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The magnetization reversal dynamics of an Fe20Ni80/Cu/Co spin valve is investigated on the
nanosecond time scale by magnetic microscopy with time and layer resolution. It is found that the
speed by which micron-sized magnetic domains in the magnetically soft Fe20Ni80 layer are
expanded by external field pulses exhibits a dependence on the change in domain-wall length, and
on the coupling to the local magnetization direction of the Co layer. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1772520]

Controlling and understanding the magnetization rever-
sal dynamics in magnetic thin films is a major issue for many
applications. An example for magnetic thin-film devices is
giant magnetoresistance spin valves, as they are nowadays
commonly used in magnetic hard disk read heads. Spin
valves are also expected to play a major role in future appli-
cations like magnetic random access memories, or in inte-
grating magnetism into electronic devices.1 A spin valve con-
sists in the simplest case of two ferromagnetic layers coupled
through an ultrathin nonmagnetic spacer layer. Operation re-
lies on the independent manipulation of the magnetization
state of one of the magnetic layers, which has to be per-
formed with high speed in order to meet the increasing de-
mands for high data rates. Fast dynamic measurements of the
magnetic reversal behavior in such coupled systems are
therefore highly desired.

Only very few experimental techniques can address the
microscopic magnetization reversal behavior of the different
magnetic layers in a spin valve separately. One of them is
photoelectron emission microscopy(PEEM) with x-ray mag-
netic circular dichroism(XMCD),2 which has already proven
its versatility for the layer-resolved investigation of micro-
scopic magnetic domains in multilayered magnetic
samples.3,4 It has been demonstrated recently that XMCD-
PEEM can also be used in a time-resolved pump–probe mea-
surement scheme to address the dynamic response of a sys-
tem on short magnetic field pulses,5,6 however, the layer
resolution has not been exploited in these studies. In dy-
namic XMCD-PEEM measurements, the pulsed nature of

synchrotron radiationx rays is used to probe the sample
magnetization in a stroboscopic way at a certain tunable de-
lay after periodic application of short magnetic field pulses.
By tuning the photon energy to elemental absorption edges,
the magnetic domain patterns in magnetic layers containing
different elements can be imaged separately.

In this letter, we combine the temporal, spatial, and layer
resolution of time-resolved XMCD-PEEM to study the mag-
netization reversal dynamics of a Fe20Ni80/Cu/Co spin valve
on the nanosecond time scale. We find that, due to the varia-
tion of the overall domain-wall length, the dynamic magne-
tization reversal of the magnetically softer Fe20Ni80 layer is
determined by the domain-wall energy in the Fe20Ni80 layer,
and by the local magnetic interlayer coupling to the domain
structure of the Co layer.

The magnetization reversal in laterally extended mag-
netic thin films proceeds by nucleation and expansion of
magnetic domains. Since these processes are usually ther-
mally activated, the speed of magnetization reversal depends
exponentially on the effective fieldHeff which promotes
domain-wall propagation across statistically distributed en-
ergy barriers. Small changes of the energy gain upon
domain-wall propagationEprop=−HeffMSt may thus have a
big effect on the speed of reversal. Here,MS denotes the
saturation magnetization, andt is the layer thickness. We will
show that for a proper description ofEprop and of the reversal
speed not only the applied external fieldHext has to be con-
sidered, but also contributions from the magnetic interlayer
coupling energyEcopl=−J cosDf, whereDf denotes the lo-
cal angle between the magnetization directions in the two
ferromagnetic layers, and from the change in domain-wall
energyDEDW. The latter reflects the change of domain-wall
length during the reversal.
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The spin valve sample studied here consisted of
5 nm Fe20Ni80/4 nm Cu/5 nm Co, deposited on a
SiO2/Sis001d substrate by rf sputtering. Quasistatic Kerr ef-
fect measurements showed no magnetic anisotropy within
the film plane, and a weak magnetic interlayer coupling with
a distribution of coupling energies aroundJ=1.6
310−6 J/m2.7 Stroboscopic time-resolved domain images
were acquired using an electrostatic PEEM(Focus IS-
PEEM), which has been described in a previous publication.8

Parameters were set to result in a lateral resolution of
300 nm, and a field of view of 25mm.

X-ray pulses from the UE52-SGM helical undulator
beamline of BESSY in single bunch mode of operation were
incident to the sample under an angle of 60° from the surface
normal. Magnetic pulses were applied along the projection of
the x-ray incidence direction on the sample surface by a mi-
crocoil made from 12.5 thickmm Cu foil at 625 kHz fre-
quency, which is one-half of the repetition rate of the syn-
chrotron pulses of 50–70 ps length emitted in the single
bunch mode of the BESSY storage ring. Electrons originat-
ing from the x-ray pulses that do not correspond to a mag-
netic field pulse were suppressed by a gated negative voltage
supplied to a grid in front of the image intensifier of the
microscope. A complete description of the experimental
setup and time scheme can be found in Ref. 5.

Magnetic pulses with a maximum field strength of
3.58 kA/m, duration of 18 ns, and 5 ns rise time were used,
as displayed in Fig. 1(a). The pulse shape was determined
from the displacement of the PEEM image provoked by the
Lorentz force acting on electrons leaving the sample surface.
The field amplitude was calibrated by Faraday rotation mea-
surements on a paramagnetic sample, as described in Ref. 7.

Figures 1(b)–1(f) show layer-resolved magnetic domain
images for four different representative delaysDt between
field pulse and x-ray pulse, as indicated in panel(a). Panels
(b)–(e) display the domain structure of the Fe20Ni80 (permal-
loy) layer and panel(f) shows the domain structure of the Co
layer. The images show small and irregularly shaped dark
and bright domains, corresponding to magnetization direc-
tion parallel and antiparallel to the external fieldHext indi-
cated at the left-hand side bottom, respectively. The surface
fraction covered by dark domains increases from(b) to (c) to
(d) mainly by the expansion of existing dark domains. Inter-
estingly, these domains already shrink when going from(d)
to (e), while the external field is still in the “dark” direction.
This has to be attributed to the coupling field with the do-
main structure of the Co layer. This coupling field and a
small negative overshoot of the field pulse atDt<20 ns help
to reversibly bring back the magnetization to the configura-
tion before the field pulse shown in panel(b). Comparison of
the contrast between dark and bright domains with images
acquired in static conditions revealed that the periodic rever-
sal was fully reproducible over many billions of pulses. No
changes for different time delays were observed in the do-
main pattern of the Co layer, which is displayed in Fig. 1(f)
for one time delayDt [the same as for panel(d)]. The statis-
tics of the Co domain image is worse compared to the per-
malloy images because of electron attenuation by the rela-
tively thick Cu and Fe20Ni80 overlayers. Small black lines in
Fig. 1(f) indicate the largest dark domains in the Co layer.

The maximum of the field pulse contains a 3 ns wide
plateau where the field is almost constant[Fig. 1(a) ]. Here,
information on reversal dynamics under a constant field can
be separated from the influence of changing external field.
Figure 2 shows a detailed analysis of the dynamics of do-
main expansion during that time. Panel(a) presents a blown
up view of the maximum of the field pulse. Fe20Ni80 domain
images have been acquired at delays of 5, 6, 7, and 8 ns, as
marked by symbols of different gray shade. Panels(b)–(e)
show how the reversed domains expand as a function of time
at that four delays. Bright gray areas correspond to regions in
which reversed domains already existed atDt=5 ns. Panel
(b) thus represents a discretized version of Fig. 1(c). Areas
plotted in different darker shades of gray in subsequent pan-
els correspond to the times indicated by the symbols of cor-

FIG. 1. Time- and layer-resolved magnetic domain images of a
5 nm Fe20Ni80/4 nm Cu/5 nm Co spin valve.(a) Temporal shape of the
magnetic field pulses, and times at which domain images presented in(b)–
(f) were acquired.(b)–(e) Layer-resolved stroboscopic magnetic domain im-
ages of the Fe20Ni80 layer at delaysDt of −3, 5, 8, and 19 ns, respectively,
between beginning of the field pulse and probe pulse.(f) Layer-resolved
stroboscopic magnetic domain image of the Co layer at 8 ns delay. Field of
view: 25 mm.

FIG. 2. (a): Magnified view of the maximum of the magnetic field pulses vs
time. (b)–(e) Analysis of switching by expansion of domains, extracted from
differences between discretized layer-resolved magnetic domain images of
the Fe20Ni80 layer acquired every 1 ns during the plateau of the field pulse.
Differently gray shaded areas correspond to reversed domains present in the
Fe20Ni80 layer after the time delays indicated in(a) i.e., (b) 5 ns,(c) 6 ns,(d)
7 ns, and(e) 8 ns.
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responding shade of gray in Fig. 2(a). The biggest changes,
i.e., the largest intermediate and darker gray areas in Fig.
2(e), are seen in regions where two existing domains are
getting connected. In these areas, the evolution of reversed
domains is somehow reminiscent of merging water droplets.
The domain-wall speed can be estimated from Fig. 2, and is
as high as 1mm/ns where two domains get connected. In
general, domain-wall speeds extracted for domains that do
not connect are much lower, and the propagation within 3 ns
is comparable to the lateral resolution.

This result can be understood considering three energy
contributions toEprop: The Zeeman energy −HextMSt of the
film in the external field, the local interlayer coupling energy
Ecopl, and the change in domain-wall energyDEDW upon ex-
pansion of existing domains. This is schematically explained
in Fig. 3. Expansion of a rectangular domain of widthw and
length L along the magnetization axis by the darker areas
increases the length of the vertical domain walls towards the
top and bottom of the image, as indicated by the small thick
lines. This corresponds to an increase in domain-wall energy
per unit area of reversed domain surface ofDEDW=2gt /w.
Here,g denotes the specific domain-wall energy per(cross-
sectional) unit area. For the film thicknesst considered here,
domain walls are of the Néel type.9 In this case, the domain-
wall energy can be approximated byg=ÎAMS

2/ s2m0d. Using
A=13310−12 J/m for the exchange constant of permalloy,
and MS=1.0 T, one obtainsg=2.3 mJ/m2. For w=3 mm,
DEDW<7.7 mJ/m2, which is smaller than the Zeeman en-
ergy of −18mJ/m2, but higher than the interlayer coupling
energy of 1.6mJ/m2. For parallel domain walls separated by
less than about 1000Î2m0A/MS

2<5.7 mm, the domain-wall
energyg may be additionally modified by up to 40% by the
magnetostatic interaction between Néel walls.9

Figure 3(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 get longer. Be-
cause of the additional magnetostatic interaction between the
domains, these walls have a higher specific energyg!.g.
The change in domain-wall energy per unit area of reversed
domain in this case isDEDW=2g!t /L.

The energy penaltyDEDW may be significantly reduced
or may even reverse sign if two existing domains merge
together. Such a case is schematically depicted in Fig. 3(c),
where the pointed ends of two domains merge upon applica-
tion of an external field. In this case, the(partly charged)
domain walls indicated by thick dotted tilted lines disappear
and are replaced by(uncharged) vertical domain-wall sec-
tions plotted by thick continuous lines.DEDW 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 in this letter, the
influence ofDEDW over Eprop, and therefore on the speed of
magnetization reversal, is significant and favors domain con-
nection, as can be clearly seen in Fig. 2.

In general,DEDW scales inversely with the size of the
domains, such that it becomes more important when the
magnetization reversal proceeds by nucleation and expansion
of many small domains. It has been shown that for fast mag-
netization reversal, an increase indHext/dt is accompanied
by an increase in the number of nucleated and subsequently
expanded reversed domains.5,10 The influence of the domain-
wall energy will consequently play a role exactly in cases in
which high fields are applied for short times in order to
achieve high reversal speeds, and hence become important
for the fast magnetization reversal of spin valve devices.
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FIG. 3. Schematic explanation for the increase or change in domain-wall
length upon magnetization reversal.(a) Expansion of a rectangular domain
of lengthL 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 is accompanied 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 sec-
tions shown by dotted lines disappear, leading to a more favorable domain-
wall energy balance and higher domain-wall speeds.
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