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Wide-scale evolution of magnetization distribution in ultrathin films
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We show, combining simulations and analytical study, the evolution of magnetization distributions in ultra-
thin film with in-plane fields H;) and changes of magnetic anisotropy characterized by the quality fector,
Reconstruction of the distributions and their new types i@ar H,-induced reorientation phase transitions,
from a domain structur€DS) with perpendicular magnetization into a state with in-plane magnetization, are
reported. Sinusoidal-like DS exist fét, larger than the anisotropy field and fQ<1. A minimal 8=l DS
period is predictedl(, is the exchange length
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. INTRODUCTION 5-parameter model with cosine DW proffig(vi) DS taking
into account the distribution of discrete magnetic moméhts.
The physics of domains in bulk materials and micron-However, these models are not sufficient to describe the wide
sized films seem to be well understobBut domain patterns range of DS evolution.
of ultrathin films exhibit many new features: unusually sharp  The present paper aims to describe the evolution of mag-
thickness dependence of domain sizéslisordering and to-  netization distribution and stripelike DSs under change® of
pological reconstructiofinverse “melting” phenomenon, or H, in a wide range. We combine analytical approaches
strong reconstruction of magnetization distribution in do-and micromagnetic simulationgooMMmF softwaré’ was
mains related to structural transitibrtc. which are of great used. In Sec. Il, we analyze stripe domain size at zero mag-
interest and essential for an understanding of fundamentatletic field, far from the RPT, taking into consideration dif-
physics. Generally one can expect ultrathin film in a practi-ferent models as well as simulations for calculating domain
cally monodomain state—large magnetic domains with gewall energy. A procedure for estimating domain size is pro-
ometry determined mainly by coercivity rather than magne{posed. Magnetization distribution evolutions induced by
tostatic forces. However, domain size drastically decreasemagnetic in-plane applied field and magnetic anisotropy
down to a submicrometer scale while approaching the reorichanges are studied in Secs. lll and 1V, respectively. In Sec.
entation phase transitiofRPT). The evolution of magnetic V domains in infinite films close to the RPTs are analytically
domain structure$DS) and the properties of nanoscaled do- described in the framework of the sinusoidal model.
mains are still an open problem.

RPTs can be driv<_en _by either _magneti(; anisotropy Il. STRIPE DOMAINS AT ZERO EIELD
changes or the magnetic field. The tuning of anisotropy is
realized by different means, changing, e(®. magnetic film In this section our goal is to calculate zero-field domain

thickness,d,” (ii) temperaturé=° (i) buffer morphology, periods by using different expressions for the density of DW
roughness! ™ (iv) structure of the cover layéf:'® (v)  energy. To describe DS far from the RPT, we utilize the
compositiont’ (vi) surface-interface roughne¥sTwo pa- Kooy-Enz model of stripe domains with negligible DW
rameters are usually used to describe equilibrium domains iwidth, é,,<p, wherep is the stripe period?® The thickness

a samplefi) the quality factolQ=K,/27M?%, the relation of ~dependence of the stripe domain peripdd/I;) [wherel,
uniaxial anisotropy to demagnetization energy diifithe =0 /(4mM?2) is the characteristic lengthr,, is the DW
exchange Iengthex=[A/(2wM§)]°-5, where A is the ex- energy consisting of exchange, anisotropy, and demagnetiza-
change constant anils is the saturation magnetization. tion energy terms, an¥, is the magnetization component
Shape anisotropy modifies the quality factor as the effectivéiormal to the filnj has been described as infinite seffes
factor Q—1 for an infinite homogenously magnetized film. which are slowly convergent or as transcendent Lerch's
When analyzingQ dependent changes of magnetic ordering,functions?9 Two useful approximations of this function are
regardless of the mechanisms drivi@y one should expect given by:(i) p/l =2(d/l;)exd 1+ (7a/2)+ (wl./d)], where
3D-magnetization distribution. The transition between aa=—0.666 for d/l;<1 (Ref. 20 or (i) p/l;
closed DS or a partially closed DS to an open DS has beer c(d/l ;)™ exgb/(d/l.)], whereb=3.0613,c=2.09513, and
found for thin film increasingQ slightly above 1%1°2D or  m=0.85498; for 0.25:d/I.<7.5 the accuracy is better than
1D magnetization distribution is expected for an ultrathin4%.

film. 1D-distributions have been analytically treated with dif- Due to the very sharp dependence of the DS period on
ferent approachesi) stripe DS with negligible thin domain d/l,*?**exact knowledge of,, plays a crucial role. How-
walls (DW),2?° (i) 2 or 3 parametrical models with profiles ever, there is a problem with how to precisely determigg
described by the Jacobi sine functithf?(iii ) a cosine-series taking into consideration the demagnetizing effect. Obvi-
expansion profilé® (iv) DS with a linear DW profilé* (v) a  ously, o, should follow the relationog=4(AK,)¥?> o,
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TABLE |. Domain wall energy and stripe period analysis performed for the 1 nm Co(Rlef. 2).

DW obtained
Fully Partially from
demagnetized demagnetized micromagnetic
“Bulk” DW DW DW simulations
Wall energy 0.0190 J/fn 0.0099 J/M 0.0124 J/M 0.0121 J/irh
DS period 30m 3.810 *m 6.5<10 % m 474103 m
> o= 4 A(K,—27M2) S determined byrg—energy of the !l EVOLUTION OF MAGNETIZATION DISTRIBUTION
classical “bulk” DW—regardless of the demagnetization WITH IN-PLANE FIELD
contribution, and the fully demagnetizee,; one with an Now we consider the evolution of magnetization distribu-

effective anlsptropy constant.. Now we Qeduce an approXlgion with an applied field varying frorhl, =0 up to the field
mate expression for the density of domain wall energy, takyg which the magnetization comes down to the film plane.
ing into account the demagnetizing effle;gt.. In the ultrathin | o ys first discuss this evolution in the framework of
regime whend<4,, [where 6= m(A/K,)"“is Lilley’s do-  ¢jassical descriptiohAccording to the description, one can
main wall ledth], DW surface density can be written &3 expect that, by increasing field,, magnetization rotates to
= 0p— 2mMg(sin(¢)) &, [where 5,=2(A/Ky) 2 is domain  the film plane as co®=H,/H,s, Where © is measured
wall width defined from the slope of thecomponent of  from the plane of the film an#, is applied along thg-axis
magnetizationM ,= Mssing (Ref. 1) and ¢ is the angle be-  (see the inset to Fig.)2Taking into account the field depen-
tween the magnetization vector and the film plaridotice,  dence of the Bloch DW energyand using the Kooy-Enz
considering the magnetostatic energy contribution, that it isnodel?® we calculatep(H,)-dependencieérig. 2) obtained
natural to use a definition of DW widthsf,) related to sur-  for hoth “bulk” and fully demagnetized walls. Typical ultra-
face magnetic poles. Since within the DW the surface polehin Co sample parametérd=1nm, H o=6.66 KOE€; | o,
distribution obeys (sir’(¢))=1/2, we obtain o,=0p  =32nm are assumed. CompariqgH,) and &,(H,),
—27M3% (AIK)) =05~ 5,7M%. It has been shown in shown in Fig. 2, we find that DS descriptions based on the
Ref. 30 that for very thin films, i.e., in the limd—0, do-  assumptions,,<p are not valid in a wide field region before
main wall width should be renormalized a8=d&y(1  H, .4 because the DW width becomes comparable while
—1/Q) ~¥2(5, is the DW width in bulk materia)s Using the  approachingH -induced RPT. Thus, in this field region a
last expression, one can arrfvat complicated magnetization distribution is expected because
of the demagnetizing effect.
For precise description of the evolution of in-plane field-
o = (1_ 1 ) 1) induced magnetization distribution, micromagnetic simula-
p— "B 4Q\/1_7Q*1 ’ tions were performedsee examples in Figs.(8), 3(B),
3(C)]. 3000 cells used in simulations enabled the study of a
3000 nm large samplévith Hp ¢=6.66 kOe;l¢,=3.2 nm)
We call this the energy of a partially demagnetized wall.[see Fig. 8)]. Stripe domain structures with perigd, (Ng
Thus, three different expressions for DW energy can be usedomains in 3000 nmand m,=/1— (H, /HAeff)2 were as-
to calculate the DS periods:g, @ nondemagnetizeulk)  sumed for theooMmF minimization procedur€ in the start-
wall; o, a fully demagnetized wall; and-,, a partially  ing step. A magnetization distribution characterized by total
demagnetized wall. Table | shows the results of DW energysample” energy E1or, periodp, and the amplitudé\, in
and zero-field stripe period calculations obtained by using

the above descriptions for ultrathin cobalt film witth 1
=1nm the effective anisotropy fieldH , .=2K;/Mg »
—4mM=6.66 kOe and ,,=3.2nm. One can find a huge m g -~ fully

. . . . . ; . demagnetized
difference in the stripe domain periods obtained in the frame- wall
works of the above mentioned descriptidisse Table )l

We obtained the precise demagnetization field influence 0

on both magnetization distribution and wall energy by mi-
cromagnetic simulations witboMMF software. The results | simulated
are shown in Fig. 1 and Table I. From this figure one can see wall
that the simulated wall profile differs from those of bulk and »
fully demagnetized walls. The simulated DW energy;, is 12 0 xim] 12
very close to ther, of the partially demagnetized DW. So,
one can recommend using H4) for estimating DW energy FIG. 1. Zero field magnetization distributions in the following
and the domain periods in an ultrathin film far from the single DWs: “bulk,” fully demagnetized, and “realistic,” obtained
RPTs. by micromagnetic simulatiofthe line with circles(O)].
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termined points: the full squardll)—p(0) calculated with
the o, and the asterisk-)—p* given by Eq.(7), see below.

X IV. EVOLUTION OF MAGNETIZATION DISTRIBUTIONS
o WITH CHANGES OF ANISOTROPY
Pllex; . Let us now consider. DS evolution yvith .changesQ_)Up
28u/loy /DS with “bulk” wall to the RPT. The most dl_scussed case is th|qkne_s§ driven RPT
10°4 caused bp(d) at zero field. Our con5|derat|on is illustrated
DS with fully by ultrathin cobalt in a gold envelope with parametei®
1088 demagnetized wall =(Ky,+2*K,s/d)/2mM3,  where Ky,=1.9 MJ/n? and
K,s=0.57 mJ/m. Figure 6 shows the thickness dependence
10* of the DS period and DW width calculated with the Kooy-
Enz model and the abov@(d)-dependence. Similarly as for
102 DW double H,-induced RPT, here foQ-RPT the classical description
pd i falls (DW width becomes comparable po far from the RPT,
see Figs. 2 and 6. Magnetization distributions simulated for
0.0 0.5 Hi/Hacr 1.0 variousd are shown in Figs. (A)-7(C). It is interesting to

note that neglecting higher order anisotropy constants, from
FIG. 2. Field dependencies f stripe DS periods calculated the point of view of classical descriptidmone can expect a.
from models neglecting DW widttsee the formulas in Sec)land ~ JUMP between the perpendicular and in-plane magnetization
taking into consideration domain wall energieg and oq; (ii) orientations wherK(d=d;)=0. However, the existence of
isolated DW double width &, determined considering full Dw domains and their magnetostatic contribution changes the
demagnetization. Zero field normalized DS periods calculated witHransition nature to a continuous one. Indeed, it is clearly
op andogy, are marked by a full squar@) and an open circléO), seen from Fig. 8 that the amplitude gradually decreases when
respectively(note: these two symbols overlap and are additionallythe film thickness approaches the critical thicknégs Here
marked by horizontal arrowThe inset shows DS and field configu- a two-step evolution of magnetization distribution can be
ration. Calculations were performed for the magnetic parameters dflistinguished. In the first step the DW width increases
an Au/Co/Au sampléRef. 2. sulting atd; in the formation of a sinusoidal-like DS, see
Fig. 8 while magnetization amplitude only slightly de-
the domain centefdefined in Fig. 8C)] was obtained. The creases ati;. In the second step, decreases, increasing
distribution with minimal energy was finally chos¢see as  apoved, . In Fig. 9 the DS period versus thickness is shown
an example, Figs.(3), 3(B), 3(C)]. by the curve which was constructed in a similar way to the
Let us now analyze magnetization distributions obtainechne in Fig. 5: those points given by simulations are repre-
from simulations[see examples in Figs(&), 3(B), 3(C)].  sented by full circleg®); calculations based on mod&f
For fields close to Hae, novel “exotic” my(X)-  with DW energy determined from simulations performed for
dependencies were found which are impossible to predicj single DW are represented by open cirdi@s. Similar to
using current analytical descriptions based on rather simplghe p(H,)-dependence shown in Fig. 5, thgQ)-curve
trial functions[see Figs. 8A) and 3B)]. Here one can find  starts and ends very close to two analytically determined
peculiaritiesimarked by vertical arrows in Fig.(B)] and a  points: the full squaréM) showsp(d) calculated with the
significant increase of the DW width. The distortion—an in- ;- anq the asteriskx) showsp* given by Eq.(7), see be-
crease of magnetization amplitude—is easily explained, takigyy, |t is important to note that sinusoidal domains exist
ing into consideration the decrease of the demagnetizatiogpoye the RPT thicknesslt-d,). Similarly, the domain ex-
field while approaching both the sample and domain edge, itence at>H , .« was described in the previous section.
the DW width is wide enough for a small enougl). Quali-
tatively, demagnetization locally “increases” magnetic an- V. SINUSOIDAL MODEL OF MAGNETIZATION
isotropy resulting in an increase im,. IncreasingH; up to DISTRIBUTION NEAR THE RPT
Ha e, them,(x) gradually transforms into a sinusoidal-like . o
distribution, shown in Figs.(®)—3(C) and Fig. 4. As is seen In order to grasp RPT physics, which is difficult to do
from Fig. 4, the amplitudé, decreases while field increases. YSIN9 gn!y simulations, we utilize the sinusoidal-like DS
But atH,~H 4  the amplitude is still large enough, contrary modeF_ in - which the magnetization varies as,(x)
to the classical theory prediction, so the transition into a— ©oSin(2m/p) (see domain geometry and the coordinate
monodomain state takes place Hf>H, o A further in- system in Fig. 1D The total energy of an |nf|.n|te filng, is
crease ofH, leads to zeram, in the sample, except in the described by t_h(_—j sum of _the exchange, anisotropy, Zeeman
edge regions. The field dependence of the period, the line iANd demagnetizing energies
Fig. 5, has been constructed using points taken from o2/ [de\2
simulations—full circles(®)—and calculations based on E=Lydf (A(d_) + K Sirf(6(x))
model$?® with DW energy determined from simulations 0 X
performed for a single DW—open circlé®). Remarkably,

the curve starts and ends very close to two analytically de- —MgH, sin(6(x)) |dx+Ep, (2
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108.
10°8__
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1044 QL H*
e \Au
102 AT e
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0.0 0.5 1.0
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T P I
T FIG. 5. Field dependence of DS period determined from: simu-
0 0.5 x/p 1 lations(®) and calculation$O) usingp(d/I) (see formulas in Sec.

FIG. 4. Simulated magnetization

distributions,(x/p) deter-

mined for different normalizedt, /H 5 o fields[some of these dis-

tributions are shown in larger scale in

Co/Au sample(Ref. 2.

Fig$A3 3(B), 3(C)]. Simu-

II) with domain wall energyo;,, obtained from simulations for
isolated DW. Full squarcll) marks DS period calculated with, .

The critical DS period determined from E(Y), for the sinusoidal

DS atH* is marked by an asterisk. All periods are normalized to
lations were performed for the magnetic parameters of an Aul,. Simulations were performed for the magnetic parameters of a

Au/Co/Au sampleRef. 2.
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FIG. 6. ThicknessandQ) dependencies of DS period) stripe
DS periods calculated from a model neglecting DW widgee
formulas in Sec. )l and taking into consideration domain wall en-
ergiesog and o, (ii) isolated DW double width &, determined
considering full DW demagnetization. Zero field normalized DS
periods calculated witler, and o g, are marked by the full square
(M) and the open circl€O), respectively(note: these two symbols
overlap and are additionally marked by horizontal aroMotice,

d, is the critical RPT thickness determined By «4(d;)=0. The

inset shows DS configuration. Calculations were performed for the

magnetic parameters of an Au/Co/Au sam(®ef. 16.

whereL, is the domain length along domain wall&(x) is
the polar anglga periodical function, with periog, deter-
mining the magnetization distribution in the filpE repre-

PHYSICAL REVIEW B69, 184419 (2004

~Tafl (11 []]
“WUULLL
iwﬂqnpﬂpﬂnn
~ UL
"
NI
o) JU\(UU\IUUWWWVUWHTW

sents the demagnetizing energy. For the sinusoidal DS, Eq.

(2) can be written as

Esin d @S 47T2d|ex >
2, Qi )T (V109
- hg E(®3) Oip Lo _ 2md
ley A7l oy p '

)

Here h=H /47Mg and E(®,) is the elliptical integral. In
the next step we minimize E@3) with respect to amplitude
®, and DS perioch. This gives two equations

(1 ’le) 9 4|§X'n'2 h=0 @
p p?\1- 0}
and
(1 wd)@)S ‘2)(1 2wd+2(wd)2)
p/2 2 p p
812 2
- (1-V1-ep=o. (5)

FIG. 7. Zero-field magnetization distributions determined by
micromagnetic simulations for different sample thicknega)
d/d;=0.96; (B) d/d;=1.0; (C) d/d;=1.04 (d;=1.79 nm). Simu-
lations were performed for the magnetic parameters of an Au/
Co/Au sample(Ref. 16.

Note, that both the expansion of the elliptical integral into
the series with respect to the small paramédgrand the
expansion of the exponential function with respectdi@
<1 (both to the second orderarere used to obtain Eq&4)
and (5). From Eq.(5) the relationship between the domain
period (p) and amplitude can be obtained as

2

d
212 7| 8(1— \/1—®3)+®ng
ex

03d

p= (6)

When the paramete®, goes to zero, the DS period ap-
proaches its minimal value of

d
—
Iex

p*  8wle
d

@)

lex
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did,= D
m; 0.56 =

Plox. ]
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\ / 10
0 1.04
10*
1.0 10% :
0.9 5
1 06 07 08 09 10 did

0 0.5 x/p 1 FIG. 9. Thicknesgand Q) dependencies of DS period deter-
mined from: simulation$®) and calculation$O) using thep(d/l ;)
FIG. 8. Magnetization distributionm,(x/p) for different nor- (see formulas in Sec.)llwith domain wall energyo;,, obtained
malized sample thicknesd/d, [some of these distributions are from simulations for isolated DW. Full squafl) marks DS period
shown in larger scale in Figs(&), 7(B), 7(C)]. Simulations were calculated witha,. The critical DS period determined for sinu-

performed for the magnetic parameters of an Au/Co/Au sampléoidal DS alQ™* is marked by the asteriskl,=1.79 nm. All peri-
(Ref. 16. ods are normalized t,. Simulations were performed for the mag-

netic parameters of an Au/Co/Au samgkeef. 16.

Equation(7) determines the minimal DS period available in

an ultrathin film. The period is much smaller than that givenand in-plane magnetization components, but the aiye
by the classical model outside the RFSBe Fig. 2 In Figs.  was unknown. Since Eq7) is applicable for smal®,, one

5 and 9 we markeg* calculated from Eq(7). Analyzing  can only make a qualitative comparison of its results with
Eq. (7), one can deduce that the minimal available DS periogp;g experiment. It is satisfactory, that periods*} calcu-

is 87l ox al d=2l ey lated from Eq.(7) and DS periods given by simulations

Now we calculate the critical values of anisotropy factor ; s. 5 and 9as well as the observed DS siZéhave the
and the magnetic fieldsQ* andH*) at which the transition (aar%é order 09} magnitude 9

from a domain state to the monodomain in-plane state should .t 4omain structure transforms into a sinusoidal one un-

take place. A sinusoidal domain structure appears, if it Ieadaer the influence of the increasing in-plane field or decreas-

toEa decrease in the _system energy, 1.e., WHR=Eqp . ing anisotropy. In this sense the sinusoidal DS represents the
—Einp<0 (whereEj,, is the energy of the mono-domain d point of th luti f > ation distributi q

in-plane statge So, the critical quality factor and field are end point o t e evolution o magnet|zat|qn Istributions an
determined by conditionsEgy(Q*)=Epnp and Egn(H*) helps us to flnd the. boundaries of the existence of domg!n.
=E,,.,- The following formulas for criticaQ* andH* were The analysis which we performed started from the initial

obtained from the energy balance condition of sinusoidal D$2Mple statél=1nm, H,=0, see Figs. 2, 5, and 9. We stud-

and the in-plane monodomain state and Egs-(5), ied magnetization evolution on th€(H,)-plane in two se-
lectedQ andH, “directions.” The evolution for both “direc-

H* —Haer  (d/1g0?[2+ (d/1o)?] tions” is very similar close to RPT. There are also some

1-Q*= 47Mg = 2[4+ (Al )77 8 differences:(i) the changes in magnetization amplitude take

place in the much wider range &f, than ofQ (or d);* (ii)
Qualitatively, Eqg.(8) means that the magnetostatic forces ofH, induces only 1D distributions especially for higher fields.
domains shift the RPT, increasing the range of the existindt should be stressed here that the analytical re$klys. (7)
multidomain state. A similar shift in the quality factor, for and (8)] were obtained for infinite ultrathin films. In finite
which sinusoidal-like domains occur in an atomic mono-samples the equilibrium magnetization distribution is also
layer, was analytically shown in Ref. 26. The shift, which is dependent on the boundary conditions superimposed on the
equal to that given by E(8), is also found in our simula- problem and sample geometry. However, for samples of
tions (see Figs. 5 and)9 domains are found to exist at
Ha er<H,<H* andd;<d<d* [the critical thicknessl* is
defined byQ(d*)=Q*]. Note, micromagnetic simulations
and calculations with Eq(8) give the same values of the
shifts for either theH; or Q boundaries of the existence of
the domains. The periods* at both critical pointH* and
Q*, calculated from Eq(7) [marked by an asterisk) in
Figs. 5 and 9 are in good agreement with our simulation 7

results. In Refs. 3 and 31, 300—500 nm sized domains were . 1y . P :
observed in the so-called gray-zone thickness regime—the T ig— P i

thickness of the transition from the perpendicular to in-plane

magnetization. The gray-zone domains had both out-of plane FIG. 10. Magnetization distribution in the sinusoidal model.
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large enough lateral sizes the edge effect is small and in theven for a given sample using an in-plane applied field, e.g.,
RPT region they may exhibit sinusoidal domains with periodsee the huge domains and a dense metastable DS “frozen”
defined by Eq(7). by coercivity in Ref. 2. The nanosized domains are tunable
by external fieldsQ parameter changdsealized by sample
VI. CONCLUSIONS thickness, coverage, roughness, stress) eted magnetic
) ) patterning. This is important for general knowledge and for
In conclusion, for a wide range @ andH;-changes, the possible applications related to new memory devices, GMR
evolution of magnetization distributions in ultrathin films zffected by DS, etc. It also opens new directions for experi-

was described with regard to the demagnetizing fields conmental and theoretical study of magnetism in the nanometer
tribution. Our analytical study and simulations bring an un-g¢gje.

derstanding of magnetization distribution in wide scale evo-

lution driven by different mechanisms—field, anisotropy
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