Chapter 6

Discussion

6.1 Magnetization reversal on transitions

In Section 5.1.2, it was mentioned that the Co/Ni double |lgyewn on the clean Cu(001) surface
in an out-of-plane uniaxial anisotropy region spontangosisowed stripe domains as a result of
minimizing the total energy, a sum of demagnetizing and domall energy. In Section 5.1.3, a
jump-like magnetic domain wall motion and domain nucleatieere reported upon increasing the
substrate temperature up to abowg Tor a film with pure out-of-plane anisotropy. By elevating
the temperature, the period of stripe domains got smaltelrjwst before the films turn into the PM
phase, some domains were nucleated and stripe domainspliere s

Upon increasing the film temperature, but in a low tempeeatange (T< T¢), thermal fluc-
tuations are not so large and the change of spin directionadugl. As a consequence, the de-
magnetizing energy may not be reduced so much, but the tsystature maybe distorted, leading
to a lower anisotropy energy [75]. As mentioned in SectidnZ.the wall energy is a sum of the
exchange energy and the anisotropy energy. So loweringiiketeopy energy leads to the reduc-
tion of domain size, in other words, it increases the totdl ilgagth per unit area. The reduction
of the stripe domain size is seen in Fig. 5.5. Because of a gradient of the Ni film thickness,
Tc slightly varies as well laterally. In the images, the deseeaf the stripe domain width with the
normalized temperature T£lis seen.

Just before reachingcl it was observed that the stripe domains transformed iredotibble-
shaped domains, and also domains were nucleated, as sdyggsbarel and Doniach [76]. This
is a transition of breaking of symmetry due to the fluctuatidrspins. The walls do not have
preferable direction, showing round-shaped domains. ik uhstable state, a lateral motion of
domains by spin fluctuation was also observed. Finally, tddyer transits to the PM state.
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6.2 Motion of the spin reorientation transition line

In Section 5.1.2, it was reported that the epitaxially gr&@eiNi double layer on the clean Cu(001)
surface in which the Co layer was grown as a wedge shows stoipaids in an out-of-plane uni-
axial anisotropy region close to the SRT . The shrinking mpstdomain width as approaching the
SRT was discussed in terms of a competition of magnetic griergis. The saturation magnetiza-
tion was assumed to be constant because the variation of thieicRaess is small in the field of
view of only 50um diameter, and the anisotropy energy was assumed to chaegey with Co
thickness.

Jump-like magnetic domain wall motion was observed whemsiéipg more Co material. The
field of view was first set to the top-left of the SRT line, whtfre Co layer is thinner, and the double
layer has out-of-plane easy axis of magnetization. By déiposof Co, the SRT line was pushed
into the field of view moving towards top-left, and to the thém Co region along the slope of the
Co wedge. The motion of the SRT is governed by discontinuodigwvaps introduced in Fig. 5.6,
that lead to a shrinking width of the stripe domains. This barexplained by thermally activated
domain wall motion, as introduced in Section 3.1. In Fig., @& creeping of stripe domains in the
wedge-shaped Co layer is shown by a cartoon. The area in thealed side has a perpendicular
anisotropy (no Co and thinner Co region, light grey in colany the film has an in-plane anisotropy
on the right hand side (thicker Co region, dark grey). In betwstripe domains are formed with up
and down perpendicular magnetization (Fig. 6.1 (a)). Thgmatization directions are indicated
by arrows. A line is on the border between stripe-domain amglesdomain regions at the critical
thickness of Codcit. By depositing more Co, the position d§i; shifts to the left hand side
(Fig. 6.1 (b)), but the domain structure stays the same. Tdiemotion is prevented by the energy
barriers created by surface defects and crystal roughngssdepositing more Co (c), the out-
of-plane anisotropy energy is more reduced, then the waliggnbecomes smaller, therefore the
imbalance between the gain in demagnetizing energy andasteirc wall energy is greater than
pinning barriers. This imbalance of demagnetizing eneagyle regarded as a local effective field
for increasing the length of smaller stripe domains towdheésregion with thinner Co thickness.
Thus one of the domains makes a big jump to compensate thenatgetic energy.
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Figure 6.1: Cartoon of motion of the SRT line by wall jumps whdiepositing more Co material on
the wedge Co film on Ni/Cu(001).
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6.3 Influence of coupling energy on magnetization reversal

In Figs. 5.10 and 5.11 in Section 5.2, magnetization reVefdhe FeNi layer of a spin-valve like
trilayer is studied by a single-pulse experiment. It wasrghthere that the magnetization reversal
of the FeNi layer for switching from parallel to anti-pasdl{Configuration A) or from anti-parallel
to parallel (Configuration B) to the Co magnetization direcigquite different. For Configuration
A, atransition in the magnetization reversal mechanismakasrved whepoHpysewas increased
from 4.8 to 16.3 mT. For the higher amplitude of pulses thesdgof nucleation centers increases
and the domain size decreases. For Configuration B, obsersatiuld be made only over a much
narrower field range, and no significant difference in thesdgrof nucleation centers could be
deduced from the images.

The same effective field pulselldst = Hpuise— Heoupl for Configuration A andHer s = Hpuise
+ Hcoupl for Configuration B) applied to the sample initially give risedifferent magnetization
reversal processes. In Fig. 5.11 (b) and (h) the spghR¢ (around 7.0 mT) is applied, but the
domain configuration after application of one pulse is veffgcent. While it is difficult to conclude
about differences in nucleation densities in the two casesglear that in Configuration B, where
the FeNi layer is switched towards the Co magnetization doecdomain wall propagation is
easier than in Configuration A. When the magnetization of tHéi Fayer is switched against the
Co magnetization direction (Configuration A), the magneiizateversal took place mainly by
nucleation of domains.
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Figure 6.2: (a) x-component of the stray field emitted by a Smick Co film around a 6 nm wide
topological step, calculated for a constant distance of 51thmm, and 15 nm from the Co surface.
Inset: sketch of the profile of the Co layer and its magnetrafarrows) around a topological step
perpendicular to the easy magnetization axis. The dashedkhiows a constant distance from the
surface. (b) Calculated coupling field between FeNi and Caafge different spacer thicknesses.
The line is a guide to the eye. These figures are from Ref. [46].
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The magnetic coupling energy is shown to play an importalet irothese measurements. In
Ref. [46] the locally generated stray field at the step-buadtman the 5 nm thick Co layers have
been calculated for three different distances from the Cfaser(by J. C. Toussaint), like shown
in Fig. 6.2 (a). The maximum field can reach several tens of i ran distance from the Co
surface. Note that the coupling arising form this stray fisl@range peel type and favors parallel
magnetization in the two FM layers. In Configuration B, thisglng field is thus in the direction
to help the wall motion. In Configuration A, in contrast, it &ky blocks the wall motion, leading
to the increase in the number of nucleation cites and thergdisen of small domains. The values
of the coupling field as a function of the spacer layer thigs@e shown in Fig. 6.2 (b). For a 10
nm thick spacer layer, the calculated coupling field is alo8tmT, which is about a half of that
derived from the Kerr effect experiment, but in the same oodenagnitude.

Quasi-static Kerr effect measurements were performednéroo that no wall motion occurs
in static conditions, between pulses. One loop from the Cerlayd different minor loops from
the FeNi layer are shown in Fig. 6.3. These measurementd cotibe performed on the original
piece of sample used in Section 5.2, since for the PEEM axg#itis the protecting layer had been
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Figure 6.3: Hysteresis loops from a 5 nmypiige/10 nm Cu/5 nm Co spin-valve-like trilayer
system. Double-stepped loops indicate that the coerapfifyeNi (low) and Co (high) layers are
different. Minor loops of the FeNi layer are shown for diffet reversal fields, indicated by small
circles.
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partially sputtered off. Instead of that, one of the piecesifthe same waver with a film deposited
in the same run, but at a different position was used. It ia He&t the coercivity of the Co layer is

not exactly the same as in Fig. 5.10, but the coercivity off@Ni layer and the coupling field are

almost the same.

Starting from the situation in which the FeNi and Co layerssateirated in the same direction
(Configuration A), the external field was vamped into the ofipabrection, and then reversed back
before fully saturating the FeNi layer to the other diresti®he (nearly) square-shaped loops show
that the magnetization of the FeNi layer is almost constatit i is saturated back to the initial
magnetization. This indicates that, at least under quasicsconditions, after switching off the
external magnetic field there is no domain wall motion indllog the coupling to the Co layer. It
proves that the magnetization does not change when thedid&treased to zero on different points
in Fig. 5.10 during the switching of the FeNi layer, i.e.,ttti@e switching process is irreversible.

In concluding, we can say, for a fast magnetization reversatromagnetic effects have to
be taken into account. The magnetization reversal with adriglensity of domain nucleation
centers may not be preferable for a fast reversal. It williseubsed in Section 6.6 that the domain
wall energy may slow down the speed of wall propagation whamains are small. The size of
nucleated domains will be obtained from a simulations, aiticbe about 0.2um?. It will be also
discussed in Section 6.7 that the high density of nucleatemters leads to 38alomain walls,
which are hard to be removed because of the domain wall cttera leading to slow down the
reversal. This can explain the tilted hysteresis loop ofdar® (Fig. 5.18). However, when the
magnetization reversal is being helped by the coupling,ffakt magnetic domain wall propagation
has been observed when two domains get connected (Secitjon 6.
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6.4 Mobility of wall motion

To estimate the domain wall velocity, v, as a function of fieldhe FeNi layer which magnetically
couples to the Co layer (SV like trilayericoup has to be taken into account. From Fig. 5.12
in Section 5.2.3, v as a function ghHe¢ is derived. When the magnetization of the FeNi layer
reverses against the Co magnetization ((i) and (i) in Fi§2h loHcoup (= 2.0 mT) is against the
pulse field, thereforelet t = Hpyise—Hcoupl- This results in effective fieldsoHetf = 3.0 mT and 4.1
mT for (i) and (ii), respectively. On the contrary, when theNt magnetization reverses to the Co
magnetization ((iii) in Fig. 5.12}e+t = Hpuise+ Heoupl, @ndpoHer £ is 5.3 mT, withpoHpuise= 3.3
mT. In this experiment, the domain wall motion obtained Iveas in the viscous regime or perhaps
in the regime of wall motion abovielyaker (S€€ Section 3.3), since the effective fields were well
above the coercivity of the FeNi layer, and up to closéh@yker, Which is around 5 mT for FeNi
derived from Eq. 3.26 taking = 0.01. The value ofipHc; i is estimated to be about 2 mT. This
value was obtained using Eq. (3) of Ref. [77] which relatgstke activation energy, thcrit. Ep
should be equal to MMsHcrit without external field, where yandMs are the Barkhausen volume
and the saturation magnetization of the FeNi layer, respyt E, and Vs were obtained from
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Figure 6.4: Domain wall speed as a function of effective fiektracted from Fig. 5.12. The
effective field was obtained by addition or subtraction @& fpulse field and the coupling field (2.0
mT) for Configurations B and A, respectively. The mobilitpf the wall motion was obtained by
a linear fit to vlHe 1 1, which resulted in 200 m/(s mT).
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H vs.dH/dt measurements [55], giving 2.98071° J (1.86 eV) and 1.8810 22 m3, respectively.
HoMswas takenas 1 T.

In the viscous regime, the speed of domain wall motion irsgedinearly withHg . Our data
are well fitted using v F1Hq ¢ f, Wwherep is the domain wall mobility (details see Section 3.2). The
obtained value oftis 100 m/(s mTH 10 %. The domain wall mobility depends on the damping
parameterr and the domain wall width of the permalloy layer, since yA/a (see Chapter 3
and [8]), wherey is the gyromagnetic ratio (= 1.70'" T-1s71) andA is the domain wall width
parameter. In the case of a Bloch wdllequals the wall width [78]. For a layer thickness of 5
nm, the domain walls in the FeNi layer are supposed to be dfiffed type [39, 79, 80]. In the case
of a Neel wall, the relation between the wall width and the domaati width parameteA is not
known, and an evaluation of the damping parametéom the present measurements is therefore
limited to a rough order-of-magnitude estimate. Settirgwlall width parametef equal to the
exchange length of FeNi (about 5.5 nm) results in a value@f @r a results. This is reasonable
considering other experimental values, which range frdd®1to 0.013 for FeNi film thicknesses
between 10 and 50 nm [59, 81-84].

Previously, on the contrary, for 30 and 10 nm-thick FeNi flayealues of 380 m/(s mT) and
300 m/(s mT) have been reported, respectively [79, 80]. &ldasa are for thicker films, but show
a higher mobility. This contradiction may arise from theglaroughness of our sample due to the
steps with a height of about 6 nm. This roughness may lead éoreash wall mobility that is lower
than in flat films.
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6.5 Influence of anisotropy energy on the magnetization rever-
sal

In Section 5.3 and 5.4, it was observed that the magnetizagiersal properties in the ns range of
two samples, one with uniaxial magnetic anisotropy enesgynple C) and one without (sample
D), are quite different. The domain wall motion in sample @wh nearly 100% reproducibility.
On the contrary, domain wall motion in sample C is not repoadliexactly in successive bipolar
field pulses. Since both samples were deposited on the sdsieate using the same technique, the
quasi-static coercivity of the FeNi and the Co layers andierliayer coupling strength are quite
similar. | attribute these differences in their dynamic d&@abr to the difference in the magnetic
anisotropy.

In sample C, the domain walls are parallel to the easy axis ghetization to accumulate less
magnetic charges than domain walls in other directions.amme D, however, the direction of
walls are irregular, and the size of domains is much smdikem in sample C (micron size). Since
sample D has an almost negligible anisotropy energy in threglane, the domain walls have no
preferable direction.

A dependence of the reproducibility of the wall motion on &mésotropy energy was found by
comparing these two samples. For sample C, the wall motions ma the same on each magnetic
field pulse. This is seen from the fuzzy grey contrast on tmegeprobe experiments (Fig. 5.15 (b)),
and also in Fig. 5.16 one can clearly see that after apphicati magnetic pulse fields the domain
structures are not the same. The wall velocity should be stith@ same for each pulse, because
the wall velocity depends only on the amplitude of the fieltsps in the viscous regime (Eq. 3.23).
However, by the field pulse the domain walls are moved overgelaumber of Barkhausen areas,
so that the exact stopping position is always a bit differéntsample D, however, nearly 100%
of reproducibility was observed. A high density of nucleaticenters can be deduced from the
tilted Kerr loop in Fig. 5.18, and also directly from XMCD-PEEM image Fig. 5.19. This large
density of nucleation centers may prevent the wall propagatt was not possible to saturate the
FeNi fully by ns-short magnetic field pulse even with higherpditude, the used maximum field
was around 10 mT. The 36@omain wall created by strong wall-to-wall interaction wesd to
be removed. Because of this additional energy barrier togmtethhe wall motion, the wall velocity
was lowered and showed nearly the same motion on each fiedd.pul
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6.6 Influence of domain wall energy on wall motion (1)

In Section 5.5.2, the nucleation and subsequent expansaontains in the FeNi layer of the MTJ
like trilayer system was reported using XMCD-PEEM experitaavith the pump-probe technique.
A linear dependence of the speed of perimeter extensigmgrvthe amplitude of the field pulses
was observed. However, there was a delay time of domain sigganwhich depended on the
amplitude of the field pulses. This delay can be fully underdtby taking into account the wall

energyyow.
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Figure 6.5: Influence of domain wall energy on domain expgansThe external field{, nucleates
a domain with radius;, in a magnetic film with out-of-plane anisotropy. The domait expand
by the Zeeman energy, but the wall energy tries to keep itlsiilaé negative field for the domain
expansion is written on the right side, which is proportidoahe inverse of the domain size.

To understand how the wall energy acts on the wall motion lyingt’'s assume that a magnetic
film has an easy axis of magnetization perpendicular to thegdlane (Fig. 6.5). By the external
field, H, a domain will be nucleated, and it can be round-shaped aidius,r. The domain will
expand to reduce the Zeeman eneify £ oMsH 1rr2d), but the energy related to the domain wall
energyyow, (Ewan = YowZ2rrd) will increase, wherd is the film thickness, anblsis the saturation
magnetizationf{oMs =1 T for FeNi). The differences @&z andEq for a small change af will
be equal, then

dEz _ dBEwai
dr dr -~
Then the external field balances the effect of the wall enéfdg/can thus define an effective field
hindering the expansion of the domains due to the increasalbenergyHyai, as

(6.1)

Yow
HoMsr’
Hwai is proportional to the inverse of schematically shown on the right hand side of Fig. 6.5.

Hyal = — (6-2)
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In reality for the sample E, the FM layers have an in-plans@nopy and the nucleated domains
were elongated along the easy axis with an aspect ratio drbin(see Fig. 5.23 and 5.24). Thus
Hwall @s a function of perimeteP, derived from Eq. 6.2 will be

yow 1
HoMs 0.16 P

Hwall = — (6.3)

The factor 0.16 appeared by convertmi P, in which the circumference withand the perimeter
were kept the same, and the aspect ratio of the ellipse-dhdpmains, 4 to 1, was taken into
account.

The total effective field containing the pulse field, the dogpfield, and the field due to the
wall energy can be written

Hett = Hpulse— Hcoup— JODI\\;IVS 0.161P(t)' (6-4)
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Figure 6.6: Perimeter speed vggHpyise (ON bottom axis) angigHet¢ for P — o (on top axis).
The linear-fit to six of the data points (black broken lingjicates that up to 5.2 mT @gHe+f the
extension of the perimeter (the wall motion) is in the vistoegime. The exponential part at lower
field regime (Hefs < 4.4 mT) is drawn using the upper formula of Eq. 6.6. In the argield
region, aboveéHwaker, the perimeter speed is assumed to be constanf(@/3s).
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The second and the third terms on the right hand side regrédsemegative fields, hindering or
slowing down domain expansion. Since the perimeter spd&t)/dt, is a function oHe¢, given
by Eq. 6.4, this represents an inhomogeneous non-lindardittial equation. In the following, |
will try to simulate the experimental data by numericallyakeaatingP(t).

For the FeNi layer with 4 nm-thickness, domain walls are efitgel type [39]. In this case, the
domain wall energy can be approximatedyby = y/AM3/(2po). Using A = 1.3x 1011 J/m for
the exchange constant of FeNi, one obtaisg = 2.3 mJ/m. In this study, however, an effective
domain wall energyyess, with a smaller value, 0.4 mJAnhad to be used for the simulation in
order to describe the experimental data. This smaller valang arise from the fact that a repulsive
interaction between the walls of an ellipse, which is notuded in Eq. 6.2, would lead to a lower
Yeff- And also, just after the nucleation of the domains theipst@ould be more rounded. For the
same total wall energy, a smallgs; + needs to be used in that case.

In Fig. 6.6, the speed of perimeter expansios, (the slope of linear fits to the experimental
data of Fig. 5.25) vsligHpuseandpoHe+ 1 (for the case of infinitely largP) is plotted. In the range
from 5.5 mT to 6.4 mT ofyHpuise @ linear fit could be applied, namely, the wall motion was in
the viscous regime. The mobility perimeter extensigm, of 7800 m/(s mTH-10 % was obtained
from the slope. The mobility ofvall motionin the direction of the easy axis of magnetization is
then 1600 m/(s mT}10 %, taking into account the aspect ratio of the ellipsggesiadomains
(4:1). The two data points with the highest amplitudes offiblel pulses (6.70 mT and 6.81 mT)
are not included in the linear-fit, they seem to be algygker (Se€ Section 3.3).

In Fig. 6.7, the domain expansion with 2 ns for three differ@mplitudes of the field pulses
is compared. Those 6 domain images of the FeNi layer weregbpdhte data set that was used
to plot Fig. 5.25. In the left column, 3 images which exhibihgar size of white domains were
chosen but there were some differences after 2 ns (righteglu From (a) to (b), the evolution
of white domains is less than that from (c) to (d), due to thalmamplitude of the field pulse.
However, the change from (e) to (f) is not much different cerea bit less compared to the one
from (c) to (d), even though the amplitude of the field pulseigher. This confirms that saturation
of vp is observed above about 5.2 mT@Hef f (= loHwaiker). AboveHwalker Vp IS assumed to be
constant, 9.3im/ns.

In the lowerpoHe ¢t regime in Fig. 6.6, before the wall motion comes into the aiscregime,
thermally activated wall motion has to be assumed. In gérteaextrapolation of the linear part of
the viscous regime to the field axis leads to the critical figdelicrit, which is at around a transition
field from the thermally activated wall motion to the viscouall motion. HoweverpggH* (= 4.4
mT) is taken as the transition field to draw the smooth curvéign 6.6. To estimate yin this
region for use in the simulation, the following equation tioe wall velocity can be used, shown in
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Refs. [8,11], and also in Section 3.1,

WoMsHVs — Ep
kT

where & and E, are the Barkhausen volume and the barrier energy, respgctivethe case of
thin films, the Barkhausen lengthglwill be \/\?/d, which is related to the displaced distance of
a wall position by one wall jump. Thernywyill be Lg divided by a time constant (18 s is used
here). However, herep\vs related to the speed of perimeter extension, not simgyltdmain wall
propagation, and the aspect ratio of ellipse-shaped danhasito be taken into account. By putting
proper values for ¥, and B, 1.1 x 1072 m3 and 6x 10-2°J (4.5 mT), respectively, a\of 2.6
pm/ns is found.

vV = Vg exp( ), (6.5)

Figure 6.7: The expansion of domains in 2 ns are comparedhfeetdifferent amplitudes of
HoHpuise Magnetic domain structures in the FeNi layer are shown. i@nléft column, similar
domain structures were chosen, but domain sizes are diffegréhe right column.
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The solid curve in Fig. 6.6 showing the relation betwegiand the field |loHef 1) is thus drawn
by considering the three cases above,
MsHeVe—E .
Vo exp(%) Heff < H

V=P= MHet ¢ H* <Hett < Hwalker (6.6)
9.3 um/ns Hvalker < Hef .

HoHwalker was read from Fig. 6.6 being around 5.2 mTpgBle++ (top axis). Hwaiker iS expressed
with 1/2aMs [20]. The damping constant, is often used as 0.01 for FeNi [16, 83, 84]. With this
value one obtainggHwaikeras 5 mT, which is in good agreement with the experimentaltgioked
value.

The perimeter extension after the nucleation updblwaiker Was numerically simulated by
putting Eqg. 6.4 into Eqg. 6.6, whekris a function of time. The evolution ¢ was calculated with
1 picosecond time increment and plotted in Fig. 6.8 by salidves for all amplitudes of the field
pulses. The initial perimeteR(t = 0), was set to 2.4m. If it is so, the width of nucleated domains
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Figure 6.8: The same experimental data as in Fig. 5.25, sxtewnf the perimeter vs. time on the
plateau of the second positive pulse for several amplitofitise field pulses. Black broken lines
are linear fits to the data. In addition, the wall extensios simulated and shown as solid curves.
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Figure 6.9: Number of nucleation centers in the field of vieradunction of amplitude of the field
pulses. The number of nucleated domains increases withafiefditude.

will be around 0.24um, which is too small to detect by the PEEM with the laterabheson of

~1 um. The pulse shape was simplified such that the field incrdesesly with time during the
rise-time, the slope thus beipgHpyisd11 (MT/ns). After 11 ns, the field is constant up to the end
of the plateau. The simulation fits quite well to the expentaédata (Fig. 6.8). It shows that
the perimeter extends slowly with time when it is small, aftdresome time, depending dtyse

vp shifts into constant speed. It is seen that for higligt,yse (6.70 mT and 6.81 mT)P started

to expand on the rise-time of the,,se before 11 ns, this was also seen in the experiment (see
Appendix).

In the above simulation it was assumed that there is no delf#yel domain nucleation. Then
the apparent delay of domain expansion (linear fits in Fig5bwas explained by an initially
lower speed of domain expansion caused by the domain walggn&o confirm it, the number
of nucleated domains in the field of view was counted, andgdoas a function of amplitude of
the field pulses in Fig. 6.9. Itis clear from the magnetic domimages in the Appendix that the
number of nucleated domains increases with field, and it emsbumed that each nucleation center
has different nucleation field. It was also observed all thimains were nucleated at the beginning
of the field pulse, and no nucleation was observed later en,the number of domains did not
increase during the field pulses. This indicates that theailosrwere immediately nucleated when
the pulse field reached the nucleation field.
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6.7 Influence of domain wall energy on wall motion (2)

In the case that two domains are close together, the walygmends to make them merge, leading
to a faster domain wall motion (Section 5.4). Here, agairdthreain wall energy plays an important
role for the wall propagation, and the Zeeman energy caugethhse andHgoup has to be taken
into account.

Expansion of domains along the magnetization axis, peifpelad to the magnetization axis,
and the merging of two domains are schematically explaindéig. 6.10. In Fig. 6.10 (a), the
expansion of a rectangular domain of widthand lengthL along the magnetization axis By
towards the top and bottom of the image, as indicated by tradl ghick lines, is shown. The
effective energy acting on domain expansion can be writsgiaianension: Joule)

Eett = —2loMs(Hpuise— Heoup)dLwd + 4ypwaLd, (6.7)

where the first and second terms on the right hand side aresii®@nh and the wall energy, respec-
tively. For the film thicknessl considered here (5 nm), domain walls are of tleeNype. In this
case, the domain wall energy can be approximateghlay= /AM2/(2p). Using A=1.3x 10~ 1!
J/m for the exchange constant of FeNi, atfls = 1.0 T, one obtaingpw = 2.3 mJ/ni.

If w=1.5um, Eq¢¢ is about zero, leading no domain wall propagation. In the gass smaller
than 1.5um, Ee¢¢ is positive. These behaviors are seen in Fig. 5.20 (c). Inrégens where
domains do not get connected, a displacement of walls isaditite indicated by thin grey area.
However, in the regions where two or three small domains Brgecogether, fast domain wall
motion is observed, which will be discussed later.

Fig. 6.10 (b) shows the case when the same domain is expalwhedi width. In this case, the
head-on charged domain walls at the top and bottom have fomggtr. Because of the additional
magnetostatic interaction between the domains, these walle a higher specific energ,, >
Yow. This leads tdw < L. It was seen in Fig. 5.20 that the domains were expanded ynaial
vertical direction in the images.

The energy penaltypw may be significantly reduced or may even reverse sign if tvistiex
domains merge together. Such a case is schematically ddpicEig. 6.10 (c), where the pointed
ends of two domains merge upon application of an external.flalthis case, the (partly charged)
domain walls indicated by thick dotted tilted lines disagpand are replaced by (uncharged) ver-
tical domain wall sections plotted by thick continuous #nAypy is now the difference in energy
between the dotted and continuous wall sections, and magroeor even negative, depending on
the actual geometry. In the sample discussed here, therncBugfAypyw on the wall propagation,
and therefore on the speed of magnetization reversal,ngfisgnt and favors domain connections,
as can be clearly seen in Fig. 5.20.
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(a) (b)

M. ¢

(c)

THpuIse

Figure 6.10: Schematic explanation for the increase orgdamdomain wall length upon mag-
netization reversal. (a) Expansion of a rectangular doméilength L and widthw along the
magnetization axis, (b) expansion of the same domain alsngidth, and (c) merging of two
domains. The increase of the domain area by the darker ase@npanied by the creation of
domain wall sections depicted by fat solid lines. While inesag&) and (b), the total domain wall
length is increasing, in case (c) the domain wall sectiosvehby dotted lines disappear, leading
to a more favorable domain wall energy balance and higheadomall speed.

In general Aypw scales inversely with the size of the domains, such thatiblyes more impor-
tant when the magnetization reversal proceeds by nucteatid expansion of many small domains.
It has been shown that for fast magnetization reversal,@e&se in Hey/dt is accompanied by an
increase in the number of nucleated and subsequently eegaiadersed domains. This behavior is
observed well in Fig. 5.11 in Section 5.22, in which when thegnetization of the FeNi reversed
from parallel to anti-parallel to the magnetization in thel@ger (Configuration A), the number of
nucleation centers increased and size of domains wereesmath higher amplitude of the field
pulses. So the influence of the domain wall energy will conset]y play a role exactly in cases
in which high reversal speeds, and hence become importattiddast magnetization reversal of
spin valve devices.



80 CHAPTER 6. DISCUSSION

6.8 Stray field influence on the domain nucleation

In the time-resolved XMCD-PEEM experiments with sample Ec{ea 5.5.2), line-shaped do-
mains are nucleated in the FeNi layer at the position whegedthimain walls exists in the Co
layer. The effect of stray fields of domain walls in one layartbe magnetization of the other
layer in FM/non FM/FM trilayers in static conditions has heeeated quantitatively by several
authors [53, 85-87].

In order to get a more precise idea of the influence of stragidiemitted by domain walls, a
micromagnetic simulation using a code based on a combmatithe finite element method (FEM)

e FeNi

H ulse
p

Figure 6.11: Simulation of a domain wall in the Co layer andnftience on the FeNi magneti-
zation, for a spacer layer thickness of 90 nm. The ring shapest to avoid the demagnetizing

energy at the edge of the films. The color indicates the magiein component in x direction.
More details are in the text.
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and the boundary element method (BEM) has been performed lopiRli¢iertel. This FEM/BEM
scheme is particularly suited to simulate magnetostateractions of FM particles, as described
in Ref. [88]. The magnetic configurations are obtained by gyneminimization. The exchange
constantA and the saturation magnetizatipgMs were taken as 1.8 10-11J/m and 1 T for FeNi,
while the values for Co were 8 10711 J/m and 1.7 T, respectively. Experimentally determined
values of 1720 J/f(FeNi) and 11.2 kJ/f(Co) were used for the uniaxial anisotropy constant.
In Fig. 6.11, the FeNi layer (bottom) and the Co layer are sholre ring shape of the film was
chosen to avoid the demagnetizing effect at the edge of tims.filThe result of the simulation
for a 90 nm thick spacer layer is shown. Aedl type domain wall was introduced in the center
of the Co layer, between two domains with opposite magnéizatirections along the easy axis.
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Figure 6.12: X and y components of the FeNi magnetizationgkhe x axis for a spacer layer
thickness of 2.8 nm, the same as in the sample used in thei@gner
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The FeNi layer in the simulations was initially homogendpusagnetized along the y axis, and
then its magnetization was relaxed together with the onee{o layer to reach equilibrium. The
final local magnetization components along the x axis are#ateld with colors. The red, green
and blue colors indicate magnetization along the positidirection, perpendicular to the x-axis,
and along the negative x-direction, respectively. It imsimat the middle of the FeNi layer above
the wall in the Co layer shows blue color. It means that the reaggtion in the FeNi layer is
strongly tilted in the direction perpendicular to the easggmetization direction, opposite to the
magnetization direction in the center of the Co wall. The peasi the x-component of the FeNi
magnetization for 2.8 nm spacer layer thickness betweetwihhé&M layers is shown in Fig. 6.12
(a), while the y-component is given in Fig. 6.12 (b). The eaal the horizontal axes (200 nm)
corresponds to the width of the films in the simulation of FadL1. It is seen that at the middle of
the FeNi film the x-component is nearly —1, and the y-compobigaround 0.2, which indicates
that the magnetization is almost perpendicular to the easyd magnetization. For magnetic
field pulses applied along the easy magnetization axis,diggi¢ on the FeNi moments is very
small when these are aligned anti-parallel to the applidd.fidbove the Co domains, the FeNi
moments are tilted away from this axis, and the torque aatimghem is thus larger. The Co
domain wall stray field acts like a transverse bias field thedlly decreases the energy barrier for
nucleation, significantly increasing the switching speBEde same principle has been exploited to
obtain ultrafast magnetization switching in small magnstructures, using an external transverse
bias field [60]. The lowering of the nucleation field may iremse the speed of the magnetization
reversal in the storage devices.



