
Chapter 6

Discussion

6.1 Magnetization reversal on transitions

In Section 5.1.2, it was mentioned that the Co/Ni double layergrown on the clean Cu(001) surface

in an out-of-plane uniaxial anisotropy region spontaneously showed stripe domains as a result of

minimizing the total energy, a sum of demagnetizing and domain wall energy. In Section 5.1.3, a

jump-like magnetic domain wall motion and domain nucleation were reported upon increasing the

substrate temperature up to above TC, for a film with pure out-of-plane anisotropy. By elevating

the temperature, the period of stripe domains got smaller, and just before the films turn into the PM

phase, some domains were nucleated and stripe domains were split.

Upon increasing the film temperature, but in a low temperature range (T< TC), thermal fluc-

tuations are not so large and the change of spin direction is gradual. As a consequence, the de-

magnetizing energy may not be reduced so much, but the crystal structure maybe distorted, leading

to a lower anisotropy energy [75]. As mentioned in Section 5.1.2, the wall energy is a sum of the

exchange energy and the anisotropy energy. So lowering the anisotropy energy leads to the reduc-

tion of domain size, in other words, it increases the total wall length per unit area. The reduction

of the stripe domain size is seen in Fig. 5.5. Because of a smallgradient of the Ni film thickness,

TC slightly varies as well laterally. In the images, the decrease of the stripe domain width with the

normalized temperature T/TC is seen.

Just before reaching TC, it was observed that the stripe domains transformed into the bubble-

shaped domains, and also domains were nucleated, as suggested by Garel and Doniach [76]. This

is a transition of breaking of symmetry due to the fluctuationof spins. The walls do not have

preferable direction, showing round-shaped domains. In this unstable state, a lateral motion of

domains by spin fluctuation was also observed. Finally, the FM layer transits to the PM state.

63



64 CHAPTER 6. DISCUSSION

6.2 Motion of the spin reorientation transition line

In Section 5.1.2, it was reported that the epitaxially grownCo/Ni double layer on the clean Cu(001)

surface in which the Co layer was grown as a wedge shows stripe domains in an out-of-plane uni-

axial anisotropy region close to the SRT . The shrinking of stripe domain width as approaching the

SRT was discussed in terms of a competition of magnetic energy terms. The saturation magnetiza-

tion was assumed to be constant because the variation of the Cothickness is small in the field of

view of only 50µm diameter, and the anisotropy energy was assumed to change linearly with Co

thickness.

Jump-like magnetic domain wall motion was observed when depositing more Co material. The

field of view was first set to the top-left of the SRT line, wherethe Co layer is thinner, and the double

layer has out-of-plane easy axis of magnetization. By deposition of Co, the SRT line was pushed

into the field of view moving towards top-left, and to the thinner Co region along the slope of the

Co wedge. The motion of the SRT is governed by discontinuous wall jumps introduced in Fig. 5.6,

that lead to a shrinking width of the stripe domains. This canbe explained by thermally activated

domain wall motion, as introduced in Section 3.1. In Fig. 6.1, the creeping of stripe domains in the

wedge-shaped Co layer is shown by a cartoon. The area in the left hand side has a perpendicular

anisotropy (no Co and thinner Co region, light grey in color), and the film has an in-plane anisotropy

on the right hand side (thicker Co region, dark grey). In between, stripe domains are formed with up

and down perpendicular magnetization (Fig. 6.1 (a)). The magnetization directions are indicated

by arrows. A line is on the border between stripe-domain and single domain regions at the critical

thickness of Co,dCrit . By depositing more Co, the position ofdCrit shifts to the left hand side

(Fig. 6.1 (b)), but the domain structure stays the same. The wall motion is prevented by the energy

barriers created by surface defects and crystal roughness.As depositing more Co (c), the out-

of-plane anisotropy energy is more reduced, then the wall energy becomes smaller, therefore the

imbalance between the gain in demagnetizing energy and the cost in wall energy is greater than

pinning barriers. This imbalance of demagnetizing energy can be regarded as a local effective field

for increasing the length of smaller stripe domains towardsthe region with thinner Co thickness.

Thus one of the domains makes a big jump to compensate the total magnetic energy.
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Figure 6.1: Cartoon of motion of the SRT line by wall jumps while depositing 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 reversal of the FeNi layer of a spin-valve like

trilayer is studied by a single-pulse experiment. It was shown there that the magnetization reversal

of the FeNi layer for switching from parallel to anti-parallel (Configuration A) or from anti-parallel

to parallel (Configuration B) to the Co magnetization directionis quite different. For Configuration

A, a transition in the magnetization reversal mechanism wasobserved whenµ0Hpulsewas increased

from 4.8 to 16.3 mT. For the higher amplitude of pulses the density of nucleation centers increases

and the domain size decreases. For Configuration B, observations could be made only over a much

narrower field range, and no significant difference in the density of nucleation centers could be

deduced from the images.

The same effective field pulses (He f f = Hpulse– Hcoupl for Configuration A andHe f f = Hpulse

+ Hcoupl for Configuration B) applied to the sample initially give rise to different magnetization

reversal processes. In Fig. 5.11 (b) and (h) the sameµ0He f f (around 7.0 mT) is applied, but the

domain configuration after application of one pulse is very different. While it is difficult to conclude

about differences in nucleation densities in the two cases,it is clear that in Configuration B, where

the FeNi layer is switched towards the Co magnetization direction, domain wall propagation is

easier than in Configuration A. When the magnetization of the FeNi layer is switched against the

Co magnetization direction (Configuration A), the magnetization reversal took place mainly by

nucleation of domains.

Figure 6.2: (a) x-component of the stray field emitted by a 5 nmthick Co film around a 6 nm wide
topological step, calculated for a constant distance of 5 nm, 10 nm, and 15 nm from the Co surface.
Inset: sketch of the profile of the Co layer and its magnetization (arrows) around a topological step
perpendicular to the easy magnetization axis. The dashed line shows a constant distance from the
surface. (b) Calculated coupling field between FeNi and Co layers for 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 important role in these measurements. In

Ref. [46] the locally generated stray field at the step-bunches from the 5 nm thick Co layers have

been calculated for three different distances from the Co surface (by J. C. Toussaint), like shown

in Fig. 6.2 (a). The maximum field can reach several tens of mT at 5 nm distance from the Co

surface. Note that the coupling arising form this stray fieldis Orange peel type and favors parallel

magnetization in the two FM layers. In Configuration B, this coupling field is thus in the direction

to help the wall motion. In Configuration A, in contrast, it locally blocks the wall motion, leading

to the increase in the number of nucleation cites and the observation of small domains. The values

of the coupling field as a function of the spacer layer thickness are shown in Fig. 6.2 (b). For a 10

nm thick spacer layer, the calculated coupling field is about0.8 mT, which is about a half of that

derived from the Kerr effect experiment, but in the same order of magnitude.

Quasi-static Kerr effect measurements were performed to confirm that no wall motion occurs

in static conditions, between pulses. One loop from the Co layer and different minor loops from

the FeNi layer are shown in Fig. 6.3. These measurements could not be performed on the original

piece of sample used in Section 5.2, since for the PEEM experiments the protecting layer had been

Figure 6.3: Hysteresis loops from a 5 nm Fe20Ni80/10 nm Cu/5 nm Co spin-valve-like trilayer
system. Double-stepped loops indicate that the coercivityof FeNi (low) and Co (high) layers are
different. Minor loops of the FeNi layer are shown for different reversal fields, indicated by small
circles.
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partially sputtered off. Instead of that, one of the pieces from the same waver with a film deposited

in the same run, but at a different position was used. It is seen that the coercivity of the Co layer is

not exactly the same as in Fig. 5.10, but the coercivity of theFeNi layer and the coupling field are

almost the same.

Starting from the situation in which the FeNi and Co layers aresaturated in the same direction

(Configuration A), the external field was vamped into the opposite direction, and then reversed back

before fully saturating the FeNi layer to the other direction. The (nearly) square-shaped loops show

that the magnetization of the FeNi layer is almost constant until it is saturated back to the initial

magnetization. This indicates that, at least under quasi-static conditions, after switching off the

external magnetic field there is no domain wall motion induced by the coupling to the Co layer. It

proves that the magnetization does not change when the field is decreased to zero on different points

in Fig. 5.10 during the switching of the FeNi layer, i.e., that the switching process is irreversible.

In concluding, we can say, for a fast magnetization reversal, micromagnetic effects have to

be taken into account. The magnetization reversal with a higher density of domain nucleation

centers may not be preferable for a fast reversal. It will be discussed in Section 6.6 that the domain

wall energy may slow down the speed of wall propagation when domains are small. The size of

nucleated domains will be obtained from a simulations, and will be about 0.2µm2. It will be also

discussed in Section 6.7 that the high density of nucleationcenters leads to 360◦ domain walls,

which are hard to be removed because of the domain wall interaction, leading to slow down the

reversal. This can explain the tilted hysteresis loop of sample D (Fig. 5.18). However, when the

magnetization reversal is being helped by the coupling field, fast magnetic domain wall propagation

has been observed when two domains get connected (Section 6.7).
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6.4 Mobility of wall motion

To estimate the domain wall velocity, v, as a function of fieldin the FeNi layer which magnetically

couples to the Co layer (SV like trilayer),Hcoupl has to be taken into account. From Fig. 5.12

in Section 5.2.3, v as a function ofµ0He f f is derived. When the magnetization of the FeNi layer

reverses against the Co magnetization ((i) and (ii) in Fig. 5.12),µ0Hcoupl (= 2.0 mT) is against the

pulse field, thereforeHe f f = Hpulse– Hcoupl. This results in effective fieldsµ0He f f = 3.0 mT and 4.1

mT for (i) and (ii), respectively. On the contrary, when the FeNi magnetization reverses to the Co

magnetization ((iii) in Fig. 5.12),He f f = Hpulse+ Hcoupl, andµ0He f f is 5.3 mT, withµ0Hpulse= 3.3

mT. In this experiment, the domain wall motion obtained herewas in the viscous regime or perhaps

in the regime of wall motion aboveHWalker (see Section 3.3), since the effective fields were well

above the coercivity of the FeNi layer, and up to close toHWalker, which is around 5 mT for FeNi

derived from Eq. 3.26 takingα = 0.01. The value ofµ0HCrit is estimated to be about 2 mT. This

value was obtained using Eq. (3) of Ref. [77] which relates Ep, the activation energy, toHCrit . Ep

should be equal to VBMSHCrit without external field, where VB andMS are the Barkhausen volume

and the saturation magnetization of the FeNi layer, respectively. Ep and VB were obtained from

600

500

400

300

200

100

0

W
a

ll 
e

lo
c
it
y
 (

m
/s

)

6543210
Field (mT)

v=  Hµ
µMobility:    = 100 m/(s mT)

(i)

(ii)

(iii)

eff

Figure 6.4: Domain wall speed as a function of effective fieldextracted from Fig. 5.12. The
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H vs.dH/dt measurements [55], giving 2.98×10−19 J (1.86 eV) and 1.88×10−22 m3, respectively.

µ0MS was taken as 1 T.

In the viscous regime, the speed of domain wall motion increases linearly withHe f f. Our data

are well fitted using v =µHe f f, whereµ is the domain wall mobility (details see Section 3.2). The

obtained value ofµ is 100 m/(s mT)± 10 %. The domain wall mobility depends on the damping

parameterα and the domain wall width of the permalloy layer, sinceµ = γ∆/α (see Chapter 3

and [8]), whereγ is the gyromagnetic ratio (= 1.79×1011 T−1s−1) and∆ is the domain wall width

parameter. In the case of a Bloch wall,∆ equals the wall width [78]. For a layer thickness of 5

nm, the domain walls in the FeNi layer are supposed to be of theNéel type [39,79,80]. In the case

of a Néel wall, the relation between the wall width and the domain wall width parameter∆ is not

known, and an evaluation of the damping parameterα from the present measurements is therefore

limited to a rough order-of-magnitude estimate. Setting the wall width parameter∆ equal to the

exchange length of FeNi (about 5.5 nm) results in a value of 0.01 for α results. This is reasonable

considering other experimental values, which range from 0.008 to 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 layers, values of 380 m/(s mT) and

300 m/(s mT) have been reported, respectively [79, 80]. These data are for thicker films, but show

a higher mobility. This contradiction may arise from the large roughness of our sample due to the

steps with a height of about 6 nm. This roughness may lead to a domain 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 magnetization reversal properties in the ns range of

two samples, one with uniaxial magnetic anisotropy energy (sample C) and one without (sample

D), are quite different. The domain wall motion in sample D shows nearly 100% reproducibility.

On the contrary, domain wall motion in sample C is not reproduced exactly in successive bipolar

field pulses. Since both samples were deposited on the same substrate using the same technique, the

quasi-static coercivity of the FeNi and the Co layers and the interlayer coupling strength are quite

similar. I attribute these differences in their dynamic behavior to the difference in the magnetic

anisotropy.

In sample C, the domain walls are parallel to the easy axis of magnetization to accumulate less

magnetic charges than domain walls in other directions. In sample D, however, the direction of

walls are irregular, and the size of domains is much smaller than in sample C (micron size). Since

sample D has an almost negligible anisotropy energy in the film plane, the domain walls have no

preferable direction.

A dependence of the reproducibility of the wall motion on theanisotropy energy was found by

comparing these two samples. For sample C, the wall motions were not the same on each magnetic

field pulse. This is seen from the fuzzy grey contrast on the pump-probe experiments (Fig. 5.15 (b)),

and also in Fig. 5.16 one can clearly see that after application of magnetic pulse fields the domain

structures are not the same. The wall velocity should be almost the same for each pulse, because

the wall velocity depends only on the amplitude of the field pulses in the viscous regime (Eq. 3.23).

However, by the field pulse the domain walls are moved over a large number of Barkhausen areas,

so that the exact stopping position is always a bit different. In sample D, however, nearly 100%

of reproducibility was observed. A high density of nucleation centers can be deduced from the

tilted Kerr loop in Fig. 5.18, and also directly from XMCD-PEEM images in Fig. 5.19. This large

density of nucleation centers may prevent the wall propagation. It was not possible to saturate the

FeNi fully by ns-short magnetic field pulse even with higher amplitude, the used maximum field

was around 10 mT. The 360◦ domain wall created by strong wall-to-wall interaction washard to

be removed. Because of this additional energy barrier to prevent the wall motion, the wall velocity

was lowered and showed nearly the same motion on each field pulse.
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6.6 Influence of domain wall energy on wall motion (1)

In Section 5.5.2, the nucleation and subsequent expansion of domains in the FeNi layer of the MTJ

like trilayer system was reported using XMCD-PEEM experiments with the pump-probe technique.

A linear dependence of the speed of perimeter extension, vp, on the amplitude of the field pulses

was observed. However, there was a delay time of domain expansion, which depended on the

amplitude of the field pulses. This delay can be fully understood by taking into account the wall

energy,γDW.

Figure 6.5: Influence of domain wall energy on domain expansion. The external field,H, nucleates
a domain with radius,r, in a magnetic film with out-of-plane anisotropy. The domainwill expand
by the Zeeman energy, but the wall energy tries to keep it small. The negative field for the domain
expansion is written on the right side, which is proportional to the inverse of the domain size.

To understand how the wall energy acts on the wall motion simply, let’s assume that a magnetic

film has an easy axis of magnetization perpendicular to the film plane (Fig. 6.5). By the external

field, H, a domain will be nucleated, and it can be round-shaped with radius,r. The domain will

expand to reduce the Zeeman energy (EZ = µ0MSH πr2d), but the energy related to the domain wall

energy,γDW, (Ewall = γDW2πrd) will increase, whered is the film thickness, andMS is the saturation

magnetization (µ0MS = 1 T for FeNi). The differences ofEZ andEwall for a small change ofr will

be equal, then

dEZ

dr
=

dEwall

dr
. (6.1)

Then the external field balances the effect of the wall energy. We can thus define an effective field

hindering the expansion of the domains due to the increase ofwall energy,Hwall, as

Hwall = − γDW

µ0MS r
. (6.2)

Hwall is proportional to the inverse ofr, schematically shown on the right hand side of Fig. 6.5.
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In reality for the sample E, the FM layers have an in-plane anisotropy and the nucleated domains

were elongated along the easy axis with an aspect ratio around 4:1 (see Fig. 5.23 and 5.24). Thus

Hwall as a function of perimeter,P, derived from Eq. 6.2 will be

Hwall = − γDW

µ0MS

1
0.16P

. (6.3)

The factor 0.16 appeared by convertingr to P, in which the circumference withr and the perimeter

were kept the same, and the aspect ratio of the ellipse-shaped domains, 4 to 1, was taken into

account.

The total effective field containing the pulse field, the coupling field, and the field due to the

wall energy can be written

He f f = Hpulse−Hcoup−
γDW

µ0MS

1
0.16P(t)

. (6.4)
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The second and the third terms on the right hand side represent the negative fields, hindering or

slowing down domain expansion. Since the perimeter speed, dP(t)/dt, is a function ofHe f f, given

by Eq. 6.4, this represents an inhomogeneous non-linear differential equation. In the following, I

will try to simulate the experimental data by numerically evaluatingP(t).

For the FeNi layer with 4 nm-thickness, domain walls are of the Néel type [39]. In this case, the

domain wall energy can be approximated byγDW =
√

AM2
S/(2µ0). Using A = 1.3× 10−11 J/m for

the exchange constant of FeNi, one obtainsγDW = 2.3 mJ/m2. In this study, however, an effective

domain wall energy,γe f f, with a smaller value, 0.4 mJ/m2, had to be used for the simulation in

order to describe the experimental data. This smaller valuemay arise from the fact that a repulsive

interaction between the walls of an ellipse, which is not included in Eq. 6.2, would lead to a lower

γe f f. And also, just after the nucleation of the domains their shape could be more rounded. For the

same total wall energy, a smallerγe f f needs to be used in that case.

In Fig. 6.6, the speed of perimeter expansion, vP, (the slope of linear fits to the experimental

data of Fig. 5.25) vs.µ0Hpulseandµ0He f f (for the case of infinitely largeP) is plotted. In the range

from 5.5 mT to 6.4 mT ofµ0Hpulse, a linear fit could be applied, namely, the wall motion was in

the viscous regime. The mobility ofperimeter extension, µ, of 7800 m/(s mT)±10 % was obtained

from the slope. The mobility ofwall motion in the direction of the easy axis of magnetization is

then 1600 m/(s mT)±10 %, taking into account the aspect ratio of the ellipse-shaped domains

(4:1). The two data points with the highest amplitudes of thefield pulses (6.70 mT and 6.81 mT)

are not included in the linear-fit, they seem to be aboveHWalker (see Section 3.3).

In Fig. 6.7, the domain expansion with 2 ns for three different amplitudes of the field pulses

is compared. Those 6 domain images of the FeNi layer were partof the data set that was used

to plot Fig. 5.25. In the left column, 3 images which exhibit similar size of white domains were

chosen but there were some differences after 2 ns (right column). From (a) to (b), the evolution

of white domains is less than that from (c) to (d), due to the smaller amplitude of the field pulse.

However, the change from (e) to (f) is not much different or even a bit less compared to the one

from (c) to (d), even though the amplitude of the field pulse ishigher. This confirms that saturation

of vP is observed above about 5.2 mT ofµ0He f f (= µ0HWalker). AboveHWalker, vP is assumed to be

constant, 9.3µm/ns.

In the lowerµ0He f f regime in Fig. 6.6, before the wall motion comes into the viscous regime,

thermally activated wall motion has to be assumed. In general, the extrapolation of the linear part of

the viscous regime to the field axis leads to the critical field, µ0HCrit , which is at around a transition

field from the thermally activated wall motion to the viscouswall motion. However,µ0H∗ (= 4.4

mT) is taken as the transition field to draw the smooth curve inFig. 6.6. To estimate vp in this

region for use in the simulation, the following equation forthe wall velocity can be used, shown in
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Refs. [8,11], and also in Section 3.1,

v = v0 exp(
µ0MSHVB −Ep

kBT
), (6.5)

where VB and Ep are the Barkhausen volume and the barrier energy, respectively. In the case of

thin films, the Barkhausen length, LB, will be
√

VB/d, which is related to the displaced distance of

a wall position by one wall jump. Then v0 will be LB divided by a time constant (10−9 s is used

here). However, here, v0 is related to the speed of perimeter extension, not simply the domain wall

propagation, and the aspect ratio of ellipse-shaped domains has to be taken into account. By putting

proper values for VB, and Ep, 1.1× 10−23 m3 and 6× 10−20 J (4.5 mT), respectively, a v0 of 2.6

µm/ns is found.

Figure 6.7: The expansion of domains in 2 ns are compared for three different amplitudes of
µ0Hpulse. Magnetic domain structures in the FeNi layer are shown. On the left column, similar
domain structures were chosen, but domain sizes are different in the right column.
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The solid curve in Fig. 6.6 showing the relation between vP and the field (µ0He f f) is thus drawn

by considering the three cases above,

v = Ṗ =



















v0 exp(
µ0MSHeffVB−Ep

kBT ) He f f ≤ H∗

µHe f f H∗ ≤ He f f ≤ HWalker

9.3 µm/ns HWalker≤ He f f.

(6.6)

µ0HWalker was read from Fig. 6.6 being around 5.2 mT, asµ0He f f (top axis).HWalker is expressed

with 1/2αMS [20]. The damping constant,α, is often used as 0.01 for FeNi [16, 83, 84]. With this

value one obtainsµ0HWalker as 5 mT, which is in good agreement with the experimentally obtained

value.

The perimeter extension after the nucleation up toµ0HWalker was numerically simulated by

putting Eq. 6.4 into Eq. 6.6, whereP is a function of time. The evolution ofP was calculated with

1 picosecond time increment and plotted in Fig. 6.8 by solid curves for all amplitudes of the field

pulses. The initial perimeter,P(t = 0), was set to 2.4µm. If it is so, the width of nucleated domains
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Figure 6.9: Number of nucleation centers in the field of view as a function of amplitude of the field
pulses. The number of nucleated domains increases with fieldamplitude.

will be around 0.24µm, which is too small to detect by the PEEM with the lateral resolution of

∼1 µm. The pulse shape was simplified such that the field increaseslinearly with time during the

rise-time, the slope thus beingµ0Hpulse/11 (mT/ns). After 11 ns, the field is constant up to the end

of the plateau. The simulation fits quite well to the experimental data (Fig. 6.8). It shows that

the perimeter extends slowly with time when it is small, and after some time, depending onHpulse,

vP shifts into constant speed. It is seen that for higherµ0Hpulse (6.70 mT and 6.81 mT),P started

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

Appendix).

In the above simulation it was assumed that there is no delay in the domain nucleation. Then

the apparent delay of domain expansion (linear fits in Fig. 5.25) was explained by an initially

lower speed of domain expansion caused by the domain wall energy. To confirm it, the number

of nucleated domains in the field of view was counted, and plotted as a function of amplitude of

the field pulses in Fig. 6.9. It is clear from the magnetic domain images in the Appendix that the

number of nucleated domains increases with field, and it can be assumed that each nucleation center

has different nucleation field. It was also observed all the domains were nucleated at the beginning

of the field pulse, and no nucleation was observed later on, i.e., the number of domains did not

increase during the field pulses. This indicates that the domains were 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 wall energy tends to make them merge, leading

to a faster domain wall motion (Section 5.4). Here, again thedomain wall energy plays an important

role for the wall propagation, and the Zeeman energy caused by Hpulse andHcoup has to be taken

into account.

Expansion of domains along the magnetization axis, perpendicular to the magnetization axis,

and the merging of two domains are schematically explained in Fig. 6.10. In Fig. 6.10 (a), the

expansion of a rectangular domain of widthw and lengthL along the magnetization axis byδL

towards the top and bottom of the image, as indicated by the small thick lines, is shown. The

effective energy acting on domain expansion can be written as (dimension: Joule)

Ee f f = −2µ0MS(Hpulse−Hcoup)δLwd+4γDWδLd, (6.7)

where the first and second terms on the right hand side are the Zeeman and the wall energy, respec-

tively. For the film thicknessd considered here (5 nm), domain walls are of the Néel type. In this

case, the domain wall energy can be approximated byγDW =
√

AM2
S/(2µ0). Using A = 1.3× 10−11

J/m for the exchange constant of FeNi, andµ0MS = 1.0 T, one obtainsγDW = 2.3 mJ/m2.

If w = 1.5µm, Ee f f is about zero, leading no domain wall propagation. In the case,w is smaller

than 1.5µm, Ee f f is positive. These behaviors are seen in Fig. 5.20 (c). In theregions where

domains do not get connected, a displacement of walls is verya little indicated by thin grey area.

However, in the regions where two or three small domains are close together, fast domain wall

motion is observed, which will be discussed later.

Fig. 6.10 (b) shows the case when the same domain is expanded along its width. In this case, the

head-on charged domain walls at the top and bottom have to getlonger. Because of the additional

magnetostatic interaction between the domains, these walls have a higher specific energyγ?
DW >

γDW. This leads toδw < δL. It was seen in Fig. 5.20 that the domains were expanded mainly in a

vertical direction in the images.

The energy penalty∆γDW may be significantly reduced or may even reverse sign if two existing

domains merge together. Such a case is schematically depicted in Fig. 6.10 (c), where the pointed

ends of two domains merge upon application of an external field. In this case, the (partly charged)

domain walls indicated by thick dotted tilted lines disappear and are replaced by (uncharged) ver-

tical domain wall sections plotted by thick continuous lines. ∆γDW is now the difference in energy

between the dotted and continuous wall sections, and may be zero or even negative, depending on

the actual geometry. In the sample discussed here, the influence of∆γDW on the wall propagation,

and therefore on the speed of magnetization reversal, is significant and favors domain connections,

as can be clearly seen in Fig. 5.20.
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Figure 6.10: Schematic explanation for the increase or change in domain wall length upon mag-
netization reversal. (a) Expansion of a rectangular domainof length L and widthw along the
magnetization axis, (b) expansion of the same domain along its width, and (c) merging of two
domains. The increase of the domain area by the darker area isaccompanied by the creation of
domain wall sections depicted by fat solid lines. While in cases (a) and (b), the total domain wall
length is increasing, in case (c) the domain wall sections shown by dotted lines disappear, leading
to a more favorable domain wall energy balance and higher domain wall speed.

In general,∆γDW scales inversely with the size of the domains, such that it becomes more impor-

tant when the magnetization reversal proceeds by nucleation and expansion of many small domains.

It has been shown that for fast magnetization reversal, an increase in dHext/dt is accompanied by an

increase in the number of nucleated and subsequently expanded reversed domains. This behavior is

observed well in Fig. 5.11 in Section 5.22, in which when the magnetization of the FeNi reversed

from parallel to anti-parallel to the magnetization in the Colayer (Configuration A), the number of

nucleation centers increased and size of domains were smaller with higher amplitude of the field

pulses. So the influence of the domain wall energy will consequently play a role exactly in cases

in which high reversal speeds, and hence become important for the fast magnetization reversal of

spin valve devices.
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6.8 Stray field influence on the domain nucleation

In the time-resolved XMCD-PEEM experiments with sample E (Section 5.5.2), line-shaped do-

mains are nucleated in the FeNi layer at the position where the domain walls exists in the Co

layer. The effect of stray fields of domain walls in one layer on the magnetization of the other

layer in FM/non FM/FM trilayers in static conditions has been treated quantitatively by several

authors [53,85–87].

In order to get a more precise idea of the influence of stray fields emitted by domain walls, a

micromagnetic simulation using a code based on a combination of the finite element method (FEM)

Figure 6.11: Simulation of a domain wall in the Co layer and itsinfluence on the FeNi magneti-
zation, for a spacer layer thickness of 90 nm. The ring shape is just to avoid the demagnetizing
energy at the edge of the films. The color indicates the magnetization component in x direction.
More details are in the text.
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and the boundary element method (BEM) has been performed by Riccard Hertel. This FEM/BEM

scheme is particularly suited to simulate magnetostatic interactions of FM particles, as described

in Ref. [88]. The magnetic configurations are obtained by energy minimization. The exchange

constantA and the saturation magnetizationµ0MS were taken as 1.3× 10−11 J/m and 1 T for FeNi,

while the values for Co were 3× 10−11 J/m and 1.7 T, respectively. Experimentally determined

values of 1720 J/m2 (FeNi) and 11.2 kJ/m2 (Co) were used for the uniaxial anisotropy constant.

In Fig. 6.11, the FeNi layer (bottom) and the Co layer are shown. The ring shape of the film was

chosen to avoid the demagnetizing effect at the edge of the films. The result of the simulation

for a 90 nm thick spacer layer is shown. A Néel type domain wall was introduced in the center

of the Co layer, between two domains with opposite magnetization directions along the easy axis.

Figure 6.12: X and y components of the FeNi magnetization along the x axis for a spacer layer
thickness of 2.8 nm, the same as in the sample used in the experiment.
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The FeNi layer in the simulations was initially homogeneously magnetized along the y axis, and

then its magnetization was relaxed together with the one of the Co layer to reach equilibrium. The

final local magnetization components along the x axis are indicated with colors. The red, green

and blue colors indicate magnetization along the positive x-direction, perpendicular to the x-axis,

and along the negative x-direction, respectively. It is seen that the middle of the FeNi layer above

the wall in the Co layer shows blue color. It means that the magnetization in the FeNi layer is

strongly tilted in the direction perpendicular to the easy magnetization direction, opposite to the

magnetization direction in the center of the Co wall. The profile of the x-component of the FeNi

magnetization for 2.8 nm spacer layer thickness between thetwo FM layers is shown in Fig. 6.12

(a), while the y-component is given in Fig. 6.12 (b). The scale of the horizontal axes (200 nm)

corresponds to the width of the films in the simulation of Fig.6.11. It is seen that at the middle of

the FeNi film the x-component is nearly –1, and the y-component is around 0.2, which indicates

that the magnetization is almost perpendicular to the easy axis of magnetization. For magnetic

field pulses applied along the easy magnetization axis, the torque on the FeNi moments is very

small when these are aligned anti-parallel to the applied field. Above the Co domains, the FeNi

moments are tilted away from this axis, and the torque actingon them is thus larger. The Co

domain wall stray field acts like a transverse bias field that locally decreases the energy barrier for

nucleation, significantly increasing the switching speed.The same principle has been exploited to

obtain ultrafast magnetization switching in small magnetic structures, using an external transverse

bias field [60]. The lowering of the nucleation field may increase the speed of the magnetization

reversal in the storage devices.


