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Magnetization Reversal in a Novel Gradient Nanomaterial
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The deposition of Co=Pd multilayer films onto self-assembled particle arrays with particle sizes down
to 50 nm leads to pronounced curvature-induced physical properties. Unlike in classical nanosystems, the
so-formed single caps on top of the spherical particles exhibit a radial symmetric anisotropy orientation
across their surface. Its impact on the magnetization reversal process was analyzed experimentally for
different particle sizes and compared to micromagnetic simulations, offering new opportunities in the
functionalization of magnetic nanostructures.
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The rapid advance in fabricating nanostructures with
controlled size and shape offered by modern lithography
techniques has triggered increased research in magnetic
nanostructures. In this regard, the magnetization reversal
mechanism is of particular interest. Apart from its crucial
technological importance, its control is interesting from a
fundamental point of view since the specific magnetic and
geometrical properties of a nanostructure are likely to
cause significant alterations. Numerous investigations, em-
ploying different shapes of structures such as squares,
ellipses, and disks [1–8] have been reported. In contrast
to these nanostructures, a novel nanomaterial, which con-
sists of a multilayer film on top of a spherical particle, was
introduced recently in Ref. [9]. This system is distinct from
the classical geometries typically investigated: Neither
extrinsic nor intrinsic properties are uniform in space.
The film is extended over a wide region of the sphere
and thus shows substantial curvature. The film thickness
varies and so do the intrinsic magnetic properties, most
notably the magnetic anisotropy, which is a key factor
affecting the fundamental nature of the reversal process.
The realization of such a system is possible because Co=Pd
multilayered films show a strong perpendicular magnetic
anisotropy that originates primarily from interface contri-
butions due to the asymmetry of Co and Pd layers perpen-
dicular to the interface [10–12]. Thus, the anisotropy axis
will always point perpendicular to the particle surface.
Assuming an evaporation direction perpendicular to the
substrate surface, the thickness d of the Co and Pd layers is
highest at the top of the particle and reduces towards the
sides with d� cos’, where the angle ’ designates the
position on the particle surface with respect to the deposi-
tion direction. Since a typical Co layer thickness of 0.3 nm
corresponds to only about 1.5 monolayers, we expect the
ferromagnetic properties of the multilayer stack to be sup-
pressed for an angle ’ higher than about 50�, where the Co
layer thickness drops below one monolayer, starting to
form a dilute Co-Pd alloy without significant anisotropy
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and moment. As a consequence, this effect leads to ex-
change isolation of the magnetic caps.

In this Letter, we report the specific magnetic character-
istics of such a gradient nanomaterial, in particular, its
impact on the reversal mechanism. Angle-dependent re-
versal studies were performed for different particle sizes
and the experimental results are interpreted using micro-
magnetic simulations.

The nanostructure samples were prepared using a
topographic pattern formed of self-assembled densely
packed polystyrene particles with diameters of 50, 110,
and 310 nm. Onto these particle monolayers Co=Pd
multilayer films were deposited at room temperature as
reported in Ref. [9]. The multilayer film consisted of a
�Co�0:3 nm�=Pd�0:8 nm��8 stack grown on a 3 nm-thick Pd
seed layer and was covered with an additional 0.8 nm-thick
Pd capping layer to prevent oxidation.

The topographic assembly as well as the specific mor-
phology of the deposited films were investigated by atomic
force (AFM) and scanning tunneling microscopy (STM).
While the AFM image shown in Fig. 1(a) confirms a
densely packed particle assembly for the 50 nm particles,
the STM image in Fig. 1(c) reveals a grainy structure of the
deposited film stack with grain diameters of about 6 nm. A
root-mean-square roughness of about 0.8 nm was obtained
by height profile measurements along the surface
[Fig. 1(d)]. Similar studies on assemblies with larger par-
ticle sizes show basically the same film morphology, in-
dicating that the underlying microstructure of the
individual grains is also similar. This suggests that similar
magnetic properties such as the magnetic anisotropy that
are connected to the microstructure of the grains are
present. Note that as long as the grain size is much smaller
than the particle diameter, the grains can be assumed as
locally planar entities distributed on a curved surface.
However, due to the difference in curvature for different
particle sizes the spatial variation in material properties
along the spherical surface such as layer thickness and
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FIG. 2. Normalized switching field as a function of applied
external field angle � (a) from experimental data and simulations
with spatial anisotropy distribution for all particle sizes and
(b) from simulations for caps assuming uniaxial anisotropy,
including a representation of the Stoner-Wohlfarth model. The
solid lines serve as a guide to the eye for the simulated data
points. Included are schematics of the magnetic caps showing
the local anisotropy distribution and the external field direction.
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FIG. 1 (color). (a) AFM and (b) corresponding MFM image of
an array with magnetic caps on 50 nm particles after applying a
perpendicular reverse field to the initially saturated sample.
Several individually reversed particles are highlighted.
(c) STM image of caps formed on 50 nm particles, revealing
the deposited film morphology. A height profile along the
marked path is shown in (d).
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anisotropy orientation changes drastically. In contrast,
STM images on a reference sample, where the multilayer
stack was evaporated on a plain sapphire substrate, re-
vealed grain sizes in the order of 20 nm, indicating im-
proved growth conditions with presumably sharper
interfaces and thus higher anisotropy values as compared
to the grains on the caps.

Local magnetic properties were investigated by mag-
netic force microscopy (MFM). Figure 1(b) shows a MFM
image after applying a perpendicular reverse field of about
0.25 T (close to the coercivity field) to the initially satu-
rated sample. Individually reversed caps (dark contrast) are
observable, revealing a quasi–single-domain remanent
state with an average magnetization orientation pointing
perpendicular to the substrate. In this case, each cap is
switched independently during the reversal process, indi-
cating that the caps are strongly exchange decoupled.

To obtain more information on the magnetic properties,
measuring the angular dependence of the nucleation field
has been widely used to characterize the magnetization
reversal mechanism. The magnitude of the switching field
is either Stoner-Wohlfarth–like (S-W) with a minimum at
around 45� for nucleation dominated magnets or increases
as 1= cos� in pinning type magnets [13], where � refers to
the angle of the external field with respect to the substrate
normal. For both coherent rotation and nucleation, the
angle dependence of the switching field follows S-W be-
havior, showing a minimum of the magnitude of the
07720
switching field at a field angle of 45�, unless domain
wall pinning occurs. Here on the nanocap arrays, polar
magneto-optical Kerr effect measurements were carried
out using a focused laser beam with a spot size of
40 �m. All loops used in this work are remanent loops,
which means that the polar Kerr rotation indicating the
perpendicular component of the magnetization is detected
in remanence after removing the applied reverse field. Note
that before applying a reverse field, the sample is always
saturated. The switching field Hs is defined as the field
required to reverse the magnetization of half the caps in the
probed ensemble. To obtain information on the reversal
mechanism,Hs was measured as a function of applied field
angle �. The normalized switching field is plotted in
Fig. 2(a) versus the angle �. After a rapid decrease for
small angles �, the magnitude of the switching field for the
caps on the 50 nm particles has a broad minimum from � �
45� to 80� [9]. Reversal studies on larger particles reveal a
different behavior, showing a little drop in Hs for the
110 nm particles or a small increase for the 310 nm parti-
cles towards higher angles, indicating a domain-wall-
motion-controlled reversal mechanism. This behavior dif-
fers substantially from the S-W model, plotted as a solid
line in Fig. 2(b), which is applicable to single-domain
particles with uniaxial anisotropy reversing via coherent
rotation [14].
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FIG. 3 (color). Normalized magnetization of the z component
of the caps shown in color code for the case of (a) spatial
distribution in the anisotropy and (b) uniaxial anisotropy for
caps on 310 nm spheres and various directions of the applied
field. Within a sequence the external field is increased from left
(zero field state) to right, and representative states are chosen.
Additionally, the x and y components are given for � � 1�.
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To investigate the physical origin of this remarkable
behavior in detail, micromagnetic simulations were per-
formed, enabling us to distinguish the influence of the
anisotropy distribution, the change in magnitude of anisot-
ropy, and the dependence on size (curvature). The theo-
retical treatment of magnetization dynamics at zero
temperature starts from the Gilbert equation [15]
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which describes the physical path of the magnetic polar-
ization M towards equilibrium. � is the gyromagnetic ratio
of the free electron spin. The damping constant � considers
the relaxation towards equilibrium phenomenologically.
The effective field Heff is the negative functional derivative
of the total magnetic Gibbs free energy,
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which is the sum of the exchange energy, the magnetic
anisotropy energy, the magnetostatic energy, and the
Zeeman energy. Here A is the exchange constant, Ku the
magnetic anistropy constant, u the direction of the easy
axis, Hd the self-demagnetizing field, and fzee the Zeeman
energy density. For complex particle shapes and space
varying material parameters, such as the anisotropy con-
stant Ku and the spontaneous polarization Ms, numerical
schemes are required. The finite element method is suitable
for spatial discretization of the micromagnetic equations
[16], where the demagnetizing field is derived from a scalar
potential. To transform the boundary condition of zero
potential at infinity to the boundary of the magnetic region,
the hybrid finite element or boundary element method was
applied [17]. In order to implement the properties of the
magnetic caps, the volume was divided into a mesh of finite
elements with a maximum side length of 5 nm. The mag-
netic anisotropy vector of each finite element points in
radial direction. For 0� <’< 50� the magnitude of mag-
netic anisotropy, saturation magnetization and exchange
constant of the individual elements is set to constant val-
ues,K0

u,M0
s , and A0, respectively, since the thickness of the

single Co layers changes from about 1.5 to 1 monolayer. To
account for the change of the anisotropy with Co thickness,
K0
u has to be considered as an effective value, which will be

reduced compared to the value measured on a plane refer-
ence film sample. For higher angles both anisotropy and
saturation magnetization are approximated by a Gaussian
function [f�’� � exp�� �’�’0

� �
2� with ’0 � 50� and � �

0:1], leading to a steep drop in Ku�’� and Ms�’� to zero.
Note that the anisotropy distribution is pointing perpen-
dicular to the particle surface and its absolute value is
assumed to be independent of particle size as long as the
particle diameter is larger than the grain size of the depos-
ited film. A schematic cross section of the model is de-
picted in Fig. 2(a) sketching the distribution of the
anisotropy orientation and also its local magnitude varia-
07720
tion. The switching field Hs was extracted from the sign
change of the magnetization component perpendicular to
the substrate surface. Since only equilibrium conditions
were investigated, the damping constant was set to 1.

Single particle hysteresis loops were simulated for dif-
ferent particle sizes and various directions of the external
field with A0 � 1	 10�11 J m�1 and M0

s � 0:5 MA m�1.
K0
u is the fitting parameter for the simulations. The nor-

malized best fit results using one single K0
u value are

compared to the experimental data and presented to-
gether in Fig. 2(a). Best fits were obtained with K0

u �
0:3 MJ m�3, which is 75% of the measured film value.
The latter is consistent with the improved film quality
expected for the used reference sample, which is known
to increase the magnetic anisotropy in Co=Pd multilayer
films [18]. For all particle sizes there is good agreement
between simulations and experiment, clearly verifying the
assumptions.

The equilibrium spin configuration at various external
fields for different field directions can be extracted from
the simulations as shown in Fig. 3(a) for the magnetic caps
on 310 nm particles, providing a detailed picture of how
the local magnetization evolves during reversal. We ob-
serve a domain wall dominated switching process, in
which an initial ring domain nucleates at an angle of about
45� relative to the external field. At this angle a minimal
nucleation field is required, as suggested by the S-W
model. The z component of the magnetization in
Fig. 3(a) shows that the nucleation of a reversed domain
(blue) is preceded by the formation of a domain with the
magnetization at 90� to the remanent magnetization direc-
tion (green). The x and y components are then maximal,
revealing radial symmetry. The nucleus (blue) is not local-
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ized but spread over the entire structure, leading to a three-
domain configuration during magnetization reversal of the
310 nm cap. It can be concluded that exchange coupling
between the initial formed domain with zero z magnetiza-
tion and the remainder of the particle will lower the nu-
cleation field for building a reversed nucleus and lead to the
immediate growth of the reversed domain. The position of
the initially nucleated domain follows the direction of the
external field. Since various anisotropy directions are avail-
able in the cap for the nucleation process, only a weak
angle dependence is expected. While the caps on the
110 nm particles show a similar behavior, the reversal
mechanism of the smallest caps depends strongly on the
applied field direction. For small angles the process re-
sembles that described above. However, at higher angles
reversal occurs neither via an obvious domain wall mo-
tion nor by coherent rotation. It might be more suitable
to describe the reversal process as domain smearing.
Moreover, the magnetization within the cap is strongly
exchange coupled. Thus, the application of an external
field at around zero degree will lead to locking of the
remanent state. In addition to the anisotropy field the
magnetic moments at the top of the sphere see an exchange
field provided by the already tilted magnetic moments of
the surrounding ring of the domain with 90� magnetiza-
tion. Increasing the angle of the external field breaks the
symmetry and thus weakens the locking mechanism. As a
consequence the switching field decreases.

To prove the importance of the anisotropy distribu-
tion, additional simulations were performed by applying
a uniaxial anisotropy perpendicular to the substrate sur-
face for all finite elements. All other parameters were
unaltered. This model and the results of the simulations
are given in Fig. 2(b). The data compare rather well with
S-W behavior and suggest a more coherent reversal pro-
cess for all sizes. However, as can be seen in Fig. 3(b)
for the 310 nm particles the initial domain nucleation is
localized roughly in the center of the cap for all angles,
where the highest demagnetization field is present, fol-
lowed by domain wall propagation. This reversal pro-
cess is clearly not via coherent rotation, thus proving that
a S-W–like angle dependence does not, in general, imply
a coherent rotation reversal mechanism. In our case, the
reversal is governed by a nucleation event which has S-W
characteristics, followed by domain wall motion which
causes the entire structure to reverse. Experimental evi-
dence for this behavior was recently reported on planar
magnetic micrometer-size structures with uniaxial anisot-
ropy [19].

In conclusion, while most thin film systems are globally
planar with uniform properties, film deposition on a curved
surface, where the topological change can alter the film
properties locally, could have far reaching implications in
the physics of nanoscale magnetism. In contrast to classical
magnetic nanostructures with uniaxial anisotropy, the an-
gular dependence of the switching field of the nanocaps
follows neither the Stoner-Wohlfarth behavior nor the
07720
1= cos law. Here, the magnetization reversal is driven by
collective processes induced by the radial symmetric spa-
tial variation of anisotropy orientations, which signifi-
cantly alter the reversal process. This process depends
strongly on the curvature of the particles which determines
the spatial gradient in the material properties, which can be
further tailored, providing novel functionality of the
nanostructures.
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