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Layer-resolved imaging of magnetic interlayer coupling by domain-wall stray fields
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Layer-resolved magnetic domain images of epitaxially grown Co/Cu/Ni trilayers ¢d0Quhave been
studied, taken by photoelectron emission microscopy using x-ray magnetic circular dichroism as a magnetic
contrast mechanism. In these trilayers the Ni layers are magnetized perpendicularly to the film plane, whereas
the Co magnetization is in the film plane. Comparison of the as-grown magnetic domain images of the Co and
Ni layers reveals the influence of the magnetostatic stray fields from Ni domain walls on the Co domain pattern
as a lateral displacement of the Co domain wall position compared to the Ni domain walls. The effect is
quantified by comparing to the effect of external magnetic fields, and is found to be equivalent to about 250 Oe.
Micromagnetic simulations using the Landau-Lifshitz-Gilbert equation confirm that size of the Ni domain wall
stray field interaction.
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[. INTRODUCTION this method is capable of layer resolved microscopic mag-
netic domain imaging due to the element-selectivity of the
Besides the well studied indirect oscillatory magnetic in-XMCD. It relies on the fact that the x-ray absorption cross
terlayer exchange couplirfif, micromagnetic mechanisms section at elemental absorption maxima depends on the rela-
also lead to a coupling between magnetic layers across notive orientation of the helicity vector of the circularly polar-
magnetic spacer layers in thin film multilayered structuresized incoming x-rays and the magnetization direction of the
These micromagnetic effects may play a crucial role forsample!? In PEEM the local secondary electron yield at the
magnetoresistive applications of reduced lateral size. Thegample surface is used to create a magnified image of the
are related to microscopic properties, such as structure gample, which is proportional to the local absorption and
morphology, but also to the purely magnetic microstructurefhus to the projection of the local magnetization direction
i.e., the magnetic domain structure. Examples of the formeento the light incidence directioft.This allows one to image
are the magnetostatic interlayer coupling at conformal interthe domain configuration of each magnetic layer separately.
face roughnes$,or coupling by the stray magnetic fields Conclusions about the global and the micromagnetic cou-
from the edges of submicron sized eleménfsThe latter, a  pling between the Co and Ni magnetic layers can be drawn
coupling related to the magnetic domain structure, is medifrom the comparison of magnetic domain images of the Co
ated by magnetostatic stray fields from domain walls. Such and Ni layers at the same position.
domain wall stray field interaction was proposed to explain Epitaxial Ni and Co films on C@01) are examples of
the high degree of antiferromagnetic order found in as-grownultrathin magnetic films that exhibit different magnetic easy
weakly coupled multilayer§which is irreversibly lost upon axes for growth on the same substrate: Whereas Co films are
magnetization in an external field. The creeping loss of remalways magnetized in the film pla&;*® Ni films show a
anent magnetization of the magnetically hard layer in reperpendicular magnetization over an extended thickness
peated magnetization cycles of the soft layer in hard/soft spinange*’~2° This leads to a noncollinear magnetic configura-
valve$ has been also attributed to stray field domain walltion in Co/Cu/Ni trilayers on C{@021) in the case of weak
interaction’ Domain images of the hard layer, a granularexchange coupling across the Cu la§eFhe Ni magnetiza-
CoPtCr film, revealed an oscillatory decay of the remanention points along a canted direction out of the film plane,
magnetization consistent with micromagnetic models ofwithin 45° from the surface normal, whereas the Co layer is
magnetostatic domain wall interactithA depth-selective magnetized in the film plane. Alternatingly up and down
Kerr microscopy investigation showed that the magnetizamagnetized stripelike domains are formed in the Ni layer.
tion reversal of the top Fe layer in Fe/MgO(B8)) is influ-  This leads to a partial flux closure outside the Ni layer, and
enced by the stray fields from the moving domain walls ofreduces the otherwise unfavorable magnetostatic dipolar en-
the Fe substrat. ergy of perpendicularly magnetized films. Close to the walls
Despite its obvious importance, relatively little experi- between these domains the flux closure lines outside the Ni
mental work up to now has focused on the micromagnetidayer provide a substantial magnetic field component in the
interactions in magnetic interlayer coupling. This may be dudilm plane, in the direction perpendicular to the domain wall,
to the lack of adequate techniques, which must not only proas schematically shown in Fig. 1. We present layer resolved
vide microscopic lateral resolution, but also allow layer-domain images of the Co/Cu/Ni trilayers which show that
selective probing of the magnetic domain structure. In thighese stray fields from Ni domain walls strongly influence
paper we present a photoelectron emission microscopthe Co domain structure in the as-grown state. By application
(PEEM) study of ultrathin single-crystalline Co/Cu/Ni trilay- of a competing external magnetic field we can estimate the
ers, grown epitaxially on G001). Using x-ray magnetic cir- strength of this coupling due to domain wall stray fields to
cular dichroism(XMCD) as a magnetic contrast mechanism,about 250 Oe. This experimental result is backed up by mi-
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FIG. 1. Sketch of the magnetic stray field above a perpendicu-
larly magnetized film with stripe domains. Close to the domain
walls the flux closure lines provide a magnetic field component in
the film plane perpendicular to the domain wall.

cromagnetic calculations, which show that, although the
maximum in-plane component of the stray field from the Ni
domain walls is more than 480 Oe at the position of the Co
layer, the coupling effect is reduced because of the larger
exchange length of the Co layer compared to the lateral ex-
tension of the stray field.

Co/Cu/Ni tril 1 by elect 50 5.5 6.0 6.5 5.0 5.5 6.0 6.
Oo/CU/NI Trifayers were grown on electron
y g o) by deu (ML) deu (ML)

bombardment from high-purity materials, and imaged at
room temperature in zero field under ultrahigh vacuum con- FIG. 2. Element resolved domain images of an as-grown 4-ML

ditions (base pressurex 10 8 Pa). After deposition of the . . L
. . Co/C dge/15-ML Ni/C(©0Y) tril , th try of which
Ni layer the sample was annealed for 15 min at 450 K to, o/ Weage /CL00Y) trilayer, the geometry of which is

. . sketched at the toga) and(c) Domain images of the Ni layetb)
reduce the interface roughné§£u was prepared either as a and(d) Domain images of the Co layer. The Cu spacer layer thick-

flat film or as a wedge of 15@m width by positioning @ 2 negs s indicated at the bottom axéa) and (b) show the layer-

X 0.5-mnf slit aperture in front of the sample and rocking resolved domain patterns for a light incidence direction approxi-
the_sam_ple/mask {i_ssembly abou_t the_long axis of the ap?_rtuﬁerately anng[HO], and (c) and (d) those for a light incidence
during film deposition, as described in Ref. 23. Depositiongjrection approximately alongl10], as indicated by arrows labeled

rates were around 0.5 ato.mic monolay(—:Mi_) per minute. 1, A comparison of@ and(c) and of (b) and(d) reveals that the
Film thicknesses were derived from medium energy electronj magnetization is mainly out of plane, whereas the Co magneti-

diffraction oscillations during growth and Auger electron zation is in plane.
spectroscopy. The systematic error in the cited thicknesses is
smaller than 10% for Ni and Co, and smaller than 20% forabsorption asymmetry for opposite light helicity at the
Cu; however, the accuracy of the relative thicknesses withitmaxima of the Ni and Cd 5 edges, respectively.
the wedges is about 1%.

The PEEM measurements were performed at the helical Il. RESULTS
undulator beamline UE56/2-PGM2 of BESSY II in Berlin.
Circularly polarized light with a degree of polarization of  In Fig. 2 we present element resolved domain images of a
about 80% was incident on the sample at a 60° angle me#-ML Co/Cu wedge/15-ML Ni/C(D01) trilayer. The left
sured from the surface normal. The setup of the electrostatieanels(a) and(c) show domain images of the Ni layer, and
photoelectron emission microscop@&ocus IS-PEEM is  Panels(b) and (d) on the right show domain images of the
identical to that described in previous publicatidhsin ~ Co layer. The sketch at the top illustrates the film structure.
short, it consists of an electrostatic straight optical axis mi-The Cu spacer layer thicknesk;, increases from left to
croscope with an integral sample stage and a variable coriight between 4.9 and 6.4 ML, as indicated at the bottom
trast aperture. The magnified image is intensified by a twoaxes. Panel&) and(b) show the Ni and Co domain patterns,
stage microchannel plate, and converted into visible light byespectively, of the same position of the sample for a light
means of a scintillator crystal. The image is then computerincidence direction approximately alopg10], as indicated
recorded with 12-bit resolution by a Peltier-cooled cameraby arrows. In panelgc) and(d) at the bottom approximately
(PCO SensiCaim which was operated with:22 binning of  the same area of the sample is shown for roughly opposite
pixels. Parameters were set to result in a lateral resolution dight incidence azimuth, also indicated by arrows. From
350 nm and fields of view of 55 or 8am. The acquisition these two sets of images the direction of the local magneti-
times for the images presented here were 4 min for eachation vector in space can be determined. In particular a
helicity. Images are presented in the form of grayscale codethagnetization along the surface normal will not lead to a

II. EXPERIMENT
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change in contrast for reversal of the light incidence azimuth, (a) Ni (b) Co
whereas the contrast for a magnetization in the film planel ‘ s
will be reversed.

Comparing the Ni domain imagéa) and(c), one recog-
nizes that, except for the lowest Cu spacer layer thicknesse
at the very left of the images, the magnetic contrast is unaf-
fected by the light azimuth reversal. The Ni magnetization is
therefore perpendicular to the film plane, where white and
black correspond to magnetization pointing into the sample
and out of the sample, respectively. The Ni layer exhibits the
stripe/bubble pattern typical for perpendicularly magnetized
films,2°> with domain sizes of several microns. The Co con-
trast, on the contrary, reverses between the domain image
(b) and(d), indicating magnetization in the film plane. Here
the average domain size is much smaller.

The ripple pattern in the Ni images for Cu spacer layer
thicknesses of about 5 ML is correlated to the small domains
in the Co layer at that position. It is a consequence of the
global, large area indirect exchange coupling through the Ct
spacer layer, which is stronger at lower Cu thicknesses. I
leads to a canting of the Ni magnetization away from the
purely perpendicular direction by tilting it into the Co in-
plane magnetization direction. This is due to the competition
of magnetic anisotropies of the single layers and the inter-
layer coupling, and is discussed in detail in Ref. 21. The
absence of this canting in the rest of the image, i.e., at highe
Cu thicknesses, indicates that the exchange coupling is quit
weak there.

In addition to the very different domain patterns in Ni and
Co, also indications for microscopic interaction between the FIG. 3. Element resolved domain images of the as-grown 4-ML
two layers can be found. The shapes of the bigger domains io/Cu wedge/15-ML Ni/C(001) trilayer, corresponding to Figs.
the Co domain imagefFigs. 2b) and 4d)] replicate the 2(c) and Zd). (&) Domain image of the Ni layetb) domain image
shapes of the Ni out-of-plane domains at the very samef the Co layer. The white lines ifb) mark the position of Ni
place. To study the microscopic interaction between the twglomain walls in(a). Two sketches underneath the domain images
magnetic |ayers in more detaily F|g 3 shows a |arger magni”lustrate the relative orientation of Ni and Co magnetization at the

fication of panelgc) and(d) of Fig. 2. The images of Fig. 3 WO indicated spots in the imagé) Histogram of the Co magne-
are shown rotated by 45° with respect to Fig. 2, with thelization contrast above Ni domain wall sections which run within
. +25° along the image vertical and correspond to the situation

[sﬁ:ésg/sdtquzclt\llci)g oarlr?e:g ;)g?t :r?]tléc;r:;s}l t?]fetZErIE;ggh ;ﬁg@é o shown in_ the left sketcr(d_) The same as iic), but for Ni domain
. o . . ~ . . wall sections corresponding to the right sketch.
domain pattern. The local magnetization direction is indi-
cated in some of the domains. The Co domains are mainlyy ines at the bottom of Fig.(B), and the situation at these
magnetized along thel10] (white) and the{110] crystallo-  domain boundaries is illustrated by sketches below the im-
graphic directiongblack). The (110 in-plane directions are ages. The shift of the Co domain walls can be explained by
the easy axes of Co films on @©1).1° stray fields from the Ni domain walls. Let us first consider
White lines in the Co imagfFig. 3(b)] mark the position the left sketch. A domain wall in Ni separates a white/down
of Ni domain walls obtained from the 50% intermediate con-domain on the left from a black/up domain on the right. This
tour line between white and black in a contour plot of Fig.causes a stray field above the Ni film with an in-plane com-
3(a). They facilitate a discussion of the correlation betweenponent pointing to the left, as indicated in the sketch. The Co
the as-grown Ni and Co domain patterns. All the larger blackayer, at that position, has a white/right domain on the left
domains in the Co imagiig. 3(b)] are related to similarly hand side, and a black/left domain on the right hand side.
shaped Ni domains of Fig.(8. At about the middle of the Since the in-plane component of the stray field from the Ni
image these black domains in Co correspond to black dodomain wall is pointing to the left, the domain wall in Co is
mains in Ni, whereas at the bottom of the image a blackshifted to the left in order to expand the black/left domain on
domain in Co is located at the position of a white domain inthe expense of the white/right domain.
Ni. The other sketch on the right hand side illustrates a spot
A closer inspection of the element resolved domain paton the sample where the opposite situation is encountered:
terns reveals that in regions of correlated domain patterns thdere a domain wall is separating a white/right domain in Co
domain walls in Co are shifted right or left with respect to on top of a black/up domain in Ni on the left hand side from
the domain walls in Ni. Two such positions are pointed outa black/left domain in Co on top of a white/down domain in

[110] [110] [110] [110]

- — - —
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Ni on the right hand side. The stray field above the Ni do- Ni Co
main wall is now pointing to the right. This extends the
white/right domain in Co, and leads to a shift of the Co
domain wall to the right.

The effect of the Ni domain walls on the Co magnetiza-
tion is also clearly observed in parts of the image where the
Co domain pattern does not exactly reproduce the bigger Ni
domains, for example in the right bottom quarter of the im-
age. Here the Ni domain walls run predominantly along the
vertical direction. Following the Ni domain walls in the Co ; p (f'! '
image, it is clearly observed that small Co domains, either B
black or white, chain up along these Ni domain walls.

A statistical analysis of the whole image range is pre-
sented as histogram plots in FigdcBand 3d). Since the
light incidence is from the left, the contrast in the Co image
is sensitive to the component of the in-plane magnetization
along the image horizontal. The in-plane component of the
stray field points perpendicular to the domain wall; cf. Fig. 1.
Domain wall stray fields along the horizontal direction are
consequently caused by Ni domain walls running along the
vertical direction of Fig. 3. The Co contrast found above
vertical sections of Ni domain walls has been statistically
analyzed, and its distribution is presented in the form of his-
togram plots in panel&) and(d). Here the meaning of “ver-
tical” was extended to include Ni domain wall sections that byt 10um [110] [110]
are inclined by up to+25° from the vertical direction. In T — ><
this way the analysis for each of the two histogram plots [110] [110]
includes a total Ni domain wall length of 100m. Com-
pared to the average Co domain size of aboytrd, the FIG. 4. Element resolved domain images of a 4-ML Co/6-ML
number of evaluated Co domains is about 50 for each histogy/15.5-ML Ni trilayer on C(001). (a), (c), and (¢) Ni domain
gram plot. Including Ni domain wall sections that are in- patterns;(b), (d), and(f) Co domain patternga) and (b) show the
clined up to=60° from the vertical direction does not lead domain patterns of the as-grown trilayéc) and (d) after the ap-
to a qualitative change of the histograms. Figuf® 3hows plication of a 240-Oe external field in the direction labeled by’
the histogram corresponding to the situation of the left(e) and (f) after the application of a 265-Oe external field in the
sketch, where a Ni domain wall separates a white/down dosame direction. The white lines {b), (d), and(f) mark the position
main on the left from a black/up domain on the right. Figureof Ni domain walls in the respective Ni domain images (c), and
3(d) shows the histogram corresponding to the situation of€). The small arrows above the upper edgéfand(d) mark the
the right sketch. The grayscale bars at the top of pafuels direction of the in-plane component of the stray fields caused by the
and (d) indicate the graytones of Fig(t3 which correspond Ni domain walls. The rectangles i@ and (c) indicate the area
to the respective histogram bars. where the line scans presented in Fig. 5 have been taken.

It is clearly seen that in the Co layer virtually everywhere
above close-to-vertical Ni domain walls the magnetic condence azimuth was alofi§10], as indicated at the bottom of
trast in Co is either black or white, i.e., pointing to the left or Fig. 4. Arrows in the images indicate the direction of local
right, depending on the direction of the stray field from themagnetization. Within the field of view, in Co on[ﬁlO]

Ni domain wall. This minimizes the Zeeman energy of the dr1101 d . b q firmed b .
Co magnetization in the local stray field of the Ni domain2nd[110] domains are observed, as was confirmed by azi-
muthal rotation of the sample. Note that for the present ge-

wall. . T ; .
To get an estimate of the size of the stray fields from the®Metry, where the azimuthal angle of light incidence is 45

Ni domain walls in the Co layer, the effect of an externalto the[110] direction, the contrast frorp110] and[110]
magnetic field on the Co domain pattern in Co/Cu/Ni/Mmagnetization directions would be indistinguishable, and
Cu(001) was studied. Figure 4 shows the effect of an exter-also the contrast frorp110] and[110].

nal magnetic field on element resolved remanent domain im- Only one of the two senses of correlation between Ni and
ages. Here the sample was a 4-ML Co/6-ML Cu/15.5-ML NiCo magnetization, the one corresponding to the left sketch in
trilayer on Cy001), and the magnetic field was applied by Fig. 3 and its periodic extension to a stripelike pattern, is
pulses of about 1 ms duration in between subsequent exppresent here. The position of Ni domain walls, obtained from
sures. The field of view was selected to have Ni domaira contour plot of the Ni domain pattern of Fig@a} is su-
walls running predominantly in one direction, here roughlyperimposed on Fig.(®) as white lines. It is clearly seen that
along[120]. Frames(a) and (b) show the as-grown domain the domain walls in Co are shifted upwards and to the left
patterns of the Ni and Co layer, respectively. The light inci-compared to the Ni domain walls, similar to Fig. 3. Small

as-grown
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as_gnl)wn I I I I the Co domain walls with respect to th(_e_ Ni domain walls
010 - R cannot be just the result of image instabilities. Since the Co
- and Ni images are taken directly one after the other, any
0.00 - image instability should also affect the two exposures with
E 010 1 different helicity for the same image, and thus show up in the
E asymmetry image as artefactual black and white contours
7 otoF along the domain boundaries. This is not observed. In fact,
@ L the images were found to be extremely stable and reproduc-
0.00 - ible, even after hours. Since secondary electrons of identical
i energy are contributing to both the Ni and Co images, the
010 . .
| | | | | different photon energy does not have an influence on the
0 10 20 30 40 50 imaging conditions.
position (um) Figures 4e) and 4f) show the layer resolved Ni and Co

domain images, respectively, of the same position after the
FIG. 5. Line scans of the image asymmetry of a 4-ML Co/6-ML gpplication of a 265-Oe external magnetic field, only 15 Oe
Cu/15.5-ML Ni trilayer on C@001), showing the displacement of higher than before. Again the contour plot of the Ni domain
the Co in-plane domain walls with respect to the Ni out-of-planey5|is of panel(e) is shown superimposed on the Co domain
dpmain walls. Top: Line scans from the as-grown domain image§ Ofmage(f) by white lines. The Ni imagée) is still unchanged
Figs. 4a) and 4b), taken along the long side of the rectangle dis- oo r the application of the external in-plane field, but signifi-

played in Fig. 4a), averaging over the short_ side. Bottom: Line cant changes are observed in the Co image, pdhelith
scans from the domain images after application of a 240-Oe exterr-eS ect to pandb)). Now nearly everywhere a black contrast
nal field, as presented in Figs(c} and 4d). Solid lines: Scans of P P : y yw

the Ni domain pattern, multiplied by 5; dotted lines: scans of the IS o_b_served, except_ for Som‘? Wh't.e Spots r_emalnlng a_t the
Co domain patter. position of the previously white stripe domains at the right

hand side of the image.

This behavior enables us to estimate the size of the stray
. o _ field contribution to the local coupling between Ni and Co
arrows at the top of Fig. #) indicate the sense of the in- |ayers close to Ni domain walls. In the vicinity of Ni domain
plane component of the stray field of each of the Ni domainyalls separatingfrom upper left to lower rightwhite down
walls. Line scans of the Co and Ni; asymmetry along the domains from black up domains, the Co image exhibits a
long side of the rectangle shown in Figa#are reproduced bright contrast after the application of a 240-Oe external

in the upper part of Fig. 5, in which the asymmetry wasfie|q, j.e., magnetization alonigl10]. The in-plane compo-
averaged along the width of the rectangle. For a better comjyent of the stray field from these domain walls is along

parison with the Co line scan, the Ni asymmetry has bee , ) = )
reversed in sign and scaled by a factor of 5. The shift of th 21.0]' D“T'”g the 240-Oe pulse, consequgntl)[,IdO] do
main survives, and re-expands to a certain extent after the

Co m_—plane domain wa_IIs with respect to the. Ni doma'nfield pulse. A 265-Oe field pulse, on the other hand, seems to
walls is very well recognized. The domain wall displacement

differs a bit at each domain wall. and on average amounts tannihilate these domains, so that after switching off the pulse
about 400 nm ' 9 8nly black contrast is observed. Although the external field is

Panels(c) and (d) of Fig. 4 show the Ni and Co element approximately parallel to the domain walls, and the local

resolved domain images, respectively, after the application offeld is perpendicular to them, they are both symmetric with

) ! L respect to the crystallographic axes of the system. If one
an external field of 240 Oe in the direction indicated by neglects uniaxial magnetic anisotropies of the Co layer in the

which was approximately along th¢210] direction.  piane, one can therefore estimate the effect of the local stray
Whereas the Ni imagéc) is virtually unchanged after the fig|g from the competition of both fields. It follows that the

applicat_ion of thg external field, significant_ changes are obxction of the in-plane component of the stray field from the
served in the Co image. Some black domains have nucleatgg gomain walls on the Co layer equals about that of an

within the previously white domains. Because of the direc-gyternal field of 250 Oe.
tion of the magnetic field, these black domains correspond to

a magnetization alonf110]. The white lines in paneld) IV. DISCUSSION
are again the 50% contour lines of paf®l Interestingly the
shift of Co domain walls compared to the Ni domain wallsis  In order to verify the stray field type origin of the ob-
now even higger than in the as-grown imagsvs (a). This  served domain wall displacement, micromagnetic calcula-
can be more clearly seen from linescans of Figg) 4nd tions solving the Landau-Lifshitz-Gilbert equation of motion
4(d), which are presented in the lower part of Fig. 5. Like have been carried odf.The inset of Fig. 6) shows a sketch
before, these scans have been taken at the region indicate€ithe simulated structure and the starting magnetic configu-
by the rectangle in Fig. (4). The displacement of the Co ration. It consisted of a 2.55-nm-thick Ni layer, the uniaxial
domain walls is now between 1.2 and Jun, ignoring the  anisotropy of which was set teé-0.27 MJ/nf, the positive
leftmost stripe where many dark domains have nucleated insign meaning an easy axis of magnetization out of the film
side the previously white stripe in the Co domain image. plane. This value corresponds to volume and interface
It should be mentioned that the observed displacement ainisotropies oft- 29 and— 77 pweV/atom, respectively, taken
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soo - (@) [ Co & I L the two magnetic layers was chosen than what is expected
Ni for a 4—5-ML Cu spacer layéf,in order to study the influ-
600 — x - ence of the canting of the Ni magnetization direction into the
g 00| zu /"\ Hyox: | Cp magne'tiza'tion. direction. WLth the above parameters the
e x / Ni magnetization is tilted by 22° away from the surface nor-
£ 200 —-——- ~ f 4 2200 0¢] mal, in the direction of the Co in-plane magnetization. Ex-
/ 0 Oe perimentally such a canting corresponds to a Cu spacer layer
0 P thickness of about 3.5-4.0 Mi. The Co magnetization, on
200 | , ! ,..=200 Oe/ the contrary, assumes only a very small out-of-plane compo-
| o) ' ' ' nent because of the larger anisotropy of the Co I&Yer.
;@": 120 |- . The domain wall stray field interaction that we want to
b Hoo study here induces ancomponent in the Co magnetization
% 90 o 00e direction close to the Ni domain walls. The sketch in the
x -~ =50 Oe inset of Fig. 6 indicates the direction of tlkecomponent of
= 60— --- =100 0e _| . ! .. . . .
£ -.- —150 Oe the domain wall stray field, pointing in the positixedirec-
; J.j Q\ === =200 Oe tion at the domain wall in the centerx£0), and in
g A N the negative £x) direction at the two neighboring Ni do-
main boundaries shown at the outside edges of the sketch

200 (x==2000 nm).
After a relaxation of the starting configuration in zero
_ _ _ external field, the Co layer was removed, and the magnetic
FIG. 6. Result of a micromagnetic calculation of a 0.85-"Mgtray field of the Ni layer was calculated at the position
C0/0.85-nm Cu/2.55-nm Ni trilayer with an infinitely extended pe- \ynere the Co layer had been, without further relaxing the Ni
r_|od|c stnpe domain structure in the Ni Iayer_as_ starting conf'g_ura'magnetization configuration. Thecomponent of the result
t'?nh(seg 'Tset @ chf’mpqnen;c’f the me}gnet:lc fne(quﬁat the polsmon is displayed in Fig. &) by the solid line as a function of the
ofthe Co layer as a function afposition for three different values - position. A sharp peak with about 20 nm full width at half
of external field inx direction, as indicatedb) Azimuthal angle of maximum(FWHM) is observed. The stray field has decayed
the Co magnetization in the plane, measured from-thledirection, to less than 1% of its maximum. value at onlv 54-nm distance
as a function ok position for five different values of external field : . y
in x direction. as indicated. from the center of the Ni domain wall.
’ The solid line in Fig. @) shows the corresponding azi-
muthal angle of the Co magnetization direction, defined with
from Ref. 19, and assuming the Cu substrate areal atom denespect to the negativedirection. The stray fields at the Ni
sity as well as 1.70 A vertical atomic layer separation of a 15domain walls modulate the Co magnetization about-the
ML Ni film. 27 direction, with an amplitude of-53°. This corresponds to
A regular up and down magnetized stripe domain patterran angle of 90%53° with respect to the axis. Since no
of 2-um stripe width was used as starting configuration foranisotropy in the film plane was assumed for the simulations,
the Ni layer, as schematically shown in the inset of Fig).6  this modulation is rather smooth, and the magnetization
The notation is such that the stripes run perpendicular to thpoints along+y exactly only in the centers of the Ni do-
x direction, and are infinitely extended in tlyedirection.z ~ mains, atx= 1000 nm.
denotes the direction along the film normal. Periodic bound- The maximum value of the domain wall stray field from
ary conditions in the-y plane were used for the simulations. the simulation is 480 Oe. This is distinctly higher than the
A 0.85-nm Co layer was placed on top of the Ni layer, experimental estimate of 250 Oe, but much lower than the
separated by 0.85 nm of Cu. This corresponds to film thickanalytically calculated value for a Ni domain wall of zero
nesses of 4.7 and 4.9 ML for the Cu and Co layers, respechickness>’ which yields nearly 2100 Oe in the center of the
tively, using Cu bulk vertical lattice spacings and lattice pa-Co layer position, i.e., 1.28 nm above the Ni surface. Rea-
rameters of Co/Qi®01) of Ref. 28. The indirect bilinear sons for the latter discrepancy are the finite extension of the
interlayer exchange coupling across the Cu spacer layer wadi domain wall (12 nm from the present simulatipnand
set to 0.25 mJ/A) corresponding to 10QueV/atom. The also a deviation from the ideal Bloch wall profile induced by
uniaxial anisotropy of the Co layer was chosen as the interlayer exchange coupling to the Co layer, as will be
—1.2 MJ/n? (Ref. 16. The starting configuration for the Co shown below.
layer was a single-domain configuration, where all spins The reaction of a ferromagnet on an inhomogeneous ef-
point into the positivey direction. fective field which varies on a length scale comparable to or
The simulation volume was discretized in square prismsmaller than the exchange length of the magnetic material
of size 4 nm in thex andy directions, and 0.85 nm in the  is called exchange averagif®! To discuss the experimen-
direction. The saturation magnetizatipqyM g was set to tally observed domain wall coupling strength, one has to
0.60 T for Ni and 1.66 T for Co; as exchange stiffness con-consider the effect of exchange averaging within the Co
stant A values of 3.410°'2 Jm for Ni and 13 layer, which averages out some of the sharp peak of the
X 102 J/m for Co were used. domain wall stray field. A typical length scale for the reac-
A slightly higher interlayer exchange coupling betweention of a magnetic film on a delta-shaped field can be defined
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asl=+A/(HsMg), whereH,,; is a homogeneous external the stray field is reduced, because the contribution due to the
magnetic field acting against the delta field. This is demonin-plane magnetization in the wall and the contribution due
strated in Fig. @) by including an external field in thex  to the out-of-plane magnetization in the domains outside the
direction in the simulation. The dotted and dashed lines showvall partially cancel each other. It has to be noted that actu-
the in-plane angle of the Co magnetization with the externaélly the field profile for zero external field leads to a certain
field, i.e., with the negative axis, as a function of position tilt of the wall magnetization into the positivedirection[cf.

for four different values of the external field between 50 topanel(b), solid ling]. Therefore the maximum value of the
200 Oe. The Co magnetization deviates from the direction oftray field for zero external field, 480 Oe, is already influ-
the external field aroung=0. The width of this deviation is enced by partial charging of the Ni wall. In the experiment
clearly larger than the width of the stray field itsptf. Fig.  this effect will be less significant, since the interlayer ex-
6(a)]. If the external field is increased, this induced “do- change coupling may be less than what was assumed for the
main” in the Co layer becomes narrower and smaller. Itssimylations, as discussed above.

FWHM follows about a 2 behavior. It is finally annihilated The dependence of the domain wall stray field interaction

even before it reaches the maximum of the local field. Ay, the spacer layer thickness is dominated by the rapid de-

rough estimate for this to happen is when the width of the; 456 of the stray field of an undistorted Bloch wall with
positive part of the total field, external plus stray field, be-

than the tvpical lendthin the simulati vertical distance, which is nearly exponential at distances
comes narrower than the typica endthin € simuiation g compared to the Ni film thickne$$.The additional
this is the case just above a 200-Oe external field. An experi-

. . . : -~ reduction of that field from the partial charging of the wall
ment measuring the domain wall interaction by applylngb a turn of the magnetization component inside the wall in
competing external fields will consequently not yield the y 9 P

peak value of the stray field, but the exchange averaged agje positivex direction at zero external field, as discussed
tion on the magnetic film. above, will be also weaker for higher spacer layer thick-

Note thatl would diverge for zero external field. In the N€SSes. Since the turning angle depends on the in-plane angle
simulation this corresponds to the smooth modulation of th@f the Co magnetization, which is a monotonic function of
Co magnetization direction for zero external field. In thisthe resulting stray field at the position of the Co layer, the
case only the width of the Ni stripe domains limits the ex-resulting stray field will also decay monotonically with in-
tension of the resulting induced domain in the Co layer. Increasing spacer layer thickness. Note that small changes of
practice the value of is also determined by other energy the interlayer coupling strength alone would not lead to a
terms like fourfold or uniaxial in-plane anisotropies. Typical significant change in the resulting stray field because in the
fourfold anisotropy fields for 4—5-ML Co/CGQ01) are of the  range considered here this coupling aligns the in-plane com-
order of 150-200 O&3? comparable to the external fields ponent of the Ni magnetization to within a few degrees with
used here. The presence of such anisotropies will decreasiee Co magnetization.
the effect of exchange averaging, so that higher external The experimentally observed extension of the Co domains
fields are needed to compensate for the influence of the locaduced by the Ni stray fields, i.e., the shift of the Co do-
field. Considering this, the agreement between simulated amnains with respect to the Ni domains, depends on the details
nihilation of the induced domains in Co and the experimenlof the magnetization reversal mechanism in the Co layer, for
is quite good. o _ . example domain wall mobility and pinning, and on the ener-

An interesting point is the reaction of the Ni layer to the yetics of all involved mechanisms, including some preferen-
coupling with the Co layer. The presence ofxacomponent o) ooy pling that locally links certain Co in-plane and Ni
of the .CO magnetization at the posn!ons of the Ni OlOmamout—of-plane magnetization directions, as will be discussed
walls distorts the Bloch wall in the Ni. It turns out that for below, and a possible local uniaxial in-plane anisotropy.

the chosen parameters the azimuthal angle of the In'plar\‘laﬂlithoutaproper knowledge of the mechanism leading to the

component of the Ni magnetization closely follows the Cor_domain duplication in the Co layer and its energetics, it is not
responding angle of the Co magnetization, even in the do- P y 9 '

main walls. This means that at-a200-Oe external field the POSSible to simulate the observed shift of the Co domain wall
Ni magneti.zation turns from-z to — x to —z. and not. as in boundaries with respect to the Ni domain boundaries. No

a Bloch wall, from+2z to +y to —z (or from +z to —y to attempt has therefore been made to simulate exactly the ex-

—7). This adds additional magnetic charge to the Wa",perimentally observed domain configuration of the Co layer.
which increases its stray field. The comparison is shown inf N€ larger domain shift observed after the application of the
Fig. 6(a). The two dashed and dash-dotted lines showxthe 240-Oe field pulse compared to the as-grown steteFig.
component of the total magnetic field at the position of thed) is an indication that the latter represents a metastable con-
Co layer as a function of position for the magnetic configu- figuration. In fact the energetically most favorable remanent
ration obtained by relaxing the structure with a 200-Oe exconfiguration would be a shift of the Co domains by half the
ternal field applied in the plus and minuslirections, respec- stripe period of the Ni domains. It is worth noting that after
tively. It is observed that the stray field from the Ni domain application of the 240-Oe puldéig. 4(d)] the Co domain
wall, i.e., the peak height, is indeed significantly enhancedonfiguration has come closer to this energetic minimum
when the in-plane magnetization inside the domain wall ighan in the as-grown sta{éig. 4(b)]. At some of the nar-
pulled into —x by the interaction with the Co layer. On the rower stripe domains in Fig.(d) this situation seems to be
other hand, if the magnetization in the wall is turning-by, indeed approximately realized.
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The Ni domain wall stray field acts like a local effective ~ The small Co domains seen in FiggbRand 2d) and in
field during growth of the Co layer. It will influence the Fig. 3(b) are absent in Fig. (#). Magnetic domains of two
critical thickness for ferromagnetic order in the Co layer, i.e. different length scales in Co/@01) at different positions
the thickness at which the ordering temperature equals roomn the sample have been reported previotslit is at
temperature. An external magnetic field suppresses magnetizesent not clear which mechanism determines the Co do-
fluctuations, resulting in a smaller critical thickné8sThat  main size. Tiny differences in substrate morphology may be
means that during growth of the Co layer, ferromagnetic orresponsible. The absence or a reduced importance of the
der will first be established at positions close to Ni domainabove discussed mechanism for domain correlation, for ex-
walls due to the domain wall stray fields. At these positionsample a more isotropic step edge distribution, may also lead
the Co magnetization direction will be set by the direction ofto a breaking into smaller in-plane domains of the Co mag-
the stray field. It has been observed that very thin Co layergetization.
on top of 4-ML Cu/15-ML Ni/C{001) exhibit an out-of- From Fig. 4 one can see that the coercivity of the Co layer
plane magnetization domain pattern identical to the Ni dojs not exactly uniform over the imaged area: From pafuls
main patterri.’ This out-of-plane magnetization of the Co anqf) it is clearly recognized that in both images stronger
layer has been attributed to the indirect exchange COUp“”Ehanges to the Co domain pattern occur in the upper left part

between the Co and Ni layers and to the vanishing anisotat the image compared to the lower right part. Since the coils
ropy of.the Co layer at th|cknesses below 2 ML. The. Cuused for the external field are about 2 cm away from the
layer thicknesses of the trilayers presented here are Sl'ghtlé’ample the nonuniformity of the field cannot be the reason
higher, but it is possible that also here an out-of-plane mag; '

netization is present during the early stages of growth of e this. The coercivity is probably also influenced by details

Co layer. The history of the Co magnetization during theOf the film and substrate. m_orpholqu, Whi.Ch may change on
layer deposition therefore starts from an out-of-plane domaif?! shorter length scale within the field of view.

pattern which is a replica of the Ni domain pattern, and later
undergoes a spin reorientation transition to the in-plane do-
main pattern that is observed in the experiment after comple-
tion of the growth.

One could imagine that during that spin-reorientation The layer resolved magnetic domain images of the Co/

transition the local magnetization may turn into any of theCu/Ni trilavers prove the importance of the micromagnetic
four equivalent(110) in-plane crystallographic directions, . hayers p P . 9
interaction between the two magnetic layers by magneto-

thus loosing the information about the out-of-plane domaint tic strav fields f the Ni d : s, Th "
pattern. However, in the experiment a stunning similarityS atic stray nields from the NI domain walls. 1he apparen

between the domain patterns of the in-plane Co magnetizaa€N9th of this interaction equals a coupling field of about
tion and the out-of-plane Ni magnetization is observed, es250 Oe. Micromagnetic simulations support that resqlt. They
pecially in Fig. 4. Possible mechanisms leading to this doShow that the peak value of the domain wall stray field can
main pattern correlation may be found in the exactPe even higher, and is leveled out to some extent by ex-
mechanism of the spin reorientation transition of the Cochange averaging within the Co layer.

layer from out-of-plane to in-plane. In Ref. 34 no sign of This result demonstrates the importance of domain wall
branching into small domains of the out-of-plane domainsstray field interactions for the interlayer exchange coupling.
towards the spin reorientation transition is observed, as i$he apparent strength of the coupling may be influenced by
sometimes found in the vicinity of spin reorientation the presence or absence of domain walls, as well as by its
transitions>>® The spin reorientation transition may there- type. A detailed knowledge of the magnetization reversal
fore proceed, domain by domain, by a continuous rotation oprocess and the occurrence of domain walls is thus necessary
the magnetization from out of plane to in plane. In this cas&o correctly describe the apparent coupling deduced from
it would be energetically unfavorable to create additional in-magnetization measurements of coupled systems. On the
plane subdomains. Which of the four equivalent in-plane dipther hand, this opens a way for tailoring the effective cou-
rections are assumed in each domain may then depend @fing strength within the very same system by manipulating
subtle energy differences. Such energy differences could b@e reversal mechanism. An example is the suppression of

due to structural details, for example preferential step edggomain wall creation by applying a transverse field during
orientation. In Fig. 3 it is in fact observed that locally the Co magnetization switching.

magnetization is rotated by the same 90° rotation with re-

spect to the Ni magnetization, leading to one of the two

correlation patterns schematically shown in the figure. A
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