux closure stripe
domainstructureof Co-0001 ~solid lined andthe pumpingscheme
for thethreedifferentpumping®eldcon®guration¥, Y, andZ. The
dottedlines and arrowsdenotea snapshobf the oscillationsof the
magnetizatiorcorrespondingo the different modesexcitedat low
bias®eldin the given pumping®eldcon®guration.

*2001 The AmericanPhysicalSociety



U. EBELS, L. BUDA, K. OUNADJELA, AND P. E. WIGEN

(a)
(5]
2
s
.>
5
o
[=]
S
<y
2
2 L 1 1 L L L
0 03 06 09 1.2 1 2
i, (kOc) H, (kOc)
(c) f=22.3 GHz f=34.4 GHz (d)
- (@ @ () =920m L —76nm
2 /
5
=)
=]
g
c
Il
0 2 4 6 80 8
H, (kO¢) H, (kOe)
© | A
Ve
| sample H,
Sg ) < S

7%

FIG. 2. The absorptionderivativespectrafor four different fre-
quencybands:~al X band-9.2 GHZ!, b! Ku band~14 GHZ, <! K
band-22.3GHz, and-d! Q band-34.4GHZ. Thethicknesd of the
Co-00071 ®Imsis indicatedinsideeach®gure.The labels~1! to 7!
denotethe variousmodes,eachnumbercorrespondingo the same
type of modeat the respectivefrequenciesCon®gurationX andY
representthe same intensity scale, whereasthe spectrain con-
®gurationZ were taken at a higher sensitivity level of the FMR
spectrometertypically 2x to 10x highet. el The magnetic®eld
distribution ~full line! in a TE;y, rectangularcavity and the diff-
erentsamplepositions,denotedby B5 bottom, S5 side wall, and
C5 centerof the cavity. The applied bias ®eld orientationcan be
rotatedthrough 360E The sketchto the right indicatesthe three
differentpumping®eldcon®guration¥, Y, andZ asde®nedn Fig.
1 as well asthe orientationof the bias®eldH, with respecto the
stripedomainorientation.

orientation of the pumping ®eld h,; from: X! in-plane-
perpendicularto the stripesto ~Y! in-plane-parallelto the
stripesand further to ~Z! perpendicularto the ®Im plane.
Applying this conceptto the low-Q Co stripe domainstruc-
ture,arich excitationspectrumwith atotal of sevenmodesis
evidencedas shownin Fig. 2. The systematicstudy of the
frequencyand thicknessdependencef this excitationspec-
trum in combinationwith static 2D micromagneticcalcula-
tions permit us to attributetwo of thesemodesto the con-
ventionalacousticand optic domainresonanceDR! modes
and a third mode to the domain-wall resonancemode
-DWR!, while the remainingmodesare attributedto the ex-
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citation of the "ux closurecaps.

The paperis structuredasfollows. In Sec.ll, the sample
preparationris describedIn Sec.lll the staticmagneticprop-
ertiesarediscussedin Sec.lV the FMR resultsaredescribed
followed by a brief discussionin Sec.V. In Sec.VI the
domainresonancanodesare analyzedand in Sec.VIl the
modes associatedwith the domain wall and "ux closure
caps.

1. SAMPLE PREPARATION

A series of thin-®Im structures with a layering of
mica/Ru (56 ...)/®(t)/Ru (32 ..) was prepared by
e-beam evaporationin ultrahigh vacuum,with a Co layer
thicknesd rangingfrom 12 to 100nmin 8-nmsteps.TheCo
layers were depositedon mica substratesvith a Ru buffer
layerthatwasgrown at 700EC, while the Cowasgrownat a
temperatureof 400EC. A Ru cap layer was deposited-at
room temperaturk to preventoxidation. In situ re ection
high-energyelectrondiffraction -RHEED aswell asexsitu
x-ray diffraction con®rmthe hcp structureand high crystal-
line quality throughoutthe ®Imthicknesst? Furthermorethe
x-ray-diffractionmeasurementshowthatdiffusion at thein-
terfaceds lessthan6 ..., which shouldnot distortor change
the magneticpropertiesof the cobaltlayer®

Ill. STATIC PROPERTIES
A. In-plane remanence,saturation ®elds,and Q factor

The thicknessrange investigatedhere, between20 and
100 nm, coversthe reorientationof the magnetizatiorfrom
in-plane at small t, 28 nm to out of plane at large t
> 60 nm. This magnetizatiorreorientationhas beenestab-
lished by superconductingguantum interference device
~SQUID! magnetometryQuantumDesign andby magnetic
force microscopy-MFM! imaging -Digital InstrumentsDi-
mension300d. From the MFM measurementthe domain
width L was estimated,which lies in the submicronrange
with L5 45+100 nm for t5 28+100 nm. From the SQUID
measurementthe saturationmagnetizatiorM ; andthe satu-
ration ®eldin plane(Hg,4) andout of plane(Hg,; ) were
deduced.For all samples,M is independentof the ®Im
thicknessand closeto the bulk value with an averagevalue
of (1.3% 0.1)10° emu/cni. Details of the MFM images
andthe thicknessdependencef L aswell astypical hyster-
esisloops canbe found in Ref. 6. Here, only the thickness
dependencef the in-planeremanenceatio and the satura-
tion ®eldvaluesHg,; andHg,; areconsidered.

The stripe domainstructureis inducedby ®rstsaturating
the ®Im in an in-plane ®eld and then reducingthe ®eldto
zero® From the correspondingin-plane remanenceratio
Mgr/Mg at zero ®eld, three regions can be distinguished
which describethe magnetizatiorreorientationfrom out of
planeto in planeuponreducingt; seeFig. 3-a:

-Regionl for t> 60 nm correspondindo perpendicularly
magnetized 'up" and “down" stripe domainswith low re-
manenceof 20+25%, arising from the cantedspinsinside
the domainwall.
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FIG. 3. - The in-planeremanentmagnetizatiorratio Mg /Mg
asa function of t. The full dots denoteexperimentakesultswhile
the opencirclesareresultsfrom 2D micromagneticsimulations-h!
The in-planeH,; and out-of-planeHg,; saturation®eldvalues.
The dotted horizontal lines correspondto the in-plane uniform
moderesonance®eldsat the given frequencyvalues.The subdivi-
sion of the thicknessrangeinto regionsl, lla, Ilb, andIll is de-
scribedin the text. ~€! The experimentallydeterminedQ factor.

‘Regionll for 20, t< 60 nm with linearly increasingre-
manence25+8) %! indicating a cantedmagnetizatiorstate
of the domainmagnetization.

-Regionlll for t< 20 nmwith high remanence80% and
in-planemagnetization.

Besidesestablishingthe thicknessrange over which the
stripe domainstructureis stabilizedit is furthermoreimpor-
tantto establishthe corresponding®eldrange.The saturation
®eldvaluesH,; and Hg,; for in-plane and out-of-plane
magnetizatiorproceduresare shownin Fig. 3-b!. To noteis
thatHg,; decreasesontinuouslywith decreasind, whereas
Hsat ®rstdecreasesbut then increasesbelow t5 44 nm.
The kink at 44 nm indicatesa changein the perpendicular
remagnetizatiorprocedure.Above 44 nm the saturationis
achievedthrough a domain-wall motion processby which
one type of domain grows while the other one shrinks!
Below 44 nm theincreasedantingof the magnetizatiorinto
the ®Im plane changesthe perpendicularremagnetization
processo a dominantlyrotationalreorientation.The canted
thicknessrangell of Fig. 3 canthusbe subdividedinto two
regionsin which the out-of-plane-egion lla! and the in-
plane ~egion lIb! magnetizationcomponentsrespectively
dominatethe magneticproperties.

For the interpretationof the FMR spectra,the relative
position of the resonanc&®eldH ¢ to the saturation®eldis
important.It is foundthatfor a bias®eldappliedperpendicu-
lar to the ®Im plane the resonance®eldis larger than the
saturation®eld value and can be describedby the perpen-
dicular uniform moderesonancgH,.s> 12 kOe at X band
and H,.s. 16 kOe at K band. From this, the anisotropy
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®eld strengthH 5 2K, /My is estimatedusing the perpen-
dicular uniform moderesonanceondition® andthe valueof

M, deducedrom SQUID measurementsd, is foundto be

constanfor the thicknessrangeinvestigatedwvith anaverage
valueof H,5 (8.5 0.5) kOe. This leadsto a thicknessin-

dependenf valueof Q> 0.5 asshownin Fig. 3-!.

In contrastto the perpendicularresonancethe parallel
resonance®elds-appliedin planeandparallelto the stripes
are lower thanthe saturation®eldvalues.As a comparison,
in Fig. 3-b! the horizontaldottedlines denotethe resonance
®eld values of the in-plane uniform mode, revealing that
H,es is smallerthanHg,, below Q band-34 GHz andabove
a certainthickness.This correspondgo the frequencyand
thicknessrangefor which the stripedomainexcitationshave
beeninvestigatechere.

B. Relative volume fraction of the domains, ux closure caps,
and the Bloch wall height

The static experimentsprovide information only on the
averaganagnetizationbut not on the internalmagnetization
distribution. Therefore2D periodic micromagneticsalcula-
tionswereemployedin orderto estimatethe relativevolume
fraction of the domainmagnetizatiorof the ux closurecaps
aswell asthe height of the Bloch domainwall. Details of
thesecalculationsare summarizedn the Appendix. The ma-
terial parametersisedcorrespondo thosedeterminedfrom
the staticexperimentdor the Co-0001 ®Imswith Q5 0.5.

In Fig. 4-al the magnetizatiordistributionacrossthe ®Im
thicknessand one domainperiodis shownfor at5 100-nm
®Im at zero ®eld. The domainregionsand ux closurere-
gionsareclearlyvisible andaremorepronouncedvhenplot-
ting the contour map of the normalized componentm,
5 M, /M in Fig. 4!, sinceonly insidethe ux closurecaps
the magnetizatioris rotatedtowardsthe x direction.

From the magnetizatiordistribution of Fig. 4-al, the in-
planeremanencet zero ®eldis determinedas the average
normalized component"m,& "M, /M¢& Its thicknessde-
pendenceis in agreementwith the experimentaldata as
shownin Fig. 3~a ~opencircled. The reorientationof the
magnetizatiorin the threeregionsl, 1, andlll from in plane
towardsout of planederivedfrom thein-planeremanencef
Fig. 3-a is con®rmedy the evolution of the domainmag-
netizationangle up -here with respectto the ®m pland.
Fromthe graphicto the right of Figs.4-al and4-b! it is seen
that the domain angle up ~crossels averagedover the do-
main centerline, variesonly very weakly with t in region|
(up. 90B. In regionlla a slight cantingsetsin (up5 80+
908, which becomesvery strongin regionllb below44 nm.

For the interpretationof the FMR experimentsan esti-
mate of the relative volume fraction of the domainsVy, of
the ux closurecapsVe. aswell asof the relative heightof
the Bloch wall tg/t arerequiredaswell astheir respective
evolutionwith thicknessandappliedbias®eld-n-planeand
parallelto the stripes$. Herewe concentraten the thickness
ranget. 44 nm, the regionin which the perpendiculado-
main magnetizatiorand hencethe stripe domain properties
dominate.In this thicknessrangeVy and V¢ can be esti-
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FIG. 4. ~al Spincon®guratiomf a 100-nm-thickCo ®maccord-
ing to 2D micromagneticcalculations,indicating the "ux closure
capsandBloch domain-wallparts.To theright areshownthethick-
nessdependencef the domainangle up ~crossek the domainvol-
umeV ~opencircled, the ux closurecapvolumeVg ~ull dotd,
thezero®eldrelativeBloch wall heighttg /t ~opensquarek andthe
“ux closurecorevolume-~full dotd. ! and~¢!: contourmapof the
magnetizatiorcomponenim, for t5 100 nmat-b! H5 0 kOeand
~€! H5 3 kOe. The white contourlines in ~b! correspondto the
magnetizationcomponentm, which describethe Bloch wall. The
centercontourdenotesm,5 0.9 andeachcontourline decreaseby
0.2. The ®elddependencef the relative Bloch wall heighttg /t is
shown to the right. ~d! Contour map of the z componentof the
demagnetizatio®eldHy, and the variation of Hy, along the do-
main centerline for different bias®eldvaluesH, .

mated from the averageof the normalized magnetization
componentsas V45 Aun & and Vec5 “um, & respectively.
Upon decreasing, the "ux closurecapsextendfurther into
the ®Im acrossthe thicknessas well asinto the domainre-
gions. Consequenththeir relative volume fraction Vg¢ in-
creasesrom 25 to 35% for t5 150+44 nm as shownin the
diagramto theright of Figs.4~al and4-b!. At the sametime
V4 decrease$rom 85 to 75%, remaining,neverthelessthe
largestcontributionin this thicknessrange.Furthermorethe
increaseof V¢ reduceghe relative Bloch heighttg /t, from
30% att5 150 nm to almostzeroat 60 nm asshownin the
diagramto the right of Figs. 4~al and4-b!. Heretg/t was
estimatedfrom the contourline of m,5 0.2 (m,5 0.98) of
the contourmapssuchas shownin Fig. 4-b!. At t5 60 nm
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the zero ®eld Bloch height collapsesand the wall consists
only of "ux closurecaps.

Theextendedux closurecapscontainanalmostdomain-
like regionin the centerwith horizontalmagnetization(ix)
at the ®Im surface.The relative volume fraction of this “ux
closurecoreis about5+6% (t. 60 nm) as estimatedirom
the contourline m,. 0.9 shownin Fig. 4-b!.

The variationof the magnetizatiorpro®leasa function of
an applied®eld~n planeandparallelto the stripes is illus-
tratedfor the m, contourmapin Fig. 4! for H5 3 kOe.In
comparisonto Fig. 4-b! it is seenthat upon increasingthe
®eld,the regionof strongm, componenis reducedlIn par-
ticular insidethe ux closurecapsthe magnetizatiorrotates
from the Néel directioninto the Bloch direction, smoothing
the pro®leacrosghe thicknessand enhancingeffectively the
Bloch heightasindicatedin the diagramto the right of Fig.
4~!. Similarly, whenregardingthe variation of the perpen-
dicular componenbf the internaldemagnetizatio®eldHy,
acrosghedomaincenterine @educedrom the contourmap
shownin Fig. 4~d'# it is seenthat at zero ®eldH 4, varies
parabolicacrossthe ®Im thicknessbut "attens in an applied
®eld.

IV. EXPERIMENTAL EXCITATION SPECTRUM
A. Pumping scheme

In FMR a precessiomf the magnetizatioraroundits equi-
librium positionis inducedby a weak microwave pumping
®eld h,. This excitationis only effective when the local
torqueis nonzero,M3 h 3 0. Using this condition, it fol-
lows that the different regionsof the con®guratiorshownin
Fig. 4 canbe selectivelyexcitedupon varying the pumping
®eld orientation. This leadsto the three possible pumping
con®gurationshownin Fig. 1.

‘In pumpingcon®guratior(X), h,; liesin the ®m plane
and perpendiculato the stripesand couplesto the spinsin-
side the domains,the Bloch domainwall, and the canted
spinsinsidethe "ux closurecaps-but not to the ux closure
cord.

‘In pumpingcon®guratior(Y), h,; liesin the ®m plane
andparallelto the stripes,andcouplesto the spinsinsidethe
domainsandto all spinsinsidethe ux closurecaps,but not
to the Bloch domain-wallspins.

‘In pumping con®guration(Z), h, lies out of the ®Im
planeand couplesto the spinsinside the Bloch domainwall
andthe "ux closurecapsbut not to the domainspins.

Thesepumpingcon®gurationarerealizedin a TE; g, rect-
angular cavity as shownin Fig. 2-€!. It is noted that the
induced stripe structureshows a rotatablein-plane anisot-
ropy, which meansthat the stripe domainsare always in-
ducedparallelto the in-plane saturation®eldirrespectiveof
its orientationto a given in-planecrystal axis. In this way,
h,; canbe varied continuouslyfrom the X! to the ~Y! con-
®gurationwhen placing the sampleat position B given in
Fig. 2-€l.

B. Frequency and thicknessdependence

FrequencydependenceTypical FMR derivative spectra
for all three pumpingcon®gurationgX), (Y), and-Z! and
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FIG. 5. ~a The experimentallydeterminedrequency-®eldlis-
persionfor at5 76-nmCo ®Imin the threepumping®eldcon®gu-
rationsX, Y, andZ de®nedn Fig. 1. The notation X5 full dot, Y
5 opensquareandzZ5 full triangleis usedthroughoutthe paperin
all ®gures.

for anin-planebias®eldparallelto the stripesare shownin
Figs. 2-al £ 2-d! for four different frequencybands.For each
FMR ®eldsweepat constanfrequency the domainstructure
was inducedanewby ®rstsaturatingthe ®min plane,then
reducingthe ®eldto zeroandsubsequentlgweepingnto the
directionof the saturation®eld.The numberof modesvaries
considerablywith the frequency.At X band,two modesare
seen,one eachin con®gurationX! and (Z). At Ku band
threemodesare observedpnefor eachpumpingcon®gura-
tion. At K-band up to sevenmodescan be seenand at Q
bandonly onemodeis seen.

Thelabelingof the modesis derivedfrom the spectrumat
K bandgoing from high to low ®elds.In detail, the modes
observedat K bandin con®gurationX! arelabeled-1!, 4!,
and ~7!, thosein con®gurationY! are labeled-2! and 5!,
andthosein con®gurationZ! are labeled-3! and-6!. It is
noted,thatmode-~1! atall frequenciess the highestintensity
mode and thereforeindicatesthat it is essentiallythe same
mode. For all other modesthe intensity is approximately
1/10of mode~1! exceptfor mode-2! at Ku bandwhich s of
equalintensity; seeFig. 2.

The completefrequency-®eldv 2 H) dispersionvasob-
tainedfrom measurementst tenfrequencies9.2,9.9,10.75,
12.5GHz (X band; 14,16,17.5GHz Ku band; 22.3,23.5
GHz (K band; and 34 GHz (Q band. For eachfrequency
bandthelengthof therectangulacavity wasadjustedo tune
to the desiredfrequency.Figure 5 revealsa positive and
almostlinear dispersionfor most of the modeswhich justi-
®estheir labelingin the different spectragivenin Fig. 2. In
particularit showsa smoothandcontinuouddispersiorof the
highestintensity mode ~1!, which is the only mode seento
continueto Q band ~and thereforenot shown in Fig. 5!.
Similarly, mode 3! showsan almost linear dispersion.In
contrast,mode-2! is only linear at lower frequenciesthen
startsto crossmode-3! andmode-1! andindicatesa change
from a positiveto a negativeslopeat K band.The low-®eld
modes~4! to ~7! setin at the upperKu-bandedgeandalso
indicate a positive dispersion.It is furthermorenoted that
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FIG. 6. @ The experimentallydeterminedthicknessdepen-
denceof theresonance®eldsat f5 23.5 GHz for modes-! to ~7!.
The dashedine denotesthe saturation®eldvs thickness.The full
line acrossmode 3! is the Bloch domain-wall resonancemode
calculatedfrom a 1D model Ref. 18 for ideal stripe domainsas
describedn thetext.-b! Thethicknessdependencef theresonance
®eldsfor mode~1! at f5 9.2,12.6,and 14 GHz.

this v2 H dispersionis the samein characterfor all thick-
nessesdiffering only in the precisevaluesof the resonance
®elds.

ThicknessdependenceAt higher frequencies(K band,
the resonance®eldsof modes~1! and 2! shownin Figs. 2
and5 arevery closeandthe questionmay arisewhetherit is
the samemode which is weakly excited at both pumping
®eld con®gurationsX! and (Y). However, from the thick-
ness dependenceof H,.s shown in Fig. 6a for f
5 23.6 GHzthesemodesdevelopvery differently. While the
resonance®eldH,.s of mode-1! is alImostconstantH, g of
mode 2! as well as of all other modesdecreasedinearly
~with differentslopes upondecreasinghickness Of particu-
lar noteis the drasticchangen the slopeof modes-3! to ~7!
below t5 60 nm, which coincideswith the boundarybe-
tweenregionl andll, seeFigs.3 and4, at which the canting
of the domainmagnetizatiorinto the ®m planesetsin.

V. DISCUSSION

In the past,the dynamicpropertiesof stripedomainshave
been studiedintensively, experimentally,and theoretically,
for high-Q magneticoxidessuchasGarnetandFerrite ®ms
~bubble material$,'**® however, not many investigations
arereportedin the caseof low-Q materials’*?*??In the limit
of high-Q values-negligibly thin, 1D Bloch walls! two fun-
damentakxcitationsexist: the domainresonancenode-DR!
which containsan acousticandan optic branch’*® andthe
Bloch domain-wall resonancemode -BDWR!.161820 These
modeswill alsobe presentin the stripe domainstructureof
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the Co ®Ims,however,the presenceof the ux closurecaps
will modify the resonancérequenciesandresonanc®elds
aswell asthe domain-wallresonancenodecharacter.

Before addressinghe possiblecharacterof the observed
modes,it shouldbe mentionedthatthe resonance®eldof all
modesshownin the v2 H dispersionin Fig. 5 is smaller
than the in-plane saturation®eld (Hg,;5 7.5 kOe for t
5 76 nm). Similarly, in Fig. 6-a the resonance®eldof all
modesis lower thanthe saturation®eldH,; ~dashedine!,
exceptfor mode~1! below 44 nm. Thereforethesemodes
haveto be associatedvith the stripe domain structureand
will be analyzedn the following in this respectln addition,
the visibility of thesemodesonly in a speci®pumping®eld
con®gurationindicatesthat they are featuresintrinsic to the
complex magnetizationdistribution of the stripe domain
structure.The very systematicthicknessand frequencyde-
pendencef thesemodesthereforere ectsthe changef the
local internal ®eldswith thicknessand appliedbias®eld.

It is alsomentionedhatadditionalmeasurementsith the
bias ®eldvarying from in planeto out of planerevealthat
only modes-1! and-2! continueto the uniform modereso-
nanceof the perpendicularsaturatedstate, while all other
modesdecreasén intensityandvanishat someintermediate
®eldangle.Moreover,at perpendicularesonancevith H, e
. Hgat noindicationfor the excitationof exchangemodes
acrossthe ®Imthicknessis observed.

Finally, the multiplicity of the modesis not consistent
with interfaceinhomogeneitieor with a restrictedpenetra-
tion depthof the h,; ®elddueto a ®niteskin depth.The skin
depth at resonancdies on the order of severaltens of a
nanometef3 which guaranteegxcitationof the ux closure
cap spins as well as the domain center spins?* However,
effectsof surfacepinning andthe ®niteskin depthshouldbe
consideredfor an exactevaluationof the resonancecondi-
tions and extractionof magneticparameter$® This lies be-
yondthe scopeof this work. More importantis to arrive ®rst
at a qualitative understandingf the fundamentalcharacter
of the variousmodes.

VI. DOMAIN RESONANCE MODES

A. Acoustic and optic domain modes

Considering®rstthe domain resonanceDR! modes.In
the caseof high-Q materials(Q. 1) with nearlypureBloch
domainwalls, the up and down domainsare regionswhose
magnetizatiorandinternal®eldscanbe consideredsalmost
uniform. Hence the magnetizationinside the domainscan
perform a uniform modelike precessionwhere the preces-
sions in adjacentdomainsare coupled via dipolar ®elds,
leading to an acoustic and optic domain resonance
brancht’*® Thesedomain resonancenodescan be selec-
tively excited by the pumping con®gurationsX! or ~Y! as
indicatedin the pumping schemeof Fig. 1. This selective
excitation is basedon the requirementthat energyis ab-
sorbedonly whenthetotal dynamicmomentm,,; hasa com-
ponentparallel to the pumping ®eld, m;,+h,¢3 0.2° For a
de®nitionof my,, seethe top view in Fig. 7 showingsnap-
shotsof the precessionainotion.
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FIG. 7. A schematidllustration of the precessiorof the domain
magnetizatiorfor ~a the acousticand -b! the optic domainreso-
nance mode. The plus and minus signs indicate the dynamic
chargegyiving riseto the dynamicdipolar ®eldsh, andh, . Thetop
view to the right indicatesthe precessionainotion of the dynamic
momentsm"* asseenfrom the top surfacem” of the left domain
precessesounterclockwiseand m* of the right domain precesses
clockwise. o

In the acousticDR mode the magnetizationin both do-
mainsis in phaseperpendiculato the walls @ositions1 and
3 of topviewFig. 7-al# while it is out of phasen positions2
and4. The latter positionsleadto a variation of the domain
surface charges,indicated by the plus and minus signs,
which give rise to the dynamic dipolar coupling ®eld h,,
indicatedby the open arrow. Thesedynamic dipolar ®elds
add to the restoringtorque and enhancethe precessiorfre-
quency.In a similar way, the out of phaseprecessionat
positions2 and 4 for the optic mode, Fig. 7-b!, leadsto a

chargingof the domainwalls (* M5 0 acrosshewall! anda
dipolar coupling®eldh, whichis in phasewith the restoring
torqueandthusenhanceshe resonancdrequency.

It is notedthat the assignmenof the acousticand optic
DR modeis chosenwith respecto the appliedbias®eldH,
orientation,in planeandparallelto the stripes.It guarantees
thatthe acousticmodecontinuesasthe uniform FMR mode,
whenfor alargeenoughin-planebias®eldthe stripedomain
structureis wiped out and the ®Im is uniformly in-plane
magnetized.

B. Domain resonancemodesin Co,0001..

From the sevenmodesobservedior Co-0001 at K-band
frequencies23 GHZ ~seeFigs. 2, 5, and 6!, modes-1! and
~2! areidenti®edasthe acousticandoptic domainresonance
modes respectively This assignmenis basedo oneparton
the pumping ®eld con®gurationin which thesemodesare
excited~compareFig. 1! andto anotherpart on the follow-

ing:
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- As shownin Fig. 4-al, the domainstake up the largest
volume fraction of the spin con®guration(. 75% for t
. 44 nm). Consequentlythe DR modesshouldgive rise to
the strongestabsorptionpeaks.From Fig. 2 it can be seen
that mode ~1! in con®gurationX! is the highestintensity
mode at all frequenciesvhereasmode 2! in con®guration
~Y! is seento be strongat Ku band.This suggestghe inter-
pretationof mode~1! asthe acousticDR modeandof mode
2! asthe optic DR mode.The reductionof the intensity of
mode ~2! at higher frequenciescan be understoodthrough
the weakercouplingof the pumping®eldto this mode.At K
band, the resonance®eldsare rather high and the domain
magnetizationis substantiallycantedinto the ®Im plane.
Hencethe perturbativetorque,M 3 h,; , of the pumping®eld
in con®guration~! decreasesind with this the absorbed
energy.

- Theacousticnodehasto developinto the uniform FMR
mode once the domain structureis wiped out by a strong
enoughin-plane ®eld. From the thicknessdependenceof
mode-1!, Fig. 6-4l, it is seenthatonly mode~1! crosseghe
boundaryH,,; ~dashedine! from the stripe domainstateto
the homogeneouslyin-plane magnetizedstate con®rming
that mode~1! developsfrom the acousticDR modeinto the
uniform FMR mode. This developmentof mode 1! is
clearly pronouncedat lower frequenciesas shownin Fig.
6-b! for f5 9.2,12.6,and14 GHz. Above 44 nm, in regions
I andllb of Fig. 3, the magnetizationprocessesre domi-
nated by the out plane magnetizationcomponent.In this
thicknessrangethe resonance®eld is almost constantand
corresponddo the acousticDR mode excitation. Below 44
nm, regionsllb andlll, the in-plane componentdominates
@ompareFig. 3-€l# andthe resonanc&®eldrisestowardsits
in-planeuniform modevalue.

C. DR modesand high-Q 1D model

The frequency-®eldlispersionof the domainresonance
modes can be obtained almost analytically for high-Q
materialst® In this casethe domainmagnetizatiorof the up
anddowndomainsis representethy a 1D macrospinandthe
domainsare separatedy negligibly thin 1D Bloch domain
walls. For detailsseeRef. 18.

The frequency-®eldlispersionas derivedfrom this high-
Q 1D calculatiort® using the parametersof Co-0001 is
shownin Fig. 8-a for the acousticand optic DR modes
“ined together with the experimentaldata (t5 84 nm)
~pointd. At high frequenciesthe calculatedacoustic-mode
dispersionis continuedby the uniform in-plane magnetized
dispersionandis in agreementvith the experimentabata.

The almost quantitative agreementseenat K-band fre-
guencies24 GHZ! of the acousticand optic DR modesof
Co0001 with the high-Q modelis found for all Co-0001
®Imsin the thicknessrangel. At K bandthe resonance®eld
hasvaluesbetweend and 5 kOe, a ®eldat which the mag-
netizationinside the domainsandthe "ux closurestructure
hasrotatedalreadyconsiderablyinto the applied®elddirec-
tion andatwhich theinternaldemagnetizatio®eldH 4, does
not vary much acrossthe ®m thickness;seeFig. 4-d!. This
in-plane cantingthus reducesthe effect of the "ux closure
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FIG. 8. ~a Comparisorof the experimentafrequency-®eldiis-
persionfor t5 84 nm of the acousticand optic domainresonance
modes~full dots and opensquarekwith the dispersioncalculated
from the high-Q 1D model Ref. 18 for ideal stripe domains
~ined. -b! Experimentalzero-®eldfrequencysplitting Df, as a
function of ®Im thickness.

caps@eealsocontourmap Fig. 4~!# andthe magnetization
distribution approacheshat of an ideal stripe domainstruc-
ture at the respective®eldvalue.In this case the calculation
of the high-Q modelwill provide a reasonablestimatefor
the DR modes,asseenin Fig. 8-a.

In contrastat low-frequencyand®eldvaluesthe "ux clo-
sure caps are pronouncedand strong deviationsfrom the
high-Q model are expected.Due to the different internal
®eldsinsidethe domainsandthe ux closurecaps,the latter
do not participatein the domainresonancescillations.Con-
sequentlythe domainsurfacechargegemainessentiallyun-
alteredin the acoustic-moderecessior@ompareFig. 7-al#
Similarly, the broad "ux closure capsreducethe domain-
wall surfacecharging effect for the optic type precession
@ompareFig. 7-b'# In total, the effect of the "ux closure
capsshould be a ““screening"of the dynamic dipolar cou-
pling betweenthe adjacentdomainssuch that they appear
dynamicallyasdecoupledThis may explainthe experimen-
tally observedcheardegeneracyf the acousticand optic DR
modesat low ®eldsandfrequencieseenin Fig. 8-al. How-
ever, this explanationdoesnot hold consistentlyfor all t. In
Fig. 8! the zero-®eldrequencysplitting Df, betweenthe
acousticand optic DR modesshowsa relatively strongin-
creaseupon reducingt. Theseinconsistenciesndicate that
other dynamic restoring torques must be presentwhich
modify the precessionfrequency.Thesemay arise for ex-
amplefrom the inhomogeneousliemagnetizatio®eldsH 4,
as shownin Fig. 4~d!, which vary parabolicallyacrossthe
®Im thicknessat low ®eld valuesand can give rise to an
inhomogenougprecessioramplitude and thus to additional
dynamicexchangeanddipolar torques.

VIl. DOMAIN-WALL RESONANCE MODES AND FLUX
CLOSURE EXCITATIONS

A. Bloch wall resonanceand “exure modes

Domain-wallresonanceThe secondype of excitationsin
a stripe domain structureis the oscillation of the domain
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FIG. 9. ~a The threelowest order exure type oscillationsof
high-Q twisted wall structuresfrom Ref. 27!. In the n5 0 mode,
the amplitudeof the wall oscillationis largerat the surfacethanin
the ®Im center,whereast is reversedn the caseof n5 2. For the
n5 1 mode,thewall partsat the top andbottomsurfaceoscillatein
oppositedirections.~b! The correspondingvall resonancenodesof
low-Q "ux closurestripe domains.

wall1#16:18.2055 3 whole aroundits equilibrium positionat a

frequencyv 5 A/m. Herek is arestoringforce constantand

m an effective wall mass.In the stripe domain structure,a

displacemenbf the domainwall from its equilibrium posi-

tion disturbsthe balanceof the demagnetizatior®elds,re-

sultingin a pressureon the wall which will drive it backinto

its equilibrium positiont*?° ~estoring pressure Further-
more,the energyof a wall moving at velocity v is increased
with respectto the restingwall.}**® This additional energy
canbe expressedn form of a kinetic energy,denotingthata

moving wall containsan inertia or inertial massm,'#1%2°
Hencethe wall can performharmonicoscillationswhen ex-

citedin a perpendiculapumpingcon®gurationZ! asshown
in Fig. 1.

Flexure modes Even for high-Q materialsslight devia-
tions from the pure Bloch domain-wallstructureexist at the
®Imsurfacewherethewall spinsaretwistedperpendiculato
the wall plane!*1® seeFig. 9-al. However,thesedeviations
canbe consideredasa small perturbatiorof the domain-wall
structurealong the thicknesswithout a substantiabroaden-
ing of thewall. SlonczewsKi® hasshownthatin this casethe
domainwall canundergo exural-type oscillationswherethe
oscillation amplitude varies acrossthe ®lm thickness.The
three lowest order modesare indicatedin Fig. 9-a. These
modeshavebeencon®rmedexperimentallyfor high-Q gar-
net®Ims®*2

Sincethe domain-wallmassm dependsensitivelyon the
internal wall energy*1>2%29and thus on the total domain-
wall pro®le,the pronouncedux closurecapsin the low-Q
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FIG. 10. Comparisonof the experimentalfrequency-®eldlis-
persionfor t5 84 nmfor modes-3! and-6! excitedin con®guration
Z ull triangle$ with the dispersiorof the Bloch domain-wallreso-
nancemode calculatedfrom the high-Q 1D model -Ref. 18! for
ideal stripe domains-ine!.

Co-0001 ®Imsmustbe describedby a wall massdiffering
from the one of the Bloch part in the ®Im center.This is
illustrated schematicallyin Fig. 9-b!. With this, two almost
independentmodesshouldbe excitedin pumpingcon®gura-
tion (Z), aBloch domain-wallresonanceBDWR! aswell as
a ux closureresonanceFCR. They canberegardedasan
extremelimit of then5 0 andn5 2 “exure modesfor high-
Q materialst® seeFig. 9-b!, with n5 0 correspondingo an
oscillationdominatedby the "ux closurecapsandn5 2 cor-
respondingto an oscillation dominatedby the Bloch part.
Similarly, in con®guratior{Y), the analogof then5 1 "ex-
ure modeis predicted,which involves an asymmetricalis-
placementshearing of thetop andbottom ux closurecaps.
This mode is therefore called the " ux closure shearing
mode." Thesethree modesare indicatedin the pumping
schemeof Fig. 1 in therespectivecon®gurationsY! and(2).

Comparisonto experimentin the experimentwo modes
~3! and-6! areexcitedin pumpingcon®gurationzZ! andtwo
modes-2! and-5! in con®guration(Y), wheremode-2! is
identi®edas the optic DR mode. From these excitations,
mode-3! is associatedvith the domain-wallresonancenode
by the following comparison.

In regionl, the resonanc&®eldsof mode-3! havevalues
between3 and4 kOe; seeFig. 6-al. Similarly to the conclu-
sionsdrawnfor the DR modes,in this ®eldrangethe mag-
netizationis substantiallycantedtowardsthe bias®elddirec-
tion n planeand parallelto the striped inside the domains
aswell asinsidethe "ux closurecaps.With this, the Néel-
like structure of the "ux closure caps transformsinto a
Bloch-like structureandthe magnetizatiorpro®Ileof the do-
main wall is smoothedacrossthe ®Im thicknessand ap-
proacheghe 1D Bloch wall con®guratiorat the respective
®eldvalue.In particular,asseenfrom the 2D micromagnetic
calculation Fig. 4-€!, the effective Bloch wall height in-
creasesHence,for the Co-0001 ®Imsat high ®elds~re-
quenciets and for t. 60 nm, a reasonablesstimateof the
resonancdrequencieshouldbe providedby the high-Q 1D
calculationof the BDWR.*® Thesecan be derivedusingan
approachsimilar to the one indicatedin Sec.VI C for the
domainresonancenodesseeRef. 18 for details. In Fig. 10
this high-Q 1D calculationis comparedo the frequencieof
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modes-3! and 6! excitedin con®gurationZ). The calcu-
lated frequenciesare closeto mode-3! at high frequencies
and®elds.This agreements found for all samplesn region
| fort. 60 nm,asshownin Fig. 6-a! by thefull line through
mode-3!, andsuggestshatat high frequenciesnode-3! can
be describedby the formalism of the Bloch domain-wall
resonance.

Below 60 nm, the onsetof the in-plane canting of the
domainmagnetizatiorat zero ®eld,seeFig. 4-al, accompa-
nied by a broadeningof the Bloch wall partwill changethe
restoringforces as well as the domain-wall mass.This ex-
plains qualitatively the drasticchangein the slope of mode
3! below 60 nmin Fig. 6-al. Similarly, the deviationsfrom
the calculationsin Fig. 10 at low ®eld-andfrequenciekre-
“ect that at low ®eldthe "ux closure capsare well pro-
nouncedandwill be describedoy a wall massdifferentfrom
the Bloch part. Upon reducingthe ®eldthe BDWR will then
developinto either a dominantBloch or a dominant ux
closurecapresonancecompareFig. 9. In light of the short
Bloch domain-wallheightat zero®eldshownin Fig. 4-¢!, it
is more likely that the oscillationis dominatedby the "ux
closuredomains.This would be consistenwith the decrease
of theresonancérequencyin Fig. 10, indicatinganincrease
in the wall mass.

B. FC core resonance

As shownin Fig. 4!, the volume fraction of the "ux
closurecore~+C cord at zero®eldis of the orderof 5+6 %
fort. 60 nm.This ux closurecoreis analmostdomainlike
regionwith a dominantm, componentwhich is suf®ciently
largeto give riseto a measurabl&MR absorptionpeak.The
correspondingesonances referredto asthe " ux closure
coreresonance"andcanbe excitedin the pumpingcon®gu-
rations~Y! and(Z). In con®guratiorf{Z), this is anacoustic-
type precessiorandin con®guration! this is an optic-type
precessionjeadingto small differencesin dipolar coupling
®elds.The precessionaimotion is indicatedin Fig. 1 at the
bottom of the pumpingcon®gurationZ!.

Looking at the frequencyand thicknessdependencef
mode-5! @xcitedin con®gurationY)# and mode 6! @x-
cited in con®guratior(Z)#it is observedhat the resonance
®eldsof thesetwo modeslie alwaysvery close,in particular
they showthe samethicknesslependenceseeFig. 6-al. This
indicatesa relatedmodecharactessuchasis expectedor the
domain resonancelikeprecessionof the FC core. Further-
more, the drop of the resonance®eld to zero below t
5 60 nm of thesetwo modes,Fig. 6-al, is consistentwith
thedrop of the FC corevolumeobtainedfrom the micromag-
netic calculations;seeFigs. 4-al and4-b!. This drop of H, s
contraststhe behaviorof the domain-wall resonancenode
3!, which continuesto exist well below 60 nm.

The resonancedrequencyfor the FC core mode can be
estimatedfor zerobiasH, in analogyto the frequencyof a
homogeneoulsy in-plane magnetized ®m by v/g
5 Ay, (Hg,2 Hefr). Here,Ho is the effective perpendicu-
lar uniaxial anisotropy®eldH 5 H,2 4pMg. Hy, repre-
sentsan additional in-plane uniaxial ®eld given by the de-
magnetization®eld due to the ®Im surfacechargesand the
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“ux closurevolumechargeslt is responsibldor thein-plane
orientationof the magnetizatioralongthe x directioninside
the ux closurecore.Fromthe experimenty /g extrapolated
to zero ®eldlies in the range of 516 kOe, from which a
demagnetizatio®eldH 4, of 2+3 kOeis calculatedusingthe
aboverelation. This is of the order of the demagnetization
®eldsobtainedfrom the 2D micromagneticsimulations.The
regionwith Hy,. 2 kOe correspondsoughly to the region
of m,. 0.9 de®nedas the FC core. However,it should be
notedthatthis is only a very roughestimateandthatH, is
inhomogeneoutakingvaluesof up 6 kOe atthe®Imsurface.

C. FC shearing mode

Having associatedn con®gurationY! mode-2! with the
optic DR mode and mode 5! with the FC core resonance
leavesthe FC shearingmode @eeFig. 1 (Y)# derivedfrom
the analogyof then5 1 “exure modeFig. 9, still to be sub-
stantiatedexperimentally.Since no additional excitationin
this con®guration! is found up to K band, this indicates
that the correspondingesonancdrequencyat which sucha
modesetsin lies somewherén the rangebetween24 GHz
~upperK band and34 GHz (Q band. Suchhigh frequencies
may be relatedto the shearingof the "ux closurecapswhich
increaseghe tensionof the Bloch walls.

D. FC breathing mode

Similarly to the pumping ®eld ~Z! which increasesand
decreasegeriodically the up and down domain sizes, a
pumping®eld~X! will periodicallyincreaseanddecreas¢he
size of the "ux closurecore. This leadsto an oscillation of
the two 90E subdomainwalls, separatingthe “ux closure
corefrom the domainregions.This modeis indicatedby the
dottedline in Fig. 1 X! andis referredto asthe *"capbreath-
ing mode."

From the pumping schemeof Fig. 1 X! two modesare
predicted,but experimentallythree modeswere evidenced.
Having associatednode ~1! with the acousticDR mode,
leaveseithermode~4! or mode~7! to be associateavith the
FC breathingmode. The origin of the third modein this
con®gurationis currently not clear. It is notedthough,that
recentexperimentson FePdthin ®mg! reveala very similar
sequencef threeresonancebsorptionpeaksin con®gura-
tion (X), demonstratingthe generality of the existenceof
such modes.Furthermoreit is notedthat at low ®eldsthe
very inhomogeneousnternal demagnetizatio®eldH, in-
sidethe domains,ndicatedby the contourplot Fig. 4!, can
give rise to an inhomogeneougrecessioramplitudein the
normal acousticand optic mode. Furthermore,it can give
riseto the possibility of the excitationof higher-ordemodes
whoseprecessiorfrequencyis determinedby contributions
from dynamic exchangeor dipolar ®elds.An examplefor
sucha situationwas describedearlierin Ref. 30.

VIIl. SUMMARY

An experimentalapproachbasedon ferromagneticreso-
nanceis describedfor the study of the linear ~small ampli-
tuded dynamicsof nonhomogeneoushagnetizatiordistribu-
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tions. Ferromagneticesonances a well suitedtechniqueto

study suchexcitations,sinceby meansof the conditionsM

3 h,¢3 0 of Sec.lV A andmy,h,:3 0 of Sec.VI A, avaria-
tion of the pumping®eldorientationpermitsusto selectively
excite different fundamentalmodesand thus to selectively
obtain information on the propertiesrelatedto regionsas
smallasdomainwalls. Applying the conceptto the "ux clo-

surestripedomainstructure,a numberof excitationsarede-
rived which are summarizedn the pumpingschemeof Fig.

1. Some of thesemodesbear resemblanceo the “exural

modesof the high-Q materials,Fig. 9, but also new modes
are predicteddueto the extendedhatureof the walls.

From the experiment,performedfor different pumping
®eld orientationsand as a function of pumping ®eld fre-
guencyand®Imthicknessa rich excitationspectrumis evi-
dencedfor the Co0001 stripe domain structure.The ob-
servedmodescan be classi®edaccordingto the pumping
schemeof Fig. 1 in combinationwith the information ob-
tainedfrom the static propertiesobtainedfrom MFM imag-
ing, SQUID magnetometry,and static 2D micromagnetic
simulations.

While a qualitativedescriptionof thesemodesis given, a
guantitativedescriptionof the frequency-®eldlispersionis
missing,requiring new approachesvhich go beyondthe ex-
isting analytic 1D high-Q model® and the static 2D micro-
magneticsimulationsusedhere. First resultshave beenre-
ported recently® for the zero-®eld excitations using
dynamical2D micromagneticsimulations which needto be
extendedto include the ®eld dependenceA quantitative
evaluationof the observedspectrawill thenprovidea means
to evidenceandanalyzecomplexmagnetizatiordistributions
not accessiblédy currentdomainimaging techniques.
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APPENDIX: 2D MICROMAGNETIC CALCULATIONS

Forthe calculationof the magnetizatiordistributionof the
Co stripe domain structure,a discretizationschemeintro-
ducedby LaBonté? was used.The discretizationconsistsof
in®nitelylong squareprism with a discretizationlattice con-
stantof 2 nm, which is smallerthanthe exchangdengthfor
Co 4.9 nm!. The magnetizationwas taken constantinside
eachprismcell. The magnetizatiordistributionwasobtained
upon numericalintegration of the Landau-Lifschitz-Gilbert
equationwith respecto time, usingfor the dampingconstant
a5 1 since only quasistaticsolutions are of interest. The
integrationwas performedusing the explicit Euler method
~forwardtimel. At the free surfacesthe Neumannboundary
conditionwereimposed.The demagnetizatio®eldwas cal-
culatedusingfast Fouriertransforms.The correspondingo-
ef®cientof the demagnetizatio®eldweremodi®edaccord-
ing to Ref. 33in orderto includethe periodicity of the stripe
domain structure. The calculation was stopped,when the
maximum torque was smaller than a prescribedtolerance.
Sincefor eachcon®gurationthe domainwidth L -~or period
2L) is an input parameterL. wasdeterminedupon calculat-
ing the total energyasa function of L. The optimumdomain
width is thengiven by the minimum of total energy.
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