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Nanoscale ring-shaped magnetic elements are of interest for magnetic recording and storage 
applications because they can support flux-closed (FC) magnetic states that would not be stable in 
disk-shaped elements of similar size. Here, we use off-axis electron holography in the transmission 
electron microscope (TEM) to study magnetic states in self-assembled rings of 25-nm-diameter 
polycrystalline Co nanoparticles. Each particle comprises a core of hexagonal-close-packed crystals 
of Co, which are oriented randomly with respect to each other, surrounded by ~3 nm of CoO [1]. 
Off-axis electron holograms of Co nanoparticle rings were acquired at room temperature using a 
Philips CM300ST field emission gun TEM equipped with an electron biprism and a Lorentz 
minilens. Holograms were recorded in zero-field conditions after applying chosen out-of-plane 
(OOP) magnetic fields in situ in the TEM by partially exciting the conventional microscope 
objective lens, using an accelerating voltage of 300 kV, a biprism voltage of 200 V and a 
holographic interference fringe spacing of 3.0 nm. Vacuum (reference) holograms were used to 
remove distortions associated with the imaging and recording system of the microscope. The 
dominant mean inner potential (MIP) contribution to the phase shift was calculated from phase 
images that had been acquired before and after turning the specimen over. Their sum and difference 
were used to determine twice the MIP and twice the magnetic contribution to the phase shift, 
respectively. Once the MIP contribution had been calculated, it was subtracted from all subsequent 
phase images acquired from the same region of the specimen. The resulting phase images were 
smoothed slightly, and phase contours and colors were used to form the final induction maps [2]. 
 
An OOP field of -20,000 Oe was initially applied perpendicular to the plane of the specimen and 
reduced to zero. The sample was then taken out of the TEM in zero field, turned over and put back 
into the microscope. Chosen OOP fields of up to +20,000 Oe were then applied to the specimen in 
the TEM in succession by changing the current in the TEM objective lens. The applied field was 
reduced to zero before recording each hologram. Figure 1 shows magnetic contributions to the phase 
shift and induction maps recorded from three nanoparticle rings. Although the initial chiralities 
(directions of magnetization) of the FC states in the individual rings are determined by the shapes, 
sizes and positions of the constituent nanoparticles, reproducible magnetization reversal of most 
rings could be achieved by using an out-of-plane magnetic field of between 1600 and 2500 Oe. The 
coercivity is influenced more strongly by magnetocrystalline anisotropy and the strength of 
interparticle coupling than by ring size or other geometric factors. The switching behavior was 
simulated using micromagnetics calculations, which suggested the formation of metastable states at 
intermediate applied fields prior to FC reformation. The existence of such intermediate states 
precludes the use of a simple Ising model to describe the magnetodynamics that lead to FC reversal. 
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FIG. 1. Top row: Defocused bright-field TEM images of rings of polycrystalline Co 
nanoparticles. Subsequent rows: Magnetic contributions to the phase shift and induction 
maps recorded at remanence using off-axis electron holography after initially saturating 
the rings using a large (-20,000 Oe) out-of-plane magnetic field and then applying the 
indicated out-of-plane fields in succession. The direction of the projected induction is 
shown using both contours and colors (red=right; blue=up; green=left; yellow=down). 
The contour spacing is 0.065 rad, corresponding to 96 × phase amplification. 


