6 Magnetic domains near the
spin-reorientation transition

The modification of magnetic domains and domain walls at th@icuous spiral-like spin-
reorientation transition of ultrathin Ni/Cu(100) films @A@K as a function of film thickness is
discussed in section 6.1. In section 6.2 the reorientatidheomagnetization of Fe/Ni bilayers
on Cu(100) from the out-of-plane direction to an in-planediion is analyzed as a function of
the Fe layers thickness at room temperature. The orientafithe individual magnetizations of
the Fe and the Ni layer is determined element-selectivedyfaaction of the thickness. Finally,
the change of the effective magnetic anisotropy and theevaluhe magnetic moments at the
Fe-Ni interface is discussed.

6.1 Continuous reorientation of the magnetization in
Ni/Cu(100) films

The formation of in-plane magnetized domains in the thiskneange of 5 ML to 8 ML
Ni/Cu(100) has already been discussed in section 5.1. Itfewasd that the domain structure
remains unchanged for Ni thicknesses below 9.5 ML. Arousd\L a spontaneous modifica-
tion of the domain wall is observed, whereby about % wide protrusions of approximately
6 »m length, along with a reduced magnetic contrast, are forpeependicular to the domain
wall as shown in Fig. 6.1 (b). These features correspond t@rgation of the domain wall
within the 10m-field of view of 180%. The reduced MC indicates a change ehtlagnetiza-
tion direction within the protrusions. Moreover, smallentains of inverse magnetic contrast
emerge within the still existing and large in-plane magresti original domains. This also
corresponds to an elongation of domain boundaries, whinhbeaunderstood in terms of the
lowered domain wall energy density per unit lengtkue to the reduced effective anisotropy
at the spin-reorientation transition accordingyte- d\/m, d being the film thickness. The
reduction of the effective anisotropy is correlated withcangin wall broadening according to
w = 2,/A/KE". Atypical example is shown in Fig. 6.2 by two domain wall plesiobtained
from the two line scans (1) and (Il) in image (c) of Fig. 6.1. Wéthe width of the domain wall
measured at (I) is comparable to the typical wall width ofyfulh-plane magnetized ultrathin
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In-plane magnetization component (6=90°, ®=0°):
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10.2 ML Ni/Cu(100) after 20 minutes:

0=90°

0=72° 0=50° 0=28° 0=0°

Figure 6.1: Spin-reorientation transition of Ni/Cu(100) at 300 K as adiion of the thickness. The domain wall of the 8.4 ML in-pdamagnetized Ni
film (a) spontaneously forms elongated protrusions norm#ie wall as the SRT thickness &f = 9.5 ML is reached (b). At 10.2 ML smaller domains of
a reversed magnetization direction appear within the maigilomains (c). The domain wall in (¢) was centered manualig the profiles (1) and (ll) are
shown in Fig. 6.2. 20 min after film deposition. The 10.2 ML Nirfireveals a multi domain pattern with the magnetizationgiog in an orientation close
to the surface normal as indicated by polar angular investigs (e)-(i).
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Figure 6.2: Domain wall profiles taken at the sites (I) and (Il) of the dimianage (c) in Fig. 6.1 of
a 10.2 ML Ni/Cu(100) film at the SRT. While the width of the upgeart of the domain wall (1) is still
comparable to the typical wall width of fully in-plane magzed ultrathin Ni/Cu(100) films300 — 400
nm), the width of the wall segment (I1), in close vicinity tieet wall protrusion, is increased by300%
due to the lowered effective anisotropy at the SRT accortting = 2,/ A/ K.

Ni/Cu(100) films 00 — 400 nm), the width of the wall segment (I1), which is located ios#
vicinity to the wall protrusion, is increased ly300%. Similar results are obtained for wall
segments of the elongated protrusion and also for the sntdl@ains with inverse magnetic
contrast (bright areas). Here, the width of the walls rarfgg®: 500 nm to more than 1200
nm. The determination of the exact domain wall width, howggamore difficult here since the
signal to noise ratio decreases, due to the decrease of Miése areas.

The time evolution of the domain configuration of the 10.2 MQu(100) film was
checked by polar angular investigations 20 minutes aftenaetion of the film growth. Fig. 6.1
(e) demonstrates that a meandering domain pattern with enlagnetic contrast of the in-plane
component of the magnetizatidv has formed. As the polar angle of the polarizatl®nas
successively lowered t = 0°, whereP is aligned perpendicular to the surface, the MC in-
creased, which is shown in Fig. 6.1 (e)-(i). The strongestiM@ indicates that the component
of M perpendicular to the surface is largest, which meanshhas oriented largely parallel
to the surface normal. The reduction in size of the dark irdadpmain at the right hand side
of the SPLEEM images (see arrow) is not an angular depenéfent,dut it corresponds to an
increase in size of the respective surrounding out-ofg@laagnetized domain as a function of
time. This was checked by subsequently increasing the polgle of P back tod = 90°. It
was found (not shown here), that the meandering domaintsteuturther developed to larger
domains as a function of time. After 60 minutes waiting timedase pressure afx 1078
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6 Magnetic domains near the spin-reorientation transition

Pa, which corresponds to a gas exposure of 0.54 Langmuigrteetation ofM of the 10.2
ML Ni/Cu(100) film was perpendicular to the film surface. Timdicates the completion of the
spin-reorientation transition. The adsorption of O and €@ea Ni surface is known to reduce
the surface anisotropy and therefore shifts the SRT to Idliekness values [83,96,97]. We
would like to emphasize, that although the SRT as a functfaheoNi layer thickness was not
completed at 10.2 ML, as confirmed by the existence of a magtietn component within the
film plane (Fig. 6.1 (c) and (e)), the magnetization vectothfer on rotates completely out-of-
plane. This is due to the fact that the surface anisotedgy is reduced, such that the positive
volume anisotropys;  becomes the dominant contribution to the total anisotropy.

In order to determine the orientation of the magnetizationnd) the SRT, angular depen-
dent domain imaging has been performed. Therefore, theepdiqular and two orthogonal
in-plane directions oM have been probed. The results of these additional measotgme
which have been done by C. Klein and A. K. Schmid [191] regemite depicted in Fig. 6.3.
No perpendicular component &1 is detected in the thickness ranje- 9 ML (a;). The
analysis of the clear magnetic contrast in the= —162° in-plane orientation oP and the
weak inverse MC in thed = —72° in-plane orientation reveals, that the magnetization vec-
tor is aligned along th@ = —176° + 5° within the film plane. Comparing this direction of
M with the LEEM and the LEED images presented at the bottom @f &i3 indicates, that
the easy axis of the magnetization is collinear to the paralignment of the Cu step edges
which do not run along thé)11) directions, which are known to be low energy step directions
on Cu surface vicinal to [100], Ref. [192]. Moreoved11) is known to be the easy in-plane
orientation for Ni/Cu(100). This means, that the in-plaasyeaxis of the magnetization of ul-
trathin Ni/Cu(100) films is predominantly determined by @psinduced uniaxial anisotropy if
many steps are aligned parallel. In the present case timsrstaced anisotropy overcomes the
magnetocrystalline anisotropy alo@l1). In previous studies on the influence of parallel Cu
step edges on the easy in-plane direction of the magnetiziatiNi/Cu(001) it was shown, that
the step induced anisotropy in films grown on Cu(001) crgstath miscuts of<1° [10] and
2.5° [90] orients the magnetization parallel to the steps.

At the start of the SRT around 9.3 ML a breakup into a state ofomneter-sized domains of
irregularly shaped protrusions and isolated areas of aggtharientation of the magnetization
with respect to the surrounding domain takes place. At theedame the magnetization rotates
out of the film plane by an angke= 23° 4+ 5° with respect to the sample’s normal within the
brightdomainin (g). This angle is determined from the magnetic contrast oftirese SPLEEM
images at 9.3 ML. Here, both in-plane directionsbofield a similar MC within the domain,
which has formed in the upper left of the images, indicathreg the in-plane component di
has changed b b,). The deviation in the domain shape of the images showingntiptane
component ofM (b3, b,) from the domain pattern in % i. e. the perpendicular component,
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6.1 Continuous reorientation of the magnetization in N{ATQ®) films
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Figure 6.3: Spin canting at the SRT of Ni/Cu(100) as a function of thelthéss at 300 K. At 9.0 ML the
magnetization lies in the film plane pointing into tike= —176° direction (g, by, by), which is rather
parallel to the Cu step edges than parallel to the [011] timecas indicated by the LEED image (taken
at 150 eV). The continuous SRT takes place via the formationicrometer-sized domains of irregular
shape (g bs, by). At 10.7 ML an out-of-plane magnetized domain larger tHanfteld of view (7um)
has formed. The canted magnetization vector at 10.7 ML isaclerized by the polar angte~ 23°
and the azimuthal anglé ~ —113°.

is due to the domain evolution process, since the imagesl il be imaged at the same
time. However, the canting of the magnetization is cleai$yble in the image series at 9.3 ML
Ni/Cu(100). As the Ni layer thickness is further increas@dta 10.7 ML, the canting angle

6 remains almost constant, while the domain size increasgsndethe field of view (7um)
where the in-plane componentdf has rotated t@ = —113° £+ 5°. Finally, the magnetization

is perpendicular to the surface, as the Ni thickness exceEed4l (not shown). In conclusion,
the rotation of the in-plane componentNf proceeds from a parallel alignment to the steps to
an orientation perpendicular to the steps. The superpasifithis rotation and the reorientation
of the magnetization toward the surface normal resultsspigl-like motion of M during the
SRT. Such spiral-like SRT was also observed by Dkesi.[90] and Jahnket al.[10].
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6 Magnetic domains near the spin-reorientation transition

6.2 Spin-reorientation transition of Fe/Ni bilayers on
Cu(100)

The magnetic domain microstructure of 0 to 3 ML of Fe on 7 andMLLNi/Cu(100) films
was studied by SPLEEM at 300 K. As described in chapter 5t&Xwo Ni underlayers vary
in their anisotropy due to the different layer thickness.e ThML Ni/Cu(100) film was in a
canted magnetization state, whereas the 11 ML Ni/Cu(10®)vibs perpendicularly magne-
tized due to the large positive volume anisotropy. Howeyealitatively, the spin-reorientation
transition was found to be similar for Fe/Ni bilayers falbted on a 7 ML and an 11 ML Ni
underlayer. In both cases we have observed a continuows-Bp& SRT, accompanied by a
stripe domain state. In section 6.2.1 the ferromagnetiploog between the Fe and Ni layer is
investigated by means of angular dependent XMCD measutsm&he nature of the contin-
uous SRT in Fe/Ni/Cu(100) films is discussed in detail in i®Wing sections, including the
role of magnetic moments at the Fe/Ni interface determirnyedNMCD.

6.2.1 Coupling between Fe and Ni layers

SPLEEM is not an element-selective technique. The maguentrast of Fe/Ni bilayers on

Cu(100) arises from the magnetization of both the Fe and tHaydr, since below an energy
of the electrons of 10 eV, the penetration depth of the spiafized beam may be several
nanometers. No domains or domain walls of different magregintrast are observed, which
would otherwise indicate a different position of domainglagir magnetization orientation in

the Ni underlayer with respect to the Fe layer. Thus, theegigence for a strong ferromagnetic
coupling between the Ni and the Fe layer. In order to confinsi¢bupling, angular dependent
element-specific XMCD measurements have been performee ofiintation of the magneti-

zation of both layers was found to be parallel in the wholekhess range studied, indicating
a ferromagnetic coupling of out-of-plane and in-plane nediged Fe/Ni bilayers. Since the
helicity of the x-rays was kept constantat= —1, and the magnetization was switched by 180
to obtain the two individual (Fe, Ni) XMCD spectra, a ferragnatic coupling is revealed, if the
algebraic sign of the intensities equals, as obtained ftait (L3) edges of the spectra for Fe
and Ni, respectively. An inverse sign would otherwise idgran antiferromagnetic coupling.

Fig. 6.4 typically shows the ferromagnetic coupling of an/Re ;/Cu(100) film as obtained

from XMCD spectra.

The analysis of the angular dependence of the data, whiah lb@en corrected in respect
of saturation effects, is consistent with the expected)-law [153]. This indicates that the
bilayer is perpendicularly magnetized, and it does notakaecanted magnetization. At an Fe
thickness of 6.5 ML the magnetization of the bilayer hasteatanto the film plane. The paral-
lel alignment of the magnetizations within the plane of thehl the Fe layer is demonstrated
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6.2 Spin-reorientation transition of Fe/Ni bilayers on T0()
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Figure 6.4: Element-selective XMCD signals of a perpendicularly maiged Fg/Ni;7/Cu(100) film at

the Fe and NiL; 3 edges at normal photon incidence =€ 0°). The equal sign of the intensities at the
corresponding.-edges of Fe and Ni reveals the ferromagnetic coupling tervbeth layers.
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Figure 6.5: Element-selective XMCD signals of an in-plane magnetizeg;MNi;7/Cu(100) film at the

Fe and Ni Ly 3 edges at a grazing photon incidencefof= 60° with respect to the sample’s normal.

The equal sign of the intensities at the corresponding lesdd Fe and Ni indicates the ferromagnetic
coupling between both layers.
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6 Magnetic domains near the spin-reorientation transition
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Figure 6.6: Element-selective hysteresis loops taken at the ddges of Fe and Ni of an
Fe 7/Ni17/Cu(100) film at a grazing angle of incidencefbf= 80°. Both loops show the same magneti-
zation switching as the external field is reversed indigative ferromagnetic coupling. The rectangular
shape exhibits the easy axes of the magnetization lyingeipliine, and the equal coercive field1(6
mT) confirms the strong coupling. The data are smoothed avellieen corrected in respect of a linear
background signal.

in Fig. 6.5, which shows the XMCD spectra at a grazing anglé ef 60° with respect to the
sample’s normal. No dichroism was observed at normal imaee Again, the negative (posi-
tive) intensity values at thesl(L,) edges of Fe and Ni, respectively, confirm the ferromagnetic
coupling in the bilayer. Moreover, the coupling was detexi, by recording element-specific
hysteresis loops. At a grazing angle ®bf= 80° the reflected x-ray was detected by a pho-
todiode, which gives rise to an output voltage proportidnahe magnetization. The energy
of the x-ray was set to 708 eV and 852 eV, respectively, whmtesponds to the j.edges

of Fe and Ni. Magnetic fields up t&9 mT * were applied in-plane during the magnetization
reversal, using a water-cooled pair of Helmholtz coils. Bloysteresis loops, which have been
smoothed and corrected by subtracting a linear backgragndlsare depicted in Fig. 6.6. De-
spite the electronic noise of the measurements the hystéoeps for Fe and Ni clearly show
the same magnetization switching as the external field exysexd. The almost rectangular shape
of both loops indicates that the easy axis of the magnebizdiegs in the film plane. A strong
ferromagnetic coupling between both layers is revealedheyetual coercive field df.6 mT.

The magnetic field is here given in the Sl unit Telsa of the neéigrinductiony.oH
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6.2 Spin-reorientation transition of Fe/Ni bilayers on T0()

6.2.2 Magnetic moments per Fe and Ni atom

Exploiting the element-selectivity of the XMCD method thagnetic moments per Fe and Ni
atom have been determined for out-of-plane magnetizediBdAyers as a function of the Fe
layer thickness at 300 K. This was done in order to study thecebf alloying at the Fe/Ni
interface on the magnetic moments per atom. The results f@nN Fe are listed in table
6.1 and 6.2, respectively. The orbital magnetic momentand the spin magnetic moment
1s are derived following the approach of [154]. Since the numdde3d-holesn,;, enters the
equations to determing, andus (see section 2.2.1), a difficulty arises at the Fe/Ni intezfa
where the number of holes for Ni and Fe will change with therdegf intermixing which
is not known. Recent calculations of the individual densitystates (DOS) of Fe and Ni in
variously composed Fe-Ni alloys [193] revealed, that thenber of 3d-holes in the minority
band of Fe increases drastically with increasing Fe amouattd a broadening of the DOS
above the Fermi level. The same effect —but much less pramaitis found for the majority
band. The inverse behavior is calculated for Ni: a narrowifiipe DOS leads to a reduction of
nN'. Experimentally, the number of holes can be deduced fronalibg-dependent change of
the integrated isotropic absorption spectra (half-sunstsgg which are proportional t@,. The
detailed analysis of the area of the normalized isotropsogition spectra of Ni reveals a linear
decrease with increasing Fe layer thickness (not showr).hBesed on the above mentioned
theoretical findings we attribute this decrease to a redunaif 3d-holes of Ni and not due to
an absorption effect by the Fe cap layers. The validity of #ssumption is confirmed by the
increasing value of the integrated half-sum spectra of fe wcreasing Fe layer thickness. For
the 17 ML Ni/Cu(100) filmn}' = 1.5 has been used, which is in close agreement to theoretical
values [151,194] and was found experimentally for a 23 MLOW{100) [195]. From the linear
decrease of the Ni; edge of the isotropic spectra versus the Fe layer thickinessumber of
Ni 3d holes is determined to b\l = 1.36 for the Fe/Ni;; film andn)N' = 1.23 for the Fa/Ni;;
film. According to the decrease o} the respective residual number of holes have been added
tont® = 3.4 which is the number ofd-holes of Fe taken from Ref. [196].

The magnetic moments of Niin Fe/Ni/Cu(100) films of varioedicknesses listed in table
6.1 can be considered as constant and in reasonable agteeitieprevious measurements of
a 15 ML Ni/Cu(100) film [197] within the error bar o£0.05 ug. Since from XMCD the
averaged element-selective moment of a film is obtained l@dhanges of moments at the
interface contribute to the moment of the whole film of 17 Mickmess, only minor changes
of the total moment may be expected. The rajig$..5, however, are larger than determined
generally for Ni/Cu(100) films in that thickness range. loshl be noted that the relatively
large error bar arises from the average of only two measuram@&o obtain more reliable data
five spectra should be averaged.

By considering the magnetic moments of 1 ML and 4 ML Fe of thees&e/Ni bilayer,
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6 Magnetic domains near the spin-reorientation transition

Table 6.1: Magnetic moments per Ni atom of an di,7/Cu(100) film as a function of the Fe layer
thicknessr.

Fe thickness (ML) | ur(pe) | ps(ps) | freor(ps) | 5=

ps

0 0.13 0.60 0.73 |0.22
1.0 0.12 0.60 0.72 |0.21
4.0 0.12 0.65 0.77 |0.18

15 ML Ni/Cu(100) [197]| 0.08 | 0.61 | 0.69 |0.13

Table 6.2: Magnetic moments per Fe atom of an,f¢i;7/Cu(100) film as a function of the Fe layer
thicknessr.

Fe thickness (ML) | pur(ps) | ps(ps) | peor(ps) | 52
1.0 0.22 1.47 1.68 | 0.15
4.0 0.28 2.05 236 |0.14

3.8 ML Fe/Cu(100) [198] 0.25 | 3.46 | 3.71 |0.07

good agreement is found for the orbital magnetic moment pitvious measurements of a
3.8 ML Fe/Cu(100) film [198]. The spin magnetic moment of 1 Mé B determined to be
30% smaller than the bulk value of bcc Fe. In order to clarifthe spin moment of 1 ML
Fe is reduced, measurements at low temperatures are reéguireh have not been performed.
On the other hand the Fe monolayer is deposited on perpdadicmmagnetized Ni, which
due to the direct exchange interaction stabilizes the ntagm®ments of Fe against thermal
fluctuations and should yield a magnetic moment of Fe nealotigemperature value. The
formation of an Fe-Ni alloy leads to an average magnetic nmroé~1.6 ug of the alloy
according to the Slater-Pauling curve, if anyFii, 5 alloy with fcc structure is assumed at
the interface as discussed in section 1.1.2. The indivicheajnetic moments per Fe and Ni
atom, which correspond to that average value, have beemde&zl by neutron diffraction
experiments to baN' ~ 0.7 ug andu™ ~ 2.5 ug [46] which in the case of Fe is contradictory
to our measurement.

The total magnetic moment of 4 ML Fe on 17 ML Ni/Cu(100) is detmed to be2.36 +
0.05 pug. In order to obtain the contribution of the three additioRal layers of the 4 ML
film compared to the monoatomic Fe layer at the Fe-Ni interfdlce following approach is
considered. Assuming an =N 5 alloy at the interface, three different Fe layers conteltot
the measured moment of Fe: the Fe interface layer with a niagnement equal to that of 1
ML Fe on Ni/Cu(100) and full coordination number, the inggrdouble layer and the surface
layer with a reduced coordination number. The average ntemgnement of the three topmost
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6.2 Spin-reorientation transition of Fe/Ni bilayers on T0()

layers is then given by x 1.68 ug + 2 X p g = 2.36 g, Which revealg, = 2.59 pg. This
value indicates a high-spin state of Fe and gives strongeael for the fct or fcc structure.
Moreover, this result becomes important in terms of intetipg the SRT, which is discussed
in the following sections in detail, since a high-spin stafd~e gives rise to a large shape
anisotropy that favors an in-plane orientation of the méigagon.

6.2.3 Continuous SRT as a function of the Fe layer thickness

The spin-reorientation transition of Fe/Ni bilayers on O)) has been investigated as a func-
tion of the Fe layer thickness in the range of 0 to 3 ML Fe at rdemperature. At first, the
magnetization state of an 11 ML Ni/Cu(100) film was magndiyiczharacterized by SPLEEM,
by probing the three components of the magnetization. Theepelicular orientation of the
magnetization of the 11 ML Ni/Cu(100) film was confirmed by gimay the magnetic domain
structure of the film in the perpendicular and in severallamp orientations of the electron
beam polarizatior? as shown in Fig. 6.7 (“O ML Fe”). The magnetic domain pattefithe

Ni film consists of stripes of several micrometers width watiperpendicularly up and down
oriented magnetization ([100] direction) as depictedd).(No in-plane magnetization com-
ponents were found in this pure Ni film. Typically, the two iges in the left most column (“0
ML Fe”) in Fig. 6.7 (b) were acquired with a spin-polarizatioriented along two orthogonal
in-plane directions a = —4° and® = —94°. The absence of magnetic contrast in these
images confirms that there is no spin canting in the Ni/Cu)(1i0@ of 11 ML thickness. Upon
Fe deposition on top of the Ni/Cu(100) film, the modificatidrboth the domain pattern and
the magnetization direction is demonstrated by the sequehonages illustrated in Fig. 6.7.
The deposition of less than 1 ML Fe results in an increaseefrtgnetic contrast along the
perpendicular direction and a slight broadening of the Mndm pattern as described in section
5.3.1. Upon further Fe deposition the out-of-plane MC (Fg. (a)) increases up to 2.5 ML
Fe. Here, the onset of the formation of narrower domains seonted, which corresponds to
the start of the SRT. As the Fe layer thickness is furthereased, the large out-of-plane do-
mains breakup intez180 nm wide stripe domains. The correlation of the shapeeofitagnetic
domains with the topography of the Cu crystal is revealecheylLtEEM image of the bare Cu
surface, which is shown in the lower left of Fig. 6.7. The domaalls of the stripe domains
are obviously aligned parallel to the Cu atomic steps. Adgpprofile of the stripe domain
pattern at the maximum number of stripes, i. e. at 2.6 ML Fdgjsicted in Fig. 6.8. Mostly
cosine-shaped profiles of the stripe domains similar toadhat2 ML Fe/Cu(100) are revealed.
In contrast to the calculated perpendicular orientatiothef magnetization within the stripe
domain pattern of cosine-like profile by Jenssral, the magnetization is canted within the
narrow stripe domains. The different amplitudes in the figuadicate different canting angles
of the magnetization within the respective stripe domains.
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Figure 6.7: Spin-reorientation transition of an F&li,; bilayer on Cu(100) at 300 K as a function of the Fe layer thédenf = 0— 2.9 ML). The SRT takes
place by a continuous spin rotation, a breakup of domaimsstiipe domains parallel to the Cu step edges and a refmmttilarge in-plane magnetized
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6.2 Spin-reorientation transition of Fe/Ni bilayers on T0()
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Finally, the MC in perpendicular orientation vanishes & 9lL Fe. This proves that the
magnetization is now completely oriented in the film planenliké this finding, a perpendi-
cular orientation of the magnetization was reported for &eecages up to 11 ML on 15 ML
Ni/Cu(100) by O'Brienet al. using XMCD [25]. Thereby, around 4 ML Fe a transformation
from the fct to the fcc structure of Fe occurred, and the sdeticted perpendicularly oriented
magnetization of the Fe film was attributed to the Fe layehatRe/Ni interface. An in-plane
oriented magnetization was found by these authors for arlrretfickness larger than 11 ML,

I. . a similar behavior as observed for Fe/Cu(100) films.

In order to determine the easy axis of the in-plane magreetibenains at 2.9 ML Fe, the
electron beam polarizatioR was rotated, until the MC between the domains vanished.eSinc
the MC vanishes ab = —106° (seeb;;), the magnetization orientation within the domains lies
perpendicular to this angle, i. e., the magnetization withe domains is parallel and antipar-
allel at an angle ot = —16° with respect to the step edges, as indicated by the arrowsin t
image (y). No magnetization orientation at 9@ith respect to this direction was found, as one
might have expected for a cubic system. The image contréstat-106° vanishes and reveals
a 300 nm wide Néel wall, which is visible by the line of darkentrast on the left hand side of
this image ;). Within this wall, the magnetization rotates in the filmméa In the core of the
wall the magnetic moments are aligned perpendicular todkg axis of the domains. A Bloch
wall would not cause any magnetic contrast in the middle efwfall for the givenP. Since
there was no technique available to verify the crystal aaton in the SPLEEM setup at that
time, we can only make the following reasonable assumptiamutthe relation of the domain
pattern to the crystallographic direction. It is known ttfa# magnetizatio® of Ni/Cu(100)
films favors the [011] in-plane direction in the thicknesega above 6 ML [33], whereas in
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6 Magnetic domains near the spin-reorientation transition

Fe/Cu(100M favors a [001] in-plane direction with a much larger in-gamisotropy than for
Ni/Cu(100). Therefore, in the coupled Fe/Ni/Cu(100) sgstbe [001] direction most likely is
the easy axis. It should be noted, that for one single sefi&&PbEEM images, which were
taken on Fe/Ni films grown on a different Cu(100) crystal a CEiavestigation exists. The
comparison of the easy axis of the magnetization determireed the domain image of an
Fe s/Ni; 5/Cu(100) film with the corresponding LEED image (Fig. 5.18hfirms the easy axis
of the bilayer system to be [001]. As stated already in sachi®.2, the LEED system was
installed after the measurement. However, the crystahtai®n was imaged with the Cu(100)
substrate being in the same position as for the previouglgrted domain images. As shown
above, theb = —16° direction is the easy axis of the magnetization of thg,Adi,;/Cu(100)
film, which according to our interpretation is thus paraltethe [001] crystallographic axis of
the bilayer. Based on these reasonable assumptions negé#ndiorientation of the used crystal,
the step edges, which are seen in the LEEM image of Fig. 6VA ha certain orientation to a
crystallographic axis. This indicates that the prefegdmtirection caused by cutting the crystal
to a Cu(100) surface has a lower energy than the [011], wkikhawn to be a low energy step
direction on Cu surfaces vicinal to [100] (Refs. [90,192pte, that the in-plane components
M|T| andMﬁ| of the canted and oppositely oriented domains could not teetézl by second har-
monic generation [10] or x-ray magnetic circular dichroi€f], since these techniques average
over large areas.

The breakup into stripe domains is also observed for the twaane directions (Fig.6.7
(b)), which unambiguously shows that the magnetizatiorhef ltilayer is canted within the
stripes. The canting angtewith respect to the film normal increases with Fe coverageeas s
by the increase of the MC in the series of images on top in Fif(&@. Hence, the reorientation
of the magnetization from perpendicular to in-plane witbre@asing Fe layer thickness occurs
via a breakup of the original domain pattern amtiultaneouslyby a continuous rotation @1
within the individual domains.

Interestingly, at a coverage of 1 ML Fe, a magnetic contiggseéars also for the polarization
vectorP at® = —94° as shown in Fig. 6.7 (b) (s€g). There is nearly no MC for 1 ML Fe

if P is setto® = —4°, which is perpendicular t® in the above described image. At larger
coverages of Fe the contrast becomes much strongét &dong® = —4° but stays constant
for P along® = —94°, at least within the error bar af5°, which arise from the uncertainty

in determining the anglé from the SPLEEM images. The analysis of the grayscale images
(normalized to their background, which is the area arouaditcular field of view) reveals that
the easy axis of the magnetizatiof, is at® = —90° (perpendicular to the Cu step edges) for 1
ML Fe on 11 ML Ni. For 2.9 ML Fe the easy axis isht= —16°, i. e. along [001]. The in-plane
component oM rotates from “perpendicular to the steps” into the [001gdiron by crossing

the SRT. This in-plane rotation was observed for both Nikhésses. Since the steps do not run
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Figure 6.9: Angular dependent normalized magnetic contrast versus-¢hklayer thickness of an
Fe,/Ni11/Cu(100) film at 300 K. The hatched area demonstrates thevaitef the SRT. Below 2.5
ML Fe the perpendicular component of the magnetizafidrincreases (e—) while the two in-plane
components stay almost constant. The in-plane componentawich smaller and point into directions
of ® = —4° (—A-) and® = —94° ({J-) with respect to the Cu step edges. Note that the in-plane MC
perpendicular to the steps{—) occurs around 0.6 ML Fe before a componerivbparallel to the steps

is established. During the SRT the magnetization directieitiches from out-of-plane to in-plane, while
the in-plane component rotates from normal to almost pertlthe steps.

parallel to a crystallographic axis, the “perpendiculathte steps” orientation of the in-plane
component ofM has to be interpreted in terms of a step-induced anisotrepyemdicular to
the steps. The in-plane component of the canted magnetizaitithe 7 ML Ni/Cu(100without
the Fe top layer showed the same orientation perpendicuthetCu step edges. This indicates
that the in-plane preferential direction “perpendiculathe steps” is not due to the Fe layer,
but it originates either directly from the Cu steps or fromiaterplay between the magnetic
anisotropy, induced by the step edges and the bulk magastmetontribution of the Ni film.
The latter favors an easy axis perpendicular to the surfadetaus, at least to some degree
also perpendicular to the step edges. At larger Fe thicksesie in-plane anisotropy of Fe
dominates, which then favors the [001] direction.

Fig. 6.9 shows the magnetic contrast, normalized to thedrackd grayscale, as obtained
from the individual domain images taken at three differareations of P (see Fig. 6.7) as a
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Figure 6.10: 3D-plot of the angular dependence of the magnetizationctilime versus the Fe layer
thicknessz of an Fe/Ni;1/Cu(100) film at the spin-reorientation transition at 300Kis the angle
between the surface normal and the easy axis of the in-plamgpanent of the magnetization. It is
derived from a series of SPLEEM images, which are partly shinwFig. 6.7.® is the azimuthal angle
measured counter-clockwise against the direction of thetsate steps (see Fig. 6.7).

function of the Fe layer thickness. The in-plane contrasiioled ford = —4° remains small
and constant up to 2.5 ML Fe, where it sharply increases ugaching the SRT. At around 0.6
ML Fe, a small MC occurs for thé = —94° direction, which then stays constant within error
limits up to 2.9 ML Fe. The behavior of the perpendicular comgnt may be divided into 4
thickness ranges: Below 0.6 ML Fe, the MC is constant, foldwy two intervals, where the
MC strongly 0.6 — 1.5 ML Fe) and weakly 1.5 — 2.25 ML Fe) increases. Finally, a rather
strong drop to zero of the MC is observed within the SRT irdefnom 2.5 to 2.9 ML Fe.

The observed plateau in the perpendicular MC below 0.6 MLarebe explained as result-
ing from two effects, namely from a reduced magnetic momenfe atom on the Ni surface,
and from the canting of the magnetization. Obviously, thpeeted increase of the MC fol-
lowing the increasing number of Fe magnetic moments is hengpensated by a respective
reduction of the perpendicular magnetization componegttduhe canting angle @f ~ 17°
found for the case ob = —94°. This canting angle reduces the normal componeiioby
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(a) 3-dimensional SRT (b) Rotation of the in-plane
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Figure 6.11: Model of the spiral-like motion of the magnetization veaddi~e/Ni/Cu(100) films during
the spin-reorientation transition. The perpendicular netigationM spontaneously tilts off the [100]
direction with the in-plane component normal to the Cu stéges at the beginning of the SRT and
rotates into the [001] in-plane direction at the end of thad $&). The brightness of the magnetization
vectors scales with increasing Fe layer thickness. Thenaganied rotation of the in-plane component
of M is sketched in (b).

~4.4%, which exactly compensates the increase of the avenagaetic moment within error
bars. One might also speculate that at the Fe layer of 0.6 MLF&hatoms do not carry their
usual bulk magnetic moment, but that the Fe moment is redwibd the Fe/Ni interface due
to alloy formation. If one assumes the bulk magnetic momeh&2 ug and 0.62ug per Fe
and Ni atom, respectively, the average moment of the FelBlydi would increase by 13%. In
order to compensate for the according increase in magnaticast, a canting angle ef30°
would be required, which almost doubles the measured gaatigle. On the other hand, from
the measured canting angle of°1a magnetic moment e£1.1 up is obtained for Fe, which
is unrealistic at first glance. However, the an@las obtained from SPLEEM images inhibits
an uncertainty oft5°, such that the magnetic moment as obtained in the case of M€ais
just a rough estimate. On the other hand, element-specifiCBvheasurements (section 6.2.2)
reveal, that the magnetic moment of 1 ML Fe on 17 ML Ni/Cu(li8@)deed reduced to a value
of ~1.7 ug at 300 K, which supports the reduced Fe moment derived frenddimain images.

95



6 Magnetic domains near the spin-reorientation transition

Fig. 6.10 shows (in a 3-dimensional plot) the superpositibthe polar anglé, measured
between the surface normal and the easy axis of the in-ptanpanent oM, and the azimuthal
angle®, both as a function of the Fe layer thickness. Below 2.5 MLHeeolar angle remains
atd = 13° £+ 5°, whereas the azimuthal angle changes from “perpendicuiduet steps”¢ =
—90°)to ¢ ~ —77° + 5°. At 2.5 ML Fe the SRT starts with a breakup of the original domea
and both the polar and the azimuthal angle vary drasticdllye in-plane component d¥1
performs a rotation ob ~ 50° within a range of the Fe thickness of less than 0.1 ML. Within
the same interval increases by almost 40 A further rotation ofAf =~ 40° occurs for the
Fe thickness ranging from 2.6 to 2.9 ML. Here further changes by only6°, such that the
magnetization is finally oriented parallel to the [001] edsction.

The spiral-like SRT that is discovered at least qualitdyilay the series of domain images
is additionally illustrated in Fig. 6.11 (a) as a three disienal sketch, which shows the super-
position of the spin-reorientation from out-of-plane tepilane. The top view (Fig. 6.11 (b))
shows the rotation of only the in-plane component, stafftiogn “perpendicular to the Cu step
edges” to the easy axis of the magnetization, which is th&][@0ection. In order to comply
with the information obtained from the series of domain iemgn our model of the SRT the
projection ofM onto thed = —94° direction is kept constant, as shown in Fig. 6.7 (b). Thus,
in Fig. 6.11 the arrowheads of the in-plane magnetizatiaors follow a slight curve, which
then allows for an equal projection onto tire= —94° direction. This, then nicely explains the
unchanged magnetic contrast as measured in that oriamtatio

6.2.4 Determination of the Fe-Ni interface magnetic anisot  ropy
from the critical Fe layer thickness

The domain images at 300 K unambiguously reveal that theéer@ation of the magnetization
is a continuous one. To describe the nature of a continuods R magnetic anisotropy
constants of second and fourth-order have to be includdukeiconsideration [3]. First of all,
the orientation of the magnetization of the Fe/Ni bilayedetermined by the delicate balance
between the intrinsic magnetic anisotropy energy (MAE) tredshape anisotropy. As stated
before in section 1.2.1 the shape anisotropy always favoirs-plane orientation av, whereas
the intrinsic MAE may either favor an in-plane or a perpentic orientation ofM, which is
expressed in terms of the ratio of the respective anisotcopgtants. The observed SRT from
an out-of-plane to an in-plane direction occurs, when tlastanisotropy dominates over the
magnetocrystalline anisotropy upon the increase of thayer lthickness. The easy axis of the
magnetization is determined by the minimum of the free gndemsity F per unit area, which in
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6.2 Spin-reorientation transition of Fe/Ni bilayers on T0()

the case of the tetragonal bilayer system Fe/Ni on Cu(1@D)dies the following contributions:

1 1
o= <§“0M12Vi - KXM) cos? 6 dy; + <§M0M%e — K¥F6> cos? 0 dp, — KQS"E‘cf cos?f —

1 1
—iKﬂ cos’ § — ngﬁf (3 + cos 4®) sin § — J My, - Mp, (6.1)

where K5 = K3y, c, + K5 i + K3 oo @Nd
K" = Ky dni+ K pe dpe+ K2y oo+ K pe nit Kpe_yqe Withi = 41, 4||. 0 is the polar
angle with respect to the [100] directiof, is the azimuthal angle measured against the easy
[001] in-plane direction of the system is the ferromagnetic coupling constant between the
magnetizations/y; and M, of Ni and Fe, which are always aligned parallel as shown by the
XMCD measurements in section 6.2 &, K,, andK, are the second- and the fourth-order
perpendicular and in-plane terms of the MAEY denotes the volume contribution ahdf the
various surface- and interface anisotropies as given byother index. IfK,, = K, = 0,
no tilted orientation of the magnetization is possible. e&nf K, changes, aliscontinuous
reversal of the magnetization is expected [22]. Since wemesboth an out-of-plane spin-
canting as well as a continuous rotation of the magnetiaatiee second-order contributions to
the MAE alone are not sufficient to account for this behavidwus, a fourth-order contribution
needs to be included within the analysis. However, the eatation interval of 0.4 ML Fe is
rather small, i. e. thé{, values are also small. For this reason fegvalues are neglected in
the further analysis. Only i, > K, the difference between the critical thicknesggsand
d.2, which denote for the onset and the end of the SRT, becomeiisaot. It should be noted,
though, that SPLEEM is a suitable technique, in order toakgeen such a small difference
between the lower and the upper critical thickness, whieh thakes it feasible to determine the
true nature of this transition. In the following approxinoat we consider the 0.4 ML interval
as a discontinuous reversal®f at a mean valué, p. = 2.7 ML .

In our simplified model, the sum of the shape anisotropy aedctiystalline anisotropy
contributions vanishes &t r.:

1 1
<§M0M12Vi - KXN@') dn; + <§MOM}27'6 - KXFe>dFe - K2S,Nz‘—cu - KQS,Fe—Nz‘ -
—K7 =0. (6.2

2, Fe—vac

For the following discussion of the question, which of theeas contributions plays the major
role for the observed SRT, we consider two scenarios. Inticfise, a sharp interface between
the Fe and Ni layer is assumed and the volume, interface afatsicontributions for Fe and Ni
layers on Cu(100) are taken from the literature (table 6[8 shape anisotropy of the bilayer
structure here increases from 7.&V/atom [9] to 32ueV/atom (averaged for the bilayer) by the
deposition of Fe, due to the 3.5 times larger bulk magnetimerd of the Fe atoms (2.22s)

as compared to the Ni atoms (0.6g). Using these values together with the literature values of
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6 Magnetic domains near the spin-reorientation transition

Table 6.3: Anisotropy constants of Ni/Cu(100) and Fe/Cu(100) at 300 K.

Anisotropy constant Energy («eV/atom)| Reference
K ;’ . 30 [37]
K ;’ Fe 77.7 [199]
K 25 NieCu -59 [83]
K3 pe—vac 64 [31]

the anisotropy constants listed in table 6.3, one realthasthe sum of these quantities is zero,
only, if an interface anisotropﬁ(ﬁ re_ni = —93 peVl/atom is present. Thus,large negative
interface anisotropys needed to explain the critical thickness2of + 0.2 ML for the SRT.
Note, that in the case of Fe/Cu(100), where no Fe-Ni interfapresent, the magnetization of
3 ML Fe grown at 300 K is oriented perpendicular to the surfaé®].

In a second but more realistic approach we consider inteéngpixithin the interface, which
then may result in an BKgNig 5 alloy spanning over two monolayers. According to the Slater
Pauling curve, the average magnetic moment per atom in twedayers is~1.6 ;15. Recalcu-
lation of the shape anisotropy of the Fe/Ni bilayer with a 2 Mick alloyed interface region,
but keeping constant the number of deposited Fe and Ni atnmdsagssuming an enhanced mag-
netic moment of the 1.7 ML thick toplayer of 2.ig, yields an increase of the shape anisotropy
by only about 15%. Thus, we can conclude that the increadeedliape anisotropy as a func-
tion of the Fe thickness is not sufficient to force the dir@tiof the magnetization of the bilayer
into the film plane below a thickness of 3 ML Fe. A relativelyga Fe-Ni interface anisotropy
needs to be taken into account to explain the critical Fe&kti@ss at which the SRT occurs.

Determination of an effective fourth-order anisotropy con stant

The SPLEEM images prove that the SRT is a continuous one mraa#thickness interval. As
mentioned above, the value i, is therefore expected to be small. The analysis of the polar
angled as a function of the Fe layer thickness allows for a roughrestion of the effective
anisotropy coefficient<¢", which represents the average of the fourth-order corttdibs of

the entire bilayer. In Fig. 6.12 the polar angle is displagsed function of the Fe thickness
within an interval of 2.25 ML to 3.0 ML. The solid line is a fit bad on the minimization of
the free energy density per unit area given by Eqg. (6.1) vasipect t@. For simplicity, a cubic
lattice is assumed, i. ey, = Ky = K. The unit of K¢ is “energy per volume” due to
the separatior®" = K" + K7°"/d. In a strict sense the Fe and the Ni layers contribute
to both K}*" and K7*" /d. However, measurements by ferromagnetic resonance (FMR) y
values ofK}” for Ni/Cu(001) that are more than three times smaller thardf constants [22].

98



6.2 Spin-reorientation transition of Fe/Ni bilayers on T0()

(o))
o
T

Polar angle 0 (°)
S

225 250 275 3,00
Fe layer thickness d (ML)

Figure 6.12: Angular dependence of the magnetization direction vefseid-e layer thickness of an
Fe./Ni11/Cu(100) film at the spin-reorientation transition at 3006Ks the angle between the surface
normal and the magnetization vector, which is derived frose@es of domain images which in part is
depicted in Fig. 6.7. The curves represents the fits acapttdiq. (6.4). For details see text.

Moreover, due to the small layer thickness of Fe the volunmridmution to &, " from the Fe
layer is regarded as negligible. Hendé, " is neglected in the following, i. eK®" will be
treated as a pure surface/interface contribution of tregbil

Minimization of the free energy density per unit area (EQ) @or the casd{,, = K, =
K¢ and® = 0, yieldsd = 0° and® = 90°, which correspond to the orientation of the
magnetization before and after the SRT, respectively, and:

1 1
cos’f = <<§U0MJ2W - KXN@') dni + <§M0M%e - K;/,Fe> dre — K2S,Nz‘—cu - K2S,Fe—Nz‘ -
KQS:Fe—vac + Kﬁfﬁ)/(ZKzﬁ) : (63)

within the reorientation interval. The solid, dashed andhaa-dotted lines in Fig. 6.12 are
given by

1 1
0 = arccos \/((a,qufw — KXNZ) dy; + (a'qu%G — KXFe) dpe — K2S,Nz‘—cu_

_KQS:FB—NZ' - K;Fe—vac + KZ)ﬁ)/(QKZ)ff) . (64)

for different values ofK¢™. The error bars in Fig. 6.12 identify the individual inacacy in
the determination of the polar angle from each domain im&geor bars range frort5° for
the large out-of-plane and in-plane domains with reas@naizignetic contrast t&8° for the
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6 Magnetic domains near the spin-reorientation transition

case of stripe domains. The fit yields an interval of less &ML for the width of the
spin-reorientation transition.

In order to determinek§" from this fit, the anisotropy constants of Ni/Cu(100) and
Fe/Cu(100) from table 6.3 were used. A saturation magrtedizaf Fe of 1820 kA/m, which
is ~4.5% enhanced with respect to the literature value for botkFe, was taken to account for
the increased average magnetic moment found by XMCD measumts for an Fe coverage of
4 ML. SinceKﬁFe_Ni = —93 peV/atom was determined, provided taf" = 0, i. e. assuming
a discontinuous SRT at 2.7 ML Fe, bolify .., andK§" were varied. The fit, which is given
by the solid line in Fig. 6.12, yield&§ ,,_,, = —68 ueV/atom ands§" = —10.7 ueV/atom.
The value forK§" is of reasonable magnitude compared to the second-ordficeags. Al-
though the error of the determindd™ is expected to be too large to make the valuggf
comparable to anisotropy constants determined by othenadstlike FMR, the existence of
a non-zeroK ¢ is all-important to fit the data points in Fig. 6.12, which @mpond to canted
magnetization vectors. For comparison, another two fitsshosvn in the figure, which yield
K" = —13.0 ueV/atom (dashed line) ani¢™ = —8.3 ueV/atom (dashed-dotted line) for the
same value of(3 ;. Note also thaf§" is negative in all three cases. This means, that also
the numerator in the square root of Eq. (6.4) must be negatitiee Fe thickness range from
2.51t0 2.9 ML, such that the radicand remains positive. Thasprding toKy = Ky — %,uOM2,
(see Fig. 1.4)/, must be positive for the Fe/Ni bilayer system. Then, the S&Bs place
in the fourth quadrant of the anisotropy diagram (Fig. (1.#8)r which theory [4,11] predicts
a canted magnetization in agreement with our results. dategly, the breakup of the large
domains into stripe domains of a cosine-like profile, whithieoretically predicted to occur in
the secondquadrant at positivé’, and negatives, values, issimultaneouslybserved during
the reorientation process.

6.2.5 Domain wall evolution near the SRT

The same reorientation behavior of the magnetization iaddor Fe/Ni bilayers, when Fe is
deposited on an 11 ML Ni/Cu(100) underlayer and a 7 ML Ni/@@)lunderlayer. The latter
one is in a state of a canted magnetization with the in-plameponent of the magnetization
oriented perpendicular to the Cu step edges. Again, thare imagnetic contrast detected in

the ® = —4° polarization orientation for Fe coverages below 1 ML buthe & = —94°
direction. The MC remains nearly constant in the= —94° direction, whereas the MC in
the ® = —4° direction increases only weakly up to an Fe coverage of 2.5 fdllowed by a

dramatic increase just at the thickness, where the domesak lip into stripes. The orientation
of the magnetization within the in-plane domains after siog the SRT is again directed along
[001], confirming a similar spiral-like magnetization reamtation as it was found for the bilayer
with 11 ML Ni. Fig. 6.13 shows a domain wall of the FBli; bilayer imaged witiP oriented
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Figure 6.13: Domain wall evolution as a function of the Fe layer thickn@gs(i) on a 7 ML Ni/Cu(100) film at 300 K imaged with the polzationP of the

electron beam directed normal to the surface. Stripe dasm@iolve from the original straight domain wall. The striperdhins are parallel to the Cu atomic

step edges (0, which is confirmed by the LEEM image of the bare Cu(100)aaf The low magnetic contrast in (i) indicates that the retigation has
almost completely rotated into the film plane.
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6 Magnetic domains near the spin-reorientation transition

perpendicular to the surface as a function of Fe deposifitre direction of the wall segment
was found to have no correlation with topographic featuassgan be seen by comparing the
magnetic SPLEEM images with the LEEM image of the bare Cutahgsirface. At about 1.4
ML Fe the observed domain wall is almost straight, but it ispianed to the substrate. Note
also, that there is just one domain wall within them-field of view (Fig. 6.13 (a)). Both latter
facts indicate, that the domain wall energy must be relbtikgh. As the Fe layer thickness
increases, the domain wall starts to extend by forming psins, similar to that of the domain
wall at the SRT of Ni/Cu(100). Here, however, the domain wtdlts to adjust to the substrate
step edges by forming rectangular protrusions with one gidaing parallel to the direction
of the Cu atomic steps (6.13 (b)-(c)). Obviously, lowerirfghe effective anisotropy due to
the Fe deposition is responsible for the elongation of thealn wall, following a reduced wall
energy according t9 oc d\/A KS'. The alignment of wall segments with the step edges further
minimizes the wall energy. Finally, this process evolves @ stripe domain pattern along the
step direction (6.13 (e)). At about 2.6 ML Fe (6.13 (c)) trigpomains along the steps also
appear spontaneously somewhere within the domains. Thagevstripe domain width at the
maximum number of stripes around 2.7 ML Fe is about 180 nmclvis comparable to the
wall width measured for 2.2 ML Fe/Cu(100).

The detailed analysis of domain walls in out-of-plane maiged Fe/Ni bilayers has shown
that the walls are Bloch walls (section 5.3.1), whereas-plane magnetized Fe/Ni bilayers the
walls are of Néel type (section 5.3.2). Obviously, there saasition from Bloch type to Néel
type domain walls during the SRT from out-of-plane to inf@aln Fig. 6.14 such a transition
is typically demonstrated for an F&i;/Cu(100) film as a function of the Fe layer thickness
At the start of the SRT at 2.6 ML Fe, the black and white MC ofdbenain walls in the image
with P directed along th& = —4° in-plane direction ;) and the zero MC perpendicular to
that direction in the film planeé() clearly shows, that the walls are Bloch walls. At the brgaku
into a multi stripe domain pattern at 2.7 ML Fe most of the dormaalls are in a transition state
between the Bloch and the Néel mode, which is indicated b$BieEEM imagesd;), (b2) and
their corresponding modified images), (bs), where areas of zero MC are enhanced. In these
two images the domain walls are identified from both orieatet of P, which confirms that
the magnetization within the wall consists of both in-plamoeeponents. The domain images
probing the component &1 normal to the surface (not shown) confirm that the magnétizat
within the walls rotates in the plane. The white and blackwas in the images indicate the
identical features. A close inspection of these spots tsyvidet a few wall segments are still in
the Bloch mode, whereas others are already in the Néel mode.

After completion of the SRT at 2.8 ML Fe, all domain walls aréd\walls (Fig. 6.14d;),
(b4)), I. e. the orientation of the magnetization within the Wads rotated by 90within the
plane into the Néel wall mode during the SRT. The slight sifithe walls in @), (b4) is due to
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Figure 6.14: Bloch to Néel wall transition of an Eé&Ni;/Cu(100) film as a function of the Fe layer thicknasduring the SRT at 300 K. Left: After the
start of the SRT at 2.6 ML Fe the black domain wall is identifisda Bloch wall with the magnetization rotating collineathite® = —4° direction @1, no
MC of the wall inb;). At the breakup into stripe domains (2.7 ML Fe) most of thendm walls are in a transition state between the Bloch and iéde,
which is indicated by the SPLEEM images], (b2) and their corresponding modified images)( (b3), where areas of zero MC are enhanced. The domai
walls are revealed in both orientationsI®f confirming that the magnetization in the wall has both i@rgl components. The white and black arrows show
the same feature. Right: At the end of the SRT the domainsngpéane magnetized. The orientation of the magnetizatitthinvthe wall has rotated by
90 within the plane into the Néel wall mode,( b,4). The shift of the wall is due to a misalignment between thianmation directions.
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6 Magnetic domains near the spin-reorientation transition

a misalignment between the polarization directions. Theation of the magnetization within
the domains was determined from an image, wHer@as oriented in-plane ab = —106°
away from the direction of the step edges, in which the MC etwthe domains vanishes.
Consequentlyp = —16°, i. e. the [001] direction, is the easy axis of the magnetirdike in
the Fe/Ni bilayer with 11 ML Ni.

6.2.6 SRT of Fe,/Ni; 5/Cu(100)

In contrast to the investigations of the SRT of Fe/Ni bilayeontaining a Ni/Cu(100) film,
which exhibits an out-of-plane magnetization, the domammiation at the SRT of Fe grown
on 1.5 ML Ni/Cu(100) is presented in the following. Accorgito the magnetic phase diagram
shown in Fig. 1.7, 1.5 ML Ni on Cu(100) is in the paramagneiitesat room temperature. This
is confirmed by the domain images, which do not reveal any miagoontrast perpendicular
or parallel to the surface (not shown). Upon Fe depositiotoprof the Ni film the formation
of ~1 — 2 um wide stripe domains occur at 1.35 ML Fe. Both a perpendiand an in-plane
component of the magnetization within the domains is detkavhich is depicted in Fig. 6.15
and indicates a canted magnetization. The canting angle nefipect to the surface normal
derived from the SPLEEM imagesfis 30°. Two clear differences of the domain formation at
the onset of ferromagnetism at 300 K of the Fe/Ni/Cu(100) &krcompared to the Fe/Cu(100)
film, which was previously grown on the same substrate canoogtex out: (i) the domain
width is considerably larger and (ii) the magnetizationasted as domains occur in the Fe/Ni
bilayer. Firstly, the high density of perpendicularly magred stripe domains of Fe/Cu(100)
at 2.2 ML was explained by the reduction of the stray field gnewhich is large due to the
large magnetic moment of Fe. Furthermore, the ratio of thgneebcrystalline anisotropy to
the shape anisotropy near unity characterized the puraestige domain profile (section 5.2).
In the bilayer system only 1.35 ML Fe and 1.5 ML Ni, which arestikely alloyed, contribute
to the magnetic stray field. The individual magnetic momenntSe and Ni near an kBeNig 5
alloy have been determined to reach values ofi3.8nd 0.7ug [46], respectively, which yields
a thickness-weighted average magnetic moment of abouytgli® agreement with the Slater-
Pauling curve. On the other hand high-spin states of tetr@@jodistorted Fe monolayers on
Cu(100) with moments up to 3.5%; have been reported [198]. Consequently, the stray field
energy of the considered bilayer is smaller than that of #1I€&(100) film of 2.2 ML thickness
and can be reduced by a smaller number of larger domainsn8lgcthe canted magnetization,
which is found in all Fe/Ni/Cu(100) films studied in this workdicates that the Fe-Ni interface
anisotropy is negative and thus shifts the anisotropy loalamfavor of an in-plane orientation
of the magnetization. Eventually, the ratio of the reducegbpndicular anisotropy to the small
shape anisotropy of the Fg/Ni; 5/Cu(100) must be larger than that of Fe/Cu(100) in order to
stabilize the observed broad stripe domains.
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6 Magnetic domains near the spin-reorientation transition

As the Fe thickness grows further the domains become langagrieement with the ob-
servation of Fe on thicker Ni/Cu(100) films and previous fimgdi [105,106]. The size of the
domains reaches its maximum of more thapn? around 3 ML Fe. Also in Fe/Cu(100) films
the largest domains form around 3 ML, but the average widdmithe order of only 2zm. At
3.1 ML Fe the SRT of the bilayer starts via a disintegraticdio ia stripe domain pattern. As
compared to the stripe formation observed for Fe monolayerg ML and 11 ML Ni two dif-
ferences arise: (i) the critical thickness for the breakup stripe domains is shifted to a larger
Fe thickness by 0.6 ML and (ii) the width of the stripe domaihthe highest density of stripes
is &~ 750 nm for the Fgs5/Ni; 5/Cu(100) film, which is more than four times larger. This fimgli
may again be attributed to the smaller magnetic stray fielth@fbilayer due to the minor Ni
layer thickness. Besides the quantitative differencespagpared to bilayers containing thicker
Ni layers (sections 6.2.3-6.2.5) the formation of domajmsathe stripe pattern are qualitatively
similar in both systems. However, a unique domain patteth@fe 35/Ni; 5/Cu(100) film is
observed at 3.2 ML Fe, as the in-plane component of the magtien starts to rotate towards
the® = —125° direction where the domain size increases again. Theseidsm@ separated
by domain boundaries running partially along and almospgedicular to the substrate step
edges, respectively, and thus forming rectangular coriNgsuch behavior was found in other
Fe/Ni bilayers. At the end of the SRT at 3.25 ML Fe the magaétn lies in the film plane
with its easy axis parallel to thé = —125° direction, which is confirmed by the vanishing
contrast in the domain images, which detect the perperatiamd the in-plane component with
P along thed = —35° direction in Fig. 6.15. The thickness interval of the SRTheuat 0.15
ML Fe, which is less than half the value found for bilayershathiicker Ni layers. Despite this
small value the magnetization reorientation is unambiglyodemonstrated to be a transition of
second order by the spin canting within the domains. Thelsnralorientation interval must be
interpreted in terms of smaller anisotropy contributiohsecond and fourth order. In particular
the volume part of the magnetocrystalline anisotropy ofd\ionsidered to be negligible due to
the small amount of Ni.

In the present case neither at the start nor at the end of tihdl#&Rn-plane component of
the magnetization coincides with the Cu step direction. ummmary, a spiral-like continuous
SRT is found in Fess/Ni; 5/Cu(100) films, which is in qualitative agreement with théet
Fe/Ni films studied in this work. However, the SRT starts atrameased Fe thickness and a
unique domain pattern is revealed compared to the otheydrilsystems. The differences of
the domain formation of ultrathin Fe layers grown on Cu(168ye been elaborated, which
emphasize the strong influence of alloying at the Ni/Fe fater.
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