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Abstract

The magnetization reversal of the magnetically soft permalloy (Fe,oNigg) layer
in a spin-valve like FeNi/Cu/Co trilayer was studied using photoelectron emission
microscopy combined with x-ray magnetic circular dichroism, which allows to im-
age the magnetic domain structure in an element-selective way. Nanosecond-short
magnetic field pulses with amplitudes between 3.3 and 16.3 mT were applied one
by one to reverse the magnetization of the FeNi layer. Images of the magnetic do-
main structure were taken after application of each pulse, and the mobility of mag-
netic domain wall motion in the FeNi layer was deduced. The reversal mechanism
of the FeNi layer was found to depend on the applied pulse length, amplitude, and
on the energy and direction of the coupling between the two ferromagnetic layers.



Introduction

Nowadays, magnetic recording devices contain magnetic trilayered systems, so
called spin valves (SV) or magnetic tunnel junctions (MTJ), in which two ferro-
magnetic (FM) layers are separated by a non-magnetic spacer layer. These devices
are operating in the GHz range. Their magnetization reversal processes, how-
ever, are not well known because of the complexity of the properties of magnetic
multilayers, like the dependence of magnetic coupling on interlayer thickness, sur-
face/interface roughness, and amplitude and sweep rate of the external field. For
a detailed understanding of the dynamic magnetic switching of this kind of tri-
layers, it is important to investigate the switching behavior of the two FM layers
separately. In this paper we study the magnetization reversal of an FeNi/Cu/Co
SV using element-selective photoelectron emission microscopy (PEEM) measure-
ments.

The magnetization reversal of single FM layers has been widely investigated
by time-resolved Kerr microscopy [1-3] and scanning electron microscopy with
polarization analysis [4], in a temporal range from several seconds down to the
picosecond [5, 6]. Dynamic coercivity measurements have also been carried out to
obtain information on the mechanism of magnetization reversal [7].

In films in which domain wall motion dominates the reversal in the quasi-static
regime, it was shown that at low sweep rate of the external field, Hg,;, the coercive
field increases linearly with the logarithm of dHg,/dt [7-9]. The speed of mag-
netization reversal increases exponentially with Hg,; below a certain value of the
critical field, H¢,, which is related to the height of the energy barrier that pins
domain wall motion. In this regime, the domain wall propagates step-by-step. It
is blocked at an energy barrier, caused for example by surface roughness, until
it acquires enough energy (by thermal activation or increasing Hg,s) to overcome
the barrier and progress to the next one. If Hg,, is well above H¢,;, the domain
wall speed increases linearly with Hg,,. The exponential and linear regimes cor-
respond to thermally activated and viscous domain wall motion, respectively [10].
Estimated speeds of wall motion were around a few hundred m/s or slower in the
former regime for samples with perpendicular magnetic anisotropy [11, 12]. The
speed of wall motion in the viscous regime was studied for FeNi layers with in-
plane anisotropy [13-15]. In general, for high values of the magnetic field sweep
rate (above about 100 T/s in the SV sample studied here), magnetic domain nucle-
ation starts to dominate the reversal, and the coercive field increases exponentially
as a function of dHg,,/dt [7-9].

The element selective magnetization dynamics of magnetic multi-layered sys-



tems (SV and MTJ) has already been studied in the ns range using time-resolved
x-ray magnetic circular dichroism measurements [16]. With these measurements,
the global magnetization reversal of each of the layers after application of ns long
pulses could be obtained. In this contribution, the magnetization reversal of the
magnetically soft permalloy (Fe,oNigo, FeNi in the following) layer in a SV system
was studied using PEEM with x-ray magnetic circular dichroism (XMCD-PEEM),
which allows element selective magnetic domain imaging with sub-micron resolu-
tion. A dependence of the magnetization reversal process of the FeNi layer on the
magnetization direction of the hard Co layer is observed.



Experiment

The SV sample, 5 nm FeygNigg/10 nm Cu/5 nm Co capped with 1.5 nm of Au,
was grown by molecular beam epitaxy on a step-bunched Si(111) surface. The Si
surface was protected by capping with a 0.3 nm Cu layer. The miscut of the surface
was 4° along the [112] crystal axis. The substrate surface presents terraces (approx-
imate dimensions 1 um x 60 nm) that are transferred to the magnetic films. The
two FM layers exhibit in-plane uniaxial anisotropy with the easy axes along the
step bunches. Magnetostatic coupling is concentrated at the step-bunches. More
details on the preparation and magnetic properties of this kind of samples can be
found in Refs. 7 and 17.

The magnetic domain structure in the FeNi layer was measured using XMCD-
PEEM with the x-ray photon energy tuned to the Fe-L3 absorption edge. Magnetic
domain structure images were created taking the difference divided by the sum
of two images that were taken with positive and negative helicity of circularly
polarized x-rays. The lateral resolution was set to 1 um in this experiment. The
grey scale contrast of the PEEM images then depends on the angle between the
direction of the incoming circularly polarized x-rays and the local magnetization
direction in the film. The PEEM and the measuring geometry used in this study is
identical to the one described elsewhere [18]. The measurements were performed
on beamline UE56-2/PGM2 of the synchrotron BESSY in Berlin.

To study the magnetization reversal properties of the FeNi layer magnetically
coupled to the Co layer, first both ferromagnetic layers were saturated either in the
same or in opposite directions. 1 ms-long, 30 mT magnetic pulses applied along
the easy axis were strong enough to saturate both films, and a subsequent 4.5 mT-
field reversed the magnetization of only the FeNi layer. 30 ns and 120 ns-short field
pulses with various amplitudes were then applied to reverse the magnetization of
the FeNi layer. The shape of these pulses is shown in Fig. 1. They were produced
by a handmade micro-coil directly mounted on the sample. The field amplitude
was calibrated by Faraday effect measurements with a paramagnetic sample, and
the error was estimated to be £10 %, as described in Ref. 19. Images of the static
magnetic domain structure were taken after the application of each magnetic pulse,
so called single-pulse measurements. Stroboscopic images of the dynamics of the
magnetization reversal during the pulses are presented in other papers [19-21].



Results

In the top graph of Fig. 2, the magnetization curve of the SV system obtained
by quasi-static Kerr effect measurements is shown by the grey solid line. A double
step reversal being due to separate switching of the FeNi layer (lower coercivity)
and the Co layer (higher coercivity) is seen. One of the two minor loops of the
FeNi1 layer is also shown by the grey dashed curve, where the interlayer coupling
is evidenced by the horizontal shift of the minor loop. The coupling, Hcyyps, of
about 2 mT is caused by correlated roughness at the two FM/Cu interfaces leading
to a parallel coupling between two FM layers [22]. A localization of the coupling
at the steps was found in the same type of sample [23]. The images in Fig. 2 (a) to
(f) show the magnetic domain structure of the FeNi layer induced by 30 ns-short
pulses (dashed curve in Fig. 1). The scale of the images is indicated on (d).

First, both FM layers were saturated in parallel along the easy axis of magneti-
zation, parallel to the step-bunches, by applying 30 mT field pulses of 1 ms with
an external coil (configuration A). Saturation was checked by XMCD-PEEM do-
main images. Magnetic pulses were then applied by the micro coil in the direction
opposite to the magnetization directions of the FeNi and Co layers.

PEEM image (a) was taken after application of 31 pulses of 4.8 mT. By ap-
plying these pulses, a white domain appeared from the left side of the image and
propagated to the right. The direction of the field pulses and the magnetization
directions of white and black regions are indicated by arrows. In general, domain
wall motion as observed here is the predominant mechanism if the amplitude of the
applied field is slightly higher than the coercive field, and also the zig-zag shaped
domain wall is typical for head-on walls in films with uniaxial in-plane anisotropy
[24]. Applying one 9.0 mT pulse after re-saturation of the films, also magnetic
domain nucleation was observed and 55 % of the image turned to white, as shown
in Fig. 2(b). In Fig. 2(c), an image is shown taken after application of one 16.3 mT
pulse, leading to the nucleation of many small domains. Some of these domains
were smaller than the lateral resolution, leading to an intermediate grey contrast.
In summary, by increasing the pulse amplitude, a gradual transition of the rever-
sal process from domain wall propagation to domain nucleation is observed. This
leads to an increase of the number of domains, and a decrease of their average size
with pulse amplitude.

In a second experiment, the two FM layers were initially saturated in opposite
directions (configuration B), and field pulses were then applied in the same direc-
tion as the Co layer magnetization. For single pulses, the magnetic fields needed
to reverse the FeNi magnetization in configuration B are much smaller than for
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configuration A. In configuration B, after one field pulse, domains were observed
in a narrow range of fields, between 4.0 and 5.0 mT. Totally black (white) im-
ages were observed below 4.0 mT (above 5.0 mT) (images are not shown in Fig.
2). Domain wall propagation dominates the reversal. The percentage of the FeNi
magnetization reversed in the PEEM 1mages for different applied pulse fields is
also plotted in the top graph in Fig. 2, using the right axis. The dashed black lines
are guides to the eye through the experimental points, indicating the FeNi hys-
teresis curve obtained for 30 ns-short field pulses for the two directions of the Co
magnetization. The experimental points (a)—(f) are indicating the field amplitude
of the pulses after which the corresponding images have been taken in remanence
and the corresponding permalloy magnetization. Static Kerr effect measurements
performed on a different piece of the same sample show that the magnetization
does not change when the field is decreased to zero on different points during the
switching of the FeNi layer, i.e. that the switching process is irreversible. This in-
dicates 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. From Fig. 2 it is obvious that the FeNi reversal for switching parallel to the
magnetization direction of the Co layer and antiparallel to it is quite different. This
different behavior will be discussed below.

Single-pulse measurements were also performed using 120 ns-short pulses with
10 ns rise- and drop-time (solid curve in Fig. 1). Panels (a) to (g) in Fig. 3 show
the magnetic domain structure of the FeNi layer after successive application of 120
ns field pulses of identical amplitude. The field of view is 120 ym. Starting from
configuration A, pulses with amplitudes of 5.0 mT (i) and 6.1 mT (ii), were applied
to reverse the magnetization of the FeNi layer. One 5.0 mT pulse created a small
white domain at the middle of the image (a) which was probably nucleated at a
surface defect. Then a second pulse was applied without re-saturation of the film,
and a white zig-zag shaped domain appeared on the left side (b). The third pulse
made the domain wall propagate to the right (¢). Domain wall propagation was
also observed when applying pulses of 6.1 mT (i1) and 3.3 mT (ii1). In (ii1), the
direction of the external field was parallel to the Co magnetization (configuration
B). The magnetization of the Co layer was not influenced by the pulses with the
amplitudes used here.

The speed of domain wall motion of the FeNi layer was estimated from these
images in the following way. White circles and crosses were put onto the tips of
white zig-zag domains in (b), (d) and (f) and (c), (e) and (g), respectively. The
circles were superimposed from (b), (d) and (f) to (c), (e) and (g), respectively.
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By taking the average displacement of the tips, the estimated speed of wall motion
was 270 m/s, 410 m/s and 490 m/s for the three field pulses. In (ii) from (d) to
(e), the shape of the domains was more or less preserved, but not in (i) and (iii).
This leads to different errors in the domain wall velocity of +20 m/s for (ii) and
(ii1), and =80 m/s for (1). However, we can not exclude that some new domains
nucleated between (d) and (e) since some small black domains are visible in the
white region. In configuration B where the magnetization of FeNi reverses into the
direction of the Co layer, faster wall propagation as compared with configuration
A was observed with a smaller field pulse amplitude.



Discussion

In Fig. 2, it was shown that the magnetization reversal of the FeNi layer for
switching into directions anti-parallel (configuration A) or parallel (configuration
B) to the Co magnetization direction is quite different. For configuration A, a tran-
sition in magnetization reversal mechanism was observed when Hg,; was 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 magnetic coupling is shown to play an important role in these measure-
ments. The same effective field pulses (H, rs/=Hg.xs +=Hcoup1) applied to the sample
initially in configurations B or A give rise to different magnetization reversal pro-
cesses. In figure 2 (b) and (f) the same H,z¢ (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 magneti-
zation direction (configuration A), the coupling, concentrated at the steps between
terraces, causes them to act as blocking centers for domain wall motion [7].

To estimate the domain wall velocity, v, as a function of field using Fig. 3,
Heoupi has to be taken into account. The speed of domain wall motion as a function
of Herr is shown in Fig. 4. In cases (i) and (i1), Hoyp (= 2.0 mT) is against the
pulse field, therefore Herr = Hexy — Heoupr- This results in effective fields Herr =
3.0 mT and 4.1 mT for (i) and (ii), respectively. In (iii), Herf = Hgxr + Hepupr Was
5.3 mT, with Hg,; = 3.3 mT. In this experiment, domain wall motion is expected
to be in the viscous regime [10], since H, s is well above Hc,;; for all three cases.
The value of H¢,j; 1s estimated to be about 2 mT. This value was obtained using
equation (3) of Ref. 25 which relates E4, the activation energy, to H¢,is. E4 should
be equal to VpMgH¢,;; without external field, where Vg and My are the Barkhausen
volume and the saturation magnetization of the FeNi layer, respectively. E4 and
Vp were obtained from H vs.dH/dt measurements [26], giving 2.98 X 107127 (1.86
eV) and 1.88x 10722 m3, respectively. Mg was taken as 1 T (800 emu/cm?).

In the viscous regime, the speed of domain wall motion increases linearly with
H,rr. Our data are well fitted using v = uH, s ¢, where u is the domain wall mobility.
The obtained value of uis 100 = 10 m s~!(mT)~!. For 30 and 10 nm-thick FeNi
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layers, values of 380 m s~HmT)~! and 300 m s~!(mT)~! have been reported,
respectively [14, 15]. It is supposed that by decreasing the film thickness the mo-
bility decreases. Another possible explanation is the large roughness of our sample
due to the steps with a height of about 6nm. This roughness may lead to a domain
wall mobility that is lower than in flat films.

The domain wall mobility depends on the damping parameter o and the domain
wall width of the permalloy layer, since u = YA/o [10], where 7y is the gyromagnetic
ratio (= 1.79x 10" T~!s~1) and A is the domain wall width parameter. In the case
of a Bloch wall, A equals the wall width [27]. For a layer thickness of 5 nm, the
domain walls in the FeNi layer are supposed to be the Néel type [14, 15, 28]. In
the case of a Néel wall the relation between the wall width and the domain wall
width parameter A is not known, and an evaluation of the damping parameter o
from the present measurements is therefore limited to a rough order-of-magnitude
estimate. Setting the wall width parameter A equal to the exchange length of FeNi
(about 6 nm), a value of 0.01 for a 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 [29-33].



Conclusion

The magnetization reversal behavior of the soft FeNi layer, magnetically cou-
pled to a Co layer through a Cu spacer layer in a spin-valve-like trilayer, was
studied using XMCD-PEEM in the ns range.

A difference was observed in the reversal mechanism of the FeNi layer when
1ts magnetization direction was switched into the direction parallel or anti-parallel
to the Co magnetization direction. In the former case, reversal by domain wall
propagation was dominant, while in the latter case domain nucleation played a
larger role for higher field amplitudes.

The magnetic domain wall motion in the FeNi layer was studied in the viscous
regime, in which the domain wall velocity increases linearly as a function of the
effective field. The slope of this function gives the mobility of wall motion, which
was 100 m s~ }(mT)~! in this study.
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Figure 1: Shape of the magnetic field pulses. Solid and dotted curves correspond to 120 ns and 30
ns pulses, respectively. The height of both pulses shown here is 10 mT.
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Figure 2: Hysteresis loop obtained by longitudinal Kerr effect measurements of the FeNi/Cu/Co
trilayer (grey solid curve) in quasi-static conditions. One of two minor loops of the FeNi soft layer
is also shown (grey dotted curve). The normalized Kerr rotation is labeled on the left axis. Black
dotted curves are the eye-guided hysteresis loop of the FeNi layer for 30 ns pulses. The percentage
of reversed area of the FeNi layer is given on the right axis. Circles indicate the experimental data
points. (a)-(f) show the magnetic domain structure of the FeNi layer obtained by XMCD-PEEM,
where the photon energy of the circularly polarized x-rays was tuned to the Fe-L3 absorption edge.
Images were obtained after application of 30 ns-short field pulses. The number and amplitude of
the pulses are written below each image. The initial configurations before application of the pulses
for images (a)-(c) and (d)-(f) are A and B, respectively.
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Figure 3: Magnetic domain structure of the FeNi layer. The field of view is 120 um. First, the
two ferromagnetic layers were either saturated in the same direction (Configuration A) or in the
opposite direction (Configuration B), then 120 ns-short magnetic pulses were applied to reverse
the magnetization of the FeNi layer. Images were taken after each pulse without re-saturation of
the films, in order to visualize the progress of the domain walls. The number and amplitude of
the applied pulses are written below each image. White circles and crosses were put onto the tips
of white zig-zag domains in (b), (d) and (f) and (c), (e) and (g), respectively. The circles were
superimposed from (b), (d) and (f) to (c), (e) and (g), respectively.

16



0] S s e e e e

@ 500 Mobility: L= 100 ms™(mT)™* &1 -
w00 ¥ (D) _

>
5300k e "
gaop '
oo T  —
ok

0 12 3 4 5 6
Effective Field: Hgg (MT)

Figure 4: Domain wall speed as a function of effective field extracted from Fig. 3. The effective
field was obtained by addition or subtraction of the pulse field and coupling field (2.0 mT) for
configurations B and A, respectively. Mobility u of the wall motion was obtained by a linear fit to
v=uH, s, which resulted in 100 m s~ ImT)~ .
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