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Monolayers of polystyrene (PS) spheres were prepared on thermalily oxidized Si
substrates using a self-assembly technique. Aqueous suspensions with monodisperse non-
functionalized PS particles having an average diameter of 308 nm, 425 nm and 777 nm were
purchased from MicroParticles GmbH Berlin. The suspension was applied to the surface of
the water, where 2D crystallization was carried out leading to a highly ordered hexagonal
close-packed monolayer of the particles. Then, the monolayer was deposited on the Si
substrate by slow water evaporation. Further details cancerning the preparation of particle
monolayers are described elsewhere [1]. Using the above method, we realized three different
substrates having fong range assembly of PS particles with mean diameters 308, 425 and 777
nm respectively. Fe-Pd magnetic cap structures were realized by depositing thin films of
composition Ta(5 nm)/FePdss(20 nm) onto dense arrays of self-assembled PS particles
using dc magnetron co-sputter deposition of iron (Fe; 99.99 %) and paliadium (Pd; 99.95 %).
Here, 5 nm Ta serves as the capping layer. The Ar-pressure was kept constant at
3.5 x 107 mbar, while the base pressure of the deposition chamber was below 5 x 10 mbar.
During film deposition, the thickness was monitored using a calibrated quartz microbalance.
For reference, films were also deposited on thermally oxidized planar silicon substrates,
During deposition, the sample stage was rotated at a constant rate for uniformity in film
thickness, and the substrate was kept at room temperature. Above samples provides a
platform for investigating the magnetic bistability as a function of the diameter of the nanocaps.
For investigating the magnetic bistabilty as a function of thickness of the soft magnetic
nanocaps, we prepared samples by depositing Ta(5 nm)/FersNiss {t=10 nm, 20 nm 40 nm} onto
selft assembled monoloayers of PS particles having a mean diameter of <D>=615 nm.

Deposition of magnetic thin films on to the particle arrays with different diameter will
result in hemispherical magnetic cap strucutres having diameters of 308 nm, 425 nm 615 and
777 nm respectively. In previous studies, it has been shown that magnetic vortex states can
be stabifized in these soft magnetic hemispherical cap structures [2,3]. An added advantage
of this self-assembly technigue is that large area arrays (typ. 10 mm x 10 mmy} can be easily
realized which is crucial as far as integral magnetic characterization using a superconducting
quantum interference device—vibrating sample magnetometer (SQUID-VYSM) is concerned.
Magnetization (M)-applied field (H) hysteresis foops were recorded using a SQUID-VSM
{Quantum Design) in the temperature range from 20 up to 325 K. In addition, in order to
investigate the lirreversible magnetization reversal processes, first-order reversal curve
(FORC) measurements using a magneto-optical Kerr effect (MOKE}) setup were carried out at
300 K. All magnetic measurements were obtained by applying the magnetic field along the
plane of the film and provide ensemble-averaged results. To investigate the microstrucutre
and morphology of the prepared nanocaps, a cross-sectional transmission electron
microscopy (TEM) study was performed using a JEOL NEQARM F200 operated at 200 keV.
The composition of the samples were analyzed by using an energy dispersive X-ray
spectrometer (EDS) attached to the TEM coulmn. Cross-sectional TEM samples were
prepared by mechanical dimpling followed by ion polishing. The morphology of the self
assembled monoiayers of PS particles was studied using Scanning Electron Microscopy
(SEM, Zeiss Gemini 500). The patticle size distributions were estimated using an ImageJ
software.
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Figure 1 a) Cross-sectional TEM image of 20 nm thick Fe,»Pdss caps fabricated on 777 nm diameter
PS arrays b) high resolution image showing 20 nm Fe;/Pds; layer capped with 5 nm Ta. Dotted circle
in a) represents the position of PS spheres, and c} EDS line profile showing the compositional variation
along the cross-section of the sample.

Figure 1 a) shows a cross-sectional TEM bright field image showing the growth of Fes,Pdgs
caps on the top of 777 nm diameter polystyrene particie arrays. Figure 1b) shows a high
resolution image showing the formation of 20 nm polycrystalline Fes7Pds; film capped with a 5
nm Ta layer. The composition of the film were confirmed from the EDS measurements. Figure
1¢) shows a EDS line scan aquired across the cross-section of the sample. The composition
profile shows a slight oxidation of the top most region of Ta. However the Ta layer is thick
enough to protect Fe-Pd layer from oxidation.
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Figure 2. Temperature dependence of the nucleation Hy and annihilation H, field for 615 nm diameter
FesNiss caps with nominal thickness a) 10 nm b) 20 nm, and ¢) 40 nm d) Bifurcation temperature T, as
a function of Fe-Ni cap thickness. Line in d) is a guide to eye.
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Typically, the magnetic hysteresis characterized by annihilation and nucleation of
vortices signifies an energy barrier for the transition between the magnetic vortex and collinear
states. At high magnetic fieids, the collinear state will be the energetically favorable state. On
the other hand, the vortex state will be energetically favorable at zero field. At an intermediate
field, both states will become energetically equal (bistability) but separated by an energy
barrier. At elevated temperatures, the thermal energy will be sufficient to overcome this energy
barrier, resulting in hysteresis-free switching between the two magnetic states. The onset
temperature at which this hysteresis-free switching occurs is called bifurcation temperature
(Te). This temperature can be extracted from the temperature dependent nucleation Hy and
annihilation A, fields and T, corresponds to the temperature where Hy and H, become equal,
as shown in figure 2 a)-c). Note that the nucleation field represents the field at which the
transition from a uniform state {0 a vortex state occurs. Similarly, the annihilation field
represents the field at which a transition from vortex sate to a uniform state occurs. In the
present experiment, the nucleation and annihilation fields were derived from the M-H ioops
where a local maximum in susceptibility occurs. From the figure 2 a)c), it is clear that the
nucleation field increases with increasing temperature, while the annihilation field decrease
with increase in temperature. Note that an increase (decrease) in the nucleation (annihilation)
field with increasing temperature is consistent with thermally activated vortex nucleation over
an energy barrier {4,5]. Both Hy and H, values become equal at the bifurcation temperature
(T, ) of the system. The dependence of the bifurcation temperature on the FesNiss thickness is
summarized in figure 2d}, revealing an increase in 7, with an increase in the FesNies cap
thickness.
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