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Magnetization and domain structure of bcc Fg;Ni;o/ Co (001) superlattices
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Dense stripe domains were observed for g,Rigg/Co superlattice grown on a M@0 single crystal
substrate using dc magnetron sputtering. The stripe domain period exhibits nonreversible changes with the
magnetic field, as determined by magnetic force microscopy. We present a simple theoretical model for this
system and calculate the magnetization and domain period as functions of the applied field by minimizing the
total energy. For this purpose, an expression for the domain wall energy and wall width for arbitrary angles and
one for the magnetostatic energy are derived. The model correctly predicts a decreasing domain period with the
increasing applied field. At larger magnetic fields a transition to “chaotic” two-dimensional stripe patterns is
observed and a qualitative discussion of this phenomenon is given.

DOI: 10.1103/PhysRevB.69.064411 PACS nunt®er75.60—d, 75.70—i, 75.75+a, 75.10-b

. INTRODUCTION separate RgNijq (purity 99.99% and Co(purity 99.95 %
targets arranged in a cluster geometry. The NI@D) single-
Ferromagnetic multilayered thin films are a subject ofcrystal substrates were introduced into the growth chamber
growing interest in recent years. It is motivated to a largeyq out-gassed at about 700°Crfd h under ultra-
extent by industrial importance of these films, due to poshigh-vacuum conditions before deposition. An optimal

sible applications in ultrahigh magnetic and magneto-optic o .
data stgfage devices and s%ns%?s%o be able to tgilor theIO growth temperature of 170°C for the superlattices was de-

magnetocrystalline anisotropy, and thereby allow both pert€mined, by growth samples at temperatures between

pendicular and parallel magnetization with respect to the filml00 °C and 400 °C. The background pressure was typically
surface, is especially important for these aims. In this cond.5-10"° Torr. During deposition, the argaiof 99.99 % pu-
text, investigations of the magnetic domain structure are ofity) flow was controlled for obtaining a partial pressure of
great interest, because they allow to extract informatior2.5-10 2 Torr resulting in deposition rates of 0.035 nm/s
about magnetization and anisotropy. Furthermore, a full unand 0.08 nm/s for FeNi and Co, respectively. The deposition
derstanding of the magnetic domain configurations will pro-rates were obtained by calibratiedsitu quartz microbalance.
vide fundamental insights as well as help to achieve techniging|ly the actual thicknesses and the repeat distance were
cally bé!sed_ objectives, since the magnetization revers"THetermined using x-ray reflectivity and diffraction. The
mechanism is closely related to the domain structures. thickness of the layers, in the sample discussed here, were

Magnetic domains and domain walls can be probed b . .
Lorentz microscop$, electron holographﬁ/,scanning elec- 2:25 hm for the FeNi and 1.95 nm for the Co layers with

tron microscopy with polarization analySiSEMPA) € Kerr 100 repetitions. Thus, the total thickness of the sample was
microscopy’ magnetic transmission x-ray microscopy 420 nm.

(MTXM),*® and magnetic force microscopfMFM).11-15 The crystallographic structure of the superlattice was in-
Techniques which allow imaging the magnetic domains investigated by high angle (2=50°-80°) x-ray diffraction
the presence of external magnetic fields are required to studysing Siemens D5000 diffractometer (Cy)K which con-

the domain evolution and dynamics. Among the aforemenfirmed good crystalline quality of the superlattiget shown
tioned methods, only MFM meets the requirements needeflere. The full width at half maximun{FWHM) of the rock-

to obtain information on the magnetic structure in the subing curve of the(002) reflection was 0.3 °.

micrometer range, in the presence of an external field. ~ \agnetization measurements were performed, using the
Multilayer films with alternating ferromagnetic layers, in magneto-optical Kerr effe¢MOKE) in the longitudinal con-
particular multilayers containing ultrathin Co layeftypi-  figuration withs-polarized light. The experimental setup al-

cally 2-5 141&6'_2 can exhibit strong perpendicular |45 for the rotation of the sample around its surface normal,
anisotropy.>****~**The interest for these material combina- making measurements in arbitrary in-plane directions pos-

tions is at least partially triggered by the possibility t0 re-gipie More details of the experimental MOKE setup can be
place expensive rare earth alloys by Co-based materials iy ;nd in Ref. 24.

magneto-optical recording media. Here, we present results Figure 1 shows a typical in-plaringitudinal geometry
from investigations of the domain structure in an epitaxialy, kg magnetization loop of the EgNi;o/Co superlattice,
bee FeuNiye/Co (001) superlattice. We discuss the field de- ea5red at room temperature. The shape of the loop is typi-
pendence of the domain width and address the origin of thgg for films with stripe domain structuf& The coercivity is
perpendicular anisotropy. approximately 8 mT and the remanent magnetization is
around 0.8/ (M is the saturation magnetizatipehowing

that the magnetization vector is tilted approximately 50 ° out

Fe;Nijo/Co superlattices were grown on M@0  of the film plane.
single crystal substrates, using dc magnetron sputtering from No change of the magnetization was observed when ro-

II. EXPERIMENT
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with a magnetic force microscopligital instruments, DI
3100 operated in tapping-lift mode. This mode allows si-
multaneous acquisition and clear separation between the spa-
tial and the magnetic topography. A permanent magnet sys-
tem was used to achieve a variable external magnetic field
during imaging?® Such an applied field during MFM imag-
ing affects both the probe and the samité’ Therefore, the
response of the probe to magnetic fields must be well known.
Various types of commercially available tips with loiFe-
CoNi coating and high (CoCr coating coercivity were
tested prior to the image acquisition. All the tips were mag-
netized vertically with a permanent magnéilong the
needlg. A set of measurements was performed on the same

sample using different types of tips to verify the reproduc-
ibility and to exclude artifacts from remagnetization of the
FIG. 1. The MOKE hysteresis loop of the 420 nm thick tips. The extracted domain periods were essentially the same.
Fey;Nig/Co superlattice. The marks labeled on the curve corre-The MFM image contrast is proportional to the gradient of
spond to the typical regimes of the magnetization process and cothe magnetic force between tip and sample. In order to elu-
responding MFM images are shown in Fig. 2. cidate the tip influence on the domain structure, the tip-to-
sample distance was varied in the range from 50 to 150 nm
tating the sample with respect to the field, i.e., the overalduring magnetic imaging. The images were analyzed by ap-
in-plane magnetic anisotropy is negligible as compared t@lying a two-dimensional Fourier transfor@DFT) algo-
the coercivity indicating a “conical anisotropy” depending rithm. The 2DFT analysis enabled determination of the aver-
on the direction of a previous saturation field. age domain period, perpendicular to the average stripe
The magnetization curve can be divided into two differentdirection, and the angular distributions of the stripes relative
regions: the low-field region from zero fields through theto the direction of the externally applied field.
coercivity field, where a small increase of the applied field MFM imaging was performed in the following way: ini-
gives fast rise of the magnetization, and the high-field regiortially an MFM measurement was done in the virgin state, in
from above the coercive field to the saturation field, were ahe absence of an external field. Thereafter a field of 8.3 mT
large increase of the field induces only small changes on thevas applied and a new MFM image was acquired. This pro-
in-plane magnetization. cedure was repeated at the fields indicated in Fig. 1, with
The imaging of the magnetic domains was performednitially increasing and thereafter decreasing field. The re-
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FIG. 2. The MFM images of the 420 nm thick fRi,;o/Co superlattice at different externally applied in-plane magnetic fields:
(a)—virgin (nonmagnetizedstate;(b), (c), (d)—increasing field 8.3, 30, and 50 m{®), (f), (g)—decreasing field 50, 30, 8.3 mih)—in
remanent state.

,
—

—
C——

064411-2



MAGNETIZATION AND DOMAIN STRUCTURE OF be.. .. PHYSICAL REVIEW B 69, 064411 (2004

sults are displayed in Fig. 2. The MFM imaging confirms the sk ' ' ' ' '
existence of out-of-plane magnetization in the sample, con-
sistent with perpendicular magnetic anisotropy. The dark
(light) regions indicate the direction of local magnetization
direction in(out) of the film plane. The virgin domain struc-
ture [prior to applying a magnetic field, see Figag, con- _
sists of parallel stripe domains. Such stripe domain structures E ol
in ferromagnetic materials arise from a balance between the ©
magnetocrystalline, dipolar, and exchange energies. Alternate
domains have magnetization in opposite directions and there-
fore are separated by Bloch walls the widths of which are
determined by a balance between magnetocrystalline and ex-
change energie. Above a critical thickness, the perpen- 400 , , , , , ,
dicular component of magnetization turns to align periodi- 0 10 20 30 40 50
cally up and down relative to the film surfacgtripe H(mT)
domaing, as was predicted by Kitté?. The film will favor
formation of closure domains at the expense of the anisot- FIG. 3. The dependence of the average period of the stripe do-
ropy energy. Only for the case of strong perpendicular anmains in the 420 nm thick BeNi;o/Co superlattice on in-plane
isotropy can the magnetization be regarded as completelgpplied external magnetic field. The value of 420 nm at 0 mT cor-
aligned along the perpendicular direction. In the sample unresponds to the virgin staf€ig. 2(@].
der consideration the domain structure will also be modified
by the interaction between the layers. Here, the layers can each bilayer consists of two ferromagnetic sublayers, labeled
regarded as a single magnetic entity, due to the strong inteit and 2 with thicknessesands andD =s+t. The sponta-
layer coupling. The independent magnetic layers would givaeneous magnetizations of the sublayers will be denoted by
rise to domain structures with different sizes and differentv (") and M{?), respectively. The in-plane magnetization
directions of the magnetization vector. _ component is assumed to be completely aligned along the
The influence of the external field on the domain structurgositive stripe axey, which coincides with the direction of
was also studied. Corresponding MFM images are presentafle applied field. This assumption should apply for the
in Figs. 2b)—2(h). The average domain period was observedyanch through the points E, F, G, and H of the hysteresis
to increase with increasing field, from the virgimonmagne- 44, (Fig. 1), where the external field decreases. The perpen-

tized) state through the coercive region. Above the COerciVeyic 1ar magnetization component is periodically aligned

field, the average domain per|qd decreases again and the i long = z with the periodd=d, +d,, so that the magnetiza-
age contrast decreases. The increment beyond the coercive "L Lo ints with @ with ‘1o th
field makes the stripes wavy and irregular in shape. At ap-Ion Irection points with an anglé with respect to_the
proximately 50 mT, these collapse and form irregular Seg_surface normal. The situation is sketched in Fig. 4. The do-
ments. The average domain periods become unmeasurable™3gins are thus separated by Bloch walls in which the mag-
fields about 60 mT. It is important to note that the sign of thehetization rotates gradually from the angleto 7— 6, as-
perpendicular component did not reverse, while passin§UMing symmetric walls. The wall plane between two
through the coercive field, i.e., the positions of the stripeglomains is parallel to thgz plane. The domain walls are
measured at different applied fields are essentially the samassumed to be at the same positions in all layers in order to
Thus, the direction of the perpendicular component is notninimize the magnetostatic energy. The total energy of this
affected. Thereafter the sample was saturated at 130 mT aghmain structure is the sum of four terms:

the field decreased back to zero. When the field is reduced

after saturation, a periodic stripe domain structure is formed e=e;teytegtey, 1

again with the stripes aligned in the direction of the appliederee, is the anisotropy energg, is the wall energye, is
field showing a reversible magnetization process. The strip e magnetostatic or demagnetizing energy, ands the
domains become more regular with decreasing fields, bu '

exhibit clear differences in the domain period as compared to
the virgin state indicating about irreversible processes below |t
the coercivity field. The dependence of the domain period on 1
the field is shown in Fig. 3. As seen in the figure, the mea- ) e ) oy 5 Is
. . . . . ) 0 ’

sured average domain period increases with decreasing field s VA /

but does not go through a maximum, as in the initial mag-
netization process. Similar observations of stripe domain
variations were found in Fe-based thin fithid® and in
multilayers? at high fields. T | 1 l

Ill. THEORY T l T ‘l' |Lyx

-—

A. Different magnetic contributions to the total energy di dz

460 + « .

420 | -

To explain the experimental results presented above we FIG. 4. Geometry and magnetization distribution as assumed for
consider a model of a multilayer consisting Wfbilayers. the calculation of the magnetization curves.
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energy arising from the interaction of the magnetization with 4
the applied field. Coercivity effects are neglected. All ener-

gies are calculated per unit volume and are normalized to the
average demagnetizing energy constidgt MO/Z[(Mgl))Zt 3 .
+(MP)2s]/D. K4 corresponds to the stray field energy for
a sample which is infinitely extended in the plane and &
uniformly magnetized perpendicular to its surface. S 2T .

B. The anisotropy and wall energy

In the case of uniaxial anisotropy the corresponding en-

ergy can be expressed as °

20 40 60 80
8 (deg.)

€,= B,Sirt 0+ Bsinfto+ - - -, (2) 0 o - s =

whered is the angle between the magnetization and the per- 0 (deg.)
pendicular axis angB,,3, are the anisotropy constants. In
the following we will only consider the first term in this
expansion with3,= 8. For simplicity, we assume the anisot-
ropy and exchange constants to be the same in both layers.

For the case of the anisotropy it can be justified by an as- -
sumption that the latter is induced mainly by the interfaces; L=LoF
exchange parameters for Fe, Co, and Ni are the same only in

the order of magnitude, so this simplification may not beyhere F(|k) is the elliptic integral of the first kindgp
very accurate quantitatively but seems to be adequate for /2 g andL,=/a/8. The domain wall width is plotted
qualitative analysis of the experimental data. However, using, Fig. 6 for several values of the dimensionless parameter

the same constants is further justified if the anglés ap- = . . . _
proximately the same in both layers. In this case the cons Loe. Note that expressiofd) is regained fore=0.

stants play the role of effective constants for a bilayer. The

FIG. 5. Domain wall tension/ 7, as a function of the anglé.
The inset shows the corresponding derivative.

f( Vsirte— ngz)
arcsin ————

sing ’ @)

sing

wall energy will then correspond to the average over a bi- C. The magnetostatic energy
layer and may be expressed as The magnetostatic energy can be split into two contribu-
or tions, one arising from the perpendicular component and the

=—, (3) other from the in-plane component of the magnetization. The
d latter one is due to the finite extensions of the sample, i.e.,

wherer is the wall tension. In Appendix A we show that for (N€ magnetic charges on the sample edges. This is a small

the simple model of an one-dimensional wall it may be writ-term and it will for simplicity be included in the first term of
ten as the anisotropy energy expansion, E&), as a shape anisot-

ropy, since it has the same angular dependence. A gnall
7(0) =475 E(cosh) — sir(§)K(cosb)] (4) dependence is induced by the inhomogeneous field irz the
direction and will be neglected here. For the calculation of

Cw

with 7= /a8, wherea is an exchange paramet#i(k) and
E(k) are the complete elliptic integrals of the first and sec-

ond kind, respectivel§* The tension is plotted in Fig. 5. The '
total width of the domain wall is given byl2with — .0
8 -
- £=001
L=alBK(cos6). 5 £=0.05
--- e=01
This expression does not vanish fé+ 7/2 as expected and _6 : .
diverges for6=0, i.e., the 180 ° degree wall. The width of 5
the wall should remain finite and vanish if the magnetization |
lies completely in plane. In order to obtain an expression
with these properties, the length may be defined as the dis-
tance from the wall center on which the magnetization varies 2 .
significantly, meaning that TSI T
d~ 5 0 1 1 1 1 1 y !
de_ . ©) 0 20 40 60 80
dx 0 (deg.)

wheree is a small positive parameter which has dimension FIG. 6. Domain wall length. as a function of as given by Eq.
of an inverse length. As shown in Appendix A, this require-(7) for different values ofe=Lqe. The casee=0 coincides with
ment leads to definition Eq.(5). The total domain wall width is 2.

064411-4



MAGNETIZATION AND DOMAIN STRUCTURE OF be.. .. PHYSICAL REVIEW B 69, 064411 (2004

the demagnetizing energy arising from the perpendicular D. The external field

component, we assume a multilayer with infinite extensions  ginajiy. the interaction of the magnetization with the ap-
in the xy plane and _the magnetization being parallel eVeryyjied field contributes a term

where along thez direction. In particular, we assume the

interface exchange coupling between FeNi and Co strong _

enough so that the angle enclosed between the magnetization _ —moHMsING himsi

and the surface normal is the same for both types of layers. €n= Kq =~ 2hmsiné, (10
We further take the walls to be symmetric as required to

minimize the wall energy. The component of the magneti- _ 2 N2 ; ;
e . - where h=H/\[(M{")%t+(M?)?s]/D is the normalized
zation in alternate domains thus M,= =M cosé. The field applied in the direction of the stripes andh

walls are assumed to be infinitely thin. For simplicity, we
y plctty =M /N[(M{)2t+(M{P)2s]/D. The spontaneous magne-

only give the expression for the symmetrical cake=d, S .
=d/2 here, since it may be proven that it does correspond gfjzation of the sample is the average of the spontaneous mag-

izati - (1) (2)
the minimal energy. A general expression for differepaaind ~ netizations of the sublayerdls= (M 't+Mg"s)/D.
d, is given in Appendix B. The energy may then be written We now minimize the total energy with respect to the

as parametersl and 6, i.e., de/dd=0, de/df#=0. This yields
eq=f(d)coso, (8) 1 af(d)) 142

=— 27(6)/(—” , (12)
where thed dependent part is cos¢ ad
f(@=3 L Wt 0+ waf (5.0) + Wag( )], h= 2| [g—f(d)]sing+ —— T 12

nodd (nw)3 D m dcosé 36|
9

with the following abbreviations As is seen from Eq(12), the magnetostatic- and wall energy

tend to decrease the field{/96<0), i.e., force the magne-

r tization into plane, whereas the anisotropy tends to increase
; sinhz( n a) it. The calculation procedure is to choose an angjlend a
fn(r,d)zl—ex% —2mn—l4+ - corresponding magnetizatioM;=Mgsin¢ parallel to the
d sink?( n E) film surface, calculatd from the implicit Eq.(11) and obtain
d the corresponding field from Ed12). The exchange and
anisotropy constants are used as fitting parameters to yield a
> i 1_@(4 —ZWnE” zero applied fielcdh where the in-plane magnetization equals
N d the remanenc® = M, andd equals the domain periad} in
D the remanent state. They are uniquely determined by this
—{1—exy{ —2mn _)H condition. For the calculation presented below we take
d M,/M¢=0.6 andd,=460 nm.

We further assume bcc structure with lattice constants
and spontaneous magnetizatiors=0.282 nm and Mg
=1.73 ug/Atom for the Co-layers ané=0.286 nm and
M¢=2.25 ug/Atom for the FeNi-layers.

gn(d) ==

t S
1—exp( —ana> 1—ex;< —2wna)

D\ t\ s
cos Wna Sin Wna Sin Wna

+2 IV. THEORETICAL RESULTS AND DISCUSSION

D D
sm?’( mn a) S'”"( N E) The fitting procedure correspondingly leads to the
values K,=pBKy=5.38x10° J/n? and A=aK,=4.66
1 ND X 10 1% J/n?, for the anisotropy and exchange constants.
X N[l—exp{ _27”‘7” For these parameters, the magnetization and domain period

as functions of the applied field are shown in Figs. 7 and 8,
1—ex p( —omn E)” respectively. We find qua_litative_: agreement with th_e exper_i-
d mental results: the domain period decreases with increasing
applied field, although somewhat too slowly compared to the
with r=s,t. The dimensionless factons; are defined by experiment. Also, the saturation field at whid¥i 1M
w=[(M)ZID/[((MP)2t+(MP)2s], i=1,2, and wz;  =0.99 is too high, with some 40 % deviation.
=(MIM)DII(MIP)Y%t+(MP)2s]. The first two terms The ratio of the domain wall width (2,~60 nm) to the
in brackets in Eq(9) correspond to the self-energies of the stripe period is not too small which indicates a discrepancy
respective sublattices. The third term stems from their interbetween theory and experiment already for zero applied
action and is a negative one. field. We would also expect a smaller exchange constant. For
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1 - - - ] problem becomes even more complicated, if closure domains
have to be taken into account. Deviations for high fields are
due to the effect of the external field on the wall tension
051 1 which has not been taken into account. In an applied field,
the wall tension is expected to decrease faster than according
2” to Eq.(4), allowing for smaller domain periods at high fields.
EOB i o T Furthermore, the proposed stripe distribution of the mag-
10 netization does not correspond to the real structure at high
- magnetic fields. The collapse of the stripes at high fields
071 2 1 (Fig. 2) will change(lower) the demagnetizing energy. Also,
0 02 04 05 08 | the wall energy increases because of additional walls in the
MIMs system(below we will discuss this point in more detail
0.6 . ’ . : These effects are not accounted for in the present model but
0 20 40 60 Hs 80 ) .
are presumably small because the energies of the two domain
H(mT) :
structures are expected to be quite close.

FIG. 7. Magnetization curve as calculated from E¢i) and Although the model is too simple to allow for quantitative
(12). The saturation field is approximately 70 mT. The inset showsPredictions, it shows that the competition between the anisot-
the applied field needed to obtain a certain in-plane magnetizatiofopy energy favoring perpendicular magnetization and the
under the assumption that the in-plane component remains alignédemagnetizing and wall energy favoring in-plane magnetiza-
along the positivey axis. tion stabilizes the magnetization at an oblique angle with

respect to the film surface, giving rise to an “effective” easy
the quality factorQ, which is defined as the ratio between the axis. The tilt angle depends on the exchange and anisotropy
anisotropy and the demagnetizing energy constddt, constants. The easy axis can be rotated by simply rotating the
=K,/Kq4, we haveQ=£=0.32. It is known that such @ in-plane magnetization component in an applied field, result-
value may lead, for a single layer, to the formation of closureing in the observed rotatable anisotropy.
domains?® Formation of partial flux closure domains on the  The observed domain structure, however, requires a siz-
sample surface, which would also be consistent with theble perpendicular anisotropy. It was reported by Draaisma,
MFM images, yields a smaller magnetostatic energy as thden Broeder and de Jorigdor Co/Pd multilayers that the
one calculated here and leads to erroneous estimates of theeferred magnetization direction became perpendicular to
exchange and anisotropy constants, thus affecting the entitee film plane for Co thicknesses below about 0.8 nm. Per-
calculation. In particular, a smaller value of tied) term  pendicular magnetization was also found for Co-layer thick-
would lead to a smaller anisotropy constant and consenesses below 1.4 nm in Co/Au multilayers induced by inter-
quently to a smaller saturation field. face sharpening after annealifiy.ln our case we find

A principal difficulty is to calculate the dependence of the perpendicular anisotropy for 1.95 nm thick Co layers, con-
wall energy on the wall angle and in particular in an appliedsistent with sharp interfaces between FeNi and Co.
field, since the wall structure of the superlattice is not To gain further insight in the collapse of the stripes, we
known. Deviations are expected because the proposed doalculated the magnetostatic energy in a similar fashion as
main wall model is not strictly applicable to these films, done in the appendix, but for the simpler case of a multilayer
since the walls may have a two-dimensional structure. Theonsisting of alternating magnetic and nonmagnetic layers.
The somewhat lengthy expression is not shown here. The

460 T T T T magnetization is now allowed to be also periodic along the
stripe direction with periogh, leading to a chesslike magne-
ass | 1% i tization pattern for equal periods=p. The demagnetizing
g o energy for this pattern was confirmed to be smaller than for
2 5 \ the stripe domains with the same period. However, the ener-
e 450 - 0 ] gies of the two structures are quite close as the energy of the
£ 0N e checker is only about 5% smaller. The energy was mini-
S st 4 mized with respect to the unknows d, andp. If the ten-
sion of the additional Nel walls was taken to be larger than
o L | the tension of the Bloch walls separating the stripe domains,
™~ 7g, the periodp tended to infinity, leading to a stripe
domain structure. The reason is that although the demagne-

435 ' ' . . tizing energy decreases with decreasmghe total energy
0 20 40 60 Hy 80 ; ) )
H(mT) increases, since the wall energy increases more strongly, un-
lessy is very small. Artificially taking the same wall energy
FIG. 8. Domain periodi as a function of the applied field. The t€rm Eq.(3) for the Neel walls to regain symmetry leads to
period decreases down to approximately 435 nm at saturation. Thé=p. The model is too simple to describe the observed tran-
inset shows the dependence of the wall width @n the applied  Sition, but it is consistent with the following qualitative ex-
field, whereL is given by Eq.(7) for e=0.1. planation of the collapse of the stripes:
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The magnetostatic interaction favors formation of smallremember that the “Ginzburg-Landau” case corresponds to
domains. The demagnetizing energy term is thus smaller fostrong magnetic fields when the perpendicular component of
the segment structure shown in Figsd)2and 2e) than for the magnetization is sufficiently small. The formation of
the stripe domain structure. However, the formation ofquasichaotic patterns for the multilayers under consideration
smaller segments requires formation of additional wallswill be considered in more details elsewhere.
along the stripe direction. These walls areeNealls and are The hysteretiad dependence is directly connected to the
therefore expected to have a larger energy than the Bloctifferent magnetization structures in the two branches of the
walls separating the stripe domains. Thus, formation of adhysteresis curve. In the branch through the points B, C, and
ditional walls in this direction is unfavorable, so that stripe D, the in-plane magnetization is not completely aligned
domains are preferred. For large angkesind high fields, along the positive stripe axis. This leads to different values of
however, the difference between the wall energies for théhe competing energy terms in E(), so that the domain
two types of walls decreases as they approach zero. Theeriod consequently gets shifted. The lalwalue in the
situation then becomes approximately symmetric, leading teirgin state and its sudden increase when applying an exter-
the collapse of the stripes. This is consistent with the MFMnal field could be explained by a domain structure in which
images(Fig. 2). It is indeed difficult to identify the original the easy-axis domains are separated by 180 degree Bloch
stripe direction after the collapse of the stripes. A larger wallwalls. The competition between the corresponding wall en-
energy for the Nel walls along the stripe direction also ex- ergy and the other energy terms determines the obsetved
plains that the stripe direction is always found to coincidevalue. Under an external field applied in thelirection, the
with the direction of the in-plane magnetization componentmagnetization will flip from the perpendicular direction into

More quantitatively, an instability of the stripe domain the effective easy-axis directidias determined by the com-
structure has been explained in Ref. 34 in terms of a simpleetition between the energy termgiving rise to a different
Ising-like model with thez component of the magnetization, domain period.

m(r), which is uniform in thez-direction(normal to the film It is instructive to calculate the magnetization at in-plane
plang, sor=(x,y). The magnetostatic energy of the film of magnetization values smaller than the remanence. The result
thicknessD can be written as the energy of a plane capacitoiis shown in the inset of the Fig. 7. Under the assumption that

with magnetic charges m(r) so that the magnetization remains aligned along the posiivxis,
a strong field larger than the coercive field in the opposite
1 1 direction would be needed to turn the magnetization around
Em=j J drdr'm(rym(r’) 1| Ja-rZip? in this way. If such a field is applied, large changes in the
field will only cause small changes in the magnetization,

1—e 9P until the coercive field is reached and switching occurs.
22772(;4 mquqTa (13 Temperature effects may be ignored in our phenomeno-

logical approach since we take the observed domain struc-
where m, is a two-dimensional Fourier component of the ture as given for the calculation of the energy terms. The
magnetization density. At the same time, the exchange emmagnetization directioM is thereby understood as the av-

ergy can be written as erage over the fluctuations. Quantitatively convincing results
have been obtained using a similar method for determining

E =1a2 2 m (14) equilibrium values of the variational paramet&ts.
exchi2 %4 9 MgM-—q In particular cases the energy minima can be very shal-

low, suggesting that at finite temperatures a finite range of
equilibrium values would be allowetl.For the domain pe-
riod this might lead to somewhat more irregular structures.

so there is a finite value of the wave vectwp+q* found
from the condition

—qD In our case the minima appeared to be well defined.

d l-e 1 . .

— |20 ——+-aqg?|=0 (15) Nevertheless, the observed domain structure is expected
dq q 2 to exhibit a temperature dependence which in our model en-

with a minimal energy of the magnetic fluctuations and thel€rs via the exchange and anisotropy constants, which are
system may be unstable with respect to the corresponding’0Wn to be temperature dependent. In the present study, we
modulation. This instability may also be described in termsOnly consider the domain structures at room temperature.

of the production of linear defectslisclination$ which can

be clearly seen in Fig. £:*¢It is interesting to note that the
development of the instability is similar in some sense to a
formation of a “stripe glass state” in Ginzburg-Landau sys- Dense stripe domains were observed in @;Rggq/Co
tems with long-range Coulomb interaction and the globalsuperlattice grown on MgQ@O00 single-crystal substrates,
constraint that the average order parameter is equal to*zerousing dc magnetron sputtering. This type of domain structure
In both cases it is important that the conditidg. (15)] (or  arises due to the existence of out-of-plane anisotropy in the
equivalent one for the Coulomb interactjatetermines only  film, which is argued to originate from interface induced
the length of the wave vector for optimal fluctuations but notanisotropy. The energy of the domain wall is dominant in the
its directions, which leads to a strongly frustrated situationmagnetization process, which was found to be reversible
Coming back to the real experimental situation one shouldbove the coercivity field. In addition, the stripe period

V. CONCLUSIONS
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showed strong and hysteretic dependence on the applied 7=2aB((coff—1)K(cosh)+2E(cosh)). (AB)
field, as observed by MFM imaging. A phenomenological

model has been put forward that correctly predicts a decreas- , .
ing domain period with increased applied field. The discrep-1 NiS €xpression, however, does not vanish #or /2 as
ancy between theory and experiment can be attributed to tHeXPected. To resolve the problem, consider the sum of the
formation of partial flux closure domains on the sample sur2nisotropy and wall energy:
face.
27 (d—4L)
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energy for large distances. Subtracting the additional anisot-
APPENDIX A: DOMAIN WALL ropy contribution[(4L—d)/d]e, eventually leads to the

same expression as E@A7). Redefining the tension as

— 7— 2L Bsirfe leads to the expression given in the text.

110 B 1o . In order to obtain Eq(7) for the wall width, note that the

Eexz?Mza(e’(x))z, E.= 7M2,83|n279(x), conditiond¢/dx|,—1 = e uniquely determinek sinced¢/dx
(A1) is a strictly monotonic decreasing function. Usmgi thS first

integral it can be rewritten a$ ,!\sirfe—sirfe(l)=¢,

wherelL o= \/a/B. Solving for e gives

The exchange and anisotropy energies are given by

where the prime denotes differentiation with respect teor
the calculation it is convenient to transform to the angle
=/2— 6, which better reveals the symmetry. Note that in

order to distinguish the angles in the walls, which are func- (L) = arcsi /sinz 222 A8
tions of the coordinatg, from the angles in the domaing,( e(b) " ¢~ Loe): (A8)

¢), they will be marked by a tildep(x), 6(x). The wall

tension= o,/ no/2M? is the integral The functionx(}é) is easily obtained by taking the first inte-
gral, separating variables and integrating, givinge)
= fL [@(@' (x))2+ Bcoa(x)]dx. (A2) =L ,F (arcsin(sing/sin ¢)|sing). Equating the expression for
—-L

the inversep(x) = arcsin(singsin(F ~(x/Lo/sin ¢))) for x=L
The function that minimizes the tension is a solution to thewith Eq. (A8) and solving forL gives the desired result.
corresponding Euler equatione”(X) = — Bsingcose with
boundary conditions APPENDIX B: DEMAGNETIZING ENERGY
o(xL)=*o, :o’(x)|ﬂ=0. (A3) The expression for the demagnetizing energy of a
. i . multilayer consisting of alternating ferromagnetic and non-
The re_:qwrement for the ten5|_on to be a_soll_Jtlon to the EU|anagnetic layers was already obtained by Draaisma and de
.eq.uat|0n leads to a symmet.r!c Wa.!- A first integral t.hat sal-jonge'® We extend the result to the case of bilayers consist-
isfies these boundary conditions i’ (x)]?=(B8/a)[sife  ing of two different ferromagnetic materials. Although the
—sirfe(x)]. This may be used to rewrite the tension, Eq.derivation of the potential for a single layer is very similar to
(A2), as their derivation, we will give a survey over the entire calcu-
lation for clarity.
The z component of the magnetization for a single ferro-
magnetic layer with spontaneous magnetizaMJﬁ) and the
assumed geometry can be written as

r=2BL(sifp+1)— 2,3fL sifp(x)dx.  (A4)
—-L

The remaining integral can be evaluated replacihg by

do/\(Bla)(sirPe—sir?e) and using the substitution () 1 1
=arcsin(singsin ), which transforms the occurring integrals Mgl)(x,z) = M(Sl)cosel, —-d;sx<zd,,
to standard complete elliptic integrals. Inserting the result 2 2
into Eq. (A4), replacing the width R given by

~ 1 1
a(e d a ~MPcosh,, —d;=x<=d;+d,, B1
2L=2\ﬁf — ~=2\ﬁK(sin¢>), s €080z, Zh=x=30T (BY)
Blo sirte—sirfe B
(AS5) if —3t<z<3t and O otherwise. The magnetization is peri-
and transforming back to the angheyields odic in x with periodd. The Fourier series expansion is
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2MY(cosb, + cosb,)

nr

d, ) X
WnF Cco Wna s

M(coshyd; /d—cosb,d,/d). In order to ob-

MB(x,2) =M+ 2

X sin| (B2

where M(M=M

tain the corresponding expression for the type 2 layers, th

replacemenM Y-~ M{? has to be made. To allow for dif-
ferent anglesg; is replaced byy; for i=1,2. The potential
#(x,2) is a solution to the Laplace equati®?¢=0 with
boundary conditions

1 1
¢o<X,§t) :¢i(X,§t),
1

(x,%t) ol (X,E x,%t). (B3)

0z
¢; denotes the potential inside the laygez|& 3t) and ¢,
outside the layer £>3t). For z<3t, one has¢(X,2)

- d’o(xv

layers is

dbo
Jz

Jom

oo

1
L f(D)
¢G)=5M t+g1

t
Xsinf( wka) cos{

M{Pd(cos, +cosh,) (
sin

k2m?
2mk—

X 2kZ
eX—’iTa,

d
Kk El)

. (B4)

(2) S
¢?(x,2)

— P (x,(j—p)D—3(s+1)}+

dP(x,z+1D)— pP(x,1D),

The total potential generated in bilaygy is ¢p(x,2)
= ¢{V(x,2) + ¢P(x,2). The demagnetizing energy for layer
p can be wrltten as

Ep= zlgon dx{M (X, 30 dp(X, 51) = (X, — 51)]
+MP(x,— 1) pp(x, — 31) = py(x,— 3t=9)T}.
(B9)

The term in brackets can further be rearranged into the fol-

lowing three contributions:

—2) by antisymmetry. The solution for the type 1

=J§l {pP(x, 2+ (p—])D+3(s+1)— ¢Px,(p—

¢ (x,z+1iD)— ¢ (x,1D),

PHYSICAL REVIEW B 69, 064411 (2004

M{Pd(cosb; + cosb,) d
¢(1)—M(1)z+2 7 o”’](’]TkEl)
kt 2 kX '|‘<2 kZ B5
X ex —waco ’7TaS|n kg |- (B5)

To obtain the solution for the layers of type 2 the same re-
ﬁlacements as made in the corresponding expression for the
magnetization apply; additionally,has to be replaced by

The potential generated by sublattice 1 in bilapés found

by proper superposition. Placing the bilayer with the center
of the type 1 sublayer a&=0 and the center of the type 2
sublayer az=—3(s+t), the potential if #{"(x,0)=0]:

p—1

¢é”<x,z>=j§1 {6D(x,z+ (p—])D)— pP(x,(p—})D)}

N
- > {oMx(j-p
i<p+1

p)D—2)
— ¢P(x,(j—p)D)}
dM(x,2) —lt<z<lt
+ B6
—¢W(x,—2) | —It—s<z<—1it. (B9

The corresponding potential generated by sublattice 2 in
bilayer p is [ ¢{?(x,0)=0]:

N
%l {6P(x,(j—p)D—

)D+3(s+t))}— z—3(s+1))
1 1
—st—ssz<—jt
2 (B7)
—ilt=<z<it.
[
MO (x, 30 $(x,3t) — {P(x,— 31)]
+MP(x,— 1) ¢ (x,— 31) — pP(x,— $t—9)]

+IMP X[ (.30 = 6%~ 31)]
+MP(x, — IO SPD(x, — 31— S (x, ~ 5t=9)]].
(B9)
Inserting the expressions fod, and ¢, into Eq. (B8) and

carrying out the integration, only terms with=k remain.
Averaging the result over all Iayers,

E

_l B10
d_N (B10)
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the complete expression for the demagnetizing energy with the three contributions ordered accordingB®@ Egn be
written as follows:

® (l) 2
_HMo (1) d__ d, )<(c0sf,+ cosb,) d
Eq=" (M (coseld cosezd 5 Z TEE sm2 f(t,d)
d, d “ (MP)2(cose; +cose,)? d d
(2) s 2 = 1 2 e 1
M (co&pld cos<pzd)] ot ) smz( )fn(s,d)
“ MIMP)(cosh, + cosbh,)(cose; + cose,) d d,
+ ( ! 2)(CoS¢s v2) S|n2( mn—| X gn(d)|. (B11)
A=1 (n)3 D d

The explicit expressions for the ternfig(t,d), f,(s,d), andg,(d) are given in the text. The first two lines stem from the
potential of one sublattice integrated over gamesublattice. Therefore, they correspond to theerageiiself-energy of the
respective sublattices. The third line stems from their interaction. Takirgd,=d/2 and 6,= 6,= ¢1= ¢,= 0 and normal-
izing to the maximum magnetostatic energy, finally results in the expression given in the text.
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