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Combinedstudiesinvolving magneticforce microscopyandmicromagneticsimulationsareusedto
investigatethe domainwall structurein epitaxial Co(1049) thin ®mswith strongin-planeuniaxial
magneto-crystallinanisotropy This letter showsexperimentaevidencethat, for sucha systemthe
domainwall structuretransformsfrom an asymmetricBloch wall into an asymmetricNéel wall
upondecreasinghe ®mthicknessrom 100to 20 nm. This transitionoccurswithout cross-tiewall
formation.Furthermoreit is found that from the four possibleenergeticallyequivalentasymmetric
Bloch wall con®gurationgnly two arestabilizedalonga singledomainwall. For a givenwall, the
transitionfrom one con®guratiorto the otherinvolvesthe simultaneouseversalof the polarity of

the Bloch coreandthe Néel cap. « 2000 Americaninstitute of Physics.
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The applicationof small magneticelementsn high den-
sity data storagerequiresa detailedunderstandingf their
magneticmicrostructure For in-planemagnetizedhin ®Ims,
the spincon®guratiof domainwalls hasatwo dimensional
structuredue to the magneto-staticstray ®eldsat the ®Im
surfaces*® The details of the wall con®gurationsare
strongly dependenbn the ®Im thicknessas well as on the
ratio, Q, betweenthe anisotropyenergyK, andthe demag-
netizationenergy2p M2 (Q5 K,/2pMZ). Many experimen-
tal aswell asnumericalstudieshavebeenperformedfor soft
magneticmaterial§*’ such as Permalloy (Q. 2.53 107 %).
For very thick ®msthe wall is dominantlyBloch-like in the
®Im centerand terminatedby Néel capsat the ®Im surface.
Upon reducingthe thickness.this wall turnsinto an asym-
metric Bloch wall ~vortex wall!, theninto a complexcross-
tie wall and®nallyfor very thin ®Imsinto a symmetricNéel
wall.* Cross-tiewalls are modi®edNéel walls, in which the
180Ewall transitionsare partially replacedby energetically
morefavorable90Etransitions This resultsin a deviationof
the magnetizatiorirom the easyaxisinsidethedomains.The
increaseof the anisotropyenergydueto this deformationis
negligible for low-Q materials.This will not be the casefor
materialsin which the anisotropyenergyis comparableto
the demagnetizatioenergy.

Not many experimentalstudiesexist for materialshav-
ing a strongin-plane uniaxial anisotropycomparableto the
demagnetizatioenergy Jeadingto a moderateQ factorclose
to, but still smallerthanone?® In this letter, it is shownex-
perimentallythat for epitaxial Co(lOéO) thin ®mswith Q
5 0.4 the domainwall structuretransformsfrom an asym-
metric Bloch wall into an asymmetricNéel wall upon de-
creasingthe ®Im thicknessIn contrastto soft magneticma-
terials, this transitionoccursfor the Co ®msat muchlower
thicknessessinceit is determinedby the Bloch wall width
parameter. The enhancedanisotropy, which leads to a
smallerdomainwall width, scalesthis transitionfrom Bloch
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to Néel wall and preventsthe formation of cross-tiewalls.

The epitaxial Co ®mswere grown by e-beamevapora-
tion underultrahighvacuumconditions.An initial 20 nm bcc
Cr-211 buffer layer was depositedat 400EC directly on an
MgO-110 substrateallowing to stabilize the (1049) hcp
structureof the Co layer with the ¢ axis in the ®Im plane.
The Co layeritself wasdepositedat the sametemperaturen
top of the Cr buffer and was cappedwith a 4-nm-thick Pt
layer ~depositedat room temperatureto preventoxidation.
The crystal quality was con®rmedoy in situ re ection high
energyelectrondiffraction andex situ x-ray diffraction mea-
surementsindicatinga very low spreadf thein-planec axis
of the hcp Co ®Ims® From magnetometrieneasurementthe
magneto-crystallineanisotropy was determined (K5 4.8
6 0.33 10° erg/cn?). The homogeneityof the ®lmsare fur-
thermorecon®rmedby hysteresisloop measurementg-or
®eldsapplied along the easyaxis, the hysteresidoops are
squarehavinga low coercivity-50+4000€ comparedo the
anisotropy®eld-8+9kOe!. This indicatesthatthe reversalis
governedby a domainwall nucleationand propagatiornpro-
cesslt is notedthatthe coercive®eldincreasesvith decreas-
ing ®Im thicknessand correlateswith the wall energyde-
ducedfrom micromagneticcalculations.

In orderto deducethe spin con®guratiorof the domain
wall as a function of ®Im thickness,numericalsimulations
were performed. Thesecalculationsare basedon the two
dimensional.aBontemethod in which the continuousmag-
netizationdistributionis discretizedinto in®niteprismswith
uniform magnetizationseeFig. 1-al. Theseprismshave a
squarecrosssectionwith a lattice constantof 2 nm, smaller
thanthe exchangeparametel(l .,5 AAex/(Zp Msz) for Cois
3.37nml. Thetotal free energyof the domainwall is evalu-
atedtaking into accountthe magneto-crystallinenisotropy,
the exchangeenergyand the stray ®eldenergyfrom which
the total local effective ®eld Hoy is evaluated*® The
Landau-Lifshitz-Gilbertequation
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FIG. 1. A schematishowingthe coordinatesystemandthe geometryof the
discretizationscheme-al. The line pro®lesof all threemagnetizatiorcom-
ponentstakenperpendiculato the wall alongthe centerplane-b! andthe
surfaceplane~¢!. The material parameteraisedin the simulationare: ex-
changeconstantA,,5 1.43 107 ® erg/cm, anisotropyconstantk ;5 53 10°
erg/cn? andsaturationmagnetizatiorM (5 1400 emu/cnd.

m
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is integratednumerically by an explicit schemeunder the
constraintof un(r,t)#5 1 and using a time stepof 0.1 ps.
Theterm g is the gyromagneticatio and a is the damping
parametewhich is settledto 1.0. 1t wasfoundthatthe value
of a doesnot alterthe ®nalstablemagnetizatiorstate'® The
equilibrium domain wall con®gurationis reachedwhen
the largest residual value of the normalized torque
un3 HsU(4pMy) is lessthan 107 6. The stability of each
solutionis checkedby slightly perturbingthe ®nalstatewith
a randommagnetizationuctuation. For the stablesolutions
obtained the self-consistency parameter S de®ned by
Aharoni!? differs from unity by 0.01%

Typical line pro®legperpendiculato thewall areshown
in Figs.1-b! and1~¢! for all threemagnetizatiorcomponents
taken along the center plane as well as along the surface
plane-the ®Im thicknessis 100 nm!. For this thickness the
domainwalls in the ®Im centerare dominantly Bloch-like,
expressedy the fact thatthe m, componentbf the magne-
tizationremainszero @ig. 1-b!, full line# This Bloch partis
terminatedby an asymmetricNéel cap at the ®Im surface,
expressedby the nonzerom, componen@®ig. 1!, full line#
However, the m, componentat the ®m surface does not
vanish, which meansthat the Néel cap retainssomeBloch
characterHence,a complete ux closuresuchasin FeNi
®Imsdoesnot developwhich is dueto the strongeruniaxial
anisotropyin the Co(lOéO) ®Ims.

The calculatedwo dimensionakpincon®guratioinside
the domainwalls is shownin more detail for threedifferent
thicknessen Fig. 2-al: t5 100,50,and20 nm. The con®gu-
ration of the 50 nm wall is qualitativelythe sameasthe one
of the 100 nm wall, with a dominantBloch wall of reduced
lengthandan asymmetricNéel cap at the surface.For these
walls two con®gurationexist, an ~°S" shapeanda ~"C"
shapeasindicatedin the schematioof Fig. 2~al. For 20-nm-
thick ®msthe S shapecon®gurationis stabilized, corre-
spondingto anasymmetridNéel wall. In this case the vortex
of the C shapewould increasdhe exchangesnergyabovethe
gain in demagnetizingenergy.In contrast,for thicknesses
above20 nm a C shapecon®guratioris favoredwhich cor-
respondgo an asymmetricBloch wall.
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FIG. 2. ~a The calculated spin con®gurationof the domain walls in
Co(lo'ﬁ)) thin ®Imsfor t5 20, 50,100 nm. Thetwo con®gurationgenoted
by S andC areschematicallysketched-b! The MFM imagescorresponding
to the samethicknessasin -al. Thewalls wereinducedafter saturatingn a
®eld perpendiculartto the ®Im plane.~! The correspondingexperimental
line pro®lesof the image contrasttakenalong a line perpendicularto the
wall asindicatedin -b!. ~d! The simulatedline pro®lecalculatedfrom the
interactionbetweera pyramidaltip andthe stray®eldscorrespondindo the
magneticcon®gurationshownin ~al. To takeinto accountthe convolution
effect, a large numberof 20 planeswas chosento modelthe pyramidaltip
~seeRef. 121

Magnetic force microscope-MFM! imagesof the do-
mainwalls for thesethreethicknessesireshownin Fig. 2-b!.
The walls appearas dominantlyblack lines betweenantipa-
rallel ““gray" domains.Since MFM is sensitiveto the stray
®eldsemanatingrom the samplesurface the magnetization
distribution inside the sample cannotbe directly deduced.
However,the asymmetricdomainwalls studiedherecontain
aBloch corein the ®m centeranda Néel surfacecapwhich
eachhave a characteristicchargedistribution generatinga
speci®cstray ®eld distribution sensedby the MFM tip. In
particular, for all three thicknesseghe interactionwith the
Bloch partdominatesgiving rise to a strongsymmetriccon-
trast.In our casewhite contrastdenotegepulsiveinteraction
for Bloch walls pointing upwardsandblack contrastdenotes
attractiveinteractionfor Bloch walls pointingdownwardsin
contrast,the stray ®eldsfrom the Néel cap give rise to a
blacktwhite double contrast,indicating its rotation sense.
For the 100-nm-thick®Im, with a pronouncedBloch core,
the experimentalline pro®leshownin Fig. 2! is almost
symmetric, with a slight asymmetry.This asymmetryin-
creasesvith decreasin@Imthicknessdueto the decreasef
the Bloch core fraction. The asymmetryis very pronounced
for the 20-nm-thickCo ®Im showinga white borderadjacent
to the black Bloch part. This double contrastindicatesthe
formation of an asymmetricNéel wall.

In order to comparethe measuredine pro®lesof the
domain walls shownin Fig. 2~¢! with the calculatedspin
con®guratiorshownin Fig. 2-al, the MFM responsewas
modeled.lt is notedthatthe MFM usedwas equippedwith
CoCr coatedSi cantileversof pyramidalshape,magnetized
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FIG. 3. & The MFM imageof a 50-nm-thick Co ®Im after perpendicular
demagnetizationThe domainwalls contain segmentf alternatingblack
and white contrasts.Theseindicate opposingBloch core orientations.The
four possibleBloch core and Néel cap polaritiesare sketchedn -b!. <! A
zoom of the alternatingwall contrastsand the correspondindine pro®les.
The sign as well asthe asymmetryof the line pro®lechangeupontransition
from a black to a white segment~d! The deconvolutionof the simulated
asymmetricline pro®lesshowsthe Bloch contribution B! and the Néel
contribution~N! to the contrast.

alongthetip axis. The simulatedine pro®lewasobtainedby
computingthe magneticforce gradientgeneratedy the spin
con®guratiorof the wall.}?*3 The resultsare shownin Fig.
2~d! and reproduce qualitatively the experimental line
shapesbut not quantitativelythe wall width. The convolu-
tion effectfrom the pyramidaltip shapewith the long range
dipolar stray ®eldsproducedby the domainwalls doesnot
allow a quantitativeanalysisof the experimentaline pro®le.
This convolutioncan be simulatedby varying the tip shape
betweena single dipole tip and a pyramidaltip constructed
from a number of planes.The linewidth pro®le increases
with increasingnumberof planes.However,the form of the
pro®leitself is not affectedallowing a qualitativeinterpreta-
tion of the line pro®lesde®nedy the Bloch and Néel wall
contributions.It shouldbe mentionedthat a directin uence
of the MFM tip on the magnetizatiordistributionof the wall
andvice versahasbeenneglectedo a ®rstapproximationn
the calculation.This is justi®edby the fact thatno signi®cant
distortionof the asymmetryof the line pro®lescould be evi-
dencedin the experiment.

In summary.from all measurementperformed@clud-
ing the as-grownvirgin state, the state of perpendicular
remanencefig. 2! andthe stateof perpendiculademagne-
tization ~Fig. 3 belowl# it is concludedhat upondecreasing
the ®Im thicknessfrom 100 to 20 nm an asymmetricBloch
wall transformsinto an asymmetricNéel wall without for-
mation of a cross-tiewall.

For the asymmetric Bloch wall, four energetically
equivalentchiralities of the C shapeexist which are shown
schematicallyin Fig. 3-b!. They are distinguishedby the
polarity of the Bloch wall ~up or down andby the Néel cap
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rotationsense<lockwiseor counterclockwisk Fora50-nm-
thick ®Im, the contrastis dominatedby the Bloch core. An

inversionof the Bloch orientationinverts the contrast,e.g.,
from black to white. Similarly, aninversionof the Néel cap
rotation sensechangesthe asymmetryof the pro®le the

white border movesfrom one side to the othet. It is do-

servedthata singlechirality for asinglewall is inducedafter
saturationin a ®eldappliedperpendiculato the ®m plane.
This givesthe Bloch wall a preferentialorientationalongthe

saturation®elddirection.In contrast,after perpendiculade-

magnetizationpoth Bloch orientationscan be inducedin a

singlewall. This givesrise in the MFM imagesto an alter-

nating sequenceof black and white segmentsas shownin

Figs.3-al and3-~!. In addition,it is observedhatthe switch

of the Bloch orientationis accompaniedy a switch of the

Néel caprotationsenseln this way the magnetizatiorof the

Néel capsandthe domainswill maintaina ux closurestruc-
ture. This switch of the Néel capwinding sense coupledto

the switch of the Bloch orientation,allows only two chirali-

ties to be presentalong a single wall. This is clearly evi-

dencedby the MFM line scansacrossthe black and white

segments@igs. 3~¢! and 3~d# on a 50-nm-thick ®Im. The

reversalof the Bloch part from black to white is accompa-
nied by a reversalof the Néel cap asymmetry.A conse-
quenceis that Bloch lines exist separatinghe different seg-
mentsof opposingBloch wall orientation.

In conclusion,we haveevidencedhe transformationof
an asymmetricBloch wall into an asymmetricNéel wall in
epitaxial Co ®lmscharacterizedthy a moderateQ factor. This
transitionoccursin a particularly thin thicknessregion 20
nm! without formation of cross-tiewalls. It is furthermore
shownthat only two wall chiralities are stabilizedalong a
single wall.
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