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Abstract
Magnetization hysteresis and AC susceptibility measurements were performed on the discontinuous metal–insulator
multilayer [Co80Fe20(1.4 nm)/Al2O3(3 nm)]10. CoFe forms ferromagnetic single-domain particles being embedded in the
Al2O3 matrix. Due to strong dipolar inter-particle interactions a ‘‘superferromagnetic’’ correlation of particle moments
was previously stated. The dynamical magnetic properties of the superferromagnet can be understood in the framework
of domain wall motion in an impure ferromagnet. Kinetic simulations are employed, which are based on ﬁeld and
temperature-dependent domain wall velocities. The magnetization hysteresis as well as the AC susceptibility, w0 iw00 , are
calculated and compared to our experimental results and yield a good agreement. The analysis of the Cole–Cole plots,
w00 vs. w0 , is particularly interesting. They are shown to serve as ﬁngerprints for the different dynamic behavior as
claimed previously.
r 2003 Elsevier B.V. All rights reserved.
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Assemblies of single-domain nanoparticles show very
different types of magnetic behavior depending on the
interparticle distances. In recent years much experimental and theoretical effort was invested to understand and
clarify the possible consequences of interactions [1]. In
this paper we will focus on the case of a densely packed
system of single domain nanoparticles, where relatively
strong (‘‘super’’-)ferromagnetic (SFM) correlations between the individual superspins are encountered. In a
previous work [2] the dynamical response of this sample
could successfully be compared to the predictions of a
model of domain wall motion in a disordered ferromagnet [3]. This brief report will show a comparison of
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experimental results on the SFM granular multilayer
and kinetic simulations of a driven domain wall.
Experiments were performed on the discontinuous
metal–insulator multilayer [Co80Fe20(tn)/Al2O3(3 nm)]10,
with nominal thickness tn ¼ 1:4 nm. The sample was
prepared by sequential Xe ion beam sputtering on glass.
Transmission electron microcraphs on a similar system
with tn ¼ 1:3 nm reveal separated and nearly spherical
nanoparticles with an average diameter of approximately 5 nm [4]. Magnetization hysteresis and AC
susceptibility measurements were performed by means
of a commercial superconducting quantum interference
device (SQUID) magnetometer (MPMS-5S, Quantum
Design). Dynamic hysteresis curves were measured by
using the longitudinal magneto-optic Kerr effect
(L-MOKE).
Fig. 1 shows (a) a SQUID-magnetization loop M vs.
H at T ¼ 310 K resembling typical loops of a soft
ferromagnet. The loop area strongly depends on the
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Fig. 1. Hysteresis loops of [Co80Fe20(1.4 nm)/Al2O3(3 nm)]10
measured by (a) SQUID, M vs. H at T ¼ 310 K, (b) normalized
MOKE curves, y=y0 vs. H at T ¼ 294 K and different ﬁeld
sweep frequencies f ¼ 1; 5 and 20 Hz. Cole–Cole plots, w00 vs. w0 ,
for an AC ﬁeld amplitude (c) m0 H0 ¼ 5 mT and (d) 200 mT at
temperatures
T ¼ 2692371 K
and
AC
frequencies
f ¼ 0:0521 Hz.

driving ﬁeld frequency as seen in (b), where normalized
L-MOKE curves, y=y0 vs. H at T ¼ 294 K and
different ﬁeld sweep frequencies f ¼ 1; 5 and 20 Hz are
shown [2]. The occurrence of hysteresis loops is not a
proof for a SFM state, since a superparamagnetic
system can display them as well. However, Cole–Cole
plots of the complex susceptibility, w00 vs. w0 , show
ﬁngerprints of SFM domain wall dynamics. This can be
seen in Figs. 1 (c and d) for AC ﬁeld amplitudes m0 H0 ¼
5 and 200 mT, respectively, at different temperatures
T ¼ 2692371 K and AC frequencies f ¼ 0:0521 Hz.
Two important features are encountered. In (c) a
monotonic increase of w00 is seen, starting linearly and
bending up to larger slopes as w0 increases, whereas in (d)
a quarter of a circle is visible. As described previously [2]
the linear parts are the consequence of a creep-like
domain wall motion in the non-switching limit, while the
quarter circle describes the SFM switching regime,
where monodisperse Debye-type relaxation behavior is
found.
Two types of kinetic simulations were performed. In
the ﬁrst case one rigid domain wall with a quasistatic
temperature and ﬁeld-dependent velocity v ¼ vðT; HÞ
according to Ref. [3] was considered. The formula for
vðT; HÞ interpolates between the creep regime for small
ﬁelds, vðT; HÞpexp½ðUc =TÞðH=Hc Þm ; and viscous
domain wall motion for large ﬁelds, vðT; HÞpH: It
follows that the magnetization can be written as M ¼
2ZðHÞ=L  1 and dZ=dt ¼ vðHðtÞÞ; where ZðHÞ is the

Thanks are due to DFG, Graduiertenkolleg 277.
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position of the domain wall and L the sample length
with 0pZpL: In the second case an equation of motion
of an elastic domain boundary moving in a random
distribution of pinning forces driven by an external ﬁeld
is solved numerically [5].
Fig. 2 shows the results of simulations of the ﬁrst (b,d)
and of the second type (a,c), with upper plots showing
magnetization M vs. H curves. (a) A hysteresis loop at
H0 =Hp ¼ 1:9 and f ¼ 0:002 reveals the expected switching behavior in a ferromagnet and (b) the AC ﬁeld
frequency dependence of hysteresis curves at T=Tp ¼ 1:5
and H0 =Hp ¼ 1:5 (Hp depinning ﬁeld, Tp characteristic
energy scale [3]) and different frequencies f ¼ 0:001;
0.005 and 0.01 resembling the curves in Fig. 1b.
The Cole–Cole plots are particularly interesting. The
ﬁrst type of simulation easily produces the quarter circle
corresponding to domain switching (Fig. 2d), whereas
the monotonic increase in the low-w00 and low-w0 limit
(high-f limit) can only be seen in the second type of
simulation (Fig. 2c) [5]. The concave curve qualitatively
matches that from Fig. 1c.
In summary, kinetic simulations of the domain wall
motion under random pinning forces in a periodic
external ﬁeld can qualitatively describe essential features
of the experimental observations on superferromagnetic
discontinuous magnetic multilayers.
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Fig. 2. (a) Hysteresis curve, M vs. H; from the second type of
simulation for an AC amplitude H0 =Hp ¼ 1:9 and a frequency
f ¼ 0:002; (b) M vs. H curves from the ﬁrst type of simulation
(see text) at T=Tp ¼ 1:5 and H0 =Hp ¼ 1:5 and f ¼ 0:001; 0.005
and 0.01. (c) Cole–Cole plot from the second type of simulation
with H0 =Hp ¼ 1:9 and different frequencies and (d) from the
ﬁrst type of simulation with T=Tp ¼ 1:5 and H0 =Hp ¼ 1:5:
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