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Competition between in-plane and out-of-plane magnetization in exchange-coupled magnetic films
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The coupling between a Co layer with in-plane easy axis of magnetization and a Ni layer with out-of-plane
easy axis across a nonmagnetic Cu spacer layer was studied by layer-resolved magnetic imaging. Photoelectron
emission microscopy and magnetic circular dichroism in soft x-ray absorption as the magnetic contrast mecha-
nism were used for the domain imaging. Crossed, wedge-shaped epitaxial Co and Cu layers of 3.5-5.7 atomic
monolayerdML) Co and 2.5—-4.1 ML Cu were deposited onto 15 ML Ni(@2d). The competition between
ferromagnetic interlayer coupling and the magnetic uniaxial anisotropies of the two magnetic layers leads to a
noncollinear magnetization configuration at Cu thicknesses above 3.1 ML. The Ni magnetization is thereby in
a canted state, whereas the Co magnetization is nearly in plane. The canting angle of the Ni magnetization can
be tuned between the surface normal andl5° by adjusting the Cu thickness. At a Cu thickness of approxi-
mately 3.1 ML a transition to a collinear in-plane configuration at lower Cu thicknesses is observed. This can
be explained by a phenomenological expression including the fourth-order anisotropy of the Ni layer.
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I INTRODUCTION In the case of a strong couplingy, andm, are forced to be

collinear, whereas for weak coupling the individual magne-

The coupling between two magnetic layers across a nonization directions will be along the respective easy axes.
magnetic spacer layer has attracted a lot of attention, motiReorientation transitions between these two situations will

vated both by fundamental inter&stand by the prospect of occur for intermediate coupling as a function of the coupling
applications in data storage, magnetic sensors, anstrength. In the course of these reorientation transitions, de-
magnetoelectronics.’ The magnetic interlayer interaction pending on the angular shape of the anisotropy energy con-
for metallic nonferromagnetic spacer layers is commonly detours, also noncollinear configurations with obliquely canted
scribed by a phenomenological expression for the coupnngnagnetization directions can be expected even at zero field.

energy,— J,(mn, - m,) .2 Herem, andm, are the unit vectors An example of epitaxial films that exhibit different mag-

of magnetization in the two magnetic layers. The interactio ?“C easy axes for growth on the same substrate are ultrathin

is characterized by the coupling constdpt also termed the mlaagrr:gtigg dfllir:sth%n fi(l:n(?glji: nj\év E’e&eiiﬁmcsosm?; er)earlp\l\(l-:-?is
bilinear coupling constant, which includes electronic and '

, - ) . dicular magnetization in an extended thickness rdfige.
magnetostatic contributions. Depending on the sign] of

. . ) ) The possibility of a canted magnetization in Co/Cu/Ni trilay-
either a parallel or antiparallel orientation of the two layer o .« had been discussed by Lauhetfial. based on the obser-

magnetizations is energetically preferred. Besides these CQlpation of reduced remanence of both films in neutron diffrac-
linear configurations also noncollinear coupling has been obyjg, experiments. However, a multidomain state of the
served, especially for antiferromagnetic spacer la§ets. sample, leading possibly to the same observations, could not
This noncollinear coupling is described by a higher-orderye ryled out® A reduced remanence of the Ni layer in the
term in (m;-m,) favoring 90° alignment of the magnetiza- direction of the Co layer magnetization has been reported
tion directions(“biquadratic coupling”). It appears as a con- recently by Scheret al.in Ni/Cu/Co trilayers on C(002) in
sequence of roughness-induced spatial fluctuations in tha thickness range where both magnetic layers exhibit in-
sign of J; (Ref. 11 or in a model explicitly taking into plane easy axe¥.It was discussed as a noncollinear configu-
account the antiferromagnetism of the spacer |&y8r.con-  ration of in-plane magnetizations due to the interplay of an-
trast to that, a noncollinear magnetic configuration inducediparallel coupling §;<0) and the temperature-dependent
by different magnetic anisotropies in the individual magneticcoercivity of the Ni layef’ However, a dominant contribu-
layers was recently proposed by Taggall® Calculations tion of biquadratic coupling or a multidomain state could not
for [Fe/VICo/V] multilayers yielded for a certain thickness be ruled out.

combination a magnetic configuration in which the Co layers We present in this paper a layer-resolved photoelectron
are magnetized perpendicular to the film plafieut of emission microscopyPEEM) study of the magnetic domain
plane”), whereas the Fe magnetization is in the film planepatterns of Co/Cu/Ni trilayers, epitaxially grown on ©Q1).

(“in plane”).X® This is a direct consequence of orthogonal From element-selective domain patterns of the as-grown
easy axis directions in the Co and Fe layers. In the absendéms we can directly extract the local magnetization vector.
of interlayer coupling the magnetic easy axes are defined b¥he element selectivity is provided by x-ray magnetic circu-
separate minimization of the anisotropy energy in each layetar dichroism(XMCD), which is used as a magnetic contrast
Considering coupling between layers of different easy axesnechanism for the PEEM domain images. The x-ray absorp-
the magnetization directions are determined by the competiion cross section at elemental absorption maxima thereby
tion between the anisotropy energy and the coupling energylepends on the relative orientation of the helicity vector of
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the circularly polarized incoming x-rays and the magnetiza-as 10% for Ni and Co and 20% for Cu. Cu and Co were
tion direction in the sampl&: This allows one to image the prepared as crossed wedges by positioningdd mnt slit
domain configuration in each magnetic layer separatelyapertures in front of the sample and rocking the sample and
Definite conclusions about canted and noncollinear magnetimask assembly about the long axis of the aperture during
zation configurations can be drawn, independent of domaifilm deposition, as described in Ref. 24.

formation. We show that for appropriate layer thicknesses a

reorientation transition in the Ni layer between a noncol-

linear out-of-plane configuration and a collinear in-plane lll. RESULTS

configuration occurs, during which the Ni assumes a canted Figyre 1 shows domain images obtained at the LGo

magnetization. The canting angle can be tuned in a larggqge (left) and the NiL5 edge(right) of a Co/Cu crossed
range by varying the interlayer coupling strength, i.e., byqople wedge on 15 ML Ni/G001). The Co thickness var-

varying the Cu spacer layer thickness. ies in the range of Fig. 1 from 3.5 to 5.7 ML from bottom to
top, as indicated at the left axis, and the Cu thickness from
Il. EXPERIMENT 2.5 10 4.1 ML from left to right, as indicated at the bottom

axis. Different colors correspond to different projections of
The measurements were performed at the helical undulahe local magnetization direction onto the direction of in-
tor beamline UE56-2 of BESSY Il in Berlin. Circularly po- coming light, which is 30° from above the surface in the
larized light emitted in the fifth harmonic of the undulator direction indicated in the bottom right corner of the left im-
with a degree of polarization of about 80% was used, inci-age. The legend in the right upper corner of the figure indi-
dent to the sample under an angle of 60° from the surfaceates the colors for positive and negative asymmetry, corre-
normal. sponding to parallel and antiparallel alignments of the local
In PEEM the local secondary electron yield at the samplemagnetization direction and light incidence. Only four differ-
surface is used to create a magnified image of the samplent types of domains are recognized in the Co image. Most
which is proportional to the local absorption and thus to theof the area is covered by relatively big stripelike domains
projection of the local magnetization direction onto the lightshowing a dark-blue and yellow contrast. At the top of the
incidence directiod” A vectorial characterization of the image also smaller domains with two intermediate colors,
magnetization direction within magnetic domains is achievedight blue and green, are present. Analysis of these four con-
by rotating the sample about the surface normal and acquitrast levels reveals that the Co magnetization direction is in
ing images of the same spot on the sample for different lighthe film plane over the whole image, oriented along the four
incidence azimuths. (110 crystal axes, as indicated by arrows. The average do-
The setup of the electrostatic photoelectron emission mimain size in the upper part of the image is smaller than in the
croscope(Focus IS-PEEM s identical to that described in lower part. Such locally varying domain size differences in
previous publication$? In short, it consists of an electro- Co/Cy001) ultrathin films have been already observed
static straight optical axis microscope with an integralpreviously?®
sample stage and a variable-contrast aperture. The magnified Inspection of the Ni image of Fig. 1 shows that the left-
image is intensified by a two-stage microchannel plate anghost third of the image exhibits an identical domain pattern
converted into visible light by means of a scintillator crystal. as the Co image. The three different color levels that are
The image is then computer recorded with 12-bit resolutiormainly observed in this part of the image exhibit the same
by a Peltier-cooled camef®CO SensiCaiwhich was op- relative size for Ni and Co. The Ni magnetization is here
erated with 2<2 binning of pixels. Parameters were set to consequently also in plane, aligned with the Co magnetiza-
result in a lateral resolution of 0.4m and a field of view of  tion direction, as shown by arrows.
60 um. Images are presented in the form of grayscale-coded A slightly tilted meandering vertical line, starting at about
absorption asymmetry for opposite light helicity at the 3.1 ML Cu thickness in the bottom of the image, as indicated
maxima of the Ni and Cd ; edges, respectively. The acqui- by the horizontal bar, and reaching the top at about 3.3 ML
sition times for the images presented here were 6 min foCu thickness, separates this aligned in-plane region from the
each helicity. For the quantitative analysis pre-edge imagesegion at the right-hand side, which exhibits a gradual
acquired at 5 eV lower photon energy were subtracted priochange of contrast. This change of contrast is seen best in the
to evaluation of the XMCD asymmetry. big stripelike domains in the lower half of the images. A
Co/Cu/Ni films on C@001) were grown and imaged at gradual change from green to light blue is seen when follow-
room temperature in an ultrahigh-vacuum chamfesise ing the stripes corresponding to blue domains in the Co im-
pressure X 10 8 Pa in the sample preparation chamber andage from right to left. This is explained by a canted magne-
2x10 8 Pa in the PEEM chambeequipped with standard tization in the Ni film, where the canting angle is gradually
facilities for sample preparation and surface characterizatiorchanging as a function of Cu thickness. Two sketches at the
Nickel, copper, and cobalt films were evaporated by electromight-hand side of Fig. 1 illustrate the situation. The green Ni
bombardment from high-purity material. Deposition ratescontrast in the blue Co domains is generated by a perpen-
were around 0.5 atomic monolayeidL ) per minute. Film  dicular Ni magnetization component pointing out of the sur-
thicknesses were derived from medium-energy electron difface plangupper sketch This leads to an antiparallel com-
fraction oscillations during growth and Auger electron spec-ponent of the magnetization direction with respect to the
troscopy. The accuracy of the cited thicknesses is estimatdijht propagation vector. The light blue contrast in the yellow
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FIG. 1. (Color) Layer-resolved domain images of Qeft) and Ni(right) of 3.5-5.7 ML Co/2.5—-4.1 ML Cu/15 ML Ni/C®01). Co and
Cu thicknesses are indicated at the left and bottom axes, respectively. Whereas the Co layer in the entire image is magnetized in plane along
the four(110 directions as indicated by arrows, the Ni layer shows a gradually changing canted magnetization direction at Cu thicknesses
above 3 ML, as illustrated by the sketches on the right-hand side.

Co domains is explained equivalently by a perpendiculathe Ni out-of-plane domains and the Co in-plane domains
magnetization component pointing into the surface plan&an be seen when comparing the Ni and Co domain patterns.
(lower sketch. For decreasing Cu thickness the Ni magneti-In the part of the sample imaged here predominantly dark
zation is increasingly canted into the local Co in-plane dire_cmue' i.e.,[TlO]—oriented, Co domains are found on top of

tion, until it suddenly switches into the aligned in-plane ori-,, . . — . .
entation. The color in the Ni image between these two up” domains of Ni and yellow (110]-oriented domains

domains thus reverses as a function of Cu thickness. At th@" {oP of Ni “down” domains. The exact mechanism leading
zero crossing of the asymmetry—that is, where both domainto this dpmam correla'tlon is at present not fully clear and is
show identical colors—the magnetization direction is per-the subject of further investigation.
pendicular to the light incidence. Summarizing the observa- A quantitative analysis of the Ni canting angle is shown in
tions from Fig. 1, we have a collinear region at small CuFig. 2. It shows the Ni magnetization ang in the plane
thicknesses, in which both the Ni and Co moments aregpanned by the surface normal and the local Co in-plane
aligned and in the film plane, and a noncollinear region aimagnetization direction as a function of Cu spacer layer
higher Cu thicknesses, in which Ni shows a canted magnetihickness. Pure out-of-plane magnetization is defined as 90°,
zation direction, whereas Co is magnetized in plane. Thavhereas 0° means in-plane magnetization aligned with the
above-mentioned meandering line at 3.1-3.3 ML Cu thick-Co magnetization. The data points of Fig. 2 were obtained by
ness separates these two regions. a discriminating pixel-by-pixel analysis considering only re-
If we distinguish the Ni domains at the right-hand side ofgions of dark blue and yellow domains in Co, respectively,
the image only with respect to their perpendicular magnetiand averaging pixels belonging to the same Cu thickness.
zation component, three stripelike domains are observed ifihe analysis shows that at the right-hand side of Fig. 1, at
which the out-of-plane component of the Ni magnetizationaround 4 ML Cu thickness, the Ni magnetization is canted by
points up, separating bigger areas in which the Ni out-ofmore than 20° away from the out-of-plane direction. For
plane component points down. All the smaller domains thatlecreasing Cu thickness the Ni magnetization is tilted further
are mainly present in the upper part of the image differ onlyinto the direction of Co magnetization, until at around 3.2
in their in-plane component, which means by the azimuthaML Cu thickness and?~45° it turns completely into the
orientation of the canting direction, induced by the corre-in-plane direction(0°). In Fig. 2 this switching into the in-
sponding in-plane Co domains. A clear correlation betweerplane direction is not recognized as the sudden event that it is
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into a power series of even powers of d@§(keeping only
0 outotplane the first two terms, i.e,co8(0)+k,cos!(®). Here® is the
angle between the magnetization and the film plane. The

g’ 60 i uppercase letter oK, indicates that theeffectiveuniaxial

5 anisotropy is meant, which includes the magnetostatic de-
2 0o = 45° —» magnetizing energy- 3 uoM?, i.e., K;=k,— 3 uoM?. Ap-

g’ 304 | plying a field along the hard axis leads in this case to a
= gradual canting of the magnetization away from the easy axis
5 into the field direction, followed by an abrupt transition into

o4 e the hard axis for higher fielo@.Qualitatively the same be-

in-plane i havior is observed in the Co/Cu/Ni trilayers.
: : : : To describe the more general case of two coupled mag-
25 3.0 35 4.0 netic layers we have to consider the anisotropy energy of
Cu thickness (ML) both layers. The free enerdy of the Co/Cu/Ni trilayer can

_ ) . . henomenologically written
FIG. 2. Quantitative analysis of the Ni canting angle as a func—be phenomenologically written as

tion of Cu spacer layer thickness, averaged along the vertical direc- F(O~. Ou)=K 2
ON) = COZ(O ;) + Ko niCOZ(O i
tion of Fig. 1. 90° corresponds to the out-of-plane direction, 0° to (Oco Oni) =KacoC0S (O o) + KapicoS(Oi)

the in-plane direction. +kgniCOS(O ;) —I1C0 O co— Oy).

in Fig. 1. Two reasons account for that: First, the line in Fig. @

1 at which the Ni magnetization switches from the cantedrhe first term on the right-hand side describes the anisotropy
into the aligned orientation is not a straight line, but showsyf the Co layer, the next two terms the anisotropy of the Ni
meandering of the order of about 0.1 ML Cu thickness variajayer, and the last term the interlayer exchange coupling be-
tion, as indicated by the horizontal bars at the bottom of Figsyween Co and Ni layers. Since the fourfold in-plane anisot-
1 and 2. Second, there is also a small dependence of thgpy of 15 ML Ni/Cu001) was reported to favor thél110)
position of this line on Co thickness, which is neglectedgirections!® which coincides with the easy axis of magneti-

when plotting the canting angle as a function of Cu thick-ation in Co/C001),***® only magnetization directions

ness. Both together lead to an artificial smearing out of the .. . — L .
transition of about 0.3 ML Cu thickness in Fig. 2. within the (110) plane—i.e., the plane containing {01}

surface normal and tHd.10] in-plane direction—are consid-
ered here. For Co we have included only the first term of the
IV. DISCUSSION expansion in cd$0®), which is sufficient since the Co mag-

The canting of the Ni magnetization into the direction of Netization deviates only very little from the in-plane direc-
Co magnetization can be understood from the competition offon. In the expression for the Ni anisotropy also the fourth
the magnetic interlayer coupling between Ni and Co layerdower in cos@y;) has been included in order to model the
and the magnetic anisotropy of each of the two layers. wéudden switching of the Ni layer into the aligned direction.
assume that in the Cu thickness range of Fig. 1 the couplingimilar to the case of spin reorientation transitions in an
between N| and Co favors ferromagnetic a”gnment and deexternal f|e|d, a fourth'order Cont”buuon Of OppOSIte S|gn
creases with increasing Cu thickness. Furthermore, for the Niompared td; is necessary to describe the sharp transition
and Co thicknesses investigated here, we can safely assurigtween noncollinear and collinear magnetization. Since
that the magnetic anisotropy is out of plane for the Ni layerKzni IS positive (out-of-plane easy axisa negative fourth-
and in plane for the Co layer. Whereas the perpendicula@rder contribution is needed.
anisotropy of the Ni layer tends to orient the Ni magnetiza- For the numerical modeling we have chosen literature val-
tion out of plane, the ferromagnetic interlayer coupling triesues for Koo and Kyy;. From Ref. 15 we geKjco=
to align it parallel with the Co moment, thus leading to a — 760 ueV/surface atom for 4 ML Co/G001) and from
canted configuration. Since the Co in-plane anisotropy ifRef. 18 K,y;=+107 ueV/surface atom for 15 ML Ni/
much stronger than the Ni out-of-plane anisotropy, this willCu(001), where we have already included magnetostatic en-
have only little effect on the Co magnetization direction. ~ ergies of 3uoMg,=87.0 ueV/atom and juoM§;=11.6

In the limit of small canting of the Co magnetization, the peV/atom. The maximum canting angh,,,, depends very
interlayer coupling acts on the Ni layer in the same way as asensitively on the ratio betwedq,; and K, ;. From the
external magnetic field, provided that the layer thickness iexperimentally observed valu® . ,,~45°, Kqni/Koni=
small compared to the exchange length, as is the case here0.29 and, hencek,y;=—31 ueV/surface atom is deter-
Spin-reorientation transitions in the presence of an externahined. The out-of-plane componens, /M for the Ni and
field have been theoretically investigated by Milleval *° It Co layers as a function of the bilinear coupling constint
has been outlined by these authors that transitions betweeme shown in Fig. 3 as solid and dashed lines, respectively.
canted and conforming phasghe latter has to be identified They were obtained by tracing the local minimum of EL.
with our collinear phaseoccur only for opposite sign of in ®; and®,, starting fromJ;=0, where Ni is fully out
second-order anisotropy constéty and fourth-order anisot- of plane. Note that hysteresis and metastability can occur in
ropy constank,, where the anisotropy energy is expandedthe minimization of Eq(1) due to the presence of two local
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thickness. Markers: experimental data points from Fig. 2, mapped
onto the model curve from Fig. 3. Line: parabolic fit to the data.
FIG. 3. Result of modeling the magnetization direction tilt in
Co/Cu/Ni by Eq.(1). Shown are the out-of-plane components of the data. We attribute that to the different Ni layer thickness, 15
magnetization of the Ni laygsolid line) and of the Co layefdotted ML in contrast to 3.0—-4.8 ML in Ref. 26, which leads to a
line) for increasing bilinear interlayer coupling constdit 1 cor-  sjgnificantly higher roughness of the filfiSA higher inter-
responds to the out-of-plane direction, 0 to the in-plane directionszce roughness in turn leads to a stronger damping of the
Parameters used wei,c,=—760 ueV/surface atomK,y;= short period oscillatioff and to a stronger superimposed
*107 pevisuriace atom, ankly; =31 peVisurface atom. The  .qnpripytion from ferromagnetic magnetostatic coupliag-
markers represent_expt_a_rlmen_tal data, where increasing coup_lln(ga”ed “orange-peel” couplinﬁg), which are likely respon-
strength has. been identified with d.ecreas'ng Cu spacer layer thICl§ible for the absence of antiparallel coupling in our samples.
ness, as indicated at the upper axis. Using the fit to the data from Fig. 4, the experimental data
points for the Ni out-of-plane magnetization component can
minima in F(®y;). Tracing the local energy minimum from be plotted as a function of coupling strength. This is done in
Myi. /Myi=1 takes into account the experimental situation,Fig. 3, where the markers illustrate the range probed in the
where the Ni film is first magnetized out of plane before thepresent experiment. The corresponding Cu spacer layer
Co overlayer is deposited. In the reverse case, when the Nhicknesses are given at the upper axis.
layer is first magnetized in plane, the respective jump to the From the above model it follows that also the Co magne-
canted magnetization upon decreasing coupling strengttization is canted away from the in-plane direction by up to
would occur at a smallel;. For the above anisotropy values 3°. This is, however, too small to be recognized in the
the transition from canted to in plane magnetization is calcuPEEM experiment. As discussed above, in that case the ac-
lated to occur at 11@.eV/atom, whereas the jump from in tion of the Co layer on the Ni layer, mediated by the inter-
plane to canted would be at 92eV/atom. layer coupling, is similar to that of an external field. For
One can see that the experimental results concerning th® .,=0, Eq.(1) reduces to the expression for the free energy
gradual canting of the Ni magnetization and the sudden jumpf a single Ni layer in an external in-plane magnetic figld
to in-plane orientation are reproduced by that simple modelvhere the coupling termJ;cos@,;) can be identified with
if we identify the decreasing Cu spacer layer thickness withthe Zeeman energy-H- M ;= — HM;cos@y;). The field
increasing coupling strength.. From comparison of Figs. 1 H which would be necessary for canting the Ni layer to the
and 3 it is possible to extract the coupling strength as anaximum angle of 45° is calculated to be 2065 Oe, using the
function of Cu film thickness, keeping in mind that the ab-above Ni anisotropy parameters.
solute values ofl; depend on the assumption of the above The coupling-induced spin-reorientation transition of the
literature values oK. This is shown in Fig. 4. The markers Ni layer in the Co/Cu/Ni trilayers is qualitatively different
represent the experimental data points; the solid line is &rom thickness or temperature induced spin-reorientation
parabolic fit to the data. The magnitude of the couplingtransitions in single magnetic ultrathin films. In the latter a
strengthJ; corresponding to the range of Cu thicknessescanted magnetization occurs only in the presence of a posi-
imaged in Fig. 1 is in reasonable agreement with what igive fourth-order anisotropy term in the phenomenological
usually observed We do, however, not find negative values expansion of the anisotropy enerdy'~3*which leads to a
for J; in that thickness range. In a recent paper about Curigontinuous, second-order-like transition. Canting is not ob-
temperature shifts in exchange-coupled Co/Cu/NigO®)  served during a first-order-like transition. The spin
samples Neyet al. also observe a decreasing couplingreorientation-transition mediated by the interlayer coupling,
strength with increasing Cu thickness above 3 fliA small  on the other hand, can show a canted magnetization for both
negative maximum od; between 3.5 and 4.0 ML Cu thick- signs of the fourth-order term. The fourth-order term again
ness, however, is present in Ref. 26 and attributed to theescribes the type of the transition, continuous or discontinu-
short-period oscillation of;. This is not seen in the present ous. In the present example of Co/Cu/Ni trilayers we observe

interlayer coupling strength J, (ueV/atom)
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the discontinuous type, characterized by the absence of cargtrength at which the switching to the aligned in-plane mag-
ing angles below 45° from the plane of the film. netization occurs depends @&, ¢, and, thus, on Co thick-
The magnetocrystalline anisotropy of bulk Ni favors theness. If the Co layer has a stronger in-plane anisottomye
(111) directions as easy axes and thus would contribute witR€9ativeK,c.), the Co magnetization will be canted less
a positive sign td,; in Eq. (1). From the room-temperature away from the 0° in plane direction, which leads to a higher

anisotropy constant of bulk NP however, a possible contri- :orquetrorr: th? Ni ml?r?ne_tlfﬁat'tornhv‘i’g'cnh tm it#rnl '?1 ewn’%em
bution from bulk anisotropy is calculated to be only 0 a stronger coupling. 1he transition 1o n plane us

0.3 weViatom, or 4.5ueVisurface atom for 15 ML Ni, happen at smaller interlayer coupling strength for higher Co

T . anisotropy or, in other words, at a higher Cu thickness for
Wh'Ch is clearly weaker than the n'egatlve fourth-order ar?higher Co thicknesses. Since the Co canting angle is small,
isotropy observed here. Extrapolation of the ferromagnetigyq yariation of the Cu thickness of the reorientation transi-
resonance data of Farét al. to 15 ML also yields a fourth-

X i € X tion will also be small. This is exactly what is observed in
order anisotropy with(in our nomenclaturea positive sign g 1. This dependence on Co thickness makes it very im-

of +21 peV/surface atom? However, these data were re- playsible that a sudden drastic increase in coupling strength
corded from Ni films of 6.7—8.0 ML thickness on @@1,  wjth Cu thickness—for example, by a perforation of the Cu
which is exactly the thickness at which the authors ObserV‘Payer—could be the cause of the sudden switching of the Ni
the reorientation of the easy axis of magnetization of Ni/magnetization to in plane. We therefore believe that it is
Cu(001) from in plane to out of plane. A fourth-order anisot- jndeed the angular dependence of the Ni anisotropy energy
ropy with a positive sign at a thickness close to the spinthat leads to this behavior.

reorientation  transition can be caused by thickness Qualitatively the canting of the Ni and Co magnetization
fluctuations, which lead to spatial fluctuations of the sign ofgjrections resembles the suggested magnetic configuration of
the second-order anisotrofyThis mechanism is similar to a 23 A Co/10 A Ccu/53 A Ni trilayer in a paper by Lauhoff
the one used to explain the biquadratic interlayer coupfing. et al'® Quantitatively, however, the suggested tilt angles of
At 15 ML Ni thickness, which is clearly above the spin- 1ge° away from out of plane for Ni and 27° away from in
reorientation transition thickness of single Ni films on pjane for Co are not consistent with our data. Therefore, the
Cu(001), this positive contribution td, would be much re-  giternative explanation of the authors, their results being de-

duced, so that an intrinsic negative contribution could showermined by the domain structure of their samples, seems to
up. The different environment and different interfaces in Ni/pe the more likely one.

Cu(001) and Co/Cu/Ni/C(001) could also account for the

different sign. V. CONCLUSION
We have to recall at that point that the expansion of an- ) ) )
isotropy energy into a power series of dd¥(s just a phe- The layer-resolved direct observation of the magnetic do-

nomenological description of the intrinsic angular depen-T&in configuration in Co/Cu crossed wedges on NifDQ)
dence of the anisotropy energy. This energy is determined bggvealed two d|fferent_magnet|c conf|g_urat|or!s as a funct|or_1
changes in the electronic structure corresponding to the synif CU spacer layer thickness. The spin-reorientation transi-
metry character of the respective magnetization direction. tion in the Ni layer from out of plane to in plane for increas-
Since small changes of the total band energy are sufficient 9 coupling strength proceeds by a continuous canting of
account for the observed size of anisotropies, geometric4€ Ni magnetization direction out of the perpendicular di-
details like strain and interface roughness as well as hybrig®€ction and a subsequent switching into an aligned phase, in
ization with adjacent layers will have a sizable influence. The/hich both magnetizations are in plane. In the canted phase
occurrence of continuous or discontinuous spin-reorientatiof'® Ni  canting angle can be tuned over a wide range of
transitions depends in a very sensitive way on the systerindles by adjusting the interlayer coupling strength via the
parameter® The value ofk, ; directly influences the maxi- CU thickness. Such a canted magnetization might be techno-
mum canting angle of the Ni magnetization and, thus, the cipgically interesting to introduce a bias magnetization com-
thickness at which the jump to the collinear configurationPOnent perpendicular to the actual magnetization direction—
occurs. The meandering shape of the transition line betweelf” €xa@mple, to influence the magnetic switching behavior in
the noncollinear canting phase and the collinear in-plangMall elements. The presence of the two phases is attributed
phase seen in Fig. 1 indicates indeed a sensitive dependent%he angle dependence of the magnetic anisotropy energy
of ki On local properties in the film. Local fluctuations in Of Ni- From the phenomenological modeling a hysteretic be-

the Cu transition thickness of 0.1 ML correspond to change§aVior is_expected in the switching between these two
in k,; of 1.5 weV/surface atom. phases. To use such a behavior might be interesting for the

A possible biquadratic contribution to the interlayer cou-3€sign of magnetic elements that can be switched between

pling has been neglected in our model. In the limit of smalMore than only two magnetic states.
canting of the Co magnetization the effect of a biquadratic
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