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Stability of stripe magnetic domain in magnetic multilayers: Prediction and observation
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We present an analytical theory of the magnetic domain configuration in magnetic multilayers. The theory
predicts a sharp transition from a large-areal domain pattern to a striped domain configuration as a function of
increasing magnetic layer thickness. This transition was verified experimentally by direct magnetic domain
observations in Co/Pd multilayers. This transition results from a competition between the magnetostatic energy
and the exchange and anisotropy energies.
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Magnetic multilayers are artificially grown periodic struc- characterized by the saturation magnetizatddp, the ex-
tures of alternating layers of magnetic and nonmagnetichange stiffnes#\,, and the magnetocrystalline anisotropy
constituents. Interest in these systems has grown rapidly inK, of the magnetic sublayeX, as well as the surface anisot-
recent years motivated in part by the search for new magropy Ks caused by broken symmetry at the interface and the
netic materials of technological interést,and in part by induced magnetizatioMg of the sublayeB. Linear stripe
their novel magnetic properties. In spite of numerous studie§omain was assumed to be infinitely long along haxis
of these systems very few have addressed their magnet@nd periodic along the axis, but the interlayer variation
domain structure$® However, a proper understanding of along thez axis was ignored. A Bloch-type wall of the wall-
their magnetic domain configurations will provide funda- transition widthl, rather than a Na-type wall, was consid-
mental insights as well as help to achieve the technical obered because of its lower magnetostatic energy. For a given
jectives of these systems, since magnetization reversatripe-domain periodd, the domain patterrm(x) can be
mechanism is closely related with their magnetic domaintransformed into Fourier series as
structures.

The magnetostatic energy of the magnetic domain struc- m(x) =cog 6(x)]z+sin 6(x)]y
tures in magnetic multilayered systems has yet to be inves- .
tigated due to the complexity of this long-range magnetic - A iom
interaction. The magnetostatic energy is one of the major :k;x (Ciz+Sy)e' 2™, (1)
constituents in determining the domain configuration in mul-
tilayers because the magnetostatic energy in ultrathin multiwhere is the angle of the magnetization direction from the
layers is much enhanced by high density of magnetic poles dim normal and the Fourier coefficienG, and S, are ob-
interfaces. The magnetostatic energy of ultrathin magnetitained by numerical integration.
layers having one or several atomic layers has been consid-
ered by Yafet and Gyor§ybased on dipole interaction be- d )i

with perpendicular magnetic anisotropy by solving Max-

well's equations in continuum approximation. In this paper,

we take advantage of this method to include the contribution
from the magnetostatic energy in calculating the magnetic
domain configurations in magnetic multilayers within an

analytical theory. In this theory, the finite size of the domain-
wall transition is explicitly included. The present theory has
been applied to Co/Pd multilayered system and found to
guantitatively explain the transition of the magnetic domain
configuration.

We modeled the multilayered structure stacked alternately —
along thez direction with magnetic sublaye and nonmag- B -
netic sublayeB lying in the XY plane as depicted in Fig. 1. A
The multilayered structure will be denoted by, (tg),,
wheret, andtg are the thicknesses of sublayeksand B,
respectively, andn represents number of repeats. In the FIG. 1. Schematic diagram of the present model for the mag-
present model the magnetic properties of the multilayer ar@etic domain configuration in the multilayered structure.

tween magnetic atoms. Kambersétyal.” have simulated the m I | S e
domain structure in multilayers by an iterative relaxation z

method. Recently, we have developed an explicit method to T -\' ( ,-
calculate the magnetostatic energy in multilayered structures | > X
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for the inside region of the sublayer by solving Maxwell’s
equations with boundary conditions, wherés the distance
~ : from the center of the sublay2fThe potential of the lower
;» NA VAN / (] region ¢%, is obtained by antisymmetric condition @f'(2)

S " i NAAL =—¢!(—2). The magnetostatic energy densigy of the
- gth sublayer is given by

dr2

eqz—(1/2dtq)f

g2 L .
J M- 2(d®y/dz)dzdx
—d/r2 7tq/2
where the total magnetic scalar potentig| exerting on the
inside of theqth sublayer is obtained by summing uf,
over the multilayer. Then, the magnetostatic energy density
eQ of the alternatingyth (odd number A sublayer is rewrit-

ten as
d 2 © 2

FIG. 2. The three-dimensional plot of as a function ofi and eh=2mM3C3- " A ?k 204 (K)
| for (6-A Co/11-A Pd), multilayer, wherey, is normalized by A k=1
the effective magnetostatic energy densiwl\ztgff of the saturated S a1
state. The minimum o, is indicated by the arrow. 20k 2k2_ =1 _ k(2n-g-1)

+ a( )6 1_ €2k

Considering uniaxial anisotropy composed of the magne-
tocrystalline anisotropK, and the surface anisotrofgs, k2—6k<qfl>_ek<2"*q+1>
the anisotropy energy density, of the multilayer is given +xf (K)fg(k) e — ,
by ya= —[(2Ks+taKa)/d(ta+ts) 1/ G coSTo(x)Jdx. After

substituting cd®(x)] by Eq. (1) and then, using orthogonal- where a=e~™/d, g=e ™e/d f_(k)=a*X—a K f 5(K)
ity of the trigonometric functions, the anisotropy energy den-=gk— g~k ¢=qB, and k=Mg/M,. The magnetostatic
sity becomes energyerB of the alternatingth (even numberB sublayer is
also calculated by the same way. The total magnetostatic
2K+ taAK p 5 energy is then obtained by summimj and e,B over the
C tatty &0 Ci- 2 multilaygr and thus, the m_agnetostatic energy dengityf
the multilayer can be rewritten as follows:
The exchange energy densigy of the multilayer is given by

_ dizap—1 2dM3z Z, C2
Y=~ [taAN28,0(1a H1e) |2 2%, 5, cofelka)], where o oo 20M 5 Tk[ 20,00+ K28 )
a, is the lattice constant oA atoms lying in the fcc lattice tattsk=1

andA 6 is the angle between the magnetization directions of
two neighboring atoms. With continuum approximation of
AO(X)=0(x+an/2)— 6(x—an/2) and substitution by Eq.
(1), it can be rewritten as

2k _ _2nk
T LF2(K) + k2F3(K) | — { Lize ]

1— e n1-—¢e%

th  Ax — 2mka
: —AE(Cﬁ—Sﬁ)COS{ e
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tattg 2a3 k=0
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where 2rM2,=27(taM4+tgM3)/(ta+1g).
) . o Now, the total domain energy,, defined asy(d,l)
For thepth sublayer having the saturation magnetization— (d,1)+ %,(d,1) + y4(d,1), is expressed as a function of
M, and the layer thicknes as shown in Fig. 1, the mag- ¢ and| with the magnetic properties of a given multilayered
netic scalar potentiap, is given by structure. They,(d,l) is a smooth function with a single
minimum and therefore, in any multilayered structure it is
possible to predict the ground state of the domain configura-
tion by searching for a minimurg, . At first, we evaluate the
values ofNX N mesh points over a certain rangedénd|.
+27M,Cot,, Then, we reduce the scanning rangedoand | around the
minima point of theN X N mesh. We repeat the evaluation of
for the upper region of theth sublayer and the values oN X N mesh and the reduction of the range until

ki,
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TABLE I. The values of the magnetic parameters of Co/Pd mul- T T T
tilayers used in the calculation. 100 —4, 100
Magnetic parameters Values 1wl
Exchange stiffness of C#¢, 2.31x10°% erg/cm? T -
Magnetocrystalline anisotropy of CH, 4.1x10° erglcc? 3% 1 g
Saturation magnetization of C) ¢, 1.45x10° emu?® = e
Surface anisotropyKg 0.77 erg/cri® 01
Induced magnetization of Ptl4 pg 0.2 Mg,”
aReference 8. OOLET 0 e 40.01
Referenced. P e . . ,

2 4 6 8

we obtain the domain parameteailsand | within a certain te, (A)

precision. This simple method is quite well reproducible for FIG. 3. The ground-state domain peridgiand the wall widtH

a smoothly varying function. : . . . .

The present theory has been applied to investigate the, (tCO/ll'/.& Pd), multilayers with varyingc,. Regions land Il
d . fi i f Co/Pd il Ei > sh are the regions of the large-areal domain and the micron-sized stripe
homﬁm Con Igurg 'OnT OI 0 muf |ay§rs. flghure S ,Owsone, respectively. The square symbols with the error bars are the
t e.t ree-dimensional p Ot_ of; as a function of the domain experimentally determined stripe periods and the dashed line is the
period d and the wall widthl for (6-A Co/11-A Pd),

- - ground-state domain peria% in the Co single-layered films.
multilayer. The values of the magnetic parameters of Co/P

multilayers used in the calculation are listed in Table I. Thelayers. The domain configuration of the Co single layer as a
minimum y; obtained by a numerical method is indicated by limiting case of our theory was predicted by using the same
the arrow, where the domain peridg and the wall width;  values of the magnetic parameters as those of Co in Co/Pd
in this ground-state configuration are 200 and 8.1 nm, remultilayers. The dashed ling in Fig. 3 represents the do-
spectively in this particular sample. Interestingly, themain periods of Co single layered films and it shows a sharp
ground-state domain configurations of Co/Pd multilayersransition with respect to the Co-layer thickness. Increasing
were found to be very sensitive to the Co-sublayer thicknesghe Co-layer thickness in the Co single layer results only in
tco and a sharp transition from large domain pattern tothe decrement of the effective surface anisotropy density and
striped one has been predicted with increasigg® In Fig.  thus, the transition of the Co single layer is essentially the
3, we plot the domain period, and the wall widthly in same as that of the monoatomic layer calculated by the
the ground-state domain configurations of11-A Pd), theory of Yafet and Gyorg$,even though the two theories
multilayers as a function df,. In the case of;,<2.2 A have been proposed by the different calculation models; the
(Region ), the domain period is predicted to be very large,continuum model by solving Maxwell’s equations and the
even exceeding 1 cm. Therefore, the ground-state domaidiscrete atomic model by solving the dipole interaction. In
pattern in this multilayer is possibly composed of a singlethe multilayered structure, the magnetostatic energy should
domain, or at least, a few large domains in the whole area dfe reduced by interaction between the sublayers, but the
a sample. Contrastingly, a micron-scaled domain period ignagnetostatic energy in Co/Pd multilayers is largely en-
obtained for the condition df,=2.2 A (Region I), where  hanced than Co single films due to the additional polarization
typical striped patterns are expected. In this region, the doin nonmagnetic Pd sublayers. The magnetostatic energy dis-
main period is getting decreased and the wall-transitionribution in the multilayered structure is very complicated
width is getting increased with increasing the Co-sublayebut is expected to be increased with increasing the Co-
thickness and eventually, the system has in-plane magnetizgublayer thickness, while the effective anisotropy is not so
tion whendy/2=14 where the domains are completely occu- much changed. Thus, the transition occurs in a similar way
pied by domain walls. The present theory could not be apand it is quite understandable that the transition width of
plicable to the situation thdy, is larger thandy/2 and the  Co/Pd multilayers is much thinner than that of Co single
total thickness of a multilayer is too thick to maintain the films due to the enhancement of the magnetostatic energy
coherent magnetization direction in the sublayers. from the polarization of Pd.

It is worthwhile to examine the domain configuration of  The transition of the magnetic domain configuration was
the Co single layer by comparing with that of Co/Pd multi- experimentally examined by direct domain observations of a

FIG. 4. The demagnetized domain configurations, captured by a magneto-optical microscope at 50% up- and 50% down-domain mixed
patterns at the coercive point of the maldeH hysteresis loops oft£/11-A Pd),, multilayers witht., = (a) 2.0, (b) 2.5, (c) 3.0, (d) 3.5,
and(e) 4.0, respectively.
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series of {c/11-A Pd), multilayers with changingtc, Lif™ L5

from 2.0 to 4.0 A with a 0.5-A increment. The samples
were prepared on glass substrates elgeam evaporation
with a 2% accuracy of the sublayer thickné&dhe demag-
netized domain patterns of 50% up- and 50% down-domain?% :
mixed state were obtained at the coercive point of major2io| |
M-H loop by a magneto-optical microscope equipped with <,
an advanced video processing technique. In Fig. 4, we shov™
the typical demagnetized patterns of domains in the seria
samples. In th¢2-A Co/11-A Pd), sample, a large areal
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domain pattern is clearly observed as shown in Fig).4n 09l 00l
contrast, in the samples witl,=2.5, 3.0, 3.5, and 4.0 A, 0.1 1 10 '
typical striped patterns are seen in Figé)44(e). The rag- d (um)

gedness in the experimentally observed domain patterns is . .

believed to be caused by local structural irregularities, be- F!C- /3\5 (@ The Ip'llm of the ;otal_domam energy de/gs'“es of
cause the domain pattern ordering foreddvy;/od) for d (tCO/;L_l' f'?ﬁ)lodet! ayers ‘é‘”t“tf"f 2'%] 4.0, ang 6t'0t q as a
~dg is quite small. The measured domain periods, indicatednction of the domain period at| =1, The ground-state domain

. P . periodsd, for each multilayer are indicated by the arrowls). The
*]
by the square _symbols with t_he error bars in Fig. 3, are fairl blot of the energy densities 66-A Co/11-A Pd), multilayers as
well agreed with the theoretical ones.

We beli h h o f the d . f a function of the wall widthl at d=d,. The ground-state wall
€ believe that a sharp transition of the domain configusgin | is indicated by the solid arrow, whilt, determined by

ration in the multilayered structure is mainly ascribed to 8considering onlyy, and y, is indicated by the dotted arrow.
feature of the magnetostatic energy. The ground-state do-

main periodd, is determined by the counterbalance between . . .
the force of—(dyq/dd) driving the domain period narrow including the magnetostatic energy. The magnetostatic en-
and the force of—(dy,/ad+ dy,/dd) driving the domain ergy should be taken into account unless the wall width
period wide. For the ultrathin multilayered system, the mag-mlJCh sLnaIIer than the_ground—stgte domanl"_n peldgd be-
netostatic energy density is saturated to a value of the effe©aUSe the magnetostatic energy is not negligiblel fodg.
tive demagnetizing energy densitym®/ 2ff and thus. the N th_|5 S|tL_Jat|0n_, the fun(_:tlonal form of the wall-transition
force of —(Jyy/dd) vanishes when thee domain period is configuration might be different from the Bloch-wall type,
over a few mi((j:rons In Fig. ), we plot the total domain which is resulted from the conventional calculationl of

energy densities oftg/11-A Pd), with te,=2.0, 4.0, and N summary, we have developed a theory for the domain
6.0 A . The ground-state domain peridg is increased with configurations of the magnetic multilayers by solving Max-

decreasing the magnetic-sublayer thickness, since the anisﬁY—e”,s equations based on the continuum approximation. In-

ropy energy and the exchange energy are increased while t %restingly, the domain configuration in Co/Pd multilayers

magnetostatic energy is decreadathen the ground-state was found o be very sensitively dependent on th? Co-
domain period is increased up to a few microns, the domain§Ublayer thlp_kness and the present ltheory has predicted a
narrowing force of—(dvy4/dd) vanishes and therefore, an sharp transition .Of the doma_m conﬁguranon _betwgen the
enormously large domain period is realized ' large-areal domain and the striped domain configuration with

It has been known that the wall configuration is mainlyvarylng the C_o-sublayer thlc_kness. The_ transition was con-
irmed experimentally by direct domain observation: the

determined by the counterbalance of the anisotropy enera%ge-areal domains were observed in the Co/Pd multilayers
and the exchange energy. However, it should be stressed t ¥ the 2-A-thick Co sublayers, while the striped domains

the magnetostatic energy also plays an important role in de- ) .
termining the wall configuration of the multilayered struc- Y¢'€ observed in those of 2.5—4-A-thick ones. We conclude

ture. Figure ®) shows the dependences gf, vy, vq4, and ;hnzi;rtheirﬁr?ﬁjlﬂﬁpa&?rﬁur;Sab?wleSt;’?uerSI(;neorfsthe magnetostatic
y: onl atd=dg. It can be noticed that the wall Widﬂfé), 9y 9 Yers.

determined from only considering the anisotropy energy and This work was supported by Creative Research Initiatives
the exchange energy, is much different frognobtained by  of the Korean Ministry of Science and Technology.
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