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Magnetization process in SmgFeso(88 nm)/NiggFe,o(62 nm) exchange spring films
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The magnetization reversal in a sputtered,§e;o(88 nm)/NigFe,q(62 nm) hard/soft bilayer with induced
uniaxial anisotropy was investigated by Kerr microscopy and magnetometry. In the reversible regime of the
hysteresis loop a twisting of magnetization across the thickness of the soft magnetic film could be derived. The
hard layer reverses by the nucleation and growth of regular domains. They are separated from the nonswitched
areas by tilted domain walls, the angle of which can be predicted by considering the net magnetic moments of
the bilayer system.
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I. INTRODUCTION viously correlated to structural features in the polycrystalline
film.

Magnetic bilayers, consisting of two exchange-coupled In general, however, the reversal of the hard film in ex-
ferromagnetic films of different magnetic hardness and sufchange spring bilayers is treated in a speculative way in the
ficient thickness above a critical dimension, as shown in Refliterature. Two possible mechanisms are discussed. The first
1, typically display a double step easy axis hysteresis curvéne is related to the twisted magnetization in the soft film,
[Fig. 1(a)]. After saturation[Fig. 1(b)] and field inversion, which may be seen as a Bloch wall parallel to the film plane.
the magnetization in the magnetically soft film is continu- With increasing field this wall is increasingly compressed
ously twisted across the film thicknefSig. 1(c)] after ex-  against the hard/soft interface, slowly entering the hard film.
ceeding a critical field. At the same time the magnetic mot can finally get locally unpinned and quickly sweep across
ments at the interface are more or less fixed along théhe thickness of the hard film in fields well below the nucle-
previous saturation direction by exchange interaction withation field of an isolated hard film. This mechanism is for
the (still rigidly magnetized hard layer. The twisting is com- instance suggested in Refs. 3, 8, and 12, stimulated by nu-
pletely reversible, i.e., the soft layer rotates back into alignmerical calculations, and also proposed in Refs. 1 and 4.
ment with the hard layer if the reverse field is removed—aAlternatively, the hard film could as well be irreversibly
phenomenon that may be termed “exchange spring” processwitched by the nucleation and growth of regular domains
with reference to exchange spring permanent magnets coiith walls that propagate laterally along the film. This rever-
sisting of nanodispersed hard and soft magnetic couplegal mechanism was suggested in Ref. 5, derived from minor
phaseg. In stronger fields, the soft and hard films are irre- magnetization loops. In any case, a direct observation of do-
versibly remagnetized along the second branch of the hystefa@in processes is expected to provide important information
esis curve. on the real mechanism in each sample system.

Exchange spring films have been investigated in a number In this paper the magnetization reversal in a sputtered
of papers®~7 Most of them concentrated on the reversal SMyoFeso (88 nm)/NigFey, (62 nm) bilayer film was there-
fields of the soft and hard layers and their dependence on the

film thickness. Usually hysteresis loops were analyzed to de- b induced uniaxial anisotropy
rive information on the magnetization reversal, eventually ©f |MMs —

supported by numerical calculations in which the expected — =
twisting of magnetization in the soft film along the reversible f soft =

part of the process could be verifigd/~® Microscopic ob-  HinkA/m ﬂN‘F")g

servation was performed in Refs. 6 and 10. Here the averag-20 / ©20 | =

rotation angle in the soft film of an Fe/SmCo bilayer was hard =

measured magneto-optically by imaging the fringing fields | g =

around etched holes using a magnetic garnet indicator filrr | =

that was attached to the bilayer in close contact. With this ) _b)’ H ‘T)H

method a field-induced biquadratic coupling effect was
found as a consequence of interaction fluctuations due to the FiG, 1. (a) Easy axis magnetizaton curve of a
partial remagnetization of the fine-grained SmCo Ié‘yET. SmygFes(88 Nnm)/NiggFex(62 nm) bilayer film with an induced
Ref. 11 domain processes in the buried SmCo film of theuniaxial anisotropy. Sketche@®) and (c) schematically show the
same system could be successfully imaged by x-ray microsxpected twisting of magnetization in the soft film along the revers-
copy, finding obliquely oriented domain walls that were ob-ible branch of the hysteresis curve.
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FIG. 2. Domain observation on the NiFe side of the NiFe/SmFe FIG. 3. Easy axis magnetization process along the hysteresis
bilayer. In an increasing field the NiFe magnetization is reversiblycurve, observed from the NiFe side. The reversible branch is char-
twisted or rotatedi(a)—(e)]. Beyond about 9 kA/m the domain walls acterized by a stripelike modulation of magnetizatiah the irre-
are irreversibly shiftedf). versible branch by the nucleation and growth of regular domains

fore studied by K . This i | t of 6{(b) and(c)]. The field direction is marked by arrows on the side of
ore studied Dy FLerr MICroscopy. 1hiS IS one sampie out ol g, ., picture. The open arrow @ marks the previous saturation
series of SmFe/NiFe bilayers that were thoroughly investi-. - ion
gated in Ref. 1. Both the amorphous SmFe film and the '
3ﬁir;?((izgsgillsr;etro%;/lzéa(lrc))?lrgm?:\leoys;rlnrg gii\;e W?SW Qgi:gfr%pyalternating magnetic field along the easy axis it is possible to
. : “obtain a 180° domain stafdig. 2(a)], in which the SmFe
fields of 300 kA/m and some kA/m, respectively, as esti- . ; . ' .
mated from the saturation fields of hard axis hysteresis Ioopg[;(jr‘é\lltig gli?;it?orr? (;wa:ﬁge\,tvlﬁﬁg gsggﬁ:é lrt]h?e ﬁzggittliza?t%?\

of corresponding single films. This justifies the assumptio i L ;
of an approximately rigid magnetization in the SmFe film in 1 the black NiFe domains is rotatépresumably twisteso

the relevant applied field range of about 10 kA/m. The satuthat the black domains continuously approach the color of
ration polarizations of SmFe and NiFe are 0.36 and 1.08 Tthe white domains with increasing field strenglgs. 2b)—
respectively, which results in different magnetic moment2(€)]. Up to about 9 kA/m this rotational process is reversible
fractions of 0.68 for NiFe and 0.32 for SmHRey considering  Without wall motion, i.e., the SmFe domains are not affected.
the film thicknesses of 88 and 62 nm, respectiyelly some  In fields stronger than 9 kA/m the domain walls are shifted
figures the magnetization of the two films is therefore indi-and zigzag folded as shown in the remanence picture of Fig.

cated by vectors of different length. 2(f).
The complete demagnetization process, again observed
Il. EXPERIMENT from the NiFe side, is shown in Fig. 3. Here the external field

was precisely aligned along the preferred axis. After satura-
tion and field inversion, the magnetization in the NiFe film

comes simultaneously twisted clockwise and counter-
ockwise on a local scale during demagnetization. The two

; . . o : ases of opposite chirality appear in a characteristic contrast
for NiFe and SmFe, respectively. An in-plane uniaxial anisot, PP y app

. . . e exture orthogonal to the field directi¢Rig. 3(a)] in a simi-
ropy was induced with the easy axis along the direction (.)f Jar way as magnetization ripple in polycrystalline single

Y%ilms after decreasing a hard axis fiéftdThe simultaneous
presence of both chiralities can be seen as a reaction of the
permalloy film to a statistical perturbation by the crystal an-
isotropy of the individual grains(like in the ripple

The SmgFesq (88 nm)/NggFey (62 nm) bilayer was pre-
pared by dc magnetron sputtering at room temperature on
glass substrate that allows domain observation from botlaI
sides. The deposition rates were 0.15 nm/s and 0.16 nm/

deposition. The bilayer was protected by a 5-nN\gilayer
that was rf sputter depositéa situ. The structure of the films
was characterized by routing-26 x-ray diffraction. The
nanocrystallinity of the NiFe film was indicated by a wide Th h | . h
peak of fc€111)-NiFe around 43.7°, and a very broad peakp enomenolf). The orthogonal texture is caused by the

i o stray field energy: a modulation of magnetization around a
gcﬁt:%%e;\giim 27° and 37 indicated the amorphous Sta[fean direction along the field directiéwhich in our case is

o . ._caused by both chiraliti¢ss energetically more favorable if
The magnetization loops were measured in an alternatin

. . Hoth phases are separated by “walls” that are running or-
gradient mag?etometecfA(_SM) ‘arllg by superconducémg thogonal to the field direction. In Ref. 10 a similar conclu-
quantum Interference evicsQ : ) magnetometry. Do-  gion o the magnetization process in the soft magnetic layer
main observation was performed in a digitally enhanced Ker(yas derived from fringing field imaging around holes using
microscope applying the longitudinal Kerr effect with the

) o . ) the mentioned magneto-optic indicator technique on
axis of sensitivity along the magnetically preferred axis.  ~,gm/Ee bilayers. If the field would be reduced from any

point on the reversible branch of the magnetization curve,

the stripes would reversibly disappear due to the exchange
The spring process is demonstrated by domain observanateraction with the(still rigidly magnetized and saturated

tion on the NiFe side in Fig. 2. By demagnetization in anhard layer. At the onset of the irreversible branch, the hard

Ill. DOMAIN OBSERVATION
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H v ‘ 3 orientation of Fig. 4e) is maintained, but the walls become

l p smre } | ‘ folded along the axis of Fig.(d).

2 0 : { A domain state similar to that in Fig(€ is shown in Fig.

Ii : 5. After switching off the magnetic field, the domains were
g 100 pm i ‘ imaged from the NiFe and SmFe side separately by turning

around the sample. Both images show identical domains,
proving that the reversed domains along the irreversible
branch of the hysteresis curve extend across both, soft and
hard layer.

IV. DISCUSSION

The domain-wall angles during irreversible switching can
be explained in terms of net local magnetic moments. As
Mhdicated in Fig. 6a), the moment fractions of 0.68 for NiFe

) ) ’ . and 0.32 for SmFe add up to a totabrmalized moment of
from the easy axis. Imagé) is related to(e) as explained in the 11 at iti turati Th tic field shall be ali d
text. The arrows mark the magnetization direction in the SmFe film. at positive saturation. The magnetic field shall be aligne
precisely along the easy axis that is identical with xrexis
in the coordinate system of Fig(l§.
and soft layer are irreversibly switched by the nucleation .Aftetr f'?ld ||jverS|0n[F|g._ &b)], the magnet|z§t|on in the
NiFe film is twisted clockwise or counterclockwise, whereas

[Fig. J(b)] and growth(c) of black domains. In these do- the SmFe film is assumed to remain magnetized positively as
mains, which are separated from the twisted matrix by zig- . 9 P ya
ong as we stay on the reversible branch of the hysteresis

zag walls, both films are magnetized parallel along the flekioop. This is schematically indicated in the left part of Fig.

direction. If the field is turned off somewhere on the irrevers-G(b) The SmFe and NiFe moments add up to a net maane-
ible branch, the black domains almost stay unaffected, . N 1a up g
tization vectormy, the direction of which depends on the

whereas the twisted areas in the NiFe film return to the pre hirality in the NiEe film. On entering the irreversibl
vious direction, thus forming a 180° domain pattern with glhiraity e e tim. entering Ihe Irreversibie
branch, domain nuclei are formed in which the SmFe

parallel magnetization in both filrmial). Frgagnetization is flipped by 180°, forcing the NiFe magneti-

In Fig. 4 the same process was observed on the Sm tion alona the same direction by exchange counlin
side. As the twisting cannot be seen from this side, only th : 9 rectl y exchang upiing.
he nucleus is represented by a magnetization veuatoin

nucleation and growth along the irreversible branch are disfh iaht part of Fi The three d 1 bh
played[Figs. 4a)—4(c)]. The zigzag character of the domain ? :jlgb pzr orFig. Ebl)l thet Lee otmalnbp atsr:as are Zﬁpa'
walls is well pronounced in these images. The occurrence Og?ne y domain walls that have 1o obey the condition

FIG. 4. (a)—(c) Magnetization process in an easy axis field along
the irreversible branch of the magnetization curve, observed fro
the SmFe side. Ifd) and(e) the field was misaligned by 5° away

the zigzags requires the simultaneous presence of bo 1~Mz) =0 to be globally free of net magnetic charge
chiralities in the NiFe film as will be discussed in Sec. v, "0t that the walls themselves can nevertheless be locally

This is only possible if the magnetic field is exactly aligned charged in a dipolar way if they are of Becharacter The

along the preferred axis within one degree. The wall angle¥"a_|||_ norrralln?(fr?3¢,silT¢) isl defir;e:[g indFig. t). | h
can be isolated by slightly misaligning the field, thus 0 caiculate the wall angles of the domain nhucleus, the

uniquely selecting one of the two possible chiralities: rotat-WO Vector components oh, have to be dgterm[ned: The
componenti.e., the component along the field directiaan

ing the field direction clockwise results in the nucleation of . s .
counterclockwise domain wallEFig. 4(d)] and vice versa directly be taken from the hysteresis loop: it is the magneti-
[Fig. 4e—note that the zigzag in Fig.(@ is not related to zation value at the onset point of irreversible switchinge

' ' Fig. 6(c)]. This point is obtained by measuring the minor

the chirality induced zigzag. It is rather caused by wall pin- . . . .
ning). If, starting from the latter domain state, the field is Ici‘oi?rse\?; rsslijt)clfae:\?\;;i%r:gCrt?l?lr?w?ncrﬁvligsp?sl ftlyilg;nét itrrr]gv(()errfet
rotated clockwise agaifFig. 4(f)] the previous overall wall ible. The problem is, that the onset point is ill defined for our
sample as the irreversible switching is strongly time depen-
dent. This is demonstrated in Fig(ch where the magneti-
zation curves measured at three different speeds are plotted.
The curves at 2000 and 200 A/m per sec were obtained in the
AGM magnetometer, the 2-A/m/sec curve was measured in a
SQUID magnetometer. The onset point is shifted towards
higher fields and larger negative magnetization with increas-
ing measurement speed. This means that thermal activation
plays an important role in the nucleation and unpinning of
FIG. 5. Identical domains on the SmFa and NiFe side(b), reversed domains. The time dependence can also be ob-
imaged separately by turning around the sample, The second ima@@l’VEd in the Kerr microscope: once an irreversible nucleus
was mirrored around the vertical axis to allow a direct comparisoris formed, the domain walls tend to creep. To determine the
of the pictures. Unprocessed raw images are shown in each caseimagnetization components at domain nucleation, we there-

FEr Vel T

b)
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nating field gradientof about 100 A/m/mmis superimposed

to the stepwise changing dc field. The alternating field could
influence the magnetization process by causing domain states
that are closer to equilibrium.

For the SQUID curve also the transversal compor{gnt
componentof m; was measurefFig. 6(c)]. To avoid a can-
cellation of the transverse moment, it was necessary to mis-
align the field by a few degrees from the easy axis, so that
just one chirality in the NiFe film is selected. Around the
onset of irreversible switching, at whiah,, is +0.15, the
m;, component amounts to about0.61. With m,
=(+0.15;+0.61), my,=(—1,0), andn=(cose,Sing) we
get o= —62° for the wall normal direction under the condi-

b) lH reversed domain tion of net-charge freedom. By symmetry, this results in the
at onset °fi“ev.f;fshible two possible wall orientations of- 28° as sketched in Fig.
SwHeng 6(b). Experimentally an angle of about23° is measured at
1 the nucleus of Fig. @).
The observations in Figs(@® and 4f) support our model.
In Fig. 6(d), observed from the NiFe side, the three domain
phases are visible. However, the picture is not taken at nucle-
ation, but after the irreversible switching was already in
i} progress. The field was then stopped and somewhat reduced
to avoid creeping. A wall angle of abotit30° is measured in
—s0,15 this picture. Also the zigzag walls in Fig(f4 can now be
. —1|0 . 0 explained. Previous to the domain state shown there, the
\ <~—— HinkA/m state of Fig. 4e) was obtained during irreversible switching
. in a field slightly misaligned by about5° relative to the
preferred axis. The field amplitude was then reduced to zero,
2000 A/rm SQUID rotated to—5° and increased again. Now the chirality in the
per sec longitudinal NiFe film is opposite to the previous one, so that a wall
200 A/m orientation like in Fig. 4d) would be favored. The walls of
AGM persec ~2 A/m . Fig. 4(e) tend to approach this orientation by zigzag folding
persee in Fig. 4(f). Similar arguments apply to the zigzag walls in
Fig. 2(f). By demagnetizing the sample in a field close to the
easy axis, it was possible to create the 180° domain state of
Fig. 2(@). For increasing field$Figs. 2b)—2(e)] the black
domains get increasingly twisted. This creates a transverse
magnetization component in these domains so that the initial
wall orientation becomes unfavorable. Nevertheless, the do-
main walls remain straight as long as we stay on the revers-
ible branch of the hysteresis curve. The gain in energy by
reorienting the walls is obviously not strong enough to over-
dy come coercivity forces. Only in stronger fields that initiate

FIG. 6. Magnetization model for the explanation of the domain'rre_vers'ble wall m(_)FIOU[Flg. Z(f)] d_o the Wa_"S approa_ch
wall angles. In(a) the bilayer is saturated in a positive field. (ln) their . requ'r_ed equmbr_lum qnentanon by Zl'gzag fOId'.ng'
a reversed domain is formed on the right, which is separated bi;eeplng their overall orientation at the same time. The zigzag
tilted walls from the twisted zones on the left. The magnetizationState is obviously preserved after switching off the field,
vector m; was determined from the magnetization Curveid}" again due to CoerCiVity effects. Further information on the
where the longitudinal and transverse components are plotted &gzag folding of domain walls can be found in Ref. 13.
measured by AGM and SQUID magnetometery. Kerr iméde Although our domain observations show the growth of
verifies the coexistence of three domain phases as assunted in regular domains during irreversible switching, they do not

answer the question of the nucleation mechanism. Note that

fore have chosen the onset point of irreversible switchingn single SmFe films in the same thickness range nucleation
derived from the low-speed SQUID curve. This onset field isfields of more than 40 kA/m are observeudhich is at least
in the same range as the nucleation field determined by miour times as large as found for the bilayer. A conceivable
croscopy at a slowly varying field. Another interesting obser-interpretation of the reduced nucleation field of the bilayer
vation is the delay in the reversible branch of the SQUIDcould be fluctuations in the interface coupling: At locations
magnetization curve as compared to the AGM curves. Thisvith stronger interface coupling a stronger twisting of the
might be related to the AGM technique, in which an alter-soft layer magnetization might occur with an in-plane Bloch

» SmFe

+0.32

»

+1

+0.68
SmFe ———» ———— » SmFe

total

x [NiFe
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wall that is successively compressed towards the interfaceiniaxial anisotropy was investigated by Kerr microscopy.
eventually entering the hard film and thus forming a nucleusThe low-anisotropy NiFe film is exchange coupled to the
This nucleus then grows laterally by the motion of regularhigh-anisotropy amorphous SmFe film, leading to a double
domain walls. step easy axis hysteresis curve as typical for an exchange
An interesting feature, derived from the SQUID curves, spring film system. Along the reversible part of the curve the
has to be noted. The SQUID curve in Figcpreveals a magnetization in the soft film is continuously rotated in a
maximum transverse moment of about 0.63, which is 93% Otripelike way, indicating clockwise and counterclockwise
the total moment of the NiFe film. For comparison, & transyqation. The simultaneous measurement of longitudinal and

verse mc;ment of only 73% can be d':erived. from the SQUIDy3nsverse magnetization components indicates a surprisingly
curves of a SmG@0 nm/Fe(20 nm bilayer investigated in 4, yransverse magnetic moment in our bilayer system. Mi-
Ref. 3. Two effects can possibly contribute to the surpris-

ingly large transverse moment measured in our SmFe/NiFéromﬂgnmiC caleulations, which correctly consider tha-
systemi(i) The twisting in the permalloy film might not be as nown) coupling across the interface, would be necessary to

pronounced as in the SmCo/Fe system where the films ar%uantltatwely (_:ienve the Spin structure.
Along the irreversible curve, hard and soft layers are

even thinner than in our case. A more homogeneous rotation . :
of magnetization would then have to be assumed and cons¥itched by the nucleation and growth of regular domains

quently a reduced exchange coupling across the hard/sdfther than by a domain wall that propagates along the film
interface as compared to the exchange stiffness in the NiFglickness direction. The domains are separated from the ro-
film, which allows a rapid rotation of spins at the interface tated matrix by characteristically tilted domain walls. The
and a low degree of twisting across the soft film thicknessWall angles can be explained in terms of the local net mag-
(i) There might also be a considerable twisting in the SmFdetization under the constraint of charge freedom.

film. Micromagnetic simulations would be necessary to de-

cide on the contributions of both effects. However, they

would require the knowledge of the strength of exchange ACKNOWLEDGMENTS

coupling across the hard/soft interface that is unknown. o
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